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25 sulfate is a contaminant in heparin associated with adverse clinical events.” Nature
Biotechnology 26, 669-675 (2008).



Heparosan i s al so bi osynt hesi zed as a pol ysacchari de capsule in
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I n one enbodi ment, the nmethod conprises (a) culturing E.coli K5 in
defined nediumw th glucose as the prinmary carbon source; (b) binding
hepar osan phase with subsequent el ution;
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15 may also be used in a variety of applications (WO 2009/014559).

The present invention describes a process of E. coli K5 fermentation with a high yield of
heparosan and efficient recovery of high purity heparosan suitable for industrial production

of heparosan.
SUMMARY OF THE INVENTION

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

fermentation of £. coli K5, isolation of the K3 polysaccharide, and purification.

In on¢ embodiment, the method comprises (a) culturing £.coli K5 in defined medium with
glucose as the primary carbon source; (b) binding heparosan to a solid phase with
subsequent elution; 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 (NH4);HPOQy, about 1.4 g MgS04-7H,0, about 1.7 g citric acid, and about 10.0
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25wherein M5 is nass flow rate of the carbon source (g/h); Fis feed
flow rate (L/h) SF i s carbon substrate concentration in the feed
(g/L); Xi centration (g/L dcw); mis specifi i :
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25  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 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
embodiment, 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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15 the invention is suitable for industrial production of heparosan.
The yield of heparosan nmay be obtained in a fernentati on of less than

60 hours, 48 hours, and | ess than 40 hours,
t he grow h‘k@?&star er culture. In other enbodinents, the in sgﬁw}d?'hgﬁ

culture volune is 3 L at batch phase, working to 7L in the fed phase,
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nonber v RS shieRa e bfke i SRRAEED SIS ynich 4w ERATS BRENE, Ty
kDa, sdch Iﬁlenlafatwis 15tﬂatdeawashed Abchied @hh vﬁi{@rcﬁgﬁhmm&%ﬁﬁar Veld idtedvith
at | east 20, 30, 40,, 50, 60 0 s about 84 KkDa,
and pol ydiZpes EﬁbeﬁuF%a%%POPbB'i‘)z\?ﬁ%g Btﬂﬂ% 2 gﬁlﬂ%&ﬂﬁ&ﬁﬁﬁav@%bﬁﬁ%ﬂm@d
1.9, 1.8, idadditidn ©,antbnR exbhdhgeOr 1.3, i ncluding about 1.4. In further
enbodi nent s, the i nvention |ncludes the use of the heparosan produced

by the abov q)d%? in a pharnmaceutical  preparation, such as
coating of 0 Ingy &g E'é‘“o‘b rheslsnaToseiis RepRbR T GeiiemE the ?\‘Eatﬁe%‘alﬂ 8% ¥ith

is used f hah@l el 9R ok h®Bdikicht, 3%1@%&d$fyethatnﬁﬁaé usmp The resuiting
2011/ 028668PCT/ US2010/ 047183 i nvention is a net hod of use of the

hepar d§an poeciiatsas fypigay siaehed, 4y drige. f or egoi ng net hod for the
manuf acture of a nedi canent. In further enbodi nents, the invention

i s heparosgp ﬁEtﬂQ&’%ﬁg Dok ggssésoﬁr?g) Ho r%g%}q@gena sfég Q&hhfsoﬁgﬁzgﬂtmn

with a purity of at least 90% at [east In re
S5enbodi menedudingyerith hydmgénoperéxgddiepari n produced from said hepar osan
BRI EF DESCRI PTI ON OF THE DRAW NGS Fi gure 1. Structure of heparosan.

a1 AhSaly 0 4l 00 108 B
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O yoer of | GERTER R U he 5o PR o B PO G locide TG ot
medi um 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 lcast 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
cmbodiments, the heparosan is less than 1% DNA and less 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, 50, 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
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Figure 3. Production of heparosan in a 7 L fernentor. Panel A shows
the glucose feed 15 curve (black), the pH curve (blue) and the

di ssol ved 09 DO) curve (red) as a function of f I
time (h). @gﬁgﬁ%é&g/%ovvs the cell growth curve (total W@)ﬁo}ogﬂg
heparosan production (g, s) as a function of fernentation time (h).

Figure 4. Characterization of heparosan purified fromthe supernatant
of a 7 L fievamtion &ta wethogof use-of tNRp{reS@ dvikzparif prodysed by the. foBgoin@ e

of hepar owhgggggag%ﬁ}éq@@%nﬁggi um contai ning 13C glucose and 15N

anmoni a sulfa par osan chain of average nol ecul ar
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the-r ange ayudif Repiriita Wit PR le & 1RGPk, Ae Rk RBU0 RS SRBE Ty ot
mar ker § ( 3ohboBindhs, the D)venton R epparingreduzed fomlsaid hepdirka@ns (6.4 kD-14.1
kD). B. heparosans prepared in shake flasks in different nedia. Lanes

contain: 1. heparosan f i gl ycer ol
synt hetic nedium 3. heﬁm@ﬁ*ﬁj‘%ﬁ%@ﬁ?mﬁ@%m um and 4.
heparosan from LB nedium C. heparosans prepared in a 7 L WO

2011/ 028668&KEd 1 US20 $th@dré 1d3hdperasant ot. sepepligd dBhccaddeetirdnbf hepddsan B.
Lanes contain: 1-6. heparosan s led from.t he fernen at 4.5 h;
1o s O Lt S oo R TR Saan He RSSO AR ¢ o
fermentation. Figure 6. Time course of nol ecular weight properties of

hepar osan Rigweelaced 1-NMR s‘pecftfm(r&UOMHSﬁ@N\mb) : pai(;loearih ﬂegiré@ﬂfi%agé fﬁi%ili\/@ﬁl}u(re‘
and PDI. (). 5Figure 7. The pH curve (t."') and the dissolyved oxygen (%
DO cufve %-4&%&@@ O GHETSR ROV ER AER o | IR &h)-BiRedipg hoyng MWa,
fermentor > Eiogolr 2 §.BThRd&E! haGR@ MW, GUE @00 e Brsdt: shbFnky PREE analysis of
hepar osan concentration in the )

samples 1, 2 and 3. B. heparosan recovered from M9 medium. C. heparosan recovered

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

Figure 3. Production of heparosan in a 7 L. fermentor. Panel A shows the glucose feed
15 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 supernatant of a 7 L
fermentation. A. 'H-NMR (600 MHz) of heparosan. B. PC-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 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. Lanes 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 in a 7 L



o

fermentation supernatant (g/L, (4)) time course in the 20 L
fermentor. Figure 9.H NWR spectra of the heparosan sanples purified.
10Fi gure n concentration in supernatant post- Lpitation
usi ng varﬁﬁ?@%ﬁﬁ?s of chitosan from10 m of 1 ng/mP(g[rﬂ'ﬁsébl%m“‘ﬁtss
hepar osan sol ution. Figure 11.Percentage recovery using varying
amounts of chitosan from10 m of 1 ng/m pure hcparosan sol ution.

Fi gure 12.fPercnentsagelede siffargnt dgnesg heaey corgaianolufit depfrosahistmplad ffonorhe

10 M of 5x_15dil , A h.s S Al LED CRI PT|.ON
OF THE | E‘ﬁ’hﬁgﬁ %%E?‘Nﬁ?? ﬁ%*-iép%tééﬁ?tl}»éﬂﬁ%ﬁf@%ﬁ%&&é5?\%- ?YH‘CPﬁ‘l%"n-
repeating diassachride unit [G cAa-(1- 4)GLcNACR(1-4)1. Because the
K5 exopol yidawekar i ddims comse of motachlep siezha propettics bf hépard2en prodaestitin 7 L
i nventors 4 sol ate.and purj f "h rQsan” i L0 contexts can
refer to h%%%f:rn °§ar§ﬁ% sgr&ﬂée[%@dﬁf€lﬁ1§6§z§g‘?’|{%ﬁa“§?@23 inculture

medi um and during isolation and purification. The neani ng of

hepar osan Rigirk 7be uftie pblt ot @) antehepdissodrd oky@nd¥nBOY celve k4) dsr fuh@ion
rel evant context. . . cheri.chia coil K5 describes variants of E.
coil that 08?%8’68%“?%111%5%&g‘ﬁ&%s%&%ﬂﬁ?ﬁ-de. 25Suitable E. coil K5
strains may be obtained frompublic collections such as ATCC WO

2011/ 0286 a8&wd #5201 ThO 4411 8D wthrBrve (BICW \opie, (S dddr leph@bdreednk &itvatibISN the
such as E. Escheri. chi %P(Y:-%Jgt K5 strains nay be

colt strain AT 5086..
al so be isfS‘F’EPE’&O?F%T@F%“ﬁ%&(*ﬁW&@g{“&h@F WEf%al |y nodified.

Figure 9. 'H-NMR spectra of the heparosan samples purified.

10 Figure 10. Heparosan concentration in supernatant post-precipitation using varying

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

Figure 11. Percentage recovery using varying amounts of chitosan from 10 ml 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
DETAHILED DESCRIPTION OF THE INVENTION
DEFINTTIONS

Heparosan 1is a polysaccharide with the repeating diassachride unit [GlcAa-(1-
4)GlcNACR(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 E. coli that produce the K5 exopolysaccharide.

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



As used herein "fernentation” refers to bacterial growh and

producti on of exopol ysaccharidc, in particular the K5

exopol ysac?a%hg 66 AS used herein "isolated" neans tt}%&ﬂﬁﬂ@lﬁfﬁ?ﬂ& IS
separated fromthe culture nmedium and bacterial cells and present 1n
sufficient quantity to permt its identification or use. As used
herein "substantially pure"” means that the heparosan is essentially

free of ot(AsirsybbyRerfedsirg Gollastien Uy, piches Eced/! arath APPEPbatteckenrhia
its inten . tant : r i t | S/
pure. Prorey Ay S R A e el PR BTEY, bR Aty PRi o,
95% 96% 97% 98% or even greater than 99% free of contam nants.
The degr eéhof usgsdr ibexgimmajieteensadion’s s eaferby torehaterighogrowth ahé aroductiee  of
used hereip "a" nant e.-or e nl.ess specifically

i ndi cat ed 6?813 Sggéhgﬂﬁ%; I%ﬁ%ﬁaﬁarqﬁ!%%g%%ﬁy%%gﬁr q(?e‘i s used as understood
by the person of skill in the art in the context to 15which the
"about 'S notH fised dhetehe “istlatedtmesrsithe Reparesam isapheskd fvah tie, cultateomediumeand

be consi der.ed .t,0 C ss. .a _variation.of 10%.around.t he stated

val v, FerERA B e R B sy RReRdi e AR Bre Satb o
Many factors nust be considered in the identification of appropriate
condi t i onsAd weed fheraime H$wbstanimlly20irdZ. memisl thati the hepressah ,is esentglgirderofavther

condi ¢ 1 on R0 ot Brg AR e FERS Hublhee e TbrAURE pur

not been supireahdd at RagXACNFiee PrEMEY1Y0theOBReiAIGS gredtcd\Wan, 9185 H2%, 93%,
functign. V?iagéivﬁnos in the growth conditions can affect (a) the rate
of badPer %4V §r Gne®o (O Fai gy rcHPACHBAL DY) freg of copptamaetts. ohhodeargse!
K5 exopol yeasohay boRs&aRstll Beant Mol tHegeee of 25 nodification of
the K5 capsul'e by E. coli K5, bacteriophage resident within E. colt
K5, and other factors, (e) the release of the K5 exopol ysaccharide
capsul e i MSoUSRBAFTEH, ‘& ®TWABT RIS R OR 81945 dialess ssFifisalbomgicrigd g mes ey
is of a sigge range suitable for processing into heparin, and (g) the
anount and type of contam nants. For exanple, conditions that WO

2011/ 028668PCT/ US2010/ 047183
The term “about” is used as understood by the person of skill in the art in the context to

15 which the “about” modifies the stated term. For a numerical value, “about” may be

considered to encompass a variation of 10% around the stated value.
FERMENTATION OF E. coli K5 FOR THE PRODUCTION OF HEPAROSAN

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

fermentation.

