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Abstract

Heparosan is an unsulfated polysaccharide potsntimiportant for its wide range of
cosmetic and pharmaceutical applications, partibulas the precursor for the extensively
used anticoagulant, heparin. Generally sourced inmals, commercially available heparin
may encounter various immunological and contamamatisks. Thus, safe and sustainable
microbial platforms could serve as an alternatigparin sourceSynechococcuslue to their
fast photoautotrophic growth, strong sugar phosphadtabolisms and generally regarded as
safe (GRAS) nature, may serve as photo-biorefineioe manufacturing heparosan. In this
study, we have synthesized an integrative plagpl®m48for cloning galU and PmHS2
genes inSynechococcuglongatusPCC 7942. The engineered recombinamgp(942
exhibited significant production of heparosan undéierent culture conditions, where the
products were present in both supernatant andietiass. The maximum yield of 0.7 £ 0.2
ug/g-DCW (dry cell weight) and a titer of 2.8 + QUg/L was achieved bggp7942under
shake flask and continuous light conditions. Lasgale plastic-bag cultures with natural
diurnal light exhibited heparosan production of gsg-DCW with a titer of 0.44ig/L. The
analysis also found PCC 7942 encodes a promiscundgltransferase for UDP-glucose
synthesis and naturally produces multiple glycosagliycans including chondroitin sulfate
(CS). This study demonstrates for the first-timearmbacteria as a promising
photoautotrophic refinery for producing a high-walypolysaccharide commonly from

animals.

Keywords: glycosaminoglycans;cyanobacteria; heparin; photoautotrophic production

polysaccharidesSynechococcus
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1. Introduction

Glycosaminoglycans (GAGs) are a class of sacchaugdesisting of repeating units
of amino sugars and uronic acids and have incrglysenticed research and commercial
interests due to their wide range of physiologfaakttions (Chavarochet al, 2013; Peterson
et al, 2008; Cresst al, 2014; Badriet al. 2017; Williamset al, 2018). These GAGs,
heparan sulfate, chondroitin sulfate, and hylawamid Eig. 1), are naturally produced
across a range of organisms and play key roles aistare retention, cell adhesion and
proliferation. Currently GAGs are mainly extractiedm food animal tissues (approximately
100 mg per kg of tissue) (Vaidyanatheinal, 2017) and are widely used in pharmaceutical
and cosmetic applications. However, immunologicahctions and interspecies disease
transfers are a major problem, and a contaminatigssupply of heparin (an important
anticoagulant) in 2007-8 resulted in 100 deathsag@hacheet al, 2013).De novochemical
synthesis of heparin has been attempted and oregelolt molecular weight heparin (<1.5
kDa, fondaparinu} has been commercially successful, but yieldslane and biological
activity is challenging to replicate as a resultpotymerization and complex sulfation (Liu
and Linhardt, 2014).

The precursor of heparin and heparan sulfates (Wanget al, 2011; Suflitaet al.
2015) is heparosan (HS-0S), an unsulfated polysawhconsisting of a linear copolymer of
repeating unitsi-1,4 linked D-glucosamineGIcNAQ andp-1,4-D-glucuronic acid®IcUA)
(Jin et al, 2016). Heparosan has also been used to enhaacefficacy of protein-based
therapeutics by forming drug conjugates and coaldesas a replacement for polyethylene
glycol coatings for drug delivery applications (leamt al, 2017). In recent years, the
biosynthesis of GAGs from microbial production pdatns has emerged as an alternative to
extraction from animal sources (Het al. 2015; Englaenderet al. 2017). In vitro

chemoenzymatic synthesis froim vivo synthesized heparosan could serve as an effective



76

77

78

79

80

81

82

83

84

85

86

87

88

89
90
91
92
93

alternative to animal derived heparin (Waeigl, 2011; Wanget al.,2013; Wuet al, 2015).
As a result, efficient heparosan synthesis becothes primary step towards heparin
production (Wanget al, 2011). Heparosan is naturally produced by pathimgbacteria, such
as E. coli K5, Pasteurella multocida Avibacterium paragallinarumas a part of
polysaccharide capsules, which impart virulencehése organisms (Wargg al, 2011; Jiret
al., 2016). Heparosan synthesis by genetically medlifion-pathogeniBacillus subtilisand

