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Solid state NMR is a powerful tool to probe membrane protein structure and dynamics in native lipid
membranes. Sample heating during solid state NMR experiments can be caused by magic angle spinning
and radio frequency irradiation such heating produces uncertainties in the sample temperature and tem-
perature distribution, which can in turn lead to line broadening and sample deterioration. To measure
sample temperatures in real time and to quantify thermal gradients and their dependence on radio fre-
quency irradiation or spinning frequency, we use the chemical shift thermometer TmDOTP, a lanthanide
complex. The H6 TmDOTP proton NMR peak has a large chemical shift (�176.3 ppm at 275 K) and it is
well resolved from the protein and lipid proton spectrum. Compared to other NMR thermometers (e.g.,
the proton NMR signal of water), the proton spectrum of TmDOTP, particularly the H6 proton line, exhi-
bits very high thermal sensitivity and resolution. In MAS studies of proteoliposomes we identify two pop-
ulations of TmDOTP with differing temperatures and dependency on the radio frequency irradiation
power. We interpret these populations as arising from the supernatant and the pellet, which is sedi-
mented during sample spinning. In this study, we demonstrate that TmDOTP is an excellent internal stan-
dard for monitoring real-time temperatures of biopolymers without changing their properties or
obscuring their spectra. Real time temperature calibration is expected to be important for the interpre-
tation of dynamics and other properties of biopolymers.

� 2019 Published by Elsevier Inc.
1. Introduction

Magic angle spinning (MAS) solid-state nuclear magnetic reso-
nance (SSNMR) is a powerful technique for studying biomolecules
[1] including protein assemblies in near native conditions, [2]
membrane proteins [3–5] and amyloid fibrils [6–8]. SSNMR pro-
vides atomic level information on protein molecular structure
and motions. Restricted global molecular motions in solids allow
for the retention of dipolar coupling, which enables direct mea-
surement of distances and local orientations. Many of the most
exciting developments in SSNMR, however, involve pulse
sequences with long and strong radio frequency (RF) irradiation
elements. Sample heating frommagic angle spinning and RF irradi-
ation has been a cause for concern [9,10]. Elevated and uncali-
brated temperature within the sample complicates the
interpretation of dynamics and other properties. Moreover, heating
gradients within an MAS rotor may contribute to peak broadening.
Sample heating originates in part from friction between bearing
gas and rotor during MAS [10,11]. Heat is also generated from RF
irradiation during high power decoupling due to inductive and
dielectric losses [9,12,13]. The inductive loss originates from dissi-
pative eddy currents that are caused by oscillating B1 field. The loss
is proportional to the sample conductivity and increases quadratic
with the frequency. Neither parameter is freely variable in practice
for most experiments on biological samples [14]. Dielectric loss is
derived from the dissipative interaction between electric dipoles or
charges and the oscillating electric field originating from the
potential difference across the coil. The absorption of RF energy
is maximized when xs ¼ 1, where x represents the frequency of
the oscillating field and s is the characteristic relaxation time of
the dipole [13,15]. The dielectric loss is not solely dependent on
the sample conductivity and is thus difficult to calculate [16]. RF
heating is of particular concern in SSNMR experiments on biologi-
cal samples due to the resistive losses from the high concentration
of ions in typical biological buffers and the dielectric losses from
the presence of permanent dipoles such as constrained water
molecules and hydrated lipids which have relaxation times on
the order of the reciprocal B1 frequency [9,15,17–19]. Therefore,
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Fig. 2. 1H pulse sequence used to measure the temperature increase from RF
irradiation. The RF irradiation is applied for the duration of s1. s2 represents the
delay before proton 90 pulse. A spin echo with s3 = 20 ls is applied before
acquisition to dephase the signal from H1 in TmDOTP.
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attention has been placed on reducing dielectric losses by decreas-
ing coil inductance, leading to advances such as scroll coil, z-coil,
Doty XC coil and low-E coil, later adapted and commercialized by
Bruker Biospin [20–23]. The low-E coil, used in this work, employs
a crossed-coil design with a combination of a low-inductance loop
gap resonator tuned to the proton frequency, and a solenoid coil
tuned to lower frequencies [24]. Although this design reduces the
heating relative to a standard solenoid, it is nevertheless of interest
to characterize heating effects in a low-E probe in-situ and develop
convenient tools to monitor the sample temperature in real time
during SSNMR experiments.

