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Abstract

Leucyl-tRNA synthetase (LeuRS) is a clinically wied target for the development of
antimicrobials. This enzyme catalyzes the formatincharged tRNA" molecules, an essential
substrate for protein translation. In the firstpst#f catalysis LeuRS activates leucine using ATP,
forming a leucyl-adenylate intermediate. Bi-suldstranhibitors that mimic this chemically labile
phosphoanhydride-linked nucleoside have proveretpdient inhibitors of different members of the
aminoacyl tRNA synthetase family but, too dateythave demonstrated poor antibacterial activity.
We synthesized a small series of 1,5-anhydrohelkaskd analogues coupled to a variety of triazoles
and performed detailed structure-activity relatldpsstudies with bacterial LeuRS. In am vitro
assanypp values in the nanomolar range were demonstratbdbitory activity differences between
the compounds revealed that the polarity and size triazole substituents affect binding. X-ray
crystallographic studies ¢f. gonorrhoeae LeuRS in complex with all the inhibitors highligit the
crucial interactions defining their relative enzyimdibitory activities. We further examined théir
vitro antimicrobial properties by screening against sg\gacterial and yeast strains. While only weak
antibacterial activity againd¥l. tuberculosis was detected, the extensive structural data wviete
obtained could make these LeuRS inhibitors a sitaarting point towards further antibiotic
development.
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1. Introduction

The World Health Organization (WHO) stated in aergaeport that by 2050 10 million people
would die every year as a result of the rapid egjemof antimicrobial resistance [Hence, as part
of a global action plan, this agency has highlightee importance of investment in the development
of new treatments [2]. One strategy to identify newtibiotic classes is to explore novel or
underexplored cellular targets. Aminoacyl-tRNA d$etases (aaRSs) are a family of enzymes, which
play a pivotal role in protein biosynthesis in adllls. Due to the wide evolutionary divergence of
aminoacyl-tRNA synthetases (aaRSs) in pathogewgarnisms with respect to the human orthologues,
these enzymes are promising targets for the demsop of new selective antimicrobials [3,4].
Although various aaRSs have been targeted for dasign, only the lleRS inhibitor mupirodisl
(Figure 1A) and the LeuRS targeting compound AN2@80aborolg6], Figure 1A) have made it to
the clinic, used for the treatment of methicillesistant Saphylococcus aureus (MRSA) and
onychomycosis, a fungal infection of the toena#éspectively.

The aminoacylation reaction of LeuRS proceeds im $teps [3]. Both steps occur within the
same catalytic site defined by a class | specifisdfann fold containing the HIGH and KMSKS
signature motifs [7]. Besides its cognate substia¢@RS is also able to activate structurally samil
amino acids including isoleucine (lle), methionifet), norvaline and norleucine with a frequency
exceeding the tolerable translational error by dbk [8-10]. Therefore, this enzyme has evolved a
proofreading function which can either hydrolyze thisactivated amino acid in the active site by pre
transfer editing, or clear mischarged tRNA thropgist-transfer editing [11]. The latter is catalybgd
an additional editing domain which is inserted ithe Rossmann foldia two B-strands [12]. For
bacterial LeuRS, the post-transfer editing is tbmishant error-correction pathway.

The validated LeuRS inhibitor AN2690 targets théieg domain by forming a stable boron-
mediated tRNA®-AN2690 adduct. It traps the 3’-end of the tRiisoacceptor in a non-productive
state which prevents subsequent LeuRS catalytimtar and consequently, disrupts protein synthesis
[6]. Generally, benzoxaborole-containing compouddsplay low toxicity and high specificify13]
and importantly, tavaborole demonstrated no resistaafter repeated exposure [14]. However, the
development of the antibacterial 3-aminomethyl aga¢ GSK2251052 (AN3365, Figure 1A), which
could evade the main efflux mechanism of multidregistant (MDR) Gram-negative bacteria [15],
was terminated after evaluation in phase Il clihigals owing to the rapid development of resis&n
[16]. This was a result of the appearance of aalsying editing domain mutations that were highly
resistant to the compound without compromised UtgbiA similar appearance of lleRS mutants is
also the cause for the low- and high-level reststan the case of mupirocin [17-20]. More recently,
another boron-containing molecule GSK3036656 (FEigliA) was synthesized and preclinically
evaluated as a selective inhibitor against theiregditlomain ofMycobacterium tuberculosis (Mtb)
LeuRS rather than human cytoplasmic and mitochahdrthologues. This compound demonstrated
in vitro activity against théMtb strain H37Rv with a MIC value of 23.5 ng/mL and &3, value of
58.8 ng/mL againsMtb LeuRS in an aminoacylation assay [21]. It emergeda promising lead
candidate and was selected for further clinicakttgyment.

As the editing domain is highly degenerate or fulhst in a number of LeuRSs from
Mycoplasma parasites [22], the canonical aminoacylation sitéhe catalytic domain is still popular
for targeted drug design. The majority effortsanget this site have concentrated on identifying-no
hydrolysable analogues of the natural aminoacyhgdeée (aa-AMP) intermediate [15]. Compounds
like leucyl-sulfamate adenosine (LeuSA, Figure Id®monstrate high affinity but exhibit poor
selectivity and lowin vivo antibacterial activity. As a consequence, in #te 1990s, research shifted
towards other scaffolds. Cubist PharmaceuticateésP015 acquired by Merck & Co.) used the high-
affinity ligand LeuSA as a starting point to syrgfze inhibitors with improved chemical stabilitydan
bacterial selectivity [23]. The adenine group waglaiced by substituted thiazoles which were diyectl
attached to the ribose ring [24]. However, desghgar high affinity and selectivity towards bactdri
LeuRS, no antibacterial activity was reported. Anir approach gave rise to selective lleRS
inhibitors in which the sugar ring was connectethwiryl-substituted tetrazoles a two-carbon atom
linker (Figure 1B) [25]. The (phenoxyphenyltetrbzoCB 432 was reported to possess good



antibacterial activity, but lown vivo bioavailability halted further exploration of thiaffold for
potential antibiotics. More recently, scientistsOatford Drug Design have reported LeuRS inhibitors
that target the enzyme active site [26]. Synthebihese gram-negative bacteria-selechivkzucinyl
benzenesulfonamides was based on previously repbaazenesulfonamide ThrRS inhibitors [27].
Similar N-leucinyl benzenesulfonamides further connectedantoacylated thiourea scaffold were
synthesized which appeared to exhibit good inhipitactivity againstTrypanosoma brucei LeuRS
[28, 29].

B HO
OH OH 0 on
A S BI /
. OH
HO™ ™ X oj/\)g( F
OH o]
mupirocin tavaborole (AN2690) AN3365: X=2,R=H
(B) GSK3036656: X=1,R=ClI
o o /=N 0 N=
s2 OV =N NH, 9 s2 © i —<
NS0 = \)\RLN/ o/\(_J/\/N\N/,N
H N H
NH, HO©  on N NH HO  ©OH
high-affinity LeuSA inhibitor aryl-tetrazole lleRS inhibitors

CB 168: R = phenyl

(C) CB 432: R = p-phenoxyphenyl
N = AQ“ - Yﬁ* “QW“
LeuRS inhibitor 15 LeuRS inhibitors 11a-k

Figure 1. (A) Structures of mupirocin, tavaborole, AN3366daGSK3036656; (B) (Left) High-
affinity but non-selective competitive active sitehibitor LeuSA, (Right) Cubist Pharmaceuticals
aryl-tetrazole lleRS inhibitors; (C) (Left) Cubi®harmaceuticals derived LeuRS inhibitor, (Right)
Structure for the novel proposed competitive irtioits targeting LeuRS.

We recently published the synthesis of lleRS irthiisi having good affinity [30] where we
substituted the ribose ring of CB 168 (Figure 1Bhve 1,5-anhydrohexitol ring with implantation of
the aliphatic chain at C2 and the isoleucyl-sulfghutain at C5, respectively. The three-atom linker
between phenyltriazole and the pyran ring was prdeebe essential for preserving good affinity for
lleRS. Unfortunately, no antibacterial activity walsserved, probably resulting from the high pojarit
of the lleRS inhibitors. We therefore envisionedtbgsis of LeuRS inhibitors with the same scaffold
and implantation of both side chains on the ringf, Wwith various substituted triazoles to improve
antibacterial activity (Figure 1C). Following syesis of compound&la-k, their inhibition activity
and antibacterial activity were evaluated. Combiméth high-resolution crystal structures of the
enzyme-ligand complexes, we were able to carrnaarall but thorough SAR study to provide better
insight into the crucial interactions for the sufoséd triazole to obtain potent enzymatic inhibjto
activity.



2. Results

2.1. Synthesis of LeuRS inhibitors containing diffieent substituted triazoles
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Reagents and conditions: [A] (&) (1) Cul, allyl-Mg@nh. THF, -30 °C, 15 min.; () anh. THF, -30
°C, 1.5 h; (b) BH- THF, anh. THF, rt, 1 h; (2) NaOH,8,, H,0O, 0 °C to rt, overnight; (c) (1) TEA,
anh. DCM, 0 °C; (2) TsClI, anh. DCM, 0 °C to rt, 2(d) NaN,, anh. DMF, 55 °C, overnight; (e)
PTSA-HO, THF:HO, 40 °C, 3 d; (f) PTSA-}D, DMP, acetone, rt, overnight; (g) (1) chlorosnifb
isocyanate, HCOOH, 0 °C, 30 min.; (2) anh. MeCNb5rh; (3)7, DMA, rt, overnight; (h) Boc-Leu-
OSu, CgCO;,, anh. DMF, 0 °C to rt, 3 d; (i) Cul, TEA, respeetialkyne, DMF, 50 °C, overnight; (j)
TFA:H,0, rt, 5 h; [B] (K) (1) propargylamine, acetic acahh. MeOH, rt, overnight; (2) NaBHO °C

to rt, 2 h; (I) TEA, propargylamine, anh. DCM, 0 t€&rt, overnight; (m) propargylamine, anh. DCM,
O°Ctort,3h.

Scheme 1 [A] Procedure towards various leucine couple@dzoies1l; [B] Synthesis of non-
commercially available alkynes; [C] Cubist Pharmaimals-like inhibitorl5.

The envisaged target compourfdsa-k were based on the potent tetrazole 11eRS inhibitdr
Cubist Pharmaceuticals (Figure 1B) [25]. The regmbenzymatic activity of the latter ranged from 0.5
to 20 nM depending on the pathogen sources, ansk tiempounds were endowed with high
selectivity for bacterial 1leRS versus the humathalogue. LeuRS shares high structural similarity
with 1leRS and both belong to the same aaRS lalasfcin addition, the inhibitory activity of LeuSA
(KPP = 0.14 nM) is substantially higher than the equéwalisoleucine coupled analogue for lleRS
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(K{PP = 1.92 nM) [31]. This improved affinity for LeuR@rgeting compounds was also noted with
base modified inhibitors compared to those for 8eR2], which further stimulated our choice for
LeuRS as the target for the synthesis of compoaitdsk These novel inhibitors are based on the CB
168 Cubist Pharmaceuticals compound (Figure 1B)irbwhich the ribose ring is replaced by a pyran
ring so that the implantation of both side chagmbved by one carbon atom. We previously reported
that for this particular chain arrangement, tharogk aliphatic linker between the six-membered ring
and the heterocycle is a C3 spacer [30].

The synthetic route commenced with commerciallyilaisée allitol epoxidel (Scheme 1). The
Gilman-reagent of allyimagnesium chloride was miadepen the epoxide regio- and stereoselectively
at the C2-position in a trans-diaxial manner [33}e obtained alken2 underwent a hydroboration-
oxidation reaction, followed by selective tosylatiof the resulting primary alcohol, which afforded
compound5 upon subsequemnn situ azide substitution allowing the coupling of a eerof alkynes.
Hereto, the azide5 was converted into the isopropylidene protectedolal 7. Subsequent
sulfamoylation was followed by coupling leucinethe obtained sulfamate functional group, affording
compound9. At this stage, we connected 11 different alkynsi®ig conventional azide-alkyne click
chemistry, affording the protected compoud@sThe alkynel2 as needed fatOh was made through
reductive amination, while alkynes3 and 14 (respectively for synthesis dfOi and 10j) were
synthesized using standard chemistry. Finally, iacidmoval of all protecting groups yielded the
desired compound$la-k The Cubist Pharmaceuticals-like inhibiths (Scheme 1C) was prepared
for comparative reasons, and its synthesis is goakto the original isoleucine analogue [34].