E. coliBL21 has been successfully achieved by clokiin@ andkfiA genes fronE. coli K5,
yet molecular weight and homogeneity were diffi¢altontrol (Jiret al, 2016, Zhangt al,
2012). Nevertheles®asteurella multocidgpossesses RmHS2gene that encodes for a dual
functional heparosan synthase that replaces thegémeskfiC andkfiA, (Chavarochet al,

2012) and results in smaller-molecular-weight patharide chains (DeAngelis and White,

2004).
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Figure 1. Schematic featuring the biosynthetic prodction pathway of
glycosaminoglycans in Synechococcus PCC 7942, specifically the expression of
heparosan and its downstream applicationsGenes in red indicate genes that are not
annotated in KEGG database. Genes in blue areatigtypresent inSynechococcug942.
Genes in yellow boxes were heterologously expregsedcombinantSynechococcug942
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for the production of heparosan. 6PG, 6-phosphagliecacid; AcCoA, acetyl CoA; ADP,
adenosine diphosphate; F6P, fructose-6-phosphafe; @ucose-1-phosphate; G6P, glucose-
6-phosphate; GalNAdy-acetylgalactosamine, GIcN-1P, glucosamine-1-phateplGIcN-6P,
glucosamine-6-phosphate; GIn, glutamine; Glu; Ghitaacid; PPi; pyrophosphate, PYR,
pyruvate; TCA, tricarboxylic acid; UDP, uridine dipsphate; UTP, uridine triphosphate;

This study aimed at engineering cyanobacteria uBBmglS2from P. multocida(Fig.
2A). Being GRAS (generally recognized as safe), cpanteria can serve as photosynthetic
platform for production of valuable chemicals (M al., 2013; Varmanet al., 2013).
Compared to eukaryotic photoautotrophs, cyanobiatteosts have established genomic
data, molecular manipulation tools, low cost otawd mediums, and generally faster growth
(Lu, 2010). Moreover, cyanobacteria possess stnmagabolic fluxes through its sugar
phosphate pathways and high nucleotide sugar ppes $Abernathyet al., 2017). They
naturally synthesize complex polysaccharides likgcans for colonization, symbiosis,
protection, and food reservation (Singhal, 2005; Kehr andittmann, 2015; Philippi®t
al., 1998). However, to the best of the authors’ kieolge, the production of GAGs with
specific disaccharide repeating units has not Ipeeviously reported in cyanobacteria. Here,
we selected a model cyanobacteri8ymechococcus elongatB€C 7942 (PCC 7942) for the
photosynthetic synthesis of heparosan to demoestnair potential as a new chassis for the

synthesis of value-added carbohydrates and higlevatharmaceutical&ig. 1).

2. Materials and Methods

2.1 Chemicals and reagents

T4 DNA ligase, restriction enzymes, and shrimp kfleaphosphatase were purchased from
New England Biolabs. PrimeSTAR Max DNA polymeragX)(high fidelity PCR master-
mix was purchased froiBlontech(DSS TaKaRaBio India Pvt Ltd.).NucleoSpifi Gel and
PCR Clean-up kit was purchased from Macherey-N&y, India). Plasmid extraction

Miniprep kit was purchased froeneAll(AllianzBio, Mumbai, India).

5
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Figure 2. Diagrams of recombinant Synechococcus PCC 7942 pgp7942) grown in
various conditions for the production of heparosan.(A) Representation of the synthetic
operon constructpUPm48,for homologous recombination into NSI of chromosor(i)
PCC 7942 transformantpgp7942,0btained after complete segregation of the clogek
were analysed through colony PCR and agarose ggtrebhoresisgalU amplicon in lane 1,
PmHS2amplicon in lane 2, entire operoga(U+PmHS2 has been amplified using NSI
specific primers in lane 3; followed by >1kb DNAdter in lane 4. Primers used are listed in
Table 1. (C) Variable growth conditions to gregp7942and wild-type (WT) PCC 7942.
The strains were grown under two distinct shakekfleonditions; 250 photons umofis
(HL) and 0.2% (v/v) C@(HC) (condition 1), 100 photons pmofis (LL) and 0.04% (v/v)
atmospheric CQ(LC) with variations in media composition (conditi@). Pgp7942cells
were scaled up under natural diurnal light condgiwith irradiance of maximum 1200 + 200
pmol/nf/s and temperature 33 + 1G with atmospheric C§(0.04%) (condition 3).

