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Abstract

NMR at cryogenic temperatures has the potential to provide rich site-specific

details regarding biopolymer structure, function, and mechanistic intermedi-

ates. Broad spectral lines compared with room temperature NMR can some-

times present practical challenges. A number of hypotheses regarding the

origins of line broadening are explored. One frequently considered explanation

is the presence of inhomogeneous conformational distributions. Possibly these

arise when the facile characteristic motions that occur near room temperature

become dramatically slower or “frozen out” at temperatures below the solvent

phase change. Recent studies of low temperature spectra harness the distribu-

tions in properties in these low temperature spectra to uncover information

regarding the conformational ensembles that drive biological function.
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1 | INTRODUCTION: LOW
TEMPERATURE SOLID STATE NMR

Low temperature solid state NMR spectroscopy is a pow-
erful tool for probing biomolecules (Siegel and
Anet, 1988; Tycko, 2013; Conradi, 1993). At cryogenic
temperatures (<180 K) otherwise unstable species such
as intermediates of chemical reactions can be trapped for
study (Siegel and Anet, 1988). The use of low tempera-
tures can also ward against sample damage during mea-
surement, for NMR as for other structural methods such
as EM or X-ray diffraction. The study of protein structure
as a function of temperature has also been an important
source of insights regarding biopolymer dynamics and
thermodynamics (Ringe and Petsko, 2003). Recently, low
temperature NMR has become additionally popular
because it enables a powerful solution to detection sensi-
tivity challenges that plague solid state NMR of complex
biological samples. While the use of low temperature

lowers the noise in the NMR data, a technique known as
dynamic nuclear polarization (DNP) increases the signal
strength by transferring polarization from unpaired elec-
trons to nearby nuclei. If unpaired electrons are present
in the sample, irradiation at the electron spin transition
can facilitate hyperpolarization of the nuclei through the
electron nuclear spin coupling. The theory of DNP and
the various mechanisms by which polarization can be
transferred to the nuclei have been reviewed elsewhere
(Smith and Long, 2015; Barnes et al., 2008). The increase
in nuclear polarization, and the NMR signal-to-noise
ratio can improve by three orders of magnitude in princi-
ple, and signal enhancements of 250-fold have been
observed for biological samples (Wenk et al., 2015). DNP
enhanced NMR experiments are typically carried out at
108 K or colder. Cryogenic cooling affords a number of
benefits to DNP based signal enhancement processes,
including lengthening of the electronic relaxation times
T1e and T2e, which permits effective saturation of the
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electron transitions. The development of DNP methods
has therefore led to a renewed interest in low tempera-
ture NMR measurements.

As is illustrated amply in the literature, low tempera-
ture NMR methods are already practically useful, particu-
larly when combined with DNP. Applications of low
temperature NMR to biopolymers, including DNP
enhanced measurements, have in practice led to impor-
tant insights that are not likely to have been observed at
room temperature. For example, DNP-enhanced low
temperature NMR studies facilitated clarification of the
interface of HIV-1 V3 loop antibody (Sharpe et al., 2004),
folding of the HP35 chicken villin headpiece (Hu and
Tycko, 2010; Hu et al., 2009), and Alzheimer's Aβ 1–40
filbril formation (Potapov et al., 2015). Membrane pro-
teins such as GPCRs were examined bound to native pep-
tide ligands (Joedicke et al., 2018) and multiple
bacteriorhodopsin photocycle intermediates were studied
and analyzed in terms of conformation (Bajaj et al., 2007,
2010; Mak-Jurkauskas et al., 2008, 2008). DNP enhanced
spectra highlight the Schiff base nitrogen of the trypto-
phan synthase aminoacrylate intermediate and its tauto-
meric exchange in the active site (Holmes et al., 2022).
Large protein-nucleic acid complexes, including the Pf1
bacteriophage (Sergeyev et al., 2017) and H4 nucleosome
arrays (Elathram et al., 2022) have been structurally ana-
lyzed with DNP-enhanced low temperature NMR. These
and other studies illustrate the power of low temperature
NMR and argue for a productive future of this subfield
(Figure 1).

Despite the promise and recent impact of cryogenic
NMR, one technical challenge is that the peaks for bio-
polymers can appear to be significantly broadened at
cryogenic temperatures relative to the linewidths near
room temperature. An increase in linewidth can present
impediments for detailed studies. The broadening some-
what counteracts the signal-to-noise improvement from

low temperature and DNP enhancement. Line broaden-
ing can defeat the ability to probe numerous sites of the
protein and can undermine typical approaches to site-
specific assignment of spectra. Understanding the source
of the low temperature linewidth broadening and devel-
oping strategies to overcome it will enhance the potential
of low temperature DNP based NMR studies. This review
explores hypotheses and observations concerning the ori-
gins of the line broadening, discusses the implications for
NMR analyses, and strategies for line-narrowing.

2 | LOW TEMPERATURE
LINEWIDTHS AND POSSIBLE
ORIGINS

2.1 | Linewidths—overview of
hypotheses

Effects of temperature on linewidth have been noted for
many biopolymers, typically line broadening as the tem-
perature is dropped. The observation that low tempera-
ture lines can be broader than room temperature has
been discussed in reports from relatively early biological
applications of SSNMR in absence of paramagnetic radi-
cals and signal enhancement (Jakeman et al., 1998), fore-
shadowing many other observations with DNP
enhancement that have been reported and are discussed
below. In this review we somewhat arbitrarily refer to a
linewidth as “relatively narrow” if it is below 1.5 ppm for
13C and below 3 ppm for 15N. Linewidths frequently fall
in this range but more generally can be broadened at low
temperatures to over 4 ppm for 13C and 3–12 ppm for
15N. By contrast, linewidths at room temperature in well-
resolved SSNMR studies can be as low as 0.3–0.5 ppm for
13C (with contributions from J-coupling) and about
1 ppm for 15N.

