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Abstract
The identification of intrinsically disordered proteins (IDPs) among the targets that fail to form
satisfactory crystal structures in the Protein Structure Initiative represent a key to reducing the
costs and time for determining three-dimensional structures of proteins. To help in this endeavor,
several Protein Structure Initiative Centers were asked to send samples of both crystallizable
proteins and proteins that failed to crystallize. The abundance of intrinsic disorder in these proteins
was evaluated via computational analysis using Predictors of Natural Disordered Regions
(PONDR®) and the potential cleavage sites and corresponding fragments were determined. Then,
the target proteins were analyzed for intrinsic disorder by their resistance to limited proteolysis.
The rates of tryptic digestion of sample target proteins were compared to those of lysozyme/
myoglobin, apo-myoglobin and α-casein as standards of ordered, partially disordered and
completely disordered proteins, respectively. At the next stage, the protein samples were subjected
to both far-UV and near-UV circular dichroism (CD) analysis. For most of the samples, a good
agreement between CD data, predictions of disorder and the rates of limited tryptic digestion was
established. Further experimentation is being performed on a smaller subset of these samples in
order to obtain more detailed information on the ordered/disordered nature of the proteins.
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The Protein Structure Initiative (PSI) (or Structural Genomics Initiative, SGI) is a $764
million effort at federal, university, and industry levels to accelerate discovery in structural
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genomics by dramatically reducing the costs and lessening the time it takes to determine a
three-dimensional (3D) protein structure. The goal of PSI, which begun in 2000, is rather
ambitious – to determine the representative structures for all the common 3D folds in nature
via developing high throughput pipelines for determining protein structures and running
large number of proteins through these pipelines (Shapiro and Lima, 1998; Terwilliger,
2000; Williamson, 2000). If a success, such a set of common natural folds then could be
used to determine (approximately) the 3D structure of any sequence by homology modeling
if the correct template could be identified (Burley and Bonanno, 2002). In short, structural
genomics aims to use high-throughput structure determination and computational analysis to
provide 3D models of every tractable protein (Brenner, 2000). It is believed that this
approach will help to discover distant evolutionary relationships invisible from sequence,
which may yield novel functional insights (Brenner and Levitt, 2000).

The primary aim of target selection in PSI is structural characterization of protein families
which, so far, lack a structural representative. In other words, protein targets are selected
with the goal of increasing the breadth of inferences that can be made from sequence to
structure and function (Terwilliger and Berendzen, 1999). To follow the progress of the
initiative, PSI Structural Genomics Knowledgebase was created (http://kb.psi-
structuralgenomics.org/KB/index.html). Originally, the experimental data tracking module
of this Knowledgebase consisted of two components: the target progress tracking database
(TargetDB: http://targetdb.rcsb.org), which provided status and tracking information on the
production protein targets and their structure solution (Chen et al., 2004), and the
experimental protocol tracking database (Protein Expression, Purification, and
Crystallization Database (PepcDB): http://pepcdb.rcsb.org) extending the content of
TargetDB with detailed experimental histories, reasons for stopping experiments,
experimental protocol descriptions, and contact information collected from the PSI centers.
Recently, TargetDB and PepcDB have been replaced by the TargetTrack module, which is
defined now as a target registration database that provides information on the experimental
progress and status of targets selected for structural determination by the PSI and other
worldwide high-throughput structural biology projects (http://sbkb.org/tt/). As of May 04,
2012, from the 298,675 targets deposited by worldwide Contributing Centers in
TargetTrack, 297,987 proteins were selected, 202,313 were cloned, 127,375 were expressed,
of which 48,042 were shown to be soluble. From the 62,262 purified proteins, 13,440 were
crystallized, of which 10,104 produced diffraction-quality crystals. In addition to those,
3,156 purified proteins produced high quality heteronuclear single quantum coherence
(HSQC) data suitable for structure determination by NMR, of which 2,084 targets were
assigned. So far, according to TargetTrack, 4,941 crystal and 2,036 NMR structures were
solved. The work on 81,581 targets out of 298,675 targets in TargetTrack was stopped at the
various production stages. In short, out of every 100 proteins that have entered the pipelines
of various PSI centers, only about 3 yielded structure that was deposited to the protein
databank (PDB).

Recent years evidenced an increased appreciation of intrinsically disordered proteins (IDPs,
also known as intrinsically unstructured or natively unfolded proteins). These proteins fulfill
crucial biological functions while lacking stable secondary and/or tertiary structure and
existing instead as very dynamic structural ensembles undergoing fast conformational
exchange under physiological conditions in vitro [for reviews see e.g. (Tompa, 2002;
Uversky and Dunker, 2010; Uversky et al., 2000; Wright and Dyson, 1999)]. Furthermore,
intrinsic disorder is commonly found in proteins associated with the pathogenesis of various
human diseases, such as cancer (Iakoucheva et al., 2002), cardiovascular disease (Cheng et
al., 2006), amyloidoses (Uversky, 2008), neurodegenerative diseases (Uversky, 2009a;
Uversky, 2011a), genetic diseases (Midic et al., 2009a; Midic et al., 2009b), and many other
maladies (Uversky et al., 2008).
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It has been suggested that the functional diversity provided by disordered regions
complements functions of ordered proteins (Dunker et al., 2002; Dunker et al., 2001;
Iakoucheva et al., 2002; Uversky, 2011b; Vucetic et al., 2007; Xie et al., 2007a; Xie et al.,
2007b). In fact, it is recognized now that a protein function arises not only from unique
structures of ordered proteins (for which the ‘sequence→unique 3-D structure→specific
function’ paradigm is applicable), but also from conformational ensembles of disordered
proteins and even from the transitions between order and disorder in both directions. Thus, a
second paradigm ‘sequence→disordered-ensemble→function’ was proposed, leading to the
Protein Trinity model (Dunker and Obradovic, 2001), which suggests that the function of a
protein can originate from three distinct states (ordered, molten globule and random coil)
and transitions between them. This model was subsequently expanded to include a fourth
state (pre-molten globule) and transitions between all four states (Uversky, 2002).
Examining the functions of IDPs suggests that they are implicated in cells for signaling,
regulation, and control (Dunker et al., 2002; Dunker et al., 2005; Dunker et al., 2001; Dyson
and Wright, 2005; Iakoucheva et al., 2002; Uversky and Dunker, 2010; Uversky et al., 2005;
Wright and Dyson, 2009), through interactions with multiple partners where high-
specificity/low-affinity interactions are often requisite (Dunker and Uversky, 2008; Dunker
et al., 2008a; Dunker et al., 2008b; Dunker et al., 2001; Oldfield et al., 2008). The functions
attributed to IDPs are inherent to the disordered regions and involve either the region
remaining disordered or undergoing a disorder-to-order transition.

