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Proteins that fold upon binding to their partners exhibit complex
binding behavior such as induced-fit. But the connections between
the folding mechanism and the binding mode remain unknown.
Here we focus on the high affinity complex between the physio-
logically and marginally unstable, fast folder PSBD and the E1
subunit of pyruvate dehydrogenase. Using coarse-grained simula-
tions we investigate the binding to E1 of a partially disordered PSBD
under two folding scenarios: two-state and downhill. Our simulations
show that induced-fit binding requires that PSBD folds—unfolds in the
downhill folding regime. In contrast, a two-state folding PSBD must
fold completely before it binds. The reason is that effective coupling
between folding and binding involves partially folded conformations,
which are only sufficiently populated under the downhill folding
regime. Our results establish a direct mechanistic link between
complex binding and downhill folding, supporting the idea that PSBD
operates functionally as a conformational rheostat.

Recent developments are unveiling a plethora of exceptions to
the classical paradigm by which proteins fold into unique 3D
structures in a single stroke (two-state folding) and bind to their
partners in a lock-and-key fashion. The experimental identifi-
cation of proteins that fold downhill' confirmed a key predic-
tion of the energy landscape theory” and expanded the palette
of folding behaviors. Downhill proteins lose/gain the native
structure gradually, eventually leading to one-state folding
when the barrier disappears altogether.® Such gradual disorder
has been characterized at atomic resolution by NMR,** kineti-
cally using ultrafast methods,® and in individual molecules.” On
the binding front, we now know that intrinsically disordered
proteins (IDPs) can fold upon binding® in a process that may
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provide kinetic advantages (“fly-casting”)” and result in complex
binding phenomena such as induced-fit and conformational
selection.'® Some IDPs morph upon binding to structurally
diverse partners,'’ " and others exhibit sophisticated allosteric
behavior."* Interestingly, there is a direct connection between
fast, non-cooperative folding and the marginal stability of the
native fold that leads to intrinsic disorder.”> Downhill folding
and IDPs thus seem to be two sides of the same coin. It has been
in fact proposed that the structural malleability and complex
binding modes found on IDPs may require that the protein folds
downhill, in which case IDPs could be operating as conforma-
tional rheostats rather than conventional switches."®

Here we focus on the case of the pyruvate dehydrogenase
complex (PDC),"” a large macromolecular assembly composed
of multiple copies of three types of subunits. In this complex a
small domain from the central flexible region of E2 (PSBD)
binds to both E1 and E3, and it is key to the swinging arm
mechanism that channels substrates.'” Folding studies have
shown that PSBDs are marginally stable downhill folders that
have been tuned by natural selection to be partially unfolded
(disordered) at the living temperature of the host organism."®"°
In parallel, the binding processes of E1 and E3 to PSBD occur
with a 1:1 stoichiometry, are mutually exclusive, and are of very
high affinity (sub-nanomolar Kp).>° Yet, the structures of PSBD
bound to E1 and E3 reveal strikingly superficial binding inter-
faces (Fig. 1A and B) with few intermolecular contacts (Fig. 1C).
In these complexes PSBD exhibits very high B-factors that hint
at the presence of conformational heterogeneity in the bound
state.””* Here we are interested in the role that downhill
folding may play in the binding properties of PSBD. In particular,
we focus on the E1-PSBD complex (Fig. 1).

To investigate the coupling between PSBD folding and
binding to E1, we used coarse-grained simulations, which allow
us to control the folding scenario of PSBD and thus investigate
the link between folding properties and binding modes. We
model the PSBD folding using the Karanicolas and Brooks (KB)
model, which is Go-like, represents the protein geometry using
the C* trace (with harmonic potentials for angles and bonds),
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Fig. 1 Experimental 3D structure of the E1-PSBD complex (1w85) in top-
down (A) and bottom-up (B) views. E1 subunits are shown in green and
blue. The bound PSBD is shown in dark red. We overlay the NMR structure
of monomeric PSBD (1w3d, gold) used in our simulations. (C) Contact map
of the PSBD and its intermolecular interactions with E1. For PSBD (left), the
upper left triangle (gold) corresponds to the NMR contact map, whereas
the lower right triangle (dark red) corresponds to the X-ray structure. The
intermolecular contacts with E1 are shown in the right panels in blue and
green as the corresponding subunits.

