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Abstract

Prion diseases are neurodegenerative disorders caused by the misfolding of the cellular prion protein (PrPC).
Gerstmann–Sträussler–Scheinker syndrome is an inherited prion disease with one early-onset allele (HRdup)
containing an eight-amino-acid insertion; this LGGLGGYV insert is positioned after valine 129 (human PrPC

sequence) in a hydrophobic tract in the natively disordered region. Here we have characterized the structure
and explored the molecular motions and dynamics of HRdup PrP and a control allele. High-resolution NMR data
suggest that the core of HRdup has a canonical PrPC structure, yet a nascent β-structure is observed in the
flexible elongated hydrophobic region of HRdup. In addition, using mouse PrPC sequence, we observed that a
methionine/valine polymorphism at codon 128 (equivalent of methionine/valine 129 in human sequence) and
oligomerization caused by high protein concentration affects conformational exchange dynamics at residue
G130.We hypothesize that with the β-structure at the N-terminus, the hydrophobic region of HRdup can adopt a
fully extended configuration and fold back to formanextended β-sheet with the existing β-sheet.Wepropose that
these structures are early chemical events in disease pathogenesis.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Prion infections are caused by the misfolding of
cellular form of the prion protein, PrPC into
an aggregation-prone pathogenic form commonly
referred to as PrPSc [1]. Encoded by the PRNP on
chromosome 20 in humans [2], PrPC is a glycosyl-
phosphatidylinositol-anchored protein highly
expressed in neurons. It consists of a structured,
C-globular domain (residues 127–231, mouse num-
bering) and a flexible, unstructured N-terminus
(residues 23–126). The structured C-terminus con-
tains three α-helices and an antiparallel β-sheet [3],
while the intrinsically disordered N-terminus features
an octarepeat region, which is associated with metal
ion binding [4] and also a conserved hydrophobic
region (HR). While there have been speculations on
the functions of PrPC that include associations with
copper homeostasis, given its ability to coordinate
copper ions [5], this remains an active area of
research.
uthor. Published by Elsevier Ltd. This
g/licenses/by-nc-nd/4.0/).
Production of misfolded PrP may be initiated
under a number of conditions, these including the
inheritance of germline mutations. Thus, Gerst-
mann–Sträussler–Scheinker (GSS) disease is the
prototype form of genetic prion disease; it is an
autosomal dominant multi-systemic neurological
syndrome that can develop into frank dementia and
with the patients commonly displaying a protracted
clinical course [6]. GSS can arise from a range of
mutations within the open reading frame of PRNP
gene. These mutations are associated with differ-
ent clinical presentation, yet the most common
clinical phenotypes include cerebellar ataxia and
pyramidal signs admixed with cognitive decline [7].
One notable PRNP mutation discovered recently

contains a 24-nucleotide insertion, which encodes
an 8-amino-acid internal duplication of the residues
LGGLGGYV in the PrP HR (residue 110–130). This
mutant allele is referred to as HRdup [8] and occurs
in cis to valine at codon 129 in PRNP, with a
common M129 V polymorphism being present in
is an open access article under the CC BY-NC-ND license
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Fig. 1. Superimposition of 1H–15N 2D HSQC NMR spectra of V128 (red) and HRdup (black). The asterisk symbol indicates an overlap of two resonances in the
1H–15N 2D HSQC NMR spectrum of HRdup; the blue arrows show resonances that exist on both spectra, while the red and black arrows indicate resonances that are
unique on the spectrum of V128 and HRdup, respectively. The residues with asterisk in the numbering are from the residues artificially added in between the N-terminal
His-tag and TEV cleavage site (discussed in Materials and Methods section).
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Fig. 2. Expanded methyl region of 2D 1H,13C-HSQC NMR spectra of V128 (left) and HRdup (right); the extra resonances on the HRdup spectrum (indicated by blue
square boxes) correspond to the methyl groups from the extra two leucine and one valine residues from the insert of HRdup.
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Fig. 3. Top panel shows the sequence numbering of the HR of HRdup; the residues corresponding to the extra resonances on the NMR spectra due to the insertion
are numbered X1 to X8. Lower panel shows the secondary structure prediction of HRdup from TALOS+. The canonical secondary structure is shown at the top of the
plot (BMRB ID: 1AG2) [13]. All the sequences are aligned by the C-terminus. The residues with high propensity to be α-helices are indicated with positive values, while
the residues with high propensity to be β-structures are indicated with negative values.
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many human populations [9]. Previous studies have
revealed that thermolysin digestion of brain homog-
enates transgenic (Tg) mice expressing the HRdup
allele yields a 16-kDa thermolysin-resistant signa-
ture fragment. This fragment derives from the N-
terminal and central HR of theHRdup formof PrP [10]
and in turn comprises a potential precursor to the
observed 8-kDa PK-resistant fragment that is a
common feature of most types of GSS disease [11].
Prior analyses have demonstrated that the

