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ABSTRACT: Fragment-based drug discovery has become a powerful
method for the generation of drug leads against therapeutic targets.
Beyond the identification of novel and effective starting points for drug
design, fragments have emerged as reliable tools for assessing protein
druggability and identifying protein hot spots. Here, we have examined
fragments resulting from the deconstruction of known inhibitors from the
glycogen phosphorylase enzyme, a therapeutic target against type 2
diabetes, with two motivations. First, we have analyzed the fragment
binding to the multiple binding sites of the glycogen phosphorylase, and
then we have investigated the use of fragments to study allosteric enzymes.
The work we report illustrates the power of fragmentlike ligands not only
for probing the various binding pockets of proteins, but also for
uncovering cooperativity between these various binding sites.

■ INTRODUCTION
The fragment-based approach constitutes a powerful method to
design potent novel inhibitors against enzymes and protein−
protein interactions.1−4 Since its first application by Abbott in
1996,5 this drug discovery process has successfully been used
against some challenging targets,6 and has gained a growing
interest in both the pharmaceutical research and chemical
biology fields.7 In spite of their low complexity leading to weak
affinity for their macromolecule target (KD > 100 μM),
fragments were shown to bind protein hot spots, focal points
where binding energy is concentrated,8 independent of their
structure and affinity.9,10 Interestingly, hit rates in fragment-
based screening were reported to be correlated with the protein
ability to bind druglike ligands with high affinity, which led to
the proposal of fragment-based screening results as a tool to
assess protein druggability.9−13

Fragments, as weak but efficient ligands,14,15 constitute
powerful tools to probe protein binding pockets. One of the
methods published in the literature in the past five years
consists of deconstructing known inhibitors into fragments.16

Three studies have questioned the binding site evolution from a
fragment to an inhibitor. In the group of Soichet, none of the
fragments resulting from the deconstruction of a β-lactamase
inhibitor were shown to recapitulate their position in the large
inhibitor. The fragments were shown to explore new binding
sites on the protein surface.16 In another study, the dissection
of the natural cyclopentapeptide argifin, a chinitase inhibitor,
showed that the small molecules all retain a position similar to
the one they had in the entire inhibitor.17 Our group recently
reported the deconstruction of Bcl-xL inhibitors, showing that

the fragments have a preferred binding site (the protein hot
spot). As a consequence, most of the fragments did not keep
the binding site they occupy in the protein−inhibitor
complex.18 The question of the role of the ligand efficiency
(the binding energy divided by the number of heavy atoms of a
ligand, LE) was also addressed in different studies. In the group
of Abell, the deconstruction method was used to probe hot
spots at the NADPH-binding site of a dehydrogenase protein,19

and to identify the parts of the cofactor contributing most to
the binding energy. More recently, nicotinic acetylcholine
receptor ligands were deconstructed, showing that ligand
efficiencies of the fragments were correlated with their binding
pocket; fragments binding hot spots had the highest LE.20 The
same group then studied protein−fragment interactions with
fragments resulting from the deconstruction of three non-
nucleoside inhibitors of HIV-1 reverse transcriptase.21 Only the
larger fragments were shown to bind to the protein. The LEs
observed were significantly lower than the expected LEs, which
could be compensated by taking into account the ligand-
independent free energy (estimated to be 7 kcal·mol−1).21 For
our part, we observed that fragments from Bcl-XL inhibitors did
not systematically retain affinity for the protein.18 This loss of
affinity was poorly correlated with the fragment complexity or
the predicted ligand efficiency of the fragment. By contrast,
other fragments displayed affinities larger than expected, which
illustrated that some parts of the ligands contribute more than
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others to the overall affinity, as stated by the “group efficiency”
concept.22

These reports demonstrate how fragment-based protein−
ligand interactions help to better understand and anticipate the
interactions between proteins and elaborated inhibitors. In the
present work, we chose to investigate protein−fragment
interactions with two major motivations. The first one was to
examine the behavior of fragments when multiple binding
pockets (and therefore multiple hot spots) can be targeted on
the same protein. The second aim was to explore the use of
fragmentlike molecules to study allosteric enzymes, where
allosteric regulation is due to small-molecule binding. To
address both questions, we studied fragment−protein inter-

actions using the glycogen phosphorylase (GP) enzyme as a
protein model.
The GP protein is the rate-limiting enzyme of glycogen

degradation and as such has emerged as a potential therapeutic
target for type 2 diabetes.23,24 GP is an allosteric enzyme with
six regulation sites, including a phosphorylation site where the
inactive dephosphorylated form GPb is activated in the
phosphorylated form GPa. The enzyme exists in two
conformational states, the relaxed (R) state, which predom-
inates in the GPa form, and the tensed (T) state; these states
are intrinsically more active and less active, respectively.23,25−28

