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Abstract

Phytases catalyse the stepwiskydrolysis of IP6 (phytate)to release inorganicphosphate along
with a setof inositol polyphosphate intermediates. However, the lovabundance of endogenous
phytases in the gastrointestinal tracts of monogastric livestock limits the bioavailability of
dietary phosphate. Exogenous microbial phytases play a key role in monogastric nutrition,
where their augmentation to the feed improves phosphorus bioavailability thereby reducing
environmental burden arising from excessive inorganic phosphate excretion. Hower,
limitations of commercial phytases z particularly P4 accumulation and incomplete

dephosphorylation - renders this an active area of research.

The overarching aim of this research was to bioengineer phytase variants with superior
hydrolysis characteristics, with particular emphasis on improved processing of P to

ameliorate this bottleneck. Several approaches were implemented, including building upon
previous work on Multiple Inositol Polyphosphate Phosphatases (MINPPs) and investigating

novel phytases for structureactivity insights.

Previously shown to be specificity hotspots, 3 different Bbocket residues ofBtMINPP (R275,
Q276, K280) were mutagenized to generate 7 variants each, which were analysed for their
relative IPs and IP; activities by measurement of released phosphate and by HPLC of the
degradation profiles. Several variants exhibited statistically significant differential activities

and/or specificities to the wild-type.

4EA OOOOAOOOA T &£ -1 ,bnph A DT OO0O0I AOAAReLF OAI
0.23), with the aim of investigating the structurefunction relationship. Unexpectedly, whilst
limited activity againstADPand ATPsuggests thissnzymemay be a phosphatase, the IPdata
strongly indicate it is not a phytase. Howeverphosphodiesteraseactivity was revealed Along
xEQOE OEA -BdiakhdsdaktOidy fcarlpapenemase and penicillinase), it is plausible that
this enzyme is a promiscuous phosphodiesterase belonging to ttheA O A Halcthmage ¢ 1 )
superfamily. The findings in this chapter illustrate the profound importance of critically

assessing published results for their scientific credibility.

This thesis also extends to an enzyme integral to dPbiosynthesis - ITPK1 from Solanum
tuberosum Attempts to elucidatethe structure of SiTPK1asatrapped substrate complexwere
unfruitful dueto the pathologiesofthe crystalswhich limited the quality of the X-ray diffraction

data.
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CHAPTERONE

Introduction

1.1 Phytate, Phytases and the Livestock Feed Industry: A Global

Perspective

More from lesg this is the ethos which is required to underpin the future globahgricultural
system in order to ameliorate the inevitable worldwide fooddeficitl. The world population is
projected to reach 9 billion by 2040, yet evensustainingthe current 7 billion peopleis already
putting the global infrastructure under immense strainz the fact that 805 million of those
people suffer from chronic hunger is testamentto this. With rising incomesand changingfood
consumption patterns in tandemwith the population growth, protein demandis setto increase
to levelswhich will placethe security of its supply at risk. The increasing popularisation of the
Western diet by the emerging markets in the developed countries of Asia and Africa is a
substantial factor affecting global food security. The consensuss that the x T O 1 eXisiing food

system will not be ableto sustain9 billion people on suchan extremely resourceintensive diet2-

4-

Muchconcernis focussedon the perceivedcompetition for food resources- particularly grains

- between the human andivestock populationss6. In addition to direct allocation of land to
livestock production, a considerable proportion of land about half of global agricultural land
Zis used indirectly in the production of animal feedstuffd”. Many argue that starvation in the
third world countries could be alleviated by the reattribution of land currently committed to
feed grain production for livestock to that in which the product is suitably human edible
Generally, the output from one acre of land is either 250 pauls of beef or 53,000 pounds of
potatoes. Whilst the amount, in weight, of the latter is much greater, only 4 million acres are
devotedto growing this type of produce,yet the land attributed to livestockis 14 times greater.
However,there are anumber of justifications supporting the traditional agricultural systemof
xEEAE OEA EIT £ OAT AET ¢ EAAOT O EO OEA OAOEAOQEITI
areab.

Of the fraction (less than half) of land which is arable, only a small portion is able to provide
high quality food, suchaswheat andrice, for humanconsumption; the remainder yielding that
which is less thanfavourable with regard to digestibility, palatability and qualitys€. Corn, barley

and oatsare somesuchexample$. Indeed,only aquarter of the feedfedto livestock z andeven



less of that fedto ruminants such as cattle- is potentially consumable by humans>?. This
represents a substantial portion of the total resources available for human food production
which is inedible directly by humans.This indigestible fraction is comprised primarily of crop
residues,by-products and wastes- from the harvesting of grain, vegetable fruit and nut crops
- which require processingthrough animalsto produce high quality humanfood in the form of
meat and milk 56, By-products comprise that part of the crop which remains once the high
quality material has been obtained for human consumption, often being imbalanced in major
nutrients568, In addition to these arable land-derived resources, animals can also utilise
roughages from nonarable land which adds to the amount of total human food resources
Thus whilst the maintenance of a viable livestock industry does require more land per calorie
or unit of protein than plant-based equivalents, much land is unsuitable for anything othénan
animals?. Sincearound 75% ofthe x T O lad¥idut@ural land producesforagethat can be utilized
only by ruminants, these domestic animals represent an integral link in the human food

production chainé?.

However,although theselow-quality feedstuffsare sufficient for their maintenance,they must
be combined with inputs of other food sources in order to maximise animal productivity in
terms of meatand milk, necessitatinggreater dietary energy concentrationsand better quality
feedstuffshencethe diversion of a quantity of human edible crop products to livestock feed?s.
Elements of agricultural economics influence the source of nutrients fed to livestock and
therefore the proportion of grain which is redirected to livestock feed. Therefore, when the
price of grain is lessthan other sourcesof appropriate nutrients, it will be usedto augmentlow
quality animal feedstuffs in order to realise maximum output efficienc§; Indeed, grain is often
lower in terms of costper calorie of feedenergythan harvestedroughages. Sincefeed costs are
the main variable cost inlivestock production, feed and economic efficiency exist in synergy
For example,total feedefficiency of the animal z another major concern- is largely determined
by growth rate which is itself attributed to energyintake from their feed whichin turn links
back to the cost of energyielding feedstuffs.3 ET AA- OEA x1 Ol A0 AAOOI A |
of the caloric requirements of the entire human population, this system of human food
production has beencriticized due to its apparent inefficiencieg0. Despite thereduction in
available energy and protein compared to the direct consumption of the plant feedstuff, as
pointed out previously, much of the feed consumed by animals is either inedible initially,

requiring processing through animals, or of low acceptability as human foéé.

Although society could feasibly be sustainedon a completely plant-baseddiet, the existenceof
a livestock sectorexpands theresource baserom which cereal grains produced in developed

economiescanbe redeployedto human needsin times of food shortagegs 8. With regard



to humandietary requirements, animal products are a source of great nutritional value due to
the high availability of iron and other vitamins and minerals, and the appropriateness of the
protein compaosition in meeting the requirements of human essential amino aciéé!. Indeed,
there are certain amino acids and vitamins which can only be obtained from food of animal
origin. Itis clear that there is an imbalance imutrition across the population, with malnutrition
from lack of dietary sustenance in some undedeveloped countries and on the opposite end of
the spectrum, health problems as a result of excessive intake of certain nutrients in the
economically advancedparts of the world!2. In these developed countries dietary intake is
characterised by a greater contribution from animal products. Certainly, the animal
agriculture sector provides a substantial contribution to the economy and to worldwide total

human foad productions.

As demonstrated here, there are a multitude of interrelated elements, the consideration of
which represents a complex topic. Attention to, for example, geographical, environmental,
economic and cultural factors amongst others, and complete comprehension dfieir
relationships with one another, is necessary in any critical analysis or argumesit.

Thisis of coursebeyondthe scopeof this overview. Theultimate goalis the maximisation ofthe
global total food resource,whereby output is largely dictated by the input of nutrients to the
animals which in turn is influenced by a complex matrix of factors, as discussed. Because land
is the overarching limiting factor, efforts must be concentrated on optimising the total available
world resources z including animals z to generate more from less This demands an

appreciation of the science of animal nutrition.
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1.2 Aspects of Non-ruminant Animal Nutrition

Analysis of animal efficiency in conversion of livestock feed to consumable animal products
requires a review of animal dietary requirements, digestion and metabolism. An overview of
animal nutrition must begin with an outline of the differences between rminants, such as
cattle and sheep,and non-ruminants suchasswine and poultry. The fundamental differenceis
that concerning the digestion of cellulos& Whilst the symbiotic relationship between the
OOi ETAT O AT A OEA 1T EAOT £ 1 OA xEEAE EITEAAEO
utilisation of cellulose as a source of energy, for monogastric animals lacking extensive
microbial digestion, the digestion of the cellulosic constituents of plants is significantly limited

by the nature of their digestive capabilitied. This ability of polygastric animals to exploit a
greater proportion of human inedible feeds of low quality thus results in higher returns from
human edible inputs than from monogastric animals’. To obtain maximum productivity from a
particular feed resource, feed material more suitable for ruminants i.e. those with a high
cellulosecontent canbe preferentially giveninsteadof wasting avaluablenutrient resourceon
those simplestomached animals which cannot process &t A pre-requisite for this is
information on the composition of feedingredients, this being facilitated by the O 7 A A TfeddA 8
analysis system developed in 1865 This has now been replaced by more au courant

classification methods.

1.2.1 Digestion in Monogastric Systems

Ol

AEA DPEUOEIT I T cU 1 £ OE A  sighificdndyl dieedt toAHat@ndivgadidkc OU OO

livestock, comprising the rumenzi O O &£E OO Oas thd ipimark Bie of microbial
fermentation2. Digestion in swine as compared tgooultry, however, is very comparable,
although the gizzard of poultry has no counterpart in the pig. In these single stomached
animals, microbial activity occurs in the large intestine as a result of such gut microflora as
lactobacilli, streptococci,coliforms, bacteroides,clostridia and yeastsi2.Whilst not the main site

of digestion, some digestion may occur in the large intestine attributed to enzyme activity
resulting from the feedingredients aswell asfrom the microbes. The major site of digestionis

in the small intestinet2,
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Porcine

Theb E @ige6tive systemis analogousto that of
ahuman comprising,in order of passageof feed:
the mouth (where salivary glands secrete
digestive enzymes to mix with the feed),
pharynx, oesophagus, stomach, small intestine
(which consists of the duodenum at the first

part, the jejunum in the centre and at the

terminal end’the ileum); |argeintestine, Caecum’ o
colon,rectum and anus!213. Mature swine have a II IIII- e
stomach capacity of about eight litresvith a pH il

i L. 2. Oesophagus 4. lleum

of about two resulting from the secreted acidic
¢ Stomach ¢ Colon
(~0.1M) gastric juice!2. In addition to the , (iver 4 Caecum

hydrochloric acid, secretions include digestive < GallBladder 4 Colon Centripetal Coil

. . . . . . e. Pancreas ¢.  Colon Centrifugal Coil
enzymes, primarily pepsin which is activated by

Duodenum . Colon Terminus

. . . ¢
the acidic conditions. The caecum is the area of o Jejunum
the intestinal tract responsible for the digestion
of cellulosets.

Figure 1.1 Sus scrofa domesticus.Figure illustrating porcine gastrointestinal tract with corresponding
colour- scaled pH indicator. Stomach depicts the lowest pH neutralised on entry to duodenal loop via
relatively basic conditionsprovided by bile secretedfrom the gall bladder. pHin liver and small intestine

havestableneutralD( 6 0 &£ O T POEI A1 AT UUi AGEA AAOQEI 18 )i ACA
Avian

In poultry the stomachis divided into two chambersz the proventriculus andthe ventriculus -

or asthe latter is mostcommonly known, the gizzard.At the baseofthe A E E A BekHl, Idading
from the oesophagus, there is an expandable storage reserveithe crop z which enables the
bird to accumulateagreatquantity of feedin ashort spaceof time for digestionwithin the next
twelve hours. The proventriculus is situated between the crop and the gizzard and is the
glandular region of the stomach, secreting the digestive enzyme pepsind hydrochloric acid.
The feed is ground and mixed with this enzyme mixture in the muscular compartment of the
stomach, the gizzard, which removes the need for teeth. This process is the reverse of that in
the ruminant where the exposure to enzymes follow the grinding of feed214.1t is thought that
the digesta only spends60 z 90 minutes in the anterior region of the digestive tract (crop,
proventriculus and gizzard), restricting the time for enzyme activity (Table 1.1)!5. Nutrient
absorption occurs in the small intestine which is composed of the duodenum, jejunum and

ileum. The undigested residue subsequently passesvia the pair of caeca facilitating further

E
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breakdown with the aid of bacteria, to the large intestinavhich sees absorption of water and

dehydration of indigestible matter. The large intestine connects to the cloaca, the orifice

through which the combined faecal/urinal waste is voided?. At three to four hours, the average

retention time of feed in the digestive tract - between ingestion and the lower ileum - is

relatively short?s.

It is important to considerthat the present systemsof poultry feedingare not conduciveto the

maintenance of the crop and gizzard functionality. The currently employedd libitum

arrangementis detrimental to the nature of the cropas the birds haveconstantaccess to food

n

5 6 7 8 91011121314

012 3 4
adac ewa skl

a.  Oesophagus 4 Gall Bladder

4. Crop ¢.  Gizzard/Ventriculus
e.  Pancreas 7 lleum

« Liver 4 Cloaca

e.  Jejunum ¢ Ceca

¢ Duodenum w. Large Intestine

4. Proventriculus

alkaline and neutral at the distal end15:16,

thus storage is no longer necessary. Similarly,
pelleted, finely ground feed does not support
gizzard development and leads to diminished
grinding function and therefore reduced
retention time. It hasbeendemonstratedthat the
C E U U Ardiidiend is restored with the feeding
of coarseand whole grains; and with the resultant
enhanced grinding ability, larger gizzard volume
and increased reversed peristalsis of digesta,

retention time is lengtheneds.

As tabulated in Table 1.1, the distinct regions
which constitute the digestive tract exist in
different statesof pH, from the mildly acidiccrop,

the acidic proventriculus and gizzardto the range

I £ P(60 AQEEAEOAA zAtm OEA

mildly acidic at the proximal end to mildly

Figure 1.2 Gallus gallus domesticus. Imagedescribing the complete digestive tract representational of
avian species z specifically the domesticated chicken. Proventricular and ventricular regions are

AADEAOAA xEOE OEA 11 xAOO BD( & Guctidty. THEQH i©mpidh indredRE | A |
to around just below neutral at the duodenal loop and continues to increase to mildly basic conditions
at the ileum terminus and colon. Alkalinity of bile stored in gall bladder serves to increase pH in duodenal

regions to provide optimal pH environments for enzymatic activity. Image produced by Cole, A. (2020)

Segment pH Transit timemin
Crop 55 10+ 50
Proventriculus/gizzard 2.5-35 30+90
Duodenum 5-6 5+10

Jejunum 6.5-7.0 20+ 30

lleum 7.0£75 50+ 70
Cecum/colon 8.0 20-30

Table 1.1 CorrespondingpH and averagedigestatransitional times for particular gastrointestinal

regions of domesticated chicken.

C
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Piscine

The digestive systems of fish vary significantly acrosspecies, with the different feeding
requirements of carnivorous, omnivorous, herbivorous, detritivorous and planktivorous fish
resulting in differently adapted gut morphologies?.18. The digestive tract of carnivorous fish
tends to be short with a large, muscular and elastic stomach for accommodating larger prey,
whereas some nonpredacious fish such as planktivores lack a distinct stomach but overall
have a longer gut. In these fisha constant stream of small particles flows directly from the
oesophagus mto the intestine, as there is little requirement for storage and/or gastric pre
digestion of food. Meanwhile, omnivorous fish have a larger digestive tract which has
morphological elements of both carnivorous and herbivorous fish. There are some
herbivorous species in which the stomach has adapted to act as the gizzard in avian species,
crushing the vegetal material which constitutes the majority of their diet. Absent in stomaeh
less fish, pyloric caeca are present in various size and number in carnivorogpgecies, with the
purpose of increasing the overall surface area of the intestines and therefore increasing the
absorption capacity of nutrients. Whilst predatory fish usually have short, straight intestines,
herbivorous fish have longer, coiled intesting, compensating for the fewer caeca they possess.
Unlike other higher vertebrates, there is less clear differentiation between the intestinal
sections, with the terms proximal, middle and terminal being used instead, where proximal

represents the duodenumequivalentt-19,

o

a.  Oesophagus ¢ Duodenum

¢. Liver 9. Gall Bladder
e. Spleen 4. Jejunum

4. Pyloric Caccum ¢ Ileum

e. Gizzard/Stomach 7. Rectum/Anus

Figure 1.3 Oncorhynchusnykiss Image illustratinghe gut morphology od typical carnivorous $h. The
digestive tract of rainbow trout is approximately the same as its body fength
Imageproducedy Cole,A. (2020)

Pictured is an example of a representative bony fish Oncorhynchus mykiséRainbow trout),

illustrating a stomach adapted for a carnivorous diet. Their good swimming ability is well
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placed for capturing prey and the intestines are short since their food contains only minimal
amounts of indigestible material (unlike herbivorous fish¥t. Their digestive tract is also
characterised bythe presence of a true stomachLike other fish and terrestrial monogastric

animals, rainbow trout have a full set ofligestive enzyme$o.

