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Abstract

Proteins can exig in a trinity of dructures the ordered date, the molten globule
and the random coil. Five examples follow which suggest that native protein
sructure can correspond to any of the three states (not just the ordered state) and
that protein function can arise from any of the three states and their trangtions. 1.
In a process that likdy mimics infection, fd phage converts from the ordered into
the disordered molten globular state. 2. Nucleosome hyperacetylation is crucid to
DNA replication and transcription; this chemica modification greetly increases
the net negative charge of the nucleosome core paticle. We propose that the
increased charge imbalance promotes its converson to a much less rigid form. 3.
Clugerin contains an ordered domain and dso a native molten globular region.
The molten globular domain likdy functions as a proteinaceous detergent for cell
remodeling and remova of apoptotic debris. 4. In a criticd dgnding event, a
hdix in cdcineurin becomes bound and surrounded by camodulin, thereby
turning on cacneurin's serinethreonine phosphatase  activity. Loceting the
cdcdneurin helix within a region of disorder is essntid for enabling calmodulin
to surround its target upon binding. 5. Casequestrin regulates cacium leves in
the sarcoplasmic reticullum by binding about 50 iongmolecule.  Disordered
polyanion tals a the carboxy terminus bind many of these cdcium ions, perhaps
without adopting a unique dructure. In addition to these examples, 16 more
proteins with native disorder will be discussed. These disordered regions include
molecular  recognition domains, protein  folding inhibitors, flexible linkers,
entropic  gorings, entropic clocks and entropic bristles.  Motivated by such
examples of intringc disorder, we are sudying the reaionships between amino
acid sequence and order/disorder, and from this information we are predicting
intrindc  order/disorder from amino acid sequence. The sequence/structure
relationships indicate that disorder is an encoded property, and the predictions
srongly suggest that proteins in nature are much richer in intringc disorder than
are those in the Protein Data Bank. Recent predictions on 29 genomes indicate
that proteins from eucaryotes apparently have more intringc disorder than those
from ether bacteria or archaea, with typicdly > 30 % of eucaryotic proteins
having disordered regions of length = 50 consecutive residues.

Keywords. disordered protein, molten globules, random coils, phese changes,
sructure, function, genomics, proteomics
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Introduction

The 20" Century saw the development and solidification of the protein
sructure/function paradigm, which can be represented in brief as

Amino Acid Sequence ® 3 Dimensional Structure ® Protein Function.

The key point of this paradigm is that 3D dructure is taken to be an obligatory
prerequiste for protein function, so native protein sructure equates with ordered
3D dructure. In this introduction, a brief higory of this paradigm is presented,
followed by information thet isleading to acal for its reassessment.

Brief history of the current protein structure/function paradigm: Extra-
cdlular extracts of beer yeast (containing invertase) hydrolyzed a-glucosides but
not b-glucosdes while emudin hydrolyzed the latter but not the former. From
these obsarvations, in 1894 Fischerl wrote (as trandated in?) “To use a picture, |
would like to say that enzyme and glucosde have to fit to each other like a lock
and key in order to exert a chemicd effect on each other.”

In 1936, Mirsky and Pauling® compiled the following information: loss of
pepsin activity corrdlated with the amount of protein denatured®; acid, akai and
urea dl increased the viscosity of protein solutions and denatured the proteins
without aggregatiorP; many native proteins form characteristic crystds while
denatured proteins don't cryddlize; exposure of sulfhydryls and other side chain
groups and denaturation typicaly occur concomitantly.  From this informetion
and other observetions, they concluded, “The characteristic specific properties of
native proteins we atribute to ther uniquely defined configurations. The
denatured protein molecule we consider to be characterized by the absence of a
uniquely defined configuration.” Sightly earlier than the work of Mirsky and
Pauling, Hsen Wu culminated a series of twelve papers on protein denaturaion
with a thirteenth,6 which probably contains the firg statement®@ that protein
function depends on prior sructure. Nether Mirsky and Pauling, nor Wu cited
the ill earlier work of Fischer, whose lock and key proposd provided a very
strong argument supporting their main thesis.

The next decade saw incressng numbers of experiments on protein
denaturation. These experiments added to the list of proteins supporting the view
that function depended on 3D sructure’ In 1952 Edsal speculated: “Is it
reasonable to hope that the endless variety of proteins found in nature, and their
extraordinary diverse and specific interactions with one another and with other
subgtances, can be explaned on the bass of a few relatively rigid general
patterns, smply by varying the nature and sequence of the side chains attached to
the fundamental repesting patern?’.8  This idea took firm root and came to
underlie dmogt al of the subsequent work and thinking.®

By the time RNase had been renatured in vitrol911 and by the time atomic
reolution gructures of myoglobinl2 and lysozymeld had been determined, a
highly-specific 3D dructure was dready long accepted as the necessary
prerequisite for protein function. The subsequent avdanche of more than 12,000
sructurest4 has buried dternatives to the current protein  structure/function
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paradigm, yet most of these dructures are smilar to each other and have
recognizable sequence dmilarity to only a smdl fraction of the proteins in
naturels,16,17,18

Evidence for the lack of generality of the current structure/function
paradigm: In 1950, Karush® reported that, unlike essentidly every other native
protein known a the time, serum adbumin exhibited a nearly universa capacity
for the high-affinity binding of smadl, hydrophobic, typicaly anionic molecules.
Compstitive binding was demondrated for molecules of very different shapes.
Usng the same logic as Fischer for the lock and key, Karush inferred that
dbumin's binding dte assumes a large number of configuraions of smilar
energies in equilibrium with each other, and tha, upon interacting with a given
hydrophobic anion, the best-fitting configuration becomes sdected from
dbumin's dructurd ensemble.  Karush cdled this phenomenon configurational
adaptability. Studies on dbumin binding to the present support Karush's origina
proposa of an ensemble of Sructures, but with some added and interesting twists
such as the exigence of different conformers with dow raes of conversion,
corresponding to dightly less than 15 seconds.20

Amino acid dde chains differ from one to another but yet dl are joined by
the same peptide bond within proteins. This indicates the need for conformationd
changes during protein synthess in order to accommodate the differently shaped
dde chans. From this ingght, Koshland independently proposed configurationa
adaptability, but instead named this process induced fit.2t

Configurationd adaptability and induced fit are evidently the firg
suggestions of dgnificant conformationd change being responsble for protein
function. At the time induced fit was proposed, no mechanism was implied,
leaving open whether the process of binding induces a new conformation or
whether the process of binding involves sdection of the best-fit dternative from
an ensemble of structuresin equilibrium.

Evidence supporting a dgnificant domain  movement upon substrate
binding was fird presented for the association of glucose with hexokinase in
1978.22 The bound and free enzyme sructures were of different isozymes due to
falure to obtan cydds of the same proten with and without ligand. The
inferred domain shifts were further supported by large shgpe changes upon
binding in solution as measured by smdl angle X-ray scattering.23  This domain
shift upon ligand binding was taken as support for the induced-fit hypothesis and
used to explain the agtonishing differences between ATPases and kinases. The
latter have the specific need to prevent water from reacting at the active dte; the
domain movements were proposed to decrease water accessibility.24 Thus, the
induced-fit hypothess shifted from a mechanian for binding different substrates
to a way of ganing deeper underdanding of domain movements upon ligand
binding.

More recently, aspatate aminotransferase, aomatic amino acid
transfererase, and especidly a chimera of the two were shown to be cepable of
operating on a diverse st of substrates by means of sructurd accommodations
within the binding pocket.22 More than any of the domain-shifting examples, this
protein fits Koshland's origind description of induced fit as a means for acting on
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a st of rdated but dructurdly diginct molecules. However, due to the
aopropriation of induced fit for explaning domain movements upon binding, the
authors suggested multi-induced fit asaway to explain their data.

Oxygen binding by hemoglobin and cadyss by aspartate
transcarbamoylase are both regulated by the binding of non-substrate ligands.  For
both proteins, non-substrate-ligand binding is associaed with  shifts  between
dternative 3D dructures in multisubunit proteins.  Severd modds have been
developed to explan this behavior, two of which are symmetric dlogeriam, by
Monod, Wyman and Changeux?6 and sequentid dlosterism, by Koshland,
Nemethy and Filman.27

Discovery of intrinsically disordered protein segments: In contrast to the
view that function depends drictly on prior 3D dructure, or on Sructurd
accommodations within a prior 3D dructure, or on regulatory shifts between
dternate dructures, examples were discovered in which non-structured segments
of proteins play important roles in protein function. Indeed, more than 20 years
ago, a a time when only about 20 protein crysta structures had been determined,
some protein segments were discovered to yield no discernable eectron densty
and yet to be essentid for function.282® A possible reationship between these
studies and Karush's much earlier insightst® has not been considered until now.

Missing eectron dendty in protein gructures can aise from falure to
solve the phase problem, from crysa defects3® or even from unintentiond
proteolytic removal during protein purification. However, a common reason for
missing eectron dendty is that the unobserved aom, Sde chain, resdue, or
region fals to scatter X-rays coherently due to vaiaion in podtion from one
protein to the next, eg. the unobserved atoms are disordered. By now, the
literature contains numerous reports of disordered regions that are crucia for
function.31.32,33,34,35

In 1978, the same year that functiond disorder was indicated by X-ray
crystalography, NMR reveded the highly charged, functiond tal of higone H5
to be disordered.36 Since then, NMR 3D structurd determination has led to the
characterization of <severd proteins containing functiona, yet disordered
regions37.:38 A further, surprisng result of NMR protein structure determinations
was the discovery of functiond proteins that apparently lack any discernable
dructure, eg. apparently naive proteins that ae disordered from end-to-
end.394041  Because NMR is more certain in its characterization of disorder than
is X-ray diffraction, the rediscovery of naive disorder by NMR had sgnificant
impa:t_42,43

The two-state model of protein folding: Denaturation by urea or guanidine
can cause globular proteins to unfold from their compact shapes into extended
forms often cdled random coils in deference to ealier work in polymer
chemigry. Protein random coils differ from true random coils in important
respects, such as a nontrandom population of interna bond angles dong the
chain.

A vaiety of data supported a two-state modd for protein folding. In such
models, denaturation, involves just the ordered and random coil States without
significant populations of any intermediate forms8.11
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Partially folded intermediates. In contrast to the two-date view of protein
folding and denaturation, partidly-unfolded intermediates between the ordered
date and the random coil have been observed as the mgor species in urea,
guanidine, and pH titration studies for severa (but not al) proteins44.4546 These
folding intermediates exhibit Sde chains with motiond characteristics more like
those of the random coil but with back-bone secondary structure more like that of
the ordered dstate. A surprise a the time was the discovery that these folding
intermediates were compact, with only dight expanson compared to their ordered
dates, as initidly determined by intringc viscosty,4” and as later confirmed by
dynamic light scaitering,48:49 and smal angle X-ray scattering.49.50

Ptitsyn and co-workers provided an interpretation for the patidly
unfolded state4’ In their mode, the protein converts from an ordered (they used
the term native) date into a form having some liquid-like characterigtics, for
exanple with the dde chans going from rigid to non-rigid packing, while the
secondary  structure remains dmost unchanged and the shape remains compact.
Furthermore, Ptitsyn coined the term molten globuled! to describe his modd for
the liquid-like, partialy folded sate.

There has been consderable uncertainty regarding the molten globule
hypothesis>2 For example, it is uncertain whether heat, guanidine, urea, and pH
extremes induce the same folding intermediate as was origindly daimed#’ For
bulk liquids the properties are uniform, and, except for rare examples like super-
fluidity that depend on macroscopic quantum dates, trandtions from one type of
liquid to a second type of liquid are not observed. In contrast to the behavior of
liquids, partidly folded a-lactdbumin®3 displays a series of reated forms and
agpomyoglobin® reveds two didinct partidly-folded intermediates that appear
sequentidly during refolding. Some of the amide groups in patidly folded a-
lactalbumin show substantia protection agangt hydrogen exchange®® Indeed, as
reported at this meeting, folding intermediates of a very smal protein, bovine
pancregtic trypsn inhibitor, exhibit both a less mobile core and a more mobile
disordered region as determined by hydrogen exchange® Such non-uniform
protection agang exchange is inconsgent with the origind molten globule
modd,>’ which included a proposd for rgpid structurd fluctuations. In addition,
confuson arose because researchers were not careful in distinguishing between
actud protein behavior and Ptitsyn's idedized molten globular modd.>” By now,
however, many of the critics have come to largely accept the term molten globule
if not al of the details of the origina proposal.58:59

Of course, a wide range of behaviors should be expected for molten
globules as a reault of variations in dructure and sequence between different
proteins. Furthermore, the existence of more than one liquid phase can be
reconciled with Ptitsyn's molten globule hypothess by noting that the properties
of liquids become granular as the volume becomes sufficiently smadl. Perhaps
because of ther smdl dze and sequence hetereogendty, proteins (unlike bulk
liquids) can evidently exhibit more than one liquid-like (molten globular) form.
With these cavests in mind, we agree with Ptitsyn that the molten globule
represents a third thermodynamic state for proteins.80
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The molten globule was initidly discovered as an equilibrium  Structure
observed in gudies on protein denaturation. Later this protein form was proposed
to exis as a trandent intermediate during the kinetics of protein folding.3
Indeed, several ingenious studies have provided evidence for this proposd, a
least for some proteins61

Besdes exiding as a dable intermediate during in vitro denaturation and
as atrandent during in vitro folding of some proteins, the molten globule has dso
been proposed to provide the bass for biologica function in vivo. The insertion
of proteins into membranes’2 and the trandfer of retind from its blood-stream
carier to its cdl-surface receptor®3.64 have both been suggested to depend on the
molten globular state. These and other examples support the exisence of the
molten globule form in vivo.6>  Additiond proteins that form molten globules
rather than ordered dructure under physiological conditions continue to be
discovered.66.67,68,69,70,71

The information presented above suggests that it is appropriate to reassess
the current protein dructure / function paradigm. The remainder of this review
attempts such a reassessment.