FIGURE 1 (a) DNP enhanced MAS NMR experiments of nucleosome arrays at 100 K enabled detection of long-range correlations

between histone residues and DNA. (b) Low temperature NMR of an 18-residue peptide derived from the V3 loop sequence of the gp120

envelope glycoprotein of the HIV-1 (frozen glycerol/water solution) helped to define the conformation with antibody bound.
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A number of hypotheses about the origin of larger
linewidths at low temperature have been reported and
discussed and the review is largely organized around
these suggestions. Since linewidths generally contain
contributions from nuclear relaxation (T2) we begin by
discussing relaxation parameters in NMR spectra of cryo-
genic samples (Section 2.3). We consider possible relaxa-
tion and broadening from paramagnetic centers that are
added for DNP experiments (Section 2.4). Linewidths in
NMR can also have contributions from conformational
dynamics (Section 2.5), or from static inhomogeneous
distributions of conformations (Section 2.6). Interactions
with the solvent may also contribute to the linewidths
(Section 2.6). Some of the linewidth contributions may be
reduced with more powerful instrumentation and experi-
mental protocols as is discussed in Section 3. In the fol-
lowing we explore reports from the literature that offer
support for various of these hypotheses.

2.2 | Inhomogeneous and homogeneous
linewidths

A key diagnostic tool in studying the origin of linebroa-
dening is to ask whether the NMR spectra exhibit line-
widths that are primarily due to differences in
individual molecules, namely inhomogeneous line-
width, such as would occur in poor shimming, where
various molecules are found in various magnetic fields.
Alternatively, the linewidth could be a shared consis-
tent intrinsic property of all members of the ensemble,
that is, homogeneous linebroadening such as for exam-
ple lifetime broadening. Though the situation is some-
what more complex when performing averaging by
magic angle spinning (Mariq and Waugh, 1979) or
multipulse experiments, these two limiting scenarios
are conceptually useful for discerning likely mecha-
nisms for linebroadening. Operationally, comparing
the homogeneous linewidth Γ = 1/(πT2) (a function of
the transverse relaxation time T2), to the apparent full

width at half maximum linewidth FWHM = 1/(πT2*)
can help to distinguish between these two limiting sce-
narios regarding the origin of low temperature line-
widths. For homogeneous systems under ideal
conditions, the apparent NMR spectral linewidth,
FWHM, can be comparable to the homogeneous line-
width, Γ dictated by transverse relaxation. This rela-
tionship holds true for many cases in solution NMR. By
contrast, for solid state NMR spectra, frequently the
spectral lineshape FWHM linewidth differs from Γ pre-
dicted from T2. Empirical dephasing times can be
described with T2

0, the decay time measured using refo-
cusing sequences such as by a Hahn echo or CPMG
train. T2

0 can be affected by coherent line broadening
mechanisms, such as heteronuclear and homonuclear
dipolar or J couplings which if unresolved and un-
decoupled contribute additional apparent linewidth
that can include homogeneous and inhomogeneous
aspects. T2

0 can also be affected by molecular motion as
discussed below (Section 2.5). T2* or FWHM values, on
the other hand, are affected by many dispersion mech-
anisms that can be refocused and so do not contribute
to the apparent homogeneous linewidths, for example
an inhomogeneous distribution of chemical shifts in
the sample. These can be due to magnetic susceptibility
effects including effects of poor shimming, or the
effects of bulk magnetic susceptibility. Alternatively,
under ideal experimental instrumental conditions the
distribution of shifts may be due to inhomogeneity in
conformational or local chemical environment, since
different conformations typically have slightly different
chemical shifts (Su and Hong, 2011; Sakellariou
et al., 2003). These mechanisms typically can give rise
to a distribution of chemical shifts and a lineshape that
may be Gaussian or irregular, whereas the homoge-
neous linewidth is theoretically Lorentizian.

The question of whether homogeneous or inhomoge-
neous contributions to the linewidth are dominant for
solid state NMR can be markedly different at room tem-
perature versus cryogenic temperatures. Table 1 reports

TABLE 1 Transverse relaxation times for U-13C,15N-Pf1 samples at two temperatures, 273 K vs. 100 K, during moderate (11–12 kHz)

magic angle spinning frequencies (Sergeyev et al., 2017). Values of the effective T2, i.e., T2*, are based on the experimental half-height

linewidths T2
� ¼ 1

π LW (the scaled inverse FWHM linewidth).

13C T2* (ms) 15N T2* (ms) 13C T2
0 (ms) 15N T2

0 (ms)

273 K 4.5 2.6 5.1 5.5

100 K 1.7 1.0 10.5 41.7

Note: Values for the refocused homogeneous decay time T2 (i.e., T2
0) are measured based on the decay constant in Hahn echo experiments as a function of the

interpulse delays. T2
0 values lengthen considerably at low temperatures, improving the performance of many polarization transfer pulse sequence elements

relative to room temperature. T2* on the other hand became much shorter at low temperature, degrading the spectral resolution.
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transverse relaxation rates for the coat protein from Pf1
bacteriophage prepared with AMUPOL and sensitized
with DNP at 600 MHz, an example for which values are
available at both room temperature and cryogenic tem-
peratures, and both refocused relaxation values and line-
widths (Sergeyev et al., 2017). When studied with DNP at
100 K, effective transverse relaxation times (T2*) based
on experimental linewidth (FWHM ≈ 1/πT2*) were con-
siderably shorter at 100 K than room temperature
(i.e., the linewidths were considerably broader at cryo-
genic temperatures). T2

0 values on the other hand were
considerably longer at 100 K than at room temperature
(i.e., homogeneous linewidths are narrower at cryogenic
temperatures). At low temperatures, T2

0 values were up
to an order of magnitude longer than T2* (Sergeyev
et al., 2017).

