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EPIGRAPH

Our deepest fear is not that we are inadequated@apest fear is that we are powerful
beyond measure. It is our light, not our darknbas most frightens us. We ask
ourselves, who am | to be brilliant, gorgeous,rted and fabulous? Actually, who are
you not to be? You are a child of God. Your playangall doesn't serve the world.
There is nothing enlightened about shrinking so ¢iti@er people won't feel insecure

around you. We were born to make manifest the ghdigod that is within us. It is
not just in some of us: it's in everyone. And whenlet our own light shine, we
unconsciously give other people permission to @osime. As we are liberated from
our own fear, our presence automatically liberatesrs.
Nelson Mandela, 1918 -

Walk away quietly in any direction and taste theetfom of the mountaineer. Camp
out among the grasses and gentians of glacial mesdo craggy garden nooks full of
Nature's darlings. Climb the mountains and ger tipedd tidings. Nature's peace will

flow into you as sunshine flows into trees. Thedginwill blow their own freshness
into you, and the storms their energy, while caviéisdrop off like autumn leaves. As

age comes on, one source of enjoyment after anstickysed, but Nature's sources
never fail.

The grand show is eternal. It is always sunriseeseere; the dew is never dried all
at once; a shower is forever falling; vapor is engng. Eternal sunrise, eternal dawn
and gloaming, on sea and continents and islandk,ieats turn,
as the round Earth rolls.
John Muir, 1838 - 1914
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Natural products from the marine environment atutst one of the richest and

most reliable sources of bioactive molecules faigdtiscovery and biotechnology.

Filamentous marine cyanobacteria are among the pnolstic natural product

producers, and with significant advances in gesetitd genomics over the past

decade are gaining increasing recognition for uausuunprecedented biochemistry

involved in natural product biosynthesis. Howevke, further development of several
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of these cyanobacterial secondary metabolites bialseen accomplished because of
low yields from field collections, slow growth did¢se organisms in laboratory
cultures, and an absence of any genetic technigu&NA manipulation.

The aim of the research presented in this digsamtes to study the
biosynthesis of natural products from the maritarientous cyanobacteriuibbyngbya
majuscula to investigate how access to these compounds candreved and the full
potential of cyanobacterial strains can be realiz&dariety of experiments are
described herein, including: 1) A transcriptionaabysis of the neurotoxin
jamaicamide gene cluster frdmngbya majuscula, which employed RT-PCR and
reporter gene assays to better understand how bgateial biosynthetic pathways
are transcribed; 2) Investigations into jamaicamefgulation, which included a)
protein pulldown assays to isolate possible lighated regulatory proteins for this
pathway and b) the development of a novel masgrgmeetry approach to monitor
natural product biosynthetic turnover, the effdotrvironmental parameters on this
turnover, and confirm the impact of light on janeardde production; 3) Evaluating
different methods for transferring DNA intgngbya filaments and taking the first
steps in heterologously expressing portions lojragbya gene cluster in the
actinomycetestreptomyces coelicolor, and 4) Sequencing the genome.yfigbya
majuscula 3L, thereby revealing its natural product potentatomplex gene
regulatory network and a surprising inability te itmospheric nitrogen.
Collectively, these experiments provide new perspeon natural product
biosynthesis ilLyngbya strains and direction on how these organisms agid iatural

products can be harnessed for biomedical and Ihintéagical applications.
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CHAPTER 1

Introduction

1.1 Importance of natural products in drug discgver

For thousands of years, humans have relied om#ticinal qualities of
compounds produced in Nature to treat a variesilofents. Remains of marine algae
recovered from Monte Verde in Southern Chile fromeral 3,000 years ago indicated
early settlers in the area likely relied on seawdedfood and medicine (Dillehay et
al. 2008). Likewise, recent analysis of pottemg jlmom ancient Egypt (ca. 3150 BC)
have found that herbs and tree resins were disgensegrape wine for their
supposed health benefits (McGovern et al. 200@)mddern medicine, naturally
produced compounds, or “natural products,” havedradnormous impact on drug
discovery and development, and have become statr@atchent for many human
diseases. The term “natural product” is oftenreftanged with the designation
“secondary metabolite”, as many of these compoanelshought to serve a specific
ecological role in the producing organism and arewital for primary metabolic
functions (Fraenkel 1959). Currently, the majoafydrugs in use today are either
natural products themselves, derivatives of nafnadlucts, or are synthetic
molecules that have some feature inspired by aaagttoduct (Newmann and Cragg
2007).

The scientific field of natural products chemidtigs long been associated with
the pursuit of new compounds from terrestrial sesy@and several of the most

significant drugs in use today are hallmarks oséhefforts over the last century



(Figure 1.1). Penicillin, #i-lactam antibiotic discovered by Alexander Flemimg
1928 fromPenicillium fungi, is one of the most frequently used antils®&nd

brought fundamental change to the treatment ofebiatinfections (Drews 2000).
Other antibiotics produced by actinobacteria, ideig erythromycin (Oliynyk et al.
2008), novobiocin (Heide 2009), vancomycin (Leva®®6), and tetracycline (Chopra
and Roberts 2001) have become benchmarks for noddesion against specific
diseases. Doxycycline, one antibiotic of the ®mtchine class of compounds, is also
used in prophylaxis against malaria (Anderson.€1298), a disease first treated with
the natural product quinine from the bark of @encona tree (White 1996). Several
anticancer agents from terrestrial organisms intogay include the antimitotic
paclitaxel (taxol) originally isolated from the HacYew TreeTaxus brevifola (Wani

et al. 1971), and the vinca alkaloids from the Mgdzar Periwinkl€atharanthus

(Johnson et al. 1963).
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Over the last 50 years, the search for naturalymts has been extended in
earnest to include organisms from the marine redimtial investigations into the
chemistry of marine algae, cyanobacteria, and sgofrgm research groups at the
University of Hawaii and Scripps Institution of Geegraphy at the University of
California San Diego have led to the formation ¢drge number of laboratories
dedicated to studying the chemistry and biochesntmarine natural products. To
date, approximately 17,000 natural products haea leolated from marine
organisms (Blunt et al. 2009), and the bioactiaityl clinical potential of many of
these compounds rival the most promising terrdstisgoveries (Figure 1.2). For
example, bryostatin, a protein kinase C modulatanfa microbial symbiont of the
bryozoanBugula neritina (Sudek et al. 2007), has advanced to clinicaldtialbe
evaluated as an anticancer agent and a treatnrefiztteimer’s disease.
Salinosporamide A, glactam$-lactone compound from the marine actinomycete
Salinispora tropica, is an especially potent inhibitor of the 20S pastome and is
currently in clinical trials for treating multiplayeloma (Feling et al. 2003; Molinski
et al. 2009). Somocystinamide is a lipopeptideattifmom al.yngbya/Schizothrix
Fijian cyanobacterial assemblage (Nogle and Ger2@fk) that was recently found
to trigger tumor cell apoptosis via Caspase 8 (Wla®t al. 2008) and is being
considered for Phase O trials in treating soliddtsnwith possible delivery using

nanoparticles.
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Figure 1.2: Bioactive natural products from mammganisms.

1.2 Cyanobacteria

Unarguably, members of the phylum cyanobacteriaareng the richest and
most important sources of natural products yetadieed. Cyanobacteria are some of
the oldest life forms on earth, originating at teasillion years ago (Rasmussen et al.
2008), and can be found almost everywhere on #r@epl including freshwater lakes
and ponds, oceans, deserts, polar regions, arephogs (Seckbach 2007).

Cyanobacteria are photoautotrophic, oxygen produicacteria that are thought to



have triggered the conversion of Earth’s early a&jphere to an oxidizing state, and
are likely the ancestors of chloroplasts foundigaa and higher plants (Falcon et al.
2010). Cyanobacteria are so named because ofdkere of the pigment
phycocyanin, which results in many cyanobacteriarntpa blue-green coloration
(leading to the common name “blue-green” algag)lleCtively, cyanobacteria
perform a large percentage of global carbon arrdgen fixation, with much of this
contribution coming from unicellular oceanic spscseich a®rochlorococcus,
Synechococcus, andTrichodesmium (Zehr et al. 2001, Ting et al. 2002).
Increasingly, bioactive compounds from filamentoyanobacteria, especially
from the orders Oscillatoriales and Nostocalesyeceiving both acclaim for their
pharmacological potential despite their notorietydnvironmental toxicity (Burja et
al. 2001). Approximately 50 species of cyanobaatare responsible for the
production of toxins found in both freshwater anarime environments (Antoniou et
al. 2005). Toxic freshwater blooms can occur kefa rivers, and ponds worldwide
and are blamed for sporadic but recurring incidehtnimal poisonings and death.
Human poisonings have also occurred from exposuneunicipal and recreational
water supplies (Carmichael 2001). The hepatotb&mapeptide microcystin is of
particular concern due to its wide geographic diigtron and production by multiple
organisms. The original source of microcystin Whasrocystis aeruginosa, but over
65 structural isoforms have been isolated from opanterial species of the genera
Anabaena, Aphanocapsa, Hapal osiphon, Nostoc, andPlankothrix, in addition to

Microcystis (e.g., Rinehart et al. 1994, Carmichael 2001).



Microcystin L-R

Figure 1.3: Structure of the cyanobacterial toxiorotystin L-R.

In the marine environment, toxins produced by cyaoeteria such adsyngbya
majuscula (lyngbyatoxin) cause blistering dermatitis knowr'asimmer’s itch” (e.qg.,
Cardellina 1l et al. 1979). Freshwatgmgbya species can produce neurotoxins such
as saxitoxin (Carmichael et al. 1997), a compousa produced by marine
dinoflagellates that causes paralytic shellfistspning. Lyngbyatoxin and another
majuscula compound, debromoaplysiatoxin (a tumor promotevehazeen found in
high levels in Australian sea slugs (Capper e2@05), which may indicate
accumulation in higher trophic levels of the foodbw

Investigations of marine natural products fromrmfzacteria were first
initiated by Professor Richard Moore from the Umsity of Hawaii in the mid 1970s
(Cardellina Il and Moore 2010). Early field coltems in the Hawaiian and Marshall
Islands led to the discovery of the malyngamidesrd€llina Il et al. 1979),

debromoaplysiatoxin (Mynderse et al. 1977) and byagoxin as described above.
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Since that time, over 800 bioactive natural proglingve been isolated from marine
cyanobacteria around the world. The majority elsthcompounds (over 250) have
been ascribed to the genuggbya, with 76% from this genus assigned to the species
Lyngbya majuscula (Tidgewell et al. 2010). Thieyngbya genus is characterized
morphologically on the basis of large, macroscdiacnents that grow in shallow
water environments. These filaments consist dicktpolysaccharide sheath of
approximately 50-6Qm in width that encases stacks.ghgbya cells (Engene et al.
2010). In contrast to other filamentous cyanoliéefeom freshwater environments
such asAnabaena (Nostoc) sp. PCC 7120 (Kaneko et al. 200iyngbya strains do not
form heterocysts, specialized cells designateaitoogen fixation. Marind.yngbya
strains are found pantropically in shallow corafrenvironments, where they
commonly grow in close association with other cyzawteria and algae and provide
an ideal substrate for a variety of heterotroplaicteria. When grown in laboratory
culture, most.yngbya strains retain these heterotrophic bacteria om thament
sheaths and cannot be grown axenically (Gerwiet. &008).

A number of compounds originally isolated frduyngbya field collections
have been the subject of further investigationseaning their bioactivity,
biosynthesis, and use in downstream applicatiores)ding consideration for
preclinical and clinical trials as potential phaoeaticals. Several natural products
from Caribbean and Pacific collections have reaesubstantial attention for their
cytotoxicity (Figure 1.4). Curacin A is a compoumduced by the straloyngbya
majuscula 3L from Curacao, Netherlands Antilles. Curacinxhibits antimitotic and

antiproliferative activity, serving as an inhibitof colchicine binding to tubulin, and
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shows toxicity in brine shrimp assays (Gerwicklefil894, Verdier-Pinard et al.
1998). Initial work with this compound found thitomposes approximately 10% of
L. majuscula 3L extracts, and further efforts were expendediapéathis strain to
laboratory culture to provide consistently highamin A yields (Rossi et al. 1997).
Curacin A is also available by total synthesisseaeral different routes (e.g., White
et al. 1997; Muir et al. 1998). Two other composipdoduced by. majuscula 3L are
barbamide (Orjala and Gerwick 1996), a potent nsglkide featuring an unusual
trichlorinated methyl group, and the lipopeptidencabin (Hooper et al. 1998).
Chapter 5 of this dissertation will discuss thes@gounds in more detail as the
subject of a project to sequence the genome wijuscula 3L. A particularly
intriguing series of cytotoxic molecules frdmngbya strains are the apratoxins
(Luesch et al. 2001), which are produced by thefieatrain Lyngbya bouillonii.
Lyngbya bouillonii is commonly found in somewhat deeper reef envirantmgL0-20
m depth), where it grows in thickly entangled natsubes. These assemblages
explain the moniker “cobwebyngbya (Tan et al. 2002)” and are likely created by a
species of snapping shrimp that lives withinlthbouillonii filaments. Apratoxin is a
nanomolar level cancer cell toxin that appearsctoria G1 cell cycle arrest and
resulting apoptosis (Luesch et al. 2005) and rss laen characterized as a kinase

inhibitor and a preventative agent of secretorygmtranslocation (Liu et al. 2009).
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Figure 1.4: Cytotoxic compounds from maringigbya strains.

Neurotoxic natural products frohyngbya strains are well recognized for their
potency and strong potential for development asaffeutics (Figure 1.5).
Antillatoxin is a neurotoxic lipopeptide froin majuscula collections in Curacao
(Orjala et al. 1995) and Puerto Rico (Nogle eR@D1)that has been found to be a
potent ichthyotoxin and molluscicidial agent (Oajait al. 1995) as well as neurotoxic

(nM scale) against rat cerebellar granule celle(lal. 2001). The voltage gated
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sodium channel activity of antillatoxin was recgritund to enhance neurite
outgrowth in immature cerebrocortical neurons (dadtal. 2010), which may offer a
new way of regulating neuronal plasticity. Anotimeurotoxic lipopeptide from
Caribbearl. majuscula strains is kalkitoxin, which also has ichthyotoativity but
acts as a sodium channel blocking agent (Wu €0&I0). A Jamaican strain bf
majuscula collected in 2004 was found to produce the jamaidas) which are
neurotoxins acting as sodium channel blockers (Edisvat al. 2004). The
jamaicamides feature unusual functional groupsuohiolg a vinyl chloride moiety and
an alkynyl bromide in jamaicamide A, which has ob&en observed in one other
marine natural product (Mevers et al. 2011). Hregicamides form the basis of

several experiments described in this dissertatid@hapters 2 and 3.



14

Antillatoxin
S =
\ S N
N : )
= (0]
Kalkitoxin
A\
O N

H

P N — 9
7 |
R o} OCH;
Cl
Jamaicamide A R=Br
Jamaicamide B R=H
A\
O N

H

N _— o
o} OCH;

Jamaicamide C

Figure 1.5: Neurotoxic natural products from matiyegbya strains.

1.3Biosynthesis of natural products in marine cyantdée
Important advances in discovering more about tblgical origins of
cyanobacterial natural products have been achievet past decade, coinciding with

new developments in the areas of genetics and gesor8tructural elucidation of
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bioactive compounds from cyanobacteria has beemplernented with the isolation
and characterization of the biosynthetic gene elgshat code for their assemblies.
Gene clusters for the hepatotoxins microcystin€ftiket al. 2000, Kaebernick et al.
2002) and nodularin (Moffitt & Neilan 2004) havedneidentified, as well as several
from Lyngbya strains, including those for the molluscicide banie (Chang et al.
2002), cancer cell toxins curacin A (Chang et @048 and apratoxin A (Grindberg et
al. 2011), antifungal agent hectochlorin (Ramaswatral. 2007) dermatotoxin
lyngbyatoxin (Edwards & Gerwick 2004) and the néoxa jamaicamides (Edwards
et al. 2004). Cyanobacterial natural product geusters are often composed of and
have become typified by mixed polyketide synthgd&¥&S) and non-ribosomal
peptide synthetases (NRPS). PKSs and NRPSs atiéumctional protein complexes
that are responsible for catalyzing the stepwiseleasation of metabolic building
blocks. Both are organized in modules, where @aotiule is capable of recognizing
and adding either coenzyme A thioester derivatofesarboxylic acids (PKS) or
amino acids (NRPS) into the growing chain. Modw@escomprised of domains that
each correspond to a particular biochemical reattagure 1.6; Du et al. 2001,

Chang et al. 2002, Fischbach & Walsh 2006).
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Figure 1.6: Condensation reactions occurring duNRIPS (top) and PKS (bottom)
biosynthesis. Domain abbreviations: T = thiolatiGns condensation, A =
Adenylation, KS = ketosynthase, AT = acyltransferabigure adapted from
Fischbach and Walsh (2006).

Identification and characterization of the barbderbiosynthetic gene cluster
represented the first such analysis of a natuadymt pathway from a marine
microorganism (Chang et al. 2002). Precursor fegedikperiments indicated that
barbamide is derived from acetate, phenylalangwgihe, and cysteine, and
identification of the cluster genes from a cosniiddry revealed a 26 kb pathway with

PKS and NRPS elements consistent with the barbastideture. ATP-
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pyrophosphate experiments testing the adenylabomaths of the barbamide NRPS
modules confirmed their specificity for the amirmods tested in the feeding
experiments (Chang et al. 2002). A one carborcation in barbamide biosynthesis
appears to be necessary to explain the final mEeand the ATP-PPi experiments
support the idea that this truncation likely ocaarghe leucine portion as substrate
specificity for BarE was identified far-ketoisocaproic and-trichloroketoisocaproic
acids, but not isovaleric or trichloroisovaleriedsc(Chang et al. 2002). The
trichloromethyl group on the leucine residue ofidaanide prompted additional
experiments to determine how this particular fumeal group is biosynthesized.
Leucine was first demonstrated as the substratiedimgenation through stable isotope
feeding experiments (Sitachitta et al. 2000), wiakbbwed that chlorination occurs
after leucine is biosynthesized. Recombinant esgio@ of the non-heme Fe (t)
ketoglutarate dependent halogenases BarB1l and Bar@ihcubation of these
proteins with™“C leucine, the BarD adenylation domain, ATP, areltblo version of
the PCP BarA allowed for the predicted activityBafrB1 and BarB2 to be confirmed
(Galonk et al. 2006). BarB2 adds the first two chlorit@nas, while the third is
added by BarB1 (Flatt et al. 2006, Galoet al. 2006).

Characterization of curacin A biosynthesis (Chanhgl. 2004) represented
another important achievement in understandingybib®tic mechanisms used in
Lyngbya majuscula, and the initial identification of this gene cleishas led to
additional studies resulting in the curacin A patlgveing the best understood among
the mixed PKS/NRPS gene clusters from marine cyacteba identified to date.

Following a similar strategy to that used in theblaanide work discussed above,



18

stable isotope precursor feeding experiments redehlat curacin A is composed of a
cysteine residue, 10 acetate units, and two mettaylps derived from S-adenosyl
methionine (SAM; Chang et al. 2004). Screening geénomic library using PKS and
NRPS probes led to the sequencing of the approgisné# kb gene cluster.
Subsequent to this work, detailed investigations the enzymatic mechanisms used
in L. majuscula 3L to biosynthesize curacin A have been completduich

collectively showcase the wide variety of unusual anprecedented strategies marine
Lyngbya strains possess in creating natural products. rGhaiation in curacin A is
conducted using the CurA enzyme, which is compo$ech adaptor domain, a
GCN5-relatedN-acetyltransferase (GNAT) domain, and an acyl eaprotein (ACP).
This GNAT domain functions as both as a decarb®@eyknd S-acetyltransferase, and
was crystallized in both free form and in complagwacyl-CoA to confirm this
activity (Gu et al. 2007). Recent work has sholat thain termination to yield the
terminal olefin in curacin A is preceded by sulfboa that is catalyzed by a
sulfotransferase located in the CurM enzyme. $hifate moiety acts as an excellent
leaving group during the final decarboxylation s{€up et al. 2009).

Perhaps the most intriguing component of curaclnigsynthesis is thp-
branching conducted by an HMG-CoA cassette locatéide middle of the gene
cluster — a cassette that is shared in high lefdl®@mology with the jamaicamide
biosynthetic pathway (Edwards et al. 2004, Gu .€2@D9). Each cassette contains
three tandem ACPs from a single open reading fr@id-; ACPs.;), a standalone
ACP\, an HMG CoA synthase, and a dehydratase (f@hid decarboxylase (EGH

These cassettes are flankedoblyetoglutarate dependent non-haem halogenases and
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enoyl reductase (ER) domains. Biochemical chariaetgon of several components
of these pathways (Gu et al. 2006, Gu et al. 26@9% found that in both pathways
modification of a polyketide intermediate proceedparallel with reaction with the
HCS, chlorination, and reduction via ECH1, but ttiiffering activity between the two
ECH2 domains yields @& 3-enoyl thioester in curacin A and ayf&noyl thioester in
jamaicamide. The former substrate reacts wittEfRen the curacin pathway
resulting in cyclopropyl ring formation, while thegtter substrate in jamaicamide is
unreactive with the curacin ER iinvitro experiments and instead corresponds with
the vinyl chloride moiety seen in the jamaicamidaenule (Figure 1.7; Gu et al.
2009), suggesting that the jamaicamide ER is likelyerfluous and an evolutionary
remnant. This highly similar chemistry is a sigraht example of versatility in

natural products biosynthesis due to horizontakgesnsfer.
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Figure 1.7$-branching of curacin A and jamaicamide proceedsgus similar route
until deviating at the ECH2 domain expressed frawhecluster. Curacin A proceeds
to form the terminal cyclopropyl ring while jamamale biosynthesis yields a vinyl
chloride. Figure scheme adapted from Lane and M&#0).

The variety of mechanisms in other modular maciyenobacterial natural
product pathways (Jones et al. 2010) are furthestrhted by dichlorination in
hectochlorin (Ramaswamy et al. 2007), incorporatiba tert-butyl starter unit in
apratoxin A (Grindberg et al. 2011), and reduct¥ftoading from an NRPS enzyme
in lyngbyatoxin A (Edwards and Gerwick 2004, Read ®/alsh 2007). Marine
cyanobacteria are also capable of biosynthesizambtjcopeptide natural products that
are ribosomally encoded. The symbiotic cyanobagteProchloron lives in

association with didemnin ascidians such.iasoclium patella in the tropical Pacific

and produces molecule classes such as the patdamilithiacyclamides, and
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lissoclinamides (Jones et al. 2009). In 2005 pitellamide gene cluster was isolated
(Schmidt et al. 2005), which contains a precurggtide patE) that encodes the exact
sequence of amino acids in patellamides A and & rémaining genes function as
tailoring and cyclizing enzymes to yield the fimablecules. The patellamide pathway
has been heterologously expresseH.iooli (Schmidt et al. 2005), and genetic
engineering has allowed for new analogs of thesbocgeptides to be produced
(Donia et al. 2006, 2008). Ribosomally encodedidep similar to the patellamides,
now referred to as “cyanobactins”, appear to beegpdead as over 100 compounds
derived or anticipated from this proccess have haemtified from free living and

obligate symbiont cyanobacteria (Donia et al. 2Q@B\es et al. 2009, Li et al. 2010).

1.4 Current limitations in accessing natural produotsnf marine cyanobacteria for
biotechnology and biomedicine

Despite the enormous potential of natural prodfrote marine filamentous
cyanobacteria in drug discovery and as biotechnodb¢pols, there are a number of
obstacles inherent in cyanobacterial physiology lihat access to large amounts of
these compounds for further development to impealtyi large scale field collections
or elaborate and difficult synthetic methods. Ridip the biggest challenge is the
slow growth rate of these organisms in laborataiyuce (Rossi et al. 1997; Esquenazi
et al. 2011). Typical natural product isolatiofoefs fromLyngbya and other strains
begin with field collections of biomass, which eturned to the laboratory after being
preserved in alcohol and frozen for future extactiIf live filaments are obtained

and grown in the laboratory, they require severahtins and gradual transfer between
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culture vessels to grow to the point where tradalmatural product isolation projects
can begin (Rossi et al. 1997)yngbya filaments double in size only about every 6-10
days (Esquenazi et al. 2011), in contrast to dbheterial strains such &scoli that

are capable of doubling every 20 minutes (CoopdrHeimstetter 1968). Many
cyanobacterial strains brought back from field edtiions do not adapt well to
laboratory conditions and cannot be reliably aretiusing glycerol stocks or other
common storage methods, thus limiting their prest@sm only for chemical, genetic,
or microscopic analyses.

Another substantial obstacle to studying naturatlpct chemistry and
biochemistry in marine cyanobacteria is the lacg@ifetic techniques for most
filamentous strains. Unlike other model freshwatgnobacteria such as
Synechococcus or Anabaena (Nostoc) sp. PCC7120 (Koksharova and Wolk 2002),
stable transfer of DNA for gene knockouts, replagetnor expression is not yet
possible folLyngbya or other tropical, benthic cyanobacteria ofteneged for their
secondary metabolites. In addition to their sloamgh, Lyngbya strains are almost
always found growing in close association with otty@anobacteria (Nogle and
Gerwick 2002), algae, or heterotrophic bacteria likka on the surface of tHeyngbya
polysaccharide sheath (Gerwick et al. 2008, Simnebas$. 2008). These associated
organisms, especially heterotrophic bacteria, pensilaboratory culture and often
prohibit maintenance of axenigngbya strains (Gerwick et al. 2008). It is therefore
probable that resistance to stable introductioDNA into cyanobacterial strains may
be increased because of the presence of additiestalction endonucleases (see

Chapter 5). The biosynthetic origin of naturalguots attributed to non-axenic
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cyanobacterial strains has also been questiondustasotrophic bacteria could
possess the necessary genes to encode their camdseg metabolites. Recent
evidence of malyngic acid isolated from the mabaeteriumRhodopirellula baltica
has shown this could occasionally be a valid caichu(Lee et al. 2010), as this
molecule was earlier found frobyngbya majuscula collections (Cardellina Il and
Moore 1980). However, successful imaging techrsqufé.yngbya filaments using
Matrix Assisted Laser Desorption lonization (MALDRass spectrometry (Simmons
et al. 2008, Esquenazi et al. 2008, Esquenazi 204ll) have localized the presence
of many of these compounds to cyanobacterial filsiand single cells isolated from
filaments using micromanipulation (Esquenazi 20tapfirming that in most cases
these compounds are likely produced by cyanobact@&espite significant progress
in heterologous expression of natural product patfsan a variety of bacteria,
including actinobacterial antibiotics (Eustaquiabt2005), myxobacterial cytotoxins
(Tang et al. 2000) an®treptomyces antitumor compounds (Challis 2006),
recombinant expression of non-ribosomal cyanob@atteatural products has been
limited to individual proteins or domains (Edwasadsd Gerwick 2004, Gu et al.
2009). No stable heterologous platform for computsuinomLyngbya has been
established.

Along with physiological characteristics of maritlamentous cyanobacteria
that impede natural product investigations, ounkiedge of how expression of the
biosynthetic clusters of genes in marine cyanobmattgenomes is controlled is
extremely limited. If the regulatory triggers resgible for turning the transcription

of these pathways “on” and “off’ can be identifiaadd manipulated, yields of natural
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products can be significantly increased in labasatwllture and reduce the need for
repeated field collections or organic synthesisgdneral, gene transcription in
bacteria is initiated by the binding of the enzyRM¢A polymerase to gene regions
known as ‘promoters’. The promoter binding sitestgpically located about 35 and
10 base pairs (bp) upstream (5’ end) of a transonistart site (TSS). These regions
are detected by bacterial polymerase protein stdbuaalled ‘sigma factors’ which
cause RNA polymerase to tightly bind to DNA andibhdganscription (Figure 1.8;

Alberts et al. 1998).
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Figure 1.8: Example of bacterial RNA polymerasedbig to a gene promoter region
(top) and being activated by interacting with a éiifped transcription factor (bottom;
figure adapted from Browning and Busby 2004). AgBigma factor subunit of the
RNA polymerase enzyme is shown in dark blue, andibg to DNA occurs at -35
and -10 hexamers, as well as TGn and extended éfeals in some instances.
Bottom: Transcription factors (commonly presentlasers) can interact with 1) the
RNA polymerase alpha subunit (class | activati@ysigma factor subunit 4 (class Il
activation) or 3) at/near the -35 and -10 prometements (class Il activation;
Browning and Busby 2004).

The binding region in the promoter of each gemelmaidentified by a specific
sigma factor. Sigma factors are categorized inlivead families based on their
similarity to sigma factors i&. coli: sigma 70 and sigma 54 (referring to their
respective masses in kilodaltons (kD) (Mathewd.e2@00). Sigma 70 factors are the
predominant type of sigma factor and can be furthessified into three groups based

on the genes with which they associate: group iingoy sigma factors — most genes,

such as housekeeping genes), group 2 (non-essgaties, such as those used by
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bacteria in stationary phase) and group 3 (altere/apecies specific genes, such as
sporulation or heat shock) (Woésten 1998). Sigrotofa are also used for the
transcription of the chloroplast genome in highlants (Hakimi et al. 2000).
Cyanobacteria use specific sigma factors (compasisigogroup of group 2) that can,
for example, modify gene expression in circadiarihims (Tsinoremas et al., 1996) or
in response to carbon and nitrogen availabilitys|&lee et al. 1997).

Another necessary component of bacterial gepeession is the regulatory
network of transcription factors that govern traigen in response to local
environmental changes. Transcription factors angems that bind in proximity to
nearby genes and are responsible for gene activafeme repression, or both (Figure
1.8). Several hundred transcription factors haaenldentified irkE. coli, many of
which, known as global regulators, act as part cdscade system where they initiate
expression of other transcription factors (Babu &edhmann 2003). Transcription
factors associated with bacterial secondary metasare perhaps best known in the
genusStreptomyces (Cundliffe 2006), which have been described faumber of
antibiotics (Bibb 1996) and siderophores (Tuncal.€2007). Other secondary
metabolites for which transcription factors or atregulatory genes have been
characterized include the toxin hemolysin Il fr@acillus cereus (Kovalevskiy et al.,
2007) and stigmatellin from the myxobacteri@ystobacter fuscus (Rachid et al.,
2006). In the case @. fuscus, the stigmatellin regulatost{(R) is the first secondary
metabolite regulatory element described for a mgetdrium. In the fungus
Aspergillus nidulans, Bergmann et al. (2007) activated a silent PKS-SRBthway (=

orphan gene cluster) via transformation of a cogstrontaining a copy of a normally
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inactive regulatory element from the gene cluswiith the regulatory gene in this
construct under the control of an inducible promdtee authors were successful in
driving transcription and translation of the patjwdhe PKS-NRPS derived
aspyridones were subsequently isolated and idedtifi

A few gene expression studies have been condutt®@nobacteria to
determine the identity and activity of inducibleproters. Qi et al. (2005) used a
Synechococcus inducible nitrate reductaseifA) promoter, enhanced by the presence
of nitrate and repressed by ammonia, to drive ganis expression iBynechocystis.
This promoter was used to drive expression oftadidopsis thaliana gene formp-
hydroxyphenylpyruvate dioxygenad®(a), a gene that catalyzes the formation of
homogentisic acid and is important in tocopherdgbmin E) biosynthesis. Production
of tocopherols irBynechocystis was increased five-fold dypda; over-expression. In
Lyngbya majuscula, Leitéo et al. (2005) isolated the genes and pwatromoter
regions for a hydrogenasaupL) thought to be responsible for scavengingddring
nitrogen fixation. The putative promoter regiormpeagred to be regulated by changes
in light levels.

The best studied cyanobacterial natural produce garster in terms of its
regulation is that encoding the microcystins. Esgron of the microcystin gene
cluster is positively correlated with increasedhtintensity and red light (Kaebernick
et al. 2000). The gene cluster also has differamiscription start sites depending on
light levels (Kaebernick et al. 2002). Other eomimental factors have been evaluated
for their effects on microcystin production, andrigasing evidence suggests that iron

may be important. Transcription of genes fromrtherocystin gene cluster increases
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with iron starvation (Sevilla et al. 2008), andte presence of iron, a ferric uptake
regulator (Fur) protein appears to bind to the ougstin bidirectional promoter and
decrease microcystin production (Martin-Luna e806). Because it complexes
with iron and other metals (Saito et al. 2008),noagstin may function as a
siderophore-like molecule. Alternatively, microtigshas been proposed to serve in
intraspecies communication, where release of thgpooind is interpreted as cell
death by otheMicrocystis sp.and causes increased microcystin production torexgha
localized toxicity (Schatz et al. 2007). Contréwygene clusters found in certain
bacteria such as actinomycetes (Bibb 1996), noleedbiosynthetic pathways
identified to date il.yngbya contain any putative transcription factors withue t
cluster boundaries, which has led to the suggethiainthese pathways could be
constitutively expressed (Edwards et al. 2004)lter@atively, pathway transcription
factors could be encoded elsewhere in the genofites producing strains.