Outline: In the following section, the methods used to characterize
intringc disorder are discussed briefly. Following this discusson of methods, The
Protein Trinity is presented. This hypothess relaes native protein function to the
three thermodynamic states of protein and to ther trangtions. Next, in support of
The Protein Trinity, we present five proteins that utilize disorder and, for some,
trangtions between order and disorder, for their functions. We then present 16
more examples grouped as hidoricdly important examples, wholly unfolded
proteins, and disordered regions with interesting functions. Next, our efforts to
understand sequence / disorder relationships and our predictions of disorder from
sequence ae briefly reviewed. Protease digestion is sometimes used to argue
agang the exigence of intringc disorder, s0 this argument is explored dong with
the role of chaperones. We end with a brief comment on the implications of
intringc disorder for the structural genomics project.

Deter mination of Intrinsic Disorder

Severa methods have been used to characterize intringc disorder in proteins, each
having its own srong and wesk points. Here the most important methods are
very briefly discussed.

X-ray crystallography: As mentioned above, disorder leads to missing
electron dendgty in protein sructures determined by X-ray crysalography. Two
types of disorder have been recognized, static and dynamic.30.72 |f a dynamic
region freezes into a single preferred sructure upon cooling, then collecting data
a lower temperatures distinguishes dynamic from setic disorder in some cases.’3
However, from our point of view, more important than datic or dynamic, is
whether the missng region assumes one s&t of the Ramachandran F, Y angles
aong the backbone or whether the missing region exists as an ensemble of angles.
We ae cdling a missng region with one st of F, Y angles, whether dtatic or
dynamic, a wobbly domain because such a region assumes different podtions as a
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rigid body, with the trandtions between the different pogtions being dow (eg.
datic disorder) or fast (dynamic disorder) on the Xray andyds time scde. From
our point of view, a region exiging as an ensemble of F, Y angles, whether static
or dynamic, is intrindcdly disordered. The mgor uncertainty regarding
information from X-ray diffraction is that, without additiona experiments, it is
uncler whether a region of missng dectron densty is a wobbly doman, is
intringcaly disordered, or isthe result of technica difficulties.

NMR spectroscopy: 3D dructures can be determined for proteins in
solution by NMR.  The absence of the requirement for crydtdlization means that
NMR provides a less biased estimate of the commonness of disorder as compared
to cryddlography. Under favorable circumstances, NMR provides motiond
information on a resdue-by-resdue bass™ by means of a vaiety of different
isotopic labeling and pulse sequence experiments (for an excdlent review, see the
paper by Braken in thisvolume’).

Espedidly useful is the N-H hetereonuclear NOE measurement, which
gives pogtive vaues for (more dowly tumbling) ordered resdues and negative
vaues for (more rapidly tumbling) disordered residues.’47576  When these NOE
data are displayed for an amino acid sequence, ordered regions are evident as a
sries of consecutive pogtive vaues and disordered regions as consecutive
negative ones.3’

Compared to ordered proteins, relatively few molten globules have been
dructuraly characterized by NMR, indicaing the exigdence of dgnificant
experimentad  difficulties. Firgt, proteins with molten globular regions often
aggregate at the concentrations needed for NMR. Second, molten globules are
heterogeneous with dructurd inter-conversons on the millisecond time-scale; this
leads to extreme broadening of the sde-chain NMR peaks. Indeed, to obtain side-
chain information for molten globules, fitting to molecular smulaions data 77 and
resdue-specific isotopic labeing’® were used in place of the more standard
gpproaches. Also, NMR backbone data on molten globules are aso difficult to
obtain due to the opposte effects, that is because of a lack of chemicd shift
dispersion (rather than extreme line broadening).

Unlike mogt other molten globules incuding that of apomyoglobulin at
pH 2, the molten globule formed by apomyoglobin a pH 4 is stable up to 50° C.
At this temperature, the individud pesks sharpen enough so that even poorly
dispersed spectra can be used.”® Employing this strategy, Wright and co-workers
were able to determine a backbone gructure for the pH 4 gpomyoglobin molten
globule, reveding regions of secondary structure and flexibility.80

Although NMR is not biased againg random-coil disorder, the molten
globule presents experimental difficulties that can be over-come only with great
difficulty if a dl. Thus naive molten globular proten domans would probably
be under-represented in any collection of disordered proteins characterized by
NMR.

Circular dichroism (CD) spectroscopy: Structurd information for proteins
in solution is dso provided by circular dichroism.8l Far UV CD spectra provide
edimates of secondary structure and so distinguish ordered and molten globular
forms from random coil.  On the other hand, near UV CD show sharp pesks for



Intrinsically Disordered Protein 9

aromatic groups when the protein is ordered, but these pesaks disgppear for molten
globules and random coils due to motiond averaging.47:5182 Thus, combined use
of near and far UV CD can didinguish whether a protein is ordered, molten
globular or random coil. However, this method is only semi-quantitative and
lacks residue-gpecific information and so does not provide clear information for
proteins that contain both ordered and disordered regions.

Protease digestion: By the late 1940s, it was dready recognized that
protease digestion gave ingght into protein structure and flexibility,83 with a more
detailed view emerging after more had been learned about protein structure84
More recent sudies by Fontana, Thornton, Hubbard, and their co-
workers3586:87.88 provide compeling evidence tha flexibility, not mere surface
exposure, isthe mgor determinant for digestion of possible cut-sites.

Since a dructured region has to become unfolded over more than 10
resdues to be cut by typicad proteases8’ the raio of the digestion rates,
(disordered) / (ordered), should be about equa to €P¢RT where DG is the free
enagy of unfolding the segment. For two-date unfolding, whole protein
unfolding free energies and segmentd unfolding free energies would not be
disinguishable. For typicd proteins unfolding free energies range from 7 to 10
Kca/mol,89 so a disordered region would be expected to undergo digestion ~ 10°
to 10’ times faster than an ordered one.

Studies by Fontana and co-workers demondrate huge increases in
digestion rates after the F hdix of myoglobin is converted to a disordered dtate in
goomyoglobin, with the cut loci for severd different proteases occurring within
the disordered region that arises from the F hdix. The exact (disorder) / (order)
digestion rate ratio was not determined, but the authors indicate®6 that the reative
rales could be even larger than the 10° to 10’ estimated above. Thus,
hypersengtivity to proteases is sure evidence of protein disorder.  Protease
digesion gives pogtion-specific information.  However, the requirement for
protease-sendtive residues limits the demarcation of order/disorder boundaries by
this method.

Protease digestion is egpecidly useful when used in combinaion with
other methods. For example, protease digestion can be used with X-ray
diffraction to help sort out whether a region of missng dectron dengty is due to a
wobbly domain or to intrinsic disorder.9091 A protein with two sructured
domains connected by a flexible linker converts to two lower molecular weight
fragments with no digestion intermediates, while a protein with intringc disorder
typicaly exhibits a sat of intermediate-Szed fragments (from random cleavage of
the intringc disorder) that converge to a sngle fragment a longer times of
digestion. Protease digestion is aso useful when coupled with CD spectra, which
lack pogtionspecific information.  Findly, the combination of proteolyss and
mass spectrometry  for fragment identification shows specid promise for
indicating the presence of intrinsic disorder.92

Soke's radius determination: Random-coil disorder has aso been
detected by various methods for obtaining Stoke's radius such as smdl angle X
ray scattering or size excluson chromatography.93  Abnormdly large radii for a
given molecular weight provide evidence of disorder. Such methods have been
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used in combination with CD spectroscopy,9495 which provides independent
evidence of random coil sructure. If the random coil is responsble for function,
then protein activity is not lost by incubation at high temperatures.9°

TheProten Trinity

As dated above, the current protein structure/function paradigm emphasizes the
role of ordered 3D dtructure as being a necessary prerequisite to protein function.
Our dternative proposal, herein cdled The Protein Trinity, is shown in Figure 1
In this view, native, intracdlular proteins or functionad regions of such proteins
can exig in any one of the three thermodynamic sates noted previoudy,®0
namely: ordered forms, molten globules and random coils.

THE PROTEIN TRINITY

Ordered
Molten _ Random
globule — coil

Proposal: Function can arise from any of the three
protein forms and transitions between them.

Figurel: An alternative hypothesisfor protein structure/ function

As shown, The Protein Trinity suggests that native protein structure includes not only the ordered
state, but also random coils and molten globules. Further, this hypothesis suggests that function
can be carried out, not only by the native state, but by any of the three states or their transitions

The key point of The Protein Trinity is that a particular function might
depend on any one of these dates, or a particular function might depend on a
trangtion between two of the dtates. In this view, not just the ordered date is
native, but any of the three states can be the native state of a protein.

These three dtates can be viewed as andogous to solid (ordered), liquid
(molten globule) and gas (random coil) and ther interconversons are anaogous
to phase trandtions. In this andogy, the term disordered would be equated with
the term fluid used as an adjective, encompassing both the molten globule and the
random coil.

The trandtions between the ordered state and the random coil and between
the ordeed dae and the molten globule exhibit essly measurable
cooperativity.96.97  However, given the smdl szes of proteins, the heterogenety
of the internd dde chain packing, and the irregularities of the backbone
structures, the trandtions are not nearly so sharp asfor bulk phases.
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Liquids and gases usudly exhibit clear phase trandtions whereas the
trandtions between the molten globule and the random coil typicaly do not.60.96
However, some atificid, synthetic heicad bundles exhibit both molten globule-
like, nonrigid sde chain packing and cooperative unfolding.9899 The behaviord
differences between these artificid bundles and naturd molten globules appears
to rest in differences in the two types of hydrophobic cores: the artificid bundles
were congructed to have purdy hydrophobic side chains in ther cores while
actud proteins in the molten globule sate have mixtures of both polar and
nonpolar side chains in ther cores® Thus the presence or absence of a
cooperative trangtion depends on the details. The Protein Trinity andogy to
solidliquid/gas can 4ill hold by consdering the molten globule «  random cail
trangtions without discernable cooperativity as andogous to liquid « gas
trangtions at temperatures and pressures above thelr critica points.

Disorder and flexibility are often used synonymoudy, but the two terms
are quite diginct. With regard to an ordered protein, flexibility refers to the
magnitudes of the excurdons of the atoms from ther equilibrium postions. The
Debye-Wadler temperature factors (dso caled B-factors) obtained from X-ray
data provide experimenta messures of this sort of flexibility.100.101  |n addition,
molecular dynamics was invented for the study of this type of motion.1912 Indeed,
amost countless numbers of papers have been published that use molecular
dynamics smulations to explore loca flexibility. For a disordered region,
vaiaion in flexibility refers to differences in the speed of interconverson among
the various members of the structurd ensemble. A variety of methods have been
used to invedtigate the flexibilities of disordered regions and proteins, including
NMR as discussed previoudy 4 and in this volume’s,

Examplesin Support of TheProten Trinity

The formulation of The Protein Trinity proposd was derived from observations
showing that numerous protein functions depend on non-ordered protein forms
and dso that some functions depend on trangtions between two forms. Here we
discuss five such proteins and ther sructurd trangtions that we have studied in
our own laboratories (Table 1).

Table 1. Five Examplesof Functional Disorder

Protein Disorder Function
fd Phage ordered ® moalten globule Membrane penetration
DNA replication,

Hisoneoctamer  ordered ® molten globule Transcription,
Chromosome remodding

Clugerin Native molten globule Protein detergent
Cdcineurin 95 aa disordered loop Display of camodulin target
Calsequestrin 21 aadisordered tail Ca'"™" Binding
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Filamentous phage membrane insertion: The fd phage is comprised of
2,700 dmogt entirdy helicadl coat proteins of 50 resdues each. The subunit
helices lie gpproximatey pardld to the fiber axis aranged in layers with five
subunits per layer. Each hdix has a dight curvature that winds around the long
axis of the phage. Subunits overlgpping like scales on a fish lead to the formation
of a hdicd bunde more than 8500 A long. During infection, the coat protein
helices somehow dide reative to esch other while peneraing the inner
membrane of the host E. coli. This movement diminates the subunit overlgp in
the cgpsd, s0 that the subunits come to lie & a common leve in the cdl
membrane.

As fird chaacterized by Griffith and co-workers102103104105 g
chloroform/water interface converts the filaments into shortened rods cdled |-
forms a lower temperatures and then the I-forms convert into spheroidd
sructures cdled S-forms a dightly higher temperatures (Figure 2). An especidly
important aspect of this figure is the irregularity of I-forms and S-forms when
observed by typicd eectron microscopy, but their grester regularity when
observed in the hydrated state. Regularity was observed previoudy for the FHorms
and S-forms if they were cross-linked with glutaradehyde prior to examingtion by
electron microscopy.193  The Hforms are proposed to mimic the intermediate step
as the coat proteins insert into the host membranes whereas the S-forms, which
have a morphology resembling vesicles yet contain no lipid, are proposed to
mimic the fina, membrane-inserted forms 106,10

Electron Micrographs
(negative stain) Electron Cryomicrographs

Figure2:
Contraction of
filamentous
phageby a
chloroform/wate
r interface
Images of fd
filaments (top
pair), I-forms
(middle pair) and
Sforms (bottom
pair) were
prepared using
either traditional
negative stain
electron
microscopy (left
set of 3) or using
cryo-electron
microscopy
without stain
(right set of 3).
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Three lines of evidence suggest that both FHforms and Sforms, but not the
filaments, have whole-particle molten globular characterisics: 1. The I-forms and
Sforms but not the filaments, exhibit subdantid fraglity when subjected to
conditions for eectron microscopyl08 (Figure 2). 2. The tryptophan fluorescence
of I-fooms and S-forms is extreordinarily sendtive to nonpolar quenchers, but
normaly sendtive to polar quenchers, while the tryptophan fluorescence of
filaments is normaly sendtive to both nonpolar and polar quenchers. These data
suggest that the nonpolar quenchers dissolve into the hydrophobic interiors of the
I-forms and S-forms due to non-rigid Sde chain packing, but do not dissolve into
the interiors of the filaments due to tight packing.196 3. Fforms and Sforms, but
not filaments associate with the polarity-sendtive probe, 1-anilino-8-ngpthaene
sulfonate (ANS), to greaily enhance the extrindc fluorescence of this molecule.
These data show that this probe can associae with the hydrophobic interiors of
the I-forms and Sforms (s it does with known molten globules) due to non-rigid
sde chain packing, but that this probe does not associate with the interiors of the
filaments due to tight packing.108

The loose sde chain packing of such intermediate forms would engble the
subunits to dide relative to each other as required for the phage infection process
107, Of course the fd phage provides an interesting example of the earlier
suggedtion that the molten globule offers an ided dructure for the insartion of
membrane proteins.62

Crushing typical and hyperacetylated nucleosomes. The disk-shaped
nucleosome core particle contains a histone octamer wrapped by 1% turns of
double-stranded DNA having 146 base pairs in total. The histone proteins contain
positively charged tals that are sendtive to protease digestiont® and that are
unobsarved in the nucleosome X-ray structure110.111 hoth of which concur in the
assgnment of these tails to the disordered class of protein structure.

