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Abstract. The oxytocinase subfamily of M1 zinc aminopeptidases comprises emerging drug targets,
including the ER-resident aminopeptidases 1 and 2 (ERAP1 and ERAP2), and insulin-regulated
aminopeptidase (IRAP), however, reports on clinically relevant inhibitors are limited. Here we report
a new synthetic approach of high diastereo- and regio-selectivity for functionalization of the a-
hydroxy-f-amino acid scaffold of bestatin. Stereochemistry and mechanism of inhibition were
investigated by a high-resolution X-ray crystal structure of ERAP1 in complex with a micromolar
inhibitor. By exploring the P1 side-chain functionalities, we achieve significant potency and
selectivity, and we report a cell-active, low nanomolar inhibitor of IRAP with >120-fold selectivity
over homologous enzymes. X-ray crystallographic analysis of IRAP in complex with this inhibitor
suggest that interactions with the GAMEN loop is an unappreciated key determinant for potency and
selectivity. Overall, our results suggest that a-hydroxy-B-amino acid derivatives may constitute useful

chemical tools and drug leads for this group of aminopeptidases.
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INTRODUCTION

M1 aminopeptidases constitute one of the major family of aminopeptidases, enzymes that catalyze
the removal of amino acids from the N-terminus of polypeptides. All members of this family are zinc-
dependent enzymes that carry two conserved sequence motifs that are critical to their catalytic
function: the HEXXH-(Xg)-E motif that is necessary to zinc binding and the GXMEN exopeptidase
motif that is critical to active site formation and selectivity.! M1 aminopeptidases carry out a vast
variety of biological functions, several of which are involved in human disease and as a result they
are frequent drug targets.” In particular, the oxytocinase subfamily of M1 aminopeptidases that
consists of ER aminopeptidase 1 and 2 (ERAP1, ERAP2) and Insulin Regulated Aminopeptidase
(IRAP) have been the target of active research in drug development.>® These three enzymes play
important roles in the function of the immune system, tumorigenesis, blood pressure, intracellular
trafficking and cognitive function, thus their pharmacological regulation has been suggested to have
important therapeutic applications.!*!? Consequently, much research has been focused on the role of
ERAPI1 and ERAP?2 in regulating antigen processing and presentation, and on its potential in cancer
immunotherapy and control of inflammatory autoimmunity.'>'* Although IRAP plays important roles
in antigen cross-presentation'® and T-cell receptor signaling,'® most drug-development efforts to date
have focused on its role in cognition.® Still, possible applications of IRAP inhibition in cancer

immunotherapy or autoimmunity have been emerging,'” in particular due to its unique role in cross-
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presentation by dendritic cells, an important component of anti-cancer immune responses.’
Several chemical scaffolds have been explored as IRAP inhibitors (recently reviewed in '!2%2!), The
first IRAP inhibitors were based on the physiological hexapeptide inhibitor of IRAP angiotensin IV,*
and included linear and macrocyclic analogues.>>** The first generation of drug-like, small molecular
weight inhibitors of IRAP were discovered through in silico screening using a homology model of
IRAP and included the pyridine derivative HFI-419 and the quinoline derivatives HFI-435 and HFI-
437326 In addition, two aryl sulfonamides and a spiro-oxindole dihydroquinazolinone were
identified after screening a substance library of 10,500 low-molecular-weight compounds.?’-*
Rationally, structure-based designed inhibitors have also been explored, including diaminobenzoic
acids and pseudophosphinic peptides.®*!*> However, despite several years of small-molecule

inhibitors development for these enzymes a clinical application has yet to be reported, suggesting that

more drug-like scaffolds need to be explored.
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Chart 1. Structures of bestatin (1), the potent phosphinic inhibitor of ERAP1 and IRAP, DGO13A (2), and a
diaminobenzoic acid-based inhibitor of ERAP2 (3). Zinc-coordinating atoms are colored red and the a-amine
that mimics the substrate’s N-terminus is colored blue. Side chains that target the S1, S1” and S2” pockets of
the enzymes are designated as P1, P1" and P2’, respectively.

Bestatin is a natural product inhibitor of zinc-aminopeptidases, which was isolated from a culture
filtrate of S. olivoreticuli by Umezawa.>>** The structure of bestatin (Chart 1) is similar to a L-Phe-L-
Leu dipeptide, where Phe is an a-hydroxyl-B-amino acid with the absolute stereochemistry of (25,3R).
Bestatin has been shown to be a modest to weak inhibitor of several families of metallo-
aminopeptidases including members of the M1 family.*>-*" It blocks the active site of aminopeptidases

8 mainly via chelation to the catalytic zinc and through interaction of the a-

in a reversible manner,’
amine with one or two acidic residues that flank the entrance of the S1 subsite of the enzyme.
Motivated by the clinical application of bestatin that has been marked in Japan as a complementary
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chemotherapeutic agent in the treatment of acute myeloid leukemia,””"” some studies have produced

analogues based on its a-hydroxy-B-amino scaffold as inhibitors of metallo-aminopeptidases.>*!** A
notable example is the optimization of the bestatin scaffold towards nanomolar inhibitors of PfA-M1
aminopeptidase, an essential parasitic enzyme of potential therapeutic value.** For the synthesis of
these analogues, commercially available D-amino acids were transformed into a-amino aldehydes,
followed by Wittig methylenation and dihydroxylation of the resulting alkene. The diastereomeric
mixture of the diols was oxidized and the active (25,3R) diastereoisomers were purified by reverse
phase HPLC. While this synthetic strategy allows preparation of a-hydroxy-L-f-amino acids from o-
D-amino acids with good yields, it is limited by the availability of a-D-amino acids for the P1 position
and the required separation of diastereoisomers by HPLC. Other routes employed for the preparation

of bestatin and derivatives have used chiron approaches starting from amino acids or sugars,**

4650 the Passerini approach,’! or chemoenzymolysis.’?> However, these methods

asymmetric catalysis,
suffer from poor diastereo- or regio-selectivity, and more importantly, most routes are significantly

limited in the diversity of the side chains that can be explored.

Here, we present a synthetic methodology that involves two N-Boc protected oxazolidine
intermediates with the required stereochemistry to incorporate a series of P1 side-chain moieties, in

combination with any P” substituent coupled at the 5-carboxylate group. The desired stereochemistry
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is achieved at a high regioselectivity ratio through asymmetric Sharpless aminohydroxylation,>
which is promoted by protecting groups of appropriate length.>* The strategic protection of the
(2S,3R)-2-hydroxy-3-amino moiety in an oxazolidine scaffold allowed us to demonstrate the
versatility of this approach by introducing a variety of functional groups in the P1 substituent for the
generation of potent zinc aminopeptidase inhibitors.”>>® Many of the synthesized derivatives were
found to be sub-micromolar inhibitors of ERAP1, ERAP2 and IRAP. We obtained a high-resolution
X-ray crystal structure of ERAP1 in complex with one of these compounds (resolved at 1.6 A), which
verified the required stereochemistry and validated the zinc-binding mode as competitive inhibitor.
Three of these compounds displayed low nanomolar inhibition for IRAP (up to ICs of 6.5 nM) with
significant selectivity against the highly homologous ERAP1 and ERAP2 (170- and 120-fold for the
most selective, respectively). A cross-presentation assay was utilized to confirm their cellular activity
for IRAP at sub-micromolar concentrations. The X-ray crystal structure of IRAP in complex with this
potent and selective inhibitor revealed structural features of the active site that could be employed in

the design of selective inhibitors for the members of the oxytocinase subfamily.

RESULTS AND DISCUSSION
Design and synthesis of the inhibitors

Based on the core scaffold of a-hydroxy-B-amino acid scaffold of bestatin we sought to increase its
binding affinity for the three M1 aminopeptidases. This could be achieved by optimizing the P1 side
chain that targets the S1 specificity pocket and which is characteristic for each member of the M1
family of aminopeptidases. An early investigation of their S1 specificity profile has revealed that
ERAP1 has higher preference for long and hydrophobic aliphatic or aromatic amino acids, ERAP2
displayed high preference for basic amino acids, whereas IRAP was the most permissive and
combined the specificity of ERAP1 and ERAP2.%’ In addition to optimization of the P1 substituent,
we also opted to target the S2” subsite of the enzymes for increased potency, while retaining the L-
Leu (P17) of bestatin. Thus, for the primed subsites we used the dipeptides L-Leu-L-Trp, or L-Leu-L-
Tyr, both of which have been shown to yield potent inhibitors of aminopeptidases that generate

antigenic peptides (2, 3 in Chart 1).>

Although bestatin is used as a general inhibitor of M1 aminopeptidases, its inhibition profile for
ERAPI, ERAP2 and IRAP is not documented. So our first goal was the synthesis and biochemical
evaluation of bestatin (1) and of two key derivatives of bestatin; one with homo-phenylalanine (L-
hPhe) instead of phenylalanine as P1 side chain (8-9, Scheme 1), and another with L-Leu-L-Trp

dipeptide instead of a single leucine for the primed sites (10—11, Scheme 1). The longer side chain of
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L-hPhe has been shown to be a good substrate for the S1 subsite of ERAP1 and IRAP,*’ and since
then L-hPhe in combination with a dipeptide of natural or non-proteinogenic amino acids targeting
the S1°-S2" subsites has been employed in many high-affinity, nanomolar inhibitors of these

aminopeptidases (2, 3 in Chart 1),

4a n=1 5a n=1 6a n=1 7a, n=1, R=OMe 1, n=1,R=0OH
4b n=2 5b n=2 6b n=2 7b, n=2, R=OMe 8, n=2, R=OMe
7¢, n=2, R=L-TrpOBn 9, n=2, R=OH
10, n=2, R=L-TrpOBn
11, n=2, R=L-TrpOH

Scheme 1. Synthesis of bestatin (1) and initial analogues. i) PhsP=CHCOOMe (1.2 equiv), CH>Cly, rt, 16 h;
ii) NaOH (3 equiv), H>O, K;,0s04(0.06 equiv), (DHQD),PHAL (0.05 equiv), BocNH: (3 equiv), DCDMH
(2 equiv), n-PrOH, rt, 16 h, quenched with Na,SO; (8 equiv); iii) LiOH (2 equiv), H>O, THF, rt, 1 h; iv)
HATU (2.5 equiv), DIPEA (6 equiv), L-Leu-OMe or L-Leu-L-Trp-OBn (1.5 equiv), DMF, 16 h; v) Pd/C
(10%), H> (1 atm), MeOH, rt, 2 h; vi) TFA:CH,Cl, 1:1, rt, 1 h.

The first derivatives were prepared starting from 2-phenylacetaldehyde or 3-phenylpropionaldehyde,
which were converted to the corresponding esters Sa and 5b through a Wittig reaction (Scheme 1).
Introduction of the amino-hydroxyl functionalities at the desired stereochemistry was achieved with
Sharpless asymmetric aminohydroxylation, albeit with low regioselectivity as indicated by the low
isolated yields of 6a and 6b (see Experimental section). The final products were obtained after
hydrolysis of the methyl ester (6a, 6b), coupling with L-Leu-OMe or L-Leu-L-Trp-OBn (7a-7¢) and
removal of the N-Boc protecting group. The carboxy-termini of Leu and Trp were either hydrolyzed
to yield the corresponding carboxylic acids (1, 9, 11), or retained as methyl and benzyl esters,

respectively (8, 10).

The next goal was the design of a core scaffold that could be used to functionalize the P1 substituent,
the key moiety of an aminopeptidase inhibitor that probes the S1 specificity pocket of the enzymes.
As a core scaffold we synthesized a N-Boc protected 2,2-dimethyloxazolidine moiety that comprises
the central amino-hydroxyl functionality of the inhibitors (17 and 24, Scheme 2). The scaffold is
functionalized with 5-methylcarboxylate and 4-hydroxyalkyl groups at the appropriate
stereochemistry for binding to the active site of M1 aminopeptidases. The hydroxyl group can be
readily functionalized to ethers, aldehydes, amines, amides and carboxylic acids to yield a variety of
P1 substituents, whereas the length of the final side chain can be controlled starting from either the

hydroxymethyl-(17) or the hydroxyethyl-(24) substituted scaffold. The P” substituents can be inserted



via coupling of amines (carboxy-protected amino acids or peptides) after hydrolysis of the methyl
ester, either before, or after functionalization of the P1 substituent. Within the last steps, treatment of
the acetal with TFA will furnish the desired (25,3R)-2-hydroxy-3-amino moiety of the final products.
Synthesis of the core scaffolds 17 and 24 with the appropriate (4R,5S) stereochemistry was achieved
by Sharpless asymmetric aminohydroxylation of 14 and 21, respectively, with high regio- and stereo-
selectivity.>**> Compound 14 was prepared in two steps from methyl crotonate (12), whereas 17 was
prepared from 4-hydroxyanisole (18) via etherification to 19 followed by Dess-Martin oxidation and
Wittig reaction with the appropriate triphenylphosphorane (Scheme 2). Acetal protection using
freshly distilled 2-methoxypropene and pyridinium p-toluenesulfonate (PPTS), followed by cleavage
of the p-methoxy ether with ceric ammonium nitrate (CAN) yielded alcohols 17 and 24 (Scheme 2).
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Scheme 2. Synthesis of the key intermediates 17 and 24. i) NBS (1 equiv), CCl4, benzyl peroxide (cat),
reflux; ii) Cs2COs (1.2 equiv) p-methoxy benzoic acid (1.2 equiv), DMF, rt, 1 h; iii) NaOH (3 equiv), H2O,
K>0s04 (0.06 equiv), (DHQD),PHAL (0.05 equiv), BocNH> (3 equiv), DCDMH (2 equiv), n-PrOH, rt, 16 h,
quenched with Na,SOs (8 equiv); iv) 2-methoxy propane (20 equiv), PPTS (0.1 equiv), toluene, 25 °C—110
°C, 4 h; v) Cs,COs (0.6 equiv), MeOH, rt, 16 h; vi) 1,3-propanodiol (1.5 equiv), DIAD (1.8 equiv), PPhs (1.7
equiv), THF, reflux, 25 min; vii) Dess-Martin periodinane (2.5 equiv), NaHCO3 (5 equiv), CH>Cly, 1t, 2 h;
viii) PhsP=CHCOOMe (1.2 equiv), toluene rt, 16 h; ix) CAN (2 equiv), CH;CN/H»O at 0 °C, 30 min.

To demonstrate the flexibility of these core scaffolds as intermediates of potent M1 aminopeptidase
inhibitors with a wealth of P1 functionalities and to provide a basis for their preparation, we
synthesized and tested a series of compounds as potential inhibitors of three M1 aminopeptidases. As
such, 17 and 24 that bear a hydroxymethyl or hydroxyethyl group as P1 can be readily coupled with
a dipeptide, after ester hydrolysis, to yield compounds 25 and 26 upon treatment with TFA (Scheme
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3). For longer alkyl alcohols, another intermediate can be employed (see below). Upon Mitsunobu
etherification of 17 or 24 with commercially available substituted phenols (R-OH in Scheme 3), a
series of compounds with aromatic ethers as P1 substituents can be prepared readily. Following
typical amide coupling and acidic cleavage (or hydrogenation) of the esters and protecting groups
compounds 32a-32m were obtained in good yields. These compounds were expected to afford
promising inhibitors of the three aminopeptidases under study, but also to allow for exploration of

the S1 pocket with different substituted aryl groups.

Dess-Martin oxidation of 17 and 24 afforded aldehydes 27a and 27b, respectively, which is another
set of common intermediates that can be employed for a wealth of P1 functionalizations. Here, we
prepared alcohol 30 through a Wittig reaction of 27b with (2-(benzyloxy)ethyl)
bromotriphenylphosphorane to yield 28, followed by hydrolysis of the methyl ester, Pd-catalyzed
hydrogenation to 29, coupling with a dipeptide and treatment with TFA (Scheme 3). This compound
was particularly designed as an extension of the nor-leucine side chain (3 in Chart 1), which has been
successfully employed as P1 substituent in previous works,® in order to explore the potential
interaction of a P1 hydroxyl. From aldehydes 27a and 27b a number of aliphatic carboxylic acids
were prepared, starting with a Horner—-Wadsworth—-Emmons reaction with tert-butyl 2-
(dimethoxyphosphoryl)acetate to furnish 33a and 33b, respectively. Then, following a similar set of
steps as described for 32a-32m, carboxylic acids 34a—34d were prepared. Although acidic amino
acids do not comprise good substrates for the S1 subsite of ERAP1, ERAP2 or IRAP,*’ other M1

aminopeptidases such as APA display good affinity for P1-acidic side chains.*
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31g,32m R=Ph-(3,4,5)-F3, n=2 34d P'=L-Leu-L-Tyr-OMe, n=2

Scheme 3. Synthesis of compounds with aromatic and aliphatic alcohols or carboxylic acids as P1. i) Dess-
Martin periodinane (2.5 equiv), NaHCOs (5 equiv), CH2Cl, rt, 2 h; ii) (2-(benzyloxy)ethyl)bromotriphenyl
phosphorane (2.5 equiv), KHMDS (2.5 equiv), toluene, reflux, 2 h; iii) LiOH (2 equiv), H>O, THF, rt 1-2 h;
iv) Pd/C (10%), H» (1 atm), MeOH, 1t, 3 h; v) dipeptide P" (1.5 equiv), HATU (2.5 equiv), EtsN or DIPEA (6
equiv), DMF, rt, 16 h; vi) TFA:CHxCl, 1:1, rt, 1 h; vii) R-OH (1.5 equiv), PPhs (1.7 equiv), DIAD (1.8
equiv), THF, 0 °C—reflux, 25 min; viii) fert-butyl 2-(dimethoxyphosphoryl)acetate (1.7 equiv), LIHMDS
(1.5 equiv), THF, rt, 16 h.