The nutrient composition of feed consumed by domestic animals is concomitant with their
efficiency of conversion to animal products such as meat, milk and egés As such, the value
of adiet in meeting the needs of theanimal is basedon the concentration of nutrients in the
diet and also the amount of feed ingesteéd The digestibility of feed determines the quantity of
nutrients which are actually absorbed and hence available for use in maintenanead/or
productioni2, Nutrient intake is thus associatedwith digestibility in addition to food intake and
utilisation such that the higher the digestibility of a given feed, the higher its intake by the
animal and the greater its efficiency of utilisation of metabolisable enerdy. The primary
function of energy supplied by the nutrients in the feed is to meet the maintenance requirement
of the animal i.e. its basal metabolism. Energy can only be channelledinto growth and milk
production when the energy supplied is in excess of that required for maintenance. As such the
nutritional value of feed is based on its energy conteft. The energy available fomaintenance
or production purposesis referred to asthe O1 ATOA (agdlkdhe fraction of dietary energy
availableafter certain losseshave beenaccountedfor. It is calculatedfrom gross energyminus
the energy lost in faeces (this being O A E C ADIOA @ gl &ls® from urine (this being
O AGAAT 1 EOAAT A Alsubieagtiondequating:t& e valuEDOHedE B<3. In this

Al 1T OApbh AECAOOEAEI EOU EO i1 OA AAAOOAOAI U OAE

an assumption that anything not excreted has been absorbed and that the faeces are entirely
composa of undigested food residueg it is not a measure of true digestibility:222. In poultry

it is easierto determine metabolisableenergythan digestible energydue to the nature of their
excretionin which faecesandurine exit from the sameorifice, the cloaca?222. The metabolisable
energy of ruminants is further decreased due to the additional loss of energy in the form of
methane. Metabolisable energy is utilised more efficiently by nerruminant animals than the
formeri2, The target of optimum feed formulation sought by manufacturerss thus in the

considerationofanA 1 E | rufritor@l needin the most efficient manner.



1.2.2 Phosphorus in Monogastric Animal Nutrition

1.2.2.1 Biological Functions and Requirements of Phosphorus

In addition to energysupplying nutrients, minerals, one of the six classesf essentialnutrients,
represent a quota of the nutritional dietary requirements of animals in maintenance and
growth/production. There are at least forty minerals classed as essential, including trace
elements.Phosphorusis one of those minerals required in relatively large amountsin the diet,
assuchclassifiedasamacromineral. Amultitude of diverse functionsin OE A A Tbédiyakd & O
attributed to this mineral element and as suclphosphorus is a systemically abundant inorganic
component, having the second greatest mineral concentration after calcium. Along with
AAl AEOGIi h DPET OPEI OO0 EO A &£01 AAT AT OA1T AT 1 OOEOO
accreted in bones and teethtklso plays a key role in energy metabolism, and forms part of the
structures of phosphoproteins, phospholipids and nucleic acida6. A synergistic relationship

exists between phosphorus and calcium and as a result there is a certain ratio which must be
attained, through the diet, in order to maintain physiological balancend bone growth and
repair. Deviation from this ratio may be detrimental to the same extent as a deficiency of either
element in the diet, since an excess of either calcium @hosphorus interferes with the
absorption and activity of the other. For example, as phosphoriscomplexedwith calciumin

bone, if bone resorption occursin animals receiving calciuminadequate diets to meet the
calcium requirements of the animalphosphorusis simultaneouslyliberated from the boneand
excretedi2. Egglaying hens,however, require a ratio containing a higher proportion of calcium

dueto the large amount of this elementusedin the synthesisof the eggshell Assuch,poultry are
excludedfrom the recommendedrangeofthe calcium:phosphorus ratio 1:1 to 2:1 for livestock
animalst2. Given the universal role of phosphorusin many physiological functions, it is
unsurprising that its deficiency in livestock is considered as themost prevalent and
economically significant of the range of mineral deficiencie?hosphorus deficiency is linked

to such conditions and effects as: rickets, osteomalacia,pica, stiff joints and muscular
weakness,poor fertility, reduced milk yields, poor feed efficiency and subnormal growth. As
such, livestock producers must adhere to feeding standards in order to prevent deficiencies of
phosphorus and other nutrients in their herds andhesestandardshavebeenupdatedover the
decadesas more information is accumulated from technological advancementd. An example

of the standards for phosphorus allowances in the poultry sector are tabulated below (Table
1.2)23,



Since the dissolvedphosphorus concentrations of aquatic environments are low, fish are
unable to meet phosphorus requirements through gill membrane and Gl tract absorption
alone, necessitating a relatively high dietary source of phosphorus to meet their growth

requirements24,

Phosphorus Phosphorus
% (available) %
Broiler starter (O - 5 weeks) 0.70 0.50
Broiler finisher (5 z 9 weeks) 0.60 0.45
Caponfinisher (9 z 14 weeks) 0.60 0.40
Roasterfinisher - 0.40
Replacementstarter - 0.50
Chickgrower (laying type) - 0.45
Chickgrower (broiler breeder) - 0.45
Layer - 0.50
Broiler breeder - 0.50

Table 1.2 Recommended phosphorus allowances for rations for different categories of poultry ;

adapted from info in 23,

Phosphorus is a vital component of the major plartierived sources used in livestock feeds,
namely cereal grains, nuts, oilseeds and legumes. Within these plant seeds it is present as a
constituent of phytate z the mineral bound salt form of the phosphoricacid derivative
commonlyreferred to asphytic acid,the latter beingthe free acidform12, Phytaterepresents the
primary storageform of phosphorus,with 60- 90% of total organic phosphorus content being
attributed to this molecular speciesz myo-inositol-1,2,3,4,5,6hexakisphosphate (Fig 1.4%-27.
Since it accumulates during seed development until maturation, the highest concentration of
phytate is in the seeds where it is present mostly as the insoluble calciusmagnesium phytate
salt, phytin z and acts as a mineral reserve and the stored phosphates are used as an energy
source and antioxidant for the germinating seed (Fig 1.48)27. This explains the prevalence of
phytic acid in plant-based foodsg8. In contrast, the leaves of plants consist of at least 70% of
phosphorus in the inorganic form, with the remaining organic forms comprising phospholipids,
ribonucleic acids and phosphate estes. Phytic acid/phytate is also the primary storage form

of the organic component of this m&ecule: inositols.
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Figure 1.4. Structural representations of
myo-inositol -1,2,3,4,5,6-
hexakisphosphate (phytic acid; IP6;
InsP6) a) chair conformation b) 3D
molecular structure and of ¢) phytin. (a)
and (c) produced in ChemDraw; (b)
image from PubChem entry.

1.2.2.2 Structure and Chemistry of Inositol Phosphates

Myo-inositol 1,2,3,4,5,hexakisphosphoric acid (phytic acid;alsoabbreviatedto O) or@®d 1T O 0 ¢ 6
AT A OAEAOOAA O AO O)o¢ebd EAOAAEOAOQ EO I1TTA
derivatives present in the natural environment which consist of a hexahydroxycyclohexane
scaffold z the inositol ring - esterified to up to six phosphate grops and abbreviated as IPx
(where x is equivalent to the number of phosphate moieties)2930, In addition to the degree of
phosphorylation, the inositol phosphates vary also in isomeric form based on the
conformations of the hydroxyl groups of theunsubstituted inositols, although myainositol is
certainly the most prevalent of the nine* naturally occurring forms (Fig 1.5p30. For example,

in terrestrial environments myo-inositol is the major nutritionally relevant form of inositol in

plant material, with the myo-IP6 often constituting 100% of the total inositol phosphate
content of plant seed#720.) T AAAAh ET 1T OEOI 1 DPET OPEAQOAI@DOA OAT E
are found almost exclusively in soil, with themyo form of IP6 for example represeting up to

90% of total IP6, the scyllo form 2850%, the Dchiro form ~10% and the neo form ~19%2°.

*Unlike the rest of the literature, in referen@[31]EO EO OOAOAA OEAO OEAOA AOA AAOOA
of stereoisomers for a molecule with more than one stereogenic centre is given by ther@le (where n= number of stereogenic
centres), which in the case of inositol should be 64 2 The symmetry inherent in inositol reduces the possible distinct
stereoisomers to 16. Of these, 6 are made of 3 enantiomeric pairs while the rest amesocompounds leading to only 13

theoretically possible isomers of inositol as enantiomeric pairshak EAAT OEMAT AT AOCEAOGG
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Figure 1.5. The nine stereoisomers of inositol displayed in chair conformation: cis-, epi-,
allo -, myo-, muco-, neo-, D-chiro(+) -,L-chiro( -)- and scyllo - inositols. Produced in ChemDraw.
Information from [29, 31, 32]

Stereochemicatonsiderationsof myo-1IP6: Phosphorusis stereochemically significantsince it
renders the achiralmyo-inositol scaffold chiral uponsubstitution of a hydroxyl moiety with a
phosphategroup at astereogenicposition (C1,C3,C4,C6)0. Themyoform of IP6 represents just
one of the nine different stereocisomeric forms that the six phosphoric ester groups can exist
in, where the proportion of axial groups are between none and three3032 This correlatesto
66 possible isomers of phosphorylatednyo-inositol 3. However, Agranoff himself stated that
there are 63 possible phosphomonoesters ghyo-inositol: 6 each of IP1 and IP5, 15 each of IP2
and IP4, 20 of IP3, and IP8. Nevertheless, considering jusinyo-IP6, there are several different
conformations which the molecule can exist in, transiently or otherwise. Nomenclature is
inherently linked to stereochemistry and this must be unambiguous in any analysis or
communication involving stereochemistry. Thanksto B.W. Agranoff in his aptly titled paper
O# UAT EOT 1 eAdnforddidd Bfinyodnbsitod Bnd therefore myo-1P6 - may be viewed,
DOl OEAAA T1T A AEOOACAOAO OEA EUAOI CAT Oh AO AT A
head representing the axial C2 group and the golanar limbs and tail representing the

remaining equatorial groups (Fig 1.6). In terms ohumbering the carbon positions, C1 is in the

bl OEOQGEIT T &£ OEA 0OOO0O0I Ad O caetiod®wide ®) dhectidriz?AThd O1 A A«
nomenclature and thus stereochemistry of inositotlerivatives is a potential danger zone owing
01 AT 1T £ZEEAEAT 111 AT A1l AOOOA OAOGAOOGAT 1T &£ 0%$6 A
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designations of theinositol ring backin the p w x T Bisds8asource of much uncertainty when
reading papers from a range of time periods since those written before this time will basing
thei OOA ABDAGRKOGR AS .1A6 drdsdlt] italdnizAns that the nomenclatureof
phosphoesterhydrolysing enzymes is different before and after the change (e.g:phytase vs
6-phytase, section 1.3.1.2). The conformation ohyo-IP6 is pHdependent such that between
pH 0.57 9.0the sterically unhindered and stable 1-axial/5 -equatorial conformation dominates
and between pH 1@13 the conformationalinversion to the sterically hindered 5 equatorial/l -
axial form supersedes (Fig 1.2p37. The extent of phosphorylation of IP6 underpins its strong
complexation with soil, the stability of which is preferential over other organic phosphorus
compounds. This renders it relatively insusceptible to hydrolytic enzymes such that these
inositol compounds accumulate, representing the major fraction of organic phosphorus in most

S0ils29.

é

&ECOOA p 8 ¢@8d G-GEaaAMAMBALC for inositol phosphate stereochemistry, with
carbon numbering. Model: Benzo the tortoise. Image edited by Cole,A 2020. Information from
Agranoff 6 O BADPA O
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| 1-axial/5equatoria 5-axial/l-equatoria ¥

pHO0.5+9.0 pH10.0+13.0

Figure 1.7. The equilibrium between the two conformations of myo-IP6 within different pH
ranges. Below pH 9.0, all phosphates bar one are in the equatorial conformation (1-axial/5 -
equatorial) , whereas above pH 10.0 all bar on e are in the axial conformation .AtpH 9.0-9.5
both conformations are in dynamic equilibrium. Image produced in ChemDraw . Information
from [36,37]

1.2.2.3 Biological Functions of Inositol Phosphates

4EA OAEOAT OAOUS 1 &£ )zGoowikgithe first succeshfll prépar@iénfodi A E
phytin - established this family of inositol phosphoric esters that was populated over the
ensuingdecadesfollowing identifications of various inositol polyphosphatess-40, Of particular
significance is the triphosphorylated inositot1,4,5triphosphate, identified in 1983 as aCa+-
mobilising secondmessenger, whichinitiated the identification of the key role of other lower
phosphorylated inositols in cellular signalling pathway$s. The inositol mono- to triphosphates
are constituents of the phosphoinositides which represent ~20% of the total phospholipid
contentof plant andanimaltissues®. Ashydrolytic products of phospholipids, thesdower myo-
inositol phosphatesare also involved in a myriad of diverse cellular activities such as: stress
responses, membrane biogenesis, protein folding and trafficking, endand exocytosis, oocyte
maturation, gene regulation, cell division and differentiation, efficient exporof mMRNA, RNA
editing and DNA repai#7.30, Despite the significance of these lowemyo- inositol phosphates in
eukaryotic metabolic processes, their existence in the biosphere is scar@@ undetectable),
with their presencemerely astransient intermediates of biochemical reactions. Nevertheless,
the inositol phosphate family as a whole are in fact prevalent in terrestrial and aquatic
environments, although this is attributed largely to themyo-IP6 congenerwhich constitutes
approximately 83% of the inositol phosphate species insoil2°. The proportions of the mona
through hexa forms in soil correlate with the extent of phosphorylationwith IP5representing
~12%; IP4~4%:; IP3~1% andIP2only trace amounts.
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This correlation with number of phosphate moieties is due to preferential stabilization in the
soil of the most phosphorylated inositol estersasaresult of the highly adsorptive nature of the
phosphate species and subsequently results in the culmination of IP6 and, to a lesser extent,
IP5. Their strong interaction with soil also prevents their hydrolysis by hydrolytic enzymes,

which contributes to the accumulation of thes@rganic phosphates in terrestrial environmentse.

