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Abstract 13 

Dipeptidyl peptidases (DPP) 8 and 9 are intracellular serine proteases that play key roles 14 

in various biological processes and recent findings highlight DPP8 and DPP9 as potential 15 

therapeutic targets for hematological and inflammasome-related diseases. Despite the 16 

substantial progress, the precise biological functions of these proteases remain elusive, 17 

and the lack of selective chemical tools hampers ongoing research. In this paper, we 18 

describe the synthesis and biochemical evaluation of the first active site-directed DPP8/9 19 

probes which are derived from DPP8/9 inhibitors developed in-house. Specifically, we 20 

synthesized fluorescent inhibitors containing nitrobenzoxadiazole (NBD), dansyl (DNS) 21 

and cyanine-3 (Cy3) reporters to visualize intracellular DPP8/9. We demonstrate that the 22 

fluorescent inhibitors have high affinity and selectivity towards DPP8/9 over related S9 23 

family members. The NBD-labeled DPP8/9 inhibitors were nominated as the best in class 24 

compounds to visualize DPP8/9 in human cells. Furthermore, a method has been 25 
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developed for selective labeling and visualization of active DPP8/9 in vitro by 26 

fluorescence microscopy. A collection of potent and selective biotinylated DPP8/9-27 

targeting probes was also prepared by replacing the fluorescent reporter with a biotin 28 

group. The present work provides the first DPP8/9-targeting fluorescent compounds as 29 

useful chemical tools for the study of DPP8 and DPP9’s biological functions. 30 

 31 
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 34 

Introduction 35 

Dipeptidyl peptidases 8 and 9 (DPP8 and DPP9, respectively) are intracellular proteases 36 

widely expressed in mammalian tissues. They were discovered as DPP4 homologs 37 

having a DPP4-like peptidase activity.[1,2] DPP8 and DPP9 belong to the S9 family of 38 

serine proteases, together with DPP4, prolyl oligopeptidase (PREP) and fibroblast 39 

activation protein (FAP). Members of this family possess the rare ability to cleave post-40 

proline bonds. More specifically, DPP4, DPP8 and DPP9 cleave N-terminal dipeptides 41 

from their substrates, primarily with proline or alanine at the penultimate position.[3,4] 42 

Emerging evidence suggests regulatory roles for DPP8 and DPP9 in human immunity. It 43 

was shown that DPP8/9 inhibition leads to pro-inflammatory cell death in various human 44 

cell types including acute myeloid leukemia (AML) cells, keratinocytes and primary blood 45 

mononuclear cells. More specifically, DPP8/9 inhibitors induce a lytic type of cell death 46 

that is suggestive of pyroptosis, characterized by NLRP1- and CARD8-inflammasome 47 

formation, pro-caspase-1 activation and gasdermin D cleavage. [5–9] Whilst DPP9 is 48 

identified as the primary inflammasome regulator, DPP8 can compensate for the absence 49 

or inhibiton of DPP9 activity [8,9]. The identification of DPP8 as substitute for DPP9 led 50 

to increased research focus on DPP9 and identified DPP9 as a putative therapeutic target 51 



 

for inflammasome modulation. Further, an in vivo study demonstrated that DPP8/9 52 

inhibitors reduce tumor burden, and increase survival of immunodeficient mice injected 53 

with MV4-11 AML cells, showing that DPP8/9 inhibition may serve as an antitumor 54 

strategy.[5] On the other hand, targeted inactivation of DPP9 enzymatic activity caused 55 

mouse neonatal lethality.[10] In 2022, Bolgi et al. also revealed therapeutic possibilities 56 

of DPP9 inhibition in cancer cells by showing that DPP9 targets breast tumor-suppressor 57 

BRCA2 for degradation. Since BRCA2 is critical for DNA repair, DPP9-depleted cells 58 

were more sensitive to cancer therapies, which suggests that DPP9 inhibition might be of 59 

use in combination therapies for breast cancer patients.[11] Other recent findings show 60 

that DPP9 inhibition increases the potency of non-nucleoside reverse transcriptase 61 

inhibitors (NNRTI’s) in killing HIV-1-infected cells via activation of the 62 

inflammasome.[12,13] Clearly, continued research efforts will further uncover the 63 

therapeutic potential of targeting DPP8/9-related pathways. 64 

The high sequence identity between DPP8 and DPP9, especially around and in the active 65 

site, has hampered the development of selective inhibitors, substrates and other chemical 66 

tools.[14] Since their discovery at the beginning of this era, numerous non-selective small-67 

molecule inhibitors have been used to study DPP8 and DPP9, such as ValboroPro (1), 68 

allo-Ile-5-fluoroisoindoline (2) and 1G244 (3) (Figure 1). ValboroPro (1), also known as 69 

Talabostat or PT-100, is a pan-DPP inhibitor targeting DPP2, DPP4, DPP8, DPP9 and 70 

FAP with IC50 values in the nanomolar range.[15] Compared to ValboroPro (1), allo-Ile-5-71 

fluoroisoindoline (2) has a higher selectivity for DPP8 and DPP9 over the other family 72 

members, but has comparable affinity for both proteases.[16] 1G244 (3) is frequently 73 

used in biochemical and cellular experiments and it has a 4-fold selectivity towards DPP8 74 

compared to DPP9.[17] Recently, advances have been made towards DPP8-selective 75 

inhibitors by Carvalho et al who identified 4-Oxo-β-lactam variants as covalent DPP8/9 76 

inhibitors with up to 21-fold selectivity towards DPP8.[18] 77 
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In 2022, our group reported a series of novel DPP8/9 inhibitors based on the commercial 78 

DPP4 inhibitor vildagliptin. From this collection of adamantyl derivatives, the most 79 

promising compounds (4-5, Figure 1) had 7-fold preference to inhibit DPP9 over DPP8, 80 

with high nanomolar affinity towards DPP9.[19] To further improve DPP9-over-DPP8 81 

selectivity, we continued the optimization of these adamantyl-derivatives. We recently 82 

published this selection of non-covalent inhibitors that combine low nanomolar DPP9 83 

affinity with unprecedented DPP9/DPP8 selectivity indices (SI>100), together with an in 84 

vivo pharmacokinetic and toxicity study of the most promising derivative.[20] Given the 85 

urgent need for DPP8/9-targeting chemical tools, we designed probes based on the novel 86 

inhibitors 6-8 (Figure 1) to target DPP8 and DPP9 in an activity-dependent manner. 87 

 88 

 89 

Figure 1 - Chemical structures and selectivity indices (SI) of pan-DPP inhibitor 90 

ValboroPro (1) [15] and DPP8/9 inhibitors allo-Ile-5-fluoroisoindoline (2) [16], 1G244 (3) 91 

[17], compounds 4-5 [20] and 6-8 [20]. 92 



 

 93 

Active site-directed chemical probes are powerful tools in protease research. In the 94 

presence of a warhead, the probe binds covalently to the active site of the target protease, 95 

which is the case for most activity-based probes (ABPs). Activity-based serine protease 96 

profiling with ABPs is excellently reviewed elsewhere.[21–23] Over the last years, various 97 

reactive electrophiles have been tuned to either target a group of serine proteases[24] or 98 

selectively react with the active site of a specific enzyme such as cathepsin G[25], 99 

neutrophil elastase[26,27] and neutrophil serine protease 4[25]. As another approach, 100 

selective and potent covalent inhibitors have been used as ABPs, such as for FAP[28] 101 

and neutrophil elastase[29]. Given that activity rather than expression determines the 102 

biological functions of proteases, we also aimed to develop fluorescent- and biotin-103 

labeled compounds based on in-house developed non-covalent small-molecule DPP8/9 104 

inhibitors. Although the resulting probes do not comply with the strict definition of ABPs, 105 

they are active site-directed leading to an affinity- and not reactivity-driven inhibition 106 

mechanism, which may increase the selectivity in the proteome compared to classical, 107 

covalently-binding ABPs. 108 

To the best of our knowledge, these are the first reported active site-directed probes that 109 

selectively target DPP8 and DPP9. In this study, we demonstrate the ability of the probes 110 

to inhibit the enzymatic activity of recombinant human DPP8 and DPP9 (rhDPP8 and 111 

rhDPP9 respectively). Moreover, we show that fluorescent probes are internalized in 112 