2.2 Microorganisms and culture conditions

Construction and amplification of recombinant pladsnwere performed ifE. coli
ToplOF ThermoFisher Scientifjccells. Cells were grown at 37 °C in Luria BertdhB)
broth supplemented with 100 pug/mL spectinomyéditiMedia) (Sarnaiket al, 2017). For

PCC 7942 cultivation, the seed cultures were grath continuous illumination of 55 + 2

pmol/nf/s and 28 + 0.5 °C temperature. BG-11 medium (®mphted with 30 pg/ml of

6
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spectinomycin in case of transformants) was useghelments were performed under
several laboratory conditions in shake flasks (30aulture volumes) at a speed of 250 rpm
at atmospheric (0.04% (v/v)) (LC) and 0.2% (v/v) JBIC) at 37 °C and continuous light
environments (100 photons pmoffsi(LL) and 250 photons pmolffs (HL). Low nitrogen
cultures were prepared with BG-11 medium with 1/aNQ; (0.15 g/L) to promote
carbohydrate accumulation, while 30 mM of glyceraas added to cultures for
photomixotrophic growthKig. 2C). Both cell pellet and supernatant samples weatyaed
for heparosan. All experiments were performed iplidates. Cultures were induced with 1
mM of isopropylp- D-1-thiogalactopyranoside (IPTG) at early expdiamgrowth. Scale-up
was performed in an environmental laboratory (ELjtate-of-the-art glass house facility at
DBT-ICT Centre for Energy Biosciences, Mumbai, lndin the EL, cells were grown under
natural diurnal light (maximum 1200 + 200 umdl/sy 33 + 10 °C) in a bubble column
plastic bag reactor (air bubbling rate of 60 mL/ymising atmospheric Gt a 5 L culture
volume. Culture pellet was analysed for heparosadyzction. Culture was induced with 1
mM of IPTG at early growth and no antibiotic wasled during scale-up. Culture growth
was monitored by recording optical densities of tutures at 730 nm using @V-Vis
spectrophotometer and measuring the dry cell wgl@B\W) of the lyophilized cell pellets.
2.3 Cyanobacterial plasmid construction and transfomation

The plasmidpUPm48 was constructed using tph&M2991vector for transformation
of PCC 7942. Initially, the plasmU48was constructed by cloning thgalU gene amplified
from E. coli MG1655 (UTP-glucose-1-phosphate uridyltransfer&ie, 000913.3) genomic
DNA between restriction site§coRIl and BamHI of the pAM2991vector (PrimersUE_F
and UAB_R (Table 1. The restrictionAflll site was introduced in the construct using the
galU gene reverse primetJAB_R for the introduction of another gene inp@&48 The

plasmid pUPmM48 was constructed by cloning tHf@mHS2gene (Heparosan synthase B,
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AY292200.1 amplified from Pasteurella multocidagenomic DNA between the restriction
sitesAflll and BamHI sites of thepR48vector (PrimersPA_F andPB_R (Table 3 (Fig.
2A). PCC 7942 transformantspdp7942 were developed based on homologous
recombination strategy usin@JPm48through natural transformation. The transformation
protocol was followed as demonstrated by Cleetal Colonies obtained on plates were
passaged at least four times to get stable tramsfuis (Sarnaiket al, 2017). Gene
integration in cyanobacterial genome was confirnigd colony PCR using neutral site
primersSP48 FandSP48 RTable ) (Fig. 2B) Agarose gel electrophoresis of the colony
PCR samples show bands corresponding to 1 kbpe @lagalU gene), 2.2 kbps (lane 2,

PmHS2gene) and 3.5 kbps (lane 3, neutral site primers).

Table 1.List of primers and sequences used. The underBagdences are the restriction

sites for cloning the genes.

Primer Sequences

names

UE F 5-GACTGAATTCATGGCTGCCATTAATACGAA-3

UAB R 5-ACTTGGATCCCTTAAGTTACTTCTTAATGCCCATCTC-3
PA F 5-AAGTCTTAAGATGAAGAGAAAAAAAGAGATG-3

PB_R 5-AATCGGATCCTCACAAAAAATAAAAAGGTAAACAG-3’
SP48 F 5- GTCTTTCGACTGAGCCTTTCG - 3

SP48 4 5 - CAGGCAGCCATCGGAAGC - 3

2.4 Analysis of heparosan production using LC-MS
2.4.1 Materials for digestion of samples and LC-Bi&alysis. Unsaturated disaccharide
standards of CS AUA-GalNAc; AUA-GalNAc4S; AUA-GalNAc6S; AUA2S-GalNAc;

