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Abstract
NMR-spectroscopy has certain unique advantages for recording unfolding transitions of proteins compared e.g. to optical 
methods. It enables per-residue monitoring and separate detection of the folded and unfolded state as well as possible equi-
librium intermediates. This allows a detailed view on the state and cooperativity of folding of the protein of interest and 
the correct interpretation of subsequent experiments. Here we summarize in detail practical and theoretical aspects of such 
experiments. Certain pitfalls can be avoided, and meaningful simplification can be made during the analysis. Especially a 
good understanding of the NMR exchange regime and relaxation properties of the system of interest is beneficial. We show 
by a global analysis of signals of the folded and unfolded state of GB1 how accurate values of unfolding can be extracted 
and what limits different NMR detection and unfolding methods. E.g. commonly used exchangeable amides can lead to a 
systematic under determination of the thermodynamic protein stability. We give several perspectives of how to deal with more 
complex proteins and how the knowledge about protein stability at residue resolution helps to understand protein properties 
under crowding conditions, during phase separation and under high pressure.

Keywords Protein folding · Folding transition · NMR exchange regime · Global unfolding

Introduction

Proteins fulfil a wealth of central biological functions and 
the relationship between their structure and function is well 
established (Fersht 1977). The native and functional state, 
however, is usually only marginally stable towards unfold-
ing, allowing e.g. a certain plasticity needed for function 
(Teilum et al. 2011) or an additional regulation via the deg-
radation system. Protein folding can be described by energy 
landscapes of different complexity (Dill and Chan 1997; 
Oliveberg and Wolynes 2005) and often a barrier crossing 
leads to protein misfolding (Dobson 2003; Jahn and Radford 
2005) as onset of multiple diseases.

Protein folding and its thermodynamic stability can be 
studied at equilibrium by changing temperature, denatur-
ant, or pressure (Eq. 1) (Buchner and Kiefhaber 2005) and 
thereby changing the populations of different states (native, 
unfolded and intermediate) represented by the standard 
Gibbs free energy change upon unfolding ∆G°. Solvent 

properties such as pH or ionic strength can also shift these 
populations (Akasaka et al. 2013; Buchner and Kiefhaber 
2005; Casares-Atienza et al. 2011; Dreydoppel et al. 2018; 
Scharnagl et al. 2005)

Such unfolding transitions are routinely monitored by 
fluorescence or CD spectroscopy with small amounts of 
protein (Buchner and Kiefhaber 2005) which can even be 
automated e.g. in thermal shift assays (Semisotnov et al. 
1991). Alternatively, these  transitions can be detected 
by NMR-spectroscopy which has been established over 
5 decades (Ferguson and Phillips 1967; Mcdonald et al. 
1971). Recently, it has become a useful approach to study 
protein folding under the influence of pressure (Dubois 
et al. 2020; Klamt et al. 2019; Roche et al. 2019; Xu et al. 
2021; Zhang et al. 2019) and under crowding conditions 
(Köhn and Kovermann 2020), because of certain advan-
tages of NMR-spectroscopy, that enable a more exact view 
on protein folding and its cooperativity also in vitro. In 
combination with two-dimensional detection, it allows a 
residue resolved view of the folding protein chain (Dyson 
and Wright 2004; Fossat et al. 2016). A precise knowl-
edge about the state of folding or unfolding (including 

(1)δΔG◦ = ΔV◦

dp−ΔS◦dT + md[denat]
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intermediates) at given conditions is a crucial requirement 
for more advanced investigations by NMR or other meth-
ods. For example a reduced activity of the protein can arise 
from the protein being not 100% native  and functional any 
more, even if it does not show signs of the unfolded state 
but native like intermediates. In addition it is a require-
ment for understanding seemingly complex NMR spec-
tra, that can arise from the presence of intermediate or 
unfolded species. Such potential folding intermediates 
populating at equilibrium which are otherwise hidden or 
remain undetected by conventional optical methods can be 
easily identified and structurally characterized (Balbach 
et al. 1996; Weininger et al. 2009). Another advantage of 
NMR is, that it allows the separate detection of native, 
unfolded and intermediate species, if the transition occurs 
in the slow NMR exchange regime (Löw et al. 2008). Typi-
cally all three  protein states give rise to isolated NMR 
resonances. This separation is not observed in fluorescence 
or CD spectra, where the band structure of the signals of 
different protein conformations causes strong overlap. In 
addition, these bands depend on the unfolding conditions, 
which have to be determined additionally to the transi-
tion itself (baselines). Moreover, the cooperativity of an 
unfolding transition can be experimentally confirmed by 
analysing NMR resonances of residues from various sites. 
Calorimetric and optical methods can only assume coop-
erativity as prerequisite for the employed folding model 
(Buchner and Kiefhaber 2005).

Current efforts in structural biology include protein 
studies under conditions as close as possible to the natural 
environment (Selenko 2019) in cells or cell lysates (Dan-
ielsson et al. 2015; Luchinat and Banci 2018; Welte and 
Kovermann 2020). Here, molecular crowding becomes an 
issue and isotope editing of uniformly labelled  protein by 
NMR allow thermodynamic analyses at residue resolu-
tion even in living cells and a comparison with the well 
studied protein under in vitro conditions can reveal local 
and global influences to the thermodynamic stability of 
the protein of interest (Danielsson et al. 2015). Intermo-
lecular interactions driving liquid–liquid phase separation 
(LLPS) are especially difficult to investigate and NMR 
is one of few valuable methods to gain these molecular 
details (Emmanouilidis et al. 2021). Not only intrinsically 
disordered proteins but also folded and thermodynami-
cally stable proteins drive LLPS and get analysed by NMR 
chemical shift analyses (Fritzsching et al. 2020). Last but 
not least, evolution might have started in the deep sea 
under high pressure conditions, which influences protein 
stability, LLPS and protein function (Cinar et al. 2019; 
Luong et al. 2015). Again, NMR reveals the molecular 
details of high pressure induced local unfolding of proteins 
(Inoue et al. 2000). In all these cases, a detailed knowledge 
of the protein stability at residue resolution of the system 

in vitro is required to compare and better understand the 
protein properties under in vivo conditions.

For the majority of globular small single domain pro-
teins, the exchange between folded conformations and the 
unfolded state is slow on the NMR chemical shift time 
scale and follows a cooperative two-state folding mecha-
nism. Deviations from these prerequisites and how to deal 
with them are discussed in later paragraphs. Isolated NMR 
resonances representing the native (N) or unfolded (U) state 
further simplify the analyses, because the intensity of these 
signals is zero under strong unfolding conditions for N and 
strong folding conditions for U (Dreydoppel et al. 2018; 
Hofmann et al. 2009; Löw et al. 2008): In this case, it is 
not necessary to monitor unfolding transitions until their 
completion for an accurate baseline determination in order 
to adequately extract thermodynamic parameters. NMR 
detected folding can thus be monitored according to

where Int(N) is the signal intensity of signals from the native 
state, Int(U) is the signal intensity of signals from the dena-
tured state, X is the variable of unfolding (Eq. 1), N0 the 
native signal intensity at X = 0, n is the slope of the native 
baseline, U0 is the unfolded signal intensity at X = 0, u is the 
slope of the unfolded baseline and ∆Gu°(X) is the standard 
Gibbs free energy of unfolding. For temperature transitions, 
X corresponds to T and the Gibbs free energy is defined as 
∆Gu°(X) = ∆H°(T) − T·∆S°(T), where ∆H°(T) and ∆S°(T) 
are the standard enthalpy and entropy changes upon unfold-
ing, respectively. The temperature dependence of these 
parameters is determined by the heat capacity change upon 
unfolding, ∆Cp. Upon introducing the transition midpoint 
Tm, the temperature dependence of the Gibbs free energy of 
unfolding simplifies to

F o r  d e n a t u r a n t  i n d u c e d  u n f o l d i n g 
∆Gu°(X) = ∆Gu,H2O°−m·[denat] with ∆Gu,H2O° representing 
the standard Gibbs free energy of unfolding at denaturant 
concentration [denat] of 0, and m describes the cooperativ-
ity of the transition. The analysis according to Eqs. 2 and 3 
implies a two-state protein folding mechanism N ↔ U and 
the midpoint of transition is reached when ∆Gu°(X) = 0.

