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34 Abstract

37 Due to its central role in immunosuppression and cell proliferation and due $petsfic
39 peptidyl-prolyl-isomerase (PPI) function, the FKBP protein family is at tlesstoad of sev-
41 eral important metabolic pathways. Members of this family, and notably FK&@bng pro-
43 tein (FKBP12), are thought to be involved in neurodegenerative diseagh as Alzheimer
45 disease, Parkinson disease, Multiple Sclerosis, Amyotrophic LaterabSisleas well as in
proliferation disorders and cancer. Using an interdisciplinary apprbased on computa-
tional, synthetic and experimental techniques, we show that the best pldierders for FKBP
proteins optimally expose the two contiguous carbonyl oxygen in the prolimeetic chain for
52 FKBP docking and are characterized by the abundance of gigggicyclic structures stabi-
54 lized in agueous solution by intraligand hydrophobic interactions mimicking theatde

56 structure of the natural FKBP binders FK506 and Rapamycin. Thesdigrestructural and
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chemical-physical features define at the same time an ElteX compound and thehphar-
macore in the FKBP family, shedding new light on the isomerization mechanisne ¢tRh
domain. Based on the above hypothesis, we have successfully deaigheginthesized sev-
eral nanomolar ElteX FKBP12 ligands. Among these, ElteN378 is a new low ateeiit
ligand with activity comparable to that of the macrolide Rapamycin.

keywords:m-TOR, Calcineurin, cis-trans isomerase, effector domain, confiigua en-

tropy, Replica Exchange, Elte421

TOC figure: pharmacore for the PPl domain. The H-bonds aieatet with a dotted
trait. The proline-mimetic pipecolyd-keto amide subunit is shown in CPK represen-
tation. Tyr82, Ile56 and Trp59 of FKBP12 are shown in bond @spntation. The
rigid through-bond (as in FK506) or through space (as inBlmnnector is the loop
in orange color.
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| ntroduction

The FK506 binding proteins (FKBP) form an important subseheffamily of the immunophilins
(to date more than 20 FKBPs are knoWnall sharing at least one common peptidyl-prolyl iso-
merase (PPI) domain. FKBP proteins are ubiquitous in the lobdyammalians, and are highly
enriched in the central and peripheral nervous systéKBPs have regulatory and/or chaperone
function, possibly related to PPl mediated protein foldimdolding assistancé®°>The archetypal
FKBP12 protein, the smallest member of the family, contairss pne PPl domain and is notable
in humans for binding to the immunosuppressant moleculé&sOBkand Rapamycin. The FK506-
FKBP12 complex serves as a ligand to Calcineurin, a cellulgetaor signal transduction in
T-cells activation®’ while the Rapamycin-FKBP12 complex binds to the mammaliagetaof
Rapamycin (mTOR), a kinase that has a regulatory functionlirgogwth, cell motility, and cell
proliferation® The immunosuppression or cell growth regulation power o5& or Rapamycin
natural drugs is allosteric in nature as their binding biis Calcineurin or mTOR requires the
formation of the ligand-FKBP12 complex.

Because of its central role in immunosuppression or cellferaltion and because of its specific
PPI-related function, the FKBP family is definitely at thessmad of several important metabolic
pathways? Members of this family, and notably FKBP12, are thought to melved in neu-
rodegenerative diseases such as Alzheimer dis&456AD), Parkinson diseagé(PD), Multiple
Sclerosig3-1% (MS) Amyotrophic Lateral Sclerost§(ALS), as well as in proliferation disorders
and cancef:!’

While FK506 and FK506-related ligantfs!®are long time known for their Calcineurin-related
immunosuppressant properties and are routinely used atirigepatients after organ transplant,
their involvement in neurodegenerative disease such as ®DP&®D has been reported only re-
cently* The FK506 ligand, for example, has been shown to produceopeatection and neu-
roregenerative effects in protein conformational dises#f&22 envisaging a possible role of Cal-
cineurin signalling pathways in AD and PD as well as in ALSwdwger, most reported neuropro-

tective or neuroregenerative effects of FKBP ligands ardyito be independent of Calcineurin ac-
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tivity as these were obtained using synthetic ligands watladfinity for Calcineurin (the so-called
non-immunosuppressive immunophilin ligands (NI-I233 The neuroprotection/neurotrophic power
of FKBP ligands could be hence due to the direct inhibitionhaf $pecific PPI function when a
NI-IL binds in the active site of the PPl domain. As a mattefaat, by serendipity it was recently
observed that an FKBP-tyescherichia colPPlase impurity found in a recombinamSynuclein
preparation @-SYN is the precursor of Lewy body fibrils in PD) remarkablgii@eased its aggre-
gation kinetics*242°FKBP12 clearly accelerated aggregation of recombiaaBtyN in vitro, an
effect that was inhibited by IL or NI-IL ligand&?

Evidences of the efficacy of the Rapamycin FKBP ligand in animadiels of human Multiple
Sclerosis have been also recently gathéretf:26In particular oral or intraperitoneal treatment
with Rapamycin at the peak of disease or at the end of the firstal attack, dramatically ame-
liorated the clinical course of experimental autoimmunesghalomyelitis in micé3 The efficacy
of Rapamycin FKBP ligand in experimental autoimmune diseasebieen related to the mTOR
signalling pathways and hence to the formation of the RaparKBP-mTOR ternary com-
plex.1*15Moreover, in recent times, significant anecdotal clinicapiovement or even complete
remission of Multiple Sclerosis has been reported in hunsiepts treated with FK506 follow-
ing organ transplantatiofY,28 pinpointing to a possible Calcineurin mediated role for MSin
ongoing immune system activation after transplant.

Interference with mTOR signalling network regulating a&dl growth and survival is indeed
at the center of the well documented anti-cancer activitiFlOBP12 ligands (in the past decade,
The FKBP ligand Rapamycin has been clinically approved foreseancer indicationid). The
role of FKBP12 ligands such as Rapamycin in cancer therapylaseteto their ability to al-
losterically bind mTOR in complex with FKBP12. As for the FK&Calcineurin interaction, the
mTOR-Rapamycin interaction occurs via the so-ca#ééctor domair® of the ligand (opposed
to the FKBP12binding domainn Rapamycin) and the flexible A81-T96 loop in FKBP12. Such
FKBP12-Rapamycin complex and mTOR interaction is hydrophwbnature as it involves stack-

ing of the trienic chain in the effector domain of Rapamycithvéome planar residues in the FRB
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domain of mTOR331 A similar situation can be observed in the Calcineurin-FKE@BP12
complex, where again the hydrophobic effector domain of B&mediates the interaction between
the A81-T96 loop in FKBP12 with the catalytic subunit of Cakzimin 32

The centrality of the FKBP family, and notably of the archetyipKBP12 PPI single domain,
in the protein metabolism and its involvement in many inbleadiseases provides a solid ratio-
nale for understanding the chemistry of FKBP inhibition a #PI domain so as to effectively
design new potent synthetic ligands with, or devoid of, rtir@imunosuppressant pow&r19.24
Small NI-IL ligands for example, selectively inhibitingeHPPI1 function of FKBP, may be used
in the treatment of protein conformational disorders withaegatively interfering with mTOR or
Calcineurin mediated biological activity. On the other hamden the target of a possible FKBP al-
losteric drug is the immune system and cell growth regufaiitas important to design compounds
with an optimal balance and minimal interference betweé&tadr ¥smTOR or Calcineurin tar-
gets) and binding domaiwvgFKBP).