A very large number of inhibitors/activators have been
reported,24−28 and positive homotropic as well as positive

Figure 1. Fifteen GP inhibitors selected for deconstruction (1−15) and the corresponding 19 fragments selected for NMR analysis (16−34). (A)
Inhibitors 1−6 target the active site. (B) Inhibitors 7−9 bind the inhibitor site. (C) Inhibitors 10−12 bind the allosteric site. (D) Inhibitors 13−15
bind the new allosteric site.
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and negative heterotropic effects have been observed between
the various binding sites.28−30,23,25,26 For the present study, we
have analyzed fragment−GP interactions using 19 fragmentlike
molecules resulting from the deconstruction of 15 distinct GP
inhibitors.24,27,29−36 Binding of these fragment-based scaffolds
to the GP protein was evaluated using homonuclear 1D and 2D
NMR experiments. In addition, eight fragment analogues were
chosen to further characterize the fragment−GP interactions.
Then, to examine fragment specificity and cooperativity effects,
binding experiments were recorded in the presence of selected
GP ligands.
This study, which investigates the behavior of fragments

resulting from known inhibitors of a multiple-binding-site
protein, illustrates the power of fragments to probe the binding
pockets of proteins. In particular, our protein model
demonstrates that simple fragmentlike ligands can be used to
highlight synergy mechanisms observed in allosteric enzymes.

■ RESULTS

Deconstruction of Selected GP Inhibitors. A large
number of inhibitors that target the GP protein in the
micromolar to nanomolar range have been discovered for four
binding pockets (the active site, the inhibitor site, the allosteric
site, and the new allosteric site) out of the six sites of regulation
of the enzyme.23−34 Here, 15 GP inhibitors among the
compounds exhibiting the highest ligand efficiencies have
been selected (Figure 1). Inhibitors 1−6 bind the active site
(named site A in Table 1), molecules 7−9 bind the inhibitor
site (site B), compounds 10−12 bind the allosteric site (site C),
and inhibitors 13−15 bind the so-called new allosteric site (site
D) of the enzyme (Figure 1 and Table 1). A simple
deconstruction approach was used to generate commercially

available fragmentlike molecules. We did not use the prediction
of the dissociation constant KD as a criterion for the
substructure selection since we and other groups observed
that the ligand efficiency of fragments is not correctly predicted
from the ligand efficiency of the large inhibitors.18,20

Experimental solubility of the selected molecules was carefully
checked by 1D NMR WaterLOGSY experiments at 500 μM to
avoid false-positive results in the NMR binding experiments.37

The 19 fragments (molecules 16−34) resulting from the
deconstruction of 15 GP inhibitors are displayed in Figure 1.
The affinity, LE, and heavy atom count (HAC) of the inhibitors
and the corresponding values calculated for the fragments are
reported Table 1.

NMR Binding Experiments. Binding assays against both
GPa and GPb proteins were achieved using NMR experiments.
Fragments that retained affinity for the protein were identified
using classical NMR 1D binding experiments (STD and
WaterLOGSY),36,37 in conditions similar to those of previous
studies (Figure 2).18 Fragments were considered as binders
when both NMR experiments exhibited a binding signal.
Binding of the molecules was also confirmed by 2D transferred
NOESY experiments recorded in the presence of the protein
(Figure 3).39 Results for the binding evaluation of the
fragments are reported in Table 1. Among the 19 fragments
tested, 11 molecules were shown to bind both GPa and GPb
proteins, whereas two molecules exhibited weak binding signals
against GPa and no binding against GPb. STD factors f STD
were measured for all binders against both GPa and GPb
(Table 2).40 While the STD and WaterLOGSY factors are not a
direct measurement of the ligand affinity, they represent very
useful tools to rank the ligands.18,40,41 Fragment 31 exhibits the
largest f STD with both GPa and GPb (Table 2), but the f STD

