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25wherein M5 is mass flow rate of the carbon source (gib); Fis feed flowrate
(L/11); SF is carbon substrate concentration in the feed (g/L); X is cell
concentration (g/l, dew); mis specific maintenance coefficient (gig dewh); V
is culture vobaumeizkgs to is tine of feeding start; t iPETEEmCERESISIIiME; U IS
specific growh rate (124); and Y1 is cell yield on carbon substrate (gig). 30
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medi um I n onen§OMiBBAL mmp@éu%@rﬁmuﬁmpﬂwl%ﬁkefs&&mrwﬁn&ﬁéchrawﬁgﬁ
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wi th hydrogen d t e h | ds of
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enbodi nents, the initial culture volunme is 3 L at batch phase, working to 71,
in the fed ph‘iﬁ§91,escﬁmd1v5dtlﬂh Idasrcrﬂseatdllﬁ&essldirﬁr @J;zaksderﬁﬁn@twnrmfhta% t brisefrore, the
culture prod ces at t 10 égﬁl | east /L at ast /gL at 20 | east
13¢g/ L, at %ptamf%wnﬁe BFOVeR, ‘g‘fé’ﬁy‘tﬁ'hﬁ ??élb%‘?tﬁ]%l‘é rmF'I”I%tI GERSUSHRi al |y pure
hepar osan | SQalﬁephre%t 90% at |east 95% at |least 97% or at |east 99% pure.

In related enbodi nents, the heparosan is | ess than 1% DNA and | ess than 2%

protein. The hcparosan is swst[ﬁ%ﬁ PbFW}ﬁfﬁ@ﬁt@?{dﬁto heparin. In one

enbodi nent, the hcparosan has er average nolecul ar wei ght of at | east
10, 20, 30, 40, 50, or 60 kbDa, such as about 58 kDa; 25 wei ght average
nol écul arOne T§hiresnt Atvepteastonoans Bprovad mamds ¢y, the @rodgdioprof durkman bsuch as

about 84 kDa,ferﬁQrgatRﬂloYﬂ'c%l?@{rssﬂs&ié{tidnr@)@% K ;@Iylacl:i%ﬁge LRAQGcfion] NCl uding | ess
than 1.9, 1.8, 1.7, |nclud|ng about 1.4. In further

enbodi nents, the i nt| on in des the he_ hepar gsa roduced by the
above met hod& P ¢ Bﬁ‘ﬁ??fag‘gG’tcchfglcmﬁi?réqﬁsaqﬂgf‘ﬁ%ﬁng G‘E,Jthg" ffglfl?qﬁ’tfn&?t a medi cal

device. In glucose as the primary carbon source; (b) binding heparosan to a solid phase with
subsequent clution; and (c) precipitating heparosan from the eluate. The method is suitable

25 for the production of substantially pure heparosan, which is at least 90% pure,

In related embodiments, the method comprises two phases of culturing, namely a batch
growth phase and fed batch growth stage, wherein (a) the medium used in the batch growth
stage comprises (per liter) about 20 g glucose, 10-300 mg thiamine, about 13.5 g KH,POy;
about 4.0 g (NH,)HPOy, about 1.4 g MgSO47H,0, about 1.7 g citric acid, and about 10.0
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30rel ated enbodi nents, the heparosan is used for the production of heparin.
Rclatedly, the 5 WD 2011/ 028668PCT/ US2010/ 047183 i nvention is a nmethod of use
of the heparosan or heparin produced by the foregoing nethod for the

manuf act ur e okoavivesieganent . In further enbodi nents, ddiRisbdiy@niskon i s

hepar osan produced by the foregoing nethod, including heparosan with a purity
of at least 90% at |east 95% and nore. In related 5enbodi nents, the
invention is hepakihprod fiE QN8 n SCRL PT OF THE
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hepar osan B. (8tructfut M ofiChel9dr estiOchdith 3@ sulCeCing2r pranSPe 7Y, | h wof
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and i nset sshowhngoRAGR.AN &Ly S ATRIER b:158 54 ecover ed
fromM nedium C, cpgrésan ré%o&ergggfron1glyc3$gﬁ Hg??ﬁg@ﬁ%%%?%ﬁny_

hepar osan redd¥dr &0 r om gl ucose defined medium Figure 3. Production of
heparosan in a 7 L fermentor. Panel A shows the glucose feed 15 curve
(black), the Ipktietd anevoliiplet) oxgpsh it PRvideSEOINMREd OXY URMi{ o6 suppEMEddr €d) as a
functi on of fe&nentatigp EiEF gh% Eanel B. shows .t he C%ll %%omﬁh curve (total
DOWg, A ) andh&pErbsanciirbaudiioond (Yeto)s BemBined i t3P8H G¥of elintdicat i on ti me
(h). Figure 4nGhémactenicoaydeais wéd. heparosan purified fromthe supematant of a
7 L fermentation. A 1H NWR (600 MHz) of heparosan. B. 13C- NWR of heparosan
prepared 20 qp j gl = gl N, ammpni | fate. C.
FTNB of & heparogan el anaamaloudadite d iRs o dihchRl BITRESR St S o

pol yrmeri zat i 6n" 24 thpoHiif ihedaibsgd ¢ repa? atliowd] PAGE idiyaietddly.the ROTLOY of i gur e

5. PAGE used faﬁﬁnoWs@iﬁ%nY ot ﬁntﬁg??gﬁa"hp Scn)ﬁﬂ[ohlglgﬁ\ls,cthgﬁng!m"fg SO?\EU%IH r1‘8 ai)'(a)‘ﬁt ol ecul ar

st andards spanning the range o e gradien anes contal n: HA 25
mol ecul ar marRep%. (80dikg o311 %P)ch a92%%epar osan nol ecul ar markers (6.4 kD-14.1
kD). B. heparosans prepared in shake flasks in different media. Lanes contain:
| . heparosan if pam® ABekitts, 2he B &R L£Qm HeYeEraln s?a%mshf@@ hC, AR UM 3.
hepar osan from gl.ucqse synthetic nedium and 4. heparosan from LB nedium C.
heparosaﬂé pﬂ@ﬁ&?‘@ Yn a 7 L WD 2011/ 028668PCT/ US2010/ 047183 fer nent or
sanpled at different tinmes. Lanes contain: 1-6. heparosan sanpled fromthe
fennentor at 4.5 h; 12.6 h; 14.5 K, 20%h; 32.9 h; and 37.6 h after the start
of the fewnentation. Ks(=F(isy,= C;;- | Me¥ () [0t 1]

e f

= ¥
& ¢

25 wherein MS is mass flow rate of the carbon source (g/h); F is feed flow rate {L/h); Sr is

T,

carbon substrate concentration in the feed (g/L); X is cell concentration (g/L dew); m is
specific maintenance coefficient (g/g dew/h); V is culture volume (L); to is time of feeding
start; t is process time; p is specific growth rate (h'); and Yy is cell yield on carbon

substrate {(g/g).

30 The method also encompasses binding and elution of heparosan from the culture medium.
In one embodiment, heparosan is obtained from the cell-free supernatant. In another
cmbodiment, heparosan is obtained from cells by washing with a detergent solution, such as
SDS (e.g., 1% SDS), with agitation.

After removal of the cells, binding and elution may include mixing of an anionic exchange

35 resin with the culture supernatant and removal of the supernatant, washing the resin with
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Figure 6. Tinme course of nolecul ar weight properties of heparosan produced in 7
L fennentor. Shown are the trends of MN (El). Mv (0) and PDI (4). 5 Figure

7. The pH curve (E) and the dissolved oxygen (% DO curve (4) as a function of
fernment ati onvio meuzkgsin the 20 L fernentor. Figure 8. Foguvsehdosgsow h curve
(DCWg/L, (E)) and heparosan concentration in the fernentati on supemat ant
(g/L, (4)) time course in the 20 L fernentor. Figure 9.1H NVR spectra of the

hepar osan sanpl SR dhictde inkBiiUE&atd Burt3® BRSPS AR DGE TtV eédi%?cﬂl igguper nat ant
post - precipitation using varyi ng anounts of ‘chitosan from 10 of 1 my/m
-1

pur e hepar os&hsodmacttei beffgat i 4.1. Per cent age recovery using varyi ng amunts of
chitosan from10 mM of 1 ng/m pure heparosan sol ution. Figure 12.Percentage

][ecover y usi m%temaﬂ;]@eiynginlam@um Sutlh nfals»ibte%%g@ea mcﬁ\rlbﬂi%sm I1n efic 5%0&%%51, ued T ONS
ermentation broth sanpl es DETAILLED, DESCRI PTI ON. OF THE | NVENTI. FI NI
Heparosan is C‘élmﬁ%f‘%‘ag%ﬁésr V‘B‘@‘T "kﬁ Pifpsay ﬂjﬂ)‘&’é’fii“ﬁgcggf‘ élgévééltﬁ PSP PG cAa- (1-
4) GLcNACRG1- 4yckipitatBeciaslsed, thaehadpsuex ap alty SatE babiheeding e ahd eimehepar osan,

whi ch the 70 present inventors, |sQlate and rify, "heparosan” in certain
contexts can® %E‘rg} Y 8%%Pgsi§ﬁk3§éo%ing'r“§8“‘5)%‘(“??“6’3&03?‘%5‘,‘ mf)’fa]é%@ﬁmimﬁ cul ture
medi um and duaddhign kslaatdeachaaged puri fication. The neani ng of heparosan w ||
be understood by the person of ordinary skill in the relevant context.

Escherichi a i KDy i . i - i t.he .K5
exopol ysacchggql(%vé@]ilggﬁgtg %Cﬁ?‘zm\é?{h(%%ﬁa%ﬁggE Feé:l %étk‘ﬁgi% g}ééo%‘g&?ééigﬁcgcf Q:‘%‘?%m public
col | ections sihetr!l a5 mah@el. Woe0anyod 2866 §PCTMIS20 tOA®A FiE8Bed. AR iepidtmeTy pe

Cul fure Ggl| ﬁ%ﬁl’ Qeislt?ﬁga ly $4GB4, 884 Fiegcol 1 strain ATCC23506. Escherichia coli
1(5 strains y be also E)e I solate romclinical sources, and/or genetically

nodi fied. As _used herein "fernmentation"” refers to bacterial growth and
product i on of "exeHROL\ARCERATPEEs rerHar [dERH NG S8 S| {sHEEHaM de. 5As
used herein 'iciRl@tedhydeansciRgeheparosan is separated fromthe culture
nedi um and

The method of the invention obtains high yields of heparosan, with high purity, in small
culture volumes, in a short period of time, and with low amounts of contaminants. Thus,
15 the invention is suitable for industrial production of heparosan. The yield of heparosan may
be obtained in a fermentation of less than 60 hours, less than 48 hours, and less than 40
hours, not including the growth of starter culture, In other embodiments, the initial culture
volume is 3 L at batch phase, working to 7L in the fed phase, and similar ratios. In related
embodiments, therefore, the culture produces at least 10g/L, at least 11g/L, at least 12g/L., at
£ 20 least 13g/L, at least 14g/L, and at least 15g/L of heparosan. The substantially pure
heparosan is at least 90%, at least 95%, at least 97%, or at least 99% pure. In related
embodiments, the heparosan is less than 1% DNA and lcss than 2% protein. The heparosan
is suitable for processing into heparin. In one embodiment, the heparosan has a number
average molecular weight of at least 10, 20, 30, 40, 50, or 60 kDa, such as about 58 kDa; a
25 weight average molecular weight of at least 20, 30, 40, 30, 60, 70, 80 or 90 kDa, such as
about 84 kDa, and polydispersity index (PDI} less than 2.0, including less than 1.9, 1.8, 1.7,

1.6, 1.5, 1.4, or 1.3, including about 1.4.

In further embodiments, the invention includes the use of the heparosan produced by the

above methods in a pharmaceutical preparation, such as a coating of a medical device. In

30  related embodiments, the heparosan is used for the production of heparin, Relatedly, the
5



bacterial cells and present in sufficient quantity to perinit its
identification or use. As used herein "substantially pure" neans that the
heparosan is essentially free of other substances to an extent practical and
appropri at e fvod 201i/@sdsit ended use. A substantially pure thepasosamsi s at | east
90% pure, Preferably, the material is greater than 91% 92% 93% 10 94% 95%
96% 97% 98% or even greater than 99% free of contam nants. The degree of
purity may b i in “a" or "an"
reans. one. or Tapn i ieagd SRRES: KORRoLA ok Pl lrop B UERE it Blahenba 120,
"about" is udedhamanyfidercstfeoddisynenthe person of skill in the art in the context
to 15which the "about" nodifies the stated term For a nunerical val ue,
"about” may be (GRS bdRIIaRND 1RNGOFREAS S & y@{;ahgicmeedoﬁy Mé%éﬁ%@mm@, stated
val ue. FERVENTATION OF E. coil K5 FOR THIE P | ON OF HEP AN Many factors
nust be consi¥f&IEE hepaptR WiehPIHY CAtt BRSO aghaprio g n¢ 61e- t inofsitedor

f er ment at 50N emBOdifents @elinvehibnIENSER] pro®ARY BEPWid Kep@ohde variety of nedia and
a range of pH, tenperature, 02 and other condition, Unlike |aboratory adapted

strains, however, E. coli ' xt ensi ve study of
genetics, growth, and fungmﬁﬁm%ﬁﬁ%ﬂgﬁﬂﬁiﬁﬁgﬁmsﬁ condi tions can affect
(a) the rate of bacterial growh, (b) nmaximal cell density, (c) production of
the K5 exopolfy@eckhar iSdecteaps dleptrosnl) 4-hecpdeye elbsaphari@bumipefi idperatandh of the K5
capsul e by E &8l offRpartas tfilih RNALLH L 7L deRk omtrpitﬂg&n%s @ﬁ!ﬁ' K.5, and ot her

factors, (e) the release of the K5 exopol ysaccharide cap e into medium (f)
ced is of a_size range suitable for

whet h h har i d

b ocessi ng. | ABrTapar | VMRS e rotHEraRt: oypucoi Sokm RS, For
exanpl e, @onoM.tdta@mjglolt ma?arcvéﬁl %ﬁ%&ﬂ&&%ﬁ?%@ %&ﬁﬁ@ d,le_/LWcJeﬁh n @alrvquAgel I lysis
may i ncrease _t i.el d of the ) ari.dc in the culture supernatant,
but may al so’i %@}%éseﬂ? ﬁgdﬂg‘gl?aélfﬁﬁggﬁ"gt%g’%ﬁ@ 284 3561 ﬁ@ﬂ&‘éhpa‘}@%é“%ﬁﬁs‘mp e and the
nunber and armiyits R afwetarimgmgﬁnirmwaﬁi s@mﬁmm&@nﬁ_. CThﬁpdréE@@f&%@ﬁﬁ gf any
one contam nant is r ed to t ase hy ich it €. renoye 5 by
subsequent pgﬁpfnf 3%’5’??%%18 IBCCEIIHB'C@S E“r‘pﬁﬁ’ ShrapEer e(g\ﬁ%}? ﬁg?‘}/sf H‘«’sﬁnég WF%H‘Pn ant

interferes wth subsequent processing of heparosan into heparin, and whether

t he cont anm nd&murgposes Peoddetingef heperobrriang Loemanionalascl Ashopoite ghicsscifseda known
pat hogen,;sand t hus. & oxi nsgand ot her . vi f.ul - ed, fagt oLs t be renoved.
Li pol ysacchar}ndqlel?aLPg) (inga g:c()"n<‘l‘)ro(§1T cont ar%?sﬁ%ﬁ%d %4)’@(;(3' g/mlﬁggcglﬁcv(g%zgétgeri al
extracts, anduncgorkridwmentiatidpdine: (hbt Renel B 90wk thagrlbsioiviuduant(toah @CRORI 4.) Nucl ei ¢

acids may al g0 %cgaljomgbgg&jom,%%t&’ﬁmcﬁgﬁ pfécﬁﬁnﬁn M&dohgi ¢ acids have

pol ysacchari de res, SO may co-purify wt eparosan. Ot her contam nants
may i nclude non-heparosan pol ysacchari des or _derivatives of henarogsan. For the
producti on of 4y nnc&?}f‘rnﬁi‘f%{llza d OGRS PrEdTctiem tResuBBIAtEE And nht ure of

t he /growt h medinumtiay AbeHiNparGeVH-FehepxaaR! B, “comRex nifisa Rkaiined by the
hydr ol ySi&ﬁ 150% ani mal or . Ia@é @r ot eefi&[pg is excel]ent for the %rnowth and
product i o of™ M7 BEY™ szt iRy S BYGRSC gk i AETBAMB S e & BATYREE? BREoty cont ai n
antigeni ¢ andhadt beaveeRBtrdiRdRAWight 4551.81 (degree of polymerization =24) purified by

preparative PAGE (Ly ct al., 2010).