In a recent computational study we identify a correlatiotwaen the activity of FKBP12
FK506-related ligands with disparate FKBP12 inhibition stamts and their average structure in
water solution as detected by Replica Exchange SimulatREdA).23 In particular, we showed
that the most effective of such ligands, all sharing a compipacolyla-keto amides moiety (the
putative pharmacore for FKBP128343y optimally expose the two binding carbonyls flanking
from opposite side the proline-mimetic piperidinic ring dll resolved complexes of FKBP pro-
teins with FK506-related pipecolic derivativé$the carbonyl in thexr-keto amide region H-binds
the hydroxy group of Tyr82, while that of the carboxylate gigiH-binds the NH backbone unit
of 1le56. These two H-bonds are probably at the very basisa€&aular recognition in the pair
involving the guest NI-IL or IL ligand and the host FKBP. Notrgrsingly Tyr82 and lle56 are
the two most conserved residues across the entire FKBP fawiilly a conservation ratio of 1
and 0.8, respectively.In the proline-mimetic pipecolytr-keto amide subunit (PKA), the optimal
mutual exposure of the two binding carbonyls is regulatethieytwo angleso and . The distri-

bution probability of these angles is in turn modulated inemus environment via the intraligand
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hydrophobic interactions of the two groups on opposite sidbe PKA that impart to the the lig-
and aquasicyclic structure mimicking the rigidity of the macrolide&506 or Rapamycin, while
maintaining solvent-exposed the binding domain of thenldyaWhen all these requirements, i.e.
optimal mutual exposure of the CO binding units, hydrophatieractions of the two accessory
groups of the PKA and low configurational entropy, are met, ginthetic molecule has the po-
tential to strongly bind the PPl domain of FKBP in an aqueousrenment, as it occurs in the
potent FKBP12 inhibitor (1R)-1,3-Diphenyl-1-propyl(2S)3,3-Dimethyl- 1,2-dioxopentyl)-2-
piperidinecarboxylate (15R-sb3§.The essential ingredients of the pharmacore for the PPI do-

main in FKBP family members are summarized in Figure 1. Acicgydo this new perspective,

water environment

Figure 1: Left: Chemical Structure of Elte421. Right: Phararacelements for binding to the
PPI domain in FKBP family. The binding domain involves the twasbonyls of the pipecolyi-
keto-amide (PKA) unit. The optimal 3D exposure of the two CQtaufor forming the H-bonds
with 156 and Y82 of FKBP12 is controlled by the two angsand ¢ shown in the figure. The
effector domain pointing outward for the allosteric intdran with mTOR or Calcineurin can be
appropriately placed either on the rigid connector or asatsuent on the piperidinic ring.

the inhibition of the PPlase activity by FKBP ligands maingcars viapolar, rather hydrophobic,
protein-ligand interactions, thus contradicting the camnbelief®36 that the binding pocket of
the PPI domain is hydrophobic. The hydrophobic groups absipg sides of the PKA that char-
acterize potent NI-IL ligands (such as in V10,389r Elte42%7) play the indeed crucial twofold

role, via hydrophobic intraligand interactiod®of i) stabilizing semi-rigid pseudo-cyclic confor-
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mations (mimicking the natural FKBP12 macrolide bind@msyater environmendnd ii) correctly
exposing the two binding carbonyl units of the PKA. While th€APmoiety tightly binds to the
protein, a potential effector domain for allosteric intgrans should be located in the non polar
portion of the ligand, opposed to the binding PKA domain (@ueos in e.g. Rapamycin where the
effector domain is the trienic chain subunit of the macmwligteracting with hydrophobic residues
in m-TOR).

Developing upon these ideas, in a follow-up papewe have set up a rational drug design
based on preliminary costless simulations of potentiadiéia in bulk solution (i.e. in absence of
the protein) and on the analysis of their conformationablvedr. The best candidates meeting the
pharmacore criteria highlighted in Figure 1 were then amsigo organic synthesis. The structural
features and resulting activitys FKBP of the selected compounds in bulk solution were finally
measured and assessed using again fluorescence spegtroscop

Such simulation-driven multidisciplinary design turned to be very successful leading to the
synthesis of a new potent nanomolar inhibitor of FKBP prqgtéiphenylhexan-3-yl 1-(2-oxo-2-
phenylacetyl) piperidine-2-carboxylate (named Elte4@d shown in Figure 1,left). Such com-
pound was designed by optimally re-dislocating the hydotythgroups in sb3 (phenyl and alkyl
chains) so as to stabilizd the same timeia m— T stacking interactions the R stereo-isomer and,
as in 15R-sb3, via phenyl-1-alkyl hydrophobic interactitims S partner. The binding affinity of
the 1:1 diastereoisomeric mixture of R-Elte421 and S-ElteAFKBP12 was found of the same
order of magnitude of that of FK506 and significantly strandpat R-sb3.

In the present study, we have synthesized separately theiastereoisomers 15R-Elte421 and
15S-Elte21 and measured their activity for FKBP12, findinghparable binding affinities (both
of nanomolar order) fully confirming the prediction of R&fThen, by using a multidisciplinary
approach for rational drug design based on advanced allaonulation techniques, fluorescence
measurements and organic synthé$isye further characterized the chemical-physical determi-
nants of the peptidomimetic FKBP ligands, eventually obtejra new non diastereoisomeric sub-

nanomolar FKBP12 binder. Such compound, (2S)-1-(2-ox&x@aplacetyl)-N-(3-phenylpropyl)
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piperidine-2-carboxamide (hamed ElteN378)desfactoa peptidomimetic for a-turn, with the
carboxylate group replaced by an amide group. The activititie synthetic drug is significantly
higher than that of Elte421 or of other potent NI-IL inhibBsuch as v10,367 , higher than that
of FK506 and comparable to that of natural Rapamycin, makfriglteN378, to our knowledge,
the most potent synthetic inhibitor of FKBP12 to date.

The paper is organized as follows. In the section “Methods’swccinctly describe the molecu-
lar dynamics simulation methodologies, the synthesis aadacterization of the Elte X compounds
and the fluorescence-based techniques used to determibatheg affinity of x-Elte ligands/s
FKBP12. In the section Results and Discussion we present datigmal and experimental re-
sults on the (R,S)-Elte421, ElteN420 and ElteN378 compotimalssing on their conformational

landscape. In the concluding section we provide perspesctnd future directions.

