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Abstract

Pinl plays a key role in various biological cellular processes via the recognition of phosphorylated
Ser/Thr-Proline motifs. Moreover, high expression levels of Pinl are correlated to tumorgenesis in
some cancer types. Here, we identify a novel series of small molecular weight compounds with a
core structure mimicking the phoshorylated serine. The binding affinity and binding mode of the
compounds for Pinl are analyzed via NMR spectroscopy and computational studies. The reported
chemical probes and relative binding data to Pin1 represent valuable stepping stones for the validation
of Pin1 as target for drug discovery and for eventually the development of possible lead compounds.
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Peptidyl-prolyl cis/trans isomerases (PPl,s) are enzymes catalyzing proline cis/trans
isomerization, a crucial step for protein folding (1-3). To date, three families of highly
conserved PPl have been identified, namely, cyclophilins (Cyp) (4), FK506-binding proteins
(FKBP) (5) and parvulins (6). Unlike Cyp and FKBP, the parvulin family of proteins has a
unique feature to selectively recognize a phosphorylated Ser/Thr-Pro motif (p-Ser/Thr-Pro)
(7,8).

Human Pinl is the most widely studied protein in the parvulin family. Isomerization by Pinl
modulates a multitude of biological processes, including protein folding and biological activity
(9), protein stability (8,10) as well as subcellular localization (11). As phosphorylation is a
major regulation mechanism in cell, Pinl is also involved in cycle regulation, oncogenesis,
signal transduction and neurodegeration in Alzheimer’s disease via targeting several key
proteins, such as cyclin D1 (12-15), c-jun (16), c-Myc (17), p-catenin (11), p53 (9,18,19) and
tau (9). Pinl is constituted by two domains, an N-terminal WW domain (Pinl,,,,) and a C-
terminal catalytic domain (Pinlc,), both of which have a specificity for the p-Ser/Thr-Pro
motif. Pinl,,, is @ member of the WW family proteins (20) and has a much higher binding
affinity for the motif than Pinl.4; (21), hence is thought as a docking site mediating the substrate
recognition of Pinl. Pinl., displays a weaker binding affinity against p-Ser/Thr-Pro motif but
possesses a full isomerase activity even without the WW domain (10). Two different crystal
structures of Pinl-peptide complexes have been reported (8,21). The first structure of Pinl
containing a Ala-Pro peptide in the catalytic domain (PDB code: 1PIN) exhibits a ‘close’ active
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site conformation, in which a phosphate binding loop f1/al (residues 70-83) is folded
backwards the binding pocket via specific interactions with a phosphate-mimic sulfate ion.
The second structure of Pinl contains a phosphopeptide bound to the WW domain (PDB code:
1F8A) in which the loop f1/a1 is positioned away from the catalytic domain thus leading to
an ‘open’ conformation in the binding pocket. Moreover, the WW domain twists towards the
catalytic domain to form a deep clamp that constitutes the phosphopeptide docking site. In
solution, two domains of Pinl are loosely connected (22) but their mobility can be differently
modulated by different phosphopeptides (23).

The fact that Pinl is prevalently overexpressed in several human tumors including breast
(16), colorectal (24), prostate (25) and thyroid cancers (26) makes Pinl an attractive therapeutic
target for cancer treatment. To date, relevant Pinl inhibitors reported are phosphopeptide
mimics targeting on Pinl., at the nanomolar level (27,28). However, poor cell membrane
permeability of the peptide mimics limits their application for drug development and target
validation (29). Considering its substrate recognition capability, Pinl,,, is potentially also a
valid target for inhibitor design. So far, the only known Pin1,,,, inhibitors are pThr-Pro analogs
(30).

In this study, we report a novel series of compounds that bind to Pin,,. The compound series
BI-81 was found via a virtual screening approach of a commercial library followed by
experimental binding data using NMR spectroscopy techniques. To explain the differences in
compound binding affinities, a three-dimensional quantitative structure activity relationship
(3D QSAR) model was established and comparative molecular field analysis (COMFA) (31)
studies were subsequently performed. The generated 3D QSAR model gives insights into the
contribution of various substituents on the binding affinity of the compounds and provides
information in designing and predicting the binding ability of novel derivatives combined with
docking studies. These studies resulted in the identification of compound 29 which, possessing
a comparable binding affinity but a higher stability and membrane permeability to the known
phosphopeptide, represents a valid stepping stone for further validation studies and eventually
hit to lead optimizations.

