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Abstract

Abstract

The large FK5@6inding proteinsFKBP51 and FKBP&& Hsp90associatedcochaperones that
modulate steroid hormone receptor signaling. It has been shown that FKBP51 is a negative regulator
whereas FKBP52 is a positive regulatahefgucocorticoid receptorA majority of patients suffering

from depression show an altered sponseto glucocorticoils. Furthermore polymorphisns in the
FKBP51lencoding gene were associatedwith human stress responsand several psychiatric
disorders RecentlyFKBP51 knookit or knockdown was shown to have a protective effect on stress
coping behavior in animal modead$ anxiety anddepression.

In a neuroblastoma cell line FKBP51 suppresses the elongation of neurites whereas FKBP52 enhanced
it. All FKBP ligands reported so far, including rapamycin and FK506, show only negligible selectivity
betweenFKBB1 and FKBE32, since the residues within the active site are completely conserved both
on the sequence and thersictural level Due to the antagonistic effect of FKBP51 and FKBR&2
opposing activityof these proteinscannot be examined witthe present FKBP inhibits. Therefore

we envisioned a chemical genomics toobtidressheseselectivityproblens. Using structurebased

design and protein mutagenesiewngineered a enlargedcavity into the active sites of FKBP51 and
FKBP52In turn, we synthesized a serieé complementary ligandwith protruding sidechains that

were designed tdit into this new cavityandto prevent binding to the wildype proteirs. The best
ligands of this series showed low nanomolar affinities while maintaining 500 to-fbD8electvity

for mutated FKBP51/52 over wildtype proteins.

Usingthese artificially selectivdigands in a cell model of neuronal differentiatiofN2a cell$, we
showed that specific inhibition of overexpressed FKBP51 restores neurite outgrowth whereas specific
inhibition of overexpressed FKBP52 has the opposite efféus. is the first proof of pharmacological
activity of FKBP51 ligands in a relevant cellular mdégthermorewe unambiguouslyshow that
selectivity is crucial for the effecfThis could at leastin part explainthe inconsistencies and
conflicting results thahave plagued the field of neuroimmunophilifKBRigandsin the past

During our synthesis campaign we made the discovérgt certain ligands can induce a
conformational change in the biimth pocket of FKBP%ihd that these substanceonsistentlyshow
substantial selectivity versus FKBPBased on severalo-crystal structure we rationaly desigred a

series ofthese induced fitigandswhich finally led to inhibitors (iFit-1, IFit2) with low nanomolar
affinities (4-6 nM)for wildtype FKBP5and up to 10000fold selectivity versus FKBR5hese ligands

are themost potent and selective ligands reported for FKBB&Iar In a neurite outgrowth assay

they enhancedeurite outgrowth wheread=K506wvas less activelhese ligandgrovidethe basis for

the development ofdruglike FKBP51 inhibitors to pharmacologically probe the role of FKBP51 in a

whole animal context.
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A. Introduction

A. Introduction

1. Thebiology ofImmunophilins

1.1 FK50éinding proteins and Cyclophilins

33 41
29

23 |
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FK506 rapamycin CsA

Fig. 1: The prototypic FKBP ligands FK506 and rapamycin and the cyclophilin @igAriRlue (FK506, rapamycin): FKBP
binding domainplue (CsA) cyclophilin binding domain! (CsA, FK506) calcineurin binding domaimr,en (rapamycin)
MTOR binding domain.

FK506binding proteingFKBIPand cyclophilins (Cyfielong to the class of imamophilins which are
defined by their ability to bind immunogpressive ligands liké-K506 rapamycin (Rap, and
Cyclosporin AGsA Fig.1). FKBPand Cypaminimally contain a peptidyprolylisomerase(PPlase)
domain that catalyzes the interconversion @&trans isomers of JRro peptides and that binds to
immunosuppressive drugsFor all aminoacids except proline the equilibrium of cis/trans
isomerization lies on the trans side. In proteins these 19 aminoacids adiotst exclusivelyhe
trans configuation. XProline dipeptidescan occur either in the cis or the trans configuration in
folded proteins, whereas in the unfolded state there isratio of cis/trans 2:8 Therefore in many
protein folding processes the cis/trans isomerization ePri displgs the rate determining step.
PPlases help proteins to fold in a correct way by catalyzing the isomerization of proline résidues.
The immunosuppression i@hmediated by inhibition of the PPlase activity but by enabling FKBPs to
form a ternary complex with calcineur{for FK50¢ or mTORfor Rap. In complex with FKBPK506
calcineurin is not able tdephosphorylate nuclear factor of activatedcélls (NFAT) which is needed

for IL-2 expression and-@ell activation.The main mediators are FKBP&Rd partiallyFKBP12.6 and
1
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FKBP5%ImTOR assembles two complexes mTORC1 and mTORO&nase activity shTORC1 ¢a
be specifically inhibited byrKBFRap complexeswhich in turn leads tdess phosphorylatiorof

p70S6Kinaseand 4EBP1 both key regulatos in protein translationand thereby causingthe

immunosuppressive effeét3*

oR? Sve
N PPlase N

1 (@] O
RN oéLWMNHR3
NHR3 R
trans cis

Fig 2 Proline cis/trans isomerization

The human genome encodes 17 differeRKBPs, whiclare named according to their size in
kilodaltons (e.g., FKBP12, FKBP38, FKBP51 and FKBBE2)Lshows the diférent known FKBPs

and their biochemical roles imammaliancells known so fat.

Name AssociatedBinding Functions Cellular
Partners Compartment
hFKBP12a’ | FK506/Calcineurin regulator of cell cycle Oytosol
hFKBP12%° | Rap/mTOR
hFKBP1Zc | Type | TGFreceptor
Muscle ryanodine receptor
Inositol receptor
cardiac ryanodine receptor
hFKBP15p Protein coding cofactor ER
hFKBP2%b
hFKBP25p
hFKBP24pb
hFKBP63p
hFKBP658 elastin chaperone
hFKBP38 ** | clathrin and Hsp72 glyceraldelyde-3-phosphate Nuclear
dehydrogenase inhibitor
hFKBP37 Aryl receptor Transcription of genes Cytosol
hFKBP371 Amarosis syndrome Cytosol
hFKBP38 Bcl, FK506 Development of cancer cells Cytosol
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Hedgehog signalling

hFKBP5% SHR, HSP90, Akt Negative Modulatoof SHR Cytosol
hFKBP52 SHR, HSP90 Positive Modulatoof SHR Cytosol
hFKBP25H | YY1, HM@I Transcription of genes Nuclear/Cytosolic
hFKBP135 | FActin Colocalized with HActin in| Cytosol

growth cones of dorsal roo

ganglion neurons

Table 1 Biochemical roles and distribution of human FKBPs

The second class of immunophilins are theslophilins.The human genome encodes at least 16

unique cyclophilins, all containing a highly conserved CGial8ology domainwhich shows PPlase

activity. Many of them bindightly to theunselectivecyclophilin ligands CsA asdnglifehrin A 2

The CypCsA complex forms a ternapomplex with the phosphatase calcineurin (Githilar to

FKBP1FK506 In this heterocomplex chkineurin isalso unable to dephosphorylate itsubstrate

NFAT which isequired for Fcell activationwhich again leads to thenmunosuppressive effett
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1.2 The biology oFKBP51 and FKBP52

1.2.1 Structure and functionmf FKBP51 and FKBP52

FKBP51

Fig 3 Crystal structures of FKBP51 and FKBP52

The large FKBP mmlogs FKBP51 and FKBRE®e first been identified in complex witkteroid
hormone receptors (SHR) ?*The binding to SHRs is mediated by the heatshock protein 90 (Hsp90)
where they act as cohaperones> Since then these proteins receivepieat attentionbecause of
their steroid hormone signalingegulaing roles. Many endocrine related diseases are kndam
which FKBP51 and FKBP52 potential therapeutic target, such as for example stress related
diseases, prostate cancer, breast cancer, male and female contraception and metabolic difeases.
better understand the role of these FKBPs in these diseases newnmmunosuppressive ligands are
needed
FKBP51 and FKBP52 are close homologs and sharge@0&nce similarity® They possess a similar
domain architectureKig 3), consisting of the FKBP12 likaexminal PPlase domairKL), followed
by anotherFKBP12 likdomain EK2) which although structurally similar &KL possesses nBPlase
activity. At the Gterminus atetratricopeptide (TPR) domain facilitates the binding to the EEVD motif
at the Gterminus of Hsp96% 2> The overall architecture of the domains of FKBP51 and FKBP52 is
very similar.The orientation & FKL andFR2 differ only slightly but the TPR domain orientatioh
FKBP5Zs tilted comparedo that of FKBP5L1. It has to be considered that FKBP52 was not crystalized
4
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as a whole, but in two parts due to its instability in solution. The crystal struatdfey 3 shows the
reconstruction based othe two parts. The loop linking thiek? and the TPR domaaould beflexible
andthe orientations of the TPR domaiosuld bedue to different crystal packing.

TheFKL andFK2 domain are connected by a linkefr seven to nine aminacids FKBP5hasa casein
kinase 2 phosphorylatio(CK2)sequence(TEEEPIn this linkerwhich is not present in FKBP51 (the
correspondent sequence is FER)is thought that the phosphorylation of FKBP52 by CK2 at T143
decreases Iniding to Hsp90 and thereby abrogates the activating effect. This effect could be due to a

reorientation of theFK1domain upon phosphorylatioff.

1.2.2 The roleof FKBB1 and FKBP5#2 steroid receptor signaling

FKBP51 and FKBP52 are regulatorstefoid hormone receptor(SHR binding activity.In most
reports FKBP51 acts as a negative modulator on SHRkereas FKBP52 is a positive regulator of
androgen receptor (AB) glucocorticoid receptor (GR)and progesterone receptor (PR)Fig. 4

shows a model of thenaturation andregulationof SHRsEther FKBP51 or FRB2 enters the mature
Hsp90dimer-SHR complex, which is stabilized by p23. The FKBP binds teettmaiitis of Hsp90 via

the TPR domainThe present modadroposesthe FKL domain and especially the proline rich loofp
FKBP51 and FKBHBfracts directlywith the ligand binding domain of the SHR. If FKBP51 is present
the binding affinity for the respective hormone decreases, whereas if FKBP52 is in the complex the

binding affinity is increased.
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1 High affinity

HSP90  HSPS0

v Low affinity

HSr\ HSP90

Fig. 4 Model of FKBP51 and 52 on steromfimone maturation and ligand binding.

The PPlase enzymatic activity is not required for the modulation of the SHRs, btitltl®main and
especially the proline rich loop which sits on top of the binding pogdketrucial® Differences in this
loop seem to be the cause for the differeninfttions of the FKBPs, shown by tnatations, A116V
and L119Pin FKBP5lhat switched the activity to full FKBP4iRe characteristics towas AR
activation

FKBP51 anBKBB2 also play a role in steroid hormone receptor localization. In the ligand free state
the SHRs primarily stay in the cytoplasm, whereaantigbound SHRs are mainly nuclear or
translocate to the nucleu¥: **It has beersuggestedhat the accumulation of ligand bound SHR in
the nucleuss enhanced bwctive retrograde transpordriven bythe dyneirdynactin complexvhich

coimmunoprecipitate with theHsp9GFKBP52 and with the GR avi& > *°
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1.2.3 Effectof FKBP51 and FKBP&R2 the endocrine system

1.2.3.1FKBP3 knockout mouse

FKBP52 knockout mice (52KO) are viable but females are completely infeidile. 52KO mice
display a phenotype consistent with amdien insensitivity syndroméypospadiaspenislength and
weight of the penis was reduced, smaller seminal vesicles, smaller prostate glands, slightly lower
sperm motility,collectivelyshowing that mainly secondary sex organs are affected whereas primary
sex organs like testes seemed to be unaffecfed’ Female 52KO mice show no big change i
phenotype but are sterile. This is due to progesterone insensitivity causing failures in decidualization
and embryonic implantatiod® Thus, FKBP52 is crucial for correct development of reproductive

organs in male and female mice which is mainly caused by AR and PR insensitivity.

1.2.3.2FKBPA knockout mouse

Under basal conditions FKBP51 knockout mice (51KO) show no robust phenotype. 51KO male and
female mice are fertile and males show normal reproductive organs. Thus AR signaling is unaffected
and also no changes in GR activity couldbserved®’ A possible explanation for the unaripated
absence of an effect on GR is the nature of the cortisol secretion under stress, and indeed recently
Touma and coworkers could show, that 51KO in mice leads to a more active coping behavior after
exposure to different types of stress. Additionallyethypothalamuspituitary-adrenal HPA axis
response on stress was altered. 51KO nst®wed a stronger suppression of corticosterone
secretionafter treatment with a low dose of dexamethasorfelhese findings were supported by the
results of Hartmanret al. who showed in a chronic model of social defeat strékat 51KO mice
responced lessto a novel acute stimulus arshowedan enhanced recovery, as well as mactive
stresscoping behaviaf’! RRAGA 2y Fff& hQ[ SINE FtyR 02¢2N)] SNA
aged mice led tanore active stressopingin the forcedswim test and the tail suspension test. Both

are well established paradigms to assess antidepressive effestisthese findings strongly support

the hypothesis that FKBP51 paan important role in endocrine regulation of the HPA axis by

reducing GR responsiveness. This makes FKBRtbinesingtarget in stress related diseases.

puji
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1.24 FKBP51 in stress related diseases

In stress related diseasassichas major depression, bitar disorder, postraumatic stress disorder
(PTSDand anxiety disordepatients often displayn imbalance in the stss hormone system called

the hypothalamuspituitary-adrenal (HPA) axiig.5). In healthy individuals this hormone system
triggers the physiological and behavioral response to stressors. This can be measured by an increase
in blood cortisol levels that peaks after-B8 min and then slowly declirssafter termination ofthe

stres®r. Cortisol is a catabolic steroid hormotigat activatesenergy metabolism in various tissues

and acts as a negative regulator on the HPA“dxis.