Materials and M ethods

In this study we have simulated using Hamiltonian ReplicaHaxgée? with solute tempering
(ST-HREM) %40 the following ligands: (R,S)-Elte421, (R,S)-ElteN420 andeRI378. These
compounds are depicted in Figure 2. R-Elte421 and S-Elte42#& separately synthesized while
ElteN420 was obtained as a 1:1 diastereoisomeric mixtinee gynthesis of R,S-Elte421 and of
ElteN420 is described in the SI). The synthesis of ElteN378escribed in this section. FK506
(M.W. 804.02) was obtained from Sigma-Aldrich (Italy) withrity greater than 98% (obtained by
HPLC). FKBP12 (expressed iBscherichia coli M.W. 11600) for fluorescence determination of
binding affinity of ElteX compounds was supplied by Consotateruniversitario Risonanze Mag-
netiche di Metalloproteine Paramagnetiche, CIRMMP (Italgrénce). The purity of FKBP12
was greater than 95% determined by SDS electrophoresis;@M&CI, K;HPO, and KH,PO4
were obtained from Sigma-Aldrich (Italy). Water (resiginv= 18 MQ cm, pH = 5.6 at 20C) was
obtained from a Milli-RO coupled with a Milli-Q set up (Mifhore, Italy).
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Phenyl 1 Phenyl 2
Phenyl 1 i Phenyl 2 Phenyl 1 i Phenyl 2 Y Y
: 03 02 g’i—{o:; 02 ‘% i/OB 02 /

R=0  S-Elte421 _
R-O ElteN378

R_NH S-ElteN420 R=0  R-Elted2l ¢
R=NH R-ElteN420

Figure 2: Chemical formula of Elte compounds. The atom numbédollows the PDB numbering
of FK506 related ligands$® Phenyl-1 and phenyl-2 (on the left and on the right, respelstiof the
central PKA unit) are invariant elements in ElteX ligands.

Computational techniques

The force field for all ligands is based on the AMBERO3 parameation 3341 The atomic charges
were determined using Density Functional Theory (DFT) wiite B3LYP exchange-correlation
functional? and a 6-31Gd split valence basis set by evaluating on thenetdl geometry a
gridded electrostatic potential (ESP) according to thezV&ingh-Kollman schem# Equivalent
charges (e.g. charges on the hydrogen atoms of methyl grbage been symmetrized. Param-
eters of force field for all simulated ligands are given in $le The ST-HREM simulation for
each ligand in bulk water was performed using the Hamilto&M approach as enforced in the
program ORAC33:39 Simulation details are given in the Sl. Structural insigimisthe equilibrium
population of the target replica can be attained through ai@urhreshold clustering® This al-
gorithm requires a distance matrix for all pairs of struetuof the population. The metrics that
we chose when evaluating the “distance” between two strestwas the maximum difference be-
tween corresponding pairs of heavy atoms atoms. For eadatiste in the ensemble the algorithm
builds a candidate cluster in such a way that the distanwedeet any two structures of the cluster
do not exceed the cutoff distance (that we chose tode= 3.0 A). The program then retains
only the largest cluster and removes its structures fronptdpilation. The procedure is iterated
until all structures of the populations are used. The dcanriterion based on the above metrics
produces clusters of highly related structural confornaerd compares favourably with the more

customary RMSD-based metri¢3.
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Organic Synthesis of Elte-like compounds

The synthesis of compounds ElteX was carried out with theeganmcedure previously reported for
the preparation of Elte421 using commercial available N-Boc(L)-pipecolinic acid arttepyl-
glyoxylic acid as common starting materials. As an examible,synthesis of ElteN378 is de-

scribed in Figure 3. In particular, commercially availaBlghenylpropan-1-amine was reacted

NH, G‘HO(O% Q\IH

i : i i,
N .
@N - QUH —_— ©/</J~IH —_ ElteN378

(2s)-10 (28)-11
NH, OoH OH

Figure 3: Synthesis of EIteN378: i. N-Boc-(L)-pipecolinicia@ (2 equiv), DIC (2 eq.), DMAP
(0.1 equiv), DCM r.t, overnight. ii. TFA (24 equiv) in DCM, r4,h. iii. phenylglyoxylic acid (1.3
equiv), DIC (1.3 equiv), DMAP (0.2 equiv), DCM, r.t, 18 h.

with N-Boc-(L)-pipecolinic acid in the presence of DIC and aadytic amount of DMAP to
obtain the amide (2S)-10. After deprotection of Boc group2a8$)¢10 with TFA in DCM, the
pipecolinic nitrogen was reacted with phenylglyoxylica&cainder the same amidation conditions
described above allowing the isolation of ligand ElteN388dlin this study (Figure 3). Ligands
ElteN420, R-Elte421 and S-Elte421 have been prepared wétlsdime procedure, using amine
(3R/S)-3, and alcohols (3R)-7 and (3S)-7 in the first couplitegp.s Racemic amine 3 was pre-
pared from the corresponding racemic alcohol 7 via tosytatiucleophilic substitution with NajN
and hydrogenation of azido group. The synthesis of enamt@alcohols (3R)-7 and (3S)-7 was
achieved (Figure 4) by enantioselective allylation of Algie 5 using, respectively, (-)- and (+)-
allyldiisopinocamphenylborane to obtain the secondamdullylic alcohols (3S)-6 and (3R)-6

with yields and e.e. equivalent to those already reportdiférature#® Eventually, catalytic hy-
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drogenation of terminal double bond in 6 provided the desateohols (3R)-7 and (3S)-7 as shown

in Figure 4.

i ii.
©/\)L” — @A/\/\ ——  @RI7

5 (35)-6

Figure 4: Synthesis of (3R)-7. i. a) (B-allyldiisopinocamphenylborane (1 equiv), EtG100°C
r.t. °C; b) NaOH 3M (3.5 mL), 30% biO, (1 mL), reflux, 1h. ii. B, Pd/C 5% (0.1 eq.) in MeOH,
rt, 2.5 h.

Fluorescence based experimental techniques

Absorption spectra were recorded on a Lambda900 spectiapleter (Perkin Elmer, Italy) with
cuvette cell holder connected to a Haacke thermostatic lbdtiorescence spectra were recorded
on a LS50B spectrofluorimeter (Perkin Elmer, Italy), exaiiaand emission slits were set to 3.5 or
5 nm depending on the optical path (OP) length of the cell eygal. QS cell with 0.3 cm optical
path length from Hellma (Hellma GmbH & Co. KG, Muellheim, Geany) were used for quench-
ing experiments, whereas 1 cm OP cuvettes were used forpimsomeasurements and single
component solutions. Cuvettes were cleaned with piranhaigonland carefully rinsed with water
and ethanol. The cuvettes were dried by nitrogen flushingy poi each measurement. All fluo-
rescence measurements were run at@binless otherwise stated in the text, a temperature probe
was inserted in the cuvette to ensure optimal temperaturgaloStock FKBP12 concentration in
PBS buffer (pH 7.4, 0.15 M NaCl) was determined by UV/\ésgh= 9970 M~ 1cm™1). Aliquots

of thrais solution were used to prepare adequate concemsgbr quenching experiments by di-
lution with standard phosphate buffer. Emission spectth®ElteN378 ligand were collected for
DMSO, PBS/NaCl buffer and pure water (pH:5.6) solutions féiedent ligand concentrations in
the range 7x10” M to 7x10-° M, the emission spectrum of the corresponding blank saiutan-

taining only the selected solvent was always recorded agggrand subtracted. Emission spectra
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of ElteN378 solutions were performed using different extoiin wavelengths in the range 250-310
nm. Excitation spectra were run in the emission rahgge= 310— 450 nm.

