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A B S T R A C T

Polysialic acid (polySia) are α2,8- and/or α2,9-linked homopolymers with interesting properties for
meningococcal vaccine development or the cure of human neurodegenerative disorders.
With the goal to avoid large scale production of pathogenic bacteria, we compare in the current study

the efficacy of conventional polySia production to recombinant approaches using the engineered
laboratory safety strain E. coli BL21. High cell density cultivation (HCDC) experiments were performed in
two different bioreactor systems. Increased cell densities of up to 11.3 (�0.4) g/L and polySia
concentrations of up to 774 (�18) mg/L were reached in E. coli K1. However, cultivation of engineered E.
coli BL21 strains delivered comparable cell densities but a maximum of only 133 mg/L polySia. Using
established downstream procedures, host cell DNA and proteins were removed. All recombinant polySia
products showed an identical degree of polymerization >90. Polymers with different glycosidic linkages
could be successfully differentiated by nuclear magnetic resonance spectroscopy.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Many bacteria express a thick layer of surface associated
polysaccharides known as the capsule or K-antigen (from the
German word Kapsel) [1]. Forming the outermost surface of the
bacterium, the capsules define interactions with the external
environment such as mediating cell-cell interactions [2] and
protect bacteria against harsh environmental conditions, including
a critical role in the virulence of invasive pathogens [1]. In some
neuroinvasive strains of E. coli and Neisseria meningitidis (Nm), the
capsular polysaccharides (CPS) provide linear homopolymers of
the negatively charged nona-sugar sialic acid (Sia), known as
polysialic acid (polySia) [3]. With a degree of polymerisation (DP)
of 100 sialyl residues [4] the CPS form protective layers that
prevent bacteria from desiccation and impair host immune attack.

Indeed, meningococcal survival in human serum has been
demonstrated to essentially depend on the presence of the CPS [5].

However, due to the existence of different glycosidic linkages,
the polySia chains exhibit very different chemical, structural and
immunological properties [6,7]. In E. coli K1 and Nm serogroup B
(NmB), the Sia-monomers are α2,8-glycosidically linked (Fig. 1A),
while the inter connection is α2,9-glycosidic in NmC (Fig. 1B) [6].
The anchoring of CPS to the outer bacterial membrane is mediated
by a phospholipid structure [8]. The negative charge of sialic acids
is due to a carboxyl residue at C1 of the sugar molecule. Although a
broad panel of modifications, including phosphorylation, sulfata-
tion, methylation and acetylation has been described to give rise to
more than 50 naturally occurring variants [9,10], no other
modification than O-acetylation has so far been described in
bacterial polySia [11].

The polysialyltransferases (polySTs) that catalyze the biosyn-
thesis of these CPS constitute their own CAZy family (GT-38) [12]
and are part of a so called group 2 capsule biosynthesis cluster [13]
(in Fig. 1C the region is shown for E. coli K1). Region 1 and 3 of this
cluster encode (I) enzymes assembling a glycolipid precursor on
which the polymer is built, and (II) proteins of an ABC-transporter
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dependent export complex that spans the periplasm and allows
the translocation of the CPS from the cytoplasm to the outside of
the cell. Both regions are highly conserved among bacteria using
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roup 2 biosynthesis systems. In contrast, region 2 harbors the
nzymatic machinery that assembles the polysaccharide (capsule
olymerase, polysaccharide modifying enzymes, etc.) and is thus
ighly variable and serotype specific.
In humans, α2,8-polySia provides a post-translational modifi-

ation of a limited number of glycoproteins [3], the most
rominent of which is the neural cell adhesion molecule (NCAM).
hile the functions of polySia have long been limited to the

egulation of cell-cell contacts during the development of the
ervous system, more recent studies demonstrate that both,
rotein bound and soluble α2,8-polySia have essential functions in
he control of immune reactions, e.g. by exerting anti-inflamma-
ory effects in macrophages and microglia and by interfering with
omplement activation [14–17]. Remarkably these later studies
learly demonstrated that polySia-functions can strictly depend on
he DP. For instance, in a model of Macula degeneration
xogenously added polySia demonstrated a therapeutic potential
f added as a fraction of average DP20 (avDP20) [18], while binding
f neurotrophic factors by polySia was found to require a minimal
hain length of DP12 or DP17, respectively [19,20]. Finally, polySia
ttracted considerable attention for the stabilization of protein
rugs [10,21,22].
Given the wide range of medical applications, it is obvious, that

he interest in producing polySia biotechnologically has increased
assively over the past decades. Many research groups have

avored production by cultivating E. coli strains [23–25] over
hemical synthesis. The yields depend mainly on the cell densities
chieved. Even a production process based on fermentation in a
ave-induced disposable bag reactor system which facilitates
MP-compliant production was developed [26]. Cultures on the
sed synthetic medium resulted in moderate polySia yields and
ell densities. Long chain polySia can subsequently be isolated
rom the culture broth. Contaminants such as host DNA and
roteins (HCP) as well as endotoxins can be completely depleted by
thanol precipitation and clay minerals [27]. With a focus on a later

well-known E. coli BL21 strain, could overcome these problems
[29].

