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SUMMARY

The aim of this work has been to investigate the principle of combined centrifugal
bioreaction-separation. The production of dextran and fructose by the action of the
enzyme dextransucrase on sucrose was employed to elucidate some of the principles of
this type of process. Dextran is a valuable pharmaceutical product used mainly as a blood
volume expander and blood flow improver whilst fructose is an important dietary
product. The development of a single step process capable of the simultaneous
biosynthesis of dextran and the separation of the fructose by-product should improve
dextran yields whilst reducing capital and processing Costs.

This thesis shows for the first time that it is possible to conduct successful bioreaction-
separations using a rate-zonal centrifugation technique. By layering thin zones of
dextransucrase enzyme onto sucrose gradients and centrifuging, very high molecular
weight (MW) dextran-enzyme complexes were formed that rapidly sedimented through
the sucrose substrate gradients under the influence of the applied centrifugal field. The
low MW fructose by-product sedimented at reduced rates and was thus separated from
the enzyme and dextran during the reaction.

The MW distribution of dextran recovered from the centrifugal bioreactor was compared
with that from a conventional batch bioreactor. The results indicated that the centrifugal
bioreactor produced up to 100% more clinical dextran with MWs of between 12 000 and
08 000 at 20% w/w sucrose concentrations than conventional bioreactors. This was due
to the removal of acceptor fructose molecules from the sedimenting reaction zone by the
action of the centrifugal field. Higher proportions of unwanted lower MW dextran were
found in the conventional bioreactor than in the centrifugal bioreactor-separator.

The process was studied on a number of alternative centrifugal systems. A zonal rotor
fitted with a reorienting gradient core proved most successful for the evaluation of
bioreactor performance. Results indicated that viscosity build-up in the reactor must be
minimised in order to increase the yields of dextran per unit time and improve product
separation.

A preliminary attempt at modelling the process has also been made.
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1.0 INTRODUCTION

Dextran is the collective name given to a large class of extracellular branched bacterial
polysaccharides composed of repeating monomeric glucose units.

Dextran is mainly used in the pharmaceutical industry as a blood volume expander and
blood flow improver (1). The molecular weight of these products are strictly controlled.
For example, the British Pharmacopoeia standard for dextran 40, that is, dextran with-a
molecular weight average MW of 40 000, requires 85% of its molecular weight (MW) to be
between 12 000 and 98 000 (2). Dextran is also required for the production of iron dextran,
used in the treatment of anaemia.

Clinical dextran is produced from sucrose using the extracellular enzyme dextransucrase.
The product of this fermentation stage is called 'native dextran'. Fructose is the main by-
product of the reaction. At low sucrose concentrations the reaction is almost stoichiometric
yielding similar quantities of dextran and fructose.

The industrial production of clinical dextran consists of several distinct unit operations.
First is the fermentation stage, where a large fermentation vessel containing an aqueous
solution of sucrose, fortified with suitable nutrients, growth stimulators, buffer salts and
minerals is inoculated with a culture of the bacterium Leuconostoc-mesenteroides;, strain
NRRL B-512F. The fermentation is then allowed with little process control, to'reach
completion. The final fermentation broth will contain native dextran, fructose, cellular
debris and other impurities. Clinical dextran is produced from this broth using a

combination of acid hydrolysis and ethanol fractionation stages.

The overall process suffers from high energy costs, mainly due to the need for ethanol
recovery by distillation. Working with large quantities of ethanol is also hazardous.
Furthermore, the initial fermentation step is inefficient, particularly for the following

reasons:

Q) The dextran produced is present in a large vessel containing large quantities of
impurities. A method capable of separating, purifying and concentrating the native
dextrans produced in these fermentation broths could significantly reduce

production costs.

(i1) No attempt is made to remove fructose from the broths. Fructose is a valuable by-
product, used extensively as a sweetner in the food industry.
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(i)  High equipment and operating costs.

(iv) It has been shown that the fructose molecules produced during the reaction interfere
with dextran chain growth, causing premature release of the growing dextran chains
from the enzyme molecules. This results in the increased production of low
molecular weight (LMW) dextran. This phenomenon is most pronounced at high
sucrose concentrations and is termed 'the acceptor reaction’. Alsop(3) reports that at
sucrose concentrations of 20% w/v (weight per unit volume), nearly half of all the
dextran produced has a molecular weight (MW) of below 5 000. LMW dextran has

limited uses.

However, high sucrose concentrations are important to reduce equipment and operating
costs. Ideally, a production method that minimises the acceptor reaction at high sucrose
concentrations is required. This can be achieved by simultaneously removing the fructose
molecules as they are produced, from the reaction zone where dextran synthesis is
occurring. This has been achieved in this laboratory by Barker and co-workers(4-9) using
batch and continuous chromatographic systems. Improved yields of high molecular weight
(HMW) dextran were recorded.

The integration of the bioreaction and separation processes is also attractive for other
reasons. Downstream processing costs can account for a substantial amount of the total
production cost of a material. Therefore by limiting the number of process stages in a
production process by combining two or more of the process steps, a substantial reduction
in the overall operating costs can be achieved.

The purpose of this project is to develop an alternative combined bioreaction-separation
process for native dextran production. The ideal process will be capable of both
minimising the acceptor reaction by fructose removal and collecting a concentrated dextran
rich product. This process should also be economically viable, non-hazardous and capable

of continuous operation.
The powerful separation technique of centrifugation was chosen for investigation, since in

theory it appeared to meet the above criteria. This process exploits differences in mass

between the various reaction species.
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The aims of this project can therefore be defined as follows:

(@)

(i)

(iii)

(iv)

v)

Study the principle of the combined centrifugal bioreaction-separation process. It
was envisaged that the work undertaken would act-as a foundation for further

process development.

Determine the efficiency of centrifugal techniques for the separation of dextran from

fermentation broths.

Study the behaviour of the dextransucrase reaction in centrifugal fields with the

particular aim of minimising the acceptor reaction.

Investigate methods of operating the combined centrifugal dextransucrase

bioreactor-separator on a semi-continuous or continuous basis.

To mathematically model the process showing most promise as a dextransucrase

bioreactor-separator.
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2.0 DEXTRAN, FRUCTOSE AND THE COMBINED
BIOREACTION-SEPARATION PROCESS

A brief introduction to dextran and fructose and their current methods of production are
reported in this chapter. This is followed by a literature survey highlighting the use of
centrifuges as combined bioreactor-separators and how centrifugation techniques could be
employed in the development of a combined bioreaction-separation process for dextran
production. Because dextran sedimentation in centrifugal fields is highly dependant upon

dextran structure, a detailed literature review concerning dextran structure is also reported.
2.1 DEXTRAN

2.1.1 Introduction

The term 'dextran' was first used by Scheibler(10) in 1874 in connection with a
carbohydrate with an empirical formula of CgH¢Os5, found in cane and beet sugar juices.
Later investigations have shown that 'dextran’ can be formed by many different
microorganisms and the term ‘dextrans’ is used when no clear definition of the bacterial

origins and chemical properties are given.

Dextrans are extracellular bacterial polysaccharides, composed almost exclusively of the
monomeric unit a-D-glucopyranose linked mainly by o 1—6 bonds. Many dextrans with
widely different branched structures exist. The Leuconostoc mesenteroides B-512F strain
has emerged as the bacterium of choice for the commercial production of clinical dextran
and is the only strain approved medically for the synthesis of dextran for intravenous
injection. This strain produces a water soluble dextran containing 95% o 1—6 linear
linkages and 5% o 1—3 branch linkages. The chemical structure of dextran is shown in

figure 2.1.

Alsop®) has listed a number of potential uses for dextran, although its main use remains in
the pharmaceutical industry as blood volume expanders (MW ~ 70 000) and blood flow
improvers (W ~ 40 000). The molecular weight distribution (MWD) of these fractions
is controlled by various pharmacopoeial and national specifications. The advantage of
dextran preparations are their stability to heat sterilisation, independence of blood type and
recipients, freedom from transmissible diseases and low incidence of adverse reactions.
Dextran is also used for the production of iron dextran, used in veterinary medicine for the

treatment of anaemia.
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Figure 2.1 The Chemical Structure of Dextran

2.1.2 Production of Dextran

B-512F dextran is produced from sucrose by the action of dextransucrase, an extracellular
enzyme, synthesised by the NRRL B-512F Leuconostoc mesenteroides species. Fructose
is the main by-product of the reaction.

Industrially, dextran production is carried out by inoculating sucrose solutions, fortified
with suitable nutrients, growth stimulators, buffer salts and mineral salts with a culture of

Leuconostoc mesenteroides, at a temperature of 25°C and a neutral pH. Details of this

process have been reported by Jeanes(!1). Only limited process control takes place and the

fermentation is left to reach completion.

The dextran produced, called 'native’ dextran has a broad MWD. However, the
commercially important product is HMW dextran. Alsop(3) found that in the industrial
process, HMW dextran yields are maximised by using initial sucrose concentrations of
17.9% w/v. When the yield is related to the direct operating costs of a plant, a decrease in
the optimum level to 12.5% w/v sucrose is registered. However, at this lower optimum,
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throughputs are less and equipment depreciation costs become more important. As a result,
the main UK manufacturer operates at a sucrose concentration of 17.9% wi/v.

Dextran is harvested from the fermentation media by a number of controlled acid hydrolysis
and ethanol fractionation steps. Acid hydrolysis breaks down the dextran molecules into
smaller units which can be harvested by precipitation using aqueous ethanol solutions of
appropriate strengths and volumes. By controlling the hydrolysis step, dextran of the
required molecular weight (MW) can be produced. The industrial process is summarised in
figure 2.2.

