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Abstract: Cyclophilins, enzymes with a peptidyl prolyl cis/trans
isomerase activity, are relevant to a large variety of biological pro-
cesses. The most abundant member of this enzyme family, cyclo-
philin A, is the cellular receptor of the immunosuppressive drug
cyclosporin A (CsA). Due to the pathophysiological role of cyclophil-
ins, particularly in viral infections, there is a broad interest in cyclo-
philin inhibition, devoid of immunosuppressive activity. In this over-
view an introduction into the physiological and pathophysiological
roles of cyclophilins will be given first. The presentation of non-
immunosuppressive cyclophilin inhibitors will commence with drugs
based on chemical modifications of CsA. The macrocyclic naturally
occurring sanglifehrins became another lead structure for cyclophil-
in-inhibiting drugs. Finally, de-novo designed compounds, whose
structures are not derived from or inspired by natural products, will
be presented. Relevant synthetic concepts will be discussed but a
focus will equally be on biochemical studies, structure-activity rela-
tionship, and clinical studies.

1. Introduction

The cyclophilins belong to the family of folding helper that have
in common a peptidyl prolyl cis/trans isomerase (PPlase) activi-
ty.ll PPlases are enzymes that catalytically accelerate the inter-
conversion of the isomers cis-1 and trans-1 (Scheme 1) by rota-
tion around the imidic peptide bond preceding proline, the prolyl
bond. Besides cyclophilins, PPlases include the FK506-binding
proteins and the parvulins.i?

The rotation around the prolyl bonds is characterized by an
activation barrier of 75 to 100 kJ/mol that originates from the
amide resonance that, expressed by the mesomeric formula 2,
provides a rationale for the partial double-bound character of the
amide bond. In the course of this process, the torsion angle o
changes from 0 to 180°. In peptides and unfolded proteins, the
isomer trans-1 predominates; however, native proteins frequent-
ly contain a specific prolyl bond in the cis conformation. Addi-
tionally, the cis/trans isomerization of specific prolyl bonds con-
tributes to the conformational heterogeneity of native structured
proteins.

Several molecular mechanisms, shown in Scheme 1, were pro-
posed in order to rationalize the manner PPlases catalytically
lower the energy barrier of the cis/trans isomerization.®! The
molecular basis of cyclophilin catalysis is not yet fully under-
stood. Experimental support from structural data, site directed
mutagenesis and kinetic experiments was obtained for different

molecular mechanisms including catalysis by distortion (path A)
and hydrogen bond formation between a cyclophilin active site
group and proline nitrogen, (path C).
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Scheme 1. Possible catalytic mechanisms for the peptidyl prolyl cis/trans
isomerization. A) Stabilization of the twisted amide transition state 3 by a
hydrophobic environment. B) Formation of the tetragonal intermediate 4 by
nucleophilic catalysis. C) Protonation of the imide nitrogen (5). D) Stabilization
of transition state 6 by water. R,R’: polypeptide chains.

The importance of cyclophilins for living systems is manifested
by their presence across all kingdoms of life in all kind of cells.
Usually, several cyclophilin isoforms are expressed in the same
species.

The prototypic cyclophilin A (CypA) is the most abundant mem-
ber of the cyclophilin family in human tissue and the major player
in the cellular PPlase activity.[®! CypA is the cellular receptor of
the immunosuppressive drug cyclosporin A (CsA, 7),[ a cyclic
undecapeptide (Figure 1, top) that was discovered and devel-
oped at Sandoz in the 1980s and since then, has proven to be
indispensable in organ transplantation,[’) and is used for the
treatment of rheumatoid arthritis, psoriasis, nephrotic syndrome
and dry eye syndrome. !
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CsA binds to CypA under formation of a binary complex with a
dissociation constant in the lower nanomolar range thereby
inhibiting the PPlase activity of CypA. CsA-mediated immuno-
suppression is achieved by a so-called gain-of-function mecha-
nism characterized by formation of a ternary complex between
the drug CsA, the PPlase CypA and the Ca?*-dependent phos-
phatase calcineurin (CN) in which the phosphatase activity of
CN is blocked and thus dephosphorylation and nuclear shuttling
of the nuclear factor of activated T-cells (NFAT) is inhibited.!!
The structure determination of the CypA — CsA — CN ternary
complex reveals that the active site of CypA binds to the “north-
western” region encompassing amino acid residues 1, 2, 9, 10
and 11, whereas CN occupies the “south-eastern” region of the
cyclo-undecapeptide CsA including the amino acid residues 4 to
7 (Figure 1, bottom).

Cyclosporin A (CsA) (7)

oW

Figure 1. Structure of CsA (7) (top); cartoon for visualizing the binding in the
ternary complex CypA-CsA-CN (bottom).

Because of the functional importance of cyclophilins for a large
variety of biological processes, there is considerable interest in
the development of PPlase inhibitors as mechanistic tools and
potential drugs for various diseases. %1% Especially, compounds
that solely inhibit cyclophilins without side activities are highly
desirable. As cyclophilins were found to function as host proteins
that a variety of different viruses need to replicate, it was an
intriguing idea to develop inhibitors of cyclophilins as antiviral
drugs.!Y However, if an antiviral cyclophilin-binding drug is
aimed at, any immunosuppressive activity is, quite obviously,
highly contra-productive as it would lock-down the immune sys-
tem. The development of cyclophilin inhibitors that function as
antiviral agents therefore requires the immunosuppressive activi-
ty due to CN inhibition to be reduced or removed, in other words:
the binding of either a derivative of CsA or any other de-novo
designed cyclophilin inhibitor to CN has to be prohibited.

10.1002/anie.202201597

2. Cyclophilins
2.1 Cyclophilins and their Physiological Roles

Cyclophilins are highly conserved through evolution with their
typical three-dimensional structure consisting of an eight-
stranded antiparallel 8 barrel capped by a helices.

Among the eighteen different cyclophilin isoenzymes in humans
there are eight single-domain cyclophilins consisting only of the
cyclophilin domain of about 18 kDa itself and in some cases
additional localization signals, and ten multidomain proteins
which are formed by the prototypical cyclophilin domain supple-
mented by N- or C-terminally attached domains or modules with
different regulatory or signaling functions. The most prominent
member of the single-domain cyclophilins, the cytoplasmic
CypA, was the first PPlase discovered.'¥ It reaches high levels
in many mammalian cells, for example it represents 0.4% of the
total cytosolic protein fraction in T cells.*? Different other cyclo-
philin isoenzymes can be found specifically in distinct subcellular
compartments of cells. Human cyclophilin B (CypB) mainly dif-
fers from CypA by the presence of a cleavable N-terminal signal
sequence that directs the protein to the endoplasmic reticulum
(ER), whereas human cyclophilin D (CypD) is a single-domain
cyclophilin targeted to the mitochondrial matrix and eight cyclo-
philins are mainly found in the nucleus. Interestingly, several
nuclear cyclophilins have been identified in specific spliceosomal
complexes.*® In the larger cyclophilins, the cyclophilin domain is
accompanied by different functional domains which are known to
be implicated in intracellular targeting, RNA recognition, and
protein-protein interactions. !

To the conserved signature amino acid residues involved in
formation of the active site and essential for PPlase activity of
cyclophilins belong a phenylalanine residue and an arginine
residue, which are in position 60 and position 55 of the prototyp-
ic human CypA, respectively (Figure 2). For CypA it was shown,
that the side chain of Phe60 as part of the binding pocket of the
prolyl ring mediates correct substrate positioning and the Arg55
guanidinium group probably promotes catalysis by stabilizing sp®
hybridization of the proline nitrogen in the transition state
(Scheme 1, path C).

For the evaluation of the PPlase activity of cyclophilins process-
es can be used, where the cis/trans isomerization of a prolyl
bond is coupled to a fast irreversible process with high specificity
for one of the isomers. Conveniently, proteolysis of model sub-
strates of the form succinyl-Ala-Xaa-Pro-Yaa-p-nitroanilide by
isomer-specific proteases like chymotrypsin or trypsin cleaving
the Yaa-p-nitroanilide bond only if the Xaa-Pro bond is in the
trans conformation is applied to monitor the cis/trans isomeriza-
tion of the Xaa-Pro bond and its acceleration by cyclophilins or
other PPlases. Modifications of the assay system were ap-
plied to improve the signal amplitude and even allow protease-
free detection of the PPlase activity.['4]

Generally, cyclophilins occur to exhibit a relatively broad speci-
ficity for the amino acid residue Xaa.*s! Several of the single-
domain cyclophilins display high catalytic power with catalytic
efficiencies in the diffusion controlled range, whereas mul-
tidomain cyclophilins usually exhibit specificity constants signifi-
cantly lower compared to that of CypA.F!

Cyclophilins are involved in a wide variety of cellular processes
such as folding, posttranslational modifications and transport of
proteins, assembly of essential cellular protein complexes, and
cell signaling. Numerous proteins have been shown to interact
with and be functionally controlled by specific cyclophilins.[*6]
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Three mammalian single-domain cyclophilin isoenzymes, CypA,
CypB and cyclophilin C (CypC) found not only inside cells but
also in the extracellular space are implied in the control of cell-
cell communication.7]

Cyclophilins are targets of posttranslational modifications which
may influence the PPlase activity as well as the susceptibility to
inhibition of these enzymes. CypA, for example is found to be
acetylated inside cells and in the extracellular space. It was
shown that CypA acetylation at Lys128 reduces the PPlase
activity of the enzyme and decreases binding to CsA although
the affinity of acetylated CypA to CsA is still in the nanomolar
range.['® However, until now effects of posttranslational modifi-
cations on the enzymatic properties of cyclophilins are not stud-
ied in detail for the different cyclophilin isoenzyms.

