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Abstract

The C/EBP Homologous Protein (CHOP) is a nuclear protein that is integral to the unfolded protein response culminating
from endoplasmic reticulum stress. Previously, CHOP was shown to comprise extensive disordered regions and to self-
associate in solution. In the current study, the intrinsically disordered nature of this protein was characterized further by
comprehensive in silico analyses. Using circular dichroism, differential scanning calorimetry and nuclear magnetic
resonance, we investigated the global conformation and secondary structure of CHOP and demonstrated, for the first time,
that conformational changes in this protein can be induced by the free amino acid L-cysteine. Addition of L-cysteine caused
a significant dose-dependent decrease in the protein helicity — dropping from 69.1% to 23.8% in the presence of T mM of -
cysteine — and a sequential transition to a more disordered state, unlike that caused by thermal denaturation. Furthermore,
the presence of small amounts of free amino acid (80 puM, an 8:1 cysteine:CHOP ratio) during CHOP thermal denaturation
altered the molecular mechanism of its melting process, leading to a complex, multi-step transition. On the other hand, high
levels (4 mM) of free L-cysteine seemed to cause a complete loss of rigid cooperatively melting structure. These results
suggested a potential regulatory function of L-cysteine which may lead to changes in global conformation of CHOP in
response to the cellular redox state and/or endoplasmic reticulum stress.

Citation: Singh VK, Rahman MN, Munro K, Uversky VN, Smith SP, et al. (2012) Free Cysteine Modulates the Conformation of Human C/EBP Homologous
Protein. PLoS ONE 7(4): e34680. doi:10.1371/journal.pone.0034680

Editor: Peter Csermely, Semmelweis University, Hungary
Received February 13, 2012; Accepted March 8, 2012; Published April 4, 2012

Copyright: © 2012 Singh et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by Canadian Institute of Health Research (Grant #: MOP-77810, www.cihr-irsc.gc.ca). ZJ is a Killam Research Fellow and
holds a Canada Research Chair in Structural Biology. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: VNU is a PLoS ONE Editorial Board member. This does not alter the authors’ adherence to all the PLoS ONE policies on sharing data and

materials.

* E-mail: jia@queensu.ca

Introduction

C/EBP Homologous Protein (CHOP) is a nuclear protein that
acts as both a dominant-negative inhibitor of CCATT/enhancer

binding proteins (C/EBPs) and a transcriptional activator of

Activating Protein—1 (AP-1) [1]. This 29 kDa protein contains two
functional domains, an N-terminal transcriptional activation
domain and a C-terminal basic-leucine zipper (bZIP) domain
[1-3]. Two adjacent serine residues (Ser79 and Ser82) can be
phosphorylated by the p38 MAP kinase family [4]. CHOP plays
an integral role in one of the branches of the unfolded protein
response (UPR) which is initiated in response to endoplasmic
reticulum (ER) stress [5-8], and also occurs in response to factors
such as nutrient starvation, calcium depletion, inflammation,
glucose deprivation, and viral infection [5,9-11]. This response
promotes cellular recovery, and leads to apoptosis if recovery is not
possible. While the exact signaling mechanism underlying ER
stress-induced apoptosis is poorly understood, CHOP has been
implicated in two potential mechanisms. As a transcriptional
regulator, CHOP plays a role in linking ER stress to alterations in
gene expression, and it is a major pro-apoptotic component of the
UPR [1,12,13]; it represses Bcl2 and induces apoptotic proteins
such as Gadd34, Dr5, Bim and Trb3 [3,14-17]. CHOP has also
been shown to induce ER oxidase loo (ERO1la) which, in turn,
activates IP3R1, the ER calcium-release channel found to be
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crucial for mediating events triggered by cytoplasmic calcium. The
CHOP-EROla pathway directly promotes hyperoxidizing condi-
tions in the ER lumen and results in cytoplasmic oxidative stress by
inducing NADPH oxidase subunit Nox2 as well as by generation
of reactive oxygen species (reviewed in [8]). Deletion mutant
analysis of CHOP revealed that bZIP domain is important for
CHOP-induced apoptosis [18,19].

Despite its involvement in the UPR, to depict CHOP as purely
a pro-apoptotic transcription factor is an oversimplification.
Rather, CHOP has been suggested to mediate cell- and context-
specific responses to stress that are either adaptive or maladaptive
[20]. CHOP expression is induced in myoblasts to prevent
premature differentiation by binding to the upstream regulatory
region of the myod gene and repressing its transcription. Its activity
reduces histone acetylation at the MyoD enhancer region through
an interaction with histone deacetylase 1 (HDAC) [21]. In
oligodendrocytes, CHOP appears to protect against death while,
in contrast, CHOP promotes demyelination in Schwann cells
without cell death [20].

CHOP induction has been implicated in diseases such as homo-
cysteinemia, brain ischemia, human sarcomas, and neurodegen-
erative disorders [3,22-25]. It may contribute to heart attacks by
promoting apoptosis of the macrophages in atherosclerotic
plaques, which leads to plaque rupture [26], and CHOP-mediated
apoptosis subsequently contributes to reperfusion mjury [27].
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CHOP also supports B-cell apoptosis in diabetes; the UPR is
triggered by misfolded (pro)insulin, present due to either over-
synthesis or mutations that inhibit processing, leading to CHOP-
mediated apoptosis [11,28]. Pathological effects might also be
caused by CHOP’s association with the immune response, through
its activation of the pro-inflammatory transcription factor NF-xB
[29]. Since CHOP itself is also triggered by inflammatory
cytokines [30], this represents a possibly dangerous positive
feedback loop when activated.

It is generally accepted that the biological function of a protein
is intimately related to its three-dimensional structure. Indeed, a
common approach to discerning the potential function of an
unannotated protein is by comparison with the unique structural
folds of known proteins. However, within the last decade, it has
become increasingly clear that a significant fraction of the
universal proteome consists of intrinsically disordered proteins
(IDPs) or proteins with intrinsically disordered regions (IDRs) [31—
35]. IDPs exist as dynamic ensembles in which the atom positions
and backbone Ramachandran angles vary significantly over time
with no specific equilibrium values, and typically undergo non-
cooperative conformational changes [31,35-46]. Numerous stud-
ies have demonstrated that many proteins and regions thereof
function in this intrinsically disordered (ID) state [35-37,47-50],
challenging the classical notion that the function of a protein is
predefined by its three-dimensional structure. Proteins with
ordered structures have mainly evolved for efficient catalysis
[51], whereas IDPs are typically involved in regulation, signaling
and control pathways [52-54] as the flexibility of disordered
regions allow interactions with several partners, promoting more
efficient use of the same protein in multiple pathways [55]. It is,
thus, not surprising that IDPs have been implicated in various
diseases such as cancer, cardiovascular disease, amyloidosis, and
neurodegenerative diseases [47,56].

Previously, we reported that CHOP is an IDP and that its
disordered N-terminal domain mediates oligomerization, which
plays a key role in its function in both inhibition of Wnt/Tcf
signaling as well as stimulation of c-Jun and sucrase-isomaltase
reporter activity in intestinal colon cancer cells [57]. IDPs such as
CHOP can bind partners with both high specificity and low
affinity [58], thus fulfilling the two fundamental requirements of
signaling interactions — specificity and reversibility [59]. Further-
more, IDRs possess tremendous binding diversity, able to interact
specifically with numerous partners, including proteins, nucleic
acids, polysaccharides and small molecules [35-37,40,41]. This
makes them ideal for playing important roles in the exquisitely
complex network of protein-protein interactions, as they can
achieve very high connectivity levels. As such, proteins such as
CHOP are known as “hub” proteins and it is precisely this
intrinsic disorder which is suggested to play a crucial role in hub
protein functions [53,54].

