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A B S T R A C T

Previous studies have shown that relaxation parameters and fast protein dynamics can be quickly elucidated
from 15N-CEST experiments [1]. Longitudinal R1 and transverse R2 values were reliably derived from fitting of
CEST profiles. Herein we show that 15N-CEST experiments and traditional modelfree analysis provide the in-
ternal dynamics of three states of human protein DJ-1 at physiological temperature. The chemical exchange
profiles show the absence of a minor state conformation and, in conjunction with 1H-15N NOEs, show increased
mobility. R1 and R2 values remained relatively unchanged at the three naturally occurring oxidation states of DJ-
1, but exhibit striking NOE differences. The NOE data was, therefore, essential in determining the internal
motions of the DJ-1 proteins. To the authors' knowledge, we present the first study that combines 15N CEST data
with traditional model-free analyses in the study of a biological system and affirm that more ‘lean’ model-free
approaches should be used cautiously.

Introduction

NMR spectroscopy is a powerful tool for the study of protein
structures and dynamics in the solution state. Over the years, many
NMR methods have been developed to observe protein dynamics for a
range of timescales [2]. In which, fast timescale dynamics have been
traditionally studied using two-dimensional (2D) 1H-15N HSQC R1, R2,
and heteronuclear NOE experiments with the Carr-Purcell-Meiboom-
Gill (CPMG) relaxation dispersion approach [3]. The T1, T2 and NOE
data obtained from these experiments are routinely used to characterize
sub-nano to millisecond protein dynamics with modelfree formalism
[4,5]. The CPMG approach has also been extended to the study of
conformational exchange due to its sensitivity to chemical shift differ-
ences between ground and excited states [6]. However, CPMG relaxa-
tion dispersion fails for proteins undergoing slow conformational ex-
change or for lowly populated excited states [7].

Recent advances employing saturation transfer, such as chemical
exchange saturation transfer (CEST) and dark-state exchange saturation
transfer (DEST), have enabled the detection of these previously in-
visible protein states [7,8]. Several studies have already reported the
use of CEST to study the invisible conformers of slowly exchanging
proteins on the millisecond to second timescale [1,9–12]. Additionally,

the fitting of CEST profiles have been shown to reliably extract R1 and
R2 parameters that can be used for modelfree analysis of fast timescale
dynamics (ps to ns). Thus, the simultaneous measurement of both fast
and slow timescale dynamics is possible with the CEST experiment. The
extraction of the R1 and R2 parameters is particularly advantageous due
to the fact that CEST and CPMG experiments can be acquired in a si-
milar amount of experimental time [12]. To date, however, no study
has combined CEST-derived R1 and R2 parameters with 1H-15N NOE
data to establish the picosecond to nanosecond dynamics of a protein.
Instead, leaner versions of modelfree have been applied without the
NOE data [1].

The NOE is a sensitive measure of the high frequency motions as it
reports directly on the structure of the protein and is strongly associated
with its correlation time (τc) [13]. Therefore, the heteronuclear NOE
experiment has been essential to traditional dynamics analyses in
conjunction with R1 and R2 values. The importance of the NOE is
strengthened by the fact that, at the expense of precise R1 measure-
ments, only precise NOE and R2 values are necessary to calculate a
reliable S2 [14]. Additionally, the NOE is more sensitive than the R1

parameter for capturing internal dynamics [10]. The significance of the
NOE to the understanding of fast protein dynamics is considerable and
we present further evidence to substantiate the use of NOE data for
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Fig. 1. Representative CEST profiles for 3 residues in DJ-1 Cys106-
SH at 35 °C. The profiles show the proper fitting of the dip in in-
tensity and the lack of a noticeable minor state conformation.
Residues were chosen based on position in the primary sequence to
highlight the consistency of the fitting of the profiles.

Table 1
Average R1, R2, NOE, and S2 values from DJ-1 Cys106-SH at 35 °C.

