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In silico fragment-based discovery of DPP-IV S1 pocket binders
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Abstract—Dipeptidyl peptidase IV is a clinically validated target for type-2 diabetes and belongs to a family of peptidases with a
quite unique post-proline cleavage specificity. Known inhibitors contain a limited number of molecular anchors occupying the small
prototypical S1 pocket. A virtual screening approach for such S1-binding fragments was carried out using FlexX docking to eval-
uate its potential to confirm known and find novel compounds. Several low molecular weight inhibitors exhibiting activities in the
micromolar range could be identified as starting points for structure-based design.
� 2005 Elsevier Ltd. All rights reserved.
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Diabetes mellitus is one of the major threats to world-
wide healthcare, causing 100 million deaths with a
prevalence for type-2 diabetes.1 Besides classical insu-
lin-based treatment, several new approaches are emerg-
ing, including DPP-IV inhibitors.2 These substances act
by preventing the rapid degradation of GLP-1, an incre-
tin hormone having multiple beneficial effects on glucose
homeostasis.3 DPP-IV is by far the best analyzed mem-
ber of a protein family termed prolyl peptidases sharing
the ability to cleave Pro-Xaa bonds.4 High specificity
for proline in the penultimate position and tolerance
for small residues such as alanine and glycine can be
explained by crystal structures revealing a tight lipophil-
ic S1 pocket and negatively charged residues at a prox-
imal position (Fig. 1).5

First-generation substrate-like inhibitors use pyrroli-
dine-based scaffolds occupying the S1 pocket.6 Covalent
variations thereof, carrying an electrophilic group as a
serine trap, show high affinity, but raise the concern of
unselective inhibition. Recently, the X-ray co-crystal
structures of non-substrate-like and non-covalent de-
signs based on a b-amino acid or a pyrimidine scaffold
have appeared.7 All structural classes share the presence
of a highly lipophilic P1 moiety and a basic amine in
close proximity as exemplified by compounds 1–3. This
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common characteristic constitutes a so-called molecular
anchor.8

Fragment-based discovery attempts to identify such
molecular anchors providing attractive starting points
for inhibitor design. This strategy has gained increasing
interest in primary screening.9 We have recently shown
that an experimental approach can indeed identify very
small DPP-IV binders such as compound 4.10 In addi-
tion and prior to biochemical testing, virtual �needle�
screening, an in silico docking approach, can act as a
prefilter for fragment candidate selection.11 However,
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Figure 1. Active site of DPP-IV: the tight lipophilic S1 site is rendered

as white surface and the double Glu-motive, fixing the N-terminus of

substrate proteins, is shown in blue. Spheres indicate pharmacophoric

constraints used during docking (H-bond acceptors in red and a

carbon atom in black; see text). Coordinates were taken from PDB

entry 1n1m.5
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the placement of small molecules in the active site is still
a challenge, given the many potential poses and the
shortcomings of current scoring functions.12 The likely
success also depends on the nature of the binding site,
most notably on the presence of a well-defined sub-
pocket.13 In this context, the tight DPP-IV S1 site seems
to be an attractive target for exploration (Fig. 1).
Herein, we report fragment discovery within the S1
pocket of DPP-IV by means of pharmacophore con-
strained docking. This approach goes beyond a 3D
pharmacophore search by explicitly considering the
active site and thus providing binding modes that can
be examined both by scoring and visual inspection.
Given the preference for lipophilic features in S1 and
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Figure 2. The FlexX score plotted vs molecular weight shows that the dockin

anchor substructures (A–C) are not enriched by the docking score (left). The

inspection.
positively charged groups in S2, we decided to focus
on small primary aliphatic amines. A fragment database
was assembled from the Available Chemical Directory
and our in-house collection.14 After several preprocess-
ing steps, approximately 10,000 molecules were docked
using the FlexX program.15 To ensure that the frag-
ments were at least partially placed in S1, we used the
FlexX-Pharm extension, which allows to set user-
defined constraints for the generated poses.16 For a
successful placement a ligand needed to bind to at least
two of four selected acceptor points and in addition ful-
fill a spatial constraint within S1 (Fig. 1).17

Figure 2 shows the FlexX score of the top-scored pose
for each compound as a function of molecular weight.
Docking scores often correlate with size and normaliza-
tion has been suggested to correct for this artificial
bias.12b In our case, this was not observed as compounds
with similar overall properties were docked. Based on
the distribution of scores, the scoring function did not
discriminate between compounds carrying a known S1
fragment such as pyrrolidine-amides (class A), phenetyl-
amines (class B) or biaryl-amines (class C), and the
remaining molecules.