The binding promiscuity of IDPs, which gives them their
important role in signaling and regulatory functions, also demands
that they be under strict regulation and carefully monitored
[55,56,60]. Moreover, understanding this regulation is important
as irregular expression of IDPs is associated with several disease
states [47,55,60]. As such, the availability of IDPs is strictly
regulated at various levels from transcript synthesis to protein
degradation. Multiple mechanisms control availability at the level
of transcription and translation, including higher miRNA target
sites and higher mRNA decay rates, greater ubiquitination sites,
and increased susceptibility for degradation, all of which result in
many IDPs being present at relatively low levels and for shorter
periods of time than their structured counterparts. While this may
be the case for the majority of IDPs, some may be required at high
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levels or for prolonged periods of time in response to certain
conditions or at certain phases of the cell cycle, or even required at
high levels during the entire cell’s lifetime. Some IDPs can be
stabilized by association with “nanny proteins” which bind to
IDRs and facilitate degradation, while others are stabilized by
becoming part of stable complexes or by interaction with other
partners. Post-translational modifications, such as phosphoryla-
tion, can influence the balance between the bound and unbound
states of these proteins (reviewed in [55]). On the other hand,
another concern originates from the flexibility and promiscuity of
IDPs, which leads to the question of what mechanisms are in place
to avoid unwanted interactions. One model set forth is the
functional misfolding of “‘sticky” preformed secondary structure
elements such that they are sequestered and excluded from the
environment as a means of “hiding” them from unwanted binding
interactions (reviewed in [56]).

In this study, we continue our structural characterization of
CHOP by investigating the regulation of this protein via analysis
of the effects of various thiols on its conformation. Levels of CHOP
have been shown to increase with those of homocysteine and
cysteine, conditions indicative of homocysteine stress [61].
Furthermore, CHOP translocation occurs under redox stress
[62]. Translocation through membranes is thought to be optimal
when a protein is in a “molten globule” state, ie. a state
combining structural features of ordered and disordered confor-
mations [63]. Since CHOP is a prominent resident of the ER and
an aberrant-ER marker, and since intracellular thiols such as
cysteine, homocysteine, and glutathione play critical roles in the
regulation of ER protein synthesis and folding [64], in this study
we examined whether thiols could affect CHOP structure and
potentially play a regulatory role. We demonstrate that L-cysteine,
but not homocysteine or glutathione, affects the global conforma-
tion of CHOP in a concentration-dependent manner. Circular
dichroism (CD), differential scanning calorimetry (DSC), and
nuclear magnetic resonance (NMR) studies were employed to
show that conformational changes in CHOP can be induced by
the free amino acid L-cysteine (but not D-cysteine). This finding is
discussed as a plausible signal transduction mechanism during ER
stress-mediated apoptosis.

Results

Disorder analysis of CHOP

Previously, we reported that CHOP is an IDP based on  silico
amino acid sequence analyses, NMR and CD spectroscopy [57].
For the present study, a more comprehensive analysis was
performed to characterize the “disorderedness” of the protein.
There is vast structural variability of IDPs, ranging from being
completely unstructured, to containing some elements of second-
ary and/or tertiary structure, to molten globular proteins with
well-developed secondary structure and high compactness degree,
to domains (both ordered and disordered) containing highly
flexible linkers [435,65-67]. The various computational tools
available tend to use different criteria, attributes, algorithms and
databases to predict disorder and, up to now, there is no single
program which is accurate enough to be completely trusted for
reliability [68-71]. Consequently, we employed several different
programs (i.e., PONDR VLXT [72,73], PONDR VSL2 [74],
PONDR VL3 [75], IUPred [76], TopIDP [77], Foldindex [78]
and a meta predictor PONDR-FIT [79]) for the @ silico analysis of
the amino acid sequence (Figure 1A), which consistently predicted
that CHOP is expected to be highly disordered over most of its
length when looking at the disorder predicted on a per-residue
basis. The C-terminus of CHOP is identified as a helical molecular
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Figure 1. In silico disorder analysis of CHOP using various
prediction programs (IVLXT, VSL2, VL3, IUPred, TopIDP,
Foldindex and PONDR-FIT). (A) Distribution of predicted disor-
deredness per-residue. (B) Cumulative distribution function (CDF)
analysis of CHOP. (C) Charge-hydropathy analysis of CHOP (grey) in
comparison to natively folded proteins (closed circles) and natively
unfolded proteins (open circles).
doi:10.1371/journal.pone.0034680.9001

recognition feature (MoRF), a disordered interaction motif that
has the tendency to adopt an a-helical conformation on binding of
a target protein [80].
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Given the extreme conformational variability of IDPs, ranging
from collapsed molten globule-like disorder to extended coil-like
disorder, and given the coexistence of ordered and disordered
proteins, a binary classification can be performed to categorize the
protein as entirely disordered or ordered. One methodology
commonly used is a cumulative distribution function (CDF)
analysis, which improves the accuracy of disorder prediction on
the level of the whole protein [65]. In CDF analysis, a protein is
predicted to be mostly disordered if the majority of the resultant
curve is located below the boundary between ordered and
disordered proteins. With all of the algorithms utilized for this
analysis, the majority of the respective CDF curves for CHOP
resided below the boundary (Figure 1B), thus implying that CHOP
is expected to be disordered as a whole. Finally, an additional
binary classification was performed using a charge-hydropathy
plot to determine the linear boundary which separates compact
and extended proteins (Figure 1C) [81]. In the charge-hydropathy
plot, CHOP clearly falls in the region corresponding to the
natively unfolded proteins (i.e. IDPs with extended disorder), thus
turther supporting its definition as a disordered protein.

CD analysis of CHOP secondary structure

Since CHOP is considered to serve as a potential “hub”
protein, we attempted to investigate means by which it may be
regulated. We had already established that the disordered N-
terminal domain of CHOP mediates its oligomerization, its
putative native state, which plays a key functional role in
inhibition of Wnt/Tcf signaling as well as stimulation of c-Jun
and sucrase-isomaltase reporter activity in intestinal colon cancer
cells [57]. Given that (1) increases in levels of both homocysteine
and cysteine have been associated with increases in CHOP levels
[61], (2) that its translocation occurs under redox stress [62] and
that, generally, translocation through membranes is presumably
optimal when a protein is in a “molten globule” state (i.e. a state
characterized by a combination of features typical for ordered and
unfolded proteins) [63], (3) that CHOP is a prominent resident of
the ER and an aberrant-ER marker, and (4) that intracellular
thiols such as cysteine, homocysteine and glutathione play critical
roles in the regulation of ER protein synthesis and folding [64], we
mvestigated the effect of various thiols on CHOP structure.
Initially, circular dichroism (CD) was used to investigate changes
in secondary structure. Titration of CHOP with homocysteine,
glutathione and D-cysteine showed no change in conformation as
measured by CD (data not shown). However, L-cysteine affected
conformation.