Amino acid sequences encoding the disordered proteins or regions are significantly different
from those that are characteristic for the ordered proteins on the basis of local amino acid
composition, flexibility, hydropathy, charge, and several other factors (Radivojac et al.,
2007). These sequence biases clearly put intrinsically disordered proteins into a separate
class of a protein kingdom and allowed for the reliable computational prediction of IDPs or
intrinsically disordered protein regions (IDPRs). The accuracies of disorder predictors have
increased as larger data sets and improved machine learning techniques were employed
(Ferron et al., 2006; He et al., 2009; Radivojac et al., 2007). Based on their structural
properties, IDPs and IDPRs have been grouped into at least two broad classes – compact
(molten globule-like) and extended (coil-like and pre-molten globule-like, also called
natively unfolded proteins) (Daughdrill et al., 2005; Dunker and Obradovic, 2001; Uversky,
2002; Uversky, 2003). Since both the ability and inability of a protein to fold is encoded in
its amino acid sequence, the peculiarities of primary structures of IDPs define their unique
structural properties (Dunker et al., 2001; Uversky et al., 2000) and conformational behavior
including their high stability against low pH and high temperature and their structural
tolerance toward the unfolding by strong denaturants (Uversky, 2009b).

Some of the distinctive structural properties of IDPs and unique peculiarities of their
conformational behavior were implemented for the large-scale identification of IDPs in
various organisms. In fact, Cortese et al. (2005) showed that E. coli cell extracts may be
enriched for IDPs using acid treatment by perchloric acid (PCA) or trichloroacetic acid
(TCA) (Cortese et al., 2005). This technique stemmed from the observation that many
proteins that remain soluble after acid treatment were shown to be IDPs. Another large scale
IDP identification approach was based on the fact that IDPs possessed high resistance
toward the aggregation induced by heat treatment (Cortese et al., 2005; Csizmok et al.,
2006; Galea et al., 2006). This observation was used to enrich the E. coli and S. cerevisiae
cell extracts in IDPs. Finally, a method based on the heat treatment coupled with a 2-D gel
electrophoresis was elaborated to identify IDPs in cell extracts (Csizmok et al., 2006). Here,
heat treated cell extracts were subjected to native and 8M urea 2-D gel electrophoresis.
IDPs, due to their already unfolded state as a result of their typically low hydrophobicity and
high net charge, run along or close to the diagonal of the gel. Structured globular proteins on
the other hand either aggregate and precipitate upon heat treatment or unfold in 8M urea and
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run above the diagonal in the second dimension (Csizmok et al., 2006). Although this 2-D
gel electrophoresis approach worked well for the smaller proteomes of E. coli and S.
cerevisiae, the predicted higher numbers of IDPs in mammalian proteomes make this tool
less practical. For this reason, Galea and coworkers used heat treatment under various
conditions followed by MS identification of protein spots, resulting in an enrichment of
signaling, regulatory and structural proteins, and a depletion of proteins involved in
metabolic functions (Galea et al., 2006).

Importantly, because of their flexible and very dynamic nature, IDPs might represent a big
challenge for protein crystallographers. Myelin basic protein (MBP) exemplifies these
troublemakers (Sedzik and Kirschner, 1992). One exhaustive series of attempts to crystallize
MBP for X-ray diffraction has been reported, where the authors tried 4,600 different
crystallization conditions but were unable to induce crystallization of MBP (Harauz et al.,
2004). Based on these observations the myelin basic protein has been suggested to belong to
the category on “uncrystallizable” proteins. In the case of MBP, several additional studies
suggest that this protein lacks fixed 3D structure, existing instead as in intrinsically
disordered ensemble, which in turn provides the basis of its multifunctionality (Harauz et al.,
2009). It can be safely assumed that many other unsuccessful crystallization attempts for
numerous other proteins have not been reported, since negative results are generally
assumed to be unsuitable for publication.

Since IDPs are highly abundant in nature and can represent a dramatic challenge to the
crystallographic attempts, of benefit to the PSI would be to find a way to more efficiently
select samples likely to yield structures and to quickly characterize those which do not
possess rigid structures. We hypothesized that protein intrinsic disorder might contribute to
the bottlenecks that occur at each step in the process of protein structure determination.
Therefore, we have elected to study the contributions of intrinsic disorder to the last
bottleneck, namely to the failure to obtain crystals from the purified, soluble proteins. To
this end, we evaluated the abundance if intrinsic disorder in the PSI proteins by a variety of
computational tools. At the next stage, several PSI proteins that have been successfully
expressed and purified but that have so far failed to yield 3-D structures were experimentally
tested for intrinsic disorder.

Materials & Methods
Materials

Myoglobin from horse skeletal muscle (M0630), apomyoglobin from horse skeletal muscle
(A8673) and lysozyme form chicken egg white (L6876) were obtained from Sigma-Aldrich
Company. α-Casein (100251) from bovine milk was obtained from MP Biomedicals, Inc.
These proteins were supplied as lyophilized powder and were resolublized in appropriate
buffers without further purification. Type IX-S trypsin from porcine pancreas (T0303) was
obtained from Sigma-Aldrich Company and stored resolubilized in 1 mM HCl containing 20
mM CaCl2 (to prevent autodigestion) in 20 µl aliquots at 50 µM. Nα-Tosyl-L-lysine
chloromethyl ketone hydrochloride (TLCK) (T7254) and Soybean Trypsin-Chymotrypsin
Inhibitor (STCI) (T9777) were purchased from Sigma.

Samples proteins were supplied from The Berkeley Structural Genomics Center (BSGC),
The New York Structural Genomics Research Consortium (NYSGRC), and Mycobacterium
tuberculosis Structural Genomics Consortium (TB/MtSGC) – Los Alamos National
Laboratory.
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Computational Analysis
Sequences from sample proteins were analyzed using predictors of naturally disordered
regions (PONDR®) to located predicted regions of disorder. Specifically, PONDR® VL-XT,
VL3E, VSL2B, and VSL2P were used from www.DisProt.org. The sequences were scanned
for all possible trypsin cut sites; arginine and lysine residues not immediately preceding a
proline residue. Expected protease cut sites were selected as those lying in the midst of
predicted disorder regions from the PONDR® VSL2P predictor.

