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PROCESS FOR PRODUCTION OF HIGH MOLECULAR WEIGHT
HYALURONAN IN A RECOMBINANT LACTOCOCCUS LACTIS USING
ACETATE CO-UTILIZATION FED-BATCH STRATEGY

FIELD OF INVENTION:
The invention pertains to metabolic engineering with special reference to hyaluronan

production by recombinant microbial fermentations.

BACKGROUND OF THE INVENTION:

Hyaluronan / Hyaluronic acid (HA), is a biopolymer having important biomedical
applications, and which requires many cofactors for its biosynthesis. HA is a
glycosaminoglycan made of altemative B-glycosidic linkages of glucuronic acid (GlcUA)
and N-acetylglucosamine (GlcNAc). The precursors for these moieties, UDP-GIcUA and
UDP-GIcNAc, are produced in independent pathways from the common substrate, glucose-
6-phosphate. The synthesis of these precursors competes with several major metabolic
pathways and also requires several important cofactors such as UTP, NAD+, and Acetyl-
CoA. Therefore, apart from the redirection of fluxes from the competing pathways to the
HA pathway, cofactor availability can also play a major role in the production and molecular
weight of HA obtained through fermentation processes. HA is a ubiquitous anionic
polysaccharide, naturally present in all vertebrates, synthesized as a capsular polysaccharide
by an integral membrane protein called hyaluronan synthase (hasA). HA has many
commercial biomedical applications and the molecular weight of HA (MWga) is a key
determinant for its applications in cosmetics and healthcare. In general, high molecular
weight HA is nonimmunogenic and non-toxic. High molecular weight HA is used as a visco-
supplement for treating osteoarthritis and for eye surgeries because of its greater resistance
to degradation. Low molecular weight HA is more often used in wound healing, anti-cancer
drugs, and cosmetic applications. Traditional routes for HA production include extraction
from rooster combs and by fermentation of natural, and potentially pathogenic, microbial
producers. In general, all organisms which have been pathway-engineered for HA
production have shown lesser productivity and also produce lower MWua compared with
natural producers. Although there is substantial literature available on the process and
metabolic engineering strategies for enhancement of HA production much less attention has

been paid on strategies for MWua enhancement. Previous studies with recombinant L. lactis
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strains had focused on different genetic strategies as well as process strategies to enhance
MWHra but had been unable to increase it beyond 1.6 MDa. The general range of MWua
produced by these recombinant L. lactis strains varied from 0.6 - 1.6 MDa. This has also
been generally true in case of other HA producing recombinant stains. Thus, there is a need

for the production of high MWua for medical applications.

Metabolic engineering has often targeted enzyme-coding genes in specific pathways, which
need to be overexpressed (or knocked-out) for enhancement or redirection of fluxes towards
metabolite overproduction. However, the limiting constraints for obtaining high product
yields or titers often lie in the enhanced availability of cofactors required for some of the
steps in the targeted pathways. Many literature reports have focused on cofactor engineering
for enhancing productivity and product yields, either by metabolic engineering or process
strategies. Cofactors such as acetyl-CoA also act as precursors for a range of metabolites.
Prior studies have achieved a 5-fold improvement in acetyl-CoA levels in Escherichia coli
cultures by over-expressing the rate-controlling enzyme (pantothenate kinase) thereby
enhancing the acetate synthesis. Studies have been established a platform of yeast cell
factory for enhanced production of cytosolic acetyl-CoA and its redirection towards
products like a-santalene. There are disclosures that the triglycerides accumulation in green
algae critically depends on their ability to divert carbon flow towards acetyl- CoA
biosynthesis. However, there are surprisingly few reports which have actually correlated an

increase in intracellular concentration of these cofactors with enhanced product formation.

Acetyl-CoA is an important pathway node that connects the acetate metabolism and
glycolysis with the HA biosynthetic pathway in L. lactis. Acetyl-CoA acts as a cofactor in
the step catalyzed by acetyl transferase in the pathway producing the limiting HA precursor,
UDP-GIcNAc. Regulation of acetate metabolism and its assimilation as an alternative
carbon source is still unexplored during L. lactis fermentation, although there are some
reports in E.coli and other cultures have shown that overexpression of acetyl-CoA synthetase
(ACS) in E. coli has led to better assimilation of acetate in cultures grown only on acetate.
Thus, there is still a need for enhancing the production of MWy, using process strategies

especially with acetate supplementation and co-utilization.
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OBJECT OF THE INVENTION:

The object of the invention is for a process for the production of higher MWya (3.4 MDa)
throughout the fermentation time with high yield by anaerobic microbial fermentation with

the control of process parameter.