In order to extract accurate thermodynamic parameters 
from equilibrium folding transitions the correct analysis has 
to be performed, which is dependent on the actual NMR 
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detection method, the method of unfolding and the exchange 
regime. Additionally the correct model has to be chosen. 
While this is possible for kinetic protein folding experiments 
(Löw et al. 2007), equilibrium unfolding is usually limited to 
the simple and robust two-state model. Since in NMR differ-
ent states give rise to different signals in the NMR spectra, 
transitions can be observed not only between N and U, but 
also to intermediate states. As a consequence even more 
complex folding behaviours can be captured by extended 
simple models (Löw et al. 2008).

Here, we summarize NMR specific aspects for the analy-
sis of folding transitions in terms of different methods of 
unfolding, different NMR time regimes and different NMR 
probes. We conduct differently induced (urea, GdmCl, tem-
perature) unfolding transitions of the model protein GB1 
detected in 2D by amide protons and methyl groups, as 
well as in proton 1D experiments in order to illustrate these 
different aspects of protein unfolding transitions followed 
by NMR-spectroscopy. Advantages and limitations of the 
subsequent analyses towards thermodynamic parameters 
are discussed for the different NMR methods. We give per-
spectives of how to deal with more complex conditions and 
systems compared to in vitro GB1 unfolding.

Practical aspects of acquiring NMR unfolding 
transitions

Proteins can typically be unfolded by changing temperature, 
including cold denaturation (Adrover et al. 2010), pressure 
(Roche et al. 2017), or increasing the concentration of dena-
turant (usually urea or GdmCl and for thermodynamically 
very stable proteins GdmSCN (Zeeb et al. 2004), (see Eq. 1). 
In rare cases also changes in pH (Balbach et al. 1995; Dyson 
and Wright 2017) or salt (Mücke and Schmid 1994) can be 
used. Unfolding induced by temperature and pressure have 
the principle advantage that just one sample is required and 
the protein concentration is identical in all measurements if 
the system does not suffer from aggregation. For denatur-
ant (or pH) induced unfolding several different samples are 
needed. An identical protein concentration in all samples is 
best achieved by preparing two samples from the same pro-
tein stock at the extreme conditions (low and high pH, salt 
or denaturant) and creating all other samples by mixing the 
initial ones (Greene et al. 2006; Hofmann et al. 2009). Exact 
pH or denaturant concentration has to be determined after 
each point (usually by taking small aliquots from these sam-
ples). In all cases it is necessary to wait till equilibrium has 
been reached, which usually is after a few seconds but can 
take years in rare cases (Puorger et al. 2008). For quantita-
tive analyses based on the two-state model, full reversibility 
of the folding and unfolding reaction is required. Therefore 
it is beneficial to acquire the folding transition from at least 
two separate samples, one under folding and the other under 

unfolding conditions. By changing the conditions so that 
both samples approach the conditions of the midpoint of 
unfolding, half a folding and half an unfolding transition can 
be acquired. Both transitions contain NMR resonances of 
the native and unfolded state. So, reversibility can be tested, 
if the extrapolated entire transition curves of the native and 
unfolded state from both halves overlap (Hofmann et al. 
2009).

Temperature induced transitions are most problematic in 
terms of aggregation (especially at high NMR concentra-
tions) and reversibility has to be checked (e.g. by acquiring 
unfolding and refolding transitions). A sigmoidal looking 
unfolding transition is not enough to verify reversibility. 
As demonstrated by temperature induced un- and refold-
ing of GB1 (Fig. 1) the intensity difference after refolding 
is high, pointing to high losses because of aggregation at 
high temperatures. Nevertheless, while the whole system is 
clearly not reversible, transition midpoints between unfold-
ing and refolding are pretty similar. This can be explained 
by a refolding transition with simply a lower protein con-
centration. In other words the aggregated protein does not 
contribute much to the monitored transition curves, since 
it is simply not visible by NMR. Thereby the problem of 
reversibility, while still there, is often reduced.

Pressure induced unfolding requires a high pressure NMR 
device (Klamt et al. 2019) and the feasible pressure range 
up to 300 MPa causes often only slight shifts of the folding 
equilibrium. Unfolding induced by pH variation can lead 

Fig. 1  Temperature induced unfolding (red) and refolding (blue) of 
1  mM GB1 in 20  mM HEPES, pH 7.1. Representative raw inten-
sity data of the transitions monitored by the native state methyl 
group NMR signals of L5δ1 (A), L7δ2 (B), V29γ1 (C), and V54γ1 
(D) recorded in 2D 1H13C HMQC spectra. Solid lines represent a 
global fit according to Eqs. 2 and 3 (two-state model) applied to all 
observed methyl groups of the native and unfolded state. Midpoints 
of the unfolding and refolding transitions are 319.3 ± 0.1  K and 
318.6 ± 0.1  K, respectively. By refolding only 40–70% of the initial 
intensity can be achieved
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to aggregation at certain pH values (e.g. near the isoelec-
tric point) and to a drastic increase of ionic strength (below 
pH 2 and above pH 12) that causes a loss of spectrometer 
performance and thus artificially reduced signal intensities 
(Raum and Weininger 2019). Additionally there is no single 
buffer system to cover the whole pH range, therefore one has 
to use different buffer systems or (if possible) a self buffer-
ing protein in water (Wallerstein et al. 2015). High levels of 
ionic strength are also introduced by GdmCl, thus urea is the 
better suited denaturant for NMR, although it is the weaker 
denaturant. A high ionic strength and therefore increased 
conductivity of the sample reduces signal-to-noise of the 
detection coil. Especially cryogenically cooled probes suffer 
from this losses. While this can be partially compensated by 
using 3 mm NMR tubes (Voehler et al. 2006) and salt toler-
ant cryo probes (Robosky et al. 2007) it is insufficient for 
the here used GdmCl concentrations of up to 5 M. Therefore 
a room temperature probe is recommended. Both for urea 
and GdmCl induced denaturation, signals of the denaturant 
have to be suppressed, ideally in the case of 15 N and/or 13C 
labelled samples by gradient selection (Löw et al. 2008), in 
the case of unlabeled samples by additional pre-saturation, 
selective excitation or simply measuring in  D2O and deuter-
ated denaturant. Alternative methods include 19F substituted 
residues and protein 19F NMR-spectroscopy (Frieden 2007).

NMR exchange regimes

NMR signals from different species at equilibrium (such 
as the folded and unfolded state) can occur in three dif-
ferent exchange regimes (Palmer et al. 2001) and thus are 
affected differently in unfolding transitions. Note that these 
regimes can change during the transition, e.g. at different 
temperatures. In the slow exchange regime the exchange 
rate between two different states is much smaller than the 
chemical shift difference (in Hertz) of the corresponding 
signals in exchange. Both states will give rise to independent 
signals (Fig. 2) and their intensity is directly linked to the 
population and relaxation properties of each moiety. Most 
proteins unfold in this regime, since chemical shift differ-
ences between native and unfolded states are usually large 
and proteins fold/unfold relatively slowly. Even at refolding 
rates of 1000  s−1 a slow exchange regime has been observed 
(Schindler et al. 1995; Zeeb and Balbach 2005b), and typi-
cally folding rates decrease towards the unfolding transition 
midpoints.

In contrast, the fast exchange regime corresponds to 
exchange rates between two different states much faster than 
the chemical shift difference (in Hertz) of the corresponding 
signals. Thus one will only detect average signals between 
the two different states and the chemical shift position of this 
average signal is directly linearly linked to the population. 

Only the fastest folding processes fall in this category (Sadqi 
et al. 2006; Wang et al. 2003).

If the exchange rate between two different states is similar 
to the chemical shift difference of the corresponding sig-
nals in exchange the intermediate exchange regime applies. 
Neither chemical shifts nor intensities are linearly linked to 
the populations any more. Under these circumstances it is 
recommended to use more advanced kinetic NMR experi-
ments and analyses to derive folding rates e.g. by line shapes 
(Wang et al. 2003; Zeeb and Balbach 2005a) or relaxation 
dispersion methods (Korzhnev and Kay 2008; Palmer 2004; 
Weininger et al. 2012; Zeeb and Balbach 2005b). Since 
the exchange regime depends on the chemical shift differ-
ence, different signals can be in different exchange regimes 
although the folding rates are the same. Therefore it is advis-
able to always critically check the exchange regime in which 
the observed transitions occur, as discussed below.