THP-1 and HEK293T cells and could be used for fluorescence microscopy to visualize 113 

intracellular DPP8/9 activity. In addition, we provide results of biophysical assays with 114 

biotinylated probes showing that the probes efficiently bind rhDPP9 but are unable to 115 

simultaneously bind rhDPP9 and avidin. We expect that the fluorescent probes will find 116 

application in the DPP8/9 research field and uncover novel research paths that can be 117 

translated to therapeutic possibilities. 118 
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 119 

Results and discussion 120 

Probe design and synthesis 121 

We have recently identified vildagliptin-derived inhibitors 6-8 with preference for DPP9 122 

(low nM affinity) over DPP8 and other related S9 family members (Figure 1) [20]. 123 

Encouraged by these results, we envisioned to develop a group of active site-directed 124 

probes, derived from our published inhibitors 6-8, that could selectively target DPP9 or 125 

target both DPP8/9. The basic structure of a chemical probe contains a ligand for target 126 

engagement and a tag which provides a readable signal. For the design of the new 127 

probes, we took advantage of our inhibitors 6-8 by modifying them to include an 128 

appropriate tag required for visualizing enzymatically active DPP8 and DPP9. Inhibitors 129 

6 and 7, featuring either a mono- or difluorinated isoindoline ring, were chosen as 130 

candidates for developing fluorescent inhibitors and biotinylated probes. Given that 6 and 131 

7 exhibit markedly distinct DPP9/DPP8 selectivity indices (DPP9/8 SI (6) = 57, DPP9/8 132 

SI (7) = 176, as shown in Figure 1 and Table 1), we aimed to explore whether these 133 

selectivity indices could be reflected in the properties of the respective probes. Inhibitors 134 

6 and 7 were modified at the 3-position of the adamantyl ring since we know from 135 

previously reported SAR data that this is a suitable linker attachment point that does not 136 

compromise DPP9-affinity [20]. Fluorescent or biotin tags were attached to adamantyl-137 

derivatives 6-8 via an alkyl or alkyl-PEG linker. More specifically, fluorescent probes were 138 

labeled with nitrobenzoxadiazole (NBD), dansyl (DNS) and cyanine-3 (Cy3) tags. We 139 

established synthetic approaches where late-stage conjugation of our inhibitors with a 140 

cell-permeable fluorescent or affinity reporter could be done. The synthetic preparation 141 

and chemical structures of intermediates and probes are shown in Schemes 1-3. 142 

Inhibitors 6-7 were first Boc-deprotected and the free amines 9-10 were subsequently 143 



 

reacted with p-nitrophenyl activated PEG esters 11-13 (see supporting information for the 144 

synthesis) to afford PEG linker-inhibitor intermediates 14-19 (Scheme 1).  145 

 146 

Scheme 1 - Synthesis of PEG linker intermediates 14-19. 147 

 148 

aReagents and conditions: (a) TFA (10 eq.), DCM, rt, 3 h, quant. yield; (b) N,N-149 

diisopropylethylamine (4.5 eq.), DCM, 0 °C-reflux, 18 h, 14-67% yield. 150 

 151 

For the preparation of NBD and DNS fluorescent inhibitors (20-23), intermediates 14 and 152 

17 were used as starting material. These were subjected to Boc deprotection and the 153 

resulting free amine was reacted with NBD-chloride or DNS-chloride to deliver 20-23. 154 

Regarding the Cy3 probe, intermediate 10 was reacted with Cy3 NHS ester to give Cy3-155 

labeled inhibitor 24 (Scheme 2).  156 

 157 

Scheme 2 - Synthesis of NBD-, DNS- and Cy3-labeled DPP8/9 inhibitors. 158 
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 159 

aReagents and conditions: (a) TFA (10 eq.), DCM, rt, 3 h, quant. yield; (b) NBD- chloride 160 

(1.0 eq.), triethylamine (3.0 eq.), DCM, 0 oC-rt, 12 h, 37-42% yield; (c) 1) TFA (10 eq.), 161 

DCM, rt, 3 h, quant. yield; (d) DNS-chloride (1.0 eq.), triethylamine (3.0 eq.), DCM, 0 oC-162 

rt, 5 h, 54-71% yield; (e) Cy3-NHS (1.0 eq.), DIPEA (4.5 eq.), DCM, 0 oC-rt, overnight, 163 

70% yield. 164 

 165 

For the preparation of biotinylated probes 25-30, Boc-deprotected compounds 14-19 166 

were reacted with d-Biotin NHS ester (Scheme 3).  167 

 168 

Scheme 3 - Synthesis of biotinylated DPP8/9 probes 25-30. 169 



 

 170 

aReagents and conditions: (a) TFA (10 eq.), DCM, rt, 3 h, quant. yield; (b) Biotin-NHS (1.1 171 

eq.), triethylamine (3.5 eq.), DCM, rt, 2 h, 60-97% yield. 172 

 173 

Binding affinity and selectivity of the fluorescently labeled and biotin-174 

labeled inhibitors 175 

We first evaluated the probes for selectivity and potency to inhibit rhDPP8, rhDPP9 and 176 

the related peptidases hDPP4, rhDPP2, rhFAP and rhPREP in vitro. As anticipated, all 177 

probes inhibited DPP9 more potently than DPP8 (Table 1). Interestingly, the introduction 178 

of the linker moiety to the small-molecule DPP8/9 inhibitors increased the DPP8 inhibiting 179 

potency and thereby decreased DPP9/8 selectivity. These results suggest that the tert-180 

butyl group in inhibitors 6-8 is pivotal in generating DPP9-over-DPP8 selectivity. Despite 181 

the decrease in DPP9/8 selectivity, the fluorescent- and biotin-labeled compounds are 182 

still very potent DPP9 inhibitors with low nanomolar IC50 values (≤ 113 nM). The IC50 183 

values of the NBD- and DNS-labeled inhibitors 20-23 for DPP8 are < 500 nM, while for 184 

Cy3-labeled inhibitor 24, IC50 value is < 1.2 μM, resulting in DPP9/8 selectivity indices 185 

between 12 and 21. All biotinylated probes are also potent DPP9 binders with low 186 

nanomolar IC50 and comparable DPP9/8 selectivity indices ranging between 7 and 29. 187 

The biotinylated probe that is most potent and selective towards DPP9 is 25 (IC50 = 16 188 

nM, DPP9/8 SI = 29). None of the fluorescent or biotin-labeled compounds displayed 189 
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significant inhibitory potency against the panel of related proteases with exception of 20 190 

and 22 which inhibited DPP4 at low micromolar concentration (IC50 = 0.44 μM for 20; IC50 191 

= 1.7 μM for 22). While DPP4 is a membrane-bound or secreted serine protease, DPP8 192 

and DPP9 are present intracellularly so the intracellular fluorescent signal in cell-based 193 

assays will arise primarily from DPP8/9 binding, and not from DPP4. Altogether, based 194 

on the data shown in Table 1, we conclude that the designed probes potently inhibit 195 

rhDPP8 and rhDPP9 in vitro, defining them as DPP8/9-targeting probes. In future studies, 196 

exploring the possibilities to optimize the DPP-targeting moiety to design specific DPP8- 197 

or DPP9-probes is of interest. 198 

 199 

Table 1 - Enzyme inhibitory potencies of fluorescent and biotin-labeled compounds. IC50 200 

values are presented as the mean of 3 independent measurements ± standard deviation. 201 

SI: selectivity index. As an example, graphs to calculate IC50 values for DPP8 and DPP9 202 

are presented in Figure S1 for 20. DPP9/8 SI is calculated as the ratio 203 

IC50(DPP8)/IC50(DPP9). 204 

Compound 
 

IC50  SI 

DPP8 
(nM) 

DPP9 
(nM) 

DPP4 
(μM)  

DPP2 
(μM)  

FAP 
(μM)  

PREP 
(μM)  

DPP9/8 

20 210 ± 79 15 ± 4 
0.44 ± 
0.08  

> 5 > 10 > 10 14 

22 418 ± 47 36 ± 2 1.7 ± 0.2 > 5 > 10 > 10 12 

21 66 ± 14 3.6 ± 0.3 > 10 > 5 > 10 > 10 18 

23 122 ± 7 7 ± 2 > 10 > 5 > 10 > 10 18 

24 1124 ± 59 54 ± 10 > 10 > 5 > 10 > 10 21 

25 457 ± 55 16 ± 3 > 10 > 5 > 10 > 10 29 

26 310 ± 27 19 ± 3 > 10 > 5 > 10 > 10 16 

27 495 ± 72 43 ± 6 > 10 > 5 > 10 > 10 12 

28 876 ± 52 36 ± 4 > 10 > 5 > 10 > 10 24 

29 541 ± 35 50 ± 19 > 10 > 5 > 10 > 10 11 

30 812 ± 141 113 ± 24 > 10 > 5 > 10 > 10 7 

 205 

Having demonstrated the ability of the probes to inhibit enzymatic activity of purified 206 

rhDPP8 and rhDPP9, we next wanted to investigate their binding efficiency in complex 207 