A final, emerging issue that complicates naturatpct discovery efforts from
marine filamentous cyanobacteria is the large degf@hylogenetic ambiguity that
has resulted from the use of morphological techescand comparisons with
freshwater cyanobacteria to define taxonomic liemsag marine systems, and the lack
of genomic information for theyngbya genus (as well as other natural product rich
species). For most of the modern marine natuadymts era, compounds isolated
from marine cyanobacteria have often been linkdtetd collections olLyngbya
majuscula or Lyngbya sp. based on morphological identification (Nogld &erwick
2002, Balunas et al. 2010). Collectively, 35% lbfrearine natural products isolated

from cyanobacteria are associated withltixegbya genus, with over 75% of these
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associated witlh.. majuscula as mentioned above (Tidgewell et al. 2010). Recent
efforts to better understand the phylogenetidsyafjbya have revealed that based on
16S rRNA gene comparisons, thgngbya genus forms three distinct lineages, with a
marine lineage entirely separate from that comaihiyngbya strains from freshwater
and brackish environments (Sharp et al. 2009; Emgéal. 2010). This distinction
between freshwater and mariogngbya clades has prompted taxonomic revision of
this genus, which will likely result in a new gemdesignation for the maririg/ngbya
strains (Engene et al., unpublished data). Monedkie polyphyly found fot.yngbya
strongly implies that the percentage of naturabtpots attributed tol'yngbya” strains
is higher than in reality, and it is therefore waglas to how many natural products a
given marindLyngbya strain can produce. Although over 30 cyanobadtgegaomes
have been sequenced, marine sequencing projectban limited to pelagic genera
such as$Prochlorococcus, Synechococcus, andTrichodesmium (Jones et al. 2010). To
date, genomic information for maribhgngbya and other natural product producing

marine cyanobacteria has been unavailable.

1.5Contents of the dissertation

The focus of this doctoral dissertation is to stigate the biosynthesis of
natural products from marine filamentous cyanolvétevith the overall aim of
improving access to these compounds for drug desgoand biotechnology. To this
end, the results of several projects studying gduster transcription and regulation,
protein and gene cluster heterologous expressimhganome sequencing are

presented.
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Chapter 2 of this dissertation discusses expetisngsed in the transcriptional
analysis of the jamaicamides, mixed PKS/NRPS neuno$ from the Jamaican strain
Lyngbya majuscula JHB. Results presented include identificationhef primary
pathway promoter and putative TSS, as well as arsabf the pathway intergenic
regions, using Reverse Transcription (RT-PCR). t\dbshe jamaicamide gene
cluster intergenic regions were also evaluatedheir potential promoter activity
using aB-galactosidase reporter assa¥eircoli. This chapter is taken in part from
Jones AC, Gerwick L, Gonzalez D, Dorrestein PC wez WH (2009)
Transcriptional analysis of the jamaicamide gemstelr from the marine
cyanobacteriunbyngbya majuscula and identification of possible regulatory proteins.
BMC Microbiol 9:247.

Chapter 3 of this dissertation is focused on arpants aimed at identifying
how expression of the jamaicamide gene clusterimaggulated by genetic and
environmental factors. This chapter includes pnaolation experiments wherein
possible regulatory proteins associated with thegjaamide promoter region were
obtained, identified using mass spectrometry, b&igously expressed . coli, and
used inin vitro ElectroMobility Shift Assays (EMSAS) to assess thmnding to the
intergenic region encompassing the primary jamaidarpromoter and upstream
noncoding sequence @#mA. In addition, production and turnover of jamaiddes A
and B was measured using a novel mass spectroamirgach in combination with
stable isotope feeding, and various environmeantabfs were assessed for their
effects on jamaicamide biosynthesis. This chaptiaken in part from Jones AC,

Gerwick L, Gonzalez D, Dorrestein PC, Gerwick WH@2) Transcriptional analysis
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of the jamaicamide gene cluster from the marinaéahacteriuniyngbya majuscula
and identification of possible regulatory proteif3viC Microbiol 9:247, and
Esquenazi E, Jones AC, Byrum T, Dorrestein PC, @&MvH (2011) Temporal
dynamics of natural products biosynthesis in maciyenobacteriaProc Natl Acad
Sci USA 108:5226-5231.

Chapter 4 includes efforts aimed at the heteralsgowoduction of the
lyngbyatoxin biosynthetic gene cluster from a Haarastrain ofLyngbya majuscula,
as well as individual lyngbyatoxin proteins,3tneptomyces coelicolor, Anabaena
(Nostoc) sp. PCC7120, anischerichia coli BL21. The text of this chapter is taken in
part from Jones AC, Ottilie S, Eustaquio AS, Edwdnd, Gerwick L, Moore BS,
Gerwick WH. Evaluation o&treptomyces coelicolor as a heterologous expression
host for natural products from the filamentous @f@acterium_yngbya majuscula.
Manuscript in preparation.

Chapter 5 describes the genome sequencihgngbya majuscula 3L, a
Lyngbya strain from Curacao, Netherlands Antilles that b several natural
products, including the cytotoxin curacin A, thellmscicide barbamide, and the
lipopeptide carmabin. This genome project includethtion of genomic DNA,
sequencing using a combination of Sanger and 4htdogies, and stringent binning
and assembly to yieldla majuscula 3L draft genome. Annotation and analysis of
secondary metabolite gene clusters, organic extraand profiling, proteomic
analyses, and wet lab experiments were all conduotsupport initial findings from
surveys olL. majuscula 3L genome information. This chapter is taken ihflom

Jones AC, Monroe EA, Podell S, Hess WR, Klagess§uEnazi E, Niessen S,
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Hoover H, Rothmann M, Lasken RS, Yates Il JR, Remdt R, Kube M, Burkart
MD, Allen EE, Dorrestein PC, Gerwick WH, Gerwick(2011) Genomic insights into
the physiology and ecology of the marine filamestoyanobacteriurhyngbya
majuscula. Proc Natl Acad Sci USA doi:10.1073/pnas.1101137108.

Chapter 6 provides a general summary of this dessen and perspectives on
future research directions predicated on the rekgaresented here. Chapter 6

concludes the dissertation.
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CHAPTER 2
Transcriptional analysis of the jamaicamide gene dister from the marine

cyanobacteriumLyngbya majuscula JHB

2.1 Abstract

The marine cyanobacteriuibbyngbya majusculais a prolific producer of
bioactive secondary metabolites. Although biosyithgene clusters encoding several
of these compounds have been identified, littkniswn about how these clusters of
genes are transcribed or regulated, and techntqugsting genetic manipulation
in Lyngbya strains have not yet been developed. This chapteams experiments
conducting transcriptional analyses of the jamaidangene cluster from a Jamaican
strain ofLyngbya majuscula. An unusually long untranslated leader region of
approximately 840 bp is located between the jannaida transcription start site (TSS)
and gene cluster start codon. All of the intergeagions between the pathway ORFs
were transcribed into RNA in RT-PCR experimentsy&eer, a promoter prediction
program indicated the possible presence of promatemultiple intergenic regions.
Because the functionality of these promoters cooldbe verifiedn vivo, a reporter
gene assay IiB. coli was used to show that several of these intergegioms, as well
as the primary promoter preceding the TSS, areldad drivingp-galactosidase
production. This is the first attempt to charaetethe transcription of secondary

metabolism in a marine cyanobacterium.
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2.2. Introduction

Over the past 30 years, the search for bioacteersdary metabolites (natural
products) from marine organisms has yielded a Wwedlhew molecules (estimated at
~17,000) with many fundamentally new chemotypesextrhordinary potential for
biomedical research and applications (Blunt e2@09 and previous references
therein). Marine cyanobacteria continue to be antbagnost fruitful sources of
marine natural products, with nearly 700 compouwtetscribed (Tan 2007; Tidgewell
et al. 2010). The filamentous marine cyanobactetiyngbya majuscula (Gomont) is
of particular importance, as approximately 35%lbéganobacterial bioactive
compounds have been reported from the gégnogbya, with 76% of these coming
from L. majuscula (Tidgewell et al. 2010). More recently, compounalasion and
structure elucidation frorh. majuscula has been complemented with the
characterization of biosynthetic gene clusters éinabde a number of these
compounds. The gene clusters for several poteitaaucer and neurotoxic agents
such as curacin A, barbamide, and the jamaicanmaes provided new insight into
the biosynthetic strategies and logic used bydhganism for compound production,
as well as unique enzymes involved in unprecedemtadcular tailoring
reactions (Chang et al. 2002; Chang et al. 200%aeds et al. 2004; Gu et al. 2007).

Despite considerable interest in pursuing cyanteiat lead compounds as
potential drug candidates, an adequate supplyesketibompounds for clinical research
is often impossible to obtain without impracticdlyge scale field collections or
sophisticated and expensive synthetic methods (Ceagl. 1999, Suyama and

Gerwick 2008). With some notable examples (Pfeataal. 2003; Schmidt et al. 2005;
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Watanabe et al. 2006; Wilkinson and Micklefield Zp@ has been difficult to induce
microbial gene clusters to produce their naturatipcts in heterologous hosts, and
thus this technology is not always predictable (Gahd Shen 2006). Equally
problematic, filamentous marine cyanobacteria astlyngbya grow slowly in
laboratory culture, with doubling times in someeasaas long as 18 days (Rossi et al.
1997).

One avenue for increasing compound production fmamine cyanobacteria
could be to take advantage of regulatory elemesg#saated with a biosynthetic gene
cluster of interest. Although genetic controls e¥aral primary metabolic functions in
cyanobacteria including circadian rhythms (Ishietal. 1998), heterocyst
development (Yoon and Golden 2001), and nutrietakep(Lindell et al. 1998) have
been described, information regarding transcrigtisagulation of cyanobacterial
secondary metabolites is currently limited to frgater toxins such as the
microcystins. The microcystins are potent hepaiogynthesized by several
freshwater cyanobacteria of worldwide occurreneeRijueiredo et al. 2004) and are
generated via a mixed polyketide synthase/non-oitnad peptide synthetase
(PKS/NRPS) gene cluster (Tillett et al. 2000). E2gzion of the microcystin gene
cluster is positively correlated with increasedhtigntensity and red light in
particular (Kaebernick et al. 2000). Moreover, ¢feme cluster has different
transcriptional start sites depending on light IsKaebernick et al. 2002). Other
environmental factors have been evaluated for #féacts on microcystin production,
and increasing evidence suggests that iron magnpertant. Transcription of genes

from the microcystin gene cluster increases with starvation (Sevilla et al. 2008),
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and in the presence of iron, a ferric uptake reiqui@ur) protein appears to bind to
the microcystin bidirectional promoter and may @ase microcystin

production (Martin-Luna et al. 2006). Because inptexes with iron and other
metals (Saito et al. 2008) microcystin may therefonction as a siderophore.
Alternatively, microcystin has been proposed toesén intraspecies communication,
where release of the compound is interpreted dsleath by otheMicrocystis sp. and
causes increased microcystin production to enhkcedized toxicity (Schatz et al.
2007).

As with microcystin, many of the toxins foundlLinmajuscula are also
produced by gene clusters comprised of PKS/NRPS8tacture. PKS/NRPS gene
clusters in other bacteria have been found to delmbedded regulatory proteins,
such as th&treptomyces Antibiotic RegulatoryProteins (SARPs) found within the
confines of several antibiotic pathwaysIneptomyces (Bibb 2005). However,
cyanobacterial natural product gene clusters ifledtio date do not contain any
putative regulatory proteins.

Insight into the mechanisms usedlbynajuscula in the transcription of
secondary metabolite gene clusters could be offgignt value in enhancing the
overproduction of potential drug leads in laboratoultures. Increased compound
yield would reduce the need and environmental impbaepeated large scale field
collections or the time and expense of chemicalh®gis. Additionally, because the
secondary metabolite biosynthetic gene clusterstifted thus far fromi_.
majuscula have been obtained from different strains of theesapecies, transcription

of each pathway could be under similar mechanigmsgulation.
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This chapter provides a transcriptional analysihe jamaicamide gene
cluster fromLyngbya majuscula JHB, and is the first such effort for a secondary
metabolite gene cluster from a marine cyanobacterithe jamaicamides are mixed
PKS/NRPS neurotoxins that exhibit sodium channethihg activity and fish
toxicity. The molecules contain unusual structéeakures including a vinyl chloride
and alkynyl bromide (Edwards et al. 2004). The gdaster encoding jamaicamide
biosynthesis is 57 kbp in length, and is compogek RFs that encode proteins
ranging in length from 80 to 3936 amino acids. Hgémic regions between 5 and 442
bp are located between all but two of the ORFs,aarejion of approximately 1700
bp exists between the first jamaicamide ORIMA, a hexanoyl ACP synthetase) and
the closest upstream (5') ORF outside of the alfatputative transposase). In this
study, an RT-PCR experiment was used to locat&dhecriptional start site (TSS) of
the jamaicamide gene cluster. Because it is ngpgssible to perform genetics in
filamentous marine cyanobacteria suclh.yaggbya, a series of reporter gene assays
were used to validate the activity of the primamympicamide pathway promoter and

identify several possible internal pathway promster

2.3. Results
2.3.1RT-PCR usind-. majuscula RNA to search for the transcriptional start site
(TSS) and promoter regions in the jamaicamide payhw

The initial characterization of the jamaicamidageluster (Edwards et al.
2004) described that the first 16 ORFs of the giungter {amA-jamP) are all

transcribed in the forward direction, while thetl@RkF {amQ, a putative
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condensation domain thought to be involved in yadization of the pyrrolinone ring

of the molecule) is transcribed in the reversedtioa (Figure 2.1).

R= Br = jamaicamide A
=H =jamaicamide B

\v\/j/\/L/A/\N/ \/\[j
ol jamaicamide C ?

|-:\|Ei|’-. FIGHL!I K L MoIN O P Q5 B 7

Figure 2.1:Structures of the jamaicamides and the jamaicabimky/nthetic gene
cluster(Edwards et al. 2004). Genes associated with ttievag are represented by
black arrows, and genes flanking the pathway greesented in gray. Elevated arrows
above the upstream regions of selected open re&dimgs indicate where promoter
activity was detected using thegalactosidase reporter assay. The region upstream
of jamQ did not have any detectable promoter activity malssay (Jones et al. 2009).
In order to determine the location of the trarnsevnal start site (TSS) of the
gene cluster, RNA was isolated from the jamaicarpidelucing strain ofyngbya
majuscula (JHB). First strand cDNA was synthesized using rexéranscriptase and a
reverse primer designed as a complement to thedSokthejamA gene (Table S1).
Initial experiments creating second strand cDNAigshe first strand cDNA as
template found that an unusually long untranslé&ader region of at least 500 bp

precededamA. A primer extension experiment was conducted ircivsecond strand

cDNA was amplified in 50 bp increments beyond 808 bp location. The
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experiment indicated that transcription of RNA hegatween 850 bp and 902 bp

upstream of theamA ORF start site (Figure 2.2).

600 650 700 750 8O0 850 902 5000 L

—
——
——
—
 —
J—
—
e

Figure2.2: Transcription start site (TSS) primer extens@periment using first
strand cDNA upstream ¢dmA (top) or jam fosmid (bottom) as PCR templatBse
upstream region sizes (e.g., 600-0, 650-0) areateld above each lane (Jones et al.

2009).
Using comparisons to consensus promoter and tigtisarstart regions iik.
coli (Aoyama et al. 1983; Hawley and McClure 1983; Lissed Margalit 1993), a

putative promoter was identified which, relativeatprobable TSS (844 bp upstream
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ofjamA), included conserved hexamer RNA polymerase (RNARJing sites at -35
and -10 bp, a conserved extended -10 TGn regiotmagws of the -10 box, and an

optimal DNA length between the hexamers (17 bpjyfe 2.3).

upjamd 902 bp .35 210 +1
AAGCAGAATTTATTITACGATTAGGGTITGACAGGTTATTITITTIICGIGCTAAATTITCTCATGGTGCCT

AATTTAGTGGCCTCTCAAGGCTCAAAAACCTAAGTACACCTAAGTATAGTTAAAACAGTAAAAAAC
TGTTGAAAGGGAGCAAATAAGCCTTGAAAAACGCTATTITATAAAGGAGCTTGAAACTTGGTAAATA
TCAGATGTICAGACCTTGACGACAAGTTTTACAATCTGGTAGAGTTIGTTGTGCTTGAGAGCCCATTC
TCAGCCAGATCAAATCCCTTATACCTICAATGAAAAAGGGGAAAAAGAAACTGATATACTCACTGA
TCAGGTATTAGACCAACCCTCAAAGGCGTACGCCTGTCAGTTAAAGTCTGTGGGGGTAACGGGAGA
ACGAGCGCGAGCTAGCTAGTCTATCCACCAGGTATAGACTICATTGCTGC TIGGTTTGGGTGCTTGT
ACGCTGGCGTAATTIGCCGTGCCCGCTTATCCACCACCCCGACGCAGTCGCCATCTCTCTAGGTTGTT
AGCGTACGGATCAGATGCAGAGGCGTTGTTTGCCCTAACTACCAAATCTCTTATAACCGAGTTAAC
CAGCTCGCCGAGCCCAGCATCCAGCTCTGGGGAAGTTGCATITGGGAGTCTACAATAAATGCGTAC
GCGACTITGGGTTGAACTGGTCTCAACCAAGCCATTACAGCAGTAGCCATGCCTAACTCCTGTAAA
CTTCCGGCTCTACCGGGACACCCAAGGGAGTAATGGTGAGTCAGGGTAATCTGCTACAC zL-\TC:{&GC
GGATGATTAAGCAAGCGTTCGGACATAGCCAGCAAACAATTIGTAGTAGGTTGGTTGCTGAC iDCC

-10 jamd M S K P
ACGACATGGGACTGATGGGAAATGTATATITATTTGATATATGAGCAAGCCA

Figure 2.3: Location of identified promoter regicargl transcription start site (TSS)
upstream ofamA. The consensus -35 and -10 boxes of each regsonnaterlined.
The conserved extended -10 TGn box of the primatlgyeay promoter is double
underlined. The putative TSS is noted at +1, ansl eh@sen based on similarities to
the consensus. coli TSS nucleotide region (Hawley and McClure 1983 Titst
four codons of thgamA gene are noted at the end of the sequence (Joak609).
The next series of experiments evaluated whetleejathaicamide gene cluster
contained non-transcribed intergenic regions batvw@RFs that could indicate the
presence of breaks in the transcripts. Primergydedifor those intergenic regions in

the pathway 20 bp in size or larger (all but 2ngémic regions) were used for

synthesizing and amplifying cDNA to determine wiegtthey were transcribed. All of
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the intergenic regions in the jamaicamide pathvesyed were amplified into second
strand cDNA, including the intergenic region betwgemP andjamQ. Intergenic
regions between the two ORFs downstreagawof) (putative transposases) were also
transcribed. These results indicated that the ntgjof the jamaicamide gene cluster
is composed of the opergamABCDEFGHIJKLMNOP. Because no apparent breaks
in transcription occurred betwegmQ and at least the two neighboring downstream
transposase©RF5 andORF6) and a hypothetical protei®@RF7), one contiguous
transcript may encode the translation of all osthproteins. Transcription of the
intergenic region betwegamP andjamQ indicated that a transcript

includingjamP must extend at least into the complementary stodipanQ before
termination, although transcription in the opposlitection would be necessary to

generatgamQ mRNA.

2.3.2 Use of promoter prediction apjalactosidase reporter gene assays to search
for promoter activity

The large size (approximately 55 kbp) of the mamaicamide operongmA-
P) suggested that multiple promoters would likelyneeded for efficient jamaicamide
transcription. Because transcripts were found &mheof the intergenic regions
between the ORFs, these promoters may functiommittently and could be subject
to promoter occlusion (Kaebernick et al. 2002).oftware prediction program
(BPROM, http://www.softberry.com) was used to peedihether the intergenic

regions from the jamaicamide pathway contained @wesl promoter binding regions.
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Several of these regions were predicted to comtiai@ast one potential pair of -35 and

-10 binding sites (Table 2.1).

Table 2.1: Predicted -35 and -10 promoter regiaagds) and transcription start sites
(TSS; nucleotides under +1 in table) for intergeemions in the jamaicamide gene
cluster (accession #AY522504). The bold ATG fa secondipjaml indicates the

start codon for theaml gene (Jones et al. 2009).
Predicted

Upstream TSS
region of = location ORF stant

gene (bp) (bp) -35 -10 +1
upjamA4 6626 6630 CTGACTTTCCACGACATGGGACTGATGGGAAATGTATATITATTTGA
upjamB 8464 8591 GTGGGTTGATTTGATCAAGTTTGATGATATAATTTGATTTA
upjamB 8501 8591 TTTAATTTACAGGGATACCGCCAATTICGGTA4ACCTGGAAAA
upjamC 9614 9718 AAAACTTGTCAACCTGAACAAGATCCTGAACAAAATATIGTIG
upjamD 10433 10463 ACAGTTTGATGGTGCCGCTATTTTGAAGTIGGAAAATITITTA
upjamG 18145 18222 | ATTTGITGTTTGGGAATCGGGAATTGGTATTAGTAGTGGAA
upjaml 20776 20982 | CGGAATTCAAAATTCAAAATTCAAAATGCTTATGGATTATGGAGTAAA
upjaml 20989 20982 | CCAGGTTGACAAACCATTGATAAAGCTATAGTATGTATTA
upjamN 51787 51811 TGGAGTATAAAAAACAGAGCCTGGTGATAGITAATTAA
upjamQ 637108 636462 GAACTITGAATCCTCTATTTTGATIA44ATITGGAGA
E coli 6'" consensus promoter TTGACA TATAAT

% Numbers comrespond to bp in complementary 3 — 57 direction.

Because transformation methods ihtenajuscula have not yet been developed, we
used a reporter gene assa¥ircoli to determine whether any of these upstream (up-)
regions could function as promoters. Each regi@dipted to contain a promoter
(upgamA, ugamB, ugamC, ugamD, ugamG, ugaml, ugamN, and upamQ), as well

as the promoter upstream of the jamaicamide TSS awgplified with specific

primers from fosmids containing different portiasfghe jamaicamide biosynthetic
pathway (Edwards et al. 2004; Table S1). Eacheddahregions were individually
ligated into the pBLUE TOPO vector (Invitrogen) amahsformed into TOP-1B.

coli. The resulting constructs were evaluated for isdgiromoter activity using thg-
galactosidase reporter gene assay (Invitrogemgdatdized against total soluble

protein content measured by BCA assay (Pierce)ugamA, two regions were
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evaluated, including the region predicted to canthe initial promoter, as well as
immediately upstream of thamA gene (a region with high activity in preliminary
assays). The arabinose promoter fiéngoli was amplified from the pBAD vector
(Invitrogen) and ligated into the pBLUE vector agasitive control, while a 49 bp
segment of a jamaicamide pathway ggamG) ligated into pBLUE vector was used
as a negative control.

Several of the tested intergenic regions exhilsigdificantly stronger
promoter activity than the positive control, inalugl the promoter identified from the
primer extension experiment (@mA-902 - -832 bp), as well as ja@nB, ugamD, and
upjaml (Figure 2.4). The intergenic regionsjamG and upamN both had some
promoter activity, although lower than the positoamtrol. The region upstream
of jamQ did not have any detectable promoter activity malssay, which suggested
that the promoter for this transcript may be lodatpstream of an adjacent ORF.
To more precisely localize the promoter regiongngjasn of two of these genes, a
series of additional assays were conducted usimg#ted regions of
upjamA (immediately upstream of thamA gene) and yaml. For ugamA, promoter
activity was comparable relative to the positivatcol when testing longer upstream

fragments (-500 - 0 and -200 - 0 bp; Figure 2.5).
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Figure 2.4: Relative activity of the primary proraptipstream gfamA and predicted
promoters in jamaicamide intergenic regions infffgalactosidase reporter assay
Standard error is represented by error bars (Jetreds 2009).
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Figure 2.5: Activity of truncated @gmA and upaml regions in thg-galactosidase
assay Trimmed regions are represented by blue shadadesgvith associated base
pair numbers. Red arrows indicate the start coddheodownstream ORF

(jamA or jaml). Relative activity was calculated on same scalBigure 4. Standard
error is represented by error bars (Jones et 8B)20

However, when small fragments closer tojdreA ORF start site were used,
the promoter activity increased significantly, wittaximal activity observed for the

fragment -76 - O bp upstreamjaMmA. The promoter in the -76 - O region appeared to
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require the sequence fragment -38 - 0, as anotimstreict containing the region
upjamA-96 - -38 did not have any promoter activity. Tinéire 269 bp

upjaml upstream region also displayed strong promotevifictielative to the positive
control. Promoter activity was lost using fragmesgnsompassing -269 - -68 bp, but
restored using the fragment -67 - 0 bp (Figure. 2tpection of the sequences
included in these active, truncated regions ¢aom and upaml led to the
identification of possible conserved promoter eletaén close proximity to the ORF
start sites for both genes (Table 2.1).

To quantitatively determine the promoter actiwte the DNA fragments, a
series of3-galactosidase assays incorporating a serial diiuwf E. coli soluble
protein lysate was also used in order to avoidraatin problems in color
development (Figure 2.6). These data were usedltalate-galactosidase activity
in terms of nmol ONPG hydrolyzed mimg soluble proteififor each of the
upstream fragments with any detectable promoteévigctThe strongest promoter was
the section upstream of the jamaicamide TSS (-9832 upstream gamA), with an
average of approximately 950 nmol ONPG hydrolyzéai'mg soluble protein. The
promoter immediately upstreamjamA (-76 - 0) and those upstreamjaimB, jamD,
andjaml yielded lower values, with yamA, ugamB and upaml between 500-700
nmol ONPG hydrolyzed mihmg soluble proteih, and upamD at approximately 265
nmol ONPG hydrolyzed mihmg soluble proteifh. Reduced activity was found for
promoters upstream dmC, jamG, andjamN, with values ranging from

approximately 75 to 150 nmol ONPG hydrolyzed thing soluble proteih. The
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arabinose promoter positive control construct ywdldn average value of 170 nmol

ONPG hydrolyzed mihmg soluble protein.

upjamé -902 - -332 E
upjama-76-0
Upjams

upjamC E

upjamio K

upjamiz

Upjam/ -269 -

upjaml -67 -

upjami B

arabinose promoter (+)
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hmol ONPG hydrolyzed min-' mg soluble protein-!

Figure 2.6:Specific activity of the strongest promoters in fhgalactosidase assay
Base pair number relative to gene ORF start sieagided when necessary. Standard
error is represented by error bars (Jones et 8D)20
2.4 Discussion

In this chapter, the transcription of the jamaiaibiosynthetic gene cluster
in Lyngbya majuscula was explored. The jamaicamide cluster was choseause it
possesses a humber of features commonly seenans#bondary metabolites isolated
from marine cyanobacteria (Tidgewell et al. 2000)e jamaicamides are produced by
the most prolific cyanobacterial natural produadarcer yet knownL( majuscula),
are bioactive (ichthyotoxic, neurotoxic), are corsga of mixed PKS/NRPS derived
subunits, and contain unusual structural featurel as a vinyl chloride and alkynyl
bromide rarely seen in natural products from otirganisms.

The first description of the jamaicamides (Edwaetlal. 2004) demonstrated
that the cluster is composed of 17 ORFs, with a6dcribed in the same direction.

The cluster is flanked on the 5' and the 3' endgdnsposases and hypothetical
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proteins. From the results of RT-PCR experimenggpears that the gene cluster is
preceded by an unusually long untranslated |leadgom (at least 844 bp), one that
may be unprecedented in size for a secondary nl@eagene cluster. The function of
having such a long region between the TSS andtéinecodon ofamA is unclear at
this time, but may be important for overall regidatof the pathway.

In Synechococcus PCC 7942, the psBAIlI and psBAIIlI genes encoding the
photosystem Il reaction center D1 protein heiggegulatory elements in addition to
basal promoters. Contained in the untranslateceleadiion downstream of the psB
TSS are light responsive elements that were foarmtresponsible for increased
expression of the genes under high light conditi@mand Golden 1993). In the
jamaicamide pathway, the fact that another regfddMA immediately upstream
of jamA can function as a strong promoter indicates thithbabgh transcription may
initiate well before the ORF start site, there ddoé a supplemental means of
boosting transcription closer to the first proteirthe cluster.

The amplification of second strand cDNA from JHRA&Rcorresponding to all
of the intergenic regions between the jamaicamiB&©tested indicated that the
pathway is transcribed in at least two pieces. firesg jamABCDEFGHIJKLMNORP, is
sufficiently large (~55 kb) to assume that multippenscripts could be needed to
process this portion of the gene cluster. A sinslaration was found with the
microcystin gene cluster (Kaebernick et al. 2002yyhich all of the intergenic
regions of the pathway aside from the bidirectigraimoter were transcribed, and
RACE experiments with several of these regionsafietevariations in intergenic TSS

locations. As with microcystin, the jamaicamidelpedy could contain internal
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promoters which, while not representing true breaakke transcription of the
pathway, can function independently if not overtentby RNAP acting from an
upstream promoter (promoter occlusion; Gonzalezeyd¥land 1998). Indeed, several
of these regions were able to function as promateasreporter assay (see below).
A second transcript in the direction complementarthe large transcript in
the jamaicamide pathway is probably needed to dejlamQ, a gene encoding a
condensation like protein that may be involved witté creation of the pyrrolinone
ring of the molecule. According to RT-PCR experitsethe regions
betweerjamQ and the three genes closest upstre@RF6 andORF6, both
transposases, aif@RF7, a hypothetical protein), are all transcribedadidlition, the
upstream region ghmQ does not appear to serve as a strong promofer in
galactosidase reporter assays (see below), déspifgesence of possible conserved
promoter domains (Table 2.1). From these datgqgears thatamQ could be part of a
larger transcript including these transposasesrder intergenic region
(approximately 1070 bp) lies upstreamQRRF7, which could contain the TSS and a
promoter for this transcript. The reason for in@hgdat least one transposase in
thejamQ transcript is unclear, but this may be a way ofieing transposable
elements have remained associated with the clsstas to facilitate horizontal gene
transfer and pathway evolution. The hectochlorosinthetic gene cluster from
majuscula JHB (Ramaswamy et al. 2007) contains a transpdsaseded byctC)
located between two of the initial genéstB and hctD) in the pathway, which is also

thought to contribute to the plasticity of the ¢hrs
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Biosynthetic investigations usirgyngbya majuscula strains have been highly
successful in identifying secondary metabolite geosters, in part becauke
majuscula readily incorporates isotopically labeled precussarfeeding
studies (Chang et al. 2004; Edwards et al. 200dyvé¥er, further experimentation by
way of gene knockout or overexpressiorimajuscula is not yet possible because a
viable means of genetic transformation has not lobeseloped. Due to this limitation,
we used genetic constructskncoli to determine whether the promoters identified in
this study, including the primary pathway promatpstream of the TSS and those
predicted in intergenic regions, were functiondthAugh some differences exist in
the structure of RNAP between the two bacteria @ial. 1989), promoter structures
in cyanobacteria are often compared to consensugsees irk. coli (Kaebernick et
al. 2002; Shibato et al. 2002). Furthermore, angtEe coli promoter has been shown
to function in the cyanobacteriu8ynechococcus (Li and Golden 1993) and the psb2
promoter fromMicrocystis can be used i&. coli to drive-galactosidase
production (Shibato et al. 1998). The reporteryagsaved effective in verifying the
promoter identified upstream of the jamaicamidéwaty TSS, as well as several
internal promoters located at various regions thhowt the gene cluster (Figures 2.4,
2.5 and 2.6). Previous studies wittyalactosidase reporter assays have been useful in
demonstrating how enhancer elements within untatéedlleader regions and
intergenic promoters are important in driving tramgion (Li and Golden 1993;
Nakano et al. 1996). The strongest promoter irasay was that identified upstream
of thejamA TSS, but several other promoters were either equal greater in

strength than the positive control in the assaye Gfthe regions predicted to contain
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a strong promoter (yi@aml) is located in front of a large set of ORFs. THeF)aml,
encoding an enoyl-CoA hydratase/isomerase, fortisdamain withjamJ, which
encodes for an enoyl reductase and a large PKSjeldvet al. 2004). In addition, the
subsequent ORFs in the pathwpniK - M) are separated by small intergenic regions
and do not appear to contain promotergartil - M form one contiguous transcript
(=30 kb), a promoter in front gaml could be needed for efficient transcription. The
identification of functional promoters in sever#her intergenic regions suggests that
they could also be used to boost transcription beybe capacity of the initial
promoter located before the TSS upstreajami.