For elucidating the role of the different cyclophilin isoenzymes as
well as for low-dose application in the cellular context the availa-
bility of specific inhibitiors of a distinct isoform of the cyclophilin
would be beneficial. On the other hand, the existence of pan-
cyclophilin inhibitors gives the opportunity to suppress process-
es, where a redundancy of different cyclophilins occurs.

2.2 Pathophysiological Significance of Cyclophilins

Notably, physiological functions of distinct cyclophilins are often
of pathophysiological relevance and cyclophilins are implicated
in various diseases. (409

2.2.1 Cyclophilins in Viral Infection

CypA as host cell protein interacts with viral proteins and can
thus promote or inhibit viral replication and infection of a variety
of RNA viruses, most prominently HIV-1 and HCV. Amongst
CypA dependent viruses are also influenza A virus, flaviviruses
like West Nile virus, dengue virus, tick-borne encephalitis virus,
yellow fever virus and Zika virus and nidoviruses like NL63,
MERS- and SARS-coronavirus.['919.201 For some viruses, an
interaction of viral proteins with other cyclophilin isoforms beside
CypA, mostly with CypB, was described.

In HIV-1, CypA binds to the capsid p24 protein at the sequence
around Gly89 and Pro90 and is incorporated into nascent viri-
ons. CypA seems to be involved in several steps during HIV-1
replication and infection. It is considered to promote uncoating of
the virus particle, reverse transcription and nuclear import and it
was shown to protect HIV-1 to restriction by the restriction factor
tripartite-containing  motif (TRIM) 5a  before reverse
transcription.[*9%21 |n HCV, initially CypB was found to interact
with the viral RNA polymerase NS5B. Later on, the direct inter-
action of CypA with domains II'and Ill of the NS5A protein was
found to be important for HCV replication and assembly. NS5A
and CypA play a role in the formation of membranous replication
organelles that are thought to shield viral replication intermedi-
ates from cytosolic pattern recognition receptors.[199.22

Inhibition of CypA by CsA and CsA analogs was reported to be
clinically effective against HCV and HIV-1.112119 Sych host-
directed antiviral compounds are considered to be beneficial
because of the low probability of resistance emergence and the
broad specificity for different subtypes of a virus.

CsA was also shown to suppress the replication of various kinds
of coronaviruses like HCoV-229E, HCoV-NL63, MERS- and
SARS-coronavirus (CoV) in human cells which implicates the
involvement of cyclophilins.® Consistently, depletion of CypA in
human cells suppressed HCoV-229E, HCoV-NL63, and MERS-
CoV replication.?%23! For SARS-CoV, the role of CypA remains

10.1002/anie.202201597

unclear since depletion of CypA in human cells did not result in a
reduction in SARS-CoV replication.4

Evaluation of different drugs with known antiviral activity against
the novel SARS-CoV2 showed inhibitory potency of CsA with a
low micromolar I1Csy value against virus production and the
CypA/nucleocapsid (N) protein interaction.”® Most interestingly,
application of CsA in addition to steroid treatment was found to
be associated with a decrease in mortality of COVID-19
patients.?® This outcome may result from the CypA/CsA-
mediated inhibition of CN reducing hyperinflammation in COVID-
19; nevertheless, direct inhibition of CypA could also be involved
in the effectiveness of CsA because of the involvement of CypA
in both, viral replication as well as inflammation.

2.2.2 Cyclophilins in Inflammation

Especially cyclophilins secreted into the extracellular space are
considered to play an important role in human diseases associ-
ated with acute or chronic inflammation like rheumatoid arthritis,
sepsis, asthma and cardiovascular diseases.*1927.281 Here,
CypA is involved in abdominal aortic aneurysm formation, ather-
osclerosis, myocardial ischaemia and reperfusion, inflammatory
and hypertrophic cardiomyopathies and thrombosis. Hallmark
events of these diseases were found to be reduced in CypA
knockout mouse models and by CypA inhibition, [180:28]
Extracellular cyclophilins initiate signaling cascades of inflamma-
tory processes by binding to the transmembrane protein
CD147.[17°'19e]

2.2.3 Cyclophilins in Cell Death Related Processes

The mitochondrial cyclophilin CypD as regulator of the opening
of the mPTP, a hallmark of mitochondrial dysfunction, which
leads to cell death is implicated in pathophysiological processes
associated with necrosis and apoptosis like ischemia/reperfusion
injury in in the brain, heart and kidney, in neurodegenerative
disorders, muscular dystrophies and non-alcoholic steatohepati-
tis (NASH).?°l In Alzheimer's disease CypD is involved in Ap
induced mitochondrial perturbation and associated neuronal cell
death for which the direct interaction of CypD with mitochondrial
AB was found to be important.%

2.2.4 Cyclophilins in Cancer

Expression of members of the cyclophilin family is upregulated in
several human malignancies. For example, overexpression of
CypA is associated with hepatocellular, gastric, nasopharyngeal
and squamous cell carcinoma and pancreatic cancer.FY The
increased CypA expression in tumor cells appears to be causally
connected with malignant cell transformation: reduction of CypA
expression by RNAI led to the inhibition of tumor growth.2
Possibly, CypA promotes cellular survival under the stressful
conditions of cancer and may be important to maintain the active
conformation of oncogenic proteins.
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3. Non-Immunosuppressive Cyclooligopep-
tides Derived from Cyclosporine A

3.1. General Aspects of Inhibition by CsA and Strategies for
CypA Modification

Because of its nanomolar affinity to CypA, the cyclic undecapep-
tide CsA isolated from the fungus Tolypocladium inflatum can be
considered as the gold standard of cyclophilin inhibition. Howev-
er, because CsA does not only inhibit the PPlase activity of
cyclophilins but also in complex with CypA the phosphatase
activity of CN and the activity of several cellular transporters, !
biological consequences of the application of CsA should be
considered to originate from either i) direct inhibition of the PPI-
ase activity of one or more members of the cyclophilin family, ii)
gain-of-function mediated inhibition of the phosphatase activity
of CN or iii) the inhibition of a transporter.

In order to develop non-immunosuppressive derivatives of CsA,
a double strategy was applied: maintain or even enhance the
binding to cyclophilin and reduce as much as possible the affini-
ty towards CN. For effective CypA binding the residues of the
“north-western“ region CsA are required. In the CypA-CsA com-
plex the central [MeVal]** moiety of CsA resides in the proline
binding pocket formed by residues Phe60, Met61, Phell3 and
Leul22 in CypA (Figure 2). In the cyclophilin-bound state, the
amide bond between [MeLeu]® and [MeLeu]*° adopts the trans
conformation, and the amide bond between [Bmt]* and [Abu]? is
exposed and thus available for intermolecular hydrogen bonding
to CypA residues Glu63 and Asn102.4

Figure 2. Superposition of CypA complexes (top) with the substrate succinyl-
Ala-Ala-Pro-Phe-p-nitroanilide (green, PDB ID: 1RMH)® with the Pro residue
in pink and CsA (cyan, PDB ID: 1CWA)BS with [MeVal]** in purple (top).
Enlargement of the PPlase active site (bottom). Highlighted is the surface of
Phe60, Met61, Phe113, and Leul22 in orange and of Arg55 in blue.
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The conformation adopted by CsA when bound to the active site
of cyclophilins is very similar to the one in water and other polar
solventst7@ and differs from the crystalline state with its 9,10 cis
amide bond.B™ By binding to the cyclophilin active site, CsA
acts as a competitive tight binding inhibitor of the PPlase activity
of cyclophilins with a K;value of 1.6 nM for CypA. The tight bind-
ing inhibition by CsA is dependent on the presence of a trypto-
phan residue (Trpl21 in CypA) in the cyclophilin active site
which is present in nine of the human cyclophilins.242381

Various approaches have been taken to obtain non-
immunosuppressive derivatives of CsA: firstly, fermentation that
is not only the method for the industrial production of the parent
compound, but also for several derivatives. Secondly, total syn-
theses were also performed. They rely on established methods
of peptide synthesis in order to build the linear undecapeptide
that is subsequently cyclized.®®! Total syntheses were performed
for obtaining special derivatives or metabolites, but hardly for
synthesizing drugs. For the latter purpose, partial synthesis is
the method of choice. It starts with the parent compound or a
biotechnologically produced derivative and modifies them by
chemical or enzymatic conversions.

3.2. Non-Immunosuppressive CsA Derivatives Modified in
Positions 3 and 4

3.2.1. Modifications of Position 3 ([Sar]®)

Interestingly, modification of residue 3 of CsA may affect CN
binding and also impact Cyp binding either directly or by confor-
mational changes. [Sar]® is located in the interface of the two
proteins in the Cyp-CsA-CN-complex. A seminal and imaginative
method for CsA derivatization at this position was developed by
the Seebach group in collaboration with Sandoz in the 1990s.1°
They studied CsA metalation with lithium diisopropylamide (LDA)
and/or n-butyllithium (BuLi), both used in high excess. Although
numerous side reactions and decomposition had to be envis-
aged, the metalation experiments — obviously performed in an
optimistic spirit — cleanly led to the hexalithiated intermediate 8
that consists of a lithium alkoxide, four lithium azaenolates, and
one lithium enolate moieties, that of sarcosine (Scheme 2). The
subsequent alkylation is highly selective and occurs exclusively
at the sarcosine enolate in position 3.

