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Over the last decade, structural biologists have unravelled many proteins
that appear natively disordered. Common assumptions are that many of
these proteins adopt structure through binding and that the structural
flexibility enables them to adopt different functions. Here, we investigated
regions of more than 70 sequence-consecutive residues that have no regu-
lar secondary structure (NORS). Analysing 31 entirely sequenced
organisms, we predicted five times as many proteins with NORS regions
(loopy proteins) in eukaryotes (20%) than in prokaryotes and archaeas
(4%). Thousands of these NORS regions were over 150 residues long.
The amino acid composition of NORS regions differed from that of loops
in PDB. Although NORS proteins had significantly more residues in low-
complexity regions than other proteins, simple cut-off thresholds for
sequence bias missed most NORS regions. On average, NORS regions
were evolutionarily at least as conserved as their flanking regions.
Furthermore, yeast proteins with NORS regions had more protein-
protein interaction partners than other proteins. Regulatory and transcrip-
tion-related functions were over-represented in loopy proteins, bio-
synthesis and energy metabolism were under-represented. Overall, our
analysis confirmed that proteins with non-regular structures appear to
play important functional roles, and they may adopt as yet unknown
types of protein structures.
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Introduction

structures than others: for the catalytic activity of
an enzyme the precise interaction between enzyme

Protein function may require flexible structures

The sequence of a protein largely determines its
three-dimensional (3D) structure,'™® and structure
often determines function.*""® Nevertheless, many
proteins undergo changes in conformation upon

and substrate may be critical.”"®* On the other
hand, a structure that is intrinsically more flexible,
more “loopy”, may adapt more readily to different
environments. Consequently, loopy structures may
recognise many different biological targets.”
For example, the serine/threonine phosphatase

calcineurin becomes activated by binding a

binding to substrates or other ligands.®'*"'® Some
Ca**-calmodulin complex by a region that exists

biological functions may require more flexible

Abbreviations used: 3D structure, three-dimensional structure, i.e. co-ordinates of all residues/atoms in a protein;
COILS, prediction of coiled-coil regions from sequence on the basis of statistics and expert rules; DIP, database of
interacting proteins; DSSP, automatic assignment of secondary structure and solvent accessibility from 3D co-
ordinates; NORS, segment of more than 70 consecutive residues of NO regular secondary structure, i.e. without helix
or strand (more precisely, we required that less than 12% of the residues in the respective region were in helix or strand
and that at least one region of more than ten residues was exposed to solvent); NORS proteins, proteins with at least
one NORS region; ORF, open reading frame (protein predicted by genome sequencing project); PDB, protein data bank
of protein structures; PDBsub, sequence-unique subset of PDB with 1947 chains; PHDacc, profile-based neural network
prediction of solvent accessibility; PHDsec, profile-based neural network prediction of secondary structure; SignalP,
neural network-based prediction of signal peptides; SWISS-PROT, curated database with protein sequences and
functional annotations; TTEMBL, automatic translation of EMBL nucleotide database of protein sequences.

E-mail address of the corresponding author: rost@columbia.edu
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as a disordered ensemble.” *" Loopy structures
appear to be important for macromolecular assem-
bly, as exemplified by the assembly of the tobacco
mosaic virus or the bacterial flagellum.*

Identifying disordered regions in silico

One class of “natively disordered” regions was
identified initially through the observation that
such regions are invisible in electron density
maps, since the disorder prevented them from
crystallising into well-ordered structures that scat-
ter X-rays coherently. These regions appear to be
characterised frequently by a particular bias in the
use of amino acids, usually referred to as com-
positional bias or regions of low sequence
complexity.*>=* Romero and colleagues developed
a method that predicts disordered regions by train-
ing a neural network to identify low-complexity
regions longer than 40 residues.”*® Applying their
method to the SWISS-PROT database,” they have
found more than 15,000 protein regions that are
putatively disordered.”