Hyperacetylation of these tails was discovered more than 30 years ago and
has been implicaed in both DNA replicaion!l2113  and RNA
transcription. 112113114 Solution studies comparing typical and hyperacetylated
nucleosomes discern smdl or no changes in dructure or Sability due to this
modification. 115116 On the other hand, €ectron micrographs show that
hyperacetylated nucleosomes become highly deformed on the carbon surface
whereas norma nucleosomes maintain ther spherical shgpe. This indicates that
hyperacetylation causes nucleosomes to become much more sendtive to the
forces encountered during sample preparation, 11/ dmilar to the I-forms and S
forms of fd phage.

Furthermore, hyperacetylation causes the negatively charged nucleosome
to become even more negatively charged. Note that increased charge imbalance,
induced for example by low or high pH, is one of the primay methods for
promoting trandtions from the ordered Sate to the molten globule47.60.61
Ignoring bound and associated counter ions and assuming Y2 charge unit for
higidine due to its pKa near 7, we edimate a net charge of negative 138 for
nucleosomes without acetylation, and up to as much as negative 164 for the most

fully acetylated particles.



14 Dunker K., et d

To test whether the increased charge repulsion leads to a decrease in the
rigidity of nucleosomes, we turned to atomic force microscopy (AFM), which we
have been usng for smilar invedigations in fd phagell® The ahility to control
the amount of force on the particles is one of the mgor advantages of this method.
Another is hat samples can be studied in a hydrated State at atmospheric pressure
(not in avacuum as for typica electron microscopy) or even under weter.

AFM images developed using tapping mode reveded very little difference
between norma (Figure 3A, left) and hyperacetylated nucleosomes (Figure 3A,
right). Contact mode, but not tapping mode, can be used to vary the force
between the tip and the surface, so a series of experiments were carried out using
this protocol. Norma nucleosome images taken at ~ 47 nN (Figure 3B, left) and
retaken at the same force after exposure to 110 nN (Figure 3B, right) showed very
little change. On the other hand, a even lower forces, ~ 29 nN, images of
hyperacetylated nucleosomes showed congderable digtortion (Figure 3C, left).
Furthermore, following exposure to 38 nN and re-imaging & the lower ~ 29 nN
force, the hyperacetylated nucleosomes were largely destroyed (Figure 3C, right).
Note especidly that the region subjected to ~38 nN is covered with irregular
matter that most likely corresponds to debris from crushed nucleosomes.

A.  TYPICAL HYPERACETYLATED Figure 3: Atomic force microscopy of

typical and hyperacetylated
. 3 nucleosomes
i In panel A, typica (left) and
e 2 hyperacetylated nucleosomes (right)
"I “'I are shown for AFM images
prepared using tapping mode. In
! = il | - =, panel B, an image is shown of

typical nucleosomes using contact
mode with a tip force of ~ 47 nN
(left) and an image is shown for the
B. ~47 nN ~47 nN after ~110 nN same sample using the same mode
at the same tip force, but after the
central region had been subjected to
a tip force d ~110 nN (right). In
panel C, an image is shown of
hyperacetylated nucleosomes using
contact mode with a tip force of ~
29 nN (left) and an image is shown
for the same sample using the same
mode at the same tip force, but after
the central region of the image had
been subjected to atip force of ~ 38
nN (right). Note that only
nucleosome debris is visible in the
central regionin panel C.

Average Height 1.2 +0.2  Average Height 1.3 + 0.2
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A large number of experiments like that shown in Figure 3 were caried
out usng vaious sample preparations and severd tips having  different
flexibilities. The resulting curves of measured height versus force for normd and
hyperacetylated nucleosomes show the hyperacetylated to be crushed by less than
40 nN while bulk nucleosomes remain intact out to 275 nN (Figure 4). Thus,
hyperacetylation makes nucleosome core particles lessrigid.

1.6

¢ Typical
Acetylated

1.2

Height (nm)
o
(ee}

25 75 125 175 225 275

Force (nN)

Figure 4: Height versusforce for typical and hyperacetylated nucleosomes
Typica and hyperacetylated nucleosomes were imaged usng AFM in the contact mode
at various force \dlues. To span such a wide range of forces, 4 different tips with
different degrees of stiffness were used.

Clusterin, a protein with a native molten globular domain: Enrico

Sertoli119 firgt described cells, now bearing his name, tha are found in close
association with developing germ cells within the tesis By now it is apparent
that Sertdi cdls “nursg’ the germ cdls by providing nutrients and regulatory
factors120  One protein, cdled clusterin, was found as a secretion from Sertoli
cels and is presumed to play an essentid role in germ cell development.12l By
sequence matching, this protein was found to be the same as other proteins found
later in various tissues, especidly the brain122  Findly, this same protein was dso
identified as beng asociated with cdlular  injury, lipid transport, and
apoptosis.123

Structural  characterization of clugerin has been difficult.  Repested
atempts a cryddlization have faled. This protein forms aggregates and sticks to
hydrophobic surfaces. Although there are severad possible explanations for such
behavior, oneisthe presence of a molten globular domain.
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We are devdoping methods for characterizing proteins that might contain
both ordered and molten globular domains in the same dructure. Given its
behavior, clusterin provides a good model system for testing our gpproach. The
methods focus on using protease digestion to digtinguish ordered and disordered
regions of a protein and ANS fluorescence to determine whether any protease
sendtive regions are molten globules or random coils.  In addition, as discussed
beow in more detall, we are developing several predictors of naturd disorder
regions (PONDRs) that predict order and disorder from amino acid
sequence.124125  |n essence, these predictors compare a given sequence to the set
of structurally characterized ordered and disordered sequences used for training.

Protease digestion of native and denatured clusterin and predictions of
order and disorder by PONDR show almost perfect agreement: in the ndive date,
regions predicted to be disordered are sendtive to protease digestion, while
regions predicted to be ordered are resstant to become sengtive to digestion when
clugerin is in a non-native sate (Figure 5). Furthermore, ANS binds to clugterin
as indicated by 100-fold increases in extrinsgc fluorescence (data not shown). Also
indicitive of ANS binding is the observation that ANS inhibits trypsn digestion a
one or possbly two of the Stes located within the protease-sengtive, disordered
region (Figure 5). The ANS binding and its protection of particular Stes from
trypsn digestion suggest that the disordered regions in duderin very likdy form
molten globular structure.

Post-modification

Cut Site
L L
447

A A A

A
| 4 4 A O
Potential Native ~ Denatured ~ ANS  Predicted Predicted
cut site protein cut  protein cut protected disorder order

site site sites

Figure5: Protease digestion of clusterin

Purified clusterin with and without renaturation was subjected to digestion by trypsin

and the fragments were separated by HPLC. The earliest appearing fragments
correspond to the most senditive cut sites, which were identified by amino acid sequence
analysis. Pratection againgt trypsin digestion by ANS is weak (if the protection exists at
al) for the site on the left, while the protection is clear and unambiguous for the Site on
the right.

The function of dusterin is unclear, but recent unpublished data show that
this protein dissolves bacteriorhodopsn and thus acts as a proteinaceous
detergent.  Such a function is commensurate with the properties of the molten
globular date. Furthermore, a detergent-like function could be important
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whenever cdlular comporents need to be moved, such as for cdlular remodding
in spoerm maturation, in building projections from the cdlular bodies in brain
tissue, and in removing cell debris following gpoptoss.

Calcineurin, a protein with essential disorder: This protein contains a
cadytic A subunit and a camodulin-like B subunit (Figure 6A). This modd was
congtructed from coordinates obtained from PDB (accesson code: laui) as
origindly determined by Kissnger and co-workers®l The cddneurin A subunit
is a cdcum/cdmodulin-activated serine/threonine  phosphatase.126 Being
involved in both cdcium and phosphorylation sgnding pathways, cadcineurin
plays important roles in many if not dl eucaryatic cdls. For example, cacineurin
was so-named because of its high concentrations in brain tissug 27 yet this same
protein plays a key role in T-cdl mitogeness. With respect to the latter,
inhibition of  cdcineurin’'s phosphatase activity is the key event in immuno-
suppression by drugs such as cyclosporin and FK506 hat are commonly used to
prevent rejection following organ trangplantation. 128,129

Disorder plays an important role in cacineurin function.  The camodulin
target hdix is located within a 95 amino acid disordered segment tha is
unobsarved in crystal dructures®!  The lack of ordered dructure in this region
was previoudy discovered due to its hypersendtivity to protease digestion.90
Cdmodulin completdly surrounds its helica target upon binding!30 as shown in
Figure 6B (the coordinates for this figure were taken from PDB (accession code:
lcdm). Locating this hdicd target within a region of disorder enables it be easly
surrounded by camodulin, so the region of disorder is essentid to the regulation
of calcineurin by calcium / camodulin.

Calsequestrin, a calcium storage protein: Cdcium releese out of the
sarcoplasmic reticulum (SR) simulates muscle contraction while cacium uptake
into the SR leads to muscle relaxation. A protein within the lumen of the SR
feclitates the cacum uptakerdesse functions by high cgpacity, low affinity
cacium binding. This protein, casequedtrin, binds 40-50 cdcdum ions with
dfinities of about 1 mM 131,132,133

Rabbit skdetd muscle calsequedtrin has three regions of missng dectron
dendty in its crystd structurel34 a glutamate dimer (EE) a the amino terminus, a
seven reddue disordered loop  with  five consecutive negative  charges
(MDDEEDL) from resdue 327 to 333, and a 20-resdue carboxy terminus having
16 glutamates + aspatates (EGEINTEDDDDEDDDDDDDD), and thus having
17 negative charges when the carboxy terminus is included. There are barey
enough excess negative charges in casequestrin to bind to the ~ 50 cacium ions
sequestered by this protein.  Thus, dl of the disordered, negatively charged
residues are dmog certainly involved in calcium binding.

A casequedtrin tetramer from the crysta structurel34 is shown in Figure
6C. The coordinates used for the ordered parts of the protein in this figure can be
found in PDB (accesson code 1a8y). Please note that the dructurd
representations of the disordered regions (yellow) are completely ad hoc. The
amino teminus and 327-333 loop each represent a  hypothetical  single
conformation of what must be a large ensemble of native protein conformations.
Furthermore, the 20 residue carboxy-termind tail certainly does not adopt the
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T = _ Figure 6:
B-Subunit Structures of

proteinswith
essential
disorder

A. TheA
subunit of
cacineurin
contains a
phosphatase
domain
(yelow), a
helix (yellow
extension) that
bindsthe B
subunit and an
autoinhibitory
peptide (green)
that bindsto
the active site
on the
phosphatase
domain. TheB
subunit (blue)
binds to the A
subunit helica
extenson and
resembles
camodulin.
The 95 amino
acid
intringcaly
disordered
region of the A
subunit
connects the
end of the
helica
extension (residue 374) with the end of the autoinhibitory peptide (residue 470). This
region of disorder was identified by its lack of electron density and so this part of the
protein is unobserved.

B. Camodulin (blue) bound to the target helix from calmodulin-dependent protein
kinase 1l (yelow) is shown from two orientations: looking from the side of the target
helix (left) and looking down the target helix (right).

C. Representations of 4 calsequestrin molecules are shown with a dightly different color
for each. The charged residues are indicated, with aspartates and glutamates in red, and
with lysines, arginines and higtidines in blue. The 3 disordered regions are rendered in
yelow with their aspartates and glutamates in red. The disordered regions, especialy the
polyanion tail, were rendered so as to emphasize their possible extents, not to indicate
redistic possibilities for their structures.
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conformation shown. The purpose of showing this polyanion tal in a highly
extended conformation is to demondrate that the tall has many options for
cdcaum-mediated interactions with other negative sde chans (in red), including
possble cacium cross-bridges with each other and adso with the sevenrresidue
disordered loop.

Implicationsfor The Protein Trinity

Disorder-to-order trangtions upon binding are becoming recognized as a common
occurrence (see examples below), with the ordered state end-point being crucid
for function. For such proteins, it might be consdered a minor detall whether the
ordered dtate occurs prior to, or concomitant with, molecular association. The
five examples given above do not follow the pattern of disorder-to-order upon
binding; indeed, for these examples, an ordered state may have little or nothing to
do with function.

For our first two examples above, the protein assemblies undergo order-to-
disorder trandtions (not the reverse) and the resulting disordered date is
regpongble for function. For the filamentous phage, the non-rigid Sde chan
packing alows the subunits to move relaive to each other. This facilitates the
diding motion that must occur as the coat protein penetrates the cell membrane.
For the nucleosome core paticle, reducing paticle rigidity would facilitate locd
dructurd  deformations, thereby dlowing access to the DNA without a
requirement for dissociating the histones from the DNA. How DNA replication
and RNA transcription can occur without separating the histones from the DNA
has been a great mystery for both of these processes.

