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SUMMARY OF THE INVENTION

s 20 The present invention concerns improved methods for the production of heparosan by

fermentation of E. coli K5, isolation of the K5 polysaccharide, and purification.

In one embodiment, the method comprises (a) culturing E.coli K5 in defined medium with
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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in the f Phas&n, i ' r di_nent herefore, the
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In rel ated er?bondl mentts1 %%rﬁrh%la o'sanéilléqs(3 C?Abgg%t% & tﬁg{ﬁ“ﬁ%& c#o esasbo than 2%
protein. The 2Acp%r Bslading %bogtﬁ()f’aﬁlicé a$ g% processing into heparin. In one

enbodi ment, the hcparosan has a nunber average nol ecul ar wei ght of at |east

10, 20, 30, 48parB€iiar@ib&@mkilda,theSHEdhpas B Ulcd I i Pad-barcdRtR1:HRE 2BV RIage
nol ecul ar. wei ght of .at | east 20, 30, 40, 50, 60, 70, 80 or 90 kDa, such as

about 84 Wpad HﬂnﬁHwydlsperS|ty i ndex (PDI) l ess than 2.0, including |ess
than 1.9, 1.8, 1.7, 1.6, 1.5, 1.4, or i ncluding about 1.4. In further
enbodi nents, the i nvention incl ud use of the heparosan produced by the
above neuhods in a phaﬁﬁgﬂegg;calf £ gg @@heéﬁﬁﬁk $.18 coating of a nedica
device. In T T

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

27

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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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 ofo amineskscanment . I n further enbodi nents, rchesionvenss on is

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

i nvention is Sbﬁpﬁsrohfﬂmmhfb%&%%o%iﬁ&%éﬁé %fﬂi@ﬂ?@@,%ﬂo@@lﬁgﬁmag&gy OF THE

DRAW NGS Figure LStructure o eparosan. A. repeating disaccharide unit of
hepar osan B. istofiyeragetetc srifapedf bsan chain resulting fromthe action of
heparosan K5 |yase. Figure 2. HNWR spectra (600 WHz) of heparosan prepared in
shake flask cukindtively, 88diAg asd Atlonphagtve afhihepasD SR sieapvey @fboliient, tht. LB
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from M0 medi grecipGate RCipalites ansiicacaveredith marr gt yeer dhitedafffenacd g[&(diilxmﬂq D];
hepar osan recovered fromglu fined medium Figure 3.Production o
hepar osan i n &°"F 'F5% %ﬁcﬁr@%&ﬂﬁ%’gﬁ@ﬁ Emg‘r?g\ﬂg‘g(flﬁtéond’f%%g@aq BayPe 'Sf%IE’EFBve
(bl ack), the ippdddaion wean{dalcuedhaaged t he di ssol ved oxygen (% DO) curve (red) as a
function of fernmentation tinme (h). Panel B shows the cell growh curve (total

DCWg, A) a 0s: ti ) - i O r ation tine
(- i gut e ANREREEREARaRt AMG ool Shrduted HAEACIRL SRS ¢ ot o
7 L fernent atthgrml opmethppayvie 080aIvEENenG A Yebipyas 0f athanoBare 13¢@- NNR rofulthigpar osan

pr epar ed ;20 I, i ning.-.13C gl ucose and 15N ammoni a sulfate. C
19 &cﬁﬁat%%gﬂ%}lﬁ%&%,@h&%é.

FT- of a heparosan of average nol ecul ar wei ght 4551.81 (degree of
pol ymeri zation =24) purified by preparative PAGE (Ly etal., 2010).. Figure
5. PAGE used flgf TR iAoy SiCmpFsH B P e%h SR NRI08 SR BCt e sapiidatin,

including with hydrogen peroxide.

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



nol ecul ar standards spanning the range of the gradient gel. Lanes contain: 1.
HA 25 nol ecul ar markers (30 k1D 310 kD), 2. heparosan nol ecul ar markers (6.4
kD-14.1 kD). B. heparosans prepared in shake flasks in different nedia. Lanes

contain: |I. Repanosedsfrom M nedium 2. heparosan fromcglhyaen@abissynt hetic
medi um 3. heparosan from gl ucose synthetic nmedium and 4. heparosan from LB
medi um C. heparosans prepared in a 7 L WD 2011/ 028668PCT/ US2010/ 047183
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(% DO) curve (4)_ as a function of fermentation tine he 20 L fernentor.

Fi gure 8. The &idneqeatipHn cuithvie PEEOR gf feast (8fy aé?’FﬂStr\C’éﬁar&B‘éﬁwf"coﬁ’c@iﬁqdatl on in

t he ferment athosdiseRe Mtiarhtididé beparifprddicbdBore QU §arbfint he 20 L fermentor.
Figure 9.1H NWR spectra of the heparosan sanples purified. 10Figure

10. Hepar osan concentratio tion using varying
anounts of chitosan from %Bﬂﬁfﬁ%emogm ﬁggﬁf@' n solution Figure

11. Percent age recovery using varying anmounts of chitosan from10 m of 1 ng/ni
pure hepar oséreusol-ut i GuCtReqirhera®aPer/s entragiee rieeherde wei sighopamyainiy anount s
of chitosan ffQm:d0r Hibdro@f cBin resulting from the action of heparosan K5 lyase.

-
LI Figure 2. 'H-NMR spectra (600 MHz) of heparosan prepared in shake flask culture.

10 A. stack plot of heparosan recovered from: 1. LB medium, 2. LB medium having MW s
> 3,000, 3. LB medium having MWy, < 3,000, and inset showing PAGE analysis of
samples 1, 2 and 3. B. hcparosan recovered from M9 medium. C. heparosan recovered

from glycerol defined medium. D. heparosan recovered from glucose defincd medium.,

Figure 3. Production of heparosan in a 7 L fermentor. Panel A shows the glucose feed
I5  curve (black), the pH curve (blue) and the dissolved oxygen (% DO) curve (red) as a
function of fermentation time (h). Panel B shows the cell growth curve (total DCW g, A )

and heparosan production (g, &) as a function of fermentation time (h).

Figure 4. Characterization of heparosan purified from the supematant of a 7 L
% _ fermentation. A. 'H-NMR (600 MHz) of heparosan. B. "*C-NMR of heparosan prepared
: 20 on M9 medium containing “C glucose and >N ammonia sulfate. C. FT-MS of a heparosan
chain of average molecular weight 4551.81 (degree of polymerization =24) purified by

preparative PAGE (Ly et 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



15diluted fernentation broth sanples DETAI LED DESCRI PTI ON OF THE | NVENTI ON
DEFI NI TI ONS Heparosan is a pol ysaccharide with the repeating diassachride unit
[GcAa-(1- 4)GlcNACR(1-4)]". Because the K5 exopol ysaccharide is made from

hepar osan, wewehithgssy0 present inventors isolate and putiukdiooihiepar osan” in
certain contexts can refer to heparosan associated with bacteria, present in
cul ture nedium and duri ng isolation and purification. The neani ng of

hepar osan wi ey S UIAGLS LRI, LhE RSHAANEl: Of 8 AgfteskididikdNg,r ol evant

cont ext . gch erl escribes vari ant _ pr oduce
t he K5 exopolfywagetasddcl2.@kSaisthal ks 3E2 hewidl37K% afterthi vigt efele foencolbtian. ned from
public collections such as ATCC WD 2011/ 028668PCT/ US2010/ 047183 (Aneri can

Type Cul turerfgldecti cmne m,efmulaﬁwagmqﬁ&ﬂme& bRh&HaAILGEIRRG mnEscheri chia

coli 1(5 strains maé | so be isolated fromclinical sources, and/or
genetical |y H@FF?e ho‘ﬂsaraeéére%roéw (= M“h@ﬁe%&%r{’ refers to bacterial growth

and production of exopol ysaccharide, in particular the K5 exopol ysacchari de.
5As used HKer €igare"i. soI aheﬂH chfea (is) mhﬁlehﬁ@aims@ygéns(ﬂ/.snﬁacmee@) fiy ofinéthe cul ture

medi um and ba eria cel | ent .in sufficient quantltyto perinit its
identificati 8%081?@[1 pign &&gﬂg ﬁjeﬁi men'mrubst antially pure" neans that the

heparosan is essenti aI l'y free of other substances to an extent practical and
appropriate Fonrg&s | dbepdegioudecung (BGHS ednt¥alknd hgpaicsantreopesnosian it dieat | east

90% pure, Pr ?Jrﬁ&ﬁglcﬁ{’suﬁeﬁﬁtamtg& {?tln&e%oggsgﬁttﬁgZOtLhﬁﬂn&go@ 92% 93% 10 94% 95%
96% 97% 98% or even greatéer an 99% free of contam nants. The degree of

pur;ty may b assesse(;ltélg\ﬁVI in the ) used herein "a" or "an"
means one or%}%Feeg unl s gﬁ@&ﬁf#%@%ﬂ%ﬁ?%? ‘éd?“‘tl drean only One.
10 Figure 10. Heparosan concentration in supernatant post-precipitation using varying

amounts of chitosan from 10 ml of 1 mg/ml pure heparosan solution.

Figure 11. Percentage recovery using varying amounts of chitosan from 10 mi of 1

mg/ml pure heparosan solution.

Figure 12. Percentage recovery using varying amounts of chitosan from 10 ml of 5x

15 diluted fermentation broth samples
DETAILED DESCRIPTION OF THE INVENTION
o DEFINITIONS

Heparosan is a polysaccharide with the repeating diassachride unit [GleAg-(1-
4)GleNACR(1-4)],. Because the K5 exopolysaccharide is made from heparosan, which the
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



The term "about” is used as understood by the 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 considered to enconpass a variation of 10% around the
st at ed val ue wd-RMENEATI ON OF E. coil K5 FOR THE PRODUGEH/@h@HEPARCSAN Many
factors nust be considered in the identification of appropriate conditions for
fermentation. 70 E. coli, in general, can growin a wide variety of nedia and
a range of PlhnbERRRLR i (eaRf, [%ffage{ucﬁ% Ichik Qfkin MpbEK804. a,?s%fa}cﬁfy adapt ed
strains, ver, E."coli K5 has not been subject eduto extensive stud

geneti cs, gr ool K5 stzains tfayre pisobe isofetrd fierh elindcal ypurchi @ \geteticidicrifshs can affect
(a) the rate of bacterial growth, (b) maximal cell density, (c) production of

the K5 exopolaysagghakicdt gapsuth@n” (@ethe deekee QfowiRSadibdeadi aif of the K5
capsul e by E. coI| K5,. bacteri opha%g reS| dent within E. coil K. 5, and other

factors, (e) Y walvpasPlesde iraricHia ke X616 Y%ale@ﬁan de capsule into medium (f)
whet her the heparosan pol ysacchari de produced is of a size range suitable for

processing i msmsdftbhwmhi fisolaat! righs thhécmmsemts sapbtddyfoen dfe' cubenthatdiumanis. For
exanpl e, congdi t 866 471 ronote cell lysis

PCT/ 383
e I B L A L C AT ARSI

but may al so increase the degradation the K5 exopol ysacchatide capsul e and the
nunber and amBuntd bfcie opbamitalinpwe] mewtdha Wisekoparpsntis esFensiallyrper efagibe of any

one cont anm nafkah&s feintdxed: f;rgctﬁcslen@aﬁﬁomewm ahnaeﬁde@r%ye b& st‘%t'ﬁPtY mgﬁué by

subsequent purification and processing steps, whether the conta

interferes whﬁmwﬂbsﬁeweﬁt%érmees%lﬁfﬁ b?t}!ﬁéfﬁa‘?f@barg“?aﬁ@ahé’é%r PHo, Bid whet her

the cont agi nany;, POSE%AIHANGS] of Qe HERRASHAN 9980 i SontFin A, 111 (BgrkeSora known
pat hogen, and thus toxins and other virul ence-related factors nust be renoved.