1.2.2.4 Mineral Bioavailability

In the free acid form, the six phosphate functionalities of phytic acid equate taelve ionisable
protons which correspond to a high anionic charge of the phytate molecule??29, As such, the
phosphategroups of phytate and other inositol phosphatesact aschelating agentsand have a
propensity to complex strongly with the polyvalent cations of calcium, iron, magnesium,
manganese, potassium, zinc and copper. The solubiligya prerequisite for absorption - of the
resultant salt complexesis influenced bypH, with lower levels exhibitingincreased solubility.
The cation: phytate ratio also affects solubility, such that a very low or very high metal ion:
phytate ratio increases the solubility of the salt. Thus for the complexes to be soluble the phytic
acid must be in excess, enabling 1:1 stoichiometries, as when metal ions are in excess, insoluble
metal ion: phytate complexes of 6:1 dominate. The type of indivigl cation is a further factor
affecting solubility, since salts of Ga, Cd+, Zre+ and Ci+ tend to be soluble below pH 45 and
the Mg+ salt up to pH 7.5, whereas for Re’3+ solubility is increased above pH #41.In general,
the divalent cations of inc, calcium and magnesium usually form insoluble pentaand hexa
substituted salts?8. The insensitivity of monovalent cations such as sodium to the effects of
phytic acid are attributed to the weaker bonds between the two species than that which form
with divalent cations, rendering solubility unaffected2. The order of affinity for the complex
formation at particular pH ranges is not categorically verified, with varying reports and
differences between studies in plants and in the human Gl tr&é#!. At human gastrointestinal
pH, these mineralphytate complexes are thus mostly insoluble and consequently not
absorbed, rendering essential minerals unavailable as nutritional factors. Studies in humans
have demonstrated in particular the inhibition of iron, zinc, calcium, magnesium and
manganese absorption by phtic acid and since these are dietary mineralsphytic acid is
classified as an antinutrient’41. Zinc reportedly forms the most insoluble of the mineral
complexes at physiological pH, to the detriment of bioavailability. As such, individuals with a
high dietary intake of phytic acid are at risk of developing mineratelated deficiencies,
particularly of zinct. Since phytaterich foods constitute the staple source of nutrition in
developing countries, widespread human nutritional deficiencies of zinc, agilum and iron are
inevitable in these regiong’. Additionally, mineral sub-deficiencies are common in the

Westernised world,
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especiallywith the recentculture of whole-grain diets and the growing popularity of veganism,
which see an increase in the proportiorof phytate in the die#3. Sincethe less phosphorylated
inositol phosphateshave alower binding capacity for iron, zinc andcalcium theyhavea lesser
contribution to the decreased bioavailabilityof these mineralg3. It has beerdemonstratedthat
IP3 and IP4 have no effecton absorption of iron, zinc and calcium unless in the presence of
higher phosphorylated inositol phosphates, where they were found to synergistically
contribute to the negative impactof IP6 on absorption. For example, the absorption of zinc is
negatively correlated with the sum of IP3 through IP6. Théower inositol phosphate-mineral
complexes also exhibit lower solubility and stability than IP6with these factors decreasing in
proportion to the level of phosplorylation thus contributing to the reduced impairment of
mineral uptake by the lower substituted inositol phosphatess. In poultry diets rich in phytic
acid, the bioavailability of mineralssuch as zinc and manganese have been shown to be
increased upon addition of other chelating agents such as EDTfresumably these complexes
have a higher binding affinity than with phytic acid and are soluble and thus can be absorbed
Phytic acid also binds to and impedes the functions gfome dietary amino acids, proteins,
carbohydrates and lipids thereby affecting enzyme activity and protein solubility and
digestibility. As a result of the insolubility of proteinphytate complexes above pH 3.5, dietary
proteins undergo less processing by proteolytiand digestive enzymesy including pepsin,
trypsin and amylase -thus preventing their absorption and attesting to the antinutrient
characteristics of phytatél. Human studies have however also demonstrated aantioxidant
role for phytate, as it chelates and subsequently inhibits nehaem iron absorption, which
would otherwise give rise to undesirable free radical formation through R catalysis®s41. In
fact, the prevalence of phytic acid in eukaryotic cellular systems can be mostly attributed to its
properties as a chelating agent, which in turn are ascribed to its high negative charge over a
wide pH range”. In general, the net consequence of dietary phytic acid is that calcium and
various other nutritional biomolecules are lost by sequestration and phosphorus is not

absorbed.

1.2.2.5 Phytate Content of Plant Feedstuffs

As stated insection 1.2.2.1, phytate is abundant in the staple plaftased sources (cereals,
legumes oilseedsand nuts), comprising 1-5% of their weight, which constitute the foundations
of the humandiet worldwide - both directly, andindirectly through animal-sourced productg4.
As adirect sourceof humanfood, thesefeedstuffs contributearound 40% of total calorieintake

in developed countries and 60% in lesser developed countriéss
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The averagephytate intake in the United Kingdom and America rangebetween 631 mg and
746 mg per day although on a vegetarian diet, subject to the quantity and processing of plant
sources in the dietjntake of phytate may be up to 4500 mg daily and on averageis 2000-2600
mg; whilst for rural inhabitants of developing countries on mixed diets, daily intake is on
average 150 1400mgz8-4145, Much of the phytate in cereals and other plants is in the form of
insoluble magnesium and calcium phytates, in particular the phytin form, which is the €a
Mg?+ salt of phytic acid. Giventhat the percentageof phosphorusin every phytate moleculeis
28.2%,0f the 1 - 5% of phytate comprising the major plant feedsources,around 0.28 - 1.4%is
thus attributed to phosphorus, yet much lessis bioaccessibleby the animal46. Like humans,
simple-stomached species such as swine, poultry and fish are unable to efficiently utilise the
phosphorus in their plant-based feed which is present predominantly as phytate, since any
hydrolase activity in their upper digestive tract is insufficieit to liberate the phosphate
molecules from phytate. As such, although the phosphorus content of graimsed feeds is
generally adequate to support the needs of the animgahe presence of phytate in swine and
poultry feedis undesirableandaninorganic phosphatesupplementis usedto augmentthe feed

in order to satisfy mineral requirements6.43, The bioavailability of phosphorus is generally
about half as great in swine than poultry with less than 15% bioavailable phosphorus in swine
and around 30% (but ranging 15%- 40%) in poultry 4647, Fish tend to retain around 40% of
phosphorus in modern commercial fish feed®. However, it must be noted that phosphorus
availability is a relative value compared to a reference so is not an absolute quantitative
representation and further, is highly variable as a result of many influencing factors, including
endogenous plant phospbhydrolytic activity, the proportion of phytate phosphorus in the
feed matter and the technological procedures the feeds are subjected Eor example, it was
originally established that the availability of plant phosphorus is 30%, however this is now
considered an almost arbitrary figuret¢. Due to this broad range of bioavailability values which
depend on both the animal and the feed ingredient, the dietary phosphorus requirement of egg
laying hens is difficult to judge, so in this context the requirements are based sqlebn
supplemental inorganic phosphorug”. The author of this thesis considers that this allows the
potential for significant overestimations which not only compound the excreta pollution
concern but is also a very unsustainable use of natural rock phosphate.animal feeds where
there are specific nutritional requirements to be met, percentages of required phosphorus are
given in terms of available phosphorus, so the amount of the mineral in the feedstuffs must be
expressed similarly, rather than in terms oftotal phosphorus content which is redundant.
There is high variability in the amount of phytate in cereal grains, oilseeds, legumes and ngts
on average 6z 82% of total phosphorus- owing to variation in plant variety, climate, growing
conditions, harvesting techniques, processing methods, storagconditions, testing methods

and the maturity of the seedFor example, foods grown under high phosphate fertiliser will



have inherently accumulated more phytic acid®. Phytate phosphorus content within a given
feedstuff is a further factor of inconsistency. In general seeds and the bran portion of cereal
grains boast the largest phytic acid manifestatio#27. Feed formulations of livestockfeeding
programmesin established economiestypically consist of a cereal grain basis supplemented
with protein, vitamins and minerals. Soybean meal is the standard protein supplemei
livestock diets worldwide z particularly in poultry and swine diets- since it boasts the highest
nutritional value of all the plant protein sources|t is a major source of highly digestible protein
with desirable amino acid composition which is superior to the other oilseedswith regardto the
limiting amino acids*6.50, It is perhaps appropriate at this point to highlight that up until 1996,
livestock obtaineddietary protein from animal sourcessuchasmeat- and bone-meal (MBM) but
this was outlawed in Britain in response to theBovinespongiform encephalopathy (BSE) crisis
which arose from cattle consuminganimal protein from infected livestock*5L. Since global
production of soybeansis greater than all other major oilseeds combined, soybeanmeal is
readily available.In fact, three million tonnes of soybean were imported to the UK in 2023 for
this purposes?. Soybeanand other oilseed meals are residual byproducts from the production

of vegetable oil which are indispensable in feeding systems and a key factor in sustaining
modern levels of meat production and in the maintenance of a viable livestock indusgyn
combination with maize, soybean meal forms the primary energy source in swine and poultry
diets, and although phosphorus levels of the soybean meal are high, more than half is
unavailable for uptake by these monogastric animals, necessitating the insion of a mneral
supplementé, Bioavailability for these feedstuffs is reported to range between 1:30% in
poultry. The composition of a typical swine diet, and the total phosphorus content of
components, is tabulated below (Table 1.3)Since total phosphorus levels are relatively
insignificant without knowing the fraction of phosphorus which is derived from phytate, the
author has used phytate phosphorus values from other sources to augment this information.

Approximately 70% of the P in a corAlSBM diet is unavailale to pigso.

Feedingredient Level in diet | Phosphorus | Phytate phosphorus (average)
, (9/Kg) (9/Kg
Maize 820 0.82 0.92 g/100g53; (raw) 9.58 g/kgs4; (fresh

mature) 1.71 g/kgss; (dry) 7.15-7.60
0/kg 55; 75-80% of total P56

Soybeanmeal (protein 150 0.35 1.439/100g53; ~67% of total P57,
supplement) 0.34%8; 71% of total P59

Mineral supplements(Calciumand| 30 2.83 N/A

Phosphorus)

Table 1.3 Phosphorus contribution of maize, soybean meal and mineral supplement to atypical
swine feed.

*In the UK, the original feed ban was introduced in 1988 to prevent ruminant protein being fed tmminants. In addition, it has
been illegal to feed ruminants with all forms of mammalian protein (with specific exceptions) since November 1994 and to feec
any farmed livestock, including fish and horses, with mammalian meat and bone meal (mammalian MBsW)ce 04 April 1996
The ban was expanded in January 2001 to include the use of all processed animal protein (PAP) in the feed of animals farme«
for food 52.
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The percentage of phytate phosphorus of the main cereals, legumes, oilseeds and nuts
commonly used in livestock feed are presented in Table 1.4. beneral, the oilseeds and
resultant meals have relatively high phytic acid levels, with levels of phytate phosphorus in
excess of 80% of total phosphorus in groundnut (peanut) and sesame seed, for example
(although the author of this report notes that groundnut istechnically a legume}s. Along with
soy protein concentratez maximum phytate content of 10.7% groundnuts and sesame seeds
are well known to haveexceptionally high levels of phytate, sometimesamounting to up to 5%

of the dry weight in the caseof the former2643, The various oilseed meals on average contain
phytate at 60-77% of total phosphorus and the seeds1.0 - 5.4% by dry weight26.43, Although
high in phosphorus, cottonseed meal is more suitable for ruminants. Linseed meal,by-
product of flax oilseed,is rarely administered to poultry. Canolaz Canadianow acid rapeseeds

an exemplary transgenic plant-derived feed, being a cross between two different species of
rapeseed, and has widespread use in all stages of production for swine and poultry in addition
to its common usage in fish fee®. As the predominant energy source, cereal grainsupply
insufficient nutrients required by the animal and as suchthey are augmentedby the protein
sourcesin the diet. Their phosphorus bioavailability is low (5-15%), in which the phytate
content (64-85% of total phosphorus) exacerbates the already low mineral conter. With
regard to the cereal grains commonly included in animal diets, and their phytate levels, refer
to Table 1.4. Maize is welestablished as the primary cereal component of livestock feed,
particularly for swine and poultry, being superior to the other grains in terms of energy
provision. Whilst wheat is comparable in nutritive value to maize, it is less economically
favourable and is preferred for human food use. The high fibre content of oats and barley
restricts their application and least commonly employed is rye, all of which must not exceed
certain fractions of the total diet2. Ranging between 0.6 1.03% (dry weight) phytate, grain
legumes are usually lower in amount of phytate phosphorus than cereals and oilseeds, this

comprising approximately 60-75% of total phosphoruss.



47 OA1 0 j|0EUOAOA 0 |0EUOAOA «
i £ Ol OAI
# AOAAI O
- AEUA m8c¢CoOo T8pyY X P
/| AGO T8¢ w T8 p X VW
2 UA 80T T8¢ T VW
7TEAAOQ T8 C w n8¢o X W
"AOI AU 8 aop T8p W QP
, ACOI A 3 AA
0AAO 8T O m8cCT v Q
, OPET AO n8oo T8pQ Ty
"AAT O T80 W T8 my )
31 UAAAT O T8 X O 800 T U
| El OAAAO
, ET OAAA T8 QT m80T L X
2ADAOCAARA p8TU T8 X @ X G
#AOA M OIA0
7TEAAO AOAT|p8po T8 Yy X @
2UA AOAI T8 W@ T8 X O X @
/| AO AOAI n8 Yo T8 @Y s

Table 1.4 Phytate P relative to total P in common feed ingredients for monogastric
livestock . From [61].

1.2.2.6 Environmental Considerations

Since monogastric animals are unable to utilise phytate phosphorus through lack of
endogenous enzyme activity which serves to release the phosphate molecules from phytate,
feedfor swine and poultry are traditionally supplemented with asourceof inorganic phosphate
(e.g. calcium phosphate) to ensure their nutrient requirements for optimal growth are
adequatelymet. However,the rock phosphateemployedin production of the supplementsis an
expensive, finite natural resourcé216. |In fact, phosphorus is the third most expensive
component of poultry diets in generads. Meanwhile, the ingested, unresorbed phytate
phosphorusis excreted,accumulatingin the soil through manure application z and adding to
the phosphorus from mineral fertilisers - to levels in excess of that utilised by plants. Some
decades ago, Barrow and Lambourne (1962) reported that only ~0.06g of organic phosphorus
is excreted per 100g of feed ingested, whilst the remainder is excreted as the inorganic form;
and that the hggher the phosphorus content of the feed, the greater the quantity of inorganic
phosphorus in excret&2. More recently, the percentage of total phosphorusntake lost in
excretahasbeenreported to be around 70%:2943. Oncein soil, the phosphorus compoundghen
infiltrate into water bodies which jeopardises the health of theaquatic ecosystem through
eutrophication4647. Indeed, phosphorus, which has a high affinity for soil andediment
particles, is the primary cause of eutrophicationn freshwater, contributing to the induction of

rapid accumulation of aquatic plant life and subsequent
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oxygen depletion2?. The culmination of this is the establishment of algal blooms (including
toxin-producing cyanobacterig, hypoxia and aquatic organism death, whilst the resulting
nitrous oxide released contributes to greenhouse gas emissiofis This has significant
implications for drinking water quality and purification costs46. Some of the phosphoruss in
the form of inositol phosphates(other than IP6) which are abundantnot only in the terrestrial
environment but in aquatic systems too, and are a contributing factor in eutrophication, since
they provide a potential phosphorus source for algal growtt. Anthropogenic factors have
exacerbated the imbalance in the natural phosphorus cycle, namdby mining of phosphate
rock for usein the production of fertilisers andz although not in the pastfifty yearsz detergents
(reader is referred to the phosphate rock market); and through the intensification of the
livestock industry in responseto the increasedglobal meat demand z all of which generate
excessive inputs of phosphorus into the environmert. Minimising these environmental
penalties and reaping the concomitant economic benefits is thus one of the main rationales for

the reduction of phytic acid.

1.2.2.7 Phytic Acid Abatement

As a result of the aforementioned detrimental impacts of phytic acid on human and animal
nutritional health, ecologicalsystemsandthe livestock economy the reduction of phytic acidis
thus areasonableobjective with tangible benefits and a clear rationale. Suchanticipated gains
include the improvement of water quality and state of aquatic ecosystems, compliance with
environmental regulations with regard to phosphorus pollution, economic advantage (since
the inorganic phosphate supplements would subsequently be redundant), circumvention of
micronutrient malnutrit ion and the improvement of livestock production. For example,
researchhaspredicted that in the absenceof phytic acidthe absorption of zincand magnesium
in humanswould be approximately 20% and 60% higher, respectivelys3. It is considered by
somenutritionists that for O A &A@ @ th&hytic acidcontent should be no more than 0.03%
of the phytate-containing food. Attempts to eliminate or lower phytic acid levels in foodhave
been an enduring concept, with the timeconsuming preparation of grains and legumes

commonplace in traditional norindustrialised societies.

There are now several potential approaches to dietarynanipulation, and these may be
regarded as enzymatic (exogenous and/or endogenous); genetic; and livestock management
strategies. In terms of the latter, such options involve the accurate estimation of dietary
phosphorusrequirements to minimise unnecessaryexcesseg this requires knowledge of the
phosphorusbioavailability of feed sourcesin eachspecies;phasefeeding (which is essentially
the first point but with estimates re-evaluated at the various stages of animal development);

and diet optimisation z for example, the inclusion of supplements (nofenzymatic) such as
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vitamin D to augment phosphorus retentio’.

