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Abstract
A thermogravimetric technique for following lipase reaction kinetics has been developed. The
relationships between the reaction rate and substrate have been determined for Candida antarctica
lipase B. At higher concentrations, evidence of substrate inhibition was found, due to the pH of
the system decreasing as the concentration of acid increased. This has a dramatic adverse effect
on the enzyme activity as it moves away from the optimum pH 7.0. Buffering the system closer
to optimum pH increased the reaction rate. Also, it was found that as the hydrophobicity of the
medium, expressed as C logP, increased the reaction rate became slower.
The effect of substitution on the acid substrates was studied; it was found that the enzyme
accepted substrates with substitution in the 3-position but not in the 2-position. As a result of
modelling, this effect was explained by the disruption of hydrogen bonding, which stabilised the
acyl enzyme tetrahedral intermediate.
The thermodynamic reaction parameters were determined using Isothermal Titration Calorimetry.
The difference in reactivity of ester and acid carbonyls was determined together with the entropy
and enthalpy of formation of the acyl intermediates. In the solvent free reaction low dispersity
and high molecular weight polyesters are formed due to the limited solubility of the polyester in
the diol, only limited transesterification occurring at the ends of the chain.
Molecular modeiling was used to map the surface hydrophobicity around the enzyme active site
in an attempt to explain the observed hydrophobic effects. Modelling around and within the
active site was carried out in order to explain the activity of different substrates. The information
gained from these studies led to the synthesis of several novel polyesters and polyurethanes,
which may have commercial utility in coatings and adhesives.
We have investigated the secondary structure of the Candida antarctica lipase B enzyme using
conventional CD and synchrotron radiation CD in aqueous buffers and solvents. The secondary
structure was determined under different conditions, using the CDSSTR and Selcon programs.
Little difference was found between the structure in aqueous buffers and solvents such as hexane,
however, really polar solvents like dioxane and THF unfolded the protein.
Novel Near Infrared (NIR) spectroscopic methods were developed for the determination of the
acid number and the hydroxyl number of polyesters. The effect of changes in the backbone
structure of the polyester on the NIR spectrum of the polyester was determined and calibration
curves developed for all the common types of linear aliphatic polyesters. The importance of the
intra-molecular hydrogen bonding between the acid carbonyl and the hydroxyl groups has been
established and the effect of temperature on the degree of association determined. It was found
that even at a temperature of 120°C there was still substantial association between the two groups.
Partial least squares analysis was developed for the simultaneous determination of both acid
number and hydroxyl number. It has been shown that the principal difference between the
conventionally synthesised polyesters and those synthesised using enzymatic catalysis is that the
latter have little or no carboxyl termination at the ends of the polymer chain. This effect has been
explained by the mechanism of the enzymatic polymerisation.
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1 Introduction.

1.1 Background.

Linear polyesters are a commercially important class of polymers that find their way into
many different applications. The most common polyesters are those derived from
ethylene glycol and terephthalic acid by intermolecular condensation of the diacid and

diol or by transesterification of the dimethyl ester with the diol.!

These polyesters form high molecular weight polymers, which are used extensively as
fibres in clothing and tire cord, as film in the manufacture of magnetic tapes and as a
thermoplastic polymer in the manufacture of bottles.” There are other types of polyesters
made by the condensation of adipic acid and diols, for example 1,4-butanediol and

1,6-hexanediol (see Scheme 1).
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Scheme 1 Reaction of adipic acid and 1,4-butanediol.

These adipate polyesters are used as intermediates in the manufacture of polyurethane

polymers by reaction of the hydroxyls of the polyester with isocyanates such as



2,4-/2,6-di-isocyanatotoluene and  4,4’-di-isocyanatodiphenylmethane (MDI),® see

Scheme 2.
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Scheme 2 Synthesis of polyurethane polymer.

These polyester urethanes are used as solid elastomers, in shoe soles and print rollers.
lThey are used extensively in the manufacture of foamed polyurethane, which is used in
components in cars, shoes and garments.* Special types of polyester urethanes are used in
high performance surface coatings and adhesives. The form of the polyester (which is
termed the 'soft segment'), controls the physical properties of the polyurethane polymer to
a large degree because it forms the bulk of the polymer. Although it is the di-isocyanate
that forms the 'hard segment' of the polyurethane, the actual frequency of hard segment

formation is controlled by the molecular weight of the polyester.®

The reactions of the diacids and diols are thermodynamically unfavourable and it requires

the elimination of water to push the reaction to completion. The common reaction



conditions are a temperature in excess of 220°C and either a reduced pressure or a rapid
sparge of inert gas to remove the water of condensation. In the case of the high molecular
weight polyesters the reaction temperature is over 270°C and the pressure may be as low

as I—SmmHg.6

In addition to the cost of the energy used, there are several other disadvantages to the
process. Heat labile monomers cannot be used at the temperature at which the reaction is
carried out. In the case of the adipate polyesters the reaction is reversible, this limits the
molecular weight of the polyester to a maximum of approximately 4000 Daltons.” In
addition, at 270°C undesirable side products start to form, such as macrolactones, which

can cause deterioration in the physical properties of the final polymer.

Most of the original work on these polyesters was carried out in the 1930’s by famous
names such as Carothers,® and Winfield and Dickson.” Over the intervening years much
process and application development has been done, but very little novel work has been

carried out since those early days.

In the period between 1965-1970 the potential biosynthesis of polyesters was recognised
and ICI developed a semi-commercial fermentation process to a polybutyrate polyester;

however, this process was abandoned after several years of development.

1.2 Enzymatic synthesis.

In the late 1970’s Klibanov and his co-workers pioneered the use of enzymes as catalysts

in non-aqueous systems '° and by 1980 this work had been extended to the use of lipases



in organic synthesis.'!

In the 1980°s it was discovered that a lipase could act as an esterase in a non-aqueous
system, however, the reactants were limited to activated acids or alcohols or to the

transesterification of divinyl adipate in solvent, '

At Baxenden Chemicals it was decided to explore the lipase catalysed reaction of un-
activated intermediates such as adipic acid and butane-1,4-diol. Using di-iso-propyl ether
as the solvent, the lipase from Rhizomucor miehei catalysed the reaction of these starting

materials: the water of reaction being removed by molecular sieves."

Subsequent work showed that it was possible to synthesise polyesters in excellent yield,
without the use of solvent by using the lipase B (CALB) from Candida antarctica."* The
polyesters produced were superior to conventional polyesters as they had a much
narrower molecular weight distribution, typically 6000 Daltons with a dispersity of 1.5.

These polyesters produced adhesives with much improved physical properties.'

In order to explain why the enzyme produced such low dispersity polyesters, the
polymerisation process was investigated in detail. lIt was found that in the early part of
the reaction the diol monoadipate, 6-carboxy-11-hydroxy-7-oxaundecanoic acid (AB),
was the principal intermediate and that the polyesters were formed primarily by the

polymerisation of AB.

O

\/\/\OH

O

AB



It was also found that while the intermediate, 1,6-hexanedioic acid di-(4'-
hydroxybutyl)ester BAB was formed, the species ABA, and other acid terminated

oligomers, were never found and, furthermore, transesterification did not appear to

occur.'®
0
HO /\/\/0\(\/\)"\0 /\/\/OH
9]
BAB
O
HO\[(\/\)LO i
\/\/\O
O OH
0]
ABA

However, when the reaction was carried out in toluene as solvent, transesterification did
occur and the polyesters produced had a much broader molecular weight distribution with

consequently inferior physical properties.

As the development of the process continued a number of observations were made which
could not be explained readily. Deactivation of the enzyme occurred to a much greater
extent when hydrophilic diols such as butane-1,4-diol were used, compared to more

1.'7 1t was also observed that the reaction with high

lipophilic diols such as hexane-1,6-dio
molecular weight diols, such as a,o—polytetramethylene ether diol, was comparatively

fast in spite of the size of the reacting molecule and that there was no de-activation of the

enzyme during the reaction. The apparent selectivity of the enzyme to what appeared to



be structurally similar substrates was surprising. Insofar as a number of diacids and diols
had been trred as substrates with varying success, maleic acid, fumaric acid, itaconic acid
and hex-3-ene-dioic acid were all found to be un-reactive in the solvent free system. The
C3 to C6 diols were also tried and found to give significantly different degrees of

oligomerisation with adipic acid under similar conditions."”

1.3 Mechanism of the enzyme catalysis.

The mechanism by which lipases produce such dramatic rate enhancement on the
hydrolysis and synthesis of fatty acid esters and related compounds has been the subject
of extensive work for many years. It was Pauling,'® in 1946, who first proposed that
enzymes catalyse their specific reactions by the stabilisation of a transition state of the
compound. Then in 1969 work by Blow, et al.,'” on serine proteases identified the nature
and function of the serine (Ser), histidine (His) and aspartate (Asp) catalytic triad as the
key to the active site of the protease. Subsequent work by Brady, ef al.,*® showed that the
lipases also worked by an identical active site containing the Ser-His-Asp catalytic triad.
For a number of years this mechanism was accepted as the explanation for most, if not all,
of the rate enhancement produced by the lipase family of enzymes. In recent years,
however, it became obvious that this was not the complete explanation and more
sophisticated theories have since been developed. It was proposed initially that the
geometry of the active site exerted a steric force on a molecule in the site that reduced the
activation energy by destabilising the ground state of the substrate.” Warshel, > has
shown that theoretically the catalytic contribution caused by steric effects is in effect

minimal; this is almost certainly due to the fact that the enzyme is quite flexible and



undergoes changes in conformation due to the presence of the substrate, without any
significant increase in free energy. FExperimental work has been done by Raines, ef al.,”
to modify the shape of the substrate or the conformation of the enzyme in the region of
the active site. However, in all cases there was a decrease in enzyme activity compared to
the natural state. While this work proves that steric effects can damage enzymatic

activity, it does not prove the converse that steric effects can cause rate enhancement.

A number of authors, notably Crosby ** and Dewar and Cohen ** have proposed that the
basis of enzyme catalysis is their ability to desolvate ground states which are strongly
solvated in solution, thereby reducing the solvation energy of both the ground and
transition states. Warshel,”® however, has shown by thermodynamic considerations that
enzymes do not use a desolvation mechanism, because enzymes that enhance the kea/Km,
do not benefit from destabilising the ground state, but rather from the stabilisation of the

transition state.

In 1971, it was proposed by Page and Jencks *’ that the substrate having entered the
reactive site, became fixed in a configuration that limited both the rotational and
translational degrees of freedom so that the molecule was fixed in the optimum
orientation for the reaction to take place. Storm, et al.,”® extended this work by the
development of the theory of an orbital steering mechanism, which proposed that the
enzyme keeps the reactive group on the substrate in the optimum orientation for the
formation of the transition state. This was tested by Bruice,”” who reacted a series of
model compounds in solution and showed that restriction of the rotation about a bond
could lead to large increases in the reaction rate of the compounds. It requires a major
leap of imagination to extrapolate his work on the ring closure reactions of diacids and

diesters in solution, to the reactions that take place in the active site of an enzyme. While



it is possible that entropic factors may not have a major role in enzyme activity when
small molecules are involved, intuitively when one considers the size of the molecules
with which we are working, these factors must be significant. A simple consideration of
statistical thermodynamics would lead to the conclusion that the probability of either the
carboxyl or hydroxyl group at the end of 2 molecule, which may be 2000 Daltons, coming

close enough and in the correct orientation to react at 60°C, would be quite small.

It is now becoming obvious that the enzyme does not have just one means of enhancing
the reaction rate, but several, which may or may not be used in concert depending on the
substrate and the media in which the reaction takes place. In the case of our lipase, we
can break down the explanation of the enzymatic activity into a number of different
factors. When we do this the explanations for the behaviour of the enzyme in non-

aqueous media also becomes more understandable.

1.4  Hydrophobic/hydrophilic attraction.

Enzymatic processes usually take place in water, which is essential to all biological
processes and to the forces that govern protein folding. The proteins typically fold in
such a way that apolar restdues form the core whereas the polar residues tend to be on the
surface where they are hydrated. In 1990 Dill, ef al.*® showed that it is hydrophobic
forces that control protein folding. However, this is an over-simplification and non-polar
amino acid residues may cover up to 50% of the enzyme surface, where they are
organised into clusters that form hydrophobic areas of the surface. The distribution and
extent of the hydrophobic regions may be critical to the performance of the enzyme.

20

X-Ray studies on a number of lipases by Brady = identified a loop of hydrophobic



protein, which formed a lid over the active site making it inaccessible to the substrate.
While this lid formation is common to most lipases, it was shown by Cygler and Schrag *'

not to be present in Candida antarctica lipase B.

In the case of most lipases, it is the variation in surface hydrophobic/hydrophilic
properties between enzyme and substrate that gives rise to the oil/water interfacial
activation, which is necessary for the hydrophobic lid to open, allowing the substrate
access to the active site.’> However, the attraction of hydrophobic molecules to each
other, like the breaking of an oil in water emulsion, brings the typically hydrophobic fatty
substrate into contact with the lipase, which in water will cleave the fat into its

components. Lango and Combes *

modified the hydrophobic surface of lipases by
glycosylation and showed that as the surface becomes more hydrophilic there is a
decrease in lipase activity. When chymotrypsin is made more hydrophilic, the rate of
hydrolysis is halved, but in the case of C. rugosa lipase, all activity is lost. However,
when the lipase is made more hydrophobic on the surface the rate increases by more than
50%. This work is particularly relevant to the use of lipases in non-aqueous media
because it was shown that increasing the hydrophilicity of the enzyme surface helped the
enzyme retain its activity in polar solvents, probably by helping the enzyme retain its
loosely bound water. Increasing the hydrophobicity of the enzyme increased activity in

non-polar solvents probably by helping the solubilisation of the enzyme in the non-polar

solvent.

The attraction of non-polar fatty substrates to the hydrophobic parts of the enzyme is best
understood when we think of these as oils in water being surrounded by layers of water,
with a large decrease in entropy when the oil in water emulsion is formed. When the

substrate enters the site and forms the Enzyme-Substrate complex, ES, there is a



corresponding large increase in entropy, which is the driving force for the first part of the
binding process.™® The low solubility of the fatty substrate in water has been correlated
with its high affinity for the corresponding non-polar parts of the active site. It is obvious
that these hydrophobic interactions will be affected when the enzyme is operating in non-
aqueous media. Maurel,”’ has shown that the higher the solubility of the substrate in the
medium the lower its affinity for the enzyme site and the higher its Michaelis constant,
Kn.  The Michaelis constant can be considered to give a measure of the affinity of an
enzyme for its substrate and is derived from Michaelis-Menten kinetics. It was shown
that the greater the contribution of hydrophobic interactions in the binding process, the

greater the effect of organic solvents on the reaction.

1.5  Electrostatic Factors.

Having reached the active site of the enzyme, we may now consider the impact of short
range electrostatic forces and hydrogen bonding. It was Jencks 3¢ who first proposed in
1975 that enzymes use electrostatic binding interactions away from the catalytic triad to
enhance the catalytic power of the enzyme. This effect was confirmed by Fersht,®” who
showed that by changing or removing polar amino acid residues remote from the active
site, it was possible to destroy all activity, even though the active site itself was
unchanged. It is proposed that direction into the site and the positioning of the substrate
molecules, with respect to each other and to the active site, is controlied largely by
electrostatic forces.*>** This effect has been proven in a number of different enzymes,
including the triad in the serine proteases. This concept is particularly relevant to

enzymatic activity involving large molecules as substrates, or the assembly of large

10



molecules such as RNA and our aliphatic polyesters.

Once the substrate has entered the site and been positioned by electrostatic forces so that
the requisite orbitals are aligned optimally, other electrostatic binding interactions come
into play. They may act to desolvate or destabilise the substrate ground state or stabilise
the transition state. The binding of the substrate does not enhance the reaction rate,

whereas stabilisation of the transition state does increase the rate.*

In the last few years, the concept of the low barrier hydrogen bond (LBHB) has been
introduced into enzymology. The LBHB is nothing more that a short, very strong
hydrogen bond: an average hydrogen bond has a bond energy of 5 kcal mol”', whereas the
LBHB may have a bond energy as high as 20 kcal mol”. It is surprising that this has only
been considered recently. It has been known for many years, that in polar polymers such
as polyamides most, if not all, of the strength of the polymer comes about because of the
strong hydrogen bonds that form between amide groups when aligned in the optimum
conformation.*’ It is not surprising therefore that many strong hydrogen bonds form
between the peptide groups of the enzyme and between the peptide groups and the polar
parts of a substrate. It is possible to have ordinary hydrogen bonds form with many of the
amino acid side chains, but most will not have the polarity of the amide groups required

to form a LBHB.

The strength of the hydrogen bond depends on its length, its geometry and the nature of
its environment. In water, the hydrogen bonds to the oxygen atoms are 2.8 A long and
the bond energy 5 kcal mol”'. They are weak because of the difference in the pK of the
two oxygen atoms in H;O" and H;O, therefore the proton in HO—H-OH is tightly bound
to the OH™ as a water molecule. In solvents, however, strong hydrogen bonds can form

with bond energies of up to 20 kcal mol”. It is obvious therefore that the properties of

i1



hydrogen bonds in organic solvents are extremely relevant to our work. In the serine
protease y-chymotrypsin a LBHB has been identified by NMR spectroscopy between
histidine 57 and aspartate 102, this LBHB is related to the formation of the acyl
chymotrypsin.*? It has been proposed by Cassidy, ef al.,*® that this LBHB in the active
site stabilises the transition state and lowers the activation energy for its formation. When
the substrate enters the site it causes conformational changes in the enzyme which bring
the His-57 and Asp-102 closer together, which in turn enhances its ability to remove a
proton from the serine, Ser-195, and lowers the energy of the transition state, or

tetrahedral intermediate.

Similar low field protons indicating LBHB formation have been found in a number of
serine proteases **** and there is no reason not to suppose that the same effect occurs in
lipases. It has been calculated by Cleland, that the bond energy of the LBHB of 18 kcals

mol corresponds to a rate enhancement of 13 orders of magnitude, *

1.6 The Catalvtic Triad.

The next and most quoted aspect of lipase activity is the mechanism of the catalytic triad

that is shared with the serine proteases.

i

The early work of Blow ' on proteases demonstrated the significance of the catalytic

triad Asp-His-Ser, these three residues occur in the active site of a whole family of
I 47

eponymous proteases, the aspartic proteases and the serine proteases. Polgar, ef a

found that the aspartic residue remains ionised in the active site and Hunkerpillar *

12



introduced the notion of a charge relay system, see Figure 1.1, whereby the ionised
aspartate pulls a proton from the histidine, which in turn activates the serine hydroxyl by

the removal of a proton.

His

f:; —I—o‘ O—@—{Ser
185
57

195
His
57

Catalytic Triad of Active Site of Chymotrypsin

Figure 1.1 The Charge relay system of proteases and lipases.

Carbon - black, Nitrogen — blue, Oxygen - red

More recently, this theory has been modified by Kossiakoff,*” who has shown by NMR
studies that a proton is not transferred to the histidine from the serine. Naray-Szabo, et
al ,*° state, that the role of the aspartate residue when ionised is to increase the stability of
the ion pair formed by the protonated histidine and the transition state of the substrate
(tetrahedral intermediate). Either way it has been shown by site directed mutagenesis that
the removal of the aspartate residue from the active site reduces the activity of the

enzyme by several orders of magnitude *'~’? Recent work,” has confirmed the theory of

13



Derewanda that the His residue of the triad has an additional hydrogen bond between the
C®'-H of the histidine and a carbonyl of the backbone. Derewanda,” proposed that this
H-bond has three possible roles: (i) to pre-align the His in the optimum position to
activate the Ser; (ii) to increase the electronegativity of the N*2 and (iii) to facilitate
deprotonation of the His to form the imidazolium ion. However, a fourth role has been
proposed that involves the H-bond causing the His to flip through 180° during the
reaction, so that it can catalyse both formation and decomposition of the acyl tetrahedral

mntermediate.

It should be noted that while the most common catalytic triad in proteases and lipases is
that of the Ser-His-Asp there are occasions in both types of enzyme where the aspartate is
replaced by glutamate and in some cases the serine might be replaced by threonine. The
three members of the triad lie in close proximity, but they do not lie near to each other in

the peptide chain, nor is there any commonality in their position in the chain.

14



Figure 1.2 y-Chymotrypsin from the ExPASy database,”

The catalytic triad is in orange, bound ligand in magenta and Calcium in white

The lustidine residue can be seen in the centre of the picture, with the aspartate on its

right and the serine just discernible on its left.

The mechanism of the aspartic protease was shown to be common to the acyl lipases and
the phospholipases by the work of Rubin *¢ and Brzozowski, ef al.,”’ this may be seen in

the list of proteases and lipases together with their catalytic triads given below.
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Table 1.1 The positions of the relevant amino acids in the active sites of the

58,59

following enzymes

Rhizomucor miehei lipase Asp 203 His 257 Ser 144
Candida antarctica lipase Asp 187 His 224 Ser 105
Candida rugosa lipase Glu 341 His 449 Ser 209
y-Chymotrypsin Asp 102 His 57 Ser 195
Subtilisin Asp 32 His 64 Ser 221
Geotrichum candidum lipase Glu 354 His 463 Ser 217

Figure 1.3 is taken from the ExPASy protein database and shows the detail of the active
site of y-chymotrypsin with the catalytic triad shown clearly. The other residues marked,
form the limits of the oxyanion hole, which will house the tetrahedral intermediate of the

enzyme-substrate transition complex.

All of the above mechanisms and molecular behaviour are affected in differing ways by
changes in the media which surround the enzyme molecule. The greatest change, which
1s relevant to our work, is the change in enzymatic activity that occurs when the
surrounding aqueous medium is replaced by an organic solvent. Other more subtle

changes may occur, depending on the physical properties of the specific organic medium.

Other factors such as pH also affect the activity of the enzyme, but none approach the
significance of the aqueous medium and the concentration of water in the organic solvent

in non-aqueous media.*

16



Gly 218

Figure 1.3 Active site of y-chymotrypsin.
Showing the key residues and the catalytic triad (in red) of Asp102, His 57, and Ser 195

1.7 The role of water.

It has long been realised that enzymes, which have evolved to function in water need
water for optimum activity and there is a fall in activity of many orders of magnitude
when the enzyme functions in non-aqueous media. Furthermore, the conformation of the
protein depends on the presence of water; in anhydrous conditions, enzymes become
more rigid and more resistant to heat. Tt is often stated that water acts as a lubricant
within the enzyme molecule, allowing flexibility and movement which is necessary for

the changes in conformation that are thought to occur during the change from enzyme-
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substrate binding to enzyme-transition state binding.®’ However, we believe that this
interpretation is an over simplification, which does not give the true picture of the role of

water in the enzyme.

Tt has been shown by Parker, et al,** and Lee, ef al.,** that the water associated with the
enzyme molecule exists in three states, tightly bound water, less tightly bound water and a
reservoir of free water. It is proposed that each type of "bound water" is fulfilling a

different function within the enzyme.
Firstly the tightly bound water:

This water is bonded by LBHB to the extremely polar peptide units of the enzyme. If we
consider the analogy with polyamides, they absorb 2-5% of their weight of water readily,
which causes a dramatic fall in physical properties of the polymer.** Absorption of 2-3%
by weight of water corresponds to 25% of all amide cross-linking sites being blocked by
hydrogen bonded water. In a polyamide, there are sufficient sites for hydrogen bonding
still remaining to form a crystalline polymer of outstanding physical properties. In the
protein, the polarity of a peptide unit is identical to the amide unit and these form
extremely strong hydrogen bonds with water on the protein. This water does not lubricate
the protein, as is often stated, but by analogy to a polyamide it actually stops it becoming
an unfavourable rigid molecule, with most of the peptide groups cross-linked to each
other by hydrogen bonds. The absorption of this water on to various peptide units is an

integral part of the folding process of the protein and is essential for the maintenance of

enzyme activity.

Less tightly bound water.
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Other water molecules are bound by conventional hydrogen bonds to the less polar side
chains of the hydrophilic amino acids. There is also an excess of water associated with
the protein, more than is required for the formation of all the hydrogen bonds, the "less
tightly bound water”. These water molecules are in equilibrium with those bound to the
less polar sites. They can in effect change from being inter-molecularly bonded with
water to being intra-molecularly bonded, forming new cross-link sites and allowing the
protein to change conformation within the limits of the folding process and to hydrogen
bond to the substrate. The proposal is that these hydrogen bonds are continually being
broken and reformed in equilibrium, as the water molecules move on and off the polar

stde chains of the protein.

Once the protein has folded to its correct conformation, with its water hydrogen bonded
to the appropriate polar sites, we can look on it as a closed system. Any changes in
movement of water to a site or away, providing there is no increase in cross-linking or
folding, does not involve any further change in entropy. Once the protein is folded, it
does not require any further input of energy, while it may change shape, this does not
increase or decrease the order of the molecule, therefore there is no overall change in the

entropy of the system.

When the substrate molecule approaches the enzyme and enters the site, it has all the
degrees of freedom as if it were in dilute solution. However, once it becomes bound, first
by hydrophobic attraction and then by the electrostatic attraction, there is a significant
loss of entropy as it loses all or most of its translational and rotational degrees of freedom.
The remaining energy can now only be vibrational energy, but with the orbital steering
due to the geometry of the site and the electrostatic forces, all this energy is directed to

the formation of the covalent bond of the enzyme transition complex. However, the
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hydrogen bonding of the substrate occurs only to polar sites that were previously
hydrogen bonded with water. Once the transition state becomes the product, the water
then re-associates with the polar side chains of the enzyme. In the course of the reaction
the enzyme may have changed conformation and been temporarily bound to substrate
instead of water, but at no time has the enzyme become more or less ordered. Therefore,
the entropy of the system has not changed, but for the substrate and transition state there
has been a large decrease in entropy until such time as it leaves the enzyme site as

product.

Therefore, we may consider the remarkable efficacy of the enzyme as a catalyst to be due

to the following factors.
1. A physical attraction between énzyme and substrate in aqueous media.

2. An electrostatic attraction, which pulls the enzyme and substrate into close contact

in the optimum spatial arrangement to enter the active site.

3. Within the active site, binding gives orbital steering and the focussing of the
molecule’s energy into only one degree of freedom with the transition state being

stabilised by preoriented dipoles.

4, In the case of the serine proteases and lipases, the remarkable proton transfer

mechanism of the triad, which activates the serine hydroxyl group.

In our particular system, we believe there is a further mechanism that will be developed in

our later discussions.
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Since all enzymes evolved to catalyse reactions in dilute aqueous solutions, we need to
consider how the transition to operating in a non-aqueous system, with high concentration

of substrates, affects each of these individual rate enhancing mechanisms.

Overall, it has been shown that the activity of an enzyme such as a protease can decline
by many orders of magnitude when it functions in a non-aqueous solvent. Zaks and
Klibanov ® demonstrated that the activity of subtilisin Carlsberg declined by 6 orders of
magnitude when used in acetonitrile compared to its activity in water. This fact used to
be explained by stating that the enzyme changed conformation in solvent, or became less

fiexible in solvent. However, the reality is far more complex,

Several authors, including Fitzpatrick * and Xu, ef al.,%” have shown that the overall
structure of the enzyme does not change when transferred from water to solvent, but there
is always the massive drop in activity. Schmittke,®® investigated these different factors
using subtilisin Carlsberg. They also observed a fall in activity, of 7 orders of magnitude,

when the enzyme was in solvent.

Of this difference, approximately 2 orders of difference were attributed to the change in

the activity — pH profile when the enzyme was changed from water to solvent.

The desolvation energy of the substrate is much higher in non-aqueous media than in
water, this affects the binding energy that is required for catalysis. It was estimated that

this would also cause a drop in activity of 2 orders of magnitude.

The third cause is the reduced flexibility of the protein due to the solvent dehydrating the
enzyme by displacing some of the less tightly bound water molecules on the enzyme.
Though this cannot be seen by any difference in secondary structure of the enzyme, there

are subtle differences in the tertiary structure that may be picked up by NMR and Far UV
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spectroscopy. This effect has also been attributed to an expected fall in activity of

approximately 2 orders of magnitude.

The above work leaves just one order of magnitude unexplained. This may possibly be
due to the lack of hydrophobic interaction between the enzyme and substrate, which was

not considered in the above work.

It has been shown by Halling * that for many non-aqueous enzyme systems, it is the
water content which is the single most important parameter. This affects the activity of
the enzyme and the thermodynamic water equivalent (aw) is the best way of measuring
the availability of the water in the system. It must be remembered that the importance of
the water content as measured by a, is not due to the fact that it is a reactant, but rather

because of its effect on the free water/less tightly bound water equilibrium within the

enzyme,

There are some enzymes; our Candida antarctica lipase B (CALB) is one, where the
activity of the enzyme is largely independent of the water activity of the system,”® though

why this should be is not clear at present.

1.8 Qutline of the research project.

After consideration of the above, it is obvious that in our work on the kinetics of the

esterification using CALB we must consider the following.

1. The effect of the hydrophobicity of the system, including both reactants and
medium; its impact on enzyme substrate binding and on the electrostatics within the

enzyme and on its surface.

22



2. The solubility of the substrates in the medium in which the reaction is being

carmied out and the changing solubility as the reaction proceeds.

3. The effect of pH on both the pK, of the key components of the catalytic triad and

on the electrostatic forces within the enzyme and between the enzyme and substrate.

4. What structural changes, if any, occur within the enzyme under the conditions of

the reaction in the different media and during the course of the reaction?

In particular, we wish to determine why transesterification occurs under some conditions
and not others? Knowledge of the conditions required for optimum enzyme activity will

lead to shorter reaction times and improved enzyme recyclability.
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2 Development of methods.

In order to decide on the experimental techniques that we might use to follow the kinetics
of the polyesterification reaction we need to consider the mechanisms of the reactions

most likely to be involved.

The reaction of the diacid with the diol in our system is a typical esterification reaction.
As an enzyme catalysed reaction, it is complicated by the fact that it is a 'ping-pong'
reaction; ' nevertheless, like all esterifications the reaction rate is affected by the

concentration of both acid and diol.
Rate = k[A][B]

The actual progress of the reaction is best shown as a Cleland plot;’” see Scheme 3.

Acid(A) ¥ Enzyme(E) ——® AE * Dijol(B)——# Ester(AB)

¢ :

H,0 E

Scheme 3 Cleland plot for the esterification reaction.