In our third example, camodulin completely wrgps around its target helix
in cadcineurin upon binding. The target hdix must be wdl separated from the
remainder of the protein (Figure 6B). The ~ 20 resdue target hdix is located
within a 95 resdue disordered region. The disorder alows the target hdix to
separate from the rest of the protein, thus permitting access for binding. For the
camodulinftarget  hdix interaction, it is unknown and possbly unimportat
whether the other ~ 75 disordered resdues become ordered upon binding. The
important function of disorder in this example is to display and make accessble
the target helix. Not only does trypsin digestion rapidly activate cacineurin,
thereby confirming the flexibility of this disordered region, but trypsn digestion
activates a number of other cadmodulin-regulated enzymes as wel, %0 suggesting
that disorder adjacent to the camodulin target hdlix is a common feature of these
enzymes.

In our find examples, clusterin and casequestrin both have disordered
regions tha bind ligands. The former contains a molten globular doman that
goparently functions as a proteinaceous detergent and the latter has severd
negatively charged disordered segments that bind cacium. For both protens,
ligand binding does not necessarily bring about a <Specific disorder-to-order
trangtion. The tals of deergents typicdly do not become ordered when
incorporating hydrophobic molecules into their micelles, perhaps the same lack of
induction of order occurs as wel when the molten globular clusterin doman
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asociates with its ligand. As shown in Figure 6C, the polyanion tal of
calsequedtrin can potentidly come close to a number of carboxyl groups a very
different locations on the protein surface; thus, assuming that the tails are random
cails in the absence of cacium (not the extended dructures shown in this figure to
illugrate ther potentid reach), addition of cacdum ions could induce many
different possble cross-bridges leading to many different, likely datic structures.
Thus, cdicium binding by casequestrin need not correspond to the induction of a
paticular dtructure, but rather most probably induces an ensemble of protein
sructures, al members of which exhibit low affinity caaum binding.

More Examples Supporting The Protein Trinity
There have been numerous reports of proteins that contain regions of intringc
disorder required for function. Here we discuss examples sdected for their

historical importance and potentia interest (Table 2).

Table 2. Important Examples of Native Disorder

Protein Disorder Length Function

Trypsinogen 18 Folding inhibitor

TMV capsd 26 RNA binding

L ac repressor 61 DNA binding

Cdmodulin 4 Flexible linker, Target binding
p21 War/cidl/sdil 164 Kinase inhibitor

HIV-1 gp120 V3 loop 24 Antibody epitope

Trypsinogen: More than 20 years ago, studies on this protein pointed to
the importance of protein disorder.29135 Indeed, this is the firs high-resolution
protein crystd dructure that identified a functiondly important region of disorder
by its missng eectron dengty, with two independent Sructure determinations in
basic concurrence.29.136 |n both of these studies, residues 1 — 18 were unobserved.

Every biochemica textbook explains tha proteolytic digestion removes
the VDDDDK amino terminus and that this cleavage converts inactive
trypsnogen into active trypsn; none that we can find explains that the dte of
cleavage is within an 18-resdue region with intrindc disorder, the flexibility of
which isimportant.

The dgructurd changes that occur after the cleavage to convert inactive
trypsinogen into active trypsin are less dear and in some dispute 136137 One side
in this dispute suggests tha the dructure of trypsn's substrate-binding pocket,
dthough exhibiting some disorder, can be resolved on the bass of a dngle
structure that is the predominate one in the ensemblel36 The other sde suggests
tha this region, which they cdl the activation domain, is disordered.?® Severad
additional experiments support the latter interpretation as discussed in detall by
Bennett and Huber.137 If the latter is true, then cleavage of the amino terminus
brings about adisorder ® order trangtion in the substrate-binding pocket.

The proteolytic cleavage of trypsnogen's amino termind VDDDDK
sequence, crestes a new amino terminus in trypsn. The amino termind VD
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dipeptide in trypsnogen is converted to the more hydrophobic amino termind 1V
dipeptide in trypsn. According to Huber and co-workers, this new, hydrophobic
dipeptide insarts into its own binding sSte, thereby dabilizing the correctly folded
activation domain. Indeed, added 1V dipeptide can bind to uncleaved trypsinogen
and gabilize the activaion domain in the structure that it adopts in trypsin.29
These data suggest that the function of the last Sx resdues of the disordered tall is
to inhibit proper folding by capping a critical dipeptide terminus and that the
remaning 12 disordered resdues dlow the cleavage-created IV terminus to
search for and find its binding Ste.

Tobacco Mosaic Virus (TMV) coat protein: The TMV capsd is arod-like
dructure containing more than 2000 coat protein molecules and an RNA of 6,400
nuclectides long.138  Reports on this protein were the second to identify a
functionally important disordered region by its missing dectron dendty.28.139,140
Furthermore, NMR experiments indicate dynamic rather than Static disorder for
thisregion.141

The TMV coat protein's disordered region is a 32-resdue loop that is
positively charged. This loop undergoes a disorder-to-order trangtion upon RNA
binding during the assembly of the cgpsid. As pointed out by Holmes138 the
flexibility and disorder of this region is absolutdy essentid for the observed
assembly pathway. That is, more than 30 TMV coat protein molecules associate
to form a rodlet. The RNA joins this pre-formed protein rodlet by threading into a
hole in its center. Without the flexibility of the region of disorder, there would
not be enough room in the centra hole to thread the RNA.

Lac repressor, a paradigm for gene regulation: This protein represents a
prototype for understanding gene regulation. It binds to a specific DNA sequence
and thereby prevents transcription of the associated operon.142 The DNA binding
domain is comprised of a 61 amino acid segment a the amino terminus that is
unobserved in the crysta sructure of the protein, but this segment is observed and
bound to DNA in proteén/nucleic acid co-crystas34 NMR studies on DNA
binding by the fird# 56 amino acids of this fragment indicate locd regions of
dructure, but aso highly mobile loops that become immohilized upon binding to
DNA.1%  Thus like the TMV capsd protein, the lac repressor undergoes a
disorder-to-order trangition upon binding to nucleic acid.

Calmodulin, a protein with two disorder features. Cadmodulin has two
globular domains, each with 2 EF-hands that bind cacium. In the protein crystd,
a hdix connects these two globular domains, yidding the famous dumbbell
sructure144  The connecting hdix is an atifact of cayddlization. When
cdmodulin is in solution, pat of the hdicd rod mdts into a flexible linker,145
thus enabling camodulin to wrap around its target (Figure 6B).

Disorder plays a second role in this protein. Even after being saturated
with cddum, the globular domans in cdmodulin switch among severd
dterndtive conformations in solution, more so than many other folded proteins
(Minji Zhang, persona communication). This limited disorder may account for
the ggnificant plagticity obsarved within the globular domains when they bind to
different targets146.147  This pladticity is reflected in dterations in the helix/hdix
contacts within the globular domains148  Tha is, the binding of target helices
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with different sequences probably sdects out different members of an ensemble
of gtructures as suggested by Karush for the binding of hydrophobic anions by the
dbumins®  Furthemore, the sde chains in the binding suface have an
abnormdly high flexibility,14° perhaps due to high proportions of methionine10
The dbisence of branching permits methionine to assume many different shapes,
thereby enabling this sde chain to adopt many different conformations and 0
adapt to different hydrophobic surfaces. In this regard, we noticed that a high
proportion of methionine has been obsarved in two completely different proteins
that bind to a variety of hydrophobic ligands.148

Cyclin-dependent kinase inhibitor, p21V&V/CIPUSIL.  This 164-residue
proten binds to cydin-dependent kinases thereby inhibiting ther activity. The
unbound inhibitor appears to be completely disordered as indicated by protease
digestion, CD and NMR.39 Upon binding to CDK2, the amino-termind 84
amino acids adopt an ordered conformation. Thus, this is another example of a
disorder-to-order trangtion, in this case, upon binding to another protein. The
p21 molecule is an important component of cdl-cycle control through its ability
to inhibit many different cydin-dependent kinases. The disordered state of native
p2l is suggested to enhance this protein's ability to bind to multiple protein
targets.39

V3 loop of HIV-1 gpl20: The gpl20 protein from HIV-1 is involved in
binding to receptors on host cells. Deletion of the V3 loop of this protein leads to
loss of infectivity. A 24 resdue fragment of the V3 loop of HIV-1 drain 11IB
occurs as structurally heterogeneous peptides as shown by NMIR spectroscopy. 151
This and smilar V3 loop fragments occur in different b-turn conformations when
bound to different V3 antibodies 152153 These authors suggest that the V3 loop
gther exigs as an ensamble of Sructures with very different conformetions or that
binding forces conformationa changes. The importance of the disorder-to-order
trangtion of this loop is that a variety of chemokine receptors can be bound by
this heterogeneous mixture of dructures, dlowing different avenues into the cdll.
This same mechaniam makes devisng a vaccine agang HIV very difficult; some
V3 loops can escape detection by antibodies that specificaly recognize a given
structure.

Interestingly, other pathogens have been shown to have attachment
proteins that undergo disorder-to-order trangtions upon binding to ther receptors,
induding Saphylococcal aureus'™ 155 and Foot-and-Mouth Disease Virus16
Avoidance of the immune responsel™ and ability to bind to different cdl surface
molecules!>3 have both been suggested as possible adaptive advantages that
derive from the local disorder in the unbound State,

Disorder and Molecular Recognition

The TMV capsid protein, the lac repressor, camodulin, p21WVaVEPYSAL ang the
HIV V3 loops dl utilize disordered regions in molecular recognition via disorder-
to-order trangtions. From the lock and key perspective, the involvement of
disorder in molecular recognition seems counter-intuitive, yet by now a lage
number of amilar examples have been discovered in addition to those in Table 2,
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suggesting tha the involvement of disorder in molecular recognition is quite
common. Here we discuss the thermodynamic and kinetic aspects of the
involvement of intringic disorder in molecular recognition.

Thermodynamic aspects: To our knowledge, the first attempt to
understand protein associations involving disorder-to-order trangitions is the work
of Schulz3! as shown in (Figure 7). His smple figure, which we have named The
Schulz Diagram48 is a thought-experiment, not a proposed reaction pathway. The
firg sep (on the left) imagines making both patners rigid, which necessaily
increases the free energy of the system, and the second step (on the right) gives
the sum of the free energies that arise as the result of the contacts between the two
folded forms. Of course, for many reactions, this sequence of events is Smply
impossible for seric reasons (eg. see Figure 6B), which re-emphasizes that this
figure does not represent a reaction pathway.

Figure7: Schulz diagram

If a protein undergoes a disorder-to-
order transition upon binding, the free
energy to organize the disordered

b region is deducted from the free
“both solid energies dueto the contacts. Thiscan
oth sol potentially lead to high specificity
1 coupled with low affinity.
a 2

I resulting AG
b

From this smple diagram, Schulz suggested that one possble advantage
of disorder-to-order upon binding is the posshility of high specificity coupled
with low affinity. As mentioned above, another possble advantege is the binding]
to multiple partners by structura accommodation as observed for p21VALCIPUSd
(ref39) and the HIV VP 3 loop!®l.153, There is a certain symmetry for these two
cgpabilities the former depends on flexibility in the unbound dtate while the latter
leads to structurd polymorphism in the bound statel48 (Table 3).

Table 3. Disorder and Molecular Recognition

Characterigtic Structurd Variability
High Spedificity / Low Affinity Hexibility in the Unbound State
High Affinity / Low Specificity Polymorphism in the Bound State

The ability of one protein to bind to many partners has been caled one-to-
many sgnding.157 Camodulin and p21V¥VCPYSIL e cases in point. Wright and
Dysor®® have recently reviewed intrindcaly undructured proteins with some
emphasis on examples of thistype.

Disorder-to-order upon binding facilitates not only one-to-many sgnding
as for p21WAVCIPUSIL and camodulin, but adso many-to-one. An example is
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provided by interactions between nuclear locdization dgnds (NLSs) and ther
receptor. The NLS does not depend on a precise sequence, but rather upon having
a totd of 4 lysnes plus aginines within a segment of 6 amino acids tha is
flanked by negatively charged groups and hdix breskers such as proline or
glydne The flanking regions hep to insure “exposureé’ of the dggnd
hexapeptide 158 Intrinsic disorder would provide the need for exposure of the
basic groups and, if long enough, would enable the NLS region to reach its
receptor even if locdized within the nuclear pore. An important feature of this
system is the poor sequence conservation for the NLS regions, and yet these
various regions apparently bind to the same receptor.

Disorder-to-order upon binding can overcome dgeric redtrictions and
thereby endble larger interaction surfaces in the complex than could be obtained
for rigid patners. Two of many possble examples serve to illustrate the point.
Fird, as discussed above, a flexible linker dlows camodulin to dmost completely
surround its target helix130 as shown in Figure 6B. Second, multiple linkers
between zinc finger domains (eight linkers between nine domains in the case of
TFII1A) enable such poly-domain proteins to wrap up their DNA partners. 159,160

When a protein undergoes a conformationa change upon binding to a
ligand, it is often uncler whether the change results from sdection of one
member of an ensemble by the best-fit with the ligand, or whether the change
results from induction of specific sructure by interaction with the ligand. For
speciad cases such as cdmodulin/target  helix interactions and THIIA/DNA
interactions, deric clashes make it impossble to associae directly with one
member from an ensemble, 0 the Sructure of the bound form must truly be
induced by association with the ligand.

In addition to the quditative reasoning discussed above, there have been
dudies amed a making quantitative estimates of the free energy contributions
associated with disorder-to-order trangtions upon binding. The work by Delis
and coworkers163,164 js especialy germane to this problem. Of interest here are
two sats of complexes that they studied: 1. A set of 9 serine endopeptidase-
inhibitor complexes, and 2. A st of 13 flexible nonameric peptides interacting
with the dass | mgor hisocompatibility complex (MHC) receptor. The first set
involves association between basicdly rigid molecules while the second involves
a disorder-to-order trandtion upon binding.