20 E coli in general, can grow in a wide variety of media and a range of pH, temperature, O,
and other condition. Unlike laboratory adapted strains, however, £. col/i 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, (c) production of the K5 exopolysaccharide capsule, (d) the degree of
25  modification of the K5 capsule by E. coli K5, bacteriophage resident within £. co/i K5, and
other factors, (¢) 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



pronote cell lysis may increase the yield of the K5 exopol ysacchari de
in the culture supematant, but may al so increase the degradation the

K5 exopol ygacs{¥ahids capsul e and the number and anmount IEHTIUSZOIOIOWISS
contam nants 1 n the supernatant. The inportance of any ‘oheée

contamnant is related to the ease by which it nay be renoved 5 by
subsequent purification and processi _rul:) steps, whether the contam nant
i nterfereshrampls edlbbeguany imrevedhd aipldiof Hep &rSo sxpolynrcshdvisloaini the clftdre
whet her t ' : ' . B, Ccoil
K5 1o a knoparmafty by BR5GRA AR kG RIS, SlapBaBhidier Gpafine
fact ors mub¢ niyeberentdwmduntlof paityrsiaecharthasupetde@nt.i s a cormon

contam nant of Gram negative bacterial extracts, and is known to be a

potent 10 v [ mul-ant and toxin. .Nuclejc acids,my.also be.
omunost i iieareg el AR a8 CoriMlinl i W BB 568 oSl Brdbe dmoved
cor es, Sandysaubsapeatgupifichtion md probgag ops). watiiee the oottt na ih@rfemy with

i ncl ude non: heparosan pol ccharides or derivatjves of heparosan.
For the proBUALSH PSP AR TR AN e Hec AV MR e Cen AP HBNE BOeE &

and nat ur eda@iferttb @uihaM\bhariimgls UB. BBY KBEis ia M ivihatho g an& XARMbBns and other
conpl ex nedi a obtai ned by the hydrolysis 150f aninmal or plant

proteins i¥TeeeTIEnt fglprs MusyhEWoNAd pldepiverdarids (EPSkds | kemmon
but shows eéﬁ{ahﬁlﬁan&)nofb%merﬁegﬁmhﬁa%temﬂ e ORhal R 3964,196 | §e20d)otent
ot her contam nants. Additional factors nust be considered for

pr oducltt orimofunhstpranleyand drximnNidldagtids mky slsabe immuhastdinnbptayl Buthed PS and

vol une, ti . a erat ur fernment.ation. Small.er .vo] umes of
medi um anrgl%%cg:sg cceicr1St g%mﬁ‘ﬁyslcé%% ﬁ{i? (():nrses’az’lrnéi %%gjragfcgfpeuné%svf I%rﬁah(fpgosﬂ'sg ther
rel evant icontahenad6i menintihd cadn-lospawbarepoysavdhbrides dir deniviakiaés df hegarodatlel y

avai | abl e, standardi zed and i nexpensive starting materials. Gowh

condition t _al,sq. be demonstrated to be scal able. Thus, the

Cdenti f i cahd gl piedictioq 4f RSN ol BefCal SEORHER Fie, DRER 1l Mo f fhe
denonst r atgehwihrmddiurg @tay$e ainpsrtans UEDT eAsmplel contlexlmedi® Obthine@Bythd B &rolysis
Rel at ec@ily, t he rocs:piss shoul d be robust and reproducjble, and

25t her'ef or® #RBRal Qs L Preieas {soexsriignt torthe giawth fnd prefuetighefl £. coli K5, but

shows variation between batches and may contain antigenic and other contaminants.

Additional factors must be considered for production of heparosan on an industrial scale
including culture volume, time, and temperature of fermentation. Smaller volumes of
medium, and faster growth conditions are therefore desirable. Also relevant is the
20 identification of a growth medium that uses widely available, standardized and inexpensive

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 trivial. The present inventors have identified suitable
growth and culture conditions for E. coli K5 to facilitate the production, isolation and

purification of heparosan, which are adaptable to industrial production.



In view of the foregoing, the identification of conditions suitable
for the industrial production of heparosan are non trivial. The

present i Wﬁ%ﬁ@ﬁs&?@ve identified suitable growh and %%ﬁrﬁ 0/047183
s for E [ Sorat

condi tion coil K5 to facilitate the production, i I"on and
purification of heparosan, which are adaptable to industrial
production. W0 2011/028668PC171152010/ 047183 The nedi a are defi ned
medi a wi t hFhglnoedess are slsfingdemediz bith suraseces, theviirben soairagawhistl isteqyied diepapdimg

e 9 Ok g EPB,SOTPER) L SSLTSHNR 1 gD N

t hi ani ne, fabouing pa: Biery AHOMP PO ghatoss)tl 0800 neg (RANE PG, 1 3809 KIH,RO4 abjout

cor ut i on. e Fkel e oL BN SHR b7 % B acidpnbpreap o L
10. 0 g sFe%f4d iflal sdbilliod. Ta&krce Inatal GsoRRioR cof¢i@d of-(Perdl MTM-HUEB0L0.0 ¢

1.0 Cus™.5H20, 0.1 NH4) 6Mb7024. 4H20, d 0.02 Na2B407. 10H20.
The Pect ToSOsTtOohd 8l 2He 21 Bk 058 M dPednbD g GHPGOHp.1

L): 250-1 . 0. i i
) %ﬁgﬁ)ﬁk&@‘?mﬁdomg M%a%ﬁ% gl@EaOng}?% fécdglgss&’ut{olﬂ' R P Ghe ged

and may be er supplenmented Wt hi  sonme enbodi nment

the 10 fdetthsgitess cansisted RAOTOB 2yl WEsgiucoss 2§ NSt THEDansrtl D- B5 g

ol ucose, 30 ety 0 TR Soopt il 5y A 330Dl 10 4R ehigathens. he
cul turl® \INa‘sec#ur@gﬂute:uh Wys G0Mwighgroke, 2og M4 S, ando¥.2 renihipiinat 1B 76dther
a conica

f er ment or .e%ﬁaﬁe@;%%fégﬁq%%{#%&{ ‘ﬁ%sl 39@2%@{%@’?@};%:@{2@, %%g K {{ef Oa and

phases: a (bag eharihowt h phase, and a phase that utilizes a conbination
of exponential feeding and DO stat feeding strategies. The batch

growt h phase starts after the seed .culture is inoculated in the X
ferrnent 03).‘ S@Ieﬁecuité??p‘@?salfrﬁ?aée‘fgy Igéod'fm%ué 5?'{6&'70““%‘716?"65‘}1@"&11 3i75(% Kepconical
bet ween 6 faglEl 8rHeyscad dulireNEEEh afochlkedOg® & @hentor. THR £8GOMSoN in the
fermentati on phase starts after the dissol ved oxygen shows a shar

i ncredSe defncntyg eayste affwonehasesdi @nbateh geptbtnhase, PR o phase ribetrutliecos

the gl ucoggyh, ﬁeﬂw% 5:%-91%@&-@%,13 SR B9 k0 SRk &wg ;

with flexi bxlnl iﬁ]tay AQ. xg. 5F1 y ;11 ]?ge?(gi |pd teo éxapt%lgs:’t &%{ec?%r phase
Mass- f | owstasts efterfthe bped cultbors isowlated ibdiiermdntdre ddic tdngperatat és Kephit; ar®iad
Car bon 37°C, and pH is kept between 6 and 8 by adding NH,OH as pH goes down.,

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 cquation but with flexibility

T A { u 3
g Y ¥ . ey Err s # . T, ‘.
My s FLOS oy b }A (e { e )‘; {a ¥ {ggexplpls — 5}
Y Ay f \\ LAY 7 '

where: Ms Mass-flow rate of the carbon source (g/h); F Feed flow rate (I/h); SF Carbon
25  substratc concentration in the feed (g/); 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; & Specific growth rate (I/h); YX/ S Cell yield on carbon substrate (g/g).

During the whole feeding process, i is set between 0.1-0.4.

10



25 substrate concentration in the feed (g/l); X Cell concentration
(g/1 dcw); m Specific maintenance coefficient (gig dew h); V Culture
vol unme (1), I of feeding start; t Process ting; Tﬁ&s i fi

growt h ratvg %@ﬂﬁ?%’%{X / S Cell yield on carbon substra!topeC o] gﬁo}fm’ﬁss
During the whole feeding process, Ris set between 0.1-0.4. WO

2011/ 028668PCT/ US2010/ 047183 I n sone enbodi ments, there may be pauses
during t hdnfemdiemodigcolsctbrigonan e naosesiaring thetfeedif g msodbeckipeingsotp ensure the
over-fed | | G o t.ance: e i , L ture .
medi um s g R abf L LRI R MRS R AT b SRS s o
shar pl y i rfotleasehcokpditie, thié &sdihy asdeamypgalfiecosiaerty inatdagofitbe dibsobred @dygen

whi ch indicates the.depletion,of the glucose.in the culture . 5

medt um || ORI BIOTG 5 BTt WO R GAET e SamEap B oB e daah WK
probes,s ormydidh, abtioFBt sdales 3ah budervaishsoda inyktk Toftiublidy FMEMMTRBbAL 6P With
Typically, the fernmentation continues until no increase in the cell

density i SUbHREEvaaplingad padyihduring ferpantaliobpped and the stirrer of
the fermentor is left on for 30-60 m nutes nore to shear nore capsul e

K5 pol ysacghahilfan®fdmbheaeddntisits iaGEnd\ Erda i@ @ IMRabidMs ob@rved. The
PURI FI CATI HEPAROCSAN FROM FERMVENTATI ON CULTURE | n one exenpl ary

enbodi mentfeedingeis Hespattenpah el sligenafshe feapetionpiafisen {oap0£0griapies ore to
prepare a K : ; arosan
o b ol | a7 ol e PRGNl o P shitke TP BoaiBE S

t herefrom éc;afrecipitation wi th al cohol and (d) depyrogenation.

Addi t i18nalP A GLON PEHIER A RO AN EROMIRMENEAIION W BPREmay be
added. 15In step (a), the culture is centrifuged or filtered to
separate t I 3 r i : e
agents matymgoéé g%%g@%%%bﬁgaﬁﬁ% L}rﬁee%? %Ar?%gcélﬁﬁg%tgﬁt ﬁgb béggn?éﬁt?gac% Is‘eg .to
Typi cal | y,prémepras odaue supemeoveridtater Ghbindmgof peranastiatrt 2 sddigt phasey swhsie a
be recovered b i t C s, Lhecludi.ng.wi th .a .detergent. suc
sod um dod gyt BRIPE L A8 EBiam RRTS R e hGibE PR b 5 8
pel | eti ng depgogodatiact Additiafal biagapqeadipitatomatd depzthggnp@nsicpnNinay boladleep
(b) the heparosan is bound to a solid phase that preferentially binds

hepar asan., For le a tesi such an, ani on_exchange .resin, i s
added Po (Ra @ (EhMEEUATe iy SRtLvey Cafershis Hodels BC Pebagnl diogt fhs ool
bi nd the hepar ¢sanallnortditer ap@ey may Bohddeat® tHekaltire$d Mhacthae: th KidkrR defls.
then filtered &g separate the resin fromthe solution. The separated

solid is theHahasHeaosy FsiraserdifiBBulg VBFMAANNAHE 2% S0Pt eqverrdby
ani on exchangger @i dls, TRLRINPWith Lnabiidentasdhi BRI Witk 'd@ﬂ!c?lalsﬁlfate and
concentration solution to rinse unbound contam nants, and elution
with 1-2 nnesbatieah egitagen.délgicdt bonpeliehig gwdnexteptien sd bepagosen) from the
bi nd par ile chitosan may be added as a solution, and is
t her e?@re Sﬁ%ét?ﬁl‘ft%n\{g "solid phase,” it precipitates out and thereby

carries heparosan fromthe WD 2011/028668PCT/ US2010/ 047183
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 cluted.