In our case, the rate considerations are complicated, by the complex and changing nature

of the polymerisation reaction, which involves a number of steps, viz.:
A+B —> AB
AB + B —» BAB

2AB — ABAB
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The only possible reaction which might be expected. but which has been shown not to

oceur is:'®
AB + A > ABA

In addition to the number of possible reactions, there are changes in the rate caused by the
changing concentration of the reactants. In addition, the rate becomes diffusion
controlled and finally as the polymerisation proceeds there is a significant increase in the
viscosity of the medium. which adversely affects the rate according to the Stokes-Einstein

equation.”

In order 1o overcome these problems and to simplify the reaction being studied we chose
only 1o investigate the reaction of A + B in a vast excess of diol B. The reaction then

becomes independent of [B] and the only reaction of consequence is:
A +B —> AB + H;O

When studyving the Kinetics of a reaction it is necessary to decide first, on what s to be
measured. The rate of increase of formation of product. the rate of decrease of substrate
or the change in some physical property such as viscosity, pH or absorbance that may be

related directly to the rate of reaction.

In the esterification reaction it was thought feasible that we could measure the decrease in
diol or acid substrate or the production of product, in particular the water produced during
the reaction. 1t was then necessarv to decide between a continuous and a stopped assay of
the reaction. Most studies of enzyme Kinetics use some form of stopped assay either by

sampling from the continuing reaction or by stopping the reaction at specific times during
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A stopped assay using chromatographic techniques such as HPLC or GCMS was
considered so that the decline in substrate and increase in product could be followed,
however, we did not have regular continuous access to these instruments. It was
considered that having to take samples and store them until such access was available
would introduce significant unknowns, particularly as the enzyme is active at a
temperature only slightly above ambient. Also the substrates were known to absorb water
from the air, this would cause distortion of the results or at worse, reversion of the

esterification reaction.

There is an inherent attraction in a continuous assay, in that there is a sense of being able
to watch the reaction as it proceeds. We were interested in the initial rate of reaction, but
were reluctant to use a technique which involved extrapolating a later rate back to zero
time. It is the initial rate that gives all the information about the affinity of the enzyme
for the substrate. Therefore, the uncertainties that would arise from the back
extrapolation of data would create doubts about the validity of any congclusions resulting

from such data.

Therefore, having reviewed all available techniques, it was decided to attempt to develop
methods that would enable one to carry out a continuous direct measurement of the rate

of reaction, with sufficient sensitivity that the initial rate data would be meaningful.

2.1  Spectrophotometry.

Spectrophotometric techniques have been used for many years to follow the kinetics of
enzymatic reactions, however, they do require one of the reactants or the product to

absorb light, most commonly in the ultraviolet or visible regions of the spectrum.
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Spectrophotometry is most useful in enzyme kinetics, when one of the products is a
naturally occurring chromophore like NADH, a co-enzyme to some of the
dehydrogenases.” In the case of the lipases and esterases, much work has been done
using artificial substrates such as p-nitrophenyl esters, because the p-nitrophenolate ion
absorbs strongly at 400 nm.” These methods become impractical when the reactants do
not have a chromophore, are present at high concentrations or the system is not
homogenous, all of which apply in our lipase system. In addition, it is known that both
the reaction profile and the products formed in our system vary according to the reaction
media and conditions. We therefore considered that the use of an artificial chromophore
in the system would give results that would not be relevant to the studies on the

polyesterification of diols and diacids.

When considering other possible spectroscopic methods that might be used to follow the
reaction kinetics of the polyesterification reaction, it seemed obvious that the choice was
to follow either the conversion of the carboxylic acid to ester, the concomitant formation
of water or the conversion of the hydroxyl to ester. The OH stretch from water and both
types of hydroxyl overlap in the mid-infrared region, as do the carbonyl bands of the ester
and carboxylic acid. Therefore, it was decided to explore the possibility of using near

infrared (NIR) spectroscopy to differentiate between these compounds.

2.2  Introduction to near infrared spectroscopy.

The NIR region of the electromagnetic spectrum covers the range of wavelength between
approximately 780-2500 nm. NIR spectroscopy has been used by a number of workers to

measure the hydroxyl content in alcohols, albeit in simple laboratory conditions.”®""®
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More recently, several authors have developed NIR methods for following the process of
the manufacture of polyether and polyester polyols by monitoring the hydroxyl number as

the reaction proceeds.79‘8°’8'

The principle behind all infrared spectroscopy is that by using radiation of a specific
wavelength it is possible to excite a chemical bond from its vibrational ground state to its
fundamental state. The measurement of the absorbance at a specific wavelength gives a
fingerprint of the different types of chemical bonds within the molecule. Generally, in the
mid infrared range the spectra exhibit sharp and narrow peaks that are essentially the
fundamental modes of vibration of specific bonds. In the near infrared region, in essence,
too much energy is put into the bond and so like any harmonic oscillator the vibrational
energy, which is made up of many forms of bending and stretching moments, creates
significant overtones of the fundamental vibration. In addition, when a bond absorbs a
quantum of energy, thereby increasing its own overtone and combination vibrational
energy, it can share some of this energy in a non-quantised manner with adjacent bonds.
Therefore, the absorbance seen is due to the infrared energy absorbed by the principal
bond plus that shared with adjacent bonds; this absorbance is termed a combination band.
The NIR region contains numerous bands, especially those related to the fundamental
C-H, O-H and N-H vibrations. Such vibrations are particularly significant because of the
anharmonicity of these vibrations, which arises due to the light hydrogen atom in the

bond.

In the near infrared spectrum the merging of many combination bands with the 1%, 2™ and
3™ overtones produces broad bands, which are the result of many individual overlapping
peaks, this usually gives a hopelessly complex spectrum. The apparent impossibility of

obtaining meaningful results from such a spectrum is overcome by the use of
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sophisticated computational methods such as: multiple regression analysis of selected
wavelengths, or global methods such as principal components regression (PCR) or partial
least squares (PLS), which use the whole spectrum.®* In order for such mathematical
techniques to produce useful results, two criteria must be met. Firstly, a large number of
scans should be taken at a constant temperature and averaged by the software. Secondly,
many samples of differing known composition should be available so that using the
statistical techniques available in the software it becomes possible to set up a good

calibration curve,

As mentioned above, the bonds with the greatest anharmonicity (e.g. those involving
hydrogen) vibrate at high energy with large amplitude and have the greatest intensity. In
the specific system being considered there is a strong absorbance of the 1% hydroxyl
overtone at 1450 nm, unfortunately there is the possibility of confusion with water, which
produces an overtone at 1410 nm. However, amongst the stretching/bending combination
bands, there is a significant separation between the water combination band at 2250 nm
and the hydroxyl combination band at 2075 nm. Furthermore, in the mid infrared, the
carbonyl stretch differs little between an ester and a carboxylic acid, but in the near
infrared, there is a reasonable separation by the time we get to the 2™ overtone of the
carbonyl stretch. In the NIR, the ester absorbs at ca. 1950 nm (wavenumber 5128 cm™)

and the carboxyl absorbs at ca. 1900 nm (wavenumber 5263 cm™") (see Figure 2.1).

Initially, we looked at these carboxyl carbonyl overtones, over a range of concentrations,
in the NIR spectra of decanoic acid in n-heptane, Figure 2.2. We found a good
correlation of about 0.99 between absorbance and the concentration of decanoic acid at
1999 nm (5002 cm™), the OH combination region, but not at the expected carbonyl

overtone position of 1901 nm (5260 cm™).
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Figure 2.1 Typical Near Infrared spectra of polyesters.

Figure 2.2 NIR _spectrum of decanoic acid in #-heptane.

This experiment was repeated using decanoic acid in 1,4-butanediol, however, it was
found that the correlation at ca. 2000 nm had disappeared, even though there appeared to

be a reasonable separation and correlation at other parts of the spectrum. When the NIR
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spectra of adipic acid in 1,4-butanediol were studied, a reasonable but non-linear
correlation between acid concentration and total absorbance at 1960 nm was seen.
However, this method might not be relevant when both ester and acid carbonyls are
present at the same time. It was attempted therefore to add polyester to the solution in
proportion to the reduction in adipic acid concentration in the 1,4-butanediol, in order to
simulate conversion of acid to ester. We had great difficulty in getting the polybutane
adipate polyester to dissolve in the 1,4-butanediol/adipic acid solutions. The addition of
co-solvents such as toluene/IPA and tetrahydrofuran were tried, but no useful correlation

between acid concentration and absorbance under these conditions could be obtained.

23 Development of NIR method for following reaction kinetics.

Due to the specialised requirements of the proposed enzyme kinetics study, we then
looked at developing a method for the determination of the acid concentration in diol at
much lower concentrations than would be used in the actual commercial polyester
synthesis. A number of standards were prepared of adipic acid in solution in
1,4-butanediol with concentration of acid varying from 0.06% to 5.0% “/.. The near
infrared spectra were obtained at 60°C; initial examination of the spectra found a clear
separation of the spectra across a wide range of wavenumbers. However, it proved
impossible to obtain a good correlation between absorbance and the concentration of
adipic acid. We then re-examined the spectra using the PLS Quant software. Because of
our success in determining the acid values using the specific regions 1850-2080 nm and
1430-1540 nm, we selected these bands for the calibration. The method PLSQ2 used
was: Bands 1850-2080 nm and 1430-1540 nm, 6 dimension, cross validate x 10. Using

this method for the unknowns gave the results in Table 2.1
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Table 2.1 Determination of adipic acid in 1,4-butanediol.

Solution Titration %"/w NIR Determined %"/
AaBd-11 0.32 0.34
AaBd-3 0.59 0.55
AaBd-7 0.91 091

A further set of standards was prepared and the calibration curve was rechecked. The fit
was not as good as we had hoped, therefore we re-examined the spectra. It was decided
that the optimum spectral bands for the polyester determinations were not necessarily the
best for the adipic acid in 1,4-butanediol determination. Examination of different regions
of the spectrum and relating these to the accuracy of the PLS prediction led us to select

the bands 1820-2000 nm and 1470-1670 nm.

The unknowns: AaBd2-4, 2-9 and 2-10 gave the results shown in Table 2.2.

Table 2.2 Determination of adipic acid in 1.4-butanediol.

Unknown Titration %"/ NIR Determined %"/,
AaBd 2-4 2.034 2.031
AaBd 2-9 0.222 0.174
AaBd 2-10 0.246 0.262

The spectra were then re-run at 120°C to determine the effect of changing the hydfogen

bonding in this system. The results are shown in Figure 2.3.
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Figure 2.3 NIR spectrum of adipic acid in_1.4-butanediol at 60°C and_120°C.

The very large peak at 2060 nm (4850 om™) is the hydroxyl combination band;
surprisingly this does not change much between 60°C and 120°C. This is probably due to
the large excess of hydroxyl groups overwhelming the influence of the carboxyl
H-bonding. The C-H overtones at 1725-1785 nm changed very little, but unsurprisingly,
there was a marked change in the O-H overtone at 1430 nm (7000 cm™). Although there
was an improvement in the correlation at 120°C, the method was still not sufficiently

accurate at low concentrations.

Due to the poor correlation between absorbance and the adipic acid content, even when
using the power of the PLS software, it was necessary to develop a method that would
give the accuracy required by the kinetic studies. We have seen the effect that the
hydrogen bonding between the carbonyl and hydroxyl groups has on the accuracy of the
hydroxyl number determination of polyesters (See Section 10). It can be assumed that the

association of the relatively low concentration of carboxyl groups, compared to the vast
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excess of hydroxyl groups, prevents an accurate correlation between carboxyl content and
absorbance. Therefore, methods by which the hydrogen bonding could be disrupted were
studied. The addition of several solvents both polar and non-polar was tried without
effect until chloroform was tried, this has the advantages of being almost completely
miscible with both the polyesters and the aliphatic diols and it has a relatively clean,
simple spectrum in the NIR region. It has four distinct peaks (Figure 2.4), the CH
combination at 1850 nm (5400 cm™), the 1¥ C-H overtone at 1690 nm (5920 em™), the 1*
overtone of the C-H combination at 1410 nm (7090 cm’) and the 2" C-H overtone at

1150 nm (8695 cm™).

Figure 2.4 Near Infrared spectrum of chioroform.

It was hoped that the polarity of the CHCl; molecule would disrupt the hydrogen bonding
between the carbonyl of the carboxylic acid and the hydroxyl groups of the diol. One
drop, about 0.5%"/,, was added to the cuvette containing the solution of adipic acid in diol

and the NIR spectrum was retaken (Figure 2.5). It was obvious that in addition to the
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CHCl; absorbance, a new peak had appeared at 1938 nm (5200 cm™) in all the samples.

This we attributed to the 2™ overtone of the carbony! stretch.

Figure 2.5 NIR spectrum of polybutane adipate + chloroform, (polybutane adipate -
blue, polybutane adipate + chloroform - red).

Because the new peak was so clear, we decided to look for a correlation between the
absorbance and the concentration of acid without resorting to the use of PLS. After
inspection, it was found that the net absorbance at 1938 nm, relative to a base-point at
1887 nm, gave a correlation coefficient R? of 0.985 to the concentration of acid. In order
to find out if the amount of CHCl added was critical, we ran the spectra with increasing
amounts of CHCls up to 5%/, of the acid/diol solution. No change was observed in the

relative size or shape of any of the peaks other than those attributed to the chloroform.

In order to confirm our theory that the chloroform disrupts the hydrogen bonding we
repeated the experiments using carbon tetrachloride as the solvent. The carbon

tetrachloride has no absorbance in the NIR region. No observable changes occurred, no
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relative size or shape of any of the peaks other than those attributed to the chloroform.

[n order to confirm our theory that the chloroform disrupts the hydrogen bonding we
repeated the experiments using carbon tetrachloride as the solvent. The carbon
tetrachloride has no absorbance in the NIR region. No observable changes occurred, no
carbonyl peak emerged and the spectra overlapped completely. The polarity of
chlorotorm is far greater than that of carbon tetrachloride; therefore. the latter does not
have the ability to form strong polar interactions with the carbonyls of either the ester or
the acid groups. It is believed that this confirms that the effect is not a simple solvent
effect. but is in fact due to the disruption of the hydroxyl/carboxyl hydrogen bonds,

possibly via hydrogen bonding through the chloroform hydrogen (see also Chapter 5).%

[n confirmation. the ettects of addition of similar amounts of chioroform on the spectra of
polvesters were investigated. No observable difference in the spectra on addition of 0.5-
5.0%'/; of CHCL to polyhexane adipate polyesters was seen. However. it is only when
looking at the correlation between absorbance and substrate concentration, that subtle
differences in the sensitivity of the method can be seen. The calibration of the absorbance
of the polvbutane adipate polyesters against concentration was then repeated after the
addition of approximately 1% of chloroform. The correlation coefficient improved from
0.997 to 0.999. This increase was expected to be small because these were commercial
polvesters and the acid numbers were all betlow 1%. so there was only a small hydroxyl

concentration to be freed from association with the carbonyi groups ot the acid ends.

The correlation between acid number and the absorbance at the hydroxyl overtone region
was then looked at. An excellent inverse correlation between the acid number and

absorbance at 2028-2050 nm was noted. This confirmed the above point that the method



is able to detect the additional hydroxyl groups that have been freed from association with
carbonyl groups. However. this is not a satisfactory method for the measurement of the
acrual acd number of the polvester. as it depends on the relative amount of hydroxyl in
the pohvester and requires the measurement of the absorbance both before and after the
addition of chlorotorm. A similar increase in the correlation between the absorbance at
2028-2030 am and hyvdroxyl number. from 0.997 to 0.999. was observed with a series of
pohhexane adipate polvesters using the same technique. The net absorbance. at the
carbonyvi overtone at 1937 nm to a base-point at 1886 nm. gave a poor correlation of 0.80
to the ackd number. However. as these were all commercial polyesters with very low acid
numbers the correlation was not expected to be very good. as the titrimetric method does

not have the accuracy to give a better correlation.

It was hoped theretore 10 use this technique to follow the initial phase ot the reaction in

the cuvette in the NIR spectrometer by taking regular spectra as the reaction proceeds.

3-10 mg of the hvophilised Candida untarctica lipase B was weighed accurately into NIR
cuvettes amd the cuvettes filled with a 0.4 M solution of adipic acid in 1.4-butanediol just
above its melting point and below the temperature at which the reaction is measurable.
The contents were mixed mechanically and the cuvette placed into the Peltier cell of the
NIR spevtrometer where it was heated to 60°C over 2 minutes. At this point. a NIR
spevtrum wis obtained every minute for 10 minutes. A distinct difference in the spectra

-1
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was seen. the peak at 3155 em™ was quite clear so the absorbance at 3155 em™ was

plotted against time (see Figure 2.6).
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Figure 2.6 Reaction of adipic acid and 1.4-butanediol by NIR.

The rate of change in absorbance was plotted against the amount ot enzyme used in each
run, We heped 1o see a clear first order relationship, which would enable us to use this
technigue over a range of substrate concentrations in order to determine the Michaelis-

Menten constants.

Unformunately, there was no correlation between the change in absorbance and the amount

ot enznwe used.

'here are several reasons tor this apparent anomaly. Although the Peltier cell can raise
the temperature quite quickly. it is difficult to ensure the rate is exactly the same for every
experiment.  In additon. it is dithicult to ensure that the small amount of enzyme is

adequately dispersed throughout the cuvette. The light beam passes only through a small
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section of the cuvette; it is essential that the contents in this region contain a consistent
amount of enzyme in order for accurate rate measurements to be made. It is known that
water can affect the NIR spectrum and it is quite difficult to be certain that neither the

cuvette nor the reaction medium pick up water during the preparation.

In addition to these difficulties, we were concerned that the addition of a solvent such as
chloroform might change the reaction as it had been observed in large scale preparations

that differences in the reaction occurred if solvents were added.

2.4 Development of Thermogravimetric Methods for Following Enzyme Reactions.

Thermogravimetric analysis (TGA) techniques have a number of advantages that are
relevant to the study of any enzyme reaction where a weight loss or gain may be
expected. TGA methods use very small sample weights, typically between 10-40 mg per
reaction. This can be a valuable benefit where either the substrate or the enzyme is not

readily available in large quantities.

Modemn TGA instruments have the ability to control the temperature of the sample more
accurately than almost any other technique that may be used to follow a chemical
reaction. Due to the small sample size, TGA instruments have the ability to raise the
temperature to the chosen reaction temperature very quickly. In the case of an enzymatic
reaction, where the enzyme may have some activity at or just above room temperature,
this can be most important. When studying enzymatic reactions it is always the initial
reaction rate that is used to characterise the enzyme, if the reaction occurs while the

sample is being heated to the desired temperature the results obtained may be inaccurate.
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TGA instruments are designed to operate so that the reaction may be carried out in a
controlled atmosphere with an accurately controlled gas flow. This is particularly
relevant, when volatile products or co-products are produced which may need to be

removed for the forward reaction to proceed.

The major disadvantage with TGA instruments is that there is no provision for stirring the
sample during the reaction; therefore, studies where mass transfer is important cannot be
carried out. In the case of an enzymatic reaction, provided that the enzyme can be readily
incorporated into the sample, this is not a major problem, as interest is usually in the

initial reaction.

As stated previously, it is essential that the reaction studied involve a measurable change
in weight in order to use TGA techniques. The synthesis of esters by direct esterification
or transesterification, because of the production of volatile co-products such as water or

an alcohol, seemed to be potential candidates for study using TGA.

One of the problems that is specific to enzymatic reactions is that different enzymes
contain differing amounts of water and more importantly require different amounts of
water in order to function,* (see Section 1.7). The actual water requirement is usually
specified as the thermodynamic water equivalent that gives the optimum activity of the
enzyme. The lipases typically require a lower water activity in order to function than
other enzymes. Candida antarctica lipase B has been shown to require very little water,
expressed as water equivalent in order to function.®> Therefore, we were optimistic that
residual water in the enzyme would not have a significant effect on our measurements nor

would the low water environment have an adverse effect on the activity of the enzyme.
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Experiments were then carried out involving the polyesterification of the diols
1,4-butanediol and 1,6-hexanediol with adipic acid in order to evaluate the utility of TGA
for following these reactions. It became obvious that there were several problems, some
general and some specific to our system, which had to be considered when using the TGA

for this purpose.

Tn order to obtain consistent, reproducible results it is necessary to remove the water of
reaction, this we did by passing dry nitrogen over the sample. We found that if the flow
rate varied by more than + 20% we could easily see the difference in the rate of removal
of water. It also became obvious that the surface area to volume ratio of the sample
affected the rate of removal of water. However, both of these problems were easily

resolved.

The TGA has an accurate gas flow control system so it was decided to control the
nitrogen flow at 50 ml min" for all future experiments. The TGA uses aluminium pans,
which are of closely matched size and shape so that the surface area of the sample can be
fixed. It was not difficult to develop a technique whereby the sample volume was
maintained between 20-25 pl. However, if the sample volume were increased to 40 pl
then there was a measurable reduction in the rate of removal of water from the sample.
We assumed that this was due to the longer diffusion path for the water to reach the

surface and that this was becoming the rate-limiting factor.

We found that some of the substrates, such as 1,4-butanediol and 1,6-hexanediol,
although having boiling points of 208°C and 235°C respectively, nevertheless had
significant volatility at 60°-70°C with a flow of nitrogen over the surface. It was realised
that if the weight loss due to the volatility of the diol was significant compared to the

weight loss due to the removal of water, then this would have an adverse effect on the
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accuracy of the method. Therefore, the weight loss of 1,4-butanediol. 1.6-hexanediol and
polytetramethylene diol (PTMEG 650) was determined both from neat samples and from
samples containing dissolved adipic acid under a nitrogen flow of 50 ml min"' (see Tables

2.3 and 2.4).

Table 2.3 Weight loss of diols at 60°C after drying.

Time, mins 1.4-butanediol, mg | 1,6-hexanediol, mg | PTMEG 650, mg
0 23.827 25.112 22.382
2 23.819 25.110 22.382
4 23.897 25.105 22.382
6 23.877 25.101 22.381
8 23.856 25.097 22.381
10 23.834 25.093 22.381
12 23.814 25.090 22.381
14 23.795 25.086 22.381
16 23.775 25.082 22.381
20 23.736 25.075 22.381

The 1.4-butanediol was dried over molecular sieves. whereas the 1,6-hexanediol and
PTMEG 650 were stored in a desiccator over phosphorus pentoxide and then preheated to
110°C prior to measuring the volatilitv at 60°C. The experiments were repeated at 50°C

and 70°C. The weight losses measured are shown in Table 2.4.



Table 2.4 Volatility of 1.4-butanediol. 1.6-hexanedigl and PTMEG at relevant

temperatures.
Volatility, pg min”
50°C 60°C 70°C

1.4-butanediol 2.5 10.0 16.0
0.4M adipic acid 2.5 9.8 not done
in 1,4-butanediol

1.6-hexanediol 0.0 2.0 4.0
0.4M adipic acid 0.0 20 4.0

in 1.6-hexanediol

PTMEG 650 0.0 0.0 0.0

These weight losses were used subsequently as the correction factors to be deducted from

the observed weight loss in the relevant experiments.

We were also concerned that the lack of mixing might affect the accuracy of the method

adversely. Thus, several procedures were evaluated.

Diacid. diol and enzvme were mixed below the temperature at which the enzyme was
expected to be active and then the temperature was raised quickly to the reaction
temperature. This method failed. as 1.6-hexanediol is solid below 45°C and the adipic
acid is not readily soluble in either of the diols at lower temperatures and does not

dissolve readily at the reaction temperature.

Secondly. the enzyme and diol were mixed prior to putting into the TGA and then a
known weight of adipic acid was added to the pan at, or just below the reaction
temperature. A dispersion of 0.25% “/, Candida antarctica lipase B was made m

1.6-hexanediol, this premix was stored refrigerated and solid samples put into the pan of
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the TGA and weighed. The sample was melted, by heating to 50°C and then adipic acid
added to the pan and weighed. The temperature was raised to 70°C at a rate of 5°C min™
under a N flow of 50 ml min"' and the reaction started within a few minutes as the adipic
acid began to dissolve in the diol. | The weight loss was monitored over a period of 140
min (see Figures 3.9, 3.17 and 3.18 for examples of raw data), the rate was measured and
the weight loss due to the evaporation of 1,6-hexanediol was deducted to give the weight
loss due to the loss of water of reaction. The experiment was repeated using a range of
adipic acid concentrations from 0.23 M to 1.66 M. The results are shown below in Table

2.5 and Figure 2.7.

Table 2.5 Rate of reaction of adipic acid and 1.6-hexanediol at 70°C.
[adipic acid] | Enzyme Rate of water loss* Adipic a.cid
conversion
mol dm™” mg pg min’' pmol min”' mg' | pmol min" mg”’
0.23 0.325 9.84 16.9 8.5
0.35 0.245 8.8 204 10.2
04 | 0252 10.4 23.0 1.5
0.49 0.252 13.0 28.5 14.5
0.85 0.662 11.9 10.0 5.0
1.02 0.725 14.5 10.7 5.5
1.07 0.593 9.7 9.1 4.5
1.23 0.751 11.1 8.2 4.0
1.66 0.598 7.9 7.3 3.7

*Correction factor for 1.6-hexanediol loss is 2pg min’



Figure 2.7 Effect ot adipic acid concentration on its reaction with 1.6-hexanediol.

The yraph in Figure 2.7 shows two quite distinct regions: up to a concentration of 0.49 M
the rate invreases as expected with the increase in the concentration of the substrate.
Abhove this comcentration. we see a marked decline in the reaction rate. which is more or
less mdependent of the substrate concentration at a constant rate ot 10 pg min' mg”'. It
wis thought that this apparently anomalous observation was due to the limited solubility
of adipy aokd 2bove 0.3 M when the dissolution of adipic acid becomes the rate-
controtling tietor.  However. this would not explain the decline in rate above 0.5 M.
Subseyuent work showed that at the higher concentrations of acid. the increased pH of the
medium has an adverse etfect on the enzvme. [n addition. it was considered that at a
temperature of ~“0NC the evaporation errors were becoming significant. thereby decreasing

contidence in the resulis.

The nuin dishvantages of this technique arise due to the poor solubility of adipic acid in



the diol and the fact that each of the acids to be studied has a different solubility. Because
of this, we might not know the concentration of the acid accurately during the key initial

stages of the reaction. we decided therefore not to continue using this method.

The thid method evaluated involved pre-preparation of a solution of the acid in the diol
at an accurately known concentration: approximately 25mg (accurately weighed) were
placed in the TGA pan. The enzyme was then added to the solution at just below the
temperature at which it becomes active, i.e. 30°-40°C. and then the temperature was
raised quickly to the reaction temperature. The obvious problems with this technique
were the non-dispersion of the enzyme into the substrate solution and the impossibility of
adding exactly the same amount of enzyme to each experiment. We also found
subsequently that it the enzyme is added to the mix below its melting point the gas tlow
in the apparatus mav blow some of the enzyme from the surface before it has had a
chance 1o disperse. However. we found that the finely powdered nature of the lyophilised
ennyme meant that it was readily absorbed if added to the liquid reactants in the TGA
pan. Providing that no lumps or aggregates are added then the enzyme is rapidly wetted
by the substrate and the reaction starts immediately at a temperature above 30°-35°C.
The problem of not being able to control the exact amount of added enzyme was not
considered 10 be imporiant. providing the exact amount ot enzyme was known and that
the reaction rate could be shown to be first order with respect to the concentration of
enzymre.  All things being considered we were confident that this would be the best

techngue 10 use.

Using this technique. we looked at the effect of varving enzvme concentration on the
reaction rate when the substrate is at a concentration above 0.5 M. We prepared a 1.14 M
solution of adipic acid in 1.6-hexanediol bv  heating to 100°C for | hour and then
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transferred approximately 235 mg to the TGA pan and weighed accurately. When the
TGA had cookad 10 00°C some of the adipic acid would fall out of solution. When the
mixture had covkd te 30°C. the Candida antarctica lipase B was weighed carefully onto
the surface of the substrate where it was absorbed rapidly inio the solution. The reactants
were then heated to o0°C at 3°C min”' whereupon the reaction would start. The results

are shown m Tabke 2.0 and Figure 2.8,

Tabke 2.0 Rarte of reaction of adipic acid and 1.6-hexanediol at 60°C.
I
| adpae 2ol : Enzyme Water loss*
ol dm™ mg pg min’' umol min”' mg’'

14 ‘ 0.043 9.9 3.5

) : 0.099 54 3.0

" : 0.100 6.6 37

- 0160 9.0 3.15

) C 0470 8.8 2.9

) ; G173 10.2 3.2
0.295 16.3 3.1

- 0.382 21.1 ! 3.1

- : 0.518 29.0 3.1

*Comection factor for 1.6-hexanediol loss 2pg min™.

The data shown in Figure 2.8 was analvsed using the Enzfitter curve-fitting program. The
Marguandt-levenberg alporithm was used to get the best fit and to give the analysis of

vanance.  Uhe fued data are shown in Table 2.7,
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Figure 2.8 Effect of enzvine concentration on rate of reaction,

Table 2.7 Statistical analvsis of effect of enzyme concentration on rate.
Enzyvme mg i Observed Predicted Residual % Residual
\ Water ug min”' | Water pg min™’

0.043 2.7 2.4346 0.2634 9.83
0.099 | 54 5.5931 -0.1931 -3.58

0.1 ; 6.6 5.6494 0.9506 14.40

0.16 9 9.0181 -0.0181 -0.20

0.17 9.3 9.5781 -0.2781 -2.99
Coooars L o 9.8579 0.1421 1.42
. 0,293 16.3 16.541 -0.2412 -1.48
s 21.348 10.2483 118
om0 28,799 0.201 0.69

The analysis of variance gave a correlation coefficient. R-squared. of 0.9978. This R

squared value. is substantially better than anything achieved using the NIR
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spectrophotometric methods. On examination of the fitted data it is important to note that
the largest percentage residuals (difference between the observed values and the predicted
values) are at the low end of the enzyme concentration. This is understandable because of
not only the overall sensitivity of the instrument, but the difficuity of determining the
exact weight of added enzvme due to minor oscillations of the balance: these errors being
of grester significance at the lower weights of enzyme. It was concluded that the
optimum weight of enzvime for accurate measurement of the reaction kinetics was
berween 200-300 ug and that the reaction rate as measured by water loss is in fact first

order with respect to the amount of enzyme present.
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i Investigation of the kinetics of the esterification reaction.

\ ¥
—

Acd-Diol Esterification.

