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SUMMARY

The importance of discovery of novel drug candidates hasdeagemphasized,
which was recently validated by the unprecedented threat from the GO)/pRandemic:
2 Several small molecules werestudied and repurposed as COWI® therapeutics
including molecules obtained from natuiacluding the marine environmeritThese
molecules with specialized functions in itheative environmetyincluding defensé ° or
serving as signaling molecul&8are colloquially called as natural products. Even prior to
the globalpandenic threat, natural products from marieeosystembave been leveraged
as lead candidates in pharmaceutiéalfie invertebrate animals marine sponges are
someof the most prolific sources of natural products with unique structural scaffolds and
bioactivity. Bioactivity guided fractionation strategies have driven the field of natural
product disoveryuntil the 1990safter whichthere was a steady decline in the pursuit of
natural products as pharmaceuticdlé' The primary reasons for this decline precluded

from the technical barriers to isolati and characterization of natural products.

Metabolomics, which is defined as the simultaneous analyses of multiple
metabolites in a biological sample, has helped address some of the challenges of the
classicalfractionationbased approaché$'* Metabolomics enables faster and accurate
dereplication of the metabolitsomposition in natural product extracts which helps in
prioritizing metabolites for isolation and aveidr e di scovery of Tiheknowno
advancement of mass spectromdiagsed analytical instrumentation coupled with influx
of genetic information fy/m next generation sequencing platforms has propelled the natural

productbased drug discovery pipeline in the recent years. A fonlicsbased workflow

Xviii



which combines metabolomics with metagenomgsighlighted in Chapter df the
dissertation The unpecedented diversity of metabolites from the sarasinosides and
melophlinschemicalgroups was explored with the help of molecular networks created in
Global Natural Products Social (GNPSjolecular networking platfori?. The
metabolomics analysis was overlaid with metagenomic miniogreveal a g
proteobacterium as the producer organism for sarasinosideddiion, MS2LDA helped
expand the repository of sarasinosides and meloghyieennecting metabolites that share
similar structural feature¥ Spongeassociatedmicrobial compositionwas traced and
interpretations about the divergence of microbiome between sponges in the ecological
neighborhoodvere presentedResearclidemonstratedih Chapter 1 is one of the very few
studies that have connected microlalmmunity and the metabolomer feupporting

biological inferences.

Marine natural product research is populated with studies investigating the
metabolome obtained from reverse phase chromatography which has an inherent bias
towards capturing nepolar metabolitesin Chapter 2 both everse and normal phase
chromatographywas employedo detect nospolar and polar metabolites in the sponge
extracts. Investigation of the polaretabolome facilitated the discovery of homoarginine,

a metabolitewhose detection waseported for the firstime in marine sponges.
Homoargininewas detected in marine sponges with abunggnble-imidazole alkaloid

natural product chemistryJsing retrobiosynthesis as a guide, the polar metabolwse
analyzed for plausible intermediates in the biosynthetiovay to oroidin which is the
monomeric building of pyrrolémidazole alkaloids.The approach of tracing the

metabolites involved in the biosynthesis of a natural product was termed as precursor

XiX



guided mining of thenetabolomeTheresearch workflow discued in Chapter 2 can be
extended to other natural produwgtiemicalclasses and can serve as a complimentary
approach to genome mining strategiereochemical assignment was carried out to
establish the exclusive presence efiamoarginine in marine spoeg with theabsolute
abundanceneasurd to be higher tharthe proteinogenic amino acid-drginine. This
observation fuelthefirst hypothess forecological importance of homoarginine in marine
spongs, in addition to its role as a biosynthetic precutsooroidin. Precursor guided
mining of the metabolomewnas also adopted fotracing the proposed biosynthetic

intermediates in the production of brominated tyrosine alkabsdsutlined in Chapter 3.

A novel approach of combining biomimetic enzyrassisted synthesis with
metabolomicdor the discovery of proline rich macrocyclic peptides in marine spasges
detailed in Chapter./A massspectrometrybased workflow to sequentiee peptidesvas
developed and validatetb recover ew and less abundargnalogues of proline rich
peptides that hae evaded discoverpy natural product isolatiehased strategied his
work highlights an importanbrthogonalapplication ofhigh-resolutionaccurate mass
spectrometry in distinguishing between isomeric amindsateucine,and isoleucine, to
natural product discovery researthy research contributesxperimental evidender the
application of contemporary metabobmicsbased approaches inaccessingthe yet

underexplored¢hemical diversity in thenarinespongs

Marine sponges boast of &xceptionally rich and diverse associated microbiota
which along withthe eukaryotic hosi, s r ef err ed t & The sicrebtale 6 h o |
componentof the holobionthas been validated as a major contributor to the chemical

diversity observed in marine spond&$: With the technical advancemeim next

XX



generation sequencing platforms, metagenome sequencing and binning studies burgeoned,
many of them successfully connecting the biosynthetic gene cluster and producer organism
to the naturproduct???® However,these metagenomes sequencingetiasudiesare

biased towards capturing only the microbial fraction. Biosynthetic insights o t
eukaryoticcomponent of the holobiont as natural product production units are’$dant

date there are no eukaryote encoded natural product biosynthetic pathway that is
experimentally supportedhis dissertation worlseels to address this knowledge gap by
usingtwo-dimensionatorrelaton betweerthe metabolome and microbiome. The spenge
associated microbiota was extensively profiled as outlined in Chapteis. In addition

to relative microbial abundances, Chapter 5 demonstrates the absolute abundance of
bacteria associated with a large colmbgponges in the study to provide additional insights

into the high microbial and low microbial abundabeseddichotomous classification of
spongesDetailed analyses of thaicrobial compositionrevealedthe divergence of the
microbiome in sponges Wt strictly conserved natural product chemistry, providing
support toa eukaryotic origin for these natural produd®socrustes analysis, which is a
correlationbased metric to compare two different omics datasets, was employed to reveal

the interdependegaf metabolome and microbiome in marine sponges.

In summarythis dissertatioprovidesdetailedinsights intathe application of high
resolution accurate mass spectrometry coupled with contemporary and advanced
metabolomicsased platforms as a tool for exploring the tremendous diversity of natural
products in marine sponge holobionts. In addition, the thesiaesithenecessity of using
multi-omicsbasedstrategies to generate and support hypethesvards potential natural

product producer organismasid provides a framework for future biochemical studies.
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CHAPTER 1. MULTI -OMIC PROFILING OF MELOPHLUS
SPONGES REVEALS DVERSE METABOLOMIC AND
MICROBIOME ARCHITECTURES THAT ARE NON -

OVERLAPPING WITH ECOLOGICAL NEIGHBORS

Thissection is adapted from the paper I. Mohanty, S. Podell, J. S. Biggs, N. Garg, E.
E. Allen, V. Agarwal, Marine Drugs 2020, 18(2), 124710.3390/md18020124The

copyright for this open access MDPI journal is retained by the authors.

1.1 Abstract

Marine sponge holobionts, defined as filteeding sponge hosts together with their
associated mrobiomes, are prolific sources of natural products. The inventory of natural
products that have been isolated from marine sponges is extensive. Here, using untargeted
mass spectrometry, we demonstrate that sponges harbor a far greater diversity of low
aburdance natural products that have evaded discovery. While these low abundance natural
products may not be feasible to isolate, insights into their chemical structures can be
gleaned by careful curation of mass fragmentation spectra. Sponges are also ttame of
most complex, mukorganismal holobiont communities in the oceans. We overlay sponge
metabolomes with their microbiome structures and detailed metagenomic characterization
to discover candidate gene clusters that encode production of spemmged mtural
products. The mukomic profiling strategy for sponges that we describe here enables

guantitative comparison of sponge metabolomes and microbiomes to address, among other


https://dx.doi.org/10.3390%2Fmd18020124

guestions, the ecological relevance of sponge natural products and foykbhehpmical

assignment of previously undescribed sponge identities.

1.2 Introduction

Sponges are filtefeeding sessile invertebrates that are present at all latitudes in the
oceans. High rates of water filtration, up to several thousand times the sponge pelum
day, make sponges primary players in the benblagic nutrient recirculatioff. 2°
Sponges host a diverse bacterial microbiome and among high microbial abundance sponges
such as those discussed in this study, the microbial population can comprise of up to 35%
weight of the spong® 3! In addition to bacteria, sponges also host eukaryotic partners
such as fungi and dinoflagellat&sThus, from a molecular perspective, sponges can be
conceptualized as a community of multiple interacting partndesree here as holobionts.
In the marine environment, sponge holobionts are among the richest sources of specialized
metabolites, colloquially termed natural products. Complexity of sponge natural product
chemical structures have offered title compounds tftal synthesis and catalyst
development, and several sporigrived molecules have progressed through
pharmaceutical development pipelines to be approved for clinict éfencoupled from
these motivations, natural products are postdlab serve core ecological functions such
as defending the sponge against predation and infection and shaping the structure of the
benthic community® Using nextgeneration sequencing and assembly of bacterial
genomes from metagenomic data, it is well established that members of the sponge
microbiome are responsible for the biogenesis of several spamyed natural

products®®



Traditionally, sponge natural products have been inventoried using isolation of
individual molecules and structural elucidation using a combination of experimental and
theordical approaches. These efforts have built a foundation of more than 11,000-sponge
derived natural product structur&sThe applicatiorof untargeted mass spectrometry has
revealed that the natural product diversity from sponges has been severely
underappreciate®¥ The analytical challenge, now, is tld. First, is to gain structural
insights into metabolites that due to their lesser abundance and the complexity of the
sponge metabolomes will remain inaccessible to traditional spectroscopic characterization.
Second, is to advance the characterizadiosponge extracts from disjointed descriptions
of individual natural products to an overall metabolomic description of the holobiont
community. These two advances, when realized, will allow for comparative analyses to
determine which fractions of spongetabolomes stay conserved, or diverge, in response
to ecological, pharmacological, and/or other metrics. Furthermore, sponge metabolomes
could then be overlaid with the holobiont microbial community structures to determine
how the overall holobiont commuyi shapes, and responds to, differences in sponge
metabolomes. Correlative conservation between metabolomic features and microbiome
structures aid in metagenomic mining to search for natural product biosynthetic gene loci

in the sponge holobiont.

In this study, we couple the metabolomic and metagenomic characterizations of
marine sponges of the genMelophlusthat were collected in Guam (Apra Harbor). The
Melophlus genus is typified by the large baisbhped spong®lelophlus sarasinorum
(previously calld Asteropus sarasinorunthat is widely distributed in the Inel@acific

with natural product isolation studies realized from Indonesia, Palau, Guam, and the



Solomon Islands. In this study, DNA barcoding, microbiome composition, and
metabolomic comparisonlgres an additional, morphologically unrecognizable sponge
species within th&lelophlusgenus. We demonstrate that the chemical diversity of natural
products in theMelophlus metabolome far exceeds the current inventory. Using
metagenomics, we discover gdde genetic routes for the production of characteristic
Melophlus natural products. Aided by structural insights from mass spectrometric
fragmentation, we detect the presence of new natural product classes previously unknown
from Melophlus sponges. Findl, we compare and contrast the microbiome and
metabolome architectures of dominant and abundant sponge genera in close geographical
neighborhoods of each other to demonstrate that a shared ecological environment does not
necessarily translate to metabolomand microbiological overlap. Our findings
demonstrate the applicability of contemporawynic technologies in providing a detailed

chemical, genetic, and microbiological characterization of sponge holobionts.

1.3 Results and Discussion

1.3.1 Sponge phylogeny amdicrobiome

The spongeM. sarasinorumwas identified by numerous small ostia distributed
around a large central osculum on a yellow, round ultrastructure at the Apra Harbor in
Guam Figure 1.2A. Two biological replicate specimens were collec@®dM_22 and
GUM_59. Specimens were frozen dry, for chemical analyses, and in preserving solution
RNAlater, for DNA extraction. Sponge specimens were barcoded by Sanger sequencing
of PCR amplicons corresponding to the internal transcribed spaéiS-2) region

bet ween 5.8S and 28S r RNtrmieus ofdhe 285gRNg e ne s,



encoding geneHigure 1.). BLAST against the GenBank nr database identified that

sequences with the highest similarity corresponded tMtHephlusgenera® 40

SEBIJF NL4-F
B B
SP28cR NL4-R

Figure1.1. The hypervariable internal transcribed spacer region-2)T&d the DD5

region of the large subunit (28S) of the ribosomal gene were used as the barcode for the
sponge phylogengletermination. The forward primer SP58bF and reverse primer SP28cR
pairwas used to amplify the IT8region. The NL4 and NL4R primer pair was selected

for amplifying the D3D5 region on the 28S ribosomal RNA gene.

A different sponge morphology, for v biological replicates GUM_133 and
GUM_139 were collected, was not immediately recognizalblgufe 1.2B. The
GUM_133 and GUM_139 28S rRNA gene amplicons, only 40% similar to GUM_22 and
GUM_59, had the greatest similarity Theonellagenus sequenceldowever, the ITR
amplicon sequences were identical between the two groups, GUM_22/GUM_59 and
GUM_133/GUM_139 (Table Al). Next, we determined the microbiome composition of
all sponge specimens in duplicate, using next generation sequencing of the n4fdggo
16S rRNA gene PCR amplicons and differentiated amplicon sequence variants (ASVS).
Taxonomic assignment to the phylum level reveals that microbiome architectures between
the GUM_22/GUM_59 and GUM_133/GUM_139 specimens were highly similar, with
Chloroflexi, Proteobacteria Acidobacteria and Actinobacteria being the dominant

bacterial phylaKigure 1.20. Given the high microbiome and metabolomic similanigé



infra) between the two groups of sponges, we propose that GUM_133 and GUM_139 may

consttute a single species among elophlusgenus.
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Figure 12. Metabolomes and microbiomes Mklophlussponges. Morphology of\)
M. sarasinorumand B) Melophlussp. sponges collected in Apra Harbor, Gua@)
Microbiome composition, at the phylum level, for sponge specimens used in thi:
Each sample wasequenced in duplicatdD) Relative abundances of sarasinoside:
melophlin congeners among spongecgpens used in this study. Darker color der
higher abundanceEj Overlap of metabolomic features among sponge specimer
in this study. Features that are shared by allféelophlusspecimens used in this stt
are highlighted.



1.3.2 Overall metabolmic description

Untargeted liquid chromatography/higbsolution time of flight mass
spectrometry (LC/MS) data were acquired with no prior derivatization or fractionation of
organic extracts generated from sponge tissues. Each sponge extract was analyzed i
duplicate. Of theMelophlusderived natural products, two natural product families
dominate. These are the glycosylated sterol molecules grouped as sarasinosides, and the
polyketide/fatty acid tetramate conjugateselophlins**’ Manually curating previously
described sarasinosides and melophlins, first, we dereplicated identities of already known
congeners (Tables A2, A3). Nearly all known sarasinosides and melophlins could be
idertified. Together with the LC/MS datasets, M@&gmentation spectra corresponding to

sarasinoside and melophlin congeners were deposited GNlR&database

Next, metabolites detected in the LC/ MS
the feature detection and alignment tool MZmifé Extracted features comprisé ion
m/z conjoined with M3spectra, and information corresponding to retention time and ion
abundance i s appended to them. Features wer
isotopic ion is preserved in a feature. Using feamneing, we compeed the relative
abundances of known sarasinoside and melophlin congeners among the four sponge
specimens Kigure 1.2D. The M. sarasinorumsamples GUM_22/GUM_59 harbor a
greater abundance and diversity of sarasinoside congeners wihileltdphlussp. samles
GUM_133/GUM_139 were enriched for melophlins. In this approach, isomeric
sarasinosides and melophlin congeners are grouped together as they cannot be easily
differentiated based on MSragmentation data alone. The overall metabolomes!.of

sarasinorum and Melophlussp. sponges were highly similar. Of the 1319 total unique



features detected, 930 features (70.5%) are shared among the four sponge specimens
(Figure 1.2E. Only 79 (6.0%) and 106 (8.0%) features were uniqé. tearasinorunmand
Melophlussp. specimens, respectively. Of the 70 features that are shared &mong
sarasinorunmsamples only, multiple features correspond to sarasinoside congeners, and of
the 76 features shared among helophlussp. samples only, features corresponding to

melophlns can be detected (Table A4).

The detection of sarasinoside Al, (Figure 1.3A from M. sarasinorumhas
extensive precedent. To verify the identity of the natural product Mefophlussp., we
chromatographically isolated it from GUM_133 and acquitécand*C NMR spectra.
Comparison to literature data established the identity of the molecule isolated from
GUM 133 asl (Figure Al, A2, Table A5). Molecule 1 is representative of a
polyglycosylated sterol (glycosyl moieties: Rylose, B- N-acetylglucosmine, B- N-
acetylgalactosamine, @- glucose). lons observed in the RMSpectra forl, which is
dominated by glycosidic fragments, were structurally annotatedur@-ig\3d. For
sarasinoside B12( Figure 1.3A among ot her sar asBoietyassi de s,
changed from glucose to xylose, as compared idhe Gz-0xo group is invariant among

sarasinosides.

Next, we queried the chemical diversity of sarasinoside congeners detected in the
LC/MS datasets using MSpectral matchindpased molecular neorking.*®> To connect
nodes that remain disjointed by spectral overlap alone, spectral matching was
supplemented with determination of spectral motifs by MS2L:fAere, MS2LDA motifs
represent substructures characterized by discrete fragments and neutral losses present in

MS? spectra. Hence, nodes that are not connected in classical molecular network bu



contain a common substructure are searched using MS2LDA. A molecular network for
sarasinoside congeners in which parent ions are represented as nodes that are connected by
overlap of fragmentation spectra, as well as conservation of MS2LDA spectrad, msotif
illustrated inFigure 1.3B Nodes corresponding 1aand2 are labeled. Nodes for previously
known sarasinoside congeners are shown in diamond, nodes for molecules that could not
be dereplicated are shown as rounded squares. Based on previoudhedesgasinoside
congeners, accurate mass, and manual annotation éfffsi@nentation spectra, the
network is divided among pentaglycosylated (unshaded), tetraglycosylated (shaded in
brown), triglycosylated (gray), and diglycosylated sarasinosides (yellovs clear that
pentaglycosylated congeners dominate the sarasinoside invelriguye( 1.3GQ. Within

each of these groups, the fraction of congeners that have been described in literature is

minor. None of the diglycosylated sarasinosides were prslyioeported.

The node corresponding tb demonstrates the presence of multiple MS2LDA
motifs (Figure 1.3B. Of these, motif 505, highlighted as a green edge, is conserved for
each node in the sarasinoside molecular netweidute 1.3B. The motif 505 comprises
of a single ionm/z204, which corresponds to theadetylhexose fragment generated by
the cleavage of the glycosidic bond between A andugars Figure 1.3D left; complete
inventory of MS2LDA motifs is provided as supplementary informationhs€ovation of
motif_505 demonstrates that the-BA glycosylation pattern is conserved among all
sarasinosides. Note that motif 505 now allows us to collate all sarasinoside nodes,

including singletons that were otherwise disjointed by spectral overlap.alon
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Figure 13. Sarasinoside chemical diversity revealed by mass spectronfeii@hémical
structures of sarasinoside Al (1) and sarasinoside B1 (2). The glycosidic rings are labeled,
note the dif fketween thetwd structureB)(§arasiroside molecular
network. The motif 451, motif 505, and motif 668 are shown in color. Subnetworks
corresponding to tetratri-, and diglycosylated sarasinosides are labeled. Relevance of
nodes labeled A, X, and Y isdcribed in text.) Distribution of nodes according to
glycosylation pattern, and distribution of nodes for which chemical identities can be
dereplicated (known) and for which identities are not known (unknown) according to
glycosylation pattern.Y) Structural annotation of ions comprising motif_505 (left), and
motif_668 (middle), and motif_451 (right)g) Extracted ion chromatogram generated by
MZmine2 demonstrating four features correspondingptnl321.65. The red dashed line
represents the MSthreshold below which all features were discarded. FBMN
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demonstrating the clustering of the four features with other nodes corresponding to
sarasinoside congeners.

Nodes corresponding tband?2 differ in the presence of motif 451 (brown edge,
present only forl) and motif 668 (magenta edge, present only2joMotifs _451 and
_ 668 divide the pentaglycosylated sarasinosides into twenstiorks. The motif 668
comprises of a single M$ragment ionm/z498, the structure of which is rationalized to
be the B-C-D glycosidic chain fo2 (Figure 1.3D middle). As the C glycosyl ring differs
betweenl and 2 (glucose and xylose, respectivelyigure 1.3A, motif 668 is not
conserved fol. Hence, nodes demonstrating the presence of motif 668 should possess the
glycosidic pattern identical 18, and notl. Structural annotation of motif_451 reveals the
presence of ions corresponding to th&AC-D and B-C glycosidic fragments in which
the C ring corresponds to glucos€igure 1.3D right). Hence, motif 451 allows for
determination of the glycosylation pattern for these nodes to be identical to thalt fier
instructive to observe that only a single methoxy group differentlaaad2 which is then
differentially propagated by motif 668 andotif 451 to classify pentaglycosylated

sarasinoside into two distinct families.

The analyses presented above condenses parent ions within a 0.01 Da range into a
single node. For instance, the nddeelledd A6 i n Fi gur e 3 Bspactampr i S €
spanning a 0.75 min retention time window (Tab®.ARather than a single sarasinoside
congener, it is likely that the spread of retention time represents the presence of isomers.

By combining classicaholecular networking with feature mining by MZmine2, feature
based molecular networking (FBMN) allows for the separation of isomeric molecules as

distinct features, because features incorporate an additional metric of retentidf time
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FBMN reveals that the sarasinoside chemical diversity extends even further than that
illustrated inFigure 1.3B For example, at least four distinct features correspondinmgzo
1321.65 can be detectefigure 1.3 Organizing these features in a molecular network

reveals that they indeed cluster together, along with other sarasinoside congeners.