Figure 5. PAGE used for MW analysis of heparosans with Alcian blue stain. A.
molecular standards spanning the range of the gradient gel. Lancs contain: 1, HA
25  molecular markers (30 kD-310 kD), 2. heparosan molecular markers (6.4 kD-14.1 kD). B.
heparosans prepared in shake flasks in different media. Lanes contain: 1. heparosan from
M9 medium, 2. heparosan from glycerol synthetic medium, 3. heparosan from glucose

synthetic medium, and 4. heparosan from LB medium. C. heparosans prepared ina 7 L



Addi tional factors nust be considered for production of heparosan on an

i ndustrial scale including culture volume, time, and tenperature of
fermentation. Smaller volunes of nmedium and faster growh conditions arc

t heref ore desigabl®sssAl so rel evant is the 20i denti fi caprpmshio@rzigs owt h medi um
t hat uses wi dely avail able, standardized and i nexpensive starting materi al s.
G owt h conditions nust aI so be denonstrated to be scal able. Thus, the

i denti ficati (Pé?m tofas@m Iffel%m g,rslnc%srl:fﬁtaglbnté.c ?%%ﬁl g«;#% Cdaﬁ‘O%‘Pt

denonstrat ed ar e suc nor e. hI%el at edl y,
t he process mw@r abé5rhob?tfsh lérﬁéi ?epBadhcing| 3.6 haficr hostheefahofkmenttiosuscept i bl e
to small changes in conditions. In view of the foregoing, the identification

of conditiongiggrid abl Q’nﬁ@éouﬂs’@%f'rrﬁﬁjééﬁl?a{ wabhtraitet bPRepafoshepsdRsan ALe non
trivial. The present inventors have identified suitable growth and culture

condi tions f &imentore Shewikese ¢ hétff:%lof%é%)a%‘h@)ﬁ?do%éﬂon i sol ation and
purification of heparosan, which are adaptable to industrial production. WO
2011/ 028668PEEL1F2010/T04 7 83vd (%) awe dicaliasiecddedybaath DOYavansh bs gfiuadee as t he
carbon source, . whi nding on the growth phase. The conposition
of the medi uﬁ#?g?enfaﬁgn%g?@amtg ﬁﬁﬂslené% the follow ng per liter: about 20 g
gl ucose, 10-300 ng thiam ne, about 13.5 g KH2ZPO4; about 4.0 g (241-14) 2HPO4,
about 1.4 g FergSad7HIde CﬁbﬁgwfhlcuwedD&W eile (8wl heppigsaatronention imthe 5 trace
metal sol uti @g}merm%ntsaﬁﬁﬁtaﬁﬁmt %§ﬂln‘r€t5091@e &Qf;@zcﬁ! oo (per L of 5M HC1) 10.0 g
FeSO4- 7H20, 2.0 g 2, SAA7H20 . MhSO41 4H20, 1.0 g CuSO4i 5H20,
0.9 (1\1-1 )61v1020 120, d 0.02 B402 OH20. The feedi ng sol ution
during the fglfuﬁaaqtch ﬁﬁ@é@emﬂi li‘eslieéﬁosé‘ a(”i?i pli‘)‘ﬁ"3]‘3250 1000 g glucose, 20 g
MySH4- 7H20 and 0.15 - 0.5 g thiam ne, and may be further supplenented with 47g
KH2PO4. 116 S(F'r@reell@bodifmbﬂn ctoh@nnék{anfieedripmgat&mlpmsﬂ-mcnims@umﬁng vglyibgose, 20 ¢
MySO4. 7H20 and I an nbodl the feeding solution was
700 g dl ucose, o%q quk}goéﬁafnofﬁg%m %7‘9 %352] %’ﬁ@saﬁ SQUBOHI hi am ne. A seed culture
was prepared by growng E. cull K5 strain overnight at 37C in a conical flask.
The seed cul Figuee lils t Remerntass cedosers dsing tveryaief awma o ehitobpe fiber Hemi af ilon in the
15 fel -nment oan%‘gl%;cq{cﬁmpgangmmghases a batch growt h phase, and a phase that
utilizes a co nation of exponential feeding and DOstat feedi ng strategi es.
The bat ch gr% hasi, starts after the seed cult é ocul at eocél in the

f er ment or . @“f‘” PIOTRER JOGR8 Y “éLPgé{FrBifi'ﬁd‘m\?‘?‘@"’O ﬁ'HmEﬁq fan REFY Between 6 and
8 by adding NRdeHeasnplgaes selayis The second fernentation phase starts
after the dissolved oxygen shows a sharp increase and 20gl ucose in the nmedi um
is depleted. The feedin LYEepf E{Iﬁlﬁl d generally according
to the equation but vvit Tl%egllggl?]£ &\}@Q ﬁgqﬁgggkﬁgw rate of the carbon
source (g/h); F Feed flow rate (Ph); SF Carbon 25 substrate concentration in
the/feed (0); X Cell concentration RRFTIBWPNS m Speci fi ¢ nmai nt enance
coefficient (gig dewh); V Culture volune (1); tO T Tinme of feeding start; t
Process ti meHepdrbsa®PBCiaf ip6lygicenatilic raiie td / RpcatiX diashuctiedd witel@ican(car bon

substrat e (g1, gl LUA 19, LRE, M09S 820 NG RLORSS SathdrnSyElos BOLAER L 1-0- 4
20 present inventors isolate and purify, “heparosan” in certain contexts can refer to heparosan
associated with bacteria, present in culture medium, and during isolation and purification.
The meaning of heparosan will be understood by the person of ordinary skill in the relevant

context.

Escherichia coli K5 describes variants of £. coli that produce the K5 exopolysaccharide.

25  Suitable E. coli K5 strains may be obtained from public collections such as ATCC



WO 2011/ 028668PCT/ US2010/ 047183 I n sone enbodi nents, there nmay be pauses
during the feeding as checkpoints to ensure the glucose is not over-fed and
the toxi c substance such as acetate in the culture mediumis low. In these
checkpoi nt s, wdmifieedi ng i s resunmed after a sharply inereasgi@fizikhe di ssol ved
oxygen concentration is observed, which indicates the depletion of the glucose
in the culture 5nedium In larger scale, such observations are nade

cont i nuous| y(X\&Ex]fhaf?'T%)?ﬁzltgﬁ?o}%&#&n%’é&%%ﬁ &s é%ﬂﬁk&aﬂ%ﬁ?%ﬁ@é' Y&hepicHr i ng

fernmentation. Typica erment at’i on continues u no 1 ncrease in the
cel | density <p/6Kopzarmsyed be Thaebd isddihigomn slinidsbivuzees pplal carrtictliyencdifiedr er of the
fcrmentor is left on for 30-60 mnutes nore to shear nore capsul e K5

pol ysacchari dg efdd thReicetbmsurdiace raad intQckhe R Mind GRldRid GATI ON OF
HEPAROCSAN FROM FERMENTATI ON CULTURE I n opne exenpl ary enbodi nent, the heparosan
puri ficati on SHEPYRSHEIS & Ragjculdr OF B StPORPERKESa cul ture supernatant or
filtrate, (b) binding of heparosan to a solid phase, such as a resin, and

el ution off t ke ueelpiards disolithEredfanotie h¢ihyospr 8ckpirdtat from tha duhuraheohel andnd (d)
depyrogenati gn. Additional bindi reci pitation .and depyrogenati on steps nmay
be added. 15$%m§ag%mf%%Pn?ﬁéugﬁh?%?éﬁﬁgﬁ EH?PP‘%agau%ﬁg??¥V§'ed to separate
the supernatant fromthe cel|l pellet. Formalin or other agents nmay be added to
the cul ture 6 usprblearsiyapbstaiallhaee’e micans ddt |t hepypiagas pspentingp Groshethirs

recovered fromshes aHRELRAL flicaldbl afFYrBleS0: REnEELOVS, ed smtamﬁp'gmg the
h a detergent such as sodi um dodecyl sulfate”and

cells, including wt um
mechani cal agFReESTOH, 2 {8t 98ty Piperablt hagnasnd! Bxarate thep?16f 92%eidr-osan from
t he20supgr nak@andsy, logwSteR, ok of en RERATRSANDU Sel@UNFatifark. SOL e Rh@se that
preferentially binds heparosan. For exanple a resin, such as an ani on exchange
resin, is addbdyigy PreSSSHISN mEeinoT R Brfistep (a). The mixture is agitated to
bi nd the heparosan in the supernatant onto the resin. The mxture is then
filtered to swpasdaieeit 1 of €81 Mndafisodme ol @108 itk isGpecifithiey Seipathioatkasohliyd i s t hen
washed to 25rinse unbound contam nants and el uted. For anion exchange resins,
this would i f¢fude washing with low salt concentration solution to rinse
unbound contam nants, and elution with 1-2 M sodi um chl ori de sol ution.
Chi t osan may Ta¢ sombebayses usad abiundbritenddryobapersomsif seill ghilteastain thrageniset added as a

sol ution,;sand,is dbessler i 450k d il eci.pi f.a ut and

t her eby clastr ri éscfﬁhegar%tslanrﬁ?é}gérsn ?ﬂé‘ﬁtc\(}%a%lfy %%E@g‘g%%#,‘ﬂ&%ofg%ﬁﬁﬁ

super nat ant . cSisifeicd i spcorpeper asarPned 10°d avend thasteted viligh an appropri ate col um
containing a solid phase, washed and clutcd. In step (c), the resulting

hepar osan el wak®eNTOMISKEF £ R)/i KS FOREGIPPE@bEATICOUCh HRPARWSASdi ng 1- 5 parts
by vol une of ethanol or methanol. This step not only concentrates the

hepar osan 5b sel ectively removes, contam nants. The precjpitate is then
eparated by KBRTPTTLGE kRS GSHEH Wi Tl Sra0% EoABrr i SERCP 1 he
precipitate ifsmeitgsol ved in water, and subjected to a depyrogenation step to

i nactivate remaining |ipopolysaccharide and other contam nants. Typically this
I's perforged ;. 4Nial. QN GhZhRYind06RE vake oragdvdi 9980, ﬁfé{fﬁg% ; ranpllg,0t her

per oxi des or 10bl eachi ng agents are known. The resul fi osan I's
preci pi t at ed 2Byaher, copdtionh dike ghgratory adapted strains, however, £. coli K5 has not been

subjected to extensive study of genetics, growth, and function.

Variations in the growth conditions can affect (a) the rate of bacterial growth, (b) maximal
cell density, (¢} production of the K5 exopolysaccharide capsule, (d) the degree of
25 modification of the K5 capsule by E. coli K5, bacteriophage resident within E. coli K5, and
other factors, (e) the release of the K5 exopolysaccharide capsule into medium, (f) whether
the heparosan polysaccharide produced is of a size range suitable for processing into

heparin, and (g) the amount and type of contaminants. For example, conditions that
8



dried. ANALYSI S The resulting heparosan is analyzed to determne the yield,
purity and suitability for further processing. Several analytical tools may be
used. 15The di sacchari de conposition may be anal yzed with hi gh perfornmance
liquid chromavognagbys ( HPLC) - el ect rospray ionizati on (Bghjustegsrspectronetry
(M5) after partial digestion of the heparosan. Bhaftacharyya S et al. (2010)
"Cell-bound IL-8 increases in bronchial epithelial cells after arylsulfatase B

sil encing due,. r t I j.t pir Cell
and Mal ec Bi f&%ééggilj%é%ﬁ&fjl%@m%ﬁ i gml)d;gﬁl% %gr?ﬁ ?S;Cgﬁa%g?sé@@ﬂgncﬁﬁ i gested
hepar osan anduicsnatagi, tathey fler m@reiserﬂm deizragatioh ghec®h cemo ysactlendeagadsubugrnidt y - of
hepar osan. M%uébe%ﬁng%no%%Wﬁ&%%&Bagggrgt 2009. Nucl ear nmmgnetic

resonance quantification nonitoring arosan K5 capsul ar pol ysacchari de
production. Anal .Bi ochem_  398(2):275-7. Heparosan can al so be determ ned W th
carbazol e andl 9§Plé°“§%ccr°é6’é§f?@&OHW’B?W@FI& d tovtfercagaby Whishgbyer be wpare e

25Uroni ¢ Aci dyGashazel pirReathian ploc&aag yt%pscalhetﬁérqﬁ@eéﬂtasﬁlﬁa)ﬁt ﬂﬁe’ﬁereg%ﬁthDNA
content may be determ ned by UV absaorbance, éﬁ@tg‘ﬁcontent may be determ ned

with, well Y SRR FOCCEReh St S EPERE Oy p%@Aa TS SR PB1P Gwi ng

man UL actur ?r ldSnge]t:lﬁ)t Hm?s_ @Eﬁlgnalél\@ 20k 145&28&6&51(5_1&&6%&8 104 647 ﬂo&ﬁls-ﬁﬁkﬁoﬂﬂ&lhecu: a<rjd
wei ght profile of purifi cparosan i s determ ne coppari son with a | adder
of known nol g&ﬁﬁeﬁﬁﬁ'r&éﬁeﬁhfggoréf’%ﬂ%p% 6‘5%6‘8 ﬁ?%ﬁaﬁ a X‘héﬁgg% gnd WEEYt o

cal cul at e t heommheeul af @mhghdgamemg@;al Ny, , andneh Gheitd idpubd Qn.pofyr ogen

cont ent be det | us a eboc te | sat L ssay. 5The
i nventi O%ymglgnqsﬁglylﬁxg %ﬁ%@r 4{%1818 af)lgu Py Qf‘ B OSPWB e@ﬂ&?ﬁ%‘g anpl es,

which are pr avileie cicitlo hivel m;tsa@h&udeemc@,l zmdesmﬁd; rmpntrﬁ“y @flthtﬁwarbﬁuem)ﬂha-n are not
i ntended to bgntlélmalt %(M 1 {) son of i na rd¥ d E under st and t hat
variations nmay be nade Wit h u°“c5‘81 a“%s%“%gys?crc HEWE SBW‘""ESOB PFRE N nvent i on.
10EXAMPLES EXAI\/PLE 1 Materials A 7-L gl ass autocl avabl e bi oreactor from

Appl i kon ( ScHhpethamroduetione IPhsrasicuiiess anfsmadiesd pradects, ghtentcoend BitoXpétte V1. 5
Soffvare was sk fuGank b0km dgo%ﬁe%ocrxaﬂﬁ@rc%bwn@al}g ofiehkEs i RdfR, DIf corm

LB broth po was purc ased from BD (Franklin La
cheni cal sl3us&# afigel i Epumragns hexeypnt ﬁ@ttiﬂ% e @pdvm’@cflﬂrﬂoﬁ?ﬁ E‘alcglrlréCSAlbnfrl ch (St

Louis, MD). Amwsf\xaamo%@M@%M&%&Shﬂmﬂmﬁ@&l& ald okh@moﬁmmh\@)us Baff| ed shake

flasks are from Corm ng (Com ng, Sephar ose Fast Flow from GE

Heal t hcare ( was u or the fication of heparosan.

