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Abstract. The dominant view in protein science is
that a three-dimensional (3-D) structure is a prere-
quisite for protein function. In contrast to this
dominant view, there are many counterexample
proteins that fail to fold into a 3-D structure, or that
have local regions that fail to fold, and yet carry out
function. Protein without fixed 3-D structure is called
intrinsically disordered. Motivated by anecdotal
accounts of higher rates of sequence evolution in
disordered protein than in ordered protein we are
exploring the molecular evolution of disordered
proteins. To test whether disordered protein evolves
more rapidly than ordered protein, pairwise genetic
distances were compared between the ordered and the
disordered regions of 26 protein families having at
least one member with a structurally characterized
region of disorder of 30 or more consecutive residues.
For five families, there were no significant differences
in pairwise genetic distances between ordered and
disordered sequences. The disordered region evolved
significantly more rapidly than the ordered region for
19 of the 26 families. The functions of these disor-
dered regions are diverse, including binding sites for
protein, DNA, or RNA and also including flexible
linkers. The functions of some of these regions are
unknown. The disordered regions evolved signifi-
cantly more slowly than the ordered regions for the
two remaining families. The functions of these more
slowly evolving disordered regions include sites for
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DNA binding. More work is needed to understand
the underlying causes of the variability in the evolu-
tionary rates of intrinsically ordered and disordered
protein.

Key words: Disordered protein — Protein evolu-
tion — Rate heterogeneity

Introduction

The expanding field of structural genomics endeavors
to ascertain the structural basis of protein function
from amino acid sequence based upon sequence
similarity to proteins with known structures (Burley
2000). An assumption behind this work is that
structure is a prerequisite for function. However,
from reports dating back to 1950, many unstructured
or incompletely folded protein domains have been
implicated in protein function (for a recent review see
Dunker et al. 2001), thus calling into question the
very basis of structural genomics efforts (Dunker and
Obradovic 2001).

Proteins that fail to fold into a fixed three-di-
mensional (3-D) structure and yet carry out function
in the incompletely folded state have been called
“natively unfolded” (Weinreb et al. 1996), “intrinsi-
cally unstructured” (Wright and Dyson 1999), and
“intrinsically disordered” (Dunker et al. 2001). Dis-
ordered protein is identified by missing electron
density in X-ray crystallographic studies, by various
results from nuclear magnetic resonance studies, and
by a lack of signal in far-UV circular dichroism



studies. We have developed neural network predic-
tors of protein disorder based upon these physically
characterized regions of disordered proteins (Romero
et al. 1997a, 1998, 1999, 2000, 2001; Garner et al.
1998; Li et al. 1999, 2000). Application of our pre-
dictors to various databases and genomes suggest
that disorder is common (Romero et al. 1998; Dunker
et al. 2000; Romero et al. 2001). An unexpected
finding is that disordered protein apparently increases
in commonness across the three kingdoms in the
order eubacteria < archaea < eukarya. According to
our predictions, more than 25% of the proteins in
several eukaryotic genomes contain disordered re-
gions 50 amino acids long or longer (Dunker et al.
2000). The commonness of disordered protein in-
dicated by these findings strongly reinforce the earlier
point that structural genomics efforts will be in-
complete if protein disorder is not included on a
systematic basis.

Further understanding of intrinsic disorder should
come from the study of its evolution. It has been
noted anecdotally that disordered amino acid se-
quences evolve more rapidly than ordered sequences.
We showed that the disordered regions of eight cal-
cineurins on average had a lower sequence similarity
than their ordered regions (Dunker et al. 1998). Shaiu
et al. (1999) noted that the disordered regions of to-
poisomerase II have more amino acid substitutions
and insertions or deletions than the ordered regions
of the same protein. From the assumption that
sequence conservation derives from a 3-D structure,
they suggested a similar evolutionary behavior for all
disordered sequences. Ribosomal protein S4 (Sayers
et al. 2000) and potassium channel subunits (Wiss-
mann et al. 1999) are other proteins for which faster
rates of evolution in the disordered regions have been
noted. A counter example is flagellin, in which the
ordered, central region of the protein has greater
sequence diversity than the disordered termini (Vo-
nderviszt et al. 1989). To our knowledge, a systematic
investigation of rate heterogeneity in proteins with
disordered sequences has not been done.

Herein, we begin characterization of the molecular
evolution of disordered protein. Our purpose is to
test the hypothesis that intrinsically disordered pro-
tein sequences evolve more rapidly than ordered
sequences.