Li pol ysacchaﬂ’Préféf map p&yssiseeddy disArorOEb it Biithant of Gram negative bacteri al
extracts, and is known to be a potent 10 i mmunostinul ant and toxin. Nucleic
aci ds may al 30 ubel lierTO Sk F4ailinadkod ghe oBaioke, WRGsapaifitulty) @ilicataliodscah axig

pol ysaccharide cores, and so nmay co-purify wi th heparosan. O her contam nants
may i ncl ude A6h- hepar osan pol ysaccharides or derivatives of henarosan. For the
production of pharmaceutical and nedi cal products, the source and nature of
the growt h néd¢ tamrielpubies vspdos tiaderstocldyy tex parpinesf Sbiﬁﬁpkleﬁﬂrﬁedfhﬂacoomiaﬁoned by the

hydr ol ysig 1%éhaﬂ§% Inalou@rmg&lﬁatfgo PrQfBi B5, | %o%q]%hllesaﬁ @95 10§91 W*a and

production of Ws vari ati on between bat’ches an may contain
anti genic andensidhise toocyperaiebeayatigtion of 10% around the stated value.

FERMENTATION QF E. cofi K5 FOR THE PRODUCTION OF HEPAROQSAN

Many factors must be considered in the identification of appropriate conditions for

fermentation.

20 E. coli, in general, can grow in a wide varicty of media and a range of pH, temperature, O,
and other condition. Unlike laboratory 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



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

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

t her ef ore desyo ahl/@sesdl so rel evant is the 20i denti fi catdcarsafo@7@ owt h medi um
t hat uses wi dely avail able, standardized and i nexpensive starting materi al s.

G owth conditions nust also be denonstrated to be scal able. Thus, the
identificati [ [ ' I

denonstr at ed%ipon t%?gleggfsscm m&%gsgcthé g’{slldsgi?]eg%gﬂff&%%& ﬁnﬁy ﬁ%‘r éeu(P'ru el at edl y,
the process shsmatinhduypisugso apdase é@rd@é@éﬁtbbéhc féh@i@ﬁfwmﬂeﬂdﬂ @phdt asiuscept i bl e
to smal | chaq@qﬁldbgraggg?bgdtg%ma]ln aMik ﬁl‘%fgu ﬁar{tor egoing, the identification
of conditions suitable the In ustrl uction of heparosan are non
trivial. The present i nventors have identifi ed suitable growth and culture
condi ti ons faﬁw EDPEIGe OkBM ereapfpingE peretatfd G daety oruch s Braby sRoxd

puri fi catison w9fsubepanogafficatdhiaad pﬁ)'f:é%sﬁ@@tl@ﬁsamh@thérqhé Gﬁklﬁﬁﬁdnalint@fe% Watni on. WO
2011/ 028668PCT/ US2010/ 047183 The nedi a are media Wt | ucose as the
carbon sour cE USRI PES ?%%Fper@ffarfaﬁﬂdgp%w taP1 WS‘?%WHG ﬁ%@’é‘“a“%ﬁéseé&npoa tion
o:‘ t he medi unef@r tdlhﬁl&bﬁéICdihlr@dl‘gV\E h:ori %(5215 atichewd %iillc@é\m ,ngd ﬂﬁg (t)dx[ﬁs(@i;cz i@?g;ﬂz H|23%4 g

gl ucose, 10-300 t hi about . ; ut . 0 - ,
about 1.4 g I"W]ﬁg‘%lf?lﬁﬁgr?a%{%réu?msiubf (Ijenlﬂvf"gl c-Rel yﬁmhﬁﬂ% AUt 518, PN 5 trace
met al sol uti @bntaditentt 6@ CRaEh@htigobutdtdrian @omsd, sirgd isofkngperto Lhoofa pMekiCl) 10.0 g
FeSO4- 7H2Q, 2.0 CaCl2, 2. 9.ZnSAA7H20 : VMhSO4i 4H20, 1.0 SM4i 5H20,
019 (1\1. 147BPHER05% 4 9750 NHRE G 02y e RAOD TOREE P bRk Hg sof ut i on
dur i ng t he fedclbatacids denet pulﬁSCCBﬁMSIcstce,darﬂfso(qﬁ&}r cd.}unf?&ﬁﬂﬂi&@&ognglcumase 20 ¢
MySH4- 7H20 a ur.t her | emented with 479
Kk2PO!. |1 sé%ané*n%%sdm%mf‘g“ PR G B Ties tn BH et HBB GG  ucose. 20 ¢
MySH. 7H20 and 2 g thiamne. In another enbodi nent, the feeding solution was
700 g gl ucoséor Q@ nedve o4t Phpgaca et KD PEticah nepdecty) thy sonicamdheaturd o§ded cul ture
was prepared 5pst cal flask.
The seed cul tgmgﬁg%lﬁg%a?lbﬁggﬁngﬁeg&lCEI(?[ gﬁg%g %!é%{a%? %talﬁgd% rclitp0 a%!i on in the
15 fel - melt orof eviEsl et Wamforatees ragdert g thagewtyrswrpduyshese, £- amél K&, phtase t hat

utilizes a cqpiiNatiiRn b%e%&ﬂ@q@%ﬁ aly t&eat Qﬁg@d@an@@f}ﬂ%f' &htafBRAkNg strategies.
The batch growth phase starts after t%e seed Culture 1s inoculated in the

ferment or. T%egte rature is ke t. around 37 and pHis. ket bet ween 6 and
8 by addi ng ﬂ@‘%ﬂnﬁ aglqrs gyeldbe Rﬁ.ere% f‘?ﬁ@"é‘é"@%&%’ TPERTt At Fo' lﬁﬁ":&%é‘cag‘t arts
after the di ssolvgdatisgemnshens, ancs&arppraiummeaes@emldn 2Gghaueosuha dthe medi um
I's depl eted. rr-llég{%mf, ea%g Ifggcrr %%grthotzor;[dgleonsg are ’%cr%folrcs dgs?zjaglléll aﬁfso rglgpa%’g ?sl It e

20 identification of a growth medium that uses widely available, standardized and inexpensive

§ B starting materials.

Growth conditions must also be demonstrated to be scalable. Thus, the identification of an
optimal condition in a 5 ml culture must also be demonstrated in larger scales, such as 5 L,
20 L, 100 L, and more. Relatedly, the process should be robust and reproducible, 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.



according to the equation but with flexibility e where: Ms Mass-flow rate of
the carbon source (g/h); F Feed flow rate (Ph); SF Carbon 25 substrate
concentration in the feed (0); X Cell concentration (W dew); m Specific

mai nt enance eaeidiieient (gig dew h); V Culture vol une @Etriusio@ohige of feeding
start; t Process tine; itt Specific growth rate (I1/h); YX/ S Cell yield on
carbon substrate (gi g) Duri ng the whol e feeding process, uis set between
0.1-0.4. I . may be
pauses duri nTgQE#A? ng aseggﬁvge)lc ]gclg%et]ag%%eo&ebﬁgg& r&"ﬁﬁ@ﬁ W%éded F%%{nnt over-fed
and the toxi @ﬂéhﬁbgipafﬂtehasﬂcﬁh%l@mamtﬂane)flﬂw mhdurg ubt ﬂip@awbchrmﬂms a$ dw. I n these
checkpoi nts, ghihgferdiAg i ISl RS dgr&%étf] b0 fhe ShanRAL Y bwgﬁgag%eazb aps i ssol ved

oxygen concentration is o serve cat es the depletion the gl ucose
in the cul t ufd SREHARO.I ql?omtalr‘lgéMﬁ@aVE;O §b@h 1€7b$eiif1‘tﬂaﬁtcld@h1§i @hoet iddel

conti nuousl y it Boaf &h’ﬁﬁm Phe %Jehnél&lts%ﬂi%ﬁ ‘on%%%@'df”(gerai‘%f%ﬂzﬁ%' f0. @'g” ng

fermentation. Typi cal the fernentation continues unt no I rnicrease in the

cel | densityfFF ‘tﬁ?b@r@’f ﬁca‘?hez?égéﬁﬂgm@ P AerMatQpibed Ja@lé GuRQa S0y Bér of the
f crment or . )2 £13, Y 0
i's (@f[-ﬁ)f( i ,PAH,80 &Pom BUEL3,070618,ck oTIhea; g’@&fu%oﬁ%ﬁlgl e e ON OF

pol ysacchari de of e ce surface and into the nedium
HEPARCSAN FR@R?FEFEM%EW@N CoETURE - H 08 sesrent alVgS@rniblisneAd> - P A€ hepar osan

purificationgmying cmmd? 8c @ﬁbhelasu%@@e;&éa mfew%rm@m %ts%@ SHRERARAL aat or
filtrate, (b) bjndin arosan to a solid phase, such as a resin, and

el ution df trﬁ@dﬁéﬁ%ﬂmhwa% rpEReRte: 3005 MeSReiBiq ard BA aviieringl darerthEnd ( d)
depyr-ogenat i @ﬂbod‘hﬁ@kttth@ﬁ@dm@oﬁ%bﬂ@as POEE LREdsatzo Vgl THep Y470 genpd] Ha st eps may
be added. 15In step.(a), the culture is centrifuged or filtered to separate
the super nat drit8 ‘F%‘iﬂet he cell pellet. Formalin or other agents may be added to
the culture to inactivate the bacteria cells. Typically, heparosan is
recovered fr MdeheulBiﬁp'@ﬂSn[aE}& ,bybmtwinm . at/sB5 bieein econighted 3By wasdhiag t he

cells, includj r. t odi od I d

nechani cal agi {ll(gtl oenseegocluﬁ"bg 19%%“ iﬁg% Fref’ nt% % " acti %ﬁn63¥a‘?°rhénpg’r osan from
t he 20supeér nadranttor d:cmmsiseqﬁ t(vb)phtishe hepgaaflnglawth shdsmwnd 4 phage gof ndiphase that
preferential |y an. S _an n| an exchange
resin, is adéeragbﬂ%ﬁ i %%@?ﬂg cgﬁgﬁ?af%ﬁ]@% feedh gas)?éée%ﬁ Sngﬁfuur %m‘i’v‘[sh ag i‘tated to
bi nd the hepawuosdi: iha stcHeuldupie inveat! srd lncbmf@tmahter r' BeitempeThee ivikgptar @oung t hen
filtered to %Wéﬁdﬁ%gﬁ;&%&%&éiﬁa@ ?Q@dﬁ%ﬁ%l@@sdpﬁgb%s&&ﬂlar ated solid is then

washed to 25rins contam nants and e

The second fermentation phase starts after the dissolved oxygen shows a sharp increase and
20 glucose in the medium is depleted. The feeding rate of the glucose is calculated generally

according to the equation but with flexibility

b

4 3 ‘
e } 13 (H}3§ ;511\.\23 rt{; — ;{3:;
-’

£ ™~
j.}’,_;:f} e ,55:‘5:5 ‘;x:){:z"} s % .}.- ) \ ‘ ? ; {r ‘ ¢
. };t"_:-"S .v’ { & \

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.