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 carries heparosan from the

11



supernatant. Simlarly, heparosan could be run through an appropriate
colum containing a solid phase, washed and eluted. In step (c), the

resul ting \269@1”3% eluate fromstep (b) is precipitat %Tﬂﬁﬂﬁﬁlofﬁssby
S not

addi ng 1- parts vol une of ethanol or nethanol. Thi's

only concentrates the heparosan Sbut sel ectively renoves

contam nants. The precipitate is then separated by centrifuge and
washed wi tShpesuﬁta‘@ %Saméayg'oheparqsals eqiid bajun thisagiprresippdrateecolsntiiadanived

in water, upj epyrogenation step to inactivate
remai ni ng S g %p ?@ggﬁﬁ%&% ngd ot her contam nants. Typically this is

performed with an oxidizing agent such as hydrogen peroxide, but
ot her per drisgpéciothe I@blt@adihpmgsaagbnteﬁm stelflovia predipgatedg sutht a'tsrhy adding 1-
hepar osan5| SRS, and

1.t at
Feoal 1 ng WsRSaiRinEbER R ofimendl clif AP BRESYT Sray NGt B nifosen
sui t abBl i thut ﬁmctlﬁrelytrmcveprcaﬁtemman'g. "ﬁe\mmlbltaamaltydm Rpdrated Oy e@iYudaeind
used. 15The osition may be analyzed with high
per f or nand@squa%ﬁﬂ?@mg ggpaphy (HPLC) - el ectrospray ionization
(EST) - mass spectronetry (Ms) after partial digestion of the

hcpar osan.In Bpt(#pakairyipitae Btdigblved ZDivat)er "daglshibjbaet @ d depIrdgRE4RASED to
in bronchi.al .epithelijal (iel I s after yl sul fatase B silencing due to

sequest r atMSHYAF ¢ KR HEH L BEP? ﬁsaﬂcl?ﬁlj? a*’c“é1 othgh ; coptapRgyts: CEYH“C%UHd this is
Mol ec Bi Og)eﬁ”grmeﬁlwﬁﬂ anltb‘hm%gad'g@utlﬁgh %%Mcﬁaﬁbr&ﬁ&o btﬁ? oﬁﬁ?cbeﬁﬂldcs or

undi gest ed heparosan and is suitable for determning 't

concenfr atbrlf@ﬁhlagl aePtiy areknevnhdparesling hppargsan is zrmrpgatzd awmaasl abavsAnd
Li nhar dt 42009. Nucl ear magnetic resonance quantification for
nonitoring 1ﬁcpar osan K5 capsul ar pol ysacchari de production. Anal

Bi ochem 398(2):275-7. Heparosan can al so be determned with

car bazol c AAWALYSISs as reported by Bitter T, Miir HM (1962) "A

Modi fied 25Uronic Acid Carbazol e Reaction.” Anal ytical Biochenzishy

4(4): 330 Wl&ggﬁgg%%m;%at?%at 1 @w cfﬂ:?(%m@% tyi/?ftﬁgf?ﬁgﬂ?rlﬁg sui aﬁﬂfrﬂ& further

content may be _ nown as t
BCA Pr ot eiprocAssey Siveral apblytivdl meplymeybaetedr er' s i nstructi ons.

15 The disaccharide composition may be analyzed with high performance liquid
chromatography (HPLC)-clectrospray ionization (ESIT)-mass spectrometry (MS) after
partial digestion of the heparosan. Bhattacharyya S et al. (2010) “Cecll-bound IL-8
increases in bronchial epithelial cells after arylsulfatase B silencing due to sequestration
with chondroitin-4-sulfate,” Am 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
dectermined with carbazole analysis as reported by Bitter T, Muir HM. (1962} “A Modified

25  Uronic Acid Carbazole Reaction.” Anafytical 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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WD 2011/ 028668PCT/ US2010/ 047183 The nol ecul ar wei ght profile of
purified heparosan is determ ned by conparison with a | adder of known

nol ecul ar %izgmo‘liso% heparosan or hyluronie acid, and %%9% 10/047183
cal cul ate the nolecul ar wei ght average, nunber, and distftibution.

Pyrogen content may be determned with the |inulus anpebocyte |ysate
(LAL) assay. 5The invention may be further understood by reference to
t he fol | owlhegmeleatpn weighinprogite efr purjfied\tiegagsanoisi detamsinedtby eommiagsan with a

enbodi nent;5,4.0 ' 0 ' -be.limti _
person of S oE BN ARANAT S, Dok LW RIMICRIL L D o Ba e
wi t hout depaletulargvdight averhge, spinbdrf andfdidttilentionvent i on. 10EXAMPLES

EXAMPLE | Materials A 7-L gl ass autoel avabl e bi oreactor from Applikon

(Schi edam [ sed.as. the.fernmentqgr. Bio Vi.5
Sof tvar o vALoh e R R OB b b oS BARTLAD T6%ar o
D feoTm LB broth powder was purchased from BD (Franklin Lakes, NJ).

Most of5 t HEheohemticmbmey bs duttlfconndersqeirtiyvigferdnee sythe fidtowingrediralesewisich are

from Si gma-Al.drjich (St Louis, . Antifoam 204 was fro .
S g Ay ot e IR e e eriibip O 4 BRIVERERES apLEhase e titine
(Com ng, N¥je. pdboAEoSepdindrgsskilFastuld-haderitiiniak vadadidnBCiake be made without
(Pi scat anay, NJ% was. used fOﬁ; the purification of heparosan. Vivapure
DMni H S%P?FIE FramRe SRR GBYIWORar t ori us St edi m Bi ot ech (Aubagne,
France). Mcro BCA Protein Assay Kit was from Therno Scientific
(Rockfigrd, IL). The enzymes used topgir@§sfr§he heparosan for

di sacchari de anal ysis were expressed and purified in our |ab as
descri bed EXAMELEl al . (2009) "Structural snapshots of heparin

depol yneri zation by heparin lyase I" .1 Biol Chen: 284(49):34019-27.
HPLC- M5 WagaRefafor med on an Agilent 1100 instrunment (Santa 25 O ara,
California). TCC silica gel plates were from EVMD (G bbstown, NJ). The
materials for preparing the hcparosan MV | adder and det erm ni ng

hepar osan M7-kwgless asedpvablecbipisacien ipm Applikgn KEchiadami Netrodoyds) wanhsedias
oL 55 TraER SEIaL XSS5 L R Ml PRy e
hyal urlénaniatm|Féw A LBriaotgosdeneasepunditasidriesn BDoRrdtkih dalkes( WK, ahesraf the
(L:i ts%ék(?? I cggr\lr(/l\galzs%%&{ {c))rZ glggz%ﬁlcgj%y sSy2n 116 1/0 91’146.:51:'518\961‘(!)5 frm%o 1Igm§§&19rrlc%%p Lci)unls, %/IS)
Antifoam 204 was from Sigma-Aldrich (St Louis, MO). Baffled shake flasks are from

Comning (Coming, 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 cxpressed and purified in our lab as described in Han et

al.(2009) “Structural snapshots of heparin depolymerization by heparin lyase 1” J Biol

Chen 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 M, 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 set of

hyaluronan molecular markers, were obtained from Hyalose (Oklahoma City, OK).
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E. coli K5 from American Type Culture Collection (ATCC #23506) was
stored frozen in 1 nL of M3, LB, glycerol and glucose media, wth 25%

gl ycerol. gfﬁﬁmg%gt?hake flask containing 25 nL of the %@mﬂsws

i nocul ated wit mL of defrosted E. colt The 5 cult

harvested in | ate exponential growh at approximately 1.1 g dry cell
wei ght (DCW/L for M nedi umculture 5.4 g DCWL for glycerol

synt het i c dxgSdil ty EX0 B 218chghake Haskgl ucose synthetic medium and 1.9 g
DCWL for LB nedium E. CO|I K5 culture (300 nmL.) was next grown in

2.8 L shake ; 0 ' '
T R g L P st s GG

growth 10 mb&é ey lsﬁ,aglymtéra]ldmha@ee maediat ish 215% glostreld Ao?SOrmbmhdfeyﬂask

hepar osan., L _shake fl fe cl

1. LB nedium Wo’%blliﬁggebro . e ae‘r’i’ﬁ%%oc"%t hozf%fﬁéhp{hdﬂ % e
g} ucosé, Qult@egids MyGekd 8. lﬁ)tkJexgéﬂsnﬁaq—rawtm7t3@§rcg:ﬁ1hatblis}l ngn@-yhl@ll,w&ght
g/ L Na2HP K A, . 0. . 3 ycer

def i ned m?é(:bﬁ)?ﬁ"fﬁr gf‘fmﬁf‘%’ef"ﬂ} r°=2{;? @PE{‘{/% }éﬁ]%ef%%th@ﬂ%mﬁi@w 54 6
g (NH4) 2HRSBW/L B¢ dludosg shBBEH: Fiddm, hnd 1 ginCWoL a6i 68 ABduA0- B M4 K5
trace metal solution, Trace metal solution consisted of per L of 5 M

HC') 10. 0 Ylopre 6290 mipwas pexd gppwniey28 L shake dlaskssuwpuigtgrwitin S 5ol cells in late

MhSO4. 4H2 ; whs Gha o w

Na2B402, 101BT g e Laoeay" 1ol Mg apOKERP e S BT ol gfowe

met abdNi ca:ﬁaCbecbﬁgtlmer MSfEmfbcn barwweﬂdbr remvery hehgpasdarct Tionmedia used in

ly(3-h 0 t af

Bi oongi near| Ko ks 7k femlsBulab e Ae, £ S g R TIEb AL K3, 20

20 gs%l4 u;cgsﬂe 20 M@ rhdiani rie g/11 3hkog, K1212PNMeS.,00.01( PgHA)calePtO@ 33%. gle
cilirrc a nme SOl ut1 an.

‘gll'r zl\a/ge met g% L#? & %&%@?@&dﬁfw 8& gt %Lb‘ ﬁgll) Q&ONH‘*%I 3. Glycerol

FeSO4. 7TH2( f&dQnQdﬁﬂG@ 2. obyc@rof M ¥hp/ mm ﬁ)e 938 NH
US4, 5H20. 0. 1 gé (NHA 6gl\//b2%24r4H20 and 0. I\lé;/h%%% 10%56 g@Pm,
4

and Lda (ﬂgﬂgg)Mg TaQyo) -V g<51trgq. gmhaqdnl@to 7m]i tfa@g megitlogolutiens Trace metal
f er ment at isgRiiGORShsHid QF BeLR! 6 50 ) 50398 ﬁé@éﬁﬁ 80 RPLCLAEE 095N,
fhe red bat ¢ thé

stage. The conposition of |um or t he Foi h
f er ment at |Z(Ijlﬁ0w515120,((bég Mm&@f‘)Hz@O 1@ @Cuﬁ:@s’ﬁizozo lrg(Nfﬂu)dm—@m 4H,®, Bndy0.02

Kl | 2PO4; Ocitric.ac d
10,0 1 ROy RS e rh 18 OGRS e o stEorhs Be Pekbhdls
L of 5 M Idﬁ,‘gl)lee]:ﬁi Hs@cﬁdﬁ@@olﬂlﬁﬂ theZpﬁdgctﬁaCEifZ olﬁS&y@roZ ROatelidl) a @sfﬁc@
MhSOH4.,4H20 2011/ 028668PCT/ US20 47 504. 5H20 0.1
(NH4) 6 N e of T aTE0 SR 3%33&%9 AT
in the feddaainehp @tla@ez 1%1:&5@!)@ tl(l@tﬁfneLBS 4.9 |419 RH,pAPO., 1.4
MySO4. 7H2Q and o g 1 0?%%1 ne, E Lee % OF 40 B3RP0, 14 ¢
MgS04-7 20 .7 g citric acid, and 0. 0 rnL trace metal solutlon Trace metal solution
consisted of (per L of 5 M HCI) 10.0 g FeSO47H;0, 2.0 g CaCl,, 2.2 g ZnS047H,0, 0.5 g
MHSO4‘4H20, 1.0 g CLISO4'5H20, 0.1 g (NH4)5M07024‘4H20, and 0.02 B NagB407'10H20

