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Radiation damping on 600 and 800 MHz cryoprobes was investigated. The phase angle 8 between a vec-
tor 90° phase shifted to the precessing magnetization and the rf field induced in the coil was found to
depend markedly on whether an FID was being acquired or not. The magnitude of the radiation damping
field was sufficiently strong to restore 95% of the equilibrium water magnetization of a 90% H,0 sample
in a 5 mm sample tube within about 5 ms following a 165° pulse. This can be exploited in water flip-back
versions of NOESY and TOCSY experiments of proteins, but care must be taken to limit the effect of the
radiation damping field from the water on the H® protons. Long water-selective pulses can be applied
only following corrections. We developed a program for correcting pulse shapes if § is non-zero. The
WATERGATE scheme is shown to be insensitive to imperfections introduced by radiation damping.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Radiation damping is associated with very intense NMR
signals, e.g. the 'H NMR resonance of water in an aqueous
solution. By coupling the magnetization with the circuit of the
radio-frequency (rf) coil, radiation damping returns transverse
magnetization back to equilibrium much faster than T; relaxation
processes. The phenomenon is well understood [1-4] and many
ingenious ways have been designed to suppress radiation
damping effects, including active feedback circuits [5-7], pulse
shape compensation [8], bipolar gradients [9-11], trim pulses
[12] and Q-switches [13]. The effect has also been exploited to
achieve selective water flip-back, e.g. during the mixing times
of NOESY and ROESY experiments [14,15], and for selective water
excitation [16-18]. Controlling radiation damping is important,
because it can perturb resonances with similar frequencies
[16,18-21].

Radiation damping increases with the quality factor of the rf
coil and therefore is particularly strong with cryogenic probes
which achieve improved sensitivity by an increased quality fac-
tor compared with room temperature probes. To understand
the peculiar appearance of FIDs measured for samples of 90%
H,0/10% D,0 on different cryoprobes, we determined the radia-
tion damping parameters from indirectly and directly detected
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signals. While data were obtained using Bruker TCI cryoprobes,
the effects from strong radiation damping apply to any probe
with very high quality factor. The results show that different
parameters apply during signal acquisition compared with free
precession delays, that a strong water signal overloads the cold
preamplifier and that radiation damping is sufficiently strong
to be used for water flip-back in improved NOESY and TOCSY
experiments.

2. Theory

Radiation damping of a single NMR signal can be described by
[22]:

o (t) = —iaM., (t)e ¥ cos(p). 1)

where @R () = wfP(t) + icofP(t) and M, (t) = M(t) + iM, (t) are the
complex forms of the radiation damping field and the transverse
magnetization, respectively, « is the coefficient of proportionality
between the transverse magnetization and the resulting radiation
damping field and j is the phase angle between a vector orthogonal
to the precessing magnetization and the rf field induced in the coil.
When the probe is tuned exactly at electrical resonance, the RD field
is at perfect quadrature with the transverse magnetization, i.e. = 0.
Since probe tuning usually minimizes reflected power rather than
putting the probe at exact electrical resonance [23], f can be non-
zero.

In the case of several resonances subject to radiation damping,
the modified Bloch equations take the following form [22]:
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where R, and R; are the longitudinal and transverse relaxation rates
and the indices i and j identify resonances at different frequencies.
In these equations, o is in units of rad/s. In the following, we specify
this radiation damping parameter in Hz, i.e. oy, = o/27.

3. Results
3.1. Measurement of the radiation damping parameters o. and f3

3.1.1. RD parameters of a FID - isopropanol

The radiation damping parameters o and g prevailing during
acquisition of an FID can be estimated from the appearance of
the 1D NMR spectrum of a sample of 90% isopropanol/10%
DMSO-dg measured after a small flip-angle excitation pulse. The
RD fields from each of the two doublet components of the methyl
resonance mutually affect their time evolution in a manner that
yields a symmetrical methyl resonance only when =0 [22].