Table 1. Expected LE and KD of the 19 Fragments Resulting from the Deconstruction of 15 GP Inhibitorsa

inhibitor siteb IC50
c HACd LEe ref fragment HACd theoretical KD

c bindingf

1 A 3.1, RMGPb 17 0.44 25, 28 16 11 272 no
17 7 5392 no

2 A 59.8, RMGPb 18 0.32 25 18 8 13263 no
3 A 8.6, RMGPb 20 0.34 25, 28 19 9 5254 yes
4 A 6.6, RMGPb 20 0.35 28 20 9 4664 no
5 A 4, RMGPb 26 0.28 28 21 9 13535 yes
6 A 0.63, RMGPb 25 0.34 25 22 12 1056 yes
7 B 4.8, RMGPa 22 0.33 28 23, 24 9 6670 yes
7 B 20.9, RMGPb 22 0.29 28 23, 24 9 12200 yes
8 B 1.2, RMGPb 28 0.29 28 25 11 4720 yes (GPa)
9 B 100, RMGPa.b 14 0.39 31 26 10 1390 no
10 C 1.3, HLGPa 31 0.26 32 27 15 1417 yes

28 16 916 yes
10 C 0.9, RMGPb 31 0.27 32 27 15 1187 yes

28 16 758 yes
11 C 0.0016, RMGPb 28 0.43 33 29 12 170 no
12 C 0.024, RMGPb 34 0.31 30 30 13 1220 yes
13 D 12.5, HLGPa 17 0.39 34 21 9 2536 yes

31 10 1307 yes
14a D 2.7, RMGPa 25 0.30 35 27 15 456 yes

32 16 273 yes
14b D 9.9, RMGPa 26 0.26 35 33 9 18523 yes
15 D 96.9, RMGPa 21 0.26 35 34 13 3276 yes (GPa)

aBinding of the fragments to the GP protein as observed by NMR is indicated. bSite A = active site, site B = inhibitor site, site C = allosteric site, and
site D = new allosteric site. For inhibitors 14a, 14b, and 15, the binding site has been proposed by docking and is not experimentally confirmed.
cIC50 and KD values are given in micromolar units. RMGPb = rabbit muscular GPb, and HLGPa = human liver GPa. dHAC = heavy atom count. eLE
= ligand efficiency (kcal·atom−1). fBinding observed by NMR experiments (this work).

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201439b | J. Med. Chem. 2012, 55, 1287−12951289



value is significantly higher with GPa. Analysis of the ensemble
of f STD values shows binding differences for fragments 24, 27,
and 32, which preferentially bind GPa, whereas fragments 19
and 33 preferentially bind GPb. For the remaining fragments,
no significant binding difference is observed between GPa and
GPb.
Analogue Analysis. To analyze further the fragment−GP

interactions, binding was characterized for eight additional
fragmentlike molecules (molecules 35−42 in Figure 4). We
compare analogues of fragments 17, 21, and 22. Fragment 17 is
a very small polar fragment that does not bind GP, while
fragments 21 and 22 exhibit high f STD values with both GPa
and GPb (Table 2). Binding was analyzed by 1D STD and

WaterLOGSY NMR experiments as well as 2D NOESY
experiments.
All compounds 35−42 bind both GPa and GPb. The f STD

values of 19, 35, 36, and 37 (analogues of 21) indicate that the
number and the position of nitrogen atoms have a significant
effect on binding (Figure 4). By contrast, analysis of 38, 39, and
40 (analogues of 22) shows that the position of the hydroxyl
functions has no impact on the interaction. Finally, fragments

Figure 2. 1D ligand-observed NMR binding experiments. 1D
spectrum, STD spectrum, and WaterLOGSY spectrum of 400 μM
fragment 31 in the presence of 2 μM GPa.

Figure 3. 2D ligand-observed NMR binding experiments. Portion of the 1H,1H NOESY spectrum of 19 (1 mM) and caffeine 9 (1 mM) in the
presence of GPb (50 μM). Transferred NOE peaks due to binding to the protein are displayed with circles for 19 and with a rectangular frame for
caffeine.