25  Wang and Lee (1998), id.

E. coli K5 growth in 2 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 KHyPO4; 4.0 g (NH4);HPO,4, 1.4 g MgSO47H,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 ZnSO47H,0, 0.5 g MnS0,44H,0, 1.0 g
14



The batch growth stage began with the inocul ation of seed culture
(300 nL of 5.6 g/L 5 DCW obtained froma shake flask in late
exponent i The tenperature was nai ntained at - ( e
pH was m?‘k?gpﬁgg&% approximately 7 (by adding 29% annli)cn%lﬁa%mﬁ}a%ﬁp
solution). Air was sparged into the fernmentor to supply oxygen, and
the stirrer speed was set to 520 RPM The second stage of the

f er ment at i heghA, &t & WHuee )5 AH Qe aitxh 0 gr NedaOmrdidfilaim hble fepding
b depl t: } . i T}
Foedi ng. soP LA e fed Splch SOt hBRRa TP E £ P AP R ER A ER S G50 L0

| M20) =F( t )and 0.2(dthiaxpifie - Weng 10 Foed 1998, idMs is mass flow rate of the
carbon source (g/h); Fis feed flowrate (L/h); SF is carbon
substrate tration i/ e feed (a/L);.X is cell.co tr.at}

(e dow ;1o SR BBP Rab L e Rt B S5 SE by SELERNLY) P8 o
cul tureé vabOwg dbtginedt froinsa tshake fiskf @ekiiengrpphattial gtowth. PTIRC espetdnre;was
|Ais specific.gromh,rate (lI11)- and Yth.is cell yield an, carbpgon
Subs 1 at o TUTGTb St [orT*By ind SaisPH Egmsa 1ol dErmepapiatiry of rppating 29%
Escheri chianfiéllid solutddrndsir Ria® b aHdd0Intol the IprinRR@tot @5 supf‘b_lﬂpy)ageﬂ,eanlaetha\@@ﬂer
0.10 - 0.15 111 was used in this study to allow sufficient cell

pr opagat i FRESHYaseseH9IPBRRY-accunul ati on of toxic side products due to
hi gher growth rates. The "acid punp" attached to the fernmentor was
used tO CaieYsc@l stdd€ o kHeCRERentRRAREar NG LieBsel iR TRERAHOFroRe RS umSRl
acid, and the base pun*ﬁ was used to add 29% ammonia 30 solution to
mai nt difn drcaberiged anedhe dissalerd axpyaercihiorgd e shdrp nceeaps. t Thegfeedinpinlution wes
third pungy, 0119 t4.f oam 204 reagent into the culture
when foam négﬁa%ggé%gg@ égs(gtl&v{]g gﬁ' léontrol | ed by the feedback | oop
through the digital control unit of the fernentor. G ucose-feeding
rate was achi eved by progranm ng the "acid punp” on-off tinme for

one-mnute. An equation of TO0"=Qf72* &xp[0.00%Z8*(t - 420)] was used
between 7 h and 24 Ragfi=B§s. 0l ApsRa: fhenmentat hal ey gphere Ton is
the time the "acid punp" was url¥&d orf for ggr'fyé se[%kdnd hgj\fl ng the

one-\r}‘l\gaute peri od. The gl ucose-feéding rate was decreased after 24 h

15 2011/ 028668PCT/ US2010/ 047183 once oxygen limtation was

b d. .pH. trol i d I i b . ad
oD oo B S ShacRE 734 BB RRELit EoR P 038 L S Rden
using a cusbartzedcqtagoaim weifeée(/LNDDIstded Bhexpetidn MIL dcwRih WakRcific

The stirrer .speed an r airf]Jow.rate were increased when di ssol ved
oxygen dr d’ﬁﬁ"étgn%? 6%? 8%&3& dlcw%); V is culture volume (L); t; 1s time of feeding start; t is

process time; u is specific growth rate (h™'); and Y, is cell yield on carbon substrate (g/g)
25 Lee SY. 1996. “High cell-density culture of Escherichia coli”. Trends Biotechnol
14(3):98-105. A p value between 0.10 — 0.15 h™ 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” attached 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 used to add the Antifoam 204 reagent into the culture when foaming exceeded a sct
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 Ty, 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



5 saturation. Pure oxygen was m xed with air to afford sufficient

di ssol ved oxygen after 24 h of fernentation tine. d ucose feeding was
peri odi cal to assure that the cells consuned ,

gl ucose, a‘bnﬁzm}g%s% oxi ¢ byproducts (such as acetate) d?"é{l%s?@lglgﬁlﬁ? up
in the nedium Feeding was resuned after a spi ke of dissolved oxygen
was observed, indicating the depletion of glucose and the formation
of toxic PpcpeswEedtlgnitadionikasorpsyied.etpHarontiop 0GS achigved’ mamwky nginghe base
acetate t I io i -1 ol rj i ngd .hi ,
el | “densitt oo B8 Sn Kb ERIAER: RORKDE THEAET TR Fe8d] e
medi 2" Bi atsaghm obstdnioeh gro@diB JwrBikd -, thSBipXpst We rsesafiotake CEhedstiiten apeed

the fernent perd odical ly. The s es taken were centri dat, ..
12000 % GuBF gGoR 1 s pPasl PhET dleFinenenr oapih P9 3hg ai
cel | s. sDetsefurdtioat PR oxfedhoparmixad wah AGas hifeid safficidnt BRI VAroxpHnadfico M h
supemat ant 15 The heparosan concentration in_ the ferpmentation

super nat arffl FERCOHASR IIRY  (udsst Recdien s Periadielly dialicd s anwre Hightheseedls
I'n the carBazeldd :AseAYueise R MR %K bipreiutls (Qlch 285 LRAL)REA AR build up in the
supemat ant recovered by centrifugation was applied to'a MIlipore
YM 3 desalmgdign.s Beadingotamngsymezionick a gpike of dissadved axakenswamebsenvad,lindicating
nol ecul es.,4. T iaLng. cr - ver

yophi | 2o CRERHEFEReS: ARTUT Bk o 5 OBPROBRAS AR oo
nmL of 16i stTrdcknhgwht ecctae dhresho)jdecdieg] DOstradsent asihat dusn@sgdinm Ak high cell

concentratjon _of . hcparosan s calcul ated froma standard curve .

o opar ed- (ST BUREORE Ba SRRt e her e fareoliUB g elve A G OB i oens
Slh m | S_r ly slrﬁiesc)g\z_meg ggﬂhpllt_lh a:gfet 526(1)1@«:@&&%&@& ﬁalﬂlguintwﬁﬁerioﬁﬁ@lgy!. | TR taken
then dissolved in cont ai ni ng gg of sodium _

t er epht ham'%cwr#ﬁl%%ﬁ2§8%ﬁaaf9w0 NHe i EPHAGS T TupsrmeiantdrprNbR & Geécdllsy
1H NVR at 25 600 WMHz. The concentration of heparosan was cal cul at ed
fromthe rmakdrigitioh BEhdpafoRsl @neshtdtieRindhe fGehbtamatiydmgiAup in
heparosan and that of the internal standard. Rapid recovery of

ipip MO g A AR Rt R R BT M G S M
purified ugivaghl@ aWilyAPHAE NRIM Ablyks. S Bh & hidiTble SUPLIRWAMosalt, O5)mL of
recovered fromcells by 30 centrifugation (12,000 X g), was m xed

wi th 1 ni fermepigtipe supgrigbont FRsoyewil Um emitibiupdion wes apwbed to a Millipore YM-3
2011/ 0286 U 7 dmAC _ '

was t hen gig%gl{tgeg%g 3)09%1&1414@12% rg\%);g:;ejIr oﬁ)t% oﬁgggﬁgﬁg{éﬂﬁ%‘?llﬁg@é? @l& 3‘55%%}?%
D M ni H cohtaimmg cTude lephrosan wasetdversd wad heghiiz¢dy Thefdried cArdamdpazbaah edhs

W th ffer B.(1 spdj,um ¢hlor.i 20 nmM sodi u cejate 4) .

1 ut eddsanpeBs el AR BE ReiEY oo i SPAIAE hSETae Rl ey othe
over ni ght cafcen#2ftfon( oM hepar@xplvasi @ivulded ol afd@z@r Jurtd @rdphRd using pure
resulting precipitate washed with 75% et hanaol, di ssolved in water and

| yophi | i zd@Pargsta: pift iths NOYR: #hash hcowmaras (s aifpr sty fasevrrek dioh suliyg
1H NVR Puppdridtat] 98 SopRESA! ARPhehRRRLDSRM WG 1L SSOBRS ﬁsln@afmﬁghﬂ ug of

conpletion of fernentation in either a shake flask or the

fer ment or sgiumeiarcphtheigicrgntemel standaid) eheattrapsfeoed tocagy NMR tag fof nH-NWB at
super nat agyg %ﬁ%‘ 68 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 (1 mlL), recovered from cells by

30  centrifugation (12,000 x g), was mixed with 1 mL of buffer A (50 mM sodium chioride, 20
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10 was adjusted to pH 4 by adding glacial acetic acid and then
filtered through a Pyrex Buchner funnel with a flitted disc (pore

si ze 40-6Q, LEAF- Sepharose fast flow resin was pac I

col um of tﬁe approprl ate size (< 20 ng of heparosan /%I%SPB@@WSM
resin). The colum was first equilibrated with 50 mM sodi um chl ori de
in 20 i nM sodi um acetate buffer at pH 4. The fernentation supernatant
was then [noddedivonestathetcdl dim nzintire Hag fhen ed:usjcmtqm 4\nad hadedabrith a pre-
3-vol unes [ n odi f

o 4. repanouRe R RaRL S otk iy’ 18 MR AR 4 SaBi gt A%
chl ori de idut@Dwirlvibefich Bl Mmdannchuﬁﬁ@QOamMrstﬂm 5Ehﬁteh§ﬁ6m) oﬂanect faaiples

ot hanol | et orR R GF drpbies PEFe SLEvagight #3247 S exlosion-

expl osison-RéFafectdrp@tiahe remﬁn@p&slgmt& AlahodaEt BIPYBERA, ddolved in water and
centrifuging at 20 12,000 for 30 mn. The pellet was washed with

75% et hand¥orhilizsdr Thepusdy abie fecarried HeEnmbes waétthwamﬁ@é bad-NYIRper

| yophilized for storage or used directly for the bl eaching step.
Hcpar osan pegiicgtionl Fheh@ofaiir i fied fromthe cell pellet by addition of
0.02% SDS followed by vigorous stirring, centrifugation and DEAE
chromat ography. In the bl eaching step, heparosan was first dissolved

in 1 M sodiSRAiosHt e eowsredzat shs compledinp Péfﬁr@ﬁnt@mmfﬁha/a_shahm%asbrqrer 7-
the sol ut ijoRME o8 éé?&ﬁgglhg R r:'él‘di‘t‘etakfl 13,004 Na Gt fnglidhyel-Q9 nﬂﬁ{t%{aﬂﬁd

(309 was added to ‘obtain a final concentrafion of 1.5% The mxture
was i n@ubarasdadiwéadnioghtl htbyrasidingt elagielr aactie ecidafndethentfilicted: theough a Pyrex

hepar osan t

over ni ght %@ﬁl} (j% !’ Phﬁtgnaefg%%%g g%&%rsge geéﬁﬁeﬁﬁl@%ep@gﬁlﬁgﬁow resin

pel | et wasvamblead indot h colbivm ef Iﬂwu;ipropd:a&smﬁev(e:dzu mgwdtheparauad / dtll eflswelldD

2011/ 028668P S2010/ 047183, Di sacch Si.S 0O a

Hcpar osan S_’L iR E 2yt %%8?‘0@?{&3% %&W@%‘lﬂ‘%"ﬁ%gg ?0?3 “Mf?dé'fm

at pH 7 amdetht%%ffadatv}ﬂl-l b Therkr@aehtiof sub&ﬂ@tﬁhtﬁvdsﬁﬁéﬁloidcd%nme olan3IE
The resul ti di sacchari de product was subjected to high

over ni_ght n
per f orl %ancf%e Fel HWW%\”@%&@ FHasgl umq@@é)SO mil spciem Hgsidgyin i 29nmMh sedem