In previous work, E. coli BL21, which does not naturally produce
K-antigens [30], was engineered for the recombinant production of
polySia. The strain was transformed with the pKT274 plasmid,
which contains the complete capsular biosynthesis cluster (kps) of
E. coli K1 (Fig. 1C). By exchanging the K1 polysialyltransferase
(neuS) for the NmC polysialyltransferase (synE) [31,32] a α2,9-
polySia producing variant was produced.

In this study, a high cell density cultivation process of E. coli K1
was validated to improve the production of long chain polySia by
achieving increased cell densities. The strain was cultivated in a
classical 2 Lstirred tank and a 50 L disposable bag reactor with
wave-induced mixing to investigate its potential compared to
state-of-the-art processes. Subsequently, the efficiency of conven-
tional polySia production was compared with a recombinant
approach using the engineered laboratory safety strain E. coli BL21
to avoid large-scale production of α2,8- and α2,9-polySia in
pathogenic bacteria. The produced polySia was then purified using
a validated process and characterized in detail by HPLC analysis
and nuclear magnetic resonance (NMR) spectroscopy.

2. Material and methods

2.1. Material

2.1.1. Chemicals
Bulk chemicals were purchased from Sigma-Aldrich (Tauf-

kirchen, Germany) or Carl Roth GmbH & Co.KG (Karlsruhe,
Germany). Deionized water was prepared with ARIUM1 (Sartorius
Stedim Biotech, Göttingen, Germany).

2.1.2. Culture medium
In this study, for the bioreactor cultivations a basic defined

medium was used and prepared essentially as described in

ig. 1. Schematic representation of the molecular structure of polysialic acid and the capsular biosynthesis (kps) gene cluster (C). E. coli K1 and serogroup B N. meningitidis
ynthesize human-identical α2,8-linked polySia (A) via the kps gene cluster. Serogroup C N. meningitidis expresses the polysialyltransferase synE instead of the
olysialyltransferase neuS. This leads to a change in the linking pattern, whereby the Neu5Ac residues are linked α2,9-glycosidically (B).
edical application, these systems offer simple possibilities to
roduce polySia according to the quality requirements of "good
anufacturing practice" (GMP) [28]. Nevertheless, the pathoge-
icity of E. coli K1 use makes it difficult to comply with and
ocument the safety standards for patient protection according to
MP. The use of laboratory safety E. coli derivatives, such as the
2

previous studies [33]. The composition of the batch medium is
given in Table 1.

2.1.3. Bacterial strains
All bacterial strains used in this study as well as their relevant

characteristics are listed in Table 2. For preparation of stock culture,
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the bacteria were grown in a complex medium at 37 �C until the
optical density at 600 nm (OD600) was between a value of 0.7 and 1
relative absorption units (rel. AU). Half of the culture broth was
mixed with 50 % (v/v) glycerol and stored at �80 �C.

2.2. Methods

2.2.1. Precultivation in shake flasks
For precultivation, E. coli strains were grown in 500 mL baffled

shake flasks with 50 mL complex medium consisting of yeast
extract (10 g/L), tryptone (10 g/L), and NaCl (5 g/L) at pH 7.3. Where
appropriate, kanamycin (50 mg/mL), ampicillin (100 mg/mL) or
chloramphenicol (34 mg/mL) was added to the medium. Incuba-
tion was carried out on a rotary shaker at 37 �C and 200 rpm. When
the OD600 was around 6–8 rel. AU, the complex medium cell
suspension was transferred into 100 mL defined salt medium
(Table 1) with respective antibiotics and incubated for 12–15 h at
37 �C and 150 rpm. These cells were used as inoculum for the
bioreactor cultivation.

2.2.2. Stirred tank reactor (STR) cultivation
First cultivation experiments were carried out in a 2 Liter glass

reactor of the Biostat A fermenter system (Sartorius Stedim
Biotech, Göttingen, Germany). The reactor was filled with defined
HCDC medium (composition given in Table 1). Where appropriate,
kanamycin (50 mg/mL), ampicillin (100 mg/mL) or chlorampheni-
col (34 mg/mL) was added to the medium. To prevent foam
formation Desmophen 3900 (Bayer AG, Leverkusen, Germany) was
added. The main culture in the bioreactor was inoculated with
defined medium preculture cells in the mid exponential phase
(OD600 = 8–11 rel. AU) to an OD600 of 0.4 rel. AU.

The cultivation temperature was kept at 37 �C. The pH was kept
constant at pH 7.5 by automatic addition of 25 % (v/v) NH4OH and
1 M HCl. The stirrer speed was set to 600 rpm. The culture was
aerated with a constant rate of 2 L/min (1 vvm, volume per volume
per minute) with compressed air. The set point for dissolved

oxygen (DO) was 30 %. When necessary, compressed air used for
aeration was mixed with pure oxygen to provide sufficient oxygen
supply.