NMR detected unfolding transitions in the slow 
exchange limit

The slow exchange limit is by far the most observed case for 
protein folding. There are different signals from the native, 
unfolded and possibly intermediate species in the spectra. 
Going from native to unfolding conditions signals of the 
sufficiently stable native state will decrease to zero, signals 
from possible intermediate states will rise from zero and 

Fig. 2  Methyl region of 2D 1H13C HMQC spectra of 900  µM GB1 
in 20 mM HEPES, pH 7.0 at 300 K and urea concentrations of 0 M 
(blue), 2.9  M (cyan), 4.05  M (green), 5.4  M (yellow), and 6.52  M 
(red). Representative cross peaks of the native state and unfolded 
state are indicated
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decrease back to zero, while signals from the unfolded state 
will increase from zero (Löw et al. 2008). Changes in the 
signal intensities (or volumes) directly reflect changes in 
populations. However populations cannot simply be esti-
mated by building ratios of signal intensities from differ-
ent states (with the exception of one pulse 1D experiments 
with good S/N and fully relaxed longitudinal magnetization 
before excitation), since their relaxation properties are very 
different. The signal intensity for native state signals can be 
significantly reduced compared to signals from the unfolded 
state because of relaxation losses during the pulse sequence 
(Fig. 3), even for methyl groups of small proteins like GB1. 
In other words signals from the native state (or even within) 
have a different strength than signals from the unfolded state. 
Note that changes of these signals during the transition still 
are direct reflections of changes in populations (e.g. visu-
alized after normalization) (Szyperski et al. 2006). When 
applying a two-state model for fitting (Eqs. 2 and 3), linear 
baselines imply that all factors determining the NMR signal 
of one state depend linearly on the denaturant or tempera-
ture, which is only an assumption (see below).

Restrictions of baselines

During the whole transition, the unfolded baseline of well 
isolated native state signals is zero, as is the native baseline 
of well isolated unfolded state signals. For proteins with 
a thermodynamic stability of ∆Gu° > 10 kJ/mol the native 
baseline is reached and can be experimentally observed in 
the absence of denaturant, because the corresponding equi-
librium constant K = exp(−∆Gu°/RT) drops below 0.02. Both 
baselines for possible intermediate signals are zero as well 

(Löw et al. 2008). Thus the number of parameters that need 
to be determined from an unfolding transition is reduced 
compared to optical detection methods. In the latter case, 
these baselines need to be determined from the signal change 
at the beginning and end of the unfolding transition, where 
population changes are neglectable (Buchner and Kiefhaber 
2005). Furthermore, one does not necessarily have to achieve 
100% unfolding for fitting native state signals and one does 
not have to start at 100% folded when fitting unfolded state 
signals, as can been seen in Fig. 4 and Table 1 with realistic 
deviations for the derived thermodynamic parameter from 
sparse data points. Additionally, the slope of the baseline 
of the native state (n in Eq. 2) and of the baseline of the 
unfolded state (u in Eq. 3) can be restricted (positive or nega-
tive slope) in some cases, since it is dependent on changes 
of protein dynamics.

In the case of unfolding induced by temperature increase 
the baselines are constant or rising depending on the influ-
ence of the decreasing protein rotational correlation time 
with temperature (slopes n and u ≥ 0 in Eqs. 2 and 3), due 
to decreased viscosity of the solvent and higher molecular 
mobility (Fig. 5A). For pressure things are more complex 
since viscosity decreases with pressure below 33 °C and 
increases above. Thus baselines are expected to slightly 
increase (below 33 °C) or decrease (above 33 °C) with pres-
sure. However the viscosity effects of pressure are much 
smaller compared to the viscosity effects of temperature 
and baselines are typically considered to be constants (n 
and u ~ 0 in Eqs. 2 and 3) with increasing pressure (Fossat 
et al. 2016). In the case of chemical denaturants such as urea 
or GdmCl the viscosity increases with their concentration 
resulting in sloping or constant (n and u ≤ 0 in Eqs. 2 and 3) 
baselines (Haupt et al. 2011) (Fig. 5B), because the reduced 
rotational tumbling promotes relaxation losses during 2D 
NMR correlation experiments. Quantifications of the latter 
effects are complex and therefore non linear baselines are 

Fig. 3  Urea induced unfolding of 900  µM GB1 in 20  mM HEPES, 
pH 7.0 at 300 K. Raw intensity data of methyl groups in 2D 1H13C 
HMQC spectra of the native state (blue dots) and the unfolded state 
(red dots), together with the global fit (solid line according to Eqs. 2 
and 3) are plotted against the urea concentration

Fig. 4  Urea induced unfolding of 900  µM GB1 in 20  mM HEPES, 
pH 7.0 at 300  K. Representative raw intensity data from 2D 1H13C 
HMQC spectra of V21γ2 (A) and an unassigned methyl group of 
the unfolded state (B), fitted globally with all other methyl signals 
according to Eqs.  2 and 3, using all 20 measured data points (red), 
only the first 16 (blue) or only the first 12 (green) data points of all 
signals. Results of the fits are summarized in Table 1
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typically not applied. Often only changes of the transition 
midpoints are discussed, where baseline effects cause only 
marginal shifts.

Validation of the slow exchange regime

In order to verify the slow exchange limit one has to criti-
cally check linewidths and chemical shift changes for all 
individual signals under study. Line widths should stay the 
same or change uniformly according to changes in viscos-
ity/mobility (decreased/increased line width for decreased/
increased viscosity) during the unfolding transition (Fig. 6). 
Also ideally the chemical shifts should not change and only 
intensities should vary. Since the chemical shifts are often 
affected by changing conditions such as increasing dena-
turant concentrations, they should be affected uniformly in 
size and direction which would simply mean incorrect re-
referencing of the NMR spectra by DSS. Moreover, there 
may be local buffer effects that could influence the chemi-
cal shifts of individual residues (most common for amide 
signals). These residues should be excluded at first from 
the global analysis of the cooperative two-state unfolding 
analysis (see below how excluded residues sill can contain 

Table 1  Global fit of urea 
induced unfolding of GB1, 
detected by selectively 13C 
labeled methyl groups for 
transitions of a different 
completeness as depicted in 
Fig. 4

Errors are estimated by Monte-Carlo simulations and do not include systematic errors

Data set State Midpoint (M urea) m-Value (kJ/mol/M) ∆G (kJ/mol)

20 Points N 4.43 ± 0.05 2.56 ± 0.02 11.3 ± 0.1
U 3.91 ± 0.03 2.37 ± 0.01 9.3 ± 0.1
N + U 4.20 ± 0.02 2.37 ± 0.01 9.9 ± 0.1

16 Points N 4.36 ± 0.08 2.45 ± 0.03 10.7 ± 0.2
U 3.70 ± 0.08 2.11 ± 0.02 7.8 ± 0.2
N + U 4.15 ± 0.05 2.26 ± 0.01 9.4 ± 0.1

12 Points N 4.35 ± 0.21 2.39 ± 0.07 10.4 ± 0.4
U 3.83 ± 0.14 2.08 ± 0.05 8.0 ± 0.2
N + U 4.17 ± 0.12 2.12 ± 0.03 8.8 ± 0.2

Fluorescence Averaged 4.06 ± 0.11 2.68 ± 0.05 10.9 ± 0.2

Fig. 5  Baselines (dashed lines) of temperature (A) and urea (B) 
induced unfolding transitions of GB1, monitored on several methyl 
groups in 2D 1H13C HMQC spectra of the native state (L7δ1 red, 
V29γ1 blue, V39γ1 green, V54γ2 magenta). Raw intensities are 
shown as dots, the global fit according to Eq. 2 as a solid line

Fig. 6  Urea induced unfolding of 900  µM GB1 in 20  mM HEPES, 
pH 7.0 at 300 K. 1H (A) and 13C (B) line widths and 1H (C) and 13C 
(D) chemical shifts of several native state methyl groups in 2D 1H13C 
HMQC spectra are plotted against the urea concentration
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valuable information). Knowing the regions of unfolded sig-
nals for different positions one can check for slow exchange 
even more precisely (Fig. 2). If all native signals are shift-
ing towards the expected random coil chemical shifts of 
unfolded signals during the unfolding transition, the assump-
tion of the slow exchange regime is not valid (Klamt et al. 
2019). Another useful control is to acquire spectra under the 
same conditions at two magnetic field strengths. In the slow 
exchange regime signals are expected to display exactly the 
same chemical shifts. If signals appear at slightly different 
positions at the different field strengths it points to interme-
diate exchange (Skrynnikov et al. 2002).