 

protein mixtures such as human cell lysates. We chose THP-1, a human leukemia 208 

monocytic cell line, because of its endogenous DPP8/9 activity and expression and low 209 

DPP4 activity (Figure S2).(7) Moreover, THP-1 monocytes are commonly used as model 210 

for primary human monocytes [30,31], and DPP9 has been reported to regulate pro-211 

inflammatory cell death in AML cells which makes it even more interesting to test our 212 

probes in this specific AML cell line (3). For this assay, we have selected the fluorescently 213 

labeled inhibitors that present the lowest and highest DPP9-over-DPP8 selectivity 214 

indices. The THP-1 cells were lysed and incubated for 15 minutes with 10 μM of NBD- 215 

and Cy3-labeled inhibitors 20, 22, or 24. Pan-DPP inhibitor ValboroPro (1) and DPP8/9 216 

inhibitor 1G244 (3) were included as positive controls. The progress curves depicting DPP 217 

inhibition by these compounds are presented in Figure S2. Consistent with the IC50 218 

measurements, both NBD- and Cy3-labeled inhibitors 20, 22, and 24 efficiently inhibited 219 

DPP activity in cell lysates. 220 

 221 

Imaging protease activity in THP-1 monocytes with fluorescently 222 

labeled inhibitors 223 

Next, we examined the efficiency of the fluorescently labeled inhibitors to detect the 224 

activity of endogenous DPP8 and DPP9 in intact cells. Live THP-1 monocytes were 225 

stained for 30 minutes with compounds 20-24. We observed a cytosolic staining pattern 226 

with 10 μM of the NBD-labeled inhibitors 20 and 22 (Figure 2) consistent with DPP8/9 227 

expression reported by others.[2,32–34] Lower concentrations of probe (0.5 μM, 1 μM 228 

and 2 μM) were not sufficient for in-cell staining. As a control, THP-1 cells were also 229 

incubated with vehicle (1% DMSO) and as expected, no intracellular signal was observed 230 

(Figure S3). Apart from potency and selectivity, chemical tools targeting intracellular 231 

proteases must possess cell membrane permeability. Thus, we hypothesize that 10 μM 232 

of the fluorescent inhibitors is required to result in a sufficient intracellular uptake for 233 
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DPP8/9 detection. Of note, our fluorescently labeled inhibitors are non-covalent reversible 234 

binders, and the staining procedure requires several PBS washing steps to prevent 235 

background staining, which may also explain the need for higher probe concentration to 236 

result in intracellular fluorescent staining. In addition, DPP8/9-targeting inhibitors with 237 

nanomolar in vitro affinity are often used in micromolar concentrations for DPP9-targeting 238 

in cellular assays.[7,20,35] 239 

The NBD tag has been used by others as well to synthesize probes targeting intracellular 240 

serine proteases and other biological targets.[29,36–38] In contrast to the NBD 241 

compounds, we were not able to optimize the experimental conditions to yield significant 242 

and repeatable imaging of protease activity with both Cy3- and DNS-labeled inhibitors 243 

(methods are described in supporting information). 244 

Since the fluorescent signal in THP-1 cells from 20 was brighter than from 22 under the 245 

same conditions, the NBD-labeled inhibitor 20 was nominated as the most promising 246 

derivative from our set of fluorescent inhibitors for visualizing active DPP8/9 proteases in 247 

intact cells. 248 

We next tested whether pretreatment with DPP8/9 inhibitor could block NBD labeling. 249 

THP-1 cells were first incubated for 1 hour with 10 μM of inhibitor (6) or 1G244 (3) and 250 

then 10 μM of 20 or 22 was added for 30 minutes. Pretreatment of THP-1 cells with 251 

DPP8/9 inhibitors did not completely block NBD staining as shown in Figure 2 for pre-252 

incubation with 1G244 (3). Inhibitor (6), 1G244 (3) and the NBD-labeled inhibitors 20 and 253 

22 are non-covalent binders, thus it is possible that (part of) the DPP8/9-bound inhibitors 254 

are displaced by the NBD-labeled inhibitors, leading to incomplete blocking of probe 255 

binding. 256 
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Figure 2 – NBD-probes 20 and 22 show similar staining patterns in the cytosol of THP-1 258 

cells. Confocal microscopy images of THP-1 monocytes incubated for 30 min with 10 μM 259 

NBD-probes 20 (n=3) and 22 (n=2). Cells in the middle panel were treated with 1G244 260 

(10 μM, 1h) before 20 was added (n=2). NBD signal is indicated in green and DAPI 261 

stained nuclei blue. Images of a single z-plane. Scale bar: 20 μm. 262 

 263 

 264 
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Imaging overexpressed DPP9 in HEK293T cells with NBD-probes 265 

So far, we have shown that NBD-labeled inhibitors 20 and 22 are binding to naturally 266 

expressed DPP8 and DPP9 in vitro and the localization of their fluorescent signal in THP-267 

1 monocytes is consistent with the expected cytoplasmic DPP8/9 localization. We next 268 

wanted to demonstrate binding of 20 to overexpressed intracellular DPP9. To examine 269 

this, we compared fluorescent staining of HEK293T cells that express low levels of 270 

endogenous DPP8 and DPP9 with the staining of DPP9-transfected HEK293T cells. 271 

Overexpression of rhDPP9 and endogenous DPP8 and DPP9 expression in HEK293T 272 

cells were confirmed by Western blotting (Figure S4). 273 

As expected, staining with 10 μM of NBD-labeled inhibitor 20 was more intense in DPP9-274 

transfected than in mock-transfected HEK293T cells, confirming labeling of 275 

overexpressed DPP9 by 20 (Figure 3). Lower concentrations (2.5 μM and 5 μM) resulted 276 

in only faint fluorescent staining (Figure S5). In line with the results obtained for THP-1 277 

cells, the vehicle control (1% DMSO) was also negative (Figure S3). 278 

In conclusion, NBD-labeled inhibitor 20 labels enzymatically active DPP9 in intact THP-1 279 

and HEK293T cells. In contrast, the Cy3- and DNS-labeled inhibitors did not show good 280 

staining ability in the immunofluorescence experiments, which may be caused by poor 281 

membrane permeability. Apart from examining DPP9 activity at cellular level in cell lines, 282 

future projects could involve staining of primary cells or tissues for ex vivo imaging. Also 283 

in vivo imaging applications with these fluorescently labeled inhibitors can be further 284 

explored. 285 

 286 



 

 287 

Figure 3 – NBD-probes show overexpressed DPP9 in the cytoplasm of HEK293T cells. 288 

Confocal microscopy images of DPP9-transfected HEK293T cells and mock-transfected 289 

HEK293T cells incubated for 30 min with 10 μM NBD-probe 20 (n=2). NBD signal is 290 

indicated in green and DAPI stained nuclei in blue. Images of a single z-plane. Scale bar: 291 

20 μm. 292 

 293 

A complementary strategy to confirm selective labeling of the protease of interest by the 294 

NBD-labeled inhibitor 20 is to combine 20-labeling with a specific antibody. To this end, 295 

we incubated THP-1 cells with 20 and then the slides were fixed with PFA, followed by 296 

immunostaining with an anti-DPP9 antibody together with an AF594-labeled secondary 297 

antibody. Unexpectedly, it was not possible to simultaneously label DPP9 with NBD probe 298 

and anti-DPP9 Antibody, because NBD staining was greatly diminished after the 299 

immunostaining procedure. By subjecting NBD-stained cells to the immunostaining 300 

procedure without addition of antibodies, we demonstrated that NBD staining diminishes 301 

due to the immunostaining procedure and that the antibodies themselves have no effect 302 



16 

 

on the NBD fluorescent signal. We repeated this co-labeling experiment in the DPP9-303 

transfected HEK293T cells using another anti-DPP9 antibody, to further clarify that the 304 

staining by our NBD-labeled inhibitor indeed faded during the immunostaining procedure 305 

regardless of the cell type and the antibody. In line with the results with THP-1 cells, 20 306 

labeling in DPP9-transfected HEK239T cells was greatly reduced after the 307 

immunostaining procedure. 308 

Therefore, we decided to compare the staining patterns of cells labeled with either 309 

compound 20 or antibodies. In THP-1 cells, NBD-DPP9 labeling is consistent with the Ab-310 