Vi vapure D MA ggﬂ%f%m“%frh%s“ﬁ% Cégjf’{f’bﬁ’ioé‘fftlg‘gf’f E?ﬁa’iﬂ’éa“ﬁne%ﬂ Rsiet 8215 ( Aubagne,
Fr )ance%. M cm&hﬁ% d?lﬂt@lfee\tdgnﬁﬁsw, Kid ﬁW@Sraifu[d)m‘ @ﬂﬁédg@ioﬁmmlbﬁ{j vcﬂurﬁdQIO@kf ord,

IL). The enz S _use o digest the he S r sacchari de analysis were
expr essed ané“%ﬂ‘ﬂ’ﬁ“gdé?t?{ %rg‘r”%l 8‘5‘%@%8 Y%F g’(‘f i ’%E%Irelf‘?@b% °St r uct ur al
snapshot 20of idvepBration efepebyietddzat thamsdyyiteparailibld, yiasdarcﬂzed dnRinexpefdiicent
284(49): 34019t %7 H LCi M5 was perfornmed on an Agilent 1100 instrunment (Santa
25 Crara, CaPPfOFRIESI“STLC silica gel plates were from EVD (G bbstown, NJ).

The materials for preparing the hcparosan MV I adder and determ ning hcpar osan
M were desciGripedl corfiighet givbt alsp be ylensigicdio b¢ 201:0)c. 'TAnalthesietiddatifh ofcml | K5

capsul ar pol
10. 100718002){,2@%%%_&{&1% 1@%_@%!%2&8(??&%&%%99% d%%ﬁ Eg%er ScalefS Sﬁ] a?sur onan

mol ecul ar markdr 400 dgped él?tﬁal Releteqly.ohs Pipasse seow kg mbbmﬂ@)lftpyodumy and

25  therefore not susceptible to small changes in conditions.

In view of the foregoing, the identification of conditions suitable for the industrial
production of heparosan are non ftrivial. The present inventors have identified suitable
growth and culture conditions for E. cofi K5 to facilitate the production, isolation and

purification of heparosan, which are adaptable to industrial production.



WO 2011/ 028668PCT/ US2010/ 047183 E. coli K5 growth in 2.8 L shake flasks E
coli K5 from Anerican Type Culture Collection (ATCC #23506) was stored frozen
in 1l n of MO, LB, glycerol and glucose nedia, with 25% gl ycerol. A 250 nL
shake fl ask eantoainksag 25 m of the sanme nedia was i noggrakschmrih 0.5 nL of
defrosted E. co/i. The 5 culture was harvested in | ate exponential growth at
approximately 1.1 g dry cell weight (DCW/L for M0 nediumculture, 5.4 g DCWL
for glycerol Lhet, um and
179 3 bow . 107 PpgF el ndle b gaRo ftor SuaC B SRRE LherBBE 1T 575 L
shake fl askson ﬂhﬁtgﬁloafthenhm t Ah& composiion of It inpditratier éxpgeferadveh igeoich. The
cul ture was tier reached
$&%§ﬁ% n‘%; 122 O b@E’Moagﬁg %Ze 162360l ththlTnﬁ]ie hdbﬁje 1485 ggiisaﬁ‘fﬁoh abut

stationary phas t hen harves for rec ver The rredl a used
in28L shak‘é) § (MH&RHPE.rmbpttdt4 oM dSRe Hdbdbout 1 MCiﬁmcmﬂd}bDéfomM ©B brot h,
Lennox, 2Q ghlee %etaﬁv&,zﬁsgl ¥ trzce%aalgéomeé%onsgtea?of%ér m%g% £ Oilolo g/ L Cad 2,
0. 337 g/ L thiam ne- g/ L NH4C1
3 GI ycer ol &é?r@ﬁérbon%@l&ﬁ?%bzbz @/ZES@W%:&BJS gTQ@SQﬁF&Iz@hi %1&10(11‘@04 113205091 KH2PO4;

g (NR4) ZHR%4)6M37532}4P42CQ aNDSH o Nd28,0, 01,0 @aetﬂfeé&ng%mon aﬁwhgltﬁ @qnL trace

rret aI solution. Trace netal sol Ulgl on COI’]SI sted of er MHCI) 10.0 g
FeSO4. 7H20, Daioh gpligsgerosistgd of (gerdseyp- 4P g glugoss, 3 4%@thd91é) BSeuso. 5H20,

0.1 g (NH4) 5Ma2024 .f1gRy vamdilr &gplané\ﬁ&%74ﬂg(ld§90\£\ﬁmgoﬁéemb&ﬁm§% (1£998) "Hi gh

cell density cul ture of nmetabolically engineered Escherichia coii for the
producti dff ofccpEE yelsity WiolPhtielreted) § MeaOdéiithars 02@ HigdingnnBPeb&chnol ogy
and; Bi oengl n@@bbmelﬁ&ﬁ@fe&m@g%ﬁmaa&as 400 nggd@mocgau‘a%mcm@@owmzp@xaddl ter 20 g
gl ucose, r(’Sg1 jamne, 13.5 g KH2PO4; 4.0 g (NH4) 2HPO4 4 g MgSO™4. 7H20,
1.7 9 CItI‘IC §@MH5d 10.0 nL trace metal solution. Trace netal sol ution
consi sted of (per L of 5 MHC1) 10.0 g FeSO4-7H20, 2.0 g Cad 2, 2.2 ¢

ZnSO4- 7TH20, @\ &cd) clNuBOtasdii@Bred hyQergwiGy BO4e/01S 120 oﬁmﬁglg af m)zﬁm@@a 4H20, and

0.02 g Na2BGE, 10420 25Veng. a0l ket (4038 | fbyocoll. Ko grauth in 2 7 L

fennentor This fernentation consl s rowt CHYE Y B Wed bat ch
growt h stlage ferfhgorcampesidfiten phhseb:her badi gmwﬂnphatschanbaat plkascgltimmmhhzcm at he

et 211 O RSF LA 2008y 695D TR L85 (38l PO, 4.6

sol ution. Tr aess st ik sedlcuturon irowsid indld: fofmefper THe tofipeBtivk HEE)t alGoddg

ggfﬁb;gég’sp usz"g?gf%ﬁ% 5% @%ﬁ@éﬁé‘%&gﬁ&i %]%Qg% 902411 91H20 \Agnd 0.02

g Na213407. 10H20 The feedll_gg1 solution used in the fed batch stage consi sted
of (per L): 709sEowl fmsatationhag spyisester Arxtssaliie! @veengheni avpmdnonaigdnd Lee

(1998), im. gn@ostaaqt &b n&amlb dSli@ee DRI kb of e glleQe W @lduRRdQtnsggd cul ture
(300 m. of 5.6 g/L 5 obt ai ned froma shake flask in |ate exponenti al

growth. The ta%ﬁ?f)dé‘}gé?ﬂ}céq%&g“%l“ﬁtﬁ%eﬁé‘éﬂyat - 37C, and the pH was maintai ned at
approxi mately 7 (by addi ng 29% anmoni a solution). Air was sparged into the
ferme.ntor to supg y_oxygen,/ and the stiner speed was set to 520 RPM The
second stage offst'he ffiernent ation™ b’egah* hffen coééu‘*n”t Wevparich giiowt h

medi um had 10been depl et ed and Y he di ssol ved 0 ygen showed a sharp increase.
The feeding solution was then fed exponentially follow ng Eq. 1:

where: Ms Mass-flow rate of the carbon source (g/h); F Feed flow rate (I/h); SF Carbon
25  substrate concentration in the feed (g/l); X Cell concentration (g/l dew); m Specific

maintenance coefficient (g/g dew/h); V Culture volume (1); t0 Time of feeding start; t

Process time; p Specific growth rate (I/h); YX /S Cell yield on carbon substrate (g/g).

During the whole feeding process, 1 is sct between 0.1-0.4.
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20 Ms is mass flow rate of the carbon source (g/h); Fis feed flowrate (L/h);
is carbon substrate concentration in the feed (g/L); X is cell concentration
(g/L dew); in is specific maintenance coefficient (gig dew h); Vis culture
vol unme (L), twoiSuékde of feeding start; t is process techRis0@/ds8sspeci fic
grovvth rate 015; and Y,es is cell yield on carbon substrate (gig) 25 Lee SY.
1996. "High cell-density culture of Escherichia coh". Trends Bi otechnol
14(3):98-105. dy to

2l ow sur i1 st ShaPRRy B e oty RIBZ R RERAIS LMY (P
products due ghl@OSqu@ttvecvengﬂ\mﬁr thrcaixessubﬁmc Suale a&hq:ﬁaﬂwpi thatitlacheditwistidéve t or nent or
was used to fggigg real
acid, and thg hg%égﬁ% &mglgg use Slfe%%lgqgg%%g 2&5&%5&3%%&5%1‘0{%%@& mai nt ai n
stabl e pH andorp:pmﬂrﬂdle it hleseyed. twirieh widichtes thei daptstjern o8 ther glecos@int Hier diltpenp was
used to add t xceeded a
set | evel qco%r&uﬁr Idl j@? ﬁgé’F{élglg%g%b iug%%r% ?%U&EBH{?ESI%&%@@?ﬁ%@I unit of
the ferment 0 BULOIBRTFCEHR) dﬁwsﬁdtl@m@a@h@%ved by progranming the "acid
punp” on-off time for one-minute. An equation of TO0=0.72* exp[0.0023(t
-420)] was ugegichigt M@@dﬂm&rtzﬁhoﬂ@ﬂmﬁlﬂeshmﬂfno&ﬁcr@is@-ﬂﬁtﬁ@icélﬁfcﬁﬁ@tiﬁbﬁs@ﬁed iT®R, Where
Too is the ti the "acid turned on for_one second during the

one- ni nut e pérr?ﬁea is frﬂet@rpfrgeggher%earﬁdh%fgw%e lefeh @askE0 BFTES AR 15 WO
2011/ 028668 PEHdatSn23f L&sQid KEG3Iyencerioxyen ctli mtatahomovasmedsar ved. pH control
was achi eved manual |y using a base punp to add 29% anrmni um hydr oxi de sol ution

The; pH rrg, frk‘%%‘%ﬁ’o% cﬂdsr;& Pﬁéﬁgg (QgF am witten into the
Bi oXpert 1 tware | rrer speed an or air ow rat e were increased
when di ssol ved oxygen drop ed bel ow 20% ai r saturation. Pure oxygen was

m xed with ail¥ opp exfinbry cbedineiteie fgpyesn \peaﬁe%yrgewyappmerlsczw) A & to
fermentation ;epar%ac@ny@%eﬁteﬁdr ﬁgrai@@ﬁ) Qiﬁﬂlhggﬂﬁsglrbéénl?@igoﬁg hR:aa§u:& that the

cells consurred all the glucose, at toxic byproducts such as acetate)

di d not bui | dsiip 2Pt eévrﬁlen b diakeParsaitisings (PeBiariaicetiar el dcadpl ked 6 di ssol ved

oxygen was ol fhtioh NG @ NGndie pidaPk LA AU RSl HARS 6 3@qdr mation of
toxic by pr odﬁgrés@% Jlghnston rlV\A eliéegl 91(2003) ﬁyr@é Tr ackreﬁgg%ythe acetate

th hol t di d hi Il d t
SRR IR N S A S e AL L e L e s

Bi oeng 84( 3) 3kt 2BormBangl cdisr wehe ncagzlbb editce b he aunutdre ufaertwrmnhajracrpﬁr tc0eli cal ly.