Limited Proteolysis
Protease digestion was performed using the final trypsin concentrations of either 0.2 µM or 1
µM. Reactions were performed in duplicate in a 96-well microwell plate with time points at
0, 1, 5, 15, 30, 60, and 120 minutes. 10 µl of 1 mg/ml protein samples were aliquoted into
the wells. 2.5 µl of desired trypsin concentration (to have the final protease concentration of
0.2 µM or 1 µM) was added to each well. 2.5 µl of quencher (6 mM TLCK and 60 µM STCI)
was added to each reaction at indicated time points. 5 µl of mM HCl was added to the 0 time
points instead of trypsin or quencher to serve as a baseline. Immediately after the addition of
quencher, 5 µl of sample buffer (4 × LDS Sample Loading Buffer with 500 mM DTT in 2:1
ratio) was added to each reaction and microwell was heated at 70°C for 10 minutes in a
thermocycler. The standard protocol for running reduced samples on Invitrogen’s XCell4
MidiCell electrophoresis unit using 26-well 4–12% NuPAGE® Novex bis-tris gels.

Circular Dichroism
Far-UV and near-UV CD experiments were performed on a BioLogic MOS-450
spectropolarimiter. All experiments were performed at room temperature (23°C) with
sensitivity set at +/− 30 millidegrees with acquisition duration of 2 seconds over an average
of 5 scans. A path-length of 0.2 mm and 1 cm was used for far-UV and near-UV,
respectively. Slit widths for both 9 monochromators were set at 1 mm and 0.5 mm for far-
UV and near-UV, respectively. Standards and samples were prepared in 50 mM sodium
phosphate buffer, pH 8.0. Buffer blanks were subtracted from the scans and spectra were
normalized to an ellipticity of zero at 250 nm and 350 nm for far-UV CD and near-UV CD,
respectively.

Results and Discussion
Computational analysis of intrinsic disorder abundance in Protein Structure Initiative
targets

The Protein Structure Initiative (PSI) has the goals of developing high throughput pipelines
for determining protein structures and then running large number of proteins through these
pipelines. Figure 1A represents the distribution of target proteins from the target progress
tracking database (TargetDB: http://targetdb.rcsb.org) which were successfully pushed
through the different stages of these pipelines. Figure clearly shows that significant loss
takes place at each stage, and that from all the targets selected so far only about 5% have
been crystallized, only about 1.2% yielded satisfactory HSQC spectra, and only about 3%
produced structures deposited to PDB. On the other hand, for about 33.3% target proteins
work was stopped at the various production stages since these proteins were repeatedly
unable to progress to the next step.

Our hypothesis is that intrinsic disorder contributes to the bottlenecks that occur at each step
in the process. In fact, disordered proteins containing large solvent-exposed hydrophobic
surfaces might possess high propensity to aggregate. Furthermore, some IDPs might be
characterized by low conformational stability and therefore could be degraded fast by the
proteases. Finally, expression of some IDPs, which are known to be involved in signaling

Johnson et al. Page 5

J Struct Biol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.DisProt.org
http://targetdb.rcsb.org


and regulation, might be toxic for the heterologous expression systems. Figure 1B shows
that sequences of selected proteins on average contain ~26% disordered residues as
predicted by PONDR® VSL2. This number decreases to 22.5% in proteins that yielded
crystal structures. Proteins selected for NMR analysis have noticeably greater content of
disordered residues. Proteins for which work was stopped contain ~22% disordered residues.

Since disordered regions could be evenly distributed through the protein sequence or could
form long contiguous stretches, at the next step we analyzed the abundance of long predicted
disordered regions in proteins at each stage of the pipeline. Figure 1C shows that the
percentage of proteins with intrinsically disordered regions (IDRs) longer than 30 residues
sequentially decreases mostly following the structure determination stages: although 31.2%
selected proteins contain such regions, this number decreases to 19.4% and 11.1% in
proteins that produced crystal or NMR structures respectively. The picture is even more
convincing when length of predicted disordered regions is increased to 100 or more
consecutive residues. In fact, Figure 1D shows that 5.8% selected proteins contain such long
IDRs, whereas the long disordered stretches are predicted in only 0.8% and 0.9% proteins
whose crystal or NMR structure was solved, respectively. Furthermore, although many of
the proteins with long predicted IDRs were claimed to be crystallized, in most cases, the
actually crystallized parts were domains rather than entire proteins. Once again, many
proteins for which work was stopped at the various production stages contain long IDRs.

Taken together data presented in Figure 1 show that the amount of intrinsic disorder,
especially long IDRs, progressively decreases while moving from the top to the bottom of
the structure determination pipelines. The decrease in the amount of structural disorder is
especially noticeable when the length of the predicted IDRs is taken into account (cf.
Figures 1C and 1D). The facts that proteins, which are able to successfully pass to the next
stage, typically contain less disorder than proteins at the previous stage and that proteins for
which work was stopped typically contain noticeable amount of disorder suggest that our
hypothesis is correct and intrinsic disorder likely contributes to the PSI bottlenecks. To
further check this hypothesis, several crystallizable and non-crystallizable proteins obtained
from the PSI Centers were analyzed by a set of computational and experimental techniques
to evaluate their intrinsic disorder content.

Implemented tools for the intrinsic disorder analysis in samples from PSI centers
For this project, we have elected to study the contributions of intrinsic disorder to the protein
structure determination bottleneck, namely the failure to determine 3D structures from
purified, soluble proteins. To this end, a set of both crystallizable and non-crystallizable
proteins was obtained from PSI Centers and analyzed by a combined approach that includes
computational and experimental tools. The targets analyzed in this study were not chosen in
any specific way, we simply studied proteins provided by the PSI Centers.

Each sample was analyzed computationally by several members of the PONDR® family to
predict order/disorder content and then scanned for all possible trypsin cut sites. Next,
limited proteolytic digestion at two trypsin concentrations was performed for each protein.
The results of this analysis were compared to standards (i.e., well-characterized proteins
with known disorder status, fully ordered, fully disordered, and partially disordered) in terms
of rate of digestion and the presence, number, and stability of fragments. Then, far-UV and
near-UV CD were measured for all the samples to investigate the overall content of the
ordered secondary structure and to evaluate the rigidity of the environment of aromatic
residues, respectively.