DESCRIPTION OF FIGURES AND DRAWINGS:

Figure 1 depicts the construct of Lactococcus lactis MKG6O

Figure 2 depicts the hyaluronic acid biosynthetic pathway in L. lactis. Linkage of HA
pathway to acetate metabolism is shown through acetyl CoA, a key cofactor for the synthesis
of the limiting precursor UDP-N-acetylglucosamine.

Figure 2 shows In-silico flux balance analysis using a genome-scale metabolic network of
L. lactis. (a) Simulation showing a positive correlation between intracellular acetyl-CoA
flux, UDP-GIcNAc flux, and experimental HA production rates (b) Simulation showing a
positive correlation between intracellular acetyl-CoA flux, UDP-GIcUA flux, and
experimental ethanol production rates.

Figure 3 illustrates the batch experiments for Hyaluronic acid production with L. lactis
MKG6. Profiles of glucose consumption, acetate concentration, HA production, HA
molecular weight (MWHha) and precursor ratio; (a) and (c) Batch fermentation without
acetate supplementation (B-Glc); (b) and (d) Batch fermentation with acetate
supplementation (Ac-Pulse); Point of acetate pulse (18th hour) is represented by the black
arrow in (b) and (d).

Figure 4 depicts the effect of co-supplementation of glucose and acetate on Hyaluronic acid
production and acetate utilization. (a) Profile of precursor ratio (UDP-GlcNAc/UDP-
GlcUA) and HA molecular weight (MWHha); the black arrow represents the point of acetate
and glucose pulse in the log phase of the batch cultures; (b) Glucose and acetate profiles,
showing co-utilization during the fermentation process.

Figure 5 showing a constant feed rate fed-batch fermentation (GAc-CF-8:1). (a) Profile of
precursor ratio (UDP-GIcNAc/UDPGIcUA) and HA molecular weight (MWHra); the black
arrow represents the start of co-feeding of acetate and glucose. (b) Fermentation profile of
glucose consumption, acetate utilization, and HA production.

Figure 6 showing the glucose and acetate profiles for fed-batch processes with glucose
feeding based on pH-feedback response (a) 21% feed concentration without acetate

supplementation (FB-1x); (b) 21% feed concentration with acetate supplementation (FB-1x-
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Ac); (¢) 42% feed concentration with acetate supplementation (FB-2x-Ac); glucose feeding
was started, along with acetate supplementation at 16th hour.

Figure 7 depicts the profiles for the molecular weight of Hyaluronic acid (MWwua) produced
in fed-batch experiments based on pH feedback.

Figure 8 Thermo-gravimetric analysis of Hyaluronic acid.

ABBREVIATIONS:
B-Gle Batch
Ac-Pulse Batch with acetate pulse
GAc-Pulse Batch with acetate and glucose pulse
GAce-CF-8:1 Constant feed Fed-batch
GAce-CF-2:1 Constant feed Fed-batch
FB-1x pH feedback- fed batch fermentation
FB-1x-Ac pH feedback- fed batch fermentation
FB-2x-Ac pH feedback- fed batch fermentation
FB-3x-Ac pH feedback- fed batch fermentation

DESCRIPTION OF THE INVENTION:

Accordingly, the invention pertains to a process for the production of higher MWua (3.4

MDa) throughout the fermentation time with high yield in anaerobic microbial fermentation

with control of process parameter.
The recombinant cocci for the production of MWwua 3.4 MDa is Lactococcus lactis MKG6.

Lactococcus lactis MKG6 expressed three heterologous HA-pathway genes obtained from
the has operon of Streptococcus zooepidemicus in an Idh-mutant host strain, L. lactis

NZ9020.

The titer of MWua 3.4 MDa obtained by using Lactococcus lactis MKG6 is 3.2 g/L in the

fermentation condition of the process of the invention.

In one embodiment the invention discloses the flux distribution in the HA-precursor
pathways in L. lactis strains, as the difference in the flux distribution to its precursor

pathways causes significant variations in the amount of HA produced by different strains
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and under different fermentation conditions. The flux distribution in the HA-precursor

pathways in L. lactis strains was analyzed by a flux balance analysis (FBA).

