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SUMMARY

Natural products represent a substantial portion ofntkedications that we use
today, making them a cornerstone of human civilization. More than 45% of all
therapeutic agents that were approved between 1981 to 2019 are either unaltered natural
products (3.8%), natural product derivatives (18.9%), botanicaisdfdefined mixture,

0.8%), or synthetic drugs that mimic a natural product or incorporate natural product
bioactive pharmacophores (25.7%)Some remarkable examples include the
chemotherapeutic agepaclitaxef isolated from the bark dfaxus brevifoligthe Pacific

yew tree), antibiotics such as penicillin and vancomycin, producedrgy of the genus
Penicillium and the soil dwelling bacteriu®treptomyces orientalis* respectively, the
antimalarial drug artemisinin produced by the sweet wormwood pldamisiaannug

and the antiarrhythmic medication digoxin fr@iyitalis lanata(foxglove)> °

Exploration of understudied natural environments, in conjunction with an
understandingof the underlying chemical ecological interactions that drive the
production of bioactive secondary metabolites, has expanded our reaches into an
enormousnatural products chemical space that offers unusual chemical diversity and
bioactivity. As a primexample, coral reefs and other nearshore marine environments are
complex ecological settings where under extreme pressure resulting from disease,
predation, and competition for resources, organisms have evolved a variety of ways to
protect themselves, inding the production of potent bioactive secondary metabdlites.

Realization of the chemical diversity harbored by marine organisms has already led to
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several FDA approved drug includirggibulin mesylate, trabectedin, and cytaraldine.
These success stories have inspin@dexploration of understudied marine environments.
Consequently, research presented in Chapters 2 agplort the promising bioactivities

of homofascaplysin A, (+aureol, and bromophycolide A against severe acute respiratory
syndrome coronavirus 2 (SARS0V-2), and duryne against a virulent strain of
Mycobacterium tuberculosi®ltb). These novel bioactivities were discovered by distinct
approaches. While duryne was isolated using conventional bioaaivitied screening
against Mtb, the bioactivity ofrei-SARSCoV-2 compounds was realized by screening
carefully chosen natural products from our pure compound library. These natural
products were selected based on structural comparison with antiviral small molecules in
the literature. Chapters 2 addreinforce the idea that although-déscovery of known
compounds is a major bottle neck for all natural product drug discovery programs,
validation of their bioactivity against novel disease targets should be an essential

dimension of natural product drug disery efforts, albeit one that is often overlooked.

Leveraging the technological advancements available with modern high
resolution mass spectrometry and high field NMR spectroscopy, UPLC separation, and
advanced data processing, Chafeexploresthe chemical diversity harbored by 32
distinct collections of an understudied marine red dggssonneliaspp. Chaptels
demonstrates the use of LC/MS ald NMR-based untargeted metabolomics for the
exploration and prioritization of marine organisms withique chemical profiles. Further
analysis with MS/MS based Global Natural Products Social Molecular Networking

(GNPS) followed with M$Sbased targeted isolation led to the characterization of three
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new triterpene glycosides (peyssobaricanosides) wittvel nearranged isomalabaricane
carbon skeleton. As reported in Cha@erntimicrobial bioassaguided exploration of
diverse collections the aforementioned algal geegssonelided to the discovery of
peyssonnosidesif, unusual diterpene glycosidesthva novel cyclopropaneontaining
carbon skeleton. While peyssonnosidesBAdisplayed only moderate antimicrobial
activity against human pathogens, they exhibited potent bioactivity against marine
saprophytic fungi, indicating a likely ecological role astifungal agents. Structure
elucidation of the novel natural products reported in Cha@easnd 5required the
implementation of modern NMR pulse sequences that facilitated acquisition of
spectroscopic data tailored towards the needs of the structtobleqmms at hand.
Additionally, the application of density functional theory (DFT) predictions of
spectroscopic and spectrometric properties includihg'3C NMR chemical shiftstH-

13C coupling constants, and optical rotatory dispersion (ORD) data enatdghtion of
empirical and modeling approaches, illustrating the present status of natural products
structure elucidation. ChapteBsand 5emphasize the significance of exploring unique
and understudied ecological niches for the discovery of novelistrgnwvith important

biological properties.

In conclusion, the chapters presented in this dissertation exemplify the exploration
of natural product chemical space from a contemporary perspecti@rgithsize on the
exploration of understudied ecological niches for the discovery of novel bioactive small

molecules.
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CHAPTER 1. INTRODUCTION : RECENT TRENDS IN THE
STRUCTURAL REVISION OF NATURAL PRODUCTS

This section is adapted from Chhetri, B.K.; Lavdie, Sweeneylones, AM.;
Kubanek, J. Recent trends in the structural revision of natural productsaNodict
Reports 2018, 35, 514531; https://doi.org/10.1039/C8NP0001HAd Natural Product
Reports 2018, 35,1015 1015 https://doi.org/10.1039/C8NP90031ith permission

from Royal Society of Chemistry.

Bhuwan Khati Chhetri, Serge Laie, and Anne Marie Sweendpnes share

equalcontributiontowards thewvriting andpreparatiorof this manuscript.

1.1. Abstract

This article reviewsecent reports on the structural revision of natural products.
Through a critical assessment of the original and revised published structures, the article
addresses why each structure was targeted for revision, discusses the techniques and key
discrepancie that led to the proposal of the revised structure, and offers measures that
may have been taken during the original structure determination to prevent error. With
the revised structures in hand, weaknesses of original proposals are assessed, providing a

better understanding on the logic behind structure determination.

1.2. Introduction

Human medicine has relied on bioactive natural products and their derivatives for

the treatment of a wide variety of diseases. In fact, a substantial proportion of all FDA

1



approved drugs are natural products or their derivaliviise biological activities of

these molecules are governed by thered¢ldimensional structures and the functional
groups preserit: ! Failure to establish the correct structure daamatically alter the
course of a drug development prograams, exemplified by the TIC10 case. This drug
candidate, identified from a free NCI database, was found to be active against a plethora
of cancer cell line$?> Scientists uninvolved in the original compoundiscovery
demonstratedhat the structure from the NCI database usedafoearlierTIC10 patent

was incorrect and they subsequently filledir own patentvith the correct structurd@his

led to a legal disagreement that is still ongdifhddence, knowledge of the correct
structure of a natural product, especially if it is a starting point for the development of a

drug, is crucial.

In the past, structure determination was an arduous process occupying years of
effort. Studies to iderfiy molecular structures relied on degradation, derivatization, and
characteristic reactivities of the functional groups, all based on synthetic chelthktry.
ray crystall ogr aphy?!%mmseénlcandidered the gotdstandardn e
for structure elucidation. However, it is limited to samples with sufficient material that
can be crystallized, is not always suitable for establishing absohmfgguration, and
does not always lead to accurate prediction of bonding relationships as demonstrated by
the revision of diazonamide B. n t he | &IMR spekttoécOpy started to
establish itself as an indispensable tool for structure determination promptingrv@dene
era of drug discoverdf In recent years, computational prediction of NMR and other

spedroscopic properties has made spectral interpretation more actufatecording to



Koj i Nakani shi ( L9B0s,1 structurd deternmindtion twasean anti theht
could be likened to solving a complied detective case, but with the spectacular
advancement in spectroscopy it has become less inspiring, and since 1h@80sd in

mo st cases, structure det er MiHowever, dtns has
important to note that although structure determination benefits from the vast array of
spectroscopic techniques now available, theeestill challenges inherent to identifying
novel and complex natural products that enrich the elucidation process. Use of
spectroscopic techniques to identify a molecule is an inverse problem, meaning that one
uses observations about acquired data to disaih solutions but the most logical offe.

Thus, individual bias can potentially result in a proposed structure that is a mere figment
in the eys of the beholder rather than a product of critically testing all possible

hypotheses.

Previous reviews have evaluatetportant cases of erroneous structures and their
revisions, bringing awareness to the surprisingly large number of structural
misassignments reported in the literature. Nicolaou and Maier emphésezedlue of
total synthesis in confirming the structure of natural prodiicts,whereas Lawrence
highlighted the contribution of biosynthetic ratiozalion of natural products to structure
determinatiort* A tabulated review presented by McPhail covered marine natural
product revisions from 20020102° In the current publication, we review 23 unique
structural revision cases reported from 2012 to 2017, each showecasing different

approaches including computational chemistry, NMR spectroscopic methods, empirical



rules, techniques in Xay crystallography, and biosynthetic studies that revealed and

resolved structural errors.

1.3. Structural revision based on computational prediction of NMR spectroscopic

data

The field of natural products has advanced considerably with thedogenent of
technology that has resulted in the ability to compare experimentally derived NMR
spectroscopic data with predictions generated by computational chetfitétijhese
computational methods have become increasingly accessible with the development of
userfriendly software and increased computing speed. In addition to aiding the structure
elucidation of new natural products, computational methods have found gligatru
helping to uncover and ultimately revise errors in previously reported compounds. The
case studies included in this section exemplify the efficacy of computational prediction

towards correcting errors in molecular structures of natural products.

1.3.1 AldingeninsAi D

The red algal genukaurenciahas been the source of many isoprenoid natural
product s, including t h e -elato’h thé chalagenated s e s q L
sesquiterpenes rhodolaureol and rhodolaurdflicind the brominated bisabolene
derivatives aldingenin D (1i 4).3* 3 The molecular masses @f4 were determined
using HREIMS and the structureka(4a) were based on analysis of 1D and 2D NMR
spectra® Comparison of NMR spectroscopic data of synthesized aldingenins B and C

with natural isolates did not agree with the proposed struckarasd3a.3* ** Studies on



aldingenin C 8 and D @) using computeassisted chemical structure elucidator
(CASE) revealed that they were in fact the known compounds caespifpbh(id &
acetoxycaespitol4p).2* Based on this realization, Kutateladze and coworkers used a
newly developed strategy to calculate spin coupling constants named relativistic
force field ¢ff), using an optimized basis set (DU8c) and scaled Ferntiactsnto
identify the correct structures for aldingenins ¥o) and B @b).26 Not surprisingly, the

newly proposed structures bear chlorineonadé, as do caespitol3lf) and %
acetoxycaespitoldp). It is unclear how the MS signatures of natural products with two
bromine and one chlorine atoms could be confused with those possessing only one
bromine. One possible explanation is that electron amnpanization led to weak

molecular ion peaks for these raromatic halogenated compouriés.

Cl

R!

e © _R? .
R1 Thnes z Br
Br R3O Br s

original structures revised structures
1a R', R?=-0-,R%®=H 1b R'=R2=0H,R3=H
2a R' R®=-0-, R?=pOH 2b R' R?=-0-,R®=0OH
3a R'=pOH R2=R%®=H 3b R'=R®=H,R?=0H

4a R'=pOH,R?=a-OAc,R®=H 4b R'=OAc,R2=OH,R3=H

1.3.2 Decurrenside#\-E

After decurrensides ¥ (519) were isolated from the Chinese heBblidago
decurrens® the proposed structuBawas synthesized; however, the NMR spectroscopic

data did not match the natural prodfcThis discrepancy led to the revelation that the



depicted structureSai 9a did not match the compound names. More specifically, the
paper proposefi 9 to be 2,6hemiacetal3-deoxy-D-altro-2-octulsonic acidsHai 9a) but
named them -8leoxy-D-mannae2-octulosonic acids. Further studies based on computation
of Uc and the proton spispin coupling constants determined that both the original name
and depiction of5i 9 were incorrect and insteaghould be revised to 2@nhydre3-
deoxy-D-manne2-octulopyranosonatesligi 9b).*° DFT-based computation afkc for 8a
using the gaugecluding atomic orbital (GIAO) method showed poor correlation with
the experimental values, including a deviation of more thappi® for the hemiacetal
carbon. In the original propos&ki 9a, a spin sy®m involving four consecutive 9z
spinspin coupling constants was reported betweet8/H-4/H-5/H-6/H-7. Relativistic
force field andDU8c based coupling constant calculations on the proposed structure
predictedJn.s -7 to be 0.2Hz, which was drastidlg smaller than the reported value of
5Hz. When computational predictions were made Joand b-2,5-hemiacetals of the
methyl ester of 8-benzoyi3-deoxyD-altro-2-octulosonic acid, both 2,5and 2,6
hemiacetals of -8leoxyD-manne2-octulofuranosonic @d, and the two ketal forms of 3
deoxyD-manne2-octulofuranosonic acid, none of the generated values for these
structures matched the experimentally acquired spectral d&8aTbe core structure 2,6
anhydre3-deoxy-2-octulopyranosonic acid was found tlosely match experimental
spectral data d8 through comparison of computationally derivedandrff-calculatedl-
coupling values. In support of the revisidhi 9b contain a common spin system with
four consecutive protons all having dihedral angle40d50° between vicinal neighbors
resulting in the expected sequentiaH® coupling constants. Ultimatelyff based

calculations of nuclear sp®#pin coupling constants and prediction @f led to the



conclusion that structures5i9 consist of a 2&nhydro-3-deoxyb-manne2-

octulopyranosonate core with different substitution in tH&@-acyl and C1 ester.

OR'

original structures g1 R2 revised structures
5a E-cinnamoyl Bu 5b
6a E-cinnamoyl Me 6b
7a Z-cinnamoyl Me 7b
8a benzoyl Me 8b
9a benzoyl Bu 9b

1.3.3 Tristichone

Tristichone C 10) is a chamigrangype sesquiterpene obtained from the marine
red algalLaurencia tristicha* Its structurg(108) was elucidated using HRMS and NMR
spectroscopic analysis, but no experimental evideraseprovided to support the relative
positions of the bromine and chlorine atoms. Recently, Kutateledaé developed a
guadratic scaling correction to be used in conjunction with tffemethod to take into
account the effect of spiorbit contribution on predictedic.*? The correction parameters
were obtained from an experimental training set of more thanidfiy carbonattached
to S, Cl, Br or I. Among the 119 molecules chosen in this study, the structures of 16 were
subsequently revised. Misassignments ranged from incorrect stereochemistry to incorrect
carbon skeletonsThe predicted chemical shift for the chlordbeaing carbon atom of
10adeviated by 6.pm from the experimental value, but the constitutional isdifbr

resulted in a much better fit. Interestingly, this computational prediction is in perfect

7



agreement with a previous empirical study in whichth®or a series of polyhalogenated

compounds similar tt0aand10bwere reported?

10a 10b
original structure revised structure

1.3.4 GlabramycinB and C

Antibiotic glabramycins B 1) and C (2) were isolated fromNeosartorya
glabra, a fungus obtained from soil sampfésn the original prposal for glabramycin B
(118), ananti relationship between €0, G11, and G15 was proposed based on the
triplet resonance of 9.6 Hz observed folBl whereas the configuration at20 was not
determined. The decalactone polyketide structure of glabiamiic(l1) and C 12) are
closely related to the natural product dictyosphaeric acid, whetg@ €xhibits asyn
configuration relative to @0:° Prompted by this difference in the configuration at G
the proposed structures of glabramyansl their possible diastereomers at positiehlC
andG2 0 wer e s ghFl eakculagod. Couplingiconstants betweed®and H
11 and between H1 and H12 were also predicted computationally for all the
diastereomer® Calculatedic andJ values favored 1b and12b as tfe correct structures
of glabramycins. This result was recently confirmed through total synthesibdf: 48
The original proposal lacked a key literature precedent: the structure determination of

dictyosphaeric acid, which has the same decalactone moiety as glabramycins, ufilized a

8



based configuration analysis to explain the large coupling constant observed for the

eclipsed configuration betweenH and H11 4549

11a 11b
12a A" 12b A'

original structures revised structures

1.3.5 Synargentolid&

Syncolostemon argenteus South African plant of the mint familyamiaceae
produces the 5;8ihydro-Upyrone synargentolide A18).*° To determine its absolute
configuration, the compound was fully hydrolyzed and transformed intan8 6
membered acetonides. First, them&mbered ring acetonide tethering alcohols at
positions 4and Savas used to deduce the relative configurations of these positions, as
well as the configuration of the free alcohol at positiem& i ng der i vati zat.
methoxyUtrifluoromethylphenylacetate ester. To relate the configuraifaime alcohol
at G6aavith the two other stereocentets,of the two methyl groups on therdembered
acetonide between alcoholsshd &avere compared with each oth&idure1A). Since
different chemical shifts were obtained for the methyfishe acetonide, the authors
concluded that the acetonide adopted a chair conformation which translatesyio a

configuration of the corresponding 1d®l and the overall structurE3a Yet whenl3a



was synthesized, the NMR spectroscopic data did not match those originally reported.

In a subsequent studyhe RadbR,64R isomer was synthesizeand proposed as the
absolute configuration df3 based on visual comparison 't NMR spectral feature¥.
However, extraction of chemical shifts ad@oupling constants by ndmear fitting of

the spectra obtaide from the natural product and the synthetic diastereoisomer
highlighted slight differences disproving the revistdirurther predictive calculimn of

the coupling constants by DFT computation of four possible diastereocisomers suggested
the configuration to b&3b. The simulation took advantage of the sgjin option in the
program Gaussian &®which calculates the scalar coupling constant as a summation of
Fermi contact, sphdipolar, paramagnetic spirbit, and diamagnetic spiorbit.>> The

resson for the erroneous stereochemical assessment in the original proposal is uncertain.
The acetonide strategy has been extensively studied from the conformational point of
view® and suffers no exception when the acetonide is substituted5a &8 in this

case’’ Also, it was shown that substituents at4@or C-6aexhibiting weak steric
hindrance, like nitrile or alkyne derivatives, may produceaam acetonide. This could
mislead configurational assignment sirac#i acetonides, which normally adopt a twist

boat conformation, can flip to a chair conformatifiig(ire 1B).>® However, the methyl

group of13 was not shown to be small enough for this to happen. A possible alternative
hypothesis is that epimerization was triggered by the harsh hydrolysis conditios (0.5
NaOH in MeOH/HO for 2.5days, followed by acidification and heating up to 100 °C for

2 min) or during acetonide formation in acetone with amberly$f 15.

10
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OAc OAc Oij OAc OAc Oij

OAc OAc
13a 13b
original structure revised structure

ﬁ+ s e g\/x Pleevid

19 and 30 ppm)

acetonide from a acetonide from a
syn 1,3-diol anti 1,3-diol

R? R2
O, Me (0]
4 >< — oﬁ/Me
B (6] Me
R R! Me
for R' = C=N, C=CH, C=CBu

Figure 1. (A) Acetonide methodology for configuration assignment of-di¢ds. (B)
Misleading configuration assignment for acetonide from Bgtdiols

1.3.6 CordycepolA

Cordycepol A 14), along with analogues B and C, were isolated f@ondyceps
ophioglossoidgsa fungus that colonizes other fungal spetleNOESY crosgpeaks
between H-14/H-1, H:-15/H-1 and R-14/H-9 supported the relative configuration of the
spiro[4.5]decane ring system @fla (Figure 2). However, the structures d# and its
analogues were recently revis€dThe calculatedds-1 iz and Juinz2a as well as
chemical shifts of €, G2, G6, G7, G10, and C12 derived using theff/DU8c
parametric method forl4a significantly diverged from the experimentdlMR
spectroscopic data. In contrast, the calculated parameters of the revised sfrdioture

very closely match the experimental values. The original propmsdhins a NOESY

11



correlation between #15 and H1%°, which should be at least 68 apart based on
computational predictions. It is possible thaflvas wrongly assigned since sevétal
NMR signals were reported in the same rangel (00" 1.50), but in the absence of public
access to free induction decay (FID) files as proposed byi,Paihlis cannot be

confirmed.

14a 14b
original structure revised structure

Figure2. NOESY correlations reported for the original cordycepol A structisa).(

1.3.7 Meridane

A complex mixture of B,90-longipinene diesters extracted from the leaves and
stem ofStevia lucidavere subjected to hydrolysis, oxidation, acatalyzed dehydration,
and rearrangemeft. This yielded meridane, proposed d$a based on NMR
spectroscopic evidence and a rational reaction mechanism of formation. Shortly

thereafter, the structuréba was disproved based on comparison of experimental and

12



computedtic using (GIAO mPW1PW91/311+G(d,p)f® Close examination of the
reaction conditions and other possible rearrangement pathways led to the alternative
structurel5b, supported ¥ computediin, Uc, Juin and Jein. It is difficult to envision

what could have been done to avoid this misassignment, since all HMBC correlations

equally support the original and the revised structure.

O o o

15a 15b
original structure revised structure

1.3.8 Brassicicenes

The plant pathoger\lternaria brassicicolainfects mostBrassica speciesand
producesbrassiciccene diterpenési 23 that are phytotoxi€*°® These molecules belong
to the fusicoccane terpenoid family which has been extensively studied for their
interesting biological activitie¥:"! Initial computational studies predicted chemical
shifts deviating 1.1 ppm from observed data forCof 16aand G10, G13 and C18
of 22a, disfavoring the proposed structufés’? Also, the original proposal placed-1¥
and H18 6.8A apart, which did not meet expectations for an observed NOE correlation
(224 Figure 3). Recently,22 was reisolatedand revised t®2b by pairing quantum
chemical predictions with extensive NMR spectroscopic analysis, resulting in stronger
agreenent between calculated and experimeftahdlong with favorable NOE distances

supporting correlations betweena8 and H17 (Figure 3).”? The structure was further
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validated using Xray crystallography and electronic circular dichroism spectroscopy
(ECD) for absolute stereochemistrgubsequently, structures of other brassicicene
diterpenesl7i 21 and 23 were also revised based @8 calculations’? In the original
studies* 8 important HMBC correlations to support the structures were missing. For
example, an isolated spin system of brassicicen&9; ¢omposed of the methylz-18

and the methine H2, was proposed based on an HMBC correlation-a2Hvith G1,
C-10, G11 and G13, but the more important HMBC correlations from38 were not

reported.

O Ry R,

original structures revised structures

16a H H =0 16b

17a OH OAc =0 17b
18a H OH =0 18b
19a OH H =0 19b
20a H H -mOH 20b
21a H OOH =0 21b

original structures R revised structures
22a OH 22b
23a H 23b

Figure3. Original and evised structure showing a key NOE enhancement.
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1.3.9 Type Cpolycyclicpolyprenylatedacylphloroglucinols

Polycyclic polyprenylated acylphloroglucinols (PPAPSs) are a class of compounds
featuring a highly oxygenated bicyclo[3.3.1]nonane substituted by prenyl side €hains.
These compounds are found exclusively in plants from the Clusiaceae family, which
includes StJ o h n 6 s Hypecum perforatuiy well known for diverse medicinal
properties’ There are three categories of PPAPS, types A, B, and C, distinguished by the
position of the acyl moiety relative to the quaternaenter of the prenyl side chain
(Figure4).”® A series of the rare type C PPAPs were isolated from the se@iwahia
subelliptica with structures 24a 26a elucidated by conventional MS and
multidimensional NMR spectroscopy. However, no experimental evidenceasv
provided to support whether the prenyl side chain was locatedsaftype A) or C1
(type C). In a recent examination ldf/pericum cohaerenghe structures a24i 26 were
revisited’® Threedimensional models of both type @4f) and type A 24b) were
subjected to a molecular mechanic conformational search followed by DFT geometrical
optimization, frequencies and thermochemical computation Jamdediction, all at the
mPW1PW91/631G(d,p) level of theory. The predicted spectroscopic datd4bmwere
in closer agreement with experimental values, especially for positions 1 and 6, which
were the most impacted by the acyl group. The same rationale was used to revise co
isolated PPAPs t@5bi 26b.”® It is worth noting that while the 3D structures f¥a and
24b provided in the supplemental information of the revision were correct, the structures

of 24aand24b portrayed in the main manuscript were depicted incorrectly witb-dn
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at R rather than @&-H.”® The structures included in the currentiesv are based on the

correctly portraye@®D structures.

Type A Type B Type C

Figure 4. Categories of polycyclic polyprenylated acylphloroglucinol are based on the
relative position of the acyl moiety (blue) and the quaternary c@etér.

1.4. Structural revision based on calculation of chiroptical properties

A major challenge often encountered by chemists attempting to elucidate structures
of natural products is determination of relative and absolute configufatidhe

chiroptical properties of these chemicals are often the only parameters available to
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distinguish some types of isomers. Advances in computational tools have elevated the
empirical interpretation of chiroptical properties to a true predictive methodology aiding
in assignment of configuratioi. These new methods have contributed to corrections of

erroneous structures, as demonstrated in the following cases.

1.4.1 Brevianamides

Diketopiperazine alkaloids are achi class of cyclic dipeptide molecules
exhibiting a range of biological properti€$? Brevianamide M 27) and its oxidation
product 28 were isolated from Aspergillus versicolor along with a related
diketopiperazine dimer and oxepiontaining alkaloid$§® The relative configuration of
the two stereocenters B7 was determined by Xay crystallography to be RR13R) or
(25139). Hydrolysis of the natural products in aqueous solution gapkenylalanine
suggesting ars-configuration at position 13yhich led to the proposal of a 3439
configuration for27a However, in contrast to the positive optical rotation calculated for
the proposed configuratia®i7a using four different DFT quantum chemical models, the
molecule showed an experimental opticabt at i on of T14R13R) U, S
configuration® After careful analysis of this discrepancy, the hydrolysis process was
guestioned since it could cause epimerization dA3Mf 27b to form the low energy
diastereomeR7c that could hydrolyze to give-phenylalanine Kigure5). As expected,
DFT studies predicted the epim2rc to be energetically more stable tharb with a
predicted conversion rate of more than 92%. SiB8ewas isolated using the same
procedureas 27, it was proposed to share the same absolute configuration. The

reassignments were confirmed by agreement between experimental data and DFT

17
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computed optical rotation, predicted VCD spectra, and the theoretical prediction of

positive and negative coticeffects for ECD spectf4.

(e} (] ke :
o] - 0
N138 NW
@fk/ 25 _NH @f% 2R_NH
N N

R R
original structures revised structures
R R
27a —=OH 27b  11OH
28a =0 28b =0

KNWO " KN/YOH e KN 133
LA S u M
epimerization

3%;L<§;NH NH 2R_NH

OH OH OH
27b 27¢

Figure5. Hypothetical epimerization reaction 27hb.