Several computational tools for intrinsic disorder prediction, PONDR® VLXT, VSL2 and
VL3, CDF analysis and CH-plot, were exploited in this study. The rational for their use is
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briefly outlined below. PONDR® VL3 (Peng et al., 2005) is a predictor for accurate
evaluation of long disordered regions. PONDR® VLXT (Dunker et al., 2001) is a general
disorder predictor, which is very sensitive to potential functional sites. PONDR® VSL2
(Peng et al., 2006) is one of the most accurate disorder predictors developed so far. It is
statistically better for proteins containing both structure and disorder. For these three
predictors, which evaluate the per residue disorder probability, scores above 0.5 correspond
to the predicted disordered regions/residues, whereas scores below 0.5 correspond to
predicted ordered regions/residues. Two other computational tools, the cumulative
distribution function (CDF) analysis (Dunker et al., 2000; Oldfield et al., 2005; Xue et al.,
2009) and charge-hydropathy plot (CH-plot) (Uversky et al., 2000), are binary predictors,
which indicate whether a given protein is ordered or disordered as whole. Ordered proteins
generally lie in the upper left region of the CDF plot as a larger fraction of their residues is
predicted to have lower PONDR® scores. Conversely, disordered proteins are expected to
lie in the lower right corner of the CDF plot since a larger fraction of their residues is
predicted to have higher disorder scores (Dunker et al., 2000; Oldfield et al., 2005; Xue et
al., 2009). In CH-plot, compact proteins lie in the right-hand corner since they are generally
enriched in hydrophobic residues and contain fewer charged residues. Conversely, proteins
with extended disorder are characterized by low hydropathy and high net charge and
therefore tend to lie in the upper left-hand region of the CH-plot (Oldfield et al., 2005;
Uversky et al., 2000).

The extent of proteolytic digestion by specific proteases, such as trypsin, has been shown to
correspond to flexibility in the region of the cut site and not just surface exposure (Hubbard,
1998). Depending on the amount of intrinsic disorder in a given protein, three major
scenarios for the proteolytic digestion are expected. Highly disordered proteins are expected
to be digested fast, typically without accumulation of stable fragments. However, some of
such proteins might produce semi-stable fragments, the number and protease resistance of
which are expected to be depended on the amount and stability of partially ordered structure.
Highly ordered proteins are expected be digested slowly, typically with accumulation of one
or several stable fragments. Partially disordered proteins (proteins with long IDRs) are
expected to show the intermediate proteolytic behavior. As accessible cut sites in disordered
regions are cleaved, stable fragments may emerge if enough structural stability is
maintained. Therefore, by comparing the rates of digestion as determined by the
disappearance of the initial protein band on SDS-PAGE and by the analysis of the digestion
patterns, we can loosely characterize the degree of disorder in protein samples. Obviously,
experimental mapping of intrinsically disordered regions with combined prediction and
proteolysis can be readily parallelized in a high-throughput format.

There has been a long-running debate whether proteolysis occurs only in unfolded or
disordered regions of proteins or whether proteolysis can occur in surface-exposed, but
ordered regions of proteins. There are a several arguments supporting the former model.
Particularly, if proteolysis is indeed happening at the surface-exposed and ordered sites, then
it is unclear how a protease of known sequence specificity recognizes such a limited subset
out of the many putative sites of proteolysis in a folded polypeptide chain. In fact, trypsin
ought to cleave polypeptide at nearly every lysine-X and arginine-X bond (with the partial
exception of proline at X), assuming that about 5–10% of the peptide bonds in a typical
protein has to be susceptible to proteolytic attack. However, at the native (or near-native)
conditions, trypsin will cut only a limited number of such bonds (or on occasion none at all)
in a natively folded protein. This means that the structure and dynamics of a substrate
protein play a crucial role in determining the efficiency of proteolysis (Hubbard et al., 1994;
Hubbard et al., 1998). Interestingly, the analysis of the X-ray crystallographic structures of
proteases with small protein inhibitors, such as BPTI, revealed that the inhibitor reactive site
loop bound into the enzyme active site in the manner of a ‘perfect’ substrate. This canonical
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conformation is conserved throughout diverse families of small protein inhibitors of serine
proteases although the overall fold and the amino acid sequence of these inhibitors are not
(Bode and Huber, 1992; Laskowski and Kato, 1980).

Using this canonical conformation of the inhibitor reactive site loops as a template,
Thornton and co-workers showed that limited proteolytic sites are quite different in structure
from the idealized inhibitor loops, and they must therefore undergo a conformational change
in order to enter the proteinase active site (Hubbard et al., 1991). Furthermore, for several
proteins it has been shown that local unfolding of at least 13 residues is needed for a set of
observed cut-sites to properly fit into trypsin’s active site (Hubbard et al., 1994; Hubbard et
al., 1998). Hence, the position of the putative limited proteolytic site with respect to the rest
of the substrate tertiary structure, and the inherent flexibility and opportunity for local
unfolding must help determine its proteolytic susceptibility. Furthermore, it has been
established that limited proteolytic sites are typically found within flexible solvent-exposed
loop regions (as indicated by crystallographic temperature factors or B-values) (Fontana et
al., 1986; Hubbard et al., 1991; Novotny and Bruccoleri, 1987), and are notably absent in the
regions of regular secondary structure, especially within the β-sheets (Fontana et al., 1997a;
Fontana et al., 1997b; Hubbard et al., 1994). These proteolytic sites protrude from the
protein surface and are expected to be found at regions where the local packing does not
inhibit the local unfolding that is deemed necessary (Hubbard et al., 1991). Fontana and co-
workers (Fontana et al., 1997b) showed that apo-myoglobin is digested many orders of
magnitude faster than myoglobin and the sites of digestion from several different proteases
all mapped to a region of intrinsic disorder. Similarly, it has been shown that while the
holoform of cytochrome c is fully resistant to proteolytic digestion and the apo-protein is
digested to small peptides, the non-covalent complex of the apo-protein and heme exhibits
an intermediate resistance to proteolysis, in agreement with the fact that the more folded
structure of the complex makes the protein substrate more resistant to proteolysis (Spolaore
et al., 2001). Thus, our view is that protease digestion is much faster in regions of intrinsic
disorder and so can be used to map ordered and disordered regions. In agreement with this
suggestion, earlier we have established that PONDR® indications of order and disorder are
perfectly correlated with the protease digestion experiments (Iakoucheva et al., 2001a;
Iakoucheva et al., 2001b): regions predicted to be ordered were generally not cut at all,
while regions predicted to be disordered were rapidly cut.

Secondary structure content can be estimated from the circular dichroism spectra in the far-
UV region (190–250 nm) which reveal the peculiarities of the peptide bond environment. As
a result, very distinctive spectra are produced from different types of secondary structure.
Extended IDPs (native coils or native pre-molten globules) are characterized by ellipticities
near zero at 185 nm, large negative ellipticities in the region around 200 nm, and low
negative signals near 222 nm (Daughdrill et al., 2005; Receveur-Brechot et al., 2006;
Uversky and Longhi, 2010; Uversky and Dunker, 2012a; Uversky and Dunker, 2012b;
Uversky and Dunker, 2012c).