Th | ke t t te th

T et s e B e PET Rin B Raedesf f e Pt R RE AR Pt onci

t he fer ment atwagnng viperd¢iat antudibgTheh hepeteugs:ansucloraeemlmmt rdcxrecyi nsuﬂfhte dmgdr ntnt ation
super nat ant WaRndlk cglrs]l’i 1%%01pyf0%8 cdS% ;k))cef Ie af a Sclngn ar}d azos n Xxs In the
car bazol e assay ot ’ﬁ’) o} frmentati on sup erna recovered by
centri fugdti @upevmtsmiappl i ed to a MIIi pore YM 3 desalting spin coI um (1200 x
g) to renove salts and small nol ecul es. The retentate containing crude
heparosan wag, §t@§ﬁ)‘fﬁf6@1@pa@&gn lsYBRM tblazseﬁid phbR&n A" r&deﬁaﬂgdﬁn&%ﬁrr&%@npwas 20
reconstituted w't m. of distil wat er and subjected to the carbazol e
assay. The cGHEEHE # BFRoNClpEs %epenewwmelrwraé@ﬂdé@ &4 sticaiaat Serapdafed curve
prepared usi Nge RM:Ge NERANQSBBindk HePRoNVR BS §RYmathiE BAbH @8 Iritlndixru@l Ml arly
recovered fromcul ture supernatant, was |yophilized and then dissolved in 400
gt of D20 contBfmilkegdrasopgtede ré%fdfi?.fﬁrﬂtcéia‘éb?ﬂ & strarater selk i den weshpdigr d) t hen
transferrgd t@sambNVR ULy and B NYR at 25600 MHz. The concentration of
heparosan was cal cul ated fromthe ratio of the int egrat ed area of the N—acetyl
group in hepg.r osan a nternal . stan r

t he £eco
hepar osan sarpi 85" nhan%C Ifssmsrrenst%?ul%mdfl%c WRhTE Y gg ‘h%%’f g C§31rﬁat%§\1 é%l dly
recovered fr mlﬁseMMhatGM1mnmexmdatmnﬂ wathd- Qdarsbdlah kopdiersofutied Ciong a

Vi vapur e DMnr % in colu . r vered fromcells by 30
centrifugation’ (: ﬁ%gdléed SR %mrar‘lnxggm%%ﬁéﬁa“ W}’b? g& g A SR E‘ H‘K/T sodi um
chl ori de, 20 therefore notin a sohd phase,” it precipitates out and thereby carries heparosan from the
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WD 2011/ 028668PCT/ US20101047183 nM sodi um acetate, pH 4). The m xture was then
adjusted to pH 4 and | oaded onto a pre-equilibrated Yivapure D Mni H colum.
The col umm was then washed with buffer A and eluted with buffer B (1 M sodium
chl oride, 20woMosodiden acetate, pH 4) El uted sanpl es weegutheamipgeci pitated
with 3 volunes of ethanol |eft overnight at -20C (in an expl osion- 5proof
freezer) and the resulting precipitate washed with 75% et hanol, dissolved in
water and |yg e agfml ,exani ned
by '"H NVR P 'ﬁjra‘m{ggtt %E)Hﬁl %& ]ﬁggrbgr%scﬁgd &gﬁgqﬁg@%‘é%%@’ r ecofgﬁlegqg?tgip ﬁg conpl etion
of fernentat S@ildnhﬁﬁcemSh@ranéclshéke flask or the 7- L fernmentor by centrifuging
the culture at 12,000 x g for 30 mn. The supernatant obtained 10 was adj usted

to pH 4 by a@lﬂgtag(cgltl@%saltmgﬁsﬁaio@ana&aa@la ﬁdﬁgs’tﬁﬂ"@)%sfplréc;pﬂﬁtﬁf S&Jnra@négﬂda@ngwr ex

Buchner funnel with a fitted disc pore si.ze 40- Sephar ose f ast
flow resin wadapaekedunheiostinglryrmiagel He dppiodprly sprccuiesns thedepgosty of

hepar osans/ gl @fccEBl boshek @&itd?ﬁman-{she}"}fé%éémi’caﬁé@&sth&d §e§§rat@cﬂ\4jlf bdR¥agedgw th 50 mv
sodi um chl oride in ﬁ i nM sodi um acetate buffer at 4. The fTernentation

super nat ant WAZ'H KER >P8XEA8E° Mt 0 the col umm and 15 the col um was washed with
3-vol unes of 50 mM sodi um chloride in 20 nM sodi um acetate buffer at pH 4.
Hepar osan was s:tb'[et[zd) ehaitredpifareapdistvéved o wamr, and fubjkctd smjﬁapmogdsﬂamﬂ de ton 20 MM
sodi um acet atl edctpvlél. ?ermau £H é} jol -Is-acclflar%?agngsatﬂet hc?‘r'ltt rr%lné“rll s tcnh ht col utm was
preci pi t at ed adding 3-wof hano §7sTor Ny sl ultg 8n

over ni ght at perﬂ:@ﬁed mtaraneomdlnsg egenp @b f asf nydegear perfrnhec ;jmeoﬂlpu pabedmas recovered
by gentrl ug t hdvmth 75%

et hanol , Tgen}tb [r%?cfhﬂl eéglg}%fé%g%ﬁ% flﬁ lFegﬁ)tfnlryehtgp ) s’? Igfs %%flp%tfg\%?af%%? 0w’pahl lized for
storage or used. di rectly for the bl eachl ng step. Heparosan could al so be
purified fromthe cell pellet by addition of 0.02% SDS foll owed by vigorous
stirring, cenAdrfwgati on and DEAE chromat ography, In the bl eaching step,

hepar osan was first dissolved in 1 Msodiumchloride at a 25 concentration of

-15 g/L. The, pH of .the solutio uste .5 with 1 M Na( nd hydrogen
veros de (30 HRLHIHBROTE MBRAF s P Qe ORGP BoriRe 1 xt ure
was i ncubat egroostsingi $trapdnalyo@moble Mg batwd.e, after which the heparosan was
preci pitated by addi ng 3-vol unes ethanol and |eft overnight at -2001 (in an

expl osi on=pr t hanol ,

di ssol veg 5| n%\/\ét é%a%g}ﬁ%%rfoe %SI{I&OL{JE%?,MNFZ%@%%%&C%%SWO% gﬁgﬁ% algc hari de

anal ysi s of hepartogarhyHEFdOSRAr(SLIBY nigipatipn WESD-diass ebaredmetry RNJG) r afdrsodi um

phosphat e bu d ed h r e 1, 2 and

3 at 30C ove%%ﬁéh?gcsgﬁezﬁ Zﬂs}u ‘{‘D?lﬁ%%dl SB}él\%% ari gg’ gegldéég{]%vag@@u ojglé(!:%fg to high

per f or mance Ricepaied it hroostae! cgitlabilyce(lHPICT)rylBifelhescd sbwpinayiué snicziaesirgion( ES1) - mass

spect r omet Y whilfBhor@Fbi ﬁ@fa!ce%nmé}pﬁ @Paﬁcﬂ%i&&lﬁ’ﬁfﬁz §lﬁ6’1 thendisagokari de

osition was determ ned. LG anal SI s was performed on an LC-MS system

g? MBD tPap NV cagiafserfie, ussérvflauﬂ@lga&t%d @QBOS&HS@I t5i B¥iabIA femdet@mirgirg the

hl gh- pr essur gock@ialish mrm BORARRYan Ve el 2%30d 68 AEEE QR { fiinhis R

respectl vely, containing the same concentration of 37.5 i nM NE4AFI C38 and 11.25

mM tri but yl aRPHe. Naer 10eEp ArarIneh AwasIGEeT Bi Mo zaceaagn &1 erprilqrAgi | ent)

using sol uti Qﬂyﬁcéh@ﬁd@%&&h&mnf ol Apyesiobyma Joknears-ar ﬂ@lbaeahnfaaﬁrmap geO 45 mn
of 0-50% sol ut| on B. The colum effluent entered the source of t he

el ect r ospr ay YPIBHIFAT B raed Wpket Poiveeroy Oy BSEr ey By ¥ i hiéuiicdet ect i on

by MS. Thes elestid Q8Prayaiontiehfirge Was:i&ekiokn,iegatyye i oni zation node with
ski mer potential of 400 V, capillary exit of 240.0 V, and a source of

tenperature 15 325C bta m. abundance of ons in full-scan
spect rum (15@ %hy &bdcf‘ff negtlz’%{ns/ 35OPRGE gboé‘?in ﬁ?é%enugqéﬂ% getg%‘?‘:@l ng (5
liters/ mn) amﬁ weblubive kig sgas:s (20Vjpsi BCA Broatin ASsIaaK}&)falloSnngﬁm@fdaa&er Cell and
?Voi ce Rio! 42 2k 61. NWVR anal ysis of heparosan 'H NVR and 13C- NVR were
conducted on afnﬁf ‘fer 600 MHz NMR spectroneter. The
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20 heparosan sanples were prepared at a concentration of 2 ng/nL in D20
(99.99-F atom %, freeze-dried to renove exchangeabl e protons and re-

di ssolved in D20 and transferred to standard 5 nm NVMR tubes. Acquisition of
spectra was &ajfiopdsdyt using TOPSPIN 2.0 software. Al lpchiagospaeks a were
acquired at the tenperature of 298 K. DNA and protein content assay 25 The DNA
content in the final heparosan product was determ ned by neasuring the W
absor bance o / - O Wt . : DNA
concentrati ofghg/an;smeggfi%flglﬁ g‘%&gégggﬁgieegthf ?Sglfl’l 15(2%965’51 %‘?@g C?‘ﬁgaggmr g;ggi%ng - A320
readi ng) x dilddderiofhndvacndeculdr Boights ofgicparbsan Prioteeme ohtehiscdvasalagsaghed usi ng
the Mcro B I j i mnufacturer's instructions. WO
2011/ 028668%?%@%%%%%@%?%%@ %]ng{;r%dld;&‘{%@%l e nol ecul ar wei ght of heparosan A
| adder of hcparosan standards of known nol ecul ar. nasses, was prepared from

bl eached K5 RKEi98F09aRM I PSs deteiauieddathiie Eois anesknsyvip hepalldti v&apol yacryl ani de
el ectrophoresis using a Mni Prep Cell (Biorad, Hercules, CA) apparatus (Ly et
al ., 2010y. Hapareasanmadbé fua@trivafSstrits refaafiaat aiifdeliliyexhopled, @hich are

transform nmass s tro ry. (FT- and rem xed to prepar dder of

nol ecul ar vveipﬁlr‘ﬁﬁgfoa’%lﬁsgﬁ%%sc\éft%? ‘Tt %&cé‘fse‘?fﬁ]iwnlﬁﬁn i &f %?thlgte‘ﬁ%fl Z%{’ﬁaléfpl%ﬁ%i ght
properties offhbhepavosénrdilyy etillakould 20dd¢and Mbhteculdons naayk By snadé vhishaltur onan
(HA), which id§ K gnsqmlnjtgeesagﬁtpglhgn%crﬁgari de with the sane charge density as

N acet yl hepar gans Wer'e” Uded” as'standards for the upper range of sanples.
10Bot h HA and heparosan nol ecul ar nmarkers were used as a set of standards for
t hesnol ecldl ar wei ght anal ysi s of theEXapHtidsans prepared in different culture
nedi-a and at | g gnt fermentation tinme points. A gradient polyacrylam de gel
(4-15% of dinmensions 0.75 mmx 6.8 cmx 8.6 cmwas used in heparosan

mol ecul ar wei ght anal yses. Heparosan sanples (25 ug) were | oaded onto gels and
wer e then suﬁgﬁéﬂﬁﬂ to electrophoresis (200 V for 20 mn) 15 and stained with
Al cian blue for 1 h, and then destained with 25% et hanoUl0% acetic acid (Ly et

al ., 2010). Phelgehs awetleable atiiedioandmt Aesikordisghitdm, NTRgesdyeiL vakiadsyzed usi ng

m oot on di SEAEE RS ASG! F ba B PHEYE° daa! FHe Pt 4P aerghy
properti eis ofdath hBifhePamusan psadmphes puetageddival BD (Raiiziedatsamt hesstanrdar d curve
br epar ati on_ S TEHE0EREr 851 A TAS OOt T SHIRA PR TR TP 1- 4

af t er st ati onarifoaphidevavafsont Sapheddrichkh@t fLetimeviOat iBafilehasake Xlagr ded fibeyond
stationary phase to. acc e maxiaum anpunt ) argsan. in e medi um
consi stent wit “1?%@8‘%“%“ ngﬁ g‘%%g?p&uﬁﬁc %]Stp%el%“rqgr r(I:’eG}%)lf'nIedtl?tﬁ‘ge)arerrélg1 FUm 2 BI ags cel |
gr owt h Manzonmias Neegtforathe p¢:if883in Jdwpanashn.ofvivBpwadt Mirg Hasyth Coonpatwdot &olRol yner s
8(3):251-257. T i el.d of hepar n fyom: | gsk.cul t ur ranged from 70
S oo R SRR o OTRRRESAL] O D BCH PRSI AL ISR ERE] ao 1
al | ~cases > 85&ms Sesttifinafedfyy, NVR VngenZyrats aded (20099t AreaheBiceahdém

398(2) : 275 74 g0t 205G Yord 2Q0R " 30 AN SHLUEH UL SR AlcLACARENGY MBLi cal Iy
synt hesi zed heparin an(aill its precursors” ournal of the American em cal
Soci ety 130( 35002998 BOD ZnapFings biciraros arrolhesoietipedy bepariwlyase 17 J Biol

2011/ 028668PCT/ 1.5 A1 83 f A ,I?(g{ﬂ' b Bl 14 di um

gl ucose nedi ugrrﬁeréﬁ%%?;gg%% %&%@n@%g\%\e E?Sﬁg‘?}"%ﬁ?‘ % ?I;Q/)bﬁfe;t/rgﬁgdy?sfﬂgS% t han
hepar osar?r eéovsradioriomILE whedigamlatehiveh fighdwéld (Gdbitevioadl. Peakaerialb t he NVR,
consi stent wi 5 9 ' R[N - _ YSirS . Qf. . LB omedi um
deri ved heparf%gﬁ%aggg/%g%ﬂaa%%gﬂrvr\ig(lglhg%gdl)ld giﬁgé%@g’%ﬁ%?%g%gw‘( B%I%E%C&gl%%u\%éld a | ow My
band, cor T 6sgeRliimED db & Al AT HYpe mE Rt CHER SESUUI RSN BPARSEEr 09an.
Thi's inpurity,gan.he CRIDYRE: WSiongsi2 3o moles el arscwel Rt Cita@dfa LMACO spin
colum (Figure 2A). The di sacchari de conposition of heparosan was determ ned
by HPLC- MB ( AgtwishravipplccrBl mekeingy I hbiersrpioat idyvagisydddhona wity-Wepari n | yase 1,
2 and 3, and showed the presence of 10a single disaccharide rn/z 378.2. This
di sacchari de corresponds to AUA(1l, 4)-a-ID A eNAc, is consistent wth the

uni formrepeating structure of heparosan, 4)-13-D-A cA (1->4)-a-D d eNAe (1,

To confirmthis structure 13Cand 151', 1 1Babel ed heparosan was prepared by
culturing the E. coli K5 in M@ medium containing uniformy |abel ed

111C gl ucose and 15N amoni um chl ori de. The structure of the recovered
uniformy | abeled 13C



15 , 15N heparosan was confirmed by conplete digestion wth heparin |lyase 1,2
and 3 followed by HPLC- M5, which showed a single disaccharide mz 392.9. The
15 amu difference between ink 378.2 and 392.9 is consistent with the full 13C
and 15N i sot ey mignsdsehnent of heparosan and confirns theubgpanasan repeating
structure. E coli K5 fernentation in a 7 L fernentor 20The feeding rate was
exponentially increased to keep up with the exponential growh of E. colt.
Sever al pausggco\ﬁq(lfﬁei m%ﬁgﬁigﬁefﬂg%gi ng stage to ensure that there was no
bui | dup of gft ' ich could result in acetate accunul ation
and inhibit E CQ|I growth. The feeding was resuned only after an increase in
di ssol ved ox¥geét QO%&WW%TB@EFFWTWHBCOEI%(W TP YN V6 stgled dezd it Ei gure 3).