1.4.2 Castalagin and vescalagin

Castalagin 29) and vescalagin 30) are epimeric ellagitannins exhibiting
antioxidant, antiviral, and inhibitory activity against DNA topoisomerasé f They
were initially isolated fom the wood of chestnuCgstanea satiJaand oak Quercus
sesseliflora but their exact atropisomerism configuration could not be determined at that
time 878 The configuration for the namydroxytriphenoyl group was proposed to be
(S99 based on a comparison of the circular dichroism spectrum with the one obtained for

a model compound of known configuratihin a follow-up molecular mechanics study,
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it was proposed that a®/ configuration at the nonahydroxytriphenoyl group would be
more stablé! The discrepancy in proposed configurations was resolved by predicting the
ECD spectra of hydrolyzed analogues castaBif) @nd vescati (32) using TDDFT
calculation®? The hydrolysis was necessary since strong Cotton sffecmn the §)-
hexahydroxydiphenoyl ester overlapped with the small Cotton effects of the triphenoyl
group. The experimental ECD spectra obtainedfoand32 were in agreement with the
predicted spectra of theS{H configuration. This led theauthorsto conclude that
castalagin and vescalagin could be revised%oand 30b, respectively. To confirm the
ECD spectroscopy results, DFT predictionigfandlc were performet and found to be

in good agreement with experimental values2®and30.9

HO

HO

HO
(L]
HO

HO H OH HO
(¢}
HO original structures OH  HO revised structures
OH R' R? OH OH R' R? OH
29a OH H 29b OH H
30a H OH 30b H OH

1.4.3 Nudicaulin

The flower petals ofPapaver nudicauleowe their yellow color to a group of
glycosides called nudicaulif$ After extensive NMR spectroscopic analysis, nudicaulin
| was suggested to possess an unprecedentddl 10-ethenochromeno|3-bjindole

moiety 33a8). The downfield chemical shift of -2 led the authors to propose that this

19



position was attached to one of the oxygens of ring A, leading to the asymmetry needed
to explain the two distinctH NMR signals of H5 and H7 within ring A. Similarly, the
relatively upfield chemical shift of @9 was interpreted as an indication for a bond
between €19 and the indole nitrogen. However3Bawas stable enough to be isolated,

it would be expected to experience severe strain2ta@d C11 which would limit the
aromaticity to isolated phenyl rings rendering the molecule colorless. This prompted the
revision of 33a to 33b using NMR spectroscopic data, chemical derivatization, and
comparison of experimental and predicted chiroptical progértihe evidence included
HMBC correlations fronH-3 and H18 to N1 and ROESY correlations betweer266xe

and H15. The ECD spectrum &3b was predicted with TDDFT using CAMB3LYP
functional and conductdike polarizable continuum model (CPCM) for solvent effects

of methanol. However, prediction &g level of theory was unsatisfactory and the size of
the molecule precluded the use of a higher level of theory. Simplification of the molecule
to a partially hydrolyzed derivative with one glucose unit dtlGvas evaluated but this
prediction was alsaunsuccessful. Interestingly, modeling a hypothetical chemically
unstable form of33b with a hydroxyl in place of the sugar accurately predicted the
experimental spectrum. While this advanced demonstration is an example of how
complex a structural elucidati with quanturrchemical computation can be, the authors
missed a simpler solution: since the relative stereochemistry between the aglycon and the
sugar moieties was determined by seumantitative ROESY, the absolute configuration

of 33b could have beenatluced from the hydrolyzed glucose unit.
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BD-Gle-(1-6)-4D-Gle-0

13

33a OH 33b OH
original structure revised structure

1.4.4 Plakinidone

Sponges belonging to the gerlskortis are well known to produce molecules
having cyclic five or six membered endoperoxide rings? Plakinidone 84), isolated
from Plakortis angulospiculatyswas proposed to have mhydroxyphenyl and a six
membered perlacte ring flanking the two ends of a tearbon alkyl chain 344).1%°
Attempts to synthése an analogue having the same perlactone moiety were unsuccessful
which brought into question the validity 84a'°! Careful NMR spectroscopic analysis
resulted in the proposal of more plausiBth composed of a tetronic acid moiety instead
of the perlactone. This compound and th&1%S stereocisomeB4c were synthesized
and their optical rotations were compared to the value for the isolated compound, leading
to the conclusion that the correct configuration waS 175 (34b).19 A subsequent study
challenged this finding due to the unstable natur&4find proceeded to conduct a
thorough study of the chiroptical properties oisdated34.192 The S configuration at €
11 was unambiguously determined by comparing the optical rotation values of the
degradation produ@5 andthe corresponding synthetiompound36, obtained from a6
step sequence starting fro®-Citronellol. The other chiral center was determined & 17

from comparison of experimental VCD and ECD spectra with those predicted from
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guantum chemical computation leading to the revised tstei84d. The difference in
molecular masses of the originally proposth and revised34d was attributed to air
oxidation of34 which resulted in a molecular ion peaknalz 374 for34d instead ofn/z

390 for34a10t

OH

R
O\o
34a 34b
original structure
1S "
OH OCH;,
OH OH OCHj,
7R N
(0] o (¢]
o e}
34d 35 36

revised structure

1.5. Structural revision based on the crystalline sponge method and -Kay

crystallography

X-ray crystallography is a powerful tool for structure determination; however, it
requires high quality diffracting crystals in sufficient quantfty:®® An alternative that
has recently been proposed, the crystalline sponge method, utilizes a porous metal
framework composed d,4,6tris(4-pyridyl)1,3,5triazine and a metal salt to hold the

target molecule of interest for crystallographic analysis, eliminating the need to obtain
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crystalst®* Both methods have found use in structural revision studies, as demonstrated in

the subsequent case studies.

1.5.1 CycloelataneneéA-B

Cycloelatanene A and B, twoi£chamigrenes, were isolated from the Australian
marine algalLaurencia elata® A preliminary chemical profiling using HPLOIMR
spectroscopyesulted in the isolation of the two4£epimeric cycloelatanenes, described
as A @78 and B B7b). Their structures were proposed from NMR spectroscopic
analysis with the relative configuration established by selective 1D NOE irradiations. In a
recent sidy, the structures were revisited using the crystalline sponge métvalaich
is suitable for rigid, nonpolar molecules that are smaller than the-seoisnal area of
pores of the host compléX’ X-ray diffraction analysis of the molecules trapped inside
the ordered caties of the crystalline sponge [(Z&M (tpt). (cyclohexang] (tpt = 2,4,6-
tris-(4-pyridyl)-1,3,5triazine) confirmed a rigid tricyclic framework for the
cycloelatanenes and ultimately struct@&a was revised t@7b and37b was revised to
37a A close evaluation of the reacquired 1D NOE spectroscopic data showed key
correlations between-#0 and H-13 for37b and between HO and H4 for 373, further

supporting the revisior-{gure6).
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Figure6. 1D NOE NMR signal enhanceméfttfavoring 37b as the correct structure of
cycloelatanene A angl7afor cycloelatanene B.

1.5.2 Myrtucommulone K

Myrtus communid.., a Mediterranean evergreen shrub , has been traditionally
used as an antiseptic, disinfectant, and hypoglycemic &§eatvariety of bioactive
compounds have been isolafesm M. communisncluding the cytotoxic phloroglucinol
derivative myrtucommulone K3).1%° Structure38awas derived through MS and NMR
spectroscopy, relying on two critiddMBC correlations from HLO to G9 and from H9
to C5aWhen 38 was later rasolated, Xray crystallographic analysis led to revised
structure38b.!° The MS,H, and**C NMR spectrosquic data originally published for
38a were identical to those obtained f88b, prompting the structural revision 8B.
Recently, a biomimetic synthesis 88 was reported with agreement between NMR
spectroscopic and -¥ay crystallographic data of synthetic and nat8@b.!!! Some
originally reported HMBC correlations cannot be rationalized in light & tiew
structure since the hydrogens and the carbons are separatél bgrtls'®® However,
due to the wide spectral window necessary to record a full HMBC spectrum for this

compound (0220 ppm in the indirect dimension), it is likely that the resulting low
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resolution led to confusion in the assignment of carbons with similar chemical shifts

(Figure?).

38b
revised structure

38b

Figure 7. Improbable HMBC correlations observed in the original report (red38af
transposed on the revised structure and possible correlations with which they were
confused (blue). Numbers af€ chemical shifts.

1.6. Structural revision based on NMR spectroscopic analysis and empirical rules

Quantum chemical computation of spectroscqaitameters as a tool for structural
revision is in vogue but it requires powerful computing resources. Sometimes, a careful
analysis of NMR chemical shifts and coupling constants of a series of analogues is
sufficient to assess the precise configuratidnaocompound. ldentifying potential
structure misassignments can be enabled by application of accepted empirical rules. The
following proposed revisions illustrate how an understanding of basic principles of NMR
spectroscopic analysis and fundamental dgachemistry facilitate correction of

structural errors.
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1.6.1 2b-Hydroxynagilactone F and nagilactone |

The bioactive compoundshzhydroxynagilactone F30) and nagilactone 14Q)
were originally isolated from the root bark of the Japanese everdtedocarpus
nagil*? *3The proposed structur&®a and 40aincluded anU-hydroxy at G2, which
was established from the hdiéight width of the F2 NMR signal and the assumption
that ring A adopted a chair conformatidrigure 8A).11* Recently,39 and 40 were re
isolated from Ethiopia. falcatusand were found to be active against human colorectal
adenocarcinom!!® Conformational analysis using MM2 force field suggested that a boat
conformation at ring A for epimer89a and 39b, with 20- and B-hydroxy groups,
respectively(Figure 8B), would have lower energy than the originally proposed chair
conformationt® This change in conformation required that the ddel2l $ignal § = 12.9,
10.0, 7.2, 5.1 Hz) was axially positioned, thus supportingbtbeented G2 hydroxy
group in revised39b. The'H and 2DNOESY NMR spectra were analyzed to further
support the evised orientation of the hydroxy group a2Gnd Xray crystallographic
analysis was used to confirm this new assignment. The absence of a NOESY correlation
due to a 1,3liaxial interaction between-B and the methyl group at-T0 should have

raised red flag on the validity of the original structud®a**?
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original structures revised structures

39a CHj 39b
40a CO,CHjy 40b
A B
H H H
2/ H N H NH
o 1 o
H 3 3
3 H H—={ H HO—{" H
H OH H
39a 39a 39b

Figure 8. (A) Chair conformation of ring A with @2hydroxy group 89a). (B) Boat
conformation of ring A with & (398 and d- (39b) hydroxy groups. Bonds in blue are
near 180° torsional angles leading to stréwgupling.

1.6.2 Coniothyrione

Coniothyrione 41) is a chlorinated cyclopentadienylbenzopyrone antibiotic
produced byConiothyrium cerealisan ascomycete obtained from deoayilivestock
manure. A mechanistic assay involving interaction with the ribosomal protein small
subunit D was used to guide the isolatiord@f*® Lack of HMBC correlation between
olefinic H-4 and the methoxycarbonyl-Cwas used to support the proposed structure
41a however, the absence of a correlation does not affirm that they are necessarily more
than three bonds ap&ft.Furthermore, & the C-3/C-4 double bond is conjugated to a
ketone at €13, the assignment of -8 at Uc 127.2 and & at Uc 143.1 was
unconvincingt!’ The structure was revised 4d.b by interchangingic between €3/C-4

along with the position of chlorine, whereas the absence of a three bond HMBC
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correlation from H3 to G1 was attributed tan unfavorable dihedral angle. Biosynthetic
analysis was also used to support the revised strudfibveAlthough the biosynthetic
claim was disputed, the revised structddb was ultimately confirmed based on 4,1
ADEQUATE, Jccedited HSQELNADEQUATE, J-modulated ADEQUATE
experiments and computational studi€sdn a recent study the structure was confirmed

using ACD/Structure Elucidator in combination with DFT calculations.

0
OH 0O 4o OH 0O 4o
- -
» 170 o
cl
o o

Cl
41a 41b
original structure revised structure

1.6.3 Madurastatins

Madurastatinsare siderophores produced by bacteria and fungi that facilitate
uptake of essential metals into bacterial ceflsit has been well established that
siderophoredependent iron sequestration is essentialfeniirulence and pathogenicity
of some bacteria and funtf? Antibacteral madurastatins A14@) and B1 $3) are
produced byActinomadura madurg®! whereas madurastatin C44§*?2 and MB30035
(45)12 were isolated fromActinomadurasp. andStreptosporangiunsp., respectively.
Their structures42a 43a), proposed based on NMR and mass spectral analysis, featured
a unique aziridine ring thought to be essential for their antibacterial acdtvifjhe
aziridine ring in the original structure®a 45a was derived from HMBC correlations

b et weproton K19 andb-methylene protons #20 to carbonyls €18 and G21
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(Figure 9A).*?! However, these HMBC correlations are equally justified by a
dihydrooxazole moietyHigure9B), which was recently observed in spoxazomicin C and
D.12* An aziridine ring carbon has an expectiecf 33 44 ppm whiledihydrooxazoldic

would be expected further downfield. The experimental values-ft® &nd C20 in42a

were 67.2 and 69.4 ppm, respectively, favoring the dihydrooxazole mélidtya recent
study, the revised structures were further confirmed by partial synthesis of an aziridine

ring, a dihydrooxazole moiety, and comparisonioat G19 and G201%

42a R'=Me,R?2=H
44a R'=H,R?=H original structures \)J\
| = N

1= 2 =
45a R'=H,R2=| N

Q%j**m%m“*mé @3*

42b R'=Me, R?=H
44b R'=H,R%=H revised structures
45b R'=H,R%?=|

A B

OH O o} OH o}
21l N\l [N\(\ 18
v T
21
20 bzo

Figure9. HMBC correlations for aziridine moiety present in the original propogsls (
and dihydrooxazole present in the revised structiBes (
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1.6.4 Coagulin

There are over 900 naturally occurring withanolides originating from numerous
genera of the plant family Solanaceae that exhibit biological activities including anti
inflammatory, immunomodulatory, antifeedant, and antitutffort?’ Withanolides are
steroids that contain a characteristic highly oxygenated ergostane backbone. Comparison
of *C NMR spectrosapic data from known withanolides whose structures have been
well established by Xay crystallography and 2D NMR spectroscopy enabled revisions
to 29 withanolide structuré$® The observations suggested thatibef C-7, G9, G12,
and G21 are shifted, some upfield and others downfield, by the presence of a hydroxy
group at G14 or G17 via the o-gauche effect and thatdlconfiguration of the hydroxy
groups at €14 and G17 can be determined from theat G9, G12, and G21. Coagulin
(46), a product of the medicinal plavtithania coagulan$*® was suggested to contain an
uncommon €14/0/G20 bridge 463a), based on the degree of unsaturation as determined
by EIMS and thelc of three oxygenated quaternary carbons d4CG17, and C20.

The proposed linkage fa¥6a requires that the Xfydroxy group be in &-orientation,

but it was revised to be inl&orientation as indicated by the upfield chemical shift of C
12128 Further, the'3C NMR spectroscopic data for positions22 of 46 were almost
identical to those of a known analogue, withanolide K. Sii@e&ontained the same
steroid nucleus as withanolide K, the structure was revised-hy@dxywithanolide K

(46b). It should also be noted that the authors of the original paper mistakenly concluded
the observed [M H20]" to be the molecular ion @6, resilting in an inflated value for

degrees of unsaturatidff
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46a 46b
original structure revised structure

1.6.5 Cephalosporolides and penisporolide

Cephalosporolides H47) and | @8) and penisporolide B4Q) are [5,5}
spiroacetaktis-fusedo-lactones originally described following their discovery from a
marinederivedPenicilliumfungus®® The proposed stereochemistry for cephalosporolide
H (473 was established by NOESY correlations fromd&ito H4 and from H5b to H7.
Penisporolide B was shown to have strucd®awhich, if the lateral chain is neglected,
is a diastereoisomer df7faand48a In all cases, the relative configuration of thérah
centers at €3, G4 and G6 was supported by NOESY data, but the configuration@t C
which is relatively distant from positions 3, 4, and 6, was not discussed. Recently, NMR
spectroscopic data of the four possible relative stereocisomers of anabdgred9 (R =
Me) were examine#! By searching for significamatterns iriy andJ values, a decision
tree was formulated based on three NMR spectroscopic parameters to determine the
relative stereochemistry for this compound class: (i) the scalar coupling constants of H
with H-3 and H-5; (ii) the difference iy between the two ¥ protons, which allows
determination of the configuration at&Crelative to the orientation of-B/H-4; and (iii)
the difference inUn between both protons at position 8 which determines the

configuration at €, based on arguments sferic compressiot?? To strengthen the
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model, the chemical shifts of-8 and C7 were also considered@he decision tree was
used to confirm the assignment of 21 such molecules from different sources and to revise
the structures of cephalosporolide 478 and | @488 and penisporolide4Qa) to 47b,

48b and49b, respectively.

original structures revised structures
R
47a CsH4s5 47b
48a C4HgCOOH 48b
R H
o 2 o)
15
TOXTE =0
7 H ‘,
original structure revised structure
- R
49a C,H4COC3H; 49b

1.6.6 Cryptospirolepine

The O0Crews ruled states that the stru
especially difficult to solve when the ratio of the number of hydrogens to carbons is
fewer than 1, since NMR spectroscopic methods are so dependent on dekeotigh t
protons!®® The polyaromatic l&aloid cryptospirolepine 50) obtained from the West
African shrubCryptolepsis sanguinolentaertainly falls into this categofy* In addition
to being protordeficient, its yield was minimal, increasing the challenging nature of the
original structure determination. The validity of structtfa was called into question

when a sealed NMR tube containing degraded pros2i¢Eigure 10) was evaluated by
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members of the same research group 12 years after its Y&pbrtthe originally
proposedbCa, vinyl proton H13 was placed near a fespin aromatic system based on a
ROESY correlation with HL.2. Additionally, a strong HMBC correlation was observed
between H12 and G13a, which is unlikely as they are four bonds ap@igure 10).13*
Considering these discrepancies, the struoiwae revised td0b, based on longange
HRSQMBC correlations between boMrmethyl groups and @ as well as a weak
correlation from H13 to G2.!*° Further analysis o060 by a 1,tHD-ADEQUATE
experiment estdished that vinyl €13 is bonded to carbonyl-Z and quaternary -C3a.

In addition, spiro €1 was shown to interact with-C3 through &Jcc correlation. The
revised structur®&0b justifies both degradation products as well as the questionable four
bond HMBC correlation observed in the original proposal. The revision was recently
confirmed by the residual dipolar coupling and residual chemical shift anisotropy

analysist®

50b ¥~ X ROESY

N
)
original structure \ revised structure

Figurel10. Degradation productsl and52 contributed to structural revision 60




1.7. Other cases

Sometimes, the solution to a structuedlicidation problem can be found using
traditional strategies such as incorporation of isotopes for biosynthetic studies or targeted
degradation. These approaches offer inexpensive alternatives that can be used when
sophisticated computational methods amdhlytical instrumentation are not available.

The two last cases are examples falling into this category.

1.7.1 Phyllostictine A

Phyllosticta cirsiiis a pathogenic fungus that infects the perennial flowering plant
Cirsium arvenseand produces phyllostictine /3).1*” The molecule was reported to
have an unprecedentettU(dihydrofuran3(2H)-yli-dene)b-lactam core %38 which
sparked interest about the possibility of a novel biosynthetic pathway. Recently, the
structure was revised based on biosynthet&tudies whergb feeding experiments
incorporatedC at either G1 or G2 of acetate. This revealed that the distribution of
carbon was complex in proposed structbBa but logical in revised structui8b, which
had an alternating pattern for the distribution B€ aoms consistent with a hybrid
polyketide synthase and nonribosomal peptide synthetase biosynthetic pafiguag (
11A).1%8 Additionally, NMR spectra acquired for -isolated 53 showed some major
discrepancies in HMBC correlations with respect5®a For example, an HMBC
correlation from the methyl protons at3Cto G11 would have requiredi3 bond
coupling if 53a was correct Kigure 11B). The new NMR spectroscopic data led to a
revision of the structure t®3b, which contains similarities to other known, fungal
metabolies. 139 140
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HO

53a 53b
original structure revised structure

o~ \/\)kOH

OH
¥~ N\ HMBC corrleation

Figure 11. Labeled carbon distributionA] and relevant HMBCcorrelation$® (B)
projected in original§3a) and revised structur&3b) of phyllostictine A.

1.7.2 Poecillastrin C

Cytotoxic chondropshtype macrolide lactams, like poecillastrin G4), are
potent natural products that have been obtained from different genera etedeep
sponges in very small amounts, making it difficult to fully characterize the struétlres.

A challenging structural aspect of these molecules is establishing which of the two
carbonyls of théb-hydroxyaspartic acid residue forms the ester linkage and which is a

carboxylic acid functionality (i.e., gsition 1 or9) (Figure 12). Assignment of these
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carbonyl moieties was previously attempted with the related molecule chondroff€in A.

The free carboxylic acid of chondropsinwas converted to a methyl ester and an NOE

was observed between the newly forn@dhethyl protons and the oxymethine profign

which prompted the authors to suggest thet ©rmed the ester linkage. Subsequent
structure determination of other chondropsialecules, including4, used the suggested

ester linkage provided for chondropsin A, exemplifiecb#4a!*! In a recent study, this

strategy was questioned based on the fact that botbiiethine and-methine protons

are close enough to tf@-methyl protons to produce observable NGEd&Examination

of additional NMR spectroscopic dataggested that the structure of poecillastrin C was

as likely to beb4b as54a To determine whether position 1 @®formed the ester bond, a

hydride reduction of the lactam was used as a discriminatory tool due to its greater
reactivity towards esters relative to carboxylic acid$4i& was the correct structure, a

reduction followel by an acid hydrolysis would lead to hydroxymeth| keeping the-

carboxylic acid intact whiles4b exposed to the same treatment would convert to
hydroxymethyl56 (Figure12). The absolute configuration was established by subjecting

the acid hydrolysate 054t o Mar f ey ds derivatization anc
standards ofb-hydr oxyaspartic acid treat ebd wi t h
hydroxyaspait acid residue liberated from poecillastrin C was found to Be3[-2-
amino3,4-dihydroxybutanoic acid, supporting the hypothesis thabtterboxyl group is

esterified, consistent with revised structbddb.
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54a
original structure
OH OH

OH O o
HO

54b
revised structure
OH , OH
HoN 1 1.NaBH, — _1.NaBH, .\ ,

L, 2. aq. HCI 2. aq. HCI ‘OH

HO™ CO,H 1COH

55, expected 56, expected
for structure 54a for structure 54b

Figure12. Reduction and hydrolysis of poecillastrin 84) to determine the orientation
of theb-hydroxyaspartic acid moiety.

1.8. Conclusions

Despite substantial advances in modern spectroscopic methods and computational
tools, natural prodit structure determination is still heavily reliant on the careful
observations and weihformed interpretations of individual scientists. In fact, errors in
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structural assignments almost always arise from the failure to recognize multiple possible
molecdar structures as testable hypotheses. When one instead imagines a single
structural solution for a natural product and then proceeds to assemble data or models
aimed at confirming the hypothetical structure, the chance of error is high (much like in
criminal detective work). A safer approach is to imagine as many structural solutions as
possible for a given case and then design experiments, collecting data and building
models, to test the feasibility of each, leaving only the best hypothesis standireg as th

most likely structure while weighing the weaknesses of each.

There are several important lessons that can be learned from these cases of
mistaken identity. For instance, the identification of unusual structural features should be
carefully confirmed to woid proposing an incorrect structure. In addition, a thorough
reading of the literature can provide important information about existing precedents that
can guide structural characterization. However, it is important to carefully assess and
guestion liteature precedents, as structural errors can be propagated. Extra care should be
taken when applying derivatization and hydrolysis techniques for structure elucidation as
these chemical manipulations can lead to epimerization or unexpected side reactions, as
seen with the brevianamid&\wWhen NMR spectroscopic data present the challenge of
signal overlap and unsatisfactory signal dispersion, meticulous interpretation in
conjunction with computational modeling can aid in avoiding mistakes. Additionally, 2D
bandselective NMR spectra that reduce the spectral window to focus on the region of
signal overlap can enhance spectral resolufidased configurational analysis can be

used to rule out errors, as seen with the glabramy€i@emparison of experimental data
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to calculated spectroscopitoperties such dSC and'H NMR, ECD, VCD, and optical
rotation, can confirm the proposed structures and resolve errors. Copsistied
Structure Elucidation (CASE) algorithms have emerged as a promising tool that
generates a set of possitd&uctures based on experimental NMR features provided.
Finally, with computational tools being increasingly accessible, all natural product

chemists can utilize them as part of structure elucidation.

1.9. Correction: Recent trends in the structural revision of naturalproducts

The authors regret that, upon further examination, the structugethatepicted in
the article is incorrect. It was wrongly inferred that the true structure was the one shown
in the supplementary farmation of ref.76, which differed from the main text of the
same paper. Instead, the correct structure is the structure within the main tex76f ref.
which is al so s htbaithe Ripesitiom¥# Thiswnakeshthisacampduind
identical to prpolone C,as reported in ref/6. The use of the wrong structure in the
computation of NMR properties in ref6 was not consequential to the determination of

the final structureThe corrected graphic is shown below:
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CHAPTER 2. MARINE NATURAL PORDUCTS AS LEADS
AGAINST SARS-CoV-2 INFECTION

This section isreprinted with panissionfrom Chhetri, B. K.; Tedbury, P. R;
SweeneyJones, A. M.; Mani, L.; Soapi, K.; Manfredi, C.; Sorscher, E.; Sarafianos, S. G.;
Kubanek, J. Marine Natural Products as Leadiag&ARSCoV-2 Infection.Journal of
Natural Products2022 85 (3), 657665 https://doi.org/10.1021/acs.jnatprod.2c00015.

Copyright © 2022 American Chemical Society and American Society of Pharmacognosy

Bhuwan Khatri Chhetri and Philip Redbury have equal contribitation towards

the paper. Philip R Tedby peformed all the SARSCow-2 assays.