One intriguing finding from using truncated intengc regions in the-
galactosidase assay was the detection of strongtpanmediately upstream
of jamA (-76 - 0) andaml (-67 - 0) (Figure 2.5). An additional promoter was
predicted in a region of ggml (-269 - -203) farther upstream in the 5' direction
(Table 2.1), but this region was not active wheedus truncated form (Figure 2.5). If
these active regions upstreamahA (-76 - 0) andaml (-67 - 0) are able to act as
internal promoters to supplement overall transwipof the jamaicamide pathway,
their close proximity tgamA andjaml may compromise the ability of transcripts
initiating at these positions to subsequently alfomproper translation of the JamA
and Jaml proteins (although transcription couletplace normally downstream of
each location). This could occur as a result afiffigent room for a ribosome binding
site, although translation of mMRNA in cyanobacteniay not require the use of Shine-
Dalgarno sequences (Mutsuda and Sugiura 2006)and svidence exists for

translation of leaderless mMRNA in bacteria (Molakt2002). It is possible that
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heterologous use of thesgamA (-76 - 0) and u@ml (-67 - 0) regions irk.

coli could lead to false positive identification of protars in some instances.
However, as previously discussed, the organizatfadhe gene cluster supports the
utility of functional promoters in both locatioriBhe untranslated leader region

of jamAis long enough for the presence of additional ratguy elements, and

upjaml is a probable location for a promoter because ®fdhgjaml - M transcript.
Further evaluation of these two possible promotelidbe necessary to determine how
transcription from their locations could affect saeuent protein translation.

The work presented in this chapter representfirdtdranscriptional analysis
of a natural product gene cluster from a filamestoarine cyanobacterium. Chapter
3 of this dissertation includes experiments focusetranscriptional regulation of the
jamaicamide pathway and development of a massrepeetry based method to
measuren vivo turnover of the jamaicamides and other natural gpetglfrom

Lyngbya strains.

2.5 Materials and Methods

2.5.1 Bacterial strains, culture conditions, PCa&ct®ns, and DNA measurements
Lyngbya majuscula JHB was originally collected from Hector's Bay,
Jamaica (Edwards et al. 2004) and was maintainaciiture facility at Scripps
Institution of Oceanography. Cultures were growB@-11 saltwater media at 29°C
under a light intensity of approximately& m?s*and under 16 h light/8 h dark

cycles.E. coli TOP-10 and BL-21 (DE3) were grown in Luria-BertdoB) media.E.
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coli cultures were grown with ampicillin (1Q@ mr?), or kanamycin (5@g mr%)
when necessary. PCR reactions were conducted eghey PCR Master Mix
(Promega) or Pfx50 proofreading Taq Polymerasdt(bgen). DNA concentrations
were measured using either Beckman-Coulter DU800amoDrop 1000 (Thermo
Scientific) spectrophotometers. Protein concertratifor recombinant JHB proteins
were determined using the BCA assay (Pierce). Lisdde DNA (Fermentas and
New England Biolabs) and protein (Bio-Rad) wereduse size estimations when

necessary.

2.5.2 RT-PCR using. majuscula RNA to search for the transcription start site $J S
and promoter regions in the jamaicamide pathway

Cyanobacterial filaments (approximately 2 g weigh® from a culture of the
jamaicamide producing strain bf majuscula JHB were harvested and subjected to
RNA isolation using TRIzol reagent (Invitrogen) gocedures based on those
recommended by the manufacturer with minor modifoces. RNA was treated with
TURBO DNAse (Ambion) for 2 h at 38°C before useDPNA reactions. To verify
that genomic DNA contamination was not presensgilected cases negative control
reactions were run in parallel with cDNA reactionsvhich reverse transcriptase
enzyme was omitted. For the primer extension erpat, first strand cDNA was
synthesized from the RNA using the primejampA 20-0 R (Sigma Genosys; Table
S1) and the Superscript Il Reverse TranscriptastoPol (Invitrogen) with minor
modifications. Second strand reactions were cordineith primers ranging from

500-902 bp upstream in 50 bp increments to deternvimere RNA transcription
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upstream ofamA initiated. For cDNA synthesis of jamaicamide in&mg regions,
first strand cDNA was generated using either randiowitrogen and Frias-Lopez et
al. 2004; Table S1) or specific jamaicamide upstr@aergenic region reverse
primers (Table S1). Forward and reverse oligonuidegrimers for each upstream
intergenic region of the cluster were used to P@RIdy regions from the first strand
cDNA to create second strand cDNA. In some instan@equencing was used to
confirm the correct amplification of second stramNA, either by direct sequencing
of PCR products or by sequencing of TOPO TA cloniagtors (Invitrogen)
containing the intergenic region. All cDNA PCR puats were visualized on agarose

gels.

2.5.3 Use of promoter prediction apijalactosidase reporter gene assays to search
for promoter activity

Each intergenic region upstream of the genesanamaicamide pathway was
examined for conserved binding regions (in compari® thes’°E. coli consensus
promoter) using the BPROM predictor (http://wwwibefry.com; Table 2.1). The
upstream (up-) regions of genes predicted to cor@giromoterjamA, jamB, jamC,
jamD, jamG, jaml, jamN, and jamQ) were amplified with specific primers (Table S1)
from fosmids produced previously (Edwards et ab0Each upstream section was
individually cloned into the pBLUE TOPO vector (itregen) and transformed into
TOP-10E. cali. Plasmid purification (Qiagen) and sequencing x8elj Inc., La Jolla,
CA) were used to confirm the sequence and direcidhe inserts. Verified clones

were used to measure relative promoter activitggihiep-galactosidase reporter
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gene assay (Invitrogen), standardized againstgotable protein content as measured
by BCA assay (Pierce). For this protocol, colorifes freshly streaked selective
(100pg mi*ampicillin) plates were grown overnight in LB med&aml). Cultures
were pelleted at 4000 RPM, and the pellets werdnacsnce with 3 ml of chilled
PBS. After an additional centrifugation step, tledlgis were resuspended in 1 mi
PBS. The tube contents were centrifuged at 14,0 Br 5 min, and subsequently
resuspended in 110 lysis buffer (0.25 mM Tris, pH 8.0). The cells nedysed by
freeze-thawing the suspensions 4 times with dramaa 37°C water bath, followed
by another centrifugation period. The supernataag removed from each tube for use
in thep-galactosidase and BCA assays in a 96 well plateitrOphenol measurements
from ONPG cleavage in the assay were taken at #20uhile BCA readings were
taken at 570 nm (Thermo-Electron Multiskan Ascdatepreader). Serial dilutions of
lysis buffer from each culture were made to findoptimal range for colorimetric
detection of o-nitrophenol and for a comparisonetditive activity (identified as a 3-
fold dilution). Relative activity calculations weneade by determining the average
nmol ONPG hydrolyzed mihmg soluble proteifhvalue for each vector insert and
dividing each value by the highest overall averagjae to obtain a percentage. A
fragment of the pBAD TOPO vector (Invitrogen) caniag the arabinose promoter
and vector ribosome binding site (upstream of t&®D cloning site) fronk.

coli was found to consistently produgeyalactosidase in the pPBLUE TOPO vector in
preliminary experiments, and was used as a positwérol. Because the arabinose
operator was not included in the positive contiteg, addition of arabinose was not

required to producp-galactosidase. A 49 bp segment of the jamaicajaid& gene
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was used as a negative control. [Note: the pBLU&orecontains a cryptic promoter
that is reported to possibly limit the efficacyasfsaying other promoter fragments in a
prokaryotic host (Invitrogen). However, a seriepddliminary assays indicated
significant and repeatable differences in promatgivity between possible promoter
regions, and baseline activity in the negative imdnwas sufficiently low as to not
conflict with the assay results. The BPROM preditctsoftware was used to verify
that the vector constructs did not introduce an§ical promoters]. Those regions
found to have promoter activity were assayed agéim additional dilution (10 fold)

to quantify promoter strength, expressed as speamtfivity (hmol ONPG hydrolyzed

min*mg soluble proteit).
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2.7. Supplemental information

Table 2.S1: Primers used in RT-PCR experiments.

Primers used
for RT-PCR
experiments
Gene cluster
position; accession
Name # AY522504 Primer sequence
upjamA F 902 5728-5752 AAGCAGAATTTATTTACGATTAGGG
upjamA F 500 6130-6151 GCGCGAGCTAGCTAGTCTATCC
upjamA 550 F 6080-6094 CAAAGGCGTACGCCT
upjamA 600 F 6030-6050 AGGGGAAAAAGAAACTGATAT
upjamA 650 F 5980-5997 TTGAGAGCCCATTCTCAG
upjamA 700 F 5930-5947 GATGTTCAGACCTTGACG
upjamA 750 F 5880-5898 AGCCTTGAAAAACGCTATT
upjamA 800 F 5830-5857 ACACCTAAGTATAGTTAAAACAGTAAAA
upjamA 850 F 5780-5798 TTTCTCATGGTGCCTAATT
upjamA 20-0 R 6630-6649 GAAAATTCTGGCTTGCTCAT
upamA R 6604-6629 ATATCAAATAAATATACATTTCCCAT
upjamB F 8410-8428 TGGAGGGATTTGTGGTGGG
upamB R 8575-8596 TGACATCAAACTGTCTCCTTGG
upjamC F 9557-9581 TTGTTCAGAATAAATAAAACTTGTC
upamC R 9696-9717 AATTTATTGCTTGATGGGTACT
upjamD F 10021-10047 TATTTGTTGAAGATTATATCAAATCCG
upamD R 10439-10462 AATATTTTGTCTCACACTTTTATC
upjamkE F 12499-12518 GTATTTGAAGCCCTAGAGTG
upjamE R 12593-12618 GCTATTGGTTCTTTATTCATCATTTT
upjamF F 17765-17788 CTCAAACAACAGGTTACAGTTTAG
upamF R 17811-17835 GTTTGAGTACTTGTTCTTTGCTCAT
upamG F 18026-18050 TGATTTATTTGCGGCGAAATTATAG
upamG R 18222-18246 TACCAGTGATATTGATGTCATTCAT
upjaml F 20713-20728 CTCTAGTACCGCTGCG
upaml R 20957-20981 ACTATAGCTTTATCAATGGTTTGTC
upjamL F 36729-36752 GAAAAAATCAAGAGTATGCTTTGA
upjamL R 36820-36844 GATCTTTGTTGGTAGTCGGTTCCAT
upjamM F 48601-48627 CGTTCAAAAAATAAAATTAGAGAATAA
upamM R 48697-48721 AAGTTTGTTCATCTTGTCTTTCCAT
upjamN F 51672-51696 AGAGAATAGTTCTGAAAATGGTTGA
upamN R 51811-51836 GCAAGACGTTCTTGAATATCACTCAT
upjamP F 56726-56750 ACAAAAGAATCGTAGAAATAAATAA
upamP R 56771-56795 CATCAATACTATTTGTGGTAATCAT
P-QF 62173-62197 ATTTTACCTTGAACAGCATAATTAA
P-QR 62318-62342 TGATGCTAACAAGGGAAAAATATAA
upamQ F 64031-64049 TTGAAATTTTCGGCTCTTC
upamQ R 63647-63666 ATCGGTGTTTTGTTACGTAC
upOrf5 F 64874-64893 AAAGACGCACGGAAGACATC
upOrf5 R 64767-64782 AAGCTGCACGGCCTGT
upOrfé F 66154-66174 GGATAGATAGATTTGCGTTTG
upOrfé R 65518-65541 TATTCGGATCTTTCTTAATATTTG
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Table 2.S1(continued): Primers used in RT-PCR enya1ts.

catalog #48190-
Invitrogen 011 random primers (mostly hexamers)

Frias-Lopez et al.

Lnr81 2004 TGAGCGGACA
Frias-Lopez et al.

Lnr95 2004 CAGCCCAGAG
Frias-Lopez et al.

Lnr99 2004 TCGTGCGGGT

Table 2.S2: Primers usedfirgalactosidase reporter assays.

Gene cluster R
pBLUE position; accession F primer Forward primer Reverse
Insert # AY522504 Description name primer (5" name primer (3")
Invitrogen pBAD upstream
vector, region of ATTATTTGC AAGGGCG
Arabinose catalog #K4300-01, pBAD ACGGCGTCA | ARAC | AGCTTGT
promoter 181-386 bp cloning site ARAC F CAC R CATCGTC
906 bp into TACTCATGG AGCAGAT
jamG - 954 bp TACCAGTTC ACTTCCG
jamG 19127-19175 into jamG jamG F CC janG R TATTG
902-832 AAGCAGAAT AATTAGG
upamA upstream of | ugamA902 | TTATTTACG | upamA | CACCATG
902-832 5728-5798 jamA F ATTAGGG 832 R AGAAA
ATATCAA
500 bp GCGCGAGCT ATAAATA
upstream - 0 | upgamA500 | AGCTAGTCT | upjamA | TACATTTC
upamA 500-0 6130-6629 bp upstream F ATCC R CCAT
ATATCAA
200 bp AGCAGTAGC ATAAATA
upstream - 0 | upamA 200 | CATGCCTAA | upamA | TACATTTC
upjamA 200-0 6430-6629 bp upstream F CTCC R CCAT
AGCAAACA ATATCAA
76 bp ATTGTAGTA ATAAATA
upstream - 0 GGTTGGTTG | upamA | TACATTTC
upjamA 76-0 6554-6629 bp upstream | upamA 76 C R CCAT
96 bp GCAAGCGTT GTGGAAA
upstream - 39 upamA CGGACATAG | upiamA | GTCAGCA
upjamA 96-39 6534-6591 bp upstream 96 39 F CC 96-39 R| ACCAAC
TGACATC
TGGAGGGAT AAACTGT
TTGTGGTGG | upamB | CTCCTTG
upjamB 8410-8596 ugmB F G R G
TTGTTCAGA AATTTATT
ATAAATAAA | upjamC | GCTTGAT
upjamC 9557-9717 ugmC F ACTTGTC R GGGTACT
AATATTTT
TATTTGTTG GTCTCAC
AAGATTATA | upamD | ACTTTTAT
upjamD 10021-10462 ypmD F TCAAATCCG R C
CATTTGTTT ACCAGTT
upjamG F GTCATTTGT | ugamG | TTCCCTG
upjamG 18051-18221 bgal CATTT R bgal GTGTT
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Table 2.S2 (continued): Primers use@-igalactosidase reporter assays.

Gene cluster R
pBLUE position; accession F primer Forward primer Reverse
Insert # AY522504 Description name primer (5') name primer (3")
ACTATAG
269 bp CTCTAGTAC CTTTATCA
upiaml upstream - 0 upaml F CGCTGCGCG| upiaml | ATGGTTTG
-269 -0 20713-20981 bp upstream bgal GA R TC
269 bp
upstream - CTCTAGTAC | upiaml [ ATCTTTAC
upiaml 1 (- 203 bp upjaml F CGCTGCGCG| 222- | TCCATAAT
269- - 203) 20713-20779 upstream bgal GA 203 R CCAT
202 bp
upstream - TCTATCGAC | upaml | TGGTTGCT
upiaml 2 135 bp upjaml 202- [ TCAAACTGG 154- CACCCAG
(-202 - -135) 20780-20847 upstream 183 F TG 135R ATCAA
134 bp TGAAGACTG | upiaml | GCTTTTAG
upjaml 3 upstream - 68 upjaml 134- | TATAAAAGA 87-68 | CTATCAGC
(-134- -68) 20848-20914 bp upstream 115 F GA R TATC
ACTATAG
67 bp TGATAGCTA CTTTATCA
upaml 4 upstream -0 | upaml 67- | AAAGCTGAT | upaml [ ATGGTTTG
(-67 -0) 20901-20981 bp upstream 48 F AG R TC
GTCAATTC
GATAGAAA ugam | CTCCTGAT
upiamN F AAATAATAC NR TTATTTAT
upjamN 51697-51810 bgal CCCTATGC bgal T
TTGAAATTT ATCGGTGT
TCGGCTCTT | upam | TTTGTTAC
upamQ 63647-64049 UpmQ F C QR GTAC
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CHAPTER 3

Investigations into jamaicamide regulation and theaemporal dynamics of
jamaicamide biosynthesis irLyngbya majuscula JHB

3.1. Abstract

Understanding regulatory factors controlling natyroduct expression in
marine cyanobacteria is one of the most importaysay which to improve yields
from laboratory cultures as well as potentially eslate the effects of harmful bloom
events in the environment. Research in this chdgqtiéds on the transcriptional
analysis of the jamaicamide gene cluster presenteldapter 2. Protein pulldown
assays were used to isolate proteins that mayatgthle jamaicamide pathway.
Pulldown experiments using the intergenic regiostigam ofamA as a DNA probe
isolated two proteins that were identified by LC-MIS. By BLAST analysis, one of
these had close sequence identity to a regulatotgip in another cyanobacterial
species. Protein comparisons suggest a possibigatoon between secondary
metabolism regulation and light dependent complaargrchromatic adaptation.
Electromobility shift assays were used to evallbateling of the recombinant proteins
to the jamaicamide promoter region. Additional @xments were performed in the
development of a novel mass spectrometry basedagipusing stable isotope
feeding withLyngbya strains to monitor isotope incorporation and thiesagsure
biosynthetic turnover. Thtechnique afforded the production of the jamaicasith
be more carefully studied, including an assessmendw jamaicamide turnover
compares with filament growth rate and primary raetiam, how production is

affected under different growth conditions, andviled new insights into the
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biosynthetic timing of jamaicamide A bromination¢iuding support for the
hypothesis that jamaicamide production is affettgtight. This approach should
also be valuable in determining how environmerdatdrs affect secondary
metabolite production, ultimately yielding insighto the energetic balance among
growth, primary production, and secondary metabglisnd thus aid in the
development of methods to improve compound yiedbddiomedical or

biotechnological applications.

3.2 Introduction

The secondary metabolites of marine organismsa asduable and
inspirational source for a host of biomedical agchhological applications. Of
prokaryotic marine natural products identified avdluated for their biomedical
potential, it is estimated that approximately 408 @f cyanobacterial origin (Blunt et
al. 2009). Natural products from marine cyanobazteave a wide range of
bioactivities (Tan 2007), and in the last decadeswerable advances have been
made in elucidating the enzymatic mechanisms usedmpound biosynthesis (Gu et
al. 2009, Jones et al. 2010). However, the nafurations these molecules serve in
the producing organism are comparatively less umdlerstood. Some cyanobacterial
secondary metabolites appear to have a protediggNagle and Paul 2002), acting
as feeding deterrents (Cruz-Rivera and Paul 200fOxins (Cardellina Il et al. 1979),
while others may be involved in microbial communti@a as quorum sensors (Sharif
et al. 2008). As with plants or algae (Herms andtsta 1992, Cronin and Hay 1996),

the production rate of a specific cyanobacteriahpound may vary based on its
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effective concentration, genetic or environmenggiulatory factors, or the presence of
an inducing action. The energetic expense of sengndetabolite production (Herms
and Mattson 1992) may also lead to variabilitytenbiosynthesis depending on
available resources or specific ecological condgiadrhis variability is often observed
during laboratory secondary metabolite isolatidong$, where compound amounts
can range from trace (submilligram) levels (Voll0ZDto instances where a single
natural product is the major component of a givemnaet (Gerwick et al. 1994). Low
compound yields, in addition to very slow growtrcirture (with doubling times of 6
days or longer in some cases) (Rossi et al. 189&)among the most significant
impediments to further pursuit of marine cyanobaakéead compounds for
biotechnological applications.

This chapter includes several experiments focoseithe jamaicamide gene
cluster fromLyngbya majuscula JHB, with the aim of developing methods to improve
natural product yields dfyngbya natural products in laboratory culture. Protein
pulldown experiments were used to isolate at leastpossible jamaicamide
regulatory protein that is able to bind to the oagupstream of the jamaicamide
transcription start site in gel shift assays. Bioimatic analyses conducted with the
protein sequence suggest a correlation betweemdapcometabolite production and
complementary chromatic adaptation (CCA) in cyactdrda. A mass
spectrometry/stable isotope approach developedliaboration with Eduardo
Esquenazi (Gerwick Lab, SIO/UCSD; Esquenazi 2@l.1) revealed the temporal

dynamics of jamaicamide biosynthesis and allowetb usst the effect of a number of
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environmental parameters on jamaicamide productibimately confirming that

jamaicamide production is affected by availablétigvels.

3.3 Results

3.3.1 Isolation and characterization of possikd@gcription factors from a pulldown
assay

To determine whether jamaicamide regulatory pnstare encoded in the
majuscula JHB genome, DNA - protein "pulldown™ experimentsrevperformed to
isolate proteins with affinity to the upstream @gbfjamA. A biotinylated, DNA
probe extending from 1000 bp upstreananfiA to 20 bp into thgamA gene
(encompassing both the putative promoter regioneatide untranslated leader
region; primers in Table 3.1) was used to lab&avidin coated magnetic
Dynabeads (Invitrogen), which were then incubatét @ soluble protein lysate

from L. majuscula JHB.
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Table 3.1: Primers used for isolation and char&zgon of regulatory proteins (Jones
et al. 2009).

Name Primer sequence
upjamA 1000 biotin biotin-AGGATGAAAGTACCTTAATCAATGG
upjamA 20-0 R GAAAATTCTGGCTTGCTCAT
5335 F TTGGTTAGGCTATCACTGGATAGAGA
5335 R TAGCCGCTTAGCATAGCAGCGTAATC
7968 F GTGGTTATAGGGAATACAGTTAGGT
7968 R CTGCACCATAATGAAAAATAGCCTC
5335 FB ACTCAATCGTGCCGAATTGGCATCA
5335 RB TATTACAATAACCAGGCCAGCCTAG
7968 FB GAATCTATTGCGGAAATCCTTGACT
7968 RB CTTTGTATCCTACTTTAGGATCATA
5335 NcolF GGGGCCATGGTTAGGCTATCACTGGATA
5335 NotlR CCCCGCGGCCGCTTATAGCCGCTTAGCATAGC
7968 NdelF GGGGCATATGGTTATAGGGAAATACAGTT
7968 XholR CCCCCTCGAGTTACTGCACCATAATGAAAA
upjamA 1000 F AGGATGAAAGTACCTTAATCAATG
upjamA 832 R AATTAGGCACCATGAGAAA

A series of wash steps were first conducted toorenproteins non-specifically
bound, followed by elution of those proteins speaify bound to the probe. This
elution was visualized using SDS-PAGE and reveatddast two bands of
approximately 30-45 kDa in size (Figure 3.1). Thet@in bands from the gel, as well
as crude fractions eluted from the magnetic beadspeated experiments, were
submitted to the Mass Spectrometry Center at Thipi@&cResearch Institute for

trypsin digest and LC-MS/MS analysis.
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Figure 3.1: Results from JHB soluble protein puldcexperimentFrom left to right:
Ladder, JHB soluble protein lysate, wash fractii/d - 5) and elution (E) for
incubations with the 1020 bp probe (labeled JHBVibnout probe (labeled -control).
Note the presence of two bands eluted from thedeauntaining the probe, indicating
successful binding of possible regulatory protémthe upstream region gmA.

The LC-MS/MS analysis of the gel band and elutigyests provided
fragmented peptides that were used to query thaishédLyngbya majuscula 3L
genome (a strain from Curacao that produces senatatal products, including
barbamide and curacin A) using the MS/MS post-Bsiceg program
InSpecT (Tanner et al. 2005). By this approach/]thaajuscula JHB peptide
fragments were matched with to twomajuscula 3L encoded proteins with high
confidence from "band 2" (Figure 3.1; both protdmasing global (N-terminal to C-
terminal) distributions among the identified pepsjt (i) All4300 protein (39.2%
coverage and a molecular weight of 32 kDa), andipothetical protein (35.9%
coverage and a molecular weight of 33 kDa). Maanalotation of the most abundant

peptide identified within the primary sequence #4800 demonstrated theandy

ion series fell within a mass error of 5-400 ppmrtkermore, thé andy-ion series
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for this peptide showed 22/30 possible fragmemnatimovered with several contingent
ion series. The ion series for the hypotheticatggroshowed similar results to the
All4300 protein. Results from the LC-MS/MS of thAGE gel "band 1" (Figure 3.1)
were inconclusive. Separate analyses of the elitamtions identified with high
confidence the same All4300 and hypothetical profi@m band 2, as well as a
number of putative proteins in the 3L genome swch peptidase (~45 kDa) and an
AP endonuclease (~30 kDa). Several pigment relaiateips were also identified that
were not visually apparent by SDS-PAGE (smallenttiee two main bands indicated
on Figure 3.1), including C-phycoerythrin classubunit alpha (~19 kDa),
allophycocyanin alpha subunit (~17 kDa), and phattesy | (PsaD) (~16 kDa).
BLAST analyses of the All4300 and the hypothetmraitein (referred to subsequently
as protein 5335 and protein 7968, respectivelynfroitial annotations of the.
majuscula 3L genome) both yielded a number of hypotheticatggn matches in other
cyanobacteria includingnabaena variabilis, Microcoleus chthonoplastes, Nostoc
punctiforme, andTrichodesmium erythraeum (JHB protein BLAST hits in Table 3.2;
see below). Interestingly, both proteins also meddfalthough significantly better for
7968) with the protein RcaD, an activator proteont the

cyanobacteriun€alothrix (= Fremyella diplosiphon or Tolypothrix) known to regulate
complementary chromatic adaptation (Sobczyk €1994; Schyns et al. 1998; Noubir

et al. 2002; Kehoe and Gutu 2006).
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Table 3.2: BLAST results withyngbya majuscula JHB proteins 5335 and 7968
(Jones et al. 2009).

5335 (279 aa)

Best BLAST hit BLAST organism Size (aa) identity similarity e value accession #
hypothetical protein Nostoc punctiforme PCC 73102 217 56 70 8.00E-62 YP_001867255
hypothetical protein Microcoleus chthonoplastes PCC 7420 245 56 71 2.00E-59 ZP_05025825

hypothetical protein all4300 Nestoc sp. PCC 7120 227 49 68 4.00E-54 NP_488340

hypothetical protein Anabaena variabilis ATCC 29413 221 49 65 1.00E-51 YP_321771
hypothetical protein Lyngbya sp. PCC 8106 224 47 64 9.00E-47 ZP_01623947
hypothetical protein Lyngbya sp. PCC 8106 156 33 56 2.00E-11 ZP_01621638
hypothetical protein Nodularia spumigena CCY941 4 100 4] 61 3.00E-11 ZP_01628571
hypothetical protein Arthrospira maxima C5-328 131 32 60 |.00E-08 ZP_03271683

RcaD protein Telypothrix sp. PCC 7601 285 22 48 0.2 CAC39267

7968 (304 aa)

Best BLAST hit BLAST organism Size (aa) identity similarity e value accession #
hypothetical protein Cyanothece sp. PCC 7424 274 49 69 2.00E-68 YP_002380360
RcaD protein Tolypothrix sp. PCC 7601 285 43 63 3.00E-54 CAC39267
hypothetical protein Trichodesmium erythraeum IMS101 272 40 59 3.00E-52 YP_720119
hypothetical protein Nodularia spumigena CCY9414 280 44 62 | .00E-50 ZP_0l631082
hypothetical protein Microeoleus chthonoplastes PCC 7420 287 41 62 7.00E-50 ZP_05025219
hypothetical protein Synechococcus sp. PCC 7335 199 33 57 3.00E-22 ZP_05035072

Complementary chromatic adaptation (CCA) is a phegnon exhibited by
many cyanobacteria in response to changes inwghkelength and intensity. CCA
allows cyanobacteria to alter pigment levels stoagptimize their capacity for
photosynthesis, and usually involves variation leetvgreen and red phenotypes (Li
et al. 2008). RcaD is a protein that binds to ttwamwter for phycocyanin Zjyc2) and
alters the expression of several red light openonise acclimation phase of
CCA (Noubir et al. 2002; Kehoe and Gutu 2006). Aeotprotein, RcaG, is located
downstream of RcaD and has been identified asaipatATPase. RcaG may
facilitate binding of RcaD to DNA, and could requphosphorylation to complete this
task (Noubir et al. 2002). Bioinformatic analysfdtoe L. majuscula 3L genome
revealed that the proteins immediately downstrebf885 and 7968 both resulted in
BLAST hits with RcaG, although as with RcaD, thetpm neighboring 7968 (7969)

had much stronger sequence identity than the nergitprotein to 5335 (5336).
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Primers were designed from each of the gene segadar the two proteins
identified above using the majuscula 3L unfinished genome, and were successful in
amplifying homologous gene sequences ftammajuscula JHB genomic DNA. The
JHB homolog to 5335 encodes for a protein thakdsffrom the 3L protein by only
one amino acid (99.6% identical), while the 796&btog in JHB encodes for a
protein 89.5% identical to the 7968 protein in Blignments of each JHB protein
with their nearest respective BLAST hits (alignmehprotein 7968 shown in Figure
3.2.) indicated several conserved sequence regmtisthe highest level of
conservation found toward the C terminal end ofgdtegeins (a region in the RcaD

protein thought to be involved in DNA binding) (Naouet al. 2002).
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Figure 3.2: Sequence alignment wityngbya majuscula JHB protein 7968 and 5
proteins with highest identity matches from NCBIART analyses, performed in
ClustalX2 (Jones et al. 2009).
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3.3.2 Recombinant expression of identified protaind Electromobility Shift Assays
(EMSAS)

The sequences encoding the 5335 and 7968 prateditB were used in
creating constructs for recombinant expressida. icoli (Figure 3.3).

A B c

250 kDa
150

100
74

a0
37

L TP SP Wash Elutions 7968 L TP SP Wash Elutions

Figure 3.3: Recombinant expression of JHB protea$’rotein expression from.
majuscula JHB 7968 (His+protein: ~37 kDa). Arrow indicatestetliprotein. B:
Protein 7968 after thrombin His tag cleavage anttentration. Arrow indicates
cleaved protein. C: Protein expression fronmajuscula JHB 5335 GST fusion vector
(GST+protein: ~60 kDa). Arrow indicates eluted GS335 protein (Jones et al.
2009).

After expression and purification of each protéioth were used
in Electramobility Shift Assays (EMSAS). In these assays, protein and a &ragoi
DNA amplified from a region that included both tequence of the primary
jamaicamide promoter and the region upstream flwotiginal probe (1000 - 832 bp
upstream ofamA) were incubated and visualized on native PAGE. g&dsombinant

7968 was found to bind this putative transcriptiactor binding region upstream

of jamA after His tag removal with thrombin cleavage (FegG@r4a), although
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promiscuous binding was also observed with othatrobDNA fragments (data not

shown).
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Figure 3.4: Electromobility shift assays) EMSA gel shift assay with DNA region -
1000 - -832 bp upstream @mA. DNA [270 fmol (= 30 ng)] was assayed with (from
left to right) no protein, 7.3 pmol of 7968, 8.4 @inof GST+5335, or 31 pmol of
HctEya. Arrow indicates DNA + protein shift for 7968. Bgrial titration experiment
with 45 fmol (= 5 ng) of the same DNA region wifiofn left to right) no protein, 6.8
pmol, 13.7 pmol, 27.3 pmol, or 54.8 pmol His+798&0w indicates DNA + protein
shift (Jones et al. 2009).

A serial titration of 7968 with the N-terminal Hizg still attached showed increased
DNA binding with larger amounts of protein (FiguB&lb). Recombinant protein 5335
was expressed and purified with a GST-tag on therhinus of the protein.
However, attempts to remove the GST tag were uresstal, and thus we assayed
protein 5335 with the GST tag still attached (Feg8r3c). This version of 5335 did
not bind to thaupjamA-1000 - -832 bp region (Figure 3.4a), even witlvated protein

concentrations (Figure 3.5).
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Figure 3.5: EMSA with DNA region -1000 - -832 bpsty@am ofamA and protein
GST+5335. From left to right: 270 fmol DNA only.48mol, 16.4 pmol, 33.5 pmol,
and 67.0 pmol of GST+5335 combined with 270 fmolA@ones et al. 2009).
3.3.3 Temporal dynamics of jamaicamide biosynthiesis/ngbya majuscula JHB

To further test the possible relationship betweagit land jamaicamide
production, additional experiments were conductedat of a larger effort to design
a method for monitoring th@ vivo turnover of natural products Ltyngbya strains
(Esquenazi et al. 2011)n growingLyngbya cultures in">N-enriched growth media
and probing over time using micro-extraction andtik Assisted laser esorption
lonization (MALDI) mass spectrometry, we found ttied dynamics of cyanobacterial
natural product biosynthesis can be observed, andittons that may influence the

turnover of these molecules can be test@g.comparing and monitoring the changes
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in the isotopic profiles of metabolites arisingrfrg">N] NaNOs-enriched cultures of
Lyngbya, such as pheophytim a stable breakdown product of chloroplafKahn et
al. 2002) and various other metabolites, it is dsgo determine the percentage of
>N labeling (representing new biosynthesis) of eamhpound at various time points

and, in turn, gain insight into their turnover sitevivo.

