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ABSTRACT: Evidence that many protein regions and even entire proteins lacking stable tertiary and/or
secondary structure in solution (i.e., intrinsically disordered proteins) might be involved in protein-
protein interactions, regulation, recognition, and signal transduction is rapidly accumulating. These signaling
proteins play a crucial role in the development of several pathological conditions, including cancer. To
test a hypothesis that intrinsic disorder is also abundant in cardiovascular disease (CVD), a data set of
487 CVD-related proteins was extracted from SWISS-PROT. CVD-related proteins are depleted in major
order-promoting residues (Trp, Phe, Tyr, Ile, and Val) and enriched in some disorder-promoting residues
(Arg, Gln, Ser, Pro, and Glu). The application of a neural network predictor of natural disordered regions
(PONDR VL-XT) together with cumulative distribution function (CDF) analysis, charge-hydropathy
plot (CH plot) analysis, andR-helical molecular recognition feature (R-MoRF) indicator revealed that
CVD-related proteins are enriched in intrinsic disorder. In fact, the percentage of proteins with 30 or
more consecutive residues predicted by PONDR VL-XT to be disordered was 57( 4% for CVD-associated
proteins. This value is close that described earlier for signaling proteins (66( 6%) and is significantly
larger than the content of intrinsic disorder in eukaryotic proteins from SWISS-PROT (47( 4%) and in
nonhomologous protein segments with a well-defined three-dimensional structure (13( 4%). Furthermore,
CDF and CH-plot analyses revealed that 120 and 36 CVD-related proteins, respectively, are wholly
disordered. This high level of intrinsic disorder could be important for the function of CVD-related proteins
and for the control and regulation of processes associated with cardiovascular disease. In agreement with
this hypothesis, 198R-MoRFs were predicted in 101 proteins from the CVD data set. A comparison of
disorder predictions with the experimental structural and functional data for a subset of the CVD-associated
proteins indicated good agreement between predictions and observations. Thus, our data suggest that
intrinsically disordered proteins might play key roles in cardiovascular disease.

Cardiovascular disease (CVD)1 is a collective term for
diseases of the heart and arteries. CVD includes atheroscle-
rosis, ischemic heart disease, strokes, heart attacks, high
blood pressure, peripheral arterial disease, emboli, heart
failure, heart enlargement, elevated cholesterol and triglyc-
erides, abnormal blood clotting, and other conditions. In
2002, more than 70 000 000 Americans (34.2%) were
affected by one or more types of CVD. Since 1900, CVD
has been the number 1 killer in the United States every year
but 1918 (1). Furthermore, heart disease was ranked number
1 among the top 15 most costly medical conditions with the
direct and indirect cost of CVD being $393.5 billion in 2005

(1), among which the cost for drugs and other medical
durables is estimated to be $45.9 billion, second after hospital
charges in the direct cost category. At present, more than
300 risk factors are associated with CVD (1). The list of
modifiable risk factors includes high blood pressure, abnor-
mal blood lipids, tobacco use, diabetes mellitus, alcohol use,
lipoprotein, etc. Nonmodifiable risk factors include advanced
age, heredity or family history, gender, and ethnicity or race.
Recently, some “novel” risk factors, such as excess ho-
mocysteine in blood, inflammation, and abnormal blood
coagulation, were added to the list. Currently, there are∼380
prescription drugs for the treatment of CVD. Targets of these
drugs spread out among the risk factors associated with CVD.
New CVD drugs helping to save patients’ lives, reduce the
burden from CVD on daily life, and reduce economic costs
of this disease are in great demand.
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As several recent publications have shown, many proteins
or protein regions are natively disordered (2-11). Intrinsi-
cally disordered proteins exist as dynamic structural en-
sembles without a fixed tertiary structure. Disordered proteins
and regions have been grouped into at least two broad struc-
tural classes: compact (molten globule-like) and extended
(coil-like and pre-molten globule-like, so-called natively
unfolded proteins) (7-10, 12). It has been pointed out that
amino acid sequences that encode for disordered proteins or
regions are significantly different from those that encode for
ordered proteins on the basis of local amino acid composi-
tion, flexibility, hydropathy, charge, coordination number,
and several other factors (2, 5, 13-15). These differences
in sequence attributes and amino acid compositions between
ordered and disordered protein were used to construct a series
of neural network predictors of natural disordered regions
(PONDRs) (16, 17), which now access the prediction
accuracies of order and disorder in the range of 70-84%
(13, 14, 17-21). VSL1, the latest member of the PONDR
family developed by applying similar algorithms, was ranked
number 1 in CASP6 for protein disorder prediction (22).

Application of disorder predictors (PONDR VL-XT and
VL3) to different proteomes revealed that the level of
disorder increases from bacteria to archaea to eukaryota with
more than half of the eukaryotic proteins containing predicted
disordered regions (5, 21, 23). One explanation for this trend
is a difference in the cellular requirements for certain protein
functions, particularly cellular signaling. In support of this
hypothesis, PONDR VL-XT analysis of a eukaryotic signal
protein database indicates that the majority of known signal
transduction proteins are predicted to contain significant
regions of disorder (24). Knowledge of the functions that
disorder can perform in cellular signaling, with the con-
comitant increase in the level of disorder in kingdoms
requiring more signaling proteins, suggests that disorder may
in fact play a critical cellular role (25, 26).

Many well-characterized coupled binding and folding
interactions are involved in cell signaling or in the regulation
of protein function. In a recent survey of the functions of
disordered regions in proteins, 28 different known functions
of disordered regions were found, with protein-protein
binding being the most common, followed by protein-DNA
binding and phosphorylation (6). These 28 specific functions
were grouped into four broad classes: molecular recognition,
molecular assembly-disassembly, protein modification, and
entropic chains (6). Similarly, Tompa classified disordered
proteins into five distinct functional classes, with four of these
involving molecular recognition (7).

There is evidence that many of these flexible proteins or
regions undergo disorder-to-order transitions upon binding
(3-10, 24, 27-33). In agreement with this model, a recent
computational study of such binding showed that the
disordered partner contains a “conformational preference”
for the structure it will take upon binding and that these so-
called “preformed elements” tend to be helices (29). This
research validates previous findings for individual protein-
protein interactions, such as p53 (34) and hirudin binding to
thrombin (ref35; see below), both of which have disordered
regions with significant helical character that formR-helices
upon binding to their partners.

Short regions of predicted order flanked by extended
regions predicted to be disordered by PONDR VL-XT were

shown in several cases to identify binding sites that involved
disorder-to-order transitions upon complex formation (36).
Many examples of these binding sites are found in the Protein
Data Bank. These structures, which contained short regions
of proteins bound to their partners, showed that the PONDR-
indicated region often formed a helix upon binding to its
partner. The pattern in the PONDR VL-XT curve reveals
short regions that undergo disorder-to-order transitions on
binding. Additionally, these regions tend to have predictions
of helix as well as hydrophobic moments. From such
characteristics, a predictor of helix-forming molecular rec-
ognition fragments (R-MoRF) was developed (31). The
application of this algorithm to databases of genomics and
functionally annotated proteins indicated thatR-MoRFs are
likely to play important roles in protein-protein interactions
involved in signaling events (31).