2.1. Abstract

Since early 2020, disease caused by theerse acute respiratory syndrome
coronavirus 2 (SAR®0V-2) has become a global pandemeausing millions of
infections and deaths worldwide. Despite rapid deployment of effective vaccines, it is
apparent that the global community lacks multipronged intdimes to combat viral
infection and disease. A major limitation is the paucity of antiviral drug options
representing diverse molecular scaffolds and mechanisms of ddgos.we report the
antiviral activities of three distinct marine natural produetsnofascaplysin Al), (+)-
aureol @), and bromophycolide A3j] evidenced by their ability to inhibit SARSoV-2
replication at concentrations that are +ioric towards human airway epithelial cells.
These compounds stand as promising candidates fdrefugixploration towards the

discovery of novel drug leads agaiStRSCoV-2.
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2.2. Introduction

COVID-19, caused by infection with the SAR®V-2 coronavirus, is a novel
disease affecting human populations worldwide that has led to over 5.9 mddlaihs
and 440 million infections as of Marcl20221* As the pandemic continues, the
deployment of several safe and effective vaccines has brought some optimism.
Nevertheless, the only FDApproved direeacting small molecule antiviral drugs for
SARSCoV-2 are remdesivir, molnugavir, and a combination therapy using -PF
07321332 with ritonavir (8lovid).1*¢14° Remdesivir has been shown to shorten the
recovery time in hospitalized patients, whereas molnupiravir significantly reduces the
risk of hospitalization and deatffhe combination therapy using ®F321332 with
ritonavir has displayed promise in Phasi Zlinical trials, reducing the risk of
hospitalization by almost 89% and with no dedffiswhile these developments are
promising, controlling virus transmission anedting patients require development of
additional therapeutics, including small molecule drug candidates that can be used in
combination regimens, therapeutic approach that has proved beneficial in the fight
against human immunodeficiency virus, heptiB, and hepatitis C virus®
Furthermore, there is the possibility of additional benefits to human health through the
discovery of canpounds with activity against other coronaviruses. Although morbidity
caused by many coronaviruses is mild (co
upper respiratory tract infection$); %2 SARSCoV-2 is the third highly virulent

cororavirus to emerge in the last 20 years, and it is unlikely to be the last.
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In the search for novel drug candidates to treat or prevent CQVY]a broad
assessment of antiviral activities attributed to known marine and terrestrial natural
products is a usef starting point for prioritizing screening of compounds against SARS
CoV-2. A wide array of molecules from terrestrial and marine sources show antiviral
activity including inhibition of coronaviruse&igure Al, Figure A2).15¥1%9 Some of their
putative mechanisms of action include the inhibition of the viral spike protein (S) and
angiotensin converting enzyme 2 (ACE2) by anthraquinones and tarmiguse( AL,

A),160. 18linhibition of viral helicase Y flavonoids Figure AL, B),'%? and inhibitory
activity against the SAREoV chymotrypsidike protease (3CL°)/ main protease
(MP™) and papaiflike cysteine protease (PP) by alkaloids, flavonoig, and coumarins
(Figure Al, C/D).1%*67 Most relevant, recent reports have demonstrated
potentin vitro antrSARSCoV-2 activity for natural product representatives of
isoprenoid, peptide, polyketide, binaphthoquinone, and polyphenol structural classes
(Figure Al, B).'%8172 Recently, the repurposed drug plitidepsiy @lso known as
dehydrodidemnin B, a depsipeptide from the marine ascididium albicans Figure

13, B) was shown to be more than 20 times as potent as remdeginst SARSCoV-

2172 Taken together,hie molecular diversity represented by natural products holds
promise for discovery of novel drug leads to fill the critical need for S&RS-2 and

other RNA viruses of pandemic concern.
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Figure13. A: HomofascaplysirA (1), (+)-aureol @), and bromophycolide A3), which
exhibited anti SARSCoV-2 activity in the current studyB: Natural products recently
reported to show potent activity against SARSV-2 168172

2.3. Result and discussion

We initiated a study of marine natural products from our collection of several
thousand marine extract fractions and pure compounds assembled through the National
Institutes of Health (NIH) funded International Cooperative Biodiversity Groups (ICBG)
program in Fiji and the Solomon Islands starting in 2004. Natural products with structural
similarity to known antiviral molecules, especially those with established activity against
coronaviruses and other RNA viruses, were prioritized. Homofascaplysih) Avas

chosen due to pr evi ou s-caybolineealkatordd against RNA | v i t )

44



viruses including HIV and dengue virt/$1’®> Additionally, members of the fascaplysin
class (which included) structurally resemble tryptanthrifriQure AL, D), an indole
quinazoline alkaloid active against human coronavirus NE£&3+)-Aureol (2) was
selected due to its reported amtfluenza activity and because it embodies the
sesquiterpene hydroquinone structural ctd%doreover, a close structural analmg
stachyflin (L6), has shown nanomolar activity against influenzairuss subtype H1N1,
further motivating us to prioritize sesquiterpene hydroquinorgégule A2).17" 178
Bromophycolide A 8), an unusual meroditerpene macrolide, wakected based on its
known antiHIV activity (Figure13, A).1’° Two othe biosynthetically related polycyclic
analogies, bromophycoic acid B9] and callophycoic acid B1(Q), were chosen as
additional representatives of this natural product fafifly8! Likewise, the complex
alkaloid haliclonacyclamine A1(l) was considered based on its reported-ldiii
activity.*®2 Finally, peyssonnoside ALP) and formoside 13), representative of terpene
glycosides, and cladophorol A4) and cladophorol G16), representing pojyhenols
were also chosen, as compounds from these classes have shown activity against human
coronavirus 229E, respiratory syncytial virus, influenza A virus, SARS PLP®, and
3CLP™ enzyme Figure Al, Figure A2).164 183 184Thys 10 unique molecules belonging to
five distinct stuctural classes were selected and purified from our extract library for

screening in a SARE0V-2 specific assay with live virus in a BSLfacility.
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Figure14. Natural products screened with a SAR8V-2 live virus assay inhe present
study,in addition to those ifrigure13, A).

Among the 10 natural products that were evaluated, three stood out for their
promise based on a series of experiments with SEB%-2-infected human lung cancer
Calu3 cells: homofascaplysin Al), (+)-aureol @), and bromophycolide A3j. These
three naturaproducts significantly suppressed viral infection while not killing human
l ung cel | s, rel at i v epuM (Biguie1d)SFollow g expesiments ol , a
(with the same assay conditions) to further confirm the bioactivity 8falso indicated
significant suppression of viral infection@incentrations c2.8 uM for 1 and 10uM for
2 and 3 (Figure 16). Although formoside {3) showed initial promise in reducing
infection by SARSCoV-2 in Calu3 cells Figurel15), these data were not replicated in a
subsequent experiment (data not shown). Homofascaplysit) &xfibited promising
inhibition of SARSCoV-2 infection (EGo 1.1 £ 0.4uM) but suffered from relatively
high cytotoxicity (CGo ~5 pM) towards CaleB3 cells [Table 1). Following widely

reported variability and eall-type dependencies for antiviral activities, the Calu

46



experiments were complemented with use of human primary airway cells in polarized
pseudostratified ailiquid interface cultures. This model accurately recapitulates the
biology of airway epithelian vivo.'8 186At 2.8 uM, 1 effectively reduced viral load as
indicated by the >90% reduction in hanebtSARSCoV-2 RNA compared with
dimethyl sulfoxide (DMSO) controlHigure 17, A). Additionally, 1 did not affect
adenoviral transduction which was used as a toxicity corfiigufe 17, B). However,

compound® and3 were ineffective in this system at a test concentration @iv.O
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Figure 15. Inhibition of SARSCoV-2 infection by10 natural products in human lung
cancer CalB cells. All compounds were prepared in 100% DMSO and used at a final
concentration of 1uM (1% DMSO) except for homofascaplysin A, (0.5 uM),
cladophorol A(14, 10 uM), and cladoporol G @5, 10 uM). Following treatment with

the compounds, cells were infected with SAG&V-2. After 48 h, cells were fixed and
stained to visualize SARSoV-2 infected cells and nucleBoth infected and uninfected

cells were counted by automated msmopy; within each experiment, the number of
total cells present at the end of the experiment was similar across all treatments (data not
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shown). 1% DMSO was used as vehicle conthe mean of two independent
experiments are shown with standard error ohtlean.

100
90
80
70
60
50
40
30

20 4

Number of infected cells (% of control)

10 4

Homofascaplysin A (1) Aureol (2) Bromophycolide A (3)
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Compound

Figure 16. Inhibition of SARSCoV-2 infection in human lung cancer Ceucells,
performed as foFigure 15. Calu3 cells were treated with the indicated compounds in a
final concentration of 1% DMSO. Meanf two independent experimerdseshown with
standard error of the mean.
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Tablel. SARSCoV-2 inhibition in human Cal@ cells byl 3.

Compound EGo(uM) 2 CGCso (UM) 2
Homofascaplysin AX) 11+04 ~5
(+)-Aureol(2) 4.0+1.0 >10
BromophycolideA (3) 6.9+2.0 >10
Remdesivir 0.3 >5b
DMSO control 8.3x15 >10

2ECs0 and CGo were determined from dose response in Gabells. Averages from three
independent experiments shown with standard error of the rlsterature precedent
shows that Cé&; for remdesivir was >4QAM againstCalu-3 cellst®
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Figure 17. Inhibition of SARSCoV-2 infection by natural products in primary human
airway cells.(A) Primary human airway cells in alrquid interface culture were treated

with 1 in a final concentration of 0.1% DMSO and wi2land3 in a final concentration

of 1% DMSO. Compounds were added to the basal medium 1 h prior to infection. 1000
infectious units of SARE0V-2 was added to the apical surface of the cells. Total RNA
was harvested at 0 h (input) and 48 h pa$tctiony replication was defined as the
increase inviral RNA from O to 48 h relative to the corresponding DMSO sample.
Averaged data from 2 independent experiments shown with standard error of the mean.
(B) Primary human airway cells in aliquid interface culture were treated within a

final concentrabn of 0.1% DMSO and added to the basal medium 1 h prior to
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transduction with 10,000 infectious units of an adenoviral vector containing a- CMV
driven GFP. After 48 h, cells were imaged and number of GFP expressing cells was
counted; number of transducedlsavas expressed relative to the DMSO treated sample.
Averaged data from two independent experimemésshown with standard error of the
mean. Similar results were observed atiVBof 1 (single independent experiment).

While anttSARSCoV-2 inhibitory activities of1 3 are less promising than
known anttSARSCoV-2 natural productgl 8 (Figure 13, B), they are compabde to
other aniSARSCoV-2 compounds that have recently been reported in the literature,
albeit using different host cell systed#!°2 Homofascaplysin AX), (+)-aureol @), and
bromophycolide A 3) represent three diverse structural classes of small moledules (
carboline alkaloids, sesquiterpene hydroquinones, and meroditerpenslicesac
respectively) that offer numerous naturally occurring ans®gand opportunities to
create synthetic derivatives to pursue optimal antiviral and cytotoxicity profiles for
development of lead candidates for treatment or prevention of SAR&2.179 193200 Ag
all of the studies were done with compound treatment of celts fwiinfection, future
work could address pastfection antiviral activity. Additionally, upcoming studies could
utilize emerging tools such as replicons and viikes particles to determine the antiviral

mechanisms of lead candidatés?%°

The b-carboline alkaloid homofascaplysin A)(belongs to the fascaplysin class
of natural products which display a range of biological activitiz$>*While fascaplysin
has historically been known as a potent and selective CDK4 inhibidmid itscongeners
show potent antimicrobial, anticancer, and -#ti zhei mer &% 2°%ct i vi t
Fascaplysin has al so beeaodredptorvagonidst withbe a |
signaling profile that reseminlopogl reeeptoror p hi

50



agonists like morphine that participate in G protein signaling but weakly erfgage
arrestin and endocytic machinéfy. Additionally, b-carboline alkaloids including
haman (@8), N-butylharmine {9), harmol @0), and 9N-methylharmine Z1) have
reported activity against HIV and dengue virgg(re A2).1’4 1">Hence, théb-carboline
alkaloids are an important family of molecules that have shown promise against a variety

of disease targets.

Sesquiterpene hydroquinones as represented bguiepl @) are common among
marine organisms. Several analeg of 2 have been isolated through our ICBG project
from marine sponges and algaéwith numerous naturalind synthetic analogs described
in the literaturg/” 178 21®18 (1).Ayreol (2) has been shown to exhibit aitifluenza
activity in earlier studie$’® Analogs of2 including stachyflin {6),X’" 1"®strongylin A
(22,17 and peyssonol A23)%'® ??9possess antiviral activity and hence underscore the
importance of exploring the sesquiterpene hydroquinone class of compounds for lead
optimization against COVIEL9. In vivo studies on structural analogs 18 in mice and
ferrets (for antinfluenza virus activity) indicate that the sesquiterpene hydrogein

class is indeed amenable to development as antiviral drug candidates.

Macrocyclic terpenes as represented by bromophycolid® Aré rare in nature,
but Fijian red algae of the gen@allophycusare a renowned source of structurally
complex diterpenshikimate macrolides with variable halogenation, cyclization, and
stereogenic motifs. MoreoveB,is present at high concentrations in the producing alga,
where it plays a role in defense against lghgahogens’/® 22?Although there have been a

few total synthesis efforts geared towards the meroditerpene macrolide core of

51



bromophycolides, a concise total synthetic approach still remains at**bay*
Additionally, the biosynthetic pathways f8rand naturally occurring analogs have not
yet been deciphered. The bromophycolides display a range of biological activities
including antiviral  (against  HIM), antimicrobial (against methicilkin
resistantStaphylococcus  aureus vancomyciaresistanEnteracoccus  faeciupn
antimalarial, and anticancer activities. While aftVv -1 activity of3 is marginal (IGo of
9.8and 9.M againstHIV1T strains 96USHI PS7 a@showdG/ 92/ (
submicromolar blood stage antimalarial activity, targetirgmie crystallization in the
human malarial parasit®lasmodium falciparum’® ° In vivo studies shoed low
toxicity and reasonable bioavailability in a malaria mouse model. However, the molecule
suffers from rapid liver metabolism and hence a shostivo half-life.*®” Thus, future
studies directed towards optimized analog$8 aigainstSARSCoV-2 can benefit from

the pharmacokinetic and pharmacodynamic results report@&drfanouse models.

Taken together, the bioactivities observed foB encourage the exploration of
compoundswithin their structural classes and can be envisioned to offer analogs
exhibiting potent activity against SARSoV-2 via exploitable inhibitory mechanisms,
while minimizing cytotoxicity. Whereas all current and future endeavors for antiviral
drug discovery require a multif a€raneid appr
S. Collins in a recernsciencee di t or i al that : ARAnot hetr | essc
term dependence on repurposing existing drugs will not often produce true successful

outcomes. For the future, we should begin to work on potent oral antivirals against all
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major classes of potential pathogens, with the goal of having drugs ready $er 2/Ba

efficacy trials whéh the next threat emerg

2.4. Experimental Procedures

2.4.1 General Experimental Procedures

NMR spectral data were acquired on 18.8 T (800 MHZband 201 MHz for
13C) Bruker Advance llIHD instrument aipped with a 3 mm triple resonance
cryoprobe. Spectra were recorded in DM84{ CDCk, and CROD and referenced to
the solvent residual peaksh(and Uc). NMR data were analyzed using MestReNova

11.0.4.

High resolution MS data were acquired on a Thermerfiific IDX Tribrid mass
spectrometer. Low resolution mass spectrometric data was acquired on a Waters Acquity
QDa detector equipped with a Waters 2695 separation modtrday Xrystallographic
data was acquired on an XtaLAB Synergy, Dualflex, HyPix adffometer. Optical

rotation data was acquired in a Ja8l®-360 digital polarimeter.

2.4.2 Specimen Collection and Species ldentification

Fascaplysinopsis reticulatéG-0633) was collected in 2008 from Thithia locale,
Central Lau Island, Fiji (S 17°4#7.9%2 8/ 179°2382.83 st a depth of 17 m. It had a
conulose structure, medium hard texture with thin brown mucus and was dark brown in
color. A Collection photo foiFascaplysinopsis reticulatéG-0633) is provided in the

supporting informationKigure A3). Haliclona sp. (G1364) was collected in 2016 near
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Florida Island, Nggela Sule Island, Solomon Islands (S#®%03x & 160°0480.03.a2 he
organism was found growing prolifically on a reef slope at a depth of 42 m. It had a soft
texture, black color withrope like morphological appearance and gave off a black
exudate. The sponge was unispicular anisotropic with80 um oxeas. For each
collection,morphological vouchers were preserved in formalin and DNA vouchers were
preserved in molecular grade etharmhd are stored at the University of the South
Pacificds Institute of Applied Sciences.
with published morphological traits and by chemotaxonomic comparison based on the

natural products literaturg®22®

2.4.3 Isolation and characterization of natural products

Bromophycolide A 1),1”® bromophycoic acid B 9),*8 callophycoic acid B
(10),'8! peyssonnoside ALQ),%?° formoside 13),2%° cladophorol A {4), and cladophorol
G (153! were isolated as part of previously published investigations of magae ak
sponges, and characterized as detailed in earlier reports. All natural products were stored
at 20AC until used for the present study.
confirmed by comparison dH NMR spectroscopic data to original cets. Based ofH
NMR spectroscopic datd=(i g u r e ) biodctivd 6ompoundsd 3 were at least 90%
pure. Compound quantities were determined using quantitalveNMR (gQNMR)
wherein the unknown quantity of a natural product was related to a known amount of
caffeine (compound and caffeine were dissolved in equal volume of NMR solvent) using

a capillary filled with benzends as an internal standafef.
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Isolation of Homofasqalysin A (1) and aureol ): Fascaplysinopsis reticulata
(1180 g)was exhaustively extracted with 50% aqueous methanol followed by methanol.
The combined extracts were partially evaporatadvacuo and partitioned with
dichloromethane. The dichloromethagdract was further rpartitioned with water. The
dichloromethaneoluble extract (3.2 g) was adsorbed on-380 mesh silica gel (1:10
loading capacity), in a flash benchtop open column, and eluted with a step gradient of
hexanes/ethyl acetate (1:1) tohy acetate/methanol (1:1) furnishing six fractions.
Fraction 1 (0.5 g) (pooled from 50% hexanes/ethyl acetate to ethyl acetate elutions) was
flash chromatographed over 25 g of mesh silica gel (gradient: hexanes to ethyl
acetate). Further sepamaiti of the fraction containing@ (as monitored with thin layer
chromatography) by C18 silica flash benchtop open column chromatography (eluting
with a gradient of 95% aqueous methanol to methanol) gave2mse yellow oil. The
remaining combined 50% aqués methanol and methanol extract (after partitioning with
dichloromethane) was adsorbed into HP20SS resin, dried, and desalted with distilled
water. Subsequent elution with methanol provided 1.1 g of extract which was adsorbed
onto 20.4 g HP20SS resin aallited with a gradient of 20% aqueous methanol to 100%
methanol followed with methanol/acetone (4:1) to 100% acetone to obtain eight fractions.
Fraction eluting with 1:1 methanol/water furnished partially pLi(¢81.6 mg) as a red
powder. A portion of tis fraction (14.9 mg) was dissolved in chloroform and passed over
celite to furnish 2.4 mg of purgé as a brown solid. Characterization data fof are

reported in supporting information.
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Haliclonacyclamine A X1): Haliclona sp. (750 g wet weightyjvas exhaustively
extracted with methanol and then with dichloromethane. The crude extract (10.4 g) was
suspended in 9:1 mixture of methanol/water and partitioned with hexanes to furnish 1.9 g
of hexanessoluble fraction. The methanol/water extract was stdpl to 3:2
methanol/water and partitioned with dichloromethane to provide 2.6 g of
dichloromethaneoluble extract. The methanol was evaporated, and the remaining water
extract was partitioned with saturated butanol to give 1.5 g of busahdble fractdn.

The dichloromethaneoluble fraction was subjected to silica gel column
chromatography, eluting with hexanes and dichloromethane (0% to 100%
dichloromethane step gradient), dichloromethane and ethyl acetate (0% to 100% ethyl
acetate step gradient), gltlacetate and methanol (0% to 100% methanol step gradient),
and finally with methanol/water (1:1) with 0.1% trifluoroacetic acid (TFA) in the
agueous portion. The fraction eluting with 1:1 methanol/water, §ayg.1 g) as a white
powder. Although théH and*C NMR spectroscopic data fdd did not entirely align

with that reported in literature for haliclonacyclaminé®Athe structure was confirmed

as haliclonacyclamine A based onrdy crystallographic dataFigure Al1).2** The
discre@ncy in NMR data is likely due to protonation of the two nitrogen atoms present in

11in our case. Characterization data fdrare reported in supporting information.

2.4.4 Viruses and cells

Vero E6 cells (#CRLL586, ATCC, Manassas, VA, USA) are derivednirthe
epithelium of an African green monkey kidney; they lack type | interferon production and

are commonly wused to grow Vvirus stocks.
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modi fi ed Eagl eds me -021,u @Gibco( WtRakh, MA# UBA3 1 3
supplementg with 10% fetal bovine serum (FBS, #sh30396.03, lot# ag29759488,
Cytiva, Marlborough, MA, USA), 2 mM d{glutamine (#2503®81, Gibco, Waltham,
MA, USA), 100 units/ml penicillin and 10@g/ml streptomycin (#40Q09, Gemini
Bioproducts, West Sacramento, CAJSA) at 37 °C in a humidified incubator
supplemented with 5% CGOThese cells have been used extensively in the lab, over 100

passages.

Calu3 lung epithelial adenocarcinorderived cells (#HTB5, ATCC,
Manassas, VA, USA) wer e essentiat mediend (#380063, Eagl e
ATCC, Manassas, VA, USA) supplemented with 10% FBS, 100 units/ml penicillin and
100 pug/ml streptomycin at 37 °C in a humidified incubator supplemented with 5% CO

These cells were purchased for this study and were used atfiane?0 passages.

Cryopreserved human bronchial epithelial cells (hBECs) from healthy donors
(#FCO0035, Lifeline Cell Technology, Frederick, MD, USA) cells were propagated in Ex
Plus expansion medium (Stemc@&kchnologies, Cambridge, MA, USA) beginning at
passage 3 on flasks coated with PureCol (Sigddaich, St. Louis, MO, USA) at 37C
and 5% CQ until ~70-80% confluency. Monolayers were generated on collageted
(#234154, Sigma&ldrich, St. Louis, MO, BA) 6.5 mm transwells (#3470, Corning Life
Sciences, Durham, NC, USA) by seeding at density of 150,000 cells per insert and
maintained under submerged conditions in Ex Plus medium for 3 days. Apical and

basolateral culture solutions were aspirated, an@dahamber fluid replaced with ALI
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medium (Stemcell Technologies, Cambridge, MA, USA). Air liquid interface conditions

were maintained for 228 days until monolayers were fully differentiated.

SARSCoV-2 isolate USAWA1/2020 (BEI Resources, Manassas, \USA) was
used in these studies. This represents an early isolate from the €@\fiBndemic. To
produce stocks, a confluent T75 flask of Vero E6 was infected with SBRE2 then
monitored for cytopathic effect (cpe). When marked cpe was observed (ygiGatays
post infection), viral supernatant was collected, passed through pra.er to remove
cell debris, aliquoted and stored -80°C. To determine the infectious titer of stocks,
Vero EG6 cells were seeded in-@ll plates at 20,000 cells peell, then, after 1224 h
they were infected with serially diluted SARRV-2. After 48 h, cells were fixed in 4%
paraformaldehyde in PBS, then stained with rabbit monoclonaiNa(#i40143R001,
Sino Biologicals, VWR, Radnor, PA, USA) to identify infed cells, and countestained
with Hoechst33342 to identify nuclei. Total cell number and infected cell number were
determined by imaging with a Cytation 5 automated microscope (Biotek, Winooski, VT,
USA) and image analysis using Gen5 Prime softwaretéBjaVinooski, VT, USA). The

estimated titer was expressed as infectious units per ml.

2.4.5 SARSCoV-2 antiviral assays

Initial screening and dose response assays: Experiments were performed in 96
well plates. Calu3 cells were seeded at 30,000 cells per well. Cells were treated with
compounds 24 h after seeding, at a confluency ed@®. They were infected at a low
multiplicity of infection (MOI ~0.01) then incubated for 48 h before being fixed and
stained for N protein. Total cell count was determined by cowtééming nuclei with
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Hoechst33342. Nuclei and infected (protein positive) cells were counted using an

automaed microscope, as described above.

Antiviral activity in primary airways cells: Ailiquid interface cultures of hBECs
were infected by the addition of 300 infectious units (determined on Vero E6) of-SARS
CoV-2 in 10pl medium directly to the apical suriecRNA was harvested immediately
(for a 0 h, input value) or after culturing for 48 h. Levels of the SARS-2 N protein
RNA (a marker of viral replication) and the host transcript coding RNase P (an internal
standard) were determined by reversmscripion quantitative PCR (RGPCR). RNA
was extracted using the PureLink RNA Mini Kit (Thermo Fisher Scientific, Waltham,
MA, USA) and eluted in a final volume of 108 nucleasdree water. Primers and
probes were obtained as part of the SARS/-2 ResearciUse Only gPCR Primer &
Probe Kit: N1, N2 & RP (IDT, Coralville, IA, USA). Reactions were prepared with
GoTag Probe ROPCR system (#A6121, Promega, Madison, WI, USA) in final volume
of 10 ul, with 1 ul extracted RNA, and run on a PicoReal 96 Reale PCRSystem
(Thermo Fisher Scientific, Waltham, MA ,
effects on SARSCoV-2 replication. The difference in cycle threshold (Ct) between N
and RNase P was determined for each experimental condition, then compared to the
difference observed at O h, i.e., before any replication can occur. Fold change is
determined by assuming that a reduction in Ct of 1 cycle represertddifcrease in
the amount of starting RNA. All experiments were performed with duplicate cultures and
duplicate technical replicates for the fIPCR. Basic statistical analyses were performed

using Microsoft Excel. Bioassay results were plotted using OriginPro software
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(OriginPro 2021, OriginLab Corporation, Northampton, MA, USA).sEGalueswere

calculated ging the Quest Gragtso Calculator?®®
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CHAPTER 3. PEYSSONNOSIDEA- B, UNUSUAL DITERPENE
GLYCOSIDES WITH A STERICALLY ENCUMBERED
CYCLOPROPANE MOTIF: STRUCTURE ELUCIDATION USING
AN INTEGRATED SPECTROSCOPIC AND COMPUTATIONAL
WORKFLOW

This section is reprinted with permissidrom Khatri Chhetri, B.; Lavoie, S.;
SweeneyJones, A. M.; Mojib, N.; Raghavan, V.; Gagaring, K.; Dale, B.; McNamara, C.
W.; Soapi, K.; Quave, C. L.; Polavarapu, P. L.; Kubanek, J. PeyssonnosiBes A
Unusual Diterppe Glycosides with a Sterically Encumbered Cyclopropane Motif:
Structure Elucidation Using an Integrated Spectroscopic and Computational Workflow.
The Journal of Organic Chemistry 2019 84 (13), 85318541;

https://doi.org/10.1021/acs.joc.9b00884. Copyright © 2029 American Chemical Society

3.1. Abstract

Two sulfated diterpene glycosides featuring a highly substituted and sterically
encumbered cyclopropane ring have been isolated from the marine rétegigsmnnea
sp. Combination of a wide array of 2D NMR spectroscopic experiments, in a systematic
structure elucidation workflow, revealed that peyssonnosid&s (A 2) represent a new
class of diterpene glycosides with a tetracyclo [7.53.0°9 tetradecanerahitecture. A
salient feature of this workflow is the unique application of quantitative interproton
distances obtained from the rotating frame Overhauser effect spectroscopy (ROESY)
NMR experiment, wherein thie-D-glucose moiety ofl was used as an intel probe to

unequivocally determine the absolute configuratwhich was also supported by optical
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rotatory dispersion (ORD)Peyssonnoside Al) exhibited promising activity against
liver stagePlasmodium bergheand moderate antnethicillin-resistantStaphylococcus
aureus(MRSA) activity, with no cytotoxicity against human keratinocytes. Additionally,
1 showed strong growth inhibition of the marine fundendryphiella salinandicating

an antifungal ecologicable in its natural environment. The high natural abundance and
novel carbon skeleton df suggests a rare terpene cyclase machinery, exemplifying the

chemical diversity in this phylogenetically distinct marine red alga.