Next, we focusedon the determination of putative structures of unknown
sarasinoside congeners. lllustratively, nddbelled X in Figure 1.2B [M+H]'* m/z
1317.65, possesses an identical glycosylation pattetmeagaled by the conservation of
motif 451 and motif _505The mass increase of 27.99 Da betw¥emd1 corresponds to
the addition of a methoxy group and a dehydrogenation as compdréeMeO(-H) -2H
= 27.99 Da), as is evident by the comparison of thé fé§mentation ions fot and the
sarasinoside congenesrresponding to nod€ (Figure 1.4A. The sterol core dfis likely
derived from the &-demethylation of lanosterol which introduces B¢ unsaturation,
as is observed in the structure of sarasinosidevii® (infra TableA2). We posit that
methoxylation at &, as is observed in the structure of sarasinoside F, will furnish the
natural product corresponding to nodleLikewise, for the nod&abelledY in Figure 2B,

[M+H] 1" m/z 1285.63, the glycosylation pattern is conserved aslfdFhe mokcular

formula thus predicted can only be satisfied by an unprecedented two addition
dehydrogenations on the sterol core as compark(Rigure 1.4A. Rather than traversing

each node individually, we asked whether structural differences can be cur#tedasis

of accurate mass differences. We could indeed traverse nodes in the sarasinoside molecular
network based on mass differences corresponding to common modifications such as
hydroxylation (15.99 Da), methylation (14.01 Da), and dehydrogenatioh &) Figure

1.4B). In light of the characterization of the glycosylation patterns, a convergent theme

12



emerges in which tailoring of the sterol core emerges as the principal driver of sarasinoside

chemical diversity.
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Figure 14. Characterization of low abundance sarasinoside congeAgiSoMmparison of

MS2 fragmentation spectra corresponding to nodes for 1, X, and Y (as labeled in Figure
3B). Chemical structures for two principal fragment ions, m/z 311.27 and m/z 4B8t35

are detected in the M$ragmentation spectra for 1 are shown. The ion m/z 455.35 for X
denotes the methoxyl ated, dehydr og@®H at ed
preserved. B) Sarasinoside molecular network in which edges corresponding to
chaacteristic mass differences, such as hydroxylation (green), methylation (blue), and
dehydrogenation (red) are highlighted. Compared to the molecular network in Figure 3B,
singleton nodes and edges corresponding to MS2LDA maotifs are omitted for clarity.
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1.3.3 Putative sterol biosynthetic gene clusters in the sponge microbiome

Next, we searched for the sarasinoside biosynthetic potentiallih erasinorum
holobiont. Supported by literature, a hypothetical enzymatic scheme furnishing
sarasinosides is illusted inFigure 1.5A 5! In this schemegnzyme squalene synthase
converts two molecules of farnesyl pyrophosphate to squalene. Squalene epoxidase then
furnishes 2,3xidosqualene followed by conversion to lanosterol by lanosterol synthase.
Alternatively, 2,3oxidosqualene can also be converteccycloartenol by cycloartenol
synthase. Specific for sarasinosidesg-l@nosterol is likely demethylated by lanosterol
demethylase which also introduces B¥&°unsaturation. Redox tailoring to establish the
C23-0x0 modification and reduction of tié*°unsaturation furnishes the aglycone which
is then glycosylated to yieltland2. Catalytic sequence forsiedemethylation and redox
tailoring of the tetracyclic core can be reversed. Indeed, sterols bearing-tmeo@noiety
without Go-demethylaton are detected from other marine sourées In the event that
theD*Sunsaturation is not reduced, the aglycone corresponding to sarasinosides A3, B3,
and C3 is produced (Tabl&2). Enzymatic glycosylation is expected to proceed via
glycosyltransferase enzymes that employ suljginosphate nucleosidic substrates. We
used emymes in this predictive biosynthetic scheme as diagnostic elements to mihe the

sarasinorunmmetagenome.

Total DNA isolated from the GUM_22 holobiont was packaged into a 500 bp
lllumina TruSeq DNA library and sequenced using the 2x150 bp paired endgrancan
lllumina HiSeq 2500 sequencer. Adaptor trimming and quality filtering yielded

105,560,704 high quality reads which were assembled into 58,828 scaffolds. Scaffolds
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were phylogenetically binned according to procedures that we have describedgbyeviou

25 54 Scaffold bins were organized into distinct clusters according to their phylogenetic
derivation, which included sponge host as well as associated microbial taxa. Immediately,
we could observe the clustering of $olfs derived from different microbial taxa on a
coverage (yaxis) vs %GC content {axis) plot Figure 1.5B. Predicted protein functional
annotations were obtained with ProkReHidden Markov Model based searches were
performed to identify candidate sterol biosynthetic enzymes using PFAM database patterns
PF00494 (squalene synthase), PF08491 (squalene epoxidase), and PF13243 and PF13249
(squalene cyclas®) Sequences encoding glycosyltransferase candidate enzymes were
detected using PFAM database pattern@®388 and CAZxclassified search patterns for
glucose, xylose, and -Ncetylhexose transferas€sFor each of these search criteria,
individually, multiple genes were detected in the GUM_22 metagenome. For instance, 109
candidate squalene synthases and 32 squalene epoxidases were detected, along with 592
N-acetylhexose and 4%8ucose/xylose glycosyltransferases. To sort the large number of
potential hits that were dispersed across the metagenome, we queried whether multiple
candidate sterol biosynthetic genes and glycosyltransterasmling genes were present
together, withina single microbial taxon. Only a solitaggproteobacterium satisfied this
criterion, the tight grouping of metagenomic scaffolds for which is demonstraféglire

1.5C The metagenomically assembled genome (MAG) ofgtpsoteobacterial symbiont,
divided among 57 scaffolds, is judged by CheckM to be 95% contpl€te full length

16S rRNA gene sequence recovered from the MAG demonstrates its closest sequenced
relatives to be uncultivated sponge symbionts. The sterol biosynthetic genes, annotated

within  the Melophlusderived sterol biosynthesis mé) gene cluster and
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glycosyltransferases, present in tielophlusderived glycosyl biosynthesisngh gene
cluster, can be identified from metagenomic scaffolds derived frong{bisteobacterium

(Figure 1.5D.

Within themsblocus, genensbEencodes a Hiunctional squalene epoxidase/sterol
cyclase. Sequence alignment identifies a key valine residue intdren@®al MsbE cyclase
domain that allows for its annotation as a lanosterol cyclase, rather than an oxidosqualene
cyclase Figure 1.5A.°° Residues involved in coordinat) the flavin cofactor can be
discerned in the KMerminal epoxidase domain. GemsbCencodes an integral membrane
sterol reductase, homologs of which catalyze the reduction @ffHeunsaturation while
protein product of genensbD demonstrates highomology to the lanosterol &
demethylase. Overlapping genaasbA and msbB encode a NAD(R)ependent
oxidoreductase and a Rieske oxygenase, respectively. Homologs of MsbA and MsbB have
been demonstrated to catalyze redox tailoring of the sterol scaftmld, as oxidative
demethylation of 44emdimethyf® We posi that, among other activities, MsbA and
MsbB could participate in the installation of thes@xo moiety. GenensbFencodes a
SAM-dependent sterol methyltransferase that could participate in the biosynthesis of
methoxylated sarasinoside congeners sudaessinoside F, H2, 12 (Tabk2). Genes at
either terminus of thensb gene locus described here bear no resemblance to sterol
biosynthetic genes. Separated from itieblocus is thangblocus. Genesngb7 9,13 all
encode glycosyltransferases while gemag24i 6 encode enzymes involve in the
biosynthesis and tailoring of sugdiphosphate nucleosides. Genggbl encodes a

transcriptional regulator. Other genes, suchmaghbl0and mgbl2that encode SAM
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dependent methyltransferases, have no readigcernable roles in sarasinoside

biosynthesis.
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Figure 15. Sarasinoside biosynthetic potential in e sarasinorummetagenome.A)

Sterol biosynthetic scheme with key enzymes (in red) and intermediates (in blue). Note
that 2,3oxidosqualene can be transformed to either cycloartenol or lanosterol. Only
lanosterol is relevant as a biosynthetic intermediate for the elaboration ohesices.

(B) All GUM_22 metagenomic scaffolds greater than 10 kb in length are displayed in grey.
Colored points represent phylogenetically assigned scaffolds classified by amino acid
sequence similarity of multiple predicted proteins to sequences frenGémBank nr
database.@) Tight clustering of the metagenomic contigs for gharoteobacterium that
harbors thensbandmgbgene loci. D) Metagenomic scaffolds bearing thrgbandmsb

loci. Protein products of neighboring genes, in purple, do not leaolbgy to sterol
biosynthetic genes or sugar biosynthesis/transfer genes.
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1.3.4 Mining for other glycosylated molecules

The abundance of glycosyltransferases identified in ke sarasinorum
metagenome translates to thelophlusmetabolomes being exceptionally enriched for
glycosylated molecules. The MS2LDA motif 505 which corresponds tamitze204
fragment ion for Nacetylhexose moieties df(Figure 1.3, alone, could be detected in 692
(28.7%) of the 2,405 nodes in the molecwnetwork forMelophlusLC/MS data used in
this study. Glycosylated molecules are distributed across all four sponge specimens ranging
in parent masm/zs from 393.20 to 1889.98, implying that a wide diversity of structures

undergo glycosylation iMelophlus holobionts.

Querying for other glycosylated molecules presents interesting results. For
instance, for the subetwork illustrated irFigure 1.6A MS? spectra for ionsn/z601.41
(green node) anah/z763.46 (blue node) demonstrate neutral losses gameéng to one
and two hexose moieties, respectivefigire 1.6B. Presence of evenly distributed lower
abundance fragmentation ions between 100 and 300 Da that differ by 14 Da points towards
a long, linear alkyl chain. Higher abundance fragment ionig421.34 andn/z439.35
correspond to the molecular formulagltdsO* and GoH4702", respectively, representing
the aglycone structures for glycosylated parent infz601.41 anan/z763.46. Mining the
Melophlusmetabolomes fam/z421.34 andan/z439.35 lead to the identification of another
dedicated sulmetwork in which molecular ions corresponding to these aglycone
substructures are presehtgure 1.6C nodes in red). Dereplicating these molecules using
the MarinLit repository lead to hits tgoengederived polyacetylenes witin/z 439.35
neatly corresponding to yakushynol Figure 1.60.°° While the positions of the

unsaturations can undoubtedly diffehis is the first instance in which polyacetylinic
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natural products have been detected frigi@ophlussponges and to the best of our
knowledge, glycosylated polyacetylenes from marine sponges cXeRallyacetylinic

natural products are widespread in marine metabolomes and based on accurate mass
differences, other nodes in the subnetwork illustratddgare 1.6Ccanbe rationalized as
modifications such as hydroxylation (node 455.35), dehydrogenation (node 437.34), and

reduction (node 441.36) of thedyakushynol Hike core structure.

A C OH
B .
:@ H, m/z 439.35
@ : yakushynol F
gexase
4 L7 t'
y S P —s
0 i - m/z 763.46
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Figure 16. Other glycosylated molecules presentielophlusmetabolomes. (A) Network
containing nodes for m/z 601.41 (in green) and m/z 763.46 (in blue) that correspond to
mono and diglycosylated C30 polyacetylinic natural products, respectively. (B) MS
fragmentabn spectra fom/z601.41 (in green, top) amu/z 763.46 (in blue, bottom)
demonstrating the neutral losses for one, and two hexose sugar moieties, respectively. The
position of the parent ions is marked by diamonds. Two major fragment ions are detected,
m/z421.34 andn/z439.35 that are annotated to the molecular formulae as labeled. The
low abundance fragment ions between 100 Da and 300 Da are characteristic of long alkyl
chains, which, when fragmented, generate ions separated by methylene (14 D& units
Subnetwork containing nodes fovz421.34 anan/z439.35 (in red). Progressing fram’z
439.35, connecting nodes can be annotated by rationalizing modifications, such as
hydroxylation (+O, node in yellow), dehydrogenatie2H, node in pink), and deiction

(+2H, node in green).) Mining the MarinLit database for m/z 439.35 leads to the
identification of yakushynol F as a potential structure which is supported by fragmentation
pattern characteristic of long alkyl chains. Glycosylation at eitherpatidhydroxyls of
yakushynol F will lead to products corresponding nidz 601.41 andm/z 763.46,
respectively.
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1.3.5 Diversity of melophlin natural products

We inventoried the diversity of the other class of natural products previously
described fronMelophlussponges, the long alkyl chain tetramateglophlins. To verify
the identity of melophlins frorMlelophlussp. samples GUM_133/GUM_ 139, we isolated
the most abundant melophlin congener present in the GUM_139 extract and atiquired
and**C NMR data Table A7 Figures A11A12). Comparison to literature established that
the isolated melophlin corresponded to melophliB,IRigure 1.7A Figure A4, A§.4’
Melophlin congeners can be divided among two families, one with and the other without
methylation at € such as the isomeric melophlin4) Talde A3). Biosynthetically, this
difference likely translates to the tetramate heterocycle being derived from the
condensation of glyciné-{gure 1.7Atop) or alanineRigure 1.7A bottom) primary amine
with the activated carboxylic acid of aklketo acid (ath a,Figure 1.7A followed by
Dieckmann cyclization of the enolate with the aminoacyl activated carboxylic acid (path
b).62%% Spectroscopically, €methylated and £demethyl melophlins can be distinguished

by $3C shifts at 62.7 ppm and 57.7 ppm, respectively (in GDCI

The MS spectra for3 was structurally annotated (fire A6). In the molecular
network, node corresponding 3moccurs as a singleton and is associated with motif 437
(blue edgeFigure 1.7B and motif 444 (green edge). The dominantaBoduct ions
comprising motifs _437 and _444 were annotakéglufe 1.7¢. Determining the presence
of these two motifs in the molecular network identified a subnetwork (dashed) in which
nodes corresponding tohar melophlin congeners were detectétjyre 1.7B nodes
corresponding to known melophlins shown as diamonds). In this subnetwork, a third

MS2LDA motif, motif 660 was identified (red edg€&jgure 1.7B. The motif 660
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comprises of only two M&product ionghat can be structurally annotated to be derived
from both, the @methylated and £desmethyl melophlind~gure 1.7G. The motif_660
connects numerous other nodes in the network, including singletons that also possess
motif 437 and motif_444, demonsirgg that the structural diversity of melophlins, just as

for sarasinosides, is far greater than that appreciated previbiglyg 1.70D. Within these
potentially novel melophlin congeners are brominated derivatives with the bromine atoms
predicated upothe alkyl chain, as determined by annotation of the fragmentation spectra

(yellow nodesFigure 1.7B.
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Figure 17. Inventory of melophlin congeners in sponge extra&t$.Ghemical structure
of isomers3 and4. Note the difference in methylation state at C5 betwgand4. A
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retrobiosynthetic reaction sequence is shown in which the amino acid (glycine or alanine)
primary amine condenses with the activasekleto acid (shan as the enolate tautomer)
progressing to Dieckmann cyclization which will furnish the tetramate heterocyclic core
structure for melophlins.B) Molecular network for melophlin congeners. The three
MS2LDA motifs are highlighted as curved connecting edgés nodes corresponding to
previously known melophlin congeners shown as diamonds and those corresponding to
unknown brominated congeners shown as yellow cirad@sS{ructural annotation of MS
fragment ions comprising of motif 437, motif_444, and m@&a0. Note that all fragment

ions observed here constitute the tetramate heterocileDistribution of known and
unknown melophlin congeners quantified from panel B.

1.3.6 Microbiome and metabolome comparison of Melophlus sponges to neighboring

sponges

Next,we aimed to decipher Melophlussponges share any of their microbiome or
metabolomic architecture with their geographical neighbors. In Apra Harbor (Guam),
together withM. sarasinorum t he 6 el e p Haathetla bastis @undaptly n g e
present Figure 1.8A. The microbiome of thé bastaspecimen GUM_65 was sequenced
in duplicate and compared to that Mf sarasinorumspecimen GUM_22. The basta
microbiome, with a mean Shannon diversity index of 1.25 is less diverse than khat of
sarasinorum(mean diversity index 6.8%igure 1.8B. Individual components of the
microbiome are also divergent, with thie basta biome being dominated by
Thaumarcheota with lesser relative abundance @hloroflexi, Actinobacteria and
Acidobacteriaphyla that dominate th®l. sarasinorummicrobiome Figure 1.8Q. The
holobiont architectural divergence is reflected in the respective metabolomes as well. The
|. bastametabolome, just as favlelophlus have been extensively mined to reveal a rich
tapestry of brominated alkaloids collectively called the bastadigsie 1.80).% %" The

metabolomes of foulr bastabiological replicates were compared to metabolomes of the
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four Melophlus specimens used in this study. A comparative plot reveals that no
metabolomic features are shared betwskeophlusand|. basta(Figure 1.8D. In this
analysis, features contributing the most to metabolomic divergence are members of natural
product families dedicated to respective sponge taxa, sarasinosides and melophlins for

Melophlusand bastadins fdr basta
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Figure 18. Microbiome and metabolome divergence between sponge geographical
neighbors. A) Morphology ofl. basta(top, specimen GUM_65) and the presencé. of
bastasponges on the Apra harbor seafloor (bottoB).Shannon diversity indices fof.
sarasinorumGUM_22 and|. basta GUM_65. C) Relative abundance heatmap for
microbiome ASVs at the phyla level for technical replicates of GUM_22 and GUM_65.
The histogram demonstrates ASV abundan&sRepresentative polybrominated natural
products detected in thé baga metabolomes dereplicated using MarinLit. (E)
Comparative twalimensional distribution of metabolomic features mined using MZmine2
for the four Melophlusspecimens used in this study (on left) against four biological
replicates ofl. basta (on right). E@h sponge specimen was analyzed by LC/MS in
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duplicate. The saxis, on a logscale, is plotted the mean ratio faldange (FC) for each
metabolomic feature identified above a common!NMBundance threshold. Theayis
represents the statistical significanegalue of the ratio folechange for each metabolite
(plotted on a log scale). Metabolomic features wiphvalue > 0.05 are colored grey.

1.3.7 Discussion

While Melophlussponges haveden extensively mined for natural products, this is
the first untargeted metabolomic characterization of their natural product profiles, their
microbiome architectures, and their metagenomes. Contemponaigs tools are making
it abundantly clear that ¢hchemical diversity and biosynthetic potential for marine
sponges far exceeds prior characterizatfns paired multiomic profiling of marine
sponge holobionts prades several advances. Overlapping metabolomic and microbiome
architectures allow for phylochemical insight into identities of novel sponges to assist
phylogenetic assignments, especially in cases ofcoagerted evolution of the rRNA
genes as we observerfthe Melophlusgenus heré® Overall, grossly different sponge
morphologies for species in thklelophlus genus do notcorrespond to different
microbiomes and different metabolomes. We have previously recorded similar observation
for the Lamellodysidseagenus of marine spong&How and why the microbiome

structure is selected for at the genus level in marine sponges is presently not clear.

A multi-omic profiling strategy also enables biosynthetic insights. For
sarasinosides, cheaall diversity is largely realized via modifications on the sterol core
demonstrating the participation of promiscuous redox catalysts. Extensive redox tailoring
of the sterol tetracyclic core is broadly observed in marine spShgesurate mass

differences between key M®&agment ions allows for rapidly curating what these redox
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modifications are, as is illustrated for representative sarasinoside congefRigrgénl.4
Complexity of the sponge holobiont complicates the discovery of these modifying
enzymes. It is plausible that a central sterol core that is delivered by a sponge symbiont is
modified by other members of the holobiont community. Thus, in this studyhave
focused on the discovery of biogenetic routes for the delivery of the sterol core structure.
While sterols are ubiquitous in sponge metabolomean8i#ocus represents, to the best

of our knowledge, the very first microbially encoded spedegesed gene cluster that

likely encodes for sterol production. Sterol biosynthetic genes can be dispersed in bacterial
genomes, as is also the case forgipeoteobacterial symbiont from which thesblocus

is derived®® A squalene synthase encoding gene, an enzyme which converts farnesyl
pyrophosphate to squalenéidure 1.54, is missing from thensblocus and is indeed
located on a different metagenomic scaffold derived from this symbiont. Lesser variability

is observed in the sarasinoside glycosylation pattern. The xglpsesyltransferase which
installs the O6AO s ugasralamge divgrsity af stefol skueturgs. t ol e
The B and B N-acetylhexose sugars remains invariant. Promiscuity for the sugar
nucleosidic substrate (glucose or xylose) is apparent for th@g@r glycosyltransferase.

In addition to a diversity of marine saes, glycosylated sterols are widely present in plant
metabolomes, where, due to their amphipathic structures, they are postulated to serve roles

in modulating membrane permeabilizatiGr*

Another primary advance afforded by mwdtnic profiling of sponges are the insights
gained into the overall metabolomic architecture angs. Instructive to observe is the
enrichment of distinct natural product classes. The motif 505, which corresponds to the

presence of Ncetylhexose sugarkigure 1.2D), is conserved for greater than 25% of all
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ions detected in th®lelophlusLC/MS dataets. The holobiont metagenome then reveals
nearly 600 Nacetylhexose glycosyltransferases to be present. While undoubtedly some of
these glycosyltransferases will be involved in primary metabolism, the abundance of
glycosylated metabolites and the numlmdr candidate glycosyltransferase enzymes
detected inMelophlusis unprecedented. Along the same lines, our prior metabolomic
profiling of the IndePacific sponge.amellodysidea herbacefmund the sponge to be
exceptionally rich in the diversity of polyhgenated phenols, leading us to posit that the
sponge holobiont harbors promiscuous halogenating enzifnid® rules that govern
Melophlus s pongesd preponderance t owar ds gl ycc
Lamellodysideaponges select for polyhalogenated phenols are presently not clear. These
two examples are in complete contrast to our metabolomic description of the Floridian
spongeSmenospongia aureghe metabolome of which, while being very diverse, is not

enriched m one particular natural product cldds

Organizing of sponge extracts as a collection of metabolomic features allows for
guantitative comparisons to address questions of choice. For instance, here, we ask whether
geographical neighbors that experience identical predatodyinfectious pressure use
shared metabolites to combat ecological stressors? Comparison dfleflophlus
metabolomes with that &f bastg another sponge that is-dominant on the Apra Harbor
seafloor, reveals no metabolomic overlap. Crucially, thialyais includes not only
abundant natural products in respective sponges that have been described
spectroscopically, but also lesser abundance metabolites that are outside the purview of
traditional isolatiorbased characterization. If sponges do not strazenserve metabolites

to address comparable ecological challenges, do each of these different natural product
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classes represent independent defense mechanisms? It is likely that the role of sponge
natural products extends beyond the simple hypothegsedftor deterrence to include
recruitment and maintenance of specific commensal associations, and other, as yet
unidentified roles in holobiont physiology. While ecological insight is an obvious starting
point, metabolomic overlap can be used to addres questions as well such as to discern
identities of metabolites in different sponge extracts leading to similar pharmacological
assay readouts. Geographic proximity also does not translate to overlapping microbiomes.
While Proteobacteria are abundamtboth high and lowmicrobial abundance sponges,
high-microbial abundance sponges suchVassarasinorumare enriched in Chloroflexi

while low microbial abundance sponges such bhastaare enriched in archaeal symbionts

(Figures 1.7B, §; a general &nd that has been observed previodsly

Our study design used less than 5 g of wet tissue collected for each speoipeen.
The multromic workflows described here present a starting point to prioritize sponge
specimens for larger collections for targeted deliverables. Geographically mapping paired
multi-omic data from biodiversity hotspots will also democratize théressing of a

greater diversity of scientific questions from a single resource.