Fig. 1 shows that the intense RD field of a cryoprobe severely af-
fects the appearance not only of the doublet of the isopropanol
methyl resonance but also of its '3C satellites. The lineshapes could
readily be simulated with a Python script (provided in the Support-
ing Information) using Eq. (2) for six resonances (two doublet com-
ponents and four satellite lines). A 10° change in g significantly
changes the appearance and symmetry of the doublet. Following
tuning of the probe as recommended by the manufacturer (using
the Bruker “wobb” command) to produce a maximal Q factor on
resonance (599.991 MHz), the RD parameters were determined
to be oy, =35Hz and p=44° Repeating the experiment on a
800 MHz Bruker Avance NMR spectrometer equipped with the
same type of cryoprobe (manufactured in 2005) yielded
oy, =32Hz and f=30° when tuned to the Larmor frequency
(800.126 MHz). This means that neither probe is at exact electrical
resonance following tuning to the 'H Larmor frequencies. Nonethe-
less, measurements of signal-to-noise performed with a standard
ethylbenzene sample at different tuning frequencies confirmed
that tuning to the exact Larmor frequency produced the maximal
sensitivity (data not shown).

3.1.2. RD parameters of a FID — water

To determine the sample dependence of the « and 8 parameters,
we also measured the time domain signals of water 'H magnetiza-
tion after an inversion pulse for a range of H,0/D,0 samples con-
taining between 90% and 10% H,O. Following calculation of the
magnitude values of the FIDs, it is particularly easy to visualize
the increase and decrease of transverse magnetization as radiation
damping rotates the magnetization back to equilibrium.

Fig. 2 shows such magnitude FIDs for three samples containing
90%, 30% and 10% of H,O on the 800 MHz spectrometer. Notably,
the maximal signal observed for the 90% H,0 sample was not nine
times greater than the maximal signal observed for the 10% H,0
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Fig. 1. Experimental 600 MHz 'H NMR spectra of the isopropanol methyl doublet
including its '3C satellites of a 90%/10% v/v mixture of isopropanol/DMSO-dg in a
5mm sample tube recorded after a 9° excitation pulse at different tuning
frequencies (TF). The data were recorded on a Bruker Avance 600 NMR spectrom-
eter equipped with a triple-resonance 'H/'*C/'>N TCI cryoprobe with single-axis
gradient coil (built in 2007). The left and right panels display the experimental and
simulated spectra, respectively. The simulated spectra were calculated using
oz = 35 Hz throughout, whereas the phase angles p were adjusted for a best fit
between the simulated and experimental data. T; = 7 s and T, = 5 s as in Barjat et al.
[22]. The spectra were scaled to the same height of the maximum point. (A)
TF = 599.345 MHz, f=3° (B) TF=599.991 MHz, f=44°; (C) TF = 600.448 MHz,
B =58 (D) TF = 601.686 MHz, f = 71°; (E) TF = 602.552 MHz, f = 81°.

sample. In addition, the FID of the 90% H,0 sample displayed a flat
top that could not be reproduced in simulations using Eq. (2),
whereas the FID of the 10% H,0 sample could readily be simulated.
The result did not change when we placed an attenuator in the
acquisition signal path. We believe that the cold preamplifier of
the cryoprobe no longer operates in a linear regime when chal-
lenged by a large H,0 signal.

The best fit of the FID obtained with the 10% H,0O sample using
Eq. (2) gave oy, = 25.4 £ 0.6 Hz and = 35.0 + 1.1°. This shows that
the B angle is only to a small degree sample dependent. For the
samples with higher H,O content, the strength of the RD field
can be estimated by the width of the trace (the time 7.) at a
height, where the cold preamplifier would not be overloaded
(Fig. 2). As a consequence of a non-zero 8 parameter, the magneti-
zation changes its phase in a non-linear manner during its return
to the z-axis.
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Fig. 2. Experimental FIDs recorded on a 800 MHz Bruker Avance NMR spectrometer equipped with a triple-resonance 'H/'>C/*>N cryoprobe with single-axis gradient coil
after an inversion pulse followed by a 40 G/cm pulsed field gradient of 0.9 ms duration for samples with different v/v ratios of H,O to D,O. Magnitude values are displayed.
The vertical axis measures the detected magnetization in arbitrary units. The insert compares the experimental and simulated trajectory of the 10% H,0 sample, showing the
trace described on the surface of a sphere by the endpoint of the magnetization vector as it rotates back to the z-axis due to the RD field. R; and R, relaxation rates were
neglected and the z-component of the magnetization was calculated from the measured x- and y-components to generate a vector of unit length. Note the pronounced change

in phase throughout the magnetization trajectory due to the non-zero g value.