Disorder is very common in cancer-associated proteins.
In a 2002 study, it was established that 79% of cancer-
associated and 66% of cell-signaling proteins contain pre-
dicted regions of disorder ofg30 residues (24). In contrast,
only 13% of proteins from a set of proteins with well-defined
ordered structures contained such long regions of predicted
disorder. For this study, cancer-associated proteins were
defined as those human proteins in Swiss-Prot containing
the keyword “oncogene” (this included anti- and proto-
oncogenes) or containing the word “tumor” in the description
field. In experimental studies, the presence of disorder has
been directly observed in several cancer-associated proteins,
including p53 (34), p57kip2 (37), Bcl-XL and Bcl-2 (38), c-Fos
(39), and, most recently, TC-1, a thyroid cancer-associated
protein (40).

We show here that CVD-associated proteins are highly
enriched in disorder, similar to proteins involved in cell
signaling pathways (24-26) and cancer (24). This study also
offers the CVD researchers a tool for exploring the relation
of disorder and protein function. The long-term goal of this
survey is to apply the knowledge and understanding of
intrinsic disorder to CVD-associated proteins and provide
information that can be used to prevent CVD and develop
anti-CVD drugs.

MATERIALS AND METHODS

Sequences and Data Sets.(1) The data set of 487 CVD-
associated proteins was extracted from SWISS-PROT (http://
www.expasy.ch/sprot) using an exhaustive list of CVD-
related keywords (aneurysm or angina pectoris or angioneurotic
edema or aortic valve stenosis or arrhythmia or arrhyth-
mogenic or arteriosclerosis or arteriovenous malformations
or atrial fibrillation or Behcet syndrome or bradycardia or
cardiac tamponade or cardiomegaly or cardiomyopathy or
cardiovascular disease or carotid stenosis or cerebral hemor-
rhage or Churg-Strauss syndrome or Ebstein’s anomaly or
Eisenmenger complex or embolism or cholesterol or en-
docarditis or fibromuscular dysplasia or heart block or heart
defects or heart disease or heart failure or heart valve diseases
or hematoma or Hippel Lindau disease or hyperemia or
hypertension or hypertrophy or hypoplastic left heart syn-
drome or hypotension or intermittent claudication or Klippel-
Trenaunay-Weber syndrome or lateral medullary syndrome
or long QT syndrome or microvascular angina or mitral valve
prolapse or moyamoya disease or mucocutaneous lymph
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node syndrome or myocardial infarction or myocardial
ischemia or myocarditis or pericarditis or peripheral vascular
diseases or phlebitis or polyarteritis nodosa or pulmonary
atresia or Raynaud disease or Sneddon syndrome or superior
vena cava syndrome or tachycardia or Takayasu’s arteritis
or telangiectasia or telangiectasis or temporal arteritis or
tetralogy of fallot or thromboangiitis obliterans or thrombosis
or tricuspid atresia or varicose veins or vascular disease or
vasculitis or vasospasm or ventricular fibrillation or Williams
syndrome or Wolff-Parkinson-White syndrome or *heart
disease* or *stroke* or *thromb* or *cardio-vascular dis-
ease* or *blood coagulation* or *heart muscle* or *cardio-
vascular disease* or plasma or *heart muscle* or *vascular
disease*) in the description field and “human” in the
organism field.

(2) The data set of 231 human cancer-associated proteins
(HCAP) was extracted from SWISS-PROT (http://www.ex-
pasy.ch/sprot) using keywords anti-oncogene or oncogene
or proto-oncogene or tumor in the description field and
human in the organism field (24).

(3) The nonredundant data set of 2329 proteins involved
in cellular signaling (AfCS) was created by the Alliance for
Cellular Signaling (http://www.cellularsignaling.org).

(4) Ordered PDB_Select_25 (O_PDB_S25) contains 1138
entries, a data set containing only the ordered parts of the
proteins from PDB Select 25 (http://www.cmbi.kun.nl/swift/
pdbsel), a nonhomologous subset of the structures in the
Protein Data Bank consisting of a single representative
structure for protein families whose members have sequences
that are<25% identical. O_PDB_S25 was constructed by
removing the disordered regions (i.e., residues with backbone
atoms that are not observed in X-ray crystal structures) from
the PDB Select 25 protein sequences.

(5) The eukaryotic fraction of SWISS-PROT (EU_SW),
a nonredundant data set of 53 630 protein sequences, was
extracted from SWISS-PROT by query “eukaryota” in the
organism field.

(6) The data set of intrinsically disordered proteins
comprises 150 sequences whose disorder was experimentally
confirmed using CD, NMR, or X-ray crystallography (18).

Compositional Profiling.To gain insight into the relation-
ships between sequence and disorder, the amino acid
compositions in different data sets were compared using an
approach recently developed for intrinsically disordered
proteins (5). To this end, the fractional difference in
composition between a given set of proteins [CVD-related
proteins, intrinsically disordered proteins (18), cancer-related
proteins (24), and signaling proteins (24)] and a set of ordered
proteins (18) was calculated for each amino acid residue.
The fractional difference was calculated as (CX - Cordered)/
Cordered, whereCX is the content of a given amino acid in a
given protein (or protein set) andCorderedis the corresponding
content in a set of ordered proteins, and plotted for each
amino acid. In corresponding plots, the amino acids were
arranged from the most rigid to the most flexible according
to the Vihinen’s flexibility scale, which is based on the
averagedB-factor values for the backbone atoms of each
residue type as estimated from 92 protein structures (41).

Predictions of Intrinsic Disorder and the Error Rate.
Predictions of the intrinsic disorder propensity were per-
formed using PONDR VL-XT, which combines three neural
networks, one for internal sequences and two for either

terminus of the sequence. The internal predictor was trained
on disordered sequences from only 15 proteins whose
disorder was characterized by either X-ray or NMR studies
(18). The terminal predictors were trained on short regions
of X-ray-characterized disorder from the N- and C-terminus
(16). The merger was accomplished by performing overlap-
ping predictions, followed by averaging the outputs. The VL-
XT training set included disordered segments ofg40 amino
acid residues as characterized by X-ray and NMR for the
predictor of the internal regions and segments of five or more
amino acid residues for the predictors of the two terminal
regions. The false-positive error rate in the prediction of
disorder for an ordered residue in O_PDB_S25 is 20%, but
it drops to 0.4% forg40 consecutive predictions of disorder.
The false-negative error rate is 37% on a per residue basis
when VL-XT is applied to 140 proteins (containing more
than 17 000 residues) that have experimentally characterized
disordered regions of at least 30 amino acid residues. This
rate decreases to 11% for disordered regions of 40 residues.
Because the false-negative error rate is greater than the false-
positive error rate, VL-XT most likely underestimates the
occurrence of long disordered regions in proteins.