Furthermore, control of diastereoselectivity is achieved: depend-
ing on the reaction conditions (LDA versus LiCI/LDA/BuLi) either
diastereomer 9 is formed by predominant Re-face attack to the
sarcosine-enolate moiety or diastereomers 10 are obtained
selectively via Si-face attack. Although the diastereoselectivity is
not complete, the major isomer could be easily isolated by col-
umn chromatography in most cases. At a glance, this divergent
stereochemical outcome is surprising, as the “same” intermedi-
ate 8 serves as the nucleophile. However, one has to be aware
of the different solvation of the lithium enolate under the different
condition.®

Remarkably, two sarcosine-alkylated products 9 namely [D-
MePhe]®- and [D-(3-hydroxy)-MePhe]*-CsA, [9, R = CH,Ph and
R = CH(3-HO)CsHy4], prepared according to this protocol, turned
out to be the first compounds that were non-immunosuppressive
while binding to CypA with an affinity similar to CsA.*2 The
overall metalation of CsA and various derivatives thereof fol-
lowed by treatment of the enolate with different carbon and
hetero electrophiles permitted to introduce a large variety of side
chains. When the latter contain functional groups, the possibility
for further derivatization was opened.*3 For example, the ben-
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zoate substitution in sarcosine derivative [(4-carboxy)-MePhe]*-
CsA [9/10, R = CH3(4-CO;H)Cg¢H4] which inhibits the PPlase
activity of CypA and CypD similar as CsA itself was used to

10.1002/anie.202201597

conjugate via a spacer the lipophilic alkyltriphenylphosphonium
cation to CsA for mitochondrial targeting.[*4

Scheme 2. Modification of [Sar]® in CsA by alkylation of the enolate 8.Conditions: a: 6-14 eq. LDA, electrophile RX, ca. -78 °C, THF; b: up to 30 eq. LiCl, 6.5

equiv. LDA, 6 equiv. BulLi, electrophile RX, ca. -78' in THF.
3.2.2. Modifications of Position 4 ((MeLeu]?*

A very efficient modification for removal of immunosuppression
is the substitution of the [MeLeu]* residue of CsA. Early studies
of CsA derivatives performed at Sandoz led to the conclusion
that CN has a very tight binding for the side chain in position
4.1%91 An explanation for this effect was provided by the structure
elucidation of the Cyp-CsA-CN-complex revealing that the
[MeLeu)* residue is involved in a tight ‘aromatic sandwich’ with
the Trp352 and Phe356 moieties of the catalytic subunit of CN
as the major binding force to this protein (Figure 3).

This is in accordance with the previous observation that a seem-
ingly small alteration, the replacement of N-methyl leucine in
position by N-methyl isoleucine, led to the derivative: [Melle]*-
CsA that became known as NIM-811 (11). This compound was
produced by fermentation of a strain of Tolypocladium inflatum
(syn. T. niveum) in the presence of D-threonine in the culture
medium and isolated by repeated chromatography from a com-
plex mixture of cyclosporins with CsA as major component.[“l
Another early observation indicating that the methylene group of
the MeLeu-residue of CsA is crucial for the interaction with CN
and that a-branched residues in position 4 of CsA are beneficial
to reduce immunosuppressive properties of the compound, was
provided by the derivative [MeVal]*-CsA (12): It binds with a
similar affinity to CypA as CsA but exhibits a 2500-fold loss of
immunosuppressive activity.#”7 A similar decrease of immuno-
suppressive activity was observed for the respective N-ethyl
derivatives [Etlle]*-CsA and [EtVal]*-CsA."*8 Also a hydroxylated
[MeLeu]* residue found in [4’'HO-MeLeu]*-CsA results in the
reduction of the immunosuppressive properties of the com-
pound.d Several relatively small modifications in position 4
result only in minor changes of the immunosuppressive potential
of the compound compared to CsA.[*3]
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Figure 3. Location of amino acid residues of CypA and CN relevant for CsA
binding or catalysis relative to CsA in the CypA-CsA-CN-complex (PDB ID
1M63)1%! (top); structures of non-immunosuppressive CsA derivatives [Melle]*-
CsA (NIM-811) (11) and [MeVal]*-CsA (12) (bottom).
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NIM-811 (11) exhibits strongly reduced immunosuppressive
activity which is 1700 times less than that of CsA but retains full
capacity to inhibit CypA PPlase activity with a K; value of 2.1
nM.B% The CsA derivative exhibits potent antiviral activity
against HIV-1 and HCV.[*651 NIM-811 (11) application also
results in anti-inflammatory effects. It reduces the leukocyte
numbers in lung tissue and airways of allergic mice and inhibited
platelet activation during platelet-dependent thrombus for-
mation. 52

Like CsA, NIM-811 (11) is able to inhibit the mitochondrial cyclo-
philin CypD which controls opening of the mitochondrial perme-
ability transition pore.® This inhibition results in suppression of
the mitochondrial permeability transition, a key event in cell
death. Thus, this inhibition is considered to form the basis for the
protecting effects of NIM-811 (11) against ischemia/reperfusion
injury of heart, liver and skeletal muscle. Furthermore, in con-
trast to CsA itself, NIM-811 (11) is able to penetrate the intact
blood brain barrier which allows to prevent mitochondrial perme-
ability transition and thus to protect against cerebral ische-
mia/reperfusion injury.5 Additionally, NIM-811 (11) has a bene-
ficial effect in models of collagen VI congenital muscular dystro-
phy in which mitochondrial permeability transition pore opening
forms a key factor of pathogenesis.%

Modification of position 4 appears not to influence inhibition of
the PPlase activity of CypD; [MeVal]*-CsA (12) exhibits only
slightly decreased inhibition of CypD PPlase activity compared
to CsA but still inhibits mitochondrial permeability transition pore
opening efficiently.l® The antiangiogenetic property of [MeVal]*-
CsA (12) provided proof of a CN-independent mechanism of
CsA mediated inhibition of angiogenesis.7]

3.2.3. Modifications of Positions 3 and 4: Alisporivir (13),
SCY-635 (14), STG-175 (15), and NIM-258 (16)

Based on these beneficial effects, the structural variations of the
amino acids 3 or 4 exhibit, further non-immunosuppressive
derivatives were developed by combination of modifications in
positions 3 and 4 in CsA. This concept turned out to be fruitful
and led to the drugs alisporivir (Debio025) (13) as the most
advanced drug in this series and SCY-635 (14) (Figure 4). Be-
sides the exchange of [Sar]® against [MeAla]®, the N-methyl-
leucine residue in position 4 of CsA is replaced by N-ethyl-valine
in alisporivir (13), whereas SCY-635 (14) features a N-methyl-
hydroxyleucine residue in position 4 and the sarcosine moiety is
replaced by dimethylaminoethyl-thio-sarcosine. Further, later
developed non-immunosuppressive derivatives of CsA with
modified amino acids in positions 3 and 4 are STG-175 (15) and
NIM-258 (16). The former compound has in common with SCY-
635 the hydroxylated N-methylleucine, but differs by the (hy-
droxybutylthio)methyl-sarcosine moiety in position 3. The CsA
derivative  NIM-258 (16) is substituted by a (2-
methoxyethyl)piperazine block in the side chain of position 4
aside from the [MeAla]® modification. All four compounds were
obtained from the parent compound CsA by partial syntheses.
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Figure 4. Structures of non-immunosuppressive CsA-Derivatives 13-16,
modified in positions 3 and 4.

The route to alisporivir (13), the drug developed by Novar-
tis/Debiopharm,®® is displayed in Scheme 3. It involves a se-
guence of classical methods with an elegant key step: the selec-
tive cleavage of the peptide bond at the “predetermined breaking
point” between amino acid moieties 3 and 4. This was accom-
plished, after protection of the secondary alcohol in the alkenyl
side chain, by treatment of compound 17 with Meerwein’s salt,
that selectively reacts with the only a-unsubstituted amino acid,
sacosine in position 3. The imino ether thus formed was con-
verted in situ to the methyl ester 18 under ring opening of the
cyclopeptide skeleton. Subsequent Edman degradation removed
[MeLeu]* under formation of compound 19. For the planned
modification of CsA, the dipeptide Boc-MeAla-Et-Val-OH was
introduced by coupling through the acid fluoride. Then, reduction
of the methyl ester delivers compound 20. Subsequent acidic
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and basic hydrolyses liberated aminobutyric acid in position 2
and cleaved the acetate ester and Boc protecting group to give
amino acid 21. Finally intramolecular peptide coupling generated
alisporivir (13).158a

This synthetic concept was applied in the appropriate modifica-
tion also for the partial synthesis of NIM-811 (11)*% and provid-
ed an alternative to the fermentation process outlined above.
The methodology applied in the alisporivir synthesis according to
Scheme 3 is based upon earlier studies of the systematic ex-
change of amino acid moieties though seco-CsA, the open-
chained undecapeptide. The subsequent building of the modified
peptide was also performed by solid-phase syntheses.F%
A two-step synthesis was developed for SCY-635 (14) (Scheme
4). Firstly, a hydroxylation of the leucine side chain was per-
formed by a previously disclosed biotransformation of CsA by
the microorganism Sebekia benihana to yield compound 22.55°
Subsequently, Seebach’s polylithiation method was applied to
the cyclopeptide 22 including a deprotonation of the [(4'-
OH)MeLeu]* hydroxy group. The enolate position of [MeSar]® is
the most reactive nucleophile, so that the treatment with the
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disulfide (Me;NCH,CH.S); resulted in a formation of the drug
SCY-635 (14) that was disclosed by Aventis Pharma and further
developed by Aventis spinoff SCYNEXIS.! Despite the poor
yield, the straightforwardness of the synthesis is attractive.
The CsA derivative 22 with the hydroxylated leucine residue in
position 4 also is used as intermediate in a straightforward syn-
thesis of STG-175 (15), as shown in Scheme 4.1 Here the
reactive enolate generated by polylithiation, served for introduc-
ing a methylene group into the [Sar]® residue. This was accom-
plished by carboxylation of the enolate followed by treatment
with chloromethyl chloroformate in a one-pot reaction. Com-
pound 23 thus generated served for a vinylogous addition of 4-
mercapto-1-butanol that occured diastereoselectively and yield-
ed STG-175 (15).

o] \ o)
N _ N -
1. Me;OBF, 3 o
2 MedNa o) 1. PhNCS o]
3. sto4 HN/ 2. TFA
— = 0 (0]
H 4
s N s NH,
=N
o)
18 (76%) 19 (55%)
Y
AcO,,
) \ OH | = N\\N
1. [Me,N=C(F)-NMe,][PF] N N 7N
Boc-MeAla-EtVal-OH N2 3 0H 1, MsOH, MeOH g N N7 TN<,-P
EING-Pry . H 0o 2. MeONa, MeOH H 0 ’
2. NaBH,, MeOH ; \N . 3. NaOH : \N . 2,4,6-collidine 13 (59%)
Boc” 1[\3 Boc” 1[\3
—~N 0] — N o
o H 4 f H 4
s N s N
N N
o) o
20 (73%) 21 (64%)

Scheme 3. Synthesis of alisporivir (13) from CsA (7).
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Scheme 4. Synthesis of CsA derivatives SCY-635 (14) and STG-175 (15).

