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a b s t r a c t

The folding and aggregation of proteins has been studied extensively, using multiple probes. To facilitate
such experiments, introduction of spectroscopically-active moieties in to the protein of interest is often
necessary. This is commonly achieved by specifically labelling cysteine residues in the protein, which are
either present naturally or introduced artificially by site-directed mutagenesis. In the case of the re-
combinant prion protein, which is normally expressed in inclusion bodies, the presence of the native
disulfide bond complicates the correct refolding of single cysteine-containing mutant variants of the
protein. To overcome this major bottleneck, a simple purification strategy for single tryptophan, single
cysteine-containing mutant variants of the mouse prion protein is presented, with yields comparable to
that of the wild type protein. The protein(s) obtained by this method are correctly folded, with a single
reduced cysteine, and the native disulfide bond between residues C178 and C213 intact. The b-sheet rich
oligomers formed from these mutant variant protein(s) are identical to the wild type protein oligomer.
The current strategy facilitates sample preparation for a number of high resolution spectroscopic mea-
surements for the prion protein, which specifically require thiol labelling.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

The site-specific incorporation of spectroscopically-active
probes into proteins has facilitated a suite of high resolution
in vitro experiments, spanning a range of length scales [1e3],
allowing unprecedented structural characterization of protein
structure and dynamics. Many of these probes are introduced into
the protein of interest via thiol labelling, which additionally de-
mands the purification and characterization of cysteine-containing
mutant variants of the wild type (WT) protein. While this is rela-
tively straightforward to do for proteins which lack native disulfide
bonds, it can get complicated for proteins which do. The intro-
duction of additional cysteine residues can lead to scrambling and
incorrect disulfide bond pairing during expression and purification,
resulting in misfolding, aggregation and/or precipitation [4e6].

The problem is further aggravated for proteins which are
expressed in inclusion bodies [7,8], where inefficient refolding to
their correctly folded native state hinders protein production in
quantities typically required for in vitro experiments. The devel-
opment of efficient protocols for the successful refolding of proteins
).
with native disulfide bonds expressed in inclusion bodies in suffi-
cient yields is therefore of great interest [5,9].

The prion protein is an example of such a protein with a native
disulfide bond, that is normally expressed in inclusion bodies, and
has been refolded and purified in several different ways [10e12].
Purification of the prion protein in a soluble form, though un-
common, has also been reported [13e15]. The prion protein is rich
in a-helical content in its native monomeric form, but upon mis-
folding (under diseased conditions) forms b-sheet rich aggregates
[16]. The misfolding and aggregation of the prion protein is
responsible for a class of fatal neurodegenerative diseases, together
known as spongiform encephalopathies. In contrast to the WT
protein, the refolding of cysteine mutant variants of the prion
protein has been challenging [17e21]. In the cases where these
proteins have been purified, the yields were either too low, or
rigorous characterization was not carried out.

The in vitro folding [22e25] and aggregation [26e29] of the WT
as well as several pathogenic mutant variants of the prion protein
[30e32] have been studied extensively. However, experiments
which require labelling with spectroscopically-active probes, like
paramagnetic nuclear magnetic resonance (NMR), electron para-
magnetic resonance (EPR), fluorescence resonance energy transfer
(FRET), fluorescence correlation spectroscopy (FCS) and thiol
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labelling studies have remained largely unexplored for the prion
protein [21,28].

The most common method for the purification of the WT pro-
tein employs affinity purification followed by reverse phase chro-
matography (RPC) [10,11]. When cysteine-containing mutant
variants of the mouse prion protein (moPrP) were purified using
this protocol, the protein was found to contain multimeric species,
with a CD spectrum suggesting significant b-sheet content, unlike
the WT protein. Refolding the protein to the native state while it
was bound to the affinity columnwas also tried, but the yields from
these preparations were too low for proper characterization and
further experiments. It was therefore important to devise a proto-
col for the proper refolding of the cysteine-containing mutant
variants of the prion protein, with sufficient yields and detailed
characterization.

Here, a straightforward protocol for the expression and purifi-
cation of single tryptophan, single cysteine-containing (single Trp,
single Cys-containing) mutant variants of the full length moPrP
with an intact native disulfide bond, is described. It is demon-
strated, using two representative single Trp, single Cys-containing
mutant variants of moPrP, W197eC223 and W144eC153 (mouse
numbering has been used throughout this manuscript), that this
method yields correctly folded highly pure protein in ample
quantities, comparable to what has been reported for WT moPrP
(Fig. 1). Moreover, the purification protocol has been shown to be
applicable for a tryptophan-less (Trp-less) mutant variant which
possesses the native disulfide bond, but lacks any additional
cysteine residues.