CDF Analysis.Cumulative distribution function (CDF)
analysis summarizes the per-residue disorder predictions by
plotting PONDR VL-XT scores (16-18) against their
cumulative frequency, which allows ordered and disordered
proteins to be distinguished on the basis of the distribution
of prediction scores (21). At any given point on the CDF
curve, the ordinate gives the proportion of residues with a
PONDR score less than or equal to the abscissa. The optimal
boundary that provided the most accurate order-disorder
classification was shown to represent seven points located
in the 12th through 18th bins (21). Thus, for CDF analysis,
order-disorder classification is based on whether a CDF
curve is above or below a majority of boundary points.

CH-Plot Analysis.It has been established that naturally
folded and intrinsically unstructured proteins occupy non-
overlapping regions in the charge-hydropathy plots (CH-
plots), with natively unfolded proteins being specifically
localized within a particular region of charge-hydropathy
phase space, satisfying the following relationship (4, 21):

where〈H〉 and 〈R〉 are the mean hydropathy and the mean
net charge of the given protein, respectively, and〈H〉b is the
“boundary” mean hydropathy value, below which a polypep-
tide chain with a given〈R〉 will be most probably unfolded.
The mean hydropathy,〈H〉, is defined as the sum of the
normalized hydropathy [estimated by the Kyte and Doolittle
approach (42)] of all residues divided by the number of
residues in the polypeptide. The mean net charge,〈R〉, is
defined as the net charge at pH 7.0, divided by the total
number of residues.

Statistical Analysis.An analysis of variability in the
percentage of proteins with predicted disorder was performed
by bootstrap resampling (43). For each data set, proteins were
sampled randomly with replacement. The number of ran-
domly sampled proteins for each data set was equal to the
number of proteins in the data set. The fraction of proteins
with disordered regions of a given length was determined

〈H〉 e 〈H〉b )
〈R〉 + 1.151

2.785
(1)
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for each sample. The data sets were sampled 1000 times,
and these values were used to calculate the standard error
of the fractions for each data set. The 95% confidence
intervals were calculated from the standard errors and are
shown as error bars in corresponding figures. Nonoverlapping
confidence intervals indicated that the fractions were sig-
nificantly different.

R-MoRF Predictions.The development of anR-MoRF
indicator (R-helix forming molecular recognition fragments)
has been described previously (31). This predictor is based
on observations that predictions of order in otherwise highly
disordered proteins correspond to protein regions that mediate
interaction with other proteins or DNA (36, 44). This
predictor focuses on short binding regions within long regions
of disorder that are likely to form helical structure upon
binding. It uses a stacked architecture, where PONDR VL-
XT is used to identify short predictions of order within long
predictions of disorder and then a second level predictor
determines whether the order prediction is likely to be a
binding site on the basis of attributes of both the predicted
ordered region and the predicted surrounding disordered
region.

RESULTS AND DISCUSSION

Intrinsic Disorder Is PreValent in CVD-Associated Pro-
teins.Previous study revealed that intrinsic disorder is very
abundant in cancer-related and signaling proteins (24). In
fact, the application of PONDR VL-XT (18) showed that
79% of cancer-associated and 66% of cell-signaling proteins
contain predicted regions of disorder ofg30 residues (24).
To test for an association between CVD and intrinsic
disorder, a data set of 487 CVD-related proteins was
extracted from SWISS-PROT as described in Materials and
Methods. Then, we used an approach similar to those
described in ref24 and systematically analyzed the intrinsic
disorder tendencies in six protein data sets (see Table 1):
(1) human CVD-related proteins (CVD), (2) human cancer-
associated proteins from SWISS-PROT (HCAP), (3) signal-
ing proteins collected by the Alliance for Cellular Signaling
(AfCS), (4) experimentally verified intrinsically disordered
proteins (ID), (5) the eukaryotic proteins from SWISS-PROT
(EU_SW), and (6) a set of nonhomologous protein segments
with well-defined (ordered) three-dimensional structure from
the Protein Data Bank Select 25 (O_PDB_S25), which
provides a nonredundant control for estimating the false-
positive disorder prediction error rate. The comparison of
mean protein lengths for each data set shows that they vary
over a range of∼30% with the exception being a set of
ordered proteins (see Table 1). The differences in sequence
lengths between the data sets are important for our disorder

analysis: the longer proteins would be expected by chance
to have longer regions of predicted disorder.

Figure 1 illustrates that intrinsic disorder is highly
prevalent in CVD-related proteins, being comparable with
that of signaling proteins. In fact, the percentages of proteins
((two standard errors) with 30 or more consecutive residues
predicted to be disordered were 57( 4% for CVD, 79(
5% for HCAP, 66( 6% for AfCS, 47( 4% for EU_SW,
and 13( 4% for O_PDB_S25, with the errors estimated as
described in Materials and Methods. In other words, the

Table 1: Description of the Six Data Setsa

name
no. of proteins

in database
no. of proteins
for predictions

maximum protein
length (no. of residues)

average length
(no. of residues)

median length
(no. of residues)

CVD 487 477 4967 694 359
HCAP 231 231 3969 620 462
AfCS 2329 2325 5038 588 465
O_PDB_S25 1138 1136 965 206 171
ID 150 N/Ab N/Ab N/Ab N/Ab

EU_SW 53630 53602 6669 408 334
a Proteins shorter than 30 amino acid residues were eliminated from the PONDR VL-XT predictions.b Not available.

FIGURE 1: PONDR VL-XT disorder prediction results on five data
sets: 487 CVD-associated proteins (CVD), 231 cancer-associated
proteins (HCAP), 2329 proteins involved in cellular signaling
(AfCS), 53 630 eukaryotic proteins from SWISS-PROT (EU_SW),
and 1138 sequences corresponding to ordered parts of proteins from
PDB Select 25 (O_PDB_S25). (A) Percentages of proteins in the
five data sets withg30 tog100 consecutive residues predicted to
be disordered. The error bars represent 95% confidence intervals
and were calculated using 1000-bootstrap resampling as described
in Materials and Methods. The O_PDB_S25 data set provides a
mostly nonredundant control for estimating the false-positive
disorder prediction error rate. (B) Percentages of residues in the
five data sets predicted to be disordered within segments with
lengths greater than or equal to the value on thex-axis.
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fraction of CVD-associated proteins with long regions of
predicted disorder is∼1.3- and∼4.7-fold higher than that
of eukaryotic proteins from SWISS-PROT and nonhomolo-
gous ordered proteins from the Protein Data Bank, respec-
tively (24). It is close to that of AfCS and is∼1.3-fold lower
than the corresponding ratio in cancer-associated proteins.
Overall, the analysis of PONDR VL-XT predictions dem-
onstrates that the level of predicted disorder is ranked as
follows: HCAP > AfCS ≈ CVD > EU_SW . O_P-
DB_S25. This clearly indicates that like HCAP and AfCS
proteins, CVD-associated proteins were innately richer in
predicted disorder than the typical eukaryotic proteins (Figure
1). The same ranking was observed whether the results were
presented as percentages of proteins (Figure 1A) or as
percentages of residues (Figure 1B).