In order to explore other functional groups, 24 was oxidized to the carboxylic acid 35, which was
subsequently coupled with two hydroxyl-alkyl amines for the formation of an amide bond within the
P1 substituent (Scheme 4). Through standard coupling and deprotection steps, we obtained 37a and
37b, two highly functionalized compounds with a planar amide and one or two hydroxyl groups
comprising P1 and L-Leu—L-Trp-OMe as P1'-P2’. A more efficient route for the exploration of
different P1 substituents would proceed first by ester hydrolysis and amide coupling of the desired P’
moiety to the common intermediates, and then by functionalization of the P1 alcohol. To demonstrate
this route, 38a and 38b were prepared from 17 and 24, respectively (Scheme 4). After Dess-Martin
oxidation to the corresponding aldehydes 39a and 39b, reductive amination with a series of amines,
including amino acids, furnished the amino alkylated analogues 41a—i after cleavage of the protecting
groups. It should be noted however that this route is not always efficient and it is highly dependent

on the nature of the P” substituent with regard to the reaction steps required for functionalization of
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P1. For example, we have observed that the hydrogenation reaction required to produce 30 and 34a—

34d should precede coupling of the dipeptide (Scheme 3).
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Scheme 4. i) Dess-Martin periodinane (2.5 equiv), NaHCOs3 (5 equiv), CH>Cly, rt, 2 h; ii) 2-methylbut-2-ene
(10 equiv), NaClO; (3 equiv), NaH>PO4 (3 equiv), --BuOH:THF:H»O 1:1:1, rt, 45 min; iii) Ri{NH, (1.2
equiv), HATU (2.5 equiv), EtzN (6 equiv), DMF 40 °C, 16 h. iv) LiOH (2 equiv), THF:H>O 3:1, rt, 18 h; v)
L-Leu— L-Trp-OMe (1.2 equiv), HATU (2.5 equiv), EtN (6 equiv), DMF, rt, 16 h; vi) TFA:CH,Cl, 1:1, 1t, 1
h; vii) R;2NH; shown in Table 2 (3 equiv), Na(CH3COOQ)sBH (3 equiv), dichloroethane, rt, 24 h.

Biochemical evaluation of the inhibitors

To evaluate the capability of the synthesized compounds to act as inhibitors of the oxytocinase
subfamily of M1 aminopeptidases, we utilized an established fluorogenic assay using model dipeptide
substrates and the recombinant enzymes ERAP1, ERAP2 and IRAP (Tables 1 and 2). Bestatin (1)
was found to be a poor inhibitor of ERAP1 (ICs0 =45 uM) and lacked any observable activity versus
ERAP2 or IRAP (ICso >100 uM), consistent with its lack of optimization for the active site of these
enzymes. Increasing the side chain length in P1 by substituting Phe with hPhe (8, 9) did not improve
the inhibitory effect. However, addition of L-Trp as P2" in 10 and 11 resulted in a marked
improvement of potency for ERAP1 and ERAP2, with considerable, sub-micromolar activity for

IRAP, which is consistent with the known pharmacophore requirements of these enzymes.?!%

The first two derivatives of intermediates 17 and 24 coupled with L-Leu—L-Trp-OBn (25 and 26,
respectively) did not display any marked potency, however, a better activity was achieved by
increasing the aliphatic chain length of the P1 alcohol in 30 (Table 1). This compound with L-Tyr-
OMe as P2" will be discussed in more detail below as we obtained a high-resolution X-ray crystal
structure in complex with recombinant human ERAP1. From the series of the substituted aryl ethers

32a-32m we obtained 7 inhibitors of ERAP1 and 10 inhibitors of ERAP2 with low micromolar
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activity (ICso < 2 uM, Table 1). The highest selectivity for ERAP2 against ERAP1 was displayed by
32g (18-fold), which however was equipotent for IRAP (ICso of 0.8—1.0 puM). In contrast, we did not
obtain any compound with higher selectivity than 4-fold for ERAP1 against ERAP2 (i.e., 30 and 32f).
With regard to IRAP, most of the aryl-ethers in P1 displayed sub-micromolar activity, with 3
compounds displaying low nanomolar activities (ICso values of 6.5-19 nM for 32d, 32e and 32m,
Table 1). More importantly, 32e showed the highest selectivity against ERAP1 (170-fold) and ERAP2
(120-fold). Taken together, we can suggest the para-methoxy or para-ethoxy phenol, and the 5-
ethoxy-1,2,3-trifuorobenzene groups as excellent P1 substituents for obtaining potent inhibitors of

the three M1 aminopeptidases employed herein.

Table 1. Biochemical results of compounds 1-32m against the three homologous M1 aminopeptidases.

OH
HzNWP' ICs0 (M)
D I
R P’ ERAP1 | ERAP2 | IRAP
1 wY_Ph L-Leu-OH 45 >100 | >100
8 i~ Ph L-Leu-OMe >100 >100 53
9 a~_Ph L-Leu-OH 49 >100 | >100
10 m~_-Ph L-Leu— L-Trp-OBn 4.3 1.7 0.28
11 s~_-Ph L-Leu— L-Trp-OH 19 17 0.83
25 2 0H L-Leu— L-Trp-OBn 86 11 5.5
26 m~_-OH L-Leu— L-Trp-OBn 21 30 2.0
30 F~"on | L-Leu—L-Tyr-OMe 1.2 4.9 0.51
OBn
322 |, (0 |ilewiTyrOMe [ 30 75 | 046
OBn
s |, T L-Leu-L-Trp-OBn | 2.0 5.5 0.24
OH
¢ | T |tlewLTyrOMe | 10 2.3 0.16
OH
3 | T |LLeu-LTp-OMe | 059 058 | 0.013
OH
32e %\o/©/ L-Leu-L-Trp-OMe | 1.1 0.76 | 0.0065
OH
32f ;ﬁ%OQ L-Leu-L-Trp-OH | 0.48 2.0 0.15
326 | o |L-LewL-Tyr-OMe | 18 1.0 0.82
32 |, [0 | L-Leu-L-Trp-OH 46 1.6 0.36
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oH
NP ICso (UM)
ID Lol
R P’ ERAP1 | ERAP2 | IRAP
32i N/\O/Q L-Leu—L-Tyr-OMe 22 1.8 43
OH
32j N/\O/Q L-Leu—L-Trp-OH 19 1.9 3.1
OH
2k | /©\0| L-Leu—L-Trp-OMe | 2.4 0.46 0.20
321 ?»"/\OQC| L-Leu-L-Tyr-OMe | 8.1 058 | 039
F
32m ﬁ[F L-Leu-L-Trp-OMe | 0.67 0.25 0.019
0 F

The remaining compounds that comprise P1 moieties with aliphatic carboxylates (34a—34d), amides
(37a—37b) and amines (41a—41i) displayed no inhibition of ERAP1 (up to 100 uM tested) and poor
inhibition of ERAP2 and IRAP (Table 2). It should be noted that these compounds were not designed
with the aim to obtain potent inhibitors of the targeted aminopeptidases, rather than exhibit the
synthetic feasibility and potential to obtain a diverse set of functionalized P1 substituents from the
common intermediates 17 and 24 (Schemes 3 and 4). Still, it was interesting to observe that
compounds 41e bearing an ethylaminoethanol moiety, or 41h carrying a N-linked tyrosine amino acid
within P1 have the potential to inhibit ERAP2 and IRAP at low micromolar concentrations. The acidic
P1 side chains of 34a-34d displayed low affinity for the 3 enzymes, however, similar compounds
can be optimal for other M1 aminopeptidases such as aminopeptidase A. Therefore, compounds with
acidic moieties targeting the S1 pocket could be a good starting point for development of selective

inhibitors for aminopeptidase A, considering their very low affinity for ERAP1, ERAP2 or IRAP.

Table 2. Biochemical results of compounds 34a—41i against the three homologous M1 aminopeptidases.

OH
D HZNmP (G kM)
Ry P’ ERAP1 | ERAP2 IRAP
34a n~_-COOH L-Leu— L-Trp-OBn 73 13 43
34b o~ _-COOH L-Leu—L-Trp-OH >100 19 >100
34c S ~_-COOH | 1. Leu-L-Trp-OBn 87 31 31

12



QH
HoN - P
o 2 m ICso (UM)
R P’ ERAP1 | ERAP2 | IRAP
34d | W ~_COOH |1 [Leu—L-Tyr-OMe | >100 13 8.8
(o]
37a w I ~_oH  |L-Leu—L-Trp-OMe | >100 30 3.9
H
o OH
37b M\)L” LOH L-Leu— L-Trp-OMe >100 >100 11
41a PN LLew L-Trp-OMe | >100 18 9.0
§
41b g fOH L-LeuL-Trp-OMe | >100 27 5.0
OH
Me | o Ny, |L-Leu-L-Trp-OMe | >100 8.2 7.9
H
N
41d S fOH L-Leu—L-Trp-OMe | >100 9.6 8.2
OH
ale | PN L Leu-L-Trp-OMe | >100 3.8 1.9
N OH
41f “/\rlv/\/ L-Leu—L-Trp-OMe | >100 13 1.5
N
ng | ¢ I\@ L-Leu-L-Trp-OMe | 9.0 1.6 0.27
MeO o OH
o N
41th | I\@ L-Leu—L-Trp-OMe | >100 7.9 0.33
MeO (@] OH
« N
a1 | r\@ L-Leu—L-Trp-OH | >100 37 13
HO [¢] OH

High-resolution X-ray structure of ERAP1 in complex with inhibitor 30

To better understand the binding configuration and mechanism of inhibition of these derivatives, we
used X-ray crystallography to resolve the crystal structure of ERAP1 in complex with compound 30
(Figure 1 A). Crystals that diffracted at 1.6 A resolution matched the highest resolution reported for
this enzyme to date (Table S1).5' ERAP1 was found in the closed conformation, in which the catalytic
site has very limited access to the external solvent and lies adjacent to a large internal cavity (Figure
1 A).%? Additional electron density was discovered at three locations inside this cavity, in the active
site and two allosteric sites previously described.®® One of those sites in domain IV was interpreted
to correspond to binding of a crystallization buffer component, malic acid (MLT).®! This site has been

described before to be able to bind the C-terminus of sufficiently long peptidic substrates, regulate
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enzymatic activity and is the binding location of a natural product modulator of ERAP1 activity.%%*

The other allosteric site has been shown before to bind Bis-Tris propane, but here the density was
fully attributable to another crystallization buffer component, propylene glycol (PGE, Figure 1 A).5!
This closed conformation of ERAPI is consistent with inhibitor binding since the open-to-closed

conformation transition has been linked with either active site, or allosteric site occupation.65

The clear residual electron density within the active site of ERAP1 was used to build an accurate
model of 30 (Figure 1 B), which revealed the expected configuration (25,3R) for the key 2-hydroxy-
3-amino moiety. The 2-hydroxyl carbonyl moiety of 30 acts as a Zn(II) chelating group in the active
site, with Zn—L distances of 2.0 A for L: HO—C and 2.4 A for L: O=C (Figure S2). The primary amine
is stabilized by electrostatic interactions with Glul183, Glu320 and Glu376 in a manner identical to
the expected recognition of the N-terminus of a peptidic substrate. The butanol P1 moiety of 30
extends into the elongated S1 pocket of the enzyme, similarly to the P1 side-chain of peptidic
substrates,”’ making interactions with the base of the pocket, Met319 all the way to GIn181 (Figure
1 C, D). The depth of the S1 pocket of ERAP1 justifies accommodation of longer P1 groups, such as
the para-ethoxy-phenol moiety of 32¢ and 32d. We have specifically designed the P1 moiety of 30
to investigate the potential formation of a hydrogen bond with Ser316, however the terminal hydroxyl

group formed hydrogen bond with the main-chain C=0 of Glu183 (Figure 1 D).
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Figure 1. (A) Cartoon representation of ERAP1 in complex with 30 (PDB ID: 7728). Enzyme domains are
color-coded as indicated by Latin numbers and the zinc-bound inhibitor is shown with spheres. Two molecules
from the crystallization medium were found within domain IV and are indicated (MLT: DL-malic acid, PGE:
propylene glycol). (B) Close-up view of the active site illustrating the excellent 2F,—F. electron density map
around the inhibitor (density maps are contoured at 1.50). ERAP1 residues are colored with green C, blue N
and red O atoms, whereas the inhibitor is shown with yellow C atoms. ERAPI1 residues comprise of the
conserved GAMEN motif, the a-amino docking-site residues Glu183 and Glu320, the catalytic Tyr483 and
the aromatic Phe433 and His873 that flank the S1 and S2” subsites, respectively. (C) Surface representation of
the active site that is color-coded according to electrostatic potential (red-white-blue from negative to positive),
illustrating mainly the geometry and depth of the S1 specificity pocket. An ethylene glycol molecule (EDO)
from the crystallization media was found inside the long S1 pocket. (D) Close-up view of the active site
illustrating the residue-specific interactions of 30. Distances between heavy atoms or aromatic ring centers are
indicated in A.

The L-Leu moiety of the inhibitor occupies the equivalent of the P1” side-chain of a substrate and
makes a series of van der Waals interactions with a shallow S1” pocket lined by Thr350, Ala318,
His353, Tyr438 and Lys380. The L-Tyr moiety of the inhibitor constitutes an analogue of the P2" side
chain of a substrate and extends away from the active-site Zn(II) towards His873 of domain IV so as
to establish a m-stacking interaction (Figure 1 B, D). Overall, the compound binds in the active site
of ERAPI acting as a non-hydrolysable substrate analogue, utilizing the S1, S1” and S2" pockets of

the enzyme to achieve potency.

Crystal structure of IRAP in complex with the low nanomolar inhibitor 32e

Compound 32e displayed the highest potency and selectivity for IRAP, being 120-170-fold more
potent than ERAP1 and ERAP2 (Table 1). To help understand these properties we obtained a co-
crystal structure of IRAP with 32e that was refined at a final resolution of 2.8 A (Table S2). IRAP
crystallized as a homodimer in the closed state (Figure 2 A), and the residual electron density within
the active site could be assigned unambiguously to the zinc-bound inhibitor (Figure S3). Interestingly,
the indole group of 32e within chain B of the dimer could be assigned with two alternative
conformations of 0.59/0.41 occupancy (Figure 2 B). Double occupancy was also assigned to the side-
chain of Tyr272 in chain A, acting as lid of the S1 pocket (Figure S3). Albeit the lower resolution of
the structure with respect to that of ERAPI, the refined model of 32e was consistent with the expected
stereochemistry (25,3R) for the 2-hydroxy-3-amino moiety and the bidentate zinc-binding mode. The
terminal 3-amino group is docked by the two acidic residues Glu431 and Glu295, and the phenolic
group of the P1 substituent is stacked over Phe544 inside the S1 pocket and in a “T-shaped” fashion
(Figures 2 B and S3). The main chain atoms of L-Leu form hydrogen bonds with the main chain atoms

of Gly428 and Ala429 of the GAMEN-motif, which was found in the closed conformation of IRAP.
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As for the P2" moiety, the indole group was either sandwiched between the phenol group of 32e and
Tyr961 from domain IV (in both chains), or between the catalytic Tyr549 and Tyr961 in the

alternative conformation of chain B (Figure S3).

GAMEN-motif
7  M430 G428

L D 32¢(B)
L

A

Figure 2. (A) Cartoon representation of the IRAP dimer in complex with 32e (PDB ID: 72YF). Domains are
color-coded as in Figure 1. (B) Superposition of the active sites from chains A (green C atoms) and B (cyan C
atoms) illustrating the enzyme—inhibitor interactions. Yellow dashed lines indicate hydrogen bonds and grey
dashed lines m—m interactions. Two alternative conformations for 32e were assigned in chain B (orange C
atoms), whereas two alternative conformations for Tyr272 were resolved in chain A. (C-D) Surface
representation of the substrate binding groove from the top of the active site and from the primed subsites,
respectively, illustrating the occupancy of each subsite by the inhibitor. Surfaces are color-coded according to
domain as in (A).

The observed binding modes of the inhibitors in the two crystal structures can be used to rationalize
the observed structure-activity relationships. Both X-ray structures of ERAP1 and IRAP display an
elongated S1 pocket that can accommodate several long, aliphatic and aromatic sidechains (30-32m,
Table 1). On the other hand, the acid groups of 34a—d were not well-tolerated in the S1 pocket of
ERAPI, likely due to its overall negative electrostatic potential (Figure 1 C). This was also the case
for 37a—b and 41a—41i that comprise of secondary amines, amides and hydroxyl groups (Table 2),
probably due to the narrow shape of the S1 pocket of ERAPI1. In contrast, ERAP2 and especially

IRAP showed a higher propensity to accommodate branched and polar P1 substituents, a property
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that may be linked to the functional role of IRAP in the processing of cyclic peptidic substrates (such
as oxytocin and vasopressin). This property of IRAP is clearly exemplified in the co-crystal structure
with 32e, where the P2" indole group of L-Trp is in close proximity (4.6 A) with the P1 phenolic
group in the S1 pocket (Figure 2 C, D).

As clearly demonstrated by the very low affinity of bestatin (1) and its analogues 8-9 in comparison
with derivatives 10 and 11 (Table 1), the presence of a P2 substituent plays a key role in inhibitor
potency for the three enzymes. Now considering the inhibitory effect of similar compounds bearing
L-Trp instead of L-Tyr in P2" (32b vs 32a, 32d vs 32¢, 32k vs 321, Table 1), it is evident that the
indole group of Trp provides superior aromatic interactions than the phenolic group of Tyr within the
S2’ subsite. Thus, the observed n-stacking interactions of L-Trp with the domain IV residue Tyr961
of IRAP (Figure 2 B) should play a key role in potency.