The high refolding yields of single cysteine mutant variants of
moPrP will enable many high resolution spectroscopic measure-
ments to be carried outwith ease, without the need for complicated
and expensive protein production protocols.
2. Materials and methods

2.1. Reagents

All chemicals used for protein purification were purchased from
HiMedia and Fisher Scientific, unless otherwise specified. Restric-
tion Enzymes, DNA ligase, Phusion® High-Fidelity DNA Polymerase,
Fig. 1. Design of single Trp, single Cys-containing mutant variants of moPrP. The
positions of tryptophans W197 and W144 and cysteines C153 and C223 are shown as
blue sticks and red spheres, respectively, mapped on to the structure of the CTD of
moPrP (PDB ID 1AG2) [33]. The secondary structural elements and the N- and C-
termini are indicated. The disulfide bond between helix 2 and 3 is shown as a cyan
stick. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
dNTPs and DpnI enzyme from New England Biolabs and the DNA
miniprep kit fromQiagenwere used for molecular biology work. All
reagents used for experiments were of the highest purity grade
from Sigma Aldrich.

2.2. Plasmid construction

The backbone DNA of WT moPrP with all tryptophan residues
mutated to phenylalanines was synthesized by GeneScript (USA) in
a pUC57 vector. This was subcloned into the pET 22b(þ) vector
between the BamHI and NdeI restriction sites, for expression in
E. coli. All mutations were made on this backbone, using standard
site-directed mutagenesis protocols. First, mutations that would
introduce single tryptophan residues were made on the Trp-less
background, followed by mutations that would introduce single
cysteine residues on these single Trp constructs. The cysteines C178
and C213 already present in the protein, which form the native
disulphide bond were left unchanged. All constructs were verified
by DNA sequencing before protein expression and purification.

2.3. Protein expression and purification

The pET-22b(þ) plasmid encoding the single Trp, single Cys-
containing mutant variant, or the Trp-less mutant variant of
moPrP, were transformed into E. coli BL21(DE3) codon plus (Stra-
tagene) cells. A single colony was used to inoculate 200 ml of LB
media containing 100 mg/ml ampicillin, and grown at 37 �C for 8 h.
A 50-mL portion of this primary culture was used to inoculate
500 ml of rich media, and grown for 3e3.5 h until it reached an
OD600 of 1.8e2, when protein expressionwas induced using IPTG at
a final concentration of 0.4 mM. The cells were allowed to grow for
12 h before harvesting and purification. The expressed protein was
found to be present in inclusion bodies as described previously [11].

The pellet from 2 L of rich media (~40 g wet cell weight) was
resuspended in 100 ml 20 mM Tris, pH 7.8 (Buffer A), and sonicated
on ice with a Sonics Vibra-Cell™ Ultrasonic Liquid Processor for a
total time of 20 min (5 s “on”, 2 s “off”) at a power level of 60%. This
was centrifuged at 14,000 rpm and 4 �C for 30 min, and the su-
pernatant discarded. The pellet was resuspended in 80 ml of Buffer
A, sonicated for another 10 min (using the same settings), and
centrifuged at 14,000 rpm and 4 �C for 30min. The supernatant was
discarded, and the pellet containing the inclusion bodies was sol-
ubilized in 80 ml of 6 M guanidinium hydrochloride (GdnHCl),
20mM Tris,1 mM reduced glutathione (GSH), pH 7.8 (Buffer G), and
sonicated for a final 10min. The pellet was disruptedmanually with
a glass rod, in between rounds of sonication to aid in solubilisation
of the inclusion bodies. This was then centrifuged at 14,000 rpm
and 4 �C for 45 min, and the supernatant containing the denatured
protein was collected.