Inoculum

Batch High MW
Sucrose 'native' dextran
product
High MW dextran

\

Spray 'Clinical' Ethanol High and
drying range fractionation low MW
dextran dextran
Powdered dextran Low MW dextran
product and ethanol recovery

Figure 2.2 Industrial Manufacture of Dextran

The process has the disadvantage of cell, enzyme and dextran production under a set of
conditions which is not constant throughout the fermentation. By maintaining a pH of 6.7
and a temperature of 23°C throughout the fermentation, Tsuchiya et al (12) were able to
increase dextransucrase enzyme activities by a factor of six although the enzyme exhibited
instability at this pH. Subsequent work by Alsop(3) and Barker and Ajongwen(13) have
further increased enzyme activities in batch fermentations. Higher enzyme activities will
result in improved product yields per unit time, which is an important consideration in

commercial processes.
Further process optimisation can be achieved by removing cellular material from reacted
Leuconostoc mesenteroides fermentation broths, leaving a cell free enzyme solution. This

will be discussed in Chapter 3. This was first achieved by Hehre(14). The enzyme solution
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can then be used to synthesise dextran under controlled, optimum conditions. Cell free
enzyme solutions have been used by Barker and co-workers(4-9), Zafar(15), Akintoye(16)
and Ganetsos(17) in dextransucrase bioreaction-separation studies.

2.1.3 Alternative Dextran Production Processes

A number of workers (18-23) have described processes for the production of clinically
specified dextran as well as dextrans of other MWD specifications without using expensive
and hazardous solvent extraction procedures. Based on this work, Barker et al(24) have
reported a promising alternative method for clinical dextran production (figure 2.3) In this
process, the extracellular dextransucrase enzyme is produced separately and purified by
ultracentrifugation (UC) and ultrafiltration (UF) before being passed into a continuous
chromatographic reactor (SCCR-S), packed with calcium charged resin. The operation of
the SCCR-S system has been detailed in reference 24. The bioreactor is initially charged
with purified dextransucrase and then more enzyme was added continuously in the
deionised water eluent and/or sucrose feed streams at the required strengths. During
operation, the sucrose is converted to dextran and fructose and the acceptor fructose
molecule will be simultaneously removed from the bioreaction zone due to loose
complexing with the calcium ions in the resin. The fructose is retarded by being held back
on the resin and thus is separated from the other components which moved preferentially
with the mobile phase. Zafar (15) has showed that the removal of fructose molecules from
the reaction zones in chromatographic bioreactors led to a substantial increase in the
commercially important HMW native dextran product. The dextran-rich product stream
from the SCCR-S can then be acid hydrolysed. The use of a continuous chromatographic
separator (SCCR) and ultrafiltration and diafiltration (DF) to fractionate and concentrate the
dextran product removes the need for ethanol in this production process.

27




Fermentation :
media Batch / Continuouﬁ :

fermenter

Crude enzyme

Continuous Cells
Ultracentrifugation ¢
(Ultmﬁltration )—-—>S°1“ble
wastes

Purlﬁed enzyme

Contmuous
counter-current
reactor-separator

(SCCR - S)

Sucrose Fructose product

stream
Deionised water

Crude dextran Very high MW

dextran
CACld hydrolysis )4

Continuous Higher MW
dextran

chromatographic Diafiltration )
refiner (SCCR)

Lower MW
dextran

Y
( Diafilraiion HDiaﬁltmtion ) (Ultmﬁltration >_

Clinical MW
‘ dextran

Very low MW ( Ultrafiltration ) . Process
dextran water
Spray drying
and packaging

CLINICAL DEXTRAN

Figure 2.3 The Proposed Clinical Dextran Production Process

28




2.2 FRUCTOSE
Fructose is the other main product of the dextransucrase reaction. It is a sweet; colourless

monosaccharide and is an example of a ketose (a sugar containing a keto group).

The C-2 keto group in the open chain form of the fructose molecule can react with the C-5
hydroxyl group to form a five membered ring called a furanose, so called because of its
similarity to furan (figure 2.4) .Two furanose forms are possible, o and . The
designation o means that the hydroxyl group attached to the C-2 group is below the plane
of the ring, B means that it is above the plane of the ring. The two forms are called

anomers.

CH2 OH
HO - H2C OH

CH OHCO

H/ \C/_____C/
IFHZ-OH
C=0 / OH
| HOH2C® "CH2 - OH
HO-C-H _,////// O ©
|

H - (Ij - OH \

H-C-0OH a |
6

D - Fructose o, - D - Fructose

(o - D Fructofuranose)
Figure 2.4 Fructose Structure

The most common form of fructose is D-fructose, the symbol D indicating that the carbon
furthest from the keto group, namely C-5, is of the same configuration as that in D-
glyceraldehyde.

Fructose has found various uses in the market place as a sweetener substitute for sucrose in
products as diverse as beverages, 'diet' foods, baby food and childrens medicines.
Fructose is also used as a flavour enhancer and as a raw material in the manufacture of
flavourings. Fructose can enhance the inherent aroma of fruits, berries and vegetables and

has been added to juices, jams and desserts(25),
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Fructose has a similar calorific value to sucrose but is nearly twice as sweet in cold

solutions(26.27) and has been used in saccharin preparations to remove bitter aftertastes.
Fructose-saccharin mixtures are generally 3 to 4 times sweeter than pure sucrose without
any distinguishing taste differences. At temperatures in excess of 50°C; the sweetness of
fructose is reduced to that of sucrose due to conformational changes in the molecule(26:27),

The main industrial methods of fructose production have been reviewed by Akintoye (16)

and are summarised in figure 2.5.

Fructose 1s also the main by-product formed during the industrial conversion of sucrose to
B-512F dextran in the presence of dextransucrase enzyme. Although no instances in the
literature concerning the commercial recovery of fructose from dextransucrase fermentation

broths were found, Barker and co-workers(24) have reported an alternative clinical dextran

production process that results in the yield of 100% pure fructose product streams (see

figure 2.3).
Fructose
production
Hydrolysis Enzymic Synthesis
of sucrose isomerisation from starch

Acid Hydrogen ion Enzymic
hydrolysis resin treatment Inversion

Figure 2.5 The Main Industrial Methods of Fructose Production

2.3 BIOREACTION-SEPARATION IN CENTRIFUGAL FIELDS

2.3.1 Literature survey
Centrifugation techniques are mostly used for the separation, purification, characterisation
and/or clarification of solids and liquids. However, instances concerning the study of

chemically reacting systems in centrifugal fields have been reported.

Cohen et al28) studied the behaviour of an enzyme in an applied centrifugal field using the
rate-zonal centrifugation technique. This technique is used to separate two or more sample
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components by virtue of their different rates of sedimentation in a ceritringal,ﬁeld.r Dense

supporting solutions are overlaid with thin zones of sample solution and centrifuged so that
the sample components sediment into the supporting medium at their own characteristic
rates and are thus separated from each other as centrifugation proceeds. The rate-zonal
centrifugation technique will be discussed in more detail in section 4.4.2. Cohenet al.
chose to study the specific enzymic reaction of glutamic dehydrogenase:

Glutamic
Dehydrogenase

NAD" + Glutamic Acid = = NADH + NH; + a-Ketoglutaric Acid + H*

A small volume of the buffered enzyme was carefully layered onto the top of a glutamic
acid solution, which served as both the supporting solution and enzyme substrate solution.
The tube was then centrifuged. The substrate concentrations were sufficient to saturate the
enzyme and decreased by less than 5% during the course of the reaction. Photographs of
the centrifuge cell at a wavelength of 334 nm were taken at uniform time intervals. Since
only NADH absorbed light of this wavelength and the decrease in optical density due to
absorption was directly proportional to NADH concentration, the distribution of NADH in
the centrifuge cells could be determined at any given time interval (figure 2.6).

This distribution data was then used to determine the mean sedimentation and diffusion
coefficients of the enzyme using the fact that NADH was only synthesized where the

enzyme was present in the cell. The back reaction was assumed negligible.

This method proved useful for the study of active enzyme-molecule complexes. For
example, during a polymerisation reaction, the molecular weight of the complex will be
proportional to its sedimentation and diffusion properties. Data can then be obtained
concerning the possible polymerisation state of the complex and the changes that can occur

under the influence of various enzyme activators and inhibitors.

The polymerisation of acrylonitrile to polyacrylonitrile in centrifugal fields was studied by
Parts and Elbing(29). The monomer was initially uniformally dispersed in a centrifuge cell
and the polymerisation process was initiated by the catalytic decomposition of hydrogen
peroxide by ferric nitrate solution. Experiments were performed in centrifugal fields
ranging from 2 000 to 180 000 g. The reaction was followed in a laboratory centrifuge by
sample collection and in an analytical ultracentrifuge by measurement of the level of

sedimented polyacrylonitrile.
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Figure 2.7 shows the rate of polymerisation is lower in all the centrifugal fields compared

to that of the normal gravitational field. 51.2% of the monomer was polymerised after 597
minutes at 180 000 g, while the same degree of conversion was achieved in about 50
minutes at 1 g. This was because the polymer particles, due to their increase in mass,
sedimented to the base of the centrifuge cell where they were subsequently covered by
more polymer material and so were cut off from the supply of monomer. Hence the rate of
polymerisation decreased. Similar results were obtained by Carenza et al(30) when
studying the radiation induced polymerisation of vinyl chloride in centrifugal fields.
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Figure 2.6 NADH Distributions. (The first plot shows the total NADH detected at
four minute time intervals. The lower plot shows the NADH generated during a given time

interval, corrected for sedimentation and diffusion effects.)
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A number of workers, most notably Gilbert and Jenkins(31-40) have studied the transport
behaviour of interacting particle species in centrifugal fields. The distribution of a number
of interacting particle species during centrifugation were mathematically defined by sets of
particle differential equations. Each equation expressed the overall conservation of mass
during transport caused by the combined diffusion and sedimentation of one of the
reactants. These equations were developed from the equation of continuity in the

ultracentrifuge 41). Cann “2) has discussed the derivation of this equation.

These equations allowed the quantitative analysis of the sedimentation patterns of certain
interacting systems. However, the work of these researchers was directed at systems that
exhibited reversible particle interactions for the specific purpose of studying the
mechanisms of enzyme action. For example, Gilbert and Miiller-Hill(43.44) used
sedimentation experiments to study the mechanism of enzyme induction and genetic control

of lactose metabolism in the bacterium Escherichia coli.

Although the sedimentation patterns produced by the irreversible production of
macromolecules from small molecules by enzyme synthesis was not considered by these
workers, the equations that were developed may be of use when describing such a system.
An excellent review concerning the interaction of molecules in centrifugal fields has been

presented by Cann(42).