2.2.3. Disposable bioreactor cultivation
Further upscaling cultivation experiments were carried out on a

rocking platform (Biostat1 CultiBag RM, Sartorius Stedim Biotech,
Göttingen, Germany) in a 50 L disposable bag reactor (Flexsafe1

RM 50 optical, Sartorius Stedim Biotech, Göttingen, Germany). 24
Liter defined HCDC medium was filled in the reactor via a sterile
filter (Sartobran1 P 300, Sartorius Stedim Biotech, Göttingen,
Germany). The remaining 25 L reactor volume was used as head
space. The reactor was inoculated with 4 % (v/v) of the total
cultivation volume. Cultivation conditions were used as previously
reported [26].

2.2.4. Offline sample measurement
For offline analysis 10 mL sample was taken every 1 h during the

cultivation. Measurement of the OD600, cell dry weight (CDW) and
glucose concentration were performed as previously reported [26].
Acetate concentrations of the culture supernatant were deter-
mined as described elsewhere [25].

2.2.5. Downstream processing
A maturation process and the separation of the cells was

performed as previously reported [36]. The cell-free supernatant
was concentrated to a final working volume of 800 mL by crossflow
ultrafiltration (Sartoflow1 Smart, Sartorius Stedim Biotech,
Göttingen, Germany). The filter cassette had a molecular weight
cut off (MWCO) of 30 kDa (Sartocon Slice Hydrosart, Sartorius
Stedim Biotech, Göttingen, Germany). The inlet pressure towards
the filter cassette was regulated to maximal 2 bar by controlling the
pump flow rate.

The crossflow retentate was used for ethanol precipitation. The
retentate was mixed with 96 % (v/v) ethanol to a final concentra-
tion of 80 % (v/v). The precipitate was centrifuged at 4816 � g and
4 �C for 30 min and dissolved in deionized water. The procedure
was repeated twice. Afterwards the sample was further polished
by treatment with clay minerals EX M 1753 as previously reported
[26]. The treatment with clay minerals was repeated once followed
by a sterile filtration the crossflow ultrafiltration device using a
filter cassette with a MWCO of 0.45 mm. The product sample was
subsequently dialyzed against deionized water. The filter cassette
had a MWCO of 5 kDa. Finally, the product was recovered after 72 h
of lyophilization at 0.1 mbar (Alpha 2–4 LSCplus, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany).

2.2.6. Product analysis

2.2.6.1. Thiobarbituric acid (TBA)-assay for polySia
quantification. The polySia concentration during the cultivation
and downstream processing was measured colorimetrically using
a modified TBA assay as previously reported [23]. For calibration,

Table 1
Medium composition for high-cell density cultivations (HCDC).

Component Batch medium

Glucose 25 g/L
KH2PO4 13.3 g/L
(NH4)2HPO4 4 g/L
MgSO4 x 7H2O 1.2 g/L
Citric acid 1.7 g/L
EDTA 8.4 mg/L
CoCl2 1.37 mg/L
CuCl2 1.83 mg/L
H3BO3 3 mg/L
MnCl2 9.54 mg/L
Na2MoO4 x 2H2O 2.5 mg/L
Zn(CH3-COO)2 x 2H2O 13 mg/L
Fe(III)-citrat Hydrat 100 mg/L
Thiamine-HCl 4.5 mg/L

Table 2
Bacterial strains and their relevant characteristics.

Strains Relevant characteristics Source or reference

E. coli B2032/82 K1 wild type DSM-Nr. 107164 [34]
E. coli BL21 pKT274 AmpR, pHC79 derivate containing the kps gene cluster Institute of Clinical Chemistry (Hannover,
Germany) [35]
E. coli BL21 pKT774 KanR, pKT274 derivate Institute of Clinical Chemistry (Hannover,

Germany)
E. coli BL21 pKT274 NmC-
CAT

ClpR, pKT274 containing the polysialyltransferase gene from N. meningitidis Serogroup C;
DneuS::synE

Institute of Clinical Chemistry (Hannover,
Germany)

3
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ommercially available colominic acid (Carbosynth, Compton,
nited Kingdom) was used in concentrations ranging from 0.05 to

 mg/mL and deionized water as blank.

.2.6.2. Protein determination by the Bradford method. The protein
oncentration during the cultivation and downstream processing
as determined using the Bradford quantification method. For
uantification, 20 mL sample was mixed with 300 mL Bradford
eagent (Quick StartTM Bradford dye, Bio-Rad Laboratories GmbH,
eldkirchen, Germany). The samples were incubated for 10 min at
oom temperature and the protein absorption from which the
rotein concentration was calculated was measured at 595 nm
Multiskan Spectro, Thermo Scientific). For calibration,
ommercially available Bovine Serum Albumin (BSA) was used
n concentrations ranging from 0.025 to 2 mg/mL and deionized
ater as blank.

.2.6.3. DNA analysis. The DNA concentration was determined by a
V–vis Spectrometer based on the extinction at 260 nm
NanoDrop 200, Thermo Scientific), whereby deionized water
as used as blank.

