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ABSTRACT: NMR spectroscopy is a powerful tool for
studying molecular dynamics at atomic resolution
simultaneously for a large number of nuclear sites. In
this communication, we combine two powerful NMR
techniques, relaxation—dispersion NMR and real-time
NMR, in order to obtain unprecedented information on
the conformational exchange dynamics present in short-
lived excited protein states, such as those transiently
accumulated during protein folding. We demonstrate the
feasibility of the approach for the amyloidogenic protein
2-microglobulin that folds via an intermediate state which
is believed to be responsible for the onset of the
aggregation process leading to amyloid formation.

tomic resolution information on the structure and

dynamics of biological macromolecules and their com-
plexes is mandatory in order to understand biological function
at the molecular level. Over the past decades, structural
biologists have produced an impressive amount of high-
resolution structural information on ground-state conforma-
tions of proteins and other biomolecules. It has long been
recognized, however, that biomolecules are dynamic ensembles
rather than static entities and that alternative high-energy
conformations can play important functional roles,"™* or may
be responsible for the onset of misfolding and aggregation
leading to cellular deregulation and disease.”’~” Therefore, there
is a need for experimental techniques that provide access to the
folding free-energy landscape of biomolecules in terms of
conformational dynamics and structural properties correspond-
ing to local energy minima. The short lifetime and/or low
population of such excited states make them invisible for
conventional high-resolution structural techniques. NMR
spectroscopy is unique in its ability to study conformational
dynamics over a wide range of time scales, from picoseconds to
hours, simultaneously for a large number of individual nuclear
sites in the molecule. In particular, low-populated excited states
that are separated from the ground state by kinetic barriers
leading to interconversion on the micro- to millisecond time
scale can be accessed by relaxation—dispersion (RD) NMR,
while states involving even higher energy barriers are best
studied by real-time NMR methods. In this communication, we
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present a combination of these two powerful NMR techniques,
real-time RD NMR that enabled the detection of conforma-
tional exchange dynamics in the major folding intermediate of
the amyloidogenic protein 2-microglobulin (B2M) with a half-
life time of about 20 min.

Although the basics have been developed since the 1950s,
RD NMR has only recently evolved into a versatile technique
to study the conformation of exited protein states.”'® A
relaxation-compensated Carr—Purcell-Meiboom—Gill
(CPMG)-based RD NMR experiment for backbone "*N nuclei
in proteins'' is shown in Figure la. In this experiment, the
dependence of '*N transverse relaxation rates on the rate by
which chemical shift evolution is refocused is measured by
recording a series of 2D 'H—""N correlation spectra with a
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Figure 1. (a) NMR pulse sequence of the BEST-TROSY CPMG
relaxation-dispersion (RD) experiment. More details are provided in
the Supporting Information. (b) Experimental evaluation of the
sensitivity of the BEST-TROSY experiment (black dots) compared to
a standard TROSY-based® CPMG-RD version (green dots). Data were
recorded on a ubiquitin sample (15 °C, 600 MHz, Ty = 60 ms). (c)
For BEST-TROSY CPMG RD, a series of 2D "H—'*N spectra are
recorded for different CPMG frequencies (180° pulse spacing) in a
3D-type experiment.
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varying number of 180° "N pulses applied during a fixed
relaxation delay Ty. The RD profiles obtained for individual
>N nuclei can then be fitted to obtain information on the
lifetimes of the exchanging states, their relative populations, and
the chemical shift differences between them. In order to make
this CPMG-RD experiment compatible with real-time NMR,
where a full data set needs to be recorded during the lifetime of
a transiently populated state, we have implemented the BEST-
TROSY'? approach in the CPMG-RD experiment. BEST-
TROSY (BT) is a fast-pulsing technique, we have recently
introduced to increase the speed and sensitivity of 'H detected
2D and 3D heteronuclear correlation experiments of proteins'”
and nucleic acids."* The resulting BT-CPMG-RD experiment
results in a significantly enhanced experimental sensitivity for
short interscan delays (t..), resulting in reduced overall
acquisition times as required for real-time NMR applications.
Bench-marking the experiment on a sample of ubiquitin yields
an average sensitivity increase of more than a factor of 4 using
an optimized interscan delay of 200 to 300 ms (Figure 1b).
Note that the actual sensitivity improvement will depend on the
molecular size (rotational correlation time), the magnetic field
strength, as well as the chosen relaxation delay.'” Accurate
measurements require the NMR instrumentation to be stable
over the experimental duration. In the context of BT-CPMG-
RD, this is a nontrivial issue, as the radio frequency load in the
NMR probe varies significantly as a function of the CPMG
pulse rate, and the use of short interscan delays reduces the
duty cycle. We therefore have first tested the performance of
the experiment on NMR spectrometers equipped with last-
generation cryogenic probes. The results obtained for ubiquitin
(Figure S2) show that flat RD profiles are obtained, as expected
for ubiquitin, even at high repetition rates (short interscan
delays). Consequently, the new BT-CPMG-RD experiment
combined with modern cryogenic probe technology enables the
application of RD NMR to low-quantity or timely unstable
protein samples and reduces the overall time requirements for
conventional applications, typically requiring data recording at
multiple magnetic field strengths. Most interestingly, however,
BT-CPMG-RD can be used to characterize the conformational
dynamics present in transiently populated conformational
protein states, as we will demonstrate in the following.
f2-Microglobulin (B2M), the light chain of the human class I
major histocompatibility complex, forms amyloid fibrils in the
joints and connective tissues of patients undergoing long-term
dialysis (amyloidosis). B2M has been studied for some time as a
model system in order to better understand the relationship
between protein folding and amyloid formation.””™"" In
particular, a long-lived folding intermediate (I-state) has been
identified that is believed to be involved in the onset of the
disease.'® Recently, we could show by a variety of NMR and
other biophysical methods that the I-state of B2M has a higher
affinity for dimerization than the N-state.”” We have also shown
that the I-state of B2M is amenable to real-time 2D and 3D
NMR investigation.”' In our initial real-time NMR study of the
B2M mutant W60G,”* which was preferred over the wild-type
protein because of a higher I-state population after the refolding
burst phase, we obtained partial NMR backbone resonance
assignments, and we could detect increased "N transverse
relaxation rates in parts of the protein which globally retains a
native-like fold.”" In order to determine whether the increase in
transverse relaxation is caused by conformational exchange
dynamics in this short-lived I-state (t;, = 20 min) we now
performed real-time BT-CPMG-RD measurements with the
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pulse sequence of Figure la. The experiment creates a three-
dimensional (3D) data set with two chemical shift (*H, "*N),
and one CPMG frequency dimensions (Figure 1c). Therefore,
the same experimental strategy as previously described for 3D
assignment experiments”"”> has been applied (Figure S3). In
short, two data sets are recorded, the first one during the
refolding process (real-time spectrum), and a second one after
the folding is completed (steady-state spectrum). A pure I-state
spectrum is then obtained as the difference between the real-
time data and the steady-state data that has been apodized to
account for the refolding kinetics, and the different acquisition
times. In our study, the folding rate constant k¢ was known from
previous SOFAST-based'”*! experiments. If this information is
unknown it can also be obtained from an initial guess, followed
by an iterative optimization procedure.”’