2.2.1n vitro enzymatic inhibitory activity

The ability of all new leucine coupled compouridsi-k and15 to inhibit LeuRS was verified
using a previously described vitro aminoacylation assay, monitoring the effect ontthasfer of the
“C-radiolabeled leucine to tRN® (Table 1 and Supplementary figure 1) [35]. Pudifiecombinant
E. coli LeuRS was employed with a total tRNA pool from gaene pathogen. We herein optedEor
coli LeuRS to carry out the enzymatic assay as mangitals before have been tested on this
specific enzyme, which allows to compare theseetbffit inhibitors for future studies.

Compared with the high-affinity non-hydrolysableutAMP analogue LeuSAK("" of 0.14
nM), all novel synthesized compounds demonstratamtedised inhibitory activity, but most of them
were still potent binders Witkifpp values in the lower nanomolar range. Despite camgslla-k
sharing a similar chemical scaffold, different ditbSons connected with the triazole moiety showed
significant effects on the inhibitory potential. Aeown in Table 1, the best compourdds and11k
carried a phenyl substituent at C13 on the triadokg (for carbon numbering, see structure in Tdbdle
showingK;*? values of 5.51 and 2.48 nM, respectively, wheme@spound11f with an additional
para-OCE modification on the phenyl ring or compourddg substituting the phenyl with a 3-
pyridinyl moiety, showed 3 to 10-fold reduced aityivit suggested that the phenyl substituent is a
crucial element in determining the stronger LeuR&ihition, while any electron-withdrawing
modification at this position displayed an opposiend.

An attempt was made to investigate the effect sfpacer between the triazole and phenyl rings.
Consequently, each two to five-atom linker evaldgmpoundd.1d and11i-j) led to a significant
decrease in binding affinity. Furthermore, compauhtc and11e carrying only an aliphatic chain on
the triazole moiety, likewise showed reduced irtbityi activity. In addition, it should be noted that
both compound41b and11h carrying an amine which is protonated physioldggcaompletely lost
their inhibitory activity. Overall, we demonstratdtht only 4-phenyltriazole modified compounds are
endowed with favorable inhibitory potential.

Cubist Pharmaceuticals designed a series of argzige 11eRS inhibitors (Figure 1B), showing
excellent selectivity with strong inhibition againmthogenic bacteria but not the eukaryotic enzyme
As compoundl1lk exhibited most potent inhibition agairistcoli LeuRS, we synthesized compound
15, an analogue of the lleRS inhibitors while retainithe phenyl group connected with the
heterocycle and substituting the isoleucyl with eaclyl moiety (Scheme 1C). Surprisingly, a
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significant 15-fold reduction of activity was obged for 15 compared tollk. Two obvious
distinctions between these two compounds can bednone is the six-membered pyran ringlLitk
versus the canonical five-membered anhydroribitol If5; the other one is the three-carbon linker
between pyran and triazole i1k whereas a two-carbon linker was utilised ér It is well known
that mupirocin, an 1leRS inhibitor, has a similgran ring in its chemical structure, and it hasrbee
reported that this pyran ring is recognized analstoto the ribose moiety of lleSA [5]. Therefoite,

is reasonable to believe that the difference iiviagbetweenllk and15is attributed to the length of
the carbon linker. This indicated a preferenceddhree-atom carbon linker for inhibitory activity
possibly due to the shape or size of the binditey si

Overall, by analyzing their structure-activity rédaship, it can be postulated that the precise
length of the carbon linker and the chemical progerof the substituent on the triazole moiety are
essential features for the inhibitory activity bistcompound family targeting LeuRS.

Table 1 Inhibitory constantsi; "?) of the synthesized compoundsrcoli LeuRS.

O
H,N
N 5 01 1‘4/@
N12

Compounds R f‘pp (nM)*
11a XQ/W 5.51 +0.93
11b 3w, 2969.71 + 148.85

11c NN N 52.36 + 7.17

11d }(\/© 108.35 + 5.00

11e PN 387.66 + 19.44
O F
11f T 17.83+2.37
=
119 1 31.62 + 2.60
11h j“AH“@ 1260.73 + 92.11

11i X\”J\Q 31.28 £ 2.37

0
11] >lT\NJ\N“Q 182.35+4.20

H H
11k ><© 2.48+0.13
15° 30.94 + 4.95

LeuSA° 0.14 +0.10

®R represents the various substituents connectibe tiniazole ring.
P15is the analogue of a Cubist Pharmaceuticals li@RiBitor but carrying a leucyl moiety.
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“TheK;PP value of high affinity inhibitor LeuSA was takerofm our prior work [31].

A concentration of 2.5 nNE. coli LeuRS was used in the aminoacylation assay. Thesmonding
Kfpp values of the synthesized compounds were calcllaging Greco-Hakala equation by
maintaining the input enzyme concentration as astemt. All values were normalized based on the

measured activity of the enzyme in the absencehilitor.

2.3. X-ray crystallographic studies of LeuRS-ligandound complexes

To further elucidate the relative inhibitory actviand structural basis for the binding
mechanism of this new series of LeuRS inhibitorga¥ crystallographic studies of the compounds in
complex with LeuRS were performel. gonorrhoeae LeuRS (Ng-LeuRS), a homologue to LeuRS
from E. coli (Ec-LeuRS), was successfully crystallized and sdakéh the compounds. We have
previously reported that the overall sequence itfeahd similarity between these two enzymes is 57%
and 71%, respectively, whereas the active sitectwis responsible for the catalysis of Leu-AMP
formation, share 92% identity and 100% similaritgupplementary figure 2) [32]. Therefore,
structural information obtained from Ng-LeuRS coexgs can be extrapolated to the inhibition
activity measured witk. coli LeuRS.

All Ng-LeuRS-ligand complexes were solved and deieed at a resolution range between 1.9
and 2.6 A (Supplementary table 1). Except for tesv-hffinity binders11b and11h, the remaining
compounds can be built unambiguously in the catalite according to the electron density map
(Figure 2). To gain further insight into the molEgumechanisms defining the inhibitory activity, we
split the synthesized leucyl-sulfamoyl analogueffetd into four pharmacophoric regions: leucyl-
sulfamate moiety, the ring (six-member anhydroloéxiing or 1,4-anhydroribitol forl5), carbon
linker (two-carbon or three-carbon linker fab) and various substitutions connected to either the
triazole or tetrazole ring.

Compound 11k Compound 11a Compound 11f Compound 11g




Figure 2. Omit maps of inhibitors bound to the active sfeN. gonorrhoeae LeuRS. From left to
right, structures are shown in order of decreasih@itory activity with the exception of compound
15. The maps were calculated using phenix.poldershiodvn as a grey mesh framework contoured at
3.56. All ligands are shown as a stick representatitiene the catalytic site of LeuRS backbone is
shown as a cartoon representation and coloredei@ngr=or compoundslh and11b, two different
conformations are observed in the active site afem® due to weak binding.

Superposition of the structures of LeuRS in compiéth 11a-k by the catalytic core (mean
RMSD of 0.22 A with residues surrounding the ligamithin 6 A), shows that all compounds share
very similar conformations (Figure 3A and Suppletaenfigure 3). The leucyl-sulfamate moiety is
bound in the same pocket as observed for LeuSAI(€i8B and 3D). Briefly, the amino group of the
leucyl moiety forms H-bonds withd& of Asp80 and carbonyl oxygen in Phe41l, while dhgbonyl
oxygen of the leucyl moiety itself forms a H-bonithvNe of His547. The side chain of the leucyl
moiety is further recognized by a conserved hydobph pocket in all LeuRS structures, formed by
Met40, Phe4l, Tyr43, Phe507, Tyr513, His547 andblisresidues. The sulfamate oxygen further
establishes either direct H-bonds with the mainrchdrogen of Tyr43 and &of His52 orvia a water
bridge with @2 of Glu546 (Figure 3B). His52 is part of the clasggnature HIGH motif, which in the
case of Ng-LeuRS has the sequeERMGH®. In further descriptions we will refer to any ises in
this region using the former nomenclature. Thatstdropyran adopts a chair conformation where the
C1 atom is located in the same position as O4ibofse and the 3-hydroxyl and 4-hydroxyl groups are
superimposing with 2’- and 3-hydroxyl of ribose ipeuSA, respectively. Therefore, the six-
membered anhydrohexitol retains the same interact@s seen for ribose (Figure 3B). Compolifd
mimics the selective lleRS inhibitor CB 168 prodiidey Cubist Pharmaceuticals while replacing
isoleucyl with a leucyl moiety. Comparing with LeAiSthe leucyl-sulfamoyl ribose moiety b is
fully superposed with the equivalent group in Leu8Ad makes the same active site interactions
observed for compoundsla-k and LeuSA (Figure 3C and 3D). Therefore, the alwidistinction in
inhibitory activity of the synthesized compoundsnche attributed to the linker and further
substitutions on either the triazole or tetrazoig.r

A

Figure 3. Comparison of compound4la-k bound in N. gonorrhoeae LeuRS complexes.
(A) Superposition ofL1a-k (except forllb and11h) by aligning the active site of the protein. (B)
Interactions between leucyl-sulfamoyl anhydrohdxitwiety in 11k and LeuRS. (C) Interactions
between leucyl-sulfamoyl ribose moietylb and LeuRS. Ligands and the interacting proteiitves

are shown as stick representations. The backboheuRS is shown as a cartoon view. H-bonds are



shown as black dashed lines and water moleculesdaspheres. (D) Left panel: Superposition of
structures ofl1k and LeuSA (PDB code: 6Q89) [32]; Middle panel: &gosition of the structurd$
and LeuSA; Right panel: Superposition of the deteeioh structures fot 1k and15. The movement of
the KMSKS loop between the different structures wasasured according toaCof the Lys637
residue.

In comparison with LeuSA, replacement of adenin¢hvd propyl-triazole decorated with
various phenyl modifications or aliphatic chaingtie studied compounds, leads to disappearance of
some extensive interactions as noted between tbeirag ring and LeuRS protein residues, which
explains the lower inhibitory activity observed f@da-k relative to LeuSA (Figure 4, 5 and
Supplementary figure 4). In addition, to accommedéie binding of compoundkla-k and 15, the
KMSKS signature motif with the attached leucinecsfi@ domain (LSD) in LeuRS is positioned 4.3
A outwards from the active site. Furthermore, th&H motif His49 rotates away from the active site
compared to the LeuSA-bound structure (Figure 3Mj)s specific positioning of the KMSKS loop in
these structural complexes establishes an enlangex binding cavity for the synthesized inhibitors
when compared to that seen when bound to LeuSAI@E@D and 4).

Compound 11k LeuSA

Figure 4. The binding pockets of compoudk and LeuSA in the respective LeuRS complexes. The
protein is shown as surface representation anlipneds are shown as sticks.