Here, we use thulium 1,4,7,10-tetra-azacyclododecane-l,4,7,10-
tetrakis (methylene phosphonate) TmDOTP5� (CAS: 30859-88-8),
specifically the H6 proton chemical shift in this compound, as an
internal thermometer for biological samples during SSNMR exper-
iments (Fig. 1A). TmDOTP5� is a water soluble paramagnetic com-
plex, which is known to have strongly temperature dependent
chemical shifts for 1H, 13C and 31P (Fig. 1B) [25]. Compared with
other compounds that have excellent thermal resolution in chem-
ical shifts, such as Pb(NO3)2, KBr or Sm2Sn2O7 [17], the proton
spectrum of TmDOTP5� is convenient to measure as a solute in
the sample of interest, i.e. without changing samples or probe tun-
ing. The H6 proton was chosen for its moderately high temperature
sensitivity and relatively narrower linewidth as compared to the
five other nonequivalent protons [26]. TmDOTP has previously
been demonstrated to serve as a chemical shift thermometer in
solution NMR and solid state NMR, and was used to characterize
NMR probes in several studies [14,24,27]. Due to its low toxicity,
TmDOTP5� has been applied to clinical magnetic resonance to
measure the temperature of tissue cells and tumor cells during sur-
gery [26].
2. Materials and methods

2.1. NMR sample preparation

TmDOTP (Macrocyclics, Inc.) solutions were made with 25 mM
TmDOTP (molecular weight: 914.2 g/mol), 20 mM MOPS and
100 mM KCl at pH 7.5 in 99.96% D2O (Sigma). Although this com-
pound is very stable in biological media, the use of fresh material
and verification with Mass Spec or NMR is advised because of finite
shelf life of the compound. 10 mg wt-KcsA was overexpressed and
reconstituted into 3:1 DOPE/DOPG (wt/wt) liposomes as described
previously [28]. The proteoliposome sample was resuspended and
incubated with a buffer containing TmDOTP (conditions as above)
Fig. 1. (A) Molecular structure of TmDOTP with H6 highlighted and portion of the 1H N
25 mM TmDOTP. H6 is at �176.3 ppm while H1 is �218.8 ppm. (B) Overlay of the spect
collected on 900 MHz with MAS frequency at 5 kHz. Chemical shift was referenced to th
for 2 h before packing into a standard-wall zirconia Bruker 3.2 mm
rotor with a silicon spacer on the top.
2.2. NMR spectroscopy

Experiments were carried out using a 3.2 mm standard-bore E-
free probe and 1.3 mm HCN probe on a Bruker Avance II 900 MHz
spectrometer. The temperature was regulated with VT gas (flow
rate 1070 L/hr) and a heater in the probe. The temperature sensor
is located in the probehead. The VT control unit was calibrated
using the chemical shift difference between the ACH3 and AOH
groups of methanol [29]. The temperature of the system was
allowed to equilibrate for at least 15 min after each temperature
change. The pulse sequence used to measure heating from RF irra-
diation is shown in Fig. 2. s1 represents the duration of the heating
pulse, which was selected to mimic typical times used for high
power decoupling. Unless otherwise specified, s1 was 30 ms and
the recycle delay was 1 s. s2 is a variable delay time to study cool-
ing after irradiation. Owing to the short T1 of the TmDOTP H6 pro-
ton (�800 ms), s2 was typically 5 ms (unless otherwise specified),
thus limiting heat dissipation before acquisition. A short spin echo
(s3 = 40 ms) is added before acquisition to suppress TmDOTP H1 sig-
nals, which also has a larger temperature slope (ppm/K) and could
interfere with H6 signal at high temperature. The one-dimensional
MAS spectra were acquired using 8 dummy scans and 512 co-
added scans. The chemical shift of 1H was externally referenced
to DSS at 0 ppm.