No instances in the literature were found concerning the behaviour of the dextransucrase

reaction in centrifugal fields.
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2.3.2 The Bioreaction and Separation of Native Dextran in Centrifugal
Fields

The principle aims of this study were to study the centrifugal bioreaction separation
principle and to develop a system that could simultaneously produce dextran and separate
enzyme and fructose molecules during synthesis in order to minimise the acceptor reaction
and obtain a dextran rich product. Furthermore, the development of an integrated
bioreaction-separation process should reduce capital and processing costs. Combined
bioreaction-separation been achieved by Barker and co-workers using chromatographic
systems(4-9:15.16) " Theoretically, these aims could also be accomplished using the active-
enzyme rate-zonal centrifugation technique used by Cohen et al(28). The rate-zonal
technique will be discussed in detail in subsequent chapters but the process can be
summarised as follows:

A small volume of the dextransucrase enzyme is carefully layered onto a sucrose solution in
a centrifuge tube and centrifuged. The action of the centrifugal force will result in the
sedimentation of the enzyme molecules, which are of a relatively high MW due to the
presence of high MW associated dextran material. The 'molecular weight' values of native
dextran, enzyme and dextran-enzyme complexes will be discussed in more detail in
subsequent chapters. When the enzyme contacts the substrate solution, reaction will occur
resulting in the formation of fructose, which has a very low MW and native dextran, which
can have extremely high 'MWSs'. During synthesis, dextran will remain complexed with
the enzyme before being released. The formation of high MW dextran-enzyme complexes
should result in the rapid sedimentation of the active enzyme molecules away from the
fructose rich portions of the tube. The low MW fructose and sucrose molecules will have
very low rates of sedimentation. Therefore the fructose and dextran particles should be
simultaneously separated as centrifugation proceeds. The analytical techniques used to
evaluate the bioreaction-separation principle will be discussed in Chapter 5. A highly

idealised summary of the proposed bioreaction-separation process is shown in figure 2.8.

Sedimentation of the high MW components will be dependent on a number of parameters
including: rotor speed, substrate and product concentration, the density and viscosity of
the sucrose supporting medium, initial enzyme volume and activity, dextran MW and the
sedimentation and diffusion properties of dextran, enzyme and the dextran-enzyme

complexes. These factors were considered in this study.
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Figure 2.8 The Bioreaction-Separation Principle.
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The study of the rate-zonal bioreaction-separation process using an analytical
ultracentrifuge and a conventional batch centrifuge is discussed in Chapters 6 and 7
respectively. The use of tubular settling centrifuges in the development of a continuous
centrifugal bioreaction-separation system is reported in Chapter 8 and the use of specially
designed zonal rotors to study the bioreaction-separation process is discussed in Chapter 9.
A preliminary attempt at modelling the process is presented in Chapter 10.

2.4 DEXTRAN STRUCTURE, SYNTHESIS AND SEDIMENTATION

In order to understand the effects of the various process variables, such as centrifugal
force, enzyme activity and substrate concentration on the proposed bioreaction-separation
process, it is necessary to have an understanding of the structure, synthesis and
sedimenting properties of the dextran product and a knowledge of the sedimenting
behaviour of the dextransucrase enzyme and the dextran-enzyme complexes. These factors
will be discussed in the following sections.

2.4.1 Dextran structure

The B-512F type of dextran contains around 95% o1 —6 linkages, the remaining linkages
being predominantly o1—3 branch linkages. Chemical studies have indicated that most
branch chains are single «1—3 linked glucose residues(43), whereas physical studies have
indicated that the branch chains are relatively long, containing 50-100 al—6 linked
glucose residues(40-47), Robyt, on considering the mechanism of branch formation
believes that branches consist of both single glucose units and the longer branch chains®®),
At least 80% of these branches have been found to be only one glucose unit long(47). The
number of glucose units in the long branches does not appear to exceed 1% of the total
number of glucose units in the molecule.

B-512F dextrans aggregate readily to form three dimensional structures known as
gels(@9.50), These gels are readily soluble in water, which is believed to be due to the large
number of linear .1 —6 bonds present. The observation of films formed by the
evaporation of dilute solutions of B-512F dextran by electron microscopy have indicated
the presence of networks of microscopic filaments(51:52), which suggests that many of the
dextran molecules remain associated, presumably in some kind of network structure, even

in dilute solution(33).
Evidence of crystallinity has also been observed in water soluble dextran gels(33).

Crystalline structures are formed by the regular association of polysaccharide chain
segments. B-512F dextrans readily form crystalline structures, which X-ray powder
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diagrams have conclusively shown to be as a result of the association of linear 1—6 chain

segments (54-30),

Measurements of p.m.r. spectra indicate that dextran chains are most likely to have regular
helical conformations(37), The number of allowed conformations is likely to very large,
with numbers (n) of residues per helix turn ranging from 2-7 and projected lengths (h) of
the residues along the helical axis, ranging from 0-6 Angstroms. The distribution of n and
h values however, has suggested a bias towards extended 'ribbon-like' conformations
where n= 2-3 and h= 4-6 A (53) (figure 2.9). The ordered and stable crystalline structures
would be possible through intermolecular hydrogen bonding that can occur between the
readily spaced 3-hydroxyl group. The linearity of B-512F dextran, which is a result of the
large number of a1 —6 linkages, coupled with the relatively low number of long chain
branches allows this high degree of hydrogen bonding to occur, which gives the associated
molecules a high degree of stability.
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Figure 2.9 The Possible Helical Structure of Dextran

2.4.2 Dextran Particle Weights During Synthesis

The speed of formation of the dextran molecules and particles will greatly influence the rate
at which the dextran and dextran-enzyme complexes will sediment and hence be separated
from the fructose rich portions of the tube in the proposed bioreaction-separation process.
Therefore the MW and time of formation of native dextran particles will be reviewed in this
section. The actual method of dextran formation from the dextransucrase enzyme has been
shown to be a single chain polymerisation process and will be discussed in Chapter 3.

Light scattering studies by Bovey(4?) and Tsuchiya et al(58) showed that very high MW
dextrans, typically of the order of 107 to 6x108 were formed very soon after the start of the
dextransucrase reaction. The ™MW' of these native dextran particles changed only to a
relatively limited degree during the course of conversion (table 2.1). These results were
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obtained using very low enzyme activities and sucrose concentrations where particle-

particle interactions will be minimal. Molecular weight values of the order of 108 were
confirmed by Arond and Franks(59) using a variety of chemical techniques.

Reaction time (mins) Conversion (%) Molecular weight

(x10-6)

18.0 10.2 52.5
30.0 16.7 52.5
40.0 22.2 54.6
50.0 27.8 64.0
60.0 32.4 73.0
70.0 37.7 79.5
85.0 44,7 87.4
110.0 56.8 93.6
132.5 68.2 93.6
162.5 76.4 99.9
195.0 90.0 101.0
225.0 94.5 105.0
245.0 96.5 105.0

Table 2.1 Changes in Average Dextran Particle Weight with Reaction
Time during Dextran Synthesis. Data from Light Scattering Studies Carried
out by Bovey (47),

The first evidence that these 'MW’ values were too high was obtained by Ebert and
Schenk(®0) who determined the turnover number of the enzyme, which is a measure of the
number of substrate molecules that a single enzyme molecule can convert to product per
minute. These researchers reported that the dextransucrase enzyme, with a turnover number
of 32000 min-!, would require more than 20 minutes to build up a dextran molecule with a
molecular weight of 108 under optimum conditions and that a process other than a simple
single chain polymerisation mechanism was occuring. By applying several independent
methods of analysis, they found the molecular weights of the dextran particles to be in the
range of 3-5x105. Similar results have been obtained by other workers(61). They
concluded that the high recorded dextran 'MWSs' were caused by dextran molecule
associations which may be of a remarkably high stability. They further concluded that by
using the 'ribbon-like' helical model for the individual dextran molecules, ordered
superposed structures could be formed by hydrogen bonding between the C3-OH groups.

38




Assuming that the work of Ebert and Schenk is correct, then further: conclusions

concerning native dextran particle structures can be drawn:

A dextran molecule that is of 4x105 MW is equivalent to around 2 200 glucose units. From
the observation that only 1% of the total glucose units in a dextran are present on the long
side branches, which have been shown to be between 50 and 100 units long, then it can be
concluded than on average, between 50 and 75% of native dextran molecules will have no
long branches. All of the molecules should have a number of smaller branch units. This
observation further indicates why linear B-512F dextran molecules aggregate readily to
form stable, ordered, crystalline structures. The low number of branches will decrease the
likelihood of branch interference, allowing a high degree of bonding to occur between the
C3-OH groups on the extended molecules.

The work of Bovey(47) indicated that these large native dextran particles, with particle
weights of the order of 50x100. were formed very rapidly. However, no explanation was
given as to why, after this initial rapid particle weight increase, only very low increases in
particle weights with time were recorded. Furthermore, no data in the literature was found

to explain this observation.

The dextran MW values of 3-5x105 recorded by Ebert and Schenk(60) should be treated
with caution, because the acceptor reaction can greatly alter the MW distribution of the

dextran products from the dextransucrase reaction.

2.4.3 Native Dextran Particle Sizes

Senti et al(40) have studied the size of several acid hydrolysed dextran fractions using light
scattering techniques. They found that over the observed molecular weight range, the
'molecular radius' rp was proportional to MW such that:

=066 MWO43 _______ (2.1)

A double logarithmic plot of 'molecular radius' versus molecular weight for their results is
shown in figure 2.10. Bovey(47), has also studied the particle 'radii' of native dextran
particles during synthesis using light scattering techniques. He found that these radii, like
the observed dextran particle weights did not vary greatly during the course of the reaction,

typically giving radius values of around 800 A

Applying equation 2.1 to a sample of Boveys results gives radial values of 1400-1800 A
for the native dextrans. Thus it appears that native dextran particles become increasingly
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‘compact’ with increasing particle weight, which is consistent with the electron microscopic

observations of native dextran particle structures(52).
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Figure 2.10 Log-Log Plot of Root Mean Square Radius Versus MW for
Various Hydrolysed Dextran Fractions in Water

2.4.4 Dextran Structure : Summary
The size, shape and structure of B-512F dextran will greatly influence its sedimentation

properties in a centrifugal field.