Materials and Methods

Protein expression and production

The gene coding for the human Pin1 was amplified via PCR and subcloned into pET28a vector
using the Nde I and EcoR | clone sites. The resulting proteins contain an extra His-taque
(GSSHHHHHHSSGLVPRGSH) on the N-terminus. The protein was expressed in the
Escherichia coli strain BL21(DE3) and purified using NiZ* affinity chromatography. The
uniformly N1-labeled Pin1 was produced by growing the bacteria in M9 minimal media
containing 1°NH,Cl as the sole nitrogen source. The NMR samples were dissolved in 50 mM
potassium phosphate buffer (pH 6.5) containing 5 mM Deuterium—dithioerythritol, 0.03%
NaN3 and 90%/10% (H,0O/D,0).

NMR spectroscopy

NMR spectra were acquired on a 600 MHz Bruker Avance spectrometer equipped with either
a TXI probe and z-shielded gradient coils or a TCI cryoprobe. All NMR data were processed
and analyzed using TOPSPIN2.0 (Bruker Biospin Corp, Billerica, MA, USA) and SPARKY
(32). 2D [1°N, 1H]-HSQC experiments were acquired using 32 scans with 2048 and 128
complex data points in the IH and 15N dimensions at 300 K. 3D 1°N-NOESY experiments
were acquired using 16 scans with 2048 x 96 x 128 data points. Compound binding was
detected at 27 °C by comparing the 2D [1°N, 1H]-HSQC spectra of 100 M Pin1 in the absence
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and presence of compounds at mole ratios of 5:1 and 20:1. The chemical shift changes were
calculated using the following equation (33):

Appm= \/(AlH)2+(O.17 x AISN)?

Dissociation equilibrium constants (Ky) of compounds against Pinl were determined by
monitoring the protein chemical shift perturbations as function of compound concentration.
For instance, equivalent amounts of BI-81 compounds were added to a 100 M sample of Pinl
toyield 1:1 and 1:2 stoichiometries of protein/ligand concentration. Titration analysis was done
by fitting chemical shift data into the equation:

Y=05x%x P

K K\
I+X+— — 4[[1+X+—] —4X
I )

where X is the mole ratio of ligand/protein, K represents Ky, Y is the observed chemical shift
perturbation value at each titration point and P is the maximum chemical shift perturbation
value of the fully complexed protein (30).

3D QSAR model and CoMFA analysis

A library of BI-81 containing 39 1,2,4-triazole analogs was built for the following QSAR
studies. The BI-81 compounds were divided into a training set (32 compounds) for generating
a 3D QSAR model and a test set (seven compounds) for validating the quality of the model.
Selection of the training set and test set compounds was done based on the structural diversity
and wide range of activity such that the test set compounds represent a range of biological
activity similar to that of the training set. The activity of compounds was represented by the
induced chemical shift perturbation value of Trp34NE in Pinl, which was then converted to
log value and used as dependent variables in the 3D QSAR calculations.

As the spatial alignment of compounds in 3D QSAR study is one of the most sensitive and
determining factors in obtaining a reliable model, we manually aligned the structures of BI-81
compounds. First, we adopted the docked conformation of compound 29 as a template after
energy minimization using the standard Tripos force field. Second, we sketched the structures
of the remaining compounds based on the template using SYBYL 7.0 (Tripos, St Louis, MO,
USA) and fitted the atoms of 1,2,4-triazole core structure into that of the template. The
structural energy minimization was performed using standard Tripos force field and Gasteiger—
Huckel partial charges calculation with an energy gradient convergence criterion of 0.05 kcal/
mol.

For the COMFA studies, the regression analysis was carried out using the full cross-validated
partial least-squares (PLS) method (leave-one-out) using standard options after the compound
structure alignment. The final model was developed via non-cross-validated conventional
analysis with the optimum number of components equal to 5 that yields the highest g2.