Regarding the specificity of 32e for IRAP over ERAP1 and ERAP2, we compared the binding mode
of 32e with those of the pseudophosphinic transition-state analogue DGO13A (2 in Chart 1), which
displays equally low nanomolar inhibition for the 3 enzymes (ICso of 48, 80 and 57 nM for ERAPI,
ERAP2 and IRAP, respectively).>! DGO13A (2) bears the same P1—P2" side-chains with 32e, a
similar aromatic P1 substituents and has been crystallized in complex with ERAP1 (PDB: 6M8P)%
and ERAP2 (PDB: 4JBS)°. A superposition of the crystal structures of IRAP-32e and ERAP1-2
reveals that 2 could be accommodated within the active site of IRAP in exactly the same conformation
as displayed in the X-ray structure of ERAP1 (Figure 3 A, D). However, there’s an apparent lack of
hydrogen-bonding interactions between 2 and the GAMEN motif residues Gly428—Ala429 that were
formed in the X-ray structure of IRAP-32e. Now, if 32e bound to ERAP1 in the same conformation
as with IRAP (Figure 3 B), then steric clashes with the GAMEN motif Gly317 and the preceding
Ser316 of ERAP1 would most probably impose a conformational change of the L-Trp moiety of 32e
so as to adopt a similar binding mode as 2 in complex with ERAP1 (Figure 3 D). In that conformation
however, hydrogen-bonding interactions with the GAMEN motif of IRAP would be compromised.
In a similar fashion, if we assume that the L-Leu—L-Trp moiety of 32e would adopt a similar
conformation as 2 upon binding to ERAP2 (Figure 3 C, E), then again it is possible that weak or no
hydrogen bonds are formed between the L-Leu main-chain of 32e and the GAMEN-motif residues
Gly334—Ala335 of ERAP2. Taken together, our data suggest that the interactions between the main-
chain L-Leu of 32e and the GAMEN motif of IRAP, in conjunction with appropriate accommodation
of the L-Trp side-chain of 32e within the S2” pocket are two key determinants for selectivity for IRAP
over ERAP1 and ERAP2. As both 32e and 2 have similar side-chain substituents, it is thus rational
to attribute a-hydroxy-pB-amino scaffold of 32e with a greater potential to achieve selectivity for

highly homologous aminopeptidases.
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A IRAP-32e X-ray B ERAP1-32e model C ERAP2-32e model

F ERAP2-2 X-ray

A335 G334

7Y P333

Figure 3. (A) Representation of the IRAP active site with bound 32e (PDB ID: 7ZYF), illustrating potential
hydrogen bonds with the GAMEN-motif and aromatic interactions of its indole group. Dashed lines between
heavy atoms or aromatic ring centers indicate distances in A. (B—C) Models of 32e bound to the active sites
of ERAP1 (B) and ERAP2 (C) in the exact same conformation as in (A). Short distances between heavy atoms
are indicated by red dashed lines. The models have been obtained by superimposing the X-ray structures of
IRAP (this study) with ERAP1 (PDB ID: 6M8P) and ERAP2 (PDB ID: 4JBS). (D) Predicted interactions
between 2 (DGO013A) and the active site residues of IRAP that were obtained from the conformation of 2 bound
to ERAP1. (E-F) Interactions of 2 within the active site of ERAP1 (E) and ERAP2 (F) as revealed from
crystallographic studies. Views are as similar as possible and comprise of the first two and the preceding
residue of the GAMEN loop, the conserved catalytic Tyr(438/455/549), the S1 pocket base Phe(433/450/544),
and the key S2’ residue from domain IV Ser844/Tyr892/Tyr961 (ERAP1/ERAP2/IRAP).

Cellular activity of IRAP inhibitors

To investigate the ability of our derivatives to inhibit their target in a cellular context we utilized a
recently developed cross-presentation assay (J. Leib and P. van Endert, manuscript in preparation)
that relies on the recognition of an ovalbumin epitope presented on the surface of HEK293 cells
capable of internalizing immune complexes via Fcy receptors,®® and recognized by B3Z hybridoma
cells (Figure 4). In this system, cross-presentation of the antigenic epitope is primarily dependent on
the enzymatic activity of IRAP as evidenced by the large drop in signal when using IRAP-deficient

cells. Titrating increasing amounts of our most potent IRAP inhibitors (32d and 32e, Table 1) resulted
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in a dose-dependent decrease in T cell activation by WT HEK cells, suggesting that both inhibitors
were able to block IRAP activity in this system. Fitting the experimental points to an inhibitor versus
response model allowed us to calculate the ICso value for compound 32e to be 259 nM. Data for
compound 32d followed a very similar trend but had noisier signal that did not allow for a robust fit
and an accurate ICso calculation (Figure 4). Some minor effect was observed for the IRAP™ cells,
which may be due to off-target inhibition of ERAP1, which also contributes to cross-presentation.’’
While there is a significant drop-off in potency between the in vitro and cell-based assays (7 nM

versus 259 nM, a ratio of about 37-fold), compound 32e was found to still be a potent inhibitor of

cross-presentation in a cellular context.

A 600~ - WT B 600~ - WT
E -= |RAP- i -= |RAP-

E 400- E 400+
2 2 | ICy,=259nM
o ¢ i
-1 200 = 200~ %_\i\\‘

0 T T 1 0 I 1 1

-9 -8 7 6 9 8 7 -6
Compound 32d (Log M) Compound 32e (Log M)

Figure 4. Titration of compounds 32d (A) and 32e (B) to HEK293 cells leads to a dose-dependent reduction
of cross-presentation of an ovalbumin epitope as followed by IL-2 production by B3Z hybridoma cells. The
experiment was also performed using IRAP”HEK293 cells to reveal non-IRAP dependent antigen processing.
Experimental data points were fit to a variable-slope log(inhibitor) versus response model using GraphPad
Prism v8.

Conclusions

Here we utilized a new synthetic approach for the preparation of a-hydroxy-B-amino acid derivatives
of bestatin as inhibitors for the oxytocinase sub-family of M1 aminopeptidases. This approach affords
the required stereochemistry for binding to the active site zinc, in addition to facile integration of a
variety of functional groups that target the S1 specificity pocket of these enzymes. Structure-guided
optimization yielded 3 very potent inhibitors of IRAP (ICsp of 6.5-19 nM), one of which displayed
significant selectivity for the highly homologous ERAP1 and ERAP2 (>120-fold). It should be noted
that these inhibitors achieve equal potency to phosphinic pseudopeptides developed before,’' but
without using the transition-state approach that carries higher risk for out-of-family off-target effects
and affords a much higher selectivity. Two X-ray crystal structures of a non-selective inhibitor bound

to ERAPI, and of the most potent and selective inhibitor bound to IRAP verified the mechanism of
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inhibition and provided valuable structure-activity information. In particular for IRAP we identified
the appropriate aromatic P1 substituent in conjunction with L-Trp for the P2" substituent and
interactions with the GAMEN loop as key factors that contribute to inhibitor potency and selectivity.
Our data highlight that main-chain hydrogen bonding with the conserved GAMEN motif should be
considered carefully in inhibitor optimization for IRAP. We demonstrate that this class of a-hydroxy-
B-amino acids are also potent inhibitors of cross-presentation in a cellular context. Thus, this class of
zinc aminopeptidases inhibitors hold promise to be useful tools for cellular and biological

investigations, as well as leads for drug discovery efforts.

EXPERIMENTAL SECTION
Materials and methods

Solvents and reagents for organic synthesis were obtained from commercial suppliers and used
without further purification, unless otherwise indicated. Reactions requiring anhydrous conditions
were carried out in flame-dried (vacuum <0.5 Torr) glassware, using anhydrous, freshly distilled
solvents and under an Ar atmosphere. All reactions were stirred with Teflon-coated magnetic stir
bars, and temperatures were measured externally. Yields refer to chromatographically and
spectroscopically ('H NMR) homogeneous materials. Reactions were monitored by thin-layer
chromatography (TLC) carried out on 0.25 mm silica gel plates (60 F254, E. Merck). Silica gel (60,
particle size: 0.040-0.063 mm, E. Merck) was used for flash column chromatography. NMR spectra
were recorded at 298 K on a Bruker Avance DRX-500, or a Bruker Avance 250 instrument as
indicated. The residual undeuterated solvent for 'H NMR [du = 7.26 (CHCI3), 2.50 (DMSO), and
3.31 (MeOH) ppm] and "*C deuterated solvent for *C NMR [éc = 77.16 (CDCl3), 39.52 (DMSO-ds),
and 49.00 (MeOH-d4) ppm] was used as internal reference. The following abbreviations were used
to designate peak multiplicities: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; and br, broad.
High-resolution mass spectra (HRMS) were measured on a Bruker Maxis Impact QTOF
Spectrometer. When required, compounds were further purified by reversed-phase HPLC using a C18
chromolith™ column (Merck, New Jersey, United States) and a 5—50% (v/v) acetonitrile gradient in
water containing 0.05% TFA. Purity of the compounds was validated using a Chromolith®
Performance RP-18e 100-4.6 mm column (Merck, New Jersey, United States) using a 13 min 5-50%
acetonitrile gradient containing 0.05% TFA at a flow rate of 2 mL/min while following the absorbance

at 220 nm. All final compounds employed in the biochemical assays had a purity of at least 95%.

General synthetic procedures
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Procedure A: To a stirred solution of the corresponding aldehyde (1.0 mmol) in dichloromethane (5
mL), Wittig ylide PhsPCHCO:Me (401 mg, 1.2 mmol) was added at rt under nitrogen atmosphere.
After stirring for 16 h, the solvent was evaporated under reduced pressure and the resulting crude

product was purified by column chromatography.

Procedure B: To a stirred solution of fert-butyl carbamate (351 mg, 3.0 mmol) in n-propanol (2.4
mL) at rt was added a solution of sodium hydroxide (120 mg, 3.0 mmol) in water (7.0 mL). To this
mixture was added 1,3-dichloro-5,5-dimethylhydantoin (394 mg, 2 mmol), followed by a solution of
(DHQD),PHAL (39 mg, 0.05 mmol) in n-propanol (2.5 mL), then a solution of the corresponding
ester (1.0 mmol) in n-propanol (2.5 mL) was added, followed by potassium osmate dihydrate (39 mg,
0.06 mmol).>* The resulting mixture was stirred at rt overnight, then quenched with sodium sulfite
(1.03 g, 8.2 mmol.), diluted with water and extracted into ethyl acetate. The combined organic layers
were dried, filtered and concentrated. Purification was done by flash chromatography in Hex/EtOAc
to remove the excess of tert-butyl carbamate and the second with MeOH/CH>Cl, 2—5% for the

separation of regioisomers.

Procedure C: The corresponding esters (1.0 mmol) were dissolved in THF and H>O 3:1 (0.1 M) and
then LiOH (2.0 mmol) was added as aqueous solution. The reaction was stirred until completion. The
reaction quenched with HCI 1 N and washed with EtOAc. The combined extracts were dried with
MgSOsy, filtered and concentrated under reduced pressure. Whenever was needed, the crude mixture

was purified with flash column chromatography (silica gel, 3—10% MeOH in CH2Cly).

Procedure D: In a dry flask under N> the carboxylic acid (1.0 mmol), HATU (2.5 mmol),
peptide/amino acid ester (1.5 mmol) are dissolved in dry DMF (1 mL). EtsN or DIPEA (6 equiv) was
added and the reaction mixture was stirred for 16 h at rt. After that, EtOAc was added and the resulting
mixture was washed with sat. aqueous solution of NaHCO3 and 1 N aqueous solution of HCI. The
aqueous layers were back-extracted with EtOAc (x3) and the combined organic layers were dried
over anhydrous Mg>SOyu, filtered, concentrated and the resulting residues were purified with column

chromatography.

Procedure E: A solution of the corresponding ester or alkene (0.057 mmol) in MeOH (2 mL) was
treated with 10% Pd/C under an argon atmosphere. The reaction mixture was evacuated and flushed
with H> gas (four times) and then stirred vigorously under an atmosphere of Hz (1 atm, H») at rt. After
2 h, the reaction mixture was filtered through Celite and concentrated in vacuo to give the crude

product which was used for the next synthetic step.

Procedure F: The corresponding intermediate is dissolved in CH2Cl> (1 mL) and TFA (1 mL) is

added. The reaction mixture is stirred for 1 h and after that is washed with CH»>Cl, and concentrated
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under reduce pressure until complete removal of residual TFA, resulting in the final, deprotected

product.

Procedure G: Alcohol (1.0 equiv) was dissolved in anhydrous THF (0.1 M) along with the
corresponding phenol (1.5 equiv) and PPh3 (1.7 equiv) and the solution was cooled to 0 °C. DIAD
(1.8 equiv) was added and the reaction was stirred under reflux for 25 min, cooled to rt and
concentrated under reduced pressure. The residue was purified with column chromatography to afford

the desired products.

Procedure H: Dess-Martin periodinane (2.5 equiv) and NaHCO3 (5.0 equiv) were added in CH2Cl»
(33 mM) and the mixture was stirred for 15 min and cooled to 0 °C before the addition of the
corresponding alcohol (1.0 equiv). The reaction was then allowed to warm up to ambient temperature
and after stirring for 2 h it was quenched by the addition of a mixture of H20O / sat. NaHCOs / sat.
Na»S>03 (1:1:1). The occurring biphasic mixture was stirred vigorously for 20 min and extracted with
CH>Cl (x4). The combined organic layers were dried with Mg>SOu, filtered and concentrated under

reduced pressure.

Procedure I: tert-butyl-dimethylphosphonoacetate (1.7 equiv) was dissolved in THF (0.2 M) under
Ar and the solution was cooled to 0 °C. LIHMDS (1 M in THF, 1.5 equiv) was then added and the
solution was allowed to warm up to ambient temperature. After 0.5 h of stirring the reaction was
cooled again to 0 °C, the corresponding aldehyde (1.0 equiv) was added dropwise as a THF solution
(0.2 M) and stirring was continued for 16 h at rt. The reaction was then quenched with sat. NaHCO3
washed with brine and washed with EtOAc (x3). The combined organic layers were concentrated
under reduced pressure and the residue was purified with column chromatography (10—30%

EtOAc/Hex).

Procedure J: Aldehyde (1.0 equiv) was dissolved in -BuOH under Ar atmosphere and an equal
volume of 2-methylbut-2-ene 2 M solution in THF (10 equiv) was added. Another equal volume of
aqueous solution of NaClO: (3.0 equiv) and NaH>PO4 (3.0 equiv) was added dropwise and the
mixture was stirred at rt for 45 min. The reaction was then diluted with CH>Cl,, quenched with HCI
IM and washed with CH>Cl (x3). The combined organic phases were dried over Mg>SOg, filtrated,
and evaporated under reduced pressure. The resulting residue was purified with column

chromatography (5—30% Acetone/Hex).

Procedure K: To a solution of amino alcohol (1.0 equiv) in dry toluene (10 mL) under Ar was added
freshly distilled 2-methoxypropene (20 equiv) followed by PPTS (10%). The solution was stirred at
rt for 1 h, heated at 110 °C for 3 h and allowed to cool to rt.>* Saturated sodium hydrogen carbonate

solution was added, the organic layer was separated and the aqueous layer was washed with ethyl
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acetate (3 x 20 mL). The combined organic layers were dried over anhydrous MgSQu, filtered and

concentrated under reduced pressure. Purification by flash chromatography gave pure oxazolidine.

Procedure L: The corresponding aldehyde (1.0 equiv) was dissolved under Ar atmosphere in
dichloroethane (0.2 M) along with the corresponding amine (3.0 equiv) and Na(CH3COO)BH (3.0
equiv). The reaction was left to stir at rt for 24 h, quenched with the addition of sat. NaHCO3 and
washed with CH2Clz. The combined organic extracts were dried over anhydrous Mg>SOq, filtered and
concentrated under reduced pressure. The residue was purified with column chromatography using a

gradient of 3—510% MeOH/CH:Cl.