The supernatant was added to 30 ml of Ni Sepharose 6 Fast Flow
beads (GE Healthcare), charged with nickel sulphate and equili-
brated with Buffer G, and mixed by shaking on a rocker at room
temperature (RT) for an hour with intermittent manual mixing. The
equilibrated mixture was loaded in to a Vensil® glass column, and
washed with 800 ml of Buffer G. The protein was finally eluted in
50 ml Buffer E (Buffer G þ 200 mM imidazole, pH 7.8). The eluate
was first dialyzed against 2 L of Buffer A containing 3MGdnHCl and
1mMGSH for 12 h followed by another round of dialysis against 2 L
of Buffer A containing 1 M GdnHCl and 1 mM GSH for 12 h at 4 �C.
Finally, to allow for correct disulfide formation, 0.06 g of oxidized
glutathione (GSSG) was added to the protein solution (typically
~50 ml) to a final concentration of 0.2 mM, and stirred overnight at
4 �C. The protein was then dialyzed against 5 L of Buffer A (3
changes) to completely remove GdnHCl, GSH and GSSG. Some
precipitation was seen at this stage, possibly due to misfolding and
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aggregation, due to incorrect disulfide bond formation. The pre-
cipitate was removed by centrifugation at 20,000 rpm for 30 min,
and the supernatant loaded on to a 5 ml HiTrap CM Sepharose FF
column (GE Healthcare) that had been charged with Buffer A con-
taining 2 M NaCl, using a peristaltic pump. The column was then
attached to a GE €AKTA purifier High Performance Liquid Chroma-
tography System (HPLC), washed with 10 column volumes of
washing buffer (Buffer A), followed by a gradient of 0e1 M NaCl in
Buffer A, to elute the purified protein. The protein started eluting
out at 35e40% of the gradient, corresponding to 350e400mMNaCl
(Fig. 2). The proteinwas then dialysed extensively against MQwater
at 4 �C to remove all traces of NaCl, divided into aliquots, flash
frozen and stored at �80 �C. All fractions were tested for the
presence of protein on a 15% SDS-PAGE gel (Fig. 3). All chroma-
tography steps were carried out at RT.
2.4. ESI-MS analysis

The identity of each protein was confirmed by electrospray
ionization mass spectrometry (ESI-MS). The mass spectra showed
Fig. 2. Purification of single Trp, single Cys-containing moPrP (W197eC223) by
cation-exchange chromatography. The protein started eluting at 35e40% NaCl (cor-
responding to 350e400 mM NaCl) in 20 mM Tris, pH 7.8, and fractions in between the
vertical dashed lines were collected for dialysis and storage.

Fig. 3. Purification of single Trp, single Cys-containing moPrP (W197eC223) from
inclusion bodies. Lane 1: Whole cell pellet before induction. Lane 2: Whole cell pellet
12 h after induction with 0.4 mM IPTG. Lanes 3 and 4: Soluble fractions after sonication
rounds 1 and 2 respectively. Lane 5: Inclusion body fraction containing protein of in-
terest. Lane 6: Wash from the Ni-NTA column. Lane M: Low MW SDS-PAGE marker.
Lane 7: Eluate of the Ni-NTA column containing protein of interest. Lanes 8e12:
Fractions eluting between ~35% and ~70% of NaCl from the CM-FF column (see Fig. 2).
Note: Samples in lanes 5, 6 and 7 were initially present in GdnHCl. These samples were
concentrated and washed multiple times with 8 M urea in a 10 kDa cut-off Centricon®,
to remove all traces of GdnHCl before running on the gel. The intensity of the bands
across all lanes is not representative of the total amount of protein in each fraction, as
the same amount of protein could not be loaded in each well. The dashed line is a
guide to the eye, to locate the position of W197eC223 moPrP on the gel. The expected
mass of the protein is ~23 kDa.
that the single Trp, single Cys-containing mutant variants of moPrP
each had a single glutathione moiety covalently attached to the
additional cysteine (expected mass þ 305 Da), and had the native
disulfide bond intact. The Trp-less moPrP purified using the same
protocol did not have the 305-Da adduct, unlike the single Trp,
single Cys-containing mutant variants, due to the lack of an addi-
tional cysteine residue (Fig. 4).
2.5. Cleavage of the glutathione moiety by TCEP

