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a b s t r a c t 

The macrophage infectivity potentiator (Mip) protein belongs to the immunophilin superfamily. This class of en- 

zymes catalyzes the interconversion between the cis and trans configuration of proline-containing peptide bonds. 

Mip has been shown to be important for the virulence of a wide range of pathogenic microorganisms, includ- 

ing the Gram-negative bacterium Burkholderia pseudomallei . Small molecules derived from the natural product 

rapamycin, lacking its immunosuppression-inducing moiety, inhibit Mip’s peptidyl-prolyl cis - trans isomerase (PPI- 

ase) activity and lead to a reduction in pathogen load in vitro . Here, a fluorescence polarization assay (FPA) to 

enable the screening and effective development of BpMip inhibitors was established. A fluorescent probe was 

prepared, derived from previous pipecolic scaffold Mip inhibitors labeled with fluorescein. This probe showed 

moderate affinity for BpMip and enabled a highly robust FPA suitable for screening large compound libraries with 

medium- to high-throughput (Z factor ∼ 0.89) to identify potent new inhibitors. The FPA results are consistent 

with data from the protease-coupled PPIase assay. Analysis of the temperature dependence of the probe’s binding 

highlighted that BpMip’s ligand binding is driven by enthalpic rather than entropic effects. This has considerable 

consequences for the use of low-temperature kinetic assays. 
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The macrophage infectivity potentiator (Mip) protein has emerged
s a promising new anti-virulence target in the effort to find new treat-
ents for bacteria that display either intrinsic or acquired resistance

o antimicrobials [1–4] . Mip proteins are found across Gram-negative
acteria and in some unicellular parasites. They have been associated
ith virulence in proteobacteria (e.g. Legionella [5] , Burkholderia [2] ,
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macrophage infectivity potentiator (Mip) protein of Burkholderia pseudoma
lebsiella [3] , and Neisseria [6] ), other Gram-negative pathogens such as
hlamydia [ 7 , 8 ], and eukaryotic pathogens (trypanosoma [9] and leish-
ania [3] ). Mips consist of a highly conserved FKBP type pre-prolyl pep-

ide isomerase (peptidyl-prolyl isomerase, PPIase) domain, and in most
ases one of two dimerization/chaperone domains. The PPIase domain
as the greatest contribution to virulence, and can be inhibited by small
olecules, leading to a decrease in pathogen load in vitro [4] . One such

argetable pathogen is Burkholderia pseudomallei , the causative agent of
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elioidosis [10] . This potentially life-threatening infection causes an
stimated global burden of 84.3 per 100 000 people or 4.6 million
isability-adjusted life years per year [11] . B. pseudomallei is a Gram-
egative betaproteobacterium containing two Mip paralogues. Of these,
nly the 11.9 kDa BpMip protein (consisting of only a PPIase domain) is
elevant to virulence [ 2 , 12 ]. BpMip shows 40% sequence identity to the
egionella pneumophila Mip [ 13 , 14 ], with almost identical active sites
2] . 

For the targeted development of new inhibitors, rapid and robust
easurement of binding affinity is crucial. In the past, Mip inhibitors
esigned by Juli et al. [ 15 , 16 ] and Seufert et al. [ 17 , 18 ] have been
creened using a protease-coupled PPIase assay established by Fis-
her et al. [19] Briefly, a short amino acid sequence labeled with p -
itroaniline is used as a substrate, while 𝛼-chymotrypsin serves as an
uxiliary protease that cleaves only trans-linked Phe-Pro substrates. The
onversion can be measured by absorbance at around 390 nm, which is
ue to the released p -nitroaniline [19] . This assay has some disadvan-
ages as it has to be carried out at low temperatures, making it time-
onsuming and requiring dedicated equipment. [ 20 , 21 ] Whilst the PPI-
se assay directly measures the desired effect of proposed inhibitors, it
s highly challenging to use for high-throughput screening (HTS). 

A fluorescence polarization (FP) assay could be a potent alternative
or HTS. FP uses plane-polarized light to measure the binding of a small
uorescent ligand to a larger protein, detecting the change in the ef-

ective molecular volume. [ 22 , 23 ] The FP assay (FPA) has significant
dvantages compared to other assays used to study enzyme-ligand in-
eractions for studying the Mip-ligand interaction [24] . It does not re-
uire separation of bound and free ligand, allowing ligand binding to
e quantified without disturbing the equilibrium. This makes it suitable
or measuring interactions with low affinity and rapid dissociation rates,
uch as the Mip-ligand interaction [23] . FP avoids the use of radioac-
ivity, is non-destructive, and can resolve thermodynamic parameters
uch as ΔH ° and ΔS °, requiring less protein than an isothermal titration
alorimetry measurement [23] . A key advantage for Mips is that FP can
perate across temperatures where the sample protein is folded. This
voids the need to use low temperatures (as in the PPIase enzyme assay
 19 , 20 ]), and can readily measure activity at 37°C, the relevant phys-
ological conditions for human pathogens. Protein-ligand interactions
an be highly temperature dependent, and lower temperature determi-
ations can be misleading. Once established, the FPA can be performed
n 384 or even 1536 well format with moderate read times, allowing for
edium- or even high-throughput screening. Kozany et al. described

he application of an FPA for the high-throughput screening of human
KBPs that show strong structural similarity to the microbial Mip PPIase
omain [25] . Pomplun et al. used a refined FPA to screen compounds
gainst microbial Mips, such as Neisseria meningitidis Mip (NmMip) [26] .
owever, the binding affinity of the tracer molecule previously used is
ery high (low nanomolar). This makes differentiation of weaker Bp-
ip inhibitors in the competition assay more challenging. For initial

creening aiming at obtaining compounds with a K D of 1–10 𝜇M, a tracer
olecule binding in the low micromolar range would be a useful alter-
ative. Furthermore, no application toward BpMip has been described
o date. 

Here, we describe the design of a fluorescent probe with a low micro-
olar affinity for the PPIase domain of the BpMip protein. We used this

o establish a highly robust FPA suitable for medium to high throughput
creening of large compound libraries to identify potent new inhibitors.
e demonstrate the use of the assay to prioritize example compounds

rom our optimization pipeline for Mip inhibitors. This assay will fa-
ilitate and accelerate the search for new BpMip inhibitors and thus
ew therapeutic options against melioidosis and other microbial dis-
ases caused by Mip-bearing pathogens. The analysis of the temperature
ependence of the binding of the probe demonstrated that binding of
his compound series is driven by enthalpic rather than entropic effects.
evertheless, the temperature dependence is considerable. This has im-
ortant consequences for the use of kinetic assays at low temperatures,
2 
s the compound affinity is expected to increase as the temperature low-
rs. The FPA presented here, which is performed at room temperature
nd could operate at 37°C, should therefore provide more valid and re-
listic results than the cooled protease-coupled PPIase assay. 

esults and discussion 

esign of tracer molecule 1 

Key steps in probe design include the selection of a ligand to be la-
eled, as well as a suitable attachment point for a linker of appropriate
ength and a suitable fluorophore. These must not result in a significant
oss of binding affinity due to steric hindrance [27] . The functionalized
-carboxyfluorescein derivative was chosen as a fluorophore as it has
imilar properties to the parent compound fluorescein ( Fig. 1 ). Fluores-
ein, being used in immunofluorescence microscopy [28] and various
iochemical applications, [ 29 , 30 ] has excellent fluorescence properties
or FP application, such as a high fluorescence quantum yield Φ = 0.92
 0.02 of the dianion form and a relatively long fluorescence lifetime
f approximately 4 ns [31] . A similar fluorophore was used successfully
n FP assays by Hausch et al. and Banaszynski et al. to screen poten-
ial FKBP ligands. [ 25 , 32 ] The absorption maximum 𝜆max for fluores-
ein lies at approximately 485 nm, sufficiently high to avoid autoflu-
rescence of the sample, and its emission maximum 𝜆em 

is about 520
m. [ 33 , 34 ] The coupling of the fluorescent dye to the ligand should
e rigid enough so that the fluorophore cannot rotate independently of
he status of the ligand, arguing against linkers that are too long [34] .
 chain that is too short, on the other hand, can sterically hinder the
inding of the inhibitor to the Mip protein. Banaszynski et al. showed
hat direct fluorescein labeling of rapamycin to the alcohol group of C40
ignificantly reduced binding to FKBP12 ( K D = 10 mM) [32] . By vary-
ng the linker length of their FP tracer for the screening of the related
KBP51 binding ligands, Hausch et al. found that a fluorescein-labeled
racer linked to rapamycin via glycine did not work for FKBP51, while
 hexyl-glycine linker consisting of a total of eleven atoms proved to
e suitable [25] . The small molecule FP tracer later used, being much
maller than rapamycin, worked successfully with a shorter chain length
f only five atoms [25] . Based on the similarity of the binding pocket of
uman FKBPs and microbial Mips, a hexyl linker with a total length of
en atoms was selected ( Fig. 1 ). 