Ebert and Schenk(60) showed that HMW native dextran particles were composed of
aggregates of dextran molecules with MWs of between 3-5x105, that were remarkably
stable. This observation explained the work of Bovey(*7) who observed that HMW native
dextran particles were formed very soon after the start of the dextransucrase reaction and

increased in MW more rapidly than the enzyme's kinetic data would suggest.

The rapid formation and hence sedimentation of native dextran particles may be
advantageous in the proposed centrifugal bioreaction-separation process by encouraging the
rapid sedimentation of enzyme molecules away from fructose rich portions of the reaction

vessel. Dextran, fructose and enzyme sedimentation rates will be discussed in chapter 4.
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3.0 THE DEXTRANSUCRASE ENZYME

It is intended that this chapter should serve as an introduction to the Leuconostoc
mesenteroides B-512F dextransucrase enzyme. This chapter discusses the mechanism of
dextran synthesis and chain termination by the action of acceptor molecules, a knowledge
of which is important for the development of a successful combined bioreaction-separation
process. Practical aspects of enzyme synthesis, purification, storage, assay and optimum
reaction conditions are also considered.

3.1 INTRODUCTION

Dextransucrase is an extracellular glucosyltransferase enzyme that catalyses the conversion

of sucrose to dextran and fructose:
Dextransucrase
nCi2H2011 > (CeH1005)n + nCgH 1206
Sucrose Dextran Fructose

Two genera of bacteria, Leuconostoc and Streptococcus, both belonging to the
Streptococceae family are mainly used to synthesise dextransucrase (62). Dextransucrase

from the Leuconostoc mesenteroides NRRL B-512F strain of bacterium is the enzyme
used to synthesise clinical grade dextran. The dextran produced contains 95% o 1—6 and
5% o, 1—3 glucosidic linkages. Dextransucrase is an enzyme of absolute specificity,

sucrose being the only substance which can act as a substrate (63),
3.2 DEXTRANSUCRASE REACTION MECHANISMS

3.2.1 Dextran Chain Growth

Robyt and co-workers(64.66-72) have extensively studied the probable dextransucrase
reaction mechanisms using pulse-chase radiolabelling techniques. Their mechanism,
purposes that there is an active nucleophile present in each of two active sites, X1 and X»
of the enzyme (figure 3.1). These two nucleophiles attack and bind two sucrose
molecules, displacing the fructose units, leaving two glucosyl groups covalently linked to
the nucleophiles through the Cj carbon group (stage 1). Subsequently, the primary Cs
hydroxyl group of one glucose unit effects a nucleophilic attack on the Cj of the other
glucose unit to form an o 1—6 glucosidic link (stage 2). This transformation releases the
active site nucleophile which attacks another sucrose molecule to give a new glucosyl unit
attached to the active site (stage 3). The process continues with the two active sites
alternately forming covalent complexes with glucose and the growing ch\ain (stage 4).

Chain growth is terminated by the action of acceptor molecules (see next section).
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STAGE 1

STAGE 2

STAGE 3

STAGE 4

Figure 3.1 The Proposed Dextransucrase
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3.2.2 The Acceptor Reaction

Acceptor molecules cause chain termination by displacing glucose and the growing dextran
chain from the active sites of the enzyme (58,60.64,65),

Robyt and Walseth (64) have investigated the acceptor reaction using radiolabelled acceptor
molecules and established that they not only terminate dextran chain growth, but also
release oligosaccharides (sugars consisting of a few monomeric units). In the presence of
sucrose, this reaction can occur in competition with the normal polymerisation reaction.

Robyt and Walseth established the following acceptor-oligosaccharide relationships:

ACCEPTOR OLIGOSACCHARIDE
Glucose Isomaltose
Fructose Leucrose
Maltose Panose

In the case of the above three acceptor molecules, the Cg-OH group of the glucose and
maltose and the C5-OH group of fructose can act as nucleophiles, displacing the glucosy!
and dextranosyl groups from the enzyme complex, yielding the oligosaccharide and dextran
product. Robyt and Walseth (66) have reported 27 different acceptor molecules.
Isomaltose, for example, can displace the glucosyl unit attached to the active site of the
enzyme to form isomaltotriose (a trisaccharide) and the glucosyl unit to form isomaltose-
reducing end-terminated glucan as shown in figure 3.2.

Isomaltose

CH2

(I)H Isomaltotriose

I le\(; — X1~ ¢_O_ G
VR ' ¢—-O—G -(G)n- G

—— X2\ G -(G)n- G )
Isomaltose-reducing
?H end-terminated glucan
CH2

¢_<5 Isomaltose

Figure 3.2 The Mechanism of Acceptor Reactions: The Isomaltose
Reaction.
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3.2.3 The Branching Mechanism , .
B-512F dextran has also been shown to act as an acceptor (67-69). The C3-OH groups on
the dextran acceptor chain can attack the C; of the glucosyl or dextranosyl units of the
enzyme complex to form an o 13 bond and release the glucose unit or dextran chain

from the enzyme (figure 3.3). This mechanism is believed to be the origin of branching in
dextran molecules and explains the presence of large numbers of single o 1—3 linked

glucose residues observed on B-512F dextran molecules as discussed in section 2.4.1.

Dextran chai
extran chain o-(1-3)-glucosyl dextran

G-Gy-G-G)z-G
©y © a 13 linkage G

Lo oo
— X1 G — X1 G-(G)y—é—(G)z-G

N4

—_— +
N ) G-G)n-G
GGG — X2 G-(@)y-G-(@r-G
\__OH
G- (Q)y - (I} -(G)z-G a-(1—-3)-dextranosyl

dextran
Dextran chain

Figure 3.3 The Probable Mechanism of Branch Formation During Dextran
Synthesis

3.3 THE ACTION OF DEXTRANSUCRASE ON SUCROSE UNDER
INDUSTRIAL CONDITIONS.

Alsop®) has studied the effects of a number of factors on the conversion of sucrose to
dextran in an industrial situation. He found that the most important parameter controlling
the yield and MW distribution (MWD) of dextran was sucrose concentration. His results,
obtained by High Pressure Liquid Chromatography (HPLC) and Gel Permeation
Chromatography (GPC) analysis are summarised in table 3.1.

The monosaccharides were found to be mainly fructose, but small quantities of glucose
were also observed. The disaccharides consisted mainly of leucrose but some sucrose and
1somaltose were also recorded. Alsop classified all the dextran above 5 000 MW to be of a
high molecular weight (HMW) and below this value to be of a low molecular weight
(LMW). Typical chromatograms using a TSK-PW G2000 column for 2% and 20% w/v

initial sucrose solutions are shown in figure 3.4.
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Sucrose | Monosaccharides | Disaccharides Total HMW LMW
%o w[v Dextran | Dextran | Dextran
2 52.2 1.9 459 | 459 | o
4 50.0 4.4 45.6 45.6 0
5 51.3 4.3 44 .4 44.4 0
10 51.2 6.8 42.0 39.0 3.0
15 55.5 9.4 35.3 25.3 10.0
20 56.9 11.2 31.9 17.9 14.0

Theory 52.6 0 47 .4 47.4 0

Table 3.1  Dextransucrase Reaction Products at Varying Sucrose
Concentrations (3),

Monosaccharide
Low MW dextran

Disaccharide

" High MW dextran

| |
| [
| l
| |
| |
l |
I | (a)
| | l 2% wfv
sucrose
| : |
. | | |
=
.%0 | | | -
; | | |
£ A l s |
| | (b)
l | 20% w/v
I sSucrose

T N T - e

&

Time of elution

Figure 3.4 Dextransucrase Reaction Product Molecular Weight
Distributions for Initial Sucrose Concentrations of (a) 2% w/v and (b) 20%
wiv (3),
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Stoichiometrically, the reaction should yield 52.6% fructose and 47.4% HMW dextran. At
low sucrose concentrations this was approximately true. As the sucrose concentration was
increased, the following trends were apparent:

(1) A marginal increase in monosaccharide levels.
2) A marked increase in disaccharide levels, found mainly to be leucrose.
3) A marked increase in LMW dextran and oligosaccharide levels.

As a result, the proportion of HMW dextran fell from 45.9% to 17.9% when the initial
sucrose concentration was increased from 2% w/v to 20% w/v.

These results clearly showed that the acceptor reaction was more marked at high sucrose
and hence high fructose and oligosaccharide concentrations. Higher concentrations of
sucrose resulted in higher concentrations of fructose being synthesised, hence resulting in
an increase in acceptor activity. Fructose acceptor molecules act on the glucosyl
dextransucrase complex to form leucrose and on the dextranosyl dextransucrase complex to
release the growing dextran chain. Dextran chain termination will be more prevalent at high

fructose concentrations and thus will result in increased yields of LMW dextran.

LMW dextran has few uses. The objective of any dextan manufacturer is to maximise the
yield of HMW dextran, which can then be broken down under controlled hydrolytic
conditions to yield the commercially important clinical dextran product.

Clearly, HMW dextran yields can be increased by operating bioreactors at low sucrose
concentrations, but this will result in a need for large bioreactors with their inherent high
production and capital costs. As a result, considerable interest has been shown in the
development of bioreactors that can minimise the acceptor reaction by rapidly removing
acceptor molecules from the vicinity of the dextransucrase enzyme active sites. This has

been achieved in recent years by Barker and co-workers in chromatographic systems
(4-9,15,16)

From an academic viewpoint, it is interesting to note that the addition of acceptor molecules
to dextransucrase in the presence of sucrose can alter the reaction products obtained.
Koepsell and co-workers (63) have reported that the addition of a-methylglucoside, maltose
or isomaltose leads to the formation of short chain oligosaccharides at the expense of HMW
dextran. Alsop(3) believes that this may be a way of controlling the dextran fermentation to
yield commercially important dextran products of the desired MW.
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3.4 DEXTRANSUCRASE ENZYME ACTIVITY

One unit of dextransucrase enzyme activity (1 DSU) is defined as the amount of enzyme
required to convert 1 mg of sucrose to product in one hour under standard conditions, that
1s, at a pH of 5.2 and at 25°C.

3.41 Enzyme Activity Determinations

The activity of the enzyme preparations used in this study were determined either by
Hostettler's method(74) or by a method requiring the use of high pressure liquid
chromatography (HPLC) techniques. Hostettler's method used a colourimetric technique
to determine the levels fructose released during the action of the enzyme on a sucrose
substrate, and the HPLC technique monitored the levels of sucrose and fructose during the
enzyme assay(75).