Visual inspection of the poses of members from known
structural classes indicated that the �correct� placement,
that is, the binding mode as expected from the more
elaborated ligands, was indeed found for pyrrolidines
and the phenethylamines, but not for the biaryl
compounds. For example, the position of the sub-
strate-like co-crystallized pyrrolidine inhibitor 1 is well
identified by FlexX (Fig. 3a). Only the planes of the
rings are positioned slightly differently as the (incorrect)
non-planar amide conformation in the crystal structure
is not reproduced. Likewise, for the phenethylamines
(B), docking could well find the crystal structure binding
mode of the small fragment 4 (Fig. 3b). The simple
phenethylamines 6a and 6b are also docked in exactly
the same position as the corresponding substructure of
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top 500 placements (below the horizontal line) were chosen for visual



Table 1. DPP-IV inhibition data for fragments together with the

FlexX score of the top-ranked docking pose
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Compound IC50 (lM) % inhibition

(at 100 lM)

FlexX score

1 3 (Ki
5a) �27.1

4 40 70 �19.1

5 30 67 �15.7

6a 37 �17.1

6b 11 �19.8

7a 2.3 96 �17.6

7b 3.3 94 �17.6

8a 0 �24.4

8b 0 �26.6

(continued on next page)
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Figure 3. Docking poses of known P1 anchors (green), compared with

X-ray crystal structures (yellow) from PDB entries (a) 1n1m, (b) 2bua,

(c) 1 · 70, and (d) 1rwq.
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inhibitor 2 (Fig. 3c). The accurate docking position
underlines the important 2-carbon atom distance from
the phenyl ring to the basic amine in this class of
compounds. However, the biaryl fragments 7a and 7b
(C) are not placed in accordance with the substructure
shared with compound 3 (Fig 3d). This might be ex-
plained by the lack of the additional anilinic amino
function present only in 3, which forms a hydrogen
bond to the backbone carbonyl of E205 in the X-ray
structure.7 It is noteworthy that the identical binding
mode of the phenethylamine 4 is a rare case where the
placement of a fragment in isolation and within a larger
compound such as 2 has actually been proven by crystal-
lography (Figs. 3b and c).18 Such a finding is a prerequi-
site for the concept of a molecular anchor which relies
on an unaltered binding mode upon addition of further
chemical groups.19

The inhibition data for few selected simple fragments
were determined and are shown in Table 1 together with
the docking scores.20 For pyrollidine-amide 1 the Ki of
2 lM has been taken from the literature.5b Fragments
4 and 5 are previous in-house discoveries with Ki of 40
and 30 lM, respectively. The simple phenethylamines
6a and 6b show 37% and 11% inhibition at 100 lM
and the biaryl compounds 7a and 7b showed very prom-



a b

dc

Figure 4. Poses of novel fragments docked into the DPP-IV site.

Table 1 (continued)

Compound IC50 (lM) % Inhibition

(at 100lM)

FlexX score

9a 40 �24.0

9b 32 �19.0

10a 45 68 �21.8

10b 75 55 �24.9

11a 37 72 �14.5

11b 22 �21.2
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ising low micromolar affinities. The results presented so
far indicate that, while correct poses can be identified for
known motifs, scoring alone does not seem to be capa-
ble of guiding the selection of fragments likely to inhibit
DPP-IV.

To look for new motifs, the poses of the best scored 500
fragments (Fig. 2) were visually inspected. Unlikely pos-
es were discarded, based on several criteria such as obvi-
ous clashes with the receptor, polar groups in P1,
unplausible placement of the amino function, and
unlikely hydrogen bonding patterns (multiple H-bonds
to the same site atom or group, H-bonding to buried
amino acids). Many fragments with reasonable poses
fall in the classes where the essential motif has already
been discussed above.

We took a closer look at four additional motifs and their
potential as a molecular anchor for fragment-based de-
sign. Next to phenethylamines, also pyridinethylamines
were placed with the aromatic ring in S1 having a favor-
able H-bond to His740 (Fig. 4a). To verify this finding
we tested compounds 8a and 8b. However, no inhibition
was observed making the proposed contact very unlike-
ly. Furthermore, many benzylamines were able to fulfill
the docking constraints, however, often poses did not
place the phenyl ring into S1 (Fig. 4b)—maybe due to
the shorter distance between amine and ring moiety
compared to the well-placed phenethylamines 4 and 5.
This difference might be a cause for the slightly weaker
activities of the two fragments 9a and 9b. Consistent
with these findings, diamine compounds having both a
benzyl and phenethylamine substructure can also be
positioned within the pharmacophore constraints. The
placement of 10a is shown in Figure 4c. Two tested
diamines 10a and 10b showed an IC50 of 45 and
75lM, respectively, and these structures could be a
starting point for further exploration of the binding site,
given the amine handle for introduction of diversity in a
fragment-growing scenario. Finally, biaryl ethers exem-
plified by compound 11a showed plausible poses
(Fig. 4d). Compound 11a was indeed functionally active
with an IC50 of 37 lM. A related fragment 11b was
slightly less potent. These two fragments constitute a
distinct novel class of molecular anchors for the S1
pocket of DPP-IV.

In conclusion, in silico fragment screening has been ex-
plored and our docking study demonstrates the ability
to reproduce the binding mode of small fragments act-
ing as molecular anchors either alone or as part of a
larger inhibitor—at least when supported by a biased
placement via pharmacophore constraints. Expectedly,
scoring such placements is difficult but a careful inspec-
tion of docking poses allowed us to identify both known
and unknown molecular anchors for the S1 pocket of
DPP-IV.21
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