3.3.4 Growth rate, and turnover of pheophgtiand jamaicamide B ibhyngbya
majuscula JHB

Jamaicamide B frorhyngbya majuscula JHB was originally chosen for
development of this approach due to its robustzaton and detection by MALDI.
Pheophytira, a more stable breakdown product of chlorophylvas chosen for its
role as a primary metabolite critical to energydurction in these organisms (it differs
from chlorophylla in the lack of a central magnesium atom, removethduhe acidic
MALDI preparation (Kahn et al. 2002). We performeederies of experiments using
typical culture conditions to show that the ratésf incorporation into jamaicamide
B (representing new biosynthesis) proceeds appateiyn2 times faster than that of
pheophytina, and outpaces filament growth (Esquenazi et dl1R0Extractions of
culture media did not reveal any detectable amoofnéecreted jamaicamide B,
suggesting the molecule is either catabolized ivirsg as a biosynthetic intermediate

(see below).
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3.3.5 The effect of environmental parameters orajaamide B and pheophytan
production

This MALDI-TOF approach was used to measure thecebf manipulating
culture conditions on jamaicamide B and pheophgtiurnover (see materials and
methods for MALDI analysis procedure). The firstiss of experiments evaluated
different light wavelengths on these two compoutoddetermine if there was any
CCA related effect based on the homology of theb5881 7968 proteins discussed
above to the RcaD protein (Noubir et al. 200Ryngbya majuscula JHB filaments
were grown in 6-well plates it N] NaNO; media for 5 days under different light
filters (clear, green, red, and blue) to selectvmious light wavelengths. Each plate
was positioned in the Gerwick culture laboratoryeceive approximately the same
overhead light intensity during the course of tkpegiment (~4E m? sec™). Initial
experiments allowed ambient light to enter thegddtom the sides and bottom of the
plates, while additional experiments used platesgpped in aluminum foil to block all
light except that entering through the light filtéFhe initial experiments (Figure 3.6)
found that no significant differences were appanmefmaicamide turnover due to the
green, red, or blue filters in comparison to thetod, clear filter; however,

pheophytina turnover did decrease under the green filter.
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Figure 3.6: Initial experiments testing the effetdifferent visible wavelengths (all at
~4 uE m? se¢') on jamaicamide B (top) and pheophyai(bottom) turnover, as
measured by MALDI-TOF/stable isotope feeding. N;£8or bars are SEM.

The decrease in pheophysirturnover under green light in these initial
experiments, coupled with no measurable effeceargjcamide B turnover, led us to
speculate that green light may activate jamaicanmatescription. Pheophytmwas

found to be a reasonable proxy fgmngbya growth (Esquenazi et al. 2011) and

possible slower growth rates under green light mdicate that jamaicamide B is
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being produced faster in proportion to normal gtoadnditions. Additional
experiments testing the green and clear filtersguBil wrapped plates (Figure 3.7a)
revealed more clearly that green light actuallyrdases jamaicamide B turnover as
well as pheophytim turnover, suggesting that ambient light in théiahiexperiments

may have been sufficient to augment turnover ogjaamide B (Figure 3.7Db).
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Figure 3.7: Experiments testing the effect of griggimt on jamaicamide B and
pheophytina production. A: Clear and green optical filterghwioil wrapped plates
containingL. majuscula JHB filaments. B: PerceftN labeling over time of
jamaicamide B and pheophytnn each treatment. N = 3; Error bars are SEM.
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The next light based experiment tested the effeattraviolet light on
jamaicamide B and pheophyt@turnover. Following a similar format, 6 well pbat
with L. majuscula JHB [*°N] NaNO;were grown at comparable light intensities under
either normal grow lights or grow lights in combtiima with ultraviolet lights for 5
days (see materials and methods). The turnovieotbf molecules was significantly
lower in UV light conditions, but the higher jamainide B turnover in relation to

pheophytina remained consistent (Figure 3.8; Modified from &=pzi et al. 2011).
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Figure 3.8: Effect of ultraviolet light on percé labeling of jamaicamide B and
pheophytina after 5 days in comparison to typical culture gbads. N =5; Error
bars are SEM (Esquenazi et al. 2011).

A final light experiment was performed to measiine effects of light intensity
on jamaicamide B and pheophyéinurnover. Plates withiN] NaNO; media

containingL. majuscula JHB filaments were placed adjacently to one anatheer

the same grow lights. One of these plates wasredweith a standard plastic plate



93

cover, while the others were covered with increga$aryers of cheesecloth (serving as
“neutral density filters”) to decrease the amounitght reaching the.yngbya

filaments [Plate A, 25.QE m? sec’; Plate B, 14.9.E m? sec*; plate C, 8.41E m*
sec’; plate D, 4.uE m? sec’; plate E, QuE m? sec’’; (wrapped in foil), Figure 3.9.]

. An additional plate was completely wrapped it block any available light.

This experiment was run for 5 days. There wasigrfgcant difference between any
jamaicamide B turnover measurements for those plateeiving at least some level of
light (the same trend was true for pheophytin, datashown). However, turnover of
both jamaicamide B and pheophyéiturnover was completely abolished in the dark
condition, which indicated that light is necessfanythe biosynthesis of each

compound to occur.
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Figure 3.9: Effect of light intensity on percém labeling of jamaicamide B. Plate A
= 25.0uE m? sec™; plate B = 14.9.E m? sec?, plate C = 8.4E m? sec™, plate D =
4.9pE m? sec?, plate E = QuE mi* sec™ (wrapped in foil). N = 3; Error bars are
SEM.

Further development of the MALDI-TOBN feeding approach to measure

jamaicamide B and pheophytturnover included several additional experiments,
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including testing the effects of filament densihdadecreasing nitrate concentrations
(Esquenazi 2010). With the exception of the cotebfedark condition where
jamaicamide B and pheophyt@yproduction was abrogated, the ratio of jamaicamide
B turnover to pheophytia remained surprisingly consistent (approximatefgld
faster). This difference led us to examine thaduer of jamaicamide A in
comparison to jamaicamide B (Esquenazi et al. 20J1&jnaicamide A is the
brominated analog of jamaicamide B, and is halogghby an unknown enzyme
(although this is speculated to be the produgamD in the jamaicamide gene cluster;
Edwards et al. 2004). We found that jamaicamide #irned over more slowly than
jamaicamide B, although this turnover can be irmedasomewhat upon sodium
bromide supplementation to the culture media. &Hieslings, in addition to the
observation that a lag in jamaicamide A turnovien¢tto 50% labeling (&) for
jamaicamide B = 2.5 daysgdfor jamaicamide A = 4.0 days)] led us to hypothesi
that jamaicamide B may serve as the substrateaiogbnation to produce
jamaicamide A.

To further explore the hypothesis that the brommmeof jamaicamide A
occurs after the assembly of jamaicamide B, antiadil experiment was performed
using a similar°N feeding time course with the inclusion of a dphlase (Esquenazi
et al. 2011). In preliminary trials, it was fourtthtL. majuscula JHB cultures grown
in a completely and continuously dark environmdfeatively stopped turnover of
jamaicamide B and pheophy@(Figure 3.9)a finding that supports the notion of
light regulation of these pathways (Jones et 20920Comparison 0PN

incorporation into jamaicamide A and B during theggk phase revealed that
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production of jamaicamide A continues in the davkereas production of
jamaicamide B is completely abrogated (Esquenaal. &011). These results again
suggest that jamaicamide A bromination likely oscaiter the assembly of
jamaicamide B, and implicates jamaicamide B assthstrate for bromination. This
prediction of the timing of bromination is consistevith previously reported
experiments that demonstrated the inclusion of anly-brominated substrates during
the initial steps of jamaicamide biosynthesis ([Bstein et al. 2006). This experiment
was repeated using an alternative design (see Bsguet al. 2011), and these latter
results also support the initial experiment Wi labeling of jamaicamide A
continuing in the dark condition, whitaN labeling of jamaicamide B is inhibited.
These MALDI results were reinforced by those tdrger scale liquid
chromatography — mass spectrometry (LC-MS) experim&he relative amounts of
jamaicamides A and B extracted from cultures gréovrsix days under either
complete darkness or regular light cycle were caegharl he ratios of total
jamaicamide A to jamaicamide B in each extract (fes@zi et al. 2011) indicate that
while jamaicamide A biosynthesis continues in tof@kness, jamaicamide B turnover
drops considerably (T-test, P = 0.067), resultmg reduced ratio of jamaicamide B

to jamaicamide A.

3.4 Discussion
In concert with the transcriptional analysis c# famaicamide gene cluster
described in chapter 2, work presented in this t@rapas focused on achieving a

better understanding of the genetic and environatéattors that may play a role in
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jamaicamide biosynthesis. Of particular intereas\the successful isolation of
proteins using "pulldown" experiments that couldrblved in the regulation of
jamaicamide expression. Gene clusters of marineatyacterial PKS/NRPS
secondary metabolites identified to date lack aspeaiated regulatory proteins that
are imbedded in or in proximity to the main clustercontrast to antibiotic pathways
in other prokaryotes such as actinobacteria (Bi@b2 This absence has led to the
suggestion that secondary metabolite pathways Eromajuscula could be
constitutively expressed (Edwards et al. 2004)uBing the upstream region

of jamA as a DNA probe, we hoped to isolate putative régufgoroteins from the
soluble protein fraction of JHB. This was predictedthe hypothesis that if the
jamaicamide pathway does have associated regulatotgins, they are located
elsewhere in the genome. A biotinylated DNA seqednam the jamaicamide
pathway (1000 bp upstreamjamA to 20 bp into thgamA gene) was incubated with
protein lysate fronk.. majuscula JHB. The probe was long enough to encompass the
entire untranslated leader region of the pathwayyell as the primary promoter and
an additional 123 bp upstream of the promoter -&&mer. Because transcription
factors commonly bind at either the -35 box of ph@emoter itself, or within 90 bp of
the -35 box (Browning and Busby 2004) it is proleatblat the probe was long enough
to capture proteins that might associate with tleenoter. The probe also allowed for
binding of regulatory proteins with affinity to thmtranslated leader region (Li and
Golden 1993; Hobl and Mack 2007). Analysis of progamples isolated from both
an excised SDS-PAGE gel band and elution fractodrseveral repeated pulldown

assays consistently identified two proteins inéfseparate data sets using LC-
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MS/MS. These proteins were partially identifiedngssequence data from the
unfinishedL. majuscula 3L genome (see Chapter 5), a strain from Curacgmoresible
for the production of the anticancer compound darac(Chang et al. 2004; Gerwick
et al. 1994). Thé. majuscula 3L gene sequences corresponding to these proteins
were used to design primers that were successarhplifying the homologs frorh.
majuscula JHB genomic DNA. The two proteins (5335 and 79#i8played strongest
sequence identity to hypothetical proteins foundther cyanobacteria, but could not
immediately be assigned a function. BLAST searetids both proteins resulted in
hits with RcaD, a protein involved in complementahyomatic adaptation (CCA) in
another species of cyanobacteria (Noubir et al2p06terestingly, although the level
of sequence identity of the two proteins with Rea#s quite different (Table 3.2),
both proteins (in the 3L genome) had a similar gezighborhood to RcaD, indicating
probable synteny. ThHe majuscula 3L proteins downstream of each (5336 and 7969)
both had BLAST hits with RcaG, the ATPase assodiatéh RcaD, although 7969
(49% identity) had a significantly higher identthyan 5336 (23% identity).
Complementary chromatic adaptation has been itehth a number of
freshwater (Li et al. 2008) and marine cyanobaat@?alenik 2001). In the
cyanobacterial CCA model organigfnemyella (= Calothrix, Tolypothrix), a
photoreceptor circuit involving the Rca receptard eesponse regulators (RcaC,
RcaE, RcaF, and RcaD) has been found to be resp@her pigment modifications
under red and green light (Kehoe and Gutu 200 DRappears to affect several
operons during the acclimation phase of CCA (Noabal. 2002). Althoughyngbya

majuscula strains have not been observed to undergo CCAliareythere are several
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color morphotypes known (for example, in our cudtaollectionL. majuscula 3L is

red under 16 h light/8 h dark cycles, wHilemajuscula JHB is dark green). In
addition, a microarray analysis of cyanobacteridengoing CCA found that over 80
genes were upregulated, including many not involwggzhotosynthesis (Stowe-Evans
et al. 2004). Considering the widespread effeas @CA regulatory proteins play in
cyanobacteria, it is plausible that secondary naditabproduction is regulated by
homologous proteins. Regulation by light could dsdn accordance with the
mechanisms previously described for the microcysitisynthetic pathway
(Kaebernick et al. 2000; Kaebernick et al. 2002).

To further evaluate the function of the two poksiegulatory proteins isolated
in the pulldown assay, we overexpressed both preiaiE. coli to evaluate their
respective binding affinities for the jamaicamidenary promoter region. Protein
7968 was found to bind to the proposed transcmgiator binding region of the
jamaicamide pathway (1000-832 bp upstreanawi; Figure 3.4a), and this DNA
binding activity was supported with serial protétration (Figure 3.4b). Although we
demonstrated that a control protein would not hinder the same conditions, we also
found that protein 7968 was able to bind nonspealiff to several other unrelated
pieces of DNA. Thus, we were unable to assign aiBpsequence for 7968 binding.
Attempts to cleave the GST tag from the 5335 pnotare unsuccessful, and binding
assays indicated that the GST+5335 fusion proteis mot able to bind to the same
intergenic region as 7968 (Figure 3.4a; Figure.B&rause of its strong binding
affinity with DNA, 7968 is the better candidate @i for providing transcriptional

regulation of the jamaicamide pathway. The presefoaultiple intergenic promoters
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in the pathway (chapter 2) could also offer othadimg locations for additional
regulation.

It is difficult to predict how the binding affinitof recombinant forms of 5335
or 7968 compares quantitatively with the nativet@ires. Noubir et al. (2002) found
that native RcaD bound much more effectively toghgcocyanin 2 promoter than a
recombinant version, and hypothesized that theaesdiaffinity may be from lack of
ATPase RcaG, which facilitates binding, or fromkla¢ phosphorylation. We
attempted a dual-shift experiment with 7968 and@isd tagged 5335, but no shift
differences compared to 7968 alone were obsenagd (@t shown). It will be
intriguing to determine whether 5335 and 7968 wortandem to regulate the
jamaicamide pathway, or if they require downstreemghbors (5336 or 7969) to
assist in binding. Alternatively, it is possiblatty968 is the true regulator of the
pathway, and 5335 was "pulled down" in the magnsgiad assay due to its sequence
identity being minimally sufficient for recognitiointerestingly, protein 7968 was
found to form dimers by PAGE analysis. Transcriptiactors often function as
dimers in their association with DNA and RNAP (Brung and Busby 2004) and
thus, this finding also supports 7968 as the bastlicdate regulatory protein identified
in this study.

If transcription factors are in fact regulating tixpression of secondary
metabolites such as jamaicamide, it is useful tesicter the potential pleiotropic role
of proteins such as 7968 in regulating more thamlmasynthetic pathway in.
majuscula JHB. There are a number of similarities in the seéleoy metabolite gene

clusters ol.. majuscula, such as those encoding for the jamaicamidespblectrin
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(also produced by the JHB strain; (Ramaswamy €0fl7) and curacin A (Chang et
al. 2004; Gu et al. 2009). For example, the gg¢amd andhctA are both ACP
synthetases and are 58% identical, which mightatdithat similar regulatory
proteins associate with the upstream regions df gane. If jamaicamide and
hectochlorin are both used in defensé ahajuscula against predation or infection,
their co-regulation would enhance the defense®fthain. It is also interesting to
speculate that proteins in majuscula 3L homologous to jamaicamide regulatory
proteins could be used to regulate production ch@n A. A comparison of the
approximately 1700 bp that separgmA from its upstream neighboring gene (a
transposase) with the upstream regioounA from the curacin A pathway reveals that
approximately 1550 bp of the j@mA region is 95% identical with the ayr A region.
This level of identity is not shared between thettgam regions of the jamaicamide
and hectochlorin pathways. Moreover, proteins 533% 7968 are 99.6% and 89.5%
identical with their respective homologslinmajuscula 3L (the curacin A producer).
If either of these two proteins functions as agil@pic regulator for natural products
biosynthesis ir.. majuscula, their use in overexpression efforts would be &hle in
unlocking the full biosynthetic potential of thddamentous marine cyanobacteria.
Ultimately, quantitative co-transcriptional anagf the two proteins with the
rest of the jamaicamide pathway and gene knockailitbe necessary to conclusively
link these proteins with jamaicamide regulatiorecént completion of thieyngbya
majuscula 3L draft genome (see chapter 5) may also providéiadal information

useful in determining how homologs of these praeierve in pathway regulation.
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The development and use of the MALDI-TOF/stabtédpe feeding approach
to monitor turnover of natural productsligngbya strains (Esquenazi et al. 2011) was
very important in determining how light affects timenover of jamaicamide B and
ultimately gave support to the homology based jgtextis described above. This
approach allowed for several environmental pararaétebe readily tested using
small amounts dfyngbya biomass and enabled side-by-side measurements of
jamaicamide B turnover with pheophyarand jamaicamide A.

From the data presented here, it does not appaglight wavelength has a
direct impact on jamaicamide B turnover. We deteet thatin vivo measurements
of molecule turnover would be a more accurate mefrihe effects of light on
jamaicamide B than other types of experiments sisa)RT-PCR experiments, since
previous investigations with the microcystin patgwavealed that, despite variable
amounts of microcystin transcripts generated fraposure to different colors of
light, comparable microcystin concentrations weresgquently still present in
laboratory culture (Kaebernick et al. 2000). Tleergase in pheophytanturnover
upon exposure to green light is not unexpectedresn pigments are not as effective
in absorbing green light as other complementargrsadlKehoe and Gutu 2006). The
pigment change in these filaments was visually egpas their color became much
darker during the course of the experiment. Thgatiee impact of ultraviolet light on
both jamaicamide B and pheophyérurnover is indicative that UV light may play an
important role in limiting secondary metabolite guation inLyngbya field
populations, as UV exposure in the environmentusygreater than in laboratory

cultures. This effect is also contrary to the @fzacterial UV absorbing pigment
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scytonemin (Sorrels et al. 2009) where expresswvel$ increase upon UV exposure;
however, when produced scytonemin provides cyanebaavith UV protection.

The most revealing finding from the light-based MA experiments was that
both pheophytira and jamaicamide B turnover are completely inhiitethe dark.
The light intensity gradient experiment ranged friaght levels significantly higher
than normal (2%E m* sec?) to typical laboratory conditions (& m? sec?), in
addition to the dark condition. The comparabladwer for these two molecules
suggest increased amounts of visible light do metha significant impact on
biosynthesis (although increased mortality was ndeskat higher light levels), but
that a minimal light level must be achieved; tisithie same pattern observed for
separate nitrate limiting experiments (Esquenaal.€2011). The lack of pheophytin
aturnover in the dark is again not surprising dsrdphyll is used in photosynthesis.
However, abolishment of jamaicamide B turnoverhia dark was instrumental in
designing subsequent experiments comparing jamaieaBand A turnover.

As described separately (Esquenazi 2010, Esquehaki2011) other
experiments found that although jamaicamide A tuenander typical culture
conditions lags behind that of jamaicamide B, tiradver of jamaicamide A can be
augmented with the addition of sodium bromide, shgwhat bromide is a limiting
nutrient in jamaicamide A biosynthesis. This iraged turnover still does not equal
that of jamaicamide B, but this inequality alsosons that jamaicamide B is
biosynthesized first before the final brominatioeps(possiblwia JamD encoded in
the jamaicamide gene cluster). Inclusion of a gdo&se allowed us to measure

jamaicamide A turnover occurring in the dark whamaicamide B turnover was
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inhibited (Esquenazi et al. 2011). This measurdraleows that a previously
expressed halogenase could be acting on intacigamale B, and is consistent with
previous mass spectrometry data showing that amtylirtominated substrates are
accepted by jamaicamide enzymes in initial staggsneaicamide biosynthesis
(Dorrestein et al. 2006). Although the mechanid$ingbt regulation of the
jamaicamide pathway still requires further investign, these data have provided the
best understanding of natural product regulatioa marine cyanobacterium to date.
Understanding the regulation of natural produthyways that encode
compounds with pharmaceutical potential is impdrtarovercoming the "supply
issue" that is so prevalent in natural productsassh (Cragg et al. 1999). While
marine cyanobacteria are recognized as prolifidpeers of bioactive compounds,
natural product yields from field collections aosvl and slow culture growth severely
limits the amount of compound that can be produeedis manner. Insights into
jamaicamide biosynthetic gene cluster regulati@s@nted here from transcription
factor isolation and MALDI-based measurements leavidence consistent with
light playing a direct role in regulating compoum@duction. Future advances in
identifying how these types of gene clusters ageleged will be important to diverse
applications in biotechnology, such as combinatdii@synthesis and the
heterologous expression of entire natural prodatiyays. Additionally, this
information could also benefit ongoing efforts atpging to regulate the expression of

cyanobacterial toxins that have deleterious enwremal impacts.
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3.5. Materials and methods
3.5.1 Bacterial strains, culture conditions, PCa&ct®ns, and DNA measurements
Lyngbya majuscula JHB was originally collected from Hector's Bay,
Jamaica (Edwards et al. 2004) and was maintainactuiture facility at Scripps
Institution of Oceanography. Cultures were growd araintained in BG-11 saltwater
media (SW BG-11; Castenholz 1988) at 29°C undagta intensity of approximately
5 uE m?s*and under 16 h light/8 h dark cycles. For MALDpeximents, the
NaNO; content of the SW BG-11 media (5 g/L) was replasétd >N NaNO; (98%,
Cambridge Isotopesk. coli TOP-10 and BL-21 (DE3) were grown in Luria-Bertani
(LB) media.E. coli cultures were grown with ampicillin (1@ mr™Y), or kanamycin
(50 ug mi'') when necessary. PCR reactions were conducted aiher PCR Master
Mix (Promega) or Pfx50 proofreading Taq Polymer@seitrogen). DNA
concentrations were measured using either Becknoamt&® DU8S00 or NanoDrop
1000 (Thermo Scientific) spectrophotometers. Pnotencentrations for recombinant
JHB proteins were determined using the BCA asseyd®). Ladders for DNA
(Fermentas and New England Biolabs) and proteio-f&ad) were used for size

estimations when necessary.

3.5.2 Isolation of possible transcription facta@h a pulldown assay

Protein pulldown experiments were based on metbwdiar to Rachid et al.
2007. A DNA probe that extended from 1000 bp upstre@fjamA to 20 bp into
thejamA gene was amplified by PCR from the jamaicamide fdstescribed above

using the primers yamA 1000 biotin (biotinylated at the 5' end; Invitrogemd
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upjamA 20 - 0 R (Table 3.1). The PCR product was purifchElute PCR
Purification Kit, Qiagen) and 10 pmol of the bigtiated DNA were incubated with 1
mg of magnetic M-270 streptavidin Dynabeads (lmgén), according to the
manufacturer's instructionks. majuscula JHB tissue was obtained from pan cultures
that had been growing for 1-2 months. Approximag ml of culture was measured
by displacement in sterile, chilled binding buff&® mM Tris-HCI (pH 7.5), 1 mM
EDTA, 1 mM DTT, 150 mM NacCl, and 5% (w/v) glycerollhe binding buffer was
also treated with a broad range protease inhib@omplete, EDTA free; Roche). The
tissue was sonicated and kept on ice using a @oibieator with six 10-s pulses, and
insoluble material was pelleted at 13,200 RPM fondinutes. The soluble protein
fraction (750ul) was added to each mg of DNA coated beads. @na& Poly DI-DC
was also added to inhibit non-specific binding aitpin to the DNA. Magnetic beads
that were not treated with biotinylated DNA wereubated with JHB soluble protein
as a negative control. The beads and soluble prateie incubated for 1 h using an
end-over-end rotator at 4°C. The beads were subsdguwashed twice using 2Q0

of binding buffer containing 100l sheared salmon sperm DNA (Invitrogen; 5 mg
ml %), three times with binding buffer, and eluted wathul of binding buffer
containing 1.0 M NaCl. Wash fractions and elutiargse flash frozen in liquid pand
concentrated on a freeze dryer. After concentraatiquots of each were mixed with
protein sample buffer, denatured for 3 minutes5al1@0°C, and analyzed by SDS-
PAGE. The gels were stained with either silvenf@ujuest Kit, Invitrogen) or

colloidal Coomassie brilliant blue G-250.
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3.5.3 Identification of DNA binding proteins

Once gel bands were visible in the elution fracfimm the binding assay, the
assay was repeated on a larger scale using additeplicates of the procedure
described above to isolate sufficient protein f@assmspectrometry (visible by
colloidal Coomassie staining). Both gel bands (®@iusing a scalpel) and whole
elution fractions were submitted to The Scrippsdaesh Institute (La Jolla, CA)
Center for Mass Spectrometry for nano-LC MS/MS gsial Raw spectrum data
(mzdata format) was obtained and analyzed at UOS®MDOS common-line version
of InsPecT 20070712 (Tanner et al. 2005).

InsPecT search parameters for the mzdata files therfollowing: (i)Lyngbya
majuscula 3L common database (see Chapter 5), common cordatsidatabase,
reverse or "phony" database, and NCBI nr datalfasparent ionAm = 1.5 Da; (iii) b
and y-ionAm = 0.5 Da. Top protein identifications were verfiby using two
different database searches:L{jhgbya majuscula 3L genome alone; (ii) NCBI nr
with L. majuscula 3L genome inserted. The mass spectral identifinataf 5335 and
7968 were further verified by manual annotationhaf N-terminal and C-terminal

peptides, as well as the most abundant peptideifigein

3.5.4 Characterization of putative transcriptioctéas from a pulldown assay
Protein sequences detected using InsPecT wereatethpith raw nucleotide

sequences from tHe majuscula 3L genome to identify their corresponding ORFs.

Forward and reverse primers (5335 F &R, 7968 F &#&hle 3.1) were designed from

each sequence and used to amplify the correspogeimgs froni.. majuscula JHB.
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The blunt PCR products were cloned (Z-Blunt TOPGtae Invitrogen) and
transformed intde. coli for sequencing to compare the gene sequences fi@&mwith
those of 3L. Additional gene boundary primers (5885 5335 RB; 7968 FB, 7968
RB; Table 3.1) were used to amplify the JHB gengls priming sites 25 bp upstream
and downstream in order to verify the sequencesreavby 5335 and 7968 forward
and reverse primers and avoid inclusion of sequsefroenL. majuscula 3L.
Bioinformatic analyses of each gene sequence weréucted using BLAST
programs available through the National CenteBiotechnology Information

(NCBI; http://blast.ncbi.nim.nih.gov).

3.5.5 Recombinant expression of identified proteins

Genes corresponding to identified proteins inXH8 protein pulldown assay
were amplified from JHB genomic DNA using the pris18335 NcolF and 5335
NotlR or 7968 NdelF and 7968 XholR (Table 3.1yt$8tadons in both gene
sequences were changed from either leucine (533&)lioe (7968) to methionine for
improvements irk. coli overexpression efforts. PCR products from bothtreas
were purified and digested with their correspondiegjriction enzymes (New
England Biolabs). Gene 5335 was ligated into th&21& vector (Genscript), which
contains both an N-terminal 6x His tag and GST T 5335 construct was verified
via transformation, plasmid isolation from TOP-H.(Qcoli, and sequencing. The vector
containing the gene sequence was then transformed®L-21 (DE3)E. coli. Four
liters of E. coli harboring the 5335 pGS21a vector were grown (usiager cultures)

for 4 h at 37°C to an Odgybetween 0.6 and 1.0, induced with 0.7 mM IPTG, thieth
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grown at 18°C overnight. Cultures were centrifuged500 RPM for 15 min at 4°C,
and the ensuing pellets from each liter of culiveze resuspended in 5 ml protein
lysis buffer (20 mM Tris, pH 8.0, 500 mM NacCl, abd mM imidazole) and lysed on
ice using sonication (6-7 10-s pulses). Resuspelydate was centrifuged, and
supernatant containing soluble protein was incubatean end-over-end rotator at
4°C with Nickel-Superflow resin (Qiagen) for 2 hollBwing incubation, the
recombinant GST+5335 fusion protein was purifiethgipolypropylene columns
(Qiagen). The nickel slurry from the incubation weashed twice with protein wash
buffer (20 mM Tris, pH 8.0, 500 mM NaCl, and 50 niwidazole), and protein was
eluted with 5 x 1 mL aliquots of protein elutionftaw (20 mM Tris, pH 8.0, 500 mM
NacCl, and 750 mM imidazole). Purified protein waalyred against binding buffer
(the same buffer used for the pulldown assay, btitantaining DTT) overnight using
a 50 kDa MWCO dialysis membrane (Spectrum LabscRamominguez, CA). To
express 7968, the corresponding gene sequencegateilinto the N-terminal His tag
containing pET28b vector (Novagen), and grown amdfipd similarly to 5335
(although the 7968 wash buffer contained 40 mM anale). Spectra/Por Float-A
Lyzer G2 dialysis membranes (20 kDa MWCO; Specthatns) were used to dialyze
protein 7968. Concentrations of each protein ferinsassays were determined using

the BCA assay (Pierce).

3.5.6 Electromobility shift assays (EMSAS)
Gel shift EMSAs were performed to verify binding5835 and 7968 to

jamaicamide promoter regions. The region upstreftinegjamaicamide TSS (1000 -
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832 bp upstream gamA) was amplified from a jamaicamide fosmid using3x aq
Polymerase (Invitrogen). Each PCR product was igarifMinElute kit, Qiagen)
before being used in the assay. For the comparaiiieBng assay (Figure 3.4a), the N-
terminal His tag was cleaved from protein 7968 gsire Thrombin Cleavage Capture
Kit (Novagen). The cleaved 6x His tag was subsetiyieemoved by concentrating
the protein sample over a Microcon 10,000 MWCO ewiyMillipore). SDS-PAGE
gels and western blotting were conducted to confirensuccess of the cleavage
reaction. Serial titration of the 7968 protein &rify DNA binding was performed
using the recombinant version of the protein withdis tag cleavage. GST+5335
elutions were also concentrated over Microcon 1@ MOCO columns prior to use in
shift assays. For a negative control, the purifesdbmbinant protein Hcti from the
hectochlorin pathway (purification described Ramaswy et al. 2007 was used. The
concentrations of Hcifz protein used in the EMSA experiments were measured
using a Bradford assay, and the purified Hgtkhcluded a 6x N-terminal His tag
from its expression vector (pET28b; Novagen). Egelrshift assay reaction was
performed with the indicated quantities of DNA gndified protein (Figure 3.4) in
EMSA binding buffer adapted from the DIG Gel Sikift, 2" generation protocol
(Roche) [20 mM HEPES, pH 7.6, 1 mM EDTA, 10 mM (l4$Q;, 1 mM DTT,
Tween 20, 0.2% (w/v), 30 mM KCI] and water (totalwme 20ul) for 30 min at

room temperature. Following the incubation perid,of native loading dye
containing bromophenol blue was added to eachioga@nd the reaction contents
were immediately transferred to a 10% native PAGE The gels were

electrophoresed at 85 V for ~3.0 h in 0.5x TBE huf.5 mM Tris, 44.5 mM boric
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acid, 1 mM EDTA), followed by staining for at led€d min in SYBR Gold Nucleic
Acid Gel Stain (Molecular Probes/Invitrogen) andualization on a UV

transilluminator.

3.5.7 Sequence information
DNA and amino acid sequences of the proteins 29685335 identified in
this study have been deposited in Genbank undexdtession numbers

GQ860962 and GQ860963.

3.5.8 MALDI-based experiments measuring turnovgapfaicamides B and A and
pheophytina

Detailed methodology of use of the MALDI instrurhand the MALDI
instrument parameters for all studies is availaelearately (Esquenazi et al. 2011).

Selected methods from this publication are repditelow.

3.5.9 Filament sampling

Using aseptic technique and small tweezers, Zaménts (~ 0.;ug wet
weight) from small cultures were patted dry on entipe, placed in a PCR tube and
flash frozen with dry ice. Sampling intervals varigetween experiments, as is

explained in each experimental description.

3.5.10 MALDI MS Sample preparation

Approximately luL of MALDI matrix solution (Per 1 mL: 35 mg-cyano-4-
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hydroxycinnamic acid (CHCARB5 mg 2,5-Dihydroxybenzoic acid (DHB)
(Universal MALDI matrix, Sigma Aldrich), 750L acetonitrile, 248.L milliQ H 0,

2 uL TFA) per 0.1ug of biomass was mixed in a tube or well. After3Dseconds, 1
uL of this crude matrix solution was deposited omedl (spot) of the Bruker
Microflex MSP 96 Stainless Steel Target Plate. Aétch spot had dried at room
temperature, the plate was analyzed using a BiMkaoflex MALDI-TOF mass

spectrometer equipped with flexControl 3.0.

3.5.11 Calculations

For a particular compound in a sample, the meassmas computed using the
weighted average of either the observed isotopsaiflight wavelength, UV,
jamaicamide B vs. A comparisons; Kahn et al. 20@&}) values obtained from peak
measurements in ClinProTools software (Bruker)yocdiculating the percent total,
single, double and unlabeled peaks for jamaicamkepheophytin in specific

instances (light intensity experiments; Biemann2)96

3.5.12 Light wavelength experiments wityngbya majuscula JHB

Initial wavelength experiments with majuscula JHB were conducted by
placing filaments in three separate wells of 6-y&dtes containin® SW BG-11, in
addition to one control well withf'N SW-BG-11. Each plate was covered by a
different optical filter (Edmund Optics, 5 x 7 Ogal Cast Plastic Filters) and sampled
daily for 5 days before MALDI analysis. For furtretudy of the effect of green light

on jamaicamide B and pheophyéinurnover,L. majuscula JHB filaments were
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placed in four central wells of a 24 well platew8lls containing°N SW BG-11, 1
control well with*'N SW BG-11). The rest of the plate was wrappedpietaly in
aluminum foil to prevent any ambient light from emng the plate. The filaments in

each condition were sampled daily before MALDI gs&.

