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Intrinsically disordered proteins (IDPs) are an emerging concept. IDPs have high flexibility in their polypeptide
chains, lacking a stable 3-dimensional structure. Because of the difficulty in performing X-ray crystallography for IDPs,
nuclear magnetic resonance (NMR) spectroscopy is the first choice for atomic-level investigation of their nature. Given
that isotopically labeled IDP samples are necessary for NMR study, a robust and cost-effective protocol for bacterial
expression and purification of IDP is also needed. We employed the Npro (EDDIE)-autoprotease fusion protein system.
Although IDPs are believed to be readily degraded by endogenous proteases when expressed in Escherichia coli, Npro-
fused IDPs showed excellent resistance to degradation. Seven IDPs of uncharacterized function sampled from the
human genome as well as 3 constructs from IDP regions derived from human FancM and Thermococcus kodakarensis
Hef were prepared. We improved the protocol of refolding of Npro (EDDIE) to use dialysis, which is convenient for
subsequent purification using reversed-phase (RP) HPLC. The method is robust and widely applicable to any IDP
sample, promoting the acquisition of experimental data for IDPs in a high-throughput manner.

Introduction

The emerging concept of an intrinsically disordered protein
(IDP) is a key for studying protein sequence–function relation-
ships.1–3 Historically, even under physiological conditions, IDPs
(and “disordered regions”) are found to lack standard secondary
structures in their polypeptide chains, as deduced by X-ray and
NMR methods.4–7 Recently, some IDPs were shown to be more
conformationally heterogeneous, since the presence of substantial
secondary structure that may behave as molten globules has been
proven (For a review see refs.3,8,9). These evidences have been
accumulated in a number of highly-curated databases, such as
DisProt,10,11 IDEAL,12,13 MobiDB,14 MobiDB 2.0,15 D2P2,16

and pE-DB.17 The growing awareness of IDPs has led to an
increasing number of reports that IDPs play indispensable roles
in various biological processes such as transcription and transla-
tion, as well as in signaling cascades. Although many researchers
believe that IDPs carry a high degree of flexibility and conforma-
tional polymorphism in their polypeptide chains, their physical
and physicochemical properties have not been fully understood.
Reflecting the substantial difficulty underlying X-ray crystallogra-
phy of IDPs in accepted facts, solution NMR methodology has

become more attractive for physicochemical studies of IDPs. The
growing interest in structure and function of IDPs requires the
development of a robust strategy for preparing multiple IDP
samples for NMR, including isotopic labeling and bacterial
recombinant protein production.

In a previous study, we developed a thioredoxin fusion pro-
tein-based expression plasmid, pET-TRX-PRESAT, which is
competent for high-throughput vector construction using unidi-
rectional PCR cloning technology.18 The system was carefully
selected for avoiding digestion of products by endogenous pro-
teases based on thioredoxin (TRX) fusion system.19 TRX has an
internal noncanonical signal peptide sequence, leading to its
autonomous secretion to the periplasmic space of Escherichia coli,
where bacterial endogenous proteases are less active.19 However,
when using the technic of selective expression into the periplas-
mic space, freshly harvested cells should be carefully subjected to
a protocol called “osmotic shock treatment,” and the final yield
of the product was not always high.18 Such risks should be taken
into consideration when IDPs are bacterially expressed. As
another approach, Livernois et al. reported the “boiling lysis”
method for obtaining highly purified IDP samples from recombi-
nant bacteria by the rapid inactivation of bacterial proteases that
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are harmful for IDPs of interest.20 The idea is elegant, but the
method does not protect IDPs from degradation during bacterial
growth.

In this study, we employed the Npro (EDDIE) fusion protein
expression system for preparing isotopically labeled NMR-ready
IDP samples. The Npro fusion technology was originally devel-
oped by Auer et al. for producing recombinant proteins with
native amino-terminal amino acids.21 The N-terminal autopro-
tease Npro from classical swine fever virus was selected as a fusion
partner. The Npro (EDDIE) mutant was further developed.21

The fusion protein of Npro (EDDIE) and the protein of interest
is first deposited in bacterial inclusion bodies and then refolded.
During the refolding process, Npro (EDDIE) recovers its auto-
proteolytic activity to cleave its own C-terminus, thereby releas-
ing the protein of interest with its native N-terminal amino acid.