> SII; —| Hippocampus
Stress
* GR—| Hypothalamus
CRH
cortisoll ™ GR Pituitary Glang
ACTHl Cortisol
AdrenaIGIand/
Target Tissues
o, PH ‘ + '
AH?,;\LI;H GR FKBP51
S S S activity expression
O"/J;\:% \E/%H -
Cortisol

Ultrashort
Feedback Loop

Fig. 5 Hypothalamuspituitary-adrenal axis with hormone regulation cascades

Upon stress the hypothalamus secretes corticotropin releasing hormone (CRH) which induces the
production of adrenocorticotropic hormone (ACTH) in the pityitgland ACTH in turn increases the
release of cortisol ithe adrenal gland into the bloodortisol is binding to the G&d MRwhich in

turn inhibit the further release of CRH and ACTH thereby maintaining homeostasis of the HPA axis.

Additionally, an utrashort feedback loop ithought to bepresentat the cellular level Activated GR
8
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increases the FKBP51 expression which in wegreases the affinity of the GR for cortisol.
Malfunctions in these negative feback loopsare thought to bea cause foran inappropriate
reaction of the HPA axis to stresbich is often observed in depressive patients

FKBP51 is lenown negaive modulator of GR activityts physiological relevance was supported by
findings in squirrel monkeys which show an increased blootisoblevelassociatedo decreased GR
activity and an overexpression dhe more potent squirrel monkey FKBP81¥ These findings
initiated human genetic studies on FKBRBImajor depressionin these studies identified single
nucleotide polymorphisms in the FKBP&ncoding genewvere associatedwith the response to
antidepressants andwith more lifetime depressive episodés.Similar studies followed that
confirmed these finding§ *’ and found gendespecific effect” *® FKBP% genetic variants could
also be linked to bipolar disordéfsand significant asociations where also fountb suicidal
events***? Polymorphisms inthe FKBPE encoding genealso influencethe recovery from
psychosocial stresi; healthy individuaf§. Another link could be observed from FKBP51 gene
variants to peritraumatic dissociatidhwhich is an important risk factor for development of a PYSD
The connection to PTSD was also found in othaties® All these findingslearly show that FKBP51

contributes to the etiology of stres®lated psychiatric disorders.

1.25 Cancer and cell proliferation

FKBP51 is upegulated by androgens (natural: dehydrotestosterone, synthetic: R1881) which made it
an interesting target foandrogen dependent caec types. hdeed FKBP51 hasonsistentlybeen
reported to be up-regulated in human prostate cancer cellssKBP51 was also found to be-up
regulated in prostatic hyperblastd.Further FKBP51 was shown to promote the assembly of the
Hsp90 chaperone complex and thereby reg¢egaandrogen receptor signaling in prostate cancer
cells®® ®However the unanticipatedpotentiation of AR by FKBPE&la very special case because in
all other repated studies FKBP51 is a negative regulator of 8Hifaugh, this effectvas not seen in

all reported studies and seems to be dgjpe dependenf* The FKBP unselective ligand FK506 was
shown to inhibit cell growth after androgen stimulationamewprostate cancetype where FKBP51
and FKBP52 are overexpressed.

It was demonstratedthat FKBP51 suppresses the proliferation of colorectal adenmcana,
possibly dueto its deactivating effect orglucocorticoid receptof$. Following dexamethasone
treatment myeloma cells show prior cell death-tggulation of FKBP51. This could be exploited to
enhance the myeloma killing effect of dexamethasdnduture®. By an siRNA approachliak of

FKBP51 taruginduced NF B activation in humamcute lymphoblastic leukemieould be shown

9
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This was supportedy inhibition using rapamycifi*. In arecent study the role of FKBP51 in
melanocye malignancy was outlinéd In a different cell linePei and coworkers were able to
identify FKBP51 as a negative regulator of the Akt pathiwagerving as a scaffolding protein for
PHLPP. A reded expression of FKBP51 in certain cancer types tmudrrelated with increased
AKT phosphorylation which resultéa a reduced cell sensitivity to chemotherapeutfcs

Much less is knowabout the implications of FKBP52 in cancer but recently it could be shbain t
prevention ofhormoneinduceddissociation of the Hsp9BKBP52AR complex results inhibition of
androgenstimulated prostate cancer cell proliferatitin

Due to their modulating actions on steroid hormone receptors and their implicatiotieiaccording

diseases, FKBP51 and FKBP52 represent promising drugs targetti-cancer therapy.

1.2.6 Immune function

FKBPs also play a role in immune function and inflammafiba.best known effect of FKBPs is their
ability to form ternary complexes with the immunosuppressive drugs FK506 and rapamsgein (
Chapter 1.). Besides these prominentnmunosuppressiveffects various other implications were
published during the last yearRecent studies showed FKBP51 to beregulated in CD34+ bone
marrow cells in patients with rheumatoid arthrifi§ ®® Park and cavorkers demonstrated that
FKBP51can modulate NF B-dependent gene expression iNewcastle disease virdsfected
chickens'® Further it was shown that FKBP51 modulates the stabilit§ ofihd the phosphorylation
of NFS .and enhances its DNA bindifigA very recent study connecBKBP51 expression with
asthma after administration on inhaled corticosteraidsAdditionally in patients suffering from
chronic obstructive pulmong diseasen upregulation of FKBP51 could be observBBKBP51 plays
alsoa role in endogenous MHC classeBtricted antigen presentatiarFK506 was able to inhibit the
presentation of endgenous MHC classr#stricted minor histocompatibility antigens in primary

dendritic cells (DC) in vitr@his effect could be rescued by RN®idiated reductiorof FKBP51*

1.2.7 Effect on neurodegenerative diseases

Besides their role in immunosuppression, FKBPs have repeatedly been linked to neurodegeneration
in :veral animal models like transient focal cerebral ischemia in rats or in MPTP mouse models of
Parkinson's diseas® ® Gold et al. showed in a rat sciatic nerve crush model that the

immunosuppressive drug FK506 accelerated nerve)geeeration’’ This effect could also be

10
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transferred to human patients receiving hand transplafit$K506 binds unselectively to FKBP
proteins and the mediator of thethe neuroprotective effect could not be elucidatex far Early
research was focused on the most abundant FKBP12 as the main anedfidhe neuroprotective

effect of FK506. It could be shown that adding FK506 to primary neurons during or after glucose
deprivation limited the induced damage. This effect could be reverted by a FKBP12 antibody or the
competitive inhibitor rapamyci®® Importantly, the use of nofimmunosuppressive derivatives of
FK506 which are not able to form a ternary complebed out a calcineuridlependent mechanism

for the observed neuroprotective activify ® In primary hippocampatell cultures from FKBP12
knoclout mice FK506 retained neurotrophic activity, thus devalidating the prototypic FKBP12 as the
relevant targetin this model The mitochondrial FKBP38 and the Hsp9@twaperone FKBP52 have
been suggesteas alternative targef§ ® (for detailed reviews séé®®). Present FKBP ligands that
show neuroprotective effects bd unselectively the whole group of FKBR&h most research
focused on FKBP12, FKBP38 and FKEBRfixa and ceworkers could show thaneurite outgrowth

in mouseN2a cellsis favored by FKBP52 owexpression or FKBP51 knesbdwn, and is impaired by
FKB52 knoclkdown or FKBP51 owexpressionnicelyshowing the antagonistic activities of FKBP51
and 52 on neuronal differentiatioff FKBP51 and FKBP52 were also found to play a role in tau
turnover whihisakeyJKSy 2 YSy 2y Ay 1 ¥PKSAYSNDa RAaSHas

All these findingsuggesthat immunophilins and especially the larger homologs FKBP51 and FKBP52
are importantfor neuronal processes involved in mpuotection, neuroregeneration and neuronal
differentiation. Additionally because of the antagonistic effects of FKBP51 and FKBP52 in different
systems it igarticularlyimportant to develop FKBP subtype selectivgands talissect the opposing

roles ofthese proteins.

1.3 Chemical biology of FKBP ligands

1.3.1 Immunosuppressive FKBP ligands

Since the discovery of FK506 and rapamygig. () in the 1990s and the characterization of their
immunosuppressive effect a lot of research has bdewoted tothe improvement of these ligands in
terms of side effects, solubility and efficayg.6 shows FK506 and rapamycin analogs that are used
in the clinic. The efforts in this field increased even matfer the discoverieshat rapamycin has

beneficial effet on longevity in mic&, improves behavioral and cognitive deficits in models of

11
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YSdNRRSISY SN G ATy t ¢ NF'G vy BRE i 04X X § el jh @anceR dug B 4 S
misregulated mTOPRathway.”®

Name R X

Sirolimus HO,, o
Everolimus HO ~~9.| o

Biolimus Lo/\/O,,v o

Temsirolimus HO&YOO o

Zotarolimus N, = o
N~ N ~
(o]
Deferolimus i; -0, o
-
|
Myolimus HO,, H,
Name R! R?
FK506 HO, allyl
Ascomycin HO, | ethyl
. Pimecrolimus CI\ ethyl
OMe OMe

Fig.6: Clinically used FK506 and rapamycin angfogs

1.3.2 Norimmunosuppressive FKBP ligands

Up to now almost no drugs are available to treat chronic neuredegative diseases. Gold and-co
workers found in the early 1990s thdiesides its immunosuppressive effed®#K506 has also
neurotrphic activity. These effects were shown in a rat sciatic nerve mibd8IThese findings
stimulated a whole field to search for neammunosuppressive immunophilin ligands that still display
this neuroprotective effectThese ligads were termed neuroimmunophilin ligands.

Almost 20 years of medicinal chemistry and biochemistry efforts produced a variety of non
immunosuppressive ligands based on the known natural prod&égs7?) where the effector domain

is changed This abolished the binding to calcineurin/ mTOR (e.g., FK1706, meridamycin,
normeridamycin, ILS920, Wap4466, Wyeb92, L685B18). These ligands demonstrated their effect
in animal models of cerebral ischeffffa® traumatic brain injur}?, diabetic neuropath¥,

t I NJ Ay az2§8E ankvadoSstypes of physical neuronal injtiry®%
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R1 R2 R3 n

Al H H H 2

B| OHH H 2

C| OHMeH 2

Dl HHH 1

E| H H OH2 Meridamycin (n = 2)
3-Normeridamycin (n = 1)

(Currently available stereo shown)

X,Y=CH,: ILS-920 @ R®  OMe
X,Y=CH: WYE-592

R1=Ethyl, R2=OH, R*=OMe: L-685,818
R1=Ethyl, R2=OH, R®=Me: 13Me-180H-Ascomycin

R1= QO R2=0H, R*=OMe: FK1706

PN

Way-124,466 07/\ N>§ 2

WAY-179639

Fig. 7: Neuroimmunophilin ligands based driosynthetic or semsynthetic analogs of
FK506 or rapamycif

In addition a vast number of synthetic FKBP ligarids/e beenreported which are based on the
pipecolyl/prolyl diketoamide core derived from FK506 and rapamydinhese compounds lacthe
effector domainof FK506 and are thus not immunosuppresskig.8 shows acollection of reported
synthetic neuroimmunophilin ligands that showetturotrophic activity. VXx10,367 and V%7109
where patented foistimulating neurite growth in nerve celdsd are the most potent FKBP12 ligands
known to date.’®® GP11046 received a lot of attention due to its effect on neurite outgrowth from
sensory neuronal cultures witlteports of picomolar potencyln viva Additiorally GP$1046
stimulated the regeneration of lesioned sciatic nerve ax8in§’* Analogs of GP11046 were also

published to be neurotrophic (GP11485, JNJ4BMlowever these results were challenged by other
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groups™® ®Moreover, GPI104@vasalsoreported tobe inactive in PPlase asdayus and other&

Our own unpublished data shows that GP1046 is also inactive for the higher homologs FKBP51 and
FKBP52.

Most of the studies in the literature are focused on FKBP12 but Gold and coworkers showed that also
other proteins can mediate the effect® Thiswas corroborated by using various FK506 analogs that
are claimed not to bind FKBP12 (%53, /13,661 and M3,670, Fig. 8).”> '°* Furthemore the
selective FKBP38 inhibitor DBHX was shown to be active in an animal model of focal cerebral
ischemia™

All these results shothat FKBP ligands can have neuroprotectv@eurotrophic activities and may

be potentially useful in certain neurodegenenatidiseases or after neuronal loss. Although a lot of
inconsistencies still exist possibly by differencesehular andanimal models or ligands useédlso

the relevant targets are still controversially discus&ed

0 0
0
7
VX-10,367 X=CH
o o~ N

o VX-710 (Biricodar) X=N

[NO\ o OPI1485:R=H
N GPI 1046 : R=" "7
N

INJ460/GM284

Cycloheximide R=H

DM-CHX R= \f\lo

Fig8: Synthetic neuroimmunophilin ligandsh& core of FK506 oapamycin or equivalent groups

areshown in yello®’

14



A Introduction

1.4 Targeting the PPlase binding pocket of FKBP51 and FKBP52

(B) MeO
MeO O

(A)

diketoamide
pipecolinic core

Fig.9: (A) Natural product FKB ligand FK506, FKBP binding dombine}, effector domain dreer). (B) Synthetic FKBP
ligand SLA-KBP binding domairl(e). (C) Cocrystal structureof FK506 and FKBPJD) Cocrystal structure ofSLENd
FKBP51.