Each protein aliquot was thawed on ice, and reduced with a 10-
fold excess of tris(2-carboxyethyl)phosphine (TCEP) in 10 mM so-
dium acetate, pH 4.0 at 4 �C for 12 h, in the case of a solvent-
exposed cysteine-containing variant, and for ~36 h for a buried
cysteine-containing variant. This resulted in complete cleavage of
the glutathione moiety. The protein solution was then desalted by
passing through a Hi-Trap desalting column (GE Healthcare), to
remove both the TCEP and the cleaved glutathione moiety, yielding
the unlabelled protein, or processed further for labelling with
spectroscopic probes. The unlabelled protein was flash frozen and
stored at �80 �C, until further use. The identities of the unlabelled
proteins were confirmed by mass spectrometry. Unlabelled protein
concentration was measured using a calculated molar extinction
coefficient of 22,450 M�1cm�1 at 280 nm (http://protcalc.
sourceforge.net/) for the single Trp, single Cys-containing vari-
ants. For Trp-less moPrP, a calculated molar extinction co-efficient
of 16,760 M�1cm�1 at 280 nm was used. The theoretical molar
extinction co-efficients of single Trp, single Cys-containing mutant
variants of moPrP, and of Trp-less moPrP were confirmed using a
BCA assay (data not shown).
2.6. Spectrophotometric characterization of mutant protein
variants

The purified single Trp, single Cys-containing mutant variants of
moPrP were characterized spectrophotometrically by absorption,
fluorescence, DLS and CD spectroscopy, and compared with WT
moPrP.

The absorbance spectra were recorded on a CARY 300 double-
beam spectrophotometer using a 10-mm path length cuvette. The
fluorescence emission spectra were recorded from 310 to 450 nm
on a Spex Fluoromax-4 spectrofluorimeter, with an excitation
wavelength of 295 nm, excitation bandwidth of 1 nm and emission
bandwidth of 5 nm. The far-UV CD spectra were acquired on a Jasco
J-815 spectropolarimeter using a 0.1- cm path length cuvette, at a
scan speed of 50 nm/min, response time of 2 s, and bandwidth of
1 nm. A final protein concentration of 10 mM in 10 mM sodium
acetate buffer, pH 4 was used for these measurements. DLS mea-
surements were carried out on monomer and oligomer samples, as
described previously [11].
2.7. Oligomerization of the mutant protein variants at pH 4

Oligomerizationwas initiated by adding the appropriate volume
of 10x aggregation buffer (100 mM sodium acetate, 1.5 M NaCl, pH
4) to protein, initially present in 10 mM sodium acetate, pH 4,
mixedwell and incubated at 37 �C. The final buffer compositionwas
10 mM sodium acetate, 150 mM NaCl, pH 4 and the final protein
concentration was 100 mM. After incubation for 50 h, oligomeri-
zation was complete (estimated from the measurement of oligo-
merization kinetics, data not shown). The oligomers were diluted
with 1x aggregation buffer such that the final protein concentration
was 10 mM for spectrophotometric characterization.

http://protcalc.sourceforge.net/
http://protcalc.sourceforge.net/


Fig. 4. Mass spectrometric characterization of the mutant moPrP variants. ESI-MS spectra of (A) Trp-less, (B) W144eC153 (after TCEP reduction) and (C) W197eC223-GSH
(before TCEP reduction) moPrP. The expected masses of the proteins are shown in red in each panel. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

I. Sengupta, J.B. Udgaonkar / Protein Expression and Purification 140 (2017) 1e74
3. Results and discussion

3.1. Expression and purification of the single Trp, single Cys-
containing mutant variants of moPrP

WT moPrP has an intrinsically disordered NTR (N-terminal re-
gion) and a globular CTD (C-terminal domain). The globular CTD
consists of three a-helices and an antiparallel b-sheet (Fig. 1). A
disulfide bond between residues C178 and C213 holds a2 and a3
together, and is crucial for the correct folding of the protein [33].
Disruption of the disulfide bond has been shown to cause mis-
folding and aggregation of the protein [34,35]. It is therefore
essential that the correct disulfide bond be formed during the
refolding and purification of monomeric prion protein.