Steric and electrostatic interactions were calculated using an sp3 carbon atom as steric probe
and a +1 charge as electrostatic probe with the Tripos force field. The CoMFA grid spacing
was 2.0 A'in the x, y and z directions. The default value of 30 kcal/mol was set as the maximum
steric and electrostatic energy cutoff.
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Docking studies

The virtual screening model of Pin1 was prepared using the crystal structure of Pinl in complex
with phosphopeptide (PDB code 1F8A). A library of 420 000 compounds (Chembridge Corp,
San Diego, CA, USA) was docked into this model using the program GOLD version 2.1 (CCDC
Software Ltd, Cambridge, UK) and ranked using Gold-score. The compound binding site was
defined within a 10 A radius around the binding sites of phosphopeptide. Standard default
parameter settings were used. In virtual screening study, 10 genetic algorithm (GA) steps were
used for each compound. The docking of the best compound 29 was also carried out using
GOLD program under the same parameters used in virtual screening except that GA value was
set 500 and the best 50 structures were selected.

Plasma stability assay

Test compound solution was incubated (20 xM final concentration) with fresh rat plasma at
37 °C. The reactions were terminated at 0, 30 and 60 min by the addition of two volumes of
methanol containing internal standard. Following protein precipitation and centrifugation, the
samples were analyzed by LC-MS. The percentage of parent compound remaining at each
time-point relative to the 0 min sample is calculated from peak area ratios in relation to the
internal standard. Compounds were run in duplicate with a positive control known to be
degraded in plasma.

Parallel artificial membrane permeation assay (PAMPA) (34)

A 96-well microtiter plate (Millipore, #MSSACCEPTOR,; Billerica, MA, USA) was
completely filled with aqueous buffer solution (pH 7.2) and covered with a microtiter filterplate
(Millipore, #MAP-BMN310) to create a sort of sandwich construction. The hydrophobic filter
material was impregnated with a lipid solution (Avanti Polar Lipids) in chloroform and the
organic solvent was allowed to completely evaporate. Permeation studies were started by the
transfer of 200 xL of a 100 1M test compound solution on top of the filterplate. In general
phosphate pH 7.2 buffer was used. The maximum DMSO content of the stock solutions was
<5%. In parallel, an equilibrium solution lacking a membrane was prepared using the exact
concentrations and specifications but lacking the membrane. The concentrations of the acceptor
and equilibrium solutions were determined using the Shimadzu LCMS-2010EV and AUC
methods. The permeation of a compound through the membrane layer is described by the
percentage permeation (% flux). The flux values were calculated considering the concentration
of the acceptor compartment after 8 h and that of a reference well with the same concentration
containing no membrane barrier.

Results and Discussion

Identification of small molecular weight compounds binding to Pinl

To identify low molecular weight compounds binding to Pin1, a library of ~420 000 compounds
(Chembridge Corp) was screened in silico against Pinl using GOLD (35,36). From the 200
top ranking hits according to goldscore, we found a series that has a core structure of 1,2,4-
triazole with an extended acidic arm presenting a putative phosphoserine mimic (Table 1).
Although it is well known that Pinl recognizes p-Ser/Thr-Pro motif, early studies also indicated
that using a glutamate rather than p-Ser/Thr group before the critical proline is well tolerated
in Pinl enzyme activity assays (37,38). Furthermore, latter studies on the interactions between
Pinl and amyloid peptides (38,39) indicated that the side chain of a glutamate residue is also
recognized by Pinl,,. These results suggest the possibility of using an acidic group in the
design of p-Ser/Thr-Pro mimics. Hence, nearly 110 commercially available analogs of the
initially selected virtual hits were found with similarity above 70%, 39 of which were then
selected (library BI-81) for experimental verification.
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The ability of BI-81 compounds to interact with Pin1 was determined via NMR chemical shift
perturbation experiments. The chemical shift perturbation experiment is a widely used
approach to detect protein—ligand interactions that is detected by observing cross-peak shifts
in 2D [1°N, 1H]-HSQC spectra of the target recorded after the addition of test ligands (33,
40-42). Therefore, the 2D [ 15N, 1H]-HSQC spectra of 100 M Pin1 mixed with each of BI-81
compounds at various concentrations (500 xM to 4 mM) were recorded. When the HSQC
spectra of Pinl in the presence of BI-81 compounds were superimposed on the spectrum of
Pinl alone (Figure 1A), significant shifts of selected cross-peak were observed indicative of
specific binding. To further delineate the site of binding for the hits, the induced chemical shift
perturbation values of four effective BI-81 compounds were mapped on the primary sequence
of Pinl (Figure 1B). Consistent to our virtual screening strategy, most of the significant cross-
peak movements caused by the hits (Appm > 0.1) correspond to residues located the WW
domain. The two most significantly affected cross peaks are from the side chain amide of Trp34
(Trp34HE) and the backbone amide of Argl7. Considering their highly structural similarity,
it is not surprising that BI-81 compounds exhibit similar binding behaviors and induce
qualitatively similar perturbation in the HSQC spectrum of Pin1 binding. Hence, differences
in the observed perturbation values are indicative of the relative binding affinities of individual
compounds against Pinl. These measurements can therefore be used to monitor improvement
in binding affinity of subsequent compounds.