3.5.13 Light intensity experiments witlyngbya majuscula JHB

Light intensity experiments were performed usingedl plates containing 3
15N SW BG-11 wells with_. majuscula JHB and one contrdfN well as above. Light
measurements through each of the plate coversmade with measured with an
ILT-1400A light meter (International Light Techngjies, Peabody, MA). Plates were
covered with either a standard plate lid (2580m sec?); or increasing layers of
white cheesecloth (146 m* sec?, 8.4uE m?sec?, 4.9uE m?sec?,
respectively). The dark condition was created bgpping another plate completely
in aluminum foil (OuE m? sec™). Filaments from each well were sampled daily

before MALDI analysis.

3.5.14 Effect of ultraviolet exposure loyngbya majuscula JHB on turnover of
jamaicamide B and pheophytn

Both UV and control plates were inoculated as dieed above for the 10 day
experiment (N = 5). Both plates were kept apf3m? se¢' light intensity (measured
with an ILT-1400A light meter). The UV levels wet65.7uw cm? UVA (Omega

Engineering, Stamford, CT) and 40®% cm? UVA+B (Solarmeter 5.0, Solartech,
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Inc., MI). Other than these light factors, cultuvesre kept in the same conditions

described above and sampled on days 0 and 5.

3.5.15 Dark phase with sodium bromide supplemaeartati Lyngbya majuscula JHB:
Two 24-well culture plates were each inoculatethw8ismall (2.5 mg).
majuscula JHB (filaments cut to 0.5-1.0 cm length) culture@imL N media
containing 1.0 g/L NaBr, placed under the contrdture conditions (above) and
sampled on days 0-4. On the fourth day, one opthtes was wrapped completely
with aluminum foil, while the other reference plagenained in control conditions. On
the ninth day, the experimental plate was un-wrdppéth samples taken from the
reference and experimental cultures on day 9 asaselays 10 and 14. At the
conclusion of the study, the samples were analpgeddALDI and the percentage of
total *°N labeled jamaicamide B and A was calculated fehesample at each time

point.

3.5.16 LC-MS comparison of jamaicamide B and Aénhllight/8 h dark vs. 24 h
dark

Two 6-well plates were inoculated with 6 smallmajuscula JHB cultures (10
mg) in regular®N BG-11 media. The control plate was maintaineckgular light
conditions and the other was completely wrappealuminum foil. After six days the
experimental plate was unwrapped and the vertiealjgcent cultures in both plates
were combined, to give three, larger samples e pRll of the samples were

extracted with 80% EtOAC/hexanes for approximalelywith stirring at 25 °C. Each
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of these extracts were dried and redissolved in B@®H/H0O and run over C-18
solid phase extraction cartridges (Varian or Ariahgm International, 100 mg) in the
same solvent system. All extracts were dried uhideid nitrogen, weighed, and
suspended in MeOH at a concentration of approxim&teng/mL. The extracts were
profiled using a gradient program of 70-100% MeO}DHwvith an analytical column
(Phenomenex Jupiter C-18u300 A) and LC-MS (Thermo-Finnigan Surveyor pump
and PDA and LCQ Advantage Max). Retention timegdoraicamide A and B were
identified by UV detection, and the total ion caafdr all associated adducts (found to
repeatedly include (M+H) (M+Na)’, (M+K)* and (M+45)) of jamaicamide B and A
were combined and integrated using Xcalibur sof@hermo Electron) to

determine the ratio of jamaicamide A to jamaicanBde each sample.
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CHAPTER 4
Steps toward the development of a stable heterologe expression system for
natural products from filamentous marine cyanobacteia
4.1 Abstract
Filamentous marine cyanobacteria are rich sowtaatural products and

often employ highly unusual biosynthetic enzymesdoondary metabolite assembly.
However, the lack of developed techniques for stéfainsfer of DNA into these
filaments, and the absence of heterologous exmressiategies for cyanobacterial
gene clusters, limit access to higher yields ohoyecterial natural products for
further development and downstream applicatiortse Wiork presented in chapter 4
includes attempts to transfer plasmid DNA ihgmgbya strains and explore the utility
of different bacterial. coli BL21, Nostoc sp. PCC7120, anfireptomyces coelicolor
M512) to act as expression hostslfgngbya biosynthetic genes. Although no DNA
transfer intoLyngbya filaments was achieve®, coelicolor M512 showed promise as
a possible heterologous expression platforniLjmgbya metabolites. Using an
inducible vectorS. coelicolor was able to overexpress both LtxB and LtxC from the
lyngbyatoxin gene cluster. Functionality of Lix@gduced by&. coelicolor was
demonstrated through vitro assays. Attempts to express the non-ribosomaidsept
synthetase (NRPS) LtxA and the entire lyngbyatgathway inS. coelicolor were
unsuccessful. This may be a result of the diffeean the percentage of GC of
introduced DNA and/or the high occurrence of the faucine codon UUA in LtxA.
While codon optimization may be needed to produegbya natural products in

Streptomyces, the heterologous expression of cyanobacterialmang in actinobacteria
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may be a valuable complement to actinobacterialrabproduct biosynthesis and

increase molecular diversity in these strains.

4.2 Introduction

The impact of microbial natural products in drugcdvery and biotechnology
applications has been tremendously enhanced asila o€ significant improvements
in genetic technigues and genome sequencing oggrast decade (Wilkinson and
Micklefield 2007; Lane and Moore 2010). Genomeuseges for strains of natural
product rich model genera suchBegillus, Myxococcus, andStreptomyces are rapidly
becoming available (Joint Genome Institute; jgi.dog), and several milestones have
been achieved in these systems for targeted getecement (Gust et al. 2003),
enhancement of natural product production (Rachal. 2007), and heterologous
expression of biosynthetic gene clusters using bothplex construct assembly
(Watanabe et al. 2006) and phage mediated homadaga@ombination (Eustaquio et
al. 2005; Heide 2009).

Despite being prolific producers of secondary melitges, a complete lack of
genetic techniques for marine filamentous cyanasachas, in contrast to other
bacterial producers, limited access to large ansohseveral important natural
products. Studies of these natural products hastead resulted from repeated and
large scale field collections, long-term culturéodt (Rossi et al. 1997), or
sophisticated synthetic methods (Suyama and Ger2d0B). As discussed in
chapters 1 and 3, filamentous cyanobacteria sutragpya majuscula grow very

slowly, with doubling times of 6 days or more (Esgazi et al. 2011), arid/ngbya
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cells are encased in a thick polysaccharide sh{&shwick et al. 2008) that inhibits
straightforward DNA introduction with conventioraboratory transformation
methods. It is also not currently possible to mremaxenid_yngbya strains due to
the presence of heterotrophic bacteria that pevsishe surface of the sheath
(Gerwick et al. 2008; Grindberg et al. 2011). Thbacteria may present the
cyanobacterial filaments with additional restrictendonucleases that minimizes
uptake of intact exogenous DNA into cyanobacterédiks.

Establishment of genetic techniquesligngbya strains and/or a stable
heterologous expression platform fgmgbya natural product gene clusters would
greatly enhance the utility of these organismsrugdliscovery efforts. Insertion of
regulatory proteins such as those described inteh&pcould augment production
levels in cultured strains, while targeted gendtamy replacement, knockouts, or
precursor directed mutasynthesis in a different tvasild add new molecular
diversity, as well as permit rapid scale up to gateehigher compound yields.

The two aims of the research presented in thiptehare to 1) evaluate the
efficacy of different techniques to introduce DN#a Lyngbya majuscula cells, and
2) test three different bacterig.[coli BL21, Nostoc (Anabaena) sp. PCC7120, and
Sreptomyces coelicolor M512] for their potential as heterologous expressiosts for
Lyngbya secondary metabolites. The majority of this cbapill focus on the second
aim, as attempts to transfer DNA intgngbya strains proved largely unsuccessful.
Heterologous expression efforts focused on the gkrster encoding the
lyngbyatoxins (Figure 4.1), protein kinase C adtivgamolecules (Basu et al. 1992)

from a Hawaiian strain dfyngbya majuscula (Cardellina Il et al. 1979). The
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lyngbyatoxins are structurally related to the teldm class of natural products from
Sreptomyces (Fujiki et al. 1981)and are the causative agent of a form of blistering

dermatitis known as “Swimmer’s itch”.

OH
Lyngbyatoxin A Lyngbyatoxin B

Lyngbyatoxin C Teleocidin B4
Figure 4.1: Lyngbyatoxins A-C fromayngbya majuscula and teleocidin B4 from

Streptomyces blastmyceticum (Irie et al. 1998).

The lyngbyatoxin cluster was originally identifidfttough creation of a DNA
fosmid library using genomic DNA isolated frdogngbya majuscula collected in
Kahala Beach, Oahu (Edwards and Gerwick 2004)s @Gluister is composed of only
4 genes (Figure 4.2) and is the smallest charaetkkluster from anlyngbya strain

to date. Lyngbyatoxin biosynthesis begins withribaribosomal peptide synthetase
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(NRPS) LtxA, which contains adenylation domainslferaline and L-tryptophan, as
well as an N-methyl transferase that methylatesitnegen of the valine residue.
Unusual NADPH dependent offloading from this enzyiRead and Walsh 2007)
yields the resulting dipeptide N-methyl-L-valyl-ktyptophanol, which is subsequently
cyclized by the P450 monooxygenase LtxB (HuynH.e2@L0) to give (-) indolactam
V (ILV). The protein LtxC is a prenyltransferaset reverse prenylates the
tryptophan residue with a geranyl group to prodihegyngbyatoxin A molecule
(Edwards and Gerwick 2004). Lyngbyatoxins B an@FiQure 4.1) are thought to be
analogs of the original lyngbyatoxin A molecule geted via the putative

reductase/oxidase protein LtxD.
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LtxA LtxB LtxC LtxD

~N ,\I( _\‘\OH
o ~_NH LtxB o LtxC
N Ao \
TN N
H

lyngbyatoxin A \ lyngbyatoxin B

lyngbyatoxin C
Figure 4.2: Biosynthesis of lyngbyatoxin A and pegedd biosynthesis of
lyngbyatoxins B and C. Figure adapted from Edwarts Gerwick (2004).

The small size of the lyngbyatoxin gene clustpp(aximately 11.3 kb)
combined with its availability on a single fosmrdrn the original pathway
characterization efforts (Edwards and Gerwick 2@gbled the use of this pathway
and individual lyngbyatoxin genes in expressionegkpents with each of the three
strains mentioned above. Predicted advantagediaadvantages of each strain in
comparison ta.yngbya genetic characteristics are provided in Table e results
of experiments witls. coelicolor M512,N. sp. PCC7120, ané. coli BL21 are

provided in detail below. Ultimatel® coelicolor was found to be the most
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promising candidate of the bacteria tested basquagress-to-date in both

incorporation of genetic material and protein espren.

Table 4.1: Predicted advantages and disadvantddlesee different bacterial strains
in serving as heterologous hosts for the lyngbyiatgene cluster.

Heterologous Sreptomyces coelicolor M512 | Nostoc (Anabaena) sp. | Escherichia coli BL21
strain PCC7120
Advantages -Sequenced genome -Sequenced genome | -Sequenced genome
-Natural product (PKS/NRPS) -NP capable -NP capable
capable -Similar GC content to | -Similar GC content to
-Large suite of genetic Itx pathway Itx pathway
techniques -Some genetic -Many genetic
-Can handle large DNA techniques techniques

transfer
-Relatively fast growing

-Very fast growing

Disadvantages

-High GC content (~70%)
-Rare codon issues (TTA)

-Slow growing

-Low probability of
large DNA transfer
-Histidine rich (could
interfere with protein
isolation)

-No native PPtase
-Heterologous
promoters

likely needed

4.3 Results

4.3.1 Attempts to transfer DNA intoyngbya majuscula filaments

Three strategies to introduce foreign DNA ibimgbya filaments were

attempted: 1) Incubation with non-specific, unlaaebr fluorescein labeled

morpholinos, 2) conjugation using vectors desigioedhe filamentous

cyanobacteriunNostoc (Anabaena) sp. PCC7120, and 3) biolistic (gene gun)

introduction of DNA using tungsten beads.

Morpholinos are antisense oligomers that knock+ultnanscription of DNA

(Summerton and Weller 1997), and are frequentlyg iseukaryotic developmental
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experiments (Draper et al. 2001). Non-specificphotinos (Gene-Tools LLC, L.
Gerwick laboratory) that were unlabeled or label&ith fluorescein were incubated
with Lyngbya majuscula JHB filaments to determine whether the morpholiwosild
be passively taken up by the filaments intoltiiegbya cells. After the incubation
period, fluorescence microscopy revealed that whidefluorescein label was visible
in the media surrounding tthe majuscula filaments, no label was detectable within
the cells. MALDI analysis of some of these expetms successfully detected the
morpholino oligomers when ionized independentlyt, imumorpholinos were detected
from filament extracts. The autofluorescence ghpents within thé.yngbya cells
also obscured detection of the label. Due tolimgation and predicted difficulties
with other labels, this method was not pursuecdtit

In preliminary attempts to introduce plasmid DN#Aa L. majuscula, two
conjugation vectors commonly usedNostoc sp. PCC7120 were chosen to determine
whether the presence of either plasmid could bérooed through antibiotic selection
or GFP detection. The draft genomed.giigbya majuscula 3L contains aecA gene,
which indicated.yngbya can undergo homologous recombination (Jones 204ll).
TheE. coli strain AM1359 (e.g., Wu et al. 2004) was obtainednfthe J. Golden
laboratory at UCSD. Thik. coli strain harbors the conjugal bridge plasmid pRL443
and the methylating plasmid pRL623. The cloningteeAM505 and the GFP
reporter vector AM1954 (containing a GFP gene utigeicontrol of a vegetative
promoter) were each separately introduced into AB813sing electroporation, and
colonies harboring either vector combination wexaagn and incubated with.

majuscula 3L or L. majuscula JHB filaments in 1.5 mL tubes before recovery and
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antibiotic selection. Filaments used in conjuga@ttempts with AM505 were not
able to persist over time in the presence of neamwand no GFP production was
found in those filaments used in conjugation attesmpth AM1954 (examined using
specific wavelength parameters on J. Golden laboramicroscope).

Lyngbya filaments were also used in biolistic (gene gurpegiments in
collaboration with the M. Hildebrand laboratory CBUCSD) wherein DNA
introduction was attempted by shooting DNA coatetysten particles directly into
dispersed filaments on BG-11 agar plates. Thedoraage cyanobacterial vector
RSF1010 (Koksharova and Wolk 2002) was used irstoamation attempts with.
majuscula JHB filaments, and following the attempted transfation, these filaments
were placed in selective (ampicillin) SW BG-11 naedfter recovery. No significant
survival of these filaments was observed after isdwiays. Similar gene gun
experiments testing RSF1010 and AM1954 (GFP reporéetors withNostoc sp.

PCC7120 did not yield any resistant colonies.

4.3.2 Development of heterologous expression sfiegdorLyngbya majuscula
natural products: Work witBtreptomyces coelicolor M512

In light of the difficulties experienced with daeDNA transformation and
conjugation intd_yngbya filaments, the focus of the work presented in thiapter
shifted completely to experiments attempting toregp the lyngbyatoxin gene cluster
and portions thereof in other bacterial straindiasussed above. One of the most
attractive candidates for this purpose \Basptomyces coelicolor M512.

Actinobacteria such &&reptomyces strains are among the richest source of bacterial
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natural products (Baltz 2008) and a wide rangeeoiegjc techniques are available for
different expression goals (Kieser et al. 2000;t@ugal. 2003).S. coedlicolor M512
(Floriano and Bibb 1996) is a mutant strain in vhilce activating proteins for
prodiginine (redredD) and actinorhodin (ac#ctl1-ORF4) have been deleted and the
SCP1 and SCP2 plasmids removed. The two anticipiagations with using
Sreptomyces as an expression host for the lyngbyatoxin genstefTable 4.1) are
the large difference in GC conte&reptomyces coelicolor = 72%, Bentley et al.
2002; entire lyngbyatoxin pathway = 48%, Edwards @erwick 2004) and problems
with codon usage, particularly the TTA codon enngdeucine. TTA codons in
Sreptomyces are rare, absent in any genes involved in vegetatiowth (Leskiw et

al. 1991), and found only in genes dedicated talegipn, cell differentiation, and
secondary metabolisn&treptomyces coelicolor contains only one tRNA for the UUA
codon pldA), andbldA mutants (also referred to as “bald” mutants) arable to
produce antibiotics or form aerial mycelia or sgof€akano et al. 2003; Chater and
Chandra 2008). Conversely, UUA is the most comieanine codon in the

lyngbyatoxin pathway.

4.3.2.1 Heterologous expression of LtxCSircoelicolor M512

In order to determine wheth8rcoelicolor could recognize individual genes
from Lyngbya, the prenyltransferase encoding gir€ was selected for heterologous
expression attempts. The first strategy entailediieg theltxC gene into the conjugal
vector pSET152 (Bierman et al. 1992; WilkinsonleR802; Figure 4.3; All primers

provided in Table 4.2 in black text in materialslanethods). The pSET152
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backbone contains an integration cassette fordsigsted conjugation into tHe
coelicolor chromosome. This cassette contains an apramysistaace gene, @31
integrase gene and an a{t€31 recognition site that corresponds to an atBisi
Sreptomyces chromosome during conjugation (Combes et al. 2008 ermE*
promoter involved in regulation of the erythromygene cluster (Bibb et al. 1994)
was cloned in to precede thgC gene sequence. In additionfteeptomyces Shine-
Dalgarno sequence (Herai et al. 2004) was inselitedtly before thétxC start

codon. Finally, a C-terminal His tag was engindeyeto the 3’ end of thiexC gene,
as a C-terminal His tag was also used in the aaldincoli recombinant production of

LtxC (Edwards and Gerwick 2004).

ErmE* promoter + MCS

Integration cassette /
7 N

| 5. coelicolor RBS | Gene [ Histg  [stop]

Should encode 43.86 kDa protein

Figure 4.3: pSET152 vector (reference) and C-teaititis taggedtxC construct.
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Because.codlicolor restricts methylated DNA fror&. coli, this pSET152
construct was transformed into tBecoli strain ET12567 containingdam mutation
and the conjugal bridge plasmid pUZ8002 (Gust.€2@03). A colony from this
transformation was grown and used in a conjugatttempt withS. coelicolor spores
(materials and methods). Exconjugants from thigugmation were screened with
colony PCR to confirm the insertion of ttigC gene before being grown for protein
expression.

Preliminary attempts to determine whethg€ was transcribed i
coelicolor M512 were conducted using a separate pSET152 cehstntaining the
ermE* promoter anttxC sequence but without a His tagSwreptomyces Shine
Dalgarno sequence. RT-PCR of th& gene showed detectable transcripts after 4

days of growth in YEME media (materials and methdédgure 4.4).

1000 bp
500 bp

200 bp

168 IRNA _ o] BT Lol
cDNA cDNA
fragment fragment

Figure 4.4: Preliminary RT-PCR experiments showiragscription ottxC, as well as
16s rRNA, inS coelicolor M512. Adjacent gel lanes to the right of each REZ&duct
contain parallel reactions in which no Supersaimyme was added.
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Based on these RNA results, a TSB starter cutibitee C-terminal His tagged
[txC construct was used to inoculate a larger YEME celaind grown for 4 days.
Protein isolation efforts using nickel affinity maied bands in the wash fractions
consistent in size with LtxC (44 kDa); Figure 4B)t not in the elution fractions.
However, no bands were observed when screeningXar by Western blotting.
These results may suggest that the ermE* promstaoti strong enough for LtxC to

be produced to detectable levels, so other exjpressictors were considered.

50 kDa
37 kDa

TP SP SN W1 W2 W3 El E2 E3 L

Figure 4.5: Protein bands from ermBEXC pSET152 construct expression (C-terminal
His tag observed in wash fractions. None of thpessible proteins were visible by
Western blot.

An alternative strategy to overexprés&€ was pursued by using the self replicating,
inducible vector pSH19 (Herai et al. 2004). ThéifS vector contains a regulatory

gene used in nitrilase production (NitR) as welhaslase specific promoter regions

(Figure 4.6).
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Figure 4.6: Hyper-inducible expression systerftneptomyces vector pSH19 (Figure
adapted from Herai et al. 2004). The NitR regulafrotein is activated by
caprolactam, and activated NitR interacts with pwtars in front of the vector
multiple cloning site as well as tin&R gene, thereby rapidly increasing the number of
nitR transcripts to produce more NitR protein.

This promoter is strongly upregulated in the presesfe-caprolactam, and this
regulatory system is used industrially in the piiohn of acrylamide (Kobayashi and
Shimizu 1998). Th&xC gene sequence was cloned into a modified pSH19vdtGit
contained ark. coli oriT (ColE1) inserted into the Spel site (along withi@agene),
enablingE. coli cloning (A. Eustaquio, B. Moore Laboratory). TibaC gene was
prepared in the same manner as pSET152, with thesion of aStreptomyces Shine-
Dalgarno sequence and a C-terminal His tag. BectespSH19 vector is self-
replicating, this construct was introduced iftoeptomyces using protoplasts and
thiostrepton selectiorvi@ the E. coli strain ET12567 without the pUZ8002 conjugal
plasmid). Based on the recommended protocol (Hral. 2004), YEME cultures of
this pSH19 construct (inoculated with TSB startdtures) were induced wité:
caprolactam after 96 h, harvested at 120 h, andl inggrotein purification efforts.

Despite protein bands consistent with LtxC in gEzgure 4.7a), once again, no bands

appeared by Western blotting.
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50 kDa
37 kDa

TP SP SN W E1 E2 TP SP SN W FEl FE2 L E3
N AN =
N ~
3 day induction 4 day induction

Figure 4.7: LtxC protein expression attempts usinegpSH19 vector. A) Bands
consistent with C-terminal his tagged LtxC on SDSSE 4-20% gel. No
corresponding band was observed by Western blo@hgrotein isolation of N-
terminal his tagged LtxC in pSH19 on SDS PAGE 4-2f#induced on day 3 or day
4 (Total protein, soluble protein, nickel incubatisupernatant, wash, and elution
fractions shown). Note protein bands (arrows)pgrraximately 44 kDa.
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TP SP SN W E1 E2TP SP SN W E
s it
~ -
3 day induction

A

Figure 4.7 (continued): C) Western blot of gel shaw4.7B. Bands correspond to

purified N-His-LtxC.
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A separate pSH1xC construct was made with an N-terminal His tag
immediately following the Shine Dalgarno site (Hexbal. 2004).S coelicolor M512
harboring this construct was grown and inducedoas@ After protein purification,
a band consistent with LtxC was present in thegamagxtract as shown by colloidal
Coomassie staining (Figure 4.7b) that was alsoeptdsy Western blotting using anti-
His-HRP (Figure 4.7c), confirming successful Ltx{pression. This experiment was
repeated using induced and non-induced culturesjvainowed that LtxC expression
in pSH19 is dependent @rcaprolactam being added to the culture mediunmuieig
4.8). A separate culture was grown to a largelesoaobtain more soluble protein for

purification (Figure 4.8).

TPSP W E TPSP W E LTPSP W EI E2 E3
W AN / /

N ' ~
Not induced Induced 500 mL culture
Induced scaleup

Figure 4.8: Comparison of non-induced and inducgd1® vectors with the N-
terminal his taggettxC insert (arrows indicate eluted protein), as welhdarger scale
(500 mL) purification.
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Purified LtxC fromS. coelicolor M512 was used to repeat the original assays
confirming its predicted prenylation activity (Edwla and Gerwick 2004). LtxC was
incubated with (-) Indolactam V and geranyl pyrogpioate for 1 h, and ethyl acetate
extracts of this reaction were profiled by LC-M®raj with parallel reactions
conducted with LtxC protein overexpressedtirtoli (Edwards and Gerwick 2004).
Recombinant LtxC from both hosts was able to catathe addition of a geranyl
group to ILV to form lyngbyatoxin A (Figure 4.9aJ.0 confirm that LtxC fron&.
coelicolor was responsible for this activity, protein elutidram non-induced pSH19
[txC cultures were also used in this experiment, anlymgbyatoxin A was detected
(Figure 4.9b). Expression of this protein was atempted using other media (GYM,
Shima et al. 1996), but no protein was producegigasting the high sucrose
component (34%) of the YEME media is importantg&H19 to function correctly.
Sucrose is thought to possibly function in osmptiessure balance between culture
media and cytoplasm, or may induce or activateacedgnzyme systems (Elibol &

Mavituna 1998).
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112372010 11:35:20 AW
No protein added
11232010 12:11:16 PM
E. coli -
8. coelicolor M512

No protein added

Non-induced

Induced -

Figure 4.9: LC-MS PDA chromatograms of extractsfiotxC prenylation assays. A)
Comparison of reactions with no protein added, mdmaant LtxC fromE. coli, and
recombinant LtxC fron&. coelicolor M512. Production of lyngbyatoxin A is noted
with arrow. B) Comparison of reactions with no iatadded, protein extract from
non-induced pSH19 N-terminal HixC construct, and induced pSH19 N-terminal his
[txC construct. Production of lyngbyatoxin A is notethaarrow.
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Figure 4.9 (continued): C) lonization of lyngbyaitmA (ESI-MS) frome-caprolactam

induced culture shown in Figure 4.8B.

Subsequent expression attempts were performed thgrother proteins from
the lyngbyatoxin pathway. An N-terminal His tagded pSH19 construct was
successfully used in the overexpression of LixEBj({Fe 4.10a, b). The large NRPS
ORFItxA (7.5 kb) was also cloned into pSH19 witB.aoelicolor SD site, both with
and without an N-terminal His tag. Protein isaatexperiments using the His tagged
version were not successful in purifying the engiretein (275 kDa) by nickel affinity
methods. A large band that appeared in large stfddgs (Figure 4.11) was
submitted for LC-MS/MS analysis, but peptides frivgpsin digest were consistent
with Streptomyces NRPS proteins instead of LtxA. The non-His taggersion of

ItxA was grown and induced as above, and this cultuseewmacted with ethyl acetate
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and run over C-18 solid phase extraction cartridd€s-MS profiles of this extract
did not reveal any production of the N-methyl-Lydal-tryptophanol normally

biosynthesized by LtxA.

60 kDa
50 kDa

i

Figure 4.10: Expression of LtxB using the pSH19tee) Expression of N-His-
LtxB in pSH19. B) Expression was confirmed with $&&n blotting.
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250 kDa

150
100

Figure 4.11: Attempt to express N-His-LtxA in pSH1%rge (275 kDa) band (see
arrow) was excised and analyzed by LC-MS/MS, bid feand to be consistent with
a Sreptomyces NRPS instead of LtxA. No bands were observed bgtéfa blotting.
4.3.2.2. Attempts to heterologously express thglyatoxin gene cluster in
Sreptomyces

Initial attempts to insert the lyngbyatoxin patlywato S. coelicolor M512
were attempted by amplifyingxA-D using long-range PCR (Figure 4.12) and cloning

this fragment into pSET152 containing the ermE*npoter. Ligation attempts with

this DNA fragment were unsuccessful.
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[txA-D

Figure 4.12: Long range PCR amplification®-D. Cloning of this large product
was not successful.

Next, in order to utilize the integration cass@ietion of the pSET152
backbone in an effort to modify the native (pCC1EEG6icentre) fosmid (DE3-86)
harboring the lyngbyatoxin pathway (Edwards andwisk 2004), this cassette (4.5
kb) was amplified by PCR using primers includingidfof homology with the DNA
regions surrounding the chloramphenicol resistaygree of DE3-86 and PCR purified
(Figure 4.13a, b). The chloramphenicol resistaB8i86 fosmid was transformed via
electroporation into thE. coli strain BW25113, which in this case harboredithe
RED phage vector pKD20 (Gust et al. 2003) for hargolus recombination. Colonies
from this transformation were grown, made electropetent, and subsequently
transformed with the purified pSET152 integratiassette. Successful replacement
of the chloramphenicol cassette in DE3-86 was codd by sequencing. The region
immediately upstream d¢fxA in the DE3-86 fosmid was then replaced in the same
manner using the—RED phage vector plJ790 (Gust et al. 2003) withtlzer cassette
consisting of an ampicillin marker (pBluescripSK-), the ermE* promoter, and a
Sreptomyces Shine Dalgarno site (Figure 4.13c, d; Herai e2@04). Severe

difficulty with these homologous recombination pedares (especially recombination
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of the pSET152 integrase cassette) was encourderestb repeated contamination
problems with pSET152 and selection of false pesitiolonies (complications
resulted in these procedures taking several manitrepeated attempts to
accomplish). Upon generating the desired constytioé modified DE3-86 fosmids
(either with or without the ermE* promoter cassettere used in conjugation efforts
with S coelicolor M512 spores, using either the ET12567/pUZ8002 ar Mazodier
et al. 1989F. coli conjugationstrains. Despite approximately 10 conjugation
attempts, no exconjugants were able to grow ungl@naycin selection, which
suggested some inherent incompatibility betweerctmgugal bridge plasmids of
these strainand the DE3-86 fosmid. Separate attempts to inttedhese constructs

using protoplasts as with pSH19 were also unsuftdess
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Figure 4.13: Homologous recombination strategyefugineering the native
lyngbyatoxin fosmid for conjugation and expressio. coelicolor M512 (Gust et al.
2003). A) The integrase cassette from the pSEV&SERr is amplified by PCR using
39 bp extension primers homologous to the regitamking the chloramphenicol
resistance gene in the native lyngbyatoxin vecB)rThis cassette replaces the
chloramphenicol gene via homologous recombinatiaim&E. coli strain
BW25113/pKD20. C) An additional cassette compodemhaampicillin resistance
gene, the ermE* promoter, an&acoelicolor Shine Dalgarno site (Herai et al. 2004)
is amplified by PCR using 39 bp extension primemblogous to the upstream
region ofltxA. D) This cassette replaces théd promoter region via homologous
recombination in th&. coli strain BW25113/plJ790.
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| 39bp | ezl | apramycin | oniT | C31 atP | integrase | b2 ‘ 3 bp | PCR pI‘Od]_lCt
X X

| chloramphenicol marker |

Lyngbyatoxin fosmid (pCC1FOS)

‘ ltxA ‘ ItxB ‘ Iex ‘ ItxD ‘
| 39 bp | F1 | APTAIYCLn | oriT | C31 attP | integrase | P2 ‘ 39 bp |

Modified Ltx fosmid for 8. coelicolor integration

‘ lixA ‘ ItxB ‘ Ix ‘ lixD ‘

| 39 bp ‘ 1 | apramycin ‘ oriT | C31 attP | integrase | P2 | 39 bp ‘

Modified Lix fosmid for 8. ceelicelor integration

kxA ‘ ItxB ‘ IxC ‘ D ‘
| 39 bp ‘ P1 | ampicillin | ermE* ‘ & coglicalor SD ‘ b2 | 39 bp |
| 39 bp ‘ P1 | Apramycin ‘ oriT | C31 attP | ntegrase | P2 | 39 bp ‘

Modified Lix fosmid for S. ceelicefor integration

Promoter and 3D lixA ‘ xB ‘ I ‘ lixD ‘
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Due to lack of success with both cloning the khpvay into pSET152 and
homologous recombination to equip the DE3-86 fosimidconjugation, the pSH19
vector was selected for pathway cloning attemptse genes necessary for
lyngbyatoxin A productionl{xA-C) were cloned in two steps (Figure 4.14; the entire
[txA gene in step 1 artkB-C in step 2), which included placement diteeptomyces
Shine-Dalgarno site in front ¢iixA andltxB. The native intergenic region upstream of
[txC was retained to determine whethdryagbya ribosome binding site could be
recognized irS. coelicolor (if this portion of the transcript was not trariethit was
predicted that ILV could still be produced enzyroally by LtxA and B).

shil sacl sacl 2 sacl
|SD| ItxA | 8D] B | | ImC ]

Wative upstream region of #xl

Figure 4.14: First cloning strategy for lyngbyatoX gene cluster into pSH19 (Herai
et al. 2004).LtxA was PCR amplified including &reptomyces Shine Dalgarno
sequence and ligated into the vector multiple cigrsite at Sbfl and Sacl sites. A
second PCR product includitiggB andItxC (adding aStreptomyces SD sequence
beforeltxB and retaining the native upstream regiohtx¥) was ligated into the Sacl
site downstream dfxA after a second vector digest.

This construct was transformed irffocoelicolor protoplasts and grown in starter

TSB cultures, which were then used to inoculatargety of media for lyngbyatoxin A
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production. These larger cultures were extractagueither XAD-7 resin

(Amberlite) or ethyl acetate, in some cases rum @+8 cartridges, and then profiled
by LC-MS. No lyngbyatoxin A was detected in anytlodse cultures. Followup RT-
PCR experiments revealed that transcripts fromadbinstruct were detectable using

YEME media, but that transcript levels decreasethiitxA to ItxC (Figure 4.15).

1000 bp

B 500 bp
- - e

100 bp

A - B - c - L

Figure 4.15: RT-PCR of portions of th&A-C construct in pSH19. Fragments of
ItxA, 1txB, andltxC were amplified from first strand cDNA alongside @&l reactions
with no Superscript reverse transcriptase addéhn transcription is noted foixA
but is not visible fottxB and faint fodtxC. No transcripts were found when growing
this construct in GYM media.

