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Choline kinase (CHOK) is a homodimeric enzyme that
catalyzes the transfer of a phosphate group from ATP to
choline to produce ADP and phosphocholine (PCho; Fig-
ure 1 A), the first step in the Kennedy pathway leading to the
synthesis of phosphatidylcholine (PtdCho).! An overexpres-
sion of the a isoform of CHOK has been associated with
human cancers because PtdCho is required for the growth of
cancer cells? These findings have motivated the develop-
ment of CHOKa inhibitors, such as hemicholinium-3 (HC-3;
Figure 1B),” and a large number of HC-3 derivatives.*”!
Although early studies reported evidence of cooperative
binding in CHOK.® the binding of HC-3 does not involve
allosteric coupling between the two monomers. We recently
synthesized a new family of monocationic CHOK inhibitors
that, in contrast to HC-3, are non-symmetrical.”! Herein, we
characterized one of these compounds (compound 1; Fig-
ure 1B and Supporting Information, Table S1) and found
evidence of a significant allosteric coupling between the two
monomers characterized by negative cooperativity and
a broken symmetry.

Allostery is the process whereby the binding of a ligand to
a biological macromolecule (protein) induces an effect on
a distant functional site. Two classical models have been
proposed to describe allostery: the Monod—Wyman-Change-
aux (MWC) or concerted model® and the sequential model.”!
The first posits that the conformational changes in the
different monomers of the bio-macromolecule are strongly
coupled and that symmetry is conserved among the mono-

mers. The second assumes a strong coupling between binding
and conformational changes. More recently molecular
dynamics simulations helped in linking large-amplitude
motions to allosteric mechanisms''” and an ensemble view
of allostery has been proposed, reconciling multiple protein
conformations with allosteric signaling."!! Herein, by using
a combination of experimental (isothermal titration calorim-
etry (ITC), X-ray crystallography) and computational
approaches, we observed a broken inter-monomer symmetry
leading to negative cooperativity and a dynamic recovery of
the symmetry owing to a fast inter-conversion of conformers.

Compound 1 (Figure 1B) has a 4-substituted pyridinium
and an adenine moiety connected by a flexible linker.["! Its
adenine moiety docks to the ATP site of the enzyme, while
the pyridinium fragment occupies the choline binding site. In
stark contrast to HC-3, 1 induces negative cooperativity. It
exhibits the expected biphasic titration curves and a cooper-
ativity constant a of 0.2, corresponding to a cooperativity AG
of 0.95 kcalmol ' and a Hill coefficient of 0.62 (Figure 1C,
Table S1 and Supporting Information). Compound 1 first
binds to one monomer of the dimeric CHOKal with
a dissociation constant K of 38 nm. The binding to one
monomer induces negative cooperativity on the second
monomer, leading to a higher K, of 190 nm (Table S1). An
allosteric coupling between the two monomers has been
reported in S. cerevisiae CHOK (ScCHOK) where positive
cooperativity upon ATP binding was observed.[®® We also
checked in CHOKol whether AMP-PNP, an analogue of
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Figure 1. Biophysical characterization of compound 1. A) Scheme of the CHOK enzymatic reaction. B) Chemical formulas of 1 and HC-3. C) ITC
data for the binding of 1 to CHOKa1. Top: Raw thermogram (thermal power versus time). Bottom: Binding isotherm (normalized heats versus
molar ratio). See Table S1 for the thermodynamic and K, values for 1 and HC-3.

ATP, shows cooperativity effects, but we did not find any
(Table S1), suggesting that 1 induces negative cooperativity
by binding in a different manner with respect to ATP.

To test this hypothesis, we solved the crystal structure of
CHOKa1-1 at 1.90 A resolution (Table S2), using molecular
replacement using a template (PDB ID: 3G15; see Support-
ing Information).* Successive iterative model building and
refinement cycles were carried out to produce final models
with good refinement statistics (Table S2). The structure is
a dimer in which each monomer is formed by a small N-
terminal domain that binds ATP and a large C-terminal
domain that binds choline (Figure 2A). Whereas the ATP
binding site is located in a cleft formed by the N- and C-
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terminal residues, the choline binding site is found in a deep
hydrophobic pocket.'"” In agreement with docking predic-
tions,” 1 fully occupies the 20 A long active site, from the
ATP to the choline binding sites, explaining its potency
(Figure 2 A and Figure 3 A,B). The main interactions between
1 and CHOKal are illustrated in Figure S1.