3.2. Introduction

Diterpenoids includingliterpene glycosides are one of the most widely distributed
and structurally diverse groups of compoufitis?®’ Although diterpene glycosides and
natural products with cyclopropane rings are each reported frequently, molecules with
highly substituted cyclopropanes embedded in a complex polycyclic system a& rare.
239 Their structural novelty and bioactivity is valuable for medicinal chemistry,
biosynthetic studies, computational studies, andoarage the development of new

synthetic method&*

In recent years, the determination of absolute configuration in natural products has
advanced substantially due to the availability otwaate, higkspeed computational
prediction of spectroscopic properties. Electronic circular dichroism (ECD) has become a
hallmark for absolute configuration determination of molecules with chromophores. On
the other hand, although used infrequently, atilmnal circular dichroism (VCD), Raman
optical activity, and ORD experiments are gaining popularity, particularly for molecules

devoid of chromophre¥*242 Similarly, a wide array of chiral derivatizing agents are
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available with Mosherés ester for es®8condar

Despite these advancements, absolute configuration analysis of natural products is often
challenging, especially when molecules lack chromophores and are unstable towards

derivatization.

Recently, monosaccharides were reported as chiral probE©Ombased NMR
experiments for the determination of absolute configuration of secondary aléffdis.
authors showed that a qualitative speculation of interproton -pemss between the
monosaccharide and aglycone can be usgutddict absolute configuration if a molecule
assumes one major conformation in solution. However, because NOEpeskss
represent the average of the inverse sixth power of internuclear distance between
conformations, a qualitative evaluation of crpesk intensity can be ambiguous and
even misleading when a molecule assumes more than one conformation, as a small
Boltzmann population of a minor conformer can have pronounced effects on the intensity
of relevant crospeaks*”® Herein, we address this issue by employing quantitative
interproton distances, where the known configuration afonosaccharide is used as an
internal probe, such that the crgesaks observed between the sugar and aglycone signals
were quantified and compared with calculated interproton distances obtained from a
Boltzmann population of conformers for the putattiastereomers under study. The
method is noteworthy for being nondestructive and applicable to molecules that are

sensitive to chemical modification.
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1H, 13C, HSQC, Y, HSQC, COSY,
HMBC, TOCSY NMR, HR/MS data Supported with computer assisted
structure elucidation (CASE)
Planar structure

ROESY, HSQC-ROESY NMR data Supported with 'H, 13C chemical shift
Relative configuration calculation, quantitative ROESY

Quantitative ROESY NMR using
sugar as an internal probe Supported with ORD,

. . DP4+ probabilit
Absolute configuration . .

Figurel8. Overview of the systematic structure determination workflow.

The structural elucidation of natural products is an inverse problem, where all
solutions besides the most logical one must be carefully ruled out based on observations
made from empirical dat4® Consequently, it is imperative that conclusions derived in
each step of the process be supported with multiple analytical or computational tools.
Along these lines, we have undertakegsyatematic multifaceted approach, wherein the
planar structure, reliae and absolute configuration, as determined with extensive NMR
based methods, were sequentially supported with comp@agsisted structure elucidation
(CASE), density functional theory (DFT) based prediction*af chemical shifts, and

simulation of eperimental ORD data~gure18).
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HO ¢
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HO
Peyssonnoside A (1) Peyssonnoside B (2)

Figure 19. Novel diterpene glycosides peyssonnoside® (1- 2) from the marine red
algaPeyssonneliap.

3.3. Result and Discussion

Peyssonnosides 18 (1i2) (Figure 19), were isolated from the migolarity
fraction of Peyssonneliasp. extract, guided by antibacterial activity against MRSA.
HRESIMS data ofl (m/z 531.2625 [M]) indicated a moleculaiormula of GeH430sS.

H, 13C, and HSQC NMR spectra a@f(Table?2) suggested the presence of five methyls,
eight aliphatic methylenes, nine aliphatieetimnes, and four quaternary centers. The
molecular formula along with the absence of sprbons in the*C NMR spectrum

indicated five rings, accounting for the calculated degrees of unsaturation.
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Table2. NMR spectral data fdrin DMSO-0s acquired with a 700 MHz instrumént.

U Tt o012y COsY HMBC ROESY
13.9 (CH) 0.69 dd (9.6, 2.2) H-2a, H2b C-3,C5, C6, G7, C10, C11, G12  H-2b,H-19, GaOH
29.8 (CH) 0.85m H-1 c1,G11 H-12
2.16ddd (15.2,9.6,2.2) H-1, H4b C-1,C3, C4, Cl1 H-1, H-2a H-20, H1geH-5a60H
72.5(C)
33.9 (CH) 0.77m H-5a, H5b C-2, G5, G20, Glae H-12
1.35m H-2b, H5b C-2,C3, G5, G6 H-5b, H20, H1ee
21.3 (CH) 1.15m H-4a C-1, G3, C4, G6, C11 H-4b, H5b, H12
1.96 ddd (13.8, 12.4, 7.5) H-4a, H4b C-3,C4, C6,G7 H-4a, H4b, H5a, H19, H1geH-22
24.2 (C)
35.0 (CH) 1.35m H-8a, H19 C-1,C8,C-9, G19 H-9a
26.8 (CH) 0.75m H-7, H9a C-6,G7, C9, G10, G19 H-9b
1.16 m H-9b c-10 H-9b
39.2 (CH) 0.91m H-8a C-7,G10, G18 H-7
1.47m H-8b C-7,G8, G10, G11, G18 H-8a, H8b, H18
41.6 (C)
36.2 (C)
25.1 (CH) 1.27m H-13a, H13b C-1,G6, G10, G11, G13, G14 H-2a, H4a, H13b, H18
27.9 (CH) 1.19m H-12 C-12, G14 H-13b, H18
1.73m H-12, H14 C-10, G11, G12, G14, G15,G18  H-12, H13a, H14, H17
61.4 (CH) 1.19m H-13b, H15 C-10, G13, G15, G18 H-13b
28.5 (CH) 1.56 0 (6.7) H-14, H16, H17  C-10, G13, G14, G16, G17 H-16, H17, H18
23.3 (CH) 0.91d (6.6) H-15 C-10, G14, G15, G17 H-15, H18
23.0 (CH) 0.87 d (6.6) H-15 C-14, G15, G16 H-13b, H15
19.0 (CH) 064s C-1, G9, G10, C11, G14 H-9b, H12, H13a H15, H16
19.1 (CH) 1.02d (6.4) H-7 C-6,C7,C8 H-1, H-5b, H-20H-42e
25.8 (CH) 1.00's C-1, G2, G3, G4, G5 H-2b, H4b, Hile
94.7 (CH) 439d(7.7) H-2e C-3, CG-22C-33C-5 H-2b, H4b, H5b, H20, H-3geH-52
79.3 (CH) 3.65dd (8.8, 7.7) H-1aeH-3ze C-1¢C-32 H-19, H5b, 3xOH
76.7 (CH) 3.441(8.8) H-2eH-4ee C-182C-292C-4eeC-5ee H-1923a0H, 4aOH
70.7 (CH) 3.00td (9.3, 5.3) H-3gH-5 C-3C-5¢C-6@ H-19, 30H, 4%0H, 6OH
76.1 (CH) 3.13ddd (9.5,6.8,2.3) H-4gH-6@ Heke  C-1eC-3C-4C6% H-2b, H-lgede®H
61.8 (CH) 3.37m H-5a C-4eeC-5 H-6d&
3.72ddd (11.2,4.7,2.3) H-5 C-4eeC5e H-6a, 20H, 6xOH
563s C-2epC-3C-4e H-2geH-3eeH-4ce
4.97d (5.4) C-3eC-4eeC-5% H-3geH-4geH-5eH-648
4221(5.2) C-5C-6 H-1, H2b, Hdee

&lc, UH - experimental carbon and proton chemical shifts, mulaltiplicity, J- coupling
constant, s singlet, d doublet,m- multiplet, t triplet, o- octet.

A sharp doublet aiy 4.39 (d,3Jn1921282 7.7 Hz, Hlgeab anomeric proton) and
downfield proton signals betweain 2.9 and 5.7 were indicative of a monosaccharide.
Starting from the anomeric protontdevicinal COSY correlatios among HlgeH-2geH-

3 H-4eH-5and H6agevealed the sugar moiety. Large vicinal couplings of > 7 Hz
were observed for all methine protons in the sugar spin system, characteribtic of
glucose. The sulfur atom along with the remaining four oxygens were suggestive of a
sulfate moiety which wassaigned to €abased on its relatively downfield chemical
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shift ic  79.3) and was also supported by predict&l chemical shifts Rigure 20,
Table 2). The specific optical rotation of the sulfated sugar from -bgitolyzed 1

measured a po&%p t+bO06eEonsisiehtwith-p-glicosg?U ]

cyclopr'opane ring
13C=13.9 ppm, '"H=0.69 ppm ¥ "\ .ROESY
Jen=158 Hz ¥ "\ -HSQC-ROESY

Figure 20. Left: Key COSY (bold lines)HMBC (blue arrows)Right: HSQGROESY
(blue arrow), and ROESY (red arrows) correlationslfor

The 20 carbons of the aglycone including five upfield methyls in tHeNMR
spectrum and the remaining four degrees of unsaturation were strongly indicative of a
tetracyclic diterpene core far Two methyls H-16 @+ 0.91) and HB-17 ({+ 0.87) showed
COSY correlations with H5 [{Un 1.56), reminiscent of an isopropyl groupO8Y
correlations were also observed fof7HHz-19, H-7/H>-8/H.-9, and H-12/H-13/H-14.

HMBC correlations from k19 to G6, G7, and C8 established the position of-TC
between @& and CG8. Taken together, HMBC correlations from18 to G10, G13, G
14,from Hs-18 to G9, G10, G11, G14, and from &#12 to G6, G10, G11 established

the planar structure of rings A and B fio(Figure20, Table?2).
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Figure 21. J-coupled HSQC showing a

1.

COSY correlations were observed forlfH>-2 and H-4/H»-5 in 1. HMBC

correlations from B20 to G2, G3, and G4

position of the sugar at-@ between spin systemsHH,-2 and H-4/H>-5. Finally, the

cyclopropyl H1 (with characteristic upfield

as a lynchpin, with HMBC correlations to%; G-6, G-7, G-10, G11, and G12 revealing

the complex tetracyclic core df (Figure 20, Table 2). The cyclopropane was further
confirmed by aJ-coupled HSQC NMR signal with a diagnostien of 158 Hz Figure

21).2*8 The planar structure of the aglycone, representing a novel carbon skeleton, was
additionally supported withMestReNova computassisted structure elucidation
(CASE), whereby the proposed aglyconelaftood out as the top Hit? The remaining

possibilities generated by CASkvere readily ruled out with additional NMR

spectroscopic dat&igure22).
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Figure22. Top five structural hits for the diterpene corelajenerated by MestReNova
computerassisted structure elucidati@@ASE). Structure in hatched box represents the
top hit.

With the planar structure dfestablished, ROESY NMR was applied to study the
relative configurationAs the relationship between-Hand H-18 could not be deduced
by 'H-IH ROESY due to crosgeak overlap with the diagonal, HSGRDESY spectrum
was employed to reveal a strong correlation betwednadd H-18 (Figure 20, Figure
21) suggesting ais-fusion between rings A and B atXD and Gl11. ROESY cross
peaks for H1/H3-19 and H-18/H-15 implied anU-orientation for H-19 at G7 and the
isopropyl at C14, respectively. Similarly, correlations between19 and both Faand
H-4azevealed the relative configuration at3C(Figure 20). The proposed planar and
relative configuration ofl was supported by comparison of experimental and -DFT

predicted*C chemical shiftsTable4).

At this point, there were two possible diastereomers far
18,28, 388 48 58,1S 3R,6S, 7R, 105115 14S and
18 28R, 38,48 58, 1R, 3S6R,7S10R,11R 14R (Figure A20, Figure A21). Attenpts to

cleave the glycosidic bond using acidtalyzed hydrolysis ot (so that the diterpene
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structure could be determined using VGiYs hindered by the generation of a mixture of
products. Enzymatic hydrolysis df was unsuccessful too, most likdhecause of the
presence of a sulfated sugar linked to the sterically encumbered tertiary center of the
diterpene. VCD spectral analysis of the intact molecule showed poor correlation with
computationally predicted dat&i@ure A24). Similarly, attempts at crystallization of the
p-bromobenzoylated product dfwere unfruitful. Insteadwe turned to ROESY NMR
spectroscopy again, envisioning that the multiple ROESY geaks observed between

the sugar and diterpene could, if quantified as interproton distances, be compared with
calculated interproton distances obtained from a Boltznpapulation of conformers for

the two diastereomers, which could reveal the absolute configuration.

Molecular mechanics force fields (MMFF) based conformational s€ér€ttand
final structural optimization with DFT calculations at B3LYRB1++G(2d,2p) levép?
using a polarizable continuum model (PCRYo represent DMSO as the solvent, gave
five conformations for each of the two possible diastereomets‘ofiowever, overlaid
conformations of each diastereomer were very similar, with differences primarily
observed in the orientation of glycosidic hydroxyls. Therefore for Oisistereomerghe
relative conformation between the sugar and diterpene exhibited one major orientation

attributed to steric encumbrance aB(Figures A20A22).

TR R— (1)
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Experimental interprotordistances were obtained via eq 1, from a 2D quantitative
ROESY NMR spectrum employing peak amplitude normalization for improved-cross
relaxation (PANIC), where the intensity of the irradiated peaks were kept constant in
every slice of the 2D ROESY spectruiigures A40A48).25 2% Distance between

andj is represented b, whereas.ris a reference distance between methylene protons.
Similarly, aj represents the croggeak intensity betweei andj whereasas is the
reference crospeak between methylene protons. Tropps equation was used to account

for the protons in a methyl group using averaging?>®

Table 3. Experimental (from ROESY) and DFTalculated interproton distances for the two
possible diastereomersiof

Distance betweer Expt. distance 3Ri 1@ 35 1[I

H-1geH3-20 2.69 2.54 2.56
H-2geHs-19 3.55 4.04 4.13
H-4aeH3-19 4.65 4.72 4.67
H-1geH-4b 3.61 4.16 2.57
H-1geH-2b 2.45 2.61 4.18
H-2gH-5b 4.24 4.12 454
H-5¢H-2b 3.53 3.44 6.27
H-1geH-5b 4.48 4.82 3.78
H-1, H:-19 3.48 3.27 3.23
H-15, H-18 2.84 2.67 2.75
H-5b, H-19 2.67 2.65 2.67
H-1geH-3 2.55 2.63 2.66
H-1eH-5¢ 2.26 2.35 2.35
R? 0.9249 0.2947

[l Calculated for 48,248,38,48,58,1S,3R,6S,7R,105,11S,14S7T 1
bl Calculated for 48,248,38,48 58, 1R 3S6R 7S10R 11IR 14R 1

Comparison of quantitative interproton distances betweeh-thiglucose moiety

and the diterpene core obtained via ROESY with those obtained from the lowest energy
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conformations clearly supportede8Rd, 384858, 1S3R,6S,7R,10511S14S as the
absoluteconfiguration ofl. Interproton distance differences greater thah.7 and 2.7 A
between experimental and calculated values fardH-4b, H1aH-2b and H2b/H-5g
respectively, and a poorR? of 0.2947, strongly disfavored the

18 28R, 38 48 58, 1R, 3S56R, 7S 10R,11R,14R configuration Table3).

Figure23. W-coupling (left) and interactions causing steric compression-2 Ktight)
for 1.

The computational modeling and quantitative ROESY data enabled further
confirmation of the relative configuration analysis performed earl@mparison of
calculated and experimental distances fet3AHs-18 supported the previously assertéed
orientation of the isopropyl group atX2. A b-oriented isopropyl would imply a H
15/Hs-18 distance of 4.12 A, inconsistent with observed ROESY dathld 3, Figure
A23). Quantitative interprotonlistances for HL/Hz-19, H15/Hz-18, and H5b/ Hs-19
matched the proposed relative configuration of the diterpene core. Some ultisual
NMR spectral features were explained by the lowest energy conformeis iof

Geometric alignment (Woupling) of H2b and H4b was evident from the 4 bond
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COSY correlation observed between these protong. A significant downfield
chemical shift for H2b @n 2.16) compared with +2a {H 0.85) was likely due to steric
compression arising fronts eclipsed conformation with -l and proximity to HB20

(Figure23).131 132

Table4. Comparison of experimental acalculatedNMR chemical shifts fot

18,24R,38,48,58,1S3R 657R,10511514S 1 18 24,38 48,58,1R 3S6R, 7S10R,11IR14R 1

position Ucexpt Unexpt Uc calc Dlic Uy calc DU Uc calc Dic Uncalc DU
1 13.9 0.69 15.8 1.9 0.51 -0.18 15.9 2.0 0.44 -0.25
2a 29.8 0.85 28.2 -1.6 0.99 0.14 325 2.7 1.16 0.31
2b 2.16 1.97 -0.19 1.84 -0.32
3 72.5 75.8 3.3 75.8 3.3
4a 33.9 0.77 34.1 0.2 0.90 0.13 31.0 -2.9 0.81 0.04
4b 1.35 1.33 -0.02 1.40 0.05
b5a 21.3 1.15 21.7 0.4 1.32 0.17 22.3 1.0 1.25 0.10
5b 1.96 1.90 -0.06 2.06 0.10
6 24.2 26.0 1.8 26.2 2.0
7 35 1.35 36.8 1.8 1.26 -0.09 35.6 0.6 1.27 -0.08
8a 26.8 0.75 26.5 -0.3 0.82 0.07 27.0 0.2 0.81 0.06
8b 1.16 1.15 -0.01 1.19 0.03
9a 39.2 0.91 38.7 -0.5 0.91 0.00 38.6 -0.6 0.84 -0.07
9b 1.47 1.42 -0.05 1.48 0.01
10 41.6 44.5 2.9 45.3 3.7
11 36.2 38.5 2.3 37.0 0.8
12a 25.1 1.27 25.5 0.4 1.21 -0.06 25.4 0.3 1.26 -0.01
12b 1.27 1.34 0.07 1.29 0.02
13a 27.9 1.19 30.2 2.3 1.27 0.08 27.6 -0.3 1.32 0.13
13b 1.73 1.73 0.00 1.58 -0.15
14 61.4 1.19 62.4 1.0 1.00 -0.19 61.4 0.0 1.04 -0.15
15 28.5 1.56 31.9 3.4 1.45 -0.11 31.0 2.5 1.52 -0.04
16 23.3 0.91 19.5 -3.8 0.93 0.02 20.4 -2.9 0.92 0.01
17 23 0.87 21.6 -1.4 0.89 0.02 20.9 -2.1 0.84 -0.03
18 19 0.64 15.4 -3.6 0.70 0.06 15.8 -3.2 0.68 0.04
19 19.1 1.02 17.2 -1.9 0.90 -0.12 17.0 -2.1 0.92 -0.10
20 25.8 1 23.3 -25 1.00 0.00 23.7 2.1 1.05 0.05
lee 94.7 4.39 94.0 -0.7 4.30 -0.09 92.9 -1.8 4.31 -0.08
2 79.3 3.65 78.7 -0.6 3.60 -0.05 78.0 -1.3 3.66 0.01
3 76.7 3.44 76.6 -0.1 3.37 -0.07 75.8 -0.9 3.44 0.00
4 70.7 3 69.1 -1.6 3.46 0.46 73.4 2.7 3.28 0.28
5ee 76.1 3.13 73.8 -2.3 3.08 -0.05 72.4 -3.7 3.18 0.05
6a 61.8 3.72 61.2 -0.6 3.67 -0.05 63.8 2.0 3.65 -0.07
6d 3.37 3.53 0.16 3.46 0.09
rmseé 2.0 0.1 2.1 0.1
DP4+'H dat& 21.3% 78.7%
DP4+1C dat& 99.2% 0.8%
DP4+ all dat& 97.2% 2.8%

Uc expt, U4 expti experimental carbon and proton chemical shiftscalc, Uy calc i
calculated carbon and proton chemical shifi§; i difference between calculated and
experimental carbon chemical shift®iy 1 difference between calculated and
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experimental proton chemical shifts. Red color represents large devi@igihs>|0.2,
IDlc| > 3.Q U values were calculated at tB8LYP/6-311++G (2d,2p) level of theory with
PCM model using DMSO as solvefRootmeansquare errq’DP4+ probability?>8

200
18,2R,334'S,5'R 1R,35,6R,75,10R 11R 14R-1
mgn  Experimental-1

18,2R,3'$4'5,5R,18,3R,65,7R,108,118,1451
100

-100

-200

300 400 500 600
Wavelength (nm)

Figure24. Comparison of experimental and calculated ORD curvek for

Literature precedent has shown that computation of specific optical rotation for
sugars is reliable when major conformations in solution are well predrétedcouraged
by the extensive conformational search performed using two different programsuiSpar
Conflex) and quantitative ROESY data clearly supporting one diastereomer, we
embarked on analyzing experimental and Bffédicted ORD forl. A close agreement
was observed between the sign of the experimental ORD curve with that computed at
B3LYP/6-311++G(2d,2p) level for & 248 384858, 1S3R6S7R10S11S14S 1
(Figure 24). Finally, when DP4+ probabilistic comparison of NMR spectroscopic data

with calculated values was applied for the two candidate diastereomets the
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188 28R, 388,48 58, 1S 3R,65 7R,10S 11S 14S isomer was highly favoredrable4). DP4+
probabilities for this isomer generated 99.2% confidencé¥rNMR chemical shifts
and 97.2% confidence for combin&€ and'H NMR chemical shiftstH NMR chemical

shifts on their wn produced poor probabilities for either isorfiér.

Peyssonnoside B2) was isolated as an amorphous white powder with a
HRESIMSm/zof 693.3162 [M]™ (G2H53014S).H and*C NMR spectroscopic data af
showed close similarities withindicating an identical diterpene core with an additional
sugar moiety Table A1Q. TOCSY correlations clearly differentiated the spin systems
assocated with the two sugargigure A38), whereas an HMBC correlation from Hetee
C-2axonfirmed that the second sugar moiety was attached2ae The structure was
further confirmed with a combination of COSY, HMBC, and ROESY NMR spectral

data

Although the genu#eyssonnelids phylogenetically diverseF{gure Al3), its
chemistry is understudied with only a handful of biosynthetic classes reported, for
example: sterol glgosides, sesquiterpene hydroquinones, and enediyne oxyfibiffS:

261 Therefore, it is not entirely surprising that examination of a previously undescribed
Peyssonneliavould yield new chemistryMore specifically, the complex diterpene core
along with the sulfatef-D-glucose units of the peyssonnosides provide evidence for a
distinctive biosynthetic mechanisnfrigure 25). The biosynthetic pathway fdki 2 is
proposed to begin with geranylgeranyl diphosphate via the formation of the six
membered cyclohexene ring as shown in intermediat8ubsequent hydride shift is

envisioned as a concerted process with a ring closing reaction and would form
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intermediateiv.?%> 253 The cyclopentane ring iiv would undergo a Wagndvieerwein

ring expansion reaction leading to the formation of the secondary carboecatibith
consequently forms the cyclized intermediaie It is important to note that although
secondary carbocationsave been proposed in reaction coordinates of isoprenoid
biosynthetic pathways, they often are not intermediates that exist as energy fitrifaa.

A series of hydride and methyl shifts is expected to form a tertatyocation at €11
(intermediateviii ), which would be intercepted by an incipient allylic carbanion-at C
leading to a highly substituted cyclopropane fAffgt is plausible to specate that the
sterically encumberedis-fusion of rings A and B at-@0 and C11 inix arises because
the carbanion formed at-C in intermediateviii is conformationally constrained and
consequently can attack-I1 from only one direction. As shown Figure 25, only
structure a shown in Figure 22 adequately accounts for a reasonable diterpene

biosynthetic pathway.
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Figure 25. Proposed biosynthetic mechanism fbr in which isoprenoid units are
indicated in rd, as incorporated into geranylgeranyl diphosphate and the final product.

Chemical ecology experiments to determine the rolelofn coral reef
environments revealed that although it does not deter feeding by at least one potential
consumer (the hermitrab Clibanarius striolatus Figure AL6), 1 does exhibit strong
antifungal activity againstDendryphiella salina (ICso 0.14 pM) leading to

morphological changes in fungal growthiqure AL5). Taken together with the high
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natural abundance df (0.42 % of dry weight) along with the phylogenetically distinct
characteristics of this marine red aldgag(ure AL3), it is strongly suggestive thatis a

novel antimicrobial chemical defense.

Table5. Pharmacological and ecological activitied-a

Assay 1 2
Plasmodium berghet Cso (UM) & 2.4 5.8
MRSA MICoo (ug/ml) 16.740.3 >50
HaCaT toxicity(uM) [P >50 >50
Dendryphiella salindCso (LM) 0.14 NT

[l Exoerythrocytic (liver) stage ¢flasmodium berghe
bl Human skin keratinocytes|T- not tested

The antifungal activity appears to be targeted, as the human pathogen amphotericin
B-resistantCandida albicansis not inhibited (IGo >50 uM) by 1. Additionally, 1
exhibited promising low micromolar pharmacological activity against liver stage of the
malarial parasit®lasmodium bergheand moderate MRSA activity with no cytotoxicity
against human keratinocyteSaple 5). Interestingly,1 did not inhibit blood stage
Plasmodium falciparumsuggesting that the compound is either hsgecific or the
selectivity is greater fdPlasmodiunsporozoites. Additional biegay data are reported in

TableA1l.
3.4. Conclusions

In summary, the reported isolation, structure elucidation, and bioactivify 2f

open exciting avenues for further exploration. The moderate and selective actitity of
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against the liver stage of malanaith no detected cytotoxicity holds promise for
mechanism of action studies. Strong inhibition of the marine fuBgusalinaprovides
evidence for the ecological relevancelah protecting thdPeyssonneligp. The unusual
cyclopropane containing tetracyclic diterpene corelidf suggests a unique diterpene
cyclase machinery in this marine red alga, interesting for biosynthetic amstib, and
computational studies on terpene cyclisation. PeyssonnositdBs(}2) represent a
valuable molecular scaffold for synthetic method development and total synthesis. The
reported application of quantitative ROESY/NOESY based interproton distanc
measurement for absolute configuration determination is a promising tool for cases in
which absolute configuration of a certain molecular portion is understood and can be

used as a probe to deduce the global absolute configuration.

