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T'o function, a macromolecule needs to be in a distinct conformational state
and to interact with its partner(s). Macromolecular folding and binding are
decisive events in the life of a cell; aberrancy in either process can lead to
dysfunction and occasionally to cell death. For decades, efforts have cen-
tered on the so-called protein folding problem. Even though understanding
deepened and much progress has been made, the problem of ab initio
folding still remains largely intractable. Important unsolved mechanistic
problems include how the sequence of the protein chain dictates the
sequence of structural events during folding; how the sequence and folding
conditions modulate the cooperativity of the folding reaction; and how initial
non-specific chain collapse facilitates subsequent native structure formation.
These problems persist because of the continued lack of understanding of
the chemical forces that govern folding. Major obstacles include the insuffi-
ciently accurate force fields, the incompletely understood folding pathways
and the large conformational space that needs to be searched. This has led to
the community expectation that eventually the problem will be solved by
knowledge-based approaches: with a sufficiently large dataset of experi-
mentally-determined structures of representatives of the diverse protein
folds, homology modeling will overcome the challenge. Notwithstanding,
how proteins fold in the living cell — rather than in solution or in silico — is
still among the most profound questions. In vivo, conditions and processes
differ, including effects of co-translational folding, the impact of cell
crowding, the assistance lent by molecular chaperones, the stabilization/
destabilization by post-translational modifications, small molecules and the
variable environment. The disordered protein state further compounds the
challenge, raising questions about its regulatory mechanisms and how it
fulfills its specific roles in the various systems; its order-disorder transitions
upon functional changes in the cellular environment as well as post-transla-
tional modifications; molecular recognition and more. Finally, even though
ab initio folding is the holy grail of structural biology, relating the structure to
function also presents a daunting challenge. This is where folding meets
binding. In the living cell, no macromolecule works on its own; binding is
essential for the protein to execute virtually all its functions.

The structure—function paradigm which dominates molecular biology was
inspired by the notion that even living things must conform to the laws of
quantum mechanics and physical chemistry. The powerful idea of the
energy landscape — which views molecules as dynamical ensembles of
conformational states — was able to explain how function is executed,
thereby deepening and shedding light on this paradigm. This profound
concept led to the realization that biomolecules are not static sculptures;
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instead, they are dynamical objects that continuously interconvert between
different structures with varying energies, and that this interconversion
between distinct conformational states is how they fulfill their tasks in cell
life. This indicated that biomolecules should not be described in terms of
their static structures but their dynamical statistics, which changes with the
physical environment and cell state. The number of possible conformations
that biological macromolecules can adopt for life is immense, and evolution
has exploited and tuned them to optimize existing functions and gain new
ones. This understanding has led to key questions including how one-
dimensionally connected biomolecules can organize themselves into func-
tional three-dimensional states, and how a single protein chain can assume
multiple functions, each of which requiring distinct conformation, primarily
through multiple distinct interactions. Distinct states are the way through
which regulation is executed. Such questions are particularly challenging
since the strong bonding constraints are relatively few in number. Structural
biologists aim to comprehend how specific binding events take place at
specific times and spatial locations in the cell; which events determine these
and how; and how binding events of distinct protein conformations lead to
distinct functions. They recognize that to function, biomolecules must
remain incompletely organized.

The free energy landscape theory has had a profound impact on the field of
protein folding. It also encapsulates the essence of binding and function.
The importance of perceiving function in terms of conformational heteroge-
neity has increasingly shifted the interest in the community from folding to
function. From the standpoint of the free energy landscape, the principles are
unaltered: rather than considering the entire protein conformational land-
scape — which is the case in ab initio folding — the focus has shifted to the
ensemble around the bottom of the folding funnel. For enzymes, the protein
can be viewed as populating a single active or an ensemble of inactive and
active states. The basins of the active and inactive states are separated by a
surmountable barrier, which allows the conformations to switch between the
states. Unless it is a repressor, under physiological conditions it typically
populates an inactive state. Binding (or post-translational modification) trig-
gers a switch to the active state. Allosteric mutations act by shifting the
ensemble from the inactive to the active state (or vice versa) which can take
place by either destabilizing the inactive state, stabilizing the active state, or
both. A scaffolding protein which binds multiple partners similarly exploits
(some of) its multiple states, each of which recognizes a distinct ligand with a
subsequent shift of the conformational ensemble. The distribution of the
states is often tuned by post-translational modifications.

Binding events are neither binary nor stationary. Architecture and multi-
scale organization is what distinguishes a living cell from random assemblage
in solution. Cellular architecture is important for the cell’s properties,
including morphology, motility, metabolism, chromatin organization and
more; all temporal and dynamic, linked to external and internal signaling
cues and the changing cellular environment. Binding events are crucial for
signaling, and signals propagate through interactions involving dynamic
reorganization of multiprotein complexes. Dynamic association implies
not merely interactions forming and dissociating; it speaks of cooperativity.
A key challenge is to understand this interplay, link it to the physicochemi-
cal basis of the conformational behavior of single molecules, and ultimately
relate it to global cellular function. Cell signaling can be thought of as
allostery-driven forming and reforming binding events taking place within
dynamic, loosely preorganized assemblies. Cellular processes are temporal,
and can be understood only in terms of dynamics within, and among
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multimolecular complexes. And within this framework,
interactions and coordination are governed by a confor-
mational biasing mechanism, that is, population shift of
the ensembles as described by the free energy landscape.
Multivalent proteins with multiple partners are typically
engaged in dynamic membrane-anchored and cytoskele-
ton-attached network, bestowing signaling with gel-like
properties.