(E)-methyl 4-phenylbut-2-enoate (5a): 2-Phenylacetaldehyde (4a, 500 mg, 4.16 mmol) was
converted to Sa according to the general procedure A. After column chromatography purification
using a gradient of 5%—10% EtOAc/Hex a colorless oil was recovered (R=0.5 at 10% EtOAc/Hex,
630 mg, 3.57 mmol). Yield: 85%, 'H NMR (250 MHz, CDCl3) 6 7.32 (d, J = 14.8 Hz, 2H), 7.29 —
7.08 (m, 4H), 5.84 (d, J = 15 Hz, 1H), 3.73 (s, 3H), 3.53 (d, J = 6.5 Hz, 2H). >*C NMR (63 MHz,
CDCls) 0 166.9, 147.6, 137.6, 128.8, 128.8, 128.7, 128.7, 126.6, 121.9, 51.5, 38.4

(E)-methyl 5-phenylpent-2-enoate (Sb): 3-Phenylpropionaldehyde (4b, 100 mg, 0.75 mmol) was
converted to Sb according to the general procedure A. After column chromatography purification
using a gradient of 10%—20% EtOAc/Hex a colorless oil was recovered (R=0.55 at 20%
EtOAc/Hex, 122 mg, 0.64 mmol). Yield: 85%. 'H NMR (500 MHz, CDCls) 6 7.31 (t, J = 7.4 Hz,
2H), 7.20 (t, J = 7.6 Hz, 3H), 7.03 (dt, J = 15.6, 6.9 Hz, 1H), 5.87 (d, J = 15.7 Hz, 1H), 3.73 (s, 3H),
2.79 (t, J = 7.7 Hz, 2H), 2.54 (q, J = 7.7, 7.3 Hz, 2H). 1*C NMR (126 MHz, CDCl3) § 166.8, 148.2,
140.6, 128.3, 128.3, 128.2, 128.2, 126.0, 121.3, 51.2, 34.2, 33.7

(2S,3R)-3-((tert-butoxycarbonyl)amino)-2-hydroxy-4-phenylbutanoic acid (6a): Sa (300 mg, 1.7
mmol) was converted to 6a (54 mg, 0.176 mmol), a white solid, according to general procedures B
and C (52 mg, 0.176 mmol). Isolated yield: 10%; '"H NMR (500 MHz, CD3OD) ¢ 7.47 — 7.17 (m,
5H), 4.27 — 4.01 (m, 2H), 3.00-2.73 (m, 2H), 1.35 (s, 9H). '3C NMR (126 MHz, CD30D) § 176.3,
159.3, 140.5, 131.3, 131.3, 130.3, 130.3, 128.2, 75.9, 74.1, 61.9, 53.45, 25.8, 25.8, 25.8

N-[(2S,3R)-3-Amino-2-hydroxy-4-phenylbutyryl]-L-leucine (1, bestatin): 6a (50 mg, 0.176
mmol) was converted to 1 (13.5 mg, 0.044 mmol) a white solid following the general procedures D,
C and F. Yield: 25%; '"H NMR (500 MHz, CDsOD) § 7.43-7.25 (m, 5H), 4.41 (dd, J = 9.0, 5.2 Hz,
1H), 4.14 (d, J=3.4 Hz, 1H), 3.75 (q, / = 4.1 Hz, 1H), 3.14 (dd, J = 13.9, 7.8 Hz, 1H), 2.92 (dd, J =
13.9, 7.2 Hz, 1H), 1.81-1.66 (m, 3H), 1.00 (dd, J = 8.2, 5.8 Hz, 6H). '*C NMR (126 MHz, CD30D)
0175.7,173.6,136.7, 130.4, 130.1, 128.6, 69.9, 56.45, 52.4,41.2, 36.4, 26.1, 23.2,22.0.; ESTHRMS:
m/z [M + H]+ calcd for Ci16H25sN204™, 309.1809; found, 309.1809
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(2S,3R)-3-((tert-butoxycarbonyl)amino)-2-hydroxy-5-phenylpentanoic acid (6b): Sb (100 mg,
0.52 mmol) was converted to 6b (62 mg, 0.2 mmol), a white solid, according to general procedures
B and C. Isolated yield: 38%; 'H NMR (500 MHz, CDs0D) 6 7.31 — 7.10 (m, 5H), 4.19 (d, J = 2.2
Hz, 1H), 4.01 (s, 1H), 2.75 — 2.59 (m, 2H), 1.95 — 1.80 (m, 2H), 1.42 (s, 9H). '*C NMR (126 MHz,
CDs0D) 0 176.0, 157.7, 142.9, 129.3, 129.3, 129.2, 129.2, 126.8, 80.1, 73.1, 54.1, 34.9, 33.4, 28.7,
28.7,28.7

(S)-methyl 2-((2S,3R)-3-amino-2-hydroxy-5-phenylpentanamido)-4-methylpentanoate (8): 6b
(43.6 mg, 0.1 mmol) was converted to 8 according to general procedures D and F and a white solid
was recovered (19 mg, 0.057 mmol). Yield: 57%; "H NMR (250 MHz, CD;0D) 6 7.34-7.14 (m, SH),
4.57-4.42 (m, 1H), 4.31 (d, J=4.3 Hz, 1H), 3.70 (s, 3H), 3.54-3.37 (m, 1H), 2.87-2.64 (m, 2H), 2.23-
2.02 (m, 1H), 1.99-1.79 (m, 1H), 1.76-1.56 (m, 3H), 0.92 (t, J = 7.5 Hz, 6H)."*C NMR (63 MHz,
CD30D) o 174.3, 173.5, 141.7, 129.6, 129.4, 127.4, 70.9, 54.8, 52.81, 52.2, 41.2, 32.4, 32.4, 26.0,
23.2,21.9. ESTHRMS: m/z [M + H]+ calcd for C1gsH20N204", 337.2122; found, 337.2137

(S)-2-((2S,3R)-3-amino-2-hydroxy-5-phenylpentanamido)-4-methylpentanoic acid (9): 6b (53
mg, 0.01 mmol) was converted to 9 (24.2 mg, 0.075 mmol) a white solid according to general
procedures C and F. Yield: 62%; '"H NMR (250 MHz, CD3;0D) ¢ 7.35-7.11 (m, 5H), 4.54-4.36 (m,
1H), 4.32 (d, J = 4.2 Hz, 1H), 3.48 (td, J = 6.8, 4.1 Hz, 1H), 2.86-2.64 (m, 2H), 2.27-2.02 (m, 1H),
2.02-1.82 (m, 1H), 1.77-1.57 (m, 3H), 0.96 (t, J = 6.6 Hz, 6H). *C NMR (63 MHz, CD;0D) 6 175.6,
173.5, 141.7, 129.6, 129.3, 127.4, 70.8, 54.8, 52.2, 41.3, 32.4, 32.4, 26.1, 23.3, 21.9.; ESI HRMS:
m/z [M + H]+ calcd for C17H2;N204%, 323.1966; found, 323.1965

(6R,78,108,13S)-benzyl 13-((1H-indol-3-yl)methyl)-7-hydroxy-10-isobutyl-2,2-dimethyl-4,8,11-
trioxo-6-phenethyl-3-oxa-5,9,12-triazatetradecan-14-oate (7¢): 6b (50 mg, 0.16 mmol) was
converted to 7¢ according to general procedure D. After column chromatography purification using
a gradient of 30%—50% EtOAc/Hex a brown-yellowish oil was recovered (R=0.35 at 50%
EtOAc/Hex, 64 mg, 0.09 mmol). Yield: 58%. '"H NMR (250 MHz, CDCls) § 7.50 (d, J = 7.7 Hz, 1H),
7.44 —7.02 (m, 13H), 6.89 (s, 1H), 5.35 (d, /= 8.9 Hz, 1H), 5.09 (d, J = 6.8 Hz, 2H), 4.95 (q, / = 6.1
Hz, 1H), 4.70-4.50 (m, 1H), 3.91 (s, 2H), 3.38 — 3.20 (m, 2H), 285-2.49 (m, 2H), 2.00-1.77 (m, 2H),
1.69 — 1.35 (m, 11H), 0.99-0.71 (m, 6H). *C NMR (63 MHz, CDCls) 6 173.0, 172.3, 171.6, 156.9,
141.7,136.2,135.3,128.7,128.7, 128.6, 128.5, 128.5, 128.5, 128.5, 128.4, 128.4, 127.6, 126.0, 123.6,
122.1,119.5,118.6, 111.5, 109.3, 80.1, 73.8, 67.4, 53.5, 53.1, 51.2, 40.9, 32.6, 29.8, 28.5, 28.5, 28.5,
27.6,24.7,23.0,21.8

(S)-benzyl 2-((S)-2-((28,3R)-3-amino-2-hydroxy-5-phenylpentanamido)-4-
methylpentanamido)-3-(1H-indol-2-yl)propanoate (10): 7¢ (20 mg, 0.028 mmol) was converted
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to 10 according to general procedure F. After column chromatography purification using a gradient
of 5%—10% MeOH/CHCl: a white solid was recovered (10 mg, 0.017 mmol). Yield: 59%. "H NMR
(500 MHz, CDs;0D) 6 7.56-7.47 (m, 1H), 7.37-6.97 (m, 14H), 5.03 (s, 2H), 4.75 (t, / = 6.9 Hz, 1H),
4.45 (dd, J = 8.8, 6.0 Hz, 1H), 4.02 (d, J = 3.6 Hz, 1H), 3.27 (dd, J = 14.6, 7.3 Hz, 1H), 3.21 (dd, J =
14.6, 7.3 Hz, 1H), 3.05 (ddd, J = 7.9, 5.6, 3.6 Hz, 1H), 2.75 (m, 1H), 2.63 (m, 1H), 1.89 (m, 1H),
1.72-1.61 (m, 1H), 1.59-1.45 (m, 3H), 0.85 (dd, J = 12.5, 6.3 Hz, 6H). '*C NMR (63 MHz, CD30D)
0 174.3, 173.1, 173.1, 141.6, 138.0, 136.9, 129.6, 129.5, 129.3, 129.3, 128.7, 127.4, 124.7, 122.5,
1199, 119.2, 112.4, 110.4, 70.7, 68.1, 55.2, 54.7, 53.0, 41.9, 32.4, 32.4 28.4, 25.8, 23.2, 22.1. ESI
HRMS: m/z [M + H]+ calcd for C3sHazsN4Os*, 599.3228; found, 599.3233

(S)-2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-phenylpentanamido)-4-methylpentanamido)-3-
(1H-indol-2-yl)propanoic acid (11): 7c¢ (40 mg, 0.057 mmol) was converted to 11 according to
general procedures E and F. After column chromatography purification using a gradient of
20%—100% MeOH/CH2Cl,, 5% AcOH, a white solid was recovered (R=0.42 at 20%
MeOH/CHCl», 14.3 mg, 0.028 mmol). Yield: 50%. "H NMR (500 MHz, CDs0D) § 7.57 (d, J = 7.8
Hz, 1H), 7.33 — 7.13 (m, 6H), 7.09 (s, 1H), 7.04 (t, J = 7.5 Hz, 1H), 6.97 (t, J = 7.4 Hz, 1H), 4.53 (t,
J=5.7Hz, 1H), 4.30 (dd, J = 10.1, 4.4 Hz, 1H), 4.24 (d, J = 2.9 Hz, 1H), 3.43-3.33 (m, 2H), 3.21
(dd, J = 14.6, 6.6 Hz, 1H), 2.79-2.63 (m, 2H), 2.07-1.95 (m, 1H), 1.87-1.75 (m, 1H), 1.58-1.30 (m,
3H), 0.82 (dd, J =23.0, 5.8 Hz, 6H).'>*C NMR (63 MHz, CDs0D) § 174.9, 174.2,173.2, 141.7, 138.0,
129.6, 129.3, 129.3, 128.8, 127.4, 124.6, 122.4, 119.8, 119.3, 112.3, 110.8, 70.7, 54.7, 54.7, 53.2,
41.8,32.4,32.42,28.3,25.8,23.2,22.1.; ESTHRMS: m/z [M + H]" calcd for C2sH37N405", 509.2758;
found, 509.2760

Methyl 4-Bromocrotonate (13). A solution of methyl crotonate (12, 1.0 g, 10 mmol) and N-
bromosuccinimide (1.78 g, 10 mmol) in CCls (14 mL), containing some crystals of benzoyl peroxide,
was heated at reflux for 5 h. After cooling, the reaction mixture was filtered. The filtrate was dried,
evaporated and the oily residue was distilled under reduced pressure to give the title compound, bp

80 °C /20 mmHg. (R=0.4 at 10% EtOAc/Hex, 1.55 g, 8.7 mmol) Yield: 87%.

(E)-4-methoxy-4-oxobut-2-en-1-yl 4-methoxybenzoate (14): Solution of CsxCOs; (2.2 g, 6.7
mmol), 4-MeO-benzoic acid (1.2 g, 6.5 mmol) in 5 mLL DMF stirred at rt for 10 min and methyl 4-
bromocrotonate (13, 1.0 g, 5.6 mmol) was added and stirred at rt for 1 h. Extraction with H>O and
EtOAc (x3), drying with MgSOs4, concentration and column chromatography purification, using a
gradient of 10%—30% EtOAc/Hex furnished a colorless oil. (R=0.3 at 20% EtOAc/Hex, 1.1 g, 4.4
mmol) Yield: 65%. 'H NMR (500 MHz, CDCl3) 6 8.01 (d, J = 8.1 Hz, 2H), 7.05 (d, J = 15.7 Hz, 1H),
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6.92 (d, J = 8.1 Hz, 2H), 6.11 (d, J = 15.6 Hz, 1H), 4.95 (s, 2H), 3.85 (s, 3H), 3.74 (s, 3H). 1°C 6
166.4, 165.6, 163.8, 142.0, 131.9, 131.8, 121.8, 121.5, 114.3, 113.9, 62.8, 55.7, 51.2

(2R,3S)-2-((tert-butoxycarbonyl)amino)-3-hydroxy-4-methoxy-4-oxobutyl 4-methoxybenzoate
(15): 14 (1 g, 4 mmol) was converted to 15 according to the general procedure B. After column
chromatography purification using a gradient of 30%—60% EtOAc/Hex a white solid was recovered
(R=0.33 at 50% EtOAc/Hex, 1.3 g, 3.39 mmol). Yield: 85%. 'H NMR (500 MHz, CDCl3) § 7.98 (d,
J=8.8 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 5.00 (d, J = 9.4 Hz, 1H), 4.55-4.45 (m, 1H), 4.43 —4.30 (m,
3H), 3.84 (s, 3H), 3.79 (s, 3H), 3.03 (s, 1H), 1.38 (s, 9H). *C NMR (126 MHz, CDCls) 6 173.5,
166.1, 163.7, 155.3, 131.9, 131.9, 122.3, 113.8, 113.8, 80.1, 69.9, 63.4, 55.6, 53.1, 51.9, 28.3, 28.3,
28.3

(4R,5S)-3-tert-butyl 5-methyl 4-(((4-methoxybenzoyl)oxy)methyl)-2,2-dimethyloxazolidine-3,5-
dicarboxylate (16): 15 (600 mg, 1.56 mmol) was converted to 16 according to general procedure K.
After column chromatography purification using a gradient of 20%—40% EtOAc/Hex, a colorless
oil was recovered (R= 0.49 at 40% EtOAc/Hex, 650 mg, 1.53 mmol). Yield: 98%. '"H NMR (500
MHz, CDCl3) 6 7.93 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.5 Hz, 2H), 4.66 — 4.31 (m, 4H), 3.78 (s, 3H),
3.72 (s, 3H), 1.59-1.48 (m, 6H), 1.42 (s, 9H). 1*C NMR (126 MHz, CDCls) 6 171.3, 165.7, 163.6,
151.1, 131.7, 131.7, 122.2, 113.7, 113.7, 96.5, 80.9, 75.8, 63.17, 58.6, 55.4, 52.5, 28.3, 28.3, 28.3,
27.226.2

(4R,5S)-3-tert-butyl 5-methyl 4-(hydroxymethyl)-2,2-dimethyloxazolidine-3,5-dicarboxylate
(17): Caesium carbonate (127 mg, 0.92 mmol) and p-methoxybenzoyl ester 16 (650 mg, 1.53 mmol)
were combined and dissolved in dry methanol (10 mL). The reaction was stirred for 16 h at rt, under
an atmosphere of nitrogen. Ammonium chloride solution (sat. 30 mL) was added and the crude
product was extracted into ethyl acetate (3 x 100 mL). The combined organic layers were dried
(Mg2S0s), filtered and concentrated under reduced pressure. Flash chromatographic purification
using a gradient of 30%—50% EtOAc/Hex gave pure alcohol 17 as a viscous clear, colorless oil
(R=0.22 at 30% EtOAc/Hex, 340 mg, 1.18 mmol) Yield: 77%. '"H NMR (500 MHz, CDCls) § 4.42
(s, 1H), 4.33 — 4.15 (m, 1H), 3.87-3.70 (m, 5H), 1.57 (s, 3H), 1.52 (s, 3H), 1.45 (s, 9H). °C NMR
(126 MHz, CDClI3) 6 171.2, 153.3, 96.4, 81.6, 75.4, 64.2, 62.4, 52.7, 28.5, 28.3, 27.5

3-(4-methoxyphenoxy)propan-1-ol (19): 18 (1.37 g, 11 mmol) was converted to 19 according to
general procedure G. After column chromatography purification using a gradient of 20%—50%
EtOAc/Hex, a white solid was recovered (R= 0.42 at 40% EtOAc/Hex, 1.7 g, 9.35 mmol). Yield:
85%. 'H NMR (250 MHz, CDCls) 6 6.83 (s, 4H), 4.07 (t, J = 5.9 Hz, 2H), 3.85 (t, J = 5.9 Hz, 2H),
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3.76 (s, 3H), 2.09-1.95 (s, 2H). >C NMR (63 MHz, CDCI3) 6 154.1, 153.0, 115.6, 114.8, 66.7, 60.8,
55.9,32.2

3-(4-methoxyphenoxy)propanal (20): 19 (1.60 g, 8.79 mmol) was converted to 20 according to
general procedure H. After column chromatography purification using a gradient of 20%—30%
EtOAc/Hex, a yellowish oil was recovered (R= 0.5 at 30% EtOAc/Hex, 1.27 g, 7.03 mmol). Yield:
80%. 'H NMR (250 MHz, CDCl3) 6 9.86 (t, ] = 1.6 Hz, 1H), 6.84 (s, 4H), 4.26 (t, ] = 6.1 Hz, 2H),
3.76 (s, 3H), 2.86 (td, J = 6.1, 1.6 Hz, 2H). '*C NMR (63 MHz, CDCl3) § 200.5, 154.3, 152.7, 115.8,
115.8 114.8, 114.8, 62.6, 55.8, 43.5

