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Abstract
Optimization of fragment hits towards high affinity lead compounds is a crucial
aspect of fragment-based drug discovery (FBDD). In the current study, we have
successfully optimized a fragment by growing into a ligand-inducible subpocket of
the binding site of acetylcholine-binding protein (AChBP). This protein is a soluble
homolog of the ligand binding domain (LBD) of Cys-loop receptors. The fragment
optimization was monitored with X-ray structures of ligand complexes and
systematic thermodynamic analyses using surface plasmon resonance (SPR)
biosensor analysis and isothermal titration calorimetry (ITC). Using site-directed
mutagenesis and AChBP from different species, we find that specific changes in
thermodynamic binding profiles, are indicative of interactions with the ligandinducible subpocket of AChBP. This study illustrates that thermodynamic analysis
provides valuable information on ligand binding modes and is complementary to
affinity data when guiding rational structure- and fragment-based discovery
approaches.
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Introduction
In the past decade, fragment-based drug discovery (FBDD) has become a wellestablished method in the field of drug discovery.1-3 Compared to traditional highthroughput screening (HTS), FBDD is based on screening of smaller libraries of
compounds (typically containing 1000-5000 fragments) with lower molecular
weights (i.e., smaller than 300 Da).4 Fragment-based screening results in a better
coverage of chemical space and usually higher hit rates than HTS.3,5 Identified
fragment hits are either optimized by linking or growing. In fragment linking, two
simultaneously binding fragments are connected via a chemical linker.
Unfortunately, the expected increase in affinity is often compromised by
perturbation of the binding modes of the separate fragments or strain in the linker
used to connect the fragments.6,7 The preferred hit-optimization strategy in FBDD
has become fragment growing.1,8 In iterative cycles, additional features are added
to the hit fragment, leading to more potent compounds. Structural biology has been
shown to be crucial to guide the optimization of fragment hits towards novel and
potent drugs.1,3,9-11 In the current study, we employ FBDD approaches to develop
new ligands that bind to acetylcholine-binding protein (AChBP). This water-soluble
pentameric protein is widely recognized as a structural homolog of the ligand
binding domain (LBD) of Cys-loop receptors.12,13 Currently, AChBPs from different
species such as Lymnaea stagnalis (Ls-AChBP)14-16, Aplysia californica (AcAChBP) 17,18 and Bulinus truncatus (Bt-AChBP)19 have been identified and
crystallized, providing high-resolution structural models of the extracellular domains
of the pentameric ligand-gated ion channels (LGICs) of the Cys-loop family, such
as nicotinic acetylcholine receptors (nAChRs), GABAA-, serotonin 5-HT3-, and
glycine receptors.13
In a recent study, tropine derivatives were identified as AChBP ligands using an in
silico screening protocol.18 A structural analog, the benzoate substituted nortropine
fragment 1, exhibits good ligand efficiency (LE)20 of 0.43 kcalmol-1 per heavy atom
for Ac-AChBP and is therefore considered to be a good starting point for further
optimization (Figure 1). In the current study, a co-crystal complex of fragment 1
and Ac-AChBP was generated thereby enabling structure-based optimization.
Comparison with previously obtained co-crystal complexes reveals conformational
changes of the target protein upon ligand binding, mainly with respect to the loop C
which closes the binding site upon agonist binding.15,17-19,21 A unique
conformational change is observed for AChBP while binding to lobeline, leading to
the opening of a subpocket that enables the binding of the α-hydroxyphenetyl
moiety of the ligand.17 More specifically, the subpocket that we will refer to as the
lobeline pocket, becomes accessible after a change in the rotameric state of Tyr91
(g- to t conformation22, hereafter referred to as the tyrosine-flip). Considering the
partially overlapping binding modes of hit fragment 1 and lobeline (2), we designed
a fragment growing optimization study to induce the tyrosine-flip and grow the
fragment into the lobeline pocket (Figure 1). The ligand-induced opening of binding
site subpockets represents an interesting challenge and a potentially rewarding
drug discovery opportunity.23 Using X-ray analysis of co-crystal structures,
molecular modelling, site-directed mutagenesis, AChBP species differences,
surface plasmon resonance (SPR) biosensor analysis and isothermal titration
calorimetry (ITC), we show that the thermodynamic signature of ligand binding
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Figure 1. Fragment optimization strategy. Surface representations of the crystal
structures of fragment 1-bound Ac-AChBP (a) and of lobeline-bound Ac-AChBP
(PDB 2BYS)16 (b). (a) In the fragment 1-Ac-AChBP complex, Tyr91 (orange) is
stabilized in the g- conformation through a hydrogen bond with Ser144, rendering
the lobeline pocket inaccessible. (b) However Tyr91 adopts a t conformation in the
lobeline-Ac-AChBP complex interacting with Tyr53 and Ser165 through hydrogen
bonds, thus leading to the opening of the lobeline pocket. (c) The superposition of
the fragment 1 and lobeline (2) molecules indicates that the fragment may be
grown into the lobeline pocket by extending its tropine nitrogen with the αhydroxyphenetyl moiety of lobeline generating compound (3).
changes drastically when the lobeline pocket is addressed. The obtained results
illustrate that thermodynamic analysis of ligand binding provides important
information about the binding mode and reveal the value of monitoring
thermodynamic aspects during fragment growing.
Results and Discussion
Chemistry
The designed compounds were prepared according to the route depicted in
Scheme 1. Acylation of tropine with benzoyl chloride afforded tropine benzoate (7)
in an excellent yield.24 Subsequent demethylation using α-chloroethyl
chloroformate gave the corresponding nortropinyl ester (1).25 The αhydroxylphenetyl extended fragment was synthesized by heating 1 with the (R)enantiomer of phenyloxirane in the microwave.26 The enantiomeric excess (ee) of
compound 3 was determined at 98% by chiral HPLC. Reductive amination of
phenylacetaldehyde
with
nortropine
benzoate
1
using
sodium
triacetoxyborohydride as the reducing agent gave compound 4.27 Finally, treatment
of 3 with iodomethane followed by recrystallization from chloroform resulted in
isolation of the endo-α-(R)-hydroxyphenetyl substituted quaternary ammonium
derivative (6). The endo-configuration of the α-(R)-hydroxyphenetyl substituent was
confirmed by 2D NMR.
Structure-Based Design of a Novel ligand that Interacts with the Lobeline
Pocket
Fragment 1, which is a structural analog of hits that have been identified in an
earlier study,18 exhibits good LE (0.43 kcal·mol-1 per heavy atom) and was cocrystallized with Ac-AChBP. A 3.65 Å resolution crystal structure was obtained,
with good density for the ligand (Figure 1a, 2a and 3a) despite the low resolution.
The ability to use five-fold restraints in crystallographic refinement allowed
confident building of the compound into electron density, thus enabling structurebased optimization. The structure displays one Ac-AChBP pentamer per
asymmetric unit where the C-loops adopt a closed conformation over all five
binding sites. Fragment 1 is present at all five protomer-protomer interfaces, with
similar orientations. The ligand is stabilized through hydrophobic interactions with
Cys188, Cys189, Gln55, Ile116 and Tyr91, and through a hydrogen bond between
the protonated amine atom of 1 and the backbone carbonyl from Trp145 (Figure
64
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1a, 2a and 3a). When compared with lobeline-bound Ac-AChBP (Figure 1b, PDB:
2BYS), the fragment‟s benzoate group is tilted ~50˚ with respect to lobeline‟s 1phenylethanone moiety and stacked against the vicinal cysteines at the tip of loop
C, placing the loop in a more open conformation (2.7 Å when comparing Cys188
Cα positions). The structure further reveals that gatekeeper residue Tyr91 is in the
g- conformation, making the lobeline pocket inaccessible. From the complex
structures we predicted that further optimization of the fragment could be achieved
by opening of and growing into the lobeline pocket (Figure 1). To address this
subpocket, the fragment was merged with the α-hydroxyphenetyl group of lobeline
(2), resulting in compound 3 (Figure 1). Molecular docking using GOLD (version
4.0)28 suggests that the extended fragment 3 can adopt a binding mode in which
the lobeline pocket is being addressed by the α-hydroxyphenetyl moiety (Figure 4).
Because these in silico results seemed promising, the designed compound was
synthesized and screened for AChBP affinity.