The crystal structures of BpMip bound to compound 2 ( SF354 , PDB
D 5V8T; Fig. 2 A) [3] and 3 ( CJ168 , PDB ID 4G50; Fig. 2 B) [16] high-
ight a likely point to introduce the linker without interfering in com-
ound binding to BpMip. The pipecolic ring of both Mip inhibitors is
ocated deep in the active site pocket, and the phenyl ring of the sul-
onamide moiety occupies a sub-pocket, ruling out these parts of the
olecule as a linkage point ( Fig. 2 ). However, the trimethoxyphenyl

roup in the case of 3 and the ether-substituted benzene ring in the case
f 2 are located rather superficially on the protein surface, rendering
his part of the inhibitors an interesting linkage point ( Fig. 2 ). Indeed,
his group changes location in crystal structures with different protein
acking, indicating that the interactions with Mip are weak [3] . The
ead structure 2 has a K i (PPIase) of 0.98 ± 0.29 μM, despite carrying
ather bulky ether groups that are well tolerated at this position [18] .
onsequently, the attachment point for the linker was chosen in the para

osition on this benzene ring. The backbone of 2 was used for the Mip
nhibitor moiety of the tracer, leaving out the ether groups at the ben-
ene ring to prevent interactions with the fluorophore or the linker and
o improve synthetic accessibility. 

ynthesis of tracer 1 

The primary amino group of 4-(aminomethyl)benzoic acid was
bz-protected (to give 4 ) and the acid function amide-coupled with
thanolamine using EDC-HCl and HOBt ( Fig. 3 ). 5 was then esterified
ith N -Boc-( S )-pipecolic acid under Steglich conditions using DCC and
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Fig. 1. Chemical structure of the designed FP tracer molecule 1 , consisting of a Mip inhibitor moiety derived from 2 , a hexyl linker and attachment atoms with a 

total length of 10 atoms, and the fluorophore 5-carboxyfluorescein. 
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atalytic amounts of DMAP. Subsequently, the Boc protecting group of
 was cleaved with TFA, and the resulting amine 7 was coupled with
henylmethanesulfonyl chloride to give sulfonamide 8 . The Cbz protect-
ng group was removed hydrogenolytically under Pd catalysis to obtain
he primary amine 9 . The fluorophore linker moiety 10 was prepared
y the reaction of 5-carboxyfluorescein with 6-methoxy-6-oxohexane-
-aminium chloride, the coupling reagent HBTU and NEt 3 in DMF fol-
owed by saponification of the methoxy ester with aqueous LiOH solu-
ion. In the final step, 9 was amide-coupled with 10 using HBTU and
IPEA to give tracer molecule 1 . 

P assay validation with BpMip and probe 1 and thermodynamic study of 

he influence of temperature on K D 

To establish the FP assay, the optimal concentration of tracer
olecule 1 was determined by using different tracer concentrations
hen titrating the active site of BpMip. 

To prove that fluorescence polarization is a concentration-
ndependent parameter, 1 was subjected to a sensitivity test. By measur-
ng a dilution series of the tracer molecule, we found that the tracer ex-
ibits a stable polarization signal at concentrations ranging from 50 nM
o 0.5 nM ( Fig. 4 A). 

A concentration of 5 nM 1 gave strong fluorescence and reproducible
esults and was used for all further experiments. We firstly determined
he affinity of 1 for purified BpMip ( Fig. 4 B). At 25°C, the affinity was
200 ± 120 nM, which met our criteria for the intended affinity for
pMip. Based on this binding curve, a protein concentration of 2 μM
as chosen for further experiments. Reviews of FP recommend using a

oncentration showing 50-80% of the plateau FP change, and a substan-
ial polarization range. [ 35 , 36 ] A concentration of 2 μM provided high
ensitivity to the competitor and offered a dynamic range of 70 mP, suf-
cient for precise calculations. We used a value giving slightly greater
han a 50% response to account for the reduced affinity in the presence
f DMSO. BpMip can be readily produced in sufficient quantities [37] . 

We then tested the affinity across a range of temperatures from 25°C
o 55°C. The interaction showed a linear van’t Hoff plot ( Fig. 4 C), sug-
esting that the heat capacity of the protein is unaffected by temper-
ture. From the van’t Hoff plot, the enthalpy ( ΔH °) and entropy ( ΔS °)
ere calculated as -44 ± 3 kJ mol − 1 and -39 ± 11 J mol − 1 , respec-

ively [23] . Due to the negative entropic element, the K D increased with
emperature. Screening at higher temperatures would require greater
oncentrations of BpMip, compromising the economy and sensitivity of
he experiment. This indicates that the compound would be most useful
t 20–25°C, depending on the capabilities of the instrument. All further
xperiments were performed at room temperature with 2 μM BpMip. 
3 
A time-dependent equilibrium study was performed to investigate
he stability of the enzyme-ligand complex formed. The formation oc-
urred within the first few minutes and was stable for at least three hours
 Fig. 5 A). No significant difference was observed in the K D between the
rst measurement a few minutes after setup to the last one after three
ours. 

Many screening compounds are only soluble in a carrier such as
MSO. DMSO is a common and bio-tolerated solvent for experimen-

al compounds. However, it is well documented to affect protein-ligand
inding [38] . Therefore, the effects of DMSO on the Mip- 1 complex were
nvestigated in a DMSO tolerance assay [38] . An active site titration was
erformed in the presence of a defined DMSO concentration, and the
hange in binding capacity of the tracer was determined using the K D 

alue ( Fig. 5 B). DMSO showed a clear effect on BpMip’s affinity for the
uorescent ligand. For higher DMSO concentrations, the minimum sig-
ificance ratio (MSR = 10 2 

√
2 s ) of the K D values relative to 0 % DMSO

as calculated [39] . Using the common criterion of an MSR of less than
, there was a significant difference at 10 % (v/v) DMSO. Although the
SR for DMSO concentrations of 5% or lower is less than 3, and so

o not meet the test of a significant difference, the apparent K D value
lready doubles at 1% (v/v) DMSO. To maintain a sufficient signal-to-
oise ratio and maximum precision in the competition assay, an expedi-
nt DMSO limit was set at < 1% for the further experiments. This could
e implemented because all inhibitors were sufficiently soluble in 1%
v/v) DMSO at the final assay concentration and is consistent with most
TS compounds [40] . 1 therefore satisfied our criteria as a useful tracer

or moderate BpMip inhibitors and a good complement to the already
nown FKBP and Mip tracers. [ 25 , 26 ] 

The assay was further validated by determining the binding affin-
ty of probe 1 for BpMip using the gold standard isothermal titration
alorimetry (ITC). The ITC experiment was performed in 3% (v/v)
MSO. The determined K D of 5.50 ± 0.03 𝜇M ( Fig. 5 C, Supplementary
ig. 3) shows good agreement with the FP assay ( K D = 3.63 𝜇M at 3%
MSO). Furthermore, ITC determined the stoichiometry of the probe for
pMip as 1.10 ± 0.03, confirming that BpMip has only one binding site
or probe 1 , and that the BpMip sample has good integrity and is at the
etermined concentration. 

