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Abstract

Weak interactions mediated by dynamic linkers are key determinants of allosteric regulation in
multidomain signalling proteins. However, the mechanisms of linker-dependent control have
remained largely elusive. In the present article, we review an allosteric model introduced recently
to explain how signalling proteins effectively sense and respond to weak interactions, such as
those elicited by flexible linkers flanking globular domains. Central to this model is the idea that
near degeneracy within the free energy landscape of conformational selection maximally amplifies
the response to weak (~2R7), but conformation-selective interactions. The model was tested as
proof of principle using the prototypical regulatory subunit (R) of protein kinase A and led to the
unanticipated finding that dynamic linkers control kinase activation and inhibition by tuning the
inhibitory pre-equilibrium of a minimally populated intermediate (apo R). A practical implication
of the proposed model is a new strategy to design kinase inhibitors with enhanced potency through
frustration-relieving mutations.
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Introduction

Allostery is a central mechanism of regulation in biological systems. Although initially
discovered for multimeric proteins, allostery is now also accepted as a general regulatory
mechanism for monomeric proteins [1-11]. Hence one of the simplest allosteric systems is a
single domain that binds an effector ligand with a 1:1 stoichiometric ratio. For such as
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system, allostery is modelled in terms of a four-state thermodynamic cycle that results from
the coupling of two equilibria, the ligand-binding equilibrium and the equilibrium between
two states that are functionally distinct (i.e. active and inactive states; Figure 1A). These
states typically differ in terms of structure and/or dynamics. In the absence of ligand (‘apo’
form) the inactive state is often the most populated (i.e. Lapo = [active]apo/[inactive]apo <1).
However, if the effector ligand exhibits active versus inactive state selectivity, the population
of the active state is increased upon binding (i.e. Lapparent = [active]ioar/[inactive]iotai>Lapo)
and at saturation the relative active versus inactive fractions depend on both L,p, and the
ratio between the state-specific dissociation constants (i.e. Lapparent,saturation =

Lapo* K4, inactive! Kd,active)- HeNce it is the active versus inactive state selectivity of the
effector ligand that introduces the coupling between the binding and the inhibitory
equilibria.

As a first step towards understanding the molecular basis for the state selectivity of the
allosteric effector, structures of allosteric domains are typically solved for the apo form and
in the presence of excess ligand [7,9-11]. Traditional structure-determination methods
provide a valuable picture of the most populated states for either the apo domain (i.e.
inactive state) or the ligand-saturated form (i.e. active state). When allostery arises from
structural as opposed to purely dynamic changes, the comparison of active and inactive
structures has the potential to reveal the network of residues mediating the allosteric
propagation of the signal carried by the allosteric effector. Although this approach is highly
informative for well-folded domains, limitations are encountered when allostery involves
protein regions that are flexible and only partially structured (Figure 1B). This is often the
case for inter-domain linkers, where critical functional sites are frequently located [12-15]
(Figure 1B). For example, in PKA (protein kinase A), the key inhibitory element (Rp) is
composed of an N-terminal linker [Rla-(91-118)] followed by a CBD (cAMP-binding
domain) [Rla-(119-244)] (Figure 2A). Under resting conditions, the R linker docks into
the active site of the catalytic subunit (C), is well-structured and clearly resolved in the
crystal structure of the Ro—C complex [16] (Figure 2A). However, when R binds cAMP,
the Kinase is released and the R linker becomes more solvent-exposed and partially flexible
(Figure 2A). Hence, in the crystal structure of the RA—CAMP complex, only partial electron
density is observed for the linker and several linker residues that are resolved are also
affected by crystal packing [17] (Figure 2A). As a result, only partial information about the
linker is obtained from traditional structure determination methods. However, linkers, even
when not fully structured, have been shown to be functionally relevant [12-15]. Hence a full
map of the structural dynamics of linkers is necessary to understand how function is
allosterically regulated [17-22]. In the present article, we review recent advances [22] on
how signalling can occur through linkers in the prototypical PKA (Figure 2A).