Far-UV analysis on native CHOP revealed an intriguingly high
percentage of o-helical content for an apparently disordered
protein (Table 1). Our previous studies strongly predicted that that
C-terminal domain of CHOP contains a long coiled-coil region
[57]. Furthermore, it has been determined that the native protein
exists in an oligomeric state, formation of which is mediated by its
N-terminal disordered region, suggesting that CHOP oligomeri-
zation may involve the formation of an o-helical coiled-coil
Titration of the native protein with L-cysteine resulted in changes
of the shape and intensity of the CHOP far-UV CD spectrum
(Figure 2). Notably, increasing amounts of L-cysteine resulted in
changes in the characteristic bands at 222, 208 and 190 nm, with
the appearance of a new band at 200 nm, implying a decrease in
ordered secondary structure content. More specifically, changes at
222 and 190 nm were attributed to a decrease in o-helical content
(Figure 2, inset). This hypothesis was supported by the deconvolu-
tion of the CD spectra [82], which revealed a concomitant
decrease in o-helical content with increasing concentrations of L-
cysteine, dropping from 69.1% to 23.8% in the presence of 1 mM

April 2012 | Volume 7 | Issue 4 | 34680



Cysteine Modulates CHOP Conformation

20
) —  —~ ——0mM
80 45 ‘E o P
s lepE®E ——00025mM
15 4 . "% 5P
‘,._-.—., 80 4 \\ 55 g | 12N§ 0.005 mM
= z w80 0.025 mM
%10 2 e [ o ——005mM
= © — 6 ©
‘¢ 3 % 0% |, x —01mM
< Ty
N AT el o lasSt2 § —o350mm
= —= (0] =l0 o
5 —LAlprau Helicity s L5 @ —05mM
0 ; om— . — ; SR sso Ly & -1.0 mM
0 25e-3 5-3 0025 005 01 035 0S5 1 = g

Molar ellipticity X 10° (deg cm
) o

-
o
1

Cysteine concentration (mM)

'15 T T T
180 190 200 210

T

220

230 240 250 26(

Wavelenath (nm)

Figure 2. Global conformational changes in CHOP in the presence of L-cysteine measured using CD analysis. Far -UV CD spectra of
CHOP were recorded on an OLIS RMS CD spectrophotometer at 25°C. The sample contained 0.16 mg/mL CHOP in 10 mM phosphate buffer, pH 7.0,
and was titrated with varying concentrations of L-cysteine, as described in the figure legend. For each, a total of 8 scans were collected, each
corrected against buffer and L-cysteine blanks, and averaged. Inset: Graph depicting the decrease in [0]190, [0]222, and secondary structure (alpha

helicity) content in the presence of varying concentrations of L-cysteine.

doi:10.1371/journal.pone.0034680.9002

of L-cysteine (Table 1). An increase in coil content was observed as
well, implying that addition of L-cysteine resulted in a transition of
the CHOP protein to a more disordered state.

To analyze further the mechanism by which L-cysteine induced
unfolding, a phase diagram was constructed from the CD data
[83]. This transformation is a highly sensitive technique for

detecting intermediate conformational states [83-86]. Such a L-Cysteine Antiparallel
phase diagram examines the relationship between the spectral (mM) Helix (%) (%) Parallel (%) Turn (%) Coil (%)
intensities of _two wayel.engths ur.lder different experlmeptal 0 69.1 30 25 123 102
conditions while a protein is undergoing structural transformations
. . . 0.0025 67.1 3.2 2.7 12.6 10.8
(see Methods and Materials) [83]. Given the changes observed in
both 8199 and 0999 with increasing amounts of L-cysteine, we 0.005 65.3 34 29 12:8 -3
analyzed the relationship between these two parameters (Figure 3). 0.025 63.1 36 3.1 131 123
The relationship between two spectral parameters is expected to 0.05 545 47 4.1 14.2 16.1
be linear if ch.a.nges in the protein’s enviror'lment results in an all- 01 50.1 54 48 148 183
or-none transition between two conformations or, in our case, a
T . 035 473 5.9 52 152 19.9
melting” of the structure. In contrast, our analysis revealed the
existence of two linear dependencies, which is reflective of 0> 405 66 72 158 282
1 23.8 129 54 24.8 328

sequential conformational transitions in CHOP.

Table 1. CD-based secondary structure measurements of
CHoP#

In order to confirm that the L-cysteine-induced conformational
changes in CHOP differ from those involved in temperature-
induced melting of this protein, the far-UV CD spectra were taken
at increasing temperatures, ranging from 20°C to 80°C. This

“Measurements of CHOP were performed in 10 mM phosphate buffer (pH 7.0,
25°C), in the presence of increasing concentrations of L-cysteine. Calculations
were performed using CDNN [108].

doi:10.1371/journal.pone.0034680.t001
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Figure 3. Phase diagram showing the dependence of [0],4, Vs.
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from Figure 2. Note the two-state linear regression, which is
representative of consecutive conformational transitions in CHOP.
doi:10.1371/journal.pone.0034680.g003

analysis revealed a gradual loss of intensity with increasing
temperature reflective of protein denaturation. Specifically,
increasing temperature resulted in concomitant changes in the
intensities at 190 and 222 nm, reflecting a loss of a-helicity, as
depicted by the characteristic sigmoidal curves describing the
temperature dependencies of these molar ellipticities (Figure 4, top
panel). Notably, the observed changes occurred over a relatively
large temperature range (~30°C—75°C). Transformation of this
data into a phase diagram (Figure 4, bottom panel) demonstrated a
linear relationship between 0199 and 099, implying that, in
contrast to L-cysteine-induced conformational changes, tempera-
ture-induced denaturation of CHOP can be described as an all-or-
none transition. Thus, the loss of structure caused by the addition
of L-cysteine is likely not due to a “melting” of the protein as seen
in temperature-denaturation, but results in specific conformational
changes leading to its loss of secondary structure.

Effect of L-cysteine on thermal denaturation of CHOP
Further analysis of the effect of L-cysteine on conformational
change was performed by studying the thermal denaturation of
CHOP in the presence and absence of L-cysteine by differential
scanning calorimetry (DSC). The variation in heat capacity
associated with protein unfolding is primarily due to the changes
in hydration of side chains buried in the native state, which
become exposed to the solvent in the denatured state [87]. In the
absence of L-cysteine, thermal denaturation of CHOP resulted in a
sharp peak of heat absorption (Figure 5, top panel), with a melting
temperature of 57°C. Interestingly, in the presence of 80 uM L-
cysteine (i.e. a cysteine:CHOP ratio of 8:1), the CHOP heat
absorption peak widened and became asymmetrical, suggesting
that, under these conditions, thermal denaturation is a multi-step
process. Deconvolution of the normalized heat absorption peak
(Figure 5, middle panel) shows the presence of two overlapping
peaks, suggesting the presence of at least two individual
calorimetric units with melting temperatures of 52°C and 63°C,
respectively. Further increase in the L-cysteine concentration to
4 mM (Figure 5, bottom panel), led to the complete disappearance
of the cooperative heat absorption, suggesting that under these
conditions (i.e. a cysteine:CHOP ratio of 400:1), CHOP has lost
any rigid structure that it may have had in its native state [88].
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Figure 4. Thermal denaturation of CHOP measured using far-
UV CD. Top panel shows a graph depicting the changes in [0],99 and
[0],,, with at increasing temperatures. Far-UV CD spectra of CHOP were
recorded at increasing temperatures (20°C-80°C) on an OLIS RMS CD
spectrophotometer with a Pt100 thermal probe fitted right under the
cuvette. Temperatures in the cuvette were controlled using a Julabo
F30-C circulating water bath. A total of 8 scans were conducted at each
temperature and averaged, with 10 minutes of equilibration time
between each experiment. Bottom panel depicts a phase diagram
showing the dependence of [0]190 Vs. [0],2; On temperature. Note that
the linear regression is representative of an all-or-none transition.
doi:10.1371/journal.pone.0034680.g004

NMR analysis of L-cysteine-induced structural changes in
CHOP

To investigate further the structural changes resulting from the
addition of L-cysteine to CHOP, we utilized NMR spectroscopy to
monitor the conformation of CHOP in the absence and presence
of the amino acid (Figure 6). The limited dispersion of resonances
in the proton dimension of the "H-">N HSQC spectrum of CHOP
is indicative of an unstructured protein. Addition of L-cysteine
resulted in chemical shift changes in resonances corresponding to
glycine backbone amide groups and asparagine and glutamine side
chain amide groups, further supporting a change in CHOP
conformation in the presence of L-cysteine.