Analogously, 15N and 13C T2
0 for hydrated nanocrys-

talline GB1 (Lewandowski et al., 2015) measured using
a spin–echo pulse sequence, indicated longer coherence
times at low temperature than at high temperature.
Studies of ubiquitin in frozen solution (Siemer
et al., 2012) follow a similar trend in that 13C T2

0, as
measured by the Hahn echo pulse sequence, increases
with decreasing temperature, while the T2*, as measured
by the linewidth, decreases with decreasing tempera-
ture. Microcrystalline samples of SH3 (Linden
et al., 2011) exhibit a longitudinal relaxation time T1

that lengthens considerably at low temperature. In
another example (Su and Hong, 2011), the TAT
arginine-rich cell penetrating peptide at low tempera-
tures (238 K) demonstrated considerably broadened
linewidths relative to the linewidths of crystalline solids
under the same conditions. The linewidth in this case is
considerably broadened, despite the fact that the refo-
cused T2 of both membrane peptides and crystalline

sample are similar, indicating inhomogeneous disorder
rather than homogeneous relaxation. Interestingly, at
room temperature the linewidths of this peptide are
quite narrow, indicating fast motions that lead to con-
formational averaging on the NMR timescale (Table 2).

Additional experimental indications support the con-
clusion that low temperature protein NMR linewidths
are frequently primarily inhomogeneous. The ability to
“burn holes” in DNP-enhanced low temperature 19F
NMR spectra and identify spectral components from
within a broad Gaussian-like distribution (Lu et al., 2018)
supports the conclusion that the low temperature line-
width is primarily inhomogeneous. Hole-burning experi-
ments performed on low temperature NMR spectra of
SH3 (Linden et al., 2011) also similarly imply that spec-
tral broadening is inhomogenous in nature. The fact that
the diagonal or autopeaks of 2D 13C–13C correlation spec-
tra in many cases appear narrower than do the cross-
peaks is an additional indication that inhomogenous
linebroadening dominates the low temperature spectra.

It is worth noting that similar trends may be observed
in low-temperature NMR of inorganic materials. For
instance, significantly lengthened T2

0 values were
reported for MAS 29Si-DNP of mesoporous silica, despite
the fact that T2* is considerably shorter at low
temperature.

2.3 | Contributions from paramagnetic
centers

Paramagnetic compounds cause enhanced relaxation of
NMR signals associated with nearby nuclei. (Bertini
et al., 2017; Clore and Iwahara, 2009) The distance
dependence of this relaxation component has been

TABLE 2 Comparison of T2
0 values measured for a range of samples at cryogenic conditions.

System Relaxation rate (pulse sequence)
Nucleus
type

Field
(MHz)

Temp.
(K)

Protofibrils, 1 mM DOTOPA-3OH-methoxy
(Potapov et al., 2015)

Hahn echo T2—14.6 ± 0.3 ms;
CPMG T2—29.3 ± 2.5 ms

13C0 400 25

Protofibrils, high pH, 6.6 mM DOTOPA-3OH-
Methoxy (Potapov et al., 2015)

8.8 ± 1.0 ms for Hahn echo, 15.4 for
CPMG

13C0 400 25

Pf1 bacteriophage with AMUPOL (Sergeyev
et al., 2017)

10.5 ms (Hahn echo) 13C 600 100

Pf1 bacteriophage with AMUPOL (Sergeyev
et al., 2017)

41.7 ms (Hahn echo) 15N 600 100

Nanocrystalline GB1 (Lewandowski et al., 2015) >50 ms (Hahn echo) 13C' 500 100

Nanocrystalline GB1 (Lewandowski et al., 2015) >50 ms (Hahn echo) 15N 500 100

Ubiquitin (Siemer et al., 2012) �4 ms (Hahn echo) 13C 750 200

Note: T2
0 values are typically relatively long around 100 K, despite broad linewidths.
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exploited as a source of structural information, referred
to as paramagnetic relaxation enhancements (PRE). For
nitroxides at room temperature and high magnetic fields,
the relatively slow electron relaxation rates cause ele-
vated nuclear R2 relaxation rates and line broadening
(Nadaud et al., 2007). It is therefore of interest to examine
the contribution of paramagnetic centers to the line-
widths observed in DNP spectra.

Tests for the role of PRE in low temperature NMR
linewidths have been approached in a number of ways.
Logically, the observation that the main source of line-
width broadening is inhomogenous (as discussed above),
coupled with the expectation that paramagnetic relaxa-
tion enhancement provides homogenous line broadening,
implies that the PRE is likely not the main source of line
broadening. Conceivably, inhomogeneous behavior could
nonetheless be introduced via homogeneous paramag-
netic relaxation and cross-relaxation effects if other phe-
nomena that influence the PRE such as aggregation
hydration or dynamical properties vary through the sam-
ple. Studies of type 3 secretion needles showed that line
broadening was not observed at room temperature with
added nitroxides (Fricke et al., 2016), suggesting that
PRE might also contribute marginally to low temperature
linewidths. Similarly, spectra of gnnQQNY
(Debelouchina et al., 2010) fibrils prepared with and
without 10 mM TOTAPOL showed comparable resolu-
tion and minimal line broadening effects from the nitrox-
ide dopant. In studies of frozen DHFR with co-localized
biradical affinity tags, the nitroxides introduced signal
quenching in a site-specific fashion; i.e., signals from less
than 10 Å from the nitroxide have markedly reduced
intensity (Rogawski and McDermott, 2017; Rogawski
et al., 2017). However, for the observable sites, significant
line broadening was not observed relative to samples

prepared with AMUPOL. Since AMUPOL presumably
had a different location than the tagged radical, the line-
widths of the observable sites were not appreciably
affected by radicals (as seen in Figure 2). In all of these
studies, lack of dramatic broadening might be because
the radicals are present at very high concentration, mak-
ing electron spin exchange or diffusion an important con-
tribution to the electron correlation timescale (McNally
and Kreilick, 1981). In addition, it is worth noting that
the observations mentioned above refer to the empirical
linewidth, or T2*. Since, as discussed above, T2* � T2

0,
measurements of T2

0 are expected to be more sensitive to
paramagnetic dopants than linewidths. Indeed, in low
temperature NMR studies of samples prepared for DNP
experiments, (Corzilius et al., 2014; Linden et al., 2011).
T2

0 was shown to be dependent on the concentration of
paramagnetic relaxant (though it was not strongly depen-
dent on the nature of the radial). In another systematic
investigation, homogeneous line widths were observed to
be strongly dependent on the biradical concentration and
the enhancement buildup time, and concluded that
linewidths were influenced by a competition among mag-
netization transfer pathways (direct, indirect, and
SCREAM-DNP) which in turn depend on experimental
parameters such as biradical concentration or experiment
repetition rate (Sergeyev et al., 2021). Measurements of
13C enriched urea in samples containing 10 mM TOTA-
POL showed an additional R2 contribution due to
TOTAPOL of magnitude 70 s�1. Consistent with the dis-
cussions above, this effect does not parlay into a substan-
tial contribution to the overall empirical FWHM
linewidth for the typical samples probed (Potapov
et al., 2015).