Asoutlined in the previous chapter nsb of the synthetic immunophilin ligands were designed to
bind FKBP12. These ligands were derived from the diketoamide pigiecotire of FK506 and
rapamycin lacking the effector domaamd areexemplified bySLE” (Fig.9).The pyranose ring was
exchanged by a tefpentyl group which preed to be a good isosteELFshowed binding affinity for
FKBP12 in the range of FK50®8~ nanomolar)but for the larger homologs FKBP51 and FKBP52
was substantially lesaffine (low micromolar):®®
structure ofSLFand FKBP5%’ and compared it to the cerystalstructure of FK506 and FKBPSas

Therefore the Hausch grougolved the cecrystal

a starting point for rational ligand design. The amino acids of the binding paokealmost
superimposeable an&LFalso shows the important hydrogen bonds from 187 to the pipecolate
carbonyl group ad from Y113 to the amide carbonyl group. W90 forms the bottom of the binding

pocket and the pipecolyl ring sits on top of the indole ri8gFwvasthe only ligand in the literature
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that was described for FKBP5% at the start of this thesis whiléor FKBP52 three ligandsere
known > 19°

Gopalakrishnan and emorkers performedthe first structure activity relationship (SAR) analysis to
determine the contributions of individual substructures 8fF (Fig 10).'®° The affinities were
measured sing the fluorescence polarization assay described by Kozany'®tSilFbound to

FKBP51 with ~8uM and to FKBP52 with ~10uM

Core: Top-Group

X=CH,, Y=CH, Veo
e

X=CH,, Y=none MeQ  Me OMe =N

3_
X=CH, Y=CH R¥=  Methyl N N\ /
A | X
0 © - °

5 —

O_/_B C D E N\ /

N

F:2=0 >

Fig.10: Synthetic analogs @LFor SARanalysis

Replacement of the pipecolyl core by proline or-dghydropipecolinic acidesulted ina 4-6 fold
reduction in potency. The change to thiomorpholigearboxylic acid abolished binding to FKBP51
and FKBP52.

Furthemore they employed differenttop-groups The smaller groupgFig. 10, A-D) showed no
binding to FKBP51 and FKBP52. To eliminate the free charge at the free acid mbiahd & they
changed it to morpholingd which increased the binding affinity by42fold compared tcSLFand a
slight preference for FKBP52 could be obsenfédds trend could also be seen in a sulfonamide series
of compounds also published by the Hausch gfSuThey replaced the ester at Glby an amide
whichabolished binding to FKBP51 and FKBP52. Fittadly replaced the oxyacetyl group of tisdF
top-group by an amind which resulted in the best binding compoudd(Fig.11) of this serieslt
showed binding to FKBP51 of ~4 uM and to FKBP52 of ~1uM.
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MeO OMe
OMe

Fig.11: Exchange of terpentyl by3,4,5trimethoxyphenyl

They contimed by replacing the tempentyl group with 3,4,8rimethoxyphenyl (Fig. 11) which
resulted in a 2 fold decrease in binding for the larger FKBPs. Additionally two clinically used non
immunosuppressive FK506 analogs were tested on their binding to FKBEFK&P5ZFig. 8).

Biricodar showed affinity in the range 8LF8 uM whereas Timcodar showed no affinity for any
FKBP tested.

187 Tyrll3

P119

26 36 37 42 43 46 54 55 56 59 82 87 ng 91 99
FKBP12 Y F D R N®F E VvV | W Y H | F
57 67 68 73 74 77 85 86 87 90 113 118 119 122 130
FKBP51 Y F D R N*F Q V | W Y s M F
57 67 68 73 77 85 86 87 920 113 118 122 130
Y F D R K‘F E V 1 W Y s P™ F

Fig.12: Overlay of the important amino acids of the binding pocket of FKBP12, FKBP51 and FKBP52. The not conserved

amino acids are marked in red.
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The bnding pocket of all FKBPs is highly conserved .The most prominent changes are found in the
70s loop (amino acids 716 of FKBP51/52 and the proline rich loop(amino acids 11822 of
FKBP51/5P(Fig.12). The most important change in the amino acid seq@ehbetween FKBP51 and
FKBP52 can be found in position 119 in gneline rich loop AL119P mutatiorin FKBP51, which
introduces the proline found in FKBP52, conferred significant potentiation actoxtsirds steroid
hormone receptorswhereas the conveesP119L mutation in FKBP52 decreased potentidfion.

Thus they planned to target thgroline rich loopwith with a new series of compounds comprising a
substituted cyclohexyting (Fig. B) instead of the terpentyl. This would be more close to the

pyranose ring of FK506.

Top-Group
MeO MeO
OMe O
R%=
MeO
OR?{——=
N o R
0 o :
on© A o
OH
B: R= 0/}]/
0

Fig. B: Cyclohexysubstituted ligand serieargeting theproline rich loop

The SAR of these compounds and the cryatalctures that they published showed that FKBP51 and
FKBP52 are tolerant to different stereochemistries at the cyclohexyl substitiaet.bestbinding

compounds of this serigSland C2(Fig. ¥) show binding affinitiesf 1 uM to 4 pM.

Fig. 3. Best binding examples of the substituted cyclohexyl ligand series.
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For FKBP12 it was shown that the diketo amide moiety can be bioisosterically exchanged to
sulfonamidé™® ™3 To determine the binding of sulfonamide ligands to FKBP51 FGBB2
Gopalakrishnaret al. developed a solid phase strategy for the synthesis of a focused sulfonamide
library™'*.

Out of 36 compounds with aromatic sulfonates they identified 5 hits for the binding FKBP51

and FKBP52 which displayed a slight preference for FKBP52. The hits showed moderate binding
affinitieswith ~10 uM.

For the best hitshe morpholine topgroup Fig. B) was employed and increased thimthing affinity

to nanomolar levels foBland to low micromolar fo62 Therefore ligand&ldisplays the best known
ligand for the large FKBPs to date. With this strategy they could show that a bioisosteric replacement
of the diketo amide to sulfonamideith conservation of the hydrogen bondlsads to potent FKBP51

and FKBP52 inhibitors.

All of the described ligands in this chapter unfortunately show no selectivity between FKBP51 and
FKBP52 and at least 10 to Hatd higher affinity for FKBP12.

MeO MeO
MeO ‘ O (\o Meohe
: o/\/N\) (jw/

0

N
0=—S=00 0=—5=00
cl cl S
OH />,NH
s1 0 s2

Fig.15: Topgroup substitutions of the best hits

1.5 Artificially selective ligands

MeO OMe
MeO g O OMe
(jﬁ( - O/ﬁ}/ \/\Nk
N N
W|
o 0 0 o
<o o)
oL

AP1510

Fig. B: Chemical inducer of dimerizatichP151(based on arSLFKimer
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In the early 1990s Spencer et'dl.developed chemicainducers of dimerization (CI control
intracellular signal pathways that are normally controlled by profmiotein interactiors. Therefore
they conjugatediwo FK506 molecules together viakir and termed it FK1012. iBhwvas improved
by the development of thebivalent synthetic analogAP1516"™ (Fig. B). TheseCIB can bind and
dimerizeLINR 1 SAya 2F AyiSNBaid ¢ KA O kerdo\NsBecifEalziaivRte ( 2
signaling. The major disadvantage the high affinity to endogenous FKBPs which are highly
expressed. This leads to unwanted heterodimers that interfere thighsignalingpathwayswhich are

to be observed.

[ ] WT binding ligand

binding
. Artificial selective
Not ligand
binding
Artificial selective
Mut binding ligand

Fig. 1I7: Priciple of artificial seléive ligands. Bulky
modification at the ligand abolishes binding to the wildtype

but allows binding to the mutant

To address thiselectivity problem the group of Hoft'® used a chemical genomics approaith
redesign the FKBP4®and interface by engineering a new pocket into #ative site.At the same
time they synthesized ligands that exploit the rgWormed cavity in the binding pockéFig. I7 and
Fig. 18). These ligandshowed a substantial decrease in binding affinity to the wildtype but high

affinity to the mutant protein This technique is also called the bump and hole concept.
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Fig.18: (A) Model of ligand10in the crystalstructure of FKBPYZ. Steric clash of thesGubstituent with Phe36réd). (B)

Cocrystal structure oflOwith the mutated FKBPIZY G substituentfits into the new formed cavity.

To achieve that godhey investigated the carystal structure of FK506 and FKBP12 ematcluded
that an exchange ahe G carbonyl to larger substituents would sterically clash with either Tyr26 or
Phe36and should abolish or decrease binding. In turn a compensating mutatiametof these
amino acids would restore bindingi¢.17 andFig.18). The best ligandl( Fig.20) showed an affinity

of 1.8 nMto the F36V mutant of FKBPAa2d to the wildtype FKBP12 of 2930 nMThis ligand can
differentiate 1,006fold between WT and was further dimerized via a short linker to fé&#20187
(Fig.19) which was then usedo activate Fas signaling in a mouse model of conditional cell

ablation'®.

AP20187 MeO OMe
OMe OMe

Fig.19 Mutant selective FKBPTADAP20187

CIDs have been used in a broad range of applications for dimerizatifum ekample membrane
receptors:Erythropitin receptot’’, PDGRR-R / Insulin receptdr®, epithelial growth factor receptors

/ hepatocyte growth factor / thrombopoietin receptd?’ or for the induced activation of apoptosis by
dimerization of the FAS receptor or the dimerization of caspasés .

Banaszynslet al. from the Wandless group further expanded that field by designing a method to

reversiblyregulate proteinstabilityin living cells using syntheticanalogtermed Shield1'*®
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Another very prominent example of the bump and hole strategy is the selective inhibition of mutant
kinases shown by Bishop from the lab of Kevan Shékatlith this technique they desigd a
selective cdc28 inhibitor and showed for the first time the effect of the inhibition of this specific

kinase. T technique was also applied to other kinas@s.

2. Aim of the study

MeO

OMe

Fig.20: Starting point of the synthetic campaign

FKBP51 is a known negative modulatorghlfcocorticoid receptor (GRictivity whereas its closest
homolog FKBP52 activates tG4R.

The natural product FK506, rapamycin and all other reported FKBP ligand# sthi@ifa selectivity
for FKBP1Because of their high structural and sequence simil&tifpue to the opposing effects of
FKBP51 and FKBP52 these ligamdsot suited to study the tte of these proteins in GR signalling
The goal of the studywasto design and synthesize ligands ttedlve that selectivity issue of the
knownFKBRigands

We envisioned chemical genomics tool to artificially desggiective ligand mutant pairs f6(iKBP51
and FKBP5Z hereforestructure-based design should be used to synthedigands with protruding

G substituentsand site directed mutagenesis to introduce an enlarged cavity into the activeasites
FKBPH and FKBR5to compensate for theG subgituent. Starting point for the synthesisasthe
FKBP1Z®Y mutant selective ligand™® (Fig. 20). This chemical genomics towlas intended tobe
applied to more complex in vitro GR binding assays and cellular assays like GR reportergene assays to

probe the pharmacological tractdity of FKBP5&and its potentialhs a druggable target
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B. Results and Discussion

1. Chemical genomicw selectively address FKBRIb-types

1.1 Design of FKBP mutant specific engineerdd §E) ligands

: O O/\[(OH
(Nj\(é ©

MeO OMe

OMe
1

Fig. 21 FKBPnutant-specific engineered ligarid

All FKBP ligands reported so far, including rapamycin and FK506, show only negligible selectivity for
individualFKBP homologsince the residues within the active site are completely conserved both on
the sequence andhe structural level except for FKBPS8FKBP51 and 52 have been shown to have
opposing effects on steroid hormone reiters as well as on neurite outgrowttFKBP51 in most
cases reduces receptor sensitivityhereasFKBP52s a positive regulator of SHRd ikewise in a
neuroblastoma cell line FKBP51 suppeesthe elongation of neurites whereas FKBP52 ertean
it.® Due to theseantagonistic effed, these proteins cannot be examined with present FKBP
inhibitors. Chemical genomics provides for this case the perfect toartiicially overcome this
seledivity issueby engineered mutanligand pairsA large hydrophobic amino acid in the active site
is mutated to a smaller amino acid, which generatesew hole in the binding pockeln turn, a
complementaryligand isengineeredwith a protruding sidechai that fits into this new cavity. This
sidechainperformstwo tasks; first it should increase the affinity to the mutated protein and second
decrease the affinity to the wildtypeln previous work in the Hausch lab phenylalanine 67 was

mutated to valine toopen a newcavity in the binding pocket. Complementarily, compoutd
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(Fig.21) with a G ethyl in §-configuration was synthesized, which is a tight and selective binder of
FKBP12 carrying a homologous F36V mutafib@ompoundl showed moderate binding affinity to
FKBP5T" (51mut) of 1G~2uM and to FKBP5ZY (52mut) of IG~22uM. The affinities to the
wildtype proteins were >100 pM. While this compound showed good selectirstthe wildtype
proteins of greater than 50 fold, the affinity had to be improved substantially to allow for cellular
experiments. We thus usetl as a starting point to synthesize a ser@sanalogs to optimize the
interaction with the mutated FKBP51/52 binding fég.22).