insertion in HRdup does not disrupt the canonical
antiparallel β-sheet present in wild-type (WT) PrP or
affect the structural stability of the globular domain
of HRdup [10], leaving the structural perturbations
that can lead to the spontaneous misfolding and
assembling of HRdup unidentified. In this study, we
have used high-resolution multinuclear NMR spec-
troscopy to compare the structures and explore the
molecular motions and dynamics of WT mouse
PrPC (118–231, M128; that is, methionine at
residue 128 equivalent to human residue M129),
mouse PrPC (118–231) V128, and mouse PrPC

(118–231) V128 HRdup (henceforward referred to
as WT, V128, and HRdup, respectively). Our data
suggest that while the core of HRdup has a
canonical PrPC structure, a nascent β-structure
was observed in the elongated HR of HRdup, a
region that is natively unstructured in the M128 and
V128 forms of mouse PrP. We also observed that
the exchange dynamics of glycine 130 are corre-
lated with methionine/valine polymorphisms at
codon 128 and the propensity to form PrP oligomers
by high protein concentration. We hypothesize that
the newly discovered, nascent β-structure initiates
long-range alterations that convert PrP's N-terminal
unstructured region into β-enriched forms that
resist digestion by thermolysin and proteinase K.
Results

NMR spectra of V128 and HRdup versions of mouse
PrP

In general, the 2D 1H,15N-HSQC NMR spectrum
of a protein is one of the most sensitive indicators of
the structure and dynamics of the protein. The 2D
1H,15N-HSQC NMR spectra of WT, V128, and
HRdup under these same experimental conditions
are presented in Supplementary Figs. S1–3. The
M128 (WT) and V128 proteins have very similar 2D
1H,15N-HSQC NMR spectra, and the spectrum of
WT mouse PrP was comparable to previous studies
[12].
The solubility of HRdup PrP was found to be

highly sensitive to pH and to reach high enough
concentration (~ 0.1 mM) for NMR analysis,
pH 4.0~5.0 was used for all the following studies.
Despite of the high environmental sensitivity of the
amide NH resonances, where even minor differ-
ences in sample condition can cause obvious
chemical shift changes on spectra, only a few
resonances from V128 were shifted versus the 2D
1H,15N-HSQC NMR spectrum of HRdup (Fig. 1);
these were mainly attributed to glycines in the
flexible HR that includes the LGGLGGYV insert.
These glycines (including the extra 4 glycine
resonances due to the insert in HRdup) are shown
in detail in Fig. 1. In the 2D 1H,13C-HSQC NMR
spectra of HRdup, a total of six extra methyl groups
were observed versus V128 as expected from the
methyl groups of two leucines and one valine
present in the insert (Fig. 2).
In summary, we observe that the resonances on the

spectra of V128 remain at very similar, if not identical
chemical shifts to HRdup, while the additional reso-
nances of HRdup appear as “extra” peaks on the
spectra. This suggests that even with an insert in its
sequence, the core of the HRdup protein adopts the
canonical PrP globular domain fold, as does V128
mPrP (118–231).