1D versus 2D detection

Protein unfolding transitions monitored by NMR-spec-
troscopy are usually detected by 1D proton or 2D 1H15N 
or 1H13C HSQC spectra (or variants thereof). Usually 2D 
detection is advantageous. It allows well resolved per-resi-
due detection and provides resolved signals of all individual 
(native, unfolded, intermediate) states. Thus it allows an easy 
identification and characterization of equilibrium intermedi-
ates (Löw et al. 2008). Furthermore, the validation of the 
exchange regime is also more straightforward because most 
of the NMR resonances are well resolved and not overlap-
ping. The drawback of 2D detection is reduced sensitivity. 
Thus in certain cases it can be beneficial to use 1D detection 
which provides higher sensitivity. Protein folding studied by 
1D NMR also enables the distinct observation of the folded 
and unfolded state in slow exchange in certain approaches, 
i.e. using His 1Hε1 signals in  D2O (Dobson and Evans 1984) 
or 19F labeled aromatic amino acids (Ropson and Frieden 
1992). If the system is a well established two-state folder in 
the slow exchange regime an all-atom view is not needed to 
determine global thermodynamic parameters of the investi-
gated protein (Szyperski et al. 2006). Only signals from the 
native state can be monitored separately by 1D 1H detection 
in  H2O samples, whereas resonances of the unfolded state 
overlap with native signals. This problem can be mathemati-
cally overcome by normalization of integrated spectral sec-
tion containing only native signals and sections containing 
both native and unfolded signals, if the denaturation variable 
X (Eqs. 2 and 3) is known or iteratively determined for maxi-
mal protein stability (Szyperski et al. 2006). This approach 
has been applied to GB1 and the results are depicted in 
Fig. 7B. In general 1D detection is able to extract the cor-
rect thermodynamic parameters with minor problems. When 
using water suppression by WATERGATE, this approach 
slightly overestimates the population of the unfolded state, 
because of its favorable relaxation properties that lead to 
more intense signals. Therefore, a slightly lower stability 
and transition midpoint are detected compared to optical 
methods. Applying 1D detection with selective excitation of 

methyl groups does not run into this problem, but more prac-
tical problems with baseline correction and phasing might 
occur, resulting in higher data scatter but still meaningful 
transitions (Fig. 7). A comparison of the thermodynamic 
parameters derived from 1D NMR unfolding approaches 
with optical techniques allows to verify whether the protein 
behaves the same at the much higher NMR concentrations.

Exchangeable protons

Analyses and interpretation of NMR detected folding 
transitions can get more complicated for the exchange-
able amide protons if amide exchange rates get sizable 
(at high pH or temperature). Then NMR signal intensities 
can decay by reduced protection from exchange with the 
solvent and not just by a change in population (Löw et al. 
2009). This will result in sloping native baselines of the 
native state, because the exchange rate will increase with 
proceeding unfolding making restrictions of the baseline 
slopes more difficult. Furthermore, in extreme cases it can 
lead to transitions artificially shifted towards less dena-
turizing conditions (Fig. 8A). Additionally signals of the 
unfolded state (no protection from amide exchange) will be 
severely reduced in intensity and might not be detectable 
at all (Löw et al. 2009). These effects can artificially cause 
transitions of a two-state folder, detected by signals of the 
native and unfolded state, to not cross at 50% population 
(Fig. 8A). While detection by 1H15N HSQC is very com-
mon and provides several advantages such as cheap and 
robust labeling, straightforward resonance assignment and 
high spectral dispersion, these possible complications have 
to be considered.

Fig. 7  Urea induced unfolding of 900  µM GB1 in 20  mM HEPES, 
pH 7.0 at 300 K. (A) Global fit (solid line) of all native and unfolded 
methyl group signals, derived from 1H13C HMQC spectra, together 
with the baseline corrected data points of V39γ1. Fit using Eq.  2 
results in a transition midpoint of (4.20 ± 0.02) M urea, an m-value of 
(2.37 ± 0.01) kJ/mol/M and a Gibbs energy of unfolding of (9.9 ± 0.1) 
kJ/mol. (B) Fraction of native protein derived from 1D proton spec-
tra, using 13C-decoupling and water suppression via WATERGATE 
(black) or selective excitation (red). Fit results here are transition 
midpoints of (4.10 ± 0.01) and (4.50 ± 0.01) M urea, m-values of 
(2.20 ± 0.03) and (2.60 ± 0.2) kJ/mol/M and Gibbs energies of unfold-
ing of (9.0 ± 0.2) and (10.2 ± 0.1) kJ/mol, respectively
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Urea versus GdmCl induced transitions

Both urea and GdmCl induced unfolding transitions give 
similar results within the margin of error (Fig.  9 and 
Table 2). GdmCl as denaturant results in slightly higher 
thermodynamic stability, which can be attributed to the 
stabilizing effect of higher ionic strength. All urea transi-
tions (except 1D selective excitation) reveal transition mid-
points of 4.1–4.2 M urea, and thermodynamic stabilities of 
10–11 kJ/mol. The 1D approach with WATERGATE results 
in a slightly reduced thermodynamic stability in agreement 
with considerations mentioned before. In the case of GdmCl 
all transition midpoints (except 1D selective excitation) are 
around 1.3 M GdmCl and derived thermodynamic stabil-
ity is around 11–14 kJ/mol. Again the 1D approach with 
WATERGATE results in a reduced stability. Differences 

Fig. 9  Comparison of all performed fits of GB1 unfolding, induced 
by urea (A–D) and GdmCl (E–H). Underlying data from selectively 
13C labeled methyl groups (A, E), amide groups (B, F), 1D proton 
spectra (C,G; WG black, SE blue) and fluorescence measurements 
(D, H), respectively. Data points of four signals of the native state (A, 

E L7δ1, V29γ1, V39γ1 and V54γ2; B,F: I6, E27, D37 and E56) and 
of the unfolded state are shown as examples. Red lines correspond to 
signals from the unfolded state, which were fitted globally together 
with the respective native signals (blue lines). Parameters derived 
from fitting to Eqs. 2 and 3 are summarized in Table 2

Table 2  (Global) fit of urea and 
GdmCl induced unfolding of 
GB1, detected by selectively 
13C labeled methyl groups, 
amide groups, methyl groups 
in 1D by water gate (WG) and 
selective excitation (SE), and 
fluorescence

Errors are estimated by Monte-Carlo simulations and do not include systematic errors

Denaturant Detection method Midpoint (M) m-Value (kJ/mol/M) ∆G (kJ/mol)
@ 300 K

Urea Methyl 2D 4.20 ± 0.02 2.37 ± 0.02 9.9 ± 0.1
Amide 2D 4.26 ± 0.02 2.35 ± 0.01 10.0 ± 0.1
Methyl 1D WG 4.1 ± 0.1 2.17 ± 0.04 9.0 ± 0.2
Methyl 1D SE 4.5 ± 0.1 2.61 ± 0.02 11.7 ± 0.1
Fluorescence 4.1 ± 0.1 2.68 ± 0.05 10.9 ± 0.2

GdmCl Methyl 2D 1.27 ± 0.01 8.82 ± 0.04 11.2 ± 0.1
Amide 2D 1.39 ± 0.01 9.65 ± 0.04 13.5 ± 0.1
Methyl 1D WG 1.24 ± 0.03 8.9 ± 0.1 9.3 ± 0.2
Methyl 1D SE 1.66 ± 0.03 7.5 ± 0.1 14.7 ± 0.2
Fluorescence 1.32 ± 0.02 8.60 ± 0.10 11.3 ± 0.2

Fig. 8  Comparison of global fits of temperature (A) and urea (B) 
induced unfolding of GB1 derived from methyl and amide groups. 
Native fractions of methyl groups are shown in green, of amide 
groups are shown in blue. Unfolded fractions of methyl groups are 
shown in red and of amide groups in black. Differences in transition 
midpoints are A 3.2 K and B < 0.1 M
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between the detection methods have been discussed in more 
detail above.

It should be noted that when using GdmCl, NMR intensi-
ties have to be corrected for reduced detector performance 
at high ionic strength. Both NMR excitation and detection 
are affected by the amount of ionic strength in the sample. 
In the case of excitation this can be compensated by a longer 
pulse (imperfections of longer pulses are neglected). Inten-
sity losses from reduced detection can be corrected by a first 
approximation, that the 90° 1H pulse length is proportional 
to such loses (Godecke et al. 2013; Holzgrabe 2010).