It has been pointed out that signaling and cancer-associated
proteins are highly interrelated (45). This connection was
used to explain the increased amount of predicted disorder
in these two protein data sets (24). Similarly, CVD-related
and signaling proteins can also be highly connected. This
hypothesis was confirmed by the fact that 127 of 487 human
CVD-associated proteins (i.e.,∼26%) were also listed as
AfCS proteins (http://www.cellularsignaling.org). To under-
stand how this overlap affects the disorder prediction in CVD
proteins, all AfCS proteins were removed from the data set
of CVD-associated proteins. Figure 2 shows that this
procedure did not generally affect the disorder tendency and
CVD-related proteins still possessed a high level of intrinsic
disorder.

Previously, different types of human proteins from SWISS-
PROT were grouped into 11 data sets according to their
functions, and PONDR VL-XT was applied to these different
protein categories (24). It has been established that the
amount of predicted disorder varied significantly in these
data sets, with the following percentages of proteins with
30 or more consecutive residues predicted to be disordered:
86% for regulation, 78% for cytoskeletal proteins, 67% for
ribosomal proteins, 61% for membrane proteins, 55% for
transport proteins, 50% for proteins involved in biosynthesis,
49% for inhibitors, 47% for kinases, 42% for proteins

associated with metabolism, 40% for proteins involved in
degradation, and 32% for G-protein-coupled receptors (24).
Thus, in comparison to these 11 data sets from SWISS-PROT
(24), the intrinsic disorder tendency of CVD-associated
proteins is among the top one-third of highly disordered
groups and is close to that of a group of membrane proteins.

As seen in Figure 1B, 12.7% residues from CVD-
associated proteins are predicted to be disordered within a
g30-residue segment. This ratio is higher than that of AfCS
proteins and is close to that of cytoskeletal proteins, among
the top one-fourth of the highly disordered groups. Cytoskel-
etal proteins are presumed to be rich in coiled-coil helices,
which are often predicted to be disordered by PONDR VL-
XT. These coiled-coil assemblies in cytoskeletal proteins can
form filamentous structures, and such protein-protein
interactions often involve regions of intrinsic disorder (46).

For illustrative purposes, Table 2 presents disorder predic-
tion summaries for some notable proteins from the data set
of CVD-associated proteins, which have particularly large
levels of predicted disorder. Many of these proteins have
been the focus of extensive biochemical and structural study
(e.g., fibrinogen and lipoprotein). These are proteins that are
associated with CVD and are likely to contain relatively long
disordered regions. Perhaps some of these proteins could be
better understood if the contributions of the disordered
regions to function were considered. In fact, studying highly
disordered proteins as if they were ordered can prove to be
highly frustrating, due to the seemingly odd behavior of these
proteins. Processes, such as a disorder-to-order transition
upon phosphorylation (47), and features, including molten
globular helical bundles (48), have no context in the
predominant structure-function paradigm. Even the com-
monly used SDS-PAGE protocol (49) often becomes
complicated by the existence of intrinsic disorder. Proteins
with substantial disorder often migrate aberrantly on SDS
gels (50, 51). To understand and correctly characterize these
types of proteins, knowledge of disorder is essential. By
supplying order and disorder and functional relationships of
CVD-related proteins, researchers will be able to immediately
apply the appropriate methods to each region, thus making
their research or discovery process much more efficient.

Compositional Profiling.Amino acid sequences encoding
intrinsically disordered proteins or regions are known to be
significantly different from those of ordered proteins (2, 5,
15). A signature of a probable disordered region is a low
complexity sequence and a biased amino acid composition
characterized by depletion in order-promoting residues (Val,
Leu, Ile, Met, Phe, Trp, Tyr, Cys, His, and Asn) and
enrichment in particular polar and charged amino acids (Arg,
Gln, Ser, Pro, Glu, Lys, and, on occasion, Gly and Ala),
known as “disorder-promoting” residues (18, 19).

To gain further insight into the structure of CVD-related
proteins, we compared their amino acid compositions with
averaged compositions of ordered (18), intrinsically disor-
dered (18), cancer-related, and signaling proteins (24). Figure
3 depicts results of this analysis and clearly shows that CVD-
associated proteins share many characteristic amino acid
features with intrinsically disordered proteins, as well as with
cancer-related and signaling proteins. Figure 3 shows that,
like ID, HCAP, and AfCS proteins, CVD-related proteins
are depleted in major order-promoting residues (Trp, Phe,
Tyr, Ile, and Val), and enriched in some disorder promoting

FIGURE 2: Effect of the removal of 127 CVD-associated proteins
also listed as AfCS proteins on the efficiency and accuracy of
disorder prediction. This figure depicts percentages of proteins in
the CVD database withg30 tog100 consecutive residues predicted
to be disordered before and after removal of AfCS proteins. The
error bars represent 95% confidence intervals and were calculated
using 1000-bootstrap resampling.
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residues (Arg, Gln, Ser, Pro, and Glu). The major bias
inconsistency between CVD and intrinsically disordered
proteins is the enrichment of CVD proteins in cysteines,
which are generally considered to be order-promoting
residues. The bias of CVD-related proteins toward cysteine
is probably due to disulfide bonds. The presence of intrachain
disulfide bonds in CVD-related sequences might have clear
implications for the hypotheses that these sequences are
disordered in the absence of binding partners, since disulfides
are well-known to stabilize protein structure (52).

CDF and CH-Plot Analyses.The sequences of CVD-
related proteins were also used to predict whether these
proteins are likely to be mostly disordered using two binary
predictors of intrinsic disorder: charge-hydropathy plot
(CH-plot) (4) and cumulative distribution function analysis
(CDF) (23). Both these methods perform binary classification
of whole proteins as either mostly disordered or mostly
ordered, where mostly ordered indicates proteins that contain
more ordered residues than disordered residues and mostly

disordered indicates proteins that contain more disordered
residues than ordered residues (21). As mentioned above,
ordered and disordered proteins plotted in CH space can be
separated to a significant degree by a linear boundary, with
proteins located above this boundary line being disordered
and with proteins below the boundary line being ordered (4).
CDF analysis summarizes the per-residue disorder predictions
by plotting PONDR scores against their cumulative fre-
quency, which allows ordered and disordered proteins to be
distinguished on the basis of the distribution of prediction
scores. In this case, order-disorder classification is based
on whether a CDF curve is above or below a majority of
boundary points (21). The results of these analyses are
presented in Figures 4 and 5.

