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Rapid Determination of Fast Protein Dynamics from NMR Chemical
Exchange Saturation Transfer Data
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Abstract: Functional motions of 15N-labeled proteins can be
monitored by solution NMR spin relaxation experiments over
a broad range of timescales. These experiments however
typically take of the order of several days to a week per
protein. Recently, NMR chemical exchange saturation transfer
(CEST) experiments have emerged to probe slow millisecond
motions complementing R11 and CPMG-type experiments.
CEST also simultaneously reports on site-specific R1 and R2

parameters. It is shown here how CEST-derived R1 and R2

relaxation parameters can be measured within a few hours at
an accuracy comparable to traditional relaxation experiments.
Using a “lean” version of the model-free approach S2 order
parameters can be determined that match those from the
standard model-free approach applied to 15N R1, R2, and {1H}-
15N NOE data. The new methodology, which is demonstrated
for ubiquitin and arginine kinase (42 kDa), should serve as an
effective screening tool of protein dynamics from picosecond-
to-millisecond timescales.

The recent emergence of CEST[1] and dark-state exchange
saturation transfer (DEST) experiments[2] permits the sensi-
tive detection of lowly populated, slowly interconverting
conformational substates of proteins, thereby complementing
well-established R11

[3] and CPMG experiments.[4] CEST
reports on the presence of such “excited” protein states
indirectly by measuring the signal of a ground-state resonance
in the presence of a variable-offset radio-frequency (rf) B1

saturation field. When the B1 field is applied at the frequency
of the excited state resonance, saturation is transferred to the
ground state by the exchange process(es), which is manifested
as a dip in the CEST intensity profile from which kinetic rates
(kab + kba = kex) together with the population of the excited
state (pb) and its chemical shift can be extracted. In addition
to these slow exchange processes, CEST profiles also reflect
longitudinal R1 and transverse R2 relaxation rates of the

protein ground state, providing a potentially alternative
source of these parameters for quantitative studies of nano-
and picosecond dynamics. These parameters do not only
characterize dynamic loop regions, which are often involved
in protein–protein interfaces,[5] but they also represent unique
reporters of the conformational entropy at atomic resolution
providing unique insights into this driving force of molecular
function.[6] However, it is unclear whether CEST-derived 15N
R1 and R2 values can be determined as accurately and
precisely as those obtained from traditional relaxation experi-
ments, which has important consequences for their interpre-
tation in terms of protein dynamics.

Information about fast timescale dynamics can be extracted
from 15N R1, R2 and {1H}-15N NOE data by the model-free
approach (MFA)[7] with various software packages available.[8]

The general goal of MFA is to extract a S2 order parameter for
each 15N site, which is a measure for the motional restriction of
the N¢H bond vector in the molecular frame, along with an
internal motional correlation time tint. Extended variants of the
model-free analysis exist,[9] but in practice the extended model-
free approach is often equivalent to MFA.[10]

Here, we explore the exclusive use of CEST-derived R1, R2

data for their interpretation by MFA. Since CEST does not
report about the {1H}-15N NOE, and by avoiding a separate
NOE experiment because of its time-consuming nature, R1, R2

are interpreted by a lean version of the model-free approach,
referred to as L-MFA. The performance of L-MFA is rigorously
tested by comparison with MFA using simulated relaxation
parameter sets derived from ten extended protein molecular
dynamics simulations. With CEST-derived relaxation rates
serving as input for L-MFA fitting to extract S2 order parameters,
an integrated protocol is established that aims at the rapid
characterization of protein dynamics on the picosecond to
nanosecond timescale, while simultaneously gaining insight into
millisecond motions, solely based on a single CEST profile.

