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The dominant view of protein structure-function is that an amino acid sequence specifies a
(mostly) fixed three-dimensional (3-D) structure that is a prerequisite to protein function. In
contrast to the dominant view, many proteins display functions requiring the disordered state.
Our purpose here is to provide a catalogue of disorder-function relationships. The very
important molecular details in each example can be obtained from the references provided or
from several excellent reviews and commentaries (1-9).

For ordered protein, the ensemble members all have the same time-averaged canonical
set of Ramachandran angles along their backbones. For intrinsically disordered protein, the
ensemble members have different (and typically dynamic) Ramachandran angles. Such disorder
has been characterized by a variety of methods including x-ray crystallography, NMR
spectroscopy, CD spectroscopy, and protease sensitivity to name several. Each of these methods
has advantages and limitations that are discussed in more detail elsewhere (10). Although a few
disordered proteins and regions have been characterized by several methods as noted below, it
would be useful to have more examples with multiple methods of characterization.

In attempts to discover generalities from the known disorder examples, we recently used
bioinformatics coupled with data mining (11-15). The results suggested that thousands of
natively disordered proteins exist, representing a very substantial fraction of the proteins in the
commonly used sequence databases (13, 16). From these and related database predictions and
from a set of functionally important disordered proteins, Wright and Dyson (17) called for a re-
assessment of the view that 3-D structure is always a prerequisite to protein function.

In this article, we discuss the following topics: 1. how common is intrinsic disorder?; 2.
intrinsic disorder in vivo; 3. functional annotations for 90 proteins having physically
characterized regions of disorder; 4. disordered regions without known function 5. a structure-
function proposal called “the protein trinity”; 6. the functional repertoires of ordered and
disordered protein, and 7. the need for a Disordered Protein Database (DisProt) to complement
the Protein Data Bank (PDB).

How Common is Intrinsic Disorder? A series of predictors of natural disordered regions
(PONDRs) have been developed using amino acid sequence as inputs and giving intrinsic order
or disorder tendencies as outputs (11, 14, 15, 18, 19). The various PONDRs are distinguished by
different training sets, by different data representations for their inputs, and by different machine
learning models for their development.

For PONDR VL-XT', currently the best characterized of the PONDRs, only 6% of more
than 900 non-homologous proteins spanning PDB gave false positive predictions of disorder >
40 consecutive amino acids in length. Even this 6% may be an over-estimate of the false
positive error rate, however, because many of these predicted disordered regions are involved in
ligand binding or in crystal contacts (Lawson and Dunker, unpublished data). For several of
these, the binding regions are intrinsically disordered when the parent proteins are in solution
without their ligands. Furthermore, only ~0.4% of more than 220,000 ordered residues from
these 900 non-homologous proteins were falsely predicted to be in long disordered regions (17).
In contrast ~11% of a dataset containing more than 17,000 disordered residues from over 140
proteins were falsely predicted to be in correspondingly long ordered regions. Because the
estimated false negative error rate is much greater than the estimated false positive rate, PONDR
VL-XT probably underpredicts the occurrence of long disordered regions in nature.



PONDR VL-XT has been applied to the proteomes from more than 30 organisms. The
estimates of disorder in the various genomes were as follows: bacteria = 9 to 37%, archaea =9 to
37%, eukaryota = 35 to 51% (20). A possible reason for the increased disorder in the eukaryota
as compared to the prokaryota is the greater need for protein-mediated signaling, regulation and
control in the former (21). Other explanations, such as the possibility that the increased disorder
in eukaryotes is an artifact arising from training set biases, also need to be explored.

Intrinsic Disorder in vivo. Although Karush’s report on the binding plasticity of serum
albumin pointed out the importance of structural ensembles for function as early as 1950 (22),
and although many additional examples have been featured in literature reviews for more than a
decade (1-3, 9), intrinsic disorder has been mostly ignored as evidenced by the lack of even one
carefully discussed example in any of the popular biochemistry text books. Perhaps one reason
for this omission was a belief that disorder was an artifact because protease digestion would
eliminate such proteins in vivo. Kim and Frankel, however, argued that sequestering proteases by
compartmentalization would enable protein disorder to exist in vivo (3). Tight regulation of
intracellular protease activity can also be understood in terms of protecting protease sensitive
sites as discussed previously (10, 17).