Figure 4 depicts the results of CDF analysis for the 487
CVD-related proteins and shows that although the majority
of curves are located above the boundary (i.e., corresponding
proteins are predicted to be wholly ordered) a significant
number of curves are below the boundary. Overall, CDF
analysis revealed that 120 of 487 proteins in the CVD data
set (∼25%) are wholly disordered which is notably greater
than the number of wholly disordered proteins in the
O_PDB_S25 data set (∼18%). Figure 5 shows that 36 CVD-
related proteins (i.e.,∼7.5%) are predicted by the CH-plot

Table 2: Highly Disordered Proteins from the CVD-Related Set

disordered residues

name SWISS-PROT ID
length (no. of
amino acids) number fraction

longest disordered
region

troponin T, cardiac muscle isoforms TRT2_HUMAN 297 235 0.79 95
troponin I, cardiac muscle TNNI3_HUMAN 209 156 0.75 79
myeloid/lymphoid or mixed-lineage leukemia protein 4 MLL4_HUMAN 2715 1792 0.66 169
desmuslin DMN_HUMAN 1565 999 0.64 141
homeobox protein Nkx-2.5 NK25_HUMAN 324 204 0.63 41
transcription factor GATA-4 GAT4_HUMAN 443 278 0.63 120
plasminogen activator inhibitor 1 RNA-binding protein PAIB_HUMAN 408 254 0.62 61
apolipoprotein E APE_HUMAN 317 194 0.61 62
SWI/SNF-related matrix-associated actin-dependent

regulator of chromatin subfamily C member 1
SMRC1_HUMAN 1105 598 0.54 195

myosin XVIIIB MY18B_HUMAN 2567 1358 0.53 107
stomatin-like protein STML2_HUMAN 356 176 0.49 57
multiple-coagulation factor deficiency protein 2 MCD2_HUMAN 146 72 0.49 38
A-kinase anchor protein 6 AKAP6_HUMAN 2319 1113 0.48 119
fibrinogenR/R-E chain FIBA_HUMAN 866 397 0.46 129

FIGURE 3: Composition profiling of CVD, HCAP, AfCS, and ID
proteins compared to O_PDB_S25. The bar for a given amino acid
represents the fractional difference in composition between a given
set (CVD, HCAP, AfCS, or ID) and a set of ordered proteins
(O_PDB_S25). The fractional difference is calculated as (CX -
Cordered)/Cordered, whereCX is the composition of a given amino acid
in a given database andCorderedis the corresponding composition
in a set of ordered proteins. The residues are ordered by Vihinen’s
flexibility scale (41). Negative values indicate residues in a given
set that have less order and positive values more than order.

FIGURE 4: PONDR CDF analysis of whole protein order and
disorder. CDF curves for 487 CVD-related proteins are shown as
black lines, and the order-disorder boundary is shown as a yellow
line.
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to be natively unfolded in whole. These findings further
emphasize the great importance of intrinsic disorder for
control and regulation of processes associated with cardio-
vascular disease. The results of CDF and CH-plot analyses
show a sizable discrepancy, and the level of disorder
predicted by CDF was 3.2-fold higher than that predicted
by CH-plot analyses. The difference between these two
methods in the magnitude of predicted disorder is generally
similar to previously published data (21). This difference is
because of the fact that the CH-plot is a linear classifier that
takes into account only two parameters of the particular
sequence, charge and hydrophobicity (4), whereas CDF
analysis is dependent upon the output of the PONDR VL-
XT predictor, a nonlinear neural network classifier, which
was trained to distinguish order and disorder on the basis of
a significantly larger feature space that explicitly includes
net charge and hydropathy (13, 14, 16, 18). CH-plot analysis
is predisposed to discriminating proteins with substantial
amounts of extended disorder (random coils and pre-molten
globules) from proteins with globular conformations (molten
globule-like and rigid well-structured proteins). On the other
hand, PONDR-based CDF analysis may discriminate all
disordered conformations, including molten globules, from
rigid well-folded proteins. With regard to CVD-related
proteins, this means that some of them are predicted to be
extended, whereas others can possess molten globule-like
properties. Regardless of the differing degree of predicted
disorder, both classifiers predicted the CVD data set to
contain a large portion of wholly disordered proteins.

R-MoRF Predictions.The function of disordered region
in proteins includes the mediation of protein-protein interac-
tions and other molecular recognition events (5-7, 25, 26).
It has been pointed out that many flexible proteins or regions
undergo disorder-to-order transitions upon binding, which
is crucial for recognition, regulation, and signaling. A
correlation has been established between the specific pattern
in the PONDR VL-XT curve and the ability of short
disordered regions to undergo disorder-to-order transitions
upon binding (36). On the basis of these specific features,
an R-MoRF predictor was recently developed (31). The
application of theR-MoRF predictor (31) to a data set of
487 CVD-related proteins revealed that molecular recognition
elements (or features) are abundant in proteins associated

with cardiovascular disease, as 198R-MoRFs were predicted
in 101 proteins from this data set. Thus,∼21% of the proteins
in this set containR-MoRFs. Importantly, some long highly
disordered proteins have multiple predictedR-MoRF regions.
For example, A-kinase anchor protein 6 (2319 amino acid
residues) and myeloid/lymphoid or mixed-lineage leukemia
protein 4 (2715 amino acid residues) have 10 predicted
R-MoRFs each, while desmuslin (1565 amino acid residues)
and myosin XVIIIB (2567 amino acid residues) have seven
and six predictedR-MoRF regions, respectively.

It is important to emphasize thatR-MoRFs do not represent
all possible types of MoRFs. In addition toR-MoRFs, two
other basic types of MoRFs have been recently uncovered,
based upon the structure adopted upon binding:â-MoRFs
andι-MoRFs, which formâ-strands and irregular secondary
structure when bound, respectively (53). Although the bound
state possesses a profound conformational preference for
R-helices, binding-induced stabilization of these other types
of secondary structure might be crucial for some interactions
of intrinsically disordered CVD-related proteins with their
partners.

IllustratiVe R-MoRF Example: Specific Inhibition of
Thrombin by Hirudin.It is helpful to observe the relationships
among the PONDR VL-XT predictions, theR-MoRF pat-
terns, and the resulting three-dimensional structure. An
illustrative example, hirudin, is shown in Figure 6 and is
discussed briefly. Hirudin is an anticoagulant peptide that
occurs naturally in the salivary glands of the medical leech
Hirudo medicinalis (54). Hirudin is a thrombin-specific
inhibitor comprised of 65 amino acid residues (MW of 8000).
The most important feature of hirudin as a therapeutic is
that it is a weak immunogen and thus is very unlikely to
provoke an adverse reaction in patients during treatment.
Native hirudin contains a compact N-terminal domain, which
is stabilized by three disulfide bonds (see the yellow chain
in Figure 6) and a highly acidic C-terminal segment.
Proteolytic digestion (55) and NMR (56) studies showed that
the C-terminal region (residues 50-65) is highly disordered.
This is in good agreement with the results of PONDR VL-
XT prediction. In fact, Figure 6 shows that the N-terminal
fragment (residues 1-39) is predicted to be ordered, whereas
the C-terminal region (residues 40-65) is disordered but
possesses a predictedR-MoRF region. Importantly, a func-
tional assay revealed that the C-terminal segment of hirudin
is essential for thrombin binding (55, 57, 58) (see below).