CoMFA analysis of BI-81 compounds

To elucidate and rationalize the structural features of BI-81 compounds required for binding
to Pinl, we built a 3D QSAR model and performed CoMFA analyses. The initial compound
activity data were obtained by testing three compounds, 7, 11 and 29, which induced a relatively
large chemical shift perturbation on Trp34HE (Figure 2A). Compound dissociation constants
(Kq) for the three compounds were determined via a 2D HSQC titration method (Figure 2B,C).
The Kq values of the three compounds are 2.5 mM, 1 mM and 300 «M respectively. Therefore,
the three compounds can be ranked as 29 > 11 > 7 according to the binding affinities from high
to low. However, using the 2D HSQC titration to determine K value is a time-consuming and
protein-consuming task to be performed for all BI-81 compounds. Comparing the chemical
shift perturbation values of 7, 11 and 29 with the measured Ky values indicates that the chemical
shift values at a given protein/ligand ratio can be used to estimate relative Ky values. Hence,
the binding affinity data can be estimated by measurements of the compound induced chemical
shift perturbation of Trp34HE at a given ligand to protein ratio.

By using these values, we performed a CoOMFA analysis to dissect the contribution of each
substituent to the observed binding affinities. Of the total 39 BI-81 compounds, 32 were
randomly selected as a training set to build a CoMFA model and the remaining seven were
selected as a test set for model validation. As the spatial alignment of compounds in 3D QSAR
study is one of the most sensitive and determining factors in obtaining a reliable model, we
manually aligned the energy minimized conformers of BI-81 compounds via fitting the five
atoms in 1,2,4-trizole ring (Figure 3A). After the alignment, the leave-one-out PLS analysis
was carried out and yielded a cross-validation g2 value of 0.606 with five components. As the
cross-validated correlation coefficient (g2) is used as a measure of reliability of prediction, the
g2 value above 0.6 suggests that our model should posses a reliable predictive ability.
Subsequently, internal non-cross-validated PLS regression was carried out using the previously
obtained optimum number of components and yielded a regression coefficient (r 2) of 0.946.
The r2 value represents the goodness of 3D QSAR model. The statistical parameters associated
with the CoOMFA analysis are reported in Table 2.

To evaluate the predictive ability of this model, we subsequently calculated the chemical shift
perturbation values of the compounds in the test set. The experimental values versus predicted
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values of BI-81 compounds in the training set and test set are plotted in Figure 3B. As shown,
the predicted values from the constructed 3D QSAR model are in very good agreement with
the experimental data, again confirming the good predictive ability of the derived QSAR model.

To further utilize and evaluate this model, the affinities of a total of 64 commercially available
analogs (application set) were predicted. Based on the built 3D QSAR model, the chemical
shift perturbation values of the application set were predicted and displayed in Figure 3B. In
the application set, two compounds (47 and 48) were predicted having the highest chemical
shift perturbation values close to the best compound, 29 in the training set, suggesting that they
are expected to have a similar or even higher binding affinities for Pin1 compared with
compound 29. The actual K4 value of compounds 47 and 48 were measured via 2D HSQC
titrations. In agreement with the predictions from the 3D QSAR model, the K4 values of
compounds 47 and 48 were 326 and 423 uM respectively (Figure 3C), hence close to the value
obtained for compound 29. Therefore, the predictive ability of the derived 3D QSAR model
was proved to be successful. As a result, this model should be useful in identifying more potent
compounds and in guiding further medical chemistry efforts.

