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Abstract

S$Q109 is a tuberculosis drug candidate that has high potency against Mycobacterium tuberculosis and is
thought to function at least in part by blocking cell wall biosynthesis by inhibiting the MmpL3 transporter.
It also has activity against bacteria and protozoan parasites that lack MmpL3, where it can act as an
uncoupler, targeting lipid membranes and Ca?* homeostasis. Here, we showed using molecular dynamics
(MD) simulations that the binding profile of nine SQ109 analogs was consistent with the X-ray structure
of MmplL3 — SQ109 complex. We showed that rotation of SQ109 around carbon—carbon bond in the
monoprotonated ethylenediamine unit favors two gauche conformations as minima in water and
lipophilic solvent using density functional theory (DFT) calculations as well as inside the transporter’s
binding area using MD simulations. Our results from MD simulations suggested that sizeable C-2
adamantyl adducts of SQ109 can fill a lipophilic region between Tyr257, Tyr646, Phe260 and Phe649 in
MmpL3. This was confirmed quantitatively by our calculations of the relative binding free energies using
the thermodynamic integration coupled with MD simulations method with a mean assigned error of 0.74
kcal mol™ compared to the experimental values. We synthesized 18 analogs of SQ109 and tested them
against M. smegmatis, M. tuberculosis, M. abscessus, Bacillus subtilis, and Escherichia coli, as well as
against the protozoan parasites Trypanosoma brucei, T. cruzi, Leishmania donovani, L. mexicana, and
Plasmodium falciparum. Activity against the mycobacteria was generally less than with SQ109 and was
reduced by increasing the size of the alkyl adduct. Two analogs were ~4-8-fold more active than SQ109
against M. abscessus, including a highly drug resistant strain harboring an A309P mutation in MmpL3.
There was also better activity than found with SQ109 with other bacteria and protozoa. Of particular
interest, we found that the adamantyl C-2 ethyl, butyl, phenyl, and benzyl analogs had 4-10x increased
activity against P. falciparum asexual blood stages, together with low toxicity to a human HepG2 cell line,
making them of interest as new antimalarial drug leads. We also used surface plasmon resonance (SPR)
to investigate the binding of inhibitors to MmplL3 and differential scanning calorimetry to investigate
binding to lipid membranes. There was no correlation between MmpL3 binding and M. tuberculosis or M.
smegmatis cell activity, suggesting that MmpL3 is not a major target in mycobacteria. However, some of
the more active species decreased lipid phase transition temperatures, indicating increased accumulation
in membranes, which is expected to lead to enhanced uncoupler activity.

The tetrameric influenza A M2 proton channel is critical for viral replication. Proton conductance

of the wild type (WT) protein, with serine at position 31, is inhibited by cage alkyl amines, like amantadine,



rimantadine and analogs, which bind in the channel pore. Conjugates of a cage alkyl amine with a
methylene-linked aryl group have been shown to block the channel of the prevalent S31N strain with a
different mechanism. Here, we investigate the binding and blocking of WT and S31N M2 (Udorn strain) by
an expanded set of cage alkyl containing amines. Using a liposomal proton flux assay, we verified the
channel-blocking activity of rimantadine (Rmt), its methyl analog AK59, and the tetramethyltetracyclodec-
1-ylmethylamine (RL208), an isomer of amantadine for the conductance domain of WT M2 (M2CD;
residues 18-60). The binding behavior of the ligands was explored using magic angle spinning NMR by
recording 2D and 3D 'H-'*N and 'H-'3C-1°N spectra of M2CD reconstituted in DPhPC lipids. Ligand binding
to WT M2 was detected via chemical shift perturbation (CSP). High kinetic energy barriers associated with
entry into the M2CD pore were overcome by increased temperature or a pH shift protocol which proved
to be more efficient. To assess the binding mode, MD simulations were performed. Cage alkyl amines Rmt
and AK59 are known to block WT M2 with their ammonium group binding to water-lined sites at Gly34 or
Ala30. By contrast, MD simulations show that the conjugates with an aryl group bind outward in S31N
M2CD targeting Asn31. For S31N, the His37-His37 hydrogen bonding was not disrupted according to NMR,
nor was the channel blocked in the liposomal proton flux assay. Our data suggest that there is a substantial
structural barrier in the amphipathic helicix (AH)-bearing CD construct, which limits entry of RL208 and

aryl conjugates.

Keywords: SQ109, MmpL3, MD simulations, alchemical relative binding free energy, MM-GBSA, binding
affinity, organic synthesis, calorimetry, tuberculosis, malaria, leishmaniasis, adamantyl amine, cage alkyl
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MEPIAHWH

To SQ109 eival éva umoPndlo dpappako ya th pupatiwon mou mapouoialel uPnAn SpactikdTNTA KOTA
tou Mycobacterium tuberculosis kal Bewpeital otL Aeltoupyel ev PEPEL HEOW TNG TTAPEUTIOSLONG TNG
BlooUvBeonC Tou KUTTOPLKOU TOLXWUATOC avaotéAAovtag Tov petadopéa Mmpl3. Eniong mapouaotalel
SpaotikotnTa évavtl Baktnpiwv kot mpwtolwwv mapacitwy mou otepouvtal Mmpl3, 6mou pmopel va
Spdoel we amolevKTnG, oTOXEVOVTOC OTLC AUTLSIKEC LEUBPAVEC KL TNV opoldotaocn tou Ca?*. Ze autn Thv
EPEUVNTLIKN gpyacia, Selape XpNOLLOTIOLWVTAG TIPOCOUOLWOELG LOPLAKAG Suvaplkng (MD) 6tL to mpodiA
npocdeong evéa avaldywv tou SQ109 ntav cuvenég pe tn X-ray KpuotaAloypadikr dour) tou
CUUITAOKOU MmplL3 - SQ109. Asifape OtL n meplotpodn tou SQ109 yUpw amo tov deopd avOpaka-
avBbpoka otn HOVOTMPWTIOVIWUEVN Hovada atBulsvodiopivng suvoel 8Uo gauche SlapopdWOELS WG
EVEPYELAKA EAGXLOTA OTO VEPO I 0ToV AUmOd Ao SLaAUTN XpNoLUoToLwvTaS UTIoAoyLopoUg DFT kaBwg kat
EVTOG TNG MEPLOXNC TPOCGSECNC TOU HETAPOPEQA XPNOLLOTIOLWVTAG TIPOCOHUOLWOELS LOPLOKNG SUVAULKAC.
To anoteAéopatd pag omd TIC TTPOCOUOLWOELS HOPLOKAC SuvapLKkng urtédetéav OTL oL supeyéBelg C-2
adapaviuAlkol umokataotdteg tou SQ109 pmopouv va yepioouv pa AmOodAn meploxn HeTaél Twv
Tyr257, Tyr646, Phe260 kot Phe649 otnv mpwteivn MmplL3. Auto emuBeBolwbnke TOCOTIKA OO TOUG
UTIOAOYLOHMOUG TWV OXETIKWY €AeUBepwv evepyswwv O€opeuong He T Xpnon tng Hebodou
Bepuoduvaptkic oAokARpwong o cuUVBUOOUO UE TIPOOOUOLWOELS poplaknig Suvakic (TI/MD) W éva
néco anodibopevo opdApa 0,74 kcal mol™? o 6UyKpLON e TIC TTELPAUOTIKEG TIUEC. ZuVBEoape 18 avdhoya
tou SQ109 Kol SOKLUACAUE TN SPACTIKOTNTA TOUG €vavil Twv M. smegmatis, M. tuberculosis, M.
abscessus, Bacillus subtilis xai Escherichia coli, kaBwg kot €vavtl Twv TPWTOIWIKWY Tapacitwy
Trypanosoma brucei, T. cruzi, Leishmania donovani, L. mexicana xai Plasmodium falciparum. H
SpacTIKOTNTA EVOVTL TWV HUKOBAKTNPLSLWY ATAV YEVIKA KpOTEPN amtd O,TL he To SQ109 Kot Pelwdnke e
v avénon tou pey£Boug Tou aAkKuALKOU umtokataotath. Avo avaloya ntav ~4-8 GopEg mo SpacTika
oo 1o SQ109 évavtl tou M. abscessus, cupnep\apBovopEvou evag ateAéxous pe uPnAn avtoxn ota
dappaka ou £depe petdMafn A309P otn MmplL3 mpwteivn. Ympée eniong kaAltepn SpactikotnTa
ond auth mou Slamotwdnke pe to SQ109 os GAAa Baktrpla kot mpwtolwa. ISiaitepo svdlodépov
apoucLAlel To yeyovog OTL Ta avaioya tou otn C-2 B€on tou adapaviuAiou, alBulo, Boutudo, dalvulo
Kot Bevlulo eixav 4-10 dopég auénuévn SpaocTkOTNTA Evavil Twv APUAwV otadiwv aipatog tou P.

falciparum, og cuvduacopo pe xapnAn ToflkOTNTA o€ AVOPWTTLVN KUTTOPLKN Oslpd HepG2, yeyovog mou ta



KoBlotd evbladépovta w¢ véa dappaka odnyouc Yyl TNV KATAmMoAéunon NG eAovoolag.
Xpnolgomnowoape emniong tn HéBodo tou emidpavelakoU cuvtoviopoU mAacpoviou (surface plasmon
resonance — SPR) yla va SlEpeUVNOOUE TNV TPOCGSEC TWV AVOCTOAEWYV oToV petadopéa Mmpl3 kot Th
Stadopikn Beputdopetpia capwong (differential scanning calorimetry — DSC) yia va SlepguvriGou e TV
oaAnAenidpaon pe AUtSIKEG HepBpaveg. Aev UTIRPEE oUOXETION PETAEL TG MPOcdeang otov MmplL3 kat
NG KUTTAPLKNG Spaotnplotntag oto M. tuberculosis | M. smegmatis, yeyovog mou umoSnAwvVeL OTL N
MmpL3 mpwteivn Sev amoteAel onuUavtikd otoXo ota pukoBaktnpidia. Qotdoo, oplopéva and ta TLo
Spaotika avaloya peiwoav tn Beppotnta petapaong tg AUSIKNG dAong, YeEyovog mou umodnAwvel
auENUEVN CUCOWPEUOH OTIC MEUPPAVEC, N omola avapéveTal va odnynoeL oe auénpévn SpaotikotnTa

TWV AVaAOYWV W¢ amoculeVKTEG.

To TETPAUEPEG KAVAAL TIPpWTOVIWV TNG yplmng A M2 eival kplolpo yla thv avtypadn tou wu. H
QYWYLLOTNTA TPWTOVIWV TNG MPWTEIVNG ayplou tumou (WT), ue ogpivn otn B€on 31, avaoctéAAeTal and
OAKUAOQUIVEG TTIOU TIEPLEXOUV adapavVTAVLIO 1} AAAoU TUTIOU KAWPO, Omwc n apavtadivn, n plpavradivn
KOlL TA avaAoya Toug, ol omoiec SeopevovTal oTov MOPo Tou KavaAlol. Exel amodelyBel otL ta avaioya
QUTWV TWV TIAPAYWYWY TIOU TIEPLEXOUV OPUALKN opdada cuvdedSepévn pe peBuAévio otnv apvopdda
geunodilouv To KAVAAL TOU EMIKPATOUVTOC 0TeEAEXOUC S3IN pe StadopeTikd pnxaviopo. Edw, Stepeuvolpe
™ Tpocdeon Kal Tov amokAselopo tou WT kat tou S31IN M2 kavahioU (otédexog Udorn) amd éva
Sleupupévo oUVOAO OAKUALKWV QUWVWV TIOU TEPLEXOUV KAWPRO. XpNnoLUomoLwvTag Hia avaAuon
Amoowikng pong mpwrtoviwv (liposomal proton flux assay), emoAnBeloape tn OpooTKOTNTA
OMOKAELOPOU TNG aywyLotntag tou WT M2 StavAou (M2CD - apwvoééa 18-60) amod tn pipavtadivy (Rmt),
TO HEBUALKO avaAoyo Tng, AK59, Kal evog LoopePOUG TNG apavTadivng - Tnv TetpapeBuloteTtpakukAoSeK-
1-uAopeBulapivn, RL208. H cuumepidpopd mMpoodeons Twv TMPOodeTWV SlepeuvnONKE PE TN Xprnon
MOYIKAG ywviag Teplotpodng mupnvikoU HayvnTIKOU ouvioviopoU (magic angle spinning NMR)
kataypdadovrag 2D kat 3D pdopata H-N kat H-3C-°N tou M2CD SiavAou mou €xel avaouoTabel o
DPhPC Autidia. H mpoaodeon tou npocdetn oto WT M2 SiauAo aviyveuBbnke péow dLatapaxng tng XNIKNAG
petartorong (chemical shift perturbation - CSP). OL dpaypot uP ARG KWVNTIKAG EVEPYELAG TTOU OxeTL{ovTaLl
pe tnv eloodo otov mopo M2CD Eemepdotnkav e avénaon T BepUOKPACLAG I E TN XProN TTPWTOKOAAOU
aAAaync Tou pH, To omoio amodelxBnKe MO ATMOTEAEGUATLKO. Mo TNV afloAdynon Tou TPOMou MPOCSEDNG
PO LLOTOTOLONKAV TIPOCOUOLWOELS HopLlakAG Suvaptkic. Ta avaloya Rmt kat AK59 sival yvwoto ot
napepmnodifouv to WT M2 Siaulo pe tnv opddo appwviov vo Seopelel Tnv mteployn kovtd otn Gly34

Ala30 mou meptBarovral amno vepd. AvtiBeTa, oL TPOCOUOLWOELS HOoPLaKNG SuvapLkhg deiyvouv OTL Ta



Tapaywya Le TNV apUALKn opada mpoodévovtal pe katelBuveon mpog ta £€w otov SlavAo S31IN M2CD
otoxevovtag tnv Asn31l. Ocov adopd tov Siaulo S3IN, o Seopdg udpoyovou His37-His37 bdev
Slatapaxbnke oupdpwva pe to NMR, oUte Ta popla mopepnodioav tov SioauAo otnv avdaiuon
AUTOOWHUIKNAG pong Tpwtoviwv. Ta Sedopéva pag umoSnAwvouv OTL UTIAPXEL VOl OUCLOOTIKO SOLKO
gunodio otnv doun tng M2CD n omola pépel TIg apdputabikég EAkeg (AH), yeyovog To omoio meplopilet

tnv elcodo Tou avaioyou RL208 kot TwV ApUALKWY TIPOCSETWV.

Né€elc-kAeldla: SQ109, Mmpl3, MPOCOUOLWOELS HOPLAKNG SUVOULKNAG, OAXNULKA OXETIKN €AeUBepn
evépyela poodeong, MM-GBSA, cuyyévela mpoobeong, opyavikn cUvBeon, Bepuidopetpia, pupatiwon,
elovooia, Aelopaviaon, adapavtuloapivn, aAkuAoapivn KAwPou, 1og ypimng A, S31IN M2, WT M2, payikn

vwvia neplotpodng, NMR otepedg kKataotaong, avalucon AUTOCWLKNG PONG TIPWTOVIWV.
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1 Introduction

Infectious diseases have been a burden to humanity since premodern times. The continental colonization
brought with it war and consequently slavery and poverty, in other words, a favorable ground for the
spread of infectious diseases (tuberculosis, polio, smallpox, diphtheria, malaria, etc.) with devastating
consequences on human life. The advances in the development of countermeasures (vaccines, drugs,
therapeutics, and health care) through the historical progression of human societies have dramatically
lowered the high mortality rates linked to infectious diseases. However, despite those advances, a
considerable burden still lingers in low-income countries, where sanitation and access to proper health
care are scarce. ! The recent example of COVID-19 made the danger of emerging and re-
emerging infections more realistic and alarming, pointing to a new era of infectious diseases that might
be a worldwide threat. 2 The risk of pathogen emergence or re-emergence and spread will increase due
to the urgent problem of climate change in the forthcoming decades. Notably, climate change could
modify the worldwide distribution of pathogens, enabling diseases to expand their reach into previously

uncharted territories. >®

Despite the vast developments in vaccine technology and the fact that vaccines are still the prime tool to
control and eliminate the spread of an infectious disease, the recent pandemic has underscored the
importance of the health system having alongside in their toolbox highly effective drug agents. Hence, it
is evident that one of the outcomes arising from the COVID-19 pandemic is the global imperative for
scientists and researchers to maintain a steadfast focus on drug research of highly potent therapeutics

against infectious diseases, given the unpredictable evolution of pathogens in nature. 72

This work focuses on two well-known infectious diseases, tuberculosis and flu, caused by Mycobacterium
tuberculosis and Influenza A virus, respectively. It explores the drug design of novel inhibitors by utilizing
methods and tools from medicinal and computational chemistry, structural biology, and biophysics as a
holistic approach that can shed a broader light on the mechanism of action and the structural features of
potent analogs. One aim of this research besides the design and the production of these analogs is to
show how the combination of different scientific fields of research can facilitate drug development. In the
next sections of the introduction, the reader can delve into a detailed representation of this study’s two
subjects, which include the protein target of the drug leads, the progress made up to date and related

findings, and an overview of our drug discovery research.
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1.1 Mycobacterium tuberculosis and MmpL3 transporter

In 2020 an estimated 1.9 million people died from tuberculosis (TB), according to the World Health
Organization, ° which is the leading cause of death among carriers of HIV. 11 The usual treatment
consists of a combination of antibiotics (isoniazid, rifampicin, pyrazinamide, ethambutol) prescribed for
six months, and can cure most people if the patients’ care is under optimal conditions. From a global
perspective, the cure rates are less than optimal. The reason is the reduced patient compliance to the
long-term chemotherapy accompanied by side effects such as drug toxicity, and the fact that some
Mycobacterium tuberculosis (Mtb) strains have acquired genetic mutations that render them resistant to
most antibiotics. %13 Therefore, there is a need for new, potent antitubercular drugs that, in combination,

create shorter, safer and simpler regimens against fully drug susceptible and drug-resistant TB strains.

10,11,14,15

Numerous clinical trials of drug-resistant TB were completed in the last decade, providing promising new
agents from various drug classes (aminoglycosides, thioamides, nitroimidazoles, fluoroquinolones,
diarylquinoline, macrolides, oxazolidinones, ethylenediamines, etc.) ¥ that could improve cure rates
and shorten the therapy duration. Most of the antitubercular drugs or lead compounds under
development target mycobacterial cell wall biosynthesis. The mycobacterial cell wall (Figure 1) is a
complex structure that provides membrane stability and a barrier against the host environment and
antibiotics; thus, it contributes to the intrinsic resistance of the organism. As a result, the cell wall is vital
for the mycobacteria, and blocking its assembly would lead to inhibition of mycobacteria’s growth. 78n
this part of mycobacterial research, we focus on a second generation ethylenediamine that was developed
after the drug ethambutol, SQ109 (N-Geranyl-N'-(2-adamantyl)ethane-1,2-diamine) *° which is in phase
llb/1l of clinical trials and shows high potency against resistant Mtb. 2>2! One mechanism of SQ109’s anti-
TB activity has been proposed to be the inhibition of the mycobacterial membrane protein Large 3

(MmpL3) transporter of trehalose monomycolate (TMM). 20-%
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Figure 1 Schematical representation of the mycobacterial cell wall and its components: a capsule that
mainly consists of polysaccharides and proteins; an impermeable asymmetrical outer membrane;
arabinogalactan (AG); peptidoglycan (PG); a phospholipid inner membrane where MmpL3 transporter is
located. The double arrow presents the membrane potential (A). The two antiparallel arrows present
the antiport mechanism of MmpL3 in which the protons flow to the cytoplasm to energize the TMM

translocation to the periplasm by MmpL3.

MmpL3 is an inner membrane protein of 944 amino acids (101 kDa) and belongs to the RND protein
superfamily (Resistance Nodulation cell Division proteins) (Figure 2). It consists of (a) one periplasmic
domain composed of two subdomains, PD1 and PD2 (Figures 2A), that merge in such way to create a
central cavity, and three openings or gates which could allow specific molecules to enter or exit, (b) a
transmembrane domain comprised of 12 helixes, and (c) one big unstructured cytoplasmic domain whose
its function is being speculated. 2226 MmpL3, as a part of the cell envelope, is essential for the translocation
of mycolic acids in the form of trehalose monomycolate (TMM) from their production site in the cytoplasm
to the periplasmic space, where mycolic acids can then be used in assembly of the Mtb outer membrane.
It has been shown that MmpL3 function is inhibited by molecules that alter the transmembrane potential
(AU) or transmembrane electrochemical proton gradient (ApH) or both components of proton motive
force (PMF). MmpL3 is a proton motive force (PMF)-dependent transporter that functions via an antiport
mechanism, coupled with the movement of substrates toward the periplasm, protons flow into the
cytoplasm to energize this translocation process. 2°> Two pairs of hydrophilic amino acids Asp-Tyr (Asp256-

Tyr646 and Asp645-Tyr257), which link the two helices by forming hydrogen bonds with their side chains,
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allow the proton translocation (Figure 2B, C). These Asp-Tyr pairs are a conserved feature of the MmplL
family of transporters. 222728 |n 2019, the X-ray structures (PDB ID 6AJG) %2 of MmpL3 in complex with
$Q109 and other inhibitors of Mtb and in complex with one molecule of 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (POPE) (PDB ID 60R2) 2 became available providing a platform for structure-based
drug design. Afterwards, structures of the apo-protein 2%3° or in complex with ligands 3% became
available using cryogenic electron microscopy (cryo-EM) or X-ray crystallography. A very recent
computational research work 32 on apo and SQ109 bound MmpL3 structures 2*2¢ proposes a theoretical
translocation mechanism of MmpL3. They suggest a linked movement of TM and periplasmic domain (PD)
by protonation of key residues inside the TM (Figure 3). Taking a closer look, water passes through the
TM pore and protonates polar residues such as Asp257, Asp645, Tyr256, and Tyr646 which move away
from each other by charge repulsion. That leads to a conformational change of TM7 and TM8 which
subsequently closes the entry gate of TMM that is located in the PD between TM7 and TM8. This closing
induces the formation of a bigger central cavity volume that accommodates the TMM substrate deeper
between PD1-PD2 (Figure 3). It is assumed that the TMM substrate binds to PD while water protonates
Asp257 and TM domain opening occurs. The release of TMM takes place when the channel pumps water
out and thus the polar residues deprotonate resulting in closing of the TM domain and opening again of
PD. Consequently, SQ109 must inhibit TMM binding allosterically by blocking the proton transport
pathway. SQ109 interacts with the key residues and disrupts Asp645—Tyr257 and Asp256—Tyr646 H-
bonding. Thus, it prevents the channel from closing and locks the TM domain in an open conformation.

That way it doesn’t allow the TMM translocation through the PD channel.
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Cytoplasm Asp-Tyr pairs

Figure 2 Crystal structure of MmpL3; PDB ID (6AJF) 2 (A) Different domains of MmpL3 structure; N-/C-
terminal periplasmic subdomain (PD1/PD2); top gate (GT), front gate (GF), back gate (GB); N-/C-terminal
transmembrane domain (TMD1/TMD2); the cytoplasmic domain is missing in the crystal structure. (B)
Arrangement of the 12 transmembrane helices, and (C) the two conservative Asp-Tyr pairs that connect

through hydrogen bond the two core transmembrane core helices IV and X.

Previous research has suggested similarly that SQ109 inhibitors can function by directly blocking the
transporter’s pore 2>24, but also indirectly 333* by acting as an uncoupler while preventing the movement
of protons, ie. PMF downhill the electrochemical potential across the membrane (Figure 1). The latter can

33736 which may lead to an increase in the

be accomplished by the membrane’s structure perturbation
membrane lipid disorder/fluidity and, arguably, uncoupler activity. However, it has been concluded using
in vitro MmpL3 binding and uncoupler assays that MmpL3 inhibitors activity on PMF and ApH is not a

consequence of the suppression of MmpL3 activity but rather of secondary effects of these compounds.

24
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Water channel: opened awaiting Water channel: open Water channel begins to

protonation of Asp 256 and 645 Asp 256 and 645 protonated close for new TMM binding
Figure 3 Proposed mechanism of the MmpL3 antiporter. Water enters the channel, while the TMM
substrate (green) binds to the TMM binding site between TM8 (red) and TM7 (orange) (state 1). Water
fills the central channel and causes protonation of polar residues within the channel, leading to repulsion
of TMD2 from TMD1. This conformational change induced the closing of the TMM entry channel, which
led the TMM substrate to translocate deeper between PD1-PD2 (state 2). As water begins to empty out
of the water channel, polar residues holding the channel open will return to their normal interactions

causing the closing of the channel and opening of the PD, allowing for TMM exit and re-entry (state 3). 3

The figure is supplied from the article of Justin Carbone et al. “Inhibition Mechanism of Anti-TB Drug SQ109: Allosteric Inhibition of TMM

Translocation of Mycobacterium Tuberculosis MmpL3 Transporter”, and no changes were made. https.//creativecommons.org/licenses/by/4.0/

SQ109 also has a growth inhibitory activity against other bacteria (eg. Helicobacter pylori 33%), fungi (eg.
Candida albicans **), malaria parasites (e.g., Plasmodium falciparum 3°), and the trypanosomatid parasite
Trypanosoma cruzi, “° all of which lack the MmpL3 gene or at least close homologs. In these organisms,
there must be other targets/mechanisms of action. SQ109 analogs might thus be of interest as anti-
infective leads against a range of organisms. There is, therefore, interest in the synthesis and testing of
$Q109 analogs because these might have enhanced activity against not only mycobacteria but also other

bacteria as well as protozoa, yeasts, and fungi.
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Structure of SQ109 analogs that were synthesized and tested against Mycobecterium

tuberculosis and other pathogens.

Molecular docking calculations and MD simulations suggested the installation of alkyl, aryl, or heteroaryl
groups at C2-adamantyl position of SQ109. We synthesized and tested a series of new analogs of SQ109
against the following mycobacteria: M. smegmatis, M. tuberculosis HN878, M. tuberculosis Erdman
(MtErdman), M. tuberculosis H37Rv (MtH37Rv), and M. abscessus. In addition, we tested these analogs
against Bacillus subtilis; Escherichia coli; Plasmodium falciparum asexual blood stages; human hepatocyte
carcinoma cells; Trypanosoma brucei bloodstream forms; T. cruzi epimastigotes, amastigotes, and their
U20S host cells; L. donovani promastigote; and L. mexicana promastigotes. We also explored the
interaction of SQ109 and its analogs against MmpL3 using surface plasmon resonance (SPR) %, binding
free energy calculations with the Molecular Mechanics-Generalized Born Surface Area (MM-GBSA)
method, or alchemical free energy perturbation calculations using Thermodynamic Integration coupled
with MD simulations (TI/MD) ™ in addition to using differential scanning calorimetry (DSC) ¢ to

explore the interactions of a subset of compounds with lipid bilayer membranes.

1.2 Influenza A virus and M2 proton channel

Influenza A virus still places a heavy burden on society, not only due to the five pandemics since 1889, but
also due to seasonal HIN1, H3N2 strains.”’ Influenza can cause severe illness or even death, especially
among high-risk groups. Therapeutics such as small molecule inhibitors are the first in line against virus
infection, while before vaccines are accessible are the main tool available. Consequently, the
development of new potent therapeutics against circulating influenza strains remains of critical

importance.
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The influenza A matrix 2 (M2) protein is a 97-residue single-pass homotetrameric membrane protein. It
contains a short unstructured N-terminal, extracellular domain (residues 1-24) which is highly conserved
and suggested to assist M2 incorporation into the virion, *® a single transmembrane (TM) domain (residues
25-46), and a long C-terminal intracellular tail (residues 47-97) which interacts with the M1 protein.
Influenza M2 protein plays a key role during the early and late stages of the virus life cycle. The M2 protein
forms a membrane-spanning acid-activated proton selective channel. °*°! When the virus enters and
infects a cell by endocytosis, the influenza M2 channel is activated in response to the lower pH of the
endosome, *2 resulting in proton transport into the virus interior, which triggers the release of the viral
RNA >3 and replication by the host cell. >*In a later stage of virus replication, the M2 protein maintains the
high pH of the trans-Golgi network and thus prevents premature conformational changes in
hemagglutinin (HA) that occur at low pH to trigger membrane fusion. >> M2 protein also affects plasma
membrane deformation and membrane scission, through its amphipathic helix (AH), which begins at
residue 47 and includes up to residues 60, 61, or 62 in reconstituted samples. The AH is needed for virus
budding. %68 The TM together with the AH form the functional core of M2, which is called the M2
conductance domain (M2CD *°) since it precisely reproduces the proton transport properties of full-length
M2 (M2FL). 8 Four His37 residues, known to be the heart of the proton conducting channel, reside near

the center of the TM helix and are the key to the proton transport mechanism.
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Figure 4 (A) Model of the viral particle; HA - hemagglutinin, NA - neuraminidase, M2 - matrix protein 2,
M1 - matrix protein 1, RNP — ribonucleoprotein. 5 (B) M22,.6 structure in lipid bilayer; PDB ID (2L0J) .
Three residue tetrads are depicted in TM domain; His37 is the proton-conducting residue of the channel;
Trp41 is the channel-gating residue; Val27 corresponds to the secondary gate of proton entrance. Protein

helices are shown in dark green colour, lipid heads in orange spheres and lipid tails are transparent.

Figure A is supplied from the article of Rafal M. Pielak, James J. Chou “Influenza M2 proton channels”, license is acquired from Elsevier.

The channel activity is mediated by the His37xxxTrp41l sequence in the C-terminal half of the TM
tetrameric helical bundle (Figure 4B), which is a characteristic motif for influenza proton channels. ® It is
the unique chemistry of this His37xxxW41 quartet that accounts for acid activation, proton selectivity °?
against other cations, and gating of the channel. In TM domain, His37 is the proton-conducting residue of
the channel % and Trp41 is the channel-gating residue. % Neither His37 nor Trp41 are found mutated in
circulating influenza strains. The conserved residue His37 located near the center of the channel has been
identified as the pH sensor ! that allows proton conduction and acidification of the virus interior through
the channel at pH lower than 6.0 when the imidazole rings of the four His37 residues are protonated
causing opening of channel by electrostatic repulsion and destabilization of helix-helix packing. /% This
is caused only when the virus particle reaches the low pH present in endosomes, leading ultimately to the
unpacking of the influenza viral genome and pathogenesis.>*®3% Inside the pore, ordered waters form

continuous hydrogen-bonding networks span the pore from the Val27 tetrad to His37 and transport
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protons. ® Under basic conditions the imidazole rings of the His37 residues are deprotonated at N&1 &
and the Trp41 side chains, C-ward from His37, effectively block proton flow by forming hydrogen bonding
interactions with imidazoles of His37. °2 Thus, Trp41 tetrad forms a pH-dependent gate that prevents
proton flow through the pore and is known from mutation studies to function as the primary gate
restricting proton conduction, %% while Val27 tetrad corresponds to the secondary gate of proton

entrance (Figure 4B).

The proton conduction of the wild type (WT) M2 protein, having a serine at position-31, can be blocked

074 and their analogs, as electrophysiology (EP) experiments

with amantadine (Amt) or rimantadine (Rmt) ”
have revealed. 7>’ % Rmt and Amt are currently effective only for a minority of influenza strains. Amt-
resistant mutations occur in the transmembrane domain such as L26F, and V27A, 878 while the majority
of resistant strains (95%) have the S31N substitution (asparagine at position-31). Thus, Amt and Rmt drug
usage has been abrogated. The S31N M2 variant maintains channel function nearly identical to the WT.
Targeting of S31N M2 resistant strains is important since resistance to neuraminidase inhibitors is on the
rise which may result in the need for new drugs. 8 Successful development of potent and strain-specific
M2 inhibitors is a compelling strategy to control an influenza outbreak or pandemic due to a virus shift to
WT M2. To this end, a second generation of amantadine-based drug molecules have been developed &~
8 that have been shown to block the S31N M2-mediated proton current by EP and inhibit influenza A
virus. These include aryl or heteroaryl rings linked with amantadine through a methylene bridge and
extensive structure-activity relationships investigations on activity and/or binding kinetics have been
performed through modifications of the adamantyl group and the aryl head group. ## Compound
M2WIJ332 (5-thiophenyl-3-(N-adamantyl)amimomethyl isoxazole) was a prototype S31N M2 blocker
which blocked S31N M2 but did not block WT M2 by EP. &

Extensive high-resolution structural studies have been conducted on both WT and S31N M2, which were
reconstituted in different detergent and lipid environments. These studies utilized solid-state NMR
(ssNMR) in phospholipid bilayers, 8739055 35 well as solution NMR in micelles 3%678%% gand X-ray
crystallography using detergents. 677497 We have performed ssNMR, 788090987103 y_pq,, 97104105 and MD

simulation 80106-109

studies on M2. These reports encompassed protein sequences of varying lengths,
strains, WT or mutant M2 sequences, and measurements conducted both with and without bound

adamantane-based drugs. As a result, a diverse range of structural observations have been reported.
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One such observation is the formation of hydrogen bonds between His37 residues. Initially, such an
interaction was proposed to take place for His-His* pairs based on nitrogen and proton chemical shifts.
6163110 Conduction was proposed to take place via protonation of one His-His* pair to form a +3 state for
the His tetrad prior to deprotonation and reformation of the +2 state of the His tetrad. 6163110
Measurement of a J-coupling across the histidine residues provided further evidence for a hydrogen bond.
111 We also observed such a hydrogen bond interaction via a J-coupling, but at high pH for the neutral
charge state of the channel (where His37 tetrad has +0 charge) 1102112113 ysing M2CD. The CD construct
(residues 18-60) assembles as a dimer-of-dimers in lipid bilayers, consistent with symmetry breaking via

the hydrogen bond interaction at His37. 9112113

Additionally, what has been clear is that adamantyl amines, e.g., Amt and Rmt, inhibit WT M2-mediated
proton conductance by binding to the pore according to X-ray crystallography 919419 and ssNMR with WT
M2TM 73114 or M2CD. %>1% Furthermore, conjugates of amantadine with an aryl group also inhibit S31N
M2-mediated proton conductance by occlusion of the pore with their ammonium groups binding to
asparagine-31 side chains and the aryl group clustering with Val27 side chains as was shown using solution
NMR spectroscopy, 88 ssNMR 1> and MD simulations. 88%1%|n the ssNMR studies direct 1*C—2H distance
measurements of the binding of adamantane-based derivatives to WT M2TM and M2CD % or *N-13C
distance measurements of WT M2CD % and S31N M2 !5 consistently located drug molecules within the

pore of M2.

Although both of these two classes of drugs occlude the M2 pore, only the adamantyl amines are
“mechanism-based” inhibitors in the case of WT M2. That means that their ammonium groups bind to
water-lined sites at Gly34 or Ala30 of WT M2 that are hypothesized to stabilize transient hydronium ions
bound to His37. The hydronium ions that interact with His37 are formed in the proton-conduction

97,104,105 3nd multi-scale MD simulations *¢ and lower the

mechanism according to X-ray crystallography
pKa of His37. ¥ Note that this proposed mechanism is distinct from the proposal of charge stabilization

through His-His hydrogen bonds.

Drug binding is commonly inferred through NMR experiments using chemical shift perturbations (CSPs)
for pore-lining residues, 7880.95101115,118 Thage measurements are sensitive to both direct effects of binding,
as well as indirect conformational changes in M2, which may vary depending on the M2 construct and the

phospholipid bilayer being used which have also been shown to impact the binding energetics. For
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example, bound Amt is detected in M2(21-61) reconstituted in 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) bilayers. Yet when a virus-mimetic membrane containing 30% cholesterol was
used, no N or 3C CSPs were observed for pore-lining residues, whereas M2(22-46) in the same
membrane exhibited drug-induced chemical shift changes. %> These observations showed that the
energetics of drug binding interactions may considerably differ depending on the properties (e.g., lipid
membrane, length of M2 construct) and conditions of the protein sample (e.g., pH, temperature). We
recently observed slow kinetics of drug binding for M2CD (residues 18-60), which are modulated by the
lipid composition and pH and can kinetically trap the sample in the pore-unbound state. **?Such insights

help to understand the lack of binding observed previously for M2CD (residues 21-61). %

In previous work %112 we observed disruption of the N-H--N hydrogen bond between imidazoles of His37
residues in adjacent TM helices upon Rmt binding to WT M2CD (residues 18-60) using MAS ssNMR. This
was consistent for several bilayer preparations including 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC), DPhPC with cholesterol, and in a virus-mimetic membrane. 12112 This finding is consistent with
a mechanism-based inhibition in which the drug binding perturbs the His37 structure. It may also be
related to the mechanism-based inhibition proposed previously based on disruption of the structure of
water. 911 This observation is significant since it has a straightforward association with the inhibition

mechanism of the WT M2 proton conductance inside the pore by adamantyl amines.

R W

Rmt AKS59 RL208 M2WJ352 UBALTO09

Chemical structures of Rmt, AK59, RL208, M2WJ352, and UBALTO9 tested against WT and S31N
M2(18-60).

To expand on this mechanism-based inhibition hypothesis, based on our previous ssNMR findings in refs.
102112 i this work we compared the binding of Rmt and four previously synthesized compounds using
MAS ssNMR. We used in our experiments the cage alkyl amines Rmt, AK59, 1% RL208, !° and the

conjugates of a cage alkyl amine with an aryl group M2WJ352 815 and UBALTO09 shown in (Scheme 2).
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AK59 has an added methyl group in comparison to Rmt, while RL208 (3,4,8,9-
tetramethyltetracyclo[4.4.0.0%°.0*8]dec-1-yl)methylamine) bears a tetracyclic alkyl cage isomeric to
adamantyl but compound RL208 is larger than Amt. The blocking efficiency of Rmt, 7% AK59, 1% and
RL208 2’ have been assessed by EP against M2FL at 2 min of 100 uM drug exposure using the TEVC assay
(Table S5). All cage alkyl amines Rmt, AK59, and RL208 block WT M2-mediated proton current but not
S31N M2 by EP. We showed recently that RL208 produced CSPs when bound to L26F M2CD and V27A
M2CD but not to WT M2CD in DPhPC bilayers at pH 7.8 at room temperature although it is a triple blocker
of M2FL protein channels by EP. *2° Furthermore, we tested the conjugate M2WJ352 8115 3 prototype
selective S31IN M2 blocker by EP. We also tested its analog UBALT09, a conjugate of 3-
noradamantanamine with 5-(thiophen-2-yl)isoxazole, which is also a selective blocker of S31N M2 by EP.
This previously measured blocking activity by EP against the M2FL is included in Table S5. We showed
previously that conjugates of rimantadine with aryl groups did not block S31N M2 by EP compared to the
amantadine-based conjugates. The rimantadine conjugates cannot fit inside the S31N M2TM because of
the minimal increase of the length of the cage alkyl amine by one carbon. Thus, here we tested a minimal
reduction of the size of amantadine using the 3-noradamantanamine in the conjugate. To further test the
inhibitory activity of the selected compounds we used a liposomal proton flux assay and MD simulations

were performed to assess the binding mode. All three methods utilized M2CD 18-60 construct.
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2 Scope of research

This research centers on drug discovery applications in two important infectious diseases, tuberculosis
and infection or flu from Influenza A. For each infection drug leads have been chosen for study, depending

on their recent development progress and efficacy.

In the case of tuberculosis, we chose SQ109 ethylendiamine which is currently in phase IIb/1ll clinical trials.
SQ109 is a promising lead as it is highly active against resistant Mtb 2%%! and it is also effective against
other pathogens. The first step of this study is to design new SQ109 analogs through the application of
computational methods. The analogs that result from the computational studies are synthesized following
synthetic routes from previous work and new optimized methods #7124, Then, their activity is explored
(a) against pathogens such as mycobacteria, bacteria, and protozoan parasites, and (b) against MmplL3
protein using the SPR method and TI/MD computational method. Considering that SQ109 can inhibit
MmpL3 function indirectly by interacting with membranes, interactions of SQ109 analogs with lipid bilayer

membranes are additionally explored using the DSC method.

In the case of Influenza A infection, we chose five adamantane and cage amine analogs that were
synthesized in Prof. Kolocouris and Prof. Vazquez lab and were potent inhibitors of WT or S31N M2 protein
by EP measurements 8109119120 | this project, the molecular basis of binding and blocking of those
compounds to WT and S31N M2 is being investigated. The binding behavior is explored using magic angle
spinning NMR by recording 2D and 3D *H-"*N and *H-3C-'*N spectra of M2 (residues 18-60) reconstituted
in lipids. MD simulations and a liposomal proton flux assay are performed complementarily to assess their

binding mode and channel blocking, respectively.

In both projects, we aim to give a detailed insight into the structural features of the protein — drug
complexes utilizing computational or biophysical methods. Besides providing potent inhibitors or future
drug leads, the results of this study can improve the understanding of the corresponding inhibitors'
mechanism of action, as well as how these membrane protein systems accommodate these inhibitors in

certain environments. Hence, these findings can be helpful to future drug discovery studies.

29



3 Drug design, synthesis, and testing of analogs of the anti-tubercular
drug SQ109 against bacteria and protozoa

3.1 Results

3.1.1 Improved synthesis of the antitubercular agent SQ109

The reported methods for the synthesis of SQ109 (8a), couple geranylamine (4) with 2-adamantanamine
(5a) through an ethylenediamine linker and include condensation of one of these amines 138121122 yjth
chloroacetyl chloride or bromoacetyl chloride, 3812122 following a condensation reaction with the second
amine, and then reduction of the amide group of the two carbon linker with LiAlHs in refluxing
tetrahydrofuran (THF) 38121122 or with Red-Al in THF under reflux 2! or room temperature *°. Alternatively,
condensation of 2-adamantanone with N-geranyl ethylenediamine (prepared from 1-geranyl bromide 2
and ethylenediamine) is followed by reductive amination with NaBH4 in methanol. 3?2 This procedure is

much more convenient and can be applied to the synthesis of SQ109 analogues having a second

substituent, such as an alkyl group, at the 2-adamantyl position.

° )\/\/k/\ )\/\/k/\ : Steps
A A
@ OH @ NH, to I|nk amino

methods evaluation groups with
starting materials for geranylamine preparation two carbons
ONE POT KEY REACTION
activated trimethylsilyl enol
SiMes analog of amido group
H O,
JJ\/N A ) N/)\/N X X
Me3SiCl LiAIH,
- . oot
dry DCM dry DCM
0-5°C, Ar 0-5°C, Ar, 2.5 h
38%
SIMeg
oY
H/\/ X X 30% overal yield from geranylamine
easy isolation
SQ109

Scheme 3 Schematic representation of the key steps of the improved synthesis of SQ109 analog.
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The preparation of geranylamine (4) has been reported using the low-cost precursor geraniol (1) and
phthalimide, which were subjected to a Mitsunobu reaction to afford N-geranyl phthalimide (3a). 121
Geraniol (1) can also be converted quantitatively into geranyl bromide (2) 322 that can be reacted with
potassium phthalimide using the Gabriel reaction 3%122125126 or \with phthalimide under microwave
conditions, *?® affording N-geranyl phthalimide (3a) (Schemes 4 and 5). The N-geranyl phthalimide (3a) is
then treated with an aqueous solution of hydrazine 60% w/v to afford geranylamine (4) (without
chromatographical purification according to the literature) in 37-49%, %' 69 %, 1° or 62% 3122 yield from
geraniol (1) using the Mitsunobu or Gabriel reaction, respectively. In the original literature procedure, we
found geranylamine (4) was synthesized by Gabriel reaction in 20% yield from geranyl chloride ¥’ and
77% from geranyl bromide. 38122125126 Raduction of 1-geranyl azide (3b) with Lindlar catalyst has been
reported as effective for the selective reduction of the azido group to an allylic azide. 12 Additionally, the
Staudinger reaction of geraniol acetate, *° using PPhs and NHs has been applied for the preparation of 4

in 59% yield.

Synthesis of geranylamine; Reagents and conditions: (a) PBrs, dry Et,0, -5 °C, 3h, (quant.); (b)
PhsP, DIAD, pthalimide, anh THF, rt, 24h (81%); (c) Phthalimide, K,COs, anh THF, reflux, 24h, (88%); (d) (1)
N,H, 60%, EtOH, reflux, 6h; (81%).

a b
Y\/\K\/Br _— Y\/\K\/NS — > Y\/\K\/NH?
orc

2 3b 4

Synthesis of geranylamine; Reagents and conditions: (a) NaNs, EtOH, reflux, 5h (92%); (b)
PPhs, THF/H,0, rt, 12h (34%); (c) LiAlHs, anhydrous (anh.) Et,0, rt, 24 h (24%).
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We managed to synthesize SQ109 (8a) and analogs according to the first of the above-mentioned

1938121122 \which also enables the preparation of analogs

procedures for SQ109 (8a) preparation,
substituted at the 2-adamantyl position. We report herein our observations of inconsistencies and

improvements regarding previously reported results.

