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SUMMARY COF THE | NVENTI ON 20 The present invention concerns inproved nethods
for the production of heparosan by fernentation of E. coli K5, isolation of
t he K5 powg=atighsss8de, and purification. In one enbodi mear/ustéie/omashod
conprises (a) culturing E.coli K5 in defined nediumw th glucose as the
primary carbon source; (b) binding heparosan to a solid phase with
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precursors” Journal of the American Chemical Society 130(39):12998-13007. Heparosan

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 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 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,POyu;
about 4.0 g (NH4),HPOy4, about 1.4 g MgS0O4-7H,0, about 1.7 g citric acid, and about 10.0

3



-pi (t:LI] 25wherein MSis nmass flow rate of the carbon source (g/h); Fis
feed flowrate (L/h); SF is carbon substrate concentration in the feed
(g/L); XWwe2enli2s@sncentration (g/L dcw); mis specifi cPoriust@nannss
coefficient (g/g dcw h); V is culture volunme (L); to is tine of feeding -
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acetate buffer at pH 4, elution with 1 M sodiumchloride in sodium acetate

buf fer at4gHBPQpternatively, binding and elution may be achieved with
chitosan. In one enbodi nent, the culture supernatant is mxed with a

chi tosan IEQEIH{eH%BMairﬁ&té,%X?éé@MO&iﬁG(PB? SHRELREE- TRPGir may be supplemented

with oxygen. Preferably, dissolved oxygen is maintained at about 20%. In some

embodiments, pure oxygen is used.

10 In further related embodiments, the conditions include the temperature maintained at about
37°C, and the pH is maintained at about 7. The pH may be maintained by the addition of an
ammonia solution, or ammonia gas. In some embodiments, the ammonia solution is about

25-35%, including about 30%, such as 29%.

In particular embodiments, the feeding medium used in the fed-batch stage is fed at a rate

15  determined by

20 MR8 = { 4 In }x ¥ (e [ — 1]
L

25  wherein MS is mass flow rate of the carbon source (g/h); F is feed flow rate (L/h); Sp is
carbon substrate concentration in the feed (g/L); X is cell concentration (g/L dcw); m is
specific maintenance coefficient (g/g dew/h); V is culture volume (L); ty is time of feeding
start; t is process time; u is specific growth rate (h'l); 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

4



5 precipitate is isolated, washed, such as with water or other dilute
buffer, and eluted with strong base, such as about 1M NaCOH Bi ndi ng and
el uti on wohoohizs@san may be perfornmed in addition to amconiseoiesnehange.
Fol I owi ng bi nding and elution, the heparosan is precipitated fromthe

el uate, such as with ethanol or rret hanol . In one enbodi nent, 3 vol unmes of
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| east llQﬁ'addﬁBn'tc?ﬁﬁ&mé%%ﬂan at 20 least 13g/L, at least 1l4g/L, and at
| east 15g/L of heparosan. % substantially pure heparosan is at | east 90%

at | east 95% at |east 97% or at least 99% pure. In related enbodi nents,
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kDa, 19uchragpieh@isttysitalkbrashed Zndweicght average nol ecul ar wei ght of at | east
20, 30, 40, 50, 60, 70, 80 or 90 kbDa, such as about 84 kDa, and

pol ydi sper5|ty index (PDI) less than 2.0, including less than 1.9, 1.8,
1.7, 1.6,The micthpd 4a18<brenqorspasmcmu@ipﬁgnaébiswrogematwmnstﬁwMhraSehbcﬂﬂ%]ﬁtls

the inve LOf the heparosan produced by the above
met hods ﬂ{ﬁélg&g f?fﬁlrlrlelu@;a %tenzje%%?%par ation, such as a coating of a nedi cal

device. In 30 related enbodi nents, the hepar osan is used for the production
of hepar iThe Rethad ety itviestidn oMm'nBOﬁgh{ PR BB6ERCHAISA0 SOt AighGRirityvierdmatin i s

a nmet hod of use of the heparosan hepar i n,produced by.the foregoi
et hod 1 G i G L AB R0 S ToR TGRS SOOI e St he
i nvenii onhd fvRRIRA! RIARUN RAWCRIRY ?Maﬁctfd'ﬁr(ﬁgfé bagsdethRdiclld REhshird@Gn may

heparosan with a purity of at |east 90% at |east 95% "and nore. In reI at ed
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 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

5



5enbodi ments, the invention is heparin produced fromsaid heparosan. BRI EF
DESCRI PTI ON OF THE DRAW NGS Figure 1. Structure of heparosan. A repeating
di saccharwdeourni2zges8f heparosan B. structure of hepar osamrCths2onones8sti ng
fromthe action of heparosan K5 |yase. Figure 2.1H NVR spectra (600 MHz) of
hepar osan prepared in shake flask culture. 10 A stack plot of heparosan

redi um 0 SOy oo Dbt . MERRBELH T PRASA ) Pele bt Bl 1

2 and 3. BrthReR@AuezaRe bES BNBIcBRchT OM MO nedi um C. heparosan recovered from
gl ycerol defined nmedium D. heparosan recovered from gl ucose defi ned

medi um Figure 3. Production of heparosan in a 7 L fernentor. Panel A shows
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N) assa fdmﬂﬁj‘dlrﬁéhtgfthéﬁﬁiaf&nilaﬁ hmnhlpn@dl(cbd froE1 gwlespérc@bhar acterization of
heparosan purified fromthe supernatant of a 7 L fernmentation. A 1H NWR

Cont ai ni ng. 13C g ucoee BRI DESRBR KLt R DRARINGS 5 2 heparosan
chai n of average nol ecul ar wei ght 4551. 81 (degree of polynerization =24)

purified fbguferlepar AthicerEABR s . ai ,relé’&aiﬁé dldﬁb%ﬁ»ﬁeﬁlﬁ%fhw@sahon; MV

anal ysi s of heparosans with cian blue s A. nol ecul ar standards
spanni ng stietureeigepaosarh ehajn aesimg fgvém thelaghes oteparisan K§ lyada. 25 nol ecul ar
mar kers (30 kD-310 kD), 2. heparosan nol ecul ar mar kers (6 4 kD-14.1 kD). B.

hepar osanrﬁ?g{)%par edy. ﬂl\ﬁb%g& e(gﬁéﬁ\/ﬂ{% gf fléﬁf‘a&f syn %ﬁ?@ R Rinlle. 1

hepar osa m MD nmedi um ar osa Ic nmedium 3.
hepariosam f stack plotichisatysmt hebvaedrdinum. BB dne@l.lurhepaLB Saddidirh davinB MW um
C. hepar osans pr epar ed ina 7L W 2011/ 028668PCT/ US2010/ 047183
> 3,000, LB medium having MWa,, < 3,000, and inset showing PAGE analysis of
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, m) 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. '*C-NMR of heparosan prepared

20  on M9 medium containing Be 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. 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 ina 7 L



fermentor sanpled at different tinmes. Lanes contain: 1-6. heparosan sanpl ed
fromthe fernmentor at 4.5 h; 12.6 h; 14.5 h; 20 h; 32.9 h; and 37.6 h after
t he st artwof2otinesdeer nent ati on. Figure 6. Ti me course of morasadiansmes ght
properties of heparosan produced in 7 L fernmentor. Shown are the trends of
MN ('), Mv) and PDI (). 5 Figure 7.The pH curve () and the dissol ved
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oxygen (% DO) ,curve. (. a nctign of fernmentation tinme (h), in the 20 L
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20 L fernmentor. Figure 9.1H NWVR spectra of the heparosan sanples purified.

10Fi gure 10. Heparosan concentration in supernatant post-precipitation using
varyi ng diguats of Tinict @uas ¢frwpcadaniverpht prapgrtips of diceaespapioduscdsisl Ui on.
Figure 1 n r | Nahyi %(@% of chitosan from 10 ni
of 1 nmg/ #161%;?)6{??02 @g%?ggeg%\ég% % (;3‘1}01{21[.9 (1\—$QUWZ§?L i er%: r?t' age recovery using
varyi ng amounts of chitosan from 10 m of 5x 15diluted fernentation broth
sanpl és DEgALZED DHICRIHPTLON (S aiddEhel ARNEH OXyREHHIDID CSve (v) as a function

of fermentation time (h) in the 20 L fermentor.