Using the TGA method developed in Chapter 2 the reaction kinetics were determined for
the varous substrates of potential interest in the large scale process. While various
diacids are available the principal one used in the manufacture of polyesters is adipic
achd. Theretore. all of the initial work was done investigating the reaction of adipic acid
with vamous diois.  The first svstem to be investigated was that of adipic acid in
l.o-hexanediol.  Soluttons of adipic acid in 1.6-hexanediol were prepared, dried. added to
the TGA and then an accurately weighed amount of the lyophilised Candida antarctica
lipase added.  Atter tollowing the pre-programmed heating rate to 60°C the rate of weight
loss due 1o e loss ot water was measured. The results tor the reaction of adipic acid and
lo-hexanedioi are given in Table 3.1. The Enzfitter program was used to analyse the
data and 1o plot the best fit curve shown in Figure 3.1. The Analysis of Variance gave R-

quarad ceomeiation coetticient) as 0.98.

The meaction nite of the intermediate BAB with adipic acid was then determuined and
comparad o the reaction rate with 1.6-hexanediol. The same procedure as the previous
experiments was tollowed.  However., when determining the correction tactor. the BAB
was found to be extremely wet. Thus. it was necessarv to develop an alternative

procadury so it the BAB could be dried prior to the experiments.

With oniv & retatively small amount ot BAB. insutlicient to make up pre-prepared
sampkes. the BAB was weighed directly into the TGA pan before adding the requisite
amount of adipic acid. The temperature of the pan was raised at 20°C min™' to 110°C and

heid for 2t least 30muns unril the rate ot weight loss was constant.  We assumed that at
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this point all the water had been removed and the continuing weight loss was due to the
evaporation of the BAB. The sample was cooled to 30°C and re-weighed, we assumed
that the weight loss had been due entirely to the loss of water and BAB, i.e. no adipic acid

has been lost. The Candida antarctica lipase B (CalB) was added to the pan.

Table 3.1 Rate of reaction of adipic acid and 1,6-hexanediol at 60°C.

[adipic acid) Enzyme Water loss* Reaction rate
mol dm” mg g min” pmol min"' mg"

0.74 0.271 15.0 3.06
0.78 0.055 31 3.13
0.36 0.094 3.9 2.34
(.51 0.210 10.0 2.68
(.35 0.070 3.0 2.44
0.13 0.550 7.75 0.9

0.21 0.040 1.0 1.39
0.21 0.077 1.75 1.28
0.2 0.260 7.0 1.5

0.74 0.335 19.3 3.2

0.51 0.261 12.4 2.64
0.13 0.165 3.27 1.1

0.1 0.725 7.5 0.7

*Correction factor for loss of 1.6-hexanediol 2pg min™.
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Figure 3.1 Effect of substrate concentration on the reaction rate of adipic acid and

1.6-hexanediol.

In earlier experiments, it was believed that some of the previous inaccuracies were due to
the enzyme starting to react while the sample was being heated to the reaction
temperature. Therefore, the heating rate was changed to 20°C min™' to 50°C, 7°C min” to
58°C and 1°C min”' to 60°C. Using this profile we reached 60°C in 100-120s, passed it
by 0.5°C and then settled between 59°-60°C. After drying, the weight loss due to the
evaporation of BAB at 60°C, was found to be 1 pg min”, this was then used as the

correction factor. The results are shown in Table 3.2 and Figure 3.2

52



Table 3.2 Rate of reaction of Adipic acid with BAB.

[adipic acid] Enzyme Water loss*
mol dm™ mg pg min”’ pmol min” mg™
0.21 0.215 4.25 1.2
0.36 0.460 9.5 1.9
0.26 0319 9.0 1.6
0.16 0.203 35 1.0
0.24 0.350 9.5 1.5
0.44 0.476 17.0 2.0
0.16 0.160 2.5 0.9
0.1 0.255 238 0.6
0.1 0.312 3.7 0.66
0.44 0.287 11.3 2.2
0.57 0.206 8.7 234
0.57 0.398 17.0 2.4
0.21 0.401 9.4 i3

*Correction factor for loss of BAB 1pg min’,

The Enzfitter program was used to analyse the above data and to produce the best fit

curve, shown in Figure 3.2. The Analysis of Variance gave R-squared of 0.98.

53



H20 micromol min-1 mg-1 Adipic acid + BAB
26007
24001 *
.

220071 *

2.0 *

L

18-.

1.6001 .
4 .

1.4007
1.2001

1.01

»

08007
0.600 hd
04001
0.2004

0.0 + + + + + 4

0.0 0.100 0.200 0.300 0400 0.5 0.600 0.700
[adipic acid] mol dm-3

Figure 3.2 Effect of substrate concentration on the reaction of adipic acid and BAB.

Although the rate of conversion of adipic acid was slower with BAB than with
1,6-hexanediol, we were surprised at the comparability of the rate considering the relative
size of BAB to 1,6-hexanediol. In order to explore the effect of a significant increase in
the size of the diol on the rate it was decided to investigate the reaction of adipic acid with
the o,0—polytetramethylene ether glycol of average molecular mass 650. The procedure
followed was the same as that used for BAB. The results obtained are shown in Table 3.3

and Figure 3.3.

54



Table 3.3 Rate of reaction of adipic acid with PTMEG 650.

[adipic acid] Enzyme Water loss*
mol dm™ mg ug min’* umol min” mg™
0.84 0.120 7.00 3.24
0.3 0.095 3.00 1.80
0.25 0.097 2.80 1.60
0.2 0.103 225 1.20
0.45 0.156 6.20 220
0.41 0.124 6.50 2.90
0.21 0.180 7.40 220
0.36 0.180 7.60 2.35
0.36 0.152 7.00 2.40
0.4 0.269 12,75 2.63
0.4 0.147 6.00 227
0.1 0.022 4.00 1.00
0.4 0.345 14.50 2.33
0.1 0.282 4.40 0.90

*No correction factor needed for loss of PTMEG.

The Enzfitter program was used to produce the best fit curve shown in Figure 3.3. The

Analysis of Variance gave R-squared as 0.90.
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Figure 3.3 Effect of substrate concentration on the reaction of adipic acid with

PTMEG 650.

It can be seen that the scatter of the results is greater than for previous series. This may
be explained by the limited solubility of adipic acid in the PTMEG. Care had to be taken
to ensure that some of the adipic acid did not fall out of solution during the cooling down

after the drying cycle, prior to the addition of the enzyme.

The reaction rate was greater than that of adipic acid with BAB in spite of the fact that the
excess of hydroxyl groups is significantly lower because of the high molecular weight of

the PTMEG 650.

In our earlier work,"® we had shown the existence of both AB and BAB in the early stages

of the polymerisation reaction. Both had been synthesised by the method of Har’ifey.'6 It
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was now logical to look at the rate of reaction of AB under the same conditions as our

experiments on adipic acid with the various diols.

The AB was added to the TGA pan and dried by heating for 15min until the weight was
constant. It was then cooled and the weight loss at 60°C was measured and found to be
negligible. Therefore, weight losses due to AB evaporation were ignored. The sample
was then cooled to 30°C and the enzyme added; the temperature was raised to 60°C using

the heating profile used for the previous experiments. The results are shown in Table 3.4.

Table 3.4 Reaction rate of AB polymerisation.

Enzyme Water loss* AB conversion

mg pg min” pmol min” mg” ymol min™ mg’
0.130 11.3 4.8 438
0.432 385 5.0 5.0
0.246 22.5 5.1 5.1
0.233 17.5 4.2 42
Average 48

*No correction factor needed for loss of AB.

It was surprising to find the rate to be significantly greater than the reaction rate of adipic
acid with 1,6-hexanediol, BAB or PTMEG. Although the AB is not in solution, it must
be remembered that the concentration of carboxyl groups is half that compared to adipic
acid as it has only the single carboxyl group. In the early stages of the enzymatic
polyesterification, we find significant amounts of AB in the reacting mixture," this is
surprising in view of the much higher reactivity of the AB, compared to the reactivity of
adipic acid with either 1,6-hexanediol or BAB. In order to investigate this apparent

anomaly we repeated the AB polymerisation experiments in the presence of adipic acid,
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thus simulating the reaction mix in the early stages of the polyesterification. It was
assumed that the carboxyl groups of the adipic acid were unlikely to react because of the
great excess of AB and the demonstrated much higher reactivity of the AB carboxyl

group, see Table 3.5.

Table 3.5 Rate of reaction of AB in the presence of adipic acid.

Adipic acid Enzyme Water loss* AB conversion
%" 1w mg pg min’’ pmot min”! mg! | pumol min” mg”
3.9 0.570 19.5 1.90 1.90
59 0.544 19.25 1.97 1.97

*No correction factor needed for loss of AB.

As may be seen from these two experiments there is a significant drop in the reactivity of
AB when in the presence of adipic acid. This observation parallels that of the decline in
reaction rate of adipic acid with 1,6-hexanediol at higher concentrations of adipic acid.
Paktar, et al.,*® have shown that pH 7.0 is optimum for the Candida antarctica lipase B

and that below pH 6.0 there is a dramatic fall in the activity of the enzyme (Figure 3 .4).

e
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Figure 3.4 The relationship of pH to Activity as determined by Paktar.’>
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The dissociation constants for a series of acids with a range of pK,’s, taken from the

Chemical Handbook,* are collected in Table 3.6.

Table 3.6 Dissociation Constants of a variety of carboxylic acids.
Acid pKa
Aspartic acid 3.9
Adipic acid 41and 43
Succinic acid 42and 5.6
Decanoic acid 50
Octanoic acid 49
Lactic acid 3.1

Unless there are other factors, that might affect the enzyme-substrate reaction, such as
steric effects or high concentration, all the acids listed with a pK, above that of aspartic
acid should make suitable substrates for the CALB enzyme. They will not inhibit the
dissociation of the proton from the aspartic acid in the catalytic triad. However, these
acids will inhibit the protonation of the histidine residue, which has a pK, of 6.0. By
preventing the charge transfer across the histidine ring the media with low pH will slow

the reaction rate dramatically as shown in Figure 3.4.

In theory an aspartic lipase should not be able to catalyse the esterification of lactic acid.
However, From, et al., have found some small activity with lactic acid although the rate

of reaction was very slow.®

In addition to the dissociation of aspartic acid, enzymes like all proteins are sensitive to

the pH of their environment and their conformation is affected by changing pH. The
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dissociation of the proton from the aspartic acid in the catalytic triad. However, these
acids will inhibit the protonation of the histidine residue, which has a pK, of 6.0. By
preventing the charge transfer across the histidine ring the media with low pH will slow

the reaction rate dramatically as shown in Figure 3.4.

In theory an aspartic lipase should not be able to catalyse the esterification of lactic acid.
However, From, et al., have found some small activity with lactic acid although the rate

of reaction was very slow.%®

In addition to the dissociation of aspartic acid, enzymes like all proteins are sensitive to
the pH of their environment and their conformation is affected by changing pH. The
enzyme is held in its optimum conformation by a large number of H bonds, which are
altered by changes in pH. In the case of the C. antarctica lipase B, Anthonsen has
computed the charge distribution around the active site and shown that at pH 4.0 there is a
significant difference in the charge distribution and site shape compared to that at pH 7.0
and 9.0.* Peterson has shown that the electrostatic potential distribution on the surface of
a lipase as a function of pH, determines the pH activity profile of the enzyme.” The
change in pH affects not only the ionisation of the residues but also the distribution and

strength of electrostatic interactions. on or near the surface of the enzyme.

The reduction in the esterification reaction rate of AB in the presence of excess adipic
acid implies that the acid is having an adverse effect on the activity of the enzyme.
Adipic acid. with its pair of carboxy! groups of similar pK,, produces a H' concentration
of between 1.5-1.8 times that produced by a similar mono-carboxylic acid at the same

molarity.

In view of these findings it was necessary to learn more about the pH of the various

60



Table 3.9 pH of adipic acid in water/PTMEG emulsions,

[adipic acid]} in water/PTMEG pH

Sml 0.3 M AA in water 2.69
+ 5ml PTMEG 650, 1.e. 0.15 M

Smi 0.3 M AA in water 2.94
+ 10mi PTMEG, ie. 0.1 M

5ml 0.3 M AA in water 3.03
+15ml PTMEG 6, t.e. 0.075 M

5ml 0.3 M AA in water 3.2
+ 25ml PTMEG, ie. 0.05 M

The relevance to our system is obvious. Even in non-aqueous media there is a shell of
water associated with the enzyme, this aqueous microenvironment is essential for the
enzyme to remain active. In a water miscible non-aqueous medium where the water
dissociation is suppressed by the organic component, the apparent pH is much higher than
when the organic phase at the same concentration is immiscible with the water. With the
miscible system, the enzyme experiences a much lower H™ concentration in its aqueous
shell and the pH is much closer to its optimum. This is a simplification of the numerous

and complex actual effects that the aqueous/non-aqueous media have on the enzyme.

Some organic solvents that are miscible with water will strip the water from the enzyme,
since the water has a greater affinity for the polar solvent than for the enzyme. When this
occurs the enzyme loses activity and may be denatured completely.”’ Furthermore, the
substrate solubility will differ in various organic media and there will be differences in
the partitioning of the acid between the aqueous and non-aqueous phases, which will

affect the apparent pH of the enzyme’s water shell. Maurel, ef af., have shown that in

61



solvent systems there is a significant perturbation of the pK, of the ionisable groups of the

active site and surface of the enzyme .’

In order to confirm the effect of pH on the rate of reaction of adipic acid with
1,6-hexanediol, we repeated earlier experiments with and without the addition of
tris-(2-amino-2-hydroxymethyl-1,3-propanediol} buffer and with part of the acid replaced

by the ammonium salt or the amine salt of triethylamine.

A 0.4M solution of adipic acid in 1,6-hexanediol was prepared, the tris buffer was then
added; the solution was left at 100°C for 48 hours; then cooled and the lipase added. A
very low reaction rate was observed, possibly due to the reaction of tris with the acid or
enzyme prior to esterification. A sample of the solution was examined by FTIR and it
was found that imost of the adipic acid had been converted to the amine salt and rendered -
nactive. The experiment was repeated without the prolonged heating. The reactants
were dried as in previous experiments, the solid tris added and the sample heated to 60°C
for 15min until all the buffer material had dissolved. The mixture was cooled, the lipase

added and then heated to 60°C (see Table; 3.10).

Table 3.10 Reaction rate of 0.4 M adipic acid (AA) + 1.6-hexanediol (HD) + tris buffer.

Substrate Enzymé Water loss*
mg pg min” umol min"' mg™*
AA + 1,6-HD 0.41 17.0 2.1
AA + 1,6-HD + tris 0.548 285 2.9
AA + 1,6-HD 0.389 16.5 24
AA + 1,6-HD + tris 0.375 18.0 2.7

*Correction factor for loss of 1,6-hexanediol 2 pg min™.
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Several workers have reported a rate enhancement with the addition of triethylamine to
enzymatic reactions. This observation was confirmed in our earlier work.!”” It was
suspected that in the case of the synthesis of polyesters, this enhancement was due to a
buffering effect, which protected the enzyme from the low pH caused by the ionisation of

the adipic acid.

The ammonium salt of adipic acid and the amine salt of triethylamine and adipic acid
were prepared. A 0.4 M solution of adipic acid in 1,6-hexanediol was prepared with part
of the acid replaced by the corresponding amount of acid as either the ammonium or
triethylamine salt. No loss of either ammonia or triethylamine could be detected during
the standard weight loss calibration checks. The reaction rates observed with these part

neutralised substrates are given in Table 3.11.

Table 3.11 Effect of amine salts on the reaction rate of adipic acid and diol.

Substrate Enzyme mg Water g min”’ Rate of water loss
% "/, amine salt pmol min"' mg™
90% NH4 AA 0.368 5.4 0.7
62% NH4 AA 0.487 12.5 1.4
10% NH4 AA 0.547 17.8 1.4
24% TEA AA 0.801 44.6 3.2

These results appear to confirm that in the case of the triethylammonium salt the presence
of the buffer, which increases the pH of the medium, does indeed increase the reaction

** However, it would appear that the presence of the ionic ammonium salt of adipic

rate.
acid gives a poorer substrate for CalB. Although triethylamine is the stronger base and

therefore the TEA salt more ionised, it may, however, be less polar overall as it has an
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organic “sheath” around the N, thus it becomes more available as a buffer in the non-
aqueous environment. It has been confirmed that buffering can overcome some of the
problems caused by the acidity of the adipic acid. The work was discontinued, however,.
when it was realised that the presence of any of these buffers would have a deleterious

effect on the final polyester.

As a result of this work a recommendation was made to change the manufacturing
process so the concentration of adipic acid was kept to a minimum particularly in the
initial stages of the reaction. Instead of adding the stoichiometric amount of adipic acid at
the beginning it was recommended that only the amount of adipic acid be added that
could be dissolved in the diol and that this be done prior to the addition of the lipase; the
remaining adipic acid being added in stages as the reaction progressed. This procedure

was also followed for all the syntheses described in Chapter 9.

3.2 The effect of hydrophobicity of the medium on the enzymatic catalysis of the

reaction.

The degree of dissociation of the acid depends on the hydrophobicity of the medium in
which it is dissolved and most enzymes are affected significantly by the hydrophobicity
of the medium in which they are placed.”® It is known that most lipases have large
hydrophobic regions arbund the outside of the active site.”® Some lipases, though not
CALB, need a hydrophobic/hydrophilic interface in order to open the ‘lid’, which is the

protein segment covering the active site of the enzyme.’"’

Next we investigated the effect of changing the hydrophobicity of the alcohol, effectively

the medium, and the second substrate, the acid, and the combination of both of these.
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A problem, which affected the choice of alcohols and acids to be studied, is the much
higher volatility of the monohydric alcohols and monocarboxylic acids, compared to the
di-functional compounds of similar molecular weight. In order to evaluate a much more‘
hydrophobic medium with a relatively low vapour pressure at 60°C we decided to look at
the reaction of adipic acid with dodecanol. The dodecanol and adipic acid were dried in a
desiccator over P,Os and added to the TGA pan. The solution was heated to 110°C for 15
minutes, cooled to 25°C, the Candida antarctica lipase B (CalB) added, the temperature
raised to 50°C at 20°C min”, to 58°C at 7°C min™ and to 60°C at 1°C min". The results

are shown in Table 3.12 and Figure 3.5.

Table 3.12  Rate of reaction of adipic acid with dodecanol.
{adipic acid] Enzyme Water loss*
mol dm’ mg pg min” umol min™ mg’!
0.21 0.309 6.78 1.22
0.21 0.400 8.64 1.2
0.26 0.282 7.91 1.56
0.12 0.275 4.63 0.8
0.44 0.322 10.5 1.8
0.5 0.206 7.19 1.94
0.55 0.358 13.5 2.1

*Correction factor for loss of dodecanol 2.5 ug min™.

The data was analysed using the Enzfitter program to produce the best fit curve shown in

Figure 3.5. The Analysis of Variance gave R-squared as 0.99.
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Figure 3.5 Effect_of substrate concentration on the reaction rate of adipic acid with

dodecanol.

We then repeated the experiments using solutions of decanoic acid in 1,6-hexanediol and
decanoic acid in dodecanol. Because of the extremely low vapour pressure of adipic acid
it had been assumed that in all previous experiments there was no loss of adipic acid by
evaporation; therefore no loss in concentration during the experiments. However, this
assumption cannot be made for a monocarboxylic acid like decancic acid in a
monohydric alcohol. Literature °® vapour pressure data for decanoic acid and dodecano}
are compared in Figure 3.6. The two curves are almost identical, so it was assumed that
the relative composition of decanoic acid in dodecanol would not change during the
drying cycle or reaction. The weight loss correction factors for decanoic and adipic acid
solutions in 1,6-hexanediol were the same. The reaction conditions were the same as for

the previous experiment and the results are in Table 3.13 and Figure 3.7.
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Figure 3.6 Vapour Pressure curves for dodecanol and decanoic acid.

Table 3.13 Rate of reaction of decanoic acid with 1.6-hexanediol.

fdecanoic acid] Enzyme Water loss*
mol dm™ mg pg min’ umol min™ mg™!

0.1 0.294 3.44 0.65
0.10 0.410 4.20 0.60
0.21 0.210 3.86 1.03
0.21 0.4604 8.50 1.01
0.21 0.354 6.50 1.02
0.22 0.310 6.00 | 1.1

0.33 0.226 6.25 1.5

0.41 0.355 10.0 1.6
0.6 0.396 12.62 1.77
0.6 0.492 14.5_ 1.72

*Correction factor for loss of 1,6-hexanediol and decanoic acid 2 pg min™.
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The Enzfitter program was used to analyse the data and to produce the best fit curve

shown in Figure 3.7. The Analysis of Variance gave R-squared as 0.99.
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Figure 3.7 Effect of substrate concentration on the reaction rate of decanoic acid with

1.6-hexanediol.

Similar results for the reaction of decanoic acid with dodecanol are given in Table 3.14

and Figure 3.8.
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Table 3.14 Rate of reaction of decanocic acid and dodecanol.

[decanoic acid] Enzyme Water loss*
mol dm mg pg min’ umol min™ mg™
0.21 0.381 3.40 0.50
0.44 0.452 4.80 0.6
0.44 0.370 4.35 0.64
0.80 0.441 6.35 0.8
0.80 0.545 7.7 0.78
0.1 0.463 2.1 0.25
0.1 0.341 1.7 0.28
1.21 0.353 5.65 0.89
1.21 0.770 11.73 0.85

*Correction factor for loss of dodecanoic acid and dodecanol 2.5 pg min™.

Up to this point all of the rate studies had been carried out using a 100% pure sample of
Candida antarctica lipase B produced commercially. When this was no longer available

the work was continued using Chirazyme L-2 lyo supplied by Roche Diagnostics

(formerly Boehringer Ingelheim).

previously, except that it is diluted with a combination of lyoprotectant and inert diluent.
In order to be able to compare the results obtained with the two enzymes the relative
activities were determined using the lipase assay method described 1n Appendix 3.
Because of the special nature of the enzymatic polyesterification reaction, the activity of

the two enzymes was determined in two esterification assays. The results of these are

given in Table 3.15.

69

This is exactly the same enzyme as that used




H20 micromolmin-1 mg-1 Decanocic acid + dodecanal
0.9001 .

4 +*
0.800 .
>
0.700 /
©.8001 .
0.5 *
0.400
0.300¢

0.2001

0.1001

0.0
0.0 0.100 0.200 0.300 0,400 0.5 0800 0.700 0.5300 0.900 1.0 1.100 t.200 1.3

{decanoic acid] moldm-3

Figure 3.8 Effect of substrate concentration on the reaction rate of decanoic acid and

dodecanol.

Table 3.15 Comparison of activity of C. antarctica products.

Enzyme Substrate V max Kan Lipase units
pmol min™ mg™ mol dm™

CalB AA+HD 4.60 0.52 -
Chirazyme L-2 " 1.46 0.53 -

CalB AA + PTMEG 4.89 0.41 -
Chirazyme L-2 " 1.89 0.56 -

CalB - - - 485
Chirazyme L-2 - - - 165

The results obtained are compatible with the claim by Roche Diagnostics that Chirazyme

L-2 contains 33-35%"/,, of the active Candida antarctica lipase B enzyme. The structural
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studies carried out using circular dichroism (Chapter 9) confirm that the secondary
structures of the pure CalB and the Chirazyme L-2 are the same. Therefore, it is possible
to compare approximately the results obtained using the two enzymes, using a multiple of
3.0 as a correction factor to resolve the difference in activity due to the different active
enzyme content. The studies of the effect of hydrophobicity of the substrates and media

were continued using Chirazyme L-2 lyo.

The previous experiments using adipic acid in PTMEG 650 had given substantial
variability in the results as may be seen in Figure 3.3. The lack of accuracy had been
attributed to the low solubility of adipic acid in PTMEG 650 below 35°C. Therefore the
series of experiments was repeated using the same reaction conditions as before; except
that after the adipic acid solution in diol had been through the drying cycle, the enzyme
was added as soon as the temperature in the TGA had fallen to 40°-42°C. The raw data

for these experiments are given in Table 3.16 and are plotted in Figure 3.9.
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Figure 3.9  Weight loss with time per mg of enzyme for the reaction of 0.4 M adipic

acid with PTMEG 650 at 60°C.
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Table 3,16  The reaction of 0.4 M adipic acid with PTMEG 650 at 60°C.
Exp. 1 Exp. 2 Exp. 3
Time Wt. loss* Wt. loss* Wt. loss*
mins | pgmg' ofenzyme | ugmg’ of enzyme | pg mg™ of enzyme
0 0.0 0.0 0.0
2 9.6 3.0 0.0
4 384 36.0 27.0
6 67.1 77.0 61.7
8 93.5 101.0 98.8
10 124.7 124.0 117.3
12 151.1 135.0 135.8
14 170.3 147.8 142.0
16 189.0 160.4 164.0
20 218.0 180.8 167.0

*No correction factor was required for loss of PTMEG.

The maximum rates were taken between 4-10 minutes and were:-

Experiment |

Experiment 2

Experiment 3

0.80 pumol min” mg™".
0.81 pmol min”' mg™.

0.83 pmol min”' mg’.

The reaction between adipic acid and PTMEG 650 did not require the deduction of any
correction factor. The results of the reaction between 0.4 M adipic acid and PTMEG 650

are shown in Table 3.17. It is obvious that these results are far more consistent than the

earlier series (see Figure 3.3).
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Table 3.17 Rate of reaction of adipic acid and PTMEG 650.

[adipic acid] Enzyme Water loss* Reaction rate
mol dm™ mg pg min™ pmol min™ mg™
0.1 0.503 3.0 0.33
0.1 0.573 2.9 0.27
0.2 0.236 2.0 0.47
0.2 0.297 2.4 0.45
0.2 0.120 1.2 0.56
0.2 0.282 2.7 0.53
0.4 0.417 6.0 0.80
0.4 0.636 9.3 0.81
0.4 0.162 2.4 0.83
0.6 0.347 6.2 0.99
0.6 0.315 5.7 1.00
0.6 0.240 4.3 1.00
0.8 0.322 6.2 1.07
0.8 0.153 3.2 1.17
0.8 0.387 8.4 1.20

*No correction factor was required for loss of PTMEG 650.

The data was analysed using the Enzfitter program to give the best fit curve shown in

Figure 3.10. The Analysis of Variance gave R-squared as 0.99.
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Figure 3.10  Effect of substrate concentration on the rate of reaction_of adipic acid and

PTMEG 650.

In order to investigate the effect of hydrophobicity of the medium on the reaction rate
further, two extremely hydrophilic diols were used as media and substrate. The first,
diethylene glycol gave no discernible reaction, measurable with the TGA. This
confirmed the unsuccessful attempts to use enzymes to synthesise polyesters based on
dicthylene glycol on a larger scale. The second hydrophilic diol that was tried was
polyethylene glycol 400. The reaction conditions were exactly the same as in earlier

experiments and the results are given in Table 3.18.
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Table 3.18 The rate of reaction of adipic acid and PEG 400.

[adipic acid] Enzyme Water loss Rate of reaction
mol dm™ mg ng min”! pmol min”! mg'I
0.1 0.840 7.6 0.5
0.1 0.521 7.2 0.77
0.1 0.173 1.5 0.48
0.2 _ 0.737 12.7 0.96
0.2 0.546 8.5 0.86
0.2 0.738 15.5 1.17
0.4 0.497 15.2 1.7
0.4 0.531 15.3 1.6
0.4 0.687 18.5 1.5
0.6 0.269 10.0 2.06
0.6 0.410 16.2 2.2
0.6 0.511 16.6 1.8
0.8 0.242 9.6 2.2
0.8 0.363 13.7 2.1
0.8 0.392 16.9 24
1.0 0.304 13.8 2.52
1.0 0.484 20.5 235
1.0 0.506 19.1 2.1

*No correction factor needed for loss of PEG 400.

The Enzfitter program was used to produce the best fit curve shown in Figure 3.11. The

Analysis of Variance gave R-squared 0.99.
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Figure 3.11  The reaction of adipic acid with PEG 400.

When we compare the rates of reaction of the diols: 1,6-hexanediol, BAB, PTMEG 650,

PEG 400 and dodecanol (Figure 3.12), a number of interesting conclusions emerge.
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Figure 3.12  Reactivity of adipic acid with various diols.
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The reaction rates of adipic acid in 1,6-hexanediol and PTMEG 650 are almost identical;
bearing out observations made on large-scale syntheses at Baxenden Chemicals Ltd. The
polyesterification of adipic acid and PTMEG is a surprisingly facile and relatively fast.
reaction. When one compares the relative size of the 1,6-hexanediol molecule at 118
Daltons, with PTMEG at 650 Daltons, it seems surprising that there is no significant
difference in rate, bearing in mind the size of the PTMEG molecule. In addition, the
molar concentration of hydroxyl groups is almost 6 times less in the PTMEG solutions

than in the 1,6-hexanedio! solutions.

A 0.4 M solution of adipic acid in 1,6-hexanediol has a 23 times molar excess of hydroxyl
to carboxyl groups, whereas in a 0.4 M solution of adipic acid in PTMEG 650 there is
~only a 4 times molar excess of hydroxyl to carboxyl. Similarly, the polyethylene glycol
40C has a significantly smaller molar excess of hydroxyl groups yet it has the highest

reactivity of all the diols used.

The phenomenon of alcohol inhibition is quite common with lipase enzymes,” however,
there appears to be no relationship between the hydroxyl concentration and the reaction
rate in the various diols. The hydroxyl concentrations in descending order are,
1,6-hexanediol, BAB, dodecanol, PEG 400 and PTMEG 650, whereas the highest rate is

found with the PEG 400 and the lowest rate with dodecanol.

Both observations seem to point to the fact that under the conditions of our experiments,
the reaction of the hydroxyl group of the diol with the acylated enzyme is so fast that it is
not the rate controlling factor in the overall reaction. This conclusion is in accordance

with observations in other lipase systems.'%
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There does-however appear to be an inverse relationship between rate of reaction and the

hydrophobicity of the diol used.

We looked initially to see if this relationship could be quantified by using the dielectric
constant as a measure of the hydrophobicity of the diol, however, this was not
successful *  The relationship between the reaction rate and the logP, the partition
coefficient of the diol between octanol and water, was studied. In some cases, we had
insufficient material to determine the partition coefficient; therefore, we used the
Summation of Common Fragment Constants method, also known as ‘The Fragment
Method’, developéd by Hansch and Leo,'” to determine the ClogP. In order to be
consistent we then used the ClogP for all comparisons with reaction rate. The ClogP

partition coefficients for the relevant substrates are collected in Table 3.19.