Finally, the specificity of the assay was investigated. The mixture of
pMip and labeled probe 1 was titrated against the unlabeled probe 8 ,
o demonstrate that FP decreases to a minimum with increasing concen-
ration of competitor [35] . The similar K D values of the two molecules
how that labeling has no significant effect on Mip binding, confirm-
ng the approach of determining the attachment point from the crystal
tructures ( Fig. 2 ). 
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Fig. 2. Chemical structures of the Mip inhibitors 2 ( Fig. 2 A) and 3 ( Fig. 2 B) and their corresponding co-crystal structures with BpMip; PDB ID 5V8T for 2 and PDB ID 

4G50 for 3 . The part of the molecule that was subsequently chosen as position for linker attachment is marked in pink in the chemical structure. As can be seen from 

the crystal structures, in each case, the pipecoline ring is located deep in the active site pocket and the phenyl ring of the sulfonamide moiety occupies a sub-pocket, 

whereas the ether-substituted benzene moiety (for 2 ) and the trimethoxyphenyl moiety (for 3 ) are located on the protein surface. This part of the molecule constitutes 

a suitable area for the attachment of the linker without affecting binding to Mip. Non-carbon atoms are colored as follows: red, oxygen; blue, nitrogen; yellow, sulfur. 
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The suitability for medium or upscaling to high throughput screening

HTS) is reflected by the Z-factor [41] : = 1 − 

( 3 𝜎+ + 3 𝜎− ) |𝜇+ − 𝜇− | , where the mean

alues and standard deviations for the negative and positive controls are
ndicated by 𝜇− , 𝜎− and 𝜇+ , 𝜎+ , respectively. The triplicate investiga-
ion of 12 samples each resulted in a Z-factor of 0.89 (Supplementary
nformation). This result of well over 0.5 even guarantees suitability for
TS. 

ompetitive displacement assay for the screening of BpMip inhibitors 

Based on their broad range of K i values in the previously used PPIase
ssay, six inhibitors were selected to be tested in the developed compet-
tive displacement FP assay ( Table 1 ). In the following, using the probe
 , it was possible to distinguish between moderately strong inhibitors,
uch as 11 (SF235, see Table 1 ), and strong inhibitors, such as 12 (Fig.
; SF339, Table 1 ). The trends from the previously used kinetic enzyme
ssay are congruent with the results obtained in the FP assay ( Table 1
nd Supplementary data). Minor differences can be explained by the fact
hat the FP assay measures affinity to the binding pocket, whereas the
nzyme assay measures the effect on enzyme activity. In addition, the
ssays are performed at different temperatures. 

The determined K D of 8 was 2.36 ± 0.27 μM, which is close to that
f probe 1 . Since 8 corresponds to the inhibitor moiety of probe 1 ex-
ept for the Cbz protecting group, it can be concluded that fluorescein
abeling in probe 1 has no significant effect on protein binding. Using
he established FP competition assay, we were able to screen out enzy-
4 
atically ineffective inhibitors such as the racemic compound 13 ( K D =
0.64 μM, see Table 1 ). 

onclusion 

In this study, an FPA has been established to enable the screening and
ffective development of BpMip inhibitors. A fluorescent probe derived
rom previous pipecolic scaffold Mip inhibitors was labeled with fluores-
ein. This probe showed moderate affinity for the PPIase domain of the
pMip protein and enabled a highly robust FPA suitable for screening

arge compound libraries with medium to high throughput (Z ∼ 0.89)
o identify potent new inhibitors. A moderate K D of 2.0 μM renders 1 a
seful tracer for moderate BpMip inhibitors and a good complement to
he previously reported FKBP and Mip tracers. [ 25 , 26 ] 

The developed FPA has several advantages: it is very fast to perform,
obust, can be easily parallelized, and the data processing is straightfor-
ard. Unlike SPR, this assay shows that the small molecule binds at the
rotein site of interest through competitive binding. The assay is suit-
ble for both HTS and detailed hit analysis. Any new small molecule
an be tested without derivatization or isotopic labeling. Limitations in-
lude that binding affinity does not provide concrete information on
nzymatic activity, and that the assay’s detection limit of ∼200-400 nM
ay be insufficient for some applications. 

The results obtained with the FPA are in line with the findings of the
requently used protease-coupled PPIase assay. Analysis of the tempera-
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Fig. 3. Synthesis pathway of the fluorescent probe 1 and the intermediate product 8 . Reagents and conditions: (a) CBz-Cl, NaHCO 3 , water/THF (1:1), 1 d, rt, 99%; 

(b) ethanolamine, EDC-HCl, HOBt, DCM, rt, 1 d, 87%; (c) ( S )- N -Boc-pipecolic acid, DCC, DMAP, DCM/DMF (3:1), rt, 4 h, 48%; (d) TFA, DCM, rt, 2.5 h, 93%; (e) NEt 3 , 

DCM, phenylmethanesulfonyl chloride, rt, 3 d, 44%; (f) Pd/C (10 wt%), H 2 (10 bar), acetic acid, MeOH, rt, 2 d, 13%; (g) i) HBTU, 6-methoxy-6-oxohexane-1-aminium 

chloride, NEt 3 , DMF, rt, 18 h, ii) LiOH, water, rt, 1 d, 33%; (h) HBTU, DIPEA, fluorescein-5-hexanoic acid, DCM/DMF (2:1), rt, 1 d, 44%. 
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ure dependence of the probe’s binding highlighted that BpMip’s ligand
inding is driven by enthalpic rather than entropic effects. 

The assay presented here may contribute to the development of novel
herapeutics against melioidosis and other microbial diseases. 

ethods 

Chemicals. Reagents used for the synthesis in this work were ob-
ained from Alfa Aesar (Ward Hill, USA), Merck (Darmstadt, Germany),
vantor (Darmstadt, Germany), TCI Deutschland GmbH (Eschborn, Ger-
any), Fisher Scientific (Schwerte, Germany), and ABCR (Karlsruhe, Ger-
any). The purchased chemicals were used without further purification.
ry solvents for organic synthesis were produced and stored according

o general procedures [42] . 
Gravity-driven column chromatography. For gravity-driven col-

mn chromatography, silica gel 60 (0.063 – 0.200 nm) purchased from
erck (Darmstadt, Germany) was used. 

Flash chromatography. For purification by medium pressure liquid
hromatography (MPLC, flash chromatography), a puriFlash®430 sys-
em from Interchim (Montluçon, France) with an integrated UV diode
rray detector (DAD) with a scanning range of 200 – 600 nm was used.
on-UV-active compounds were detected using a Flash-ELSD (evapora-

ive light scattering detector) version 2011 from Interchim (Montluçon,
rance). The following pre-packed columns were used: Chromabond

lash , type: RS15 C18 ec, 16 g from Macherey-Nagel (Düren, Germany)
5 
nd puriFlash , type: SI-Std (IR-50SI), 12 g and 25 g from Interchim

Montluçon, France). 
HPLC. Purity analysis was carried out using an HPLC (high perfor-

ance liquid chromatography) system from Shimadzu Scientific instru-

ents (Kyoto, Japan). Mobile phase A was Milli-Q®-water with 0.1%
ormic acid (FA) added, while mobile phase B was MeOH with 0.1%
A. The gradient started with 5% of mobile phase B and the ratio of
obile phase B was increased to 100% over 8 min and held for 4 min.

or re-equilibration, the mobile phase B ratio was reduced from 100%
o 5% in another 4 min. Subsequently, the column was flushed with 5%
 for 2 min. The flow rate was set to 1.0 mL/min. The injection volume
as 20 μL. The UV signal at 254 nm was chosen for detection, with the
ven set to room temperature. 

TLC. Thin layer chromatography (TLC) was performed on pre-coated
ilica gel glass plates SIL G-25 ( Macherey-Nagel , Düren, Germany). Spots
ere evidenced by quenching at 254 nm or intrinsic fluorescence at 365
m. 