(ESI) - rrasamaa%%mm; ¥ 4. N@ep%s&nw@gmeﬁ@uté@ﬂ‘o&r e aonﬁ»anr AR MABSkium
t he di saccharide conposition was determ ned. LC-Ms anal ysis was

per f or med Cbh)rléﬁ 111_@0I\¥BMS§@NEmaG¢_@ﬁ NBffet plapH Ms; Theihkpaesan Shattclute &om, the
CA) . Sol ut

15% and 6% ace t as gc@ & b)QASCQe %‘Irgogﬁr%se%ﬁoéﬁlﬁﬂbldan%@ ({Q{I]Egtﬂ?g Ecﬂlqtl n OVt n%ght
concentr atat e’.lﬂ°6f méhi aphMoncﬂcbd(m&eand Tlhl: p?Empthé Nablﬁcy{ffﬂed he cenftifginkOat

For 20 mm 210D el a0 B T RELT i it ) oAb S ARESE pin B

sol ution Belldihsbtdindduins eittict Upiphilieat ﬂfr%@br&é&oﬁ@éﬂ Ql‘i’re@cfy foi€@he bleaching step.
el ect rOSpr ay 1 oni zatjon nass spectr for continuous

det ect i on Hspaigsen conid o pugidisd gymi th@ é‘i"ll‘ I%Fé]éf %@ddgw of - 03&y3P$ {dlowed by
| oni zat i oR;idRAR Wi}, SdhkRIBSioR 9hE DA ch%mﬂé?% Z%rg capillary exit of

240.0 V, and a source of tenperature of to obtai n nmaxi num
abundance of the ions in a full-scan spectrum (150-1,500 Da, 10 fi at
scans/s). Inithg d@}@%hwasste&ehlepagosal drasi st (Esspive@ria/ hi W) segiem neblaiidez ftng
gas (28 psiy tacharyyar

51-61. NWR acﬁg%ﬁns of gf%y%argbs n ﬁhell%%ﬁ]mgﬁ“gg qjé’l%@ﬁlﬁ%@é\e%ﬁtehacgﬂnﬁﬂé?éﬂd
on a Brukéyd®gen M&XIM@@@&H@M tor obtdthe BRI bepartesian of Au¥id. eShovaigure

pr epar ed al..a ¢ ntrati on of D2 9,99+ a
freeze-dri 6t chs?cg Ve geggjlp rag&%t gtﬁl gﬁ%aﬂpgepadf’ssa%’f%(? cipifatsd §y
and transf.ddingd \todmﬁéset-mdmnuarﬂ lﬁmohslbﬁghuhe—so oﬁﬁm dh Sk lbKéh-pooS et A The

wa carr'ed t TOPSPI N .2 t wa t he ectra were
acZui r edl Zgsu u u@ﬁﬁgalsé‘faﬁl?eéhgf T%anol 1ssolved 1n water asnE)i dried.
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DNA and protein content assay 25 The DNA content in the final

hepar osan product was determ ned by neasuring the UV absorbance of
0.1 ng/nL solution at 260 nm and 320 nm The

concent rat\Pgﬁﬁv}/&g&gSal cul ated as concentration (p.g/m) :3 Etﬁ%mnss
reading - A320 reading) x dilution factor X 50 p..g/nL Protein
content was assayed using the Mcro BCA Protein Assay Kit follow ng
nmanuf act urldisacshdrideranalysis eeparossd 2011/ 028668PCT/ US2010/ 047183

Anal ysi s of the nol ecul ar wei ght of heparosan A | adder of hcparosan
standar ds g, kRO ORLAGY! Bhs BESPRE in W6 RUCRAEE phesBRALhER

hepar osan pglays%ar ?@gﬂby Scont ?‘ﬁuc}ﬂs pr epa%?)atu?gg %ﬁﬁ%/gt:brﬁ@?ﬁaﬁndpgﬁ and
el ect r ophdreatsd swiths il gy Uaeavh it 1Rpagn Gab¢ 1( Bi adadl at BRIE ovearsightCAYhe resulting

apparatus {Ly_.et. al. 010). .Heparosan 5.fractions re

char act er icéséléc%? d?zgﬂdrdflétrw?% %urlféﬁ‘cg’?r%? ﬁ?é%r}% P %rEO&f'F?C&%T‘r“{/\é\%ﬁ‘Ff‘WésaPB% GHPLC)-

(r]I e [n xed t ?I@rren?xyfiﬁ)aidaﬁfldemslly)fmmbm:rbﬁéﬁwmmbn%?m%iwnd&ﬁ 4ip EriaLﬁum?nt
eterm nati of . ecul ar. wei pr.oper of heparosa e

o " D07 0y Gt B O RBPSloR wh Sr ey LS S0l ch wre pafeeged on

linear polnsamiiafkhi@ OMED ffeMSaaRiIGh 00 CfRSCRY. SSlutions A and B for high-
N-acetyl heparosan, were used as standards for the upper range of ~
sanpl es. ToessyeHiquis elremplegapls serenbi e cof £5 Ynagskaitilasespedively, gentaining

set of st %@35&;@ a‘o%er&ﬂa&?mf%ﬂé mgghggnaﬁhﬁs%y hﬁb&gg@fn%.sa%e

prepared in different culture nme ditferent fernen I on
ti me pdi ntsspariogr wes entfopusdyerc ayCaldi ddume| (Agdlerdth Mpingf sodlitivens i fon200m7h

nmXx 6.8 48 cmwas used..in gsan ecul ar ight anal yses.

oo R IRERIRE A A585 GREDr T3PS P! S

subj ect ed chterel det sopborasite ¢R2Ghsyraly ofonZ@tidd Mhass 1épeatfuinGtyai PSIAMBA,t for

Al cian blue for | h, .an(g Mfrlgr&stlai ned with_25% et hanol /| 0% acetic

acid (Ly &Pntjuous dgiqaypn byMS.  Bheclepirosprapmifnfane Wagset uigadicdprizition mode

i mages wergtedkdhinZepotbistianof 4deV COpRIALExiSSf 1408 @, At SNt Tor t&'ld[ﬂélrﬁﬁre%ff
q

image density as a function of migration distance was acquired. From
t hese ldat 82°tthée phjnia euaxapumabengsrad teripnseig adhllsepn spegambd 4f-ls9dPaedo
were char agiji ekdngef Ni@dhheasStandar,d v i ( Ul t :
coli K5 fer rrentna/t%fon]t?énges ha‘i(be&%?aglgsdrg f(r)\% @ﬁg%%ggfgna% ﬁ%ﬁﬁ%ﬂ ‘1; ﬁgsp roo %)n
E. coil K®hadschgrygel, dm Jdteapie Cell ask&lolaatBidl 42 A1-hl.af t er stationary
phase was reached. The fernentation was extended beyond stationary

phase to agGRMULRLS NS j mum anmount of hcparosan in the nmedi um
consi stent—w%m hcpar osan appearance in the medi um 25
lags cell growh I\/alqzoni Met al. (1993) Journal of Bioactive and
Conpat i bl eHFR8MPnends (YR Edre 28T ductedTdrea WBrakted 666 Midp MNB ancdtronmeter.ndhe

" ccoveyoa PRERh PSR, YER heddrca 8 W soBirad e PR 2001 AEPERREET

NVR Wang Zreete-died(@00Spvdnadhamicalslh @otodO8(d2):: Aidkolved AW addldraisfarted to

(2008) " Sol uti str res of chenoenzymatically synthesized heparin
and its prS@(?a?rg(r}r gun glghjﬁlé‘ﬁ%eﬁalAcﬂPlsttﬁé Oirf’é?‘it@a‘ﬁa%é‘ﬁ%@%t USBEi ﬂQE)SIRN 20
130( 39) : 12688ark3AWthe IREIrNRBRL AR EHE V& Rehrh? of 208 K.

DNA and protein content assay

25 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 (ng/mL) = (Aaso reading — Aago reading) x
dilution factor x 50 pg/ml. Protein content was assayed using the Micro BCA Protein

Assay Kit following manufacturer’s instructions.
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WO 2011/ 028668PCT/ US2010/ 047183 from syntheti c nedia, including M
medi um gl ucose nedi um and gl ycerol nedium showed higher purity

| evel s (> hcparosan recovered from LB nedi um, I d
addi ti onal\gpea]klsot‘agl%ﬁ8 the NMR, consistent with - 85% puri t[al ‘23&&3@%%) )
Further analysis of the LB nmedi um derived hcparosan by pol yacryl am de
gel el ectrophoresis 5 (PAGE) shovved a | ow Mv band, corresponding to a
medi um conioeahysistof e lanwdiglite€hegatdsathepar osan. This i mpurity can
be renoved using a 3K nol ecul ar weight cut-off (MACO spin colum
(Figure ZAA Lol

by EPLO VB (et SRS SOPRAGE R RERAL 3P0 b IRHE R
| yase 1, X&@dp@osaar[wljshmheﬂd& be qonmwnse)rmarame aaohyamg'lmldh s&cfmds;ﬂmreds

oo o ero Tv PHEPER (o SRLLERRRRE s B 0 0 A b
4) - 13- B Glfeahtigrik-vwed} clieridt&iteibe F()ﬂ,ne' tranafOnﬁ-mfss SpRetedth &rySETUGE VAR remixed
13Csand 15N. | abel rosaq red by cujturing the E coil
K5 in VD rBAFEace ﬁ?ﬁé\? n‘&‘ﬂﬁﬁw élldéd°°f1§'€ Jgreae@é Oty fjthe molecular
15N ammmwgm SYehilds of Tibgarsdah YEY uf 8. Qﬁ)l@)hel\df)%%z«{leﬁ&@eﬂd ryffhs}amoylan (HA),
| abel ed 13C 15N- hepar osan was confirned by conplete di gestion
with heparWIHCh {adlen Yingar pedysacohatideowethl thy saam_ chavs: dowsity s Sreepsxiheparosan,
3782 and 505 008 RalefasiEdupitRankd of B L S1G° 15N 1 st opi ¢
enrichnment of hcparosan and confirns the hcparosan repeating

st r uctl@r e Bagh B 4ndi8paresaprernleniias maleraware usdders meat afistap Gardhfor tleenhlﬂg:lar
o v SEABRERRE ot APAREN: | RAREP R oM AT P o
ensur e t hdemichekien vies pnimtsbuA pcdpnopolgicudasieignl (@AS %yed ldumnsmhs 015 mm x

could res n etate ac | ati on and |nh| ) rom h. Th
f eedi ng wa ng}? ﬁ‘gﬁnd’?ﬁwb%ﬁpg}%pgﬂsafl (ﬁ%"éléaé“icﬁg’afi ¥?|°§/efd R?%P@’éﬁa%@‘ (s
observed qgfuicrdrioaded difo geplaal ivare tikn @hbjs@@ceto(cﬁwmbﬁmas)ls (200 ¥ & 108dfh)
stages of the fernentation (after 25 22 , .di ssol ved oxygen becane

i m tildg. PAeRpad sathaicradiesionhd, ﬁrrﬁethpmfl?seﬂmsltwh%ﬁ chunel/ 1934 erstic acid
were used &9 eMRXgI@e "Ifhla‘a%eﬁ' were |s¥a%ﬂecpéﬂv)ﬁgtﬁ&e(bf?@fé?ﬂﬁ % LR clnglgrzglffsmg the

cul ture. Spite theése efforts the dissol ved 0Xy(g e evel s
remai ned gompater goftwdre e[ﬂN:”ﬁEANITThé glm&égmﬁeddm&ntg 3sat dungtion b onigastioul

when Oxyg%tﬁ%gm ah{h?rch ﬁ&&%@ﬁ&%'tﬁ E‘ﬂoleﬂ]{gp @%gblgypr%asdof theﬁ%

fernentatio was malntalne

After 37. Bamplzﬁ)wberdmattatlmdrfromthees’rahdadénsnvbysbtafnc85 g DCW L was
reached, and the heparosan concentration in the fernentation
super%ﬁta determ ned to be 15 g/L. An overall growh rate was
WO 20 CT/ US2010/ 047183 cal culated to be 0.12 if%the overall
production rate was 1.2 g/h, and the volunetric production rate was
0.4 g/ L. h.£ TheKhdparcowtion pushiid ks foo thetphepafationeNbaphiosm was of hi gh
purity, judging fromthe 1H NVR spectrum (Figure 4A). Additionally,
DNA and B i i and . <2% pr ot ei

were pres e%fl‘tcgﬁ %Se‘h& ?r 3?{% ﬁﬁfé&grfga%%angﬁrgtafél? aétf’/r s fonargtlilllf‘%ﬁ WA Rached. The
charact er Ifzraﬁanmnomfzvah epa'fdaé éblayonldi-shﬂkia,lar}”t @&sNWaccthﬁfd\dlﬁe aiyelinh@hl Bindtint of