AUA2S-Gal-NAc4S; AUA2S-GalNAc6S; AUA-GalNAc4S6S; AUA2S-GalNAc4S6S),
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unsaturated disaccharide standards of WBA-GIcNAc; AUA-GICNS; AUA-GICNAC6S;
AUA2S-GIcNACc; AUA2S-GICNS; AUA-GICNS6S; AUA2S-GIcNAC6S; AUA2S-GICNSES),
and unsaturated disaccharide standard of MBA-GICNAc), whereAUA is 4-deoxye.-L-
threo-hex-4-enopyranosyluronic acid, were purchased fidoron (UK). Actinase E was
obtained from Kaken Biochemicals (Japan). Varioolygaccharide lyases were obtained for
digestions. Chondroitin lyase ABC froRroteus vulgarisvas cloned and expressedgncoli
and purified in the Linhardt lab. Recombinant Flaacterial heparin lyases |, Il, and Il were
also expressed and purified by the Linhardt lamgi&. coli strains provided by Jian Liu
(College of Pharmacy, University of North Carolin2)Aminoacridone (AMAC) and sodium
cyanoborohydride were obtained from Sigma-Aldri@t. (Louis, MO, USA). All other
chemicals were of HPLC grade. Vivapure Q Mini Hosg anion exchange spin columns

were from Sartoriou Stedim Biotech (Bohemia, NY A)S

2.4.2 GAG extraction, sample desalination and digas Lyophilized pellets were re-
suspended with 15 mL of ddB, then sonicated for 10 min in an ice bath usirgisonix
Sonicator 300¢600 watts of energy delivewith microtip at 40% magnitude, followed by
centrifugation at 3220 relative centrifugal foré&QF) for 10 min. The supernatant was then
collected and freeze-dried. Dried supernatant axilacted pelleted samples were re-
dissolved in 40QiL ddH,O and desalted by passing through a 3 kDa moleeeight cut-off
spin column. The casing tubes were replaced be2dfeul of digestion buffer (50 mM
ammonium acetate containing 2 mM calcium chloridpisted to pH 7.0) was added to the
filter unit. Recombinant heparin lyase 1, II, lIpH optima 7.0-7.5) and recombinant
chondroitin lyase ABC (10 mU each, pH optimum 7wéye added to each sample and mixed
well. The samples were all placed at 37 °C for 1after which enzymatic digestion was

terminated by removing the enzymes by centrifugatite filter unit was washed twice with
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300 pL distilled water and the filtrates containing tHisaccharide products were dried via

vacuum centrifuge.

2.4.3 2-Aminoacridone (AMAC) labelling and LC-MSalysis. The dried samples were
AMAC-labelled by adding 10uL of 0.1 M AMAC in DMSO/acetic acid (17:3 (v/v))
incubating at room temperature for 10 min, followeg adding 10uL of 1 M aqueous
sodium cyanoborohydride and incubating for 1 h®t’@ . A mixture containing all 17-
disaccharide standards prepared at 0.hlng/as similarly AMAC-labeled and used for each
run as an external standard. After the AMAC-lalgelieaction, the samples were centrifuged
and each supernatant was recovered for LC-MS aralyS was performed on an Agilent
1200 LC system at 45 °C using an Agilent Porosh20 ECC18 (2.74um, 3.0 x 50 mm)
column. Mobile phase A was 50 mM ammonium acetgtgeaus solution, and the mobile
phase B was 100% methanol. The mobile phase p#ssed)h the column at a flow rate of
300 pL/min. The gradient was 0-10 min, 5-45% B; 10-1tih, 45-100% B; 10.2-14 min,
100% B; 14-22 min, 100-5% B. A triple quadrupolessiapectrometry system equipped with
an ESI source (Thermo Fisher Scientific, San J&#, was used a detector in multiple
reaction monitoring (MRM) mode. The MS parameteeserset at negative ionization mode
with a spray voltage of 3000 V, a vaporizer tempae of 300 °C, and a capillary

temperature of 270 °C.

3. Results and Discussion

Controlled polymerization of heparosan is an im@oit prerequisite to obtain
functionally active molecule. Among various natupabducers of heparosan, mammals use
an active hetero-complex of glycosyltransferas®3 1 and EXT2 yielding a polymer of on
average 170 kDa, whereBs coli K5 synthesizes a polymer of 10-20 kDa using symicbus

activity of two enzyme«fiA (glucosaminyl transferase) aidiC (glucuronyl transferase).

