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Dipeptide derivatives bearing various P2 residues and pyrrolidine derivatives as P1 mimics were evalu-
ated in order to identify lead structures for the development of DPP8 and DPP9 inhibitors. Structure–
activity-relationship data obtained in this way led to the preparation of a series of a-aminoacyl ((2S,
4S)-4-azido-2-cyanopyrrolidines). These compounds were shown to be nanomolar DPP8/9 inhibitors
with modest overall selectivity toward DPP IV and DPP II.

� 2008 Elsevier Ltd. All rights reserved.
Proline-selective dipeptidyl-peptidases (DPPs) have garnered
intense research interest since it has become clear that several
metabolically important peptides, for example, the insulin-releas-
ing incretin hormone glucagon-like peptide I, are substrates of
dipeptidyl-peptidase IV (DPP IV, EC 3.4.14.5).1 Currently, two
inhibitors of this enzyme (sitagliptin/januvia and vildagliptin/gal-
vus) have been approved for the treatment of type 2 diabetes.2,3

Several other small molecule inhibitors have reached different
stages of clinical investigation (e.g. BI 1356, saxagliptin, aloglip-
tin,).4–6 A number of catalytically active DPPs distinct from DPP
IV (DPP II, FAP, DPP8, and DPP9) has been described so far, but
these enzymes remain poorly characterized and their natural sub-
strates have not yet been identified.7–11

Recently, attention was drawn to the two closely related mono-
meric cytosolic proteases DPP8 and 9. Inhibition of these enzymes
was reported by Lankas et al. to be associated with severe in vivo
toxicity in animal models and to provoke attenuation of T-cell pro-
All rights reserved.
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liferation in human in vitro models.12 In addition, another study
claims the observation that DPP8 and DPP9 are up-regulated in
experimentally induced asthma and that these peptidases specifi-
cally respond to the inflammatory stimulus.13 In order to verify
whether the reported toxicity observations are directly related to
DPP8/9 inhibition and to further study the clinical relevance of po-
tential enzyme involvement in pathologies, there is a need for new,
structurally distinct inhibitors of these enzymes.14

The high degrees of sequence homology between DPP8 and
DPP9 on one side and DPP IV on the other, makes selective DPP8/
9 inhibitor design a challenging task that hitherto has been the
subject of only a limited number of publications.15,16 Moreover,
successful accounts of inhibitor development studies leading to
compounds with DPP8 or DPP9 selectivity have not been reported
to date.

The aim of this study was to evaluate a structurally diverse
library of dipeptide-derived compounds, in order to identify possi-
ble leads for the development of inhibitors with maximal affinity
and selectivity for DPP 8 and 9. The concept of developing
substrate-inspired, dipeptide-derived compounds is still being
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Table 1
IC50 values for reference compounds determined in the conditions of this study

Compound IC50 (lM)

DPP8 DPP9 DPP IV DPP II

1 5.2 ± 0.3 11.3 ± 0.48 5.4 ± 0.3 153 ± 12
2 6.0 ± 3.7 6.6 ± 0.4 1.7 ± 0.1 28 ± 9
3 0.051 ± 0.002 n.d.a 0.022 ± 0.001 0.086 ± 0.007
4 9.0 ± 0.1 0.68 ± 0.02 0.12 ± 0.01b >1000
5 >50 >100 0.04 ± 0.001 >100
6 142 ± 27 76.6 ± 6.1 165 ± 9 <0.0005c

7 0.12 ± 0.01 0.29 ± 0.02 90 ± 4 29 ± 1

a n.d., not determined.
b Ki = 17 ± 2 nM.
c Ki = 0.082 ± 0.048 nM.