Figure 8. The cell growth curve (DCW g/L, (N)) and heparosan concentration in the

fermentation supernatant (g/L, (8)) time course in the 20 L fermentor.
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 ml 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
DETAILED DESCRIPTION OF THE INVENTION
DEFINITIONS

Heparosan is a polysaccharide with the repeating diassachride unit [GlcAa-(1-
4)GIcNAcR(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
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[ @ cAu-(1- 4)GlcNACR(1-4)].. Because the K5 exopol ysaccharide is nmade from
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art in the context to 15 which the "about" nodifies the stated term For a
numer i calPWiy way be aessercd byrggeapekeyrs jndée 8d- t o enconpass a variation of 10%
around the stated val ue. FERVENTATION OF E. coli K5 FOR THE PRODUCTI ON OF

HEPARCSAN g sed herein “a” or “an” means one or more, unless specifically indicated to mean only

one.

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, E. 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, (c) 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, (¢) 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
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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.
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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

~
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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 dcw), m Specific
maintenance coefficient (g/g dew/h); V Culture volume (1); t0 Time of feeding start; t

Process time; p Specific growth rate (1/h); YX /S Cell yield on carbon substrate (g/g).

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

10
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centrifuged or filtered to separate the supernatant fromthe cell pellet.
Formalin or other agents may be added to the culture to inactivate the
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heparosan is bound to a.soljd phase that preferentially binds heparosan.
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supernatant fromstep (a). The mxture is agitated to bind the heparosan in
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and is therefore not in a "solid phase,” it precipitates out and thereby
carri es HBgprApwsan agtyian: hiwllowed by pelleting and extraction of heparosan from the

20  supernatant.

In step (b) the heparosan is bound to a solid phase that preferentially binds heparosan. For
example a resin, such as an anion exchange 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 clution 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



WO 2011/ 028668PCT/ US2010/ 047183 supernatant. Simlarly, heparosan could be
run through an appropriate colum containing a solid phase, washed and

el uted. Iwoz0am28@3, the resulting heparosan el uate froRCIUSR010I0}718S
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anal yzed with hlgh pe%fornaqce | i qui d chromat ography (HPLC) - el ectrospray
ionizatidW“%EEWV—égé@/éﬁ@ﬁv%onetry (M5) after partial digestion of the
hepar osan. Bhattacharyya S et al. (2010) "Cell-bound IL-8 increases in

bronchi aly,qpint gl thalpr&Hlilak RTEKOVRE YA %’tefr,' REQILR &d! BNCAGIrddBatldh step to
sequestration with chondroitin-4-sulfate,”™ Am J Respir Cell and Ml ec Bi ol

42, 51- 6lnactiMatVRerasding3 GpordydunFhacidn anid othe weetdmorantsndi desitdly Heparsosan
and is suiHﬁble for, determ.ning the ggqégnération aqﬁ Ey{i of he&arosan.
Vang z, ZWERG"H I HERE TR A 2RI 08t PG Ce AP r?%ﬁé%efoé“ Bs¥nance
quantiiof i aa¢dchihgf RentIRd kAW mg The F?é’efuﬂ&%nhdﬁﬁrdé@tp sUpEipRALY 92468 ha dtee, and
production. Anal Biochem 398(2):275-7. Heparosan can al so be determ ned

with carbhigdl e analysis as reported by Bitter T, Miir HM (1962) "A
Modi fi ed 25Uroni ¢ Acid Carbazol e Reaction.” Analytical Biochemstry

4(4): 330 ANALYSIS

The resulting heparosan is analyzed to determine the yield, purity and suitability for further

processing. Several analytical tools may be used.

15 The disaccharide composition may be analyzed with high performance liquid
chromatography (HPLC)-electrospray ionization (ESI)-mass spectrometry (MS) after
partial digestion of the heparosan. Bhattacharyya S et al. (2010) “Cell-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
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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DNA content may be determ ned by UV absorbance. Protein content nmay be
determned with, well known kits, such as the Mcro BCA Protein Assay Kit
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are from Corning (Corning, NY). DEAE Sepharose Fast Flow’from GE Heal thcare

( Pi scat aweyparting Yrowmathespieid of the inveatipur i fi cati on of heparosan. Vivapure D

Mni H spin colums were from 20 Sartorius Stedi m Bi otech (Aubagne,

Fr anc$). M cro BCA Protein Assay Kle'ﬁﬁ%i m Therno Scientific (Rockford,
PLES

IL). Whe enzynmes used to digest th n for disaccharide anal ysis
were expriegaffipdd purified in our |ab as described in Han et al.(2009)

"Structural snapshots of heparin depolynerization by heparin lyase I" J
Ri ot Chem 284(49):34019-27. HPLC-M5 was performed on an Agilent 1100
i nstrunerYlategiMs a 25 Clara, California). TLC silica gel plates were from

EMD (G bbstown, NJ). The materials for preparing the heparosan MW | adder

“analysi < art g SARREIe MRS A5SARIRG QLR Nellahhdll pihudly 7010

Chem ( DOlthe @m0,/ BaGko-V1.6-s36WareAyas usedad eqitroHfetMehol apetetion andsatllcof
hyal ur.onap nol ecylar mar kers, were obt ai an from Hyal ose (Xl ahoma% gtﬁy,
T oSt O c

ECU. .
OK) . I5\wp Bt 12 des 6 ddpbotiugomdes wespusdhased from BD (Franklin Lakes, NJ). M
chemicals used for preparing the synthetic media were from Sigma-Aldrich (St Louis, MO).

Antifoam 204 was from 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 I” 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 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/s00216-010-3679-7). . Select HA™ LoLadder, a set of

hyaluronan molecular markers, were obtained from Hyalose (Oklahoma City, OK).
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E. coli K5 growmh in 2.8 L shake flasks E. coli K5 from Anerican Type
Culture Collection (ATCC #23506) was stored frozen in 1 nL of M, LB,

gl ycer ol woaogluas@se nedia, with 25% gl ycerol. A 250 nlLPpshaiseovloask3
containing 25 nL of the sanme nedia was inoculated with 0.5 nL of defrosted
E. coli. The 5 culture was harvested in | ate exponential growth at
approxnnraéel dry. gst (DCV\)/Lfor MB nedium culture, 5.4 ¢
WLfOM%@M 5.6 g DCWL for glucose synthetic
medium and 1.9 g DCWL for LB nedium E. coli K5 culture (300 nL) was next

grown in R2.RBlKS H@KﬁAﬁﬂeﬁS&ﬁSTyﬂw@&lﬁaé €blttion A ™Mt #9808 ndis istdréBfr6zen in 1
exponenti al gtlrowth The cul ture was shaken at 220 RPM and 37 C until 1-4 h
P

after gr owkipi 19+ EBcBbEcrol and ghpse pisdise wathd2 Y hahyasenly e85 1208 mbrshpkec Boskr vy of
h i i | 1. LB
ot un GoPRIERT R, SERY e iy §RRFubGAS ! Gag bR iAol HIESe, 15
g/L PgSO(ﬁ)bultﬁreO\lfﬂ.s ghivcGaCi2la® ﬁi%zneggu gbiatnunenpiSLimatolg/ L @aﬂwéag wagit

gl ycerol Dfd%@/ga ?éﬂ?(ﬁ%m QutuEe, . f(igzﬁégwﬁzt?@ ge%gﬁfyz%&' “medium, . o
WISOE. 7Ha0e w1 foB SIchtd Grflth @l Onfd 1 o DS TRLAl pSplubone Tonse

metal solution co SI ste FeSO4. 7H20,
CaCl2, 2.Q@ltgreZARSDMIPHRE, ne@t 5rog/nl\m 8@4L4hiﬁ& ﬂa.‘skﬁ)ln@cﬂa@d)&\(lﬂm 0ol B. ctllg in late

col 1 dendPyatint apBlGs Theculel T et g s i Aot b ek Lol 0P ¥ ne

produgt i aRaditd Bﬁhbfﬁa% Qd’eoéfMQH&V hal&ked for fecdQbiynsithedfobmdi Py m@ﬁlﬁtﬁé‘(hﬁp' Ogy
and Bi oengi neeri n% -3):325-328. 4. d ucose defined nedium per liter 20
hika

g gl ucose’-8 2oshaie entatl@l Brelpdre2 POAL B anaglivgn( Nifp2 HE®4 broth, 4.egnox, 20