Exp. Type Protein Observed R1
a R1 Errorb Observed R2

a R2 Errorb Observed NOEa NOE Errorb Calculated S2a S2 Errorb

Traditional (35 °C) DJ-1, Cys106-SH 0.78 (0.10) 0.06 19.30 (2.30) 0.7 0.79 (0.11) 0.15 0.92 (0.10) 0.02
CEST (35 °C) DJ-1, Cys106-SH 0.72 (0.21) 0.06 19.33 (3.50) 2.1 0.79 (0.15) 0.11 0.88 (0.12) 0.07

a Standard deviations are in parenthesis.
b The reported errors are the standard error of the mean.

Table 2
Average R1, R2, NOE, and S2 values from different physiological states of DJ-1.

Exp. Type Protein Observed R1
a R1 Errorb Observed R2

a R2 Errorb Observed NOEa NOE Error Calculated S2a S2 Errorb

CEST (37 °C) DJ-1, Cys106-SH 0.72 (0.22) 0.06 19.50 (3.46) 2.1 0.79 (0.16) 0.11 0.86 (0.15) 0.07
DJ-1, Cys106-SO2

− 0.78 (0.13) 0.08 20.65 (2.66) 1.3 0.80 (0.16) 0.14 0.92 (0.13) 0.04
DJ-1, Cys106-SO3

− 0.71 (0.21) 0.06 18.47 (4.96) 1.0 0.64 (0.42) 0.10 0.76 (0.22) 0.04

a Standard deviations are in parenthesis.
b The reported errors are the standard error of the mean.
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modelfree analysis using 15N-CEST experiments.

Material and methods

NMR was used to investigate the dynamics of three DJ-1 oxidation
states of Cys106 corresponding to a reduced form (DJ-1 Cys106-SH), a
sulfinic acid form (DJ-1 Cys106-SO2

−) and a sulfonic acid form (DJ-1
Cys106-SO3

−). The reduced DJ-1 Cys106 was oxidized to a cysteine
sulfinic acid by adding hydrogen peroxide at a molar ratio of 1:7 and
incubating on ice for 45 min. Similarly, the Cys106 sulfonic acid was
prepared by adding hydrogen peroxide at a molar ratio of 1:100 and
incubation at room temperature for 2.5 h. Following incubation, the
protein was subjected to a buffer exchange to remove excess hydrogen
peroxide. All NMR experiments were collected at 37 or 35 °C on a
700 MHz Bruker Avance III spectrometer equipped with a 5 mm QCI-P
probe with cryogenically cooled carbon and proton channels. 15N CEST
experiments were performed as previously described [7] with B1 field
strengths of 12.5 and 25 Hz. The external field was scanned across the
range of 100–140 ppm at a step size of 50 Hz (35 °C) or 25 Hz (37 °C).
An interscan delay of 1.5s was employed and 15N saturation was ap-
plied for 0.5s. For each experiment a total of 4 transients were collected
per 2D plane resulting in a total experiment time of approximately 7 h.
Processing was accomplished with NMRPipe [15] and CEST profiles
were fit with ChemEx (Fig. 1) [7].

The fitting of the CEST profiles by ChemEx produces R1 and R2 re-
laxation parameters as standard output and is explained in detail in Ref.
[7]. The R1, R2, NOE, and S2 errors reported in Tables 1 and 2 were
calculated as the standard error of the mean. Heteronuclear NOE ex-
periments were performed as previously described [16] and processed
in NMRPipe. FAST-ModelFree analysis was done identical to our pre-
vious study to ensure a proper comparison of the methods [16].