and contains statistical energy terms for torsions as well as
a native-centric pairwise contact potential®® (see the ESIf for
details). We parameterized the KB model from the contacts
derived from a high-quality NMR structure of PSBD obtained at
293 K (1w3d,>* gold in Fig. 1) using a 4.5 A cutoff distance for
contacts between heavy atoms, as originally prescribed.*® The
X-ray structure does not include the N- and C-terminal residues
of PSBD because they were unstructured in the crystal. To
define the interactions in the complex, we added the missing
residues without incorporating additional contacts to avoid non-
physiological protein end effects (total length of 45 residues).
In Fig. 1C we show the contact map that forms the basis of the
GO potential for PSBD folding together with the intermolecular
contacts with E1 derived from the complex structure (1w85).>>
Because the binding to E1 also involves multiple charged residues,
we added a description of electrostatic interactions using a simple
Debye-Hiickel term calibrated against experiments® and used
before in the context of IDP binding.>*

We adjusted the intramolecular PSBD interaction energy
to the folding temperature to mimic the physiological condi-
tions of the host organism (B. stearothermophilus lives around
333-343 K, and the experimental denaturation temperature of
PSBD is ~340 K)."° Under these conditions PSBD is partially
disordered, favoring the coupling of folding and binding.
To investigate the role played by PSBD’s folding scenario on
binding, we fine-tuned the model to modify the free energy
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barrier at the folding temperature. This procedure involved
extensive equilibrium simulations at multiple temperatures for
every version of the model using Langevin dynamics within the
Gromacs 4.0.5 package,”” and analyzing the trajectories with
histogram methods.*® From this exercise we found that the PSBD
folding free energy barrier could be modulated by: (1) making the
repulsive radii of the C* beads all the same, in contrast to the
original KB implementation in which the repulsive radius for each
bead is set to the distance to the closest residue in the native
structure that is not in a direct contact®® and (2) scaling down
the magnitude of the angular and dihedral contributions to the
force-field (see technical details in the ESIt). In contrast, changes
in the contact interaction energies had negligible effects on the
folding free energy barrier.

We then focused on two folding scenarios. In the first
one, PSBD folding-unfolding is two-state-like, as manifested
by trajectories projected as a function of the fraction of native
PSBD contacts (Qpsgp; See the ESIT for definitions) showing a
binary switching pattern (Fig. 2A). The corresponding potential
of mean force (PMF) for this model shows two defined basins at
Qpsep & 0.2 and 0.85 separated by a ~4.7 kgT free energy
barrier (blue in Fig. 2C). For the downhill folding scenario,
the modified model reproduced the marginal thermodynamic
folding barrier (~1 kgT) obtained experimentally from differ-
ential scanning calorimetry>® and multi-probe thermodynamic
analysis." The downhill version of the model resulted in faster
dynamics and more complex folding-unfolding trajectories
projected as a function of Qpspp (Fig. 2B), and a PMF with a free
energy barrier of ~1.2 kgT (red in Fig. 2C). Here we note that the
behavior shown in Fig. 2B and C lies well within the downhill
scenario, but it does not reach the one-state (global downbhill)
limit.? It is also worth noting that lowering the barrier is accom-
panied by displacement of the unfolded well to higher Qpsgp,
consistent with the observation of the residual structure in the
unfolded states of fast folding proteins.*
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Fig. 2 Projection of the Langevin dynamics trajectories on the folding

order parameter Q (fraction of native contacts) for the two-state (A, blue)