Scheme 1: Synthetic route towards target molecules
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X-Ray Structures Confirm Insertion into the Lobeline Pocket
Extension of fragment 1 with an α-(R)-hydroxyphenetyl moiety yields compound 3
and resulted in a ~50-fold increase in affinity (pKi = 7.0 ± 0.1), although the LE
drops slightly from 0.43 to 0.37 kcal·mol-1 per heavy atom (Figure 6a). In order to
confirm successful insertion into the lobeline pocket, a crystal structure of the
optimized fragment (3) bound to Ac-AChBP was generated. The 3.59 Å resolution
crystal structure shows that fragment 1 was successfully grown into the lobeline
pocket (Figure 2b and 3b). The structure displays one pentamer in the asymmetric
unit with each of the protomer-protomer interfaces binding one ligand molecule.
The benzoate substituted nortropine moiety adopts an orientation similar to 1,
although displaced ~1Å deeper into the binding site, hence bringing loop C into a
conformation intermediate between those observed for fragment 1 and lobeline AcAChBP complexes. Interestingly, an ion, most likely a chloride, could be refined in
the position occupied by the lobeline 1-phenylethanone moiety from the lobelineAc-AChBP complex. Extension of fragment 1 with an α-(R)-hydroxyphenetyl moiety
(resulting in 3), induces a change in rotameric state of Tyr91 (g- to t conformation)
that opens the lobeline pocket. This tyrosine-flip is stabilized by hydrogen bond
formation between the phenolic oxygen of Tyr91 and the side chain hydroxyl
groups of Tyr53 and Ser165. The α-(R)-hydroxyphenetyl moiety responsible for the
insertion into the lobeline pocket displays an orientation similar to that observed in
the Ac-AChBP-lobeline complex and is involved in extensive hydrophobic
interactions with Asp195, Tyr91, Lys141, Gly143 and Thr89 (Figure 2b and 3b).
As a result, the experimentally determined binding mode corresponds very well to
the predicted binding mode that was obtained by molecular docking (rmsd of 1.1
Å). Nevertheless, the experimentally determined binding mode differs from the
predicted binding mode in that the hydroxyl group of 3 is not engaged in hydrogen
bonding to the backbone carbonyl oxygens of Ser144 or Trp145 but instead is
involved in van der Waals interactions with Tyr193 (Figure 4).
Since, the hydroxyl group of the optimized fragment 3 is not involved in formation
of hydrogen bonds with the binding site, it was expected that its removal would
lower the desolvation penalty and thereby result in an increase in binding affinity.
The norhydroxyl derivative (4) was therefore synthesized and screened for AChBP
affinity. Indeed, 4 exhibited higher AChBP affinity (pKi = 7.5 ± 0) than 3 and when
compared with the starting fragment 1, a 150-fold increase in binding affinity is
observed (Figure 6). To determine if 4 induces the tyrosine-flip and interacts with
the lobeline pocket, an additional co-crystal structure was generated. The
compound 4-Ac-AChBP structure was solved with a resolution of 3.30 Å and shows
an almost identical binding mode to 3 (rmsd of 0.6 Å), exemplifying that a hydroxyl
functionality is not required for opening of and insertion into the lobeline pocket
(Figure 2c and 3c).
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Figure 2. Growing fragment 1 into or away from the lobeline pocket. Cartoon
representations of the Ac-AChBP complexes with fragment 1 (a), optimized
fragments 3 (b) and 4 (c) and quaternary ammonium derivative 6 (d). The Sigma A
weighted 2Fo-Fc electron density map at a 1σ level, carved 2Å around the ligand is
depicted as a mesh. The small sized fragment (1) does not interact with or induce
an opening of the lobeline pocket and maintains the gatekeeper Tyr91 into a gstate stabilized by a hydrogen bond with the Ser144 carbonyl (a). Growing into the
lobeline pocket with compound 3 (b) or 4 (c) induces a change in rotameric state of
Tyr91 (g- to t conformation) which opens the lobeline pocket. This tyrosine-flip is
stabilized by hydrogen bond formation with the side chains of Tyr53 and Ser165 (b,
c). The small sphere near the carbonyl oxygen of the ligand in (b) corresponds to a
chloride ion. Quaternization of the tropine nitrogen of 3 with a methyl group,
producing 6 locks the α-(R)-hydroxyphenetyl moiety in an endo configuration,
unable to induce the opening of the lobeline pocket (d).
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Figure 3. Binding site with different orientation. A 60 degree rotation of structures
of Ac-AChBP in complex with (a) fragment 1, (b) compound 3, (c) compound 4 and
(d) compound 6, with respect to the respective representations in Figure 2.
Interesting loop C residues are now displayed as sticks.
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Figure 4. Predicted binding mode (light grey colored sticks) versus the
experimentally determined binding mode (dark grey colored sticks) of optimized
fragment 3 (rmsd = 1.1 Ǻ). The orientation of the α-hydroxyl moiety is different than
was predicted by molecular docking. Instead of hydrogen bond formation with the
carbonyl backbone of Ser144 (predicted hydrogen bonds are shown in black
dashed lines), it is pointing towards a lipophilic part of the binding site; Tyr193.
Site-Directed Mutagenesis Study on Stabilization of the Tyrosine-Flip
Visual inspection of the Ac-AChBP co-crystal structures of the optimized fragments
3 and 4 and the structure of the Ac-AChBP-lobeline complex by Hansen and coworkers17 shows that the side chains of two residues (Tyr53 and Ser165) are likely
to be involved in stabilization of the flipped state of gatekeeper residue Tyr91 by
hydrogen bond formation with the phenolic oxygen of Tyr91 (Figure 1b, 2b, 2c, 3b
and 3c). Superposition of X-ray structures of Ac-AChBP (PDB: 2BYS)17 with its
species variant Ls-AChBP (PDB: 1UW6)16 shows that the tyrosine-flip stabilizing
residues, Tyr53 and Ser165, correspond to a tryptophan and a tyrosine (Trp53 and
Tyr164) respectively in Ls-AChBP (Figure 5). The side chains of Trp53 and
Tyr164 in Ls-AChBP are positioned in such a way that these residues are not able
to stabilize the tyrosine-flip and hamper opening of the lobeline pocket in LsAChBP (Figure 3). To study the importance of Tyr53 and Ser165 in stabilizing the
tyrosine-flip in Ac-AChBP, site-directed mutagenesis experiments were performed
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in which these residues were substituted for their Ls-AChBP counterparts, a
tryptophan and a tyrosine, respectively. Affinity measurements of Ac-AChBP Y53W
and S165Y mutants as well as wild-type Ac- and Ls-AChBPs were performed with
nicotine and acetylcholine, which cannot interact with the lobeline pocket because
of their small size, and with optimized fragment 3 and lobeline, which have been
shown to interact with the lobeline pocket in Ac-AChBP from co-crystal structures.
The results summarized in Table 1, indicate that Ser165 is essential for stabilizing
the tyrosine-flip. Substitution of Tyr53 with a non-stabilizing tryptophan decreases
the affinity of compound 3, 5-fold and generates a small increase in affinity for the
three other ligands. The switch from Ser165 to a non-stabilizing tyrosine has a
more dramatic effect. The affinity for lobeline and compound 3 decrease by >400and 25-fold respectively, whereas the affinities of acetylcholine and nicotine which
do not interact with the lobeline pocket are hardly affected. Strikingly, this single
point mutation in Ac-AChBP (S165Y) renders the affinity of 3 and lobeline very
similar to wild type Ls-AChBP. These results provide strong evidence for a less
accessible lobeline pocket in Ls-AChBP compared to Ac-AChBP.
Thermodynamic Analysis of Fragment Optimization using SPR and ITC
The thermodynamic aspects of growing a fragment into the ligand-induced lobeline
pocket of Ac-AChBP were studied by surface plasmon resonance (SPR) biosensor
analyses, using an assay developed by Geitmann et al.,29,30 at five different
temperatures (15, 20, 25, 30 and 35 °C) and isothermal titration calorimetry (ITC).
SPR at different temperatures allows dissection of binding affinity into the separate
enthalpic and entropic contributions using van „t Hoff analysis31-33 whereas ITC
analysis is directly related to enthalpic contribution and free energy and entropy are
derived through titration curves34. Our results on a large set of ligands show that
these fundamentally different techniques result in very comparable profiles (Figure
6c and 6d, Table 2). A major advantage of using SPR biosensor analysis is that
this method requires substantially lower amounts of target protein compared to
ITC. The van „t Hoff plots that were derived from the SPR biosensor analysis are
depicted in Figure 7 whereas the ITC titration curves are depicted in Figure 8.
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Figure 5. AChBP species differences in stabilization of the tyrosine-flip. The
superposition of crystal structures of Ac-AChBP (in grey) and Ls-AChBP (in blue)
suggests that Trp53 and Tyr164 in Ls-AChBP (represented as blue sticks) cannot
stabilize the tyrosine-flip contrary to Tyr53 and Ser165 in Ac-AChBP (represented
as grey sticks).
Table 1. Investigation of AChBP species differences using site-directed
mutagenesis