To verify that lyngbyatoxin A could be detectedngsthese extraction methods, a
small culture aliquot (~10 mL) was supplemented W@ ug of lyngbyatoxin A
standard before being extracted. When profiletl©sMS lyngbyatoxin A was

clearly present in this extract (Figure 4.16).
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Figure 4.16: Extract of 10 mL YEMEXABC pSH19 culture aliquot (construct shown
in Figure 4.13) supplemented with 10@ lyngbyatoxin A. A) PDA chromatogram
from extract. B) MS ion selectiom(z 435-440). C) Negative ion selectian/g 100 —
2000). D) Postive ion selectiomfz 100-2000). E). lonization of lyngbyatoxin A.
Arrow indicates location of lyngbyatoxin A duringCkMS gradient run.

A combined YEME culture was inoculated with staf&B cultures of SD-
[txA, His-SD1txB, and His-SDixC under thiostrepton selection to determine whether
independent expression of each protein would beesstul in biosynthetic assembly
of lyngbyatoxin A. This culture was induced aféér h, and was supplemented with
approximately 50 mg L-tryptophan, 50 mg L-valinedd 00 mg geraniol. After 144

h this culture was extracted and profiled by LC-M$o lyngbyatoxin A was observed

in this extract (Figure 4.17).
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Figure 4.17: LC-MS profile of YEME co-culture indeted from separatéxA, 1txB,
andItxC pSH19 starter cultures. This culture was induate®6 h withe-caprolactam
(0.1% w/v) and supplemented with 50 mg L-valinena@ L-tryptophan, and 100 mg
geraniol. The culture was extracted at 144 hrPBRA chromatogram from extract.
The arrow points to a small peak with a similaengion time to the lyngbyatoxin A
standard, but thevz value of this peak is not consistent with lyngloyat A. B)
Negative ion selectiom{z 100 — 2000). C) Postive ion selection'’d 100-2000). D)
MS ion selectionrtVz 435-440).
4.3.3 Heterologous expression of the lyngbyatoxinegcluster: Work witiNostoc sp.
PCC7120

The heterocyst forming, filamentous cyanobactermNostoc (Anabaena) sp.
PCC7120 was considered as another viable candmateterologous expression of
the lyngbyatoxin pathway. As a cyanobacterium geetic characteristics of this
strain should be closer toyngbya thanStreptomyces, and the GC content of. sp.
PCC7120 is 41%, which is closer in proximity to tixegbyatoxin gene cluster (48%).
Some genetic techniques for this strain are aVail@ale., Yoon and Golden 2001,

Koksharova and Wolk 2002) and this approach alsititited a working collaboration

with the J. Golden laboratory (UCSD).
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4.3.3.1. Attempts to heterologously expris€ in Nostoc sp. PCC7120

In order to insertxC into theNostoc chromosome, a C-terminal His tag
version ofitxC gene was cloned into the AM505 vector, a commorugtion vector
used by the Golden laboratory. The majority o thector backbone (Figure 4.18) is
composed of sequence homologous to a region dfidb®c genome. This vector

also contained an RNA polymerase promoter (RNABuifd 4.18).

Km/Nmmarker .. o
o RNA polymerase promoter

pRNAPP - 505

pRMAPP-5052
10,625 bp

10.6 kb

\

PCC7120 backbone

Figure 4.18: AM509Nostoc sp. PCC7120 conjugation vector including the RNA
polymerase promoter.

Each construct was transformed into the AM1B560li strain, and colonies
from this transformation were grown and used inugation attempts witiNostoc
cultures. Exconjugants were found after approxatyatO days, but these
exconjugants were unable to grow in liquid FW BGriddia, suggesting they were

false positives. These conjugation efforts wepeated several times without success.



150

4.3.3.2 Attempts to heterologously express thebyatpxin gene cluster iNostoc sp.
PCC7120

Parallel homologous recombination strategies ¢s¢tused in modifying the
DE3-86 fosmid as described f8rcoelicolor were used to prepare this fosmid for
conjugation attempts witNostoc sp. PCC7120. A gene cassette composed of a
kanamycin resistance gene and a portionésioc gas vesicle protein gene
(sufficient for recombination into thdostoc genome; S. Saha, personal
communication) was generated with PCR using prim&is 39 bp extensions
homologous to the region surrounding the chloramoé gene in DE3-86 (Figure
4.13) and PCR purified. This cassette was transfdrinto electrocompetent
BW25113 cells containing the DE3-86 fosmid arRED phage vector pKD20 as
described above (Gust et al. 2003) and colonien ftos transformation were
screened for correct replacement of the chlorampbkgene in the DE3-86 fosmid
backbone using PCR (attempts to sequence this imdddsmid were unsuccessful).

Several attempts were made to introduce this neatifbsmid intoNostoc via
conjugation. Exconjugants were observed in easfamte but none of these were
able to grow in liquid BG-11 media to pursue furthB®iscussions with the Golden
laboratory (S. Saha) led to the conclusion that tbinstruct may be too large for
successful recombination into tNestoc chromosome. Because of these limitations,

additional work withNostoc sp. PCC7120 was not pursued.
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4.3.4 Attempts to heterologously express the lyatdnsin gene cluster iB. coli
BL21

A number of NRPS based natural products have eeressfully expressed in
E. coli (Pfeifer et al. 2003; Watanabe et al. 2006).idhdttempts were made by Dan
Edwards to express the lyngbyatoxin pathway ugiegotiginal DE3-86 fosmid and a
Bacillus Sfp (phosphopantetheinyl transferase; Quadri ét918) construct under
control of a T7 promoter, but this effort was ursessful. In order to further modify
the DE3-86 cassette f&: coli expression, a gene cassette consisting of an dhmpici
resistance gene and a T7 promoter (Figure 4.19genasrated by PCR with 39 bp
extension primers homologous to the region immedtiatpstream of thExA gene.
This cassette was introduced into the DE3-86 fostaidtaining the apramycin gene
cassette from earlier attempts wihcoelicolor due to limitations in available
antibiotic selection choices (enabling the uséhefahloramphenicol resistant plJ790
A—-RED phage vector) using the same homologous recaidn methods as above.

Successful completion of this construct was cordarby sequencing.
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| 39 bp | Pl ‘ apramycit ‘ oriT | C31 attP | integrase | Pz | 39bp |

Modified Ltx fosmid for E. celi expression

Itxd ltx8 itxC Itz
[39bp | PL | ampicilin | T7promoterand £ coiRBS | P2 | 39¢bp |
| 39 bp | Pl ‘ apramycin ‘ oriT | C31 attP | integrase | P2 | 39bp |

Modified Ltx fosmid for E. celi expression

T7 prometer and RBE Itxd B i fixD)

Figure 4.19: Insertion of T7 promoter aBdcoli ribosome binding site into modified
lyngbyatoxin fosmid by homologous recombinatiorkircoli BW25113/plJ790.

This modified DE3-86 construct was transformed ithieE. coli expression
strain BL21 along with a Pet28 vector containingBacillus gene encoding Sfp. A
colony from this transformation was grown and usehnoculate LB media for
expression attempts. After IPTG induction of flaiger culture and profiling using

LC-MS and MALDI analysis, no lyngbyatoxin A was deted.

4.4 Discussion

The absence of genetic techniques and lack ofexdlegous expression
system for filamentous marine cyanobacteria arefdé@ty more conspicuous in light
of substantial advances made in these areas avéagshl10 years with other natural

product producing bacteria and fungi (Galm and SX@66; Wilkinson and
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Micklefield 2007; Gressler et al. 2011). The weresented in this chapter was aimed
at method development to ultimately improve genaticess thyngbya natural
products and enable the large scale productioompounds of interest to drug
discovery and biotechnology efforts. Due to inéfamitations inLyngbya
morphology and physiology and based on the probkmasuntered while attempting
to introduce foreign DNA inthyngbya cells, it is evident that shuttlingyngbya DNA
to a more amenable heterologous host appearsaartmee tractable approach to
achieving these goals. Genetic mutationsyoigbya strains may be possible in the
future, but will probably require specific attentito DNA stability upon introduction
because of the slow doubling rateLghgbya filaments (Esquenazi et al. 2011).
Sequencing of additionalyngbya strains and completion afyngbya genomes (Jones
et al. 2011) will undoubtedly reveal more genatiormation that can be used in
optimizing strategies appropriate for these cyantdsa and potentially avoiding
problems with associated heterotrophic bacteria.

Heterologous expression is one of the most promiapproaches to access
large amounts of desired natural products and nergée novel analogs through gene
knockouts, replacement, or precursor directed nyathssis (Wilkinson and
Micklefield 2007; Heide 2009). Use Bbcherichia coli as a heterologous host for
natural product pathways is becoming more commd&if@P et al. 2003; Watanabe et
al. 2006) and may be an attractive optionLfgmgbya compounds derived from larger
gene clusters. Attempts to express the lyngbyatpathway using the T7 promoter in
E. coli BL21 while also expressing a recombinant Sfp enzymae not successful, but

more fine tuning of culture conditions may be nektteenable proper translation and
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function of this gene cluste&reptomyces coelicolor andNostoc (Anabaena) sp.
PCC7120 were pursued in this chapter to a greateneprimarily because each strain
is already “natural product capable,” dnghgbya DNA may require less manipulation
before introduction into either of these straiknfortunately, neitheltxC nor the
entire lyngbyatoxin pathway was accommodatedbstoc sp. PCC7120 in
conjugation attempts, despite the use of diffevesstors (materials and methods).
Another cyanobacterial strain that could servedtetologous expression byngbya
metabolites iSSynechocystis sp. PCC6803 (Roberts et al. 2009ynechocystis does
not produce any NRPS — or PKS-type natural proddetspite having a native
phosphopantetheinylase (PPTase). This PPTaseowad fo activate the
Synechocystis native cognate fatty acid synthesis protein butatioér cyanobacterial
carrier proteins. However, introduction of thedularia spumigena NSOR10 PPTase
into Synechocystis conferred the ability to activate a non-cognateieaprotein
(Roberts et al. 2009). The ability to naturallgrsform thisSynechocystis strain and
its fast doubling times may allow for the difficel$ experienced witNostoc sp.
PCC7120 to be avoided. This approach may be pdisube future in collaboration
with the Brett Neilan laboratory (University of NeéSouth Wales, Sydney, Australia).
Genetic manipulations and heterologous expressi8treptomyces strains are
reliable and well documented (Kieser et al. 200@5tBquio et al. 2005; Flinspach et
al. 2010) and, if the GC% content and related cadongnition issues are
surmountable, actinobacteria suclagptomyces coelicolor may be the best
candidates for heterologous expressiohywigbya natural product proteins and gene

clusters. At the same time, introductionLghgbya genes intd&treptomyces strains
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may also allow for novel compounds to be produt&teptomyces are able to utilize
the encodedlyngbya enzymes in natural product biosynthesis. Succksgfiression
of both LtxB and LtxC irs. coelicolor M512 using the pSH19 vector aimavitro
validation of the functionality o&treptomyces produced LtxC demonstrated that
individual, nonmodular proteins frobryngbya may in fact be suitable for this latter
approach.

All of the natural product gene clusters charaogel to date fronb.yngbya
strains include at least one modular polyketidalsyse (PKS) and/or non-ribosomal
peptide synthetase (NRPS) encoding ORF (Gu eD@b;2Jlones et al. 2010). These
ORFs are typically very large in size (5 kbp or gpmaking them difficult to clone
by traditional PCR techniques, and they usuallyt@ona high number of TTA codons
encoding leucine [e.dltxA has 64; the mixed PKS-NRPS geaneF from the curacin
A pathway (9588 bp; Chang et al. 2004) has 11Xe fhrity of the TTA codon i
coelicolor and its use in regulating secondary metabolite yrthon and
morphological changes (Chater and Chandra 200&)estg that ORFs rich in TTA
codons may not be properly translated in expressitampts. The lack of success
with overexpressing LtxA when cloned into the pSH#&8tor, either using a His tag
for nickel affinity or looking at organi&. coelicolor extracts for the production of the
expected dipeptide, may mean that adequate protuatithese large proteins will
require codon optimization for complete translatiomccur. Further modification of
S codlicolor could also be attempted to improve the abilityhas strain to translate
TTA codons. One approach could be to overexptessdA gene encoding the

tRNA for leucine.



156

Homologous recombination to modify the originaldgpyatoxin fosmid
circumvented the need for clonitigA-D, and also provided for upstream promoter
and ribosome binding sites to be exchanged. Athawo exconjugants or
transformants were obtained when using these aatstithey may be viable
candidates for conjugation into other actinobaatestrains in the future. Cloning of
[txA-C was also achieved in the pSH19 vector. Repeatethpts to express these
genes and isolate lyngbyatoxin A were unsuccesstiiever, RT-PCR experiments
found that YEME was the only medium examined wheaescripts of these genes
were detected (RT-PCR also conductedtef-C in GYM media). YEME media was
used in following the original protocol for thisater (Herai et al. 2004), but it was
also chosen becauSecoelicolor mycelia grow in a more dispersed form than in other
media, such as TSB or GYM (Gomez-Escribano and BiiD), possibly enabling
easier extraction of proteins and organic compoAd&ustaquio, personal
communication). The high sugar content (34%) mapnécessary for the pSH19
vector to function correctly, although the nitrggsromoter has been used successfully
in other media (Nagasawa et al. 1990). If produiesd also unclear whether any
biosynthetic intermediates or the final lyngbyatoriolecule would be secreted 8y
coelicolor. Lack of any detectable amount of lyngbyatoxibyAMALDI analysis in
spent culture broth and no production of any nempmounds during co-culture of 3
separate pSH19 vectors expressing each gene indkrignmay support the absence
of compound secretion. Disc diffusion assays didraveal any toxicity of N-methyl-

L-valyl-L-tryptophanol, ILV, or lyngbyatoxin A t&. coelicolor, indicating that gene
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translation limitations may be the only obstacl&tooelicolor lyngbyatoxin
expression.

Future attempts to express the lyngbyatoxin gémster or other natural
product pathways frorhyngbya strains in actinobacteria will probably need to éwip
homologous recombination strategies instead ofiegpantire gene clusters into
inducible vectors, as larger cluster sizes wilheitinhibit cloning or require multiple
vectors to be used (Watanabe et al. 2006). If gen®NA libraries are created, it
may be useful to use different cosmid or fosmide/peyond the pCC1Fos fosmid
(Epicentre) that has been used several times mngd.yngbya pathways (Edwards et
al. 2004; Edwards and Gerwick 2004), instead usthgrs that have been compatible
with the conjugal bridge vector pUZ8002 (Eustacgtial. 2005).

The work presented in this chapter representsiditempt to develop genetic
techniques foL.yngbya strains and.yngbya natural product gene clusters in
Sreptomyces. Although complications with several approachesented the
expression of lyngbyatoxin A and the entire lyngby& gene cluster, the successful
production of LtxB and LtxC itstreptomyces coelicolor M512 using the pSH19
vector represents the first recombinant expressi@myLyngbya protein outside of
anE. coli expression system, and demonstrates that indivehmimes froni.yngbya
strains can be used in efforts to complement bitb&fic pathways in actinobacteria.
Use of homologous recombination or replicating eestrategies to exprekgngbya
natural products ireptomyces or other hosts will likely find success in the near
future as these genetic methods continue to beowepdrand codon optimization

options become more cost-effective and readilylaibhs.
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4.5 Materials and Methods
4.5.1E. coli strains and culture conditions

E. coli DH5a, DH10b, or TOP10 (Invitrogen) were used fartie cloning
(DH5a or DH10b were either made electrocompetetit gliycerol washes or
purchased from the manufacturer (Allele Extreme pet@nt cells or Genessee GC5 or
GC10) as chemically competent cell aliquots. Whecessaryk. coli strains were
grown under antibiotic selection [ampicillin (16 mL?), kanamycin (5Qg mL™?),
chloramphenicol (12.5 or 2@ mLY), apramycin (5Qug mLY), or different
combinations thereof when appropriaté&].coli BW25113 (pKD20 and plJ790; Gust
et al. 2003) ané. coli 12567 were obtained from the Moore laboratory (SIC&D).

E. coli AM1359 and AM1954 were obtained from the J. Goldroratory (UCSD).

4.5.2 Plasmids and fosmids used for cloning angugation

The lyngbyatoxin fosmid (fos-DE3-86; pCC1Fos Capytcol vector,
Epicentre, Madison, WI) originally used in sequagoof the lyngbyatoxin gene
cluster was used for all PCR amplifications of lgggatoxin genes or the entire
pathway. The chloramphenicol resistance geneisrnfesmid was replaced with the
apramycin resistant integrase cassette from pSE{RAIBAano and Bibb 1994) or a
cassette consisting of a kanamycin/neomycin registgene and fragment oNastoc
gas vesicle protein encoding gene by homologousmbmation using th&. coli
strain BW25113 and the-RED phage vector pKD20 (ampicillin resistance)emd
arabinose induction. The region immediately ugstref thetxA gene was replaced

with cassettes consisting obk gene, ermE* promoter andSx eptomyces Shine
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Dalgarno site or dla gene, T7 promoter artel coli ribosome binding site as
described above usirif coli BW25113 and th&—RED phage vector plJ790
(chloramphenicol resistance) under arabinose imaluctThe pSH19 vector was
obtained from the M. Kobayashi laboratory (Universif Tsukuba, Japan) via a
Material Transfer Agreement with the Moore laborgtoTheE. coli oriT enablingE.
coli cloning was inserted into the Spel vector site b¥Astaquio (SIO/UCSD). The
AM505 and AM505 + pRNAPP promoter vectors were wigd via a Material
Transfer Agreement with the J. Golden laborato8Hp9 and AM505 constructs
containingltxA, 1txB, [txC or combinations thereof were created using purif&R

products amplified from the DE3-86 fosmid.

4.5.3 Growth media

E. coli were grown using LB, SOB, or on occasion Terrifiod (TB) media.
Nostoc sp. PCC7120 was grown in freshwater BG-11 (FW BGnttlia), while
Lyngbya strains were grown in saltwater BG-11 (SW BG-11 mme@astenholz 1988).
Sreptomyces coelicolor M512 was grown in TSB and YEME media for most
purposes, and plated on MS, R5, or R2YE media @éfiesal. 2000). For
lyngbyatoxin A production attemptS, coelicolor was also grown in GYM (Shima et
al. 1996), SMM, NMMP (Kieser et al. 2000), and GR&dia (Strohl et al. 1999:
glucose 22.5 g I, cottonseed flour (Sigma) 10 g"'LNaCl 3 g [}, CaCQ3 g L},

trace elements 10 mL. Dekleva et al.1985).
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4.5.4 PCR, digestion, ligation enzymes, proteilgesds

Normal PCR screening of vectors and ligation potslwas performed with
PCR Mastermix (Promega). Vector inserts and hogmie recombination cassettes
were amplified with the proofreading Taq polymesB&50 or Platinum Taq High
Fidelity (Invitrogen). Digestion reactions werefoemed with enzymes from New
England Biolabs. Ligations were performed usingOIMA ligase (New England
Biolabs or Fermentas). Proteins were visualizedguSDS-PAGE 4-20% Tris-HCI
gels (Bio-Rad), and dialysis was conducted usimdeSA-Lyzer Dialysis Cassettes

(Thermo Scientific).

4.5.5 Primers
A list of primers used in this study are providadiiable 4.2.

Table 4.2: Primers used in Chapter 4. Those iokbhgere used in cloning individual
genes for protein expression. Those in green weed for RNA experiments and
general sequencing. Those in blue were used iordaion of gene cassettes for
homologous recombination.

Primer name Primer sequence

LtxA SD Sbfl F GGGGCCTGCAGGTTAGCAACGGAGGTAC
GGACATGATTATGAATCAACCTTGG

LtxA SD Sbfl His F GGGG CCTGCAGG
AGCAACGGAGGTACGGAC ATG
CACCACCACCACCACCAC
ATGATTATGAATCAACCT

LtxB SD Sbfl His F GGGGCCTGCAGGAGCAACGGAGGTACGG
ACATGCAC
CACCACCACCACCACATGACAAATCCTTT
TGCA

LtxB sacl SD F GGGG GAGCTCAGCAACGGAGGTACGGA(C
ATGACAAATCCTTTTGCA

)




Table 4.2 (continued): Primers used in Chaptefidose in black were used in cloning

individual genes for protein expression. Thosgraen were used for RNA

experiments and general sequencing. Those invidue used in the creation of gene

cassettes for homologous recombination.

LtxC SD Sbfl His F

GGGG CCTGCAGG
AGCAACGGAGGTACGGAC ATG
CACCACCACCACCACCAC
ATGAATTCAAAGATCGCT

LtxA Sacl R stop

CCCCGAGCTCTTACTTTCCTGTATAAGT

LtxB Sacl R stop

CCCCGAGCTCTTACCACTCAGCAGGTAAC
T

LtxC Sacl F

GGGGGAGCTCATGAATTCAAAGATCGCTG
T

LtxC Sacl R stop

CCCC GAGCTC TTATGACCG TTT ATA
GAC TCC

LtxC His Sacl R stop

CCCCGAGCTCTTAGTGGTGGTGGTGGTG
TG CCCCCCTGACCGTTTATAGACTCC

LtxD Sacl R stop

CCCC GAGCTC
TTAGATCAACCCTCCTGTAACT

LtxC Sall R His stop

CCCCGTCGACTTAGTGGTGATGGTGGTG
TGTGACCGTTTATAGACTCCTG

LtxC Notl SD F

GGGGGCGGCCGCAGCAACGGAGGTACGG
ACATGAATTCAAAGATCGCTG

LtxC His Smal R stop

CCCCCCCGGGTTAGTGGTGGTGGTGGTGG

TG CCCCCCTGA CCGTTTATAGACTCCTGG

LtxA Sacl F

ATGATTATGAATCAACCTTGGA

LtxD Sall R Stop

CCCC GTCGAC
TTAGATCAACCCTCCTGTAACT

LtxD Sacl R stop

CCCC GAGCTC
TTAGATCAACCCTCCTGTAACT

LtxA RNA F ATGATTATGAATCAACCTTG
LtxA RNA R CAGCAACCACTAACTCAATC
LtxB RNA F ATGACAAATCCTTTTGCA

LtxB RNA R CCATGTTAAGGGCAACATAT
LtxC RNA F ATGAATTCAAAGATCGCTG
LtxC RNA R TACAGAGTTTACGAAGGAAGG
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Table 4.2 (continued): Primers used in Chaptefdose in black were used in cloning
individual genes for protein expression. Thosgraen were used for RNA
experiments and general sequencing. Those invidue used in the creation of gene
cassettes for homologous recombination.

Pset cat F GAGTTATCGAGATTTTCAGGAGCTAAGGA
AGCTAAAATGTGC
TACAGAGTTCTTGAAGTG

Pset cat R AGGCGTTTAAGGGCACCAATAACTGCCTT
AAAAAAATTATCGATCAGAAACTTCTCGA
C

P1 bla F GCACTTTTCGGGGAAATGTG

P2 ermE blaR GGCGCAAGCCGCCACTCGAACGGACACTCQ
GCTGAGTAAACTTGGTCTGACAG

P3 ermE F GCGAGTGTCCGTTCGAGTG

P4 ermE R GGATCCTACCAACCGGCAC

P5 ItxA bla erm swap F| ACACTTTTGCCAACTTGTATAGTAGGAAA
CTTCTACCTGGCACTTTTCGGGGAAATGT
G

P6 ItxA SD erm swap R CGCCCGCCTACTTCCACTCCAAGGTTGAT
TCATAATCATGTCCGTACCTCCGTTGCTGG

ATCCTACCAACCGGCAC

P2 T7 R primer bla CACCTGIGGCGCCGGTGATGCCGGCCACH
AAACTTGGTCTGACAG

P3T7SF CACCTGTGGCGCCGG

P4T7SR GGTATATCTCCTTCTTAAAGTTAA

P6 LtXAT/7 R CGCCCGCCTACTTCCACTCCAAGGTTGAT
TCATAATCATGGTATATCTCCTTCTTAAAG

Km F GATCAAGAGACAGGATGAGG

Km R TCTACCTTTTCTAAATTTCTTGAATT

Ana GVP F AATTCAAGAAATTTAGAAAAGGTAG

Ana GVP R CCCAAGGGATCAAAAAT

KM GVP swap F GAGTTATCGAGATTTTCAGGAGCTAAGGA
AGCTAAAATGGAT
CAAGAGACAGGATGAGG

KM GVP swap R AGGCGTTTAAGGGCACCAATAACTGCCTT
AAAAAAATTACCCAAGGGATCAAAAAT

LtxC Kpnl SD F GGTACCAGCAACGGAGGTACGGACATGA
ATTCAAAGATCGCT

LtxB stitch R ACTTAAGTACAGGCATGGAGGCAACGAC

CATGGTTACCACTCAGCAGGTAA
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4.5.6 Morpholino incubations withyngbya majuscula filaments

Two morpholino experiments were conducted wWighgbya majuscula JHB
filaments to determine whether passive uptaketimacells was possible.
Nonspecific morpholinos that were either unlabelethgged with fluorescein (Gene-
Tools LLC; L. Gerwick laboratory) at 1 mM conceriiom were added to wells of a 24
well plate containing 10QL of SW-BG-11 media in combination with small (~1)mg
amounts of.. majuscula JHB filaments for several days. Following thisubation
period MALDI analysis of filament samples were penfied (in collaboration with E.

Esquenazi) and filaments were examined using facenece microscopy.

4.5.7 Gene gun attempts to introduce DNA inyagbya majuscula andNostoc sp.
PCC 7120

Biolistic (gene gun) transformations were atterdpteing the Bio Rad Gene
Gun in the M. Hildebrand laboratory (SIO/UCSD).r [as procedure, tungsten
particles (10 mg) were first washed in ethanol stedile water, and divided into
aliquots. Each aliquot received at leagiglof plasmid DNA, 5Q.L of sterile 2.5M
CaClb, and 2QuL sterile 0.1M spermidine. These aliquots werdexed, centrifuged,
and washed and resuspended in ethaloyiigbya filaments orNostoc cultures were
dispersed or spread onto BG-11 agar plates, aeadgdhe gun assembly these
cultures were shot with the tungsten particldsstoc cultures were allowed to grow
on the BG-11 plates before antibiotic was addedlevtyngbya filaments were
allowed to recover in liquid media before the apiate antibiotic was added the next

day.
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4.5.8 RNA extraction and cDNA synthesis fr@neptomyces coelicolor M512

RNA from Streptomyces coelicolor was isolated from YEME culture pellets
that were frozen in liquid nitrogen and homogeniasthg a mortar and pestle. RNA
was obtained using Trizol (Invitrogen) and procedusased on those of the
manufacturer with minor modifications. The isothRNA was treated with DNAse |
(Ambion) for 2 h at 38°C, and was stored at -80ft€rdeing treated with DTT and
RNAseOUT (Invitrogen). For RT-PCR experiments gederation of first strand
cDNA, S codlicolor RNA was used in reactions with Superscript |1l Biese
Transcriptase (Invitrogen) and primers shown inl@dh2 (blue). For each primer set,
parallel reactions were performed as negative otsiin which Superscript enzyme
was omitted. First strand cDNA was used as teraptatsecond strand cDNA

reactions.

4.5.9 PCR-targeted gene replacement in fosmidsulbsequent use Bireptomyces
coelicolor M512, Nostoc sp. PCC7120 anB. coli BL21
As described above, gene cassettes for homolagouombination were

amplified with PCR primers containing 39 bp DNAdments homologous to the
regions surrounding the gene to be replaced. dh ease, the DE3-86 fosmid was
transformed into electrocompetdntcoli BW25113 cells containing’a-RED phage
vector and plated at 30°C. A colony from this gf@anmation was grown in SOB
media at 30°C under arabinose induction (10 mMn@Dyoo of approximately 0.6,

at which time it was induced again with 10 mM anaisie and grown for an additional



165

30 min. This culture was made electrocompetemwshing 2 times in 10% glycerol
and the PCR cassette was transformed into thelsebgetlectroporation and plated
only using the antibiotic selection of the casse@®lonies from this transformation
were grown, and fosmid DNA isolated from the co&svas transformed into Epi300
copy control cells (Epicentre) by electroporatidrhese cells were grown and induced
to produce the fosmid at a higher copy humber leetioe fosmid was reisolated and
analyzed by PCR, restriction digest, and/or segagrto confirm successful gene

replacement had occurred.

4.5.10Sreptomyces conjugation

Conjugation was performed & coelicolor M512 by first transforming the
desired construct intB. coli 12567 containing the conjugal bridge plasmid pUzZB00
(Gust et al. 2003). Colonies from this transfolipraivere grown to an Ofg of
between 0.6 and 1.0 and these cultures were pbete washed to remove antibiotic.
After resuspension in 1 mL LB media, these peliege mixed with approximately 1
x 10° spores of. codlicolor M512 and plated on MS agar + 10 mM MgCAfter 16-
20 h these plates were overlaid with 0.5 mg naiidicid (20uL of 25 mg mL*
stock) and 1.25 mg apramycin (26 of 50 mg mL* stock), and the plates were
grown for several days before the appearance amigugants. When present, these

exconjugants were screened for the insertion o€timstruct by colony PCR.
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4.5.11Nostoc sp. PCC7120 conjugation

Constructs for conjugation intdéostoc sp. PCC7120 were first transformed
into electrocompetent AM1398. coli, which contained the conjugal bridge plasmid
pRL443 and the methylating plasmid pRL623 (e.g.,&Val. 2004). A colony from
this transformation was grown to an OD600 of betw@® and 1.0, and 1.5 mL of
this culture was pelleted and washed with LB medi@move any antibiotics. This
pellet was resuspended in residual LB media aneédmwxith a pellet from 1.5 mL of a
Nostoc sp. PCC7120 culture that had been grown for 2-4.d@yis mixture was
incubated at room temperature for up to 30 minbé#ere plating on FW BG-11 agar
plates and incubated at approximatelyB0m? s at 28°C for 16 to 20 h. After this
incubation period, the plates were underlaid wkh.2 mL* neomycin (100X stock in
400uL of BG-11 medium) and moved to approximately S00+E m s*and
allowed to grow for 7-10 days before the appearaficesistant colonies. None of
the colonies obtained were able to grow in ligwl BG-11 media in plastic or glass

test tubes.

4.5.12 Protoplast preparation &if eptomyces coelicolor spores and induction of
pSH19 vector (protocol from Kieser et al. 2000)

Streptomyces spores were grown for 36-40 h in YEME media supgletad
with glycine (0.5%). This culture was pelleted amashed twice in 10.3% sucrose.
The pellet was resuspended in 4 mL of 1 mg/mL lysmz solution in P buffer (Kieser
et al. 2000) and incubated for 1 h at 30°C. THeepwas drawn in and out of a pipet

3 times, incubated for another 15 minutes at 3dfdted with another 5 mL of P
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buffer and filtered through cotton wool. Thesetppbasts were collected by
centrifugation and dispensed in pD aliquots. Transformation into these protoplasts
by mixing them with up to fL of construct DNA isolated frork. coli 12567 cells
(with or without pUZ8002) in 20QL T buffer {per 10.33 mL: 25% sucrose, 1 mL;
50% PEG1000, 5 mL; 140 mM,RQO,, 100uL; 1M MgCl,, 100uL; 40 mM KHPOy,
100puL; 2.5M CaCh, 400uL; 500 mM Tris Maleate pH 8, 1 mL; trace elements
[Dekleva et al. (1985) with minor modification, gQ)]} before plating on R2YE or
R5 plates (Kieser et al. 2000). After 16-20 h éhpkates were overlaid with @

mL™ thiostrepton in 1 mL sterile # and incubated at 28°C for 2-4 days until
transformants appeared. These colonies were gimvw#3 days in TSB media under
thiostrepton selection and used to inoculate lacgéures in YEME or other media
(see below). Induction witkrcaprolactam (0.1% wi/v) was performed after 96 h of

growth.

4.5.13 Protein purification from pSH19 cultures

After induction at 96 hS. coelicolor M512 was harvested at 120 h. These
cultures were centrifuged and resuspended in patagzhosphate buffer (pH 7.5) and
1mM DTT, along with a broad range protease inhiti@omplete, Roche). The cell
pellets were sonicated 5-6 times with 10 secondgsubn ice, and soluble protein was
obtained by centrifugation at 14,000 rpm. Thisubt# protein was incubated with
Nickel Agarose or Nickel Superflow resin (Qiageon 2 h on an end-over-end rotator
at 4°C. After the incubation the nickel resin weadiected on a 5 mL polypropylene

column (Qiagen) and washed with wash buffer (20 Tirld, pH 8, 500 mM NacCl, 40
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mM imidazole). The protein was then eluted from tésin in 3 x 1 mL aliquots in
elution buffer (20 mM Tris, pH8, 500 mM NacCl, 750mmidazole) and visualized

on SDS-PAGE gels with colloidal Coomassie stainii¢hen needed, protein elutions
were dialyzed against 50 mM PBS pH 7.5, 200 mM Nat 10% glycerol before

being separated into aliquots, flash frozen initdy, and stored at -80°C.