Chemical shift assignment and novel β-structure
detected in HRdup (118–231)

NMR resonances corresponding to amino acids in
the N-terminal region of the HRdup construct proved
challenging to assign because of the highly repet-
itive sequence of the HR of HRdup (mPrP 121–128
plus the insert) and its intrinsically disordered
nature. The backbone chemical shift assignments
(HN, N, Cα and Cβ nuclei) were completed to 80%
with 3D CACBCONNH and NHCACB NMR spectra.
The assignment for HRdup from V124 through the
sixth resonance of the insert is shown in Supple-
mentary Fig. S4. For clarity when dealing with
duplicated sequences, for the following text, we
used a nomenclature scheme (Fig. 3a) where the
amino acids attributed to the additional resonances
(i.e., those absent from analyses of the control V128
allele) are denoted as “X.” (“X” stands for “extra”).
Note that this scheme is different from the assign-
ment of extra amino codons as assigned from
inspection of the nucleotide sequence of the
HRdup PRNP allele [8].
Chemical shifts of NH, N, Cα, and Cβ nuclei were

loaded into TALOS+ program to calculate the
secondary structure propensity of HRdup [14]
(Fig. 3), with only the assigned residues with a high
propensity (N0.5) presented. Residues with high α-
helix propensity make up three α-helices, consistent
with the helices in WT mPrP. Due to broadening of
the resonances from residues in the anti-parallel β-
sheet (HRdup 127–130) caused by chemical
exchange (see below), the canonical β structure of
PrP cannot be completely characterized in this
analysis. It has been previously reported that the
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Fig. 4. Snapshot of MD simulation trajectory shows the novel β-structure that is consistent with NMR data and the proposed
type 2 β-turn structure. This structure was taken from state No. 728 (out of 5001 states) in the 50-ns trajectory 3 of HRdup [10].
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chemical shifts of the residues forming the first β-
strand do not possess strong β character [15], but
the presence of this canonical β-sheet in HRdup was
already demonstrated strongly by dαα(L129, Y161)
and dαα(Y127, R163) nOe's observed in our previ-
ously published data [10].
Using the SEQSEE program [16], the residues

VX2, LX3, GX4, and GX5 are predicted to have high
β-propensity, while the proceeding and following
sequences are predicted to be random coil (data not
shown). The data set of BetaTPred 3.0 consists of
20,142 protein chains (BT20142); the sequence
VLGG is present in total of 220 counts, and in 71 out
of 220 counts, a β-turn is formed by VLGG [17].
Consistent with these β-propensity prediction ap-
proaches, the most interesting feature of the
TALOS+ analysis is a novel high β-propensity
structure at valine X2 (VX2) and leucine X3 (LX3)
(Fig. 3), indicating that a nascent β-structure is at
the highly flexible N-terminus (see following sec-
tion) of HRdup.
We did not observe the nOes between the residues

with high β-propensity making contacts with the
existing β-sheet. Rather, we propose that this high
β-propensity structure is a nascent β-turn formed by
valine at X2 (VX2), leucine at X3 (LX3), and glycine at
X4 (GX4). In the 3D NHSQC-NOESY spectrum,
we observe the dNN(i, i + 1) nOes that are consistent
with a type 2 β-turn, where the NH of GX4 points
at the carbonyl group of GX5 [18] (Supplementary
Fig. S5).
In our previous molecular dynamics (MD) simula-
tion analysis using HRdup fragment from residue
118 to 231 [10], this nascent β-turn existed in all
three trajectories of HRdup and the structure(s)
observed is consistent with the proposed type 2
β-turn. The MD simulation also shows the flexible
and dynamic feature of this novel β-structure.
Figure 4 presents a snapshot of VX2, LX3, GX4
and GX5 forming a type 2 β-turn at 7.28 ns in
trajectory 3 of HRdup (50 ns in total).

N-terminus 15N relaxation measurements

The 15N transverse (R2) relaxation rates were
measured to gain insight into the backbone motions
of the WT, V128 and HRdup alleles. Given that the
dynamics of the N-terminus is of the most interest, R2
values of the residues 118 to 155 of the three alleles
are presented (Fig. 5).
The region from residue 119 to 125 is flexible in all

three alleles, as indicated by R2 values b10 s−1.
These values are typical for intrinsically disordered
parts of proteins [8]. The extra residues of HRdup at
the N-terminus are also flexible given their small R2
values; the aforementioned nascent β-structure in
this region does not appear to hinder the flexibility of
the backbone in this region. Starting from residue
127 the three alleles become structured, supported
by the increased R2 values resulting from the slow
rotational tumbling of the structured core of the
protein. The typical value of R2 for the structured