High-Resolution Mass Spectrometry (HRMS) was performed us-
ng an Agilent Infinity II LC-system (Waldbronn, Germany) consisting
f a quaternary pump, a thermostatted autosampler and a thermostat-
ed column compartment, coupled to a Sciex X500R QTOF mass spec-
rometer (Concord, Ontario, Canada) equipped with a Turbo V 

TM Ion
ource (ESI). Automatic calibration of the mass spectrometer was per-
ormed using the provided tuning solution for ESI ( Sciex , Concord, On-
ario, Canada). Mobile phase A was a mixture of water and 0.1% FA,
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Fig. 4. A: Stable, concentration-independent polarization was demonstrated in a sensitivity test by measuring a dilution series of the tracer molecule 1 for a range 

from 0.5 nM to 50 nM. B: An exemplary FP equilibrium saturation binding curve of BpMip and probe 1 at a concentration of 5 nM at 25°C. Error bars represent 

standard error, with data points showing the mean of three scans of each well. A triple repetition resulted in a K D of 1200 ± 120 nM (dashed line). Triplicate is shown 

in the SI. C: Affinity was tested across a range of temperatures from 25°C to 55°C. The interaction showed a linear van’t Hoff plot, suggesting that the heat capacity 

of the protein is unaffected by temperature. Thus, the enthalpy ( ΔH °) and entropy ( ΔS °) were determined to be -44 ± 3 kJ mol − 1 and -39 ± 11 J mol -1 , respectively. 

Upper images were generated using GraphPad Prism v8.0.1; Fig. 4 C was generated using R v. 4.2.1. 
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hile mobile phase B was acetonitrile with 0.1% FA. An isocratic elu-
ion of 50% B with a stop time of 1.5 min was used. The flow rate was
et to 1 mL/min and the injection volume was 10 𝜇L. The parameters
or the HRMS experiment were optimized by flow-injection using pos-
tive polarity (Gas1: 50 psi, Gas2: 50 psi, Curtain gas: 25 psi, Ionspray
oltage: 5500 V, Temperature: 500°C, Declustering potential: 70 + /- 10
, Collision energy: 10 V). 

Infrared Spectroscopy (IR). IR spectra were recorded on a Jasco-
T-IR-6100 system ( Jasco Deutschland GmbH , Groß-Umstadt, Germany)
n combination with a diamond ATR accessory. The wave numbers of
haracteristic absorption bands are given in [cm 

− 1 ] and categorized ac-
ording to their strength (vs = very strong, s = strong, m = medium,
 = weak, br = broad). 

Nuclear magnetic resonance spectroscopy. 1 H (400.132 MHz)
nd 13 C (100.613 MHz) NMR spectra were recorded on a Bruker AV
00 instrument ( Bruker Biospin , Ettlingen, Germany) at a temperature
6 
f 300 K. The signal of the respective deuterated solvent was used as
nternal standard (CDCl 3 : 

1 H: 7.26 ppm, 13 C: 77.16 ppm; CD 3 OD: 1 H:
.31 ppm, 13 C: 49.00 ppm; DMSO-d 6 : 1 H: 2.50 ppm, 13 C: 39.52 ppm)
43] . Abbreviations for multiplicity are: s, singlet; d, doublet; t, triplet;
, multiplet; br, broad; dd, doublet of doublets; ddd, doublet of doublets

f doublets. MestReNova® (version 6.0.2-5475) software ( Mestrelab Re-

earch S.L. , Santiago de Compostela, Spain) was applied for processing
f NMR spectra. 

Melting points. To determine melting points, an MP70 melting
oint system ( Mettler-Toledo GmbH , Gießen, Germany) was used. The
esults are not corrected. 

Synthesis of the investigated Mip inhibitors. The selected in-
ibitors 11, 15, 14 , and 2 and the corresponding synthesis have been
escribed by Seufert et al. [18] 13 was synthesized using precursor
-(pyridin-3-yl)propyl ( R, S )-1-((4-aminobenzyl)sulfonyl) piperidine-2-
arboxylate, described in the same publication. The synthesis of 12 has
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Fig. 5. Validation of the FP experiment. A: Time-dependent equilibrium study. Fluorescence polarization was measured at timepoints from 5 minutes to three hours 

after experiment setup. The results are within error of each other, indicating that the enzyme-substrate complex is formed in the first few minutes after setup and was 

stable for at least three hours. B: In a DMSO tolerance assay, an active site titration was performed in the presence of a defined DMSO concentration and the change in 

binding capacity of the tracer was determined using the K D value and the signal window (SW), calculated from a duplicate at least. For higher DMSO concentrations, 

the MSR of the K D values relative to 0 % DMSO was calculated (SI). If the common criterion of an MSR of less than 3 is used, a significant deviation is obtained at 

10 % DMSO. GraphPad Prism 8.0.1 was used for calculation and graphical representation. C: The binding affinity of probe 1 was verified using isothermal titration 

calorimetry. Three independent experiments were performed, injecting probe 1 into a solution of BpMip. An exemplary ITC plot is shown, giving a stoichiometric 

ratio of N = 1.05 ± 0.006 and a K D of 5.81 ± 0.26 μM at 3 % DMSO. 
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een described by Iwasaki et al. [3] 8 is an intermediate of tracer 1 syn-
hesis and is described there. All compounds used had a purity > 95%
ccording to HPLC. Purity data are shown in the SI. 

Synthesis of 3-(Pyridin-3-yl)propyl ( R / S )-1-((4-acetamidoben

yl)sulfonyl)piperidine-2-carboxylate (13). Following a modified
rocedure by Baer et al., [44] to a solution of 3-(pyridin-3-yl)propyl
 R, S )-1-((4-aminobenzyl)sulfonyl)piperidine-2-carboxylate (100 mg,
40 𝜇mol) in dry DCM (20 mL) were added acetic anhydride (23 𝜇L,
40 𝜇mol) and NEt 3 (66 𝜇L, 479 𝜇mol) under ice cooling. After comple-
ion of the reaction monitored by TLC (SiO 2 , petroleum ether (PE)/EA
:10), the reaction mixture was loaded directly onto silica gel and puri-
ed by flash chromatography (SiO 2 , A: PE, B: EA, gradient: 50% → 100%
). 13 was obtained as a yellowish oil in a yield of 91% (100 mg,
81 𝜇mol). R f = 0.10 (SiO 2 , PE/EA 1:10), IR (ATR, �̃�𝑚𝑎𝑥 [cm 

− 1 ]): 3308
w), 3038 (w), 2940 (w), 2859 (w), 1733 (m), 1672 (m), 1534 (m), 1513
m), 1371 (m), 1325 (m), 1176 (m), 1127 (s), 843 (m). 1 H NMR (CDCl 3 ):
= 8.50 – 8.42 (m, 2H), 7.69 (s, 1H), 7.56 – 7.47 (m, 3H), 7.42 – 7.33

m, 2H), 7.25 – 7.20 (m, 1H), 4.50 (d, 1H, 3 J = 4.6 Hz), 4.25 – 4.10
m, 4H), 3.49 – 3.42 (m, 1H), 3.17 (ddd, 1H, 2 J = 12.8 Hz, 3 J = 12.8,
.9 Hz), 2.72 (t, 2H, 3 J = 7.8 Hz), 2.17 – 2.07 (m, 4H), 2.03 – 1.93
m, 2H), 1.73 – 1.55 (m, 3H), 1.50 – 1.35 (m, 1H), 1.29 – 1.12 (m, 1H)
pm. 13 C NMR (CDCl 3 ): 𝛿 = 171.4, 168.7, 149.7, 147.5, 138.7, 136.3,
36.0, 131.4 (2C), 124.4, 123.5, 119.6 (2C), 64.2, 58.3, 56.0, 43.4, 29.8,
9.1, 27.8, 24.9, 24.4, 20.3 ppm. Purity (HPLC): 99.4%. HRMS (m/z)
 23 H 29 N 3 O 5 S, (M + H) + , calculated 460.19007, found 460.18955, error:
.1 ppm. 
7 
ynthesis of tracer 1 

Synthesis of 4-((((Benzyloxy)carbonyl)amino)methyl)benzoic 

cid (4). 4 was synthesized according to a protocol by Lameijer et al.,
45] using 11.0 g of 4-aminomethylbenzoic acid (72.8 mmol), sodium
ydrogen carbonate (7.34 g, 87.3 mmol) and benzyl chloroformate
12.4 mL, 87.3 mmol) in a mixture of THF and water (1:1; 200 mL).
 was obtained quantitatively as a white powder (20.8 g, 72.8 mmol,
 99%; Lit.: [45] 83%). R f = 0.46 (DCM/MeOH 9:1), IR (ATR, �̃�𝑚𝑎𝑥 
cm 

− 1 ]): 3340 (s), 3062 (w), 3034 (w), 2927 (m), 1683 (s), 1602 (s),
550 (s), 1529 (s), 855 (w), 803 (w), 774 (m), mp: 320°C under de-
omposition. 1 H NMR (CD 3 OD): 𝛿 = 7.95 – 7.87 (m, 2H), 7.39 – 7.15
m, 7H), 5.11 (s, 2H), 4.34 (s, 2H) ppm. 13 C NMR (CD 3 OD): 𝛿 = 173.8,
59.1, 143.6, 138.0, 135.5, 130.5 (2C), 129.4 (2C), 129.0, 128.7 (2C),
27.7 (2C), 67.6, 45.2 ppm. The recorded spectra are in agreement with
he literature [45] . 