4.5.14 Protein assays with LtxC

Protein assays with LtxC purified frogcoelicolor M512 were conducted as
described by Edwards and Gerwick (2004). Ltx@NI) was incubated with (-) ILV
and geranyl pyrophosphate (0.1 mM) in the preseh@emM MgChkfor 1 h at room
temperature (20QL scale). Other parallel reactions were conduetik either no
protein added or purified protein or protein extsaadded to approximatelyuM
concentrations. Each reaction was extracted twitie ethyl acetate, and the ethyl
acetate extract was dried under nitrogen. Thesaag were resuspended ind0of
80% MeOH in H20 for LC-MS analysis. Each extraetsvprofiled using gradient
conditions (75% MeOH for 20 minutes, followed byiaorease to 100% MeOH by
30 minutes) on a Phenomenex Prodigy 3 uL ODS (B)ALALO0 X 4.6 mm 3 HPLC

column.

4.5.15Sreptomyces coelicolor M512 extract profiling for lyngbyatoxin production
Cultures being examined for lyngbyatoxin produttieere extracted using
either XAD-7 (Amberlite) resin or ethyl acetateorfesin extracts, approximately 20

g/L of resin was added to each culture and incubfe2 h with shaking at 220 RPM
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at 28°C. This resin was filtered through cheesbdmd extracted with acetone for 2
h, while the culture broth was extracted with ethgétate. The acetone extract was
evaporated to the remaining aqueous material,l@adrtaterial was back extracted
with ethyl acetate. The ethyl acetate extractsifbmth culture portions were
evaporated and in some instances run over soligep@a cartridges (either with an
acetonitrile gradient or with 100% acetonitriléd.portion of each extract was filtered
(0.2um) and profiled by LC-MS (either the Phenomenexdiyp column mentioned
above or a Phenomenex Luna 5 u C18 (2) 100A 10BX¥M 5 micron column) to
look for the presence of lyngbyatoxin A. For wholdture extracts, ethyl acetate was
added in a 1:1 ratio with each culture and shakd®@— 220 RPM for 2 h. The ethyl
acetate layer was obtained using a separatory fuewvegporated to dryness, and
treated as described in the resin extract procedline small culture supplemented
with 100pug lyngbyatoxin A was extracted with ethyl acetéitegred, and profiled

directly by LCMS.
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CHAPTER 5
Genomic insights into the physiology and ecology tie
marine filamentous cyanobacteriumLyngbya majuscula

5.1 Abstract

Filamentous cyanobacteria of the gehwsgbya are important contributors to
coral reef ecosystems, occasionally forming donticamer and impacting the health
of many other co-occurring organisms. Moreovegytare extraordinarily rich
sources of bioactive secondary metabolites, wit 85 all reported cyanobacterial
natural products deriving from this single pantogpigenus. However, the true
natural product potential and life strategiet yiigbya strains are poorly understood
because of phylogenetic ambiguity, lack of genaimfiermation, and their close
associations with heterotrophic bacteria and atlganobacteria. To gauge the natural
product potential ofEyngbya and gain insights into potential microbial interaas,
the genome afyngbya majuscula 3L, a Caribbean strain that produces the tubulin
polymerization inhibitor curacin A and the mollusdie barbamide, was sequenced
using a combination of Sanger and 454 approacWésle approximately 293,000
nucleotides of the draft genome are putatively ckted to secondary metabolism, this
is far too few to encode a large suitd_ghgbya metabolites, suggestirgngbya
metabolites are strain specific and may be usefapecies delineation. Genome
analysis revealed a complex gene regulatory netwockuding a large number of
sigma factors and other regulatory proteins, irnttigsan enhanced ability for
environmental adaptation or microbial associatidithoughLyngbya species are

reported to fix nitrogen, nitrogenase genes wetdownd in the genome or by PCR of
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genomic DNA. Subsequent growth experiments cothtihat_. majuscula 3L is
unable to fix atmospheric nitrogen. These ungoaied life history characteristics

challenge current views of the gerusgbya.

5.2 Introduction

Among the oldest life forms on Earth, cyanobaetare well recognized for
their global ecological importance and ubiquitoistribution across virtually all
ecosystems (Zehr et al. 2001). In the marine resdmme species of cyanobacteria
contribute significantly to nitrogen fixation antbbal carbon flux (Berman-Frank et
al. 2001), while others are prevalent as benthitstituents of tropical coral reefs
(Thacker et al. 2001). Over the past several desaryanobacteria have become
recognized as an extremely rich source of novehdiive secondary metabolites (=
natural products), with approximately 700 differeampounds having been isolated
and characterized (Tidgewell et al. 2010). Thesepounds have gained considerable
attention due to their pharmaceutical and biotetdgypotential (Tan 2007), but also
notoriety for their environmental toxicity and thte to humans, wildlife, and
livestock (Carmichael 2001).

Marine strains of the genliyngbya are one of the most prolific producers of
natural products. Nearly 240 compounds are repdréed this genus, and 76% of
these are attributed to a single spedigagbya majuscula (Harvey ex Gomont),
which is found globally in shallow tropical and sudpical environments (Tidgewell
et al. 2010).Lyngbya bloom events pose a significant challenge to aeedls, as

Lyngbya can negatively impact coral larval recruitment (lKef and Paul 2004),
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quickly colonize available substrate, and persishe presence of herbivores because
of their chemical defenses (Paul et al. 2005)thénlast ten years, focused
investigations into the biosynthesislofmajuscula natural products have revealed
gene clusters that encode the molecular assemisigveiral of these compounds,
including the anticancer agent curacin A (Chanagl.e2004; Gu et al. 2007; Gu et al.
2009), the neurotoxic jamaicamides (Edwards €2@4), the UV-sunscreen pigment
scytonemin (Sorrels et al. 2009), and the lynglxiag(Edwards and Gerwick 2004),
dermatotoxic agents responsible for “swimmer’s’itcMost of the gene clusters
encode modular, mixed polyketide synthase (PKS}htmysomal peptide synthetase
(NRPS) assembly lines, with several employing higilfusual mechanisms to
incorporate other functional groups into the resulimolecules (Jones et al. 2010).
Despite these advances in compound identificatrahbiosynthesis,
comparatively little is known abolyngbya evolution or the full potential of specific
L. majuscula strains to produce the natural products attribtetliis species. Recent
reassessment of phylogenetic diversity in the gégogbya using the 16S rRNA gene
has shown thdtyngbya appears to occupy three distinct clades: a
halophilic/brackish/freshwater lineage, a lineageerclosely related to the genus
Oscillatoria, and a marine lineage (Engene et al. 2010). Mereanetabolites
attributed toL. majuscula have typically been isolated from field collectipmgich
poses two problems: most taxonomic classificatloase been based on
morphological characteristics and not genetic ewtdeand this cyanobacterium

typically grows in close association with other romrganisms. Thus, it is possible
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that the total number of natural products assodiatiéh the speciek. majuscula has
been overestimated.

To determine the capacity for natural productsyohesis in a specific strain
of L. majuscula, genome sequencing was performed ukingajuscula 3L, a strain
that falls within the marine lineage describediearbnd has also recently been
referred to atyngbya sordida 3L (Engene et al. 2010Lyngyba majuscula 3L was
originally isolated in Curacao, Netherlands Ansliend has been maintained in stable
culture for approximately 15 years (Rossi et aB7)9 This strain produces the anti-
cancer agent curacin A (Gerwick et al. 1994), tlodluscicidal compound barbamide
(Orjala and Gerwick 1996) and the lipopeptide cdrim® (Hooper et al. 1998).

A draft genome was obtained from an integrateatesgry involving Sanger
sequencing of DNA from cultured filaments in condiion with 454 sequencing of
DNA generated via multiple displacement amplifioat{MDA) from singleL.
majuscula 3L cells; the latter approach was necessary tocovee the inability to
create or maintain axenic cultureslofmajuscula. This sequencing effort aimed to
confirm the presence of the gene clusters encaghich of these molecules, search for
other unknown (orphan) natural product biosynthpéithways, and gain insights into
the physiological ecology &f. majuscula in tropical environments, including possible
interactions with other microorganisms and theiighalf L. majuscula to fix

atmospheric nitrogen (Jones et al. 1990; Lundgreh 2003).
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5.3 Results and Discussion

5.3.1 Genome assembly and annotation

L. majuscula 3L sequence reads were obtained from two indepénaden-
axenic cultures, using two different DNA isolatiprocedures and two different
sequencing technologies (Sanger and 454 approachikse)reads from both the
Sanger and 454 libraries were pooled and treatedsagyle metagenomic data set in
order to identify core sequences of thyagbya genome that were common to both
data sets. This strategy enabled evaluation oftvehetcaffolds assembled from
sequences in both data sets contained constiteads from one or both library
sources in order to assist in separating consdnggbya sequences from non-
Lyngbya contaminants. Co-assembly of 712,948 Sanger &4dehds produced
6,217 scaffolds, ranging in size from 1,000 to B2,ucleotides, G+C content
between 25 and 76%, and coverage depth from 1 folé2 General genome features
and predicted COG categories are listed in Tah®$ &nd 5.S2. Classification of 16S
genes in the combined assembly, taxonomic heteettyarf the scaffolds, and details
regarding the binning procedure are provided inl@&53, Figure 5.S1, and Jones et
al. (2011). A total of 161 scaffolds were identfias likely originating front..
majuscula, based on a combination of 16S rRNA genes, predliptotein matches to
Genbank nr sequences, inclusion of reads from $attger and 454 libraries, percent
G+C nucleotide composition, and assembly coveragéhd Detailed properties for all
Lyngbya-associated scaffolds are provided in Jones €2@L1). The combined

scaffolds total approximately 8.5 Mb, a total gemosize consistent with other
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filamentous cyanobacteria, suchNwstoc punctiforme (8.2 Mb) andTrichodesmium
erythraeum (7.8 Mb). It is uncertain if this draft assembdpresents the entire
Lyngbya majuscula genome, but several lines of evidence suggeshiasly

complete. A survey of 102 housekeeping genes iemhias nearly universal in
bacteria (Puigbo et al. 2009) indicates that 10the$e are present in thgngbya

draft genome. Copy numbers for these housekeegingsgcorrelate well with other
sequenced cyanobacterial genomes, including thqsected to have single copies
(Jones et al. 2011). In addition, previously knomdgependently sequenced
majuscula genes for the curacin A (Chang et al. 2004) amddmide (Chang et al.
2002) pathways are present and complete, despiteenty used to guide any aspect
of the assembly. The majuscula 3L draft genome was submitted to the Joint
Genome Institute Integrated Microbial Genomes (INEZpert Review for automated
annotation of putative Open Reading Frames (OR®4)hin the 8.5 Mb genome
(44% GC content), 56 tRNAs, 2 rRNA operons, and97gibtein encoding genes
were identified, with 54% of these protein encodyeges having predicted functions.
This number is higher than fol. punctiforme (6086 genes) antl erythraeum (4451
genes). The largest percentage of annotated geassd on COG categories) appear
to be involved in replication, recombination and Akepair (9%), cell wall
biogenesis (8%), and signal transduction mechan{gf43. Despite previous reports
thatL. majuscula strains are diazotrophic, no nitrogenase genes foara in this

draft genome.
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5.3.2 Secondary metabolism gene&.imajuscula 3L draft genome

Despite the large number of natural productshatted tol. majuscula, only
126 genes (3%, 293 kb) of themajuscula 3L draft genome are predicted to be
involved in secondary metabolite biosynthesis,dpamt and catabolism. The largest
number of these are modular non-ribosomal pepfidthstase (NRPS) and/or
polyketide synthase (PKS) related genes (44%, b%9 Kight biosynthetic gene
clusters were identified that likely encode natymalducts (Figures 5.1 and 5.2). The
two most apparent clusters were those of the puslyacharacterized natural products
curacin A (Accession # HQ696500) and barbamide (88361) (Figure 5.1a). The
sequences for both pathways were complete andstensivith the sequences
previously reported (Chang et al. 2002; Chang.2@04). Two separate scaffolds
contain genes putatively involved in carmabin brakgsis (Figure 5.1b) based on
predictions of adenylation domain substrate spatyf(see methods) from the NRPS

ORFs in each partial gene cluster.
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Figure 5.1: Secondary metabolite gene clusterkrfown compounds in the
majuscula 3L draft genome. A) Intact gene clusters for curakiand barbamide, both
of which are entirely consistent with previous dgamns. B) Two scaffolds (51865
and 52117) containing probable portions of the edrimbiosynthetic gene cluster,
based on adenylation domain substrate specifiéitgures constructed using
Geneious 5.1 (Drummond et al. 2010).

Five additional biosynthetic gene clusters werentbin thel.. majuscula 3L
genome; however, they do not appear to encodeatquarducts previously detected

from this species (Figure 5.2).
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Figure 5.2:0rphan gene clusters in themajuscula 3L genome with predicted natural
product structures for each pathway. Figures coatsd using Geneious 5.1
(Drummond et al. 2010).

The largest of these is an apparently intact 2BIRIPS-dominated gene cluster on
scaffold 52116 that is flanked by transposase gendsth sides (HQ696495). The
adenylation domain active sites of the bi-modul&R$ protein are predicted to
activate and incorporate proline and arginine. @&urding the NRPS are genes for an
arginosuccinate lyase, which may provide arginordtie NRPS adenylation domain,
and a GCN5-related N-acetyltransferase (GNAT), Wwimay acetylate arginine
similarly to what has been observed with lysinetydagon in histones (Yang and Seto
2008). Although a GNAT motif was described as mponent of a novel PKS chain
initiation mechanism for the curacin A gene clug@u et al. 2007), the gene context

of this motif in the current cluster appears talféerent and is thus more likely to be
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involved in acetylation of a basic amino acid. Aduhally, two adjacent phytanoyl-
CoA dioxygenase (phyH)/L-proline 4-hydroxylase geimamediately proceed the
NRPS gene, and possibly are involved in hydroxgtabr halogenation of the proline
residue (one hydroxyl group shown; Figure 5.2).

A second, potentially complete orphan gene clustdrelL. majuscula 3L
genome, located on scaffold 52118, is approxim&@lib in size and is flanked on
the 5’-side by a transposase gene (HQ696496) (Eig®). Three NRPS ORFs, one
of which is bimodular, were predicted to encodéesoine, lysine, tyrosine, and
proline. The cluster also contains a sulfotrarasey suggesting the amino acid chain
could be sulfated. An epimerase domain is presetiitd module incorporating lysine,
and thus, as in almost all known cyanobacteriabb@ites containing this basic
amino acid, it is likely of D-configuration (TidgeW et al. 2010). Another separate,
mixed NRPS/PKS ORF is located 13 kb downstrearhisflatter NRPS cluster on the
same scaffold, and appears to have an adenylatimaid specific for either
phenylalanine or tyrosine (HQ696497) (Figure 5Rjom catalytic activities
predicted in the PKS portion, the amino acid iglykextended with acetate, the
intermediate ketone reduced to an alcohol, and thleased from the enzyme by a
thioesterase. The majority of the genes surrounttiisgstandalone NRPS/PKS gene
appear to be involved in primary metabolism, and iinclear whether they are
involved in modifications of the NRPS/PKS product.

The remaining orphan clusters are on scaffold262hd 52117 (Figure 5.2).
Scaffold 52120 has bimodular and single module NB&#%s that have predicted

adenylation specificities for alpha-aminoadipicaglutamine and proline,



185

respectively (HQ696498). A predicted thioesteiag@esent at the terminus of the
second NRPS gene. These are flanked by genes agdogphothetical proteins and
proteins predicted to be involved in cytochromeasynthesis. The single NRPS
ORF on scaffold 52117 encodes two modules (pr@méthreonine adenylation
specificity), and as with the NRPS/PKS on scaffeitd 18, the surrounding genes
appear to be related to primary metabolism (HQ69%49

To determine if any of the above predicted ‘crgphietabolites’ were
expressed in cultures bf majuscula 3L, water soluble and organic extracts were
profiled by LC-MS (Figure 5.3), Bltrix Assisted laser [sorption bnization
(MALDI)-MS, and Fourier Transform (FT)-MS. Curacin A and carmabin were rigadi
observed using all three techniques, and barbawededetected using FT-MS. No
mass/charge values ascribable to the unknown mé&sbpredicted above were

detected.
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Figure 5.3: Organic extraction bf majuscula 3L filaments for secondary metabolite
profiling. Mass spectrometry analygis/z) values from direct injection df.
majuscula 3L A) organic extract, B) aqueous extract, and @)EtOH:HO biomass
extract. Curacin Anfyz 347) was present in all three extracts, while edoim A (z
726) was present in the organic and biomass extrRotdicted/z values of the
molecules depicted in Figure 2 [gene clustem/z 329.4), cluster 2nf/z 533.7),
cluster 3 (W/z 209.2), cluster 4nf/z 358.4), cluster 5nyz 216.2)] were not observed.
UsingL. majuscula 3L soluble protein extracted from cultured biomasproteomic
analysis was also performed to determine relatypeession levels of secondary
metabolite biosynthetic proteins under normal gelttonditions. Multidimensional
Protein Identification Analysis (MudPIT; Washburtnaé 2001) yielded spectral
counts from at least 2 of 4 technical replicateslf®3 proteins (Jones et al. 2011),

which represented approximately 14% of the encquetktins annotated in the

majuscula 3L genome. The most readily detected proteinsgugindPIT were
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pigment-associated proteins, including phycocyauiounits and phycobilisome
proteins (approximately 2000 spectral counts petgm, Table 5.S4a). Spectral
counts for nearly all of the proteins in the cunag&iand barbamide pathways were
guantified, as were several proteins predictecetofdolved in carmabin biosynthesis
(Table 5.S4b). Only one probable secondary metalmiotein from an orphan
pathway was detected in at least two technicalaatgs (the free standing
proline/threonine NRPS from scaffold 52117). Nohéhe remaining orphan
pathway proteins discovered during the genome atinatprocess were expressed to
a measurable level by MudPIT analyses. Togethtr the absence of any of the
predicted compounds in either the water solublin@organic extracts froin
majuscula 3L, these data suggest that these orphan generslase either expressed
at low, nearly undetectable levels or not expresdedl under normal culture

conditions.

5.3.3 Complex regulatory gene network.ofmajuscula 3L

In light of the considerable number of naturaldarcts attributed to various
strains ofLyngbya majuscula (nearly 200 reported metabolites), it was unexgubthat
L. majuscula 3L dedicates only 3% of its genome to secondarybadism, which is
significantly lower than that observed in marin@raabacteria such &alinispora
(9.9%; Udwary et al. 2007), and that only three ISHFKS type biosynthetic
pathways larger than 30 kb were present. A laogeponent of thé. majuscula 3L
genome is devoted to regulatory genes involvedainscription and signal

transduction. Marinéyngbya strainsgrow in shallow tropical areas with frequent
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exposure to diverse environmental stress factans as desiccation during low tide or
exposure to high fluxes of UV light. As noted poaisly, Lyngbya can usually be
found living in close association with other cyaaoteria and heterotrophic bacteria.
Even when growing separately from macroscopic askegasL. majuscula filaments
retain a large number of associated bacterial oceltheir polysaccharide sheath that
are visible using DAPI staining (Gerwick et al. 800 Therefore, a more careful
evaluation of thé.. majuscula 3L transcription and transduction genes was peddrm
to evaluate the capacity of this organism for emvnental adaptation and microbial
communication.

Lyngbya majuscula 3L contains an unusual assortment of regulatorggen
when compared to other cyanobacteria. Comparistmedl5 sigma factor genes
annotated irh.. majuscula 3L against the 9 well-characterized type I, Il dihdactors
of Synechocystis sp. PCC 6803 (Imamura and Asayama 2009) reveladed.t
majuscula has precisely 1 matching sigma factor for eacthefs type | and 16"
factors SigA-SigE. In addition, it possesses amofhfactors belonging to the type lli

class (Figure 5.4).
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Figure 5.4: Phylogenetic relationships amangiajuscula sigma factors (Accession
numbers provided fdr. mauscula sigma factors). 1&. majuscula sigma factors were
compared to the 9 sigma factors fr@&mechocystis PCC 6803. The 3 major groups of
cyanobacterial sigma factors are annotated andigengéfications are provided.
Clade 4 occurs only in marine filamentous cyandadr@iand consists of 5 factors
from L. majuscula and single representatives frdmerythraeum andLyngbya sp.
PCC8106 (Minimum evolution method). The optimaktreth the sum of branch
length = 14.01963947 is shown. The percentagepbhiCete trees in which the
associated taxa clustered together (1000 bootstjzates) are shown next to
branches wher60 (tree to scale; branch lengths provided in sanits as inferred
evolutionary distances) (Tamura et al. 2007).

Of this latter group, 2 most closely resemble Si§Bynechocystis sp. PCC
6803, while the remaining 3 are distinct from aler known type lll factors.

However, the most striking observation is the pneseof the 5 additional sigma
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factors which have no close homologue in any ofptle¥iously sequenced model
cyanobacteri®ynechocystis sp. PCC 6803 \nabaena sp. PCC 7120 or
Synechococcus sp. PCC 7942. These sigma factors are betweear®5%63 residues
in length and have an unusual domain structurelorain with pronounced similarity
to 6%~ type factors of the extracytoplasmic function E@ubfamily is located in the
N-terminal half of the proteins. This is intriggibecause the large and diverse group
of ECF sigma factors plays a key role in adaptatmoenvironmental conditions
(Helmann 2002). The only other 2 related proteicsur as single-copy genes in the
marine filamentous cyanobacteflia chodesmium andLyngbya sp. PCC8106 (Figure
5.4) and are annotated as SigW and Sig24 ECF-tgpeadactors. However, the fact
thatL. majuscula 3L possesses 5 such factors suggests that audelf regulatory
mechanisms could exist in this organism for posgmtiteraction with the marine
environment or associated microorganisms.

Moreover, the numbers and diversity of sigma fectwehich are global
regulators of gene expression in bacteria appggaehinL. majuscula 3L than in
most other cyanobacteria (i.Anabaena PCC 7120 has 11 sigma factors, while
Anabaena variabilis ATCC 29413 andrichodesmium erythraeum each have 7). In
the longest open reading frame (HQ692799), thisalons preceded by and partially
overlaps a SpvB domain (closest homol&gmonella virulence plasmid 65 kDa B
protein, pfam03534). The C-terminal halves of ¢ghpoteins have no close homologs
in the NCBI or pfam databases, and they containd48cesidue long repeats. The
similarity among 4 of these 5 proteins in theirgatinal component suggests the

presence of a novel protein domain that is pregemtharacterized. ECF sigma
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factors are frequently co-transcribed with one oregrdownstream negative regulators
which function as anti-sigma factors that bind artdbit the cognate sigma factor
(Helmann 2002). The. majuscula 3L ECF-type sigma factors appear to belong to a
class of sigma factors in which a regulatory donteis been fused to the protein. The
recently identified sigma factor PhyR Nethyl obacterium extorquens provides a
possible paradigm for such a possibility (Francézu®t et al. 2009). In PhyR, an
amino terminal ECF sigma factor-like domain is flise a carboxyterminal receiver
domain of a response regulator, suggesting PhyResgond by sensing changes in
the environment directly. A number of predictedrsimicroRNA sequences were
also found throughout the draft genome, includirduater of mir-569 microRNA
genes, suggesting thatmajuscula 3L use some level of posttranscriptional
regulation. Although regulation of secondary meteim in filamentous
cyanobacteria has not been extensively evaluatedplogs of 2 proteins to those
possibly involved in jamaicamide biosynthetic regigdn (Chapter 2; Jones et al.
2009) were found to be expressed to detectablésleceording to MudPIT analysis.
Whether these latter proteins are involved in #gulation of curacin A or other

secondary metabolite pathwayd.inmajuscula 3L remains to be determined.

5.3.4 Absence of nitrogen fixation lin majuscula 3L

Perhaps the most unexpected finding inLtheajuscula 3L genome analysis
was the lack of any genes involved in nitrogentfom Nitrogen availability is
thought to be a major factor regulating primarydurction in shallow marine

environments, and fixation of atmospheric nitro@dp) by some prokaryotes,
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including cyanobacteria, is a critical source afdvailable nitrogen for marine
ecosystems worldwide (Berman-Frank et al. 2001yef&¢ genera of cyanobacteria
have been shown to fix nitrogen, includiogngbya species (Jones 199Q).
majuscula nitrogen fixation has been detected previousladstylene reduction
assays (Jones 1990; Lundgren et al. 2003), anditeodienase reductaseifH) has
been characterized from majuscula collected near Zanzibar in the Indian Ocean
(Lundgren et al. 2003).

To independently investigate the capacity ofmajuscula 3L to fix nitrogen,
the presence of nitrogenase genes was evaluate@RByapproaches as well as in
several growth experiments performed in the absehoédrate in the culture media.
Using primers previously published to ampliiyH from L. majuscula (Lundgren et
al. 2003), a PCR product was successfully ampliiiech genomic DNA isolated
from Oscillatoria nigro-viridis 3LOSC, a cyanobacterial strain found growing in
association with.. majuscula 3L in the field, but failed to amplify a producbm L.
majuscula 3L genomic DNA (Figure 5.S1). Additional experintemwere performed
to determine iL. majuscula 3L could grow and survive in the absence of a fixed
nitrogen source. Single filaments grown in nitraiee (98%) media were comparable
in length to filaments grown in normal SW BG-11leafbne week of growth; however,
cell morphology and pigmentation were significaraliered in the nitrate-free
samples. The length of cells grown in the nitfede media visibly increased and the
filaments changed from dark red to light green, bacame colorless upon extended
culture (Figure 5.5a). Similar phenotypes wereeole=d when this experiment was

repeated using larger scale 50 mL batch cultufesassess nitrogen accumulation by
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L. majuscula 3L in nitrate-free media, soluble protein was isatafrom 50 mL nitrate-
free batch cultures after 1 week of growth and careg to control cultures grown in
control media for the same duration. During thersewf the two independent
experiments performed, control cultures signifibamtcreased in protein content (p =
0.0077) whereas the nitrate free cultures showeadcerease in protein content,
indicating that_. majuscula 3L was unable to actively assimilate nitrogen from

atmospheric dinitrogen (Figure 5.5Db).
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Figure 5.5: Absence of nitrogen fixationlinmajuscula 3L. A) Phenotypic changes of
L. majuscula 3L when grown in nitrate-free media. Microscopicaiges are 400x. B)
Total soluble protein ih. majuscula 3L grown with (control, diamonds) and without
nitrate (squares) for eight days compared to d&rn@r bars represent SEM between
replicate experiments (n=6 per treatment)*4S)incorporation into pheophytia
assayed by MALDI-TOFL. majuscula 3L was grown in°N-labeled nitrate until
nitrogen-containing molecules were fully labeletafents were then grown in SW
BG-11 media with°N-labeled nitrate, nitrate-free SW BG-11 media, aodtrol SW
BG-11 media with“N labeled nitrate (n=8) for 10 days and incorporatf'“N into
pheophytina was measured by MALDI-TOF. Error bars are SEM.
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The ability ofL. majuscula 3L to assimilate atmospheric nitrogen was also
explored through®N isotope feeding experimentk. majuscula 3L filaments were
grown in media containinfN-labeled sodium nitrate for approximately 21 dagsil
nitrogen-containing compounds were fully labelethvihis heavy isotope, as assessed
by MALDI-TOF mass spectrometry of the metabolonee(methods). The fullf{’N-
labeled filaments were then grown in nitrate-fresdra for 10 days, and the
incorporation of the prevailing naturdN isotope from atmospheric,lhto nitrogen-
containing compounds was evaluated using MALDI-NiBe shift from™N to **N
was calculated for pheophyti a chlorophyll breakdown product that readily mes
during MALDI analysis olLyngbya filaments (Figure 5.5c; Esquenazi et al. 2011). In
the absence of a nitrogen source, 19% (+ 0.98%)eopheophytira shifted to lighter
mass by incorporation ¢fN. Controls remaining if*N-labeled nitrate media showed
a shift of 4% (+ 1.35%) to lighter mass, and colstgyrown in regulat*N nitrate
media shifted to lighter mass by 99% (+ 6.65%).

The 19% shift observed in the nitrate-free meday ilme due to other trace
amounts of nitrogen in the media, or may repressycling of internal nitrogen
stores that were not labeled during the incubatiith *°N-nitrate. A recent study
examining proteomic changes in the cyanobacteBymchocystis sp. 6803 in
response to various environmental stresses, imgudiwv nitrogen, found that in
addition to switching to alternative carbon andagen assimilation pathways,
Synechocystis can access internal carbon and nitrogen storesilmasupregulation of
proteins associated with cyanophycin breakdowndavehstream arginine catabolism

(Wegener et al. 2010). To provide nitrogen and @arto the cell, cyanophycin, a
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storage polymer of L-aspartic acid and L-arginioend in most cyanobacteria, is
broken down into arginine and aspartic acid by opduycinase. Arginine and aspartic
acid can be subsequently broken down by arginicardexylases and agmantinase
and/or arginase (Wegener et al. 2010). Theajuscula 3L genome contains genes
for a cyanophycin synthetase (HQ692807), cyanoplayga (HQ692806), two arginine
decarboxylases (HQ692803 and HQ692804), and onaragmase (HQ692805). The
second arginine decarboxylase is in close proxitoitye agmantinase on scaffold
52022, supporting their suggested role in cyanojpihgcycling. The presence of
these genes in the majuscula 3L genome provides evidence thatmajuscula is
capable of obtaining nitrogen from cellular storaaed this capacity to use internal
nitrogen stores in low nitrogen environments caxglain the 199N shift observed
in the MALDI growth experiments. The loss of pigrtegion observed under nitrate-
free conditions is also consistent with the obs@rmwa of down regulation of
photosystem proteins in response to environmetredses (Wegener et al. 2010).
Collectively, these phenotypic and growth assesssratrongly suggest thht
majuscula is unable to fix atmospheric nitrogen, and thatermitrate-free growth
conditions, recycles nitrogen from storage protsunsh as cyanophycin.

The apparent discrepancy between these investngatvithL. majuscula 3L
and past demonstrations of nitrogen fixatiot.yngbya majuscula may reflect strain
differences, or possibly, the different criteriadsn assigning the taxonomy of these
cyanobacteria (Jones 1990; Lundgren et al. 2083)6S rRNA phylogenetic
assessment af majuscula 3L places this strain in the maribgngbya lineage, as

recently reported (Engene et al. 2010), which quenetically distinct from
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freshwatelLyngbya strains. It is also conceivable that previousogin fixation
experiments with.. majuscula wherein the organism was identified solely by
morphology may have actually investigated otherphologically similar but

unrelated genera. For examplscillatoria, another cyanobacterial genus reported to
fix nitrogen (Stal and Krumbein 1981), is morphotadly very similar toLyngbya,

and can be easily misidentified without the taxomosupport provided by

phylogenetics.

5.4 Conclusions

Since the first evaluation of their natural produ$0 years ago, tropical
filamentous marine cyanobacteria are now estatdisisaich sources of novel
bioactive moleculesL. majuscula 3L was selected for genome sequencing because it
is a strain that has been successfully cultivatatie Gerwick laboratory for 15 years
and has been studied extensively for its natuayets and biosynthetic pathways.
The genome sequence contained intact gene cldistergracin A and barbamide,
consistent with previous reports (Chang et al. 2@ang et al. 2004), as well as
genes in good agreement with carmabin biosynthésmsvever, no other gene
clusters above 30 kb were evident in the draft gemand only 5 other PKS and/or
NRPS pathways were detected. Organic extracts liranajuscula 3L and
expression analysis of the soluble proteome reddaaks these unknown pathways are
either expressed at low or undetectable levelsmygecal culture conditions. Thus,
the more than 200 metabolites reported from thesigs are likely due to a very large

number of different chemical strains or chemotype®reover, the processes of
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horizontal gene transfer or evolutionary pathwasedience, as suggested for the
curacin A and the jamaicamide pathways flormajuscula (Gu et al. 2009), or the
apratoxins from strains afyngbya bouillonii (Tidgewell et al. 2010), are likely
responsible for this impressive molecular diversity

The discovery of regulatory genes conferring ama@ced ability for microbial
interactions and/or environmental adaptation ankl ¢d traditional nitrogen fixation
pathways were additional unexpected findings inLth@ajuscula 3L genome.
Lyngbya is almost always found growing in close associatuith other
cyanobacteria, diverse microorganisms, and inveateb in the field. A wide variety
of heterotrophic bacteria remain on the surfacefpolysaccharide sheath even after
extensive purification of field isolates. The tedaship betweehyngbya and these
associated organisms remains unclear, but thelplitysof complex interactions
taking place among them is a fascinating focuduture research and may also
explain the large number and variety of ECF sigawddrs and other regulatory genes
described above. The finding that nitrogen fixatttmes not occur in this
majuscula strain is in direct contrast to previous reports, tnay be another indication
that finer scale phylogenetic relationships of marfilamentous cyanobacteria need to
be better defined and used in taxonomic classifinatAmong nitrogen fixing
organisms, cyanobacteria form a monophyletic grbomever, within cyanobacteria,
the capacity to fix nitrogen appears to be polyphg| suggesting multiple gene losses
of nitrogen fixation genes over time, horizontahgdransfer causing independent
introduction of nitrogen fixation genes, or a condiion of both (Swingley et al.