The process parameter is of glucose or acetate for the increase in cofactors such as acetyl-

CoA, UDP-GIcNAc, and HA production.

The process parameter is of glucose and acetate, for the increase in cofactors such as acetyl-

CoA, UDP-GIcNAc, and HA production.

In one embodiment the invention discloses the increase in intracellular cofactors in HA

biosynthetic pathway such as acetyl-CoA, UDP-GlcNAc.

The invention pertains to the anaerobic fermentation processes with the increase in
intracellular cofactors such as acetyl-CoA, UDP-GIcNAc flux for increased HA

productivity.

In one embodiment the anaerobic fermentation process of the invention is selected from the

batch process with Ac-pulse or GAc-pulse.

In another embodiment, the anaerobic fermentation process of the invention is selected from

the constant fed-batch process with high and low glucose to acetate ratio of 8:1 to 2:1.

In another embodiment, the anacrobic fermentation process of the invention is one of fed-
batch process where 21% glucose feeding was initiated at the log phase of growth by the pH

feedback mechanism in response to the base addition during the fed-batch process (FB-1x).

In another embodiment, the anaerobic fermentation process of the invention is one of a fed-
batch process where 21% glucose feeding was initiated at the log phase of growth by the pH
feed-back mechanism in response to the base addition during the fed-batch process. In

addition acetate (5g/L) was pulsed once at the log phase (FB-1x-Ac).

In another embodiment, the anaerobic fermentation process of the invention is one of a fed-

batch process where 42% glucose feeding was initiated at the log phase of growth by the pH
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feedback mechanism in response to the base addition during the fed-batch process. In

addition acetate (5g/L) was pulsed once at the log phase (FB-2x-Ac).

In another embodiment, the anaerobic fermentation process of the invention is one of a fed-
batch process where 63% glucose feeding was initiated at the log phase of growth by the pH
feedback mechanism in response to the base addition during the fed-batch process. In

addition acetate (5g/L) was pulsed once at the log phase (FB-3x-Ac).

To increase acetyl-CoA levels, the anaerobic fermentation process was supplemented with
acetate in batch and fed-batch processes. Further, the acetyl-CoA and the precursor
availability were enhanced with acetate supplementation as a pulse input (Ac-Pulse) in the
late log phase of the batch cultures and acetate utilization in this culture enhanced the HA
concentration by 38% (Figure 3b). Although this led to only a marginal increase in acetyl-

CoA, the peak MWra increased from 2.1 to 2.3 MDa (Figure 3d).

In addition, the invention discloses that acetate utilization takes place in L. lactis MKG6
cultures only in the presence of glucose, and to extend the acetate uptake phase, glucose was
pulsed along with the acetate (GAc-Pulse) at the late log phase of the culture, when glucose

concentrations decreased to around 5 g/l.

In one embodiment it is disclosed that the acetate uptake continued for a period of 12 hours
after pulsing until the exhaustion of glucose (Figure 4b). A GAc-Pulse results in a 5-fold
increase in acetyl-CoA levels compared to the Ac-Pulse, a 3-fold increase in the level of the
HA-precursor UDP-GlcNAc and a 67% increase in MWha from 1.5 MDa to 2.5 MDa (Table
2). The invention further discloses that B-Glc and Ac-Pulse exhibited a decrease in MWga
towards the end of the fermentation. The GAc-Pulse did not result in a decrease in MWna
upon exhaustion of glucose. The MWwa increased even after the glucose exhaustion. This
increase is due to the accumulated level of acetyl-CoA and a favorable increase in precursor

ratio (Figure 4a).

In one embodiment the invention discloses a constant fed-batch process for the production
of high MWra wherein initially, fed-batch processes is with a constant feed rate having a

fixed ratio of glucose to acetate. The glucose to acetate ratio was in the range of 8:1 to 2:1.
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The feed rate of glucose and acetate (GAc-CF) in fed-batch fermentation process was 10ml/h
constant. For high glucose to acetate ratio (GAc-CF-8:1), glucose and acetate were fed in
the ratio of 1.6:0.2 g/h. The acetate utilization improved significantly (average utilization of
3.42 g/L) in the fed-batch phase, while the glucose concentrations remained constant around
2g/L. (Figure 5b). The intracellular acetyl-CoA and HA precursors were comparable to the
GAc-Pulse experiments, resulting in a similar HAMW (2.5 MDa) and a 23% increase in the
HA titer (3.1 g/l) (Table 2). The MWga remained constant for a period of 30 hours, in
contrast to the batch experiments which showed a decrease in MWwa. The constant-feed
fed-batch (GAc-CF-2:1), with lower glucose to acetate feed ratio (1.0:0.5 g/h), resulted in
the accumulation of these substrates (Figure S4) and production of HA with lower titer (2.36

g/l) and less MWwua (1.8 MDa) (Table 2).