To assess the quality of CEST-derived relaxation param-
eters, R1, R2 data from CEST were compared with R1, R2 data
obtained from standard spin relaxation experiments all
measured at 850 MHz magnetic field strength. Figure 1
shows that the data obtained for ubiquitin are in remarkably
good agreement with each other with Pearson correlation
coefficients of 0.97 and 0.98 and root-mean-square (RMS)
errors of 0.03 (ca. 2%) and 0.40 (ca. 5%) for R1 and R2,
respectively. The large R2 rates for residues I23, N25 are
consistent with values reported previously for these residues
as they undergo dynamic exchange.[11] Similarly good agree-
ment between CEST-derived and traditionally measured R1,
R2 parameters were obtained for a protein of substantially
larger size, which is the apo state of the 42 kDa arginine
kinase (AK, see Figure S1 in the Supporting Information).
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When performing CEST experiments, the choice of the
strength of the B1 saturating field is important. With larger B1

fields, greater step sizes can be used for the frequency sweep
and, hence, fewer B1 points need to be measured, which
shortens the duration of the experiment. However, larger B1

fields lead to broadened CEST profiles resulting in lower
resolution and lower sensitivity to the presence of exchange
processes. If only a single field is to be used, we find that gB1/
2p = 100 Hz represents a good compromise. It can be optionally
paired with a second B1 field at 25 Hz to more accurately
characterize residues experiencing chemical exchange,[12] which
is discussed in greater detail in the Supporting Information.

Before analyzing experimental CEST-derived relaxation
parameters by L-MFA, we tested the accuracy and stability of
the L-MFA approach for the determination of S2 solely based
on 15N R1 and R2 relaxation rates. For this purpose, we
compared the S2 values computed by L-MFA and MFA for
ten proteins fitted from relaxation parameters derived from
500 ns molecular dynamics (MD) trajectories (see the Sup-
porting Information). We find that discarding the heteronu-
clear {1H}-15N NOEs has only minimal effect on the S2 values.
For example, the S2 profiles of the ATPase a-domain (PDB:
1QZM) determined by the two model-free methods are
nearly identical (Figure 2 inset). The correlation coefficient
between S2

L-MFA and S2
MFA is 1.00 and the RMS error is 0.012.

The optimal overall tumbling correlation time tc value
estimated from R2/R1 ratios is 9.87 ns compared to the true
value of 10.00 ns. This leads to a small, systematic offset of S2

L-

MFA toward larger values compared to S2
MFA. Further analyses

were performed for proteins of different sizes represented by
different tumbling correlation times tc of 5, 10, and 15 ns
(Figures S3–S12).[13] Isotropic diffusion was chosen for L-
MFA as it applies in very good approximation for globular

proteins and does not require a high-resolution 3D protein
structure. While for some of the most mobile residues the
uncertainties in S2, estimated from 30 Monte Carlo simula-
tions assuming 5% errors for R1 and R2, tend to increase, for
all systems studied here, the S2 profiles extracted by the two
model-free analysis methods (L-MFA and MFA) show a very
high level of consistency.

After having been validated by simulations, the L-MFA
method was applied to the experimental CEST-derived 15N
relaxation parameters for ubiquitin and arginine kinase. In
general, S2 values from L-MFA of CEST-derived R1, R2 rates
closely match the results from MFA applied to a full set of
spin relaxation parameters (Figure 3). For ubiquitin, a high
correlation coefficient (R = 0.97) and a small error (RMS =

0.03) between S2
L-MFA and S2

MFA demonstrates the ability to
derive accurate S2 values directly from CEST experiments.
Good agreement is also found between S2

L-MFA and the
previously published S2 profile for protein arginine kinase
(see Figure S2).[14] In particular, there is excellent agreement
in the V308-V322 loop near the C-terminus, which is by far
the most dynamic region of AK on the ps-ns timescale by
displaying a consistently low S2 around 0.4 for both sets of

Figure 1. Comparison of experimental relaxation parameters A) R1 and
B) R2 of ubiquitin derived from CEST (green circles) and standard spin
relaxation experiments (red squares) at 850 MHz magnetic field
strength. Residue T9 is not shown because of substantial broadening
of this peak at pH 7 resulting in a large uncertainty of its relaxation
parameters.