We first describe our observations during the preparation of the commercially available but expensive
geranylamine (4). We reacted geraniol (1) with phosphorus tribromide in dry diethyl ether at -5 °C and
obtained 1-geranyl bromide (2) in 99.5% vyield (Scheme 4), which was converted into N-geranyl
phthalimide (3a) using both the Mitsunobu reaction at room temperature 242> or Gabriel reaction under
reflux. 38122125126 Hydrazinolysis of N-geranyl phthalimide (3a) 3821122125 ynder refluxing conditions
afforded geranylamine (4) in 81% yield. During workup use of aqueous hydrochloric acid should be
avoided since the double bond at 6-position of geranylamine (4) reacts, as evidenced by the observation
of a doublet at 6 = 1.19 ppm in the 1H NMR spectrum, which is attributed to an isobutyl group, and the
disappearance of the unsaturated CH proton resonance at ca. 6 = 5 ppm leading to secondary amine

contamination of the product.

We also tested the reaction of 1-geranyl bromide (2) with sodium azide in refluxing ethanol to afford 1-
geranyl azide (3b) in 92% yield. We then examined the reduction of 1-geranyl azide (3b) by Staudinger
reaction, *%131 using PPh; in THF/H,O (10:1) and isolated geranylamine (4) in 34% yield as a solid
hydrochloride salt (Scheme 5). We were not able to improve the yield and did not isolate any other amine
side product. However, we observed minor peaks in the H NMR spectrum of geranylazide. It has been
shown 32 that geranylazide is in equilibrium with linalyl azide in a ratio of ca. 80:20, as is shown in the
spectrum of 1-geranyl azide (3b) (Appendix A). Perhaps, the equilibrium between geranylazide and linalyl
azide of different stability (the last having a tertiary carbon azide bond) is the reason for the low yield of
geranylamine (4) which is formed through the corresponding triphenyl(N-geranylimino)phosphorane. This
may be the reason why the authors 32 improved the Staudinger reaction conditions using geranyl acetate
and PPhs/NH; to obtain geranylamine (4) in 59% yield. However, we did not apply these reaction
conditions since we obtained geranylamine (4) in a better yield following a procedure using Mitsunobu or

Gabriel conditions as described above.
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Next, we examined the reduction of 1-geranyl azide (3b) with LiAIH, at room temperature and obtained
geranylamine (4) as the free amine in 24% vyield. It should be borne in mind that the Staudinger reaction
has the disadvantage of the need to remove the phosphine oxide side product from the resulting reaction

mixture.

H NH H ll:l‘ b H : M i N M
2 a T(\Br T}/\N = = c \\[/\N
o] O H Ol
SiMe;
6a 7a
l c
0 : /\)\/\/L
N N >~
H g3, (sQ109)
T c

5a

_SiMe
o>Mes

. H LH O . T
W“”z 2 W“rer _b,@~¢:w o @N%NM
4 13 14a

Synthesis of SQ109. Reagents and conditions: (a) CICOCH,Br, KCOs (aqueous), DCM, rt, 24 h
(6a: 83%, 13: 91%); (b) 4 or 5a, EtsN, dry THF, rt, 48 h, (7a: 86%, 14a: 72 %); (c) (i) MesSiCl, LiAlH4, dry DCM,
0-5 °C, Ar, 2.5 h; (i) NaOH 10%, 0 °C (31-38%).

We then proceeded to the connection of geranylamine (4) and commercially available 2-adamantanamine
(5a, alternatively prepared by reduction of the oxime of 2-adamantanone 78 with LiAlH, through the two-
methylene linker). We treated either 2-adamantanamine (5a) or geranylamine (4) with a mixture of 1-
bromoacetylcloride and potassium carbonate at room temperature and produced the corresponding
bromoacetamides 6a or 13 in 83% or 91% vyield, respectively (Scheme 6). Subsequently, adding solution
of 6a or 13 in dry THF to a solution of geranylamine (4) or 2-adamantanamine (5a) and triethylamine in
dry THF at room temperature furnished 7a or 14a, which are aminoamide precursors of SQ109 (8a), in

86% or 72% yield, respectively.

We applied the literature conditions for the reduction of aminoamide 7a, which involves the reaction with
LiAlHz in refluxing dry THF under inert atmosphere for 16 h. 3*122123 Although it was reported that this
reduction yielded SQ109 (8a) in 50% yield after column chromatography, our two repeats afforded SQ109
(8a) in 8% and 14% yield after column chromatography. We also observed the formation of geranylamine

(4) and a byproduct formed due to the partial reduction of the geranyl chain since the double bond close
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to the reaction center becomes saturated. This is evidenced immediately by the disappearance of the
corresponding unsaturated CH proton resonance at § = 5.25 ppm (m) in the *H NMR spectrum.
Additionally, an aqueous hydrochloride solution should not be used during the reaction workup since, as
mentioned previously, we observed that the distant double bond from the reaction center becomes
saturated. We also tested the reduction with LiAlH, in dry tetrahydrofuran or diethyl ether at room

temperature, but we obtained again the same mixture of amines.

We then explored more selective reduction conditions of the amido group and examined the use of
MesSiCl/LiAlH, 133, This reagent can activate the amide carbonyl functionality through the formation of
the trimethylsilyl enol intermediates (Scheme 6); the in situ generated imine being reduced efficiently
with LiAIH, to the amino group under mild conditions. Thus, when we treated aminoamides 7a or 14a
with a mixture of LiAlH, and distilled MesSiCl in dry dichloromethane (DCM) at 0-5 °C for 2.5 h under an
inert atmosphere, we isolated SQ109 (8a) in 31-38% yield after column chromatography (Scheme 6).

Increasing the reaction time or temperature to gentle reflux did not improve the yield of SQ109 (8a).

The yield for converting geraniol (1) into geranylamine 4 was 20% in ref. 2> and 37% in ref. **! compared
to 66% in our work. The overall yield for SQ109 (8a) starting from geraniol (1) in ref. 1?2 is 5% and in ref.
121 is 16% compared to our ca. 20% yield. The yield for SQ109 (8a) synthesis in ref. ° was reported to be
24% from geranylamine (4), or the overall yield from geraniol (1) was ca. 5-8% (based on the vyields for

converting geraniol (1) into geranylamine (4) using the Gabriel '*2 or Mitsunobu reaction 21,

The yield of a second reported procedure including the condensation of 2-adamantanone with N-geranyl-
ethylenediamine (prepared from geranyl bromide 2 and ethylenediamine), followed by reductive
amination with NaBH,4 in methanol, 3% is 18% from geranyl bromide (2), and the overall yield from
geraniol (1) is 17%. However, as mentioned, this procedure is not general for SQ109 analogs with a second

substituent at 2-adamantyl group position.
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3.1.2 Study of SQ109 analogs binding to mycobacterium MmplL3 transporter using MD
simulations and alchemical relative binding free energy calculations

3.1.2.1 Conformational analysis of monoprotonated ethylenediamine unit in SQ109

The ethylenediamine unit in SQ109 (8a) involves three dihedrals affecting the drug’s orientation inside
the MmpL3 pore through rotation around (2-Ad)NHCH,—CH,NH,*Ger, (2-Ad)NHCH,CH,—NH,*Ger and C;,
AdCa,as—NHCH,CH2NHZ*Ger bonds (where Ciag or Cyag are adamantyl carbons at position-1, or -2 in 2-
adamantyl group) described in Tables 1-3. Using the B3LYP functional with dispersion interactions
correction (B3LYPD3) 3413 gnd the 6-31G(d,p) basis set calculations we performed full geometry
optimization and calculated the free energies of the conformational minima of SQ109 (8a), by manual
rotation around these three dihedrals in a hydrophilic and a hydrophobic environment. Dispersion
correction improves the calculation of the forces acting on the atoms in distances > 3 A and the accuracy
of relative conformational energies calculation which are shown in Table 1. The hydrophilic environment
was simulated with an implicit water environment and a dielectric constant (€) = 80 and the hydrophobic
environment was simulated with an implicit chloroform environment and € = 4.8 using the polarizable

continuum model (PCM) 38 and taking advantage of a smooth switching function 3%,

The rotation around the carbon—carbon bond, (2-Ad)NHCH>—CH;NH,*Ger, in SQ109 (8a), (Figure 5A)
generated the gauche(-), gauche( +), anti and eclipsed conformations and changed the relative orientation
of the (2-Ad)NH and NH,*Ger groups and the hydrogen bonding profile of the ethylenediamine unit inside
the MmplL3 receptor. The gauche conformations have the lowest free energy following the anti
conformation, which is substantially destabilized, while the eclipsed conformer corresponds to the
rotation barrier and was not stable. Both gauche conformations are stabilized since a hydrogen bond is

formed between protonated and unprotonated nitrogen atoms in the ethylenediamine unit.

The rotation around (2-Ad)CH,CH>—NH,"CH,Ger dihedral favors the anti orientation (Table 2) since in the
gauche conformation the steric energy increases due to repulsion between the geranyl and 2AdNH,*
groups. In these gauche conformations, the geranyl moiety of the SQ109 (8a) cannot adopt an extended

structure that fits inside the narrow pore of the transporter.
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Calculations of conformational free energies by rotation of (2Ad)CH,—CH;NH;*Ger in SQ109 (8a)
using the B3LYP-D3/6-31G(d,p) and PCM for water (€=80) or chloroform (£=4.8).

(2-Ad)NHCH,-CH,NH,*Ger dihedral

H H>
N”@%W
H
8a
Dielectric AG (kcal mol?) for SQ109(8a)
conformer
gauche(-) gauche(+) anti
=80 2.95 0 10.23
e=4.8 2.92 0 8.80

Calculations of conformational energies by rotation of (2Ad)CH,CH,—NH,*Ger in SQ109 (8a) using
the B3LYP-D3/6-31G(d,p) and PCM for water (¢=80) or chloroform (£=4.8).

C1.adC2.ad-NH2*CH, dihedral

1 H Ho
N%W
H
8a
Dielectric AG (kcal mol?) for SQ109(8a)
conformer
gauche(-) gauche(+) anti
=80 2.77 2.78 0
e=4.8 2.85 2.94 0
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Calculations of conformational energies by rotation around C; 44C; as—NHCH; in SQ109 (8a) using

the B3LYP-D3/6-31G(d,p) and PCM for water (¢=80) and chloroform (¢=4.8).

C1dC2ad-NH,"CH;, dihedral

1 H H2
/\/CT) AN X
H
8a

Dielectric AG (kcal mol?) for SQ109(8a)
conformer
gauche(-) gauche(+) anti
€=80 3.69 8.24 0
e=4.8 3.61 9.25 0

The rotation around the C; adCo,Ac—NHCH; dihedral (where Cy,aq or C; a4 are adamantyl carbons at position-
1, or -2 in 2-adamantyl group) defines the position of the alkyl and the 2-adamantyl ammonium groups
and the density functional theory (DFT) calculations results are shown in Table 3. The Cy44Csa—NHCH;
moiety cannot adopt the two gauche conformations (which place the nitrogen of the ammonium group
at C2-adamantyl position and C,.; at symmetrical positions) due to the severe steric repulsions of the axial

NHCH; with the cyclohexane subunit group of the 2-adamantyl group (Figure 5B).
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A gauche(-) conformation gauche(+) conformation anti conformation

B anti conformation  gauche conformation

Figure 5 Important conformational features of SQ109 (8a). In (A) are shown the conformations gauche(-)
or gauche(+) or anti by rotation around the ethylenediamine’s unit carbon—carbon bond, (2Ad)CH—
CH;NH,*CH,Ger (Table 1), which defines the relative orientation of 2-adamantyl and geranyl groups. The
conformation around the (2Ad)CH,CH>—NH,*CH,Ger dihedral was anti. In (B) are shown the conformations
generated by rotation around the Ci,44Coac—NHCH, dihedral (Table 3) which defines the position of axial
NHCH, as regards the cyclohexane subunit of 2-adamantyl group (geranyl group is shown with a light blue
sphere); in the structure shown in the right-hand part the axial NHCH, brings CH, above the cyclohexane

subunit of 2-adamantyl increasing steric repulsion (shown with two cross circular arc lines).

In summary, our DFT study showed that rotation of SQ109 around (2Ad)NHCH,—CH;NH,*Ger dihedral
favors two gauche conformations as minima while other conformers were unpopulated in both dielectric

media as well as inside the transporter’s pore demonstrated by our MD simulations (see the next section).
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Rotation around (2Ad)NHCH,CH,—NH,*Ger bond favors an anti orientation and rotation around (2Ad)—
NHCH,CH;NH,*Ger bond showed that the position of NHCH; group above the cyclohexane subunit is
prohibited.

3.1.2.2 MD Simulations of SQ109 analogs in complex with Mmpl3

MmpL3 protein consists of 12 transmembrane (TM) a-helices and the transmembrane region also
contains two extra a-helices attached to the cytoplasmic membrane surface. We used structure PDB ID
6AJG 2of the protein that has M1-E749 residues after excluding the C-terminus. The transmembrane
domain consists of the following a-helices and their residues: TM1: (14-33), TM2: 174-199, TM3: 208-224,
TM4: 238-264, TM5: 271-301, TM6:306-338, TM7:396-415, TM8: 552-576, TM9: 583-601, TM10: 625-648,
TM11: 660-690, TM12: 697-728.

The X-ray structure (PDB ID 6AJG) # showed that the complex is stabilized through numerous van der
Waals interactions between the geranyl-ethylenediamine moiety of SQ109 (8a) and surrounding amino
acids of MmpL3, including lle249, lle253, 1le297 in the upper part and Leu642, Tyr257, Tyr646, Leu686 in
the bottom part of the pocket while the 2-adamantyl group lies close to Phe260 and Phe649.
Ethylenediamine molecule has pKa 1 = 10.71 and pKa2 = 7.56 *% and at pH 7.4 the mono and diprotonated
species will be equally populated. However, since the basic amino group close to adamantyl group is more
hindered to protonation, we assumed that the monoprotonated species must be predominated inside the
hydrated MmpL3 pore, although actual protonation states are not known and would probably require
neutron diffraction structures. Strikingly, in the X-ray structure (PDB ID 6AJG) 22 the ethylenediamine unit
adopts a high energy conformation by rotation around its carbon—carbon bond (2Ad)NHCH,—CH;NH,*Ger
having eclipsed the C-N bonds. Protein-ligand coordinates obtained from crystallography or cryo-em
experiments provide a static model corresponding to a snapshot. While is not uncommon to find ligand
conformers in complex with a protein that differ significantly from the lowest energy conformation in
solution, due to stabilizing interactions inside the receptor, it is appropriate to judge the stability of the

ligand’s conformation in the experimental structure using MD simulations, as previously suggested.4145

We performed 100ns-MD simulations (two repeats — Figure S3) using the SQ109 (8a)-MmpL3 complex
(PDB ID 6AJG) 22 embedded in a hydrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
bilayer using the amber99sb force field (ff99sb) ** and a 500ns-MD simulation (Figure S4) for testing the
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stability of the protein complex in longer time scale. For each simulation, initial atom velocities were
assigned randomly and independently. Structure of SQ109 (8a)-MmpL3 complex with PDB ID 6AJG 7 has

30,31

~ 2.6 A resolution which is higher than other structures resolved in refs while no other structure of

MmpL3 in complex with an SQ109 (8a) analog has been resolved.

We observed a rotation of the carbon-carbon bond in the ethylenediamine unit that converts the eclipsed
conformation of SQ109 in the MmpL3 X-ray structure (PDB ID 6AJG), 2% into the two possible gauche
conformations, with no population of the eclipsed conformer over the whole trajectory. In each of the
two gauche conformations, the monoprotonated ethylenediamine unit can form stabilizing hydrogen
bond interactions with both Asp256 and Asp645, as compared to the eclipsed conformation which forms
hydrogen bonds only with Asp645. Thus, in the gauche conformation the amine NH;" group of the
monoprotonated ethylenediamine unit forms direct ionic hydrogen bonds with both Asp256 and Asp645
while the unprotonated NH acts as a donor in one direct and one water-mediated hydrogen bond with
Asp256 (Figure 6). We observed also that water molecules enter the pore forming hydrogen bonds
between the monoprotonated ethylenediamine unit and side chains of Tyr257/Tyr646, Asp256/Asp645,
Ser293, or carbonyl groups backbone peptide bonds. The geranyl-ethylenediamine chain is tightly
enclosed in a narrow area of the transporter’s pore with geranyl chain having the surrounding amino acids
Tyr257, 11e297, Leu642, Tyr646 while at the bottom, wider part of the binding area, 2-adamantyl group
has van der Waals contacts with Phe260 and Phe649.

3.1.2.3 Simulations of the complexes of MmplL3 with SQ109 analogs 8b-i, 12

Docking calculations results

The X-ray structure of the MmpL3-5Q109 (1a) complex (PDB ID 6AJG 2%) was used as the template
structure for the docking calculations of SQ109(8a) and suggested ligands 8b-i, 12 with MmpL3 after
excluding C-terminus, consisting of M1-E749 residues as previously described. The highest score docking
pose of SQ109 (8a) inside the MmpL3 pore (ChemScore * scoring function) had a root-mean-square-
deviations of heavy atoms (RMSDjigana) 1.7 A compared to the structure with PDB ID 6AJG 2. This suggested
that the calculated docking poses can accurately describe the binding orientation of SQ109 analogues.
The docking poses of the monoprotonated ethylenediamine SQ109 analogues 8b-i, 12 showed that the

new adamantyl moieties can fit in the empty region at the bottom of the binding area where for example
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the bigger alkyl adducts linked at C-2 adamantyl position can be accommodated. The docking calculations
showed that the addition of alkyl, aryl, or heteroaryl adducts, e.g. Me, Et, nPr, nBu, Ph, Bn, Hex, 5-phenyl
thiazol-2-yl (Ph-Thz) at the adamantyl C-2 of SQ109 (8a), in compounds 8b-i, respectively, or replacement
of the 2-adamantyl group by a 1-adamantyl-dimethylmethylene (C-1 dimethylmethylene) group in
compound 12, resulted in highest score docking poses having a gauche(-) or gauche(+) by rotation of
(2Ad)CH>—CH;NH,*CH,Ger that bind MmpL3 pore. The docking algorithm produced 30 docking solutions.
We visually inspected and realized that the first 4-5 highest docking solutions corresponded to a similar

conformation of the ligand inside the receptor.

For diprotonated mainly the gauche(-) or gauche(+) by rotation of (2Ad)CH,—CH,NH,*CH,Ger were
obtained as highest score docking poses, but also in two cases the anti and eclipsed conformations were
also provided (see Table S2) since these later conformers can be stabilized inside the receptor with strong
hydrogen bonding interactions despite their much lower stability in solution compared to the gauche
conformation (see Table 1). It was not unusual that the highest docking pose for each ligand could be
different since this reflected the high flexibility of the ligands and the random nature of the docking
algorithm (genetic algorithm runs). For the MD simulations, we used the highest scoring docking pose as
starting conformations. We also tested as starting structure a conformation for the ligands 8b-i, 12 that
resulted from superposition with the last snapshot from 100ns-MD simulation of MmpL3-5Q109 (8a)

complex.
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Figure 6 Structure of MmpL3 in complex with SQ109 (8a) after 100 ns MD simulations with ff99sb *7 (left)
4243 3nd a close-up view of the binding site (right). SQ109 (8a) forms hydrogen bond interactions with two
Asp-Tyr pairs: the Asp256-Tyr646 pair and the Asp645-Tyr257 pair. Color scheme for frames:
Ligand=petrol sticks, receptor = purple ribbons, residues as light purple sticks. Hydrogen bonding
interactions = green dashes. For the protein, the experimental structure of SQ109 (8a) in complex with

MmpL3 (PDB ID 6AJG Y7) from Ms, was used as the starting structure for the MD simulations.

MD Simulations of SQ109 analogs in complex with MmpL3

To explore the dynamic behavior between the ligands 8a-i, 12, and MmpL3 we performed 100ns-MD
simulations (two repeats — Figure S3) with starting structures the docking poses with the highest score.
Thus, the docking poses were embedded in hydrated POPC bilayers of ~ 140 lipids and subjected to MD

simulations using ff99sb.

For the sizeable alkyl substituents at C-2 adamantyl position, e.g., in analogs 8f, g, i, 500 ns-MD simulations
were also performed to test the stability of the protein complexes in a longer time scale (Figure S4). For
each simulation, initial atom velocities were assigned randomly and independently. We observed from
the 100 ns-MD simulations or the 500 ns-MD simulations that the RMSD values of the protein TM Ca
carbons converged after 10—40 ns with RMSDprotein (Ca TM) < 2.1 A, suggesting small changes compared
to the X-ray structure (Figure 7, S1, Table 4). A different stabilization between the full protein and the TM

region was observed reflected by the different RMSDprotein (Ca full protein) and RMSDprotein (Ca TM)
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with values for the latter much smaller than the former. It is not unusual that the loops connecting the
TM-helices are very flexible and increase the RMSD (Ca full protein). The ligands, which contained very
flexible moieties such as the geranyl and ethylenediamine groups, shifted considerably from the starting
docking pose, as revealed by the high values of RMSD ligand and in most cases the ligand binding
conformation equilibrated in a stable position inside the transporter’s pore after 70 ns (Figure 7, S1, Table
4). The last frame provides a good description of the ligand—protein interaction frequency plots. Figure 7
shows last frames and ligand—protein interaction frequency plots for SQ109 (8a) and selected alkyl and
aryl groups attached at the adamantyl C-2 of 8a (R = H) including analogs 8e (R = nBu), 8h (R = Ph), 8i (R =
Ph-Thz) while the last frames, ligand—protein interaction frequencies for the other analogs, as well as the

RMSD plots from MD simulations can be found in Figure S1.

The MD simulations showed that the monoprotonated ethylenediamine unit of the ligands 8b-i, 12
adopted a gauche conformation, which favored hydrogen bonding interactions with Asp256 and/or
Asp645 of MmpL3 (Figure 7, S1). According to the MD simulations, the complexes between 8b-i, 12, and
MmpL3 formed common van der Waals interactions with the protein’s residues along the narrow area of
the transporter pore. Compared to SQ109 (8a) the geranyl-ethylenediamine moiety was surrounded
similarly by the amino acid residues Leu642, Tyr646, and Tyr257 while the 2-adamantyl group lay close to
Phe260 and Pheb649 at the bottom part of the binding area. However, the alkyl adducts increased the
hydrophobic interactions at the bottom of the binding area with Phe260 and Phe649 and also increased
the hydrophobic interactions with residues in the walls of the narrow area of the pore, e.g., lle253 (see
8e, h, i in Figure 7). Water molecules formed hydrogen bonds between the monoprotonated

ethylenediamine unit and receptor’s residues, as described previously for SQ109 (8a).

We explored the disposition of the important residues for binding of the ligands (Asp256, Asp645, Tyr257,
Tyr646, Phe260, Phe649) along the MD simulation and checked for other frames that could better
accommodate the ligands. The RMSD (Ca) of these important residues for binding were plotted (Figure
S5). The RMSD (Ca) converged to values that range between 0.5 and 1.5 confirming not important
disposition of these residues along the MD simulation. Thus, two repeats were performed for each of the
MD simulations for 8b-i, 12 while for sizeable substituents, e.g. in 8f, g, i 500ns-MD (Figure S4) simulations
were also performed for testing the stability of the protein complexes in a longer time scale. For each

simulation, initial atom velocities were assigned randomly and independently. We performed the 100ns-
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MD simulations using as starting structure a conformation for the ligands 8b-i resulted from superposition

with SQ109 (8a) but the results were similar.

While the monoprotonated form of SQ109 (8a) and analogs most likely predominated inside the hydrated
MmpL3 pore, we also performed MD simulations for the diprotonated species (Figure S2). The MD
simulations showed that the ligands in the diprotonated ethylenediamine form had similar coordinates

inside the MmpL3 (Figure S2) compared to the monoprotonated form.

3.1.2.4 MM-GBSA binding free energy calculations

We applied the MM-GBSA method 1% ysing the OPLS2005 force field **! for the calculation of binding
free energies (AGe#) of ligands 8a-i, 12 inside the MmpL3 pore, using ensembles from 20ns-MD simulations
and calculated binding free energies without or with considering the membrane environment of the
protein complex. For each simulation, initial atom velocities were assigned randomly and independently.
Thus, we tested the membrane protein — ligand systems using an implicit membrane, i.e. a hydrophobic
slab, 152715 and explicitly considering water molecules inside the binding area. °® The range of molecular
weight of the ligands is 400-500 Da which corresponds to tripeptides *° and their carbon skeleton is long
enough to interact with many residues inside the receptor area. If a correct ranking of the binding affinities
of 8b-i, 12 for the MmpL3 pore could be accomplished with the MM-GBSA method this would be a
significant reduction in computational resources, compared to the accurate binding free energy

perturbation methods for 8b-i, 12 - MmpL3 complexes in lipid bilayers containing ~ 10> atoms.

However, the calculated mean values of three repeats for the monoprotonated forms (Table 4) and
diprotonated forms (Table S2) showed that the MM-GBSA method (applied with or without modifications
to consider the membrane environment of the protein complex using a hydrophobic slab °2715> and the
explicit waters inside the binding area) **® did not afford valuable results. The binding free energy values
were dispersed and did not follow any trend (see Table 4, S2). Indeed, as a calculation method, MM-GBSA
can show large deviations (e.g., 4 kcal mol?) in standard binding free energies compared to the
experimental binding free energies. The method normally can provide useful results **’ for ranking of

148

substituents ** in the same series of ligands when the experimental binding affinities range is ~ 1000-fold

or higher *° which is not the case for 8b-i, 12 since their Kp values differ only by 4-fold (see chapter 3.1.5).
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Compared to the monoprotonated species, we observed that the diprotonated ethylenediamine moieties
in compounds 8a-i, 12 form stronger hydrogen bonding interactions with the receptor area, compared to
the monoprotonated forms. This agreed with the MM-GBSA binding free energy values for the
monoprotonated forms compared to the diprotonated forms since in the latter case the values are
significantly lower which is consistent with enhanced hydrogen bonding interactions between the ligands
and the receptor’s binding site (Table 4, S2). Because of the stronger hydrogen bonding interactions, the
ligands have smaller flexibility as was shown by the lower RMSDyrotein (Ca TM) and lower RMSDjigand (Figure

S1, S2, Table 4, S2).
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Figure 7 Last frames (left part) of the monoprotonated ethylenediamine form for SQ109 (8a), 8e, 8h, 8i
inside the MmpL3 transporter in a POPC lipid bilayer from 100ns-MD simulations with ff99sb 4. The
receptor-ligand interaction frequency histograms plotted for the whole trajectory are shown on the right
(the alkyl group connected at the adamantyl C-2 is shown inside the parenthesis following the compound
number). Color scheme for frames: Ligand=petrol or purple or brown or orange sticks, receptor = white
ribbons, residues in light purple sticks, hydrogen bonding interactions=dark grey dashes. For the protein,
the experimental structure of SQ109 (8a) in complex with MmpL3 (PDB ID 6AJG) was used as the reference

structure for the MD simulations after excluding C-terminus which included M1-E749 residues.
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Ligand-MmpL3 binding free energies (AGes) calculated using MM-GBSA & 15method with

OPLS2005 *** force field for the calculations of the intermolecular interactions without or with using a

hydrophobic slab ***> to model the membrane environment of the protein, RMSDiigand and RMSDprotein

(Ca TMD) mean values from 100ns-MD simulations for 8a-i, 12. The ligands have a monoprotonated

ethylenediamine unit.

RMSDprotein (Ca)

Cmp RMSDIigand a b RMSDprotein (Ca AGeffd
No Structure (A) A) TMD) <(A) (kcal mol™)
8a H ] N

@N“HW)\ 3294021  3.5040.12 1.17 +0.09 oL
8b H P P ] .
ﬁquM 405+028  4.28+0.20 2.06 +0.07 1371é810 *
8c H ] N
8d
- +
ﬁnwuw 3114021  3.57+0.26 1.41+0.08 1579:22 *
8e
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H + N N
A 4008020 3731017 1.2940.07 o
8f
K 221+021  3.61+0.11 1.30 £ 0.05 -160.48 +
H/\/N\/Y\/Y . = Y . VU . + 0. 8.81
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il 5432028  333:0.5 1.37+0.06 g
H
o -153.60 +
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The ligands have a monoprotonated ethylenediamine unit.
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2Mean + SD (A); Ligand RMSD was calculated after superposition of each protein-ligand complex to that
of the starting structure (snapshot 0) based on the C, atoms of the protein, for the last 20 ns of the
trajectories.

bMean + SD (A); Protein RMSD was calculated for the C, atoms of the whole protein, for the last 20 ns of
the trajectories, using as starting structure snapshot 0 of the production MD simulation.

¢Mean * SD (A); Protein RMSD was calculated for the Co atoms of only the a-helices of the TMD, for the
last 20 ns of the trajectories, using as starting structure snapshot 0 of the production MD simulation.

4 Mean calculated effective binding free energy (kcal mol?) between ligand and MmpL3 receptor from
three repeats. AGes was calculated from the last 20 ns of the trajectories using 40 ps intervals (i.e., 500

frames per trajectory) using a MM-GBSA model that considered the membrane as hydrophobic slab.

3.1.2.5 Structure-activity relationships of SQ109 analogs against MmplL3 using alchemical
binding free energy calculations with TI/MD

We measured 8 (see chapter 3.1.5) the binding affinities of SQ109 (8a) and 9 active analogs 8b-i, 12
against MtMmpL3 ** using SPR with Kq values R=H (SQ109 (8a), 2060 uM); R=Me (8b, 248 uM); R=Et (8b,
190 uM); R=nPr (8d, 106 uM); R=nBu (8e, 108 uM); R=nHex (8d, 81 uM). It was observed that the Kd
decreased showing tighter binding to MmplL3 as the R substituent at C-2 adamantyl (which is an H in
S$Q109) became larger and more hydrophobic. A similar effect was observed with phenyl (8h, 136 uM);
benzyl (8g, 74 uM) (Table S1). The C-1 dimethylmethylene analog 12 had a K4 of 106 uM which is close to
the isomeric 8d (n-Pr) which had a Kq of 120 uM, and 8i (Ph-Thz) with a K4 91 uM.

The FEP/MD 97161 or TI/MD #4344 methods which are based on statistical mechanics can provide accurate
results for relative binding free energies with an error 1 kcal mol™ and have been applied in membrane
protein-ligand complexes, e.g., GPCRs. %2717 We applied the TI/MD method %*1%7 combined with a
thermodynamic cycle method to examine if the binding profile of the ethylenediamine analogs 8b-i, 12 is
the same with SQ109 (8a) in its complex with MmpL3 (PDB ID 6AJG 7). This might be likely if there is an
agreement between calculated and experimental relative binding free energies for alchemical
transformations between pairs of compounds 8a-i, 12. We performed TI/MD calculations for alchemical
transformations in selected pairs of SQ109 analogs that were not accompanied with large changes in
ligand’s alkyl. Thus, we calculated perturbations by one or two methylene groups in the C-2 alkyl adduct

(Table 5).

48



R 168

Free energy perturbation values computed with the MBA method from alchemical binding

free energy simulations with TI/MD for pairs of ligands bound to Mmpl3.

Alchemical Transformation AAGy exp (keal AAGy 7iymo (keal | AAGpb,1iymp - AAGh exp |
mol?) mol?) (kcal mol)
8a (H) - 8b (Me) -1.30+£0.79 -0.49 £ 0.06 0.81
8b (Me) - 8c (Et) -0.16 £0.14 0.06 £0.08 0.23
8c (Et) - 8d (n-Pr) -0.36£0.29 -0.87 £0.09 0.51
8d (n-Pr) - 8e (n-Bu) 0.01+£0.30 0.20+£0.11 0.18
8e (n-Bu) = 8f (n-Hex) -0.18 +1.01 -1.42 +0.12 1.245
8h (Ph) - 8g (Bn) -0.38 £ 0.02 -1.83+£0.15 1.45

The end states in the alchemical calculations tested were similar to the structure in the corresponding
complexes resulted from the converged 100ns-MD simulations. This was checked to certify that the 2ns-
MD simulation in each A-state was enough for the complexes to converge in an equilibrium structure. Two

repeats of TI/MD calculations were performed for each alchemical transformation.

The effect in binding free energy by increasing the length of the alkyl chain by one methylene, which was
examined with the alchemical perturbations 8a (H) - 8b (Me) or 8b (Me) - 8c (Et) or 8c (Et) - 8d (n-Pr)
or 8d (n-Pr) - 8e (n-Bu), was to increase binding affinity (Table 5). As noted previously, in the 100 ns-MD
simulations of MmpL3 - 8a-e complexes the RMSDprotein (Ca TMD) < 2.1 A (Table 4). Thus, the last snapshots
of the MD simulations were suitable starting structures for the TI/MD simulations of these studied

perturbations (Figure 7, S1).

The biggest change in experimental binding free energy was noted when H (5Q109) changed to Me (8b),
AAGy exp = - 1.30 kcal mol* + 0.79 kcal mol?, and when Ph (8h) changed to Bn (8g), AAGp,ex, =-0.38 + 0.02
kcal molor Et (8c) changed to Pr (8d), AAGp exp =- 0.36 kcal mol™+0.29 kcal mol™. The binding free energy
changes for 8a (H) - 8b (Me) were AAGh exp = - 1.30 kcal mol™ + 0.79 kcal mol™?, AAGy1/mp =-0.49 + 0.06
kcal mol?, for 8b (Me) - 8c (Et) were AAGp exp =-0.16 + 0.14 kcal mol™, AAGy1/mp=0.06 + 0.08 kcal mol?,
for 8c (Et) > 8d (n-Pr) were AAGp exp =-0.36 + 0.29 kcal mol™, AAGp,1mp =-0.87 + 0.09 kcal mol™ and for 8d
(n-Pr) > 8e (n-Bu) were AAGp,exp=0.01 + 0.30 kcal mol™?, AAGy, 1/mp=0.20 + 0.11 kcal mol™.

We considered next the perturbation in the C-2 adamantyl alkyl by two methylenes in 8e (n-Bu) = 8f (n-

Hex) and we studied the change by one methylene from phenyl to benzyl in C-2 substituent in 8h (Ph) >
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8g (Bn) where the perturbation in conformational space should be relatively important. The binding free
energy changes were AAGp,exp = - 0.18 kcal mol™ £ 0.01 kcal mol™?, AAGy1mp=-1.42 + 0.15 kcal mol™* and
AAGh exp =-0.38 + 0.02 kcal mol™?, AAGy mmp =-1.83 + 0.15 kcal mol™?, respectively. We did not test larger

perturbations that are not consistent with the method’s principles. 4

In general, the deviation from experimental values was smaller than 1 kcal mol? when the perturbation
was one methylene, e.g., for 8a (H) = 8b (Me), 8b (Me) - 8c (Et), 8c (Et) = 8d (n-Pr), 8d (n-Pr) = 8e (n-
Bu), see Table 5. When the perturbation in the conformational space was bigger, e.g., two methylene
groups in 8e (n-Bu) and 8f (n-Hex) or from phenyl to benzyl in 8h (Ph) and 8g (Bn), the deviation was larger,
1.25 kcal moltor 1.45 kcal mol™? but was smaller than 1.5 kcal mol™. Overall, the mean assigned error
(mue) was 0.739 kcal mol™? which is consistent with the fact that 8a-h bind similarly with SQ109 (8a) to
MmpL3 in its experimental structure (PDB ID 6AJG %2), and that alkyl or aryl substituents at the adamantyl
C-2 of SQ109 can fill the lipophilic region between Tyr257, Tyr646, Phe260 and Phe649 in MmpL3 pore

and increase the binding affinity.

3.1.3 Synthesis of SQ109 Analogs

As mentioned in chapter 3.1.2, based on the observation that the X-ray structure of SQ109 bound to
MmpL3 2 has the adamantyl group located close to four aromatic rings, we selected to synthesize a series
of analogs with substituents at the adamantyl C-2 position that we reasoned might have enhanced
hydrophobic interactions with the protein, as well as with membranes. For the synthesis of compounds

8b-i, 12 we used as starting material geranylamine (4), 121

which we prepared from geraniol (1) using
the Mitsunobu reaction (phthalimide, PPhs, DIAD), and amines 5a-i, 9a, which we synthesized as described
previously 78199189 (Schemes 6 and 7). We carried out the preparation of the alcohol 5i from the reaction
of the 2-thiazolyl lithium reagents (generated from 16 ’° with n-BuLi) and 2-adamantanone. We prepared
the bromoacetamide (Scheme 7) with Thz-Ph group 6i as well as 10, through a modified ' Ritter reaction
(BrCH,CN, AcOH, H,SO4) from the corresponding tertiary alcohols 5i, and 9b. We prepared the
bromoacetamide derivatives 6b-i and aminoacetamides 7b-i, 11 or 14b-h, 15 as previously described for
SQ109 (8a). In aminoamides 14a-h, 15 or 7a-i, 11, compared to SQ109 (8a), it seemed possible that the
bulkier substituents at the adamantyl C-2 carbon might hinder the reduction of the amide carbonyl,

leading to a mixture of the desired ethylenediamines, accompanied by amine decomposition by-products,

formed when LiAlH4 in THF is used. 122123171 \We thus synthesized the amide precursors 7a-i, 11 or 14a-h,
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15 using LiAlH4in combination with freshly distilled trimethylchlorosilane (MesSiCl) in THF with stirring for
2.5 h at 0-10 °C under an argon atmosphere, as described for SQ109 (8a). 1** We obtained the diamines
8a-i, 12 which were purified by using column chromatography, and were then converted to crystalline
monofumarate or difumarate salts for cell growth inhibition testing. Aminoacetamides were tested as

crystalline monofumarate salts.

R
5b: R=Me NH,

° 5a:R=H
OH N NH :
YVY\/ LW _b> YVY\/ 2 5c: R=Et @ia N
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s 5g : R=Bn
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Synthesis of SQ109 analogs. Reagents and conditions: (a) Phthalimide, PPhs, DEAD, and THF, rt,
24h (81%); (b) N2H4-H,0, EtOH, reflux, 6h; (81%); (c) (i) n-Buli, THF, -75 °C, 30 min; (ii) 2-adamantanone,
THF, -75 °C, 1h; (iii) H20, 0 °C, (56%). (di) CICOCH,Br, K,COs (aq), CH.Cly, rt, 24h (83-93%); (di) BrCH.CN,
AcOH, HyS04, rt, 1h (61%-quant.); (e) geranylamine (4), EtsN, dry THF, rt, 48h (86-90%); (f) (i) MesSiCl,
LiAlH4, dry CH,Cl,, 0-5°C, Ar, 2.5 h; (i) NaOH 10%, 0°C (20-40%).

3.1.4 Antibacterial and antiprotozoal activity of SQ109 analogs

We next investigated the activity of SQ109 (8a), its ethylenediamine analogs 8b-i and 12, and several
aminoamide analogs, i.e., 7a, 7c, 7e, 7g, 7h, 14a, 14b, 14d, 11, and 15 (Scheme 1), against several bacteria
as well as protozoan parasites. We measured ICso or MIC values (Table 6) against the following bacteria:
M. smegmatis, M. tuberculosis HN878 (a virulent clinical strain), MtErdman, MtH37Rv, M. abscessus, B.
subtilis, and E. coli. The protozoa were T. brucei bloodstream forms, T. cruzi Dm28c epimastigotes and

intracellular amastigotes (together with results for the U20S host cells), L. donovani promastigotes, L.
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mexicana promastigotes, and P. falciparum asexual bloodstream forms (ABS). For the protozoa, we

determined parasite 1Csp and ECso values, as well as CCsg values for host cells. Results are shown in Tables

7 and 8.
Anti-bacterial activity of SQ109 analogs?
Mtb Mtb Mtb
Mtb Ma(S) Ma(R) Bs Ec
Ms 1Cso HN878 Erdman H37Rv
Comp. No Chemical structure HN878 MicC MiC 1Cso 1Cso
(uM) MIC MIC MIC
1Cso (LM) (uM) (uM) (M) (uM)
(rM) (uM) (rM)
H_ R
8a @HN YN 24103 027:002 04 1.8 1.8 44 2 16 15
H
8b ﬁ quw 44+05 0.86+006 0.8 35 3.5 43 22 ND 25
H
8c ﬁ quw 4.0 1.9 +0.06 1.6 6.8 6.8 22 107 43 18
8d @t“wuw 43+08 26+1 3 13 13 10 10 ND 76
8e N/\/H\/\M( 2.5 2.5+0.2 3 9.7 12.9 6.2 62 054 78
8f HNHM 4.7 3.4+06 3 12 12 12 12 1.0 9.2
. 1.3x
8g NP 60 2.0£0.5 1.6 6.1 6.1 5.8 58 0.9 i
H 10
8h NNNM 5.8 2.3+0.2 1.6 13 13 12 6 ND NI
12 @\{/\/HM 15+2 3.4+06 3 13 13 12.9 129 ND 8.9
8i % 21 ND ND ND ND 215 215  ND ND
H 2.3x
7a @/ NWOAHM 45+6 >25 25 340 340 ND ND  ND }
10
H
7c @Mruw 7.7 6.6+0.2 6.25 16 16 ND ND 1.9 NI
7e Tk 17 13+0.3 12.5 15 15 ND ND 2.8 NI
u \A\M(
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78 HWANW 17 11+1 12.5 29 29 ND ND 2.3 NI

H
7h NLNM 26 ND ND 38 38 ND ND 4.5 NI
o H
11 y NM 44 + 4 13+2 125 19 19 ND ND ND NI

o]
H
14a @/”%NW\ 5+0.8 3.7+0.6 3 16 21 ND ND ND 695
]
H
14b @L“ﬁNW\ 9 49401 6.25 20 30 ND ND ND NI

o
14d HQ&NW\ 49+5 >25 25 32 32 ND ND ND NI

15 @\gu«gﬁw 31+3 17+6 12.5 38 38 ND ND  ND NI
2Abbreviations used: Ms, M. smegmatis; Mtb, M. tuberculosis; Ma, M. abscessus; S, smooth variant; R,

rough variant; Bs, Bacillus subtilis; Ec, E. coli. ND=not determined. NI = no inhibition.

Activity of SQ109 analogs against Trypanosomatid parasites

T. cruzi L. donovani L. mexicana
Comp. T. brucei
Chemical structure ICs0 (EPI) CCs0(U20S) ICsopM I1Cso (uM)
No ICso M ICs0(PAR) pM
M M
H
8a @/"“NM 0.91+0.03 6.8+2 0.74 +0.04 41+0.2 2.0£0.1 0.73+0.2
H
8b @Lquw 2.1+0.02 35+1 0.77+0.2 2.8+0.7 20+1 0.43 £0.08
H
8c ﬁ”wuw 1.4+0.2 8.0+2 1.3+0.06 2.5+03 2.1+0.4 ND
H
8d ﬁ'“wuw\ 0.88+0.2 2.1+0.9 0.60+0.5 1.6+0.1 2.0+0.2 1.9+0.2
H
N + + + + +
8e YOS 0374002 25+1 0.84+0.5 17+1 40+0.4 ND
8f ”an 0.98 + 0.09 8.2+0.4 1.3+0.07 41+1 8.8+0.4 ND
8g @KQNM 0.85 +0.09 6.6+1 0.92 +0.06 2.0+04 6.1+0.06 ND
H
8h @%}an 1.3£03 73%2 0.60 £ 0.04 35+1 14+1 ND
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12

7a

7c

7e

78

7h

11

14a

14b

14d

15

1.4+0.03

39+03

3.0+£0.2

56+1

4.1+0.6

6.2+0.2

9.9+0.7

6.6 +0.03

23+01

59+0.1

24+0.7

>100

14 +£0.04

48 +0.07

28+4

0.56 £0.9

42+04

3.2+0.2

8.8+13

29+0.3

3.4+0.2

44+03

2.7+0.2

23+0.2

2.8+0.3

26+0.1

1.4+0.2

7.5+0.6

15+0.5

7.0+£0.2

7.0+0.4

6.9+0.1

9.5+0.9

7.2+0.9

9.1+0.4

7.1+0.5

23+01

10+0.5

44 +11

25+14

27+0.8

26 +28

5.0+0.6

12+0.9

11+0.9

Table 8 Activity of SQ109 analogs against Plasmodium falciparum asexual blood stages

Comp. PfABS HepG2
Chemical structure

No 1Cso (UM % S.E.) % viability @ 20 pM
H

8a @"“NM 1.58+0.2
H

8b ﬁ quw\ 0.66+0.18 100
n M

8¢ ﬁ N 0164007 43 (85% @ 2 uM)
H

8d @/N\AHW\ 0.53+0.22 100

H
8e NNNM 0.27 £0.04 50 (83% @ 2 uM)

4.7+0.2

2.2+0.8

ND

ND

ND

ND

52+0.2

20+0.2

24+0.7

0.73+0.2

50+0.1
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8h HNNW 0.42 +0.09 100
H
7a @ Nfuw 6.49 +0.33 100
o]
11 @g N~ 7.63+1.13 100
EJK/NV\M
12 @@NHM 0.77 +0.1 100
e}
H
14a @ ”ﬁuw >10 99
o
H
14b ﬁ”ﬁuw 6.47 +0.65 94
o]
14d ”%NW\ 5.27 +0.41 100
15 @%mnm 5.44 +0.32 76 (91% @ 2 uM)

We first screened the 19 SQ109 analogs (together with SQ109) against M. smegmatis (Table 6). The ICso
value for SQ109 (8a) against M. smegmatis was 2.4 uM, in good accord with previous work. 72 Addition
of an n-butyl group at C-2 (8e) yielded essentially the same result (ICso = 2.5 uM, Table 6), whereas shorter
as well as bulkier substituents had less activity. For example, methyl (8b), ethyl (8c), n-propyl (8d), n-hexyl
(8f), phenyl (8h), and benzyl (8g) group analogs had ICso values in the ~4-6 uM range. The larger
substituted thiazole (8i) was even less active, with ICso = 20 uM (Table 6). Likewise, the C-1 substituted
analog 12, containing a dimethylmethylene group, was less active, with an ICso value of 15 uM. Thus, the
most active compounds have a relatively small substituent at C-2 and have ICs values in the ~2-4 uM
range. We then investigated the activity of SQ109 and the SQ109 analogs against MtHN878, a
hypervirulent M. tuberculosis strain. Representative dose-response curves are shown in Figure 8A. MIC
values are also shown in Table 6, and a correlation (R* = 0.96) between the log ICso values from the
dose-response curves and the log MIC values from visual inspection is shown in Figure 8B. MIC value
determination using visual inspection rather than a plate reader is particularly important with M.
abscessus, described below, because in the rough (R) form, cells are prone to clumping. As can be seen in
Table 6, the presence of a methyl group at C-2 (8b) yielded an 1Csp = 0.86 uM, which is ~3-fold higher than
the 1Csp = 0.27 uM of SQ109. The larger alkyl adducts, e.g., ethyl (8c), n-propyl (8d), n-butyl (8e), n-hexyl
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(8f), benzyl (8g), and phenyl (8h) analogs, showed comparable ICso values in the ~2-3 uM range. In
addition, we tested compounds against the M. tuberculosis Erdman and H37Rv strains, finding generally
similar patterns of activity with the methyl adduct yielding an 1Cso = 2 uM and other analogs with alkyl
groups having ICso values in the 4-8 uM range (Table 6). This activity was at least 2-fold lower than found
with SQ109 (8a) (ICso = 1 uM), and the aminoamides (7a, 7c, 7e, 7g, 7h, 14a, 14b, 14d, 11, and 15) were

generally less active than the more basic ethylenediamine analogs.