3.5. Experimental Procedures

3.5.1 General Experimental Procedures.

NMR spectra includingH, 3C, COSY, HSQC, HSQ®OESY, YJcn coupled
HSQC, ROESY, and TOCSY, were acquired on 18.8 T (800 MHZHand 200 MHz
for 3C) Bruker Advance llIHD instrument equipped with a 3mm triple rescman
cryoprobe and a 16.4 T (700 MHz ftd and 175 MHz for3C) Bruker Advance IlIIHD
5mm indirect broadband cryoprobe. Spectra were recorded in D#4a@d referenced
to solvent residual peaksiH and Uc). All spectra were processed and analyzed using

MestReNova 11.0.4.
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Preparative chromatographic separation was performed using Silicycle (20 x 20 cm, 200
pum thickness) thin layer chromatography (TLC) plates. HPLC separation was conducted
using a Waters 1%binary pump and a Lunapfn silica (100 A, 250 x 4.6 mm) column
and was monitored with an Altech ELSD 800 detector. Héagolution mass
spectrometric data were acquired in a Thermo Scientific Q Extractive Mass Spectrometer

and LTQ Orbitrap XL.

AJdascoB 15 instrument wa wvis absmahcetarm OREiIASUT €
20% aqgueous methanol and DMSO, respectively, using a 1 cm pathlength cuvette at a
concentration of 0.2 mg/ml for UVis and 12 mg/ml for ORD measurement. Optical
rotation for the sulfated sag obtained from hydrolysis df was measured on a Jasco
DIP-360 Digital Polarimeter (589 nm Na lamp) with water as solvent, whereas DMSO
was used folli 2. VCD measurement fdrwas carried out using a commercial Chiral IR
instrument using a fixed pathlethg(100um) SL3 cell at concentrations of 40 mg/ml and

80 mg/ml using DMS@ls as solvent.
3.5.2 Specimen collection and species identification.

Peyssonnelisp. (G1163) was collected on March 17, 2012 from Singi Locale,
Tetepare Island, Solomon Islands (4B561E 157 26.50@kand Ryssonneliap. (G
1588) was collected on June 17, 2017 off Uepi Island, Solomon Island2§S83eE
15756.69%p The algae were found growing on reef slopes and on underhangs at depths
of 3-25 m. Morphologically, the algawere red in color with intermittent tinges of yellow

with a hard, brittle, and calcified texturBigure AL2). Voucher specimens preserved in
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agueous formaldehyde and ethanol were stored at the University of the South Pacific and
Georgia Institute of Technol og@ at G&wilak al g

Institute of Technology.

Morphological comparisof G-1163 with red algae reported in the literature
suggested that &163 belongs to the genieyssonnelid®’ An atempt was made to
characterize €163 using sequence analysis of nuclear, small subunit (SSU) ribosomal
RNA (18S rRNA), however, this approach was not viable as genomic DNA could not be
isolated from the ethangireserved specimen nor from the frozen altkal sample. As
an alternative, collection &588 was used for 18S rRNA analysis due to its
morphological similarities to @163 Figure Al2). Additionally, comparison of théH
NMR spectra for relevant fractions of these two collections revealed that both contained
high concentrations of peyssonnosidelAdnd a small quantity of peyssonnoside2B (
(Figure A49). Taken together, we conclude thatl688 and Gl163 belong to the same

chemotype and genotype.

Genomic DNA from the ethangreserved G588 algal specimen was extracted
using the innuPREP plant DNA kit (Analytik Jena, Germany) according to the
manufacturer s protocol . The four overl app
DNA were amplified via the polymerase chain reaction (PCR), in four separate reactions
using (G01/G10, G02/G}, G04/G13 and G06/G07%¥ Each PCR amplification was
performed in a 2%l reacti on vol umgofpudfiadsgenemic DNg; of 5
200eM of each of the dNTPs; dM of each of the oligonucleotide primer and 1.0 U Taq

DNA Polymerase, andx Standard PCR reaction buffer (NEB, Ipswich, MA). All PCR
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amplifications were performed in a GeneAmp PCR system 2700 (Applied Biosystems,
Foster City, CA) thermocycler using the following temperature cycling parameters: initial
denaturation at 94 °C fd¥ minutes followed by a total of 40 cycles of amplification in
which each cycle consisted of denaturation &C9tbr 40 seconds, primer annealing at
50°C for 40 seconds and primer extension &Cr7fbr 1 minute. After amplification, final
extension otthe incompletely synthesized DNA was carried out &C7fr 7 minutes.

The PCR fragments were analyzed by agarose gel electrophoresis (1% wt/vol). The gel
was stained with ethidium bromide and visualized under a UV transilluminator. All the
PCR fragmentsvere either sequenced with forward or reverse primers, and sequences
were manually edited and assembled using CAP3 Sequence Assembly Pfdgraen.
assembled 4588 18S rRNA sequence (1808 bp) was submitted to GenBank (accession
no. MK129455). The sequence similardfthe assembled contig of-588 18S rRNA

to other known red algae from family Peyssonneliaceae was determined by comparing it
with the nonaredundant nucleotide database (NCBI) using the blastn pragfdihe top
ranked matches according tevBlues and maximum scores revealed high similarities to
multiple species within the order Gigartinales. A maximum sequence similarity between
G-1588 and previously reporteBeyssonnelia capensiwas 94% with 99% query

coverage.

In order to determine the closest phylogenetically related species1&8&
within the Family Peyssonneliaceae (Order Gigartinales), its 18S rRNA sequence was
compared with those of known representatives from Family Peyssonneliaceae and

outgroup taxaBonnemaisonia asparagoides and B. hamifetan the same subclass
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Rodymeniophycidae but different order (Bonnemaisoniales), obtained from GenBank.
Phylogenetic analysis was conducted in MEGA™using themaximum likelihood
method based on the Kimuraparameter modél with 1000 bootstrap iterations. The
evolutionary relationship revealed thatl888 is genetically distant from other closely
related species of the GerlRgsyssonnelidut belongs to the order Gigartinalescauset

does notluster with other orders (data not shown) or the oBigmemaisonialesf the
outgroup taxa shown in the phylogenetic trBer(nemaisoniapp) (Figure AL3). The
majority of the differences in nucleotides were detected in variable region V2 of the 18S
rRNA. Overall, morphological and phylogenetic analyses are consistent with
identification of tke red algae used in this study as a member of the ¢rayssonnelia
however, this species is genetically distinct from other known species represented in

GenBank.

3.5.3 Isolation of peyssonnosides B (1 2).

The frozen bulk sample dPeyssonneliap. sample €163 was thawed at room
temperature and 300 g of wet material was exhaustively extracted (four times) with 500
ml methanol, combined and dried to yield 6.1 g of crude extract. The extract was
subjected to fractionation using Diaion HP20SS)(d2first eluting with 200 ml water to
remove salts. Four fractions were then collected, eluting 400 ml each of 50% aqueous
methanol, 80% aqueous methanol, methanol, and acetone. The fractions were
concentrated and dried vacuoto yield: F1 (0.11 g), F21.26 g), F3 (0.34 g) and F4
(0.16 g). F2 (1.02 g) was subjected to silica gel column chromatography, eluting with

hexanes and et hyl acetate (33% Y100% et hyl
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acetate and met hanol ( 2 % n¥ fin@llYwith 80% boeuso | s t
methanol to produce 89 fractions. These fractions were pooled to Zfastibns based

on TLC analysis. Fractions 114 together yielded 244 mg of pute Fraction 15 (92

mg) was subjected to preparative silica TLC (Silicycdd® 2um, 20 x 20 cm) using a
0.05:1:2.5 ratio of water, 0.1% trifluoroacetic acid (TFA) in methanol, chloroform as a
mobile phase resulting in two fractions, fraction 1540(62) and fraction 15.2 0.37).

Fraction 15.2 was subjected to HPLC purificatusing a normal phase silica column
(Luna5pm, 250 I 4.6 mm) with ethyl acetate ar
0.1% TFA in methanol gradient in 20 minutes) as mobile phase to frikh 17.5

minutes, 3.8 my Fraction 15.1 contained an undetermined quantity. df2 was also

subjected to quantitativd NMR analysis which showed thataccounted for 0.42% of

the dry algal weightAs isolation ofl was conducted without addition of acid, base, or
inorganic sHs, its counterion was almost certainly ‘IN&ghe most abundant cation in

seawater. Howevep was isolated using acidified solvents by reversed phase HPLC and

was therefore likely characterized as its conjugate acid.

Peyssonnoside A1). It was obtained as ahite amorphouscs! i 71 2 W1.2,
DMSO); UV (80% MeOHH20): amax(log v) 208 sh (3.2)*H and*C NMR, se€Table2;

HRMS (ESI)m/z [M] ™ calcdfor CeHa30eS, 531.2633; found 531.2625.

Peyssonnoside B2). It was obtained as alwi t € amor ph?eisCcisip!l i d;
DMSO); UV (80 MeOHH20): amax (log ¥) 207 sh (3.6)!H and*C NMR, seeTable

A10; HRMS (ESI)m/z [M] calcdfor C32H53014S, 693.3162; found 693.3162.
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3.5.4 Pharmacological assays.

Antimicrobial, antifungal, and antituberculosis assays were conductepased
earlier, with the MIC being defined as the minimum concentration required to achieve
O090% inhibition in comp&?fThescompouhds werehestedv e hi ¢
against methicillirresistantStaphylococcus aureMRSA, ATCC 33591), vancomycin
resistantEnterococcus faeciurfiVREF, ATCC 700221)Escherichia coli(EC, ATCC
25922), multidrugresistant Escherichia coli (MDREC, ATCC BAA1743), and
amphotericin BresistantCandida albicangARCA, ATCC 90873) as pathogens. The
positive controls used were vancomycin for MRSA, chloramloé for VREF and EC,
nitrofurantoin for MDREC and cycloheximide for ARCA.nAAimycobacterial activity

was tested against H37Rv using isoniazid as positive control

Additional antimicrobial screening was performed against strains from the
Centers for Disese Control and Prevention Antibiotic Resistance Bdfkterobacter
cloacae (CDC0008), Klebsiella pneumoniag[CDCO0016), Acinetobacter baumannii
(CDCO0033), Enterococcus faeciuniHM-959) andPseudomonas aeruginog®A01).
Gentamicin was used as a positive tooinfor all strains. Tryptic Soy Broth (TSB) was
used to grow the overnight bacterial cultures. The Clinical and Laboratory Standards
Institute (CLSI) method was used to determine the minimum inhibitory concentration
(MIC) using catioradjusted Mueller Hiton broth (CAMHB)?"# Optical density (OD) of
overnight cultures were adjusted to 5%t€@/ml and MIC values were determined as
described earlier; where readings waken at an OBdonm in a Cytation3 multimode

plate reader (Biotek). Cytotoxicity was assessed using human skin keratinocytes (HaCaT
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cell line) and lactate dehydrogenase test kiBf{Gsciences, St.Louis, MO) as described

earlier?”™

Activity against asexual bloestagePlasmodium falciparumvas assessed using
the standard parasite proliferation assay with SYBR Green detétionbrief, cultures
of the P. falciparumstrain Dd2L (gift from Dr. David Fidock, Columbiadniversity) or
D10 (gift from Dr. Akhil Vaidya, Drexel University) to be used for screening were
prepared with screening media (complete media without human serum but supplemented
with 0.5% Albumax II) and fresh donation of* @rythrocytes (TSRI Normal Boml
Donation). Compounds were transferred via the Labcyte ECHO Acoustic Liquid Handler
into the assay plates. Parasitized erythrocytes and fresh erythrocytes were prepared with
screening media and dispensed (MElb; BioTek, VT) into the assay plates caining
compound for a final parasitemia of 0.3% and 2.5% hematocrit. The assay plates were
directly transferred and cultured in a gas chamber atC3t the presence of a low
oxygen gas mixture. After 72 dnd daily gas exchanges, the assay plates veenoved
from the incubator and SYBR Green lysis buffer was added to each well using the Multi
Flo liquid dispenser. Plates were incubated for an additional 24 h at room temperature for
optimal development of the fluorescence signal. Fluorescence igtaresié read on an

Envision Multimode Reader (PerkinElmer, MA).

Assessment of activity against livetageP. bergheiwas measured using the A8
luminescencéased assay described by Swahal with minor modificationg’” Briefly,
P. bergheiANKA -GFRLuc-SMCON (PbLuc) sporozoites were freshly dissected from

infected Anophelesstephenssalivary glands (received from Dr. Ana Rodriguez, NYU
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Schml of Medicine), filtered twice through a 20n nylon net filter (Steriflip, Millipore,

MA), counted in a hemocytometer, and adjusted to a final concentration of 200
sporozoites per 4L in the assay media (DMEM without Phenol Red (Life Technologies,
CA), 5% FBS, and 5 PenStrep and Glutamine (Life Technologies, CA)). Purified
sporozoites, 310° sporozoites per well (5L), were dispensed using as. cassette in

the Multi-Flo (BioTek, VT) to preseeded assay plates with HepG2 cells. After
incubation at 37C for 48 h, the livesstage growth were assessed by a bioluminescence
measurement as follows: Media was removed by spinning the inverted plates at 150 g for
30 seconds; ul per well of BrightGlo (Promega, WI) for quantification of -Riz
viability. Immediately after addition of the luminescence reagent, the luminescence was
measured by the Envision Multilabel Reader (PerkinElmer, MA). Cytotoxicity against
HEK293T cells was measured as previously described using mefloquine as a positive
control?’® Malaria parasite assay data were analyzed in Genedata Screener (v13.0
Standard). In all cases, data were normalized to neutral controls minus inhibitors
(mefloguine forasexual blood stage parasites, atovaquone for-diagre parasites and
puromycin for HepG2 cytotoxicity). Dosesponse curves were fit with Genedata
Analyzer using the Smart Fit function and half maximal effective concentratiosp)(EC

were determined.

3.5.5 Ecological experiments

Antifungal bioassay. Peyssonnoside Al) was tested against the ecologically
relevant saprophytic filamentous fung@®endryphiella saling’® Fungal culture was

grown at 24C in 790 By+ medium (1.0 g/L yeast extract, 1.0 g/L peptone, 5.0-¢#)-
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glucose, in 1 L ofseawater). A tissue grinder was used to homogenize fungal hyphae
before distributingD. salinain 790 By+ media to a sterile 9ell plate. The antifungal

assay was performed with a 1:1 serial dilution of concentrations ranging fromNd. &
0.0070uM for 1, which is about three times lower than the natural concentratibmnof
Peyssonneliasp., and 0.141M to 0.0010uM for the positive control nystatin. Percent
growth inhibition at each concentration was calculated relative to fungus exposed to
solvent(DMSO). Growth measurements were taken using a BioTek ELx800 Absorbance
Microplate Reader at 600 nm. Images were recorded using a dissecting microscope to
confirm that elevated optical density readings corresponded to fungal growth. The growth
inhibition data were fit to a sigmoidal desesponse curve using GraphPad and the IC

of 1 was calculated after 3 days incubation vidthsalina

Omnivore feeding assay Using a standard field ass&{,peyssonnoside Alj
was evaluated for feeding deterrence against one generalist marine omnivore, the hermit
crab Clibanarius striolatus This compound was found to be ineffective at preventing
consumption of artificial food impregnated with purdy C. striolatuscollected from an
intertidal zone off Ono Island in Fiji (amount eaten: control 45%, treatment A59%86,
P = 0.99;Figure AL6). Artificial food was prepared using a mixture of molten agar (0.02
g/mL) and Ulva sp. (0.1 g/mL), a green alga palatable to a wide range of marine
herbivores, incorporated into window screen. Peyssonnosidg was dissolved in 0.48
mL methanol and added to 10 mL of the artificial food, resulting in a final concentration
of 1 mg/mL whch is approximately 20% of the natural concentratioril.offhe full

natural concentration was not used due to constraints on the total amount of compound
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available for ecological studies. Controls were prepared by using an equivalent amount of
solvent in he artificial food mix.After approximately 50% of the control or treated food
available to any given hermit crab was consumed, the-doathining window screens

were removed and analyzed for total amount consumed of each treatment by counting the
numberof empty squares versus total that started with food, analyzing with-tailed

t-test. Replicates where crabs ate less than 10% or more than 90% of the total food
available to them were excluded. Of the 36 crabs housed individually for the assay, 16

produced usable results.

3.5.6 Computational procedures.

3D models for the two putative diastereomers of peyssonnosidel)A (
(18 2R, 368,48 58, 1S 3R,65 7R,105 115 14S and
18,24, 38 48,58 ,1R,3S6R,7S10R 11R,14R) were generated using Spartan 2.
Conformational search was performed using molecular mechanics force fields with the
Monte Carlo algorithm implemented in Spartan 10. Similarly, conformational search was
also performed using Conflex 7 software with BinltMMFF94S force field>® Taken
together, 4860 and 2372 conformations were generated for
18,248,388 48 58, 1S 3R, 65 7R, 105115 14S and
18 28R, 38 48 58, 1R, 3S6R,7S10R,11R, 14R respectively, within 10 kcal/mol. The
geometries of all conformers were sequadhyt optimized using the Gaussian 09 package
at PM&2%, PM722 evel followed by B3LYP828 functional using 1G5 287and 6
31G* basis setg>? each time selecting the conformers within a 10 kcal/mol window for

the geometry optimizations at next higher level of calculatidespite theuse of PM6
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and PM7 for initial conformational optimizati#ti which are cmparatively low level
calculations, the number of conformations analyzed at B3L-2B(3 were substantially
high: 1410 conformers for & 23, 384858 ,1S3R 6S7R,10511S514S and 583
conformations for 8 24,38 4858, 1R,3S6R, 7S 10R,11R 14R. Boltzmann population
distribution was obtained for the Gaussian optimized conformers mentioned above.
Conformers with population greater than 1% at B3LYBMBS* level were subjected to
further geometry optimization using B3LYPEA1++G (2d,2p) level of #ory
(polarization continuum model with DMSO as solvéft)Calculated frequencies were
used to confirm that the optimized geometries were true minima (no imaginary
frequency). The resulting geometries along with their respective Boltzmann population
wereused to calculate the weighted distance between protons of interest for comparison
with interproton distances obtained from ROESY spectrum, to calculate VCD, specific
optical rotation and NMR shielding tensors using the GIAO metfibbhe calculatedH

and *C NMR shielding tensors were scaled against experiméhtaard °C NMR

chemical shift value$!

3.5.7 Experimental interproton distances from 2D ROESY NMR spectrum for

peyssonnoside A (1).

The 2D ROESY NMR spectrum fat was acquired using a spin lock of 200 ms
and a relaxation delay of 10 s. Interproton distances were obtained from a 2D ROESY
experiment using equation 1 mentioned in the main text where average of thpeakss

intensities betwen methylene protonsx#2 (U 0.85, 2.16 ppm) and4b (h  1.15,
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1.96 ppm) were used as . PANIC was used where the irradiated peak in each slice of

the 2D ROESY NMR spectrum was $&t20,000 units (FigueeA40  A48).

3.5.8 Interproton distances for lowest energy conformations obtained from DFT

calculations for peyssonnoside A (1).

Interproton distances for each conformer were weighted using the equation:

n
i

wherei repesents the interproton distance of interest in conforimandr) is the
relative Boltzmann population of conformierTropps equation was used to account for

protons in a methyl group using averaging>* 2°¢
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CHAPTER 4. | SOALTION AND CHARACTERIZATION OF
ANTI-MYCOBACTERIAL NATURAL PRODUCTS FROM A
MARINE SPONGE PETROSIASP.

4.1. Abstract

Tuberculosis (TB) is a dreadful infectious disease and a leading cause of mortality

and morbidity worldwide, second in 2020 only to severete respiratory syndrome 2
(SARSCow-2). With limited therapeutic options available and a rise in multidrug
resistant tuberculosis (MDRB) cases, it is critical to develop antibiotic drugs that
display novel mechanisms of action. Bioactiwifyided fradbnation employing an
Alamar blue assay (MABA) foMycobacterium tuberculosiévitb) strain H37Rv led to

the isolation of durynel@) as a promising antuberculosis (arHTB) compound from a
marine spongePetrosia sp. sampled in the Solomon Islands. Additionally, four new
strogylophorine meroditerpene analogdes along with six know strongylophorinés

12 were isolated from the béative fraction and characterized using MS and NMR

spectroscopy.

4.2. Introduction

Tuberculosis (TB), a contagious bacterial disease caused/ympobacterium
tuberculosigMtb) resulted in 1.3 million mortalities in 2020 alof¥€More than a billion
people have succumbed to TB over the past 200 years, a death toll that exceeds the

combined deaths from malaria, plague, influenza, HIV/AIDS, cholera, and sm#&tpox.
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Infection withMtb is associated with a long asymptomatic (latent) stage that can progress

intoanactive disease stat?® during a personos

Bacillus CalmetteGuérin (BCG) is the only licensed vaccine against T8 stands
as a key preventative treatment since its development in?9BCG is the most widely
used vaccine worldwide and has a universal neonatal vaccination policy HTBHgh
burden countrie$’ It is effective against the developmentMfb infection (latent TB)
into TB disease and protects agaikkb infection as welP°* However, the vaccine has
limited efficacy with vastly variable results @0 % effectiveness) depending on factors
including strainlevel variation in different BCG preparationfiluman population
differences associated with genetic or nutritional factors, and environmental exposure

such as sunligh®

The recommended treatment for the active state of TB consists ehanth
regimen of a combination of fidine drugs, successful in 85% of cases (data2019):
isoniazid, rifampicin, ethambutol, and pyrazinamitfeHowever, there is a lack of drugs
in the pipeline for effective treatment of multidrcggistant TB (MDRTB). MDR-TB
develops in patigs upon failure to adhere to the complicated firs¢ drug treatment
regimen administered over an extended period of tfftiEreatment of MDRTB requires
a second line of drugs that are comparatively less effective, have prolonged treatment
regimens (up to 24 months), are morepensive, and have severe siftects?®’
Additionally, treatment success using sectind drugs decreases substantially for
patients who are older, are further in their disease progression, are also infected with

HIV, or have undergone previous TB treatment. Thesaell as other factors explain
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why MDR-TB has a low treatment success rate, posing serious risks for individual and

public health?%®

Terrestrial and marine organisms harbor a wide variety of bioactive molecules that
have been the source of numerdeBA-approved drugs. 2% Almost 56% of all
antibacterial medications approved between 1981 to 204 either natural products or
their derivatives. In fact, major anliB drugs including rifampin (belonging to the
ansamycin class of polyketides) and the aminoglycosides were derived from soil bacteria
Amycolatopsis rifamycinicand Streptomyces griseusespectivel\?°*302 Several natural
products have shown promising ami activity and with their mechanisms of action
already elucidated, hold great potential féurther development as viable drug
candidate$®® ***For example, sansanmycirgy ére nucleosidypeptide natural products
that target enzymes involved in the biosynthesis of lipid I, requiredtbrcell wall
formation Figure 26).3%° Similarly, teixobactin If), a peptide natural product produced
by the soil bacteriunileftheria terraeinhibits cell wall synthesis ittb by binding to
lipid 1 and lipid 111.3°® The thiopeptide antibiotic micrococcin P&, (produced by
Staphylococcus equoryrinhibits protein synthesi€’ Lipiarmycin A3 @, produced by
Catellatospora sp.), etnangien ¢ isolated from the myxobacteriunSorangium
cellulosum) impart their antiTB activity by impeding the bacterial RNA polymeraSe.

310 The cyclic peptide griselimycirf)and its analogs are highly active agaivsb both
in vitro as well agn vivo and function by inhibiting the DNA polymerase sliding clamp
(DnaN)3! Rufomycin (g, a cyclic heptapeptide fronStreptomyces atratustrain

MJM3502) targets the caseinolytic protein C1 (ClpC1) ATPase which is vital for protein
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degradation inMtb.3*? Pyridomycin b) is a depsipeptide produced bStreptomges
pyridomyceticughat obstructs mycolic acid synthesisNhtib by inhibiting the NADH
dependent enoy(Acyl-CarrierProtein) reductase Inh#3 The marine sponge
Acanthatrongylophorasp. metabolite manzamine A)(and its synthetic derivativé-
cyclohexamidomanzamine A)(inhibit shikimate kinase fronMtb which is essential for
bacterial survivat* Chrysomycin A k, produced bySterptomycessp.), a Garyl
glycoside that belongs to the gilvocarcin family of natural products inhibits

topoisomerase | d¥ltb.3®

o NH, HO—
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Figure26. Natural products with promising afiB activity and established mechanisms
of action9%314

Although substantial research has been devoted to development of newB anti
agents, it is concerning that over the last three decades only two new drugs (approval of
bedaquilinan 2012 by the U.S. Food and Drug Administration and delamanid in 2014 by

the European Union) have been added to combat WIBR 192 Considering the
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promising antiTB activity and mechanisms of action that have been revealed for several
natural products, a greater interest and investment in natural prbdisets lead
optimization may help addss the health crisis caused by MIDR. In the current study,

we explored natural products from a Solomon Islands collection of the marine sponge
Petrosiasp., leading to identification of new and known natural products with promising

anti-TB profiles.

4.3. Results and Discussion

20-0-methyl strongylophorine-15 (3): 26R
20-O-methylated 26S-0O-ethylstrongylophorine-16 (1) 20-O-methylated 26R-0O-ethylstrongylophorine-16 (2) 20-O-methyl strongylophorine-16 (4): 268

COOH

Strongylophorine-1 (7) Strongylophorine-3 (8) Strongylophorine-4 (9)

OH OH

A\
V.

Strongylophorine-15 (11): 26R
Strongylophorine-9 (10) Strongylophorine-16 (12): 26S Duryne (13)

Figure27. Natural products isolated from the bioactive fractionBetfosiasp 316319
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Bioassay of several hundred marine mamrganism extracts sampled in Fiji and
the Solomon Islands under the National Institutes of Health (NIH) funded International
Cooperative Biodiversity Groups (ICBG) program showed that the hexanes and
dichloromethandDCM) soluble fractions, generated from extracts of a Solomon Island
marine spongdetrosiasp. were bioactive againdfycobacterium tuberculosiéVitb)
strain H37Rv. The bioactive hexanes and DCM soluble fractions were subsequently
chromatographed on disa gel normal phase column. Followed by an-diibioassay,
two chromatographic fractions were prioritized and subjected to normal phase, followed
with reversed phase HPLC separation to furnish five new strongylophorine analbigues (

5), knownstrongylophorines6 11), and a known linear acetylet8 (Figure27).