Table 3.19 C logP of diols.

Substrate C logP
1,4-Butanediol -0.9.
1,6-Hexanediol . 0.80

Dodecanol 5.4
PTMEG 650 2.5
PEG 400 -3.2
BAB 1.7
AB 1.04

Although a form of correlation between the reaction rate and the C logP may be seen in
the Figure 3.12, it is not very clear. Therefore, using Enzfitter to determine the V,uy of

the reaction of adipic acid with the various diols a study of the effect of the
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hydrophobicity as measured by C logP on the rate as measured by V., determined by

Enzfitter, was made. The results are shown in Figure 3.13.
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Figure 3.13  The effect of ClogP on the Vmax of the reaction of adipic acid with diol.

There are a number of possible reasons for the pronounced effect of the hydrophobicity of
the medium on the reaction rate. The desolvation of the acid substrate from the diol
solution into the enzyme site will depend on the solubility of the acid in the diol,
however, the hydrophilic diols are the best solvents for the acid, which means they would
require the greatest desolvation energy, the converse of what would be expected. It has
been shown in Chapter 6 on structural studies that the enzyme is not affected structurally
by changes in the hydrophobicity of its surroundings; therefore it is unlikely that the
enzyme is behaving differently in the different media. The most plausible explanation for
this effect is the desolvation of the product from the active site. If the rate controlling
reaction is the acylation of the enzyme then the product being formed is water. The rate
of reaction will be controlled by the rate of removal of water from the active site of the

enzyme. The more hydrophilic the surrounding medium, the faster the water will be
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removed, however, it is not only the removal of the water from the enzyme that is
affected by the hydrophilic surroundings. The mass transport of water through the
medium is much faster if it is hydrophilic so that it reaches the surface rapidly where the

stream of dry nitrogen removes it.

When we compare the reaction rates of the acids in the different diols it appears that not
only does increasing the hydrophobicity of the diol have an adverse effect on the rate, but
as will be seen below, the hydrophobicity of the acid substrate also appears to slow the
reaction. The hydrophobicity of various acid substrates as measured by ClogP are shown

in Table 3.20.

Table 3.20 ClogP of acid substrates.

Substrate ClogP
AB (AA + 1,4-BD) 1.04
Adipic acid 0.42
Decanoic acid 4.2
Dodecanoic acid 6.0
I'1-Hydroxyundecanoic acid ‘ 3.85
15-Hydroxypentadecanoic acid 4.9

The fastest reacting was the AB hydroxy acid which has a visceral ester group, this makes
it an extremely polar compound, but not as polar as adipic acid as it has only one carboxyl
group. Thus, the [H'] derived from the ionisation of the AB is such that the pH of the AB

system stays within the optimum range for the activity of the enzyme.
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Reaction of AB and two further hydroxy acids, were studied, 11-hydroxyundecanoic acid
(11-HUDA) and 15-hydroxypentadecanoic acid (15-HPDA), which are similar to AB, but

without the visceral ester group.

The experimental procedure was the same as the earlier experiments, except that the
15-hydroxypentadecanoic acid does not melt until 85°C. Therefore, in this case the acid
was heated to 100°C for 10 minutes. No weight loss was observed; it was cooled to 45°C
and the Candida antarctica lipase B added, after which the temperature was raised to
86°C at 20°C min"'. It is known that CalB, being a thermozyme, is fully active at this
temperature and that the enzyme’s activity does not start to decrease unless kept above
90°C for some time. In order to make a useful comparison with the reactivity of AB and
H-HUDA the reaction rate at 60°C was estimated using the Arrhenius equation. The

results are shown in Table 3.21.

Table 3.21 Comparison of reactivity to C logP for hydroxyacids.

Substrate Rate C logP
pmol min" mg™
AB 4.8 1.0
11-HUDA 1.1 4.1
15-HPDA 0.2 4.9

With these limited data, it can be seen that there appears to be a direct inverse relationship
between the reactivity of the acid and its hydrophobicity, as measured by its ClogP.
These experiments were all carried out using the 100% hydroxy acid and therefore not

directly comparable with the results obtained from the solutions of acid in diol.
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[t has been shown that the hydrophobicity of the diol, which is the overall medium, has a
major effect on the activity of the enzyme. We wanted to know if the polarity of the acid

substrate would have an effect on the reaction rate even when in a large excess of diol.

Four monocarboxylic acids were selected (see Table 3.22) with differing hydrophobicity

and their reactivity determined when in dilute solution in 1,6-hexanediol.

Using the same experimental procedures as before: 0.4 M solutions of the acid in
1,6-hexanediol, were prepared and the solution dried by heating in the TGA at 110°C for
20min, cooling to 25°-30°C, adding the enzyme and heating to 60°C at the standard rate.
The weight loss used as the correction factor was determined and found to be 2 pg min’,
the same as for previous 1,6-hexanediol experiments. After several runs had been
completed and very erratic results obtained, we realised that both levulinic acid and
acetylvaleric acid are quite volatile at 60°-80°C in spite of having boﬂmg points in excess
of 240°C. We measured a weight loss of 20 pug min™ for each acid when heated to 60°C
in the TGA. We were concerned therefore, that during the drying cycle up to 110°C there
could be a significant loss of the acid from the solution and a large unknown change in
the concentration of the acid in the diol. Therefore, we decided to dry the acid and
acid/diol solution over P,Os prior to the experiment, dispensing with the drying cycle.
This ga;e a significantly higher reaction rate than the previous experiments; this was

assumed to be due to our having lost a significant amount of substrate during the previous

drying cycle.

The maximum conversion rates of the four acids as 0.4 M solutions in 1,6-hexanediol
were compared to their partition coefficients, ClogP, as shown in Table 3.22 and Figure

3.14.
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Table 3.22 Effect of substrate polarity on reaction rate.

Substrate Initial rate pmol min”' mg” ClogP
Levulinic acid 3.5 1.0
Acetylvaleric acid 2.9 2.0
Decanoic acid 1.6 5.0
Dodecanoic acid 0.9 6.0
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Figure 3.14  Effect of substrate hydrophobicity on initial reaction rate.

The relationship between the substrate polarity and the reactivity with the enzyme is quite
clear. The explanation as to how the changes in polarity of the substrate molecule can
affect the reaction rate when those changes are brought about by the introduction of a
polar carbonyl group remote from the reacting carboxyl is more difficult. In Candida
rugosa the binding of fatty acids has been shown to decrease with increasing chain
length.'® The rate of transesterification of fatty esters using Candida antarctica lipase B
has also been found to be dependant on the acyl chain length, the optimum length being a

03

six carbon chain.' Therefore, the observation of declining rates with the more
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hydrophobic acids has probably more to do with the acyl chain fitting the active site

rather than any physical effect due to the increasing hydrophobicity.

3.2.1 Michaelis-Menten kinetics.

In order to investigate the characteristics of the enzyme that have such dramatic effects on
its activity with different substrates and in different media, it is first necessary to
determine the Michaelis-Menten constants of the enzyme in the various systems. While
the graphs of reaction rate against substrate concentration appear to resemble a Michaelis-
Menten plot superficially, there is a major problem with this method. The difficulty
arises in determining when the rate no longer changes with increasing concentration.
Although in theory when all the enzyme sites are filled the rate should not increase with
increasing concentration in reality the plot rarely becomes flat. Therefore, there is always

a degree of estimation in determining the maximum rate, Vpay.

There are two problems with the systems studied, which in common with many other
systems make it difficult to estimate the maximum rate. Firstly, the substrates used are
not very soluble in the diols, which acts as both substrate and reaction medium, therefore
high substrate concentrations cannot be used. A further difficulty arises when comparing
the acid substrates; their solubility varies considerably in the reaction medium according
to the chain length of the particular acid. It is not unusual to find that substrates are also
enzyme inhibitors. In the systems studied, the increasing pH at higher concentrations of

the acid substrate had a significant adverse effect on the activity of the enzyme.

The rate data was plotted to confirm that a reasonable rate/concentration curve had been

obtained and then one of the traditional data manipulation procedures was used to get a
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better estimate of the maximum rate. The most common of these techniques is the
Lineweaver—Burke,'™ or double reciprocal method, was tried first. This involves plotting
the reciprocal of the rate against the reciprocal of the concentration, so that the rate

equation becomes:

1 K 1 1

m

V = Rate, Vmax = Maximum rate, K, = Value of [S] giving V = Va2, [S] = Substrate

concentration.

The straight line produced by this method intersects the y-axis at 1/V and intercepts the

x-axis at 1/[S].

Although the Lineweaver-Burke method is taught widely and is used commonly, it has
some fundamental flaws. The major problem is that the slope of the graph is heavily
biased by the rates determined at the lowest concentrations. Any errors are accentuated
because for small values of V, small errors give enormous errors in 1/V, whereas, at large
values of V the same errors give hardly noticeable errors in 1/V. The data from any

kinetic experiment will be less accurate at the lowest substrate concentrations.

An alternative technique is the one developed by Eadie-Hofstee,'® which attempts to
overcome the problems of the Lineweaver-Burke method. The equation above is

multiplied on both sides by V., and rearranged. The equation becomes therefore:

V=V _ . —K,_x v

" [s]
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A plot of V against V/{S] is a straight line with a slope of -K, and which intercepts Viax

on the rate axis and V/K,; on the rate/K,, axis.

A straight line plot is obtained which intercepts the y-axis at Vy, and the x-axis at V/Kn.

Although in principle this method overcomes the errors resulting from measurements at -

low concentrations, any errors that do occur will be present on both axes of the plot.
However, the Eadie-Hofstee method is still generally accepted as a better method than
that of Lineweaver-Burke. There are other methods such as the Hanes plot, which uses
the slope of the graph obtained when plotting [S]/V substrate concentration over rate
against [S] substrate concentration.'™ The intercept on the y-axis gives Kn/V, while the
intercept on the x-axis is -Km. The only advantage of this method is that it avoids any

problems caused by rate errors influencing the data on the x-axis.

At the end of the work using the lyophilised Candida antarctica lipase B the Michaelis

Menten constants deterrnined by these methods were found to be as shown in Table 3.23.

Table 3.23  Michaelis-Menten constants for the esterification reactions.
System Observed ~ Lineweaver-Burke Eadie-Hofstee
V max Km Virax K Vimax
pmol min™ mg” | moldm® | pmol min" mg? | moldm® | pmol min" mg™
AA +1,6-HD 3.2 0.6 6.88 1.1 5.3
AA + BAB 2.8 0.72 6.90 1.02 4.3
AA +PTMEG 35 0.84 4.64 0.72 4.7
AA + DDOH 2.4 1.66 2.72 1.10 2.28
DA + 1,6-HD 2.0 0.80 5.88 0.58 4.54 j
DA + DDOH 0.9 0.38 1.96 0.38 1.82
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We were somewhat surprised by the size of the difference of the apparent Vmx taken
from our rate graphs and the V., given by the Lineweaver-Burke plots. For example
adipic acid and 1,6-hexanediol had an apparent Vg, of 3.2 pmol min" mg™' compared to |
the Lineweaver-Burke Vs of 6.88 umol min mg™. In addition, in the case of adipic
acid in dodecanol, the Ky did not appear to fit in with that of the other systems. The
Eadie-Hofstee method,'” which involves plotting the rate against the rate/[substrate], was

then tried as it is generally accepted to give results that are more accurate.

It may be seen that for some systems, notably decanoic acid in 1,6-hexanediol, decanoic
acid in dodecanol and adipic acid in PTMEG, there is a reasonably good correlation
between the two methods. In other cases, there are significant discrepancies between the

two methods.

Although we had some confidence in the constants determined by the Eadie-Hofstee plots
we did not like the potential uncertainties inherent in techniques, which are little more
than primitive methods of data manipulation to force the information into a straight line.
Therefore, we decided to use the curve fitting program together with the analysis program

in the Enzfitter software , which is discussed in the Development of Methods Chapter.

One problem with the use of K, for analytical purposes is that it often underestimates the
binding energy of the process. Whereas the speciﬁcity constant Vma/Km includes both
activation energy and binding energy. We were interested specifically in the affinity or
specificity constant of the chzyme with the different substrates. It is the best method to
test the relevance of substrate, solvent or enzyme changes in enzymatic cata]ysis.l06 The
rate of formation of the acyl enzyme is governed by the specificity constant, because it is
the rate of reaction between.the free enzyme with the free substrate. It depends only on

the acylation step and is independent of the reaction between acyl enzyme and alcohol. A
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summary of the results obtained from the two traditional methods and the powerful

Enzfitter software is given in Table 3.24.

Table 3.24 Comparison of methods for the determination of Michaelis constants.

System Specificity | Specificity Vmax K Specificity
L-B E-H Enzfitter | Enzfitter Enzfitter

AA+HD 11.46 4.82 5.60 1.14 4.91
AA+BAB 956 . 4.22 5.15 1.29 3.99
AA+PTMEG 5.52 6.53 4.92 0.84 5.86
AA+DDOH 1.6 2.07 3.38 0.71 4.76
DA+HD 7.35 7.83 2.82 0.35 8.05
DA+DDOH 5.16 4.79 1.07 0.29 3.69

In both the case of the hydrophobicity of the medium and the substrate there appeared to
be a close relationship between the ClogP and the reaction rate measured by the
maximum rate Vms. However, it was found that there is no relationship whatsoever
between either the hydrophobicity and the Kn or the specificity Vp../Kam, which is
extremely interesting, as earlier work with decanoic acid and dodecanol had claimed the
reverse, the more hydrophobic solvents giving a higher rate of esterification.'”” The
higher logP solvents gave a low K, due to the effect of the solvent on substrate
desolvatioﬁ. The Vi, however, did not show any correlation with logP because, as the
authors state: "Vmay is only changed if the enzyme conformation or structure or

107 They examined six different solvents, although two were

mechanism is changed".
disregarded because of apparently anomalous results! Maurel proposed that the greater
the role of hydrophobic interactions the greater the effect the solvent logP has on the

binding process (Kn,). The higher the solubility of the substrate in the organic media the
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lower its relative affinity for the enzyme and the higher the Kn.”® Although the work was
done with subtilisin and not a lipase, Kim, et al.,'® showed that the increased rate of
transesterification with polar solvents was due to the polar transition state being stabi]i:sed
by the medium, this then lowers the activation energy for the reaction. However, they
also found no correlation between Vma/K, and hydrophobicity as measured by the

dielectric constant.

[f we consider the implications based on Michaelis-Menten theory, which states that:

k
K, =k, +—

-1

then when we have a reaction like ours, which is a typical ping-pong lipase reaction, and

ky is always significantly less than k, that is:

k k,
Acid(A) + Enzyme(E) —————"~ AE+Diol(B) —— Ester(AB)
Kk, ¢ Fast ¢
H,0 E

Since the de-acylation step is the faster reaction and a large excess of diol is maintained
throughout, when we measure the rate of water produced we are measuring k|, however,
because of the association of the two moieties in AE the determination of k; will include
an approximation for k-;. Therefore, the determination of K, will approximate to the

dissociation constant K4 for the reaction below.

k
A+E -—0 3= AE
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4]

Km = [E (14 X [ = K

]fr [ 4 E] d

In Michaelis-Menten kinetics the K is a measure of how tightly the enzyme binds to the
substrate, which means that K, is a measure of the affinity of the substrate for the
enzyme. Vi i a measure of how fast the enzyme can go when all the reactive sites are

acylated, i.e. all are in the form of the covalent AE complex.

Our results show that changing the hydrophobicity of the medium does not appear to
change the affinity of the substrate for the enzyme or, apparently, the nature of the

binding between enzyme and substrate.

There are a number of possible reasons for the pronounced effect of the hydrophobicity of
the medium on the reaction rate as measured by Vmsx The desolvation of the acid
substrate from the diol solution into the enzyme site will depend on the solubility of the
acid in the diol, however the hydrophilic diols are the best solvents for the acid, which
means they would require the greatest desolvation energy, the converse of what would be
expected. It has been shown in Chapter 6 on structural studies that the enzyme is not
affected a great deal structurally by changes in the hydrophobicity of its surroundings;
therefore, it is unlikely that the enzyme is behaving differently in the different media.
The most plausible explanation for this effect is the ;esolvation of the product from the
active site. If the rate controlling reaction is the acylation of the enzyme then the product
being formed is water. The rate of reaction will be controlled by the rate of removal of
water from the active site of the enzyme. The more hydrophilic the surrounding medium,
the faster the water will be removed, however, it is not only the removal of the water from
the enzyme that is affected by the hydrophilic surroundings. The mass transport of water

through the medium is much faster if it is hydrophilic so that it reaches the surface rapidly
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where the stream of dry nitrogen removes it. It has been proposed that there is a better
correlation between the solubility of water in the solvent and enzyme activity than
between activity and log P, this intuitively is attractive and is almost certainly relevant but.
is probably an over simplification.'” The correlation found over a large number of
solvents was tenuous and unconvincing. The truth is probably that the solvent affects
substrate desolvation, transition state stabilisation as well as product desolvation from the
active site. More hydrophobic solvents will also increase the strength of dipoles and
perturb the pK, of relevant residues in the énzyme. The observed relationship being a

summation of all these effects the importance of which will vary from system to system.

3.3 Investigation of the acyl binding site.

In the work of Pleiss *® and others *' it was shown that the active site of the lipase is
divided into the acyl binding side and the alcohol binding side. The acyl binding side is
usually described as being relatively non-specific whereas the alcohol side is far more
specific. A considerable amount of work has been published on the stereospecificity of
the alcohol side of the lipase binding site.”’ Candida antarctica lipase B as an example is
highly stereospecific for secondary alcohols because of the geometry of the oxyanion
hole, which stabilises the tetrahedral intermediate of the alcohol-acyl enzyme reaction.'®
Apart from work showing the preferences of lipases for different chain lengths according
to the overall shape of the active site, as discussed in Chapter 7, very little has been

published on the detailed effect of chain length and substitution along the chain.

All previous work has been carried out using monocarboxylic acids,“0 however, because

of our interest in polyesterification it was decided to use dicarboxylic acids. Firstly
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because they are the acids required for the process but also being- short chain acids, such
as adipic acid, the w-carboxyl group is inside the active site of the enzyme when the
a-carboxyl group is approaching and acylating the serine of the active site. Because of |
the abundance of hydrophobic areas at the entrance to the site (See Chapter 7) and
electrostatic interactions within the site it was considered likely that the position of the

@-carboxyl could well influence the overall reactivity of the acid and the enzyme.

The dicarboxylic acids chosen for this study were:-

Succinic acid HOOC-(CH,),-COOH
Glutaric acid HOOC-(CH;),-COOH
Adipic acid HOOC-(CH,);-COOH
Pimelic acid HOOC-(CH,)s-COOH

2-Oxoadipicacid  HOOC-CO-(CH;);-COOH
3-Oxoadipic acid  HOOC-CH,-CO-(CH,),-COOH
3-Methyladipic acid HOOC-CH,-CH(CHj)-(CHz),-COOH

The experimental method was exactly the same as described in Chapter 2 for the carlier
experimenis. The enzyme used in these later experiments was Chirazyme L-2 lyo from
Roche Diagnostics. This is commercial purity Candida antarctica lipase B that has had
lyoprotectant and inert diluent added. The actual structure and activity of the enzyme is
exactly the same as the Candida antarctica lipase B from Novo which was used in the

earlier work (see Chapter 9). The activity per milligram of the 100% Candida antarctica
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lipase is approximately 3.0 times that of the Chirazyme L-2 lyo. The rate of reaction at

60°C, of the above acids in 1,6-hexanediol was determined.

The results for succinic acid in 1,6-hexanediol are given in Table 3.25. The Enzfitter
program was used to analyse these data and to plot the best fit curve as shown in Figure

3.15. The Analysis of Variance gave an R-squared (correlation coefficient) of 0.990,

H20micromol min-t mg-1 Succhnic acid In 1,6-hexanediol
0.6001
L d
*
0st *
*
L
L
0.4001
»
-»
L 4
0.300+ t

v.200$ /

*
0,100 *

0.0 0.100 0.200 0.300 0.400 0.5 0.600 0.700 0.800
[succinic acid] mol dm-3

Figure 3.15  The reaction of succinic acid with 1.6-hexanediol.
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Reaction of succinic acid in 1,6-hexanediol at 60°C.

Table 3.25
[succinic acid] Enzyme Water loss* Rate of reaction '
mol dm” mg 1g min” pg min" mg”

0.1 0.537 1.0 0.098
0.1 0.871 1.6 0.1

0.1 0.411 0.7 0.99
0.1 0.387 0.8 0.11

0.21 0.635 2.2 0.19
0.21 0.523 1.9 0.2

0.21 0.453 1.8 0.22
0.31 0.511 2.6 0.28
0.3t 0.623 3.2 0.285
0.31 0.525 2.7 0.29
0.4 0.566 3.3 0.32
0.4 0.6 3.8 0.35
0.4 0.342 2.0 0.33
0.6 0.382 3.2 0.46
0.6 0.287 2.2 0.43
0.6 0.193 1.7 . 049
0.8 0.438 39 0.49
0.8 0.32 3.0 0.52
0.8 0.419 4.0 0.53

The reactions were repeated with glutaric acid in 1,6-hexanediol and the results shown in

Table 3.26.

*Correction factor for loss of 1,6-hexanediol 2 ug min™.
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Table 3.26

The reaction of glutaric acid in 1,6-hexanediol at 60°C. .

[glutaric acid] Enzyme Water loss* Rate of reaction
mol dm™ mg pg min” pg min" mg
0.11 0.499 2.7 0.30
0.11 0.742 3.2 0.24
0.11 0.215 1.0 0.26
0.2 0.368 2.8 0.42
0.2 0.419 29 0.38
0.2 0.59 4.3 0.40
0.3 0.418 4.3 0.57
0.3 0.446 4.3 0.54
0.3 0.423 42 0.55
0.41 0.558 6.3 0.63
0.41 0.246 2.7 0.60
0.41 0.245 3.0 0.68
0.61 0.428 5.7 0.74
0.61 0.507 5.9 0.65
0.61 0.331 4.7 0.79
0.8 0.405 6.2 0.85
0.8 0.570 8.4 0.82
0.8 0.468 6.7 0.80
1.0 0.291 4.7 0.90
1.0 0.821 12.4 0.84
1.0 0.400 6.0 0.83

*Correction factor for loss of 1,6-hexanediol 2ug min™.
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The Enzfitter program was used to analyse these data and to plot the best fit curve as

shown in Figure 3.16. The Analysis of Variance gave an R-squared of 0.978.

H20 micromol min-1 mg-1
0.900
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*
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Glutaric acid In 1,8-hexanediol
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0.4001 *
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0.300- *
*
*
0.2001
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Figure 3.16 The reaction of glutaric acid with 1,6-hexanediol.

The results for the reaction of adipic acid in 1,6-hexanediol are given in Tables 3.27 and

3.28.
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Table 3.27  The reaction of 0.4 M adipic acid with !.6-hexanediol at 60°C.
Exp. 1 Exp. 2 Exp. 3
Time Wt. loss | Wt loss | Wt loss | Wt loss | Wt loss | Wt loss
mins pgmg' | ACF* | pgmg™ | ACF* | ugmg” | ACF.*
enzyme | pgmg' | enzyme | pgmg' | enzyme | pgmg’
enzyme enzyme enzyme
0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 6.0 2.0
4 17.0 9.0 - 53.0 45.0 40.0 32.0
6 85.0 73.0 78.0 66.0 69.0 57.0
8 112.0 96.0 111.0 95.0 95.0 79.0
10 145.0 125.0 138.0 118.0 119.0 99.0
12 162.0 138.0 162.0 138.0 140.0 116.0
14 186.0 158.0 184.0 156.0 166.0 138.0
16 208.0 176.0 204.0 172.0 181.0 149.0
20 241.0 201.0 251.0 211.0 224.0 184.0

*ACF: After correction factor for loss of 1,6-hexanediol 2 pg min™.

In experiment 1 the reaction was slow to start and the maximum rate was taken from 6-12
minutes. In experiments 2 and 3 the rate was measured between 4-10 minutes. " The

maximum rates obtained, after correcting for the amount of enzyme added, were:-

Experiment 1 0.60 prmol min™ mg™.
Experiment 2 0.68 pmol min” mg”.
0.62 pmol min™ mg™'.

Experiment 3

In all cases the rate plot (e.g. Figure 3.17) was inspected to see if there were any
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anomalies, the problems usually occurred in the first 4 minutes because of the slight
variations in the time to get the reactants to 60°C. Therefore, the rate was taken from 4-
10 minutes unless there was an observed problem. In several experiments the Michaelis
Menten plots were drawn using rates taken at 2-6 minutes, 2-8 minutes, 4-10 minutes and
4-12 minutes. The plots were then prepared using the curve fitting program of the
Enzfitter software and the correlation coefficient obtained. By far the best correlation

was obtained when using the rate measured between 4-10 minutes.
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Figure 3.17  Weight loss with time per mg of enzyme for the reaction of 0.4M adipic

acid with 1,6-hexanediol at 60°C.

The reaction of 0.8 M adipic acid with 1,6-hexanediol at 60°C is shown in Table 3.28.

The rate was measured between 4-10 minutes and the maximum rates obtained were:-

Experiment 1 0.85 pmol min" mg™.
Experiment 2 0.84 pmol min"' mg™.
Experiment 3 0.86 pmol min” mg™.
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Table 3.28 The reaction of 0.8 M adipic acid with 1.6-hexanediol at 60°C.

Exp. 1 Exp. 2 Exp. 3
Time Wt. Loss | Wt. Loss | Wt. Loss | Wt.Loss | Wt. Loss | Wt. Loss
mins ug mg”! ACF.‘: pg mg ACF': pg mg ACF.':
enzyme Ug mg enzyme ug mg ug mg
enzyme enzyme enzyme
0 0.0 0.0 0.0 0.0 0.0 0.0
2 24.0 20.0 25.0 21.0 48.0 440
4 92.0 84.0 52.0 44.0 71.0 63.0
6 121.0 109.0 98.0 86.0 92.0 80.0
8 170.0 154.0 127.0 111.0 144.0 129.0
10 196.0 176.0 155.0 135.0 176.0 156.0
12 223.0 199.0 180.0 156.0 200.0 176.0
14 260.0 232.0 201.0 173.0 230.0 202.0
16 318.0 286.0 224.0 192.0 259.0 2270
20 346.0 306.0 258.0 218.0 307.0 267.0

*ACF: After correction factor for loss of 1,6-hexanediol 2ug min’".
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Figure 3.18 Weight loss with time per mg of enzyme for the reaction of 0.8 M adipic

acid with 1.6-hexanediol at 60°C.
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Table 3.29  Reaction of adipic acid in 1,6-hexanediol at 60°C.
[adipic acid] Enzyme Water loss Rate of reaction
mol dm mg pg min”' pg min" mg”
0.1 0.462 2.0 0.24
0.1 0.721 3.31 0.25
0.1 0.708 3.30 0.26
0.2 0.317 2.17 0.38
0.2 0.674 5.0 0.41
0.2 0.512 4.00 0.43
0.4 0.825 8.9 0.60
0.4 0.536 6.0 0.62
0.4 0.550 6.6 0.68
0.6 0.491 6.7 0.76
0.6 0.346 5.0 0.80
0.6 0.559 7.3 0.72
0.8 0.377 6.1 0.9
0.8 0.613 94 0.85
0.8 0.667 10.3 0.86
1.14 0.425 8.2 1.07
1.14 0.540 94 0.97
1.14 0.365 6.5 0.98
1.14 0.558 10.5 1.05

*Correction factor for loss of 1,6-hexanediol 2 g min™.

The Enzfitter best fit curve for these data is shown in Figure 3.19. The Analysis of

Variance gave an R-squared of 0.987.
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Figure 3.19  The rate of reaction of adipic acid and 1.6-hexanediol.

The results for the reaction of pimelic acid and 1,6-hexanediol are shown in Table 3.30.
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Table 3.30  The reaction of pimelic acid and 1,6-hexanediol at 60°C.

[pimelic acid] Enzyme Water loss* Rate of reaction
mol dm™ mg pig min™ pg min”' mg’
0.1 0.492 1.8 0.2
0.1 0.438 1.5 0.19
0.1 0.311 1.1 0.19
0.1 0.582 2.1 0.2 ‘
0.225 0.483 3.5 0.4
0.225 0.472 3.0 0.35
0.225 0.294 1.6 0.3
0.44 0.298 2.7 0.51
0.44 0.569 5.2 0.51
0.44 0.401 3.7 0.51
0.65 0.357 5.0 0.78
0.65 0.405 4.6 0.63
0.65 0.264 3.1 0.65
0.65 0.310 4.0 0.72
0.85 0.629 93 0.82
0.85 0.262 3.8 0.81
0.85 0.231 3.3 0.8
1.0 0.706 10.8 0.85
1.0 0.537 8.0 0.83
1.0 0.578 8.7 0.84

*Correction factor for loss of 1,6-hexanediol 2 pg min™.

The Enzfitter program was used to analyse the data and to plot the best fit curve shown in

Figure 3.20. The Analysis of Variance gave R-squared as 0.981.
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Figure 3.20  The rate of reaction of pimelic acid and 1.6-hexanediol.

Because of the cost and difficulty in obtaining 2-oxoadipic acid it was not possible to
determine the reaction rate over a range of substrate concentrations. Therefore, the rate of
reaction with 1,6-hexanediol was determined at a concentration of 0.4 M of acid in diol
The results obtained from the reaction of 2-oxoadipic acid and 1,6-hexanediol are given

in Table 3.31.

Table 3.31 Reaction of 2-oxoadipic acid with 1,6-hexanediol.

[2-0x0AA] Enzyme Water loss* Rate of reaction
mol dm™ mg ug min™ pmol min” mg™!
0.8 0.372 2.2 0.33
0.8 0.349 23 0.36
0.8 0.217 1.3 0.34

*Correction factor for loss of 1,6-hexanediol 2 ug min™.
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The average rate of 0.34 pmol min' mg' was surprisingly low compared to un-
substituted adipic acid. In view of the findings of the molecular modelling exercise, it
seemed possible that the 2-oxoadipic acid was acting as an inhibitor for the enzyme. It
was thought that if the carboxyl group in the 1-position acylated the serine of the active
site then the hydrogen bonding of the 2-oxo carbonyl to the threonine 40 could well

stabilise the complex to the extent that the second stage of the reaction would not occur.