To further investigate the forces defining the itary activity, structural analysis of the
interactions between the protein and the variousstduents in compoundla-k and 15 were
performed (Figure 5). All compounds adopt a stretchonformation where the substituted triazole
lies along the catalytic loop bearing the clasghature motif,***KMSKS®® and stacking with the
side chain of His49, being the first residue of tH&H motif. As shown in Figure 5, the three-carbon
atom linker apart from Van der Waals interactioogginot make any specific interactions with the
protein but provides the appropriate length tovaltbe triazole connecting group to move towards the
binding cavity being positioned at the right sideadenine in the LeuSA complex structure. The N11
and N12 of the triazole heterocycle make one orldalmonds with the backbone nitrogen of Val583.
In addition, a cationeinteraction is formed with the side chain of Lydg&igure 5). For compounds
11k, 11a 11f and 11g an additional aromatic ring is directly connectedthe triazole moiety,
providing a supplementary-n interaction with the imidazole of His49. Compouridka and 11k
display the same interactions which further cotesawith their comparable activities (Table 1).
However, introduction of electron withdrawing sutugnts cause the aromatic ring to have weaker
© interaction, which is the rationale for the desezhactivities of compounddfandllg

In the remaining compounds various linkers contieetfphenyl and triazole moieties. However,
since the phenyl ring is moved away from His49, ¢batributingn-n interaction is lost, resulting in
dramatically reduced binding affinity (Figure 5 afdble 1). However, compouridi demonstrated
comparable activity td1g which can be ascribed to the supplementary diveaghdirect H-bond
interactions between the carbonyl oxygen of thedanlinker in11i and the backbone nitrogen of
Met50 and carbonyl oxygen of Val643, respectiviiycontrast, despite having similar H-bonds of the
urea carbonyl oxygen fdrlj, the terminal phenyl ring becomes more exposdtdaolvent resulting
in increased entropic penalty and reduced bindaqgacity compared t@li. The aliphatic chain in
compoundllc and phenylethyl irlld are positioned parallel to the side chain of HisdBhough
losing thern-n interaction, their improved inhibitory activity egared tollj is likely the result of
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hydrophobic interactions with the binding cavityofover, introduction of a polar terminal hydroxyl
group as irlleled to a 6-fold reduction in inhibitory activityexsusllc(Table 1).

In view of the reduced length of the two-carbomatmker in compound.5, the binding mode
for the tetrazole and phenyl rings is significantlifferent from that seen in compourddk. On
superimposing with the LeuSA-bound structure, wiedahe dihedral angle (04'-C1’-C1-C2)15is
rotated 113.7° compared to the equivalent diheaingle (O4’-C1’-N9-C8) in LeuSA. This results in
the tetrazole and phenyl group being positionethéurat left in the pocket than the adenine base
(Figure 3D). TheChil dihedral angle of His49 is simultaneously rotat@®.4° towards the opposite
direction of the catalytic site to accommodate hireling of 15 and makes a-n interaction between
its phenyl ring and the His49 imidazole. Furthereqdhe N4 nitrogen H-bonds with the backbone
nitrogen of Gly51. Since compountb is rotated away from the binding cavity observed f
compoundllk, it only stacks with the HIGH motif and forms aaltecationz contact with Lys634,
but loses potential hydrophobic interactions résglin its lower binding affinity compared id k.
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Figure 5. Analysis of protein-ligand interactions of therieas inhibitor-boundN. gonorrhoeae
LeuRS structures. Except for compoutf) the remaining structures are shown in order ofehesing
inhibitory activity. For each complex, 3D proteigdnd interactions are shown in the upper panel
whereas the corresponding 2D interactions shownemnmadth. In the 3D interactions, protein
structures are shown as cartoon representatiorie ptatein residues and ligands are shown as stick
representations. All protein structures are coldredgreen. In 2D interactions, protein residues are
shown as circles with numbers inside. KMSKS sigretmotif is shown as a black box with the
starting residue in a magenta circle. Water mokscare shown as cyan filled circlask stacking
interaction is colored in orange, cationnteraction is colored in magenta and all the rieing
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interacting residues in blue. All H-bonds are shoms black dashed lines. The protein-ligand
interactions are identifieda the respective optimized structures in Schrodifig@y.

In the case of compoundslb and 11h, electron density maps (Figure 2) clearly show the
unambiguous binding of the leucyl-sulfamoyl anhydmitol moiety. However, two conformations for
the aminomethyl-triazole part are observed 1db, while no clear density is detected for the
substituent at the equivalent position ihh, demonstrating unstable binding of this part of th
molecule for both compounds. Evaluating their cluainstructure, it is worth noting that these two
compounds are protonated at physiological pH,misishing them from the other studied inhibitors.
To investigate the effect of a charged ligand,rtative electrostatic potential map was calculdted
the LeuRSt1b complex. As shown in Figure 6, the protonated amiethyl-triazole is located in a
strongly positive charged cavity in LeuRS, leadingveak and flexible binding for this part of the
molecule. In11h the benzylaminomethyl substituent on triazole xpeeted to lead to the same
electronic repulsion, but the additional benzyl etpiapparently causes increased flexibility andcken
lack of electron density is noted for this partteé molecule.

Taken together, the novel synthesized compound®uemated two distinct binding modes to
their target LeuRS protein indicating a significaffect of the length of the linker. Further stiret
analysis for compound$la-k showed that the various substituents on the tearwiety either
strongly contribute or reduce the inhibitory adtviDue to the positively charged binding pocket
beyond the triazole ring, non-charged substitueams preferred over both positively charged
examples. It can hence be postulated that a negetigsrged modification potentially could further
enhance the binding affinity of an inhibitor. Inrpeular 1leRS, belonging to the same subclass as
LeuRsS, shares close homology and structural aathite in the active site region. The obtained data
therefore can be employed to interpret the resflthe early efforts of Cubist Pharmaceuticals in
obtaining 1leRS inhibitors and offer the possililib design similar drugs binding to these enzymes.

I+5.0 kT/e

I-5.0 kT/e

Figure 6. Electrostatic potential mapping on the proteirfase surrounding ligantilb. The map was
calculated using APBS Electrostatics in Pymol iniclhthe blue, white and red represent the
positively, neutral and negatively charged regiaespectively. Compouniilb is shown as a stick
representation and colored in yellow.

2.4. Antibacterial tests

Due to their potency against LeuRS, nine of thealfisynthesized 3-carbon atom linker
compounds were screened for thigirvitro antimicrobial activity against Gram-negative baicter
Escherichia coli, Gram-positive bacteriuf@aphylococcus aureus and yeas€Candida albicans, using a
previously established resazurin assay [37]. Algiothe lengths of LeuRSs from these different
organisms vary considerably, comparison of thenlighinding site by sequence alignment clearly
shows that all the important interacting residugs &ighly conserved in all tested species
(Supplementary Figure 2). Only a small nhumber agsidues making backbone interactions are
variable. Therefore, all these different LeuRSsusdhaall be targeted by the synthesized LeuRS
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inhibitors. Unfortunately, no antimicrobial actiyitvas observed at the maximum concentration tested
of 64 uM (data not shown).

These compounds were further evaluated for timeuitro activity against the Gram-positive
non-pathogenic straiMycobacterium tuberculosis (Mtb) H37Ra (ATCC® 25177") using a REMA
assay (Table 2) [37fVhile no anti-mycobacterial activity was observed ihost of the compounds,
analoguella exhibited 86% inhibition at 128 puM providing a yenodest IG, value of 24.7 uM. In
contrast, the Cubist-like compou8 exhibited a five-fold reduced antimycobacteriaiaty with an
ICso of approximately 128 uM, which agrees with its @ased enzymatic activity comparing with
1la

Table 2 In vitro anti-mycobacterial activity test. Moxifloxacin,fiast-line anti-TB drug with 1G, =
0.25 £0.13 uM, was used as a positive control.

Compounds % Inhibition at 128 puM
1la 86.08
11b 9.44
11c 4.26
11d 38.21
11le 23.24
11f 27.81
11g 16.85
11h 12.06
11k 4.24
15 49.83

3. Discussion and conclusion

Aminoacyl-tRNA synthetases are validated targetdife development of antimicrobials [3,38].
However, to date only mupirocin, a competitive BeRnhibitor, and tavaborole, an antifungal
molecule targeting the editing site of LeuRS, ammmercially available (Figure 1A). Cubist
Pharmaceuticals previously envisioned synthesielctive 1leRS and LeuRS inhibitors (Figure 1B)
based on the high-affinity aminoacyl-sulfamate adame (aaSA) bio-isosteres (Figure 1B) of the
active site intermediate (aa-AMP) [24,25]. We rdlyeembraced the aryl-tetrazole strategy by Cubist
Pharmaceuticals in combination with the tetrahygirap ring of mupirocin. We therefore
functionalized the C2 position with phenyltriazdtetrazoles using different linkers, while havimg t
aminoacyl-sulfamate moiety in the same 1,4-cisr@anent as in mupirocin. Despite obtaining strong
enzymatic inhibition for the lleRS triazole inhibit with a three-atom spacer, no antibacteriavigti
was noted, which was attributed to the polarityhefse molecules [30].

We now synthesized a series of LeuRS targeting comts, having a C3 linker connecting the
anhydrohexitol and the triazole heterocycle, with tatter carrying various substituents of differen
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polarities (Figure 1C). We redirected our resedochis on LeuRS because compounds sharing similar
scaffolds always displayed higher binding affinijth the target enzyme versus the equivalent
analogs targeting 1leRS [31,32]. Following syntBesi eleven LeuRS-targeted analogues using click
chemistry (Scheme 1), their inhibitory constantseangetermined in am vitro aminoacylation assay
using purified recombinari. coli LeuRS (Table 1) [32]. In comparison with LeuSAgithinhibitory
activities clearly drop but most of them still ibhiin the lower nanomolar range wiftik as most
potent compound. However, some exceptions includomgpoundsl1b and11j showed a dramatic
decrease in their inhibitory profile. To obtain aletular understanding of their binding modes and
establish a SAR study of these congeners with siéveplarity substitutions\. gonorrhoeae LeuRS
was crystallized and the corresponding enzyme-itdribstructures were determined providing
insights into the specific protein-ligand interact.

All the new compounds clearly bind the canonicalirmacylation catalytic site of LeuRS.
Comparing with LeuSA, the leucyl-sulfamoyl and siembered pyran ring are recognized in the
same manner as the equivalent leucyl-sulfamoylsebd herefore, notable differences affecting the
potential inhibition activity are highly related the protein residues surrounding the triazole
substitutions and the positioning of these triazlbstitutions relative to each other and the aweni
base in LeuSA. As described in our previous wot{,[the adenine base makes several H-bonds with
surrounding residues with the KMSKS-containing léog closed conformation. However, the long
aliphatic chains or aromatic rings coupled to wlezbind in an enlarged cavity with an open
conformation for the KMSKS motif (Figures 3 and Zhe substituted triazole in the synthesized
compounds is sitting along KMSKS loop and stackét the side chain of His49 of the HIGH motif.
This binding mode of the synthesized inhibitorsésy reminiscent of mupirocin binding to lleRS. It
has been reported that the KMSKS loop is highlyasyic and can move in and out to assist the
substrates binding during catalysis [39,40]. Thenefthe open conformation of the KMSKS loop in
these inhibitor-bound structures indicates thaséheompounds are likely binding in the apo state of
the enzyme. The loss of H-bonds as observed foadle@ine congener provides a good rationale for
the relative lower activity for the triazole series

Further comparing the different substitutions desti@ies that the aromatic ring directly
connected with triazole is essential forr and catione interactions explaining the good activity as
seen forlla 11f, 11gandl1l1lk. The phenyl-functionalized triazolelk proved to be the best LeuRS
inhibitor with akK;*? of 2.48 nM, only one order of magnitude less a&ctiian the high-affinity
LeuSA bioisoster of the natural enzyme intermedi&kectron withdrawing substituents on this
phenyl moiety have a negative impact on the enzgraativity as seen for inhibitorklf and11g The
influence of an additional aliphatic chain on thienaatic ring is rather insignificant as noted idra
compared withl1lk. Replacing the aromatic ring with an aliphatic iohas in11c replicates the
binding mode of the former but loses stacking ext#@on leading to its 10-fold decreased activityt b
still inhibiting LeuRS with &P of 52 nM. This hints to similar binding as seenrfapirocin where
the fatty acid-mimicking chain runs into a hydroplwopocket in the active site of lleRS [41]. The
activity drops when a more polar group is attadiedtie aliphatic chain as itile

In contrast, adding various length and polarityliokers between triazole and aromatic ring has
significant negative contribution for the bindintjimity showing a 50 to 600-fold reduction. This is
likely caused by the loss of stacking interactiowl ghe solvent repulsive effect due to the aromatic
benzene ring becoming exposed to the solvent. Qoep&on is observed for compouddi, which
appears to be complemented by the additional H$ogeherated with surrounding residues.
Surprisingly, compound$lb and11h showed three orders of magnitude decreased inhjhdtctivity
comparing with the most potent compoutitk, which can be explained by the positive chargetham
present in both former compounds. Electrostati¢sutations of the protein shows that the binding
pocket of this series of compounds is also pogiticharged indicating electron repulsive effects fo
these two compounds upon binding. Indeed, theictrele density maps clearly suggest dynamic
behavior in the pocket (Figure 2). However, theraomethyl-substituted triazolelb was deliberately
chosen in the design phase due to a recent reparhich broad-spectrum antibiotics were obtained
upon functionalization with this moiety. The ratédde was that the aminomethyl moiety would
improve uptake into bacterial cells with the molecobeying to the so-called eNTRYy rules [42]. The
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interesting finding in this work suggests that dasig negatively charged modifications at the para-
position of the benzene ring in compoubtia or totally replacing benzene could probably lead t
improved LeuRS inhibitors as seen with the presesicéhe terminal carboxylic acid moiety in
mupirocin.