The invention also discloses enhanced acetate utilization by maintaining a constant glucose
concentration for L. lactis MKG6 cultures grown in hetero-lactic condition. The glucose
uptake rate in the batch (B-Glc) cultures was 2.45 g/L/h. Concentrated glucose (21%) was
fed, based on the pH-feedback response (FB-1x) and the net feed rate of glucose was 2.625
g/L/h during the FB-1x strategy. After the start of feeding, the average glucose and acetate
concentrations were maintained at ~ 8 g/L. and 2-3 g/l, respectively, for a period of 10 hrs
(Figure. 6a). Compared to batch (B-Glc) cultures with only glucose as substrate, the MWua
increased in the FB-1x experiment and was maintained in the range of 1.9-2 MDa till the
end of fermentation for a period of 36 hours (Figure 7). The amount of HA produced also
nearly doubled compared to batch fermentation (Table 2). The acetyl-CoA levels in FB-1x
were much higher compared to all the batch experiments — viz. B-Glc, Ac-pulse, and GAc-

pulse (Table 2).

Sodium acetate was pulsed along with the initiation of glucose feed in the fed-batch (FB-
1x-Ac). The pH variations in these cultures were greatly reduced due to the buffering action
of sodium acetate. The net feed rate of glucose feed was of 1.75 g/L/h and led to the
exhaustion of glucose around the 40™ hour. The acetate pulsing along with glucose feed in
FB-1x-Ac resulted in a substantial increase in acetyl-CoA as well as the precursor UDP-
GlcNAc and a higher MWHA (2.31 MDa; P-value ~ 0.006), compared to the FB-1x
experiment (Table 2). Further, feed glucose concentrations were doubled (to 42%) in the

FB-2x-Ac conditions, keeping the same level of acetate pulsing (5 g/1). This resulted in
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doubling the acetate uptake, a marginal increase in acetyl-CoA level and a significant
increase in the level of the precursor UDP-GlcNAc (Table 2). The MWwa increased by a
further 50% to nearly 3.4 MDa (P-value ~ 0.003) (Table 2). The enhanced feed rate
maintained the average glucose concentration at ~ 10g/L for a period of 15 hours (Figure
6¢). The MWHa was maintained at a high value throughout the fed-batch process (Figure 7).
The precursor ratio increased gradually to a value close to unity, thereby enhancing the final
average MWHha. Further increase in the glucose feed rate with 63% glucose feed resulted in
accumulation of glucose, lower values of acetyl-CoA (~ 276 nmol/g) and, consequently, a

lower MWaa (2.55 MDa), in comparison to the FB-2x-Ac fed-batch experiment (Table 2).

EXAMPLES:

Example 1: Construction of the recombinant L.lactis

The recombinant strain L.lactis MKG6 (Kaur and Jayaraman 2016), constructed by
transformation of the plasmid pSJR6 (Figure E1) in L. lactis NZ9020 (Idh mutant version of
L. lactis NZ9000) was employed in this study for HA production. L. lactis NZ9020 procured
from NIZO, Netherlands, is a lactate dehydrogenase (Idh) mutant strain, in which two out
of three Idh genes (IdhX and ldhB) have been knocked out (Bongers et al., 2003). The pSJIR6
plasmid (Prasad et al. 2012) contains the heterologous hyaluronan synthase (hasA), UDP-
Glucose dehydrogenase (hasB) and a bifunctional enzyme, glucosamine-I-phosphate
acetyltransferase / N-acetylglucosamine-1-phosphate uridyltransferase (hasD/glmU) genes
sourced from Streptococcus zooepidemicus and overexpressed using the nisin-inducible
NICE expression system (Mierau and Kleerebezem 2005). Stocks of L. lactis MKG6 strains
were stored in 60% glycerol at -80°C. Chloramphenicol (10ug/ml) and tetracycline (2pg/ml)
(Sigma Aldrich, India), were used as selection markers for the L. lactis MKG6 cultures.
Fermentation experiments were carried out using a culture medium (HiMedia, India)
composed of the following components (g/L): Yeast extract (5), brain heart infusion (5),
KH>PO4 (0.5), KoHPO4 (1.5), MgS04.7H20 (0.5), and ascorbic acid (0.5). Glycerol stocks
were grown overnight in 50 ml medium, which is then sub-cultured in 100 ml medium to

prepare the seed culture as inoculum for bioreactor studies.