In order to test this theory samples were prepared of mixed adipic and 2-oxoadipic acids.
A 0.4M solution of adipic acid was prepared in which 15%"/,, of the adipic acid had been
replaced by 2-oxoadipic acid and a second 0.4M solution prepared in which 1%"/,, of the
adipic acid had been replaced by 2-oxoadipic acid. The results of these reactions with

1,6-hexanediol are given in Table 3.32.

Table 3.32 Reaction of adipic/2-oxoadipic acids with 1,6-hexanediol.

{diacid] Enzyme Water loss* Rate of reaction

mol dm” mg pg min’ pmol min™ mg™
0.4 M AA 0.850 8.5 0.55
0.4M AA+15% 20AA 0.499 4.0 0.45
0.4M AA+1% 20AA 0.379 33 0.48

*Correction factor for loss of 1,6-hexanediol 2 pg min™.

The above results can be explained by assuming that the 1-carboxyl of the 2-oxoadipic
acid is either un-reactive towards the serine of the lipase or the reaction is so slow that it
cannot be measured by our method. The rate of reaction of 0.34 umol min™' mg™ would
then be correct, if the carboxyl concentration was assumed to be half of that quoted

because of the 2-oxoadipic acid having only one reactive carboxyl group.
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The results with the blends of adipic and 2-oxoadipic acids should only be taken as an
indication of the rates as they were the result of only one experiment at each
concentration. The reduction in rate, if meaningful, could be explained by the un-reactive
carboxyl group occupying the active site unproductively, thus reducing the observed rate

of reaction,

The results obtained from the reaction of 3-oxoadipic acid and 1,6-hexanediol are given
in Table 3.33. The Enzfitter program was used to analyse the data and fit the curve

shown in Figure 3.21. The Analysis of Variance gave R-squared as 0.978.
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Figure 3.21  The rate of reaction of 3-oxoadipic acid with 1.6-hexanediol.
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Table 3.33  The reaction of 3-oxoadipic acid and 1.6-hexanediol at 60°C.
[3-0x0AA] Enzyme Water loss* Rate of reaction
mol dm™ mg pg min' umol min™! mg™

0.1 0.585 2.0 0.19
0.1 0.488 1.6 0.18
0.1 0.302 0.9 0.16
0.2 0.614 3.3 0.3

0.2 0.528 2.9 0.31
0.3 0.311 2.2 0.39
0.3 0.398 2.9 0.4

0.3 0.352 2.7 0.42
04 0.355 3.4 0.53
0.4 0.491 4.9 0.55
0.4 0.417 3.7 0.49
0.6 0.762 8.2 0.6

0.6 0.516 6.5 0.7

0.6 0.332 3.8 0.64
0.8 0.408 5.0 0.68
0.8 0.606 8.6 0.79
1.0 0.228 3.4 0.83
1.0 0.259 3.7 0.79
1.0 0.207 3.0 0.81

*Correction factor for loss of 1,6-hexanediol 2 pg min’.

The results of the reaction of 3-methyladipic acid are given in Table 3.34.
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Table 3.34 The reaction of 3-methyladipic acid and 1,6-hexanediol at 60°C.

[3-MeAA] Enzyme Water loss* Rate of reaction
mol dm™ mg pg min’! pmol min™ mg™

0.1 0.231 0.8 0.19
0.1 0.506 1.8 0.2

0.1 0.381 1.5 0.22
0.2 0.337 2.0 0.33
0.2 0.644 3.5 0.3

0.2 0.412 3.0 0.4

0.2 0.362 2.5 0.38
0.4 0.551 5.8 0.58
0.4 0.358 3.7 0.58
0.4 0.596 6.0 0.56
0.6 0.411 5.5 0.74
0.6 0.266 34 0.7

0.6 0.345 5.0 0.8

0.8 0.383 59 0.85
0.8 0.362 6.0 0.92
0.8 _ 0.403 6.5 0.9
1.03 0.181 3.3 1.02
1.03 0.276 4.3 0.87
1.03 0.259 4.5 0.97
1.03 0.252 4.0 0.88

*Correction factor for loss of 1,6-hexanediol 2 pg min™.

The Enzfitter program was used to analyse the data and to give the fitted curve shown in

Figure 3.22. The Analysis of Variance gave R-squared as 0.98.
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Figure 3.22  The rate of reaction of 3-methyl adipic acid with 1,6-hexanediol.

The Enzfitter program was used to determine the Michaelis-Menten constants Vi, and

K for each of the above series of experiments and the results are shown in Table 3.35.

Table 3.35 Michaelis-Menten constants of diacids in 1,6-hexanediol.

Substrate V imax K Vinax 95%
pmol min" mg™! mol dm? confidence limits

Succinic acid 1.15 0.96 0.97-1.33

Glutaric acid 1.2 0.38 1.09-1.3

Adipic acid 1.47 0.53 1.34-1.58

Pimelic acid 1.48 0.76 1.25-1.71

In order to understand better the observed differences in reaction rates the substrate

molecules were modelled and energy minimised and their various molecular parameters
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calculated (for details of molecular modelling see Chapter 7). These included the overall
dimensions of the molecules, the molecular volume, dipole moment, topological
symmetry, spatial density and flexibility. All parameters were compared to the speciﬁcity:
constant Vs /Km In order to see if there was any correlation that might explain the
differences between the substrates. All the parameters increased as expected with the

chain length of the molecule, but no relationship could be seen to the specificity constant.

After minimisation the final total energy of the molecule was measured and when this
was compared with the specificity constant there appeared the possibility of a

relationship, in that glutaric and adipic acids had the lowest final energy.

The calculated partition coefficients C logP were calculated using the tables of Hansch

and Leo.'"! These together with the pK. of the various acids are shown in Table 3.36.

Table 3.36 Molecular parameters of substrates compared to specificity constant.

Substrate Vmax/Km C logP Length A | pKa, - pKa, Energy
keals mol™
Succinic acid 1.19 -0.88 5.23 5.52-4.24 15.43
Glutaric acid 3.12 -0.22 6.80 5.27-4.33 14.38
Adipic acid 2.75 0.44 7.74 5.13-4.49 15.07
Pimelic acid 1.95 1.10 9.14 5.07-4.43 17.11

[t is not possible to say with any certainty why the enzyme has the highest affinity for the
particular substrates, glutaric and adipic acids. However, when modelling adipate
polyesters being formed in the active site it has been observed that a hydrogen bond is
formed between the carbonyl of the ester group at the other end of the acid substrate and a

threonine residue in the active site. The presence of such a hydrogen bond would
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obviously depend on the distance between the two carbonyls of the diacid, too close or
too far apart then no hydrogen bond can form. The x-axis (length) of succinic acid is
5.23A and that of pimelic acid is 9.14A. Glutaric and adipic acids lie between with

lengths of 6.8A and 7.7A respectively.

TheMichaelis-Menten constants for the substituted adipic acids are shown in Table 3.37.

Table 3.37  The reaction of substituted adipic acids with 1.6-hexanediol.
Substrate V max Km Vmax 95%
pmol min™ mg” mol dm” Confidence limits
Adipic acid 1.47 0.53 1.34-1.58
3-Oxoadipic acid 1.31 0.6 1.08-1.53
3-Methyladipic acid 1.60 0.69 1.38-1.82

The specificity constant was calculated and compared to the molecular parameters and

physical properties, as shown in Table 3.38.

Table 3.38  Molecular parameters of substituted adipic acids.
Substrate Vmax'Km C logP pKay - pKa; Total energy
kcals mol*
Adipic acid 2.75 0.44 5.13-4.39 15.05
2-Oxo AA - -2.12 4.61-2.53 16.00
3-Oxo0 AA 2.18 -2.12 4.73-3.13 21.08
3-Methyl AA 2.32 3.29 4.85-4.66 20.75

One possible reason for the lack of activity of the 2-oxoadipic acid is the extremely low

pKa of the carboxyl group with a pK, of 2.53. This is far below the pK, of the aspartic
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acid of the catalytic triad and as such would inhibit the protonation of that acid; in effect
stalling the catalytic mechanism of the enzyme. However, the 3-oxoadipic acid also has a
pK, below that of the aspartic acid with no apparent major effect on the activity of the
enzyme. Therefore, the three substrates, 2-oxoadipic acid, 3-oxoadipic acid and
3-methyladipic acid were modelled and compared with adipic acid. The models of the
four substrates were energy minimised using MM3 and the molecular dimensions

determined.

Table 3.39 Molecular dimensions of some substrates for Candida antarctica lipase B.

2-Oxoadipic acid Molecular weight 160.13
Dimensions X 7.786A

y 3.437A

z 1.211A

3-Oxoadipic acid Molecular weight 160.13
Dimensions X 7.265A

y 2.896A

z 2.579A

3-Methyladipic actd Molecular weight 160.17
- Dimensions X 8.286A

y 2.772A

z 1.961A

Adipic acid Molecular weight 146.14
Dimensions X 7.520A

y 3.100A

z 2.003A
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On examination of these properties it is not obvious that any single property can be
related to the reactivity with Candida antarctica lipase B, although the total energy of the
molecule appears to be inversely related to the reactivity. The surface space filled models

are shown in Figure 3.23.

Figure 3.23  Substituted adipic acid substrates modelled in Sculpt. From top to bottom:

2-oxoadipic acid, 3-oxoadipic acid, 3-methyladipic acid and adipic acid.

The models are space filled surface models to show the relative size and shape of the
substrates. It can be seen that only the 3-methyladipic acid is noticeably bulkier than the
others, however the enzyme still accepts this substrate readily. This observation together
with the model of the macrolactone discussed later (see Figure 4.15) confirms that
Candida antarctica lipase B is relatively unselective as to the acylating substrates that it

will accept. However, the fact remains that carbonyl substitution in the 2-position gave a
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dramatic reduction in reactivity; therefore, it was decided to look at the possibility of

electrostatic interactions in the active site which might disrupt the reaction mechanism.

A model of 2-oxoadipic acid was drawn in ISISDraw, converted to 3D and then copied
into a model of Candida antarctica lipase B (1tca) in Sculpt (Figure 3.24). The substrate
molecule was then docked manually and the whole assembly of protein and ligand
minimised using both electrostatic and van der Waals forces. During the minimisation
process the conformation of the enzyme pocket changes, initially the His 224 is aligned
close to the Ser 105 and the carbonyl in the 2-position on the 2-oxoadipic acid is directed
towards the His 224. However, on prolonged minimisation the His 224 moves away and
the 2-oxo carbonyl moves round to hydrogen bond to the Thr 40 at a distance of 3.1A. If
this were an accurate simulation of the active site, then such a strong hydrogen bond

would undoubtedly interfere with the stability of the tetrahedral intermediate.

| _NE2HIS 224

Figure 3.24 2-Oxoadipic acid docked in Car_:dida antarctica lipase B.
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In the above model the electrostatic and van der Waals interactions have been hidden so
that the hydrogen bond may be seen clearly, however, in Figure 3.25, the 3-oxoadipic
acid is shown with all interactions visible, It is obvious that the 3-carbonyl of the

3-oxoadipic acid points away, (“South West”) from the Thr 40 and there are no

interactions between this carbonyl and any part of the enzyme.

,4361 TrfR

ﬁ<

Figure 3.25  3-Oxoadipic acid docked into Candida antarctica lipase B.

The exercise was repeated with the 3-methyladipic acid and as with the 3-oxoadipic acid,

there were no obvious interactions (see Figure 3.26).
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Figure 3.26  3-Methyladipic acid docked into Candida antarctica lipase B.

The 3-methyl group is pointing towards the observer and has no van der Waals or
electrostatic interactions with residues within the active site other than those due to the
acylation of the Ser 105. The slight observed difference in the rate of reaction between
this substrate and adipic acid is probably due to small differences in desolvation and

diffusion as a result of the methyl substituent.

Therefore, the lack of activity of the 2-oxoadipic acid appears to be due to the unfavour-

able hydrogen bonding of the 2-carbonyl in the active site.

3.4  Transesterification reaction kinetics.

The transesterification kinetics became more important as a result of the
transesterification studies in Chapter 4 and the Isothermal Titration calorimetry described

in Chapter 5; a comparison of the rates of transesterification with the rates of
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esterification being particularly relevant. The obvious ester to consider for the study of
transesterification reactions relevant to the polyesterification process was dimethyl
adipate. However, the vapour pressure of this ester at 50°-60°C is such that the weight
losses due td cvaporation were too large compared to the weight losses from the
esterification reaction to give any meaningful results. Also, in the large scale process the
transesterification reaction occurs simultaneously with the esterification reaction because
both ester and carboxyl groups are always present, at least until the final stages of the

polyesterification process.

In order to overcome both of the above problems the monoethyl éster of adipic acid
(MEAA) was chosen as the substrate to be studied. The vapour pressure of the MEAA is
such that the volatility at 60°C only requires a correction factor of 1 pg min™ in the TGA.
The ethanol, if produced, is sufficiently volatile for its weight loss to be measured by the
TGA. The presence of both visceral ester and terminal carboxyl groups in the MEAA,
simulates the polyester oligomers in the polyesterification process. The enzyme having
the choice of acylation by either group as they are present in equal concentrations in the

substrate.

The monoethyl ester of adipic acid (MEAA) was dried over P,Os and solutions in
1,6-hexanediol were prepared. These were pre-dried in the standard drying cycle up to
110°C in the TGA, cooled to approximately 40°C and the enzyme added. The results are

given in Table 3.40.
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Table 3.40 Reaction of monoethyl adipate and 1.6-hexanediol.

[MEAA] Enzyme Water loss* Rate of reaction
mol dm™ mg pg min® pmol min™ mg’
0.1 0.521 4.2 0.45
0.1 0.221 1.8 0.44
0.1 0.288 2.2 0.43
0.1 0.568 35 0.34
0.2 0.483 6.3 0.73
0.3 0.318 438 0.83
0.3 0.814 14.7 1.00
0.3 0.491 7.5 0.85
0.4 0.388 7.0 1.00
0.4 0.234 53 1.26
0.4 0.281 6.0 1.18
0.5 0.456 11.5 1.40
0.5 0.694 13.7 1.10
0.5 0.431 9.5 1.22
0.5 0.522 11.7 1.25
0.7 0.426 1.7 1.53
0.7 0.424 10.2 1.34
0.7 0.412 10.5 1.41
1.0 0.438 143 1.81
1.0 0.491 14.8 1.67
1.0 0.316 11.0 1.93
1.22 0.293 10.0 1.90
1.22 0.656 24.8 2.10
1.22 0.524 17.9 1.90

*Correction factor for loss of 1,6-hexanediol 2 pg min™.
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The results were analysed using the Enzfitter program and the best fit curve is shown in

Figure 3.27. The Analysis of Variance gave R-squared as 0.9.
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Figure 3.27  The rate of reaction of MEAA with 1,6-hexanedio).

It is obvious from these results that the MEAA substrate is significantly more reactive
than any of the previous acid substrates. In several earlier experiments the reactions had
been left in the TGA for several hours and the total weight loss measured. When this was
done for adipic acid and 1,6-hexanediol the estimated yield was between 70-85% of
theoretical. This procedure was repeated using the monoethyl adipate ester with

1,4-butanediol.

22.726mg of 0.8 M MEAA in 1,4-butanediol were heated to 50°C in the TGA with 0.796
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mg of Chirazyme L-2 for 200 minutes. The total weight loss due to volatiles was 1.777
mg, after deducting the correction factor of 0.750 mg; the weight loss due to reaction
products was 1.027 mg. If one assumes complete reaction of the acid carboxyl group the:
theoretical loss of water would be 0.327 mg. Therefore, it is obvious that a substantial
amount of ethanol has been removed as the product of the transesterification reaction.
The theoretical amount of ethanol produced, assuming complete reaction would be 0.836

mg giving a total weight loss of 1.163 mg.

A similar procedure was applied to 1,6-hexanediol. 21.855 mg of 0.8 M MEAA in
1,6-hexanediol was heated to 50°C in the TGA together with 0.780 mg of Chirazyme for
180 minutes. The total loss of volatiles was 1.039 mg, which, less the correction factor of
180 pug, gives a total weight loss 01.c reaction products of 0.859 mg. In both cases it is
apparent that substantial amounts of ethanol from the transesterification reaction have
been evolved. If the amount of water produced by the carboxyl groups of 0.8 M adipic
acid in 1,6-hexanediol is deductea from the rate of weight loss from the MEAA at the
same concentration then it is estimated that the difference in the reactivity is 3:1 between
the ester carbonyl and the acid carbonyl. These results confirm the results found in both
the transesterification studies and the isothermal titration calorimetry that the
transesterification reaction is significantly faster than the esterification reaction. This
observation is understandable if one considers the chemistry of the carboxyl group. The

diagram below shows the nucleophilic attack of the serine OH on an ester carbonyl.

ol = S
+ 1
Ser OH R RX R—_O\

OR' R O

H
N\ Ser

When a nucleophile such as the serine OH attacks the carbonyl of a carboxylic acid

119



derivative such as an ester, the tetrahedral intermediate expels one of the substituents as a
leaving group, leading to a net nucleophilic acyl substitution. The ease by which the
leaving group can be removed controis the rate of reaction. In descending order, acid
chlorides are the most reactive then anhydrides, esters, amides and then acids.'"! The
reason that the carboxylic acids are so much slower reacting than the esters is that the
actual reaction mechanism is different. The nucleophile acts as a basc and converts the

acid to the corresponding carboxylate ion.

v 0

S
RJ\OH(\:(I)/ T A
H

R O

The carboxylate ion is un-reactive to the nucleophilic attack because it is carrying a
negative charge already. Therefore the reaction of adipic acid under essentially neutral
conditions is predominantly an acid-base reaction rather than a nucleophilic attack on the
carbonyl.'? In order to carry out a nucleophilic attack on the carbony! carbon of the acid
it is necessary to have acid conditions in order to suppress the formation of the
carboxylate ion in order that the OH" leaving group can leave as H,O. The pK. of adipic
acid of 4.3 is such that only the presence of strong acid, which suppresses the formation

of the carboxylate ion, can catalyse the nucleophilic reactign.

3.5  Effect of temperature on the activity of Candida antarctica lipase B.

The effect of temperature on the reaction was studied for a number of reasons:

1. If the enzymatic synthesis could be accelerated by carrying out the reaction at

a temperature higher than 60°C, then the batch time would be shortened;
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thereby favouring the economics of the process.

ii, If the process could be carried out at higher temperatures then the viscosity of
the reactants would decrease, higher molecular weight polymers could then be
synthesised as the higher viscosity of the higher molecular weight polyesters

would not be rate limiting.

i, Determination of the effect of temperature on reaction rate would allow the
calculation of the activation energy of the rate controlling step. The logical
system on which to base the rate/temperature studies was the adipic acid - 1,6-
hexanediol system. However, it soon became apparent that there were

fundamental difficulties in carrying out this reaction at higher temperatures.

The melting point of the adipic acid solutions in 1,6-hexanediol is approximately 50°C.
Either because of the proximity to the melting point or the reaction rate being very slow at
50°C, no reaction was observed below 55°C. Furthermore, the onset of the reaction
below 58°C was variable so that no reliable results could be obtained below 60°C. At
temperatures higher than 60°C the volatility of the 1,6-hexanediol became a problem.
The correction factor at 60°C was 2ug min™'; this became 4pg min™ at 70°C, 10.5 pg
min™ at 80°C and 20.5 pg min" at 90°C. The typical weight losses per minute due to the
loss of water formed in the reaction were between 5-10mg mjn'l; therefore, such large
correction factors would render the results unreliable. It was necessary to look at relevant
alternative systems where the volatility of the substrates would not be a problem. The
reaction of monoethyl adipic acid (MEAA) ester with 1,6-hexanediol was studied, while
the problems associated with the volatility of the diol still applied, the freezing point of

the solutions was approximately 40°C. Also the reactivity of the ester was such that
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meaningful weight losses could be observed. Therefore the opportunity arose to look at
the rate of reaction at lower temperatures. The reaction of a 0.4 M solution of MEAA in

1,6-hexanediol was carried out at 50°C, 55°C and 60°C. The results are in Table 3.36.

Table 3.36 The reaction of MEAA and 1.6-hexanediol between 50°-60°C.

Temp. Enzyme Weight loss* Rate of reaction
°C mg 100% protein pg min” pimol min™ mg™
50 0.293 12.4 2.35
50 0.298 12.5 2.33
50 0.174 7.6 - 2.42
55 0.140 6.5 2.58
55 0.187 8.7 2.58
55 0.134 6.5 2.69
60 0.106 5.8 ' 3.04
60 0.271 14.0 2.87
60 0.163 83 2.83

*Correction factors for loss of 1,6-hexanediol at 50°C Opg min™, at 55°C | pg min” and
at 60°C 2 pug min™.

These results were plotted as an Arrhenius Plot as shown in Table 3.37 and Figure 3.28.

The Arrhenius equation governs the effect of temperature on the rate of a reaction as

shown in Equation 1.

~Eg
K=AeX Equation 1

K is the rate constant, A is the pre-exponential frequency factor, E, is the activation

energy, R is the Gas Constant and T is the temperature in K.
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The equation may be re-arranged to Equations 2 and 3. Equation 3 is the equation for a
straight line plot, therefore, the activation energy E, can be calculated from the slope of

the graph as shown in Equation 4.

anzlnA—E Equation 2
RT
1nK=lnA—Exl Equation 3
R T
Slope = —La Equation 4
. Ea = R x Slope

Table 3.37 Calculation 6f Activation Energy by Arrhenius plot.

Temp. Yr K x 107 Rate Rate constant nK
°C umol min™ mg™! K
50 3.10 2.37 14.8 2.69
55 3.05 2.62 16.4 2.8
60 3.00 291 18.2 2.91

Arrhenius plotof MEAA + 1,6-hexancediol
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Figure 3.28  Arrhenius plot for MEAA + 1.6-hexanediol.
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The slope of the plot was 0.22 x 10™ K. Therefore, the activation energy is 18.3 kJ mol”.

The only diol that does not have an appreciable weight loss at elevated temperature is the.

650 molecular weight polytetramethylene ether diol (PTMEG 650). Therefore, the rate of
reaction of a 0.4 M solution of adipic acid in PTMEG 650 was determined at 60°C, 70°C
and 80°C. Because of the earlier observation of declining rates above 80°C only the first

10 minutes of the reaction were considered. The results are given in Table 3.38.

Table 3.38 Reaction of adipic acid and PTMEG 650 between 60°-80°C,

Temp Enzyme Weight loss* Rate of reaction
°C mg 100% protein pg min’ pmol min™' mg™
60 0.212 8.1 2.13
60 0.054 2.1 222
60 0.139 58 2.28
70 0.139 7.1 2.82
70 0.117 53 2.70
70 0.155 7.2 2.79
80 0.078 8.3 3.72
80 0.182 10.5 3.30
80 0.108 8.3 4.29

*No correction factor required for weight loss of PTMEG 650.

The results were converted for an Arrhenius plot as shown in Table 3.39.
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Table 3.39 Calculation of Activation energy by Arrhenius plot.

Temp it K x 107 Rate Rate constant In K
°C pmol min” mg K
60 3.0 2.2 13.7 2.6
70 2.9 2.8 17.5 2.9
80 2.8 38 23.8 3.2

The slope of the plot of the above data (Figure 3.29) was 3.0 x 107K, giving an activation

energy of 24.9kJ mol ™.

Arrhenius plot of AA + PTMEG
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Figure 3.29  Arrhenius plot of adipic acid and PTMEG 650.

Therefore the activation energy of the acylation of the enzyme by adipic acid is measured
as 24.9kJ mol”, whereas that of the acylation by the monoester is 18.3kJ mol'. The
measurement of the activation energy of the monoester reaction undoubtedly contains a
contribution from the acylation of some of the enzyme by the monocarboxylic acid end
group, therefore, it is possible to say that the activation energy for the ester acylation

reaction is less than 18.3kJ mol”’. This explains the observations reported in the rate
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studies (Chapter 3.6) and the results of the isothermal titration calorimetry (Chapter 5)
that the enzyme is more readily acylated by the ester carbonyl. Because the activation
energy of the transesterification reaction appears to be significantly less than that of the

acid acylation reaction, the ester acylation will be the preferred reaction.

The activity of the enzyme at high temperatures was of interest for two reasons. It was
important to know the upper limits of useful activity in the process for the reasons
explained previously. However, it is necessary that any enzyme remaining in the
polyester at the end of the process be deactivated. Traces of residual enzyme would lead
to hydrolysis of the product at room temperature, which would cause deterioration of the

product in service.

In order to probe the temperature denaturation of the enzyme, the activity was determined
after heating to temperatures significantly higher than used previously. In order to
overcome the problems of diol volatility, the system studied was a 0.8 M solution of
adipic acid in PTMEG 650. Because of the relevance to the manufacturing process the
enzyme used in these experiments was the Candida antarctica lipase B supported on

acrylic beads and sold as Novozyme 435. The results obtained are shown in Table 3.40.

It is apparent that the enzyme retains some activity at these elevated temperatures and that
130°-140°C appears to be the point at which activity is lost. However, these are initial
rates, no attempt was made to determine how long the enzyme remained active at these
temperatures, or if it could be recycled and remain active after exposure to these

temperatures.
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Table 3.40 The reaction of adipic acid with PTMEG 650 at elevated temperatures.

Enzyme Temp Weight loss* Rate of reaction
mg °C pg min” pmol min”' mg™

2.152 no - 15.0 0.39
1.892 110 17.0 0.50
1.702 110 18 0.59
1.914 120 280 0.81
2.073 120 26.5 0.71
3322 130 209 0.35
1.989 130 10.7 03
2411 140 43 - 0.10
1.884 140 0 0

*No correction factor required for weight loss of PTMEG 650.
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4 The study of transesterification reactions.

Lipase catalysed transesterification reactions in organic media with monoesters have been
used to separate racemic mixtures of alcohels and carboxylic acids or to select a specific

ester or alcohol group within a molecule as substrate.'"?

Our earlier work had shown that transesterification takes place in the presence of certain
S(_)lvents, but not in the solvent free syste:m."5 Qur further work on the reaction kinetics of
the monoethylester of adipic acid (MEAA) in 1,6-hexanediol (Section 3.4) had shown a
3:1 difference in reactivity of the ester group compared to the carboxyl group. This
preference of the enzyme for the ester carbonyl had also been confirmed by the
determination of the enthalpy of reaction for the acylation of the enzyme by the acid and

ester using isothermal titration calorimetry (Chapter 5).

Therefore, the original question of why the enzyme appears to catalyse the
transesterification of polyesters in some circumstances and not in others became more
interesting, because one would expect it to catalyse transesterification in all

circumstances.

In all our earlier work, the esterification and any transesterification reactions leading to
the formation of the polyester would be taking place simultaneously, with the final
composition containing the products of both reactions. Therefore, a method was

developed whereby the transesterification reaction could be studied independently.

A high molecular weight polyhexane adipate polyester was synthesised using Novozyme
435 as the catalyst. When the polyester had reached a molecular weight of 36000 as
measured by GPC we stopped the reaction and measured the acid number and hydroxyl

number by titration. The bound enzyme was filtered off and the residual enzyme
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deactivated by heating the polyester at 200°C for 15 minutes. This polyester became the
standard for all our transesterification experiments and had a M, of 17500, a M,, of 37000
and Dispersity 1.9. The acid number was measured as 2mg KOH g and the hydrox.‘yI
number was 13mg KOH g'. The molecular weights for this and all subsequent
transesterification experiments were determined by using a Waters HPLC with a model
510 pump, model 410 refractive index detector and the Waters 717 autosampler. The
column was packed with Polymer Labs. 1000A polystyrene copolymer packing and the
eluent used was THF stabilised with 250ppm of butylated hydroxytoluene (BHT) at a
flow rate of Iml min". The sample concentration for all experiments was 0.5wt%/vol
with an injection volume of 40pl. The data was analysed using the Millennium 32 GPC

software. The GPC for this material is shown in Figure 4.1.

GPC 38 Poly hexane adipate
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Figure 4.1 GPC of hich molecular weight polvester control.

At the beginning we had suspected that it was the enzyme that changed conformation in

the presence of the toluene solvent. However, we had shown by CD spectroscopy that it
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was unlikely that there was any major change in the geometry of the active site (Chapter
6). Therefore, the possibility remained that solvent molecules were being absorbed onto
the hydrophobic regions in or around the active site. [t was considered that even one or
two bulky solvent molecules such as toluene absorbed in a critical area could easily affect
the rate at which the substrate could diffuse into the pocket of the enzyme. Therefore, a
standard transesterification experiment was developed, 2 g of the high molecular weight
polyester plus 8 cm’ of solvent, 0.1 g of 1,6-hexanediol and 0.1 g of Novozyme 435 were
added to a stirred cell reactor and heated at 60°C for 24 hours. The reaction was then
stopped by filtering off the bound enzyme and cooling rapidly to 20°C. In order to
simulate the conditions that existed in the earlier syntheses, the solvents chosen were:
toluene, 1,4-butanediol, polytetramethylene ether glycol 650 (PTMEG 650) and dioxane.

The GPC’s obtained are shown in Figures 4.2 to 4.5.

GPC 40/1 toluene
2500 -
2000 -
1500 -
>
1000
°% J\J L
0 T T T T T T T
0 2 4 6 8 10 12 14 16
Minutes

Figure 4.2 GPC of polyester transesterified in toluene.
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GPC 40/2 1,4-butanediol
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Figure 4.3 GPC of polyester transesterified in 1.4-butanediol.

The high molecular weight polyester has a retention time of 7 minutes, the peaks for the

1,6-hexanediol and 1,4-butanediol are clearly visible.
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Figure 4.4 Polyester after transesterification in PTMEG 650.

The high molecular weight polyester has a retention time of 7 minutes, the large peak at

10 minutes is the PTMEG 650.
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GPC40/3 Dioxane

900
800 -
700 -
600 -
500 -
400 -
300 -

200 A AJ
100 A
A f - L-

0 2 4 6 8 10 12 14 18

Minutes

MV

Figure 4.5 Polyester after transesterification in dioxane,

The comparison of the weight average (Mw) and number average (M,) molecular weight

distributions is shown in the Table 4.1.

Tabie 4.1 Effect of solvent on the transesterification of polyester.

Solvent My M, Dispersity Comment
PTMEG 650 36000 32000 1.1 Unchanged
1,4-butanediol 26000 - - 2 phases

Toluene 5800 2898 2.0

Dioxane 1369 742 1.8 )

The hydroxyl of the added diol is involved in the transesterification reaction causing
scission of the high molecular weight polyester. However, it appears from these results
that the amount of transesterification is independent of hydroxyl concentration. The
greatest breakdown of the high molecular weight polyester occurred with toluene and

dioxane and not with 1,4-butanediol or PTMEG 650, which have much higher
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concentrations of hydroxyls. This appears to contradict the conclusion of Kumar and
Gross,'" who proposed that there is slower transesterification in higher molecular weight
polycaprolactones because the higher the molecular weight, the fewer terminal hydroxyls

there are to take part in the transesterification reaction.