1.4 Materials and Methods

1.4.1 DNA extraction from sponge tissues

The DNA extraction protocol used in this study was adapted from our previous reports
2554 Sponge tissue frozen in RNB&er was thawed overnight & °C and rinsed thrice with
Tris-EDTA (TE) buffer (10 mM TrisHCI pH 7.5, 1 mM EDTANa). Sponge tissue was

homogenized using sterile scalpel and treated with lysozyme at 30 °C in TE buffer for 2 h,
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followed by treatment with proteinase K at 65 °C for8ih. Impurities were extracted
twice with buffered phenol:chloroform:isoamyl alcohol and DNA precipitated by addition
of equal volume of iceold isopropanol. DNA was pelleted by centrifugation, washed
twice with 70% EtOH, dissolved in TE buffer, and fatlcolumn purified using Qiagen

DNA purification kit wusing manufacturerds

1.4.2 Molecular determination of sponge phylogeny

The hypervariable IT® region of the ribosomal gene was amplified from the
metagenomic DNA using Q5 high fidelity DNA polynase with the forward primer
SP58bFAATCAGGAGTCTTTGAACG-3 6 ) and reverse - pri meil
CTTTTCACCTTTCCCTCA3 6) , as de s c°Thelhermhocyxlingauditiansi s | y
were as follows: initial denaturation of 30 s at 98 °C, 35 cycles each of 10 s at 98 °C, 30 s
at 45 °C, and 1 min at 72 °C, with final extension of 2 min at 72 °C. The PCR products
were purified and concentrated using Zymo DNA clean and conaankiatand clone
libraries were generated using ligatimependent TAcloning with pGEMT Easy
Vector System kit. Three clones for each sponge amplicon were Sanger sequenced and
reads were filtered manually to remove the nucleotides from the pGHslsyvector.

Filtered sequences were used to search the GenBank nr/nt database using Basic Local
Alignment Search Tool (BLAST). The B35 region of the 28S rRNA gene was amplified
using the pr-GAGECGAAABATGEGTGAARETA3 6) and -NL4R (
ACCTTGGAGACCTGATGCG-3 &9 The thermocycling conditions were as follows:

initial denatuation of 2 min at 95 °C, 35 cycles each of 30 s at 95 °C, 30 s at 55 °C, 70 s

at 72 °C, with final extension of 2 min at 72 °C in a 25 uL reaction volume using GoTaq
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DNA polymerase. Purification, assembly into vectors, and Sanger sequencing proceeded

as decribed above.

1.4.3 16S rRNA gene amplification, sequencing, and data analysis

Next generation sequencing of the v4 region of the 16S rRNA gene was used to
inventory spongeassociated microbiomes. lllumina MiSeq sequencing of theiddeked
PCR amplicons wasarried out as previously describ€@he v4 primers 515F and 806R
were used with both forward and reverse primers barcoded and appended with 4llumina
specific adaptors aording to established procedufé3he PCR reactions contained 1 pL
20 ng/uL template DNA, 0.5 pL each 20 uM forward and reverse primer, 0.5 uL 10 nM
dNTPs, 0.25 yL of Q5 high fidelity DNA polymerase, reaction buffer, and molecular
biology grade water to adjust the volume to 25 pL. Theerttocycling conditions were as
follows: initial denaturation of 30 s at 98 °C, 35 cycles each of 30 s at 98 °C, 30 s at 50 °C,
20 s at 72 °C, with final extension of 2 min at 72 °C. Amplicons were purified and
concentrated using Zymo DNA clean and conedotr kit, pooled in equimolar
concentrations, and sequenced on an lllumina MiSeq platform using@y&ledit with
10% PhiX DNA to increase read diversity. The raw sequences were imported into QIIME2
(v.2017.7; https://docs.qgiime2.0rg/2019.7/) using dfime tools import script with the
input format as PairedEndFastqgManifestPhred33, and the sequences were demultiplexed
using the giime demux scrift DADA2 software was used to obtain a set of observed
sequence variants (SVS)Based on quality scores, tfgrward and reverse reads were
truncated at 150 bp using the giime dada2 denoise script. Taxonomy was assigned using

the SILVA pretrained classifier (silvd1999-515806-nb-classifier) using the giime
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feature classifier pluin.®° Taxonomic distributions of the samples were calculated using

the giime taxa barplot script.

Th e-diérsity metrics associated with thie sarasinorun{GUM_22) and. basta
(GUM_65) were computed using the giime diversity core metrics script. The Shannon
diversity index was used to the compare the microbial diversity as it takes both abundance
andrichness into consideration. The relative abundances of the different taxonomic phyla
associated were represented through a heatmap. The reads corresponding to each individual
phylum in a sample were normalized by dividing the value with the sum ofatie oé all
phyla in the given sample. The negative logarithm of the normalized values was computed
to reduce the spread of the data, and the values were imported to RStudio in a .csv file

format. The corresponding heatmap was generated in RStudio usfotjaiwing script:
#x<-read.csv("Final XIC area.csv", row.names=1, check.names = FALSE)
#y<- data.matrix(x)
#pal<choose_palette()

#heatmap.2(y, trace = 'none’, margins=c(10,12), Rowv = FALSE, Colv = FALSE,
col=pal,cexRow=1.0,lwid=c(2,10),lhei=c(2,10),density.info="none’,key.par=list(mar=c(4,

4,4,10)))

1.4.4 Sponge chemical extraction and mass spectrometry data acquisition

Sponge tissues were frozen and lyophilized to dryness. Dried tissues were soaked

in 1:1 v/iv DCM/MeOH (1 mL solvent/100 mg dry sponge tissue) for 48 h at room
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temperature. The DCM/MeOH extract was clarified by centrifugation, dried, resuspended
in MeOH, and directly analyzed using an Agilent 1290 Infinity Il UHPLC coupled to a

Bruker Impactll ultrahighresolution QgTOF mass spectrometer equipped with an

el ectron spray ionization source. A Kinete
(50 T 2.1 mm) was employed for chromatogr a
in positive ionization modedm m/z502 000 Da. An active excl usi

employed, implying, that an MSon would not be selected for fragmentation after two
consecutive M3spectra had been recorded for it in a 0.5 min time window. For acquiring
MS2 data, eight mostt@ense ions per MS1 spectra were selected. Chromatography solvent
A: water + 0.1% v/v formic acid, solvent B: MeCN + 0.1% v/v formic acid. Flow rate was
held constant at 0.5 mL/min throughout. The elution profile employed was: 5% solvent B
for 3 min, a linar gradient from 5% to 50% B in 5 min, 50% B for 2 min, from 50% to
100% B in 5 min, 100% B for 3 min, from 100% to 5% B in 1 min, 5% B for 1 min, from

5% to 100% B in 1 min, 100% B for 3 min, from 100% to 5% B in 1 min, 5% B for 5 min.

1.4.5 Molecular networkig

Molecular networks were generated using the GNPS online workflow. THe MS
raw data was clustered with MSuster with a parent mass tolerance of 0.01 Da and?a MS
fragment ion tolerance of 0.05 Da to create consensus spectra. The edges were filtered to
have a cosine score above 0.7 and more than #rivifiched peaks were used. Edges
between nodes were preserved if both nodes were within each other's top 10 most similar
nodes. The molecular network thus created was visualized using Cytoscape 3.6.1. The
molecular networking job processed by the classical molecular networking workflow in

GNPS was reanalyzed by MS2LDA using default paramdterdeaturebased molecular
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networking, raw data files were processed using MZmine2 for feature det@dtmmS
datawas filtered by assigning a threshold level for noise detection at 10,06G0d&ra

were filtered using a noise level threshold of 500. The following are the parameters applied
to the filtered data: chromatogram builder (minimum time sgah min; minmum
intensity of the highest data point in the chromatograf®0; m/ztolerance 15 ppm);
chromatogram deconvolution (local minimum seantiiz range for M$ scan pairing

0.025 Da; retention time range for ki&an pairing0.2 min); isotopic peaks grper (m/z
tolerance 15 ppm; retention time tolerance absolu@el min; maximum charge3;
representative isotopenost intense); join alignen/ztolerance 15 ppm; retention time
tolerance 0.1 min); feature list rows filtemng/zrange 1280 Da to 135Ma; MS/MS filter;

reset peak number ID); remove duplicate filter (retention time tolerance ab€olyten/z
tolerance 5 ppm); peak finder (intensity tolerand®1; retention time tolerance absolute

0.1; m/z tolerancel5 ppm). The two output files diZmine2 were a feature table with

ion intensities (.csv file format) and a list of KSpectra (.mgf file). These files were
exported with MZmine2 to the GNPS feature based networking workfldjv The
parameters were set with the precursor ion mass tolerance of 0.01 Da and the fragment ion
mass tolerance of 0.05 Da. The cosine score was set at 0.7 and a minimum of 6 matched
fragment ions were needed to generate the network. The network walizeidas before

in Cytoscape 3.6.1 and used to generateVidren diagram illustrating the metabolomic
overlap betweem. sarasinorum(samples GUM_22 and GUM_59) aiklophlus sp.
(samples GUM_133 and GUM_139). Plot for comparisorMelophlusand I. basta

metabolomes was generated by MetaboAnalyst using features extracted by MZmee2
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volcano plot was generated at a faliange threshold of 3 and avalue threshold of 0.05,

after inter quartile data filtering and pareto scaling of the data.

1.4.6 Isolation and structural characterization of 1 and 3

Sponge extracts, generated as described above, were chromatographed on a Luna 5
em C18 reversed phase LC column (250 I 10
0.05% v/v trifluoracetic acid (TFA), solvent B: MeCN0.05% v/v TFA. Flow rate was
held constant at 2 mL/min throughout. The elution profile employed for isolation of 1 was:
5% solvent B for 5 min, a linear gradient from 5% to 40% B in 5 min, from 40% to 60% B
in 20 min, from 60% to 100% B in 5 min, 100%d 3 min, from 100% to 5% B in 1 min,
5% B for 1 min, from 5% to 100% B in 1 min, 100% B for 3 min, from 100% to 5% B in
1 min, 5% B for 5 min. The elution profile employed for isolation of 3 was: 5% solvent B
for 5 min, a linear gradient from 5% to 50%iB5 min, 50% B for 10 min, from 50% to
90% B in 2 min, from 90% to 100% B in 22 min, 100% B for 5 min, from 100% to 5% B
in 1 min, 5% B for 1 min, from 5% to 100% B in 1 min, 100% B for 1 min, from 100% to
5% B in 1 min, 5% B for 5 min. An additional is@tic purification step was employed for
3, 93% solvent B for 45 min. Solvents were removed in vacuo to afford dried molecules.
Molecules were dissolved 1 in GDD and 3 in CDGfollowed by NMR data acquisition

using an 800 MHz Bruker Avance Il HD spemneter.

1.4.7 Quantification of relative abundances of sarasinosides and melophlins

The abundance of sarasinoside and melophlin congeners was calculated by the area
under the extracted ion chromatogram (EIC) generated as a part of the feature table

processing n MZmine2. ldentical parameters as described above for feature table
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generation were used, except that the m/z range was changed18250a in the feature

list rows filter module. Areas under the EIC for known sarasinoside and melophlin
congeners weréabulated and normalized, separately for sarasinosides and melophlins.
These values were then converted into the negative logarithmic scale. Normalized
logarithmic areas for absent congeners were assigned a value of 6 (since the negative
logarithm of O isundefined). The value 6 was decided based on the least abundant
sarasinoside which had a negative logarithmic value of 4.41. Therefore, 6 is a fair
estimation, when based on the logarithmic scale, to denote the abundance of sarasinosides
that are not detéed in the sponge metabolome. The script used to generate the heatmap in

RStudio is described above.

1.4.8 Metagenomic sequencing, assembly, and mining

lllumina HiSeq 2500 reads (2 x150 paired end) were processed using Trimmomatic
version 0.33%! then assembled using IDBUD version 1.1.11.%? Scaffolds were binned
based on percent GC, nucleotide composition, coverage depth, and taxonomic
classification by DarkHorse vewsi 2.0% as previously describéd Reads were mapped
to binned scaffold groups using Bowtie2, version 2218nd coverage depth was
determined with the idxstats module of samtools version 0.£%%dcond round, targeted
assemblies were performed to obtain MAGs from individual binned read subsets using
Celera Assembler version £3MAG completeness was &ssed using CheckM version

1.07.
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1.4.9 Database deposition information

The mass spectrometry data collected was deposited in the MassIVE repository
with the MassIVE ID# MSV000084824. Sponge 28S rRNA and2TI®NA amplicon
data, 16S amplicon data, and metagenomic sequencing data are deposited to GenBank with

BioProject accessn number PRINA602901.
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CHAPTER 2. DISCOVERY OF NON-PROTEINOGENIC AMINO
ACID, HOMOARGININE, IN MARINE SPONGE
METABOLOMES LENDS INSIGHT INTO BIOSYNTHESIS OF

PYRROLE-IMIDAZOLE ALKALOIDS

Thischapteiis adapted fronwo papes 1)I. Mohanty,S. G. MooreD. Yi, J.S. Biggs,
D. A. Gaul, N. Garg, V. Agarwal, ACS Chem. Bial. 2020, 5(8), 21852194
10.1021/acschembio.0c003Z5 |. Mohanty, S. G. Moore, J. S. Biggs, C. J. Freeman, D.
A. Gaul, N. Garg, V. Agarwal, ACS Omega 2021, 48(6), 3320863205;
10.1021acsomega.1c05685Permission to use the manuscfigtas been granted by the
ACSjournal and attached in Appendix Bhe manuscript 2 is covered under the creative

commons license and the copyrightetained by the authors.

2.1 Abstract

Pyrroleimidazole allaloids are natural products isolated from marine sponges,
holobiont metazoans that are associated with symbiotic microbiomes. Hyriddeole
alkaloids have attracted attention due to their chemical complexity and their favorable
pharmacological propeds. However, insights into how these molecules are
biosynthesized within the sponge holobionts are scarce. Here, we provide -amiailti
profiling of the microbiome and metabolomic architectures of three sponge genera that are
prolific producers of pyrrolémidazole alkaloids. Using a retrobiosynthetic scheme as a
guide, we mine the metabolomes of these sponges to detect intermediates in pyrrole

imidazole alkaloid biosynthesis. Our findings reveal that theproteinogenic amino acid
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homoarginine is a cidal branch point that connects primary metabolite lysine to the
production of pyrrolemidazole alkaloids. Together with arginine, the fpyoteinogenic

amino acid homoarginine is a substrate to produce vasodilator nitric oxide in the human
body. In addibn, the absolute abundance of homoarginine, its abundance relative to
arginine, and its stereochemical assignment in marine sponges is not known. Here, using
stable isotope dilution mass spectrometry, we quantify the absolute abundances of
homoarginine atharginine in marine sponges. We find that the abundance of homoarginine
is highly variable and can far exceed the concentration of arginine, even in sponges where

incorporation of homoarginine in natural products cannot be rationalized.

2.2 Introduction

Naturally produced specialized small organic molecules that do not serve roles in
primary metabolism, colloquially referred to as the natural products, are privileged
synthons that have evolved to mediate chemical signaling and initiate biological responses.
Natural products directly provide, or inspire the development of a majority of clinically
used pharmaceuticel® These molecules are constructed starting from simple organic
substrates by gerencoded enzymesand biochemical schemes underlying their

construction der new insights into biosynthetic enzymology and genomic archite&ures

Marine spongesprolific sources of natural productare filterfeeding sessile
metazoansn which a eukaryotic sponge hastassociated with a suite of microbial and
other eukaryotic partners to construct a holobiont community. Sponge barmeih
sources of microbiological novelf}.%! In sponges, and for other marine metazoan

holobionts the associatedatural productareshown to be produced byammicrobiome
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However, there is increasing timorous acceptance that the eukaryotic host itself could be
the site for biosynthesis of several holobidetived natural products. ® 92 Some
chemical scaffolds are unusually well represented in sponge natural predomig these

are the brominated phenols and pyrroles. The pyrralaidazole alkaloids are a
characteristic exampldFigure 2.1A. Pyrrole-imidazole alkaloid are a large and
chemically complex class of sponge natural products with over 150 congeners. The
chenical complexity of pyrrolamidazole alkaloids has necessitated numerous structural
revisions, offered title compounds for organic syntheses, and their favorable bioactivity
profiles have sustained pharmacological intet€8t Retrosynthetic routes for pyrrele
imidazole alkaloidsposit the enatioselective dimerization of three key monomeric
building blocks, oroidinX), hymenidin ), and clathrodin3) (Figure 2.1A. Indeedjn in

vitro biomimetic experimentghe dimerization of these monomeric building blookss
realized usinggnzymes extracted from pyrrei@idazole alkaloid harboringponge %> %
However, insights into the biosynthesisldf3 themselves have been sgahe only data

that we currently possess meedelivered by monitoring the incorporation of radiolabeled
amino acids precursors int@”° Specifically, while the 2xminoimidazole moiety ifi 3

is widely present in marine metabolomes, precursors and intermediates involved in its
construction have not been identifi#8.2%! There are two principal challeeg that have
precipitated this knowledge gap. First, from the genomic perspective, the biosynthesis of
pyrroleimidazole alkaloids is not expected to resemble any of the characteristic natural
product biosynthetic schemes. Hence, genes encoding theirumbiost in sponge
metagenomes are hiding in plain sight from computational tools that are trained to detect

natural product biosynthetic genes. Second, from the biochemical perspective, detection of

38



substrates and intermediates involved in pyrimiglazok alkaloid biosynthesis is outside
the purview of metabolomic approaches that are increasingly reliant on repbess
chromatography which, in turn, biases the metabolomic description tepatan

molecules.

An intriguing feature of pyrrolémidazolealkaloids is that their production extends
across different phylogenetic families of marine sponges. A compabsbreen
metabolomicstructuresand microbiome communities of these sponges in light of the
conservation of the natural product chemistry has beenconducted A correlative
overlap of microbiome community member(s) can possibly lend insight into the identity of
the primary producer bacterium within the sponge holobiontyasrealized for the
production of polybrominated phenols and polycimiated peptidic natural products in the
Dysideidae family of marine spong¥$!% These correlative relationships have been
validated for other marine invertebrate holobionts el & robustly characterized example
being the production of cyanobactin peptides within the microbiomes of marine
ascidians® The site for the production of the pyrrétaidazole alkaloids in the sponge

holobiont has not been resolved.

Here, we provide the muitmic profiling of the metabolomic and microbiome
architectures ofStylissa Axinella, and Agelas sponges, genera thate exceptionally
prolific producers of pyrrokémidazole alkaloids. We generate metabolomic datasets
describing the polar and ngolar metabolites harbored by these sponge genera. We
demonstrate that the metabolomic convergence does not translateveysatinon of
microbiome architectures, and neither does the microbiome diversity correlate with

metabolomic richness. Within polar metabolites present in sponge extracts, we detect the
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presence of nonproteinogenic amino acids and derivatives that allot® wvsfine
biosynthetic hypotheses for pyrralaidazole alkaloidsThe discovery of homoarginine

(4, Figure 2.1¢ as a plausible intermediate in the biosynthesis of pymoigazole
alkaloids is, to the best of our knowledge, the first report of anngtdtie non
proteinogenic amino acid in marine sponges. Apart from sponges, homoargpreseist

in the human metabolome. Together witladginine 6, Figure 2.1G, homoargininds a
substrate for nitric oxide synthase leading to the production of thedietsr nitric
oxidel% Due to its role in nitric oxide production, the abuncmf homoargininein
human blood plasma is negatively correlated with cardiovascular risk and renal
dysfunctiont®® 1°7 The abundance ofiomoarginineincreases during pregnancy with
proposed roles in increasindplood volume and vasodilatidf® The enzyme
arginine:glycine amidinotransferase catalyzes the amidino group transfes fodthre side
chain primary amine of lysiné(Figure 2.1 leading to the production @ While the
function of4 and its relevance as a disease biomarker in mammalian physiology is well
validated, the presence, abundance, and role(4)ifother biomes has received lesser
attention In another parallénvestigation in the lab, we had detected the presendénof
marine sponges of the genefplysina and Aiolochroia In these sponges} was
rationalized to be a biosynthetic precursor of bromotyrosine alkaloid natural pfdducts
aplysinamisine 1°° (Figure 2.10) and aerophobin 2°(Figure 2.10) that are detecte@®ur
study also highlightedasne marine sponges such lasithella sp. that do not possess
natural products that can readily bationalized to be derived from also bear high
concentrations of. In this study, we query the stereochemistry ata€4 and determine

the isomerda to be exclusively present in multiple marine sponges. By synthesizing an
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isotopically labeled standardf da and spiking the standard into sponge tissues, we
determine the absolute abundancéadind compare that to the abundancgiafAplysing
Aiolochroia Stylissa andlanthellaspp. sponges. We find the proteinogenic amino acid

to be uniformly abunait in these phylogenetically and geographically dispersed sponges.
However, the abundance 4d was variable and was found to be several folds higher than
5 even in thelanthella sp. sponge that does not contain natural products derived from
homoarginine Our results now set the stage for investigating the physiological role(s)

potentiated by the high concentratiorhoimoarginingn marine sponges.

Data described herein are generated using less than 1 g biomass for each sponge
specimen, highlighting the applicability of contemporargmic technologies in

transcending the limitation of biomass availability.
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Figure 2.1. Spongederived pyrrolemidazole alkaloids (A) Monomers 1i 3 and

representative dimerization products belonging to the sceptrin, ageliferin, and axinellamine

families of pyrroleimidazole alkaloids.B) Morphology ofStylissa Axinella, andAgelas

sponge specimens used in this study. For each genus, two biological replicates were
collected Role and production of homoargini®. (C) The enzyme nitric oxide synthase

converts4 and5 to nitric oxide (NO) with concomitant production of homocitrullisued
citrulline, respectively. The two possible sterecisomergl,ofa and 4b, are shown.
Amidinotransfer fronb to the side chain-amine oflysine (6) leads to the production df
together with the noeproteinogenic amino acid ornithineD) Marine sponge derived
natural products in which the incorporation #fcan be rationalizedMarine sponge

samples used in this studiplysinaand Aiolochroia spp. sponges were collected in the

Florida Keys Stylissaandlanthellaspp. sponges were catted in Guam.
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2.3 Result and Discussion

2.3.1 Sponge phylogeny and detection of pyriaidazole alkaloids

Sponge specimengere collected in Guam and in Solomon Islands lzardoded
by Sanger sequencing of PCR amplicons corresponding to the internal transpabed
2(0TS2) region between 5.8S and -t2r@ifusof R&NA enc
28S rRNA encoding gen8ponge gener&tylissa(family Scopalinidae)Axinella(family
Axinellidae), and Agelas (family Agelasidae) could be discerndyy homology ©
sequences in the GenBank nr database. We resitiiet description of sponge phylogeny
to the genus level; for marine sponges, progression to speeasdentification is tenuous
based on DNA barcodinglone as we have demonstrated betbtelwo biological
replicates for each sponge genera were used in this Reglicateof the genusf\gelas
demonstrate highly similar I'FT8 sequences. However, the 28S rRNA sequences separate
the specimens as two different specieppsuted by their different morphologiesSigure

2.1B, Table A8).