(E)-methyl 5-(4-methoxyphenoxy)pent-2-enoate (21): 20 (1.15 g, 6.39 mmol) was converted to 21
according to general procedure A. After column chromatography purification using a gradient of
10%—30% EtOAc/Hex, a yellowish oil was recovered (R= 0.43 at 20% EtOAc/Hex, 1.0 g, 4.23
mmol). Yield: 66%. "H NMR (250 MHz, CDCls) § 7.17 — 6.98 (m, 1H), 6.86 (s, 4H), 5.99 (d, J =
15.7 Hz, 1H), 4.05 (t, J = 6.3 Hz, 2H), 3.78 (d, J = 7.5 Hz, 6H), 2.69 (q, J = 7.2, 6.6 Hz, 2H). 1*C
NMR (126 MHz, CDCI3) & 166.9, 154.2, 152.8, 145.3, 123.1, 115.7, 114.8, 66.8, 55.8, 51.6, 32.3

(2S,3R)-methyl 3-((tert-butoxycarbonyl)amino)-2-hydroxy-5-(4-methoxyphenoxy)pentanoate
(22): 21 (236 mg, 1 mmol) was converted to 22 according to the general procedure B. After column
chromatography purification using a gradient of 20%—40% EtOAc/Hex a yellowish oil was
recovered (R=0.28 at 30% EtOAc/Hex, 250 mg, 0.67 mmol). Yield: 67%. 'H NMR (250 MHz,
CDCl3) 0 6.89-6.75 (m, 4H), 4.95 (d, J = 9.7 Hz, 1H), 4.37-4.26 (m, 2H), 3.98 (t, J = 6.2 Hz, 2H),
3.77 (s, 3H), 3.73 (s, 3H), 3.28 (s, 1H), 2.13-1.93 (m, 2H), 1.37 (s, 9H). 13C NMR (126 MHz, CDCl3)
0173.9, 155.5, 154.1, 153.0, 115.8, 115.8, 114.7, 114.7,79.7, 72.4, 65.8, 55.8, 52.8, 50.8, 32.0, 28.3,
28.3,28.3

(4R,5S)-3-tert-butyl S-methyl 4-(2-(4-methoxyphenoxy)ethyl)-2,2-dimethyloxazolidine-3,5-
dicarboxylate (23): 22 (395 mg, 1.07 mmol) was converted to 23 according to general procedure L.
After column chromatography purification using a gradient of 10%—>20% EtOAc/Hex, a yellowish
oil was recovered (R= 0.4 at 20% EtOAc/Hex, 365 g, 0.89 mmol). Yield: 83%. "H NMR (250 MHz,
CDClI3) 0 6.80 (d, J = 1.6 Hz, 4H), 4.66 (s, 1H), 4.41 (d, J = 9.2 Hz, 1H), 4.01 (t, J/ = 5.8 Hz, 2H),
3.73 (s, 3H), 3.70 (s, 3H) 2.44 — 2.20 (m, 1H), 2.19 — 2.04 (m, 1H), 1.58 (d, J = 10.8 Hz, 6H), 1.47
(s, 9H). 3C NMR (63 MHz, CDCl3) § 171.6, 153.9, 152.8, 129.8, 128.0, 115.3, 115.3, 114.5, 114.5,
95.7, 80.5, 78.3, 65.8, 59.0, 52.4, 31.6, 28.4, 28.4, 28.4, 22.6, 22.6

(4R,55)-3-tert-butyl S-methyl 4-(2-hydroxyethyl)-2,2-dimethyloxazolidine-3,5-dicarboxylate
(24): 23 (620 mg, 1.51 mmol) was dissolved in 15 mL CH3CN at 0°C. CAN ( 1.8 g, 3.3 mmol) was

dissolved in 15 mL H2O and was added dropwise in the reaction mixture. Reaction was stirred at 0°C
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for 30 minutes, quenched with Na>S>03 and washed with EtOAc (x3). The combined organic layers
were dried (Mg2SOs), filtered and concentrated under reduced pressure. Flash chromatographic
purification using a gradient of 30%—>40% EtOAc/Hex gave pure alcohol 13b as a yellowish liquid
(R=0.14 at 30% EtOAc/Hex, 370 mg, 1.22 mmol) Yield: 81%. 'H NMR (250 MHz, MeOD) ¢ 4.59
(d, J =2.2 Hz, 1H), 4.39-4.25 (br, 1H), 3.76 (s, 3H), 3.65 (t, J = 6.4 Hz, 2H), 2.10 — 1.76 (m, 2H),
1.55 (d, J = 3.7 Hz, 6H), 1.48 (s, 9H). '3C NMR (63 MHz, CDCI3) § 171.7, 153.1, 96.1, 81.4, 78.9,
58.8,57.3,52.5,38.4,28.4,27.6

(S)-benzyl 2-((S)-2-((2S,3R)-3-amino-2,4-dihydroxybutanamido)-4-methylpentanamido)-3-
(1H-indol-3-yl)propanoate (25): 17 (25 mg, 0.085 mmol) was converted to 25 according to general
procedures C,D and F. After purification with column chromatography using a gradient of 5—10%
MeOH/CH2Cl; and was isolated as amorphous white solid (R= 0.32 at 10% MeOH / CH2Cl,, 21.0
mg, 0.04 mmol). Yield: 47%. '"H NMR (250 MHz, MeOD) 6 7.51 (d, J = 7.7 Hz, 1H), 7.37 — 7.22
(m, 4H), 7.20 — 6.95 (m, 5H), 5.04 (s, 2H), 4.75 (dd, J = 6.9 Hz, J = 6.9 Hz, 1H), 4.44 (dd, J=7.5
Hz,J=7.5Hz, 1H), 4.22 (dd, J =3.7 Hz, J = 3.7 Hz, 1H), 3.71 (dd, J = 11.2, 5.2 Hz, 1H), 3.60 (dd,
J=10.8,7.3 Hz, 1H), 3.34 - 3.28 (m, 1H), 3.21 (dd, J = 14.6, 7.5 Hz, 1H), 1.68 — 1.45 (m, 3H), 0.89
(d, J = 6.1 Hz, 3H), 0.87 (d, J = 6.0 Hz, 3H). 3*C NMR (63 MHz, MeOD) § 174.5, 174.2, 173.2,
138.0, 136.9, 129.5, 129.3, 129.3, 128.6, 124.7, 122.4, 119.9, 119.1, 112.4, 110.4, 70.6, 68.1, 61.8,
56.3, 55.1, 53.0, 41.9, 28.4, 25.8, 23.3, 22.1. ESI HRMS: m/z [M + H]+ calcd for C2sH39N4O¢",
525.2708; found, 525.2700

(S)-benzyl  2-((S)-2-((2S,3R)-3-amino-2,5-dihydroxypentanamido)-4-methylpentanamido)-3-
(1H-indol-3-yl)propanoate (26): 24 (31 mg, 0.099 mmol) was converted to 26 according to general
procedures C,D and F. After purification with column chromatography using a gradient of 5—10%
MeOH/CH2Cl, and was isolated as amorphous yellowish solid (R= 0.30 at 10% MeOH / CHxCl,,
15.0 mg, 0.02 mmol). Yield: 24%. "H NMR (250 MHz, MeOD) & 7.70 — 6.84 (m, 10H), 5.04 (s, 2H),
475 (t,J =69 Hz, 1H), 4.44 (t,J =7.4 Hz, 1H), 4.19 (d, ] =4.2 Hz, 1H), 3.79 — 3.69 (m, 2H), 3.63
—3.51 (m, 1H), 3.28 — 3.13 (m, 2H), 2.02 — 1.53 (m, 5H), 0.89 (t, J = 6.1 Hz, 6H). 13C NMR (63
MHz, MeOD) 6 174.4, 173.3, 173.1, 138.0, 136.94 129.5, 129.3, 129.3, 128.7, 124.7, 122.5, 119.9,
119.13112.4,110.4,71.4, 68.1, 59.7, 55.1, 54.0, 53.0, 41.9, 32.6, 28.4, 25.8, 23.3, 22.1. ES HRMS:
m/z [M + H]+ calcd for C290H30N4O6", 539.2864; found, 539.2860

(45,55)-3-tert-butyl S5-methyl 4-formyl-2,2-dimethyloxazolidine-3,5-dicarboxylate (27a): 17
(383 mg, 1.32 mmol) was converted to 27a according to general procedure H. After column
chromatography purification using a gradient of 20%—40% EtOAc/Hex, a yellowish oil was
recovered (R= 0.36 at 40% EtOAc/Hex, 340 mg, 1.22 mmol). Yield: 93%. '"H NMR (250 MHz,
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CDCl3) 6 9.58 (s, 1H), 4.80 — 4.37 (m, 2H), 3.77 (s, 3H), 1.77 — 1.30 (m, 15H). '*C NMR (63 MHz,
CDCls) 6 196.7, 170.0, 150.8, 97.3, 81.7, 73.6, 73.2, 52.9, 28.2

(4R,5S)-3-tert-butyl 5-methyl 2,2-dimethyl-4-(2-oxoethyl)oxazolidine-3,5-dicarboxylate (27b):
24 (400 mg, 1.32 mmol) was converted to 27b according to general procedure H. After column
chromatography purification using a gradient of 20%—40% EtOAc/Hex, a yellowish oil was
recovered (Ri= 0.37 at 40% EtOAc/Hex, 340 mg, 1.13 mmol). Yield: 85%. 'H NMR (250 MHz,
CDCl3) 69.76 (s, 1H), 4.74 — 4.56 (m, 1H), 4.34 (d, J = 3.4 Hz, 1H), 3.78 (s, 3H), 3.11-2.87 (m, 1H),
2.76 (dd, J = 16.8, 7.7 Hz, 1H), 1.62 — 1.36 (m, 15H). '*C NMR (63 MHz, CDCls) & 199.5, 170.8,
151.7,96.0, 81.2, 78.0, 55.2, 52.7, 47.1, 28.4, 28.4, 28.4,27.2, 27.2

Methyl 2-(2-(3-amino-2,7-dihydroxyheptanamido)-4-methylpentanamido)-3-(4-
hydroxyphenyl) propanoate (30): 27b (30 mg, 0.1 mmol) was converted to 30 according to general
procedures A, C, E, D and F and was isolated as white amorphous solid (5.7 mg, 0.012 mmol). Yield
: 12 %; '"H NMR (250 MHz, MeOD) 6 7.04 (d, J = 8.3 Hz, 2H), 6.71 (d, J = 8.4 Hz, 2H), 4.67 — 4.54
(m, 1H), 4.54 — 4.38 (m, 1H), 4.26 (dd, J = 25.5, 3.3 Hz, 1H), 3.71 (s, 3H), 3.61 (t, J = 6.1 Hz, 2H),
3.08 (dd, J = 14.0, 5.5 Hz, 1H), 2.99-2.83 (m, 1H), 2.54-2.37 (m, 1H), 2.00 — 1.74 (m, 3H), 1.66 —
1.43 (m, 6H), 1.09 — 0.89 (m, 6H). '>*C NMR (63 MHz, MeOD) 6 174.2, 173.4, 173.1, 157.4, 131.3,
128.7, 116.3, 70.7, 62.3, 55.5, 55.0, 53.1, 52.7, 42.0, 37.5, 33.0, 30.2, 25.9, 23.2, 22.8, 22.3. ESI
HRMS: m/z [M + H]+ calcd for C23H3sN3077, 468.2705; found, 468.2723

(S)-methyl  2-((S)-2-((2S,3R)-3-amino-5-(4-(benzyloxy)phenoxy)-2-hydroxypentanamido)-4-
methyl pentanamido)-3-(4-hydroxyphenyl)propanoate (32a): 24 (25 mg, 0.083 mmol) was
converted to 32a (20.6 mg, 0.033mmol) according to general procedures G, C, D and F. After
purification with column chromatography using a gradient of 5—10% MeOH/CH:Cl> and was
isolated as yellow oil (R= 0.24 at 5% MeOH / CH2Cl,, 17 mg, 0.027 mmol). Yield: 40 %. 'H NMR
(500 MHz, Acetic) 6 7.41 (d, J =7.3 Hz, 2H), 7.35 (dd, J = 7.5 Hz, 2H), 7.29 (t, J = 7.3 Hz, 1H), 7.00
(d, J=8.5Hz, 2H), 6.92 (d, J = 9.3 Hz, 2H), 6.88 (d, J = 9.3 Hz, 2H), 6.76 (d, J = 8.5 Hz, 2H), 5.04
(s, 2H), 4.82 (dd, J=7.9, 5.5 Hz, 1H), 4.64 (d, J = 4.8 Hz, 1H), 4.63 — 4.58 (m, 1H), 4.19 — 4.10 (m,
2H), 4.01 — 3.96 (m, 1H), 3.72 (s, 3H), 3.10 (dd, J = 14.1, 5.4 Hz, 1H), 2.93 (dd, J = 14.1, 8.0 Hz,
1H), 2.33 —2.26 (m, 1H), 2.21 —2.13 (m, 1H), 1.68 — 1.54 (m, 3H), 0.91 (d, /= 5.9 Hz, 3H), 0.87 (d,
J=6.0 Hz, 3H). 1*C NMR (126 MHz, D;0) 6 174.1, 173.4, 173.4, 156.5, 154.5, 153.7, 138.6, 131.4,
129.4, 128.7, 128.4, 128.3, 117.0, 116.6, 116.4, 71.3, 70.7, 66.5, 55.0, 54.1, 53.1, 53.0, 41.3, 37.4,
29.3,25.5,23.1,22.0. ESTHRMS: m/z [M + H]+ calcd for C34H44N30s%, 622.3123; found, 622.3148

(S)-benzyl 2-((S)-2-((2S,3R)-3-amino-5-(4-(benzyloxy)phenoxy)-2-hydroxypentanamido)-4-
methyl pentanamido)-3-(1H-indol-3-yl)propanoate (32b): 24 (25 mg, 0.083 mmol) was converted
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to 32b (20.6 mg, 0.033mmol) according to general procedures G, C, D and F. After purification with
column chromatography using a gradient of 5—10% MeOH/CH2Cl. and was isolated as amorphous
yellow solid (Ri= 0.35 at 5% MeOH / CH,Cl,, 18.6 mg, 0.029 mmol). Yield: 35 %. '"H NMR (500
MHz, Acetic Acid-ds) 0 7.51 (d, J=7.9 Hz, 1H), 7.40 (d, J = 7.1 Hz, 2H), 7.37 —7.26 (m, 7H), 7.24
—7.20 (m, 2H), 7.14 — 7.08 (m, 1H), 7.06 (s, 1H), 7.05 —7.01 (m, 1H), 6.91 (d, J =9.2 Hz, 2H), 6.86
(d, J=9.2 Hz, 2H), 5.09 (s, 2H), 5.03 (s, 2H), 4.95 (t, / = 6.4 Hz, 1H), 4.63 —4.57 (m, 2H), 4.14 -
4.03 (m, 2H), 3.99 — 3.89 (m, 1H), 3.35 (dd, J = 14.9, 5.9 Hz, 1H), 3.28 (dd, J = 14.9, 7.0 Hz, 1H),
2.31 —2.20 (m, 1H), 2.19 — 2.09 (m, 1H), 1.67 — 1.50 (m, 3H), 0.85 (d, /=5.9 Hz, 3H), 0.82 (d, J =
5.9 Hz, 3H). *C NMR (126 MHz, D;0) § 174.1, 173.4, 173.1, 154.4, 153.7, 138.6, 137.5, 136.5,
129.5,129.4,129.3, 128.7, 128.5, 128.4, 124.6, 122.7, 120.2, 119.3, 116.9, 116.6, 112.4, 110.0, 71.3,
70.8, 68.4, 66.4, 54.6, 54.0, 53.0, 41.2, 29.3, 28.2, 25.5, 23.1, 22.0. ESI HRMS: m/z [M + H]+ calcd
for C42H49N4O7™, 721.3596; found, 721.3623

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(4-hydroxyphenoxy)pentanamido)-4-
methyl pentanamido)-3-(4-hydroxyphenyl)propanoate (32¢): 32a (12 mg, 0.019 mmol) was
converted to 32¢ according to general procedure E. After purification with column chromatography
using a gradient of 10—20% MeOH/CH>Cl> and was isolated as amorphous white solid (R= 0.24 at
10% MeOH / CH,Cl>, 6 mg, 0.011 mmol). Yield: 58 %. '"H NMR (250 MHz, Acetic Acid-ds) § 7.00
(d, J = 8.5 Hz, 2H), 6.87 — 6.72 (m, 6 H), 4.82 (dd, J = 8.0, 5.3 Hz, 1H), 4.66 (d, J = 4.7 Hz, 1H),
4.65 — 4.54 (m, 1H), 4.20 — 4.10 (m, 2H), 4.05 — 3.94 (m, 1H), 3.72 (s, 3H), 3.11 (dd, J = 14.1, 5.3
Hz, 1H), 2.92 (dd, J = 14.0, 8.1 Hz, 1H), 2.35 — 2.12 (m, 2H), 1.73 — 1.49 (m, 3H), 0.91 (d, J=5.9
Hz, 3H), 0.87 (d, J = 5.6 Hz, 3H). '3C NMR (63 MHz, Acetic) 6 174.1, 173.4, 173.4, 156.5, 153.0,
151.8, 131.4, 128.3, 116.9, 116.8, 116.3, 70.7, 66.7, 54.9, 54.3, 53.1, 53.0, 41.2, 37.4, 29.1, 25.5,
23.1, 22.0. ESTHRMS: m/z [M + H]+ calcd for C27H33N3Os*, 532.2653; found, 532.2677