Additional mechanisms help disordered proteins avoid proteolysis in vivo. Some
disordered regions are inaccessible to proteases due to steric factors; other disordered regions
lack protease sensitive residues; and still other disordered regions may exist only transiently as
they jump from one partner to another. For example, at low calcium concentrations in Vitro,
calmodulin becomes sensitive to protease digestion (23). As calcium concentration drops in
vivo, calmodulin leaves its enzymatic partners and binds to proteins with IQ motifs (24).
Similarly, some chaperones may function as bodyguards for the protection of intrinsically
disordered regions in addition to their proposed function of promoting protein folding (10).

The protection of disorder by molecular association predicts that removal of a partner by
genetic manipulation would lead to increased protease sensitivity of the remaining, unprotected
protein. Indeed, in genetic dissection of protein signaling pathways, deletion of a known partner
often leads to the disappearance of the remaining protein, although the cause of the
disappearance has typically not been determined nor the possibility of increased protease
sensitivity considered (Kendal Broadie and Jessica Tyler, personal communications). Here we
suggest that every protein-protein interaction identified by the yeast-two-hybrid or other assays
should be tested for the involvement of disorder by determining whether deletion of one partner
leads to increased in Vivo protease sensitivity (i.e. increased ubiquitination) of the other.

Some proteins that are highly disordered in the laboratory have short lifetimes in the cell
for functional reasons. These examples, including proteins that participate in critical cellular
control mechanisms, provide a further argument for the existence of disorder in vivo (17).

Molecular crowding favors more compact forms over more extended ones and has been
shown to markedly shift the equilibrium toward the folded state (25). Two observations,
however, suggest that molecular crowding inside the cell probably cannot be used to rule out the
existence of intrinsic disorder in vivo. First, steric factors would prevent many complexes from
folding before binding, so for such structures, binding and folding must be concomitant.
Examples of concomitant binding and folding include calmodulin binding to its target helix (26)
and TFIIA binding to its target DNA (27). In both cases the protein wraps around its partner.
Second, molecular crowding should be able to induce folding into a particular 3-D structure only



if the protein were to have an appropriately shaped energy landscape. Proteins with functions
that depend on lack of folding would be expected to have evolved energy landscapes
incommensurate with folding into a specific structure. Consistent with this idea, even though
molecular crowding can induce a reduction in hydrodynamic radius (28), such crowding does not
induce regular secondary structure for three intrinsically disordered proteins: c-Fos (29), p27kip1
(30), and a-synuclein (28).

For ligand-binding proteins, the energy landscapes change in the presence of their
partners, leading to disorder-to-order transitions upon binding. A common theme is a coil-to-
helix transition concomitant with binding to another molecule (10). Molecular crowding could
certainly shift a disordered region’s equilibrium from coil to helix. However, in the absence of its
binding partner, a helix induced by excluded volume effects would probably not assume a unique
tertiary structure, but rather would transiently sample many orientations relative to the main body
of the protein.

Finally, we have recently compared the evolutionary rates of ordered and disordered
regions that exist within the same protein. Faster rates of evolution were observed for several
disordered regions (31). Functionally crucial side chain interactions within the ordered cores are
thought to be responsible for slow rates of evolutionary change for ordered proteins. The faster
rates of evolution imply that disordered regions have a lack of crucial side chain interactions, and
thus provide additional support for the existence of disorder in vivo.

Functions of Intrinsic Disorder. Our searches have identified more than 140 proteins that,
under apparently native conditions, contain disordered regions of 30 consecutive residues or
longer. Careful literature searches were carried out for a portion of these proteins (Table 1).
Twenty-eight separate functions were identified for 98 out of 115 disordered regions (Table 2).
Cataloguing the functions of the disordered regions in these proteins provides insight regarding
relationships between intrinsic disorder and protein function.

The proteins described in Table 1 contain numerous disordered regions involved in
molecular recognition. These are indicated in the function column of Table 1 by the letters (a-j)
and are characterized further in Table 2. Some of these molecular interactions involve binding to
other proteins (a), such as to kinases, transcription factors, and translation inhibitors, while others
involve binding to nucleic acid polymers including DNA (b), rRNA (cR), tRNA (cT), mRNA
(cM) and genomic RNA (cG). Some of the DNA binding regions are also involved in DNA
unwinding (t) and bending (u). Membrane-associating peptides are often disordered in solution
and acquire helical secondary structure upon binding to the membrane (f). Protein-protein
interactions leading to polymer formation often involve intrinsically disordered regions (g) as has
been recently reviewed elsewhere (207). Several receptors undergo disorder-to-order transitions
upon binding their ligands (h). Likewise, enzymes can have mobile regions that become
structured upon binding their substrate (h) or cofactor (i). Other proteins undergo disorder-to-
order transitions upon binding hemes (i) or metal ions (j).