Here, we studied the problem of disordered pro-
teins from a more structure-oriented perspective.
We investigated regions of more than 70 residues
that have very low content in regular secondary
structure (helix or strand). These extended regions
of no regular secondary structure (NORS) may
still be sufficiently ordered to diffract X-rays and
yield electron density maps. However, their lack
of regular secondary structure is certainly intri-
guing. We found NORS regions to be particularly
abundant in eukaryotic proteomes, to be evolution-
arily conserved, and to be enriched in regulatory
functions and in protein—protein interactions.

Results
Analysing loopy proteins in PDB

Visual classification into four types

We defined NORS regions as having at least one
sequence-continuous fragment of over 70 residues
with fewer than 12% of residues in regular second-
ary structure (helix or strand). We found less than
20 such proteins in a sequence-unique subset of
PDB,* and then visually sorted these NORS pro-
teins into types according to the structural context.
Note that these types were by no means objective,
i.e. were not based on a definition enabling auto-
matic classification. We distinguished the following
four types (Figure 1). (1) Connecting loops (Figure
1(a)) are long loops that connect structural
domains or linked subunits (e.g. 1AA6,*" 1BF2,*
and 4DPV®). (2) Loopy ends (Figure 1(b)), i.e.
long N-terminal or C-terminal loops (e.g. 1IDHX,*
1B35 C chain,* and 1B0P*). (3) Wrapping loops
(Figure 1(c)) are long loops wrapping around
otherwise’'normal globular domains (e.g. 2BAA,*
7CAT,** and 1CPO%). (4) Loopy domains (Figure

1(d)) are entire proteins or domains lacking regular
secondary structure (e.g. 1TBI’' and 1TAC).

Functional reasons for NORS regions

Most NORS regions in PDB have enzymatic
activities and/or are involved in substrate/ligand
processes. For example, the turnover number of
pyruvate ferredoxin oxidoredisoamylase (1BOP, A
chain) increases by a factor of at least 5 upon
reduction and complete removal of the loop.* A
molecular dynamics simulation has indicated that
the removal of the C-terminal domain VII may
result in the formation of a new hydrophobic
channel of only 7 A. This channel could bridge the
active site close to the molecular surface and could
serve to evacuate reaction products. The observed
increase in activity of the reduced enzyme compared
to the oxidised form may be due to an easier flow of
substrates and products toward and from the active
site. For chloroperoxidase (ICPO)* and for the class
IT chitinases (2BAA),* the long loops are involved in
substrate binding. The RGD loop is the key site for
adhesive recognition and receptor interaction in
HIVZ2 Tat protein (1TAC).>> The loop of the sea
raven type II antifreeze protein (SRAFP) (2AFP)> is
part of the ice-binding site. The loops share
inhibitor-binding and DNA-binding capabilities in
carboxypeptidase (6CPA).*

Errors in predicting NORS regions

We optimised our definition of predicted NORS
regions to yield a low false-positive rate when
applying the method to PDB (Supplementary
Material, Table S1): the predicted content in regular
secondary structure (helix or strand) is below 12%
over at least 70 consecutive residues, and at least ten
consecutive residues are predicted to be exposed.
On the basis of these criteria, we predicted NORS
regions for 23 proteins from our sequence-unique
subset of PDB. Five of these were identified
when using the DSSP* assignments of the actual
rather than the predicted secondary structure;
five others were false positives. The remaining 13
proteins contained unusually long loopy regions
although they were not detected when applying our
criterion on the DSSP assignment from the 3D
coordinates.