Local tertiary structure may be evaluated from near-UV CD spectra (250–350 nm) which
display environmental characteristics of aromatic amino acid residues (tyrosine, tryptophan,
and phenylalanine) (Daughdrill et al., 2005; Receveur-Brechot et al., 2006; Uversky and
Longhi, 2010; Uversky and Dunker, 2012a; Uversky and Dunker, 2012b; Uversky and
Dunker, 2012c). Proteins with aromatic groups embedded into rigid tertiary structure
produce specific near-UV CD spectra with a unique fingerprint distribution of peaks
characteristic for each aromatic side chain type. It is expected that signals for phenylalanine,
tyrosine and tryptophan generally are within the 250–270 nm, 270–290 nm, and 280–300
nm regions respectively. Since structured proteins have unique 3D structures, their aromatic
groups have unique environments which create spectra that are unique. Although a lack of
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spectral complexity and low signal strength are indicative of a lack of tertiary structure in
many IDPs, some IDPs produce intricate near-UV CD spectra implying that they retain, at
least in part, some residual tertiary structure (Daughdrill et al., 2005; Receveur-Brechot et
al., 2006; Uversky and Longhi, 2010; Uversky and Dunker, 2012a; Uversky and Dunker,
2012b; Uversky and Dunker, 2012c).

Simultaneous analysis of near- and far-UV CD spectra can discriminate whether the protein
is in an ordered form, in an extended disordered form, or in a collapsed disordered form.
That is, ordered forms give negative intensity in the ~ 205 to ~240 nm range, indicating
secondary structure, and also a set of specific sharp positive or negative peaks in the ~ 250
to ~ 305 range, indicating rigidly packed aromatic side chains. In contrast, extended disorder
gives very weak or even positive intensity in the ~210 to ~ 240 nm range combined with a
strong negative peak in the vicinity of 200 nm, indicating the absence of regular secondary
structure, and also the absence of well-defined signal in the ~ 280 to ~ 305 range, indicating
absence of rigid side chain packing. Finally, collapsed disorder exhibits spectra indicating
secondary structure (negative intensity in the ~ 205 to ~ 240 nm range), but with the absence
of rigid aromatic chain packing (absence of sharp peaks in the ~ 250 to ~ 305 nm range).

Evaluating intrinsic disorder in standard well-characterized proteins with known disorder
status

The proposed approach was first calibrated using a set of standard proteins with known
disorder status. To this end, we analyzed a well-studied and easily accessible IDP (α-
casein), a well-studied and easily accessible highly ordered protein (hen egg white
lysozyme), and a moderately stable partially ordered protein (apo-myoglobin). Figure 2
represents the analysis of the 3 protein standards by the cumulative distribution function
(CDF) and charge-hydropathy plot (CH-plot). In agreement with previous studies, α-casein
was predicted to be intrinsically disordered as a whole, whereas both apomyoglobin and
lysozyme were predicted to be mostly ordered. Next, we analyzed the per-residue disorder
distribution in these standards. Figure 3 and Table 1 represent the results of intrinsic disorder
prediction by PONDR® VSL2, VL3, and VLXT and support the notion that α-casein is
essentially more disordered than apomyoglobin and lysozyme. In fact, according to
PONDR® VSL2 data in Table 1, α-casein, apomyoglobin, and lysozyme were predicted to
have 81.4%, 50.6% and 8.8% disordered residues with the average scores of 0.775, 0.453,
and 0.275, respectively.

Earlier studies revealed that there is an excellent correlation between the PONDR®

indications of order and disorder and protease cut sites in a given protein, since regions
predicted to be ordered were generally uncut at all, whereas regions predicted to be
disordered were rapidly cut (Iakoucheva et al., 2001a; Iakoucheva et al., 2001b). This is
illustrated by the analysis of the digestion pattern of the XPA protein which showed that
virtually all of the trypsin-sensitive sites were found in regions that were predicted to be
disordered and virtually all of the potential cut sites which were trypsin-resistant were seen
in regions that were predicted to be ordered (Iakoucheva et al., 2001a; Iakoucheva et al.,
2001b). To evaluate the accessibility of the standard proteins to proteolytic attack, Figure 3
represents the probable cut sites located in disordered regions of α-casein, apomyoglobin,
and lysozyme. Figure shows that almost all cut sites of α-casein are located in regions
predicted to be disordered and therefore are trypsin-sensitive, whereas both apomyoglobin
and lysozyme contain noticeable number of potential trypsin-resistant sites.

The SDS-PAGE gels provide an easy and rather accurate tool for quantitative analysis of the
amount of digestion, and the overall pattern observed on the gels is highly informative. For
example, if a single protein becomes cut into two pieces, it is likely that the protein has 2
domains connected by a flexible (disordered) linker. If a protein shows multiple
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intermediates, ultimately giving a lower molecular mass band, it likely has at least one long
flexible region that is cut almost simultaneously at multiple locations. If no sizable
intermediates are observed during the digestion time course, the digested protein could be
completely disordered (Yang and Klee, 2002). Figure 4 illustrates the limited tryptic
digestion results for a typical IDP (α-casein), a partially folded protein (apo-myoglobin) and
a highly ordered protein (lysozyme). In agreement with expectations, intrinsically disordered
α-casein was digested very fast, even in the presence of low trypsin concentrations (Figures
4A and B). Partially folded apomyoglobin possessed a moderate proteolytic resistance and
produced sizable stable fragments (Figures 4C and D), whereas highly ordered lysozyme
was not cut (Figures 4E and F).

Next, structural properties of the standard proteins were analyzed using near- and far-UV
CD spectroscopy. The near-UV CD spectrum of lysozyme was relatively intensive and was
characterized by fine structure, possessing a broad feature-less negative peat in the vicinity
of 260 nm and a series of three, relatively well-resolved positive peaks at 280, 290 and 295
nm (Figure 5A). Such near-UV CD spectrum is indicative of the well-developed tertiary
structure. The near-UV CD spectrum of myoglobin was also typical for the well-folded
protein, being characterized by relatively high intensity and having a pronounced fine
structure, containing 4 positive peaks, a large, broad peak at 265 nm, a small peak at 285
nm, another large peak at 295 nm, and small, broad peak at 320 nm (Figure 5A). The hem
removal from myoglobin is known to destabilize this protein. In the near-UV CD analysis of
apo-myoglobin, this destabilization led to the dramatic decrease in the spectral intensity,
being also accompanied by the noticeable simplification of the spectrum. In fact, the near-
UV CD spectrum of apo-myoglobin was characterized by 4 or 5 positive peaks between 250
and 300 nm, all with relatively low amplitudes (Figure 5A). Finally, the near-UV CD
spectrum of α-casein possessed low intensity and showed a broad feature-less negative peak
at 280 nm, clearly indicating almost complete lack of rigid tertiary structure in this protein
(Figure 5A).