A novel attack on the same question involved decou-
pling the nearby electrons (Saliba et al., 2017). A

FIGURE 2 (a) Bleaching of solution state NMR (H�N HSQC) for U � 15N,13C-DHFR:H2NADPH:TMP-V-T complex due to the affinity

radical. A heat map is used to encode intensity ratios Iox/Ired onto the structure, illustrating a distance dependence. (b) Low temperature

SSNMR bleaching resembles the spatial patterns in solution NMR. A heat map conveys the ratio of DNP-enhanced signal intensity for

specifically isotopically enriched DHFR samples with bound TMP-V-T relative to samples with exogenous AMUPol/TMP 13C � 13C DARR

spectra (ITMPVT/IAMUPol).
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frequency-agile gyrotron was used so that during the
experiment the electron irradiation could be “hopped”
from the optimal frequency for DNP (typically near the
sum frequency for the nucleus and the electron) to the
optimal frequency for decoupling electrons, namely on-
resonance with the electron spins, a difference of
�75 MHz in frequency. In samples of trityl mixed with
40 mM uniformly 13C,15N enriched urea, decoupling
caused line narrowing, and T2* increases by approxi-
mately 14%. This tour de force in electron-nuclear mag-
netic resonance also suggests that the line broadening
induced by trityl is not the main contributor of the DNP
line broadening in view of the relatively modest gains in
linewidth.

Another paramagnetic component in most samples is
dissolved molecular oxygen, which can contribute to
relaxation of NMR signals (Shikhov and Arns, 2016) par-
ticularly at low temperatures (Fyfe and Brouwer, 2004).
While removing dissolved oxygen can have benefits in
boosting DNP signal enhancement in samples prepared
via matrix-free methods for studies of materials, never-
theless, in our hands excluding oxygen does not apprecia-
bly reduce linewidths for frozen solutions of proteins.

2.4 | Dynamic effects

Motion and dynamics have been invoked in a variety of
specific ways to explain broad NMR linewidths. This
hypothesis is consistent with the observed variability in
linewidths from site to site within a polymer. Dynamic
conformational exchange processes can contribute to
larger linewidths, analogous to intermediate exchange
processes in solution NMR, if molecular motion is on
timescales comparable to the shift difference for the two
conformers (kex � Δω). For a system in solution, Δω usu-
ally refers to the change in isotropic shift for the two con-
formers in exchange, while for systems in solids it can
refer to the anisotropic contributions to the shift, includ-
ing CSA or dipolar couplings, any of which can change
dramatically during conformational exchange. Changes
in anisotropic couplings such as dipolar coupling during
reorientation can interfere with magic angle spinning,
decoupling, magnetization transfer and ultimately with
signal detection over a broad range of timescales. Dynam-
ical effects are expected to contribute to the apparent T2

0

as an exchange term in transverse dephasing. Methyl
groups have been shown to exhibit three-site symmetric
hop motions with Arrhenius-like temperature depen-
dence and barriers of approximately 3–4 kJ/mol depend-
ing on their local packing environment. Methyl groups
would be expected to enter intermediate exchange regime
for SSNMR at roughly 100 K, where k � 104 s�1 � δ for

anisotropic interactions such as the methyl CSA or the
C H couplings. The hypothesis of methyl groups being
in intermediate exchange at 100 K is consonant with
many experimental observations of broadened or weak
lines for methyl groups. The situation for methyl CH3

groups at 100 K with hop rates of the order of 104 s�1 is
analogous to that for amine NH3 groups near or slightly
below room temperatures which also have three site hop
motions with rates of the order of 104 s�1. The effect on
interference with decoupling has been explored (Ni
et al., 2017), with studies of both 13CH3 and

15NH3 groups
in a variety of biological samples including microcrystal-
line peptides, the membrane protein bR, and amyloid
fibrils. In this study, alanine Cβ peaks effectively disap-
pear at approximately 112 K and reappear below 80 K,
while NH3 signals disappear at approximately 173 K. This
behavior is consistent with interference of the changes in
dipolar coupling due to three-fold hopping with the 1H
decoupling, when both processes are on the same time-
scale (kex � ωdip � ωdec). Notably the effect can be much
attenuated with sample deuteration. In particular, for
deuterated samples the Cβ-Cα crosspeak of bR was recov-
ered. Although it is not stated in the referenced article,
the disappearance of alanine Cα-Cβ crosspeaks is also
clearly manifested in low temperature spectra of the
Het-s amyloid fibrils (Bauer et al., 2017 Fig. 8). Similarly,
for some sidechain resonances in temperature-dependent
studies of Gb1 nanocrystals, intermediate exchange leads
to additional broadening (Lewandowski et al., 2015). For
systems that exhibit conformational exchange. benefits in
sensitivity can be won from adjusting the temperature
range to alter the rate constants so as to avoid interfer-
ence phenomena (Li et al., 2021) (Figure 3).

2.5 | Structural inhomogeneity

Another likely explanation for broad NMR lines for many
biopolymers at low temperatures is the possibility that
lowering the temperature from room temperature to
100 K arrests conformational interconversions. If the var-
ious populated conformers interconvert in fast exchange
near room temperature, they would collectively give rise
to a single sharp line. By contrast, at 100 K they may be
“frozen” meaning that they either do not interconvert or
interconvert on an ultra-slow timescale and give rise to
an inhomogeneous distribution of chemical shifts, with
individual conformers having specific isotropic shifts.
This hypothesis is consistent with the observed variability in
linewidths from site to site within a polymer. In other words,
linewidths are not uniform among sites in a single sample or
polymer, and trends in the linewidths within a single poly-
mer in some cases offer support for molecular-based
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mechanisms such as conformational heterogeneity or
dynamics. The observation that the linewidths are pri-
marily inhomogenous at low temperature (Section 2.2)
also offers support for the hypothesis of mixtures of con-
formations that do not interconvert at low temperature.