Discussion

In our previous study, we reported that CHOP is an IDP that
contains extensive disordered regions and self-associates in
solution. The N-terminal region was found to mediate this
oligomerization and was vital for the functional roles of CHOP
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in inhibiting Wnt/TCF signaling and stimulating c-Jun and
sucrase-isomalatase reporter activity in intestinal colon cancer cells
[57]. We expanded our structural analysis of CHOP, using a
comprehensive i silico analysis to provide further support that it is
an IDP. Since CHOP is a “hub” protein that has integral and
multiple roles in the UPR pathway, we looked at means by which
CHOP could be regulated. A unique functional feature of IDPs is
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their binding promiscuity since their highly dynamic and flexible
structure allows a single region of disorder to adopt different
conformations using the same amino acids to varying extents in
order to bind a variety of partners [54,89].

The fact that intracellular thiols play critical roles in the
regulation of ER protein synthesis and folding, and that CHOP is
involved in responding to ER stress further supported our strategy
for screening thiol compounds. Using a combination of CD, DSC
and NMR, we were able to demonstrate that addition of free 1-
cysteine 18 able to modify the conformation of CHOP to a more
“disordered” state. This was not a general effect of thiols as neither
D-cysteine, homocysteine nor glutathione had any effect on the
protein secondary structure. CD analysis showed an o-helical
content of 69% in the native state which was reduced in a
concentration dependent manner until reaching 24% in the
presence of 1 mM L-cysteine. Given that CHOP is an IDP, such a
high a-helical content in its native state in the absence of L-cysteine
seems counter-intuitive. However, we have demonstrated that
CHOP exists as an oligomer in solution, and that its C-terminus is
strongly predicted to form a coiled-coil, which may account for the
a-helical signal observed by the CD analysis.

The addition of L-cysteine appears to cause a complex,
multistage transition to a more disordered state, as demonstrated
by the analysis of the CD-based phase diagrams. This is in a
contrast to the thermal melting of CHOP in the absence of L-
cysteine, which appears to be a two-state process, as further
confirmed by the DSC: analyses of thermally denatured protein in
the presence and absence of L-cysteine. While the native protein
experienced a sharp transition from a native to an “unfolded”
state, the addition of L-cysteine appeared to cause the formation of
two independent calorimetric units. Furthermore, excess L-cysteine
resulted in the complete disintegration of rigid, cooperatively
melting structure of the protein. While this marks a serendipitous
discovery of cysteine modulating the conformation of CHOP, its
ability to do so is not entirely novel. The thiol group of cysteine,
usually important in the antioxidation of ROS and free radicals
[90,91], was found to act as a radical mediator, inducing
conformational changes in the secondary structure of bovine
serum albumin in the presence of UV-B irradiation which was
suggested to cause a progressive transformation from o-helix to an
intermolecular B-sheet structure [92].

The specific ability of L-cysteine, and not glutathione, to cause
such effects is not unusual. While the glutathione/glutathione
disulfide (GSH/GSSG) redox pair does constitute the most
prominent cellular redox pair [93], it is the cysteine/cystine
(Cys/CySS) couple which predominates in the plasma [94].
Furthermore, the steady-state redox potential of the two pairs is
regulated independently of each other [95-97], with that of
plasma Cys/CySS being oxidized during oxidative stress [98,99].
Indeed, selective oxidation of Cys/CySS was observed, with no
change in the oxidation state of GSH/GSSG, in the acute phase of
endotoxin-induced lung injury in mice [100].

There are several accounts pointing to the physiological
mmportance of cysteine. In the aforementioned lyer et al. study
reporting on endotoxin-induced lung injury in mice, enhanced
oxidation of Cys, altered transport of Cys and CySS and decreased
food intake each contributed to the oxidation of the plasma Cys/
CySS redox state in endotoxemia [100]. In yeast, exogenous
addition of homocysteine and cysteine was found to inhibit
growth, not due to oxidative stress, but putatively due to ER stress
resulting in the upregulation of transcription of metabolic genes as
a strategy to reduce intracellular thiol concentrations [64]. We
have already stated that levels of CHOP are modulated under
homocysteine stress [61] while its translocation occurs under redox
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stress [62]. CHOP is a prominent resident of the ER and an
aberrant-ER marker, and intracellular thiols such as cysteine,
homocysteine and glutathione play critical roles in the regulation
of ER protein synthesis and folding [64]. Furthermore, translo-
cation through membranes is thought to be optimal when a target
globular protein is converted into a ‘“molten globule”-like
conformation and possesses the necessary combination of
structural features typical for folded and unfolded proteins [63].
Plasma concentrations of cysteine have been reported in the range
of 214-260 uM [101,102]. There is limited information about the
exact amount of cysteine present inside the ER lumen but
intracellular concentrations of thiols has been shown to be in the
millimolar range [103] with relatively higher concentrations of
oxidized glutathione in the ER lumen to facilitate native disulfide
bond formation [104]; thus, it is not unlikely for the ER lumen to
have a higher localized concentration of cysteine. Of note, studies
examining the cysteine-mediated growth defect in yeast by Kumar
et al. were performed at similar and up to five times greater
cysteine concentrations than in our study [64]. Thus, one may
envision a scenario in which high cysteine levels as a result of ER/

@ PLoS ONE | www.plosone.org

H-">N resonances affected by L-cysteine while arrows identify a region comprising side chain

oxidative stress may result in CHOP adopting a more disordered
conformation and dissociate from its oligomeric state into one that
is more suitable for the subsequent translocation through the
membrane. This may facilitate membrane translocation to where
it is most needed, resulting in apoptosis, or other CHOP-induced
processes. Further analysis of this hypothesis is required.

In conclusion, we have identified the specific ability of L-
cysteine, and not homocysteine or glutathione, to cause global
conformational change in CHOP, resulting in an increase in its
disorder. Thus, this represents a means by which IDPs, such as
CHOP, can be regulated to switch between different structural
states of varying disorder, likely serving different functional roles.

Materials and Methods

In silico analysis of CHOP

Disorder predictions for CHOP were performed using the
IVLXT, VSL2, VL3, IUPred, TopIDP, Foldindex and PONDR-
FIT programs [31,41-46].
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Cloning, expression and purification of CHOP
Cloning, expression and purification of CHOP were performed
as described previously [57].

Circular dichroism (CD)

CD analyses were performed at 25°C, using an OLIS RSM CD
spectrophotometer. Far-UV and near-UV CD analyses were
performed using CHOP protein concentrations of 10 uM and
25 uM, and path-lengths of 0.1 cm and 1 cm, respectively. The
spectrophotometer was purged with pure Ny during the course of
the experiment. Each CD plot was calculated from an average of
eight accumulated scans, which were baseline-corrected using the
relevant buffer. The molar ellipticity, [8], was calculated from the
observed ellipticity 0, using the equation [0] = 0x100/n¢l, where n
is the number of amino acids in the protein, ¢ is the molar protein
concentration and / is the path length of the cell in centimetres.
Deconvolution of the data and secondary structure analysis was
performed using CDNN software [82].

Phase diagram analysis of conformational changes

The “phase diagram” method, a highly sensitive technique for
detecting intermediate conformational states from fluorescence or
spectroscopic data [83,83-86], was utilized to analyze changes in
CHOP conformation. Values of [0] 99 and [0]990 in the presence
of varying concentrations of L-cysteine were plotted against each
other. The essence of this method is to graph f; versus f9, where
I, and Ly are the spectral intensity values measured at
wavelengths A; and Ay under different experimental conditions
for a protein undergoing structural transformations. As spectral
Intensity is an extensive parameter, it will describe any two-
component system by the relationship I(A) =y I)(A)+on L(A),
where I;(4) and I(4) are the intensities of the first and second
components, and o, and oy are their relative concentrations
(0,409 = 1). It can then be derived [80] that I(4,) = a+bI(1y),

L(4)—1(Z1)
L(42)—11(72)

L(7)—11(41)

where a=1;(1;) — L(a)—Li(22)

11(/12) and b=

In application to protein unfolding, this predicts that
I(M)=f(I(42)) will be linear if changes in the protein’s
environment lead to an all-or-none transition between two
different conformations. Alternatively, non-linearity of the func-

References

1. Ron D, Habener JI (1992) CHOP, a novel developmentally regulated nuclear
protein that dimerizes with transcription factors C/EBP and LAP and
functions as a dominant-negative inhibitor of gene transcription. Genes Dev 6:
439-453.