Rather than attempting to edimate the binding free energies from firg
principles, Delis and coworkersl63 rdieved some redtrictions from an earier
semi-empiricd  method developed by Novotny.165  |n addition to the terms
typicdly included in molecular mechanics energy functions, this method adso
includes terms for solvation, and entropy associaed with dde chan
conformations, trandationa/rotational mation, and dilutiona effects.

For the endoserine protease-inhibitor complexes, the observed and
calculated values were within 2 kea for 7 of the 9 complexes 163 a result we find
vay impressve. The larges eror, where the binding affinity is over-estimated
by 9.1 kcd, is for the trypsnogen-BPTI complex. The explanation for this large
over-edimate of course is in Fgure 7. Due to the fact tha trypsnogen is
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disordered before binding30 (eg. see Table 2), the energy required for bringing
about order, in this case perhaps ~ 9 kcd, takes away from the overdl binding
energy.
The results for the peptideeMHC receptor complexes are extremely
interesting. To represent the ligand disorder, the authors crested an ensemble of
ligand gructures usng conformationd searching. This ensemble was  then
andyzed to generate the various free energy terms for the receptor-ligand
association. In their studies, Delis and co-workers don't specificaly cdculae
the free energy change for the disordered ensemble converting an ordered date
that is the same as the bound date but in the absence of receptor (thus
corresponding to step 1 (on the left) in Figure 7). However, this free energy
change can be edimaed from their work by collecting terms deding with the
peptide only and leaving ou dl terms involving interactions between the peptide
and MHC receptor, giving ?G = E° - Ef- T?Sy, if the sSde chan entropy
contributions are ignored, and giving 2G = B° - B - T?Sy - T?Sy, if the sde
chain contributions are included, where the superscripts b and f mean bound and
free, respectivdy, and where the subscripts bb and sc mean backbone and
Sdechains, repectively.  When the vaues of the various terms edimated by

Delis and co-workers163 are plugged into these free energy equations, adightly
positive ?G - when the sde chan contributions are ignored - becomes a very
postive ?G - when the dde chan contributions are included. Thus, these
cdculations add consderable indght into Figure 7, providing evidence that sde
chan free energy contributions for disorder-to-order trandtions are very
important.

The readers should be aware that some references to the work of Delis
and co-workers conclude that the disorder-to-order trangtion upon binding leads
to an increase in the overdl binding affinity compared to the same binding by a
rigid molecule. From the much smpler Schulz Diagram and from the andyss of
the previous paragraph, aconclusion of increased affinity isSmply incorrect.

Kinetic Aspects. The rate of association of a protein with its partner is
generdly expressed as Kasoe ~ 4Dakf, where D is the rdaive trandaiond
diffuson coefficients and a is the sum of the radii (as in the Smoluchowski
equationt®4), and where k and f are dimensonless parameters to account for
orientational and eectrogtatic effects, respectively.165 This leads to a modified
Smoluchowski equation. The electrodtatic factor, f, can be very large. For
example, the oppositely charged barnase and barstar exhibit association rates at
high st of about 10° M!s? that increase to about 5 X 10° M1s? at low sdlt.166 |n
the absence of other effects, the orientationa factor, k, would be expected to be
very smdl snce the binding orientation represents a smdl fraction of dl possble
orientations.

Association rate congtants frequently exceed the limits calculated from the
modified Smoluchowski equetion even when dectroddic effects ae smdl. A
modd tha explans the unexpectedly high associaion rates involves formation of
an “encounter complex”167 or a “trandgtion State’168 tha can be thought of an
ensemble of conformations undergoing microcollisons.  Even in the absence of
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atractive forces, Brownian motion predicts severd microcollisons before the
molecules diffuse gpart.

Given the above framework for assocation rates, disorder can have severd
effects. Frd, the rdative diffuson coefficient, D, would become smdler.
Countering this effect, the effective the effective sze, a, would markedly increase.
But the redly large effects would occur for the orientationd parameter, k, where
disorder could lead to productive collison for essentidly any relative orientation
of the two molecules. Thus, converson from the ordered to the disordered state
can lead to large increasss in the rates of assocation.169 On the other hand, one
could imagine cases in which the folding step becomes rate-limiting, in which
case increasing the disorder would dow down rather than speed up the on-rates.

The effects of disorder on dissociation rates are dso complex. In cases
where the two molecules cannot come apart because of dteric restrictions, disorder
would cealy have the effect of dragticdly speeding up the off-rate. The
formation of disorder could dso enable dissociation of part of the interface, like
unzippering, which might aso speed up dissociation.

Advantages of Disorder: From the above discusson, flexibility can ether
rase or lower binding affinities and ether rase or lower onrates (and most likely
off-rates as well) compared to binding between rigid partners.  Also, the binding
affinities of rigid partners can be increased or decreased through mutation. Thus,
for rigid patners, it surely would be possible to rase or lower specificity and to
increase or decrease ont and off-rates via suiteble mutations.  Findly, as
demondrated by moonlighting proteins170 rigid proteins can evolve to bind to
more than one partner. These comparisons of the various properties describing
molecular associations suggest that, despite earlier comments to the contrary,
indluding some by us148157 there might be no intrindc advantage for disorder-to-
order trandtions upon binding as compared to association by rigid partners.

The paper by Goldstein and collaborators presented at this meeting is
especidly germane to this paoint.1’l  The argument is frequently made that metar
dable proteins exist because such ingability is needed to carry out function. In
contrast, Goldstein and his collaborators argue that metastable proteins are
favored during evolution because there are vadlly larger numbers of sequences
coding for these proteins as compared to very rigid ones. Of course, as was
pointed out in discussons a this meeting, functions that depend on intringcdly
disordered proteins represent the extreme case of this argument. Thus the
involvement of intrindc disorder in protein function may relae more to higory
and evolution than to advantage and necessity.

Native Proteins Without Secondary or Tertiary Structure

With the advent of dructure-determination methods based on NMR, protein
cryddlization was no longer required to obtain a protein's 3D structure. To the
aurprise of nearly everyone, severad proteins that caried out function in ther
respective in vitro assays were intringcaly disordered from end-to-end as
revedled by NMR spectroscopy. Four of these wholly disordered, yet native
proteins are discussed herein (Table 4). Prior to or concurrent with these NMR
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findings, severa workers had suggested the exigence of native random coils on
the basis of CD spectroscopy coupled with other methods;93.95.172 these CD-based
dudies falled to gan as much atention as the NMR-based work, in part because
of the limitations associated with dtructurd characterization by CD  spectroscopy
and in pat because these CD-characterized, apparently native random coils
lacked well-understood biologica functions.

Table 4. Wholly Unfolded Native Proteins

Protein Disorder Length  Function

Hgm 97 Transcription promoter
4E-binding protein 118 Trandation inhibitor

HMGI(Y) 106 Architectural transcription factor
Neurogranin 78 Camodulin storage protein

FIgM, a protein that regulates flagella assembly.: NMR experiments
indicate that FIgM is entirely disordered under physiologicd conditions and tha,
upon hinding to s, an anti-termination transcription factor, the carboxy—termind
haf becomes ordered 40  This molecular interaction regulates flagella assembly
in an interesting way. In Salmonella typhimurium, flagella are condructed from a
transmembrane basd body attached to a polymer of the mgor protein subunit.
More than 35 proteins assemble to form the basa body. In apuzzing regulatory
mechanism, a mutation in any one of the basd body protens shuts down
transcription of the flagela subunit mRNA.  This regulaory puzzle is solved by
the FlgM protein.

FIgM is exported via a channd in the center of the basd body assembly,
thus mantaning a low levd of HgM. However, if basd body assembly is
defective as for any of the mutants, FIgM cannot exit via the channd and 0 its
levels rise. At these devated levels, FIgM binds to s28 and thereby shuts down
gynthess of the mMRNA for the flagella subunit.  Also, as flagella assembly nears
completion, export of FIgM is dso dowed due to the length of channd. This
again shuts down synthesis of the flagella proteins.

FigM dmost certanly must be intringcaly disordered to migrate through
the samdl diameter channel in the basd body assembly. If this scenario is correct,
FigM’s regulatory mechanisn depends on its own intrindc disorder. This
argument is reminiscent of the requirement for disorder in the TMV coat protein
loop due to deric redrictions within the smal centrd hole as origindly discussed
more than 15 years ago.138

4E-binding protein 1 (4E-BP1): This protein, which contains 118 amino
acids, inhibits trandation by binding to the initiation factor eF4E. NMR sudies
show 4EBP1 to have litle or no folded dructure under physologica
conditions#1.173 and yet this protein is able to inhibit trandation in reticulocyte
lysates under smilar conditions. A short region in 4E-BP1, namdy from residues
49 to 68, is responsble for binding to €F4E.174  This region undergoes a
disorder-to-order trandtion upon binding to elF4E, forming a helix followed by
an extended loop on the surface of elF4E.17> Indeed, this region of 4E-BP1 acts
as a molecular mimic of a hdix plus loop in eF4G, which is the norma docking
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dte of elF4E, thus explaining the compstitive inhibition of the docking of elF4E
by 4E-BP1.

High Mobility Group Proteins | and Y, HMg-I(Y): These dternatively
spliced transcripts from the HMG-I(Y) gene produce the DNA-binding isoform
proteins HMG-1(106 resdues) and HMG-Y (95 resdues). They were first
identified by their high dectrophoretic mobility among the nucdear proteins and
are founding members of a new class of regulatory eements caled ‘architectura
transcription factors that control the expresson of a large number of human
genesl’®  Vaious physicd dudies, including NMR  spectroscopy, have
demondrated that, as free molecules in solution, the HMG-I(Y) proteins have no
detectable secondary or tetiary dructure.  Discrete sub-regions of the proteins
assume a planar, crescent-shaped configuration caled the 'A.T-hook' when bound
to the minor groove of A.T-rich DNA substrates.177

Neurogranin, a calmodulin storage protein, possibly involved in memory:
There exigs severd gmilar proteins, incuding neurogranin and neuromodulin,
that are evidently undructured proteins as determined by NMR.178179,180,181
Cdmodulin associates with these proteins a low, not high, cdcium leves via a
specific sequence cdled the IQ moatif.180182183  |n addition to cadcium
concentration, a second level of regulaion in this sysem depends on
phosphorylation.184  Usng membrane anchors for locdization, neuromodulir/
neurogranin may mantan camodulin near the growing tips of the neve cdl
projections when cacium levels drop. Because of this locdization function,
chains having the |Q moitif have been caled camodulin storage proteins 185

I nter esting Functions Associated with Disorder

Although much of the focus on proteins centers on molecular recognition, protein
molecules do have other functions that are important for maintaining life.  The
following examples are presented in which proteins with native disorder have
interesting functions not directly involving molecular recognition (Table 5).

Table 5. Native Disorder with Interesting Functions

Protein Disorder Length  Function

fd plll 21,40 Hexible linkers
Display of protease and

Bal-x. 63 phosphorylation sites

Kinesn ~15 Stepping motor

Titin 2174 Entropic spring

K+ Channel 64 Entropic clock

Neurofilament H 158 Entropic bristle

The fd plll protein: This phage protein, which is encoded by gene 3, is
located on one tip of the fd filament and is responsble for atachment to the host
E. c0li.186187 The exigence and importance of a flexible linker for this protein
was suggested long ago.188.189 By now we know that this protein contains three
diginct domains one integrated into one end of the filament and two that bind to
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a par of coreceptors on the host cel.190191 This double atachment is
coordinated in an interesting way suggesting the need for movement between the
doma' nS'192,193

Two flexible linkers connect these three domains. The linker between the
two attachment domains contains ~ 21 resdues and the linker between the other
two domains contains ~ 40 resdues. Both are congructed from approximate
repeats of the pentamer, EGGGS. As expected for such a sequence, the linker
between the two attachment domainsis unobserved in crystd structures. 194

The ability to eedly remove the phage atachment domans by
proteolysis!88 indicates that the conformation of the linkers is likely quite mobile.
These linkers uncouple the two atachment domains from the body of the phage
particle and alow motiond freedom so that the attachment domains can reorient
independently. This motiona uncoupling speeds up searches for productive
docking orientations between the attachment protein domains and their receptors.
The flexible linker may dso act as a shock absorber after attachment has
occurred.189 A shock-absorber function has specid importance in this systlem due
to the extreme length of the phage.

Whenever a protein binds to two or more partners and the partners vary in
spacing or orientation over time, just as discussed above for the fd attachment
protein, flexible linkers can be essentid. Thus, flexible linkers are quite common
components of multi-functiond enzymes, topoisomerases, transcription factors,
and severa other classes of prote' ns.159,195,196,197,198,199,200,201,202

Bcl-x. and its homologue, Bcl-2: These gpoptoss inhibitors contain long,
flexible loops characterized both by missng dendty in X-ray crysa sructures
and as being highly mobile by NMR in Bd-x. and characterized by smilar
location in the related protein Bcl-2. In Bcl-2, this disordered loop plays a key
role in progranmed cell desth.203204  Furthermore, protesse digestion 205,206
and phosphorylatior?97.208 within the disordered loops of these two proteins play
critical rolesin modulating programmed cdll deeth.

We suggest tha the intringc disorder of these loops plays an important
role in the display of the protease digestion and phosphorylation stes.  Each of
these possibilitiesis discussed in turn.