SHA. 7TH 1 7 t d d 10
gt al solgz%l on r?g: g{hlél%l g? g/pe% Yeose Oglg\%gﬁcf?cﬁ%“m?gi F%@o? ?&2(9 i%agﬁ“g
CaCl2, 2. tHlangd”-lﬁOﬂ q lgHDNaEHEOg IS PAKL00.51g/0, 19aCly IHLINEW]. 03.1 Glycerol
(NH4)6I\/b7024 4H20, and 0. 02 Na2B407. 10H20 25Wang and Lee (1998 id. E.
coli K5 glefinedhmediuan:720 gﬂe@h@ﬁ%ﬂ(}m@@ tharyivat bt-p ankKdef{2i: %g&N 2HROsh

grow3 stags, ARG, b ShmON, Blad8o HheSARRR) WAl ThEcTRALM

f or t e bat er nen |on was’ ucose,
ng thi amsbmtloﬂlBCdilsgtdﬂl-ﬁPQéer B.6f g M\IIH[)IZI—RIM g Fe80g7NpSO2.07 Ig203aCI],g 2g

consi &1 od O ED: 00 Mot 18 oy Besthio Wb (FGMPERca3D 2ng U2

ST SIS, M8 R OR,

sol uti on angedeticrd Esnbetﬁ@ma loali cthr $1ueag®duomn sf @dlyl(ﬁ hthexymtyrave()onga gtlowis e,
20 ¢ 2'898 medllll_|1%0 gzogecgnozlogyt da @zoengtneert %?2 5’??25( }8698) 4, Glucose defined

medium: per liter 20 g glucose, 20 mg thiamine, 13.5 g KH,PO4; 4.0 g (NH4),HPO4, 1.4 g

MgSO47H,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 g

MnSO44H,0, 1.0 g CuSO45H,0, 0.1 g (NH4)sM07024-4H,0, and 0.02 g Na,B,07,-10H,O
25  Wang and Lee (1998), id.

E. coli K5 growth in a 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,PO4; 4.0 g (NH4),HPO4, 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 FeSO,47H,0, 2.0 g CaCly, 2.2 g ZnS047H,0, 0.5 g¢ MnS0,4H,0, 1.0 g
14



The batch growth stage began with the inocul ati on of seed culture (300 nL
of 5.6 g/L 5 DCW obtained froma shake flask in | ate exponential grow h.
The tenpewetorig2e@s nai ntai ned at - 37C, and t he pH was Proaiust@ionedsat
approximately 7 (by addi ng 29% amoni a solution). Air was sparged into the
fermentor to supply oxygen, and the stirrer speed was set to 520 RPM The

med um hadold B bk ardaerReRaars 868 VEP seyber bR o B e
i ncr ease.solfidnfuB&Hinnge S BHidPRagBG kR off%ﬁieri?gomg%t%ﬁédsh’, 1o l\%@()l@}ﬁq) 1:

20 Ms is mass flow rate of the carbon source (g/h) is feed ow rate

(L/ h); Srndd).Zatheninguhéancand LegtE¥Bridt i on in the feed (g/L); X is cell

concentration (g/L dcw); mis specific maintenance coefficient (g/g dcw h);

Vis cultyre oL | 0 ' ri: [ o tie; t
IS speci filai{:e %a\r{‘%lmgwgtl_%agf h]?eff ﬁ Vglwgﬂ\?x]ff,o Elﬁgt%cl{;?f %egie%uém%en (?:06(1)? @%nggégsmt e
(9/ 9) 525 DEW)SHbtaih&PGrom Hi gituke efldsk dianiite yxmukiititl egrofvthEs Citer icatpetataol wis
Trends Biotechngl 14(3):98-105. At val ue between 0.10 - 0.&15 11-1 was used
in this JOUAFNCE AT oW Suitd Hicepll W maptdpulyat pRONMALY JvBvargsng 29%
accunul at ‘L) S} : t Laheh acid
punp" at tdggﬁggg tsgﬁ?lrb]@'fé?ﬁ‘g%{ %%p%e\g:mﬂ)gglg f'tgrcgll%car ry %B?%ﬁ‘ﬁg‘}’ﬁ%gs%@ téréglf ng
functi on spast eadscofo FPRPY. r eal aci d, and the base punp was used to add 29%
ammoni a 30 solution to nmaintain stable pH and provide the culture with a

ni trogen .source. A thi u s used to add the Antifoam 204 reagent into
The curtur T futr e B2BaliBn 1988, Mudfeotbih PSRl By <hatAlEtBle

| oop 1phr cyegh dépletcdiafd tal disseRicl dx yidh dhoRbked taRkBarpah&BANCOIThe G ddeRS &l htRM0K 2

rate was achi eved by programm ng the "acid punp” on-off time tor

one- mi nut@@nfﬁdeémt@h’%ﬂlomgl 172% exp[0.0023*(t - 420)] was used
between 7 h and 24 h of 35 el apsed fernentation tinme, where Ton is the tine
the "acid punp"” was turned on for one second during the one-m nute period.
The gl ucose-feeding rate was decreased after h 15 WO

2011/ 028668PCT/ US2010/ 047183 on Q& oxyden |imt %i on was _observed. pH
control was achi evddsfiTimiaFsy '_Uilv?\'_l'@'@ Pese Phopse M &dd2D% anmoni um

hydr oxi de sol ution. The pH was npge clﬁosel y controlled using a custom zed
progngmwitten into the Bi oXpert V1.5 software. The stirrer speed and/or
airflow rate were increased when di ssol ved oxygen dropped bel ow 20% air 5
saturati : 1 i by tro; I i Ch i ved
oxygen arter BEh R e M B o e S h e S e SRRy
hal t ed t cubssae eordestiratidmeinctbt [fscdc@isxite s adlll caneentgitivodgl, damd n haspdedia ¢

b ducts . h t di t. byjld i _medi Feedi
2 nes anpiaRngite RRBRENT Lk abh Gatd os ol xiristieans itros HEledE s e RS
depletio %g%e)sghﬁfépﬁqs gpdifiderobver fRe (1oh); Ad YOXiskeRWidh @duatzon shBkRsd Qg

et al. (
25

e

Lee SY. 1996. “High cell-density culture of Escherichia coli”. Trends Biotechnol
14(3):98-105. A u 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 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



10 "Tracking the acetate threshold using DO transient control during nmedium
and high cell density cultivation of reconbinant Escherichia coli in

conpl ex mEdi2al'/BB@8echnol Bi oeng 84(3):314-23. Sanpl es weraseablognsed from
the fernmentor periodically. The sanples taken were centrifuged at 12,000 x

g for 30 mn. to separate the supernatant fromthe E. coli cells.