Given our conditioning to think in terms of the lock-and-key model, the involvement of
intrinsic disorder in molecular recognition at first seems counterintuitive. Upon further
reflection, however, the use of intrinsic disorder for molecular recognition exhibits several
important features, such as 1. enabling high specificity coupled with low affinity (208) because
the free energy arising from the contacts of protein with ligand is reduced by the free energy
needed to fold the intrinsic disorder; 2. enabling one molecule to bind to differently shaped



partners by structural accommodations at the binding interfaces (22, 67, 209); 3. enabling
different disordered sequences to fold (perhaps differently) in order to bind to a common binding
site (206); 4. enabling the creation of very large interaction surfaces as the disordered protein
wraps-up (27) or surrounds its partner (26); 5. enabling faster rates of association by reducing
dependence on orientation factors and by enlarging target sizes (210); and 6. enabling faster rates
of dissociation by unzippering mechanisms (10).

Chemical modification of side chains requires close association between the protein
being modified and the enzyme doing the modification. If the side chain being modified were
within a structured region, steric factors would typically prevent or slow down the association
between the enzyme and target. On the other hand, locating the side chain undergoing
modification within a disordered region facilitates substrate binding because the disordered
region can fold onto the surface of the modifying enzyme. Thus, several types of chemical
modification have been found to occur in intrinsically disordered regions. These are indicated as
(mA - mR) in Tables 1 and 2 and include acetylation (mA), fatty acid acylation (mF),
glycosylation (mG), methylation (mM), phosphorylation (mP), and ADP-ribosylation (mR). An
open question is whether chemical modification universally requires regions of intrinsic disorder
just prior to association with the modifying enzymes.

Disordered regions involved in regulating the activity of their parent protein are
designated as autoregulatory (k) in Tables 1 and 2. Many of these regions are modified as part of
the regulatory process (€.g. phosphorylated or acetylated). As noted above, disorder facilitates
such modifications. Other regions regulate activity through differential binding (e.g.
psuedosubstrates). Again, disordered regions are useful for such functions because of their lower
binding affinity (the off rates are thus compatible with quick adaptation to signal changes) and
binding plasticity (by definition, the region must bind multiple partners).

Some disordered regions carry out function without the necessity of assuming an ordered
state, indicated as (n-q) in Tables 1 and 2. Flexible linkers/spacers (n) between domains (146)
comprise a major group of this type. Flexible linkers allow two domains to move relative to each
other, with such movement being essential for function. Some of these linkers also act as spacers
that regulate the distance between adjacent domains (155). The functional, native state of flexible
linkers/spacers is likely to be a random coil, or the polypeptide approximation of the random coil
(211). Alternatively, the linkers/spacers can have local or transient secondary structure (212), but
in either case, such regions can carry out function without necessarily undergoing a disorder-to-
order transition. A similar lack of a requirement for an ordered state characterizes proteins that
function as entropic springs (o), entropic bristles (p) and entropic clocks (q).

Careful in vitro studies demonstrate that disordered regions undergo protease digestion
orders of magnitude faster than do ordered regions (206, 213, 214). Indeed, when digestion
occurs in an ordered region of a protein, local unfolding, not just surface exposure, is necessary
for efficient in vitro proteolysis (215). The likely explanation is similar to that given above for
chemical modification. That is, the polypeptide segment being cleaved must form a specific
structure on the protease surface; disordered regions can almost always fold correctly onto the
protease surface while ordered regions typically don’t (and maybe can’t) have the right shape.
Given these extensive studies on the importance of disorder for in vitro protease digestion, it is
not surprising to find examples of intrinsic disorder that are associated with in vivo proteolysis,
indicated as (1) in Tables 1 and 2.



Numerous proteins comprising the ribosome are disordered or have disordered regions
when removed from the ribosome. For example, CD studies of individual ribosomal proteins
from Escherichia coli show that 10 large- or small-subunit proteins are substantially disordered
(148). X-ray crystallography of the large ribosomal subunit from Haloarcula marismortui
confirms that many of these proteins occur in an extended form within the ribosome (216). The
structure of the H. marismortui ribosome also indicates that several proteins have both globular
domains and extended regions. The authors suggest that the proteins of the ribosome act as
mortar (indicated as (r) in Tables 1 and 2), filling the gaps and cracks between loops of the
rRNA. For these proteins, binding does not induce a disorder-to-order transition in the typical
sense of formation of globular structure, but rather it involves the capture of one member from
the ensemble of extended structures. Aside from being a structural mortar, ribosomal proteins
may help to alleviate rRNA misfolding by selecting the native RNA structure from the ensemble
of nonnative forms (217). Extended, disordered protein can make multiple contacts that bridge
multiple folded RNA domains, thereby assuaging RNA misfolding better than globular proteins.