8a 8d 7d 1.50
125 125 125 .
< 100 . s - e - R?=0.9612
§ ”~ 00 IC5p=2.6+1aM Fan § 10 IC5,=6.6 £0.2 M 7/- o .
5 s / 3 75 / 3 75 [} e
H F1Cs =0.27£0.02 M || £ { i / 1.00 .
E / £« &/ g A - 7a
H] / [ .
g *%/{ g = . L._I_, H 25 AL, - .
= 0 2 0 & 0 Y
254 . 25+ T T 1 25+ T T ) 8 14b
0.01 01 1 10 100 0.01 0.1 1 10 100 0.01 0.1 1 10 100 s 0.50 by
Concentration, uM Cancentration, uM Concentration, yM = :
b 8c 8e | & 0.00.8
125 125 125 B
ICso=11£2 oM 1C5, = 1.9+ 0.06 oM 1C5=25+0.2M -0.50 _,ﬂ) 00 0.50 1.00 1.50
§ 100 » § 100 - § 100 .-
= / S 7( = /~ - 8b
2 75 ! 2 75 2 73 /
€ i z - / - /‘ ’
s fw / g
/ / 3 0.50
s o l_- LW £ 0 . PR s o - 8a
b T T T T * b T T
0.01 01 1 10 100 0.01 01 1 10 100 0.01 01 1 10 100
¢ — c -1.00
Concentration, uM oncentration, yl oncentration, uM Log [MIC], <M

Dose-response curves for SQ109 and the SQ109 analogs against MtHN878 and correlation
between log ICso and log MIC values. (A) Representative dose response curves. (B) Correlation between

log 1Cso and log MIC values (R? = 0.9612).

In addition to investigating M. tuberculosis, we also investigated activity against M. abscessus, which is
increasingly recognized ® as an emerging opportunistic pathogen causing severe lung disease,
particularly in cystic fibrosis patients. Because it is intrinsically resistant to most conventional antibiotics,
there is an unmet need for effective treatments. ¥®> We determined the in vitro activity of SQ109 and a
series of analogs against both smooth (S) and rough (R) variants of M. abscessus, which differ in their
susceptibility profile to several antibiotics. As has been shown previously, 1’4 the MIC of SQ109 (8a) was
much higher against M. abscessus (here, 22-44 uM) than against M. tuberculosis (~0.3-1 uM). However,
the n-butyl analog 8e as well as the benzyl analog 8g had significantly improved activity against both the
S and R variants (MICs of 5.8-6.2 uM), warranting future work on benzyl derivatives. The MIC values of all

compounds against the R and S strains were either identical to or within a factor of 2x of each other. We
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also investigated an M. abscessus strain harboring an A309P mutation located in the transmembrane
domain in MmpL3 (strain PIPD1R1). Surprisingly, this mutant was not resistant to SQ109 or its analogs,

having essentially the same MIC values as the wild-type strains.

We then questioned whether any of the compounds investigated had activity against other bacteria, ones
that lack MmpL3. In the Gram-positive bacterium B. subtilis, SQ109 (8a) had an ICsp value of 16 uM (Table
6), and of interest, several of the SQ109 analogs had much better activity. For example, n-butyl (8e), n-
hexyl (8f), and phenyl (8h) analogs had ICso values in the 0.5-1.0 uM range (Table 6). We also observed
that some tested aminoamides had activity in the 2-5 uM range. In the Gram-negative bacterium E. coli,
the 1Cso value for SQ109 (8a) was 15 uM, and the n-alkyl (propyl, butyl, hexyl) analogs had ICso values in
the ~8-10 uM range, slightly better than found with SQ109 (8a). Because neither B. subtilis nor E. coli
contain the MmpL3 protein, other targets must be involved, so the promising activity of some compounds
is of interest for future work. There was either no inhibition or very low inhibition (ICso values >70 uM)
with the aminoamides tested (Table 6), suggesting that the ethylenediamine group might play a role in

activity as an uncoupler as previously suggested for Mtb and protozoa.

Next, we investigated the activities of the SQ109 analogs against the following protozoa: T. brucei, T. cruzi,
and two Leishmania species. In each case, the activity of SQ109 (8a) against these protozoa has been
reported previously and has been proposed to arise from protonophore uncoupling, as well as effects on
Ca?* homeostasis. *>17>176 Results for SQ109 (8a) and the analogs are shown in Table 7, and representative
dose-response curves are shown in Figure S6. With T. brucei bloodstream forms, SQ109 (8a) had an ICso
value of 0.91 uM, and slightly better activity was found with the adamantyl C-2 n-propyl (8d), n-butyl (8e),
n-hexyl (8f), and benzyl (8g) analogs (ICso values of 0.88, 0.37, 0.98, and 0.85 uM, respectively), but activity
is slightly less with phenyl (8h) and C-1 dimethylmethylene (12) analogs (ICso values of 1.3 and 1.4 uM,
respectively). Of interest, the aminoamides also had activity, although ICso values were ~5-10-fold larger
(in the range of ~2-12 uM) compared to the ethylenediamines (8b-g, 12). With T. cruzi, we investigated
both the epimastigote as well as (clinically relevant) amastigote forms and the activity against the host
cell (U20S). With epimastigotes, the ICso of SQ109 was 6.8, uM, which is ~3-4x larger than that found
with the C-2 ethylene diamine analogs n-propyl (8d) and n-butyl (8e) and the C-1 dimethylmethylene
analog (12). With aminoamide analogs, activity was again lower than with the ethylene diamine analogs.
With the intracellular amastigote form, SQ109 (8a) had an ICso value of 0.74 uM, and all of the

ethylenediamine analogs had good activity, with the phenyl (8h) analog being comparable to (though not
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clearly better) SQ109. The aminoamides were all less active, with I1Cso values in the range of ~2-9 uM. The
same trends in activity were seen with the inhibition of host cell growth, with the ethylenediamines being
more potent host cell growth inhibitors than the amides. With L. donovani, we tested SQ109 and 18
analogs (Table 7). The ICso value for SQ109 was 2 uM, and the adamantyl C-2 methyl (8b), ethyl (8c), n-
propyl (8d), n-butyl (8e), phenyl (8h), and dimethylmethylene (12) analogs had higher or similar activity
(in the 1-4 uM range), whereas the n-hexyl (8f) analog was less active (ICso = 8.8 uM), as was the benzyl
(8g) analog (I1Csp = 6.1 uM). As with T. brucei and T. cruzi, the aminoamides were in general less (or much
less) active with ICs values in the range of ~5-44 uM. With L. mexicana, the 1Cs value for SQ109 (8a) was
0.50 uM, and the adamantyl C-2 methyl (8b) had an ICso = 0.43 uM, whereas n-propyl (8d) was ~4-fold
less active (ICso = 1.94 uM). Several aminoamides had similar activity with 8d and amide 14d having ICs =

0.73 uM (Table 7).

In addition to investigating the trypanosomatid parasites, we also investigated the asexual bloodstream
form of the apicomplexan parasite P. falciparum (PfABS). As previously reported, 2 SQ109 (8a) has
activity against the PfABS parasite and only modest toxicity against HepG2 (human hepatocellular
carcinoma) cells. We thus evaluated SQ109 and 13 of its analogs, finding more potent (~100-900 nM)
PfABS activity with the adamantyl C-2 methyl (8b), ethyl (8c), n-propyl (8d), n-butyl (8e), phenyl (8h), and
benzyl (8g) analogs, as well as with the C-1 dimethylmethylene analog (12), compared to SQ109 (ICso = 1.6
UM, Table 8). The ethyl (8c) analog had ~10-fold better activity than that obtained with SQ109 (160 nM
versus 1.6 uM), whereas the phenyl (8h) and benzyl (8g) analogs had 4x and 5x increased potency,
respectively. Using HepG2 cell line viability as a test of overt toxicity, we found that there was 43% cell
viability at 20 uM with the ethyl analog but 100% viability with both phenyl and benzyl analogs, making

them of potential interest as an antimalarial hit with low toxicity against mammalian cells.

3.1.5 MmpL3—=Inhibitor Binding Interactions

We next used SPR to investigate the binding of SQ109 and several analogs to an expressed M. tuberculosis
MmpL3 (MtMmpL3). * We focused on the measurement of the Kp values for SQ109 (8a) and the nine
ethylenediamine analogs (8b-i and 12) together with four aminoamides (7a, 14a, 14b, and 14d). The
experimental SPR results are shown in Figure S7. Data were fit using the two-state model, as described

previously, 2 together with the 1:1 binding model.
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The rate constants and the equilibrium dissociation constants Kp's for both models are shown in Tables 9
and 10. The two-state binding model that postulates a conformational change in the protein upon binding
of an inhibitor gave improved statistical fits as seen from lower residual values. However, as can be seen

in Table 9, there are essentially no differences between the Kp values obtained using either model.

What has been puzzling about the SPR result for SQ109 binding to M. tuberculosis MmpL3 (MtMmpL3)
reported previously is that the Kp value for SQ109 (8a) was high (~1.5 mM), whereas the ICso against M.
tuberculosis itself (ICso = 0.4-1 uM, Table 6) is very low. The ICso for M. smegmatis (Table 6) is higher (~2.4
UM) but again much lower than the Kp value measured against MtMmpL3 (Table 9). The Kp values for all
14 compounds tested are lower than the one found for SQ109 (8a) (Tables 9 and 10). What is of particular
interest is that, compared to SQ109 (8a), there is a general decrease in the Kp value, meaning tighter
binding to MmpL3, as the compounds become more hydrophobic. For example, using the Kp values from
the two-state binding model that are shown in Table 10, with SQ109 (8a) and the adamantyl C-2
substituted species (see structure of R in Scheme 7), we found the following Kp values: R = H (8a or SQ109,
2060 uM); R = methyl (8b, 248 uM); R = ethyl (8¢, 190 uM); R = n-propyl (8d, 106 uM); R = n-butyl (8e, 108
uUM); R = n-hexyl (8f, 81 uM). That is, as the R substituent at C-2 (which is an H in SQ109) becomes larger
and more hydrophobic, the Kp decreased. A similar effect was observed with phenyl (8h, 136 uM) and
benzyl (8g, 74 uM) C-2 substituents (Table 10). The C-1 dimethylmethylene analog 12 had a Kp of 106 uM,
which was close to the isomeric C-2 n-propyl 8d that had a Kp of 120 uM. The thiazole 8i was also a
relatively good binder with Kp ~90 uM (Table 9).

SPR results for M. tuberculosis MmpL3-ligand binding using a 1:1 binding model®

Ko, pM
Comp. No Chemical structure k,, (1/M x s) kogs (1/5) Residuals x? (RU)?
1:1 model
H
8a @/ ”“NM 351.9 0.882 2510 58.7
H
8b ﬁ quw 3658 0.6882 188 16
H
8¢ ﬁ quw 4710 0.8409 180 37.9
12 @@NNM 6276 0.6646 106 62.2
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8d

8e

8f

8g

8h

8i

7a

14a

14b

14d

H\/\ W\ 5926

H/\/HM 3998

”/\/N\/\M( 4441

b 5789
H

u/\/n\/\w 4060

E 5627

-,

N/\/N\/\M(

No NW 9.44E+02
o

H

@/N\A”W 4537

o

H\Auw 1762

o]
@L/N%uw 3.00E+03

0.5403

0.3888

0.2964

0.3999

0.465

0.4902

0.236

1.27

0.7506

0.754

91

97

67

69

115

87

250

280

426

252

48.9

22.6

126

85.1

110

108

19.4

10.7

44.1

24.2

2Data were fit globally using the 1:1 Langmuir binding model. Equilibrium dissociation constants (Kp's)

were calculated from the ratio of the dissociation and association rate constants.

Table 10 SPR results for M. tuberculosis MmpL3-ligand binding using the two-state model®

h | oy 1/ ) 1/ 1/ 1/ Ko, pM Residuals
Comp. No Chemical structure k k k
all /M Xs a1 (/) a2 (*/s) a2 (*/s) 2-state 2 (RU)?
H
8a @ quw 429.8 1.098 0.005315 0.02222 2060 345
H
8b ﬁ quw 4958 1.613 0.01084 0.03486 248 9.52
H
8c ﬁ quw 5473 1.284 0.006994 0.03012 190 7.57
12 @HNNM 7245 1.05 0.007539 0.03558 120 15
8d ﬁ“wuw 7325 0.9488 0.00968 0.04246 106 12.2
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8e

8f

8g

8h

8i

7a

14a

14b

14d

o
¢

H o
L~

H o
N%NW\
H

5151

4642

6462

2.59E+04

3946

1.23E+04

2345

1917

3277

0.7008

0.4552

0.5715

4.085

0.434

4.816

2.023

1.363

1.04

0.009897

0.008637

0.006528

0.00526

0.006253

0.01065

0.009004

0.009268

0.005907

0.03763

0.03992

0.03248

0.03247

0.03057

0.04928

0.02642

0.02741

0.03103

108

81

74

136

91

321

644

531

267

7.48

38.9

30.3

29.5

4.38

4.18

9.59

?Data were fit globally using the two-state model. ka1, ka1, ka2, and ka2 are microscopic rate constants.

Equilibrium dissociation constants (Kp’s) were calculated from the ratio of the dissociation and association

rate constants.

As can be seen in Figure 9A, there is a significant correlation between the log Kp values for all 14

compounds (i.e., including the four amides) and log D74, the computed oil-water partition coefficient at

pH = 7.4, with a Pearson R coefficient = 0.73 and p < 0.003. That is, the strongest binding occurs with the

most hydrophobic species. This is not unexpected; however, we find no correlation between cell growth

inhibition and log Kp (Figure 9B) or between cell growth inhibition and log D74 for all of the compounds

tested (Figure 9C). Essentially the same results were obtained using either the 1:1 or two-state models for

Kb.
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A R=073 B R = 0.06 C R=0.322
p =0.003 p=0.843 p =0.261
6 8i (thiazole) 4 6
y iy 8f (hexyl) @ 8i (thiazole)
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< < 7
N 4 sgEnje SN 9 3- ~ 4 A B
T 8 (Bu)® N ® 14b 7a T 8e (Bu)e 89 (BN)
Q s 14a N . o
a 8d (Pr)*® =l o® %id o g ey 2%
> c (EY) 8a (SQ109) a esh(Ph) o =) BEe (CMe;) 15 149
9 24 ° X 24 ® % 12 ®8i (thiazole) S 29 . °« 2
) 8P Tggen)  (CMey) 8a(SQ109) 14a
S
0 T T T | T T T T 1 0 T T T 1
1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
Log [Kp, 1M 2-state] Log [Ms IC], uM Log [Ms IC4], uM

Graphs showing correlations between log Kp, Log D74, and M. smegmatis cell growth inhibition.
(A) Log Kp versus logD7.4; R=0.73, p=0.003. (B) Log Ms ICsp and log Kp; R=0.06, p=0.843 (C) Log Ms ICso and

logDy7.4, for all compounds tested; R=0.322, p=0.261. Selected compound numbers are shown.

3.1.6  Membrane—Inhibitor Interactions

Another target for SQ109 (8a) in both bacteria and protozoa involves effects on the proton motive force
and Ca?* homeostasis — both of which involve cell membranes. In previous work, 3¢ we investigated the
pH dependence of the activity of inhibitors, including SQ109 analogs, on M. smegmatis cell growth
inhibition (ICso values) and found that there were correlations between the ICso values and uncoupling
(ApH collapse), as well as with changes in the gel-to-liquid crystal phase transition temperature (Tw) in
DSC experiments with lipid bilayer membranes, and with computed log D values. We showed 3® that cell
growth inhibition activity increased from pH 5 to 7 to 9, and this correlated with increasing uncoupler
activity, decreasing T values, and increasing log D values. That is, increased hydrophobicity results in
more membrane binding leading to more fluidity and uncoupling activity, as well as providing a reservoir

of inhibitor for binding to membrane protein targets. Such effects could be important in the protozoa.

We therefore next used DSC to investigate the effects of SQ109 (8a) and analogs 8b-h and 12 on the gel-
to-liquid crystal phase transition in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayers (10 wt
% inhibitor, pH 7.4) as well as with 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG) bilayers. The
zwitterionic DMPC is a model for protozoal membranes that are primarily phosphatidylcholines and
phosphatidylethanolamines, whereas DSPG is an anionic species and is a model for the mycobacterial

inner membrane lipids. DSC scans of each compound during heating (Figure 10A, B, and Table 11) and
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cooling (Figures S8 and S9 and Table S3) were then compared with measurements on DMPC or DSPG
alone. The DSC scans of the main transition for the DMPC systems (Figure 10A) showed that compared to
DMPC without any inhibitor, SQ109 (8a) and 12 decreased T, by 3-4 °C, whereas 8b (Me), 8c (Et), 8d (Pr),
8e (Bu), 8f (Hex), 8g (Bn), and 8h (Ph) decreased T, by ca. 5.6, 6.6, 6, 7.8, 9.7, 6.9, and 8.8 °C, respectively
(Table 11). The DSC scans for DSPG systems in Figure 10B showed that compared to DSPG alone, SQ109
(8a), 8b (Me), 12, and 8d (Pr) decreased the T, by 3-4 °C, whereas 8e (Bu), 8f (Hex), 8g (Bn), and 8h (Ph)
decreased T, by ~5 °C (Table 11).
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Figure 10 DSC results for DMPC and DSPG with and without SQ109 (8a) and 8 ethylenediamine analogs

and correlations between AT, and logDs.4. (A) DSC heating scans for DMPC. (B) DSC heating scans for
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DSPG. (C) Correlation between logD74 and the decrease in T, (AT) for DMPC. Pearson R coefficient =

0.776, p = 0.014. (D) as in (C) but for DSPG. Pearson R coefficient = 0.727, p = 0.026.

DSC results (Heating) for the DMPC:SQ109 analog systems in DMPC hydrated with PBS

(phosphate buffered saline, pH=7.4) and calculated logD;.4 values at the same pH.?

Sample Tm ATy, AH Sample Tm ATy, AH logD7.4
DMPC 23.5 0.59 30.3 DSPG 53.6 0.9 48.1
DMPC:8a (H) 20.6 2.6 23.3 DSPG:8a (H) 50.4 2.1 54.0 1.39

DMPC:8b (Me) 17.9 2.2 25.6 DSPG:8b (Me) 50.5 2.0 53.2 1.40

DMPC:12 19.8 4.1 17.8 DSPG:12 49.8 2.4 55.8 2.36
DMPC:8d (Pr) 17.5 2.2 22.6 DSPG:8d (Pr) 50.0 11 48.1 2.14
DMPC:8c (Et) 16.9 2.0 24.0 DSPG:8c (Et) 51.9 2.5 49.9 1.76

DMPC:8e (Bu) 15.7 2.2 244 DSPG:8e (Bu) 49.0 3.6 38.5 2.53
DMPC:8f (Hex) 13.8 5.1 24.6 DSPG:8f (Hex) 49.1 1.7 36.6 3.32
DMPC:8g (Bn) 16.6 10 21.6 DSPG:8g (Bn) 48.0 1.7 55.5 3.23
DMPC: 8h (Ph) 14.7 2.7 29.8 DSPG: 8h (Ph) 48.6 5.3 55.4 3.52
®m: main transition; T, (°C), temperature at which heat capacity (ACp) at constant pressure is the
maximum; ATy, (°C), half width at half peak height of the main transition; AH (kJ mol), main transition

enthalpy normalized per gram of the bilayer. Results were the same after two repeats.

These results indicated that SQ109 (8a) and the analogs incorporate into the phospholipid bilayers and
fluidize the membranes, generating a structure that melts at a lower temperature, T, compared to the
pure membrane, and this effect was more pronounced as the size of the inhibitor increases. Compared to
the pure DMPC bilayer, SQ109 (8a), 8b (Me), 8c (Et), 8d (Pr), 8e (Bu), 8h (Ph), and 12 broadened the main
transition peak by ATy, = 0.7-2.4 °C (Table 11), whereas compounds 12, 8f (Hex), and 8g (Bn) broadened
the peak by ATy, = 3.5, 4.4, and 9.6 °C most likely as a result of the formation of inhomogeneous domains
that melt over a broad temperature range. Similarly, compared to the pure DSPG bilayer, SQ109 (8a), 8b
(Me), 8c (Et), 8d (Pr), 8f (Hex), 8g (Bn), and 12 broadened the main transition peak by ATy, = 0.2-1.6 °C,
whereas compounds 8e (Bu) and 8h (Ph) broadened the peak by 2.7 and 4.4 °C, respectively, again most

likely as a result of the formation of inhomogeneous domains that melt over a broad temperature range.*®
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3.1.7 Microsomal Stability and Solubility

Finally, we investigated the microsomal stability of analog 8b (Me) and analog 8h (Ph) as well as of SQ109
(8a) in human, mice, and rat liver microsomes. In a previous work, Jia et al. 7”178 found that SQ109 was

177.and >5 h in rats and

metabolized in rats, mice, and dogs with [14C-SQ109] half-life values of 5 h in mice
dogs. 178 Using liver microsomes and cells expressing P450 enzymes, they concluded that SQ109 was
rapidly metabolized to oxygenated species, and we recently reported their structures. 172 It was thus of
interest to investigate using liver microsome assays whether SQ109 analogs were also metabolized. We
found that, as expected, 17178 SQ109 (8a) was rapidly metabolized (Table S2), whereas the methyl analog
8b was ~2-4x more stable (% remanent at 60 min) than SQ109 (8a). The phenyl analog 8h had the same
% remanent as SQ109 (8a) (at 60 min) in mice microsomes, although it was more rapidly metabolized in
human and rat liver microsomes. The intrinsic clearance rates (CLint’s) in mice microsomes were
essentially the same as found with SQ109 for 8b and 8h but were about twice as large as found with SQ109
(8a) in the human and rat liver microsome assays (Table S4). Although all of these rates are high, it is of
course well known that SQ109 (8a) is, nevertheless, effective against M. tuberculosis in humans where it
accumulates in the lungs, and in addition, it has efficacy against both trypanosomatid as well as

179 where the lungs are not targeted. Clearly, it will be

apicomplexan parasites in mice models of infection
of interest to determine how, e.g., 8h is metabolized and whether any metabolites have activity, and
further work on this topic as well as on the synthesis of 8h analogs is of interest. To determine the
susceptibility of the phenyl group in 8h to oxygenation, we used three computer programs: the
GloryFame2 program, 189181 the Xenosite program, 18 and the SmartCyp program. # Results are shown
in Figure S10. Based on these results, it is apparent that, in general, the major sites targeted by P450
cytochromes are — as with SQ109 (8a) itself — at the ends of the molecule (the terminal methyl groups and

the adamantyl group) and at Cy, but the phenyl group is also a potential target and may form a phenol

(Ca9, Figure S10A GloryFame?2 result; Figure S10A, SmartCyp result) or a quinone (Figure S10B) moiety.
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3.2 Discussion

3.2.1 Exploring the conformation and binding features of SQ109 and its analogs to MmpL3

protein

SQ109 (8a) ¥ is an ethylenediamine-based inhibitor of MmpL3 undergoing clinical trials 1743* that also
has activity against a broad range of bacteria, protozoa, and even some yeasts/fungi. 12 Previous research
suggested that SQ109 (8a) can block the MmpL3-mediated transport of trehalose monomycolates 2% by
preventing the proton transportation by (a) binding directly to the transporter’s pore %22 in Mtb, as
supported by the X-ray structure of the MmplL3 from M. smegmatis in complex with SQ109 (8a) (PDB ID
6AJG 2) or (b) indirectly 23333436158 \which in principle can be accomplished by membrane structure
perturbation 3%34141,156.157.162 |a5ding to increased membrane lipid disorder/fluidity and, arguably, to

uncoupler activity on the PMF, 20.33,185,186

The sequence of MmpL3 is highly conserved across Mycobacteria. > Of the MmpL proteins encoded by
mycobacterial genomes, MmpL3 and MmpL11 are the only MmpL genes conserved across Mycobacteria.
187 The importance of MmpL3 is illustrated by the fact that it is the only MmpL gene that cannot be
successfully knocked out in Mtb. 2 That MtMmpL3 could rescue the viability of the Ms MmpL3 knockout
mutant further indicates that these MmpL3 orthologs have highly conserved functions. 2! Therefore, Ms
MmpL3 is a reasonable model for the Mtb counterpart since the two MmpL3 orthologs can substitute

each other to function. 2®

Here, we investigated the binding profile of compounds 8b-i, 12 using MD simulations and alchemical
relative binding free energy calculations based on the X-ray structure of the MmpL3-SQ109 (8a) complex
from Ms (PDB ID 6AJG ?2). We performed MD simulations of the X-ray structure with PDB ID 6AJG ?? in
POPC bilayers containing ~ 140 lipids and showed that the eclipsed conformer observed in the X-ray
structure represents the transition state for rotation around NHCH,-CH;NH;* dihedral compared to the

preferred gauche conformations inside the MmpL3 shown in the docking calculations and MD simulations.

To fully understand the conformational properties of SQ109 (8a) we performed DFT calculations of the

gauche and anti conformations generated by rotation around (2Ad)NHCH,—CH;NH,*Ger, (2Ad)NHCH,CH>—
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NH,*CH,Ger and Cy,4dC2ae—NHCH,CH,NH,*Ger bonds. Thus, we calculated the free energies of SQ109 (8a)
conformation in an implicit water environment (€=80) or in a lipophilic environment (chloroform, £=4.8)
using the B3LYP-D3/6-31G(d,p) ® theory (Table 1-3, Figure 5) and identified two gauche conformations
as minima by rotation around AANHCH,—CH,;NH,*Ger dihedral. These gauche conformations are stabilized
with a hydrogen bond between the protonated ammonium group and the unprotonated nitrogen; the
next more stable is the anti conformation, being more than ~ 9 kcal mol? higher in energy and thus
unpopulated (Table 1, Figure 5), while the eclipsed conformer observed in the X-ray structure represents
the transition state by rotation around AANHCH,-CH;NH,*Ger bond. In both dielectric media and inside
the transporter’s pore, rotation around ADNHCH,CH>—NH,"CH,Ger bond favors the anti orientation (Table
2), in agreement with the extended geranyl chain structure that fits inside the narrow pore of MmpL3
transporter, since in the gauche conformation the steric energy increases due to repulsion between the
geranyl and NH,*(2-Ad) groups. The DFT calculations for the C; a4C2,ac—NHCH.CH;NH,*Ger bond rotation,
which define the position of axial NHCH; as regards the cyclohexane subunit of adamantyl group, showed
that the position of axial NHCH; brings CH, above the cyclohexane subunit is prohibited as increasing

considerably the steric repulsion.

In addition, we performed MD simulations of the complexes between MmpL3 and 8b-i, 12 which showed
that the ligands can form hydrogen bonding interactions with Asp256 and/or Asp645 of MmpL3 (Figure 7,
S1) and have common van der Waals interactions with the protein’s residues along the transporter’s pore
axis. In these complexes, the geranyl-ethylenediamine moiety was surrounded by the amino acid residues
Leu642, Tyr646, Tyr257 while the 2-adamantyl group lied close to Phe260 and Phe649 at the bottom part
of the binding area. We observed that increasing the length of the alkyl chain the hydrophobicinteractions
with Phe260 and Phe649 were increased as well as with residues in the pore, e.g., lle253 (Figure 7, S1)

which is consistent with the SPR binding affinities.

To further confirm that the new SQ109 analogs 8b-i, 12 bind to the Mmpl3 pore according to the
experimental structure of SQ109 (8a) bound to MmpL3 (PDB ID 6AJG %), we compared the calculated
binding free energy values with the MM-GBSA method #1%° (without or with using an implicit membrane

model 152-155

and considering also explicitly water molecules inside the binding area ®) with the binding
strength ranking from the experimental SPR results. The results showed that no valuable correlation was

observed.
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We performed alchemical relative binding free energy calculations using the accurate TI/MD method
4344162 which, along with FEP/MD method, **° have been shown to perform with an error of 1 kcal mol™?.
For full accuracy, we included in the TI/MD calculations the whole protein-membrane system consisting
of 10° atoms. We applied the TI/MD method in alchemical transformations including changes in alkyl
adduct at C-2 adamantyl by one or two methylene groups (Table 5) and examined how the calculated
relative binding free energies were compared with experimental values that we measured using SPR
(Table S1). **® For one methylene perturbations the deviation from experimental values was smaller than
1 kcal mol™? and for two methylenes or for Ph to Bn perturbations the deviation was bigger, but smaller
than 1.5 kcal mol™. We observed a mue = 0.74 kcal mol™ that is consistent with the fact that alkyl or aryl
substituents at the adamantyl C-2 of SQ109 (8a) can fill the empty lipophilic region close to Phe260 and
Phe649.

3.2.2 Evaluating the activity of SQ109 analogs against bacteria and protozoa

We next investigated the activity of SQ109 (8a), and analogs 8b-i, 12, and several aminoamide analogs,
against bacteria M. smegmatis, M. tuberculosis HN878 (a virulent clinical strain), MtErdman, MtH37Ryv,
M. abscessus, B. subtilis, E. coli, and protozoan parasites T. brucei bloodstream forms, T. cruzi Dm28c
epimastigotes and intracellular amastigotes (together with results for the U20S host cells), L. donovani
promastigotes, L. mexicana promastigotes, and P. falciparum asexual bloodstreamforms (ABS) (Table 6,

7,8).

The most active compounds against M. smegmatis have a relatively small substituent at C-2 and have ICs
values in the ~2-4 uM range with n-butyl group analog 8e having the closest activity to SQ109. For
MtHN878, a hypervirulent M. tuberculosis strain the methyl group analog 8b yielded an ICso ~3-fold higher
than the SQ109, while the larger alkyl adducts showed comparable ICso values in the ~2-3 uM range.
Activity against M. tuberculosis Erdman and H37Rv strains had generally similar patterns with the methyl
adduct yielding an ICs in the 2 uM range and other analogs with alkyl groups having ICso values in the 4-8
UM range, which is at least 2-fold lower than found with SQ109 (8a) (ICso = 1 uM).

When taken together, the results with M. tuberculosis cell growth inhibition indicate that it is difficult to
improve upon the activity of SQ109 (8a) by adding substituents at the C-2 position. For example, the

methyl (8b) and benzyl (8g) substituents at the adamantyl C-2 group had ~2-4-fold less activity against
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MtbHN878, MtErdman, and MtH37Rv (Table 6). However, there was promising activity against both the S
and R variants of M. abscessus with the n-butyl analog 8e and the benzyl analog 8g standing out. Another
surprising observation is that A309P mutant was not resistant to SQ109 or its analogs. This mutation is
located in the transmembrane domain in MmpL3 and displays very high resistance to the piperidinol-
containing molecule PIPD1, ® the indole-2 carboxamide Cpd12, and the benzimidazole EJMCh-6."! This
is a potentially important observation because resistance to other MmpL3 inhibitors can be very large
(e.g., 32-64x for PIPD1 #), This lack of resistance may indicate that binding to MmpL3 is not the primary
target of SQ109 (8a) and its analogs in M. abscessus. What is also of course of interest is the observation
that some of the analogs do have better activity than SQ109 against bacteria that lack the putative MmpL3
target, e.g., B. subtilis and E. coli, as also found with the malaria parasite P. falciparum. A question then

arises as to whether there is any correlation between MmpL3 binding and cell activity in the mycobacteria.

Comparing cell inhibition results of M. tuberculosis (Table 6) with binding to MtMmpL3 (Table 9, 10) we
came to a puzzling observation that the Kp value for SQ109 (8a) was high (~1.5 mM), whereas the ICso
against M. tuberculosis itself (ICso = 0.4-1 uM) is very low. In addition, the Kp values for all 14 compounds
tested were lower than found with SQ109 (8a) meaning tighter binding to MmpL3, as the compounds
become more hydrophobic, while their inhibition activity is lower than SQ109 and decreases as the
compounds become bulkier. One possible reason for this is that although the more hydrophobic species
8b-i and 12 do bind more strongly to MmpL3 compared to SQ109 (8a), there may be unfavorable steric
interactions with the highly glycosylated mycobacterial cell wall with the larger substituents ***9! or with
any transporters that may facilitate cell entry. It is also of course possible that there may be other targets
such as MenA and MenG, involved in menaquinone biosynthesis, which could contribute to the observed
differences in activities. 1?* The activity of other proteins may also be targeted, together with binding to
lipid membranes, affecting uncoupling activity and the proton motive force, as well as affecting lipid
membrane inhibitor concentrations (and thus activity). The importance of steric effects in influencing poor
cell uptake in the mycobacteria seems likely because as can be seen in Table 6 and Figure 9, the bulky
adamantyl C-2 phenylthiazoyl (8i) analog — while exhibiting stronger binding to MmpL3 than does SQ109
(8a) — had only very weak activity against M. smegmatis cell growth. With M. tuberculosis HN878, where
full dose-response curves were obtained, there was a similar trend, with SQ109 (8a) being most active
(ICso = 0.4 uM) followed by the C-2 Me analog 8b (ICso = 0.8 uM), the ethyl analog 8¢ (ICso = 1.6 uM), and
n-propyl (8d) and n-hexyl (8f) analogs both having ICsp = 3 uM. In M. tuberculosis HN878, the phenyl (8h)
and benzyl (8g) analogs had the same activity, ICso = 1.6 uM. Overall then, the SPR results do not support
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the idea that MmpL3 is the major target for SQ109 (8a) or analog activity in the mycobacteria, meaning
that other targets such as uncoupling activity or indeed other mechanisms of action are involved,
consistent of course with the activity (for SQ109) seen against other bacteria as well as against yeasts,

fungi, and protozoa.

3.2.3 Interaction of SQ109 and its analogs with membranes

We used DSC to investigate the effects of SQ109 (8a) and analogs 8b-h and 12 on the gel-to-liquid crystal
phase transition in zwitterionic DMPC bilayers (model for protozoal membranes) as well as in anionic
DSPG bilayers (model for the mycobacterial inner membrane lipids), as it is known that another target for
SQ109 (8a) in both bacteria and protozoa involves effects on the proton motive force and Ca%
homeostasis which involve cell membranes. * The results from both membrane models showed that
SQ109 (8a) and its analogs can incorporate into the phospholipid bilayers and fluidize the membranes,
generating a structure that melts at a lower temperature, T, compared to the pure membrane. This effect
was more significant as the size of the analogs was increasing. Additionally, compared to the pure DMPC
or DSPG bilayer, SQ109 (8a) and its analogs caused a general broadening of the main transition peak which
most likely is a result of forming inhomogeneous domains in the membrane bilayer. However, rather than
simply a very large broadening of the gel-to-liquid crystal phase transition, as seen with the fluidizing
effect of cholesterol, 2 in all cases, T shifted to lower temperatures. The DSC thermograms obtained on
cooling (Figure S8 and S9 and Table S3) showed a similar decrease in Tm as seen with DMPC on heating

but a more complex hysteresis effect with DSPG.

What is perhaps surprising is that, in general, the effects on T., seen with DPMC were clearly larger than
those seen with DSPG. What might the reasons for this be? Interestingly, similar effects have been
reported for the binding of another cationic antibiotic, the anthracycline pirarubicin '** binding to DSPG
and to distearoylphosphatidylcholine (DSPC), in which the acyl chain lengths are the same (Cig). In that
work, 1% it was proposed (based on the results of DSC, Fourier transform infrared spectroscopy, and
quantum chemical calculations) that the ammonium group of the antibiotic bound more tightly to the
PO, group in DSPG than to the PO, group in DSPC as a result of charge repulsion with the choline MesN*
group in DSPC and that this resulted in decreased drug incorporation into the lipid bilayer. These
observations led us to the following model for SQ109-DMPC/DSPG interactions. First, incorporation of the

S$Q109 geranyl (Ci) chain into the lipid bilayer was expected to decrease T in the same way that
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incorporation of a farnesyl (Cis) group in farnesol 4 decreased and broadened the DMPC main transition
as a result of disrupted packing of the DMPC alkyl chains. A similar effect would be predicted for both
DMPC as well as DSPG, but the effect would be larger with the shorter-chain species DMPC, which has a
similar alkyl chain length to that of the geranyl chain in SQ109. The enthalpy of the phase transition was
also of course much larger with the longer chain species DSPG (Table 11). However, there is a second
interaction that may also be of importance: the electrostatic interaction between the PO, group in the
phospholipid and the protonated ethylenediamine group of SQ109 (8a) (or analog). The binding of cationic
species (e.g., Ca?*, UO,**) to anionic lipids increases Tm, ¥ and it is possible that SQ109 (8a) may help
“cross-link” the anionic DSPG, thereby offsetting to some extent the fluidizing effect of the geranyl group

in SQ109 (8a).

What is also of particular interest about the DSC results shown in Figure 10A, B is that there are good
correlations between the change in T, that correlates with the computed log D74 of the inhibitor (Figure
10C, D) with a Pearson R coefficient = 0.776 and p = 0.014 for DMPC and a Pearson R coefficient = 0.727
and p = 0.026 for DSPG. For the cooling curves, there was again a correlation between AT, and log D with
DMPC (r = 0.75, p = 0.021), but there were more complex effects with DSPG (Figure S9). The stronger
binding of the more hydrophobic analogs to lipid membranes would be expected to result in more cell
activity either by increasing membrane fluidity/uncoupling activity or by providing higher membrane
concentrations for a membrane protein target. However, the more hydrophobic analogs were not found
to be more active against M. tuberculosis or M. smegmatis, but we did find an increased activity (a 4-8-
fold decrease in MIC) in M. abscessus, as well as large increases in activity against B. subtilis and E. coli
(Table 6) and P. falciparum (with the phenyl and benzyl analogs). The DSC results thus suggest that the
larger analogs may simply not reach their target(s) in M. tuberculosis and M. smegmatis, e.g., because of

unfavorable steric interactions with the mycolyl-arabinogalactan—peptidoglycan cell wall.

3.3 Methods and materials

3.3.1 General materials and synthesis

All solvents and chemicals were used as purchased without further purification except for MesSiCl that
was distilled just before use. Dry ether and dry dichloromethane were prepared by leaving the solvents

over CaH; for 24 h before use. Anhydrous THF was purchased in sealed bottles from Acros Organics. The
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progress of all reactions was monitored on Merck precoated silica gel plates (with fluorescence indicator
UV254) using diethyl ether/n-hexane, n-hexane/ethyl acetate, or chloroform/methanol as eluents.
Column chromatography was performed with Acros Organics silica gel 60A 40-60 um with the solvent
mixtures described in the experiment section. Compounds’ spots were visualized based on their
absorbance at 254 nm. The structures of 8a-i and 12 were identified using H, 1*C, NMR and LC-MS. High-
resolution mass spectrometry (HRMS) was carried out using a UHR-TOF maXis 4G instrument (Bruker
Daltonics, Bremen, Germany). *H NMR spectra were recorded in CDCls solutions for the amines and CDsOD
solutions for the fumarate salts of amines on Bruker NMR spectrometers: DRX 200, DRX 400, or DRX 600
at 200, 400, or 600 MHz, respectively. 13C NMR spectra were recorded at 50, 100, or 150 MHz,
respectively. Carbon multiplicities were assigned using the DEPT experiment. Two-dimensional NMR
HMQC and COSY spectra were used for the elucidation of the structures of intermediates and final
products and NMR peak assignments. All final compounds were confirmed to have greater than 95%

124 additionally an

purity via HPLC-MS analysis. Besides the synthesis of SQ109 compounds, we describe
improved preparation of geranylamine (4). The raw materials for amines 5b—h and 12 were the
corresponding adamantanols obtained from the reaction of 2-amantanone with alkyl lithium reagents.
The tertiary alcohols were then reacted with a mixture of sodium azide and trifluoroacetic acid in
dichloromethane, and the produced tertiary alkyl azides were reduced with LiAlH, in ether at rt to afford

the amines 5b—h and 12. 7#1%° The 2-adamantylamine 5a was prepared from reduction of 2-adamantanone

oxime with LiAlHz in THF.

1-Bromo-3,7-dimethylocta-2,6-diene (1-geranyl bromide), 2

Y\/\K\/Br

A mixture of geraniol (1, 500 mg, 3.24 mmol) and PBr3 (351 mg, 1.30 mmol) in anhydrous diethyl ether
was stirred at =5 ° for 3 h. The resulting solution was extracted with NaHCO3; 5% w/v and brine. The organic
extract was dried over Na,SO4 and evaporated in vacuo to give a yellow oil; yield 700 mg (99.5%). *H NMR
(CDCls, 400 MHz) 6 (ppm) 1.60 (s, 3H, 8-geranyl), 1.68 (s, 3H, 7-geranyl CHs), 1.73 (s, 3H, 3-geranyl CHjs),
2.08 (m, 4H, 4,5-geranyl), 4.03 (d, J = 8.4 Hz, 2H, 1-geranyl), 5.07 (m, 1H, 6-geranyl), 5.53 (t, /= 8.5 Hz, 1H,

2-geranyl).
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1-Phthalimido-3,7-dimethylocta-2,6-diene (1-geranyl phthalimide), 3a

Y\/\K\/N

A solution of 1-geranyl bromide (2) (520 mg, 2.40 mmol), phthalimide (353 mg, 2.40 mmol), and K,CO3
(994 mg, 7.2 mmol) in anhydrous THF (10 mL) was heated to reflux overnight. The solvent was then
evaporated in vacuo, water was added, and the mixture was extracted twice with diethyl ether. The
combined organic extracts were dried over Na,SO,, filtered, and concentrated in vacuo. The crude product
was purified by column chromatography using n-hexane/EtOAc (15:1) as eluent to afford geranyl

phthalimide as a pale-yellow oil; yield 600 mg (88%).

1-Azido-3,7-dimethylocta-2,6-diene (1-geranylazide), 3b

WNB

3b
A mixture of 1-geranyl bromide (2) (500 mg, 2.30 mmol) and NaNs (299 mg, 4.60 mmol) in ethanol (7 mL)
was heated to reflux for 5 h, the mixture was concentrated under reduced pressure, and water (15 mL)
was added. The resulting solution was extracted with DCM (2 x 20 mL) and the combined organic extracts
were washed with brine, dried over Na,SO,, filtered, and evaporated in vacuo to afford a yellow oil; yield
380 mg (92%). *H NMR (CDCls, 400 MHz) & (ppm) 1.61 (s, 3 H, 8-H), 1.69 (s, 3 H, 7-CH3), 1.71 (s, 3 H, 3-CH3),
2.10 (m, 4 H, 4-H, 5-H), 3.76 (t, J = 7.4 Hz, 2 H, 1- H), 5.09 (m, 1 H, 6-H), 5.33 (t, J = 7.5 Hz, 1 H, 2-H).