.2.6.4. Endotoxin determination. The endotoxin concentration
as determined using the Endosafe nexgen-PTSTM system
Endosafe nexgen-PTSTM, Charles River Laboratories, Boston, MA,
SA).

.2.6.5. Chain length characterization of polySia by DMB-HPLC
nalysis. The DP of the produced polySia was analyzed using
ommon 1,2-diamino-4,5-methylenedioxybenzene (DMB) anion
xchange (AEX) HPLC analysis [37]. Sample preparation through
MB-derivatization and subsequent HPLC analysis was conducted

3. Results

In the following chapters, the cultivation work for polySia
production is described first. The strains used in this study were
cultivated in two different bioreactor systems on a synthetic
medium that allows fermentations with high cell density.
Subsequently, the synthesized polySia was purified according to
a validated process scheme [26].

3.1. Stirred bioreactor cultivation of E. coli K1

Stirred tank reactors (STR) are established cultivation systems
that have been used in both industrial production and research for
several decades. The commonly used wild type strain E. coli K1 was
cultivated using the alternative synthetic HCDC medium in a 2 Liter
glass STR. A total of three cultivations were performed in batch
mode. The cultivation data of an exemplary cultivation in the STR
are shown in Fig. 2.

Cultivation was stopped after 7.8 (�0.8) h after the glucose was
completely consumed. The OD600was determined to be 30.8 (�2.8)
rel. AU, which correlates with a CDW of 10.6 (�0.7) mg/L. The
measured polySia concentration in the supernatant was 774 (�17)
mg/L. During the cultivation, an accumulation of acetate was also
observed, and the final concentration was determined to be 0.9
(�0.2) g/L. Compared to previous results [23], this value is much
lower and is due to the continuous oxygen supply to the cells,
which indicated the absence of oxygen limitation during the
cultivation. The use of the synthetic HCDC medium resulted in a
total biomass yield (YX/S) of 0.452 (�0.071) g CDW/g Glucose. The
product yield of polySia (YP/S) in the culture supernatant was 0.032
(�0.003) g polySia/g Glucose.

To better assess the efficacy of the new medium in the STR, all

ig. 2. Time course of a typical batch cultivation of E. coli K1 in synthetic HCDC medium in a 2 L STR. Displayed are the dissolved oxygen content (blue line), the decrease in
lucose concentration (green triangle) and the increase in cell density (square), CDW (circle) and polySia concentration (red triangle). The vertical blue line symbolizes the
ime after 4.6 h, from which the dissolved oxygen concentration in the medium was regulated to 30 % by adding pure oxygen to the air supply (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version of this article.).
s described previously [38].

.2.6.6. Structure analysis by 1H- and 13C-NMR Spectroscopy. The
lycosidic linkage patterns of the polySia produced were
nvestigated by NMR spectroscopy. Sample preparation and
easurement were performed as previously reported [28].
4

relevant cultivation results are summarized in Table 3 and
compared to literature data [39]. In previous published studies,
a synthetic minimal medium with cost-efficient components was
used [23,25,27,39], which was optimized for polySia production
[40]. Nevertheless, with the HCDC medium a higher biomass (22 %)
was achieved, which additionally led to a significantly higher
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product yield (YP/S) in the culture supernatant (128 %). The
maximum growth rate (mmax) was determined at 0.69 (�0.01) /h,
which corresponds to a doubling time of 61 min. At the same time
the amount of proteinogenic impurities (28 %) and the process
time (-22 %) were reduced. The economically most relevant key
figure, the space-time yield (STY), was calculated to be 0.099
(�0.011) g polySia/L/h, which corresponds to an increase of 196 %
in comparison to the commonly applied medium.

3.2. Stirred bioreactor cultivation of recombinant E. coli BL21 strains

The three recombinant E. coli BL21 strains expressing α2,8- or
α2,9polySia were cultivated under identical conditions in a 2 Liter
STR. The experimental results were compared to the results of E. coli
K1 cultures and are summarized in Table 4. Under the selected
conditions, bacterial growth of the two α2,8-polySia expressing
strains, E. coli BL21 pKT274 and E. coli BL21 pKT774, was stopped
after 10.7 h and 10.9 h respectively. In the cultivation of E. coli BL21
pKT274 NmC-CAT expressing α2,9-polySia, the glucose was only
completely metabolized after 18.2 h. Here, a 9 -h lag-phase was
observed before the strain entered the exponential phase. However,
longer lag-phases were already observed in earlier cultivation
experiments of Nm strains that synthesize α2,9-polySia as a natural
product [22]. All E. coli BL21-based strains achieved a CDW between
11.3 g/L and 11.9 g/L. Interestingly, despite the slightly higher
biomass yields (YX/S), significantly lower polySia concentrations
were measured in each culture supernatant. The highest measured
polySia concentration reached only 133 mg/L, which also led to
correspondingly lower product yields (YP/S) in the range from
0.003�0.005 g polySia/g Glucose. In comparison, the product yield
of E. coli K1 was ten times higher. The different mmaxwere in a range
from 0.4 /h - 0.42 /h, corresponding to doubling times of 90–98 min.
The slower cell growth and lower growth rates are likely due to the
additional exposure to the antibiotic selection markers in the
medium. The space-time yields (STY) were calculated with 0.008 g
polySia/L/h for E. coli pKT274, 0.012 g polySia/L/h for E. coli pKT774,
and 0.007 g polySia/L/h E. coli pKT274 NmC-CAT.