α-lobeline (2)
3
Acetylcholine
nicotine (5)

Ac-wt
pKi ± SEMa
8.5 ± 0.1
7.0 ± 0.1
4.0 ± 0.1
5.6 ± 0.1

Ac-Y53W
pKi ± SEMa
8.7 ± 0.1
6.3 ± 0.1
4.5 ± 0.1
6.3 ± 0.1

Ac-S165Y
pKi ± SEMa
5.9 ± 0.1
5.6 ± 0.1
4.3 ± 0.1
5.5 ± 0.1

Ls-wt
pKi ± SEMa
6.2 ± 0.1
6.2 ± 0.1
5.2 ± 0.1
6.4 ± 0.1
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Figure 6. (a) Chemical structures and binding affinities for Ac-AChBP and LsAChBP as determined by [3H]-epibatidine displacement of the compounds that
were evaluated using SPR biosensor analysis and ITC. Ligand efficiency (LE) of
each compound is depicted between brackets in kcal·mol-1 per heavy atom. (b)
Representative sensorgrams of the compounds binding to Ac-AChBP at different
concentrations at 25˚C. Thermodynamic profiles for ligand binding to Ac-AChBP (c)
and Ls-AChBP (d) were obtained using SPR biosensor analysis (dark bars ± SEM)
and ITC (light bars ± fitting errors) and are represented in bar charts. Shown are
the changes that occur upon ligand binding in Gibbs energy (∆G˚) (SPR: dark blue;
ITC: light blue), enthalpy (∆H˚) (SPR: dark green; ITC: light green) and entropic
contributions (-T∆S˚) (SPR: dark red; ITC: light red). All thermodynamic parameters
shown are in kcal·mol-1 (e) Representative sensorgrams of the four compounds
binding to Ls-AChBP at different concentrations at 25˚C.
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Figure 7. SPR biosensor analysis at different temperatures allows dissection of
binding affinity into the separate thermodynamic contributions (ΔH° and -TΔS°). (a)
Chemical structures of the compounds that were evaluated using SPR biosensor
analysis. (b) Representative sensorgrams of compounds binding to Ac-AChBP at
different concentrations at 25˚C. The inserts show the determination of the KD by
steady-state analysis. (c) Representative sensorgrams of compounds binding to
Ls-AChBP at different concentrations at 25˚C. The inserts show the determination
of the KD by steady-state analysis (d) Representative van „t Hoff plots of
compounds for Ls- and Ac-AChBP. (e) Thermodynamic profiles of compounds for
binding to Ac- (left) and Ls-AChBP (right). Shown are ∆G° (kcal·mol-1, left bar), ∆H°
(kcal·mol-1, bar in the middle) and -T∆S° (kcal·mol-1, right bar).

Figure 8. ITC titration curves for the binding of ligands to Ac- and Ls-AChBP
respectively : (a) and (b) fragment 1, (c) and (d) compound 3, (e) and (f)
compound 4, (g) and (h) compound 6, (i) and (j) (S)-nicotine (5), (k) and (l) αlobeline (2).
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Extending fragment 1 with an α-(R)-hydroxyl substituted phenetyl moiety (leading
to 3) results in a significant shift in thermodynamic binding signature where a large
increase in favourable enthalpic contribution to the binding is observed for the
optimized fragment 3 (Figure 6c and Table 2). An even more enhanced increase
in favourable enthalpic contribution is observed when extending the fragment with
a phenetyl moiety (leading to 4). These favourable enthalpic contributions are
compensated to some extent by an unfavourable entropic contribution to the
binding for both optimized ligands. A rationale for the difference in the enthalpic
contributions to the binding between the two optimized ligands can be derived from
crystal structures of the complexes of the two ligands to Ac-AChBP. These show
that the hydroxyl group of 3 displays an unsatisfied hydrogen bond whereas the
buried surface area is similar in both cases (~460Å² calculated using the PISA
webserver35), possibly causing the small difference in enthalpy.
Combining the thermodynamic analysis with the identified species differences, it
was anticipated that complex formation to Ls-AChBP (non-stabilized tyrosine-flip)
of lobeline, and optimized fragments 3 and 4 would be driven by less favourable
enthalpy compared to Ac-AChBP (stabilized tyrosine-flip). Thermodynamic analysis
using SPR biosensor analysis and ITC, confirmed our hypothesis. Binding of
ligands that interact with the lobeline pocket in Ac-AChBP (3, 4 and lobeline) is
characterized by more favourable enthalpy when compared to Ls-AChBP (Figure
6c, 6d and Table 2). This is in contrast with ligands that do not interact with the
lobeline pocket. Their binding to Ls-AChBP is driven by similar (nicotine) or more
(fragment 1) favourable enthalpy compared with binding to Ac-AChBP.
In addition, these results show that growing fragment 1 into the ligand-induced
lobeline-pocket in Ac-AChBP renders the fragment selective for Ac-AChBP over
Ls-AChBP. A plausible explanation for these observations that is in line with the
site-directed mutagenesis results, is a differential stabilization of the t-conformation
of gatekeeper residue between the AChBP species variants. As such, the lobeline
pocket is better accessible in Ac-AChBP compared to Ls-AChBP and can be
targeted as a species-selectivity subpocket.
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Table 2. Thermodynamic parameters of binding at 25 °Ca
Method