1-Amino-3,7-dimethylocta-2,6-diene (1-geranylamine), 4

WNHz

4

Procedure A
A solution of 1-geranyl phthalimide (3a) (600 mg, 2.12 mmol) and hydrazine monohydrate (0.160 mL, 3.18

mmol, 1.5 equiv) in absolute EtOH (10 mL) was heated to reflux for 6 h. The solvent was evaporated in
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vacuo, 15% aq. NaOH was added, and the mixture extracted twice with DCM. The combined organic
phases were washed with water, dried over Na,SO,, filtered, and concentrated in vacuo. After column
chromatography 81% of geranylamine 4 was obtained.

Procedure B

A mixture of 1-geranylazide (3b) (240 mg, 1.34 mmol) and PPhs (386 mg, 1.47 mmol) in THF/water (10:1,
7 mL) was stirred at room temperature for 12 h. The solvent was evaporated under vacuum, and equal
guantities of water (20 mL) and DCM (20 mL) were added for extraction. The organic solution was then
washed with HCl 6% v/v, the aqueous extract was made alkaline with solid Na,COs; and extracted with
DCM. After solvent evaporation in vacuo the crude amine product was obtained (90 mg). Anhydrous
diethyl ether (15 mL) was added, and the organic solution was treated with a saturated solution of ethanol
with hydrogen chloride at 0 °C to afford the hydrochloride salt as a white precipitate. After overnight
cooling at 5 °C and suction filtration, geranylamine (4) hydrochloride was obtained as a white solid (87
mg, 34% yield).

Procedure C

To a suspension of LiAlHs (152 mg, 4.0 mmol) in anhydrous diethyl ether (8 mL), a solution ofl-
geranylazide (480 mg, 2.68 mmol) in anhydrous diethyl ether (5 mL) was added dropwise at 0 °. The
mixture was left stirring at room temperature overnight and was quenched with water (2 mL), 15% w/v
NaOH (2 mL), and then water (6 mL) at 0 °. The resulting inorganic precipitate was filtered off and washed
thoroughly with diethyl ether. The filtrate was extracted twice with HCI 6 % v/v, and the aqueous phase
was made alkaline with solid Na,CO3 and extracted twice with DCM. The combined organic extracts were
washed with water and dried over solid Na,SO,. After filtration, the solvent was evaporated in vacuo to
afford geranylamine (4) as a pale yellow oil (98 mg, 24% vyield). Hydrochloride salt: *H NMR (CDCls, 400
MHz) 6 (ppm) 1.60 (s, 3H, 8-geranyl), 1.63 (s, 3H, 7-geranyl CHs), 1.68 (s, 3H, 3-geranyl CHs), 1.97-2.07 (m,
4H, 4,5-geranyl), 3.30 (d, J = 7.4 Hz, 2H, 1-geranyl), 5.07-5.11 (m, 1H, 6-geranyl), 5.26 (t, /= 7.5 Hz, 1H, 2-
geranyl). 13C NMR (CDCls, 150 MHz) & (ppm) 16.5 (3-geranyl CHs), 18.0 (7-geranyl CHs), 26.0 (8-geranyl),
26.8 (5-geranyl), 39.7 (4-geranyl), 39.9 (1-geranyl), 124.4 (2-geranyl), 125.1 (6-geranyl), 131.9 (7-geranyl),
137.5 (3-geranyl).
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2-Adamantanamine, 5a

H
NH,

5a

A solution of 2-adamantanone (3.0 g, 20 mmol) in ethanol (35 mL) was heated at 70 °C. To this solution
an aqueous solution (20 mL) of HCI-H,NOH (2.08 g, 30.0 mmol) with solid Na,COs (3.82 g, 36.0 mmol) was
added portion-wise at 70 °C. The mixture was stirred at the same temperature for 10 min, and the ethanol
was evaporated under reduced pressure. The aqueous suspension was allowed to cool at room
temperature, and the white solid of 2-adamantanone oxime was filtered off; yield 2.86 g (86%). *H NMR
(CDCls, 400 MHz) & (ppm) 1.81-1.99 (m, 14H, 1,3,4,5,6,7,8,9,10-adamantyl).

To a suspension of LiAlH4 (1.97 g, 51.9 mmol) in anhydrous THF (35 mL) a solution of 2-adamantanone
oxime (2.86 g, 17 mmol) in anhydrous THF (40 mL) was added dropwise at 0 °C, and the suspension was
then heated to reflux and left overnight under stirring. The mixture was allowed to return to room
temperature, then cooled at 0 °C, and then water (2 mL), NaOH 15% w/v (2 mL), and water (6 mL) were
added. The resulting inorganic precipitate was filtered off and washed thoroughly with diethyl ether. The
filtrate was extracted twice with HCl 6 % w/v, the aqueous phase was made alkaline with solid Na,CO3
and extracted with DCM. The combined organic extracts were washed with water and dried over Na;SO.,.
After filtration, the DCM was evaporated in vacuo to afford a pale oil of 2-adamantanamine (5a, 1.45 g,
56% vyield). *H NMR (CDCls;, 400 MHz) 6 (ppm) 1.53 (d, J = 12 Hz, 2H, 4eq,9eg-adamantyl), 1.70-1.85 (m,
10H, 1,3,5,7,6,8,10-adamantyl), 1.99 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl), 2.22 (br s, 2H, NH>), 3.02 (s,
1H, 2- adamantyl) ppm. *C NMR (CDCls;, 50 MHz) & (ppm) 27.1 (7-adamantyl), 28.0 (5-adamantyl), 31.1
(4,9-adamantyl), 35.1 (8,10-adamantyl), 38.0 (1,3-adamantyl), 38.3 (6-adamantyl), 55.9 (2-adamantyl).

N-(2-Adamantanyl)-2-bromoacetamide, 6a
N
JORS
O

6a

Bromoacetyl chloride (801 mg, 5.09 mmol) in DCM (13 mL) was added dropwise at 0 °C to a vigorously
stirred suspension of 2-adamantanamine (5a, 700 mg, 4.63 mmol) in DCM (23 mL) and K,COs (806 mg)
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and water (8 mL). The mixture was stirred for 24 h, and then the aqueous phase was extracted twice with
DCM. The combined organic extracts were evaporated in vacuo, and the crude product was dissolved in
diethyl ether. The solution was washed sequentially with NaHCO3 10% w/v, water, HCl 3% v/v, water, and
brine. The solvent was then evaporated in vacuo, and the product was filtered through silica gel using n-
hexane/EtOAc (3:1) as eluent to afford a white solid (1.05g, 83% yield). *H NMR (CDCls, 400 MHz) & (ppm)
1.67 (d, J = 12 Hz, 2H, 4eq,9eg-adamantane H), 1.75-1.93 (m, 10H, 1,3,5,7,6,8,10-adamantanyl), 2.04 (s,
2H, 4ax,9ax-adamantanyl), 3.91 (s, 2H, COCH,Br), 4.02-4.04 (s, J = 8.4 Hz, 1H, 2-adamantyl).

N-(2-Adamantanyl)-2-[(3,7-dimethylocta-2,6-dien-1-yl)-amino]acetamide, 7a

H
7a

PN PN

JoRS

Bromoacetamide 6a (1.05 g, 3.86 mmol) in dry THF (20 mL) was added dropwise at 0 °C to a stirred solution
of geranylamine 4 (590 mg, 3.86 mmol) and triethylamine (390 mg, 3.86 mmol) in dry THF (30 mL). The
stirring continued for 48 h at room temperature. Then the agueous phase was extracted twice with DCM,
the combined organic extracts were evaporated in vacuo, and the crude product was purified through
column chromatography using a) diethyl ether/n-hexane (1:1), b) CHCls/MeOH (9:1) as solvent systems.
The acetamide 7a was obtained as a pale-yellow oil; yield 1.14 g (86%). *H NMR (CDCls, 400 MHz) & (ppm)
1.59 (s, 3H, 8-geranyl), 1.62 (s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-geranyl CHs), 1.65-1.90 (m, 14H,
1,3,4,5,6,7,8,9,10-adamantanyl), 2.02—-2.07 (m, 4H, 4,5-geranyl), 3.17 (s, 2H, COCH;NH), 3.31 (d, /=7.4
Hz, 2H, 1-geranyl), 3.18 (s, 1H, 2-adamantyl), 4.01 (s, 1H, NH-adamantyl), 5.05 (m, 1 H, 6-geranyl), 5.25 (t,
J=7.4Hz, 1H, 2-geranyl), 7.04 (s, 1 H, NH-geranyl) ppm. Hydrochloride salt: *C NMR (CDsOD, 100 MHz) 6
(ppm) 17.9 (3-geranyl CHs), 18.7 (8-geranyl), 26.7 (7-geranyl CHs), 28.0 (5-C), 29.5 (5,7-adamantyl), 33.4
(4,9-adamantanyl), 34.1 (1,3-adamantyl), 39.1 (8,10-adamantyl), 39.4 (6-adamantyl), 41.7 (4-C), 55.7 (1-
geranyl), 56.2 (COCH:NH), 56.9 (2-adamantyl), 114.1 (2-geranyl), 125.3 (6-geranyl), 134.1 (7-geranyl),
151.9 (3-geranyl), 166.0 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [C,;H37N,0]*: 345.2906,
found 345.2888; Purity of the product determined by HPLC-MS: 95.2%.
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2-Bromo-N-(3,7-dimethylocta-2,6-dien-1-yl)acetamide, 13

H
N
W/ \H/\Br
0]
13

Bromoacetyl chloride (1.13 g, 7.18 mmol) in DCM (17 mL) was added dropwise at 0 °C to a vigorously
stirred solution of geranylamine 4 (1 g, 6.53 mmol) in DCM (30 mL) and aqueous K,COs (1.14 g, 10 mL
H,0). The mixture was stirred for 24 h, and then the aqueous was extracted twice with DCM. The
combined organic extracts were concentrated in vacuo, and the crude product was dissolved in diethyl
ether. The solution was washed with NaHCOs 10% w/v, H,0, HCI 3% v/v, H,0, and brine. The solvent was
then evaporated in vacuo, and the product was filtered through silica gel using n-hexane/EtOAc (3:1) as
eluent to afford 1.64 g of bromoacetamide (13) as a yellow solid (91% vyield). *H NMR (CDCls, 400 MHz) 6
(ppm) 1.60 (s, 3H, 8-geranyl), 1.68 (s, 6H, 7-CHs, 3-CH3), 2.00-2.12 (m, 4H, 4,5-geranyl), 3.88 (s, 2H,
COCH,Br), 5.06 (t, /= 7.0 Hz, 1H, 6-geranyl), 5.19 (t, J = 7.0 Hz, 1H, 2-geranyl).

2-[(2-Adamantyl)amino]-N-(3,7-dimethylocta-2,6-dien-1-yl)acetamide, 14a

H (0]
N\)J\N/\)\/\)\
JOR
14a

Bromoacetamide 13 (960 mg, 3.50 mmol) in dry THF (20 mL) was added dropwise at 0 °C to a stirred
solution of 2-adamantanamine (5a) (530 mg, 3.50 mmol) and triethylamine (354 mg, 3.50 mmol) in
anhydrous THF (30 mL), and stirring was continued for 48 h at room temperature. The aqueous phase was
extracted twice with DCM, the combined organic extracts were evaporated in vacuo, and the crude
product was purified by column chromatography, eluting with a) diethyl ether/n-hexane (1:1), b)
CHCl3/MeOH (9:1). Acetamide 14a was obtained as a yellow oil (870 mg, 72% yield). *H NMR (CDCls, 400
MHz) 6 (ppm) 1.56-1.59 (m, 5 H, 8-geranyl, 4eq,9eg-adamantyl), 1.67 (s, 6 H, 7-geranyl CHs, 3-geranyl
CHs), 1.67-1.71 (m, 4H, 1,3,6-adamantyl), 1.81-1.92 (m, 6H, 4ax,5,7,8ax,9ax,10ax-adamantyl), 1.98-2.10
(m, 4H, 4,5-geranyl), 2.77 (s, 1H, 2-adamantyl), 3.27 (s, 1H, NHCH,CO), 3.43 (s, 1H, NHCH,CO), 3.84-3.89
(m, 2H, 1-geranyl), 5.07 (m, 1H, 6-geranyl), 5.19 (m, 1H, 2-geranyl). 3C NMR (CDsOD, 100 MHz) & (ppm)
17.2 (3-geranyl CHs), 18.6 (8-geranyl), 26.7 (7-geranyl CHs), 28.3 (5-geranyl), 28.9 (5-adamantyl), 29.2 (7-
adamantyl), 31.6 (4,9-adamantyl), 32.1 (1,3-adamantyl), 38.7 (8,10-adamantyl), 38.8 (6-adamantyl), 39.3
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(4-geranyl), 41.4 (1-geranyl), 48.0 (NHCH,CO), 65.8 (2-adamantyl), 121.5 (2-geranyl), 125.8 (6-geranyl),
133.4 (7-geranyl), 141.9 (3-geranyl), 166.6 (C=0) ppm. HRMS (ESI-TOF (+)): m/z [M + H]* calculated for
[C22H37N20]*: 345.2906, found 345.2897; Purity of the product determined by HPLC-MS: 99.6%.

N-(2-Adamantanyl)-N'-(3,7-dimethylocta-2,6-dien-1-yl)-ethane-1,2-diamine (SQ109, 8a)

H\/\m)\/\)\
5

N
H
8a (SQ109)

Acetamide 7a (870 mg, 2.52 mmol) in dry DCM (11 mL) was stirred at 0-5 °C for 15 min under an argon
atmosphere. Freshly distilled trimethylsilyl chloride (328 pL, 3.02 mmol) was then added at the same
temperature, and the mixture was stirred for another 15 min. A suspension of LiAlH4 (134 mg, 3.53 mmol)
in a small quantity of anhydrous THF was added between —10 °C and 0 °C, and the stirring was continued
for 2.5 h at the same temperature. The mixture was then treated with NaOH 10%, the resulting inorganic
precipitate was filtered off, the organic phase was separated, and the aqueous phase was extracted twice
with DCM. The combined organic extracts were evaporated in vacuo, and the crude product was dissolved
in DCM and washed with brine. After separation and evaporation of the solvent, the crude product was
purified by column chromatography using either CHCls/MeOH (9:1) or CHCl3/MeOH/NH3 (88:10:2),
eluents, to afford diamine 8a as a pale-yellow oil; yield 260 mg (31%). Acetamide 14a (290 mg, 0.84 mmol)
in dry DCM (4 mL) was stirred at 0-5 °C for 15 min under an argon atmosphere. Freshly distilled
trimethylsilyl chloride (110 pL, 1.01 mmol) was then added at the same temperature, and the mixture was
stirred for a further 15 min. A suspension of LiAlH4 (45 mg, 1.18 mmol) in a small quantity of THF was
added at =10 °C to 0 °C and stirring was continued for 2.5 h at the same temperature. The mixture was
then treated with 10% aqueous NaOH, the resulting inorganic precipitate was filtered off, the organic
phase was separated, and the aqueous phase was extracted twice with DCM. The combined organic
extracts were evaporated in vacuo, and the crude product was dissolved in DCM and washed with brine.
After separation and evaporation of the solvent, the crude product was purified by column
chromatography using either CHCl3/MeOH (9:1) or CHCls/MeOH/NH; (88:10:2) as eluents to afford
diamine 8a as a pale-yellow oil (111 mg, 38% yield). *"H NMR (CDCls, 400 MHz) 6 (ppm) 1.47 (d, J = 12 Hz,
2H, 4eq,9eg-adamantane H), 1.59 (s, 3 H, 8-H), 1.64 (s, 3 H, 7-CH3), 1.67 (s, 3 H, 3-CH3), 1.70-1.85 (m, 10H,
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1,3,5,6,7,8,10-adamantyl), 1.95 (d, J = 12 Hz, 2H, 4ax,9ax-adamantyl), 1.98-2.02 (m, 2H, 5-geranyl), 2.06—
2.11 (m, 2H, 4-geranyl), 2.71 (s, 1H, 2-geranyl), 2.74 (s, 4H, NHCH,CH,;NH), 3.25 (d, J = 7.0 Hz, 2H, 1-
geranyl), 5.09 (m, 1H, 6-geranyl), 5.26 (m, 1H, 2-geranyl). 3*C NMR (CDCl;, 100 MHz) & (ppm) 16.5 (3-
geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.8 (5-geranyl), 27.9 (5-adamantyl), 28.1 (7-
adamantyl), 31.7 (4,9-adamantyl), 32.5 (1,3-adamantyl), 37.9 (8,10-adamantyl), 38.3 (6-adamantyl), 40.2
(4-geranyl), 46.8 (1-geranyl), 47.4 (NHCH,CH,NH-geranyl), 49.8 (NHCH,CH,NH-geranyl), 62.3 (2-
adamantyl), 121.9 (2-geranyl), 123.3 (6-geranyl), 131.9 (7-geranyl), 137.9 (3-geranyl). HRMS (ESI-TOF (+))
m/z [M + H]* calculated for [C2;H39N>]*: 331.3108; found 331.3101; Purity of the product determined by
HPLC-MS: 95.8%.

2-(4-Phenylthiazol-2-yl)Jadamantan-2-ol, 5i

5i

N-butyllithium (3,0 mL,1.6 M solution in hexane, 4.86 mmol, 1.6 eq) was added to a stirred solution of the
2-bromo-4-phenylthiazole (16) (731 mg, 3.04 mmol, 1 eq) in anhydrous THF (5 mL), at -75 °C, under argon
atmosphere. Then a solution of 2-adamantanone (457 mg, 3.04 mmol, 1 eq) in anhydrous THF (6 mL) was
added into the reaction mixture, which was stirred at the same temperature for 1-3 h and then was
allowed to reach room temperature. The reaction was quenched by adding water at 0 °C. Organic solvent
was removed in vacuo, water was added to the mixture and was extracted with EtOAc. The combined
organic extracts were washed with water, dried over Na,SO, and concentrated in vacuo. The residue was
purified by flash column chromatography to give a solid product.

5i: eluent of 10% EtOAc in n-hexane; yield 56%; *H NMR (400 MHz, CDCls) & (ppm) 1.64 (d, 2H, 4eq,9eq-
adamantyl), 1.68 (s, 2H, 6-adamantyl), 1.76 (m, 3H, 7,8eq,10eq-adamantyl), 1.84 (s, 1H, 5-adamantyl),
2.04 (d, 2H,8ax,10ax-adamantyl), 2.23 (s, 1H, OH), 2.35 (d, J = 12.5 Hz, 2H, 4ax,9ax-adamantyl), 2.42 (s,
2H, 1,3-adamantyl), 7.24 (t, /= 7.4 Hz, 1H,phenyl), 7.34 (d, J = 10.4 Hz, 2H, phenyl), 7.39 (s, 1H, 5-thiazolyl),
7.84(d, 2H, J = 10.4 Hz, phenyl); 3C NMR (100 MHz, CDCls) & (ppm) 27.27 (5,7-adamantyl), 33.10 (4,9-
adamantyl), 34.83 (8,10-adamantyl), 37.78 (1,3-adamantyl), 37.97 (6-adamantyl), 77.36 (2-adamantyl),
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112.87 (5-thiazolyl), 126.46 (phenyl), 128.11 (phenyl), 128.85 (phenyl), 134.81 (1-phenyl), 154.45 (4-
thiazolyl), 177.30 (2-thiazolyl).

2-Bromo-N-(2-methyl-2-adamantanyl)acetamide, 6b

H
NWABr
(0]
6b

Bromoacetylchloride (1.05 g, 6.66 mmol) in dichloromethane (17 mL) was added dropwise at 0°C to a
vigorously stirred suspension of 2-methyl-adamantanamine (5b) (1 g, 6.06 mmol) in dichloromethane (30
mL) and K>COs (1.06 g) in water (10 mL). The mixture was stirred for 24 h and then the aqueous phase was
extracted twice with dichloromethane. The combined organic extracts were evaporated in vacuo vacuum
and the crude product was dissolved in ether. The solution was washed with NaHCO3 10% w/v, water, HCI
3% v/v, water and brine. The solvent was then evaporated in vacuo and the product was filtered through
silica gel using n-hexane:EtOAc (3:1) as eluent to afford a white solid; yield 1.61 g (93%); *H-NMR (CDCls,
400 MHz) 6 (ppm) 1.53 (s, 3H, CHs), 1.63-1.68 (m, 4H, 4eq,8eq,9eq,10eqg-adamantyl), 1.71 (m, 4H, 1,3,6-
adamanty), 1.83 (s, 2H, 5,7-adamantyl), 1.94-2.00 (m, 4H, 4ax,9ax,8ax,10ax-adamantyl), 3.84 (s, 2H,
COCH;,Br), 2.17 (s, 1H, NH).

2-((3,7-Dimethylocta-2,6-dien-1-yl)Jamino)-N-(2-methyl-2-adamantanyl)acetamide, 7b

Hth/\)\/\)\

7b

Bromoacetamide 6b (660 mg, 2.31 mmol) in dry THF (13 mL) was added dropwise at 0 °C to a stirred
mixture of geranylamine 4 (353 mg, 2.31 mmol) and triethylamine (233 mg, 2.31 mmol) in dry THF (20
mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCI;:MeOH (9:1), as
eluents. Acetamide 7b was obtained as a pale yellow oil; yield 744 mg (90%); *H-NMR (CDCls;, 400 MHz) 6
(ppm) 1.51 (s, 3H, 2-adamantyl-CHs), 1.59 (s, 3H, 8-geranyl), 1.64 (s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-

80



geranyl CHs), 1.80 (s, 2H, 5,7-adamantyl), 1.96-2.05 (m, 6H, 4,5-H, 8ax,10ax-adamantyl), 2.18 (d, /= 12 Hz,
2H, 4ax,9ax-adamantyl) 3.17 (d, J = 7.4 Hz, 2H, 1-geranyl) 3.28-3.30 (m, 2H, COCH;NH), 5.07 (m, 1H, 6-
geranyl), 5.23 (m, 1H, 2-geranyl); 3C-NMR (CDCls, 100MHz) 6 (ppm) 16.7 (3-geranyl CHs), 18.1 (8-geranyl),
23.5 (2-adamantyl-CHs), 26.0 (7- geranyl CHs), 27.2 (5-geranyl), 27.2 (5-adamantyl), 27.8 (7-adamantyl),
33.6 (4,9-adamantyl), 35.7 (1,3-adamantyl), 38.9 (8,10-adamantyl), 39.9 (6-adamantyl), 40.1 (4-geranyl),
47.3 (1-geranyl), 58.5 (2-adamantyl), 59.7 (COCH;NH), 123.1 (2-geranyl), 124.1 (6-geranyl), 132.2 (7-
geranyl), 138.5 (3-geranyl), 168.9 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [Cy3sH3sN,0]*
359.3057, found 359.3062.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-methyl-2-adamantanyl)ethane-1,2-diamine, 8b

H
N\/\N/\)\/\)\
H

8b

Acetamide 7b (790 mg, 2.21 mmol) in dry dichloromethane (10 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (288 L, 2.65 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH4(117 mg, 3.09
mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After the evaporation of the solvent, the crude
product was purified through column chromatography using a. CHCl;:MeOH (9:1), b. CHCl3:MeOH:NH;
(88:10:2), as system solvents to afford diamine 8b as a pale yellow oil; yield 190 mg (25%); *H-NMR (CDCls,
400 MHz) 6 (ppm) 1.21 (s, 3H, 2-adamantyl-CHs), 1.51 (d, J = 12Hz, 2H, 4eq,9eqg-adamantyl), 1.53 (s, 2H,
8eq,10eg-adamantyl), 1.59 (s, 3H, 8-geranyl), 1.63 (s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-geranyl CHs), 1.80
(d, J=12Hz, 2H, 5,7-adamantyl), 1.98-2.12 (m, 4H, 4,5-geranyl), 2.64 (t, J = 6Hz, 2H, NHCH,CH,NH-geranyl),
2.74 (t,J = 6Hz, 2H, NHCH,CH;NH-geranyl), 3.23 (d, J = 7.0 Hz, 2H, 1-geranyl), 5.09 (m, 1H, 6-geranyl), 5.25
(m, 1H, 2-geranyl); 3C NMR (CDCl;, 100MHz) 6 (ppm) 16.6 (3-geranyl CHs), 18.0 (8-geranyl ), 23.2 (2-
adamantyl CHs), 26.0 (7-adamanytyl CHs), 26.9 (5-geranyl), 27.5 (5-adamantyl), 28.4 (7-adamantyl), 32.9
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(4,9-adamantyl), 34.5 (1,3-adamantyl), 36.3 (8,10-adamantyl), 39.3 (6-adamantyl), 40.0 (4-geranyl), 40.2
(1-geranyl), 47.4 (NHCH,CH;NH-geranyl), 50.1 (NHCH,CH,NH-geranyl), 56.3 (2-adamantyl), 123.3 (2-
geranyl), 124.5 (6-geranyl), 131.8 (7-geranyl), 138.0 (3-geranyl); HRMS (ESI-TOF (+)) m/z [M + H]*
calculated for [CsHaiN,]* 345.3264, found 345.3269; Purity of the product determined by HPLC-MS:
96.4%.

N-(3,7-dimethylocta-2,6-dien-1-yl)-2-((2-methyl-2-adamantanyl)amino)acetamide, 14b

e
N\)J\N/\)\/\)\
H
14b

Bromoacetamide 13 (664 mg, 2.42 mmol) in dry THF (14 mL) was added dropwise at 0 °C to a stirred
solution of 2-methyl-2-adamantanamine (5b) (400 mg, 2.42 mmol) and triethylamine (244 mg, 2.42 mmol)
in dry THF (24 mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was
extracted twice with dichloromethane, the combined organic extracts were evaporated in vacuo and the
crude product was purified through column chromatography using a. ether:n-hexane (1:1), b.
CHCl3:MeOH (9:1), as eluents. Acetamide 14b was obtained as a yellow oil; yield 520 mg (60%); *H-NMR
(CDCls, 400 MHz) 6 (ppm) 1.14 (s, 3H, 2-adamantyl CHs), 1.55 (d, J = 12Hz, 2H, 4eq,9eqg-adamantyl), 1.59
(s, 3H, 8-geranyl), 1.67 (s, 6H, 3,7-geranyl CHs), 1.91-1.94 (m, 2H, 4ax,9ax-adamantyl), 1.99-2.08 (m, 4H,
4,5-geranyl), 3.20 (s, 2H, NHCH,CO), 3.86 (t, / = 6 Hz, 2H, 1-geranyl), 5.08 (m, 1H, 6-geranyl), 5.19 (m, 1H,
2-geranyl). Hydrochloride salt; 3 C-NMR (CDs0D, 100MHz,) §(ppm) 17.2 (3-geranyl CHs), 18.6 (8-geranyl),
21.4 (2-adamanyl CHs), 26.7 (7-geranyl CHs), 28.3 (5-geranyl), 28.4 (5-adamantyl), 29.1 (7-adamantyl),
33.4 (4,9-adamantyl), 35.4 (8,10-adamantyl), 36.1 (1,3-adamantyl), 39.6 (6-adamantyl), 39.9 (4-geranyl),
41.4 (1-C), 43.3 (NHCH,CO), 67.3 (2-adamantyl), 121.3 (2-geranyl), 125.8 (6-geranyl), 133.5 (7-geranyl),
142.1 (3-geranyl), 167.1 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [C3H39N,0]* 359.3057,
found 359.3057; Purity of the product determined by HPLC-MS: 98.0%.
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N-(2-(adamantan-1-yl)propan-2-yl)-2-bromoacetamide, 10

[i ] (0]
N)K/Br
H
10

Bromoacetylchloride (476 mg, 3.02 mmol) in dichloromethane (8 mL) was added dropwise at 0 °C to a
vigorously stirred suspension of 2-(1-adamantanyl)propan-2-amine (9a) (530 mg, 2.75 mmol) in
dichloromethane (15 mL) and K;COs3 (479 mg) in water (5 mL). The mixture was stirred for 24 h and then
the organic phase was separated and the aqueous was extracted twice with dichloromethane. The
combined organic extracts were evaporated in vacuo and the crude product was dissolved in ether. The
solution was washed with NaHCOs 10% w/v, water, HCl 3% v/v, water and brine. The solvent was then
evaporated in vacuo and the product was filtered through silica gel using n-hexane:EtOAc (3:1) as eluent
to afford a yellow solid; yield 680 mg (78%); *H-NMR (CDCls, 400MHz) & (ppm) 1.35 (s, 6H, C(CHs),), 1.61-
1.73 (m, 12H, 2,4,6,8,9,10-adamantyl), 2.04 (s, 3H, 3,5,7-adamantyl), 3.85 (s, 2H, COCH,Br).

N-(2-(adamantan-1-yl)propan-2-yl)-2-((3,7-dimethylocta-2,6-dien-1-yl)amino)acetamide, 11

Q H
NJ\/N\/\(\/\(
H

11

Bromoacetamide 10 (680 mg, 2.16 mmol) in dry THF (15 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (330 mg, 2.16 mmol) and triethylamine (218 mg, 2.16 mmol) in dry THF (20
mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCI;:MeOH (9:1), as
eluents. Acetamide 11 was obtained as a yellow oil; yield 750 mg (90%); *H-NMR (CDCls, 400 MHz) & (ppm)
1.34 (s, 6H, 1-adamantyl C(CHs),), 1.59-1.71 (m, 21H, 2,4,6,8,9,10-adamantyl, 8-geranyl, 3,7-geranyl CHs),
2.01-2.09 (m, 7H, 3,5,7-adamantyl, 4,5-geranyl), 3.15 (d, J = 7.4 Hz, 2H, 1-geranyl), 3.23-3.26 (m, 2H,
COCH;,NH), 5.07 (m, 1H, 6-geranyl), 5.22 (m, 1H, 2-geranyl); *C-NMR (CDCl3, 100MHz) &(ppm) 16.7 (3-
geranyl CHs), 18.0 (8-geranyl), 21.4 (1-adamanyl C(CHs)2), 21.9 (1-adamantyl C(CHs),), 26.0 (7-geranyl CHs),
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26.8 (5-geranyl), 28.9 (3,5,7-adamantyl C), 36.5 (4,6,10-adamantyl), 37.4 (2,8,9-adamantanyl), 39.5 (1-
adamantanyl), 39.8 (4-geranyl), 40.0 (1-geranyl), 47.3 (COCH;NH), 59.01 (1-adamanyl C(CHs);), 119.8 (2-
geranyl), 124.2 (6-geranyl), 132.1 (7-geranyl), 140.4 (3-geranyl), 169.1 (C=0); HRMS (ESI-TOF (+)) m/z [M
+ H]* calculated for [CsHa3N,O]* 387.337, found 387.337; Purity of the product determined by HPLC-MS:
99.2%.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N"-(2-(adamantan-1-yl)propan-2-yl)ethane-1,2-diamine, 12

N/\/\/Y\/Y
H

12

Acetamide 11 (280 mg, 0.72 mmol) in dry dichloromethane (4 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere of Ar. Recently distilled trimethylsilyl chloride (94 uL, 0.87 mmol) was then added at
the same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH4(38.3 mg,
1.01 mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the
same temperature. The mixture was treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After the evaporation of the solvent, the crude
product was purified through column chromatography using a. CHCl;:MeOH (9:1), b. CHCl3:MeOH:NH;
(88:10:2), as system solvents, to afford diamine 12 as a yellow oil; yield 70mg (26%); *H-NMR (CDCls, 400
MHz) 6 (ppm) 0.96 (s, 6H, 1-adamantyl C(CHs),), 1.60-1.67 (m, 21H, 2,4,6,8,9,10-adamantane H, 8-geranyl,
3,7-geranyl CH3), 2.01-2.09 (m, 7H, 3,5,7-adamantyl, 4,5-geranyl), 2.70 (s, 4H, NHCH,CH,NH), 3.23 (d, J =
7.0 Hz, 2H, 1-geranyl), 5.09 (m, 1H, 6-geranyl), 5.26 (m, 1H, 2-geranyl); 3C NMR (CDCls;, 100MHz) &(ppm)
16.6 (3-geranyl CHs), 18.0 (8-geranyl), 20.7 (1-adamantyl C(CHs)), 26.0 (7-geranyl CHs), 26.9 (5-geranyl),
29.2 (3,7,5-adamantyl), 36.5 (4,6,10-adamantyl), 37.6 (2,8,9-adamantyl), 39.2 (1-adamantyl), 40.0 (4-
geranyl), 41.9 (1-geranyl), 47.2 (NHCH,CH,NH-geranyl), 50.2 (NHCH>CH,NH-geranyl), 57.2 (1-adamantyl
C(CHzs),), 123.0 (2-geranyl), 124.5 (6-geranyl), 131.9 (7-geranyl), 138.3 (3-geranyl); HRMS (ESI-TOF (+)) m/z
[M + H]* calculated for [CasHasN,]* 373.3577, found 373.357; Purity of the product determined by HPLC-
MS: 96.6%.
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2-((2-(Adamantan-1-yl)propan-2-yl)Jamino)-N-(3,7-dimethylocta-2,6-dien-1-yl)acetamide, 15

Bromoacetamide 13 (200 mg, 0.73 mmol) in dry THF (6 mL) was added dropwise at 0 °C to a stirred
solution of 2-(1-adamantanyl)propan-2-amine (9) (141 mg, 0.73 mmol) and triethylamine (74 mg, 0.73
mmol) in dry THF (8 mL). The stirring continued for 48 h at room temperature. Then the agqueous phase
was extracted twice with dichloromethane, the combined organic extracts were evaporated in vacuo and
the crude product was purified through column chromatography using a. ether:n-hexane (1:1), b.
CHCl3:MeOH (9:1), as eluents. Acetamide 15 was obtained as a yellow oil; yield 125 mg (44%); *H-NMR
(CDCls, 400 MHz) & (ppm) 0.92 (s, 6H, 1-adamantyl C(CHs),), 1.59-1.73 (m, 21H, 2,4,6,8,9,10-adamantyl, 8-
geranyl, 3,7-geranyl CHs), 2.01-2.10 (m, 7H, 3,5,7-adamantyl, 4,5-geranyl), 3.28 (s, 2H, NHCH,CO), 3.85 (t,
J = 6.2 Hz, 2H, 1-geranyl), 5.08 (m, 1H, 6-geranyl), 5.21 (m, 1H, 2-geranyl); *C-NMR (CDCls, 100MHz)
6(ppm) 16.7 (3-geranyl CHs), 18.0 (8-geranyl), 20.3 (1-adamantyl C(CHs),), 26.0 (7-geranyl CHs), 26.9 (5-
geranyl), 29.0 (3,5,7-adamantyl), 36.5 (4,6,10-adamantyl), 37.4 (2,8,9-adamantyl), 37.9 (1-adamantyl),
39.0 (4-geranyl), 39.8 (1-geranyl), 46.1 (NHCH,CO), 120.3 (2-geranyl), 124.2 (6-geranyl), 132.0 (7-geranyl),
140.2 (3-geranyl), 169.2 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [C,sH43N,0]* 387.337, found
387.3369; Purity of the product determined by HPLC-MS: 95.8%.

2-Bromo-N-(2-ethyl-2-adamantanyl)acetamide, 6¢

H
N\[(\Br
(@]

6¢c
Bromoacetylchloride (464 mg, 2.95 mmol) in dichloromethane (9 mL) was added dropwise at 0 °C to a

vigorously stirred suspension of 2-ethyl-2-adamantanamine (5c) (480 mg, 2.68 mmol) in dichloromethane
(15 mL) and K,COs (467 mg) in water (5 mL). The mixture was stirred for 24 h and then the aqueous was
extracted twice with dichloromethane. The combined organic extracts were evaporated in vacuo and the

crude product was dissolved in ether. The solution was washed with NaHCO3 10% w/v, water, HCI 3% v/v,
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water and brine. The solvent was then evaporated in vacuo and the product was filtered through silica gel
using n-hexane:EtOAc (3:1) as eluent to afford a white solid; yield 680 mg (84%); *H-NMR (CDCls, 400 MHz)
6 (ppm) 0.77 (t, J = 7Hz, 3H, 2-adamanyl CH,CHs), 1.59-1.67 (m, 4H, 4eq,8eq,9eq,10eg-adamantyl), 1.71
(s, 2H, 1,3-adamantyl), 1.84 (s, 2H, 6-adamantyl), 1.92-1.95 (m, 4H, 5,7,8ax,10ax-adamantyl), 2.06 (q, 2H,
2-adamanyl CH,CHs), 2.24 (s, 2H, 4ax,9ax-adamantyl), 3.84 (s, 2H, COCH;Br).

2-((3,7-Dimethylocta-2,6-dien-1-yl)amino)-N-(2-ethyladamantan-2-yl)acetamide, 7c

HW/\N/\)\/\)\

OH
7c

Bromoacetamide 6¢ (680 mg, 2.26 mmol) in dry THF (15 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (346 mg, 2.26 mmol) and triethylamine (228 mg, 2.26 mmol) in dry THF (20
mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as
eluents. Acetamide 7c was obtained as a pale yellow oil; yield 710 mg (84%); *H-NMR (CDCls, 400 MHz) §
(ppm) 0.75 (t, J = 7Hz, 3H, 2-adamantyl CH,CHs), 1.60 (s, 3H, 8-geranyl), 1.63 (s, 3H, 7-geranyl CHs), 1.68
(s, 3H, 3-geranyl CHs), 1.60-1.70 (m, 6H, 1,3,4eq,8eq,9eq,10eg-adamantyl), 1.81 (s, 2H, 6-adamantyl),
1.93-2.11 (m, 10H, 5,7,8ax,10ax-adamantyl, 2-adamanyl CH,CHs, 4,5-geranyl), 2.25 (s, 2H, 4ax,9ax-
adamantyl), 3.19 (s, 2H, COCH;NH), 3.23 (d, J = 7.4 Hz, 2H, 1-geranyl), 5.07 (t, J = 7.4 Hz, 1H, 6-geranyl),
5.20 (t, J = 7.4 Hz, 1H, 2-geranyl); *C-NMR (CDCls, 100MHz) & (ppm) 7.43 (2-adamantyl CH,CHs), 16.6 (3-
geranyl CHs), 18.0 (8-geranyl C), 25.0 (2-adamantyl CH>CHs), 26.0 (7-geranyl CHs), 26.8 (5-geranyl C), 27.6
(5,7-adamantyl), 33.2 (4,9-adamantyl), 33.1 (1,3-adamantyl), 33.7 (8,10-adamantyl), 39.0 (6-adamantyl),
40.0 (4-geranyl), 47.7 (1-geranyl), 52.7 (COCH;NH), 60.4 (2-adamantyl), 122.2 (2-geranyl), 123.6 (6-
geranyl), 132.1 (7-geranyl), 139.3 (3-geranyl), 170.3 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for
[C24Ha1N20]* 373.3213, found 373.3213; Purity of the product determined by HPLC-MS: 99.2%.
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N-(3,7-dimethylocta-2,6-dien-1-yl)-N'-(2-ethyladamantan-2-yl)ethane-1,2-diamine, 8c

H
N\/\/\)\/\)\

N
H
8c

Acetamide 7c (420 mg, 1.13 mmol) in dry dichloromethane (5 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (147 L, 1.35 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH4 (60 mg, 1.58
mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After evaporation of the solvent, the crude product
was purified through column chromatography using a gradient of CHCI;:MeOH (20:1, 18:1), as system
solvents, to afford diamine 8c as a pale yellow oil; yield 150 mg (37%); *H-NMR (CDCls, 400 MHz) 6 (ppm)
0.75 (t, J = 7Hz, 3H, 2-adamantyl CH,CHs), 1.48 (d, J = 12Hz, 2H, 4eq,9eq-adamantyl), 1.59 (s, 3H, 8-
geranyl), 1.63 (s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-geranyl CHs), 1.59-1.67 (m, 4H, 1,3,8eq,10eq-
adamantyl), 1.80 (s, 2H, 6-adamantyl), 1.90 (d, J = 12 Hz, 2H, 5,7-adamantyl), 1.99-2.18 (m, 10H,
4ax,8ax,9ax,10ax-adamantyl, 2-adamantyl CH,CHs, 4,5-H), 2.54 (t, /= 6Hz, 2H, NHCH,CH,NH-geranyl), 2.74
(t, J= 6 Hz, 2H, NHCH,CH,;NH-geranyl), 3.26 (d, J = 7.0 Hz, 2H, 1-geranyl), 5.08 (t, J = 7 Hz, 1H, 6-geranyl),
5.26 (t, J = 7 Hz, 1H, 2-geranyl); 3C NMR (CDCls, 100MHz) 6 (ppm) 6.6 (2-adamantyl CH,CHs), 16.6 (3-
geranyl CHs), 18.1 (8-geranyl), 24.0 (2-adamantyl CH,CHs), 26.0 (7-geranyl CHs), 26.8 (5-geranyl), 28.1 (5,7-
adamantyl), 32.9 (4,9-adamantyl), 33.9 (1,3,8,10-adamantyl), 39.4 (6-adamantyl), 40.0 (1,4-geranyl), 47.2
(NHCH,CH;NH-geranyl), 49.9 (NHCH,CH,NH-geranyl), 57.7 (2-adamantyl), 122.7 (2-geranyl), 124.4 (6-
geranyl), 131.9 (7-geranyl), 138.5 (3-geranyl); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [Ca4Ha3N>]*
359.3421, found 359.342; Purity of the product determined by HPLC-MS: 95.9%.
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2-Bromo-N-(2-propyl-2-adamantanyl)acetamide, 6d

H
NjﬁBr
*

Bromoacetylchloride (548 mg, 3.48 mmol) in dichloromethane (9 mL) was added dropwise at 0 °C to a
vigorously stirred suspension of 2-propyl-2-adamantanamine (5d) (610 mg, 3.16 mmol) in
dichloromethane (18 mL) and K,COs (550 mg) in water (10 mL). The mixture was stirred for 24 h and then
the aqueous was extracted twice with dichloromethane. The combined organic extracts were evaporated
in vacuo and the crude product was dissolved in ether. The solution was washed with NaHCOs; 10% w/v,
H,0, HCl 3% v/v, H,0 and brine. The solvent was then evaporated in vacuo and the product was filtered
through silica gel using n-hexane:EtOAc (3:1) as eluent to afford a white solid; yield 850 mg (85%); *H-
NMR (CDCls, 400 MHz) 6 (ppm) 0.92 (t, J = 7.4 Hz, 3H, 2-adamantyl CH,CH,CH3), 1.15-1.25 (m, 2H, 2-
adamantyl CH,CH,CHs), 1.62-1.71 (m, 8H, 1,3,4eq,8eq,9eq,10eq-adamantyl, 2-adamantyl CH,CH,CHs),
1.92 (s, 2H, 6-adamantyl), 1.95-2.02 (m, 6H, 4ax,5,7,8ax,9ax,10ax-adamantyl), 2.24 (s, 1H, NH) 3.84 (s, 2H,
COCH3Br).

2-((3,7-Dimethylocta-2,6-dien-1-yl)amino)-N-(2-propyladamantan-2-yl)acetamide, 7d

Hth/\)\/\)\

H
© 7d

Bromoacetamide 6d (850 mg, 2.70 mmol) in dry THF (15 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (413 mg, 2.70 mmol) and triethylamine (273 mg, 2.70 mmol) in dry THF (25
mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as
eluents. Acetamide 7d was obtained as a pale yellow oil; yield 750 mg (72%); *H-NMR (CDCls;, 400 MHz) 6
(ppm) 0.89 (t, J = 7.4 Hz, 3H, 2-adamantyl CH,CH,CHs), 1.12-1.25 (m, 2H, 2-adamantyl CH,CH,CH3), 1.58-
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1.71(m, 21H, 1,3,4eq,8eq,9eq,10eq-adamantyl, 8-geranyl, 3,7-geranyl CHs, 2-adamantyl CH,CH,CHjs), 1.81
(s, 2H, 6-adamantyl), 1.96-2.05 (m, 8H, 5,7,8ax,10ax-adamantyl, 4,5-geranyl), 2.24 (d, J = 12 Hz, 2H,
4ax,9ax-adamantyl) 3.19 (d, J=7.4 Hz, 2H, 1-geranyl) 3.30-3.31 (m, 2H, COCH,NH), 5.07 (m, 1H, 6-geranyl),
5.24 (m, 1H, 2-geranyl); ¥C-NMR (CDCls, 100MHz) 6 (ppm) 14.9 (2-adamantyl CH,CH,CHs), 15.0 (2-
adamantyl CH,CH,CHs), 16.4 (3-geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.8 (5-geranyl), 27.6
(5,7-adamantyl), 33.3 (4,9-adamantyl), 33.5 (8,10-adamantyl), 33.7 (1,3-adamantyl), 33.9 (2-adamantyl
CH,CH,CHs), 35.4 (6-adamantyl), 39.0 (4-geranyl), 40.0 (1-geranyl), 47.5 (COCH,NH), 52.0 (2-adamantyl),
119.7 (2-geranyl), 124.2 (6-geranyl), 132.1 (7-geranyl), 140.1 (3-geranyl), 168.7 (C=0); HRMS (ESI-TOF (+))
m/z [M + H]* calculated for [C25HasN20O]* 387.337, found 387.337.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-propyladamantan-2-yl)ethane-1,2-diamine, 8d

H
N\/\N/\)\/\)\
H
8d

Acetamide 7d (1.22 g, 3.16 mmol) in dry dichloromethane (14 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (412 pL, 3.79 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH; (168 mg, 4.42
mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After the evaporation of the solvent, the mixture
was purified through column chromatography using a. CHCls:MeOH (9:1), b. CHCl;:MeOH:NH; (88:10:2),
as system solvents to afford diamine 8d as a pale yellow oil; yield 390 mg (33%); *H-NMR (CDCls, 400 MHz)
6 (ppm) 0.90 (t, J = 7.4 Hz, 3H, 2-adamantyl CH,CH,CH3), 1.15-1.25 (m, 2H, 2-adamantyl CH,CH,CH3), 1.45
(d, J = 12 Hz, 2H, 4eq,9eg-adamantyl), 1.55-1.72 (m, 17H, 1,3,6,8eq,10eq-adamantyl, 8-geranyl, 3,7-
geranyl CHs, 2-adamantyl CH,CH,CHs), 1.79 (d, J = 12 Hz, 2H, 5,7-adamantyl), 1.92 (d, / = 11.4 Hz, 2H,
8ax,10ax-adamantyl), 1.90-2.02 (m, 2H, 5-geranyl), 2.06-2.11 (m, 2H, 4-geranyl), 2.15 (d, J = 12.5 Hz,
4ax,9ax-adamantyl), 2.52 (t, J = 6Hz, 2H, NHCH,CH,NH-geranyl), 2.69 (t, J/ = 6 Hz, 2H, NHCH,CH,NH-
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geranyl), 3.23 (d, J= 7.0 Hz, 2H, 1-geranyl), 5.08 (t, J = 7 Hz, 1H, 6-geranyl), 5.25 (t, / = 7 Hz, 1H, 2-geranyl);
13C NMR (CDCl3, 100MHz) 6 (ppm) 15.2 (2-adamantyl CH,CH,CH3), 15.3 (2-adamantyl CH,CH,CHs), 16.6 (3-
geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.9 (5-geranyl C), 28.1 (5-adamantyl), 28.3 (7-
adamantyl), 33.0 (4,9-adamantyl), 34.0 (8,10-adamantyl), 34.4 (1,3-adamantyl), 34.6 (2-adamantyl
CH,CH,CH;3), 39.5 (6-adamantyl), 39.7 (4-geranyl), 40.0 (1-geranyl), 47.5 (NHCH,CH,;NH-geranyl), 50.5
(NHCH,CH;NH-geranyl), 57.5 (2-adamantyl), 123.3 (2-geranyl), 124.5 (6-geranyl), 131.8 (7-geranyl), 137.9
(3-geranyl); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [CasHasN>]* 373.3577, found 373.3575; Purity
of the product determined by HPLC-MS: 100.0%.