10



For ani on exchange resins, this would include washing with [ ow salt
concentration solution to rinse unbound contam nants, and elution with 1-2 M
sodi um chl oride solution. Chitosan may al so be used to bind heparosan. Wile
chit osan may vhgz@ageedsas a solution, and is therefore nefukiigsrsel i d phase,”
it precipitates out and thereby carries heparosan fromthe WD

2011/ 028668PCT/ US2010/ 047183 supernatant. Simlarly, hcparosan could be run

t hrough an a r Iutcd In
step (o) -t o vl ot o 0 FRPb AR Rl Ao MBER AN dBL, “such
as by addi ng glico® ipzt D@rﬁi}d aqd thg rexicofubsdrasioh a&ﬁCCtﬁ'EtﬂhianGll‘furchWh;unstSé@V not only
concentrates Y.

precipitate |h]ism§ gﬁ&g %?gh eed&lﬁ) q%%ﬁ?‘ﬁe:d ﬁ%red Sg%gl?\{&%ﬁged& rqllggﬁgédsoaég Al cohol . In
step (d), theoyseetstipi ttsaplescwsd dwlss%omd@dtca: thewdepition ah thesgibjoec tite thet @rltarc

depyr 0genat i gRakePy! GrebNAGk! 4ot SvLATRIRIALIPRRALESAC GhATIE, AP, @t her
contam nants. Typically this is perforne an oxl i ng "agerit such as
hydrogen per éxtpaetic ssuplingtané rapiss dniintesrmsntatiobl eachi ng agents are known. The
resulting heparosan is precipitated again, as above, and dried. ANALYSIS The

resul ting hepgpiespNthe FerMBAkHE @6h nQesRHERIThAGask hﬁth&’b&ﬂ dnsiQUE bisyrvadrigui tabi lity
for further Q gces ng. Several anal t}lé%fa t ool y.be used. 15The
ko i ‘%)/fi W

di sacchari de ST PR ST et“ﬁ’r?ﬁl o B f &P FrBIRES MO8 0d

chr onat ogr ap rgyea( Rl Qpselk Gt BsRERYIdE OMihz 3kl QffadEsl Itdmsmcapact rometry (M)
after partial digestion of the heparosan. Bhaftacharyya S et al. (2010)

"CeH-bo d I Sgpﬁ F%)%II[ Nc([ellr] ter arylsulfatase B
si | enci ng%due Ib%ﬁ@??’? ]il%r#a ﬁhﬁh I Oi I%}&ILA'@ ]l”@l&f‘ Am J Respir Cell
and Mal ec Bi ol 42 51 61. 114-NWR and 13CNMR can al so be used on undi gested
hepar osan andn 08¢ StAMpAlsY emberimerdt Bie icpirargn IHBTEEME 81y roamPes @hd oty of

heparosan. Vpga<. cglmglpglmat%%hitﬂd@ FPoinkihp bl o2 so'NH‘fah%@rsum netic

resonance quantification for nonitoring heparosan K5 capsul ar (}lsaccharl de
product i on. Ar*l‘élﬂ BRo cHERT Oﬁ%{ Dypagopa ﬁlerqﬂéﬁlar(@s@}ﬁm@é?ﬁowg@ gleobol and (d)

depyrogenation. Additional binding, precipitation and depyrogenation steps may be added.

15 In step (a), the culture is centrifuged or filtered to separate the supernatant from the cell
pellet. Formalin or other agents may be added to the culture to inactivate the bacteria cells.
Typically, heparosan is recovered from the supernatant, but may also be recovered by
washing the cells, including with a detergent such as sodium dodecyl sulfate and
mechanical agitation, followed by pelleting and extraction of heparosan from the

20  supernatant.

s,

In step {b) the heparosan is bound to a solid phase that preferentially binds heparosan. For
example a resin, such as an anion cxchange resin, is added to the supernatant from step (a).
The mixture is agitated to bind the heparosan in the supernatant onto the resin. The mixture
is then filtered to separate the resin from the solution. The separated solid is then washed to

25 rinse unbound contaminants and eluted.

For anion exchange resins, this would include washing with low salt concentration solution
to rinse unbound contaminants, and elution with 1-2 M sodium chloride solution. Chitosan
may also be used to bind heparosan. While chitosan may be added as a solution, and is

therefore not in a “solid phase,” it precipitates out and thereby carrics heparosan from the

11



determ ned wth carbazole analysis as reported by Bitter T, Miuir HM (1962) "A
Modi fi ed 25Uroni ¢ Acid Carbazol e Reaction.” Analytical Biochemstry 4(4):330
DNA content may be determ ned by UV absorbance. Protein content nay be

det ermi ned WwidnoiRbdss known kits, such as the M cro BCAcPgheinAssay Kit
foll owi ng manufacturer's instructions. WD 2011/ 028668PCT/ US2010/ 047183 The
nol ecul ar wei ght profile of purified hcparosan is determ ned by conpari son

with a | adde OWH)...; ' I . Or | ur ani cid, and
Used to cal coaraliy POl SRUERE S o MR R AR i Sb RN g 3 o,
Pyr ogen cont etd niresy, wshdendelnicded with the |imul us anpebocyte |ysate (LAL)

assay. 5The invention may be further understood by reference to the foll ow ng

exanmpl es, WhinClieAkf HRMQMiHHAEL depasin didhed it ae,_crﬁﬁ Is3hRipRIBQ KBRS a@fingt N€
invention are not intended to be limting. e person of ordinary skill would

under st and t AP BY Ao aletiy! Beansiiae: Wiihobin nod apHceicayrass oba fREowpi rit of
the inventi 0Qu: sbREXAYRLES FXMVRkFunls. MBleqidcaitBie A ther-sePhdss bRUdaG avaRl e

bi oreactor from Applikon (Schiedam Netherlands) was used as the fernentor.

Bi oXpert V1. 53868 tHAPE AL ed to control fernentor operation and collect 15
data. DifcormLB broth powder was purchased from BD (Franklin Lakes, NJ). Mbst
of the chem &altsp (@3 ek frotipipreapdissahgdtiheasy ntdebhjectedradi depyw@perafisrose) to
Sigma-Aldrich (St. Louis, . _Antifoam 204 s from Si <Al.drich (St Louis,
VO a 11 ed erings kb Tl sk BT o PR s AR Bk B R0 se Fast
FI ow fr om GEp¢igainth edthen( Ridoad agwmy sudlds wasges edofide, Whethpupdrdiidatdaron of
heparosa Vi e i i | re.from. rtorius Stedim

51 orech (Rubdsaateeh s o fh s AR ST ISR TR JEA B s o
Scientific (Rogkford, IL). The enzynes used to di gest the heparosan for

di sacchari de analysis were expressed and purified in our |lab as described in

Han et al. (208 vsgtructural snapshots of heparin depol ynerization by heparin
lyase 1" J Rio? Cient 284(49):34019-27. HPLC- M5 was performed on an Agil ent

1100 instrument (Santa 25 Clara, lifornia). TLC silica.gel plates were from
END (G bbst ot FRISTE FRESHArarrar s b Samsis g Tenl e pARBLsRO M T dder and
det erm ni ng bopasiesatevbhl aselecatesie rabedudett detail in Ly M et al (2010)

"Anal ysis of E. coli K5 capsul ar pol ysacchari de heparosan” Anal Man& Chem

(DOT: 0300248002405 00- Hfhdsiddr m%ﬁ%%ﬁgﬁleﬁgﬂg% ol iyl uronan
nmol ecul ar markers, were obt Ined from al ose ( ah Sfy, &().
chromatography (HPLC)-electrospray ionization (EST)-mass spectrometry (MS)  after
partial digestion of the heparosan. Bhattacharyya S et al. (2010) “Cel-bound I1L-8
increases in bronchial epithelial cells after arylsulfatase B silencing due to sequestration
with chondroitin-d-sulfate,” 4m J Respir Cell and Molec Biol 42, 51-61. "H-NMR and "*C-
- 20 NMR can also be used on undigested heparosan and is suitable for determining the
concentration and purity of heparosan. Wang Z, Zhang Z, McCallum SA, Linhardt RJ.
2009. Nuclear magnetic resonance quantification for monitoring heparosan K5 capsular
polysaccharide production.  Anal Biochem. 398(2):275-7. Heparosan can also be
determined with carbazole analysis as reported by Bitter T, Muir HM. (1962) “A Modified

25 Uronic Acid Carbazole Reaction.” Analytical Biochemistry 4(4):330

DNA content may be determined by UV absorbance. Protein content may be determined
with, well known kits, such as the Micro BCA Protein Assay Kit following manufacturer’s

instructions.
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WO 2011/ 028668PCT/ US2010/ 047183 E. coli K5 growth in 2.8 L shake fl asks E.

coli K5 from Anerican Type Culture Coll ection (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 eahioi/ddsdag 25 M of the sanme nedi a was i noguhakpearkh 0.5 nL of
defrosted E. co/i. The 5 culture was harvested in | ate exponential growth at
approximately 1.1 g dry cell wei ght (DCW/L for M nmediumculture, 5.4 g DCWL

for glycerol - e : ~Edium and
179§ Dow b 755 MeBEALE TR e Rl Wipdesn 26 SUASAES o TXBMIB B T 275 L
shake fl asks ldddoed ketvwednagaular ﬁmgm officpabdag of hylirettieacik pohsat foablogetotiich. The

cul ture was a{g@gﬁgrn‘gé%lﬁ %@I\Aug]@g %ﬁfd{sglﬂﬁ%ﬂ' 1-4 h after growh 10 reached

stationary pha rveste or recovery of heparosan. The nedi a used
in 2.8 L shake fl ask fernentatlon included: 1. LB nedium D feoTM LB broth,
Lennox, 20 gF¥moss coNfg RN AFterming Wit thpdFaidus amoghpeye [y 8dd) 252011 g/ L Cad 2,
0.337 g/L thiam ne-HCl, 6 g/L Na2HPO4, 3g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4CL.
3. dyceral datinmedionedi uoturtR& @ﬂdxst@idyiy&éibiencﬁ@tlﬂﬁ\f\ﬁllohﬁkig&lﬁrﬁﬁes ika].c5 ag KH2PO4;
4.0 g (NR4) 2HPO4, 10.0 nL trace
reral. | sol u Pttt et o uaf it Gl it e sy 1070 g
FeSO4. 7H20, Zhe pgrs@ack Z;duﬁuﬁ slgllZmﬁ@n ufd2Pand Ochs GuriMdSOAnAHRO made Qviggo@uSO4. 5H20,
0.1g (N"M)5'¥b202n4fr‘}>§2tges qo 02 9. Na2B407. 10H20 Wang FL, Lee SY (1998) "High
cell density ST S or et B ica y engi neered Escherichia coli for the
production of poly(3-hydroxybutyrate) in a defined 20 nediunt Biotechnol ogy
and Bi oen'@l neering 58(2-3):325-328. BXAGRIdgse defined medium per liter 20 g
gl ucose, ]\gﬁ iine, 13.5 g KH2PO4; 4.0 g (NH4)2HPO4, 1.4 g MySO4. 7H20,
1.7 g CItI‘IC acl and 10.0 nL trace netal solution. Trace netal solution
consisted of (per L of 5 MHCL) 10.0 g FeSO4-7H20, 2.0 g Cadl 2, 2.2 g

ZnSM4- 7H20, @ég_@umsm 4H20, 1.0 g CQuSO4-51-120, 0.1 g (NH4)6M2024. 4H20, and
0.02 g Na2B407. 10H20 25Wang and Lee (1998), id. E. coli K5 growh in a 7 L

f ennent or Thisas7{f el ntitatlable GiNGkSt SoafAmlibat SbhigraawiNa 181113'111@@ vaRdsal ised batch

growt h st age. e conp f the rredl for ebac rowt in the
Perment ot & on gt By SPKbET ! Sty TRGSE © S L AT RS oraheea® pos: 4. 0
g (NH4) 21151 P@4a. ]])1féoT§ Uﬂ;ﬁ@pa\lﬁ?ﬁ@waip&c@seﬁ@mﬂ BID ¢Frailid Lalen NI OMdstrdf tier ace et al
solution. Tra

FeSO4. 7TH20, ﬁgﬁl‘gﬁ%&ﬁ 9}"’35‘!2‘%3 “192%2“%421312?%%88 Vﬁ?‘gﬁﬁn k&%@éﬁl"?@f[\ﬁ%&f%ﬁgﬂg)\/\o
2011/ 028668 PEntitds20108 1804 AlB3 Sigma-Aldrich (St Louis, MO). Baffled shake flasks are from
Corning (Corning, NY). DEAE Sepharose Fast Flow from GE Healthcare (Piscataway, NJ)
was used for the purification of heparosan. Vivapure D Mini H spin columns were from
20  Sartorius Stedim Biotech (Aubagne, France). Micro BCA Protein Assay Kit was from
Thermo Scientific (Rockford, IL). The enzymes used to digest the heparosan for
disaccharide analysis were expressed and purified in our lab as described in Han et
al.(2009) “Structural snapshots of heparin depolymerization by heparin lyase 1” J Biol
Chem 284(49%:34019-27. HPLC-MS was performed on an Agilent 1100 instrument (Santa
25  Clara, California). TLC silica gel plates were from EMD (Gibbstown, NJ). The materials
for preparing the heparosan MW ladder and determining heparosan My, were described in
detail in Ly M, et al (2010) “Analysis of E. coli K5 capsular polysaccharide heparosan®
Anal Bioanal Chem (DOI: 10.1007/500216-010-3679-7). . Select HA™ LoLadder, a sct of

hyalurenan molecular markers, were obtained from Hyalose (Oklahoma City, OK),
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cus04.51420, 0.1 g (NH4)61?7407024. 4H20, and 0.02 g Na213407. 10H20. The feedi ng
solution used in the fed batch stage consisted of (per L): 700 g glucose, 20 g
MySO4. 7H20 and 0.2 g thiam ne Wang and Lee (1998), id. The batch growth stage
began with t k@ ioneeskati on of seed culture (300 nL of BcfugdolodBXCW obt ai ned
froma shake flask in |late exponential growh. The tenperature was naintai ned
at - 37C, and the pH was nmi ntained at approximately 7 (by addi ng 29% anmoni a
sol ution). A was shangesdqi lhg ferme.ntor to supply oxygen, and the
stiner speed™ 4 he second stage of the fernentation began
after glucose in the batch growth nedi um had 10been depl eted and the dissol ved
oxygen showed- &@/shafpmiAmesisdsbre Fhkur SalicHy ol Forttass strsA fipey in 1

exponenti al | yorf @ 110 MRG0l did glRDsdciis, WS 359 lovebiat £ 286 ihgeafhen source
(g/h); Fis feed flowrate (L/h);is carbon substrate concentration in the feed

( .