R2 (S-1)

Fig. 5. 15N R2 relaxation data for 0.1 mM HRdup (blue), 0.1 mM V128 (green), 0.1 mM WT (yellow), and 0.2 mM WT (orange). The gaps are due to overlapping of
resonances or missing resonances due to chemical exchange broadening.
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Fig. 6. 2D 1H,15N-HSQC NMR spectrum for M128 (top panel), 2D 1H,15N-HSQC NMR spectrum for V128 (middle
panel), and 1D 1H NMR spectrum of unlabeled V128 (bottom) with N-terminal his-tag removed. The arrows indicate the
two resonances corresponding to the two conformations for G130; the asterisk in the 1D 1H NMR spectrum indicates the
resonance caused by unknown impurity.
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core of a globular protein is approximated ~12 s−1

[19], which is close to our measured R2 at a protein
concentration of 0.1 mM (Fig. 5). Our data are
consistent with previously reported R2 values
of similar length PrP constructs such as mPrP
(118–231) and bovine PrP (121–231) previously
reported [12,20].
When the concentration of the WT protein is

~0.2 mM, the R2 values increased for all residues
(albeit with the specific exception of residue G130, to
be discussed below). Given that R2 values are
directly correlated with molecular weight and viscos-
ity at constant temperature, these data suggest that
oligomerization process takes place as the concen-
tration of the solution increases. The increased R2
values are consistent with the R2 values of longer
forms of PrP starting at residue 90. For instance,
average R2 values of ~15, 19, and 20 s−1 for residue
127–140 have been published for PrP 90–231 at
concentrations of 0.5, 0.8, and 1.0 mM, respectively
[21–23]. It has been inferred that presence of an
N-terminal extension is correlated with increasing R2
values; combining previously reported data with
our own, it is likely that the flexible region (90–120) of
PrPC can enhance the PrPC oligomerization process
[12].
Residue G130 has a higher R2 value than the

other residues in this region, and Sullivan et al. [12]
have suggested that it is due to chemical exchange
causing broadening. An interesting observation is
that the Rex broadening is decreased at the higher
concentrations (two-tailed test: p = 0.074), implying
that motions at G130 near the first β-strand are
altered due to the oligomerization process [24].

Polymorphism at codon 128 affects the chemical
exchange at G130

G130 is located at the end of the first β-strand. In
the 2D 1H, 15N-HSQC NMR spectra of WT allele,
its resonance locates at ~115 ppm, 15N dimension
and ~9.3 ppm, 1H dimension. However, under our
experimental conditions, we noticed that in both the
2D 1H, 15N-HSQC NMR spectra for V128 and
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HRdup, the G130 resonance is unobservable
compared withWTwhere it is weak but observable.
In the high signal-to-noise 1D 1H NMR spectrum of
V128 (using His-tag free non-13C,15N-labeled
protein), we observe two resonances, one at each
side of G130 in WT spectrum (Fig. 6). This is highly
consistent with what was reported by Liu et al. [15]
that there are two conformations exist for G130; the
exchange between these two conformations can
result in broadening of the resonance of the amide
of G130 in 2D 1H,15N-HSQC NMR spectra, and
that the separate resonances observed in the 1D
1H NMR spectrum can correspond to different
conformational states.
We simulated the lineshape of G130 at different

exchange rates (kex) between the two conforma-
tions. Assuming the two observed peaks are from
G130 in slow exchange, we found that for the
lineshape of G130 changed from a broadened
singlet to two separate resonances as the kex was
decreased from approximately N500 to b50 s−1.
Therefore, under our experimental conditions, we
propose that the chemical exchange at G130 is
slower when a valine is at codon 128 instead of a
methionine. We measured the spectrum at 500,
600, and 700 MHz to see if we could observe
lineshape changes consistent with chemical ex-
change between these two resonances (see
Supplementary Fig. S7). Small line narrowing was
observed at 700 MHz, but this was not definitive
possibly because the exchange was too slow.