10
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On the contraryPasteurellaexpresses a dual functional glycosyltransfeRsgiS1and its
cryptic homolog PmHS2 Functionally, PmHS1 has higher affinity towards short
oligosaccharides whilBEmHS2exhibits more affinity towards UDP-sugars whick &miting
precursor molecules (Chavarocéeal, 2013). The genédPmHS2,is a glycosyltransferase
responsible for the step-wise addition of UDP-gloaic acid (UDP-GIcUA and UDP-N
acetyl glucosamine (UDP-GIcNAdor heparosan polymerization (Chavaroetel, 2012).
Based on these reports, the heparosan synthadeS2was selected for expression of HS-0S
in cyanobacteriaHig. 1).

Being GRAS organisms, cyanobacteria are known toeffigient producers of
complex polysaccharides that can be extended tontzuticals (Abedet al, 2009).
However, natural production of heparosan or spe€iAGs for biotechnology applications
has not yet reported in cyanobacteria (Philipgisal, 1998; Kehr andDittmann, 2015).
Therefore, cyanobacterium PCC 7942 was explorateasiost for production of heparosan.
Successful functionality of themHS2gene product in cyanobacteria requires a large-UDP
glucuronic acid pool Kig. 1), mitigated by expression ofgalu (UDP-glucose
pyrophosphorylase). Thus, for HS-0S production yanobacteria, the vector construct,
pUPmMA48 with the genegalU andPmHS2under thePy. promoter Fig. 2A) was successfully
integrated into the PCC 7942 genome to creatadmsformantspgp7942(Fig. 2B).

UDP-glucuronic acid is one of the essential monaenprecursors and is typically
synthesized from UDP-glucose. While many cyanobiectdo not have an annotated UDP-
glucose pyrophosphorylase that catalyzes the csiovenf glucose-1-phosphate to UDP-
glucose, some cyanobacteria encode other enzyressme to UDP-glucose production and
consumption. For exampl&ynechocystisp. PCC 6803 (PCC 6803) possesses a Gegeé
(Uniprot ID CUGP_SYNY3) that encodes for UTP-gluedsphosphate uridyltransferase,

which synthesizes UDP-glucose, same gadU (Maeda et al, 2014). Protein BLAST

11



260 (BLASTYp of this nongalU type uridyltransferase exhibited 99% sequencelaiityi with
261 mannose-1-phosphate guanyltransferase (BAM5490Bat) PCC 6803 &I Fig. 1. Its
262  NTP_transferasdunctional domain belonging t&lyco_tranf_GTA_typesuperfamily was
263  verified from Conserved Domain database at NCBIm@m architecture ID 11440233).
264 BLASTpof this domain displayed 79% sequence homologyh witannose-1-phosphate
265 guanyltransferase (ABB58003.1, gene: SYNPCC79420B@) from PCC 79425] Fig. 2.
266 We hypothesize that the gene RS10005 encodes aisouwous enzyme that can also
267 synthesize UDP-glucose in PCC 7942. This bi-spatifi of mannose-1-phosphate
268 guanyltransferase (gemsS10005rom PCC 7942) requires further functional anriotatThe
269 heterologous genayalU, assists in UDP-glucose formation for a sufficigail of UDP-
270  glucuronic acid for heparosan production than ea®$10005 alone

271 Cyanobacteria tend to synthesize polysaccharidegerurvarious physical and
272 chemical stress conditions (Philip@sal, 1998). Therefore, to improve heparosan (HS-0S)
273 production frompgp7942 cells were grown under different environmentahditons (Fig
274 2C), such as high GQHC), photomixotrophic and nitrogen limitations daions. The strain
275  pgp7942produces significantly higher yields of HS-0S undegular nitrate concentrations
276  than the WT Fig. 3A)with the highest titer 2779 + 285 ng/L and a prdduity of 278 + 29
277 ng/L/day under HL and HC. Glycerol was added tortteglium in LC, LL conditions, but did
278  not result in significant improvement of HS-0S pwotion inpgp7942(Fig. 3A), with titers
279  of 0.7+ 0.2pg/L and 0.6% 0.1ug/L, with and without glycerol respectively unde€LLL
280 conditions. Cultures when grown in BG-11 with lovitrate concentration (300 ppm)
281  exhibited the smallest HS-0S titer pgp7942and significantly impacted HS-0S and GAG
282  titers. This observation contrasts to cyanobadtghaogen or polyhydroxybutyrate (PHB)
283 accumulation under nitrogen starvation as seernharcstudies (Monshupane¢ al., 2013).

