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any human proteins are predicted

to contain intrinsically disordered
regions (IDRs), yet their occurrence in
enzymes is notably rare. Human pancre-
atic glucokinase (GCK) is one of a small,
but growing number of enzymes shown
to possess an IDR. In this commentary,
we summarize the results of recent bio-
physical studies that provide evidence for
a functionally significant disorder-order
transition within the IDR of GCK dur-
ing the enzyme’s catalytic cycle. High-
resolution NMR studies indicate that
kinetic cooperativity in GCK results
from glucose-mediated millisecond con-
formational dynamics within the struc-
turally heterogeneous and partially
disordered small domain of this mono-
meric enzyme, whereby the precise time-
scale of these motions is critical for the
manifestation of the kinetic cooperativity
effect. GCK provides an excellent case
study for understanding how structural
and dynamic alterations within an IDR
enable novel regulatory mechanisms.
These studies also establish GCK as a
model system for investigating the func-
tional consequences of disorder and con-
formational heterogeneity in enzymatic
systems in general.

The textbook view of proteins describes
them as well-folded, stable 3-dimensional
structures that may possess limited flexi-
bility at the termini, loops and interfacial
regions. The advent of solution-based bio-
physical methods including nuclear mag-
netic resonance and single-molecule
spectroscopy has led to a growing appreci-
that many proteins are

dynamic than is implied by the traditional

ation more
view. It is now accepted that proteins are
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best described by an ensemble of intercon-
verting structural states. At one extreme of
this ensemble view of protein “structure”
are intrinsically disorder proteins (IDPs).
IDPs and their associated intrinsically dis-
ordered regions (IDRs) are generally capa-
ble of sampling large portions of
conformational space. IDRs typically lack
a unique, stable tertiary structure and they
are often found to be involved in the regu-
lation of various cellular processes."” The
functional benefits of IDRs for transcrip-
tion factors and other proteins with multi-
ple binding partners have become quite
clear. Moreover, it is becoming more
apparent how the absence of structure
can lead to the formation of amyloid
fibrils that are associated with certain
degenerative diseases, such as Alzheimer,
Down syndrome, Parkinson, and prion
discase.®”

Enzymes are often viewed through the
traditionalist lens of protein structure,
namely X-ray crystallography, which has
provided a tremendous amount of invalu-
able structural information about proteins
in their crystalline state. As a consequence,
enzymes are often used as prototypical
examples of the structure-function para-
digm, in which the 3D structure of a pro-
tein determines its function. Surprisingly
few examples of partially or wholly disor-
dered enzymes have been described in the
literature. They include the urease acces-
sory protein UreG, Ribonuclease T1, an
acylphosphatase from Sulfolobus solfatari-
cus, and a circularly permutated dihydro-
folate reductase from Escherichia coli.'®"!
A particularly noteworthy example of an
intrinsically disordered enzyme is the
designed monomer of chorismate mutase

(mMjCM), which appears to be the first
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example of an enzyme that retains high
catalytic efficiency in the absence of a well-
ordered 3-dimensional conformation.'*
The ability of proteins to sample multi-
ple conformational sub-states has long
been known to play a role in the regula-
tion of enzyme function. For example,
ligand-mediated conformational transi-
tions lie at the center of classical allosteric
models. Nevertheless, these traditional
models tend to describe cooperativity on
the basis of equilibrium shifts between
static endpoint protein structures that
emerged from early crystallographic stud-
1314 Tater, the
possibility that long-range communica-
tion can be mediated though dynamic

ies of allosteric systems.

mechanism(s), which rely on conforma-
tional entropic contributions without
changes in the structure was put forth.’®
More recently, the concept of dynamic
allostery has been emphasized, in which
allosteric regulation is manifested as
changes in the width of conformational
distributions experienced by proteins. As
more allosteric systems are identified, the
dynamic view of allostery is becoming
more prevalent.'®!” Functional character-
istics of IDRs such as structural plasticity,
enrichment of post-translational modifica-
tion sites, and low intrinsic ligand binding
affinity are beneficial for the requirements
of allostery. In the new dynamic view,
allosteric inhibitors or activators can
achieve precise regulation via modulation,
or population shift, of the ensemble
distribution. '’