20-O-methylated 26-O-ethylstrongylophorind6 (1) and 200-methylated 2B-
O-ethylstrongylophorinel6 (2) were isolated as colorless solids and sholtednd*C
NMR spectroscopic features that resembled strongylophorine meroditerpene compounds
previously reported froniPetrosia corticataand Strongylophora strongata (Table 61
7).320: 321igh resolution mass spectrometric (HRMS) datali& revealedn/z455.3155
[M+H] " and 455.3154 [M+H] respectively, suggesting a molecular formula gH3404
for both compounds. A sharp singletliat3.74 ppm (integration of 3 H atoms) observed
in both*H NMR spectra clearly suggested thaR were 260-methylated analogues of
26-O-ethylstrongylophorind 6 (Figure 27). The planar structures dfi 2 were further
supported with key COSY and HMBC correlatiofialfle 6i 7, Figure 28). Finally, 1D
rotating frame Overhauser effect spectroscopy (1D ROESY) revealedithavere

epimeric at €26 (Figure28).
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Table6. NMR spectral data fd20-O-methylated 26:O-ethylstrongylophorind6 (1) acquired in
CDCk using an 800 MHz instrument.

position  Uc Ui(mult, 3 Hz) COSsYy HMBC
la 40.5 (CH) 1.07m H-2a, H2b C-9,C-10, G24
1b 2.24m H-2a C-2,G3, G5, C10, G24
2a 22.4 (CH) 1.52m H-1a, H1b, H-3a C1,C3,C4
2b 2.25m H-1a, H3a, H3b C-3,C4,C10
3a 40.5 (CH) 1.34m H-2a, H2b C-2,C4,C5,C26
3b 152m H-2b C-1,G2,C4,C5,C26
4 36.8 (C)
5 48.7 (CH) 1.02 dd (13.0, 3.7) H-6a, H6b C-1, G3, C6, G24, G26
6a 19.8 (CH) 1.58 m H-5, H-7b
6b 2.17m H-5, H-7a, H7b C-4,GC5,G7,G8,C10
7a 39.1 (CH) 0.91m H-6b
7b 1.75dt (12.8, 3.3) H-6a, H6b C-5,G6,C8,C9,C-23
8 36.5(C)
9 57.3(CH)  0.96dd (12.5, 1.4) H-11a, H11b C-1,G8, G11, G14, G23,G24
10 37.3(C)
1la 18.9 (CH) 1.24m H-9, H-12a, H12b
11b 1.85brd (13.8) H-9, H-12a C-8,C9, C12,G13
12a 41.7 (CH) 1.61m H-11a, H11lb C-9,C-13, G22
12b 2.05dt(12.5,3.0) H-11a, H11lb C-9, G11, G13, G14, G22
13 76.5 (C)
14 52.5 (CH) 1.61m H-15a, H15b C-9, G15, G16, G22, G23
15a 22.8 (CH) 259 m H-14 C-13, G14, G116, G17,G21
15b 259 m H-14 C-13, G14, G16,C-17, G21
16 122.9 (C)
17 147.3 (C)
18 117.6 (CH) 6.67d(8.7) C-15, G16, G17, G20
19 113.3(CH) 6.65dd (8.7, 2.3) C-17, G20, G21
20 153.1 (C)
21 114.4 (CH) 6.61d(2.3) C-15, G17, G19, G20
22 20.9 (CH) 1.15s C-12,C-13,G14
23 15.6 (CH) 0.90s C-7,C8,C9, C14
24a 62.4 (CH) 3.25d (11.6) C-1, G5, C10, G26
24b 4.10dd (11.5, 2.6) C-1,C5,C26
25 23.4 (CH) 0.87s C-3,C4,C5,C26
26 1045 (CH) 4.27s C-3,C5,C24
27a 62.8 (CH) 3.35m H-28 C-26, G28
27b 3.69m H-28 C-26, G28
28 15.6 (CH) 1.20t(7.2) H-27a, H27b c-27
55.9 (OCH) 3.74s C-20
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Table7. NMR spectral data f@20-O-methylated 2B-O-ethylstrongylophorind6 (2) acquired in

CDCk using an 800 MHz instrument.

position  {c Ukigmult, 3 Hz) COoSsY HMBC
la 405(CH) 1.12m H-2a, H2b
1b 2.20dd (13.6, 6.5) H-2a, H2b C-2,G3, G5, G10
2a 22.3 (CH) 1.48 m H-1a, H1b, H3a, H3b C-4, G10
2b 2.34m H-1a,H-1b, H3a, H3b C-1, G3
3a 35.4 (CH) 1.08 m H-2a, H2b C-2,G4,G26
3b 2.03dd (13.5, 6.1) H-2a, H2b C-1,G2,CG4,GC5
4 36.1 (C)
5 515(CH)  1.14d(12.6) H-6a, H6b
6a 18.0 (CH) 1.63m H-5, H-7a, H7b C-4,CG7,GC8, G10
6b 1.63m H-5, H-7a, H7b
7a 39.0(CH)  1.00ddd (13.2, 13.2, 4.0) H-6a, H6b
7b 1.81 dt (13.0, 3.3) H-6a, H6b C-5, G6, C8
8 36.2 (C)
9 57.0 (CH) 1.01d (12.5) H-11a, H11lb C-1, G7,CG8, CG10, G111, G14, G23,G24
10 37.3(C)
11a 19.1(CH)  1.22m H-9, H12a, H12b
11b 1.87 brd (13.8) H-9, H12a, H12b
12a 41.8 (CH) 1.61m H-11a, H11b C-13
12b 2.05dt (12.7,3.2) H-11a, H11b
13 76.2 (C)
14 52.7 (CH) 1.63m H-15, H15b C-7,G8, G13, G15, G23
15a 23.0 (CH) 2.60 m H-14 C-13, G14, G16, G17,G21
15b 2.60m H-14 C-13, G14, CGl16, C17,CG21
16 122.6 (C)
17 147.1 (C)
18 117.7(CH)  6.67d (8.8) C-16, G17, G20
19 113.2 (CH)  6.66 dd (8.9, 2.8) C-17, G20
20 153.0 (C)
21 114.5(CH)  6.61d (2.6) C-15, G17, G19, G20
22 21.1 (CH) 1.15s C-12,G13,CG14
23 16.0 (CH) 0.90s C-7,G8,C9, G14
24a 68.0 (CH)  3.58d(12.1) C-1, G5, G10, G26
24b 4.07 dd (11.6, 2.7) c1
25 235(CH)  0.80s C-4, G5, G26
26 104.9 (CH) 4.43s C-3,G27
27a 65.2(CH)  3.47m H-28 c-26
27b 3.86m H-28 C-26
28 156 (CH)  1.20t(7.0) H-27a, H27b c-27
55.9 (OCH) 3.74s C-20
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Figure 28. Left: Key COSY (norwedge bold lines), HMBC (blue arrows), Right: Key
1D ROESY (pink arrows) correlations fti 2.

20-O-methyl strongylophorind5 @) and 20-O-methyl strongylophorind6 @)
were isolated together as a mixtFegure27). While 3 and4 were clearly separable in
the HPLC time frame, upon drying (over a time span of fewdjoa 1:1 mixture was
generated due to the spontaneous epimerization-28 &s observed witAtH NMR
spectroscopic dateFigure A62). HRMS data 1fi/z 427.2841 [M+H] accounting for a
molecular formula of &H3sO4) together withtH NMR spectroscopic datalfarp singlet
at U+ 3.74 ppm with an integration of 3H atonwgarly indicated thaBi 4 were 20-O-
methylated analogues of strongylophorinel5 (11) and strongylophoringé6 (12)
respectively Figure 27).322 The planar structure and the relative configurations-a6C
for 3i4 was deduced with a combination of COSY, HMBC, and 1D ROESY NMR

spectroscopic datd&igure28, Table ALl 12).
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Two distinctive aldehyde protons appeared as sharp singlets at 9.76 and 9.79 ppm
for distrongylophorine A%) and were suggestive of a new dialdehyde analogue of the
strongylophorinedimer, distrongylophorine &).3” Further interpretation with HMBC
NMR spectroscopic data clearsuggested that the two aldehyfimctionalities were
positioned at €6 and G26gFigure 30). The relative configuration of the aldehyde
functionalities were revealed with 1D ROE®Xperiments wherein a ROESY correlation
was observed between2#/H-26 and H24dH-26a2'H, 1*C NMR chemical shifts fos,
along with their corresponding COSY and HMBC correlations has been repoftedien
A13. Finally, the identities of known natural produc&® 13 were confirmed by

comparing their HRMStH, and'C data with existing literaturg&?® 317

¥ X ROESY

Figure29. Left: Key COSY (norwedge bold lines), HMBC (blue arrows), Right: Key
1D ROESY (pink arrows) correlations 8ir4.

101



Figure30. Key COSY (bold lines), HMBC (blue arrows), Right: Key 1D ROESY (pink
arrows) correlations fds.

Table8. Anti-TB activity of duryne 13) and some clinically used aitB drugs

Compound MIC g0 (eM) @
MABA assay” LORA assay®
Duryne (3) ¢ 1.4+0.0 1.0:0.1
Linezolid 0.95 17
Pretomanid 0.19 2.0
Isoniazid 0.23 >128
Rifampicin 0.04 0.09

aAverage of two independent experiments with standard error of mea®. for
®MABA: Alamar blue assay,LORA: low-oxygen recovery assay

Assessment of purg, 3i 4, 3i4, and13in a Alamar blue assay (MABA¥howed
that 13 was potently active against the virulent stram37Rv) of Mycobacterium
tuberculosis(Mtb) with an MIGyo of 1.4 ¢eM, comparable to the tuberculosis drug
linezolid (0.95eM, Table 8).2”® As MABA represents the rapidly growing state Mtb
and does not recapitulate theonreplicating persistence physiological state of the
bacteria, a lowoxygen recovery assay (LORA) was also emploi@d?*Interestingly,
duryne (3) retained its promising baxtivity in a LORA assay as well and had a MC

of 1.0eM (comparable with the MIgg for linezolid and pretomanjdable8). However,
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13 was not active againsdycobacterium abscessasdMycobacterium aviunidata not
shown). Whilel3 hasbeen reported to be cytotoxic against P388 murine leukemia, colon
(HCT-8), lung (A549), mammary (MCF7), and HelLa cervical cells{k0.2eM), we

found that 13 was notably nottoxic towards Vero cell§(ICso 26 £M).318 319 |n
conclusion, considering the low success rate on finding new molecules that Mifubit

13 and its analogues stand as promising candidates for further evaluation into their anti

TB mechanism of action, despite their cytotoxiéa§ 325327

4.4. Experimental Procedures

4.4.1 General Experimental Procedures

All NMR spectroscopic data (1D and 2D) were acquired on a 18.8 T (800 MHz
for *H and 201 MHz for*C) Bruker Advance IlIHD instrument equipped with a 3 mm
triple resonance cryoprobe or a 16.4 T (700 MHzf$rand 175 MHz for3C) Bruker
Advance IIIHD instument with a 5 mm indirect broadband cryoprobe. GD@zs used
as the NMR solvent for all samples and referenced to residual solvent peaksl (ic).
NMR spectroscopic data were processed and analyzed using MestReNovaHig9.4.
resolution mass speotnetric data were acquired in a Thermo Scientific OrbitragX1D
instrument. Both normal and reversed phase HPLC chromatographic separation were
performed using a Waters 1525 binary pump coupled with a Waters 2996 photodiode

array detector and a Altech 880aporative light scattering detector.

103



4.4.2 Specimen Collection and Species Identification

The marine spongPetrosiasp. (G323) was collected in 2016 off Kuri Point
near Munda, New Georgia Island, Solomon Islands ?8¢85. 7% & 15713®#4.43 &t a
depth of 17 m. It was found growing on a reef slope, appeared as fingerlike projections,
and had no centrangulates. The sponge sample had a hard texture with a greenish grey
exterior and a beige colored insideigqure A60). Morphological and DNA voucher
samples were deposited in formalin and molecular grade ethanol respectively and stored
at University of South Pacific, Suva, Fiji. The sponge ugerwas assigned by

morphological and chemotaxonomic comparison with literafi§ré?®

4.4.3 Isolation and Characterizationf Natural Products

Petrosia sp. (1000 g wet weight) was extracted with dichloromethane and
methanol to furnish 11.8 g of crude extract. Liquid/liquid partitioning of the extract
between 9:1 methanol/water and hexanes furnished 0(Bly of hexanessduble
fraction. The methanol/water layer was adjuste@:8wateymethanoland partitioned
with dichloromethane resulting in 8.0(§2) of dichloromethaneoluble fraction. Finally,
the methanol/water layer was partially evaporated to remove all traces anoletind
the remaining aqueous solution was partitioned wibutanol to furnish 0.4 g of-
butanolsoluble fraction. The hexanssluble fraction was subjected to normal phase
silica gel column chromatography (17 g of 2800 mesh silica gel) eluting with hexanes
to ethyl acetate (step gradient), followed with ethyl acetate to methanol (step gradient) to
furnish 17(F1.7' F1.17) fractions. Similarly, 2.1 g of dicholormethane soluble fraction
(F2) was also subjected tormal phase silica geblumn chromatography (55 g of 230
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400 mesh silica gel) with hexanes to ethyl acetate (step gradient), followed with ethyl
acetate to methanol (step gradient) to furnisRILTZ F1.11)fractions.Fractions F1.5
(78 mg) and F2.4 (365 mg) resulting from the abmentiored silica gel colunibased
fractionation of the hexanes and dicholoromethswiable liquid/liquid partition
fractions respectively, were prioritized for further separation based on their promising

ant-TB activity on a MABAMtb bioassay

F1.5 (40 mg) was separated in a normal phase Lupan(3.00 A, 4.6x250 mm)
silica HPLC column using isocratic 1:9 ethyl acetate/hexaneastonen, followed with a
gradient of 1:9 ethyl acetate/hexanes to 1:1 ethyl acetate/dichloromethane over 20 min
(solvent flow rate = 1 ml/min). Eighteen fractions were generated (FEB3.18) of
which F1.5.3F1.5.7 R = 5/ 9.5 min) contained purd while F1.5.8F1.5.9 R = 9.5
11.5 min) had partially purke F1.5.3 was quantified with gNMR (0.22 mgX)fand used
for bioassay. A portion (~ 0.4 mg) of F1.5.50:5 mg) was subjected to reversed phase
HPLC separation (ZORBAX SE18, jum, 4.6x250 mm colum) starting with a
gradient of 1:9 water/acetonitrile to 1:1 ratio of 1:9 water/acetonitrile and 1:9
acetonitrile/isopropanol over 12 min, followed with isocratic 1:9 acetonitrile/isopropanol
for 6 min (solvent flow rate = 1.0 ml/min) and elutténd2 at 146 min and 12.6 min
respectively. While NMR and HRMS characterization data f@r were acquired
immediately after isolation, quantification @f for bioassay was not feasible due to
compound degradation issues when stored over a week (we believe thadaiooxvas
the reason for degradation). A portionl(+ng) of F1.5.16 (eluted betweeni 16 min in

the preceding HPLC separation, ~ 2 mg) was subjected to reversed phase HPLC
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separation (ZORBAX SEC18, Jum, 4.6x250 mm column, monitored with ELSD) with a
gradient of 1:9 water/acetonitrile to 1:1 ratio of 1:9 water/acetonitrile and 1:9
acetonitrile/isopropanol over 15 min elutid® (0.13 mg, quantified with gNMR and

used for bioassay) at 12.3 min (solvent flow rate = 1.0 ml/min).

F1.5 (38 mg) was subjected to sepnéparative (Alltima Silica, pm, 250x10
mm) silica gel HPLC column based separation using isocratic 1:9 ethyl acetate/hexanes
over 3 min, followed with a gradient of 1.9 gthacetate/hexanes to 1:1 ethyl
acetate/dichloromethane over 7 min, and isocratic 1:1 ethyl acetate/dichloromethane for
20 min (solvent flow rate = 2.0 ml/min) to generate 34 fractions (FEREL15.34L A
portion of fraction F1.5.1&eluted between 16.06.5 min in the preceding seipiep
HPLC separation step) was purified on a ZORBAX-GB3, um, 4.6x250 mm HPLC
column with solvent gradient starting at 1:9 water/acetonitrile to 1:1 ratio of 1:9
water/acetonitrile and 1:9 acetonitrile/isopropanol overmiib (solvent flow rate = 1
ml/min) to isolate an epimeric mixture 8fand4 (0.18 mg, quantified with gNMR and
used forbioassay) at 8.5 mirA portion (~ 0.9 mg) of F1.5.§~ 2.2 mg) was subjected
to HPLC purification on a ZORBAX SE18, Jum, 4.6x250 mm column using a solvent
gradient 1:9 water/acetonitrile to 1:1 ratio of 1:9 water/acetonitrile and 1:9
acetonitrile/isopropanol over 15 min (seht flow rate = 1 ml/min) leading to the elution
of 7 (0.32 mg, quantified with gNMR and used for bioassay) at 7.6 min. A portion of
F1.5.1&¢eluted between 15.46.0 min in the preceding seipiep HPLC separation step
and weighed ~ 5.9 mg on an analytibalance) was quantified with gNMR (contained

1.7 mg of10) and used for bioassay.
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Fraction F2.4 (163 mgwas subjected to normal phase semi preparative HPLC
separation on a Alltima Silica,un, 10x250 mm column and generated 36 fractions
(F2.4.1 F2.4.36). A portion (~ 0.9 mg) of F2.4.16 (~ 3.6 mg) was subjected to reversed
phase HPLC (ZORBAX SEC18, Jum, 46x250 mm column) using a solvent gradient of
1:9 water/acetonitrile to 1:1 ratio of 1:9 water/acetonitrile and 1:9 acetonitrile/isopropanol
over 12 min, followed with isocratic 1:1 ratio of 1:9 water/acetonitrile and 1:9
acetonitrile/isopropanol for 6 mirluting 5 at 14.4 min % was not subjected to
guantification or bioassay due to degradation issues). A part (~ 2.9 mg) of F2.4.19 (eluted
between 16.1016.5 min in the preceding semi preparative HPLC separation step, 47 mg)
was subjected to a ZORBAX SB18,5um, 4.6x250 mm HPLC column separation using
a solvent gradient 1:9 water/acetonitrile to 1:1 ratio of 1:9 water/acetonitrile and 1:9
acetonitrile/isopropanol over 12 min (solvent flow rate = 1 ml/min) gi8n@r = 4.3
min, 0.54 mg, quantified with gNMRnd used for bioassay) aBdR: =10.8 min, 0.44
mg, quantified with gNMR) respectively. Distrongylophorir® {(vas not subjected to
bioassay due to degradation issues. A portion (~ 1.3 mg) of F2.4.16 (~ 3.6 mg) was
subjected to reversed phase HPLC (ZORB3B-C18, Jum, 4.6x250 mm column) using
a solvent gradient 1:9 water/acetonitrite 1:1 ratio of 1:9 water/acetonitrile and 1:9
acetonitrile/isopropanol over 12 min (solvent flow rate = 1 ml/min) elu@ir@.14 mg,

guantified with gNMR and used for bisay) at 6.0 min

107



4.4.4 Anti-mycobacteriabioassay

The 96 wel Microplate Alamar Blue Assay (MABA) and.ow-Oxygen
RecoveryAssay (LORA) to assess ailtB activity were conducted usiram established
protocol While MABA is aquantitativeassay thaevaluatedrug susceptibilityof any
replicatingMtb strain, LORA assay mimics hypoxic conditions by using a recombinant
strain ofauto bioluminescendd. tuberculosisstrain that expresses the entire Lux operon
(luXCDABE).23% 331 A virulent strain ofMtb (H37R\) was used for the MABA assay.
MIC was defined as the lowesoncentration of a extract or pure compound needed to

observe a O 90% inhibition.

4.4.5 Cytotoxicity assay

Green monkey kidney cell§/éro cell CCL-81) were used to assess cytotoxicity.
CellTiter 96 aqueous nonradioactive cell proliferation assay was used to quantify cell

viability. 332
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CHAPTER 5. CRYPTIC CHEMICAL VARIATION IN AN
UNDERSTUDIED MARINE RED ALGA AS REVEALED BY
UNTARGETED METABOLOMICS

5.1. Abstract

Many cryptic marine algae occupy habitats that are dark, deep, or encrusted on
other organisms and hence frequgmiverlooked by natural product chemists. However,
exploration of understudied organisms can lead to unique opportunities for drug
discovery. Genetic variation at the individual, species, genus, and population levels as
well as environmental influences gene expression enable expansion of the chemical
repertoire associated with a taxonomic group, presenting opportunities for natural product
exploration using innovative analytical methods untargeted LC/MS andH NMR
spectroscopypased metabolomic study of 32 collections of representatives of the
calcareous red algal genBsyssonnelidrom coral reef habitats in Fiji and the Solomon
Islands revealed significant correlations between natural products chemigingepty,
and biomedically relevant biological activity. Hierarchical cluster analysis of LC/MS data
in conjunction with NMR profiling and MS/MS based molecular networking revealed the
presence of at least four distinct algal chemotypes within the d&ygsonnelia Two
Fijian collections were prioritized for further analysis, leading to the isolation of three
novel sulfated triterpene glycosides with a rearranged isomalabaricane carbon skeleton,
guided by the metabolomic data. The discovery of peyssobasibes AC (15 17)
from two Fijian Peyssonneliacollections, but not from closely related specimens

collected in the Solomon Islands that were otherwise chemically and phylogenetically
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very similar, alludes to populatidevel variation in secondary metate production.
Our study reinforces the significance of exploring unique ecological niches and

showcases marine red algae as a chemically rich treasure trove.

5.2. Introduction

While many have shown that genes predict phenotype, it is also clear that the
environment interacts unexpectedly with genetics to drive gene expression, protein
translation, and finally biosynthesis of metabolites which are the ultimate products of
living systems. Metabolomics has the potential to define the vast universe of chemical
diversity arising from metabolic activity among the millions of unique organisms on
Earth. Metabolic responses of living cells to disease, to other cells, and to their
environment act as multipliers of existing genetic diversity, further expanding the
chemt a | diversity of Earthoés gl obal met abol ¢
diversity is expected to bring cures for diseases, solutions to environmental threats, and a
predictive understanding of the rules that govern biology at the chemicalllreedfect,
metabolites are the words to a compieit so far only partly decipheretl language of

life on Earth.

The marine red algal gen®gyssonnelidgs globally distributed in tropical to warm
temperate habitats, forming an integral part of many meareef ecosystenid> 334
Peyssonnelias the most speciasch genus in the family Peyssonneliaceae with 89
currently recognized speci&S.Along with other calcareous algae, they deposit calcium
carbonate, bind adjacent substrata, and act as a barrier against erosion, hence contributing
to the overall construction and maintenance of the reef framework. The calcareous
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surface ofPeyssonnelidnas been found to facilitate the settlement and metamorphosis of

coral larvae which in turn aids the buildup of coral réé&s.

In tropical coral reef environments, micro and mamrganisms including
Peyssonneliapp. facestrong pressure for survival and reproduction. As reef ecosystems
are spacdéimited yet speciesliverse, Peyssonneliaspp. are often found growing in
proximity with other encrusting algae and invertebrates, resulting in competition for light,
substrate, @d nutrients. In addition, benthic organisms are frequently confronted by
voracious marine grazers such as herbivorous fishes and sea urchins, as well as by
diseasecausing microorganisms. Notably, a microbial infection calRalssonnelia
Yellow Band Disase (PYBS) has detrimental effects @&®yssonnelid®’ Hence,
members of th@eyssonneligenus, like other benthic species in coral reef settings, face
intense pressure to evolve resistance to various threats from disesssy

microorganisms, grazers, and competitors.

Production of defensive secondary metabolites is an important mechanism
employed by many sessile marine organisms as a deterrence against enemies such as
predators and pathogehsAdditionally, as Peyssonneliaspp. thrive in challenging
underwate terrains comprised of caves and crevices with poor light penetration and thus
limited photosynthesis, the replacement of damaged algal tissue may in fact be especially
metabolically expensive, increasing the value of chemical defenses that protect tissue
from attack. The secondary metabolisnPPefyssonneliagpp. is understudied, with reports
of only 14 natural products representing five structural classes t3*tiatd; 260 261, 338

This lack of attention by natural product chemists can be attributed to the cryptic and
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encrusting nature dPeyssonneliapp. along withlthe difficult terrains that these species
inhabit, making specimens challenging to collect in bulk. Nevertheless, the previously
described molecules frofeyssonnelidelong to diverse biosynthetic classes, represent
unusual carbon skeletons, and show psarg biological activities relevant to human
disease&®l: 338340 Taken together, we hypothesize that understudied algae like those
represented by the genBsyssonneliawith rich genetic and morphological diversity, are
strong candidates for exploration of secondary metabolism which may be further

diversified by the nusual ecological niches where they thrive.