For real-time NMR, the protein folding reaction is initiated
by fast mixing of a B2M-W60G solution at low pH, where the
protein is in an unfolded state, with a refolding buffer in which
the protein adopts after some time its native state. This mixing
of solutions inside the NMR magnet (in situ) is experimentally
achieved by an appropriate injection device (Figure $3).%*
Intramolecular disulfide bond formation was experimentally
verified for each B2M sample. 3D BT-CPMG-RD spectra of the
I-state of BAM-W60G (sample concentration of 0.5—0.6 mM)
were recorded at magnetic field strengths of 16.5 T (700 MHz)
and 20 T (850 MHz) in an overall experimental time of 50 min
for the real-time data and 20 to 40 h for the steady state data.
The relaxation delay was fixed to TR = 20 ms, and 7 CPMG
frequency points from 100 to 1000 Hz were sampled together
with a reference point where the relaxation delay is omitted.
More details on the experimental setup are given in the
Supporting Information. The reference plane of the recon-
structed I-state spectrum at 700 MHz, shown in Figure 2,
illustrates the quality of the obtained data. In contrast to the N-
state of B2M-W60G that shows a quite uniform peak intensity
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Figure 2. Reconstructed pure I-state BT-CPMG-RD spectrum of
B2M-W60G recorded at 15 °C, 700 MHz. Shown is the reference
plane (no relaxation delay) extracted from the 3D data set. The
assigned cross peaks are annotated by the corresponding residue type
and number. Residues for which conformational exchange is detected
are color-coded.
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distribution (Figure S4), no cross peaks are detected for a
number of residues in the I-state, clustering in a protein region
close to P32 (Figure 3a) that adopts a non-native trans peptide
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Figure 3. (a) Cartoon structure of B2M-W60G (PDB entry 2Z9T).22
The f-strand arrangement is annotated by capital letters (A—G). I-
state residues not detected in the NMR spectra due to extreme line
broadening, are color-coded in red, while residues with strong line
broadening, and nonflat RD profiles are highlighted in green (large
R,,), orange (medium R,,), and cyan (small R,,). All residues with flat
RD curves are shown in gray. Amide sites for which CPMG-RD data
are shown in (b) are annotated by the corresponding residue number
and amino-acid type. (b) CPMG-RD data measured at 700 MHz
(blue) and 850 MHz (red) for selected residues of the I-state of B2M-
W60G.

bond in the I-state. The absence of NMR signal indicates the
presence of conformational exchange processes in this folding
intermediate. Interestingly, a couple of residues in this part of
the protein still give rise to detectable NMR signals, although
they show significant line broadening. RD NMR thus provides
an experimental tool to prove the presence of such millisecond
time scale motion and, eventually, further characterize them in
terms of exchange kinetics and thermodynamics.