In an attempt to have a good comparison for ourt lemloguellk, with the Cubist
Pharmaceuticals compounds, we generatedsing the two-atom carbon linker and standardsebo
instead of pyran. Surprisingly, its activity is fidde lower thanllk suggesting that the two-atom
carbon linker is likely the determinant of the paoactivity. The X-ray crystallographic structurke o
15-bound LeuRS supports this hypothesis. While pasitigp of the leucyl-sulfamoyl ribose group is
comparable to the equivalent moietylibk the phenyltetrazole entity does not occupy theespant
of the pocket as seen fbtk as the two-atom linker is too short to explore itavity. This results in a
very different conformation of the phenyltetrazgteup (Figure 3D).

Although demonstrating excellemt vitro activity against bacterial LeuRS, no broad-spewtru
antibacterial activity including Gram-positive at@am-negative pathogens was observed for the
synthesized compounds which is likely the result pbdor uptake. Interestingly, further
antimycobacterial tests showed that compoliba exhibits the best albeit still weak activity widm
ICso value of 24.7 uM which is better than the simtampoundl1k indicating the aliphatic chain
attached at thpara-position of the benzene ring is important for myacterial uptake. The observed
5-fold improved activity compared to Cubist-likengspound15 suggests that our LeuRS inhibitor
scaffold is however suited for further optimizatigk potential solution for facilitating permeatiosn
to ensure active uptake by bacterial cells by agatjon of a peptidic uptake signal or siderophore
moiety. Such modifications are based on examplesaddn Nature as documented for the Trojan
horse compounds microcin C and its analogues [48¢twmake use of a peptidic uptake signal and
albomycin which contains a siderophore group failitated uptake [44]. Such strategies however
need to be tailored for the specific species tadybut can also be used for targeting of mycobiacter
as highlighted in a recent review [45].

In conclusion, we have uncovered inhibitka as a good starting compound for further
optimization using the above proposed prodrug esgiat in order to obtain antibacterial active
molecules targeting LeuRS.

4. Experimental section

4.1. Reagents and analytical procedures

Reagents and solvents were purchased from comrsugigliers (Acros, Sigma-Aldrich) and used as
provided, unless indicated otherwise. DMF, THF, D@wl MeOH were of analytical grade and were
stored over 4 A molecular sieves. All other solgamed for reactions were analytical grade and used
as provided. Reactions were carried out in oveeddglassware under a nitrogen atmosphere with
stirring at room temperature, unless indicated mitse. “C-radiolabeled amino acids and scintillation
liquid were purchased from Perkin EImEr.coli tRNA was purchased from Roche.

'H and**C NMR spectra of the compounds dissolved in GDCD;OD or DMSO-¢ were recorded
on a Bruker UltraShield Avance 300 MHz and 400 Mifizvhen needed on a 500 MHz and 600 MHz
spectrometer. The chemical shifts are expressed \agues in parts per million (ppm), using the
residual solvent peaks (CDEIH, 7.26 ppm;**C, 77.16 ppm; DMSO+ 'H, 2.50 ppm;"°C, 39.52
ppm; CROD: *H, 3.31 ppm;™C, 49.00 ppm) as a reference. Coupling constartsemorted in Hertz
(Hz). The peak patterns are indicated by the fatgwabbreviations: br s = broad singlet, d = dotjble
m = multiplet, q = quadruplet, s = singlet and triplet. High resolution mass spectra were recorded
on a quadrupole time-of-flight mass spectrometeY NSPT G2 HDMS, Waters, Milford, US)
equipped with a standard ESI interface; sample® \wéused in acetonitrile4D (1:1) at 5 pL/min.
For TLC, precoated aluminum sheets were used (MeSdica gel 60 F254). The spots were
visualized by UV light at 254 nm or when neededhwb®o HSO, in EtOH. Chromatography was
performed on ICN silica gel 60 60-200. Eluent compositions are expressed as Vhe
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characterization of all intermediates and final poomds by NMR and mass spectrometry are
provided in the supplementary file.

4.2. Chemical synthesis and analysis of intermedig and final compounds

4.2.1.(4aR,7R,85,8a9)-7-allyl-2-phenylhexahydropyrano[3df1,3]dioxin-8-ol (2).

Copper(l) iodide (0.163 g, 0.85 mmol, 0.2 eq.) wag under an atmosphere of nitrogen and
anhydrous tetrahydrofuran (THF, 15.7 mL) was addédte suspension was cooled to -30 °C and
allylmagnesium chloride (10.7 mL, 5.0 eq., 2.0 MTIHF) was added dropwise. Epoxidg1.0 g,
4.27 mmol, 1.0 eq.) was dissolved in anhydrous THE mL, 0.45 M) and was added dropwise to the
Gilman-like reagent. The mixture was stirred fds h.at -30 °C. After completion, the reaction was
guenched with agueous saturated ammonium chldsi@len() at -30 °C. The mixture was then stirred
for 30 min. at room temperature. The aqueous layas extracted with ethyl acetate (3x). The
combined organic layers were washed with water bnde and dried over anhydrous MgSO
Following filtration, the solvent was removed undeduced pressure. The residue was purified by
silica gel chromatography (heptane:ethyl acetaté@Go give compoun@ (0.810 g, 69%) with R=
0.70 (heptane:ethyl acetate 50:50) as a colouoiéssi NMR (300 MHz, CDCY): & = 7.53 — 7.44 (m,
2H), 7.42 — 7.31 (m, 3H), 5.77 (m, 1H), 5.62 (s,15111 (m, 2H), 4.30 (ddl = 10.2, 4.8 Hz, 1H),
4.04 (s, 1H), 3.98 (dd} = 11.7, 2.8 Hz, 1H), 3.94 — 3.85 (m, 1H), 3.76.673(m, 2H), 3.64 (d] =
11.6 Hz, 1H), 2.43 — 2.17 (m, 3H), 1.92 (dd; 8.7, 6.4 Hz, 1H) ppmiC NMR (75 MHz, CDC)): &

= 137.63, 136.31, 129.53, 128.64, 126.47, 117.82,3B, 77.95, 69.65, 68.73, 67.60, 66.11, 41.53,
34.48 ppm. HRMS (ESI): calcd. forg,0O,Na [M + NaJ 299.1254; found 299.1253.

4.2.2.(4aR,7R,85,8a9)-7-(3-hydroxypropyl)-2-phenylhexahydropyrano[ i1, 3]dioxin-8-ol (3).

Alkene 2 (0.266 g, 0.96 mmol, 1.0 eq.) was put under arogpinere of nitrogen and anhydrous THF
(3.9 mL, 0.25 M) was added. Borane tetrahydrofuwamplex (1.1 mL, 1.1 eq., 1.0 M in THF) was
added and the mixture was stirred for 1 h at roemperature. After completion of the reaction, the
solution was cooled to 0 °C. Aqueous sodium hydtex{1.4 mL, 1.5 eq., 1.0 M) and aqueous
hydrogen peroxide (0.1 mL, 1.5 eq., 35 wt.%) weddeal dropwise. The mixture was allowed to
warm to room temperature and was stirred overngglftoom temperature. The aqueous layer was
extracted with ethyl acetate (3x). The combinedanig layers were washed with aqueous saturated
sodium bicarbonate and brine and dried over anlwgdidgSQ. After filtration, the solvent was
removed under reduced pressure. The residue wasdieguiby silica gel chromatography
(heptane:ethyl acetate 50:50 to 0:100) to affordhmound 3 (0.258 g, 91%) with R= 0.12
(heptane:ethyl acetate 50:50) as a white stidNMR (400 MHz, DMSO«dg): & = 7.45 (m, 2H), 7.35
(m, 3H), 5.64 (s, 1H), 4.98 (d,= 3.5 Hz, 1H), 4.41 (i = 5.1 Hz, 1H), 4.13 (dd = 9.9, 4.8 Hz, 1H),
3.87 —3.81 (m, 2H), 3.76 (td,= 9.9, 4.9 Hz, 1H), 3.67 (dd,= 9.4, 2.4 Hz, 1H), 3.62 (§,= 10.1 Hz,
1H), 3.50 (d,J = 11.3 Hz, 1H), 3.41 (q] = 5.7 Hz, 2H), 1.64 — 1.58 (m, 1H), 1.58 — 1.38 &H)
ppm.**C NMR (101 MHz, DMSQd,): & = 138.49, 129.18, 128.38, 126.86, 101.47, 77.806&
67.78, 67.15, 65.57, 61.16, 43.49, 31.30, 26.27.pRMS (ESI): calcd. for GH»,0sNa [M + NaJ
317.1360; found 317.1360.

4.2.3. (4R 7R,858a9)-7-(3-azidopropyl)-2-phenylhexahydropyrano[8j2t,3]dioxin-8-ol (5).

Diol 3 (0.216 g, 0.73 mmol, 1.0 eq.) and triethylaming (®L, 1.1 mmol, 1.5 eq.) were put under
nitrogen and anhydrous dichloromethane (DCM, 1.8 més added. The solution was then cooled to
-20 °C.p-Toluenesulfonyl chloride (TsCl; 0.140 g, 0.73 mmblO eq.) was dissolved in anhydrous
DCM (1.8 mL) and was added dropwise, resulting fmal 0.2 M solution. The mixture was allowed
to warm to room temperature and was stirred ovltna room temperature. The reaction was
guenched in cold water. The aqueous layer was agtiawith DCM (3x). The combined organic
layers were washed with water and brine and dnied anhydrous MgSQAfter filtration, the solvent
was removed under reduced pressure to yield crooipaund4. HRMS (ESI): calcd. for &H»40;S

[M + H]" 449.1628; found 449.1628.

Sodium azide (0.072 g, 1.1 mmol, 1.5 eq.) was placea round bottom flask under nitrogen. Crude
tosylate4 was dissolved in anhydrod§N-dimethylformamide (DMF, 3.7 mL, 0.2 M) and was add

16



to the sodium azide. The mixture was stirred oggrhat 55 °C after which the solution was cooled to
room temperature and water was added. The aquageiswas extracted with ethyl acetate (3x). The
combined organic layers were washed with waterlaik and dried over anhydrous MgS@ifter
filtration, the solvent was removed under reducessgure. The residue was purified by silica gel
chromatography (heptane:ethyl acetate 50:50) taimompounds (0.218 g, 93%) with R= 0.58
(heptane:ethyl acetate 50:50) as a sHANMR (400 MHz, CDC)): & = 7.50 — 7.46 (m, 2H), 7.40 —
7.35 (m, 3H), 5.63 (s, 1H), 4.30 (di= 10.3, 5.0 Hz, 1H), 4.02 (dd,= 11.7, 2.6 Hz, 2H), 3.92 (td,
=10.1, 4.9 Hz, 1H), 3.74 — 3.67 (m, 2H), 3.62Jd, 11.7 Hz, 1H), 3.39 — 3.27 (m, 2H), 2.35 (s, 1H),
1.86 — 1.80 (m, 1H), 1.78 — 1.50 (m, 4H) ppgf&. NMR (101 MHz, CDGJ)): & = 137.27, 129.26,
128.36, 126.14, 102.06, 77.72, 69.29, 68.85, 6765190, 51.36, 41.47, 27.31, 26.78 ppm. HRMS
(ESI): calcd. for GgH21NzO4Na [M + NaJ 342.1424; found 342.1426.

4.2.4. (BS4R 7R, 7aS)-7-(3-azidopropyl)-2,2-dimethyltetrahydrd441,3]dioxolo[4,5-C]pyran-4-
yl)methanol 7).