Thrombin is a blood protein that is involved in coagulation
and clotting. Being a serine protease, thrombin cleaves bonds
after Arg and Lys, converting fibrinogen to fibrin (see below
for more discussion related to fibrin). Besides this direct
effect on clot production, thrombin affects several other
coagulation proteins and also feeds back on a number of
locations in the coagulation cascade. In particular, thrombin
was shown to activate coagulation factors V, VIII, XI, and
XIII. Furthermore, in complex with thrombomodulin, throm-
bin activates protein C, which inhibits coagulation. All of
this puts thrombin at the heart of the blood clotting process.

Active thrombin (295 amino acid residues) is produced
from prothrombin (579 amino acid residues), the inactive
state of this protein produced in the liver. Prothrombin is
activated on the surface of a phospholipid membrane that
binds the amino end of prothrombin and factors Va and Xa
in calcium-dependent interactions. Mature thrombin has two

FIGURE 5: CH-plot analysis of whole protein order and disorder.
Data for 487 CVD-related proteins are shown as the black circles,
and the order-disorder boundary is shown as a black line.
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chains: light (36 residues) and heavy (residues 259) (colored
green and blue, respectively, in Figure 6). The cleavage into
light and heavy chains is performed by factor Xa at a unique
factor Xa site (see the black hash mark in Figure 6).
Importantly, Figure 6 shows that the light chain of thrombin
is predicted to be mostly disordered, whereas its heavy chain
is a typical ordered protein.

A recent X-ray crystallographic study (35) indicated that
the C-terminal peptide of hirudin (Y60-Q65) is in the
R-helical configuration when bound to thrombin (PDB entry
1no9). The structure of this complex is shown in Figure 6
(see the red chain bound to the blue blob) together with the
results of PONDR VL-XT andR-MoRF predictions. Again,
the R-MoRF predictor identifies the region of hirudin
responsible for binding to thrombin as a region of molecular
recognition, which is a sharp dip in the PONDR VL-XT
curve flanked by extended fragments of predicted disorder.
Importantly, this predictedR-MoRF overlaps with the
experimentally established binding region. Amino acid

residues involved in contacts between the thrombin heavy
chain and hirudin are shown with hash marks. Analysis of
these data provides additional support for the importance of
intrinsic disorder for protein-protein interactions: the vast
majority of the contacting residues are located in regions of
predicted disorder in both the thrombin heavy chain and
hirudin. Thus, intrinsic disorder plays crucial role in the
formation of the thrombin-hirudin complex.

PONDR Predictions of Order Correlate with the Experi-
mentally Determined Structure.To further illustrate the
usefulness of the visualization of the results of intrinsic
disorder predictions for better understanding the structural
peculiarities of the CVD-related proteins, Figure 7 represents
PONDR VL-XT predictions for four CVD-associated pro-
teins in the top bars and, in the bottom bars, the localization
of three-dimensional structures determined for these proteins
either by X-ray crystallography or by NMR. Figure 7 shows
that for some proteins [e.g., fibrinogenR/R-E chain
(FIBA_HUMAN), cAMP-specific 3′,5′-cyclic phosphodies-
terase 4D(PDE4D_HUMAN, also known as CN4D_
HUMAN), and tissue factor pathway inhibitor (TFPI_HU-
MAN)] only small fractions of the sequence have been
structurally characterized, whereas large regions are of
unknown structure.

In some cases (e.g., fibrinogen), the lack of structural
characterization is not due to the lack of structural studies
(59) but rather reflects objective difficulties in structure
determination arising from the high level of disorder in these
proteins (60). In fact, in a review devoted to the structural
basis of the fibrinogen-fibrin transformation, it has been
emphasized (60): “Unfortunately, many proteins are ex-
tremely difficult to crystallize, and in some cases it may
prove impossible. If a protein is small and compact, it may
crystallize with ease under many conditions. But large, multi-
domained proteins like fibrinogen can be gangly and
disordered, defying the concerted efforts of an army of
would-be crystallizers and never adopting the regular (peri-
odic) arrangements that are the heart of the crystal lattice.
One strategy that has been taken in such cases is to snip the
protein into core domains that may be more compact and
amenable to crystallization, although even then, there is no
guarantee of success. In the case of fibrinogen, it is only
within the last several years, after a long period of failure
that this approach met with success.” The important feature
of the fibrinogen molecule that has emerged from intensive
X-ray studies is related to its “loose ends”, i.e., segments of
the molecule that are extremely mobile and cannot be
resolved by X-ray crystallography. Some, if not all, of this
flexibility is functionally important (60) (see below).

Figure 7 shows that in some cases disorder might operate
as a linker between ordered domains. In other cases, disorder
regions might represent protein-binding domains that only
become ordered in the presence of their binding partners. It
is known that eukaryotic proteins often contain multiple
structured domains connected by flexible linkers. The
flexibility and disorder of these linkers connecting domains
in multidomain eukaryotic proteins appear to be an important
characteristic of multicellularity (24). Thus, the common
occurrence of multiple domains connected by flexible linkers
probably underlies the finding that 47( 4% of the eukaryotic
proteins from SWISS-PROT haveg30 consecutive residues
predicted to be disordered (24). The signaling and cancer-

FIGURE 6: PONDRing hirudin and thrombin. The correspondence
of PONDR VL-XT predictions and regions of known structure are
shown. Two PDB structures are presented, 5HIR (left) and 1NO9
(right), where each chain is color-coded: folded N-terminal domain
of hirudin (yellow, disulfide bridges shown as maroon lines), acidic
C-terminal domain of hirudin (red) bound to a heavy chain of
thrombin (blue), and light chain of thrombin (green). These color
codes are also used for bars in two PONDR VL-XT plots, (top)
hirudin and (bottom) thrombin, to indicate the positions of the
regions of known structure in the context of the PONDR VL-XT
predictions. Drawn over these bars, hash marks show the residues
in contact with other chains, where the color of the hash mark
corresponds to the color code of the chain in contact. The black
hash mark in the PONDR VL-XT plot for thrombin corresponds
to the factor Xa cleavage site. A predictedR-MoRF region of
hirudin is shown in the corresponding PONDR VL-XT plot as an
orange bar.
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associated proteins (24), as well as CVD-related proteins (this
study), however, are even richer in predicted disorder than
typical eukaryotic proteins. In fact, Figure 1 shows that 79%
of cancer-associated, 66% of cell-signaling, and 61% CVD-
related proteins contain predicted regions of disorder ofg30
residues. This additional disorder is proposed to relate to
the signaling and regulatory functions of these proteins.