Fluorescence quenching assays were performed measugidgdhease of intrinsic tryptophan
fluorescence at 330 nm as a function of ligand concentratigg £ 280 nm). The final FKBP12
concentration used for all measurements wgsM unless otherwise specified in the text. The
desired ligand concentration in the sample was obtainegpso@riate dilution of ligand stock so-
lution. Ligand concentrations in the range 1 nM to 200 nM wesed. In all cases the final DMSO
concentration in the sample was kept lower than 0.3% V/Valpaints are the averaged of at least
two independent measurements. Fluorescence measurdordotg ligand concentrations, i.e. in
a concentration range where the experimental errors ayerlawvere repeated three/four times and
averaged. Emission spectra of the corresponding FKBPE2stimples were subtracted from the
corresponding FKBP12-ligand fluorescence spectra. Therapipdissociation constant for each
ligand was calculated from the decrease of fluorescenacesityesalues aley, = 325 nm as a func-
tion of ligand concentration. The quenching data were amal\as previously describ&(see Sl
for further details). Measurements for the FK506 and Elled2re repeated with the FKBP12
sample used in the present work and the quenching resulesapenpared with the data obtained
in a previous worké’ The results, collected in the Sl (SI, Table 1 and Table 2)wslbthe same
relative quenching efficiency for Elte421 with respect toBBRK for both protein samples although
the apparent dissociation constantiesulted to be significantly different, a result observethan

literature*’ and often overlooked.

Results and discussion.

Molecular recognition by FKBP12 ligands is invariably basedll known PDB structures of
ligand-FKBP complexe'$:32:48-5%n the formation two strong hydrogen bonds on the PPI domain
involving two highly conserved residues across the FKBP ligfinamely Tyrosine and Isoleucine

(see Figures 2 and 1; when referring to protein residueshakisse the FKBP12 [PDB idtf kg]
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1

2

2 residue number throughout the paper). In all nanomolantigdbearing a pipecolyf-keto amide

2 moiety the formation of these H-bonds is possible if i) therebchemistry of the C2 carbon on
; piperidinic ring is of the S type; iijv and angles (see 1) are in theans andcis configuration,
20 respectively; iii) the 1-substituent on the piperidiningiis in axial configuration. Such confor-
ﬁ mation yields a distance between the two binding carbonyfjers O2 and O3 of the ligand of
ﬁ: approximately 4.6 A and is found in both FKBP12 and FKBP35 pnsfé€>° and whether the
ig ligand is a macrolide as Rapamyéfror FK506%2:4%-50r a small synthetic drugs such as R-$63.
g As shown in Ref?® where the conformational features of PKA ligands in bulkuioh were ana-
;g lyzed using molecular dynamics techniques, it appearghleanost important aspect of the FKBP
g% pharmacore for molecular recognition resides in the cor8€c orientation and in the stability
gi of the two binding carbonyls of the ligand acting like a sdrt@ipecolic clamp” in bulk water
32 solution. In strong non macrolide ligands such as R-sb3, $eature is favoured by persistent
éé through-space intraligand hydrophobic interactions sigtificantly reduce the entropy loss upon
32 binding by imparting to the drug a pseudo-cyclic structuithwolvent exposure of the highly polar
gg pipecolic clamp. A similar situation is found also in the gt non immunosuppressant v10,367
gg compound?® (Ki/Kexsos = 1.25) where the hydrophobic intraligand interactionshaf aromatic
g? moieties on opposite site of the PKA, as in Elte-421, cordehe drug in solution a quasi-cyclic
gg structure mimicking FK506. Based on these findings, in ®edy performing ST-HREM simula-
32 tions of the drugalonein water bulk solution, we were able to design a new potent FKgd&hd
jé by appropriately re-shuffling the hydrophobic groups on sbas to obtain ifoth the Elte421
jg diastereoisomers a significant conformational populaitothe FKBP12 bindingw — ( region
j? comparable to that of the potent 15R-sb3 ligand. Such conthouamed Elte421, compound
jg was prepared as a 1:1 diastereoisomeric mixture with réegpéte asymmetric carbon C15, while
22 maintaining the S stereochemistry at C2. The resulting bpdffinity relative to that of the FK506
§§ compound was measured using fluorescence spectroscopguardith be of the order of 3 i.e.

2‘5‘ the Elte421 mixture has nanomolar actiwtyFKBP12.

g? In the following we shall discuss the conformational bebaviin bulk solution of all ElteX
o5

60
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compounds depicted in Figure 2 form both the experimentdl @mputational viewpoint as a

rationale for their binding affinitys FKBP proteins.

The R- and S-Elte421 diastereoisomers

When working in conditions of excess FKBP12 protein concéiomaCp ~ 1), the instability
constant® exhibited by the 1:1 (15S)-Elte (15R)-Elte mixture, is givgn

X
4K
X—|—y X—|—y

Kett = KR (1)

whereKg = Cp(C/2—x) /x andKs = Cp(C/2—Yy)/y are the individual binding affinities for R and
S diastereoisomers, y are the concentration at equilibrium of 15R-Elte421-FKBP&@ &5S-
Elte421-FKBP12 complexes, respectively dhds the overall concentration of the diastereoiso-
meric mixture of the ligand. Using the definitions #§g andKs to eliminatex andy from Eq. 1,

and exploiting the fact th&, > Kr andCy > K, we arrive at

(2)

In case of large disparities betweBr andKg, the instability constant of the mixture must be
dominated by the largest one, i.e. by that of the less potadebamong the two diastereoisomers.
In Table 1 we report the relative values (with respect to FRSEf the binding affinities obtained
for the Elte421 1:1 mixture and for the individual S-Elte4#id R-Elte421 diastereoisomers (see
2) synthesized in the present study. As reported in the Skowed theabsolutevalues of the
binding affinitiesK; for nanomolar ligands are very sensitive to the experimiesetiéings, but the
relativeK; obtained with respect to an “anchor” ligand (in our case FR30 the same experimen-
tal conditions are not/ By inspection of Table 1, as correctly inferred in our pregiewrk 3’ we
first note that R-Elte421 and S-Elte421 have both nanomotavitgan PBS, with S-Elte having
a slightly larger affinity. Such behavior can be rationalityy assessing the exposure of the two

carbonyls in the PKA as derived from the Free Energy SurfRE&S] in thew,  space calculated
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1