3.4.1.1 HPLC Method
The HPLC analytical procedure is described in Chapter 5. This assay technique allows the
determination of either the sucrose consumed or the fructose produced during the enzyme

reaction with sucrose. The procedure is as follows:

20 cm3 of enzyme was added to 80 cm3 of a 2%w/v solution of sucrose at pH 5.2,
maintained at 25°C. Ideally the enzyme solution should be diluted to give an approximate
activity of 50 DSU cm™3, so an 'educated guess' as to the original enzyme activity was
required. The solution was then shaken and a sample immediately taken. This, and all
subsequent samples were heated in boiling water for five minutes to denature the enzyme,
filtered and injected into the HPLC system. Samples were taken at twenty minute intervals
for a further two hours. Sucrose and fructose concentrations were calculated by comparing
their respective areas with standard 1% w/v solutions. Figure 3.5 shows the typical

sucrose consumption during an enzyme assay.
Enzyme activities were calculated using the following equations:

Activity based on sucrose consumption:
Ms

Activity DSU cm3) = 10 X 50xd 3.1)
Activity based on fructose production:
Activity OSUemd) = 552 xS0xd 3.2)
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where Ms and MF are the initial sucrose and fructose curve gradients obtained from plots of
sucrose consumption or fructose production versus time (see figure 3.5). d is the enzyme
dilution factor.

[\

Slope = Ms

Sucrose concentration (% w/w)
/]

()

I I I | i

0 20 40 60 80 100 120
Incubation time (minutes)

Figure 3.5 HPLC Determination of Dextransucrase Activity: Sucrose
Consumption

The HPLC method is a far more time consuming process than Hostettler's method but
allows the identification and quantification of any contaminating materials to be made. For
example, the accumulation of glucose during analysis is indicative of invertase and
levansucrase activity. Invertase converts sucrose to glucose and fructose, while

levansucrase converts sucrose to levan and glucose.

3.4.1.2  Hostettler's Method
The procedure for assaying enzyme activity by Hostettler's method is as follows:

1 cm3 of appropriately diluted enzyme (ideally between 30 and 50 DSU cm-3) was added to
4 cm3 of 6.25% w/v sucrose in 0.1M sodium acetate buffer at pH 5.2 and shaken.
Immediately, 0.5 cm3 of this mixture was taken out and the remainder incubated in a
waterbath at 25°C. The 0.5 cm3 sample was added to 1.0 cm3 of Sumner reagent (10 g
3-5 dinitrosalicylic acid, 300 g potassium-sodium-tartrate dissolved in 1 litre of 0.5 M
NaOH), placed in boiling water for exactly 5 minutes, rapidly cooled and 11 c¢m3 of
distilled water added. This provided the unincubated sample. Every 5 minutes, a sample
was taken from the reaction mixture in the waterbath and treated in the same way for the
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next 20 minutes. All the samples were stable for at least 24 hours and their optical densities
were read at 530 mm (ODs30) against a blank on a Pye Unicam SP1800 UV/visible
photospectrometer. The blank was prepared by adding 0.5 ¢cm3 of the sucrose stock
solution to 1 ¢cm3 sumner reagent, boiling for 5 minutes, cooling and adding 11 cm3 of

distilled water. The enzyme activity was then calculated using the following formula.

(OD;-ODy) xdx60x2

DSUem= ~5p 052 x02xt  —— B3
where:
OoD; = ODs3 of the incubated sample.
oDy = OD53 of the unincubated sample.
d = Dilution factor of enzyme solution.
t = Incubation time in minutes.
ODg = The ODs30 of a 0.2% w/v fructose solution prepared using

0.5 cm3 fructose solution, 1.0 cm3 Sumner reagent and
treating as for all other samples. This should equal 0.80
+0.05 ODs3p.

3.4.1.3 Practical Aspects of Hostettler's Method
Activities calculated from different incubation times over the 20 minute analysis period
were generally linear with time (figure 3.6). Occasionally it proved necessary to dilute the

samples so that they fell within the range of the photospectrometer.

Optical density at 530nm (OD530)

Ol‘ A i i
0 5 10 15 20

Incubation time (mins)

Figure 3.6 ODgs3g Profile During Enzyme Activity Determination.
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Ajongwen(73) found that the sucrose solutions used in his initial assays showed aging
effects, possibly due to enzyme contamination, resulting in incorrect assay results. He
recommended that the sucrose assay solutions should be freshly prepared before assaying.
The 0.1 M sodium acetate buffer (pH 5.2) was not prone to contamination and could be
prepared in bulk before being used as required in the preparation of the sucrose solutions.
To check for contamination, an additional water blank was prepared in the same way as the
sucrose blank, except that 0.5 cm3 of water was used in place of sucrose. The ODj3
values of the two blank solutions should be the same in the absence of sucrose

contamination.
3.5 PROPERTIES OF DEXTRANSUCRASE

The dextransucrase enzyme exhibits maximum activity at pH 5.2, although the enzyme
retains at least 90% of its maximum activity in the pH range 4.8 - 5.6 (76) (figure 3.7). The
activity decreases markedly outside this range.

The optimum temperature for enzyme activity is 30°C (76) (figure 3.8) but this can lead to a
rapid thermal decay in activity. Kobayashi and Matsuda (7"7) reported a 50% loss in enzyme
activity at 30°C in 13.5 minutes. However, the decline in activity is less rapid at lower
temperatures. For example, Ajongwen et al(78) have recorded a 40% loss in enzyme
activity over a 24 hour period at 20°C. A compromise temperature of 25°C was chosen.
Figure 3.8 indicates that at this temperature, the recorded enzyme activity is approximately

90% of the maximum enzyme activity.
3.6 DEXTRANSUCRASE MOLECULAR WEIGHT

The MW of the dextransucrase enzyme is of particular importance in the centrifugal
bioreaction-separation studies as it will influence the rate at which the enzyme molecules

will sediment. However, the precise MW of the enzyme is unclear.
Ebert and Schenk (79) have measured the MW of a highly purified enzyme preparation by

ultracentrifugation, obtaining a value of 280 000. Their sedimentation diagrams indicated

that only one substance with a uniform MW was present.
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Figure 3.7 Effect of pH on Dextransucrase Activity (76)
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Figure 3.8 Effect of Temperature on Dextransucrase Activity (76)
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However, Miller and Robyt (72), also working with highly purified dextransucrase
fractions reported that Leuconostoc mesenteroides B-512F dextransucrase had two MW

forms: 176 000 and 159 000, this data being obtained by SDS gel electrophoresis
techniques. The 176 000 MW form prevailed in fresh preparations, while on storage, the
159 000 MW form increased at the expense of the former. These values are in accordance
with the value of 171 000 MW reported by Steward and Jackson (80),

However, in this study, the true MW of the enzyme will be masked by the fact that a
considerable amount of dextran remains associated with the enzyme molecules even after
purification, which will be discussed in Section 3.8. Furthermore, Kobayashi and
Matsuda(81) have shown that dextransucrase molecules have a tendency to aggregate.
Therefore, it is possible that the enzyme molecules used in this work will be large enzyme-
dextran agglomerates with relatively high rates of sedimentation.

3.7 DEXTRANSUCRASE ENZYME PRODUCTION

In this study, the extracellular dextransucrase enzyme was produced using large scale batch
fermentation techniques, typically of the order of 800 litres. Barker and Ajongwen(13)
reported activities in excess of 440 DSU cm™3 when culturing Leuconostoc mesenteroides
B-512F under nonaerated, fed-batch, pH controlled fermentation conditions with mild
agitation. Aerobic fermentations carried out under identical conditions have consistently
produced enzyme activities of less than 340 DSU ¢m™3 but with no differences in the final
cell concentration of the broth. The enzyme used in this study was produced by Dr J.
Ajongwen using the nonaerated fed-batch fermentation technique(13).

3.8 DEXTRANSUCRASE ENZYME PURIFICATION

3.8.1 The Purification Process

Highly purified dextransucrase enzyme was required for the bioreaction-separation studies.
The crude fermentation broth contained cells, unused nutrient and considerable quantities of
soluble impurities such as dextran, fructose, leucrose, mannitol and other oligosaccharides.
Small quantities of levansucrase, invertase and other proteins may also be present. A
purified enzyme product will allow meaningful data concerning product formation and

dextran MW distribution to be obtained.
Many researchers have attempted to purify the dextransucrase enzyme. A number of these

processes have been reviewed by Alsop 3), Barker and Ajongwen (13) Zafar (15) and
Ganetsos (17). Researchers in this laboratory have identified three important criteria for the
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successful development of an industrial-scale dextransucrase enzyme purification
process(15):

Scale-up: Most of the reported purification methods are small-scale processes.
Although the experiments carried out in this study were small-scale, the proposed scale-up
of the process will require larger quantities of purified enzyme. Thus, a method that can
easily be scaled-up with little activity losses would be advantageous.

Number of stages: The number of purification stages should be kept to a minimum,
because generally, the greater the number of steps, the more expensive and time consuming
a process becomes. Furthermore, an increase in the number of stages will increase the

possibility of enzyme activity losses.

Degree of purification: Although highly purified enzyme preparations will minimise
analytical problems, higher activity losses could again be expected.

Ajongwen et al(78) have proposed a purification process that yields high enzyme purities
(over 95%) and recoveries with high throughputs and at relatively low costs. This
purification process was successfully employed in this study and is summarised in figure
3.9.

4 ™

Continuous ( Cell removal )
centrifugation stage

4

Ultrafiltration/ ( Solubles )
Diafiltration removal

'"Purified’
dextransucrase
enzyme

- J

Figure 3.9 The Dextransucrase Enzyme Purification Process
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The crude enzyme broth was first centrifuged using a Sharples laboratory T-1
supercentrifuge. This machine has a tubular centrifuge bowl, through which the crude
broth was passed. The action of the applied centrifugal field resulted in the sedimentation
and deposition of the solids, which were mainly cells, at the bowl wall. The accumulated
solids were removed manually at periodic intervals. Most of the extracellular, relatively
slowly sedimenting dextransucrase enzyme remained in solution during centrifugation and
left the bowl in the 'purified’ product stream. The temperature of the process fluid was

maintained between 4 and 8°C using a chiller unit to minimise enzyme activity losses.