The 13C–13C dipolar assisted rotational resonance (DARR [30])
experiments with 50 ms mixing time were performed on the same
900 MHz spectrometer with a MAS rate of 16.666 kHz and a set
temperature of 267 K. Proton decoupling with the SPINAL64 [31]
scheme at 90 kHz was applied during acquisition. The recycle delay
was 2.5 s. The 1H and 13C Dual-Receiver DARR experiment was per-
formed on 3.2 mm standard-bore E-free probe with Bruker Avance
NEO spectrometer operating at 700 MHz. The MAS rate was
12.5 kHz and VT gas flow was 2000 L/h. SPINAL64 decoupling
was applied at x1/2p = 90 kHz on the proton channel during
MR spectrum of 25 mM TmDOTP. The sample contains KcsA proteoliposome and
ra of the H6 proton in TmDOTP acquired at various temperatures. All spectra were
e DSS at 0 ppm.
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acquisition (15 ms) and the recycle delay was 2 s. All data were
processed in NMRPipe and 13C chemical shift was referenced to
downfield line of Adamantane at 40.48 ppm relative to 13C in DSS.
Fig. 4. Sample temperature calculated from the chemical shift of the H6 proton of
TmDOTP as a function of spinning frequency. T0 is the temperature at zero spinning
asymptote. TmDOTP buffer (red open circle) and KcsA proteoliposome samples
(blue open square) were characterized to demonstrate that the MAS induced
heating is similar for aqueous samples. Data for the TmDOTP buffer were fit to a
second order polynomial function (red dash line): T ¼ 67 mK

Hz2
v2
r � 148mK

Hz v rþ 65mKT.
Data for the 1.3 mm probe is shown in the supplementary information (Fig. S2). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
3. Results and discussion

3.1. 1H NMR signals of H2O and TmDOTP provide precise temperature
measurements

The water chemical shift is known to be sensitive to tempera-
ture, and it has been employed as an internal thermometer in sev-
eral studies [18,19,32]. We compared the temperature dependence
of the chemical shift of the H6 proton in TmDOTP to that of the
water proton in the same sample on 900 MHz with 3.2 mm E-
free probe (Fig. 3). The temperature dependence of the H6 proton
in TmDOTP, 1.06 ± 0.04 ppm/K, is 2 orders of magnitude larger
than that of water (-1.1 � 10�2 ± 0.1 � 10�2 ppm/K), while the full
width at half maximum (FWHM), (1.5 ± 0.6 ppm), is one order of
magnitude larger than that of water (0.12 ± 0.01 ppm). The uncer-
tainty in the calculated temperature dependencies were domi-
nated by fitting error from linear least square fitting. The errors
from chemical shift reading and temperature calibration are both
a magnitude smaller than the fitting error. Overall, TmDOTP allows
for more accurate and precise temperature measurements than
water. The homogeneous linewidth of the H6 proton calculated
from 1/pT2 was about 980 ± 60 Hz at the sample temperature of
276.5 ± 0.1 K (with a VT gas temperature of 275 K and spinning fre-
quency at 5 kHz). The offset between homogeneous linewidth and
the actual linewidth, 2.2 kHz (acquired at the same temperature) is
presumably due to inhomogeneous broadening.

3.2. Sample heating due to spinning is proportional to the rotor
frequency squared

MAS induced sample heating was measured in a 3.2 mm E-free
probe (Fig. 4) and a 1.3 mm probe (Fig. S2). Samples containing just
Fig. 3. The temperature dependence of the chemical shift of the H6 proton in
TmDOTP (blue) and of the water proton (orange). Ddiso is the change in chemical
shift relative to the shift at VT gas temperature of 275 K. All spectra were collected
on a Bruker Avance II 900 MHz spectrometer equipped with a 3.2 mm standard-
bore E-free probe. The spinning frequency was 5 kHz and the gas flow rate was
1070 L/h. The dashed lines represent a linear least squares optimized fit to the data:
diso;TmDOTP ¼ 1:06ðppmK ÞT�291 (ppm); diso;water ¼ �0:011ðppmK ÞT þ 3:03ðppmÞ:The
uncertainties are the stand error of regression slope, ±0.04 ppm/K and
±0.1 � 10�2 ppm/K for TmDTOP and water respectively. The error bars in both x
and y dimensions for each data point are on the magnitude of 1� 10�3. The ratio of
slope and FWHM for TmDOTP and water are 0.7 ± 0.3 and 0.09 ± 0.01 respectively.
The expansion of water chemical shift vs. calibrated temperature is shown in
supplementary information (Fig. S1). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
TmDOTP buffer and those containing KcsA proteoliposomes were
used to demonstrate that the MAS heating is sample independent.
The spinning frequencies and the corresponding sample tempera-
tures of TmDOTP were fit to a second-order polynomial function
analogously to previous studies: T ¼ 67 mK