Table 2. Ranking of the Fragments Based on 1D NMR
Binding Experimentsa

fragment f STD(GPa)
ranking for

GPa f STD(GPb)
ranking for

GPb

31 36.3−45 1 11.7−15.8 1
32 17.8−29.5 2 2.1−2.8 13
22 22.7−23.3 3 13.2−14.3 2
21 17−22.7 4 12.6−13.4 3
24 22 5 4.7 9
27 15−21.4 6 1.5−3.6 12
28 10.5−17.5 7 2.2−4.9 8
23 11.8−16 8 6.3−7.6 5
30 9.2−15.6 9 1.7−4.7 10
35 10−13.3 10 3.2−4 11
42 10−12.8 11 3.3−7 7
19 2.7−9.2 12 2.9−8.9 4
25 4.5−7.1 13 0
33 6.1−6.7 14 6−6.7 6
34 3.9 15 0

aSTD factors f STD are measured for each of the aromatic resonances of
the molecules. The minimal and maximal values are reported for each
fragment.
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41 and 42 similar to fragments 17 and 18 were tested. Clearly,
the addition of an aromatic moiety enhances the affinity for the
enzyme.
Binding Experiments in the Presence of GP Ligands.

1D NMR binding experiments of ten fragments selected for
their high f STD factors were compared in the absence and the
presence of three known GP ligands and fragment 31. The
three GP ligands are the active site inhibitor 6, caffeine 9, which
binds GP at the inhibitor site, and adenosine monophosphate
AMP, which binds the allosteric site. Fragment 31, resulting
from inhibitor 13, exhibits the highest f STD value among the
fragments analyzed. According to competition experiments, 31
binds the new allosteric site, as expected from the original
inhibitor (Table 3). The motivations for these experiments
were to study the fragment specificity, identify the binding
site(s) of the fragments, and observe cooperativity effects
between the ligands.
Glucose was previously shown to bind GP in synergy with

caffeine,42 due to the ability of both molecules to stabilize the
protein T state. To validate the use of f STD values as an
indicator of synergy effects, we measured the f STD factors of
caffeine in the presence and the absence of glucose against both

GPa and GPb. The f STD value of caffeine in the presence of 50
mM glucose strongly increases (+140%) with GPa (glucose
promotes the T state), whereas no change is observed with
GPb (the T state is predominant) (Figure 5A).
In the experimental conditions, competition and/or a

negative heterotropic effect are indicated by a decrease of the
fragment STD signal in the presence of the second ligand,
whereas synergy is indicated by an increase of the fragment
STD signal in the same conditions. As reported in Table 3, very
different results are obtained for the 10 fragments. Moreover,
effects detected can be different for GPa or GPb (Table 3 and
Figure 5). As an example, while synergy is observed for
fragments 19 and 33 with both inhibitor 6 and caffeine in the
presence of GPa but not GPb (Figure 5B,C), f STD values of 19
and 33 decrease with 31 in the presence of both GPa and GPb.
By contrast, no significant effects are noticed for 22, 28, and 35,
whereas fragments 24 and 32 are mostly perturbed by the
presence of inhibitor 6 and caffeine (see Figure 5D). Regarding
the indole 21, the fragment binding strongly decreases with the
addition of the chloroindole 31, indicating that 21 binds the
new allosteric site, as expected from the original inhibitors such
as 13.

Figure 4. Binding analysis of fragments and analogues: (A) analogues of fragment 21, (B) analogues of fragment 22, (C) analogues of fragments 17
and 18. The fSTD values are indicated for each fragment.

Table 3. Perturbations (%) of the STD Factor Values f STD of the Fragments upon Addition of Inhibitor 6, Caffeine 9, AMP, and
Fragment 31a

inhibitor 6 caffeine AMP fragment 31

fragment GPa GPb GPa GPb GPa GPb GPa GPb

19 +50 −25 +65 −60 −30 −45 −90
21 −30 −80 −85
22 −25
24 −75 −65 −40 −50 −35
28 +35 −30 +30 −30 +50
30 −40 −90 −40 −40 −40 −60
31
32 −50 −30 −35 −30 −40
33 +100 +100 −45 −45 −90 −85
35 −30 +30 −30
42 +30 −45 −60 −45 −40 +30

aEffects observed with GPa and GPb are indicated. Inhibitor 6, caffeine, AMP, and fragment 31 bind respectively the active site, the inhibitor site, the
allosteric site, and the new allosteric site. Positive numbers indicate that the fragment f STD increases in the presence of the ligand; negative numbers
indicate that the fragment f STD decreases in the presence of the ligand. Values correspond to the average modification observed for the aromatic
resonances of the fragments. Only perturbations >25% are reported. The fragment concentration is 400 μM, the ligand concentration is 1−2 mM,
and the protein concentration is 2 μM.
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■ DISCUSSION