DPP9 staining pattern (Figure 4). The same observation was true in DPP9-311 

overexpressing HEK293T cells (Fout! Verwijzingsbron niet gevonden.). These results 312 

further suggest that the NBD compounds are binding to DPP9 in intact human cells. 313 

 314 

Figure 4 – DPP9 staining pattern after immunostaining corresponds to NBD probe-315 

staining. Confocal microscopy of THP-1 monocytes and DPP9-transfected HEK293T 316 

cells. Cells were immunostained for DPP9 (n=3 for THP-1 and n=2 for HEK293T). AF594 317 



 

signal is indicated in red and DAPI stained nuclei blue. Images of a single z-plane. Scale 318 

bar: 20 μm. 319 

 320 

Characterization of biotinylated probes 321 

As a first step to reveal biological applications of the biotinylated probes, we tested the 322 

ability of the probes to label DPP8 and DPP9 in THP-1 cells applying an analogous 323 

approach as with the fluorescent ABPs. Streptavidin-AF488 was used to detect the 324 

biotinylated probes bound to active DPP8 and DPP9 in THP-1 cells via fluorescence 325 

microscopy. Unfortunately, we were not able to visualize DPP8 and DPP9 staining with 326 

biotinylated probes via this procedure.  327 

To further clarify these findings, we analyzed the interaction between rhDPP9 and the 328 

biotinylated probe 27 (the most potent DPP9 binder among the biotinylated probes with 329 

the longest linker) using grating-coupled interferometry (GCI) analysis. Injecting an 330 

equimolar mix of rhDPP9 and compound 27 over a streptavidin-coated chip resulted in a 331 

bound surface mass of 165 pg/mm2 (Figure S6). However, injection of solely 27 at the 332 

same concentration resulted in a binding signal of 288 pg/mm2. The binding of the 333 

complex of the probe with rhDPP9 dimers however is expected to result in a much larger 334 

signal, theoretically up to 73100 pg/mm2. Therefore, we hypothesize that the measured 335 

signal results from the binding of ‘free’ 27 onto the chip’s surface. This suggests that 336 

probe 27 is unable to bind streptavidin when this probe is already bound to DPP9. In a 337 

different set-up, probe 27 and rhDPP9 were consecutively injected over the streptavidin 338 

surfaces (Figure S7). Again, binding events of compound 27 to the streptavidin-coated 339 

surface could be measured, while the subsequent injections of rhDPP9 with or without 340 

inhibitor (6) did not result in the binding of rhDPP9 to 27 present on the streptavidin-341 

coated surface. This is in line with the previous results, indicating that compound 27 can 342 
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efficiently bind to streptavidin but is not able to bind both streptavidin and rhDPP9 343 

simultaneously. The results of the GCI experiments are representative for two 344 

independent experiments. Finally, the GCI data was further supported by analytical size-345 

exclusion chromatography (SEC) experiments in which we observed no decrease in the 346 

rhDPP9 retention time after preincubation with avidin and 27 (Figure S8). This again 347 

indicates the inability of the biotinylated probe to simultaneously bind avidin and rhDPP9. 348 

A possible explanation for this observation is that the active site of DPP9 is situated deep 349 

into the protein, preventing the binding of biotin to streptavidin due to steric hindrance. 350 

Considering these results, we hypothesize that the selected linker, containing two units 351 

of ethylene glycol, is not suitable for ternary complex formation due to steric hindrance. 352 

 353 

Conclusion 354 

Despite their importance in various biological processes, much remains unclear about the 355 

physiological roles of DPP8 and DPP9 in health and disease. Thus, the development of 356 

specific chemical research tools is important to increase our understanding of these 357 

pivotal enzymes. In summary, we reported the design, synthesis, and evaluation of the 358 

first fluorescent and biotin-labeled DPP8/9 inhibitors which represent an interesting 359 

approach to study DPP8 and DPP9 activity intracellularly. Both fluorescent and biotin-360 

labeled compounds are potent DPP8/9 binders with preference to inhibit DPP9 over 361 

DPP8 (DPP9/8 SI ranging between 7 and 29). The fluorescent compounds allow 362 

visualization of enzymatically active DPP8 and DPP9 without the need for any additional 363 

reagent. Although the in-cell potency of this first generation of non-covalent active site-364 

directed probes is not yet optimal, considering the nanomolar in vitro and micromolar in-365 

cell potency, the probes can serve as an important basis for further optimization of cellular 366 

properties. In contrast, biotinylated active site-directed probes reveal active enzymes only 367 

after the formation of a ternary complex with labeled streptavidin. The biotinylated 368 



 

compounds of this study showed high affinity towards rhDPP9, but the most promising 369 

compound, the one with the longest linker, failed to form a ternary complex with 370 

streptavidin or avidin. In line with this observation, we could not visualize DPP8/9 activity 371 

in live THP-1 monocytes using the biotinylated probes. More studies are needed to 372 

evaluate whether DPP9 undergoes conformational changes in specific environmental 373 

conditions that would allow its detection with these biotinylated compounds, or whether 374 

different linker lengths and/or positions are needed for proper performance of the probes 375 

as investigated by others [39]. 376 

Most interestingly, we demonstrated the utility of NBD probe 20 to label and visualize 377 

active DPP8/9 in intact cells. Because analysis of protease expression at gene, mRNA or 378 

protein level gives little insight into the proteolytic activity, the NBD-labeled inhibitors 379 

presented in this work are valuable tools to monitor active DPP8/9 in cells and provide 380 

insight into how these proteases function in human health and disease. 381 

 382 

Materials and methods 383 

General remarks  384 

Reaction solvents (analytical or HPLC grade) and chemicals were used as supplied. All 385 

reactions were carried out under nitrogen atmosphere. Reactions were monitored by thin 386 

layer chromatography (TLC) carried out on normal phase Merck silica gel 60 F254 387 

aluminium sheets and visualized by UV light (λmax=254/360 nm). TLC plates were stained 388 

with ninhydrin solution if necessary. Compounds’ purification was performed on Biotage® 389 

Isolera One flash system, equipped with internal variable dual-wavelength diode array 390 

detector (200-400 nm), using SNAP cartridges (4-50 g). 1H NMR and 13C NMR spectra 391 

were recorded on 400 MHz Bruker Avance DRX-400 spectrometer. 1H and 13C NMR 392 

chemical shifts are given as δH and δC, respectively, in parts per million (ppm), relative 393 

to tetramethylsilane (TMS) where δ (TMS)=0.00 ppm. Low resolution mass spectra 394 
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(LRMS) were recorded on a Esquire 3000plus ion trap mass spectrometer from Bruker 395 

Daltonics. In MS experiments, solutions were prepared in MeOH, MeCN or MeCN/H2O 396 

and m/z values are reported in Daltons.  397 

 398 

Synthesis and compound characterization 399 

Detailed synthetic procedures and characterization data of intermediates are given in the 400 

Supporting Information.  401 

 402 

General procedure 1. To a stirring solution of 2-(2-((tert-403 

butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5-fluoroisoindolin-2-yl)-2oxoethyl)amino) 404 

adamantan-1-ylcarbamate (14) or 2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl-3-((2-405 

(5,6-difluoroisoindolin-2-yl)-2oxoethyl)amino)adamantan-1-ylcarbamate (17) (1.0 eq.) in 406 

DCM (0.5 M), trifluoroacetic acid (10 eq.) was slowly added at room temperature. After 3 407 

h, the volatiles were removed in vacuo and TFA was co-evaporated with toluene to yield 408 

the desired free amine as TFA salt. The previous crude was dissolved in DCM (0.05 409 

mmol/mL) and triethylamine (3.0 eq.) and slowly added to NBD-Cl or dansyl chloride (1.0 410 

eq) in DCM (0.05 mmol/mL) at 0 °C. After stirring for 5-12 h at room temperature, the 411 

reaction mixture was diluted with DCM, washed with H2O, dried over Na2SO4 and 412 

concentrated in vacuo. The crude residue was purified by silica gel flash chromatography 413 