Ajongwen et al found that cell removal was reduced either by increasing the process fluid
throughput or the rotor speed. Enzyme recovery, as expected, increased with throughput
due to reduced residence times but decreased with increasing centrifugal force. The degree
of enzyme denaturation was low, indicating that the shear created by the centrifugal forces
did not greatly damage the enzyme. From these results, it was apparent that high rotor
speeds (28 000 to 30 000 rpm) and high throughput rates (100-150 cm3 min-1) were the
optimum conditions for cell removal. These operating conditions resulted in 90% cell
removal and only 10% enzyme losses (table 3.2). The low MW impurities were removed
by ultrafiltration, carried out at temperatures of between 8 and 12°C to minimise enzyme
denaturation. A diafiltration mode of operation was employed with at least four diafiltration
stages being used to remove over 95% of the soluble impurities. Of a number of systems
tested, Ajongwen et al found that a bank of Millipore Pellicon PTTK 00005 flat sheet
cross-flow membranes with a MWCO of 30 000 (total surface area of 1.39 m2) gave the
best results. This module removed nearly 98% of the LMW impurities and nearly 99% of
the ions originally present coupled with low enzyme activity losses and high throughputs
(figure 3.10).

A disadvantage of this purification process is that it does not result in the removal of any of
the dextran material that remains associated with the enzyme molecules. Several
researchers have used chemical techniques to achieve dextran removal(82-88) but these
processes involved a large number of purification stages and resulted in high costs and low

yields.
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Relative Throughput | Residence % Cell % Enzyme
centrifugal | (cm3/min) | Time (min) | Removal Recovery
force at rotor
wall (g)
22 385 80 10.0 91 85.0
155 58 13.7 67 76.5
100 8.0 45 -
140 5.7 24 96.7
220 3.7 12 97.6
780 85 13.7 91 80.3
100 8.0 75 74.5
140 5.7 54 88.5
220 3.7 26 96.8
12 480 58 13.7 97 62.4
100 8.0 98 -
140 5.7 96 72.6
220 3.7 75 95.4
Table 3.2 Cell Removal and Dextransucrase Enzyme Recovery during

Centrifugation (78)

% Low MW removal / activity recovered

100 &
9
80 r
70
60
50
i —&— % Activity recovered
40 i —&— 9% Low MW removed
30 1 1 ] i
0 1 2 3 4 5
Diafiltration stages
Figure 3.10 Dextransucrase Ultrafiltration Results (78)
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3.8.2 Storage and Stability of the Dextransucrase Enzyme.
Due to the thermal instability of the dextransucrase enzyme, it was necessary to store the
enzyme at between -12 and -15°C.

Assays on purified enzyme solutions after one week of storage at -15°C have shown
activity losses of nearly 10%(78). Under identical conditions, crude enzyme fractions
exhibited no activity losses. Ajongwen et al concluded that the presence of cells and
residual dextran in the crude enzyme solutions have a stabilising effect on the enzyme,
although there is evidence to suggest that fermentation conditions can also affect enzyme
stability and activity (78). Robyt and Walseth(70) have found that during storage, enzyme
stability can be increased by the addition of 0.4 mg cm=3 dextran. Ideally, the crude
enzyme should be ultrafiltered before storage and when required, the enzyme thawed and
centrifuged before use. However, since this procedure will lead to increased membrane
fouling, an initial centrifugation was carried out before ultrafiltration and storage. This
solution still contained small amounts of cells and dextran which helped stabilise the

enzyme and were removed by a second centrifugation prior to enzyme usage.

Since purified enzyme solutions can lose nearly 30% of their activity when stored at 5°C
for 24 hours, the enzyme was used as soon as possible after thawing. Enzyme activities
were assayed using either of the methods listed in section 3.4 prior to use. Enzyme activity
per unit volume could either be increased by ultrafiltration or decreased by the addition of

buffer as required.

Analytical problems regarding the presence of enzyme associated dextran were minimal, the

reasons being:

(1) The proposed rate zonal centrifugation technique necessitated low enzyme loadings.
The effect of associated dextran on dextran MWD will therefore be small.

2) In MWD studies, the centrifugal bioreaction-separation runs were duplicated in a
'‘bench’ bioreactor using the same enzyme stock solution. Direct MWD

comparisons could then be made.

3) The bulk of the dextransucrase production was carried out at pH 6.7 where enzyme
activity, hence dextran synthesis was minimal (figure 3.7). However, the pH was
dropped at the end of the fermentation to stabilise the enzyme. This resulted in

some dextran synthesis.
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4) The tendency for dextransucrase to agglomerate and the extremely rapid synthesis
of HMW dextran as discussed in chapter 2, indicated that, as regards the rate of
enzyme sedimentation in centrifugal fields, no great advantage is gained by
preparing enzyme solutions completely free of associated dextran.

3.9 DEXTRANSUCRASE ENZYME KINETICS

3.9.1 Introduction

Akintoye(16) has studied the kinetics of the dextransucrase enzyme in this laboratory. He
found that the reaction velocity or rate of substrate conversion, V, varied with [S], the
substrate concentration. His results, based on a fixed enzyme activity of 25 DSU cm-3 are
summarised in figure 3.11.

2e-6

le-6

Reaction velocity (V) (gcm- 3 sec-1)

0.00 0.05 0.10 0.15 0.20

Substrate concentration [S] (g cm- 3)

Figure 3.11 A Plot of Reaction Velocity Versus Substrate Concentration for
the Dextransucrase Enzyme. (The Vmax and Km Values are Discussed in the Text.)

This graph demonstrates that at sucrose concentrations of less than 2% w/v, V increased
linearly with [S], corresponding to a first order reaction. At sucrose concentrations greater
than 10% w/v, V was effectively independent of [S] and the reaction can be treated as zero

order.
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These results fit well into the kinetic model proposed by Michaelis and Menten(89). A
critical feature of this model is the formation of an intermediate complex (ES) during
catalysis. The model can be written as:

k1 k3
E+sz:k;___-> ES ——>» E + P (3.4)

An enzyme, E, combines with substrate S, to form an ES complex, with a rate constant k.
The ES complex has two possible fates. It can either dissociate to E and S, with a rate
constant kp, or it can proceed to form product P, with a rate constant k3. Itis assumed that
none of the product reverts to the initial substrate, a condition that holds in the initial stage
of a reaction before the concentration of product becomes appreciable. Most enzyme data
fits this model. The most important relationship that can be derived from this model is the
Michaelis-Menten equation, written:

- [S]
V = Vmax m (3.5)

Vmax equals the maximum reaction velocity, attained when all the enzyme sites are
saturated with substrate. Km is called the Michaelis constant and is equal to the substrate
concentration at which the reaction rate is half of its maximal value.

The dextransucrase Km and Vmax values can be simply derived from V values obtained at
different concentrations of [S]. The approximate levels of these values can be read from
figure 3.11. Akintoye constructed a Cornish-Bowden plot(90) to accurately calculate these
values and obtained a Km value of 6.8 x 103 g cm-3 and a Vmax value of 1.5 x 106 g
cm™3 secl. The Km value was in accordance with other published work (90.92),

It is also possible to transform the Michaelis-Menten equation to yield a linear relationship
between V and [S]. This was achieved by taking the reciprocal of both sides of equation

3.5 to give:
1 Km 1

Vmax + Vmax X [—ST — (9

1
\
A plot of 1/V versus 1/[S] yields a straight line with an intercept of 1/Vmax and a slope

equal to Km/Vmax. The corresponding plot using Akintoye's data is shown in figure
3.12.
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Figure 3.12 A Double Reciprocal Plot of the Dextransucrase Enzyme
Kinetic Data

Ignoring the point corresponding to a sucrose concentration of 1% w/v, the graph yielded
Km and Vmax values of 7.25 x 10-3 g cm3 and 1.48 x 10-6 g cm=3 sec! respectively

which were in close accordance with Akintoye's results.

3.9.2 The significance of the Km and Vmax Values

The Km value of an enzyme depends of a number of factors, including the substrate and
also environmental conditions such as temperature and pH. The Km value has two
meanings. Firstly, it is the concentration of substrate at which half the enzyme active sites
are filled. The fraction of sites filled, fgs, at any substrate concentration can be calculated

from the relationship:

\ [S]
fes = Ve~ [ST+km — 6D

Secondly, Km is related to the rate constants of the individual steps in the catalytic scheme
given in equation 3.4 The Km value is independent of enzyme concentrations and can be

used to identify particular enzymes.

The maximum reaction rate, Vmax, is attained when the condition [S]>> Km is true.
Under these conditions, Vmax can be considered proportional to enzyme activity, so that:
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Vmax = k3 [Eq]

(3.8)

[ET] equals the 'concentration' of enzyme active sites, in a given solution. The kinetic
constant k3 is called the 'turnover number' and is defined as the number of substrate
molecules consumed per unit time. Ebert and Schenk(60) have reported the turnover
number for the dextransucrase enzyme to be 32 000 min-! (section 2.4.2). For a
dextransucrase enzyme solution with an activity of 25 DSU ¢m-3 and hence a Vmax value
of 1.5 x 10-6 g cm3 sec-1, [Eq] will equal 2.81 x 109 g cm-3,

However, the real significance of equation 3.8 is that Vmax is proportional to enzyme
activity. Therefore the Vmax value can be calculated for any given dextransucrase activity.
For example, an enzyme activity of 100 DSU cm-3 is equivalent to a Vmax value of
(100/25) x 1.50 x 10-6, giving a Vmax value of 6.00 x 10-6g cm3 sec-! under optimum
conditions.

3.9.3 Michaelis-Menten Kinetics and Rate Order

In most of the experiments undertaken in this study, [S] was initially greater than 10% w/v
(0.1 gcm3). Therefore the condition [S]>> Km applied and the enzyme active sites were
saturated with substrate. When [S] is greater than 10% w/v , two factors should be noted.
Firstly, V effectively equals Vmax. Secondly, V is independent of [S] and the reaction can

be assumed zero order. Zero order reactions can be defined by the equation:
((Slo - [Slp =VAt____ (3.9
where At equals reaction time and [S]g and [S]; the initial and final substrate concentrations

respectively. V can be calculated from equation 3.5 using the appropriate Vmax and [S]
values. Therefore, substrate conversion with time can be predicted by using equation 3.9.