MeO
X=CH,, Y=CH, O
X=CH,, Y=S MeO

X=CH,, Y=none
X=CH, Y=CH :
(0]
2_ OH
N 2No © Y
O
(9
MeO OMe \/NJ

OMe

Fig. 22 General structure of FKBMutant specific engineered

ligands

1.2 Synthesis of theMSE ligands

The top group of the lgnds5awas synthesized by an improved procedure based on the syinthet
route published by Keenan at'® The first step was an aldol condensation of commercially available
3-hydroxyacetophenoa and3,4-dimethoxy-benzaldehye using potassium hydroxid€&if.23). The
chemoselective reduction of the double bondivas performed in a high pressure autoclave using
Lindlar catalyst. The free aromatic alcohol ®fwas subsequently alkylated wittertbutyl 2-
bromoacetate 4awas then subjected toR)-stereoselective reduction in the autoclave usalyjoyori

catalyst.5awas obtained with excellent enantiomeric excess of >95%.
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MeO MeO MeO
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Fig23: (a) KOH, EtOH/B, 8699%, RT(b) Pd/C/BaS{) H, 30-40 bar, MeOH, 885%. (c) }CQ, BrCHCOOtBuaceton,
60-75%. (d) Noyomat, H,, i-propanol, 80%, >95% ee.

The pipecolinic acid analo@a and b were synthesized from commercially available-R§)ecolinic
respective §-thiopipecolinic acidisingstandard Fmoc protectiorHg. 24. 7aand 7b andthe Fmoc

(9-Prolineanalog7cwere further esterified withthe alcohok5aandb.

l a MeO
8a,cROH = O
MeO
kNjW/OH b, c X/Y 2
Fmoc/ o] kNjYOR MeO 5a
7a-c H 8 9acROH= O
MeO

a: X=CH,, Y=CH, 8a, ¢ O (\o
b: X=CH,, Y=S 9a-c N\)
2 O/\/

c: X=CH,, Y=none

oln

T

o
7<D

Fig. 24 (a) TEA, FmeCl, DCM, RT, 985%. (bbaor 5b EDC, DCM, RT,-30%. (c) Methyl-piperidine,
DCM, RT, 7#90%

Based on the FKBPT? co-crystal structure with compound it is clear that the Csubstituent has
to be in the §-configuration to fit best into the new holeFig21)'%’. First attempts to synthesize
different G substituted ligands were performed by natereoselective alkylation afommercialy
available 2-(3,4,5 trimethoxyphenyl)acetic acidising various alkylbromides, and eventually
separation of the diastereomers of the final product. Unfortunately, the coupliriydf9 (Fig. B) to

8 resulted in almost exclusive formation of the unwan@dR)-configuration which was determined
by comparison with the HPLC shift of the active isomer of compduadd is in line with the low

binding affinityof the products 24dia (data not showrThis was subsequently corroborated with the
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HPLC shifts of & active compound which were later synthesized in a stereoselective manner
(compounds24-28).

We envisioned a stereoselective synthesis using the Evans auxikiggy26) to obtain G
substitutions in §-configuration'® We chose allypecause of its larger size compared to éthgd
because the literature shows broad application of diglidesin stereoselective Evans alkylatit.

128 Therefore 2-(3,4,5trimethoxyphenyl)acetic acidll was converted to the stable active

pentafluorophenol ester to giv@0 which was then coupled withSf-isopropyloxazolidinone to give

the imide21.
o (e}
OH R SoH
a
_—
R-Br
MeO OMe 414.16 MeO OMe
OMe
11

OMe

17-19
gy \/\Brv/\Br
14 15 16
MeO. O
0 OH
NP : oY
OH b N fo) o
X * o (0]
MeO OMe
OMe 24dia
18 MeO OMe
OMe
d.r9:1
Fig.25: (a) LIHMD2.2 eq RBr, THF, RT, &D% (b) HATU,
DIEPA, DCM, 50%.

The key step in this synthesis, the stereoselective alkylation was performed after formation of the
sodium enolate, which reacted with allyl bromide toeg®2 with 60% yield andr >95:5(determined

by HPLC and NMRJhe imide was cleaved to give the free &3d

o o o

X

OH OCqFs N N

a b O)\ ;,
—_— —_—
MeO OMe MeO OMe MeO OMe Me
OMe OMe
20 21

(e}

OMe
11

Fig.26: (a) EDC,8;0H, DCM, RT 985%. (b) BuLi, (8opropyloxazolidinone, THH,8°G0°C, 6680%. (c) BHMDS, THF,
allyl bromide-78°C, 5660%. (d) LiOH,,8,, THF/HO 8:5, 0°RT, 6690%
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The allyl substituted ligand series was synthesized by amide bond format&amcé®a-c with 23 to

give the final compound24-28 with adr of >90:10 (determined by PLC and NMRLompoundd4.8

and 19 were obtained after tertbutyl deprotection with 10% TFA in DCM with 50% yield. The
3,4-dehydropipecolinic ester cor&3 was synthesized fromSf-allylglycine29 according to the
published procedure of Varray et ‘&f.33 was coupled td23 and the ester wasleaved to give34,

which was esterified with the morpholine top gro6p providing the ligand5 with dr of >%:5.

[ MeO 2
24:X=CH,, Y=CH, | r1= %\ OR
O 25: X=CH,, Y=none } /\H/
MeO O Rz-tBu b
o]
N 26: X=CH,, Y=CH,
1=
‘, R z{\/N\)

le} 27: X=CH,, Y=none
28: X=CH,, Y=S

OMe

OMe

MeO OMe

OMe
34 L OMe

J

Fig. Z: (a) HATU, [PEA, DCM, RT, 40%. (b) TFA, DCM-RT, 5660%. (cp-nitrobenzenesulfonyl
chloride, TEA, DCM, RT, 60%. (d) TMSCI, MeOHRTQ°@%. (e) Allylbromide,GQ, DMF, RT, 83%.
(f) RT,Grubb€at. 1l, DCM, reflux, 90%. {d)iophenol, GEQ, CHCN, RT, 81%. (h) HATJPEA23,
DCM, RT, 68%. (i) LIOH, THE/HRT, 80%. (j) EB{CI, DMAFSb, DCM, 0°@RT, 62%.

1.3 Biochemical charactezation of the FMSHgand-mutant pairs

To determine the IG, values of the engineered ligands to the proteinge performed in vitro
fluorescence polarization binding assays with the -Bé&thains of FKBP51FKBP52 and the

correspading mutated FKtlomains according to Kozany et'# Table 1shows the binding
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affinities of the synthesized ligands. We generated a series afl{g compounds bearing diffen¢

core and top groups. The final compounds were synthesized either with a hydrophilic top group,
containing a free acid moiety for better solubility, or a morpholine group for better cell permeability.
Compound24 was the first synthesized and showed aldg an improvementomparedto the ethyl
compoundl. The affinityfor FKBP5T"Vincreased upon excim@e of ethyl to allyl to 0.7 puMhowing

that the artificial cavityin the mutated proteins can accommodate bigger substituents than ethyl. We
next exchange the pipecolinic core to proline to probe the effect of a smaller ring on binding. The
IG, of the proline derivative25 increased by 2old for the mutated proteinsbut also 4fold for the
wildtypes. Thus, the selectivity vs the wild type proteins deceeal slightly. By exchanging the
hydrophilic acid moiety by morpholine a strong increase in binding affinity occurred. Substitution of
the free acid o024 by morpholine yielded®6 and increased the affinity by #2ld for the wildtype
proteins and by almostLl00fold for the mutated proteirs. The selectivity of mutateds wildtype
proteinsincreased to 100dold. Encouraged by this effect we synthesized the proline derivaifye
unfortunately the binding affinity decreased byf@d for the wildtype, and 14old for the mutant

This is in contrasto proline compound25 with the free acid top group where thigproline
modification resulted in an increase of affinity compared to pipecolate. The seleativRy also
decreased slightly. We further substituteldet core by thiomorpholin@8, which caused a drop of 10

fold in affinity whereas exchange the 3,4-dehydropipecolinic cor&5 showed affinity in the range

of 26. Tab.1 shows the SAR of the allyl series.

o OH
Top \/"Q g T

Core Q~©>Q>[:j

Tab. 1:SAR bthe allyl series for FKBP51F67V

Fig.28 shows the binding curves of the two best compourafisand 35. Compound 26 was kindly
synthesized by the LDC based on our results as a control for further experiments.

In summary we improved the binding affinityo the mutated proteins by 100€ld compared to
compoundl1 while maintaining 500 to 100fbld selectivity for mutated FKBP51/52 over wildtype
proteins. These selective ligamgutant pairs can be useth a model system created by chemical
genomics to exame the selective inhibition of FKBP51 and 52. This system can be used in different

cellular assays (e.g. reporter gene, neurite outgrowth assdgre FKBP mutarproteins can be
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overexpressedThe best ligands bind withsn the low nanomolar range, wch enables for specific

inhibition of mutated protein over endogenous proteins.

26
220
200 A
180 +
160 -
Q
c 140 A
120 A
100 4 FKBP51FK1
A FKBP52FK1
sl © FKBP51F67V
® FKBP52F67V
60 T T T T T T T T
le-6 le-5 le-4 le-3 le-2 le-1 le+0 le+l le+2 le+3
WHCcBOKavL
35
220
200 A
180 o
160
2
= 140 A
120 A
100 o A FKBP51FK1
A FKBP52FK1
80 A ® FKBP51F67V
® FKBP52F67V
60 T T T T T T T T

le-6 le5 le4 le3 le2 le-l 1letdD le+l 1le+2 le+3
wopBoxav
Fig28: Biochemical characterization of artificially selective FKBP miligand
pairs with 26 and 35. Purified FKdomains of 51wt (2 nM), 52wt (2 nM),
51mut (2 nM) and 52mut (10nM) were measuredin a fuorescence
polarization binding assaly titrating 26 or 35 using 3nM of compound 2
(Chapter 4.) as a tracel™®,
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MeO

OMe

Name Core R2 R1 51 WT 51 F67V 52WT 52F67V

OH
1 O Y PN >70 1.8 +3.1 >100@  226+15
(o]
N

OH
24 \[( X~ 609+16.1 0.7+0.1 >100(@) 22+0.2
N (o]
OH
25 [ ) \[( X~ 16.1+38 0301  473+165 0.7+0.2
N o

26() O @ . 4.7:14 7.7+58 0.024 + 0.003

N \/N

27 Z ) O YN >15 2.87+£1.10 0.16 £ 0.08
~

N

S
o
28 [ j Q A N >60@ 0.47 £0.14 >60(® 0.6+0.1
N SN

= K\o
35 Q A VN >30(@) >40(@) 0.08 £+ 0.02

N \/N

Tab.2 General structure of the ligands, and binding affinitiegfI® puM. Purified FKZomains of 51wt (2 nM), 52wt (2
nM), 51mut (2 nM) and 52mut (10 nM) wereeasured in a fluorescence polarization binding assay by titretieg
compoundsusing 3nM of compoun@& (Chapter 4.) as a tracer®, (a)Solubility limit. (b)Compounds were provied by a
collaborationwith the Lead Discoverye@ter GmbH (LDC)
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B. Results and Discussion

1.4 Effect of selective inhibition of mutated FKBP51 and 52 on neurite

outgrowth in N2a neuroblastoma cells

FK506 analogs have repeatedly shown neurotromhicieuroregenerative effects imellular and
animal models. However, due to overlapping functions of FK&08ing proteins and the lack of
selectivity of the ligands it proved difficult so far to exactly pinpoint the relevant FKBP. Some FKBPs
show negative and others positive effects on neuronal fuomcti

To pharmacologically probe the role of FKBP51 and FKBP52 on neuronal function we used N2a cells
as a cellular model for the differentiation of neuronal progenitor cé&llainta et al. had previously
shown that FKBP51 atKBP52 have opposing effectshis modef® Similar effects were observed

in our system Overexpressing FKBP51 inhibited neurite outgro(®ly.29B, lanes 3 inFigs.29C/D)
compared to control transfection. In contrast, overexgs®mn of FKBP52 enhanced the outgrowth o
neurites compared to controfFig. ®, lane 3) Fortunately the neurite outgrowthsuppressing or
stimulating effects of FKBP51 or FKBP52 were not affected by themaotation F67V in the active

site.

As we wereespecially interested in whether FKBP51 can be pharmacologically targeteigsed

the effect of the selective inhibitors on FKkB®dulated neuite outgrowth. Transfection with empty
vector pRK5 displays the basal neurite length after starvatiig. (2%, Fig 29D/E, lane 1). The
addition of26 and 35 only marginally affected neurite outgrowth undénese conditions.Likewise

they did not revert the neurite outgrowth suppression by overexpressed wildtype FKBREZBD/E,

lane 4).to whichthey bind with 10006fold less affinity than to the mutant FKBRowever, the neurite
outgrowth suppressed by the mutated FKBP51 was almost completely rescued by the -mutant
selective inhibitos 35 (Fig 29C Fig. 29D, lane 6). Almost identical results were obtained withe
ligand26 (Fig.29E lane §.
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Fig.29: Rescue of neurite outgrowth assay in N&dls overexpressing FKBP51 by artificially selective ligarehd 35. (A)
Transfectbn control vector prk5 and application of DME&) Overexpression of FKBP51F@Md application of DMSQC)
Overexpression of FKBP51F&Md application of 2@M Compound35. (D) and E Each bar represents the mean of the
neurite length(in mm)of 20-30 cells afterthe indicatedtreatment.

Next we tested the consequence of selective inhibition of FKBP52 on neurite outgrowth. A§ain,
did not inhibit the basal neurite outgrowth or the enhancement induced by the wildtype FKBP52
(Fig.30, lane 2 and 4). Ircontrast, inhibition of the mutated FKBP52 abolished the neurite

stimulation completely even below basal levieig. 30, lane 6.
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Fig. ®: Suppressiorof FKBP5Znhancedneurite outgrowth in N2-
cells overexpressingKBP5®y artificially selective ligan85.