We focused on the tendency of inclusion body formation of the
Npro (EDDIE) fusion proteins, which favors the protection of
IDPs during bacterial culture. An escape of fusion proteins from
the cytosol to the inclusion body is a way to avoid proteolytic
degradation during bacterial expression. As a result, we succeeded
in preparing several NMR-ready IDP samples with reasonable
time, cost, and effort.

Materials and Methods

Materials
The restriction enzymes NdeI, SpeI, XhoI, and BamHI (New

England Biolabs, Ipswich, MA, USA) were used. T4 DNA ligase,
Wizard plus SV Minipreps DNA purification, and Wizard SV

Gel and PCR Clean-up systems (Prom-
ega, Madison, WI, USA) were used for
ligation and DNA purification. Oligonu-
cleotide primers were obtained from
Hokkaido System Science Co., Ltd.
(Hokkaido, Japan). pET21b was pur-
chased from Merck KGaA/Novagen
(Darmstadt, Germany). His-AcceptTM

was obtained from Nacalai Tesque Inc.,
(Kyoto, Japan). For PCR cloning, rTaq
(Takara Bio Inc., Otsu, Japan) was used.
[15N]- NH4Cl was purchased from Cam-
bridge Isotope Laboratories, Inc. (And-
over, MA, USA). All other biochemical
reagents were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan).

Vector construction
The gene encoding Hisx6-tagged Npro

(EDDIE) was designed with an E. coli
optimized codon table and was chemi-
cally synthesized (Hokkaido System Sci-
ence Co., Ltd.) according to the original
paper.21 This Hisx6-tagged Npro gene was
ligated downstream of the T7 promoter
of pET-21b between NdeI and BamHI
sites. A SpeI site preceding the autopro-
teolytic cleavage site Cys168 and a short
linker containing several restriction sites
were engineered as a multi-cloning site,
resulting in the pET-Npro vector (Sup-
plementary Fig. 1). The genes encoding
model IDPs selected from the human
genome were then inserted into the pET-
Npro vector by a standard PCR cloning
method from plasmids carrying the cor-
responding genes as templates, as previ-
ously described. The genes encoding the
disordered regions from human FancM
and Thermococcus kodakarensis Hef were
also PCR cloned into the parent pET-

Figure 1. Examples from the expression–purification step of an Npro (EDDIE)-IDP(H1) fusion protein
analyzed by SDS-PAGE (15% gel). (A) sup or ppt indicates soluble or pellet fraction of sonicated
extract from IPTG-induced cells, respectively (lanes 1, 2). (B) Ni2C affinity column purified Npro

(EDDIE)-IDP(H1) in denatured condition (lanes 3–7) with a given imidazole concentration. (C) dialysis
and autocleavage of Npro (EDDIE)-IDP(H1). MW markers (lane M), before refolding (lane 8), after the
first dialysis step (lane 9), after an additional dialysis step (lane 10), supernatant after without salt/
DTT buffer dialysis (lane 11), and pellet of the same dialysis (lane 12). (D) A chart of RP-HPLC purifica-
tion of IDP(H1). Inset is a acetonitrile gradient profile. In (C) and (D), open circle and closed diamond
represent Npro and IDP(H1), respectively. In (D), asterisk indicates a partially degraded IDP(H1).
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Npro vector from the plasmids carrying Hef genes that were previ-
ously described.22 The amino acid sequences of all IDPs used in
this study are presented in Supplementary Table 1.