Both compounds, alisporivir (13) and SCY-635 (14), are potent
inhibitors of CypA PPlase activity with K; values of 0.34 nM and
1.8 nM, respectively.%62 They exhibit potential for a wide
range of therapeutic applications. Special focus has been placed
on their prominent antiviral properties against HCV and HIV
making them to promising candidates for treatment of viral infec-
tions. Alisporivir (13) and SCY-635 (14) were shown to display
potent in vitro anti-HIV-1 activity with ECso values in the nano-
molar range,’®®6% however, further evaluation of alisporivir in
HIV patients exhibited only limited efficacy of the compound in
contrast to a considerable anti-HCV activity.®! In the case of
HCV, clinical trials have shown that treatment with alisporivir
(13) as well as with SCY-635 (14) results in a decrease in viral
RNA in the plasma of infected patients.®¥ Both compounds
perturb the interaction of CypA with the viral NS5A protein and
prevent viral RNA production. Alisporivir (13) and SCY-635 (14)
inhibit HCV replication in cell culture with ECso values of 0.03 uM
and 0.1 pM, respectively.626]

Alisporivir (13) was also found to inhibit replication of the fla-
vivirus tick-borne encephalitis virus in different infected cell
lines.[5¢1 For other flaviviruses shown to be susceptible to CsA
information about the effectiveness of CsA derivatives is lacking.
Antiviral activity of alisporivir in cell culture was also described
against coronaviruses. Alisporivir (13) inhibited the virus-induced
cytopathic effect observed in MERS and SARS -infected cells as
well as HCoV-NL63 and HCoV-229E replication with ECso val-
ues in the lower micromolar range dependent on strain and cell
line used.[23023487 The relatively high concentrations of alisporivir
required for SARS-CoV inhibition in cell culture compared to the
inhibition of HCV may account for the ineffectiveness of the
compound in a mouse model of SARS-CoV infection. Most
interestingly, alisporivir (13) reduced SARS-CoV-2 infection in
dose-dependently manner in a Vero E6 cell model with an ECso
value of 0.46 uM. Therefore it was suggested to test it in patients
with or at risk of severe forms of SARS-CoV-2 infection.[®!

1. LiN/-Pr, (15-16 eq.)
n-BulLi (6-7 eq.)

2. (Me,NCH,CH,S),
b cndicadind.

LiOH, MeOH
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OH

(0]

STG-175 (15) (37%)

Also other diseases where cyclophilins play key roles are inves-
tigated for potential treatment by alisporivir (13) and SCY-635
(14). Both drugs inhibit the PPlase activity of the mitochondrial
cyclophilin CypD nearly as efficient as that of CypA.1'a Thus,
alisporivir mediated inhibition of CypD involved in regulation of
cell death by control of the mitochondrial permeability transition
showed beneficial effects in animal models of muscular dystro-
phies, nonsteroidal anti-inflammatory drug induced small intesti-
nal ulceration and ischemia/reperfusion injury.59 Interestingly,
SCY-635 (14, renamed to WS635) was described to reduce
anesthesia/surgery-induced cognitive impairment in mice.l"™
Similar to alisporivir (13) and SCY-635 (14), compound STG-175
(15) exhibits very high efficiency to inhibit the PPlase activity of
CypA, strongly reduces immunosuppressive potential, and has
high anti-HCV activity in luciferase reporter replicon cell lines
with EC50 values between about 11 and 39 nM depending on
the HCV genotype.a

However, CsA itself as well as alisporivir (13) and other CsA-
derivatives have been found to exhibit an undesired inhibition of
various drug transporters like the P-glycoprotein, the multidrug
resistance-associated protein MRP2 and the organic anion
transporting polypeptide OATP.I"Y On the other hand, SCY-635
(14) with the rather hydrophilic N-methyl-hydroxyleucine residue
in position 4 exhibited reduced inhibition of P-glycoprotein medi-
ated transport.[62

Consistently the enhancement of the hydrophilicity in the side
chain at position 4 generally was found to be suitable for over-
coming the problem by reducing transporter inhibition. These
observations led to CsA-derivative 16 (NIM-258), that was de-
veloped by Novartis researchers.[? The synthetic strategy for
obtaining 16 is similar to that applied for alisporivir outlined
above. The compound shows a 1.2 nM inhibition of CypA and a
highly efficient anti-HCV activity in cell culture. Remarkably, it
has lower transporter inhibition than the preceding non-
immunosuppressive derivatives.[’?
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3.3. Non-Immunosuppressive CsA Derivatives with Modifi-
cations in Position 1 [MeBmt]*

The side chain in position 1 with its unusual amino acid (4R)-4-
([E]-2-butenyl)-4-methyl-N-methyl-(L)-threonine  (MeBmt) in
position 1 is the most accessible position for synthesizing deriva-
tives of CsA. It offers just several position for attack: the hydroxyl
group may be protected as ester or substituted, allylic oxidation
permits introduction of hetero-substituents in the w®-position, the
carbon-carbon double bond can be modified by olefin metathe-
sis, or cleaved oxidatively and the resulting aldehyde may be
submitted to carbonyl olefination. Many derivatives were synthe-
sized based on these methods, with the aim of better bioavaila-
bility.[55.73] Early approaches towards CsA derivatives with a
modified MeBmt side chain were undertaken by Rich and
coworkers in collaboration with Evans and researchers at Merck
Sharp and Dhome.[*10:74

Although the MeBmt side chain is located in the “north-western”
part of CsA and involved in cyclophilin binding, CsA derivatives
with modifications at residue 1 have been shown to exhibit de-
creased immunosuppressive activity without loss of cyclophilin
affinity. This behavior probably results from the location of the
Bmt side chain which protrudes away from the cyclophilin bind-
ing site into the CN binding region (Figure 2, top) of CsA in its
cyclophilin bound conformation. Typical for this conformation
also adopted in polar solvent is a hydrogen bridge of the hydrox-
yl group in the Bmt side chain to the carbonyl group of the
[MeLeu]* unit.B7

Here, we will focus on two recently disclosed CsA derivatives
with reduced immunosuppressive action and retained CypA
inhibition: For a “fine-tuning” of the inhibition profile, a series of
compounds with relatively simple modifications in the side chain
were synthesized and biochemically characterized, not only with
regard to their ability to suppress, in complex with CypA, the CN
phosphatase activity, but also to their preference to localize
extra or intracellularly.l’™ As principal result, compound 24, (VK-
112) is highlighted. It is readily available from CsA, as outlined in
Scheme 5, by acylation of the secondary alcohol, radical bro-
mination of the terminal methyl group in the MeBmt-side chain,
substitution of bromine by dimetylamine, followed by deprotec-
tion of the hydroxyl group. The CsA-derivative 24 proved itself
as a non-immunosuppressive, cell-penetrating drug with a 10
nM Cyp-A inhibition. Like alisporivir (13) compound 24 is effec-
tive against infections with the human corona viruses HCoV-
229E and HCoV-NL63.

A further promising drug candidate is CRV-431 (previously
named CPI-431-32) (28) that contains the [MeAla]® unit aside
from a modified Bmt residue. The compound was made acces-
sible by multistep syntheses using conventional methods.[61.76l
Recently, a more straightforward route was disclosed (Scheme
6). It starts with a metylenation of [Sar]® via polylithiated CsA,
analogously to that described in Scheme 4, leading to com-
pound 25. The modification of the Bmt side chain was accom-
plished by olefin metathesis to give the (E/Z)-mixture of 26. The
methylene group at the sarcosine moiety was submitted to a
rhodium-catalyzed hydrogenation that yielded the desired con-
figuration of [MeAla]® in a diastereomeric ratio of 97:3 in com-
pound 27. Finally, the carbon-carbon bond in the side chain was
saturated conventionally to give CRV-431 (28) in 90% combined
yield for two steps. The olefination step from CsA to methylene
sarcosine intermediate 25 could be performed in a more efficient
way by application of flow chemistry under enhancement the
yield to 65%.77]
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Scheme 5. Synthesis of VK-112 (24).
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Scheme 6. Synthesis of CRV-431 (28).