Synthesis of Benzyl (4-((2-hydroxyethyl)carbamoyl)benzyl)carb

mate (5). To a solution of 4 (7000 mg, 24.5 mmol) in dry DCM
150 mL), HOBt (3315 mg, 24.5 mmol) and EDC · HCl (4703 mg,
4.5 mmol) were added under ice cooling and allowed to stir for 15 min.
ubsequently, 2-aminoethan-1-ol (2.35 mL, 39.2 mmol) was added to
he solution under ice cooling. The reaction was allowed to warm to rt
nd stirred for 2 d, monitored by TLC (SiO 2 , DCM/MeOH 10:1). The
olvent was removed under reduced pressure, the crude oily product
as loaded directly onto silica gel and purified by flash chromatogra-
hy (SiO 2 , A: DCM, B: MeOH, gradient: 0 → 25% B). 5 was obtained as
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Table 1 

Chemical structures of the Mip inhibitors examined and their respective K i values determined 

by the established FP assay compared with the protease-coupled PPIase assay [20] . More 

detail is provided in supplementary information. 

Inhibitor Structure K i [μM], FP K i [μM], PPIase 

11 1.79 ± 0.33 0.29 ± 0.06 

2 1.15 ± 0.74 0.98 ± 0.29 

12 0.46 ± 0.01 0.45 ± 0.09 

14 0.65 ± 0.08 0.18 ± 0.01 

13 10.64 ± 0.53 21.0 ± 8.0 

15 15.10 ± 5.10 4.50 ± 1.70 

8 2.36 ± 0.27 Not determined 
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6
a 

m  
 white solid in a yield of 87% (7.00 g, 21.3 mmol). R f = 0.47 (SiO 2 ,
CM/MeOH 10:1), mp: 165°C, IR (ATR, ̃𝜐𝑚𝑎𝑥 [cm 

− 1 ]): 3383 (s), 3142 (s)
922 (s), 1692 (s), 1656 (s), 1592 (s), 1270 (s), 834 (s), 776 (s), 710 (s).
 H NMR (DMSO-d 6 ): 𝛿 = 8.36 (t, 3 J = 5.6 Hz, 1H), 7.86 (t, 3 J = 6.1 Hz,
H), 7.83 – 7.75 (m, 2H), 7.41 – 7.28 (m, 7H), 5.05 (br s, 2H), 4.70 (t,
 J = 5.6 Hz, 1H), 4.25 (d, 3 J = 6.1 Hz, 2H), 3.50 (dt, 3 J = 6.1, 5.9 Hz,
8 
H), 3.35 – 3.29 (m, 2H) ppm. 13 C NMR (DMSO-d 6 ): 𝛿 = 166.1, 156.4,
42.8, 137.1, 133.1, 128.4 (2C), 127.8, 127.7, 127.2 (2C), 126.7 (2C),
5.4, 59.8, 43.6, 42.1 ppm. 

Synthesis of 2-(2-(4-((((Benzyloxy)carbonyl)amino)methyl)benz

ido)ethyl)-1-( tert -butyl- S )-piperidine-1,2-dicarboxylate (6). To
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g  
 solution of ( S )-1-( tert -butoxycarbonyl)piperidine-2-carboxylic acid
5.00 g, 21.8 mmol) in a mixture of dry DCM (150 mL) and dry DMF
50 mL), catalytic amounts of DMAP (500 mg, 4.09 mmol) and an
xcess of EDC · HCl (3.00 g, 15.7 mmol) were added under ice cooling
nd allowed to stir for 15 min. 5 (4.30 g, 13.1 mmol) was added to
he solution under ice cooling, the reaction was allowed to warm to rt
nd stirred for 1 d, monitored by TLC (SiO 2 , DCM/MeOH 20:1). The
olvent was removed in vacuo , the residue suspended in DCM and the
ixture filtered. The solvent of the filtrate was removed in vacuo . The

rude oily product was loaded directly onto silica gel and purified by
olumn chromatography (SiO 2 , PE/EA 1:1, followed by PE/EA/MeOH
:0.9:0.1). After subsequent purification by flash chromatography
SiO 2 , A: PE, B: EA, gradient: 0 → 50% B, ELSD), 6 was obtained as a
olorless oily solid in a yield of 48% (3400 mg, 6.30 mmol). R f = 0.17
SiO 2 , DCM/MeOH 20:1), IR (ATR, �̃�𝑚𝑎𝑥 [cm 

− 1 ]): 3321 (m), 2932 (m),
694 (s), 1643 (s), 1535 (s), 1245 (s), 1155 (s) 870 (w), 753 (w), 738
w). 1 H NMR (CDCl 3 ): 𝛿 = 7.84 – 7.74 (m, 2H), 7.40 – 7.28 (m, 7H),
.18 – 5.09 (m, 3H), 4.78 (br s, 1H), 4.50 – 4.20 (m, 4H), 4.02 – 3.52
m, 3H), 3.06 – 2.70 (m, 2H), 2.24 – 2.14 (m, 1H), 1.76 – 1.55 (m, 4H),
.41 (br s, 9H), 1.31 – 1.11 (m, 1H) ppm. 13 C NMR (CDCl 3 ): 𝛿 = 172.5,
67.1, 156.7, 156.6, 142.5 (br s, 1C), 136.5, 133.4, 128.7 (br s, 2C),
28.4 (br s, 1C), 128.3 (br s, 2C), 127.64 (br s, 2C), 127.59 (br s, 2C),
0.4, 67.2, 64.0, 54.5 (br s, 1C), 44.9, 42.7 & 39.3 (br s, 1C, rotamers ),
8.8, 28.5 (s, 3C), 26.6, 24.7, 20.8 ppm. 

Synthesis of 2-(4-((((Benzyloxy)carbonyl)amino)methyl)benza

ido)ethyl ( S )-piperidine-2-carboxylate (7). To a solution of 6

2700 mg, 5.00 mmol) in dry DCM (25 mL) was slowly added 5.00 mL of
FA (65.0 mmol) at rt and the mixture was stirred for 2.5 h, monitored
y TLC (SiO 2 , DCM/MeOH 20:0.5). Subsequently, the reaction mixture
as washed with aqueous saturated NaHCO 3 solution (3 · 20 mL) and
ith water (3 · 20 mL). The phases were separated, the organic phase
as dried over sodium sulphate and filtrated. After removal of the or-
anic solvent in vacuo , 7 was obtained as a white oily solid in a yield
f 93% (2043 mg, 4.65 mmol). R f = 0.23 (SiO 2 , DCM/MeOH 20:0.5),
R (ATR, �̃�𝑚𝑎𝑥 [cm 

-1 ]): 3331 (s), 3033 (w), 2930 (m), 1738 (w), 1686
s), 1636 (s), 1534 (s), 1202 (m), 848 (w), 746 (w). 1 H NMR (CDCl 3 ):
= 7.74 – 7.68 (m, 2H), 7.39 – 7.27 (m, 7H), 6.79 (br s, 1H), 5.34 (br s,
H), 5.13 (s, 2H), 4.40 (br d, 3 J = 5.9 Hz, 2H), 4.32 (t, 3 J = 5.2 Hz, 2H),
.74 – 3.67 (m, 2H), 3.38 (dd, 3 J = 9.9, 3.1 Hz, 1H), 3.10 – 3.03 (m, 1H),
.68 – 2.60 (m, 1H), 2.29 (br s, 1H), 1.99 – 1.92 (m, 1H), 1.81 – 1.74
m, 1H), 1.60 – 1.40 (m, 4H) ppm. 13 C NMR (CDCl 3 ): 𝛿 = 174.0, 167.4,
56.6, 142.4 (br s, 1C), 136.5, 133.4, 128.7 (br s, 2C), 128.33 (br s, 1C),
28.27 (br s, 2C), 127.6 (br s, 2C), 127.5 (br s, 2C), 67.1, 63.8, 58.8 (br
, 1C), 45.8, 44.8, 39.6, 29.4, 25.8, 24.1 ppm. 