Protein techniques
E. coli BL21 (DE3) transformed by pET-Npro-IDP vectors

was grown in either LB medium or modified M9 minimal
medium, the latter of which contained 0.5 g/L [15N]-NH4Cl as
the sole nitrogen source at 37�C. Expression of the recombinant
proteins was induced with IPTG (1 mM) when the cell density
reached an OD (600 nm) of approximately 0.7–0.8. Cells were
harvested 4 h after induction, and the cell extracts were analyzed
by 15% SDS-PAGE. Purification of chimeric Npro-IDP fusion
proteins was performed as follows. The cells were broken by soni-
cation in a buffer containing 20 mM sodium-phosphate, 75 mM
(for H1–H4) or 300 mM (for other IDPs) NaCl, and 5 mM
EDTA (pH 8.0) and centrifuged to collect the pellet fraction.
The pellet (inclusion body) was washed once with the same
buffer supplemented with 0.2% Triton X-100. The inclusion
body was then solubilized in a buffer containing 8 M Urea,
25 mM dithiothreitol (DTT), and 50 mM Tris-HCl (pH 7.5)
by stirring overnight at 4�C. Then the denatured fusion proteins
were purified by immobilized metal affinity chromatography
using Ni2C-loaded His-AcceptTM (Nacalai Tesque, Inc.). Before
the protein solution was charged onto the His-Accept column,
the solution was diluted 5 times with buffer containing 8 M urea
and 50 mM Tris-HCl (pH 7.5) to lower the DTT concentration
to 5 mM. The samples were eluted using stepwise increasing con-
centrations (100–500 mM) of imidazole buffer containing 8 M
urea and 50 mM Tris-HCl (pH 7.5). The eluents (approximately
20 mL per 1 L culture) were then dialyzed using Spectra/Por “6”
regenerated cellulose membrane (MWCO 1000, Spectrum Labo-
ratories, Inc., Rancho Dominguez, CA, USA) against the buffer
containing 1 M Tris-HCl, 5% glycerol, 2 mM EDTA, and
10 mMDTT (pH 7.5) twice at 4�C for 16 h each time. The dia-
lyzed solutions were additionally incubated for 12–24 h at room
temperature for completing autocleavage of Npro (EDDIE) (up
to 90%). The solution was further dialyzed against 20 mM Tris-
HCl (pH 7.5) at 4�C for an additional 16 h. Finally, the IDP
samples of interest were purified by C18 RP-HPLC on
COSMOSIL� 5C18 -AR-300 (f4.6 mm £ 250 mm, Nacalai
Tesque, Inc., Kyoto, Japan). A standard 0.1% TFA–water–aceto-
nitrile solvent system was used for the all samples.

NMR spectroscopy
NMR experiments were performed on a Bruker Avance III

600 MHz spectrometer equipped with a cryogenic probe.
Approximately 0.2 mM of 15N-labeled IDPs was dissolved in
0.3 mL of 90%-10% H2O��D2O containing 20 mM sodium
phosphate buffer (pH 6.5) with or without 0.5 M NaCl.
SOFAST-HMQC spectra23 for 0 M NaCl samples and FHSQC
spectra24 for 0.5 M NaCl samples were acquired with 4–32 tran-
sients and 256 increments at 298 K, depending on the signal-to-
noise ratios of observed signals and zero-filled during spectral
processing. All two-dimensional spectra were processed with
nmrPipe and visualized with the program nmrDraw.25

Results and Discussion

Controlling DTT concentration
To establish a robust expression and purification protocol for

IDP samples based on the Npro (EDDIE) fusion protein system,
we first introduced IMAC purification under denatured condi-
tions because IMAC purification is applicable even in the pres-
ence of a high concentration of denaturant such as 8 M urea.
However, for completely solubilizing the Npro-IDP fusion pro-
teins, not only a denaturant but also a reducing agent such as
25 mM DTT was necessary. Although several commercially
available IMAC supports are not compatible with DTT, some
resins including His-AcceptTM may work in the presence of
DTT up to 5 mM. For simplicity, we have chosen to show an
example of the expression and purification of sample IDP(H1)
from the T. kodakarensis Hef protein (Fig. 1). Approximately
4 mL of His-AcceptTM resin per fusion protein sample derived
from 1 L of E. coli culture was sufficient to capture approximately
95% of the Hisx6-tagged Npro-IDP fusion protein (data not
shown). The Npro-IDP(H1) fusion protein was purified by elu-
tion with stepwise increasing imidazole concentrations (100–
500 mM, Fig. 1B, lane 3–7).