(elution with MeOH in DCM) to yield the desired compounds 20-23. 414 

 415 

General procedure 2. To a stirring solution of Cy3-NHS (1.0 eq.) in DCM (0.018 416 

mmol/mL) at 0 oC was added a mixture of 2-((3-aminoadamantan-1-yl)amino)-1-(5,6-417 

difluoroisoindolin-2-yl)ethan-1-one bis(2,2,2-trifluoroacetate (10) and DIPEA (4.5 eq.) in 418 

DCM (0.026 mmol/mL). The reaction mixture was warmed up to room temperature and 419 

stirred overnight. After this time, the volatiles were removed in vacuo and the crude solid 420 



 

was purified by silica gel flash chromatography (elution with a mixture of DCM and MeOH) 421 

to yield the desired Cy3 derivative 24. 422 

 423 

General procedure 3. The boc-protected intermediate 14-19 (1.0 eq.) was dissolved in 424 

DCM (0.5 M) and trifluoroacetic acid (10 eq.) was slowly added at room temperature. 425 

After 3 h, the volatiles were removed in vacuo and TFA was co-evaporated with toluene 426 

to yield the desired free amine as TFA salt. The previous crude was dissolved in DMF 427 

(0.07 mmol/mL) and triethylamine (3.5 eq.) was added. After stirring for 10 min, Biotin-428 

NHS (1.1 eq.) was added portionwise at room temperature and the reaction was stirred 429 

for 2 h. After this time, the volatiles were removed in vacuo and the crude solid was 430 

purified by silica gel flash chromatography (elution with a mixture of DCM:MeOH:NH3 431 

(8:2:0.2) in DCM) to yield the desired biotinylated derivative 25-30. 432 

 433 

2-(2-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethoxy)ethyl-3-((2-(5-434 

fluoroisoindolin-2-yl)-2-oxoethyl)amino)adamantan-1-yl)carbamate (20) (0.023 g, 435 

0.035 mmol, 37% yield) was prepared according to general procedure 1 from 2-(2-((tert-436 

butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5-fluoroisoindolin-2-yl)-2oxoethyl)amino) 437 

adamantan-1-ylcarbamate (14) (0.055 g, 0.095 mmol) and purified by silica gel flash 438 

chromatography (elution with a mixture of 1-10% MeOH in DCM). 1H NMR (400 MHz, 439 

CD3OD) δH 8.50 (br s, 1H), 7.25 (t, J = 8.9 Hz, 2H), 6.45 (dt, J = 7.5, 3.1 Hz, 1H), 4.86 (br 440 

s, 3H), 4.72 (s, 2H), 4.07 (s, 2H), 3.83 – 3.51 (m, 8H), 2.20 (s, 2H), 1.92 – 1.55 (m, 12H); 441 

13C NMR (101 MHz, CD3OD) δC 170.9, 164.1 (dd, J = 244.4, 7.1 Hz), 146.0, 145.6, 139.6 442 

(dd, J = 55.6, 9.1 Hz), 138.6, 133.0 (dd, J = 55.6, 2.0 Hz), 125.5 (dd, J = 9.1, 6.1 Hz), 443 

115.9 (dd, J = 23.2, 10.1 Hz), 111.9 (dd, J = 24.2, 10.1 Hz), 79.5, 71.5, 70.6, 70.2,  64.3, 444 

54.4, 53.3 (d, J = 2.0 Hz), 53.0, 52.8, 52.6 (d, J = 2.0 Hz), 52.1, 45.6, 43.0, 41.4, 36.2, 445 

31.2; LRMS m/z (ESI+) 638 [M+H]+. 446 
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 447 

2-(2-((7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethoxy)ethyl-3-((2-(5,6-448 

difluoroisoindolin-2-yl)-2-oxoethyl)amino)adamantan-1-yl)carbamate (22) (0.030 g, 449 

0.046 mmol, 42% yield) was prepared according to general procedure 1 from 2-(2-((tert-450 

butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5,6-difluoroisoindolin-2-yl)-451 

2oxoethyl)amino)adamantan-1-ylcarbamate (17) (0.109 g, 0.196 mmol) and purified by 452 

silica gel flash chromatography (elution with a mixture of 1-10% MeOH in DCM). 1H NMR 453 

(400 MHz, CDCl3) δH 8.48 (d, J = 8.6 Hz, 1H), 7.15 – 7.05 (m, 2H), 6.21 (d, J = 8.7 Hz, 454 

1H), 5.00 (br s, 1H), 4.77 (d, J = 15.0 Hz, 4H), 4.20 (br s, 2H), 3.86 (t, J = 5.0 Hz, 2H), 455 

3.77 – 3.60 (m, 4H), 3.51 (s, 2H), 2.23 (br s, 2H), 2.04 (s, 3H), 1.97 – 1.77 (m, 6H), 1.72 456 

– 1.49 (m, 6H); 13C NMR (101 MHz, CDCl3) δC 170.1, 150.4 (dd, J = 249.5, 16.2, 5.1 Hz), 457 

144.3, 144.1, 136.6, 132.0 (dd, J = 46.5, 3.0 Hz), 111.9 (dd, J = 12.2, 11.1 Hz), 69.7, 458 

62.3, 52.5, 52.2, 52.0, 51.2, 42.9, 41.3, 40.8, 35.3, 29.8; LRMS m/z (ESI+) 656 [M+H]+. 459 

 460 

2-(2-((5-(Dimethylamino)naphthalene)-1-sulfonamido)ethoxy)ethyl-3-((2-(5-461 

fluoroisoindolin-2-yl)-2-oxoethyl)amino)adamantan-1-yl)carbamate (21) (0.058 g, 462 

0.098 mmol, 54% yield) was prepared according to general procedure 1 from 2-(2-((tert-463 

butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5-fluoroisoindolin-2-yl)-464 

2oxoethyl)amino)adamantan-1-ylcarbamate (14) (0.105 g, 0.181 mmol) and purified by 465 

silica gel flash chromatography (elution with a mixture of 1-10% MeOH in DCM). 1H NMR 466 

(400 MHz, CD3OD) δH 8.49 (d, J = 8.5 Hz, 1H), 8.29 (dd, J = 8.6, 2.2 Hz, 1H), 8.19 (d, J 467 

= 7.3 Hz, 1H), 7.51 (dt, J = 21.5, 8.0 Hz, 2H), 7.23 – 6.72 (m, 4H), 5.87 (br s, 1H), 5.14 468 

(br s, 1H), 4.68 (dd, J = 18.6, 8.7 Hz, 4H), 4.00 (br s, 2H), 3.50 (s, 2H), 3.42 (br s, 2H), 469 

3.37 (t, J = 5.0 Hz, 2H), 3.05 (br s, 2H), 2.84 (s, 6H), 2.65 (br s, 2H), 2.21 (s, 2H), 2.00 – 470 

1.76 (m, 5H), 1.72 – 1.63 (m, 1H), 1.58 – 1.49 (m, 1H); 13C NMR (101 MHz, CD3OD) δC 471 

170.0, 162.7 (dd, J = 246.4, 19.2 Hz), 154.3, 152.0, 138.1 (dd, J = 12.1, 9.1 Hz), 134.9, 472 



 

131.6 (dd, J = 5.1, 2.0 Hz), 130.5, 129.9, 129.7, 129.5, 128.4, 124.2 (dd, J = 25.3, 8.1Hz), 473 

123.2, 119.0, 115.3, 115.0, 114.8, 110.1 (dd, J = 31.3, 24.2 Hz), 77.4, 69.5 (d, J = 36.4 474 

Hz), 63.2, 52.5, 52.3, 51.8, 51.5, 51.0, 45.5, 43.0, 42.8, 41.1 (d, J = 40.4 Hz), 35.4, 29.8; 475 

LRMS m/z (ESI+) 708 [M+H]+. 476 

 477 

2-(2-((5-(Dimethylamino)naphthalene)-1-sulfonamido)ethoxy)ethyl-3-((2-(5,6-478 

difluoroisoindolin-2-yl)-2-oxoethyl)amino)adamantan-1-yl)carbamate (23) (0.035 g, 479 

0.048 mmol, 71% yield) was prepared according to general procedure 1 from 2-(2-((tert-480 

butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5,6-difluoroisoindolin-2-yl)-481 

2oxoethyl)amino)adamantan-1-ylcarbamate (17) (0.038 g, 0.067 mmol) and purified by 482 

silica gel flash chromatography (elution with a mixture of 1-10% MeOH in DCM). 1H NMR 483 

(400 MHz, CD3OD) δH 8.49 (d, J = 8.5 Hz, 1H), 8.28 (d, J = 8.6 Hz, 1H), 8.19 (d, J = 7.3 484 