For the I-state of BAM-W60G, flat dispersions are observed
in the 3D BT-CPMG-RD spectra for residues located on the
protein side opposite of P32, as well as for most residues in f-
strands F and G, while a total of 11 amide sites, all located close
to the protein region where NMR signals are broadened
beyond detection, show significant line broadening and
relaxation dispersion. Examples of CPMG-RD profiles extracted
for a selection of residues in the I-state are plotted in Figure 3b.
The observed line-broadening effects can be classified into
different categories, as indicated by color coding in Figures 2
and 3a: residues without observable line broadening (gray),
residues showing very small, but measurable relaxation-
dispersion (cyan), residues with significant relaxation dispersion
(orange), residues with detectable 'H—'°N correlation peaks
but very low SNR (green), and finally residues for which no
amide correlation peak could be detected in any NMR
experiment (dark red).

The observed CPMG dispersions may be caused either by
intramolecular conformational dynamics or by a monomer—
dimer exchange process due to transient protein interactions
mainly localized at the BC and DE loops at the apical site (close
to P32) of B2M as previously observed for the wild-type
protein,20 the AN6 mutant,'” as well as combinations thereof.*°
In order to discriminate between the two models, we have
performed additional real-time experiments to investigate the
dependence of NMR chemical shifts and line widths on the
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protein concentration (Figure S5). At 750 MHz 'H frequency,
we observe concentration-dependent peak shifts very similar to
what has been previously reported for the B2M AN6 mutant'’
that is considered a valuable equilibrium analogue of the I-state.
Furthermore, differential line broadening is significantly
increased at 850 MHz, indicative of a monomer—dimer
exchange rate of a few thousand per second. Unfortunately,
in this fast exchange regime, a global fit of our relaxation—
dispersion data to a two-state exchange model leads to
unreliable results, as the fit parameters (chemical shift
differences, exchange rate, and dimer population) are highly
correlated. Therefore, we had to make some additional
assumptions: (i) small chemical shift changes (<1 ppm) as
most observed residues are far away from the dimer interface,
and (ii) a dimer population of 20%. This estimation is based on
a combination of previous ﬁndings: a dimer population of 50%
for the I-state of wild-type B2M,”” and the comparison of real-
time NMR data recorded for wild-type and W60G B2M
indicating a 2.5-fold lower I-state dimer population for the
latter."® With these assumptions, a global fit of the CPMG-RD
profiles yields an exchange rate k., = 2400 + 500 s™', in good
qualitative agreement with the data presented in Figure S5, and
chemical shift changes of 0.7—1.0 ppm (T4, V49, ES0, D59,
Y67), 0.5 ppm (V82), and 0.3 ppm (R12). Interestingly, the
monomer—dimer exchange kinetics in the I-state are at least 1
order of magnitude faster than in the N-state (Figure S6). This
allows us to draw some conclusions on the energy barriers
between monomeric and dimeric BAM-W60G in the I-state as
compared to the N-state (Figure 4). The faster exchange

2
Oligomerization state n

Figure 4. (a) B2M monomer—dimer equilibrium. B2M dimers have
been shown to involve a head-to-head interaction with the side of P32
at the dimer interface®® (b) Sketch of the free energy landscape of
B2M-W60G plotted as a function of 2 variables: the degree of native-
state structure ¢, and the oligomerization state (n = 1: monomer, n =
2: dimer). Only the traces corresponding to the I-state and N-state
minima are shown.

kinetics may be explained by a decrease in the transition state
energy due to more favorable intermolecular contacts, a
consequence of the presence of exposed hydrophobic side
chains,'”*° while the increased dimer population is mainly due
to an increase in the free energy of the I-state monomer. These
conclusions probably also hold true for wild-type B2M,
although the absolute values for the energy barriers will be
different, as well as the transition probability between the I- and
N-states.'””” Our results are also in line with recent findings by
Radford and co-workers,”® who demonstrated that the
formation of kinetically unstable B2M dimers favors amyloid
assembly.

In summary, we have presented a sensitivity-optimized
experiment for CPMG-based relaxation-dispersion NMR
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measurements. This experiment, combined with state-of-the-art
NMR hardware (high-field NMR magnets, last-generation
cryogenic probes), and in situ real-time NMR techniques,
provides a powerful new tool for site-resolved investigation of
conformational dynamics occurring in timely unstable or
transiently populated protein states. This has been demon-
strated for a protein folding intermediate (I-state) of B2M-
W60G. The BT-CPMG-RD experiment, presented here, will be
equally useful for exploring the dynamics of other chemical
moieties, such as aromatic '*C—'H spin pairs,”>*’ thus
enlarging the application range of CPMG-RD real-time NMR
to protein side chains and nucleic acid bases. We believe that
the combination of multidimensional real-time and relaxation-
dispersion NMR is a still challenging, but promising new
experimental tool for characterizing the dynamics in excited
states of macromolecules at atomic resolution.
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