In the late shiagesoofs,tdrcleamentat anditaliersf212don) A 29b sgolndrdnaxygen
becanme |imting. Increased agitation and the introduction of ﬁure oxygen were

used to maxi ATBENPRS B0 Hievaae Bediyans ReREsTYiE §-orLidh defisted dit £alk éheDespi t e

these eff @rtsultuh@wﬁ@ 55 s dn m@/g@enénwegr&mﬁtat hpprégnmbRed gui el evgafter 31 h.
The gl ucose-f rate s decreas came the limfing

e
autrient . ThIOGOMBUET ST PORHEMEET 5 8 ?ﬁ‘éﬁlpwr wﬁ G Tt e 6 and 8
by addi ng NH‘E@W/L%E ghica3d s’jiltﬁbt1301ﬁdﬂ{ulﬂﬁl’alhcatll90ngCaN/Qefb} Lﬂeﬁ@ldny of «8bxg DCW L was

reached, and the arosan concentr on i f a per nat ant was
Gotermi heq t 6B (B0 BTN S OFEr Al L bl S Trdit BovdeeBo s v BT

2011/ 028668 P@mh&l@n@aﬁmm&mﬂem dtaReh 4t 0200RPN).2A@37 FPAriin Mm\aaélagrd)wtnr oducti on
rate was vol tric uction rate was [L.h  The
hcpar osar puf‘%f}?egdta??ncﬁ'm Iﬁﬁ%e @gﬁﬂﬁf‘%ﬁ%g?fdﬁ%m@fy Eﬁﬁmﬁ?ﬁ i Ei%ﬁdﬁ?‘w& fromthe
1HNI'VI R specisriushakdilghfandmtionAddidei:onallBymediNg Bird BOs 'p)f)ﬂlt Biénfo:g29ays

i ndi cated tha % nd <2% tein arosan
S5mat eri al . tp’}[‘ucjf' %IAm act%e Ez%‘l‘l% G\CI)}? ﬁ%ﬁﬁ&@ah Oﬂjl-gftﬁﬁﬁa&ig@%\l ~ HPLC- MS
and Fourier Tiansé- HCm6(§fﬂ?)Nal;§IH§’Q4FBgurI§iz@D4,aﬂﬂ o/Eafqly hgﬂmeHanér ablystaluct ure of
hepar osan as D 4 M5 of a
heparosan fr g% I}egﬁnc#g\% nz(Eil ng\g(g%créléi%%g)% Fagrle%i ]3(%?0 H(J(E%‘b;zi Oc% A\@fbﬂgé "ai ned

usi ng 105pr épag MdSie 73&@;01 [ cgpdmnemds amds l&thmvaamc ketglusodtidC. Thke snggect rum

al so indicat e.pr. of ro (Fl ure 1B) at
t he non- redug(lﬁlﬁtgﬁencg'glgt?@s%gggg If%?f?gﬁ‘%cﬁgggg @%é @_Hai' RZ)SQ%%‘:‘CI rezgénce of a
term nal AUAZngQiduLE. §-§ edbriKligtient]. Q/\gChS@MéichQ i glﬁNHf)omOh@I—h@md@sﬂan | yase
al so present BRE-1 B, o Wahg %iréée”ss!‘gws»é:)“ R AR YR nf caH 365 &al%@?zﬂi osan
recover ed frgm Ferrment ation supernat anf ‘contains a mxture o par osan
ternm nat ed wirdincAUA Fselsridhiesolarder W prrd@ition of eslyiseeiroxyhitgaicpgut tdefiedconsi st ent
W th somg,of nret}ﬁmhepf@re%@mgb rbnyh&om%%wgb (29) g 1 an tél cob€ldbaRyr f ace by

shear force and sonme being released”intot |umb eparosan | yase
di gesti on. Hapanesanr litsiollag gldcoss. @W&i@a@@pelﬁn%g EH@PQW%,G gKEHu)é&P% the

0- glucuroni d@@g@,me}m@w gtangc ehayiR 1%051@'t@dc@he{d@nayﬁoagqrgc%egpgom% DUA from
t he “non-reducing end o hepar osan chain. The bservation of released

G cA usi ng tﬁ@nﬁlsreéyé&p@cw Beh aphy F@%%ﬂéhﬂo%()gr?@%ﬂ BANPP+EB20nAf esome of

t he hepar osanmgginso,ilad cWes }Ebe@l'gQNPIg)HUI@{ﬁHﬁ%W%d@M YRL e, befom,pated with
G cA. MNcharacterization of heparosan The hepar osans recovered fromE. Colf

K. 5 growt’i n V&mgre keedbie8). ider e anal yzed by PAGE 25 against a | adder of
purified heparosan standards (Figure 5 and Table 1). Heparosan, recovered from
super nat ant iEncdil ieSkowtilit a7 eSergietran on MD medi um gl ycerol synthetic nedi um
LB conpl ex nedi um showed little difference in vh or M Hepar osan recovered
fromthe sup q%id and M.

Hepar osan re?%{\%géﬁgh?{f%mg}nﬁ&g%? ds%%%éwtﬁ&[gﬁg th a%m %Ne&l Sg/grn recover ed
fromthe 30f ermpmtian pf)thcsrwé@rnn%t élntbaf(ﬂdaitoa/thwmtﬂl@fmm)anon was: (pcr liter) 20 g

glucose, 20 mg thiamine, 13.5 g KH,POy; 4.0 g (NH4)HPO4, 1.4 g MgS04+7H,0, 1.7 g
30 citric acid, and 10.0 mL trace metal solution. Trace metal solution consisted of (per L of 5

M HCI) 10.0 g FeSO47H,0, 2.0 g CaCly, 2.2 g ZnS047H,0, 0.5 g MnSO,4H,0, 1.0 g
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WO 2011/ 028668PCT/ Tl S20101047183 Next, sanples fromthe fernentor were taken
at various tinmes throughout the fernentation and hcparosan was purified by
Vivapure D Mni Il spin colum. The purity of the resulting sanples was
confirmed tovaeer8a¥% fromthe fernentati on supernat antegThyz0RARsanal ysi s
(Figure 5B) showed an initial increase in heparosan nol ecul ar wei ght 5foll owed
by no further changes in nolecul ar weight as fernentation tinme increases
(Figure 6). d i ex, . ge

t hr oughout fﬁ@é?érngkﬁgiéoﬁﬁ@ 8%%3?3% ﬁ Eﬁ§$W%E ??ﬁggﬁlgﬁ\%g&ﬁrgsan yi el d
inthe fer rremlafnqnoxﬁcdsuﬁ@rfﬁhbamhtst%%orgﬁﬂg § ofnmer lalc D@ g @licost.(R0ignMaSP.edl-Bat ch

f er ment or cu%ﬁyé gﬁQMﬁ3Qﬂ]gﬁ&5ﬂg 1 n1conta|n|ng gl ucose. This conpares
favorably to yie ds recent repor 10.2 g/L heparosan fromthe sane
organi smgrown on a defin medi a contalnlng glycerol (US Patent Ap Pub
No. 2008/ 003232y valoﬁfﬁkbﬁfﬁgﬁ‘cbeﬁﬁrbaﬁhtﬂileoﬁowéﬁh@n \Rééceél%flﬁuri’ hed0eak ed 5 éoalgar ed to
this pr eVl50U$)0\?ep915t§medFﬂ6ﬁ1h£§Hm¢f BaskdUGRS&poRStiA @RS, expReBspdeuearON source

t han gl ycerol, kes t 15 fernentation process nore econormical, The
f ed- bat ch feﬁﬁﬁﬁ?ﬁ?ﬁﬁn %ﬁgcﬁg%maé$%Wﬁb@@n§Fm?Hb“@“ﬁ“gﬁﬁyg @Vdﬂ%m%@?ée as the

prototype formhangesiulial- seahe dheteentatt Gimetidd b FBie ¥xseadhdgets@mrdrndust ri al
hepar osan producti on. P s scal e-up studies are currently underway in our

| ab movi ng f P¥HE 321548 %ggﬁﬁLmorking vol unes, which will provide the basis for
scale-up to the -100,000 L working volunmes required for |arge-scale (100
metric ton) TROsdrephstags af therfodudticarbetm dgpghgosas thd'l@lt@taowﬂmg:d'rmt mdi al for

bloengln re epar . r.glucose
feedlng ?gte%ﬁﬁigﬁk& @?%@% %%P%%Oégdlﬁgaagggg fégﬁﬁ evgﬁ%ﬂ?ﬁ @%@§¥é%nentor is
bei ng i nvest ilpatf@dxpaeiindy édlowingtha. broductlon rate the hcparosan. The use of
defined nedia containing glucose as the carbon source has both | owered the
fermentation cost and reduced nedia conplexity, making the purification
process easier. 95 Heparosan purléled f.rom conphex LB nediumwas |ess pure due

to conpl ex nedi a conpg@§$q§§§nd_f ﬁyJ{édxgqg&a;%Qgg?pquElcatlon steps than

di d heparosan purifie gTUco B CO talnln i'ned* fredi a. Hepar osan,

isolated fromthe culture supernatdnt arises fromshedding into the nedi um
during t i fermentation probably through the conbined actions of the K5 |yase

and shear 2011/ 02866 /USZ 1010471 f cr arosan
sheddi ng |n¥§%%ﬁén%% ?%r?ncreﬁéggm?ﬁ%“?igﬁa’oﬁsﬁgig?wé U%ﬁ??h&;gn er nat ant ,
| owering thesdmsme@&mmhendommmsﬁeamybuﬂikumhtmmanpnmc@ﬂSdmmhe1pmaséhce of K 5

Bl S e A
K5 5 hepar osarckydise; r eéspbdise gmweirrataiin 8t and &l sserct hyseid mjwecarlmslsduez;te@[ga at t he
non- r educysng {gNd,of hhe CPH 'E!cﬁ Pﬁ&tﬁ%?{lmrrce%%"ﬁ'&?fuﬁ%éeg}z‘e”tr él{]z?%é‘%ﬁmof

hepgrosan Iyase al’'so |ncre ydi spersity I ndex of osan, which
can “conpl i catlé33b8bi&que ntvalryﬁ btﬁasm wg) 1 0 Dh'hepavsedin (g @turh)ioetHIWaufﬁmmtg ht

properties of elPB:%g%thﬁe\?ﬁd%dan%&g lab iR ﬁHP?&%%W rcldh%g&je tk%%tht?xogrgwﬁf

hepar osan. The net hod epar es eparosan roperties suitable for
10 processi ngatesntlde haspbrime.” atfvas] tOtthvefennTw@nwmwdﬂwemsm\m didvase feqdinghe

presence of thebhyas€ad & daingtrédl LciPOSE! Gas% 911;95 %@%&dh?%ﬁ 95aN ML the

desired nol ecul ar wei ght properties by care ontrolling the tTernmentation
condi ti ond ardlutidydo frapipsingtald handrrseé hfh‘gl“tﬁlerféth alnertqulebowmﬁéllur@umcs | yase

activity may .f &l @RRRRNAARAL D4l OlctiNBo QRN IR L dfinhERALLS AR cONt T Ol 5.

level controlled by the feedback loop through the digital control unit of the fermentor.
Glucose-feeding rate was achieved by programming the “acid pump” on-off time for one-
minute. An equation of T,,=0.72% exp[0.0023%(t - 420)] was used between 7 h and 24 h of
35  clapsed fermentation time, where T, is the time the “acid pump” was turned on for one

second during the one-minute period. The glucose-feeding rate was decreased after 24 h
15



15Tabl e 1. Nunber average nol ecul ar wei ght (M\), weight average nol ecul ar

wei ght (Mw) and pol ydi spersity index (PD) of heparosan recovered from
different nmedia in 2.8 L shake flasks. Medium M N MV PDI M@ 54,000 82,000 1.5
d ycerol 50, QD07 H26@9 1.6 d ucose 25,000 44,000 1.8 LBch4sH0hH8; 000 1.3 20
EXAMPLE 2: 20L Fernentation Report (pH stat fed-batch fernmentation) Medium

once oxygen limitation was observed. pH control was achieved manually using a base
pump to add 29% ammonium hydroxide solution. The pH was more closcly controlled
using a customized program written into the BioXpert V1.5 software. The stirrer speed
and/or airflow rate were increased when dissolved oxygen dropped below 20% air

5  saturation. Pure oxygen was mixed with air to afford sufficient dissolved oxygen after 24 h
of fermentation time. Glucose feeding was periodically halted to assure that the cells
consumed all the glucose, and that toxic byproducts (such as acetate) did not build up in the
medium. Feeding was resumed after a spike of dissolved oxygen was observed, indicating

the depletion of glucose and the formation of toxic by products. Johnston WA, et al. (2003)

10 “Tracking the acetate threshold using DO-transient control during medium and high cell
{ o density cultivation of recombinant Escherichia coli in complex media™ Riotechnol Biveng
84(3):314-23. Samples were collected from the fermentor periodically. The samples taken

were centrifuged at 12,000 x g for 30 min. to separate the supernatant from the E. coli cells.

Determination of heparosan concentration in the fermentation supernatant

15 The heparosan concentration in the fermentation supernatant was measured by both
carbazole analysis and NMR analysis. In the carbazole assay of heparosan, 0.5 mL of
fermentation supernatant recovered by centrifugation was applied to a Millipore YM-3
desalting spin column (1200 x g) to remove salts and small molecules. The retentate
containing crude heparosan was recovered and lyophilized. The dried crude heparosan was

20 reconstituted with 0.5 mL of distilled water and subjected to the carbazole assay. The
concentration of heparosan was calculated from a standard curve prepared using purc
heparosan. In the NMR assay, heparosan (1 mL), similarly recovered from culture
supernatant, was fyophilized and then dissolved in 400 uL of D,O containing 71 ug of
sodium terephthalate (internal standard) then transferred to an NMR tube for 'H-NMR at

25 600 Mil;. The concentration of heparosan was calculated from the ratio of the integrated

area of the N-acetyl group in heparosan and that of the internal standard.