Discussion

In the study of the HRdup protein, additional beta
structure was observed involving residues VX2
and LX3 of the insert. This raises the question of
how the β1–β2 sheet is formed—do residues X1–
X4 or 127–130 pair with β2 (see Fig. S6), especially
in light of the higher β-propensity of the former
calculated by TALOS based upon the NMR
chemical shifts? As described in detail in the
Results section, we conclude that in the predom-
inant structure of the HRdup protein, the structured
globular C-terminal domain of HRdup has a
canonical PrPC structure, with a nascent β-
structure in the flexible elongated HR, which we
have suggested is important in the oligomerization
of the protein. The reasons are summarized below:
(1) all of the resonances from the insert appear
without any perturbation of the resonances from
the V128 protein such as residues 131–135
contiguous to β1 (Fig. 1); (2) the pattern of the R2
values reflecting mobility would be very different
especially for VX2 and LX3, which would be
immobilized; (3) the chemical shifts of the β1 strand
resonances in previous structures do not show a
high TALOS propensity; (4) the proposed structure
of a flexible β-turn segment separated from the
core is consistent with the MD simulations; and (5)
secondary structure predictions show β-turn pro-
pensity for the residues in the insert. Nonetheless, it is
impossible to rule out exchange between the two
conformations. Importantly, as this β-structure maps
within protease-resistant fragments observed after
thermolysin treatment of brain material from young Tg
HRdup mice and proteinase K treatment of material
from aged TgHRdupmice [10], a causal relationship to
pathogenesis becomes plausible.
The genotypic composition of a high-frequency

Met/Val polymorphism at position 129 in the human
PRNP gene (i.e., M/M versusM/V versus V/V) [9] has
a profound impact upon the progression and mani-
festation of prion diseases. This effect applies
irrespective of whether disease is caused by infection
(from prion-contaminated food or medical products),
or by germline mutation or if the disease arises in
idiopathic form, as is the case for sporadic CJD.
Generally, heterozygosity at this polymorphism site
can lead to substantial resistance toward prion
disease; for the individuals from families with
inherited prion disease if with Met/Val heterozygosity
at this site, the age of the disease onset is
significantly later [25–27]. A spectacular example of
how this polymorphism site can determine disease
phenotype is the D178N germlinemutation can result
in genetic CJD or fatal familial insomnia depending
on whether V129 or M129 polymorphisms, respec-
tively, are present in the chromosomal allele carrying
the D to N mutation in codon 178 [28].
It was previously reported by Collinge and co-

workers [23] that hPrP M129 and V129 possess the
same canonical PrPC structure and that similar MD
and stability were observed for both alleles. Our
previously published results also demonstrated that
mPrP M128 and V128 have the same regional
stability when subjected to progressive denaturation
induced with urea [10], and the results presented
herein support the same canonical core structure
(see above); however, the 15N relaxation data for
mPrP M128 (WT) and V128 displayed different
exchange dynamics at G130. We presented that
under our experimental condition, when a valine is
present at codon 128, the conformational exchange
is slower as compared with methionine. Combined
with our results where we demonstrated the rela-
tionship of the altered exchange dynamics of the first
β-strand and the oligomerization of PrPC, we
conclude that the Met/Val polymorphism at codon
128 can affect the initial oligomerization process of
PrPC by altering the exchange dynamics at G130,
nearby the first β-strand of PrPC. This can be the
structural implications, change that ultimately dic-
tates the divergent biological phenotypes of this
polymorphism.
Incorporating all the aforementioned information, we

hypothesize that in HRdup, with nascent β-turn
structure present at the unstructured N-terminus, the