Transform i gur. al firmt
hg:par san 1n ghe rge 1um onsmtcnt wﬂl reports t at heparosan appearance in the medium

25  lags cell growth Manzoni M et al. (1993) Journal of Bioactive and Compatible Polvmers

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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general structure of heparosan as -> 4)43-D-G cA (1->4)-a-D d eNAc
(1-> (Figure 1A). FT-Ms of a heparosan fraction having a degree of

pol ymer i zakhop,((9kks ©f 24, obtained using 10 preparati VS T/US2010/047183

el ectrophoresi's is shown in Figure 4C. This spectrum al'so i'ndicates
the presence of unsaturated uronate AUA residue (Figure 1B) at the
non-reduci ng end of sone of the pol ysaccharide chains. The presence
of a ternifiran sxuhctiesadite indudinpsV8tmedivmi ghicedsemadivino and fglygeroKsnedium,

hepar osan &yase hggaf%lg{gg%&% ElodohPalm h%f%{)saﬁ tré&%grcg%%ngﬁp“@eﬁn%' 3@&@

suggest s hepar os ered fromfernen I 'on Superna cont af
m xt ur e ofshdseheddtiondpedks rimthaNadR wdnkisdhiAwitie si #ile puand(Rignird 25 Ehrther
residues. This.r |t is cansistent with so of the heparpsan in the
o um bei TEOSACT e ohPCRETREI forid irotiopy TR ambvariarnib gyl Shoneoneray
rel eased i(RRGH)heoweh s by basd, hepasmRa@ENg Ity @ Shedilif @5inbotbnt HRAP36-B:@ies
i solated fromthe supernatant was treated with 13-gl ucuroni dase, an
cxol ytic SNy AEPEeNIRLI BB FimpRsyyfagbaremevsd tusmg: & BBAmoleskiar recight cut-off
non- r educi(ipyedd spih calufER@asamchai n. The 20 observation of rel eased
G cA using thin'layer chromatography (data not shown) confirns that
sonme of the heparosan chains that were shed into the supernatant were
t er mi nat ed hi dippcehaside qompesitiem of deparatan owasofet¢graradobn MPHRaMSciat skew
recovered 3 bdnl e b
fBﬂ%Ethefégh{gldﬁ,Sd%Eﬁm.V#lfhe@%]gglg%éeaﬁ iﬁsand\@eé[gq’ %@@%éﬁ% rrgs\égce of

PAGE 25 agai nst a | adder of puri osan stah
and Tal e a yingleicgisacokeade micdife? edllis ciimasaipeda avmesponds ol AFKR(bwl e85

grown on i er.ol nthetic di LB .conpl ex nedj

Showed 11 (1SRG § Papdied S P CRUA pe TR A s Y B8 e Fr bRy Diglen
super nat ar(i—i4-ogD«GlaSAc §yHt hato @nﬁﬁdituimshaauﬁerfﬁc hEBY ldr\fbledwépd\/bsan was
Hepar osan recovered fromthe_ pell .S d higher Mv than heparosan
recover ed PYRSFR% c'élﬁlq‘ngrtﬁ?%?ﬁ‘ 11 ’oﬁg sh ﬁ&ﬁ%@&ﬁ CORANDENYY °§‘H¥¥m}%g?leds WO~
201110286 GRRGI¢ 442N QHPbaRES ciNEkdo. BRIEAUSEITHE kbR f@ABHNY 1118 1*C-
taken at various tinmes throughout the fernentation and hcparosan was
puri filéd byNvhepaiesanevay quptismad byjsompless digestior mathggparinlyese It Rend 3 followed
resul ting < | : . f f-er i

super nat ant's %eﬁﬁlﬁ%%gagﬁ@gaﬁ%%g}%w?F?{qgeure %%@sk@ﬁenﬁn%ﬁal nitrar
i ncrease ibstweeparn$ah2 nnd 82UP dy coneistght wilf tielfalh&'d dngd 'S ifotopihawichment of
changes in [ I 1. fermentatiqn time increases (Figure

6) . Hepar oglgﬁﬁhp%ﬁ;éh?%ﬁg?@?% }Iﬁﬁa 8xan(rﬂﬁa§1ﬂﬁ§mc§ur%hanged little

t hroughout the fermentation. Discussion In this study, a high
hepar osan Aiadl WSifermchatibeimehi dtinentosuper nat ant (15 g/ L) was achi eved

20 The feeding rate was exponentially increased to keep up with the exponential growth of £.
coli. Several pauses were made in the feeding stage to cnsure that there was no buildup of
glucosc in the medium, which could result in acetate accumulation and inhibit E. 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 used 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 NH;OH. After 375 h

30  fermentation, a ccll 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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10 in a fed-batch fernmentor culture grown on defined nedi um
cont ai ni ng glucose. This conpares favorably to yields recently
reported . /L heparosan fromthe sane organi sm

defi ned ngﬁnggéﬁ g%ning gl ycerol (US Patent App!. Pub%&ﬂﬁ%p@ﬁm?nss
2008/ 0032349) Vol unetric production rate was al so i ncreased conpared
to this previous report. Furthernore, glucose, as a |ess expensive
car bon soutlsslatedate gﬁr Ydérol,, thergiverllt prioductisn frafenwatt 42 gh, pnd dhes solnmetic
econom cal - t atl r Vgl |_at. .
scal e m giifobBfiod Al B 68 JERTTOL IR GRS rdhY B IRERpBlioh s o
ul ti mat el yukigaduduing Gomnidie SHFNMR kgoamos@igupe e4)c tAdditionBihod®sA and BCA

scal e-up studies are currently, r in our lab nmoving,from3 L to
750 & vor drsigrusr g e g R <Yra PSRl i EP urfheh Rens g gpiaR
t he -1G0, GRfledaiwor ki ng vol unmes required for large-scale (100 netric
ton) 20 heparosan production to supply as the starting material for

bi oengi neer ed h?p rin synthesis. The possibility of using a faster

gl ucose fg%%?ﬁ&iﬁgﬁﬂiﬂﬁégﬁ%gﬁgﬁﬂgﬁpation and hi gher oxygen levels in
the fernmentor is being investigated to increase the production rate

t he hcpar JHaNMRT e-N8R  GiPIdBMNed rrdbaTanstom (HTIVS|(Bipase))asl cohifrm the
carbon source has both_| owered the ferpenptation caost and reduced

medi a conpcEKRk WCH‘&WEBGHE‘FF@%E:% it i‘%‘gtl?'&%%t(b“c“’é%'g'[é‘%@é‘%‘.’ (bg (Figure 1A).
Hepar osan puisfdf@thehdr8SinTRIERS ENaviid ITRG B YBScASRioR Y o988, dbfined using
conpl ex nedi a conponents and required additional purification steps

t han difd megrarabsarelgstrephiaress i oravgl it dsaure dét aihihgpagbpinnelgo iedicaies the

o Uho TREoy i ot b AU R AN SRR ARl RERLEA A0 RAS

acti ons ofofttieepd{$sabghagde alrminss Hdwr preddi: 26Xl feBRBE6 SR f¢IB0 10 L@BELBB with
f . An j f heddi jnto t redi.a.i h
yield of HRPAVBRZR o i RERLERE RS i botal g ERESESK SO ERE el

down- st eansugiestsf hapatos@mn rpfo@eR8 S frothh €erpicRBEANC Suprndint! y@s&ine antiikhid aF
to the desirable release of the heparosan_cafsule,into t he nedi um,

i ncr edsi ndlePHesRdgaREhwih AU reaiduesandswith GloAssidpge THEEEHER copsistent
K5 5 hepan@apfdmyssse hﬁﬁkﬂsﬁﬁid e REEAUND BLHE HedSRRE DR dcHQuFRS HUBcarAblRe
at the non-reducing end of the chain that may require subsequent

t r eat ment .anksome hemgsigivasodaste the gecdivis hyatbe dcpdiesapdyapeidigestiasn. t eparoanr

of heparo WA can, [ .eSS] '
o ne P O3 U RCRTR L SAPREBRBAERE IR s cos
i nexor abl yflritméaog tcA fas ectoPUke framotha monTrbicimgesid ntf arb¢pacdapclepar &he

heparogsan w th propertie ujtable far 10, processing.into hepatin.
Thie, ne PhienBhE HsbET S Prden vt RuBEREERLE Y s pReTRGBL atfms
is still prasohtefthe epapahehiiepahosar shid fatd Me saesidtad Wwirl ©etihatd with
wei ght prggerties by carefully controlling the fernentation

condi ti onl&Ad the fernentation processing time. Future control of K5
| yase activity nay offer an approach to for the fine control of

hepar osan Man¢Hagc&rizdton b@RkmirdsaNunber aver age nol ecul ar wei ght (WN),
wei ght average nol ecul ar wei ght

The heparosans recovered from £. cofi 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 M. 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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(Mnv) and pol ydi spersity index (PDI) of heparosan recovered from
different nedia in 2.8 L shake flasks. Medium MN M PDI MB 54, 000

82, 000 1. E\ng}fﬁﬁﬁé&s 50, 000 79,000 1.6 d ucose 25,000 4%’&%23‘1‘0%47183

10

15

20

25

Next, samples from the fermentor were taken at various times throughout the fermentation
and heparosan was purified by Vivapure D Mini H spin column. The purity of the resulting
samples was confirmed to be > 85% from the fermentation supernatants by 'H-NMR.
PAGE analysis (Figure 5B) showed an initial increasc in heparosan molecular weight
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
in a fed-batch fermentor culture grown on defined medium containing glucose. This
compares favorably to yields recently reported of 10.2 g/LL 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 glyceral, makes this
fermentation process more ecconomical. 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 ton)
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

levels in the fermentor is being investigated to increasc 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,
Heparosan purified from complex LB medium was less pure duec 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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LB 54,000 68,000 1.3 20 EXAMPLE 2: 20L Fernentation Report (pH stat
fed-batch fernmentation) Medium @ ucose defined nedium (per liter) 20

g gl ucose, hi am ne, 13.5 g K112PO4; 4.0 g (NL10
MJSO4 7H20W8% J{Wg citric acid, and 10.0 nml, trace net al%'jC %&Qm/}uﬁsﬁ

Trace netal solution conS|sted of (per L of 5 MHCI) 10.0 g
FeSQ4.7H20, 2.0 g Cad 2, 2.2 g 25 ZnSM7H20, 0.5 g MiSQ44H20, 1.0 ¢
CuSM5H20, foge 1Ag a4y gﬁhﬁp@@mﬁh@@dm@nﬁo {he ORARGNCIEes the yield of heparosan in

ised i n tRb TEgEal EPRERE B R AR p AR A% DT O™ 00

MySO4- 7TH20, 479 KH2ZPO4 and 0.4 g thiam ne. The R nedium which is the
gl ucose- cdﬁlearfmemg qfé‘éﬁ lymamttiﬁuttStttbmwfcmiméﬁﬁt atdagmnet the hémrosen capasls into
pr epar ed 4) 2HPOA, . KH2PO4, and citr

ARSI T, R DR S R A S S R S
trace Bet dlepaotautlyne rdsiBOX «handatsiabokdharids r@ﬂﬁi@d&U}\hﬁ t}iﬁ'h(ﬂldnedh&ii@,%ﬂd%f

6. 80, then added to 9 liters. Part A sterilized jn.the
f er ment or ]é%lva]ia?l thet fmgpy 14guiry ﬂ@ﬁ%@cmfltﬁaﬁl%d%@&m% lyagg) &6 ingrepscs the

gl ucose sQobids aﬁlgmd&xa&f HeparsdanC kviidhd et @bbligRd saBRA eﬂracem;;h into
aut ocl ave at 110 for 20 mnutes (can also be filter sterilized)
heparin. The molecular weight properties of bioengineered heparin are inexorably 11nked to

those of heparosan. The present method prepares heparosan with properties suitable for
10 processing into heparin. Thus, the inventors have shown that in the presence of the lyase it
1s 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 lyase activity may offer an approach to for the fine control of

heparosan controls.