Liquid chromatography/mass spectromett(MS) data wereusedto reveal the
conservation of brominated alkaloids in all three sponge genfsreurate mass
determination, characteristic isotopic distribution of brominated species, comparison of the
MS? fragmentation spectra to spectra available in databases, andlnaanotation of
observed MS/MS fragment ions lead to structural assignment of pymimlazole
alkaloidsl and2 (Figure A7). Molecule3 was not detected in specimens used in this study.

The extracted ion chromatograms (EICs) resddhe presence of migple isomeric
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species, consistent with reported congeners that arise via intramolecular cyclization for

and?2 (Figure A8).

In light of the conservation of pyrreienidazole alkaloids, we interrogated the
overall metabolomic overlap among the threengjgogenera. Each sponge specimen was
extracted in triplicate (technical replicates) and LC/MS data acquired. Thus, faféheh
three generaStylissa Axinella, andAgelas six LC/MS datasets wereollected A partial
least squares discriminant anatys{fPLSDA) revealed that the data saifjanized
according to sponge gene@mponents 1 and Ejgure 2.2A. The score plot between
components 2 and 3 reveal overlap am8tydissaandAxinellametabolomes whil&gelas
still remained distincfThe score lot between componesiB and 4 shows complete overlap
amongthe three generadualitatively, these findings translate Agelasand Stylissa
metabolomebeingdistantfrom each other whil&tylissaand Axinellametabolomes are

more similar
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Figure 2.2. (A) PLSDA clustering ofStylissa Axinella, and Agelas metabolomes
represented as ellipses of 95% confidence level. Tetmmbonent model had & Qalue

of 0.87. Each biological specimen (two for each genus amalyzed in triplicate. An

ovellap of the metabolome is observed on reducing the stringency of the principal
components that describe thevariance between the three sponge genBjaBér plots
denoting microbiome composition at the phylum level for sponge specimens used in this
study. The microbiome composition was analyzed in duplicate for each sponge specimen
used in this study. Networks demonstrating the BZaytis dissimilarity indices at th€}

phylum and at thelX) genus levels for sponge microbiomes. Node color denotesepong
genera, the border color corresponds to technical replicates, in that, nodes of the same color
represent the same genera while the same border color represents technical replicates for
the sponge specimen. Pairwise indices were calculated for each ionoeotiataset and

nodes with BrayCurtis dissimilarity indices less than 0.6 were connected. At the phylum
level, all nodes are interconnected. However, at the genus level, only the nodes for each
individual sponge genera are connected demonstrating ovevalloverlap between
Stylissa Axinella, andAgelasmicrobiomes.
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2.3.2 Microbiome architectures

The microbiome architectures of the three sponge gewera determinedPCR
amplicons for the bacterial 16S rRNA gene facke biological replicate aresequenced
in duplicate. At the phylum level, microbiomes of the three sponge geesralominated
by Proteobacteria Acidobacteria and Thaumarchaeotawhile Agelas microbiomes
additionally revead the presence ofhloroflexi, Actinobacteria and Poribacteria that
were conspicuously absent Btylissaand Axinella (Figure 2.2B. Even thoughhe two
Agelasspecimens used in this study belong to different species, the overall microbiome
architectures are similar. Conservation of microbiome architectutee genus level is a
recurring observatiofor marine sponge®: ' In sponge microbiomes, microbial diversity
is a predictor of microbial abundancégtpresence ofChloroflexi, Acidobacteria and
PoribacteriadesignateAgelasspecimens to be high microbial abundance (HMA) sponges
while Stylissaand Axinellaspecimens are designated@s microbial abundance (LMA)

spongest?

To quantify the overlap among microbiomes of spongesstigated here, we
calculated the Bragurtis dissimilarity matrices at the phylum and at the genus levels
(Table A9). These matrices are represented as networks in which nodes corresponding to
individual microbiomes are connected to other nodes witletwtiiey share dissimilarity
indices less than 0.6, a enff value chosen in light of contemporary literatét&Thus,
nodes with values less than 0.6 are considered to be similar and hence connected by an
edge.At the phylum level, we olesve a near complete interconnectedness among the
microbiome network Kigure 2.2G. This is likely due to the dominance of the

ProteobacterigAcidobacteriaThaumarchaeotandCyanobacterigphyla which make up
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greater than half of the bacterial diverdily each specimeidowever, at the genus level,

the intergenera interconnectedness is completely lost, and the microbiomes fall into sub
networks according to the sponge gené&igure 2.2D. At the phylumlevel, a relatively
higher dissimilarity indexvas observed between tigyelasbiological replicatesTable

A9), consistent with thAgelasspecimens belomgg to different species as determined by
28S rRNA sequenced éble A8). Still, at the genus level, the intspecis Bray-Curtis
dissimilarity indicesfor the Agelasspecimensvereless than the cutoff value (0.6).i¢

thus instructive to observe that the production of pyriokdazole alkaloidswas

conserved in different sponge genera wighy divergenmicrobiomearchitectures.

2.3.3 Discovery of homoarginine and homoagmatine in sponge metabolomes

The high abundance p#/rrole-imidazole alkaloideamong the three sponge genera
investigated here has been noted abdM@omeric pyrrolemidazole alkaloids, such as
1, can ke rationalized to be derived via the condensation of the aminezlkyl
aminoimidazolell and pyrrole-2-carboxylic acidl12, both of which are reported natural
products isolated fromixinella and Agelasgenera(Figure 2.3A.11#117 By tracing the
incorporation of radiolabeled precursaigfferent groups havpresenéd convergent data
that the pyrrolyl moiety irl is derived fronproline (13).97°° The enzymatic oxidation of
the pyrrolidine heterocycle inl3 and pyrrole halogenation @& well established
transformations$*® 11° The biosynthetic elaboration afl is more contentious. Based on
radiolabeling experiments, differing data for the incorporatiolyshe (6) andhistidine
into 1 has been presented and the involvement of other polar amino acids auginiag

andornithinehas beemproposed?® 120122
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To furnish 11, we rationalized a biosynthetic scheme starting fi@min this
hypotheticalschemeamidinotransfer from arginine to the side chain primary amirge of
generates the ngproteinogenic amino acid homoargini® Figure 2.3A. Ornithing a
product of tlis reaction, can, in turn,furnish 13. Decarboxylation of4 furnishes
homoagmatine?). Support for this hypothesis is derived from the observation that pyrrole
imidazole alkaloidsarising from direct condensation df and 7 with (di)bromo1H-
pyrrole-2-carboxylic acig have beendescribedFigure 2.3A.12212While 4 was proposed
as a pyrroléemidazole alkaloid biosynthetic intermediaté had not been detected in
sponge metabolomes previously; invoking it dsiasynthetic intermediate was thus not

supported by prior literatur&.*26

To query for the presence défand 7, first, we acquired.C/MS data used using
altered sample extraction and chromaapipic procedures that allowed us to interrogate
the polar metabolites present in the sponge metabolomes that were outside the purview of
the reverseghhase chromatographic techniques used alibweparison of retention time
and MS fragmentation spectratan authentic standard validates the presence of the
proteinogenic amino aci@ (Figure 2.3B. In an identical fashion,ybcomparison ta
commercially availablstandard, we could detect the presencé iof all three,Stylissa
Axinella andAgelassporges Figure 2.3C data shown foBtylissametabolomes only, see
below). Next, we synthesized a standard @y the guanidinylation of 1;8iaminopentane
(Figures A9i Al11). Presence of in sponge metabolomes was similarly confirmed by
comparison of reterdn time and M3spectra with this synthetic standafigure 2.3D).

This is the first report for the detection of the fmoteinogenic amino acid and its

decarboxylated derivativéin marine sponges.
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Experimentally establishing the presencd ahd7 in sponge metabolomes allows
us to now progress along the rationalibéasynthetic scheme illustrated kigure 2.3A
ConceivableCd-hydroxylationfor 7 (carbon atom naming convention for amino agjd
furnishes8. The decarboxylatichydroxylationsequencean be inverted téurnish 8 via
9 rather than vi&Z. Thus, we proceeded to interrogate the presen@asfwell. Using
established procedurés, a racemic standard fd@® was sythesized by the specific
guanidinylation at thee-NH> of the cupric salt of commercially available racemic 5
hydroxylysine(FiguresA12i A14). Comparison of retention time and f8agmentation
spectra establishes the presenc® of the sponge metabolomesiqure 2.38 Thus, at
this stage, metabolomic evidence has been presented pointing towards guanidinylation,
decarboxylation, and &Ehydroxylation of6 as participating evenis pyrroleimidazole
alkaloid biosynthesid.ysine Gl-hydroxylation bya-ketoglutarate dependent enzymes has
biosynthetic precedent; this modified amino acid is detected in eukaryotic collagen
including that in marine spong&®.1?° Overall, data presented above is consistent with
prior experiments demonstrating the incorporationraidiolabeled6 and 13 in 1.%°
Proceeding alamthe proposed biosynthetic routgjdation of the secondary alcohol&n
to a ketone will facilitate a spontaneous dehydration to install thmiBoimidazole
heterocycle inl0, as has been realized syntheticafYfollowed by Cb-Cg oxidation to

afford 11

Molecule 4, which had not been described from sponges previously, is a critical
branch point which connects the primary metabdite a natural product biosynthetic
processKigure 2.3A. In addition to the proposed afimotransferg can be converted to

4 by carbamoylation at theNH.. At present, we cannot eliminate this possibility. We are
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biased towards amidinotransfer being the operative transformation because we do not

detect carbamylated lysine (homocitrulline)the sponge metabolomes. Amidinotransfer

upon6 is a biosynthetic reaction validated to be present in the eukaryotic and bacterial

metabolic toolkits3* 32 |n vertebrates,4 and 7 serve as metabolic marlkefor

cardiovascular disease with rsl@ the production of nitric oxid&”® It is tantalizing to

positthat biosynthetic ingenuity has repurposeestimetabolite for the elaboration of

natural products in sponge holobionts.
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Figure 2.3. Proposed biosynthesis of pyrrafaidazole alkaloids.A) Retrobiosynthetic
scheme rationalizing the elaborationldfom amino acid precursors. Chemical structures
of pyrroleimidazole alkaloids in whicl and7 are rationalized to be directly coupled with
pyrrole carboxylic acids are shown in the dashed ®ixE) EICs and M&spectra mirror
plots comparing4, 6, 7 and 9 detected in theStylissametabolome against synthetic

standards. Key M&Sons are highlighted.
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2.3.4 Stereochemical assignmenthmimoarginine

We have reported the detection 4fin Stylissa Axinella, Agelas Aplysing
Aiolochroia, andlanthellaspp. spnges Figure 2.10.233 13 However stereochemistry at
the 4-Ca remained indeterminate. A standard for the isomer, 4a, was obtained
commercially. The Bisomer,4b, was synthesized by guanidinylation of the side chain
amineofDl ysi ne. Both standar ds wtyeldngdpearofvat i z
diastereomers Figure 2.4A. The retention times for derivatizeda and 4b were
determined using LC/MS extracted ion chromatograms (EICs, 439.1695 Da + 0.001 Da)
generated from data collected in the negative ionization mode. Basgiar@ton between

the diastereomers was achieved using revensse chromatographkigure 2.4B.

Next, we generated methanolic extracts from sponge tissues and derivatized the
extracts with Marfeyds 4dinespogge extraciwwaPachieverlt i on
using identical LC/MS data collection and EIC generation methods that were uded for
and4b standards. By comparison of retention tim&syas identified to be present in all
sponge specimengifure 2.4B. The isomerdb was not detectedz=rom these data, we

conclude that only the-lisomer of4, 4a, is present in marine sponges.

To the best of our knowledge, this is the first experimental determination of the
stereochemistry oft in marine sponges. The stereochemical assignment basedaon da
presented in this study is consistent with adductaaletected with brominated pyrroles
in Agelassponges?® It was curious to observe this stereochemicalitid maintained in
the lanthella sp. sponge wheréa cannot be rationalized to be incorporated into natural

products. That the-lisomer4ais present in all sponge specimens used in this study likely
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points towards a similar biogenetic origination mexsia fordain sponges as is operative

in humans, which is the guanidinylationlg$ine.
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Figure 2.4.The L- isomer of4 is present in marine sponge8) Derivatization o#4aand

4bwi th Marfeyds reagent t B)EICS[®WHHE md43ai1Ft er eor
demonstrating chromatographic separation of derivatized standartts avfd 4b, and

comparison with similarly derivatized sponge extracts.

2.3.5 Abundance of- homoarginineandL- argininein marine sponges

To query the absolute abundance 4af and 5 in marine sponges, first, we
determined the single reaction monitoring (SRM) transitions for these amino acids. A SRM
transition refers to the combination of the tmtzvalues; a MSprecursor iomm/z and the
MS? product ionm/z'® The use of SRM transitions provides high selectivity and
eliminates contamination with coeluting or closely eluting isomers which aids in accurate
guantificationof abundance. The SRM transitions usedioand5 are illustrated ifrigure
2.5A and Figure 2.5B respectively. For both amino acids, we observed oxidative
decarboxylation followed by imine hydrolysis to yield a MSa-aldehyde product ion.
Thus, forda, the SRM is based on the M®/z189Y MS? m/z144 transitionFigure 2.5A.

For 5, the corresponding SRM is based on the'M®z 175Y MS? m/z 130 transition
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(Figure 2.5B. For 4a and 5 standardsEICs for MS m/z 189 and M$ m/z 175
(corresponding to MSions detected fofa and5, respectively) and for SRM transitions
m/z189Y m/z144 (for4a) andm/z175Y m/z130 (for5) demonstrated identical retention
times and chromatographic profildsdure 2.5C, 2.5 Next, an isotopic standard féa
was synthesized by guanidinylation of commercially available isotopically labekd
isotopic standard fob was commercially obtained. For isotopic standarddaoand 5,
EICs for MS m/z197 and M$m/z185 (correponding to M$ ions detected for isotopic
standards foda and5, respectively) and for SRM transitiongz197Y m/z150 andm/z
185Y m/z138 demonstrated identical retention times and chromatographic prfiesg
2.5E, 2.5F. For sponge extracts, areasder the SRM chromatograms were used for

guantification of abundance d& and5.
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O~ N “NH, —_— OWNJLNH 2,567 4.0E6
OH 4a H H : L 4a 5
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Figure 2.5. SRM transitions forta and5, and their respective isotopic standards.!MS
parent ions, and MJroduct ions observed foA] 4aand its isotopic standard ar8)(5
and the respective isotopic standard.NESC (top) and SRM chromatogram (bottom)
observed for€) 4a, (D) 5, (E) isotopic standard oda, and F) isotopic standard 0.
Retention times and peak profiles of the MBCs are identical to that of the respective
SRM chromatograms3C isotopes are represented as red datsisotopes are denoted by
green boldface | etter ONO.
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To minimize matrix effects, different amounts of isotopic standards were directly
added to lyophited and pulverized sponge tissues, followed by extraction and
guantification. Assuming identical ionization 4d and5 as compared to their respective
isotopic standards, the relative peak area ratios (SRM chromatogram peak at@a for
divided by peak aa of its isotopic standard; similarly f&6y were plotted against the
concentration of isotopic standard added to the sponge tiEgueg AL A22). When the
SRM peak area ratio was unity, the amount of isotopic standard added to the sponge tissue
would translate to the abundance4af and5 in sponge tissues. Using this methodology,
the absolute abundance4s and5 determined in different sponge tissues is illustrated in
Figure 2.6 Calculated LODs fo#a and5 were lower than the concentrationsdafand5

detected in sponge tissues used in this sthiyufe A23i A24).

The abundance of the proteinogenic amino &aahged from 68.7 ng/mg sponge
tissue to 9.1 ng/mg sponge tissue {fold variation) with the maximum concentration
recorded irAplysinasp. and the minimum iBtylissasp. spongeKigure 2.§. The variation
in abundance ofla was much greater. The highest concentratiodaofvas recorded in
Stylissasp. (453.5 ng/mgponge tissue) and the lowes#iplysinasp. (6.7 ng/mg sponge
tissue 67.6fold variatio. While the presence ofa in Aplysina and Stylissa and
Aiolochroia spp. sponges can be rationalized based on the respective natural product
chemistres we were surprised to detect the high @mtation o#da in lanthellasp. (415.1
ng/mg sponge tissue)anthella sp. does not possess natural products that can be

rationalized to be derived froda.

The ratio of concentration & to 4a in marine sponge samples used in our study

ranges from 10.3 iAplysinasp. to 0.02 irBtylissasp. These ratios are in sharp contrast to
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human blood plasma and peripheral blood mononuclear cells Wideminatesta 50 to
300fold.*® It is not immediately clear why théanthella sponge possess high
concentrations ofla. Myriad nonproteinogenic amino acids either participate in natural
product biosythetic scheméd’ or are employed in core metabolic and signaling pathways.
While it is apparent that the high abundancdaoh lanthellasp. spong does not support
the biosynthesis of natural products, other roles4hatould serve in the physiology of
this sponge are not immediately clear. It is tantalizing then to revisit the participation of
in nitric oxide productionNitric oxide in marinesponges is proposed to play fundamental
roles in sponge larval settlement and metamorphésiSubstrates for nitric oxide
production, such & in spongegan besynthesized by symbiotic bacteria associated with
the sponge hodt® In low microbial abundnce sponges such #nthella sp./* 134

supplementation afitric oxide production usinga may be especially relevatd sponge

physiology.
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Figure 2.6. Abundance ofla and5 in Aplysing Aiolochroia Stylissa andlanthellaspp.
sponges presented as nanograms of metabolite present per milligram of dried sponge
biomass. Histograms represent means from three biological replicates for each sponge
species and error bars represent standard deviation in amino acid abundances.
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2.3.6 Enrichment of pyrrolemidazole alkaloid biosynthetic intermediates

The abovementionetlansformations are all supported by biosynthetic precedent.
The conceptual challenge here is that amino acids are primary metabolitetemnd
derivatives could thuse pesent at a basal level in all sponge holobionts regardless of the
production of pyrrolamidazole alkaloids. Thus, to interrogate the specific enrichment of
metabolites4, 6, 710 in sponges that produce pyrrotaidazole alkaloids, we chose the
marine spnge,Dysideasp. to serve as a comparative negative corffigure 2.7A.
Though dominated by amino aeiérived natural productd)e Dysideametabolomehas
scant overlap wittStylissa Axinella and Agelasmetabolomesin that, no brominated
alkaloidswere detected in its metabolome. Instead)ysidea we deteatdthe presence
of polychlorinated natural products in high abundance. Structural annotation of the MS
spectra led to the dereplication of previously reported natural products barbaleucamides
and B Figure 2.7A A25).140 In addition to barbaleucamides, characterifigsidea
molecules the polychlorinated diketopiperazine dysamidesre also detectefigure
A25). By analogy to othebysideaderived natural products thalsopossess the leucine
derived trichloromethyl moiety, biosynthesis of barbaleucamides and diesnm
expected to reside within cyanobacterial symbionts of the g@sailatoria.!®* Distinct
from Oscillatoria, cyanobacterial symbionts withBtylissa Axinella, andAgelassponges
belong to theSynechococcuand Prochlorococcugyenera(Figure A26). To validate the
pyrroleimidazole alkaloid biosynthetic scheme illustrateéigure 2.3A we searched for
the enrichment of precursdr 6 and intermediate3i 10 in the Stylissa Axinella, and

Agelassponge metabolomes, the key metric being that they should not be paesent
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comparatively high levelsn Dysideawith metabolomic data generated using identical

extraction and LC/MS procedures.

Within 1 ppm tolerance, EICs for [M+H]ons demonstrate thall the postulated
intermediatesare indeed detected, and are enriched®tylissa Axinella, and Agelas
metabolomes as compared to thgsideametabolome Kigure 2.7B. GenusStylissa
demonstrate the highest enrichment tfiesemetaboliteswith the rehtive abundance of

different molecules changing betwexinellaandAgelas

The presence of, 7 and 9 have been confirmed by comparison to standards;
structural assignment & and 10 is supported by annotation of fragmentation spectra
(Figure 2.7CG). Fragmentation of4 demonstraté the neutral loss ofCONH,
rationalized asmine formation by decarboxylation followed by deaminatiomsiall an
aldehyde at & (m/z 144) (Figure 2.7Q. Additional fragment iongorresponding to
oxidative deamination 1fi/z 172) and loss of the guanidino group/¢ 130) were also
observedThe characteristic £aminoalkyl chain oft manifests as the oxidized piperidine
(m/z84). Fragmentation spectra f@¢ identical to that of the synthetic standaFig(re
2.7D), demonstratedhe presence of an oxidatively deaminated produét 128) which
establishd the presence of the primary amine, while the oxidatively deguanidinylated
product ion n/z86) establisha the presence of the guanidino group, consistert Wit
being the decarboxylated derivative 4f(Figure 2.7D). MS? spectra for8 likewise
possesses the oxidatively deaminated produchidnl@4), and further deamination at the

guanidino groupr(i/z127) Figure 2.7E. Instructive to observe /z101 praluct ion, the
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structure for which is rationalized by dehydration a @ide infrg) followed by ring

closure.

Fragmentation spectra f8yrichest ananostdescriptiveof all species queried here,
is described in light of that of (Figure 2.7f. Molecules4 and9 differ only by single
hydroxylation, however, the MSpectra are quite differenfijure 2.7CF). Consistent
with the fragmentatiorf 4, we observed the alatively deaminated fragment iom{z
188) and the product ion corresponding to H@ONH, neutral loss r/z 160).
Unexpectedly, formuladeterminatiorfor the more abundant fragment ion¥z145 and
m/z128, demonstrateone, and two deaminations ocang at the guanidino group after
the-CONH; neutral loss at &. This observation is in contrast to the fragmentation spectra
for 4 where no guanidino deaminations were obse(tglre 2.7Q, but, consistent with
fragmentation spectra for8, another hydroWated derivative where guanidino
deaminations were also detectédy(re 2.78. Progressing from the annotation of th&z
160 product ion, we rationalidethat the guanidino deaminations are facilitated by the
formation of oxazoline and oxazolidine heteycles via the nucleophilic attack of thd-C
hydroxy oxygen on to the guanidino carbon followed by successive deaminations. Hence,
retrospectively, hydroxylationis likely affected upon the homoargininedC If
hydroxylation occurs at § deamination must progress via the formation of the six
membered 1;3norpholine ring, a possibility that cannot be entirely discounted. A similar
scenario with hydroxylation occurring ab@nd G will lead to formation of less likely
seven and fourmembeed heterocycles, respectiveljhe fragmentation spectra f@0
demonstrates the oxidatively deaminated productnoai24), and deaminatioat the 2

aminoimidazole ringr(/z99) (Figure 2.7G.
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Figure 2.7. Enrichment of rationalized pyrroienidazole alkaloid biosynthesis
intermediates. A) Dysidea sp. metabolome BPC with overlaid EICs demonstrating
presence of barbaleucamidesBA (B) EICs, generated within 1 ppm error tolerancetfor

6, 7-10 acrossStylissa Axinella, Agelas andDysideapolar metablomic LC/MS datasets.