pKD

ΔG°

ΔH°

-TΔS°

SPR

4.7 ± 0.1

-6.5
± 0.1-1)
(kcalmol

ITC

5.9 ± 0.2

-8.0 ± 0.2

-2.1
± 0.1(kcalmol
1
)
-4.5 ± 0.4

-4.5
± 0.1(kcalmol
1
)
-3.5 ± 0.7

SPR

6.5 ± 0.1

-8.8 ± 0.2

-14.2 ± 0.3

5.4 ± 0.5

ITC

7.4 ± 0.1

-10.1 ± 0.1

-12.3 ± 0.1

2.3 ± 0.1

SPR

6.9 ± 0.1

-9.3 ± 0.1

-15.0 ± 0.5

5.6 ± 0.6

ITC

7.3 ± 0.2

-9.9 ± 0.2

-16.0 ± 0.3

6.1 ± 0.5

α-lobeline
(2)

SPR

7.5 ± 0.1

-10.2 ± 0.1

-8.4 ± 0.8

-1.9 ± 0.8

ITC

8.3 ± 0.3

-11.3 ± 1.0

-13.7 ± 0.3

2.3 ± 1.4

(S)-nicotine
(5)

SPR

5.3 ± 0.1

-7.3 ± 0.1

-11.1 ± 1.0

3.8 ± 1.1

ITC

6.1 ± 0.1

-8.3 ± 0.1

-12.5 ± 0.3

4.2 ± 0.2

SPR

5.5 ± 0.1

-7.5 ± 0.1

-4.8 ± 1.1

-2.7 ± 1.2

ITC

6.0 ± 0.4

-8.2 ± 0.4

-3.8 ± 0.5

-4 ± 1

SPR

6.1 ± 0.1

-8.4 ± 0.1

-7.5 ± 0.5

-0.9 ± 0.4

ITC

6.7 ± 0.2

-9.1 ± 0.2

-12.3 ± 0.3

3.2 ± 0.5

SPR

6.0 ± 0.1

-8.2 ± 0.1

-5.5 ± 1.0

-2.7 ± 1.0

ITC

6.6 ± 0.2

-9.0 ± 0.2

-7.0 ± 0.2

-2.0 ± 0.3

SPR

6.8 ± 0.1

-9.3 ± 0.1

-11.1 ± 0.6

1.8 ± 0.5

ITC

7.2 ± 0.2

-9.8 ± 0.3

-10.9 ± 0.3

1.1 ± 0.5

α-lobeline
(2)

SPR

6.1 ± 0.1

-8.4 ± 0.1

-5.4 ± 0.5

-3.0 ± 0.5

ITC

6.6 ± 0.1

-9.0 ± 0.2

-7.4 ± 0.2

-1.6 ± 0.5

(S)-nicotine
(5)