Azide 5 (1.1 g, 3.44 mmol, 1.0 eq.) amdtoluenesulfonic acid monohydrate (PTSA; 0.655 443
mmol, 1.0 eq.) were put under an atmosphere obgetm and were dissolved in a 1:1 mixture of
THF:water (23 mL : 23 mL, 0.075 M). The mixture wstgred for 3 days at 40 °C, after which the
solvents were removed under reduced pressure ¢ocgide compoun€ as a transparent oil. HRMS
(ESI): calcd. for GH;7/N;O,Na [M + NaJ 254.1111; found 254.1111.

The obtained residue and an additional quantity-twiuenesulfonic acid monohydrate (2.247 g, 11.8
mmol, 3.4 eq.) were dissolved in acetone (140 m@2® M). 2,2-Dimethoxypropane (DMP; 2.7 mL,
21.8 mmol, 6.3 eq.) was added and the mixture wia®d overnight at room temperature under
nitrogen, after which the reaction was quenchett agueous saturated sodium bicarbonate. Acetone
was removed under reduced pressure and the remaqueous layer was extracted with ethyl acetate
(3x). The combined organic layers were washed witlier and brine and dried over anhydrous
MgSQ,. Following filtration, the solvent was removed endeduced pressure and the residue was
purified by silica gel chromatography (heptane:etigetate 50:50) to afford compoui@d0.866 g,
93%) with R = 0.37 (heptane:ethyl acetate 50:50) as a yellbwrd NMR (300 MHz, CDC)): & =
4.11 (ddJ = 4.9, 2.4 Hz, 1H), 3.90 (dd,= 9.1, 5.1 Hz, 1H), 3.86 — 3.75 (m, 2H), 3.67 (@, 11.7,

1.3 Hz, 1H), 3.59 (m, 1H), 3.43 — 3.36 (m, 1H),3(/, 2H), 2.20 — 2.12 (m, 1H), 1.98 (m, 1H), 1.80
—1.52 (m, 4H), 1.50 (s, 3H), 1.37 (s, 3H) ppiB.NMR (75 MHz, CDCJ): = 109.26, 78.71, 76.29,
70.56, 65.96, 63.58, 51.63, 36.74, 28.47, 27.7712726.54 ppm. HRMS (ESI): calcd. for
CiH21N30,Na [M + NaJ 294.1424; found 294.1423.

4.2.5. (BS4R, 7R, 7a9)-7-(3-azidopropyl)-2,2-dimethyltetrahydrd44]1,3]dioxolo[4,5-c]pyran-4-
yl)methyl sulfamateg).

A flask was charged with nitrogen and was coole@ f&. Chlorosulfonyl isocyanate (CSI; 0.9 mL,
10.7 mmol, 3.1 eq.) was added and then formic &id mL, 10.8 mmol, 3.1 eq.) was added
dropwise. The mixture was stirred for 30 min. at@ The resulting white solid was dissolved in
anhydrous acetonitrile (10.7 mL, 1.0 M) and theusoh was stirred for 5 h at room temperature.
Alcohol 7 (0.935 g, 3.45 mmol, 1.0 eq.) was dissolvedlljN-dimethylacetamide (DMA; 17 mL) and
was added dropwise to sulfamoyl chloride. The mixtwas stirred overnight at room temperature,
after which triethylamine (7.2 mL, 52 mmol, 15 egds added and the mixture was stirred for 10
min. at room temperature. Methanol (MeOH, 7.0 mE2 inmol, 50 eq.) was then added, resulting in
a transparent solution and the mixture was stifedanother 15 min. at room temperature. The
solvents were removed under reduced pressure,h@ncesidue was dissolved in aqueous saturated
sodium bicarbonate. The aqueous layer was extradgthdethyl acetate (3x). The combined organic
layers were washed with water and brine and dned anhydrous MgSQAfter filtration, the solvent
was removed under reduced pressure and the regidsepurified by silica gel chromatography
(heptane:ethyl acetate 50:50) yielding compo@n(D.964 g, 80%) with R= 0.33 (heptane:ethyl
acetate 50:50) as a white ot NMR (300 MHz, CDCJ): & = 5.14 (s, 2H), 4.39 (m, 1H), 4.30 — 4.19
(m, 1H), 4.18 — 4.11 (m, 1H), 3.89 (dbs 9.3, 4.7 Hz, 1H), 3.82 — 3.65 (m, 2H), 3.56 (#@,7.6, 5.9
Hz, 1H), 3.32 () = 5.5 Hz, 2H), 1.98 (m, 1H), 1.85 — 1.45 (m, 8HJ6 (s, 3H) ppmC NMR (75
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MHz, CDCk): & = 109.71, 76.73, 76.12, 70.95, 69.79, 66.31, 5136819, 28.48, 27.73, 27.11, 26.47
ppm. HRMS (ESI): calcd. for £H,3N0S [M + H]* 351.1333; found 351.1338.

4.2.6. (BS4R, 7R, 7a9)-7-(3-azidopropyl)-2,2-dimethyltetrahydrd44]1,3]dioxolo[4,5-c]pyran-4-
yl)methyl ((tert-butoxycarbonyl)leucyl)sulfamai®).

Cesium carbonate (2.69 g, 8.25 mmol, 3.0 eq.) wasep in a round bottom flask charged with
nitrogen and was cooled to 0 °C. Compo@n@.964 g, 2.75 mmol, 1.0 eq.) attdutyloxycarbonyl-
L-leucine hydroxysuccinimide ester (1.807 g, 5.50ah®.0 eq.) were dissolved in anhydrous DMF
(90 mL, 0.03 M) and were added. The mixture waslgally warmed to room temperature and was
stirred for 3 days at room temperature. The solwead then removed under reduced pressure and the
residue was suspended in a 9:1 mixture of DCM:MeDe suspension was filtered over celite, and
the solvent was removed under reduced pressure.offtaened residue was purified by silica gel
chromatography (DCM:MeOH 95:5 to 90:10) to affotak tleucine coupled compourgd(1.551 g,
100%) with R = 0.07 (DCM:MeOH 90:10) as a yellow diH NMR (300 MHz, CRROD): & = 4.39
(dd,J=10.8, 1.6 Hz, 1H), 4.29 — 4.16 (m, 2H), 4.1 &, 7.4 Hz, 1H), 3.93 (dd, = 9.0, 5.0 Hz, 1H),
3.70 (m, 2H), 3.63 — 3.53 (m, 1H), 3.37J% 6.5 Hz, 2H), 2.01 — 1.90 (m, 1H), 1.79 — 1.42 22H),
1.36 (s, 3H), 1.01 — 0.91 (m, 7H) ppriC NMR (75 MHz, CRQOD): & = 108.53, 75.69, 75.57, 71.11,
69.18, 65.24, 50.75, 40.29, 35.21, 27.04, 26.8812€26.08, 24.78, 24.23, 21.77, 20.19 ppm. HRMS
(ESI): calcd. for GH4oNsO0S [M - H] 562.2552; found 562.2558.

4.2.7. (BS4R 7R, 7a9-2,2-dimethyl-7-(3-(4-(4-pentylphenyl)-:1,2,3-triazol-1-
yl)propyl)tetrahydro-#-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgrbonyl)leucyl)sulfamate
(104).

Azide 9 (0.150 g, 0.27 mmol, 1.0 eq.), copper(l) iodide0O(® g, 0.03 mmol, 0.1 eq.) and
triethylamine (0.1 mL, 0.8 mmol, 3.0 eq.) were digsd inDMF (1.3 mL, 0.2 M) and the solution
was put under an atmosphere of nitrogen. 1-Ethgrgntylbenzene (0.1 mL, 0.53 mmol, 2.0 eq.)
was added and the mixture was stirred overnigti0afC. The solvent was then removed under
reduced pressure and the residue was purifiedlicya giel chromatography (DCM:MeOH 100:0 to
95:5) to give triazold0a (0.196 g, 100%) as a yellow oil. HRMS (ESI): caltmt C;eH26Ns09S [M -

H] 734.3804; found 734.3838.

4.2.8. (BS4R 7R, 7aS-7-(3-(4-(aminomethyl)-H-1,2,3-triazol-1-yl)propyl)-2,2-dimethyltetrahydro-
4H-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxprbonyl)leucyl)sulfamatelQb).

The same procedure as ftdawas followed making use of 0.03 mL of propargylaeiPurification
by silica gel chromatography was performed usindVDi@eOH 95:5 to 90:10 as the eluents affording
triazole 10b (0.082 g, 50%) with R= 0.24 (DCM:MeOH 90:10) as a yellow oil. HRMS (EStalcd.
for CogH4sN6OgS [M - H] 617.2974; found 617.2955.

4.2.9. (BS4R 7R, 7a9-2,2-dimethyl-7-(3-(4-octyl-H-1,2,3-triazol-1-yl)propyl)tetrahydrok
[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgcbonyl)leucyl)sulfamatelQc).

The same procedure as filawas followed making use of 0.1 mL of 1-decyne.ifituiation by silica
gel chromatography was performed using DCM:MeOH:Q®0 95:5 as the eluents giving triazaléc
(0.187 g, 100%) with R= 0.35 (DCM:MeOH 90:10) as a yellow oil. HRMS (fStalcd. for
C33H58N5OQS [M - H]_ 700.3960; found 700.3973.

4.2.10. ((8aS4R,7R,7a9-2,2-dimethyl-7-(3-(4-phenethylH-1,2, 3-triazol-1-yl)propyl)tetrahydroH+
[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgchbonyl)leucyl)sulfamatelQd).

The same procedure as ftOa was followed making use of 0.08 mL of 3-butyn-bemzene.
Purification by silica gel chromatography was perfed using DCM:MeOH 100:0 to 95:5 as the
eluents vyielding triazold0d (0.185 g, 100%) with R= 0.43 (DCM:MeOH 90:10) as a yellow oil.
HRMS (ESI): calcd. for &HsoNsOoS [M - H] 692.3334; found 692.3337.

18



4.2.11. ((8aS4R, 7R, 7a9-7-(3-(4-(4-hydroxybutyl)-H-1,2,3-triazol-1-yl)propyl)-2,2-
dimethyltetrahydro-#-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgrbonyl)leucyl)sulfamate
(108.

The procedure as fdi0awas followed making use of 0.06 mL of 5-hexyn-1lrrification by silica
gel chromatography was performed using DCM:MeOH.Q®0 90:10 as the eluents affording triazole
10e (0.176 g, 100%) with R= 0.18 (DCM:MeOH 90:10) as a yellow oil. HRMS (fSt¢alcd. for
Ca9H50N5010S [M - H] 660.3284; found 660.3297.

4.2.12. ((8aS4R,7R,7a9-2,2-dimethyl-7-(3-(4-(4-(trifluoromethoxy)phenylH-1,2,3-triazol-1-
yl)propyl)tetrahydro-#-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgrbonyl)leucyl)sulfamate
(10f).

The procedure as forl0a was followed making use of 0.08 mL of 1-ethynyl-4-
(trifluoromethoxy)benzene. Purification by silicaelg chromatography was performed using
DCM:MeOH 100:0 to 95:5 as the eluents giving triaz@0Of (0.200 g, 100%) with R= 0.53
(DCM:MeOH 90:10) as a yellow oil. HRMS (ESI): calclibr CsoHisNsO10SF; [M - H] 748.2844;
found 748.2850.

4.2.13. ((8aS4R,7R,7a9-2,2-dimethyl-7-(3-(4-(pyridin-3-yl)-#H-1,2,3-triazol-1-yl) propyl)tetrahydro-
4H-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxprbonyl)leucyl)sulfamatél0g).

The procedure as fdrOawas followed making use of 0.055 g of 3-ethynyigiyre. Purification by
silica gel chromatography was performed using DCBRIOW 100:0 to 95:5 as the eluents yielding
triazole 10g (0.139 g, 78%) with R= 0.23 (DCM:MeOH 90:10) as a yellow solid. HRMSS(g
calcd. for GoHssNgOoS [M - H]' 665.2974; found 665.2994.

4.2.14. ((3S4R,7R,7a9-7-(3-(4-((benzylamino)methyl)H-1,2,3-triazol-1-yl)propyl)-2,2-
dimethyltetrahydro-#-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgrbonyl)leucyl)sulfamate
(10h).