In the present work, we have analyzed the binding properties of
fragmentlike molecules resulting from the deconstruction of
inhibitors targeting four binding sites of the GP protein, an
enzyme with multiple sites of regulation.23−28 The aim of the
study was to investigate two main issues: the behavior of
fragments in a protein with multiple binding pockets and the
use of fragments to study allosteric enzymes.
Nineteen fragments resulting from the deconstruction of 15

inhibitors were tested against GP. Only 11 of the fragments
retained affinity for the protein (Tables 1 and 2). Considering
that the LE is conserved from the fragment to the inhibitor, the
expected fragment KD was calculated to vary from 170 μM to
18.5 mM (Table 1). Clearly, a poor correlation is observed
between the expected binding and the binding measured by
NMR (see Table 1 and f STD values reported in Table 2). As an
example, fragments 23, 24, and 33, which were not predicted to
bind (KD = 6.6 and 18.5 mM, respectively), are observed as
binders, whereas fragments 16 and 29 (predicted KD = 0.27 and
0.17 mM) do not bind the protein. While fragments to be

followed-up are not necessarily the fragments with the higher
LE,43 one of the objectives in the fragment-based drug
discovery (FBDD) process is to keep the LE constant while
the fragment is processed to the inhibitor.44 However, as
confirmed here, deconstruction studies show that the LE is not
equally spread in the inhibitors, and fragments with LE higher
than expected are likely to bind a hot spot of the protein
pocket.18−20,22

Recently, the size of the fragments was reported to be a
critical parameter for binding.21 In our study, binders (average
HAC = 12.8) are larger than nonbinders (average HAC = 9.5),
but very small fragments containing an aromatic moiety (HAC
≤ 9) are capable of binding the GP protein (see fragments 23,
24, and 33). By contrast, very small polar fragments (17, 18,
and 20) do not bind GP, unless an aromatic moiety is added
(see fragments 41 and 42 derived from 17 in Figure 4). As
recently reviewed, polar interactions are directional but do not
always add much to the binding energy unless the interactions
are well optimized.45 For such polar groups, the cost of

Figure 5. Allosteric interactions between molecules. (A) Synergy is observed between caffeine 9 (400 μM) and glucose 16 (50 mM) with GPa (2
μM) but not GPb (2 μM). (B) Synergy is observed between fragment 33 (400 μM) and caffeine 9 (2 mM) with GPa (2 μM). (C) No synergy is
observed between fragment 19 (400 μM) and caffeine 9 (2 mM) with GPb (2 μM). (D) Addition of inhibitor 6 (1 mM) induces a drop in intensity
in the STD spectrum of fragment 24 (400 μM) with GPa (2 μM).
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desolvating is high and binding is observed only if a good match
exits between the fragment and the protein binding pocket.
Another point highlighted by the analysis of fragment

analogues concerns the structure−activity relationship (SAR)
effects. As illustrated in Figure 4, a small modification of
fragment 21 induces significant binding modification (see
fragments 19, 35, 36, and 37). This SAR effect is not observed
when 22 is compared to fragments 38, 39, and 40. These
observations concur with the competition experiments reported
in Table 3. For fragment 22, no specific binding site was
observed. Fragment 22 binds through nondirectional hydro-
phobic interactions and can accommodate a variety of binding
sites, which supports the absence of an SAR effect. The binding
of 21 is more specific (new allosteric site D), and addition of
nitrogen atoms modifies the interaction with GP (Figure 4).
What do the fragments reveal about the GP binding pockets?

According to the competition experiments, only fragments 24
and 32 bind to the active site (Table 3). In addition, the
rankings against GPa and GPb indicate that both fragments
preferentially bind GPa over GPb. These results suggest that 24
and 32 bind to the relaxed form R of the enzyme, where the
active site is accessible, and not to the tensed form T, where the
active site is obstructed (see Table 2).23−28 By analogy with
glucopyranosyl inhibitors,24,25,27 24 is likely to bind GP via its
hydroxyl functions, supporting the presence of a hot spot
involving polar interactions in the GP active site (Figure 6A).