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(4-hydroxyphenoxy)pentanamido)-4-
methylpentanamido)-3-(1H-indol-3-yl)propanoate (32d): ): 24 (25 mg, 0.083 mmol) was
converted to 32d according to general procedures G, C, D, E and F. After purification with column
chromatography using a gradient of 5—15% MeOH/CH>Cl, and was isolated as amorphous white
solid (R= 0.5 at 10% MeOH / CHxCl,, 16 mg, 0.028 mmol). Yield: 34 %. 'H NMR (500 MHz,
MeOD) 6 7.53 - 7.49 (m, 1H), 7.34 —7.29 (m, 1H), 7.13 — 7.05 (m, 2H), 7.03 — 6.98 (m, 1H), 6.83 —
6.78 (m, 1H), 6.82 — 6.74 (m, 1H), 6.73 — 6.69 (m, 2H), 4.72 (dd, J = 7.6, 5.7 Hz, 1H), 4.47 —4.42
(m, 1H), 4.26 (d, J = 4.2 Hz, 1H), 4.10 — 4.00 (m, 2H), 3.74 — 3.69 (m, 1H), 3.64 (s, 3H), 3.34 — 3.27
(m, 1H), 3.20 (dd, J = 14.7, 7.7 Hz, 1H), 2.27 — 2.15 (m, 1H), 2.09 — 1.99 (m, 1H), 1.69 — 1.48 (m,
3H), 0.94 (d, J = 6.4 Hz, 3H), 0.91 (d, J = 6.4 Hz, 3H). '*C NMR (63 MHz, MeOD) § 174.4, 173.7,
173.2, 153.1, 152.9, 138.0, 128.7, 124.6, 122.5, 119.9, 119.1, 116.8, 116.8, 112.3, 110.5, 71.3, 66.1,
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55.0, 53.2, 53.1, 52.7, 41.9, 30.5, 28.3, 25.9, 23.3, 22.2. ESI HRMS: m/z [M + H]+ calcd for
C20H39N40O7", 555.2813; found, 555.2812

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-4-(4-hydroxyphenoxy)butanamido)-4-methyl
pentanamido)-3-(1H-indol-3-yl)propanoate (32¢): 17 (25 mg, 0.085 mmol) was converted to 32e
according to general procedures G, C, D, E and F. After purification with column chromatography
using a gradient of 5—15% MeOH/CHxCl; and was isolated as amorphous white solid (R= 0.45 at
10% MeOH / CH,Cl,, 9.2 mg, 0.017 mmol). Yield: 20 %. 'H NMR (250 MHz, MeOD) 6 7.51 (d, J
=7.6 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 7.14 — 6.96 (m, 3H), 6.83 — 6.65 (m, 4H), 4.71 (dd, J = 7.4,
6.0 Hz, 1H), 4.47 (t, J = 7.2 Hz, 1H), 4.25 (d, J = 3.6 Hz, 1H), 3.96 (dd, J = 9.4, 6.3 Hz, 1H), 3.84
(dd, J =94, 6.5 Hz, 1H), 3.64 (s, 3H), 3.48 — 3.39 (m, 1H), 3.36 — 3.25 (m, 1H), 3.19 (dd, J = 14.7,
7.8 Hz, 1H), 1.70 — 1.50 (m, 3H), 0.93 (d, J = 6.3 Hz, 3H), 0.90 (d, J = 6.3 Hz, 3H).!*C NMR (63
MHz, MeOD) 0 174.9, 174.5, 173.8, 153.3, 152.7, 138.0, 128.7, 124.6, 122.4, 119.9, 119.1, 116.8,
116.8, 112.3, 110.5, 71.8, 70.0, 54.9, 54.3, 52.9, 52.7, 41.9, 28.3, 25.9, 23.3, 22.2. ESI HRMS: m/z
[M + H]J+ caled for C23H37N4O7%, 541.2657; found, 541.2644

(S)-2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(4-hydroxyphenoxy)pentanamido)-4-

methylpentanamido)-3-(1H-indol-3-yl)propanoic acid (32f): 32b (20 mg, 0.028 mmol) was
converted to 32f according to general procedure E. After purification with column chromatography
using a gradient of 10—20% MeOH/CH>Cl; and was isolated as black-red amorphous solid (R= 0.3
at 20% MeOH / CH,Cl,, 10 mg, 0.018 mmol). Yield: 68 %. 'H NMR (500 MHz, Acetic Acid-ds) ¢
7.57 (d,J =79 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.15 (s, 1H), 7.10 (dd, J = 7.3 Hz, 1H), 7.03 (dd, J
=7.4 Hz, 1H), 6.82 — 6.76 (m, 4H), 4.93 (dd, J = 7.4, 5.0 Hz, 1H), 4.67 — 4.56 (m, 2H), 4.14 — 4.01
(m, 2H), 3.97 — 3.88 (m, 1H), 3.40 (dd, J = 15.0, 5.1 Hz, 1H), 3.30 (dd, J = 14.9, 7.5 Hz, 1H), 2.27 —
2.20 (m, 1H), 2.16 — 2.08 (m, 1H), 1.69 — 1.56 (m, 3H), 0.89 (d, J = 5.7 Hz, 3H), 0.85 (d, / = 5.8 Hz,
3H). 3C NMR (63 MHz, Acetic) § 176.9, 174.1, 173.5, 153.0, 151.8, 137.5, 128.5, 124.7, 122.6,
120.1, 119.3, 116.9, 116.7, 112.3, 110.0, 70.7, 66.5, 54.1, 53.0, 41.1, 30.6, 29.1, 28.0, 25.5, 23.1,
21.9. ESTHRMS: m/z [M + H]+ calcd for C23H37N407", 541.2657; found, 541.2646

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(3-hydroxyphenoxy)pentanamido)-4-
methyl pentanamido)-3-(4-hydroxyphenyl)propanoate (32g): 24 (20 mg, 0.066 mmol) was
converted to 32g according to general procedures G, C, D, E and F. After purification with column
chromatography using a gradient of 5—10% MeOH/CH:Cl, and was isolated as yellow amorphous
solid (R= 0.34 at 10% MeOH / CH2Cl,, 5 mg, 0.009 mmol). Yield: 13.6 %. '"H NMR (250 MHz,
Acetic Acid-ds) 0 7.19 — 6.92 (m, 3H), 6.77 (d, J = 8.2 Hz, 2H), 6.60 — 6.36 (m, 3H), 4.82 (dd, J =
8.1, 5.2 Hz, 1H), 4.74 — 4.44 (m, 2H), 4.30 — 4.07 (m, 2H), 3.98 (dt, / = 9.2, 4.6 Hz, 1H), 3.72 (s,
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3H), 3.20 — 2.82 (m, 2H), 2.40 — 2.15 (m, 2H), 1.71 — 1.56 (m, 3H), 0.97 — 0.84 (m, 6H). '*C NMR
(63 MHz, Acetic) 0 174.1, 173.4,173.3, 160.6, 158.7, 156.5, 131.4, 130.9, 128.3, 116.3, 109.4, 107.2,
103.2,70.7, 65.7, 54.9, 54.0, 53.1, 53.0, 41.2, 37.4, 30.6, 25.5, 23.1, 22.0. ESTHRMS: m/z [M + H]+
calcd for C27H33N30s", 532.2654; found, 532.2678

(S)-2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(3-hydroxyphenoxy)pentanamido)-4-
methylpentanamido)-3-(1H-indol-3-yl)propanoic acid (32h): 24 (35 mg, 0.116 mmol) was
converted to 32h according to general procedures G, C, D, E and F. After purification with column
chromatography using a gradient of 5—10% MeOH/CH>Cl> and was isolated as brown-pink
amorphous solid (R= 0.34 at 20% MeOH / CH>Cl>, 30 mg, 0.055 mmol). Yield: 47 %. '"H NMR (250
MHz, Acetic Acid-ds) 0 7.57 (d, J=7.6 Hz, 1H), 7.34 (d, J = 7.9 Hz, 1H), 7.21 — 6.93 (m, 4H), 6.51
—6.29 (m, 3H), 4.94 (dd, J =7.3, 5.0 Hz, 1H), 4.67 — 4.57 (m, 2H), 4.19 — 4.05 (m, 2H), 4.02 - 3.90
(m, 1H), 3.39 (dd, J = 15.0, 4.7 Hz, 1H), 3.29 (dd, J = 15.0, 7.3 Hz, 1H), 2.37 — 2.10 (m, 2H), 1.71 -
1.53 (m, 3H), 0.89 (d, J = 5.6 Hz, 3H), 0.85 (d, J = 5.6 Hz, 3H). '>°C NMR (63 MHz, Acetic) § 176.8,
174.2,173.4,160.5,158.7,137.4,130.9, 128.5, 124.7, 122.6, 120.1, 119.3, 112.3, 110.0, 109.4, 107.1,
103.2,70.7, 65.6, 54.2, 54.0, 53.0, 41.1, 29.0, 28.0, 25.5, 23.1, 21.9. ESTHRMS: m/z [M + H]+ calcd
for CasH37N4O7%, 541.2657; found, 541.2681

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(2-hydroxyphenoxy)pentanamido)-4-
methyl pentanamido)-3-(4-hydroxyphenyl)propanoate (32i): 24 (25 mg, 0.083 mmol) was
converted to 32i according to general procedures G, C, D, E and F. After purification with column
chromatography using a gradient of 5—10% MeOH/CH>Cl, and was isolated as white amorphous
solid (Ri= 0.27 at 10% MeOH / CH2Clz, 17.6 mg, 0.033 mmol). Yield: 40 %. 'H NMR (250 MHz,
Acetic Acid-d4) 6 6.99 (d, J = 8.3 Hz, 2H), 6.96 — 6.80 (m, 4H), 6.76 (d, J = 8.3 Hz, 2H), 4.82 (dd, J
=8.0, 5.3 Hz, 1H), 4.71 —4.55 (m, 2H), 4.33 —4.15 (m, 2H), 4.09 — 3.96 (m, 1H), 3.72 (s, 3H), 3.10
(dd, J=14.0, 5.4 Hz, 1H), 2.91 (dd, J = 14.0, 8.0 Hz, 1H), 2.41 — 2.12 (m, 2H), 1.73 — 1.50 (m, 3H),
0.92 (d, J = 5.7 Hz, 3H), 0.88 (d, J = 5.7 Hz, 3H). '3C NMR (63 MHz, Acetic) 6 174.0, 173.5, 173.3,
156.5,147.3,147.1,131.4, 128.3,123.2, 121.2, 116.7, 116.3, 114.5,70.9, 67.7, 55.0, 54.7, 53.1, 53.0,
41.3, 37.5, 29.0, 25.5, 23.1, 22.01. ESI HRMS: m/z [M + H]+ calcd for C27H3sN30s", 532.2654;
found, 532.2674

(S)-2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-(2-hydroxyphenoxy)pentanamido)-4-

methylpentanamido)-3-(1H-indol-3-yl)propanoic acid (32j): 24 (25 mg, 0.083 mmol) was
converted to 32j according to general procedures G, C, D, E and F. After purification with column
chromatography using a gradient of 5—10% MeOH/CH2Cl; and was isolated as brown-pink
amorphous solid (R= 0.39 at 10% MeOH / CH2Cl,, 10.0 mg, 0.033 mmol). Yield: 40 %. '"H NMR
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(250 MHz, Acetic Acid-ds) 0 7.56 (d, J =7.6 Hz, 1H), 7.33 (d, /= 7.8 Hz, 1H), 7.16 — 6.98 (m, 3H),
6.95 - 6.75 (m, 4H), 4.94 (dd, J=7.3, 5.0 Hz, 1H), 4.73 —4.51 (m, 2H), 4.31 —4.07 (m, 2H), 4.06 —
3.90 (m, 1H), 3.40 (dd, J = 15.0, 5.1 Hz, 1H), 3.28 (dd, J = 15.0, 7.3 Hz, 1H), 2.42 — 2.11 (m, 2H),
1.75 — 1.54 (m, 3H), 0.89 (d, J = 5.5 Hz, 3H), 0.85 (d, J = 5.5 Hz, 3H). 3C NMR (63 MHz, Acetic)
0 176.9, 174.1, 173.4, 147.3, 147.1, 137.5, 128.5, 124.7, 123.2, 122.7, 121.2, 120.1, 119.3, 116.7,
114.5, 112.3, 110.1, 70.9, 67.7, 54.7, 54.2, 53.1, 41.1, 29.0, 28.0, 25.5, 23.1, 21.9. ESI HRMS: m/z
[M + H]+ calcd for CasH37N4O7", 541.2657; found, 541.2680

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-5-(3-chlorophenoxy)-2-hydroxypentanamido)-4-methyl
pentanamido)-3-(1H-indol-3-yl)propanoate (32k): 24b (39 mg, 0.13 mmol) was converted to 32k
according to general procedures G, C, D and F. After column chromatography purification using
10% MeOH/CH>Cl> a white solid was recovered (R= 0,4 10% MeOH/CH>Cl> (29 mg, 0.05 mmol).
Yield: 38 %, "H NMR (500 MHz, CDs0D) 6 7.51 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 7.24
(t, J =8.2 Hz, 1H), 7.16 — 7.05 (m, 2H), 7.04 — 6.93 (m, 3H), 6.88 (dd, J = 8.0, 2.1 Hz, 1H), 4.78 —
4.67 (m, 1H),4.44 (t,J=7.5Hz, 1H), 4.27 (d, J=4.3 Hz, 1H), 4.18-4.04 (m, 2H), 3.75-3.68 (m, 1H),
3.64 (s,3H), 3.29 (d, /=5.8 Hz, 1H), 3.20 (dd, J = 14.7, 7.6 Hz, 1H), 2.30 — 2.20 (m, 1H), 2.12-2.02
(m, 1H), 1.71 — 1.55 (m, 3H), 0.92 (dd, J = 13.1, 6.4 Hz, 6H). >*C NMR (126 MHz, CDs0D) & 174.3,
173.7, 173.0, 160.7, 138.0, 135.9, 131.6, 128.68, 124.6, 122.4, 119.9, 119.1, 116.1, 114.2, 112.3,
110.5, 106.9, 71.0, 65.5, 54.9, 53.2, 53.0, 52.7, 41.8, 30.1, 28.3, 25.9, 23.2, 22.2. ESTHRMS: m/z [M
+ H]+ caled for C29H33CIN4Os™, 573.2474; found, 573.2466

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-5-(2-chlorophenoxy)-2-hydroxypentanamido)-4-methyl
pentanamido)-3-(4-hydroxyphenyl)propanoate (321): 24 (20 mg, 0.066 mmol) was converted to
32l according to general procedures G, C, D and F. After column chromatography purification using
10% MeOH/CH,Cl, a brown amorphous solid was recovered (7.7 mg, 0.014 mmol). Yield: 38 %; 'H
NMR (500 MHz, MeOD) 6 7.27 (t, J = 8.1 Hz, 1H), 7.06 — 6.86 (m, SH), 6.75 — 6.62 (m, 2H), 4.64 —
4.52 (m, 1H), 4.51-4.40 (m, 1H), 4.37 (d, J = 2.8 Hz, 1H), 4.25 —3.98 (m, 2H), 3.69 (s, 3H), 3.06 (dd,
J=14.0,5.4 Hz, 1H), 2.88 (dd, J = 14.0, 8.9 Hz, 1H), 2.49 — 2.45 (m, 1H), 2.39-2.36 (m, 1H), 2.35-
2.29 (m, 1H), 1.67 — 1.46 (m, 3H), 0.94 (dd, J = 17.4, 6.1 Hz, 6H). 1*C NMR (63 MHz, MeOD) §
174.1,173.4,172.3,160.5 157.4, 136.1, 131.8, 131.3, 128.7, 122.47,116.3, 115.8, 114.2, 106.9, 73.0,
65.2, 60.0, 52.7, 55.6, 52.6, 42.2, 37.5, 30.8, 26.0, 23.4, 21.9. ESI HRMS: m/z [M + H]+ calcd for
C27H37CIN3O7%, 550.2315; found, 550.2314

Methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-4-(3,4,5-trifluorophenoxy)butanamido)-4-methyl
pentanamido)-3-(1H-indol-3-yl)propanoate (32m): 17 (30 mg, 0.1 mmol) was converted to 32m

according to general procedures G, C, D and F. After purification with column chromatography using
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a gradient of 5—10% MeOH/CH>Cl; and was isolated as brownish amorphous solid (R=0.32 at 10%
MeOH / CH2Cl,, 11.0 mg, 0.017 mmol). Yield: 17 %. "H NMR (250 MHz, Methanol-d4) J 7.59 —
7.40 (m, 1H), 7.36 — 7.24 (m, 1H), 7.17 — 6.91 (m, 3H), 6.77 — 6.65 (m, 2H), 4.72 (t, / = 5.8 Hz, 1H),
447 (t,J =7.4 Hz, 1H), 4.18 (d, J = 3.6 Hz, 1H), 4.02 — 3.75 (m, 2H), 3.64 (s, 3H), 3.43 — 3.34 (m,
1H), 3.29 — 3.11 (m, 2H), 1.64 — 1.48 (m, 3H), 0.95 — 0.87 (m, 6H).!*C NMR (63 MHz, MeOD) ¢
174.8, 174.4, 173.8, 155.8 (td, J = 12, 3 Hz), 152.7 (ddd, J = 245.9, 11, 6 Hz, 2C), 138.0, 135.8 (t, J
=241.92, 16 Hz, 1C), 128.7, 124.6, 122.4, 119.8, 119.1, 112.3, 110.5, 100.6 (m, 2C), 72.1, 70.8,
54.9, 54.0, 529, 52.7, 41.9, 28.4, 259, 23.3, 22.2. ESI HRMS: m/z [M + H]+ caled for
Ca8H34F3N4O¢6*, 579.2425; found, 579.2444