Hz, 1H), 7.51 (dt, J = 18.5, 7.9 Hz, 2H), 7.15 (d, J = 7.5 Hz, 1H), 7.01 (dd, J = 9.7, 7.2 Hz, 485 

1H), 6.86 (dd, J = 9.6, 7.2 Hz, 1H), 5.95 (br s, 1H), 5.17 (br s, 1H), 4.64 (d, J = 16.2 Hz, 486 

4H), 4.01 (s, 2H), 3.50 (s, 2H), 3.46 – 3.31 (m, 4H), 3.05 (s, 2H), 2.85 (s, 6H), 2.70 (br s, 487 

1H), 2.27 – 2.14 (m, 2H), 2.01 – 1.87 (m, 4H), 1.81 (d, J = 12.0 Hz, 2H), 1.69 (d, J = 12.0 488 

Hz, 2H), 1.63 – 1.49 (m, 4H); 13C NMR (101 MHz, Chloroform-d) δC 170.0, 154.4, 152.0, 489 

150.4 (dd, J = 247.5, 30.3 Hz), 134.9, 132.1 (dd, J = 17.2, 7.1 Hz), 130.5, 129.9, 129.7, 490 

129.5, 128.4, 123.2, 119.0, 115.3, 111.8 (dd, J = 26.3, 19.2 Hz), 77.7, 69.8, 69.4, 63.2, 491 

52.6, 52.6, 52.0, 51.1, 45.5, 42.9 (d, J = 12.1 Hz), 41.3, 40.9, 35.4, 29.8; LRMS m/z (ESI+) 492 

726 [M+H]+. 493 

 494 

1-Ethyl-2-((E)-3-((E)-1-(6-((-3-((2-(5,6-difluoroisoindolin-2-yl)-2-495 

oxoethyl)amino)adamantan-1-yl)amino)-6-oxohexyl)-3,3-dimethyl-5-sulfoindolin-2-496 

ylidene)prop-1-en-1-yl)-3,3-dimethyl-3H-indol-1-ium-5-sulfonate (24) (0.011 g, 0.011 497 

mmol, 70% yield) was prepared according to general procedure 2 from 2-((3-498 
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aminoadamantan-1-yl)amino)-1-(5,6-difluoroisoindolin-2-yl)ethan-1-one bis(2,2,2-499 

trifluoroacetate (10) (0.010 g, 0.016 mmol) and purified by silica gel flash chromatography 500 

(elution with a mixture of 1-15% MeOH in DCM). 1H NMR (400 MHz, CD3OD) δH 8.57 (t, 501 

J = 13.4 Hz, 1H), 7.98 – 7.94 (m, 2H), 7.92 (dd, J = 8.3, 1.6 Hz, 2H), 7.43 (d, J = 8.4 Hz, 502 

2H), 7.34 – 7.26 (m, 3H), 6.53 (t, J = 14.2 Hz, 2H), 4.85 (d, J = 10.4 Hz, 3H), 4.74 (s, 3H), 503 

4.63 (s, 1H), 4.23 (dt, J = 20.3, 7.0 Hz, 4H), 3.71 (s, 2H), 2.34 (s, 1H), 2.22 (s, 2H), 2.12 504 

(t, J = 6.9 Hz, 2H), 1.98 – 1.84 (m, 4H), 1.84 – 1.71 (m, 18H), 1.70 – 1.58 (m, 5H), 1.50 505 

– 1.39 (m, 4H); 13C NMR (101 MHz, CD3OD) δC 176.7, 175.3, 151.7 (dd, J = 253.5, 15.2 506 

Hz), 145.0, 144.2 (d, J = 2.0 Hz), 144.1, 142.4, 142.1, 133.8 (dd, J = 47.5, 3.0 Hz), 128.3, 507 

121.5 (d, J = 9.1 Hz), 113.1 (d, J = 13.1  Hz), 113.0 (d, J = 19.2 Hz), 112.4, 112.0, 104.7, 508 

104.6, 54.1, 54.0, 53.0, 52.2, 50.8, 50.7, 45.4, 40.9, 40.8, 40.7, 40.2, 37.3, 35.9, 31.1, 509 

31.0, 30.8, 28.4, 28.3, 28.1, 27.4, 26.5, 12.7; LRMS m/z (ESI+) 974 [M+H]+. 510 

 511 

N-2-(2-(5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)ethoxy) 512 

ethyl (3-((2-(5-fluoroisoindolin-2-yl)-2-oxoethyl)amino)adamantan-1-yl)carbamate 513 

(25) (0.018 g, 0.025 mmol, 95% yield) was prepared according to general procedure 3 514 

from 2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5-fluoroisoindolin-2-yl)-515 

2oxoethyl)amino)adamantan-1-ylcarbamate (14) (0.015 g, 0.026mmol) and purified by 516 

silica gel flash chromatography (elution with a mixture of 30-80% DCM:MeOH:NH3 517 

(8:2:0.2) in DCM). 1H NMR (400 MHz, CDCl3) δH 7.31 – 7.16 (m, 1H), 7.06 – 6.92 (m, 518 

2H), 6.79 (br s, 1H), 6.75 (br s, 1H), 5.97 (br s, 1H), 5.34 (br s, 1H), 4.76 (s, 2H), 4.74 (s, 519 

2H), 4.49 (t, J = 6.3 Hz, 1H), 4.30 (t, J = 6.3 Hz, 1H), 4.19 – 4.03 (m, 4H), 3.63 (br s, 3H), 520 

3.59 – 3.52 (m, 4H), 3.41 (br s, 3H), 3.16 – 3.07 (m, 1H), 2.88 (dd, J = 12.9, 4.8 Hz, 1H), 521 

2.72 (d, J = 12.8 Hz, 1H), 2.30 – 2.13 (m, 4H), 1.96 – 1.83 (m, 5H), 1.78 – 1.50 (m, 8H), 522 

1.47 – 1.35 (m, 2H); 13C NMR (101 MHz, CDCl3) δC 173.5, 169.5, 164.4, 162.6 (dd, J = 523 

244.4, 19.2 Hz), 154.4, 138.0 (dd, J = 19.2, 9.1 Hz), 131.5 (dd, J = 14.6, 2.0 Hz), 124.2 524 



 

(dd, J = 33.3, 8.1 Hz), 115.1 (dd, J = 23.3, 23.2 Hz), 110.1 (dd, J = 33.3, 23.2 Hz), 77.4, 525 

69.9, 69.4, 63.0, 61.9, 60.4, 55.8, 53.0, 52.4, 52.0 (d, J = 3.0 Hz), 51.5 (d, J = 76.8 Hz), 526 

45.7, 42.7 (d, J = 5.1 Hz), 41.0, 40.8, 40.6, 39.2, 36.0, 35.3, 32.0, 30.0, 28.4, 28.2, 25.7, 527 

22.7, 14.2; LRMS m/z (ESI+) 701 [M+H]+. 528 

 529 

N-(2-(2-(3-(3-((2-(5-fluoroisoindolin-2-yl)-2-oxoethyl) amino)adamantan-1-530 

yl)ureido)ethoxy)ethyl)-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl) 531 

pentanamide (26) (0.025 g, 0.034 mmol, 97% yield) was prepared according to general 532 

procedure 3 from tert-butyl (2-(2-(3-(-3-((2-(5-fluoroisoindolin-2-yl)-2-533 

oxoethyl)amino)adamantan-1-yl)ureido)ethoxy)ethyl) carbamate (15) (0.020 g, 0.043 534 

mmol) and purified by silica gel flash chromatography (elution with a mixture of 30-80% 535 

DCM:MeOH:NH3 (8:2:0.2) in DCM). 1H NMR (400 MHz, CD3OD) δH 7.36 (dt, J = 8.3, 4.2 536 

Hz, 1H), 7.15 – 7.04 (m, 2H), 4.79 (d, J = 13.5 Hz, 2H), 4.49 (dd, J = 7.9, 4.8 Hz, 1H), 537 

4.30 (dd, J = 7.9, 4.5 Hz, 1H), 3.86 (s, 2H), 3.65 (s, 3H), 3.50 (dt, J = 13.3, 5.4 Hz, 4H), 538 

3.39 – 3.33 (m, 2H), 3.26 – 3.17 (m, 3H), 2.93 (dd, J = 12.8, 5.0 Hz, 1H), 2.70 (d, J = 12.7 539 