Rapid recovery of heparosan samples during fermentation for analysis

Heparosan was rapidly recovered from fermentation supernatant and partially purified using
a Vivapure D Mini H spin column. Supernatant (I mL), recovered from cells by

30  centrifugation (12,000 x ), was mixed with I mL of buffer A (50 mM sodium chioride, 20
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A ucose defined nmedium (per liter) 20 g glucose, 20 ng thiamne, 13.5 g
KH2PO4; 4.0 g (NH4) 2HPO4, 1.4 g MgSa47H20, 1.7 g citric acid, and 10.0 nL
trace netal solution. Trace netal solution consisted of (per L of 5 M HCl)
10. 0 g FeSOAwiHdo22s6® g CaCla, 2.2 g 25 ZnSO4. 7H20, Orbr@gsivie@is#H20, 1.0 ¢
Cu8045H20, 0.1 g (NH4)6Mb7024. 4H20, and 0,02 23 WO

2011/ 028668PCT/ US2010/ 047183 g Na2B407. 10H20. The feeding solution used in the
fed batch st ﬁgpﬁ d._afs (per Q, - 20, 47g

| CH2PO4 and O. Séé L%%%hgﬁ4%‘ ﬂ% Mur ‘m ﬁ\%n uﬁt% efﬁ{gg?:] 8%%?%‘8%#{%. ni ng

medi um used kequilitiged Bivamne QtanH cplsmhoffheeplumxayaqoﬁh@p‘wé@ﬂ wsh pgfor dwnd 5 R

medi um Part A DRHEQH ) H-ERAA vk, ob ki ooRll SRL G, 3ot g, ahout 8
liters of wat gtreg% %tl C stgllércrl n tracgb matae t| on 18&0 ol d st ock)
was added, th@reﬁhpnam]sqmsta@d viithy Jpvadancs o) éﬁhamt@rovardwéuatt@ 9 (inj atnémlomart A was
sterilized i Erotopffeefz&? Al WRAL QL1 pilezﬁpnge aggheé@ltHvﬂMEﬁgnol Jd%owea% W Zanart B:
MySat and gl ucose sol uti ons made as X stock and steril | zed separately with
aut ocl ave at LPROligds dhe Q@ltmfﬁhﬁfé@vfféﬁwna’l%@’ab@elf pemgrd by dFNMEzed) . Feedi ng
solution: 4 ucose, MgSH4- 7H20 and 47g 10-171)04 were dissolved in the 1 liter
of water w tkyheatoadlesitdstd i Ng, and sterilized by autoclave at 115 C for 20
m nutes. Thiam ne was dissolved in water and then filter sterilized. 15
Operation Progcedure . es [ at jn the

o tcose synt REr el et ot b da i Se HRfabiBeh M IRtk g A0 o
(stored in - &(Ier@lemoebszem)mfugmgthecmrerm hgP00gr oin 39 min. Ndebateortaat obBine@ shaki ng
at 220 r f The u Onil medi um
"n @ 2. 800 baFt o ehkicer ] By pfithe BHENCIER: 16H Sl VDRI (RIS Bt 220
rpmfor 10 hduemer Dagel &rthﬁkfettffdedlwdml@ﬁmp#ﬂ 6o @hﬂé QE&ElpmbéaSV\&sv gsierilized
and cal i brat Aat yre L L.« Thr.ee M| L& ump 1 -
NHAOH f or pH%‘g%?%Cg?Jn%%?C&mgf I}Hép c(’-:P((glll:étns S(gfu?lq]%o Eﬁg}&saé{\@_ ao'ri;?%vf%@gm 25R
medi um part Besiwas Thelehdunit wag et deitieied ovitht>9 rnM»OWmehlpaﬁq mR0apd spdiveul at ed
with the 500 ,m,Seaf, GUlH I e flmummgermmag n@lglo@aed%m% RY cIAHAPIAAY | N

NHAOH. Punpi ng feedi ng solution occurred when a pH spi ke and DO spi ke were
obser ved. 15ThéhCP@élﬁlilm@a%JWWbCW§hﬁr‘@@ﬁ%ﬁ%éot@\’[gie‘}@mlﬂm%d@u@ ghtml-sgdigmg gl ucose

pul se) when pERG. %uffem@ B4, r%p&ﬁ%@a@n@{@d Bk il QWlralen Was bligheased to
keep the DO above 20% }3\ pure oxygen WD 20111028668PCT/ US2010/ 047183 fl ow was

added when t K&lordy @o?tﬂlafvhéﬁdwbaq@@&tbléfcr abe & 20w isparessant slytestiet ivg speed

and air fl OoWcglumn was precipitated by adding 3-volumes of ethanol and storing this solution overnight

at -20°C 1n an explosion-proof freezer. The precipitate was recovered by centrifuging at
20 12,000 g for 30 min. The pellet was washed with 75% ethanol, centrifuged again and the

pellet obtained was cither lyophilized for storage or used directly for the bleaching step.

P

Heparosan could also be purified from the cell pellet by addition of 0.02% SDS followed by

vigorous stirring, centrifugation and DEAE chromatography.

In the bleaching step, heparosan was first dissolved in 1 M sodium chloride at a
25  conceniration of ~15 g/L. The pH of the solution was adjusted to 9.5 with 1 M NaOH and
hydrogen peroxide (30%) was added to obtain a final concentration of 1.5%. The mixture
was incubated overnight at room temperature, after which the heparosan was precipitated by
adding 3-volumes ethanol and left overnight at ~20°C (in an explosion-proof freezer). The

resulting pellet was washed with 75% ethanol, dissolved in water and dried.
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Day 3: The fernentation stopped when the culture's 0D60 val ue begins to
decrease. The culture was harvested and centrifuged. Heparosan was recovered
fromthe supernatant. 5The blue curve in figure 7 is the DO trend (dissol ved
oxygen in theyeihinsey . Because of high density of cel rgrgensiyiads t he oxygen
very rapidly, the DO went to near O several hours before harvesting, while the
pure oxygen flow was still maintained. The fernentation was stopped a few
hours after %&hm&a%w-b hg&p&swal density of the culture at 600 nm i ght
wavel engt h) bDegan to dec Se. fhe fernmentation was stopped by turning off the
10oxygen flow, stopping the stirring, and then initiating harvesti n%.

Sanpl i ng: appieesEosan @ hineids vea kst neaS are sedien ppespes PeEn st Py 7aand600 nm

then centrifugeeh atih 12nD0QcK of néfFin 3QsdTii N2 hO 3SERAT@LEAIRE. SHREEAALANt from
the E. coli cells. Supernatant and cell pellet were frozén separately.

> y
Fer nent at i on d82aepride Repdrgforas subipsiedctal ishwstigeanc iy d arrempegariy dHPB()-wei ghi ng
the dri edsl15¢Rtitospel idtSH@NERNSHMSs QpechiBRAFORAE) &ORCRRTh AT ARp iifkulent
super nat ant 2%‘?1 nmeasu uanti fi cation net hod or carbazal e assay

ed by NVR g
fol l owi ng et A¥hGF dﬁﬁ%ﬁ?fﬁﬁtca@?%ﬁ@n%ﬁ&eti?fm%‘-_ oo gyalysks wismstiemipdioRad f or
M e,
- . 10 . et a |Dern._. .. -/. The results
o Shoun | bty B CoRemratie) oo N2 LS poeu sk, PRpgme
ferment ati ontist age bEderdrativhiTbe 37 avevagel, oD cul ar 2semghtrintylabet B3, 000 Da, a

wei ght aver age | ecul ar wei ght of oyt 84,000 Da, and polydi spersity index
(PDR) of 1§bog€tpa’%89ﬂ YBUPFMEE %8st (G &‘gw%? A}ﬁg 5'or "85 o%P .UQE& L%) BUMHepar osan
puri-ficati onfaliotvhd Ghi tiosagradibin Gomt20gs aphyh of Chi(%e saition B. bk ictiean «fakysacchari de

conposed of rand distributed 13-(1-4)-1inked D- 25 glu 1L.ne and
N-acetyl - D- gle%g(%ggﬂﬁ%/ FaUEY GV tﬁ%scqfi‘c%?w%?ﬁ ?"f%tfoﬂaﬁaVeSptc‘éﬁo n&gigé?é’hi%ge resin
for the chronatiogragticaiopty MSL dat tleqrogirashiepeai@san sct Thegaive ftoighiaupoden chi t osan
(--pKa 6.5) N SI.L]V, har.ged an | e, under idic condition and
therefore su%?tggi?lgl nicf) &gdfhfa! Cr’1fie££t0§¥/ \Pbﬁgpé%%ﬁ{?tl (?izgg'b ;'{}(?Jﬁndo? “0eS ? |ga\1}l Py EHAr ged

hepar osans PAazi’tj toabiaomaafiim2babui@n20d 102866 8 ROT:WEPeEOM0471830hepdNosan based
on chitosan n sLeast: r.ol.l ] i n.cencentration and
initial pH lr Sec%\%ss‘, Né,ﬁ(?gtegg%% ulbsd %%’e&%@gg? \(-]/)12e ,rs(;%{??i?ﬁag?bélﬁ?% 5‘8&2%%] " supply,
and i s bi ode@phatialrinea STHig Respand/lennd éoériBpes2.diépar ati on nmet hod based on

sol ubl e chitosan for efficient recovery of heparosan directly from

ferment ati on Na@ER sl BE Bepsld@hge neutralization Sbased separation using
chitosan potentially can be used for purification of other negatively charged
macr onol ecul rom canpl fernentatjon mxtures. Th ernentatiqgn broth from
7 L Escheri cﬁﬁh@%IHF‘gKgﬁ?@ér’%ﬁ 8&%‘}6%8 a?@%?‘r%@d&ga hﬁ‘ﬁﬁﬁ%"?ﬁ?ﬁf =30 minto
renmove t e cétiassanlsaNMRs basgtkpateant 4 fdncatrhitnm 2 MgpanoDal (POt ain %N t he
supernatant was 1Qperfornmed. The pH of the supernatant s adjusted to 4.0

ol hg T sol S SHES B FOMEHe By R At o SEOT08 PRM O S  emove
any inpuriti esndalvbf npi @ddipintbad eAogqtisition of spectra was carried out using TOPSPIN 2.0

)

4

software, All the spectra were acquired at the temperature of 298 K.

DNA and protein content assay

s
Lh

The DNA content in the final heparosan product was determined by measuring the UV
absorbance of 0.1 mg/mL heparosan solution at 260 nm and 320 nm. The DNA
concentration was calculated as concentration (ug/mL) = (As reading — Asyg reading) x
dilution factor x 50 ug/mL. Protein content was assayed using the Micro BCA Protein

Assay Kit following manufacturer’s instructions.
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3.Following this the supernatant was diluted 5-fold using pH 4.0 D water.
154.10 ng/nil chitosan solution was prepared by dissolving chitosan in 1%
acetic acid solution. For every 10 ng of heparosan 2.5 ng of chitosan was
added to thewpennegsant using the 10 ng/ ml chitosan selcyigk®ioirigs 5. The

m xture was then stirred for 10 mn at roomtenperature to ensure proper

m xi ng of the resulting solution. This was followed by incubation of 20the

m xture at 4GV, Smt%me&nar% y szﬁ&at:b%&}pr osan pol yel ectrolyte conplex forms a
precipitate that settred down Was recovered using centrifugation at 8000
romfor | It 7. This was followed by washi ngf the precipitate with pH 4.0 D
wat er and cent PagT MgaPtan aadaidsa kamompb ?rdPaWS»thiSZDS‘S’a‘EﬁiﬁP@sl&WCII‘CéseS its

cationi c nat gsendpRdeh RAshG&h&RBA iRMndotadiepdad @ Shi@EARE:RNeQtrofloRGHr OSt ati C
conpl ex. Leading to free hcparosan in solution and insaoluble chitosan. The

washed pel | etSitg it Picn Cfl\l’l(ﬁ&’(lﬂ gBreytes- o areeie dhatedl Y EDni {ieross recover

hepar osan si n ng@lout | weﬂa chat{t@eriz0 58 rHalier t&héiﬁr@ﬁﬁ@ss\é@e%trérﬁ ed- MR ferdifigough
filtration or centrif gatlon at 100 his step can be coupl ed

W th & cati off BREHaAGLIG g lth RaRNGHBKER A dis G Tggson of (o moloulr

2011/ 028668P«;lgiguaaeﬁ&tie%?m&ﬁms&myteoalr eroye mmerar PEACESS hydlmwaht(m§ | eadi ng
to further pur gnl .cation of [ecover ed Pn ar osa r%l e 3A Using the above
procedur e, é"ﬁl d& A1C WA FAPFICFIREIG Piith P famsnt ‘Englﬁ ¥ Gt R, pm‘E 5
sephar ose f asferddseusisrsdandsifor tBOlppeiraigedesahplsowed by precipitation with four
vol unes of ethanol. The recovered heparosan was then dialyzed using 3500 MACO
renbr anes a0l in bl MRSy EE, I AluGe0.SRLULL 0. YRR EN] feRERafn! o

ol -owi ng vol ume reduction using a rotary evaporator. 1Uti on of
this purifiedechbpardsartnhs hbﬁmalprlﬂgair@dinb#ffdt@scmltmie mgedia andnatpdrﬂffem@ 10

dei oni zed waty i f 1 ng/nl
sol ution and %&?Eﬁlgﬁ\}%{rc Fﬁg anbd r§<ﬁ£{}? ?ac%li&tngésgeqa %%) dlﬁzchgg“%o% 5;g-mé(grrg usi ng
10 ng/ mlL chi Oésanx élcutwasmsidrin m%a@emm@eca@t welgh‘trﬂealsmpﬁe@oamm@hwﬁat ed at 4C
ovemi ght. Th%gﬁ&r@z%'l&'déﬁ&ﬁ&' 89%%%&9%9' %!%@ot&lQﬁTale‘éﬁ‘ofﬂ@ém%@lﬁé"(ﬁfo?go Ry

centrifuging these sanpl es at 8000 rpm sol ution was then
added t o the apestiipadsvightigian dbic Wit 1Hb gud (hews pastagiehivith 2p¥ cthaael/19% apiticweitler

Insol ubl e chigt.osan 255) rﬁ%tgm%mso%@é Eddf ik Ia%uatlmigg%emm{cg husifig fhe ThE
recovered sanpl es and the supernatant were then ana resence of

hepar osan usiPP4Hesotar Bz A4 5ay? PRE Cbritpgrgdaneitst Pﬁea é@tﬂb@ké?@lﬁg@ay, 100%
recovery of hepaiosancyaedachiheMed dal, ﬂﬁnﬂ);e@ulgywa dgaﬂepéftﬁc faBfanChi t 0san
to 10 nil of 1 ng/m Heparosan sol ution. 20 Exanp In an additi onal
experinent, SUPEFABereBtzH Fap t%%”é‘ﬁafﬂéwc f’lé‘%lﬁ@nt ation centrifugation was
conditioned by addition of hydrochloric acid to pH 4.0. This was fol |l owed by
centrifugati gesits 8000 rpmfor 1 h for renoval of inpurities that precipitate
out%\ The supernatant was then adjusted back to pH 4.0 using 1 M NaCH sol uti on.
NVR ™

E. coli K5 fermentation in shake flasks for the preparation of heparosan

E. coli KS was grown in shake flasks until 1-4 h after stationary phase was reached. The
fermentation was extended beyond stationary phase to accumulate the maximum amount of
heparosan in the medium, consistent with reports that heparosan appearance in the medium
25 lags cell growth Manzoni M et al. {1993) Jowrnal of Bioactive and Compatible Polymers
8(3):251-257. . The yield of heparosan from the flask cultures ranged from 70 - 500 mg/L.
The purity of the heparosan recovered from flask cultures was in all cases > 85% as
estimated by NMR Wang Z et al (2009) Anal Biochem. 398(2):275-7. Zhang ZQ et al
(2008) “Solution structures of chemoenzymatically synthesized heparin and its precursors”
30 Journal of the American Chemical Society 130(39):12998-13007. The heparosan recovered
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95quantification of this pH adjusted sanple revealed that there was no | oss of
heparosan in these sanples. These sanples were then diluted five tinmes using
pH 4.0 DI water. Following this, six sanples of 10 nl each were prepared by
addi tion of ohitoos@ssssn the range of 2-8 ng per sanpl e pasivegickQ78y/ M chitosan
solution in 1% acetic acid. The sanples were incubated at 27 WO

2011/ 028668PCT/ US20101047183 4C overnight. The precipitated polyelectrolyte
conpl ex was HeGOVERRM. BqGe Ml %@qnd €1 SRIP R Siy At arOA0cck 1h AI1M
NaCOH sol ution magﬁfﬁé% 53 gku ! % et's obta%ﬁé‘ mfth%%m(ﬁqhilnd it wth
pH 4.0 DI waskyved hyzhel pibite el ﬂbgéﬁ) Wats hmm%@cmr%émw weidiven, athich0000 r pm
for 2 h. The f£60V@HiG6haP AR ﬁﬁth@mm h&)nﬁuaﬁrvnﬁmﬁé%w@ Fhen Hanglyged for
presence of hcparosan using the carbazol e assay. Carbazol € assays of the

sanpl es showetflusis7obghsuk fdim derivse hsepaien sanpdlysimlantiée g@rﬁmﬁpﬁtomm br ot h.