Hz2
v2

r � 148mK
Hz vr þ 65mK ,

where v r ¼ xr
2p. Notably, the H6 proton linewidth increased consis-

tently with spinning frequency from 1636 Hz (at 2 kHz MAS) to
3663 Hz (at 16 kHz MAS). This increase in linewidth with increas-
ing MAS frequency suggests that a gradient in temperature across
the sample was caused by MAS. The line shape also became
increasingly asymmetric with increasing MAS.
3.3. The influence of TmDOTP on hydrated proteoliposome samples

We compared the KcsA proeoliposome spectra with and with-
out including 25 mM TmDOTP in the preparation. We observed
no significant changes in chemical shifts or overall spectral quality
(Fig. 5A). KcsA, a pH activated potassium channel from Streopto-
myces lividans, is used here since the marker peaks of the protein
are known to be sensitive to pH, temperature and potassium ion
concentration changes [3,28]. This result suggests that the param-
agnetic nature of the TmDOTP complex has little to no effect on the
properties of biological samples at the concentrations used. Marker
peaks that have been assigned to the water exposed selectivity fil-
ter residues T74, T75 and V76 are specifically examined here
(Fig. 5B–D).
3.4. RF heating is linear with pulse power, pulse length and duty cycle

To examine the heating of a biological sample during RF irradi-
ation, the pulse sequence shown in Fig. 2 was applied to a KcsA
proteoliposome sample and the temperature was monitored using
the chemical shift of the H6 proton in TmDOTP. The VT gas temper-
ature was 275 K and the cooling gas flow rate was 1070 L/hr. Con-
tinuous wave (CW) irradiation (following typical proton
heteronuclear decoupling field strengths) was applied and the RF
power, pulse duration (s1), and duty cycle were varied. s2 was kept
small (5 ms) to limit sample cooling before acquisition. Fig. 6
shows that heating is proportional to the RF power, duration of



Fig. 5. KcsA proteoliposome spectra with and without 25 mM TmDOTP. (A) Overlay of 2D 13C–13C correlation spectra of KcsA (blue) and KcsA with 25 mM TmDOTP (red) both
in DOPE/DOPG (3:1) liposomes at pH7.5. Spectral regions containing KcsA selectivity filter marker peaks are highlighted and shown in (B) V76 Cb-Cc (C) T74 Ca-Cc and T75
Ca-Cc (D) T74 Cb-Ca and T75 Cb-Ca. The data suggest no significant changes in protein structure and conformation state, and no changes in spectral quality with the addition
of 25 mM TmDOTP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the pulse and duty cycle as expected and documented in prior lit-
eratures [13,18].

3.5. Inequivalent RF heating on pellet vs. supernatant

One surprising finding from our RF irradiation study on the pro-
teoliposome KcsA sample is that the H6 proton in TmDOTP peak
splits into two components (denoted by peak 1 and peak 2) under
RF irradiation on 3.2 mm E-free probe (Fig. 7). Peak 2, with a larger
heating slope, only appeared under RF heating conditions, but not
with MAS heating alone (Fig. S3). Moreover, the temperature
reported by peak 2 matches the one calculated from the water pro-
ton chemical shift in the sample (Fig. S4). However, the two dis-
tinct temperature populations are not well resolved for the water
Fig. 6. (A) The temperature increase indicated by the TmDOTP chemical shift is linearly
were fit using a linear least square analysis (DT = 0.208s1–0.105). (B) The dependence on
using linear least square function (DT = 0.037P + 0.032), P represents RF power. (C) T
s1 ¼ 30 ms; s2 ¼ 5 msÞ; in these experiments the duty cycle is varied by varying the
(DT = 2.860D + 0.375). D represents the duty cycle percentage. All data were collected on
900 MHz. The spinning frequency was 5 kHz with sample temperature of 276.5 ± 0.1 K
proton peaks due to the broad linewidth (130 Hz) and gradient in
temperatures. We assigned the two peaks to TmDOTP in a pellet
(peak 1) that sediments to the inner rotor wall due to the centrifu-
gal forces generated by MAS and to the TmDOTP remaining in the
supernatant (peak 2) based in prior work [33,34]; this assignment
resulted in good agreement of the temperature determined using
the TmDOTP frequency with the temperature based on the water
peak positions. The homogeneous linewidth calculated from T2
for peaks 1 and 2 are 815 ± 39 Hz and 598 ± 22 Hz respectively.
The divergent temperatures for the pellet vs. supernatant might
arise from different cooling speeds along the radial axis of the rotor
and the distinct heat capacity of water vs. proteoliposome.