NORS regions, on average, are depleted of
hydrogen bonds

We investigated in the following way whether
NORS regions found in PDB were indeed flexible
in structure: we calculated the number of hydrogen
bonds within and between NORS regions, as well
as between NORS regions and non-NORS regions.
Between residues within NORS regions, we
counted, on average, 0.66 hydrogen bond per resi-
due. Between residues in non-NORS regions of
similar length, we counted 1.209 hydrogen bonds.
These two values differed significantly (t = —7.8,
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Figure 1. Four types of PDB pro-
teins with NORS regions. NORS
regions are defined as having at
least 70 consecutive residues with
less than 12% regular secondary
structure (helix or strand). We
found four types of proteins.
(a) Connecting loops: long loops
that connect two domains or chains
(shown, formate dehydrogenase H,
1AA6,*). In the isoamylase (1BF2),
the 96 residue loop connects
domains N and A, and forms an
inter-domain bridge across the
barrel. The corresponding loop is
absent from the alpha-amylase
family enzymes lacking domain N,
but a domain analysis based on the
distance map showed the loop to
be included in domain A.** The
loop EF (residues 279-334) in the
DNA-containing capsid of canine
parvovirus (4DPV) contacts several
neighbouring beta-strands, thus
apparently accounting for the
specificity in the assembly of
interactions.” (b) Loopy ends: long
N or C-terminal regions that lack
regular secondary structure
(shown, hexon from adenovirus
type 2, IDHX*). The overall shape
of the trimeric hexon molecule of
the adenovirus type 2 hexon
(IDHX) is unusual and may be divided into a pseudo-hexagonal base rich in secondary structure, and a triangular
top formed from three long loops.** The hexon top consists of intimately interacting loops (11, 12 and 14) emerging
from P1 and P2 in the base; it has a triangular shape not exhibiting the pseudo-symmetry of the base. In general, tem-
perature factors are good indicators of atomic flexibility. The N-terminal arm at the base and the loop 11 at the top of
1DHX have the highest average temperature values in that structure. Similarly, the loop insertions between B-strands
E and F, and G and H of CPV capsid protein (1B35, C chain) add specificity to the assembly interaction by forming
inter-bridging sheets.* (c) Loopy wraps: long loopy regions wrapping around globular domains (shown, class II chiti-
nase, 2BAAY). The third domain of beef liver catalase (7CAT, residues 321-436) is referred to as the wrapping domain;
it forms an outer layer to each subunit. It lacks discernible secondary structure in a long stretch between residues 366
and 420. However, this domain contains the essential helix with the proximal ligand Tyr357. The wrapping domain
forms a short secondary structure with an identical region of the P-axis-related-subunit.*’ (d) Loopy domains: entire
structures that have almost no regular secondary structure (shown extra-cellular domain of T beta RI, 1TBI’"). The
Arg78-Gly79-Asp80 (RGD loop) of the HIV-1 trans-activating regulatory protein TAT (1TAC) is a key site for adhesive
recognition and receptor interaction. This region is solvent-exposed at the tip of a hairpin structure that is experimen-
tally well defined by several NOESY cross-peaks, as reflected in the low variation between the NMR ensemble for this
loop. This low variation is unusual, given that RGD loops seem to be very flexible in most proteins studied so far, e.g.
the structure of decorsin (1DEC) has a rigid RGD loop similar to that of the HIVZ2 Tat protein.'™ The rigidity of the
HVIZ2 Tat protein RGD loop structure may be due to two close proline residues, Pro77 and Pro81, flanking the loop.

(a) Connecting loops _

(b) Loopy ends

(d) Loopy domains

p < 0.001). Similarly, we found about 0.13 hydro-
gen bond per residue between NORS residues and
the rest of the proteins (non-local), while non-
NORS regions had 0.27 non-local hydrogen bond
(t=-33, p=0.001). Thus, NORS regions
appeared significantly less stabilised by hydrogen
bonds than non-NORS regions.

Predicting NORS regions in entire proteomes

Many proteins with NORS regions in proteomes

We predicted a high fraction of proteins
with NORS regions in each of the 31 entirely