The yaxes for each EIC is identical as indicated, excep fiowhich the high abundance

in Stylissais adjusted with a different-gixis scaling. Ci G) MS? spectra for, 7, 8i 10

with rationalized structural annotations of fragment ions. The ppm error associated with
each structural annotation is listed. TheAdBectra shown here were recorded by highly
accurate Fourier transform mass spectrometric fragmentation on an orbitsgp ma
spectrometer.

2.3.7 Comparative polar metabolomes

Next, we sought tguerywhich other polar metabolites could be identified in the
sponge metabolomes. With the greatest enrichmeft ®f4 10 in Stylissa as compared
to Axinella and Agelas we compared th&tylissaand theDysideapolar metabolomes.
From the LC/MS datasets thavere acquired in technical triplicate for each sponge
specimen, rass spectral features were extracted using MZnfthé®ng with the MS
m/zion, mass spectral features are appended with the metric of abundance, as determined
by area under the EIC. TlgtylissaandDysideafeatures are illustrated FFigure 2.8Ain
which the logrithmic foldchange in ion abundance is plotted along the horizontal axis
and the logarithmic statistical significance-@ue) of the mass spectral feature in
differentiating between thgtylissaandDysideametabolomess plotted along the vertical

axis.

Features corresponding496,7i 10 are some of the most enriched features in the
Stylissametabolome (blue dat$igure 2.8A. We also observe the enrichment 1§
precursor forl in Stylissa On the other hand, lmér amino acids are either evenly

distributed (GIn, Orn, Val), or are not highly differentiated (GIn, Trp, Bba, Arg green
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dots). Both, histidineand histamine (labeled HisCQy)), are not highly differentiated

among the two metabolomes

Instructiveto compareis the distribution ofamino acids4 and 6 against that of
leucinein Stylissaand Dysideapolar metabolomed={gure 2.8§. Given the abundance of
leucinederived barbaleucamides and dysamides igsdeanon-polar metabolome, we
expected leuoe to be highly enriched in tHeysideapolar metabolomeHowever, this
was not the case. In tinellavs Dysidea andAgelasvs Dysideacomparative plots, we
observed a similar equitable distribution of leucine with enrichmeftoti6 in Axinella
andAgelasas compared tDysidea(Figure A27).We rationalize the equitable distribution
of leucine by thdact that biosynthesis of barbateamides and dysamides resides within a
cyanobacterial symbiont inside thBysidea sponge host®* However, the polar
metabolome, which is representative of primary metabolic state of the entire holobiont,
will be dominated by the eukaryotic sponge host. In context of this ampumoes the
enrichment of precursossand6 in the polar metabolomes suggest that the biosynthesis of
the pyrroleimidazole alkaloids is catalyzed by the sponge host rather than a bacterial
symbiont? Two lines of evidence support this assertion. Firgtyy culturing the
archaeocytecells from the spongdeichaxinella morchellaphylogenetic assignment
revised toAxinella corrugata'*! Kerr successfully recovered the production of pyrrole
imidazole alkaloids”’” Secondly, using enzyme extracts from the LMA spoSgdissa
caribica, Molinski reconstituted the late stage intermolecular coupling tf dimeric
pyrrole-imidazole alkaloidsKigure 2.1A.°> % The hypothesis that th@enge host, and
not the microbiome is the biosynthetic source would also support the observation that

Stylissa Axinella, andAgelassponge genera bearing very diverse microbiome structures
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support pyrrolealkaloid productionigure 2.2B. This observatio is in contrast to other
marine invertebrate systems in which bacterial symbionts have been validated to be sites
for natural product biosyntheses; in all such systems the microbiome architecture remains
correlatively conserved with the natural produceroistry across the eukaryotic host

phylogeny?5 3638 142

In addition to primary metabolites and amino acid derivatives, by comparison to
authentic standards, the quaternary ammonium betaines stachyldjimad trigonelline
(15) were alsadentified in the sponge polar metabolomieg(re 2.8B, ¢. Among these,
15 has been described from marine sponges previdtisihile 14 was enriched in
Dysidea 15 had a higher abundance in t8t/lissametabolome (red dotsigure 2.8A)
Molecule15, in particular, is widely distributed in the marine metabolome. In addition to

sponges]5 has been detected in corals, seaweeds, and phytoplaffkttsn.
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Figure 2.8.Comparative polar metabolomea)Mass spectrometric features for the polar
metabolomes oftylissa(left) and Dysidea(right) represented as a volcano plot. Key
features described in text are highlighted. Retention time comparison &ndivis plots

for (B) 14and C) 15detected intlie Stylissametabolome against authentic standards. Note
that EICs corresponding molecular formulae for detand15demonstrate more than one
peak.
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2.3.8 Correlative microbiomanetabolome richness

At this stage, we have an inventory of the polar anchtrepolar metabates of
StylissaAxinella andAgelasspongespecimen. Next, we queried whether the microbiome
diversity correlates with the metabolomic diversity for these marine sponges; in other
words, do more diverse sponge holobionts produce nudae @nd norpolar metabolites?

To address this question, we plotted the Shannon indicesasure o&-diversity of the
sponge microbiome, against tthetectedgoolar and nofpolar mass spectrometric features.
Surprisingly, we obsengethat Agelas an HMA sponge with the highest Shannon index
among the three sponge generas associated with the lowest metabolomic diversity
(Figure 2.9A. On the other hand-MA sponges Axinella and Stylissa possess higher
relative number of polar and ngolar metabolites. It is instructive to observe that the
numerical spread of ngoolar metabolites itiigherthan that for the polar nebolites
(Figure 2.9A y-axes). We additionally observe that a gredtection of the polar
metabolome is shared among the three sponge génguad 2.98. We rationalize these
observations with the assertion that the polar metabolome is more descriptive of primary
metabolites as compared to the fpmiar metabolomes whiowill be biased towards more

specialized and thus naverlapping secondary metabolites and natural products.

Metabolomics guides contemporary investigations in chemical ecétogy open
guestion is in which of the two fractions, the polar or the-paliar metabolom® do the
ecologically relevant metabolites lie? Specific for sponge genera investigated here,
conflicting roles for pyrrolemidazole alkaloids in protecting spges against herbivory
and predation have been presented. While their role in defeAdelgssponge species in

the Caribbean andxinella species in the Mediterranean has been established, no such
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protective function for pyrrokimidazole alkaloids wasealized forStylissasponges in the
Indo-Pacific1®1°0 On the other handwitterionic betainessuch asl5 identified here in

the Stylissapolar metabolome, have been shown to be primary waterbornethates
mediae predatosprey interactiond®! As a class of molecules, the primacy of zwitterionic
betaines in mediating ecological interactions is well established. In terrestrial ftants,
and 15 were shown to modulate teractions between plants and bacteria in the
rhizospheré>? While it is tantalizing to propose that sponge natural products serve
defensive roles in their physiological setting, this hypothesis may not be universally valid.
Indeed, due to paucity of natural products detected in their metabolomes, some sponges
arecl assified as 0 cHWenpositahatl pglar metataditesethratdhave 6
stayed outside the purview of isolation and structural characterization efforts may mediate
core ecological funabins, perhaps in synergy as multicomponent cues withpotar
natural products. A comprehensive inventory of both, the polar and thgotam
metabolites in sponge holobionts is critical in discerning chemical crosstalk in organismal

interactions.
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Figure 2.9. Microbiome and metabolome diversityA)( Plot for Shannon indices
representing the microbial diversity (alongxis) and metabolite diversity (aloneaxes)

for Stylissa Axinella, andAgelasspecimens used in this study. Metabolomic diversity for
both, nonpolar and polar metabolomes is represented. The horizontal error bars denote
standard deviation across four microbiome datasets recorded for each sponge genera, as
shown in Figire 21E. Thevertical error bars denote standard deviation in number of mass
spectral features detected across six LC/MS datasets for each sponge gdrteuder(
diagrams demonstrating the overlap of «pahar (left) and polar (right) metabolomic
features across thkree sponge genera.

2.4 Materials and Methods
2.4.1 DNA extraction and molecular determination of sponge phylogeny

Sponge tissue frozen in RN#ter was thawed overnight at°€ and 200 mg@wet
weight)sponge tissue wassed forDNA extraction.The DNA extractiomprotocol used in
this study was adapted from our previous repdmurity ofisolatedDNA was measured
using a Nanodrop spectrophotometéfor determining the phylogeny of the sponge
specimenstwo genetic barcodes were ust ITS-2 regionand the D3D5 region ofthe

28SrRNA gene. The hypervariable [T&gene sequencseas amplified from metagenomic

DNA using Q5 high fidelity DNA pol ymer ase

AATCATCGAGTCTTTGAACG-3 6 ) and reverse pfi mer
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CTTTTCACCTTTCCCTCA3 6 ), as de s ¢t ThoR3D5 regioreofithe@88s | y

r RNA gene was amplified usi ng- t he
GACCCGAAAGATGGTGAACTA3 6 ) and -ACCTA GGAGACETGATGCG

36). A 25 OL PCR reaction was set up with
and reverse primer, 12.5 uL of the DNA polymerase preanx,volumeadjustedio 25

pL with water Thethermocycling conditions were: initial denaturation 2 mif@a°C, 35

cycles each of 30 s at 95 °C, 30 s at 45 °C for2Té&hd 30 s at 55Cfor 28S rRNA, 70 s

at 72 °C, and a final extension of 10 min at 72 °C. The PCR products were purified and
concentrated, and clone libraries were generated using ligatependenTA cloning

with the pGEMT Easy Vector System kit. Three clones for each sponge amplicon were
Sanger sequenced and reads were filtered manually to remove the nuctkticetrom

the vector. Filtered sequences were used to search the GemBardatabase using Basic

Local Alignment Search Tool (BLAST).

2.4.2 LC/MS data collection and analyses; rpolar metabolites

Frozensponge tissues wetgophilized to drynessand thensoaked in technical
triplicates,in 1:1 v/iv DCM/MeOH (1 mL solvent/100 mg dry sponge tissue) for 48 h at
room temperature. Tharganicextract was clarified by centrifugation, dried, resuspended
in MeOH, and analyzed using an Agilent 1290 Infinity ultra-performance liquid
chromatograpy (UPLC) coupled to a Bruker Impactll ultiaigh-resolution QgToF mass
spectrometer equi pped with an electfon spr
reversegphase UPLC column (50x2.1 mm) was employed for chromatographic separation.
MS spectra wexr acquired in positive ionization mqdm/z 50/ 2000 Da. An active

exclusion oftwo spectra was employed, implying, that an\ts$ would not be selected
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for fragmentation after two consecutive Mpectra had been recorded for it in a 0.5 min
time window. For acquiring MSdata, eight most intense ions per Mspectra were
selected. Chromatography solvent A: water + 0.1% v/v formic acid, solvent B: MeCN +
0.1% v/v formic acid. Flow rate was heldnstant at 0.5 mL/min throughout. The elution
profile employed was: 5% solvent B for 3 min, a linear gradient from 5% to 50% B in
5 min, 50% B for 2 min, from 50% to 100% B in 5 min, 100% B for 3 min, from 100% to
5% B in 1 min, 5% B for 1 min, from 5% td@% B in 1 min, 100% B for 3 min, from

100% to 5% B in 1 min, 5% B for 5 min.

LC/MS datasetsvere converted to lock mass corrected mzXkbkmat using
Bruker DataAnalysis software. TheseXML files were processed using MZmine2 for
feature findingData were batch processeahdfiltered by assigning MS* threshold level
for noise detection at,000. The following were the parameters applie@xttract mass
spectrometric feature§) chromatogram builder (minimum time span: 0.1 min; minimum
intensity of tle highest data point in the chromatogram: 1®@&tolerance: 15 ppm); (ii)
chromatogram deconvolution (local minimum seantiz range for M3 scan pairing:
0.025 Da; retention time range for Ri&an pairing: 0.2 min); (iii) isotopic peaks grouper
(m/ztolerance: 15 ppm; retention time tolerance absolute: 0.1 min; maximum charge: 3;
representative isotope: most intense); (iv) join aligneiz(olerance: 15 ppm; retention
time tolerance: 0.1 min); (v) feature list rows filten/¢range: 100 to 1500 DAIS/MS
filter; reset peak number ID); (vi) remove duplicate filter (retention time tolerance absolute:
0.1; m/z tolerance: 5 ppm); (vii) peak finder (intensity tolerance: 0.1; retention time
tolerance absolute: 0.i/ztolerance: 15 ppm). The two outpues of MZmine2 were a

feature table with ion intensities (.csv file format) representing theféé®ure information
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and a corresponding list of MSpectra linked to the MSeatures (.mgf fildormat). The

feature table (.csv filedndthe .mgf file together withthe metadata was imported into the
GNPS feature based networking workflGWwUsing the attribute of sponge genusttie
metadata, the number of features uniquely belonging to eaStylidsa Axinella and
Agelassamples were extracted, and the features shared betwgdwa of the sponge
generaand the features shared amongtlikee spongegenerawere determined. These
values were then imported into the eulerAPE to generate Euler diagrams to illustrate the
percentage of features unique to and shared among the tbregesp The metadata was
added to the feature tables extracted from MZmine2 and used as an input for the
MetaboAnalyst®>* The feature tables were fited with interquartile ranges and the data
was scaled using Pareto scaling. Partial iegatares discriminant analysis (PLSDA) was
used to explore and visualize variance within the technical replicates of each sponge genus
and differences among thenetdolomes. The 4omponent PLSDA model used had%a Q

value of 0.87.

2.4.3 LC/MS data collection and analyses; polar metabolites

In a 2 mL Eppendorf safleck tube Jyophilized sponge was homogenized with two
tungsten carbide beads in a QIAGEN TissueLyser Il at2@or 12 min. Performed in
triplicate, a weighed sample was extracted with 80% MeOH (4 mL solvent per 100 mg of
sample), sonicated for 15 min in an ice bath, and centrifuged at 21,100xg for 5 min. The
supernatant wagansferred to autosampler vial thaasvcapped and stored at 4 °C until
analysis. For quality control purposes, a pooled sample was created by mixing an equal
volume from each sample extract. A sample blank was created by following the above

procedure with no sample.
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LC/MS data were acqred using a Waters Corporation ACQUITY UPLC BEH
Amide column (2.1x150 mm, 1.7 um particle size) coupled to at@gblution accurate
mass Orbitrap IEX tribrid mass spectrometer. The chromatographic method for sample
analysis involved elution with 20:80aterMeCN with 10 mM ammonium formate and
0.1% formic acid (mobile phase A) and MeCN and 0.1% formic acid (mobile phase B)
using the following gradient program: 0 min 5% A; 0.5 min 5% A; 8 min 60% A; 10.4 min
60% A; 10.5 min 5% A; 14 min 5% A. The flow eatvas set at 0.4 mL/min. The column

temperature was set to 40 °C, and the injection volume was 0.5 pL.

The Orbitrap IDX is a tribrid spectrometer that utilizes quadrupole isolation with
dual detectors, an orbitrap and an ion trap, with a maximum reggdawer of 500,000
full width at half maximunfFWHM) atm/z200 and mass accuracy of <1 ppm. The heated
el ectrospray ionization (HESI) source was
a spray voltage of 3.5 kV, and sheath, auxiliary, and sweep gas flows of 40, 8, and 1 in
arbitrary units, respectively. €hinstrument acquired full MS data in the W60m/zrange
in positive ionization mode. MS/MS experiments were performed by acquiring mass
spectra in a data dependent acquisition fashion. MS/MS methods collected full scan data
with a resolution of 120,008nd the deMS? were collected at a resolution of 30,000 and
an isolation window of 0.&/zwith a cycle time of 1.5 s. Dynamic exclusion was set at 5
s. ddMS? ions were activated byigherenergy collisional dissociatio(HCD) with
stepped normalized ddion energies of 15, 30, 45 % and collisioduced disassociation
(CID) energy of 30%. AcquireX Deep Scan was performed uhtiee iterations to

maximize number of collected MS/MS scans.
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The sample order was randomized priodé&tacollection. Seven pmed sample
injections were collected over the course of the batch. The spectra were aligned,greaks
detected, isotopesere removed, adducteere grouped, and instrument drift corrected
with pooled injections using Compound Discoverer V3.0. Annotaifaime dataset was
achieved by M3 spectral matching to a local spectral database, built from curated
experimental data, and mzClquah online spectral database built and curated from known

standards.

In addition, he instrument acquired full MS data the 7601050 m/z range in
negative ionization mode at a resolution of 240,000. MS/MS experiments were performed
by acquiring mass spectra in a targeted BtQjuisition fashion from an inclusion list. The
guadrupole isolation window was set at A& andions were activated by stepped HCD
collision energy at 30% +50% or CID with 40% energy. HCD generated product ions
were collected in the orbitrap at 30,000 resolution between 70 anch0While CID
generated product ions were collected in the ignwrigh arapid scan rate and range of 70
to 300m/z The raw files corresponding to the full MS scan of each sponge sample were
analyzed in Thermo Xcalibur Qual Browser. Extracted ion chromatograms were generated
within 1 ppm error for the compounds.tylissasample was used for targeted Miata

acquisition in both positive and negative mode and thé$y&ctrum was annotated.

Data files were converted to mzXML format using the ProteoWizard msConvert.
ThesemzXML files werebatchprocessed usingiZmine2 for feature findings described
above for the nompolar metabolome. Thig!S! datawasfiltered by assigning a threshold
level for noise detection at 1@00and no threshold noise level was used foPB|&ctra

Thefeature list rows filtekvas seto m/zrange70 to 2000. All the other parameters were
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same as those used for the +pmbar data processing. For quantitative metabolomic

analysis, volcano plots and Euler plots were generated as described above.

2.4.4 Microbiome sequencing and analyses

The spmgeassociated microbiome waseriedby nextgeneration sequencing of
the v4 region of the 16S rRNAeneon lllumina MiSeq platformas we described
previously!'! Briefly, the region of interest was amplified by the pempair 515F806R
which are barcoded and appended with Illunspacific adaptors. The PCR reactions
contained 1 pL 20 ng/uL template DNA, 0.5 pL each 20 uM forward and reverse primer,
0.5 uL 10 nM dNTPs, 0.25 pL of Q5 high fidelity DNA polymerase, reachuffer, and
molecular biology grade water to adjust the volume to 25 pL. The thermocycling
conditions were as follows: initial denaturation of 30 s at 98 °C, 35 cycles each of 30 s at
98 °C, 30 s at 50 °C, 20 s at 72 °C, and a final extension of 2trdih &C. Purified and
concentrated PCR amplicons were pooled in equimolar concentrations for sequencing on
the lllumina MiSeq. The raw sequence reads were demultiplexed and sequence variants
(SVs) generatebty QIIMEZ2 using the giime tools import script,imie demux script and
the DADA2 plugin’®, respectively. Based on quality scores, the forward and reverse reads
were truncated at 180 bp using the giime dada2 denoise script. Taxonomy was assigned
using the SILVA prerained classifier using the giime featulassifier plugin.t>® The
giime taxa barplot script was used to generate the bar plots representing the taxonomic

distribution.

Shannon index, a measure of microbial diversity, was computed using the R

package O6vegand di ver si twasgenemtedif th@Shannod® 2 D
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index and the number either polar or nompolarfeaturesTo highlight the divergence of

the microbiome on moving from | evel 2 O0phl
the three sponge genera, a microbiome network was generagztldraghe SV feature

table generated by giime2. The vegan library of R package was used to generate the
dissimilarity matrix and the corresponding network. The B&yrtis dissimilarity index,

a metricused to quantify the compositional dissimilarity bedwdwo different samples

based on the counts in each sample, was used to compute the pairwise dissimilarity. The
Brayi Curtis dissimilarity is bounded between 0 and 1, where 0 means identical
composition of SVs, and 1 means lack of any shared SVs. Thest(@dualnction was used

to calculate the distances between the sponge samples. The distances were converted to a
matrix using as.matrix() function. In order to build a network, the dissimilarity matrix
neeadto be converted to an adjacency matffikis wasdone using the graph.adjacency()
function. A threshold of 0.6 was used for the conversion to the adjacency matrix, implying
that SVs with a dissimilarity index smaller than or equal to 0.6 will be connected to each
other. In other words, sponge generavahg more than 60% dissimilarity will not be
connected in the network. The network thus generated was exported from RStudio in

graphml format and visualized in Cytoscape.

The script used for generating the network file in RStudio is as foliws

>library(vegan)

>Genus _table<r ead. csv(fiLevel 6_genus. csv", row. na
>Genus.relative < Genus_table / rowSums(Genus_table)

>distances < vegdist(Genus.relative, method = "bray")

>diss.mat < as.matrix(distances)

73



>diss.cutoff<- 0.6
>diss.adj < ifelse(diss.mat <= diss.cutoff, 1, 0)
>diss.net < graph.adjacency(diss.adj, mode = "undirected”,diag = FALSE)

>write_graph(diss.net,"net.graphml”, format = c("graphml™))

2.4.5 Synthesis dD- homoarginine

The procedure for synthesis4if was adopted from literatute’ Diisopropylamine
(1.41 mL, 10.04 mmol) was added to a stirred solutidd-di-U-Boc-lysine (485 mg, 1.97
mmol) in 10 mL MeOH at room tempeuagé followed by the addition @fuanidinylating
r e a g e nhis-Bdd-1-guanyl pyrazole (1.63 g, 5.28 mmol). The reaction was stirred at
room temperature for 3 h. The reaction was concentrated under vacuum. Deprotection of
the Boc functional group was achesl by dissolving the guanidinylated product (100 mg)
from the previous step in 3 mL DCM followed by the dropwise addition of 2 mL
trifluoroacetic acid. The reaction was stirred at room temperature for 16 h and concentrated
under vacuum. Catieeaxchange adlmmatography was performed using the DOWEX resin
and pure moleculdb was elutedisingl M aqueous ammonium hydroxide the mobile
phase!H NMR (Figure A28,800 MHz,CDsOD) U i 1.494(1@, 2H), 1.62 (q]=7.4

Hz, 2H), 1.88 1.96 (m, 2H), 3.17 () = 7.0 Hz, 2H), 3.98 () = 6.3 Hz, 1H).