SPR

6.5 ± 0.1

-8.9 ± 0.1

-11.0 ± 1.2

1.3 ± 1.3

ITC

7.3 ± 0.2

-10.0 ± 0.2

-14.5 ± 0.3

4.5 ± 0.5

SPR

7.0 ± 0.1

-9.6 ± 0.1

-8.6 ± 1.1

-1.0 ± 1.1

ITC

7.2 ± 0.3

-9.8 ± 0.4

-11.0 ± 0.3

1.2 ± 0.6

Compound
1

Ac-AChBP

3

4

6

1

Ls-AChBP

3

4

6
a

SPR values are ± SEM over multiple experiments (n = 3-6). ITC values are ± fitting errors.
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Ligand-based chemical validation
Next to binding mode characterization by considering site-directed mutagenesis
and species differences of the protein target, a ligand-based chemical validation of
the conclusions was pursued. The X-ray co-crystal structure of the optimized
fragment 3 shows that in order to interact with the lobeline pocket the α-(R)hydroxyphenetyl moiety takes an exo-configuration with respect to the tropine
moiety, i.e., the substituent that is inserted into the lobeline pocket is pointing
towards the tropine ethylene bridge (Figure 2b). Quaternization of the tropine
nitrogen atom of 3 by introduction of an additional methyl substituent, prevents
pyramidal inversion and locks the α-(R)-hydroxyphenetyl moiety in the opposite
endo-configuration, which is anticipated to prevent this derivative from interacting
with the lobeline pocket. Interestingly, pharmacological screening using [3H]epibatine displacement shows that upon quaternization of the basic amine of 3
affording compound 6, the affinity for Ac-AChBP is lowered 10-fold whereas affinity
for Ls-AChBP increases 6-fold (Figure 6a). This minor modification, i.e., addition of
a single methyl substituent renders compound 3 from 8-fold Aplysia-selective to 8fold selective for the Lymnaea-AChBP species. The co-crystal structure of the
quaternary methylammonium derivative 6 with Ac-AChBP was solved to a
resolution of 3.25Å and provides an explanation for the observed change in AChBP
species selectivity. Quaternary ammonium derivative 6 was present in the five
protomer-protomer interfaces with similar orientations, showing that the
quaternized ligand does not interact with the lobeline pocket. In this complex, Tyr91
adopts a g- conformation with a χ2 value of -30°, and is stabilized through a
hydrogen bond between the phenolic hydroxyl group and the carbonyl group from
the Ser144 backbone (Figure 2d and 3d). Such an orientation of the Tyr91 side
chain is indicative of an inaccessible lobeline pocket. Furthermore, in this complex
Tyr91 adopts a different rotamer state from the one observed in the Ac-AChBPcomplex with fragment 1 (χ2 = -85°) likely to accommodate the methyl group
tethered to the amine of VUF11438. The quaternized nitrogen of ligand 6 can make
cation-π interactions with Trp145, Tyr91, Tyr186, Tyr193 and Tyr53 whereas a
hydrogen bond is made between the hydroxyl group of the ligand and of Tyr53.
The benzoate moiety of 6 is oriented differently in the binding site in an
intermediate position relative to the benzoate of optimized fragments 3 or 4 and the
lobeline 1-phenylethanone moiety, where it interacts via hydrophobic contacts with
Ile116, Met114 and the vicinal Cys188 and Cys 189 at the tip of loop C.
In line with these findings is the thermodynamic data that reveals that the
favourable enthalpy of binding of compound 3 to Ac-AChBP is dramatically
reduced upon quaternization, leading to ligand 6. On the other hand, the entropy of
binding becomes more favourable limiting the loss in affinity upon quaternization of
3 to 10-fold when binding to Ac-AChBP (Figure 6a and 6c). In the case of LsAChBP and in contrast with Ac-AChBP, quaternization of compound 3 affords a
favourable change in enthalpy. As a result, the quaternary ammonium derivative 6
binds with more favourable enthalpy to Ls-AChBP compared to Ac-AChBP. Similar
to what is observed with ligands not interacting with the lobeline pocket such as
fragment 1, but not with ligands addressing the lobeline pocket such as lobeline
(2), 3 and 4. The more favourable enthalpic contribution possibly arises from the
differences in the complementary binding sites of Ls- and Ac-AChBP, such as the
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replacement of Tyr53 by a tryptophan or of Ile116 by a methionine. Such variations
are likely to significantly alter the interaction interface with the binding site and may
be of influence to the binding mode.
Integrating the X-ray data on the Ac-AChBP co-crystal complexes of the optimized
fragments 3 and 4 with the thermodynamic analysis and site-directed mutagenesis
results, provides evidence that the change in thermodynamic binding signature
upon fragment optimization is indicative of interactions with the ligand-induced
AChBP subpocket. Ligand 4 binds with similar affinity to Ac-AChBP and LsAChBP. The affinity data therefore does not provide any indication for a difference
in binding modes. However, the changes in binding enthalpy upon extending
fragment 1 with a phenetyl moiety (resulting in 4) are substantially different for AcAChBP (ΔΔH° = -12.9 kcal·mol-1 (SPR), -11.5 kcal·mol-1 (ITC)) compared to LsAChBP (ΔΔH° -3.6 kcal·mol-1 (SPR), +1.4 kcal·mol-1 (ITC)). The significant
favourable change in enthalpy for Ac-AChBP, upon extending fragment VUF10663
with a phenetyl moiety is likely to result from interactions with the ligand-induced
AChBP subpocket. The site-directed mutagenesis results strongly indicate that the
lobeline pocket is less accessible in Ls-AChBP compared to Ac-AChBP. Therefore,
we propose, that due to a distinct binding mode in Ls-AChBP, in which the lobeline
pocket is not addressed, no significant favourable change in enthalpy, upon
extension of fragment 1 by a phenetyl moiety is observed. In line with this proposal,
are the thermodynamic changes upon growing fragment 1 into the quaternary
ammonium derivative 4. This chemical modification prevents the ligand from
interacting with the lobeline pocket in Ac-AChBP, and yields similar changes in
enthalpy for Ac-AChBP (ΔΔH° -2.7 kcal·mol-1 (SPR), -1.1 kcal·mol-1 (ITC)) and LsAChBP (ΔΔH° -1.1 kcal·mol-1 (SPR), +1.3 kcal·mol-1 (ITC)) (Figure 9). As such,
these results illustrate that more than affinity data alone, thermodynamic analysis
and focus on enthalpic and entropic contributions during fragment optimization can
provide valuable information on the binding mode of a ligand, thereby better
guiding the rational design process.
In the current study we have grown a hit fragment into a protein binding pocket that
can be induced by triggering conformational changes of the protein. X-ray analysis
confirmed the successful design strategy. Thermodynamic binding analysis
showed that insertion into the lobeline pocket by extending fragment 1 with a