sequence proteomes that we tested (Figure 2; Sup-
plementary Material, Table 52). The
numbers differed considerably between the
three kingdoms: for most in archaebacteria and
prokaryotes we predicted NORS regions in less
than 5% of all proteins (exception, Aeropyrum
pernix, 13%), while the values were 17-30%
for eukaryotes (Figure 2(a)). For eukaryotes,
7-15% of the entire residue mass was predicted in
eukaryotic NORS regions (Figure 2(b)). Most
NORS regions were between 70 and 130 residues
long (Figure 2(c)). Almost all extremely long
NORS regions (>500 residues) were found in
eukaryotes.
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Figure 2. Many NORS proteins were predicted in pro-
teomes. We predicted many NORS regions in 31 entirely
sequenced organisms. NORS proteins appeared particu-
larly abundant in eukaryotes. (a) The upper left graph
gives the percentage of proteins in respective proteome
for which we predicted at least one NORS region.
(b) The upper right graph illustrates the percentage of
all the residues of the respective proteome for which we
predicted in a NORS region (note the difference in scales
between (a) and (b)). (c) The lower graph gives the per-
centage of all predicted NORS regions that are between
N and N + 10 residues long (note that, by definition,
NORS regions are longer than 70 residues). Surprisingly,
almost 15% of all the predicted NORS regions extend
over more than 200 residues (inset in (c)).

NORS regions have specific amino
acid composition

We compared the NORS regions predicted in the
proteomes (Figure 3(a)) to non-NORS regions in
the same set of proteins (Figure 3(b)), as well as to
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Figure 3. NORS regions use particular amino acids.
The height of the one-letter amino acid code is
proportional to the abundance of the respective acid in
each data set. The actual value is the difference in
occurrence with respect to the frequency obser]\szedA in a
sequence-unique subset of PDB: (ff —f; -unasey
f; "M Inverted letters indicate acids that are less
frequent than “expected”. The amino acids are sorted
by flexibility,”® with the more rigid on the left. Overall,
NORS regions are as abundant in more flexible residues
as loop regions in PDB. However, we found considerably
more serine (S), glutamine (Q), and glycine (G) and con-
siderably fewer arginine (R), aspartic acid (D), glutamic
acid (E), tryptophan (W), and phenylalanine (F) residues
in NORS regions than in loop regions, in general.

all proteins in SWISS-PROT (Figure 3) and to all
residues without regular secondary structure in a
sequence-unique subset of PDB (Figure 3(d)). The
most rigid amino acid residues (WCFIYVLM), as
measured by the Vihinen scale,” which reflects the
side-chain motion, were severely under-
represented, while only some of flexible amino
acid residues (GQSP) were over-represented
(Figure 3(a)). Although loop residues (Figure 3(d))
exhibited a similar trend, the amino acid
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Figure 4. Most NORS regions have compositional bias
similar to that of PDB proteins. We measured sequence
composition in two slightly different ways: by the
Shannon entropy averaged over segments of 45 consecu-
tive residues (K,, equation (1)) and by the percentage of
low-complexity residues assigned by the program
SEG.” (a) The distribution of the Shannon entropy was
shifted towards values lower than that for non-NORS
regions. (b) Similarly, NORS regions had significantly
more residues of low complexity than non-NORS
regions. However, if we choose a threshold in complexity
that considers only 1% of the PDB proteins to have low-
complexity segments longer than 45 residues, we detect
only 16% of the NORS regions predicted (cumulative
percentage given in the inset in (a)).

composition of NORS regions differed significantly
from that of loop residues. More specifically, NORS
regions were more depleted in WFVD, and more
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Figure 5. NORS regions are as conserved as flanking
regions. In order to investigate whether NORS regions
were evolutionarily conserved, we measured the differ-
ence in the information contents between alignments in
NORS and their flanking regions (Inanking region — InoRrs,
equation (3)). The percentage values were compiled
over all pairs of NORS/flanking regions, i.e. the total
number of pairs was twice the number of NORS regions
found. The inset gives the cumulative percentages. The
difference in conservation between NORS and flanking
regions was not significant. In other words, NORS
regions appeared, on average, to be as conserved as
non-NORS regions.

enriched in QSP. NORS regions and loops shared
some similarities (high P, low E) that distinguished
them from SWISS-PROT proteins and non-NORS
proteins in proteomes.