CRV-431 (28) was found to potently inhibit several cyclophilin
isoforms besides CypA, namely CypB, CypD and CypG. It has
shown very potent anti-viral activity against hepatitis C and HIV-
1 in preclinical studies which correlates with the ability of the
compound to inhibit the PPlase activity of CsA. CRV-431 (28) is
considered to be effective against chronic liver diseases. It was
found to be efficient in mouse models of liver fibrosis and non-
alcoholic steatohepatitis (NASH).'® Interestingly, CRV-431 (28)
inhibits hepatitis B virus replication by a yet unknown mecha-
nism, however, this activity is suggested to be independent of
cyclophilin inhibition.["!
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3.4. Other CsA Derivatives with Reduced Immunosuppres-
sion

3.4.1 Modification at [Val]®

CsA can be regiospecifically alkylated at the NH of [Val]® using
phosphazene-base P4-t-Bu and reactive bromides. Replace-
ment of the amide proton by a benzyl or allyl group resulted in
strongly reduced immunosuppression while retaining affinity of
the compounds to CypA. The reduced ability of the derivatives to
form a ternary complex with CypA and CN may result from the
induction of a conformation of [Val]® detrimental for the formation
of the hydrogen bond between its backbone carbonyl oxygen
and N# of Trp352 of the catalytic subunit of CN. Also a [MeLeu]*
side chain conformation unfavorable for CN binding could be
induced by the modification. 8!

3.4.2 Modification of Position 6

In the CypA-CsA-CN complex the side chain of [MeLeu]® makes
extensive contacts with three hydrophobic residues of CN and
thus is very important for CN binding. [MeAla]é-CsA, in which the
isopropyl group of the leucyl group is removed, and [MeAbu]®-
CsA have a CypA binding affinity similar to CsA itself, but exhibit
a decrease in immunosuppressive activity. [MeAla]®-CsA was
shown to promote neurite outgrowth.[74¢:81]

3.4.3 Modification of Position 8

CsA’s amino acid [Ala]® was replaced by (D)-N,N-dimetyl- and
N,N-diethyl-lysine in a multistep route that involved as key steps
a —non-regioselective — amide to thioamide conversion in posi-
tion 7 and, induced thereupon, a cleavage between amino acids
[L-Ala)” and [D-Alal®. The [D-Lys]3-CsA derivatives exhibit prom-
ising anti-HCV activity with ECso values lower than 200 nM; they
are >50 times less immunosuppressive than CsA.#?

3.4.4 Localization Targeted CsA Derivatives

A CsA derivative restricted to the extracellular space was initially
obtained by attachment of a (D-Glu)s-Gly-OH moiety and a 5(6)-
carboxytetramethylrhodamine as a fluorescence probe to the
carboxyl group of [O-carboxymethyl D-Ser]8-CsA.[®% Later on it
turned out that for several different substituents also CsA modifi-
cation in position 1 results in the inability of the derivative to
enter cells. The extracellular CsA derivative MM-284 (29) with a
benzimidazole modification in position 1 efficiently inhibits CypA
PPlase activity with a K; value of 10.7 nM.184 It efficiently reduc-
es myocardial inflammation as well as endothelial cell apoptosis
in pulmonary arterial hypertension indicating involvement of
extracellular CypA in these processes and suggesting inhibition
of extracellular CypA as novel therapeutic approach in inflamma-
tory diseases.[%
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Scheme 7. Synthesis of MM-284 (29).

MM-284 (29) is readily available by a straightforward partial
synthesis shown in Scheme 7. Following a protocol of Park and
Meierl®® the carbon-carbon double bond was cleaved to the
aldehyde after the hydroxy group had been protected. Conden-
sation of the aldehyde with 3,4-diamino benzoic acid at air and
final deprotection of the acetate leads to MM-284 (29) in 55%
overall yield.

Targeting of CsA to mitochondria was achieved by conjugation
of the alkyl-linked triphenylphosphonium cation to the CsA de-
rivative with a 4-methylbenzoate substitution in position 3 de-
scribed in 3.2.1.1%4 The resulting compound inhibits CypA PPI-
ase activity with a K; value of 8 nM.[87]

CypA complexes of both MM-284 (29) as well as the mitochon-
dria-targeted CsA show strongly reduced inhibition of CN in a
cell-free system indicating that their non-immunosuppressive
character is independent of their intracellular localization. Never-
theless, CsA derivatives with defined cellular localization other
than the cytoplasm can be generally considered to be per se
devoid of immunosuppressive activity even if they have the
potential to inhibit CN, because the immunosuppressive activity
of CsA is based on inhibition of cytoplasmatic CN which leads to
the prevention of shuttling of NFAT from the cytosol to the nu-
cleus.k8l

3.4.5 Cyclic Peptoid Library

Although not derived from CsA, attention is drawn to de-novo
synthesized cyclic peptoids that were generated in a one-bead-
one-compound (OBOC) library 30 (Figure 5). It was composed
of two aliphatic, two cyclic, and six aromatic amines serving as
monomers.
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Figure 5. Cyclic peptoid library 30 and substitution pattern of the hit com-
pound.

The study afforded several hits, the most promising one with the
substitution pattern shown in Figure 5. This compound inhibits
the CypD-mediated opening of the mPTP as shown by the re-
covery of mitochondrial membrane potential recovery in neuro-
blastoma cells.®!

4. Cyclophilin Inhibitors Based on Structural
Simplifications of the Macrocycle Sanglifehrin
as Lead Structure

4. 1. Structure of Sanglifehrin A and Mode of Cyclophilin
Inhibition

A broad microbiological screening of actinomycetes for cyclo-
philin-binding metabolites, performed at Novartis, led to the
discovery of a novel class of natural products featuring a 22-
membered macrocycle that originates from a mixed pep-
tide/polyketide biosynthesis. They are produced from Strepto-
myces sp. A92-308110 and were named sanglifehrins after the
discoverers Sanglier and Fehr. The most abundant member in
the sanglifehrin family whose members have in common the
macrocyclic core unit is sanglifehrin A (31).°% So far, three total
syntheses of the natural product sanglifehrin A were
described.®19 In addition, valuable syntheses of building blocks
and methodological studies on key reactions were published.[
Sanglifehrin A (31) forms complexes with different cyclophilin
isoforms like CypA, CypB and CypD.*

Like CsA, sanglifehrin A (31) is immunosuppressive, however,
by a different but yet unknown molecular mechanism. In contrast
to CsA its immunosuppressive activity was shown to be inde-
pendent from complex formation with CypA because competitive
displacement of the compound did not affect immunosuppres-
sion, and it does not involve inhibition of the phosphatase activi-
ty of CN.I*®l On the other hand formation of a ternary complex
between CypA, sanglifehrin A (31) and inosine-5'-
monophosphate dehydrogenase 2 (IMPDH2) was observed
suggesting an involvement of this complex in immunosuppres-
sion. %!

Sanglifehrin A (31) inhibits the PPlase activity of CypA with an
ICso value of 12.8 nM.[%8 Like CsA, sanglifehrin A (34) binds to
the cyclophilin active site, as shown by a crystal structure of the
complex between CypA and sanglifehrin A.°"] Direct interaction
between sanglifehrin A and CypA is based on six intermolecular
hydrogen bonds directed to a relatively small fragment of san-
glifehrin, the tripeptide moiety (Val-meta-Tyr-Pip) in the macro-
cyclic part of the molecule, as shown also in Figure 6. The su-
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perposition of CypA complexes with the substrate succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide and sanglifehrin A in the PPlase
active site shows that the piperazic acid moiety of sanglifehrin A
occupies the hydrophobic pocket of cyclophilin A formed by
Phe60, Met61, Phell3, and Leul22 where the proline ring of
the substrate and the [MeVal]** moiety of CsA reside.

Low oral bioavailability and low solubility have hampered the
application of the compound in biological systems.

Figure 6. Superposition of CypA complexes with the substrate succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide (green, PDB ID: 1RMH)B with the Pro residue in
pink and sanglifehrin A (31) (cyan, PDB ID: 1YND)®" in the PPlase active site
(top). Highlighted is the surface of Arg55 (blue) and Phe60, Met61, Phell3,
and Leul22 in orange. Sanglifehrin A (31) (black) and hydrogen bonds (red) to
CypA (blue) according to ref.!"l (bottom).

Not surprisingly, the efforts directed to non-immunosuppressive
analogs of sanglifehrin focused on that peptidic sequence, em-
bedded in a macrocycle, while modifying, simplifying or omitting
the periphery of the natural product that is considered less im-
portant for the interaction with cyclophilins. A proof of this hy-
pothesis was provided by an early degradation study of san-
glifehrin A: aldehyde 33 (see Scheme 8) lacking the complex
spirobicyclic moiety, the “western region” of the natural product,
exhibits inhibition of CypA with an ICs, value of approximately 30
nM.[°"l Based on these observations, two synthetic strategies
were pursued for obtaining non-immunosuppressive drugs:
firstly, modification of fermentation products, and secondly, de-
novo syntheses of targets whose structures are inspired by, but
not derived from the natural product sanglifehrin A (31).
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4. 2. Non-Immunosuppressive Drugs Prepared from San-
glifehrins by Partial Syntheses

Side-chain degradation and subsequent modification opened a
route to the first non-immunosuppressive derivatives of san-
glifehrin, the so-called sangamides that were developed by
Biotica Technology and cooperating research groups. The
straightforward partial synthesis is illustrated in Scheme 8.1%
The application of Sharpless’ asymmetric dihydroxylation proce-
dure in the first step occurred in a completely selective manner
at the C26-C27 double bond. Subsequent glycol cleavage deliv-
ered the aldehyde 33 in 63% overall yield.[®® Subsequent Horn-
er-Wadsworth-Emmons olefination delivered dienamides 34 with
various substitution pattern at the amide nitrogen in the side
chain.

1. 0504, (DHQ),PHAL
MeSO,NH,, Ky[Fe(CN)o]
2. NalO,

X=H

R,NCOCH,P(0)(OEt),

base
- =

HO
34

Scheme 8. Synthesis of sangamides 34 derived from sanglifehrin 31.