A comparison of the overall CHOKal-1 crystal structure
with the apo structure (PDB ID: 2CKO)!" revealed large
conformational changes (Figure 2B). To ensure that crystal
packing did not play a role in determining the conformational
states, we only used crystal structures sharing the same space
group, similar unit cell dimensions, and crystal packing
(Table S3). The extent of opening of the binding sites of

Figure 2. Overall structure of CHOKa1-1 and conformational states of CHOKa enzymes. A) Overall crystal structure of CHOKal in complex with
1. Secondary structure elements from the CHOKa1 structure are shown, with a-helices in red (monomer A) and yellow (monomer B), and [3-
strands respectively in blue and cyan. 1 is shown as a stick model with green and black carbon atoms. B) lllustration of how aperture angle (9,,)
is calculated. Monomer B of CHOKa1-1 structure (brown) is superimposed on monomer B of the apo structure (gray).
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Figure 3. Active site of CHOKa1 in complex with compound 1. A) Active site of
CHOKal in complex with 1. Amino acids in the active site are shown as stick
models with gray carbon atoms. 1 is shown as a stick model with green carbon
atoms. Protein-ligand hydrogen bonds are dotted black lines. Unbiased difference
electron density maps are shown at 2.2 0. B) Superimposition of CHOKa.1s
structures in complexes with 1 (green carbon atoms) and ADP/HC-3 (pink carbon

atoms).

CHOKa was assessed by measuring the angle d,,, (Figure 2B)
defined by the alpha carbon atom of three residues (Ser121 on
loop L1, Glu332 on L8*, and Ser431 on L9) in different
structures. The loops, L1 and L9 undergo significant con-
formational changes and the angle they make with L8*, which
is relatively rigid, is able to monitor those changes. The value
of J,, combined with the root mean square deviations
(RMSD) of equivalent alpha carbon atoms from the apo
structure (PDB ID: 2CKO) allowed for the identification of
three distinct conformational states: open/semi-open, closed,
and super-closed states (Figure S2A,B). Open/semi-open
states were present in monomers of the apo CHOKoa2,
CHOKal1-HC-3 (PDB ID: 3F2R), CHOKal-HC-3-ADP
(PDB ID: 3G15), and monomer A of CHOKal-1; a closed
state was present in monomer B of CHOKal-1; and a super-
closed state was present in CHOKa1-PCho (PDB ID: 2CKQ;
Figure S2A). The closed and super-closed states followed
a trend in which higher RMSD values were associated with
a smaller 0,,. The crystal structure of the complex with 1 is
asymmetric. Monomer B of the CHOKal-1 complex differs
significantly from monomer A or B of the apo structure, as
indicated from an RMSD of 0.9 A and 1.08 A, respectively
(Figure S2B), and it is significantly different from mono-
mer A present in CHOKal-1 (RMSD of 1.03 A; Figure S2B
and Figure S3). Owing to differences in the position of the
loops at the cavity entrance, the entrance to the cavity and its
size are different (loops L1 and L9, see Figure 2 B), hinting at
possible allosteric couplings between the two monomers. This
striking asymmetry could provide the structural basis of the
negative cooperativity, as proposed by Levitzki et al.l'’l
(Figure S2,S3).

To further explore the origin of the negative cooperativity
and verify the long-range couplings, we performed extensive
computational modeling with two complementary methods:
all-atom molecular dynamics (MD) simulations and aniso-
tropic elastic network model (ENM). All-atom MD with an
explicit solvent can accurately reproduce local and large-scale
conformational changes."") However, long-MD simulations

www.angewandte.org
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are computationally expensive and the time scales

that can be effectively sampled are often insuffi-

cient to gather statistically meaningful data on

long-range conformational changes. ENMs are

based on coarser approximations. The protein is
Y represented by a subset of atoms (often the alpha
carbon atom, Ca) interconnected by a network of
elastic springs. Although this model is much
simpler with respect to MD, its normal modes are
representative of the motions of the protein
around its crystallographic structure.

We first performed an analysis based on the
perturbation of an anisotropic ENM.['"l The anal-
ysis consists of moving the Ca atoms around atom
i along each normal mode, giving rise to a new
distorted structure. If the structures arising from
moving the Ca atoms around atom j along the
same eigenvectors are distorted in a correlated
way, i and j are allosterically coupled in the
structure. The ENM analysis confirms the exis-
tence of an allosteric network connecting the two
monomers (Figure S4). Many distant elements, far from the
interface, showed a non-trivial allosteric coupling (Figure S4,
Figure 4A). The strongest coupling was found between the
two a7 helices, which are far from the interface. The o7 helix
was also coupled with the two long a9 helices of the other
monomer (e.g. a9 of monomer A was coupled with a7 of
monomer B and vice versa; Figure S4, Figure 4A). The a9
helices are involved in the opening of the cavity. Finally, the
a7 helices in monomers A and B are coupled to the interfacial
motifs a2, B4, and B5, with less intense couplings observed
also between a9 and the a2p4p5 region (Figure S4, Fig-
ure 4A). Thus, there is a coupling between the dimer interface
(a2p4p5) and the choline binding pocket. The allosteric signal
flows from the dimer interface to loop L9, involved in the
opening/closing mechanism, through helix o7. Because this
model involves the perturbation of a specific crystal structure,
it is sensitive to the conformation (apo or holo) used for the
analysis. Interestingly, some o7 residues are part of the
choline binding site and interact with compound 1 directly.
However, no differences were observed in the choline binding
site of the two monomers. Instead, significant differences
were observed at the other end of the ligand, the adenine
moiety that binds in the kinase ATP binding site. Indeed, in
the monomer B, which is more closed and to which 1 binds
better, the ligand makes stronger (shorter length) hydrogen
bonds to GIn207 and I1e209 (Figure 3A). Based on these
observations, it seems unlikely that the binding of the first
molecule directly triggers the closure of the L1-L9 loops.
Instead, the stronger binding of 1 to the ATP binding site, and
in particular to the hinge region preceding 4 and 35, might be
responsible for both the L1-L9loops closure and the
perturbation of the other monomer binding site, through
the coupling with a7 (Figure 4 A).