However, this often is not needed in practice. If fitted 
globally for native and unfolded state, methyl groups derived 
∆G values with (11.2 ± 0.1 kJ/mol) and without correction 
(10.6 ± 0.1 kJ/mol) are very similar. The problem then is 
compensated by artificially steepened baselines.

In the case of the GdmCl transition the native baseline is 
less defined compared to the urea transition, since GB1 is a 
protein of low stability. For proteins with high stability the 
unfolded baseline would be less defined (most often seen 
for urea induced unfolding, for proteins with even higher 
stability also for GdmCl induced unfolding). However, this 
does not impact results, if both native and unfolded states 
are analyzed in a global fashion. For very stable proteins, 
GdmSCN is an alternative denaturant (Zeeb et al. 2004).

Temperature transition

Temperature induced unfolding has many potential issues, 
even if the transition curves look reasonable (Fig. 10). One 
main issue is aggregation at high temperature and there-
fore not achieving reversibility (Fig. 1) especially under the 
high concentrations typically required for NMR compared to 
optical methods. This is less reflected in the transition mid-
point, but more in the enthalpy change (Table 3). Together 
with extrapolation problems (the enthalpy of unfolding is 

Intreal = Intmeasured 90
◦(0◦M)∕90◦(xM)

determined for the midpoint of unfolding, and expected to 
change with temperature), this leads to often less accurate 
quantitative results. Moreover, a correct determination of the 
heat capacity change upon unfolding, ∆Cp, is required for 
proper calculation of the transition midpoint and enthalpy 
change according to Eq. 4. Since ∆Cp is not sufficiently 
described by NMR detected temperature transitions with 
few exceptions (Szyperski et al. 2006), it should be provided 
from independent calorimetric measurements. For GB1, we 
used a value of 2.34 kJ/mol/K from DSC experiments (Drey-
doppel et al. 2018), which was set fixed for the analysis.

Furthermore, often intermediate folding states are popu-
lated at higher temperature (Casares-Atienza et al. 2011). 

Fig. 10  Comparison of all performed fits of GB1 temperature unfold-
ing. Underlying data from native state (blue) and unfolded state (red) 
selectively 13C labeled methyl groups (A), native state amide groups 
(B), 1D proton spectra (C; WATERGATE black, selective excitation 
blue) and circular dichroism measurements (D), respectively. Data 

points of four signals of the native state (A: L7δ1, V29γ1, V39γ1 
and V54γ2; B: A20, K28, F52 and E56) and of the unfolded state are 
shown as examples. Parameters derived from fittings to Eqs. 2 and 3 
are summarized in Table 3

Table 3  (Global) fit of temperature induced unfolding of GB1, 
detected by selectively 13C labeled methyl groups (from native 
and unfolded state), amide groups (native), methyl groups in 1D by 
WATERGATE (WG) and selective excitation (SE) and CD spectros-
copy

∆Cp is fixed to 2.34 kJ/mol/K. Errors are estimated by Monte-Carlo 
simulations and do not include systematic errors

Direction Detection 
method

Midpoint 
(K)

∆H (kJ/mol) ∆G (kJ/mol)
@ 300 K

Heat Methyl 2D N 319.3 ± 0.1 235.6 ± 0.6 13.1 ± 0.5
Methyl 2D U 333.1 ± 0.1 148.0 ± 1.4 10.7 ± 1.5
Amide 2D 316.4 ± 0.1 219.9 ± 0.4 10.4 ± 0.2
Methyl 1D 

WG
324.9 ± 0.1 208.8 ± 1.0 13.7 ± 1.0

Methyl 1D 
SE

325.4 ± 0.1 296.4 ± 0.8 20.7 ± 1.3

CD 331.9 ± 0.1 285.0 ± 0.7 23.7 ± 1.7
Cool Methyl 2D N 318.6 ± 0.1 197.0 ± 0.7 10.2 ± 0.4

Methyl 2D U 333.5 ± 0.2 149.0 ± 2.0 10.9 ± 2.2
Amide 2D 315.9 ± 0.1 202.0 ± 0.7 9.3 ± 0.3
Methyl 1D 

WG
320.5 ± 0.1 160.8 ± 3.4 7.2 ± 2.3

Methyl 1D 
SE

325.0 ± 0.1 223.3 ± 5.2 10.5 ± 0.1

CD 329.5 ± 0.1 178.5 ± 0.5 12.8 ± 0.5
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Therefore midpoints derived from signals of the native 
and the unfolded state are not equal (Fig. 10A). In GB1 
we obtain three different groups of results. Midpoints from 
native state methyl signals are around 320 K (midpoints 
from amides are lower, see Fig. 8), midpoints from methyl 
groups from 1D experiments (based on N and U signals) are 
around 325 K, while midpoints from unfolded state methyl 
signal, together with the CD experiment, are around 330 K. 
The result from the 1D experiments directly arises from the 
combined analysis of N and U signals. One might conclude 
that the result based on signals from the unfolded state is 
the correct one, since it coincides with the CD experiment. 
However derived ∆G values (by U signals and CD) are far 
too high, compared to urea and GdmCl induced unfolding 
(Table 2). Here the results based on native state signals give 
the best agreement. Furthermore, they directly monitor the 
disappearing of the native state, which is the relevant state 
for protein function, while U signals and CD likely report 
the loss of residual structure, e.g. the helix. Taken together 
temperature induced unfolding is problematic, especially 
at high NMR concentrations. However NMR-spectroscopy 
is perfectly suited to spot inconsistencies and misleading 
interpretations.

NMR detected unfolding transitions in the fast 
exchange limit

Only very fast folding proteins display transitions in the 
fast exchange regime (Farber et  al. 2010; Sadqi et  al. 
2006). Here, many aspects are different and some advan-
tages of using NMR-spectroscopy to monitor folding tran-
sitions are lost. Only averaged signals of the native and 
unfolded (and possibly intermediate) states are observed 
and the information of populations is connected to the 
chemical shift, which can be determined far more accu-
rately than intensities. In this exchange regime a complete 
determination of the transition, including both baselines, 
is needed in order to unravel all the thermodynamic 
parameters. This is in close analogy to e.g. fluorescence 
detected folding transitions. An accurate determination 
of an unfolding transition is hard to achieve for very fast 
folding proteins (rates above 100,000  s−1) since they usu-
ally experience a low enthalpy of unfolding and therefore 
undergo very uncooperative unfolding. Furthermore, it 
is challenging to validate the fast exchange regime. The 
critical requirement is the absence of line broadening in 
the middle of the transition. However slight line broad-
ening will not have huge effects on the transition curve. 
The remaining advantage of NMR-spectroscopy is an 
all-atom view which allows identification of equilibrium 
intermediates and check for barrier limited or barrier less 
folding. Therefore it is highly recommended to combine 
these transitions with 2D detection. Since all information 

is connected to the chemical shift, amide exchange is not 
a fundamental problem. Finally different sub states (poten-
tial folding intermediates) can be explored by transitions 
in the fast exchange regime usually in combination with 
pressure (Kalbitzer 2015).

NMR detected unfolding transitions 
in the intermediate exchange regime

If protein folding occurs at the intermediate exchange regime 
only qualitative interpretations are feasible, since neither 
chemical shifts nor intensities are directly correlated to 
populations, and therefore the analyses for the slow and fast 
exchange limit cannot be directly transferred. In general it 
might be better to gain information of the populations and 
kinetics by dynamic line shape analyses (Wang et al. 2003) 
or relaxation dispersion methods (Palmer 2004; Weininger 
et al. 2012; Zeeb and Balbach 2005b).