N-(3,7-dimethylocta-2,6-dien-1-yl)-2-((2-propyladamantan-2-yl)Jamino)acetamide, 14d

e
N\)J\N/\)\/\)\
H

14d

Acetamide 13 (184 mg, 0.67 mmol) in dry THF (6 mL) was added dropwise at 0 °C to a stirred solution of
2-propyl-2-adamantanamine (5d) (130 mg, 0.67 mmol) and triethylamine (68 mg, 0.67 mmol) in dry THF
(8 mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as
eluents. Acetamide 14d was obtained as a pale yellow oil; yield 90 mg (35%); *H-NMR (CDCls;, 400 MHz) 6
(ppm) 0.90 (t, J = 7.4 Hz, 3H, 2-adamantyl CH,CH,CHs), 1.14-1.20 (m, 2H, 2-adamantyl CH,CH,CHs), 1.51-
1.68(m, 21H, 1,3,4,6,8eq,9,10eq-adamantyl, 8-geranyl, 3,7-geranyl CHs, 2-adamantyl CH,CH,CHs), 1.83 (s,
2H, 5,7-adamantyl), 1.90-1.93 (m, 2H, 4ax,9ax-adamantyl), 2.01-2.09 (m, 4H, 4,5-geranyl), 3.12 (s, 2H,
NHCH,CO), 3.87 (t, J = 6 Hz, 2H, 1-geranyl), 5.08 (t, /= 7 Hz, 1H, 6-geranyl), 5.20 (t, J = 7 Hz, 1H, 2-geranyl);
13C-NMR (CDCl3, 100MHz) & (ppm) 15.0 (2-adamantyl CH,CH,CHs), 15.5 (2-adamantyl CH,CH,CHs), 16.6 (3-
geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.8 (5-geranyl), 28.0 (5,7-adamantyl), 33.2 (4,9-
adamantyl), 33.8 (8,10-adamantyl), 34.4 (1,3-adamantyl), 35.2 (2-adamantyl CH,CH,CHs), 37.2 (6-
adamantyl), 39.3 (4-geranyl), 39.8 (1-geranyl), 44.2 (NHCH,CO), 120.4 (2-geranyl), 124.2 (6-geranyl), 132.1
(7-geranyl), 140.1 (3-geranyl), 168.8 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]" calculated for [CysHi3N,0]*
387.337, found 387.3369; Purity of the product determined by HPLC-MS: 98.3%.
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2-Bromo-N-(2-butyl-2-adamantanyl)acetamide, 6e

0]
@(NCK/&
i 6e

Bromoacetylchloride (117 mg, 0.74 mmol) in dichloromethane (2 mL) was added dropwise at 0 °C to a
vigorously stirred suspension of 2-butyl-2-adamantanamine (5e) (140 mg, 0.67 mmol) in dichloromethane
(4 mL) and K,COs (117 mg) in water (1 mL). The mixture was stirred for 24 h and then the aqueous phase
was extracted twice with dichloromethane. The combined organic extracts were evaporated in vacuo and
the crude product was dissolved in ether. The solution was washed with NaHCOs3 10% w/v, water, HCl 3%
v/v, water, and brine. The solvent was then evaporated in vacuo and the product was filtered through

silica gel using n-hexane:EtOAc (3:1) as eluent to afford a yellow solid; yield 190 mg (85%).

2-((3,7-Dimethylocta-2,6-dien-1-yl)Jamino)-N-(2-butyladamantan-2-yl)acetamide, 7e

Bromoacetamide 6e (190 mg, 0.58 mmol) in dry THF (4 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (89 mg, 0.58 mmol) and triethylamine (58 mg, 0.58 mmol) in dry THF (5 mL).
The stirring continued for 72 h at room temperature. Then the aqueous phase was extracted twice with
dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product was
purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as eluents.
Acetamide 7e was obtained as a pale yellow oil; yield 160 mg (69%); *H-NMR (CDCls, 400 MHz) & (ppm)
0.73-0.77 (m, 3H, 2-adamantyl (CH,)sCHs), 1.08-1.34 (m, 4H, 2-adamantyl CH,(CH>)>CHs), 1.60 (s, 3H, 8-
geranyl), 1.63 (s, 3H, 7-geranyl CHs), 1.68 (s, 3H, 3-geranyl CHs), 1.59-1.71 (m, 6H, 1,3,4eq,8eq,9eq,10eq-
adamantyl), 1.82 (s, 2H, 6-adamantyl), 1.89-2.08 (m, 10H, 5,7,8ax,10ax-adamantyl, 2-adamantyl
CH»(CH,),CHs, 4,5-geranyl), 2.24 (d, J= 12.5 Hz, 2H, 4ax,9ax-adamantyl), 3.20 (d, / = 7.4 Hz, 2H, 1-geranyl),
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3.30 (s, 2H, COCH;NH), 5.07 (t, J = 7.4 Hz, 1H, 6-geranyl), 5.24 (t, J = 7.4 Hz, 1H, 2-geranyl). Fumarate salt;
13C-NMR (MeOD, 100MHz,) 6 (ppm) 14.5 (2-adamantyl (CH;)sCHs), 15.6 (3-geranyl CHs), 16.8 (8-geranyl),
18.0 (7-geranyl CHs), 23.5 (4,9-adamantyl), 25.4 (5-geranyl), 26.0 (2-adamantyl (CH2).CH,CHs), 26.8 (2-
adamantyl CH,CH,CH,CHs), 27.6 (5,7-adamantyl), 32.7 (2-adamantyl CH,(CH,),CHs), 33.3 (8,10-
adamantyl), 33.7 (1,3-adamantyl), 39.0 (6-adamantyl), 40.0 (4-geranyl), 47.3 (1-geranyl), 60.8 (COCH,NH),
66.2 (2-adamantyl), 119.8 (2-geranyl), 124.1 (6-geranyl), 132.2 (3,7-geranyl), 168.7 (C=0); HRMS (ESI-TOF
(+)) m/z [M + H]* calculated for [C26H4sN20O]* 401.3526, found 401.3527; Purity of the product determined
by HPLC-MS: 98.6%.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-butyladamantan-2-yl)ethane-1,2-diamine, 8e

Acetamide 7e (160 mg, 0.40 mmol) in dry dichloromethane (2 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (52 uL, 0.48 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH; (21 mg, 0.56
mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After the evaporation of the solvent, the crude
product was purified through column chromatography using ether:n-hexane (1:1) and a gradient of
CHCl5:MeOH (25:1, 20:1), as system solvents to afford diamine 8e as a pale yellow oil; yield 20 mg (13%).
Fumarate salt; *H-NMR (MeOD, 400 MHz) & (ppm) 0.91 (t, J = 7Hz, 3H, 2-adamantyl (CH,)sCHs), 1.12-1.33
(m, 4H, 2-adamantyl CHx(CH,),CHs), 1.49 (d, /= 12Hz, 2H, 4eq,9eq-adamantyl), 1.59 (s, 3H, 8-geranyl), 1.64
(s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-geranyl CHs), 1.59-1.69 (m, 8H, 1,3,6,8eq,10eg-adamantyl, 2-
adamantyl-CH,(CH,),CHs), 1.81 (s, 2H, 5,7-adamantyl), 1.92 (d, J = 12Hz, 2H, 8ax,10ax-adamantyl), 1.99-
2.11 (m, 4H, 4,5-geranyl), 2.16 (d, J =12Hz, 2H, 4ax,9ax-adamantyl), 2.59 (t, J = 6Hz, 2H, NHCH,CH,NH-
geranyl), 2.79 (t, J = 6 Hz, 2H, NHCH,CH,NH-geranyl), 3.29 (d, J = 7.0 Hz, 2H, 1-geranyl), 5.08 (t, / = 7 Hz,
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1H, 6-geranyl), 5.26 (t, J = 7 Hz, 1H, 2-geranyl); 3C NMR (MeOD, 100MHz) & (ppm) 15.4 (2-adamantyl
(CH2)sCHs), 17.5 (3-geranyl CHs), 18.7 (8-geranyl), 19.7 (7-geranyl CHs), 23.4 (5-geranyl), 25.2 (4-
adamantyl), 25.7 (9-adamantyl), 26.7 (2-adamantyl (CH2).CH,CHs), 28.1 (2-adamantyl CH,CH,CH,CHs),
29.8 (5,7-adamantyl), 33.1 (2-adamantyl CH,(CH3),CHs), 34.1 (8-adamantyl), 35.4 (10-adamantyl), 35.7
(1,3-adamantyl), 38.9 (6-adamantyl), 40.8 (4-geranyl), 41.6 (1-geranyl), 47.3 (NHCH,CH,NH-geranyl), 48.2
(NHCH2CH;NH-geranyl), 62.1 (2-adamantyl), 117.2 (2-geranyl), 125.6 (6-geranyl), 136.7 (3,7-geranyl);
HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [CaeH47N,]* 387.3734, found 387.3737; Purity of the product
determined by HPLC-MS: 98.2%.

2-Bromo-N-(2-hexyl-2-adamantanyl)acetamide, 6f

0]
H)K/Br

6f

Bromoacetonitrile (609 mg, 5.08 mmol) was added to a stirring solution of 2-hexyl-2-adamantanol (600
mg, 2.54 mmol) in AcOH (1 mL) at room temperature. The resulting solution was cooled to 0 °C and
concentrated H,SO4 (1 mL) was added whilst the temperature was maintained below 10 °C. The mixture
was stirred for 1 h and then was poured onto ice and made alkaline with solid Na,COs. The aqueous phase
was extracted twice with EtOAc and the combined organic extracts were washed with water. The solvent
was evaporated in vacuo and bromoacetamide 6f was obtained as an orange solid; yield 869 mg (96%);
IH-NMR (CDCls, 400 MHz) & (ppm) 0.87 (t, J = 7Hz, 3H, 2-adamantyl (CH,)sCHs), 1.12-1.33 (m, 8H, 2-
adamantyl CH,(CH,)4CHs), 1.58-1.72 (m, 6H, 1,3,4eq,8eq,9eq,10eg-adamantyl), 1.84 (s, 2H, 6-adamantyl),
1.91-2.04 (m, 6H, 5,7,8ax,10ax-adamantyl H, 2-adamantyl CH,(CH2)4CHs), 2.24 (s, 2H, 4ax,9ax-adamantyl),
3.84 (s, 2H, COCH,Br).
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2-((3,7-Dimethylocta-2,6-dien-1-yl)Jamino)-N-(2-hexyladamantan-2-yl)acetamide, 7f

Bromoacetamide 6f (70 mg, 0.20 mmol) in dry THF (1.5 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (31 mg, 0.20 mmol) and triethylamine (20 mg, 0.20 mmol) in dry THF (2 mL).
The stirring continued for 72 h at room temperature. Then the aqueous phase was extracted twice with
dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product was
purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as eluents.
Acetamide 7f was obtained as a yellow oil; yield 50 mg (60%); *H-NMR (CDCls;, 400 MHz) & (ppm) 0.88 (t,
J = 7Hz, 3H, 2-adamantyl (CH,)sCHs), 1.11-1.33 (m, 8H, 2-adamantyl CH(CH,)sCHs), 1.51-1.68 (m, 19H,
1,3,4eq,6,8eq,9eq,10eg-adamantyl, 3-geranyl CHs, 7-geranyl CHs, 8-H, 2-adamantyl CH,(CH;)4CHs), 1.82-
1.83 (m, 2H, 5,7-adamantyl), 1.91 (d, J = 8.5 Hz, 2H, 8ax,10ax-adamantyl), 2.01-2.10 (m, 6H, 4ax,9ax-
adamantyl, 4,5-geranyl), 3.11 (s, 2H, COCH,NH), 3.88 (t, / = 4 Hz, 2H, 1-geranyl), 5.08 (t, J = 7.4 Hz, 1H, 6-
geranyl), 5.21 (t, J = 7.4 Hz, 1H, 2-geranyl); 3C-NMR (CDCl;, 100MHz) & (ppm) 15.6 (2-adamantyl
(CH,)sCHs), 16.6 (3-geranyl CHs), 18.0 (8-geranyl), 22.2 (2-adamantyl (CH;)sCH>CHs), 23.0 (2-adamantyl
(CH2)sCH,CH,CH3), 26.0 (7-geranyl CHs), 26.8 (5-geranyl), 28.0 (5,7-adamantyl), 30.3 (2-adamantyl
CH3)2CH,(CH,),CHs), 32.4 (2-adamantyl CH,CH»(CH,)sCHs), 32.7 (2-adamantyl CH,(CH3).CHs), 33.3 (4,9-
adamantyl), 33.9 (8,10-adamantyl), 34.4 (1,3-adamantyl), 37.2 (6-adamantyl), 39.3 (4-geranyl), 39.8 (1-
geranyl), 58.0 (COCH;NH), 66.2 (2-adamantyl), 120.5 (2-geranyl), 124.2 (6-geranyl), 132.1 (7-geranyl),
140.1 (3-geranyl), 172.8 (C=0).
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N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-hexyladamantan-2-yl)ethane-1,2-diamine, 8f

Acetamide 7f (50 mg, 0.12 mmol) in dry dichloromethane (1 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (15 uL, 0.14 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH, (7 mg, 0.17
mmol) in a small quantity of THF was added at -10-0 °C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude was dissolved
in dichloromethane and washed with brine. After the evaporation of the solvent, the crude product was
purified through column chromatography using ether:n-hexane (1:1) and CHCl3:MeOH (30:1), as system
solvents to afford diamine 8f as a yellow oil; yield 20 mg (40%); *H-NMR (CDCls;, 400 MHz) & (ppm) 0.87 (t,
J =7Hz, 3H, 2-adamantyl (CH;)sCHs), 1.18-1.27 (m, 8H, 2-adamantyl CH,(CH2)4CHs), 1.49 (d, J = 12Hz, 2H,
4eq,9eqg-adamantyl), 1.59 (s, 3H, 8-geranyl), 1.64 (s, 3H, 7-geranyl CHs), 1.66 (s, 3H, 3-geranyl CH3), 1.59-
1.69 (m, 8H, 1,3,6,8eq,10eq-adamantyl, 2-adamantyl CH,(CH,)sCHs), 1.81 (s, 2H, 5,7-adamantyl), 1.91 (d,
J = 8.5 Hz, 2H, 8ax,10ax-adamantyl), 1.99-2.10 (m, 4H, 4,5-geranyl), 2.16 (d, J = 8.5 Hz, 2H, 4ax,9ax-
adamantyl), 2.58 (t, J = 6Hz, 2H, NHCH,CH,NH-geranyl), 2.78 (t, J = 6 Hz, 2H, NHCH,CH,NH-geranyl), 3.29
(d, 4 = 7.0 Hz, 2H, 1-geranyl), 5.07 (t, J = 7 Hz, 1H, 6-geranyl), 5.25 (t, J = 7 Hz, 1H, 2-geranyl); 13C NMR
(CDCl5, 100MHz) 6 (ppm) 14.4 (2-adamantyl (CH;)sCHs), 16.7 (3-geranyl CHs), 18.0 (8-geranyl), 22.0 (2-
adamantyl (CH;)sCH>CHs), 23.1 (2-adamantyl (CH;)sCH>CH,CHs), 26.0 (7-geranyl CHs), 26.8 (5-geranyl),
27.9 (5,7-adamantyl), 30.4 (2-adamantyl CH;),CH,(CH,),CHs, 32.0 (2-adamantyl CH,CH»(CH;)3CHs), 32.3 (2-
adamantyl CH,(CH,)4CHs), 32.9 (4,9-adamantyl), 33.9 (8,10-adamantyl), 34.2 (1,3-adamantyl), 39.1 (6-
adamantyl), 39.3 (4-geranyl), 40.0 (1-geranyl), 46.9 (NHCH,CH,NH-geranyl), 49.2 (NHCH,CH,NH-geranyl),
66.2 (2-adamantyl), 121.9 (2-geranyl), 124.3 (6-geranyl), 131.9 (7-geranyl), 139.2 (3-geranyl); HRMS (ESI-
TOF (+)) m/z [M + H]* calculated for [CasHs1N,]* 415.4047, found 415.404; Purity of the product determined
by HPLC-MS: 100.0%.
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2-Bromo-N-(2-benzyl-2-adamantanyl)acetamide, 6g

H
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Bromoacetylchloride (288 mg, 1.83 mmol) in dichloromethane (5 mL) was added dropwise at 0 °C to a
vigorously stirred suspension of 2-benzyl-2-adamantanamine (5g) (400 mg, 1.66 mmol) in
dichloromethane (10 mL) and K>COs (289 mg) in water (3 mL). The mixture was stirred for 24 h and then
the aqueous was extracted twice with dichloromethane. The combined organic extracts were evaporated
in vacuo and the crude product was dissolved in ether. The solution was washed with NaHCOs 10% w/v,
water, HCI 3% v/v, water and brine. The solvent was then evaporated in vacuo and the product was filtered
through silica gel using n-hexane:EtOAc (3:1) as eluent to afford a white solid; yield 530 mg (88%); *H-
NMR (CDCls;, 400 MHz) 6 (ppm) 1.55 (s, 2H, 4eq,9eq-adamantyl), 1.64 (d, J = 12Hz, 2H, 8eq,10eqg-
adamantyl), 1.76-1.97 (m, 6H, 1,3,5,6,7-adamantyl), 2.23-2.27 (m, 4H, 4ax,8ax,9ax10ax-adamantyl), 3.36
(s, 2H, COCH,Br), 3.80 (s, 2H, benzyl), 5.77 (s, 1H, NH), 7.09-7.11 (m, 2H, phenyl), 7.20-7.29 (m, 3H,

phenyl).

2-((3,7-Dimethylocta-2,6-dien-1-yl)Jamino)-N-(2-benzyladamantan-2-yl)acetamide, 7g

Bromoacetamide 6g (530 mg, 1.46 mmol) in dry THF (8 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (223 mg, 1.46 mmol) and triethylamine (147 mg, 1.46 mmol) in dry THF (12.5
mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as
eluents. Acetamide 7g was obtained as a pale yellow oil; yield 560 mg (88%); *H-NMR (CDCls, 400 MHz) &
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(ppm) 1.57 (s, 3H, 8-geranyl), 1.59 (s, 3H, 7-geranyl CHs), 1.67 (s, H, 3-geranyl CHs), 1.57-1.84 (m, 9H,
1,3,4eq,5,6eq,7,8eq,9eq,10eg-adamantyl), 1.90 (s, 1H, 6ax-adamantyl), 1.98-2.08 (m, 4H, 4,5-geranyl),
2.24-2.30 (m, 4H, 4ax,8ax,9ax,10ax-adamantyl), 3.14 (d, J = 7.4 Hz, 2H, 1-geranyl), 3.25 (s, 2H, COCH;NH),
3.38 (s, 2H, benzyl), 5.07 (t, J = 7.4 Hz, 1H, 6-geranyl), 5.26 (t, / = 7.4 Hz, 1H, 2-geranyl), 7.06-7.14 (m, 2H,
phenyl), 7.16-7.19 (m, 1H, phenyl), 7.22-7.25 (m, 2H, phenyl); *C-NMR (CDCls, 100MHz) & (ppm) 16.8 (3-
geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.7 (5-geranyl), 27.3 (5-adamantyl), 27.8 (7-
adamantyl), 33.5 (4,8,9,10-adamantyl), 33.6 (1,3-adamantyl), 38.1 (benzyl), 38.9 (6-adamantyl), 39.9 (4-
geranyl), 47.1 (1-geranyl), 56.7 (COCH,NH), 62.0 (2-adamantyl), 123.9 (6-geranyl), 126.5 (phenyl), 128.3
(phenyl), 130.6 (phenyl), 138.5 (quaternary-phenyl), 163.6 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]*
calculated for [Ca9Ha3N,0]* 435.337, found 435.3371; Purity of the product determined by HPLC-MS:
97.8%.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-benzyladamantan-2-yl)ethane-1,2-diamine, 8g
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Acetamide 7g (560 mg, 1.29 mmol) in dry dichloromethane (5 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (168 pL, 1.55 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH; (69 mg, 1.81
mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After the evaporation of the solvent, the crude
product was purified through column chromatography using ether:n-hexane (1:1) and CHCl;:MeOH (9:1),
as system solvents to afford diamine 8f as a pale yellow oil; yield 141 mg (26%); *H-NMR (CDCls, 400 MHz)
6 (ppm) 1.45 (d, J = 12Hz, 2H, 4eq,9eqg-adamantyl), 1.59 (s, 3H, 8-geranyl), 1.63 (s, 3H, 7-geranyl CHs), 1.67
(s, 3H, 3-geranyl CHs), 1.59-1.75 (m, 6H, 1,3,5,7,8eq,10eg-adamantyl), 1.81 (s, 1H, 6eg-adamantyl), 1.95
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(s, 1H, 6ax-adamantyl), 1.99-2.10 (m, 4H, 4,5-geranyl), 2.18-2.23 (m, 4H, 4ax,8ax,9ax,10ax-adamantyl ),
2.75 (t,J=6Hz, 2H, NHCH,CH,;NH-geranyl), 2.84 (t, J = 6 Hz, 2H, NHCH,CH;NH-geranyl), 2.99 (s, 2H, benzyl),
3.32(d, J =7 Hz, 2H, 1-geranyl), 5.07 (t, J = 7 Hz, 1H, 6-geranyl), 5.26 (t, /= 7 Hz, 1H, 2-geranyl), 7.16-7.30
(m, 5H, phenyl); 3C NMR (CDCls;, 100MHz) 6 (ppm) 16.8 (3-geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl
CHs), 26.8 (5-geranyl), 27.8 (5-adamantyl), 28.3 (7-adamantyl), 33.1 (4,9-adamantyl), 34.0 (8,10-
adamantyl), 34.4 (1,3-adamantyl), 37.3 (benzyl), 38.8 (NHCH,CH,NH-geranyl), 39.3 (6-adamantyl), 39.9 (4-
geranyl), 46.9 (1-geranyl), 49.3 (NHCH,CH;NH-geranyl), 59.0 (2-adamantyl), 124.2 (6-geranyl), 126.4
(phenyl), 128.5 (phenyl), 130.5 (phenyl), 132.0 (7-geranyl), 138.7 (quaternary-phenyl); HRMS (ESI-TOF (+))
m/z [M + H]" calculated for [CaoH4sN>]* 421.3577, found 421.3571; Purity of the product determined by
HPLC-MS: 98.6%.

2-Bromo-N-(2-phenyl-2-adamantanyl)acetamide, 6h

0]
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H
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Bromoacetylchloride (610 mg, 3.87 mmol) in dichloromethane (10 mL) was added dropwise at 0 °C to a
vigorously stirred suspension of 2-phenyl-2-adamantanamine (5h) (800 mg, 3.52 mmol) in
dichloromethane (18 mL) and K;CO3 (612 mg) in water (6 mL). The mixture was stirred for 24 h and then
the aqueous phase was extracted twice with dichloromethane. The combined organic extracts were
evaporated in vacuo and the crude product was dissolved in ether. The solution was washed with NaHCOs;
10% w/v, water, HCl 3% v/v, water and brine. The solvent was then evaporated in vacuo and the product
was filtered through silica gel using n-hexane:EtOAc (3:1) as eluent to afford a white solid; yield 1.17 g
(96%); *H-NMR (CDCl3, 400 MHz) 6 (ppm) 1.68-1.86 (m, 9H, 1,3,4eq,5,6eq,7,8eq,9eq,10eq-adamantyl),
1.95 (s, 1H, 6ax-adamantyl), 2.14 (d, J = 13.6Hz, 2H, 8ax,10ax-adamantyl), 3.10 (s, 2H, 4ax,9ax-adamantyl),
3.66 (s, 2H, COCH,Br), 7.23-7.25 (m, 1H, phenyl), 7.32-7.36 (m, 2H, phenyl), 7.56-7.58 (m, 2H, phenyl).

98



2-((3,7-Dimethylocta-2,6-dien-1-yl)amino)-N-(2-phenyladamantan-2-yl)acetamide, 7h

Bromoacetamide 6h (1.17 g, 3.36 mmol) in dry THF (20 mL) was added dropwise at 0 °C to a stirred
solution of geranylamine 4 (514 mg, 3.36 mmol) and triethylamine (340 mg, 3.36 mmol) in dry THF (30
mL). The stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice
with dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product
was purified through column chromatography using a. ether:n-hexane (1:1), b. CHCls:MeOH (9:1), as
eluents. Acetamide 7h was obtained as a yellow oil; yield 920 mg (35%); *H-NMR (CDCls, 400 MHz) & (ppm)
1.54 (s, 3H, 8-geranyl), 1.60 (s, 3H, 7-geranyl CHs), 1.68 (s, 3H, 3-geranyl CHs), 1.68-2.18 (m, 18H,
1,3,4,5,6,7,8,9,10-adamantyl, 4,5-geranyl), 3.07 (d, J = 7.4 Hz, 2H, 1-geranyl), 3.13 (s, 2H, COCH,NH), 5.07
(t,/=7.4 Hz, 1H, 6-geranyl), 5.14 (t, J = 7.4 Hz, 1H, 2-geranyl), 7.17-7.33 (m, 3H, phenyl), 7.58-7.59 (m, 2H,
phenyl); 3C-NMR (CDCls, 100MHz) 6 (ppm) 16.6 (3-geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs),
26.8 (5-geranyl), 27.0 (5-adamantyl), 27.8 (7-adamantyl), 32.8 (4,9-adamantyl), 33.7 (1,3,8,10-adamantyl),
38.2 (6-adamantyl), 39.9 (4-geranyl), 47.4 (1-geranyl), 52.6 (COCH;NH), 61.0 (2-adamantyl), 122.1 (2-
geranyl), 124.3 (6-geranyl), 126.7 (phenyl), 128.3 (phenyl), 132.0 (7-geranyl), 139.3 (quaternary-phenyl),
143.5 (3-geranyl), 169.8 (C=0); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for [CasH4iN2O]* 421.3213,
found 421.3214; Purity of the product determined by HPLC-MS: 97.8%.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-phenyl-adamantan-2-yl)ethane-1,2-diamine, 8h

Acetamide 7h (800 mg, 1.90 mmol) in dry dichloromethane (10 mL) was stirred at 0-5 °C for 15 min under

argon atmosphere. Recently distilled trimethylsilyl chloride (247 pL, 2.28 mmol) was then added at the
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same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH; (101 mg, 2.66
mmol) in a small quantity of THF was added at -10-0°C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated, and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude product was
dissolved in dichloromethane and washed with brine. After the evaporation of the solvent, the crude
product was purified through column chromatography using ether:n-hexane (1:1) and CHCl;:MeOH (9:1),
as system solvents to afford the diamine 8h as a pale yellow oil; yield 290 mg (36%); *H-NMR (CDCls, 400
MHz) 6 (ppm) 1.56 (s, 3H, 8-geranyl), 1.59 (s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-geranyl CHs), 1.67-1.75 (m,
9H, 1,3,4eq,5,6eq,7,8eq,9eq,10eg-adamantyl), 1.89 (s, 1H, 6ax-adamantyl), 1.98-2.09 (m, 4H, 4,5-
geranyl), 2.40 (d, J = 12.3Hz, 2H, 8ax,10ax-adamantyl), 2.23 (t, J = 6Hz, 2H, NHCH,CH,NH-geranyl), 2.48-
2.51 (m, 4H, 4ax,9ax-adamantyl, NHCH,CH,NH-geranyl), 3.05 (d, J = 7.0 Hz, 2H, 1-geranyl), 5.07 (t, /= 7
Hz, 1H, 6-geranyl), 5.15 (t, / = 7 Hz, 1H, 2-geranyl), 7.16-7.20 (m, 1H, phenyl), 7.30-7.37 (m, 4H, phenyl);
13C NMR (CDCls, 400MHz) 6 (ppm) 16.6 (3-geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.8 (5-
geranyl C), 27.4 (5-adamantyl), 28.4 (7-adamantyl), 33.0 (4,9-adamantyl), 33.2 (1,3-adamantyl), 34.4
(8,10-adamantyl), 38.5 (6-adamantyl), 39.9 (4-geranyl), 46.7 (1-geranyl), 49.4 (NHCH,CH,NH-geranyl),
61.3 (NHCH,CH;NH-geranyl), 66.2 (2-adamantyl), 122.2 (2-geranyl), 124.4 (6-geranyl), 126.2 (phenyl),
126.6 (phenyl), 128.4 (phenyl), 131.9 (7-geranyl), 138.8 (quaternary-phenyl), 145.0 (3-geranyl); HRMS
(ESI-TOF (+)) m/z [M + H]* calculated for [CasHasN2]* 407.3421, found 407.3414; Purity of the product
determined by HPLC-MS: 97.0%.

2-Bromo-N-(2-(5-phenylthiazol-2-yl)adamantan-2-yl)acetamide, 6i

Bromoacetonitrile (230 mg, 1.92 mmol) was added to a stirring solution of 2-(5-phenylthiazol-2-
yl)adamantan-2-ol (5i) (300 mg, 0.96 mmol) in AcOH (1 mL) at room temperature. The resulting solution

was cooled to 0 °C and concentrated H,SO, (1 mL) was added whilst the temperature was maintained
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below 10 °C. The mixture was stirred for 1 h and then was poured onto ice and made alkaline with solid
Na,COs. The aqueous phase was extracted twice with EtOAc and the combined organic extracts were
washed with water. The solvent was evaporated in vacuo and bromoacetamide 6i was obtained as a pale
yellow solid; yield 414 mg (100%); H-NMR (CDCls, 400 MHz) & (ppm) 1.78-1.86 (m, 7H,
4eq,5,6eq,7,8eq,9eq,10eqg-adamantyl), 1.96 (s, 1H, 6ax-adamantyl), 2.10-2.17 (m, 4H, 4ax,8ax,9ax,10ax-
adamantyl), 3.14 (s, 2H, 1,3-adamantyl), 3.76 (s, 2H, COCH2Br), 6.60 (s, 1H, NH), 7.29-7.32 (m, 1H, phenyl),
7.39-7.43 (m, 2H, phenyl), 7.46 (s, 1H, 4-thiazolyl), 7.90 (d, J = 6.8 Hz, 2H, phenyl).

2-((3,7-Dimethylocta-2,6-dien-1-yl)Jamino)-N-(2-(5-phenylthiazol-2-yl)adamantan-2-yl)acetamide, 7i

g o
NJ\/N\/\(\/\(
H .

Bromoacetamide 6i (414 mg, 0.96 mmol) in dry THF (6 mL) was added dropwise at 0 °C to a stirred solution
of geranylamine 4 (147 mg, 0.96 mmol) and triethylamine (97 mg, 0.96 mmol) in dry THF (8.5 mL). The
stirring continued for 48 h at room temperature. Then the aqueous phase was extracted twice with
dichloromethane, the combined organic extracts were evaporated in vacuo and the crude product was
purified through column chromatography using a. ether:n-hexane (1:1), b. CHCl;:MeOH (9:1), as eluents.
Acetamide 7i was obtained as a pale yellow oil; yield 400 mg (83%); *H-NMR (CDCls, 400 MHz) & (ppm)
1.55 (s, 3H, 8-geranyl), 1.59 (s, 3H, 7-geranyl CHs), 1.67 (s, 3H, 3-geranyl CHs), 1.54-1.83 (m, 7H,
4eq,5,6eq,7,8eq,9eq,10eg-adamantyl), 1.86-1.99 (s, 3H, 6ax,8ax,10ax-adamantyl), 2.02-2.17 (m, 6H,
4ax,9ax-adamantyl, 4,5-geranyl), 3.12 (s, 2H, COCH;NH), 3.14 (s, 1H, 1,3-adamantyl), 3.16 (m, 2H, 1-
geranyl), 5.05 (m, 1H, 6-geranyl), 5.16 (m, 1H, 2-geranyl), 7.27-7.31 (m, 1H, phenyl), 7.36-7.42 (m, 3H,
phenyl, thiazoly) 7.85-7.90 (m, 2H, phenyl); *C-NMR (CDCls, 100MHz) & (ppm) 16.6 (3-geranyl CHs), 18.0
(8-geranyl), 26.0 (7-geranyl CHs), 26.8 (5-geranyl), 27.3 (5-adamantyl), 27.4 (7-adamantyl), 33.6 (4,9-
adamantyl), 33.9 (8,10-adamantyl), 35.0 (1,3-adamantyl), 38.2 (6-adamantyl), 39.9 (4-geranyl), 47.4 (1-
geranyl), 52.5 (COCH,NH), 59.0 (2-adamantyl), 113.1 (phenyl), 124.2 (2-geranyl), 126.6 (phenyl), 128.0
(thiazolyl), 128.9 (phenyl), 132.0 (6-geranyl), 135.3 (7-geranyl), 153.7 (3-geranyl), 168.9 (C=0), 170.2
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(quaternary-C thiazolyl), 174.6 (quaternary-C thiazolyl); HRMS (ESI-TOF (+)) m/z [M + H]* calculated for
[C31H42N30S]* 504.3043, found 504.3054.

N-(3,7-dimethylocta-2,6-dien-1-yl)-N’-(2-(5-phenylthiazol-2-yl)adamantan-2-yl)ethane-1,2-diamine, 8i

5

X
Ny
N/\/N AN AN
H
8i

Acetamide 7f (400 mg, 0.79 mmol) in dry dichloromethane (4 mL) was stirred at 0-5 °C for 15 min under
argon atmosphere. Recently distilled trimethylsilyl chloride (103 pL, 0.95 mmol) was then added at the
same temperature and the mixture was stirred for another 15 min. A suspension of LiAlH; (42 mg, 1.11
mmol) in a small quantity of THF was added at -10-0 °C and the stirring continued for 2.5 h at the same
temperature. The mixture was then treated with NaOH 10%, the resulting inorganic precipitate was
filtered off, the organic phase was separated, and the aqueous phase was extracted twice with
dichloromethane. The combined organic extracts were evaporated in vacuo and the crude was dissolved
in dichloromethane and washed with brine. After the evaporation of the solvent, the crude product was
purified through column chromatography using ether:n-hexane (1:1) and CHCl;:MeOH:NH3 (88:10:2), as
system solvents to afford diamine 8i as a pale yellow oil; yield 120 mg (31%); *H-NMR (CDCls, 400 MHz) §
(ppm) 1.54 (s, 3H, 8-geranyl), 1.57 (s, 3H, 7-geranyl CHs), 1.65 (s, 3H, 3-geranyl CHs), 1.67-1.79 (m, 7H,
4eq,5,6eq,7,8eq,9eq,10eg-adamantyl), 1.92 (s, 1H, 6ax-adamantyl), 1.99-2.06 (m, 6H, 8ax,10ax-
adamantyl, 4,5-geranyl), 2.35-2.38 (d, J = 13.8 Hz, 2H, 4ax,9ax-adamantyl), 2.47 (s, 2H, 1,3-adamantyl),
2.61 (t, J=5.5Hz, 2H, NHCH,CH,NH-geranyl), 2.70 (t, J = 5.5Hz, 2H, NHCH,CH,NH-geranyl), 3.29 (d, /= 7.6
Hz, 2H, 1-geranyl), 5.02 (t, J = 7.6 Hz, 1H, 6-geranyl), 5.24 (t, J = 7.6 Hz, 1H, 2-geranyl), 7.28-7.33 (m, 1H,
phenyl), 7.38-7.42 (m, 3H, phenyl, thiazolyl), 7.89 (d, J = 6.2 Hz, 2H, phenyl); 13C NMR (CDCls;, 400MHz) 6
(ppm) 16.7 (3-geranyl CHs), 18.0 (8-geranyl), 26.0 (7-geranyl CHs), 26.6 (5-geranyl), 27.6 (5-adamantyl),
27.8 (7-adamantyl), 33.0 (4,9-adamantyl), 34.6 (8,10-adamantyl), 35.7 (1,3-adamantyl), 38.5 (6-
adamantyl), 39.9 (4-geranyl), 45.1 (1-geranyl), 47.3 (NHCH,CH,NH-geranyl), 64.0 (NHCH,CH,NH-geranyl),
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66.2 (2-adamantyl), 112.5 (phenyl), 124.0 (2-geranyl), 126.6 (phenyl), 128.2 (thiazolyl), 129.0 (phenyl),
132.2 (6-C), 135.1 (7-C), 154.0 (3-C), 178.1 (quaternary-C thiazolyl); HRMS (ESI-TOF (+)) m/z [M + H]*
calculated for [C31HaaN3S]* 490.3250, found 490.3253. Purity of the product determined by HPLC-MS:
99.3%.

3.3.2 Docking, MD simulations and binding free energy calculations

DFT calculations
For the DFT calculations, the B3LYP functional in combination with D3 Grimme’s correction for dispersion
was used. 18 All structures were fully optimized at B3LYP-D3/6-31G(d,p) 3*1% level using the GAUSSIAN

03 1% package; frequency calculations were also performed to locate minima.

Ligands preparation
The 2D structures of the compounds SQ109(8a), 8b-i, 12 were sketched with Marvin Program (Marvin

version 21.17.0, ChemAxon, https://www.chemaxon.com), model-built with Schrodinger 2017-1 platform

(Schrodinger Release 2021-1: Protein Preparation Wizard; Epik, Schrédinger, LLC, New York, NY, 2021;
Impact, Schrodinger, LLC, New York, NY; Prime, Schrodinger, LLC, New York, NY, 2021) and the
compounds' 3D structures in their monoprotonated form were energy minimized using the conjugate
gradient method, the MMFF94 %7 force field and a distance-dependent dielectric constant of 4.0 until a
convergence threshold of 2.4 10° kcal mol™ A was reached. The ionization state of the compounds at

pH 7.5 were checked using the Epik program %

implemented in Schrodinger suite (Prime Version 3.2,
Schrodinger, LLC, New York, NY, 2015). The most likely state for the ethylenediamine unit is the mono-

protonated but we also performed all the calculations for the deprotonated state as well.

Molecular Docking Calculations

The X-ray structure of the MmpL3-5Q109 complex (PDB ID 6AJG 2?) was used as the template structure
for the docking calculations of ligands SQ109(8a), 8b-i, 12 with MmpL3. The part of the protein sequence
that extends to the periplasmic area and includes amino acids Phe750-His929, was deleted as this part is
very distant from the binding site. Additionally, the 34 amino acid sequence K355-G388 that was missing
from the X-ray structure (PDB ID 6AJG ??) was added using the Prime module of Maestro (Schrédinger
Release 2021-1: Protein Preparation Wizard; Epik, Schrodinger, LLC, New York, NY, 2021; Impact,
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Schrédinger, LLC, New York, NY; Prime, Schrodinger, LLC, New York, NY, 2021). In the next step, the
MmpL3-SQ109 complex was optimized using the Protein Preparation Wizard implementation in
Schrédinger suite (Schrodinger Release 2021-1: Protein Preparation Wizard; Epik, Schrédinger, LLC, New
York, NY, 2021; Impact, Schrédinger, LLC, New York, NY; Prime, Schrédinger, LLC, New York, NY, 2021). *°
In this process, the bond orders and disulfide bonds were assigned, and missing hydrogen atoms were
added. The N- and C-termini of the protein model were capped by acetyl and N-methyl-amino groups,
respectively. All hydrogens of each protein complex were minimized with the OPLS2005 force field 200201
by means of Maestro/Macromodel 9.6 22 using a distance-dependent dielectric constant of 4.0. The
molecular mechanics minimizations were performed with the conjugate gradient method and a threshold
value of 2.4 10 kcal mol™® A as the convergence criterion. Each protein was subjected to an all atom
minimization using the OPLS2005 2%°2%! force field with heavy atom root mean square deviation (RMSD)
value constrained to 0.30 A until the RMS of conjugate-gradient reached values < 0.05 kcal-mol*-A™. Then
S$Q109 (8a), utilized as a reference ligand, and the apo protein MmpL3, utilized as template protein, were
saved separately or the docking calculations of the tested compounds SQ109 (8a), 8b-i, 12 to MmpL3
using GOLD software 2° (GOLD Suite, Version 5.2; Cambridge Crystallographic Data Centre: Cambridge,
U.K., 2015. GOLD Suite, version 5.2; Cambridge Crystallogr. Data Cent. Cambridge, U.K., 2015) and

ChemScore 46

as the scoring function. Each compound was docked in the binding site of SQ109 (8a) in an
area of 10 A around the experimental coordinates of SQ109 and 30 genetic algorithm runs were applied
for each docking calculation. The “allow early termination” option, which terminates ligand
conformational sampling if the top three solutions have an RMSD difference less than 1.5 A was
inactivated, and the “Generate Diverse Solutions” option, which sets the smallest inter-cluster RMSD to
1.5 A, was activated. All other parameters were used with their default values. We performed the docking
calculations also for the SQ109 analogs 8a-i, 12 in the diprotonated form of ethylenediamine unit. The
visualization of produced docking poses was performed using the program Chimera, 2°* and the top-

scoring docking poses were used as starting structures for the complexes for MD simulations to investigate

the binding profile of the SQ109 (8a) and analogs 8b-i, 12 inside the MmpL3 pore.

MD simulations

Each protein-ligand complex from docking calculations was inserted in a pre-equilibrated hydrated 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane bilayer according to Orientations of
Proteins in Membranes (OPM) database. 2> The orthorhombic periodic box boundaries were set 10x10x18

A away from the protein, consisting of ca. 140 lipids and 22,000 TIP3P water molecules, 2% using the
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System Builder utility of Desmond v4.9 (Schrodinger Release 2021-1: Desmond Molecular Dynamics
System, D. E. Shaw Research, New York, NY, 2021. Maestro-Desmond Interoperability Tools, Schrédinger,
New York, NY, 2021). Sodium and chloride ions were added randomly in the water phase to neutralize the
systems and reach the experimental salt concentration of 0.150 M NacCl. The total number of atoms of the
complex was approximately 100,000 and the simulation box dimensions was (86 x 83 x 141 A3). We used
the Desmond Viparr tool to assigh amber99sb 34 force field parameters for the calculations of the protein
and lipids and intermolecular interactions, and Generalized Amber Force Field (GAFF) 27 for assigning
parameters to ligands. Ligand atomic charges were computed according to the RESP procedure 88208 ysing

1% and the antechamber module of Amber18. 2

the Gaussian03 program
The MD simulation of each protein-ligand complex inside the lipid bilayer was performed using the default
protocol provided with Desmond v4.9 program. Thus, the MD simulations protocol consists of a series of
MD simulations designed to relax the system, while not deviating substantially from the initial
coordinates. During the first stage, a simulation was run for 200 ps at a temperature of 10 K in the NVT
ensemble (constant volume), with solute-heavy atoms restrained by a force constant of 50 kcal mol™ A2,
The temperature was raised to 310 K during a 200 ps MD simulation in the NPT ensemble (constant
pressure), with the same force constant applied to the solute atoms. The temperature of 310 K was used
in MDD simulations to ensure that the membrane state is above the main phase transition temperature of
296 K for POPC bilayers. #1° The heating was then followed by equilibration simulations. First, two 1 ns
stages of NPT equilibration were performed. In the first 1 ns stage, the heavy atoms of the system were
restrained by applying a force constant of 10 kcal mol™ A2, and in the second 1 ns stage, the heavy atoms
of the protein-ligand complex were restrained by applying a force constant of 2 kcal mol™* A2 to equilibrate
water and lipid molecules. In the production phase, the relaxed systems were simulated without restraints

under NPT ensemble conditions for at least 100 ns or 500 ns.