As a tool for uncovering cryptic variation in metabolism, untargeted metabolomics
has been successfully applied to study natural product diversity and to prioritize for more
detailed study specimens that are ueidn their secondary metabolite profifgs. 34t 342
Untargeted metabolomics may be especially useful for exploration of understudied
organisms such aBeyssonnelispp., enablinglassification of specimens according to
similar chemical profiles which can be exploited to uncover rare genetic variants of
specimens that are phenotypically indistinguishable. Prioritization of specimens using
metabolomics is gradually becoming estdi#i$ as a critical step in drug discovésy,
where conventional bioassgyided fractionatio often leads to rediscovery of known
compounds. Finally, effects of habitat and ecological interactions on gene expression of
secondary metabolites can also be captured by metabolomic analyses of specimens
occupying variable ecological niches. Herein, wpply untargeted metabolomics
analyses combining MS and NMR spectroscopy to reveal the promise of natural products

from cryptic marine red algae of the geeyssonnelia
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5.3. Result and Discussion

To interrogate the chemical diversity and bioactivity heeddoy red algae of the
genusPeyssonnelia32 collections from coral reef habitats in Fiji and the Solomon
Islands were selected, representing a range of morphological traits. The most apparent
feature that differentiated the specimens was their degresl@fication, whereby some
collections had a leafy, papkie or leathery consistency, whereas others had a crunchy,
potato chip, or cemetlike texture that depended on the extent of calcificatigure
31, Figure ALOQ). Other differences included variable color, tissue thickness, blade size
and extent to which the alga was encrusted on other organisms. Based on the substantial
morphological variation observed for our 32 collections, we speculated that our sample
set represented multipleeyssonneliapecies and populations, enabling insigit the

underlying chemical diversity.
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Figure31 Top: Photos from time of collection depicting the leafydleathery consistencies

of variousPeyssonneliapp. from Fiji and the Solomon Islands: a). G1205, b). G0986, c).
G0581, d). G0584, and e). G1587iddle left: Collection sites for the 3Reyssonneliapp.
samples.Middle right : Calcified morphology of prioritizedPeyssonneliagspp. collections
from the Solomon Islands (G01163, G1588; red outline) and Fiji (G0311, and G1004; blue
outline). Bottom: Natural products previously reported from red algae of the genus
Peyssonnelig!® 261, 33840

The organic extract of eadheyssonneliaollection was subjected to reversed
phase chromatographic separation to obtain four frac{i@nB), in decreasing order of
polarity. Bioassay and metabolomic analysis were conducted with the twpohaiaty

fractions that were devoid of inorganic salts and the mostpotar lipids. The most
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promising antimicrobial activities against methicHli@sistantStaphylococcus aureus
(MRSA) were associated with collections G0581, G0584, G0408, G1163, G1588, G0311
and G1004 Table9). The midpolarity fraction of G1205 (> 97% inhibition of parasite
growth at a test concentration of &8/ml) was one of the most active hits from our
entire extract library against liver stage malafdagsmodiumberghe). Although not
explored further in the present study because of limited sample availabilityyahaidty
fractions of Peyssonneliacollection G0631 showed strong growth inhibition of
amphotericin Bresistant Candida albicans(ARCA, MICg 2.0 ¢g/ml). Hene, the
promising bioactivity observed with selectedyssonnelidpecimens against a variety of
disease targets illustrated the biomedical potential of this understudied genus. The
bioassay data presented here along with bioactivities previously repottesl literature

are associated with only a small subset of the total chemical diversity harbored by

members of the genleyssonnelia

Table9. Mid-polarity fractions obtained from FZyssonneliaollections shaing mostpromising
antimicrobial activity against methicilliresistanStaphylococcus aure(ldIRSA).

Sample MIC,, (ng/ml)
G0584 B 3.2+0.3
G0584_C 25+2
G0581_B 2.7+0.7
G0581_C 442
G0408_B 7.3+0.2
G0408_C 11.6+0.7
G01163_B 14.2+0.2
G1588 B 38+4
G0311_B 59+1
G0311_C 464
G1004 C 41+4
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B: eluted from HP20SS with 80% aqueous methanol, C: eluted with 100% methanol.

Fractions not shown ifable9 (fractions B and C for remaining of the B2yssonnelia
collections) were tested but found to be inactive at the highest test concentrdti of
eg/ml. Fractions A and D (50% aqueous metilaand 100% acetone eluting fractions,

respectively, were not subjected to bioassay as they primarily contained salts, lipids, and

chlorophyll.
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Figure32. 'H NMR spectra (left) and LC/MS hierarchical cluster analysis (rightjniiol

polarity HP20SS fraction B from 3Reyssonneliaollections complement each other,
illuminating the chemical diversity amor@eyssonnelisspp. sampled in Fiji and the
Solomon Islands.

Hierarchical cluster analysis of the negative ionization mode ISCHdta in

conjunction with'H NMR spectroscopic data revealed rich chemical diversity within the

32 Peyssonneliacollections Figure 32). Not surprisingly, peyssonnoside AL){

containing samples G1163 and G1588, collected from reefs within 100 km of each other



in the Solomon Island and sharing many morphological feattigsiré 31), clustered
together by LC/MShased hierarchical analysis. Unfortunately, phylogenetic comparison
of these two samples using 18S rRNA was eaisible as multiple efforts to extract and
amplify DNA from G1163 were unsuccessful. Interestingly, sample G1588 showed close
phylogenetic relatedness with Fijian collection G0311, with both samples belonging to
the same subluster in the LC/MS based hachical analysis but exhibiting enough
chemical difference to not cluster together when examined at the level of greatest detail
(Figure AL01, Figure 32). Peyssonneliacollections G0311 and G1004 appeared
morphologically and chemically similar based on LC/MS 3HINMR spectroscopic

data, and both asnples possessed high concentrationsl.ofCollectively, the close
association based on LC/MS hierarchical analysis and the presericeno61163,
G1588, G0311, and G1004 was complemented by analogous morphology and close
phylogeneticrelatedness Higure ALO1). However, detailed comparison &ff NMR
spectroscopic data revealed additional complexity, whereby Fijian G0311 and G1004
exhibited comparabléH NMR profiles, distinct from those of Solomon Island G1163
and G1588FKigure32). TheH NMR spectroscopic data for G0311 and G4@ndicated

the presence of multiple anomeric protons &b $pm suggesting the presence of

additional glycosides beyoridand its diglycoside peyssonnosideZ3.4?°

Although Peyssonneliacollections G0581 and GO0584, exhibiting promising
activity against MRSA Table 9), did not cluster closely based on LC/MS hierarchical
analysis using negative ionization mode data for the mid polarity fractidtigBré 32)

and had substantially differefif NMR spectroscopic data, G0581 and G0584 showed
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close association via three other LC/M&sedHCASs that were generated with positive

and negative ionization data for the two mpidlarity fractions from HP20SS
fractionation Figure AL02). Additionally, 18S rRNA phylogenetic analysis along with
morphological similarity and close proximity of these two collections supported the
hypothesis that these samples were geneticddyeck Figure 31, Figure ALO1). A close
inspection of key'H NMR chemical shifts and comparison with existing literature data
suggested the presence of sesquiterpene hydroquir@ie@snboth samplesHigure31,

Figure AL04), supported by their HRMS and NMfata (data not showR)* 2'°Hence,

G0581 and G0584 represented the bioactive sesquiterpene hydroquinone chemotype.
Differences in théH NMR spectroscopic data for G0581 and G0584 could be attributed

to the presence of addinal compounds in both G0581 and G0O5Bi(re AL04).

peyssobaricanoside C (17) peyssobaricanoside D (18)

Figure33. Novel triterpene glycosides peyssobaricanosidd3 (15 18) from marine
red algadPeyssonneliapp.
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Additional subclusters observed in the LC/M&&sed hierarchical analysis were
examined by overlaying their respectitd NMR spectra which uncovered eical
variation present among the B2yssonneli@ollections. As illustrated ifFigure 32, *H
NMR spectroscopic profiles for collectio@l805/G1835, G1804/G1836, G1815/G1834,
G0577/G0578and G1826/G1840/G113Were similar (within each set) and paralleled
with their relatedness as observed in LC/MS bad@&h. Although some interesting
correlatiors were observed between phylogeny and LC/MS bad€h of the
collections, a deeper evaluation was precluded by the lack of phylogenetic data for
fourteen collections because of difficulties extracting and amplifying DNA from heavily
encristed specimensF{gure AL01). Taken together, the LC/MS antH NMR
spectroscopic data complemented each other well and, in conjunction with 18S rRNA
based phylogenetic analysis, increased understanding of the chemical relatedness and

diversity among the 3Reyssonneli@ollections.

To explore the chemical diversity &feyssonneliapp. in greater depth towards
discovering new natural products from pitized collections, we undertook a classical
molecular network analysis on the KM8agmentation data acquired for collections
G0311, G1004, G1163, and G1588 using Global Natural Product Social Molecular
Networking (GNPS) Kigure 34).3*3 The cluster encompassing the diterpentfased
glycoside peyssonnoside family of natural products was readily identifiable, with the
monoglycosidicl detected in all four collections, while the less abundant diglycd&side
was detected in three samples. Interestingly, as suggested by the aratetwbrk data,

previously unknown natural products with similar MSragmentation to the
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peyssonnonsides were exclusively detected in Fijian speci@®3d1 and G1004
(Figure 34). Comparison of M3fragmentation patterns for the molecular ion witlz
717.389 with that ofl (m/z531.265) suggested addsoprenoid aglycone coupled to a
sulfated monoglycosidd-{gure AL03). A production with m/z241 was consistent with

the loss of a sulfated monoglycoside from the parentritay17.389, while groduction
atm/z597 indicated that the molecule underwent a Birds-Alder based fragmentation

at the sulfated monoglycoside, leading to a neutral loss of 118 amu. A separate cluster
(Figure 34) representing molecular ions associated solely with G0311 and G1004 caught
our attention, as several similar intensity ions within this cluster had a mass difference of
2 amu, suggesting the presence of brominated analogsthéorGo isoprenoid
monoglycosides. Consequently, to unveil the identity of these putatvédprenoid
monoglycosides, we embarked on a targeted isolation of natural productsnixith
699.379 and 795.301 which we anticipated to be present at higheznt@tions in

GO0311 based on their relatimbundancemm the LC/MS profiles.
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Figure 34. A: Molecular network analysis for Fijian collections G0311, G1004 and
Solomon Island collections G1163, G1588R#dyssonneliaspp (mid polarity fractions

B). B: MS? fragmentatiorbased molecular ion cluster (each node represents a molecular
ion with color odes signifying the samples in which the molecular ions were detected)
encompassing the peyssonnoside family of natural products. The Fijian samples G0311,
G1004 contain novel triterpene glycosides peyssobaccricanodide (851 17) that
exhibited similar M3 fragmentation to peyssonnosidesB(1i 2).

Peyssobaricanoside A%), a brominated triterpene glycoside/g of 795.301)
along with two analogues peyssobaricanositl€ §16/ 17, m/z 699.379) Figure 33),
were isolated by HPLC from the mjblarity fraction (fraction B) of théeyssonnelia
sample G0311, guided by their LC/MS profiles. BasedH&MS data (/z795.301 [M]
), @ molecular formula of HsoBrO:12S was deduced fdar5. HSQC combined withH
and13C NMR spectroscopic data suggested the presence of eight methyls, ten aliphatic

methylenes, ten aliphatic methines, and eight quatemarters, accounting for the 36
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carbon atoms. The calculated degrees of unsaturation along with the presence of a single
double bond (downfiel#C NMR chemical shifts of 135.3 and 136.6 ppm) indicated that
the molecule contained five ringSable10) . A s har p4.5d @dihiaed= at
7.7 Hz, Hlgeab anomeric proton) and a downfield chemical shift of 104.2 ppm for the
associated carbon, along with multiple proton signalsi &tggpm, were indicative of a
monosaccharide. Vicinal COSY correlations starting from the anomeric prottse H
along with 1D TOGY data acquired by selective irradiation oflédat several mixing

times, revealed the -Hig#i-2a#-3aH-4a-531-6aspin system for the monosaccharide
moiety Figure35). Large vicinal couplings of > 7 Hz were observed for all the methine
protons present in the monosaccharide ring (as revealed by 1D TOCSY irradiation of H
1ee Figure S), characteristic of B-D-glucose moiety. The relatively downfielfC
chemical shift for @2a¢ ¢i= 81.9), compared with-GgC-4aand H5simplied that C2ae

was sulfated, as observed with the peyssonnosides. With eleven carbon atoms to be
accounted for in the downfiefdC region between 6205 ppm, a sulfate moiety atZe
comported with the number of oxygen and sulfur atoms suggestdd fuased on the

HRMS data.
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Table10. NMR Spectral Data for peyssobaricanosidd 2. h CD:OD (800 MHz)

no | lc UH (mutt, JHz) HMBC COSsY
1 22.1 (CH) 1.01s C-2,G3,G7,C-25
2 | 40.8(C)
3 88.9 (CH) 3.42m C-1,GCG2,G7,GCG25,Cke H-4a, H4b
4a | 27.5 (CH) 1.72m C-2,G3, G5, G6 H-3, H-5a, H5b
4b 2.04 m C-2,G3, G5, CG6 H-3, H-5a, H5b
5a | 25.3 (CH) 1.96 m C-3,CG4,G6,CG7 H-4a, H4b
5b 214 m C-3,C-4,G6,CG7 H-4a, H4b
6 | 1353 (C)
7 |136.6 (C)
8a | 25.0 (CH) 1.72m C-2,G6,G7 H-9a
8b 2.13m C-2,G6,G7,G9, G10 H-9a, H9b
9a | 27.0(CH) 1.24 m C-7,G10 H-8a, H8b, H10
9b 1.68 m C-7,G8, G110, G111 H8b, H10
10 | 55.8 (CH) 1.51m C-6, G8, G9, C11, G12, G14, CG15,G26, G H-9a, H9b
27

11 | 47.9(C)
12a | 36.7 (CH) | 1.40m C-10, G11, G26 H-13a, H13b
12b 1.62m C-6, G10, G11, G13, G26 H-13a
13a | 39.2 (CH) 1.28 m C-12, G14, G27 H-12a, H12b
13b 1.67m C-10, G11, G12, G14, G15, G27 H-12a
14 | 48.3(C)
15 | 42.9 (CH) 1.69m C-10, G14, G16, G27, G28 H-28, H16b
16a | 40.1 (CH) 1.62m C-15, G17, G18, G28 H-17
16b 1.57m C-15, G17, G18, G28 H-15, H17
17 | 71.0(CH) 3.97m C-15, G16,C-18, G19 H-16a, H16b, H18
18 | 67.2(CH) | 4.04d (6.7) C-16, G17, G19, G29 H-17
19 | 87.3(C)
20a | 40.3 (CH) 2.18 m C-18, G19, G21, G29 H-21a, H21b
20b 1.88 m C-18, G19, G21, G22, G29 H-21a, H21b
2la | 26.3 (CH) 1.92 m C-19, G20,C-22, G23 H-22, H20a, H20b
21b 1.92m C-19, G20, G22, G23 H-22, H20a, H20b
22 | 87.9(CH) 3.94m C-19, G21, G23 H-21a, H21b
23 | 72.3(C)
24 | 26.6 (CH) 12s C-22,G23, G30
25 | 25.7 (CH) 1.14s C-1,G2,G3,CG7
26 | 29.1 (CH) 1.03s C-6, G10, G11, G12
27 18.5 (CH) 0.75s C-10, G13 C-14, G15
28 [15.2(CH) | 0.94d (6.7) C-14, G15, G16 H-15
29 |21.5(CH) |1.42s C-18, G19, G20
30 [25.8(CH) |1.14s C-22, G23, G24
lee | 104.2 (CH) | 451d (7.7) C-3, C-3C4ee H-2ee
2% | 81.9 (CH) | 4.08dd (7.7,7.7) C-1gC3ee H-1eeH-30
3@ | 77.8(CH) | 3.68dd (8.9, 8.9) C-1eC-2eeC-4ee H-2eeH-4ze
4z | 715 (CH) | 3.42dd (8.9, 8.9) C-6C4e H-3geH-5e
5@ | 77.3 (CH) 3.28 m C-1C-35C-52C-6¢ H-4H-6a, H6d
6@ | 62.7 (CH) 3.68m C-4eC-5¢ H-5
6da 3.86 dd (11.9, C-4C-5¢ H-5

2.4)
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Figure 35. Key A). COSY/TOCSY (bold lines), HMBC (red arrows}). 1D ROESY
(blue arrows) correlations for peyssobaricanosidé3) (

With four rings left to account for, the remaining thirty carbons together with
eight upfield methyl peaks in théH NMR spectrum weréndicative of a tetracyclic
triterpene aglycone fat5 (Table 10). Starting at H3, COSY correlations were observed
between H3/Hx-4, Hx-4/ H.-5, further supported with 1D TOCSY data acquired by
selective irradiation of FB n(32) Figure 35 Figure Alll). Additionally, the
downfield proton chemical shift for 4 (Un 3.42) almg with HMBC correlations
observed from K8 to Glaand H1lato C-3, confirmed that the sulfated monosaccharide
was connected to the triterpene aglycone & (Eigure 35). HMBC correlations from
Hs-1 and H-25 to G2, G-3, and G7 combined with key correlations sdrved from k5

to G-6, G7; Hx-4 to G6; and H3 to G7 established the connectivity of ring A.

COSY correlations combined with 1D TOCSY data acquired by selective
irradiation of H10 (Un 1.51) revealed the spin systems8MH>-9/H-10 and H-12/H-13
in 1 (Table 10, Figure Al12). Together with key HMBC correlations fromy18 to G2,
C-6, G7; Hx-9 to C-10, G11; H10 to G6, G8, G9, CG11, G12, G14, G15, G26, G

27; H-26 to G6, CG10, G11, G12; H-12 to G6, G10, G11; H-27 to G10, G13, G

124



14 established rings B and C. Interestingly, startingsa284(d,3J4-2s, H15 = 6.7 Hz) the
COSY spn system H28/H15/H-16/H17/H18 was readily traceable. HMBC
correlations observed froms#27 to G15 and H-28 to G14 clearly linked the €5 to
C-18 segment o015 with ring C Figure 35). At this point, we were not confident about
the regiochemistry of the bromohydrin atlZ/C-18, as C17 and G18 had comparable
carbon chemical shiftgjc of 71.0 and 67.2 respectively, atltls required additional

experiments for an unambiguous assertitab(e 10).

With one additional ring to be placed and eight carbon atoms remaihireg (
methyls, two quaternary centers, two methylenes, and methine), the downfield carbon
shifts observed for @9 ({Uc 87.3) and &2 (lc 87.9) were suggestive of a
tetrahydrofuran ring in5. The *H-'H spin system KH20/H-21/H-22 was delineated
from the COSY spectrum, supported with 1D TOCSY data acquired by selective
irradiation of H22 ([Un 3.94, Figure AL13). While HMBC correlations from H20 to G
19, H22 to G19 and from HB29 to G20 further supported the presence of a
tetrahydrofuran ring, correlations observed from29 to G18 and G19 along with
correlations from HL8 to G19 and G29 connected the tetrahydrofuran ring to the
acyclic segment of the aglycone. Finally, HMBC correlations fror@44 H30 to G22

and H22 to G23 revealed the position of the prop2wl moiety Figure35).

Returning to the ambiguous regiochemistry of the bromohydrin moietyld@ @
18, we conducted a hydrogen/deuterium exchange experiment, predicting that the
chemical shift difference (comparison 6C chemical shift acquired fdt5 in CDsOD

and CRXOH) for the carbon atom bearing a bromine would be small as compared with the
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carbon that positioned a hydroxyl of the bromohydrin moiety. Unfortunately, results were
inconclusive as both-@7 and C1 8 s h o we dc ofl 24 angl 5 Hp, respectively
(Figure AlL14). Our second approach was to leverage isotopic shifts induced®® a
NMR spectrum by®Br and 8!Br. However, this experiment turned futile asnsifjto

noise ratios for €7 and G18 were not optimal for resolution enhancement using
Gaussian window functions, despite the acquisition of large number of scans (data not
shown). Finally, the regiochemistry of the bromohydrin moiety was unambiguously
assigned by comparing thEC NMR chemical shifts of the bromohydrin moiety with
synthesized model compounds and similar structural motifs that were reported in

literature Figure AL15).344346

Moving forward to determination of relative and absolute configuration, 1D
selective ROESY correlations observed betweer2@1 and H10 established ais
relative configuration between rings B and C1&f (Figure 35). ROESY correlations
were also observed betweenlb/H:-28 and H-27/Hs-28 thus establishing the relative
configuration of H-28 with respect to ring C. 1D ROESXrrelations were observed
between H-28/H17 and H-28/H-18 suggesting that the GIEL9 fragment of the
molecule was flexible. Interestingly, acquisition 81 NMR data in a mixture of
CDsCN/DMSO-ds (1:4) showed that HL6a and HL6b appeared as distinctudnet of
doublets with large coupling constants (8l 16a, 115 = 12.1 HZ,2Jh-16a, Hieb = 12.1 Hz
for H-16a and dd3Jh-16b, H17 = 12.2 Hz,3Ju-160, H16a= 12.2 Hz for H16Db, Figure AlL21).
Additionally, a strong 1D ROESY correlation was observed betwee2B8HH-17 but not

for Hz-28/H-18 indicative that the flexibility of Ct&19 was comparatively restricted
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when 15 was dissolved in CEDD (Figure AL22). Hence, the molecular fragment C
28/CG-15/C16/C17 assumed a chair conformation, uncovering the relative configuration
between H-28 and H17. Determining the relative configuration at18 (n 4.04 d,3Ju-

18, H17 = 6.7 Hz, in CROD) turned out to be challenging as1Z/CG-18 bond rotation
precludedJ-based configurational analysis. Gratifyingly, treatmentlbfwith excess
K2CO:s furnished thdéransepoxide peyssobaricanoside T8(H-18, Uih 4.04 d,2Ju.1s, 117

= 2.2 Hz, NOE was not observed betweeri Hand H18, Figure 36, A). Finally, the
relative configuration of the tetrahydrofuran ring was established by 1D ROESY
correlations observed betweens-PB/H-22, H-18/Hz-24, H-17/Hs-24, and J based
analysiswhere only one of the configurations and the subsequent conformations of the
tetralydrofuran ring satisfied the observed 1D ROESY correlatidgtigue 36). As
isoprenoid biosynthesis is known to produce only one set of stereois@raersot the
mirror image of all of the structures shown in the biosynthEgjare 37) we propose
18,24, 38 468 58,35 10S 11R,14515517518519S22R as the absolute configuration

for 1534 The 'H, 3C NMR spetroscopic data forl6i 17 paralleled that ofl5 and
indicated the presence of double bond atiClB instead of the halohydrin moiety.
Additionally, 1D ROESY NMR data suggested that whilé had a cis-relative
configuration between H39/H-22, 17 had atransrelative configuration, leading to the

structures fod 5/ 17 as shown irFigure33.
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Figure 36. A). Conversion of halohydrin moiety present in peyssobaricanosidEsA (
into an epoxide to aid with stereochemical analy$s.Q) 1D ROESY (blue arrows)
correlations observed foll5 suggest the presence of two conformations for the
tetrahydrofuran ringeitherB i-ii if the tetrahydrofuran ring has a392R configuration

or C i-ii for 19R/22S configuration B) Top, distance between-#B and H-24 (4.4 A,
from molecular model), Bottom, distance betweerlHand H-24 (~ 3.4 A, from
molecularmodel). C) Top, distance between-H and H-24 (3.6 A, from molecular
model), Bottom, distance betweenl8 and H-24 (~ 4.4 A, from molecular model).
Only B i-ii satis the observed 1D ROESY NMR data along with the obsetded, c10

= 8.1 Hz (Figure AL33

From a biosynthetic perspective, we envision that the initial squalene cyclization
for building the tricyclic aglycone core (ring A, B, and C) of peyssobaricanosides is
analogous to the biosynthesis of isomalabaricane carbon skeleton observed in natural
products from marine spongeBigure37, i, ii, and iv). However, in marine red algae of
the genusPeyssonneliathe resulting biosynthetic intermediate, is postulated to
undergo a carbocation rearrangement cascade resulting in a novel carbon skeleton
Subsequent steps of epoxidation and ring cyclization halohydrin formatiorx, and

glycosylation forms pyssobaricanosidé (15).

128



= . \

HO
Squalene H

. iii
I ,—'
l Malabaricanes (found in plants)

viii vii Unprecedented terpene carbon skeleton

Glycosylation

P

Figure37. Proposed biosynthetic scheme for peyssobaricanosidg sdafting from
squalene.
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5.4. Experimental Procedures

5.4.1 General Experimental Procedures

Fractionation of algal extracts were performed with vacuum liquid
chromatography (VLC) using Diaion HFOSS resin styrenic adsorbent (particle size:
75 150 um, porosity: 520A) as stationary phase. Higierformance liquid
chromatography (HPLC) separatiomgere achieved using Waters 2695 separation
module equipped with a Waters Acquity QDa mass detector, using a 4.6 x 25@smm C
silica reversed phas&faceAl | t i ma, 5 em particle size) ¢
were monitored using Waters MassLynx 4.ltwafe. NMR spectroscopic datdd( *3C,
1D TOCSY, 1D ROESY, COSYSQC,and HMBQ were acquired on 18.8 T Bruker
Advance llIIHD instrument (800 MHz fofH and 200 MHz for*C) equipped with a 3
mm triple resonance broadband cryopraBpectra were recorded in deuterated solvents
and referenced to th2e 5%08952ierMSOdse s31.dAda,l (pea
49.00 CROD, aun7d. 2 ® ,/7.141 for CDC). NMR spectroscopic data were

processed and analyzed using MestReNova 11.0.4.

5.4.2 SpecimerCollectionand Identification

Collection details (year, location, GPS coordinates, abundance, and morphology)
for the 32Peyssonneliapp. have been reported Tiable Al4. Photos generated during
field collection or taken for algal samples in the lab (after thawing collections preserved
ati80°C) is provided irFigure 31, Figure ALOO. Morphological voucher samples were

preserved in formalin and DNA vouchers were stored in molecular grade ethanol.
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The Peyssonnelisspp. were identified by morphological features with tbht
previously describeBeyssonneliapecies and by nuclear, small subunit (SSU) ribosomal
RNA (18S rRNA) sequence analy$é.Genomic DNA from ethangbreserved algal
specimen were extracted using the innuPREP plant DNA kit (Analgtila, Germany)
according to the manufacturer's protocol. From each species genomic DNA, four
overlapping 18S rRNA gene fragment were amplified via the polymerase chain reaction
(PCR), in four separate reactions using (G01/G10, G02/G14, G04/G13 and GO6/GO07
primers?®® Each PCR amplification was performed in as2Beaction volume consisting
of 550 ng of purified genomic DNA; 2060M of eachof the dNTPs; EM of each of the
oligonucleotide primer and 1.0 U Tag DNA Polymerase, and 1x Standard PCR reaction
buffer (NEB, Ipswich, MA) . All PCR amplifications were performed in a GeneAmp
PCR system 2700 (Applied Biosystems, Foster City, CA) theyaler using the
following temperature cycling parameters: initial denaturation at 94°C for 5 min followed
by a total of 40 cycles of amplification in which each cycle consisted of denaturation at
94°C for 40 s, primer annealing at 50°C for 40 s and prawrt@msion at 72°C for 1 min.