Two functions of disordered regions that cannot be readily grouped with other functions
are protein detergent (v) and self-transport through membrane channels (s). Both clusterin and
casein have detergent-like properties. Clusterin’s promiscuous binding to hydrophobic moieties
depends on a molten globular domain (218), while casein forms micellular aggregates that
solubilize hydrophobically aggregated proteins (55). The disordered regions of flagellin and the
flagellum specific 0 binding factor, FIgM, both exist in part to allow the movement of the
proteins through the narrow channel in the core of the flagellum. Disorder is necessary for
flagellin to move through the tube to the tip of the growing filament where polymerization
occurs (85). Likewise, FlgM’s disorder facilitates its export through the flagellum, thus
controlling FIgM’s intracellular concentration, which in turn regulates the transcription of more
than 50 genes associated with flagellar assembly (86).

Another evolutionary niche occupied by disordered regions has come to light in the study
of Staphylococcus aureus fibronectin binding protein. This protein is completely disordered in
solution (78). The regions involved in binding fibronectin, however, undergo disorder-to-order
transitions upon forming this high-affinity interaction (79). Interestingly, the flexibility of this
protein was proposed to account for the lack of an immune response during infection by S
aureus (219) because highly flexible polypeptides are evidently not immunogenic (HOOk,
personal communication). Indeed, highly flexible attachment domains have been reported for a
number of pathogens, suggesting that such use of disorder may be a general strategy (10).

Disordered Regions Without Known Function. Given the wide range of functions already
discovered or proposed for intrinsically disordered proteins, from molecular recognition (208) to
protection against desiccation (75) to detergent action (55, 218), functional annotation may turn
out to be especially vexing for proteins with intrinsically disordered regions of sequence. Tables
1 and 2 include 6 disordered regions claimed to lack essential function (w) as well as 11 proteins
with 17 disordered regions with unknown functions (x). With regard to the latter group, 9 of the
10 proteins have enzymatic functions; the other protein is the signal transduction inhibitor called
RGS4. The disordered regions in the enzymes are not at their respective catalytic sites,
suggesting the possibility of regulatory functions. With regard to the former 6 disordered regions
claimed to lack essential function, the regions in question were cleaved, deleted, or otherwise
removed from the protein without affecting its activity. An experiment ruling out one particular



function, however, does not rule out all possible functions. In this regard, moonlighting proteins
have functions completely unrelated to their originally discovered functions (220). Given the
potential for moonlighting, proving that a disordered region has no function at all would be
extremely difficult. These and other intrinsic disorder orphans may provide useful starting points
for the discovery of novel disorder-associated functions.

The Protein Trinity. Intrinsic disorder is common (13, 16, 20), and this paper supports its
importance for function as discussed previously (10). To organize these observations, we are
proposing a structure-function relationship called the protein trinity (Figure 1). According to this
proposal, native proteins can adopt any one of 3 states: fully folded, collapsed, or extended. The
type of native structure for a given protein is determined by its amino acid sequence, the
presence or absence of chemical modification, the presence or absence of ligands, and the
conditions of the surrounding medium. Since the various factors affecting the type of native
structure are under dynamic control inside the cell, the native form of the protein can change.

With regard to function, it can arise from any one of the three states. Examples involving
fully folded proteins need no further discussion. Functions involving the extended-disordered
state include flexible linkers or spacers, which allow the connected domains to move relative to
each other in order to allow simultaneous binding to two or more components with separations
that vary over space and time (101, 146, 164, 175), entropic bristles, which use excluded volume
effects to keep molecules apart (131, 132), entropic springs, which provide a restoring force
resulting from randomization of bond torsion angles that become restricted upon stretching (169-
172), entropic clocks, which provide a timing mechanism (10) arising from random searches
such as that observed for the ball-and-chain model for closure of voltage-gated ion channels
(205). Functions involving collapsed disorder include the binding of hydrophobic groups by
dynamic detergent-like proteins (218) and the multiple binding of ions by static polymorphic
ensembles (221).

Disorder-to-order transitions upon binding, whether starting from collapsed-disorder or
from extended-disorder, are an important use of disorder for function. Such interactions and
transitions have been extensively reviewed elsewhere (8, 17).