A promising drug candidate in the sangamide family is NV-556,
formerly known as NVP018 and BC556 (35) (Figure 7) promoted
by NeuroVive Pharmaceutical AB, when this company had ac-
quired the cyclophilin inhibitor program from Biotica.l'® Here
also, the western region of sanglifehrin was cut off and replaced
by an 1-(tetrahydro-2H-1,2-oxazin-2-yl) end group, with an addi-
tional fluorine substitution in the aromatic amino acid group. The
synthesis of NV-556 starts with fluorinated (“mutasynthetic”)
sanglifehrin 32, shown in Scheme 8.1 This compound is readi-
ly available by fermentation of the bioengineered strain Strepto-
myces sp. BIOT4585.192 For producing the fluorinated san-
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glifehrin 32, feeding with methyl (S)-2-amino-3-(3-fluoro-5-
hydroxyphenyl) propanoate and rac-piperazic acid is required.
Then, the application of the three-step-protocol described in
Scheme 8 leads to 35 (NV-556).

HO F
35 (NV-556)

Figure 7. Structure of non-immunosuppressive sangamide NV-556 (35).

The antiviral effects of NV-556 (35) against HIV-1 and HCV were
proven in vitro and in vivo.[°21%3 Fyurthermore, NV-556 (35) was
evaluated as a potential antifibrotic compound for liver
fibrosis!*® and found to reduce fibrosis and hepatocellular carci-
noma development in mice with NASH.['%! A further advantage
of NV-556 (35) is that it shows minimal inhibition of drug trans-
porters.[102

4. 3. Non-Immunosuppressive Synthetic Sanglifehrin-
Inspired drugs

In recent years researchers of Gilead, Selcia, and Cypralis pur-
sued the goal of developing small-molecule cyclophilin inhibitors,
whose structures were inspired by sanglifehrin.l*% However, a
rigorous simplification of the natural product should enable to
obtain the drugs solely through chemical total synthesis. The
research program aimed at developing orally bioavailable, antivi-
ral drugs. The researchers maintained the “southern part” with
the peptidic skeleton, including the piperazic amide moiety,
giving them a relatively large degree of freedom in the construc-
tion of the “northern part”. In a first approach,[19®! the C18-C21-
diene of sanglifehrin was replaced by a styryl unit, among other
simplification, to provide derivative 36. Crystal structure anal-
yses in complex with CypA revealed a =n-stacking interaction of
this styrene moiety with the guanidinium group of Arg55 in the
PPlase active site of CypA as a new binding mode, as shown in
Figure 8. As the m-tyrosine residue was found to be displaced in
the solvent, this amino acid, considered as nonessential for
CypA inhibition, was substituted by alanine, with the benefit of a
lower molecular weight.
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Figure 8. Structure of “simplified sanglifehrin” 36 (left) and the stacking of the
styrene group of 36 (green) with the guanidinium group of Arg55 in CypA
(right). Superposition of CypA complexes with 36 (green, PDB ID:5T9Z)1060]
and sanglifehrin A (cyan, PDB ID: 1YND)®" in the PPlase active site. High-
lighted is the surface of Arg55 in blue and Phe60, Met61, Phel13, and Leul22
in orange.

These results led to the novel synthetic 22-membered macrocy-
cles 37 and 38 as new lead compounds (Figure 9). In a time-
resolved fluorescence resonance energy transfer biochemical
assay, they display affinity to CypA of K4 = 24 nM and 48 nM,
respectively. 106!

(0]

Figure 9. Structures of CypA inhibitors 37 and 38 featuring further simplifica-
tion of sanglifehrin with a styrene moiety in the “northern part”.

Despite this potent CypA inhibition and modest anti-HCV activi-
ty, the pharmacokinetics were evaluated as poor. Therefore, the
collaborating research groups undertook a second approach that
led to compound 40 by step-to-step alteration and modification
of the lead structure 36. In a first phase of development, the
styrene moiety was replaced by an isoquinoline, then a quinoline
block, and the size of the macrocycle was reduced from 22 to 21
members. Compounds 39a and 39b, shown in Figure 10, may
serve as representative examples with an improved binding
affinity Their crystal structures in complex with CypA show that
quinoline maintains the binding to Arg55. In addition, the pro-R
of the diastereotopic methyl groups in the C14 geminal-
disubstituted derivative 39b forms a lipophilic interaction with the
Thr73 residue. 206l
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H

393.R=H
39b: R= Me

Figure 10. Structures of compounds 39 (left) and overlay of compound 39a
(green) and homologue 39b (purple) in complexes with CypAlc illustrating
that the positioning of the C13—-C16 atoms closer to the protein surface and
the C14 pro-R methyl group forming a lipophilic interaction with Thr73. High-
lighted is the surface of Arg55 in blue, Phe60, Met61, Phel13, and Leul22 in
orange and Thr73 in cyan (right). Data kindly provided by T.C. Appleby.

In a second optimization effort, the functional groups at C-1 and
C-13, lactone and lactam, respectively, were switched with the
consequence of an intramolecular hydrogen bridge formation of
lactam at C-1 to the quinoline nitrogen atom in compound 40.
(Figure 11). This feature led to a substantially improved mem-
brane permeability — an important step to the desired oral appli-
cation. Finally position 14 was transformed into a spiro-center by
introducing a 1,3-dioxane moiety. This modification caused a
lower distribution coefficient, it reduced the oxidative metabolism
and pregnane-X(PXR) activation that is considered a measure of
drug-drug interaction.

NHQ 0

&W"

Figure 11. Structure of optimized nonimmunnosuppressive inhibitor 40 (left)
and view of compound 40 bound to CypA.[1%l Highlighted is the surface of
Arg55 in blue, Phe60, Met61, Phell3, and Leul22 in orange and Thr73 in
cyan (right). Data kindly provided by T. C. Appleby.

Compounds 36-40 and a variety of analogs and derivatives were
obtained by total syntheses. Here, we highlight the highly con-
vergent route to compound 40 that was synthesized in diastere-
omerically and enantiomerically pure form, as outlined in
Scheme 9, with the three building blocks 43, 46, and 48 as key
intermediates.['%¢ The first of the three parallel branches started
with the trichloroacetate of (S)-piperazic acid 41.°%4 An asym-
metric synthesis of the acid itself had been developed previous-
ly, based on a diastereoselective hydrazination of an Evans’
oxazolidinone.l*°”l More recently, a biotechnological route to
enantiomerically pure piperazic acid was opened with transgenic
microorganisms. 18l
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Scheme 9. Synthesis of cyclophilin inhibitor 40. HATU = O-(7-
azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; EDC
= 1l-ethyl-3-(3-dimethylamino)propyl)-carbodiimide; HOBT = 1- hydroxyben-
zotriazole; (ArCO)20 = 2-methyl-6-nitrobenzoic anhydride.

The ester 41 was regioselectively coupled with Boc-protected
alanine to give the amide 42 as published in a preceding
work.12%! Cleavage of the Boc-protecting group and standard
peptide coupling with (S)-2-hydroxy-3-methylbutanoic acid led to
the first building block 43 as a pure stereoisomer. For obtaining
the second key intermediate, amine 46, a double stereodifferen-
tiation method%? was applied based on the one hand on the
chiral substrate 44 and, on the other hand, on a chiral ligand in
the hydrogenation catalyst. Thus, by following a protocol de-
scribed by Guijarro, Pablo, and Yus,*'% the Davis-Ellman-
typel'*tl  sulfinimine  (R)-44, generated from 7-bromo-2-
acetylquinoline and (R)-t-butylsulfinamide was submitted to a
rhodium-catalyzed transfer hydrogenation with (1S,2R)-1-amino-
2-indanol. As observed by the Spanish researchers, the combi-
nation of this enantiomer of the ligand at the noble metal with
(R)-sulfinimine 44 created a matched pair situation leading to
sulfonamide 45 with optimal diastereoselectivity. Acidic cleavage
of der nitrogen-sulfur bond delivered quinoline 46, the second
building block. The third one, dioxane 48, achiral, was obtained
by standard protocols from acetoacetate through dioxanyl-keto
acid 47. The poor yield in this sequence can be tolerated when
one considers that all substances required are bulk chemicals.

The three building blocks were combined in a four step se-
quence, starting with the cleavage of the trichloroethyl ester in
the intermediate 43. The carboxylic acid thus liberated was
coupled with the second building block, 2-aminoethyl quinoline
46, to give tripeptide 49. Subsequently, dioxane 48 was built in
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by means of a Heck reaction. The final step, the closure of the
macrocycle, was achieved by macrolactonization under applica-
tion of Shiina’s conditions**?l under high dilution. In summary,
the combination of the building blocks with a non-optimized yield
of 17% starting from compound 41 gave the final product 40 in
gram scale; an up-scaling to 100 to 1000 g is announced.
Sanglifehrin-inspired, but substantially simplified compound 40
exhibits strong CypA inhibition (K4 =5 nM), remarkable anti-HCV
2a activity (ECso = 98 nM). and high oral bioavailability in rat
(100%) and dog (55%).11%6¢ Recently, compound 39b (Figure 10)
was used in a study revealing that HCV uses CypA to evade the
effector protein kinase R (PKR).13!

In view of the tremendous efforts that are required for synthesiz-
ing a large multitude of compounds that exhibit cyclophilin inhibi-
tion, the question arises whether this process can be facilitated
and simplified by prediction of the appropriate structures based
upon theoretical calculations. Indeed, this approach has been
pursued by combined research at Gilead, Inc. and Schrddinger
Inc. by using the free-energy perturbation (FEP) method
(FEP+).'* For more than two dozens of compounds of the
series 36-40 and analogs thereof, the binding affinities to CypA
were calculated and compared with 10 compounds that were
synthetically available and whose binding affinities had been
determined by time-resolved fluorescence resonance energy
transfer (TR-FRET) competitive binding assay. The agreement
of the calculated with the — previously determined — experi-
mental data was found to be fair in this “retrospective study”,**4
and the calculations may help in developing improved non-
immunosuppressive CypA inhibitors of macrocyclic structures
related to compound 40.