(4R,5S)-4-amino-6-(((S)-1-(((S)-1-(benzyloxy)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-4-
methyl-1-oxopentan-2-yl)amino)-5-hydroxy-6-oxohexanoic acid (34a): 17 (30 mg, 0.1 mmol) was
converted to 34a according to general procedures H, I, E, C, D and F. After purification with column
chromatography using a gradient of 5—40% MeOH/CH>Cl, and was isolated as amorphous white
solid (Rf= 0.32 at 20% MeOH / CH,Cl,, 35.0 mg, 0.062 mmol). Yield: 62 %. '"H NMR (500 MHz,
D»0) 6 7.50 (d, J =7.7 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.28 (s, 3H), 7.16 (d, J = 4.0 Hz, 2H), 7.08
(t, J=7.4Hz, 1H), 7.04 (s, 1H), 7.00 (t, J = 7.4 Hz, 1H), 5.02 (d, J = 13.5 Hz, 2H), 4.76 (t, J = 6.7
Hz, 1H), 4.42 (t, J = 7.4 Hz, 1H), 4.25 (s, 1H), 3.54 (s, 1H), 3.35 — 3.27 (m, 1H), 3.22 (dd, J = 14.5,
7.6 Hz, 1H), 2.50 (bs, 2H), 2.07 — 1.94 (m, 1H), 1.94 — 1.84 (m, 1H), 1.62 — 1.42 (m, 3H), 0.87 (d, J
= 6.3 Hz, 3H), 0.84 (d, J = 6.3 Hz, 3H).!>*C NMR (126 MHz, DMSO) 6 174.4, 174.3, 173.3, 173.2,
138.0, 136.8, 129.5, 129.3, 128.6, 124.7, 122.4, 119.9, 119.1, 112.4, 110.3, 70.7, 68.1, 55.0, 54.9,
53.2, 41.7, 32.2, 28.3, 25.8, 25.8, 23.1, 22.1. ESI HRMS: m/z [M + H]+ calcd for C30H39N4O7",
567.2813; found, 567.2838

(4R,5S)-4-amino-6-(((S)-1-(((S)-1-carboxy-2-(1H-indol-3-yl)ethyl)amino)-4-methyl-1-
oxopentan-2-yl)amino)-5-hydroxy-6-oxohexanoic acid (34b): 34a (15 mg, 0.027 mmol) was
converted to 34b according to general procedure E and was isolated as amorphous white solid (13.0
mg, 0.027 mmol). Yield: 100 %. '"H NMR (500 MHz, D,0) § 7.56 (d, J = 7.7 Hz, 1H), 7.32 (d, J =
8.1 Hz, 1H), 7.12 (s, 1H), 7.07 (dd, J = 7.4 Hz, 1H), 7.00 (dd, J = 7.3 Hz, 1H), 4.69 — 4.65 (m, 1H),
4.39 (dd, J = 7.3 Hz, 1H), 4.22 (d, J/ = 3.3 Hz, 1H), 3.52 (d, / = 3.3 Hz, 1H), 3.40 — 3.30 (m, 1H),
3.20 (dd, J = 14.6, 7.7 Hz, 1H), 2.50 (t, J = 6.6 Hz, 2H), 2.06 — 1.98 (m, 1H), 1.94 — 1.85 (m, 1H),
1.64 — 1.49 (m, 3H), 0.91 (d, J = 6.2 Hz, 3H), 0.88 (d, J = 6.2 Hz, 3H). '*C NMR (63 MHz, MeOD)
0177.0,176.3, 174.1, 173.3, 137.9, 128.9, 124.6, 122.3, 119.7, 119.3, 112.2, 111.0, 70.6, 55.2, 54.6,
53.4,41.7,31.4,284,25.8,23.2,22.1. ESTHRMS: m/z [M + H]+ calcd for C23H33N4O7", 477.2344;
found, 477.2364
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(S5R,6S)-5-amino-7-(((S)-1-(((S)-1-(benzyloxy)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-4-
methyl-1-oxopentan-2-yl)amino)-6-hydroxy-7-oxoheptanoic acid (34c¢): 24 (30 mg, 0.1 mmol)
was converted to 34¢ according to general procedures H, I, E, C, D and F. After purification with
column chromatography using a gradient of 10—20% MeOH/CH:Cl; and was isolated as amorphous
white solid (R= 0.56 at 20% MeOH / CH>Cl,, 10.1 mg, 0.017 mmol). Yield: 17 %. '"H NMR (250
MHz, Acetic Acid-ds) 6 7.51 (d, J=7.7 Hz, 1H), 7.41 —7.28 (m, 4H), 7.22 (dd, J = 6.7, 3.0 Hz, 2H),
7.17 —7.08 (m, 1H), 7.08 — 6.99 (m, 2H), 5.10 (s, 2H), 4.94 (dd, J = 6.4 Hz, 1H), 4.63 —4.54 (m,
1H), 4.50 (d, J = 4.3 Hz, 1H), 3.74 — 3.63 (m, 1H), 3.44 — 3.19 (m, 2H), 2.45 — 2.33 (m, 2H), 1.90 —
1.66 (m, 4H), 1.66 — 1.47 (m, 3H), 0.86 (d, J = 5.7 Hz, 3H), 0.82 (d, J = 5.7 Hz, 3H). '*C NMR (63
MHz, Acetic) 0 179.5, 174.2, 173.5, 173.1, 137.5, 136.4, 129.5, 129.3, 128.4, 124.6, 122.7, 120.2,
119.2, 112.4, 109.9, 70.4, 68.4, 55.0, 54.6, 52.9, 41.2, 33.9, 29.0, 28.1, 25.4, 23.0. 22.0, 21.2. ESI
HRMS: m/z [M + H]+ calcd for C31H41N4O7", 581.297; found, 581.2993

(5R,6S)-5-amino-6-hydroxy-7-(((S)-1-(((S)-3-(4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)amino)-7-oxoheptanoic acid (34d): 24 (30 mg, 0.1 mmol)
was converted to 34d according to general procedures H, I, E, C, D and F. After purification with
column chromatography using a gradient of 10—20% MeOH/CH>Cl, and was isolated as amorphous
white solid (Re= 0.58 at 20% MeOH / CH2Cl,, 10.0 mg, 0.02 mmol). Yield: 20 %. 'H NMR (250
MHz, Acetic Acid-ds) 6 7.00 (d, J = 8.1 Hz, 2H), 6.76 (d, J = 8.1 Hz, 2H), 4.81 (dd, /= 7.9, 5.2 Hz,
1H), 4.59 (dd, J = 7.0 Hz, 1H), 4.51 (d, J =4.2 Hz, 1H), 3.73 (s, 3H), 3.72 — 3.59 (m, 1H), 3.10 (dd,
J=14.1,5.4 Hz, 1H), 2.93 (dd, J = 14.1, 8.0 Hz, 1H), 2.47 — 2.36 (m, 2H), 1.91 — 1.69 (m, 4H), 1.67
—1.54 (m, 3H), 0.92 (d, J = 5.4 Hz, 3H), 0.87 (d, J = 5.4 Hz, 3H)."3C NMR (63 MHz, Acetic) 6 179.5,
174.1, 173.4, 173.4, 156.5, 131.4, 128.3, 116.3, 70.4, 55.0, 54.9, 53.1, 52.9, 41.2, 37.3, 33.9, 29.1,
25.5,23.0,22.0, 21.2. ESTHRMS: m/z [M + H]+ calcd for C23H3sN30s*, 482.2497; found, 482.2498

2-((4R,5S)-3-(tert-butoxycarbonyl)-5-(methoxycarbonyl)-2,2-dimethyloxazolidin-4-yl)acetic
acid (35): 24 (190 mg, 0.63 mmol) was converted to 35 according to procedures H and J. After
column chromatography purification using a gradient of 10%—>30% Acetone/Hex a yellowish oil
was recovered (R=0.25 at 10% Acetone/Hex, 100 mg, 0.315 mmol). Yield: 50%:; '"H NMR (250
MHz, CDCl3) 0 10.24 (s, 1H), 4.68 —4.54 (m, 1H), 4.52 (d, J = 2.7 Hz, 1H), 3.76 (s, 3H), 3.14 - 2.77
(m, 1H), 2.77 — 2.56 (m, 1H), 1.54 (s, 3H), 1.52 (s, 3H), 1.44 (s, 9H). '3C NMR (63 MHz, CDCl;) §
176.1,171.0, 151.4, 96.1, 81.2, 78.0, 56.3, 52.7, 37.6, 28.4

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-((2-hydroxyethyl)amino)-5-
oxopentanamido)-4-methylpentanamido)-3-(1H-indol-3-yl)propanoate (37a): 24 (20 mg, 0,065

mmol) was converted to 37a according to general procedures H, J, D, C, D and F. After purification
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with column chromatography using a gradient of 10—-20% MeOH/CH:Cl, and was isolated as
amorphous yellowish solid (Rs= 0.7 at 30% MeOH / CH>Cl, 6.5 mg, 0.012 mmol). Yield: 18%. 'H
NMR (250 MHz, Methanol-ds) 6 7.55 —7.47 (m, 1H), 7.35 - 7.29 (m, 1H), 7.14 — 6.98 (m, 3H), 4.73
(dd, J=7.8,5.7Hz, 1H), 4.45 (t, J = 7.4 Hz, 1H), 4.04 (d, J = 4.4 Hz, 1H), 3.66 (s, 3H), 3.65 — 3.58
(m, 2H), 3.56 —3.47 (m, 1H), 3.37 —3.26 (m, 3H), 3.19 (dd, J = 14.6, 7.8 Hz, 1H), 2.52 (dd, /= 15.1,
4.8 Hz, 1H), 2.32 (dd, J = 15.1, 8.4 Hz, 1H), 1.68 — 1.50 (m, 3H), 0.94 (d, J = 6.4 Hz, 3H), 0.91 (d, J
= 6.4 Hz, 3H). >*C NMR (63 MHz, MeOD) 6 174.6, 174.2, 173.8, 173.6, 138.0, 128.7, 124.7, 122.4,
119.9, 119.1, 112.3, 110.5, 73.7, 61.4, 54.9, 53.0, 52.8, 52.7, 43.0, 41.9, 38.6, 28.4, 25.9, 23.3, 22.1.
EST HRMS: m/z [M + H]+ caled for CasH3sNsO7* , 520.2766; found, 520.2767

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-5-((1,3-dihydroxypropan-2-yl)amino)-2-hydroxy-5-
oxopentanamido)-4-methylpentanamido)-3-(1H-indol-3-yl)propanoate (37b): 24 (20 mg, 0,065
mmol) was converted to 37b according to general procedures H, J, D, C, D and F. After purification
with column chromatography using a gradient of 5—20% MeOH/CH,Cl>» and was isolated as
amorphous yellowish solid (R= 0.57 at 30% MeOH / CH>Cl,, 10 mg, 0.018 mmol). Yield: 29%. 'H
NMR (250 MHz, Methanol-ds) 6 7.51 (d, J = 7.6 Hz, 1H), 7.33 (d, J/ = 7.9 Hz, 1H), 7.17 — 6.93 (m,
3H),4.73 (dd, J =7.8, 5.7 Hz, 1H), 4.45 (t, / = 7.4 Hz, 1H), 4.04 — 3.89 (m, 2H), 3.66 (s, 3H), 3.68 —
3.55 (m, 4H), 3.50 — 3.38 (m, 1H), 3.37 — 3.27 (m, 1H), 3.18 (dd, J = 14.6, 7.8 Hz, 1H), 2.47 (dd, J =
14.7,4.8 Hz, 1H), 2.30 (dd, J = 14.7, 8.2 Hz, 1H), 1.69 — 1.52 (m, 3H), 0.98 — 0.86 (m, 9H). *C NMR
(63 MHz, MeOD) 6 174.6, 174.6, 174.0, 173.8, 138.0, 128.7, 124.7,122.4,119.9, 119.1, 112.3, 110.5,
74.5,62.1,62.1, 54.8, 54.6, 52.9, 52.7, 41.9, 39.7, 28.4, 25.9, 23.3, 22.1. ESI HRMS: m/z [M + H]+
calcd for CagH4oN50sg* , 550.2872; found, 550.2873

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-4-((2-hydroxyethyl)amino)butanamido)-4-
methylpentanamido)-3-(1H-indol-3-yl)propanoate (41a): 17 (40 mg, 0,14 mmol) was converted
to 4la according to general procedures C, D, H, L and F. After purification with column
chromatography using a gradient of 15—40% MeOH/CH2Cl> and was isolated as amorphous white
solid (Rf= 0.12 at 20% MeOH / CH,Cl,, 11.0 mg, 0.020 mmol). Yield: 14 %. '"H NMR (500 MHz,
MeOD) ¢ 7.51 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.13 — 7.06 (m, J = 14.2, 6.3 Hz, 2H),
7.01 (dd, J =7.4 Hz, 1H), 4.72 (dd, J = 7.5, 5.8 Hz, 1H), 4.45 (dd, / = 7.4 Hz, 1H), 4.13 (d, J = 3.3
Hz, 1H), 3.81 —3.70 (m, 2H), 3.66 (s, /= 17.4 Hz, 3H), 3.44 —3.38 (m, 1H), 3.35-3.27 (m, /= 16.1,
14.7 Hz, 1H), 3.20 (dd, J = 14.7, 7.8 Hz, 1H), 3.13 (dd, J = 12.6, 4.1 Hz, 1H), 3.07 — 2.98 (m, 2H),
293 (dd, J=12.4,9.9 Hz, 1H), 1.60 (ddd, J = 27.5, 13.9, 6.7 Hz, 3H), 0.94 (d, J/ = 6.4 Hz, 3H), 0.91
(d, J = 6.4 Hz, 3H). '3C NMR (126 MHz, D>0) § 173.2, 172.5, 172.5, 136.7, 127.4, 123.4, 121.2,
118.6, 117.8, 111.1, 109.3, 71.3, 57.5, 53.6, 51.9, 51.5, 51.2, 49.8, 49.0, 40.6, 27.1, 24.6, 22.0, 20.8.
ESTHRMS: m/z [M + H]+ calcd for C24H3sNs5O¢", 492.2817; found, 492.2841
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(S)-methyl 2-((S)-2-((2S,3R)-3-amino-4-((1,3-dihydroxypropan-2-yl)amino)-2-
hydroxybutanamido)-4-methylpentanamido)-3-(1H-indol-3-yl)propanoate (41b): 17 (20 mg,
0,07 mmol) was converted to 41b according to general procedures C, D, H, L and F. After purification
with column chromatography using a gradient of 20—40% MeOH/CH:Cl, and was isolated as
amorphous white solid (R= 0.4 at 30% MeOH / CH2Cl,, 10.0 mg, 0.020 mmol). Yield: 28 %. 'H
NMR (250 MHz, MeOD) 6 7.52 (d, J = 7.5 Hz, 1H), 7.33 (d, J = 7.7 Hz, 1H), 7.12 — 6.96 (m, 3H),
4.72 (dd, J =17.8, 5.8 Hz, 1H), 4.45 (dd, J = 7.5 Hz, 1H), 4.15 (d, J = 4.0 Hz, 1H), 3.72 — 3.62 (m,
2H), 3.66 (s, 3H), 3.62 — 3.52 (m, 2H), 3.42 — 3.26 (m, 2H), 3.19 (dd, J = 14.7, 7.9 Hz, 1H), 3.08 (dd,
J=13.0, 4.4 Hz, 1H), 2.90 — 2.76 (m, 2H), 1.71 — 1.51 (m, 3H), 0.94 (d, J = 6.3 Hz, 3H), 0.91 (d, J
= 6.3 Hz, 3H). >*C NMR (63 MHz, MeOD) 6 174.5, 173.8, 173.6, 138.0, 128.7, 124.7, 122.4, 119.9,
119.1, 112.4, 110.5, 71.8, 62.2, 61.5, 61.2, 54.9, 54.1, 53.1, 52.7, 47.8, 41.9, 28.3, 25.9, 23.3, 22.1.
ESI HRMS: m/z [M + H]+ calcd for C2sH4oNsO7™, 522.2922; found, 522.2944

(4S,75,108,11R)-4-((1H-indol-3-yl)methyl)-11-amino-10-hydroxy-7-isobutyl-3,6,9-trioxo-2-
oxa-5,8,14-triazaheptadecan-17-oic acid (41c): 24 (20 mg, 0,065 mmol) was converted to 41c
according to general procedures C, D, H, L, D and F. After purification with column chromatography
using a gradient of 5—20% MeOH/CH-Cl> and was isolated as amorphous white-brown solid (R=
0.46 at 25% MeOH / CH,Cly, 7.0 mg, 0.013 mmol). Yield: 20 %. '"H NMR (250 MHz, MeOD) § 7.55
—7.48 (m, 1H), 7.36 — 7.30 (m, 1H), 7.14 — 6.96 (m, 3H), 4.71 (dd, J = 7.7, 5.7 Hz, 1H), 4.45 (dd, J
=7.4 Hz, 1H), 4.06 (d, J = 3.5 Hz, 1H), 3.76 — 3.68 (m, 1H), 3.66 (s, 3H), 3.31 (p, / = 1.7 Hz, 1H),
3.19 (dd, J =14.7, 7.7 Hz, 1H), 3.10 — 2.92 (m, 4H), 2.65 (dd, J = 6.5 Hz, 2H), 1.88 — 1.49 (m, 5H),
0.94 (d, J = 6.3 Hz, 3H), 0.91 (d, J = 6.3 Hz, 3H).!3C NMR (63 MHz, MeOD) § 174.5, 174.3,173.8,
173.4,138.0, 128.7, 124.7, 122.5, 119.9, 119.1, 112.3, 110.5, 73.8, 55.2, 54.9, 53.0, 52.7, 52.5, 47.8,
44.5,41.9, 33.6, 28.3, 25.9, 23.3, 22.0. ESTHRMS: m/z [M + H]+ calcd for C26H40N50O7", 534.2922;
found, 534.2915