WT moPrP is normally expressed in inclusion bodies and is
refolded back to its native form during purification. The introduc-
tion of an additional cysteine into moPrP containing the native
disulfide bond caused it to misfold, aggregate and precipitate dur-
ing purification using the standardized protocol for purification of
WT moPrP [11,36] and was thus deemed unsuitable. On-column
refolding of the single cysteine-containing mutant variants was
also attempted [28,37] but yielded very little protein, which was
insufficient for experiments. It should be noted here that other
purification protocols have been employed in the past to purify
single and double cysteine-containing mutant variants of the prion
protein, but yields were either not reported or too little in those
studies [18,20,21,38]. It was therefore necessary to design a puri-
fication protocol which would facilitate the formation of the correct
disulfide bond, without substantial loss of protein. Each mutant
variant, like WT moPrP was found to be expressed in inclusion
bodies (lane 5 in Fig. 3). Solubilized inclusion bodies (in buffer
containing 6 M GdnHCl and 1 mM GSH) were purified using an
affinity chromatography step. The protein was eluted under dena-
turing conditions (lanes 6 and 7 in Fig. 3). The unfolded proteinwas
then allowed to refold by removing denaturant gradually by dial-
ysis, in the presence of GSH. The addition of GSH ensured that all
cysteines in the protein remained in the reduced form during
refolding. Next, to allow for correct disulfide formation by the thiol-
disulfide exchange reaction, the protein in 1 M GdnHCl was mixed
with a small amount of GSSG, and left to react for 12 h. The for-
mation of the correct disulfide bond is crucial for the prion protein,
as in its absence, the native conformation is not attained. Finally, all
denaturant and redox agents were removed by dialysis for the
correctly folded, native monomeric state to be attained. The pre-
cipitation seen at this stage could be the result of non-native di-
sulfide containing protein, which failed to fold to its native state on
removal of denaturant. Interestingly, quick dilution of denaturant
to promote folding had very poor refolding yields, even in the
presence of the redox agent.
The single Trp, single Cys-containing mutant variant(s), purified

in this manner always displayed a mass corresponding to a protein
with a single glutathione adduct (expectedþ 305 Da). The expected
mass was 2 Da less than the calculated mass, due to the formation
of a single disulfide bond (Fig. 4b). This indicated that only a single
cysteine was labelled with glutathione during purification, and that
the other two cysteines were disulfide-bonded. Not surprisingly,
the Trp-less moPrP, which had only the native disulfide-bonded
cysteines and no additional cysteines, displayed the expected
mass (Fig. 4a).

3.2. Preparation of unlabelled proteins for spectroscopic
measurements

To cleave the glutathione moiety bound covalently to the
additional cysteine in the protein without affecting the native di-
sulfide bond, reduction with TCEP under native conditions was
employed. The amount of TCEP and time of reduction were opti-
mized depending on the extent of burial of the additional cysteine.
Typically, for an exposed cysteine, 12 h of reduction at 4 �C was
sufficient to completely cleave off the glutathione moiety, without
reducing the native disulfide bond. The native disulfide bond is
buried in the hydrophobic core of the protein, and remains pro-
tected against hydrogen exchange for more than 30 d [39] under
native conditions. To remove TCEP and the cleaved glutathione
moiety from the unlabelled protein, the protein was dialyzed
against MQ water. The purity of the unlabelled proteins and extent
of GSH cleavage was verified by mass spectrometry (Fig. 4b).

3.3. Spectrophotometric characterization of the mutant protein
variants

The far-UV CD spectra of all mutant protein variants as well as
the Trp-less moPrP were acquired and compared with that of WT
moPrP. The overall secondary structure of the proteins was similar
to the WT, confirming that the mutations did not perturb the sec-
ondary structure significantly (Fig. 5a). Moreover, it is known that
when the naturally occurring disulfide-bonded cysteines in the
prion protein is either reduced or mutated to other residues, the
monomeric protein loses substantial a-helical structure [21,35]. The
preservation of the overall fold of the proteins therefore provided
further confirmation that the correct disulfide had indeed been
formed. The absence of large aggregates from the protein prepa-
ration is evident from the absorbance spectra, which shows near-
zero absorbance at and above 320 nm (Fig. 5b). Furthermore, DLS
measurements confirmed that the protein(s) were indeed mono-
meric with a hydrodynamic radius (Rh) of ~2 nm (Fig. 5c).