Low-complexity and NORS regions differed

We compared the complexity (K, equation (1))
between NORS and non-NORS regions (Figure 4).
NORS regions were clearly shifted toward lower
complexity values (Figure 4(a)): about 16% of the
NORS regions had K, values below 2.9, while only
1% of the fragments in non-NORS, PDB proteins,
or SWISS-PROT proteins were below this value
(Figure 4(a), inset). We monitored low complexity
using a slightly different definition; namely, the
percentage of residues considered to be of low
complexity according to the widely used method
SEG.* Consistent with the findings for the K, dis-
tribution, NORS regions had a higher fraction of
SEG residues (Figure 4(b)). However, more than
80% of the NORS regions predicted could not
have been identified only by applying some
threshold in low complexity.
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NORS regions are as conserved as
flanking regions

In multiple alignments of evolutionarily
diverged protein families, we typically observe
two kinds of consecutive regions:”~% (1) regions
that can be aligned over the entire length; and (2)
regions for which some of the family members
have insertions. The usual assumption is that
regions with long deletions/insertions are func-
tionally less important. To determine whether
NORS regions were evolutionarily conserved, we
compared the information content (equation (3))
in NORS regions to that of the N-terminal and
C-terminal non-NORS segments. For more than
20% of all NORS regions, we could not distinguish
between the conservation of the NORS and of its
flanking regions (no difference in information
content, Figure 5). For about 56% of all pairs of
NORS/flanking region, the NORS had a similar or
higher information content, i.e. was evolutionarily
equally or more conserved (negative values, Figure
5, inset). A detailed analysis revealed that the
differences in evolutionary conservation were not
statistically significant. This suggested that NORS
regions evolved according to evolutionary con-
straints similar to those applied to the flanking
regions.

NORS proteins had slightly more interaction
partners than non-NORS proteins

We analysed the Database of Interacting Proteins
(DIP),*" which lists all protein—protein interactions
unravelled by the first two large-scale yeast-two-
hybrid experiments.®> We found that 3464 (72%) of
all predicted non-NORS yeast proteins had one or
more binding partners. In contrast, about 1126
(79%) of all 1556 predicted NORS proteins in yeast
had at least one interaction partner (Figure 6).
This difference was statistically significant
(z=5.18, p < 0.001, equation (2)). The comprehen-
sive experimental analysis of protein—protein
interactions in Helicobacter pylori® yielded similar
results: 64% of the NORS and 44% of the non-
NORS proteins had interaction partners (z = 2.41,
p = 0.008, equation (2)). Most data from yeast two-
hybrid experiments do not reveal the precise
regions involved in protein—protein interfaces.
However, we found 37 examples of protein-—
protein interactions in DIP for which the regions
of interaction overlapped with NORS regions for
at least 70 residues (Supplementary Material,
Table 3S). For example, the yeast protein
YKRO025w, a potential subunit of RNA polymerase
III, interacts with RPC4_YEAST (YDL150W, RNA
polymerase III chain C53) via region 62-200,*
which coincides with predicted NORS region at
82-155 (Supplementary Material, Table S3).
Another family of examples were revealed by a
genome-wide two-hybrid screening showing that
Lsm (like sm) proteins interact with some splicing
factors and proteins involved in mRNA turnover.”

B NORS proteins
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Figure 6. NORS proteins interacted more than non-
NORS proteins. We compared the number of interacting
partners annotated in DIP® between predicted NORS
and non-NORS proteins. We found that considerably
more NORS than non-NORS proteins had one or more
interaction partners (the inset gives the cumulative per-
centages). The difference between the distributions for
NORS and non-NORS proteins was statistically signifi-
cant (z = 5.18, p < 0.001, equation (2)).

Many of these protein—protein interactions of the
Lsm proteins seemed to be mediated by predicted
NORS regions (Supplementary Material, Table S3).
Finally, NORS regions appeared to be involved in
interactions with actin-related proteins (Sup-
plementary Material, Table S3).°°