Methods

Proteins with both ordered regions and disordered regions 30 res-
idues long or longer were chosen so that the order and disorder
being compared had apparently had the same evolutionary histo-
ries. Furthermore, we chose proteins whose disorder was charac-
terized by either X-ray crystallography or NMR so that our results
could be interpreted more generally. We also included two proteins
whose disordered regions were characterized by circular dichroism
and limited proteolysis. Our method for constructing families of
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proteins with disordered regions and our method of analysis are
outlined in Fig. 1. Disordered protein was identified either by
missing electron density in X-ray crystal structure entries in PDB
(Berman et al. 2000) or by word searches for “NMR” or “circular
dichroism” and “disordered” or ““unstructured” or “unfolded” in
PubMed. The entire protein sequence was used to identify ho-
mologous members of the protein family by BLASTP searches
(Altschul et al. 1990; 1997) of the nonredundant protein database
at NCBI (www.ncbi.nlm.nih.gov). Distant homologues with only
short regions of sequence similarity were eliminated to ensure that
only homologous comparisons were made. All homologues (both
paralogous and orthologous) were used except that identical se-
quences of the same length were reduced to a single representative
per species. Homologues were aligned using the default settings of
CLUSTALW (Thompson et al. 1994) at the Baylor College of
Medicine web site (Smith et al. 1996). Alignments were not cor-
rected by hand, to reduce the possibility of bias. Aligned sequences
were then partitioned into ordered sequences and disordered se-
quences based on alignment with the structurally characterized
sequence. Genetic distances between each pair of sequences in the
ordered subset and between each pair in the disordered subset were
calculated using Protdist from the PHYLIP computer package
(Felsenstein 1993). Distance estimates by Protdist were based upon
the Dayhoff PAM model (Dayhoff et al. 1978).

The hypothesis being tested is whether the average genetic
distance between pairs of disordered sequences is significantly dif-
ferent from the average distance between pairs of ordered se-
quences within each family. The statistic used to test this hypothesis
is the average of the difference between the ordered and the dis-
ordered genetic distance estimates for all pairwise comparisons
within a family, A = X (O, — D) / {[n(n+1)/2] — n}, where Oy; is the
pairwise genetic distance estimate between the ordered part of se-
quence i and the ordered part of sequence j, D; is the pairwise
genetic distance estimate between the disordered part of sequence i
and the disordered part of sequence j. The summation is over the #j
pairs, where i < j, i = 1,2,...n—1,j = 2,3, ... n, and n is the total
number of sequences in the family.

To test the statistical significance of A, a sampling distribution
for the test statistic under the null hypothesis of no difference be-
tween evolutionary rates of order and disorder, Ay, is required for
each family. The sampling distribution of A, was estimated by
randomly assigning amino acid positions to the disorder or order
categories in proportion to the frequency of these categories in the
original sequence. Genetic distances for the new data sets are then
estimated, and the average difference is found as for the original set
of sequences. This was done 1000 times, and the distribution of the
1000 Ay was used as the sampling distribution. The sampling dis-
tribution indicates the frequency at which simulated A, values fall
into a given range (bin) of values. The sampling distribution can be
used to estimate the probability that we get a value that is equal to
or more extreme than A simply by chance when the null hypothesis
of no difference is true. When A falls completely outside of the
range of simulated values the probability or p value is less than 1 in
1000 (p < 0.001), and the null hypothesis is rejected.

Results

Figure 2 illustrates the sampling distributions of
the difference statistic Ag for two protein families,
replication protein A (RPA) (Jacobs et al. 1999) and
tomato bushy stunt virus (TBSV) coat protein
(Hopper et al. 1984). The y-axis is the number of
times a simulated A, value fell into the bins whose
midpoints are along the x-axis. Both families have
seven members. The genetic distances for the viral
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Fig. 1.

Procedures for identifying order and disorder in protein families and calculating average genetic distances between ordered and

disordered protein. This procedure is followed for each protein family. Black boxes indicate ordered sequences, gray boxes indicate
disordered sequences, and white boxes indicate insertions relative to the starting sequence.

coat protein family are much smaller than for RPA
because only three viruses are represented among
the seven sequences; the other sequences are strain
variants of two of these viruses. The RPA family, on
the other hand, represents the entire breadth of the
eukaryotic kingdom, from yeast to rice to humans.
Figure 2 clearly indicates the importance of deter-
mining the sampling distribution for each family.
The A for the coat protein, —0.63, is significant at
p < 0.001; that is, no simulated values were less than
—0.63. This same A has a p value of 0.005 for the
RPA distribution; that is, 5 of 1000 simulated A,
had values lower than —0.63 and no values higher
than 0.63.