(g/L); X is Exrqnipgirehtof frisghe pgiie “aempeulasd v Gpediof deorsr ft etfan’ds
coefficient c@ig denhd)sstel it SarCtlpbidngal V@b MAR Gbdroxith@elyS T b8y ofil aedi ng start;
t is process é{zm? is specific growh (r:at/e 015; and Y,es is_ cell yield on
carbon subst f %’/%gﬁ%@}“we iwn gty 6@ DUPHorcalierdl swahaly meiured &f
gscigeL ilchi a (E(IIWZ/L_ foF gmdﬁemgﬁemmiunﬂ,%cm;9?§me fﬂrL}slmaiiume petyeen Wg_. I10 -

. was use this stu to, ut.ficrLent cel, r t1on Ile
oot di g accaREPbRLbReS it Hous e-pF S N EC T Gor U GAE Pt o5, The
; acijpl pu ][rp a:_tlioaai_ﬁeldgr&xagl fﬁ?e turamrent etfakclvm 2:_2[:31@2!\4&% Eﬁ‘r(r génioutd, htalter @bwgos ed

eedi ng functiaon .instead of adding real acid, and the base punp was used to
G, 2056 Aot S GREBT L BB T8 THRTAC ST (8L S5 ES P EHTSL ute APPSR £ ur e vi t h
a nitrogen sOBricgakdfishiferthepuim inasicis ed LBonatidnt becANtiE nam Rador,@agent int o

the culture en,f i ng.exceeded a set level t e t eedback | oop
t hrough t he %‘gi %’aloﬁgo%%%?' én?? %?Cof%b‘l?e%/ﬁ%wf B@ng‘sgg@égﬁ%ﬁgg/ ate was
achi eved by priognabmi,ige/t xR dz/putiPOart-08f WiGie! farNBMR- 31 NGliyerol An
equati on of =0, 72 expl 3*(t.-420)] S pMeen 24 h of 35
el apsed fer rré%?lae?fngﬁuﬁ' )rr(zg,g(;)]:\i\ll(’%prgcer01 ooomigé‘ %%lélmti H%?g%ekﬂ%a%‘ﬁ? %@n}%)zﬁggg turned on
for one décond gdMiSNg7Hie bhe-arnute, per | ©U miThecegheteloméribeedirng madle was

decreased af L&t 4C0t;lISi;:.L{ d og\gpcgoﬂ'jolfoﬁz%%géHg%gég%oﬁ%éfsﬁyogcéa&)’(égﬁgse punp to

limtation was observed. control was achi sin
add 29% ammo@Enia Hptr oRigdénSaltib®.0n0 ThaSP+iHags0. he(8HoiMsEbyAHa0rnd 6l0Red usi ng a
custom zed pLogr AR Wokild 8k Rt 0r 4 i et il 2 % t L rer speed
and/or airflow rate were | H%r ehsgpvﬁgggsgi ssol veac%x té%\ﬁ][}%?fo%g%c?ﬁ%{é ow 20% ai r
engineered Escherichia coli for the production of pely(3-hydroxybutyrate) in a defined
20 medium” Biotechnology and Biocengineering 58(2-3):325-328. 4. Glucose defined

medium: per liter 20 g glucose, 20 mg thiamine, 13.5 g KH2PO4; 4.0 g (NH4);HPO,4, 1.4 g

-
o,

MgSO4+7H,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 FeSO4-7H,0, 2.0 g CaCly, 2.2 g ZnSO47H,0, 0.5 ¢

MnSO44H,0, 1.0 g CuSO45H,0, 0.1 g (NHs)sMo7024-4H,0, and 0.02 g NaB4O4 10H,0
25  Wang and Lee (1998), id.

E coli K5 growthina 7 L fermentor

This fermentation consists of a batch growth stage and a fed batch growth stage. The
composition of the medium for the batch growth in the fermentation was: (per 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
14



5 saturation. Pure oxygen was mxed with air to afford sufficient dissolved
oxygen after 24 h of fernentation tinme. G ucose feeding was periodically
halted to assure that the cells consuned all the glucose, and that toxic
byproducts (suchiassacetate) did not build up in the medirugioidBeds ng was
resunmed after a spi ke of dissolved oxygen was observed, indicating the

depl etion of glucose and the formation of toxic by products. Johnston WA et
al . (2003) AT i t t at epthr esh i ansi nt r ol
during medi un@ggﬁg%%hﬂggl Pﬂﬁzﬁﬁ@@%‘}q‘éh 't iﬁ’?atepgr%u ?fazr}%g?:%%?haﬁ%lg%egﬁgri ehi a
coli in conpbextioragédh tRjfot batdhritize Birosied oB@¢13))3 740 2 3luc@amll s evier2dlQol | ect ed

fromthe fer Wé‘ggﬂgﬂih@%&@[ gLng%@,qarpl es taken were centrifuged at 12, 000
t e e

x g for 30 mn. separ at e su tant fromthe E. coli cells.

Det erm nati on_of heparosan concentration in the fernentation supernatant 15The
hepar osan corf@eREFREsH: Hags Prees withdift BPTUGHoR GpeveA tine (lsmhwisdr 8 by bot h

car bazol e san@ywgj shiandl MR Aaky Sk inl Bt KBokaidazale. agsaymplathepasosan, 0.5
mL of fernentatiagn supe%?rggt ant recovered. entrifugation was applied to a

by |
M11ipore YMSTEREE Finy Spft CoPImYEY 12068 §) *RPe 1 8HEvVd @aIfdnand snal |
mol ecul es. Thenhekesladg Cenkal Phiel fdide fhepasios athpvasxk et aveme dtiagad
| yophi l'i zed. Thg dried égge heparosan was 20 reconstituted with 0.5 nL of
distilled wat®f ﬁ’ﬁﬂseé‘i?b(’? ¥d to the carbazol e assay. The concentration of
hepar osan was cal cul ated froma standard curve prepared using pure heparosan.
I n the NVR ag$ayscolicyme of & f{rinenthfjon tsgam dfigr glycosenchebad growinnouivnuiog

super-nat ant , S 44 I L. 4 f containing 71
R L R B e T Ry R
tube for 1H NMRfatexpBE@GIINHElowHigEqcbncent rati on of heparosan was cal cul at ed
fromthe ratio of the integrated area of the N-acetyl group in heparosan and

that of the internal standard. Rapid recovery of heparosan sanples during
fermentation for anal ysis Heparosan V\@ﬁLq\r api dlyyrecovered fromfernentation
1§

supernatant and parti gkdy-@uti f i_ed¥using. .a.Vi,wapur, r_[)f._ly};ni H spin col um.
Supernatant (1 mnl), rg‘%é%e'r*‘gg“?*ro_ ‘T;«gc“eﬁa" %y%é%g}eh%l fugati on (12,000 x @),
was mxed with | nL of buffer A (50 nmWsodiumchloride, 20 WD

2011/ 028688PCT/ US20101047183 mM sodi um acet at e, pH 4). The m xture was then
adjusted to 4 and_.l oaded.gnto.a pre-equilibrat Yi vapure D.Mni H col um.
The oot um- it eHaRt agRas uii e Poreig’ & BEowian b cei B%er W oo um
chl ori de, 20 snivirsodoruentaicet at s fgpiH(f).); B istcelll compplagen (WL eécwhenis ppedicpi t at ed

with 3 vol umgs n?gnaﬁgc}é?{}ﬁlﬁ%gtgé/%g&wﬁ)r inigcr:]&lturtveo_l %n%%{dgltggﬁfoggteoﬁg!e&% 24 2pr oof

TR .
freezer) and the fesy i pitate was ano di'sSol ved in

water and | yophidsitizedy isHpecipugibwin ref (i heandé6owserct dickhompiaden watstrith &rig)ex ani ned

by IH' NM:%S P'ﬂ:!: fﬁﬁp a1t9.bé).n ‘q;ig}b %E’lﬁﬁ&&l‘?}p culture of Escherichia coli”. Trends Biotechnol
Lo 14(3):98-105. A u value between 0.10 — 0.15 b was used in this study to allow sufficient
cell propagation while avoiding accumulation of toxic side products due to higher growth
rates. The “acid pump™ aftached to the fermentor was used to carry out the glucose feeding
function instead of adding real acid, and the base pump was used to add 29% ammonia

30 solution to maintain stable pH and provide the culture with a nitrogen source. A third pump
was uscd to add the Antifoam 204 reagent into the culture when foaming cxceeded a set
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



Hepar osan was recovered at the conpletion of fernmentation in either a shake
flask or the 7- L fernmentor by centrifuging the culture at 12,000 x g for 30
m n. The supernatant obtained 10 was adjusted to pH 4 by adding gl acial acetic
acid and t herydioht/@sed t hrough a Pyrex Buchner funnel wcilsaidditked di sc (pore
size 40-60 |Ism. DEAE-Sepharose fast flow resin was packed into a colum of
the appropriatc size (< 20 ng of heparosan / nlL of swelled resin). The col um

was first equjl.i ed. Wi di 0 cetate
buffer at 4. Hﬁ‘%e%%%“n@ﬁ#&%?@%%%gatp%&%l \Q, ShaeCh edz,gal{dlgly ?S%jgt ﬁe %ol um and
15 the col ummumadgo wisHEE aninphiu®- hydionite solofiors 0TS ods mwrcHbsshyi detrdied20 MM
sodi um acet a f : lum with
1 M sodium c%ﬁ EFblg telgé;nrllﬁ%dopljdm%ﬁgi i umlgtégt'?%t EE??&?LJM& 2{19%1%4? %gr osan t hat
el uted from emkorcolfipvh riasvopr ecipidared: Bipscddi erged- d@bmﬁebclw ¥fhaivol and
storing thi s caghithd R QUerALA0Ll vAA  RradyaxaLes gy Ok, Ligozgr. The
precipitate was recovered by centrif ugi ng at 50 000 g for 30

pel | et was wasRepeniition By, elkaiokedintgensy P<frl99@@113’a]gaétﬁd1 tcaﬁ@uneﬁbdtﬁé‘t P@ks obt ai ned
was either |ygphinld @neu#e £1060sS LR AG0,QE bﬁﬁmc@pﬁa&kla&ta&a@l&Ab@bmﬁ%ﬁmh@g st ep.
Hepar osan coul d al so be purified fromthe cell pellet by addition of 0.02% SDS
fol | owed by WicddmoUscdng wisiipgymee afigr ejspilig af disalvaheryBEARSCIGYRSt BBy, I n the

bl eachi ng St%deﬁl@tﬂﬁro@%ﬁzﬂos\é@& i r&ha@nwmxw} prdtuds. %ﬁ@ghh&m%mlo(zb at a 25
concentration_of of the solution was adjusted to 9.5 with 1 M