The linker adjacent to the N-terminal cAMP-binding domain (CBD-A) of PKA
is flexible, but controls the CBD-A through state-selective interactions

The linker of Ra [Rla-(91-118)] does not adopt a well-defined secondary structure, as
indicated by the secondary chemical shifts, and is flexible in the picosecond—nanosecond
time scale, as shown by overall low HN-NOE (nuclear Overhauser effect) values [22].
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However, removal of the 91-118 linker results in pervasive and major chemical shift
changes in the adjacent CBD (residues 119-244), suggesting that the 91-118 linker,
although flexible, interacts with the latter [22]. The linker—-CBD coupling is effectively
probed through NMR using CHESCA (chemical shift covariance analysis). CHESCA relies
on linear inter-residue chemical shift correlations (Figures 2B-2D) to unveil concerted
responses to a common set of perturbations [19]. When such a perturbation set is a small
library of cAMP analogues that modulate the activation equilibrium (Figures 2C and 2D),
CHESCA provides a new way to dissect residue-specific contributions to binding and
allostery, identifying otherwise elusive allosteric networks. The pairwise linear inter-residue
correlations are best summarized through a correlation matrix, as illustrated in Figure 2(B).
A striking feature of the CHESCA correlation matrix measured for R is that it shows not
only a large number of intradomain correlations, but also multiple linker-CBD correlations
(Figure 2B). The point distribution for these correlations (Figures 2C and 2D) reflects the
extent of PKA activation elicited by the cAMP analogues utilized for the CHESCA [i.e. Rp-
cAMPS (Rp isomer of adenosine 3”,5"-monophosphothioate) is an inverse agonist, 2"-OMe-
CAMP (2'-O-methyl-cAMP) is a partial agonist and Sp-cAMPS (Sp isomer of adenosine 3”,
5’-monophosphothioate) is an agonist of cCAMP] [20,21]. This observation suggests that the
allosteric networks identified by CHESCA and spanning the flexible linker are functionally
relevant.

The linker residues identified by CHESCA as belonging to the functional allosteric network
of Rp are affected by the adjacent domain in a state-selective manner, and it is the state-
selectivity of these interactions that causes the linker—CBD coupling. This conclusion was
confirmed independently by differential unfolding experiments in the presence and absence
of the linker for apo, cCAMP- and Rp-cCAMPS-bound Ry, revealing that the linker, although
flexible, interacts selectively with the active state of the adjacent CBD. Even though weak
(i.e. ~2RT) this state-selective interaction significantly affects the active—inactive
equilibrium of the CBD due to its near-degeneracy [22]. The state-selectivity of the linker—
CBD interactions was also corroborated by direct measurements of linker—CBD distances
through PREs (paramagnetic relaxation enhancements). The measurement of PRES requires
the covalent linkage of small molecules with an unpaired electron (“spin label’). Spin labels
should be judiciously located, as they must be close to the site to be probed through PREs,
but not so close as to perturb or disrupt the native interactions [23]. In this respect, the
CHESCA networks are useful, since they can be used to guide the choice of the spin label
location. For instance, the CHESCA correlation matrix indicates the presence of multiple
clusters between the CBD and Arg13 in the linker, but Alal%®, although in the linker [16],
does not appear to correlate significantly with the CBD. Hence Alal%® was considered a non-
invasive site ideally suited for an A109C mutation and to link a spin label designed to probe
the Argl13-CBD interactions. The PRES resulting from MTSL (methanethiosulfonate spin
label) coupled to A109C were then measured for both cCAMP- and Rp-cCAMPS-bound Ra,
which stabilize the active and inactive states of the CBD respectively. As expected on the
basis of the linker selectivity for the active state of the CBD, the PREs measured in the
presence of CAMP were significantly larger than those observed for the Rp-cAMPS-bound
form [22].
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Using CHESCA to design a kinase inhibitor with enhanced affinity without
compromising specificity

CHESCA suggests that Arg!13 in the linker interacts selectively with the active rather than
the inactive state of the adjacent CBD (Figure 3A). This result was exploited to design a
mutant of Ra with enhanced affinity and uncompromised specificity for C. The R113A
mutations weakens the interactions between the linker and the active state of the CBD
(Figure 3A), leading to increased populations of the inactive state, which are expected to
result in higher affinity for C. This prediction was proven by measuring through a
luminescent kinase assay the ICgq for the inhibition of C by Ra. As shown in Figure 3(C),
R113A Rp inhibits C with an 1Csq value significantly reduced relative to that measured for
wild-type Ra. Since Arg113 is not at the R—C interface [16], the R113A mutation is not
expected to alter the specificity of R for C. In addition, it is notable that in the Ra—C
complex Arg113 forms salt bridges with the CBD [24] (Figure 3B), although C selects for
the inactive state of the CBD (Figure 3A) and Arg!13 preferentially interacts with the active
state of the CBD. This observation has two remarkable implications. First, it means that the
effect of the R113A mutation would have been challenging to anticipate solely on the basis
of structures. To predict the functional outcome of a mutation, it is essential to consider how
it affects not only the bound states of R, but also the inhibitory equilibria of apo R, even
when the latter is only minimally populated. This is the case for the PKA R subunit, which
in vivo typically exists in either the C- or the cAMP-bound forms. Secondly, the Ro—C
complex is “frustrated’, as the formation of stable R—C intermolecular interactions occurs at
the price of weakening intramolecular interactions, such as those between the linker and the
CBD of Ra. We hypothesize that this type of molecular frustration has evolved to ensure
that signalling complexes, e.g. Ro—C, can be disrupted by low-molecular-mass allosteric
effectors, e.g. CAMP. Hence the frustration of Rao—C helps to make the inhibition of C by Ra
reversible and controllable by cAMP.