Visualization of COMFA maps

To obtain a pictorial view of the information included in the 3D QSAR model, COMFA contour
maps were generated. Contour maps display how the variation of steric or electrostatic
properties in the structural features of molecules contained in the training set lead to increase
or decrease activity. Figure 4A,B show the contour maps of CoMFA steric and electrostatic
fields, respectively. For convenience, all the main positions in Figure 4 were labeled and shown
with the compound 29. As indicated from Figure 4A, the large green contour around the
naphthalene ring indicates that bulky groups are favored for activity in this area. This illustrates
why the compounds of large substituents in this area, such as compounds 29, 32 and 33 are
more potent than the compounds of small R1 substituents such as compounds 11 and 12. On
the other hand, as most of R1 substituents contain linker connecting hydrophilic heads to the
C5 on the core structure, the linkers play key roles for increasing activity via delivering the
bulky group to the proper position (green contour). This explains why compound 11 has a
stronger binding affinity than compound 4 even though they have same R1 substituent. The
yellow contours labeled 2’ and 3’ in Figure 4A represent sterically disfavored areas, which
mean that the addition of bulky modifications near these regions will decrease activity. The
closeness of the green and yellow contours suggests tight hit for the R1 substituent. Consistent
with this observation, some compounds with a long chain modification on R1 hydrophobic
head exhibit weak binding affinities for Pinl (data not shown).

Red CoMFA contour maps represent electronegative favorite regions. As shown in Figure 4B,
contours 4’ and 5’ correspond to the acidic group on compound 29. In fact, compounds lacking
the acidic head linked to 1,2,4-triazole cannot appreciably bind to Pinl. The red contour 6
corresponds to the nitro group in compound 3 and 7 which illustrates why these compounds
have higher binding affinities than compounds 4 and 5. Blue contours in Figure 4B represent
electronegative disfavorable regions. Overlaying BI-81 compounds indicates that the position
7' corresponds to the R1 substituents without linkers. However, compared with the steric fields,
electrostatic fields only contribute 17% to the overall activity. Moreover, the compounds
without linkers display very weak binding affinity. In conclusion, the information included in
the contour maps provides a visual guide that could be useful for future medicinal chemistry
optimizations to increase potency. For instance, compound activity can be improved via
increasing the hydrophilic property on R1 substituents or modifying R1 with more
electronegative groups.
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Binding mode of BI81 compounds to Pinl

To further ascertain the binding mode of compound 29 to Pinl, we performed docking studies
using GOLD. The binding orientation of compound 29 in the docking complex is shown in
Figure 4C,D as the same orientation as that in the Figure 4A,B. In the docking complex, the
acidic extension of compound 29 functions as a hook to interact with the side chain of Arg14
via two electrostatic interactions. The importance of the acidic hook is supported by the fact
that the other 1,2,4-triazole analogs without this acidic hook cannot interact with Pinl (data
not shown). The naphthalene substituent of compound 29 is located in the hydrophobic patch
of the WW domain and stabilized via hydrophobic interactions with the side chain of Trp34.
The 1,2,4-triazole functioning as a linker to connect two functional important components, the
acidic group and the naphthalene ring, is located in the narrow tunnel under Arg17 and
stabilized via hydrogen bonds with the backbone and side chain of Arg17. The short R2
substituent pointing towards the wall of the hydrophobic pocket seems to be stabilized via
hydrophobic interactions with the side chain of Tyr23. These important residues including
Argl4, Argl7, Tyr23 and Trp34 are indicated in Figure 4C,D. To compare whether this binding
mode is consistent with the COMFA and docking studies, the QSAR model was loaded into
the protein surface by fitting the orientations of compound 29. As indicated in Figure 4C,E,
compound 29 displays very similar orientations within the contour maps which accurately
describe the overall properties of the binding surface of the WW domain. This parallel provides
further confidence in the predictive ability of the 3D QSAR model.

To further verify the docking results, we performed further NMR studies with compound 29.
Figure 5 displays the 1D spectra of compound 29 (200 M) recorded in presence and absence
of Pinl (20 uM). Apart from peaks from position 9 and 10 in the R2 substituent that are invisible
because of the overlap with the water resonance (data not shown), the NMR spectrum nicely
corresponds with the structure of the compound. After the addition of Pinl, the peaks from
naphthalene are those that within the observable resonances of compound 29 experience the
most significant shifts (Figure 5). The fact that both, the peaks from the naphthalene of
compound 29 and those of Trp34HE of Pinl experience the most significant chemical shift
perturbation upon complexation, would suggest the two moieties possibly directly interact with
each other. To verify this hypothesis, we also collected 3D 1°N-resolved [H 1, H 1]-NOESY
spectra of Pinl in the absence and presence of compound 29. After the addition of compound
29, significant NOE cross-peaks changes nearby the Trp34 have been observed and additional
peaks corresponding to the naphthalene of compound 29 have been detected (Figure S1). These
data and evidences support a direct interaction between the naphthalene of compound 29 and
the indole of Trp34 as anticipated by the docking studies.