Synthesis of 2-(4-((((Benzyloxy)carbonyl)amino)methyl)benza

ido)ethyl ( S )-1-(benzylsulfonyl)piperidine-2-carboxylate (8). To a
olution of 7 (2350 mg, 5.35 mmol) in dry DCM (50 mL), NEt 3 (1.94 mL,
3.9 mmol) and phenylmethanesulfonyl chloride (1175 mg, 6.04 mmol)
ere added under ice cooling. The solution was immediately allowed to
arm to rt and stirred for 3 d, monitored by TLC (SiO 2 , PE/EA 1:3).
ubsequently, the mixture was washed with diluted acetic acid (0.1 M,
0 mL) and saturated ammonium chloride solution (30 mL). The phases
ere separated, the organic solvent was removed in vacuo, and the crude
ily product was purified by flash chromatography (Run 1: SiO 2 , A:
CM, B: MeOH, gradient: 0% → 30% B; Run 2: SiO 2 , A: CyH, B: EA,
radient: 0% → 100% B). 8 was obtained as white oily solid in a yield
f 44% (1400 mg, 2.36 mmol). R f = 0.68 (SiO 2 , PE/EA 1:3), IR (ATR,
̃𝑚𝑎𝑥 [cm 

− 1 ]): 3346 (br m), 2946 (m), 1704 (s), 1644 (s), 1534 (s), 1505
s), 1321 (s), 847 (w), 824 (w), 781 (w). 1 H NMR (CDCl 3 ): 𝛿 = 7.84 –
.79 (m, 2H), 7.42 – 7.28 (m, 12H), 7.13 (t, 3 J = 5.4 Hz, 1H), 5.19 – 5.11
m, 3H), 4.49 – 4.41 (m, 3H), 4.27 – 4.16 (m, 4H), 3.83 – 3.68 (m, 2H),
.33 (d, 2 J = 12.8 Hz, 1H), 3.08 (ddd, 2 J = 12.8, 3 J = 12.8, 2.7 Hz, 1H),
.13 (br d, 2 J = 13.4 Hz, 1H), 1.70 – 1.54 (m, 2H), 1.48 – 1.28 (m, 2H),
.19 – 1.08 (m, 1H) ppm. 13 C NMR (CDCl 3 ): 𝛿 = 171.4, 167.2, 156.6,
42.1, 136.5, 133.3, 131.0 (2C), 129.2, 129.0, 128.8 (2C), 128.7 (2C),
28.4, 128.3 (2C), 127.8 (2C), 127.5 (2C), 67.1, 64.9, 59.2, 56.7, 44.9,
9 
4.2, 38.9, 27.2, 24.8, 20.2 ppm. Purity (HPLC): 95.1%. HRMS (m/z)
 31 H 35 N 3 O 7 S, (M + H) + , calculated 594.22685, found 594.22775, error:
.5 ppm. 

Synthesis of 2-(4-(Aminomethyl)benzamido)ethyl ( S )-1-

benzylsulfonyl)piperidine-2-carboxylate (9). To a solution of
 (450 mg, 758 μmol) in methanol (15 mL) and acetic acid (1 mL,
 mol/L), catalytic amounts of palladium on charcoal (10 wt-%, 84 mg,
9 μmol) were added at rt under an Argon atmosphere. The reaction
ixture was then stirred for 1 d at rt under a hydrogen pressure of
0 bar. Subsequently, the catalyst was removed over celite, which was
hen extracted with methanol (50 mL). The solvent was removed in
acuo . The residue was diluted with DCM (50 mL) and washed with
aturated sodium hydrogen carbonate solution (2 · 20 mL). After sepa-
ation of the phases, the solvent of the organic phase was removed in
acuo, and the crude oily product was purified by flash chromatography
SiO 2 , A: DCM, B: MeOH, gradient: 0% → 20% B). 9 was obtained
s a slightly yellowish solid in a yield of 13% (45 mg, 99 μmol).
 f = 0.11 (SiO 2 , DCM/MeOH 9:1), mp: 85°C, IR (ATR, �̃�𝑚𝑎𝑥 [cm 

− 1 ]):
310 (br m), 2932 (m), 2857 (m), 1733 (s), 1637 (s), 1539 (s), 1498 (s),
320 (s), 845 (w), 782 (w). 1 H NMR (CDCl 3 , protonated form of 9 ):
= 7.85 – 7.80 (m, 2H), 7.44 – 7.34 (m, 7H), 7.16 (t, 3 J = 5.7 Hz, 1H),
.47 – 4.40 (m, 1H), 4.30 – 4.19 (m, 4H), 3.93 (br s, 2H), 3.83 – 3.70
m, 2H), 3.33 (br d, 2 J = 12.7 Hz, 1H), 3.08 (ddd, 2 J = 12.7, 3 J = 12.7,
.7 Hz, 1H), 2.26 (br s, 3 H), 2.12 (br d, 2 J = 13.3 Hz, 1H), 1.65 – 1.55
m, 2H), 1.50 – 1.10 (m, 3H) ppm. 13 C NMR (CDCl 3 , protonated form
f 9 ): 𝛿 = 171.5, 167.4, 145.7, 132.9, 131.0 (2C), 129.2, 128.9, 128.8
2C), 127.7 (2C), 127.4 (2C), 64.9, 59.2, 56.7, 46.0, 44.1, 38.9, 27.3,
4.8, 20.2 ppm. 

Synthesis of 6-(3 ′ ,6 ′ -Dihydroxy-3-oxo-3 H -spiro[isobenzofuran-

,9 ′ -xanthene]-5-carboxamido)hexanoic acid (10). To a mixture of
-carboxyfluorescein (495 mg, 1.25 mmol), 6-methoxy-6-oxohexane-1-
minium chloride (204 mg, 1.12 mmol), and NEt 3 (0.36 mL, 2.62 mmol)
n dry DMF (20 mL), HBTU (507 mg, 1.34 mmol) was added at rt and
tirred overnight. After removal of DMF in vacuo , the crude oily prod-
ct obtained was treated with a solution of lithium hydroxide (0.4 M,
1.2 mL, 12.5 mmol) at rt for 1 d. The pH was then adjusted to 5 with
iluted hydrochloric acid (10 mL, 1 M) under ice cooling. The solvent
as removed in vacuo , the mixture was directly loaded onto silica gel,
nd the crude oily product was purified by flash chromatography (SiO 2 ,
: DCM + 0.5% FA, B: MeOH + 0.5% FA, gradient: 0% → 10% B). 10

as obtained as an orange solid in a yield of 33% (180 mg, 368 μmol).
 f = 0.28 (SiO 2 , CHCl 3 /MeOH 9:1 + 1% FA; 365 nm), mp: 262°C (un-
er decomposition), IR (ATR, �̃�𝑚𝑎𝑥 [cm 

− 1 ]): 3043 (m), 2936 (m), 1707
m), 1666 (m), 1577 (vs), 1530 (vs), 1455 (vs), 1295 (vs), 850 (m),
60 (m). 1 H NMR (CD 3 OD): 𝛿 = 8.41 (br s, 1H), 8.19 (dd, 3 J = 8.0,
 J = 1.5 Hz, 1H), 7.29 (d, 3 J = 8.0 Hz, 1H), 6.69 (d, 4 J = 2.3 Hz, 2H),
.59 (d, 3 J = 8.7 Hz, 2H), 6.53 (dd, 3 J = 8.7, 4 J = 2.3 Hz, 2H), 3.44 (t,
 J = 7.2 Hz, 2H), 2.33 (t, 3 J = 7.2 Hz, 2H), 1.74 – 1.63 (m, 4H), 1.51 –
.41 (m, 2H) ppm. 13 C NMR (CD 3 OD): 𝛿 = 177.5, 170.6, 168.4, 161.4
br s, 2C), 156.6, 154.0 (2C), 138.1, 135.5, 130.1 (2C), 128.7, 125.7,
24.7, 113.7 (2C), 110.9 (2C), 103.6 (2C), 82.3, 41.1, 34.8, 30.1, 27.6,
5.8 ppm. The molecule is known in the literature, [46] but no synthesis
r analytical data have been reported to date. 