Optimization of dialysis protocol

Table 1. Dialysis-based procedure for an IDP sample from inclusion bodies
using the Npro (EDDIE) fusion protein expression system

1. Pick 3 to 5 colonies of E. coli BL21 (DE3) and add them to 1 mL LB
medium, and grow the culture overnight at 37�C.

2. Add 0.5 mL of the bacterial culture to 100 mL of the medium (either M9
medium containing 15NH4Cl or LB depending on the planned NMR
experiments) and incubate at 37�C for 12–16 h (pre-culture medium).

3. Add the pre-culture medium to 900 mL medium and incubate at 37�C
until the OD (600 nm) of the culture is 0.6–0.7 (main culture medium).

4. Induce protein expression with the addition of 1.0 mM IPTG (final
concentration).

5. Incubate the culture at 37�C for an additional 4 h.
6. Harvest the cells.
7. Disrupt the cells by sonication in the buffer containing 20 mM sodium-

phosphate buffer (pH 8), 75 or 300 mM NaCl, 5 mM EDTA (sonication
buffer). The buffer volume is 10–20 mL per 1 g wet E. coli cells.

8. Centrifuge and collect the pellet fraction (IBs).
9. Wash IBs with the sonication buffer supplemented with 0.1% Triton-X100

twice.
10. Solubilize IBs with buffer containing 50 mM Tris-HCl (pH 7.5), 8 M urea,

300 mM NaCl and 25 mM DTT. Incubate the solution at 4�C overnight.
11. Dilute the volume 5 times with the same buffer without DTT. The final

concentration of DTT is now 5 mM.
12. Apply the Npro fusion proteins to an immobilized Ni2C affinity column

His-AcceptTM.
13. Wash the resin.
14. Elute the sample with increasing concentrations (100, 200, 300, 400, and

500mM) of imidazole.
15. Dialyze the protein sample against the refolding buffer (1 M Tris-HCl, pH

7.5, 5% glycerol, 10 mM DTT and 2 mM EDTA. Repeat this step twice. At
the second step, keep sample at room temperature and allow
autocleavage for another 16 h.

16. Dialyze the protein sample against the precipitation buffer containing
25 mM Tris-HCl, pH 7.5 (at 4�C for 16 h).

17. Purify the peptide by RP-HPLC.
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Next, we introduced a
dialysis protocol for Npro

refolding and autocleavage
instead of the original
dilution method, given
that subsequent purifica-
tion is by RP-HPLC,
which may limit the work-
ing volume of the peptide
solution. The buffer con-
taining 5% glycerol with
high (1 M) Tris-HCl, sim-
ilar to that used in the
original report, was found
to be sufficient even for
the refolding without any
visible precipitation. Dur-
ing this refolding, auto-
cleavage of Npro (EDDIE)
tag and release of IDPs of
interest also continued.
After two sets of 16 h of
dialysis, the self-cleaving
reaction proceeded to
roughly 70%. Examples of
refolding and autocleavage
of IDP(H1) are shown in
Figure 1C.

Removal of cleaved
Npro (EDDIE) by
precipitation or second
IMAC

The next step was sepa-
ration of the IDP peptides
from the cleaved Npro tag
and the remaining
uncleaved fusion protein
by RP-HPLC. Given that
the refolding buffer con-
tains 5% glycerol, we fur-
ther dialyzed the sample
against a buffer suited for
RP-HPLC. During the
development of the dialy-
sis step, we found that the
cleaved Npro, but not the
cleaved IDPs, tended to
precipitate when dialyzed
against no salt/DTT
buffer, such as 25 mM
Tris-HCl, pH 7.5, with-
out salt. After centrifuga-
tion, 80–90% of the
cleaved Npro was removed
from the IDP sample