NORS proteins are often related to regulation
and transcription

For all predicted NORS proteins, we searched for
functional annotations in SWISS-PROT. We found a
variety of descriptions, including numerous carbo-
hydrate modification sites, phosphorylation sites,
disulphide bridges, and catalytic active sites.
NORS regions occurred in many transcription fac-
tors, and frequently were found spanning half of
the zinc-finger motifs and the residues preceding
these. Residues immediately upstream of homeo-
domains were often in NORS regions. Monika
Riley introduced classes of cellular function to
characterise =~ the  functional = content  of
proteomes.®”*® We assigned such classes automati-
cally through the program EUCLID.*”° We classi-
fied about 45-65% of all proteins into one of 14
functional classes at a level reported to yield 70%
correct classifications; namely, above 30%
pairwise sequence identity.”' Notably, NORS pro-
teins were significantly under-represented in most
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Figure 7. NORS proteins unique in their spectrum of cellular functional classes. The program EUCLID® sorts pro-
teins of experimentally known function into classes of cellular function. For each proteome, we compared the fraction
of NORS proteins in each of these classes to that of the non-NORS proteins. Here, we show the averages over all 31
proteomes (inner circle: NORS proteins, outer circle: non-NORS proteins). (a) The upper graph separates all 14 classes
assigned by EUCLID, (b) the lower graph groups the 14 classes into three “super-classes”.

biosynthesis classes (Amino acid biosynthesis, Bio-
synthesis of cofactors, prosthetic groups, and
carriers, Fatty acid and phospholipid metabolism,
Purines, pyrimidines, nucleosides, and nucleo-
tides), in Energy metabolism, and in Translation
compared to non-NORS proteins (Figure 7(a)). In
contrast, Regulatory Functions and Transcription
classes were more abundant in NORS proteins
(Figure 7(a)). This was consistent with our obser-
vation that NORS appeared in many transcription
factors. When grouping the 14 «classes into
three super-classes, energy, information and
communication,” we found that NORS proteins
were more often associated with Communication
(24(£1)% wversus 14(%£1)%; Figure 7(b) and less
often with Energy (21(x1)% wversus 31(%=2)%;
Figure 7(b)) than were non-NORS proteins.

Discussion and Conclusion

Do NORS, disordered, natively unfolded
regions and structural switches differ?

It is commonly assumed that regions of non-
regular secondary structure (turns, loops, or
bends) are more flexible than are the networks of
backbone hydrogen bonds stabilising helices and
strands. In fact, two-thirds of all globular protein
structures fall into a rather narrow window of 50—

65% regular secondary structure, and only 1% of
the proteins longer than 70 residues have less than
20% regular secondary structure.”” Experimental-
ists are beginning to find increasing evidence of
proteins that appear to be unfolded in their native,
unbound conformation'*?"*****7* or that can
undergo considerable conformational changes
upon binding;”*~*" and that structural switches can
be predicted from sequence.'®® Dunker and col-
leagues developed a method predicting natively
disordered regions (labelled Dunker regions).****
Uversky et al. claimed that natively unfolded pro-
teins could be identified through their net charge
and hydrophobicity;”® Zetina claimed that many
natively unfolded proteins contain a particular
helix-unfolding sequence-motif.*> Here, we focus
on regions longer than 70 residues that have an
unusually low content of regular secondary struc-
ture (NORS). We expect that NORS regions overlap
with regions identified by the Dunker group: both
Dunker regions and our NORS regions have more
segments of low complexity than typical globular
proteins (K,, Figure 4).® In contrast, the Dunker
regions and NORS differed in their amino acid
composition: while R and E were more abundant
in Dunker regions, the usage of R was similar
between NORS and non-NORS (Figure 3) and E
was even less frequent in NORS than in non-
NORS (Figure 3). The under-representation of C in
Dunker regions also did not correspond to the
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observation in NORS regions. Finally, Dunker et al.
predicted almost twice as many disordered regions
in eukaryotes than we predicted NORS regions
(Figure 2 versus Dunker et al.*®). Dunker and col-
leagues published their 20 strongest predictions:
for all, we also predicted NORS regions, although
for two predictions, Dunker regions and NORS
did not overlap (Supplement Material, Table S4).
We could not verify that all NORS regions were
strictly confined to a particular region in hydro-
phobicity versus net charge plot as has been postu-
lated for natively unfolded proteins.” Clearly, the
NORS regions we predicted did not overlap with
regions typically labelled as structural switches. In
summary, the various attempts at characterising
non-regular regions in proteins identified sets of
regions that overlapped to only some extent.