Regarding the inhibitor site B, flavopiridol 8 and caffeine 9 both
bind this hydrophobic binding pocket through stacking
interactions with GP aromatic residues (Figure 6B).46 A poor
selectivity was observed with elaborated ligands,46 and a similar
observation was obtained here with the fragment molecules. As
illustrated in Figure 6C, structural studies show that the AMP
site inhibitors exhibit various binding modes. The allosteric site

C is highly flexible,32,26 which may partly rationalize the fact
that site C is not recognized as a hot spot by the fragments used
here. Finally, the new allosteric site D binds fragment 31 with
high specificity. Site D contains a hydrophobic pocket that
houses the chloroindole moiety 31 of inhibitor 13 and
analogues (Figure 6D).33,47 The indole ring is involved in
hydrogen bonding and electrostatic interaction with the GP
protein, which corroborates the observation that the nitrogen
atom position affects the protein−ligand interactions (Figure 4
and Table 3). To summarize, these results show that fragments
are capable of hitting particular hot spots in a protein with
multiple binding pockets, highlighting the nature of the
contacts involved in the protein−inhibitor complexes.
Another issue we address here is the use of fragments as

probes to analyze allosteric sites in proteins. Allosteric sites are
fundamental for protein functions, as they can control (inhibit
or activate) the protein activity. The identification of allosteric
sites48 has an important impact in the context of drug design;
allosteric sites may present advantages for druglike molecule
binding over active sites. Moreover, knowledge of allosteric
interactions is required to measure KI with biological
significance. The use of fragment-based screening to design
novel molecules targeting allosteric sites has been recently
reported.7 We hereby report results proving that fragments are
powerful tools to study the mechanism involved in the
allosteric regulation, using the GP protein as a model.
The GP protein contains six potential regulatory sites

sparsely located on the protein 3D structure: the catalytic site
that binds the substrate glycogen and inhibitors based on
glucose structure, the inhibitor site where caffeine binds, the
Ser14 phosphorylation site, the allosteric site where AMP
binds, the glycogen site, and the new allosteric site located at
the dimer interface.23,25−27 Phosphorylation of Ser14 and
allosteric ligands such as AMP promotes the R state, whereas
other ligands such as glucose and caffeine stabilize the less
active T state.23

As reported in Table 3, synergy is observed between inhibitor
6 and both fragments 19 and 33 with GPa but not with GPb.
Similarly, synergy is observed between caffeine 9 and both
fragments 19 and 33 with GPa but not GPb (Figure 5B,C).
This indicates that fragments 19 and 33 preferentially bind the
protein T state stabilized by inhibitor 6 and caffeine. Fragments
19 and 33 also display a significant STD drop in the presence
of 31, showing that the binding site of the fragments is located
in the new allosteric site where the chloroindole 31 binds.
These observations match the synergy reported between
chloroindole-containing inhibitors and both glucose and
caffeine.33,47 By contrast, 21 (indole) and 31 (chloroindole),
which both bind the new allosteric site, do not bind
synergistically with caffeine or inhibitor 6 (Table 3). This
suggests that both fragments preferentially bind the R state. In
agreement, 31 was shown to bind GPa tighter than GPb.
According to the structural studies, the synergy observed
between the elaborated inhibitors and glucose/caffeine is due to
structural changes induced upon inhibitor binding at the dimer
interface that stabilize the T state.33,47 In the crystal structures,
the chloroindole moiety is shown to interact only with one GP
monomer (see Figure 6D). As a consequence, 31 binding
should not modify the protein quaternary structure nor induce
allosteric effects, as observed by NMR. This implies that the
synergy effects observed with chloroindole-containing inhib-
itors are not due to the chloroindole moiety but to the
additional moiety. Morover, 19 has a binding mode differing

Figure 6. Binding modes of GP inhibitors in the (A) active site, (B)
inhibitor site, (C) allosteric site, and (D) new allosteric site. (A)
Structures of GBb in complex with inhibitor 6 (PDB code 2QRP) and
GPa in complex with N-acetyl-β-D-glucopyranosylamine (PDB code
1L5Q). The cofactor pyridoxal phosphate PLP present in the GPa
structure is displayed. (B) Structures of GPa in complex with
flavopiridol 8 (PDB code 1C8K) and caffeine 9 (PDB code 1C8L).
The GP aromatic residues involved in the compound binding are
displayed. (C) Structures of GPa in complex with AMP (PDB code
1FA9) and an inhibitor analogous to 10 (PDB code 1Z6Q). (D)
Structure of GPa complexed with a chloroindole-containing inhibitor,
CP-403700, analogous to 13 (PDB code 1L5Q). One monomer is
colored purple, and the second monomer is colored green.
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from those of 21 and 31, leading to different allosteric effects.
Such opposite allosteric effects have been reported for ligands
binding at the allosteric site C of the GP protein: inhibitors
such as 10−12 synergistically bind with caffeine due to the
stabilization of the protein T state,49 while AMP binds at the
same site and stabilizes the R state (Figure 6C)