Human pancreatic glucokinase (GCK)
represents an excellent model system to
study the role of disorder and conforma-
tional heterogeneity to regulation. GCK is
a glucose-phosphorylating enzyme that
functions as the glucose sensor of the func-
tions as the body’s glucose sensor. GCK
function is tightly regulated by the
amount of glucose present in the blood-
stream via a cooperative kinetic response
to glucose."® The rate of glucose phos-
phorylation catalyzed by GCK follows a
sigmoidal dependence upon glucose con-
than the classical
hyperbolic  dependence displayed by
Michaelis-Menten enzymes. The sigmoi-
dicity in the kinetics of GCK represents

centrations, rather

the hallmark of allosteric regulation.
However, this type of regulation is
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different from the thermodynamic allo-
stery observed for ligand binding to multi-
meric proteins such as hemoglobin. Since
GCK is monomeric with one active site,
early mechanisms postulated that kinetic
cooperativity couldn’t be achieved unless
at least 2 structurally different conforma-
tions of the enzyme existed in solu-
1920 These  mechanism(s)
formulated with conformational heteroge-
neity in mind at a time when proteins and
especially enzymes were regarded as static

tion. were

structures. Conformational heterogeneity
and slow conformational changes have
been the common postulate in both the
Mnemonic and Ligand Induced Slow
Transition (LIST) models that describe
kinetic cooperativity. In the Mnemonic
model conformational heterogeneity is
less emphasized compared to the LIST
model. Ainslie et al,”® were the first to
slow conformational

observe changes

accompanying glucose binding using
rapid kinetics measurements and fluores-
cence spectroscopy and postulated that
multiple conformations of the enzyme are
capable of participating in the catalytic
step. Although other kinetic models have
been proposed to account for the complex
kinetic curves of glucose binding, elucida-
tion of the 3D structure of GCK remained
elusive until 2004.'82!

The interest in understanding the
molecular mechanism of GCK’s regula-
tion spiked with the realization that this
enzyme could serve as a therapeutic target
for patients suffering from Maturity-
onset Diabetes of the Young 2 (MODY
2) and Permanent Neonatal Diabetes
Mellitus (PNDM). Pharmaceutical com-
panies around the globe have invested in
the discovery of small molecules that can
act as GCK activators. This work also
resulted in the determination of the
GCK crystal structure in the unliganded
state and in the activator- and glucose-
bound forms, which provided a static
description of the catalytic process. These
structures also revealed the degree of con-
formational changes experienced by the
small domain between the unliganded
and glucose-bound states. In the unli-
ganded structure, amino acid region
151-180 lacks electron density while in
the glucose-bound structure, this IDR
folds into a B-hairpin.”' Even with the
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availability of at least 29 crystal structures
of GCK, some of which have depicted a
different opening angle between the large
and the small domain, the detailed
molecular mechanism by which glucose
regulates GCK function remained still
that
remained unanswered by the static struc-

unanswered. A fCW questions

tural studies included: is conformational
heterogeneity in GCK a result of a simple
rigid body hinge motion, which would
explain the different opening angles, or
are there more complex conformational
dynamics processes at play to produce
the regulatory effect? What is the physio-
logical role of 151-180 IDR in GCK
function or regulation?

Our recent work”' provides new insights
about how conformational heterogeneity,
coupled with conformer interconversion on
the proper timescale, is exploited by GCK
to generate precise enzyme regulation.
GCK cooperativity is portrayed in terms of
large-scale, glucose-mediated conforma-
tional transitions based upon the NMR
spectroscopic properties of 17'% C-isotopi-
cally labeled isoleucine methyl groups and
3 tryptophan side chains. It was found that
GCK displays both conformational hetero-
geneity and disorder. Amino acid region
151-180 contains 2 reporters, Ile-159 and
Ile-163, both of which display chemical
shifts in the disordered region of the
2D'H-">C HMQC NMR spectrum in the
absence of glucose. Glucose addition leads
to folding of this IDR into a B-hairpin,
consistent with the X-ray crystallographic
studies. The authors postulate that the
151-180 IDR, together with the a-13
helix, form a path by which the allosteric
site communicates with the active site. In
the crystal structure of glucose-bound
GCK, 151-180 IDR is folded into a
B-hairpin and forms specific H-bonding
interactions with glucose in the active site
via Lys-169 and hydrophobic interactions
with the a-13 helix and allosteric activator
via Ile-159 and Val-452. Binding of
the activator molecule might stabilize the
interaction between the a-13 helix and
IDR residues, which is then communicated
to the active site through Lys-169. In sup-
port of this hypothesis, structural stabiliza-
tion of the a-13 helix via mutations leads
to chemical shifts of residues Ile-159 and
Ile-163 away from the disorder chemical
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shift region of the 2D'H-’C HMQC
spectrum.