Results and Discussion

The fast protein dynamics of reduced DJ-1 have been previously
determined using traditional spin relaxation derived R1 and R2 values
and 1H-15N NOE data [16]. DJ-1 was found to be fairly rigid in solution
at 35 °C, with most order parameters (S2) approaching the maximum
theoretical limit (S2 = 1). Importantly, the previous dynamics finding
from these traditional relaxation experiments was reproduced with the
R1 and R2 values obtained from fitting of 15N CEST profiles and from
1H-15N NOE data (Table 1, Fig. 2). Per residue CEST profiles were re-
liably fit simultaneously for both external fields, although only one field
was necessary (Fig. 1). Unfortunately, the fitting of the CEST profiles
did not reveal the presence of a minor state or chemical exchange, but
this finding did not negatively affect the quality of the derived relaxa-
tion parameters. Our results further establish the robustness of the 15N
CEST experiment and justify its adoption as an alternative to traditional
relaxation experiments. The observed consistency between two distinct
sets of R1, R2 and S2 values substantiates previous claims that CEST data
is equivalent to traditional spin relaxation experiments [1]. The cal-
culated RMSD values (Table 3) comparing the CEST and traditional R1

and R2 values are within the observed standard deviations for the data
sets (Tables 1 and 2). An NOE RMSD of 0.13 was obtained when we
compared our original 1H-15N NOE data [16] with an NOE data set
recollected with the CEST experiments. Again, the NOE RMSD is within
the observed experimental error and standard deviations (Tables 1 and
2).

The per residue delta plots of the R1, R2 and S2 values shown in
Fig. 3 further illustrates the consistency between the two methods. The
low variability in the R2 delta plot indicates that the CEST profile
linewidths were robust in the reporting of the true R2 values and that
there was an absence of chemical exchange. Only a slight overall dif-
ference of the methods was observed based on an S2 RMSD of 0.02. This
is despite the fact that the prior dynamics measurements were carried
out on different NMR spectrometers at different field strengths (i.e.,
500 MHz vs. 700 MHz). The largest variations in the observed ΔS2
values were primarily located in loop regions, which are expected to be
more sensitive to subtle temperature and solvent differences. A few
residues with large ΔS2 were removed from the comparison since the
ΔS2 error was likely a result of peak overlap and not representative of
the overall quality of the CEST data. It is again important to note that

Fig. 2. A plot of the CEST derived R1 and R2 parameters for DJ-1
Cys106-SH at 35 °C. The cartoon [6] represents the secondary
structure of DJ-1 with helices in red, strands in green, and loops
and disordered regions in blue. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 3
RMSD values comparing traditionally collected and CEST datasets for DJ-1 Cys106-SH at
35 °C.

R1 R2 S2

Traditional vs CEST 0.18 1.95 0.02
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these datasets were collected several years apart on different protein
samples, on different spectrometers, and by different spectroscopists.
Therefore, although the reproducibility between the two datasets is not
on par with prior results [1], our comparison does represent a more
realistic scenario and a more accurate representation of the true un-
certainty. Importantly, the final results of the modelfree analyses from
both the CEST and CPMG datasets led to the same conclusions re-
garding the overall dynamic properties of DJ-1.

Leveraging the 15N-CEST experiment, several naturally occurring
oxidation states of DJ-1 were studied (Cys106-SH, -SO2

−, -SO3
−) to

identify if there were any differences in their dynamic properties. At
physiological temperature (37 °C), none of the three forms of DJ-1
exhibited a minor state conformer based on analysis of the CEST pro-
files. The CEST-derived R1 and R2 parameters for each of the DJ-1 states
were further analyzed to identify any ps-ns timescale dynamics that

may differ between the three states. Interestingly, there were only
minor differences in the R1 and R2 relaxation parameters between the
three states in addition to being comparable to our previous results
(Tables 1 and 2). 1H-15N NOE experiments were subsequently per-
formed to further explore the dynamic properties of the three DJ-1
states. A drastic change was readily apparent in DJ-1 Cys106-SO3

−,
where the average NOE is lower, and the NOE standard deviation is
much larger compared to the two other DJ-1 states (Table 2). The CEST
derived R1 and R2 parameters and the heteronuclear NOE values were
then used with FAST-ModelFree [17–19] to determine the per residue
order parameters. The dynamic properties for the first two DJ-1 states
are quite similar to our previously published results for the reduced
form of DJ-1, where the protein exhibits minimal motion on the ps-ns
time scale. Conversely, DJ-1 Cys106-SO3

− exhibits a significant in-
crease in dynamics based on an overall lower S2 value of 0.76 ± 0.22.