The hypothesis that the broader lines at low tempera-
ture are due to static inhomogeneous mixtures of differ-
ent conformations has been invoked in a number of
reports to explain anomalous linewidths. In one study,
the linewidth for frozen ubiquitin at low temperature
(213 K) is much better fit by a Gaussian as opposed to a
Lorentzian, indicating an ensemble of conformations
contributing to the linewidth (Siemer et al., 2012). Frozen
complexes of a HIV-1 V3 loop fragment bound to a frag-
ment of the FV antibody (Sharpe et al., 2004) also showed
patterns in linewidths suggestive of conformational order
as a dominant effect (Figure 4). At 153 K most backbone
carbon sites in the V3 peptide exhibited a 1.5–3 ppm
reduction in linewidth upon binding, which was attrib-
uted to conformational ordering upon binding, in a
model where linewidths depended on variations in the
degree of side chain ordering. Another example concerns
studies of protein folding: rapid cryogenic freezing was
used to characterize the HP35 chicken villin headpiece, a
model protein for studies of folding (Hu and Tycko, 2010;
Hu et al., 2009) (Figure 4). Rapid freezing from the folded
state resulted in spectra with relatively sharp lines, while
rapid freezing from partly folded states with varying con-
centrations of guanidinium hydrochloride resulted in
broad lines and the disappearance of some resonances.
In another example (Potapov et al., 2015), the 13C line-
widths of the peptide AB 1–40 were monitored through-
out its self-assembly process of fibril formation.
Linewidths decreased throughout the process of assem-
bly, from 4.4–4.7 ppm in high pH, unassembled samples,
to 2.3–3.2 ppm in assembled fibrils. This progression

suggests that the increasing degree of conformational
order affects the linewidths in turn. In studies of the
MxiH secretion needle protein by DNP enhanced NMR
(Fricke et al., 2014), high resolution spectra were
observed and arguments were presented that the sharp
linewidths (1.1 ppm) are due to rigidity and high degree
of order in the needles.

In another example, frozen solutions of DHFR exhibit
a range of linewidths and offer evidence regarding the pro-
tein's response to ligand binding (Rogawski et al., 2017).
Selective isotope incorporation, for example 13Co-Ile/13Ca-
Ala enriched samples, was employed to resolve lineshapes
in 13C–13C DARR spectra, including 13Cα(i)-C0(i � 1) cor-
relations. In this way, the I2 C0 (resolved in the I2C'–S3Cα
crosspeak) was shown to have a FWHM of 1 ppm, while
two other nearby peaks have linewidths of 1.6 and
1.7 ppm, respectively. Similarly, in a sample with analo-
gous but distinct isotopic enrichment schemes, linewidths
range from 1.1 ppm for a well-resolved Cβ chemical shift,
to 2.2 ppm for G67Cα. The examples described above
employ strategies to resolve individual lines despite the
broad low temperature linewidths such as multidimen-
sional spectroscopy and/ or site specific sparse isotopic
enrichment (Sergeyev et al., 2017).

Strong support for the importance of conformational
disorder for linewidths also comes from a handful of
reports of resolved splittings due to multiple conformers
appearing at low temperature, which may be more easily
analyzed than broadened irregular unresolved lineshapes
at low temperature. Such evidence is seen in spectra of
DHFR. Upon binding of the ligand trimethoprim, it is
apparent that the peak corresponding to I5-Co/A6-Ca
shifts and splits into two partially overlapped lines. Tri-
methoprim was previously shown by NMR to adopt at
least two distinct orientations in the binding pocket
(Polshakov et al., 1999), and the 15N chemical shift of

FIGURE 3 Specific loss or

broadening of NMR signals at low

temperature can result from

exchange processes that interfere

with magnetization transfer or

decoupling.
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A6-N shifts by circa 5 ppm upon TMP binding. The split
chemical shifts may reflect two conformations that differ
in the relation of the TMP ring and I5/A6 pair. Similarly,
for microcrystalline SH3, observations of split peaks were
reported and data were interpreted to be consistent with
“freezing out” of multiple conformations of specific side-
chains, such as A55 (Linden et al., 2011).

Conformational disorder is connected with low temper-
ature NMR in another way: in some studies low
temperatures are used to detect NMR lines that appear to
be missing at RT. If peaks are missing at room temperature
due to intermediate exchange conformational dynamics,
then dramatically lowering the temperature could logically
allow these sites to be detected. In one case an isotopic
enrichment scheme was designed to detect a single site of
interest in the ion channel KcsA, and while the site was

undetected near room temperature, a particularly broad line
was detected at 100 K, suggesting that its absence at room
temperature was due to extensive exchange processes with
many conformers (Howarth, 2019).

The broad linewidths are not likely to result from irre-
versible sample damage specific to low temperatures, such
as cold denaturation. The linewidths at low temperature
have been shown to be reversible, in the sense that thaw-
ing frozen DHFR samples after DNP analysis resulted in
good recovery (>85%) of the protein and high quality solu-
tion NMR spectra similar to before freezing (Yi, 2023).