hydrophobic phenetyl moiety resulting in compound 4 affords a considerable
favourable change in enthalpy of ~-12 kcal·mol-1, that is partly compensated by an
entropic penalty . This is in contrast with the classical view on the hydrophobic
effect, in which increased burial of hydrophobic moieties in a hydrophobic pocket
results in favourable changes in entropy. Studies on major mouse urinary protein
suggest that enthalpy driven hydrophobic association results from poor solvation of
the binding site, prior to complex formation.36-38 The apo-Ac-AChBP X-ray structure
(pdb: 2W8E)18 shows that residue Tyr91 is in the g-conformation and functions as a
gatekeeper making the lobeline pocket inaccessible. It is therefore likely that before
complex formation, the lobeline pocket is poorly solvated. A significant part of the
extensive favourable change in enthalpy may therefore result from strong van der
Waals interactions between the phenetyl moiety of compound 4 and the lobeline
pocket that are not compensated by the solvent.
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Figure 9. Thermodynamic analysis provides indication of successful insertion into
the lobeline pocket. Chemical structures and binding modes as determined by Xray analysis of Ac-AChBP co-crystal structures and the thermodynamic binding
signatures for Ac-AChBP and Ls-AChBP of optimized fragment 4 (a) fragment 1 (b)
and quaternary ammonium derivative 6 (c) as determined by SPR biosensor
analysis (dark bars ± SEM) and ITC (light bars ± fitting errors). Shown are the
changes that occur upon ligand binding in Gibbs energy (∆G˚) (SPR: dark blue;
ITC: light blue), enthalpy (∆H˚) (SPR: dark green; ITC: light green) and entropic
contributions (-T∆S˚) (SPR: dark red; ITC: light red). All thermodynamic parameters
shown are in kcal·mol-1.
Besides providing insight into the thermodynamic aspects of fragment-growing, our
investigations also reveal that growing the fragment 1 into the lobeline pocket
renders the fragment selective for Ac-AChBP whereas introduction of an additional
methyl substituent preventing interactions with the lobeline pocket reverses the
AChBP species selectivity back to Lymnaea. Thus, selectivity for Ac-AChBP over
Ls-AChBP can be achieved by addressing the lobeline pocket. The subtle
differences in protein conformational changes that induce the lobeline pocket may
be of interest in the design of subtype-selective ligands for human nicotinic
receptors as well. The gatekeeper tyrosine residue is conserved amongst the
human nAChR subtypes whereas the residue (Ser165 in Ac-AChBP) that stabilizes
the open lobeline pocket conformation is located in a highly variable region. As can
be seen from Figure 6a, lobeline exerts a 250-fold selectivity for Ac-AChBP
(accessible lobeline pocket) over Ls-AChBP (inaccessible lobeline pocket) and
~1000-fold selectivity for α4β2 over α7 nAChRs.39,40 Differential stabilization of the
rotameric states of the gatekeeper tyrosine residue may provide an explanation for
the observed nAChR subtype selectivity of lobeline and the lobeline pocket may be
targeted as a subtype-selectivity pocket.
Conclusion
The work described here illustrates that fragment growing can trigger ligandinduced conformational changes of the target protein. The obtained results strongly
indicate that the distinct changes in thermodynamic binding signatures upon
fragment optimization between Ac-AChBP and Ls-AChBP, result from a difference
in binding modes of the optimized fragments. We conclude that more than affinity
data alone, dissection of binding affinity into the separate enthalpic and entropic
contributions provides valuable information with regards to the binding mode of a
ligand. Furthermore, our studies show that thermodynamic analysis enabled by
state-of-the-art technologies such as ITC and SPR biosensor analysis, in our
hands give comparable results. Altogether, this study illustrates that in combination
with detailed structural information (X-ray of co-crystals), thermodynamic data
provides crucial insights that enable efficient fragment optimization.
All of the crystal structures with fragments described in this paper have been
deposited in the Protein Data Bank (PDB codes 2Y54, 2Y56, 2Y57 and 2Y58).
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Materials and Methods
Chemistry
General
Chemicals and reagents were obtained from commercial suppliers and were used
without further purification. DCM, THF and toluene were distilled under an
atmosphere of nitrogen from CaH2 prior to use. Yields given are isolated yields.
Microwave reactions were performed with Biotage Initiator microwave system. All
melting points are uncorrected and were measured on an Optimelt automated
melting point system from Stanford research systems. 1H NMR and 13C NMR
spectra were measured on a Bruker 200, 250 and 500. Analytical HPLC-MS
analyses were conducted using Shimadzu LC-20AD liquid chromatography pump
system with a Shimadzu SPD-M20A Diode Array detector with the MS detection
performed with a Shimadzu LCMS-2010 liquid chromatography mass
spectrometer. The buffer is a 0.4% (w/v) NH4CO3 solution in water, adjusted to pH
8.0 with NH4OH. The analyses were performed using the following conditions: an
Xbridge (C18) 5 μm column (100 mm × 4.6 mm) with solvent A (90% acetonitrile10% buffer) and solvent B (90% water-10% buffer), flow rate of 1.0 mL/min, start
5% A, linear gradient to 90% A in 8 min, then linear gradient to 5% A in 0.5 min,
then 6.5 min at 5% A, total run time of 15 min. Compound purities under both
conditions were calculated as the percentage peak area of the analyzed compound
by UV detection at 228 nm.
8-methyl-8-azabicyclo[3.2.1]octan-3α-yl benzoate (7) Benzoyl chloride (19.1 mL,
165 mmol) was added in a dropwise manner to a boiling solution of α-tropine (21,2
g, 150 mmol) and TEA (22.9 mL, 165 mmol) in freshly distilled toluene (200 mL).
The mixture was heated at reflux temperature for 4 h. The mixture was washed
with a 2 times diluted NaHCO3(sat) solution (3 x 75 mL), with brine (75 mL) and
dried with MgSO4. Upon drying, a white precipitate starts to form and the mixture
was directly filtered over paper under suction. The residue was extensively washed
with DCM. The filtrate was concentrated in vacuo to afford 33.2 g (90%) of a white
solid. For biological characterization purposes, a small amount was recrystallized
from toluene/acetonitrile to obtain pure material. Mp: 265.6-267.0°C. 1H NMR (500
MHz, MeOD) δ (ppm) 8.06 (d, J = 8.2 Hz, 2H), 7.68 (t, J = 6.9 Hz, 1H), 7.63-7.51
(m, 2H), 5.31 (t, J = 5.0 Hz,1H), 4.01-3.94 (m, 2H), 2.86 (s, 3H), 2.61-2.20 (m, 8H);
13