Genetic manipulation approaches feature the generation of low phytic acid mutant seeds and
biofarming, the latter concerningtransgenic plants and transgenic livestock??. Although not a
strategyto reducephytic aciditself, biofortification of staplecropsis employedto counteract its
adverse effects on nutrition, mitigating the micronutrient malnutrition compounded by high
phytate intake43. Low phytic acid mutant seeds are produced through suppression of phytic
acidbiosynthesis,basedon knock-out genebiotechnology?’. In recentdecadesthere have been
reports of improved nutritional properties with low phytate mutants of maize, barley, rice and
soybeang4. The alternative to inhibiting phytic acid biosynthesis is to enhance its degradation.
In the context of genetic modification, this entails inserting a gene encoding phytate-
degrading enzyme into the plant genome, the overexpression of which duringeed
development reduces phytate in mature seeds.Recentwork in this area has given rise to
transgenic soybean producing one of these enzymé&s <TRANSGENIC APPA SEAWEED>
Biofarming of phytate-degradingenzymesis consideredto be a cost-effective approachto their
production. A further genetic-based approach to the reduction of phytic acid bynonogastric
animals is to generate transgenic livestock. A recent study demonstrated the possibility of

introducing phytate-hydrolysing enzymes into the saliva of transgenic mice.

A less biotechnologically advanced yet fundamentally established strategy, particulaily more
traditional populations of lesserdevelopedcountries, is the processingof feedand food grains

to reduce phytic acid content. These wellocumented techniques are largelyhe product of a
substantial amount of time, heat andvater and include soaking, cooking, malting (sometimes
referred to as sprouting or germination), milling and fermentatiort8.4143, Although milling
eliminates the majority of phytic acid dueto the associationof phytic acidwith the bran layer, it
also removes beneficial nutrients too which is undesirable. All of these processing methods,
aside from the physical process of milling, activate intrinsic enzymes in the grain which are
able to hydrolyse the phosphomonoester bonds of phytiacid such that IP6 lgels arereduced,
and inorganic phosphate is rendered bioavailable. The natural process of germination serves
to convert phytate into a source of inorganic phosphorus and mineral cations for the emerging
seedling through the activity of these phosphohydrolases, and this is whahese processing
methods endeavourto emulate. It is wellkdocumented thatthe soaking of food grains in warm
acidic water for a considerable amount of time prior to cooking is sufficiento eliminate a
significant proportion of the phytate. Cookingaloneis redundant since the high temperature
deactivates thedesired enzymes,whereas the temperature and pH of the water used for
soakingcanbe adjustedto that for optimal enzymeactivity. However,if the grainsand legumes
have naturally low phytate-hydrolysing enzyme activity, soaking is an inadequate technique to
lower phytic acid conten®8. There are numerous reports of significant reductions in phytate

levels by combinations of these processing techniques however the author of this report
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surmises that the substantial heat and time required to achieve theseductions z let alone the
consumption of energy- in addition to possible limits onequipment and automation/labour
render thesenot economicallyand commercially viable in industry as the sole solution. Indeed,
enzymatic hydrolysis of phytate is the golestandard approach of all of these discussed since it
is able to most effectively break down phytic acid withoufjeopardising other valuable dietary
nutrients43. As such these phytatedegrading enzymesz phytases - are the focus of the
following section, and attention shall be given there to the enzymes intrinsic within plant
derived seeds and grains. As this report is concerned with enzymatic reduction of phytic acid,
these alternative methods and reports based on them, regardless of viability, shall not be

discussed henceforth.
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1.3 Enzymatic Degradation of Phytate

1.3.1 Phytases: Overview, Classification & Prevalence

O'1T U 1 AAT ET Q#E@ikinefick &hd rOeOr@risioflenzymic catalysis must be based on
A O1T OT A ETiT xiI AACA 1T &£ OEA OUPA T &£# OAAAOQEIIT
Varvoglis, 19679”. The phosphoric ester bonds constituting the phytate species are quite
hydrolytically unreactive, a property which renders the phosphate ester bondontaining
nucleic compoundsexclusivelysuitable ascomponentsof geneticmaterial. Sinceit is essential
that geneticmaterial be stablefor the lengthofani O C AT IEeGspad,the requirement is that
these macromolecules be relatively resistant to hydrolysis. The hydrolytic stability of the
phosphoester bond is attributed to the ability of phosphoric acido link two nucleotides yet
still ioni se, such that the resultant negative charge stabilises the diesters against hydrolys8is
The incomplete hydrolysis of phosphate ester linkages in chemical, n@mzymatic systems, is
testament to their stability. For example, even under harsh conditions such as concentrated
acidic medium (optimum activity at pH 4.5), high temperature (100C) and an extended
reaction time, hydrolysis is slow and completion is not accomplished (Fig 18) Despite
undergoing slow hydrolysis in the absence of enzymes, phosphate ester bonds are subjerct
rapid hydrolysis under enzyme catalysis, which explains the dominance of this type of

molecular species in biological systents.

Acid-Catalysed Ester Hydrolysis

0 (0]

| | .
(‘ it H:O ——— C - R C H
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Figure 1.8. General reaction of chemical hydrolysis of phosphate esters, where 2 @
this case represents a phosphate group. Scheme produced in ChemDraw.

Phosphatases are a diverse class of phosphomonoesterase enzyme which catalyse the
hydrolysis of a broad spectrum of phosphorylated organic compounds®. As members of this
hydrolase family, phytases- myo-inositol (1,2,3,4,5,6)hexakisphosphatephosphohydrolasesz

are phytate-specific phosphatases, specifically hydrolysing IP6 in a stepwise manner to yield
orthophosphate and lower substituted myeinositol phosphates. They have sometimes been

defined asaclassof phosphataseswith the in vitro capability to releaseat leastone phosphate
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from phytic acid,thereby liberating phosphateand lowering phosphorylation levels of inositol
phosphatesand potentially chelated minerals?’. In accordancewith the descendingorder of
preference of phytases for IP6 through IP1, all of the fully phosphorylated IP6 present is first
degradedto penta-estersof inositol before thesethen becomethe next substrate for hydrolysis

to lower phosphorylated intermediates®. In addition, bound mineral cations such as
magnesium and calcium and other nutritional factors are released and made available for
absorption by monogastric livestock which are unable to access adequate phosphoinsthe
form of phytate, thereby improving nutritional quality of a given phytaterich feedstuff and
ameliorating the need for supplementation with inorganic phosphorus.Ruminant animals on
the other hand, are host tatheir own in-house phytase producers their anaerobic ruminal
microflora z which facilitate the biological abstraction of phytate phosphorus. The gastro
intestinal tracts of non-ruminants suchasswine, poultry and fish are mostly deficient in these
analogous endogenous phytases, warranting interventioni.e. by exploitingthe blueprints of
nature through biotechnology. Biotechnologically produced phytases thus have industrial
applicability as livestock feed additives, and their incorporation represents a financial and

environmental incentive.

Before defining the categories and nomenclature of this diverse enzyme family, it is pertinent
to outline the different means by which monogastric species obtain phytase activity; and in
particular to differentiate between the different derivations of endogenous phytases and
exogenous phytases, although some of this may overlap with subsequent parts of section 1.3.
Firstly, the (plant-based)feed sourceitself exhibits intrinsic phytase activity, the extent being
highly variable and dependent on species. Additionally, the animal has two innate sources of
phytase activity z that arising from their intestinal mucosa and that produced by their gut
microflora z although it is well-documented that these are negligible and insufficient to
improve phosphorus digestibility4346, As such, the author of thishesisdescribes the exogenous
dietary phytasez which caneither be implemented during feed pre-treatment or as adietary
supplement- asthe fourth O1 A &l gh@dseactivity. Theseshall be duly attended to, after the

following classification points are outlined.

Phytasescan be classifiedby three different bases by initiation site of hydrolysis; broadly by
pH optimum/activity -pH profile ; andthirdly by catalytic attributes and structural motifs. With
the exceptionof the latter classthere arevariations in catalytic mechanismwithin agivenclass
(i.e.when classified by pH or preferred site of hydrolysis), as a result of structural varianc€s
Nevertheless, all currently known phytases share a common pronounced sterespecificity
and a strong preference for equatorial rather than axial phosphate appendages, generating

myo-inositol monophosphate as theend product of hydrolysis.



1.3.1.1 Classification by pH Optima

The acidic, neutral and alkaline phytasesare known to exhibit optimal activities at pH 5.0,7.0,
and 8.0, respectivelyt. Acidic phytases are predominant in fungi, plants and bacteria and due
to the acidic conditions at the site of gastrointestinal absorption, are the more physiologically
significant group. In contrast to the distribution of acidic phytases,the alkaline phytase group
are primarily composed ofA @ O O A A Apropefler phydasgs of the grampositive bacteria of

the Bacillus genus. An alkaline phytase with a pbptimum of 8.0 is oneof just two phytases
which initiate dephosphorylation at the C5 inositol position. Variations in optimumpH for
phytase activity occur across different plant species.In contrast to cereals,the phytases of
which usually have greatest activity between pH 4.5 5.6, some legumes have optimum
phytase activityat neutral or alkaline pH?2. For example, legume seeds have al®een reported

to exhibit alkaline phytase actvity, with a pH optimum of 8.0. Broadly speaking, phytases
representative of the Histidine Phosphatase, Purple Acid Phosphatase and Cysteine
OET OPEAOAOGA CcOI OPO AOA OOOAI 1 U -popefieh thytakes asOT A O
alkaline. In other words, acid phosphataseswith specificactivity for phytic acid are subdivided
into three structurally distinct classes: HAPhyy PPhy and PAPhH#.

1.3.1.2 Classification by Site of Dephosphorylation Initiation

At the present time there are four types of phytases within this classification system, systematically
termed myo-inositol hexakisphosphateX-phosphohydrolases, X being O o(b@dbthé [They &e 6 8
more commonly referred to as3-phytases, 6phytases, 4phytases and 5 phytases (although only

the former two phytases are recognised by the IUPAILB), whereby hydrolysis of the phosphoric
ester bond is initiated at the B3-, D-6-, D-4- and D-5- carbon positions of inositol, respectiely, and

is indicated by the resultant Dmyo-inositol pentakisphosphate isomer4. Their initial hydrolytic
products are as such: Bmyc-inositol (1,2,4,5,6) pentakisphosphate (often abbreviated to
Ins(1,2,4,5,6)P5), Ins(1,2,3,4,5)P5, Ins(1,2,3,5,6)P5 ands(1,2,3,4,6)P5, respectively. These
phytases therefore exhibit differing phytate dephosphorylation pathways, giving rise to varying
inositol phosphate degradation isomeric products. Disconcertingly, the -3and 6-phytases are
sometimes ambiguously (i.e. vthout clarity on which nomenclature systemis used)termed 1-and
4-phytases respectively, this beinga result of the changein D/L nomenclature in the 1970&, as
previously discussed in section 1.2.2.25. In other words, a D6-phytase and an k4-phytase
produce the same product, as do a-B-phytase and an L1-phytase. In this report they shall be
referred to, as per the recommendation of the IUPAB to explicitly use the D system, as-3
phytases, microbid 6-phytases and plant 4phytasesz the latter often being ambiguously annotated
asOPEUOAOAOGSE xEOEI OO0 ObAAE £6phytgdes Grit Anrefadel: ByGie A OA

recommendedD system, 4phytases.
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Hydrolysis initiation site of 3- O O,/ ::\OH
phytases l 5

Figure 1.9. Structure of IP6 depicting the scissile bonds cleaved by 3- and 6-phytases asa
general example of this phytase classification type. Image produced in ChemDraw.

The most abundant group in existence are the-Bhytases which are common products of
bacteria and fungi, whilst the 4phytases are generally of plang particularly higher plants -
origin27. However, there are a number of exceptions to this theme, such as the presence-of 3
phytase activity in someplant seedsand 6-phytase activity in bacterial species,namely E.coli
and Paramecium- the former giving rise to one of the most recognised phytase due to its
establishment in commercial application, the topic of which will be discussed in more detail
later in this report74. To date, there are merely two accounts of a-phytase z an alkaline
phytase from Lily pollen and an alkaline phytase, PhyAsr, frorBelenomonas ruminantium
subsp. Lactilytica7677. The latter is an anaerobic bacterium which resides in the rumen of
polygastric animals andthe sequenceof this phytaseis unlike other microbial phytases having
somecatalytic features similarto tyrosine phosphatasesThesephytases werereported to yield
Ins(1,2,3)P3 as the end product of hydrolysis, whereby the hydrolysis of adjacent phosphates
is preferential. Structurally, the Lily pollen 5phytase is analogous in conformation to a
Histidine acid phosphatase (HAP) phytase (see section 1.3.2), although the amino acid
sequencehomology of all but the active site is higher towards Multiple Inositol Polyphosphate
Phosphatase (MINPP; section 1.3.6) from humans or ra&fs Since no other HAP phytase
initiates dephosphorylation at the G5 position of inositol, the author of this tesis considers
that this may be the reason for having more sequencesimilarity to the more promiscuous
MINPPs. The majority of the $phytases are structurally homologous to two of the catalytic
classes of phytase described below [ -propeller phytases { PPhy) and the aforementioned
HAP phytase&’. Based on experimental reports, the sole end product of catalysis is reported as
Ins(2,4,6)P3,, since the hydrolysis of nomadjacent, alternate phosphates is favoured. The
AAT ET EAO ASuéchammyOes cefedisipfroduces a now wellstudied 3-phytase and
its sequential phytate dephosphorylation pathway is illustratedoverleaf (Fig 1.10)74.
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Figure 1.10. Visual representation of the IP6 degradation pathways by representatives of
different phytase classes z a yeast HAPhy 3-phytase, a bacterial  PPhy 3-phytase and a
bacterial HAPhy 6 -phytase (AppA). The pathway for [ PPhy is specifically for the Ca 2*-
phytate substrate. Figure produced in a Microsoft graphics suite. Information from [74].
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1.3.1.3 Classification by Catalytic Properties

OEUOAOAO AOA AAOACT OEOAA AO ( E @peleE PhitasdsA E A
(r PPhy),CysteinePhytases(CPhy)and Purple Acid PhosphatasegPAPhy)basedon their active

site residues and specific sequence attributes, and which differ in their structure, catalytic
mechanismand biochemicalproperties. Mostbacterial, fungal and plant phytasesbelongto the
HAPhy familyz a subfamily within the Histidine Phosphatase (HP) superfamilyand commonly
termed HP2phytases (HP2Pkince they belong to clade 2 of the HP safamilye.

1.3.2 Histidine Acid Phosphatases (HAPhy)

The histidine phosphatase (HP) superfamily is a large and functionally diverse group of
enzymes, divided into twoclades whereby the second, smaller claal(HP2) is composed of
phytases and acid phosphatases. There is limited sequence similarity between the talades
andevenwithin eachclade,andwhilst clade 1 consistsof more diverseintracellular enzymes of
largely (two thirds) bacterial origin, clade 2 comprises predominantly eukaryotic extracellular
enzymes.Theseare channelledto the secretory pathway,and unlike their clade 1 counterparts,
contain disulphide bonds. A conserved catalytic core is common among all members of this

superfamily, comprising an integral histidine residue and three other invariantamino acids (a

pair of flanking arginine residues and another histidine), forming OE A O b EBD IODEAODAS

Phosphorylation and dephosphorylation of one of these histidine residues forms the basis of
the two-step catalytic mechanism (Fig 1.11). During catalysis the key histidine residwé the
conservative heptapeptideRHGXRXnotif (clade 1 HPs = RHG®nly) acts as a nucleophile,
anchored in position by the carbonyl of a glycine (part of the same characteristic-tdrminal
RHGmotif), whilst the interaction of the positively chargedarginine in the RHG tripeptide with
the substrate phosphorus renders it more susceptible to nucleophilic attack. In the first stage,
this histidine attacks the substratebound phosphorus generatinga phosphohistidine
intermediate, whilst in the secondmechanisic stageanaspartic acidof the catalytic Gterminal
dipeptide (HD) z which is responsible for binding the substrate and release of the hydrolytic
product - acts as a proton donor for the oxygen atonT his thereby stabilisesthe leaving group
as transfer of phosphogroup from substrate to enzyme/hydrolysis of the phosphohistidine
intermediate occurs. The three core residues of the phosphate pocket function to maintain
correct orientation of substrate,facilitating hydrolysis. Athird conserved features the cysteine
motif which is associatedwith the formation of disulphide bridges,these beingintegral to the
thermo- and conformational stability, and catalytic activity. This family of phosphoesterases

initiate dephosphorylation at either theG3 or G-6 position of inositol68.7379,

(
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Figure 1.11. Catalytic mechanism of the histidine phosphatase superfamily. Residue numbering
from E.coli SixA, a phosphohistidine phosphatase. Image as found in [79].