Functional Repertoires of Ordered and Disordered Proteins. The functions listed above
for disordered protein can be organized into four broad categories: molecular recognition,
molecular assembly, protein modification, and entropic chains. These will be discussed in
reverse and compared with the functions of ordered proteins.

Entropic chains carry out functions that depend directly on the disordered state, and so
such functions are simply outside the capabilities of fully folded structures. The particular
entropic chain functions identified so far — linkers/spacers, bristles, springs, and clocks — are
unlikely to represent the complete set for this protein form. Future efforts in this area may lead to
the identification of new functions that depend on disordered chains.

Sites of protein modification, whether by chemical additions or protease cleavage,
evidently occur with very strong preference for regions of disorder. Perhaps the few modification
sites identified as ordered beforehand actually undergo order-to-disorder transitions just prior to
the modification. Such events would be revealed experimentally as kinetic delays associated with
the local unfolding events. Furthermore, these kinetic delays should be sensitive to low amounts
of urea or guanidine. Testing for the universality of locating protein modification sites in regions
of disorder would be important.




The use of partially folded subunits for molecular assembly appears to have significant
advantages compared to the use of ordered subunits. For an assembly based on ordered subunits,
the pair-wise interactions would unlikely be precise enough to bring about closure when the last
subunit of the assembly has to associate with the first, not to mention the steric problems of
inserting the last subunit. On the other hand, partially folded subunits would have the flexibility
to form an overall assembly, which would then be followed by disorder-to-order transitions to
give a tight overall complex. For more details, a recent review of the involvement of intrinsic
disorder in molecular assembly should be consulted (207).

Of the four broad functional categories defined above, molecular recognition appears to
be a common function of both ordered and disordered proteins. Molecular recognition by
disordered proteins may be primarily used for signaling whereas recognition by ordered proteins
may be primarily used for catalysis (Dunker and Lawson, manuscript in preparation). Simply
put, disordered regions can bind to multiple targets with low affinity — ideal properties for signal
transduction. However, binding by a flexible region cannot lead to efficient catalysis because
much of the binding energy is used for folding and so would be unavailable for inducing the
transition state. In this view, enzymes, which are over-represented in PDB and which dominate
our thinking about protein structure and function, have evolved to be completely folded in order
to carry out catalysis efficiently, not for the molecular recognition aspects of their functions.

The Need for a Disordered Protein Database: As foretold many years ago (222), one of
the most important strategies for identifying the function of a new protein is by sequence
matching. For this reason, and given the specific examples discussed herein, having an annotated
database of intrinsically disordered protein is crucial to current structural genomics and
proteomics efforts.

Tables 1 and 2 provide a start for a database, but a major expansion and a transformation
from a flat file into an appropriate architecture are obviously both needed. With regard to the
expansion phase, we hope that researchers will submit their disorder examples via our recently
established website: http://DisProt.wsu.edu. We especially encourage submission by researchers
working on intrinsically disordered proteins, but will also accept submissions from anyone who
happens to know about a specific example. Once an expanded set of functionally annotated,
intrinsically disordered proteins is in place, DisProt will be converted into a searchable database.
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Table 1. Intrinsically disordered protein and their functions.

Detection

Chain

Protein

Protein M ethod L ocation L ength|L ength Class [Function|Refer ences
Acidic ribosomal stalk

1 protein P1(133069) NMR, CD 1-106 106 106 D, |a, cR, h, (30, 32-34)
Acidic ribosomal stalk LP, other 1-110 110 110 MG mP, 1 '
protein P2 (133071)

Adenovirus ssDNA binding|X-ray, i

2 brotein (1633461) other 297-331 | 356 | 529 |D-Of,n,t |(35-37)
Antibacterial protein LL-37

3 (1706745) CD 1-37 37 37 | DO jag (38)
Antitermination protein N

4 |of bacteriophage A NMR, CD| 73-107 107 107 | D-O ja,cM  |(39, 40)
(132276)

5 |Apocytochrome ¢ (117995)|CD 1-104 104 104 | D-O |i (41)
Apurinic/apyrimidinic i
endonuclease (209037) X-ray, LP 1-40 279 | 317 U [ (42-44)
B cell-specific transcription 1-65 65 256 | D-O ja, b p

/ co-activator (1150493) D, LP 66-256 | 256 | 256 |D-Ofja (45
Bcl-x. antiapoptotic protein/X-ray, )

8 (2392082) NMR 28-80 196 | 233 D mP,l (46-48)
Bcl-2 antiapoptotic protein h, mP+, i

9 (13786963) Other 24-93 196 | 239 | UfY I (47, 49-52)