Fig. 7. At the top is the proposed misfolding-initializing structure of HRdup. The elongated HR turns, folds back, and
contacts the canonical β-sheet. At the bottom is the three-strand antiparallel β-sheet structure reported by the Legname
group [29].
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elongated HR can spontaneously adopt a fully
extended configuration and fold back to contact
the existing β-sheet and altogether develop into an
extended antiparallel β-structure that consists of
three β-strands (Fig. 7). Such a process would be
the very beginning of the misfolding and self-
assembling of HRdup into a conformation high in
β-structure contents. Possibly, the stacking of this
proposed β-sheet structure among molecules could
subsequently lead to the formation of bigger
molecular assemblies and eventually, amyloids.
Thus, we hypothesize that the elongated HR could
be the birthplace of the misfolding of HRdup.
According to our hypothesis, the HR could be

highly involved in the initialization process of PrPC

transforming into its infamous form PrPSc, which is
consistent with the determinant effects of a few
point mutations located in this otherwise highly
conserved region; the drastically different down-
stream outcomes of these point mutations include
different phenotypes of neurological diseases
[30,31] and complete resistance toward prion
infection [32]. Meanwhile, as the canonical anti-
parallel β-sheet of PrPC is incorporated into this
proposed misfolding-triggering structure, this also
helps explain the correlation of the dynamics of the
first β-strand and the misfolding initialization
process.
The proposed β-structure to be formed by HR and

the existing β-sheet has already been observed by
the Legname group using WT hPrP (structure
shown in Fig. 7). Their elegant work demonstrated
that when crystalized with nano-body at the N-
terminal end, the HR of full-length hPrP adopts a
fully extended conformation and forms a three-
strand β-sheet with the canonical PrPC anti-parallel
β-sheet; most importantly, a β-turn structure was
confirmed in the HR [29]. Compared with this
β-structure observed in full-length human prion
protein crystal, our proposed three-strand antipar-
allel β-sheet model for HRdup is longer thus
potentially more stable, more likely to happen
under biological conditions, which can explain the
higher propensity for HRdup to self-transform into a
β-sheet rich structure.
Bearing in mind that a protein containing the HR

and the anti-parallel β-sheet (Y145stop) can form
amyloids that can cause clinical prion disease with
100% attack rate [33], one can speculate that our
proposed β-structure can also be an important
component of a prion disease causing particle.

Materials and Methods

Protein purification

Expression constructs for moPrP (118–231),
moPrP (118–231) V128, and moPrP (118–231)
HRdup (referred herein to as WT, V128, and
HRdup, respectively) and based on the PD444
vector were synthesized by ATUM (California,
USA), with codon optimization in the sequences
previously described [10]. The N-terminus of all
three proteins had a histidine tag (his-tag) com-
posed of six histidine residues plus a TEV cleavage
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site (ENLYFQ/G). Extra residues before the cleav-
age site were added to aid identification on SDS-
PAGE when removing the his-tag. The natural-
abundance-isotope material was expressed and
purified in standard growth media, as used previ-
ously to prepare human PrP [34]. 13C and 15N
isotope-enriched proteins were prepared with the
1 L LB substituted with 1 L culture medium
containing 1 g of 15NH4SO4 (Aldrich, USA), 3 g
13C–glucose (Isotech Inc., USA), 1 mM MgSO4
(Caledon, Canada), 0.1 mM CaCl2 (Sigma-Aldrich,
USA), 1 mg of biotin (Sigma-Aldrich, USA), and
100 mg of thiamine (Sigma-Aldrich, USA).
For the removal of the his-tag, unlabeled V128

lyophilized protein material was dissolved at
0.5 mg/ml with 20 mM sodium acetate (pH 5.5)
and TEV (also containing a his-tag) was used at one
part in 100 by mass for 3.5 h at 34 °C in the
presence of 0.5 mM EDTA. After digestion was
verified by SDS-PAGE, the solution was adjusted to
pH 7 then loaded onto a nickel affinity column
equilibrated with solution (pH 7) containing 10 mM
imidazole (Sigma-Aldrich, USA), 300 mM NaCl
(Fisher Scientific, USA), and 20 mM Tris–HCl
(Fisher Scientific, USA); the same solution was
also applied to wash out the his-tag cleaved protein.
The flow-through containing the V128 protein minus
his-tag was dialyzed against water and then
lyophilized.

NMR samples
Twomilligrams of lyophilized [15N, 13C]-labeled or
non-labeled protein material was dissolved in 500 μl
of NMRbuffer comprising 95%double distilled water
and 5% D2O. The NMR buffer also contains 10 mM
of sodium acetate (pH 5) and 0.25 mM of deuterat-
ed 2.2-dimethyl-2-silapentane-5-sulfonic acid
(DSS-d6), which acts as a chemical shift standard
and is also used for estimating the protein concen-
tration of the samples. The pH of the final solution
was further titrated to pH 5 with microliters of 2 M
hydrochloric acid, using the 1H NMR spectrum of
acetate as a pH indicator.