Example 2:

1. Fermentation
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Fermentation experiments were carried out using a culture medium (HiMedia, India)
composed of the following components (g/L): Yeast extract (5), brain heart infusion (5),

KH2PO4 (0.5), K2HPO4 (1.5), MgS04.7H20 (0.5), and ascorbic acid (0.5).

Batch experiments were carried out in a 2.4L bioreactor (KLF-2000, Bioengineering,
Switzerland) with 1.2 L of culture volume (including 100 ml inoculum seed culture) and 30
g/L initial glucose concentration. HA production was induced at 0.6 ODgpo by addition of
Nisin (2 ng/ml). Concentrated sodium acetate (HiMedia, India) was separately sterilized and
used for pulsing experiments. Agitation, pH, temperature and dissolved oxygen were kept
constant throughout the process at 200 rpm, pH 7, 30°C and 0% (anaerobic), respectively.
Fed-batch strategies (Table 1) were performed in a 3.6L bioreactor (KLF 2000, Biojenik
Engineering, India) with the initial working volume (including 100 ml inoculum seed
culture) of 1.6L respectively. Acetate production was significantly less compared to the
formate synthesis. The amount of base consumption was estimated during the time course
of fermentation in batch studies. The change in formate production was positively correlated
with the base consumption profile. The change in glucose utilization (AG) correlated linearly

with the change in formate production (AF).

Table 1 Fermentation strategies employed for enhancing HA molecular weight

Total
Process Acetate Glucose
Experiment ID process
Strategy Supplementation supplementation
time (h)
B-Gle Batch 27 - -
10 g/L. was pulsed
Ac-Pulse Batch with acetate pulse 35 -
at the 18" hour
Batch with acetate and glucose 5 g/L was pulsed 10 g/L was pulsed
GAc-Pulse 40
pulse at the 14™ hour at the 14" hour
0.2 g/h constant
50 1.6 g/h was pulsed
GAc-CF-8:1 Constant feed Fed-batch feed was initiated
at the 14" hour
at the 14" hour
0.5 g/h was
48 1.0 g/h was pulsed
GAc-CF-2:1 Constant feed Fed-batch pulsed at the 14%

at the 14" hour
hour
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FB-1x

FB-1x-Ac

FB-2x-Ac

FB-3x-Ac

pH feedback- fed batch

fermentation

pH feedback- fed batch

fermentation

pH feedback- fed batch

fermentation

pH feedback- fed batch

fermentation

36

43

45

40

5 g/L was pulsed
at the 16™ hour

5 g/L was pulsed
at the 16™ hour

5 g/L was pulsed
at the 16™ hour

21% feed was
started at the 16
hour
21% feed was
started at the 16"
hour
42% feed was
started at the 16
hour
63% feed was
started at the 16"

hour

2. Flux Balance Analvsis
Reconstructed Genome-scale Metabolic Network (GSMN) of L. lactis (Flahaut et al. 2013)

with HA reactions (Badri et al. 2019) was used in this study. FBA was performed using
COBRA toolbox v2.0 (Schellenberger et al. 2011) in the MATLAB R2012b (Mathworks

Inc., USA). The metabolic constraints were modified using the estimated experimental rates

obtained from batch experiments in Table 2.