Synthesis of 2-(4-((6-(3 ′ ,6 ′ -Dihydroxy-3-

xo-3H-spiro[isobenzofuran-1,9 ′ -xanthene]-5- 

arboxamido)hexanamido)methyl)benzamido)ethyl ( S )-1-

benzylsulfonyl)piperidine-2-carboxylate (1). To a solution of
0 (32 mg, 65 μmol) in a mixture of dry DCM (10 mL) and DMF
5 mL), HBTU (33 mg, 88 μmol) and DIPEA (100 μL, 570 μmol) were
dded under ice cooling and allowed to stir for 15 min. Subsequently,
ompound 9 (30 mg, 65 μmol) was added to the solution under ice
ooling, the reaction was allowed to warm to rt and stirred for 1 d,
onitored by TLC (SiO 2 , DCM/MeOH 10:1 + 1% FA). Saturated ammo-
ium chloride solution (10 mL) was added, the solvent was removed

n vacuo , and the crude oily product was directly loaded onto silica
el. After purification by flash chromatography (Run 1: SiO 2 , A: DCM,
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: MeOH, gradient: 0 → 20% B; Run 2: RP 18, A: H 2 O + 0.1% FA, B:
CN + 0.1% FA, gradient: 5% → 40% B), 1 was obtained as a yellow
olid in a yield of 44% (27 mg, 29 μmol). R f = 0.40 (SiO 2 , DCM/MeOH
0:1 + 1% FA, 365 nm), mp: 160°C, IR (ATR, �̃�𝑚𝑎𝑥 [cm 

− 1 ]): 3341 (br,
), 3080 (br, s), 2941 (s), 1740 (s), 1704 (s), 1636 (vs), 1613 (vs),
319 (s), 1109 (vs), 847 (m), 740 (m). 1 H NMR (CD 3 OD): 𝛿 = 8.42
br s, 1H), 8.17 (dd, 3 J = 8.0, 4 J = 1.5 Hz, 1H), 7.79 – 7.75 (m, 2H),
.42 – 7.37 (m, 2H), 7.36 – 7.31 (m, 5H), 7.28 (d, 3 J = 8.0 Hz, 1H),
.69 (d, 4 J = 2.3 Hz, 2H), 6.60 (d, 3 J = 8.7 Hz, 2H), 6.53 (dd, 3 J = 8.7,
 J = 2.3 Hz, 2H), 4.44 – 4.38 (m, 3H), 4.38 – 4.33 (m, 2H), 4.33 – 4.30
m, 2H), 3.73 – 3.61 (m, 2H), 3.46 – 3.36 (m, 3H), 3.14 (ddd, 2 J = 12.8,
 J = 12.8, 2.8 Hz, 1H), 2.30 (t, 3 J = 7.3 Hz, 2H), 2.14 – 2.07 (m,
H),1.77 – 1.64 (m, 4H), 1.60 – 1.32 (m, 6H), 1.24 – 1.15 (m, 1H)
pm. 13 C NMR (CD 3 OD): 𝛿 = 176.1, 172.8, 170.6, 170.0, 168.4, 161.3
2C), 154.3 (2C), 144.3, 138.0, 135.2, 134.2, 132.2 (2C), 131.0, 130.3
2C), 129.50–129.45 (m, 3C), 128.65–128.57 (m, 6C), 125.9, 125.0,
14.0 (2C), 111.1 (2C), 103.6 (2C), 82.0, 64.8, 59.4, 57.3, 44.6, 43.7,
1.0, 40.0, 36.9, 30.1, 28.5, 27.6, 26.6, 26.0, 21.2 ppm. Purity (HPLC):
5.4%. HRMS (m/z) C 50 H 50 N 4 O 12 S, (M + H) + , calculated 931.32187,
ound 931.32079, error: 1.2 ppm. 

rotease-Coupled PPIase assay 

BpMip was transformed into BL21(DE3) cells and expressed and pre-
ared as described [37] . 13 was tested in the protease-coupled PPIase
ssay according to a protocol by Vivoli et al. analogous to the other
nhibitors studied [20] . The protease-coupled PPIase assay data for in-
ibitors 11, 15, 14 , and 2 were reported by Seufert et al., [18] PPIase
ata of 12 by Iwasaki et al. [3] 

P assay validation with BpMip and probe 1, thermodynamic study of the 

nfluence of temperature on K D , and ITC measurement 

BpMip was codon-optimized using an in-house script (avail-
ble at https://github.com/njharmer/CodonOptimise ) and
he synthesized gene cloned into the pNIC28-Bsa4 vector
 https://www.addgene.org/26103/ ) by Twist Bioscience. The BpMip- 1
nteraction was measured following the methods of Rossi and Taylor
23] . 5 nM 1 was mixed with 15 concentrations of BpMip (200 mM
o 12 nM in two-fold dilutions), or a buffer blank, in a buffer of 35
M Hepes pH 7.8 in a 384 well black walled plate (Corning #3820)

n a total volume of 40 𝜇L. In the same plate, the same concentrations
f BpMip in buffer alone, and with 5 nM 1 and 300 𝜇M 11 were
repared to control for BpMip fluorescence and non-specific binding
f 1 to BpMip. All samples were prepared in duplicate. Samples were
ncubated in the dark with mild shaking for 15 minutes, centrifuged at
00 g for two minutes, and incubated at 25°C for 20 minutes. Fluores-
ence anisotropy was measured using a Clariostar plate reader (BMG
abtech, Ortenberg, Germany) with excitation at 488 nm and emission
t 518 nm. Gain optimization was performed using the manufacturer’s
ecommendations. For measurements at different temperatures, the
amples were incubated at the relevant temperature for 20 minutes
efore reading. A script was used to automate incubation and reading
or samples and is available as a supplementary file. The raw parallel
nd perpendicular measurements were corrected for BpMip autoflu-
rescence by subtracting the values of the paired BpMip only wells.
luorescence anisotropy was calculated using Eq. (1 ): 

 = 

(
𝐼 ǁ − 𝐼 ⊥

)(
𝐼 ǁ + 2 𝐼 ⊥

) (1)

here I ‖ and I ⊥ are the parallel and perpendicular intensities, respec-
ively. 

Anisotropy due to non-specific binding was calculated at each pro-
ein concentration using Eq. (2 ): 

 𝑁𝑆 = 

(
𝐴 𝐼 − 𝐴 𝐷 

)
∗ 
( 

1 − 

𝐴 𝑀 

− 𝐴 𝐷 

𝐴 − 𝐴 

) 

(2)

𝐷𝑅 𝐷 

10 
here A NS is the non-specific anisotropy, A M 

is the measured protein- 1
nisotropy at this concentration, A I is the measured protein- 1 anisotropy
n the presence of excess 11 at the relevant concentration, A D is the
nisotropy of 1 alone, and A DR is the BpMip- 1 anisotropy at saturat-
ng BpMip. A NS was subtracted from A M 

at each concentration to give
he final specific anisotropy A s . The A S values were fitted to the four-
arameter ligand saturation (Eq. (3)) : 

 𝑆 = 𝑙𝑜𝑤𝑒𝑟 + ( 𝑢𝑝𝑝𝑒𝑟 − 𝑙𝑜𝑤𝑒𝑟 ) 

( 

[ 𝐵𝑝𝑀𝑖𝑝 ] ℎ (
[ 𝐵𝑝𝑀𝑖𝑝 ] ℎ + 𝐸𝐶 ℎ 50 

)) 

(3)

here EC 50 is the concentration of BpMip required to achieve a 50%
ffect, upper and lower are fully bound and unbound anisotropy of 1 ,
nd h is the hill coefficient. As the EC 50 is well in excess of the 1 con-
entration, EC 50 is equivalent to K D within error. 