284 The deleterious effect can be explained by a depledf building blocks for product

12
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synthesis, such as glutamine, and a depletion gt liharvesting proteins, such as
phycobilisomes, during nitrogen limitation (Espiaes al, 2007).

LC-MS analysis showed that all PCC 7942 culturestissized various types of
GAGs and that heparosan, in addition to other GAGs secreted into the supernataig(
3B). Cyanobacteria are known to produce an extrdeellmatrix (ECM) to serve as
protection from the outside environment. The ECM @@mposed of complex
heteropolysaccharides assembled and exported thraugtiple pathways and then are
attached to the cell surface or freed into the caurding environment as released
polysaccharides (Ahmeet al.,2014). According to phylogenomic analys8&ynechococcus
has been found to possess the least amount ofinpsaerving the ECM due to evolutionary
loss, which may reduce cross-talk and competition $ubstrates compared to other
cyanobacteria species (Pereied al., 2015). Wild-type Synechococcusvas found to
synthesize chondroitin sulfate (CS) (1.2 + 2L after 120 h under HC, HL conditions) and
hyaluronic acid (HA) (0.3 £ 0.1ug/L after 120 h under HC, HL conditions). The
transformantpgp7942 produced similar amounts of HA at 0.4 + Qd/L after 120 h under
HC, HL conditions, but less CS at 0.5 + Qug/L, indicating possible intermediate
competition. Higher titers of GAGs and higher suyagant to pellet ratios were obtained in
pgp7942cultures grown under continuous 250 pmdlgmof light and 0.2% C§) most likely
correlated to biomass increase and secretion ofugtainder optimal growth conditions.

Compared to shake flask cultures of recombifargubtilis(Jin et al, 2016) the titer
and yield reported here is much lower. HS-0S yieldsbiomass and carbon substrate from
pgp7942have reached 0.72 + 0.15 pg/g-DCW (0.83 pg/g-@guan estimated CQuptake
of 1 mmol/g-DCW/h), while engineereB. subtilis achieved at 90 mg/g-C. This is not
surprising since heterotrophic bacteria can graw much higher cell density and use sugar

instead of CQ@to directly synthesize polysaccharides.
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Figure 3. Heparosan producing strain,pgp7942, compared to Synechococcus 7942 WT
under continuous light shake flask conditions Shaking flask conditions vary in light from
100 photons pmol/ffs (LL) to 250 photons pmol/Afs (HL) and atmospheric GQ0.04%
(v/v)) (LC) to 0.2% (v/v) CQ(HC), but are held at a temperature of 37 °C, ieduwith 1
mM of IPTG, and have an rpm of 250 for 50 mL cuwtwolumes. Low N indicates BG-11
was used with 1/5 of the standard amount of nitmageically used. Standard deviations are
based off n = 2. (A) Titer of heparosan (HS-0S)cell pellet and extracellular medi.
Conditions that the HS-0S in supernatant was not well analyded to innate low
concentrations and high measurement noi@ysTiter of total glycosaminoglycans (GAGS)
in both cell pellet and extracellular media. (Cg8k down of GAG titer in the cell pellet only
as heparin sulfate (HS), chondroitin sulfate (O8) hyaluronic acid (HA).

Moreover, WT anggp7942cultures were analysed over time for 10 days uhtler

and HC conditions. ProductivityTéble 2 and titer inpgp7942increased with dry cell
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growth at 0.72 + 0.15 pg/g-DCWFig. 4). These time series cultures displayed significant
improvement in HS-0S titer over WT (> 0.03 pg/L)erietic modification nor heparosan

accumulation negatively affected the growth of ##0S producing strain.
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Figure 4. Heparosan producing strain, pgp7942, under continuous 250 photons
pmol/m%s (HL) and 0.2% (v/v) CO; (HC) shake flask conditions.Red arrow indicates
time of induction with 1 mM IPTG. (A) Titer of hepssan (HS-0S) as measured in the
lyophilized cell pellet. (B) Yield of glycosaminogians, heparan sulfate (HS), chondroitin
sulfate (CS), and hyaluronic acid (HA), producedhia pellet of strainpgp7942 (C) Growth
curve for the heparosan producing straigp7942 and the wild type (WT).