C NMR (75 MHz, MeOD) δ (ppm) 166.87, 134.65, 121.26, 130.48, 129.88, 66.25,
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63.62, 25.23; HRMS (m/z): [M+H]+ calcd. for C15H20NO2, 246.1489; found,
246.1496.
8-azabicyclo[3.2.1]octan-3α-yl benzoate hydrochloride (1) 8-methyl-8azabicyclo[3.2.1]octan-3α-yl benzoate (7) (3.80 g, 16 mmol) was suspended in 40
mL DCE. Upon cooling in an ice/water bath and under an atmosphere of nitrogen,
1-chloroethyl chloroformate (3.5 mL, 32 mmol) was added in a dropwise manner.
The mixture was heated to reflux temperature and stirred for 5 h. The mixture was
concentrated in vacuo and dissolved in MeOH (40 mL). Stirring at room
temperature for 1 h results in formation of a white precipitate which was isolated by
filtration over glass under suction. The obtained hydrochloride salt was washed
with MeOH and dried in a vacuum stove to afford 2.77 g (67%) of fine white solid.
Further concentration of the mother liquor afforded 0.42 g (10%) of a white solid.
Total isolated yield 77%. Decomposes at > 280 oC; 1H NMR (500 MHz, MeOD) δ
(ppm) 8.03 (d, J = 8.5 Hz, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.55-7.50 (m, 2H), 5.33 (t, J
= 4.9 Hz, 1H), 4.16-4.01 (m, 2H), 2.56-2.36 (m, 4H), 2.36-2.12 (m, 4H); 13C NMR
(50 MHz, D2O) δ (ppm) 169.03, 135.45, 130.85, 130.77, 130.30, 68.01, 55.31,
34.52, 27.01; HRMS (m/z): [M+H]+ calcd. for C15H18NO2, 232.1332; found,
232.1343.
8-((R)-2-hydroxy-2-phenylethyl)-8-azabicyclo[3.2.1]octan-3α-yl benzoate (3)
Under an atmosphere nitrogen, a solution of (R)-phenyloxirane (230 μL, 2.0 mmol)
in NMP (2 mL) was added dropwise to a stirring solution of 8azabicyclo[3.2.1]octan-3α-yl benzoate (1, free base) (463 mg, 2.0 mmol) in NMP (2
mL). Subsequently, the mixture was heated for 1 h at 150 °C in the microwave.
The clear mixture was mixed with water (50 mL) and stirred for 30 min at room
temperature. Subsequently, the white suspension that has formed is set aside in
the fridge for 3 h. A white precipitate is isolated by filtration over glass, washed with
water and dried in the vacuum stove overnight. 548 mg of a white solid was
obtained. Recrystallization from water/EtOH afforded 482 mg (69%) of fine white
needle-shaped crystals. Mp: 128.0 – 128.7 °C; [α]D = - 48 (c = 1, CHCl3); 1H NMR
(500 MHz, MeOD) δ (ppm) 8.02 (d, J = 8.0 Hz 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.537.47 (m, 2H), 7.41-7.37 (m, 2H), 7.36-7.30 (m, 2H), 7.28-7.22 (m, 1H), 5.23 (t, J =
5.2 Hz, 1H), 4.76-4.72 (m, 1H), 3.39-3.27 (m, 2H) 2.69-2.62 (m, 1H), 2.60-2.53 (m,
1H), 2.35-2.19 (m, 2H), 2.18 – 1.97 (m, 4H), 1.88 – 1.75 (m, 2H). 13C NMR (125
MHz, CDCl3) δ (ppm) 167.35, 144.68, 134.23, 131.99, 130.36, 129.69, 129.30,
128.46, 127.18, 73.55, 69.91, 60.98, 59.58, 37.48, 37.39, 27.51, 26.87; HRMS
(m/z): [M+H]+ calcd. for C22H26NO3, 352.1907; found, 352.1916. Chiral HPLC: ee =
98% (Chiralcel OD-H column (250x4.6 mm), eluent: n-hexane (+0.05%
diethylamine) : 2-propanol; 95 : 5, 40 oC, 0.7 mlmin-1).
8-phenethyl-8-azabicyclo[3.2.1]octan-3α-yl benzoate hydrochloride (4) Freshly
grinded NaBH(OAc)3 (400 mg, 1.9 mmol) was added to a round bottom flask
containing the free base of 8-azabicyclo[3.2.1]octan-3α-yl benzoate (1) (290 mg,
1.3 mmol) and phenylacetaldehyde (170 μL, 90%, 1.3 mmol) dissolved in DCE (5
mL). The mixture was stirred overnight at room temperature under an atmosphere
of nitrogen. Saturated NaHCO3 solution (5 mL) was added and the mixture was
extracted with DCM (2 x 5 mL). The combined organics were washed with
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NaHCO3(sat) (5 mL) and dried with MgSO4. Concentration in vacuo afforded 331
mg of colorless oil. The crude product was dissolved in Et2O (5 ml) and 5 ml of a
2M HCl solution in Et2O was added dropwise. A white precipitate formed that was
isolated by decantation. The residue was washed with Et2O (2 x 10 ml) and
recrystallized from abs. EtOH to yield 232 mg (50%) of a white cubic shaped
crystals. Decomposes at > 280 oC; 1H NMR (250 MHz, MeOD) δ (ppm) 8.06 (d, J
= 8.0 Hz, 2H), 7.67 (t, J = 7.1 Hz, 1H), 7.60-7.49 (m, 2H), 7.44 – 7.25 (m, 5H),
5.42-5.31 (m, 1H), 4.21-4.04 (m, 2H), 3.43-3.25 (m, 2H), 3.23–3.07 (m, 2H), 2.68–
2.17 (m, 8H); 13C NMR (50 MHz, MeOD) δ (ppm) 166.83, 137.71, 134.65, 131.23,
130.48, 130.02, 129.87, 128.34, 66.64, 32.21, 25.44; HRMS (m/z): [M+H]+ calcd.
for C22H26NO2, 336.1958; found, 336.1955.
3α-(benzoyloxy)-8β-((R)-2-hydroxy-2-phenylethyl)-8α-methyl-8-azoniabicyclo[3.2.1]octane methiodide (6) Under an atmosphere of nitrogen, iodomethane (450
μL, 7.2 mmol) was added dropwise to a solution of 8-((R)-2-hydroxy-2phenylethyl)-8-azabicyclo[3.2.1]octan-3α-yl benzoate (3) (228 mg, 0.7 mmol) in
DCM (2 ml). The mixture was protected from light by wrapping the vial in aluminium
foil and set aside at room temperature, overnight. TLC analysis indicated ~70%
conversion (DMC : MeOH : TEA = 100 : 10 : 1). A supplement of iodomethane was
added (100 μL, 1.6 mmol) and the mixture was heated for 15 min at 100 °C in the
microwave. Subsequently, the mixture was concentrated in vacuo to afford 371 mg
of a slight orange colored solid. Recrystallization from chloroform results in
formation of 91 mg (28%) of fine white needle-shaped crystals. Mp: 215.2 – 216.1
°C; [α]D = - 72 (c = 1, MeOH); 1H NMR (500 MHz, MeOD) δ (ppm) 8.04 (d, J = 8.5
Hz, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.61 – 7.49 (m, 4H), 7.46-7.39 (m, 2H), 7.36 (t, J
= 7.4 Hz, 1H), 5.44 - 5.31 (m, 2H), 4.54-4.46 (m, 1H), 4.06-43.97 (s, 1H), 3.93 –
3.75 (m, 1H), 3.54 -3.45 (m, 1H), 3.37 (s, 3H), 3.16 - 3.07 (m, 1H), 2.80 - 2.71 (m,
1H), 2.63 – 2.45 (m, 4H), 2.29 – 2.05 (m, 2H).13C NMR (126 MHz, MeOD) δ
166.78, 142.39, 134.61, 131.25, 130.46, 129.84, 129.83, 129.59, 127.43, 71.22,
69.91, 68.85, 64.84, 61.95, 47.06, 33.71, 32.87, 26.44, 25.20; HRMS (m/z): [M]+
calcd. for C23H28NO3, 366.2064; found, 366.2064.
The epimeric configuration was confirmed by performing 2D NMR. The multiplet at
2.61-2.48 ppm can be ascribed to the tropine ethylene bridge due to the presence
of COSY coupling with H(1) and H(5) and absence of COSY coupling to H(3). The
identification of the ethylene bridge 1H NMR signals allows determination of the
configuration of the quaternary nitrogen. NOESY coupling of the methyl substituent
with the tropine ethylene bridge hydrogens and NOESY coupling of CH2(9) with the
axial hydrogens of C(2) and C(4) shows that the α-hydroxyphenetyl substituent is
in an endo- whereas the methyl substituent is in an exo-configuration (Scheme 2).
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Scheme 2. NOESY couplings that were observed using 2D 1H NMR
measurements on compound 6.