The sampling distribution for RPA also illustrates
the nonnormal nature of this distribution. A normal
distribution would be symmetric around the 0 bin.

Both distributions have modes at 0 but are skewed to
the left with a few, highly negative values.

Table 1 lists the results for each of 26 protein
families. The disordered regions of 6 proteins were
determined by NMR, 17 by X-ray crystallography,
and 1, the apoptosis regulator Bcl-x;, by both
NMR and crystallography. The disordered regions
of two protein families were determined by a com-
bination of far-UV circular dichroism and limited
proteolysis. Family sizes ranged from 4 to 80. There
was no significant difference (p < 0.05) in the aver-
age genetic distances of the ordered versus the dis-
ordered regions of five families. Nineteen proteins
had significantly faster rates of evolution in their
disordered regions, and two proteins had signifi-
cantly slower rates in their disordered regions.
There does not appear to be any relationship be-
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Fig.2. Sampling distribution of the average difference in genetic distances of ordered and disordered proteins, A, for two protein families,
replication protein A (RPA) and tomato bushy stunt virus coat protein (TBSV). The y-axis indicates the number of times simulated A,
values fall into the bins whose midpoints are indicated on the x-axis.

Table 1.  Average difference in genetic distance, A, between ordered and disordered regions of 26 protein families

Protein family Reference Detection method® No. sequences  A° p value®
Replication protein A Jacobs et al. (1999) NMR 7 -1.92 0.001
NF-KB p65 Schmitz et al. (1994) NMR 4 -1.18 0.001
Glycyl-tRNA synthetase Logan et acl. (1995) X-Ray 24 -1.69 0.002
Regulator of G-protein

signaling 4 Tesmer et al. (1997) X-Ray 17 -0.96 0.001
Topoisomerase 11 Berger et al. (1996) X-Ray 28 -0.87 0.001
Calcineurin Kissinger et al. (1995) X-Ray 23 -0.84 0.001
c-Fos Campbell et al (2000) NMR 23 —-0.82 0.001
Thyroid transcription factor Tell et al. (1998) CD, LP 12 -0.76 0.001
Sulfotransferase Bidwell et al. (1999) X-Ray 12 -0.74 0.013
Phenylalanine-tRNA synthetase Mosyak et al. (1995) X-Ray 14 —-0.69 0.001
Coat protein, tomato bushy

stunt virus Hopper et al. (1984) X-Ray 7 -0.63 0.001
Gonadotropin Lapthorn et al. (1994) X-Ray 9 -0.61 0.001
Coat protein, Sindbis virus Choi et al. (1991) X-Ray 6 —-0.60 0.025
Histone H5 Aviles et al.(1978) NMR 9 -0.41 0.001
Small heat shock protein Kim et al. (1998) X-Ray 6 -0.36 0.457
Telomere binding protein Horvath et al. (1998) X-Ray 8 -0.29 0.001
Cytochrome BC1 Iwata et al. (1998) X-Ray 7 -0.27 0.034
DNA-lyase Gorman et al. (1997) X-Ray! 8 —-0.18 0.001
Bel-xL Muchmore et al. (1996) X-Ray, NMR 7 -0.13 0.001
Coat protein, southern bean

mosaic virus Silva and Rossmann (1985) X-Ray 6 -0.09 0.100
o-Tubulin Jimenez et al. (1999) NMR 80 —-0.06 0.034
Epidermal growth factor Louie et al. (1997) X-Ray 10 -0.03 0.736
Prion Riek et al. (1997) NMR 72 0.03 0.636
Glycine N-methyltransferase Huang et al. (2000) X-Ray 11 0.09 0.095
ssDNA binding protein Tucker et al. (1994) X-Ray 20 0.37 0.010
Flagellin Vonderviszt et al. (1989) LP 34 0.66 0.023

# Disordered state detected by NMR (nuclear magnetic resonance), X-Ray (X-ray crystallography), CD (circular dichroism), and LP
(limited proteolysis).

® Negative values of A indicate that disordered regions are evolving more rapidly than ordered regions.

¢ For a two-sided test of the null hypothesis.

4 Useful crystallization only in the absence of most of the disordered region.
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tween family size or method of detecting disorder
and whether disordered regions evolve more rapidly
or more slowly.

Discussion

Our survey of proteins with ordered and disordered
sequences indicates that, generally, disordered protein
does evolve more rapidly than ordered. There are a
few exceptions, which are discussed below.