Data collected using a 1.3 mm solenoid probe is shown in
Fig. S5. At the same field strength, the distribution of temperatures
dependent on the RF pulse length (field strength = 91 kHz, duty cycle = 2.8%). Data
CW power amplitude is shown (s1 ¼ 30 ms and duty cycle ¼ 2:8%Þ. Data were fit
he dependence on duty cycle percentage is shown (field strength = 91 kHz and
recycle delay from 0.5 s to 15 s. Data were fit using linear least square analysis
a KcsA proteoliposome sample with 20 mM TmDOTP and a 3.2 mm E-free probe on
(VT gas temperature was 275 K).



Fig. 7. (A) The H6 NMR spectra of the proteoliposome sample with 20 mM TmDOTP at neutral pH during different RF frequencies. The VT gas temperature was 275 K. The
chemical shift of H6 is reported relative to that with the decoupling pulse off. Conveniently, TmDOTP has a slope of 1.06 ± 0.04 ppm/K. (B) The sample temperature changes
reported by the peak 1 and peak 2 from TmDOTP proton chemical shifts are plotted as a function of the RF power. Data were collected on the 3.2 mm E-free probe at 900 MHz.
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observed in the sample is consistently higher on the 1.3 mm sole-
noid probe as compared with a 3.2 mm E-free probe. The 1.3 mm
solenoid exhibited a considerable and continuous heating gradient,
which was estimated from the linewidth as 18 K at a field strength
of 90 kHz. A significantly reduced RF loss and reduced heating and
temperature gradient was observed on 3.2 mm E-free probe due to
the mitigation of dielectric loss by a low-inductance loop gap res-
onator coil.

3.6. Application and significance

Owing to its minimal perturbation of biological sample proper-
ties, TmDOTP can be incorporated into SSNMR samples to monitor
real time temperature throughout an experiment. This may be cru-
cial for measurements that are sensitive to temperature changes,
such as relaxation experiments [35]. Here, we demonstrate the
temperature mapping of a 13C–13C dipolar assisted rotational reso-
nance (DARR) experiment using 20 mM TmDOTP in KcsA proteoli-
posome sample. The experiment was carried out at Bruker
700 MHz equipped with a 3.2 mm E-Free probe under 12.5 kHz
MAS. The multi-receiver feature on AVANCE NEO enabled a H6

chemical shift measurement promptly following each carbon
acquisition. Fig. S6 shows that the temperature of the KcsA sample
increased about 0.5 K during the experiment due to high power
(90 kHz) proton decoupling during the increasing evolution time
(t1). In addition, our data demonstrate that heating from MAS
and RF radiation are not additive. In order to obtain the precise
temperature during an experiment, it is useful to include a real
time thermometer, such as TmDOTP, rather than a simple extrap-
olation (Fig. S7).

4. Conclusion

With a linear temperature dependency and large thermal reso-
lution, TmDOTP is an excellent internal thermometer for solid state
NMR experiments on biological samples. The distinct proton chem-
ical shift and short T1 enable real time in situ indication of the pre-
cise temperature in a biological sample. Compared with common
thermometer molecules employed in SSNMR, such as 207Pb in Pb
(NO3)2, 119Sn in Sm2Sn2O7, and KBr, TmDOTP stands out in its
low toxicity and nearly negligible perturbations on sample proper-
ties. Moreover, the proton detection can be performed without a
change in the probe configuration, enabling real time temperature
readings during an experiment. We observed two temperature
populations in KcsA proteoliposome samples induced by RF irradi-
ation. The two peaks were assigned to the pellet at the inner rotor
wall and the central supernatant that result from MAS
centrifugation.
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