It had been found by Harffey ' that the addition of as little as 6%/, of toluene to the
reaction medium gave the same result as when the reaction was carried out in toluene as
the reaction solvent. The possibility that toluene was being absorbed from the medium on
to the hydrophobic areas of the protein, thereby affecting the mechanism of the reaction,
was considered. Therefore, the effect of low concentrations of toluene in 1,4-butanediol

on the degree of transesterification was determined. The results are shown in Table 4.2.

Tabie 4.2 Effect of toluene concentration on transesterification.
Principal {Toluene] mM My M, Dispersity
solvent
1,4-BD 0.11 (0.001%) 26328 14088 1.9
" 1.1 (0.01%) 28232 19232 1.5
! 67 (0.625%) 27060 16892 1.6
" 200 (1.87%) 27708 17836 1.6

The differences between these results are not considered to be significant. It appears that
small additions of solvent do not affect the degree of transesterification. It is unlikely,
therefore, that absorption of solvent into the hydrophobic areas of the enzyme takes place,
as it would be expected that the hydrophobic attraction of the lipase would extract toluene

from such a polar medium as 1,4-butanediol, even at these low concentrations.
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The effect of the shape of the solvent molecule was then investigated. The standard
transesterification experiment was carried out with a number of solvents of different

shapes and hydrophobicity. The results are as shown in Table 4.3.

Table 4.3 Effect of solvent configuration on transesterification.

Solvent M M, Dispersity C logP
Toluene control 5800 2900 2.0 2.7
n-Butylbenzene 5196 2796 1.9 4.0
iso-Butylbenzene 5901 3025 2.0 4.0

tert-Butylbenzene 5864 2909 2.0 4.1
4-Chlorotoluene 5877 2945 2.0 33
Hexane 17581 8540 2.0 3.8

Figure 4.6 shows the GPC trace for the polyester obtained after 24 hours in
iso-butylbenzene. The GPC profiles for all the experiments listed in Table 4.3 are

essentially the same for all the aromatic solvents,
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Figure 4.6 Transesterification of polvester in iso-butylbenzene.
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[t is evident from these results that the degree of transesterification as measured by chain
scission is not affected by the geometry of the solvent molecule. The differences seen in
the experiments with the aromatic solvents are not considered significant; the -only
significant difference being between the aromatic solvents and the aliphatic hexane. It
does not appear, however that the hydrophobicity as measured by C logP is the cause of
the difference; there is significant transesterification at a C logP of -0.4 in dioxane and
also at C logP of 4.1 in fert-butylbenzene. The conclusion to be drawn from these results
is that transesterification takes place in any solvent. The only two media in which it does
not appear to occur are 1,4-butanediol and polytetramethylene ether glycol. Both of these

are very poor solvents for the high molecular weight polyester.

In order to elucidate the mechanism of the transesterification reaction we repeated the
experiments with tcluene and 1,4-butanediol using 1,1',2,2'.3.3" 4,4'-octadeutero-1,4-
butanediol in place of the 1,6-hexanediol, as the transesterification agent. A 1% solution
of d*-1,4-butanediol in 1,4-butanediol was prepared and the *H NMR spectrum obtained

(Figure 4.7).

4.10%
z.1C0

Figure 4.7 H-NMR spectrum of deuterated 1.4-butanediol,
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The two peaks of the deuterated ;liol were d 4.11 ppm, corresponding to the 1,1'- and 4,4'-
deuteriums and & 2.14 ppm, corresponding to the 2,2'- and 3,3"-deuteriums. The signal to
noise ratio was 150:1, therefore we were confident that using this concentration we would
be able to see whether transesterification had taken place, by looking for the insertion of

the deuterated 1,4-butanediol into the polyester.

A larger scale version of the above reaction was carried out in a cell reactor with stirring
at 60°C. Samples were taken at 2 hours, 5 hours and 21 hours and the *H NMR spectra
obtained. No difference could be seen in any of the spectra, thus indicating that in the
1,4-butanediol medium no transesterification had taken place. This experiment was
repeated after adding a further %2 volume of toluene and stirring continued at 60°C for 24
hours. When the stirring was discontinued, we realised that the sample was not
homogenous and so a few drops of THF were added to act as co-solvent. A ‘H-NMR
spectrum with excellent signal to noise ratio (2000 scans) was obtained. After 24 hours,
there was a small but distinct peak at &4.68 ppm due to the increased chemical shift
when one end of the diol is incorporated into an ester group. After 48 hours there was a
large, distinct peak at & 4.68 ppm and the peak at § 2.12 ppm was starting to split, with a
pronounced shoulder at §2.21 ppm, as a result of the d*-1,4-butanediol now forming a
significant part of the ester groups. This indicated that the d®-1,4-butanediol had been

incorporated into the polyester and that transesterification had occurred (see Figure 4.8).

In order to maximise the visibility of the deuterated diol in the polyester, the experimental
method was changed. A IO%V/vsblution of the d8-1,4-butanediol in [,4-butanediol was
added to 5 g of the polyester, 4ml of toluene and 0.1 g of Novozyme 435. The mixture

was stirred in a cell reactor at 60°C for 24 hours. Filtering off the Novozyme stopped the

136



reaction and the residual toluene and 1,4-butanediol were stripped off using a Kugelrohr

evaporator.
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Figure 4.8 *H-NMR spectrum of polvester + 2Hg- 1.4-butanediol + toluene.

From the H-NMR spectrum it could be seen that both of the deuterium resonances had
split and the new peaks had moved downfield. The O-C*H, peak had moved in its
entirety to § 4.68 ppm, leaving only a small peak at & 4.12 ppm. The C*H,-C*H, peak
ha(i also moved downfield to & 2.21ppm, which proved that there had been significant

incorporation of the deuterated diol into the polyester (see Figure 4.9).
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Figure 4.9 ’H-NMR spectrum of polvester + *Hg-1.4-butanediol + toluene.

This improved method was then used to repeat the earlier experiment with no added
solvent. A sample taken after 24 hours, showed a very small peak at § 4.68 ppm in the *H
NMR spectrum, which had moved downfield from & 4.11 ppm, indicating that a small
amount of deuterated diol had been incorporated into the polyester. After 48 hours a
somewhat larger peak was observed at $4.68 ppm, which indicated that
transesterification does take place in 1,4-butanediol, but that it is very slow (see Figure

4.10).
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Figure 4.10 2H NMR spectrum of polyester + 2H§-1 4-butanediol after 48 hours.
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The conclusion from these experiments seemed to be that the reason for the lack of
transesterification in the absence of solvent is the insolubility of the high molecular
weight polyester in 1,4-butanediol or PTMEG 650. Only when the polyester is dissol\}fed
in solvent is it available to the enzyme and transesterification takes place. It might be that
as the polyester reaches a critical molecular weight it starts to drop out of solution in the
diol, thus limiting reaction. In order to confirm this point we repeated the above
experiment using a polyhexane adipate polyester of 2000 Daltons. The sample taken at
24 hours showed that the HO-C*H, peak at 8 4.11 ppm had split equally with the COO-
C’H; peak at & 4.68 ppm. Similarly, the diol C*H,-C?H, peak at § 2.21 ppm had also split
equally with the polyester C*H,-C?H, peak at 62.12 ppm. This showed that after 24
hours, significant transesterification had taken place and after 48 hours even more

transesterification was found (see Figures 4.11 and 4.12).
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Figure 4.11  Transesterification_of 2000 Dalton polyester with 2Hg-1.4-butanediol after

24hrs.
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Figure 4.12  Transesterification of 2000 Dalton polyester with *Hg-1.4-butanediol after

48hrs.

The polyester with the lowest and most uniform molecular weight is the simple oligomer
BAB. In order to see if this also was susceptible to transesterification, a sample of BAB
was prepared. starting from AB synthesised by the method of Harffey.'® AB (prepared by
Harffey), was reacted with a two fold molar excess of 1,4-butanediol using Novozyme as
catalyst. After 24 hours 'H NMR spectroscopy showed that 100% conversion to BAB
had taken place. The enzyme and solvent were removed and 10% deuterated diol and
Novozyme 435 were added and the mixture heated at 60°C for 24 hours. ‘H NMR
spectroscopy on the purified sample showed a very small, deuterated ester peak at & 4.68

ppm, this indicated that some but not very much transesterification had occurred.

Samples from the three experiments above were put through the GPC to see if we could
determine the etfect of the transesterification on the polyester. Most interestingly, the
GPC of the high molecular weight polyester showed that the peak molecular weight, M.,
56000. had declined very little but a number of low molecular weight oligomers had

appeared (Figure 4.13).
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Figure 4.13 Transesterification of polyester with deuterated 1.4-butanediocl.

This result shows that the scission is not taking place at random along the polyester
backbone, but that it rather takes place at the ester groups near to the end of the polymer
chain. This is unlikely to be due to any property of the enzyme because each ester group
and its environs are identical and any could fit into the pocket of the enzyme. [t is more
likely to be a property of the polyester. It is possible that it forms a tight coil in these
media and it is only the ends of the chain that are available to the enzyme. It was thought
that if a non-reactive solvent similar to 1,4-butanediol could be found, one that would
dissolve the monomeric substrates, but not the higher molecular weight polymers, then it

may be possible to drive the reaction to give even higher molecular weight polymers.

The standard transesterification experiment was repeated using solvents that were
substantially more polar than the previous solvents in order to investigate if the
transesterification only occurs in non-polar media. Propylene carbonate, triethylene
glycol methyl ether (Triglyme) and tetracthylene glycol methyl ether {Tetraglyme) were

chosen as the added solvents. In all cases, extensive transesterification took place and the
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molecular weight fell to around 3000 as measured by GPC. There did not appear to be
any significant difference in the rate of transesterification between any of these solvents
irrespective of their polarity. It would appear that the transesterification reaction takes

piace in any solvent in which the higher molecular weight polyester is soluble.

From these results, it appears that the rate of transesterification reaction, measured by the
rate of insertion of *Hg-1,4-butanediol into the polyester is ten times faster in toluene than
in 1,4-butanediol. The rates of insertion into the high molecular weight polyester and the
2000 molecular weight polyester appear to be approximately the same, however the
results of the transesterification are quite different. In the case of the high molecular
weight polyester there is nominal reduction in the molecular weight as the chain scission
only occurs at the ends of the molecule. In the 2000 Dalton polyester the chain scission
occurs at random along the chain with the result that there is a significant reduction in

molecular weight.

The transesterification of the oligomer BAB appears to be quite rapid, however BAB
cannot polymerise in the presence of excess diol, therefore the deuterated diol can only
react at one of its two hydroxyls and this is reflected in the relatively large size of the

peak shifted downfield.

One of the main problems that are encountered in the commercial production of
polyesters is the formation of macrolactones during the process (e.g. Figure 4.14) dunng

the process.
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Figure 4.14 Macrolactone of adipic acid and diethylene glycol.

The mechanism of formation and the problems associated with the macrolactone are
discussed in our earlier paper.''® It was thought that if the kinetics of the ring opening
reaction could be altered, by using the enzyme under specific conditions, then the ring
opening may be favoured, but not the ring formation. This would be a way of using
enzymatic transesterification to remove the macrolactone from the linear polyester. It
was first necessary to show that CalB would catalyse the ring opening of the
macrolactone. We had shown that the highest equilibrium content of macrolactone
produced is during the polyesterification of diethylene glycol with adipic acid and is

typically approximately 1.0-1.1%"/,."'

The DEG/AA macrolactone was heated with Novozyme 435 at 60°C under nitrogen.
After 3 days the reaction was stopped, the enzyme filtered off and a sample analysed by
GPC, which showed that the macrolactone had been opened and converted to oligomeric
polyester of My, 905 and M, of 293. The experiment was repeated with toluene added to
the reactants. After 3 days GPC showed that the macrolactone had been converted to
polyester. However, there was no significant difference between the products of the two

reactions (see Table4.4).

Table 4.4 The formation of polyesters by the ring opening of a macrolactone.
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System Molecular weight Molecular weight Dispersity
Mw M,
Macrolactone 118 - -
Macrolactone 905 293 1.0
+ enzyme
Macrolactone 811 296 57

+ enzyme + toluene

The enzyme activity was somewhat surprising in view of the size and shape of the

substrate molecule.

site of the enzyme and found that the macrolactone fitted quite nicely into the pocket of
the active site (see Figure 4.15).
macrolactone from the polyester by enzymatic transesterification a series of experiments

were carried out using a 2000 Dalton DEG/AA polyester, which had a hydroxyl number

of 55 and an acid number of 1.4 mg KOH /g.
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In order to explore the feasibility of removing the




Figure 4.15 C. antarctica lipase B with macrolactone docked in the active site.

The polyester was stirred in a cell reactor with Novozyme 435 and 5%/, of toluene under
nitrogen at 60°C. After 24 hours, a sample was taken and any residual enzyme filtered
from the sample. After 72 hours the reaction was stopped, the enzyme filtered off and a
final sample taken. The samples of the starting material and the 24 hour and 72 hour
samples were analysed by Gas Chromatography in order to determine the macrolactone

content. The results are shown in Table 4.5.

Table 4.5 Macrolactone content after transesterification

Sample Macrolactone content %
Control. Starting material 1.1
After 24 hours 0.86
After 72 hours 0.29
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This was a most encouraging result, as the lowest macrolactone content that can be
achieved by high temperature and high vacuum stripping in a wiped film evaporator is
0.3%.""7 Therefore, a series of experiments were carried out to determine the optimum

conditions for the conversion of the macrolactone to polyester (see Table 4.6).

Table 4.6 Reduction of macrolactone by transesterification.
Reactants Time, hours | Temp, °C | Macrolactone %

Polyester + N433 72 60 1.0
Polyester + N435 + toluene 24 70 0.95

" 72 " 0.98
Polyester + N435 + hexane 24 60 0.9%
" 72 " 1.00

Polyester + N435+ 4-chlorotoluene 24 60 1.1
" 72 " 0.97
Polyester + N435 + n-butylbenzene 24 60 0.99
" 72 " 0.89
Polyester + N435 + iso-butylbenzene 24 60 1.06
" 72 60 1.17

The differences between these results are not considered significant; therefore, it is
obvious that there is no detectable reduction in the macrolactone content for any of the
above conditions. The initial experiment was repeated twice and on both occasions no
reduction in macrolactone was observed. There is no explanation for the initial result. It
is unlikely to be analytical error as the reduction was seen in both samples and the

observed reduction was in direct relation to the length of time of the reaction.
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5 Isothermal Titration Calorimetry

The technique known as isothermal titration calorimetry has only been developed in the
last 10 years.''® It is an ultra-sensitive form of calorimetry, which has resulted from
advances in solid-state physics. Using this technique it has become possible to measure
the evolution of heat by a chemical or physical process with a sensitivity of 10 calories.
This new technique has opened up many possible fields of research in biochemistry, in
particular studies of the thermodynamics of protein-ligand binding, protein-lipid binding

and the binding of drugs to receptor sites.'"’

When binding reactions such as these take place a very small amount of heat is absorbed
or generated. Measurement of this heat with such a sensitive instrument enables one to
make very accurate measurements of binding constants (K,), reaction stoichiometry (n),

enthalpy of formation (AH) and change in entropy during the reaction (AS).

The principle of the method is that a dilute solution of the ligand is titrated into a cell
containing a solution of the protein at a constant temperature, because the cell is stirred 1t
is also possible to use a dispersion of finely divided protein rather than a solution.
Alongside the reaction cell is an identical reference cell that contains the neat reaction
medium. The major problem in using the isothermal titration calorimeter to follow and
determine the thermodynamics of the esterification reaction is that as far as could be
ascertained ITC had not been used for non-aqueous enzymology. Of the 200 references

in the literature, not one described its use with a non-aqueous system.

Microcal the designers of the instrument were consulted and it was their opinion that the

instrument would work with the enzymatic esterification in organic soivent.
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When the work started the procedure recommended by Microcal was followed. The
reference cell contained water while the reaction cell contained toluene. It was found that
the difference in the heat capacity of the two solvents gave substantial problems in
obtaining a steady baseline. Instead of getting a steady baseline after a matter of a few
minutes it took 40 minutes for a useful baseline to be attained. The water in the reference
cell was replaced with toluene after which a steady baseline was obtained after 10

minutes.

A smail amount, typically 2-5 pl of ligand solution is injected into the reaction cell held at
a constant temperature. As the ligand reacts with the protein, heat is released or absorbed.
The instrument measures the amount of energy required to keep the reference cell and the
reaction cell at the same temperature. As the protein in the reaction cell becomes
saturated with ligand the heat signal diminishes until only the background heat of dilution
is secen. When the heat is plotted against the molar ratio of ligand to protein in the cell a
complete binding isotherm for the interaction is obtained. The software used by the
instrument measures all the experimental parameters including binding affinity, binding
stoichiometry, enthalpy and entropy of binding. The ITC isotherms are analysed using a

non-linear least squares method to determine the best fit.

We wished to determine the enthalpy of formation of the acyl-enzyme, using (i) adipic
acid dissolved in toluene, (ii) decanoic acid and (iii) the monoethylester of adipic acid as
the acylating agents. Subsequently, we wished to determine the enthalpy of formation of

the ester, by reaction of adipic acid in 1,4-butanediol.

From these measurements it was hoped that we would be able to construct a

thermodynamic profile of the reactions.
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At the commencement of an ITC experiment it is first necessary to determine the heat of
dilution of the ligand as it is injected into the reaction medium. This exotherm or
endotherm is then added to or deducted from the heat of reaction of the system being
studied. Therefore, when 2 pl injections of 4.2mM adipic acid solution in toluene were
injected into toluene a very large endotherm of approximately 20 kcals mol' was
observed, far greater than would be expected from the heat of dilution, which should be
approximately 1-2 kcals mol'. After some consideration, it was realised that the
endotherm was due to the dissociation of the adipic acid dimer as it was injected into the

toluene (see Figure 5.1).
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Figure 3.1 Isothermal titration calorimetry of the dissociation of adipic acid dimer.
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The problem of hydrogen bonding between adipic acid and hydroxyl groups had been
encountered in our NIR studies described in Chapter 2. The formation of dimers by intra
molecular hydrogen bonding in carboxylic acids is well known.'?°,'2! Adipic acid having
two carboxyl groups, forms a particularly stable cyclic dimer, the stability arising from
the fact that it requires the simultaneous breaking of four hydrogen bonds for the dimer to

122 The enthalpy of formation of

dissociate into two monomeric adipic acid molecules.
adipic acid dimer and other dicarboxylic acid dimers has been determined by measuring
the difference in the heat of formation in the gaseous and solid phases. In the temperature
range 50°-150°C the enthalpy of formation of a monocarboxylic acid dimer was found to
be 7.5 kcals mol".'"> Adipic acid with its four hydrogen bonds forms a cyclic dimer (see

Sculpt model in Figure 5.2) with an enthalpy of formation of at least 15 kcal mol™ %

Figure 5.2  Sculpt model of adipic acid dimer showing hydrogen bonds in blue .

In Chapter 2 in the work on the development of NIR methods it had been shown that the

addition of chloroform disrupts the hydrogen bonding between the carbonyl of the
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carboxylic acid and the hydrogen of the hydroxyl groups. It was proposed that this was
due to the formation of a hydrogen bond between the carbonyl and the hydrogen of the
chloroform. This mechanism would be equally applicable to the hydrogen bonding
responsible for the formation of the adipic acid dimer. This proposal engendered much

debate as to whether or not the hydrogen of chloroform can form a true hydrogen bond.

It was thought that H bonds could not form from a C-H bond and that effects seen with
chloroform were simply the effects of a polar solvent. The general definition of a specific
H bond interaction would require a frequency shift of the C-H stretch and in chloroform;
this is ambiguous, particularly with an oxygen atom of an ether or ester carbonyl.
However, with pyridine and triethylamine there is a distinct frequency shift of the C-H

stretch of 36 and 80 cm™' respectively.'?

Many authors have published work that confirms the existence of H bonds between
chloroform and various reagents. Early work which determined the equilibrium constant
and vapour pressures of acetone-CHCl; mixtures, suggested the presence of H
bonds.'?*,**" Using both IR spectroscopy and NMR; Lord,"'?® Huggins '’ and Huggins
and Pimentel.'® looked at CDCl; in solvents such as ethers, esters and acetone,
measuring the C-D stretch. [t appears that the frequency shift is only seen with the
strongest bases or that much smaller shifts occur with weaker bonds. The increase in
intensity (vs) with H bonds is more sensitive than the frequency shift and this shows H

bonding to occur with chloroform.

Moelwyn-Hughes and Sherman measured the enthalpy of formation of the H bond in 1:1

CHCls/acetone as +4.1 kcals mol™.'*!
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Staveley, er al.,'?

used measurements of heat capacity, volume change and
compressibility to confirm the existence of H bonding between CHCI; and acetone, while
Searles used the heat of solution and infrared spectra, to show H bonding between esters

and lactones with chloroform.'*?

In "The Hydrogen Bond" by Pimentel and McClellan '** on page 218 in a discussion of H
bonding in carboxylic acid dimers it states, "The equilibrium constant K has not been
determined with great accuracy because of solvent effects, for example the equilibrium

constant for acid/acid dimer in chloroform is only 1/10 what it is in carbon tetrachloride”.

Vinogradov'*® reports that the equilibrium constant for benzoic acid/dimer is: 230 x 10°
in carbon tetrachloride, 8.9 x 10’ in benzene and 7.2 x 10° in chloroform. These results

would appear to confirm that chloroform can indeed disrupt the hydrogen bonding of

carboxylic acid dimers.

Boobyer looked specifically at acid dimer-chloroform systems and developed the pulsed
charge cloud model."*"*" In an acid dimer the OH bond vibration pulses the lone pair
and gives an induced dipole moment for the OH mode of the dimer. An oxygen sp’
hybrid orbital is co-linear with the O-H---O axis and is favourable for maximum
interaction between the OH bond and the lone pair and forms a dipole which brings them
much closer together. This causes a big increase in the intensity of the v(OH) band in the

dimer.

CDC); and acetone form a 2:1 complex D bonded together, although the v{CD) does not
shift, its intensity increases by a factor of 8.7. The electronic state of the CD bond is
unchanged: the C-D moment induces a moment in the polarisable lone pair of the

carbonyl that pulses with the C-D vibration thereby increasing the dipole moment of the
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complex. Therefore, there is a significant increase in the intensity of the v(CD). Several
other authors using differing techniques have proved the existence of the chloroform-
carbonyl hydrogen bond."?®!3*1% The three chlorine atoms enhance the acidity of the

chloroform which then acts as a proton donor enabling the C-H---O hydrogen bond to

4
form.'*!

The results from our isothermal titration calorimetry experiments offered the opportunity
to determine the enthalpy of formation of the adipic acid dimer by a novel route and also
to confirm the ability of chloroform to disrupt formation of the acid dimer. The previous
experiment was repeated. A 5 mM solution of adipic acid in toluene was injected into
toluene over a series of 2 pl injections. A pronounced endotherm was observed and the
enthalpy of dissociation measured as 22.0 kcals mol'. The experiment was repeated
using a 20 mM solution of decanoic acid in toluene. A smaller endotherm was observed
(see Figure 5.3).
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Figure 5.3 ITC of decanoic acid into toluene.
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The enthalpy of dissociation was calculated to be 10.2 kcals mol”. This value, which is
equivalent to 5 kcals mol” per hydrogen bond is reasonably close to the values reported
in the literature.'*? It must be remembered, however, that these were determined from the
difference of the enthalpy of formation of the acid in the vapour phase and the enthalpy of

formation in the solid phase and not in solution as in our case.

Then a 5 mM solution of the monoethylester of adipic acid was injected into toluene in 10

x 2ul injections, the enthalpy of the dissociation was measured as 11.0 kcals mol™.

A 5 mM solution of adipic acid was prepared in toluene and 10 mM of chloroform added.
This solution was injected into toluene containing 10 mM chloroform in the cell. The

enthalpy of dissociation was measured as 1.34 kcals mol” (see Figure 5.4).
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Figure 5.4 [sothermal calorimetry of the dissociation of adipic acid in the presence of

chloroform.
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It is proposed that the reduction in enthalpy is due to the adipic acid dimer being replaced
by the adipic acid chloroform complex. Because there is no difference in the chloroform
concentration between the solution in the cell and the injected solution there is no drive
for this complex to dissociate. The lower enthalpy of dissociation of decanoic acid and
the monoethyl ester of adipic acid are consistent with the hydrogen bond formation of the

monocarboxylic acids.

With a more complete understanding of the problems caused by the presence of the adipic
acid dimer, the experiments to investigate the thermodynamic parameters of the
enzymatic esterification were carried out. A 4.2 mM solution of adipic acid in toluene
was injected into toluene containing a 0.15 mM dispersion of Chirazyme lyophilised
Candida antarctica lipase B, in a series of 2 ul injections. The reaction was carried out at
50°C, with an interval of 2 minutes between each of the injections. As before, the
significant endotherm was observed (see Figure 5.5) after each of the initial injections,

this decreased and the exotherm due to the acylation of the enzyme became visible.
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After 31 injections the enzyme had become saturated (fully acylated) and the run stopped.
The control was deducted from the measurements and a very good fit observed. The
enthalpy of formation of the acyl-enzyme was found to be -21.79+1.8 kcals mol”. The

entropy of formation (AS) was calculated to be -42.13 cals °C™' mol™.

This experiment was repeated using 1,4-butanediol as the solvent. A 8.4 mM solution of
adipic acid in 1,4-butanediol was injected into a 0.6mM dispersion of Chirazyme in
1,4-butanediof. The initial profile was the same, however, in this experiment the enzyme
could never become saturated, as the 1,4-butanediol is the second substrate in the
reaction. Therefore on injection of the acid into the 1,4-butanediol and Chirazyme the
reaction goes through to the final stage, which is the synthesis of AB and BAB. In this
experiment it is not possible to determine anything to do with the binding, however it is
possible to determine the overall enthalpy of formation of the diol-acid ester AB. This
was measured as -4.52 kcals mol”'. Therefore the thermodynamic profile of the complete

reaction is as shown in Figure 5.6

25 q

20

3 AE+B
¥ A+E
&3
I
= f
£
5]
+
-10 AB +E
-15
-20
«25
¢] 1 2 3 4 5 -]

Tima/

Figure 5.6 Thermodynamic reaction profile of adipic acid + 1,4-butanediol.
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This experiment was repeated using the monoethyl ester of adipic acid as the acylating
agent (see Figure 5.7). A 4.2 mM solution of monoethyl ester of adipic acid in toluene
was injected into a 0.15 mM dispersion of Chirazyme in toluene at 50°C. Afier 60 x 2pl
injections the enzyme was fully saturated and the run stopped. The software again gave a

very good fit to the data. The enthalpy of formation was measured as 5.840.1 kcals mol™.

The entropy of formation AS was calculated to be -42.42 cals °C”'.
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Figure 5.7 Isothermal calorimetry of MEAA binding to Chirazyme.

The conclusions from these experiments are quite interesting. The entropy of formation
is, as expected, the same for esterification and transesterification, as the acyl-enzyme
product is the same in both cases. The enthalpies of formation are quite different,

however, the AH from the reaction of the monoethyl ester of adipic acid (MEAA) with

the enzyme being significantly less than the AH from the reaction of the acid with the
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enzyme. This is considered to be due to the fact that the enzyme is being acylated by the
ester carbonyl rather than the acid carbonyl. In the case of the MEAA substrate both
groups are equally available to the enzyme, however, the ester carbonyl is far more
reactive to the nucleophilic attack of the serine than the carbonyl of the acid. This
observation confirms the results of the rate studies (Section 3.4), which indicate that the
rate of reaction of the ester carbonyl with the enzyme is about three times the rate of
reaction of the acid carbonyl. As the knowledge of the extent of dimerisation in adipic
acid evolved there was a concern that if, as seems likely, the enzyme was not readily
acylated by the dimer then the dissociation of the dimer may be a rate controlling factor in
the enzymatic esterification. However, when the injections of adipic acid in toluene were
made, into toluene, the endotherm of the dissociation was practically instantaneous.
Although this does not prove that the dissociation rate does not control the enzymatic

esterification rate it does offer a degree of reassurance.
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6 The relationship of Structure and Function in lipases.

While lipases are ubiquitous enzymes, present in microbes, plants and higher animals,
they have great structural diversity.'*> Certain structural elements are common to all, but
they have large differences in the homology between groups and between individual
lipases within these groups.'”  They are frequently divided into microbial and
mammalian lipases, however, the homology overlaps and as a whole they are best divided

into four groups.

pdb code

(a) Pancreatic lipases ¢.g. Human pancreatic lipase 1hpl
(b) Acetyl cholinesterase lace
Cholesterol esterase Imah

Candida rugosa lipase lerl
Geotrichum candidum lipase Ithg

(¢)  Rhizomucor miehei lipase 3tgl
Humicola lanuginosa lipase 1tib

(d)  Fusarium solani cutinase lcus
Pseudomonas lipase lesc

Candida antarctica lipase B Itca

Although there is little homology in common between the groups, they are structurally
and functionally very similar, there are certain elements that run like a thread through all

of them.

The lipase structure is made up of predominantly parallel B-strands surrounded by

a-helices, in which there is an element termed the a—p hydrolase foid.'** Between the
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eponymous a-helix and B-sheet there is a tight hairpin turn of structure Gly-x-Ser-x-Gly
common to all."*® It is this serine that is the nucleophile of the active site. In lipases, the
nucleophile is always a serine, it forms the core of the catalytic triad similar to that found
in proteases.20 The triad of residues is, unlike the proteases, always found in the order

Ser-Asp-His in the enzyme molecular sequence.

For example:

Candida antarctica lipase B Ser105-Asp]87-His224
Human pancreatic lipase Ser153-Aspl77-His264
Rhizomucor miehei lipase Ser153-Asp203-His257
Cutinase Ser120-Asp175-His188

In the case of Candida antarctica lipase B, the serine is found between the helix a4 and

the strand 4.