1.3.3 1 -Propeller Phytases (1 PPhy)

Phytasesdesignated PPhy constitute a more structurally distinct group of phytases,having an

unusual sixbladed betapropeller architecture, and attributes unlike those of other phosphatase

families. Their CZ*-dependent catalytic activity, high thermostability, activity at noracidicpHand
absolute substrate specificity - acceptingthe calcium-phytate complexonly

- is testament to this. Predominantly of microbial origin, the majority of these phytases have been
isolated from the Bacillusgenus,someexamplesof structurally characterisedones being phyC from
Bacillus subtilis and TSPhy from Bacillus amyloliquefaceiensDS11, the latter being the
representative [ PPhyin terms of delineating the catalytic mechanism of these phytaseg3:80, The
inherent desirable biotechnologically relevant properties of particular Bacillus species is such that
they are wellsuited to industrial application. r PR-producing microbes are prevalent in the natural
environment, isolated from such sources as water ecosystemspil, sediments and animal
gastrointestinal tracts8l. Animportant difference of  PPhyphytasesin contrast to other phytasesis
their stability over abroad pHrange(3.0-9.0), which gives them advantages over other phytases in
certain applications. Ingeneral,the optimum pH rangefor activity of Bacillusf PPhyphytasesis 6.0-

7.5,yet they still exhibit minor activity above pH 881, The distinctive thermostability and catalytic

properties of f PPhysare characteristically dependenton the binding of C&* ions which, acting as
activators, render the catalytic environment electrostatically favourable for substrate binding by
modifying the activeAAT OOA AT T &£ Oi AGEI T O1 poOoiii 6A OEA
bound calcium ions, in the higkaffinity site, serve to maintain conformation and stability whilst
three low affinity calcium binding sites comprise the catalytic triadresponsible for activitysl. The
strict substrate specificity is another attribute of the bound calcium whereby the recognition of

bidentate chelation of calcium ions bywo neighbouring phosphate groups of IP6 is essential

(@)
(@}
b
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for hydrolysis of the substrate (Ca*-phytate) andis a substrate specificity determinant. In fact,
the molar ratio of C&2+: phytatein the substratecomplex,aswell asthei A A E (H,mflDences
the enzymaticactivity, beingmaximalataratio of four calciumionsfor everyphytate molecules?.
This particular substrate recognition facilitates the stereospecific dephosphorylation of
phytate by the successivedetachmentof eachsecondphosphategroup, generatingasthe final
hydrolytic product, myo-inositol (2,4,6) triphosphate. Although initially it wasthought that the
end product was either Ins(1,3,5)P3or Ins(2,4,6)P3,more recent researchhasconcludedthat
the latter is the sole productst.e2, Aside from the bound calcium ions - both as part of the
substrate complexand bound to the phytase the prerequisite for hydrolysis is the binding of
two adjacent phosphate moieties, in the so called cleavage (or degrading) and affinity sites,
respectively,which are both locatedin the region of the low-affinity calciumbinding sites’s. The
former phosphate-binding site, involving the same catalytic residues which bind the calcium
ions, is responsible for hydrolysis of phosphate ester bonds in the substrate complex z
preferentially at the D3 position of inositol z and is the site of nucleophilic attack on the
phosphorus by a calciumbound water molecule.  PPhys are as such classified as (D)3
phytases. The role of the affinity site is to increase the affinity of substrate binding.
Intermediate products generatedduring the successivedephosphorylations at C3followed by
C1 then C5 aremyo-ns(1,2,4,5,6)P5 andmyo-Ins(2,4,5,6)P4 before the final productmyo-
Ins(2,4,6)P3, respectively. Further hydrolysis is prevented by the lack of neighbouring
phosphate groups whose proximity isnecessary for the formation of the strategic bidentate
chelate with calciuno. Only substrates that simultaneously fill both binding sites are
hydrolyzed by  PPhys which explains why these enzymes can only remove three phosphates

from 1P681,

1.3.4 Purple Acid Phytases (PAPhy)

A subfamily of the metallohydrolase superfamily- the metallophosphoesterase family includes
the dinuclear purple acid phosphatases. These enzymes catalyse the hydrolysis of a broad
phosphomonoester bondcontaining substrate range and have been identified in both plant,
animal and fungal sources, but are unlikely to occur in most microorganis®sThey function
to aid in phosphate acquisition in plants and have diverse roles in animals, in particular within
mammalian bone resorption, and exhibit bifunctionality in mammalian species, catalysing both
hydrolytic and peroxidation reactions. Despite lowshared sequence identity(<20%), sizeand
oligomeric state between animal and plant PAPs the catalytic active sitesand domainsarein
contrast highly conserved.The key feature of the catalytic core,which is representative of all
metallohydrolases, is the presence of two closely spaced metal iogde3+ and M+ which

represent amixed-valent metal centre and constitute the chromophoric
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and redoxactive sites, respectively. In plants, R represents divalent zinc or manganese
whereas in animals it is always divalent iro84 The seven residues/ligands which co
ordinate the dinuclear centre, encompassed within five key motifs, are also conserved across
kingdoms.A particular distinction of PAPsis their characteristic purple colour whenin solution
owing to aligand to metal chargetransfer transition around 515-560 nm from the conserved
tyrosine ligand to the chromophoric ferric ion it coordinatess3s4, Additional characteristics of
the PAPs are substantial glycosylation and resistance to inhibition by L-tartrate. The
presenceof isoforms z different forms of the sameenzyme- are commonin plant and animal
PAPs andhre distinguished by theirmolecular weights. These often occur as a 35 kDa form and
a55-60 kDa form andplants tend to havemultiple copies of each.The catalytic hydrolysis of
activated phosphoric acidesters andanhydrides involves eight postulated steps and two
nucleophilic hydroxide ions, one of which i€oordinated to Fe3*and attacks the phosphate after
an interaction between the divalent metal and the substrate. The majority of characterised
PAPs are designated as nespecific acid phosphatases that catalyse phosphate hydroly$iem

a broad spectrum of phosphate esters and as such,only certain isoforms accept phytate as a
substrate, referred to as PAP phytases or PAPRyUp until 200585 the soybean (Glycine max
PAPisoform (GnPhy) was the only PAPphytasewhich had beencharacterised,although these
are indicated, as per sequence homology, to be common amongst plditSince then, PAP
phytases have been identified ifMMedicagosativa (alfalfa), Nicatiana tabacum (tobacco) and

multiple isoforms within Arabidopsisthaliana (thale cress)s.

1.3.5 Protein Tyrosine Phosphatase like Cysteine Phytases (CPhy)

Also known as cysteine phytases due to their catalytic residue, protein tyrosine phosphatase
like phytases are found exclusively in microbes with the first membeg PhyAsr - identified in
the anaerobic ruminal bacterial speciesS. ruminantiun$é8?. In fact, these phytases are the
major phytate-degrading enzymes resident in the rumen microbiome of catté, negating the
need for addition of exogenous phytases to cattle diets. Of the four phytase classes, phytases of
the PTRIike/cysteine phytases are relatively the least well characterise&. With the adoption
of the protein fold and catalytic mechanism of protein tyrosine phosphatases, PTliRe
phytases are composed of a large core domain and a smaller domairiodr-O O O A T -ghdeh
OAT AxEAEAA 11 Al OFelic€sFEcnktifutesithe la@dr Gon@i whilsy a partial
[ -barrel comprised of afive-O O O A T -ghdeficonstitutes the smaller domaiff. At the interface
of thetwo domains, the active site forms a loop which functions as a phytat#nding pocketes.
This P loop hosts the active site signature sequence (CX5R(SAP)Catalysis is initiated by a

nucleophilic cysteine which results in a thiophosphate enzyme intermediate,
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and an aspartic acid residue on the WPD/general acid loop acts as the proton donor to
hydrolyse the scissile phosphoester bon#°l. PTRlike phytases exhibit high levels of
hydrolytic activity towards phytate with pH optima ranging from pH 4-6. Despite this, the
nature of the catalytic mechanism, in which potential irreversible oxidation would inactive the

enzyme, limits their commercial applicatiors°.

Figure 1.12 Crystal structure s of a) HAPhy from Escherichia coli AppA in complex with phytate. Phytate is
bound with its 3 -phosphate in the active site. Image from PDB entry 1DKQ ; b) 1 -propeller phytase from
Bacillus amyloliquefaciens in complex with phosphate and Ca* ions. Four Ca* ions are involved in catalysis
and creation of a favourable electrostatic potential; three stabilise the enzyme. Image from PDB entry 1H6L.

c) PAP from red kidney bean ( Phaseolus vulgaris) with bound sulphate. Blue cubes represent N-
acetylglucosamine (NAG) residues. Image from PDB entry 2QFR. d) CPhy from Selenomonas ruminantium
complexed with myo - inositol hexasulphate in the standby position and in the active site.
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1.3.6 Multiple Inositol Polyphosphate Phosphatases (MINPP)

The scecalled Multiple Inositol PolyphosphatePhosphatasesg MINPP z are a family of 1P6
degradingenzymes,belongingto clade 2 of the HP superfamily, yet distinct from HAP phytases.
Their positional promiscuity towards IP6 specifically, with regards to the site of initial
dephosphorylation, is the distinguishing feature of this family in contrast to other members of

the HAPhy family. Whereas the latter follow a set sequential pattern of phosphate hydrolysis,
and are classified by a distinct preference for position of first phosphate removal, MINPPs
generate an array of IP5 isomes. The isolation and characterisation of a MINPP from rat liver
marked the first report of a MINPP, in 199%. Whilst having no preference for initial site of
hydrolysis amongst the equatorial phophates of IP6, this phytase is highly specific with
Ins(1,3,4,5,6)R, converting it into the key Car-mobilising inositol triphosphate Ins(1,4,5)P;

via Ins(1,4,5,6)R%. The activity of mammalian MINPPs against IP6 is relatively very low, and
phytases from a range of microorganisms exhibit between B&fold and 10*-fold higher specific
activities compared to the rat MINPPe. Nevertheless, they are the only mammalian enzymes
to hydrolyse IP5 and IP6, with the attack at £3, D5 and D6 of IP6 yielding a mixture of IP5%.
Within a year of identification of the rat MINPP, the chick MINPP HIiPER1 (Histidine
Phosphatase of the Endoplasmic Reticulush) was characterised’8 " U OEA AT A 1
number of MINPPs had been sequencedHomo sapiens, Mumusculustwo from Drosophila
melanogaster Rattus norvegicusand Gallus gallus Whilst avian MINPP is considerably more
active towards phytate than its mammalian homologues, the specific activity is still 3B00-
fold lower than that of microbial phytase$s. To date, MINPPs have been identified from various
species of Bacteria and Eukarya. Whilst the physiological function of several of these are yet to
be confirmed, they are assumed to have a key role in providing bioavailable phosphate to
developing cels and simultaneously generating valuable physiologically downstream inositol
phosphate metabolites8. For example, the MINNPs from barley and wheat were presumed to
contribute significantly to the endogenous phytase activity of the developing seed. The most
recent plant MINPP characterised to date is the MINPP froArabidopsis thaliana(AtMINPP)
xEEAEh Al OEi OCE OANOAT AAA E1T OEA 1 AOA wmndOh
senescence and has acid phosphatase activity in addition to phytase aityi. Experiments
revealed the essentialness oAtMINPP for growth and developmerfe.

Homology modelling of the avian MINPP suggested that the enzyme has a conserved, phytase
like active site, despite sharing a low sequence similarity of 20% with phytas®s The MINPP
from the human gut bacterium Bacteroides thetaiotamicron however, represents the first
MINPP to be structurally characterised by crystallographic analysigs. Like other HP2P
enzymes, the active site motif RHGXRXP is present in MINPRswever, instead of an HD proton
donor motif, they have a HAE triplet which is assumed to provide an equivalent functiém In

both cases, the acidic residue functions as the proton donor, breaking the phosphomonoester

A
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bond to release a phosphate group from phytat@. BtMINPP has provided a good model on
which to base structural mutagenic investigations, and this is covered in more detail in Chapter
3. To date, several MINPPs have been identified as containing HAE proton donor motif outliers,
including from maize, zebrafsh, mosquito, the amoebdictyostelium discoideuma yeast and
two from Drosophila melanogasterFurther investigations of MINPP structures revealed that
some contain a large polypeptide insertion in thg -domain z the U-loop z which acts as a cap
and undergoes a substantial movement upon substrate bindiag. The exemplary phytase of
this type is the membraneanchored extracellular MINPP from the Granpositive bacterium
Bifidobacterium longumsubsp. infantis ATCQ5697 (BIMINPP), which is prevalent in the
human gut.BIMINPP generates the 4/60H IP5 as the major IP5 isomer, and studies suggest
that dephosphorylation does not proceed beyond IP3:. Along with the MINPP from
Bifidobacterium pseudocatenulatumATCC 27919 BpMINPP), these enzymes represent the
first bacterial MINPP homologues identified (in 2012). Studies showed that the preference of
BpMINPP is to generate first either the 4/60H or the 50H IP5 isomer, and subsequently the
other of the two, generating Ins(1,2,3,4)R, it then proceeds to generate any/all of Ins(1,2,3)R
Ins(1,2,4)P;, Ins(1,3,4)R as the final product (similar to BIMINPP)©2, The alkaline 5phytase
from Lilium longiflorum (mentioned previously) is another example of deviation fron the
standard, whereby it has not been strictly classified as a MINPP as such, yet is more closely
related by sequence to human (25%) and rat (23%) MINPPs than to other HAPS Regardless,
unlike MINNPs, it shows a distinct preference for the-phosphate for initiation of hydrolysis.
Yet like the bacterial MINPP homologues, IP3 appears to be the final product of hydrolysis,
specifically Ins(1,2,3)R103, A recently identified MINPP from soil Acinetobacter spAC1L2,
displaying 5-phytase and 6phytase actvity, is one of the firstMINPPs to be isolated from the
soil environment and has a slightly different heptapeptide sequence, RHGSRGL

1.3.7 Sources & Distribution

The occurrenceof phytasesis diverse and well documentedin plants, bacteria,fungi, yeastand
to alesserdegree,in animals.Eukaryotic phytaseswere recognisedinitially, evidencedfirst by
the identification of phytase activity in rice bran in 1907(by Suzuki Yoshimura and Takaishi)
and in calf blood in 1908(by McCollum andHart)41105.106, Microbial phytase activity wasfirst
discovered inthe fungus Aspergillusniger mycelium over a century agéf?, with the earliest
report by Dox and Golden in 191Iwho demonstrated that the fungus could convertorganic
phosphorus into available phosphorus through the actiorof a secreted enzym##g. Following
* AAET AT Ateport detailng theédddtection of low levels of phytase activity in several

soils in 1952, several years later in 1%9 Casich observed phytase activity from a number of
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Aspergillus soil isolatesto9.110, |t x A OT 8 A96Dthabdnhicrobial phytasez produced from a
laboratory culture of Aerobacter aerogeneswas more rigorously investigated with Greaves,
Anderson and Webleyyielding information on the hydrolytic pathway and biochemical
characteristicstil, 1969 saw reports of phytase activity from a species ofPseudomonassoil
bacteria, by Cosgrove, Irving and Bromfield2113 and characterisation of an extracellular
phytase from Aspergillus ficuumNRRL3135 by Shieh, Wodzinski and Warg4. The pathway of
IP6 degradation was further analysed in 1972 byirving and Cosgrovewhich identified the
major IP5 intermediate generated-!5. This phytasewould go onto become the first commercial

phytasez Natuphos® z launched in 1991.