Hz, 1H), 2.30 (br s, 2H), 2.23 (t, J = 7.3 Hz, 2H), 2.14 (s, 2H), 2.05 (d, J = 11.9 Hz, 2H), 540 

1.88 – 1.77 (m, 6H), 1.75 – 1.52 (m, 5H), 1.44 (p, J = 7.7 Hz, 2H); 13C NMR (101 MHz, 541 

CD3OD) δC 176.3, 166.0, 165.6, 164.2 (dd, J = 244.0, 10.0 Hz), 160.0, 139.3 (dd, J = 542 

55.0, 12.0 Hz), 132.5 (d, J = 51.0 Hz), 125.6 (d, J = 8.0 Hz), 116.1 (dd, J = 23.0, 8.0 Hz), 543 

111.1 (dd, J = 24.0, 12.0 Hz), 71.3, 70.5, 63.3, 61.6, 59.7, 57.0, 53.4, 52.9, 52.9, 52.6, 544 

52.1, 43.5, 42.1, 41.7, 41.1, 40.5, 40.3, 38.3, 36.7, 35.6, 33.0, 31.0, 30.7, 29.7, 29.5, 26.9, 545 

23.7, 14.4; LRMS m/z (ESI+) 700 [M+H]+. 546 

 547 

N-(1-((3-((2-(5-fluoroisoindolin-2-yl)-2-oxoethyl) amino)adamantan-1-yl)amino)-1-548 

oxo-5,8,11-trioxa-2-azatridecan-13-yl)-5-(2-oxohexahydro-1H-thieno[3,4-549 

d]imidazol-4-yl)pentanamide (27) (0.019 g, 0.023 mmol, 60% yield) was prepared 550 
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according to general procedure 3 from tert-butyl (1-((3-((2-(5-fluoroisoindolin-2-yl)-2-551 

oxoethyl) amino)adamantan-1-yl)amino)-1-oxo-5,8,11-trioxa-2-azatridecan-13-552 

yl)carbamate (16) (0.025 g, 0.038 mmol) and purified by silica gel flash chromatography 553 

(elution with a mixture of 40-80% DCM:MeOH:NH3 (8:2:0.2) in DCM). 1H NMR (400 MHz, 554 

CD3OD) δH 7.36 – 7.27 (m, 1H), 7.15 – 7.00 (m, 2H), 5.01 – 4.68 (m, 4H), 4.46 (dd, J = 555 

7.9, 4.8 Hz, 1H), 4.26 (dd, J = 7.9, 4.3 Hz, 1H), 3.73 (s, 2H), 3.67 – 3.54 (m, 8H), 3.52 (t, 556 

J = 5.5 Hz, 2H), 3.47 (t, J = 5.3 Hz, 2H), 3.33 (t, J = 5.6 Hz, 2H), 3.30 – 3.11 (m, 4H), 2.89 557 

(dd, J = 12.8, 5.0 Hz, 1H), 2.67 (d, J = 12.7, 1H), 2.55 (s, 2H), 2.19 (t, J = 7.5 Hz, 2H), 558 

2.05 (s, 2H), 1.99 (d, J = 12.1 Hz, 2H), 1.82 – 1.48 (m, 12H), 1.41 (q, J = 7.6 Hz, 2H); 13C 559 

NMR (101 MHz, CD3OD) δC 176.1, 169.1, 166.1, 164.2 (dd, J = 241.9, 13.1 Hz), 160.0, 560 

138.5 (dd, J = 19.3, 9.0 Hz), 132.9 (dd, J = 14.4, 2.3 Hz), 125.6 (dd, J = 14.1, 9.1 Hz), 561 

116.0 (dd, J = 23.2, 10.1 Hz), 111.0 (dd, J = 22.2, 17.2 Hz), 71.6, 71.3, 71.2, 70.6, 63.4, 562 

61.6, 57.0, 56.2, 53.4, 53.3, 53.0, 52.6, 52.5, 52.0, 45.6, 42.7, 42.2, 41.1, 40.5, 40.4, 40.3, 563 

36.7, 36.2, 31.2, 29.8, 29.5, 26.8; LRMS m/z (ESI+) 788 [M+H]+. 564 

 565 

N-(2-(5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)ethoxy)ethyl 566 

(3-((2-(5,6-difluoroisoindolin-2-yl)-2-oxoethyl)amino)adamantan-1-yl)carbamate 567 

(28) (0.030 g, 0.042 mmol, 71% yield) was prepared according to general procedure 3 568 

from 2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl-3-((2-(5,6-difluoroisoindolin-2-yl)-569 

2oxoethyl)amino)adamantan-1-ylcarbamate (17) (0.035 g, 0.059mmol) and purified by 570 

silica gel flash chromatography (elution with a mixture of 30-80% DCM:MeOH:NH3 571 

(8:2:0.2) in DCM). 1H NMR (400 MHz, Methanol-d4) δH 7.28 (ddd, J = 10.0, 7.4, 2.5 Hz, 572 

2H), 4.85 (s, 2H), 4.74 (s, 2H), 4.50 (dd, J = 7.9, 4.8 Hz, 1H), 4.31 (dd, J = 7.9, 4.4 Hz, 573 

1H), 4.09 (br s, 2H), 3.64 – 3.62 (m, 2H), 3.54 (t, J = 5.5 Hz, 2H), 3.35 (t, J = 5.5 Hz, 2H), 574 

3.20 (ddd, J = 8.8, 6.0, 4.5 Hz, 1H), 2.93 (dd, J = 12.8, 4.9 Hz, 1H), 2.71 (d, J = 12.7 Hz, 575 

1H), 2.31 – 2.18 (m, 4H), 2.04 – 1.92 (m, 4H), 1.86 (dd, J = 12.6, 2.9 Hz, 2H), 1.79 – 1.54 576 



 

(m, 10H), 1.49 – 1.23 (m, 4H); 13C NMR (101 MHz, Methanol-d4) δC 176.0, 170.3, 166.0, 577 

156.7, 151.6 (ddd, J = 249.5, 16.2, 6.1 Hz), 133.7 (ddd, J = 43.4, 7.1, 8.1 Hz), 113.0 (dd, 578 

J = 19.2, 12.1 Hz), 70.5, 70.3, 64.3, 63.3, 61.5, 57.0, 54.8, 53.0, 52.2, 45.6, 42.9, 41.5, 579 

41.0 (d, J = 5.1 Hz), 40.3, 36.7, 36.2, 31.1, 29.7, 29.4, 26.8; LRMS m/z (ESI+) 719 [M+H]+. 580 

 581 

N-(2-(2-(3-(3-((2-(5,6-difluoroisoindolin-2-yl)-2-oxoethyl) amino)adamantan-1-582 

yl)ureido)ethoxy)ethyl)-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl) 583 

pentanamide (29) (0.058 g, 0.081 mmol, 94% yield) was prepared according to general 584 

procedure 3 from tert-Butyl (2-(2-(3-(-3-((2-(5,6-difluoroisoindolin-2-yl)-2-585 

oxoethyl)amino)adamantan-1-yl)ureido)ethoxy)ethyl) carbamate (18) (0.051 g, 0.086 586 

mmol) and purified by silica gel flash chromatography (elution with a mixture of 30-80% 587 

DCM:MeOH:NH3 (8:2:0.2) in DCM). 1H NMR (400 MHz, Methanol-d4) δH 7.27 (dd, J = 588 

10.0, 7.4 Hz, 2H), 4.74 (s, 2H), 4.47 (dd, J = 7.8, 4.8 Hz, 1H), 4.28 (dd, J = 7.9, 4.4 Hz, 589 

1H), 3.97 (s, 2H), 3.46 (dt, J = 13.5, 5.4 Hz, 4H), 3.33 (t, J = 5.5 Hz, 2H), 3.25 – 3.13 (m, 590 

3H), 2.90 (dd, J = 12.7, 4.9 Hz, 1H), 2.67 (d, J = 12.6 Hz, 1H), 2.00 (br s, 2H), 2.55 – 2.16 591 

(m, 4H), 2.04 (d, J = 12.0 Hz, 2H) 1.89 (br s, 4), 1.83 – 1.48 (m, 8H), 1.46 – 1.35 (m, 2H); 592 

13C NMR (101 MHz, Methanol-d4) δC 176.1, 166.5, 166.0, 159.9, 151.6 (ddd, J = 249.5, 593 

16.2, 5.1 Hz), 133.5 (ddd, J = 46.5, 7.1, 3.0 Hz), 113.0 (dd, J = 12.2, 11.1 Hz), 79.5, 71.2, 594 