The previous results strongly suggested inhibition of FKBP51 and FKBP52 to have opposite effects. To
unambiguously proof this weoeoverexpressed FKBP51 (wildtype and mutant) and FKBP52 (wildtype
and mutant) inall four possible combinations and monitored the effectstltd mutantselective
ligand 35 on neurite outgrowth behaviorHig. 31). Simultaneous werexpression of FKBP51 and 52
wildtype and mutants in all combination&ig.31, lane 3, 5, 7 and 9) resuttdn neurite length
comparable with basal conditions (overexpression of control veethith can be attributedo the
opposing effects of FKBP51 and PKBAs expected35 had no effect on basal conditions, and only

a small effecton cells overexpressingildtype FKBP51 andildtype FKBP5ZFig. 31, lane 2, 4)
Likewise, inhibition of mutated FKBP&&expressedvith wildtype FKBP51 85 caused a shortening

of the neurites due teselective blocking the positive effect of FKBP52 while sparing the suppess
effect of FKBP51F{g 31, lane 7 and). Selective inhibition of mutated FKBP5lexpressed with
wildtype FKBP52 b§5 lead to neurite outgrowth in line with leaving the positive effect of FKBP52
(Fig.31, lane 5 and 6)lmportantly inhibiting the tvo mutated proteins at the same time resulted in
neurites with the same length as the corresponding DMSO corkigB{ lane 10) consistent with a
mutually canceling effect of simultaneously inhibiting both FKB&sernTtogether, in these model
experimentswith artificially selective ligand mutant pairs, we unambiguously showed that FKBP
inhibiting ligands can have neurite outgrowstimulating or suppressing effects, dependimgether
FKBP51 or FKBP52 is more relevant in the system.

In summary,we for the first time demonstrated activity of FKBP51 ligands in a relevant cellular

model thereby providing the first experimental proof of concept for the feasibility to
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pharmacologically target FKBP51e Whowedin a cell model of neuronal differentiatipthat specific

inhibition of overexpressed FKBP51 restores neurite outgrowth whereas specific inhibition of
overexpressed FKBP52 has the opposite effect. We therefore propose F@B&&i/e ligands as
neuroprotective agents and that selectivity vs. FKBRBZbe crucial for a therapeutic benefiThis

could be helpful foy SdzNE RS3I Sy SN} 6 A @S RA&aSFasSa tA1S !'f1KSAY

during stress or in depression, which are characterized by neural loss or atrophy

0,08 -

0,06 1

0,04 +

Neurite length [mm]

0,02 A

Hg. 31 Coexpression of FKBP51 and &2d engineered sensitive
mutants thereof. Either addition of DMSO arhibition by 35.

* indicates mutated proteins
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2. Solving the selectivity issue by an induced fit mechanism

2.1 Induced fit am basis for selectivity

(B)MeO
MeO O
EDo ol

6.0 "D

o -

S

O O/\H/OH

)

O

SLF
MeO
O
MeO

@‘”m/\ O O/\[(OH

Fig32: (A) Cocrystalstructure oSLRand FKBP51FK(®B) Structure of IF63(C)Cocrystalstructure o4 and FKBP51FK1. For
better visibility d the binding pocket K121 was removed from the crystal strucurgg)lighted are in blue the important
hydrogen bonds from 187 to the C1 carbonyl group and from Y113 to the pipecolinic amide carbonyl C8. Further W90 is

shown which displays the bottom dfi¢ binding pocketF67 that is displaced to accommodatis indicated in red.

Our model systemchapter 1.3 showed that selectivithetween FKBP51 and FKBRS2ecessary
However, he design of wildtype selective liganfig the wildtype proteings extremely challenging

due to the structural similarity of the binding pocket of the different FKBP subtypes. All ligands tested
before showed almost the same binding affinity for FKBP51 and 52.

In the assay results of our model system we noticed a sligtiepence of some of the.&ubstituted

compounds for FKBP51, @4, 25, 26, Tab. 3. This was unexpected as thedllyl group would clash
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with F67 in a binding mode typical for FKBP ligafig. 82A, 34A. Intrigued by this finding we
solved the cecrystal structures oR4 at aresolution of 1.4A and compared it with the corystal
structure of the unselective FKBP ligaé®ldriwvith FKBP51Fig.32A). This revealed that compourii
induces a conformational change in the binding pocket of FKBP51 that allows the prot@udihyd
group to fit into a newly formed hole. More preciselthe G allyl substituentof 24 displaces F67
(Fig.320) which flips out of the binding pocket to form a new hole in the binding poclkeg. 33
shows the superposition of the emrystal structures of KBP51FK24 and FKBP51FKIILEFThe major
changes are found in the 6@sd 70s loopwhich together with theproline rich loopcontainsthe
most important structural differences between the FK1 domains of FKBP51 and FRR8X and

the proline rich loopare known to behe most flexible part of the proteiff® *°

proline rich
loop

A 5IFKL24

2\; 51FK1SLF

Fig.33: Superposition of the backbone traces of theaystal structure of FKBP51FR4(pink) and the
co-crystal structure of FKBPHESLKgreen).

The mostinteresting andprominent structural changes are observed in the amino acid sequence
from G64 to N74 (GKKFDSSHERAHIto 70s loofrig.33, Fig.34). The flip of F67 causes most of the
surrounding amino acids to change their commhation. The side chains of K65 and K66 are not
defined in the crystal structure, probably due tieeir flexibility, asthey aresolvent accessible. No
ordered electron density for these amiraxids could be observed. InterestingD68 almost retains

the conformation compared to the corystal structure of FKBP51FRKILFalthoughit is directly
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neighboring F67 and it lost its saltbridge to RWBijch possiblyis replaced by S70. The conformation
of S69stays the samavhereas S70 ilipped upwards togethewith alarge conformational change
of H71.The orientation of D72 only slightly changes whereas the orientation of R73 and N74 are

completely changed.

Fig.34: Structural changeof G64 toYN7460s and 70sjnduced by24. (A) 24 modeled into the cecrystal structure of
FKBP51FKS$LE(B)co-crystal structure of FKBP51FR4/
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B. Results and Discussion

These extraordinary results provided a structueaplanationfor the unexpected bindingf 24 to
FKBP51. We therefore started the synthesfi® series of variously. Gubstituted ligands to further

elaborate the scope of this induced fit mechanism.

2.2 Synthesis of iFit FKBP51 ligands

The iFit (inducing fit) ligands were synthesized by a similar synthetic route as the FKBP subtype
specific engineered ligands.

Wesy 1 KSaAl SR fA3lyRa O2yardaldAy3{ &F¢ GKWBSIKE AgC 2
(Fig. 39. Core structures are eitheBfproline or §-LIA LISO2f AYyAO | OAR® ¢KS da¢ 2l
alcohol or amine, containing one or two substituted phépytidine rings with an ionizable moiety

OF OARYT Y2NLIK2tAYS 2N LBENARAYSO (2 {AdfENBAr &SI i2F 6
substituent in Gposition of the Core withS-conformation that protrudes into the hydrophobic

binding pocket oFKBP proteins and induces the conformational rearrangement. We synthesized C

substituentsof different sizes ranging from allyl to benzyl to identify the best group for the induced

sub-pocket.
lll. Top group
Il. Core: N
- . _ _ - MeO
l. C,-Sub: X=CH,, Y=CH, , @ e OMe
1— X=CH,, Y=none R°=
R'= \/’n,‘
Z
. — (0}
\ 0 oz
N
MeO
MeO ‘ O
OH
MeO Vi o]
MeO ‘ O ﬁo
. o/\/N\)
z

Fig. 35 General structue of synthesizedritligands
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2.2.1Cyclopropylmethyland benzyl series

2.2.1.1 Design and synthesis of &/clopropylmethyl and benzyl ligands

a,b
— OR — o
R-OH OY e
N HO
5b H 5¢ \_,/ 5d
Y. MeO.
X/
Q LI O
N oH RoH OR MeO
N
ol N 5a: Z=OH

Fmoc 5a-d O o o
6a,c 37a-d © B /Y W< 5e: Z=NH,
z

(0]

a: X=CH,, Y=CH,

MeO 5a, 5e
¢: X=CH,, Y=none ab O
=
R-NH, N NHR MeO (\o
5e H \)

o/\/N

oH
5b

Fig. 36 (a) EDC, DCM, RT,-80%.(b) 4-Methyl-piperidine, DCM, RT, /0%

Fmoc(9-pipecolate6a and FmogS-Proline 6¢ were esterified with alcohol$a-d and after Fmoc
cleavage thé’roducts3éband37ae could be obtained with good yields

We aimedto enlarge the Cbump from allyl to cyclopropylmethydecause the carystal structure of

24 clearly indicated that a cyclopropyl ring would fit better into the induced-gobket than the
smaller allyl group. The synthesis of the cyclopropylmethyl substituent under the conditions used for
allyl proved to be challenging. Thetereoselective alkylation of the Evans imide with

cyclopropylmethyl bromide only gave trace amount of the desired prodtigt &).
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39a, 41a: R= cyclopropyl

39b, 41b: R= benzyl

OMe
1

Fig. 37 (a) NaHMDS, THRBR -78°C, <5%. ()iOH, HO,, THF/HO 8:5, 0°@RT,(c) EDC,9,(9-pseudoephedrine, DCM, RT,
80-90%.(d) LIHMDS, LiClyclopropylmethyl iodide or benzyl bromide, THR8°C0°C, 4660%. (e) M H,SQ, dioxane, 0°€
reflux, 5060%.

We concluded that theevansimide was too deactivated to be properly reactedth non-allylic
primary or secondary alkylbromide¥Ve therefore decided to use a more active amide auxiliary for
this type of substrate, the Myers pseudoephedrifiég. 37. This auxiliary shows a higher scope of
possiblealkylations in the literaturé®® Usingthe Myers auxiliary the primary cyclopropylmethyl
halide could be successfully reactedvith moderate vyield Towards this end2-(3,4,5
trimethoxyphenyl)acetic acid 11 was first coupled with §,(9-pseudephedrine to give40. The
amide enolate was formed using LIHMDS avas further alkylatedwvith either cyclopropylmethyl
bromide or benzyl bromide, to giv&laandb. For the reactions to occur, it proved to be crucial t
dry the LiCl at 150°C over nighthigh vacuum and additionally flame dry it under high vacuum prior
use. The ac&i39aandb were liberated, using M H,SQ in dioxane under reflux.

39aandb were coupled to36b, 37a and to 37b by the same conditions using HATAJprovide the
ligands42-45 (Fig. 39.

MeO R'= cyclopropyl:
O 42: X=CH,, Y=CH, } o (\O
MeO O 43: X=CH,, Y=none) R ‘Z‘{\/N\)
- OR2 OR?
H 44: X=CH,, Y=CH 2= 7
Non vy | Ry

36b,37a,
37b (e} 2_
o R2=tBu b
42-45 44: R?=H
R'= benzyl:
OMe 0o
OMe 45:X=CH,, Y=CH, | R2= E/\/N\)

Fig. 38 (a) HATUDIPEADCM, RT, 480%. (b) TFA, DCMRT, 5660%.
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2.2.1.2 Biochemical activity of cyclopropylmethyl and benzyl ligands

We tested this series of compounds in our in vitro FP compatitissay Tah 3). From ourFKBP
subtypespecific engineeretigand screen we knew that changing fr@pipecolinic core to proline
core and exchange of the free acid moiety t@npholine can increaséhe binding affinity to the
wildtype FKBPB the allylseries(seeTab. 3 but at a cost of reduced selectivitiFortunately, the
larger G substituent cyclopropyinethyl, restored selectivityand further increased the affinity
(Tab.3). Compound4?2 binds to FKBP51 with.9 uM and shows no binding to FKBP&2 to the
solubility limits of compoundt2. To explore the limits of the inducechvty, we enlarged the C
substituentfrom cyclopropylmethyko benzyl. Compound5 lost completely its ability to bind to
either wildtype FKBP51 or FKBP52, indicating that the protruding phenyl ring is too big to be
accommodated by the proteirAnother inteesting effect is thatl2 shows affinity for FKBP12 in the
range of FKBP52 which is not the case for all other compound series tested so far. Up to now all
ligands show much higher affinity for FKBP12, typicalyQm fold.

With increasing from allyl toyclopropylmethyl we were able to increase the affinity to FKBP51
around 2fold, increase the selectivity vs FKBP52 at leastfeltiland further discovered the firgit
ligandsthat show binding to FKBP12 in the same range as to FKBB5tompound!2).