After amplification, final extension of the incompletely synthesized DNA was carried out

at 72°C for 7 min. The PCR fragments were analyzed by agarose gel electrophoresis (1%
wt/vol). The gel was stained with ethidium bromided visualized under a UV
transilluminator. All the PCR fragments were either sequenced with forward and reverse
primers, and sequences were manually edited and assembled using CAP3 Sequence
Assembly Prograrf®® The sequence similarity of the assembled contif@fssonnelia

spp. 18S rRNA to other known red algae from family Peyssonneliaceae was determined

by comparing it with the neredundant nucleotide database (NCBI) usihg blastn
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program?’® Based on Evalues and maximum scores, all the sequenced species matched
to multiple species within the order Gigartinald® place thesePyssonneliaspp.
phylogenetically within the Family Peyssonneliaceae (Order Gigartinales), the V4 region
of their 18SrRNA sequences were compared with those of known representatives from
Family Peyssonneliaceae, obtained from GenBank. Phylogenetic analysis was conducted
in MEGA X using the Maximum Likelihood method based on the KimupmiZameter

modelwith 1000 bootstip iterationgFigure A101).271 272

5.4.3 Extraction andractionation of algal samplesnd isolation of15/ 17

Each algal collection (wet sample, 32 in total) was extracted with nat{taree
times) and subjected to fractionation using VLC fractionation using HP20SS Diaion resin
(ratio of dry extract to resin was 1:20). Four fractions were generated eluting with 50%
agueous methanol, 80% aqueous methanol, methanol, and then witieaEesmtions A
and D (50% aqueous methanol and 100% acetone eluting fractions, respectively, were not
subjected to NMR, HRMS based metabolomics study or bioassay as they primarily

contained salts, lipids, and chlorophyll.

Peyssonnelissp. (G0311, 74y wet weight) was extracted with 80% aqueous
methanol, 100% methanol, and 1:1 methanol/dichloromethane to get 1.7 g of crude
extract. HP20SS Diaion resin (40 g) was used to adsorb the crude extract (1.7 g), washed
with water to remove salts, and then etlitwith 50% aqueous methanol (A), 80%
aqueous methanol (B), methanol (C), and acetone (D) to generate four fractions A (0.80

g), B (0.13 g), C (0.25 g), D (0.059 g), and wedeluble fraction (0.47 g). Fraction B

-

was subjected to preparative silica TLG (Bi cycl e 200 & m, 20 | 20
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ratio of water (0.05% TFA)/methanol/chloroform to furnish five fractionsiB.%). A
portion (19 mg) of B.2 (27 mdy 0.26) was further separated in a reversed phase HPLC
column (Alltima C18, pm, 4.6x250 mm) sing the solvent gradient as shownTiable

A15. While fractions eluting betweeni ®1 min contained a mixture df6 and 17
fractions between 16:38.5 min contained partially purEs which was characterized
using NMR and mass spectrometry without further pwifan. Fraction eluting between
9111 min (~ 2.0 mg) was subjected to reversed phase HPLC separation (ZORBAX SB
C18, um, 4.6x250 mm) usingn isocratic 88:12 ratio of2:8 acetortrile/water and

isopropanoklutingl6and17 at 10.4 and.1.1 min respectively.

5.4.4 Antimicrobial Assays

Antimicrobial and antifungal assays were conducted as reported earlier, with the
MI C being defined as the minimum coponfcentr a
optical density (OBvonn) in comparison tdhe vehicle controt*® The HP20SS fractions
(B and C)were tested againBischerichia col(EC, ATCC 25922), multidrugesistant.
coli (MDREC, ATCC BAA-1743), methicillin-resistantStaphylococcus aureMRSA,
ATCC 33591), vancomycinesistanEnterococcus faeciufvREF, ATCC 700221)and
amphotericin BresistantC. albicans(ARCA, ATCC 90873).Chloramphenicolvas used
as the positive contrdbr EC and VREF nitrofurantoin for MDREGC vancomycin for
MRSA, and cycloheximide for ARCAAdditional antimicrobidassays were conducted
against Enterobacter cloacae (CDCO0008), Klebsiella pneumoniae(CDC0016),
Acinetobacter baumann{CDCO0033), and the PAOL strain Bseudomonas aeruginosa

(PAO1). Bacteria were maintained on tryptic soy agar (TSA) plates and owuernigh

133



cultures were grown in tryptic soy broth (TSB). Bacterial cultures for experiments were
grown in catioradjusted Mueller Hinton broth (CAMHB) following CLSI guidelin&$
Bacteria were grown at 35 °C in a humidified growth chamber.Plreeruginosastrain

used in these experiments were provided by Dr. Alex Horswill (University of Colorado).
All other strains were acquired from the CDC & FDA Antibiotic Resistance (AR) Isolate
Bank. Microbroth dilution in a 384ell plate was used to determine bacterial growth
inhibition, according to CLSI guideline®acterial overnight cultures were grown in
tryptic soy broth (TSB) °&RJInL inhCAMHBSor and ar c
experimental cultures. Extracts were diluted in CAMHRBriplicate at a concentration of
125ug/mL with a final well volume of 3QiL via a Liquid Handling Station (BrandTech)

and absorbance of wells were measured at 600 nm with a BioTek Cytation3 plate reader
before and after incubation (18 h). Growth inhdoit was measured relative to vehicle
control (DMSO). Positive controls used were tetracycline fAr baumamii and
meropenem forE. cloacae K. pneumoniag and P. aeruginosa A media blank and
growth control were included for each experiment and each experiment was performed
twice on separate days. Wells contairegther 5% or 10% (for two out of 64 extract
fractionsassayeliDMSO. Besides the MRSAesults shown iTable9, extract fractions

did notshowsignificantbioactivity against tested pathogens.

5.4.5 Antimalarial Assay

Liver-stage antimalarial screening agaiR&smodiunbergheiwas conducted as

reported earlie?*®
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5.4.6 Massspectrometrbased metabolomics study

A Dried aliquots fromfraction B (eluting with 80% methanol iRlP20SS Diaion
resin andfraction C (eluting with 100% methanol iRlP20SS Diaion res)nfor each
algal collection (32 in total) waseachreconstituted in MeOHcpntaining12 internal
standard) to make al mg/ml sample andanalyzed withultra-performance liquid
chromatographyUYPLC)-MS methods to colleanetabolomigrofiles. Internal sandards
were obtained from Avanti Polar Lipids, Inc., including the following, listed with their
final target concentration diluted in Optiffachloroform (Thermo Fisher): 160g/mL
15:0-18:1(d7); 5pug/mL 15:018:1(d7) PE; 5ug/mL 15:018:1(d7)PS; 30ug/mL 15:0
18:1(d7) PG; 1Qug/mL 15:018:1(d7) PI; 25ug/mL 18:1(d7) LPC; Sug/mL 18:1(d7)
LPE; 350ug/mL 18:1(d7) Chol Ester; 1g/mL 15:018:1(d7) DG; 55ug/mL 15:0
18:1(d7}15:0 TG; 30ug/mL 18:1(d9) SM; 10Qug/mL Cholesterol (d7).Sample blank
were created by elutingiP20SS Diaion resiwith 20:80 waterimethanol andl00%
methanal For quality control purposes, a pooled sample was created by mixing an equal

volume from each sample extract

UPLC-MS analysisuseda Vanquish (Thermadrisher Scientific), fitted with a
ThermoFisher Scientific Accucor® C30 column (2.1 x 150 mm, 216 particle size),
coupled to ahigh-resolutionaccurate mass Orbitrap 4B mass spectrometer system
(Thermo Fisher Scientific). The chromatographic method for sample analysis involved
elution with 80:20 wateracetonitrie with 10 mM ammonium formate and 0.1% formic
acid (mobile phase A) and 10:90 acetonitisiepropy! alcohol, with 10 mM ammonium

formate and 0.1% formic acid (mobile phase B) using the following gradient program: 0
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min 95% A; 0.5 min 95% A; 9 min 0% A9 min 0% A; 11 min 95% A; and held until
12 min. The flow rate was set at 0.40min. The column temperature was set to 50 °C,

and the injection volume was.2..

The Orbitrap IDX is a tribrid spectrometer that utilizes quadrupole isolation with
dual deectors, an orbitrap and an ion trap, with a maximum resolving power of 500,000
FWHM at m/z 200 and mass accuracy of <1 ppm. The heated electrospray ionization
(HESI') source was operated at a vaporizer
kV(+)/2.5kV(-), and sheath, auxiliary, and sweep gas flows of 40, 8, and 1, respectively.
The instrument acquired full MS dateetween150-2000 m/z in positive or negative
ionization mode. UPLEMS/MS experiments were performed by acquiring nmsectra
in a data dependent acquisition fashibuall MS spectravere collected with a resolution
of 120,000 while the ddMS? wereisolated with a 0.4n/z window andcollectedat a
resolution of 30,000vith a cycle time of 1.5.9Precursors were activated by CID with a
normalized collision energy of 30%. Dynamic exclusion was set at 8 s. An exclusion list
was generated from the sample blankatmid seledbn of background iongduring

MS/MS collection.

A UPLC-MS feature list was generated followingtd acquisition and processing
with Compound Discoverer V3.0 (Thernkisher Scientific).The dataset wasraotaed
by MS? spectral matching to a local spectral database, built from curated experimental
data. In addition,accurate mass, retention time and isotopic pattern wsaé tomatch
to database entriedlolecular networks forMS? data were generated using the Global

Natural Products Social Molecular Networking (GNPS) online platform and visualized
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using Cytoscape 3.8 3°The UPLC-MS datassetwascentered, scalecind subjected
to Ward algorithm(Euclidean distance was useldsed Hierarchical cluster analysis

(HCA) in RStudio (version 3.6.0)
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CHAPTER 6. CONCLUSIONSAND FUTURE DIRECTIONS

Although natural products paved the way for modern medicine and numerous
pharmaceutical companies maintained extensive natural products drug discovery
programs during thel950s through 1980s, natural products drug discovery was
considerably less appreciated during the 1990s and early #8008 Key issues that
brought about a paradigm shift in drug discovery whereby natural products were no
longer in the limelight, included the notions that natpralducts librarybased screening
often led to rediscovery of known compounds, that isolation and characterization of
novel, bioactive small molecules was complicated considering the inherent complexity in
biological extracts and the three dimensional citme of secondary metabolites, that
collection of source organisms was challenging especially when large amounts of pure
compound was required for clinical trial studies, and that the synthesis of bioactive
natural products for clinical studies would ofteequire considerable effort over several
years. Most importantly, the advent of combinatorial chemistry was very alluring,
whereby large compound libraries were generated and screened with high throughput in a
substantially shorter time period comparedn@atural products discovery from extract
libraries. Hence, many pharmaceutical companies abandoned their natural pbegedts
drug discovery efforts, leading to the combinatorial chemistry era. However, in
retrospect, combinatorial chemistry was not db&ution, evidenced by the fact that only
one chemical entity solely produced by combinatorial chemistry was approved by the

U.S. Food and Drug Administration (FDA) during that time period (sorafendib in
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2005)3%2: 353 Despite the challenges of natural products drug discovery, certain major
pharmaceutical companies, startup companies, government labs, and especially academic
research labsike ours have continued to pursue natural prodhated drug discovery
rewarded by recent technological advancements in genomics, metabolomics, separation
chemistry, spectroscopy and other structure determination tools, and computational
power, bringinga resurgence to this field. From a natural products drug discovery
standpoint, more than 95% of the worl dés
the uncharted chemical space harbored by this biodiversity is immense. In essence,
deterrence of pharaceutical companies from natural prodtmsed drug discovery was

not due to the field being saturated, but instead for the lack to tools to unlock the fortune

box at that time.

Advancements in UPL€oupled HRMS instruments along with advanced data
processing software have significantly eased the limitation of known compound re
discovery, as precise dereplication can be implemented early in a drug discovery
program. More importantly, the application of LC/MS based metabolomics has greatly
facilitated the prioritization of source organisms in search of novel chemistry as
demonstrated in Chapter 5 of this dissertation. Limited compound availability is less of a
concern than in the past as cryoprobeunted modern NMR spectrometers can generate
high quality cita with samples in the nanogram scafe Additionally, recent
developments in 2D NMR pulse sequences have facilitated the acquisition of
spectroscopic data tailed towards the needs of a structural problem, as shown in

Chapter 3 and 5. Interestingly, the implementation of microelectron diffraction for small
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molecule structure elucidation holds great promise for the future of natural products,
especially if partnexd with modern separation chemistry, leading to a future where
complex organic molecules will be fully characterized in 3D without having to be
purified 3°° The successful deciphering of genetic codes and transcriptional regulation of
bi osynthetic gene <clusters now enabl e bot
metabolites produced by ¢uted microorganisms, solving the supply problem of natural
products and enabling production of analogues for drug developrfidulditionally, the

field of natural product chemical synthesis has substantially expanded, leveraging the
power of modular and cascade chemistry wherein complex natural producte can b
synthesized in a significantly short period of tifAéBioactive compounds reported in
Chapters 2 and 4 of this thesis show promise for drug development, enabling future
studies of mechanism of action, pharmacokinetics and pharmacodynamics, and

optimization of lead candidates via synthesis.

In conclusion, it isessential to note that the legacy of natural products drug
discovery glorified during the second half of twentieth century was essentially based on
relatively low hanging fruits, accessible to the technology available fbca@tury
scientists. Chartinght unfathomable chemical space that nature has to offer is by no
means easy; however at the current time, scientists equipped with a far superior arsenal of
empirical and computational tools are in the forefront of a technology leap, poised to dig

deeper ér novel cures to human ailments.
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Figure AlL. Natural products with promising literatureported activity against the
coronavirus SARSC oV, which causes SARS. These natural products are categorized by
their putative molecular targets:. spike protein of SARE0V. 160 161 358The structure

of griffithsin as reported in the Protein Data Bank (PDB): 2GTY at www.rcsb.org was
generated using Mol* Viewe?? B. viral helicasé® C. SARSCoV chymotrypsidike
protease (3CI°)/ main protease (RIF),188 368364 and D. papainlike cysteine protease
(PLPro) 163167, 365, 366 Syryctural classes of naturgroducts are depicted by color:
anthraquinone (red), tannins (orange), flavonoids (blue), alkaloid (black), terpene
(purple), lignan (pink), coumarins (dark green), diarylheptanoid (light green), and

chalcone (brown).
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Figure A2. Additional natural products with literatureported antiviral activity.
Stachyflin (L6): active against influenza A vird$! 178 22topsentin {7): active against
coronavirus A58’ harman {8), N-butyl harmine 19): inhibit HIV viral replication!"
harmol @0), -N-methylharmine Z1): active against dengue virtiS,strongylin A @2):
active against influenza strain FFE!’ peyssonol A 23): shows antHIV-1 activity2®
220 methyl podocarpate2d): active against influenza A vird€® stelleralide A 25):
potent antHIV activity,3%° 22-O-(N-Me-L-valyl)-21-epi-aflaquinolone B 26): potent
anti-Respiratory Syncytial Virus (RSV) activify? tetrandrine 27): active against human
coronavirus OC437 SR303 @8): active against of DNA and RNA viruses including
respiratory syncytial virus, influenzas A virus and parainfluenza Wisgikosaponin B
(29): active against human coronavirus 228Egepigallocatechin gallate3(): active
against SARSCoV-2 strain®’? echrebsteroid C 3(): active against RSY? 7-O-
galloyltricetiflavan 82): active against RSV,* SJ23B 83): potent activity against
HIV, 3" dysoxylin D @4): potent antRSV activity3’® mycalamide 85): active against
coronavirus A58/’
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Figure A3. Collection photo foFascaplysinopsis reticulata

Characterization data for Homofascaplysir{1 *H NMR (800 MHz, CROD):
Uk 9.32 (1H, dJ 6.5 Hz, H6), 8.82 (1H, dJ 6.5 Hz, H7), 8.47 (1H, dJ 8.0 Hz,
H-8), 8.26 (1H, dJ 8.0 Hz, H4), 7.90 (1H, dJ 7.4 Hz, H1), 7.84 (2H, m, HLO, H
11), 7.74 (1H,t) 7.5, H3), 7.68 (1H,t) 7.5 Hz, H2), 7.51 (1H, ddd) 1.2, 7.2,
8.3 Hz, H9), 4.27 (1H,d) 186 Hz, H14), 4.18 (1H, d) 18.6 Hz, H14), 1.98 (3H,
s, H16); 13C NMR (201 MHz, CRO D) ¢ 20615 (G15), 146.8 (Cl1a), 144.9 (€12b),
142.6 (G4a), 138.6 (Cla), 136.6 (€7a), 134.0 (€10), 132.2 (C3), 132.1 (Cl2a),
131.9 (G2), 125.8 (G1), 124.4 C-6), 124.4 (G8), 123.7 (G9), 121.4 (C7b), 118.4 (€
7), 115.2 (G4), 114.1 (G11), 79.2 (C13), 51.5 (C14), 30.1 (G16); HRMS (ESI)m/z

[M]* calculated for @Hi7/N2O2", 329.1285; found, 329.1288. Not&D NMR
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spectroscopic data (COSY, HSQC, HMBC) uihg 1D selective TOCSY, NOESY
(not shown) were acquired fdH and *C chemical shift annotatiorThe 3C NMR
chemical shift for C12a i has been reported to be 122.3 ppm in literat(relowever,

we found C12a to be 132.1 ppm which aligns with i@ NMR shift of 132.4 ppm as
reported for a close structural analotprdmofascaplysin A2 Furthermore, it was also
confirmed that the discrepancy #fC NMR chemical shift of C12a was not an effect of
counter ion (in the literatur€? 1 was isolated using a gradient elution of 45:55 to 100:0
MeOH/H.O with 0.05% TFA, and hence theunter ion in the purified molecule was
CRCOO) by acquiring®3>C NMR spectroscopic data for MeOH®l (0.05% TFA)
treatedl. Note: For bioassayd, with CRRCOO as counter ion was used. The absolute
configuration ofl was assigned as $®y considering angvious report on its isolation
from Fascaplysinopsis reticulatéthe same species from which we isolaig@d’® The
authors reporti a specific optical rotation 6f9.36°, consistent with a another study that
determined its absolute configuration asS18 comparison of the experimental ECD

spectrum with a DFbased simulated spectrifis.

Characterization data for (-Bureol(2): [ €} +47 € 0.3, CHC}); *H NMR (800
MHz, CDCk) :+ 6.69 (1H, dJ 8.5 Hz, H18), 6.57 (1H, ddJ 8.7, 2.7 Hz, H19),
6.49 (1H, dJ 2.5 Hz, H21), 3.36 (1H, dJ 17.0 Hz, H15a), 2.07 (1H, m, k2a),
2.02 (1H, m, H7a), 1.95 (1H, dJ  17.0 Hz, H15b), 1.81 (1H, m, Ha), 1.76 (1H, m,
H-1b), 1.67 (1H, m, k6a), 1.65 (1H, m, K8), 1.55 (1H, m, Fbb), 1.46 (1H, m, F2b),
1.44 (1H, m, H5), 1.41 (1H, m, FBa), 1.34 (1H, m, Hb), 1.18 (1H, m, ¥8b), 1.10

(3H, d, 7.5 Hz, H13), 1.06 (3H, s, H2), 0.91 (3H, s, H4), 0.77 (3H, s, H1); 13%C
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NMR (201 MHz, CDC4) :c 14B.9 (G20), 145.6 (C17), 122.2(C-16), 117.3 (€18),
115.2 (G19), 114.2 (€21), 82.4 (C10), 44.0 (C5), 39.4 (G8), 38.2 (G9), 37.5 (C15),
34.0 (G4), 34.0 (G3), 32.1 (G12), 30.0 (G11), 29.4 (C7), 28.0 (C1), 22.3 (C6), 20.3
(C-14), 18.5 (G2), 17.5 (G13); HRMS (ESHm/z[M + H] * calculated for @Hz102",
315.2319; found, 315.2319. The identity Dfvas confirmed by comparison &f,*°C
NMR spectroscopic data and specific optical rotation with liter&tré’® Additionally,
2D NMR spectroscopic data (COSY, HSQQVIBC) including 1D selective TOCSY,

NOESY (not shown) were acquired féi and**C chemical shift annotatiorfrigure A8).

Characterization data for Haliclonacyclamine (A1): 'H NMR (800 MHz,
CDCl) :n 13107 (bs, 2H), 5.33 (m, 2H), 5.26 (m, 2H), 3.31Yd,6 . 5 Hz, 1H), 3
3.03(m, 8H),2.84 (1 127 Hz, 1H), 2.61 (m, 1H), 2.36
2.13 2.01 JIn5.73H)Hz,1.19) ,(dL. 89 (m, 1H),
(m, 1H); 13C NMR (200 MHz, CDGJ) :c 132.2, 131.8, 129.9, 129.1, 57.0, 56.2, 56.1,
55.0, 50.8, 45.7, 40.38.2, 34.9, 34.9, 32.7, 32.6, 31.6, 31.5, 29.3, 29.2, 29.1, 28.8, 27.6,
27.5, 26.8, 26.4, 26.4, 26.3, 26.3, 26.1, 20.8, 20.7; HRMS (B&ZM+H] * calculated

for CsoHs7N2", 469.4517; found lowesolution MS (ESI) 469.2.

X-ray crystallographic analysis of haliclonacyclaminelA)( About 5 mg ofl1
was dissolved in 1 ml of hexanes:ethylacetate (1:3). Slow evaporation of the solvent at
room temperature (over three days) led to the formation of colorless-ghsned
crystab of 11. A suitable crystal 0.33x0.25x0.12 rinwvas selected and mounted on a
loop with paratone oil on an XtaLAB Synergy, Dualflex, HyPix diffractometdre

crystal was kept at a steadly= 100(1)K during data collection. The structure was solved
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with the ShelXT structure solution program using the Intrinsic Phasing solution method
and by usingdlex2 as the graphical interfac®’ *1The model was refined with version
2018/3 ofShelXL using Least Squares minimizatidii.Crystal data: €HsoFsN20s, Mr
714.86, monoclinicP2; (No. 4), a  10.9305(2) A, b 9.4445(2) A, ¢ 18.5476(5)
A, b 932642 U o 90,V 1911.61(8) A T 100.00(10)KZ 1,Za 0.5,
H(MoKg 0.101, 37746 reflections measured, 16246 uniae ( 0.0282) which were
used in all calculations. The finalR> was 0.2698 (all data) aRlwas 0. 0875 (1 >

(Figure A11).383
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Figure A9. Positive ionization mode HRMS data for homofascaplysid)A (
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Figure Al2. A: Peyssonnelissp. (G1163) growing on a reef slope. B: Clogeof the
surface of G1163, C: Surface of G1588 showing analogous morphology with calcified
texture and intermittent tinges of yellow on a red surface.
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71 Peyssonnelia rubra (DQ629018)
78 Peyssonnelia inamoena (AB231312)
80| peyssonnelia distenta (AB231313)

80 Peyssonnelia harveyana (AB231314)

Peyssonnelia novae-hollandiae (DQ343663)
38| - Peyssonnelia armorica (AB231316)
Peyssonnelia rumoiana (AB231315)
Peyssonnelia dubyi (AB231322)

25| 41 Metapeyssonnelia milleporoides (KC412869)
— Peyssonnelia rosenvingii (AB231317)
65

Peyssonnelia squamaria (AB231320)
Ramicrusta textilis (KX417372)
Polystrata dura (AB231454)

Peyssonnelia sp. G-1588 (MK129455)
Peyssonnelia capensis (DQ343662)

Peyssonnelia caulifera (AB231324)
52— Sonderopelta coriacea (AY437689)
Peyssonnelia japonica (AB231319)

Peyssonnelia meridionalis (AB231318)
Peyssonnelia immersa (AB231323)
95'— Peyssonnelia atropurpurea (AB231321)

— Bonnemaisonia asparagoides (GQ337071)
100L—— Bonnemaisonia hamifera (L26182)

0.01

Figure AL3. Evolutionary relationship dPeyssonneliap. G1588 with related red algal
species from family Peyssonneliaceess inferred by the 18S small subunit (SSU) rRNA
sequences using the Maximum Likelihood method based on the Kirapasafheter

model 22 in MEGA X.2'! The percentage of ripate trees in which the associated
species clustered together in the bootstrap test (1000 iterations) is shown next to the
branches. The accession numbers of the SSU rRNA of respective red algae are mentioned
in parentheses. The outgroup taxa are repteden gray. The SSU rRNA sequence from
Peyssonneliap. used in this study is underlined. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site.
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TableAl. Bioassay results fpeyssonnosides-B (17 2).

Strain/cell line 1 218l Positive Control
Methicillin-resistantStaphylococcus aureMIRSA, ATCC 33591) 16.7+0.3 >50 <1
VancomycinresistanEnterococcus faeciufyREF, ATCC 700221) >50 >50 <7.8
Escherichia col(EC, ATCC 25922) >50 >50 <7.8
Multidrug-resistanEscherichia col(MDREC, ATCC BAA-1743) >50 >50 <15.6
Amphotericin BresistantCandida albican§ARCA, ATCC 90873) >50 >50 >50
Enterobacter. cloacagCDC0008) >50 >50 <0.5
Klebsiella pneumonia@CDC0016) >50 >50 <0.5
Acinetobacter baumann{CDC0033) >50 >50 >50
Enterococcus faeciuiiiHM-959) >50 >50 32
Pseudomonas aerugino§@A01) >50 >50 <0.5
Mycobacterium tuberculos{$137Rv) >50 >50 0.07
Plasmodium berghéexoerythrocytic stage) 2.4 5.8 0.0003
Plasmodium falciparuniDd2L) >6.25 >6.25 0.003
Plasmodium falciparuni10) >6.25 >6.25 0.007
HEK293T cell line >10 >9 1.3

8 Antibacterial activity reported as MICQug/ml), antiplasmodial activity reported as
EGCso (UM), cytotoxicity against HEK293Tell line reported as G (UM)

100+

:g 751 - Vehicle (DMSO)
o -= Peyssonoside A (1)
..E. 501 -+ Peyssonoside B (2)
O
2 25

u-__....,_._...;z__,_‘

0.1 1 10 100 1000

Concentration (ng/mL) [Log10]

Figure Al4. Cytotoxicity of 1i2 against human keratinocytes (HaCaT). Relative
cytotoxicity (%) were less than 25% for bdth2 at highest concentration of p@/ml.
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100 .
-~ Peyssonnoside A (1)

ICso = 0.042 MM -& Nystatin (positive control)

507 ICso = 0.14 TM

% Inhibition

_

Nystatin (+ control) DMSO (- control) Peyssonnoside A (1)

Figure AL5. Top: Percent growth inhibition after 3 days incubation of the furigus
salinawith peyssonnoside Alf and the antifungal drug nystatin (n = 3, mean * standard
error). Bottom: Comparison of fungal growth in the presence of nystatin, DMSO;land
showing the rmarphological change in the fungus exposet.to
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Figure AL6. Response of hermit crafidibanarius striolatugo food laced with 1 mg/mL

peyssonnoside Al}. These data indicate that 1 does not deter hermit crab feeding (mean
+ standard error).
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R=28954 9.26E7
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Figure AL7. Negative ionization mode HRESIMS spectrum of peyssonnosidg A (

156



Figure AL8. Negative ionization mode HRESIMS spectrum of peyssonnosiag B (

Figure AL9. Negative ionization mode HRESIMS spectrum of the glycone from
peyssonnoside AL}
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