5. De Novo Designed Small-Molecules as
Non-Immunosuppressive Cyclophilin Inhibi-
tors

5. 1. Aryl Indanyl and Biaryl Indanyl Ketones

A third approach towards non-immunosuppressive cyclophilin
inhibitors is based upon de-novo designed and accordingly
synthesized small molecules. Their structures are not inspired
by or derived from natural products, but rather designed intui-
tively, rationally or virtually by taking into account hypothetical or
computationally-modelled binding modes at the enzyme’s active
site.

In our research groups, we developed aryl indanyl ketones,
originally as inhibitors of the PPlase activity of the human par-
vulin Pin,% which represents an anticancer drug target.['l
We were guided by the idea that aryl indanyl ketones and biaryl
indanyl ketones will mimic the assumed twisted amide transition
state 3 (Figure 12) in the peptidyl prolyl cis/trans isomerization
with a concomitant change of hybridization (cf. Scheme 1).[15a

H
o Y
Rn,,gN Q’lm.
N4 OR "o

3 aryl indanyl ketones

OH ©O

biaryl indanylketones

Figure 12. Aryl indanyl and biaryl indanyl ketones mimicking the hypothetic
enzymatic PPlase transition state 3 (cf. Scheme 1).
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Straightforward syntheses enabled us['**2117] to obtain a series
of aryl indanyl and biaryl indanyl ketones, a selection of whose is
shown in Figure 13: enantiomerically pure aryl indanyl ketones
(R)- and (S)-50, prepared from from the corresponding enantio-
mer of 1-methyl-1-indanrcarboxylic acid,**®! and racemic biaryl
indanyl ketones. Based upon a dynamic kinetic resolution pro-
cedure of indanecarboxylic acid**®! we obtained ketone (R)-51a
(OMe instead of OH) in 94 % ee.[*'8l At a glance it seems rea-
sonable to submit this substance as well as a racemic sample to
the in-vitro inhibition tests. We noticed, however, that, under
those conditions, a ready racemization of the enantiomerically
enriched ketone occurs through enolization.[*? A crystal struc-
ture analysis of derivative 51a reveals that the biaryl-carbonyl
and the indanyl plane are oriented nearly perpendicular, so that,
in a sense, compounds of this series fulfill the requirements of a
mimic of the hypothetical twisted amide transition state 3.

Hiesp—{H OH

H

N

s ,,/\/\n/
T
g

A

54
Ki=1.4uM

Figure 13. Selected aryl indanyl and biaryl indanyl ketones 50-54 with their Ki
values of Pinl inhibition. Crystal structure of compound 51a.
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In a protease-free PPlase assay with succinyl-Ala-Glu-Pro-Phe-
p-nitroanilide as the substrate,*! the inhibition of human Pinl
by aryl and biaryl indanyl ketones was determined. Selected
results are shown in Figure 13 along with the structures. Ke-
tones 51 and 54 are active inhibitors with K; values in the single-
digit micromolar range. Substitution of the phenolic ketones by
nitro or amino residues led to enhancement to sub-micromolar
activity in compounds 52 and 53. The biotin derivative 54 served
for a proof of reversible inhibition by a suitable strepavidin
teSt.[llsa]

Aryl indanyl ketones (R)- and (S)-50 with a configurationally
stable stereogenic center were chosen to study the influence of
enantiomerism to the PPlase activity. The K; values, shown with
the chemical structures in Scheme 11, reveal that the inhibition
activity of the enantiomers differs by an order of magnitude from
each other, the (R)-enantiomer of 50 being the more active
compound. The different activity of enantiomeric ketones (R)-
and (S)-50 was furthermore proved to exist in cells as well by
two experiments, the first performed by a luciferase reporter
gene assay with a p53 response element in MCF-7 cells (breast
cancer cell line), the second by studying the effect on the onco-
genic transcriptional activator B-catenin. Here again, the (R)-
enantiomer of ketone 50 was the more active than (S)- and rac-
50.[11521]

After having demonstrated that aryl indanyl and biaryl indanyl
ketones are able to inhibit the PPlase activity of human Pinl1, we
started studying whether inhibition occurs in cyclophilins as well.
Indeed, a reasonably good binding to CypA was observed, as
shown in Table 1 for selected compounds, with inhibition con-
stants in the single-digit- to sub-micromolar scale (column 3).
Even more remarkably, these small molecules exhibit a distinct
selectivity towards the different cyclophilin isoforms, as evi-
denced by the results that show a clear discrimination in favor of
CypA in comparison with CypB (columns 3 vs. 4). This holds in
particular for biaryl indanyl ketones (entries 1-3), but, to a lower
extent also for the (R)-entantiomer of ketone 50, whereas (S)-50
is inactive towards both isoforms (entries 4 and 5). The highest
ability to discriminate between CypA and CypB by a factor of
>200 is exhibited by dinitro-substituted bisphenol 52. In view of
the simplicity of its molecular structure on the one hand and the
high extent of homology between CypA und CypB (63% of iden-
tical amino acids) in the PPlase domain on the other hand, this
degree of selectivity appears surprising. A proof of that discrimi-
nation in vivo was provided by inhibition of CypA- but not CypB-
mediated chemotaxis of mouse CD4+T cells by 52.124
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Table 1. Selective Inhibition of CypA versus CypB by ketones 50, 52, and 53.

Entry Compound Ki (uM) Ki (uM)
CypA CypB
1 OH O 0.52+0.15 > 100
o D
] OH
F NO, 52
2 OH O O 0.3+0.1 12+5
O OH
F NH, 53b
3 OH O 1.7+£05 8.6+0.9
H,N O O
l OMe
F 53c
4 75+15 40+ 10
(R)-50
5 > 100 > 100

In order to obtain a computational insight into the inhibition of
cyclophilin by small molecules, Monte Carlo statistical sampling
coupled to free-energy perturbation theory (MC/FEP) calcula-
tions were performed by Sambasivarao and Acevedo who put
particularly emphasis on elucidating the origin of the above
mentioned isoform-specific inhibition by aryl indanyl ketones.*?2
The computed binding energies of compounds 51c, 52, 53b,
and (R)- and (S)-50 were in a good agreement with those de-
termined by us experimentally.[*?!l For the highly selective com-
pound 52, the calculations identified the most favorable binding
mode in CypA and CypB that turned out to be distinctly different
in the orientation of the indanyl ring. The binding modes are
shown in Figure 14 (top) with an overlay of the CypA- and CypB
binding sites. In the favorable CypA complex, the indanyl resi-
due points into a polar region of the enzyme with a noncovalent
bonding of the carbonyl group to His54. A further weak electro-
static interaction occurs between the guanidinium group of
Arg55 of CypA and the oxygen atom of the nitro substituent
(meta to the carbonyl group) of ketone 52 (Figure 14, bottom). A
calculated total energy of this combined Coulomb and van der
Waals interaction amounts to -16.3 kcal/mol.
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Figure 14. Overlaid CypA (gray) and CypB (pink) active sites with biaryl
indanyl ketone 52 bound at the active sites (top). Compound 52 bound to the
active site of CypA with key residues. Nearby waters are removed for clarity
(bottom) (copied from ref.[22]),

The highly different CypA inhibition potency of enantiomeric
compounds (R)- and (S)-50 was also confirmed by the calculat-
ed binding energies in this computational study. The authors
concluded that the steric demand of the methyl group at the
stereogenic center causes an unfavorable docking for the (S)-
compared to the (R) enantiomer in the active site. An illustration
is provided by Figure 15 with overlays of (R)- and (S)-50 in
CypA.

Figure 15. Overlaid (R)-50 (gray) and (S)-50 (pink) in the Cyp active sites.
Nearby waters removed for clarity (copied from ref.[22),
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As expected for biaryl indanyl ketones, compound 53b was
proven to be a non-immunosuppressive inhibitor of CypA with no
activity against CN. Similar to non-immunosuppressive CsA
derivatives it is able to inhibit human umbilical vein endothelial
cell (HUVEC) proliferation which forms a key step of angiogene-
sis with an 1Cso value of 5.4 uM. The well-known antiangiogenet-
ic property of CsA was originally ascribed to the inhibition of CN,
however, the effectiveness of cyclophilin inhibitors devoid of the
ability to inhibit CN suggests that inhibition of cyclophilins is
sufficient to prevent HUVEC proliferation and angiogenesis.®”!