2.4.6 Synthesis of isotopic standardlefhomoarginine

The isotopic standard dh was synthesized based on literature procetiifeo a
gtirred solution of*C, N labeledL-lysine chloride (61 mg, 0.32 mmol) in 1.2 mL of 1 M
NaOH, a solution of CuS48 mg, 0.19 mmol) in 3 mL water was added. The reaction

mi xXture was stirred at room temper-bigur e
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Boc-1-guanyl pyrazole (139 mg, 0.45 mmol) and NaHG63 mg, 0.63 mmol) were
added. The reaction was stirred at room temperature for 24 h. A blue precipitate of cupric
lysine complex was obtained after filtration and was dissolved in saturated
ethylenedaminetetraacetic acidnd stirred overnight at room temperature. The white
precipitate thus obtained was carried forward for deprotection of the Boc groups by acid
treatment as abowndcharacterized byH-NMR. *H NMR (Figure A29,800 MHz, O)

O 1.,4951Q #iz, 2H), 1.52 (d] = 11.9 Hz, 1H), 1.55 1.63 (m, 3H), 1.73 (itJ =

8.6, 4.3 Hz, 2H), 1.87 (d = 33.4 Hz, 2H), 2.03 (d] = 33.2 Hz, 2H), 2.23 (s, 1H), 3.12

(tt, J= 7.3, 3.5 Hz, 2H), 3.30 (t§,= 7.4, 3.6 Hz, 2H), 3.89 (d,= 5.4 Hz, 1H), 4.08 (q)

=5.4 Hz, 1H).
2.4.7 Derivatization of standards and sponge extracts

The protocol for derivatizinga and4b standards was adapted from literattife.
To a 50 pL aqueous solution of 50 mM standards, 20 pL 1 M Nah2® added followed
by the addition of 100 pL 1% (w/v)}fluoro-2-4-dinitrophenyt5-L-alanine amid (FDAA,
Mar f ey d6s r e ag e nlutipn wasvortexedcandther incub@itbdeat 3% € for 1
h. The reactions were quenched by the addition of 20 pL 1 N HCIl. The samples were
diluted by the addition of 810 uL MeCN and chromatographed on Thermo Scientific
AccucoreCso reversed phase LC columns(® 2.1mm, 2.6 um particle siZecoupled to
a Thermo Fisher ScientifiOrbitrap ID-X Tribrid massspectrometeioperating in the
negative ionization mode with an electrospray ionization (ESI) soufdee
chromatographic method for sample analysis involgkdion with water with 10 mM
ammonium acetate and 0.1% acetic acid (mobile phadeent A) and 90:10

isopropanol:water with 10 mm ammonium acetate (mobile phak@ntB) using the
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following gradient program: 0 mig?B; 5 min 25%B; 7 min90%B; 74 min 100%B; 10.5

min 100%B; 10.7 mir25% B; 12 min8%B. The flow rate was 0.4 mL/min. The column
temperature was set to 40 °C, and the injection volumeOQk&agL. MeOH extracts of
pulverized sponge tissues were derivatized by using the same protoesteabet] above,

with the only deviation being the use of 200 pL of sponge extract instead of 50 pL aqueous

solution of standards.

2.4.8 Isotope standard spiking in sponge tissues

Three biological replicates for each sponge species were used in this studyc Isotop
standard fob was obtained commercially. In a 2 mL Eppendorf-$aé& tube, lyophilized
sponge tissues were homogenized with two tungsten carbide beads in a QIAGEN
TissueLyser Il at 20 Hz for 20 min, in 2 cycles of 10 min each. The pulverized sponge
tissue was weighed in Eppendorf tubes and known concentrations of stable isotope labeled
analytical standard4a and5 were added. The spiked sponge tissues were extracted with
80 % MeOH, sonicated for 45 min on ice, and centrifuged at 16,000xg for 30 'na&n.

supernatant was transferred to autosampler vials for analysis.

2.4.9 Development of LBAS/MS methoébr quantitation

LC/MS data were acquired using a Waters Corporation ACQUITY UPLC BEH
Amide column (2.1x150 mm, 1.7 um particle size) coupled to at@gbluion accurate
mass Orbitrap IEX Tribrid mass spectrometer. The chromatographic method for sample
analysis involved elution with 20:80 water:MeCN with 10 mM ammonium formate and
0.1% formic acid (mobile phase A) and MeCN and 0.1% formic acid (mobile [@#)ase

using the following gradient program: 0 min 5% A; 0.5 min 5% A; 8 min 60% A; 9.4 min
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60% A; 9.5 min 5% A; 12 min 5% A. The flow rate was set at 0.4 mL/min. The column
temperature was set to 40 °C, and the injection volume was 1 pL. The mass spectra wer
acquired on the Orbitrap HX tribrid spectrometer with full scan and targetedvVRull

scan data was collected in positive mode from 100 ton@@ith a resolution of 30,000

and the targeted M®lata was collected with an isolation window of & and HCD
precursor activation of 40%. The product ions were collected in the Orbitrap at a resolution
of 30,000. Inclusion lists includinda, 5, and their respective isotope standards were
employed for acquiring MSdata. The raw data files were processeéth Xcalibur
4.3.73.11 (Thermo Fisher Scientific) and manually curated to extract peak areas for the

metabolites of interest.
2.4.10 Limit of detection

Limit of detection (LOD)is defined here as the lowest concentrationratsabolite
in a samplaletected bytte mass spectromet&amples of different concentrations for the
synthetic4a and 5, ranging from 50 nM to 10 uM, were prepared by serial dilution.
Separate calibration curves were generatedidioand5 by plotting the response factor
(peak areas) against corresponding metabolite concentrationswa®Balculated from

the externalcalibration curve based on the standard deviation of the respensn( the

slope (s) using the equation; LOD = 3.8/).
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2.4.11 Calculations for abundance &f homoarginineandL- arginine

The ratio ofpeak areas of endogenods and5 to the peak areas of spiked isotopic
standard (along yaxes)versus theamount of isotopic standard added per mg of sponge
tissue (along»axes) were plottedata points on these plots wéiteed tolinear functions.
Equating the value of o6y06 as 1 i mMaandbe | i ne

delivered their corresponding absolute concentrations in the sponge tissue -@xéise x
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CHAPTER 3. PRESENCE OF BROMOTYROSINE ALKALOIDS
IN MARINE SPONGES IS INDEPENDENT OF METABOLOMIC

AND MICROBIOME ARCHITECTURES

This section is adapted from the paper |. Mohantyi&padarS. G. Moore, J. S.
Biggs C. J. FreemanD. A. Gaul N. Garg, V. AgarwalmSystems2021, 6(2), e01387
20; 10.1128/mSystems.013&0. The copyright for this open accesSM journal is

retained by the authors.

3.1 Abstract

Marine sponge holobionts are prolific sources of natural products. One of the most
geograpically widespread class of sporderived natural products are the bromotyrosine
alkaloids. Another distinguishing feature of bromotyrosine alkaloids is that they are present
in phylogenetically disparate sponges. In this study, using sponge specinecteddom
Guam, Solomon Islands, Florida Keys, and Puerto Rico, we queried whether the presence
of bromotyrosine alkaloids potentiates metabolomic and microbiome conservation among
geographically distant and phylogenetically different marine sponges.uli-amic
characterization of sponge holobionts revealed vastly different metabolomic and
microbiome architectures among different bromotyrosine alkaloid harboring sponges.
However, we find statistically significant correlation between the microbiomes and
metabolomes signifying that the microbiome plays an important role in shaping the overall
metabolome, even in low microbial abundance sponges. Molecules mined from the polar

metabolomes of these sponges revealed conservation of biosynthetic logic between
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bromotyrosine alkaloids and brominated pyrrotedazole alkaloids, another class of
marine spongelerived natural products. In light of prior finding postulating the sponge
host itself to be the biosynthetic source of bromotyrosine alkaloids, our datsehoine

stage for investigating the causal relationships that dictate the micrehietabolome
interconnectedness for marine sponges in which the microbiome may not contribute to

natural product biogenesis.

3.2 Introduction

Marine sponges afgolobionts in which a eukaryotic host is associated with a rich
and diverse microbiome. These fiieeding sessile benthic invertebrates are validated
sources of bioactive small organic molecules, colloquially referred to as natural products.
Several thasand spongderived natural products have been described. Interest in sponge
sourced natural products is sustained due to their pharmaceutical potential and their roles
in shaping benthic marine community structt?®!®® Building upon spectroscopic and
crystallographic descriptions of sporderived natural products, mass spectrometry based
metabolome mining strategies are beginning to reveal additional chemical diversity in

sponge holobiont 161

One ofthemost abundant, structurally diverse, and geographically ubiquitous class
of marine sponge€erived natural products are the bromotyrosine alkaloids; over 800
congeners are now knowWh %2 Retrosynthetically, this chemicaliversity can be
recapitulated by a single unifying principlie the condensation of a hydroxyimino
bromotyrosine with an alkaloid that is derived from decarboxylation of (non)proteinogenic

amino acids. Based on this rationalization, bromotyrosine alkat@adsbe divided into
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three subclasses as illustrated=igure 3.1 The first, and geographically most dispersed
group, consists of bromotyrosine alkaloids in which tyrosiegved ketoxime carboxylic
acids are condensed with aminoacyl alkaloids. In sudtecules, the phenyl ring is
routinely hydroxylated and are typified by the purealidins, aerophobins, and fistularins,
which often coexist with their isomeric spirocyclohexadienylisooxazoline congeners
(henceforth referred to as spiroisooxazoline bronusiyie alkaloids for simplicity).
Methylation or aminopropylation of the dibrominated phenoxyl is also commonly
observed. The second subclass of molecules are the bastadins, wherein bromotyrosine
ketoximes are condensed with a brominated tyramine followedidryl couplings to
generate symmetric and asymmetric dinfétdnlike the first subclass which is detected

in various sponge genera, bastadins are limitddrithella a sponge genus localized to

the IndePacific OceanKigure 3.). The third subclass of molecules are the psammaplins,
wherein monobrominated tyrosine ketoximes are condensed with cysteamine followed by
dimerization around a disulfide linkage. For bastadins and psammaplins, sulfation of the

bromotyrosine pheoxyl has been observed.

The chemical transformation of aerophobins and psammaplins in response to sponge
tissue damage posits role for bromotyrosine alkaloids as chemical defenses in their native
environments®318, Indeed, hydroxyimino aromatic amino acids serve as defense
compounds in terrestrial plactf¥ Sponges bearing bromotyrosine alkaloids emit hydrogen
cyanide when damaged which is also a hallmark of plant hydroxyimino tysdemesd
cyanogenic glucosides such as dhutfft® Pharmacology of bastadins and psammaplins
is well developed with the former acting as ryanodine receptor agonists and the latter as

histone deacetylase inhibitors in a manner reminiscent of other-ohefating marine
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prodrug thiols such as romidepsirddargazole®* 17172 Despite their ubiquity, ecological
roles, andoharmacological potential, biosynthetic routes to bromotyrosine alkaloids have

not been described.

Driven by contemporary metagenomic sequencing, assembly, and genome mining
approaches, the prevailing view of natural product biosynthesis in sponge htdabithat
the bacterial symbionts associated with the sponge eukaryotic host are the engines for the
production of natural products. In all cases where the biogenetic routes for marine
holobiontderived natural products have been described, sponge erwb, the
microbiome structure remains correlatively conserved with the natural product
chemistry®® 38 The presence of bromotyrosine alkaloids is spreadsacnumerous
geographically disperse sponges of different morphologies and phylogenies. In light of this
spread, itis not currently understood if there are common microbiome features that underlie
the presence of bromotyrosine alkaloids in sponge holthiéarthermore, metabolomic
conservation among phylogenetically and geographically distant sponges that harbor
bromotyrosine alkaloids has not been mapped. Here, we provide a pairegbrmialti
characterization of bromotyrosine alkaloid bearing spongeseveal vastly different
microbiome architectures that are tightly correlated with disparate metabolomes of sponge
holobionts. In addition to an inventory of natural products, mining the polar metabolomes
of these marine sponges yields biosynthetic insifgintthe construction of bromotyrosine
alkaloids together with the curious conservation of bioactive betaines that have otherwise

been shown to mediate interganismal interactions in the terrestrial environment.
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3.3 Results and Discussion

3.3.1 Diversesponge genera host bromotyrosine alkaloids

A library of sponge specimens from Guam, Solomon Islands, Florida Keys, and
Puerto Rico (abbreviated GM, SI, FK, and PR, respectiveijgare 3.} was assembled
(Table A1Q. Sponge phylogenies were determined ®gnger sequencing of PCR
amplicons for the internal transcribed spa2ZdiiTS-2 ) a n dterrmifuge of thed 28S
rRNA encoding gene. Specits/el designations of marine sponges based entirely upon
sequencing of PCR amplicons are not robtisHence, phylogenetic descriptions of
specimens determined by this study were restricted to genera. Multiple specimens of the
same genus from one geographical region, sucApigsinafrom the Florida Kgs,
represent morphologically distinct species. Separate phylogenetic trees were constructed
with the ITS2 and 28S amplicon sequences using the corresponding sequences for the
spongeMelophlus sarasinoruroollected from Guam as the roM; sarasinorundoes not
possess brominated alkaloitfé Boot strap values thus obtained demonstrated that the
phylogenetic grouping using IS sequences was better supported as compared to that

based on 2B amplicon sequenceBigure 3.1 Figure A30.

In the phylogenetic tree, we observed that sponge genera grouped according to
bromotyrosine alkaloid subclasBigure 3.). Organic extracts of sponge biomass were
analyzed by liquid chromatographynass speobmetry (LC/MS). Chromatographic
conditions employed preferentially retained fpolar molecules; henceforth, these data
are referred to as theonpolar metabolomesTypified by the characteristic isotopic

signature of brominated molecules and manual tation of MS fragment ions, the
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structures of previously described bromotyrosine alkaloids were dereplicated from the
natural products database Marintitin lanthella and Aplysinellaspecimens collected

from Guam and the Solomon Islands, bastadins and psammaplins were detected,
respectively Figure A3). All other specimens of diverse genera suchAp$y/sing
Verongula Suberea Pseudoceratina and Aiolochroia were found to contain the
spiroisooxazoline alkaloids. To differentiate between the spiroisooxazolines and the
i somer i c-hypgroxglated btrucBuies (for examplisomeric purealidin LX) and
purealidin O illustratedniFigure 3.), 1 was isolated from aAplysinaspecimen collected

in the Florida Keys and structurally confirmed by comparisotHefand**C-NMR shifts

to those reported in literaturEigure A33.173

Bromotyrosine alkaloiharboring sponges collected as a part of this study fell into
three different orders within the class Demospondiable A1Q. Specimens were further
divided among six different families, four of which are within the order Verongiida, and
nine genera collected from four different locations. Among natural products, the
geographical and phylogenetic diversity of sponges harboring bromotyrosine alkaloids is
perhaps only equaled by sporgderived meroterpengé*triterpenoids, and polyacetylenic
alcohols and acid¥® No natural products that have been demonstrated to be
biosynthesized by sponge symbiotic bacteria are as widely distributed ampegséis
sponge clade¥® 38 In Aplysinasponges, bromotyrosines are found localized within the
spherulous cells in the sponge mesohyl supporting the postulate that the sponge host itself,
and not the bacteria symbionts, may be the biogenetic source of bromotyrosine

alkaloids'76178
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Figure 3.1.Sponge phylogeny and bromotyrosine alkaloid natural product subclasses. The
distinctive morphology of some sponge specimens allows for species assignment
illustrated tere areAplysina fulva(collected in Florida Keys)anthella bastg Guam), and
Aplysinella rhaxXGuam). Representative structures of bromotyrosine alkaloids detected in
each specimen are shown.

3.3.2 Nonconvergent microbiome architectures

Next, wedetermined the microbiome architectures for all bromotyrosine alkaloid
bearing sponge specimens. For marine sponges, microbial diversity correlates with
microbial abundance; diverse microbiomes are indicative of high microbial abundance
(HMA) while lesserdiversity signifies low microbial abundance (LMA)Bacterial 16S
amplicon sequencing for all samples in this study weredacted in parallel. We also
included three sponges that do not possess bromotyrosine alkaloids as controls in this

analysis. Control sponges incluBenenospongiécollected in Florida KeysTable ALQ),
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StylissagGuam), and\gelas(Solomon Islands). Theatabolomes of these control sponges
have been previously describestylissaand Agelascontain the brominated pyrrele
imidazole alkaloids while Smenospongiaharbors the brominated indoles and a
cyanobacterial symbiont derived chlorinated hybrid peptiddgiptides’ 13 Among
these controlsSmenospongiand Agelasare HMA sponges whilé&tylissais a LMA

sponge/* 133

Plotting the Shannon indices demonstrated tlaithella and Aplysinella
specimens cadicted in Guam and Solomon Islands, which harbor the bastadins and
psammaplins, respectively, were distinctively LMA spongegure 3.2A. With the
exception of arlotrochotaspecimen collected in the Solomon Islands, all sponges that
possess the spiroiscazoline alkaloids were HMA spongdRtesence of bacteria of the
phylum Chloroflexi was characteristic of HMA sponges, as has been described

previously!™

Next, we generated twdimensional BrayCurtis dissimilarity matrices for sponge
microbiomes at the phylum, order, and genera levels. These matrices are represented as
networks in which nodes with dissimiity indices less than 0.6 are interconnected with
edge length indicative of the magnitude of the dissimilarity inéyufes 3.2BD). Each
microbiome was sequenced in duplicate; hence, each sponge specimen is represented by
two nodes in these networkst the phylum level, all nodes were interconnectedure
3.2B). However, nodes corresponding to the LMA sponigochota lanthella and

Aplysinellawere starting to separate along with the LMA control sp@tgkssa
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At the ordeflevel, lanthellaand Aplysinellaformed a separate subnetwork while
the LMA lotrochotanodes disassociated completefiygure 3.2Q. Illustrative to note is
that the nodefor the control LMA spong&tylissaalso disassociated. However, nodes for
the HMA control sponge8gelasand Smenospongieemained interconnected with other
bromotyrosine alkaloid harboring sponges. Disassociation from the network correlated
with adiversty while being independent of natural product chemistry; the four sponge

genera with the lowest Shannon indices separated from the parent network.

At the genera level, further disassociation of nodes for sponges with the next higher
Shannon indices, suas the control spongggelaswas observedHigure 3.20. The HMA
control spong&menospongieemained interconnected with other bromotyrosine alkaloid
bearing sponge genera suchAgsysing Verongula Aiolochroia andSuberea For the
spiroisooxazolingghere is only a limited conservation of microbiomes. While a majority
of sponges harboring this subclass of bromotyrosine alkaloids are HMA sponges, some,
such aslotrochota Verongula and Pseudoceratinapossess distinctively different

microbiome architeares Figure 3.2D.
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Figure 3.2.(A) Shannon indices (denotirgdiversity) and distribution of bacterial phyla

in microbiomes of bromotyrosine alkaloid harboring sponge specimens used in this study.
Bray-Curtis dissimilarity networks aB( phylum, C) order, and@) genera levels for the
sponge microbiomes. Sponge microbiomes were sequenced in duplicate. Connectivity
cutoff was set at 0.6; nodes with dissimilarity indices less than 0.6 are connected with the
edge length indicative of the dissimilaritydex magnitude.

3.3.3 Detection of rationalized biosynthetic intermediates

Biosynthesis of the three different subclasses of bromotyrosine alkaloids can be
rationalized to involve common intermediates. Among the psammaplins, it is instructive to
observe that the tyrosine unit is always monobrominated, no dibrominated psammaplin
congeners have been detected. Unlike the spiroisooxazolines in which the dibrominated
phenoxyl is always methylated, methoxylated psammaplins are likewise not detected. In

contrast to the psammaplins, both meoaiad dibrominated tyrosine building blocks dan
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rationalized from the inventory of bastadins structures while phenyl methoxylation is
observed for hemibastadiffs ®° To query whether these structural observations are
predictive of coresponding biosynthetic intermediates, bromotyrosi2és were
synthesized and used as standards to query the metabolomes of two specimens each of
Aplysing Aplysinella and lanthella sponges that bear the spiroisooxazolines,
psammaplins, and bastadinsspectively Figure 3.3 Figures A33A36). Sponge extracts

were analyzed by LC/MS using modified chromatographic procedures designed to retain
polar metabolites; these data are henceforth referred to apothe metabolomes
Metaboliteidentification in these polar metabolomes relied on matching of LC retention

times and M3fragmentation spectra to synthetic standards.

Bromotyrosine building blocks could be detected in all three sponge gé&igree(
3.3). Consistent with the observetugetural features for psammaplins, dibrominateohd
5, or methoxylate® were not detected in either of the tAplysinellaspecimensAplysina
possessed the greatest diversity wherein each of the four molétillesiere detected.
While spiroisooxazahes are always dibrominated, monobrominafednd 3 can be
rationalized as precursors #eand5. The sequence of bromination and methylation in the
biosynthetic scheme can be interchanged. Halogenases participating in the biosynthesis of
2i 5 are likelyobligate brominases, corresponding chlorinated congeners were not detected
in any of the polar metabolomes. It is as yet unclear if bromination is affected upon free
tyrosine, or, upon tyrosine that is thioesterified to carrier proteins as is the cdlse for
proposed biosynthetic scheme for bromoalterochromides, the only bromotyrosine
containing natural products for which identification of the biosynthetic genes has been

experimentally validatetf® 8% Among Verongiida sponges, bromotyrosines are also
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constituents of the collagenous sponghitin skeletont®> 183 though, the extraction
procedures used in this study bias the detectidiromotyrosines from the sponge tissue

rather than from the recalcitrant skeletal polymers.

Is tyrosine bromination an early or a k#tiage biosynthetic event? While the
detection of2i 5 does indeed point towards brominated tyrosines being available to
downstream biosynthetic enzymes, we also queried alternate hypotheses. Mining the polar
metabolomes for MS[M+H]'* ions corresponding t® led to its observation in
Aiolochroia SubereaAplysing andVerongulagenera Figure 3.30. While we could not
syrthesize a standard f@ annotation of the MSspectra is supportive of the structural
assignmentKigure 3.3B. Specifically, fragmentation ior&aand6b support the presence
of a carboxylate and methyl moieties. In the MPectra for amino acids, oxtive
deamination, and the neutral loss@ONH, group from @ is commonly observetf* 184
However, both these modifications are absent in the fragmentation sped@rnaoiating
towards modification of the primary amine which we hypothesize to be involvee in th
formation of the isooxazoline ring with tyrosineaCCh, and @ atoms which is also
supported by the structural assignment of fragmentatior6igiesMS' ions corresponding
to 6 are not detected in either of the two specimeniamathellaand Aplysinelb (Figure
3.3D); bastadins and psammaplins do not possess the spirocyclohexadienylisooxazoline

building block.
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Aplysing Aplysinella andlanthellaspecimens. Panel A represents EICs generated within
+ 0.01 Da mass tolerance for the most abundant [M*KJptopic ion. Metabolite
abundance in panel C waalculated by integration of the EIC peak for the [M¥H)n.

(D) EIC for [M+H]** ion corresponding t& and €) MS? spectra for6. Structural
annotations for M&fragments are all within 2 ppm error.