374-468 O-D, kt

10|Calcineurin (1352673) X-ray, LP 521 521 |D-Oft|” (53, 54)

487 - 521 U [x

11]jos-Casein (1070620) CD 1-190 190 190 D v (55)
Catecholamine

12sulfotransferase (1711609) X-ray 216-261 | 295 | 295 |D-Of|h (56, 57)

13|CFTR (14753227) CD, LP 708-831 | 124 | 1480 | D |k, mP |(58)

4Chorionic gonadotropin |y ., Ip.112.145| 145 | 145 | D |mG,w |(59,60)
(116184)

. 66-97 D, v p
15|Clusterin (461756) LP 386445 447 | 447 MG Iy (61)
16/Clotting factor Xa (119761)X-ray, LP| L:1-46 146 488 U [ (62-64)

cAMP-dependent protein  |CD,

17 kinase inhibitor (417194) [X-ray 1-76 77 76 | DO (65, 66)
Cyclin-dependent kinase ~ [NMR, U,

I8 hibitor p21 (729143)  |cD,Lp | 1164 | 164 164 |5 (67)
Cyclin-dependent kinase - |ry o\ 1316 | 316 | 316 | D | (68)

inhibitor p57 (11440665)
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Cyclin-dependent kinase  |CD, X-
inhibitor p27 (1168871) |ray, other 23-106 | 84 198 1 D-0 (29, 69)
Cytochrome bcl complex Su?l_ljét ! 78 78

¥1351360) XY S ubunit E: 106 | 196 YooK (0

76-196

DNA-binding protein

20 RAPI (730473) X-ray, LP| 482-512 | 246 | 827 U [ (71)
Elongation factor G cRT, k, i

21 (1827912) X-ray 400-480 | 691 691 8] nt (72-74)
Embryonic abundant

22|protein from carrot NMR 1-92 92 92 U ht (75)
(119316)
Estrogenic 17-f3

23hydroxysteroid X-ray 285-327 | 327 | 327 U [ft,w (76)
dehydrogenase (2392375)
E7 protein from HPV16 .

24 (6469700) CD 1-93 93 93 | D-O Ja,j (77)
Fibronectin binding protein i
25(120457) NMR 745-873 | 130 | 1018 | D-O |a (78-80)

NMR, 1-65 D
. ok . , i
26(Flagellin (96744) X-ray*, 451-494 |VArioUs 494 DO & &S (81-85)
CD, other
Flagellum specific o factor ) D,
27(120306) NMR 1-97 97 97 D-O &8 (86, 87)
4E-binding protein 1 NMR, CD D, i
28(4758258) X-ray, 1-118 14 118 D-O [ mP  |(88-90)
Glial cell-derived

29neurotrophic factor X-ray 1-40 135 135 |D-Of |af (91-93)
(729568)
Glucocorticoid receptor

30 (4758482) CD, other| 77-262 186 | 835 | D-O fa (94)
Glycine N- U,

31 methyltransferase (121328) X-ray 1-40 292 292 D-O h (95, 96)
Glycyl-tRNA synthetase

32 (2820475) X-ray 96-158 | 442 | 505 U K (97, 98)
Growth hormone receptor

33 (121180) X-ray 1-31 238 | 620 | D-O fa,w (99, 100)
23p (fd phage minor coat |X-ray, i i

34protein) (5822481) NMR 218-256 | 225 | 406 D n (101-103)

35|G protein Giq; (121020) X-ray 1-33 353 353 DI?E) a, f, mF |(104, 105)

36Heat shock transcription  [NMR, CD| 1-193 282 677 D |a (106)
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factor (123686)