5. 2. N,N’-Disubstituted Urea Derivatives

N,N’-Disubstituted urea is another structural motif that forms the
core unit of cyclophilin-inhibiting small molecules resulting from
de-novo drug design. The simply-structured compounds used for
this purpose are either commercially available or accessible by
facile conventional transformations. By means of a virtual
screening, Guichou and coworkers identified and optimized aryl-
pyridyl ureas as ‘structure-based designed’ CypA isomerase in
vitro inhibitors. Starting with the lead structures 55a,b, the opti-
mized compounds 56a,b resulted with I1Cso values of 14 and 20
nM, respectively. Compound 55a was found to inhibit HIV-1
replication (Figure 16).0123

Figure 16. CypA inhibitors with an urea scaffold. Pyridyl aryl ureas 55 and 56
and benzoyl ureas 57 with 1Cso values for inhibition of CypA PPlase activity
(top)*?8). Lead fragment 58 and optimized CypA, CypB, and CypD inhibitor 59
(middle); Crystal structure of lead compound 58 in complex with CypA (PDB
ID:3RDD)™*?4, The S1’ pocket is defined as the proline binding pocket, formed
by Phe60, Met61, Phel13, and Leul22 represented in orange. The S2 pocket
is defined as the pocket for binding amino acid residue P2 of the substrate
(bottom).
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Inspired by these results, Li and coworkers used a computer-
assisted drug design approach for developing improved inhibi-
tors based on the urea scaffold. The most efficient compounds
resulting from this approach are benzoyl ureas 57a and 57b with
ICs0 values in the single-digit nanomolar scale for the inhibition
of the PPlase activity of CypA. A docking model of compound
57b into the active site of CypA suggests a hydrogen bond
between Arg55 and the benzoyl oxygen atom of the com-
pound.1125:126]

In the search for cyclophilin inhibitors, also the concept of ‘frag-
ment based drug discovery’ was applied. For this purpose, nu-
merous fragments are computationally docked into the active
site of the target. From these results, a small number of frag-
ments are selected and combined in a chemically reasonable
concept. Finally, selected designed compounds are synthesized
an evaluated with respect to their activity. This strategy was
applied by Guichou and coworkers and led to compounds, in
which the selected fragments are connected by an urea moiety.
The substituents occupy the S2 and the S1’ pocket of CypA as
well as CypD as shown in the crystal structures of the cyclophilin
complexes with compound 58 resulting from the initial combina-
tion of the fragments (Figure 16). The structure of the CypA-58
complex shows that the urea moiety forms a bridge over the
saddle between the two pockets and the ester function forms a
hydrogen bond to the cyclophilin active site arginine residue
Arg55. During optimization a phenyl-pyrrolidine moiety for occu-
pation of the S1’ pocket was introduced. This results in a shift of
the arginine hydrogen bond towards the urea carbonyl in the
cyclophilin-inhibitor complex. By this, retained enthalpically
driven binding is combined with a less unfavorable entropic
term.

As the optimum result, N,N’-disubstituted urea 59 was described
(Figure 16). The compound that was synthesized, obviously as a
racemic mixture of two diastereomers, inhibits CypA, B and D
with 1Cso values of 0.1, 0.08, and 0.2 uM, respectively, and ex-
hibits antiviral activity against HCV, HIV, coronaviruses and
flaviviruses in vitro. The complex of CypA and compound 59 did
not show inhibition of CN.[24127]

Based on the high affinity of 2-aryl pyrrolidine analogs to CypD
demonstrated by Guichou’s group*?”! O’Neil and coworkers
analyzed N,N’-disubstituted urea derivatives and their stereo-
chemical requirements as CypD inhibitors. The most active
compound, 64, was synthesized in a stereoselective manner, as
outlined in Scheme 13.1}281 The Grignard reagent generated from
o-bromo-thioanisol was reacted with Boc-protected pyrrolidinone
to give ketone 60. Then, the carbonyl group was reduced enan-
tioselectively by means of CBS-catalysis to yield carbinol 61 in
90% ee. Subsequently, generation of the mesylate, cleavage of
the Boc protecting group and base-induced cyclization led to
pyrrolidine 62. Then, coupling with Boc-protected (S)-methionine
yielded dipeptide 63. The final steps consisted of N-deprotection
and coupling with carbonyldiimidazole and p-aminobenzylamine
and afforded the target urea derivative 64 that was obviously
isolated as a single, enantiomerically pure diastereomer,*?
however as a 2:1-mixture of rotamers.
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Scheme 10. Stereoselective synthesis of urea derivative 64. HATU = O-(7-
azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate.

Binding and inhibition constants of compound 64 towards CypD
were determined for Ky to 0.41 pM and K; to 99 nM. The binding
energies were measured and amounted to AG = -8.71, AH = -
12.49 and TAS = -3.78 kcal/mol. The unfavorable entropy term
that leads to a reduction of the AG compared to the AH value
has been attributed to the conformational flexibility of the en-
zyme. The crystal structure of compound 64 bound to CypD
(Figure 17) features a variety of noncovalent cooperative inter-
actions, including hydrogen bonds to Arg55, Thr107 and Asn102
(CypA numbering). The (S)-methionine side chain of 64 is posi-
tioned near Asn102, Alal03 and Gly104 in a similar way to the
[MeBmt]! residue of CsA which is known to be in van der Waals
contact with Ala103.
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Figure 17. Crystal structure of compound 64 bound to CypD (PDB
ID:4J5C)1*?4. Highlighted is the surface of Arg55 in blue and Phe60, Met61,
Phel13, and Leul22 in orange with numbering adapted to CypA. (Numbering
in CypD: Arg96, Phel01, Metl02, Phel54, and Leul63) (top). Overlay of
compound 64 (green, PDB ID:4J5C)**4 and CsA (cyan/grey, PDB
ID:2Z6W)1*3 hound to CypD. The protein structure was omitted for clarity.
Hydrogen bonds of compound 64 to active site residues of CypD are depicted
schematically. CsA [MeVal]** (pink) resides in the S1’ pocket of the cyclophilin
(bottom).

By further use of the fragment based approach in search for
CypD inhibitors a bicyclic fragment was found, which matched
the S2 pocket of CypD. This fragment was combined with the
S1’ binding part of compound 59 resulting in the most potent
urea derivative 69 with a Ky of 6 nM determined by surface
plasmon resonance (SPR) and an ICsq for inhibition of the PPI-
ase activity of CypD of 4 nM.[*3U The use of an oxalyl or amide
moiety instead of the urea linker to connect the fragments re-
sults in reduced affinity to CypD. This holds also for other
diastereomers of compound 69 — an observation that may
underline the importance of the proper configuration in the
oxazabicyclo[3.3.1]nonane moiety for matching the S2 pocket.
The ex-chiral-pool synthesis of N.N’-disubstituted urea 69,
outlined in Scheme 11, starts with a montmorillonite-mediated
condensation between 2-deoxy-D-ribose and Boc-protected 4-
amino-benzylamine. The reaction leads to a nearly 1:1-mixture
of the two diastereomers 65 and 66. After chromatographic
separation, product 65 with (R,R)-configured bridgehead centers
was isolated in 39% yield and converted into intermediate 67 by
protection the hydroxy and cleavage of the Boc groups. It is
subsequently condensed with (R)-pyrrolidine 68 in the presence
of carbonyldiimidazol to effect the urea formation. Final cleavage
of the silyl protecting group leads to the product 69 that is ob-
tained as a pure diastereomer and enantiomer.
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Scheme 11. Synthesis of compound 69.

Interestingly, further alkylation of the urea nitrogen directed to
the S2 binding pocket in compounds derived from lead com-
pound 58 appended an additional contact site between the
inhibitor and the cyclophilin active site which in some cases
improved affinity. For an optimized alkylated aryl-pyrrolidine urea
a Kqof 70 nM was determined by SPR.[*32

Because of the efficient inhibiton of CypD by the N,N’-
disubstituted urea derivatives, the influence of these inhibitors
on mitochondrial permeability transition and associated signaling
pathways are of large interest. Compound 68 was found to
inhibit the opening of the mitochondrial permeability transition
pore (mPTP) in heart and liver and protected against ische-
mia/reperfusion injury in mouse liver.!33 Also the protection of
murine as well as human pancreatic acinar cells against toxin
induced loss of mitochondrial membrane potential and necrosis,
which are critical events in the pathogenesis of acute pancreati-
tis by compound 64 can be considered as a result of the inhibi-
tion of CypD mediated mPTP opening.*27

‘Fragment based drug discovery’ also identified a variety of
simple, commercially available, mostly heterocyclic compounds
as binders to the different isoforms of cyclophilins. Typical rep-
resentatives are  3,4.diaminobenzamide or 2-amino-3-
methylpyridine. The tools used in this study were X-ray diffrac-
tion, SPR, and molecular dynamics simulations. Free energy
values of binding were calculated, binding constants were esti-
mated as millimolar. Biochemical effects of these simple com-
pounds were not yet disclosed. 34
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5. 3. Sulfonamides

A third structural unit, the classical sulfonamide pharmacophore,
has recently seen a renaissance as small-molecule cyclophilin
inhibitor. Structure-based design, pharmacophore modeling,
virtual screening and docking studies identified sulfonamide 70
as inhibitor of CypD with a K; value of 1.3 uM 235 (Figure 18

- I
S
o) N SO,NH,
\ | H
N

Vi

70

Figure 18. Structure of urea derivative 70.

Sulfonamide 70, synthesized by standard methods, was found to
exhibit activity against AB-induced mitochondrial dysfunction and
cell death and was recommended as a candidate for treatment
of Alzheimer's disease.*%

6. Conclusion

The search for cyclophilin inhibitors devoid of immunosuppres-
sive activity has been recognized as a worthwhile effort. Multiple
modifications of CsA and sanglifehrin by partial syntheses, but
also total synthesis of de-novo designed small molecules pro-
vided a large variety of non-immunosuppressive cyclophilin
inhibitors. Many of these compounds proved themselves as
antiviral agents in vivo and in vitro, and several were evaluated
in clinical trials. This tour d’horizon may encourage further efforts
to develop approved drugs based upon the concept of cyclophil-
in inhibition by non-immunosuppressive compounds.
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Cyclophilins are enzymes that accelerate the rotation of the peptide bond in front of proline. Due to their involvement in pathophysio-
logical processes, they are associated with various diseases. Thus, inhibition of cyclophilins appears as a worthwhile goal, whose
pursuing led to various promising drug candidates — particularly for the treatment of viral infections — without contra-productive immu-
nosuppression.

This article is protected by copyright. All rights reserved.