Fig. 5. Spectrophotometric characterization of the mutant moPrP variants. (A) Far-UV CD spectra of monomeric and oligomeric proteins. The solid blue, red, black and grey lines
represent the far UV CD spectra of monomeric unlabelled W197eC223, W144eC153, WT and Trp-less moPrP, respectively. The corresponding dashed lines represent the far-UV CD
spectra of the oligomeric proteins. (B) Absorbance spectra of monomeric proteins. The solid blue, red and grey lines represent the absorbance spectra of unlabelled W197eC223,
W144eC153 and Trp-less moPrP, respectively. (C) DLS spectra of monomeric and oligomeric proteins. The solid blue, red and grey lines represent the DLS spectra of unlabelled
W197eC223, W144eC153 and Trp-less moPrP, respectively. The corresponding dashed lines represent the DLS spectra of the oligomeric proteins (D) Fluorescence emission spectra
of monomeric and oligomeric proteins. The solid blue, red and grey lines represent the fluorescence spectra of monomeric unlabelled W197eC223, W144eC153 and Trp-less moPrP,
respectively. The corresponding dashed lines represent the fluorescence emission spectra of the oligomeric proteins. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fluorescence spectra of monomeric and unlabelledW144eC153
and W197eC223 moPrP had emission maxima at 355 and 345 nm,
respectively. This indicated that in the monomeric proteins, W144
was solvent-exposed, whereas W197 was partially buried from
solvent [24,40]. These observations were in accordance with what
was expected from the solution NMR structure (Fig. 1) [33].

3.4. Thermodynamic stability of mutant protein variants

From the urea-induced equilibrium unfolding curves, the ther-
modynamic stabilities of the unlabelled and Trp-less moPrP vari-
ants were determined [41] (Fig. 6). As can be seen from Table 1, the
stabilities of all the mutant protein variants were similar to that of
the WT moPrP. The mutations introduced in this study therefore
did not drastically perturb the proteins, either in overall structure
or stability. The mutant variants are good candidates for further
experiments.

3.5. Oligomer formation by mutant protein variants

Trp-less, W144eC153 and W197eC223 moPrP were oligo-
merized for 50 h. At the end of 50 h, all mutant protein variants
were found to have oligomerized into a b-sheet rich conformation,
which was confirmed by CD spectroscopy (Fig. 5a). Moreover, the
CD spectra of the oligomers formed by the variant proteins were
comparable to that of the WT protein oligomer. DLS spectra of the
oligomers confirmed the presence of an oligomeric species of Rh
~16 nm, similar to that of WT protein oligomer (Fig. 5c).

Fluorescence spectra of the unlabelled W144eC153 and
W197eC223 moPrP oligomers were also recorded (Fig. 5d). The
emission maximum of the W197eC223 moPrP oligomer remained
unchanged at 345 nm, but the fluorescence intensity was quenched
compared to that of the monomer. On the other hand, for the
W144eC153 moPrP oligomer, the emission maximum was blue
shifted to 345 nm, with a concomitant increase in quantum yield,
compared to that of the monomer.

4. Conclusion

The efficient oxidative refolding of single Trp, single Cys-
containing mutant variant(s) of moPrP, containing a native disul-
fide bond, is demonstrated. The correct disulfide bond was formed
at 1 M GdnHCl concentration, in the presence of reduced and
oxidized glutathione in a 5:1 ratio. The proteins were purified as a



Fig. 6. Thermodynamic stabilities of mutant protein variants. Urea-induced equi-
librium unfolding transitions of Trp-less (grey circles), W144eC153 (red circles) and
W197eC223 (blue circles) moPrP at pH 4, 25 �C, as monitored by far-UV CD at 222 nm.
The solid black line is a global fit of the denaturation profiles of all three proteins. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Thermodynamic parameters obtained from urea-induced equilibrium unfolding
studies of different moPrP variants at pH 4.

DG (kcal mol�1) Cm (M)

WT moPrPa 4.5 3.4
Trp-less moPrP 4.4 3.4
W144eC153C moPrP 4.3 3.3
W197-A223C moPrP 4.4 3.4

The m-value was constrained to 1.3 kcal mol�1 M�1 for all the moPrP variants.
a [29].
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glutathione adduct of the additional cysteine, which was cleaved
off before further experiments. The average yields of most mutant
variants were found to be ~20 mg/L (~1 mg/g of wet cell weight). In
addition, the protocol has been shown to be equally efficient for a
protein which retains the native disulfide bond, but does not have
an additional cysteine.

Unlabelled W144eC153 and W197eC223 moPrP as well as Trp-
less moPrP, have been characterized thoroughly. The protocol has
been implemented successfully for three other single Trp, single
Cys-containing mutant variants of moPrP (data not shown),
rendering it a good general purification strategy for purification of
these proteins. Double cysteine-containing mutant variants for sm-
FRET (single-molecule FRET) measurements have also been puri-
fied successfully using this protocol (data not shown). This provides
an opportunity for making samples for many high-resolution
spectroscopic measurements, especially those requiring large
amounts of labelled protein, in a cost effective manner.
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