The i nventsi omp RGOVINGRS § Qfw m 1%& | SBRbndY dofd Sadide Qoﬂp&n@ﬁwhﬁt% plfgQVvering
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readily avalN%EN@PMBVBCdﬂ%%PPMW¥yC%MHaHWBH@bPﬁHﬁBF@iﬁmﬁégﬁ'H@é@é@ﬁpﬁé nmake it

i deal for usem&sc® sphechphi@pire24) for purification of heparosan, which can be
enzymatically nodified to intravenously deliverable heparin. |[he invention

al so provide r a critical n¢ ntratln ste cin e wor ki ng
vol une involagﬁ%ﬁa“?ﬂV%‘ﬁ?@@gg?' gmﬁ%ﬁﬁgr B?B%ﬁ@hggxgéﬁgz ﬁ@?ﬁanol

preci pit ati ofoltvépshe chinglanodikdstign widl hﬂmasl Ifyﬂ;b 1e1 hariohndotheetdoiht picseaey, off or

exanpl e, |n SOfEe, cases ceed e tion volu onpati bl e and
bloﬁegradablg m%¥e mmm%%éof c%ﬁ%oséﬁ %aﬁ%m Mdeﬁﬁgﬁpwgg f%ﬁ%@éﬁlg gpnpared to
ot her pol ycatGl@WSc wehdoodistent evith obel wniform matating sthickes ofdeparbsay,r HHRE-DAGIAl or i de
(CPC) and Po hyl ammni rige). s Lon t hi s met hod
has the pote #Jdkgégﬁilca??oﬁll %H%E%%ﬂg c 33%|R%§@§ ar@&@%m‘wgh as

hyal ur oni c a@wﬂmam@yaﬂmdmgtpr@teﬂngﬁla§ﬂ%mmmumsmBNAmgﬁmﬁbanQﬁmkﬂdﬁ:aIso

provi des for ﬂ;cgg?gd EllBeh i GREAYCTIE RleBRGHEL LB CBRRMAN 1aldea ic
pol ysacchari hepar osan, ron1 e ernen |on preC|p|tat|on
for potenti al Neparasart \h@ ca@ireicci)pmmtplfm dimSD@ngltnt@earedlympai ami 3 fiﬂﬂreveldet hod

enpl oys nat uggldpf d |%ﬁ H at C i

blodegradablg9 there y pgoeﬁ%%ﬁg %ﬁ e ?%?@ﬁ?%gﬁégégfg%BSFKQFE%ﬁa%# t echnol ogy
for intravendeksn w3788 red3WrLigsonsisiht wigh the falr | GandT 8 idafogle epiicinmdst @bt ai ned

t hr ough th|shgghgggmﬁq5ﬁhhgmeQkaggcﬁmgﬂﬂﬁgag ration step thereby reducing 25

t he working volune. The ease of recovery of thls step and its conpatibility

with further st ps n the ehenoenzynati c synt hesis of bioengi neered heparin
makes it |deéimﬁdﬁmgggmﬁgﬁéméJéFgﬁgﬁgLon process. This nethod has potenti al
for renoval of other anionic polysaccharides and proteins derived from
bacterlaDOfeﬂheﬁmahgumﬂmsamnmmmﬁyhkghkyt@h&p@edmmegaﬁbMEnﬂpgmhasmynch as DNA

B T s i
E.coli K5 |ngd@@xnedmnﬁdde]mbthcgﬁ@omwé1asw@heapmnmhﬂm1emfbmmﬁSBumﬁe
growth. The feeding was resumed only after an increase in dissolved oxygen was observed
confirming the depletion of glucose (Figure 3). In the late stages of the fermentation (after
25 22 h), dissolved oxygen became limiting. Increased agitation and the introduction of pure
oxygen were uscd to maximize the dissolved oxygen concentration in the culture. Despite
these efforts the dissolved oxygen levels still remained quite low after 31 h. The glucose-
feeding rate was decreased when oxygen became the limiting nutrient.  Throughout the
fermentation, the pH was maintained between 6 and 8 by adding NHsOH. After 375 h
30  fermentation, a cell density of 85 g DCW/L was reached, and the heparosan concentration

in the fermentation supernatant was determined to be 15 g/L. An overall growth rate was
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(b) binding heparosan to a solid phase with subsequent elution; and (c)

preci pitating heparosan fromthe eluate; wherein said substantially pure
heparosan is at |east 90% pure. 2. The nmethod of claim 1, wherein culturing
consi sts of avdbauctesgsowt h phase and fed batch growth sicagezniiens n

(a) the nediumused in the batch growth stage conprises (per liter) about 20 g
gl ucose, 10-300 ng thiam ne, about 13.5 g KH2ZPO4; about 4.0 g (NH4) 2HPO4,

about 1.4 g MyS@hed H2Q. oqaqwt e gvegallcfn{nﬁdcﬁ Pl wa@N 9 gﬁ%ﬁd &9 Biudeflic: trace
met al sol ution; wherein the frace netal utlon consfsts essentially of (per
L of 5 M HCl)IJFOﬁBCt(}}’IlgatFé/S@4BFII23® The I@pg@@a@uaﬁedzfrczn gheZpscatat@as of. h&hg
MSO44H20, 1.0 04 +5H29 1@ 4

N> 1a4ba0101 T aS, (HARE forche nbas Sgéﬂmqﬁ@%@dﬁ%‘%ﬁﬂu%ﬁe Pi’the fed
bat ch gr owt h PEX&Ress&6 fslicated tbé‘f“]f/pQNALan <2HQrotPOY oy PEsTIE ke fipdhayanp@0o4,
0.15-0.5 g thiane, and optionally 47 g | CH2PO4, and (c) wherein
oxygen is provided by spargcd air with or wthout supplenmental oxygen. 3.The
met hod of cl |m 2’& er, el n. d| %ol ved oxygen is maintained at about 20% 4. The
nmet hod of cl ature is maintained at about 37C, and the
pH i s maintai ned at_about 7. 5.The method of cl aim4, wherein said pHis

mai nt ai ned byH{HER ANHNMR APSL- 8 W bihwoini Brasbirut(FHRMS (Rtgtlxarﬁemelyccmrﬁukdte No.

047182- 0206 |
fed-batch st §gneera|:[2§¥éeﬁ§£ ng%)g{og{hea%ieptﬁlp m ne %IAx tal %%@%Hﬂiusﬁ% ure lkﬁ‘e

x(to) v(t 0) eifd M p( 4 heparpginfragitee heving Micercs oo dlzaioni G0 of o Obthec¢@[rgon $0Uf ce
(910): F o> Tasdublomeaaborlly Mool h36Ar 6N SHOSHLAE ganaanteation in the

f eed g/ s cel centration m I s specific malntenance
coef ficient Q’gﬁsglc@lewqﬁf}mrdivd Psm@tmlﬁﬂd\r@ﬂ%l (Hm‘ere(llB) at th@)nqﬂsl‘educm coft of e ng start;

t is process o?lh@%olyléa'ccl{aﬁdéaﬁﬁl‘sf i ?lrc&\ﬁ@efbfraa&ﬁmﬁélw)m @l YbnliSoli Slitn Y1 el d on

carbon substrate @g . claim 2, wherein nore 2 g
hepar osan per“CL"-‘*CB‘im Gty ]@P@feﬁérlwa‘t alpr PESNOBthe Aedl SGITKS. r’f@tf‘l‘i%ﬁﬂf’é)fslscl aim?7,

wher ei n sai d sf gcaentatdsen ibc%vér@cfsS{’rotxlhe}“&né&amu@ﬁ)eril'aﬁﬁt Lagdikdiang,gt.ar fer
culture. 9. e nethod of claim 1, wherein the binding and elution step

conpr i sest3(i Deragasei/ grmipstedowlt VA rEsiduehing wigh GleA appidaps ohiiscreaidhemgstertesi n wit h

the cul ture sypept 8nte a8dkBMBVIR mOfiurt bﬁng%ma@ﬁeﬁttﬁ@éen(shﬂﬂc): b%{%éai Rt he resin
wi th 50mM sodi um ch| oride in sodium acetate buffer at pH 4 (iv) elution with 1

M sodi um chl 8¢ &89 Pﬁl%ﬁiea%?ﬁa@%tt%ﬁt BeBr ferthatenpigsa, asg gizettivg. epRoE of cl ai m

1, wherein saiothtdairme ﬂagq@eﬂa@ltwtag €Bai & Gih ORI 3&Sc, Gh dxolRITRYFneQbpbR! | 5; (11)
m xi ng of a chitosan t| on Wt glg}fcculture supematant; (iii) precipitation

of the chitoSaF " 4HaE] F B YA ¥ der ﬁdﬁ‘é{{l%"nd(‘i’% h%@ﬁ%nn?jla‘t“heﬂt?hl t osan;
(v) elutizon ebschapar ﬁslalﬁa%ﬂ O sakanpt thbMaNaGdomatography (data not shown) confirms

é that some of the heparosan chains that were shed into the supernatant were terminated with
w GlcA,

MW characterization of heparosan

The heparosans recovered from E. coli K5 grown in shake flasks, were analyzed by PAGE
25  against a ladder of purified heparosan standards (Figure 5 and Table 1), Heparosan,
recovered from supernatant in flask cultures grown on M9 medium, glycerol synthetic
medium, LB complex medium showed little difference in M, or My. Heparosan recovered
from the supernatant in glucose synthetic medium had the lowest M, and M,. Heparosan
recovered from the pellet showed higher M, than heparosan recovered from the

30  fermentation supernatant (data not shown).
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11. The method of claim1l, wherein said precipitating heparosan fromthe
cluatc conprises ethanol precipitation. 12. The nmethod of claim1l, further
conpri sing depyrogenat on with hydrogen peroxide. 13. Thc nmethod of claiml,
wherein the hepano®sansi s | ess than 1% DNA and | ess t hanc2fispnodseisn. Attorney
Docket No, 047182-0206 14. The nmethod of claim 1, wherein the heparosan has a
nunber average nol ecul ar wei ght of about 58,000 Da, a wei ght average nol ecul ar
wei ght of ab [ 4. 15.
The et hod of e] i s Ao VAL SRELE ko RGN pidiBhohy 5 aiBihich, o

Hepar osan pr @@I@lb@dfow veps prestfivd by ofivaamy Dolfling Hainﬁmstolllm% Thc ity @féballcwltmg

manuf act ur ed 190 mecémeﬂédoﬁ,aﬁe 0ofs56) AbM H#6 formlBatioh NG U5l prIeRALAEA0N made
by the nmethod of any of clainms 1-15. WD 2011/ 028668PEIT U8201 1047183

' 00qHOh12C; HACEH 18 (Flgpfcg@ﬁ)eshgwc@,mllmy\al increase in heparosan molecular weight

5  followed by no further changes in molecular weight as fermentation time increases (Figure
6). Heparosan polydispersity index (PDI=M./M,) changed little throughout the

fermentation.
Discussion

In this study, a high heparosan yield in the fermentation supernatant (15 g/L) was achieved

P2t
-

10 in a fed-batch fermentor culture grown on defined medium containing glucose. This
compares favorably to yields recently reported of 10.2 g/L heparosan from the same
organism grown on a defined media containing glycerol (US Patent Appl. Publ. No.
2008/0032349) Volumetric production rate was also increased compared to this previous
report. Furthermore, glucose, as a less expensive carbon source than glycerol, makes this

15  fermentation process more economical. The fed-batch fermentation process developed at
the 3-L scale might serve as the prototype for larger lab-scale fermentation, ultimately
leading to industrial heparosan production. Process scale-up studies are currently underway
in our lab moving from 3 L to 750 L working volumes, which will provide the basis for
scale-up to the ~100,000 L working volumes required for large-scale (100 metric fon)

20 heparosan production to supply as the starting material for bioengineered heparin synthesis.

The possibility of using a faster glucose feeding rate in the fermentation and higher oxygen

£T

levels in the fermentor is being investigated to increasce the production rate the heparosan.

The use of defined media containing glucose as the carbon source has both lowered the
fermentation cost and reduced media complexity, making the purification process easier.
25  Heparosan purified from complex LB medium was less pure due to complex media
components and required additional purification steps than did heparosan purified from

glucose-containing defined media,

Heparosan, isolated from the culture supernatant arises from shedding into the medium

during the fermentation probably through the combined actions of the K5 lyase and shear
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force. An increase of heparosan shedding into the media increases the yield of heparosan in

the supernatant, lowering the cost of the down-steam purification process.

The presence of K5 lyase contributes to the desirable release of the heparosan capsule into
the medium, increasing the heparosan yicld. At the same time, the presence of the K5
heparosan lyase results in an unnatural saccharide residue, AUA, at the non-reducing end of
the chain that may require subscquent treatment. K5 heparosan lyase also increases the
polydispersity index of heparosan, which can complicate subsequent processing into
heparin. The molecular weight properties of bioengineered heparin are inexorably linked to
those of heparosan. The present method prepares heparosan with properties suitable for
processing into heparin. Thus, the inventors have shown that in the presence of the lyase it
is still possible to prepare heparosan with the desired molecular weight properties by

carefully controlling the fermentation conditions and the fermentation processing time.