Table 3. Purity, detected masses and retention times of the synthesized
compounds that were biologically assessed, determined by analytical HPLC-MS.

Retention time
No.

Purity

[M+H]+

(min)

1

4.14

98%

231.8

3

6.77

98%

352.0

4

9.82

>99%

336.1

6

5.09

>99%

366.0 [M+]
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Protein expression and purification of wild type andmutant AChBPs
Ac-AChBP and Ls-AChBP genes were cloned in the pFastbac vector (Invitrogen,
San Diego, CA, USA). Constructs used for SPR and radioligand binding assays
coded for C-terminally His-tagged protein whereas constructs used for ITC and
crystallization coded for untagged protein. The different constructs were used to
generate baculoviruses, following the manufacturer‟s recommendations. These
baculoviruses were used to infect SF9 or SF21 cells for protein expression. AcAChBP S165Y was constructed using a QuickChange approach (Stratagene, La
Jolla, CA, USA) and verified by DNA sequencing. Secreted his-tagged protein was
purified from the medium on an ÄKTA purifier, using a HisTrap HP Cartridge (GE
Healthcare, Uppsala, Sweden). Protein purity was assayed using SDS-PAGE and
protein concentration was determined by Bradford analysis. Untagged protein
secreted by the cells was purified from the medium using anion exchange
chromatography and size exclusion chromatography. This protein was
concentrated to 5 mg/ml in a buffer containing 10mM TRIS pH 8 and 50mM NaCl.
Protein aliquots were stored at -80˚C.
Radioligand binding assays
Competition binding assays were performed with His-tagged Ls-AChBP, AcAChBP, Ac-Y53W or Ac-S165Y-AChBP diluted in PBS-Tris binding buffer (final
concentration per well; 1.4 mM KH2PO4, 4.3 mM Na2HPO4, 137.0 mM NaCl, 2.7
mM KCl, 20 mM Trizma-base, 4% DMSO, 0.05% Tween 20. pH 7.4 at 25°C). A
constant concentration of [3H]epibatidine (specific activity ~ 56.3 Ci/mmol PerkinElmer Life Scince, Inc., USA.) was used for Ls-AChBP and Ac-AChBP. The
amount of protein and radioligand was chosen to obtain a clear window for the
target protein. For Ls-AChBP approximately 1.3 ng protein / well and 1nM
[3H]epibatidine (Kd = 0.875). For Ac-AChBP 4.5 ng protein / well and 4 nM
[3H]epibatidine (Kd = 12.43). The AChBPs were incubated with 1.10-4 to 1.10-11M of
the ligands (stock concentrations; 10mM in DMSO and further diluted in a 20%
DMSO H2O solution) together with 0.2mg PVT Copper His-tag SPA beads (GE
Healthcare) per well. Final well volume was 100 µL and incubated for 1h at room
temperature under continuous shaking followed by 3 hours storage in the absence
of light before counting. The label-bead complex was counted in the Microbeta
Trilux (PerkinElmer, USA). All radioligand binding data were evaluated by a nonlinear, least squares curve fitting procedure using Graphpad Prism (version 4.01,
GraphPad Software, Inc., San Diego, CA). All data are represented as mean ±
SEM from at least three independent experiments.
Crystallization
Untagged Ac-AChBP was incubated with 1 mM ligand on ice for 1 hour before
crystallization trials were setup. Co-crystals grew in 0.6-1.2 M ammonium sulfate,
0.1 M MMT buffer at pH ranging from 6 to 8. The crystals were cryoprotected by
soaking in a mother liquor supplemented by 25% glycerol and 1 mM ligand, and
then flash frozen in liquid nitrogen.
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Structure and solution refinement
Data collection was carried out on beamline PX1 at the SLS synchrotron
(Switzerland) or on beamline ID23-2 at the ESRF (France). Wavelengths used for
datacollection are reported in the table below. The different co-crystals were from
space group I23 and diffracted to a resolutions ranging from 3.25 to 3.65 Å. Data
was processed using XDS and scaled using XSCALE42. The structures of the
different complexes were solved with Phaser in molecular replacement trials using
2BR715 as the search model. All the different Ac-AChBP-ligand complex structures
displayed one pentamer in the asymmetric unit, with all five protomer-protomer
interfaces occupied by a ligand molecule. Initial electron density maps were
already of very good quality despite the low resolution of the data recorded. Noncrystallographic symmetry restraints were maintained on most of the structure
during refinement except for deviating loop regions. Iterative cycles of structure
refinement were performed using either REFMAC from the CCP4 suite43 or
Phenix44. Refinement cycles were interspersed with manual building using
COOT45. Final refinement cycles were performed with BUSTER46, using Local
Structure Similarity (LSSR) Restraints. Ligands were introduced only at the end of
refinement and were clearly defined in the electron density. The refined structures
were validated using the Molprobity server47. The data collection, refinement and
Ramachandran statistics are reported in the tables below.
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Table 4. Data collection and refinement statistics

Data collection
Space group
Cell dimensions
a, b, c (Å)
α, β,  ()
Resolution (Å)
Rmerge (%)
I / I
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork / Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (Å)
Bond angles ()

AcAChBPfragment 1

AcAChBPcompound 3

AcAChBPcompound 4

AcAChBPcompound 6

I23

I23

I23

I23

216.42
90, 90, 90
16.33-3.65
(3.75-3.65)
17.6(65.5)
10.19(2.78)
100(100)
5.0(4.9)

218.93
90, 90, 90
16.05-3.59
(3.68-3.59)
13.7(59.5)
12.31(2.87)
99.8(99.7)
5.4(5.0)

210.74
90, 90, 90
14.74-3.30
(3.38-3.30)
16.9(84.8)
11.60(1.81)
99.4(95.3)
5.1(5.0)

213.33
90, 90, 90
14.53-3.25
(3.33-3.25)
17.9(74.3)
10.81(2.05)
99.6( 97.1)
4.8(4.4)

48.39-3.65
18858
0.20/0.22

48.95-3.59
20507
0.17/0.20

49.67-3.30
23584
0.17/0.20

47.70-3.25
25505
0.18/0.20

8180
95
0

8180
292
0

8180
217
0

8180
151
0

97
84.022
-

98
106
-

95
74
-

71.114
76.146
-

0.008
0.88

0.009
0.99

0.009
1.06

0.008
1.03

*Data was recorded from a single crystal for each structure. *Values in parentheses are for
highest-resolution shell.
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Table 5. Ramachandran statistics

1

Wavelength (Å)

3

4

6

1.282

1.282

0.9184

0.8726

98.5

98.3

97.3

99.6

Ramachandran
Favoured (%)

SPR biosensor assay
SPR interaction experiments were performed at various temperatures on a Biacore
T100 (GE Healthcare, Uppsala, Sweden). Ls- and Ac-AChBP were diluted to 0.030.1 mg/ml in 50 mM NaAc (pH 5.5) and immobilized to a CM5 sensor chip
(research grade, GE Healthcare, Uppsala, Sweden) by amine coupling according
to the manufacturer recommendations as described before.30 A closed dextran
surface was used as a reference surface. A phosphate buffer (10 mM phosphate,
pH 7.4, 137 mM NaCl, 3 mM KCl, with addition of 5% DMSO and 0.005% v/v
surfactant P20 (GE Healthcare, Uppsala, Sweden) was used as a running buffer at
a flow rate of 90 μL/min. All compounds were prepared as 10 mM stock solutions in
pure DMSO and diluted in the running buffer. Typically, samples were injected in
concentration series for 60 s and the dissociation was recorded for 300 s. Signals
were corrected for nonspecific binding to the surface by subtracting signals of the
reference surface from those of the AChBP surfaces (reference subtraction). In
addition, corrections for minor differences between AChBP and reference surface
interactions with DMSO were performed by using a series of solvents standards
(solvent correction). Moreover, signals were corrected for background by
subtracting signals from a blank injection from those of compound injections (blank
subtraction). The affinity was determined by fitting a 1:1 model to steady state
binding signals at different concentrations.
Van ‘t Hoff analysis
Equilibrium dissociation constants determined at 15, 20, 25, 30 and 35 °C were
used to obtain thermodynamic parameters by plotting ln(KD) versus 1/T using
Biacore T100 evaluation software version 2.0.1. Due to a lack of curvature all van „t
Hoff plots were plotted linear. ∆H°, ∆S° and ∆G° values were obtained using the
nonintegrated form of the van „t Hoff equation ln(KD)=∆H˚/RT - ∆S˚/R. Linear plots
were based on dissociation constants of at least 4 temperatures and were rejected
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when the linear regression had a value of R2 < 0.85. All thermodynamic parameters
of binding are represented as mean ± SEM from at least three independent van „t
Hoff plots.
Isothermal titration calorimetry
Isothermal titration calorimetry experiments were performed on a VP-ITC
Microcalorimeter (Microcal) at 25°C. Untagged Ls- and Ac- AChBPs used in these
experiments were dialyzed against a buffer containing 20 mM Tris-Cl pH 8, 150
mM NaCl, 1% DMSO. The different ligands investigated were dissolved in the
same buffer. For a typical experiment, 100 µM of ligand was titrated into 10 µM of
AChBP monomer. Titration experiments of the ligands into buffer alone were also
performed to determine the change in enthalpy caused by the dilution of the
ligands. This background was subtracted from the AChBP-ligand binding
experiments. Corrected data were analyzed using the software supplied by the
manufacturer and were fitted using the non-linear least squares method, with a
single binding site model. To control whether differences could arise from the use
of differently tagged AChBPs in the ITC and SPR experiments, ITC data was also
collected for the binding of compound 3 to His-tagged Ac-AChBP. This data was
consistent with results obtained using untagged Ac-AChBP in a similar assay.
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