In addition, the study by Larion
et al.** finds that the small domain of
unliganded GCK samples a broad confor-
mational ensemble on the timescale pre-
dicted to give rise to conformational non-
equilibration and kinetic cooperativity. A
model in which GCK generates its coop-
erative kinetic response at low glucose
concentrations by using a millisecond con-
formational exchange cycle of the small
domain as a “time-delay loop” was pro-
posed. At high glucose concentrations,
this loop is bypassed, providing a unique
mechanism to regulate the activity of
human GCK under physiological condi-
tions (Fig. 1). Additional evidence to sup-
port the existence of extensive dynamics in
GCK comes from fast H/D exchange
NMR studies. 80% of the signal is lost
over the first 2 hours of acquisition, sug-
gesting flexibility and solvent exposure of
amide backbone moieties.”> Transient-
state kinetic studies using fluorescence
spectroscopy, together with the NMR
work, identified multiple transitions upon

glucose binding and directly detected het-
erogeneity in enzyme conformation.?>**
Quantification of the timescales associated
with conformational transitions in GCK
is currently under way. Preliminary results
suggest that the timescales observed for
these transitions coincide with the pre-
dicted timescale that would lead to the
kinetic cooperativity effect. Conforma-
tional heterogeneity could also explain the
ability of GCK to bind multiple proteins
such as the glucokinase regulatory protein
(GKRP) and/or BAD.

In the future it will be of interest to
quantify the degree of conformational het-
erogeneity in the unliganded state of the
enzyme, but such quantification will not
be straightforward especially using ensem-
ble-averaged methods. Single molecule
studies could shed some light on this issue.
The structural description of the unli-
ganded conformers that are physiologi-
cally relevant will be most informative. In
addition, it will be worthwhile to investi-
gate if the amino acid region 151-180 is
the only disordered region in GCK or if
other regions display partial disorder in

solution. The extent to which the unli-
ganded crystal structure represents a cata-
lytically relevant conformational state and
not a stabilized conformation inside the
crystal is also of interest, since only one
crystal structure of unliganded GCK has
been reported.

Perspective

Since the first reviews were published
bringing attention to the potential roles of
IDPs for protein function, many IDPs
have been reported and the link between a
lack of structure in these proteins and
their function has been rationalized by
adopting a dynamic view.">®*>3° For
enzymes, the number of known IDRs is
still small, which in part could be also due
to the primary use of crystallography for
the determination of the structure of these
large proteins. In the future, with the fur-
ther development of existing and novel
complementary techniques, such as in-cell
NMR or single molecule based methods
that allow the direct identification and

structural characterization of
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IDRs in their physiologi-
cally relevant environment,
it would not come as a sur-
prise if more intrinsically
disordered enzymes (IDEs)
will be identified.®!
Although the existence of
molten globule enzymes
with high catalytic efficiency
already challenges the tradi-
tional view, in which effi-
cient catalysis is correlated
with
pre-organization, the role of

increased  structural
disorder for enzyme func-
tion or regulation in those
systems is still to be estab-
lished. Here, we bring into
focus the first example in
which conformational het-

ternary catalytic
complex

product bound
complex

Figure 1. Role of intrinsic disorder for kinetic cooperativity of GCK. (A) Disorder-order transitions involving a confor-
mational ensemble experienced by the small domain of GCK on a timescale comparable to the turnover rate con-
stant. (B) GCK activation via binding of small molecule allosteric activators or via mutations leads to narrowing in
the conformer distribution and folding of 151-180 IDR into a 3-hairpin. (C) Glucose concentration controls the flow
into the time-delay loop leading to a sigmoidal kinetic profile. Figure taken from Ref. Twenty-two.
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erogeneity and the associ-
ated lifetimes play an active
role in generating kinetic
cooperativity via transitions
on the millisecond time-
scale. Although a quantita-
tive of this
heterogeneity in terms of

description
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the conformational substates involved is
still to be determined, it is clear that it is
predominantly localized to the small
domain and generates a time delay that
leads to the kinetic cooperativity effect. In
the future, it will be interesting to see how
common such slow transitions between
multiple conformers are in other enzymes
with regulatory roles.
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