As discussed above, protesse cut Stes within disordered regions are
digested orders of magnitude faster than are potentid cut Stes within ordered
regions. Molecular modding provides indght into this hypersengtivity. Even
though only 6 reddues form close associaion with trypsn during proteolyss,
molecular moddling indicates that a minimum of about 13 resdues have to be
unfolded in order for trypsn to be able to bind with high affinity. Without such
locd unfolding, binding is inhibited dtericdly.8” In a folded protein, a 13 amino
acid segment would typicaly be folded nearly dl the time and therefore would be
inaccessible to digestion as discussed above. Thus, an unfolded loca region of
sequence (eg. a disordered region) digests many orders of magnitude faster than
when folded .86

While trypsn binds sx resdues in the vicinity of the deavage dte the
CAMP-dependent protein kinase binds more than 20. The X-ray crystd structure
of CAMP-dependent protein kinase shows the protein immobilizing a 20-residue
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peptide that spans the phosphorylation site209 This peptide was derived from a
naurd 8 kD kinase inhibitor. Furthermore,  fluorescence  anisotropy
measurements on probes attached to Ste-directed cysteine mutants suggests a
disorder-to-order transition as this peptide binds to the kinase210 Other protein
kinases gppear to bind smilarly large segments of their substrates. By andogy to
the studies on trypsin, these results suggest that a phosphorylation ste within a
disordered egion would react orders of magnitude faster than the same dte within
an ordered region. In support of this hypothesis, of the five phosphorylaion stes
sructurally characterized before and after phosphorylation, four are disordered
prior to phosphorylation and become ordered after the modification.211

In addition to roles in proteolyss and phosphorylation, the disordered loop
of Bc-2 adso gopears to be involved in binding smal molecules. The anticancer
drug taxol induces apoptosis and this induction is overcome by over-expresson of
Bcl-2.(refs 212213) Mohility shift experiments?l4 and sdection of taxol-binding
peptides from a random library by phage display?15216 both suggest that taxol
binds to the disordered loop of Bcl-2. To our knowledge, these are the first
experiments demondraing the binding of a drug to an intrindcdly disordered
region of aproten.

Kinesin: The kinesn family of microtubule-based motor proteins is
involved in oragndle transport, mitoss, meoss, and severd other cdlular
proceses. As shown by Rice and co-workers usng EPR spectroscopy and cryo-
electron microscopy, a region linking kinesn's two ‘head” domains undergoes a
nuclectide- and microtubule-dependent  disorder-to-order  trandtion during the
force-generating cyle2l” More specificaly, the disorder-to-order trangition of the
bound head's linker region postions the unbound head over the next binding Ste
on the microtubule, thus facilitating the stepping mation of the motor.

The region in question gppears as both ordered and disordered in different
crysta  structures218219220  This dructurd vaiation is likdy due to cysd
packing forces as the various dtructures al have ADP bound in the active ste.
The corresponding region in myosin (the proten motor responsble for muscle
contraction) also appears to undergo an analogous disorder-to-order trangition
during its force generating cyde221.222 dthough it is not clear exactly what role
this trangtion plays.

The fidd of molecular motors has traditiondly been approached usng a
mechanica andogy, i.e. the idea that a motor protein is just a very smdl assembly
of levers, dashpots, and springs. However, it has recently become clear from the
results of Rice and co-workers.2l7 as well as others 223224 that disorder, dynamic
flexibility, and even phase changes between order and disorder are important in
both motor function and regulation. Thus, even for motor proteins, modes
incorporating thermodynamics (eg. including phase trangtions) may be more
appropriate than models based solely on mechanica andogies.

Titin: This gigantic protein extends from mid-line to Z-line in musde cdls
and is suggested to fix the length of the muscle cdl. This protein has a region rich
in P+ E +V + K that, n some isoforms, is greater than 1000 amino acids in
length. The PEVK region is very likdy to be gructurdly disordered and may
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function as a rubber-like entropic spring that helps to restore over-stretched
muscle cdlsto their naturd, relaxed length.225

K" Channel ball and chain: Voltage-gated K* channds in nerve axons
exig in three main states. closed, open and inactive. The closed dtate converts to
the open date in response to an appropriate voltage gradient, while the inactive
date is nonresponsve to voltage gradients. Converson from the open date to
the inactive state happens when a “bdl” on the end of a flexible “chain” plugs the
open channdl.226:227,228  The timing of this dosure is criticd to proper nerve cdl
function and evidently depends on the length and flexibility of the chain. Here we
suggest that this flexiblity be recognized as an entropic clock due to its important
function as atiming device.

Neurofilament H and M: Fibrous assemblies of neurofilaments L, H and
M are mgor components of motor neuron axons. The ends of the H and M
filament proteins have long regions of disorder (300 and 600 residues,
respectively). These disordered ends were proposed to be entropic bristles that
occupy space by thermdly driven motion and thereby maintain the separation of
neighboring filanents22®  The separation of filaments dso maintains the axond
bore, possbly dlowing the movement of smdl molecules and mantaning the
shape of the axon against compresson. Numerous other proteins contain such
disordered regions that ae proposed to function as entropic bristles for
modulaing protein structure and function.230

Implications of Intrinsic Disorder for the Protein Structure Hierarchy

Why has it taken so long for concepts related to functiond disorder to make it into
the textbook world of biochemistry? Firg, there is an gpproximatdy 100-year
history based on the lock and key modell and an approximately 70-year history
equating native proteins with 3D structure34 One term proposed to describe non
folded yet functiond proteins, namey natively denatured 93 is an oxymoron, but
neverthdess sarves to illudrate just how deeply ingrained is the perceved
equivalence between ordered 3D dructure and native protein structure. Indeed, in
common speech, the terms native and (ordered) structure ae used
interchangesbly.

In addition to natively denatured, the terms natively unfolded®> and
intrinsically unstructured43 have been suggested to describe these proteins. These
two terms seem to imply lack of any secondary sructure and so would exclude
native molten globules. We are therefore uang the term intrinsically disordered
to describe such proteins.

Structurd ensembles  in equilibrium  (eg. intringc  disorder)  were
associated  with protein  function 50 years ago.l®  Furthermore, prominent
examples such as activation of trypsnogen and DNA recognition by the lac
repressor  likdy involve disordered regions. Yet none of the widdy used
biochemicd texts mentions even a dngle example of the role of disorder in
protein function.

In our view, a second contributor to the downess to recognize ndive
protein disorder has been the current sructurd hierarchy taught in al the
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biochemidry texts eg. that protein dructure can be explaned as primary,
secondary, tertiary, and quaternary. In this hierarchy, there is no category called
intrinsic disorder. As has been discussed from the time of the early Greek
philosophers Plato and Arigtotle and as reviewed and discussed from a more
modern perspective by Lakoff,231 caegorization plays a key role in the
development of knowledge. Since intringc disorder has not been included as a
dandard category of protein sStructure, textbook writers could not fit intrinsc
disorder into ther examples used to explan proten sructureffunction
relationships.

The firg three levels of the proten dructurd hierarchy (eg., primary,
secondary, tertiary) were developed in efforts to understand proteolytic digestion
of proteins, severd years before any 3D structures were known.232  To our
surprise, a formadized description of this hierarchy233 included a category of
proteins cdled partially folded. Furthermore, about 30 years ago there were
severd interesting discussions of such partialy unfolded proteing31:32,135,141,234
but these concepts never made it into textbook biochemistry perhaps because of
the rapid increase in the number of crystd dtructures being determined over the
same time span.

Snce intrindc disorder and the trandtions between protein States play
important roles in native protein function, we have modified the firs three steps
of the current dructurd (Figure 8). In this figure, t is used for turns and
amphomorphic is used for segments that switch between a and b sructure, and
which may also represent a distinct category of secondary structure.2342

Primary |——»| Secondary | Tertiary

AA Sequence Ordered Ordered
-a, b, t, aperiodic -Alla,all b,a + b,

and amphomorphic a/ b, and other

Disordered Disordered

- Intermittent disorder - Random coil

- Constant disorder - Molten globule

Figure 8: Implicationsfor the protein structural hierarchy
The primary-secondary-tertiary structura hierarchy for proteins as found in all textbooks,
has been to include intrinsic disorder as a category of structure

The proposed additions in figure 8 to include intringc disorder dl involve
time-dependent fluctuations or time-dependent changes in protein structure. Thus,
Clae Woodward (discussion at this meeting) pointed out that these additions
represent one way of adding a fourth dimension, time, to the currently detic
protein structure hierarchy.

Firg¢, a the secondary dructura level we suggest two categories of
disorder: intermittent and congant. The former describes protein molecular
recognition domains and other regions that undergo order/disorder trandtions to
cary out binding or other functions. The latter describes regions such as
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proteinaceous detergents, flexible linkers, entropic springs, entropic clocks ad
entropic bristles that remain disordered while carrying out function.

At the tetiary leve, we suggest two categories random coil and molten
globule.  With this dtered hierarchy, it becomes possble to explain protein
dructureffunction in tems of a diagram that includes not just Amino Acid
Sequence ® 3D Sructure ® Function, but dso other structura forms and ther
trangtions (Figure 9).

Shown in Fgure 9 is conformationd switching, where a ssgment of
protein switchesfrom a ® b or from b ® a; thisidea was represented in figure 8
by the term amphomorphic. Secondary sructure switching has been observed
over a long period of time235236237.238 Recently, from a collection of such
examples, a predictor of switch sequences was developed?3® and applied to
myosr?40 in an effort to better understand the conformational chenges in this
molecule.  Such conformational  switching fits within  The Protein  Trinity’s
solidliquid/gas andogy. Many solids have different phases and cooperatively
switch from one to another under appropriate conditions.

Also included in Figure 9 are the dready-discussed trangtions from order
® disorder and from disorder ® order. From the examples given above, these
trangtions have been implicated as undelying important sructure/function
relationships.  Figure 9 is essntidly a re-drawing of Fgure 1, The Protein
Trinity, with many more details included.

Function:
Lock & key
Induced Fit
3-D Structure (@<> b)— Function:
\ Conformation Switch

Order — Disorder Function:

Folding Problem T Virus/Pathogen penetration
/ Membrane Insertion
A.A. Sequence Nucleosome Activation
“Non-Folding Problem” Function:
\ Flexible Linkers
<« / Display of Sites
Flexible Ensemble Entropic Bristles, Springs
and Clocks

Disorder—>Order  gynction:

Molecular Recognition
Virus/Phage Assembly
Stepping Motor

Figure 9: Protein structure/ function relationships

The structure/function relationships presented in this figure are based on actual examples,
many of which are given in Tables 1, 2, 4 and 5, but some of which have not been
discussed in this review.
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Databases of Intrinsic Order and Disor der

Given The Protein Trinity Hypothess and the many examples of intringc
disorder, it appears worthwhile to generate a database of proteins that have been
characterized as intrindgcaly disordered. For purposes of comparison, it is useful
to have a database of intringcally ordered protein segments in the same format.

Databases: Table 6 summarizes ordered and disordered data accumulated
to date. The ordered and disordered databases will be discussed in turn.

Table6. Summary of Databases of Intrinsic Order and Disorder

Database Number of Segments Number of Residues
O_PDB_Sdect 25 1111 220 668
disXRAY 56 2844
disNMR 41 4019
disCD 53 10554
disALL 150 17417

dis Fam32 572 52 688

To obtan a st of ordered protein segments, we sarted with a non
redundant set of proteins from PDB caled PDB Sdect 25241 Sander and co-
workers developed this dataset by grouping the proteins in PDB such that, within
a group, every protein has > 25% identity to a least one other member of the
group, and between any two groups, no pair of proteins has > 25% identity. Once
the groups were determined, one member having the highest quadity sructure was
chosen to represent each group.24l  For each of the representative proteins, every
disordered (unobserved) residue was removed, yielding the ordered data set called
O _PDB_Sdect 25 (O for ordered). These ordered segments span al of the 3D
structures known at the time this database was constructed.

The disordered sets are indicated as dis X-ray, dis NMR, and dis CD
according to the method used for the identification of disorder. The last group,
dis Fam32 was obtained by homology. A set of 32 proteins with disorder
identified by a variety of means provided the darting points. Families of samilar
proteins were identified by sequence dignments usng dSandard methods.
Putative disorder in these proteins was then identified by dignment with the
sructuraly characterized regions of disorder.

All of the disordered databases certanly contan segments having loca
tendencies for order. For example, segments with a high tendency for order are
sometimes found to be binding sites within regions characterized as disordered.242
Likewise, the ordered databases certanly contan disordered segments
misclassified as ordered. For example, severa of the proteins in the ordered
dataset are from co-crystas with DNA; such DNA-binding proteins often have
ggnificant regions of disorder when separated from ther ligagnd.  We ae
attempting to develop methods based on sequence andysis to identify ordered and
disordered regions that are misclassified.

Comparison of Ordered and Disordered Protein Segments
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Given the set of ordered and disordered amino acids, it is useful to compare them.
We have carried out two comparisons. First, we have compared the ordered and
disordered segments with respect to their amino acid compostions. Second, we
have compared these segments with respect to their sequence attribute vaues (e.g.
hydropathy, hydrophobic moment, etc.).

Amino acid compositions. To compare the compostions of the four
disordered datasets with each other and with ordered data, we expressed the
composition of each amino acid in a given disordered dataset as (Disordered -
Ordered) / (Ordered). Thus, negative peaks indicate that disordered segments are
depleted compared to the ordered ones n the indicated amino acids and postive
peaks indicate the reverse (Figure 10).

In Figure 10, the largest possible magnitude for a negative pesk is minus 1
(eg. for any amino acid that is completdly missng from the given disordered
region). In contrast, if a disordered region were composed exclusvely of one
amino acid, the pogtive peak vaue for that amino acid would be (100 — Ordered)
/ (Ordered). For an amino acid that comprised 5% of the resdues in the protein,
the pogtive pesk would have a vaue of 19. Despite this potentia for a very large
asymmetry, the pogtive and negative pesks in Figure 10 have smilar magnitude,
with postive pesk vaues ranging from 0.025 to 0.61 and negdative vaues from
-0.007 to -0.70.