3.3. Disposable bag reactor cultivation of E. coli K1

In the production of medically relevant products, certified
disposable bioreactor systems are increasingly used, which
facilitate subsequent transfer to a GMP-compliant environment.
The biotechnological production of polySia was also established in
a wave-induced disposable bag reactor [26]. Aeration was carried
out via the headspace and the gas input was controlled by
regulating the rocking motion and dosing the oxygen content. In
this work E. coli K1 was cultivated in a 50 Liter disposable bag
reactor with a working volume of 25 liters. A total of three
cultivations were performed in batch mode. The cultivation
parameters were taken from previous work [26], but the defined
HCDC medium was used. Fig. 3 shows the exemplary course of a
typical cultivation of E. coli K1.

Immediately after inoculation, the DO content dropped below
50 %, so that the rocking frequency was automatically adjusted.
Already after 1.6 h at a low cell density (CDW approximately 1.4 g/
L) the airflow was supplied with pure oxygen. After five hours the
system was aerated with an aeration flow of pure oxygen. Since the
cell growth was not yet completed at this point, an oxygen
limitation was observed from this time until the end of the
cultivation. This is due to the poor oxygen transfer coefficient (kLa)
and the resulting poor oxygen input by the headspace aeration
[41,42].

The cultivation experiments were terminated after 7.5 (�1.3) h
when the glucose was completely metabolized. A final CDW of 11.3
(�0.4) g/L and polySia concentration of 589 (�23) mg/L were
achieved at the end of cultivation. Interestingly, the polySia
concentration in the supernatant increased only slightly after the
onset of oxygen limitation. The acetate concentration under non-
limiting conditions was in the range of 2.1 g/L. Under anaerobic
conditions, the concentration increased 5-fold to a final value of
10.2 g/L. In these amounts acetate also limits the growth of E. coli
[43], which can be clearly seen in the CDW curse (Fig. 3). The YX/S

achieved 0.451 (�0.019) g CDW/g Glucose and YP/S was determined
at 0.024 (�0.001) g polySia/g Glucose.

Table 3
Comparison of the cultivation results of E. coli K1 from media comparison in the STR.

Parameter This study Literature [39] Deviation

Time 7.8 (�0.8) h 10.1 (�1.8) h �23 %
CDW 10.6 (�0.7) g/L 8.7 (�1.7) g/L +22 %
polySia 774 (�18) mg/L 339 (�23) mg/L +128 %
Protein 129 (�25) mg/L 181 (�51) mg/L �28 %
mmax 0.69 (�0.01) /h 0.65 (�0.05) /h +7 %
YP/S 0.032 (�0.003) g polySia/g Glucose 0.017 (�0.001) g polySia/g Glucose +90 %
YX/S 0.452 (�0.071) g CDW/g Glucose 0.435 (�0.08) g CDW/g Glucose +4 %
YP/X 0.074 (�0.011) g polySia/g CDW 0.039 (�0.005) g polySia/g CDW +89 %
STY 0.099 (�0.011) g polySia/L/h 0.034 (�0.007) g polySiaL/h +196 %

Table 4
Comparison of the cultivation results of different recombinant E. coli strains in the stirred tank reactor. The results for E. coli K1 are derived from the mean values of a total of
three batch cultivations while the cultivation of each recombinant E. coli BL21 strain was performed exemplary.

Parameter E. coli K1 E. coli pKT274 E. coli pKT774 E. coli pKT274
NmC-CAT

Time [h] 7.8 (�0.8) 10.7 10.9 18.2
CDW [g/L] 10.6 (�0.7) 11.3 11.8 11.9
polySia [mg/L] 774 (�18) 82 133 127

Protein [mg/L] 129 (�25) 304 195 209
mmax [/h] 0.69 (�0.01) 0.42 0.42 0.40
YP/S [g polySia/g Glucose] 0.032 (�0.003) 0.003 0.005 0.005
YX/S [g CDW/g Glucose] 0.452 (�0.071) 0.451 0.471 0.475
YP/X [g polySia/g CDW] 0.074 (�0.011) 0.007 0.011 0.011
STY [g polySia/L/h] 0.099 (�0.011) 0.008 0.012 0.007
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Fig. 3. Time course of a typical batch cultivation of E. coli K1 in synthetic HCDC medium in a 25 Liter disposable bag reactor. Mixing was performed by wave induction.
Displayed are the content of dissolved oxygen content (blue line), the rocking rate (black line), the decrease of glucose concentration (green triangle) and the increase of CDW
(circle), acetate (square) and polySia concentration (red triangle). The vertical blue line symbolizes the time after 1.5 h, from which the dissolved oxygen concentration in the
medium was regulated above 40 % by adding pure oxygen to the air supply (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.).