The hypothesis of static conformational disorder at
cryogenic temperatures has also been invoked in discus-
sion of NMR spectra of small crystalline molecules. N-f-
MLF peptides exhibit no changes in linewidth for the more
dynamically hindered form of the peptide (N-f-MLF-oME),

FIGURE 4 (a) Protein unfolding is associated with increased spectral linewidths. Chemical denaturation of the 35-residue villin

headpiece subdomain (HP35) monitored at the site-specific level by 2D solid state NMR. (b) DNP-enhanced 2D 13C SSNMR spectra of Aβ40
assemblies with selective isotopic enrichment. Note reduced disorder in Aβ40 fibrils relative to the other samples. Tertiary contacts (L34–
F19) seen in several samples suggest nascent structure in the monomer.
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while in N-f-MLF-OH the dynamics of the system led to
lineshape changes at lower temperatures. Two co-existing
forms of the peptide at low temperature differ by local
changes in conformation (Barnes et al., 2010), implying a
relationship between conformational disorder, dynamics
and distributions of chemical shifts in low temperature
NMR spectra. For crystals of sodium ibuprofen (Concistrè
et al., 2014), peaks associated with hydrophilic sites
remained relatively sharp, while a hydrophobic region with
a flexible isobutyl group displayed inhomogenous broaden-
ing at low temperature. For this sample, relatively sharp
refers to linewidths of approximately 2 ppm. Studies of crys-
tals of sodium ibuprofen (Concistrè et al., 2014) indicate
dehydration over a range of temperatures. Among four res-
onances that displayed inhomogeneous broadening, the
extent of the broadening could be correlated with the inter-
mediate exchange dynamics and motions known to be car-
ried out by each functional group. DFT chemical shift
calculations also indicated a correlation between the isotro-
pic chemical shift distributions populated above the freezing
temperature and linewidths observed at cryogenic tempera-
tures. Possibly, in this case a complex interplay between
conformation distributions, solvent interactions, and
dynamics affects the linewidths.

The data offer hints regarding the timescale of confor-
mational interconversion for typical examples. Hypotheti-
cally, for most cases discussed above the exchange process
interconverting the conformers is sub-ns at RT, in other
words well-averaged and in the fast limit for NMR detec-
tion. By contrast, for most cases the dynamics are supra-
ms at 100 K, in other words in the ultra-slow limit. This
dramatic change in timescales with temperature could be
possibly due to a steep activation energy. Perhaps more
intuitively the steep change in rate for many samples
could be due to a strong effect of the solvent phase change
on interconversion dynamics, or the glass transition of the
protein (Ringe and Petsko, 2003).

A direct test for the hypothesis of conformational het-
erogeneity underlying the broad lines at low temperature
was conducted by measuring torsion angles for a single
well-structured site in a globular proteins, contrasting the
torsion angle for various positions within the broad line-
shape (Yi, 2023) (Figure 5). The I60-I61 amide bond of
DHFR is in a well-structured beta sheet. This site was
studied in a frozen solution of the DHFR:trimethoprim
ligand complex. 15N–13C0 correlation spectra of samples
prepared with selective 15N and 13C isotopic enrichment
in Ile only allowed this unique I–I pair to be detected in a
N–C correlation spectrum without interference from
other amides, revealing the lineshape clearly. Using the
N(i + 1)–C(i) correlation spectrum as a “working finger-
print plane”, the torsion angle Ψ I was measured in a
third pseudo-dimension, revealing a range of over 50� in
Ψ values for this amide group, despite the fact that it is
located in a well-structured beta sheet. The Ψ value for
residue i correlates strongly with the N(i) isotropic shift,
both experimentally and in QM/MM simulations. This
study offers strong supportive evidence for conforma-
tional degrees of freedom leading to inhomogeneous line-
width at low temperature, though further studies on
other sites are needed.

2.6 | The role of the solvent

Several studies have explored the role of aqueous
solvent in cryogenic line broadening. Water in protein
samples is often divided into three types: bulk water with
a freezing point near 0�C, hydration water that directly
surrounds the protein molecule with a depressed freezing
point (�25 to �60�C), and unique protein bound, struc-
tural waters with long residence times. Studies of GB1
(Lewandowski et al., 2015) as a function of temperature
indicated two turning points or discrete changes in

FIGURE 5 (A) Various “basins” can be identified within the broad spectral lineshape of I60 C0–I61N correlation spectra. (b) Torsion

angle restraints from three “basins” within the lineshape of I60 C0 '–I61N correlation spectra.
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dynamic behavior and linewidth. At 220 K changes were
putatively associated with freezing of the hydration
water, while at 160 K changes in side chain dynamics
coupled to solvent were invoked. Studies of Het-S fibrils
(Bauer et al., 2017) also report a pattern in solvent
exposed versus hydrophobically buried residues, namely
that the former broaden at around 240 K in a relatively
sharp transition, near the freezing point of the hydration
water, while the latter are still observable even at low
temperature. In the study of DNP-enhanced low tempera-
ture SSNMR spectra of the major coat protein of the Pf1
bacteriophage, in the context of the whole phage particle,
a broad range of linewidths for backbone sites was
reported, all much broader than the corresponding room
temperature peaks (Sergeyev et al., 2017). Chemical shift
perturbations and line broadening were shown to be
strongly correlated to solvent exposure. The narrower
lines in the interior suggest the presence of fewer confor-
mational states or better annealing of the sample into a
single conformation during freezing. The broader lines
for solvent exposed sites suggest that multiple states with
comparable energetics co-exist at the freezing point. Stud-
ies of frozen complexes of a HIV-1 V3 loop fragment
bound to a fragment of the FV antibody (Sharpe
et al., 2004) also demonstrated that solvent exposed resi-
dues can be broadened more significantly. Studies of
nanocrystals and amyloid fibrils also led to the conclu-
sion (Debelouchina et al., 2010) that residues in contact
with water experienced more significant inhomogeneous
broadening than other residues. The choice of cryoprotec-
tants and glassing agents and lipids (for membrane pro-
teins) was also explored recently in connection with the
choice of polarization agents (Tran et al., 2020).

Solvent-free systems also support this line of reason-
ing. Microcrystals of alanyl-prolyl-glycine (APG) (Ni
et al., 2017; Barnes et al., 2010) show resolution compara-
ble to that observed at room temperature, with linewidths
of 0.28 ppm at 80 K. As a consequence, splittings due to
J-couplings were resolved, which is typically not seen in
solid state NMR. Other microcrystalline solids studied by
DNP also exhibit narrow linewidths, including powdered
glucose which has a linewidth of 0.33 ppm at 100 K, com-
parable to a linewidth of 0.28 at 298 K (Björgvinsd�ottir
et al., 2018), and crystalline L-histidine which had a line-
width of 52 Hz. These solids were wet with a biradical
solution prepared in tetrachloroethane (TCE), which
does not dissolve the crystals themselves. Crystals of
N-MLF, which are solvent free, also show little transition
in linewidths between 200 and 240 K (Bajaj et al., 2009).