1

Edis XRAY
Edis NMR
Odis CD
Odis Fam32
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Figure 10: Amino acid composition profiles

The amino acid compositions of each disordered dataset in Table 6 are plotted as their
differences from the compositions of the ordered dataset in this same table. Details are
given in the text, but, briefly, a negative peak indicates that the given disorder dataset is
depleted in that amino acid compared to the ordered set, while a positive peak indicates
enrichment. The amino acids are on the basis of B-factor estimates of residue flexibility,
with the more rigid on the left and the more flexible on the right. Such B-factor estimates
are not purely related to intrinsic flexibility but also include environmenta effects.
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The arangement of the amino acids from least to mog flexible in this
figure was based on the scae of Vihinen and co-workers,243 where their scale was
defined by the average residue B-factors of the backbone atoms for 92 unrelated
proteins. For the proteins in their sudy, the backbone atoms of W had the lowest
B-factors on average and the backbone atoms of K had the highest. As the
developers of this scde pointed out, the ranking does not reflect intrinsc
flexibility, in which case G would have the highes rank. Raher the ranking
depends on the degree to which a given side chan tends to be buried (low
ranking) or exposed (high ranking) in the crystal tructure of globular proteins.

Ovedl, the four databases of intrindgc disorder are Smilar to easch other
for most of the amino acids125244 All four are substantidly depleted in W, C, F,
[, Y,V,L and N. We proposed that these be called order-promoting amino acids.
All four are subgtantidly enriched in A, R, G, Q, S, P, E and K. We propose that
these be cdled disorder-promoting amino acids H, M, T and D ae not
congstently enriched or depleted among the four sets of intringcaly disordered
proteins. So these are neither order- promoting nor disorder-promoting.

T, N and D stand out. All three are in a disorder-promoting neighborhood
on the flexibility scde, yet T and N clearly promote order, not disorder, and D is
ambivaent. These amino acids contain polar branches at the b-carbon and can
readily form strong hydrogen bonds with the backbone. This side-chain/backbone
interaction could lower the entropy of the disordered dtate, thus increasing the
order-promoting tendencies of these resdues compared to their neighbors in
Fgure 10.

Attributes: In addition to amino acid compostion, the disordered segments
have dso been compared with the ordered ones by various attributes such as
hydropathy, net charge flexibility index, hedix propengties, strand propengties,
and compostions for groups of amino acids such as W + Y + F (aromaticity).
The vaues for these attributes were estimated by smple averages over windows
of 21 amino acids. The disordered data was baanced by an equa amount of
randomly sdlected ordered data, and then conditional probability plots were
congructed (Figure 11). The ahility of the various attributes can be compared by
dividing the area between the two curves by the totd area of the graphs giving an
arearatio (A.R.) vdue245

Attribute ranking: Usng the area ratio method to assess the ability to
discriminate order and disorder, we have ranked 265 property-based attribute
scaes?#4 plus more than 6,000 composition-based attributes?46 (eg. al possible
combinations having one to four amino acidsin the group).

Many of the 265 scdes and amino acids groupings are very highly
corrdlated with each other. To find a st of such attributes having the best overal
ability to distinguish between order and disorder, one needs to find a set of
atributes that might not be the best individudly, but that work best in
combination. We have invedigated various methods for obtaining optima
combinations of attributes, such as feedforward sdlection, branch and bound, and
principd component andysis.  Our previous studies124.247,248,249.250 were carried
out usng much smdler sets of disorder than those we recently accumulated.
Studies are in progress to find such optimal sets for the current, much larger data
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sets of disorder. Presented in Table 7 is a representative, ranked set of attributes
that provide fairly good discrimination between order and disorder.
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Figure 11: Sequence Attributes
Balanced datasets of ordered and disordered residues were used to construct conditional
probability curves that indicate the ability of a given attribute to discriminate between
order (solid line) and disorder (dashed line). The greater the separation between the two
curves, the better the discrimination. The coordination number relates to how many side
chains can pack around a given side chain. Fexibility is the scale used for figure 14.

The two hydropathy scales are from Kyte and Doolittle281 (K/D) and from Sweet and
Eisenberg?80 (SE). Aromaticity is simply the sum of W + Y + F in a given region. Net
Charge is smply (K + R ) minus (D + E); including H had essentially no effect on these
Curves.
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Table7. Ranking Propertiesfor O / D Discrimination

Attribute AreaRatio
14 A contact number 0.542
Hydropathy280 0.535
Hexiblity243 0.521
b-sheet 0.514
Coordination number 0.478
Hydropathy281 0.421
RESP 0.334
Bulkiness 0.314
CFYW 0.285
Volume282 0.246
Refractivity 0.242

Net Charge 0.236
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Commonness of Disordered Regions as Estimated by Sequence Analysis

From the current st of expeimentadly characterized proteins with disorder,
experimenta  biases preclude any meaningful etimate of the commonness of
intrindc disorder and of the relaive amounts of the random coil and molten
globule variegtiess PDB is biased agang disordered protein, mainly because of
two factors 1. At the protein purification sep, intringc disorder could be
underrepresented due to hypersengtivity to protease digestion. 2. Once purified,
proteins with sgnificant fractions of disorder don't crysdlize. On the other tand,
as discussed above, NMR is biased againgt molten globular disorder. Findly,
dthough use of both near and far UV CD in combination differentiates between
random coil and molten globular disorder, the falure to routindy use near UV CD
means that, in practice, disorder identified by CD is dmogt dl of the random coil
vaiety.

Structurdl  characterizetion is much more tedious and expensve than
determination of amino acid sequence. Furthermore, as discussed above, the
sructurd characterizations are biased. Thus, the most efficient and perhaps least
biased edimates of the commonness of intrindc disorder are likely to come from
sequence analyss (bioinformatics) methods as discussed below.

Computational methods for estimating intrinsic disorder or non-
globularity: Bdow we will discuss two methods the widdy used SEG andyss
by Wootton and co-workers?®1.252253254 gnd our own efforts to develop
predictors of disorder from amino acid sequence 124.246,247,248,249,250

Sequence complexity using Shannon's entropy: Both Karlin?5.2%6 and
Woottor?51.252 redized that some protein segments have daidicdly significant
deviations from the average amino acid compostion, with fewer than the typicad
number of amino acids. Wootton and co-workers paid attention to protein
dructurd characteristics of the unusua sequences, while Karlin and co-workers
focused on the datistical aspects. We are following the gpproach of Wootton and
co-workers because of ther efforts to relate low complexity sequences to protein
sructure.

Specificaly, Wootton and co-workers recognized that fibrous proteins
have fewer amino acids per unit length of sequence than do ordered, globular
proteins, and they suggested that low complexity sequences would be non
globular if not fibrous. To identify such sequences, they proposed use of
Shannon's entropy, K2, which is given by K2 = S (n/L)log (n/L), where the
summétion is over the 20 amino acids and where n = 1 if the ith amino add is
present in awindow of length L and n = Oiif the ith amino acid is absent.

For windows of any length, the lower limit for K2 is O, corresponding to 1
amino acid type a every podtion in the window. For an dphabet of 20 characters
and windows with L £ 20, the upper limit incresses for longer windows, resching
a plateau at ~ 4.32 for L 3 20. Usng this measure, slks, collagens and coiled-
coills exhibit lower complexity vadues than does a non-redundant database of
protein segments derived from PDB (Figure 12), where dl non-globular and
disordered regions have been removed. This sat of ordered segments is cdled
Globular-3D.
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For complexity andyss, short windows exhibit large datidica variaions
and very long windows converge to the average complexity of the database. We,
and Wootton and co-workers before us usng different methods of andyss, both
found that windows of 45 resdues provide a reasonable compromise between the
two extremes.

Examinaion of over 25 x 10° windows of 45-residue ordered

segments22/ shows that no currently known ordered segment of this length from
a globular protein contains fewer than ~ 10 different amino acids nor a K2 lower
than ~ 29. Furthermore, using laboratory evolution to sdect low complexity
sequences of the SH3 domain while maintaining its binding function as evidenced
by its sdection, Baker and co-workers developed a highly smplified verson of
this protein.28 The complexity ranges of wild type SH3 and of smplified SH3
are indicated in Figure 12 as horizontd bars, showing that the laboratory
evolution experiments succeeded in makedy smplifying this  proten.
Nevertheless, the amplified protein has nearly identica lower bounds for number
of amino acids and sequence complexity as compared to the 2.5 x 10° windows
for the current set of al known ordered proteins. The agreement between the
laboratory sdlection and the sampling of naturd sdection suggests that about 10
amino acids and a K2 of about 29 may represent the lower bound for the
complexity of globular, ordered protein structure2’  Ordered helicd bundles
have been condructed with even lower sequence complexities, but these in our
opinion are more like short segments of coiled coil rather than like true globular
proteins.

Application of complexity andydss to the Swiss Protein database of
protein sequences shows about 7% of al sequences have 45 resdue windows with
K2 values lower than 2.9 compared to 0.0% for ordered protein structure.l2s
Futheemore, only a gmdl fraction of these have sequence periodicities
appropriate br one of the fibrous protein structures. Thus, there exists a class of
dmog cetanly disordered protein  dructures having very low  sequence
complexity. We will show beow that there is another class of disordered
segments having high complexity.  We speculate that sequences with low entropy
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disorder may loosdy corrdate with random coils and that sequences with high
entropy disorder with molten globules.

Prediction of Disorder: As ancther means for estimating the commonness
and undergtanding the functions of intringcaly disordered proteins, we ae
developing predictors of natura disordered regions (PONDRS). As shown in
Figure 13, predictor development and application condst of severd deps 1.
Congtruct databases of order and disorder for training. 2. Compare segquence
attributes of ordered and disordered segments to find those to be used as inputs for
the predictors. 3. Partition ordered and disordered data into training and test sets.
4. Tran the predictors using the training sets and test udng the test sets (eg.,
cross vdidation). 5. Vdidate the predictors on additional ordered and disordered
data. 6. Apply the predictors to single protein sequences, to databases of both
structure and sequence, and to genomic sets of sequences.

Prediction of Disorder
Figure 13: Steps for the

| Disordered Sequence Data | development and application
of PONDRs

The development and

|Attribute Selection or Extraction | gpplication of our predictors of

L natura  protein disorder is

shown schematically in this

| Partition into Training and Testing Sets |

l

| Neural Network Training |

'

Predictor Validation on Out-of-Sample Data

!

| Prediction |

figure.

PONDRs. Given sets of ordered and disordered segments and their
sequence characterigtics as discussed above (steps 1 and 2), we have tried both
linear (logidic regresson and discriminat andyss) and nontlinear  (neurd
network) models as the basis for predictors of order and disorder. The nonlinear
modds ae jus dightly better than the linear ones.  In our origind work,124 10
atributes were sdected for predictor development. The ordered and disordered
data were randomly divided into five ordered and disordered subsets of equal size.
Predictor training was carried out on 4/5 of the data and testing on 1/5. Over-
prediction was avoided by dividing the 4/5 set into a training set (80% of the 4/5)
and a vdidaion st (the remaning 20%). When teding accuracy on the
vaidation st gdarted to diminish, training was stopped. It was then that testing
was performed on the testing set. The data was then recombined and a new
predictor was trained to the same level of accuracy. This origind predictor is
herein called PONDR XL1 (X for X-ray characterized disorder and L for long
regions of disorder).

A more recent predictor was developed using the smilar methods, but
included a larger training set, with examples characterized by various methods125
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This predictor is cdled PONDR VL1 (V for vaioudy characterized, L for long
regions of disorder).

Since we used windows of 21 and then smoothed the outputs by averaging
over windows of nine, our initid predictor falled to give outputs for the firs and
last 14 amino acids in a given sequencel?4  Therefore, we developed two
predictors, one using training data from the amino termind region and one from
the carboxyl termind regions249 These end-specific predictors, herein caled XT
(X for X-ray characterized data and T for ther location at the termini) were later
merged with the more recent internd regions predictor to give our current
PONDR VL-XT that has outputs from the first to the last residue in a sequence.125

PONDR Accuracies: The datasets listed in Table 6 have not been studied
for possble misclassfication of ordered sequences as disordered.  For the
PONDRs developed to date, efforts were made to use disordered regions verified
by more than one method and thereby reduce the amount of noise from
misclassfication. The disadvantage of such an gpproach is tha the training sets
have been small.

Table 8 gives the accuracies of the various PONDRs on severd of the
ordered and disordered databases. As mentioned above, PONDR XL1 used only
X-ray-characterized disorder and the training set was very smal (only about 500
disordered amino acids), 124 while PONDR VL1 used X-ray- and NMR-
characterized disorder and the traning st was larger but 4ill rdativey smadl
(about 1300 disordered amino acids).12> PONDR VL-XT involves a merger of
the VL1 predictor with specific predictors for the two ends of the proteins249 For
this predictor, two training accurecies ae given. The vadue on the left is an
average of the accuracies estimated for the first and last 10 resdues, the value on
the right is for the VL1 predictor. Findly, PONDR CaN was trained using the
disordered regions from 12 cacineurin proteins.247

Table8. PONDR Accuracies

Predictors

XL1 VL1 VL-XT1 CaN
Residues 930 2298 8086 1720
Training 73+ 4% 835+ 2% 75.3-835%  83+5%
O _PDB_S25 68 82 80 83
D _PDB_S25 49 44 63 33
NMR 52 59 64 31
CD 49 50 54 39
CaN Test 86 78 80 85

Note that dl of the predictors exhibit smilar accuracies on the ordered test
st as observed during the training where 5-cross validation was used to estimate
the accuracies.  For the origind VL1 predictor, both of these vaues are near 75%
and are at 80% or above for the other predictors. The improved accuracy for VL1
as compared to XL1 probably relates to the increased Size of the training set and
the use of abetter set of inputs.