and downhill (B, red) models of PSBD. (C) PMF for the projection on Q at

the midpoint temperature for both scenarios.
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To investigate the coupling between PSBD folding and binding
to E1, we parameterized the binding component of the Go6-like
force-field using intermolecular contacts derived from the original
X-ray structure of the E1-PSBD complex (1w85, Fig. 1C). In this
structure, the coordinates for the PSBD are not well resolved (low
electron density and very high B factors) and several E1 residues
and/or atoms are missing.*”> We added all the missing parts using
the Modeller software package®' with a limited number of opti-
mization steps to minimize deviations from the experimental
structure. In a second step we grafted the PSBD structure from
NMR (1w3d) onto the E1 docking site and fitted its exact position
to the crystallographic PSBD model by minimizing the RMSD of
select Ca atoms (Z.e. final RMSD = 0.38 A, see Fig. 1A and B). This
exercise, which was necessary to build a complete model for
binding, did not change the intermolecular contacts that define
the binding interface in the X-ray structure. The final intra-PSBD
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and inter-molecular interactions used for all the calculations
are shown in Fig. 1C.

We then calibrated the strength of intermolecular interactions
on both folding scenarios so that binding simulations reproduced
the experimental dissociation constant of the complex,
Kp = 3.2 x 107 M** (we used a 600 A per side cubic simulation
box, resulting in 7.7 uM protein concentration). Binding coupled
to folding was then investigated by performing long replica
exchange simulations keeping the E1 coordinates frozen. The
simulations sampled well both the bound and unbound states,
resulting in an aggregate simulation time of 96 microseconds
(see the ESIt for additional details).

Although the two scenarios are identical in terms of the degree of
PSBD unfolding and the binding affinity to E1, the simulations
revealed important differences in binding behavior. Such differences
are readily apparent in Fig. 3A and B, which show the 2D PMFs
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(A and B) Potentials of mean force as a function of folding (Q-PSBD) and binding (Q-PSBD-E1) order parameters determined for the two-state (A)

'y

and downhill folding (B) scenarios. The black lines represent the transition paths shown in the following panels. (C and D) Examples of folding (red) and
binding (blue) transition path on the two-state scenario (C) with selected snapshots of the binding event (D). (E and F) Examples of folding (red) and
binding (blue) transition path on the downhill folding scenario (E) with selected snapshots of the binding event (F).
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calculated as a function of folding and binding order para-
meters. The PMF for the two-state scenario (Fig. 3A) shows that
in the unbound state (low Qpspp.gi) the protein fluctuates
between the equally populated folded and unfolded basins
(midpoint conditions). However, the binding to E1 only takes
place when PSBD is fully folded (Qpsgp > 0.7) and thus folding
and binding are decoupled. The entire process can be described
with the simple linear three state model: UU = FU = FB, in
which the first letter indicates the PSBD folding status (U-unfolded
and F-folded) and the second its binding status (U-unbound and
B-bound). E1 thus selects the folded conformation of PSBD from
an ensemble with equal populations of folded and unfolded
species, and hence the binding process can be described as
following a conformational selection mechanism.*® In contrast,
the PMF for the downhill folding scenario (Fig. 3B) demonstrates
an effective coupling between folding and binding that results in
richer behavior. Fig. 3B shows two alternative mechanisms. The
first one is the UU = FU = FB found in the two-state scenario.
The second one involves binding of unfolded PSBD (UB),
manifested by a significant population of microstates with
low to intermediate values of Qpsgp (0.2-0.5) and intermediate
to high values of Qpsgp-g1 (0-5-0.6). This alternative mechanism
can be described with the scheme: UU = UB = FB, where a
partially unfolded PSBD molecule first binds and then folds
while being bound, thus following an induced fit mechanism.