Table 5
Comparison of the cultivation results of E. coli K1 from media comparison in the disposable bag reactor.

Parameter This study Literature [39] Deviation

Time 7.5 (�1.3) h 11.5 (�1.8) h �35 %
CDW 11.3 (�0.4) g/L 7.5 (�0.8) g/L +50 %
polySia 589 (�23) mg/L 301 (�20) mg/L +96 %
Protein 207 (�38) mg/L 109 (�42) mg/L +90 %
mmax 0.72 (�0.02) /h 0.64 (�0.1) /h +12 %
YP/S 0.024 (�0.001) g polySia/g Glucose 0.015 (�0.001) g polySia/g Glucose +57 %
YX/S 0.451 (�0.019) g CDW/g Glucose 0.375 (�0.04) g CDW/g Glucose +20 %
YP/X 0.052 (�0.004) g polySia/g CDW 0.04 (�0.003) g polySia/g CDW +30 %
STY 0.079 (�0.011) g polySia/L/h 0.026 (�0.004) g polySia/L/h +206 %

Fig. 4. Time course of the batch cultivation of E. coli BL21 pKT274 NmC-CAT on the synthetic HCDC medium in a 25 Liter disposable bag reactor. Mixing was performed by wave
induction. Displayed are the content of dissolved oxygen content (blue line), the rocking rate (black line), the decrease of glucose concentration (green triangle) and the
increase of CDW (circle), acetate (square) and polySia concentration (red triangle). The vertical blue line symbolizes the time after 9.5 h, from which the dissolved oxygen
concentration in the medium was regulated above 40 % by adding pure oxygen to the air supply (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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Table 5 gives a complete overview of all cultivation results
obtained in the wave-induced disposable bag reactor. In the
following, the cultivation data using the HCDC medium were
compared with previous literature values [39]. The change of the
medium also reduced the cultivation time by 35 % in the bag
reactor system used. The cell density (50 %) and polySia
concentration (96 %) could be significantly increased at the same
time. Unfortunately, the percentage of proteinogenic impurities
(90 %) also increased. The growth rate was calculated with 0.72
(�0.02) /h, which corresponds to a doubling time of 58 min. The
yield coefficients also show that more biomass and product is
formed per substrate (see Table 5). The STY was also significantly
increased to 0.079 (�0.011) g polySia/L/h (206 %).

3.4. Disposable bag reactor cultivation of recombinant E. coli BL21
strains

The recombinant polySia production was also performed in the
disposable bag bioreactor. The exemplary time course of the
cultivation of E. coli BL21 pKT274 NmC-CAT expressing α2,9-polySia
is shown in Fig. 4.

After inoculating the bioreactor, the rocker rate increased to 32
rocks per minute (Rpm) in order to regulate the DO content at 50 %.
The rate is only further adjusted automatically after 6.5 h. After 9.5
the maximum rate of 42 Rpm is reached and pure oxygen is
partially supplied to the aeration flow. Sampling takes place after
10 h at the beginning of the exponential phase. As before in the
cultivation of E. coli K1, an oxygen limitation occured after 15 h,
since the aeration flow was supplied with pure oxygen, but the
cells were still growing. After 17.8 h the glucose was completely
consumed. Then, a cell density of 9.1 g/L and a polySia concentra-
tion of 93 mg/L were reached. Acetate accumulation increased
from 2.2 g/L to 7.1 g/L during anaerobic growth, which slowed cell
growth. The time courses of both α2,8-polySia producing
recombinant strains were comparable except for the much shorter
lag phase.

The experimental results were compared with the results of E.
coli K1 cultures and are summarized in Table 6. All recombinant
strains showed comparable maximum growth rates of 0.49�0.53
/h, which were, however, significantly lower than those of E. coli K1
(0.72 /h). This resulted in a much longer cultivation time for all
recombinant strains. Due to the oxygen limitation occurring, low
final cell densities in the range of 8.1 g/L and 9.3 g/L were achieved.

3.5. Downstream processing for purification of polySia

After the upstream process, the produced polySia was isolated
from the culture broth to obtain a pure product. The performance
of the purification process is described using the data of E. coli K1
(Fig. 5). The culture broth was stored for 17 h at 8 �C to release
bound material from the cell surface. This maturation process
increased the amount of polySia in the culture supernatant by 10 %
[36]. The final polySia concentration after maturation was 634
(�13) mg/L while the protein concentration reached 275 (�31) mg/
L. Cell separation was then performed by continuous centrifuga-
tion as described before [26]. The supernatant was subsequently
concentrated 50-fold to 500 mL using the crossflow ultrafiltration
system with a filter cassette with MWCO of 30 kDa for the further
process steps. Approximately 48 % of the polySia got lost during
this process step. The larger MWCO led to a comparable product
loss [26], but at the same time was able to reduce the working time.