When [S] is less than 2% w/v, V can be assumed proportional to [S] and the reaction will
be first order and the first order rate equation can be applied:

-Ln ([S]; / [Slo) VAt (3.10).
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4.0 CENTRIFUGATION
4.1 INTRODUCTION

In a gravitational field of force, a particle suspended in a less dense liquid medium will tend
to migrate through the medium in a downward direction. For a given medium and fixed
external conditions, the rate of this sedimentation depends primarily on the mass of the
particle and to a lesser extent, the size and shape of the particle, the medium viscosity and
the difference in density between the particle and the surrounding medium.

Centrifuges are capable of accelerating the sedimentation rate of a particle by generating
very high gravitational fields. This is achieved by rapidly spinning the particle around a
fixed axis. It is customary to indicate the intensity of centrifugation by the 'relative
centrifugal field' (R.C.F.) or the 'g' value. This simply represents the accelerating field
relative to the earth's gravitational field. Certain sophisticated ultracentrifuges are capable
of generating forces of up to 500 000g.

Centrifuges have found considerable uses in the separation and purification of particles in
solution. The term ‘particle’ covers all the materials that may be present in a sample, except
the suspending medium. In biological systems these particles may be cells, subcellular
organelles or large molecules, while in chemical systems they are usually dissolved
macromolecular solutes. Centrifugal separators are also used for the separation and

purification of both immiscible liquids and gasses.

Centrifugal separations began finding applications in the process industries about one
hundred years ago. The first recorded continuous centrifugal separator was invented in
1877 for the separation of cream from milk(®3). Industrial centrifuges underwent rapid
development during the second world war, notably in the field of isotope separation and
enrichment. Today, modern centrifuges are used extensively to purify, concentrate and
recover olls, fuels, edible proteins, beer, wine, fruit juices and other drinks, industrial and

municipal wastes, fertilizers and a wide variety of other materials.

Centrifuge technology is not limited to large scale separators. Laboratory scale centrifuges
have been developed in two key areas; analytical ultracentrifugation and preparative
(ultra)centrifugation. The former process incorporates an optical system to follow the
sedimentation of materials through a homogeneous medium. This allows the

characterisation of particle MWs and has given an insight into the size, shape, density and
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the basic composition and activity of many macromolecular species. ‘The latter process is
capable of completely separating several or all of the components of a sample mixture.

4.2 SEDIMENTATION THEORY

4.2.1 The Sedimentation Coefficient

The rate at which a particle sediments is dependent on its size, shape and density and on the
density and viscosity of the surrounding medium. Sedimentation is opposed by a viscous
drag or frictional resistance, the magnitude of which is related to the surface area of the
particle, so that large or near spherical particles (with small area: mass ratios) will sediment
faster than smaller or extended particles. Thus, in a family of particles the largest will
generally sediment fastest. The sedimentation rate of a particle is also directly proportional
to the difference in density between the particle and surrounding medium and the magnitude
of the centrifugal field acting on the particle.

Consider a single particle sedimenting through a medium in a centrifugal cell. The
centrifugal force acting on the particle can be defined as:

Centrifugal force = meg @2 r 4.1

where o equals the angular velocity of the rotor, r is the distance of the particle from the
axis of rotation and m ¢f equals the effective mass of the particle in solution. The angular

velocity of the rotor in radians per second can be calculated from the expression:
w=02nx mpm)/60 — (4.2)

where r.p.m. refers to the number of rotor revolutions per minute. The effective mass of
the particle in solutions is equivalent to the true mass of the particle, less the mass of

solvent displaced:
Meff =m - mVp = m(l—op) —— (4.3)

The symbol v refers to the partial specific volume factor of the particle and is defined in
section 4.2.3. p equals the density of the surrounding solvent. Combining equations 4.1.

and 4.3 gives:

Centrifugal force =m (1—vp) w?r 4.4)

62



After a short initial time period, assuming the centrifugal field to be constant, the particle
will reach a 'terminal velocity', where the resistance of the medium surrounding the particle
is equal to the centrifugal force acting on the particle, thus:

m (1-up) r = F —___ (4.5)

F is the frictional force acting on the particle and is related to the velocity of particle
sedimentation, dr/dt, by the expression:

F = f dr/dt (4.6)

where f is a constant, known as the frictional coefficient and is related to D, the diffusion
coefficient of the particle by the expression:

f=kI/D — _ (47)

where ky, is the Boltzmann constant and T the temperature in degrees Kelvin. Thus,
equation 4.5 may be rewritten:

&8

m(l-vp)w?r = % — (48)

Multiplying both sides by Avogadro's number (N), noting that mN will equal particle
molecular weight (MW) and that the gas constant R equals kpN, then equation 4.8 by
rearrangement becomes:

w=_RL_dldt 4

D(1-vp) w?r

This relationship is called the Svedberg equation ©4). The rate of particle sedimentation in
a unit field is commonly called the particle sedimentation coefficient (S) such that:

dr/dt
S=—"— — (4.10)
Co¢r
Equation 4.9 then assumes the form:
Mw = RIS gy
D(1-vp)
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This equation shows that the mass of a particle is proportional to its sedimentation
coefficient S and inversely proportional to its diffusion coefficient D. Thus, particles with
low MWs will have small S-values. Knowledge of particle S-values allows the optimum
centrifugation conditions to be selected for a desired separation. Equation 4.11 also allows
the calculation of particle MWs from experimental data, but requires a knowledge of D and
v for a given particle. These values can be calculated from standard tables or determined

experimentally as will be discussed in the following sections.

S-values have units of seconds and are commonly reported in 'Svedberg' units. Since
many macromolecules have S-values of the order ~10-13 sec, 1 Svedberg unit is taken to
equal 1x10-13 sec.

Integrating equation 4.11 gives:

S z__LG W) 412

< (ta-ty)
where rj and r; are the distances from the axis of rotation of the sedimenting particles at
times t] and t respectively. Therefore, if the distance that a particle sediments during a
known interval of time at a given rotor speed is known, then the S-value can be simply
determined. Equation 4.12 is often expressed as:

S m2A1
rp =1,€ — (4.13)
where At equals t; - t;.

The relative centrifugal field (RCF) generated during centrifugation can be defined by the

equation:
RCF = 0?r/981 — (4.14)

where r has units of centimetres.
4.2.2 Standardisation of the Sedimentation Coefficient
It is often desirable to compare sedimentation coefficients obtained in different solutions at

different temperatures. It is therefore necessary to convert them to the standard state; that

of pure water at 20°C, using the following equation(94):
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n t, solv 1-020p20,w

S20.w = Sogs

M20, w 1-v, Pisov | _ (4.15)
where:

S 20.w = The fully corrected S-value.

SoBs = The experimentally observed S-value.

M 20,w = The viscosity of water at 20°C.

M t.solv = The viscosity of the surrounding medium at t°C ('medium'’
refers to the solvent plus added buffers and salts).

V20 = The particle specific volume of the solute in the same
medium at 20°C.

Vt = The particle specific volume of the solute in the same
medium at t°C.

p 20,w = The density of water at 20°C.

P t.solv = The density of the surrounding medium at t°C.

To standardise a sedimentation coefficient, a knowledge of the partial specific volume
factor at 20°C and t°C is required.

4.2.3 The Partial Specific Volume Factor

The partial specific volume is defined as the volume increase resulting from the addition of
one kilogram of the solute species to an infinite volume of water. In practical terms it may
be regarded as the contribution per kilogram of dissolved material to the total volume of the

solution.

McCall (95) has reported a simple method for the calculation of the ‘apparent’ partial
specific volume factor, Vapp, wWhich represents the contribution to the volume of 100 kg of

solution by 1 kg of the solute using the expression:

100/p - [(100-n)/
Vapp =——2F [(n Dol (416

where p is the density of solution, p, the density of solvent and n the percentage
concentration of solute. Units are in m3 kg'1 or equivalent. Provided that the solutions are
very dilute, Vapp may be used in place of v without serious error ©O1),

Solutions and solvent densities can be experimentally determined at the required
temperature using a pycnometer and waterbath. For proteins, Vapp 1s considered
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independent of concentration ®1). Table 4.1 lists the partial specific volume factors of a
number of large MW materials. The reciprocal of the partial specific volume factor is equal
to the particle density (pp) of a given particulate or molecular species.

Material Solvent L value
Methyl Cellulose Water 0.72
Starch Water 0.60
Polystyrene Chloroform 0.91
Most Proteins Water 0.745 - 0.750

Table 4.1  The Partial Specific Volume Factors of a Number of High
Molecular Weight Materials (94),

4.2.4 Pressure

Considerable pressure is exerted on samples spinning at high speed. At 60 000 r.p.m., the
pressure in an ultracentrifuge cell is approximately 250 atmospheres. This will affect
sedimentation since both viscosity and density are pressure dependent. However, this

effect is slight and need only be considered in very precise work.

4.2.5 The Diffusion Coefficient

Diffusion can be regarded as the transfer of material from a region of higher to lower
concentration. The rate of diffusion, dm/dt is proportional to the concentration gradient,
dc/dr and the cross-sectional area A through which it occurs:

dm/dt o -A dc/dr —— (4.17)

The negative sign is because material diffuses in the opposite direction to the concentration
gradient. The diffusion coefficient D is a proportionality factor that may be added so that:

dm/dt = -DA dc/dr (4.18)

A knowledge of both the mean S and D values of a particle allows the calculation of particle
MWs from the Svedberg equation (equation 4.11).

The diffusion coefficient can be calculated from analytical ultracentrifuge data, where the
spread of a sedimenting particle species with time can be followed visually. Other optically
based systems exist for the measurement of D, such as the use of Tiselius cells to monitor

free diffusion. However, these methods are very time consuming. The rate of sample
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transfer across porous discs is another common procedure but is prone to mass flow
problems. In this study, the D values of several native dextran samples were determined
using a dynamic light scattering technique (Chapter 6).