2

2 Table 1: conformational parameters for Elte-like compauasi found from the Hamiltonian REM
5 simulation in water bulk solutionT Sis the conformational entropy computed according to Eq.
6 TS=RT5RlogR, whereRis the gas constarf is the probability of observing the conformation
7 of the ligand in tha-th cluster and the sum goes over all clusters obtained We&hXT algorithm

g (see method sectionli corresponds to the equilibrium constant for thérans-cisrotamersh,

10 is defined as the ratio between conformational states avith 130 ¢y < 90 andw > 130); Py is

11 defined as the fraction of conformations with O2-O3 distandie FKBP12 binding range 4.2-
12 5.0 A for O3-Tyr82 and O2-1le56 H-bond formation (such dista in the Rapamycin-FKBP12
13 complex is 4.6 A8). The experimental binding affiniti; vs FKBP12 is expressed as the ratio
1; with respect to that of the FK506 compound measured in the sperimental conditions

16

ig R-sb3? 9.2 2.3 [0.38]0.39 25

20 S-sh#? 8.9 3.6 | 0.29| 0.30| 750-1500

21 R-Elte421 6.5 48 |0.32]0.42 1.6

22 S-Elte421 6.7 1.4 |0.40| 0.55 1.1

” R-ElteN420 7.8 22 | 057|045 5@

25 " S-ElteN420 7.4 2.6 |0.50|0.33

26 ElteN378 5.0 45 1091|053 0.5P

% ElteN378" 5.5 75 |0.90| 0.60

29 v103673 9.9 >100 | 0.91]0.33| 1.2

30 FK506°2 <1 >100| ~1 | ~1 1

g; Rapamycin® <1 >100| ~1 | ~1 0.5

33 (@ Apparent binding affinity of the 1:1 diastereoisomeric et

34 (b) Apparent binding affinity in PBS at pH 7.

35

36

37 in a REM simulation of the drug in water environment in staddaonditions. Such FES has been
38

39 computed in our previous wotk and is reported for completeness also in Figure 22 of thel&. T
40

41 S-Elte421 compound is characterized by a deep minimum iRE®close to the optimab, ¢ val-

42

ji ues found in experimental FKBP12 complex with various ligahéaring the PKA unit832:48-50
32 Such minimum is less pronounced in the R-Elte compound anéwbat shifted towards the, @

j; trans-trans rotameric state. Correspondingly the measingihg affinity of S-Elte421 is larger
‘5"8 than that of the R-compound. From Figure 22 of the Sl we alsizatihat the R-Elte421 epimer
g; has a less populated-cisrotamer with respect to S-Elte. As we shall see later on rtbieénce of
gj w-cisconformation in R-Elte421 has a negative impact on the FKBRigffince only thev-trans
gg rotamer is able to form the two conserved H-bonds in the PRiailo. Therefore, the low popula-
g; tion of thecis conformer at equilibrium in bulk water solution partly coemsates, in R-Elte421,
59

60
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the non optimal exposure of the two binding carbonyls. Asm@sequence, and in contrast to the
sb3'® parent compound where the S and R diastereoisomer affidiffes by two order of magni-
tude, in Elte421 the stereocenter C15 has a marginal rolewih&lte421 diastereoisomers have
both nanomolar activitys FKBP12, having comparable binding affinities.

As depicted in Figure 1, a third important ingredient for FKBIRding in Elte-like compounds
is the reduced conformational entropy due to persisterdligand hydrophobic interactions. In
the REM simulation such entropy can be evaluated using ttetecing analysis described in the
section methods. The conformational entropies in bulktsmiureported in Table 1) for the R-
Elte421 and S-Elte421 are similar and are about half kcattdlhan those found for sb3. All other
factors influencing thé&; being equal, this would translates in an increase of the FKiBBiry

strength by a factor 2:3.

Amide Eltederivatives

As stated above, the binding conformation of the PKA Eltedigdnds lies in the right bottom
guadrant corresponding of the ¢y FES (see Figure 22 in the Sl) tee-transconfiguration of the
w, Y dihedral angles. In order to stabilize such conformatiampvay try to substitute the carboxy-
late group in Elte421 with an amide group, arriving at (15R&);1-(2-oxo-2-phenylacetyl)-N-(1-
phenylhexan-3-yl)piperidine-2-carboxamide (namedN&{20; see Figure 2). The N1-H moiety,
by interacting via H-bond with O3 thus mimicking a tight tushd type, should force at the same
time thetrans conformation forw dihedral and theis conformation fory dihedral. In Figure 5
we report the FES with respect to thge ¢ dihedral angles obtained from the REM simulation of
the diastereoisomers R-ElteN420 and S-ElteN420 in watds ¢nlltion. The substitution of the
carboxylate unit with the amide unit indeed appears to ktelthe binding structures of the ligand
(the H(N1)-O3 H-bonds are indicated in the binding clustefsorted in the bottom right quad-
rant of 5). As a matter of fact, the optimal exposure of the Rldé measured by the fractidy
reported in Table 1) raises, with respect to Elte421, beyohdor both the ElteN420 diastereoiso-
mers. Encouraged by these results and by the success inrénma gdte421 design (where the

16
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Figure 5: Free energy surface (FES) with respect to the dathethglesw and ¢ (in degrees) of
R-ElteN420 (left) and S-ElteN420 (right) calculated viawteltempering REM in bulk solution.
The energy scale (labels on the color coded bar on the rigkai diagram) is in kJ mot. Per-
spective views of representative structures belongingeaost populated binding clusters with
optimal PKA exposure for R-ElteN420 and S-ElteN420 (popoigt29% and 16%, respectively)
are reported in the 2D diagrams in tieyy FKBP12 binding region (bottom right quadrant). The
most populatechon binding(w andy both in trans) cluster for S-ElteN420 (population 21% ) is
also shown in the upper part of the 2D diagram. The 02 O3 and Héddms are highlighted with
an enhanced sphere radius.

dislocation of the hydrophobic moieties on the moleculdédgd comparable binding strength for
the two epimers), following the scheme outlined in the Sl \&eehsynthesized ElteN420 as a 1:1
diastereoisomeric mixture and measured the corresporuintting affinity vs FKBP12 with re-
spect to FK506 using fluorescence technique as describée isection methods. Disgruntledly,
the potency of the mixture ElteN420 turned out to be slighalyer than that of the Elte421 mix-
ture, yielding a binding affinity (relative to FK506) of 5. ®wal factors could responsible for

such disappointing outcome: thecis-transratio of the ElteN421 epimers are not as favorable as

17
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in R-Elte421 (see 1); the conformational entropy appeaghtyi larger, in the average, than that
of Elte421. Also, at variance with S-Elte421, where the gsecyclic conformations with strong
hydrophobic intraligand interactions involving the prbpyd phenyl-1 moiety were also those
populating thew, Y binding region, in the case of the S-ElteN420 diastereogothe open con-
formations with the three hydrophobic groups pointing afvayn each other (such as that depicted
in the trans-trans quadrant of the corresponding 2D-FEJrEi5,left) are comprised in the most
populated cluster. Such open conformations present poérdXgosure and are characterized by
a large conformational entropy that do not conform with theaisrigid pseudo-cyclic structure of
the FKBP pharmacore (see Figure 1).