Future control of K5 lyasc activity may offer an approach to for the fine control of

heparosan controls.

Table 1. Number average molecular weight (My), weight average molecular weight
(Mw) and polydispersity index (PDI) of heparosan recovered from different media in 2.8 L
shake flasks.

Medium My Mw PDI
M9 54,000 82,000 1.5
Glycerol 50,000 79,000 1.6
Glucose 25,000 44,600 1.8
LB 54,000 68,000 1.3

EXAMPLE 2; 20L Fermentation Report (pH stat fed-batch fermentation)
Medium

Glucose defined medium: {per liter) 20 g glucose, 20 mg thiamine, 13.5 g KH,PO4; 4.0 g

(NH4):HPO4, 1.4 g MgSQ047H,0, 1.7 g citric acid, and 10.0 mL trace metal solution. Trace

metal solution consisted of (per L of 5 M HCI) 10.0 g FeSO,47H,0, 2.0 g CaCly, 2.2 g

ZnS04TH0, 0.5 g MnSO44H,0, 1.0 g CuS045H,0, 0.1 g (NHg)sMo7024-4H,0, and 0.02
23
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g NayB407 10H,0. The feeding solution used in the fed batch stage consisted of (per L):
700 g glucosc, 20 g MgSO47H,0, 47g KH,PO4 and 0.4 g thiamine. The R medium, which
is the glucose-containing medium used in the fermentations performed, was prepared as

follows:

R medium Part A: (NHy)»HPO4, KH2PO,, and citric acid were added to about 8 liters of
water with magnetic stirring, trace metal solution (100X fold stock) was added, the pH
adjusted to 6.80, then water added to 9 liters. Part A was sterilized in the fermentor at 121
°C for 45 minutes.

R medium Part B: MgSOQ4 and glucose solutions made as 10X stock and sterilized

separately with autoclave at 110 °C for 20 minutes (can also be filter sterilized).

Feeding solution: Glucose, MgSO47H,0 and 47g KH,PO4 were dissolved in the 1 liter of
water with heat and stirring, and sterilized by autoclave at 115 °C for 20 minutes. Thiamine

was dissolved in water and then filter sterilized.
Operation Procedure
Day I;

Four 5 ml culture tubes were inoculated in the glucose synthetic medium described above
(R medium) with K5 E. coli strain (stored in -80 °C freezer) in the morning, grown in
incubator at 37 °C shaking at 220 rpm for 10 hours. The four cultures were transferred to
500ml medium in a 2.8 L baffled shake flask in the evening and grown at 37 °C shaking at
220 rpm for 10 hours.

Day 2: The fermentor pH probe and DO probe was sterilized and calibrated at growth
temperature (37 °C). Three pumps were set: pump 1 - NH40H for pH adjustment; pump 2

— feeding solution; pump 3 — antifoam.

R medium part B was added to the fermentor to mix with part A and inoculated with the
500 ml seed culture. The pH was maintained at 6.8 by pumping in NH,OH. Pumping
feeding solution occurred when a pH spike and DO spike were observed. The Feeding
pump was programmed to give 100% output (~6.7 g glucose pulse) when pH>6.8.  The

stirring speed and/or air flow rate was increased to keep the DO above 20%. A pure oxygen
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flow was added when the DO could not be kept at above 20% by changing stirring speed

and air flow.

Day 3: The fermentation stopped when the culture’s OD® value begins to decrease. The

culture was harvested and centrifuged. Heparosan was recovered from the supernatant.

The blue curve in figure 7 is the DO trend (dissolved oxygen in the culture). Because of
high density of cells consumed the oxygen very rapidly, the DO went to near 0 several
hours before harvesting, while the pure oxygen flow was still maintained. The fermentation
was stopped a few hours after when the OD 600 (optical density of the culture at 600 nm
light wavelength} began to decrease. The fermentation was stopped by turning off the

oxygen flow, stopping the stirring, and then initiating harvesting,

Sampling: approx. 40 ml was taken to measure the optical density at 600 nm, then
centrifuged at 12,000 x g for 30 min. to separate the supernatant from the £. coli cells.

Supernatant and cell pellet were frozen separately.

Fermentation sample analysis: dry cell weight (DCW) was measured by weighing the dried
cell pellets on a scale. Heparosan concentration in the supernatant was measured by NMR
quantification method or carbazole assay following ethanol precipitations Song J-M et al,
(2009) “A simple method for hyaluronic acid quantification in culture broth” Carbohydrate
Polymers 78 (2009} 633-634. Wang Z et al (2009) Anal Biochem. 398(2):275-7.

The results are shown in Figures 7, 8§ and 9.

The heparosan produced in this fermentation stage had a number average molecular weight
of about 58,000 Da, a weight average molecular weight of about 84,000 Da, and
polydispersity index (PDT) of about 1.4. Purity is estimated at 95% or above.

EXAMPLE 3: Heparosan purification with chitosan chromatography.

Chitosan 1s a linecar polysaccharide composed of randomly distributed B-(1-4)-linked D-
glucosamine and N-acetyl-D-glucosamine provides for an alternative to anionic exchange
resin for the chromatographic purification of heparosan. The amino group in chitosan
(~pKa 6.5) makes it positively charged and seluble under acidic condition and therefore

suitable for affinity based purification of negatively charged heparosan, Purification of
25
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heparosan based on chifosan can be easily controlled based on chitosan concentration and

initial pH. Moreover, chitosan is inexpensive, available in abundant supply, and is

biodegradable. This example describes a separation method based on soluble chitosan for

efficient recovery of heparosan directly from fermentation broth, This charge neutralization

based separation using chitosan potentially can be used for purification of other negatively

charged macromolecules from complex fermentation mixtures.

The fermentation broth from 7 L Escherichia coli KS fermentation was centrifuged at 7000

rpm for 30 min to remove the cells.

1.

NMR based quantification of heparosan content in the supernatant was

performed.

The pH of the supernatant was adjusted to 4.0 using HCI solution followed
by centrifugation at 7000 rpm for 1 h to remove any impuritics that

precipitate out.
Following this the supernatant was diluted 5-fold using pH 4.0 DI water.

10 mg/ml chitosan solution was prepared by dissolving chitosan in 1% acetic
acid solution. For every 10 mg of heparosan 2.5 mg of chitosan was added

to the supernatant using the 10 mg/ml chitosan solution.

The mixture was then stirred for 10 min at room temperature to ensure
proper mixing of the resulting solution. This was followed by incubation of

the mixture at 4°C overnight.

Chitosan-heparosan polyclectrolyte complex forms a precipitate that scttled

down and was recovered using centrifugation at 8000 rpm for 1 h.

This was followed by washing the precipitate with pH 4.0 DI water and
centrifuging it again at 8000 rpm for 1 h.

Chitosan loses its cationic naturc under basic condition leading to disruption
of electrostatic complex, leading to free heparosan in solution and insoluble
chitosan. The washed pellet was put in 1M NaOH solution and incubated
overnight to recover heparosan in solution. The insoluble chitosan was
removed either through filtration or centrifugation at 10000 rpm for 2 h.

This step can be coupled with a cation exchange step or an anion exchange
26
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step to remove other process impurities leading to further purification of

recovered heparosan.
Example 3A

Using the above procedure, heparosan was purified from fermentation broth using DEAE
sepharose fast flow resin in column mode followed by precipitation with four volumes of
cthanol. The recovered heparosan was then dialyzed using 3500 MWCO membranes
against DI water. The dialyzed solution was then freeze-dried following volume reduction

using a rotary evaporator.

A 1 mg/ml solution of this purified heparosan was then prepared by dissolving it in pH 4.0
deionized water, Six different samples are prepared by using 10 ml of 1 mg/ml solution and
adding varying amounts of chitosan in the range of 2-6 mg using 10 mg/mi chitosan
solution in 1% acetic acid. The samples were incubated at 4°C overnight. The precipitated
polyelectrolyte complex was recovered by centrifuging these samples at 8000 rpm for 1 h.
A 1M NaOH solution was then added to the pellets obtained without washing with pH 4.0
DI water. Insoluble chitosan was removed by centrifuging at 10000 rpm for 2 h. The
recovered samples and the supernatant were then analyzed for presence of heparosan using

the carbazole assay.

According to the carbazole assay, 100% recovery of heparosan was achieved at pH 4.0 by

addition of 4 mg of chitosan to 10 mi of 1 mg/ml Heparosan solution.
Example 3B

In an additional experiment, supematant obtained after post-fermentation centrifugation was
conditioned by addition of hydrochloric acid to pH 4.0. This was followed by
centrifugation at 8000 rpm for 1 h for removal of impurities that precipitate out. The
supernatant was then adjusted back to pH 4.0 using 1 M NaOH solution. NMR
quantification of this pH-adjusted sample revealed that there was no loss of heparosan in

these samples.

These samples were then diluted five times using pH 4.0 DI water. Following this, six
samples of 10 ml each were prepared by addition of chitosan in the range of 2-8 mg per

sample using 10 mg/ml chitosan solution in 1% acetic acid. The samples were incubated at
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4°C overnight. The precipitated polyelectrolyte complex was recovered by centrifuging
these samples at 8000 rpm for 1 h. A 1M NaOH solution was then added to the pellets
obtained without washing it with pH 4.0 DI water. Insoluble chitosan was removed by
centrifuging at 10000 rpm for 2 h. The recovered samples and the supernatant were then
analyzed for presence of heparosan using the carbazole assay. Carbazole assays of the

samples showed ~ 70% purification of heparosan from the fermentation broth.

The invention provides for an efficient purification method for recovering heparosan from
fermentation broth. Chitosan employed in this process is cheap, readily available,
biocompatible, and biodegradable. These propertics make it ideal for use as a precipitant
for purification of heparosan, which can be enzymatically modified to intravenously
deliverable heparin. The invention also provides for a critical concentrating step, thereby
reducing the working volume involved in this process as compared to commonly employed
ethanol precipitation steps. The working volumes for ethanol precipitation, for example, in
some cases exceeds the fermentation volumes. The biocompatible and biodegradable nature
of chitosan makes it much more favorable compared to other polycations which are toxic in
nature like, cetylpyridinium chloride (CPC) and Poly(diallyldimethyl ammonium chloride).
In addition, this method has the potential for purification of other such polysaccharides such

as hyaluronic acid and acidic proteins, as well as DNA.

This invention also provides for a cost effective recovery of bacterial capsular
polysaccharide, K5 heparosan, from the fermentation broth using precipitation for potential
usc in the development of bioengineered heparin. The method employs naturally derived
polycations, which arc biocompatible and biodegradable, thereby providing an efficient and
safe purification technology for intravenously delivered drugs such as heparin. The high
yields obtained through this method make it ideal as a concentration step thereby reducing
the working volume. The ease of recovery of this step and its compatibility with further
steps in the chemoenzymatic synthesis of bioengineered heparin makes it ideal for use as a
purification process.  This method has potential for removal of other anionic
polysaccharides and proteins derived from bacterial fermentation as well as highly charged

negative species such as DNA.
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What is claimed is:

1. A method of producing substantially pure heparosan from E.coli K5, comprising

(a) culturing E.coli K5 in defined medium with glucose as the primary carbon

source
(b) binding heparosan to a solid phase with subsequent elufion; and
(©) precipitating heparosan from the eluate;
wherein said substantially pure heparosan is at least 90% pure.
2. The method of claim 1, wherein culturing consists of a batch growth phase and fed

batch growth stage, wherein

é” o {a) the medium used in the batch growth stage comprises (per liter) about 20 g
glucose, 10-300 mg thizamine, about 13.5 g KHaPQO,; about 4.0 g (NH4),HP Oy, about 1.4 g
MgS04:7H-0, about 1.7 g citric acid, and about 10.0 mL trace metal solution; whercin the
trace metal solution consists essentially of (per L of 5 M HCI) 10.0 g FeSO,7H;0, 2.0 g
CaCl, 2.2 g ZnSO47H;0, 0.5 g MnSO.4H;0, 1.0 g CuSO45H,O, 0.1 g
(NHg)¢Mo070244H,0, and 0.02 g Na;B4O+ 10H,O and wherein;

(b) the feeding medium used in the fed batch growth stage consists of (per L):

250-1000 g glucose, 20 g MgS0y, 0.15-0.5 g thiamine, and optionally 47 g KH;POy4, and

() wherein oxygen is provided by sparged air with or without supplemental

oxygen.
3. The method of claim 2, wherein dissolved oxygen is maintained at about 20%.
{ : 4, The method of claim 2, wherein the temperature is maintained at about 37°C, and

the pH is maintained at about 7.

3. The method of claim 4, wherein said pH is maintained by the addition of 29%

ammonia solution.
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6. The method of claim 2, wherein the medium used in the fed-batch stage is fed at a

rate determined by

3
Mst)=F(0)Szr = - +m | X(tp)V{to)exp [t — t5)]
wherein Ms is mass flow rate of the carbon source (g/h); F is feed flow rate (L/h); S¢ is
carbon substrate concentration in the feed (g/L.); X is cell concentration (g/L dew); m is
specific maintenance cocfficient (g/g dew/h); V is culture volume (L); to is time of feeding
start; t is process time; p is specific growth rate (h'"); and Y is cell yield on carbon

substrate (g/g).

o

7. The method of claim 2, wherein more than 12 g heparosan per L of culture

supernatant is obtained.

8. The method of claim 7, wherein said fermentation is less than 48 hours, not

including starter culture.

9. The method of claim 1, wherein the binding and elution step comprises (i) removal
of cells; (i) mixing of an anionic exchange resin with the culture supernatant and removal
of the supernatant (iii) washing the resin with 50mM sodium chloride in sodium acetate

buffer at pH 4 (iv) elution with 1 M sodium chloride in sodium acetate buffer at pH 4.

10.  The method of claim 1, wherein said binding and elution step comprises (i) removal
of cells; (i) mixing of a chitosan solution with the culture supernatant; (iii) precipitation of
the chitosan and isolation of the precipitate; (iv) washing the chitosan; (v) elution of

heparosan with about 1M NaOH.

11.  The method of claim 1, wherein said precipitating heparosan from the eluate

comprises ethanol precipitation.
12. The method of claim 1, further comprising depyrogenation with hydrogen peroxide.

13. The method of claim 1, wherein the heparosan is less than 1% DNA and less than

2% protein.
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14, The method of claim 1, wherein the heparosan has a number average molecular
weight of about 58,000 Da, a weight average molecular weight of about 84,000 Da, and
polydispersity index (PDI) of about 1.4,

15. The method of claim 1, wherein the heparosan is at least 95% pure.
16.  Heparosan produced by a method of any of claims 1-13,
17.  Heparin manufactured from the heparosan of claim 16.

18.  The use of heparosaon made by the method of any of claims 1-15.

i,
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