Table 2
Evaluation of P2 residues in a series of pyrrolidine derived dipeptides

Compound P2 IC50 (lM)

DPP8 DPP9 DPP IV DPP II

8 Gly >1000 >1000 >1000 >1000
9 Ala 411 ± 38 n.d.a 41 ± 6 179 ± 15

10 Pro 50 ± 2 n.d. 15 ± 2 >500
11 Ile 6.6 ± 0.4 13.7 ± 2 4 ± 1 110 ± 7
12 allo-Ile 0.55 ± 0.04 2.1 ± 0.1 3.9 ± 0.1 145 ± 33
13 Leu 23 ± 2 68.1 ± 5.9 24 ± 1 122 ± 14
14 Chab 10.5 ± 0.5 n.d. 17 ± 2 42 ± 3
15 Trp 242 ± 37 >100 286 ± 31 49 ± 3
16 Phe 115 ± 8 n.d. 21 ± 4 79 ± 29
17 Glu >1000 >100 >1000 >1000
18 Asp >1000 n.d. 122 ± 2 >500
19 Asn >500 n.d. 188 ± 6 152 ± 50
20 Thr 41 ± 3 34.2 ± 1.5 98 ± 3 230 ± 46
21 Cys 6.8 ± 0.7 62.4 ± 3.8 37 ± 3 19 ± 0.5
22 Ser >500 n.d. 190 ± 120 65 ± 30
23 Tyr 95 ± 14 76.9 ± 4.2 43.5 ± 2.3 15.7 ± 0.8
24 Lys 4.7 ± 0.2 5.1 ± 0.25 39 ± 2 9.9 ± 1.3
25 Lys(Z) 1.1 ± 0.5 2.79 ± 0.17 15.6 ± 5.7 5.7 ± 0.3
26 Orn 19 ± 1 n.d. 118 ± 17 9.8 ± 0.5
27 Orn(Z) 5.7 ± 0.6 14.5 ± 0.5 9.7 ± 0.5 3.7 ± 0.3
28 Arg 1.9 ± 0.3 10.9 ± 0.7 12.7 ± 0.7 3.1 ± 0.9
29 Arg(diZ) 12 ± 1 n.d. 16.8 ± 0.6 0.86 ± 0.04
30 His >500 >100 23.1 ± 1.0 1.2 ± 0.1
31 Nlec 5.6 ± 0.2 15.9 ± 0.28 15 ± 0.8 60 ± 5

a n.d., not determined.
b Cha, L-cyclohexylalanine.
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explored intensively for DPP IV and DPP II and has led to the major-
ity of inhibitors reported for these enzymes. Furthermore, these
compounds possess validated potential for in vivo applicability
and efficacy.17 As suggested by the bimodular structure of dipep-
tides, compounds prepared and evaluated for this study were di-
vided in P2- and P1-modified variants of the a-aminoacyl
pyrrolidine template structure generally used in DPP inhibitor de-
sign. In addition, a range of relevant reference inhibitors was tested
to support interpretation of the biochemical evaluation results of
the library compounds (Fig. 1).

Biochemical evaluation results for the reference inhibitors are
summarized in Table 1. Our data confirm the poor selectivity pro-
files that have been suggested or published (e.g. Val-boroPro) in lit-
erature for structures 1–4.17,18 These compounds were developed
before the discussion on potential toxicity of particularly DPP8/9
targeting compounds that reached the forefront of DPP inhibitor
development programs. Biological effects reported for these com-
pounds, all of which were investigated pharmacologically, might
therefore result from the concomitant functional abrogation of sev-
eral DPPs.

Table 2 outlines results of the biochemical evaluation of a series
of a-aminoacyl pyrrolidines. With these compounds, we wanted to
probe the P2 structural requirements for DPP8/9 affinity. Sterically
and electronically differing natural (L-)amino acids and closely re-
lated analogues or derivatives were selected at this position.19

In general, all compounds within the pyrrolidine series share
poor selectivity for a specific DPP. For DPP8 and DPP9, binding
preference is observed for (a) aliphatic and (b) basic residues. Com-
pounds 1 (Val), 11 (Ile), 12 (allo-Ile) and 31 (Nle) can serve to illus-
trate the former statement. The allo-Ile residue seems to be
accommodated slightly better by DPP8 compared to DPP9, a factor
that was recognized earlier for the P1-thiazolidine analogue of 12
by Xu et al.20 Among the basic amino acids, the side chain of Lys
(24) is preferred over the shorter Orn (26). In analogy with DPP II
and DPP IV, DPP8 and DPP9 also accept the Z-blocked basic amino
acid side chains in P2, indicating that larger groups can be toler-
ated at this position (compounds 25, 27, 29). 19b Finally, the propyl-
guanidine residue of compound 28 (P2 = Arg) might be regarded as
a structural element that offers the possibility to maximize selec-
tivity for DPP8 over DPP9. In conclusion, the side chains of Ile,
allo-Ile, Lys, Lys(Z) and Arg can be selected as useful P2-fragments
for dipeptide derived DPP8 or DPP9 inhibitors. Evidently, they
should be combined with a P1 fragment or derivatised with sub-
stituents (e.g. at the e-amine function of lysine) that confer accept-
able selectivity ratios with regard to the non-targeted DPPs.