To explore whether the induced fit binding mode observed ihalso extended to this new series
we solved the carystal structures of FKBP51FK1 afat a resolution of 1.Aand that of42with a

2.1 Aresolution Fig.39A, 390). The ligands adogt very similar conformation &4, and retain the

two important hydrogen bonds to 187 and Y113. The overall architecture of the proteins is mostly
superimposableKig 40A). The main differences are in the 40s and freline rich loop The 40s
loop of the27 and 42 co-crystal structure is superimposable and adopts from S69 to N74 almost the
same conformation as the emrystal structure withSLE interestingly a flip of these amino acids as
observed in the carystal structure o4 doesnot occui(Fig.34A,B). G64 to D68 is superimposable

in the three induced fit crystal structures. Theoline rich loopof all cocrystal structures diverge
likely due to the flexibility of this region that has been observed edfiiet'°

The proline cores a24 and 42 adopt two different envelope conformation&ig.40C which has an
impact on the orientation of the Carbonyl to € segment. Especially the orientation at theahd

the G carbonyl which form the importanbydrogen bonds to 187 and Y113 is important. Although
the proline core cannot be perfectly overlapped to the pipecolate core, Ghecarbonyl to €
segmentof 27 resembles much better the conformation @# than the conformations of the closer
homolog42 (Fig.400).
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OMe
Name Core Top (R) Bump 51WT 52WT 12WT
OH
24 N N~ 609161  >100 24.0+35
N (0]
OH
25 [\ Y N~ 161+38 47.3+165 0702
N 0
(@]
26 O Q N~ 47+14 77+58 0.024+0.003
N
N ~
(o]
27 [ ) & X~ >15 29+11  0.88+0.08
N ~_N
(o]
42 [ ) a {\ 99+1.8 >100 6.4+ 1.2
N ~_N
OH
43 O h :/\ 226+38  >100 19+0.2
N (@]
(@]
44 O O % 71440 >30 09+03
N ~ N
0
45 O NQ ©/ >100 >100 >100
N ~~

Tab.3: General structure of the ligands, and binding affini(i&) in uM. Purified Fktlomains ofFKBB1""
(2nM), FKBP5Z" (2 nM), FKBP3Y"Y (2 nM) and FKBP5ZY (10 nM) were measured in a fluorescence

polarization binding assay by titrating the compounds using 3nM of compBai(@hapter 4.2as a tracer®
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Fig39: (A)Cocrystalstructure of27 and FKBP51FK(B) Structure of27. (C)Cocrystalstructure of42 and FKBP51FK(D)

Structure 0f42. For better visibility of thebinding siteK121 was remved from the crystal strucures

From these crystal structures it is not obvious v®or 27 lost selectivity compared t@4 and42. It
seemed that increasing the size of the sTibstituentaccounts for increasing selectivity, which is
displayed by the binding affinitie34ble3). The cecrystal structurs of the iFit ligandsevealedthat
the pro-(S-proton at € of the iFit ligands pointed into the open space of the bindiogket We
therefore decided tointroduce a substituenat the C (Fig.39C) position that additionally could be
cyclized with the allyl substituent. We thusontinued with the synthesis of the cyclohexenyl/

cyclohexyl series of compounds.
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" proline rich
loop

51FK1/24
51FK127
51FK1/42

Fig.40. (A) Superposition of the backbone traces of the-argstal structure of FKBP51FR4/
(grey) and the cecrystal structure of FKBP51FRZ/(green).(B) Overlayof 27 (greer) and 42
(blue). (C)Overlayof 27 (greer) and 24 (grey).
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2.2.2Cycldexenyl/Cyclohexyl series

2.2.2.1 Design and synthesis of cyclohexenyl/cyclohexyl ligands

T Cyr O
Meooﬁ@ @

OMe
21

s y o o N
C?\)J\ @)J\ 2 G i
S & o
b ¢ :C, N b EC"
/©\ /Q\ - : QOA\O Q\
Me MeO [ 1
oM MeO OMe MeO OMe
€ OMe
a7b OMe
. 48 49

Fig. 41(a) NaHMDS, THF, cyclohexdmygmide,-78°C, 5860%. (b) LiOH, B, THF/HO 8:5, 0°&RT, 6690%.(c) Pd/C, 30
bar H, MeOH, RT, 999%.

The Evans auxiliary modified trimethoxyphenylacetic acid building 2&ocsould be successfully
reacted with cyclohexenyl bromide under the same conditions as established for allyl bromide to give
46 as a mixture bfour diastereomers with an overall yield of 63R4g( 41 Annex Fig. A After flash
chromatography, the mixture could be separated to obtain fractiond6af/b with 55% and fractions

of 46¢/d with 8% yield Annex Fig. B r@d C). 46a/b and 46c/d were eachobtained with a
diastereomeriaate at G of 99%. The reaction also showed a preference for one diastereomer at the
G position.46a/b was obtained as a 85:15 mixture of diastereomers. This annotation is supported by
analytical HPLC and finally analyzed¥ NMRanalysiganalytical HPL@&nnex FigC, NMR,Annex
Fig.D). 46a/b could not be separated and wasibsequentlyused as mixture of diastereomers. The
absolute configuration of the preferred diastereomer was finally determined in therystal
structure of the cyclohexemdontaining ligancb1 and will be discussed latefhe imide46a/b was
cleaved to give the free acidi7a/b as a 85:15 mixture of diastereomers which could be partially
resolved by analytical HPL&nhfex FigE). In paralle) the double bond of46a/b was reduced to give

48 with a diastereomeric excess of 99% at o tailing in the analytical HPLAh(ex FigF) and no
additional peaks in the NMBAnnex Fig.G) can be observedor 48. The acid49 was liberated as
described for7.
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Fig. 42 (a) HATU,DIPEADCM, RT, 400%.(b) 10% TFA, DCM, RT B (for 50, 55 and 56). * 85:15

mixture of diastereomers

Coupling ofd7a/b to 37ad readily provided the cyclohexengkrivatives50-53 (Fig. 43 as mikures

of diastereomers at ;Cof 85:15 which could not be further separateihe diamide ligands55 was
synthesized likés ester homolog$0-53 and was also obtained as a 85:15 mixture of diastereomers
To further explore differentG substituentsand to remove the Cstereocenterwe synthesized
cyclohexyl analogs6 and 57 from 37a and 37b coupled with 49. Table4 shows the inhibition
constants (K of the cyclohexenykyclohexyl series calculated from the binding data obtained with
the fluorophoresF2 and F4 Due to the high bindig affinity of the cyclohexyl/cyclohexenyl
containing ligands tracéf2was not sufficient anymore. We therefore had to design a new trader
for our fluorescence polarization ass@gr a detailed description se€hapte 4.3).

We were pleasd to see ourrationale confirmed. The cyclization at the @sition increased the
affinity substantially tolow nanomolar levels. The best iFit ligands to date, compoud&iand 57,
show a Kof 4+ 0.3 nM and 6+ 2 nM for FKBP51FK1. This is comparable to the natuoaluct
rapamycin(K 6 £1 nM) and almost one order of magnitude better than the natural prodti€606

(K 93+ 19 nM).Most important, the compounds showed no binding or very weak binding to FKBP52.
Another interesting fact of the compounds is the pmeflece over FKBP12. All
cyclohexenyl/cyclohexyl compounds show at least #bld selectivity for FKBP51 over FKBP12 which
makes them the first of this kindkor the cyclohexyl iFit ligands the selectivity of FKBP51 vslLEKBP
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increasel to >1520 fold. All krown FKBP ligands show a strong preference for FKBP12 over FKBP51
and FKBP52 of 100 to 1000 fold. Further optimization of this feature could lead to even more FKBP51

selective ligands.

2.2.2.2 Biochemical activity otyclohexenyl/cyclohexyl ligands

Fig.43: (A) Cocrystal structure o3 and FKBP5XB) Structure of51. For better visibility of thebinding pocketK121 was

removed from the crystal strucures

We solveda cocrystal structure 061 and FKBP5af aresolution of 1.25A (Fig.43A). The pipecolinic
core of 51 adopts a chair conformatioriThe whole ligands except the core and the.Gubstituent
almost superimposable t®7 (Fig.44A). With the help of the cecrystal structure we were able to
define the preferred configuration at the ;Ccarbon. As indicated irrig. 43B the best binding
configuration at Cis (§. Probably47ais also the major diastereomer of the alkylatiorig. 4).
However we cannot exclude the possibilitthat 47ais the minor diatereomer formedin the
alkylationbut hasa much higher binding affinity.

The cyclohexenyl ring sits tightly in tiredluced subpocketwith the alkene moiety pointing into the
binding pocke(Fig.43A).
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Tab4: General structure of the ligand&; is represented by the grey boxeghibition
constants (K in nM. Purified FKdomains of FKBPS1 (4,5 nM) with F4 (3 nM),
FKBP5Z' (400 nM) with F1 (20 nM) and FKBP1Z™ (10 nM) with FL (3 nM) were

measired in a fluorescence polarization binding assgyitrating the compounds.
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VLA 'proline rich
core D\A g , loop
G >\

Fig.44: (A)Overlay of ligan@7 and51in complex with FKBP51FEKB) Ribbon(B) Superposition of the backbone traces of
the cocrystal structure oFKBP51FK27 ( ) and the cecrystal structure of FKBP51FIR1/ )

The overall architecture of the exrystal structure7, 42 and51 are superimposable except thgds

and theproline rich loop Fig.44B shows the ribbon overlay of the 51FRT/and 51FK131 co-crystal
structure. The major differences can be found in the amino acids L&6G@¢60s loop) The amino
acids have to further reorientate to accommodate to the larger cyclohexenyl substit&émt4b).

The proline rich loop shows its sligt flexibility which was also visible in the other-cxystal
structures Fig.44B).

To further elaborate the binding properties of cyclohexenyl substituted ligands we synthesized four
more compounds with different top grouf)-53 and one witha proline core 54. Forligand52 (K 50

+ 62 nM)we chose the symmetric dipyridine top group known from the structurally related drug
candidateBiricodar (Vertex Pharmaceuticals). The pyridingsreplacethe substituted phenyl rings;
pyridine constitutes a good ompromise between hydrophobicity and solubility due to the
protonizeable amine. The advantage is lower molecular weight and a decrease in complexity by
losing one stereocenter. The exchange resulted in a slight loss in affinity compabsédKo= 26 +

4 nM), but retained selectivity for FKBP51. Replacement of the morpholine by a freB0e&jd- 23 +

4nM) showed no substantial difference in binding affinities but strongly increases the water
solubility. The bp groupof 53 was identified in a differentigand series in our group, as a smaller
replacement for the Isubstitutedtop groups of the described ligandsven more tharthe bipyridine

top group it decreases molecular weight and removes one stereocenterbifileng affinityof the

resulting compand 53 dropped substantially but selective binding for FKBP51 was sill clearly
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detectable atlow micromolar levels. The exchange of the pipecolate core to prééh@ =40+ 6

nM) resulted in a slight decrease of binding affinity compare8%oThe exbange of the topgroup
ester by an amidé&5 (K 328 + 40 nM) decreased the affinity by more than 10 fold comparedbd
(K=23 £ 4 nM) This could be due to the additionalddnor of the amide whichs predicted to
intramolecularlypoint to the trimethoxphenyl group in a typical FKBP bound conformation. This
interaction is likely less favorable than the vader-Waals contacts of the corresponding pipecolate
ester. It is noteworthy thats5 is the first pipecolate amide ligand with clearly detectable #ififor
FKBP51. This is important as the pipecolkedeer represents an undesired metabolic liabilifyhe
best compounds of this series and the best binding iFit ligands to date6di¢=4 + 0.3nM) and57

(K =6 £ 2nM). The reduction of the doublbond of the cyclohexenyl ring resulted in &old
increase in binding affinity.

These compounds are the first reported FKBP51 ligands which bindowithanomolaraffinity and
additionally show selectivity of more than 10®Bfbld over FKBP52. Anothanportant point isthe
selectivity vs FKBP136 and 57 are the first FKBP ligands that have selectivity > 10 for FKBP51 vs
FKBP12.
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51FK127
51FK15h1

proline rich
loop

~ LSNGKK
F67

Fig.45: (A) Structural change of thé0s loopinduced by51. (A) 51 modeled into the cecrystal
structure of FKBP51FKI(greer). (B)co-crystal structure of FKBP51FE1(cyar).
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2.2.2.3 Effect of iFit ligands on neurite outgrowth
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Fig.46: Selective inhibition of FKBP51 wildtype by FK50&nd57
at1lp™m

Fig.46 shows our first resultsising iFit ligands ia neurite outgrowth assay performed under basal
conditions without overexpression &iKBP51 or FKBPp®teins. The first lane (blue) displays the
DMSO control, which reflects the basal length of neudutgrowth in this assay. By adding the
unselective FK506 we observe no increase in neurite felmgfirather a slight decrease. This result is
different to the resultsreported by Quinta et &f but it is consistent with our previous results which
showed that inhibition of both FKBPs at the same time show no effégi4®). In contrast selective
ligands50 and 57 significantly increased the neurite lengths. These ressiigport our previous
hypothess that selectivity for FKBP51 could be beneficial for the development of ligands with

neuroregenerative properties.
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2.2.3 G-hydroxyseries

Fig47: (A) Cocrystal structure ob1 and FKBP51B)Modeling of the64a into the cocrystlstructure of51

Molecular modeling revealed that a potential hydrogen bond could be formed between D68 and an
hydrogen donogroup at & (Fig.47). To test if an additional hydroxgroup at ¢is tolerated we first
synthesizd compound 60 (Fig. 48. We started from commercially available -(3,45
trimethoxyphenyl)acetic acidndoxidized it with seleniumdioxidé' to obtain58the h -keto acidwas
alkylated with dylmagnesiunbromideto giveracemic59. The racemat was coupled t@B7ato give
60as a 1:1 mixture of diastereomers with mai@5% yield. Upon treatment &0 with 10% TFAo
deprotect the tBugroup, howevetthe G hydroxy group readily eliminated to give the undesig2i

as the major product and only trace amounts6df As expecte®2 showed no affinity for FKBP51 or

52 (data not shown)
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Fig. 48 (a) SeQ, pyridine, reflux, 92%b) AIIyImagneS|um bromide, THF,8°GRT, 60%(c) 37a, HATUDIPEADCM, RT,
25%. (d) 10% TFA/DCM, RT

To solve this problem we designed a different synthetic route where the alkylation was performed in
the last step Fig. 49. First we synthesized Bzodar63.** Then the Gcarbonyl was alkylated using
cyclohexylmagnesium bromidehich readily yielded a racemic mixtuoé 64a/b. The diastereomers

64a and 64b could be sepated using reversed phase HPU&der these conditions no elimination
ofthe® KERNBEE& 3INRdzZL) ¢ & 20aSNBSRO

OH —N ( —N
O5o \_7 \_/
a o} o

37c + — 5 N LI Ho N —

MeO OMe 00 \ 7/ 00 N\ 7/

OMe N N
58

MeO OMe MeO OMe
OMe OMe
63/Biricodar L 64a/b

Fig. 49 (a) HATUDIPEADCM, RT, 400%. (b) Cyclohexybhgnesium bromide, THH,8°C

Of theseonly one diastereome64a (K =77+ 11 nM, Tab. 4 bound with good binding affinity in the
nanomolar range, whereas the other diastereomer did not show any binglitign the limits of the
assay Thus, addition of aydroxy group at Cseems to be tolerated (in the correct stereochemical
configuration) but overall it does not seem to add additional binding energy. How#veighly
simplifiesthe synthesis of the ligands armallows simple access ta broadrange of potential G

substtuents (described ithe outlook).
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We plan to expand these series of compounds to the morpholine top group to improve the binding
affinity. Main advantage of this methodology is that a broad scope of Grignard reagents can be used.
Furthermore, it is not deendent on tedious stereoselective alkylations using auxiliaries although it

requires separation of the diastereomers by preparative HPLC.