The procedure as fdriDawas followed making use of 0.144 gbenzylprop-2-yn-1-amine (0.992
mmol, 3.7 eq.). Purification by silica gel chrongtaphy was performed using DCM:MeOH 100:0 to
95:5 as the eluents affording triazdléh (0.189 g, 100%) with R= 0.42 (DCM:MeOH 90:10) as a
brown oil. HRMS (ESI): calcd. for Hs:N¢OoS [M - H] 707.3443; found 707.3458.

4.2.15. ((8S4R, 7R, 7a9-7-(3-(4-(benzamidomethyl)H-1,2,3-triazol-1-yl)propyl)-2,2-
dimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-4)giethyl ((tert-butoxycarbonyl)leucyl)sulfamate
(10i).

The same procedure as filfa was followed making use of 0.085 g gf(2-propyn-1-yl)benzamide.
Purification by silica gel chromatography was perfed using DCM:MeOH 100:0 to 95:5 as the
eluents giving triazol&0i (0.192 g, 100%) as a yellow oil. HRMS (ESI): calftat Cs3H49NgO10S [M -

H] 721.3236; found 721.3248.

4.2.16. ((8S4R, 7R, 7a9-7-(3-(4-((3-benzylureido)methyl)H-1,2,3-triazol-1-yl)propyl)-2,2-
dimethyltetrahydro-#-[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgrbonyl)leucyl)sulfamate
(20j).

The same procedure as fbda was followed making use of 0.100 g of 1-benzyp8p-2-yn-1-
ylurea. Purification by silica gel chromatographgs performed using DCM:MeOH 95:5 to 90:10 as
the eluents yielding triazol&0j (0.142 g, 71%) as a yellow oil. HRMS (ESI): caléat. C34Hs:N;010S

[M - H] 750.3502; found 750.3521.

4.2.17. ((3aS,4R,7R,7aS)-2,2-dimethyl-7-(3-(4-phdry-1,2,3-triazol-1-yl)propyl)tetrahydro-4H-
[1,3]dioxolo[4,5-c]pyran-4-yl)methyl ((tert-butoxgcbonyl)leucyl)sulfamatelQk).

The same procedure as ftBawas followed making use of 0.1 mL of phenylaceatglePurification
by silica gel chromatography was performed usindVDi@eOH 95:5 to 90:10 as the eluents affording
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triazole 10k (0.098 g, 55%) as a yellow solid. HRMS (ESI): daldor GiHseNsOsS [M - H]
664.3021; found 664.3011.

4.2.18. ((R,354S5R)-3,4-dihydroxy-5-(3-(4-(4-pentylphenyl)H:1,2,3-triazol-1-
yl)propyl)tetrahydro-2i-pyran-2-yl)methyl leucylsulfamat@.1a).

Triazole 10a (0.196 g, 0.27 mmol, 1.0 eq.) was placed undeogdn and an 1:1 mixture of
trifluoroacetic acid (TFA):water (0.5 mL:0.5 mL) wadded. The mixture was stirred for 5 h at room
temperature, after which more water was added landetaction mixture was lyophilized. The residue
was purified by silica gel chromatography (DCM:Me@H:5 to 90:10) to provide the desired final
compoundlla (0.159 g, 83%) with R= 0.11 (DCM:MeOH 90:10) as a white solith NMR (300
MHz, CD;OD): 6 = 8.32 (s, 1H), 7.73 (d,= 8.1 Hz, 2H), 7.24 (d] = 8.1 Hz, 2H), 4.46 ({] = 6.9 Hz,
2H), 4.37 (dJ = 9.5 Hz, 1H), 4.24 (dd] = 10.8, 5.5 Hz, 1H), 3.93 — 3.84 (m, 2H), 3.83.703(m,
2H), 3.62 (ddJ = 9.9, 3.0 Hz, 1H), 3.56 (d,= 11.4 Hz, 1H), 2.62 (1 = 7.6 Hz, 2H), 2.13 - 1.93 (m,
2H), 1.92 — 1.47 (m, 7H), 1.47 — 1.20 (m, 5H), 0(88 = 6.0 Hz, 6H), 0.90 (t) = 6.8 Hz, 3H) ppm.
¥C NMR (75 MHz, CQOD): & = 173.91, 147.26, 142.69, 128.28, 127.42, 1251Q0,34, 74.44,
69.87, 69.33, 64.26, 64.03, 53.65, 49.65, 41.46}(B4.91, 30.84, 30.50, 27.69, 25.10, 23.87,121.8
21.50, 20.46, 12.66 ppm. HRMS (ESI): calcd. fegHz/NsO;S [M - H] 594.2967; found 594.2972.

4.2.19. ((R,354S5R)-5-(3-(4-(aminomethyl)-H-1,2,3-triazol-1-yl) propyl)-3,4-dihydroxytetrahydro
2H-pyran-2-yl)methyl leucylsulfamatd {b).

In analogy, triazolelOb (0.082 g, 0.13 mmol, 1.0 eq.) was deprotected famified by silica gel
chromatography using DCM:MeOH:triethylamine 90:10® 80:20:0 to 70:30:1 as the eluents
affording final compound1b (0.038 g, 60%) as a yellow soliti NMR (300 MHz, BO): & = 7.90 —
7.76 (m, 1H), 4.34 (t) = 6.5 Hz, 2H), 4.21 — 4.04 (m, 2H), 3.93 (m, 1BiB4 — 3.62 (m, 4H), 3.56
(m, 1H), 3.46 (m, 2H), 3.22 (s, 2H), 1.82 (m, 2H{K7 (m, 1H), 1.41 (m, 5H), 0.82 &= 5.2 Hz, 6H)
ppm.**C NMR (75 MHz, DO): & = 123.57, 74.00, 69.76, 68.69, 64.33, 64.06, 546510, 41.69,
40.44, 34.90, 27.04, 24.72, 23.98, 21.88, 21.03.pRMS (ESI): calcd. for GH3sNgO;S [M + HJ'
479.2282; found 479.2279.

4.2.20. ((R,354S5R)-3,4-dihydroxy-5-(3-(4-octyl-#H-1,2,3-triazol-1-yl)propyl)tetrahydrok2-pyran-
2-yl)methyl leucylsulfamat€l1c).

In analogy, triazolelOc (0.187 g, 0.27 mmol, 1.0 eq.) was deprotected aurified by silica gel
chromatography using DCM:MeOH 95:5 to 90:10 aseheents yielding final compountilc (0.131

g, 88%) with R= 0.07 (DCM:MeOH 90:10) as a colourless sditiNMR (300 MHz, CROD): & =
7.80 (s, 1H), 4.39 (dd + t, 3H), 4.24 (dd= 10.7, 5.3 Hz, 1H), 3.95 — 3.83 (m, 2H), 3.82.703(m,
2H), 3.65 — 3.49 (m, 2H), 2.70 &= 7.5 Hz, 2H), 2.11 — 1.48 (m, 9H), 1.40 — 1.24 {1H), 1.00 (t,

= 6.0 Hz, 6H), 0.90 (1] = 6.7 Hz, 3H) ppm>C NMR (75 MHz, CQOD): 6 = 173.72, 147.57, 121.52,
74.44, 69.85, 69.33, 64.23, 64.00, 53.65, 49.4554140.07, 31.24, 28.84, 28.65, 28.57, 28.52,727.6
25.07, 24.58, 23.89, 21.93, 21.50, 20.47, 12.69.ppRMS (ESI): calcd. for &H4eNsO;S [M - H]
560.3123; found 560.3115.

4.2.21. (R,3S54S5R)-3,4-dihydroxy-5-(3-(4-phenethylH-1,2,3-triazol-1-yl)propyl)tetrahydrok2-
pyran-2-yl)methyl leucylsulfamai@ 1d).

In analogy, triazolelOd (0.185 g, 0.27 mmol, 1.0 eq.) was deprotected famified by silica gel
chromatography using DCM:MeOH 95:5 to 90:10 as ¢heents resulting in final compouridld
(0.122 g, 83%) with R= 0.05 (DCM:MeOH 90:10) as a colourless solld. NMR (300 MHz,
CD;0OD): 6 = 7.65 (s, 1H), 7.31 — 7.08 (m, 5H), 4.42 — 417 4H), 3.92 — 3.68 (m, 4H), 3.64 — 3.47
(m, 2H), 3.05 — 2.88 (m, 4H), 2.04 — 1.63 (m, 6HR1 (m, 1H), 1.34 (m, 1H), 1.06 — 0.89 (m, 6H)
ppm.**C NMR (75 MHz, CROD): = 173.51, 146.63, 140.62, 127.81, 127.71, 125.26,85, 74.42,
69.84, 69.45, 64.21, 63.97, 53.56, 49.41, 41.48)%}(B4.83, 27.64, 26.56, 24.97, 23.88, 21.52,320.4
ppm. HRMS (ESI): calcd. for £H3gNsO;S [M - H] 552.2497; found 552.2503.
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4.2.22. ((R,354S5R)-3,4-dihydroxy-5-(3-(4-(4-hydroxybutyl)H-1,2,3-triazol-1-
yl)propyltetrahydro-2i-pyran-2-yl)methyl leucylsulfamaté.{g.

In analogy, triazolelOe (0.176 g, 0.27 mmol, 1.0 eq.) was deprotected famrified by silica gel
chromatography using DCM:MeOH 90:10 to 80:20 aselnents giving final compouritiLe (0.076 g,
55%) with R = 0.04 (DCM:MeOH 80:20) as a colourless sdli.NMR (300 MHz, CROD): & =
7.82 (s, 1H), 4.41 () = 6.9 Hz, 2H), 4.32 (d] = 9.9 Hz, 1H), 4.20 (dd] = 10.7, 5.4 Hz, 1H), 3.88
(m, 2H), 3.76 (ddJ = 9.1, 4.3 Hz, 1H), 3.68 (dd,= 8.1, 5.0 Hz, 1H), 3.58 (m, 4H), 2.74 {t7 7.4
Hz, 2H), 2.11 — 1.89 (m, 2H), 1.89 — 1.51 (m, 9H%4 — 1.29 (m, 1H), 1.01 @,= 6.1 Hz, 6H) ppm.
¥C NMR (75 MHz, CROD): & = 174.27, 121.56, 74.51, 69.87, 68.83, 64.24,%369.87, 53.83,
49.43, 41.46, 40.17, 31.31, 27.65, 25.14, 25.083423.91, 21.45, 20.49 ppm. HRMS (ESI): calcd.
for C,1H3gNsOgS [M - H] 520.2446; found 520.2448.

4.2.23. (R,354S5R)-3,4-dihydroxy-5-(3-(4-(4-(trifluoromethoxy)phenylH-1,2,3-triazol-1-
yl)propyl)tetrahydro-2i-pyran-2-yl)methyl leucylsulfamatd {f).

In analogy, triazolelOf (0.200 g, 0.27 mmol, 1.0 eq.) was deprotected @urified by silica gel
chromatography using DCM:MeOH 95:5 to 90:10 asdluents providing final compouridLf (0.145

g, 89%) with R= 0.05 (DCM:MeOH 90:10) as a white soffd. NMR (300 MHz, CROD): & = 8.45

(s, 1H), 7.94 (dJ = 8.8 Hz, 2H), 7.34 (d] = 8.1 Hz, 2H), 4.49 (] = 6.9 Hz, 2H), 4.37 (dd} = 10.7,
1.3 Hz, 1H), 4.25 (dd] = 10.8, 5.5 Hz, 1H), 3.94 — 3.84 (m, 2H), 3.83 A3m, 2H), 3.66 — 3.53 (m,
2H), 2.16 — 1.93 (m, 2H), 1.88 — 1.74 (@ 11.2, 6.3 Hz, 3H), 1.74 — 1.55 (dw 14.2, 13.7, 7.1 Hz,
2H), 1.51 — 1.37 (m] = 13.5, 7.8 Hz, 1H), 0.98 @,= 5.9 Hz, 6H) ppm-*C NMR (75 MHz, CRQOD):

0 = 173.79, 148.50, 145.79, 129.30, 126.66, 121129,10, 120.78, 118.50, 74.46, 69.87, 69.36,
64.28, 64.01, 53.66, 49.74, 41.47, 40.06, 27.65,®33.87, 21.46, 20.45 ppm. HRMS (ESI): calcd.
for C,4H33NsOsSF; [M - H]7608.2007; found 608.2017.