Cooperativity of protein unfolding

During the analysis of data from calorimetry and optical 
methods a protein folding model has to be defined to derive 
thermodynamic parameters from curve fittings. These mod-
els typically assume cooperative folding transitions (Buchner 
and Kiefhaber 2005). NMR spectroscopy has the advantage 
that this assumed cooperativity can be verified at residue 
resolution. A global analysis of unfolding transitions of all 
accessible residues allow to identify core residues coopera-
tively following one global unfolding transition. For these 
residues, the midpoint of unfolding transitions from NMR 
resonances of the native state corresponds to the midpoint 
of refolding from resonances of the unfolded state. In the 
case of the here studied GB1, all detected residues fulfil this 
requirement and therefore GB1 can be treated as one coop-
erative folding unit. Larger proteins e.g. with extended loops 
or two and more domains might deviate from this scenario. 
Local interactions with the denaturant and thus induced non-
cooperative conformational changes might occur and can 
be easily identified by deviating from the global unfolding 
transition. Several examples are discussed in a recent review 
(Politou et al. 2021). In these cases the concept of coopera-
tive folding still holds, since a cooperative folding unit exists 
and on top local effects can be identified and interpreted. In 
the case of the two-domain protein SlyD, non-cooperative 
residues from the less stable domain became obvious from 
very steep native baselines in comparison to the unfolding 
transitions of the more stable domain (Haupt et al. 2011). 
After these steep baselines the unfolding transitions followed 
global unfolding indicating that both domains form a coop-
erative folding unit.
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Conclusions

With the here presented data of GB1 following a two-state 
folding model we show how incorporation of knowledge 
about NMR relaxation and exchange allows for a robust anal-
ysis of NMR detected protein unfolding transitions, as well 
as avoiding certain misinterpretations. The various NMR 
and analyses methods are all applied to unfolding of the 
GB1 protein for a direct comparison and to rank the various 
methods and their limitations. In general 2D detection and a 
global analysis of signals from the folded and unfolded state 
allow the exact determination of thermodynamic parameters 
of protein unfolding even if transitions are not completed. 
Exchangeable protons such as amides have to be analysed 
with care under conditions of high amide exchange, as in 
temperature induced unfolding, since they do not correctly 
monitor the disappearance of the native state. 1D detec-
tion using signals from native state methyl groups and a 
mixture of signals from the native and the unfolded state, 
leads to an underestimation of stability, if the pulse sequence 
includes any delay between excitation and detection, dur-
ing which relaxation can occur. 1H–13C signals, especially 
methyl groups are the best probes to study unfolding. Urea is 
best suited as a denaturant, GdmCl works slightly less well, 
because it introduces high ionic strength and by this affects 
the performance of the spectrometer. Temperature induced 
unfolding can cause several problems and should be avoided 
or at least checked critically.

The here reported strengths and weaknesses of the dif-
ferent NMR parameters employed to study protein stabil-
ity by unfolding transitions with residue resolution gives 
perspectives of how to design NMR experiments to follow 
proteins experiencing e.g. a crowded cellular environment, 
liquid–liquid phase separation or high pressures. As also 
pointed out in an recent review about NMR detected pro-
tein unfolding (Politou et al. 2021) it is not enough to inter-
pret unfolding transitions or protein stability data of single 
residue but the analysis of all accessible sites will give a 
global picture about which core residues form the coopera-
tive folding unit and which residues experience deviating 
local effects. These deviations should not per se lead to the 
substitution of a simple two-state folding model by a more 
complex one. These local effects often occur at surface 
exposed residues and less defined loop structures. A rigor-
ous global analysis allows identifying residues participating 
to global and local conformational changes before quantify-
ing the weak but essential intermolecular interactions, one 
is interested in, in order understand the molecular details 
of e.g. molecular crowding, LLPS or high pressure effects.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Data availability All data generated or analyzed during this study are 
included in this published article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adrover M, Esposito V, Martorell G, Pastore A, Temussi PA (2010) 
Understanding cold denaturation: the case study of Yfh1. J Am 
Chem Soc 132:16240–16246. https:// doi. org/ 10. 1021/ ja107 
0174

Akasaka K, Kitahara R, Kamatari YO (2013) Exploring the fold-
ing energy landscape with pressure. Arch Biochem Biophys 
531:110–115. https:// doi. org/ 10. 1016/j. abb. 2012. 11. 016

Balbach J, Forge V, Vannuland NAJ, Winder SL, Hore PJ, Dobson 
CM (1995) Following protein-folding in real-time using Nmr-
spectroscopy. Nat Struct Biol 2:865–870. https:// doi. org/ 10. 
1038/ Nsb10 95- 865

Balbach J, Forge V, Lau WS, vanNuland NAJ, Brew K, Dobson CM 
(1996) Protein folding monitored at individual residues during 
a two-dimensional NMR experiment. Science 274:1161–1163. 
https:// doi. org/ 10. 1126/ scien ce. 274. 5290. 1161

Buchner J, Kiefhaber T (2005) Protein folding handbook. Wiley, 
Weinheim

Casares-Atienza S, Weininger U, Camara-Artigas A, Balbach J, 
Garcia-Mira MM (2011) Three-state thermal unfolding of onco-
nase. Biophys Chem 159:267–274. https:// doi. org/ 10. 1016/j. 
bpc. 2011. 07. 005

Cinar S, Cinar H, Chan HS, Winter R (2019) Pressure-sensitive and 
osmolyte-modulated liquid-liquid phase separation of eye-lens 
gamma-crystallins. J Am Chem Soc 141:7347–7354. https:// doi. 
org/ 10. 1021/ jacs. 8b136 36

Danielsson J et al (2015) Thermodynamics of protein destabilization 
in live cells. Proc Natl Acad Sci USA 112:12402–12407. https:// 
doi. org/ 10. 1073/ pnas. 15113 08112

Dill KA, Chan HS (1997) From Levinthal to pathways to funnels. 
Nat Struct Biol 4:10–19. https:// doi. org/ 10. 1038/ Nsb01 97- 10

Dobson CM (2003) Protein folding and misfolding. Nature 
426:884–890

Dobson CM, Evans PA (1984) Protein folding kinetics from mag-
netization transfer nuclear magnetic-resonance. Biochemistry 
23:4267–4270. https:// doi. org/ 10. 1021/ Bi003 14a001

Dreydoppel M, Becker P, Raum HN, Gröger S, Balbach J, Weininger 
U (2018) Equilibrium and kinetic unfolding of GB1: stabiliza-
tion of the native state by pressure. J Phys Chem B 122:8846–
8852. https:// doi. org/ 10. 1021/ acs. jpcb. 8b068 88

Dubois C, Herrada I, Barthe P, Roumestand C (2020) Combining 
high-pressure perturbation with NMR spectroscopy for a struc-
tural and dynamical characterization of protein folding path-
ways. Molecules. https:// doi. org/ 10. 3390/ Molec ules2 52355 51

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/ja1070174
https://doi.org/10.1021/ja1070174
https://doi.org/10.1016/j.abb.2012.11.016
https://doi.org/10.1038/Nsb1095-865
https://doi.org/10.1038/Nsb1095-865
https://doi.org/10.1126/science.274.5290.1161
https://doi.org/10.1016/j.bpc.2011.07.005
https://doi.org/10.1016/j.bpc.2011.07.005
https://doi.org/10.1021/jacs.8b13636
https://doi.org/10.1021/jacs.8b13636
https://doi.org/10.1073/pnas.1511308112
https://doi.org/10.1073/pnas.1511308112
https://doi.org/10.1038/Nsb0197-10
https://doi.org/10.1021/Bi00314a001
https://doi.org/10.1021/acs.jpcb.8b06888
https://doi.org/10.3390/Molecules25235551


14 Journal of Biomolecular NMR (2022) 76:3–15

1 3

Dyson HJ, Wright PE (2004) Unfolded proteins and protein folding 
studied by NMR. Chem Rev 104:3607–3622. https:// doi. org/ 
10. 1021/ cr030 403s

Dyson HJ, Wright PE (2017) How does your protein fold? elucidat-
ing the apomyoglobin folding pathway. Acc Chem Res 50:105–
111. https:// doi. org/ 10. 1021/ acs. accou nts. 6b005 11

Emmanouilidis L, Esteban-Hofer L, Jeschke G, Allain FHT (2021) 
Structural biology of RNA-binding proteins in the context of 
phase separation: what NMR and EPR can bring? Curr Opin 
Struct Biol 70:132–138. https:// doi. org/ 10. 1016/j. sbi. 2021. 07. 
001

Farber P, Darmawan H, Sprules T, Mittermaier A (2010) Analyzing 
protein folding cooperativity by differential scanning calorim-
etry and NMR spectroscopy. J Am Chem Soc 132:6214–6222. 
https:// doi. org/ 10. 1021/ ja100 815a

Ferguson RC, Phillips WD (1967) High-resolution nuclear magnetic 
resonance spectroscopy—advances in instrumentation in this 
field are leading to new applications in chemistry and biology. 
Science 157:257. https:// doi. org/ 10. 1126/ scien ce. 157. 3786. 257

Fersht A (1977) Enzyme structure and mechanism. Freeman WH, 
New York, NY

Fossat MJ et al (2016) High-resolution mapping of a repeat protein 
folding free energy landscape. Biophys J 111:2368–2376. https:// 
doi. org/ 10. 1016/j. bpj. 2016. 08. 027