Table 6
Comparison of the cultivation results of different recombinant E. coli strains in the disposable bag reactor. The results for E. coli K1 are derived from the mean values of a total of
three batch cultivations while the cultivation of each recombinant E. coli BL21 strain was performed exemplary.

Parameter E. coli K1 E. coli pKT274 E. coli pKT774 E. coli pKT274
NmC-CAT

Time [h] 7.5 (�1.3) 10.4 9.3 17.8
CDW [g/L] 11.3 (�0.4) 9.3 8.1 9.1
polySia [mg/L] 589 (�23) 98 86 93
Protein [mg/L] 207 (�38) 71 56 72
mmax [/h] 0.72 (�0.02) 0.52 0.53 0.49
YP/S [g polySia/g Glucose] 0.024 (�0.001) 0.004 0.003 0.004
YX/S [g CDW/g Glucose] 0.452 (�0.019) 0.359 0.323 0.363
YP/X [g polySia/g CDW] 0.052 (�0.004) 0.011 0.011 0.010
STY [g polySia/L/h] 0.079 (�0.011) 0.01 0.009 0.005

Fig. 5. Protein and polySia concentrations during the entire downstream process.
The amount of proteinogenic impurities (white bars) was efficiently reduced using a
common validated purification process. After completing the purification process
no protein was detectable in the final lyophilized product. The recovery yield of pure
polySia (black bars) was 29 (�5) %.
The yields of product and biomass per substrate and product per
biomass are comparable among the recombinant strains. However,
the values are significantly lower than the yields of E. coli K1. The
STY was calculated at 0.01 g polySia/L/h and 0.099 g polySia/L/h for
the α2,8-polySia producing strains and 0.005 g polySia/L/h for the
α2,9-polySia producing strain.
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During these process steps the ratio was approximately 0.44 g HCP/
g polySia. To remove proteins, the retentate was first precipitated
three times with 80 % (v/v) ethanol, which reduced the ratio to
0.3 g HCP/g polySia. For further HCP removal, the retentate was
treated with clay minerals, which adsorb HCP non-specifically. Due
to the higher sample concentrations, the clay mineral treatment
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as repeated, and the supernatant was sterile filtered using the
rossflow ultrafiltration system with a filter cassette with MWCO
f 0.45 mm. After this process step, no protein was clearly
etectable. The salts introduced during the process were finally
emoved by diafiltration with a filter cassette with MWCO of 5 kDa
efore the product was freeze-dried, resulting in similar purities
nd yields as described before [26]. The yield of pure polySia after
yophilization was 29 (�5) % as shown in Fig. 5. This corresponds to
n absolute quantity of 4.5 (� 0.5) g of pure polySia in the bag
eactor per 25 L-batch. The bacterial DNA concentration was
etermined with 1.3 (�0.2) mg DNA/g polySia. Interestingly, the
ndotoxin burden due to the higher cell quantities after cultivation
as also significantly higher than described in the literature. The
nal product had a concentration of over 100,000 EU/mg. However,
n this DSP no specific methods were applied to specifically reduce
he endotoxin burden.

The purification of recombinantly produced polySia was also
arried out from disposable bioreactor culture broth using the
escribed process. Interestingly, it was shown that treatment with
lay minerals led to a significant product loss. Although DNA and
CP were also reduced to below the detection limit, the yield of the
nal product was only between 8 and 15 %. As the concentrations in
he culture supernatant were already much lower compared to the
ield of E. coli K1, only 91–300 mg polySia were produced. As the
mall quantities are not yet of economic relevance, cost-expensive
nalysis for endotoxins was not performed.

.6. Product analysis

To confirm their identity the final products were subjected to
MR spectroscopy. 1H spectra were recorded and compared with
he spectrum of α2,8-polySia from E. coli K1. Comparison with the
ublished chemical shifts of colominic acid (α2,8) and NmC
apsular polysaccharide (α2,9) allowed the assignment of all
bserved signals [11,28,44]. All 1H-NMR (Fig. 6) show the signals
or H3eq and H3ax of sialic acid. In the spectrum of recombinant
olySia from E. coli BL21 pKT274 and pKT774, chemical shifts for

H9b, H8 and H7, which are characteristic for colominic acid,
corroborate the α2,8 linkage. The spectrum of E. coli BL21 pKT274
polySia contains some unknown signals at a chemical shift of
3.6 ppm and in the range of 3.4 ppm and 3.1 ppm, which are most
likely due to process related impurities. In summary, the high
identity to the E. coli K1 reference spectrum and published spectra
confirm that both polymers consist of α2,8-linked polySia.

The spectrum obtained for polySia from E. coli BL21 pKT274
NmC-CAT markedly differs from the α2,8-linked polymer (compare
Fig. 6.1-3 and Fig. 6.4), but is in very good agreement with the
chemical shifts reported for de-O-acetylated α2,9-linked PolySia
harvested from Nm serogroup C [11], which was used as basis for
peak assignment. Most importantly, the signals observed for H9b,
H8 and H7 are shifted upfield, further corroborating the different
placement of the glycosidic linkage.