4.2.24. ((R,3S54S5R)-3,4-dihydroxy-5-(3-(4-(pyridin-3-yl)-H-1,2, 3-triazol-1-yl)propyl)tetrahydro-
2H-pyran-2-yl)methyl leucylsulfamai@ 1g).

In analogy, triazolelOg (0.139 g, 0.21 mmol, 1.0 eq.) was deprotected urified by silica gel
chromatography using DCM:MeOH 90:10 to 80:20 asdllments yielding final compouridLg (0.089

g, 81%) as a colourless soltth NMR (300 MHz, CRQOD): & = 8.61 (s, 1H), 8.37 (d,= 7.6 Hz, 1H),
7.61 (s, 1H), 4.52 (1] = 6.6 Hz, 2H), 4.34 (ddl = 10.4 Hz, 1H), 4.21 (dd,= 10.1, 5.0 Hz, 1H), 3.95
—3.83 (m, 2H), 3.83 — 3.66 (m, 2H), 3.66 — 3.50 2#), 2.17 — 1.94 (m, 2H), 1.90 — 1.73 (m, 3H),
1.71 — 1.53 (m, 2H), 1.51 — 1.36 (m, 1H), 0.981 & 6.0 Hz, 6H) ppm-*C NMR (75 MHz, CROD):

0 =174.44, 147.13, 145.01, 143.45, 133.93, 1217463, 69.86, 68.89, 64.29, 63.98, 53.86, 49.84,
41.48, 40.17, 27.62, 25.08, 23.91, 21.46, 20.51. ppRMS (ESI): calcd. for EH33NsO;S [M - HJ
525.2137; found 525.2139.

4.2.25. ((R,354S,5R)-5-(3-(4-((benzylamino)methyl)H-1,2,3-triazol-1-yl)propyl)-3,4-
dihydroxytetrahydro-Bi-pyran-2-yl)methyl leucylsulfamat@ 1h).

In analogy, triazol€lOh (0.189 g, 0.27 mmol, 1.0 eq.) was deprotected faumified by silica gel
chromatography using DCM:MeOH 95:5 to 85:15 to 8543 the eluents affording final compound
11h (0.076 g, 50%) with R= 0.04 (DCM:MeOH 90:10) as a yellow solfti NMR (300 MHz,
CD;0OD): 6 = 8.23 (s, 1H), 7.62 — 7.26 (m, 6H), 4.56 — 423 8H), 3.86 (m, 2H), 3.68 (m, 2H), 3.62
— 3.47 (m, 2H), 2.08 — 1.93 (m, 2H), 1.89 — 1.59 4id), 1.51 — 1.31 (m, 2H), 1.05 — 0.94 (m, 6H)
ppm.=C NMR (75 MHz, CRQOD): & = 174.43, 130.56, 129.58, 128.97, 128.56, 74.9%4 68.64,
63.82, 63.74, 53.67, 50.18, 49.87, 41.68, 40.72,31®7.29, 24.66, 23.91, 21.46, 20.42 ppm. HRMS
(ESI): calcd. for GsHzgNgO;S [M - H] 567.2606; found 567.2611.

4.2.26. ((R,354S5R)-5-(3-(4-(benzamidomethyl)H-1,2,3-triazol-1-yl)propyl)-3,4-
dihydroxytetrahydro-B-pyran-2-yl)methyl leucylsulfamaté {i).

In analogy, triazolelOi (0.192 g, 0.27 mmol, 1.0 eq.) was deprotected @unified by silica gel
chromatography using DCM:MeOH 95:5 to 90:10 to 85a% the eluents giving final compouhtii
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(0.095 g, 61%) with R= 0.01 (DCM:MeOH 90:10) as a colourless solid. NMR (300 MHz,
CDs0OD): 6 = 8.99 (s, 1H), 8.22 — 7.75 (m, 3H), 7.59 — 7.89 8H), 4.79 — 4.09 (m, 6H), 3.95 — 3.80
(m, 2H), 3.79 — 3.65 (m, 2H), 3.63 — 3.46 (m, 2B)9 — 1.88 (m, 2H), 1.88 — 1.60 (m, 4H), 1.59 —
1.26 (m, 2H), 0.99 (t) = 5.6 Hz, 6H) ppm.*C NMR (75 MHz, CRQOD): & = 174.15, 131.11, 127.87,
126.74, 74.43, 69.78, 69.04, 64.14, 63.96, 53. 86674 41.46, 40.12, 34.54, 27.56, 25.00, 23.89,
21.47, 20.45 ppm. HRMS (ESI): calcd. foss3/NeOgS [M - H] 581.2399; found 581.2404.

4.2.27. ((R,354S5R)-5-(3-(4-((3-benzylureido)methyl)H-1,2,3-triazol-1-yl)propyl)-3,4-
dihydroxytetrahydro-B-pyran-2-yl)methyl leucylsulfamaté {j).

In analogy, triazolel0Oj (0.142 g, 0.19 mmol, 1.0 eq.) was deprotected @munified by silica gel
chromatography using DCM:MeOH 90:10 to 85:15 as ¢heents providing final compountil]
(0.095 g, 82%) with R= 0.01 (DCM:MeOH 90:10) as a colourless sofid. NMR (300 MHz,
CDsOD): 6 =7.91 (s, 1H), 7.42 — 7.14 (m, 5H), 4.52 — 416 8H), 3.93 — 3.80 (m, 2H), 3.80 — 3.65
(m, 2H), 3.64 — 3.46 (m, 2H), 2.08 — 1.85 (m, 2HY3 (m, 4H), 1.58 — 1.43 (m, 1H), 1.35 (s, 1H),
0.99 (t,J = 5.9 Hz, 6H) ppm™C NMR (75 MHz, CROD): & = 173.96, 139.56, 127.75, 126.51,
126.26, 74.37, 69.75, 69.11, 64.06, 63.97, 53.68%6} 43.08, 41.52, 40.09, 34.83, 27.54, 24.99,
23.88, 21.49, 20.46 ppm. HRMS (ESI): calcd. fegHzoN;OgS [M - H] 610.2664; found 610.2672.

4.2.28. ((R,354S5R)-3,4-dihydroxy-5-(3-(4-phenylH-1,2,3-triazol-1-yl)propyl)tetrahydrok-
pyran-2-yl)methyl leucylsulfamatd {k).

In analogy, triazolelOk (0.098 g, 0.15 mmol, 1.0 eq.) was deprotected famified by silica gel
chromatography using DCM:MeOH 90:10 to 85:15 as ¢heents providing final compountilk
(0.077 g, 100%) with R= 0.10 (DCM:MeOH 90:10) as a colourless soHdANMR (300 MHz,
CD;0OD): 6 =8.38 (s, 1H), 7.87 — 7.79 (m, 2H), 7.50 — 7.89 2H), 7.39 — 7.30 (m, 1H), 4.48 {t=

7.1 Hz, 2H), 4.34 (dd] = 10.9, 1.9 Hz, 1H), 4.21 (dd= 10.9, 5.5 Hz, 1H), 3.93 — 3.85 (m, 2H), 3.82
—3.74 (m, 1H), 3.70 — 3.53 (m, 3H), 3.37 (s, 1H}L3 — 1.93 (m, 2H), 1.88 — 1.74 (m, 3H), 1.70 —
1.54 (m, 2H), 1.50 — 1.38 (m, 1H), 1.29 (s, 1HRNO(t,J = 6.6 Hz, 6H) ppm->C NMR (75 MHz,
CD;OD): 6 = 174.84, 147.18, 130.06, 128.23, 127.58, 1251Q20.59, 74.54, 69.92, 68.88, 64.33,
64.00, 53.94, 49.66, 41.44, 40.28, 27.66, 25.10231.43, 20.48 ppm. HRMS (ESI): calcd. for
CoaHzsNsO;S [M - H] 524.2184; found 524.2194.

4.2.29.N-benzylprop-2-yn-1-amingl 2).

An oven-dried flask was put under an atmosphem@tofgen and was loaded with benzaldehyde (0.2
mL, 2.4 mmol, 1.0 eq.), which was dissolved in afrbys MeOH (9.4 mL, 0.25 M). Propargylamine
(0.2 mL, 2.5 mmol, 1.1 eq.) and acetic acid (0.1) mlere subsequently added and the reaction
mixture was stirred overnight at room temperatdree solution was cooled to 0 °C and sodium
borohydride (0.267 g, 7.1 mmol, 3.0 eq.) was cdiseaidded in portions. The mixture was stirred for
2 h at room temperature, whereafter the reaction queenched with aqueous sodium hydroxide (1.0
M) at 0 °C. The aqueous layer was extracted willyletcetate (3x). The combined organic layers
were washed with water and brine and dried ovey@umaus MgSQ. Following filtration, the solvent
was removed under reduced pressure and the regidsepurified by silica gel chromatography
(heptane:ethyl acetate 25:75 to 0:100) yielding pound 12 (0.144 g, 42%) with R= 0.66 (ethyl
acetate) as a yellow ot NMR (300 MHz, CDCY)): 5 = 7.28 (m, 8H), 3.86 — 3.76 (m, 2H), 3.38 (m,
2H), 2.24 (m, 1H), 1.80 (br s, 1H) ppMC NMR (75 MHz, CDC)): & = 139.70, 128.77, 127.50,
82.38, 71.92, 52.58, 37.64 ppm.

4.2.30.N-(prop-2-yn-1-yl)benzamidgL3).

An oven-dried flask was put under an atmospheneitadgen and was loaded with benzoyl chloride
(0.5 mL, 4.5 mmol, 1.25 eq.), which was dissolvedanhydrous DCM (10 mL). Triethylamine (1.0
mL, 7.3 mmol, 2.0 eq.) and propargylamine (0.2 86, mmol, 1.0 eq.), dissolved in anhydrous DCM
(5.0 mL), were subsequently added, resulting imal .25 M solution, and the reaction mixture was
stirred overnight at room temperature. After cortipie water was added and the aqueous layer was
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extracted with DCM (3x). The combined organic layerere washed with water and brine and dried
over anhydrous MgSQ After filtration, the solvent was removed undeduced pressure and the
residue was purified by silica gel chromatographgpfane:ethyl acetate 75:25 50:50) resulting in
compound13 (0.553 g, 96%) with R= 0.52 (heptane:ethyl acetate 50:50) as a whitd. $6l NMR
(300 MHz, CDC}): 6 = 7.87 — 7.70 (m, 2H), 7.57 — 7.37 (m, 3H), 6.831H), 4.33 — 4.18 (m, 2H),
2.32 — 2.24 (m, 1H) ppmC NMR (75 MHz, CDCJ): & = 132.07, 128.93, 127.29, 72.19, 30.09 ppm.
HRMS (ESI): calcd. for GH;oNO [M + H]" 160.0757; found 160.0752.

4.2.31. 1-benzyl-3-(prop-2-yn-1-yl)uréad).

An oven-dried flask was put under an atmosphengtofgen and was loaded with benzyl isocyanate
(0.2 mL, 1.6 mmol, 1.0 eq.), which was dissolvecitydrous DCM (3.3 mL). Propargylamine (0.1
mL, 1.8 mmol, 1.1 eq.), dissolved in anhydrous DEMB mL), was added dropwise at 0 °C, resulting
in a final 0.25 M solution, and the reaction miguvas stirred for 3 h at room temperature after
slowly warming the solution to ambient temperatukavhite solid14 (0.305 g, 100%) was formed,
which was filtered and dried under vacudtiNMR (300 MHz, DMSOd): & = 7.38 — 7.16 (m, 5H),
6.49 (t,J = 5.8 Hz, 1H), 6.28 (1) = 5.6 Hz, 1H), 4.21 (d] = 6.0 Hz, 2H), 3.81 (dd] = 5.8, 2.4 Hz,
2H), 3.07 (t,J = 2.4 Hz, 1H) ppm**C NMR (75 MHz, DMSOd): & = 157.65, 140.80, 128.33,
127.17, 126.71, 82.64, 72.62, 43.12, 29.05 ppm. BRMESI): calcd. for GH1sN,O [M + H]
189.1022; found 189.1023.