NaCH and 'Rydr B@@ﬁnqo@fsmt%ﬂ(@bw uias Detdwgictiocontilalupng Mefling and diighesstlr at i on of

1.5% The mi ﬁ&ﬂs&@cmtlbmmasrﬁgnawgmmma @l if ePIECARLL e SmoREbEL Whi ch the
hepar osan vvas@()%rem itated by addi ng)f3 vol unes ethanol and |eft overnight at

-20C1 (in an bi”& 3or$aE‘P’6%W°rPP%]€’£‘€ Om’l’fh"efel’%%liﬂrﬂ’?rﬁ’&wb’éﬂ | '8 sarlesialeRed wit h
75% et hanol , w@issaliuged 4tn2080 £§ fRD0 e ke@paraty\Re 2:Eh10AREREBREE/ AJ520L0/ 047183

Di sacchari de anal ysi s of heparosan Heparosan (10 ng/ m.) was dissolved in 200
ram sodi um plg)o% hl%tt% b fgrrc}ba%tco lcjntr al?% tFle at egltl(m 1 rnatme each of' heparin
lyase 1, 2 a ri de product was
subj ect ed to high perfornmance | ||qU| d chromat ography (HPLC)- 5 clectrospray

i oni zati dA ( E81)heprigsgn gpeastirasinetinyth¢ NBneoaticm syrginkient whometguggd bindpthunent and
the di SaCCharcérgé‘zoFeQefﬁQNfgﬁ& tath&M@@%nai%erIH‘tﬁ'eega:bdzgre'\é%a?%@ll%%&o%aﬁ"’%% perdror med on
an LG M5 system (LT V5; lent, Santa Sol'utions A and B
for high-pr ef@wréatmncﬂw@nw é‘??ﬁYf‘é@r Bip gt gasion Sots éhﬁlCQS%aaMétim‘F YM-Be,
respectively g.GoRL Thaldagnﬁnhﬁz@oamqer}mrs@ﬁg M QhalBihoRcAM ”HE"IF{C% and 11.25
mM tributyl am ne. e 10 separati'on was performed on a C 18 col um (Agi | ent)
usi ng sol uti éwt%mflwmé@hqwﬁsanf\’ﬁﬁ FeNeerdispd &ophikzsar Thi &t shrde Persips0vaso 45 min
of 0-50%0! Wch@RnBd Feosahurn J&fifidquent; &thﬁﬁf@&lec{ Rens Quh£81e04ssak Nerhe

el ectrospray ionization nmass spectronet r¥ for continudus detection
by MS. The el®¥ENBEpt &) henstasit a8t ctledatebfomn? ﬁ@@c&fd GEVS BFPYaE UDAS BBGe with

ski mrer pot entiatdsa0f IAQQC WMiQadgéalyl ﬁé[ﬁéro@éﬂ 1 @fL) 241V recaneldd 8,9 U BiBrcOf
tenperature of 15 325C, obt ai n max Ct;3\1|bundance of the ions in a full-scan

spect rum ( 156*PE"810" (s E}I’Ghl%‘%ﬂdl dngé'éﬁ’?s‘}@?l"e it 10gen o0 GedynEg 7 HerYi ng (5
liters/m n) @ﬂdurﬂ@iawhthalat&qu@@ﬁal (staﬁ)daaglthen t&hﬁéﬁﬁqbaﬁym%bem J-Regpier Cel | and
?Voi ce R| %é Bﬁ%}kgﬂf NVR anal ysi s of aro MR and. 13C- NMR wer e
conduct eo2 on o9 1 EBRF RO ‘?Qﬁ@i‘f‘f’r fig atedl’fﬁ@“ ¢ rafio 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 g), was mixed with I mL of buffer A (50 mM sodium chloride, 20
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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 eayfoi@dssesit using TOPSPIN 2.0 software. Al lbctieospeats 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 h DNA
concentrati O#M\i\a&sml{:ﬁg%%eéﬁgg gﬂ%lﬁglgﬁésgﬁ%ﬁju @&)toqﬁg% ?%Oggg ;{-)li]dele ng - A320
readi ng) x diquiirged Vivetror DXMBOH colugphr dbe cobpron Efﬂmth@oW@SémWWabuf&s%aﬁéd usi ng
the Mcro BCH SAurhal RiflaSSay M%b&mala%lbga@ a@mwaful%c Rl pmj n@ﬁt@&l VO
2011/ 028668PCT US20101047 83 An sis of ec par osan A
| adder of hcparobanprstzngards bvolmwﬁ Cﬁhmoét@ﬁl%(ﬁml’gh%&je%() C\Kmanmxélpwed from

bl eached K5 gﬁgﬁfr&é@rvamhyémﬁwec%gatpxfaﬁl@@twm?u%%ﬂmo@ra?sga&ed\{@wgeas yacryl am de
el ectrophoresis usin ep (Biorad, Hercules, CA) apparatus (Ly et
al ., 2010). H@p@h@ﬁag“he By ofdhd TeFPSCTRYAEER A e bEepRREgd By HEDMR. er

transform nass spectronetry (FT-MS) and rem xed to prepare a | adder of

mol ecul ar weipghficaSéedTlagaglsaf or the determination of the nol ecul ar wei ght
properties of heparosan (Ly et al ., 2010). Mol ecular markers of hyal uronan

o a0l AEQ ol ¥eagEhaLh deidabliG SR0R Fharge depstly as

N- acet yl hepar 68an, "Wer e use er ‘range of 'S

10Bot h HA and. fhmpawossawnnﬁh@whaculﬂmrdké? 800veg &r &@@@h aﬁleaumataof ob%mddar ds for

t he~nol ecul a nal.y, e t culture
1 g‘dat Rv(%?’?ipﬂéléd ?o ﬁx‘g S a&’c{m%gﬁ%& RAOF @%m?kﬁi? Q:d thQ%r{ E!

nedi-a an eren pol n lent p yI am de gel
(4-15% of diBwensi tinsel Qiths fmﬁCb(dl@ (Bore mizx 4@% Hen WééEtSsElduq%n fdatefﬂrafr osian

ol ecul ar Wl QDb ANALYSE S R BALOSANFARRLES. b S ghoRLen | pRdRdy oAk gel s and

were then subj toeectro 200 'V 15 and stained with
Al ci an bl ue f@m).1The ccdyeh Wh%fﬁistj@slﬂléidﬁéde iohﬂ]‘ﬂ?»%1@@??33#@6@1@%93@1‘&59@“@0| d (Ly et

al ., 2010). The.g6l&: WP 5P S@M@%@H& gupaﬁﬁaﬂwg 1@l 10bMRGRS NEEFurdDaayzed using
the conputer software A pl ot I mage density as a function of

m grat i on'5di Slcagrdenigyss wedad wveth 3- \fqh@ftﬁStOﬁéQenMaﬂtOélumt théorigp i 0 spdipght

properties of, &hephepar 915}@[‘ $18 s@x?&é@'ﬁf%n%h@erdai%n?rtﬁezﬁaﬂnﬁnr@m tihe sgglg,@dard curve
obtained. 20 Results E. coil fermentation in shake flasks for the

prepar ati on GhloRdpEr Weal pdivgppictasbyfs agpdvin The tehyRren fthag skaedi frm the1- 4 h

after stati oraémfmmgﬁﬁcm\@asedr@@@mgo vdllBed &TMRR ahd Q&m\éﬁlﬁs sriRRdednibgyond
stationary phase to accumnu] ate the maximum anount of hcparosan in the nmedi um

consi st ent witt #Ore Joitt & Piog- PW@BQF%’-@anTl’e?plﬁ‘é%ﬁ%ﬁc"éas r?FOf%d Peerntiifiease ags cel |

growt h Mepzonb,obb etfm a_eJo ml(l 1393» cIORENMshQf wiBl 236 bR, aBd:ifpepakinkhe 1ol yner s
8(3):251-257. . eparosan fromthe fl ask cul tures ranged from 70

- 500 ny/ L. TRt ﬁhﬁalnf‘i/“’é? CIEW‘EEIYH%%ng%Wt?%%?oVé’P% i OmM theskeaclirg §FBs was in

al | “cases > 8QYarasnesild Hﬁi&cbuﬁﬁcd%mafd@l gelletbyaldifia0a9)o2asds Bilecden
398(2):275-7. Zhan I% 2}1%?&2008 l.ution Pﬁir uctures of chenoenzymatically
synt hesi zed NEBEFF FHirdHa S§irE ugiign g chemajosy of the Anerican Chenical
Soci ety 130(39):12998-13007. The heparosan recovered

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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19 WD 2011/ 028668PCT/ 1. 182010/ 047183 from synt heti c nedia, including M

medi um gl ucose nedi um and gl ycerol nedium showed higher purity levels (>
9599 than heparosan recovered from LB nedium which showed additional peaks in
the NVR, consicienbsikth - 85% purity (Figure 2). Furt hegganalysks of the LB
medi um deri ved heparosan by pol yacryl am de gel el ectrophoresis (PAGE) showed a
l ow Mv band, corresponding to a medi um conponent that co-purifies with

hepar osan. NPALN noved using a 3K nol ecul ar wei ght cut-off
(MACO) spin ?o%ﬁdhﬂu I%P%%Srmg&g%&?osmme di sacchari de conposition of heparosan
was determ ned by HPLC-MS (not shown) follow ng the conplete digestion with
heparin | yasé&lenarosgn g mig s SHerhed 18 #E0 pré sehiee pagsphaabyiengt ol di dcchari de
rn/z 378.2. Thitsd dithacsbasbler 6eaFeSRANIS2 taad AUAGHC HerdgitD-Tid @M&g i's
consistent with the uniformrepeatin structure of hepar 0san, }_IP13 D-d cA

(1- >4) - a- D- GHisngagardg produstvas GHPIFG tp% g Rl ém&@%rﬁlaa%&phyl( kbl ed

hepar osan S\Na%le&&ﬁ}ﬂ@j? aﬁhlzbyorpmsu)%agaglaéch&n&ry o) onkd A R1NP1oABEL URHERABLal ni ng
uniformy | abe (L Fdd1110— ucose.and 15N-ammuoni um chl ori de. The structure of the

recover ed unla‘F {paqehy éﬂmﬁ%“tﬁ‘on P datgRpiedp df-o¥aoEes woncriPimed Byconpl et e

di gestion wi thk-Nep@tdn(LCyMse tkp R1aadilcht, fSahth oned Aday. ERLEenMB, anwBi feimighowed a
Fference between ink 3/8.2 and

singl e disaccharide r 392.9. The 1 nmu
392.9 is con§fe§stuéen]t‘q‘\r}g Zl'HorPﬁ%gT?H}P’ Iwei‘?s?:s/gﬁﬂd %%ﬁl LB CoSBIF L hfaREInEL hepar osan
and confi rrnstkteh&nhembmafbnr epeasi Myl $J1~I4Hc0waﬁd E.260hM KSoubyesiimnt atWeon in a 7

L fernment feedin nentla i ncreased tq keep.up with the

exponent i1§I é?pBWF?P ] i E—’e % °“§e§e%?‘9‘ﬁ%§’é§1 r‘@%ﬁ?g‘“f’% 4 ﬁ%r foegﬂ‘i”ng st age
0

t 0o ensure t hallotvhébea imar gradibuifbah R tof5 plila@s 8% mlithe Brethe dshmwhitttcoul d

result in acetat ccunul a ibit E. coli i ng was

Fesuned ont y HEEL PEAoE Peath Taporykn e, i A st oy Eott! Fr ng ¢ he

depl eti on of cgltinces det¢dEogty B1S3)The tiacttolyeast 1atce”ac$:t\@ge<smfcgithe idnenmentati on (after