Det i nat i f h trati in.the fer tati tant 15
The heparBSai B BRIPERT JvS (A tmed r oSt Wit aisiet bt S eeh Biea by

both car & anPbygl smABHiuMVRy@BRId¥Sbfutiohn TRepRakRAZRLE cR§ERofrolled
heparosan, 0.5 nL of fernentation supernatant recovered by centrifugation
was appl iusthgt o castvmized prypgramvwaitige satot tha Biegipert A6l - draftpvaxodhe gixrer speashove
salts and l]. | ecul es.  The retentate.containing crude h r 0Sap Was
Focover od I 1SRN S Sre tiGedEl oRhE GSORLT T d “UitkRn PR 2P ¥ e
with 6.5 satur@fondiPaid bxygdn wailseiixadohith b teGffeet §udfitibet dissobad@xegassay 24 the
concentration of heparosan was cal culated froma standard curve prepared

usi ng pur¥ KEpeHyIINtimen Ghicopgviteodingayas pepadisylhn heliednio ?ssslrerﬁhaarthleygeﬂs
recovere I . il : i B in
2001 ut - SP B e NP ShARLE R BaRNNARRLGH RERLANY LA tEhiaIpliN G |
st andar d)m¢dien. tHeadia§ evas ecsuh@daaiteNVRpikalod dissolvidHohPpdenatasaibseroOd iMHzatinphe

concentrati Qqn of heparosan s calculated fromthe ratio of_ the in at ed
area of tth%gwlsiwt%ff g?wéaan crapastie g tarrin DY ERANGHS. JASORWAnS] als@ﬁ ar d.

Rapi d or e0qY&liin OfhcNRRAICRARHS RIMNISS DOLhAGert CofBO &b mc@funf B ¥ifihScell
Heparosan was rapidly recovered fromfernentation supernatant and partially
puri fi ed dessifygcutivatioapfrrecamvhmit E4cheiahia odlumcorSplpe mmaliadnBiofethml)Bioeng

recovered, fromcells by 30 centrifugation (12,000 x m xe ith 1 nmL
of “butt es WICHY R Sstilenier o riet B3 BoaShrrastalbuer buiT ok
sodi um acgdratentrifided bt 171060 M ST EMIR S0 §%@ﬁt@t‘ﬁk ygpeahti ffirh theadol eaded
onto a pre-equilibrated Vivapure D M ni colum. The colum was t hen
washed W|ht buf fter A and eluted with buffer B (1 M sodi umtchl oride, 20 mM
sodi um acedtgiignation GNCPEPSANCONSCAWRII1QIG INANE K Bigligp SHICHAIH

of ethanol |eft overnight at -20C (in an explosion- 5 proof freezer) and

t he resul4.n ! h i h i I i nd
e TISSULHCIGRRGENPLY RLR RN Y Wit DAl SERL KAl v S
1H NVR. Rarbakzole atnabiisodndhBpER esalysikie plar ths anarbaasler assgyvef echaadsahh@.5camfrpbet i on
of fernentation.in either a shakg flask.tc}){g the 7- L Liecliment% %y

centri fu&rg‘ﬁ@enm’é’nc%ﬂpﬁﬂlﬂ@nétm%ﬁ?@ P CgtkiBieaten pray. apped 49 g MHEPRM YObtai ned

desalting spin column (1200 x g) to remove salts and small molecules. The retentate

containing crude heparosan was recovered and lyophilized. The dried crude heparosan was
20 reconstituted with 0.5 mL of distilled water and subjected to the carbazole assay. The
concentration of heparosan was calculated from a standard curve prepared using pure
heparosan. In the NMR assay, heparosan (1 mL), similarly recovered from culture
supernatant, was lyophilized and then dissolved in 400 uL of D,O containing 71 ug of
sodium terephthalate (internal standard) then transferred to an NMR tube for 'H-NMR at
25 600 MHy. The concentration of heparosan was calculated from the ratio of the integrated

arca 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 mL), recovered from cells by

30  centrifugation (12,000 x g), was mixed with 1 mL of buffer A (50 mM sodium chloride, 20
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10 was adjusted to pH 4 by adding glacial acetic acid and then filtered

t hrough a Pyrex Buchner funnel with a fritted disc (pore size 40-60 | am.
DEAE- Sephwioasa/2e@8 fl ow resin was packed into a col umm Pofi/ush@oapmsdpri at e
size (<20 ng of heparosan / nmL of swelled resin). The colum was first
equilibrated wwth 50 nM sodium chloride in 20 mM sodi um acetate buffer at

pH 4. The ntation rpatant. was then l.oad and 15
e col nrnviaann Shedt ri AT 5 156 AliedfRe! B8R atREEaTo AR rid Raddd i8S
sodi um acgtaibPatéd Viipuat DV H E8RRL0SAR doRSnd Ras tiRhubRHed (R BulfRr @0AddM
with 1 Msodiumchloride in 20 mM sodi um acetate buffer at pH 4. The

hepar osarelutpd it byflsr Br (1dvh sodimnt ehloride, \&QsmMr sodiym peateld, Y 4adBiutefl Smydesumes
of et hanol an storln &h oI utlon |lgt at h% g: 1

ol ot ofarB e hphfed Wi 9 SoitklcSRs HERQY BRorBhriafi 440 e explavinny o

20 12 ,SOOQ)rgofffEd’ez&Q and the ramlrpge;brb@pltmammheﬁh M%mﬂa&% aisbamed in waet 4rdf uged
again and the pell et obtained was either |yophilized for storage or used

directly V@ﬁhﬂtﬁﬁé Bihe ariRf tae esoveppsrmanvedhrycsiaehly ghY¥Red from the
cell pellet by addition of 0.02% SDS foll owed by vigorous stirring,

centri f ugalirRRLANGk KA sahr omat ogr aphy. I n the bl eaching step, heparosan
was first—dissolved in I Msodiumchloride at a 25 concentration of -15
g/L. The pH of the solution was adjusted to 9.5 with 1 M NaCOH and hydrogen
per oxi de Hg@sanazs achdedrct ot thistcaimplaiohiohd¢rmeotatientn eithcsn sbikel{lSkoor Tie7-

i xt ' bat ed ghter whi
BRI i et et e RN R B e S R L
at -20C (Way adju@sPh®YHP3- by aallink’ @ezer hcetﬁmld @ﬁwltﬁémnt@@hl Bloupdsa Weshed
with 75% et hanol, dissolved in water and dri ed

2011/ o/zse‘ﬁsmqr/ fuspd voitlna fagal dise fuarh aize 46- @nmyspﬁﬁcﬁ SerdpsessJast flaspesiisan
{r oat od WP FRga S ol MRl PPROSR AL S shEln S B £y BRG

resul ti ngedhpaCthhasluthe wdasofidc équilitsratsd byidc 5@ ehN Gobiughctieridoinn®nae lsodjuimd
chr omat ogr aphy PLC)- 5 electrospray ionization (ESI)-mass spectronetry
(MB) on a§Ca; b\é‘fw aj pH 4tr feﬁg?%tﬂ%mupalﬁ@taph@amf@aée%%ﬂ|Oaa0 bgepliem 3h was

det erai neg, cb@nﬁ@w%@%va%ﬁéds 82@1153 28 uB{%& rH?dS(PHMBE g‘&%’?@?ﬁﬁ%%‘z@%@ 2P

M5; Agi |l ent anta Cl ara utions pressure | qui d
chr omat ogacatp‘reybwﬁ&reatWﬂanﬂeﬁﬁ@(swcwasnmmrelhmd frees phe:tcbhaeinywlthohﬂvhlsndmgl t he

tl f 37.5 mM NH4H d . mM tri butyl Th 10
Sopar ot e oM BV e e Bty AnAH ke e Ropaasmndta STET S dicor 20
mn, follQnesh % ardcipaRt bgra@ain@rgtvém&ea 8peth5ho‘ff§ndﬂbt6rlﬁ§ tfls RAUESPHHrhigR: B.