Figure 2. Comparison of backbone N¢H S2 order parameters obtained
by L-MFA and MFA model-free analysis of the a-domain of ATPase
(PDB 1QZM) based on NMR spin relaxation data computed from
a 500 ns MD trajectory assuming a tumbling correlation time
tc = 10 ns. An estimated tc = 9.87 ns based on the average R2/R1 ratio
of residues in well-defined secondary structures was used for the L-
MFA analysis. The inset shows a correlation plot of S2

MFA versus S2
L-MFA

with different tc values of 10 and 9.87 ns, respectively. The correlation
coefficient between S2

MFA and S2
L-MFA is 1.00 and the RMS error is

0.012.

Figure 3. Comparison of experimental ubiquitin order parameters S2
MFA

determined from R1, R2 and NOE data of standard spin relaxation
experiments (red squares) and S2

L-MFA determined from CEST-derived
R1, R2 values (black circles). The inset shows a scatter plot of the two
types of order parameters.
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experiments. In addition, we evaluated the accuracy with
which internal correlation times tint could be extracted by the
L-MFA method and found that, while the L-MFA-derived tint

values agree quite well with MFA results for ubiquitin
(Figure S14), the overall uncertainty in tint is larger. This is
because unlike S2 values, typical sub-ns tint values are
particularly sensitive to the heteronuclear {1H}-15N NOE,
which L-MFA does not use.

In summary, our results show that CEST permits the
extraction of R1 and R2 relaxation parameters that are
equivalent to those determined by traditional methods and
they can be analyzed via the L-MFA method for the reliable
determination of S2 order parameter profiles. A speed up can
also be achieved with traditional NMR relaxation experiments
by discarding the heteronuclear NOE experiment and record-
ing R1 and R2 only, followed by L-MFA analysis. However, in
this case one would not gain insights into the slow exchange
dynamics that CEST offers in addition. Moreover, when
exchange is observed in the CEST profile, accurate ground-
state R1 and R2 values can be obtained by fitting the exchange
contribution (see the Supporting Information), whereas this
contribution would merely be averaged into the rates deter-
mined from traditional spin relaxation experiments. For the
proteins studied in this work, the agreement between CEST-
derived and traditionally measured R1, R2 relaxation param-
eters is remarkable considering the highly complementary
nature of the two approaches: CEST extracts relaxation
information from partially saturated resonances at variable
off-resonance frequencies, whereas the traditional method
measures exponential magnetization decays. The CEST-based
strategy proposed here is promising for efficient routine
screening of proteins of dynamics properties and their changes
that might be of functional relevance, such as free versus
complexed or wild-type versus mutant protein states.

Experimental Section
NMR experiments were carried out at 800 MHz (apo-AK) or
850 MHz (ubiquitin) on Avance III HD Bruker instruments equipped
with TXI (800) or TCI (850) cryoprobes. 15N CEST experiments were
performed using the experiments of Vallurupall et al.[1c] with B1 field
strengths of 30 and 60 Hz, for apo-AK, and 25 and 100 Hz for
ubiquitin. The B1 field was swept from 90 to 150 ppm in each of the
CEST experiments and acquired in 6 hours (ubiquitin with 100 Hz
field) and 39 hours (apo-AK with 30 Hz field). All CEST data was
processed with the nmrPipe[15] and intensity profiles analyzed using
ChemEx[1c] (http://www.github.com/gbouvignies/chemex). 15N spin
relaxation experiments were performed on ubiquitin at 850 MHz
using HSQC-based experiments[16] with a minor modification for fully
protonated samples.[17] The combined acquisition time for R1 and R2

experiments of ubiquitin was eight hours. Detailed experimental
setups and analyses of all experiments can be found in the Supporting
Information.
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