2.2.4 G symmetric ligand series
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Fig. 50 (a) HATUDIPEADCM, RT, 748%. (b) 10% TFA/DCM, RT-82%0

69
70

To estimatethe contribution on binding of théhree methoxy groups of the lower part of the ligands,
we synthesize@dompound 68 from commercially available-keto-2-phenylacetic acidn addition we
synthesized the symmetriG ligand69 from 2,2diphenylacetic acidDue to the high binding affinity
of the cyclohexyl ligand series waso synthesize the symmetric dicyclohexyligand 70. Both
symmetric ligands lost their affinity to the larger FKBPs completely and okétcCanalogue showed

moderate affinity for FKBP1Z#ble6).
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Tab.7: Geneal structure of the ligands, and binding affinitiess()C

inuM. Purified FKadomains of FKBB1Y' (280 nM), FKBP5Z'

(400nM), FkeR2"" (10 nM) were measured in a fluorescence

polarization binding assay by titrating the compounds using 20~@M

as a traer for FKBB1""752""and 3 nM forrkBR2"".

2.2.5 Synthesis of: substituted rapamycin

rapamycin

Fig. 51 (a) TBSOTY, 2Jautidine, RT, 80%b) NaCNBk MeOH, 0°G0°C, 20%.

56



B. Results and Discussion

Theimmunosuppressive effect of rapamycin results frarducing ternary protein complexes with
the FKBPs anthe kinsse mTOR, an important regulator of cell growth and proliferation. The most
prominent partner of rapamycin is believed to be FKBPResearch in Hausch lab showdt
rapamycin complexes of larger FKBP protein family members can tightly bind to mTOReanity po
inhibit its kinase activity (Marz et al. Manuscript in preparation).

To investigate the role of the different FKBPs involved in the ternary Fk&famych-mTOR
complexes a FKBP subtypelective rapamycimmnalogis needed. W intendedto synthesizea G
modified rapamycin derivative as depicted Fig. 51by introducing an ether at the C9 carbonyl
group. We started with protection of the hydxgl groups 10, 28 and 40 by SBFor this reaction
TBSA was not reactive enough, so TBDKASf had tobe ued. Under these conditions hydroxy
group 28 and 40 were protected smoothly to gi¥ewith 80% vyield. It was also possible to isolate
the hemiacetal hydroxyl group 10 protected produ@ with 3% yield.With the double protected
derivative 71 we next targeed the selective reduction of the.Ccarbonyl assuming that the
h-keto-amide would be the most electrophile positiomhe reducion proved to be very difficult.
Using numerous different reaction conditions (SuperhydsidliAl(OtBuH, DIBAL, LIAIHNaBH,
NaB(OAgH) only trace amounts oproduct could be obtained. Finally we discovered reaction
conditions (NaCNBI8°G50°C) that reduced the C9 carbonyl with moderate 20% yield.

We decided to further modify the obtained compound with a methyl group at the C9 hydroxy.group
We explored diffeent bases (Lutidine, ,KQ, LIHMDS, NaH) and Mel or Me®Uft until now no
product could be isolated.

To overcome the problems dhe aforementioned synthetic routeve engaged in the synthisof a

G _hydroxy,G -allyl derivatized rapamycin analog. This was inspired by the results with the synthetic
ligand64a Mechanistic studies on rapamycin and ascomycin showed that the C9 carbonyl group is
the most reactive in the molecuf&’ *} so we planned a simplified synthetic route without
protecting groups. We decided to start witllylmagnesium bromide but this reaction produced
mono- to polyallylated compounds due to theigh reactivity of the reagehalso at-78°C.Fig. 52
indicates themost reactive functional groups of rapamydor an attack of allylmagnesium bromide
The most electrophilic positianof rapamycin are the C1 estghe C9 carbonyl grouphe C10
hemiacetal, and the two other carbghgroups at C26 and C32. To improve the chemo selectieity w
decided to use less reactive reagents and activate the C9 carbonyl by a lewis acid. We chose
allytrimethylsilane andtetraallyltin as allyl donorswhile the carbonyl group was activated by
In(OTf). Allytrimethylsilane failed to produce any product but witltraallyltin defined peaks of
mono-, di, tri and tetrasubstituted productsvere observedBy RRHPLC it was possible to separate
mono-allylated 24%w5-978, drallylated 7%/5-1021, and triallylated 3%/5-1063derivatives.
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Fig. 52 (a) THR78°C. (b) INOTfTHF, RT, 24,2%.

All of the alkylated rapamyciderivativesof 75 showeda dramatically decreased affinity for the
wildtype and the F67V mutateBKBRproteins, and showeda selectivity for FKBP12 of greater than
100-fold. Unfortunately with the applied alkylation conditions no good binder couldsb&ted from

the reaction mixture Mono-allylated 75-978 binds to FKBP12 with ans}@f around 5 uM whegas
rapamycin binds in this assay to FKBP12 with gyofGround 30 nM which accounts to a 1fild

loss in binding affinity. Band tri allylated75-1021and 75-1063lost affinity to FKBP12 in the same
order of magnitude and showed only micromolar @itff. Binding affinity to FKBPBKL/ FKBP5RKL
wildtype and F67V mutantlecreased to undetectable levels greater than 100 [Hvbm the €
hydroxy ligand serieChapter 2.2.3it is clear that the stereochemistry at S essential for binding.
The stereochmistry of the reduction could not be determined of the isolated derivatives because

not enough material for NMR interpretation was obtained.

2.3 Structural basis for the selectivity

2.3.1 Structureactivity relationship of theiFit ligands

We synthesied a series of «Ssubstituted ligandsto identify new compounds that induce the
conformational change and thereby increase the selectivity. The exchange of the free acid

substructure to the morpholine substructure increased the binding affinity in the allyl and
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cyclopropymethyl series substantially whereas in the cyclohexenyl/cyclohexyl series this exchange
showed no additional increase in binding affinilyhe Biricodar pyridine toegroup lowered the
affinity 2 fold compared to the free acid or morpholine analogs buteleses molecular weight and

has one less stereocenter. We employed the even smaller monovalergrtagp of 53 which
resulted in a substantial loss in activity to micromolar levels.

The exchange from pipecolate to proline core is contiegpendent and aamnts only for minor
changes in binding affinity whereas th@eridine2-carboxamidecore showed a 1fold decrease in
binding affinity.

We increased the «Csubstituent to cyclopropylmethyl which slightly increased the affinity. Upon
increasing the sizéo cyclohexenyl/cyclohexyl the affinity could be increased to low nanomolar
levels. These compounds are the first reported FKBP51 kghatlbind with submicromolar to low
nanomolar affinity, and additionally showp to 10000-fold selectivity over FKBR@ndup to 10-fold
selectivity over FKBP12. To determine if the alkene of the cyclohexenyl ring has an important effect
on binding, we reduced the double bond. Thisther increagd the binding affinityby almost 10

fold.

We synthesized the hydroxy comynds64 and isolated thecorrect diastereomer which binds with
similar affinity as the related compound?2. Athough we only synthesized one example yet it
indicates that the GcyclohexylG -hydroxy substitution is almost equivalent @-cyclohexenyl. \&
wanted to explore the limits of the inducedbinding pocket so we enlarged the
allyl/cyclopropylmethyl series to benzyl. This substituent is too large to be accommodated by the

FKBP proteins. No binding affinity in the range of the assay could be méasure
OMe
" X
T \ﬂ/ ~ > | 7 >
op (6] \/N\) N OMe

Cq O, > y (|)H ~ ©/, > V/ IIII > Xy, > S > ©/

Tab.8: SAR of iFit ligands (~ equal but context dependent)

The final SAR for binding of the iFit ligands to wildtype FKBP51 is shdovab.i®. The free acid
showed in combination with cyclohexyl slightly bettending affinity than the morpholine top
group, followed by the bipyridine substituent. The smallest monovalent top group showed the worst
binding affinity. In combination with cyclohexenyl or cyclohexyl the pipecolinic core gave the best

binding affinity, ad for the © substituents cyclohexyl was a little bit better than cyclohexenyl but
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both of them were around 10 to 16@ld better than cyclopropylmethyl and allyl. The worst C

substituents were ethyl and benzyl.

2.3.2Quantification of theinducedconformational dhiange

We quantified theconformational changen FKBP5by measuring the distancdsom F67to 187,

W90 and F130, and the dihedral antiat defines the orientation of the phenyl ring of Fé-d. 53.

We compared these values to the-coystal structureof unselective ligandEK506and SLEand to

0KS L2 adNUzOUG dzZNBE o7 €K 3 RA &G YOSEIAGER AT DR M the XD M
alyS ¢les GKS RAATT $OS/ 0SA ¢ ONPI3GERI2ERR A The dn
RA&GHYyOS o6 §iantoSy /0c 1S H 8B R HR0.8IMNEPAY The dihedral angle of

F67 changed from 58.93.8° to-152.2%(-177.0°). All Csubstituents synthesized by us varying from
allyl to cyclohexyl are able to induce this conformational change in FKBP51. This induced
conformation seems to be sutastially less favorable for FKBP52, resulting in selectivities between

100 to 1006fold. In addition cyclohexenyl and cyclohexyl strongigtdébute to binding affinity.

co-crystal

G
Name F67 C,=~—>187 C; | F67 C,<~—>W90Cy | F67 Cr«—=F130 C; | F67 Cc~—>F67 C; apo | F67 N-Co-Cy-C,
selective S51FK1/24 152 A 12.8A 10.9 A 9.0A -152,2°
51FK1/27 14.9 A 125 A 10.8 A 9.0A -174,9°
51FK1/42 15.0 A 12.8 A 10.8 A 9.2A -165,3°
51FK1/51 15.2 A 125 A 109 A 9.2A -177,0°
unselective | 51FK1/FK506 73A 7.3A 3.8A 03A 63,8°
51FK1/SLF 7.1A 7.3A 3.7A 02A 58,9°
apo 51FK1 Apo 7.0A 7.0A 37A - 63,5°

Fig. 53 Conformational reorganization d¢¥67:(A) apo crystal structure of FKBP51FKR) co-crystal structure FKBP51FK1
and51. The dihedral angle®-/ 1/ * RSTAYAY 3 (KS O2yF@)BNBEORFOPEt 2 Ff BT AAY AURAL

2n /' FYR Cwmon F6er/ yAy20NBGH A & G Byi@Bz0d@NBa (G2 Cct /v 2F (KS
Dihedral angle of F67-N% F 1 @
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2.3.3Evaluation of the cecrystal structures

2.3.3.1 The GSubstituent

To examine the structural basis for thaexpectedselectivity of the iFit ligands for FKBP51 we solved
four co-crystal structures with the FK1 domain of FKBP51camipounds24, 27, 42 and 51. Fig 54

shows the induced subpocket in the protein and a spacefilling model of the ligaigds4A and 54B

show the allyl compound®4 and27. As described ihapter 2.2..we enlarged the Csubstituent to
cyclopropylmethyl, because we hypothesil that a bigger substituent would fill the cavity better
than allyl.By comparing the space filling models of theargstal structures of allyl ligandsl and 27
(Fig.54A andB) and the cyclopropyl 042 our assumption proved to be true. It is easyrézrognize

that cyclopropyl fits much better into the hole than the allyl substituen2@{Fig 540, and thereby

not only increases the binding affinity but also the selectivity for FKBP51. We observed that a
substitution at Cwould be toleratedleading tothe cyclized substituent cyclohexenffid.54D). This
substitution dramatically increased the affinity and selectivity furttiég. 16D shows how nicely the
cyclohexenyl fits into the cavity that it induces. The alkeneetyopoints into the pocket and the
aliphatic part outwards. The alkene moiety per se however, does not seem to be essential since the
reduced cyclohexyl ligands interacts even better with FKBP51. So we concludef ttnegt

stereochemistry ofhe alkenecould be better defined it would besuitable for further modifications.

Fig 54:(A) Cecrystal structure of 24 and FKBP51FK1. (Bjr¢sial structure of 27 and FKBP51. For better visibility of the

induced subpocket K121 was removed from tleeystal strucures.
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Fig54: (C)Cocrystalstructure of42 and FKBP51D) Cocrystalstructure of51 and FKBP51For better visibility of the

induced sukpocket K121 was removed from the crystal strucures.