Conclusions

We have shown that, even when flexible, it is possible for linkers to function not only as
covalent threads between domains, but also as active elements of allosteric signalling
networks. In the case of PKA, the signalling function of the linker containing the inhibitory
site arises from state-selective interactions of the linker with the adjacent CBD. The state-
selectivity of the linker—CBD interactions was confirmed through four independent methods,
i.e. CHESCA, PREs, unfolding experiments and mutations monitored by kinase assays.
Although weak (i.e. ~2R7), the interactions elicited by the flexible linker of PKA are
amplified by the near-degeneracy of the free energy landscape of the CBD in apo R, which
samples both active and inactive conformers in full agreement with a conformational
selection model. Hence apo R, even though only minimally populated, is still a key
determinant of PKA allostery and signalling. In addition, it should be noted that the studies
described in the present paper are limited to a monomeric fragment of the R subunit of PKA.
However, full-length R is dimeric and, in the context of the R dimer, there might be other
ways through which the R linker investigated in the studies described could influence the
overall function and co-operativity of CAMP binding to R.
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Figure 1. Thermodynamics of allostery and allosteric networks
(A) Thermodynamic cycle for the allosteric coupling between activation and binding

equilibria of a single regulatory domain. The inactive states are indicated by red rectangles,
whereas the active states are shown as green ovals. The allosteric effector (e.g. CAMP) is
shown as a black circle. The most populated states in either the apo or the holo forms are
displayed with opaque colours. (B) Scheme of the relationship between the thermodynamics
of allostery and allosteric networks. In the case of a well-folded regulatory domain, the
comparative inactive versus active structural analysis is likely to reveal the residues that
defined the allosteric networks within the structural module under investigation. However,
key inhibitory sites are often located within partially unfolded linkers adjacent to globular
domains (e.g. black square on linker). In this case, the comparative structural approach
typically utilized for globular domains may not reveal the allosteric networks controlling the
inhibitory linker.
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Figure 2. Role of the Ry linker in PKA inhibition and allostery
(A) cAMP-dependent activation of PKA. cAMP binding releases the inhibition of the

catalytic subunit of PKA (C) by stabilizing a conformation of the regulatory subunit (R) that
binds C only weakly. R is defined as the minimal fragment of R that inhibits C in a CAMP-
dependent manner. Rp includes the linker and the adjacent CBD [i.e. Rla-(91-244)]. In the
R-C complex, the inhibitory linker of R docks in the active site of C. Hence it is well-
structured and clearly visible with conventional structure determination methods. In the R—
CAMP complex, the linker of R is more solvent-exposed and flexible. Hence it is poorly
resolved and not always visible through X-ray crystallography. However, the interactions
between the flexible linker and the adjacent domain are effectively probed through NMR
CHESCA, which establishes a residue—residue correlation matrix (B) based on pairwise
inter-residue linear chemical shift relationships (C and D). The linker-domain CHESCA
correlations are highlighted in red. Each black dot corresponds to a residue-residue
combined chemical shift correlation with a Pearson’s correlation coefficient >0.98 in
absolute value. (B-D) Adapted from [22]: Akimoto, M., Selvaratnam, R., McNicholl, E.T.,
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Figure 3. Role of the Rp linker in conformational selection
Apo Rp samples both C-binding-competent conformations (“inactive’) and CAMP-binding-

competent conformations (‘active’). (A) Apo Ra samples both C-binding competent
conformations (“inactive”) and cAMP-binding competent conformations (“active’). The
linker is one of the critical elements of R that controls the position of this inactive versus
active conformational equilibrium. When the interactions between the linker and the
adjacent domain in the active conformation are weakened by a mutation (e.g. R113A)
selected on the basis of CHESCA, the equilibrium shifts towards the C-binding-competent
state, resulting in enhanced Rp —C affinity (C), despite the fact that Arg113 is surprisingly
forming salt bridges in the Ra —C complex (B). (B and C) Adapted from [22]: Akimoto, M.,
Selvaratnam, R., McNicholl, E.T., Verma, G., Taylor, S.S. and Melacini, G. (2013) Signaling
through dynamic linkers as revealed by PKA. Proc. Natl. Acad. Sci. U.S.A. 110, 14231-
14236 with permission.
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