95 22 h), dissol X tin |t i on and the

i ntroduction o sfé%%g? gtgn%al &e&eme%pﬂggr %XI%%ﬁ %ﬁrz\g it Soﬁi%s ofemgﬁfa%%yoéen

concent r dti 0A25A, mlobtamuilzbcumm atDediprd @ tichesen efifllosctssptdiemdil $E0/50@0a, d)@ygen

| evel s still d frer eedln

decr cased whil Sayntn Bl S pofhe el aly SERBI RO A BT

fernent at i onBh@ttﬁehqnﬂa\ﬁaérnﬁdﬁemm‘aﬁemdb@fmémﬁ% 5aréd. 8 by addl ng NH4OH. After

37.5 h 30fernentation, a cell density of 85 g DCWL was reached, and the

hepar osan CORGE0LL8kis 9PhdpRoldae fernentati on supernatant was determned to be
5 g/L. An overall growth rate was 20 V\D 2011/ 028668PCT1US20101047183

calculatedt he overal | s 1.2 g/h, _and the

vol unetric p?%%@tg 5% L‘a{{% e Ef’nﬂucé‘? 8r ﬁ@d&ﬁa?&ﬁ@ﬁmﬂwﬁﬂ 1%m t he

f er ment at2oon hyyassaf qampgh wpmrmetpyred p@gnm@;trﬁﬁcmmmhﬁg/ﬂaﬂ-nﬁ\lbyb Rogpeatornm,( Fi gure

4A) ¢ Addltlo 1y that <1% and <2%

orbber n ver o Tgrsdn 8 PR BT Rl BRI R 0hd M vl

standard 5 mm NMR tubes. Acquisition of spcc‘ua was carried out using TOPSPIN 2.0

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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Structural characterization of heparosan 1H NVR, 13C-NVR, HPLC-MS and Fouri er
Transform (FT)-Ms (Figure 4) all confirmthe general structure of heparosan as
-4 4)-13-D-d eA (1-44)-a-D-d eNAc (1-4 (Figure 1A). FT-Ms of a heparosan
fracti on haviwgzeuie@s ee of pol ynerization (dp) of 24, pebigivngdysi ng 10
preparative el ectrophoresis is shown in Figure 4C. This spectrum al so

i ndi cates the presence of unsaturated uronate AUA residue (Figure 1B) at the
non- r educi ngA%Ql@m?gftﬁeoﬂae&ﬁar%mm<, Ihgas&:sgrpari de chains. The presence of a

term nal AUATesSTdUe TS consiste t he action of an K5 heparosan |yase

al so present in the E. cull strain K5 FT- M5 anal ysi s suggests hepar osan
recovered frdnPREF AEFPHPFEH 8RS H APt MeSAAI PSSR WisSYfwred §pm Miscltdpar osan

term nat ed wmshheﬁhiﬁsaheﬁﬁa@ﬁar@@otva;otnhmﬁl@ epﬁaﬁ@wﬁ}?ac@mﬁder Q@d’e‘t’o{aheﬁ‘élsconm stent
wi th sonme of the heparosan i n.the_medj um bein hed fromthe cell surface by

shear force &ftE &d%e! Bep fg! r@!%%@séﬁ“iuﬁﬁ onfh@’Pﬁ%UF&H Byalt Bl Hegdreresti | yase

di gestions H@rﬁ@tfo@§&@re |c§é?ic@érﬁéh mzml&lh@ngbmeﬁ@@tsﬁ&{mmgz @T@»@S&%ﬂd Winfifbd
0- gl ucur oni dase, xo ytic en removin but not DUA from

the non-redud§ H@Paéﬁa @?crff%%%éégﬁlgﬁhﬁﬁlﬂafdsr%é e gBURIavAl BmeroEl eased
thAhUSI ng tmefgﬁl @ypameﬁmfﬁ@mt@gf%@&yal( @at@hm@a}ec&m@%ﬂm@@mﬁydmsﬂahfaah)Soms of )
t he heparosan_ chain at re s to the ernatant were term nated wt
G oA TN Charicp Ba TG RSBSEERToLHR (e e RO S roCOYEr BRI TG £ Col f
K. 5 grown i nwehakel dlsasdesds vahieuppaahyszedsdmplcdPACE 25 agai nst a | adder of
purified hepar osan standards (Figure 5 and Table 1). Heparosan, recovered from
sup r-nat ant f i | tlc medi um
45 npl 21@ me }hullr}f?g@ %%JB#E&% eg&l%%gr Se‘%gﬂlﬁﬁ awﬁg’}%ﬁgﬁs fms%gan (r:uel%rover ed
f rom-t he supevcrgat amtysisrofghe degmeossnpnprierddcinnd tfererh dmb;utetm@hd avest difresnd M.
Hepar osan re e P g _ recover ed
fromthe 30f g%rfrlglﬁ?g? |nl;3{r% sﬁlger n%%‘gnt p‘?@%ﬁgﬁﬂ% g@%{)%y&'ﬂ%ﬂ&ﬁ%ﬁ%ﬂx
2011/ 028668 PCH/cTI SRO tOI04 PI@3n Neprtosangagtpriubas whighirangliizes.f Bemrmatroremples €5t aken at
various ti Mgt QEQW&BQ&%m& pas Eﬁ&&@%ﬁ' mec@mo fa&a@crrpﬂa s WG VPRI b&ﬁ L&f by

Vi vapur e DM spin co purity of esutlng sanpl es "'was
confirmed>3to awbst&m%ifi%ff Mg bhe fiffelrirréﬂﬂi ten dntagapeithab arsthendy ORACGE candl ysi s

(Figure 5B) showed &Ao) Nitbigals vJeH:Csrc%x%@addWhé}@B%’ft&lslﬁn%eg‘&‘eﬁcirﬂal?{cd%h hf. Sf ol | oved
by no further changes 1 n nol ecul ar wel ermentation time 1 ncreases

(Fi gure 6).HepEPWE anityer N SHEMdT t yA |P|1ﬂ§éb€ R UiV 2 dbisheiedl piigretioa
t hroughout t Rgiher MR ALIe@N From these data, the molecular weight propertics of the heparosan

samples were characterized from the standard curve obtained.

20 Results

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
19



Di scussion In this study, a high heparosan yield in the fernmentation
supernatant (15 g/L) was achieved 10 in a fed-batch fernentor culture grown
on defined medi um cont ai ni ng glucose. This conpares favorably to yields
recently repaord ai@bssd0. 2 g/ L heparosan fromthe sane ocgasicsmigeoOwn on a
defined nedia containing glycerol (US Patent Appl. Publ. No. 2008/ 0032349)
Vol unetric production rate was al so i ncreased conpared to this previous

report. Furt%&n%ﬁremglrﬁéﬁﬁs‘ﬁrclu%%%berﬁe?lnf?ﬁ(pf,ﬁ&%kevﬁle l%bﬂﬂ SQUES & aﬂm glycerol,

makes this 15 fernmentati on procéss nore econom ca
f er ment at i on SPMGE deghcidpiiay kﬂﬁ@@l CaP3Ph@aghepagsa @Cm@ﬁtfrogew@ledsm Feighr ot ot ype

for larger | @%v@e@%@n&% g&m at !h@'NMR" SonfBtRWWim! €8s, qﬂmtqugﬁfitt%t riy3hehepar osan
production. Process scal e-up studies are currently undérway in our Tab novi ng

from3 L to 7HOYSS %fh@u% S irheetivepHiceRosah | 1y privieivipenids gelbeladtispifosrsisscal e- up
to the -1Q0, 90cE) Wewkd 9%@/%%& doBBiMoREL: {fooarmlxﬁurg%oﬁﬁﬁleﬁ thek Q9 MBfdsI ¢ ton)

20 heparosan production to supply as the starting material for bioengineered
heparin synt Réi ¥peryfia pbysiBIIift garobe tretong asintadt ¥y mglegeiersecipkletital rate in

the ferment atiorc@nginRbeherrigxyagn | evels in the fermentor is being
investigated to increase the production rate the hcparosan. The use of defined

di t t h rb h
formont a1 on BoSE it F Ga0BEY et B EOHBIER 5 A PhGTL RS AT FFEi on
process easi éasllou&@ thie@atptesadiog@uiv \ffuttelﬂbpimﬂmscormhxem Ll seeltdife pas:ntasgs pure due
to conpl % e slu?ﬁlec 1secglr113{1'9£ Sm/g'r}q(&llieqlflhl 1585¢ zgr{ ; Icgg%lpﬂrg rfwfg&%bﬁ A han

di d(hepar osan om gl"ucdse-c¢ A& n| osan,
i solated fr omlcti\h‘B: csudohsigtent wpelrmaﬂfam reaeatmgstrdcnmfﬁhedchamg—r A-pDttleAmedi um

durd 19 Lhe o1 T80k LARTAPLONDH | QU0 e OROLRCH, AELLODS.SLn S I | yase

sheddi ng i nt orepired hlectnk’amngdh@ése@ Khen Wik hadiofn dmeqaanmgsmrfonmiy tidbeled Ufiar nat ant ,

| ower i ng thegﬁlgésfe ofi DGR 1 EAT BUTLLLGELH A0, BEARS S, TR RIGRRACE Of K 5
esira

| yase contributes to the e release o arosan ‘capsul e into the
medi um ildcr e Aihemgrastrevhepairosdby yingllade di@ttsflmhwtfsmntlwml Zh@BpfnlésJe:dce of the

K5 5 hepar 0sg0 RSfs! efh Lhudd) aaﬁn%aaﬁseemlde%@g% 51 480 199f R Al at the

non-r educi ng aln require su ggent tTea
hepar osan | y&secel 86 37he rehiBs lﬁh@lSptﬁhwﬂsﬁbef@h @/aMh xsotpictrepermuseo, wh| ch

can conpl i cafg,sRsSAUEHmP RGeS chAliR AGRALI n. The nol ecul ar wei ght

properties of 'bi oengineered heparin are |nexorably i nked to those of

hepar osan. The present net hod erar es heparosan with properties suitable for
10 processi n@%ﬁ#ﬁ%@ﬁuﬂ&wl nventors have shown that in the
presence of the lyase it is still possible to prepare heparosan with the

desi red gl eCut ﬁacdmgiregdwdsmqunenﬁaiﬂgsi;nctnysedam teéeplubyviuhom dxpbrehing gtolml éféﬁ‘ ment ati on

COI’]@I tions an cvcraFrarII.S?CrS]twac}Cl OI'E:Ic m in tItI’T'E t%l{ E c\%nt[{ C5 | yase
activity may offer a proach ?1 ?ﬁ% PERR DB PEITEY Vi poqt}u%}g‘ﬁj control s.

glucose in the mcdmm whwh could result in acctatec accumulation and inhibit £, coli

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

20



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, G0®207092880 1.6 G ucose 25,000 44,000 1.8 pCT/US2010/047183

calculated to be 0.12 h'', the overall production ratc was 1.2 g/h, and the volumetric
production rate was 0.4 g/L.h. The heparosan purified from the fermentation was of high
purity, judging from the 'H-NMR spectrum (Figure 4A). Additionally, DNA and BCA
protein assays indicated that <1% DNA and <2% protcin were present in the final heparosan

5  material.

Structural characterization of heparosan

"H-NMR, "C-NMR, HPLC-MS and Fourier Transform (FT)-MS (Figure 4) all confirm the

general structure of heparosan as — 4)--D-GlcA (1—4)-0-D-GlcNAc (1— (Figure 1A).