Another important characteristic for the assignment of a
specific application area of polySia is the maximum chain length.
The maximum chain lengths of the different polysialic acids
produced in this study were determined by HPLC analysis.
Subsequently, the samples were first labelled with the fluorescent
dye 1.2-diamino-4.5-methylenedioxybenzene (DMB). The chain
length of polySia from E. coli K1 was clearly detectable up to a DP of
92 (Fig. 7A). The fluorescence signal in the chromatogram suggests
that the actual maximum DP is still higher. These results are
comparable to previous works [28,38]. The chromatograms of the
recombinant strains show that the maximum chain length of the
reference is comparable. The maximum DP of the recombinant
α2,8-polySia was determined to be DP > 90 (Fig. 7B). A maximum
DP of >80 was measured for the recombinant α2,9-polySia
(Fig. 7C).

4. Discussion

Polysialic acid is an interesting candidate for various medical
and biotechnological fields and can be produced very easily by
fermentation of E. coli K1. However, state-of-art cultivations only
achieve moderate final concentrations of polySia. This study
ig. 6. Comparison of the 1H-NMR spectra of the produced polySia from E. coli K1 (1) and the three recombinant E. coli BL21 strains (2-4). The spectra of the recombinant strain
arrying the pKT274 (2) and pKT774 (3) plasmid, respectively, showed a high similarity towards the reference spectrum, indicating α2,8-glycosidic linked monomers.
owever, the spectrum of the NmC-CAT variant (4) shows signal differences at a chemical shift of 3.5 - 4 ppm, which indicates a α2,9-glycosidic linkage of the monomers.
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describes the establishment of a high cell density process to
improve the biotechnological production of long chain polySia by
cultivation of E. coli K1. In addition, α2,8- and α2,9-polySia polySia
is produced via three engineered laboratory safety E. coli BL21
strains to overcome risks of large-scale cultivations of pathogenic
bacteria. The application of an alternative defined medium [33] for
high cell density cultivation of E. coli K1 significantly improved the
polySia yield due to higher cell densities in comparison to the
commonly used medium [40]. The production was carried out in a
conventional STR and a GMP-compliant wave-induced disposable
bag reactor. In both systems the cultivation time was efficiently
reduced while higher growth rates were achieved. Additionally,
the space-time yield was tripled. A comparison of the medium
composition with the medium previously used for polySia
production [40] shows that the HCDC medium contains signifi-
cantly more trace elements (Table 1). In addition, the glucose
concentration is 25 g/L instead of 20 g/L, which supports cell
growth and polySia production.

In direct comparison of the cultivation systems, the STR
achieved the highest product yields, mainly because polysialic
acid production was not negatively influenced by oxygen limita-
tion. Compared to the STR, the oxygen transfer in the bag reactor is
poor due to the headspace aeration [41]. The resulting anaerobic
conditions increase the production of acetate while the polysialic
acid metabolism is suppressed. In the bag reactor, the acetate
concentration even reached critical concentrations that slowed

polySia recombinantly. Despite comparable cell densities, the
maximal measured polySia concentration in the culture superna-
tant was considerably lower. One possible explanation for this
observation might be the presence of two functional capsule
export machineries in the engineered strains. E. coli BL21(DE3) was
shown to encode functional regions 1 and 3 of its capsule gene
cluster, while an IS1 element in region 2 was hypothesized to
prevent capsule expression [30]. Although genes of region 1 and 3
are highly conserved and were shown to be interchangeable
between serotypes and even species [30,45], a previous study
demonstrated that KpsCS from BL21(DE3) was less suitable to
promote E. coli K1 polysialic acid synthesis if compared to
endogenous KpsCS [30]. Consequently, BL21 KpsCS as well as
other BL21 capsule biosynthesis enzymes might interfere with
capsule assembly or export.

The polySia produced was successfully isolated using a
validated purification process. The yields for endogenous polySia
from E. coli K1 were 29 (�5) %, which corresponds to a total of 4.5
(� 0.5) g in the disposable bag reactor. Purification of the
recombinant polySia, however, resulted in yields of 15 % and less.
Above all, the adsorption on clay minerals increased the product
loss, which indicates that the downstream processing must be
further optimized for the recombinant strains. Product analysis
showed that bacterial DNA and proteinogenic contaminants were
successfully removed below detectable limits. Since no targeted
methods for endotoxin depletion were carried out in this process,
the endotoxin load in the final product was also >100,000 EU/mg
due to the higher cell densities after cultivation. The integration of
alkaline incubation and subsequent anion exchange fractionation
enables the production of highly pure polySia [28,36].

1H-NMR spectroscopy confirmed that two of the recombinant
strains produce α2,8-linked polySia. However, the exchange of
neuS with synE in the kps gene cluster also enables the synthesis of
α2,9-linked polySia in E. coli [32,46]. The maximum chain lengths
of endogenous and recombinant polySia were >90 monomer
residues. These values are comparable to the results of previous
work [28,39]. Despite the low yields after downstream processing,
the recombinant production of α2,8- and α2,9-linked polySia in E.
coli was successful.
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