The columm effluent entered the source of the el ectrospray ionization mass
spect r onet -J0CES avByplofion- pm@rﬁtﬁmmxusﬂwepl@cmltdﬁ be;s B VETéiebe [comitifugsy aly

| nt erf,ac S i, oni zat o tential ,of 400

a0 a0 R om0 i S0 SAEMIRGR A i ar g R LGN 8L R
obt ain W@euembtaqlaa@dal@@theﬁ 1ybbﬁlhrz@dl$oﬂ Stordgé Bl us &L e glgefol I’chﬁ‘fbl(e&éiﬂn stef0 Da,
10 full scans/s). Nitrogen was used as a drying |jéﬂgﬁllters/mn

nebul i zi ridengeasan ooulgg|sy’ emﬁaﬁf:@éﬁmtyyaeli%pelmbya n pf G810 A qulftﬂwsf‘éihai ot
42, 51- Gévdg% ﬁiﬁ‘%;cefzt{l?%ﬁg?ﬁ@%@iﬁﬁrmﬁ%hwC' NVR wer e conducted on a

Br uker 6

In the bleaching step, heparosan was first dissolved in 1 M sodium chloride at a
25  concentration 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 cthanol 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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20 heparosan sanples were prepared at a concentration of 2 ng/nL in D20
(99.99+ atom %, freeze-dried to renove exchangeabl e protons and re-

di ssol vedwpreoD208@&Ad transferred to standard 5 nm NVR t eb@diS20do0muiigs ti on of
spectra was carried out using TOPSPIN 2.0 software. Al the spectra were
acquired at the tenperature of 298 K DNA and protein content assay 25 The
DNA cont .p t(pe final .heparosan product was determ ned by neasuring the
w absorigﬁ%é—@%ﬁﬁ@hrﬁ%%ﬂosan sol ution at 260 nmand 320 nm The DNA
concentration was cal cul ated as concentration (iLig/nL) (A260 reading -

A320 readii@@ios¥n @10 wid/en) fvagtdgsokedQnineg/ A s&éﬁmhepmsmm Bmﬁfervxasp}wsawed
using the Mcro BCA Protein Assay Kit follow ng nmanufacturer’

i nst ruct iteasted with 2o 1 @2@6@@#@?@5@@&@/19427113%3ma3%| %VemlglﬂtheThﬁlr@%mrw
wei ght Ofdl&%&?aﬁq‘a%%? dd’ﬁfc't Qx%@%b%& eH38%@ﬁg&f%%ﬂgé"ilgﬁldoéhr&ﬂQt‘é’grc?gﬂiégﬁi#hé&

masses, prepare f o bl parosan polysacchar

colnlt [ (ﬁuoﬁeqm'oemay aiﬁl}lmelolﬁmﬂ‘@aﬁ—h}abﬁﬁibdﬂ:ﬁ‘o?ﬂeﬁgt(l\dﬂ)rmf en;ipgll)eﬁi Iy @apMimstrufdicap

Ce Bi o cul e CA) apparatus (Ly et al. Heparosan 5

fracti onsa"aéh% %‘:f‘%g‘*eP‘PfEE‘%FltH%P Fau ?télfmlfliﬂg lss‘ﬁ%i:P?TB}%keB)Pn(%ﬁT VB)
and rem xad ‘i g]E@/l\@SIb gms%éﬁah%!ﬁ'taﬁéla%' s%th?c{b%%déndf Qrfmilﬂgh

determ natlon o mol ecul ar wei ght properti és of heparosan (Ly et al
2010) . Nmraxsuﬂealnqmdirck@rrmttograﬂ)‘rmvvareohﬂrﬁ anklX) 5% whetohitiils, edsp@:tllvelryeaontammg

pol ysaccharide with the. sa r t san e used
P LF anddPhou sy Cometiistr oF o 0 Shpld: 3o Borh i TR S Hona

ol eqyl arse?ﬁ%ﬁﬂf&{ Svalep@ftsed @S aaCcsIRt cAhimdt ?@%@Suﬁ sbh@oAPA efo| A n¥igi ght
anal ysis of the heparosans prepared in dif ent culture nedia and at

di ff er entfoflewedhy athlneerr grad‘rentﬁmnmﬂ@ to AS gfnadf eni0%eolytion @I ﬁhed@hg@m effflpents o
of di mans'? d Q[he 0 rce ? t% 10 101112 10H5r%gs n h %ﬁ:)]k/l% ul ar

wei ght ana I—%Bar o8an ga?rﬁ‘f §p1(a%'5 1ug) were § 38%%8 on o g né wer e
then subj d@ﬁtlﬁdauts deRb@sit 5P rER dedidQftay ift@ifacdQvagise) in heg@ivd istigati@ctnydd h
Al ci an bl ue for 1 h, and then destained with 25% et hano%/ 10% acetic acid

(Ly et alWith sgmaer poratiglafA0ReY ecaplinr stit ahd44-A 85 endiagiopsse qf fergeesatues f
anal yized b f r S i as
aFunst i ey e BRFRTRY AR & o Al Bl Rlcul (IpORsqlpDR o

nmol ecul arfuldsicgiyt's) prvpeptn ms afscd he ahéfyarcoatitessumpl) esdwerbalizingregas t(20 ipgied
fromthe standard curve obtained. Resul E. coli K5 fernentation in
shake fla@}@éa%ﬁ’ﬁx %éfpé’f Eﬁaé&?&ﬁﬁe@\ 5IJ:'T6Clc:oIi K5 was grown in shake
flasks until 1-4 h after stationary phase was reached. The fernentati on was
ext ended pevond \wisatihepabyanPhase to accunul ate the maxi mum anount of

heparosan I'n the medium consistent with reports that heparosan appearance
in the qul

-NMR and “C-NMR were conducted on a Bruker 600 MHz NMR spectrometer. The
20  heparosan samples were prepared at a concentration of 2 mg/mL in D,O (99.99+ atom %),
freeze-dried to remove exchangeable protons and re- dissolved in DO and transferred to
standard 5 mm NMR tubes. Acquisition of spectra was carried out using TOPSPIN 2.0

software. All the spectra were acquired at the temperature of 298 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 (ug/mL) = (Azso reading — Azyg 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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25 lags cell growth Manzoni Met al. (1993) Journal of Bioactive and
Conpati bl e Polynmers 8(3):251-257. . The yield of heparosan fromthe flask
cul t ur es weangadd28¢é68m 70 - 500 ng/ L. The purity of the hepamss@an/osBsdvered
fromflask cultures was in all cases > 85%as estinmated by NVR Wang Z et al
(2009) Anal Biochem 398(2):275-7. Zhang ZQ et al (2008) "Sol ution
structure f .chepoen ticall nt hesi zed heparin and its precursors" 30
Jour nal M u £ 130(39):12998-13007. The heparosan
recovered WO 2011/ 028668PCT/ US2010/ 047183 from synt heti c nedi a, including
M medi um 1 @dYE 65 RepiBstatl Raadstdg by Resvad nivsbulimmShaweds bigphed s ibidachavel s
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cul ture. sPappisteere plegecteried fiom thestaddard slunedbtsgeen | evel s still renmai ned
quite low after 31 h. The gl ucose-feeding rate was decreased when oxygen
beca% t sl' iting nutrient. Throughout the fernentation, the pH was

mai ntai n ween 6 and 8 by adding NHAOH After 37.5 h 30 fernentation, a
cell density of 85 g DCWL was reached, and the heparosan concentration in
t he fer meiitcaliiKinfesu@estiat ianhakwafasdefor th preparhidone hkpargdn An overal | growt h
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E. coli K5 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) Journal of Bioactive and Compatible Polymers
8(3):251-257. . The yield of heparosan from the flask cultures ranged from 70 - 500 mg/L.
The purity of the heparosan recovered from flask cultures was in all cases > 85% as
estimated by NMR Wang Z et al (2009) Anal Biochem. 398(2):275-7. Zhang ZQ et al
(2008) “Solution structures of chemoenzymatically synthesized heparin and its precursors”
30  Journal of the American Chemical Society 130(39):12998-13007. The heparosan recovered
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WO 2011/ 028668PCT/ US2010/ 047183 cal cul ated to be 0.12 h-1, the overall
production rate was 1.2 g/h, and the volunetric production rate was 0.4

g/ L. h. Theohepanssan purified fromthe fernmentati on wasPofi/usegl/opussty,
judging fromthe 1H NVR spectrum (Figure 4A). Additionally, DNA and BCA
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2011/ Q2 P 7
V0 2011/ 0b68v9e66% nct:/-g/3l%§220 c{ 39% 9115 consistent with the full C and N isotopic enrichment of

heparosan and confirms the heparosan repeating structure.