Particle Mesh Ewald (PME) 211212 was employed to calculate long-range electrostatic interactions with a
grid spacing of 0.8 A. The SHAKE method was used to constrain heavy atom-hydrogen bonds at ideal
lengths and angles.?'® Van der Waals and short-range electrostatic interactions were smoothly truncated

at 10 A. The Nosé-Hoover thermostat 2%

was utilized to maintain a constant temperature in all
simulations, and the Martyna-Tobias-Klein method 2> was used to control the pressure. The equations of
motion were integrated using the multistep reversible reference system propagator algorithms (RESPA)

integrator 2% with an inner time step of 2 fs for bonded interactions and non-bonded interactions within
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a cutoff of 10 A. An outer time step of 6.0 fs was used for non-bonded interactions beyond the cutoff.
Replicas of the system were saved every 10 ps. Within the 100ns-MD simulation time, the total energy
(not shown) and RMSD (root mean square deviation) of the protein backbone C, atoms reached a plateau,
and the systems were considered equilibrated and suitable for statistical analysis (see Table 4, S2). The
protein RMSD calculated for the C, atoms of the a-helices, for the last 50 ns was < 2.0 A (see blue curves
in Figure S1). Two MD simulation repeats (Figure S3) were performed for each system using the same
starting structure and by applying in the MD simulations randomized velocities. We also used the same
protocol and performed the MD simulations for the SQ109 analogs 8a-i, 12 in their doubly protonated
form of ethylenediamine unit (Figure S2). All the MD simulations with Desmond or Amber software were

run on GTX 1060 GPUs in lab workstations or the ARIS Supercomputer.

The visualization of the trajectories was performed using the graphical user interface (GUI) of Maestro
and the protein-ligand interaction analysis was done with the Simulation Interaction Diagram (SID) tool,
available with Desmond v4.9 program. For hydrogen bonding interactions, a 2.5 A distance between donor
and acceptor heavy atoms, and an angle 2120° between donor-hydrogen-acceptor atoms and = 90°
between hydrogen-acceptor-bonded atoms were applied. Non-specific hydrophobic contacts were
identified when the side chain of a hydrophobic residue fell within 3.6 A from a ligand’s aromatic or
aliphatic carbon, while m-it interactions were characterized by stacking of two aromatic groups face-to-
face or face-to-edge. Water-mediated hydrogen bonding interactions were characterized by a 2.7 A

distance between donor and acceptor atoms, as well as an angle 2 110° between them.

MM-GBSA calculations

For these calculations, structural ensembles were extracted in intervals of 40 ps from three 20 ns MD
simulation repeats for each complex running with randomized velocities. Prior to the calculations all water
molecules, ions, and lipids were removed, except 20 waters in the vicinity of the ligand, %7 and the
structures were positioned such that the geometric center of each complex is located at the coordinate

218in order to extract the

origin. The MD trajectories were processed with the Python library MDAnNalysis
20 water molecules closest to any atom in the ligand for each of the 501 frames. During the MM-GBSA
calculations, the explicit water molecules were considered as being part of the protein. Binding free
energies of compounds in complex with MmplL3 were estimated using the 1-trajectory MM-GBSA

approach. 1*815° The binding free energy for each complex was calculated using Egs. (1)-(6)
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AGping = (Geompiex — Gprotein — Gligand)compiex (1)
Gy = Vym — T(Sum) + AGsory (2)

Vum = Vbondea + Veow + Vi (3)

AGgory = AGp + AGyp  (4)

The binding free energy for each complex can be calculated according to Eq. (5)

AGping = (AEcou + AEL]) —T{ASym) + AAGsep, (5)

and after neglecting entropy eg. (5) is converted to eq. (6)

AGeff = (AEcou + AEL]) + A4Gsop (6)

In Egs. (1)-(4) G is the free energy of system i, that being the ligand, the protein, or the complex; Viuwm is
the potential energy in vacuum as defined by the molecular mechanics (MM) model, which is composed
of the bonded potential energy terms (Vbonded) and nonbonded Coulombic (Veou) and Lennard-Jones (Vi)
terms; Sum is the entropy; AGsoy is the free energy of solvation for transferring the ligand from water in
the binding area calculated using the PBSA model, composed by a polar (AGr) and nonpolar (AGne) term;
T is the temperature and angle brackets represent an ensemble average. Molecular mechanics energies
for Lennard-Jones (V) and Coulombic electrostatic (Coul) Veou Were calculated with OPLS2005 2 force
field; in these calculations AVuonded = O as the single trajectory method was adopted and AVwvm = AV, and
AVeou. The polar part of the solvation free energy was determined by calculations using the Generalized-
Born model. 22° The nonpolar term was considered proportional to the solvent accessible surface area
(SASA), AGne = y - SASA, where y = 0.0227 kJ mol™! A2, Because the SQ109 analogues tested are very
similar, entropy term was neglected and AGying is termed as effective binding energy, AGes which is
calculated according to eq. (6). 2! We applied a dielectric constant &xute = 1 to the binding area and to
account for the lipophilic environment of the protein an heterogeneous dielectric implicit membrane
model was used along the bilayer z-axis. *>1>° The post-processing thermal_mmgbsa.py script of the
Schrodinger Suite was used which takes snapshots from the MD simulations trajectory and calculated

AGessaccording to Eq. (6).
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Alchemical TI/MD binding free energies calculated with MBAR method

Method’s principles

The TI/MD method has been described. #* Free energy is a state function, and thus the free energy
difference between states is independent of the path that connects them. To compare two ligands 0 and
1 binding to a receptor the calculation of 44, (b) and 44, (b), respectively, is needed and then the
difference 444, (b) or 444, (b). The calculation of 44;(b) and AAy(b) is demanded because it
includes large changes between the two states. Thus, the calculation of the relative binding free energies
for two ligands bound to MmpL3 (for the 6 pairs of ligands shown in Table 5, respectively) can be

d 8 and applying a thermodynamic cycle **** (Figure 5), ie.

performed instead using the MBAR metho
using the AG values obtained for the transformations of the ligands in the bound (b) (AGo,(b) and the

solvent (s) (water) state, respectively, AGo,1(b) and AGy,:(s), according to Eq. (7)

AAApo1 07 AdAp o = AA;(b) — AAg(b) = AAg (D) = AAg.(s)  (7)

Using this method, we can calculate the difference between 44, ;(b) and AAq ;1 (s) which corresponds
to the unphysical alchemical transformation 0 1 in the bounds state and in the water known as alchemical
transformation which may be chosen to include small change or perturbation of ligand structure (eg. from
H to CHs at 2-position of adamantyl group) to lower the error for the free energy perturbation calculation

AAg 1 (b) or AAg1(s).

Because the phase space overlap between two states 0, 1 of interest can be near zero, doing free energy
calculations for the two states alone will often have very large errors. Free energy is a state function, we
can construct a thermodynamic path that takes us through a set of states that improves phase space
overlap between states that can be unphysical. By this, we mean that our intermediate states do not have
to be observable experimentally. To put this mathematically, we can improve our results by constructing
high phase space overlap intermediates and calculating our free energy difference A44,_,1 by the sum of

the binding free energy differences between the intermediate states.
Briefly, a thermodynamic parameter A that smoothly connects states 0 and 1 through a A-dependent

potential U(r"; A), such that U(r"; 0) = Uo(r") and U(r"; 1) = U1(r"). The transformation is broken down into

a series of M steps corresponding to a set of A values A3, A, ..., Am ranging from 0 to 1, such that there is
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sufficient phase space overlap between neighboring intermediate A states. TI computes the free energy

change of transformation 0 - 1 by integrating the Boltzmann averaged dU(A)/dA as is described in Eq. (8)

A = J‘l " au(r; 2)

d N.a
=441 = Ti=r Wi U(; ))Ak (8)
ligand O(aq) + AR Ado (b) - AR-ligand 0
(solvent=water) (bound)
AAy1(s) AAy 1(b)
AAq(s)
ligand 1(aq) + AR > AR-ligand 1
(solvent=water) (bound)

Thermodynamic cycle used for the calculation of relative binding free energies.

where the second sum indicates numerical integration over M quadrature points (A, for k=1, ..., M) with
associated weights wi. A linear extrapolation between states can be applied for the construction of Uy (r";
A) while with Amber18 softcore potentials **¢%222 the L) and Coulomb term potentials are described

according to Eq. (9)

U@rN; 1) = USC(rN; 1) + 24U (rV; 1)

=USCaV; D+ 2 (U 1= - U D) o)
MBAR %8 calculated the free energy difference between neighboring intermediate states using Eq. (10)

(wexp(=BUx+1))2
(wexp(=BUp4+1))a+1

AAA—>A+1 = —Inln (10)
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where w is a function of A(A) and A(A + 1). The equation is solved iteratively to give the free energy change
of neighboring states AA(A - A + 1), which via combination yield the overall free energy change. MBAR
method has been shown to minimize the variance in the calculated free energies, by making more efficient

use of the simulation data. 168223-225

TI/MD simulations protocol

For the TI/MD calculations, the relaxed complexes of compounds 8a-h with MmpL3 from the 100ns-MD
simulations in a POPC lipid bilayer with the ff99sb 4 were used as starting structures for the alchemical
calculations. The setup procedure was the same as previously reported for the MD simulations with
Amber18 program. 2% TI/MD calculations were also performed for the ligands in solution. The bond
constraint SHAKE 22 algorithm is disabled for TI mutations in AMBER GPU-TI module pmemdGTl, 2%¢ and

therefore a time step of 1 fs was used for all MD simulations.

Initial geometries were minimized using 20,000 steps of steepest descent minimization at A= 0.5. These
minimized geometries were then used for simulations at all A values. Eleven A values were used, equally
spaced between 0.0 to 1.0. Each simulation was heated to 310 K over 500 ps using the Langevin
thermostat, 227228 with a collision frequency set to 2 ps™. The Berendsen barostat ?2° was used to adjust
the density over 500 ps at constant pressure (NPT), with a target pressure of 1 bar and a 2 ps coupling
time. Then, 500 ps of constant volume equilibration (NVT) was followed by 2 ns NVT production
simulations. Energies were recorded every 1 ps, and coordinates were saved every 10 ps. Production

simulations recalculated the potential energy at each A value every 1 ps for later analysis with MBAR. 18

For each calculation, the 1-step protocol was performed, i.e., disappearing one ligand and appearing the
other ligand simultaneously, and the electrostatic and van der Waals interactions are scaled
simultaneously using softcore potentials from real atoms that are transformed into dummy atoms. ** We
carried out the calculations using the 1-step protocol which changes charges and van der Waals
interactions in a single simulation by activating both Lennard-Jones and Coulomb softcore potentials
simultaneously, reducing the computational cost. 2° The 1-step protocol offers a less computational

expensive and more accurate approach to free energy estimates according to recent studies. 2%
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The final states 0 and 1 of the alchemical calculations 0 = 1 or 1 = 0, ie. the structures of ligand 0-AR and
1-AR complexes, as resulted from the alchemical transformations, were compared with these complexes'
structure resulted from converged 100ns-MD simulations. This was performed to certify that the 2 ns MD
simulation for each A-state during the alchemical calculations was enough for the complexes 0-AR and 1-
AR to converge to the same structure with 100ns-MD simulations. Two repeats were performed for the

TI/MD calculation for each alchemical transformation.

In summary, we performed for the ~ 100,000 atoms protein complexes studied here for the single
protonation state 100ns-MD simulations in 2 repeats x 9 ligands (18 MD simulations) and for the double
protonation state 80ns-MD simulations in 9 ligands (9 MD simulations). Additionally, we performed for 4
representative ligands 500 ns-MD simulations (4.52 us MD simulation time). We performed the
simulations using Desmond program, which performed much faster than Amber or Gromacs programs,

using an amber force field (ff99sb) that can fairly describe the protein conformation.

We tested the MM-GBSA calculations using ensembles from 20 ns-MD simulations with ff99sb for 10
ligands in 3 repeats x 2 protonation states (60 MD simulations). For the monoprotonated form of the
ligands, we tested an environment without or with an implicit model for membrane (2 environments).
The simulation time for these simulations was 2.4 ps. We calculated the MM-GBSA interaction energies

with the free available OPLS2005 force field with Desmond software.

We used the last snapshot of the converged MD simulations and performed TI/MD simulations to
calculate the relative binding free energies using alchemical perturbations and the amber software and
ffl4sb. Thus, we performed 2 repeats x 6 ligands x 10-A values (120 2ns-MD simulations). The total

simulation time for the simulations performed here was 7.16 ps.

3.3.3 Differential scanning calorimetry

Samples for DSC were prepared by mixing the tested ligands SQ109 (8a) and analogs 8b-h and 12 with
DMPC or DSPG membranes at 10% w/w concentration. This was achieved by mixing a solution of the
ligand’s fumarate salt in methanol and a solution of DMPC lipid in chloroform or a solution of DSPC in
chloroform/methanol (5:1) and subsequently evaporating the solvent. The films that were formed were

utilized for DSC analysis by weighting approximately 3 mg of each film in a 40 uL aluminum crucible, adding
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3 uL of PBS (pH = 7.4) as a hydration medium, sealing the crucible, vortexing, and allowing it to anneal for
a 15 min period to achieve sample equilibration. The DSC thermogram of each sample was obtained by
utilizing a DSC822e Mettler-Toledo calorimeter (Schwerzenbach, Switzerland) calibrated with pure indium
(Tm = 156.6 °C). An empty sealed crucible was used as reference. Each analysis included equilibration at
5 °C for 10 min followed by two heating—cooling cycles in the range between 5 and 35 °C with a 5 °C/min
scanning rate for DMPC samples or between 10 and 70 °C with a 2.5 °C/min scanning rate for DSPG
samples. The obtained calorimetric data (characteristic transition temperatures Tonset and T, transition
enthalpy AH, and width at half peak height of the Cp profiles AT:/,) were analyzed with the Mettler-Toledo
STARe software. The transition enthalpy is expressed as joules per total sample mass and as kilojoules per
mole of DMPC and is presented as the absolute value in endothermic and exothermic processes (Table

11). Log D values in Table 11 were calculated with the ChemAxon software.

3.3.4 Cell growth inhibition assays

123,231,232 3nd are described in

Cell growth inhibition assays were performed as previously reported
Appendix A including representative dose-response curves of SQ109 analogs against the

protozoan parasites (Figure S6).

3.3.5 Surface plasmon resonance

The MtMmpL3 protein was purified from M. smegmatis DmmpL3/pMVGH1-mmpL3tb cells 23 following
the previously reported protocol. * For the amino coupling of MmpL3tb, CM5 chip surfaces were
activated with 0.05 M N-hydroxysuccinimide and 0.2 M N-ethyl-N-(3-diethylaminopropyl)carbodiimide
(BlAcore). Purified MmpL3tb was injected over surfaces immediately after activation. The immobilized
density of the protein (ligand) was 17,654 response units (RU). For kinetic modeling, we considered only
the simplest models that would be compatible with one or two distinct events during both inhibitor
binding and dissociation. These four models are (i) simple 1:1 binding model; (ii) heterogeneous ligand
(HL), in which different protein populations’ on-chip surfaces have different kinetic properties; (iii) two-
state reaction or ligand-induced conformational change, wherein conformational change occurs on the
same time scale as ligand binding; and (iv) bivalent analyte, where multiple analytes bind independently

at nonidentical sites.?*?34
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The best global fit for compound binding to MmpL3 was obtained using the two-state reaction model.

Schematic representations and equations relevant to this model are given below:

A+B <> A-B & [A-B¥] (1)
0(A-B)/0t = ka1[A][B] — (ka1[A-B] - ka2[A-B¥]) (2)
9(A-B*)/dt = kay[A-B*] - ka2[A-B*] (3)

R = [A-B] + [A-B¥] (4)

The equilibrium dissociation constant for this model is:

Ko = kaikaz/Ka1kaz, (5)
where [A] is the concentration of analyte; [B] is the ligand binding capacity; [A-B] and [A:B*] are

intermediate and final complexes, respectively; Ku1, ka2, kaz, and kqz are microscopic rate constants;

and R; is the total SPR response, which is directly proportional to [A-B] + [A-B*].
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4 Binding and blocking of influenza A WT and S31N M2 conductance
domain by cage alkyl amine containing inhibitors

4.1 Results

4.1.1 MAS NMR Spectroscopy

4.1.1.1 Drug binding to M2CD tetramer at elevated temperatures

We recorded proton-detected (H)NH MAS ssNMR spectra of the M2(18-60) (M2CD) construct
reconstituted in perdeuterated DPhPC membranes. 2*° The lipid to tetramer molar ratio was 25:1 which
favors sensitivity due to a high concentration of tetrameric M2CD. 23628 The site-specific resolution allows
tracking of Gly34 and His37 side chain resonances that are strongly affected by drug binding to the pore.
Thus, the binding was tracked primarily by measuring changes in the chemical shifts (CSPs) of **N and 'H
nuclei in Gly34 or His37. A solution of 300 uM of drug was equilibrated with M2CD embedded in DPhPC
lipid at 4°C. When lack of binding occurred, the sample was held at elevated temperature, at 55 °C for 2-
5 hours in the case of WT M2 and for up to >10 h at 70°C in the case S31N M2, which helps to overcome
the high energy barrier to drug entry. 2 Table S6 summarizes the CSPs observed in the spectra,
categorized into small and large shifts (SS and LS). It is important to note that no CSPs are observed after
incubation at an elevated temperature without the presence of a drug indicating that the protein

structure is stable at these temperatures.

WT M2CD. As shown in Figure 11C-E, we did not observe significant CSPs of WT M2CD protein resonances
in the presence of the tested compounds Rmt, AK59, and RL208 at 4 °C. For Rmt, CSPs were smaller than
0.5 ppm for 3C and *N and smaller than 0.2 ppm for H nuclei. These changes occur due to non-specific

effects, rather than pore binding since entry to the pore is exceedingly slow under these conditions. %112

After incubation at a higher temperature of 55 °C, large shifts were induced by Rmt for WT M2CD. These
CSPs have values of ca. 2 ppm in the >N resonance of Gly34 and > 4 ppm in the His37-Ne2 side chain and
ca. 5 ppm in the H resonance of His37-Ne2 side chain (Table S6, Figure 11F), suggesting, as previously
reported, significant restructuring of the protein, 910229112 qyring pore-binding. ® One clear structural
change that occurs upon pore binding by Rmt is the disruption of the imidazole-imidazole hydrogen

bonding between His37 residues in adjacent TM helices indicated by the absence of the proton resonance
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at 14.3 and 11.7 ppm % (Figure 11F). This is also evident for AK59 — M2CD complex but the remaining
intensity of His37-Ne2 side chain peaks at 14.3 and 11.7 ppm or of Gly34 in the (H)NH spectrum after 5
hours at 55 °C (Figure 11G) suggested the presence of two populations, the bound and unbound form of
M2CD. From measuring the intensity of the His37-Ne2 side chain peaks, ca. 20% of the population
corresponds to the unbound protein, based on the ~80% disruption of the hydrogen bonding (~20% of
remaining intensity of His37-Ng2 peaks). The CSPs of AK59 binding were similar in magnitude to Rmt
binding. Specifically, the CSPs in the >N resonance of Gly34 and °*N and 'H resonances of His37-Ne2 were

> 4 ppm. We observed no binding for RL208 at the elevated temperature (Figure 11H).
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Figure 11 Monitoring the *H and ®N CSPs in WT M2CD spectra in the presence of small molecules. (A)
shows the amino acid sequence of M2CD; (B) shows the (H)NH spectrum of WT M2CD (without ligand);
(C)-(E) show the (H)NH spectra of WT M2CD with Rmt or AK59 or RL208, respectively, incubated at 4 °C;
(F)-(H) show the (H)NH spectra of WT M2CD with Rmt or AK59 or RL208, respectively, after 2-5 hours of
incubation at 55 °C, and the His37 side chain peak intensities for selected spectra. The samples were
reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1, and incubated with
300 uM drug.
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S31IN M2CD. In the (H)NH spectra of S31N M2CD, none of the tested compounds showed any significant
effect on the imidazole-imidazole hydrogen bond between His37 residues or other residues in S31N M2

(Figure 12) which was unexpected for M2WJ352 and UBALT09 that block the S31N M2 channel in EP

experiments (Table S5).
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Figure 12 Monitoring the *H and *N CSPs from S31N M2CD spectra in the presence of small molecules.

(A) shows the amino acid sequence of the construct; (B) shows the (H)NH spectrum of S31IN M2CD
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(without ligand); (C)-(E) show (H)NH spectra of M2CD with AK59 or RL208 or UBALTO09, incubated at 4 °C,
respectively. (F)-(H) show the (H)NH spectra of S31N M2CD with AK59 or RL208 or UBALTO09, after >10
hours of incubation at 55 °C (70 °C for UBALTO9 in red), respectively. The samples were reconstituted in

DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1, and incubated with 300 uM drug.

4.1.1.2 Drug binding to M2CD tetramer at high pH after relaxation of the protein at low pH

Based on the measures pKas ®194117.240 at the acidic pH 3.5 the imidazoles of the four His37 become
protonated, and M2 adopts an open conformation at the C-terminal end in which His37-His37 hydrogen

874 and with a

bonding is disrupted. A more open conformation is consistent with crystallography data ©
large change in the measured TM helical tilt in WT M2CD. 2*! Following this data, we adopted a protocol,
previously applied to M2TM, 2% by first shifting the M2CD protein sample to pH 3.5 and incubated
overnight in the presence of the drug at 4 °C, and then shifted the pH back to 7.8 for NMR-based analysis

of CSPs, still in the presence of drug. The spectrum was then measured at pH 7.8.

Spectral changes induced by low pH are reversible in the absence of drug. Figure S13A,B or S14A,B show
the relevant spectra for the apo WT or S31N M2CD, respectively. At the starting protein sample at pH 7.8
the (H)NH spectra showed the His37-Ne2 proton resonances at 14.3 and 11.7 ppm, which are
characteristic of the imidazole-imidazole hydrogen bonded state. 19212 After overnight incubation at pH
3.5, we observed the expected His37-His37 hydrogen bonding disruption for both WT and S31N M2 M2CD
(Figure S13B, S14B). After incubating the protein at pH 7.8 again, the peaks characteristic of the imidazole-
imidazole hydrogen bond returned in the spectra of apo WT or S31N M2CD (Figure S13C, S14C). 7

WT M2CD. Figure 13, 14 show spectra of a more complete drug binding event at pH 7.8 of WT M2CD with
Rmt, 192112 3nd AK59 at 300 uM concentration. As shown in Figure 13A, 14A we observed the clear
disruption of the His37-His37 hydrogen bond in the presence of Rmt or its analog AK59. For the latter only
0.5% of the population was left unbound, based on the His37 peaks. Other distinct CSPs that revealed
binding are those of well-separated peaks, for example Gly34, Lys49, Ser50, lle51, and Trp41 side chains.
The rest of the residues in the (H)NH spectrum were not resolved, which is not surprising since the protein
was not deuterated. To obtain spectra with increased resolution, we recorded 3D (H)CANH spectra that
turned out to be very similar for Rmt and AK59, showing large CSPs along the whole transmembrane helix,

as well as the characteristic disappearance of signals from the amphipathic helix. The *N-3Ca projection
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of the (H)CANH spectra for Rmt and AK59 samples are shown in Figure 13B and 14B, respectively.
Compound RL208 at 300 uM did not disrupt the His37-His37 hydrogen bond (Figure S13C), the amide
region in the 2D (H)NH spectrum showed a small broadening and the >N-13Ca spectrum was unchanged
from the spectrum of the apo-protein ! (Figure S13C, upper part). When we increased the drug
concentration to 6 mM, RL208 still did not disrupt His37-His37 hydrogen bonding although it produced
broadening in the main peak region of (H)NH spectrum and CSPs of 0.5 ppm and 1.5 ppm in *H and >N
resonances, respectively, of one of the Trp41-NE1 side chain peaks (Figure S15). There were also minor
CSPs in the well-separated peaks from Gly34, Lys49, Ser50, lle51. In the 3D (H)CANH spectrum the CSPs

from the better resolved peaks did not exceed 0.5 ppm in both >N and 3C resonances (Figure S15).
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Figure 13 Monitoring the H, °N, and 3C CSPs in WT M2CD resonances in the presence of 300 pM of Rmt.
102112 (A) (H)NH spectrum of WT M2 with (blue) and without Rmt (red). (B) *N-3Ca projection of the
(H)CANH spectrum of WT M2 with (blue) and without Rmt (red). The samples were reconstituted in DPhPC
bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1. Both spectra were recorded at pH 7.8 after

incubating the system at acidic pH 3.5 in the presence of the drug and switching back to alkaline pH.
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Figure 14 Monitoring the 'H, *N, and *3C CSPs in WT M2CD resonances in the presence of 300 uM of AK59.
(A) (H)NH spectrum of WT M2 with (blue) and without AK59 (red) and His37 side chain peak intensities.
(B) ®*N-3Ca projection of the (H)CANH spectrum of WT M2 with (blue) and without AK59 (red). The
samples were reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1. Both

spectra were recorded at pH 7.8 after incubating the system at acidic pH 3.5 in the presence of the drug

and switching back to alkaline pH.

In the case of UBALT09, which is not a blocker of WT M2 channel by EP (Table S5), using a drug
concentration of 300 uM we did not observe His37-His37 hydrogen bonding disruption (Figure 15).
Interestingly, the (H)NH spectrum showed doubling of the His37-Ne peaks and a broadening of the main
peak region (Figure 15A, upper part) as well as chemical shift perturbation of 0.5 ppm and 1.5 ppm in H
and °N resonances, respectively, of one of Trp41-Ne side chains. However, in the (H)CANH spectra no
doubling of peaks or other significant CSPs are evident. We incubated the sample in a higher drug
concentration of 6 mM. The results are shown in Figure 15 where in the (H)NH spectrum we observed
~30% of the His37-Ne2 side chain peak intensity remaining, as well as a CSP in the °N resonance of Trp41
side chain, and a general broadening of the amide region of the (H)NH spectrum. Additionally, in the

(H)CANH spectrum we observed large CSPs but also peaks which revealed two populations, which we

assign to the apo-form and drug-bound M2 (Figure 15).
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Figure 15 Monitoring the *H, N, and 3C CSPs in WT M2CD resonances in the presence of 300 uM or 6
mM UBALTO09. (A) (H)NH spectrum of WT M2 with UBALT09 at 300 uM (blue), or 6 mM (green) and without
UBALTO9 (red) and His37 side chain peak intensities. (B) *°N-*Ca projection of the (H)CANH spectrum of
WT M2 with UBALT09 at 300 uM (blue), or 6mM (green) and without UBALTQ9 (red). The samples were
reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1. Both spectra were

recorded at pH 7.8 after incubating the system at acidic pH 3.5 in the presence of the drug and switching

back to alkaline pH.

S31N M2CD. No NMR-based evidence of drug binding was found for S31N M2CD with Rmt, AK59, or
RL208. However, M2WJ352 and UBALTO09 were efficient blockers in the EP assay (Table S5). In the samples
of all drugs, we observed the His37-Ne2 proton resonances at 14.3 and 11.7 ppm and we did not observe
CSPs in the 2D or 3D MAS ssNMR spectra (Figure S14C), i.e., the spectra from all the tested drugs were
almost identical to the spectrum of the apo S31N M2. When we increased the drug concentration to 6
mM for M2WJ352 and UBALTO09 His37-His37 hydrogen bonding was again maintained but some small

CSPs were observed. In particular, at Gly34 the CSPs in >N or 13C resonances in both 2D and 3D spectra

were not larger than 0.5 ppm (Figure S17, S18).
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4.1.2 MD Simulations

4.1.2.1 Docking calculations

Compared to the GOLD program with the scoring function Gold Score 2%, the Glide program with the
scoring function Glide XP ?*® produced a higher proportion of docking poses of the compounds having the
ammonium group oriented inward inside the WT M2CD 2* and of M2WJ352 and UBALTO09 with the
ammonium group oriented outward inside the S31N M2CD ®°in agreement with the experimental results
60,97 (Figure 16, 17). The combination of Glide with the induced fit 2** method produced the best fit. The

M2CD complexes were embedded in lipid buffers and subjected to MD simulations.

4.1.2.2 MD simulations

We carried out 250ns-MD simulations of WT or S31N M2CD with or without drugs inside the M2 pore. We
simulated the Rmt enantiomers (R-Rim, S-Rim), AK59, RL208, M2WJ352, and UBALTO09 in complex with
WT or S31N M2CD embedded in POPC bilayers using the CHARMM36m force field. 244246

WT M2CD. We generated docking poses of the adamantyl amine drugs, RL208, or M2WJ352, and UBALT09
inside WT M2CD having their ammonium group oriented toward the C-terminus (inward) as suggested
from experiments and MD simulations of complexes between Amt or Rmt or other inhibitors and M2 using
different WT or S31N constructs. %7141 Qur MD simulations of adamantyl amines (R-Rim, S-Rim, AK59)
and RL208 showed that the cage alkyl amines form ~ 3 hydrogen bonds with waters between the ligand
and His37 (Figure 16, see measures in Table 12, 13). Compared to the apo WT M2CD, where a free flow
of waters from the Val27 secondary gate to Trp41 was observed (Figure 18), in these complexes no waters
passed from the Val27 gate. In contrast, in the complexes with M2WJ352 and UBALTQ9, waters were able

to pass the Val27 secondary gate (Figure 16).

S31N M2CD. Experimental data have shown that in contrast to WT M2, Amt and other adamantyl amine
analogs are oppositely oriented in the S31N M2(22-46) mutant pore with the ammonium group facing the
N-terminus (outward) and the adamantyl group inward (Figure 17). 8 We started from docking poses with
ammonium group oriented inward and performed 250 ns MD simulations of S31N M2CD complexes with
R/S-Rmt, AK59, RL208, UBALT09, and M2W)J352. The simulations showed that Rmt, AK59 and RL208 finally

were oriented outward forming hydrogen bonds with Asn31 (Figure 17, see measures in Table 12, 13),
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but allowed water passage through the M2 pore. 8247248 The 250 ns MD simulations of the S31N M2CD
complexes with M2WJ352 or UBALTQ9, led to a conformation of M2CD in which the ammonium group
forms hydrogen bonds with the Asn31 amide side chains and waters, and the aryl group is outward

between the Val27 side chains blocking water passage (measures are shown in Table 12, 13).%°

F

Figure 16 Representative structures from 250ns-MD simulations of WT M2CD — drug complexes
embedded in POPC bilayers using the CHARMM36m force field. 24424¢ (A) R-Rim, (B) S-Rim, (C) AK59, (D)
RL208, (E) M2WIJ352, (F) UBALT09. The M2 channel is shown with a white cartoon representation, each

ligand is shown with a stick representation and colored red and protein residues in grey color. Water
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molecules are shown in stick representation with the oxygen atom in red and hydrogen atoms displayed

in white color.

Figure 17 Representative structures from 250ns-MD simulations of S31N M2 M2CD — drug complexes
embedded in POPC bilayers using the CHARMM36m force field. 24424¢ (A) R-Rim, (B) S-Rim, (C) AK59, (D)
RL208, (E) M2WJ352, (F) UBALT09. The M2 channel is presented with the cartoon representation in white
color, each ligand is colored deep red in stick representation as well as the protein residues in grey color.
Water molecules are shown in stick representation with the oxygen atom in red and hydrogen atoms

displayed in white color.
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4.1.2.3 Measures in the MD simulations

We carried out MD simulations in the complexes of WT or S31N M2CD correspondingly with Rmt
enantiomers (R-Rim, S-Rim), AK59, RL208, M2WJ352, and UBALT09 at pH 7.8, with M2CD adopting the
closed conformation at the C-terminal side of the membrane %7 (His37-tetrad charge 0). The M2CD (H37
Ne) tetramer was embedded in 13 A lipid buffer. These bilayers include ca. 130 — 140 lipids surrounding
M2CD. We applied the CHARMM36m force field for the simulations. 244246

We investigated:

A) The blockage/passage of bulk waters from the Val27 gate in the WT and S31N M2CD pore in the
apo-protein and in complex with an inhibitor and the orientation of the ligand inside the M2CD
pore.

B) The stability of the M2—ligand complexes and the location of the blockers inside the M2CD pore.
The location of the pore blockers depends on the conformation of M2CD and their interactions
with the M2TM.

C) The H-bonds between the four His37 in the apo-protein WT M2CD and between ligand and
waters, Ala30 or Asn31 (in S31N M2CD complexes).

A. Water blockage/passage and orientation of the ligands in the WT or S31N M2CD channels

By analyzing the M2CD trajectories of 250 ns with the CHARMM36m force field without ligand within the
M2TM pore, we confirmed the free flow of waters from the Val27 tetrad to Trp41 tetrad (Figure 18A). The
250 ns MD simulations of the WT M2CD in complex with R-Rim, S-Rim, AK59 or RL208 showed the
blockage of waters from the Val27 secondary gate and the ligand (Figure 18B). In contrast M2WJ352 or
UBALTO09 which can best fit with their ammonium group inward do not block the passage of waters from
the M2CD pore. The 250 ns MD simulations with the CHARMM36m force field of the S31N M2CD-
M2WJ352 or S31IN M2CD-UBALT09 complexes showed that no waters passed between the Val27
secondary gate and the ligand. Experimental data have shown that in contrast to WT M2, Amt and analogs
are oppositely oriented in the S31N mutant pore with the ammonium group facing outward and the
adamantyl group inward. ¥ In the latter orientation the ammonium group forms tight hydrogen bonds

with Asn31 side chains and backbone carbonyls while the adamantyl group is placed in the broad area
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defined by Gly34 without having stabilizing van der Waals contacts. & These structural changes resulted
in the weakening of the binding interactions and water passing through consequently. We observed in
the MD simulations that the S31N M2CD channel is not blocked by R—Rim, S—Rim, AK59, and RL208 (Figure

17) abolishing these drugs from the market.

/
Figure 18 Water density inside the pore is shown in WT M2CD (PDB ID 2L0J) in 13 A lipid buffer. (A) WT

M2CD apo protein, there is free flow of water molecules within the TM pore. (B) WT M2CD in complex
with a ligand shows the blockage of the water flow within the TM pore and the trapped water molecules
between ligand and His37. Ligand atoms are shown in Van der Waals spheres colored orange, the trapped
water molecules are shown in blue color in surface representation, and with cyan color the rest of water
molecules in surface representation as well. The WT M2CD is shown with cartoon representation in white

color and the His37 of the TM domain with stick representation in deep gray color.

B. Stability of the M2CD-ligand complexes and location of the molecules

The RMSD(Ca) and RMSD(ligand) are shown in Figure S19; as is shown the systems reached equilibration

inside the 250 ns-MD simulations.
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We measured distances between the ligand and some of the TM residues. Table 12 shows the distance
between the COM of the Val27, Ala30, and Gly34 tetrad and the COM of the cage alkyl of each ligand in
the 250 ns MD simulations. The MD simulations of Rim enantiomers in complex with M2CD suggested
that both enantiomers adopt the same position inside the M2 channel pore. This agrees with the
thermodynamic and kinetic data showing that the enantiomers have the same binding free energy,
channel blockage efficiency, and kon and kos rate constants measured with EP, and in vitro antiviral

potencies against M2 protein. 1%

Distance between the COM of the ligand’s cage alkyl and the COM of the four Val27, Ala30,
Gly34, or N+ from 250 ns MD simulation with CHARMM36m 244246 force field.

COM cage COM cage COM cage COM His37 -
Molecule Type alkyl - COM alkyl - COM alkyl - COM N+ ligand
Val27 Ala30 Gly34
R—Rim WT 487027  056+022  511+030 /20032
S—Rim WT 485+028  0.58+023  512+031 /-18%032
AK59 WT 516+0.24  0.38+0.16  4.80+026 /:08%0.26
RL208 WT 467+0.41  0.87+037  552+046  ©0:98%0.49
M2WJ352 WT 429+036  1.07+036  553+0.41 -
UBALTO9 WT 437+0.41  0.971+039  532+0.44 -
R—Rim S31N 590+0.39  0.53+0.29  4.40+0.39 -
S—Rim S31N 5.86+0.50  0.59+0.34  4.33+0.51 -
AK59 S31N 6.01+0.42  0.68+0.30  3.90+0.45 -
RL208 S31N 6.74+0.53  132%0.52  3.43+0.56 -
M2WJ352 S31N 6.76+0.26  1.20£0.25  3.59+0.27 -
UBALTO9 S31N 6.47+0.29  0.98+0.28  3.84+0.31 -
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H—bonds analysis from the 250 ns simulations of protein—ligand complexes in WT/S31N M2CD
in CHARMM36m 2442% force field.

Ligand - waters H-  Ligand - A30 H- Ligand - N31 H-

Molecule Type bonds bonds bonds
R—Rim WT 2.98+0.33 0.00+0.05 -
S—Rim WT 3.00+0.24 0.00+0.00 -
AK59 WT 2.99+0.13 0.00 +0.00 -
RL208 WT 2.97+0.42 0.00+0.00 -

M2WJ352 WT 2.09+0.35 0.02+0.03 -

UBALTO09 WT 2.12+0.44 0.00 £ 0.00 -
R—Rim S31N 1.02+0.43 - 1.93+0.28
S—Rim S31N 1.08 +£0.52 - 1.90+0.34
AK59 S31N 1.07+0.43 - 1.93+0.29
RL208 S31N 1.38 £ 0.65 - 1.54 £ 0.52

M2WJ352 S31N 0.41+0.57 - 2.59+0.70

UBALTO09 S31N 0.84 +0.68 - 2.21+0.75

4.1.3 Liposomal proton flux assay

We used a proteoliposomal functional assay published before *° to examine the activity of the tested
drugs to block WT and S31N M2CD and compare with EP and MAS NMR results. With this in-house assay,
we could use the same WT and S31N M2 constructs containing residues 18 to 60, as used in the MAS NMR
experiments. *° The mechanism of this method is based on a proton gradient that is initiated via the
addition of hydrochloride to a suspension of liposomes that contain M2CD. Whether M2 protein conducts
protons inside the liposomes is monitored by recording the pH of the external solution after the addition
of 1M HCl solution under continuous fast stirring. A gradual increase in the pH of the liposome exterior is
an indication of the M2CD-mediated proton conduction. The assay is terminated by the addition of a
proton uncoupler, carbonyl cyanide m-chlorophenylhydrazone (CCCP), and a rapid recovery of the pH is

observed.
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Drug inhibition of M2CD activity was qualitatively detected by a decrease or nearly complete
disappearance of pH recovery after the initial hydrochloride solution addition. The drugs were added to
the prepared proteoliposome samples in 50 uM final concentration and the system was allowed to
equilibrate for one hour before the first hydrochloride addition. The results are depicted in Figure 19A-D
for the two protein variants. In the case of WT M2CD, the results are categorized as strong (Figure 19A),

mediocre or non-blockers (Figure 19B).

Inhibition by a drug results in a very slow recovery of the pH after the addition of 1M HCI. Thus, Amt, Rmt,
and AK59 effectively block the WT M2CD proton channel as is shown by the minor increase of pH (ApH
~0.016) after the pH equilibration of the external solution around pH 6.3 (Figure 19A, S20). As a control,
we added the same volume (50 pL) of the solution (water) used for drug solubilization. The control shows
a higher pH increase (ApH 0.07) than the drug tests (ApH 0.016) validating the assay. Following the same
measurements, M2WJ352 and UBALTO09 showed no effective inhibition as the recovery of pH in both cases
was almost the same as in the case of the sample with no drug (Figure 19B). RL208 showed a partial

blocking of the proton conductance (Figure 19B).

The same procedure was followed for investigating drug inhibition of S31N M2CD. Slower conductance
was observed for the S31N channel compared to the WT channel, revealing possibly a tighter tetrameric
bundle. Hence, S31N M2CD proton conductance was also measured for a longer time interval by 1 min.
In all cases, none of the drugs inhibited proton transport to the interior of the proteoliposomes (Figure 19

C,D).
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Figure 19 Liposomal proton flux assay applied to WT and S31N M2CD in the presence of five drugs (Rmt,
AK59, RL208, M2WJ352, UBALT09). The 5-point moving average method was used to smoothen the data
points of the curves. Time zero corresponds to the pH equilibration of the external solution at pH ~ 6.3
after the addition of 1 M HCI. M2CD activation and proton translocation into the liposome interior is
shown as an increase of pH. Addition of the proton uncoupler CCCP terminates the experiment. The
buffering capacity of the system is evaluated by adding 50 mM HCI. (A), (B) Proton conduction of WT
M2CD is strongly inhibited by 50 uM of Rmt and its analog AK59 and partially blocked by RL208. The
bulkier ligands M2WJ352 and UBALT09 did not show blocking of the proton channel in 50 puM final
concentration. (C), (D) Proton conduction of S31N M2CD is not inhibited by any of the drugs tested. The

time interval for measuring the proton conduction is extended in this case by 1 min.
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4.2 Discussion

4.2.1 Suggested drug binding and blocking mechanisms of M2 pore

The tetrameric M2 channel was proposed to transport protons through the breaking and reforming of
bonds between His37 residues in adjacent monomers. 6! Indeed, these interactions have been observed
using M2CD at pH 7.8 192112 and M2FL at pH 6.2. % Additionally, MAS ssNMR suggested the presence of
hydrogen bonding interactions between His37 and waters using M2(22-46) 2°° or M2CD 8 or M2FL. 6163110
The M2-mediated proton transport is blocked by adamantyl amines and other conjugates by binding to
the pore of M2. 73114116 Mechanistically, drug binding and blocking have been proposed to occur a) by
drugs occluding the M2 pore and thus preventing the proton transport, ">’* b) by acting as hydronium
mimic that interacts with water layers inside the pore that stabilize transient hydronium ions formed
during the proton conduction, %716 ¢) by disrupting the imidazole-imidazole hydrogen bond between
His37 side chains. 12112 |t js also possible that multiple mechanistic aspects are needed to explain how

78,80,109,251,252

amantadine (Amt), 7° rimantadine (Rmt), 7>1% and adamantyl amine analogs, or other cage

amine analogs, 76108253-25jnhibited the proton transportation of the WT or amantadine-resistant mutants

87,105,108

of M2FL in oocytes.

Structurally, it was shown that adamantyl amine inhibitors of M2(22-46) bind inside the WT M2 pore. 73114
Their lipophilic part is accommodated from the side chains of the Val27 tetrad while their ammonium
group is oriented towards the C-terminus. A network of stable waters, comprising two layers, connects
the ammonium group of adamantyl amines and His37 residues. In the X-ray structures, the ammonium
group of Amt, Rmt forms hydrogen bonds with the Ala30 water layer, while a more elongated spiranic
adamantyl amine displaces the Ala30 water layer and forms hydrogen bonds with waters in the Gly34
layer. 971% To interpret the mechanism of blockage observed in EP 1% and liposomal proton flux assay
249 these adamantyl amines were considered as mechanism-based inhibitors. 9194116 Here it refers to the
fact that their ammonium groups bind to water-lined sites of WT M2 which stabilize transient hydronium
ions bound to His37 during proton conduction. This was proposed based on X-ray structures of truncated

73114 3nd multi-scale MD simulations ¢ using a QM-based potential. Meanwhile, for longer

constructs
constructs that include the amphipathic helix (M2CD or M2FL), structural and mechanistic evidence based

on crystallography has remained less developed.
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In this work, we explore further the potential mechanism of inhibition, using WT or S31N M2CD (residues
18-60) as our protein model. Although M2CD is a truncated protein, it was shown that its proton
conductance is very similar to that observed for the M2FL reconstituted into liposomes. It is evident that
the use of only one method is not enough to fully explore drug binding and blocking mechanisms of M2
due to limitations that can emerge from the use of different constructs (e.g. M2TM, M2CD, or M2FL),
sample preparation (e.g. lipids, or lipid:drug:tetramer ratios), or experimental setup. For example, it was
shown using MAS ssNMR that while Amt fully binds to WT M2TM (residues 22-46) and partially binds to
M2CD (residues 21-61) in DMPC, it does not bind to M2CD in a virus-mimetic membrane, but after
increasing the protein length to residues 21-97 Amt binding is rescued. °?%*9 Every method we used in this
work gives access to exploring different aspects of binding/blocking mechanisms. For example, using
ssNMR we were able to explore what occurs to the important His37-His37 H-bond after drug-binding and
confirmed that when binding takes place the bond gets disrupted. Using MD simulations, we were able to
explore two blocking mechanisms; one involves stabilizing interactions between the drug and water
molecules while the drug also interacts with important residues for protein function, and the other
involves blocking by occluding the pore and not allowing water passage. We were able to see the drugs
block the channel with one or both mechanisms. Liposomal proton flux assay, on the other hand, allowed
us to use the same M2 construct and directly explore the outcome of such interactions, inhibition or not

of proton conductance.