The differences in the conformational behaviour of the tvie@®420 diastereocisomers may
be best appreciated in the Figure 23 of the SI where we ob#eeveonformational details of the
two ElteN420 epimers from the perspective of the 2D-FESralsea function of the two distances
03-H(N1) and O3-02 (plots in the bottom part of the Figure 2he Sl). As for the FES of Figure
5, also in the diagram of Figure 23 of the Sl the four minimahi@ R-ElteN420 diastereoisomer
correspond to the four possibte, ¢ rotamers: thew-trans andy-cis rotameric conformation
represents the binding FKBP12 state where a weak O3-H(N19ndhls formed and O2-O3 is
in the binding range around 4.5 A. Surprisingly, in the SeERO diastereoisomer the minimum
corresponding to the-transandy-cisrotamer is much less pronounced and partly fused with the
w-cis and -cis non binding state at (low 02-O3 and O3-H(N1) distances). kthér indicated
by its low Py, ratio reported in Table 1, S-ElteN420 conforms less satisfdy with the FKBP
pharmacore structure and should be thus significantly lesgsavith respect to the R companion,
thus degrading the overall affinity of the mixture accordindeq. 2.

From the cluster analysis on the REM configurations (see adgoé-26 of the Sl), we note that
population of the most populatdainding clusters in both the diastereocisomers are characterized
by a parallel displaced stacking of the two phenyl ring witle @f these ring further stacked right
above the planasr-keto amide moiety (see clusters structures in Figurm,q) trans-cisregion).

Such rigid structures present in general optimal PKA expasypically exhibiting thed-turn of
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1

2

2 the peptidomimetic unit stabilized via the backbone H(IBH-bond. At variance with Elte421,
2 where the pseudo-cyclic structure of the S-Elte421 diastsomer was stabilized by the propyl-
; phenyl-1 interactior?’ the propyl moiety in ElteN420 appears to have a marginalirod¢abilizing

20 transient pseudo-cyclic conformations. Actually, ingmecof the highly populated binding cluster
ﬁ structures reported in the, @ trans-cisregion 5 reveal that the propyl moiety points in both cases
ﬁ: outward i.e. in the same direction of the pipecolic clamp, possibtgrfering, at least in one
ig epimer, with FKBP binding. Hence we decided to eliminategadtber the propyl group along
g with the stereocenter C15, finally landing on the compound-(2&-oxo-2-phenylacetyl)-N-(3-
;g phenylpropyl)piperidine-2-carboxamide (named ElteNZ¥& Figure 2).

2

gi ElteN378: a minimal FKBP pharmacore

gg In Figure 6 we show on the left the FES with respeabtandy for Elte378 calculated in water bulk
33 solution using ST-HREM. Again, as in ElteN420 (see Figuretta®, conformations of ElteN378
32 populate approximately the four conformational state @wbhy space €is-cis cis-trans trans-cis

gg trans-trang. However, in the case of ElteN378 we can detect only one pasfound minimum
gg (whose stabilization energy exceeds by several kJ tnthat of the other minima), indicating
g? that most of the conformations populate tey trans-cisbinding region. The ball and stick
gg representation depicted in the diagram corresponds toraseptative conformation of the most
32 populated cluster (accounting for more that 50% of sampbdefiormations, see Figure 27 of the Sl)
fé found in the ST-HREM simulation of Elte378 in water bulk saatwith w,  angles in theérans-

jg cisbinding region. As in ElteN470, also in ElteN378 the bindawpformations are stabilized by a
j? parallel displaced stacking of the two phenyl ring with ofithese ring further stacked right above
jg the planar-keto amide moiety. In such rigid conformation, as showrhmlball and stick model
22 reported in 6, the two binding oxygens, O2 and O3, points atd®/ with the optimal exposure of
25 the PKA unit. The rigidity of ElteN378 in solution, due toliatigand hydrophobic interactions, is
gg testified by the fact that all 20000 sampled configuratiornthéntarget replica can be partitioned,
g? using the quality threshold algorittthin less than 100 clusters yielding a very low entropy (see
o5

60
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5.2

02-03 Distance

0 30 60 90 120 150 180
@

Figure 6: Left: Free energy surface (FES) with respect talthedral angleso andy (in degrees)
of ElteN378 calculated via solute tempering REM in water ladkution. The energy scale (labels
on the color coded bar on the right of each diagram) is in kJthoA representative structure of
the most populated cluster is reported in the) FKBP12 binding region (bottom right quadrant).
The O2 O3 and H(N1) atoms are highlighted with an enhanceersphdius. Right: Contour map
of the 02-03 distance (in A) as a function@fandy (in degrees) in ElteN378.

Table 1). The rigidity along with the optimal PKA exposuraédee best appreciated by plotting the
02-03 distance involving the carbonyl of the binding donasra function of theuy angles for alll
sampled conformations. A 3D interpolation of the resulngface using the pm3d algoritt¥his
shown in Figure 6 on the right. If one compares such functigh that found in the two ElteN420
diastereoisomers (see Figure 23 top of the Sl), we note #mcdly the entire O2-O3 distance
spread in the case of Elte378 is restricted (except for seatessin thew,  cis-cisregion) to the
binding range 4.2-5.0 found in the experimental structofdsggand-FKBP complexes. All these
peculiar features optimally satisfies the requirementhefRKBP pharmacore (see Figure 1 and

makes of ElteN378 a potent binder for the FKBP PPl domain asafgtshown by the measured
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1

2

2 Ki in PBS (see Table 1).

g The quasi-cyclic structure typical of ElteN378 in watengmin is the resultant of the chemical

7 . . . .

8 topology of the molecule and of the media effect. More prdgjghe extensive stacking system

9 . . . o .

10 (see Figure 6) involving the two phenyl and the planar amiagety is stabilized® by solvo-

11 _ . :

12 phobic effects due to the free energy gain (notably of theaisblvent enthalpif) promoted by

13

14 the minimization of the solvent-Elte378 interface upomahggand stacking). In solvent with am-

15

16 phiphilic properties such as DMSO, according to our ST-HRHE#L$ation of EIteN378 in DMSO

17

18 in standard conditions, we found that stacked conformaifdhe phenyl moieties in Elte378 are

19

20 no longer stable (see for more details Figure 27 in the Sl)tl@nother side, in water and in

21

22 DMSO as well thew, @ trans-cisstructures in amide Elte derivatives are stabilized by avoHel

23

24 between the H(N1) and the O3 atom also. Therefore the stabilw,  trans-cisconformational

25

26 states should increase with the protonation of the amiadegen and hence with decreasing pH.