FT-MS of a heparosan fraction having a degree of polymerization (dp) of 24, obtained using

o 10 preparative electrophoresis is shown in Figure 4C. This spectrum also indicates the

presence of unsaturated uronate AUA residue (Figure 1B) at the non-reducing end of some

of the polysaccharide chains. The presence of a terminal AUA residuc is consistent with

the action of an K5 heparosan lyase also present in the E. coli strain K5. FT-MS analysis

suggests heparosan recovered from fermentation supernatant contains a mixture of

15 heparosan terminated with AUA residues and with GlcA residues. This result is consistent

with some of the heparosan in the medium being shed from the cell surface by shear force

and some being released into the medium by the heparosan lyase digestion. Heparosan

isolated from the supernatant was treated with B-glucuronidase, an exolytic enzyme capable

of removing GlcA but not DUA from the non-reducing end of a heparosan chain. The

20  observation of released GlcA using thin layer chromatography (data not shown) confirms

é | that some of the heparosan chains that were shed into the supernatant were terminated with
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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LB 54,000 68,000 1.3 20 EXAMPLE 2: 20L Fernentation Report (pH stat fed-batch
fermentation) Medium d ucose defined nmedium (per liter) 20 g glucose, 20 ny
thiamne, 13.5 g KH2PO4; 4.0 g (NH4) 2HPO4, 1.4 g MgSad47H20, 1.7 g citric acid,
and 10.0 nL twaeeyaedsel solution. Trace netal sol ution enstsiactsef (per L of
5 MHC1l) 10.0 g FeSO4. 7H20, 2.0 g CaCla, 2.2 g 25 ZnSO4. 7H20, 0.5 g

MSO4. 4H20, 1.0 g Cu8045H20, 0.1 g (NH4) 6Mb7024. 4H20, and 0,02 23 WO ]
2011/ 028668P %ﬂﬂ&/ 7 0, - [ eyt ian.used in the
fed batch stgzg%yco Sl sfgéld&gge Ber_ L Wa%%“oﬁgg‘é‘i“g@g‘é’ge%%ﬂ%‘t@8@1‘6‘%%0 479

| CH2PO4 and @ndthepatopingrs perifictivg MRvamerd iDUMn Wribigrvolugint fée ppriicofgee woitngi ni ng

medi um used i, tibeywEELRRh AL l0RS > RetS bRE. _fé’:‘@ént%%ps%ﬁn%iat% %;P'}ﬂi-m. > R

medi um Part A (E!A\IPI-M 2HPO4, KH2Pa4, and citric aC|_(§) wer e added to about 8
liters of watt&CEvtalysiwe§imete Blstiored Ag, initigl geecarptimheretsiyt mgkecla0oXehiol d st ock)
was added,s t hgjoRkh 8Gha'8EBE &8 fs %%ol&éﬂ%pw\é%ﬁteffs_fé}glgﬁgtiénqm% ihértea_%éssariz.;ﬁ’ért A was
sterilized in the fel:nmentor at 121 C for 45 mnutes. 10R nedium z Part B:
MySat and gl G¢osdlesdptifii orledispsesty aigdero XPRIFdEKMandhageest jlitiez dejousbpdr dicel y with
aut ocl ave at s&1@ni&idnor 20 m nutes (can also be filter sterilized).

Discussicn

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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Feedi ng sol ution: d ucose, MjSH-7H20 and 47g 10-171)04 were di ssolved in the
1 liter of water wwth heat and stirring, and sterilized by autoclave at 115 C
for 20 m nutes. Thiam ne was dissolved in water and then filter sterilized. 15
Oper ati on Provesghuresdggy 1: Four 5 m cul ture tubes werecirmesu@tesd in the

gl ucose synthetic medi um descri bed above (R nedium) with K5 E. coli strain
(stored in -80 C freezer) in the norning, grown in incubator at 37 C shaking
at 220 rpm f 0 . Onil medi um
" 22,81 balTi o Chake o T a ek R s e e g 2t 220
rpmfor 10 hdgrsgpenpippt, owerpgthp e?Sheﬂfb%dO“@th@meﬁ@ﬁ@m DY obe was sterilized
and calibrated at gromh tenperature (37 C). Three punps were set: punp 1 -
NHACH f or pHTadprsdnBESHK S gwmo&nbutéseedienﬁm&eieu&;ka@@ofmgma%san Apduld iB@M  25R
medi um part I%mwas added to t e fermentor to H1 part A and. i nocul ated
with the 500 i MEBER BUFPHRLe imaopm Vied it ‘Taﬁ‘“}?et&““attheﬁl’%s%‘g? BufpFAg in
NHACH. Punpi ngpateedivng réoksit i h@ﬁmﬁﬁleau ﬁerceldmwegxd@e @HAsaltifeeloan@Bang &m e were

observed. Th edl ranne ive 100% out (-6 g gl ucose
oo s6) Cwhen gieeng Meby et B SRR ) okt oWt B e Thiraaced Lo
keep the DO @b@m@ezﬂ%mékxpuﬁ‘ Ge;ﬁx)ygemhﬂﬂﬁﬂﬂ:&ﬂ;ﬂﬁ&@ﬁeﬁﬁﬁﬁé&lﬁ%@ﬁ&éﬁé?ﬂBB fl ow was

dded when the DO t b t t ab 20(Vb h tirrj d
and ai 1 owcisay S0 e rREERIeOR: e R LU PIPD oBB0 Vol ue

begins to dedroecasﬁhepaﬂoemcLmicwrceema&tMrprmteeth@ndaxce/hh hidpugedsuitkepdsrosan was
recovered,fromthe s I nat The bl ue ¢ t.he DO trend
(di $sol vdlg Rygen™ lfl(?%‘ ] u? &° MERIOR e Wﬁl %aﬁ "’(:ltbggre?e§}c ‘?f%beéy‘r’lsg consumed

':1 he oxygen V@r ytll? aq:mﬁ:ileyto mharmpamsan tvoh mle:adcsﬁcds enkrdhr hegﬁtslarl_?ﬁftm? &y
arvesting, ned e ferment ation
was st opped \2@ #ugy o%?@g%\&t \%ﬁ%m Cﬁ\lgﬁa‘f)gg%dfle oy T aP n%ecr?ésll'}gil 6f the culture

at 600 nm|light wavel eg%t h) began to decrease. The fer ment ati on was stopped by

turning of f tHErIEERYgenKP| e astoppinag offtfeaseprredchgo fantde tiverrontmiltdfat i ng

harvesting. RaiRlshi@nir@ppProx. 40 nl was taken to neasure the optical density

at 600 nm then centrifuged at 12,000 x g for 30 mn. to separate the

:gg:; 2? éﬂgt fTrag{nlt he %um%grl :!wm%gé l‘n%[ccu a wcagﬂgt(l%r\]wt waé?g t gxg:lra‘lge Fr)xlecjlc!cglgr “Vycelélgc frozen
(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 79,600 1.6
Glucose 25,000 44,600 1.8
LB 54,000 68,000 1.3

20 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

25 7ZnS047H20, 0.5 g MnSO44H,0, 1.0 g CuSO,45H;0, 0.1 g (NHy)sMo7024-4H,0, and 0,02
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Fernentati on sanple analysis: dry cell weight (DCW was neasured by wei ghing
the dried 15cell pellets on a scale. Heparosan concentration in the

supernat ant was neasured by NVR quantification nethod or carbazol e assay

foll owi ng et wammhvpesei pitati ons Song ct al. (2009) "Apsirmpteeydeshod for

hyal uronic acid quantification in culture broth" Carbohydrate Polyners 78
(2009) 633-634. Wang Z et al (2009) Anal Biochern. 398(2):275-7. The results
are shown i n Fj - r i ' .
fermentation gﬁ%ﬁ?ﬁ%’ﬁﬁagﬁu eeo?ngas\%/’glrugglgse?rg?g%gﬁg%t@e?%% 8%]1&::26335[(}%&%%1 000 Da, a
wei ght aver ag@0 gelueasel28re MetQyhit.0f 47akdixt O8and@ig0e theemizen dhp 8l padiusperheint y | ndex

(PD1) of abouytd -gﬁrcos%%ﬁﬁtﬁiﬁin.g $nRld 0RE ed tlﬁtfe%%agénsaﬁﬁgﬁned %I\ﬁﬁﬁréﬁ asrepar osan
purification with chitosan ¢hromatography. Chitosan is a 1inear polysaccharide

composed of fdl§d#ém y distributed 13-(1-4)-linked D 25 gl ucosam ne and
N-acetyl - B- gl ucosam ne provides for an alternative to anionic exchange resin
for the chromatographic purification of heparosan. The am no group in chitosan

(--pKa 6.5) rakedn fapdsitydiRPchbetfad2indiissridoree waéio gheprdd tcegifdi ti on and

theref ore suiaabhthf@dgn@fcf JiRidoy tRASEYaIPGkibA g@bkqmdosfmcmﬁg/a; hoeh Yine har ged
heparosan. Purificatiogn of 25 WD 2011/ 028668PCT/ U52010/ 047183 hepar osan based

on chitosan GHEHSHEEF8i g WyHtadd g S lprion “ehitegeshindimicermiioael B and

initial pH Mrgavedizutghi tosan i s i nexpensive, avail able in abundant supply,
and is bi ﬁde radgbl e. This ex(smpl e describes a separation nethod based on
sol ubl e cfli t SsERAFBrIEE £i MeYs P gessy sgtipnsprdssan LY siock 124 picgired

f er frent at i on shretdl willhisockhasigeo New pakiak i (0m Hoas adcrseARLASI on usi ng
chitosan potentially can be used for purification of other negatively charged

macr onol ecul es_fr o mlex f ntatli on Jm s, The fermentation broth from
7 L Escheri c%?%‘tim(,goslggug?%gﬂhécf) ﬁ%mglagt%i‘ rg)ﬁzd\/\/gnsfi @5%?@‘&‘9"&3 a5 Ol%dﬁglrcglrrf\ﬁ?ro?beO mn to
remove the celleswith hddvRdbas®gd, qdantlifd batitaeveht HEpafeogaminost hivmim t he

super nat ant \0@@@.&&{@5%%4@ n%t-ﬁg?ﬁlpeﬂst%]{iiizteg'.e. supernat ant was adjusted to 4.0
ol'l owed by

usi ng HC1 sol ution centrifugation at 7000 rpmfor 1 h to renove
any inpurities that precipitate out.
15  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

5 20 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.

25 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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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 thevwsupermssant using the 10 ng/ ml chitosan sekwus®dmoizizs 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 4 A ARH liex forms a
precipitate ?%gxﬁéggggéﬁWQgﬁﬁag%&ﬁgggh%g%ggﬁggﬁ@82?n qgg{ f;# g% on at 8000
rpmfor | |tapeainfivs was fol |l owed by washing the preC|p|tate mnth pH 4.0 DI
wat er and centrifuging it again at 8000 rpmfor 1 h. 258.Chitosan |loses its
cationi c nat wag 3ungeferatticn §6ped hanthbeadingobd” diiss btk and@feagl epfer ost ati c
conpl ex Leadln to free arosan in solution and insol uble chitosan. The
washed pellef“%g%wﬁﬁF“?%F %ﬁﬁﬁ@?@%ﬂlﬁ??%ﬁmﬁﬁﬁ“FﬁEHB%?@BﬂB@éF%Wﬁﬁ- to recover
heparosan in solution. The insol uble chitosan was renoved either through
filtrati on offheéht rinfregaliguon? éﬂth&ﬂ)ﬂO@endp(dis&odﬂedZ)xjrgen&D’ﬂaicslnse)eﬁe@an dfe coupl ed

with a cation. e r a ch n

D011/ 02easbnlEl ERBI ST 53k §8‘“}egghet 80 carhay értlze DO 1 0P Y | eadi ng
to further phmk$b@@tmmnmmm;m@d@ﬂ@me@cnmyaﬁbwawmsEXmmphmeaﬂhwﬁwmgnume above
procedure, h%@%t?@)\%@ 23S LAHE bid: Siled R % E&& %e%gybgﬂﬁyculf% 6&5AE S

sephar ose fast resin 1n colum no reci on with four
vol umes  of elibanedveleTiie) bagero (e dwtbake Jar dgannt\mm w%eﬁorwpchlbyzt@dmasnfﬁgle%oo MACO

nh i s then freeze-dried
mennyr a”eﬁoa%{?@gﬁr 2 d,u\g@fﬁ%mem%ng 2Rk ¥zed: B0k a'n%Ehn

foll owi ng vol using a rotary evapor at

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

15 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.