The rationalized inventory of biosynthetic precussofor bastadins and
psammaplins is sparse; restricted to tyrosine and tyramine for bastadins and tyrosine and
cysteamine for psammaplins. The chemical diversity for these two subclasses of
bromotyrosine alkaloids is generated by further modification ef bhomotyrosine
tyramine (bastadins) and bromotyrostysteamine (psammaplins) conjugates. These
modifications include phenoxyl sulfation and methylation, aminolatyldroxylation and
dehydrogenation, and oxidative biaryl and disulfide couplfdys contrast, the inventory
of rationalized biosynthetic precursors for spiroisooxazolines is larger. Here, diverse
decarboxylated aminoacyl alkaloids are ligated to the dibrominated tysiived
building block. For sponges used in this study, aminloal&galoids conceivably derived
from the decarboxylation of histidine, lysine, and ornithine can be discerned by manual
annotation of the M&spectraFigure A37. Forl, detected in high abundanceAplysina
VerongulaAiolochroia andSubereapecimensollected in the Florida Keys, Puerto Rico,
and the Solomon Islands, the aminoacyl building block agmatine can be rationalized to be
derived via the decarboxylation of arginiriégure 3.4A. In these sponge metabolomes,
together withl, aerophobir? (7, Figure 3.4A is also detected. Comparison of MPectra
for 1 and 7 demonstrates that the dibrominated tyrosine building block is conserved

between the two structuresigure 3.4B. However, unlikel, the aminoimidazole

92



propylamine moiety for7 cannot berationalized starting from proteinogenic and

commonly encountered ngmroteinogenic amino acids.

We recently reported that the structurally similar aminoimidazole propylamine
precursor for the sponggerived natural product oroidin is likely derived frohetnon
proteinogenic amino acid homoarginir® Figure 3.4A.133 Oroidin, and its desbromo
congeners hymenidin and clathrodin undergo intramolecular cyclization and haoho
hetere cycloadditive dimerization to furnish the pyrrelmidazole alkaloid$® We had
hypothesized th& undergoes @-hydroxylation to furnisi®. Oxidation of the secondary
alcohol can lead tepontaneous dehydration to install the aminoimidazole heterocycle.
This oxidative dehydration can occur before or after decarboxylatioa & @fford the
aminoimidazole propylamine moiety that is observed7inand after further &

dehydrogenation, in ordin (Figure 3.4A.

The abovementioned hypothesis necessitates the presence of-firetearogenic
amino acid8 and its hydroxylated derivativ&in sponge samples in which we detect the
presence of. The presence & and9 was queried for in polar nebolomes of various
sponge specimens in whici was detected along withAplysinella (containing
psammaplins) annthella(containing bastadins) in whighwas not detected. Four other
sponge specimens of the gen&tglissa Agelas Smenospongjaand Dysideaacted as
controls in this workflow Figures 3.4CD). We have demonstrated the presencg arid
9 in Stylissaand Agelaspreviously and the absence of these metabolites iDyisalea
specimen used het®& Due to the absence of pyrrelmidazole and bromotyrosine

alkaloids inSmenospongjave anticipatedmenospongitb not contair8 and9.
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In the polar metabolomes of control spondgesnd9 were detected iBtylissaand
Agelaswhile being absent iDysideaandSmenospongiérigures 3.4CD). In all sponge
tissues in whicty was detected, we detected the presend&awid9 in high abundance;
metabolite identification was based on comparison of retention time ahdpd&ira to a
commercially available standard 8fand previously developed racemic standar® of
(Figures 3.4EH).*3 Consistent with the absence®fAplysinellaspecimens collected in
Guam and in Somon Islands did not contain eitt&or 9. Surprisingly,8 was detected in
high abundance ilanthella, however9 was not detected. While the physiological role for
8 in lanthella cannot be presently rationalized, transformatio® td 9 appears to be a
modification that is dedicated for the construction of the aminoimidazole propylamine
building block. Our findings here extend the presen@&anfd9 to diverse sponge families
ard genera within the Verongiida order, in addition to Scopalinida, Axinellida, and

Agelasida orders from which we had described it previotisly

It is instructive to observe the diversity sponge microbiomes that harb®r
lllustratively, the presence &is conserved among LMAanthellaand HMA Aplysina
sponges that are at the extremities of tftkvarsity plot and share little overlap among
their microbiomes at the ordesind generdevel (Figure 3.3. However,Aplysinellaand
lanthella, both LMA sponges, are divergent in the presend& ®he amino aci® can be
generated by amidinotransfer upon lysine, or, by carbamylation of lysine to afford
homocitrulline followed by amination. Weould not detect homocitrulline in any of the
polar metabolomes generated in this study. Carbamylation of lysine side chains is a

nonenzymatic posttranslational modification associated with aging; it is unclear if this
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modification can occur upon free Ipsi'® On the other hand, biochemical precedence

exists for amidinotransfer on free lysine to aff@rtf® 132
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Figure 3.4. (A) Rationalized retrobiosynthetic scheme for the elaboration of the 2
aminoimidazole propylamine building block that is incorporated inhbiteenotyrosine
alkaloid 7 and in pyrroleimidazole alkaloids such as oroidirB)(Comparison of M3
fragmentation spectra fdrand7 demonstrating divergence in the aminoacyl alkaloid that

is ligated to the conserved bromotyrosine building block. Relatuedance of) 8 and

(D) 9in sponge extracts as determined by integration of the EIC peak area generated from
the LC/MS data.) EI| Cds r et &)MSispestra matahes f@detattedin
sponge extracts against authentic standard. Simil&@ly, (El C6s r et et i on
MS? spectra matches f@rdetected in sponge extracts against a racemic synthetic standard.
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3.3.4 Conservation of betaine chemistry

In addition to biosynthetic precursors, another class of brominated alkaloids
detected together with spiroisooxazolines in sponges are the tyraamdetyrosine
derived betaines. IAplysinaspecimens collected in Florida Keys, previously reported
betains 10 and11 were detected in high abundan&ég(re 3.5A.185 187 MS2? spectra for
10 and 11 demonstrates oxidative cleavage of trimethylamine and the radical scission of
the carborbromine bonds being the dominant MBoduct ion generating transformations
(Figure 3.5B. Guided by the structural annotation of theAdBectra, additional betaines
such asl2 and13 could be detected in the sponge extracts. The abundaid@saofi13
was much lower than that #0 and11; however, distinct retention times demonstrates that
they are not irsource fragments generated i thass spectrometer. MoleculEd 13
were detected in the ngoolar metabolomes whileli 13, but notl0, could be detected in

the polar metabolomes.

In addition to betaine$0i 13, in the polar metabolomes, we detected the presence
of betaines trigonelling14) and stachydrinelb, Figure 3.5. As before, compound
identification relied on comparison of retention time andf B[fctra to synthetic standards
(Figure A38). Both 14 and 15 were detected across all sponge specimens queried here
which include spongebearing all three subclasses of bromotyrosine alkaloids and control
sponges ofStylissa SmenospongjaAgelas andDysideagenera Figures 3.5CD). Our
data demonstrate that the presencé4odnd15is broadly conserved in phylogenetically
and geograpbally disperse HMA and LMA sponges. The presencé4ond 15 is not
restricted to the marine environmeh# has been demonstrated to mediate pregatey

interactions in aquatic systems whilé and15 mediate interactions between plants and
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their bacteial symbiontst®* 1* While the ecological roles df4 and15 are appreciated in

other diverse niches, their roles in sponge ecoswgycurrently unknown.

Next, we compared the polar metabolomes Aplysing Verongula and
Aiolochroiaspecimens collected in the Florida KeyStoenospongj&tylissaandAgelas
control sponges. These three control sponge genera are prolific prodiibersninated
metabolites;Smenospongiaf brominated indolesStylissaand Agelasof brominated
pyrrole-imidazole alkaloids. Here, we observed that betalde43 were highly enriched
in sponges containing the bromotyrosine alkaloids whilehedagenate betained.4 and
15 were nearly equitably distributed among these diverse sponge géimree (3.58.

Note thatlO was not detected in polar metabolomes. Primary metabolites, such as amino
acids (yellow nodes iRrigure 3.58, acted as controls in thisagsis. Though detected in

high abundance in each polar metabolome, glutamate, valine, aspartate, leucine, and
proline were not highly differentiating. We did however observe a relative enrichment of
tyrosine and arginine iAplysing Verongula andAiolochroia wherein they are proposed

to act as precursors for the biosynthesig @Figure 3.4A.

97



(=]

IS

c
©
°
c
3
Qo
@
2
j=2
S

N

T ’ T
150 200 250 300 350 m/z

T
\)\a 5@ (@0 1@ 2@ 0\\'a A8 Q8 2?0505 6°°
@ WO ) .
pv*pv e“; RCH "e \‘l‘*“:\‘f"\ a“\o“‘ 5‘* O E 25.| Smenospongia ¢ Aplysina
o Stylissa 2 Verongula
N o Agelas Aiolochroia
i)—( 15 20 .
D . o c
La
~ 15+ s
0 Y
g ° 8
° o
o :
3 10_
B4
§
5_
2 S
p<0.05 .
o_
8O 2 P SN (1010% 10 ! !
Q\“ Q\“ <o“\\¢})0 ;)“ ‘Q\‘l \\P‘ :s\(\ea“\‘\\:‘\“e“\s (\%é o -10 10

Figure 3.5.(A) Base peak chromatogram (in black) and superimposed EIQSifb8 in
non-polar metabolome of aplysinasponge specimenB] Structural annotations of MS
spectra fold0i 13. Relative abundance of) 14and Q) 15in sponge polar metabolomes.

(E) Comparison of sponge polar metabolomes with nodes corresponding to betaines in
orange and amino acids in yellow (FC: taldange).

3.3.5 Microbiomemetabolome interdependence

The nonpolar metabolomes reported here are descriptive of the natural product
chemistryharbouredwithin the sponge holobionts while the polar metabolomes capture

biosynthetic intermediates and primary metabolite&kemaogether, these data deliver a
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comprehensive metabolomic description for sponges that are united by the presence of
bromotyrosine alkaloids. Biosynthesis of the three subclasses of bromotyrosine alkaloids
share a common central theme, that is, ligaticain aminoacyl alkaloid with a brominated
tyrosine building block. Does this unified biosynthetic logic lead to overall metabolomic
conservation among the sponge holobionts? We probed this question within the Verongiida
order by comparing the nepolar and polar metabolomes of spongearbouringthe
spiroisooxazoline (family Aplysinidae, various genera), bastadins (danti®lla), and
psammaplin (genusplysinellg groups of bromotyrosine alkaloids by principal coordinate
analysis (PCoA). By restrictinthis analysis to only within the Verongiida order, we

intended to eliminate possible phylogenetic outliers.

In the PCoA plots, we observed significantly distant clustering of thgpotawm and
the polar metabolomes of the three sponge groups with tegegaead observed for the
metabolomes of the spiroisooxazolimerbouringspongesKigures 3.6AB). Notably, the
polar metabolomes of tHanthellasamples collected in Guam and Solomon Islands were
distant while the noipolar metabolomes were indeed quite similar. Overall distinct
clusters for each sponge group were observed with no overlap between groups. Next, the
microbiomes were compared in amdar fashion. As for the metabolomes, the

microbiomes neatly grouped into three separate and distant clistense(3.60.

To understand if the microbiome and metabolome divergences are correlated, we
conducted a Procrustes analysis wherein we fitPtGeA matrices of the nepolar and
polar metabolomes to the microbiome matfxg(res 3.6DE). For both, the nopolar
and the polar metabolomes, we observed statistically significant correlation with the

microbiome architecture with the?rower statitic in both instances being less than 0.5
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(p <0.001). In addition, clustering consistent with the bromotyrosine alkaloid subclass was
still preserved in the Procrustes plots with three distinct regions emerging in both cases.
While it is conceivable thatdiobiont metabolomes will correlate with the microbiomes

for HMA sponges such as those timatrbourthe spiroisooxazolines, it is instructive to
observe that this correlation also holds for LMthellaandAplysinellagenera. The low
abundance of symbits encumbers the description of bacterial metagerassembled
genomes (MAGSs) from LMA sponges. Consequently, current functional relatedness of the
microbiome to the holobiont metabolome is almost exclusively restricted to HMA sponges.
Our data allows ustposit that the microbiomes of LMA sponges are also correlated with

the holobiont metabolomes.

In conclusion, this study provides a comprehensive rouatic description of
marine sponge holobionts tharbourbromotyrosine alkaloids. We demonstratet tihe
microbiome architectures of these sponges are divergent and despite the unifying presence
of bromotyrosine alkaloids, the disparate microbiomes correlate with disparate
metabolomes. Polar metabolomes are used to derive biosynthetic insights tita thel
oxidative tailoring of a noproteinogenic amino acid, a modification that is borrowed from
the biosynthetic logic for the construction of pyrrofedazole alkaloids. We also describe
the curious conservation of betaines in sponge metabolomes muhicbe primary players
in mediating intra and interorganismal interactions in benthic marine ecology. The
discovery of the biogenetic routes that underlie the widespread production of
bromotyrosine alkaloids will be facilitated by the development gieexental and

computational tools to interrogate the genomes of eukaryotic members of the sponge
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holobiont, in addition to the microbial community that is traditionally accessed using

contemporary sequencing and metagenome assembly workflows.
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3.4 Materials and Methods

3.4.1 DNA extraction and molecular determination of sponge phylogeny

Metagenomic DNA wasextracted from frozen sponge tissue using a protocol
adapted from our previous repotts 123 Briefly, frozen sponge tissues were thawed
overnight at 4 °Crad 200 mg (wet weight) sponge tissue was used for DNA extraction.

Two regions of ribosomal DNA were amplified to be used as barcodes for genera
determination. The hypervariable ['2Sgene sequence was amplified from metagenomic

DNA using GoTag DNA polymesae wi t h t he forwar-d proi
AATCATCGAGTCTTTGAACG3 6 ) and reverse pfFi mer
CTTTTCACCTTTCCCTCA3 6 ) . -DhHregioibaddthe 28S rRNA gene was amplified
using the pr-GAGECGAAABATGETGAAREDA3 6) and -NL4R (
ACCTTGGAGACCTGATGCG306 ) . A 25 OL PCR reaction was
template, 1 yuL each of 10 uM forward and reverse primer, 12.5 uL DNA polymerase
premix, and volume adjusted to 25 pL with water. The thermocycling conditions were as
follows: initial denaturation for 2 miat 95 °C, 35 cycles each of 30 s at 95 °C, 30 s at 45

°C for ITS2 and 30 s at 55 °C for 28S rRNA, 70 s at 72 °C, and a final extension of 10

min at 72 °C. The PCR products were cleaned and concentrated, and clone libraries were
generated using ligatieimdependent cloning with the pGEMEasy Vector System kit
(Promega). Three clones for each sponge amplicon were Sanger sequenced and reads were
filtered manually to remove the nucleotides derived from the vector backbone. Filtered
sequences were used t@sd the GenBank nr/nt database using Basic Local Alignment
Search Tool (BLASYT.'® The phylogenetic tree, based on the -BFSequences, was

constructed in MEGAY using default parameters for Maximum Likelihood method.
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3.4.2 Metabolite extraction and LC/MS data collection and analyses;-pubar

metabolites

Frozen sponge tissuesere lyophilized to dryness and soaked, in technical
triplicates, in 1:1 v/iv DCM/MeOH (1 mL solvent/100 mg dry sponge tissue) for 48 h at
room temperature. The organic extract was clarified by centrifugation, dried, resuspended
in MeOH, and analyzed usingn Agilent 1290 Infinity Il ultrgperformance liquid
chromatography (UPLC) coupled to a Bruker Impactll titigh-resolution QgToF mass
spectrometer equipped with an electron spr
C18 reversed phase UPLC colun0x2.1 mm) was employed for chromatographic
separation. Spectra were acquired in positive ionization mode, 2@ Da. An active
exclusion of two spectra was employed, implying, that artibfBwould not be selected
for MS? fragmentation after two cerecutive M3 spectra had been recorded for it in a 0.5
min time window. For acquiring M3ata, eight most intense ions per Mpectra were
selected for fragmentation. Chromatography solvent A: water + 0.1% v/v formic acid,
solvent B: MeCN + 0.1% v/v forio acid. Flow rate was held constant at 0.5 mL/min. The
elution profile employed was as follows: 5% solvent B for 3 min, a linear gradient from
5% to 50% B in 5 min, 50% B for 2 min, from 50% to 100% B in 5 min, 100% B for 3
min, from 100% to 5% B in 1 mji5% B for 1 min, from 5% to 100% B in 1 min, 100% B

for 3 min, from 100% to 5% B in 1 min, 5% B for 5 min.

LC/MS datasets were converted to lock mass corrected mzXML format using
Bruker DataAnalysis software and processed using MZmine2 for featuregfid@irData
were batch processed and filtered by assigning a tki®shold for noise detection at

10,000. The following were the parameters applied to extract mass spectrometric features:
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(i) chromatogram builder (minimum time span: 0.1 min; minimum intges$ the highest

data point in the chromatogram: 1508yz tolerance: 15 ppm); (ii) chromatogram
deconvolution (local minimum searah/zrange for M$ scan pairing: 0.025 Da; retention

time range for M&scan pairing: 0.2 min); (iii) isotopic peaks gpau (n/ztolerance: 15

ppm; retention time tolerance absolute: 0.1 min; maximum charge: 3; representative
isotope: most intense); (iv) join alignenfztolerance: 15 ppm; retention time tolerance:

0.1 min); (v) feature list rows filtemf/zrange: 100 t®000 Da; MS/MS filter; reset peak
number ID); (vi) remove duplicate filter (retention time tolerance absolute:n/4;
tolerance: 5 ppm); (vii) peak finder (intensity tolerance: 0.1; retention time tolerance
absolute: 0.1; m/z tolerance: 15 ppm). The twtput files from MZmine2 were a feature
table with ion intensities (.csv file format) representing the f&ture information and a
corresponding list of MSspectra linked to the MSeatures (.mgf file format). Principal
coordinate analysis (PCoA) wpsrformed on the nepolar metabolomics data. The MS
feature table, obtained after the processing with MZmine2 in the previous step, was used
for the calculation of BraxCurtis dissimilarity metric using ClusterApp (q2_meatbolomics
plugin in QIIME2, httpg/github.com/mwang87/q2_metabolomics). The output files of
this analysis, along with the processed microbiome data were further used for performing

Procrustes analysis in QIIME1, with visualization of the plots in EMP&fdr°

3.4.3 Isolation and structural characterization péirealidin L (1)

Spong dried biomass after lyophilization was soaked in DCM/MeOH (1 mL
solvent/100 mg dry sponge tissue) for 48 h at room temperature. The extract was clarified
by centrifugation and 5 mL of the dried extract was loaded on to a Phenomenex Strata C18

E giga tubelt was then fractionated with an elution profile starting with 5 % MeCN, 10 %
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MeCN, 15 % MeCN, 20 % MeCN, 25 % MeCN, 50 % MeCN and 100 % MeCN. All the
fractions were collected and dried under vacuum, resubstituted in MeOH, and the samples
were analyzedma Bruker amaZon SL ietmap mass spectrometer to identify the extract
with the molecule of interest. The desired
C18 reversed phase LC column (250x10 mm). Chromatography solvent A: water + 0.1%
v/v trifluoracetc acid (TFA), solvent B: MeCN + 0.1% v/v TFA. Flow rate was held
constant at 2 mL/min throughout. The elution profile employed for isolation of 1 was: 5%
solvent B for 5 min, a linear gradient from 5% to 35% B in 10 min, at 35 % for 40 min,
from 35% to 1006 B in 10 min, 100% B for 3 min, from 100% to 5% B in 1 min, 5% B

for 2 min, from 5% to 100% B in 1 min, 100% B for 2 min, from 100% to 5% B in 1 min,
5% B for 3 min. Solvents were removed in vacuo to afford dried molecules. The molecule
was dissolved in DISO-ds (for *H-NMR) and CROD (for 13C-NMR) followed by NMR

data acquisition using an 800 MHz Bruker Avance Ill HD instrument.

3.4.4 Metabolite extraction and LC/MS data collection and analyses; polar metabolites

In a 2 mL Eppendorf safleck tube, lyophilized gonge tissues were homogenized
with two tungsten carbide beads in a QIAGEN TissueLyser Il at 20 Hz for 20 min, in 2
cycles of 10 min each. Samples were extracted with 80% MeOH (4 mL solvent per 100 mg
of sample), sonicated for 30 min in an ice bath, amtrifeged at 16,000xg for 30 min.
The supernatant was transferred to an autosampler vial for further analysis. For quality
control, a pooled sample was created by mixing an equal volume from each sample extract.

A sample blank was created by following Hi®ove procedure with no sample.
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LC/MS data were acquired using a Waters Corporation ACQUITY UPLC BEH
Amide column (2.1x150 mm, 1.7 um particle size) coupled to at@gblution accurate
mass Orbitrap IEX Tribrid mass spectrometer. The chromatographithoge for sample
analysis involved elution with 20:80 water:MeCN with 10 mM ammonium formate and
0.1% formic acid (mobile phase A) and MeCN and 0.1% formic acid (mobile phase B)
using the following gradient program: 0 min 5% A; 0.5 min 5% A; 8 min 60% A% din
60% A; 10.5 min 5% A; 14 min 5% A. The flow rate was set at 0.4 mL/min. The column

temperature was set to 40 °C, the injection volume was 0.5 pL.

The Orbitrap IDX is a tribrid spectrometer that utilizes quadrupole isolation with
dual detectors, aarbitrap and an ion trap, with a maximum resolving power of 500,000
full width at half maximum (FWHM) ain/z200 and mass accuracy of <1 ppm with use of
an internal <calibrant. The ESI source was
spray voltge of 3.5 kV, and sheath, auxiliary, and sweep gas flows of 40, 8, and 1 (arbitrary
units), respectively. UPL®IS? experiments were performed by acquiring mass spectra
with data dependent acquisition (DDA) and targeted MS/MS {fNM8quisition. DDA
methods collected full scan data with a resolution of 120,000 and th4Stidvere
collected at a resolution of 30,000 with an isolation window of 0.8 m/z with a cycle time
of 0.6 s. Dynamic exclusion was set to exclude MS/MS acquisition of a precurger if t
precursor was acquired twice within a 3 second window. The exclusion duration was 4
seconds. Mass tolerance was set at 3ppraM 8t ions were activated by HCD at
normalized collision energies of 40 % and CID collision energy of 35%, and product ions
were measured in the orbitrap at a resolution of 30,0002 tht&hods acquired full scan

data at 30,000 resolution and activated product ions from the inclusion list with an isolation
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window of 0.8m/z and HCD activation at 30% energy6&%. Inclusion listdop control

was set to N=4.,

The raw data files were converted to mzXML format using the ProteoWizard
msConvertThesemzXML files were batch processed using MZmine2 for feature finding
as described above for the apolar metabolome. The M8ata were filered by assigning
a threshold level for noise detection at 10,000; no threshold was used for filterfng MS
spectra. The feature list rows filter was satfarange 70 to 2000. All the other parameters
were same as those used for the-polar data proasing. PCoA and Procrustes analyses
were performed using the MSeature table as described above for-potar data. In
addition, the DDA and tM&raw data files were manually curated to obtain extracted ion
chromatograms (EICs) and ¥8agmentation spé, respectively. Retention times and
MS? spectra were accessed for the desired molecules in the sponge extract samples and
compared to that of the corresponding synthetic standards. The relative abundance of the
molecules of study were manually derivednfi the area under the EICs (plotted within 2
ppm error). Histograms were constructed from these areas using Origin 2020 software.
Volcano plot was generated from the polar feature table output of MZmine2 using

Metaboanalyst.