Heparin-binding EGF-like

37growth factor (544477) X-ray 73-106 79 189 U mG (107, 108)
High mobility group - 14
1(4826758) NMR, 1-1001 100 1001 1yl 4 mp, (108.112)
High mobility group - 17  |CD, other 1-89 29 29 D-O imA
(5031749)
High mobility group - I(Y) . D, Ja, b, mP, i
39(123377) NMR 1-107 |various| 107 D-O ImA (113-115)
Ef;‘;;zo)blhty group - T 1204 | 204 | 204
40} — NMR, CD D-O b (116)
High mobility group - H6 1-69 69 69
(462245)
41 Histone H3 (211857) X-ray 140 | 136 | 136 | D 21;4 mA, 1117, 118)
42/Histone H5 (70678) X-ray, LP| 101-185 | 185 185 |D-Of bt (119-122)
Hypoxanthine
43 phosphoribosyltransferase |X-ray 190-221 | 221 221 U [ (123)
(6435814)
Lymphoid enhancer factor-
441 (6537322) NMR 296-380 | 86 397 | D-O pb,u (124)
Myelin basic protein
45 (126796) CD 1-169 169 169 | D-O |f (125)
. D, |a, f, mP,
400 500, VT R 2T Jvarious) 206 | D-0 mF. 1 (126-129)
149-178 U fa
Neural zinc finger factor 1 .
47 (1511632) NMR 1-99 99 1187 | D-O b, ] (130) 2
mP, mG,
48Neurofilament H (128127) |Other 409-1087 | 1087 | 1087 | D b (131, 132)
) D, |a, f, mP,
49\Neuromodulin (548347) (NMR, CD| 1-239 239 | 239 D-O mR, mF (133)
Ornithine decarboxylase
50 (7404357) X-ray 1-36 425 | 425 U [ (134)
51|Osteonectin (129284) CD 23-68 285 | 285 | D-O | (135)
Phenylalanyl-tRNA
52 synthetase (135112) X-ray al-84 350 | 350 | D-O [T (136, 137)
Phosphatidylinositol 1-33
53|phosphate kinase X-ray 416 | 416 U K (138)
(3745771) 307-341
Phospholipase c-01 ) 135-205 U k¥ p
54(130228) X-ray, LP 446434 622 | 756 U w.x (139, 140)
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55|Prion (200527) NMR 23-120 | 219 | 241 | D-O | (141)
56|Protamines (123705) CD 1-57 57 57 | D-O pb,j (142)
57|Prothymosin a (135836) [CD 1-109 109 109 U Ja (143)
Myc proto-oncogene ) )
58protein (127619) CD 1-143 143 439 | D-O |a (144)
Pwull DNA
59imethyltransferase X-ray 179-216 | 336 336 |D-Of bt, 1T  |(145)
(6729995)
Replication protein A
60(1350579) NMR 109-168 | 168 616 D n (146)
Retinoid X receptor o .
61 (4506755) NMR 130-212 | 93 462 | D-O |b,j (147)
. . X-ray, . . . D,
62)30S ribosomal proteins cD various |various| various| o [, cR,r ((148, 149)
. . X-ray, . . . D,
63|50S ribosomal proteins cD various |various|various| " 1a, cR, r ((148, 149)
Signal transduction 1-59 U |t B
64 nhibitor RGS4 (1710149) ™ 176205 | 2% | 2% U k (150-152)
Southern bean mosaic virus
65 capsid (116795) X-ray 1-38 260 | 260 |[D-Of |cG (153, 154)
Serine aspartamine repeat .
66proteinD (3550594) CD 569-1123 | 555 | 1315 | D-O |, nt (155)
Sindbis virus capsid
67 (1942972) X-ray 1-105 264 | 264 |D-Of [cG (156, 157)
Small heat-shock protein
68 HSP16.5 (2495337) X-ray 1-33 147 147 U faf (158, 159)
CD, LP, 1-83 D-O |a
69|SNAP-25 (134583) other, 84-130 |various| 206 D |f, mF,n |(160-164)
X-ray 131-206 D-O fa
NMR, CD
70|Synaptobrevin (135093) [ X-ray, 1-96  |various| 116 | D-O ja (161-165)
LP, other
71la-synuclein (586067) CD 1-140 140 140 | D-O |a,g,j  |(166, 167)
Thyroid transcription factor
721 (136462) LP 1-156 156 | 372 | D-O ja (168)
PEVK
Titin, skeletal (1017427)  |Other, CD| domain n.a, [~33,000] O-D |o
(2174 aa's) 1RO
73 NIB (169-172)
Titin, cardiac (2136280)  (Other domain | n.a. |~27,000] O-D |o
(572 aa's)
Tomato bushy stunt virus
74 coat protein (116805) X-ray 1-100 387 387 |D-Of [cG (173)
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75/Topoisomerase I (135989) |CD 1-174  |various| 765 U @ l,w |(174,175)
632-680 D |bf,n
76 ;1“106p3031;(7)r3n)erase 1 X-ray, LP LY 7-1106] 0 ious| 1420 |-U Ik E“P S-(175-178)
1203-1429 u e

77| 1 ranscription factor ADR1 gy o 75-159 |various| 1323 | D-O b,j  |(179-182)
(113450)
Transcription factor c-Fos

78 (4063509) CD,NMR | 216-380 | 85 380 | D-O ja (183)