70.4, 63.3, 61.56, 58.65, 57.0, 53.1, 52.8, 52.2, 44.1, 42.2, 41.8, 41.1, 40.5, 40.3, 38.8 595 

(d, J = 3.0 Hz), 36.7, 35.7, 31.0, 29.7, 29.5, 26.9; LRMS m/z (ESI+) 718 [M+H]+. 596 

 597 

N-(1-((3-((2-(5,6-difluoroisoindolin-2-yl)-2-oxoethyl) amino)adamantan-1-yl)amino)-598 

1-oxo-5,8,11-trioxa-2-azatridecan-13-yl)-5-(2-oxohexahydro-1H-thieno[3,4-599 

d]imidazol-4-yl)pentanamide (30) (0.015 g, 0.019 mmol, 86% yield) was prepared 600 

according to general procedure 3 from tert-butyl (1-((3-((2-(5,6-difluoroisoindolin-2-yl)-2-601 

oxoethyl) amino)adamantan-1-yl)amino)-1-oxo-5,8,11-trioxa-2-azatridecan-13-602 
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yl)carbamate (19) (0.017 g, 0.025 mmol) and purified by silica gel flash chromatography 603 

(elution with a mixture of 40-80% DCM:MeOH:NH3 (8:2:0.2) in DCM). 1H NMR (400 MHz, 604 

Methanol-d4) δH 7.28 (ddd, J = 10.6, 7.4, 3.8 Hz, 2H), 4.75 (s, 2H), 4.47 (dd, J = 7.9, 4.8 605 

Hz, 1H), 4.28 (dd, J = 7.8, 4.4 Hz, 1H), 3.95 (s, 2H), 3.66 – 3.56 (m, 8H), 3.53 (t, J = 5.5 606 

Hz, 2H), 3.48 (t, J = 5.4 Hz, 2H), 3.34 (t, J = 5.5 Hz, 2H), 3.30 – 3.27 (m, 1H), 3.22 (t, J = 607 

5.4 Hz, 2H), 3.20 – 3.14 (m, 1H), 2.90 (dd, J = 12.8, 4.9 Hz, 1H), 2.68 (d, J = 12.7 Hz, 608 

1H), 2.30 (br s, 2H), 2.23 – 2.14 (m, 4H), 2.05 (d, J = 12.1 Hz, 2H), 1.94 – 1.82 (m, 4H), 609 

1.81 – 1.32 (m, 11H); 13C NMR (101 MHz, Methanol-d4) δC 174.73, 165.34, 164.67, 610 

158.51, 150.3 (ddd, J = 249.5, 16.2, 5.1 Hz), 132.2 (ddd, J = 43.4, 7.1, 4.0 Hz), 111.7 (dd, 611 

J = 18.2, 16.2 Hz), 70.18, 70.13, 69.9 (d, J = 3.0 Hz), 69.2, 62.0, 60.3, 57.1, 55.6, 51.7, 612 

51.5, 50.9, 42.8, 40.9, 40.5, 39.7, 39.2, 39.0, 37.6, 35.4, 34.4, 29.7, 28.4, 28.2, 25.5; 613 

LRMS m/z (ESI+) 806 [M+H]+. 614 

 615 

Cell culture 616 

Human monocytic cells THP-1 (ATCC) were cultured in Roswell Park Memorial Institute 617 

(RPMI) 1640 medium supplemented with GlutaMAX, 10% fetal bovine serum (FBS), 100 618 

units/mL penicillin and 100 µg/mL streptomycin (Gibco). Human embryonic kidney cells 619 

HEK293T (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 620 

medium supplemented with GlutaMAX, 10% FBS, 100 units/mL penicillin and 100 µg/mL 621 

streptomycin. Both cell lines were grown at 37 °C with 5% CO2 in a humidified incubator. 622 

Cells were routinely tested and found negative for mycoplasma contamination 623 

(MycoAlert, Lonza). 624 

 625 

Fluorescent DPP8/9 staining in THP-1 cells 626 

THP-1 cells were seeded in 8-well Nunc™ Lab-Tek™ chambered glass slides (Thermo 627 

Fisher) at 1 x 106 cells/mL with 500 μL cell suspension per well. After 24 h, cells were 628 



 

washed with PBS and fresh medium was added before incubation with NBD probes 20, 629 

22 or vehicle control (1% DMSO final concentration) for 30 min at 37 °C. After addition of 630 

the probes, all procedures were carried out in the dark. Medium with the probe was 631 

removed, cells were washed twice with PBS and fixed in ice-cold 4% PFA in PBS for 10 632 

min at room temperature. PFA solution was aspirated, and cells were washed twice with 633 

PBS. For subsequent staining with DPP9 antibody, blocking buffer (5% BSA and 0.1% 634 

normal goat serum in PBS) was added for 1 h at room temperature. Anti-DPP9 primary 635 

antibody (mouse mAb Ta504307, OriGene, 1/200) was dissolved in blocking buffer and 636 

added to the cells for overnight incubation at 4 °C. The antibody was aspirated, cells were 637 

washed twice with PBS and incubated with goat anti-mouse Alexa Fluor (AF) 594 638 

secondary antibody (A11005, Invitrogen, 1/200) in 50/50 PBS/blocking buffer for 1 h at 639 

room temperature. Cells were washed twice with PBS before nuclear staining with DAPI 640 

using Vectashield mounting medium (Vector Laboratories). Autofluorescence was 641 

checked with unstained cells. As a negative control, the primary antibody was substituted 642 

by mouse IgG (Agilent Dako, X0931). Confocal images were acquired with a Leica TCS 643 

SP8 X laser scanning confocal microscope using a 63x water objective (numerical 644 

aperture 1.2). DAPI was detected by the DAPI channel (405 nm) together with NBD-645 

based probes (λex 480 nm, λem 490-585 nm) and AF594 (λex 594 nm, λem 604-699 nm). 646 

ImageJ (National Institutes of Health, Bethesda, MD) was used to analyze the 647 

images.[40,41] Brightness and contrast were adjusted in ImageJ and matched between 648 

the same channels. 649 

 650 

Fluorescent DPP8/9 staining in HEK293T cells 651 

HEK293T cells were seeded in 8-well Nunc™ Lab-Tek™ chambered glass slides at 0.16 652 

x 106 cells/mL in 500 μL medium per well. After 24 h, medium was aspirated, cells washed 653 

once with PBS and OptiMEM was added. Cells were transiently transfected with the 654 
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pHLsec_TwinStrep-3C-AviTag-hDPP9 vector (encoding the 863 aa isoform of DPP9) 655 

using Lipofectamine 2000 reagent (Thermo Fisher) in a 1:3 DNA: lipofectamine ratio (0.25 656 

μg DNA per well). Mock-transfected cells were treated with lipofectamine only. Cells were 657 

stained for immunofluorescence 48 h after transfection. Transfection medium was 658 

aspirated and 500 μL OptiMEM was added with 10 μM of 20 or vehicle control (1% 659 

DMSO) for 30 min at 37 °C. The same procedure was used as described for the THP-1 660 

cells, except for the anti-DPP9 antibody (rabbit pAb Ab42080, Abcam, 1/200), donkey 661 

anti-rabbit AF594 secondary antibody (Invitrogen, A21207, 1/200) and rabbit IgG 662 

(Invitrogen, 10500C). Images were acquired and adjusted as described for THP-1 cells. 663 

 664 

Grating-coupled interferometry 665 

Grating-coupled interferometry (GCI) experiments were conducted on a Creoptix 666 

WAVEdelta system (Creoptix AG, Switzerland). This is a label-free surface biosensor 667 

system for characterization of molecular interactions. PCP-STA chips (Creoptix AG, 668 

Switzerland) were used, which are quasi-planar streptavidin-coated chips, containing four 669 

channels that can be used in parallel. The running buffer consisted of 50 mM HEPES pH 670 

7.4, 150 mM NaCl, 0.1 mg/mL BSA and 0.05 % Tween 20. The injection flow rate was 30 671 

µL/min with an association time of 90 seconds and a dissociation time of 60 seconds. 672 

Injections of samples were preceded by multiple blank injections with identical injection 673 

parameters. Injected samples of rhDPP9 with inhibitor 6 or 27 were preincubated for more 674 

than 30 min at 4 °C. Binding of molecules onto the chip’s surface was measured as an 675 

increase in surface mass. Data adjustment and analysis were performed using the 676 

Creoptix WAVEcontrol software. 677 

 678 
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