Figure 2. MALDI-TOF mass spectra and HSQC/SOFAST-HMQC spectra of purified IDPs. MALDI-TOF mass spectra (A–F)
and NMR spectra (G–L). In the NMR spectra, the SOFAST-HMQC spectrum measured in the buffer with 0 M NaCl is
shown in cyan, whereas the HSQC spectrum in 0.5 M NaCl is shown in red. (A, G) IDP(B3), (B, H) IDP(B4), (C, I) IDP(C1),
(D, J) IDP(D10), (E, K) IDP(E1), (F, L) “partial”-IDP(C9).
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(Fig. 1C, lanes 11, 12). Note that a similar removal effect was
obtained when the cleaved mixture was applied to the second
IMAC (data not shown). Thus, these 2 protocols may both con-
tribute to improving the purification efficiency at the next RP-
HPLC step. A profile of the subsequent RP-HPLC is shown in
Figure 1D. A summary of the expression/purification protocol of
IDPs using the Npro (EDDIE) fusion system is shown in Table 1.

Technical merit
We succeeded in purifying 10 different IDPs (one of which

was partly folded) from different genomes, such as mouse,
human, and T. kodakarensis, which are not homologous in terms
of their sequences and amino acid compositions (Supplementary
Table 1). Typical yields of purified IDP samples from E. coli fer-
mentation are summarized in Supplementary Table 2. The qual-
ity of the IDP segments after HPLC purification was assessed by
MALDI-TOF mass spectrometry. The samples were further sub-
jected to NMR experiments. Mass and NMR spectra of the
selected IDPs are shown in Figure 2. We selected the IDP
sequences from the mouse and human genomes essentially based
on a combined Poodle-S, Poodle-W, and Poodle-I predic-
tion.26,27 As expected, all of the purified IDPs except IDP(C9)
exhibited a typical pattern of intrinsically disordered proteins in
their HSQC spectra, in which the observed 1H chemical shift of
NH signals showed very limited dispersion between 7.6 and
8.6 ppm. However, the line shapes and distribution of signal
intensities varied depending on their sequence. In some spectra,
fewer than expected HSQC signals were observed. This finding
suggests a weak self-association between 2 IDP molecules that
was beyond what the database search expected. Although we
intended to dissolve such weak self-associations using a high
molarity salt (0.5 M) solvent, no significant improvement was
observed (Fig. 2G–L, cyan signals). We found IDP(C9) to be a
“partial IDP” sample (C9), whose HSQC spectra showed a wider
dispersion in 1H range. Indeed, IDP(C9) contains a WW
domain with a flanking IDP linker, and its solution structure has
already been published (PDB code: 2ysi) by another group. This
(IDP(C9)) could be an example that the Npro (EDDIE) fusion
system combined with dialysis refolding is also effective for
NMR samples containing such the small folded protein segment.

In our previous study, we developed the PRESAT-style high-
throughput construction vector for bacterial expression of biolog-
ically active peptides.18 We chose TRX as the fusion partner in
view of its potential to escape from bacterial endogenous pro-
teases.19 However, there were 2 practical disadvantages of this
system: occasionally the peptides of interest were labile if the cell
extract was subjected to purification, and for avoiding sample
degradation, an osmotic shock treatment was necessary.18

Osmotic shock treatment is not suitable for high-throughput
expression of many peptides in parallel because the treatment
requires the use of fresh (not frozen) cell pellets and should be
applied immediately after cell harvest. However, we also experi-
enced an excellent yield in the bacterial expression of amyloid b
1–40 peptides from inclusion bodies, whereas the preparation
from the cytosolic fraction was highly degraded (manuscript in
preparation). Thus, the targeted expression of the proteins of
interest in E. coli inclusion bodies is a promising candidate
among the several existing strategies.28

Conclusion

We showed that the targeted expression of IDPs in E. coli
inclusion bodies using Npro fusion technology is effective. Fur-
ther, we optimized the Npro fusion technology to prepare multi-
ple IDP samples suited for NMR study. We described the
preparation of [15N]-labeled IDP samples. We also succeeded in
preparing [13C/15N]-labeled IDP samples using the same proto-
col (data not shown) and propose that this method is widely
applicable for other isotopically labeling methods, such as
amino-acid type selective labeling,29,30 [14N]-inverse label-
ing,31,32 and labeling with SAIL amino acids.33 In summary, this
Npro-based method can help in the acquisition of atomic-level
information of IDPs via modern solution NMR techniques in a
high-throughput manner.
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