
COMMENTARY

http://biotech.nature.com •       SEPTEMBER 2001       •        VOLUME 19       •       nature biotechnology

Interpreting function in terms of specific
three-dimensional structure has dominat-
ed thinking about proteins for more than
100 years, starting with the lock-and-key
proposal of Fischer1 and continuing with
the equating of denaturation with loss of
specific structure by Wu2 and independent-
ly at a slightly later date by Mirsky and
Pauling3. This dependence of function on
structure is even embedded in our lan-
guage: unfolded protein and denatured
protein are used interchangeably.
Furthermore, the avalanche of protein
three-dimensional structures determined
by X-ray diffraction and by nuclear mag-
netic resonance (NMR)4 has diverted
attention away from alternative views.

Numerous counterexample proteins
have surfaced over the years—proteins for
which lack of three-dimensional structure
is required for function. One clear example
is calcineurin, a serine/threonine phos-
phatase that becomes activated by the
binding of the Ca2+–calmodulin complex
to a region that exists as a disordered
ensemble5,6. The disorder spans the
calmodulin binding site and is essential for
calcineurin function. That is, when
calmodulin binds to its target helix, the
helix becomes completely surrounded7.
Thus, the open, flexible disordered region
of calcineurin provides the space needed by
calmodulin so it can completely surround
its target helix.

Even though hundreds of other exam-
ples of proteins with intrinsic disorder
have surfaced over the past 50 years, review
articles on this topic are only just now
beginning to appear8–10. Wright and Dyson8

suggested that the existence of proteins
with intrinsic protein disorder calls for a
reassessment of the protein–structure–
function paradigm.

Since amino acid sequence determines
three-dimensional structure, amino acid
sequence should also determine lack of
three-dimensional structure. Furthermore,

if intrinsic disorder pro-
vides the basis for some
biological functions,
then the operation of
natural selection should
conserve the lack of
folding and thereby pre-
serve those functions
that depend on this
property.

If disorder is indeed
encoded by the amino
acid sequence, then pre-
dictors of disorder
should exceed the accu-
racies expected by
chance. Work in our group has used litera-
ture and database searches to collect a set
of proteins structurally characterized to
have regions of disorder, some of which
were indicated by NMR to be wholly disor-
dered under physiological conditions.
Using this set of proteins with intrinsic dis-
order, we have set out to construct the pre-
dictors needed to test the hypothesis.

For datasets containing equal numbers
of ordered and disordered residues, our
predictors of natural disordered regions
consistently identify out-of-training
examples of order and disorder, with accu-
racies that were initially about 70% (ref.
11) and that now are above 80% (ref. 12).
The latter study contained 16,785 puta-
tively disordered residues from 145 non-
homologous proteins, balanced by an
equal number of ordered residues. As these
accuracies are far above the 50% expected
by chance, the hypothesis that intrinsic
disorder is encoded by the sequence is
strongly supported. To test whether intrin-
sic disorder tends to be conserved, we have
also used our predictor algorithm on
aligned members of a protein family. The
estimated tendencies for disorder were
conserved despite substantial variations in

amino acid sequence within the putative
regions of disorder13.

When we used our algorithm to search
the amino acid sequences from more than
30 prokaryota, archaebacteria, and eukary-
ota and summarized our findings as per-
centage of proteins in each proteome pre-
dicted to contain disordered regions of 40
consecutive residues or longer, we observed
an interesting difference. In 22 bacteria and
7 archea studied, the percentages of pro-
teins with predicted regions of disorder
ranged from 7% to 33% and from 9% to
37%, respectively14. In contrast, in the five
eukaryota tested, disorder ranged from
36% to 63% (ref. 14). This large jump in
putatively disordered proteins in multi-
celled, rather than single-celled, organisms
is both remarkable and unexpected.

Why the large jump in intrinsic disorder
for the eukaryota? Our results are too new
and too unexplored to answer this question
with certainty, but there are some hints to
be tested by further experiments. In our
training sets of disordered proteins, we
notice that, like the calcineurin example
given above, many of the disordered
regions and most if not all of the complete-
ly disordered proteins are involved in cell
signaling or regulation. Furthermore, from
our small set of examples, the association
between regulatory function or signaling
and intrinsic disorder appears to be con-
served across all three kingdoms.
Qualitatively, it seems reasonable that
highly flexible proteins would provide a
better basis for responding to changes in
the environment than rigid ones.

More specifically, disordered regions can
bind partners with both high specificity and
low affinity15, so the regulatory interactions
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The protein trinity—linking function and disorder
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Figure 1. The protein trinity. Native proteins may exist in one of three
states—ordered, collapsed-disordered, or extended-disordered.
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This large jump in putatively
disordered proteins in multi-
celled, rather than single-
celled, organisms is both
remarkable and unexpected
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can be specific and also can be easily dis-
persed: turning a signal off is as important
as turning it on. Also, as pointed out by
Wright and colleagues16, conformational
disorder mediates binding diversity, so a sig-
nificant advantage of
intrinsic disorder is
to allow one regula-
tory region or one
regulatory protein to
bind to many differ-
ent partners. The
ability to partner
with many other
proteins and other
ligands, such as
nucleic acids, might
be of central impor-
tance. Indeed, data-
base comparisons
show that proteins
making multiple
interactions are
more likely to lead to lethality if deleted17.
An interesting example is HMGI(Y): this
founding member of a new protein class
called architectural transcription factors
binds to 18 known protein partners as well
as to several specific DNA structures18. In

keeping with the present theme, in the
absence of its partners, HMGI(Y) is disor-
dered from one end to the other19.

These observations challenge traditional
thinking concerning the specific three-

dimensional struc-
ture of proteins and
their function.
Clearly we can no
longer ignore the
role of disorder in
determining pro-
tein activity in
(especially higher)
organisms. Native
proteins should be
conceptualized as
part of the “protein
trinity” (see Fig. 1).
They exist in one of
three states—
ordered, collapsed-
disordered, or

extended-disordered. And protein function
derives from any one of these three states
or from transitions between them.
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These observations challenge
traditional thinking concerning
the specific three-dimensional
structure of proteins and their
function. Clearly we can no
longer ignore the role of
disorder in determining protein
activity in (especially higher)
organisms
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