4.2.2 Monitoring drug binding to WT M2CD using MAS ssNMR

We previously showed that MAS ssNMR can detect the hydrogen bond between His37 side chains. 102112

The His H-bonding was proposed before by Cross and coworkers ®* as a mechanism to tune the His37
pKa’s. Rmt bound to WT M2CD disrupts this interaction. Whether the disruption is due to the drug
inducing conformational changes of the protein or perturbation of water layers that interact with the
histidines has not yet been clarified by ssNMR. In order to monitor this interaction, we recorded spectra
of WT or S31N M2CD with and without the drug. When we tested the binding of cage alkyl amines Rmt,
AK59, RL208 to WT M2CD at a low temperature of 4 °C, we did not observe significant CSPs of protein
resonances; only small CSPs (<0.5 ppm) were observed in the *H and °N resonances of His37 side chain in
the (H)NH spectrum. These CSPs suggested non-specific interactions between the protein and the
compound. The small CSPs at 4 °C can be due to the ligand concentration inside the lipid bilayer "since it

has been reported that adamantyl amines have slow entrance rates inside the WT M2(22-46) pore by EP
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studies. %419 |n addition, MAS ssNMR data of WT M2CD revealed slow entrance of Rmt 2 or are

consistent with slow binding of Amt.

Consequently, we increased the temperature of the samples to 55 °C (or 70 °C for S31N) to overcome high
kinetic energy barriers for drug entry into the M2CD pore. Those were observed also previously in MAS
ssNMR 192112 where we estimated a high activation energy of ca. 122 + 16 kJ mol? for pore binding by
following binding kinetics using the >N His37 and Gly34 chemical shift changes at different temperatures.
112 The incubation at 55 °C resulted, for Rmt or AK59, in large CSPs in both *H and °N resonances (Figure
12F, G). These large CSPs suggested significant structural rearrangements of the protein, 9°>10223 ypon
pore-binding as previously reported for Amt in DMPC bilayers °>23° and Rmt in DPhPC bilayers. 192112 The
His37-Ne2 proton resonances at 14.3 and 11.7 ppm, which are characteristic of the imidazole-imidazole
hydrogen bonding, were not detected upon Rmt binding and were reduced by 80% in the case of AK59
suggesting that the protein is about 80% in the bound state. This is a striking example of how subtle
differences in ligand’s structure close to the amine group affect binding strength since AK59 differs from
Rmt only by one methyl group attached in the methine linker (CHMe) between amine and adamantyl
group. In contrast to Rmt and AK59, incubation at 55°C was not sufficient for detecting binding of RL208
to WT M2CD. According to the efficacy of RL208 in EP (Table S5), liposomal proton flux assay (Figure 19),
and MD simulations, we expected to see the same evidence of a clear disruption of His37 imidazole-
imidazole hydrogen bonding. However, we observed the same spectrum with apo WT M2 with His37

residues hydrogen bonded.

Therefore, we applied a pH-shift based protocol, as an alternative to high temperature, in order to access
states with positive charge at His37 residues and thereby loosen the protein-protein interactions that may
prevent fast drug binding. A similar procedure was previously applied to follow changes in H spectra
during the binding of a fluorinated adamantyl amine drug in M2(22-46) (M2TM) in DMPC liposomes. 24
M2CD at pH 3.5 adopts a C-open conformation, which may facilitate binding from the C-terminal side of
the channel. Alternatively, the channel dynamics may be impacted by the loss of the stabilizing

intermolecular hydrogen bond between histidine residues, allowing the drug to enter from either side.

102,112

Although we used a protocol that enabled complete binding for Rmt and AK59 to WT M2CD, when we
tested the binding of RL208 to WT M2CD we observed that it did not disrupt His37-His37 hydrogen
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bonding at 300 uM and did not produce significant CSPs throughout the protein as we observed with the
other WT blockers. The CSPs that were produced were very small and mainly in the amide region of (H)NH
spectrum. We also tested RL208 at a higher concentration of 6 mM but still the His37-His37 hydrogen
bond was not disrupted. However, it produced broadening in the amide region of the (H)NH spectrum
and one distinct CSP, that of Trp41-NE1 side chain resonance (0.5 ppm in *H and 1 ppm in >N resonance).
We have noted the sensitivity of this peak to changes in the lipid bilayer composition. 12 All those changes
resemble what has been reported for Rmt as non-specific binding. 1°2112 |t is then possible that RL208
having a tetracyclic cage isomeric to adamantane and being bulkier than Amt or Rmt can less easily enter
the WT M2CD channel. The results presented here show that a small increase in the size of the drug can
affect its entrance and binding to M2CD. Another interesting point is that RL208 causes partial blocking
of proton transport in the liposomal assay. As regards the discrepancy between the liposomal assay and
ssNMR, showing partial vs no binding of RL208, respectively, we cannot rule out effects of slow drug
binding kinetics due to different membrane composition. 1? The liposomal assay samples have a much
higher lipid to protein ratio (400:1 by mass compared to 1:1 by mass used in ssNMR) and use an E.Coli

lipid extract rather than single component lipids.

In the case of the bulkier molecules, M2W)J352 and UBALTO09, which are not blockers of WT M2 channel
according to EP or the liposomal proton flux assay, we observed consistently, that the NMR spectrum of
the protein is unperturbed after the addition of the compound at 300 UM concentration (Figure 15, Figure
S13). However, in the (H)NH spectrum of UBALT09 we observed doubling of the His37 side chain peaks, a
small broadening of the amide region (Figure 15), as well as small CSPs < 1.5 ppm in one of Trp41 side
chains. To confirm that partial drug binding might have occurred, we tested a higher drug concentration
of 6 mM. As a result, a significant peak broadening was observed in the (H)NH spectrum (Figure 15), similar
to previous examples of WT M2CD drug binding (see for example Figure 13,14). *H and **N CSPs close to
1 ppm in the Trp41 side chain region were also present at a higher concentration, but in this case we
observe ~ 70% loss of the His37-Ne2 side chain peak intensity. In the (H)CANH spectrum, the bound and
unbound M2 form are evident at the higher drug concentration since we observed peaks of the apo M2
as well as large CSPs indicative of drug binding. We cannot rule out that other non-specific binding also
occurred since a 20-fold higher drug concentration was used. Complementary to the NMR data, the MD
simulations in Figure 6 show that, in contrast to Rmt, AK59, or RL208, the molecules UBALTO9 or its similar
analog M2W)J352 do not fit well between Val27 and His37 to block the WT M2 pore and allow waters to

pass the Val27 secondary gate (see measures in Table 12, 13). In ref. 1® we showed also using MD
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simulations and binding free energy calculations that analogs of M2WJ352 can bind, weakly to WT M2TM
in the inward orientation, without blocking the channel (as evidenced by EP) (see Table S5). Consistently,
we did not observe inhibition of the proton transport in the liposomal proton flux assay. Consequently,
we can derive from these results that UBALT09 binds weakly to WT M2 but may or may not block the

channel.

4.2.3 Blocking and Inhibition of S31N M2CD

The Amt - aryl conjugate molecules such as M2WJ352 and UBALT09 were developed to block S31N M2
after the pandemic S31N strains became prevalent since the adamantyl amines and cage alkyl amine
analogs were ineffective. Indeed, Rmt, AK59, and RL208 did not block S31N M2 by EP (Table S5) or S31N
M2CD in the liposomal proton flux assay (Figure 19). Additionally, we observed that all three drugs flipped
from their initial docking poses (ammonium group oriented inward) by 180 degrees outward after being
subjected to MD simulations. (Figure 18). In this orientation, the ammonium group forms tight hydrogen
bonds with Asn31 side chains and backbone carbonyls while the adamantyl group is placed in a broad
area defined by Gly34, as previously suggested by MAS ssNMR experiments and MD simulations, 8247.248
In this orientation the drug does not appear to interact with the water molecules between Gly34 or Ala30
and His37 and thus would not be expected to alter the stabilization of hydronium ions. In addition, there

are no stabilizing van der Waals contacts, and thus water molecules can pass through the channel.

Generally, the Amt - aryl conjugates selectively inhibit S31N M2 proton conductance 878926 by occluding
the M2 pore with their ammonium groups binding to Asn31 side chains and aryl group clustering with
Val27 side chains. These results were evident using solution NMR spectroscopy applied in S31N M2(19-
49), 882 ssNMR with S31IN M2(22-46) 1> and MD simulations with S31N M2(19-49) or S31N M2(22-46).
86,89,108 5p|ution NMR studies of the S31N M2CD — M2WJ332 complex showed that Asn31 amide side chains
can be oriented toward the space between TM helices.?*” Studies of apo S31N M2CD at pH 7 also showed
that the Asn31 side chains are oriented in the interhelical space in an X—ray structure. 2°® However, two
conformations were observed in a later X—ray structure, one conformation with Asn31 side chains pointing
between TM helices (open state) and a second conformation with the Asn31 side chains facing the pore
(shut state). 2°° Our 250 ns MD simulations of the complex between M2WJ352 or UBALT09 and S31N
M2CD, using a starting structure with Asn31 side chains oriented to the interhelical space, led to a

conformation of M2CD with a reorientation of Asn31 amide side chains toward the S31N M2 pore. The
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ammonium group forms three hydrogen bonds with the Asn31 amide side chains and waters, and the aryl
group is trapped between the Val27 side chains at the N-terminus, blocking water passage (Figure 18, see

measures in Table 12, 13).

Interestingly, we observed that while M2WJ352 and UBALTO09 were efficient blockers of S31N M2 by EP
(Table S5), also confirmed by our MD simulation results, they did not block S31N M2CD in the liposomal
proton flux assay. Similarly, there were no signs of binding in our NMR data. Neither of the drugs at 300
UM induced significant CSPs using the elevated temperature or pH-shift protocol, and the presence of
His37 peaks indicated an intact H-bond interaction (Figure S14C). Of note, second generation
adamantane-based drugs, e.g., M2WIJ352 while tested with the small construct S31N M2TM, have not
been tested against S31N M2CD using MAS ssNMR. We also tested the molecules at a higher drug
concentration of 6 mM but the CSPs in >N or 3C resonances in both 2D and 3D spectra were not more
than 0.5 ppm which can again be attributed to non-specific effects due to higher partitioning of the drug

260 35 well as binding to the periphery of the protein **'%® (Figure S17, S18). On the

to the membrane
other hand, small CSPs (< 0.5 ppm) and broadening of peak linewidths have been previously observed in
the drug bound form of S31N in ssNMR experiments, for example binding of M2WJ352 to S31N (residues
19-49) in different lipid membranes and a drug-tetramer molar ratio of 10:1, which should correspond to

an estimated drug concentration of 1.2 mM.%®

Thus, we can consider the possibility that the binding of M2WJ352 and UBALTO09 to S31N M2CD can occur
in a higher drug concentration, but the drugs do not perturb the His37 environment, as was also shown
with MD simulations (Figure 18). Additionally, the same solution and solid-state NMR data of S31N M2
(19-49) — M2WJ352 complex, mentioned before, in DPC micelles 2% and DMPC or a virus mimetic m%5,
showed that Asn31 has the largest °N, 13C CSPs when the drug is bound to the M2 pore followed by His37
and Gly34, same way as Amt >*°> or Rmt ** to WT M2TM. In our MAS ssNMR experiments with S31N
M2CD, we didn’t observe significant CSPs on Asn31 with both drugs tested. It is worth noting that in
previous studies on S31N M2 and inhibitors, S31N(19-49) or (22-46) structures are being used in which
the amphipathic helices are missing. 88115 [t seems that AHs could generate a structural barrier for those

drugs to enter the S31N M2CD pore i.e., induce conformational changes in M2 structure that hinder drug

binding.
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4.3 Methods and materials

4.3.1 Magic angle spinning solid state NMR spectroscopy

The M2 conductance domain (M2CD; residues 18 to 60) of influenza A was obtained and purified following
methods described previously. 990193261 Briefly, the M2 amino acid sequence from the A/Udorn/1972
H3N2 strain, designated as wild type (WT), was utilized, incorporating C19S and C50S mutations. The S31N
variant was generated from the WT sequence by introducing the corresponding mutation. N and 3C
labeled M2 was expressed using U-3C-glucose, and > N-ammonium chloride as the sole carbon and
nitrogen sources, respectively. Escherichia coli was used to express the protein in inclusion bodies, which
were then resuspended in 6 M guanidinium and subsequently purified using a nickel column. Cyanogen
bromide was used to cleave the His-9 and TrpLE tags. Protein was then subjected to C4 HPLC column
purification following a gradient elution using a mixture of 3:2 isopropanol:acetonitrile. The HPLC fractions
were dialyzed against water and then lyophilized. The resulting lyophilized protein was resuspended in
NMR buffer (40 mM sodium phosphate, 30 mM glutamate, 3 mM sodium azide, pH 7.8) containing octyl
glucoside detergent and reconstituted in deuterated DPhPC lipids (FB Reagents) with a lipid:tetramer
molar ratio of 25:1 by mol or 1:1 by mass. Finally, the samples were packed in a 1.3 mm rotor at room
temperature using a benchtop centrifuge and had an estimated tetramer concentration of 12 mM. For
the drug binding experiments a solution of 300 uM or 6 mM of drug was equilibrated with the membrane
pellet from one rotor (2 to 3 pL) in a volume of 200 pL. This is sufficient total drug, since the estimated
drug:tetramer molar ratio is 2.5:1 or 50:1 during incubation. The final concentration in the membrane
pellet depends on the partitioning between the aqueous phase and the pellet. For the experiments where
we changed temperature, the packing of the rotor with the sample was done at ambient temperature
(~21 °C). After the first measurement, the rotor was kept for 2-5 h (unless otherwise indicated) in a 55° C
water bath. Samples were stored at 4 °C and the temperature during NMR measurements was ~55 °C. For
the drug binding measurements by changing the pH, the drugs were added by pushing the membrane
pellet out of the rotor into a 300 uM (unless otherwise indicated) drug solution in citrate buffer of the
desired pH (40 mM disodium phosphate, 22 mM citric acid, 3 mM sodium azide). Following overnight

incubation at 4 °C, the pellet was moved to the same buffer, but at pH 7.8 for measurement.

All spectra were acquired on an 800 MHz Bruker Avance Ill spectrometer using a Bruker 1.3 mm HCN

probe. The spinning frequency was 55 kHz and the gas flow was set to 900 liters per hour, the temperature
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of cooling gas was set to 243 K, which results in an estimated sample temperature of 25 °C based on the
chemical shift of water. The proton spectrum was referenced by setting the chemical shift of water to 4.7
ppm. 2D (H)NH spectra, were processed with a cosine squared function using 8 ms in the proton
dimension, and 10 or 26 ms in the nitrogen dimension. Proton and **N hard pulse powers were 100 kHz
and 80 kHz respectively. For *H to ®N and N to 'H CP, the contact time was 800 us and 550 s,
respectively, with a 20% linear ramp on 'H and constant irradiation of °N at 38.5 kHz. 3D (H)CANH spectra
were processed with a cosine squared function using 10 ms in the proton dimension, 15 ms in the nitrogen
dimension, and 9 ms in the carbon dimension. Proton, N and 3C hard pulse powers were 100 kHz, 80
kHz, and 80 kHz, respectively. We set the H-Ca CP contact time to 600 us with a 20% linear ramp on H
centered at about 95 kHz and 41.2 kHz on *3C, a Ca-N CP with a contact time of 10 ms using 43.0 kHz and
19.6 kHz on >N and *3C, respectively, and a 30% tangential ramp on the *N channel. The N-H CP had a
contact time of 400 ps, a 20% linear ramp on 'H centered at about 93 kHz and 38.5 kHz on *N. All spectra
were acquired with frequency swept TPPM 262 'H decoupling at 12 kHz during indirect acquisition times
and WALTZ-16 2 decoupling at 10 kHz on both 3C and *N channels. For water suppression, the
MISSISSIPPI 24 method was used at 13 kHz. Spectra were processed in Topspin 3.5 (Bruker) and analyzed

in Sparky. °

4.3.2 Computational biochemistry

Molecular docking calculations

Protein and ligands preparation for the docking calculations are included in the Supporting Information.
The WT M2(22-62) structure with PDB ID 2L0J ®3 from ssNMR in phospholipid bilayers was used to prepare
the M2(18-60) tetrameric structure. Mutant S31N M2(18-60) protein complexes were obtained by
manually mutating serine 31 to asparagine in PDB ID 2L0J ®3 protein.M2(18-60) was superimposed to
complex WT M2(22-46) - Amt, with PDB ID 2KQT, 7 to introduce ligand coordinates. Protein WT M2(18-
60) and ligand Amt and its coordinates were used as reference coordinates for the docking calculations.
Amt, R-Rim, S-Rim, AK59, RL208, and M2WJ352, UBALT09, were docked to the WT M2(18-60) protein,
with GOLD 5.2 software (GOLD Suite, version 5.2; Cambridge Crystallogr. Data Cent. Cambridge, U.K,,
2015) and the Gold Score. ¢ For the docking calculations of the compounds, the waters clathrate between
the ligands and His37 tetrad was maintained as part of the protein structure in agreement with the X-ray
structures. % All the protein atoms within 10 A of the reference ligand were used for binding site

definition. For the docking calculations, 30 genetic algorithm runs were applied (instead of 10 runs as the
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default choice), and the “allow early termination” option (which is also not the default choice) was chosen
while all other options were kept as default. The resulting docking poses were visually inspected using the
UCSF Chimera package. %7 Docking calculations in M2 constructs were also performed with Glide (Glide
Schrédinger LLC, New York, NY, 2012. Glide, version 5.7. Glide Schroédinger LLC, New York, NY, 2011) using
the scoring function Glide XP, *** an empirical function that approximates ligand binding free energies, as
well as the induced-fit method. As a measure of docking calculation accuracy, the experimentally
determined coordinates of Amt in PDB ID 2KQT ”® were compared with the docking results. The root-
mean-square deviation (RMSD) of the docked Amt compared to the X-ray position, with either GOLD 5.2
or Glide, was < 0.1 A, which suggested that docking calculations would be accurate also for the other
docked ligands. The generated complexes of M2(18-60) were used as starting structures for MD

simulations.

MD simulations

The complexes between R-Rim, S-Rim, AK59, RL208, and M2W)J352, UBALT09 and M2CD from docking
calculations were aligned with the membrane using the Orientations of Proteins in Membranes (OPM)
Server. 2 The insertion of the OPM — protein complexes into the bilayer was performed with the
Desmond System Builder utility of Maestro (Schrédinger Release 2021-2: Desmond Molecular Dynamics
System, D. E. Shaw Research, New York, NY, 2021. Maestro-Desmond Interoperability Tools, Schrédinger,
New York, NY, 2021-2). Protein—ligand complexes were inserted in pre-equilibrated hydrated bilayers of
POPC lipids expanding from the furthermost vertex of the protein to the simulation box edge 13 A in the
x,y-plane and 17 A in z-axis. The simulation box dimensions were (75 x 75 x 100 A%) and periodic boundary
conditions were applied. For the M2CD systems, the system contained 130 — 140 lipids per tetramer.
Sodium and chloride ions were randomly added in the aqueous phase to neutralize the system based on
a Monte-Carlo approach, as implemented in Desmond. The NaCl concentration was chosen to be the
physiological 150 mM. The CHARMM36m force field 244246268269 a5 ysed for protein, lipid, and ions and
the intermolecular interactions, and TIP3P for waters 2%, Ligands were parameterized with SwissParam
270 for the MD simulations. In the SwissParam force field, the dihedral angle terms, harmonic part of the
bonds, angle and improper terms, and charges were taken from the MMFF94 7 force field and van der
Waals parameters from the closest atom type in the CHARMM?22 % force field. For the MD simulations
with the CHARMM36m force field, the CHARMM36 implementation of TIP3P waters was used. To assign
CHARMM parameters, the Schrédinger viparr utility (Schrodinger Release 2021-2: Desmond Molecular

Dynamics System, D. E. Shaw Research, New York, NY, 2021. Maestro-Desmond Interoperability Tools,

139



Schrédinger, New York, NY, 2021) was used. All simulations were performed with the Desmond MD
simulation algorithm?”? (Schrédinger Release 2021-2: Desmond Molecular Dynamics System, D.E. Shaw
Research, New York, NY, 2021. Maestro-Desmond Interoperability Tools, Schrédinger, New York, NY,
2021). The particle mesh Ewald method was used for the calculation of long-range electrostatic
interactions 23 with a grid spacing of 0.8 A. The Shake %3 method was used to keep all bonds with
hydrogen rigid, at ideal lengths and angles. The Nose — Hoover thermostat % was utilized, and the
Martyna — Tobias - Klein method 2*> was used for pressure control. The equations of motion were
integrated using the multistep RESPA integrator 2 with an inner time step of 2.0 fs for bonded
interactions and nonbonded interactions within the cutoff. An outer time step of 6.0 fs was used for
nonbonded interactions beyond the cutoff. Periodic boundary conditions were applied. For all MD
simulations, the same relaxation protocol was used and run in a CPU. In short, two rounds of steepest
descent minimization were performed: one with a maximum of 2000 steps and a harmonic restraint of 50
kcal mol™ A2 on all heavy solute atoms and a second of 10000 steps without restraints until convergence
to 1.0 kcal mol™ AL, Next, a series of MD simulations were performed to smoothly relax the system; 200
ps starting at 10 K with gradual heating until 310 K in the NVT ensemble with solute heavy atoms
restrained with a force constant of 50 kcal mol™ A2, A temperature of 310 K was used to ensure that the
membrane state was above the melting temperature for POPC lipids 2°. The heating was followed by
equilibration runs. First, a 1 ns simulation under NPT conditions was conducted, with solute heavy atoms
restrained with a force constant of 10 kcal mol™ A2 to equilibrate solvents and lipids. This was followed
by two 1 ns MD simulations with the NPT ensemble. Briefly, harmonic constraints were gradually
decreased from 10.0 to 2.0 kcal mol™* A2 on solute heavy atoms while 2.0 kcal mol™* A2 constraints were
retained on all other solute atoms. Next, the harmonic constraints were removed except for a 2.0 kcal
mol™ A2 set on protein C, atoms. Finally, a 5 ns unrestrained MD simulation in NPT conditions was
performed before the production phase. This equilibration protocol was followed by 250 ns unrestrained
MD simulations in the NPT ensemble with CHARMM36m force field. Within this simulation time, the
RMSD of the protein backbone C, atoms of the TM domain (RMSD(Ca)) reached a plateau and the system
was considered equilibrated and suitable for statistical analysis. The coordinates of the systems were
saved every 100 ps. MD simulations were performed in workstations with GPUs using the GPU
implementation algorithm of the MD simulation code provided by Desmond software, (Schrédinger
Release 2021-1: Desmond Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2021.
Maestro-Desmond Interoperability Tools, Schrédinger, New York, NY, 2021). In total, MD simulations for

12 different systems were performed (6 ligands x 2 proteins).
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4.3.3 Liposomal proton flux assay

This assay was performed as described previously. 2*° Briefly, M2CD proton channels were reconstituted
in a glass tube into liposomes by mixing 25 pg of protein, 750 uL of Escherichia coli polar lipid extract
(Avanti Polar Lipids) in chloroform (~10 mg of lipids), 5 pL of 0.04 mM valinomycin solution in ethanol and
350 uL of methanol for homogenized mixing that provided a solution. The solvents were evaporated under
continuous nitrogen gas and a thin film was obtained. The films were redissolved in 750 pL of chloroform
and dried down again under a nitrogen stream in order to form high quality transparent lipid films and
were left overnight in the lyophilizer to remove any solvent trace. The dried films were then resuspended
in strongly buffered internal liposome buffer (26 mM potassium citrate, 17 mM citric acid, 28 mM sodium
citrate, 25 mM K;HPO4, 25 mM Na;HPO4, 6 mM NaNs;; pH 7.7) to form liposomes which were then
extruded 11 times through 0.2 M polycarbonate membrane to get a homogenized size distribution. Buffer
was exchanged on a PD-10 column (GE Health Sciences) such that the external liposome buffer was a weak
buffer (4% v/v IVB, 117 mM KCl, 117 mM NaCl, 6 mM NaNs, pH 7.7). Every tested sample contained 2.25
mL of liposome mixture which consists of 5 mg/mL lipids, 0.6 uM M2 tetramer, and 0.1 pM valinomycin
as a potassium ionophore that transports potassium ions in the opposite direction of protons. The initial
decrease of external pH was initiated by the addition of 3.75 pL of 1M HCl under continuous fast stirring.
The experiment was terminated by the addition of 3 pL of the proton uncoupler carbonyl cyanide m-
chlorophenylhydrazone (CCCP). The buffering capacity of the final mixture was evaluated by the addition
of 7.5 uL of 50 mM HCI. M2 drug inhibition was investigated by adding 2.25 uL of 5 mM stocks in water
(or ethanol in the case of M2WJ352) for 50 uM concentration in the final tested samples. The drugs were
added 1 hour before the first HCl addition. Addition of 2.25 uL of water or ethanol was tested as separate

experiment controls and no change in M2 proton conduction was observed.

141



5 Conclusions

5.1 SQ109 analogs as potent inhibitors of MmpL3 transporter

In this work, we report an improved synthesis of analogs of the antitubercular drug candidate SQ109 (8a),
an ethylenediamine-based inhibitor of MmpL3 currently undergoing clinical trials that also has activity
against a broad range of bacteria, protozoa, and even some yeasts/fungi. We synthesized a series of 18
S$Q109 (8a) analogs containing adamantane C-2 alkyl, aryl, or heteroaryl adamantyl groups (Me, Et, Pr, Bu,
Ph, Bn, Hex, and 4-phenylthiazol-2-yl), with ethylenediamine or aminoamide linkers between the
adamantyl and geranyl groups, in addition to an adamantyl C-1 dimethylmethylene analog. We report
inconsistencies and improvements for more efficient preparation of important intermediates such as

geranylamine 4 and the reduction of aminoamides leading to SQ109 and its analogs.

The MD simulations data that we produced based on the X-ray structure of the SQ109 (8a) and MmpL3
complex (PDB ID 6AJG) showed that our designed SQ109 analogs 8b-i, 12 bind to the same binding area
with SQ109 (8a). Compared to SQ109 (8a), in the analogs with larger alkyl or aryl adducts in the
adamantane ring, the geranyl-ethylenediamine moiety was similarly surrounded by the amino acid
residues Leu642, Tyr646, Tyr257. However, the larger adducts at 2-adamantyl carbon can fit close to

Phe260 and Phe649 increasing the hydrophobic interactions at the bottom of the binding area.

We tested SQ109 (8a) and the analogs against five bacteria: M. smegmatis, M. tuberculosis (three strains),
M. abscessus (two strains), B. subtilis, and E. coli, as well as against five protozoa: T. brucei, T. cruzi
(epimastigotes and amastigotes), L. donovani, L. mexicana, and P. falciparum (asexual blood stages). There
was good activity of ethylenediamine analogs containing small substituents against the mycobacteria,
although activity was generally less than with the SQ109 parent molecule. The interesting exception was
in M. abscessus where we found two SQ109 analogs, the butyl (8e) and benzyl (8g) species, in which
activity was ~4-8-fold higher than found with SQ109 (8a). Moreover, activity was the same against a
highly drug resistant M. abscessus strain harboring an A309P mutation located in the transmembrane

domain in MmpL3, indicating that MmpL3 is not a major target in this species.

We then used SPR to investigate the binding of SQ109, nine ethylenediamine analogs, and four amide

analogs to a mycobacterial MmpL3 protein target, finding that tighter MmpL3 binding correlated with
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increasing ligand hydrophobicity with R = 0.73 and p < 0.003 for the log Kp/log D74 correlation. However,
there were no significant correlations between cell growth inhibition and either log D or log Kp. The low
activity of the more potent MmpL3 binders against MmpL3-containing bacteria suggests that MmplL3

inhibitors with large C-2 substituents may not be able to penetrate the cell wall.

Using DSC, we found that these inhibitors caused larger decreases in Tm than found with SQ109 (8a),
indicating efficient accumulation in lipid membranes, and there were clear correlations between ATy, and
log D74 for both DMPC (R = 0.776, p = 0.014) as well as for DSPG (R = 0.727, p = 0.026). Taken together,
the SPR and DSC results are consistent with the idea that the larger, more potent MmpL3 inhibitors are
less effective than SQ109 (8a) in penetrating the arabinogalactan-peptidoglycan cell wall in mycobacteria.
In contrast, in B. subtilis and E. coli, several analogs were more potent than SQ109 (8a). In these organisms,
MmpL3 is absent as is the mycolyl-arabinogalactan—peptidoglycan cell wall, although the mechanism of
action of SQ109 (8a) itself in these bacteria remains to be reported. On the other hand, in the
trypanosomatid parasites, SQ109 (8a) is reported to act as a protonophore uncoupler that also affects
Ca?* homeostasis. In these organisms, there is again no cell wall, and many of the analogs are active
against the parasites. With the malaria parasite P. falciparum, there are likewise no cell wall and no
MmpL3 and SQ109, and analog activity could similarly be dependent on their protonophore properties.
We found that several analogs had 4-10x increased activity over SQ109 as well as low toxicity against the
HepG2 human cell line, making them of interest as a new antimalarial drug hit and warranting further

development of these bulkier analogs as antimalarial drug leads.

5.2 Binding and blocking of M2 protein inhibitors to M2CD pore

In this work, we use a set of methods to further explore our previous ssNMR findings and investigate how
different biophysical methods, used regularly, can inform on the binding and blockage of WT or S31N M2
by cage alkyl amine containing inhibitors. We applied MAS ssNMR complemented with MD simulations to
assess the potential blocking mechanism for both WT and S31N M2, while liposomal proton flux assay
was performed along with the previous EP measurements to test the ability of the compounds to inhibit
the M2-mediated proton conductance. We developed two protocols for the MAS ssNMR sample
conditions that could overcome high kinetic energy barriers associated with drug entry into the M2CD

pore.
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We showed that low pH can be used to more reliably allow equilibration with drugs, presumably by
opening of the tetramer at the C-terminal side of the membrane upon imidazole protonation, with NMR
data subsequently recorded at alkaline pH in the closed M2 conformation. We found that a small increase
in drug size can dramatically affect the kinetics of binding to M2CD pore, in contrast to M2TM,
emphasizing the conformational constraints posed by the AHs. Disruption of the imidazole-imidazole
hydrogen bonding was a clear indicator for drugs that block WT M2-mediated conductance. On the other
hand, lack of disruption was observed for S31N M2CD for drugs reported to be active. This does not appear
to be an effect caused by concentrated samples, as the more dilute conditions of the liposome assay
showed no evidence of blocking. It will be important to compare these results with testing of full length

M2 in the future and using NMR methods that include isotopically labeled drugs.

144



6 APPENDIX A

Binding affinities from SPR against MtMmpL3 and biological activities against Ms and Mtb HN878

using the two-states model taken from ref. °8

Comp. ) ICs0 (M) ICso (M) 58
No Chemical Structure Ka (LM) Ms Mitb HNS78
8a @ww 2060 + 34.5 2.4 0.4
8b @ww 248 +9.52 4.4 0.8
8c ﬁrww 190 + 7.57 4.0 1.6
12 @%NM 120 + 15 15 3
8d @tww 106 +12.2 43 3
8e s 108122 2.5 3

8f Y N 81+38.9 4.7 3
M

8g quw 74 +30.3 6.0 1.6

8h A 1362295 cg 1.6

8i % ) 91+31.1 21 ND*
Lfeiror

@ ND, not determined; ? The Kd values are determined by global fitting of
sensorgrams collected at different concentrations of an analyte to the same

set of parameters. Residuals are the measure of goodness of the fit.
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Ligand-MmpL3 binding free energies (AGes) calculated using MM-GBSA 29274 method with
OPLS2005 27° force field for the calculations of the intermolecular interactions without or with using a
hydrophobic slab **!*> to model the membrane environment of the protein. RMSD;; mean values and
RMSD;rot mean values for the whole protein or only transmembrane helices from 80ns-MD simulations

for 8a-h, 12. The ligands have a diprotonated ethylenediamine unit.

Cmp RMSD;;? RMSDpor” AGes© AGex° Conformation of Conformation of
No (A) (A) (kcal mol™) (kcal mol™) the the
ethylenediamine ethylenediamine
unit of the ligand unit of the

in the starting ligand in the last
conformation © snapshot in the
MD simulation

8a 1.72 + 2.96 + -192.19 + 8.27 -78.74 + g(-) g(-),8(+),8(+)
0.12 0.12 4.61

8b 1.18 + 3.40+ -174.66 + 6.46 -73.06 + g(-) g(-).g(-).g(-)
0.11 0.35 3.95

8c 212+ 3.11+ -170.74 + 8.57 -68.30 + g(+) g(+)g(-),g(+),8(+)
0.19 0.10 5.54

8d 1.93 + 2,75+ -185.80 + 7.25 -93.05 + anti g(+),8(+),8(+)
0.14 0.13 4.62

8e 2.09 + 2.60 + -195.04 + 8.55 -84.65 + anti g(-).g(-).g(-)
0.09 0.10 4.73

8f 2.15+ 413 + -190.04 + 9.02 -80.18 + eclipsed g(+),8(+),8(+)
0.25 0.20 5.69

8g 213+ 270+ -190.79 + 11.7 -85.88 + g(+) g(+),8(-),8(-)
0.10 0.13 7.03

8h 221+ 3.84+ -173.45 + 7.48 -81.60 + g(+) g(+),g(-).8(-)
0.12 0.20 4.55

12 1.37+ 331+ -184.31+7.83 -80.43 + g(-) g(-),g(-).8(+)
0.15 0.12 7.21

2MeanSD (A); Ligand RMSD is calculated after superposition of each protein-ligand complex to that of the
starting structure (snapshot 0) based on the C, atoms of the protein, for the last 20 ns of the trajectories.
b MeanzSD (A); Protein RMSD is calculated for the C, atoms of the a-helices, for the last 20 ns of the

trajectories, using as starting structure snapshot 0 of the production MD simulation.
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¢ Mean calculated effective binding free energy (kcal mol?) between ligand and MmpL3 receptor from three
repeats. AGes is calculated from the last 20 ns of the trajectories using 40 ps intervals (i.e. 500 frames per
trajectory) using a MM-GBSA model that is taking into account the membrane as hydrophobic slab. 15371

4 Mean calculated effective binding free energy (kcal mol™) between ligand and MmpL3 receptor from three
repeats. AGe is calculated from the last 20 ns of the trajectories using 40 ps intervals (i.e. 500 frames per
trajectory) without taking into account the membrane. Using the last frame of the MD simulation trajectory,
two additional 20 ns MD simulations were performed and structural ensembles were similarly selected.

€ Highest scored docking pose.

100ns MD simulations plots of the single protonated SQ109 analogs in complex with MmpL3

Figure S1. Molecular dynamics results for complexes of monoprotonated SQ109 analogs with MmpL3. In
panels (A) for 8a-i, 12 are shown the chemical structures of the ligands and the RMSD plots for the Ca
carbons (blue) for the full protein (upper RMSD plots) and the ligand heavy atoms (orange) or (B) only the
RMSD plots for the Ca carbons (blue) of transmembrane helices and the ligand heavy atoms (orange). (C)
Last frames of monoprotonated SQ109 analogs 8b (Me), 12, 8d (Pr), 8f (Hex), 8g (Bn), 8c (Et) inside the
MmpL3 pore from 100ns-MD simulations with amberff99sb; #6277, (D) Receptor-ligand interaction
frequency histograms; (C), (D) for SQ109 or 8a (H), 8e (Bu), 8h (Ph), 8i (Thz-Ph) are shown in the main
manuscript. Color scheme for frames: Ligand=petrol or purple or orange or green or blue sticks, receptor
= white ribbons, residues in light purple sticks, hydrogen bonding interactions=dark grey dashes. For the
protein, the experimental structure of SQ109 in complex with MmpL3 (PDB ID 6AJG ??) was used. The
protein structure (excluding C-terminus) consists of M1-E749 residues. The transmembrane domain
consists of the following helices and their residues: TM1: 14-33, TM2: 174-199, TM3: 208-224, TM4: 238-
264, TM5: 271-301, TM6:306-338, TM7:396-415, TM8: 552-576, TM9: 583-601, TM10: 625-648, TM11:
660-690, TM12: 697-728.
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Figure S1 MD simulation results for MmpL3 with SQ109 (8a).
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Flgure S1 (contd.). MD simulation results for MmpL3 with 8b.
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Flgure S1 (contd.). MD simulation results for MmpL3 with 8c.
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Figure S1 (contd.). MD simulation results for MmpL3 with 8e.
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Figure S1 (contd.). MD simulation results for MmpL3 with 8h.
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80 ns MD simulations plots of the doubly protonated SQ109 analogs in complex with MmpL3

Figure S2. In panels (A) for 8a-h are shown the chemical structures of the ligands and the receptor-ligand
interaction frequency histograms recorded from the 80 ns MD simulation trajectories of SQ109 analogues
(doubly protonated ethylenediamine form) in complex with MmpL3. Hydrogen bonding interaction bar
are depicted in green, Van der Waals in yellow, cation-pi in blue, pi-pi stacking in pink, water bridges in
light blue and ionic in light green. (B) The RMSD plots for the Ca carbons (blue) of the full protein and the
ligand heavy atoms (orange). For the protein, the experimental structure of SQ109 in complex with
MmpL3 (PDB ID 6AJG) was used. The protein structure (excluding C-terminus) consists of M1-E749
residues. The transmembrane domain consists of the following helices and their residues: TM1: 14-33,
TM2: 174-199, TM3: 208-224, TM4: 238-264, TM5: 271-301, TM6:306-338, TM7:396-415, TM8: 552-576,
TM9: 583-601, TM10: 625-648, TM11: 660-690, TM12: 697-728.
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Figure S2 (contd.). MD simulation results for MmpL3 with 12.

100ns MD simulations plots of two replicas of the single protonated SQ109 analogs in complex with
MmplL3

Figure S3. Molecular dynamics results of two replicas for complexes of monoprotonated SQ109 analogs
with MmpL3. In panels (A) for 8a-i, 12 are shown the chemical structures of the ligands and the receptor-
ligand interaction frequency histograms as an average of two replicas: hydrogen bonding interaction bar
are depicted in green, Van der Waals in yellow, cation-pi in blue, pi-pi stacking in red, water bridges in
light blue and ionic in light green, (B) the RMSD plots for the Ca carbons (blue) of transmembrane helices
and the ligand heavy atoms (orange) separately for the two replicas and as an average. For the protein,
the experimental structure of SQ109 in complex with MmpL3 (PDB ID 6AJG) was used as the starting
structure for the MD simulations after excluding C-terminus, consisting of M1-E749 residues. The
transmembrane region included the following helices and their residues: TM1 (14-33), TM2 (174-199),
TM3 (208-224), TM4 (238-264), TM5 (271-301), TM6 (306-338), TM7 (396-415), TM8 (552-576), TM9 (583-
601), TM10 (625-648), TM11 (660-690), TM12 (697-728).
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8b.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8c.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8d.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8e.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8f.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8g.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8h.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 8i.
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Figure S3 (contd.). MD simulation results of two replicas for MmpL3 with 12.

500ns MD simulations plots of the monoprotonated ethylenediamine forms of SQ109 analogs in
complex with MmpL3

Figure S4. In panels (A) for 8a, f, g, i are shown the chemical structures of the ligands and the receptor-
ligand interaction frequency histograms recorded from the 500 ns MD simulation trajectories of SQ109
analogues (monoprotonated ethylenediamine form) in complex with MmpL3. Hydrogen bonding
interaction bar are depicted in green, Van der Waals in yellow, cation-pi in blue, pi-pi stacking in red, water
bridges in light blue and ionic in light green. (B) The RMSD plots for the Ca carbons (blue) of

transmembrane helices and the ligand heavy atoms (orange). For the protein, the experimental structure
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of SQ109 in complex with MmpL3 (PDB ID 6AJG) was used as the starting structure for the MD simulations
after excluding C-terminus, consisting of M1-E749 residues. The transmembrane region included the
following helices and their residues: TM1 (14-33), TM2 (174-199), TM3 (208-224), TM4 (238-264), TM5
(271-301), TM6 (306-338), TM7 (396-415), TM8 (552-576), TM9 (583-601), TM10 (625-648), TM11 (660-
690), TM12 (697-728).
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Figure S4 MD simulation results for MmpL3 with 8a.
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Figure S4 (contd.). MD simulation results for MmpL3 with 8f.
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Figure S4 (contd.). MD simulation results for MmpL3 with 8g.
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Figure S4 (contd.). MD simulation results for MmpL3 with 8i.

500ns MD simulations plots of residues that interact with ligand amine groups

Figure S5. The RMSD plots for the sum of Ca carbons of residues Asp256, Asp645, Tyr257, Tyr646, Phe260,

Phe649. For the protein, the experimental structure of SQ109 in complex with MmpL3 (PDB ID 6AJG) was

used as the starting structure for the MD simulations after excluding C-terminus, consisting of M1-E749

residues.
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Figure S5 MD simulation results for MmpL3 with 8a.
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Dose-response curves of SQ109 and analogs against protozoan parasites
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Figure S6 Representative dose-response curves of SQ109 analogs against protozoan parasites.
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Figure S6 (contd.). Representative dose-response curves of SQ109 analogs against protozoan parasites.
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Figure S6 (contd.). Representative dose-response curves of SQ109 analogs against protozoan parasites.
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Figure S6 (contd.). Representative dose-response curves of SQ109 analogs against protozoan parasites.

SPR curves for SQ109 analogs (two-state model).
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SPR sensorgrams for SQ109 analogs. Sensorgrams of up to six doubling concentrations (6.25

mM, 12.5 mM, 25.0 mM, 50.0 mM, 100.0 mM, 200.0 mM) of the indicated compounds are shown in
different colors, with the lowest injected concentration 6.25 mM shown in red. The sensorgrams were
fitted into several kinetic models. The best fits (black lines) were obtained with the Two-State Binding

model, wherein conformational change occurs on the same time scale as ligand binding.
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DSC cooling scans for DMPC/inhibitors.
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d. DMPC-12

e. DMPC-8d

f. DMPC-8c

Exothermic
10mwW

g. DMPC-8e

h. DMPC-8f

i. DMPC-8g

j. DMPC-8h

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
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Figure S8 DSC cooling scans of (a) DMPC, (b) with SQ109 (8a), (c) with 8b, (d) with 12, (e) with 8d, (f) with
8¢, (g) with 8e, (h) with 8f, (i) with 8g, (j) with 8h. All samples were hydrated with PBS (pH=7.4).
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DSC cooling scans for DSPG/inhibitors.
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Figure S9 DSC cooling scans of (a) DSPG, (b) with SQ109 (8a), (c) with 8b, (d) with 12, (e) with 8d, (f) with

8¢, (g) with 8e, (h) with 8f, (i) with 8g, (j) with 8h. All samples were hydrated with PBS (pH=7.4).

Table S3 Calorimetric profiles (cooling) of DMPC or DSPG:5SQ109 analogue mixtures, fully hydrated in

PBS (pH=7.4).

Sample T ATy, AH Sample Tm ATi2m AOHpm
DMPC 22.5 0.59 31.7 DSPG 52.2 1.1 48.5
DMPC:8a (H) 18.7 2.8 233 DSPG:8a (H) 47.6 1.4 55.4
DMPC:8b (Me) 16.6 1.9 26.5 DSPG:8b (Me) 47.7 1.4 52.9
DMPC:12 18.4 4.4 21.1 DSPG:12 46.8 1.5 57.2
DMPC:8d (Pr) 16.4 1.8 18.9 DSPG:8d (Pr) 479 14 48.0
DMPC:8c (Et) 16.2 2.8 25.6 DSPG:8c (Et) 48.9 1.6 49.0
DMPC:8e (Bu) 15.2 25 26.7 DSPG:8e (Bu) 45.7 2.0 36.9
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DMPC:8f (Hex) 15.3 5.5 21.3 DSPG:8f (Hex) 47.1 0.8 36.1

DMPC:8g (Bn) 15.0 9.8 22.2 DSPG:8g (Bn) 46.6 1.8 55.6

DMPC: 8h (Ph) 14.0 2.9 28.3 DSPG: 8h (Ph) 47.2 5.2 52.0
Tm (°C), temperature at which heat capacity (ACe) at constant pressure is maximum; ATy, (°C), half width

at half peak height of the transition; AH (k) mol?), transition enthalpy normalized per g of lipid. Results

were the same after two repeats. BIH was determined over the 5-35 °C range.

Predicted sites of P450 oxidations of Compound 8h.