Similarly to S, D can be converted to the standard state, that of pure water at 20°C, by
using the equation:

293.2 nT,
Do.w = D ogs ( T ) solv

N1, w (4.19)

Where D 20y and D ogs are the fully corrected and experimentally determined diffusion
coefficients respectively, T equals the absolute temperature of the run in which D OBS Was
determined and M T soly and M T w equal the viscosities of the sample solution and of water

at this temperature.

4.2.6 The Frictional Coefficient

Information concerning the molecular or particle configurations and dimensions of polymer
samples in solution can be obtained from a knowledge of the molar frictional coefficient f,
defined by equation (4.7) as f = kpT/D. Thus, the frictional coefficient of a particle or
molecule can be calculated from a knowledge of the diffusion coefficient. The f value is
effectively a combined measure of molecular shape or 'asymmetry' and the degree of
solvation or 'hydration’ of the polymer in solution. If f,, the frictional coefficient of an
equivalent 'ideal’ molecule , that is, a perfectly spherical non-hydrated molecule is known,
then the frictional ratio f/fo may be calculated. By definition, this ratio should be unity if
the molecular species in question is spherical and not hydrated. Therefore a value greater
than unity indicates a deviation in either particle shape or solvation from the ideal form. f,

can be calculated from the formula:

16271 MW v, | 173
fO =T, N

(4.20)

Where M equals the viscosity of the surrounding medium at t°C and vy equals the partial
specific volume factor at t°C. The average frictional ratio of several native dextran solutions
were evaluated in the course of this work (see chapter 6). f can also be used to estimate

particle size. From Stokes law (%), for a spherical particle of radius rp:
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Thus:

(4.21)

where 1 equals the viscosity of the medium in which D was determined. The determination

of native dextran particle sizes are also reported in Chapter 6.
4.3 CENTRIFUGE CLASSIFICATION

4.3.1 Introduction

Centrifuges can be classified according to the scheme illustrated in figure 4.1. Industrial
settling machines separate materials according to their sedimentation properties and phase
density differences, whereas industrial filtering centrifuges use centrifugal fields to force
liquid through a filter medium. Laboratory centrifuges have far smaller capacities than
industrial centrifuges and are primarily used for research and development purposes.
Certain industries, particularly the pharmaceutical industry, use laboratory scale centrifuges

for separation and purification purposes.

4.3.2  Laboratory Centrifuges

Laboratory centrifuges may be classified as either preparative or analytical centrifuges.

4.3.2.1 Preparative Centrifuges

This group of centrifuges is classified according to the type of rotor used, namely swinging
bucket rotors, fixed angle head rotors, zonal rotors and continuous flow zonal rotors.
These rotors are generally made from either aluminium or titanium alloy and have a wide

range of sample capacities.

Swinging bucket rotors contain removable tubes that are held in buckets. These rotors are
loaded and unloaded in the vertical position. Under an applied centrifugal field, the buckets
'swing out' at a 90° angle so that the direction of sedimentation is approximately parallel
with the sides of the tube. The maximum distance of sedimentation is therefore
approximately equal to tube length. An example of a swinging bucket rotor is shown in
figure 7.1. Swinging bucket rotors are primarily used for small scale separations in density
gradients and are particularly useful for sedimentation velocity studies. The use of

swinging bucket rotors in this study is reported in chapter 7.
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Fixed angle head rotors hold tubes at a fixed angle for the duration of a run (figure 4.2) and
are generally used for rapid differential or isopycnic centrifugations (discussed in section
4.4). The direction of sedimentation is across the tube, so that the maximum distance of
sedimentation is approximately equal to the tube width, hence rapid separations can be
achieved. The main advantage of fixed angle head rotors is their solid construction which
allows large sample volumes to be spun at high rotational speeds with considerable
rotational stability. Generally, the tubes are angled at 35 degrees to the vertical. This has
been found to be the most suitable orientation for separating large, slowly diffusing
molecules 93). For smaller, faster diffusing molecules, tubes should be orientated closer to
the vertical.

Axis of
rotation Maximum length of
© free sedimentation

Direction of centrifugal force

i

Figure 4.2 An Example of a Fixed Angle Head Rotor

The only practical way to increase the quantity of sample handed in a batch centrifugation
system is to increase the capacity of the sample cavity ©3). This has led to the development
of zonal rotors, which are essentially large cylindrical or bowl-shaped vessels with
capacities of 50-100 times that of a typical swinging-bucket rotor. These rotors have
proved highly efficient tools for isolating and purifying a variety of particles (98). The
cylindrical bowl cavity is divided into four equal sector-shaped compartments by vanes
attached to the bowl core (figure 4.3). The rotor is enclosed by a removable lid. A
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rotating seal assembly allows fluid to be pumped into and out of the cavity 'dynamically’
while the rotor is spinning. Reorientation (‘Reograd’) zonal rotors allow the rotor to be
loaded or unloaded while the rotor is at rest. The shape of the rotor core allows the smooth
reorientation of the gradient material to a vertical position when the rotor is spun. These
rotors are generally used to separate fragile materials which may be damaged by passage
through a rotating seal assembly. A Reograd rotor was used in this study, the results being
presented in chapter 9. The Reograd operating procedure is outlined in figure 9.2.

Axis of
rotation
|
|

Liquid out —~es— | (—‘ Liquid in
Rotating seal
»

assembly

Bowl R : x\&\\%\\\\&\&
SO, ™
\\: \\ Bowl lid
NN ﬁx\kﬂxxx\x\“ﬁ%\
Bowl - Rotor core
x\x&} Axis of
%& """ rotation
Bowl Rotor core
cavity R vane

Figure 4.3 Schematic Diagram of a Standard Zonal Rotor

In zonal rotors, material sediments radially towards the rotor wall and therefore, unlike in
swinging bucket rotors, there will be no particle-wall collisions 99(figure 4.4).
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Figure 4.4 Radial Sedimentation in Swinging Bucket and Zonal Rotors

Continuous flow zonal rotors are designed to allow the separation of one or more sample
species from large volumes of process fluid (100). The rotor bowl is similar in shape to a
‘batch' zonal rotor, but the core is of a different design and allows different fluid flow
patterns in the rotor. The process requires the bowl to be initially partially filled with a
dense supporting solution while the bowl is spinning, to form a dense liquid annulus
bounded by the bowl wall. Process fluid is then pumped continuously into the vessel so
that it runs over the centripetal surface of the more dense solution. The centrifugal
separation therefore accounts for two fractions; a sedimenting particle that moves into the
rotor cavity and a supernatant fraction that continues to flow through the core and out over
the centripetal surface of the supporting solution, before leaving the rotor via the outlet lines
(figure 4.5).

Continuous flow processes find particular use in large scale purifications of viruses and

subcellular organelles and for harvesting materials such as bacteria (100),
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The selection of a rotor for a specific purpose is made on the basis of particle size, density,
concentration, volume and the type of separation to be performed.
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Figure 4.5 Operation of a Continuous Flow Zonal Rotor (100)

4.3.2.2. Analytical Ultracentrifuges

The analytical ultracentrifuge has made a major contribution to the characterisation of
mainly biological materials in terms of their molecular properties such as MW, S and D
values and buoyant densities. Data from these measurements has also allowed the
determination of the 'molecular’ size, shape, frictional coefficients, degree of solvation,

compressibility and partial specific volume factors of a wide variety of particles (101),

Analytical ultracentrifuges are fitted with sophisticated optical systems that allow the
behaviour of samples to be observed during a centrifugal run. Three main types of optical
system are available: Ultraviolet absorption, Rayleigh interference and Schlieren optics.
The latter system exploits differences in refractive index to visualise samples and yields the

most readily understandable data but is the least sensitive system.

The basic design of the rotor has not changed appreciably since the time of Svedberg and
co-workers 4)- The rotor consists of a rotor body capable of holding sector shaped cells
with quartz or sapphire windows. A typical rotor and scanning system is shown in figure
4.6. An Analytical ultracentrifuge was used in this study and the results are reported in
chapter 6.
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Figure 4.6 A Simplified Diagram of a Typical Analytical Ultracentrifuge
Rotor and Scanning System

4.3.3 Industrial Centrifuges

These centrifuges can be classified as either settling or filtering machines. Settling
machines include:

(1) High speed, high force separators with manual removal of accumulated solids.

(ii) High speed separators with continuous or periodic discharge of a sludge or slurry.
(i)  Moderate speed separators with continuous discharge of a sludge.

(iv)  Slow speed, large diameter separators with intermittent solids removal.

The first category of machine are either of the tubular or disk-type and are primarily used to
clarify liquids, concentrate emulsions and separate immiscible liquids such as oil and water.
'Clarification’ describes the removal of particulate materials from solutions. This may be
done for the purpose of solids recovery or as a liquid purification process. Passage of feed
material along the tube length under approximately plug flow conditions will result in the
sedimentation of particulate material towards the rotor wall. This will lead to particulate
material pelleting at the rotor wall under suitable operating conditions (see figure 8.1).
These centrifuges are capable of generating speeds of up to 15 000 r.p.m.(~16 000g),
giving throughputs of up to 40 litres per minute, depending on the material to be separated
(93), A laboratory scale centrifuge of this type was used in this study in a preliminary
attempt to develop a continuous centrifugal bioreaction-separation process. The results are

reported in chapter 8.
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Larger throughputs can be achieved using disk-type centrifuges. The bowl contains a stack
of cones, called disks, arranged so that the mixture to be clarified must pass through the
disk stack before discharge. The resulting stratification of the liquid medium generally
reduces the sedimenting distance required before a particle reaches a solid surface and may
be considered removed from the process stream. The angle of the cones is sufficiently
large so that the aggregated solids will 'slide’ radially outwards down the cones before
sedimenting freely from the outer edges of the disks to the sloped outer bowl wall for
collection. Some machines allow the continuous discharge of accumulated solids during
centrifugation via nozzles or valves on the bowl wall. The general fluid flow patterns
generated in a disk-type centrifuge during continuous clarification are shown in figure 4.7.
Disk-type centrifuges are commonly used to clarify fruit juices, dewater kaolin clay and to

purify oil at liquid throughputs of up to 1000 litres per minute (93).
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Figure 4.7 Flow Patterns in a Disk-Type Centrifuge. (The arrows indicate the
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