3.1.3. RD parameters during free precession delays 10.7° and 2.4° for the two different spectrometers, i.e. values sig-
As direct detection of FIDs of samples with more than 10% H,0 nificantly smaller than in the direct detection experiments.
gave unreliable results, we also determined the RD parameters of Table 1 summarizes the RD parameters measured directly and
water samples indirectly. For reproducible phase-sensitive results, indirectly on the 800 MHz NMR spectrometer. The data of the
the magnetization trajectories were monitored following a 165° 10% H,0/90% D,0 sample indicated that the value of the oy,
excitation pulse. Three different pulse sequences were used to parameter was the same in the direct and indirect detection mode.
measure signals proportional to the x, y and z components of the Furthermore, using the indirectly measured oy, value and the g an-
magnetization by a small readout pulse (Fig. 3A and B). gle determined by direct measurement with the 10% H,0/90% D,0
Fig. 3C and D shows the magnetization trajectories measured sample reproduced the 7. intervals observed in the magnitude
indirectly for the 90% H,0/10% D,0O sample on our 600 MHz and FIDs of Fig. 2, suggesting that o does not change when the cold pre-
800 MHz NMR spectrometers. The carrier frequency was set at amplifier is overloaded and that the direct and indirect detection
the water resonance. Best fits using Eq. (2) yielded B angles of modes differ only in the g angle (Table 2). This difference can be
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Fig. 3. RD-driven recovery of magnetization of a 90% H,0/10% D,0 sample following a 165° pulse. (A) Pulse sequence used for the indirect measurement of the x- and y-
component of the water magnetization. Phase cycle for measurement of the x-component: ¢ =y, —y; receiver = x, —x. The gradient is sine-shaped (0.9 ms, 40 G/cm), followed
by a recovery delay of 0.2 ms. The carrier frequency is at the water resonance. The amplitude of the FID was recorded in 128 experiments, where the delay T was incremented
in steps of 125 ps. Detection of the y-component used the same parameters, except that ¢ = x, —x. (B) Detection of the z-component. (C) Experimental results obtained at
600 MHz with the pulse sequences in (A) and (B). The vertical axis measures the fraction of total magnetization. The best fits (solid lines) were simulated using the
Mathematica [26] script provided in the Supporting Information. The fitted RD parameters are: oy, = 110.5 £ 1.4 Hz, = 10.7 £ 0.9°. (D) Same as (C), but at 800 MHz. The fitted

RD parameters are: oy, = 98.6 0.5 Hz, f=2.4+0.8°.
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Table 1
RD parameters measured by direct and indirect detection.”

Direct measurement

oz (Hz) B ()

Indirect measurement

oz (Hz) B(°)

RD parameters

90% H,0/10% D,0 98.6+0.5 2408 -
30% H,0/70% D,0 39.0+03 -1.0+0.6 . .
10% H,0/90% D,0 252+0.5 04+0.5 254+0.6 35.0%1.1

@ Data recorded on a 800 MHz NMR spectrometer with triple-resonance cryo-
probe using 5 mm sample tubes.

Table 2
Trec intervals obtained by direct and indirect detection.?
Trec/ms Trec/ms Trec/ms
(measured (measured (calculated)
indirectly) directly) ©
b
90% H,0/ 52 7.9 7.8
10%
D,0
30% H,0/ 13 16 16
70%
D,0
10% H,0/ 16 21 21
90%
D,0

3 Tec Was defined by reference to 50% of the total 'H magnetization in the 10%
H,0/90% D,0 sample, Msgy. In a magnitude FID monitoring the magnetization
trajectory following an inversion pulse, 7. is the time between the first and second

attributed to the different rf pathways used in the cryoprobes dur-
ing pulsing and detection, where only the direct detection pathway
includes the cold preamplifier, altering the tuning characteristics of
the rf circuit.

3.2. Applications

3.2.1. WATERGATE

The intense RD field associated with cryoprobes leads to a very
rapid return of transverse water magnetization back to equilib-
rium, restoring >95% of the equilibrium magnetization in less than
5 ms (Fig. 3C and D). Consequently, the RD field seriously affects
the effective shapes of even fairly short water-selective pulses.

Fig. 4 shows simulated results for the WATERGATE pulse se-
quence [24]. In the absence of radiation damping, the z-magnetiza-
tion of the water is turned into transverse magnetization by the
first selective 90° pulse and returned to the z-axis by the second
selective 90° pulse (Fig. 4A). In the presence of radiation damping,
the water magnetization remains to a large extent along the z-axis
after the first selective pulse, is turned into negative magnetization
by the 180° pulse and returns to the positive z-axis only with assis-
tance by the RD field (Fig. 4B). Fortuitously, however, the final re-
sult is almost the same as in the absence of radiation damping.