Given that water as a solvent appears to play an
essential role in the linewidth, the form of ice that is
developed might be important. In this regard, for aque-
ous preparations cosolutes can be expected to be quite

influential, and the freezing rate might also be important.
A number of strategies for cryoprotection have been
reported, and the effectiveness of cosolutes for globular
proteins for preserving native structure and ensuring nar-
row low temperature NMR linewidths was surveyed; the
study overall demonstrated benefits to low temperature
NMR linewidths when cosolutes are optimized (Jakeman
et al., 1998). In another study (Lee and Hong, 2014), the
efficacy of various membrane cryoprotectants concluded
that DMSO is effective at inducing more homogeneous
preparations and appears to immobilize the polar head-
group of the lipid. Freezing rates can affect the type of ice
formed, and are important for obtaining excellent speci-
mens for other biophysical methods, so it is natural to sup-
pose that freezing rates might affect the low temperature
NMR linewidths. Hexagonal ice formation is associated
with slow freezing and may cause misfolding and sample
heterogeneity, while hexagonal ice formation is suppressed
in rapid freezing and glassy ice instead may be formed,
potentially resulting in a more homogeneous native-like
conformational distribution. It is also likely that rapid ver-
sus slow freezing protocols may affect the ability of the sys-
tem to anneal to preferred lowest enthalpy states. These
ideas were tested using a very rapid freezing protocol
involving depositing (“shooting”) nanoliter solution droplets
onto copper wheels that are thermally equilibrated with liq-
uid nitrogen. In the case of frozen solutions of E. coli
DHFR, little effect of slow versus rapid freezing on line-
width was seen, as illustrated in Figure 6. On the other
hand in the same experiments, rapid freezing was shown to
have useful effects on the polarization enhancement (not
shown), enabling good enhancement ratios with little glyc-
erol included.

3 | EXPERIMENTAL STRATEGIES
FOR LINE NARROWING

For the DNP-NMR spectroscopist confronted with a sam-
ple with intrinsic broad lines, a variety of experimental
strategies have been presented in the literature for nar-
rowing linewidths and, as discussed below, improve-
ments have been noted in many cases. Presumably,
increases in resolution will be sample-dependent and
determined by the types of linebroadening that are rele-
vant for a particular sample.

Increasing the static magnetic field strength is a well-
known strategy for narrowing NMR lines. This is benefi-
cial because higher fields increase the spectral dispersion,
while broadening mechanisms may be only weakly field
dependent. For example, in going from 600 to 800 MHz,
DNP linewidths of type III secretion needles decreased by
about 25% (in ppm). Similarly, for a sample of uniformly
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isotopically enriched Aβ40 fibrils, linewidths for resolved
peaks were similar at room temperature and cryogenic
temperatures (ca. 100 K), and by increasing the magnetic
field strength from 9.4 T to 20.2 T (400–850 MHz 1H fre-
quency), resolution improved dramatically (Lopez Del
Amo et al., 2013). Other studies also suggest that an
increased magnetic field strength can offset the deleteri-
ous effect of lowering temperature (Liao et al., 2016). This
observation is at odds with the observation above that the
linewidth is mainly inhomogeneous at low temperature,
so further investigations are needed.

Sample deuteration can narrow lines if the primary
cause of broadening is associated with ineffective proton
decoupling (e.g., due to hardware challenges, the pres-
ence of paramagnetic centers, or motion). For example,
when intermediate exchange dynamics causes line broad-
ening through interference with proton decoupling, deu-
teration of the protein can recover the methyl 13C–13C
correlations (Ni et al., 2017).

It has been shown that increasing the rotor frequency
for MAS, ωr, can improve resolution in solid state NMR
experiments. Increasing ωr enables effective averaging of
homonuclear proton dipolar couplings, resulting in nar-
rowed linewidths. In one study, the MAS frequency was
increased to 40 kHz (compared to typical MAS frequencies
between 8 and 13 kHz for DNP experiments) and improve-
ment in the DNP enhancement (ε = Ion/Ioff, where I is the
signal intensity and on versus off refers to the electron
microwave irradiation for DNP) resulted (Chaudhari
et al., 2017). Moreover, spinning with a frequency of
40 kHz increased coherence lifetimes for 29Si significantly.
At ωr = 40 kHz the T20 CPMG values were �3� longer
than those measured at 10 kHz. Similarly, increasing the

MAS frequency from 11 kHz to 25 kHz, the T2
0 of Pf1

lengthened by approximately 30% (Sergeyev et al., 2017).
Also, for frozen DHFR in a glassy matrix of D2O/d8-
glcyerol, with site-selective enrichment, T2

0 lengthens from
10 ms to 14.4 ms, an increase of approximately 40% with a
comparable increase in ωr. This results in line narrowing
by 45 ± 10 Hz in 13C–13C peaks in a PDSD-DARR spectra
with 100 ms of DARR mixing.

Another consideration is the magnetic field homogene-
ity (Fritzsching et al., 2018) which can change when the
sample is cooled. DEMA, a tertiary amine that remains a
liquid at 130 K, can be used to shim the magnet at 130 K,
which is considerably closer to the temperatures typically
used for DNP experiments. Shimming under appropriate
conditions decreases the contribution of magnetic field
inhomogeneity to the linewidth and results in overall spec-
tral improvement particularly for larger rotors.

In some cases, introducing more chemical shift
dimensions can provide resolution between sites, thus
allowing for biopolymer site specific analysis despite poor
linewidths. This is particularly effective with judicious
choices of digitization dimensions. Given that 15N amidic
backbone sites are particularly broad, their digitization
may be omitted (even if transfer through the N is uti-
lized). This approach presents an inherent challenge,
namely implying multiple transfer steps. The properties
of low temperature NMR spectra may lend themselves to
such a strategy as follows: despite short T2* values, long
T2

0 values are typically observed at low temperature,
allowing for efficient magnetization transfers in novel
complex SSNMR pulse sequences. Accordingly, many
groups have developed modifications of the typical
assignment and tertiary contact workflow to enable

FIGURE 6 DNP NMR spectra at 105 K are compared for rapid freeze quench samples vs. with normal freezing samples. For this study, DHFR

was selectively isotopically enriched with U 13C in four amino acids, LAPG. FWHM linewidths are indistinguishable for all sites in this case.
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FIGURE 7 Legend on next page.
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structural studies at low temperatures: the long-
range 2D, lots of transfers. Capitalizing on this opportu-
nity, the S3 pulse sequence, correlates side-chain reso-
nances through a series of long range polarization
transfers, which are only feasible due to the enhanced
DNP signal strength as well as the long T2

0 values
(Sergeyev et al., 2017).