FE coli K5 fermentation in a 7 L fermentor

20  The feeding rate was exponentially increased to keep up with the exponential growth of E.
coli. Several pauses were made in the feeding stage to ensure that there was no buildup of
glucose 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 NH4OH. After 37.5 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



Next, sanmples fromthe fernentor were taken at various tinmes throughout the
fermentati on and heparosan was purified by Vivapure D Mni H spin colum.
The puritwyoabitttgseBesul ting sanpl es was confirned to bePeT85210/001183 he
fermentation supernatants by 1H NVR PAGE anal ysis (Figure 5B) showed an
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changes in | ecul ar {ght as ferpentation tinme increases (FEigure
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probabl y throug e conbi ned actions of t yase an ear
2011/ 02866BPIMLISR htUlecp4r6d83in 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 GIcA 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

that some of the heparosan chains that were shed into the supernatant were terminated with
GIcA.

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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force. An increase of heparosan shedding into the nedia increases the yield
of heparosan in the supernatant, |owering the cost of the down-steam
puri fi catworropwos@ss. The presence of K5 |yase contri butre3s/useomwiog7idesi r abl e
rel ease of the heparosan capsule into the nedium increasing the heparosan
yield At the same time, the presence of the K5 5 heparosan |yase results
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control of . Kdiwase activity may offer an approach to for the fine contro
of heparosan controls 15 Tabl e 1. Nunber average nol ecul ar wei ght (M),

wei ght average nol ecul ar wei ght (Mv) and pol ydi spersity i ndex (PDl) of
hepar osarDisacssiwar ed fromdifferent nedia in 2.8 L shake flasks. Medi um MN
Mv PDI MD 54,000 82,000 1.5

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

levels in the fermentor is being investigated to increase 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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d ycerol 50,000 79,000 1.6 d ucose 25,000 44,000 1.8 LB 54,000 68,000 1.3
20 EXAMPLE 2: 20L Fernentation Report (pH stat fed-batch fernentation)
Medi um Gwoasa/udedssned medi um (per liter) 20 g gl ucosepPCTM@Sowypoliiasm ne,
13.5 g KH2PO4; 4.0 g (NH4) 2HPO4, 1.4 g MgSO4. 7H20, 1.7 g citric acid, and
10.0 nL trace netal solution. Trace

force. An increase of heparosan shedding into the media increases the yield of heparosan in

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

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

carefully controlling the fermentation conditions and the fermentation processing time.

Future control of K5 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 KH,PO4; 4.0 g

(NH4),HPO4, 1.4 g 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 FeSO47H,0, 2.0 g CaCl,, 2.2 g

25  ZnSO047H,0, 0.5 g MnSO44H,0, 1.0 g CuSO45H,0, 0.1 g (NH4)sM070,4-4H,0, and 0.02
23



metal solution consisted of (per L of 5 MHC1) 10.0 g FeSO»4. 7H20, 2.0 g
CaCl2, 2.2 g 25 ZnSO4. 7H20, 0.5 g MhSO4. 4H20, 1.0 g CuSO4.5H20, 0.1 g

( NH4) 6Mo WO4ntiH28668and 0. 02 WD 2011/ 028668PCT/ US2010/ 02TTAB2¢10/047183
Na2B407. 10H20. The feeding solution used in the fed batch stage consisted
of (per L): 700 g glucose, 20 g MySOH. 7H20, 47g KH2PO4 and 0.4 g thiam ne.

The R nedi ich is th t d
(e mont adt S P tve dheviscdife R Ea SE! PohP G Duel WERS Gramiiadint oxr L
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steriliz 1|n the fermentor at 121 C for 45 mnutes. 10 R medium Part B:
MSH4 an g?ucose solutions made as 10X stock and sterilized separately
with gutoclave at 110 C for 20 minutes (can also be filter sterilized).

Feedi ng sol ution: d ucose, SA. 7H20 and 47g KH2PO4 were di ssolved in_ the
1 liter df mede@t Pardy S0 BH0 dtiiEQmgnd &HHC Seidrvee 2ddedio abrwd biges et 115
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K5 E. colj trg étstored in -80 C freezer) in the norning, grown in
i ncubat or APT 47 RS Ki ng at 220 rpm for 10 hours. The four cultures were

transgper red,df.,20paP0si ]%5@%\1 Thil ”glﬁcc%e so%tﬁﬁ’i%fﬁl@& abak SRR kaﬂdg strejﬂﬁzed

eveni ng and grown at 37 aki ng™ at rpmfor 10 hours.
f er ment orscpdatgholeh antdcl® pridioe Cias 26 nemutbs ted adsocbeddtdr bicatieet)at gr ovvt h
tenperature (37 C). Three purrps were set: punp 1 - NHACH for pH adj ust nent ;

Co The 1 dradnearnnbliis R kTRl #AERHRE0s 5 I HTHEr bn® g 857

cul ture. vkier with hes aﬁ@hﬂﬁﬁ*@gﬂzﬁﬁl stdrilfed bhYuteulpt Bgl 1|5Wd\lt14@bimlﬁutepl nmaﬁﬁ&di ng
sol ution occurred when a spi ke and DO spi ke were observed. The Feedi ng
punp was w%&sah%dnwatega%thf@@@%ﬂ@rﬂeﬁe (-6.7 g glucose pul se) when pH>6. 8.
The stirring speed and/or air flowrate was increased to keep the DO above

20% ;A PU frerdtib Procedure
Day 1:

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

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 pumping in NH4OH. 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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WD 2011/ 028668PCT/ US2010/ 047183 fl ow was added when the DO coul d not be
kept at above 20% by changing stirring speed and air flow. Day 3: The

f er ment atwonrosireped when the culture's 0D60 val ue begi RETIUS2@l008HESE. The
culture was harvested and centrifuged. Heparosan was recovered fromthe
supernatant. 5The blue curve in figure 7 is the DO trend (di ssolved oxygen

in the culture). .Because of high densit f cells consumed.the.oxygen very
ot ary. Hob SR HE P O Hsh by e 028 RS Pl PEe e
pure oxyggd afdmw was still maintained. The fernmentation was stopped a few
hours after when the OD 600 (optical density of the culture at 600 nm i ght

wavel engt h) began to decrease. The fernentation was stopped by turning off
t he 100xyR@h3f iw,en@@%tmmaomﬁé whary thie ey lturgridOPh e rvalugi heghsita gleprgrsee sthong.
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the E. coli cells. Supernatant and cell pellet were frozen separately.
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met hod for hyaluronic acid quantification in culture broth" Carbohydrate
Pol ymer s W& t@@09)a %83h@ast aftssawmienzthetOla1600 2009l Aersity Bif dbd enlturg @8 600 n@75- 7.

The results, are sho in Fi res 7, d 9. 20 The hepar osan prod din
T ferrishe e RAEH pslut i Sofitnber b Bimaediay Ba5 hPPel B3 nlrBhe LT
58, 00Q DayxydeBb@N: agatirlessd @en Welighie Rlveaheut 84, 000 Da, and

ool yai sperarry e nden By of Sbout 14 lPBlﬁgity R Cmatod o 0g0k or

above. EXAMPLE 3: Heparosan purification with chitosan chronatographg.
Chi t osan JapAngj nappropofty Jak Brartalrd omsesEa the apdrdodsnpityiadt¢00pnme dhen

13- (1-4) -do ek dDse PRo@ YGPRAM (N iANg &‘R@rﬁ@ b - FhHGAS AT e BF QA& OF

an alternative to anioni c "exchange resi or the chromatographic
puri fi catSuparnatanhapbecbigmiict Wire feiremsepgrantlp. i n chi tosan (-pKa 6.5) nmakes it
positively charged and sol ubl e under acidic condition and therefore

sui tabl e for atfinity based pupififatiqn obyhegatively ahar ek hepasosan
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.