15 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 44,000 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 KHyPO4; 4.0 g

(NH4)HPO,, 1.4 g MgS047H»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 FeSO47H,0, 2.0 g CaCly, 2.2 g

25  ZnS047H,0, 0.5 g MnSO44H,0, 1.0 g CuSO45H,0, 0.1 g (NH4)sMo70424-4H,0, and 0.02
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Feedi ng solution: G ucose, MgSOH-7H20 and 47g KH2PO4 wer e di ssol ved
inthe 1 liter of water with heat and stirring, and sterilized by
aut ocl ave or 20 m nutes. Thiam ne was di ssol \4;%(] i

and t hen f‘i%tzi]%%% g{};i |ized. 15 Operation Procedure Day :rllll—sg?}ﬁﬁ%ﬁéﬁ
cul ture tubes were inoculated in the glucose synthetic nedium

descri bed above (R nedium) with K5 E. coli strain (stored in -80 C
freezer) igWNeffeOmbdhkiChgThyfasdmgisnlutinn ubetiorthafeddated stdgalcongjstat oR2@or L):

rpmfor 1 I The f CAH-tur r ferred to.20Q, 500mL .
redi um i n 20% Bosq 2 4 QS QR RSP QIR0 MEOT SR s B st
C shaki ng iathe2gldcasproftaiminkOmbdiumsuseDay th: fefhentdtenagptfonmddHwas bparddis
DO probe ? sterilized and calibrated at growh temperature (37 C).
Three punggl Were set: punp 1 - NHACH for pH adjustment; punp 2 -
feeding solution; punp 3 - antifoam 25 R nedium part B was added to
the fernmentor to mx with part A and inoculated with the 500 m seed

cul ture. Theepmaa’ daiitalHBB«JHE D, BYd pititprcid wiere addeditp apeptsi lifgrs of
feedi ng sqlai fth AGEHEIEYir e %tﬁ@ohﬁ%ﬁ@%d@f&ﬂ'%‘@kﬂag ag{?éd?'i}i’eegl{

The Feeding punp was progra o give 100% out put 6 ucose
pul se) wherdjusteso 8.80;Then wicr added e Pditets. ahdt Srwasi sterflizedvinr the éermargor at 121

i ncreased .t he DO above 20% A pure oxygen WO
2011/ 02866;‘3&#%%@%? 71047183 fl ow was added when the DO coul d not be

]Ic<ept an abbwezdaﬁ}%%;d/t ﬁa}v@ﬂﬁg @i glubdyg ssheieds anma:deadsr 16X atockDayd  Serillea
ermentation stop n t culture's 0D60 val u ins to
decr ease. SHEAEN Wt cﬁ%ﬁ?eﬁ%&@ﬂ’df“’é@n&?’i‘ ?‘ﬁ%gﬁgﬁ%éﬁ?é‘lh&dan was

recovered fromthe supernatant. 5The blue curve in figure 7 is the DO
tr Ielnd (di %@dig@dﬂm enuddse,trhgscommg{ e)d 47%e1¢h HLER, Wire Hisghivetemstht Y 1dr olf
cel I's consuned .the oxygen.very. rapi , the DO went to near 0 severa
hours bef SYACT4MARET IR pid g7z P ageslgert e vl RILOgpinptes. Thiamine
Mai Nt ai Nedyes FGoILAT ARAk @ Mhetatcs@RRRY. a few hours after when the
OD 600 (optical density of the culture at 600 nmlight wavel engt h)

began to decrease. The fermentation was stopped by turning off the
100xydén fORgxatien Brseduret he stirring, and then initiating harvesting.
Sanpling: approx. 40 ml was taken to nmeasure the optical density at
600 nm thewy gentrifuged at 12,000 x g for 30 mn. to separate the
supernatant fromthe E. coil cells. Supernatant and cell pellet were
frozen se%aratel

our 5 mlydulturc 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

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 - NH4OH 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 purhping in NHsOH. 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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Fernmentation sanple analysis: dry cell weight (DCW was neasured by
wei ghing the dried 15 cell pellets on a scale. Heparosan

concentra super nat ant was neasured by NVR g
88y AR,

met hod or car e assay follow ng ethanol precipitations

et al. (2009) "A sinple nethod for hyaluronic acid quantification in
culture broth" Carbohydrate Polyners 78 (2009) 633-634. Wang Z et al

(2009) Andlovsivat idsied v388 (i) DR7&u ndHe keptatl dbgvar@o Myhanging Rirgog epeed
7, 8 and 9, dggﬂ'gpve heparosan produced in this fernmentation stage had
a nunber average ol ecul ar wei ght of about 58,000 Da, a weight

aver age nol ecul ar wei ght of about 84,000 Da, and pol ydi spersity index
(PDI) of dbouk: Tiheéfenmratlbly smppeelswhermtﬁledulatre’@@@ 8%851110:)@@1%&%%@&&6:3 The

Hepar osan |f|ct|on t.h chi.t ogsap chromat o osan is a

[ hoar - pol YLt S BryE e e el BB Raf SePTH R B
13-(1-4)-linked D- 25 glucosam ne and N-acetyl - D-gl ucosam ne

provi dés flhe téue caereermﬁgurvéf ik oheaDOomm:i (ehssdiaagexyrgas nmthfemulttum Because of

chronatogra hi, ¢ ur f| ation rosan

chi tosan® (1o B B oHERian Sl n BT A g ROt B g vere
aci di ¢ congdidsiveforandvédiag, amﬁreah@pmfe @Qy@nffww ahd gl ﬁ]Mnﬁ;’:h%@dThe fermentdtlon
purification of negatively charged heparosan. Purification of

2011/ 02866EPEHPRESHS fOY Haws ghemwpery he HP KAQ &ptist deptityordthe e%ﬁlr%ét 600 nm
easi |y confohiolhedeadeskean & fucm@s@nm@q&%{&&%ﬁ %Sﬁgﬂﬂa L»&"btéy ﬁhmpg*off the

Moreover, chitosan 1s inexpensive, available in ab upply, and
is bi d@egtﬂamlf@“’ mpslnémr@gdé@bﬂlﬁb@sﬂaaﬂsémltsémgon met hod based on
sol uble chitosan for efficient recovery of heparosan directly from

ferment at igp, gﬁﬁ%oi‘?ﬁ%@v S0CHRLES Rt [ hfers%H B GRREPHeRG aartgétoiﬁg@“’ then

usi ng chitos tially can be used purification
negat i vel yewtifuggédt A2600 ot Egudleriitf. rto repoatp Itle:xsdpema’ent froinothe i, xvlircels.

The f.erneg&%ﬁ:ﬁ%%ﬁ%%@eﬁ%ﬁmg@'ﬁo@gCheegr'a&:lf" a coli K5 fernentation was

centrifug Move the cells. 1. NMR based
guantification of hcparosan content in the supernatant was
10perfor n@drm@tatfﬁhealpp{e@ﬁalyﬁe dypell maighn{DURH3 vas pusdued byowdgling dienigied

:Sy ?%3? :cgll? 8%1?63%%1{ B?ai Igi?p?lgcislgﬁ o %%rllt(l?art]m%tln Zheosgpégﬁ]ar];t%as ]mcre]ls&rgd {))Ef'\ Wl%
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 718 (2009) 633-634. Wang Z et al (2009) Anal Biochem. 398(2):275-7.
The results are shown in Figures 7, 8 and 9.

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 (PDI) of about 1.4. Purity is estimated at 95% or above.

EXAMPLE 3: Heparosan purification with chitosan chromatography.

Chitosan is a linear 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 soluble under acidic condition and therefore

suitable for affinity based purification of negatively charged heparosan. Purification of
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3. Following this the supernatant was diluted 5-fold using pH 4.0 DI
water. 154.10 ng/ M chitosan sol ution was prepared by dissol ving
chitosan i 0 |c acid solution. For every 10 ng of : .5
ng of chi t‘ggé?l/f@/g§%%dded to the supernatant using the féﬁﬁ%ﬁﬁﬁﬁ)%s;
chitosan sol uti on. 5. The m xture was then stirred for 10 mn at
roomtenperature to ensure proper mxing of the resulting solution.
Thi s was fhsbirossdbabsd démchitvaan can lef eaBily bentrolizd based an chiBrsau epmiegtrgtioncand

Chi t osan- h osan el ect. t.e.conmpl ex for. a.precipitate.that, .
oot L oagaeal 950 S CEakY of QTR ORISR AR Sl i 5
h. 7. Thi sbiw@graﬂﬁﬁlé.omiﬂ_daymphsiahdmes hecrpraioh mdtiaddebastd bn pituile Qhitdsan for

wat er and ntrifugin t again. at 8000 .rpmfor 1 h. 258 Chitosan .
oses | ts COUPEATCVHALH PEPaTaR Aire Eom, GHAFTF e hr%tgdi”fﬁtj DA ANSHIRHEIIOR
of el eat r apt@t defard@Mhiy cHiRAM Rerkiallf EALLRRATOASAR ficktichIFWhilcP Re@iidel
I nsol ubl e chi tgg%n. Thsgigw%slhed ‘g%? Ilet)f'was put in lMlNaICJ-l sol uti g%tﬂlaﬁg
i ncubat ed Boerhmgapmolschlss Bowcopelsafesentation Bettwics.-on. The i nsol ubl e
chitosan was renoved either through filtration or centrifugation at
10000 r pmfHRrfertnchtatidl Bibiis friofePL 28 PRnH AR K80reWhdrttRn Gk IOftri R A 8MER0

step or an ani on exchange 26 WD 2011/028668PCT/ US2010/ 047183
rpm for 30 min to remove the cells.

1. NMR based quantification of heparosan content in the supernatant was
10 performed.
2. 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 impurities that

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

15 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 polyelectrolyte 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 nature 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 NaQOH 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 ¢xchange
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step to renove other process inpurities leading to further
purification of recovered hcparosan. Exanple 3A Using the above

pr ocedur e, was purified fromfernentation br i F
5 sephar 03\?&8?@2{09@?&2\/\/ resin in colum node foll owed by%&é@?@?@éﬁn
wi th four volunmes of ethanol. The recovered hcparosan was then

di al yzed using 3500 MACO nenbranes against DI water. The dial yzed

sol ution was then fstepze-reiniedothel provdss gmputitieselcadingica fothen pimfjcation of
rotary evaporator. ution of this purified heparosan was
t hen prepared by di ?géYégy}l@pﬁ%Q%nn pH 4.0 10 deionized water. Six
different sanples are prepared by using 10 mMl of 1 ng/m solution and
addi ng varBramglesd®ounts of chitosan in the range of 2-6 ng using 10
ng/ M chitosan solution in 1% acetic acid. The sanples were incubated

at 4C overni gh i DI l.yel |yt | S. ..
recover ed L%;l}ggc%lﬁta@‘%u%% %eglu{)ehégséﬁ%ggrp a)égmgﬁ%%ﬁé tf%lﬁ%gnfrt%lrog?r%. URIngNPEAE
NaOH sél utsepginrosadast flew addenl colonmiheodeelbollelsd bppeaicipiation dhio fidurwahinad ef
with pH 4. 5 wat er. I.nsol ubl e chitos. s.re

centr Tugiitgd: TopOG T Eit 1BPs. o drctaarb s BErIERp sppnbranes
super nat angaing T Wwiien BRaliMzed sbRtioR WeS Be §rcele-MefPfo Qs RN g USIultt el tion
carbazol e assay. According to the carbazole assay, 100% recovery of

hepar osan Wi&8 23RRIYEAY8RPTHP-pH 4. 0 by addition of 4 ng of chitosan to
10 M of 1 ng/m Heparosan solution. 20 Exanple 3B In an additional

experi menta 1 PRI Sahtdit ofakis phisl RphRkarPRss m@@gﬁﬁi}%@b% QR3solving it in pH 4.0
centrifugati on was conditioned by addition of hydrochloric acid to pH