Finally, Figure 7 shows that in the case of the tissue factor
pathway inhibitor (TFPI_HUMAN), which is also known
as lipoprotein-associated coagulation inhibitor, one X-ray
crystallography structure aligned well with the central
predicted ordered region, and two ordered fragments deter-
mined by NMR overlay the same central predicted ordered
region and a C-terminal region which is also predicted to be
ordered (61, 62). The last example is the C-reactive protein
(CRP_HUMAN), one of the acute phase proteins, production
of which increases during systemic inflammation. C-Reactive
protein is known to be important for atherosclerosis. Figure
7 shows that a sequence of this predicted mostly ordered
protein is almost entirely covered by the experimentally
determined structure (63). Thus, PONDR VL-XT predictions
of ordered fragments strongly correlate with the experimen-
tally verified ordered regions. This means that in lieu of
experimental characterization, PONDR VL-XT prediction
can be used to visualize the order-disorder profiling of a
given protein.

Functional Importance of PONDR Predictions for CVD-
Related Proteins. (1) PDE4D. Cyclic AMP is a second
messenger that mediates physiological responses to host
hormones, neurotransmitters, and autacoids and broadly
suppresses the activity of immune and inflammatory cells.
cAMP-specific 3′,5′-cyclic phosphodiesterase 4D (CN4D,
also known as PDE4D) is a member of a large protein family
that regulates the level of cAMP in the cell (64). It has been

indicated that the gene encoding PDE4D is strongly associ-
ated with carotid and cardiogenic stroke, the forms of stroke
related to atherosclerosis (65). Furthermore, a substantial
disregulation of multiple PDE4D isoforms in individuals
affected by stroke was observed. On the basis of these
findings, it has been proposed that PDE4D is involved in
the pathogenesis of stroke, possibly through atherosclerosis,
which is the primary pathological process underlying is-
chemic stroke (65). Furthermore, it has been established that
the selective inhibitors of the PDE4 family provide potent
anti-inflammatory agents (64). PDE4D contains three func-
tional domains: conserved catalytic core (>50% sequence
identity through family), a regulatory N-terminus, and the
C-terminus. As shown in Figures 6 and 7, the catalytic
domain is predicted to be ordered and these predictions show
some overall agreement with the determined structure. Both
termini contain long regions of predicted disorder. However,
important functions such as phosphorylation, membrane
targeting, and intramolecular inhibitory function are associ-
ated with the N-terminal fragment, whereas the C-terminal
region is thought to be involved in dimerization (66).
Recently, it has been shown that the N-terminal domain of
PDE4D (residues 1-136) is able to bind to SH3 domains of
certain proteins, including src family tyrosyl kinase lyn, fyn,
and src as well as abl tyrosyl kinase and the cytoskeletal
protein fodrin (67). This SH3 binding region is overlapped
with a predictedR-MoRF region as shown in Figure 7.

(2) Fibrinogen.Fibrinogen is a crucial factor in the blood
coagulation cascade. Fibrinogen is a large (340 kDa)
elongated (450 Å long) molecule, which in electron micro-
graphs appears as three globules, the connections between
which could not be resolved (68). Structural studies show
that fibrinogen has a dimeric structure: the central so-called
E region, critical for fibrin formation, contains a nexus of

FIGURE 7: PONDR VL-XT disorder predictions aligned with determined structures for four CVD-related proteins: cAMP-specific 3′,5′-
cyclic phosphodiesterase 4D (PDE4D_HUMAN, also known as CN4D_HUMAN), fibrinogenR/R-E chain (FIBA_HUMAN), tissue factor
pathway inhibitor (TFPI_HUMAN), and C-reactive protein (CRP_HUMAN). Predicted disordered regions are colored red, and predicted
ordered regions are colored blue in the top bars. Structures determined by X-ray crystallography (dark blue) or NMR (turquoise) are shown
in the bottom bars. Plots for cAMP-specific 3′,5′-cyclic phosphodiesterase 4D (CN4D_HUMAN) and fibrinogenR/R-E chain (FIBA_HUMAN)
also include functional regions and predictedR-MoRFs.R-MoRF predictions (dark blue) are aligned with functional regions (turquoise) in
the bottom bars.
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chains that bond the two identical halves of the molecule
together in a small globular region (60, 69). This covalent
dimer composes two each of three nonidentical (but evolu-
tionarily related) polypeptide chains (R, â, and γ), whose
subunit formula isR2â2γ2. The N-terminal portions of the
six chains are linked together by 11 disulfide bonds at the
center. The C-termini of each of the three chains also end in
globular domains: those of theâ andγ chains are located
at the ends, or D regions, and those of theR chains, theRC
domains, appear to interact with each other close to the
central E region. Except for an extended flexible portion of
the RC domain, the regions between the globular domains
in each half-molecule formR-helical coiled-coil structures
so that the E region consists of a globular region with two
coiled-coil extensions (69). Thrombin cleaves fibrinopeptides
A and B from the amino-terminal regions of theR and â
chains (70). The removal of the fibrinopeptides exposes new
end groups, which take the form of positively charged
“knobs” that fit into negatively charged “holes” on neighbor-
ing molecules, allowing the spontaneous polymerization to
a fibrin gel (71). The subsequent interactions involving other
factors result in the formation of thick fibers that constitute
natural clots (60, 72, 73).

As mentioned above, fibrinogen represents a tough target
for crystallization. In fact, first crystals of partially proteo-
lyzed bovine fibrinogen were reported as early as 1972 (74);
however, the first low-resolution 18 Å structure of the 285
kDa fibrinogen fragment was reported 20 years later, in 1991
(75), and only in 1995 were crystals of the 85 kDa fragment
from human fibrinogen reported that diffracted to 3 Å (73).
Eventually, it was possible to obtain crystals of native
chicken fibrinogen, which diffracted to 2.7 Å (76). Analysis
of this structure revealed that of the 2728 amino acid
residues, only 1959 were visualized, with 769 amino acid
residues (i.e., 28%) being unobserved in the 2.7 Å resolution
crystal structure (76). It has also been pointed out that there
were a few other regions of the protein where the structure
was “loose”, which followed from the “highB factors” (59).
Intrinsic disorder, being an important constituent of the
fibrinogen molecule, was assumed to play a crucial role in
its function (59). It has been emphasized that flexibility is
what allows the knobs to locate holes without the entire
parent molecule having to be perfectly oriented (59). The
flexible nature of other parts of the molecule may contribute
to the general elasticity of the clot, an important property of
which is its deformability (59).

In agreement with this hypothesis, Figure 7 shows that
N- and C-terminal fragments of human fibrinogen peptide
R are predicted to be ordered and have determined structures.
No structure is available for the central region (residues 225-
675), which is predicted to be disordered by PONDR VL-
XT. Importantly, although residues 130-214 are predicted
to be mostly disordered, this fragment is involved in the
formation of a complex with fibrinogen peptidesâ and γ;
thus, there is likely a disorder-to-order transition associated
with this region. It has been established that residues 206-
239 form a target cluster for plasmin (76, 77), and this region
overlaps with a predictedR-MoRF region (Figure 7).
Furthermore, it has been shown that the C-terminal two-thirds
of the molecule is involved in interactions of fibrinogen with
t-PA and plasminogen (78), as well as in the bundling of
protofibrils (72, 79). Finally, Figure 7 shows that this

disordered region includes three predictedR-MoRFs, indicat-
ing that it might be involved also in molecular recognition.