NMR spectroscopy

The NMR experiments were performed on 500-
and 600-MHz Varian INOVA NMR and 700-MHz
Agilent VNMRS spectrometers. Except for two of
the 1D experiments, all the experiments were
carried out at 30 °C on the 600-MHz Varian
INOVA NMR spectrometer- equipped with a triple
resonance probe with Z-pulsed field gradients and
a computer-controlled variable temperature mod-
ule for temperature regulation. All the pulse
sequences used are from Biopack (VnmrJ 3.2B,
Varian Inc).
The 1D spectra were acquired with 14-ppm spectral
width, 1.5-s relaxation delay, and 2-s acquisition delay;
16,000 transients were required on the 500- and 600-
MHz spectrometers, while 1024 transients were
required on the 700-MHz spectrometer. The 2D
1H,15N-HSQC NMR spectra were acquired with the
water and gNhsqc pulse sequences of Biopack
(Varian) with spectral widths of 14 ppm (ω2) and
40 ppm (ω1), 511 and 128 complex points, respec-
tively; 32 transients were taken with relaxation delay
of 1.5 s. The 2D 1H,13C-HSQC NMR spectra were
taken with spectral widths of 14 ppm (ω2) and
80 ppm (ω1), 511 and 320 complex points, respec-
tively; 64 transients were taken with relaxation delay
of 1.5 s. The 3D CBCA(CO)NNH and HNCACB
were acquired with spectral widths of 14 ppm (ω3),
30 ppm (ω2), and 80 ppm (ω1) with 511, 42, and 64
complex points, respectively; 32 scans were taken
and relaxation delay was set to 1.3 s. The 3D 15N-
NOESYHSQC spectra were taken acquired with
spectral widths of 14 ppm (ω3), 10 ppm (ω2), and
30 ppm (ω1) with 511, 125, and 42 complex points,
respectively; mixing time was set to 125 ms and
relaxation delay was set to 1.3 s.
While the 1D 1H spectra were processed and

plotted with VnmrJ, all the 2D and 3D spectra were
processed with NMRPipe and analyzed with
NMRViewJ (v9.2.0-b4, One Moon Scientific) and
CcpNmr (Version 2.4).

Backbone amide relaxation data

A series of 2D 1H–15N HSQC 15N T2 spectra were
acquired at 60 MHz 15N frequency at 30 °C using
the gNhsqc pulse sequence (VnmrJ Biopack) to
obtain the backbone amide relaxation data. These
relaxation experiments were acquired with 1H and
15N spectral widths of 14 ppm (ω2) and 40 ppm (ω1),
respectively, and with 2048 (t1) * 192 (t2) complex
points. The 15N-T2 measurements were taken with
relaxation delays set to 10, 30, 50, 70, 90, and
110 ms. The delay between repetitions of the pulse
sequence was 4 s to ensure no sample heating. In
the absence of extra relaxation measurements (such
as chemical exchange), the R2 (=1/T2) values are
given by:

R2 ¼ Constant� S2 � τM

where the rotational correlation time of the
protein, τM, is the macromolecular rotational corre-
lation time, which is proportional to the molecular
weight and the order parameter S2 for fast internal
motions ranges from 0 to 1 (flexible to ordered). In
the presence of fast to intermediate chemical
exchange between conformations, R2 would be
enhanced [19,35]:
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R2 ¼ Constant� S2 � τM þ R2 exchange

R2 values were obtained by fitting peak intensity
from NMRViewJ versus time using in-house soft-
ware xcrvfit with the following equations:

Mxy tð Þ ¼ Mxy 0ð Þe−t=T
2

R2 ¼ 1=T 2

Two-tailed P value was calculated using Mathe-
matica version 7.

Accession numbers

The NMR chemical shift assignments have been
deposited in the Biological Magnetic Resonance
Data Bank with accession number 27835.
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