! alt Lo p
4.0. TR s dpweizedmatsnedixhifaer samplayee psmpaied bgooos dPmiodl me/ml fobytion and
removal of, yi: Ll rechpltat 1 S g
adj ust ed ggglggﬂi‘bgﬁ?imgnﬁgioggﬁftb%lhl\%gdtﬁlego et ?%%.6 Ki%%ﬁ%ﬁ@ﬁ?%? (gg ?S%rrll
of this pkemtdpust Bd asaivpicl. ridhveainplds tieeet intibercd and¥C mverdiglys ToE precipitated

hepar osan | hese, sanpl es. These sanpl es..were.then dilu five
(T hos et RS0 G BRI res TR Frsd A oA M a8t i phiper 1 1
each wer e piepEa@H sbytia diat then adfedcbitho©pdits dbtdiiel walge waghidz ¥itAHPELO0
I i 10 / hi lution in 1% acetic _acid. The
2:$| ggu\?\gﬁgwgt% Uﬂg%ega%hgtgs?a%nwgsoremove§ by centrioﬁxg(i;ng 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 ml of | mg/ml Heparosan solution,
20  Example 3B

In an additional experiment, supernatant 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
supematant was then adjusted back to pH 4.0 using I 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
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WO 2011/ 028668PCT/ US2010/ 047183 4C overni ght. The precipitated

pol yel ectrol yte conpl ex was recovered by centrifugi ng these sanpl es
at 8000 r f.or A 1M NaCH sol ution was then added ets
obt ai ned w ﬁ@ﬂ@iﬁg%hing it with pH 4.0 DI water. Insoﬂ%gwggﬁﬁ@f%%%n
was renoved by centrifuging at 10000 rpmfor 2 h. The recovered
sanpl es and the supernatant were then 5 analyzed for presence of
hepar osan 45Siavgmight. ckhelirzopitaters pelycle@aiyiazomplea ssayscaferddney sammpiugmg
showed - 70% £l i on_of ras r the fer tatjon, broth
The i nventll (:()Sﬁ%%éqgl\?lé %géb(@o?%a%omgfﬁ i % Zlglt ltIEf)girjfﬂl ?uglgfl i“(()a%q ' ?1‘161 33§ e pelets
recover i n@bhubedrwistarut farasioing ér wahtpdlt 4.0rDbwateh. IfSolublselitosmpivay fhdvad by
Dy O kv eTippl Sas 2 B s P 0P 44 Bl Mant wer then
preci pist anhaldLed % f]_ﬂé&@hdce' Srahdpardsaf ushl‘?%)ﬁ{eomzol\é’fﬂs%}. CambhRle assays of the
enzymatical ly nodified to intravenously del i verabl € heparin. The

i nvent i on samBlss phoied de®% pirification of heanropsyrfeam thedermegtagew proth her eby
reduci ng the working volume involved in this process as conpared to
commonl y enmliﬁve%ﬁo@yﬁmh R BCARELA TR BRRethdd for WKL Sl NeBhEERSfrom
for ethanol precipitation, for exanple, in sone cases exceeds the

f er ment at ifemmonetionreyothThLCltosmo spatovpd dnathes brosersgisaddshe rerdtlyravail®le,
of chitosgaf it ; a CO. "
ol yoat | or BRI an e 2 (ALY G SORRRIEH: LD Ble as ¢ prscipian
(CPC) land fBolpyfificagtoh ydfdhepatdsg, whivhh ndaunbe Bhgmiatiedlly hroditdi toi anravirdously
nmet hod has, {.he .pot ent. al..far rifjcatio ot her .such .

ol ysaccndielEeiE hEMHRS Ty diviie el Broyls don el 5 eursive s sy
as DNA.  Thiductnaueivoing@omP egivde sn 1y praces 954 corifatdith ¢emmeER eIt
bacterial capsul ar, . 20 pol ysacchari de, K 5 heparosan, fromthe )
f er ment at ieg}‘i‘“?xlr%f‘ﬂplff’é‘f’ﬂéteBg b1 etnesi?l RS B tbfﬁl@f pecipdgionnor ggample, in
devel opnenbmetadl SREANEESBHNARANomeEN §hEBlokS £V &M%i&&@%ﬂdaéﬂlé Yature
derived pol ycations, which are bioconpatiblc and bi odegradabl e, o
t her edy prodehidiisagmakesat muel mate fayafaljatempared fo atharipelycetensh mbicdhigye fosic in
i ntraveno el i) J ' i Ry j Lej. .
obt a1 ned TR B, USDSHAHMAESHENCRT) 4P PO iy WSl Alanfl SR chiyice.
t her eby r ddaddition, tiSmethod \hey thie potewtid] doregpurifibaioaad ethef such polyercyhavides hich
step and it? %ongatiﬁjlitédmﬁt furtheg skﬁps in the chenobenzymatic
synt hesi s STV BIGRIKG R SHUSREAFH BRIE S PV deal for use as a
purification process. This nethod has potential for renoval of other
ani oni ¢ pdiys dowodndon deso agravipesotfed rs odetr ieffectivier asvobagt ef i lakterial capsular

fermentati on as, we| | hi ghly.charged negative speci es.such as DNA.
A tor iy BOBREEMRGe: 3 Peresdgn RS oIS e MBnE Prok o gptential
produci ng us¢asihd tel:@bprierd? WF BidAEAERERRepafiRMThe GRdthodKSmpl 6 R LB Ferived
(a) culturing E.coli, K5 in defined nediumw th glucose as the primry
carbon souwpbEations, whiclprerhiioramivgtile ped bisdegradsbls. Gerchypioniing an afficient and
subsequents, &l tifefond8hnology for intravenously delivered drugs such as heparin. The high
8 P g
yields obtained through this method make it ideal as a concentration step thereby reducing
25  the working volume. The case 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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(c) precipitating heparosan fromthe eluate; wherein said
substantially pure heparosan is at |east 90% pure. 2. The nethod of
claim1, wherein culturing consists of a batch gAcwinhy Poelse Nangd 7820206
bat ch growt h stage, wherein (a) the nmediumused in the batch
growth stage conprises (per liter) about 20 g glucose, 10-300 ny
thiam ne, about 13.5 g KH2PO4; about 4.0 g (NH4) 2HPO4, about 1.4 g
MySO4. 7H20th§b’él‘}{amled7lsg citric acid, and about 10.0 nL trace netal

sol ution; wherein the trace netal sol ution consists essentially of
(per L of & M Hemethed of pgpdugiggaubsiantiallypuge heragasan from Beoli keb, somipvising
0.5 g MSOL 4H2GQ) 1. &heGridy Q% X2, de@iml,d %eGNHﬂMN%Y&%ée %@mrﬁﬁgy Qarggn
g Na2B407. 10H20 and wher el n; f eedi ng nedi um used

fed batch ¥kt h st age consi sts of (per L) 250- 1000 g gl ucose, 20 g
Mg804, 0.15-0.549 t ti

(c) wherein oxy(ggn |m é@%ﬁ?pégggb‘@%ssﬁg@gfé%@ﬁ% S\g\nbst]c%&?%n?ﬂqqg

suppl enent al oxighen.pr&ifihingberoganiron the duap, wher ei n di ssol ved

oxygen i s maint 0% 4. The aim 2, wherein

t he tenperat ur e‘%ere]ﬁémﬁ g‘?gaéléal p"gﬁgfﬁarqf?‘&'s aéﬁeﬁstﬁqgc% i s mai nt ai ned
at about 7. 5.The method of claim4, wherein said pHis nmaintai ned by
t he additian ofTiz9%ethodohclains d) whérein cultiirtgoconeiyts D aletch Mpowth phase and fed
047182-02012,[ . E]e met hod of claim2, wherein the mediumused in the
fed- bat ch RIHEVL ¥E WPE at e deternmined by Ms(0= FMBI:to = - m
Kto)V(to)exp | p(ait -thé elliunhadeiim iiébatcdh grawth dtd@WohipkiesOfpet ier)BHRAD g
source (81]11%‘); is feed flowrate }(L/ggl@ SF is car bon substrate
concent r at 88FPsPnl G0 madpjapye, yoouil3. & sdelaP Qup Ay 028 (N1 Qs gy 148
i s specifiggR8). I?H?asad%@t £9¢f difriei 281l aldADud 600 ML el etGldolifon; Mﬁérb'ﬂiﬁhe
(L); tois tlrre of feeding start; t Is process time; | is _specif

growt h r at @acgehngtal sahtﬁlovcogsmtse@@ruallm@ﬁ eh o€ ArMdHC U8k & Ke a(’tﬁz@) 20g
CaCly, 2.2 g ZnSO47H,0, 0.5 g MnSOg4H,0, 1.0 g CuSO45H,O, 0.1 g

(NH4)sMo070,24-4H,0, and 0.02 g Na,B4O 10H;0 and wherein;
(b) the feeding medium used in the fed batch growth stage consists of (per L):
250-1000 g glucose, 20 g MgSQy, 0.15-0.5 g thiamine, and optionally 47 g KH,PO,, and

(c) 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.

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

ammonia sclution.
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7. The nethod of claim2, wherein nore than 12 g heparosan per L of
culture supematant is obtained. 8. The nmethod of claim7, wherein
said fernentation is | ess than 48 hours, not i nchtiéinegDsélas Ner047182-0206
culture. 9. The nmethod of claim 1, wherein the binding and el ution
step corrprlses_R(M renoval of cells; (ii) mxing of an anionic
exchange r@sin et‘ﬁeth%oﬁﬂﬁlﬂug,ewhqméﬁbﬁamaﬁ?m&ﬁéf? iretheed-baeh stage is fed at a

super nat ant, (el ghing the resin with 50nmM sodi um chloride in
sodi um acete?teeég%fn?gr?at pH 4 (iv) elution with 1 M sodium chloride

in sodium acetate buffer at pH 4. 10. The nethod of claim1, wherein
said binding and elution step co rls (i) renmoval of cells; (ii)

m xing of a chitosamMs(hEh{t)sp, Wit £| XU e QespnaE Aatynt; (iii)
precipitation of the chi tosan an -‘i soI tion of the precipitate; (iv)

washing the thitosan; (v) elutio eparosan wth about 1M NaCH.

11. The neyheenofls &l @b flow \Mtebem c‘aascﬁ stanﬂ;@(@,my ag hm&eﬁlm@r ASAL/AY SMis
the eluate corrprijses et hanol . pr.eci pi.tation. he net hod of claim,

1, furt her¥E¥RpTPEay cAEpyFdgeiathofoditeh) h%id? G@éﬁow@fi&s%i%ﬁg& dav); Thés

met hod of ghahPhiniMagELldRfidiG RERIAER nvl@ Lhﬁuﬁé S16@e (L ARGk &%
than 2% pr%t elln m,&ttor ney Doctragg ﬁng 182 20% 14 ()The met hodfteof

claim1, wiwkdiin prepsshpar osiarsphafic aETCWKIhtrétrc @vbr@ée\’mlse@ﬂl weldvasi gdibon
of about 5‘%% @% a wei ght average nol ecul ar wei ght of about 84, 000
Da, and polydispé&rsity index (PDI) of about 1.4. 15. The nethod of

claim1, wherein the heparosan is at |east 95% pure.
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; (ii) 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 sedium acetate buffer at pH 4.

10.  The method of claim 1, wherein said binding and elution step comprises (1) removal
of cells; (ii) mixing of a chitosan solution with the culture supematant; (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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16. Heparosan produced by a nmethod of any of clainms 1-15. 17.
Heparin manufactured fromthe heparosan of claim16. 18. The use of
hepar osaon nmade by the nethod of any of clainms 1Albmey Docket No. 047182-0206

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 1-15.
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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