Analysis of the binding transition paths provides additional
information. Transition paths are the reactive segments of a
trajectory, which comprise all the mechanistic information
about the binding process. Examples of binding transition
paths are provided in Fig. 3C-F. The binding transition path
for the two-state scenario (Fig. 3C and D) shows how PSBD is
already folded before approaching its docking site in E1. Upon
contact with E1, folded PSBD binds via a lock-and-key mecha-
nism that results in a sharp transition and the subsequent
freezing of PSBD’s conformational ensemble in the bound state
(i.e. FB experiences minimal Qpspp fluctuations). All the observed
transition paths for the two-state scenario adhere to this beha-
vior. Therefore, there are no structural correlations between
binding and folding in the two-state scenario.

The transition path shown for the downhill folding scenario
(Fig. 3E and F) corresponds to the folding-binding diagonal path in
the 2D PMF (Fig. 3B). Binding takes place from the unfolded state
resulting in concerted folding and binding via an induced-fit
mechanism. The transition path is accordingly much longer (over
an order of magnitude difference) and permits the reconfiguration
of PSBD while it remains loosely bound to E1 (Qpsppr1 ~ 0.50).
Binding and folding exhibit correlated fluctuations during which
PSBD populates partially unfolded conformations for significant
fractions of the time. These conformations are in fact part of the
PSBD folding barrier (0.55 < Qpspp < 0.75) and become effectively
coupled to binding because their basal population is significant
(marginal barrier). Additional examples of induced-fit binding
transition paths are provided in the ESL{ Overall, roughly 50% of
the binding transition paths observed under the downhill scenario
were induced-fit, whereas the remainder involved complete folding
followed by binding (i.e. conformational selection).
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Conclusions

In this work we have used a coarse grained computational
model to explore how the folding mechanism of PSBD (i.e. two-
state vs. downhill) influences its binding to E1. We find that the
two-state version of PSBD must fold before binding to E1.
Binding occurs via a conformational selection mechanism
where PSBD remains structurally rigid while bound. In con-
trast, the downhill PSBD version populates myriads of partially
folded conformations that are able to bind to E1, resulting in
induced-fit binding. We can thus conclude that effective cou-
pling between folding of PSBD and binding to E1 requires: (1) a
downhill folding scenario and (2) a structurally localized bind-
ing interface that facilitates binding of partially folded con-
formations. Therefore, the presence of intrinsic disorder is not
sufficient per se to produce complex binding behavior such as
induced-fit.

Our results provide a practical demonstration of a confor-
mational rheostat, in which the conformational flexibility of a
downhill folding ensemble makes it possible to implement
complex functions in single-domain proteins." The possibility
that PSBD operates as a conformational rheostat sheds some
light onto the role that this small domain plays in the swinging
arm of PDC. Particularly, it hints at how a partially disordered,
downhill folding PSBD could adapt its folding ensemble to
bind to the structurally distinct E1 and E3 and result in the
effective coupling of both binding events. Such coupling could
result in the alternating binding cycles that are required
for efficiently channeling substrates during PDC catalysis."”
Moreover, the changes in the microenvironment (reactants,
products, and cofactors) that take place during this complex
reaction could further tune the PSBD folding ensemb]e to trigger
binding to (or dissociation from) E1 or E3, thus synchronizing
catalysis and binding throughout the entire reaction.

More generally, the connection that we observe between the
folding scenario of PSBD and its binding behavior originates
from fundamental physical principles and is not specific of
the molecular system studied. Hence, the same connection
between the folding mechanism and binding should apply
to the binding modes of many other proteins that fold in
the downhill regime. Downhill folding proteins share certain
features, including a small size, a primarily helical secondary
structure and a loosely knit network of contacts in the hydro-
phobic core,*® which are also often associated with some IDPs.
These commonalities lead us to hypothesize that the complex
binding modes and allosteric behavior that are being reported
in the folding upon binding of IDPs'® do not simply emerge
from the protein being unstructured, but require the IDP to
fold downhill. In other words, we hypothesize that a conforma-
tional rheostat (i.e. a partly disordered downhill folder) is the
molecular mechanism behind the functioning of IDPs."®
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