A crystal structure of Pinl in complex with a phoshorylated peptide (CTD phosphopeptide:
YpSPTpSPS) binding in the WW domain was recently reported (21). Three important factors
function as main forces to maintain the stability of the complex include hydrophobic
interactions between CTD phosphopeptide and the side chains of Trp34 and Tyr23, and
hydrogen bonds between two phosphates from the peptide and the side chains of Arg14 and
Argl7. Comparing the binding orientation of compound 29 in the docking complex and CTD
phosphopeptide orientation in the crystal structure as shown in Figure 4F indicates that
compound 29 mimics CTD phosphopeptide in its interaction with Pinl,,,, via the same three
main relations. First, the large hydrophobic pocket composed of the side chain of Trp34 in the
WW domain corresponds to the green contour which makes it possible to accommodate the
bulky naphthalene group in compound 29. Second, the red contours 1’ and 2’ correspond to the
side chain of Arg14 forming electrostatic interactions with the acidic hook in compound 29.
Third, the core structure of 1,2 4-triazole forms hydrogen bonds with the side chain and
backbone amine of Argl7.
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Comparing the docking complex structure with the CoMFA contour maps discloses new
perspectives for improvement of binding affinities. It has been reported that to bind Pin1, the
peptides of four residues or longer (43) have significantly increased binding affinities. The
reported crystal structure also indicated that except for three main interactions, other possible
interactions can take place between the tail of the peptide and the upper wall of the pocket.
NMR studies of a bivalent peptide and Pin1 interactions (44) indicated that, aside from residues
17 and 34, the region from residues 27-31 also experienced apparent chemical shift
perturbation in the HSQC spectra upon the addition of the bivalent peptide. Residues 27-31
constitute the wall of the hydrophobic pocket corresponding to the position of the R2
substituent in our CoMFA analysis and docking model. Because of lack of sufficient diversity
on R2 substituent in the commercial compounds, contributions of R2 to the activity could not
be further exploited in this study. However, these observations should provide valid insights
for the design of compounds to be synthesized.

Comparison with the known peptide inhibitor

Interactions between Pinl and peptides have been reported in the previous studies and the
Ky values for the peptides were determined via various approaches. Hence, we selected and
synthesized Pintide and its Ky value was measured under the same approach and conditions
used in this study. We repeated 2D HSQC titration experiments and calculated a Ky value of
323 uM for this peptide (data not shown), which is similar to the reported value of ~200 to 400
uM (23). Likewise, the locations of chemical shift perturbations induced by Pintide are similar
to those induced by compound 29, e.g. strong chemical shift perturbations in the WW domain
and weak chemical shift perturbations in the catalytic domain. According to the previous study,
the strong chemical shift perturbations derives from the direct interactions between Pintide and
the WW domain while the weak chemical shift perturbations in the catalytic domain results
from the composite effects including the direct weak interaction an indirect conformational
changes of the catalytic domain. Therefore, compound 29 displays a similar binding affinity
than Pintide.

Some potent peptide mimic and small molecular weight inhibitors of Pinl have also been
recently reported (27,28,30,44). However, as for peptide mimics, the permeability and stability
issues limit their applications as chemical probes for target validation. To evaluate the stability
and permeability of our compounds, we performed molecular stability and membrane
permeability assays. As shown in Figure 6, Pintide is rapidly degraded in plasma after 30 min
while compounds 29 and 47 exhibit fourfolds greater stability after 60 min. Likewise,
compounds 29 and 47 exhibit two times higher permeability than Pintide (30% versus 14%,
Table 3). The reported chemical probes and relative binding data to Pinl represent valuable
stepping stones for the validation of Pinl as target for drug discovery and for eventually the
development of possible lead compounds.