The van’t Hoff plot was calculated by plotting the natural logarithm
f K D against the inverse of temperature (in Kelvin) and fitting a straight
ine with linear regression: 

n 𝐾 𝐷 = 

Δ𝐻 

𝑜 

𝑅𝑇 
+ 𝑐 (4)

here R is the gas constant (8.314 J K 

− 1 mol − 1 ). From the gradient of
he line, ΔH ° can be calculated. This then allows ΔS° to be calculated: 

𝐺 

𝑜 = 𝑅𝑇 ln 𝐾 𝐷 (5)

𝐺 

𝑜 = Δ𝐻 

𝑜 − 𝑇 Δ𝑆 𝑜 (6)

All calculations were performed in R . A script for performing these
alculations is available as a supplementary file. 

The determination of the G-factor was performed using the protocol
rovided by Berthold Technologies (Bad Wildbad, Germany) and resulted
n a value of 1.15 for the instrument used. 

FP was measured for the sensitivity study at 15 concentrations of 1
0.005 nM to 50 nM) diluted in HEPES buffer (HEPES 20 mM, TritonX-
00 0.002%, KCl 13.4 mM, pH 8). 

For active site titration, tracer molecule 1 was mixed in equal parts
o a final concentration of 5 nM with at least 8 concentrations of Bp-
ip (100 μM to 0.05 nM, in different steps of dilution). For all experi-
ents, the final volume in the 384 black, flat-bottom, non-binding well
lates ( Greiner Bio-One , Kremsmünster, Austria, #781900) was 60 μL.
ncubation was performed for 30 min at room temperature in the dark,
ollowed by measuring the FP value (Mithras LB 940, Berthold Tech-
ologies, Bad Wildbad, Germany) three times each well. The K D value
as calculated with GraphPad Prism 8.0.1 from Dotmatics (Boston, Mas-

achusetts, USA) using the equation given by Wang et al. [47] 

𝐹 = 

𝐴 ∕ [ 𝐿 ] 𝑡 
2 

{ ( 

[ 𝑃 ] 𝑡 + [ 𝐿 ] 𝑡 + 𝐾 𝐷 − 

√ (
[ 𝑃 ] 𝑡 + [ 𝐿 ] 𝑡 + 𝐾 𝐷 

)2 − 4 [ 𝑃 ] 𝑡 [ 𝐿 ] 𝑡 
) }

Fitting parameter: 
∆F = change in FP signal 
A = FP amplitude, constant 
L t = total concentration of the ligand (tracer) 
P t = total concentration protein 
K D = dissociation constant 
For the kinetics test, where the K D value was determined over a pe-

iod of 3 hours (0 min, 5 min, 15 min, 30 min, 1 h, 2 h and 3 h), the same
rocedure was followed as for active site titration. The experiment was
arried out in duplicate and the incubation time of 30 min was main-
ained for all further experiments. 

To examine the influence of DMSO, a mixture of a specific concen-
ration of DMSO (0%, 0.5%, 1%, 2% and 4%) in HEPES buffer and the
robe 1 (10 nM) was used in a total of 30 μL. After adding to 30 μL of
pMip (4 μM), resulting in a final concentration of 5 nM for 1 , 2 μM for
pMip and 0%, 0.25%, 0.5%, 1%, and 2% DMSO, respectively, and a
otal volume of 60 μL, FP was measured. 

Negative control for Z-factor determination was therefore the same
ixture as mentioned above with a final DMSO concentration of 0.5%,

https://github.com/njharmer/CodonOptimise
https://www.addgene.org/26103/
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Fig. 6. Exemplary dose-response curve from competition assay performed with 

12 . The triplicate measurement was performed on three different days with three 

different dilution series. 1 was used in a final concentration of 5 nM, BpMip at 

2 μM and 12 in a range of 60 μM – 1 nM. GraphPad Prism 8.0.1 was used for 

calculation and graphical representation. 
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hich is the maximum of FP. For the minimum, the most potent in-
ibitor 12 in this series was chosen, diluted from DMSO stock to a final
oncentration of 150 μM of 12 and 0.5% DMSO (see SI). 

The ITC measurement was performed by MicroCal iTC200 ( Danaher

orporation , Washington, D.C., USA, formerly: GE HealthCare , Chicago,
llinois, USA). For this purpose, a stock solution of 1 was prepared at a
oncentration of 600 μM. Whereby the final DMSO concentration was
%. Therefore, the measurement cell was filled with a 60 micromo-
ar BpMip solution in HEPES buffer, which also contained 3% DMSO.
fter three measurements, the K D value was 5.50 ± 0.03 μM. The FP
ssay gave a K D of 3.6 μM for this DMSO concentration. Data were
alculated using Origin 7 ( OriginLab Corporation , Northampton, Mas-
achusetts, USA). 

ompetitive displacement assay for the screening of BpMip inhibitors 

To determine inhibitor K i , stock DMSO solutions of each compound
approximately 25 mM) were prepared and then diluted with HEPES
uffer in various dilution patterns (1:10; 1:5, 1:3). All competition assays
ere carried out as triplicates. 

In the well, 15 μL inhibitor dilution (final concentrations from 50 μM
o 2 nM) was mixed with 15 μL tracer (20 nM) as well as 30 μL BpMip
4 μM) to again obtain a final concentration of 5 nM 1 and 2 μM BpMip.
o ensure the quality of the Mip protein before each measurement, a
ositive control consisting of BpMip (2 μM), probe 1 (20 nM), and buffer
in place of the competitor) was measured for each run. The constant
inding affinity of the protein to the ligand is indicated by reaching the
pper plateau of the mP values. This was interpreted as demonstrating
he integrity of the Mip protein for that experiment. 

Fitting parameter for the competition assay, according to Wang et al.
48] : 

𝐹 = 

𝐴 

{ 

2 
√
𝑎 2 − 3 𝑏 cos 

(
𝜃∕ 3 

)
− 𝑎 

} 

3 𝐾 𝐴 + 

{ 

2 
√
𝑎 2 − 3 𝑏 cos 

(
𝜃∕ 3 

)
− 𝑎 

} 

+ 𝐹 0 

 = 𝐾 𝐴 + 𝐾 𝐵 + 𝐴 0 + 𝐵 0 - 𝑃 0 b = 𝐾 𝐵 
∗ ( 𝐴 0 - 𝑃 0 ) + 𝐾 𝐴 

∗ ( 𝐵 0 - 𝑃 0 ) + 𝐾 𝐴 
∗ 𝐾 𝐵 c = -

𝐾 𝐴 
∗ 𝐾 𝐵 

∗ 𝑃 0 theta = arc cos((-2 ∗ aˆ3 + 9 ∗ a ∗ b - 27 ∗ c)/(2 ∗ sqrt((sqr(a)-
b)ˆ3))) 

Y = Ampl ∗ (2 ∗ sqrt(sqr(a)-3 ∗ b) ∗ cos(theta/3)-a)/(3 ∗ 𝐾 𝐴 + (2 ∗ sqrt(sqr(a)- 
 

∗ b) ∗ cos(theta/3)-a)) + Back 
𝐾 𝐴 = K D of the tracer (ligand A) 
𝐾 𝐵 = K i of the inhibitor (ligand B) 
𝐵 0 = free inhibitor concentration 
𝐴 0 = free tracer concentration 
𝑃 0 = free protein concentration 
𝐹 0 = FP signal minimum 

Data were collected on two different instruments at the Universities
f Würzburg and Exeter, giving similar results. 
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