Frieden C (2007) Protein aggregation processes: in search of the 
mechanism. Prot Sci 16:2334–2344. https:// doi. org/ 10. 1110/ ps. 
07316 4107

Fritzsching KJ, Yang YZ, Pogue EM, Rayman JB, Kandel ER, McDer-
mott AE (2020) Micellar TIA1 with folded RNA binding domains 
as a model for reversible stress granule formation. Proc Natl Acad 
Sci USA 117:31832–31837. https:// doi. org/ 10. 1073/ pnas. 20074 
23117

Godecke T, Napolitano JG, Rodriguez-Brasco MF, Chen SN, Jaki BU, 
Lankin DC, Pauli GF (2013) Validation of a generic quantitative 
H-1 NMR method for natural products analysis. Phytochem Anal 
24:581–597. https:// doi. org/ 10. 1002/ pca. 2436

Greene LH, Wijesinha-Bettoni R, Redfield C (2006) Characterization 
of the molten globule of human serum retinol-binding protein 
using NMR spectroscopy. Biochemistry 45:9475–9484. https:// 
doi. org/ 10. 1021/ bi060 229c

Haupt C, Weininger U, Kovermann M, Balbach J (2011) Local and cou-
pled thermodynamic stability of the two-domain and bifunctional 
enzyme SlyD from Escherichia coil. Biochemistry 50:7321–7329

Hofmann H, Weininger U, Low C, Golbilk RP, Balbach J, Ulbrich-
Hofmann R (2009) Fast amide proton exchange reveals close 
relation between native-state dynamics and unfolding kinetics. J 
Am Chem Soc 131:140–146. https:// doi. org/ 10. 1021/ ja804 8942

Holzgrabe U (2010) Quantitative NMR spectroscopy in pharmaceuti-
cal applications. Prog Nucl Magn Reson Spectrosc 57:229–240. 
https:// doi. org/ 10. 1016/j. pnmrs. 2010. 05. 001

Inoue K et al (2000) Pressure-induced local unfolding of the Ras bind-
ing domain of RalGDS. Nat Struct Biol 7:547–550. https:// doi. 
org/ 10. 1038/ 76764

Jahn TR, Radford SE (2005) The Yin and Yang of protein folding. 
FEBS J 272:5962–5970. https:// doi. org/ 10. 1111/j. 1742- 4658. 
2005. 05021.x

Kalbitzer HR (2015) High pressure NMR methods for characteriz-
ing functional substates of proteins high pressure bioscience: 
basic concepts. Appl Front 72:179–197. https:// doi. org/ 10. 1007/ 
978- 94- 017- 9918-8_9

Klamt A, Nagarathinam K, Tanabe M, Kumar A, Balbach J (2019) 
Hyperbolic pressure-temperature phase diagram of the zinc-finger 
protein apoKti11detected by NMR spectroscopy. J Phys Chem B 
123:792–801. https:// doi. org/ 10. 1021/ acs. jpcb. 8b110 19

Köhn B, Kovermann M (2020) All atom insights into the impact of 
crowded environments on protein stability by NMR spectroscopy. 
Nat Commun. https:// doi. org/ 10. 1038/ S41467- 020- 19616-W

Korzhnev DM, Kay LE (2008) Probing invisible, low-populated states 
of protein molecules by relaxation dispersion NMR spectroscopy: 
an application to protein folding. Acc Chem Res 41:442–451. 
https:// doi. org/ 10. 1021/ ar700 189y

Löw C, Weininger U, Zeeb M, Zhang W, Laue ED, Schmid FX, 
Balbach J (2007) Folding mechanism of an ankyrin repeat pro-
tein: scaffold and active site formation of human CDK inhibitor 
p19(INK4d). J Mol Biol 373:219–231. https:// doi. org/ 10. 1016/j. 
jmb. 2007. 07. 063

Löw C, Weininger U, Neumann P, Klepsch M, Lilie H, Stubbs MT, 
Balbach J (2008) Structural insights into an equilibrium folding 
intermediate of an archaeal ankyrin repeat protein. Proc Natl 
Acad Sci USA 105:3779–3784. https:// doi. org/ 10. 1073/ pnas. 
07106 57105

Löw C, Homeyer N, Weininger U, Sticht H, Balbach J (2009) Con-
formational switch upon phosphorylation: human CDK inhibitor 
p19(INK4d) between the native and partially folded state. ACS 
Chem Biol 4:53–63. https:// doi. org/ 10. 1021/ cb800 219m

Luchinat E, Banci L (2018) In-cell NMR in human cells: direct protein 
expression allows structural studies of protein folding and matura-
tion. Acc Chem Res 51:1550–1557. https:// doi. org/ 10. 1021/ acs. 
accou nts. 8b001 47

Luong TQ, Kapoor S, Winter R (2015) Pressure-a gateway to fun-
damental insights into protein solvation dynamics, and function. 
Chemphyschem 16:3555–3571. https:// doi. org/ 10. 1002/ cphc. 
20150 0669

Mcdonald CC, Phillips WD, Glickson JD (1971) Nuclear magnetic 
resonance study of mechanism of reversible denaturation of 
lysozyme. J Am Chem Soc 93:235. https:// doi. org/ 10. 1021/ Ja007 
30a039

Mücke M, Schmid FX (1994) Folding mechanism of ribonuclease-T1 in 
the absence of the disulfide bonds. Biochemistry 33:14608–14619

Oliveberg M, Wolynes PG (2005) The experimental survey of protein-
folding energy landscapes. Q Rev Biophys 38:245–288. https:// 
doi. org/ 10. 1017/ S0033 58350 60041 85

Palmer AG (2004) NMR characterization of the dynamics of biomac-
romolecules. Chem Rev 104:3623–3640

Palmer AG, Kroenke CD, Loria JP (2001) Nuclear magnetic resonance 
methods for quantifying microsecond-to-millisecond motions in 
biological macromolecules. Methods Enzymol 339:204–238

Politou AS, Pastore A, Temussi PA (2021) An “onion-like” model 
of protein unfolding: collective versus site specific approaches. 
Chemphyschem. https:// doi. org/ 10. 1002/ cphc. 20210 0520

Puorger C, Eidam O, Capitani G, Erilov D, Grutter MG, Glockshuber 
R (2008) Infinite kinetic stability against dissociation of supramo-
lecular protein complexes through donor strand complementation. 
Structure 16:631–642. https:// doi. org/ 10. 1016/j. str. 2008. 01. 013

Raum HN, Weininger U (2019) Experimental pK(a) value determina-
tion of all ionizable groups of a hyperstable protein. ChemBio-
Chem 20:922–930. https:// doi. org/ 10. 1002/ cbic. 20180 0628

Robosky LC, Reily MD, Avizonis D (2007) Improving NMR sensitivity 
by use of salt-tolerant cryogenically cooled probes. Anal Bioanal 
Chem 387:529–532. https:// doi. org/ 10. 1007/ s00216- 006- 0982-4

Roche J, Royer CA, Roumestand C (2017) Monitoring protein fold-
ing through high pressure NMR spectroscopy. Prog Nucl Magn 
Reson Spectrosc 102:15–31. https:// doi. org/ 10. 1016/j. pnmrs. 
2017. 05. 003