To verify the coupling between different structural
elements in the CHOKol dimer and to investigate the
driving force for L1-L9 loop closure and the break of
symmetry, we performed fully atomistic MD. The MD
simulations in an explicit solvent were performed with
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Figure 4. Elastic network analysis and molecular dynamics simula-
tions. A) Overall structure of CHOKall showing the coupled secondary
structures and the L1 and L9 loops (see also Figure S4,S5 for the
numbering of secondary structures and loops). B) Scheme demon-
strating that during the simulation, the protein dimer shifts from

a closed conformation of monomer B to a final conformation where

monomer A is closed.

GROMACS 4.51"1 using the Amber99SB*-ILDN!'"! force
field for the protein part and GAFF!"! for the ligand. The
system was solvated with 35378 water molecules in a dodec-
ahedral box and neutralized with two Na* ions (see Support-
ing Information). A 300 ns MD simulation of the dimer bound
to two molecules of 1 was run to characterize the differences
in the binding of the molecule to the two monomers and
rationalize their different K s. The inter-conversion of the two
monomer conformations was very fast (100 ns time scale).
Fast hinge-bending motions in the 1-100 ns time scale have
been reported previously,'”* also in other kinases.” Starting
from a conformation where the monomer A is open (A*) and
the monomer B is closed (B), a transition to an opposite
conformation AB*, where the second monomer is open, was
observed after approximately 70 ns. After another 100 ns, the
dimer went back to the original A*B conformation (Fig-
ure 4B). Initially, the two hydrogen bonds between 1 and the
binding pocket of the open monomer A were less populated
(48 % with GIn207 and 58 % with I11e209) than those of the
closed monomer B (75% and 83 %, respectively). The

Angew. Chem. Int. Ed. 2013, 52, 4582 —4586
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original binding pocket of monomer A contained more
water molecules (15041 in a 5 A solvation shell around the
ligand) compared to monomer B (98 & 1; Figure S6). Owing
to the insertion of water between the pyridinium end and the
hydrophobic residues Tyr333, Tyr354, Trp420, and Trp423,
large fluctuations of the ligand are observed at the choline
binding site when the pocket is in the open conformation. This
explains the higher affinity of 1 to the closed conformation
that is initially assumed by monomer B (Figure S6). To
confirm the allosteric coupling of the two monomers, we
performed a second set of simulations. We removed the ligand
bound to the most favorable A*B conformation and let the
system relax for more than 50 ns. In the simulation, we
observed a very fast shift towards the opposite AB*
conformation, thus supporting the tight allosteric coupling
between the two active site pockets (Figure S7). To optimize
the interactions between the ligand and the hydrophobic
residues in the choline binding site, monomer A* rapidly
assumes a closed conformation which leads to the opening of
monomer B. Principal component analysis (PCA) revealed
that the closure of L1/L9 triggers the sliding of helix a2 and
B4p5. These are engaged in inter-monomer protein—protein
interactions and cause an opposite movement of the N-lobe of
monomer A, leading to the opening of its cavity.

The tight coupling between the monomers through the
a2p4p5-a7-09-L9 elements explain the origin of the negative/
positive cooperativity reported previously for CHOK from
different species.”! More importantly, our simulations show
that the broken symmetry observed in the crystal structure
can be dynamically recovered on average because of the fast
exchange of the closed and open states assumed by the
Monomers.

In conclusion, we have investigated the binding mecha-
nism of a compound that induces a negative-cooperativity
allosteric mechanism in CHOKal with a break of the dimer
symmetry. We determined by protein X-ray crystallography
that not only is a large conformational change induced by
compound 1, but also that the conformation assumed by the
two bound monomers are dissimilar. The consequent asym-
metry of the dimer could explain the negative cooperativity,
as was first proposed by Levitzki etal.™ and recently
observed in the EGF receptor® and human hemoglobin.?"
However, MD simulations showed that the two monomers,
coupled through the 02p4p35-a7-09-L9 motifs, alternatively
assume an open/semi-open or closed state with a fast inter-
conversion rate, recovering on average the symmetry pro-
posed in the original MWC model. Taken together, our data
explain the molecular mechanism of the negative coopera-
tivity, the inter-monomer coupling, and sets the foundation to
design better and more selective inhibitors.
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