Aside from exogenousphytase preparations, sources of endogenousphytases are: intrinsic
plant phytases intestinal mucosaphytases and phytase-producing gut microbiota, as illustrated

in Fig 1.13. Phytate may therefore be subject to amultifaceted degradation approach through
both endogenousand exogenousenzyme action. Although not beyond the scope of this thesis,
due to time restrictions these various sources of phytase activity shall not be elaborated on,
however there are multiple comprehensive review articlescovering this, one example being

that by Rizwanuddin et al'7,

[ Feed Processing ] [ GI Tract ]
Addition of -
Exploitation of i bl Intrinsic p!a'l:lt Intestinal Phytases Exogenous
intrinsic plant hytases ph.yta_lse_ Sl mucosa secreted by phytase
phytases pd o pikinineesica phytase gut supplementation
Ll feed microflora
processing

Figure 1.13. Flow diagram created by author as a representation of the various origins of
phytase activity in monogastric animals. Compiled using information from sources cited in
current chapter.
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1.4 Phytase Application in the Feed Industry

1.4.1 Rationale for Phytase Supplementation

The fundamental role of the livestock industry is the optimisation of animal productiorg
sustainably z necessitating the reiteration of the ethos from section 1.1 more from lessIn
order to sustain the production of animal derived consumables (meat, milk, eggs) in
accordance with the heightened demand for animal protein, it is in the best interests of
producers and the global food supply to maximise output, which is highly depdent on and
therefore facilitated by the feed inputs. However, the economigressures which the livestock
producers facez emphasized in developing countries demand the use of lower quality feed,
necessitating the capability to enhance the naturally low nutritive quality by technological
means-8, Neverthelessthe benefits of the nutritional value of eventhe highestquality feed are
only seenupon effective digestion and absorption of said nutrients. A significant proportion of
plant material in feed is inherently indigestible by monogastric animals and as such, exogenous
enzymes are incorporated into livestock diets to improve animal performance through
improvement of nutrition. The inclusion of preparations of carbohydrases, proteases and
phytases all work to enhance the availability of nutrients and therefore improve animalrgwth
and productivity. Phosphorus is absorbed as the inorganic orthophosphate form, rendering the
utilization of phytate phosphorus dependent on the capability of a species to hydrolyse phytate
to liberate phosphate18.119, Phosphorus in the form of phytae, as in animalfeed, is poorly
available to monogastric animals since they lack significant endogenous phytase activity in
and have inadequate phytasesecreting microflora populations in - the upper part of the
digestivetract. Whenaddedto animal diets, exogenousphytaseaugmentsthe limited range of
endogenous phytatedegradingenzymes presentin the gastrointestinal tract, releasing bound
inorganic phosphate and other important dietary nutrients from phytate, making them
available for use by the animal thereby obviating the need to supplement diets with inorganic
phosphorus, the price of which isanticipated to rise over time in accordance with the
decreasing global phosphorus reserves. It also increases the energy of the animal since tey
longer haveto expend energy on the secretion of endogenous phytases. Phytase has been
shown to replace 5060% dicalcium phosphate in fee#. The resultant financial savings
encouragethe useof theselucrative biological tools whilst protecting the environment through
reduced manure phosphorus outputs. For example, the use of phytase has been demonstrated
to reduce phosphorus excretion by up to 50%, facilitating compliance with environmental
regulations (seesection1.2.2.6)7. Sincethe feedis the most costlyinput in livestock production

Z accounting fore.g.70% (poultry) of the total cost - not only doesthe
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reduced inorganic phosphorus consumption generate monetary savingsbut also the amount

of, for example, soybean meal in the diet can be reduced, therefore increasing profit, since
phytase improves its amino acid digestibility. Feed enzymes therefore offer significant
AATTTTEA AAT AEEOO AT OE AU OAOET C 11 OG@mopl Al Al
AOAES | BAAA AT T OAOOEI T OAOETI ON &#2q A8C8 DO/
amountof time and at lower cost,or greater productive output from agivenanimal/number of

animals, resulting ingreater profit margins. Feedenzymesare thus attractive investments.

1.4.2 The Feed Enzyme Sectors

The history of the commercial application of enzymes to feed for livestock is relatively brief,
spanningless than foity yearst20121, Despite many decadesof, for example,phytaseresearch,

following its discovery at the start of the 2@ century105.106 dueto the technological limitations

of that era, their commercial application did not become viable untthe 1990s,whenthe large-

scale production of feed enzymes became possible at relatively low cost, owing to
biotechnological advancements such as the development of heterologous microleajpression
systems#. In addition to the practical limitations, prior to the QAT UUT A QihedddwadDOET 1 ¢
little pressure from environmental regulations, coupled with the perception that supplemental

enzyme solutions were costintensive and therefore not economicallyviable for livestock

of the 20h Century, a Japanese individuahdapting a Japanestchnologyto awesternindustry

-patented a process, licensed under O 4 AERAA O O A & @rdductid dod | -amylase from
Aspergillusoryzae marking the first patentonamicrobial enzyme in the USA (1894; U.S. Patent

No. 525,823}22. However, te earliest report of the use of an enzyme in animal feed was in

1925 when a fungal enzymevas applied to poultry dietsi2t. Swine and poultry do not have the
necessaryenzymesin their endogenous arsenato break down and utilize all components of

their diet, which led to the development of enzymes targeting specific dietary components,

these enzymes being -glucanases, xylanases, phytases, proteases, lipases gathctosidases.

The introduction of the first commercially established feed enzymes marked the first phase of

OEA ET AOOOOUGO AAOAIT Pi Al OEndompassily@binbxylands€sE OE A
AT Aglucanasesglycanasesaddress the degradation of the indigestible fibrous material of

grain feedz the anti-nutritive non-starch polysaccharides(NSP) NSPs areomponents of the

cell walls ofviscous grainssuch as wheat, rye, barley and triticaland are not degradable by
non-ruminant livestock. They inci OAA AAT 1 O1 1T OAh E Aghldetdsidasth i1 OAh
glucans mannanand xylang20.122-124 Carbohydrases hydrolyseahese NSPsind thereby aid the

release of nutritional constituents such as proteins, starch, lipidand other minerals that are

trapped within the cell wall matrix124, It is presumed thatby 1996 at least 80% of all European
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broiler diets containing a viscous cereal would have included a fibrdegrading enzymé?s,
Driven by the increasing pressure to comply with environmental standards, efforts were later
focussed on reducing the amount phosphorus entering the environment as a direct result of
livestock production. Subsequently, the markeintroduction of phytases at the beginningf the
1990s represented the second wave of the feed enzyme generation and paved the way for
further generations of phytasesboastingenhancedproperties. Assuch,livestock production in

O1 A Amibdefn era sees 90% (poultry)/70% (swine) of feed for monogastric animals
supplemented with phytase, this having risen in response to thentroduction of TSE
(Transmissible Spongiform Encephalopathies)eed controls during the mid1990s which
outlawed processed animal protein(PAP)in feed for livestock (see pg 31) This meantmore
undigested phytate phosphorus was released into the environmemtue to diet compositiori2o,
Feed enzymes are now established as amdispensable tool in livestock production and their
overarching benefits are overt, both maximising profitability throughallowing flexibility in
feed formulation (i.e. least cost feed formulation) without compromising nutritional value,
providing savings on nutritional supplements and contributing to efforts to minimize discharge
of environmentally damaging byproducts associated with intensive livestogiroduction120.122,
The global feed enzymes market size was valued at USD 1.47 billion in 2024 and is projected to reach USD
2.76 billion by 2031, growing at a compound annual growth rate (CAGR) of 8.28%Relatively recent
(2018) figures report that 55-60% is attributed to food and feedapplications, withxU1 AT AOAh
I AT 1T AT ACO O Afi-an@ldsdé and phytaseconstituting the majority of feed enzymes
used currently127.128_|n fact, the global phytase market wasstimated (at the first international
phytase summit in 2010) to account for over 60% of the total feed enzyme markiéf. As per
the past decadethe animal feed sector is currently dominated by poultry, the industry leader,
which accounted for the largest shar€by value) at 44.2% of the market in 202330131, Whilst
the aquafeed enzyme sector represents the lowest value, valued @SD 483.0 millionin
2024132 it is forecasted to be the fastest growing segment in the feed enzymes market
segmented by livestock at a CAGR of 10.05% during 2023028133, This is illustrated in Fig1.14
which represents the 2023 feed enzymes market shares by livestock tyie In terms of
enzyme type, whilst carbohydrase is the fastegyrowing segment, phytase holds the largest
share, with the global feed phytase market valued at USD 4%0727 million (depending on
market research source) in 202333137 and thereby accounting for up to 43%Overall, it is
thought that the bestselling enzymes for norruminants are phytases with60% of the sale
market, carbohydrases with 30%, and proteases and lipases representing the remaining 10%,

with 80% of the carbohydrase share corresponding to xylanases.
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Animal Feed Enzymes Market Share

by Application, 2023 (%)

@ Poultry Pigs Ruminant Aqua @ Pets @ Equine

Figure 1.14 Breakdown of the feed enzymes market share by sector in 2023

1.4.2.1 Poultry

Currently one of the largest and rapidly expanding agricultural productiorsector globally z
with particular emphasisin developingcountries - the poultry division of the feedindustry was
the pioneer of exploiting the use of enzymes in animal feed, instigated by the production of the
commercial preparation 00 O1 O I- &lcorbidtion of fungal enzymeproducts of Aspergillus
oryzaez asearly asin the 1920s#6.139, This was succeededy experimentsin the late 1960s and
early 1970s by Nelsonet al who reported the phosphorus utilization improvements of
introducing crude phytasefrom cultures of Aspergillusficuuminto poultry feedto. Similarly, it
was noted by Warden and Schaiblein 1962 that the cellular material of lysed E.coli improved
poultry bone growth and developmentl40. Nevertheless, itwas the requirement of
counteracting thedetrimental effectsof the poorly digestible NSPghat ignited the commercial
development ofcarbohydraseenzymes which haveimproved the nutritive value of barley for
poultry since the 1980s and are today a standard dietary componenT his is testament to
their contribution to the fundamental nutritional advancements that feed enzymesffered. NSPs,
the degradative enzymes for which are norexistent in poultry, were identified as responsible
for gut viscosity and correspondingly, impaired nutrient digestion, as well as poor excreta
consistency, such that their elimination represents the most comon use of feed enzymes in
generalover the lastthree decadesTheresulting low feedefficiency and lessthan ideal animal
health has financial imgications for the producers as output and hence profit is lowered.
Depolymerisation of these NSPs intemaller constituents prevents their many detrimental

effects, resulting in increased digesta passage rate, more available energy through generation



of usablecarbohydrate forms, improved nutrient digestibilities and reduced excretamoisture
content. As such, the use of NSkegrading enzymes has enabled the use of less expensive,
lower quality feed whilst circumventing the consequences of the higher percentage of NSPs
present in these feedstuffsi20.122, This is of great benefit since feed accountsfor the greatest
expense in poultryproduction systems, at around70% of total production cost per individual
bird122, Of the feed components, supplemental inorganic phosphate is one of the most
expensive thus replacement of this by phytase inclusion results in more economic poultry
production, since phytasehasbeenshown to increasethe digestibility of phytate from around
25% to 50-70%¢46. The growth of the global poultry sector is anticipated to continue to increase
in accordance withthe demand for meat and eggs arising from the expanding populatien

incomes and urbanisation.

1.4.2.2 Aquaculture

The commercial aquaculture industry hasbeenundergoing rapid expansionsince2011 andis
often cited asthe fastest developing foogproducing sector at presentWithin the past decade,
its market share has beenincreasingby 17% annually, with an averageannual growth rate of
6.7% over the past three decadesvhich is expected todecelerateas aquaculture matures and
production figures rise. This is owing primarily to the increasing demand for fish for human
consumption, driven by developmentin the lesseconomically advancedregions of the world
and shifting consumer preferences and perceptions of aquaculture worldwidét141, Global
aguaculture is unevenly distributed, with Asia being the main producer representing 91.6% of
global production (and 85% of value) in 202@41. According to the Food and Agriculture
Organization of theUnited Nations (FAO), global consumption of farmed fish exceettwat of
beef on a weight basis'3L. It is then unsurprising that the aquafeed production sector is
proliferating concurrently - propelled by the exponential growth of the aquaculture industry
in the lastdecade- andhad beenexpandingat arate of more than 30% per year*, which is more
thantriple that ofterrestrial livestock production. *Since 2000, the average annual growth rate
of feed production has been 10.3 % per ye&®. The growth of the industry is expectedto be
maintained by the expanding middle class populations in developing regionddowever, the
industry is outgrowing its traditional feed supply, this beingwild fish extracted from the ocean
to feedfarmed fish. Fishmeal as a feed (for both farmed fish and domestic animals) is becoming
increasingly lessacceptablesinceit is responsible for the depletion of global oceanfish stocks
and the imbalance of marine ecosystems, attributed to sustained mismanagement over the
years. This lack of sustainability has resulted in oveexploitation of over a third of the global
fish resources andnevitably induced conflict between the demands for fish for human versus

non-human consumption This hasunderstandably put further pressure on the aquaculture



industry z the principle consumer of fishbased feed to meet the demand, whilst maintaining
long-term sustainability. The industry has lagged behind its terrestrial counterparts in terms
of technological solutions and production scale such that the use of feed enzymes in
aguaculture is at present disproportionately under-exploited in contrast to the customary
enzymesupplementation in the other livestock industries However, the inevitable shift away
from the use of fishmeal as feed is creating growth gortunities for the aguafeed enzymes
market, as the alternative to fish meal plant-based feeds- contain many poorly digestible
components which the use of enzymes exploit. Indeed, the demand for pldmsed aquafeed is
increasing in parallel with the global consumption of fishsince plantbased ingredients are
increasingly constituting asubstantial portion of the diet in accordancewith sustainability and
costfactors. Formulated aquaculture feeds generally account for 50 to 60 % of total production
costs43, In order to meet the future demand, for the mutually exclusive consumers and fish
feed, productivity from the remaining awailable resources must be optimised in a sustainable
manner, which is where enzymes playa key role144, As with poultry and swine production
systems the addition of phytase to the diethelps to alleviate the environmental concerns,
specifically excessive phosphorus discharge in water from intensive fish farming. OptiPhos®
was introduced to the aquafeedmarket by Huvepharmain 2008 which has, under diets of
reduced fishmeal inclusion, proven efficacy in reducing phosphorus excretion through better
utili sation andimprov esgrowth and feed conversion4s. It is currently predicted that the global
aquafeed additives market will reach US$2.2Bn within the next decade, almost double that of
2019. For a detailed review of the aquaculture indusy, the reader is referred to the recent

article by Naylor et al4s.

1.4.2.3 Swine

Exogenous enzymes have seen commercial use in swine diets for the past 30 y&#ar#\s with

other monogastric livestock, the supplementation of pig dietswith exogenous enzymes
represents an alternative solution to improve productive performanceby increasing dietary

energy and fibre digestibility at a lower cost to both the environment and producers. Same as

for poultry, feed for pigs constitutes a large proportion of NSPs (namely arabinoxylans,

AAT 1 Ol i-gludansivihiéh are poorly metabolsed by pigs, which, as monogastric animals,

lack the specific endogenous enzymes for their degradatié#t. Taken together with the fact

that pig feed accounts for 5-75% of total production costs48, the addition of supplementary
carbohydrases enables lower cost feed containing higher levelsNEPs (e.g. barley, wheat and

grain cob OT AOAOO OOAE AO AOEAA 1A BfeChrbohydrésésdmost OAE 1
AiiiiT10 OOAA EIT -glcartadelandd &R DIOA GAORA-i All & AT BOR R |
AT Ul AGAh AAIl 1 Ghldktosidase and AhSrE dreicOndntercially availalbhe.
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In fact, in a recent systematic review by Arandd COE O OA -mArDanadd Was the
carbohydrase most widely used. Pigs can produce endogenous digestive proteases (e.g. pepsin,
trypsin, chymotrypsin, carboxypeptidases) although a fraction of their dietaryprotein
substrates end up undigested in the excreta, which presents a market for commercial protease
preparations24. Nevertheless, proteases represent a much smaller proportion of total sales
relative to carbohydrases and phytases and studies have often estribed
inconsistent/inconclusive correlations between digestibility and performance effect&”. They

are often added in combination with carbohydrases although individual proteases are also on
the market. Indeed, combined enzymes are commonly used in pig diets for all productive
stages, and carbohydrase mixtures are often superior to the use of thelividual enzymest24,
Once microbial phytase entered the market in 1991, their inclusion in swine diets surpassed
the carbohydrased$24. The systematic reviewby ArandaAguirre found that in pig diets,
phytases are the most supplemented enzymes at all productive stages of pig nutrition. During
the weaning and growing stages, phytases and mannanases are most commonly used, whilst
xylanases and, less frequently, rpteases have been reported as being used throughout all
stages?4. The specific effects of the enzymes depend on the productive stage of the pig i.e.
weaning, growth, finishing. For example, whilst carbohydrase inclusion in young pigs is an
essential diefary intervention due to their intestinal incapacity and the negative impacts of high
fibre levels, their use in sows is much less commé#. Newly weaned pigs face particular
AEATTATCAO AO A OAOGOI O T &# OEAEO Eii AOOOA AE
carbohydrates, potentially impairing growth and health and this is why many products on the
market specifically target this growth stage of pig&°. A systematic review byTorres-Pitarch

et al found that, in postweaning pig diets, phytase supplemaation presented the most
consistent improvements in piglet growth, phosphorus digestibility and bone mineralisation,
xEET OO O0O0bbiI Al AT OAGET 1T xEOE @UIl-ducahaddproducddl A 1
inconsistent responses to growth and nutrient digstibility. When multi-enzyme complexes
were used, results were more consistent when protease and/or mannanase were components
of the complex5i, The same authors, in a systematic review on grefinisher pigs, reported
that xylanase alone or in combinatiorx E O-glucanase did not improve feed efficiencylespite
their widespread use in wheat and barley based diets. Mannanase was observed to increase
feed efficiency with maizebased diets whilst multtenzyme complexes worked best with
maize-, wheat, barley and co-product-baseddiets. Therefore, it was determined that enzyme
supplementation responses are influenced by the major cereal source in the digt Indeed,
another important factor dictating the efficacy of enzyme supplementation is the substrate
profile of the feed ingredients. Careful consideration must be given to the type and level of
enzyme supplementation in relation to the type and level of sudirates constituting the feed

ingredients. Since the most abundant NSPs in wheat are arabinoxylans/xylans, whézised

(
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based on barleys3. However, even within a particular feed ingredient, the content of the

various NSPs varies significantly so expectations of efficacy may not always be #fetindeed,

it is widely reported that increasing the level of enzyme inclusion does not necessarily result

in a linear improvement in nutrient utilization 1%5. A recent study by Junior et al suggests a
possible explanation for lack of performane enhancement in cases where enzyme
supplementation improves nutrient digestibility or intestinal health. It was proposed that

under the intense conditions presented by commercial farms, the energy released by enzyme

action may not necessarily be translate into animal growth, instead being diverted to other

processedzs.