Roche J, Royer CA, Roumestand C (2019) Exploring protein confor-
mational landscapes using high-pressure NMR. Methods Enzymol 
614:293–320. https:// doi. org/ 10. 1016/ bs. mie. 2018. 07. 006

https://doi.org/10.1021/cr030403s
https://doi.org/10.1021/cr030403s
https://doi.org/10.1021/acs.accounts.6b00511
https://doi.org/10.1016/j.sbi.2021.07.001
https://doi.org/10.1016/j.sbi.2021.07.001
https://doi.org/10.1021/ja100815a
https://doi.org/10.1126/science.157.3786.257
https://doi.org/10.1016/j.bpj.2016.08.027
https://doi.org/10.1016/j.bpj.2016.08.027
https://doi.org/10.1110/ps.073164107
https://doi.org/10.1110/ps.073164107
https://doi.org/10.1073/pnas.2007423117
https://doi.org/10.1073/pnas.2007423117
https://doi.org/10.1002/pca.2436
https://doi.org/10.1021/bi060229c
https://doi.org/10.1021/bi060229c
https://doi.org/10.1021/ja8048942
https://doi.org/10.1016/j.pnmrs.2010.05.001
https://doi.org/10.1038/76764
https://doi.org/10.1038/76764
https://doi.org/10.1111/j.1742-4658.2005.05021.x
https://doi.org/10.1111/j.1742-4658.2005.05021.x
https://doi.org/10.1007/978-94-017-9918-8_9
https://doi.org/10.1007/978-94-017-9918-8_9
https://doi.org/10.1021/acs.jpcb.8b11019
https://doi.org/10.1038/S41467-020-19616-W
https://doi.org/10.1021/ar700189y
https://doi.org/10.1016/j.jmb.2007.07.063
https://doi.org/10.1016/j.jmb.2007.07.063
https://doi.org/10.1073/pnas.0710657105
https://doi.org/10.1073/pnas.0710657105
https://doi.org/10.1021/cb800219m
https://doi.org/10.1021/acs.accounts.8b00147
https://doi.org/10.1021/acs.accounts.8b00147
https://doi.org/10.1002/cphc.201500669
https://doi.org/10.1002/cphc.201500669
https://doi.org/10.1021/Ja00730a039
https://doi.org/10.1021/Ja00730a039
https://doi.org/10.1017/S0033583506004185
https://doi.org/10.1017/S0033583506004185
https://doi.org/10.1002/cphc.202100520
https://doi.org/10.1016/j.str.2008.01.013
https://doi.org/10.1002/cbic.201800628
https://doi.org/10.1007/s00216-006-0982-4
https://doi.org/10.1016/j.pnmrs.2017.05.003
https://doi.org/10.1016/j.pnmrs.2017.05.003
https://doi.org/10.1016/bs.mie.2018.07.006


15Journal of Biomolecular NMR (2022) 76:3–15 

1 3

Ropson IJ, Frieden C (1992) Dynamic Nmr spectral-analysis and pro-
tein folding - identification of a highly populated folding inter-
mediate of rat intestinal fatty acid-binding protein by F-19 Nmr. 
Proc Natl Acad Sci USA 89:7222–7226. https:// doi. org/ 10. 1073/ 
pnas. 89. 15. 7222

Sadqi M, Fushman D, Munoz V (2006) Atom-by-atom analysis of 
global downhill protein folding. Nature 442:317–321. https:// doi. 
org/ 10. 1038/ natur e04859

Scharnagl C, Reif M, Friedrich J (2005) Stability of proteins: tem-
perature, pressure and the role of the solvent. Biochim Biophys 
Acta 1749:187–213. https:// doi. org/ 10. 1016/j. bbapap. 2005. 03. 002

Schindler T, Herrler M, Marahiel MA, Schmid FX (1995) Extremely 
rapid protein-folding in the absence of intermediates. Nat Struct 
Biol 2:663–673

Selenko P (2019) Quo Vadis biomolecular NMR spectroscopy? Int J 
Mol Sci. https:// doi. org/ 10. 3390/ ijms2 00612 78

Semisotnov GV, Rodionova NA, Razgulyaev OI, Uversky VN, Gripas 
AF, Gilmanshin RI (1991) Study of the molten globule intermedi-
ate state in protein folding by a hydrophobic fluorescent-probe. 
Biopolymers 31:119–128. https:// doi. org/ 10. 1002/ bip. 36031 0111

Skrynnikov NR, Dahlquist FW, Kay LE (2002) Reconstructing NMR 
spectra of “invisible” excited protein states using HSQC and 
HMQC experiments. J Am Chem Soc 124:12352–12360. https:// 
doi. org/ 10. 1021/ ja020 7089

Szyperski T, Mills JL, Perl D, Balbach J (2006) Combined NMR-
observation of cold denaturation in supercooled water and heat 
denaturation enables accurate measurement of delta C-p of protein 
unfolding. Eur Biophys J Biophys Lett 35:363–366. https:// doi. 
org/ 10. 1007/ s00249- 005- 0028-4

Teilum K, Olsen JG, Kragelund BB (2011) Protein stability, flexibility 
and function. Biochim Biophys Acta 1814:969–976. https:// doi. 
org/ 10. 1016/j. bbapap. 2010. 11. 005

Voehler MW, Collier G, Young JK, Stone MP, Germann MW (2006) 
Performance of cryogenic probes as a function of ionic strength 
and sample tube geometry. J Magn Reson 183:102–109. https:// 
doi. org/ 10. 1016/j. jmr. 2006. 08. 002

Wallerstein J, Weininger U, Khan MA, Linse S, Akke M (2015) Site-
specific protonation kinetics of acidic side chains in proteins 

determined by pH-dependent carboxyl (13)C NMR relaxation. J 
Am Chem Soc 137:3093–3101

Wang MH, Tang YF, Sato SS, Vugmeyster L, McKnight CJ, Raleigh 
DP (2003) Dynamic NMR line-shape analysis demonstrates that 
the villin headpiece subdomain folds on the microsecond time 
scale. J Am Chem Soc 125:6032–6033. https:// doi. org/ 10. 1021/ 
ja028 752b

Weininger U, Jakob RP, Eckert B, Schweimer K, Schmid FX, Balbach 
J (2009) A remote prolyl isomerization controls domain assem-
bly via a hydrogen bonding network. Proc Natl Acad Sci USA 
106:12335–12340. https:// doi. org/ 10. 1073/ pnas. 09021 02106

Weininger U, Respondek M, Akke M (2012) Conformational exchange 
of aromatic side chains characterized by L-optimized TROSY-
selected C-13 CPMG relaxation dispersion. J Biomol NMR 
54:9–14

Welte H, Kovermann M (2020) Insights into protein stability in cell 
lysate by(19)F NMR spectroscopy. ChemBioChem 21:3575–
3579. https:// doi. org/ 10. 1002/ cbic. 20200 0413

Xu XJ, Gagne D, Aramini JM, Gardner KH (2021) Volume and com-
pressibility differences between protein conformations revealed 
by high-pressure. NMR Biophys J 120:924–935. https:// doi. org/ 
10. 1016/j. bpj. 2020. 12. 034

Zeeb M, Balbach J (2005) NMR spectroscopic characterization of 
millisecond protein folding by transverse relaxation dispersion 
measurements. J Am Chem Soc 127:13207–13212

Zeeb M, Lipps G, Lille H, Balbach J (2004) Folding and association of 
an extremely stable dimeric protein from Sulfolobus islandicus. J 
Mol Biol 336:227–240

Zeeb M, Balbach J (2005) Kinetic protein folding studies using NMR 
spectroscopy. In: Buchner J, Kiefhaber T (eds) Protein folding 
handbook. Wiley, Weinheim

Zhang SW et al (2019) Pressure-temperature analysis of the stabil-
ity of the CTL9 domain reveals hidden intermediates. Biophys J 
116:445–453. https:// doi. org/ 10. 1016/j. bpj. 2019. 01. 002

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.89.15.7222
https://doi.org/10.1073/pnas.89.15.7222
https://doi.org/10.1038/nature04859
https://doi.org/10.1038/nature04859
https://doi.org/10.1016/j.bbapap.2005.03.002
https://doi.org/10.3390/ijms20061278
https://doi.org/10.1002/bip.360310111
https://doi.org/10.1021/ja0207089
https://doi.org/10.1021/ja0207089
https://doi.org/10.1007/s00249-005-0028-4
https://doi.org/10.1007/s00249-005-0028-4
https://doi.org/10.1016/j.bbapap.2010.11.005
https://doi.org/10.1016/j.bbapap.2010.11.005
https://doi.org/10.1016/j.jmr.2006.08.002
https://doi.org/10.1016/j.jmr.2006.08.002
https://doi.org/10.1021/ja028752b
https://doi.org/10.1021/ja028752b
https://doi.org/10.1073/pnas.0902102106
https://doi.org/10.1002/cbic.202000413
https://doi.org/10.1016/j.bpj.2020.12.034
https://doi.org/10.1016/j.bpj.2020.12.034
https://doi.org/10.1016/j.bpj.2019.01.002

	Monitoring protein unfolding transitions by NMR-spectroscopy
	Abstract
	Introduction
	Practical aspects of acquiring NMR unfolding transitions
	NMR exchange regimes
	NMR detected unfolding transitions in the slow exchange limit
	Restrictions of baselines
	Validation of the slow exchange regime
	1D versus 2D detection
	Exchangeable protons
	Urea versus GdmCl induced transitions
	Temperature transition
	NMR detected unfolding transitions in the fast exchange limit
	NMR detected unfolding transitions in the intermediate exchange regime
	Cooperativity of protein unfolding

	Conclusions
	References