Importance of Intrinsic Disorder for Understanding CVD.
Our data show that intrinsic disorder is highly abundant in
CVD-related proteins. Furthermore, the analysis of the
literature suggests that flexibility might play a crucial role
in the function of some of these proteins. How general can
these observations be? Intrinsically disordered proteins are
known to carry out numerous vital biological functions (3-
6, 8, 9, 12, 24, 30), being intensively involved in cell
signaling (24-26), recognition (25, 26), and nucleic acid and
protein-protein interactions (3, 5-7, 12, 27, 28, 30, 32, 46,
49, 80). The high flexibility associated with intrinsic disorder
gives proteins several functional advantages over globular
proteins with well-defined three-dimensional structures. Two
of the disorder-associated functional benefits are absolutely
crucial for signaling proteins: high specificity coupled with
low affinity and binding diversity (25, 26). The first property
determines a highly specific and fast response of a signaling
protein to a given stimulus, whereas the second one is
responsible for the binding diversity of the proteins involved
in the broad cascade of protein-protein interactions. It has
been hypothesized that the amount of intrinsic disorder in
highly connected proteins (hubs) should correlate with the
number of their interacting partners (24). This hypothesis
was confirmed by the analysis of disorder prediction for
several hubs (26). Additionally, activities of cell-signaling
proteins are known to be regulated by numerous post-
translational modifications, which were shown to frequently
occur in disordered regions (5, 6). For example, it has been
shown that amino acid compositions, sequence complexity,
hydrophobicity, charge, and other sequence attributes of
regions adjacent to phosphorylation sites are very similar to
those of intrinsically disordered protein regions (81). On the
basis of these observations, a Web-based tool for the
prediction of protein phosphorylation sites, DISPHOS (dis-
order-enhanced phosphorylation predictor), was developed
(81).

Another important advantage of intrinsic disorder is that
flexible regions and/or proteins are subjects for fast pro-
teolytic digestion. In fact, it has been shown that disordered
regions are apparently∼106-fold more rapidly digested than
ordered regions (82), and a local unfolding of∼13 residues
surrounding the scissile bond is required for protease binding
(83). This is crucial for signaling proteins, as all cellular
signaling processes demand finely tuned regulation and fast
removal of some proteins from the cell. Disordered regions
likely carry the signals for proteolytic degrading machinery
as an integral part of their overall regulatory function.

One of the more important questions is the relationship
between conformational stability and disorder content. It has
been pointed that the lack of ordered structure in completely
disordered proteins makes many of them rather insensitive
to temperature increases and resistant to heat-induced ag-
gregation. This is because of the fact that the high content
of hydrophilic and charged amino acid residues keeps
unstructured proteins soluble even at high temperatures (84).
Similarly, many completely disordered proteins possess high
stability toward trichloroacetic acid and perchloric acid
treatment (85). On the other hand, one can expect that a
semifolded protein with a long disordered region might
possess somehow decreased conformational stability in
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comparison with the completely ordered protein of a similar
size. Importantly, the stability and folding state of such
intrinsically disordered proteins might depend on the pres-
ence of specific binding partners (86).

Consideration of intrinsic disorder is crucial for under-
standing alternative splicing (87), which is a biological
process that occurs during the maturation step of a pre-
mRNA, allowing the production of different mature mRNA
variants from a unique transcription unit. Alternative splicing
is one of the most important mechanisms for generating a
large number of mRNA and protein isoforms from the small
number of genes. This generates complexity in multicellular
eukaryotes by increasing protein diversity and proteome size
despite the relatively small number of genes (88). In fact,
between 35 and 60% of human genes are estimated to yield
protein isoforms via alternatively spliced mRNA (89). Recent
studies have highlighted the importance of alternative splicing
as a regulatory process (88, 90), with a high frequency in
regulatory and signaling proteins (91). Furthermore, it has
been shown that alternative splicing is often associated with
fully and partially disordered protein regions, suggesting that
mapping alternatively spliced segments to regions of intrinsic
protein disorder might enable functional and regulatory
diversity while avoiding structural catastrophe (87). Impor-
tantly, correlation exists between problematic alternative
splicing and development of several human diseases. An
illustrative example of a disease associated with alternative
splicing is the problematic postnatal heart remodeling.
Recently, an essential splicing factor, ASF/SF2, has been
identified as a key component of the program, regulating a
restricted set of tissue-specific alternative splicing events
during heart remodeling. Cardiomyocytes deficient in ASF/
SF2 display an unexpected hypercontraction phenotype due
to a defect in the postnatal splicing switch of the Ca2+/
calmodulin-dependent kinase IIδ (CaMKIIδ) transcript. This
failure results in mistargeting of the kinase to sarcolemmal
membranes, causing severe excitation-contraction coupling
defects (92).

Intrinsic Disorder and DiscoVery of Anti-CVD Drugs.The
possibility of interrupting the action of CVD-related proteins
through modulation of protein-protein interactions presents
an extremely attractive option for the development of new
drugs for the prevention of CVD. Historically, the design
paradigm for drugs aimed at disrupting protein-protein
interactions has been mostly unsuccessful, due to difficulties
in discovering drugs that will bind to rigid protein surfaces
(93). However, a recent success in the development of short
peptides (94-96) and small molecules (97, 98) able to inhibit
the p53-Mdm2 interaction marks the potential beginning
of a new era, the signaling-modulation era, in which drugs
will be targeting protein-protein interactions. Indeed, two
recent reviews project optimism by describing several lead
molecules that show promise by blocking protein-protein
interactions (99, 100).

The formation of the p53-Mdm2 complex is known to
involve a disorder-to-order transition in the disordered
N-terminal tail of p53 that forms the helix that binds Mdm2.
This research demonstrates that finding small molecules to
target regions of proteins normally bound by disordered
proteins is feasible. Another example involving a disorder-
to-order transition in disease-associated proteins is the
interaction of hirudin with thrombin (35). A recent study

indicates that disorder characteristics of fibrinogen peptides
may lead to anticoagulation drug design (59). Data presented
in our paper emphasize the crucial role of intrinsic disorder
for structure and function of proteins involved in CVD. This
knowledge would enable researchers to explore the possibil-
ity of targeting the disorder-based protein-protein interac-
tions of disordered proteins related to CVD. We recently
sought to understand the sequence features of protein-
protein interactions that are readily blockable by small
molecule drugs, and this work led to the discovery of
thousands of potentially druggable sites (101), including 198
for CVD-associated protein-protein interactions.
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