2.3.3.2 The Trimethoxyphenyloiety

Fig.55 shows the orientation of the trimethoxyphenyl moiety in the four@ystal structures. The
(9-configuration at €directs the trimethoxyphenyl ring out of the binding pocket. The movement is
further limited by the topgroup which does not allow it to turn. In all structures the ring adopts the
same orientation. Only the para methoxy group seems to be free to changetation, indicating

that this methoxy might be less important. In our SAR we showed that by removing the methoxy
groups the affinity drops dramatidgl The crystal structures showan der Waals interaction
between the methoxy groups artie sidechairs. Aromatic hydrogen bondsan be observedrom

the ortho positionsof the trimethoxyphenyl ringo D68 on one side and to Y113 on the other side
which are both in 3.4 distance. The sidehains of the amino acids Y57, D68, Y113, S188 and 1122
are in vander Waals distancto the trimethoxyphenyl ringMore different substructures have to be
synthesized to perform a SAR study to better understand the structural implications of this part of

the ligand.
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Fig55: Comparison of the trimethoxyphenyl moietyA) Cocrystalstructure o224 and FKBP3IK1 Aromatic hydrogen
bonds formed between D68/Y113 and the ortho positions of the trimethoxy phenyl(BhGocrystalstructure of27
and FKBP3K1 (C)Cocrystalstruture of 42 and FKBP33K1 (D) Cocrystalstructure 061 and FKBP33K1. Br better

visibility of thesub-pocketK121 was remved from the crystal strucures

2.3.3.3 The Top Group

We tested four different top groups in our SAR stu@ these, wo of them were crystalized, the
morpholine substructure and the free acid substructure. In genénalmorpholine and the free acid
top groups show the best binding affinities in a similar range. Interestingly for smabeb§tituents

like allyl and cyclopropylmethyl, the morpholine substructure performed around one order of
magnitude beter than the free acid top groupnlcontrast the biggercyclohexenyktyclohexyl
substituents show only marginal differences betweer tivo top groups. The free acid performed
here around two times better than the morpholinn the cocrystal structureshie A and B phenyl
ringsall show almost the same conformatio@nly inone ofthe SLFstructures the A ring igotated

180° comparedd 24, indicating the free acid is flexible and does not contribstibstantiallyto the

binding Fig.56B-C. Both rings sit nicely in shallow groves on the surface of the protein, mainly
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contributing to binding by nowlirected hydrophobic interactionsln addition, in all coecrystal

structures aromatic hydrogen bonds of both rings to the amino acid backbone are present.

MeO

Fig. 56: (A) General structure of the ligand¢B) Cocrystal structureof FKBPSK1and IF63 (C) Cocrystal
structure of FKBP%K1and 21. (D) Cocrystal structure of FKBPBK1and 27. (E) Cocrystal structure of FKBP51
and42. (F)Cocrystal structure of FKBPBK1and51.

Ring A forms a hydrogen bond from its ortho pasitio the amide carbonyl of Q85 and ring B from

the meta position to the amide carbonyl of G84. In addition the morpholinergstal structures of
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27 and51 show in addition a bridging water molecule which connects the morpholine amine with the
amide carlonyl of Q85. These findings probably explain the strong gain in affinity for the ligands with
small & substituents but cannot explain why in the large cyclohexeny/cyclohexyl series this increase
is not present or even reversed. More research on the top group has to be performed to evaluate the
SAR.

3. Summary and Outlook on Selective FKBP Ligands

Takentogether, by using functionally active FKBP51 and FKBP52 mutants thatsersitive to
engineered inhibitorAVISE inhibitorsjve unambiguously demonstrate that FKBP ligands can have
both neurite outgrowthstimulating and neurite outgrowtisuppressing déécts. Furthemore, the

shown results provide a ratioralfor the design of selective ligands for FKBP51 by exploiting a
conformational change which induces an extended binding pocket. We synthesized and evaluated
the first selective FKBP51 ligands thatdowith low nanomolaraffinity and a selectivity of000-fold

over FKBP52. We further applied these ligands in a cellular assay using mouse neuroblastoma cells
(N2a) where selective inhibition of FKBP51 increased the neurite growth. These resultsedmioat
results from the FSSE ligands under basal conditions. We showed that selective inhibition of
endogenous FKBP51 has outgrowstimulating effects. The net effect of unselective FKBP inhibitors
will thus depend on the relative importance of FKBP5IFKBP52 in each cell type of interest.
Neurite outgrowthpromoting substances have repeatedly been shown to enhance neuronal
regeneration after neuronal insult, injury or degeneration. In the context of depression or related
affective disorders the reductioof neuronal plasticity by the stregsduced FKBP51 is thought to
contribute to the behavioral and cognitive deficits observed in these patients. Our results suggest
that selective FKBP51 inhibitors could be superior to-selective FKBP inhibitors amaliorating

these deficiencies.

We postulate that our findingon iFit ligandsrepresent a general phenomenon and that all
compounds that induce the conformational change described by us will display a bias for FKBP51.
Moreover, we believe that the indudeadditional pocket in FKBP51 discovered by us can be used to
rationally design additional FKBR&4dlective inhibitors.

Addition of cyclohexylmagnesium bromide to Biricodar in THF&HC readily producefil as a 1:1
mixture of diastereomers which coulcebsuccessful separated by preparative HREG. 6F. This
allows for a broad spectrum of reaction types to be employed. The first stegpnasogous
modification with different alkylmagnesium bromides and change to the morpholine top group, that

has provento give an increase in affinityS¢heme57). Up to now cyclohexyl is the biggest C
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substituent that is tolerated. Using th@rignard method it is easily possible to increase the ring to
cycloheptane or cyclooctane or decrease it to cyclopentane. Further by using cycloalkenylmagnesium
bromides it is possible to further modify the ringg SimmonsSmith cyclopropanation, oxidation,
halogenation and so forth.

The method could be further optimized by using less reactive organometallic reagerakyjikeoron

or alkylzinc reagents which can be applied to stereoselective syntfrédis

With the same methodology but starting from cyclohexyeto-acetic acid, it is possible to
investigate on the trimethoxy moiety. The starting point isy2lohexylacetic actéf 80 which is
coupled toform 81 Then a screen with different commaally availablearomatic or aliphatic

Grignard reagentsan be performed$chemes7) to probe different® parts of the ligand.

Riz EYOH MeO OMe MeO OMe @ X=Y=CH2
Io) OMe OMe b: X=Y=CH
ﬁo 76 77
/‘ZS_’\/N\)
OH

Schemes7: (a) HATUDIPEACHCN, RT(b) RMgBr, THF78°C (c) RMgBr, THF78°C.
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4. Fluorescent Immunophilinfraces

4.1 Synthesis of fluorescent rapamycin derivatives

Fig. 58Fluorescent FKBP ligaRtland Fluorescent rapamycin derivativ2

The best of our small molecule ligands reached the dimitthe fluorescence polarization assay using
the fluorescent tracerFl, due to its binding affinity to FKBHE{1 of around 400 nM and to
FKBP5BK1of around 900 nM. Thereforasing this traceno compounds can be measured that bind
better than around 20(hM for FKBP51. In our group the fluorescent rapamycin deriviieas
prepared Fig. 58 This tracer showed affinity for FKBP51 below 1 nM, and for FKBP52 around 1
nM. With the fluorescence polamtion mode of our Tecan plate reader it is possible to maasur
concentrations of fluoresceitabeled ligands as low dsnM. To measure ;Knhibition constants of
ligands in a competition experiment it is necessary to use protein concentration equa tahthe
tracer, and tracer concentrations ideally below half thevédue of the tracer. In this cas&2would

have to be used in picomolar concentrations, which is not measurable in polarization mode with our
reader. We considered two possible solusofor that problem. First, using a tracer that can be
diluted to even lower concentrations, meaning a brighter fluorophore has to be used. Alternagively
tracer with binding affinity betweefrland F2has to be synthesized. It is difficult to predictvha
complex fluorophores like fluorescein would influence the affinity of the ligand, so we started to
synthesize a series of fluorescent rapamycin derivatives. We synthdbiged40glycine modified

108

rapamycin analog’l according to Kozany et #éFig. 59.7° Then we couple different fluorophores

bearing an active ester tib.
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Fig. 59 (a) NaN;, H,O, 0°GRT, 99%(b) 2,4,6trichlorobenzoyl chloride, TEA, DMAP, rapamy@HF, 0°C, 33%¢) PPh, 3:1
THF/HO, RT, 60%d) MFP590 (F&Su),DIPEADMF, RT, 20%.

The MFP590 fluorophore was the first to be employed. Compared to fluorescein it shows a red
shifted emission spectrum with an absorption maximum of 597 nm andvasseon maximum of 624
nm (Fig60). Red shifted fluorophors offer better signal to noise ratios then green shifted fluorophors

like fluorescein.

(A) (B) F3 absorption spctra
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Fig.60 (A) Absorption(blueYEmission(red) spectra of MFP598),., = 1.2x18 Lmol™* cm™. (B) Absorption spectra of

F3 maximum 599 nm.

68



B. Results and Discussion

We recorded an absorption spectra of ligaRg which resembled the reported absorption maxima

of the MFP590Kig.60B).

We titrated increasing concentrations of protein agaiR8with three concentrations (20 nM, 3\,

2 nM) unfortunately this fluorescent rapamycin derivativestl binding affinity for FKBP51FK
completely. This result is consistent with the findings of Kozany et al who showed that binding
affinity for FKBP51 is reingly dependent on the linker length between the ligand and the

fluorophor*®® More fluorophores with different linker length have to be coupled and tested.

4.2 Synthesis of a fluorescent iFit ligand

MeO.
g o
g 99g
NH
: o
N o o

Fig. @: (a)HATU, DIEPA, DMF, 23%

Due to the problems wencountered with the fluorescent rapamycin derivatives we decided to
synthesize a fluorescent iFit ligand according to the synthesis of fluorescent deri#2tnfeSLF
(Fig.61).® The free acid 050was activated and reacted with amimzthykfluorescein to givé4

We recorded an absorption spectra B4 which is in line with the spectra of fluoresceshowirg an
absorption maximum at 498nm with afy.x of 46900L/ (mol/cm) (Fig. 62A). We performed a FP
binding assay and the ligand was able to bind to the FK1 domain of FKBP51 with @rbBCG: Q3

nM in addition we calculated the dissociation constagt=.4 + 12 nM (Fig.62B). Todemonstrate

the applicability of the tracer F4 for the characterization of unlabeled ligands, we tested its
performance in Feompetition assaysHg.620). The unlabeled iFit liganBl0 was able to efficiently
compete the traer from FKBP51FK1. We determined ag V@lue of 69.4 + 6.3 nM and calculated
the inhibition constant K= 23.5 + 4.0 nM. We measured the binding of the fluorescent iFit ligand to
FKBP52FK1 and as anticipated the affinity was 500 fold less than for FKBPB assessed angC

of 2611 + 340 nhMand calculated &5 of 2945 + 1920 nMFig.62D).

In summary fluorescent iFit ligandF4 binds 10 fold more potent to FKBP51Fkthan the unlabeled
precursor compound0, likely due to additional contacts of the gjugated fluoresceinThe tracer

can be competed by nelabeled ligands which enables its use in FP competition assays. Most

important its binding affinity for FKBP51 lies between thaFband F2which enables for measuring
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binding affinities below 200 M which was necessary to evaluate our most advanced iFit ligands.
Finally,F4further demonstrates nicely in a direct binding experiment to FKBP52FK1 the selectivity of
the iFit ligands for FKBP51.

( ) e Absorption spectra o - ( ) F4 binding to FKBPS1FK1
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Fig.62: (A) Absorption spectra oF4 (5.4 pM) maximum498 nm. ¥, = 46900L / mol™* cmi™. (B) Bindingof 3 nM F4to
FKBP51FK1 measured by fluorescence polarizgf@)€ompetition ofF4 (3 nM)with 50 for the binding toFKBP51FK1
(4.5nM). (D)Binding of 3 nMr4to FKBPB3FK1 measured by fluorescence polarization

4.3 Facile synthesis of a fluoresce@sAanalogue to sudy Cydophilin 40
and Cyclophilin 18i¢gands

Cyp40is a modulator of steroid hormone receptoend a further potential Hsp90 and SHR
associated drug targefo be able to screen for novel inhibigofor thisimmunophilina fluorescein
labeled CsA analogue was synthesized.

This tracer was produced by a facile four step synth@deme23). We show the binding of this

tracer to Cyp40 and Cypl8 Inyeasuringthe fluorescent polarization clrage and @monstrate its
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competition with Cyclosporin Alhe binding data was confirmed using an enzymatic PPlase assay.
The described tracer allows for a robust assay in a high throughput format to support the
development of novel Cyp40 ligandehe results were phlished in Journal of medicinal chemistry
letters (Gaali et al)*

Fig. 63 (a) BogO, TEA, MeOH, RT, quatit) Grubbs Cat. IGen, DCM, reflux, 52¢%) 10% TFA, DCM, 0°C, 81dp NHS
fluorescein, TEA, DCM/THF 2:1, 3P

4.3.1 Synthesis of the tracer

The unselectiveyclic undecapeptideyclosporin A (CsAcheme23) binds unspecifically to the class
of cyclophilins in the nanomolar range. It is clinically used as an immunosuppressi8 dkegused
CsAas a starting point for our tracer synthesis. By analyzing therystal structure of Cypl8/sAwe
noticed, that the terminal transalkene moiety of the unnatural aminoacidutenytmethytL-
threonine (position 1 ofCsAin Scheme23) points out of the binding pocket, and is solvent
accessiblé* This alkene is very suitable farGrubbs metathesis reaction and thus can be used to
introduce the fluorescent label.

We decided to attach an amine containing linker@sAthat could be easily coupled to carbexy
containing fluorophores. We first tried to couple Baltylamine or allylammoniumchloride tGsA
which resulted in poor yields probably because metathesis ysttalare known to be sensitive to
primary amineghat are inclose distancéo the double bond. We thought to overcome this problem

by using a longer linker. Therefore we first protected commercially availalable paravinylamino
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