2. Ubeda M, Wang XZ, Zinszner H, Wu I, Habener JF, et al. (1996) Stress-
induced binding of the transcriptional factor CHOP to a novel DNA control
clement. Mol Cell Biol 16: 1479-1489.

3. Oyadomari S, Mori M (2004) Roles of CHOP/GADDI153 in endoplasmic
reticulum stress. Cell Death Differ 11: 381-389. 10.1038/sj.cdd.4401373
[doi];4401373 [pii].

4. Wang XZ, Ron D (1996) Stress-induced phosphorylation and activation of the
transcription factor CHOP (GADD153) by p38 MAP Kinase. Science 272:
1347-1349.

5. Bruhat A, Averous J, Carraro V, Zhong C, Reimold AM, et al. (2002)
Differences in the molecular mechanisms involved in the transcriptional
activation of the CHOP and asparagine synthetase genes in response to amino
acid deprivation or activation of the unfolded protein response. J Biol Chem
277: 48107-48114. 10.1074/jbc.M206149200 [doi];M206149200 [pii].

6. Schroder M (2008) Endoplasmic reticulum stress responses. Cell Mol Life Sci
65: 862-894. 10.1007/500018-007-7383-5 [doi].

7. Ron D, Walter P (2007) Signal integration in the endoplasmic reticulum
unfolded protein response. Nat Rev Mol Cell Biol 8: 519-529. nrm2199
[pii];10.1038/nrm2199 [doi].

@ PLoS ONE | www.plosone.org

Cysteine Modulates CHOP Conformation

tion reflects sequential character in structural transformations. In
this case, each linear portion of the I(41)=/(1(42)) dependence
will describe an individual all-or-none transition [105].

Differential scanning calorimetry

Thermal denaturation studies were performed using a VP-DSC
calorimeter (Microcal Inc., Northampton, MA) which heated the
protein from 20°C to 85°C at a rate of 45°C/h. Prior to analysis,
samples were dialyzed overnight in 4 L of buffer containing
10 mM Na,HPO,, 1.8 mM KHyPO, (pH 7.3), 140 mM NaCl,
and 2.7 mM KCI. The dialysis buffer was filtered using a 0.22-um
filter (Millipore, Billerica, MA) and used to obtain a baseline from
several buffer-buffer scans. Protein-buffer scans were performed at
a final protein concentration of 0.2 mg/mL. Protein samples were
assessed for aggregation by monitoring Asyy at various time
intervals. Data analyses were performed using Microcal Origin 5.0
(Microcal Inc., Northampton, MA).

NMR Spectroscopy

Two-dimensional "H-""N HSQC NMR spectra of 0.4 mM
uniformly '"N-labeled CHOP were recorded using a Varian
INOVA 600 MHz spectrometer equipped with a pulse field
gradient triple resonance cryoprobe at 4°C. The experiments were
carried out in PBS (pH 6.8) containing 90% HyO/10% DO,
using the enhanced sensitivity pulsed-field gradient approach.
Carrier frequencies of 4.77 ppm (‘H), and 118 ppm ("’N) were
used and 'H chemical shifts were calibrated relative to the
trimethylsilyl resonance (0.0 ppm) of 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS). Spectra were processed and analyzed using
NMRPipe [106] and NMRview [107], respectively.

Acknowledgments

The authors would like to acknowledge the Protein Function Discovery
Facility at Queen’s University for access to equipment for protein
characterization.

Author Contributions

Conceived and designed the experiments: VKS ZJ. Performed the
experiments: VKS KM SPS. Analyzed the data: VKS KM SPS ZJ.
Contributed reagents/materials/analysis tools: VNU SPS ZJ. Wrote the
paper: VKS MNR Z]J.

8. Tabas I, Ron D (2011) Integrating the mechanisms of apoptosis induced by
endoplasmic reticulum stress. Nat Cell Biol 13: 184-190. ncb0311-184
[pii];10.1038/ncb0311-184 [doi].

9. Yoshida H (2007) ER stress and diseases. FEBS J 274: 630-658. EJB5639
[pii];10.1111/j.1742-4658.2007.05639.x [doi].

10.  Malhotra JD, Kaufman R] (2007) The endoplasmic reticulum and the
unfolded protein response. Semin Cell Dev Biol 18: 716-731. S1084-
9521(07)00149-8 [pii];10.1016/j.semedb.2007.09.003 [doi].

11.  Kaufman RJ, Back SH, Song B, Han J, Hassler J (2010) The unfolded protein
response is required to maintain the integrity of the endoplasmic reticulum,
prevent oxidative stress and preserve differentiation in beta-cells. Diabetes
Obes Metab 12 Suppl 2: 99-107. 10.1111/j.1463-1326.2010.01281.x [doi].

12.  Zinszner H, Kuroda M, Wang X, Batchvarova N, Lightfoot RT, et al. (1998)
CHOP is implicated in programmed cell death in response to impaired
function of the endoplasmic reticulum. Genes Dev 12: 982-995.

13. Meares GP, Mines MA, Beurel E, Eom TY, Song L, et al. (2011) Glycogen
synthase kinase-3 regulates endoplasmic reticulum (ER) stress-induced CHOP
expression in neuronal cells. Exp Cell Res 317: 1621-1628. S0014-
4827(11)00063-2 [pii];10.1016/j.yexcr.2011.02.012 [doi].

14. Yamaguchi H, Wang HG (2004) CHOP is involved in endoplasmic reticulum
stress-induced apoptosis by enhancing DR5 expression in human carcinoma
cells. J Biol Chem 279: 45495-45502. 10.1074/jbc.M406933200
[doi];M406933200 [pii].

15.  Ohoka N, Yoshii S, Hattori T, Onozaki K, Hayashi H (2005) TRB3, a novel
ER stress-inducible gene, is induced via ATF4-CHOP pathway and is involved

April 2012 | Volume 7 | Issue 4 | 34680



20.

21.

22.

23.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

in cell death. EMBO J 24: 1243-1255. 7600596 [pii];10.1038/sj.emboj.
7600596 [doi].

McCullough KD, Martindale JL, Klotz LO, Aw TY, Holbrook NJ (2001)
Gaddl153 sensitizes cells to endoplasmic reticulum stress by down-regulating
Bcl2 and perturbing the cellular redox state. Mol Cell Biol 21: 1249-1259.
10.1128/MCB.21.4.1249-1259.2001 [doi].

Zou W, Yue P, Khuri FR, Sun SY (2008) Coupling of endoplasmic reticulum
stress to CDDO-Me-induced up-regulation of death receptor 5 via a CHOP-
dependent mechanism involving JNK activation. Cancer Res 68: 7484-7492.
68/18/7484 [pii];10.1158/0008-5472.CAN-08-1318 [doi].

Matsumoto M, Minami M, Takeda K, Sakao Y, Akira S (1996) Ectopic
expression of CHOP (GADDI153) induces apoptosis in M1 myeloblastic
leukemia cells. FEBS Lett 395: 143-147. 0014-5793(96)01016-2 [pii].
Maytin EV, Ubeda M, Lin JC, Habener JF (2001) Stress-inducible
transcription factor CHOP/gadd153 induces apoptosis in mammalian cells
via p38 kinase-dependent and -independent mechanisms. Exp Cell Res 267:
193-204. 10.1006/excr.2001.5248 [doi];S0014-4827(01)95248-6 [pii].