Figure 5B represents the results of the secondary structure analysis of the standard proteins.
The far-UV CD spectrum of lysozyme possessed a positive peak at 198 nm and two minima
at 208 nm and 222 nm, typical for the proteins with the well-developed secondary structure
(Figure 5B). Similarly, the far-UV CD spectrum of myoglobin clearly possessed features of
well-folded helical protein (see Figure 5B). On the other hand, apo-myoglobin was
characterized by less intensive far-UV CD spectrum, reflecting the reduction of ordered
secondary structure caused by the hem removal. Finally, the far-UV CD spectrum of α-
casein was characterized by features typical for the highly disordered polypeptide chain, a
negative peak at 204 nm and very shallow shoulder at 222 nm (see Figure 5B).

Altogether, data retrieved for the well-characterized proteins with the different levels of
intrinsic disorder clearly indicated that that the proposed approach where computational
analysis is combined with the experimental tools can be used for obtaining the reliable
information on the disorder status of the query protein.

Analysis of the illustrative PSI target proteins
BSGCAIR30378—The first protein selected as an example from the set of the PSI targets
was BSGCAIR30378. Since the crystal structure of this protein was successfully solved
(PDB ID 2I15, see Figure 6), BSGCAIR30378 (which is the hypothetical protein MG296
homolog) was chosen as an illustration of well-ordered crystallizable proteins. Analysis of
the crystal structure revealed that BSGCAIR30378 contained a potentially disordered
region, fragment 71–85, disorder in which was manifested as missing electron density.
Although the biological unit of BSGCAIR30378 is unknown, this protein crystallized as an
oligomer. Figure 6 shows a homotrimer of BSGCAIR30378 (Figure 6A), monomers of
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which contain a tri-helix up-down bundle globular domain and a rather extended helical
protrusion containing two helices (residues 3–17 and 21–35) without noticeable
intramolecular contacts (Figure 6B). This helical protrusion is used to establish an extensive
set of intermolecular contacts with neighboring BSGCAIR30378 molecules (see Figure 6A).
The obscure shape of the BSGCAIR30378 monomer is further illustrated by Figure 6C
representing a solvent accessible surface area of the monomer. Despite the rather unusual
shape, monomers inside the BSGCAIR30378 oligomers are rather immobile, as evidenced
by the perfection of their structural alignment (Figure 6D).

Computational analysis revealed that BSGCAIR30378 was a mostly ordered protein, which
contained 10.9%, 0.0%, and 4.7% disordered residues predicted with an average scores of
0.324, 0.263, and 0.103 for PONDR VSL2, VL3, and VLXT, respectively (see Table 2).
Figure 7A shows that according to these three predictors the majority of the
BSGCAIR30378 residues possessed scores below 0.5. Whereas PONDR VL3 produced a
smooth, featureless curve with a broad minimum around residue 110, PONDR VLXT curve
stayed near zero, had three low intensity but distinctive maxima in the vicinity of residues
30, 75 and 120, and went above the score of 0.5 only at the N-terminus, possibly indicating
that BSGCAIR30378 had a disordered tail. On the other hand, PONDR VSL2 curve was
shifted toward the higher disorder score (~0.25), had four low intensity maxima near the
residues 20, 35, 45 and 70, and two higher intensity maxima near the residues 85 and 110,
and predicted disorder for both N-and C-termini. Regions of increased intrinsic disorder
propensity corresponded to the loops connecting helical elements in the BSGCAIR30378 3-
D structure. Interestingly, the most flexible region with the highest intrachain disorder score
(near the residue 85) roughly corresponded to the region with missing electron density. Only
one predicted trypsin cut site near the C-terminus of the protein was located in the putative
disordered region predicted by PONDR VSL2) (Figure 7A). Based on the PONDR analysis
and tryptic cut site predictions, digestion was expected to occur relatively slowly resulting in
the accumulation of stable fragment(s).

In agreement with these predictions, Figure 7B shows that the rate of the BSGCAIR30378
limited digestion at both 0.2 µM and 1 µM trypsin was relatively slow, in between that of the
partially and fully ordered standard, apo-myoglobin and lysozyme, respectively.
Furthermore, greater than 75% of the protein remained intact after the digestion for 60
minutes at both trypsin concentrations (0.2 µM and 1 µM). At 0.2 µM trypsin, a few stable
fragments had emerged after the 15 minute proteolysis, whereas at 1 µM stable fragments
began to appear at the 1 minute time point. The results of computational predictions and
limited trypsinolysis were further supported by the BSGCAIR30378 spectroscopic analysis.
In fact, the far-UV CD spectrum of this protein was typical for a well-folded protein with
pronounced α-helical structure (Figure 7C). Whereas near-UV CD spectrum confirmed the
presence of relatively rigid tertiary structure in BSGCAIR30378, since this protein
possessed a broad peak at 275 nm and several sharper peaks at 258 nm, 265 nm, and 286
(Figure 7D). Therefore, both computational and experimental analyses agreed that
BSGCAIR30378 is a relatively ordered protein with a conformational stability between
those of lysozyme and apo-myoglobins.

BSGCAIR30903—The second protein selected for the analysis was BSGCAIR30903,
which was successfully crystallized too. In agreement with this observation, PONDR
analysis indicated that BSGCAIR30903 was expected to be a mostly ordered protein. There
were 42%, 0%, and 25% disordered residues predicted with the average scores of 0.425,
0.132, and 0.278 by PONDR VSL2P, VL3E, and VLXT, respectively (see Table 2). Figure
8A illustrates that although PONDR VL3 showed a very low overall disorder score, being
characterized by one shallow dip, PONDR VSL2 and VL-XT both indicated two ordered
regions linked by a disordered region and bounded by disordered tails. Several predicted
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trypsin cut sites lied in the putative disordered regions predicted by PONDR VSL2 in both
termini, and one site was predicted to be located in the disordered central region of the
protein while several others are located in the each of the ordered regions (Figure 8A).
Based on this analysis digestion of BSGCAIR30903 was expected to result in the formation
of two stable fragments that correspond to the two predicted ordered regions flanking the cut
site in the disordered spike. The overall rate of digestion was expected to be relatively low.