It has been shown for conventional NMR probes and in the case
of p =0, that the pulse shapes can readily be corrected if o is known
[8,25]. We followed the same strategy to correct the pulse shape if
both radiation damping parameters « and g are non-zero. (A Math-
ematica [26] script is provided in the Supporting Information.) This
correction allowed selective excitation of the water signal with
pulses as long as 20 ms and we used it to generate 5 ms water-
selective sinc 90° pulses. Next we used this corrected selective
pulse in the experiment 90°(sel.), — 90°(non-sel.)_, followed by
the WATERGATE pulse sequence. In agreement with the simula-
tions of Fig. 4, using the WATERGATE pulse element with or with-
out RD-compensated selective pulse had no noticeable influence
on the appearance of protein NMR spectra.
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Fig. 4. Simulation of magnetization trajectories during the central element of a
WATERGATE pulse sequence consisting of a 1.5 ms sinc-shaped water-selective
pulse, a 20 us 180° pulse and another 1.5ms sinc pulse, starting from z-
magnetization. (A) Without radiation damping. (B) With radiation damping with
the parameters oy, = 110.5 Hz and = 10.7°.

3.2.2. RD-driven water flip-back

The extraordinarily fast recovery of equilibrium magnetization
can be exploited in water flip-back versions of NOESY and TOCSY
experiments by inserting a short delay tgp for RD-driven water
flip-back at the end of the mixing period. During this delay, the
water magnetization returns to the positive z-axis regardless of
its previous orientation. Any remaining transverse component is
dephased by a pulsed field gradient (g4 in Fig. 5). A subsequent
RD-compensated water-selective 90° pulse followed by a non-
selective 90° pulse of opposite phase and the WATERGATE se-
quence excites the protein magnetization while maintaining water
flip-back conditions. Prior to the flip-back delay, radiation damping
is suppressed by bipolar gradients [9,27].

The duration of the delay 7gp can be minimized by avoiding
complete inversion of the water magnetization at the start of the
delay. This is readily achieved by placing the carrier frequency on
the water resonance and applying a phase shift of 45° between
the two 90° pulses surrounding the evolution time t; [28].

It turns out that, on cryoprobes, it is important to allow the RD-
driven water flip-back only towards the end of the mixing time
rather than at the start of the mixing time. Fig. 6 compares the re-
sults of 2D NMR spectra recorded with the pulse sequences of
Fig. 5. When radiation damping is allowed to act on the water mag-
netization already from the start of the mixing time, not only the
water-protein cross-peaks are strongly attenuated but also the
cross-peaks of H® resonances near the water chemical shift
(Fig. 6A). Allowing RD-driven water flip-back only towards the
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Fig. 5. 2D NOESY and TOCSY pulse sequences with water flip-back. Narrow and
wide bars represent 90° and 180° pulses, respectively. The H,O-selective 90° flip-
back pulse at the end of the mixing time is a 5 ms RD-compensated sinc pulse, using
only the center lobe of the sinc shape. The two H,0-selective WATERGATE pulses
are 1.5 ms 90° sinc pulses. The transmitter frequency is at the water resonance. The
duration of the bipolar g; gradient pair is incremented along with the evolution
time t;. The gradients g», g4 and gs were sine-shaped and of 0.9 ms duration.
Gradients g4 and gs were followed by a 0.2 ms recovery delay. Gradient strengths:
g1=1 G/cm; g» =20 G/cm; g3 =1 G/cm; g4 =25 G/cm; g5 =30 G/cm. Phase cycle:
$1=(X, =X); 2 =4(x +45°, —x +45°); p3=2(—X), 2(X); P4 =2(x), 2(—X); ¢5=(¥); ¢p6 =
(=Y); brec = (X, —X, —X, X, —X, X, X, —X). Trp = 10 ms. (A) NOESY pulse sequence with
RD-driven water flip-back starting at the start of the mixing time 7. (B) Improved
NOESY pulse sequence, where RD-driven water flip-back occurs only at the end of
the mixing time during the delay tgp. The bipolar gradients g3 are applied for most
of the mixing time 7, to suppress radiation damping. (C) TOCSY pulse sequence
with RD-driven water flip-back at the end of the mixing time.

end of the mixing time restores the water-protein cross-peaks and
the cross-peaks nearby (Fig. 6B and C). Suppression of radiation
damping during the earlier part of the experiment is achieved by
the use of bipolar gradients during the evolution time t; [9] and
during the mixing time (Fig. 5B). During TOCSY mixing, the spin-
locking effect of the mixing sequence already achieves RD suppres-
sion (Fig. 5C [3]) which can be assisted by a weak gradient if
necessary [29]. On our spectrometers, a RD-driven flip-back delay
of 10 ms was sufficient to ensure facile water suppression by the
following WATERGATE sequence, whereas a delay of 5 ms proved
to be too short.