Gow A, Wrabetz L (2009) CHOP and the endoplasmic reticulum stress
response in myelinating glia. Curr Opin Neurobiol 19: 505-510. S0959-
4388(09)00114-7 [pii];10.1016/j.conb.2009.08.007 [doi].

Alter J, Bengal E (2011) Stress-Induced C/EBP Homology Protein (CHOP)
Represses MyoD Transcription to Delay Myoblast Differentiation. PLoS One
6: €29498. 10.1371/journal.pone.0029498 [doi|;PONE-D-11-19377 [pii].
Oyadomari S, Koizumi A, Takeda K, Gotoh T, Akira S, et al. (2002) Targeted
disruption of the Chop gene delays endoplasmic reticulum stress-mediated
diabetes. J Clin Invest 109: 525-532. 10.1172/JCI14550 [doi].

Wang XZ, Lawson B, Brewer JW, Zinszner H, Sanjay A, et al. (1996) Signals
from the stressed endoplasmic reticulum induce C/EBP-homologous protein
(CHOP/GADD153). Mol Cell Biol 16: 4273-4280.

Aridor M, Balch WE (1999) Integration of endoplasmic reticulum signaling in
health and disease. Nat Med 5: 745-751. 10.1038/10466 [doi].

Cunnea P, Mhaille AN, McQuaid S, Farrell M, McMahon J, et al. (2011)
Expression profiles of endoplasmic reticulum stress-related molecules in
demyelinating lesions and multiple sclerosis. Mult Scler 17: 808-818.
1352458511399114 [pii];10.1177/1352458511399114 [doi].

Tsukano H, Gotoh T, Endo M, Miyata K, Tazume H, et al. (2010) The
endoplasmic reticulum stress-C/EBP homologous protein pathway-mediated
apoptosis in macrophages contributes to the instability of atherosclerotic
plaques. Arterioscler Thromb Vasc Biol 30: 1925-1932. ATV-
BAHA.110.206094 [pii];10.1161/ATVBAHA.110.206094 [doi].

Miyazaki Y, Kaikita K, Endo M, Horio E, Miura M, et al. (2011) C/EBP
homologous protein deficiency attenuates myocardial reperfusion injury by
inhibiting myocardial apoptosis and inflammation. Arterioscler Thromb Vasc
Biol 31: 1124-1132. ATVBAHA.111.224519 [pii];10.1161/ATVBAHA.111.
224519 [doi].

Eizirik DL, Cardozo AK, Cnop M (2008) The role for endoplasmic reticulum
stress in diabetes mellitus. Endocr Rev 29: 42-61. er.2007-0015 [pii];10.1210/
er.2007-0015 [doi].

Park SH, Choi HJ, Yang H, Do KH, Kim J, et al. (2010) Endoplasmic
reticulum stress-activated C/EBP homologous protein enhances nuclear factor-
kappaB signals via repression of peroxisome proliferator-activated receptor
gamma. J Biol Chem 285: 35330-35339. M110.136259 [pii];10.1074/
jbe.M110.136259 [doi].

Shao C, Lawrence MC, Cobb MH (2010) Regulation of CCAAT/enhancer-
binding protein homologous protein (CHOP) expression by interleukin-1 beta
in pancreatic beta cells. J Biol Chem 285: 19710-19719. M109.087486
[pii];10.1074/jbc.M109.087486 [doi].

Uversky VN (2002) What does it mean to be natively unfolded? Eur J Biochem
269: 2-12. 2649 [pii].

Uversky VN (2011) Intrinsically disordered proteins from A to Z. Int ] Biochem
Cell Biol 43: 1090-1103. S1357-2725(11)00091-4 [pii];10.1016/j.biocel.
2011.04.001 [doi].

Dyson HJ, Wright PE (2005) Intrinsically unstructured proteins and their
functions. Nat Rev Mol Cell Biol 6: 197-208. nrm1589 [pii];10.1038/
nrm1589 [doi].

Gsponer J, Babu MM (2009) The rules of disorder or why disorder rules. Prog
Biophys Mol Biol 99: 94-103. S0079-6107(09)00043-1 [pii];10.1016/j.pbiomolbio.
2009.03.001 [doi].

Tompa P (2002) Intrinsically unstructured proteins. Trends Biochem Sci 27:
527-533. S0968000402021692 [pii].

Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero P, et al. (2001)
Intrinsically disordered protein. J Mol Graph Model 19: 26-59. S1093-
3263(00)00138-8 [pii].

Dunker AK, Brown CJ, Obradovic Z (2002) Identification and functions of
usefully disordered proteins. Adv Protein Chem 62: 25-49.

Demchenko AP (2001) Recognition between flexible protein molecules:
induced and assisted folding. J Mol Recognit 14: 42-61. 10.1002/1099-
1352(200101/02)14:1<42::AID-JMR518>3.0.CO;2-8 [pii];10.1002/1099-
1352(200101/02)14:1<42::ATD-JMR518>3.0.CO;2-8 [doi].

Namba K (2001) Roles of partly unfolded conformations in macromolecular
self-assembly. Genes Cells 6: 1-12. gtc384 [pii].

Dyson HJ, Wright PE (2002) Coupling of folding and binding for unstructured
proteins. Curr Opin Struct Biol 12: 54-60. S0959440X02002890 [pii].

@ PLoS ONE | www.plosone.org

41.

42.

44.

46.
47.

48.

49.

50.

51.

52.

54.

56.

57.

59.

60.

61.

62.

63.

64.

66.

67.

Cysteine Modulates CHOP Conformation

Dunker AK, Brown CJ, Lawson JD, Iakoucheva LM, Obradovic Z (2002)
Intrinsic disorder and protein function. Biochemistry 41: 6573-6582.
Uversky VN (2002) Natively unfolded proteins: a point where biology waits for
physics. Protein Sci 11: 739-756. 10.1110/ps.4210102 [doi].

Gunasekaran K, Tsai CJ, Kumar S, Zanuy D, Nussinov R (2003) Extended
disordered proteins: targeting function with less scaffold. Trends Biochem Sci
28: 81-85. S0968000403000033 [pii].

Bracken C, Iakoucheva LM, Romero PR, Dunker AK (2004) Combining
prediction, computation and experiment for the characterization of protein
disorder. Curr Opin Struct Biol 14: 570-576. S0959-440X(04)00137-X
[pii];10.1016/].5bi.2004.08.003 [doi].

Uversky VN (2003) Protein folding revisited. A polypeptide chain at the
folding-misfolding-nonfolding cross-roads: which way to go? Cell Mol Life Sci
60: 1852-1871. 10.1007/500018-003-3096-6 [doi].

Fink AL (2005) Natively unfolded proteins. Curr Opin Struct Biol 15: 35-41.
Uversky VN, Oldfield CJ, Dunker AK (2008) Intrinsically disordered proteins
in human diseases: introducing the D2 concept. Annu Rev Biophys 37:
215-246. 10.1146/annurev.biophys.37.032807.125924 [doi].

Dunker AK, Uversky VN (2008) Signal transduction via unstructured protein
conduits. Nat Chem Biol 4: 229-230. nchembio0408-229 [pii];10.1038/
nchembio0408-229 [doi].

Liu J, Perumal NB, Oldfield CJ, Su EW, Uversky VN, et al. (2006) Intrinsic
disorder in transcription factors. Biochemistry 45: 6873-6888. 10.1021/
bi0602718 [doi].

Daughdrill GW, Pielak GJ, Uversky VN, Cortese MS, Dunker AK (2004)
Natively Disordered Proteins. In: Buchner J, Kiefhaber T, eds. Handbook of
Protein Folding. Weinhem: Wiley-VCH. pp 271-353.