3.4.5 Synthesis andharacterization of standards

Molecules2i 5 were synthesized according to literatprecedureg®+1%4

(S)y2-Amino-3-(3-bromo-4-hydroxyphenyl)-propanoic acid (2) To a stirred solution of
L-tyrosine (90 mg, 2.76 mmol) in 25 mL MeOH at 0 °C under argon, SQIO0 pL,

13.79 mmol, 5 eq) was added slowly and the reaction was maintained at the same
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temperature for 15 min. The reaction was then allowed to stir overnight at room
temperature under argon. Treaction mixture was then concentrated under vacuum and
washed with 20 mL MeOH thrice and the crude was dried under vacuoivtaim L -
tyrosine methyl ester. Morleromination of this crude methyl ester (100 mg, 0.5 mmol, 1
eg.) was achieved with-Nromoswecinimide (NBS, 118 mg, 0.65 mmol, 1.8§) in10 mL

MeOH with stirring at room temperature for 24 h. The solvent was removed under vacuum
and reaction crude partitioned between with EtOAc ap®.H he aqueous phase was
recovered, dried, and the crude miaewas dissolved in 5 mL MeOHAD/THF (1:1:1)

and KCOz (100 mg, 1.69 mmol, 3 eq) was added. The reaction was stirred for 24 h at room
temperature. The pH was adjustedét@and conversion was monitored by thin layer
chromatography (TLC, mobile phase nB#@cOH/H.O 4:1:1). 2 wasobtainedafter

HPLC purification.!H NMR (Figure A33 800 MHz, methanetls) G 7. 43 (d, J
1H), 7.10 (dd, J = 8.3, 2.2 HzH), 6.88 (d, J = 8.3 H2H), 3.95 (ddd, J = 8.2, 4.9, 1.0 Hz,

1H), 3.21i 3.18 (m,1H), 3.00i 2.97 (m,1H).

(S)2-amino-3-(3-bromo-4-methoxyphenyl}propanoic acid (3) To a stirred solution of
O-methytL-tyrosine (300 mg, 1.54 mmol, 1 eq.) in 25 mL of cooled MeOH, S(Z50D

uL, 7.68 mmol, 5 eq) was added slowly and the reaction was maintained at 0 °C for 15
min. Remainder of the procedure was the same as described above for synthe¥izing 3.
NMR (Figure A34 800 MHz, methanetl) & 7. 50 ('d),7.24(ddsJ=28.41 Hz,
2.2 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 4.12 (dd, J = 7.7, 5.4 Hz, 1H), 3.87 (s, 3H), 3.23 (dd,

J=14.7,5.4 Hz, 1H), 3.07 (dd, J = 14.7, 7.7 Hz, 1H).

(S)2-amino-3-(3,5-dibromo-4-hydroxyphenyl)-propanoic acid (4) Compound4 was

obtained in the same way dsscribed above fd using NBS (187 mg, 1.05 mmol, 2.2
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eq.).'H NMR (Figure A35 800 MHz, methanetls) &4 7. 45 (s, 2H), 4.

Hz, 1H), 3.19 (dd, J = 14.8, 5.4 Hz, 1H), 3.04 (dd, J = 14.8, 7.6 Hz, 1H).

(S)2-amino-3-(3,5-dibromo-4-methoxyphenyl)-propanoic acid (5) The crude reaction
mixture of OmethytL-tyrosine methyl ester (200 mg, 0.73 mmol, 1 eq.) was dissolved in
10 mL MeOH, followed by addition of B@® (185 mg, 0.85 mmol, 1.16 eq.) and TEA
(400 pL). The reaction was stirred for 24 at room temperature. The solvent was
evaporated under vacuum and pH adjusted to 3. This crude was taken forward for the o
methylation reaction. To a stirred solution of crédgFigure A3 200 mg, 0.44 mmol,

leq.) in 10 mL acetone K0z (106 mg, 0.77 mmol, 1.74 eq.) and Mel (100 pL, 1.6 mmol,
3.62 eq.) was added in the respective order. The mixture was stirred for 18 h at room
temperature. The solvent was removed, and the reaction mixture was purified via column
chromatography using Hema: EtOAc (3:1). The pure materkth was dissolved in 5 mL

DCM at 0 °C and stirred for 10 min, followed by the addition of 1 mL TFA with stirring
and reaction was allowed to proceed for 24 h at room temperature. The mioiced

in the previous stepfac was dissolved in a 5 mL mixture of MeORB®BITHF (1:1:1) and
K2COs (113 mg, 0.82 mmol, 3eq.) was added. The reaction was stirred for 24 h at room
temperature. The pH adjusted crude was then purified #1IREC using a mobile phase
mixture of MeCN (0.1 %a'FA) and HO (0.1 % TFA) toobtainpure 5.H NMR (Figure

A36, 800 MHz, methanetl) & 7. 55 1(426 (m,2lH))3,86 (4, 3H),B.25 (dd, J

=14.7,5.8 Hz, 1H), 3.12 (dd, J = 14.7, 7.5 Hz, 1H).



3.4.6 Microbiome sequencing and analyses

The procedure foquerying the spongassociated microbiome was based on our
previous report$®® 1% Next-generation sequencing of the v4 region of the 16S rRNA gene
on lllumina MiSeq platform was used. Briefly, the region of interest was amplified by the
primer pair 515F/806R which are barcoded and appended with lllespewEfic adaptors.

PCR reactions contaea 1 pL 20 ng/uL template DNA, 0.5 uL each 20 uM forward and
reverse primer, 0.5 pL 10 nM dNTPs, 0.25 pyL of Q5 high fidelity DNA polymerase,
reaction buffer, and molecular biology grade water to final volume of 25 pL. The
thermocycling conditions were asllibws: initial denaturation of 30 s at 98 °C, 35 cycles
each of 30 s at 98 °C, 30 s at 50 °C, 20 s at 72 °C, and a final extension of 2 min at 72 °C.
Purified and concentrated PCR amplicons were pooled in equimolar concentrations for
sequencing on the Uimina MiSeq. The raw sequence reads were demultiplexed and
sequence variants (SVs) generated by QIIME2 using the giime tools import script, giime
demux script and the DADA2 plugin, respectivély’® Based on quality scores, the
forward and reverse reads wénencated at 150 bp using the giime dada2 denoise script.
Taxonomy was assigned using the SILVA-maned classifier using the giime feature
classifier plugin.®® The giime taxa baipt script was used to generate the bar plots

representing the taxonomic distribution.

The a-diversity of the microbiome was quantified by computing Shannon index
using the g2_diversity plugin in QIIME2. To highlight the divergence of the microbiome
on moving from | evel 2 O0phylumdé <cl assificeé
sponge generwithin the study, a microbiome network was generated based on the SV

feature table generated by giime2. The vegan library of R package was used to generate
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the dissimilarity matrix and the corresponding network. The vegdist() function was used to
calculae the BrayCurtis distances between the sponge samples. The distances were
converted to a matrix using as.matrix() function. In order to build a network, the
dissimilarity matrix was converted to an adjacency matrix using the graph.adjacency()
function. Threshold of 0.6 was used for the conversion to the adjacency matrix, implying
that SVs with a dissimilarity index smaller than or equal to 0.6 will be connected to each
other. The network thus generated was exported from RStudio in graphml format and
visudized in Cytoscape. Three networks were generated at the phylum (level 2), order
(level 4), and genus (level 6). Procrustes analysis was performed on both the metabolomics
(as described above) and microbiome dataset using QIIME1. For the microbiome data,
unweighted UniFrac metric was used to generate the pairwise dissimilarity matrix to be

used in Procrustes analysi§

3.4.7 Data Availability

Sponge 28S rRNA sequences and-BF&quences are submitted to GenBank under
the accession numbers MW3776B0 and MW37767-B7, respectively. The 16S
amplicon sequencing data is available under BioProject accession neRhi¢A686181.
LC/MS data were deposited to UCSD Center for Computational Mass Spectrometry with

the MassIVE ID# MSV000086608.
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CHAPTER 4. ENZYMATIC SYNTHESIS ASSISTED
DISCOVERY OF PROLINE -RICH MACROCYCLIC PEPTIDES

IN MARINE SPONGES

This section is adapted from thepea I. MohantyN. A. Nguyen S. G. Moore, J. S.
Biggs, D. A. Gaul, N. Garg, V. AgarwalChemBioChem 2021, 22, 1-6;
10.1002/chic.20210027Bermission to use the manuscript has been granted by the journal

and attached in Appendix B

4.1 Abstract

Prolinerich macrocyclic peptides (PRMPs) are natural products present in
geographically and phylogenetically dispersed marine sponges. The large diversity and low
abundance of PRMPs in sponge metabolomes precludes isolation and structure elucidation
of each individualPRMP congener. Here, using standards developed via biomimetic
enzymatic synthesis of PRMPs, a mass spectrormbasgd workflow to sequence PRMPs
was developed and validated to reveal that the diversity of PRMPs in marine sponges is
much greater than thdtas been realized by natural product isolabesed strategies.
Findings are placed in the context of diversitjented transamidative macrocyclization of

peptide substrates in sponge holobionts.

4.2 Introduction

Macrocyclization of ribosomal and naibosomnal peptides is ubiquitous in natural

product chemistry. Macrocyclization imparts pharmacologically desirable properties of
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stability and rigidity which reduces the entropic cost associated with target bifding.
From neutrophil defensins and snake venom toxins to cyclic peptide natudaictsro
produced by bacteria, across all scales of life, macrocyclic peptides demonstrate potent
bioactivities and serve various different biological raféBenthic marine invertebrates
sponges, are prolific sources of proline rich macrocyclic peptides (PRMPEMPs are
detected in marine sponges without restriction of geographical location and are widespread
among several sponge phyla. Cell growth inhifyittytotoxic activities of sponge derived
PRMPs has sustained interest in their development as drug candfidatake other

natural poduct chemical classes, the abundance of which dominates the sponge
metabolomes, PRMPs in sponges are present in trace amounts. For instance, in Stylissa
spp. sponges the metabolomes of which are enriched in pyrrole imidazole alkaloids
(PIAs)2° PRMPs were isolatl in 0.01% yields (PRMP weight/sponge dry weight§%*

Low abundance of PRMPs interspersed with much higher abundance other natural products
in sponge extracts encumbers their structure elucidation using natural product isolation
based strategies. Here, we devise a mass spectrobastegd workflow to sequence
spongederived PRMPs and validate the spectrometric sequencing using standards

furnished by biomimetic enzymatic peptide macrocyclization.

We previously described the detectmPIAs in StylissaandAxinellaspp. sponges
using LC/MSbased untargeted metabolomigScreening these LC/MS data using the
DEREPLICATOR toot® hinted at the presence of peptidic natural products in Stylissa
andAxinellaspp. extractsonsistent with prior reports describing the isolation of PRMPs
from these sponge genéfdThe low abundance of PRMPs and gwhm amouts of dry

sponge biomass which were available to us precluded a natural product isoéetah
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effort. Thus, we decided to pursue PRMP structure elucidation from mass spectrometry

fragmentation data.

4.3 Results and Discussion

4.3.1 Singleleucine/isoleucine distinction based on mass spectrometry

In a proline containing peptide, fragmentation preferentially occurs attbarinus
of the Pro residué® 2%’ Sequencing PRMPs detected in sponge extracts thus began with
the annotation of théPro-Xa&® dipeptide oxonium M3fragment ions per the inventory
shown inTable A1l Proceeding from th8Pro-Xad" dipeptide, to recover the PRMP
sequence, we annotated mass shifts corresponding to proteinogenic amino acids till we
reached the parent ion in the M&pectra. As shown iRigure 4.1Afor a PRMP detected
in Axinellasp., PRMPs containing more than one proline residue yielded miiRpte
Xad dipeptide M3 fragments. Progressing from each of these different dipeptide
fragments,\Pro-Ph& (MS? m/z 245) and"Pro-GIu® (MS? m/z 227), the same cyclic
sequence, cyclo(FFPEXWP), was recovered. Here, X denotes Leu/lle residues that cannot
be differentiated based on KSragmentation alone. Identities of the amino acid
constituents in cyclo(FFPEXWP), Phe, Pro, Glu, Leu/lle, and Tepe wupported by the
detection of the individual amino acyl immonium ions in the’@ectra Figure A39,

Table AL2).

To resolve Leu and lle residues, we developed standards for the two possible
PRMPS$ cyclo(FFPELWP) and cyclo(FFPEIWP). For this, synthdtnear peptides
FFPELWPFQA and FFPEIWPFQA were obtained. Theeitinal FQA tripeptide was

proteolyzed and transamidatively macrocyclized products were furnished by the plant
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peptidase PCY1% Upon fragmentation of the cyclo(FFPELWP) and cyclo(FFPEIWP)
products, the MSimmonium ion for Leu/lle,m/z 86, was isolated and fragmented.
Consistent with prior reporf88 2°°fragmentation of the Ikelerived MS m/z86 immonium

ion generated a characteristic #8/z69 product ion in high abundee, while the M3
m/z69 product ion was detected in lesser abundance when thenkd86 precursor ion

was derived from Leu. By modulating the Rf8agmentation energyF{gure AD), we
generated an unambiguous binary result in which th&nvig69 product ion was observed
only for lle (Figure 4.1B, but not observed for Leurigure 4.1G. Adopting the thus
optimized methodology for the cyclo(FFPEXWP) PRMP detected in the sponge extract,
we annotated X as Leurigure 4.1D. Validation of the masspectrometrybased result

was obtained by spiking the sponge extract with enzymatically synthesized
cyclo(FFPELWP) and cyclo(FFPEIWP) standards; the cyclo(FFPELWP) standard
coeluted with the sponggerived PRMP Kigure 4.1 which we term as axinellin D.

PRMP congeners detected in this study are highlightédlae AL3.

Employing the now validated mass spectrometry workflow which could differentiate
between Leu and lle residues, we additionally sequenced the PRMPs stylissatin E
cyclo(FVPELWP) and stylissa F cyclo(FPWVPLTP) fronBtylissasp. specimens used
in this study Figure 4.1F A41i A44, Table A13. We also detected the presence of the
PRMPs cyclo(FGPELWP), cyclo(PAVMLRP), and cyclo(FPLTVPWP)Axinella sp.
extracts Figures A45A50). Primary sequeces of these PRMPs correspond to the
previously described hymenamide C, hymenamide F, and axinellin B. The presence of
axinellin B serves as an internal control as it has been reported frémxiralla sponge

previously?'® However, hymenamides C and F were isolated fidymeniacidonsp.
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spongesTable AL3).2** 212 Hymeniacidorsp. sponges belong to a different phylogenetic

(order Suberitidia) as compared téxinella sp. (order Axinellida) within the

Demospongiae class of marine sponges.
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Figure 4.1.(A) MS? spectra for cyclo(FFPEXWP). MG 8 6 ) Yddestra for theR) lle-
derived M$ m/z86 precursor ion (cyclo(FFPEIWP) standard)) Leu-derived MS m/z

86 precursor ion (cyclo(FFPELWP) standard), and BjeLeu/lle-derived MS m/z 86
precursor ion (cyclo(FFPEXWP) PRMP)E)( Extracted ion chromatograms (EICs)
showing ceinjection of cyclo(FFPELWP) (top) and cyclo(FFPEIWP) (bottom) stardard
with the sponge extractF) Inventory of single Leu/lle containing PRMPs sequenced in

this study.
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4.3.2 Single leucine/isoleucine distinction based on mass spectrometry

Theworkflow in section 4.3.1s applicable when a single Leu/lle is present in the
peptde sequence. When more than one Leu/lle residues are present, multiple side chains
will contribute to M$ m/z86 ion which will complicate the M6 8 6 ) ¥-BdSed Leu/lle
distinction. This scenario presents itself for the cyclo(F¥S%¥P) PRMP that we
detected imxinellasp.; X' denote Leu/lle residues. As before, the PRMP was sequenced
starting from thé'ProPhé& MS? m/z245 fragment ionRigure 4.2A A51). Next, the ion
corresponding to the fragment PFY3XMS? m/z679 Figure 2A was isolated and the
MS2 m/z 86 Leu/lle immonium ion was generated. Here, only a single residye, X
contributes to the production of the R®/z86 product ion. Further fragmentation of the
MS2 m/z86 ion did not generate the characteristic*M®z69 ion Figure 4.2B, denoting

that X! was Leu.

Next, the cyclo(FYSLALP), cyclo(FYSIALP), cyclo(FYSLAIP), and
cyclo(FYSIAIP) standards were generated by P@Yediated macrocyclization of the
corresponding-FQA appended linear peptides. Fragmenting cyclo(FYSIALRY a
cyclo(FYSIAIP) usingthe M¥ 6 7 9 ) 3 816 ) YpwbBedure yielded the characteristic
MS* m/z 69 ion while fragmentation of cyclo(FYSLALP) and cyclo(FYSLAIP) did not
(Figure A532. To query the identity of Xin the PRMP cyclo(FYS¥AX2P), the MS m/z
185 ion was isolated. This MSon can be generated by théAX or the AX dipeptides.

The MS( 1 85) % 86) YiM@nentation scheme demonstrated the production of the
characteristic M&m/z69 ion Figure 4.2G. As X! was Leu (and hence theéXfragment
could not contribute to the production of the M&z69 product ion), these data denote

that X was lle. Analogous M% 1 8 5)3% 816) ¥ Mr&mentation for the
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cyclo(FYSLAIP) standard generated the M®/z 69 ion while he cyclo(FYSLALP)
standard did not Higure A53. Validation of the mass spectrometrgsed PRMP
sequencing scheme was obtained by spiking the sponge extract with the PCY1 generated
standards; the cyclo(FYSLAIP) standard coeluted with the sponge PRMPiwtecined

axinellin E Figure 4.2D Table AL3).

Using the workflow developed above, we additionally sequenced the multiple
Leu/lle containing PRMPs axinellin F cyclo(FFPELLP) frémxinellasp., and stylissatin
G cyclo(WLPLTPLP) fromStylissasp. Figure 42E, Figure A54i A58, Table AL3). In
addition to these PRMPs, we detected the presence of the previously described PRMPs
hymenamide B cyclo(WVPLTPLP) and pHellistatin 184 cyclo(YPIFPIP) from
Stylissa sp. Figure 4.2k Figure A59 A62). Hymenamide H was described from
Hymeniacidorsp. (order Suberitidia) while phakellistatin 18 was described Rbakelia
fusca(order Axinellida), sponges belonging to orders different fi®tylissasp. (order
Scopalinida). Together with the detection of hymenamide &xinellasp., it is evident

that PRMP congeners are shared among phylogenetically different sponges.
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Figure 4.2. (A) MS? spectra for the PRMP cyclo(FYS$XX2P) detected irxinella sp.
where X corresponds to Leu/lle. MBagmentation strategies to queryaad X identities

are illustrated.B) Confirmation of X as Leu as I8* m/z69 product ion is not detected.
(C) Confirmation of X as lle as M&m/z69 product ion is detected) EICs showing co
injection of enzymatically synthesized PRMP standards with the sponge exi@pct. (
Inventory of multiple Leu/llecontaining PRMPs sequenced in this study.

Unlike axinellin F, cyclo(FFPELLP), where lle residues occur next to Leu/lle
residues in a PRMP sequence, mass spectrometry alone may be insufficient to provide
unambiguous results. This scenario presented iseihg the sequencing of the PRMP
cycloXPHPYX2X3GP) that we detected iAxinella sp. As before, the PRMP was
sequenced starting from tABro-His® (m/z235),NPro-Tyr® (m/z261), and'Pro-X1¢ (m/z
211) dipeptide M%ions (Figure 4.3A. Using PCY1 and apppriately designed linear
peptide substrates, we generated standards for all eight possible Leu/lle combinations for

cycloXPHPYX2X3GP). ResidueX! was annotated as lle by isolating the M&z 211

11¢€



ion corresponding to theX® dipeptide and following the M6 2 1 1 )3/ 816) ¥ MS
fragmentation scheméigure 4.3B. Annotation ofX! as lle was supported by analogous
fragmentation of the cyclaPHPYX2X3GP) and cycldPHPYX?X3GP) standard${gure
A63i A64). Similarly, identity ofX2 aslle was decided by isolating the ¥8)/z608 ion
corresponding to the PHRXY? pentapeptide and following the MS6 0 8 )3y 816) Y MS
fragmentation scheme Figure 4.3¢ and comparing the MS spectra to
cyclo( PHPYLX 3GP) and cycldPHPYIX 3GP) standards{gure A64). BecauseX? was

lle (which generates the M8/z69 diagnostic ion) and no M8agment could be detected
which contained only3 without X! or X?, identity of X2 could not be determined by mass
spectral fragmentation. To annota¥®, retention times for the cycld®HPYIL GP)

(X3 X%=lle; X3=Leu) and cycldPHPYIIGP) (X,X?=lle; X3=lle) standards were
compared to reveal the sponge PRMP as cheldPYll GP) which we tem axinellin G
(Figure 4.3D TableA13). Among the inventory of PRMPs, cyetmnapeptides such as
axinellin G are relatively rare (Tabdl3). Overall, we demonstrate the utility of enzymatic
synthesis of cyclic peptide standards for discovery and seqgeotsponge PRMPs. At

present, we cannot determine th&transconformation of the Pro residues.
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m/z 211

m/z 211

P - P Y

Figure 4.3. (A) Sequencing of the cyclofRHPYX2X3GP) based on MSspectra. Note
that three Pro residues in this octapeptide generate three differentas® MS? dipeptide
product ions. Fragmentation strategies to query identities lodnd X2 residues are
illustrated. Annotation off) X* and ) X? residues as lle bihe detection of the MSn/z

69 product ion. D) Annotation of X as lle by retention time comparison of the sponge
detected PRMP against enzymatically synthesized cyclo(IPHPYILGP) and
cyclo(IPHPYIIGP) standards.

4.3.3 Biosynthetic insight into PRMPs

Amino acd residues reported to date for sponge PRMPs are proteinogenic amino
acids in the Econfiguration (to the best of our knowledge the only exception is Trp derived
L-kynurenine in phakefustating £).2*° It is thus conceivable that sporderived PRMPs
are ribosorally synthesized and posttranslationally modified peptifaad that the PCY1

catalyzed proteolysis of a-teérminal recognition sequence (RSkigure 4.4APCY1 RS
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