79 Transcription factor c-Jun il-\r/lf’ CD|_61-98 37 331 D-O x (184)
(135298) Y| 257314 D-O fa, b (185-188)

other

Transcription factor CREB

80 (117435) CD 1-265 341 341 |D-Of [a, mP  [(189)
Transcription factor

81 dTAF230 (1705691) NMR 11-77 67 | 2068 | D-O |a (190)
Transcription factor elF-4G

82(1 170510) NMR 393-490 | 98 1395 | D-O fa (191)
Transcription factor GCN4 225-250 D-O b p

83/121066) NMR 251281 | 0 | *% Dok (192)

Transcription factor MAX

84126776)

CD, other| 2-110 109 160 | D-O ja,b (193)

Transcription factor NF-kB

85p65 (417924) NMR 428-551 | 123 551 | DO j (194)
Transcription factor p53
86(129369) CD 1-73 73 393 | D-O ja (195, 196)
_ NMR, CD| 350-394 D-O Ja, b
Transcription factor VP16 ’ . 2
87 (2827761) X-ray, 403-490 |VArious 490 D-O la (197-202)
LP, other
Subunit I:
1-51
23 Ubiquinol oxidase -ra Subunit I: 663 663 U K (203, 204)
(118072; 118071) Y 553-663 ’
Subunit II:
84-315 315 315 U K
Voltage-gated potassium
89 channel (4557685) NMR 1-62 495 | 495 D k,q (205)
Xeroderma pigmentosum 1-84
0 Group A (139817) LP 181265 | 26° | 265 | D jat (206)

'Method of detection: X-ray: X-ray crystallography; NMR: Nuclear magnetic resonance
spectroscopy; CD: Circular dichroism; LP: Limited proteolysis; Other: Other techniques
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*Class: (D) Function arises from the disordered (extended) state; (D-O) Function arises via a
disorder to order transition; (O-D) Function arises via an order to disorder transition; (MG)
Function arises from the molten globule (collapsed) state; (U) Known to exist in disordered state,
relationship to function unknown

Function: (a) Protein-protein binding; (b) Protein-DNA binding; (cR) Protein-rRNA binding;
(cT) Protein-tRNA binding ; (cM) Protein-mRNA binding ; (cG) Protein-genomic RNA binding;
(f) Protein-lipid interaction; (g) Polymerization; (h) Autoregulatory; (i) Substrate/ligand binding;
(j) Cofactor/heme binding; (k) Metal binding; (1) Regulation of proteolysis in vivo; (mP)
Phosphorylation; (mA) Acetylation; (mG) Glycosylation; (mM) Methylation; (mF) Fatty
acylation (myristolation and palmitoylation); (mR) ADP-ribosylation; (n) Flexible
linkers/spacers; (0) Entropic spring; (p) Entropic bristle; (q) Entropic clock; (r) Structural mortar;
(s) Transport thru channel; (t) DNA unwinding; (u) DNA bending; (v) Protein detergent; (w)
Disordered region not essential for protein function; (x) Unknown

*Additional notes: *Structure solved only after removal of disordered region; "Hypothesized
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Table 2. Number of disordered regions exhibiting each function.

Code' Function # of
examples
a Protein-protein binding 54
b Protein-DNA binding 19
cR Protein-rRNA binding 5
cT Protein-tRNA binding 1
cM Protein-mRNA binding 1
cG Protein-genomic RNA binding 3
f Protein-lipid interaction 6
g Polymerization 4
h Substrate/ligand binding 6
1 Cofactor/heme binding 1
] Metal binding 9
k Autoregulatory 7
1 Regulation of proteolysis in vivo 7
mA Acetylation 4
mF Fatty acylation 4
(myristolation and palmitoylation)
mG Glycosylation 3
mM Methylation 1
mP Phosphorylation 16
mR ADP-ribosylation 1
n Flexible linkers/spacers 7
0 Entropic spring 2
p Entropic bristle 1
q Entropic clock 1
r Structural mortar >10
S Self-transport through channel 3
t DNA unwinding 1
u DNA bending 1
\4 Protein detergent 3
w Disordered region is not 6
essential for protein function
X Unknown 17

'Code in Function column of Table 1



Figure Legend

Figure 1. The Protein Trinity: in this proposal, structure-function relationships of native proteins
can depend on any of the three forms - folded (having an ordered 3-D structure), collapsed
(molten globule-like, but perhaps having regions exhibiting protection from hydrogen exchange),

or extended (random coil-like, but perhaps having regions of secondary structure) - and can
involve transitions between these forms.

Folded

Collapsed =~ Extended
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