Conclusions

A novel scaffold of Pinl inhibitor presenting a putative phosphoserine mimic was found based
on a virtual screening approach. Subsequently, an expanded library of compounds was
assembled by collecting the commercial available analogs. The binding affinities and binding
mode of these compounds against Pinl were investigated via NMR chemical shift perturbation
experiments. Compound 29 exhibited an effective dissociation constant of 300 M, similar to
that of the reported phosphorylated peptide. Moreover, compound 29 possesses a higher
stability and cell membrane permeation than the peptide. Furthermore, the COMFA analysis
was carried out to further highlight the contributions of each substituent in the tested
compounds to their binding affinity. Combined with docking studies and NMR data, the
resulting 3D QSAR model provides an invaluable tool to evaluate the binding affinity of
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additional compounds. With the employment of all of these results, further design, synthesis
and activity evaluation will be performed in our laboratory.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) The 2D [ 12N, 1H]-HSQC spectra of Pin1 recorded in the absence of compounds (red), and
in presence of compounds 7 (purple), 10 (red), 11 (cyan) and 29 (blue) are overlaid. Two most
affected cross-peaks from the side chain of Trp34 (Trp34HE) and the backbone amide of Arg17
respectively were boxed and labeled. (B) The chemical shift perturbation values of the overall
Pinl residues in the presence of compounds 7 (filled triangle), 10 (open triangle), 11 (open
circle) and 29 (filled circle) are plotted against the primary sequence of Pinl.
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Figure 2.

(A) The chemical shift perturbation values of Trp34HE in the presence of BI-81 compounds
are summarized. The three compounds the Ky of which were tested via 2D NMR titration are
labeled via asterisk. (B) The K values are calculated by fitting the chemical shift perturbation
values for compounds 29 (e), 11 (o) and 7 (x) at different ligand/protein ratios. The fit curves
are displayed in black line. The 95% confidence bands are displayed in dash line. (C) The
cross-peak movements of Trp34HE are displayed in the presence of compounds 29, 11 and
7. For compounds 29 and 11, five titration points at ligand/protein ratios 2:1 (red), 4:1 (blue),
6:1 (orange), 10:1 (cyan) and 15:1 (pink) are displayed. For compound 7, six titration points
at ligand/protein ratios 1:1 (red), 2:1(blue), 3:1 (orange), 5:1(cyan), 7:1 (pink), 10:1 (purple)
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and 15:1 (coral) are displayed. All the peaks without the addition of the compounds were
displayed in green.
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(A) Alignment of the BI-81 compounds in the training set by fitting the atoms in 1,2,4-triazole
ring. (B) Plots of the calculated versus experimental chemical shift perturbation values of
Trp34HE. The values of compounds in the training set, test set and application set are displayed
in black circle, red circle and yellow dot, respectively. (C) The K4 values for the compounds,
compounds 47 and 48 are calculated by fitting the titration points. The structures of compounds
47 and 48 are displayed as insert. The dashed lines represent 95% confidence fitting.
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QI .

Figure 4.

(A) CoMFA steric contour map displayed together with compound 29. Green contour indicates
favorable steric regions and yellow contours indicate disfavorable steric regions. (B) COMFA
electrostatic contour maps displayed together with compound 29. Red contours indicate region
where more electronegative substituents are favorite, whereas blue contours indicate regions
where such substituents are disfavored. (C, D) Comparison of the contour maps from the
CoMFA analysis and the binding pocket of Pinl,,,, in the crystal structure. Compound 29 is
in magenta. Residues Argl4, Argl7, Tyr23 and Trp34 are in orange and their respective
position are reported on the surface. (E) Comparison of binding modes of compound 29 in the
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docking complex (magenta) and the COMFA model. (F) Comparison of binding modes of
docked compound 29 and the CTD phosphopeptide in the crystal structure (cyan).
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Figure 5.
Comparison of 1D NMR spectra of compound 29 (200 M) in the absence (black) and presence

(red) of Pinl (20 xM).
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Summary of 3D QSAR analysis statistics

Table 2

CoMFA analyses based on training set

PLS statistics
02 (CV correlation coefficient)
n (number of component)
S (standard error of prediction)
r? (correlation coefficient)
F (F-ratio)

Field distribution (%)
Steric

Electrostatic

0.605

0.133
0.9415
88.259

0.834
0.166
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Table 3

Results of parallel artificial membrane permeation assay (PAMPA)

Compound ID 29 47 Pintide

PAMPA FLUX (%) 30 34 14
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