Table 2 Estimated batch experimental constraints for Flux balance analysis

Specific Acetat
ifi substrate HA Lactate Formate Ethanol eare
. Specific . . L . .. producti
Experimen growth uptake productivit productivit  productivit  productivit vit
tID h-l rate y y y y (mm())]]/
rate(h ) (mmol/g.h  (mmol/g.h) (mmol/g.h) (mmol/g.h) (mmol/g.h) h) g
) .
Anaerobic 0.33 15.1 0.70 0.7 14.75 10.89 4.5
Anaerobic 0.34 16.1 0.70 0.3 15.32 9.98 4.6
Aerobic 0.10 3.45 0.33 0.16 0 0.94 1.04
Aerobic 0.12 3.98 0.40 0.09 0 0.12 2.97
Aerobic 0.13 4.59 0.38 0.1 0 0.13 1.67
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3. Fermentation Metabolites

All the solutions and buffers were prepared in ultrapure water and filtered in 0.2 pm PVDF
membrane (Millipore, USA). The culture supernatant was diluted (10 times) and filtered
through a 0.22pm membrane. Lactate, formate, glucose, acetate, and ethanol were estimated
by ion-exchange chromatography using HPLC (Shimadzu, Japan) fitted with Phenomenex
Rezex 300 x 7.8 mm column and the guard column (35x7.8 mm), maintained at 50°C. The
mobile phase 5 mM H>SO4 was degassed on a bath sonicator and eluted at 0.6 ml/min flow
rate. Retention times of lactate, formate, and acetate were 13.2 mins, 14.8 mins and 15.4
mins respectively, detected using diode array detector at 210 nm. Ethanol and Glucose were
detected using a Shimadzu refractive index detector (RID) at retention times of 22.5 mins
and 10.1 mins, respectively. Shimadzu LC solution software was used to integrate the peak
area. Standard plots for these metabolites were developed individually to estimate their
respective concentration in the fermentation broth. The slope of the analyte-specific standard
plot was used to determine their concentrations from the area under the curve (AUC) of the

respective metabolites.

Example 3:
1. Biomass Estimation

The culture sample was treated with an equal volume of 0.1 % sodium dodecyl sulphate
(SDS) for 10 minutes to remove the capsular HA from cells (Gao et al. 2006) and then
centrifuged at 10,000 rpm for 10 minutes to get HA free cell pellet. This was suspended in
0.9 % sodium chloride solution and optical density (OD600) was measured using UV-
Visible spectrophotometer (Jasco Corp. V-550, Japan). The biomass concentration was then

estimated from the calibration plot (Biomass DCW g/L = 0.376 * OD600).

2. HA Assav
HA was quantified by CTAB (Cetyl-tri-methyl-ammonium bromide) method described by

Oueslati et al. (2014). The SDS treated broth samples were used directly for HA estimation.
The Cetyl-tri-methyl-ammonium bromide (CTAB) reagent (2.5 g) was dissolved in 100 mL.
of 2% (w/v) sodium hydroxide. The SDS treated broth samples were used directly for assay.
50 pL of samples and 50 pL of 0.1 M phosphate buffer (pH 7) mixed in 96 well plates. The
plates were incubated at 37°C for 15 minutes. Then, 100 pL of CTAB was added to each

well and the plate was incubated for 10 minutes at 37°C. The samples were then mixed for
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10 seconds to precipitate out HA. Absorbance at 600 nm was measured against the blank

(0.1 M phosphate buffer) using UV-Visible spectrophotometer.

3. MWhn4 estimation

The fermentation broth was first treated with an equal volume of 0.1 % SDS to remove the
capsular HA from the cells (Chong and Nielsen, 2003). After centrifugation at 10,000 rpm
for 10 minutes, the supernatant was taken and 4 volumes of ethanol were added and then
incubated at 4°C for overnight. The precipitate thus obtained was collected by centrifugation
at 10,000 rpm at 4 °C and re-dissolved in 1 volume of 0.2N NaNOs solution overnight. This
solution was then filtered using a 0.45 pm filter and used for estimating HA molecular
weight. Phenomenex Polysep GFC- P 6000 column (300x7.8 mm) along with Phenomenex
Polysep guard column (35x7.8 mm) fitted on a Shimadzu Prominence HPLC with Shimadzu
RID was used for the analysis. Sample injection volume was 20ul. 0.2 M sodium nitrate
filtered using 0.22 pm filter and degassed on a bath sonicator was used as mobile phase for
the analysis. Isocratic elution at 0.6 ml/min at ambient temperature was carried out.
Shimadzu LC solution software was used to integrate the peak area. The calibration plot was
constructed using peak position method using HA standards of viscosity average molecular
weight, My = 0.111 MDa, 0.731 MDa, 1.59 MDa and 2.67 MDa with M, values assumed to
be equal to weight average MW (Armstrong and Johns, 1995). The calibration plot is shown
in Figure 14. The MWHA measured using this method has a concentration effect, resulting
in overestimation. Hence, the model used by Shanmuga Doss et al., 2017 was used to predict

the true molecular weight.