27

28 As the fluorescence emission spectra in Elte compounds aséeto the existence of transient

29

32 intraligand structures for the monomeric excited stdfese can use the fluorescence profile of

gé the ligand as a probe for the its mean conformational belawwovarious solvent. In Figure 7 we

34

35 e L ;40 ..ElteN378

36 06F it y 1 2 | Elte:l'\[:378+ e

37 5. 0.5 ! H 1 £33

38 = 04l { . é ]

39 £ o3l 1 %= o, ElteNs78+

40 Soaf ) \N T ] & o

41 0.1\ . §

42 ol P T T R S E

43 4 5 6 7 8 . 9 10 11 12 | : T T T

44 C,(ph)/C,(ph) distance 200 300 400 500
Wavelenght (nm)

45

j? Figure 7: Left:Distribution probability of the C1(phenyDi(phenyl) distance in neutral ElteN478

48 (solid blue) in N1 protonated ElteN478 (dashed blue) in watel in neutral ElteN478 in DMSO

49 (solid red) calculated using the ST-HREM simulation apphodight: Emission (right side) and

50 excitation (left side) spectra for EIteN378 in PBS buffeligbne), water (dashed line) and DMSO

g; (dotted line). Emission spectra were collectedgt = 270 nm, excitation spectra were obtained

53 atAem= 350 nm.

54

55

56 show the distribution probability of the phenyl-phenyltdisce P(Ron—pn)) in neutral and N1 pro-

57

58 tonated ElteN78 in water bulk solution and in neutral EltéBl$1 DMSO solution calculated using

59
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ST-HREM simulation along with the fluorescence intensityfipgs of the corresponding species.
The high peak oP(Ryh_pn) seen in water at short distand@y_pn ~ 4.5 A) in Figure 7 (left)
reflects the abundance of the parallel displaced stackeleat $tructures reported in the binding
region of 2D-FES of Figure 6 and in Figure 7. Note that for the@nated ElteN378 in water, such
peak is shifted towards larger distances. This is due tottkagthening of the H-bond involving
the H(N1)-O3 pair, that favours, in protonated ElteN378etb-edge structures (Pop: 32%)
rather than parallel displaced (Pepl9%) conformations. In DMSO the ring-ring peak is much
less pronounced. The broad peak at large distance reflecgefalence in this solvent of open
structures with the phenyl rings far apart from each othechSverage conformational behaviour
in different media and for different protonation state ofelfl378 can be traced and monitored in
the excitation and emission spectra of ElteN378. In the fgéigu(right) we report the emission
and excitation spectra for ElteN378 in PBS (pH=7.4), watét=p.6) at low ligand concentration
(7x1077) M, i.e. safely below concentrations where intermolecutgragation phenomena may
occur (see Sl, Figure 31). The spectra on the left are théagixm spectra alem = 350 nm. In
ElteN378 in water, a sharp and intense peak at 240 nm flankssaritense and broader peak at
270-280 nm. In ElteN378 in PBS, the absorbing species at 218s/a much less intense peak
with respect to that seen in ElteN378 in water. These bands$ bauevidently assigned to compact
persistent structures of the neutral and protonated spkigethose depicted in 7 (left) as the exci-
tation spectrumAem = 350 nm ) of ElteN378 in DMSO (characterized mostly by opeuncitires)
has no bands in this region. Lowering the pH (in water), thie t@etween protonated and neutral
ElteN378 increases. In the excitation spectra reportedgarg 7 (right) we may thus reasonably
assign the 240 nm signal to the species ElteN3@8d the band at 270-280 nm to the neutral
ElteN378. The emission spectra collectedg = 270 nm produces a broad and intense band at
310 nm in both water and PBS and a secondary structured bahd mnange 350-400 nm that is
much mor intense in case of ElteN378 dissolved in water. @uaission band grows in intensity
as the excitation wavelength decreases (see Si Figurehd®)cbnfirming the connection between

the emitting species in the range 350-400 nm to the absodmagies at 240 nm, a species that is
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much less abundant in PBS buffer.
The fluorescence bands in the 350-400 nm range (strictlyectlaith the 240 nm excitation

band attributed to the protonated species) are hence ety & signature of the compact confor-

©CoO~NOUTA,WNPE

10 mations of the protonated species (see Figure 27 of the 8llg the intense fluorescence peak at
12 310 nm Qexc= 270) can be assigned mostly to neutral emitting species. Indaghpport of such

14 assignment, in the Sl we also report (SI, Figure 32) the aticit spectra obtained at,, = 310

16 where only the peak at 270 nm shows up in both PBS and water dinaction of the neutral

18 species. Notably, the fluorescence intensity reatig/ 1400 is almost constant for ElteN378 in water

20 for concentrations up t05510~°> M whereas this ratio decreases in PBS (see Figure 31 in the SI)
22 indicating that the interacting groups are of intermolacwrigin; that is to say aggregation of
24 monomeric neutral structures occurs. This results wasaggesince in PBS buffer the fraction

26 of protonated species is lower and residual electrostegialsion is screened by the presesence of

28 the salt.

32 cis-transisomerism in ElteX ligands and binding kinetics

35 It has been recognized that the activity of these FKBP12 tigas related tais-transisomerism
37 of the a-keto amide planar bontf>’In standard condition, thesis-transrotamers are separated
39 in DMSO or CDC} solvents by barriers high enough to allow rotamer discration via 1H
41 NMR.1833 |n the Xaa-proline or piperidine bonds, the N cyclo-alkidatreduces considerably
43 the steric advantage of the trans configurafiéin aqueous solutiorgis-transrotamers for most
45 pipecolic based ligands exhibit at equilibrium a fractidr2@ in favour of thetransisomer&->7

a7 ElteX compounds make no exception with computads/cisratio in water in the range 1.5:6 (see
49 Table 1). The individual binding affinity of theis/transisoforms and the overall apparent binding
51 affinity of the cigtransrotameric mixture of ElteX compounds in presence of the FKBpYbtein

are given by

= 3)
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with [E¢ ], [P] being the concentrations of frees andtransrotamers and protein in solution. The
cisltransisomers obey the equilibriutk = [E;] /[Ec]. Combining the above equations, the apparent

binding affinity of an ElteX ligand can be written as

~ Ki(1+K)

=— 4
N R K Ke (4)
In the assumption tha€ > K¢, K > K; andK; < K¢, we obtain that
1+K
Km - Kt K 5 (5)

i.e. the observedy, in presence of a significant shaf > 1) of the w-trans conformer at
equilibrium , is essentially equal to the lowest bindingraffi K; corresponding to the most active
(binding) rotamer. Equation 5 shows thakif> 1, then the difference in the activity due to the
trans/cisratio can accounat most(i.e. for K = 1) for a factor of 2. Hence, as all ligands in
Table 1 haveK > 1, thetrans-cisratio should not be the essential element affecting theidibg
activity. On the other hand, the-trans-cisratio, due to the high barrier, could be one of the rate-
determining step in the kinetics of the FKBP binding and haemcthe kinetics of Trp56 quenching
by ElteX ligands. In figure 8 we report the decrease in flua@ese intensity as a function of time
observed when FKBP12 ligands are added to a solution of FKBIRii2ed, we do observe a faster
decrease in fluorescence for the compounds that, accomlittgetREM simulation, have large
trans/cisratio, as the potent ElteN378 and the diastereocisomer RNER®@ (see the inset in the
Figure). In Figure 8 (right), the differences in the kindiehaviour of R-ElteN420K = 4.8) and
S-ElteN420 K = 1.4) can be best appreciated at room temperature where théckooenponent

due to diffussive processes is accelerated.
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19