It was shown in 1990 by Winkler,'*® and Brady and Brzozowski,”’ that most lipases have
a loop of the peptide chain that normally covers the active site, this is termed the lid. The
lid opens only when the enzyme is activated interfacially at an oil-water interface. This is
probably the most significant difference between the lipases and the proteases. Not only
do proteases not need interfacial activation they are readily unfolded on absorption on to a
hydrobhobic surface.'*” In the case of Rhizomucor miehei lipase the lid is an amphiphilic
peptide loop, which rearranges on exposure to an interface (see Figure 6.1). Once open
the lid remains in the open position, held in place by a sophisticated lock mechanism
made up of an arginine residue, which hydrogen bonds to the backbone to keep the Lid

4
open.'**
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(a) (b)

Figure 6.1 Sculpt models of: (a) Rhizomucor miehei lipase in the closed configuration.

from pdb file 3tgl, (b) Rhizomucor miehei lipase in the open configuration.,

from_file 4tgl; the active site is clearly exposed: shown containing a

substrate, diethyl phosphonate DEP in the active site. The hydrophobic
regions are shown in blue.

When the lid of the lipase is in the open position, several residues form the oxyanion hole.
These residues stabilise the tetrahedral intermediate of the acyl enzyme by hydrogen
bonding.'*® Carter and Wells,” first identified this mechanism in proteases and it was
shown subsequently by Brady and Brzozowski 2° that the same mechanism applied to

lipases.

When the lid of the lipase opens the surrounding area becomes significantly more

hydrophobic,' ' this is seen quite clearly in Figure 6.1.

When the detailed structure of Candida antarctica lipase B was studied it was found to

have more in common with cutinase and some of the microbial esterases than the
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expected fungal lipases. Candida antarctica lipase B like cutinase, does not require
interfacial activation in order to be active, nor has it been possible to crystallise the
enzyme in a closed form. Uppenberg,'” found that the short helix a5 in Candida
antarctica lipase B is highly disordered and that it may well be a putative lid, however, in
common with all lipases this region contains two hydrogen bond donors Glu 106 and Thr
40, which form part of the oxyanion hole of the active site. This structure is common to
all lipases, -the actual residues may vary, but there are always two hydrogen bond donors
in the same position, the residues on each side of the proton donor have no side chains,

which could interfere with the formation of the hydrogen bonds.'*

Figure 6.2 Candida antarctica lipase B showing active site and hydrophobic regions

in blue.

It is thought that the purpose of the lid is to protect the enzyme from agglomeration

caused by the hydrophobic attraction between these large hydrophobic areas of the

enzyme.
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The shape and the size of the actives sites differ from lipase to lipase and this plays a
major role in determining the activity of the enzyme and its affinity for different
substrates.'”' In the case of Candida antarctica lipase B, the pocket seen in Figure 6.2 is
10A long x 4A wide x 12A deep. The base of the pocket is hydrophilic with residues Asp
134, Ser 105, Thr 40 and Glu 157, it is fairly narrow up to C7 from the Ser 105 above that
the pocket is smooth and hydrophobic with residues Val 154, Iso 285, Leu 144 and Val

149.

The pocket shown in the model of R. miehei lipase from pdb file 4tgl in Figure 6.1b is a
hydrophobic crevice, of size 18A long, 4.5-6A wide and 10A deep, whereas in C. rugosa

lipase, the pocket is in the form of a tunnel some 22A long.

All lipases will accept C4-C¢ fatty acid esters,''? but their activity varies according to the
geometry of the active site. R. miehei with its very long hydrophobic crevice has great
affinity, measured by its specificity constant K/Kq for long chain Cis-Cig fatty acid
esters. Whereas Candida antarctica lipase B has a much shallower pocket with only a
small hydrophobic area on the wall and so prefers shorter chain fatty acid esters.'>
Rangheard demonstrated that the specificity constant depends more on the fatty acid
substrate than either the solvent or the alcohol substrate.'” While Kirk showed that it is
the fatty acid side of the active site that is the primary determinant of the enzyme’s

affinity for specific chain length substrates. '

One of the important features of Candida antarctica lipase B is that it is highly
stereospecific for secondary alcohols 199 and Orrenius, ef al., 154 have shown that it is the
geometry of the pocket on the alcohol binding side that controls the stereospecificity. In
essence, the geometry affects the binding and stability of the alcohol-acyl enzyme

tetrahedral intermediates because of the ease with which the oxyanion residues can
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hydrogen bond to the different intermediates. The resulting differences in the reaction
rates of the enantiomers will give significant enantiomeric excess, which may be used to

synthesize and isolate a specific enantiomer.

The enantioselectivity of a lipase changes in different solvents, the changes being
explained by the different desolvation propertics of the enantiomers in the different
solvents.” However, Luque, Tao Ke and Klibanov have shown that differences in
desolvation energies can not affect the enantioselectivity and that it is changes in the

conformation of the enzyme that cause the enantioselectivity to change.'*’

It can be seen that not only is the structure of the enzyme key to the activity of the
enzyme, but that the properties of the enzyme may change if the conformation of the

enzyme changes.

When we started work on the enzymatic synthesis of polyesters from simple aliphatic
diacids and diols, our initial work, which proved the feasibility of the polymerisation of
adipic acid and 1,4-butanediol, used the lipase from Rhizomucor miehei in di-iso-propyl
ether.'> This was changed subsequently, to using the immobilised lipase B from Candida
antarctica (Novozyme 435™), which was found to be a superior catalyst both in terms of
activity and recyclability. In addition, it was found to be possible to synthesise polyesters
using this enzyme without the need for a soivent.'* The polyesters produced using this
system were found to have physical properties such as molecular weight distribution,
crystallinity and meit viscosity, which were significantly different from their analogues
produced by conventional high temperature polymerisation.’> It was thought that the
observed differences in physical characteristics might well be due to differences in the

actual polymerisation reaction mechanism.
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[t was shown subsequently by Harffey that the polymerisation mechanism was indeed
different and that it proceeded via the key intermediate AB, in a step growth
mechanism,'” as opposed to the random condensation of the two monomers. {t was also
shown by a combination of gel permeation chromatography and Maldi-Tof Mass
Spectrometry that at no stage of the reaction is any diacid terminated oligomer (ABA)
observed. These observations may be explained if one assumes that interesterification
(i.e. transesterification with itself) does not occur within the polyester. It was thought that
there might be a structural compoenent of the enzyme that prevents the entry of AB to the
active site once it has been acylated by the adipic acid. In the course of that work, it was
found that the mechanism of polymerisation also varied depending on whether or not it
was carried out in solvent. In toluene, transesterification was found to occur and as a
result, the polymers formed had a broad molecular weight distribution and were of limited

molecular weight compared to the polyesters produced in the solvent free system.

It was decided therefore to take a detailed look at the reaction kinetics and to determine
rates of reaction of the intermediates and refated substrates in different media in order to
explain some of the observations. We have seen differences in activity depending on the
individual substrates in various media, but have found that some compounds that are

closely related to the substrates are not at all acceptable to the enzyme as substrates.

We decided to look at the secondary structure of the enzyme in the different media to see
if there were any changes that might help to explain the different behaviour of the
enzyme. [t was known from our kinetic work that the concentration of the acid substrate
has a significant effect on the activity of the enzyme (see Chapter 3). Paktar has~ shown
that the optimum pH is 7.0 with a rapid fall in activity below pH 6.0 and above pH 8.0,%

this is usually explained by the effect of the pH on the ionisation state of the aspartate

165



residue in the catalytic triad. We have also observed a permanent fall in enzyme activity
after exposure of the enzyme to low pH, which affects the recyclability of the enzyme.
Because of the known effect of pH of the medium on the hydrogen bonding within the
protein, we decided to see if any observable changes in the secondary structure could be
linked to the pH of the medium by the determination of secondary structure in a range of
aqueous buffers. Once we had sufficient information on the structure of the enzyme in its
native form in aqueous buffer we would then look at the secondary structure of the C.
antarctica lipase B in 3 or 4 solvents of differing polarity. In particular, solvents in which
the enzyme produces differing polymers, to see if any correlation could be found between
structure and function and to examine also the acylated form of the enzyme in the same

solvents and then to compare the structures,

Fortunately, the principal structure of the Candida antarctica lipase B enzyme has been

1. and Pleiss,

explored by a number of workers, notably Uppenberg, et al.,”’ Cygler, et a
et al.*® Therefore, there was a published foundation on which we could base our studies

of the secondary structure of the enzyme.

The use of circular dichroism (CD) spectroscopy for the determination of protein
secondary structure is quite common;'*® it is however used mainly with aqueous systems,
but not very much with other solvents. There are a number of problems that are specific
to CD spectroscopy in organic solvents; firstly, it is difficult to obtain true solutions of
protein in organic solvents and secondly most solvents have a significant absorbance in

the UV region.
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Figure 6.3 A typical CD spectrum of a protein showing the CD absorbance of the

different structural elements,

The UV absorbances of the relevant solvents in a 1 cm cell are collected in Table 6.1.

Table 6.1 UV absorbance of solvents at various wavelengghs.“

Wavelength, nm Absorbance compared to water
Hexane 195 1.0
225 0.05
250 0.01
Toluene 200 >1.0
250 >1.0
1,4-butanediol 215 >1.0
225 0.5
250 0.04
Water 190 0.01
250 0.01

167



At an absorbance of 1.0, 90% of the light is absorbed by the solvent, which means that
that solvent cannot be used for normal UV spectroscopy because of the inherent errors

caused by the loss of light in the medium.

It is quite obvious that the UV absorbance of the solvents and substrates would make it
difficult if not impossible to obtain meaningful CD spectra unless we used an extremely
intense source of UV light, particularly as we were looking for relatively small changes in
the protein structure. In solvents of such high UV absorbance, it became obvious that we

needed the power that can only be obtained from synchrotron radiation light.

When looking at the acylated enzyme, we anticipated that the changes in the secondary
structure in the region of the binding site might be small compared to the overall
secondary structure of the enzyme. Therefore, we needed the increased precision of an
extended wavelength CD, which one gets from a synchrotron radiation source (SRS).
This has a typical range of 165-270 nm compared to 190-270 nm obtainable from a

conventional CD spectrometer.

We wanted to use the pure C. antarctica protein for this work, but because of the
preparative difficulties, this was only available in small quantities as a gift from Novo.
Therefore, a high photon flux would be needed to give a large signal to noise ratio, which
is necessary for accurate measurements on the small samples. In order to overcome all
these problems we needed the enormous photon flux that one can only obtain from an SRS

such as the one at Daresbury.

The scale and principle of the Daresbury instrument is shown in Figure 6.4. The electron
beam is generated in the 100,000 MeV linear accelerator and accelerated to 600,000 MeV

in the smaller synchrotron. In the main ring, the electron beam is accelerated to 2 GeV
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and this then acts as a storage ring, the beam having a useful life of approximately 8
hours. The electromagnetic radiation, mainly X-ray and ultra violet, is taken off the

circulating beam through the side ports, which can be seen in the diagram.
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Figure 6.4 The Daresbury synchrotron.

In order to gain experience with the necessary techniques and to develop confidence in
the use of the fitting programs, we first measured the CD spectrum for a-chymotrypsin in
pH 5.0 KAc buffer and in hexane. The protein was partitioned from the buffer solution
into hexane using the method of Dordick,'”” whereby the ion pair is formed between
Aerosol OT and the enzyme, which then becomes much more hydrophobic and thus

soluble in the organic phase.

The CD spectrum and the secondary structure of a—-chymotrypsin has been studied
extensively by a number of workers and the spectrum is used as a standard in Curtis

Johnson's CDSSTR program '*® so that it gave us the chance to check our methodology.
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For this work, we used a conventional Jasco CD spectrometer to obtain the CD spectrum
from 180-270 nm. The results obtained using CDSSTR to determine the secondary

structure are shown in Table 6.2.

Table 6.2 Seco structure of a-ch sin.
Structure KAc Buffer Hexane CDSSTR
pH 5.0 Standard
a-helix 8% 7% 8%
B-strand 38% 34% 35%
Turns 11% 16% 15%
Other 43% 43% 42%

These results, which compared well with the published results, gave us confidence in the

methodology chosen to investigate the structure of Candida antarctica lipase B.

Figure 6.5 shows the secondary structure of the enzyme derived by using the Sculpt

modelling program from the Brookhaven pdb co-ordinates for the file 1tca.
It is obvious from this that the enzyme has a fairly extensive a-helix content compared to

the at-chymotrypsin structure given in Table 6.2.

We measured the CD spectra of the pure C. antarctica protein (ex Novo) in a number of
aqueous buffers ranging from a pH of 4.0 to 9.0, using the synchrotron radiation source at

Daresbury. The spectrum obtained is shown in Figure 6.6.
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Figure 6.5 The secondary structure of Candida antarctica lipase B. _Sculpt model

based on pdb file ltca
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pH 5.0 shown in red, pH 4.0 shown in blue and pH 9.2 shown in black
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For these spectra we chose to use the SELCON fitting program developed by Sreerama
and Woody,"’ rather than CDSSTR because the standards in the latter were obtained
using conventional CD (190-270 nm) whereas the standards used by Sreerama were all

obtained using SRS light (165-270 nm).

The results are given in Table 6.3 and compared to the prediction of secondary structure
given by the DSSP/STRIDE algorithm from the EM.B.L. The DSSP algorithm is a
"knowledge based" program, which uses the Brookhaven pdb co-ordinates and assigns

each amino acid residue to its most likely form of secondary structure.'®

Table 6.3 Structure of C. antarctica lipase B in differing pH buffers.

Structure | PO4 Buffer | KAc Buffer | PQ,4 Buffer | Cacod Buffer | PO, Bufter | DSSP
pH 4.2 pH 5.0 pH 6.0 pH 7.0 #* pH 9.0

a-Helix 32% 38% 37% 38% 30% 37%

B-Strand 21% 20% 22% 20% 25% 18%

Turns 15% 14% 11% 18% 15% 26%

Other 31% 28% 30% 24% 30% 19%

# This result was obtained using conventional CD with Chirazyme ™

There is some loss of helix at the extremes of pH, but the remaining structure does not
appear to change over the pH range studied. While the main loss of activity at the
extremes of pH is undoubtedly due to the effect of the pH on the ionisation of key
residues, i.e. the Asp 187 and His 224 of the triad, the permanent loss of activity that
occurs after exposure to extremes of pH may be explained by this loss of helix. CD
studies on the enzyme creatine kinase aiso found that there was minimal change in the

secondary structure between pH 6-9, with little loss of activity, after exposure to this range
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of pH.'®! Below pH 4.8 and above pH 9.6 there was significant loss of o-helix and of
the loss in activity 80% was irreversible.

Because most of our kinetic studies have been done using the unsupported commercial
enzyme Chirazyme™, and the supply of the pure enzyme is limited, we repeated the
CD spectra in KAc pH 5.0 buffer using commercial Chirazyme. No significant
difference was seen between the structures of the two enzymes, however the spectrum
obtained using Chirazyme was noisier, due probably to the presence of extraneous
protein and the lyoprotectant used in its preparation. The spectra obtained are shown

in Figure 6.7.
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Black — Chirazyme, magenta - pure Candida antarctica lipase B

Figure 6.7  The CD spectra for Chirazyme and pure Candida antarctica lipase B in
buffer.

Then using the method of Dordick,'”’

we transferred the protein from solution in pH
5.0 KAc buffer to hexane and to toluene. It is not possible to use exactly the same
method with the 1,4-butanediol because of the miscibility of water and the diol.

Therefore, instead
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of partitioning the protein from the aqueous phase to the organic phase, we used the

minimum amount of aqueous buffer necessary to solubilise the protein and added this to

the diol. The spectra are shown in Figure 6.8.

CD units

CalB in solvent

nm

Blue - Candida antarctica lipase B in pH 5.0 aqueous buffer as a control, red - Candida

antarctica lipase B in 1,4-butanediol, magenta — hexane, black — toluene.

Figure 6.8

The CD spectra of Candida antarctica lipase B in different media.

The results calculated from the spectra are shown in Table 6.4 with the structure in pH 5.0

buffer for comparison.

Table 6.4 Structure of C. antarctica lipase B in solvents
Structure Hexane Toluene 1,4-Butanediol pH 5.0 Buffer
a-Helix 35% 8% 11% 37%
B-Strand 30% 31% 36% 18%
Turns 15% 32% 14% 26%
Other 20% 29% 36% 19%
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It must be remembered that the reported structures are based on a fitting program that uses
50 reference spectra from a wide diversity of protein structures. We have seen with
a-chymotrypsin, which is one of the standards, a very close correlation between our CD
spectra and the published resuits, whereas C. antarctica lipase B does not have any
proteins of close homology among the reference spectra. Therefore, when comparing
spectra obtained in solvent compared to reference spectra obtained in aqueous buffers a
similar degree of accuracy cannot be expected. The measurement of the distinct circular
dichroism of the a-helix at 190 nm gives a reasonable confidence in the amount of a-helix
quoted, however other structures are not so easy to determine. All spectra were fitted to a
correlation R? of 0.95 (RMS 0.4) or better, nevertheless the structures other than a-helix

should be taken as a guide only.

A number of authors have reported that when the secondary structures of enzymes in
solvent are determined by CD spectroscopy there does not appear to be much difference
between the structure in solvent and the native form in agueous buffer.'®* While one
might expect the protein to unfold in most solvents because of the hydrophobic inner, the
stability of the protein may be increased in hydrophobic solvents because of the reduced
mobility of the protein chain in the absence of water."®® This certainly appears to be the
case with a-chymotrypsin, as may be seen from the results in Table 6.3. It also appears to
be true for Candida antarctica lipase B when partitioned from buffer into hexane as
shown in Table 6.4. While this structure was obtained by SRS CD, the result was

confirmed subsequently by conventional CD.

The structure obtained for the enzyme in toluene (Table 6.4), therefore, is somewhat

surprising, particularly as the enzyme is still active in both solvents. Because of the
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unique problems of trying to obtain CD spectra in toluene, which is absorbing up to 99%
of the light at certain wavelengths, the sample has to be in the beam for a very long time.
The normal procedure used with the aqueous samples and the other solvents, is to take
three scans each of 20 minutes duration. In the toluene experiment, we took 60 x 20
minute scans in order to obtain the toluene background and a further 60 x 20 minute scans
for the enzyme in toluene. The latter experiment was then repeated using 55 scans. It is
possible that the protein lost some a-helix for reasons other than the effect of the solvent
alone. Although there was no appreciable drift in the spectrum over the 20 hours it was in
the instrument and the temperature was kept constant at 25°C, the protein might still have
been affected by the beam. This is almost certainly the first time that a protein structure
has been determined in toluene and it could well be the last because it is not easy to justify

3 days of synchrotron time for one experiment.

The spectrum in toluene needs to be interpreted with care, the SELCON program and for
that matter any similar program, bases the a-helix content on the CD absorbance at
190nm. If for some reason the CD spectrum in toluene had shifted to the blue, as it
appears from the spectrum, then the protein has not actually lost a-helix content. This
interpretation would be more consistent with the function of the enzyme in toluene. The
loss of helix structure in the 1,4-butanediol is also surprising because of the excellent
activity of the enzyme in this medium, which is of course also the substrate for the

acylated enzyme.

We then decided to investigate the structure of the enzyme after it had been acylated by
the substrate to see if there were any observable changes in the secondary structure. The

enzyme was transferred from buffer to dimethyl adipate, which acts as both solvent and
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substrate. The CD spectrum obtained when the enzyme is in dimethyl adipate is most
interesting (see Figure 6.9). We were unable to obtain a meaningful CD spectrum because
we observed an enormous induced circular dichroism, some 10 times larger than we

would expect from the protein alone.

Acylated C.antarctica lipaseB
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Red - acylated enzyme, magenta — un-acylated enzyme in hexane.

Figure 6.9 CD spectra for Candida antarctica lipase B afier acylation with dimethyl

adipate.

The large induced circular dichroism was not expected though it can be explained because

of the binding of the substrate to the enzyme.

Very little has been published on the phenomenon of induced circular dichroism (ICD). In
all published cases of ICD occurrence, it has been observed that the ligand must be bound
to or very close to an a-helix. The length of the helix being important, there appears to be

an optimum length of helix for ICD, too long or too short and the ICD declines.'®* The
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magnitude of the ICD is also directly proportional to the amount of binding in the
sample.'®® Finally, the observation of the ICD in our experiment appears to confirm that
the acyl substrate is bound to the enzyme in a fixed conformation; otherwise, the ICD
would not be seen. We have seen a similar effect with Candida antarctica lipase B
(Chirazyme), which has been acylated by vinyl butyrate, using a conventional CD
spectrometer, however the spectrum obtained was very noisy and would be difficult to use

quantitatively. The power of the SRS would appear to be essential for this work.

The use of ICD to investigate the binding of substrates to an enzyme seems to be worthy

of further study, both in terms of the extent and geometry of the binding.

6.1  Conclusions.

It would appear that the secondary structure of Candida antarctica lipase B in aqueous
buffer at pH 5.0-7.0 is very close to the natural structure determined by X-ray

0.'%® At the extremes of pH

crystallography. The isoelectric point, pl, for the enzyme is 6.
4.0 and 9.2 there are significant differences in the a-helix content. In solvents, we see
some very interesting effects. In hexane there appears to be little difference in the
secondary structure of either a-chymotrypsin or Candida antarctica lipase B to that
obtained in aqueous buffer. This confirms the work of Yennawar who also found that
a-chymotrypsin did not change structure when dissolved in hexane.'®” The result in
toluene is an enigma and is most likely to be due to the problems of obtaining a CD
spectrum in such a strong absorber of UV light. The physical properties of toluene are

not that different to hexane yet there is a very large difference apparently in the degree of

unfolding that is caused. All the experiments were very noisy because of the very low
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levels of light passing through the sample, however, when we averaged the spectra from
the first ten scans and compared this to the average of the last ten scans, no significant
difference was seen. Therefore, it is highly unlikely that the sampie has deteriorated over
time due to the effect of radiation or heat. It can be seen from the spectrum that the
principal peak has moved to a shorter wavelength than the typical helix peak absorbance.
The SELCON program only assigns helix to the CD absorbance at 190 nm, therefore if
for whatever reason the helix absorbance has been shifted then the SELCON will give an
erroneous result. The results in 1,4-butanediol are more surprising. Diols such as
pentanediol are used in protein folding experiments, where they are added to the aqueous
medium to enhance the formation of the correct protein structure. It seems strange that

when they are used as the total medium they cause the unfolding of a-helix.

When one examines the secondary structure of Candida antarctica lipase B, shown in
Figure 6.10 it may be seen that there are several large helices away from the active site of
the enzyme. Long helices in proteins may be metastable; therefore, it is possible that the
unfolding can occur away from the active site without changing the structure of the site

and affecting the activity of the enzyme.
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Figure 6.10 The secondary structure of Candida antarctica lipase B. Sculpt model

based on pdb file 1tca.
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7 Molecular modelling,

In order to understand better, the processes taking place within the enzyme active site and
the interaction between the enzyme and various substrates we decided to look at the use
of molecular modelling programs for this purpose. We looked at a number of programs
such as( Hyperchem, Spartan and Gaussian 98. All programs give models that are as
geometrically accurate as the input knowledge and are capable of manipulation. In order
to obtain a good model the whole structure must go through an optimisation process
called energy minimisation. Where the programs differ is the level of sophistication used
in the quantum mechanics (QM) or molecular mechanics (MM) calculations used to

determine the conformational energies used in the minimisation process.

The calculation of molecular energies using QM involves solving approximations to
Schrodinger’s equation in order to determine electron density, energy and other
properties. When used on large molecules such as proteins QM modelling requires a

great deal of computing power.

The principle of MM treats the molecule as a series of balls and springs and the energies
are determined using Hooke’s law. Each atom is moved slightly and a new structure
generated in which the energy is lowered, the process is repeated until the whole
molecule is in its lowest energy state when the structure is said to be minimised. While
this is still an extremely complex task for a protein molecule, nevertheless MM modelling

is a simpler method than QM modelling and requires a lot less computing power.

One program seemed to be ideal for the modelling of proteins; this was the Sculpt
program from Molecular Dynamics in the USA. It had a number of features that made it

ideal for our purposes. It was written specifically for the modelling of proteins and
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accepted pdb X-ray diffraction crystallography files readily from the Brookhaven
database, with which to create the model. Also it accepted small molecules such as
ligands, which if modelled in ISISDraw and converted to 3D, could be pasted into Sculpt.
Sculpt allows manipulation of the molecule in real time using MM force field
calculations, embodying van der Waals or electrostatic interactions or both. it has good
ligand docking facilities; a ligand may be docked into the flexible receptor molecule and
the effect of the docking on the enzyme observed readily. The program runs a local
energy minimiser so that covalent bond lengths, bond angles and single value dihedrals
may be constrained to their original values. Potential energies are used to model explicit
hydrogen bonds, variable dihedrals, electrostatic and van der Waals interactions, The
latter are modelled using a modified Lennard-Jones function between atoms within 6A.
Electrostatic interactions are modelled using a Coulomb model with a distance depending

on dielectric up to 10A of each other.

Before starting the modelling of the protein, if there is more than one pdb file, it is
necessary to decide which of the pdb files to use. In the case of the Candida antarctica
lipase B there are seven files, each determined by different authors under slightly
different conditions and resolutions. Therefore, we ran the Sequence Finder '*® program
from Swissprot in order to check the homology of the seven proteins listed under Candida
antarctica lipase B. Sequence Finder detected no difference in the homology of the the
seven files, therefore we selected pdb file 1lbs.'” This file was copied and pasted into
Sculpt and several models created. Fortunately, one of these was seen fairly early, by A.
Svendsen of Novo, who spotted an anomaly in the structure. It was discovered that if the
grammar of the pdb co-ordinates is not perfect, Sculpt sees a break in the peptide chain
and only models the first part of the protein. Therefore, we changed to pdb file 1tca,”’

which gave a complete model of the protein, all subsequent work was done using the co-
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ordinates for 1tca, which had been obtained at the higher resolution of 1.55A
compared to the 2.2A resolution of 11bs.

A study was carried out of the overall structure 6f Candida antarctica lipase B and
this compared to other lipases such as Rhizomucor miehei in both the closed pdb 3tgl
and open pdb 4tg} configurations ' (see Figure 6.1 in Chapter 6).

Other lipases studied included Candida rugosa lipase and Geotrichum candidum

lipase shown in Figures 7.1 and 7.2.

Figure 7.1 Candida rugosa lipase modelled from pdb file 1crl.”

The hydrophobic surfaces are shown in blue, the tunnel shaped entrance to the active

site is clearly visible in the centre of the model.
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Figure 7.2 Geotrichum candidum lipase modelled from pdb file 1thg,'”" showing

hydrophobic surfaces in blue,

The model of Geotrichu}n candidum lipase is the closed form so that the active site is not
visible. It is obvious that in the closed form there is substantially less hydrophobic
surface than any of the other lipases studied. This protein is one of the largest lipase
molecules for which the structure has been determined, it consists of 544 amino acids in a
single peptide chain folded into one domain, this is one of the largest ever proteins

observed.

Geotrichum candidum is unusual in that the lid over the active site is made up of two
helices rather than the usual single helix, these are made from residues proline 66 to
alanine 76 and serine 294 to phenylalanine 310. These may be seen clearly, over the

active site in Figure 7.3.
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Figure 7.3 Secondary structure of Geotrichum candidum showing helices of the lid.

The catalytic triad of this lipase is different to that of Candida antarctica in that the

aspartate component is replaced by glutamate.

The discussion on the secondary structure of the lipases and the impact of differences in

secondary structure on the function of the enzyme is to be found in Chapter 6.

The modelling of the enzymes was then extended to cover the details of the active sites of

the various lipases and to compare these with the active sites of common proteases.

The active site of Candida rugosa with the catalytic triad of glutamate 341, histidine 449

and serine 209 is shown in Figure 7.4.
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Figure 7.4  The active site of Candida rugosa lipase.

It should be noted that the C. rugosa follows the standard lipase consensus with the serine
of the active site in the pentapeptide Gly-X-Ser-X-Gly this is situated on the tight turn

between the B sheet and the « helix, the a—p hydrolase fold.

It is interesting to compare the typical lipase active site with the active site of

d 167

y-chymotrypsin a typical protease, this was modelled using pdb file 1gm (see Figure

7.5).
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Figure 7.5  The active site of y-chymotrypsin from pdb file 1gmd.

Although the catalytic triad looks superficially like that of the C. rugosa lipase, there are
several important differences. The three residues of the triad do not have the same order
as the lipase sequence, i.e. serine, aspartate, histidine. The hydrolase fold is missing,
there is no a-helix in the environ of the Ser 195 aithough the B-sheet is in place. Thirdly
on close inspection it is obvious that the orientation of the three residues is quite different
to that in lipases, in particular, that of the histidine, although the proximity to the aspartate

and serine residues is such that the catalytic mechanism is still the same.

The active site of Candida antarctica is shown in the Figure 7.6.
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Figure 7.6 Active site of Candida antarctica from pdb file 1tca.

The triad is made up of Ser 105, Asp 187 and His 224. The serine 105 can be seen at the
end of the short helix in the loop to the B-sheet forming the a—p hydrolase fold. C
antarctica lipase B is unusual that the lipase consensus Gly-X-Ser-X-Gly is changed to

Thr-X-Ser-X-Gly, the orientation of the residues however is that of the typical lipase.

The Sculpt modelling facility was then used to investigate the interaction of various

substrates with the enzyme.

The acylated enzyme was modelled with adipic acid; the diol substrates used included

1,4-butanediol, 1,6-hexanediol and a,m—polytetramethylene ether glycol 650.
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In Figure 7.7, C. antarctica lipase B is shown with the substrate AB (adipic acid + 1,4-

butanediol) bound to the Ser 105 in the active site.

Figure 7.7 The active site of Candida antarctica lipase B containing the substrate AB.

Although the above shows the substrate in the active site, it is not particularly informative
$0 it is necessary to model the binding of the substrate into the isolated structure of the
pocket. In Figure 7.8 we have attempted to produce a cross section of the active site
showing the hydrophobic entrance to the site that is formed by the residues Leu 144, Ile
285, Val 149 and Ala 281. Other hydrophobic residues such as Ala 282 and Leu 278
have been omitted for the sake of clarity. At the bottom of the pocket where the substrate
is bound to the Ser 105 there is a strongly hydrophilic region made up of His 224, Asp
134 and Asp 187 together with Thr 40 and Thr 138 and Gln 157. All of these residues
play some part in the catalytic process either in the catalytic triad or the stabilisation of

the tetrahedral intermediates by the formation of hydrogen bonds in the oxyanion hole.
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Figure 7.8 The key residues of the active site of Candida antarctica lipase B.