Simulated sampling distributions allow reliable
tests for each protein family. The null hypothesis for
our sampling distribution is that the residues in any
aligned amino acid position are as likely to be in a
region of disorder as a region of order, and hence the
pairwise genetic distances are equal. From previous
work, however, we know that this is not the case. The
amino acid composition of disordered regions of
proteins is very different from the composition of
ordered protein. For example, disordered protein has
fewer aromatic amino acids, and more charged amino
acids, than ordered protein (Xie et al. 1998; Romero
et al. 2001; Williams et al. 2001). The aromatic amino
acids in general have a lower substitution rate than
the charged amino acids, and the difference in rates of
evolution between ordered and disordered protein
may be due to this difference in amino acid compo-
sition. The development of evolutionary models for
disordered protein will clarify the importance of the
amino acid composition and the physicochemical
properties of disordered protein to their evolutionary
rate.

Another possible explanation for the generally
faster rates of evolution in disordered protein is that
the disordered protein does not perform any partic-
ular function, and therefore its evolution is uncon-
strained. Indeed, the disordered regions of chorionic
gonadotropin can be deleted without apparently af-
fecting the known activity of this protein. Also, the
functions for the disordered regions of glycyl-tRNA
synthetase, the signal transduction inhibitor RGS4,
small heat shock protein, DNA-lyase, and epidermal
growth factor are unknown. However, the absence of
effects on a given activity and absence of known
function do not rule out the possibility of another
function for the region of disorder. Furthermore, the
other, rapidly evolving, disordered regions studied do
have known functions, including binding to other
molecules such as DNA, RNA, protein, and sub-
strate. When involved in molecular interactions, these
proteins typically undergo disorder-to-order transi-
tions upon binding to their ligands (phenylalanine-
tRNA synthetase and transcription factor c-Fos). For
these proteins, a faster rate of evolution for the
disordered region cannot be explained by a lack of
function.

Another possible explanation is that not having a
fixed structure is the function of the disordered re-
gion. Since there are many potential amino acid se-
quences that can lead to being unstructured, such a
function could lead to very rapid rates of evolution.
Two functions that fit this category are flexible link-
ers, as found in RPA and topoisomerase II, and
target display, as found in calcineurin and Bcl-xy.
The function of the flexible linker in RPA is to tether
two structured domains together so that they can
separately attach to their respective targets (Jacobs
et al. 1999). The disordered loop in the breast cancer
gene, Bcl-xy, contains protease digestion and phos-
phorylation sites that play critical roles in pro-
grammed cell death (Chang et al. 1997; Clem et al.
1998). We have proposed that having these sites in a
disordered region increases their availability for
binding by proteases or kinases (Dunker et al. 2001).

Finally, faster rates of evolution in disordered
protein may be due to positive selection for vari-
ability within regions of disorder or strong purifying
selection within regions of order (Yang and Biclawski
2000). Future investigations of the DNA sequences of
these protein families will test these possibilities.

There are five protein families that do not have
significantly different rates of evolution in their or-
dered and disordered regions. One of the protein
families that shows no significant difference between
rates is prion. The normal function of the prion
protein is not known, but various lesions are caused
by the accumulation of prion whose structure has
switched from a-helix to B-sheet (Pan et al. 1993).
The disordered region may be important for binding
copper ions at the cell surface and may become
structured upon copper binding (Aronoff-Spencer
et al. 2000). Much of the disordered region is com-
posed of octamer repeats that are the site of copper
binding; maintaining the octamer sequence may
constrain the evolutionary rate in this region.

The two proteins with slower rates of evolution in
their disordered regions have well-characterized
functions. The flexible loop of the adenovirus ssDNA
binding protein forms part of the ssDNA binding
interface and is essential for high-affinity binding to
ssDNA. This region acts to unwind the ssDNA,
thereby enabling replication (Dekker et al. 1998).

The other protein with a slower-evolving region of
disorder is flagellin. The disordered segment in fla-
gellin becomes ordered upon polymerization to form
the flagellar filament (Aizawa et al. 1990). The or-
dered regions form the outside of the flagellar fila-
ment, whereas the disordered regions form the
interior. From their surface-exposed position, the
ordered regions are available as targets for antibod-
ies, thus perhaps leading to positive selection for
increased sequence diversity. This last example illus-
trates that factors controlling the relative rates of



evolution of ordered and disordered regions of pro-
tein can be complex and suggests that testing for
molecular adaptation in these proteins may be a
fruitful avenue for future research.

The analyses reported here are based on very
simple evolutionary models, yet 19 of the 26 families
were shown with high statistical confidence to have
disordered regions that evolve more rapidly than
their ordered regions. By exploring the issues raised
in our discussion, we will be able to gain further in-
sight into the molecular evolution of intrinsically
disordered protein.
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