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
25



25 WD 2011/ 028668PCT/ US2010/ 047183 hepar osan based on chitosan can be
easily controll ed based on chitosan concentration and initial pH Moreover,
chi t osan WO 20nérp@Asi ve, avail able in abundant supply, ®&®Qu/US2010/047183

bi odegradabl e. This exanpl e descri bes a separation nethod based on sol uble
chitosan for efficient recovery of heparosan directly fromfernentation

broth. This charge neutralizatign 5based s rati 1 chlto

Dotent | aleped S8edShhini Sun R QAR i BiRE R e LRt F PR hagen
nmacr onol agihepH. " OMoERVEY, EhifoSan TN tigdxi ?@ﬁwe Xdvdll 8iste ﬂh@oufn@éﬂfeé\l_}% 09 Ofhdbfot h
from7 L Escherichia coli K5 fermentation was centrifuged at 0r pm for

30 nin t&l@@gfﬁﬁi@blteheﬂmewgnplq dewmes:)wqulrﬁmﬁmpéé?@sedmrmolmiégahwgn for

cont ent ern ant Wa s erfor he su t ant
e ad; ustICRSHRERE At BT FEfeaiior BHoEenl bl THBRI2R 00

rpmfar Ibabed @pﬁﬁﬁﬁﬂ@s@@)éhltﬂ%ﬁrpdtdnﬁsllj‘z b@d b@t@@ﬂ fiot badificadioh .of dthdrakgaivicRg
this the supernatant was diluted 5-fold using pH 4.0 DI water. 154.10 ng/ m
chi t osan @aregd mmsrarlcqrles s gompleyifagniatiog MKW esan in 1% acetic acid
solution. For every 10 ng of heparosan 2.5 ng of chitosan was added to the

super nat affe fdshdfaiddiCrd® A8 T L ELAPSARL SH S FQRentatior wad BEntARELHE ?7(‘/@)’5

then stirred for 10 mn at roomtenperature to ensure proper mxing of the
resul ti ngpsdous?d onn tolikn®veds detls| owed by i ncubati on of 20the m xture at 4C
overnight. 6. Chitosan-heparosan pol yelectrolyte conplex forns a
precipitate that setMRetasdwjuantificais OEdRpadet vsitag meter bdptgaitdnd nwat

8000 rpmfor 1 h.
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 settled

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 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



7. This was foll owed by washing the precipitate with pH 4.0 DI water and
centrifuging it again at 8000 rpmfor 1 h. 258.Chitosan |loses its cationic
nat ur e urmierotizesascondi tion | eading to disruption of elPETtUSEEIAYTIE3
conplex, leading to free heparosan in solution and insoluble chitosan. The
washed pellet was put in 1M NaCH sol ution and incubated overnight to
recover heparosan in solution. The insoluble.chit%?an was rennvgd eit%Fr

through filtration 5% CeFTIFYEET BIRCES THYHHS pracisr too Rt pYHNICONR can

be coupled with a qg@dvgfbd%ggg@g@g step or an ani on exchange WO

2011/ 028668PCT/ US2010/ 047183 step to renove other process inpurities

| eading to further purification of recovered heparosan. Exanple 3A Using
t he aboveEXspidedtre, heparosan was purified fromfernmentation broth using
DEAE 5 sepharose fast flow resin in columm node foll owed by precipitation

wi th four I Vv, ?ﬁﬂg@9§?@

usi ng 35&3¥%%E£$%%ﬁ%Pg%%g&gggg%%%aﬁﬁ&§é$%§gd e dia y%%@ﬁg% EEPO wgéﬁghen
f r eezé- drseplthrészl fagtwilavg rasid wnreolnmduaddofollosicd dyaprecpaationewalp doat vawlumds df
mg/ M solutio this purified heparosan s then pr r di ssol vi ng
it in pH Hagoho et Biip G Wspgpsansygs dﬁimr é@ﬁﬁd_s%&ﬁﬂ éggiﬁg%ﬁﬁm@aﬁv _
using 10 4ghinQf Dﬂ-wﬁ%.ﬁhé%‘id—!%ieﬁ%oﬁl@i@n%'tﬂ& ML M SRS vRlurkdtddas@h | n
the range of 2-6 ng using 10 ng/mM chitosan solution in 1% acetic acid. The

sanpl es wemg 4 notapavapsraer. 4C over ni ght. The precipitated pol yel ectrol yte
conpl ex was recovered by centrifuging these sanples at 8000 rpmfor 1 h. A

1M NaCOH spl,uti . 1 h .adde the pell ets obtai d .w t,hout., washi
s RS R Hhl B 8REph B S BaThed RerhftRa R Bat AR PRLRLET AR MARTURE

1000Q 0r pracidized WaterT Fx dEReME k&dpISanmR| prepadditbyt iiend LA BT ai/mived]gtidrhadd
anal yzed for presence of heparosan using the carbazol e assay. According to

the carba#8ing wxig amoods vechiera) B theefiagoPAr7-0a8s asHige Ve gl phitesay by
addi tion %I 3070 194 2 &HE %8%13%%%41]&}1&1%% inbubHedThe FERRALASAN glwe;btréc%]tat&p
3S 11 nent, ned after

Exanpl e n an additional exper super nat ant obt a
post - f er mehtcddctrohyte esrhplick wgatreavewd b ycamdi fugimpehlesb samgids tat 8000Ffpm for 1 h.

hydr ochl oy i cid tq pH 4.0, This was fol] owed by centrifugation. a 000

‘pm for 4 H_ﬁ4 SroFerrdulin S ihsp ] osthe paicty ng@}%fitvaf _ ubtresShing @’@Jéfergﬁ)at ant

was tjgen g 4gt ednRaghe (RithldnAvi HSAREd byMMaiizDe! 4110800 HNMRfor 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 1 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
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



25quantification of this pH adjusted sanple reveal ed that there was no | oss
of heparosan in these sanples. These sanples were then diluted five tines
usi ng pHwoQoDlo2s@Ber. Foll owing this, six sanples of 1®CEIUSe@o/4M83 €
prepared by addition of chitosan in the range of 2-8 ng per sanple using 10
mg/ M chitosan solution in 1% acetic acid. The sanples were incubated at 27

WO 2011/ 028668PCT/ US2010/ 047 itated e
o ool ec bl SN e T 5 Pl Oy S R sl 6 i sieReed' §h pentieine so00
rpmfor khése sam{aMsNa@dm Qﬁw foPN Hvass i RENaBEdeslutich Hae tRal drbs tomaparRe

W thout washing it with wat er. I nsol ubl e chitosan was renoved by
centrif ugihﬁ@n%(jt WltbG'GOWﬁ%ﬁlmg ttrW12h II?H FReD} @@Werb@plg@ﬁmhégsaan‘da& frenoved by
super nat g r. anal yzed -for presence pALQsan ysin

car bazol e el bR BN R Zf TR eRb R LN ult ARG SR GREY Mt ey 1 on
of hepar asaRzéd 6m pﬂa&nterormmpabsa@lnuﬁﬁ@&ﬁb céEb@zdlmwapl QarpiVd desyd of tlan

ef ficient purlflcatlon net hod for recovering heparosan from fernentation
brot h. crrmplashened oy@¢ nuiificatien ¢flvpapsan GomrbaPrmertaden Yrofyai | abl e,

bi oconpati bl e, and bi odegradabl e. These properties make it ideal for use as
a preci pifidihvdfichGrotitd for Gl R pRERAAS ARinoMLC BB AR BROKRRIbAA! | ¥
nodi fied to I ntravenously deliverabl e heparin. The 1nventi ' so provides
for a crifeincaitatmonbentl.r atChrgsast emplaybhériabthis qﬂumsmgstﬁeapmrdadﬂg avallalmte,

i nvol ved i.n t roc s as ared to co enpl qyed et hanol

oot b difestetb e S R DG D T B B RO Bebe faPe EE S £of Pissivitan
example, ibﬂ;%ﬁﬁ%mﬁﬁﬁ%%lﬁ%%%@ﬁﬁ<®H@hf&hﬂB@&%&hﬂ@mﬁﬂbuﬂﬁaﬂbIh% Ritacermaty bl e
and bi odegradabl e nature 15 of chitosan nakes it niuch nore favorable
conpar ed debverblerhepatingc dhe ameniipi elso revidesxiot aj aritivak m@emtrat@g step, thereby
cetyl pyridini.umchl o and, Po diallyldineth n| de).
o Ly EmRHTE Vo GohiricBIVEa PR Blofreshs S ke RRRRBIp T o5

pol ysacchalidndPpresipihtiasstipsal THeonb kit durdddfoacitdhsl Iﬁéﬁpﬁltﬁ)ﬁ, fo’;lf‘exmble &S