1.4.3 Commercially Established Phytases

Todate,no phytaseclassother than the HAPhyshaveseentheir applicability to the animal feed
industry realized?0.118, Establishedcommercial phytase products are derived from either a 3-
phytase (A. niger, P. funiculosuinor a 6-phytase (E. coli, P. lycii, C. braakiButtiauxella,
Yersinia)sé, with 3-phytases being of fungabrigin and 6-phytases being bacterial. iese are
detailed in Table X.Xln general, the fungalnd bacterialHAPhys exhibit pHand temperature
optima in the range pH 2.55.0/55-60°C and pH 3.5-5.0/ 40-60°C, respectivelytss. E. coli
phytases in particulardemonstrate a single pH optimum between pH 3.5 and pH 4.Bhyta®
from P. lyciion the other hand is optimum between pH 4.6.0%. Fungal phytases dominated
the market in its early days, before in 199, bacterial E. coliphytases wererecognised to be
more effectiveand weretherefore the source of the secongeneration of phytases which were

superior in practice?°.

1.4.3.1 Fungal Representative: PhyA

Setting the benchmark for modern dayindustrial phytases, he first phytase which saw
commercialisationwasthe fungal 3-phytase, PhyA, from Aspergillus nigeNRRL3135, marketed
by BASFunder the proprietary name Natuphos® since 1991 (Table 1.5).Its proven efficacyas
a feed additive arises from its high specific activity for phytic acid among other enzymatic
properties. Five disulfide bridges andsubstantial glycosylation endow this 85 kDa monomer
with thermostability, with optimum activity at 58 °C.PhyA exhibits optimum activity at two pH
values(2.5and5.0). A.niger alsoproducesthe 65 kDa PhyB phytase,and although this hasnot

received commercial interest to date, together withPhyA forms the most extensively
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characterisedrepresentatives of the HAPhyclass. PhyA and PhyB differ in the amino acid

landscape around the catalytic site, resulting in different net chargeand this is the cause for

the lack of activity of PhyBat pH 5.0,instead being active at the other optimum of PhyA, pH 2.5.

They are both secretory proteing.

1.4.3.2 Bacterial Representative: AppA

AppA is the prototypical bacterial 6phytase [EC 3.1.3.2]from E. coliwhich has been
extensively and iteratively engineered since its introduction to the feed industry to produce
one of the best-selling commercial feed phytases of all timg Quantum Blue (AB Vistalps.
Exhibiting both acid phosphatase and phytase activity, AppA is a periplasmic phytase with high
catalytic efficiency and stereospecificity for the phosphate at the 1B position of the inositol
backbone, whose catalytic mechanism was elucidated in 1992,vdi years after its
discovery59.160, The wild-type AppA was marketed as Phyzyn®eXP(Table X) and represented
the first bacterial phytase to enter the industryé!. Efforts then focussed orimproving the
thermal tolerance of these enzymesfor animal feed applications with the rapid growth of the
industry sparking multiple competitors. To this end, native AppA underwenteight amino acid
mutations, yielding a variantz Phy9X/NOV9X- with a melting temperature of 12°C above tlat

of the parentalenzymelé2, This variant formed the basis of Quantum Bl being identical in
sequencés3, Several more engineered variants have been generated in subsequent years,
focussed primarily on enhancing thermal and gastric stability properties. For example, in 2021
an additional non-consecutive disulfide bond was incorporated into AppA to generate rew
variant, ApV1, having a total offive disulfide bonds. Although this variant demonstrated
increased residual activity after heat treatment, whilst maintaining an identical biochemical
profile to the wild-type enzyme, its performance did not surpass # benchmark of Quantum
Blue®163, Nevertheless, Quantum Blugdoes suffer from amarked deterioration in rate beyond
liberation of the first two phosphate groups of phytate, which presents an as yet unconquered
challenge. This drastically reduced hydrolysis as the reaction proceedsculminates in
substantial amounts of lower phosphorylated InsP specie$P4 and IP3 in particulas4-166- This

is observed in other bacterial phytases fronk. coliand C. braakiitoo, whilst phytases fromP.
lycii and A.niger only accumulate 1P3%6. The recent work byHermann et alrepresents,for the
first time, efforts targeted atimproving hydrolysis of IP4 and IP3y AppA.It was demonstrated
that mutations in the active site to optimize the hydrolysis oiP4 and IP3may be mutually
exclusive, that is,variants with superior IP4 hydrolysis will more than likely be sub-optimal for
IP3167. Very recent research has extended into attempts to engineer AppA to be displayed on

the cell surface ofE. colj as a biomembranégmmobilised enzymetss,
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Table 1.5 Commercial phytase products on the market and associated information.
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Information from multiple sources [

70;129; 169-187]
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1.4.3.3. Functionality of Selected Commercial Phytases in Poultry zin vitro and in vivo
studies

Commercialphytase preparations are supplementedaccordingto their activity asreported by
the manufacturer; however, the standard conditions under which activities are determined are
pH 5.5; 3®»C; 5 mmol/L sodium phytate, the pH of which is not reflective of the range of
physiological conditions present in the digestive tract of the animal (see section 1.272)The
activity of different phytases z of differing pH optimum, proteolytic stability and kinetic
properties - vary with transit as conditions along the digestive tract change, with certain
conditions suiting a particular phytase over others, for example. The activitin vivo is thus
different from the standard phytase activity measurement and therefore prompted
investigations into the relative performance of exogenous phytases itihe digestive tract of the
animal. There are, however,a multitude of factors which affect biological efficacy of
supplemental phytasesin vivo suchthat the most accurate- albeit cost- and time-intensive -
picture is gained from direct feeding trials. Since in vivo performance results from a
combination of all enzymatic properties including endogenous phosphatase activities,
determination of enzymatic properties are merely guidelines for potential functionality in the

digestive tract.

Menezes and cavorkers used anin vitro model of poultry digestive tract to compare seven
commercial phytases: QuanturA, Quantun® Blue, Phyzymé@&XP, Axtr&PHY, Ronozyme
HiPhos, Ronozym@ NP and Natuphos®16, Zeller and co-workers in conjunction with AB Vista
analysed the digesta oflifferent segments of poultry digestive tract of birds on diets without
and with supplemental phytasesz Finase®, QuantumA and Quantun® Bluegs, This enabled
characterisation of thein vivo IP6 degradation patterns and comparison to knowrin vitro
properties. This latter study, unlike others, also analysk the positional isomers of IP6
hydrolysis. Regardlessof exogenousphytaseinclusion, endogenousphytate-degrading activity
occurs through both gutmicrobiota and intestinal mucosa, necessitatingletermination of the
characteristics of IP6 hydrolysis at the basal level in order to more accurately attribute
to/ differentiate from activities of commercial phytases. Both studies included Quantufand
Quantum® Blue but these two studies were distinctly different thus not comparable to one
another. Since the study by Menezes and co was based onravitro simulation of the digestive
tract, the behaviour of the phytases studied does not accurately reflect their performande
vivoh xEAOAAO : A1 1 AO AT A Al CAET AA A OO1 APOET 06
the different regions of the digestive tract at a given point in time. Nevertheless, endogenous
phytase activities inevitably complicatedthe delineation of the hydrolytic pathway of the

phytase tested)eaving much yet to categorically determine.
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Since pHoptima and activity profiles of phytasesindicate likelihood of catalytic activity in the
various gastrointestinal compartments, Menezes and co compared activities of the seven
phytase subjects at pH 3.0 (representative of pH in the proventriculus and gizzard) and pk07
(representative of pHin the smallintestine) asa percentagerelative to 100% activity at pH5.5.
As well as not being reflective ofn vivo conditions, reported properties of the commercial
products are directly incomparable since different assay conditions are used by the
manufacturer, which is the rationale for the aforementioned study. Thé vitro-determined
acidic pH optima and lack of activity above pH 7.0 of all of the phytasesis well-aligned to
conditions of the anterior segments of the digestive tract (crop, proventriculus, and gizzard)
This indicates efficient phytate dephosphorylation in the GI tractwhilst the intestinal pH
conditions render the phytase lesgin) active, with the crop being reported in the literature as
the primary site of exogenous phytase action. Despit¢his theoretical similarity, the pH
activity profiles at pH 3.0 of the seven phytases exhibited significant variance, with the
fungal derived Ronozymé@ NP having the lowest relative activity and the bacterial AxtraPHY
having the highest. The threeE. coli origin phytases (Quantum, Quantun® Blue and
Phyzyme®XP) were similar in relative activity to that at pH 5.5whereas bacterial Ronozymé
HiPhos (and Axtr&PHY) were significantly higher and fungal Natuphos (and RonozrlP)
significantly lower. In contrast, at pH 7.0 alphytases had less than 8% relative activity. Zeller
and co found that in the crop, Finasehad a much greater effect on IP6 hydrolysis (64%)
compared to the basal diet/control than did Quanturi (31%) and Quantun® Blue (44%), but
in the duodenum/jejunum and lower ileum, exogenous phytases had no significargffect. E.
coli phytases are more active than fungal phytases at pH 3.0 z the pH of the
proventriculus/gizzard z which is thought to also explain the lack of difference in activity
betweenexogenousphytasesin the duodenum/jejunum comparedto in the crop. Both studies
concludedthat the primary site of exogenousphytaseactionis the proventriculus/gizzard , but
significant activity occurs also in the crop, with 80690% of dephosphorylation taking place
within thesethree components. Howeverwithout supplemental phytase,|P6 hydrolysisin the
crop is very low (9%). Hydrolysis of IP6 and net phosphorus absorption was found by Zeller
and co to be more effective with Quantura/ Quantun® Blue when in the lower ileum and
caeca, comparedo Finase® andthe non-supplementedcontrol. For example all three phytases
equally increased net phosphorus absorption compared to the nesupplemented diet up to
the duodenum/jejunum, but then up to the lower ileum Finase® (56%) was comparativeto the
basal (57%) whereas QuanturiA and Quantun® Blue were more efficient with 60% and 64%
absorption, respectively.Regarding the IPx isomers resulting from breakdown of IP6, Zeller
and co were the first to demonstratehat in the crop of chickensthe degradationpatterns with
thesethree commercial phytasesare very similar to that determined in vitro. For example,the

predominant IP5isomer with Finase® was Ins(1,2,4,5,6)P5, whereas with the Quantum
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phytases it was Ins(1,2,3,4,5)P5, which conforms with the knowledge that fungal phytases
initiate dephosphorylation at C3 of inositol and bacterial phytasesat C6.They also reported
relatively high concentrations of Ins(1,2,5,6)P4and IP3 in the crop, with IP4 concentrations
being much higher for QuantunA (57%)/Quantum® Blue (74%), compared to 14%for
Finase?; and IP3 concentrationanuchhigher for Finase® (69%) comparedto QuantumA (15%)
and QuanturP Blue (13%),the former of which generatedonly onelP4isomer-1Ins(1,2,5,6)P4.
This accumulation of IP4 by theE. coliphytases corresponds tan vitro results and in these, 1P4
was slowly hydrolyses further to IP3 by endogenous phosphatases. In the
proventriculus/gizzard, Ins(1,2,5,6)P4was significantly higher for the E.coli phytasesasin the
crop, however, unlike in the crop, IP3 was also higher than for Finase®, which had a higher
proportion of IP5 compared to IP4/IP3. In the duodenum and jejunum of the small intestine,
supplemental phytases- unlike samples of the nonsupplemented treatment- generated the
Ins(1,2,5,6)P4 isomer, although the Ins(1,2,3,4)Pidéomer was the predominant IP4 isomer in
this region of the tract. The predominant IP5 isomers for th&. coliphytases and Finase were
the sameasin the crop andall had alower proportion of Ins(1,2,3,4,6)P5P5isomer compared
with the non-supplemented control. IP3 was not seemeither with nor without exogenous
phytases in this gut segment. In the lower ileum the concentration difference in
Ins(1,2,3,4,5)P5betweenthe fungal and bacterial phytaseslost significance.The caecawasthe
segment which saw less distinct differences in the isomeric pattern; for all phytases the
predominant IP5isomerwasins(1,2,3,4,5)P5although Finase® still had ahigher proportion of
Ins(1,2,4,5,6) compared to QuanturA and Quantun® Blue. The authors point out that there is
a possibility that concentrations of IPxisomers anterior to the caeca may be affected by the

retrograde movement of digesta and microbiota.

Returning to the other study, Menezesand co found that all phytaseswith the exceptionof the
fungal Ronozyme® NPhadsubstantial stability atthe pH of the proventriculus/gizzard ,andthat
bacterial phytases had greater ability to withstand proteolytic cleavage by pepsinnlike the
fungal phytaseswhich were susceptible.Thisisin agreementwith the literature ,in which E.coli
phytases are reported to be more resistant to pepsin and pancreatin and have higher activity
at pH 3.0 than Aspergillus phytases. Based on kinetionstants, all the phytases had better
enzymatic characteristicsat pH 5.0 comparedto pH 3.0. They alsoidentified that the bacterial
phytases were more affected by buffer volume in th& vitro simulation hence potentially by
viscosity in vivo. Overall,they reported significant variation in the relative performancesof the
seven phytases, but that there were too many influencing parameters to be able to attribute

these differences to thus their model cannot be used in ranking phytases bio-efficacy but

OAOEAO Oi AAOGAOIET A OEAEO OOEOAAEI EOU AO AEAAA

study is thein vivo evidence for IP6 degradation pathways previously reported fronin vitro

analyseg6.18s,



1.5 Reports of Complete Enzymatic IP6 Degradation

It is well documented in the literature that the stability of the axially orientated phosphate

moiety at C2 of themyo-inositol core of IP6 prevents both its detachment and consequently
complete degradation of IP6 to freemyo-inositol and orthophosphate. There are very few

reports in the literature of phytases or phytatedegrading phosphatases which are able to
cleavethe C2phosphate,and of thesenoneinitiate dephosphorylation atthe C2position (or is
OTETT xTq AT A OEOO O OEAasdadevér OeerOclagsified ad ad2A C A h
phytase. Inositol monophosphate is almost always the final degradation product by reported
phytases other than those of thg PPhy class, with the sole remaining phosphate group being

the axial C2 phosphate, indicating preferential hydrolysis of equatorial group®. Phytases
classified asy PPhy on the other hand generate inositol triphosphate as the final product. A
phytase of ther PPhy class was once thought to act via a degradation pathway resulting in
Ins(1,3,5)P3 asone of the final IP3 productsnevertheless,the evidence otherwiseserved to

further establish the equatorial preference of phytases2. There are just three reports in the

literature to date whichreport the dephosphorylation of all six phosphategroupsandliberation

of myo-inositol: two from yeasts andone from bacteria Geel1.5.1). The livestock production
industries are continually seeking more proficient phytases to generate more profit and
outperform their commercial competitors;andOE AOAG O OOEI I Owithfegarl O Ei
to the efficacy ofcurrent feed phytaseslt is thus well-justifi ed to strive towards the production
of aphytasez by enzymetailoring or seekingnovel phytase-producing isolatesz which achieves
the comprehensive hydrolysis of IP6 to release myc-inositol and inorganic phosphate, in the

most rapid, efficient and economicallicompetitive manner.