N

20 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-
25  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



A1l ng/m solution of this purified heparosan was then prepared by dissol ving
it in pH 4.0 10 deionized water. Six different sanples are prepared by using
10 M of 1 ng/nml solution and addi ng varyi ng anounts of chitosan in the range
of 2-6 ng usiwmz0iOe@s Nl chitosan solution in 1% aceti ecaasthivdings sanpl es were
i ncubated at 4C ovem ght. The precipitated pol yel cetrolyte conpl ex was
recovered by centrifuging these sanples at 8000 rpmfor 1 h. A 1M NaCOH

sol ution was hEﬁ!x%aa@geQ@éjoﬁ Shibohl8 REbd efdy &%@nmsé@ &%H&samhﬂﬁtlm I pH 4.0

15 DI water. Insoluble chitosan was renoved by centrifuging at 10000 rpmfor 2
h. The recovéttd RanpYesowndchipen sisparaasint a\drde t“héhu il PRy sk ispr esence

of hepar osan puRERabRE TRARAZM BesBRRRY sepPeGH HkM8d bRed &?so@tﬁ)'ieb&%@aﬁ f@ssay, 100%
recovery of hgpar osan was achieved at pH 4.0 by addition of of chitosan

to 10 nil of cHcifgl wrovERPaARTswi et fom feooentaianpios. §Bis|charemwaa jztioanal

experi ments, %uga@rsﬂﬁiaasﬁ usqtgt@itaﬁﬁip@faﬁtﬁny P J&f P rﬁichm o@%&“efga% ion was
condi ti oned b%/la tion of hydrochloric acid to p . This was foll owed by

centrifugati GRS PBSRIOIEHEY mionl’Pi?xcmeifeé%‘\’}’afple*fcsl rrpurl t| es that precipitate
out. The supernatant was then adjusted back to pH 4.0 using 1 M NaCH sol ution.
NMR 95quant i fiihe &rinanatioh bddi ﬂ*orpH-I_aEkjchlﬁicﬁzd cBRARPlfemeavealved cédudtgddher@owas no

| oss of heparos?oﬂpnmlﬁt%ese sz?hrgp s These sanples were then diluted five tines
using pH 4 o'B Fol T'6w ng Yhis, six sanpl es of 10 nl each were prepared

by addi tion of chi tos?@dk%a&ﬂeqﬁgﬂ% ti 812T1§)aPB?allp§c§nte%?‘q;Plt}% %%«t:m%anjfo o/ m

chitosan solution in acetic a sanples were 1 ncu Y97 wo
2011/ 028668PCT/ US2010 1047188 4C over ni ght. The precipitated polyelectrolyte
conpl ex was recovered by centrifuging these sanples at 8000 rpmfor 1 h. A 1M
NaOH sol uti on was2t hedhaaHed theguptieataye Mag tgusiigtia it HeringiH(A solutioafshéwn it with

pH 4.0 DI water. |nsok, bécﬁnma&&ﬁ@fnvmsqh@mv% RY (GRALT i Ruﬁlpﬂgﬂc@tthg’toooo rpm
for 2 h. The recovered sarrpl es and the supernatant were then 5anal yzed for

presence of hcparosan Ptfé’il'-’ﬁ@fc?‘l‘fe carbazol e assay. Carbazol e assays of the

sanpl es showed - 70% pukl fication of heparosan fromthe fernentation broth.
The invention provi des F¥naiisdhs Suprasiant yay 91 ifed Aepdnsiherh 48 ot ecoveri ng

hepar osan _from
P nlS 4. 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.

5. 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

; 20 the mixture at 4°C overnight.

6. Chitosan-heparosan polyclectrolyte complex forms a precipitate that scttled

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

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

25 8. 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.

30 This step can be coupled with a cation exchange step or an anion exchange
26



fermentation broth. Chitosan enployed in this process is cheap, readily
avai |l abl e, bioconpatiblc, and bi odegradabl e. These properties make it ideal

for use as a precipitant 10 for purification of heparosan, which can be
enzymati cal | womdi/f2éeegl t o i ntravenously deliverabl e heparivsoididshes i nventi on

al so provides for a critical concentrating step, thereby reducing the working
vol unme involved in this process as conpared to commonly enpl oyed et hanol
precipitation steps. Thg tc‘!\@ernlﬁiv@%th\é%%% ihPlritl Namak t@%ﬁ&xhﬁg&@&ét%’oﬁ or
exanpl e, in some cases exceeds the fernmentation vol unes I oconpati bl e and
bi odegr adabl e nature r8vefdleniress8an makes it nuch nore favorable conpared to
ot her polycations which arc toxic in nature |ike, cetylpyridiniumchloride
(CPC) and Poley4dplabAyl di met hyl ammoni um chloride). In addition, this nethod
has t he potential for purification of other such polysaccharides such as

hyal uronic a nd.aci di c_.prot ei as we nvent Lon al so

provi des for ﬂazngoset abO}feT e Id@rg I'lc %rg%a’lérwas r gl cd 43 from e entatl n&roth bg
polysacchérldamm@$5&hébawasamxaﬁmmnnm&eﬁf@mmmﬁpmmmmm¢Nwﬁhﬁmsvﬂgm@wdblpitation
for potential, iR.the l, f ' e met hod

enpl oys naturgﬁﬁg d@?ﬁg g%ﬁ&@gggghggtvﬁ 9%925 ggggpa I Igw% g

bi odegr adabl egeaitshBF ehipr. pTlm\dl'cdtfm@scélnloeWas meerﬁteezafdde@&ﬂle“!pervpfhmcaEtdnGwnt echnol ogy
for intravenqys LV, drugs such as heparin. The high yields obtained

t hr ough thlsgﬁﬁé%H%§%% gﬁggrldeal as a concentration step thereby reducing 25

t he wor ki ng volunme. The ease of recovery of this step and its conpatibility
wi t b furt her Ast Biganl; Sﬁm?‘ri‘e(’fé%ﬂ‘i%ﬁ%ﬁﬁquﬁl wrfb%ﬂ@rceﬁw BiseaYigh fiéeried-Oheparin

nmakes it jpdeabiofiedd W@ 8% dffRMF LahipGaticPrpRe@ 6L eSng 1Dhhi%F MBlRdohas, At enti al
for renoval of other anionic polysaccharides and protelns derlved from

bacterial ferfitf 5788 sFQURBOl Blos Ghiby rearQjedd megutrs &0 sigdeh €dtogich as DNA.

Attorney Dock@htidNan 1%2&&%1;{&2%0 y&ﬂqﬁcsm&mqh@ibmmaﬂ@c overfigHTB trROgkcQhitapoduci ng
substantial ly an fromE. col

, ). culturing
ool 15 | n PEB S R i EHo U DS ST Py oS8O Sk Ko
(b) binding hegamgamomoawsplhﬁddda:a@&etha\p%ams)@aﬁaemuﬁmut G\Jgsiﬁﬂg&ﬂth liﬁilndo (c)
preci pi tati ng, heparqsa m t he el uate; erejin sai st pur e
heparosaﬂsis gFmE@& PN W3S THROVEL PR SER1S g@Féfﬂq%HrWﬁ Pe 'éﬁFturing
consi sts of aecbﬁirﬁdfhagpmmﬁlhi phagenand weethdodne Rz griomgrbsesdcag @epabar 8ing
(a) the medi ym used in the batch growt h stage conprises (per liter) about 20 g
gl ucose, 10- c?aﬁ??ﬁz LHI S about 13.5 g KH2PO4; about 4.0 g (NH4) 2HPO4,

about 1.4 g MySO4. 7H20, about 1.7 g citric acid, and about 10.0 rra., trace
met al sol uti dweordihetethn cartbreolepsser IRBYatcosal uf horosongisstiseved serif #altlyy of (per

WnSOsHD0, 18 BRSO Beps e A7 g (NRBYE 403k and 0. 02 g °

Na2134076101- 120 and wher ei n; (b) the feeding nediumused in the fed
bat ch gr dWt h E$¢ERjeRonsi st s of (per L): 250-1000 g glucose, 20 g My804,
0.15-0.5 g thiamne, and optionally 47 g | CH2PO4, and

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
25  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
27



(c) wherein oxygen is provided by spargcd air with or wi thout suppl enmental
oxygen. 3. The nethod of claim2, wherein dissolved oxygen is naintai ned at
about 20% 4. The nethod of claim2, wherein the tenperature is maintained at
about 37C, arvptdieozpdési s mai nt ai ned at about 7. 5.The metrheshiwfizekai m 4,
wherein said pH is maintained by the addition of 29% amoni a sol uti on.
Attorney Docket No. 047182-0206 6. The method of claim2, wherein the nmedium

Used in the fed; p@'ﬂlﬁlﬂ sflﬁ%e&pﬁtafe@%of% e&to!ﬁé @oxﬂﬁéx%gé Q‘@(Sir f&{ l{y &!ﬁt(ﬁ‘i) T gF( t) syco

= - rn x(to)v(to) el cp‘; t he carbon
source (gib) thee pagnpfeaay8 Qchﬁmrfat éh( LP/~ IWI NgPH |S€1uw‘b@rf-h@u¢§i§§¢ a)ttéc edhtsent rati on

in the feed (Ghlkd wihd® V\Q@{Iﬁg E%ﬁeﬂﬁ G AtHORatkD/ Inshed chlf&dnswa%%rﬁb\teﬁ%

mai nt enance coefficient é(g h): Vis culture volunme (L); to is “time of
feedi ng st ar enifupige gy KBS f%é h. kPhejrgeoypye panptes gnéirersupeataéant Ipieyhenand Yds i s

cell yield onngaehon Iﬁs&%r@tf@peﬁ&hﬂhsmg fhe chRdBLRRA Ofpelal m%s oplgrein nore

than 12 g heparaosan cul ture supernatant is obtained The met hod of
claim?7, V\hersémlﬂcsssé‘i’"ﬂcdf ?‘)r’r/?ai?ﬂﬂé‘ﬁtk‘j’ﬁ of kepprages fiopdhe egnaétipsbotiot i ncl udi ng
starter culture. 9. The nethod of claim11l, wherein the binding and el ution
step conpri sd%e (rivpntioe poawales af as efficent I(driiﬁ):atiml Xicflgd &r raddvatigtRpLosex gbange resin
wi th the cul tur entgtg)ge 1] Lant nqmre S/al oft t he super n t ant 8 %EV\@ShI ng the
resin with 50AM hIoCr Ba" | APRBET U B bR t')suf @p- EFFIB'H U#7'%) el ution
wi th 1 M sodibivrofutiole) ohd ticvlegadibiem Taeet atiertes frfaer 1t&kieapﬂdr dse as hQJrec'i]'fl@ntlTet hod of
claim1, erein and.elution step co (i of cells;
(ii Y mi X|I\rqg 5t %urﬁﬁatfogs%pnﬁi?o’%u M SRR R Th enzg%f ttlcﬁgg (ﬁi Kffep a]ﬁ{ravef“? r,J‘]ly)
preci pi t ati odeloferablencpint Odanmantbni 0| ediden fofa ctrhiealpmm:entmﬂhgtstep, thdraby washi ng
the chitosan ’rcd(.\yl)lg %Ic Wo'rk?& \%flunbeeig%h% G}r?th\{g ptrcbce%bg comparcd 0 E:]o_'mmonly employed

ethanol precipitation steps. The working volumes for ethanol precipitation, for example, in

some cases exceeds the fermentation volumes. The biocompatible and biodegradable nature

15 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

20 polysaccharide, K5 heparosan, from the fermentation broth using precipitation for potential

O usc in the development of bioenginecred 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

25  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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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 heparosan is | ess than 1% DNA and | edstofisaRogss Ne-G¢&i88:0200t t or ney
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 abow#.84:0804{9%a, and pol ydi spersity index (PD) of about 1.4. 15.
The met hod of claim 1, wherein the heparosan is at |east 95% pure. 16.

Hepar osan produced iaythal dTgtdaednofubanyialdf pued RiphBsah fibh E.coli/k s, Hapaising
manuf act ured fromthe heparosan,. .claim16.. 18. The use_ of heparosaon made
y ha et hod of iy ot e K 4TI SeiHPGo R R T RS OTO47I8S
' 00qHOh12C; HOufEINHAC
(b) binding heparosan to a solid phase with subsequent elution; 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

Mst)=F(0)Szr = .g: +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).

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.
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