■ CONCLUSION
We have investigated the binding of fragments resulting from
previously developed glycogen phosphorylase inhibitors using
NMR. This work illustrates that (1) SAR effects observed for a
fragment are a good indicator that the fragment recognizes a
protein hot spot, (2) fragments appear as valuable tools to
probe the multiple binding pockets of proteins and highlight
the nature of the contacts involved in the protein−ligand
complexes, and (3) fragments can be used to analyze the
synergy between ligands of various binding sites. One may
anticipate that defragmentation of allosteric inhibitors will
provide both conserved and nonconserved interactions
between ligands, so that fragment-based studies of allosteric
processes will help interpret the key interactions involved in
allosteric regulation.

■ EXPERIMENTAL SECTION
Organic Fragments and Protein Samples. The fragments were

obtained from Sigma-Aldrich or Acros and used without further
purification. Aqueous solubility was checked for the compounds by
recording the 1H 1D NMR spectrum and WaterLOGSY spectrum at
500 μM.37 Molecules for which autoassociation was observed from the
WaterLOGSY signals were rejected. The selected compounds were
stocked in 110 mM DMSO-d6 solutions and conserved at −20 °C.
Glycogen phosphorylases a and b were directly purchased from Sigma
(CAS 9032-10-4 and 9012-69-5). The soluble protein concentration
upon ligand addition was checked by recording the 1H 1D NMR
spectrum of 2 μM protein in the absence and the presence of 400 μM
fragment, in 25 mM phosphate buffer, pH 7.0, using the integration of
the protein NMR signals at 0.6 ppm. In addition, we checked that the
binding of inhibitor 8 (flavopiridol) was not modified upon 400 μM
fragment addition, using STD38 and WaterLOGSY37 experiments.
1D Ligand-Observed NMR Experiments. All spectra were

acquired at 20 °C with a Varian Inova 600 MHz NMR spectrometer,
equipped with a standard 5 mm triple-resonance inverse probe with a
z-axis field gradient, actively shielded, and with an autosampler robot.
The NMR tubes were prepared with 2 μM protein and 400 μM
fragments in 25 mM phosphate buffer, pH 7.0. Control 1D normal and
WaterLOGSY 1H spectra preceded all experiments to assess the purity
and stability of the fragments. 1D STD38 and WaterLOGSY37

experiments were run using parameters similar to those previously
described.19 The number of scans was set to 32, 800, and 128 for
normal 1D, STD, and WaterLOGSY experiments. All NMR spectra
were processed with the Varian VnmrJ software.
STD Factor Measurement. For quantitative analyses of STD

spectra, the STD amplification factors f STD were derived from the
equation

=f
I

I
[L]

[P]STD
STD tot

0 tot

where ISTD and I0 are peak integrals in the STD and 1D experiments,
respectively, and [L]tot and [P]tot are the total concentrations of the
ligand and protein, respectively. [L]tot was 400 μM, and [P]tot was 2
μM. For the experiments in the presence of an additional ligand, the
concentration was set to 2 mM for caffeine 9, AMP, and fragment 31
and 1 mM for inhibitor 6. 1D and STD experiments were performed
in the same experimental conditions (spin lock, interscan delays), and
parameters for the STD experiments (saturation frequency, saturation
time) were identical for all samples. The number of scans was set to

800 and 1600 for the 1D and STD experiments, respectively. STD
signals were measured for all protons in the aromatic region. The
minimal and maximal values are reported in Table 2 and Figure 4. All
experiments were repeated twice (with two different samples). Error in
the STD amplification factors f STD was estimated to be 20%. As a
consequence, only perturbations larger than 25% are reported.
Moreover, to avoid overinterpretation of the data, only effects larger
than 50% are discussed.

2D Ligand-Observed NMR Experiments. NOESY experiments
were recorded with a sample containing the GPa or GPb protein (50
μM) and the fragments (1000 μM) in 25 mM phosphate buffer. The
mixing time was set to 600 ms.39 In addition, experiments were
recorded in the absence of the protein to avoid artifacts due to
molecule aggregation.
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