Fig. 3. A delta plot of the R1, R2, and generalized order para-
meters comparing traditionally collected data versus CEST de-
rived data for DJ-1 Cys106-SH at 35 °C. The cartoon [6] re-
presents the secondary structure of DJ-1 with helices in red,
strands in green, and loops and disordered regions in blue. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. A delta plot of the generalized order parameters comparing
DJ-1 Cys106-SH and DJ-1 Cys106-SO3

− NOE data. Data points
below zero indicate an increase in internal motion due to the DJ-1
Cys106-SO3

− NOE value.
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Importantly, it appears that the main contributor to the increase in
dynamics for DJ-1 Cys106-SO3

− is a reduction in the average NOE from
approximately 0.80 to 0.64 ± 0.42. Further, it is well known that NOE
data is essential for the accurate analysis of protein dynamics since the
NOE is very sensitive to fast internal dynamics (e.g., τe), as previously
defined in Kay et al. (1989) [10]. In addition, the large standard de-
viation in the NOEs for DJ-1 Cys106-SO3

− is also indicative of a sub-
stantial decrease in structural stability. This is consistent with the ob-
servation that DJ-1 Cys106-SO3

− was less stable than the other two
forms of the protein. DJ-1 Cys106-SO3

− would aggregate and pre-
cipitate out of solution after approximately two days at 37 °C. Con-
versely, the reduced and sulfinic forms of DJ-1 were indefinitely stable.

To gain insight on the impact of the NOEs on the per residue order
parameters, the NOE data from DJ-1 Cys106-SO3

− was combined with
the R1 and R2 data from DJ-1 Cys106-SO2

−. DJ-1 Cys106-SO2
− is ar-

guably the most rigid form of DJ-1 since it has the highest average order
parameter of 0.92 ± 0.13. Moreover, DJ-1 Cys106-SO2

− has the
lowest R1 and R2 standard deviations of 0.13 and 2.66, respectively.
Any changes in the order parameters calculated by combining the DJ-1
Cys106-SO2

− R1 and R2 data with the DJ-1 Cys106-SO3
− NOE data will

highlight the impact of the more dynamic NOEs on the calculated order
parameters. Fig. 4 shows the ΔS2 obtained from comparing the DJ-1
Cys106-SH and Cys106-SO3

− NOE data. It is readily apparent that the
more dynamic NOEs contribute significantly to the per residue order
parameters as approximately 10 residues order parameters decreased
by −0.25 or more. These differences are noteworthy because they may
change the classification of a residue from “ordered” to “disordered”.
Interestingly, a majority of the ΔS2 values are near zero, which indicates
essentially identical dynamics between the two states. Not surprisingly,
only the residues with a significant difference in NOE values were
substantially affected. It is likely that these DJ-1 residues in the Cys106-
SO3

− form have sub-ns internal motions, which make them sensitive to
the 1H-15N NOE experiment. These findings are significant because
exclusion of any NOE data would have hidden the true dynamics of
these particular DJ-1 residues.

Conclusion

The purpose of this study was to further evaluate the robustness of
the 15N CEST experiments as an alternative method to determine the
fast protein dynamics of three physiological states of DJ-1 while com-
bining CEST derived R1 and R2 parameters with traditional NOE values.
Initial results confirmed that this new method was comparable to tra-
ditional dynamics analyses as our results correspond well with previous
findings. We have also reaffirmed the importance of the heteronuclear
NOE to dynamics analysis. Extremely low NOE values are strong in-
dicators of protein disorder or unfolding and, in this study, were the
only experimental evidence for this phenomenon in DJ-1 since the R1

and R2 parameters were similar for the three DJ-1 states. To our
knowledge, this is the first study that combines 15N CEST data with a
traditional model-free analysis of a biological system and also confirms
the necessity of NOE data for exploring fast protein dynamics.
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