20 Figure 8: Left: Decrease of fluorescence intensity with temd@=15°C. Ligand concentration
g; 4 nM for all samples. Full circles: ElteN378; empty circldsK506, full triangles: S-Elte421;
23 empty triangles: R-Elte421; asterisks: ElteN420 1:1 drastisomeric mixture. Insetrans-cis
24 ratio as calculated from the REM simulations as a functiorhefthe decay time determined by
25 fitting the experimental kinetic data with a mono-exporantiecay (first order reaction). The
g? trans/cisratio for the 1:1 ElteN420 diastereoisomeric mixture hasnbebtained by averaging the
o8 trans/cisratio of the two epimers in Table 1. Theans/cisratio of ElteN378 has been obtained
29 by averaging the values of the neutral and protonated spéeported in Table 1)assuming a pKa
30 of 7. Right: Decrease of fluorescence intensity with time é&29=C. Ligand concentration 4 nM
g; for all samples. Empty triangles: S-Elte421; full triangl&R-Elte421; the curves are obtained by
33 fitting the experimental data with a mono-exponential fiorct

34

35 . .

20 Conclusions and Per spectives

37

38

39 In the present study, we have demonstrated, using an istgotihary approach based on com-
40

41 putational, synthetic and experimental techniques, tiabest potential FKBP binders (and very
42

43 likely the best PPI inhibitors) are characterized in watéutson by the abundance of quasi-cyclic
44

45 structures stabilized by intraligand hydrophobic intéicats. The conformational entropy in such
46

47 ligands, as occurring in the rigid natural macrolides FKa0@ Rapamycin, is low. At the same
48

49 time such ligands optimally expose, again as in FK506 and Rgpia, the two contiguous car-
50

51 bonyl oxygen (02,03 see Figure 1) in the peptidomimeticrchiai FKBP docking. These pecu-
52

53 liar structural and chemical-physical features define astime time an ElteX compound and the
54

52 minimal pharmacore in the FKBP family. Based on the above thgxi$, we have successfully de-
5

g; signed and synthesized ElteN378, a new low atomic weight Fikgaiad with activity comparable
59

60
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to that of the macrolide Rapamycin.

The strict correlation, revealed in our study, between poteand mean conformation of the
FKBP ligand in bulk solution sheds new light on the functignmechanics of the PPl machinery.
The PPI in the FKBP enzyme is known to catalyze tigeto-transisomerization of the peptide-
bond in proline36:58-60The reaction mechanism is thought to occur via an “unaskisoafor-
mational twist mechanism with rate enhancement in due padesolvation of the peptide bond
at the active site®® Such hypothesis was based on site-directed mutagenesiplacements of
several potential catalytic residues in FKBP with AfaHowever, none of these mutated residues
included the highly conserved Tyr82 and Ile56 (FKBP12 nunmiggr In the light of our findings,
such consensus mechanism appears unlikely. The discovEiteX ligands and of their binding
mechanism suggests the following alternative picturesthmestrate reaches the concave PPI pocket
exposing its curved convex side and binds with the prolinakiteg carbonyl to Tyr82. When the
substrate is in place, the five membered ring of proline isketd onto Trp59. The electron flux
from the O=C-N resonance system to the polar H of Tyr82 weattenpeptide bond lowering the
cis-transenergy barrier and triggering the isomerization. Such esaddenly rectifies the sub-
strate making it unfit for the docking in the convex bindingket. The straightenemans-proline
substrate, in order to avoid steric clashes with nearbyepraoesidues, cooperatively releases the
H-bond with Tyr82 eventually leaving the PPI convex bindpagket.

The closed conformations in compact ElteX ligands can fillyeasthe PPI binding pocket,
exposing the PKA unit with thev angle intrans conformation mimicking the proline residue in
a trans conformation. The O3-Tyr82 H-bond is formed with the pigeric ring approximately
stacked on Trp59 and interacting with the nearby Tyr26. TR®@xygen of the following carbonyl
in the peptidomimetic chain, being the piperidinic sulbgtitt at C2/G in axial conformation, can
bind the NH of 1le56 withy in its circa cis conformation, hencéocking the ligand in the PPI
binding pocket Further stabilization in the complex FKBP-ElteX arisesnirthe hydrophobic
three-body interactions between phenyl-2 and phenyl-1l@XEand Phe36. Such mechanism

explains why only the (S)-C2 epimer in piperidine derivagive activel® the R piperidinic di-
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astereoisomer is in fact unable to bind Ile56 and TyaBthe samgthus preventing the locking of
the ligand in the pocket. A schematic picture of the PPl wagkinechanism and the PPI inhibition
is shown in Figures 28 and 29 of the SI.

We indeed believe that our computationally driven desigmen¥ potent NI-IL inhibitors, based
on preliminary and costless simulations of the ligand inewaulk solution to monitor its confor-
mational behaviour, may provide also a valuable mean tdifge¢he optimal position for inserting
a so-calleceffectordomair?® for the allosteric interactions with a third partner pratefn effec-
tive IL ligand must bind FKBP via the PKA driven mechanism adlas the partner protein with
the effector domain on the opposite (convex) side of exantp&PKA unit. Therefore, due care
must be taken to ensure that structural modifications orgirgertion in NI-IL’s such as ElteN378
do not abrogate the potency of the ligand by interfering witlaltering the mean conformational
structure of the PKA binding domain water environmente.g by severely perturbing the, ¢
free energy surface and/or obstructing the solvent-expoadonyl group in the PKA unit.

Such computational/synthetic procedure, for exampleldcassist the design of a sensors for
FKBP12, a possible biomarker for early diagnosis in AD or PD.FAKBP sensor device can be
envisaged by judiciously attaching to ElteN378 a suitalolgmperic chain ending with an anchor-
ing group for biochemical sensing in Self-Assembled Moyeta or Supported Lipid Bilayers
deposited on Gold surfacé$52Furthermore, the availability of this new class of FKBP12lids
provides an effective mean for elucidating the role of thist@in in amyloidogenesi®3 Results

in these directions will be presented in forthcoming stadie

Supporting information

Details of the synthesis of R-Elte421, S-Elte421, ElteN42BeN378. Computational details:
force field used for the ligands; accessory data for R-Elte82Hlte421, R-ElteN420, S-ElteN420,
V10,367, ElteN378 (in water and DMSQO) and ElteN378& water. Details of the experimental

determination of the binding affinity via fluorescence queng. This material is available free of
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