Example 4: Sample processing for intracellular metabolites

1. Extraction of Acetyl-CoA

Samples were collected from the log phase of the culture broth and immediately processed
for estimating the intracellular acetyl-CoA. Sample preparations were done using a modified
version of the protocol reported in Clostridium acetobutylicum (Boynton et al., 1994). 10 ml
of culture samples were centrifuged at 10000 rpm for 10mins at 4°C to remove the cell pellet.
An aqueous solution of 6% perchloric acid (800ul) was used to dissolve the pellet, providing
the acidic environment to stabilize the intracellular acetyl-CoA. The entire pretreatment
process should be carried out at 4°C with the use of dry ice. Then the cell disruption was

carried out by probe-based sonication (QSONICA sonicators, New York) for 2 mins at the
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amplitude of 65 MHz with the pulse on and off time of 2 seconds. Then the cells-free
intracellular extracts were obtained by centrifugation at 10000 rpm for 2 mins at 4°C. Then
the extracts were adjusted to pH 5-6 using 3M potassium carbonate (K2CO3). The precipitate
was removed by centrifugation at 10000 rpm for 2 mins at 4°C. Then the supernatant was

stored in -80°C for reverse phase (RP-HPLC) analysis.

2. Estimation of Acetyl-CoA by RP-HPLC

RP-HPLC analysis was carried out using Phenomenex Luna C18 column (250x4.6 mm, 5
pm particle size) with Phenomenex guard column was fitted on a Shimadzu Prominence
HPLC along with PDA detector for this estimation. Two different solvents were used as
mobile phase (A: 0.2 M sodium phosphate (pH 5.0); B: 0.25 M sodium phosphate (pH 5.0)
with 200ml of acetonitrile). The gradient elutions were performed as described by Boynton
et al.,1994. Elution was carried out at 35°C at 1 ml/min flow rate at 254 nm. Samples were
pre-filtered before injection using 0.22pum membrane. Acetyl-CoA standards were dissolved
and diluted in 6% perchloric acid and the aliquots were stored in -80°C. The calibration curve

for different concentrations of standard acetyl-CoA is shown in Figure 15.

3. Estimation intracellular UDP-HA precursors

Intracellular concentrations of UDP-N-acetyl glucosamine and UDP-glucuronic acid were
estimated using a modified procedure of cold ethanol extraction described by Ramos et al.
2001 (Ramos et al.,2001) followed by ion paired reverse phase HPLC of the lyophilized
extract (IP-RP-HPLC). Culture samples (10ml) collected were immediately subjected to pre-
treatment and the entire process has to be carried out on the ice. An equal volume of 0.1%
SDS treatment was carried out to remove the capsular bound HA from cells. Then HA free
cells were pelleted at 4°C by centrifuging for 2 minutes at 10000rpm. The pellet obtained
was re-suspended in ice-cold 2 ml of 50 mM MOPS buffer (pH 7) and sonicated for 10
minutes using a probe sonicator (QSONICA sonicators, New York). Sonication was carried
out on the ice at an amplitude of 70 MHz for 5 mins at with the pulse on and off time of 2
seconds. Then 25 ml of ice-cold 70% ethanol was added to the sample and incubated at 4°C
with shaking for 20 minutes. Then the samples were centrifuged at 10000rpm at 4°C and the
supernatant was powdered by lyophilization. This lyophilized sample was dissolved in
mobile phase buffer A and filtered using 0.22 pym filter (EMD Millipore, US) before

injection into HPLC.
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4. Estimation of intracellular HA precursors

Phenomenex Luna C18 column (250x4.6 mm, 5 um particle size) with Phenomenex guard
column was fitted on a Shimadzu Prominence HPLC along with PDA detector were
employed for IP-RP-HPLC. Gradient elution (Buffer A: 0.1M phosphate buffer (pH 6.4)
with 8 mM tetra butyl ammonium hydrogen sulphate (TBAHS); Buffer B: 70 % buffer A
and 30 % acetonitrile) was performed. The elution protocol described by Nakajima et al.,
2010 was modified for better resolution of the precursors. The elution was carried out at
40°C at 0.3 ml/min flow rate at 254 nm. An injection volume of 20 pl was used. The samples
were eluted according to the gradient scheme as follows: 100% A for 0-5 min, 0-100% B
for 5-95 min, 100 % B from 95 to 110 min, 100-0% B between 110 and 115 min followed
by 100% A until 180 min. The calibration plot of HA precursors (UDP-GlcNAc and UDP-
GlcUA) are shown in Figure 16 and Figure 17 respectively.