Are NORS regions important for function?

Although NORS regions were abundant in low-
complexity residues, they were evolutionarily as
conserved as flanking regions (Figure 5). This
suggested that NORS regions are important for
function. One way in which NORS regions could
play important functional roles is through pro-
tein—protein interactions. Calcineurin is one par-
ticular example for protein—protein interactions
that are mediated by disordered regions: the flexi-
bility of a 95 residue segment in subunit A is
important for calmodulin-binding.** The analysis
of the yeast two-hybrid results (Figure 6) con-
firmed that proteins with NORS regions have, on
average, more interaction partners than other pro-
teins. The seemingly more active role of NORS
proteins in protein—protein interaction might be
explained by the hypothesis that NORS regions
might be stabilised by protein—protein interactions
(induced fit). We also found NORS proteins to be
more often related to regulatory functions and
transcription than non-NORS proteins (Figure 7).
We do not know the precise role that NORS regions
play in transcription factors. An obvious hypothe-
sis is that the conformational adaptability of
NORS regions enables different regulation. This
might explain why NORS proteins appeared par-
ticularly abundant in eukaryotes (Figure 2).

New types of protein structures?

We predicted over 20,000 proteins with NORS
regions over 130 residues in eukaryotes alone. Cur-
rently, we have no example for any of these in
PDB. Large-scale efforts at determining all protein
structures (structural genomics initiatives)®®~*
may help to decide whether loopy proteins consti-
tute a new class of protein structures. However,
while we have no data supporting speculations of
how these proteins look or what they do, we
could refute the assumption that NORS regions
constitute some ancient carry-over that is function-
ally unimportant.

Methods

Data sets

Source of proteome sequences

We obtained the sequences for all 31 organisms that
we analysed from the public domain. We downloaded
most ORFs from NCBIf. The exceptions were Homo
sapiens (from SWISS-PROT release 39 and TrEMBL¥
database release 15), Caenorhabditis eleganst, Drosophila
melanogaster§, and Mus musculus||.

Sequence-unique subset of PDB (PDBsub)

To reduce the bias from mutation studies, we
restricted our analysis of PDB to a sequence-unique sub-
set. This subset was defined as having no pair with more
than 33 pairwise identical residues over more than 100
residues aligned. More precisely, the HSSP distance™ was
below 0 for any pair in the set. We maintain a weekly
update of such a set through our EVA server.” The set
used for this study contained 1947 protein chains.

Prediction methods

Secondary structure, membrane helices and
solvent accessibility

We obtained multiple sequence alignments by search-
ing with the dynamic programming method MaxHom®
against SWISS-PROT.” The resulting alignments were
subsequently filtere” and used as input for PHDsec,**”
PHDacc,”**® and PHDhtm.” For all methods, we used
the default parameters. For proteins of known structure,
we assigned accessibility and secondary structure with
DSSP.* In particular, we used the following convention
to convert the eight DSSP states into three classes: DSSP
HGlIhelix (H), DSSP’EBstrand (E), and all other to non-
regular (L). Buried residues were defined as those with
a relative accessibility to solvent of <16%.

Secreted proteins and coiled-coil regions

We predicted signal peptides using the program
SignalP,'® considering a protein to contain a signal pep-
tide if the mean S value was above the default threshold.
We predicted coiled-coil regions with COILS,'”" using a
window size of 28 and a probability threshold of 0.9.

Sequence complexity

Low sequence-complexity regions were determined
by SEG,” using default parameters. Sequence compo-
sitional complexity K, of a sequence window was calcu-
lated as described:*

K, = —ﬁj%(logz%) (1)

where N represents the number of letters in the alphabet
(20 for amino acid residues in protein) and n; is the

1 ftp:/ /ncbinlm.nih.gov/genbank/genomes

i From www.sanger.ac.uk/Projects/C_elegans/
wormpep/, wormpep65

§ From www.fruitfly.org/

|| From www.ensembl.org/Mus_musculus/


www.sanger.ac.uk/projects/c_elegans/wormpep/
www.sanger.ac.uk/projects/c_elegans/wormpep/
www.sanger.ac.uk/projects/c_elegans/wormpep65
www.fruitfly.org/
www.ensembl.org/mus_musculus/
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occurrence of amino acid i in sequence window of length
L. In particular, we chose segments of 45 consecutive
residues to measure compositional bias.