Figure 8B shows that the rate and the profile of limited trypsinolysis of BSGCAIR30903 at
both 0.2 µM and 1 µM trypsin concentration were similar to those observed for the partially
ordered standard, apomyoglobin. At 0.2 µM, a portion of the initial band was still visible at
60 minutes. However, no intact protein was observed after the 5 minute digestion by 1 µM
trypsin. By 15 minutes at 1µM trypsin, two stable fragments emerged. The far-UV CD
spectrum of BSGCAIR30903 was characteristic for a well-folded protein with the
pronounced α-helical structure, possessing a positive peak at 198 nm and two pronounced
minima at 208 nm and 222 nm, with the minima at 222 nm being slightly deeper (Figure
8C). The near-UV CD spectrum of this protein showed low signal, which was not surprising
since BSGCAIR30903 does not contain tryptophan residues (Figure 8D). However, multiple
low intensity bands are seeing in the near-UV CD spectrum of this protein suggesting that its
tyrosine and phenylalanine residues might have relatively rigid environment.

NYSGXRC10336x—Next, we analyzed chromosomal replication initiator protein DnaA
(NYSGXRC10336x), a protein which failed to crystallize. Figure 9A shows that this protein
was predicted to be mostly ordered, possessing 15.9%, 2.3%, and 21.6% disordered residues
predicted with the average disorder scores of 0.274, 0.242, and 0.287 by PONDR VSL2,
VL3, and VLXT, respectively (see Table 2). The overall profiles of the PONDR-derived
disorder propensity distributions in this protein were essentially more complex that those of
BSGCAIR30378, possessing multiple peaks exceeding the 0.5 threshold (cf. Figures 7A and
9A). Seven potential trypsin cleavage sites were spread somewhat uniformly across the
length of the protein in major disordered spikes predicted by PONDR VSL2 (Figure 9A).
Figure 9A shows that only the first tryptic fragment (residues 1–100) was predicted to
possess low intrinsic disorder content, whereas other fragments contained more disorder.
Based on these observations, at least four main fragments were expected to appear at the
beginning of the digestion process. These fragments were expected to have different
proteolytic resistances. Furthermore, the rate of proteolysis was expected to be intermediate
between that of wholly and partially disordered standards (i.e., trypsinolysis rates of α-
casein and apo-myoglobin).

Figure 9B reports on the efficiency of the NYSGXRC10336x limited digestion by 0.2 µM
and 1 µM trypsin. Both the rate of trypsinolysis and the proteolytic profile were closer to
those of the fully disordered standard, α-casein, rather than to the partially disordered apo-
myoglobin (cf. with data shown in Figure 4). At 0.2 µM, no initial protein band was visible
past 5 minutes, whereas at 1 µM trypsin, no initial protein band was observed by already 1
minute of digestion. Figure 9B shows that 7 or 8 bands became visible at the 1 minute
digestion at 0.2 µM giving way to 3 or 4 bands at the 5 minute digestion and 2 stable bands
throughout the remaining digestion time. At 1 µM, 3 or 4 faint bands were detectable after
the trypsinolysis for 1 minute, with only two stable bands being present at the remaining
time points (note, the upper band might correspond to the inhibitor). The far-UV CD
spectrum of NYSGXRC10336x was characterized by a positive peak at 198 nm and two
minima at 208 nm and 222 nm, with the minima at 208 nm being slightly deeper (Figure
9C). The near-UV CD spectrum of this protein showed overall low intensity, possessing
some fine structure and a broad negative peak at 273 nm (Figure 9D). Overall,
computational and experimental data suggested that NYSGXRC10336x is a moderately
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stable protein with noticeable amount of intrinsic disorder, which can preclude this protein
from the successful crystallization.

BSGCAIR30998—The fourth protein selected as an example was a Mycoplasma
pneumoniae protein BSGCAIR30998, which also failed to crystallize. Figure 10A clearly
shows that according to the PONDR analysis, BSGCAIR30998 was predicted to be a mostly
disordered protein. In fact, it had 81.7%, 59.6%, and 36.7% disordered residues predicted
with the average scores of 0.773, 0.605, and 0.394 by PONDR VSL2, VL3, and VL-XT,
respectively (see Table 2). PONDR VL3 curve, being located mostly above the threshold
0.5, contained a pronounced dip of about 20 residues near the middle of the sequence
(Figure 10A). Similarly, PONDR VSL2 analysis revealed that BSGCAIR30998 was the
mostly disordered protein. On the other hand, PONDR VLXT curve contained multiple dips
near the middle of the protein with the rest being mostly disordered (Figure 10A).
BSGCAIR30998 was predicted to have several accessible trypsin cut sites located within the
putative disordered regions at both termini and as well as four partially inaccessible trypsin
cut sites located in the shallow ordered dip in the central region of the protein (Figure 10A).
Based on the PONDR analysis and the tryptic cut site predictions, digestion of
BSGCAIR30998 was expected to occur at a high rate and possibly to result in one stable
fragment that corresponded to the removal of the two predicted disordered regions flanking
the central ordered fragment. However, fast complete digestion could not be ruled out if the
removal of the terminal regions would destabilize the central fragment, exposing new
trypsin cut sites.

In agreement with these predictions, the rate and the profile of the BSGCAIR30998 limited
digestion at both 0.2 µM and 1 µM trypsin were very similar to those of the fully disordered
standard, α-casein. At 0.2 µM, no initial protein band was visible past 5 minutes, whereas at
1 µM trypsin, no initial protein band was observed already after 1 minute of digestion. At
0.2 µM trypsin, 5 to 6 bands became visible after the first minute of digestion, which gave
way to 2 or 3 bands in throughout remaining time points. At 1 µM, 4 or 5 bands were present
at 1 minute, 4 bands at 5 minutes, and only 1 band in the remaining time points. Similar to
the situation with NYSGXRC10336x described above, this band might correspond to the
trypsin inhibitor. This hypothesis was in agreement with the control experiments, where the
corresponding concentration of trypsin inhibitor was run alone (data not shown). Both far-
and near-UV CD spectra confirmed almost complete lack of ordered structure in
BSGCAIR30998. The Far-UV CD spectrum resembled that of α-casein and showed a
negative peak at 198 nm and very shallow shoulder at 215 nm (Figure 10C). The near-UV
CD spectrum of BSGCAIR30998 possessed a small, broad, feature-less peak at 275 nm and
the edge of a negative peak visible at 250 nm (Figure 10D).