It is tempting to try to use modelling to explain some of the effects, seen in the kinetic
studies; therefore various substrates were docked into the site to see if there were any
observable effects. In the Figure 7.9, the substrate acetylvaleric acid has been docked on
to the serine 105 and is in the process of minimisation using both electrostatics and van
der Waals forces. The electrostatic attraction between the acetyl carbonyl and the
hydrogen of the peptide bond of Asp 134 may be seen. The red umbrellas are the regions

where the computation is being carried out.
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Figure 7.9  Energy minimisation of acetylvaleric acid docked in C. antarctica lipase B.

The size of the substrates involved and the apparent ease with which they are accepted by
the enzyme is quite surprising. Figure 7.10 shows the AB4 oligomer docked into the

active site with a molecule of 1,4-butanediol entering on the alcohol side to form B(AB)s.

Figure 7.10  The oligomer B(AB4) docked into Candida antarctica lipase B.

191



The apparent problem of how an extremely long polyester such as a 5000 Dalton or
higher polymer molecule can find and enter the active site seemed quite perplexing. We
developed the theory that maybe the polymer never leaves the enzyme surface, but in fact
creeps over surface while the growing end, whether it is acyl or hydroxyl terminated,
remains close to the active site. In order to see if this could be modelled we looked at a
2000 Dalton oligomer of adipic acid and 1,4-butanediol bound to the enzyme and

minimised to see what configuration was adopted. This is shown in Figure 7.11.

Figure 7.11 High molecular weight polyester on the surface of Candida antarctica

lipase B.

After many hours of minimisation it appears that the polyester chain wraps itself around
the enzyme as a result of the formation of many hydrogen bonds (shown in light blue)

with polar residues on the surface. There seems to be an understandable preference for a

192



vague line of hydrophilic residues shown in red, on the surface of the enzyme. This
mechanism, if correct, is similar to that of RNA synthetase where the growing RNA is
bound to the enzyme some distance from the active site.’’ The latter mechanism was
proven by site directed mutations, which removed key polar residues with the result, that
the rate of assembly of the RNA was reduced dramatically. A similar technique could be
used to prove our hypothesis if the resources were available. If the surface of the enzyme
were made substantially less polar without affecting the active site then the esters could
be synthesised, but the rate of polymerisation should decline rapidly as the molecular
weight builds. This mechanism would also explain the observation reported in Chapter 4,
that on transesterification of high molecular weight polyesters, it is the near terminal ester

groups, which are attacked first.

Other modelling was carried out to confirm that the enzyme would accept certain unusual
substrates, in particular ';he macrolactone of adipic acid and diethylene glycol was of
interest because of the problems it causes in commercial polyesters.''® This molecule is a
13 membered ring, which would seem to be a difficult substrate for a lipase (see Figure
4.15 in Chapter 4). In this model the macrolactone can be seen in the active site bound to
the Ser 105. The molecule appears to fit into the site quite nicely and as would be
expected from the model the enzyme was found to catalyse the ring opening of this

lactone very effectively.
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8 Evaluation of proteases as esterification catalysts.

There have been several references describing the use of proteases as catalysts for
esterification reactions. Park used subtilisin from Bacillus licheniformis to synthesize
sucrose adipate from divinyl adipate and sucrose,’”? while Akkara and Bruno claimed the

use of protease BPN to catalyse the synthesis of polyesters.'-'3

The possibility of being able to use a protease as catalyst in the enzymatic
polyesterification process has several attractions. There is a wide choice of available
proteases; many of these are commercially available in quantity and at a lower price than
Candida antarctica lipase B. Although many of the available proteases have an alkaline

optimum pH there are some that have an optimum in acid conditions.

Therefore, it was decided to evaluate a range of commercially available proteases. The

enzymes chosen for evaluation were:-

Protease N from B. subtilis, subtilisin Carlsberg, y—chymotrypsin and papain. The latter
was chosen because it has a pH optimum of 4.8 and interestingly, it is the only protease or
lipase where the nucleophile of the catalytic triad is not the hydroxyl of a serine or

threonine residue, but the SH group of a cysteine residue.

The substrate chosen for the evaluation of these enzymes was 0.4M adipic acid in

1.6-hexanediol. The results are summarised in the Table 8.1.
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Table 8.1 Activity of proteases as esterification catalysts.

Enzyme Enzyme Weight loss Rate of reaction
mg pg min” pmol min" mg™
Subtilisin Carlberg 0.717 - No reaction
" 0.373 - No reaction
y-chymotrypsin 2.502 - No reaction
Papain 1.533 1.7 0.06
" 2.452 2.2 0.05
Protease N 0.532 - No reaction

The possible activity of papain in this system is interesting because of its optimum pH of
4.8. In the polyesterifcation of a strong carboxylic acid such as adipic acid the low
optimum pH could be a distinct advantage. In view of the slight activity observed with
papain, it was decided to investigate the performance of the enzyme in larger scale

experiments.

Adipic acid was heated in 1,6-hexanediol to 100°C for 2 hours to maximise the solvation
of the acid in the diol. The reactants were then cooled to 60°C and the papain added, the
reaction was maintained at this temperature and a pressure of 200mmHg for 48 hours.
Samples were taken after 24 and 48 hours for analysis by gel permeation
chromatography. In both cases a smail amount of AB was seen, but no higher oligomers

were present.

The experiment was then repeated using a much larger quantity of enzyme, the

temperature and pressure were maintained at 60°C and 200mmHg for 5 days. Samples
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were taken after 24 hours and 5 days and analysed by gel permeation chromatography.

Once again only a small amount of AB was observed.

Because the enzyme had the ability to catalyse the formation of AB, but no higher
oligomers, it was considered that irrespective of its pH optimum it might be being
deactivated by the reaction conditions. Either the acidity of the medium, or possibly the 2
phase system, which suits lipases but not proteases, may be deactivating the enzyme.

Therefore, the reaction was repeated using dimethyl adipate in place of the adipic acid.

1,6-Hexanediol was dissolved in dimethyl adipate at 60°C and 1gm of papain added. The
reaction was maintained at 60°C and a pressure of 200mmHg. After 24 hours the clear
solution contained a considerable amount of a white precipitate, which was found to be
adipic acid. The reaction conditions were maintained for 3 days. Analysis of the final
mixture by gel permeation chromatography showed the presence of adipic acid,

1.6-hexanediol and the dimer AB.

The conclusions reached after these experiments were, papain can catalyse the hydrolysis
of dimethyl adipate to adipic acid and can to an extent catalyse the formation of AB,
however, it cannot catalyse the esterification of AB or the formation of any higher

oligomers. At this stage the work with proteases was abandoned.
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9 Enzymatic synthesis of novel polyesters.

The majority of enzymatic syntheses reported in the literature that use lipases, are either
concerned with the synthesis of polyesters or the synthesis of stereospecific esters where
the enantioselectivity of the enzyme steers the reaction product to a particular isomer.
Apart from the synthesis of sugar esters and the work of Harffey with epoxide esters, the

low temperature aspect of enzymatic synthesis has not been exploited to full advantage.

Polyester based polyurethanes are well known and used for applications such as surface
coatings, textile coatings, adhesives and elastomers. These materials are manufactured
from hydroxy terminated polyester resins made by the high temperature condensation of a
diacid and diol, followed by further reaction with a di-isocyanate to produce a
polyurethane polymer. To date the only practical synthesis of polyurethane polymers has
involved the use of di-isocyanates, these are prepared by the phosgenation of the
corresponding diamine. The production of the toxic isocyanate involves the use of an
even more toxic reactant. Understandably the production of di-isocyanates is limited to
only a few companies in the world who are capable of operating the process safely and
limited to a select group of diamines. Perforce these limitations mean that most di-

isocyanates are expensive.

While there have been many attempts to synthesise di-isocyanates by an alternative route
to phosgenation, or to synthesise polyurethanes by a non-isocyanate route, none of these

has ever been successful commercially.

With the advent of the enzymatic synthesis of polyesters an alternative route was
considered which reversed the conventional process. In the conventional process the

addition of the isocyanate must occur after the esterification reaction because the

197



carbamate group is heat labile, it starts to decompose at 150°C, well below the

esterification temperature.

Instead of creating the urethane polymer after the synthesis of the polyester, the low
temperature enzymatic synthesis presents the opportunity to synthesise the urethane

component first and then and then build the polymer by polyesterification.

9.1  Synthesis of bis-carbamate esters.

It was known from the work of Delaby,'” in the 1950's that the carbamate group could be
synthesised by the ring opening addition of a cyclic carbonate such as ethylene carbonate

with a primary amine; the product of this reaction being a bis-hydroxyethyl carbamate.
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Scheme 4

These reaction products had been used to form polymers by further reacting the bis-
carbamates with methylol melamine to form cross-linked polyether polymers containing
urethane groups. The resulting polymer had some of the properties of a polyurethane, but

the need for high temperature stoving meant that some degradation took place.

The use of the enzymatic low temperature synthesis presented the possibility that the

polyurethanes could be synthesised without the use of di-isocyanates, such a process
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would allow the use of readily available diamines that were not available as the
corresponding  di-isocyanate. This idea led to two possible applications, firstly to
synthesise polymers that were analogues of existing polymers, but without the use of a
di-isocyanate, secondly to synthesise polyurethanes where the requisite diamine was
available but the di-isocyanate was not available. For example, ethylene diamine is
readily available, but ethylene di-isocyanate is not available because of its volatility and

extreme toxicity.

In the first objective the work concentrated on the use of aliphatic diamines because the

aliphatic di-isocyanates are much more expensive than their aromatic counterparts.

The method of Delaby,""5 for the synthesis of bis-carbamates involved carrying out the
reaction in ice, this is not practical for large scale syntheses, therefore we developed an
alternative synthesis whereby the amine was added slowly to the carbonate and the

reaction followed by controlling the exotherm.

The Delaby synthesis using ethylene carbonate and hexamethylene diamine was repeated
using the new method. The product, bis-hydroxyethyl hexamethylene carbamate, had a

melting point of 94°C compared to the 93°C quoted by Delaby.'”

The product was
analysed bv GPC and 'H NMR spectroscopy and found to be pure. The yield was 70% of

theoretical.

Some of this bis-carbamate was dissolved in 1,4-butanediol at 90°C under nitrogen,
cooled 1o 60°C and reacted with adipic acid using Novozyme 435 as catalyst. The
resulting polyester containing bis-hydroxyethyl hexamethylene carbamate groups was
analysed by gel permeation chromatography. It was found to have a molecular weight of

9350 Daltons compared to the polystyrene standard and a dispersity of 1.75.
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This polyurethane ester was the analogue of a polybutane adipate polyester that had been
partially chain extended with hexamethylene di-isocyanate and which could be further
chain extended by the addition of hexamethylene di-isocyanate or any other di-

isocyanate.

The method was then extended to synthesise a urethane polyester for which no equivalent
isocyanate is available. Using ethylene diamine instead of hexamethylene diamine
bis-hydroxyethyl ethane carbamate, identical to a carbamate based on ethyiene
di-isocyanate, was prepared. The m.p. of the white crystalline compound was 93°C. The
yield was 60% of theoretical; the losses mainly due to the slight solubility of the product
in cold ethanol. Chromatography showed that we had a single product free from starting

materials.

A 1,4-butanediol adipic acid co-polyester was synthesised using this bis-carbamate as part
of the diol component. After 48hrs the reaction was stopped and the resulting polyester
analysed by GPC. The molecular weight was found to be 4500 Dalitons, compared to the

polystyrene standard, with a dispersity of 2.4.

This polyester was found to be extremely water soluble, which is explainable by the
preponderance of ethane groups in the polymer. Such a water soluble polymer could well

have applications in water soluble polyurethane coatings or adhesives.

One of the major problems associated with the commercialisation of a novel process
using novel intermediates is the need for costly toxicological testing of the compounds.
The EINECS regulations are relaxed if the novel compound does not leave the reactor and
if the final product is a high molecular weight polymer. A further problem associated

with the above process is the need for recrystallisation from hot ethanol and drying.
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Therefore an alternative process was considered. One of the major reasons for the
purification process was the need to use toluene as an inert diluent during the reaction.
The desired physical properties of the finished polyurethane polyester meant that the
bis-carbamate was unlikely to be used as the sole diol component of the polyester; this
was the reason for the incorporation of the 1,4-butanediol component in the second stage
of the esterification process. Therefore, as 1,4-butanediol could not react with either the

ethylene carbonate or the diamine reactants, the toluene was replaced with 1,4-butanediol.

The reaction of ethylene carbonate and hexamethylene diamine was repeated replacing
the added toluene with 1,4-butanediol. Upon completion of the reaction the product is a
clear solution at 60°C, which rapidly crystallises on cooling to a white waxy solid. Gel
permeation chromatography and IR spectroscopy showed that the reaction had gone to

completion and there were no starting materials remaining.

To this reaction product was added Novozyme 435 and the requisite amount of adipic
acid to give a polyester with a molecular weight of 1500 daltons. After heating under
reduced pressure for 48 hours the reaction was stopped and the resulting polyester
analysed. The molecular weight by GPC was 2200 M,, 4640 M,, with a dispersity of 2.1.
The acid number was found to be 0.7mg KOH g™ and the hydroxyl number 78mg KOH
g''; this end group analysis gave a molecular weight of 1488 Daltons. There is no reason
why this principle of using a diol from the second stage esterification as the diluent in the

formation of the bis-carbamate cannot be extended to the synthesis of any his-carbamate.

The procedure was repeated using propylene carbonate and isophorone diamine.
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GPC analysis showed that the reaction had gone to completion and there were no
reactants remaining. This bis-carbamate was converted to polyester with the addition of
1,4-butanediol and adipic acid at 60°C and reduced pressure using Novozyme 435 as
catalyst. After 48 hours the reaction was stopped and the product analysed. The
molecular weight was determined by gel permeation chromatography, using a 1000A
column compared to a polystyrene standard. The molecular weight M,, was 6000 and the

dispersity 2.14. The acid number was determined by titration as 2.0mg KOH gl

The a,m-polytetramethylene ether diol is used extensively in the manufacture of high
performance polyurethane elastomers and coatings. There is no similar di-isocyanate
available, however, the related diamine is available by the reaction of the diol with
acrylonitrile and hydrogenation to give the bis-(3-aminopropyl) polytetramethylene ether
of molecular weight 350. The bis-carbamate of this diamine was synthesised using the

reaction in Scheme 6.



Scheme 6

The product was a reddish viscous liquid. NMR analysis showed that all the ethylene
carbonate had reacted, however there was a trace of un-reacted amine remaining.
Because of the substantial polyether backbone of the diamine it was not thought
necessary to add any 1.4-butanediol to the bis-carbamate in order to form a useful
urethane ester. Therefore adipic acid was added and Novozyme 435 after heating at 60°C
under reduced pressure for 48 hours the final polymer had a molecular weight of 6500 by
GPC and an acid number of 5.0mg KOH g"'. The combination of the ester groups and the
ether backbone gave a polymer that was not soluble in any of the common solvents. It
was thought that this material would make an cxcellent intermediate in the manufacture

of solvent resistance coatings.

The above reaction was extended to the related polyoxypropyleneamine, Jeffamine D230.
The amine was added to the ethylene carbonate as before, however the exotherm was
substantially less than with any of the previous amines. After all the amine had been
added the reaction was maintained at 80°C overnight. TLC and '"H NMR spectroscopy
indicated that the reaction had gone to completion with only a trace of residual amine

remaining. This bis-carbamate was also converted to polyester in the same manner as the
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others, the finished polyester was a brown viscous liquid the molecular weight was 6500

daltons by GPC and the acid number was 2mg KOH g

This series of compounds is novel and the reaction principle is capable of being extended
to use any diamine and cyclic carbonate to give a novel bis-carbamate on which to base
an enzymatic urethane ester. A patent has been filed on this reaction and the resulting

compounds,

8.2 Synthesis of Oxazolidine esters.

One of the best examples of the utility of enzymatic synthesis in catalysing reactions that
cannot be accomplished by any other route is the synthesis of substituted oxazolidine
diesters. An oxazolidine ring is formed by the condensation of an alkanolamine with an

aldehyde, as in the reaction scheme in Scheme 7.

N O
/\/O\
— + |/\N H
H—0 R
Scheme 7 Synthesis of an oxazolidine.

The oxazolidine ring is extremely water sensitive, the oxazolidine rapidly reverting back
to the alkanolamine and aldehyde in the presence of water. This reaction is used to

produce high performance moisture curing polyurethane coatings.mS

Traditionally, moisture curing coatings have been made from urethane pre-polymers
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containing free isocyanate end groups. When atmospheric moisture is absorbed mnto
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the coating it reacts with the isocyanate to form carbon dioxide and an amine, which then
reacts with further isocyanate to form a high molecular weight polymer. There are two
problems with this process. Firstly, the carbon dioxide produced forms bubbles in the
coating, which has a deleterious effect on physical properties, secondly the rate of
reaction of the water and the isocyanate is the rate controlling factor, particularly if the
isocyanate is an aliphatic compound. In areas of low atmospheric humidity, this can be a

major problem.

The substituted oxazolidine made from diethanolamine and iso-butyraldehyde is used in

moisture curing coatings in order to give a rapid rate of reaction with the atmospheric

moisture.'’® The oxazolidine is reacted with hexamethylene di-isocyanate as shown in
Scheme 8.
O 20
0 . 5 ,9N/W\/
\g o
R

Scheme § Reaction of oxazolidine and di-isocyanate.

This diurethane is used as an additive in moisture curing coatings containing an excess of

free isocyanate groups in the form of a prepolymer. When a molecule of atmospheric
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water is absorbed into the coating it reacts rapidly with the oxazolidine ring which, when
opened, forms two reactive sites, the secondary amine and the primary hydroxyl (see
Scheme 9) with which the isocyanate reacts rapidly. This mechanism forms an efficient

and fast method for the moisture curing of coatings.'”®

+ H20
H-0
O—H
0O
H o) :O/\/ ~H
+ 2 R X0
Scheme 9 Mechanism of the oxazolidine curing reaction.

In the past, the only oxazolidine cross-linker to be used is the one based on the diurethane
formed with the hydroxyethyl oxazolidine and hexamethylene di-isocyanate, not only is

this isocyanate expensive, but it is also extremely toxic.

The diester based on the hydroxyethyl oxazolidine and adipic acid, though similar in
structure to the diurethane, could not be synthesised because of the rapid rate of reaction
either with the water from the esterification or the alcohol from a transesterification

reaction, at the oxazolidine ring.
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The advent of the low temperature, enzymatic esterification process offered the
opportunity to manipulate the vartous reaction rates so that the ester might be formed

keeping the oxazolidine ring intact.

It was decided to use the dimethyl ester of adipic acid, rather than the adipic acid itself for
the esterification. The reaction rate studies (see Section 3.5) had shown clearly that the
enzyme preferred the acylation by the diester; therefore, transesterification would be
much faster than the esterification reaction. It was considered that the rate of attack on
the oxazolidine ring by methanol would be slower than the rate of attack by water. The
rate of reaction of the ring opening not being accelerated by the enzyme, whereas the rate
of the transesterification would be increased significantly, particularly at the low

temperature of the enzymatic esterification.

0 o) R’
2 K\N/\/ "H + R \l(\/\)Lo’
O\(
R

O

Rﬁ/o
r\N/\o i N\) 2R O“H
o—y/
0\{{ T\/\/U\

Scheme 10 Thee tic esterification of hvdroxvethvl oxazolidine.
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Analysis by 'H NMR spectroscopy and GPC showed that there had been complete
5

esterification of the hydroxyethyl oxazolidine with no discernible opening of the

oxazolidine ring. A sample was submitted to Baxenden Chemicals Ltd. who confirmed

that the oxazolidine diester did in fact moisture cure urethane coatings.
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10 Characterisation of enzymatic polyesters.

The polyesters formed by the polycondensation of diacids and diols are usually
characterised by the determination of the number of acid and hydroxyl end groups. Both
values are important in the subsequent reactions of the polyester. The hydroxyl value is
tmportant because it quantifies the stoichiometry of the polyester for the subsequent
reaction with a di-isocyanate to give polyester polyurethane. The acid value is also
important because the terminal carboxyl group may react with an isocyanate other than to
form a urethane polymer. These other reactions usually cause a decrease in the desired
physical properties of the polymer. Acid terminated polyesters may be synthesised, but
not for use with di-isocyanates, the secondary polymerisation involves functionality other

than isocyanate in the co-monomer.

From knowledge of the end group analysis of a polyester, it is possible to determine the
number average molecular weight M, but not the weight average molecular weight My,
and no information on the molecular weight distribution may be determined. There are
several methods of determining the accurate molecular weights and distribution such as
by ultra-centrifugation, vapour pressure osmometry, which determines M, and light
scattering, which determines M,. All such methods are time consuming and involve
specialised instrumentation. However, no information is determined about the molecular
weight distribution. The ratio of M,/M, gives the Dispersity Index which is an indication
of molecular weight distribution, the theoretical minimum of My/M, is 1, the larger the

Dispersity Index the broader the molecular weight distribution.

The most common method used for the determination of molecular weight and molecular
weight distribution of polymers is Size Exclusion Chromatography otherwise known as

Gel Permeation Chromatography (GPC). The principle used in GPC is that the
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chromatographic retention time in the column is related to the hydrodynamic volume of
the polymer molecule. The higher the molecular weight the smaller the elution volume,

the peaks of the higher molecular weight material appear first.

Gel Permeation chromatography gives an accurate and reproducible characterisation of
the molecular weight distribution. The actual molecular weights M, and My are
determined by comparison to a known standard, usually polystyrene. Gel Permeation
chromatography does not give an absolute molecular weight because factors other than
size may affect the retention time in the column. However, as a comparative tool to
determine the relative molecular weights and relative molecular weight distribution of

similar polymers such as polyesters it is an excellent method.'™

The determinations of acid value and hydroxyl value are carried out by acid-base titration.
The carboxyl groups are titrated and the acid value expressed as mg KOH g™ of polyester.
The hydroxyl groups are determined by back titration, after the acylation of all reactive

groups using acetic anhydride. Details of both methods are given in Appendices 1 and 2.

While the determination of the acid value is easy the method for the determination of the
hydroxyl value is tedious and time consuming. In the past spectroscopic methods have
not given the desired accuracy. Early work with NIR to determine hydroxyl content
involved the acquisition of spectra at temperatures of over 160°C. At this temperature the
reactants continue to react so it can only be done in line, which is not always practical.

Also the analysis of finished polyesters at such temperatures is not very easy.

Therefore, we decided to develop NIR methods for the measurement of hydroxyl and

carboxyl functionality that would be suitable for use with low temperature production



processes, below the temperature at which the hydroxyls and carboxyls react, and for the

characterisation of finished polyesters, under modest laboratory conditions.

Since most spectroscopic methods are secondary techniques the inaccuracies of the
chemically determined values are perforce carried over to the spectroscopic calibration
curves, the spectroscopic method cannot therefore be more accurate than the chemical
method. However, as the existing chemical method is the minimum acceptable standard
it was necessary to determine the reasons for any additional inaccuracies in the NIR

method and to overcome them.

It was decided therefore, to try to develop methods for the determnation of the hydroxyl
number and acid number of the polyester, using these parameters to follow the course of

the polyester polymerisation and to characterise the finished polyesters.

As the determination of hydroxyl number is the more time consuming by the
conventional titrimetric method, it was decided to concentrate on the development of a
method for this determination first. Heikka, er al.,'” have published work on the
determination of acid value and hydroxyl value using NIR spectroscopy and non-linear
partial least squares regression analysis. However, their method was not applicable to our
system because of the high temperatures which they used and the accuracy of the results

obtained were insufficient for either our purposes or for industrial use.

A range of polyesters of known hydroxyl number was examined, looking specifically at
the absorbance of the hydroxyl combination band at 2060-2070 nm and the 1% hydroxyl
overtone at 1430 nm. The whole spectrum was screened for regions of maximum
separation and the OH co.mb'mation region around 1925 nm was chosen for further study.

Not surprisingly, differences in the backbone of the polyester were found to affect the
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absorbance in these regions.'® In particular a clear difference was seen between
polyesters based on aliphatic acids and those based on aromatic acids such as phthalic and
isophthalic. A significant proportion of fatty acid in the polyester also affected the
absorbance in the regions studied. Most surprisingly, however, it was found that the type
of diol used in the polyester had a dramatic effect on the absorbance in the regions that
had been thought specific to the hydroxyl group. Even changing from 1,6-hexanediol to
1,4-butanediol or diethylene glycol gave major changes in the NIR spectra. [t was
thought that these differences may be due to the extremely strong absorbance of the C-H
bonds in the NIR and that both bending and stretching absorbances of these bonds have
many overtones. Therefore, apparently small differences in methylene content can give
large differences in their NIR spectra. While it may have been possible to develop an
overall method for the determination of the hydroxyl number of polyesters in general, the
accuracy would not have been what was required. In order to get the desired accuracy
and reproducibility it was found necessary to prepare specific calibration curves for each
type of polyester, viz. polyhexane adipate, polybutane adipate, polyDEG adipate and

polyhexane phthalate/adipate.

Some hundred or so different examples of these four types of polyester were examined.
The acid and hydroxyl numbers had been obtained previously by the classical titrimetric

methods (see Appendices 1 and 2 for details).

Correlation of the measured hydroxyl number with the absorbance throughout the
spectrum, followed by manipuiation of the data using the Mattson Quickquant software to
maximise the correlation, made us decide to concentrate on the hydroxyl combination
band at 2040 nm. In order to avoid inaccuracies caused by slight changes in the

wavelength of the peak, peak absorbance in the range 2028-2050 nm was selected. It was
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also found that far greater correlation could be obtained if the net absorbance between the
peak and a base-point was used, which after inspection was selected as the absorbance at

2500 nm.

In common with usual NIR practice, the use of internal reference peaks was examined.
Several peaks within the spectrum were assessed as reference, however no benefit was

obtained, so it was decided that an internal reference was not necessary.

Using the method described in Section 12.3 the hydroxyl number of the polyhexane
adipates was determined. The results of which are shown in Table 10.1 and Figure 10.1.

A 0.997 correlation between the net absorbance and the hydroxyl number was obtained.

Table 10.1 Net absorbance of polyhexane adipate polyesters at 2040-2000 nm.

Hydroxy! No.* Absorbance Hydroxyl No.* Absorbance
140 0.338 114 0.287
138 0.335 111 0.278
114 0.285 55 0.147
40 0.105 61 0.156
108 0.275 38 0.095
76 0.198 31 0.080
106 0.272 Correlation 0.997
*mg KOH g

A range of samples of polyhexane adipate/phthalate polyesters, that is polyesters derived
from phthalic anhydride as well as adipic acid were studied. The calibration curve in
Figure 10.1 was used, however there was only a poor correlation with the hydroxyl

number.
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Figure 10.1  Net absorbance of polyhexane adipate polyesters.

It was found necessary to prepare a calibration based only on the mixed adipate/phthalate
polyesters. The results of the polyesters containing both adipic acid and phthalic
anhydride are shown in Table 10.2 and Figure 10.2, a 0.998 correlation between the

absorbance and the hydroxyl number of the polyesters was found.

Table 10.2 Net absorbance of polyhexane adipate/phthalates at 2040-2000 nm.

Hydroxyl No.* Absorbance Hydroxyl No.* Absorbance

72.0 0.1971 94.0 0.2262
73.0 0.1983 108.0 0.2430
75.0 0.2007 111.0 0.2496
80.0 0.2089 114.0 0.2460
94.0 0.2259 114.0 0.2479
94.0 0.2261

94.0 0.2271 Correlation 0.994

*mg KOH g
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Figure 10.2  Net absorbance of polyhexane adipate/phthalate polyesters.

This method was then used for a range of polyDEG adipates, the results for which are
shown in Table 10.3 and Figure 10.3. A range of polybutane adipates was also analysed
using this method, the results for which are collected in Table 10.4 and Figure 10.4. The
correlation between the hydroxyl number and the net absorbance for these polyesters was

0.998 and 0.997 respectively.

Table 10.3 Net absorbance of polyDEG adipates at 2040-2000 nm.

Hydroxyl No.* Absorbance Hydroxyl No.* Absorbance
62.9 0.245 45.6 0.180
56 0.220 41.9 0.170
78.2 0.300 2226 0.750
71.4 0.270 75.6 0.280
68.2 0.260 Correlation 0.998
*mg KOH g”
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Figure 10.3  Net absorbance of polyDEG adipates.
Table 10.4  Absorbance of polybutane adipates at 2040-2000 nm.
Hydroxyl No.* Absorbance Hydroxyl No.* Absorbance
26.0 0.0814 51.8 0.1486
26.0 0.0794 110.0 0.2830
40.0 0.1161 118.0 0.3054
40.4 0.1211
49.8 0.1425 Correlation 0.997
* mg KOH g’
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Figure 10.4  Net absorbance of polybutane adipate polyesters.
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Up to this point, calibration curves between the NIR absorbance and the hydroxyl number
as measured by the method given in Appendix 2 had been prepared. Since the hydroxyl
O-H combination band was being studied it seemed logical to look for a correlation
between absorbance and the difference in hydroxyl number and acid number, this would
eliminate any consideration of the carboxyl O-H bond. To our surprise, we found that the
correlation of 0.998 for the absorbance to hydroxyl number, i.c. total O-H, decreased to
0.98 for the correlation between absorbance and hydroxyl O-H alone. This observation
led to the conclusion that the carboxyl O-H bond is absorbing in the same region of the
spectrum as the hydroxyl O-H bond. This contribution is almost certainly due to the
hydrogen bonding between the carboxyl O-H and the carbonyls of the ester and acid
groups. In practical terms, however, it does mean that the calibration for the hydroxy!
number is influenced to some extent by the acid value. Therefore, polyesters of similar
hydroxyl number, but very different acid value, may show differences in their NIR

spectra.

We then attempted to develop a similar simple method for the determination of the acid
number. The polyesters of adipic acid and diethylene glycol were used for the
calibrations because we had a number of samples for which the acid numbers had been
determined previously. As with the method for hydroxyl determination, the whole NIR
spectrum was scanned for regions of maximum separation and for an absorbance that
increased with increasing acid number of the polyester. The one area of the spectrum that
seemed to be worthy of further investigation was the carboxylic acid O-H combination
band at 1898-1900 nm (~5265 cm™). After much searching, it was discovered that if the
net absorbance of the peak at 1928 nm was measured relative to the baseline between
1895-1980 nm, a correlation of 0.865 was obtained. This was not good enough for

industrial quality control purposes, so the method of Brush,'®® was tried which used the
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