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-5-((1,3-dihydroxypropan-2-yl)amino)-2-
hydroxypentanamido)-4-methylpentanamido)-3-(1H-indol-3-yl)propanoate (41d): 24 (20 mg,
0,065 mmol) was converted to 41d according to general procedures C, D, H, L and F. After
purification with column chromatography using a gradient of 5—30% MeOH/CH:Cl> and was
isolated as amorphous white-yellowish solid (R= 0.33 at 20% MeOH / CH2Clz, 6.0 mg, 0.01 mmol).
Yield: 15 %. '"H NMR (250 MHz, MeOD) 6 7.51 (d, J = 7.7 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.16
—6.94 (m, 3H), 4.71 (dd, J = 7.6, 5.4 Hz, 1H), 4.46 (dd, J = 7.3 Hz, 1H), 4.06-3.54 (m, 9H), 3.27-
2.97 (m, 5H), 1.89 — 1.47 (m, 5H), 0.97 — 0.86 (m, 6H). '*C NMR (63 MHz, MeOD) § 174.6, 174.5,
173.8, 138.0, 128.7, 124.6, 122.5, 119.9, 119.1, 112.3, 110.5, 74.4, 61.7, 60.4, 60.2, 55.4, 54.9, 53.0,
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52.7, 49.9, 45.6, 41.9, 28.3, 25.9, 23.3, 22.0. ESI HRMS: m/z [M + H]+ calcd for CasH42NsO7%,
536.3079; found, 536.3074

(S)-methyl  2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-((2-hydroxyethyl)amino)pentanamido)-4-
methylpentanamido)-3-(1H-indol-3-yl)propanoate (41e): 24 (20 mg, 0,065 mmol) was converted
to 41e according to general procedures C, D, H, L, D and F. After purification with column
chromatography using a gradient of 20—40% MeOH/CH2Clo/ 5% aq. NH4OH and was isolated as
amorphous white-yellowish solid (R= 0.16 at 20% MeOH / CH2Clz, 4.0 mg, 0.008 mmol). Yield: 12
%. '"H NMR (250 MHz, Methanol-ds) 6 7.54 — 7.48 (m, 1H), 7.35 — 7.29 (m, 1H), 7.13 — 6.97 (m,
3H), 4.72 (dd, J = 7.6, 5.7 Hz, 1H), 4.45 (dd, J = 7.4 Hz, 1H), 3.95 (d, J = 3.0 Hz, 1H), 3.68 — 3.63
(m, 2H), 3.65 (s, 3H), 3.36 —3.25 (m, 1H), 3.19 (dd, J = 14.7,7.7 Hz, 1H), 3.11 —3.02 (m, 1H), 2.82
—2.63 (m, 4H), 1.83 — 1.49 (m, 5H), 0.97 — 0.86 (m, 6H). '*C NMR (63 MHz, MeOD) 6 175.3, 174.5,
173.8, 138.0, 128.7, 124.6, 122.4,119.9, 119.1, 112.3, 110.5, 75.0, 61.3, 54.8, 53.7, 52.8, 52.7, 52.1,
47.1,42.0, 34.0, 28.3, 25.9, 23.3, 22.1. ESTHRMS: m/z [M + H]+ calcd for C25H40N506", 506.2973;
found, 506.2998

(S)-methyl 2-((S)-2-((2S,3R)-3-amino-2-hydroxy-5-((2-
hydroxyethyl)(methyl)amino)pentanamido)-4-methylpentanamido)-3-(1H-indol-3-
yl)propanoate (41f): 24 (20 mg, 0,065 mmol) was converted to 41f according to general procedures
C, D, H, L, D and F. After purification with column chromatography using a gradient of 10—20%
MeOH/CH2Cl; and was isolated as amorphous white solid (R= 0.28 at 20% MeOH / CH>Cl>, 5.0
mg, 0.009 mmol). Yield: 14%. 'H NMR (250 MHz, MeOD) 6 7.58 — 7.46 (m, 1H), 7.33 (d, J = 7.8
Hz, 1H), 7.15 - 6.95 (m, 3H), 4.72 (dt, J = 7.9, 5.3 Hz, 1H), 4.46 (dd, /=7.4 Hz, 1H), 4.11 (d, J =
4.4 Hz, 1H), 3.89 — 3.79 (m, 1H), 3.76 — 3.69 (m, 2H), 3.67 (s, 3H), 3.48 —3.12 (m, 3H), 3.04 — 2.62
(m, 4H), 2.47 (s, 2H) 1.85 — 1.45 (m, 5H), 0.98 — 0.88 (m, 6H). *C NMR (63 MHz, MeOD) 6 174.5,
173.7,173.5,138.0, 128.7, 124.7, 122.5,119.9, 119.1, 112.4, 110.6, 72.7, 59.4, 58.2, 56.5, 55.8, 54.9,
53.1,52.7,41.9, 41.1, 28.3, 26.2, 25.9, 23.3, 22.1. EST HRMS: m/z [M + H]+ calcd for C26H42N506"
, 520.3130; found, 520.3128

(S)-methyl 2-(((2R,3S)-4-(((S)-1-(((S)-3-(1H-indo0l-3-yl)-1-methoxy-1-oxopropan-2-yl)amino)-4-
methyl-1-oxopentan-2-yl)amino)-2-amino-3-hydroxy-4-oxobutyl)amino)-3-(4-

hydroxyphenyl)propanoate (41g): 17 (20 mg, 0,07 mmol) was converted to 41g according to
general procedures C, D, H, L and F. After purification with column chromatography using a gradient
of 10—30% MeOH/CH2Cl; and was isolated as amorphous white solid (R= 0.17 at 10% MeOH /
CHCly, 9.0 mg, 0.014 mmol). Yield: 22%. '"H NMR (250 MHz, MeOD) 6 7.52 (d, J = 7.5 Hz, 1H),
7.33(d, J=7.7 Hz, 1H), 7.14 — 6.95 (m, 5H), 6.76 — 6.67 (m, J = 6.6, 4.7 Hz, 2H), 4.71 (dd, J = 7.6,
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59 Hz, 1H), 443 (t,J=7.4 Hz, 1H), 4.13 (d, J =4.4 Hz, 1H), 3.65 (s, 6H), 3.49 (tl, J = 6.7 Hz, 1H),
3.4 —-3.14 (m, 3H), 2.98 — 2.82 (m, 3H), 2.58 (dd, J = 13.1, 9.4 Hz, 1H), 1.68 — 1.48 (m, 3H), 0.92
(d,J =6 Hz, 6H) ">*C NMR (63 MHz, MeOD) § 176.3, 174.3, 173.8, 172.8, 157.4, 138.0, 131.3, 129.0,
128.7, 124.6, 122.4, 119.9, 119.1, 116.3, 112.3, 110.5, 70.0, 64.6, 55.0, 53.0, 52.7, 52.3, 47.7, 41.9,
39.4,30.8, 28.3, 25.8,23.2,22.2. ESTHRMS: m/z [M + H]+ calcd for C32H44NsOsg* , 626.3185; found,
626.3207

(S)-methyl 2-(((3R,4S)-5-(((S)-1-(((S)-3-(1H-ind ol-3-yl)-1-methoxy-1-oxopropan-2-yl)amino)-4-
methyl-1-oxopentan-2-yl)amino)-3-amino-4-hydroxy-5-oxopentyl)amino)-3-(4-
hydroxyphenyl)propanoate (41h): 24 (20 mg, 0,065 mmol) was converted to 41h according to
general procedures C, D, H, L, D and F. After purification with column chromatography using a
gradient of 5—10% MeOH/CH2Cl. and was isolated as amorphous white-yellowish solid (R= 0.28
at 10% MeOH / CH>Cl, 23.0 mg, 0.036 mmol). Yield: 55%. '"H NMR (250 MHz, MeOD) 6 7.57 —
7.45 (m, 1H), 7.37 — 7.27 (m, 1H), 7.13 — 6.97 (m, 5H), 6.79 — 6.71 (m, 2H), 4.70 (dd, J =7.8, 5.8
Hz, 1H), 4.41 (dd, J=8.2, 6.7 Hz, 1H), 4.24 (d, J =4.8 Hz, 1H), 4.13 (dd, /= 7.5, 5.6 Hz, 1H), 3.71
(s, 3H), 3.65 (s, 3H), 3.59 — 3.50 (m, 1H), 3.38 — 3.24 (m, 2H), 3.24 — 2.97 (m, 4H), 2.26 — 1.91 (m,
2H), 1.75 — 1.50 (m, 3H), 0.95 (d, J =6.2 Hz, 3H), 0.92 (d, J =6.2 Hz, 3H). '3*C NMR (63 MHz,
MeOD) o 174.6, 173.8, 172.9, 170.6, 158.3, 138.0, 131.5, 128.6, 125.5, 124.7, 122.5, 119.9, 119.1,
116.8, 112.4, 110.5, 70.7, 62.8, 55.0, 53.5, 53.5, 53.1, 52.8, 44.7, 41.7, 36.4, 28.3, 27.3, 25.9, 23.2,
22.0. ESTHRMS: m/z [M + H]+ calcd for C33H46NsOs* , 640.3341; found, 640.3349

(S)-2-(((3R,4S)-3-amino-5-(((S)-1-(((S)-1-carboxy-2-(1H-indol-3-yl)ethyl)amino)-4-methyl-1-

oxopentan-2-yl)amino)-4-hydroxy-5-oxopentyl)amino)-3-(4-hydroxyphenyl)propanoic acid
(41i): 24 (20 mg, 0,065 mmol) was converted to 41i according to general procedures C, D, H, L, D
and F. After purification with  column chromatography using a gradient of 20—40%
MeOH/CH2Cl12/2% aq. NH4OH and was isolated as amorphous white-yellowish solid (R= 0.05 at
20% MeOH / CH2Cly, 23.0 mg, 0.036 mmol). Yield: 55%. 'H NMR (250 MHz, Acetic Acid-ds) &
7.57 (d,J=17.5Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.20 — 6.96 (m, 5H), 6.78 (d, J = 8.1 Hz, 2H), 4.91
(dd, J=7.2,5.1 Hz, 1H), 4.59 — 4.47 (m, 2H), 4.17 (dd, J = 5.9 Hz, 1H), 3.92 — 3.76 (m, 1H), 3.48 —
3.10 (m, 6H), 2.30 — 2.12 (m, 2H), 1.69 — 1.53 (m, 3H), 0.89 (d, /= 5.6 Hz, 3H), 0.84 (d, /= 5.6 Hz,
3H). 3C NMR (63 MHz, Acetic) 6 176.8, 174.2, 173.8, 173.2, 157.1, 137.4, 131.9, 128.5, 126.2,
124.7, 122.6, 120.1, 119.3, 116.7, 112.3, 110.1, 69.9, 64.8, 54.4, 53.4, 52.6, 44.9, 41.1, 36.2, 28.0,
26.7,25.5,23.1,22.0. ESTHRMS: m/z [M + H]+ calcd for C31H42N5Os™ , 612.3028; found, 612.3031

Protein Expression and Purification
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ERAP1 and ERAP2 were expressed and purified from insect cell culture (HiS cells) after infection
by recombinant baculovirus as previously described.®® The extracellular enzymatic domain of IRAP
was expressed by stably-transfected HEK 293S GnTI® cells and purified by affinity chromatography
as previously described.®® All enzymes were stored at —80 °C in 10 mM Hepes (pH 7.5) and 150 mM
NaCl, 10% glycerol until needed. For structure determination, an optimized construct for ERAP1 was

used in which the exon 10 loop had been substituted by the linker GSG as previously described.!
Enzymatic assays

For the determination of the inhibitory potency of the compounds, the enzymatic activity of ERAPI,
ERAP2 and IRAP was calculated by following the change in fluorescent signal produced upon
digestion of the substrates L-leucine 7-amido-4-methyl coumarin or L-arginine-7-amido-4-
methylcoumarin (L-AMC or R-AMC, Sigma-Aldrich). Measurements were performed on a TECAN
spark 10M microplate fluorescence reader, following emission at 460 nm, with the excitation set at
380 nm, as previously described.®®® To calculate the inhibitory efficacy of each compound, the
activity of the enzyme was measured in the presence of increasing concentrations of the inhibitor and
data were fit to a 4-parameter variable slope inhibition model using Graphpad Prism™. As a positive
control for the in vitro assay we used DGO13A, a potent but non-selective transition-state analogue

inhibitor (2, Figure S1).%!
Cross-presentation assay

HEK?293 cells stably transfected to express H-2Kb and murine Fc gamma RII ® were a kind of gift
of Prof. Peter Cresswell, Yale University. IRAP-deficient HEK cells were produced using CRISPR-
Cas9 technology and confirmed by sequencing (Jacqueline Leib and Peter van Endert, manuscript in
preparation). Inmune complexes of ovalbumin (Worthington) and rabbit IgG anti-ovalbumin
(Polysciences) were formed by incubation on ice for 4 h at a weight ratio of 10:1. WT and IRAP-
deficient HEK cells were pulsed for 1 h in DMEM with 1% FCS with immune complexes at an IgG
concentration of 250 pg/mL and graded concentrations of inhibitors, washed in PBS and incubated
overnight in DMEM with 10% FCS in the presence of inhibitors. Finally, B3Z hybridoma cells were
added at a ratio of 1:1 and incubated for 24 h with immune complex-pulsed HEK cells. 1L-2
production by B3Z cells was determined by sandwich ELISA.

Protein expression, crystallization and X-ray diffraction experiments

ERAP1 was produced by insect cell culture and purified as previously reported.! ERAP1 was
co-crystallized in complex with compound 30 by the sitting-drop vapor-diffusion method in 100 mM
DL-malic acid, Bis-tris propane, pH 7.0, 25% PEG 1500 at a protein concentration of 12 mg/mL and

a molar ratio of protein to ligand of 1:5, as previously described.®' Crystals were cryoprotected using
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a solution of the precipitant and 20% ethylene glycol and subsequently flash frozen in liquid N». Data
were collected at 100 K at a wavelength of 1.0 A on beamline P13 of PETRA III at EMBL, Hamburg,
Germany. Data processing, structure determination and refinement were performed as previously

described.®!

IRAP was isolated after secretion from stably-transfected HEK 293S GnTI(-) cells and
purified by affinity and size-exclusion chromatography as previously reported.’® Crystals of IRAP
complexes with compound 32e were achieved after screening procedure against the commercially
available PACT-premier crystallization screen (Molecular Dimensions™). Crystals were grown at 16
°C by the sitting-drop vapor-diffusion method in 0.1 M MMT buffer (Malic acid, Tris, MES), pH 5.0
and 25% (w/v) polyethylene glycol (PEG) of mean MW 1500 Da (D2 condition). One hour prior to
crystallization trials, purified IRAP concentrated at 9.8 mg/mL was mixed with the inhibitor at a
molar ratio 1:5 and the mixture was kept at 4 °C. Cryoprotection was achieved by rapid immersion
in a solution containing the precipitant and 20% ethylene glycol for a period of 5-10 s, and
subsequently the crystals were flash frozen in liquid N». Frozen crystals were shipped in a Taylor-
Wharton CX100 dry shipper to the Synchrotron facility. Datasets were collected at 100 K at a
wavelength of 0.976 A on beamline P13 of Petra III, EMBL, Hamburg, Germany. The reflections
were integrated with XDS, the space group was determined with POINTLESS and the data merging
was accomplished with STARANISO (http://staraniso.globalphasing.org). The best resulting dataset
displayed data to 2.3 A. The crystals belonged to space group P 1 21 1 with a=73.478 A, b=120.051,
c=141.246 A, and B=103.281°. The structure was solved by molecular replacement with PHASER
using as a search model the closed structure of IRAP (PDB ID: 5SMJ6). Two protein molecules were
found in the asymmetric unit (referred to as chains A and B). Inspection of the initial electron density
maps showed the presence of strong additional electron density adjacent to the catalytic Zn(II) atom,
which was attributed to the inhibitor. Two different conformations the inhibitor were built in chain B
(discussed in main text). Structure refinement was conducted with PHENIX using restrained
refinement and non-crystallographic symmetry restraints, while at the final stages TLS refinement
was included. Model building and real-space refinement were performed in Coot. Due to low data
completeness at 2.3 A, the high-resolution limit was set to 2.8 A. In chain A no density was visible
before residue 158 and for residues 223-226, 598599 and 639—-648, while in chain B no density was
visible prior to residue 158 and for residues 223—-226, 340 and 638—648. The final model includes 29
molecules of N-acetyl-D-glucosamine, 5 of B-D-mannose, 5 of a-D-mannopyranose, one 2-amino-2-
hydroxymethyl-propane-1,3-diol (Tris), three polyethylene glycol, 7 molecules of 1,2-ethanediol and

105 water molecules.
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Supporting Information. Titration curves of key compounds and potent inhibitors with the 3
enzymes (Figure S1); Data collection and refinement statistics of the two X-ray crystal structures
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inhibitors; '"H and '*C NMR spectra of all final compounds. Molecular Formula Strings of the final
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Accession Codes. Coordinates and structure factors of ERAP1 in complex with 30, and IRAP in
complex with 32e have been deposited in the Protein Data Bank under accession numbers 7728 and

TZYF, respectively. Authors will release the atomic coordinates upon article publication.
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