Radivojac P, Iakoucheva LM, Oldfield CJ, Obradovic Z, Uversky VN, et al.
(2007) Intrinsic disorder and functional proteomics. Biophys J 92: 1439-1456.
S0006-3495(07)70955-4 [pii];10.1529/biophysj.106.094045 [doi].

Takoucheva LM, Brown CJ, Lawson JD, Obradovic Z, Dunker AK (2002)
Intrinsic disorder in cell-signaling and cancer-associated proteins. J Mol Biol
323: 573-584. 50022283602009695 [pii].

Dunker AK, Cortese MS, Romero P, Takoucheva LM, Uversky VN (2005)
Flexible nets. The roles of intrinsic disorder in protein interaction networks.
FEBS J 272: 5129-5148. EJB4948 [pii];10.1111/j.1742-4658.2005.04948.x
[doi].

Uversky VN, Oldfield CJ, Dunker AK (2005) Showing your ID: intrinsic
disorder as an ID for recognition, regulation and cell signaling. ] Mol Recognit
18: 343-384. 10.1002/jmr.747 [doi].

Babu MM, van der Lee R, de Groot NS, Gsponer J (2011) Intrinsically
disordered proteins: regulation and disease. Curr Opin Struct Biol 21:
432-440. S0959-440X(11)00063-7 [pii];10.1016/§.sbi.2011.03.011 [doi].
Uversky VN (2011) Intrinsically disordered proteins may escape unwanted
interactions via functional misfolding. Biochim Biophys Acta 1814: 693-712.
S1570-9639(11)00061-6 [pii];10.1016/j.bbapap.2011.03.010 [doi].

Singh VK, Pacheco I, Uversky VN, Smith SP, MacLeod R], et al. (2008)
Intrinsically disordered human C/EBP homologous protein regulates biolog-
ical activity of colon cancer cells during calcium stress. J Mol Biol 380:
313-326. S0022-2836(08)00536-6 [pii];10.1016/j.jmb.2008.04.069 [doi].
Schulz GE (1979) Nucleotide binding proteins. In: Balaban M, ed. Molecular
mechanism of biological recognition. New York: Elsevier/North-Holland
Biomedical Press. pp 79-94.

Dunker AK, Obradovic Z (2001) The protein trinity-linking function and
disorder. Nat Biotechnol 19: 805-806. 10.1038/nbt0901-805 [doi];nbt0901-
805 [pii].

Uversky VN, Dunker AK (2008) Biochemistry. Controlled chaos. Science 322:
1340-1341. 322/5906/1340 [pii];10.1126/science.1167453 [doi].
Chigurupati S, Wei Z, Belal C, Vandermey M, Kyriazis GA, et al. (2009) The
homocysteine-inducible endoplasmic reticulum stress protein counteracts
calcium store depletion and induction of CCAAT enhancer-binding protein
homologous protein in a neurotoxin model of Parkinson disease. J Biol Chem
284: 18323-18333. M109.020891 [pii];10.1074/jbc.M109.020891 [doi].
Chiribau CB, Gaccioli F, Huang CC, Yuan CL, Hatzoglou M (2010)
Molecular symbiosis of CHOP and C/EBP beta isoform LIP contributes to
endoplasmic reticulum stress-induced apoptosis. Mol Cell Biol 30: 3722-3731.
MCB.01507-09 [pii];10.1128/MCB.01507-09 [doi].

van der Goot FG, Lakey JH, Pattus F (1992) The molten globule intermediate
for protein insertion or translocation through membranes. Trends Cell Biol 2:
343-348. 096289249290185P [pii].

Kumar A, John L, Alam MM, Gupta A, Sharma G, et al. (2006)
Homocysteine- and cysteine-mediated growth defect is not associated with
induction of oxidative stress response genes in yeast. Biochem J 396: 61-69.
BJ20051411 [pii];10.1042/BJ20051411 [doi].

Xue B, Oldfield CJ, Dunker AK, Uversky VN (2009) CDF it all: consensus
prediction of intrinsically disordered proteins based on various cumulative
distribution functions. FEBS Lett 583: 1469-1474. S0014-5793(09)00260-9
[pii];10.1016/j.febslet.2009.03.070 [doi].

Uversky VN, Dunker AK (2010) Understanding protein non-folding. Biochim
Biophys Acta 1804: 1231-1264. S1570-9639(10)00032-4 [pii];10.1016/j.bbapap.
2010.01.017 [doi].

Turoverov KK, Kuznetsova IM, Uversky VN (2010) The protein kingdom
extended: ordered and intrinsically disordered proteins, their folding,
supramolecular complex formation, and aggregation. Prog Biophys Mol Biol

April 2012 | Volume 7 | Issue 4 | 34680



68.

69.

70.

72.

73.

74.

77.

78.

79.

80.

81.

83.

84.

86.

87.

88.

89.

102: 73-84. S0079-6107(10)00012-X [pii];10.1016/j.phiomolbio.2010.01.003
[doi].

Dosztanyi Z, Tompa P (2008) Prediction of protein disorder. Methods Mol Biol
426: 103-115. 10.1007/978-1-60327-058-8_6 [doi].

Ferron F, Longhi S, Canard B, Karlin D (2006) A practical overview of protein
disorder prediction methods. Proteins 65: 1-14. 10.1002/prot.21075 [doi].
Bourhis JM, Canard B, Longhi S (2007) Predicting protein disorder and
induced folding: from theoretical principles to practical applications. Curr
Protein Pept Sci 8: 135-149.

He B, Wang K, Liu Y, Xue B, Uversky VN, et al. (2009) Predicting intrinsic
disorder in proteins: an overview. Cell Res 19: 929-949. cr200987
[pii];10.1038/¢r.2009.87 [doi].

Li X, Romero P, Rani M, Dunker AK, Obradovic Z (1999) Predicting Protein
Disorder for N-, C-, and Internal Regions. Genome Inform Ser Workshop
Genome Inform 10: 30-40.

Romero P, Obradovic Z, Li X, Garner EC, Brown CJ, et al. (2001) Sequence
complexity of disordered protein. Proteins 42: 38-48. 10.1002/1097-
0134(20010101)42:1<38::AID-PROT50>3.0.CO;2-3 [pii].

Peng K, Radivojac P, Vucetic S, Dunker AK, Obradovic Z (2006) Length-
dependent prediction of protein intrinsic disorder. BMC Bioinformatics 7: 208.
1471-2105-7-208 [pii];10.1186/1471-2105-7-208 [doi].

Radivojac P, Obradovic Z, Brown CJ, Dunker AK (2003) Prediction of
boundaries between intrinsically ordered and disordered protein regions. Pac
Symp Biocomput. pp 216-227.

Dosztanyi Z, Csizmok V, Tompa P, Simon I (2005) IUPred: web server for the pre-
diction of intrinsically unstructured regions of proteins based on estimated energy
content. Bioinformatics 21: 3433-3434. bti541 [pii];10.1093/bioinformatics/
bti>41 [doi].

Campen A, Williams RM, Brown CJ, Meng J, Uversky VN, et al. (2008) TOP-
IDP-scale: a new amino acid scale measuring propensity for intrinsic disorder.
Protein Pept Lett 15: 956-963.

Prilusky J, Felder CE, Zeev-Ben-Mordehai T, Rydberg EH, Man O, et al.
(2005) FoldIndex: a simple tool to predict whether a given protein sequence is
intrinsically unfolded. Bioinformatics 21: 3435-3438. bti537 [pii];10.1093/
bioinformatics/bti537 [doi].

Xue B, Dunbrack RL, Williams RW, Dunker AK, Uversky VN (2010) PONDR-
FIT: a meta-predictor of intrinsically disordered amino acids. Biochim Biophys
Acta 1804: 996-1010. S1570-9639(10)00013-0 [pii];10.1016/j.bbapap.2010.
01.011 [doi].