4.2.32. 2-deoxy-4,5-dihydroxy-1-[5-phenyltetrazel®llo-heptitol-7N-(leucyl)-sulfamatg15).

'H NMR (300 MHz, CRQOD): = 8.08-8.16 (m, 2H), 7.48-7.57 (m, 3H), 4.81-4(88 2H), 4.11-4.24
(m, 3H), 3.99-4.07 (m, 1H), 3.77-3.89 (m, 2H), 33F68 (m, 1H), 2.36-2.53 (m, 1H), 2.18-2.32 (m,
1H), 1.74-1.87 (m, 2H), 1.58-1.69 (m, 1H), 0.963L(th, 6H) ppm**C NMR (75 MHz, CROD): & =
129.75, 128.31, 126.98, 126.02, 81.79, 79.04, 74281, 68.13, 53.87, 49.61, 40.32, 32.38, 23.96,
21.42, 20.42 ppm. HRMS (ESI): calcd. foig8,0Ns0;S [M-H] 497.1824; found: 497.1815.

4.3. Cloning, expression and purification of. coli and N. gonorrhoeae LeuRSs

Cloning, expression and purification of LeuRS frdin coli were performed as previously
described [31]. The encoding sequencéNofonorrhoeae LeuRS was amplified by a one-step PCR
from the genomic DNA of bacterial straMeisseria gonorrhoeae ATCC 49226. This reaction was
carried out by using the high-fidelity Q5 DNA polgnase (New England Biolabs) with forward
primer 5’-gcgaacagattggtgatggtATGCAAGAACATTACCAGCGE3' and reverse primer 5'-
ttgttagcagaagcttaTTAGACGACGATGTTCACCAGT-3', wheteetsmall letters represent the adaptor
complementary to the plasmid, while the capitalelst represent the annealing sequences and the
underlined parts correspond to a glycine residuechvivas introduced before the start codon of
LeuRS to facilitate the cleavage of the SUMO tagirdu purification. The PCR product was
visualized and separated in agarose gel, followgdgél extraction and in-fusion cloning with
linearized pETRUK vector containing a pl enhancé&M® tag as described [31]. The assembled
plasmid pETRUK-Ng-LeuRS was first propagatedEncoli NEB5a and then confirmed by DNA
sequencing (LGC genomics).

Ng-LeuRS construct was transformed irffocoli Rosetta (DE3) pLysS expression host. The
selected colony was inoculated into 2 mL LB meditontaining 10Qug/mL ampicillin and 3Qug/mL
chloramphenicol and incubated at3#vith 250 rpm for 8 h. Then the pre-culture wasisfarred into
2 L ZYP-5052 auto-induction medium [46] supplementéth a final concentration of 1 mM Zn0
(Sigma Aldrich) and 1 mL of antifoam SE-15 (Sigmiarich). The culture was grown overnight at 24
°C and when the Olgy.m reached 4.0, temperature was decreased to 18 ft€. @nother 24 h of
growth, cells were harvested by centrifugation &C4and cell pellets were resuspended in cation
exchange buffer A (CEXA) containing 25 mM Hepes 200 mM NacCl, 5 mM3-mercaptoethanol
(B-ME) and frozen in -80 °C.

For protein purification of Ng-LeuRS, cell pelleasthawed and further diluted using CEXA in a
final 8:1 v/iw (CEXA: weight of pellet) ratio suppteented with 100 U cryonase (Takara) and 10 mM
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MgCl,. Cells were lysed by sonication on ice and thamifeéd by centrifugation at 18,000 g at 4 °C
for 30 min. The supernatant was loaded onto 5 mtragi SP HP column (GE Healthcare Life
Sciences). SUMO tag fused LeuRS protein bound th@@olumn and was eluted by applying a linear
gradient 0-50% cation exchange buffer B (CEXB) cosipg of 25 mM Hepes pH 8, 1000 mM NacCl,
5 mM B-ME. Corresponding protein fractions were collectad SUMO hydrolase was added in a 1:
250 (m/m) ratio to remove SUMO tag. Due to the @neg of additional glycine in front of the target
protein LeuRS, the SUMO tag was more flexible aadla be easily cleaved in 10 min on ice. The
cleaved protein was dialyzed against 1 L buffer §#@ Tris pH 7, 10% wi/v glycerol and 5 mRt
ME) overnight at 4 °C and further dialyzed in tlzene fresh buffer for another 2 h to remove allssalt
Then the protein was loaded onto HiTrap SP HP coltoremove the SUMO tag and contaminants,
followed by applying on anion exchange Hitrap Q e¢tfumn (GE Healthcare Life Sciences). After
collecting the fractions from anion exchange chrmgeaphy, the protein was concentrated to 30
mg/mL using a concentrator (10 KDa, 50 mL, Millippiby centrifugation at 4 °C, 4000 rpm and then
flash frozen in liquid nitrogen and stored in -&0 °

4.4.1n vitro inhibitory activity determination with purified E. coli LeuRS

The inhibitory effects of synthesized compounti$a-11k and 15 were evaluated by a
radiolabeled aminoacyl transfer assay as desciibedr prior work [31,32]. Briefly, 2.5 mME. cali
LeuRS in 20 mM Tris pH 7.5, 100 mM KCI, 10 mM MgCb mM B-ME and 5% (v/v) DMSO was
preincubated with serial dilutions of different goooinds at 37 °C for 10 min in the presence of 50
uM 'C-labeled leucine, 2 mg/mE. coli total tRNA pool (Roche), and 0.25 mg/mL inorganic
pyrophosphatase. A final concentration of 00 ATP was added to the mixture to start the reactio
After 4 min, the reaction was quenched by addind. 4uffer containing 0.2 M sodium acetate pH4,
0.1% (w/v) N-lauroylsarcosine and 5 mM unlabeledciee. 20uL aliquot was spotted on a 3MM
Whatmann paper and precipitated utilizing 10% (wgg)d trichloroacetic acid (TCA). All papers
were washed twice with 10% (w/v) TCA and once weitietone at 10-minute intervals and dried in air.
Each paper was transferred into a vial and soakéd 12 mL scintillation liquid. Subsequent
measurements were performed by a scintillation wyuiThe apparent inhibition constaana‘(p) of
all LeuRS inhibitors were determined by applying&r-Hakala equation [47].

4.5. Crystallization and X-ray data collection forN. gonorrhoeae LeuRS

The crystallization procedure ®i. gonorrhoeae LeuRS was carried out using hanging drop
vapor diffusion method as previously described [3R&] solution of 10 mg/mL Ng-LeuRS in
crystallization buffer (10 mM Tris pH 7, 100 mM NRQ@.5 mM B-ME) was mixed with reservoir
solution (20% w/v PEG 3350, 100 mM bis-tris propaht8.5 and 100 mM MgG) and crystal seeds
from earlier optimizations in a 0.75:1.0:0.25 (vjwatio. Suitable crystals were soaked with 2 miM o
each compound prepared in an equivalent reserebitien supplemented with 22% (v/v) ethylene
glycol for 2 h. These crystals were subsequentlymted in cryo-loops and flash frozen in liquid
nitrogen. Diffraction data were collected at 10@tkSynchrotron ESRF beamline Massif-3 (Grenoble,
France) and Synchrotron Soleil beamline Proximad.z(Paris, France).

4.6. Structure determination of N. gonorrhoeae LeuRS in complex with synthesized inhibitors

Collected datasets were processed using autoPR@Egsing pipeline [48]. The initial phase of
Ng-LeuRS complexed with corresponding inhibitor veadved by molecular replacement in Phenix
[49] using our published structure of Ng-LeuRS amplex with LeuSA (PDB code: 6Q89) as the
start searching model by removing all the solvamt Bgand LeuSA [32]. The resulting model was
refined in Phenix.refinement and manually builG®OT [50]. All ligand restraints were generated by
Grade Web Server (http://grade.globalphasing.offife crystallographic data collection and
corresponding refinement statistics are shown ippfmentary table 1. LeuRS-inhibitor interactions
were analyzed in Schrddiger Maestro Software.

All the structures were deposited in PDB and thated accession codes are as follo@¥KK ,
6YKL, 6YKN, 6YKO, 6YKQ, 6YKS, 6YKT, 6YKU, 6YKV, 6YKW, 6YKX, 7AO0P.
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4.7. Antimicrobial screening

Bacteria are cultured in MHB (Mueller Hinton BrotAjpd maintained on TSA (Tryptone Soy
Agar). All cultures and assays are conducted a€3W¥Rycobacterium tuberculosis is cultured in 7H9
+ 10% OADC. Compound stock solutions are prepanetl0i0% DMSO at 20 mM or mg/mL. The
compounds are serially pre-diluted (2-fold or 4djoin DMSO followed by a further (intermediate)
dilution in demineralized water to assure a finateést DMSO concentration of <1%. Assays are
performed in sterile 96-well microtiter plates, lkeagell containing 10 uL of the watery compound
dilutions together with 190 pL of bacteria inocul@x 10 CFU/ml). Bacterial growth is compared to
untreated-control wells (100% cell growth) and medlicontrol wells (0% cell growth). After 17 h
incubation, bacterial viability is assessed fluaincally after addition of 2QL resazurin per well.
After 1/2 h at 37 °C, fluorescence is measuted 50 nm A, 590 nm). The results are expressed as
% reduction in bacterial growth/viability compared control wells and 16 (50% inhibitory
concentration) is determine. tuberculosis H37Ra ATCC 2517S. aureus ATCC6538 anck. coli
ATCC8739 are used. The compounds are tested atéeotrations (64 - 16 - 4 - 1 and 0.25 uM or
mg/ml). The compound is classified inactive whea Ii@;, is higher than 15 pM (or pg/ml). Between
15 and 5 pM (or pg/ml), the compound is regardedeekly active. Only when the gis lower than
5 uM (or pg/ml), the compound is classified asvactaind is evaluated further. Standard bacterial
reference compounds include doxycyclins(S aureus 0.11 + 0.06 pME.coli 0.73 + 0.38 uM) and
the first line anti-TB drug isoniazid (0.1 + 0.0Mpand moxifloxacine (0.25 + 0.13 pM). Thesids
determined using an extended dose range (2-foldpoonmd dilutions) still with a highest
concentration of 128 uM. The dgagainstC. albicans was determined by a 4-fold serial dilution of
the test compounds in RPMI with a 1% DMSO backgdoufhe concentration used for the test
compounds ranged from 64.0 uM to 3.9 X’[IM. As a positive control substance, miconazole was
selected at 0.25 uM.

4.8. Electrostatic surface potential calculation

Electrostatic surface potential of Ng-LeuRS wascuated using APBS electrostatic tool in
Pymol. The protein molecule was prepared by addiypdrogens and missing side chain atoms,
assigning partial charges and radii using the deaiting in the program pdb2pqgr. The linearized
Poisson-Boltzmann equation was applied. Parameatethe calculation were: protein and water
dielectric constants, 2 and 78, respectively; 130 ionic strength; size of the 3D grid, 28225X
225. Finally, the result was displayed togethehwiite protein structure, color-coded accordinghio t
electrostatic potential#5 kT/e). Negatively charged regions are preseme®d, neutral regions in
white and positively charged regions in blue.

4.9. Bioinformatic analysis of LeuRS protein sequetes

Sequence alignment df. gonorrhoeae LeuRS (Uniprot B4ARNT1) E. coli LeuRS (Uniprot
P07813) S aureus LeuRS (Uniprot Q2FXH2)M. tuberculosis LeuRS (Uniprot POWFV1and C.
albicans cytosolic LeuRS (Uniprot AOA1D8PS12) and mitochroad LeuRS2 (Uniprot
AOA1D8PQ56) were performed in Jalview [51] by usMgscle web server.
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Highlights

» Eleven anhydrohexitol analogues targeting leucyl-tRNA synthetase (LeuRS)

» Severa inhibitors showed enzymatic inhibitory activity in low nanomolar range

» Crystal structures of all compounds in complex with LeuRS determined

* SAR study revealed crucial interactions for obtaining enzymatic inhibitory activity
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