Going forward, other data collection and signal pro-
cessing strategies may also have promise to narrow reso-
nances. For example, if the origin of the broad line is
bulk susceptibility, the shifts of neighboring sites are
expected to be strongly correlated. If this is the case, zero
quantum spectra are expected to have better resolution
than single quantum spectra. Work from Pines, Warren
and others demonstrates that, as expected, zero quantum
coherences, in many cases, are not inhomogenously
broadened by bulk susceptibility mechanisms (Munowitz
and Pines, 1986; Hall and Norwood, 1986, 1987), and
refocused ZQ spectra can show excellent resolution
(Sakellariou et al., 2003). Alternatively, correlation spec-
tra have been observed to exhibit significantly narrower
peaks than 1D spectra in DNP samples of some pharma-
ceuticals (Hanrahan et al., 2017). Analogous approaches
may have benefit for low temperature NMR, particularly
if inhomogenous broadening reflects structural disorder,
and the shifts are systematic with structure. In this case,
the shifts of directly bonded sites are frequently anticorre-
lated, and MQ spectroscopy can have benefit in removing
bulk susceptibility while enhancing local effects of inter-
est. A proof of concept example is shown in Figure 7,
where single quantum coherences for proline in solution
are correlated to sum or difference spectra. The data were
recorded using GFT (Kim and Szyperski, 2003) in DNP-
enhanced spectra at 105 K. Here, sum frequency lines are
narrower than expected based on the direct/SQ linewidths,

consistent with anticorrelated shifts for neighboring carbons
within a conformational distribution.

4 | INSIGHTS FROM LOW
TEMPERATURE SHIFT
DISTRIBUTIONS

As outlined in the discussions above, one of the leading
hypothesis for the larger linewidths at low temperature is
that the sample contains a distribution of conformations
associated with different isotropic shifts. The various confor-
mations are not in rapid exchange at 100 K (inhomoge-
neous distribution), and are presumed to exist in rapid
exchange with each other at 300 K (homogeneous distribu-
tion). If this hypothesis is correct, the distribution of isotro-
pic shifts at low temperature could provide insights
regarding conformational ensembles of biopolymers. This
suggestion accords well with prior studies on chemical shift
prediction for biopolymers, where the isotropic shift predic-
tions are in better agreement with experimental values if an
average over the broad distribution of isotropic shifts
expected for thermal conformational ensembles is per-
formed (Perez-Conesa et al., 2021; Robustelli et al., 2012; Li
and Brüschweiler, 2012).

With this in mind, a handful of studies have explored
the connection between low temperature linewidth and
conformational ensembles using computational tools,
with molecular dynamics based sampling, and QM/MM
calculations of NMR shifts for selected snapshots along
the MD trajectory (Yi, 2023; Gupta et al., 2019). Good
agreement between computed and experimentally
observed lineshapes (isotropic shift distributions) offers
strong support for the hypothesis that linewidths are
dominated by conformational heterogeneity, and suggests

FIGURE 7 Panels (a-c) Expansions from a 13C-13C DARR spectra of DNP enhanced cryo MAS spectra of U-13C,15N proline, showing

diagonal and off-diagonal peak shapes commonly observed in NMR experiments performed at cryogenic temperatures. Horizontal slices

through the peaks in (b) at the indicated frequencies are shown in (c). Peak slopes are defined as the ratio, Df2/Df1, of the change in

maximum intensity position in the direct dimension with respect to the position in the indirect dimension. Slopes are indicated as light

green guide-lines through each peak's maximum and are summarized in (h). The autopeak is notably narrow in slices at any position,

consistent with the observation of transverse relaxation rates much longer than the inverse peak envelope width (T2*<<T2 indicating

dominant inhomogeneous linewidth mechanism). Negative peak slope for the Ca—>Cb cross-peak indicates that the chemical shift

distributions of neighboring nuclei are anti-correlated. Panels (d-g) GFT-encoded h(CC)C sum and difference spectra DNP enhanced cryo

MAS spectra of U-13C,15N proline, wherein two 13C coevolution periods separated by a mixing time make up the indirect dimension,

allowing magnetization to evolve at sum and difference chemical shift distributions across the lineshape. NMR pulse sequence is shown

schematically in (g). Expanded crosspeaks (e) and corresponding horizontal slices at indicated frequencies (f) indicate that the Ca shift is

strongly anticorrelated to the corresponding Cb shift when comparing various microstates across the distribution. Anticorrelated chemical

shifts within the distributions lead to diagonal-like peak shapes for the Ca-Cb—> Cb with a somewhat larger peak width for the difference

frequency indirect measurement as for the sum frequency. A likely (and testable) explanation for these observations is that proline has

conformational microstates when frozen, and within these conformations directly bonded carbons such as Ca and Cb have anticorrelated

isotropic chemical shifts. By contrast, if the linewidth were dominated by correlated effects such as local susceptibility of dipolar fields, the

difference frequency width would be expected to be notably narrower.
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that this (Li and Brüschweiler, 2012) will be a promising
line of inquiry going forward.

5 | CONCLUSIONS AND
PROSPECTS

Low temperature NMR has the potential to provide rich
site-specific details regarding biopolymer structure and
function, but broad spectral lines compared with room tem-
perature NMR can sometimes present practical challenges.
Among a number of other hypotheses regarding the origins
of line broadening, one common explanation is the static
inhomogeneous conformational distributions that result
from reduced motions in the solvent and biopolymer at low
temperatures. Going forward, studies of low temperature
spectra are likely to yield insights into the conformational
ensembles that underlie biological function.
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