4. Discussion

The present work shows that, as the paths of pulse rf and de-
tected rf are different in probeheads containing a cold preamplifier,
also the radiation damping parameters can be different between
directly and indirectly observed magnetization trajectories. In
our cryoprobes, a non-zero 8 angle is sustained during acquisition,
resulting in a slower return of the solvent magnetization to its
equilibrium position and, hence, a narrower solvent signal
(Fig. 1). Therefore, inspection of the FID observed after an inversion
pulse easily leads one to underestimate the actual RD-field
strength acting during a pulse sequence, especially if the most in-
tense part of the signal is attenuated by preamplifier overload.
Using a sample of concentrated isopropanol, non-zero f angles
are easily detected.

The strong radiation damping field associated with cryoprobes
makes it harder to control intense solvent signals but also opens
new opportunities for convenient water flip-back. Water flip-back
is essential for maximal sensitivity in biomolecular NMR experi-
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Fig. 6. Protein NOESY and TOCSY spectra recorded with the pulse sequences of
Fig. 5. Only the spectral region containing H*-H" cross-peaks is shown. The sample
was a 0.5 mM solution of ubiquitin fused to a 15-residue peptide in 90% H,0/10%
D,0 at pH 7.0 and 25 °C. The spectra were recorded on a Bruker Avance 800 MHz
NMR spectrometer equipped with a triple-resonance TCI cryoprobe. The recovery
delay between scans was 1s. (A) NOESY spectrum recorded with the pulse
sequence of Fig. 5A. T, = 60 ms. (B) Same as A, except using the pulse sequence of
Fig. 5B. The same contour levels are plotted as in A. The lowest contour level was
deliberately chosen high above the level of white noise to facilitate comparison of
the cross-peak intensities. The band of intense peaks in the middle of the spectrum
is produced by water-protein cross-peaks. (C) TOCSY spectrum recorded with the
pulse sequence of Fig. 4C. The clean CITY [35] sequence was used for 60 ms of
TOCSY mixing at a field-strength of 10 kHz.

ments in water [30]. For proton probeheads operating at room
temperature, oy, values in the range of 15-30 Hz have been re-
ported [17,31]. (In the literature, the inverse of the RD parameter
o is often quoted as the RD constant 7, in seconds, where 7,=1/
o. To avoid confusion with angular frequencies, we refer exclu-
sively to oy, in Hz.) On a cryoprobe, oy, can be as large as
160 Hz [32]. The oy, values on our 600 and 800 MHz NMR spec-
trometers are about 110 and 100 Hz, respectively, for a 5 mm sam-
ple tube containing 90% H,0. These radiation-damping constants
are sufficient for RD-driven water flip-back delays tgp as short as
10 ms. Considering that the action of the RD field can be repre-
sented as a soft flip-back pulse applied at the frequency of the res-
onance interacting with the rf coil, it is clear that such strong RD
fields can have detrimental effects on solute resonances nearby.
RD-driven water flip-back delays have been proposed previ-
ously, but their use with conventional probe-heads lead to the rec-
ommendation to use the entire NOESY mixing time to achieve the
flip-back [14,33]. As shown in Fig. 6, cryoprobes require a modified
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strategy, as a rapid, complete water-flip back early in the mixing
time suppresses not only water-protein cross-peaks but also the
cross-peaks of solute signals nearby. Allowing for RD-driven water
flip-back at the end of the mixing time restores the cross-peaks and
presents a strategy that can also readily be applied to TOCSY exper-
iments and, by straightforward extension, to ROESY and 3D
NOESY-HSQC and TOCSY-HSQC experiments.

On cryoprobes, achieving water flip-back by a short delay yields
far more robust water suppression than active manipulation of the
water magnetization by a series of phase-cycled water-selective
90° pulses [27,34] as each selective pulse would have to be com-
pensated separately for radiation damping effects. Since these
compensations depend on the magnitude of steady-state magneti-
zation, the pulses would easily be miscalibrated. We expect that
RD-driven water flip-back delays at the end of NOESY and TOCSY
mixing times will become a routinely used feature of multidimen-
sional NMR experiments performed in aqueous solution on cryo-
genic probeheads.
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