In order to identify selectivity conferring P1 fragments, various
pyrrolidine analogues or derivatives were evaluated in combina-
Figure 1. Reference compounds used in this study.
tion with a P2 Ile, Lys or Lys(Z) residue. The results are outlined
in Table 3.

Changing the P1 ring size to azetidine, piperidine, tetrahydro-
isoquinoline or azepine (32–34, 36, 44, 49, 51, 55) or replacing pyr-
rolidine by cyclopentylamine (42) did not result in more potent
DPP8 or DPP9 inhibitors. The five-membered pyrrolidine ring
seems to be optimal for inhibition with substitutions (37–40, 45–
47) rigidification (35) and even ringfusions (iso-indolines 43, 50
and 54) being accepted. The potential of these isoindolines to dis-
cern between DPP8/9 and DPP IV, is in line with earlier reports by
Jiaang et al. and Lankas et al.12,16b For the same reason, azido-
substituted pyrrolidines 38 and 47 deserve mentioning. The latter
fragment was selected for the further development of DPP8/9
inhibitors (vide infra). Finally, similar to what was shown earlier
for DPP IV, the introduction of an electrophilic (2S)-carbonitrile
function on the pyrrolidine ring leads to compounds with at least
one order of magnitude higher potency for DPP8 and 9 (com-
pounds 48, 49 and 53).21

The DPP8/9 selectivity potential of azide substituted products
mentioned earlier, together with the enhanced potency observed



Table 3
Evaluation of P1 residues in dipeptide-derived DPP inhibitors

Compound P1 IC50 (lM)

DPP8 DPP9 DPP IV DPP II

32 127 ± 8 >100 50.4 ± 2.3 730 ± 140

11 6.6 ± 0.4 13.7 ± 2 4 ± 1 110 ± 7

33 76 ± 4 76 ± 4 67 ± 11 59 ± 15

34 612 ± 69 >100 374 ± 62 228 ± 16

35 14 ± 2 38.4 ± 2.8 15 ± 1.2 288 ± 33

2 6.0 ± 3.7 6.6 ± 0.4 1.7 ± 0.1 28 ± 9

36 23 ± 8 >50 52 ± 3 52 ± 3

37 130 ± 21 >100 93 ± 6 299 ± 2

38 10.3 ± 0.5 16 ± 2 107 ± 6 43 ± 5

39 3.8 ± 1.3 11.2 ± 0.7 3.5 ± 0.2 111 ± 10

40 26 ± 2 50 ± 5 94 ± 6 30 ± 1

42 >1000 >100 >1000 >100

43 1.32 ± 0.25 4.3 ± 0.1 115 ± 11 43 ± 11

44 40.5 ± 1.9 28 ± 4 247 ± 20 1.6 ± 0.3

45 3.1 ± 0.1 5.1 ± 0.25 23.0 ± 1.4 2.9 ± 0.2

46 139 ± 9 n.d. 500 ± 25 48 ± 3

47 12.5 ± 1 26.4 ± 5.8 >1000 4.9 ± 0.5

48 0.34 ± 0.02 0.118 ± 0.003 0.32 ± 0.03 0.577 ± 0.625

49 5.2 ± 0.3 n.d. 51 ± 2 1.5 ± 0.09

50 0.20 ± 0.01 0.5 ± 0.03 161 ± 8 1.78 ± 0.08

51 312 ± 22 >100 >1000 393 ± 76

52 0.52 ± 0.025 1.42 ± 0.05 3.7 ± 0.33 1.02 ± 0.05
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Compound P1 IC50 (lM)