Example 5: Extracellular metabolite Analysis

Lactate, formate, glucose, acetate, and ecthanol were estimated using lon-exchange
chromatography (Kaur and Jayaraman 2016) using Phenomenex Rezex 300 x 7.8 mm
column fitted in Shimadzu Prominence HPLC system connected with PDA and RID
detector. The samples were diluted and filtered through a 0.22ym membrane before HPLC

analysis.

Example 6: Characterization of HA polymer

The HA obtained by the fed-batch process was purified using the diafiltration technique
(Rajendran et al. 2016). The final purified filtrate was lyophilized using freeze dryer (Lark,

India) and then subjected to characterization.

Thermo-gravimetric analysis (TGA): 2¢g dried powder of purified and standard HA
(Lifecore Biomedical, USA) was used for TGA. The thermal stability of the HA was tested

using thermo-gravimetric analyzer TGA Q500Hi-Res (TA Instruments, USA). Heating was
carried from 30 to 1000 °C at the rate of 20°C min~'under N> atmosphere.

'H NMR spectroscopy: Smg/mL of HA sample and standard were used for acquiring 'H
NMR spectra (Bruker Avance 500 MHz, USA). The analysis was performed at room

temperature using Deuterated water (D20) as a solvent and the peaks were reported in parts
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per million (ppm). These HA spectra were plotted using MNOVA software (Mestrelab
Research, Spain).

ADVANTAGES:

1. Acetate is the cheap secondary substrate influences the intracellular concentrations of

kev cofactor, acetyl-CoA.

2. Fed-batch strategies co-utilises glucose and acetate facilitates high molecular weight
HA production of 3.4 MDa.

3. The molecular weight profile seems to be maintained at high level throughout the
fermentation process without any significant decrease observed in batch studies.
4. The purified high molecular weight HA of the invention showed greater stability

compared to the commercial HA standard (2.67 MDa) obtained from Lifecore

Biomedicals, USA.
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The Claim:

A process for the production of hyaluronic acid of higher molecular weight (MWha)
throughout the anaerobic microbial fermentation with a recombinant cocci wherein
the acetate and glucose are pulse fed in the late log phase of fermentation process

and wherein the cocci is a recombinant Lactococcus lactis.

The process as claimed in claim 1, wherein the fermentation process is one of batch
acetate pulse feed, batch process with acetate and glucose pulse feed, constant fed

batch and pH feedback fed batch process.

The process as claimed in claim 1, wherein the recombinant cocci is Lactococcus

lactis MKG6.

The process as claimed in claim 3, wherein the recombinant L. lactis MKG6 harbors
hyaluronan synthase (hasA), UDP-Glucose dehydrogenase (hasB) and a
bifunctional enzyme, glucosamine-1-phosphate acetyltransferase/N-

acetylglucosamine- I-phosphate uridyltransferase (hasD)) genes.

The process as claimed in claim 1, wherein the MWHha is 3.4 MDa.

The process as claimed in claim 1, wherein the glucose pulsing along with acetate

enhances the final HA molecular weight by 63%.

The process as claimed in claim 1, wherein in the constant feed fed batch

fermentation process, the glucose to acetate ratio is in the range of 8:1 to 2:1.

The process as claimed in claim 1, wherein in the pH feedback fed -batch
fermentation process with 21% glucose feed, the average glucose concentration in

the range of 7-9 g/L.
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The process as claimed in claim 1, wherein in the pH feedback fed- batch
fermentation process with 21% glucose feed the acetate concentration in the range

of 2-3 g/l.

The process as claimed in claim 1, wherein in the pH feedback fed- batch
fermentation process with 42% glucose feed with acetate pulse (Sg/L) co-utilises

glucose and acetate producing high HA molecular weight of 3.4 MDa.

The process as claimed in claim 1, wherein in the pH feedback fed- batch
fermentation process with 42% glucose feed with acetate pulse (5g/L) HA titers is
of 3.2 g/L.

The process as claimed in claim 1, wherein the cofactors such as acetyl-CoA, UDP-

GlcNAc are increased in acetate utilization fed-batch processes.
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