Atom Probability

a C.3 0.57579
7 C.1 0.57579
:L \ C.10 0.492
A C.4 0.36067
/ [ c.5 0.278
v B i “:;-; i C.2 0.27794
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e C.28 0.262
C.15 0.228
C.7 0.19694
b Cc 2D6 2D6
.\ Ranking Atom Score
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e O i SRR N "’:i/ \/\1 2 c28 747
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N,z
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6 C.24 888

Figure S10 Predicted sites of P450 oxidations of Compound 8h. (a) GloryFame2 results. (b) Xenosite
results. (c) SmartCyp results (for CYP2D6). In addition to major oxygenations of the adamantyl (C28),
terminal methyl (C1/C3) and allyic (C10) sites, additional oxygenation, of the phenyl ring, is predited using

all three programs.
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Table S4 Stability of SQ109 (8a), 8b and 8h in human, mice and rat liver microsomes.

Human Mice Rat
% % %
Compd. remane t12 ClLint remane t12 CLint remane t12 CLint

nt (min) | (mL/min* nt (min | (mL/min* nt (min | (mL/min*

(after 60 b mg prot)c | (after 60 ) mg prot) (after 60 ) mg prot)

min)? min) min)

SQ109 (8a) 1.5 9.71 53.87 0.8 7.33 105.76 1.2 4.57 120.84

8b 3.8 5.50 95.15 3.4 9.24 83.91 2.3 2.28 242.41

8h 0.3 5.25 99.73 0.7 8.69 89.16 0.0 2.08 265.68

IeeStOStero 6.02 1‘;'9 34.95 009 | 462 167.77 013 | 120 | 45877

7% is the percentage of the remaining compound after 1 h of incubation with microsomes at 37 °C; °
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Figure 511 (contd.). NMR spectra of compounds; *H and 3C NMR of compound 7h.
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Figure 511 (contd.). NMR spectra of compounds; *H and 3C NMR of compound 8b.
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Figure 511 (contd.). NMR spectra of compounds; *H and *C NMR of compound 8c.
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Figure 511 (contd.). NMR spectra of compounds; *H and 3C NMR of compound 8d.
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Figure S11 (contd.). NMR spectra of compounds
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Figure 511 (contd.). NMR spectra of compounds; *H and 3C NMR of compound 8g.
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Figure 511 (contd.). NMR spectra of compounds; *H and 3C NMR of compound 8h.
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235



5.3078
5.1236
3.6871
3.6686
3.4056
3.3013
3.3754
“3.3622

10000000

—6.7270
5.3451
5.3264

{
0
e
{

H .
N 9000000

2
/
/

12 8000000

7000000

6000000

5000000

4000000

3000000

2000000

1000000

2

0

3.6 —

100 =

100 <

18.46-]

311 =
76

T

120 115 110 105 100 95 9.0 85 8.0 7.5 7.0 65 60 55 5.0 4.5 4.0 3.
f1 (ppm)

1719526
147.8930
—137.0639
—133.8285
—12546872
116.3516
~67.7557
672321
47.2132
~19.7485
£-18.6399
17.6252
\.16.2064

—~28.1511
~26.7212

BN

~400000

350000

300000

~250000

200000

~150000

100000

50000

-0

T T T T T T T T T T

T T T T T T T T T T T T T T
40 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure 511 (contd.). NMR spectra of compounds; *H and 3C NMR of compound 12.
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HPLC chromatogra

ms

HPLC/UV chromatograms were determined with a HPLC Agilent 1260 Infinity Il LC/MSD coupled to a

photodiode array and mass spectrometer. 20 pL of sample 0.5 mg/mLin methanol or phase A : acetonitrile

(1:1) were injected, using an Agilent Poroshell 120 EC-C18, 2.7 um, 50 mm x 4.6 mm column at 40 °C. The

mobile phase was a mixture of A = water with 0.05% formic acid and B = acetonitrile with 0.05% formic

acid, with the method described as follows: flow 0.6 mL/min, 5% B-95% A 3 min, 100% B 4 min, 95% B-5%

A 1 min. Purity is given as % of absorbance at 210 nm.

A. Blank sample at

210 nm

DAD1T A, Sig=210,4 Ref=360,100 (BLANCO\03-... 2021-09-03 09-33-3012021-09-03blanco 210P 1-A1Pepito 210nm.D)
mAU o
. g
~ o
100 % o 5 0 g §
50 o & ] /ﬁ\" P 2 Bo %\
I = 8 - —F 7 T = o ~ A
S| © A SHEEE B I \
0 a1 — ’\‘“*r‘i’_r“’-" s © h
iy Ay —_— -
-50 ‘ I — /
W —
-100 I“
|/
-150
T T T T T T T T T T T T T T T T T T T
2 4 6 8 mil
Signal 1: DAD1 A, Sig=210,4 Ref=36@,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mau*s] [mau] %
RRAtd R [--==fmmmmme [=mmmmmmmee [=ommmmenen |-mmmmeee |
1 9.448 BB ©.4297 127.28344  4.19874  2.3476
2 9.828 BB 9.08493  24.64111 7.70978  ©.4545
3 @.952 BB ©.0585 865.54956 237.7780@ 15.9639
4 1.363 BB 0.4784 1811.65839  47.56133 33.4134
5 2.700 BB ©.4722 1966.11499  62.97413 36.2623
6 3.37 BB ©.3160 55.75366  2.13999 1.8283
7 4.165 BB 9.1121  20.58946 2.35285 @.,3797
4.556 BB ©.8595 94.15643  23.09575  1.7366
9 4.749 BB ©.0616 14.14388  3.62047 ©.2609
16 5.081 BB ©.8989  24.55618 4,15771  ©.4529
11 5.284 BB 6.8438  12.51457 4.59582  ©.2388
12 5.381 BB 9.9580  7.96658  2.21369 ©.1469
13 5.648 BB 9.8752  8.13329  1.54998 ©.1500
14  6.857 BB ©.9565  5.51645  1.51561 ©.1917
15 8.378 BB 0.0955 30.69859  4.39144  0.5660
16 8.450 BB 9.2544 352.66684 16.97633  6.5045
Totals : 5421.92674 426.83083
B. Compound 7a
DAD1 A, Sig=210,4 Ref=360,100 (SVC'02-09-...0.118 2021-09-02 13-21-4112021-09-02AK108P1-C1Pepito 210nm.D)
mAU I
1400 4
1200 5
1000
8004
600
400 5 g T o
200 3 ] R
o < F
0 Ta
200 4
T T T T T
2 4 6 8 min
Signal 1: DAD1 A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¢ [min] [min] [mAU*s] [mAU] &

Figure S12 HPLC chromatograms.

Totals :

.1936 2.26040e4

2.34915e4

1554.90149

1712.91223

237



B. Compound 7c

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nmS 2021-09-02 15-44-35\2021-09-02AK119P 1-E4Pepito 210nm.D)
mAU
2500
2000 ]
1500 <
1000
500 s a8 8
=) boe oS
03 I L
T T T T
2 4 6 8
Signal 1: DADL A, Sig=210,4 Ref=3¢0,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== [====1 | | = |=m————— 1
1 3.403 BB 0.1199 8484.93750 990.64020 96.2801
2 4.537 BB 0.0515 90.53327 26.73654 1.0273
3 5.022 BB 0.05%4 57.77774 14.21699 0.6556
4 5.286 BB 0.0501 4%9.97822 16.14174 0.5671
5 5.669 BB 0.0682 65.18999 14.03667  0.7397
6 6.096 BB 0.0632 64.34666 15.89738  0.7302
Totals 8812.76339 1077.66951

C. Compound 7e

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nmS 2021-09-02 12-22-11\2021-09-02AK120P 1-B4Pepito 210nm.D)
mAU
2500 "
2000
hd
1500 5
~
1000 (’\
b= ) o
= B §
0 JUA —— fes ] s 8 e
. . : T : . . - . T . ' | : .
2 4 6 8 min
Signal 1: DAD1 &, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
et |- [ -1 -
1 3.606 BB 0.0555 185.07355 46.39963 0.9812
2 3.872 BB 0.0461 9.65483 3.30364 0.0574
3 4.010 BB 0.0583 64.208883 16.91945 0.3817
4 4.373 BB 0.1500 1.65204e4 1160.88782 98.1988
5 5.283 BB 0.0463 24.39438 8.79821 0.1450
6 6.089 BB 0.0613 39.69629 10.21384 0.2360
Totals : 1.68235e4 1246.52258
D. Compound 7g
DAD1 A, Sig=210,4 Ref=360,100 (SVC102-09-.. AK126 2021-09-02 14-33-08\2021-09-02AK 122P1-D1Pepito 210nm.D)
mAU
2000
1500 ‘
T
1000 ‘ @
<
i\
500 [
J‘ j AN we g
0 V/\ — Ge o 2 e — —
T T T T T
2 4 ] 8 min
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Signal

#

1

oo W N

1: DADl A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
[min] [min] [mAU*s] [mAU] %
-1 -1 | I
4.524 BB 0.1951 1.05328e4 744.22437 98.8177
5.285 BB 0.0479 26.09593 8.97035 0.2448
5.384 BB 0.0777 10.15943 1.98393 0.0953
5.667 BB 0.0688 47.44333 10.10633 0.4451
6.093 BB 0.0589 42.31751 10.98515 0.3970
1.06588e4 776.27063

Totals

Figure S12 (contd.). HPLC chromatograms.

E. Compound 7h

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nmS 2021-08-02 12-22-11\2021-09-02AK121P 1-B5Pepito 210nm.D)
mAU
2500
2000
0
1500 5
<+
1000
500 o o o
3 g 8
0 . =S
T T T T T
2 4 6 8 min
Signal 1: DAD1 A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== [ ====1 === | -1 |
1 3.831 BB 0.0570 61.50452 16.67539 0.3836
2 4.375 BB 0.2088 1.58970e4 1061.30896 99.1381
3 5.282 BB 0.0454 20.19656 7.05869 0.1260
4 6.087 BB 0.0602 56.50368 14.26974 0.3524
Totals 1.60352e4 1099.31278
F. Compound 8a
DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-... AK126 2021-09-02 14-33-0812021-09-02SQ 109P 1-D2Pepito 210nm.D)
mAU
2500 H
2000
(=3
@
1500 P
[}
1000 \ (\
500 /\ g8 =g 3 g
L I =2 E8 8 S
T T T T T
2 4 6 miny
Signal 1: DADL A, Sig=210,4 Ref=380,100
Peak RetTime Type Width Area Height Area
#  [min] [min]  [mAU*s] [maU] %
- 1====1 1 I I |
1 3.330 BB 0.1231 1.05890ed4 1197.71765 96.3327
2 4.536 BB 0.0433 50.68190 18.91561 0.4611
3 4.627 BB 0.0484 136.75783 4%8.17621 1.2441
4 4.699 BB 0.1284 21.93763 2.54842 0.1996
5 5.012 BB 0.0420  30.73308 11.96974  0.2796
6 5.103 BB 0.0481 6.81813 2.33107 0.0620
7 5.283 BB 0.0485 34.65716 11.72212 0.3153
8 5.665 BB 0.0641 ©0.12783 13.48442 0.5470
3 6.092 BB 0.0604 ©1.39497 15.43137 0.5585
Totals : 1.09921e4  1323.27662

G. Compound 8b
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Signal 1: DADL A,

Peak RetTime Type
¥ [min]

Totals :

Figure S12 (contd.). HPLC chromatograms.

H. Compound 8c

S5ig=210,4 Ref=360,100

width Area Height Area
[min] [mAU*s] [mAU] %
=== | |
0.1199 8484.93750 930.64020 96.2801
0.0515 90.53327 26.73654 1.0273
0.0594 57.77774 14.21699 0.6556
0.0501 49,97822 16.14174 0.5671
0.0682 65.18999 14.03667 0.7397
0.0632 64.34666 15.89738 0.7302
8812.76339 1077.66951

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nm$S 2021-09-02 12-22-11\2021-09-02AK123P1-B2Pepito 210nm.D)

J. Compound 8d

mAU
®
2500 S
o
2000
1500 o
1000
500 ]
S
0 -
T T T T T
2 4 6 8 Jully
Signal 1: DAD1 A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
Ed [min] [min] [mAU*s] [mAU] %
=== | mm————— |====| === |==mmmmmmem |==mmmmmmm |======== |
1 3.573 BB 0.0848 1.16783e4 1981.63147 96.6711
2 4.211 BB 0.0822 37.88519 8.55903 0.3136
3 4.544 BB 0.0528  9$3.37370  26.71039  0.7729
4  4.747 BB 0.0830  97.25304  18.02235  0.8050
5 5.018 BB 0.0440  20.04850 7.31532  0.1660
6 5.386 BB 0.0664 22.01489 5.30594 0.1822
7 5.663 BB 0.0658 €5.72585 14.80733 0.5441
8 6.085 BB 0.059¢ €5.84187 16.85728 0.5450
Totals 1.20805e4 2080.20911
DAD1 A, Sig=210,4 Ref=360,100 (SVC'02-09-...0.118 2021-09-02 13-21-4112021-09-02AK118P1-C5Pepito 210nm.D)
mAU =
2500
2000 4 ©
3
~
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= T ¥c © -
50 g BRC R
0 s Ev—‘m.
T T T T T
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K. Compound 8e

Signal 1: DADL A, 8ig=210,4 Ref=360,100

Peak RetTime Type Width

# [min] [min]

1 3.703 BB 0.0906
2 4.201 BB 0.0604
3 4.538 BB 0.0531
4 4.721 BB 0.0766
5 5.015 BB 0.0451
6 5.281 BB 0.0497

Totals

PasLAUIEs LAV 2 ESEA LS/ SELUSLL) LHLSYioLEuw

Area Height
[MAU*s] [mAU
8977.25879 1366.55078 097.
60.24472 15.15147
83.69759 23.75171
19.78190 4.22359
20.27545 7.147689
34.30367 11.21361
9195.56212 1428,03885

L. Compound 8f

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...0.118 2021-09-02 13-21-41\2021-09-02AK 124P1-C3Pepito 210nm.D)

mAU
2500
2000
1500 3
1000 h\
500 - 2 . o
88 g 285
0 o o © @P".
3 R . A
T T T T
2 4 6 8 mn
Signal 1: DAD1 A, S$ig=210,4 Ref=360,100
Peak RetTime Type Width RErea Height RArea
# [min] [min] [mAU*s]) [mAU] %
il e [ | === |====mmmmme | ========
1 3.851 BB 0.0978 8723.39746 1213.82544 95.0176
2 4,385 BB 0.0859 109.89513 21.39068 1.1970
3 4.538 BB 0.0475 65.32355 21.46842 0.7115
4 5.667 BB 0.0546 64.23743 17.59332 0.6997
3 €.034 BB 0.0579  73.356l16  20.424%4 0.79%0
o 6.356 MM 0.0904 144.61026 26.65186 1.5751
Totals : 9180.81998 1321.35464
Figure S12 (contd.). HPLC chromatograms.
DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...LT-11 2021-09-02 16-56-09\2021-09-02AK 125P1-F2Pepito 210nm.D)
mAU
2500 ‘1
2000 - ‘ 2
1500 ‘ ¥
1000 4 ‘
3 0
w0 jJ\ k 8 g®
0 S L£.00
T T T T T
I - - 4 __ 6 8 min
Signal 1: DAD1 A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [maU] %
il R | ===l | === | === |===== |
1 4.182 BB 0.0995 9536.81543 1435.96277 98.8548
2 4.529 BB 0.0484 45.53699% 15.44158 0.4720
3 5.075 BB 0.0430 19.52779 7.33892 0.2024
4 5.284 EB 0.0500 33.73574 10.35155 0.3497
5 5.389 BB 0.0794 11.67959 2.2%222 0.1211

Totals

9647.29553 1471.38703
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M. Compound 8g

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-.. AK126 2021-09-02 14-33-0812021-09-02AK 126P1-D5Pepito 210nm.D)
mAU '
2500 8
| b
2000 ﬁ‘
1500 | H |'\\
o0 | I\
~ - \ b~
w00 (i Bz \ 8 ®3
5 VA —n@a) Ny &8
T T T T
2 4 6 8 mn
Signal 1: DADL A, Sig=210,4 Ref=2360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU=s] [maU] %
=== 1====1 1 |-== | I
1 3,370 BB 0.0406 16.20746 6.61533 0.0744
2 3,617 BB 0.0432 12.751864 4.76341 0.0586
3 3,734 BB 0.0560 166.15623 46.18147 0.7630
4 3.929 BB 0.0416 5.95397 2.34856 0.0273
5 4,196 BB 0.1363 2.13951led 2074.75391 98.2466
& 4,801 BB 0.0823 112.6378&8 21.78938 0.5172
7 5.284 BB 0.0464 30.24880 10.z8820 0.1388%
8 5.378 BB 0.0689 5.19854 1.19197 0.023%
9 5.667 BB 0.0646 32.67900 7.25034 0.1501
Totals : 2.17770ed4 2175.16256
N. Compound 8h
DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nmS 2021-09-02 12-22-11\2021-09-02AK127P1-B3Pepito 210nm.D)
mAU
25005
2000
1500 -
1000 -
500 5
g
0 2
T T T
2 4 [:] 8 min
Signal 1: DADL A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
m=m= == [ |==mmmmmmme [====mmmmme |=mmmmmme |
1 3.641 BB 0.0683 628.64966 145.76141 3.1452
2 4.112 BB 0.1501 1.92728e=4 1702.50195 96.4222
3 5.015 BB 0.0433 17.14541 £.38211 0.0858
4 5.158 BB 0.0690 B8.55738 2.12580 0.0428
5 5.283 BB 0.0458 21.15603 7T.76428 0.1058
1) 6.087 BB 0.0607 33.61553 10.35098 0.1982
Totals = 1.9987%e4 1874.88654
Figure S12 (contd.). HPLC chromatograms.
0. Compound 11
DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...0.118 2021-09-02 13-21-41\2021-09-02AK112P1-C2Pepito 210nm.D)
mAU
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200 § §
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Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %

=== mm————- | ====1 I | | |
1 3.266 BB 0.0585 15.72553 4.21370 0.1236
2 3.366 BB 0.0454 21.01299 7.33597 0.1652
3 4,336 BB 0.2087 1.25137e4  826.24103 98.3776
4 5.011 BB 0.0433 18.21647 6.78378 0.1432
5 5.284 BB 0.0459% 28.08868 8.66175 0.2208
3 5.665 BB 0.0859 65.16006 14.09522 0.5123
7 6.092 BB 0.061C 58.16316 15.09430 0.4573

Totals : 1.27200e4 883.43575

P. Compound 12

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-... AK126 2021-09-02 14-33-08\2021-09-02AK 117P1-D4Pepito 210nm.D)
mAU
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]
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4 Ly Frvl
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2 4 6
Signal 1: DADl A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== |====]======= | === | === | ====m—=- |
1 3.525 BB 0.1236 7740.68848 871.79108 98.0780
2 4.536 BB 0.0515 68.55576 21.31982 0.8686
3 4.724 BB 0.0597 25.49978 6.81231 0.3231
4 5.285 BB 0.0479 23.79825 8.18991 0.3015
5 5.383 BB 0.0678 6.55111 1.47496 0.0830
6 5.667 BB 0.0594 27.28810 7.01464 0.3458
Totals 7892.38148 916.60271

Q. Compound 14a

8 minf

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nmS 2021-09-02 15-44-35\2021-09-02AK 109P 1-E2Pepito 210nm.D)
mAU 5
2000
1500
1000
500 2 =
8 @& 8
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0 ’J\/ = qeo e 2 -—
T T T T T
2 4 [} 8 min
Signal 1: DADL R, S5ig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
Ed [min] [min] [mAU*s] [mAU] %
[====1 | | | |
1 3.897 BB 0.1666 3.03963e4 2486.41821 99.1896
2 4.536 BB 0.04869 55.32215 19.58862 0.1805
3 4.728 BB 0.0642 13.61010 3.43967 0.0444
4 5.285 BB 0.0476 30.65729 10.65267 0.1000
5 5.388 BB 0.0822 13.55960 2.46486 0.0442
6 5.667 BB 0.0841 56.92480 13.26489 0.1858
7 ©.093 BB 0.0680 78.26924 16.90775 0.2554
Totals : 3.06447e4 2552.73666

Figure S12 (contd.). HPLC chromatograms
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R. Compound 14b

DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-.. LT-11 2021-09-02 16-56-09\2021-09-02AK 111P1-F1Pepito 210nm.D)

mAU 5]
2500
|
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\
1500 | \
1000 ‘ \
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< h |\ BE:s
0 lel‘l/ - T —— 10 O O — — —
T T T T
2 4 6 8 min
Signal 1: DADL A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
==== [====1= | | -===] |
1 3.928 BB 0.1616 3.29641led4 2716.26489 99.3815
2 5.286 BB 0.0495 36.25854 11.91480 0.1093
3 5.384 BB 0.0654 10.12397 2.38223 0.0305
4 5.658 BB 0.0628 59.08564 15.39407 0.1781
5 5.797 BB 0.0736 39.00004 7.89615 0.1176
[ 6.099 BB 0.0626 60.66771 14.55526 0.1829
Totals 3.31693e4 2768.41740

S. Compound 14d

DAD1 A, Sig=210,4 Ref=360,100 (SVC\01-09-...-20ul 2021-09-02 11-57-32\2021-09-02AK115P1-B1Pepito 210nm.D)
mAU
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N
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0 L
T T T T T
2 4 6 8 min
Signal 1: DADL A, Sig=210,4 Ref=360,100
Peak RetTime Type Width Area Height Area
#  [min) [min]  [mAU*s] [mAU] %
| | |
1 4.209 BB 0.1630 1.7821led 1454.30542 99,3865
2 5.018 BB 0.0461  16.17000 5.8845¢  0.0902
3 5.282 BB 0.0479  31.47665 10.82835  0.1755
4  5.387 BB 0.0628  14.78489 3.85447  0.0825
5  5.661 BB 0.0574  21.23806 5.70486  0.1184
6 6.084 BB 0.0600  26.34857 6.28244  0.146%
Totals : 1.79311ed 1487.56007
0. Compound 15
DAD1 A, Sig=210,4 Ref=360,100 (SVC\02-09-...10nmS 2021-09-02 15-44-35\2021-09-02AK113P1-E1Pepito 210nm.D)
mAU
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250 v
T T T T T
2 4 6 8 min

Signal 1:

Peak RetTime Type Width

# [min] [min]

1 4.206 BB 0.1758

2 5.387 BB 0.0697

3 5.667 BB 0.0647

4 6.0%94 BB 0.0613
Totals

Figure S12 (contd.). HPLC chromatograms.

Area
[mAU*s]

2.27180e4
9.49146
51.35463
58.97343

2.28379%e4

DAD1 A, S5ig=210,4 Ref=360,100

Height Area
[mAU] %
1701.49316 89.4753

2,14295 0.0416
11.82303 0.2249
15.19532  0,2582

1730.65446
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Bioassays’ procedures

B. subtilis growth inhibition assay. An overnight starter culture (in LB both) of B. subtilis was diluted 1000-
fold (in fresh LB media) and grown to an ODego of ~0.3 (approximately 3.5 h at 37 °C). This log-phase
culture was then diluted 500-fold into fresh LB broth to generate the working solution. This working
solution (180 pL) was then transferred into every well in a flat-bottom 96-well plate except for the first
column. Inhibitors were added at specific starting concentrations (100 uM-1 mM) with a total volume of
360 pL (diluted with working solution) into the first column. The inhibitors were then sequentially diluted
2-fold across 12 wells. Plates were incubated at 37 °C and shaken at 200 rpm for 12 h. The ODsgqo values
were then measured to determine ICso values using GraphPad Prism software (version 7.04). Experiments
were carried out in duplicate or triplicate. ICso values were determined using a four-parameter variable-

slope function in the Prism program.

(Top—Bottom)

Y = Bottom + 1+10((Log IC50—X)xHill slope)

M. smegmatis growth inhibition assay. M. smegmatis (grown for 36-48 h) was diluted 1000-fold in fresh
Middlebrook 7H9 (plus 10% ADC supplement, Sigma: M0553-1VL; 0.5% glycerol; 0.05% Tween 80) media
to generate a working solution. This working solution (180 uL) was then transferred into every well in a
flat-bottomed 96-well plate except for the second column and peripheral wells. Inhibitors were added at
specific starting concentrations (100 uM-1 mM) with a total volume of 300 pL (diluted with working
solution) to the second column. The inhibitors were then sequentially diluted 3-fold across 10 wells; 200
uL of water was added to each peripheral well to prevent water evaporation from the plate. Plates were
incubated at 37 °C, with shaking at 200 rpm for 48 h. The ODeoo values were then measured to determine

bacterial growth inhibition, as described above.

E. coli growth-inhibition assay. An overnight starter culture of E. coli (K12) was diluted 1000-fold and
grown to an ODego value of ~0.3. These log-phase cultures were then diluted 500-fold into fresh LB broth
to generate a working solution. Working solution (200 uL) was transferred into each well of a 96-well
culture plate. Inhibitors were then added at 1 mM and sequentially diluted 3-fold to 46 nM, keeping the
volume and culture broth composition constant. Plates were incubated for 12 h at 37 °C with shaking at
200 rpm. The ODgoo values were then measured to determine bacterial growth inhibition, as described

above.
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M. tuberculosis HN878 growth inhibition assay. Compounds were dissolved in DMSO at 10 mM. For each
compound, a ten-point two-fold dilution series was dispensed onto 96-well plates using a Tecan D300e
Digital Dispenser to achieve the final incubation concentration range of 0.04883 to 25 uM. M. tuberculosis
HN878 was grown in Middlebrook 7H9 medium (10% ADC, 0.2% glycerol, 0.05% Tween 80) to a mid-log
optical density (ODeggo) of 0.4 and diluted to ODggo=0.03. 200uL of adjusted culture were added per well.
SQ109 (compound 1) was used as a positive control. Untreated control wells containing 1% DMSO were
included on each plate. Two biological replicates were performed for each compound. Plates were
incubated at 37°C with shaking (110 rpm) for 5 days. On day 5, wells were then resuspended manually
and the ODggo Was read with a Tecan Infinite M200 plate reader. Data is expressed as percent growth
inhibition and curves were fit by using GraphPad Prism software using nonlinear regression (variable

slope, four parameters). ICso results and errors are shown in the text.

M. tuberculosis H37Rv Growth Inhibition Assay. The compounds were assayed for inhibition of M.
tuberculosis H37Rv cell growth as described previously. 22 In brief, cell growth MIC values were estimated

visually by using series 2-fold inhibitor dilutions, in duplicate.

M. tuberculosis Erdman Growth Inhibition Assay. The compounds were assayed for inhibition of M.
tuberculosis Erdman cell growth as described previously. ?”° In brief, cell growth inhibition MIC values

were estimated visually by using series 2-fold inhibitor dilutions, in duplicate.

M. abscessus growth and Inhibition Assay. M. abscessus CIP104536T was routinely grown and
maintained at 37°C in Middlebrook 7H9 broth (BD Difco) supplemented with 0.025% Tyloxapol (Sigma-
Aldrich) and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment) (7H9T/OADC). Strain PIPD1R1
carrying a mutated mmplL3 allele (A309P) was reported earlier. ¥ For drug susceptibility testing, bacteria
were grown in Cation-Adjusted Mueller-Hinton Broth (CaMHB; Sigma-Aldrich) at 30°C. The minimal
inhibitory concentrations (MIC) were determined according to the CLSI guidelines. ?° The broth micro-
dilution method was used in CaMHB with an inoculum of 5x10° CFU/mL in exponential growth phase. The
bacterial suspension was seeded in 100 pL volumes in all of the wells of a 96-well plate, except for the
first column, to which 198 uL of the bacterial suspension was added. In the first column, 2 pL of drug at
10 mg/ml was added to the first well containing 198 pL of bacterial suspension. Two-fold serial dilutions

were then carried out and the plates were incubated for 4 days at 30 °C. MICs were recorded by visual
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inspection. Rifabutin (RFB) was included as a control drug. Assays were completed in duplicate in three

independent experiments. The results were the same so errors are not given.

In vitro activity assay for T. cruzi epimastigotes. T. cruzi epimastigotes were cultured in liver infusion
tryptose medium (BD Difco™) with 10% FBS at 28°C. The exponential growth phase of epimastigotes were
treated with different concentrations of drugs or 0.1% DMSO as negative control and incubated for 3 days
at 28°C. The viability of parasites was quantified with resazurin. 200 uM of resazurin sodium salt (Sigma)
was added, and the samples were incubated for 5 h. After incubation, the parasites were fixed using 4%
paraformaldehyde, and the plates were analyzed using a Spectramax plate reader at 590 nm (emission)
and 530 nm (excitation).8! Results were obtained from two independent biological repeats performed in

technical duplicates and data were fit using a four-parameter variable-slope function in Prism.

In vitro activity assay for T. cruzi amastigotes. U20S human osteosarcoma cells were maintained in
DMEM supplemented with high glucose, 10% FBS, and 1% P/S at 37°C with 5% CO; in air. U20S cells were
infected with TCTs at a multiplicity of infection (MOI) of 1:4 and treated with drugs simultaneously in 384-
well plates. After 3 days of drug treatment, cells were then fixed with 4% paraformaldehyde (PFA), washed
with 1x PBS, and stained with a fluorescent probe (Drag-5, Thermo Fisher). Cell images were acquired by
an automated image analyzer (Operetta, Perkin ElImer Technology); analysis included at least 1000 cells
in five fields per well. For the imaging of infected cells and parasites, Drag-5 was observed under a 20x air
objective. An image analysis algorithm (Columbus, Perkin Elmer Technology) was used to detect the Drag-
5 signal in the nuclei of cells and parasites. The number of parasites was defined by the value of the
number of parasites in infected cells of the acquired image. Results were obtained from two independent
biological repeats performed in technical duplicates and data were fit using a four-parameter variable-

slope function in Prism.

In vitro activity assay for L. donovani. L. donovani strain Ld1S (MHOM/SD/62/1S-CL2D) parasites were
maintained at 28°C in modified M199 culture medium (Sigma) with 20 mM HEPES (Gibco), 0.1 mM
adenine (Sigma), 0.0005% hemin (Sigma), 0.0001% biotin (Sigma), 0.0002% biopterin (Santa Cruz), and
4.62 mM NaHCO; (Sigma), supplemented with 10% FBS and 1% P/S. The cultures were diluted every 7~10
days and underwent no more than five passages to avoid generation of genetic variability. Promastigotes
were treated with different concentrations of drugs or 0.1% DMSO as negative control and incubated for

3 days at 28°C. The viability of parasites was quantified with resazurin as described above. Results were
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obtained from two independent biological repeats performed in technical duplicates and data were fit

using a four-parameter variable-slope function in Prism.

In vitro activity assay for T. brucei. The bloodstream form (BSF) of T. b. brucei Lister strain 427 was
cultivated in HMI-9 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco),
100 pg/mL penicillin, and 100 pg/mL streptomycin (1% P/S, Gibco) at 37°C and a 5% CO, atmosphere.
Parasites were sub-cultured every 3 or 4 days and maintained for 10 passages. Growth inhibition of T. b.
brucei was assayed by measuring the conversion of resazurin to resorufin. The assays were performed in
384-well plates that were seeded with T. brucei 427 BSF (5 x 104 cells per well). After seeding, the
parasites were exposed to the compounds for 3 days. Then, 200 uM of resazurin sodium salt (Sigma) was
added, and the samples were incubated for 5 h. After incubation, the parasites were fixed using 4%
paraformaldehyde, and the plates were analyzed using a Spectramax plate reader at 590 nm (emission)
and 530 nm (excitation). Results were obtained from two independent biological repeats performed in

technical duplicates and data were fit using a four-parameter variable-slope function in Prism.

In vitro activity against asexual blood stages of P. falciparum. All in vitro experiments involving human
blood donors and human malaria parasites holds ethics approval from the University of Pretoria Research
Health Sciences Ethics Committee (506/2018) and Natural and Agricultural Sciences Ethics Committee
(NAS 180000094). This work abides by the Declaration of Helsinki principles.

Antiproliferative activity was determined using a DNA-binding, SYBR Green I-based fluorescence assay
as previously described. 23232 Synchronized ring-stage parasites (1% parasitemia, 1% hematocrit) were
exposed to drug pressure over a 96 h period under stationary, hypoxic conditions (90% N, 5% O, 5% CO,)
at 37 °C. Changes in parasite proliferation was determined by combining equal volumes (100 pL) of
parasite suspension and SYBR Green | lysis buffer (0.2% uL/mL of 10 000X SYBR Green |, 20 mM Tris-HCl
at pH 7.5, 5 mM EDTA, 0.008% (w/v) saponin and 0.08% (v/v) Triton-X 100) for 1 h in the dark.
Fluorescence was read with a Fluoroskan Ascent FL plate reader at 485/538 nm. Nonlinear regression
curves were generated from which the 50% inhibitory concentrations (ICso) were determined. Data were

obtained from three independent biological repeats performed in technical triplicates.

In vitro activity against HepG2 cells. Human hepatocellular liver carcinoma cells (HepG2) were cultivated
in vitro in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) heat inactivated

fetal bovine serum and 1% (v/v) penicillin/streptomycin. 232 Cells were detached with Trypsin treatment
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(0.25%) at 80% confluency and 100 000 cells were seeded in 96-well plates to adhere for 24 h at 37°C
under 5% CO,, humid (95%) conditions. Cells were subsequently exposed to drug pressure for 48 h and
cytotoxicity was then determined using the lactate dehydrogenase (LDH) release assay (Cytoselect Inc)
through the colorimetric detection at 450 nm. Data obtained from at least two independent biological

repeats performed in technical duplicates.

Microsomal stability. The human, rat and mice pooled microsomes, with a protein content of 20 mg mL™
1 were purchased from Tebu-Xenotech. The compounds were incubated in a 96-well microplate at 37 °C
with the microsomes in 50 mM phosphate buffer (pH = 7.4) containing as cofactors 30 mM MgCl,, 10 mM
NADP, 100 mM glucose-6-phosphate and 40 U mL™ glucose-6-phosphate dehydrogenase, using the
following volumes: 300 mL PBS, 163 mL cofactors, 5 mL test compounds (at 5 mM) and 30 mL microsomes.
Samples (75 pL) were taken from each well at 0, 10, 20, 40 and 60 min and transferred to a microplate.
Acetonitrile (75 pL) and internal standard (rolipram) were then added for inactivating the microsomes,
and water with 0.5% formic acid (30 pL) was subsequently added for improving the chromatographic
conditions, keeping the mixtures at 4 °C. The plate was centrifuged at 46,000 g for 30 min at 15 °C and
supernatants were taken and analyzed in a UPLC-MS/MS system (UPLC QSM Waters Acquity) using
reverse phase Acquity UPLC® HSST3 1.7 um (2.1 mm x 50 mm, Waters) as the stationary phase, 0.1%
formic acid in water (A) / 0.1% formic acid in acetonitrile (B) as the mobile phase, a flow of 0.8 mL min~2.
The gradient was 95% A and 5% B at 0, 0.1 min; 100% B at 1, 2.5 mins and 95% A 5% B at 2.6, 3 mins. The
metabolic stability of the compounds was calculated from the logarithm of the remaining compound at

each of the time points studied.
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/7 APPENTIX B

Computational biochemistry methods

Protein Structure Preparation

Structures of the Rim, AK59, RL208, M2WJ352, and UBALT09 were sketched with the Maestro program
and model-built with the Schrédinger 2021-2 platform (Schrodinger Release 2021-2: Maestro,
Schrédinger, LLC, New York, NY, 2021; Maestro-Desmond Interoperability Tools, Schrédinger, New York,
NY, 2021). The models were minimized using the conjugate gradient method, MMFF94 force field *” and
distance-dependent dielectric constant 4.0 until a convergence threshold of 2.4 x 10~ kcal mol™ A™! was
reached. The R—Rim, S—Rim, AK59, RL208, M2W)J352, and UBALT09 have a charged ammonium group at
pH 7. The WT M2TM was modeled using the PDB ID 2KQT 73 structure in which Amt is complexed. The WT
M2CD was modeled using the PDB ID 2L0J structure of WT M2CD apoprotein. % Previous PMF calculations
2 using the W41 x2 dihedral as the reaction coordinate showed that the energetically favored
conformation for Trp4l in AH M2 is t-90 instead of t-105 observed in the PDB ID 2L0J structure. &
Accordingly, we set the W41 x2 dihedrals to 90°. To form the M2CD—-Amt complex, the heavy atoms of
the TM helices between M2CD (PDB ID 2L0J) ® and M2TM-Amt complex (PDB ID 2KQT) ”® were
superimposed (root-mean-square deviation (RMSD) < 0.1 A), and the M2TM was deleted. The protein
preparation module in Schrodinger’s 2021-2 Maestro (Schrodinger Release 2021-2: Maestro, Schrodinger,
LLC, New York, NY, 2021-2; Maestro- Desmond Interoperability Tools, Schrodinger, New York, NY, 2021)
was used to add missing hydrogen atoms. N- and C-termini of the M2 model systems were capped by
acetyl and methylamino groups, respectively. The histidine residues (His37 and His57) were protonated
at the Ne site according to experimental data. ®>91112827|| hydrogens of the protein complex were
minimized using the OPLS2005 force field 2°%27>283nd distance-dependent dielectric constant 4.0, with
the conjugate gradient method until the RMSD of potential energy reached 2.4 x 10~ kcal mol™* A by
means of Maestro/Macromodel. 22 Geometries of the complexes were energy-minimized in the gas phase
with OPLS2005 using the conjugate gradient method and a distance-dependent dielectric constant of 4 A

until a convergence value of 0.01 kcal mol™ A™! was reached.
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MD simulations trajectories analysis

The analysis of the trajectories was performed with Desmond software, (Schrodinger Release 2021-1:
Desmond Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2021. Maestro-Desmond
Interoperability Tools, Schrédinger, New York, NY, 2021). The Desmond trajectories (.cms) were viewed
and analyzed within the Maestro interface. The RMSDs of Ca carbons and heavy atoms of ligand were
calculated with modules using Schrodinger’s python3 interpreter. A representative structure of the whole
MD simulation was generated for each system using the average structure panel in Maestro and the RMSD
plots were generated using python3.10 (matplotlib module). For the calculation of specific distances
within MD simulation, a python3 script (monitor_asl.py) was used to monitor each residue. The
measurements were performed using the center of mass (COM) of the residues Val27, Ala30, and Gly34
and the center of mass of the ligand’s cage and of His COM and ligands charged amine group. Also using
the Simulation Event Analysis panel from Maestro, the number of Hydrogen bonds between each ligand

and the water molecules and Ala30 was monitored.

Percent block of full-length A/Udorn/72 M2 WT or S31N current.

Compound M2 WT M2 S31N
Rmt 7% b 96 +1° 1+0.2
AK59 7% 90+0.2 21+2
RL208 01k 84.2+0.5 20+1.0
M2WJ352 85 20 91
UBALTO9 7.1+1.8 78.6+1.8

3Mean + SEM calculated at 2 min of drug (100 uM) perfusion (N=3); Pvalues taken from the indicated

references.
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Table S6 Effects of compounds Rmt, AK59, RL208, M2WJ352, and UBALTO09 on two influenza A M2CD

variants in two conditions using 300 UM concentration.

Compound CSPs in >N of G34 and side chain His37 / His37-His37 hydrogen bond
Drug binding at elevated temperature Drug binding at low pH
WT S31IN WT S31IN
Apo -/ yes -/ yes -/ yes -/ yes
Rmt 12 LS, LS*/ no NB / yes LS, LS/ no NB / yes
RL208 NB / yes NB / yes NB / yes NB / yes
AK59 MS, MS / (20% left) NB / yes LS, LS/ no NB / yes
M2W)J352 NT NT NB / yes NB / yes
UBALTO09 NT NT LS, LS / partial® NB / yes

2 MS = medium shifts, LS = large shifts, NB = no binding, NT = not tested; ® concentration at 6 mM

G34
A +,G34 B C -
S50
Ka9 ==
= 120 120 120
151 = =
W41-NET™ =
!3 = —
) £
W41-NE1 &
140 140 140 £
z
160 160 160
H37-NE2
i =
H37-NE2 :ﬁgong 7.8
4: =
apopH 7.8 apo pH 3.5 M2WJ352
6 14 12 10 8 6 16 12 10 8 6 1 14 12 10 8 &
'H shift (ppm) 'H shift (ppm) 'H shift (ppm)

Figure S13 (H)NH spectra of WT M2CD (A) at pH 7.8, (B) at pH 3.5, (C) without (red) and in the presence

of 300 uM of RL208 (blue) or M2WJ352 (green). The samples were reconstituted in DPhPC bilayers at pH

7.8 using a lipid:tetramer molar ratio of 25:1. Spectra with drug were recorded at pH 7.8 after relaxing the

system at acidic pH 3.5 in the presence of the drug and switching back to alkaline pH.
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Figure S14 (H)NH spectra of S31N M2CD, (A) at pH 7.8, (B) at pH 3.5, (C) without (red) and in the presence
of 300 uM of UBALTO9 (blue) or M2WJ352 (green). The samples were reconstituted in DPhPC bilayers at

pH 7.8 using a lipid:tetramer molar ratio of 25:1. Spectra with drug were recorded at pH 7.8 after relaxing

the system at acidic pH 3.5 in the presence of the drug and switching back to alkaline pH.
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Figure S15 Monitoring the H, *N, and 3C chemical shift perturbation in WT M2CD resonances in the

presence of 6 mM of RL208. (A) (H)NH spectrum of WT M2 with (blue) and without RL208 (red). (B) **N-

13Ca projection of the (H)CANH spectrum of WT M2 with (blue) and without RL208 (red). The samples

were reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1. Both spectra

were recorded at pH 7.8 after relaxing the system at acidic pH 3.5 in the presence of the drug and

switching back to alkaline pH.
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Figure S16 Monitoring the *H and >N chemical shift perturbation in WT M2CD resonances in the presence

of 300 uM of AK59 and 6 mM of UBALTO09. (A) (H)NH spectrum of WT M2 with AK59 (red) and UBALT09

(blue). (B) **N-'3Ca projection of the (H)CANH spectrum of WT M2 with AK59 (red) and UBALTO9 (blue).

The samples were reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1.

Both spectra were recorded at pH 7.8 after relaxing the system at acidic pH 3.5 in the presence of the drug

and switching back to alkaline pH.
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Figure 517 Monitoring the 'H, °N, and 3C chemical shift perturbation in S31N M2CD resonances in the

presence of 6 mM of UBALTO09. (A) (H)NH spectrum of S31N M2 with (blue) and without UBALT09 (red).

(B) **N-3Ca projection of the (H)CANH spectrum of S31N M2 with (blue) and UBALT09 Rmt (red). The

samples were reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1. Both

spectra were recorded at pH 7.8 after relaxing the system at acidic pH 3.5 in the presence of the drug and

switching back to alkaline pH.
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Figure 518 Monitoring the H, N, and 3C chemical shift perturbation in S31N M2CD resonances in the

presence of 6 mM of M2WJ352. (A) (H)NH spectrum of S31N M2 with (blue) and without M2WJ352 (red).

(B) *>N-13Ca projection of the (H)CANH spectrum of WT M2 with (blue) and M2WJ352 Rmt (red). The

samples were reconstituted in DPhPC bilayers at pH 7.8 using a lipid:tetramer molar ratio of 25:1. Both

spectra were recorded at pH 7.8 after relaxing the system at acidic pH 3.5 in the presence of the drug and

switching back to alkaline pH.
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Figure S19 RMSD(Ca) and RMSD(ligand) in the MD simulations of the WT apo-protein and in complex with

R-rimantadine during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the WT apo-protein and in

complex with S-rimantadine during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the WT apo-protein and in
complex with AK59 during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the WT apo-protein and in
complex with RL208 during the 250ns-MD simulations with CHARMM?36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the WT apo-protein and in
complex with UBALT09 during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the WT apo-protein and in
complex with M2W)J352 during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the S31N apo-protein and in
complex with R-rimantadine during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the S31N apo-protein and in
complex with S-rimantadine during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the S31N apo-protein and in

complex with AK59 during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the S31N apo-protein and in

complex with RL208 during the 250ns-MD simulations with CHARMM?36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the S31N apo-protein and in
complex with UBALTQO9 during the 250ns-MD simulations with CHARMM36m force field.
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Figure S19 (contd.). RMSD(Ca) and RMSD(ligand) in the MD simulations of the S31N apo-protein and in
complex with M2WJ352 during the 250ns-MD simulations with CHARMM36m force field.
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Figure S20 Liposomal proton flux assay applied to WT and S31N M2CD in the presence of Amt, Rmt. The
5-point moving average method was used to smoothen the data points of the curves. Time zero
corresponds to the pH equilibration of the external solution at pH ~ 6.3 after the addition of 1 M HCI.
M2CD activation and proton translocation into the liposome interior is shown as an increase of pH.
Addition of proton uncoupler CCCP terminates the experiment. The buffering capacity of the system is
evaluated by adding 50 mM HCI. (A), (B) Proton conduction of WT M2CD is strongly inhibited by 50 uM of
Amt, Rmt. (C), (D) Proton conduction of S31N M2CD is not inhibited by any of the drugs tested. The time

interval for measuring the proton conduction is extended in this case by 1 min.
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