The collection of papers included in this Folding and
Binding issue aim to capture some of the functional
aspects of folding and binding as well as predictive and
analytical methodologies. Rao and Gosavi use the folding
landscapes of proteins to understand protein function.
They point out that proteins fold in a biologically-rele-
vant timescale because of their funnel-shaped energy
landscape, which evolution has etched by selecting
sequences that stabilize interactions present in the folded
state and disfavoring stable non-native interactions. At
the same time, evolution selects residues which are
involved in function such as binding-site and active-site
residues that do not optimize folding. However, they
argue that the interactions of such functional residues
with residues that promote folding modulate the shape of
the energy landscape which would affect folding, and
provide examples in support of this view. They also
provide a scheme to detect such effects. Takahashi
et al. review spectroscopic investigations of single mole-
cule and ensemble protein folding dynamics. Data show
that substates that contain residual structures in the
unfolded and partially populated states, lead to a complex
behavior in the early folding dynamics of small proteins,
which can be explained by the native-centric model. In
contrast, recent observations on large proteins point to the
rapid formation of long-range contacts that appear incon-
sistent with the native centric model, suggesting that the
folding strategy of large proteins differs from that of small
proteins. Their review brings out the necessity of under-
standing the conformational fluctuations that occur in the
unfolded state, which precede and prime structure forma-
tion. Mufioz ez z/. bring out the important point that protein
folding reactions have limited cooperativity. Folding coop-
erativity has been difficult to address experimentally.
However, new analytical procedures demonstrate a general
scenario of limited cooperativity linking between how fast
a protein folds and unfolds, and how cooperative is its
equilibrium unfolding. They note that because it affects
unfolding more than folding, reduced cooperativity also
destabilizes the native structure. This leads them to define
cooperativity scale that goes from the ‘pliable’ two-state of
slow folders to the gradual unfolding of one-state downhill,
and at the end of the spectrum to intrinsic disorder and
they suggest a conformational rheostat mechanism for the

allosteric effects of folding coupled to binding. So ez a/.
discuss protein misfolding leading to amyoid fibril forma-
tion. They revisit supersaturation as a factor in amyloid
fibrillation. Amyloid fibrils are involved in many diseases,
and usually form by a nucleation-growth mechanism.
They emphasize that as in crystallization of solutes,
solubility and supersaturation are also two key factors
that impact the formation of amyloid fibrils. They point
out that the impact of these two factors on the partitioning
between distinct types of aggregates (e.g. fibrils vs. amor-
phous aggregates) can be explained by kinetic and ther-
modynamic  competition  which  suggests  that
supersaturation is a key component in phase transitions
of denatured proteins and aggregation. Gianni ¢ a/. ask
what we can learn from the kinetics of coupled binding
and folding of intrinsically disordered proteins. They
argue that to fully appreciate why protein disorder is
advantageous for protein—protein interactions we need
to understand the mechanism(s) of their interactions,
which is challenging. Their review focuses on how kinet-
ics in combination with protein engineering and structur-
al information can be used to obtain details of protein—
protein interactions involving intrinsically disordered
proteins. Banerjee ¢7 /. discuss the many roles of the
disordered hypervariable wvariable region (HVR) of
KRAS4B, a splice variant of KRAS, a highly oncogenic
Ras isoform. Classically, the role of the post-translation-
ally-modified HVR is to navigate Ras, a GTPase, in the
cell and to anchor it in localized plasma membrane
regions. However, based on their recent work and sup-
ported by the literature the authors pointed out addition-
al, overlooked, regulatory roles. These include auto-
inhibition by shielding the effector binding site in the
GDP-bound state and release upon GTP binding and in
the presence of certain oncogenic mutations. They pro-
posed that the released positively charged and post-
translationally-modified HVR can interact with calmod-
ulin. They also propose that oncogenic mutations (G12V/
G12D) may modulate the HVR-phospholipid binding
specificity. Overall, the disordered state of the HVR
exemplifies the critical role of the unstructured tail of
K-Ras4B in cancer. Finally, Perez ez a/. overview advances
in free-energy-based simulations of protein folding and
ligand binding, pointing out that free-energy-based simu-
lations are increasingly able to narrate protein structural
dynamics and biological mechanisms. They focus on two
recent successes, first that it is becoming practical to fold
small proteins with free-energy methods without know-
ing substructures, and second to compute ligand-protein
binding affinities — not just their binding poses. These
successes are largely due to GPU-based computing, im-
proved fast-solvation methods, and continued advances
in force fields, and conformational sampling methods.

Current Opinion in Structural Biology 2016, 36:iv—vi

www.sciencedirect.com


http://dx.doi.org/10.1016/j.sbi.2016.01.001
http://dx.doi.org/10.1016/j.sbi.2015.11.006
http://dx.doi.org/10.1016/j.sbi.2015.11.006
http://dx.doi.org/10.1016/j.sbi.2015.12.001
http://dx.doi.org/10.1016/j.sbi.2015.11.009
http://dx.doi.org/10.1016/j.sbi.2015.11.012
http://dx.doi.org/10.1016/j.sbi.2015.11.010
http://dx.doi.org/10.1016/j.sbi.2015.12.002