Following these experiments under controlled latwoya conditions, recombinants
were grown under natural diurnal light (light 126000 pmol/m/s, temperature 33 + 1Q)
at a 5 L scaleHig 5). Natural light scale-up studies wiggp7942produced a maximum of
0.44 ug/L (0.5 pg/g-DCW) of HS-0S at 120 h withraductivity of 0.09 pg/L/dayKig 5).
EL productions indicates effective functionality oécombinants under natural light and

scaled conditionsT@ble 3. The cultivation experiments demonstrate simtleers under

scaled-up conditions and thus the possible uski®ftrain for low-cost biomanufacturing of
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Figure 5. Natural light cultivation of Synechococcus 7942 transformants. (A) Growth
curve (as measured by absorbance at 730 nm) watlrainsformantpgp7942grown under
natural diurnal light (max. 1200 + 100 umof/s), atmospheric COconditions (0.04% C§),
and temperature 33 £ 10 °C. Heparosan titer (Logylpgp7942at 72 h and 120 h is marked
via red circles. (B) Bubble column plastic bag teaset-up at Environmental laboratory
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Table 2 Summary of heparosan production in PCC 7942, WT andengineered 7942

(pgp7942). Highest heparosan and biomass productivity indblé pellet are reported for
each condition. Standard deviation is based offidates. All experiments conducted at 33
°C or 37 °C. *Experiment carried out under natwlairnal conditions in environmental

laboratory.
Strain Condition Carbon Light Heparosan Biomass
description source Productivity productivity
(ng/L/day) (at mid-log phase)
(n=2)
(g/L/day)
pgp7942 Shaking 0.2% CQ 250 0.21+£0.03
flask, pmol/nf/s 0.59+0.01
HC/HL (continuous)
WT Shaking 0.2% CQ 250 <0.01 0.57 £0.02
flask, pmol/nf/s
HC/HL (continuous)
pgp7942 Shaking 0.04% CQ 100 0.07 £0.03 0.35+0.11
flask, LC/LL | (atmospheric) umol/nf/s
+30mM | (continuous)
glycerol
pgp7942 Shaking 0.04% CQ 100 0.06 £ 0.00
flask, LC/LL | (atmospheric) umol/nf/s 0.44+0.01
(continuous)
pgp7942 Natural 0.04% CQ Natural 0.09 0.25
scale-up* | (atmospheric) diurnal light

This study observed that PCC 7942 can synthesizpheuGAGs ig. 3B) with WT

naturally producing chondroitin sulfate (CS). Fellog induction of the genegalU and

PmHS2 pgp7942produced more HS-0S than CHd. 4B), indicating competition between

polysaccharide synthesis pathwaydg( 3C). Interestingly, PCC 7942 does not have an

annotated gene for

the

conversion of

UBRHRcetylglucosamine

to UDP-N-

acetylgalactosamine, one of the essential precufeorCS Fig. 1), nor have an annotated

gene for CS synthase. Since cyanobacteria aretalpeoduce a wide range of GAG-like

compounds, such as extracellular polymeric subsg&(€EPS) and lipopolysaccharides (LPS),

it is likely that there are unannotated genes armmmfscuous enzymes responsible for

complex carbohydrates. For exampie, coli K4 possess a CS synthas® R _00002566)7
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(Ninomiya et al, 2002) andBLASTpshowed 27% homology to PCC 7942’s cellulase

synthase. Further gene function studies are regjtiredentify a CS pathway in PCC 7942.

4. Conclusion

PCC 7942 recombinantspgp7942 were successfully developed for the
photoautotrophic production of heparosan througimdiogous recombination of the genes
galu and PmHS2 pgp7942cells were cultivated under different environmémtanditions
yielding maximum heparosan production (2.8 pg/Lthviiigh light and high C& which was
10° folds higher than that in wild type strain. PCG4Z%elease as well as store GAGs and
hence, could serve as efficient biosynthetic ptatf for continuous production of glycans
like heparosan at a commercial scale. Our scaldireuunder natural light conditions
demonstrates this platform for the photosynthetmdpction of high-value chemicals from
low-cost inputs. Further research efforts are neefteg polymer characterization and
regulation; however this study presents proof-ineapt for cyanobacteria as a platform for

complex carbohydrate synthesis.
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