DNA. This invention also provides for a cost effectjve recovery of
bact er i alSoBgsasasgxceeds 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
use in the development of bioengineered heparin. The method employs naturally derived
polycations, which are 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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20 pol ysacchari de, K5 heparosan, fromthe fernentation broth using
precipitation for potential use in the devel opnent of bi oengi neered
hepari n. wWbeona2Bad enpl oys natural ly derived pol ycati oreT/ushéiolo4HBE

bi oconpati bl e and bi odegradabl e, thereby providing an efficient and safe
purification technology for intravenously delivered drugs such as heparin.
The high yields obtained through this nethod make it ideal as a
concentration step thereby reducing 25 the working volume. The ease of
recovery of this step and its conpatibility with further steps in the
chenoenzywaiiis ceiédigsi s of bi oengi neered heparin makes it ideal for use as
a purification process. This nethod has potential for renoval of other

ani oni ¢ pol ysag eh@idddTpraidingsabshmtill§@utdRpafosMTBRCE 851i Rb, Ehipmnat i on as
wel | as highly charged negative speciées such as DNA. What 1s clainmed is:

1. A net hod of (a} odudithdng %kmll‘alﬁﬁ iz [defnqsymedinapwith sgwcope asrtle. pronaryk@rbon
corrprisirggurCe (a) culturing E.coli K5 in defined nmediumw th gl ucose as
the primary Carbon source (b) binding heparosan to a solid phase with
subsequent el yb) on;birdiflg héfarodah &ch polidphasgwiteabsegart Elutiohidie el uat e,
wherein said substantially pure heparosan is at |east 90% pure. 2. The

met hod of cl ailf 1, RipEPIEHEAGPIONaNTEe dKsSlWS of a batch growth phase and
fed batch gro 1 aga, i i ed in the batch
growt h stage g%@%%%EQQS %%%ﬁﬁP?BPT”E@%%?%b%nggﬁg@ggggéio-3oo ng thiam ne,
about 13.5 g KH2PO4; about 4.0 g (NH4) 2HPO4, about 1.4 g MgSO4. 7H20, about
1.7 g citXic adiednetaod ofibleuh 11 &h6reml ciltuaing avesists of alhatahogrpwithglrase and el
trace netalhsolu ion coBsists essentially of (per L of 5 MHCl1) 10.0 g
FesOl. 7HIBICHETVE e Bhctsth, g ZnSO4. 7H20, 0.5 g MhSO4. 4H20, 1.0 g

CuSO4. 5H20, 0.(d) g (NHIGMAT Q24 AHBO ba@A trSw B2t NBRBARZ: ARHBRRIsbushETeei N;

(b) the feeding nediumused in the fed batch growth stage consists of (per
L): 250- 1showmsg @r3ome thingirp, phSdd 3.8 KHAOs; ghaunhitdng (iH)adBOembiovhnaitlgy 47
g KH2PO4, ) c er.ein ygen.is vid b rnged ai.r w th or
i thout BT L) ¢en iR ARG S RIS BRI RR R Hileth Wy
oxygen i sraveinitéli dedioatcoationtesseffallyd.ofipernebho M CHI18107y ZeSOheHsD 2. Hhre

omperat g, s TR 60 G0 ¢ GnSBYaS, P, TRLBES. % 12t
(NH4)sMo070,4-4H,0, and 0.02 g Na;B407-10H,0 and wherein;
(b) the feeding medium used in the fed batch growth stage consists of (per L):
250-1000 g glucose, 20 g MgSQOy4, 0.15-0.5 g thiamine, and optionally 47 g KH,PO4, 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.

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

ammonia solution.
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5. The nethod of claim 3, wherein said pHis maintained by the addition of
29% anmmoni a sol ution. WD 2011/ 028668PCT/ US2010/ 047183 6. The net hod of
claim2, wberginsésRe nedi um used in the fed-batch stagePC3/uSedoat7183 r at e
determ ned by NISO =F= Wsitcj-exp it- td] wherein Ms is mass flow rate
of the carbon source (g/h); Fis feed flow rate (L/h); SF is carbon

bstr at t ' f eed X |l trat /L
sew el PAMREAR B b g b AR LR
vol ume ( Le degbnhﬁlealbrye of feeding - start; is process tine; t is specific

gromh rate (h 1); and Yx1, is cell yield on carbon substrate (gig).

\

Mell=F 8 = + oy ) BV e 80— 1]

S
-—;" I e

IO';,,A'

- "“'-tv-,-,.m,w; R

wherein Ms is mass flow rate of the carbon source (g/h); F is feed flow rate (L/h); Sy 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); ty is time of feeding
start; t is process time; u is specific growth rate (h'l); and Yy 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; (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 sodium acetate buffer at pH 4.

10. The method of claim 1, wherein said binding and elution step comprises removal of
cells; (ii) mixing of a chitosan solution with the culture supernatant (iii) precipitation of the
chitosan and isolation of the precipitate; (ii1) washing the chitosan (iv) 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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7. The nethod of claim2, wherein nore than 12 g heparosan per L of culture
supernatant is obtained. 8. The nethod of claim7, wherein said

f er ment atwonoiig2B@ss t han 48 hours, not including startecTaskewner183 9. The
met hod of claim11, wherein the binding and el ution step conprises (i)
renoval of cells; (ii) mxing of an anionic exchange resin with the culture

supernatant a renmpval of the supernatant (iii) washi the resin wth
S0nM Soct i cnilsr PODOR Pl SLBH Ao hineesebihadd BLrkfiy) ErGE  BHcIED 1
sodi um chl@ghtdsr ddub 981000NHE &t wéighbmdele AbleBlladtweigh® of hhsutn®e (adDef arfd ai m
1, wherein said binding and elution step conprises renoval of cells; (ii)

m xi ng ofpodydispcrsety andoxd PR @frebapt hdt he cul ture supernatant (iii)
precipitation of the chitosan and isolation of the precipitate; (iii)

washi ng tfie C.hf‘ﬁ[e%ﬁéﬂ d b dlaffd P,.tdél?e’}eiﬂfthé‘&{fﬁ{o%&@ﬁ M AOYLIM NaCH. -~ 11. The
met hod of "¢laimT, wherer n sdi precipitating heparosan‘fromthe eluate
conpri ses ethanol precipitation. 12. The nethod of claim1, further

conpri si nig. de Mepageaaproancatd iyha gthod@Eanpef dxindel-15.13. The nmet hod of claim
1, wherein the heparosan is |less than 1% DNA and | ess than 2% protein. WD
2011/ 028668PCT/ US2010/ 047183, .14. . The net ho f. claim1l, wherein the
heparosaHgﬁagjéfﬂﬂﬂ%&ﬁnu§WéF§bg°Wﬁp%Bﬂpgpa&é%~ about 58,000 Da, a

wei ght average nol ecul ar wei ght of about 84,000 Da, and pol ydi spersity

i ndex (POIR) ofTRRYbS Aefhrosad®madd By HRINGH0Obf £yadMlalms Whiey ei n t he hepar osan
is at |least 95% pure. 16. Heparosan produced by a nethod of any of clains
1-15. 17. Heparin manufactured fromthe heparosan of claim16. 18. The
use of heparosaon nade by the nmethod of any of clains 1-15.
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