Oldfield CJ, Cheng Y, Cortese MS, Romero P, Uversky VN, et al. (2005)
Coupled folding and binding with alpha-helix-forming molecular recognition
elements. Biochemistry 44: 12454-12470. 10.1021/bi050736e [doi].

Uversky VN, Gillespie JR, Fink AL (2000) Why are “natively unfolded”
proteins unstructured under physiologic conditions? Proteins 41: 415-427.
10.1002/1097-0134(20001115)41:3<415:AID-PROT130>3.0.CO;2-7 [pii].
Bohm G, Muhr R, Jaenicke R (1992) Quantitative analysis of protein far UV
circular dichroism spectra by neural networks. Protein Eng 5: 191-195.
Kuznetsova IM, Turoverov KK, Uversky VN (2004) Use of the phase diagram
method to analyze the protein unfolding-refolding reactions: fishing out the
“invisible” intermediates. J Proteome Res 3: 485-494.

Permyakov EA, Yarmolenko VV, Emelyanenko VI, Burstein EA, Closset J, et
al. (1980) Fluorescence studies of the calcium binding to whiting (Gadus
merlangus) parvalbumin. Eur J Biochem 109: 307-315.

Kuznetsova IM, Stepanenko OV, Turoverov KK, Zhu L, Zhou JM, et al.
(2002) Unraveling multistate unfolding of rabbit muscle creatine kinase.
Biochim Biophys Acta 1596: 138-155. S0167483802002121 [pii].
Bushmarina NA, Kuznetsova IM, Biktashev AG, Turoverov KK, Uversky VN
(2001) Partially folded conformations in the folding pathway of bovine carbonic
anhydrase II: a fluorescence spectroscopic analysis. Chembiochem 2: 813-821.
10.1002/1439-7633(20011105)2:11<813::AID-CBIC813>3.0.CO;2-W [pii].
Bruylants G, Wouters J, Michaux C (2005) Differential scanning calorimetry in
life science: thermodynamics, stability, molecular recognition and application
in drug design. Curr Med Chem 12: 2011-2020.

D’Amico S, Gerday C, Feller G (2001) Structural determinants of cold
adaptation and stability in a large protein. J Biol Chem 276: 25791-25796.
10.1074/jbc.M 102741200 [doi];M 102741200 [pii].

Oldfield CJ, Meng J, Yang JY, Yang MQ, Uversky VN, et al. (2008) Flexible

nets: disorder and induced fit in the associations of p53 and 14-3-3 with their

@ PLoS ONE | www.plosone.org

10

90.

91.

92.

94.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Cysteine Modulates CHOP Conformation

partners. BMC Genomics 9 Suppl 1: S1. 1471-2164-9-S1-S1 [pii];10.1186/
1471-2164-9-S1-S1 [doi].

Mathews-Roth MM, Rosner B, Benfell K, Roberts JE (1994) A double-blind
study of cysteine photoprotection in erythropoietic protoporphyria. Photo-
dermatol Photoimmunol Photomed 10: 244-248.

Gogia R, Richer SP, Rose RC (1998) Tear fluid content of electrochemically
active components including water soluble antioxidants. Curr Eye Res 17:
257-263.

Wei YS, Lin SY, Wang SL, Li MJ, Cheng WT (2003) Fourier transform IR
attenuated total reflectance spectroscopy studies of cysteine-induced changes in
secondary conformations of bovine serum albumin after UV-B irradiation.
Biopolymers 72: 345-351. 10.1002/bip.10436 [doi].

Schafer FQ, Buettner GR (2001) Redox environment of the cell as viewed
through the redox state of the glutathione disulfide/glutathione couple. Free
Radic Biol Med 30: 1191-1212. S0891584901004804 [pii].

Jones DP, Mody VC, Jr., Carlson JL, Lynn MJ, Sternberg P, Jr. (2002) Redox
analysis of human plasma allows separation of pro-oxidant events of aging from
decline in antioxidant defenses. Free Radic Biol Med 33: 1290-1300.
S0891584902010407 [pii].

Anderson CL, Iyer SS, Ziegler TR, Jones DP (2007) Control of extracellular
cysteine/cystine redox state by HT-29 cells is independent of cellular
glutathione. Am J Physiol Regul Integr Comp Physiol 293: R1069-R1075.
00195.2007 [pii];10.1152/ajpregu.00195.2007 [doi].

Jones DP, Go YM, Anderson CL, Ziegler TR, Kinkade JM, Jr., et al. (2004)
Clysteine/cystine couple is a newly recognized node in the circuitry for biologic
redox signaling and control. FASEB J 18: 1246-1248. 10.1096/1].03-0971fje
[doi];03-097 1fje [pii].

Banjac A, Perisic T, Sato H, Seiler A, Bannai S, et al. (2008) The cystine/
cysteine cycle: a redox cycle regulating susceptibility versus resistance to cell
death. Oncogene 27: 1618-1628. 1210796 [pii];10.1038/5j.0onc.1210796 [doi].
Moriarty SE, Shah JH, Lynn M, Jiang S, Openo K, et al. (2003) Oxidation of
glutathione and cysteine in human plasma associated with smoking. Free Radic
Biol Med 35: 1582-1588. S0891584903005987 [pii].

Yeh MY, Burnham EL, Moss M, Brown LA (2007) Chronic alcoholism alters
systemic and pulmonary glutathione redox status. Am J Respir Crit Care Med
176: 270-276. 200611-17220C [pii];10.1164/rcem.200611-17220C [doi].
Iyer SS, Jones DP, Brigham KL, Rojas M (2009) Oxidation of plasma
cysteine/cystine redox state in endotoxin-induced lung injury. Am ] Respir
Cell Mol Biol 40: 90-98. 2007-04470C [pii];10.1165/rcmb.2007-04470C
[doi].

Bates CJ, Mansoor MA, Gregory J, Pentiev K, Prentice A (2002) Correlates of
plasma homocysteine, cysteine and cysteinyl-glycine in respondents in the
British National Diet and Nutrition Survey of young people aged 4-18 years,
and a comparison with the survey of people aged 65 years and over. Br J Nutr
87: 71-79. S0007114502000107 [pii].

Obeid OA, Johnston K, Emery PW (2004) Plasma taurine and cysteine levels
following an oral methionine load: relationship with coronary heart disease.
Eur J Clin Nutr 58: 105-109. 10.1038/5sj.¢jen. 1601755 [doi];1601755 [pii].
Chakravarthi S, Jessop CE, Bulleid NJ (2006) The role of glutathione in
disulphide bond formation and endoplasmic-reticulum-generated oxidative
stress. EMBO Rep 7: 271-275. 7400645 [pii];10.1038/sj.embor.7400645
[doi].

Hwang C, Sinskey AJ, Lodish HF (1992) Oxidized redox state of glutathione in
the endoplasmic reticulum. Science 257: 1496-1502.

Kuznetsova IM, Turoverov KK, Uversky VN (2004) Use of the phase diagram
method to analyze the protein unfolding-refolding reactions: fishing out the
“invisible” intermediates. ] Proteome Res 3: 485-494.

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, et al. (1995) NMRPipe: a
multidimensional spectral processing system based on UNIX pipes. ] Biomol
NMR 6: 277-293.

Johnson BA, Blevins RA (1994) NMRVIEW: a computer program for the
visualization and analysis of NMR data. J Biomol NMR 4: 603-614.
Uversky VN, Ptitsyn OB (1996) Further evidence on the equilibrium “pre-
molten globule state”: four-state guanidinium chloride-induced unfolding of
carbonic anhydrase B at low temperature. J] Mol Biol 255: 215-228. S0022-
2836(96)90018-2 [pii];10.1006/jmbi.1996.0018 [doi].

April 2012 | Volume 7 | Issue 4 | 34680