Overall disorder status of analyzed PSI targets
Figure 11 represents the evaluation of the overall disorder status of all non-crystallizable and
crystallizable PSI targets analyzed in this study by the binary disorder identifiers, CDF and
CH-plot. These data show that the majority of PSI targets were predicted as mostly ordered
proteins. Binary predictors are not ideally suited for analysis of crystallizability of proteins,
since it is the length of the disordered region(s) (rather than the average disorder score) that
is crucial in terms of success or failure in getting crystals. For example, although the average
disorder score can be low, the occurrence of a single, rather long disordered region can
prevent crystallization. Therefore, as such, predictors providing score on a per residue level
are more appropriate for these purposes. However, both the CDF curves and CH points of
the non-crystallizable targets were in general closer to the corresponding boundaries in
comparison with the curves and points corresponding to the crystallizable proteins. Table 2
represents the results of the PONDR-based prediction of the amount of disorder and the
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number of accessible tryptic sites in these proteins. Actual data for the limited proteolysis of
the PSI target protein are tabulated here too. Finally, Figure 12 summarizes data on the
spectroscopic analysis of the non-crystallizable and crystallizable targets. These data show
that in agreement with the CDF- and CH-plot-based disorder evaluations, the majority of
non-crystallizable proteins were predicted and shown to be more disordered and less stable
than crystallizable targets from various PSI Centers.

Overall, analyses presented in this study reveal that a large portion of expressed and purified
proteins that fail to yield 3-D structures contain lengthy intrinsically disordered regions.
Therefore, these data clearly suggest that the disorder evaluation in target proteins by a
combination of computational and experimental tools represents a valuable approach for
finding those targets which potentially will be recalcitrant to structure determination.
Furthermore, this study shows that the experimental mapping of intrinsically disordered
regions combined with prediction of the abundance of intrinsic disorder and abundance of
disorder-based potential proteolytic sites proteolysis can be readily parallelized in a high-
throughput format.
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Figure 1.
Evaluation of the abundance of intrinsic disorder in proteins at various stages of the
structure determination pipelines. A. The distribution of target proteins successfully passed
through the different stages of these pipelines. The number of proteins at each stage is
divided by the number of selected proteins. B. Abundance of predicted disordered residues
in sequences of proteins at major pipeline stages. Here, at any given stage, the values
calculated for each sequence were summed up and divided by the number of proteins and
this stage. C. Amount of proteins containing predicted IDRs longer than 30 residues at each
structure determination stage. D. Relative number of proteins with predicted long IDRs,
which are at least 100 residue-long. For all plots, disorder was evaluated using the PONDR®

VSL2 predictor. Sequences for this plot were obtained from the target progress tracking
database (TargetDB: http://targetdb.rcsb.org).
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Figure 2.
Cumulative Distribution Function (CDF) and CH-plot of standards and example proteins:
Panel A – boundary (

), lysozyme c (

), apomyoglobin (

), α-casein(

); Panel B – boundary (

), lysozyme c (

), apomyoglobin(

), α-casein(

).
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Figure 3.
PONDR® plot and trypsin digestion prediction of standards. VSL2P (blue), VL3E (green),
VLXT (red), potentially accessible, disorder-based cut sites (

), inaccessible cut sites (x)). Panel A – α-casein; Panel B – myoglobin and apo-myoglobin;
Panel C – lysozyme.
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Figure 4.
Time course of the limited trypsin digestion of standard proteins by 0.2 µM trypsin (A, C,
and E) and 1 µM trypsin (B, D, and F). Plots A and B show the digestion results for α-
casein. Plots C and D represent the data on the apo-myoglobin trypsinolysis. Plots E and F
illustrate tryptic cleavage of lysozyme. In each plot, the first and the last lanes correspond to
the molecular mass standards. Numbers reflect the time points at which the proteolysis was
quenched.
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Figure 5.
Spectroscopic analysis of the standard proteins. A. Near-UV CD spectra of standard proteins
at 1 mg/ml. B. Far-UV CD spectra of standard proteins at 1 mg/ml.
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Figure 6.
Crystal structure of BSGCAIR30378 (PDB ID: 2I15). A. Structure of the BSGCAIR30378
trimer. B. Structure of the monomeric species (cartoon representation). C. Structure of the
monomeric species (solvent accessible surface representation). D. Multiple structure
alignment of the three monomeric species from the biological unit of BSGCAIR30378 (PDB
ID: 2I15). The alignment was performed using the MultiProt tool (http://
bioinfo3d.cs.tau.ac.il/MultiProt/) (Shatsky et al., 2004). All images were created using the
VMD tool (Humphrey et al., 1996).
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Figure 7.
Disorder analysis of BSGCAIR30378. A. PONDR® plots (VSL2P (blue), VL3 (green),
VLXT (red)) and trypsin digestion prediction (potentially accessible cut sites (

), inaccessible cut sites (x)). B. SDS-PAGE analysis of limited digestion. C. Far-UV CD
spectrum. D. Near-UV CD spectrum.
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Figure 8.
Disorder analysis of BSGCAIR30903. A. PONDR® plots (VSL2P (blue), VL3 (green),
VLXT (red)) and trypsin digestion prediction (potentially accessible cut sites (

), inaccessible cut sites (x)). B. SDS-PAGE analysis of limited digestion. C. Far-UV CD
spectrum. D. Near-UV CD spectrum.
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Figure 9.
Disorder analysis of NYSGXRC10336x. A. PONDR® plots (VSL2P (blue), VL3 (green),
VLXT (red)) and trypsin digestion prediction (potentially accessible cut sites (

), inaccessible cut sites (x)). B. SDS-PAGE analysis of limited digestion. C. Far-UV CD
spectrum. D. Near-UV CD spectrum.
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Figure 10.
Disorder analysis of BSGCAIR30998. A. PONDR® plots (VSL2P (blue), VL3 (green),
VLXT (red)) and trypsin digestion prediction (potentially accessible cut sites (

), inaccessible cut sites (x)). B. SDS-PAGE analysis of limited digestion. C. Far-UV CD
spectrum. D. Near-UV CD spectrum.
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Figure 11.
Cumulative distribution function (CDF) (plots A and B) and CH-plot analyses (plots C and
D) of non-crystallizable (plots A and C) and crystallizable (plots B and D) PSI target
proteins.
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Figure 12.
Far- (plots A and C) and near-UV CD spectra (plots B and D) of non-crystallizable (plots A
and B) and crystallizable (plots C and D) PSI targets analyzed in this study.
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