Functional classification

We classified cellular function using the program
EUCLID.” The SWISS-PROT homologues input to
EUCLID were identified by MaxHom (pairwise sequence
identity >30%). EUCLID assigned the following 14
categories of cellular function:'* amino acid bio-
synthesis; biosynthesis of cofactors, prosthetic groups,
and carriers; cell envelope; cellular processes; central
intermediary metabolism; energy metabolism; fatty acid
and phospholipid metabolism; other categories; purines,
pyrimidines, nucleosides, and nucleotides; regulatory
functions; replication; transcription; translation; and
transport and binding proteins. Finally, we added the
class Unclassified, listing all those proteins for which
we either did not find homologues in SWISS-PROT or
that could not be classified by EUCLID.

Definition of no regular secondary structure
region (NORS)

We identified NORS regions (extended regions of NO
regular secondary structure) in the following way. First,
we applied all programs (PHDsec, PHDacc, PHDhtm,
COILS, and SignalP). Then, we compiled the percentage
of residues with regular structural signals (regular sec-
ondary structure, transmembrane helices, coiled-coil
regions, signal peptides) over sliding windows of 70 con-
secutive residues. NORS were assigned if both following
conditions applied. (1) The regular structural content
was below 12%, i.e. there were less than 12% helix/
strand/coiled-coil/membrane helix/signal peptide. (2)
We found at least one continuous segment longer than
ten residues within which all residues were exposed to
solvent. NORS regions were extended in both directions
as long as the above two criteria remained valid.

Calculation of inter-region and intra-region
hydrogen bonds

We extracted hydrogen bond information for all
residues in PDBsub (see above) through the DSSP
program.®® We calculated the number of inter-region
and intra-region hydrogen bonds per residue for each
NORS region in PDB, and averaged over all regions. For
non-NORS regions, these numbers were obtained for all
70-residue sequence windows from the data set by ran-
domly selecting 2000 such windows in order to avoid
over-sampling of overlapping sequence windows.

Statistical analysis

We applied the standard Student’s t-test to determine
whether the difference between the number of hydrogen
bonds of NORS regions and non-NORS regions was sig-
nificant. We also tested the differences between the pro-
portions of two populations p; and p, in the following way:

z=(P1— P2)/Gp—p, 2)
where Gpypy = \/ﬁ(ln_ 2 4 ﬁ(ln_ p) 7 and
1 2
_m+n
P ny +np

The one-tailed probability was then obtained through the
normal distribution table.

Calculation of information content in a
sequence segment

The information content of sequence segments was
determined on the basis of the multiple sequence align-
ment generated by MaxHom, according to the method
described by Gorodkin et al.'® Briefly, the information
content of position i of the alignment I; was calculated
as follows:

L= Ix=>_ qilog % 3

keA keEA

where A = {A,C,D,...,W,Y,—} is the set of 20 amino acid
residues including gaps (-), g is the fraction of amino
acid k at position i. When k is not —, p, equals the a priori
distribution of the amino acid for SWISS-PROT database.
p_ is set to 1. The average information content of a
sequence segment was then calculated by taking the
average of individual positions within the segment.

Possible functional annotation of NORS

For proteins with NORS regions that were contained
in SWISS-PROT, we extracted functional annotations
from the FT entry. For other proteins, we aligned each
NORS region against SWISS-PROT (using MaxHom),
and extracted functional annotations for homologues
that had more than 50% pairwise identical residues over
more than 100 aligned residues, i.e. an HSSP distance
above 15.” Wherever possible, we kept only annotations
that were related explicitly to the NORS regions.
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