DPP8 DPP9 DPP IV DPP II

53 0.24 ± 0.02 0.212 ± 0.009 0.035 ± 0.002 0.84 ± 0.04

54 0.20 ± 0.02 n.d. 245 ± 85 2.5 ± 0.3

55 >500 >100 >1000 390 ± 50

Table 4
Evaluation of inhibitors containing a P1 4-azido-2-cyanopyrrolidine fragment

Compound P2 IC50 (lM)

DPP8 DPP9 DPP IV DPP II

56 Ile 0.072 ± 0.004 0.035 ± 0.001 0.34 ± 0.01 38 ± 9
57 Allo-Ile 0.011 ± 0.0004 0.0063 ± 0.0003 0.29 ± 0.01 24 ± 2
58 Lys 0.071 ± 0.002 0.025 ± 0.002 2.2 ± 0.2 0.31 ± 0.03
59 Lys(Z) 0.021 ± 0.001 n.d. 0.53 ± 0.05 0.35 ± 0.02

60 Allo-Ile 22 ± 1.8 9.2 ± 0.4 52 ± 2 90 ± 13

Table 5
Evaluation of dipeptide 4-azido-2-cyanopyrroli dines containing a P2 e-substituted lysine residue

Compound R1 R2 IC50 (lM)

DPP8 DPP9 DPPIV DPP II

61 1-Naphthyl 1-Naphthyl 0.187 ± 0.012 0.082 ± 0.003 2.5 ± 0.2 0.025 ± 0.001
62 2-Naphthyl H– 0.0138 ± 0.0006 0.0046 ± 0.0001 0.56 ± 0.04 0.034 ± 0.001
63 2-Naphthyl 2-Naphthyl 0.202 ± 0.009 0.088 ± 0.007 n.d. 0.068 ± 0.002

Table 3 (continued)
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for 2-cyanopyrrolidines incited us to prepare a-aminoacyl (4-azi-
do-2-cyanopyrrolidines) 57–60 (Table 4). The synthesis of both
the (2S,4S) and (2S,4R) P1-fragments of these compounds was
accomplished by an amidation–dehydration sequence on the cor-
responding Boc-protected (4R)- and (4S)-azidoprolines, identical
to the literature preparation of 2-cyanopyrrolidine.21,22 Upon
biochemical evaluation, these compounds showed excellent
potency toward DPP8 and DPP9, accompanied however by limited
selectivity with respect to DPP IV and DPP II. The most promising
compound of this series was found to be 57, containing a P2
allo-Ile. It combines low nanomolar DPP8/9 inhibitory activity with
a selectivity index toward DPP IV of approximately 30 and toward
DPP II of approximately 1000. Comparison of the potencies of 57
and 60 demonstrates the preference of all four DPPs for a (2S,4S)
configuration of the P1 building block.

In an attempt to further optimize the activity/selectivity pro-
files of these compounds, analogues containing P2 e-N-substi-
tuted lysine residues were prepared (Table 5) using a reductive
amination protocol optimized previously.23 Only bulky naphthyl
substituents were at this stage selected as they were considered
appropriate to provide information on the amount of space
available for ligand binding in the active centers of the target
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enzymes. While the sterically most demanding bis(naphthyl)
compounds (61 and 63) displayed a small decrease in both
DPP8 and DPP9 potency as compared to parent structure 58 (Ta-
ble 4), all three e-substituted structures exhibited a markedly in-
creased DPP II inhibitory activity. Since these results indicate
that substitution of the terminal amine function of lysine with-
out simultaneous modification of its linear butyl sidechain has
the propensity to increase DPP II activity, no additional ana-
logues of compounds 61–63 were planned.

In summary, a library of dipeptide derived compounds were
evaluated in order to identify leads for the development of inhibi-
tors of DPP8 and DPP9. The data generated, suggest significant
overall similarity in the architecture of the active centers of all
DPPs. Using the obtained SAR information, a series of a-aminoacyl
((2S,4S)-4-azido-2-cyanopyrroli-dines) were prepared, yielding
nanomolar DPP8/9 inhibitors with modest overall selectivity to-
ward DPP IV and DPP II. Further structural modification of the P2
residue is currently being investigated as a means to obtain com-
pounds with maximal affinity and selectivity for DPP8 and/or
DPP9.
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