2008; Bolhuis et al. 2010). Recent examinationitvbgen fixation gene evolution
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implies a complex history of both gene loss and H@é@&nts (Swingley et al. 2008;
Bolhuis et al. 2010). The currelntmajuscula 3L genomic data does not reveal gene
loss events (via the presence of pseudogenesionssig the genome where there was
possible loss of the entirgf gene cluster), but as additional sequence data for
diazotrophic and non-diazotrophic marine filamestoyanobacteria becomes
available, the evolutionary history of nitrogendiion in this group can be better
understood. Since. majuscula strains previously found to fix nitrogen were
identified using morphological techniques, it iffidult to determine how closely
related these may be tomajuscula 3L, and whether the ability to fix nitrogen is
more of an exception than a rule for this genus.

The first sequencing of a maribgngbya species presented here clearly
accentuates the need for genomic study of additiopmgbya strains. Recent
phylogenetic assessment has revealed a signifilegymee of ambiguity ibyngbya
taxonomy (Engene et al. 2010). At least threers@pdineages have been described
from different environments. Specific natural puot$ isolated fronbyngbya may be
a more effective means of delineating these cyastehal strains, as has been
proposed for marine actinomycetes (Jensen et @r)20Additional genome
sequencing of othdryngbya collections will be required to better understanatihe
traits described here compare between speciesysstnad across geographic

locations.
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5.5 Materials and Methods
5.5.1 Genome accession information

This Whole Genome Shotgun project has been deguloait
DDBJ/EMBL/GenBank under the accession AEPQ0000006a6.version described

in this paper is the first version, AEPQ01000000.

5.5.2 Culturing Techniques

The original collection okyngbya majuscula 3L in 1993 was conducted near
the CARMABI Research Station on the island of CacadNetherlands Antilles. Pan
(10 L) and Erlenmeyer flask (1 L) cultures havecsibeen maintained (Gerwick et al.
1994; Rossi et al. 1997) at Oregon State Univeesity Scripps Institution of
Oceanography, UCSD in SW BG-11 (Castenholz 19838&t, under 16 h light / 8 h

dark cycles at approximatelyE m? s™.

5.5.3 Preparation dfyngbya majuscula 3L DNA for sequencing

For Sanger sequencingNA from laboratory cultured. majuscula 3L was
extracted and used in creation of two separateitbBbmaries (CopyControl Fosmid
Library Production Kit, Epicentre) using standardtpcols, and these libraries were
sequenced at the Max — Planck Institute for Mola@c@enetics. For 454 sequencing,
single cells from &. majuscula 3L were liberated from filaments using a razor blad
and captured with a capillary tube using a micrpscoThe cells were lysed and their
DNA amplified using the Repli-g minikit (QiagenRandom primers were added

(Frias-Lopez et al. 2004) and MDA of genomic DNAsyzerformed. The amplified
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DNA was screened for purity by PCR using cyanob&dt&6S rRNA gene primers
(NUbel et al. 1997) and cloning (TOPO-TA, Invitrogeand submitted for 454
sequencing (J.C. Venter Institute, La Jolla, CA)total of 223 Mb were sequenced

and the average length of the sequence reads Wa38

5.5.4 Genome assembly, binning, and annotation

136,560 Sanger sequences and 576,388 pyroseqg€rti¥ 454) reads were
combined into a single hybrid assembly using Cedasembler software, version 5.4
(Myers et al. 2000). The mer overlapper prograrirgetvas used to achieve optimal
integration of Sanger and 454 data sets (Milled.e2008). Relative numbers of
Sanger and 454 reads incorporated into each sdadffotluced by the combined
assembly were parsed from Celera Assembler outpng @& custom perl script. Open
reading frames and amino acid sequences were feeddrom all scaffolds using the
gene finding program Metagene (Noguchi et al. 20B6}dicted proteins were
evaluated for phylogenetic relatedness to knowneeces in NCBI Genbank nr using
the DarkHorse program, version 1.3, with a threslfitier setting of 0.1 (Podell et al.
2008). Only matches with alignments covering asi@8% of total query length, and
BLASTP e-value scores of P@r better were included in the DarkHorse analysis.

Assembled scaffolds were placed in one of thregoglenetic categories
(Lyngbya, nonLyngbya, or ambiguous) based on manual assessment obtever
different, independent parameters. For each scaffmimber and alignment quality of
predicted protein matches to Genbank sequencesiaszbwith phylum

Cyanobacteria were compared to proteins from dthe@nomic groups based on
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DarkHorse analysis of the Genbank nr BLASTP sed6B.rRNA matches to known
microbial sequences were identified by BLASTN skagainst the GreenGenes
reference database, requiring a minimum alignnmesdth of 200 nucleotides, and e-
value of £7or better (DeSantis et al. 2006). For scaffoldgérthan 5,000
nucleotides, inclusion of reads from both Sanger4s¥ libraries, percent G+C
nucleotide composition, and coverage depth werealsasidered in determining
scaffold origin. Scaffolds classified as most likbelonging td_yngbya were

annotated using the Integrated Microbial GenomeeExXReview (IMG-ER) service of
the Joint Genome Institute (Markowitz et al. 200Burther annotation was performed

using IMG-ER database tools.

5.5.4.1 Annotation of secondary metabolite pathways

To identify secondary metabolite pathways, theogemwas queried for genes
annotated as polyketide synthase or nonribosonmidgesynthetase-related genes in
addition to BLAST queries using previously sequensecondary metabolite
pathways. Molecule predictions for the orphan patyswvere based on adenylation
domain specificities predicted using NRPSpredi@ausch et al. 2005) and other
domains present in the pathways. Secondary metalpalthway figures were

generated using Geneious bioinformatics softwarerfinond et al. 2010).

5.5.5 Organic extraction @f. majuscula 3L filaments for secondary metabolite
profiling

Lyngbya majuscula 3L filaments (140 mg dry weight) were obtained fram
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pan culture that had been growing under standdtdrewconditions for approximately
4 months. The filaments were extracted twice indichloromethane
(DCM):methanol (MeOH), and these extractions weéteréd through cheesecloth
and Whatman filter paper and combined. This cexeact was then extracted with
MilliQ water in a separatory funnel to generateamig and aqueous fractions. The
majuscula filaments were extracted again in 1:1 ethanol (Et@#iter with stirring,
and this extract was also filtered through cheesk@nd filter paper. Portions of each
of these three extracts (“organic”, “aqueous”, &hd EtOH:H,O biomass
extraction”) were evaporated to dryness beforedpmsuspended in MeOH and
passed through a 0.2 um syringe filter. The eidraere profiled using direct
injection (positive ion mode) on a Thermo-Finnida®Q Advantage Max mass
spectrometer at 1 or 10 mg/ml, as well as by MAIND®-as previously described
(Esquenazi et al. 2011). Separate orghnioajuscula 3L extracts were profiled

using Fourier-Transform (FT)-MS (Brown et al. 2005)

5.5.6 Proteomic analysis
5.5.6.1 Preparation of soluble protein

Lyngbya majuscula 3L tissue was harvested from a pan culture usinggfus
and measured by displacement in a 50 ml Falcon(#ibd of cultured biomass)
containing lysis buffer (10 mM Tris HCI, pH 7.5,&M NacCl). Prior to cell lysis,
the buffer was treated with a broad range protedsbitor (Complete, EDTA Free,
Roche). The.. majuscula filaments were sonicated repeatedly on ice, anddbelting

material was centrifuged at 4°C at 14,000 rpm 1tepeellular debris and insoluble
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protein. The supernatant containing soluble pnotas collected after centrifugation,

and flash frozen in liquid Noefore use in proteomic analysis.

5.5.6.2 Liquid chromatography — mass spectrom&liydP1T) analysis

100 ugs of protein from the preparation descréieave were TCA
precipitated. Precipitated proteins were resuspeia 8M urea 50 mM Tris pH 8.0
and digested in the presence of ProteasMAX usiegtiggested protocol (Promega).
Peptides were acidified to a final concentratio®%f formic acid and 25 pgs of
peptides were bombed loaded onto a biphasic (statign exchange/reverse phase)
capillary column for multidimensional protein iddmation analysis (MudPIT).
Peptides were separated and analyzed by 2D-LCaépam combination with
tandem MS as previously described (Washburn @08I1). Peptides were eluted in an
11-step salt gradient and data were collected ilom@trap mass spectrometer
(ThermoFisher LTQ) set in a data-dependent aciurisihode with dynamic
exclusion turned on (90 s). Each full MS surveynseas followed by 7 MS/MS
scans. Spray voltage was set to 2.75 kV and theribe through the column was 0.20

pL/min.

5.5.6.3 Analysis of MS data

RAW files were generated from mass spectra usingli¥Qr version 1.4, and
ms spectra data extracted using RAW Xtractor (verdi@nl) which is publicly
available (http://fields.scripps.edu/?g=content/dmad). M$ spectral data were

searched using the SEQUEST algorithm (Version&@)nst a custom made database
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containing 30,414 sequences (74¥@gbya majuscula 3L and 22935 human IPI
protein sequences) that were concatenated to & detabase in which the sequences
for each entry in the original database was rewefSag et al. 1994). In total the
search database contained 60,828 protein sequetias€30,414 real sequences and
30,414 decoy sequences). SEQUEST searches allawediflation of methionine
residues (16.0 Da), static modification of cysteiegidues (57.0 Da-due to
alkylation), no enzyme specificity, and a massrtolee set to £1.5 Da for precursor
mass and +0.5 Da for product ion masses. The negults spectra matches were
assembled and filtered using DTASelect2 (versi®n2Z). For this analysis, tryptic,
half-tryptic and fully-tryptic peptides were eactdividually evaluated using the
DTASelect2 software (Tabb et al. 2002). In eacthebe sub-groups the distribution
of Xcorr and DeltaCN values for a direct (to theedt database) and decoy (reversed
database) were separated by quadratic discrimametkysis. Outlier hits in the two
distributions were removed. Spectral matches wetsned with Xcorr and deltaCN
values that produced a maximum peptide false pesitite of 1% that was derived
from the frequency of matches to the decoy revéasabase (number of decoy
database hits/number of filtered peptides ident®i@00). This value is calculated by
the DTASelect2 software. In addition, a minimunpiide length of seven amino
acids residues was imposed and protein identiinatquired the matching of at least
two peptides per protein. Such criteria resultethe elimination of most decoy
database hits. In this dataset the identificatibonon-tryptic peptides included half-
tryptic peptides from the N- and C- terminus of idhentified proteins. Other non-

tryptic peptides that were identified may represemogenous activities of cellular



207

proteases or peptides generated by in-source fratgunen.

5.5.7 Phylogenetic analysis of regulatory proteins

FifteenLyngbya majuscula sigma factors were compared to the 9 sigma factors
from Synechocystis PCC 6803. The phylogenetic relationships wereriateusing the
Minimum Evolution method and 1000 bootstrap repésaThe evolutionary distances
were computed using the Poisson correction methddaee in the units of the number
of amino acid substitutions per site. The ME trees\searched using the Close-
Neighbor-Interchange (CNI) algorithm at a searsfel®f 1. The Neighbor-joining
algorithm was used to generate the initial treépAkitions containing gaps and
missing data were eliminated from the dataset (Getamleletion option). There were
a total of 126 positions in the final dataset. Blygnetic analyses were conducted in

MEGA4 (Tamura et al. 2007).

5.5.8 Nitrogen fixation methods
5.5.8.1 Amplification and sequencingrofH

Genomic DNA was isolated froin majuscula 3L andOscillatoria nigro-
viridis 3L-OSC using the Promega Wizard genomic DNA puatfan kit (Madison,
WI) and quantified using an ND-1000 NanoDrop spsgtotometer (Thermo
Scientific, Wilmington, DE). Primers previouslyagsto identify and sequenodH
from L. majuscula (PN1: 5" —-CGTCACGGTCAAAGAATCAT - 3’; PN2: 5'-
ACACCACCAGCATGAGCATA-3’; Lundgren et al. 2003) weused in 2L PCR

reactions containing 1X Promega PCR Master Mix u®Mof each primer, and (L
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of genomic DNA template. The following cycling paraters were used for PCR:
Initial denaturation at 95°C for 1 min, 30 cycld96°C for 30s, 48°C for 30s and
72°C for 1.5 min, and a final extension at 72°CSanin. General 16S primers for
cyanobacteria (NUbel et al. 1997) were used as#iymcontrol. PCR products from
O. nigro-viridis 3L-OSC were purified using Qiagen Minelute PCR focation Kit,
cloned into a TOPO TA cloning vector (Invitrogen) 6equencing, and sequenced by

Seqxcel (San Diego, CA).

M1 23 456 7
-

nifH

Figure 5.S1: Independent investigatiomdH in L. majuscula 3L. To independently
assess the presencendH genes irl. majuscula 3L, primers previously published for
L. majuscula nifH genes were used in PCR to amphiffH from genomid_.

majuscula 3L DNA. O. nigo-viridis 3L-OSC was used as a positive control for the
nifH PCR reaction, and 16S primers were used as anllopes#tive control. Lanes:
M: 1 Kb marker; 1-30. nigo-viridis 3L-OSC; 4-6L. majuscula 3L; 7: no template
control.
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5.5.8.2 Growth ot.. majuscula in nitrate-free media
5.5.8.2.1Growth of single filaments

SingleL. majuscula 3L filaments were grown in 24-well plates in SW BG-
media at 28°C on a 16:8 h light:dark cycle. Twehadls contained regular SW BG-11
media, and twelve wells contained nitrate-free SB/BL media. Filaments were
measured using ImageJ (Abramoff et al. 2004) at@agd Day 7. Filament lengths
at Day 7 were compared to their respective lengttiXay 0 to approximate growth

and cell size.

5.5.8.2.2 Growth of batch cultures

A total of sixteen 50 mL batch cultures were setrueither control SW BG-11
or nitrate-free SW BG-11 media (8 per set) withagmounts of starting material
(approximately 0.05 g wet weight) under the sanieigng conditions as above.
Triplicate samples of the starting material wenasled to represent Day 0. To assess
protein content as a metric for growth, samplesvpdaiced in 2 mL of protein lysis
buffer (10 mM Tris pH 7.5, 150 mM NacCl, and Rochentplete EDTA-free protease
inhibitors) and homogenized using a probe sonic&amples were centrifuged at
13,000 xg for 10 min and soluble protein was recovered. [Taghuble protein was
calculated using the Pierce BCA assay accordimgaoufacturer’s protocols and
using BSA as protein standard (Rockford, Il). Atyl8 total biomass was harvested
from triplicate control and nitrate-free culturasd protein measurements were done
in the same manner. Statistical analyses were ipeefib on the two replicate

experiments for a total of 6 biological replica(@8ger experiment). Student’s t-test
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was used to analyze significant differences betwkemrxperimental treatments using
JMP software Version 9, SAS Institute Inc., Carg;.N'he standard error between
experimental replicates was calculated by the fatig equationN[(sch?/ny) +

(sd?/ny)]. Microscopy was performed using an Olympus 1X&itroscope.

5.5.8.3™N assimilation studies

L. majuscula 3L filaments were grown in SW BG-11 media contaiii-N-
labeled nitrate for approximately 21 days until thajority of nitrogen-containing
molecules contained labeled nitrogen as assesskhbiDI-TOF (Esquenazi et al.
2011). Filaments were then grown in 24-well platesither SW BG-11 media
containing™N-labeled nitrate (negative control), regular SW-BGmedia (positive
control), or nitrate-free SW BG-11 media (8 welis freatment). Filaments were
sampled at Day 0 and Day 10 and frozen until subsgtgVIALDI-TOF analysis.
Approximately 1uL of MALDI matrix solution (Per 1 mL: 35 mg-cyano-4-
hydroxycinnamic acid (CHCARB5 mg 2,5-Dihydroxybenzoic acid (DHB) (Universal
MALDI matrix, Sigma Aldrich), 75QuL acetonitrile, 248.L milliQ H20, 2uL TFA)
per 0.1ug of biomass was mixed in a tube or well. After3seconds, L of this
crude matrix solution was deposited on a well (spbthe Bruker Microflex MSP 96
Stainless Steel Target Plate. After each spodniad at room temperature, the plate
was analyzed using a Bruker Microflex MALDI-TOF rsaspectrometer equipped

with flexControl 3.0 as described (Esquenazi e2@l1).
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5.6 Supporting Text
5.6.1 16S rRNA genes in the assembly and taxonbeterogeneity of scaffolds

16S rRNA sequences identified in the assembleffiodds include several
representatives from Alphaproteobacteria, Gammaphbatcteria, and Bacteriodetes,
but onlyLyngbya from phylum Cyanobacteria (Table 5.S3). Most & tlontyngbya
matches are comprised exclusively of reads frong oné of the two libraries (100%
or 0% from 454), suggesting they were present g one of the two cultures used to
obtain sequencing data. The exception to this pattas scaffold 46429, which most
closely matched an uncultured Alpha-proteobacteigotated from a diseased
Caribbean coral. (Sunagawa et al. 2009).

After the binning procedure that identified 16&ffolds being otL.yngbya
sources, 2,161 scaffolds were categorized as mke$t berived from nor-yngbya
sources. These scaffolds contain multiple predipteteins matching non-
cyanobacteria Genbank entries. Most of these ddaffoe comprised exclusively of
reads from either Sanger or 454 libraries, butaobh types of reads co-assembled in
the same scaffold. A total of 3896 scaffolds wefeunclassified. Most of these
sequences are very short, with coverage too latetermine whether unusual G+C
composition or absence of reads from one of theswguencing libraries might be
due to random statistical variation. Few of thelassified scaffolds are large enough
to provide even one open reading frame with refialatabase matches. Some contain
a single predicted peptide or peptide fragmentetjosatching a single database
protein, but this evidence alone was not considsuéiicient to determine scaffold

origin, given the strong possibility of horizongene transfer between unrelated
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bacteria in mixed cultures.

Overall taxonomic heterogeneity of scaffolds gatest in the combined
assembly was assessed by binning scaffolds acgot@i@+C content in 1%
increments, then adding together the lengths cfcalffolds in each bin to obtain total

assembled nucleotides (Figure 5.S2).
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Figure 5.S2: Percent G+C content of combined Sa#gérassembly for A) raw reads,
B) assembled contigs, and C) scaffolds createaibyng contigs with gaps.

Longer sequences originating from the same orgaaig expected to have a

fairly uniform G+C percentage, consistent with spespecific nucleotide
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composition generally characteristic of genomic D{{arlin et al. 1995). This
pattern is observed in Figure 5S2, as raw readsI(€i5.52a) are first recruited to
contigs (Figure 5.S2b), then to slightly longerfiads by joining adjacent contigs
with gaps (Figure 5.S2c). The most dominant pedkignre 5.S2c, at 43% G+C, is
associated witlh.yngbya, containing co-assembled reads from both Sangedah
libraries. Most scaffolds in the 47% G+C peak ammprised almost exclusively of
454 reads, in many cases without any contributiomfSanger reads. On the other
hand, most scaffolds in the broad 59% G+C peakatomixclusively Sanger reads,
and lack 454 reads. These results, in combinatitn16S rRNA data in Table 5.S3,
support the premise that the two cultures usedbtaio these sequencing libraries
contained different types of impurities, and thabeeLyngbya genome can be
recovered from a metagenomic environment by comgisequence data from

biological replicates.
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5.9 Supplemental information

Table 5.S1: Genome featuresLghgbya majuscula 3L draft assembly.

Lyngbya majuscula 3L
Bases 8,498,160
GC% 0.44
CDS 7,479
% coding 76%
tRNA 56
rRNA operons 2
Genes 7,565
% with function prediction| 54%
Transposases 252
CRISPR-associated 0
proteins
Status Draft
Scaffolds 161




Table 5.S2: COG categories in themajuscula 3L genome.

COG Categories Genel % of Annotated
Count Genes
Replication, recombination, and repair 366 9
Cell wall/membrane/envelope biogenesis 358 8
Signal transduction mechanisms 311 7
Amino acid transport and metabolism 281 7
Coenzyme transport and metabolism 213 5
Energy production and conversion 203 5
Transcription 182 4
Translation, ribosomal structure and 172 4
biogenesis
Posttranslational modification, protein 170 4
turnover, chaperones
Carbohydrate transport and metabolism 166 4
Inorganic ion transport and metabolism 161 4
*Secondary metabolites biosynthesis, 126 3
transport and catabolism
Defense mechanisms 107 3
Intracellular trafficking, secretion, and 84 2
vesicular transport
Lipid transport and metabolism 83 2
Nucleotide transport and metabolism 69 2
Cell motility 62 1
Cell cycle control, cell division, 41 1
chromosome partitioning
Chromatin structure and dynamics 2 0.05
Cytoskeleton 2 0.05
General function prediction only 536 13
Function unknown 495 12
Not in COGs 3858 51
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Table 5.S3: 16S rRNA matches in combined SangeraédSémbly.

o % | align | scf% | scf pct
scf id |match id[Pescription  [Tax group ident. |length| G+C | 454 reads
47221| 1085420nCUUred o eroidetes| 98| 437 42 100%

Bacteroidetes
52016| 22139 |Lyngbya sp. Cyanobacteria 98 249 44 62%
52023| 22139 |Lyngbya sp. Cyanobacterid 98 360 44 57%
52112 22139 |Lyngbya sp. Cyanobacteria 99 1482 44 69%
45926| 3369g6|-nCullured (Gamma- | gq | 19851 47 | 100%
bacterium proteobacteria
46341| 1085420nCUUred o eroidetes| 97| 747 49 100%
Bacteroidetes
51929 154709fVIErOMONAs [Gamma- | o7 | 9o | 49 98%
macl eodii proteobacteria
a6429| 315020 ncured AP g9 | 018 | 51| 56%
acterium proteobacteria
51845/ 100014 t’”cu't.“red Bacteroidetes| 98| 609 52  100%
acterium
50749| 317g5g/MUricauda - Gamma- | g5 | 49511 52 | 100%
aquimarina proteobacteria
Uncultured  |Alpha- 0
48764| 361451 Hyphomonas  [proteobacteria 99 1410 53 0%
48160| 264115) aeobacter Alpha- | gg 00| 5 | 110
caerulensis proteobacteria

Table 5.S4a: Most readily identified proteins ituste proteinL. majuscula 3L

extracts.
NCBI gene locus ID Protein ID Average
spectral count
(S.E.M.)
LYNGBM3L_16560 phycocyanin, beta subunit 1951 (133
LYNGBM3L_56140 phycobilisome protein 1902.75 (93
LYNGBMS3L_15380 allophycocyanin, beta subunit 150@31)
LYNGBM3L_16550 phycocyanin, alpha subunit 1089.768)
LYNGBMS3L_56060 phycobilisome protein 1054.25 (13
LYNGBM3L_15440 phycobilisome protein 1019.75 (78
LYNGBMS3L_56030 phycobilisome protein 776.75 (79
LYNGBM3L_40910 putative multicopper oxidase 560(28)
LYNGBM3L_58690| putative phospholipid-binding domain 336.25 (78)
LYNGBM3L_35040 fructose-biphosphate aldolase 3368
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Table 5.S4b: Expressed proteind.inmajuscula 3L predicted to function in natural

product biosynthesis.

*Less than 2 unique peptides identified by trymligest

NCBI gene locus ID Protein ID Average
spectral count
(S.E.M.)
LYNGBMS3L_ 06570 BarA* 0.5 (0.5)
LYNGBMS3L_ 06560 BarB1 4 (0.8)
LYNGBMS3L_ 06550 BarB2 8.75 (3.2)
LYNGBMS3L_ 06530 BarC 9.5 (4.0)
LYNGBMS3L_ 06520 BarD 5.75 (2.3)
LYNGBMS3L 06510 BarE 51.25 (12.1)
LYNGBMS3L_06500 BarF 8.75 (0.8)
LYNGBMS3L_ 06490 BarG 29.75 (4.0)
LYNGBMS3L_ 06480 BarH 61 (5.8)
LYNGBMS3L_ 74570 CurA 29 (4.1)
LYNGBMS3L_74560 CurB 9.75 (2.5)
LYNGBMS3L_74550 CurC 7.5 (2.2)
LYNGBM3L_74540 CurD 4.25 (2.1)
LYNGBM3L_74530 CurkE 3.5 (0.5)
LYNGBM3L_74510 CurF 4 (2.0)
LYNGBM3L_74500 CurG 8.5 (3.3)
LYNGBM3L_74480 CurH 10.5 (2.7)
LYNGBM3L_74470 Curl 7(1.7)
LYNGBM3L_74460 CurJ 10.25 (2.5)
LYNGBM3L_74450 CurK 1.5(0.9)
LYNGBM3L_74440 CurL 7.75 (2.1)
LYNGBM3L_74580 CurM* 1.75 (1.75)
Carmabin Scf 52117:
LYNGBM3L_66100| NADPH quinone reductase and related
Zn-dependent oxidoreductases 2.25 (0.9
Carmabin Scf 52117:
LYNGBMS3L_66070 amino acid adenylation domain 10.5 (2.7)
Carmabin Scf 52117:
LYNGBMS3L_66060 amino acid adenylation domain 2 (1.4)
Carmabin Scf 52117:
LYNGBMS3L_66050 amino acid adenylation domain 14.5 (3.7)
Carmabin Scf 52117:
LYNGBM3L_66040 amino acid adenylation domain 10.75 (1.7)
Carmabin Scf 51865:
LYNGBM3L _03580| Phosphopantetheine attachment site 4.5 (2.6
LYNGBMS3L_67160 Scf 52117: amino acid adenylationp  3.25 (1.2)

domain




CHAPTER 6

Dissertation Conclusions and Future Directions of
Natural Products Research in Filamentous Marine Cyaobacteria

Filamentous marine cyanobacteria continue todieand reliable sources of
novel bioactive compounds that are valuable in dlisgovery and biotechnology.
The relative ease of collecting these macroscogitdnia by hand in tropical, shallow
water environments with snorkeling and SCUBA hésnad for an incredible
diversity of molecules to be isolated and descritpegt the past 40 years. As
mentioned in this dissertation, several of thesarahproducts, such as curacin A
(Verdier-Pinard et al. 1998), somocystinamide A §didlo et al. 2008), and apratoxin
A (Liu et al. 2009) have received considerablerditbe for their potency in specific
assays and are of serious preclinical interesfik®ase treatment. Continued field
collections of filamentous cyanobacteria, includingeographic areas that have
received relatively less attention, should maintahrealthy supply of novel chemical
entities for the foreseeable future. On the oktzerd, because cyanobacteria tend to
proliferate in areas where coral reefs have beemadad or compromised due to
anthropogenic impacts (Paul et al. 2005), increagadobacterial populations in
some well populated areas may be an unintendehdhuectly positive side effect of
reef damage and decline and offer increased amotibismass for natural product
investigations. Whether an adequate level of clyaoterial diversity for continued
natural product discovery would be maintained urtdese conditions may depend on

additional environmental and ecological factors.
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The natural product potential of marine cyanob#teas been immeasurably
increased over the past 10 years as a result @nbienous improvements in genetics
and genomic technologies. The biosynthetic genstets identified to date for natural
products produced Hyyngbya strains encode genes that perform enzymatic reectio
rarely or never before seen in microbial life (Jmeeal. 2010). Use of these enzymes
for directed engineering of natural products shaaldtinue to add to the available
pool of molecules being considered as new drugscanld be used in concert with
pathways from other bacteria to generate novelbgsabf molecules already of high
value. The rapidly decreasing cost of sequenciigquickly reveal a significant
number of gene clusters responsible for producyrgbya molecules that have
already been characterized, as well as an assdrothanknown, orphan pathways
that will require further investigation. Genenalgrovements in culturing techniques
for these cyanobacterial strains may lead to canditthat promote the expression of
these pathways and unlock even more molecular sityer

Despite the proven track record and anticipatéaréusuccess dfyngbya and
other filamentous marine cyanobacteria to provideiral products useful in human
applications, there are a number of limitationsenemt in these organisms that must be
addressed to fully capture and unlock this poténtaveral of these limitations,
including low compound yields, slow growth ratesgH of genetic techniques, and
unavailability of genomic data have been the sulgécesearch presented in this
dissertation. Chapters 2 and 3, focusing on testrription and regulation of the
neurotoxic jamaicamides, represent the first sdidrte to understand how expression

of gene clusters from marithgngbya strains are controlled by genetic and
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environmental factors (Jones et al. 2009, Esquegtadi 2011). Each factor is of
significant importance in determining how to impeavatural product yields in
laboratory cultures. Additional study of the prasraegions identified in the
jamaicamide pathway, including how regulatory piridesuch as 7968 and 5335
interact with these regions, could yield specifigyets for manipulation once genetic
techniques for these strains are available. ThHeyaio monitor turnover oL.yngbya
natural producte vivo using MALDI-TOF mass spectrometry and stable isetop
feeding as presented in chapter 3 will likely beedhre standard method used by our
laboratory and others to evaluate the impact diffeculture conditions make on the
rate of molecule biosynthesis. The requirementrforute amounts of biomass and
the simultaneous access to all ionizing compoumesgmt in a MALDI extract should
allow for a wide variety of these conditions susht@mperature, nutrients, co-culture,
and elicitor panels to be tested rapidly and attinely low cost. Inclusion of other
isotopes into this process may increase the apiplicsaof this approach to polyketides
or other non-alkaloid cyanobacterial natural prdaguc

Probably the principal impediment to accessingdaamounts of
cyanobacterial natural products without organidlsgsis is the total absence of any
genetic techniques for these strains. As discusseldapter 4, all attempts to
introduce DNA intoLyngbya strains proved unsuccessful. Most likely, estaiohient
of a heterologous host for these natural produdtprecede development of these
techniques. The thick polysaccharide sheath, gimwth rates, and close association
with heterotrophic organisms are highly significabstacles to generatithgngbya

mutants. As success with producing lyngbyatoxotgins inEscherichia coli and
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Streptomyces codlicolor indicates, other bacterial strains are the bestiopat present
for overexpression dfyngbya gene clusters and platforms for targeted gene
replacement, mutasynthesis and other biochemieaktigations. The genetic
differences between actinobacteria and cyanobaatesy mean that actinobacteria
are not the optimal long term choice for thegegbya pathways. With proper
engineering, use of other cyanobacteria suc®ymaechococcus or Synechocystis
(Roberts et al. 2009) may avoid GC content or cdulas problems as were
anticipated in usin@reptomyces. In the future, development of a highly modified
(potentially synthetic) bacterial “superhost” maghka many of these limitations
trivial; until that time, it would be prudent togand on the work presented here to
continue to develop heterologous expression siegdgrlLyngbya natural product
gene clusters.

The genome sequencelgingbya majuscula 3L represents a monumental
effort on the part of many scientists over appratigly 5 years to assemble the
information presented in chapter 5. This particateain was selected because of its
natural product components and because it is phpliad best characterized from the
Gerwick culture archives. This strain was alsaiiia to produce both antillatoxin
(Orjala et al. 1995b) and malyngamide H (Orjalalei995a) — molecules for which
gene cluster information would have been partityhaluable because of the
attention each molecular class has received oruatod bioactivity (Jabba et al.
2010, Villa et al. 2010). The lack of these patisvéin addition to an unexpected
absence of any other large natural product gersterkibeyond those already

characterized) is one of the best indications te tieat the many hundreds of natural
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products attributed to maririg/ngbya species are scattered among many strains
worldwide and could provide the most accurate netthfidaxonomy in light of such a
high degree of phylogenetic ambiguity (Sharp e2@09, Engene et al. 2010).
Indeed, revision of the genus of this maiuyagbya lineage is already underway
(Engene et al., unpublished data) and these effalitprovide more guidance in what
natural products different strains may produce direct future genome sequencing
efforts. However, even with these improvementsilitbe impossible to gauge the
full natural product arsenal of these strains withgenomic information (Jones et al.
2011), as each cluster may be expressed only speéeific genetic and environmental
conditions either in the field or in culture. Img regard, the future is incredibly bright
for marine cyanobacteria genome sequencing effé&éh strain represents a
metagenomic data set that can be mined and exgli@itets assortment of natural
product pathways — especially upon developmennpfoved heterologous
expression techniques. One of the best insigbta these efforts will be to better
understand the bacteria associated with cyanoladiaments. What role do these
bacteria serve in the ecology and physiology ohopacteria? What is the natural
product capacity of these strains? And, what pgage of natural products attributed
to cyanobacteria are in fact produced by thesealeec“nuisance organisms?”
Filamentous cyanobacteria from the marine reakmaacient organisms that
continue to offer contemporary inspiration for @smatural sources to solve problems
facing humans today. Improvements in technologr dvne will eventually allow for
the full potential of marine cyanobacteria to beessed and limitations inherent in

their morphology and life history characteristiode overcome. Work presented in
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this dissertation addresses some of the most migntfcurrent problems natural
products chemists and biologists face in workinthwmarine cyanobacteria, and
results presented here provide direction on hoveavemake progress in accessing
greater amounts of cyanobacterial natural produatssiipulate cyanobacterial genetic
information, and unlock the full natural productegtial of these remarkable life

forms.
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