Although the predictor accuracies on a large dataset of order matches the
accuracies during training fairly wdl, there is a large drop in accuracy for each of



42 Dunker K., et a

the predictors when gpplied to out-of-sample disordered data. Our interpretation
of these results is that al types of order, whether helices, drands, turns, or
gperiodic, are fairly amilar to each other, whereas the disordered regions show a
much larger variaion. Thus, a predictor trained on one type of disorder does
poorly when gpplied to another type.250 This point is discussed more fully below
in terms of a pecific prediction example.

We ae currently atempting to classify the various types of disorder into
groups, or flavors, and then construct order/disorder predictors for each group.
Although preliminary, this gpproach gppears to have promise.  Partitioning our
disordered st into three flavors leads to prediction accuracies above 80% for both
order and disorder within a given flavor, but with very low out-of-flavor
accuracies (as expected). For an unknown protein, its membership in one of the
three flavors can be established by comparing amino acid compositions.

Application to single proteins. One use is to PONDR single sequences, as
shown in Fgure 14A for the prion amino acid sequence and in Figurel4B for 4E-
BP1. For prion, two PONDRs were used, one based on a training set containing a
collection of different proteins, eg. VL-XT and one based on a traning set
contaning long disordered regions from one family, cddneurin, with the
disordered regions identified by homology (cadled CaN). For 4E-BP1, three
PONDRswere used, VL-XT, CaN, and XL1.

Although PONDR CaN does as wdl as PONDR VL-XT for some
proteins, for prion the CaN predictor misses the disordered region entirely. From
severd dudies of this type, it is becoming clear that there are indeed a variety of
different flavors of disorder.242250  Much of our current work is devoted to
determining methods to cdasdfy disordered regions into flavors, developing
predictors for each flavor, and usng such predictors in attempts to understand
flavor / function reaionships.

Application to 4E-BP1 reveds predictions of order for al three PONDRS,
where the predicted region of order is within a region characterized by NMR © be
disordered (Figure 14B). The region predicted to be ordered by al three
predictors corresponds gpproximately to a region of this protein responsble for
binding to eongation factor EIF4E as indicated by the bar in the figure. As
discussed above, this region undergoes a disorder-to-order trangtion upon

binding. 174175 PONDR identified a binding site in 4E-BPL by predicting order
within a region dructuraly characterized to be disordered.  This has been
observed for a few other proteins as well, ut the data are currently too limited to
propose this result as a generdity.248  Much more work is needed, but the
prediction of order within a long, structuraly characterized region of disorder has
the promise of being a dgnd for the presence of a binding region that is
independent of any particular sequence motif.

Commonness of disorder and low complexity: Although our predictors
have a 20% error rate in the prediction of disorder for an ordered residue, the error
rate drops dgnificantly, to less then 0.01% for 40 consecutive predictions of
disorder on segments known to be ordered. Thus, we are focusing our initid
atention on such long disordered regions. To edimate the commonness of
disordered regions of length L = 40 resdues, we applied PONDR VL-XT to a
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non-redundant set of PDB proteins and to the sequences in Swiss Protein.
Sequence complexity andysis was adso applied to these same sets of proteins to
find segments with K2 = 2.9. The results are shown in Table 9.
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Table9. Commonness of Intrinsic Disorder

Figure 14: Application o
various PONDRsto single
sequences

In panel A, two PONDRSs as
indicated were applied to the
mouse prion sequence and in
B, three PONDRs as
indicated were applied to
4E-BP1. For both panels,
the ordinate shows the
predictor  output  vaues
(normdized to lie between O
and 1) while the abscissa
gives the resdue number.
Using the back-propagation
learning  dgorithm,  the
PONDRs were taught to
predict disorder by finding
the weights that maximized
the number of training-set
disordered residues giving
outputs > 05 while
smultaneoudy  maximizing
the number of training-set
ordered resdues  giving
outputs < 0.5.

Category* PDB Select 25 PDB_Sdect 25 SwissProt  SwissProt
No. chains % chains No. chans % chans
Proteins >45 aa 920 81 005
Low K2 6 0.7 5748 7.1
Predicted LDRs 101 11.0 23570 29.1
Extreme LDRs 5 0.5 6 291 7.8
Low K2, noLDR 2 0.2 881 11
LDR, no Low K2 97 10.5 18 703 23.1
Low K2, or LDR 103 11.2 24 451 30.2

For both data sets, there are fewer low complexity segments than segments
predicted as disordered and nearly dl the low complexity segments are dso
predicted as disordered.
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Application of PONDR VL-XT suggests that 11% of the sequences in
PDB_S 25 contain disordered segments. This value of 11% is much higher than
the actual percentage of sequences in this sSructurd database having disordered
regions of L = 40 resdues, suggesting that many of these predictions are errors.
However, further examination shows that many of the gpparent prediction errors
are from segments that are involved with binding to DNA or to some other ligand.
Such segments might undergo disorder-to-order trangtions upon binding, in
which case the prediction of disorder is correct, not an error. Thus, in the end, it is
difficult to give an accurate estimate of errorsin this analyss.

The current analysis predicts 29% of the gquences from Swiss Protein to
contain a least one disordered region of 40 resdues as compared to 11% for
PDB. This difference is 0 large that, despite the various uncertainties, it is safe
to conclude that PDB is a biased set of proteins with fewer regions of disorder as
compared to the proteins in nature as represented by Swiss Protein.  The obvious
likely explanation is that the filter imposed by cryddlization leads to exduson of
proteins with sgnificant amounts of intringc disorder from the PDB. The protein
with the largest amount of intrindc disorder per unit cdl in the current PDB is
Bcl-x , with ~ 30% of this molecule being unobserved. Incidentdly, the Structure
of this protein has been determined by both NMR and Xray crystdlography, with
good overdl agreement between the two methods in the assgnment of disorder.37

Genomic Disorder

Probably the best way to edimate the commonness of intrindc disorder is to
predict disorder for the amino acids of whole genomes, including both the known
and putative protein sequences. Such predictions could then be verified by
laboratory experimentation.

We have caried out such predictions on 31 genomes, most of which are
complete (Table 10). These data used two measures of disorder. The firgt
measure of disorder was the percentage of sequences in each genome with
segments predicted by PONDR VL-XT to have = 50 consecutive disordered
resdues. The second measure was the percentage of sequences in each genome to
be wholly disordered, usng a method based on cumulative didribution functions
described in more detail elsawhere.2%9

To our surprise, the amount of predicted disorder shows a wide range
among organisms from the 3 kingdoms, with the eucaryia exhibiting more
disorder by these two measures than either the procaria or the archaea. For the
firs measure, the four eucaryia were predicted to have ~ 30-40% (!) of their
proteins with disordered regions of length = 50 consecutive residues.  As for the
second measure, the four eucaryia were predicted to have ~ 6 17% of their chains
to be wholy disordered like FlgM, 4EBP1, HMG-I(Y) or
neurogranin/neuromodulin. - Drosophila melanogaster appears to have much more
disorder than the other 3 eucaryia; this may be due to the incomplete nature of the
Drosophila database, or to the physology of an organism that undergoes severd
developmenta stages.
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Table 10. Genomic Disorder

Kingdom  Species #seqs  Length >50 CDF*
Archaea Methanococcus jannaschii 1714 71 4% 26 2%
Archaea Pyrococcus horikoshii 2062 164 8% 70 3%
Archaea Pyrococcus abyssi 1764 157 9% 62 4%
Archaea Archaeoglobus fulgidus 2402 244 10% 93 4%
Archaea ~ Methanobacterium 1869 365 20% 140 7%

ther moautotrophicum

Archaea Aeropyrum pernix K1 2694 637 24% 490 18%
Eubacteria  Ureaplasma ureal yticum 611 14 2% 9 1%
Eubacteria  Rickettsia prowazekii 834 23 3% 5 1%
Eubacteria  Borrelia burgdorferi 845 26 3% 14 2%
Eubacteria  Campylobacter jejuni 2309 8C 3% 21 1%
Eubacteria  Mycoplasma genitalium 480 2C 4% 10 2%
Eubacteria  Helicobacter pylori 1532 68 5 24 2%
Eubacteria  Aquifex aeolicus 1522 A 6% 29 2%
Eubacteria  Haemophilus influenzae 1708 12¢ 7% 27 2%
Eubacteria  Bacillus subtilis 4093 323 8% 87 2%
Eubacteria  Escherichia coli 4281 363 8% 107 2%
Eubacteria  Vibrio cholerae 3815 333 9% 93 2%
Eubacteria  Mycoplasma pneumoniae 675 6C 9% 14 2%
Eubacteria  Xylella fastidiosa 2761 246 9% 103 4%
Eubacteria  Thermotoga maritima 1842 165 9% 53 3%
Eubacteria  Neisseria meningitidis MC58 2015 19C 9% 64 3%
Eubacteria  Chlamydia pneumoniae 1052 10C 10% 40 4%
Eubacteria  Synechocystis sp 3167 338 11% 104 3%
Eubacteria  Chlamydia trachomatis 894 9% 11% 42 5%
Eubacteria  Treponema pallidum 1028 115 11% 37 4%
Eubacteria  Mycobacterium tuberculosis 3916 747 19% 293 7%
Eubacteria  Deinococcusradioduranschr1 2580 534 21% 212 8%
Eucayote  Caenorhabditis elegans 17049 4636 27% 1322 8%
Eucaryote  Arabodiopsisthalianachrll, IV 7849 2248 29% 653 8%
Eucaryote  Saccharomyces cerevisiae 6264 1858 30% 356 6%
Eucaryote  Drosphila melanogaster 13885 5651 41% 2403 17%

* Sequencesin each genome judged to be wholly disordered, using a method

based on cumulative distribution functions.262
Neither of these edimates is corrected for fase negative or fdse podtive

predictions. From Table 8, PONDR VL-XT seems to yiedd much larger fdse
negative than fase pogtive predictions. If this trend carries over to predictions on
genomic sequences, then the 30% and 7% vadues for proteins with disordered
regions of length = 50 and for proteins that are wholly disordered, respectively,
ae subgantiad under-estimates. These data suggest that intrindc disorder s,
indeed, a very common dement of protein structure.

When consdering a region of intrindc disorder of length = 50, Figure 6C
should be kept in mind. The cadsequestrin monomer in this figure has 367 amino
acids, yet an extended disordered tail of just 20 residues more than crosses the
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entire diameter of the protein.  An unfolded disordered segment of 50 residues
would be long enough to occlude a very large fraction of the surface of a protein
of thissze.

Disorder and Intracellular Protease Digestion

Sengtivity to protease digestion is sometimes used as an argument againg the
exisence of disordered proteins in vivo. To the contrary, there are so many
cdlular events controlled by protease digestion that intringc disorder is amost
certainly a crucid (but, for the most part, unrecognized) component of proteolytic
regulation.

Cdls regulate their resdent proteins through synthess and degradation;
together these two processes are caled turnover.  Schoenheimer?60  firg
recognized this dynamic behavior in 1942. In eucaryctic cdls, individua proteins
show characterigtic haf-lives and for different intracdllular proteins these haf-
lives vary over a wide range, from a few minutes to twenty days or more261
Studies such as these suggest a great dedl of control and regulation.

A number of gpecific mechanisms for regulating intracdlular proteolyss
have come to light in recent years. A few examples include: regulation by the
presence of certain sequences, such as regions rich in PEST;262263 regulation by
the ubiquitin/proteosome system for digestion of unfolded protein;264265 and
regulation by cacium levels via the capain/ca pasgtatin system. 266,267,268

Specific protease digestion events utilizing one or more of the protease
sysems mentioned above are linked by a very lage number of regulaory
processes. To give a sndl sample from a very long ligt, events regulated by
proteese digestion include the wael-known activation of various inactive
precursors  including  peptide  hormones,26® the control of cdl cyde
progression, 270271 the activation programmed cell death?%5272 and even the
regulaion of cholesterol content.273

Given the importance of flexibility for protease digettion,87.274 we
suggest another obvious point of cortrol for proteolytic regulation, namey by
modulating the order/disorder datus of the proteese sendtive dte. Such
modulation could be accomplished by phosphorylation/dephosphorylation,
proteinligand interactions, and protein/protein interactions, for example.  With
respect to the last posshbility, the current view is that chaperone proteins exist for
the purpose of mediating protein folding into the correct 3D dtructure275.276
From the point of view of intringc disorder, the true functions of some of these
proteins might be to modulate accessibility to loci important for protease control.
For example, camodulin is subgantidly disordered in the absence of cacium and
0 might be expected to be digested via the ubiquitin/proteosome system.
However, as discussed above, a collection of proteins with 1Q moetifs bind to
camodulin a low cadcium. Perhaps the function of this association is not only for
Sorage as was suggested previoudy185 but dso to protect the unfolded
calmodulin from protease digestion.
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Implicationsfor Structural Genomicsand Proteomics

The fird grants to support consortia for high throughput protein  sructure
determination have now been awarded, thus marking the actua sart of sructura
genomics277.278  This effort is sguarely based on the paradigm: Amino Acid
Sequence ® 3D Sructure ® Function. Of course the god of these efforts is to
use dructurd information to help cataogue the functions of the proten in the
human and other genomes. Given the information and discussons provided in this
review, which ae from a smilar perspective as information and discussons
published previoudy,279 it is evident that the sructurd genomics project will be
very serioudy incomplete unless a more systematic effort is made to discover and
sudy intringcally disordered proteins.

SUmmary

Intringc protein disorder is very likely encoded by the amino acid sequence and
represents a common feature of native proteins. Thus, disorder ought to be
recognized as a didinct category of proten dructure. Proteins with intrinsc
disorder can bind permanently with a partner and thereby exis as a Structured
protein throughout their lifetimes. Proteins with intrindc disorder can undergo
disorder-to-order transtions upon binding with one or more partners and thus be
structured part of the time and undructured pat of the time. Findly, proteins
with intrindc disorder can in some cases cary out function without ever
becoming ordered and thus remain disordered throughout their existence. In order
to account for dl of these posshilitess a new paradigm for protein
dructure/function is needed; we therefore propose The Protein Trinity as
illugtrated and explained in Figure 1.
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