1.5.1 Klebsiella pneumoniae Phy9-3B phytase

EscobinMopera and ceworkers in 2012 reported the isolation and characterisation of a
phytate-degrading enzyme produced byKlebsiella pneumoniae-3B, a soil isolate from a
Japanesaspinachfield18. Theauthors statedthat to their knowledge,this wasthe first bacterial
phytaseto be shownto havethe capability to completely hydrolyse phytate, releasing freemyo-
inositol. Offour strains which exhibited high phytase activity, this isolate was chosen due to it
having the highestintracellular phytase activity. The culture medium employed featuredP6
asthe solecarbonand phosphorussource,which stimulated phytaseproduction in the absence
of areadily utilisable energy source,in accordancewith the requirement for the hydrolysis
products of phytate for growth. Detection of myo-inositol and phytase activity in the assay
mixture after enzyme treatment established that isolate BB was able to release phosphate

and myo-inositol from the phytate source in the medium and utilise these for growth, with the
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latter usedasan energysource.The authors hypothesisethat the dependence of theKlebsiella
pneumoniadsolate on degradation of IP6 for survival under the culturing conditions employed
is the reasonfor its ability to completely hydrolyse IP6with production of phytase as a survival
mechanism. Results of characterisation studies indicate that this phytase comparablein
biochemicalproperties to the HAPphytases(section 1.3.2)z andin particular to other bacterial
phytasesof Klebsiellaspp.- with pHand temperatureoptimaof pH4.0and 50°C, respectivelyand
abroad pH stability rangeof pH 2.0z 7.0.However,the activity dropped sharply by 60°Cwith
zero activity at 70°C.Similar to HAPhys, the phytase was inhibited by Zn?* and Fe2* and was
estimated to be a 45 kDa monomerimtracellular protein. Despite exhibiting broad substrate
specificity z which is usually synonymous with a low specific activityz this phytase
demonstratedahigh specificactivity for phytate, which is the highestreported amongphytases
of Klebsiella spp. Further evidence for complete hydrolysis was the exact molar ratio of 1:6
(phytate: phosphate)detectedduring measurementof liberated phosphate and the hydrolysis

of myo-insoitol-2-monophosphate as a substrate at a 1:1 ratio. Lower phosphorylatedyo-
inositol phosphate intermediates were also detected by HPLC prior to complete hydrolysis of
IP6. Many properties of this phytase render it suitable for application as a supplemental feed
phytase, in particular its broad substrate specificityand pH activity profile, the latter ofwhich

is alignedto the conditions in the stomachand small intestine of monogastricspecies, enabling

it to elicit catalytic activity in those regionsiee.

The authors published further work on this phytase- now namedPhy9-3B z in 2014, in which
the genesequenceenabledthe accuratedetermination of the molecular weight (43.4 kDa) and
revealed similarity to a known Klebsiella HAPhy phytase, PhyKaving only nine amino acid
differences,enabling its classification as sucht®. The identification of these differences being
located on the outer surfaceprompted investigations into dimerisation asanovel approachto
increaseactivity andspecificity, sincethesedifferencesbetweenresiduesof Phy9-3B and PhyK
were postulated to enable Phy@3B to homodimerise. This in turn causes the biochemical
differences between the two phytasessuch asten-fold greater specific activity with Phy9-3B
and its distinguishing ability to cleave the axial C2 phosphate of inositolThey hint to future
mutagenesis and crystallography analyses in order to identify key residues whiche unique

features are attributed tot9,
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1.5.2 Debaryomycescastellii CBS2923 PhytDc phytase

The phytase fromDebaryomyces castellCBS 2923, PhytDc, is one of just two yeast species
capableof complete hydrolysis of phytic acid.It wasfirst reported in 2008 before the publishing

of its structure a year latert91-1%4, The authors state this is the first yeast phytase described to
date as capable of achieving full phytic acid hydrolysis whereby the complete hydrolytic
sequencehasbeenelucidated.lt is classifiedasa 3-phytasesincethe first product of hydrolysis

is Ins(1,2,4,5,6)P5.The hydrolysis sequencewas establishedby tH NMRmonitoring and is as
follows: Ins(1,2,4,5,6)P5z Ins(1,2,5,6)P4z Ins(1,2,6)P3z Ins(1,2)P2- Ins(1 or 2)P1z inositol
(Fig 1.15). IP3wasfound to accumulatebefore further hydrolysis, indicating weaker affinity of
the phytase for IP3 compared to IP6/IP5/IP4. The final two ester bonds were
simultaneously hydrolysed to yield inositol. As such, data from HPIC and NMR analyses
confirmed the capacity of PhytDc to cleave the phosphate groups of inositol monophosphates
i.e.Ins(1)P1 and Ins(2)P1 sinceall six phosphategroups are evidently hydrolysed. For example,
the amount of freephosphate measured after 5 hours was 100% of the potential phosphate
available from phytate. Both the 74 kDa glycosylated form of PhytDc and the 53 kDa
deglycosylatedform are active;in this study the phytasewas deglycosylatedpost-purification.
Thebiochemicalprofile is similar to other fungalandyeastphytases exhibiting thermostability

up to 66°C with 55-60°C the optimum and pH optimum 4.% 4.5 within the range 2.5z 6.5.
Following elucidation of the crystal structure and sequence analyses, it was classified as a
HAPhy, having the characteristic sequence motif RHGXRXG and structural similarity to other
HAPhysz A 1T AOCA 7y AT 1T AET AT A Algz pateuadyGiielatidA |
phosphatase fromA. niger Structural analyses also revealed its tetrameric biological form. It
displayed a wide activity spectrum with preferential hydrolysis of five phosplrylated
compounds including sodium phytate, in addition to a range of others. kdemonstrated
preferential hydrolysis of the inositol monophosphate isomer Ins(2)P1 (84% relative to
sodium phytate) compared to Ins(1)P1 (58%391-194,

o]

y
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Figure 1.15. Pathway of IP6 degradation by PhytDc determined by Ragonet al. Figure from
reference [193] .

1.5.3 Schwanniomycescastellii CBS2863 phytase

Schwanniomyces casteliBS 2863 (AKADebaryomyces occidental®$ is the other of the two
phytase-producing yeastspeciescapableof stepwise removal ofall six phosphate groups of IP6.
Reported in 1992 as a tetrameric glycoprotein, itwas described as havingen-fold greater
affinity for phytate than the previously discussed phytase fronDebaryomyces casteliBS 2923
and, like Phy93B from Klebsiella pneumoniagphytate is its preferential substrate despite
broad specificity,makingit ideal for useasafeedadditive195.19, Aswith PhytDc,|P3degradation
was slower than for IP4 through IP6. Whilst characteristic of acid phosphatases, the pH
optimum (pH 4.4) is somewhat lower than those commonly reported for bacterial or fungal
HAP phytases (around 5.pandis muchmore similar to Saccharomyces cerevisiplytase (4.6);

it is active betweenpH 3.4-6.0.It hasanunusualpreferencefor high temperatures,with optimal
activity at 77°C and is much larger than other microbial phytases in as much that the
deglycosylated enzymez which retains activity - is tetrameric in structure, consisting of one
subunit (125,000 kDa) and three identical subunits (70,000 kDa).Inhibition studiesimplicated

the involvement of SH groups in the catalytic site of the enzyrifé.
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1.6 Research Aims and Objectives

The work constituting this thesis overall sought to develop a phytase with a superior set of
characteristics to the current gold standard on the market, with particular focus on extending
the limits of phytate dephosphorylation. Two core approaches were taken: extending the
previous fundamental work on MINPPs with the objective of bioengineering variants with
enhanced phytate hydrolysis properties; and exploring novel phytases for insights into their
structure-function relationship which could enable their structure-informed engineering.

Within the MINPP sphere, efforts were focussed on an improved hydrolytic capacity for IP4, to
overcome the limitation that commercial phytases based on AppA present. ThepBcket of
BtMINPP was elected as the target for generating an array of phytase variants by mutagenesis.
The activity of these variants against both IP6 and IP4 were evaluated to identify drivers of an
increased rate of hydrolysis.

The approach based around novel phytases entailed investigating the activity, biochemical and
structural characteristics of two structurally metallo-r -lactamasepresenting enzymes
proposed to constitute a novel class of bacterial phytase 1 , Pip AT A -1, Prni¢ 8
The work described in the final chapter represents efforts to determine the structure of an
enzyme critical to the biosynthesis of phytate in plantg ITPK1. Although disparate to the
primary aim of this thesis, this work provided ample opportunity to devéop crystallographic

insight and expertise and was important for collaborative work with a closely linked research

group.
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CHAPTERTWO

General Experimental Protocols

This chapter provides an overview of the routine protocols used in recombinant protein
expression, purification and crystallisation along with a brief background to a method where

appropriate.

2.1. Recombinant Protein Expression in E.coli

2.1.1 Host Bacterial Strains

Escherichia colis the most popular,well-established choice of host for recombinant protein
expression due to the ease of genetic manipulation and fast growth afforded by this species.
Host strains can be divided into those for DNA propagation and those for protein expression.
Therequirements for overexpressionof aforeign protein in E.coli are significantly different to
those of the propagation and maintenance of plasmid integrity and as such, strains have been
engineeredfor specificapplications. Whereasthe main purpose of DNApropagation strains is

the preservation of heterologousDNAwith alow mutation risk, protein expressionstrains are
designedto accommodateincreasedprotein levelsand circumnavigatethe many perils that the
overexpression of a nopnative protein can pose to the host cell. As such, it is not advised to
perform plasmid extraction from an expressionstrain since manyof thesestrains do not have
the genotypic traits to maintain chromosomal stability so the plasmid may have undergone
mutations. Equally, it is illadvised to express a heterologous protein in a DNA propagation
strain, as these do not harbour the necessary engineered genetic miibas to withstand the
pressures that protein overexpresion put on the host cell. Most commerciaE coli strains

I OECET AOA &EOI1 | -pABOBEXDAFHAONO"GBEA G ADOAO 1T £ xEE!
as a human pathogen. The common lab strain DH5alpha is a derivative of thelX strain

xEAOAAO OEA " OOOAET CAOA oeOA OI O1 AAUsO 010

2.1.1.1 DNApropagation strains

Increased plasmid yield and quality is the main feature of DNA propagation strains which are
commonly used for cloning applications. Plasmid yield/quality is improved by a knockut

mutation in Endonuclease 1 (endA/endAl) which eliminates norspecific cleavage of dsDNA.
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Increased plasmid stability and reduced recombination are achieved by mutations in several
genes: recBCD mutation abolishes exonuclease V activity; mutations in recA, recAl or recA13
impair aDNA-dependentATPasewhich is essentialfor recombination and general DNArepair.
Inactivation of the pathway responsiblefor cleavageof methylated cytosine DNAfacilitates the
uptake of foreign (i.e. methylated) DNA attributed to the genes mcrA and mcrB@ thereby
enabling cloning. Problems with methylationsensitive restriction enzymes are mitigated by
mutations in dam/dcm, which prevents adenine and cytosine methylationat specific
recognition sequencesand hsdSs (rsms’) which inactivatesthe native restriction/methylation

system. This enables cloning involving methylatiosensitive restriction enzymes.

2.1.1.2 Protein expression strains

Mutations which result in reduced proteolysis of expressed heterologous protein are an
integral feature of all expressionstrains. The key genes responsible are ompT (mutation) and
lon (deletion), the latter being conferred by all B strains. Resultantstrains are deficient in outer
membrane protease VIl and Lon ATPasedependentprotease,respectively. Thereis aplethora

of commercial protein expression strains available, each engineered for specific applications.
For example,the Rosettalines (Table 2.1) are tailored to the expressionof eukaryotic proteins

by the provision of a set of codons not commonly supplied k. coli.ln addition to the extra
codons the pLysS derivatives of the Rosetta range carry a plasmid containing T7 lysozyme
which further suppresseshasalexpressionof T7 RNApolymerase (RNAP)Yrior to induction z
goodfor potentially toxic proteins. Many host strains usethe T7 expressionsystem- aslysogens

of bacteriophage DE3, they carry a chromosomal copy of the T7 RNA polymerase gene under
control of the lacUV5promoter/lac repressor,which isinducible by the addition of the lactose
analogIPTG.Induction of T7 RNAPexpressionsubsequentlydrives transcription of the target
gene. However, the lac promoter often gives rise to a background level e{pression in the
absence of inducer, which poses a challenge for toxic protein products since they may reduce
the rate of growth of the culture. Some expression strains confer tighter control of basal
expression by the incorporation of the T7 lysozyme gemcontaining pLys plasmid, such as
Rosetta(DE3) pLysSand BL21 (DE3) pLysE.pLysEoffers stronger repression of the promoter
pre-induction than pLysS.includedin Table 2.1 are the commonE.coli expressionstrains used

in the work in this thesis,along with their key features.



Expression Strains

Strain Antibiotic Primary Use Features Genotype
resistance
SHuffle Spectinomycin; Enhancedcapacityto correctly fold Deficientin proteasesLon fhuA2lacZ::T7genel[lon]
T7 Streptomycin proteins with multiple disulfide and OmpT ompT thC gal
Express (low) bonds in the cytoplasm. Resistantto phageT1 ! ?,‘ g 2 % ezj;Ih)cD?bi%\
(fhuA2) ! )|
sulA1l R(mcr
Expressedisulfide bond 73::miniTn10--TetS)2
isomeraseDsbC [dem] R(zgb-210:Tn10--
TetS)endAl3 C I3 | AC
mrr)114::1S10
Rosetta Chloramphenicol | BL21derivates designedto enhance supply tRNAsfor 6 rare F-ompT hsdSB(rB mB-)
(DE3) the expression of eukaryotic codons(AGGAGAAUA, galdcm (DE3) pRARE
protein srarely usedin E.coli. CUACCCGGA)pNa (CamR)
compatible
chloramphenicolresistant
plasmid (PRARE)
Rosetta 2 Chloramphenicol | BL21derivatesdesignedto enhance supply tRNAsfor 7 rare F- ompT hsdSB(rB mB-)
(DE3) the expression of eukaryotic codons(the same6 as galdcm (DE3) pRARE2
proteins rarely usedin E.coli. carried by pRAREplus (CamR)
CGGpn acompatible
chloramphenicolresistant
plasmid (PRARE2)
Rosetta Chloramphenicol | BL21derivatesdesignedto enhance supply tRNAsfor 6 rare F- ompT hsdSB(rB mB-)
(DE3)pLysS the expression of eukaryotic codons(AGGAGAAUA, galdcm (DE3) pLysSRARE
proteins rarely usedin E.colialong CUACCCGGA)Nthe T7 (CamR)
with pLysS for tighter expression lysozyme genecontaining
control. plasmid (pLysSRARE).
T7 lysozyme further
suppressesbasal
expressionof T7 RNA
polymerase prior to
induction.
Rosetta Chloramphenicol | BL21derivatesdesignedto enhance supply tRNAsfor 7 rare F-ompT hsdSB(rB- mB-)
2(DE3)pLysS the expression of eukaryotic codons (the same 6 as gal decm (DE3)
proteins rarely usedin E.colialong carried by pRARE plus pLysSRAREZCamR)
with pLysS for tighter expression CGGpnthe T7 lysozyme
control. gene-containing plasmid
(pLysSRARE2).
T7 lysozyme further
suppressesbasal
expressionof T7 RNA
polymerase prior to
induction.
BL21 (DE3) None Transformation androutine protein Deficientin proteasesLon F-ompTlon hsdSB(rB-
expression and OmpT mB-) gal dcm (DE3)
Generalpurpose T7 expression Expressionfrom T7
promoter
BasiclPTGinducible strain
containing T7 RNAP(DE3)
Plasmid propagation/storage and cloning strains
DH5a None Generalcloning and storageof F- Phi80laczDeltaM15
common plasmids Delta(lacZYAargF) U169recAl
endAl hsdR17(rk, mk+) phoA
SupE44thi-1 gyrA96 relAl tonA
TOP10 Streptomycin Generalcloning and storageof F- mcrA Delta(mrr-hsdRMSmcrBC)

plasmids

Phi80lacZM15 DeltalacX74 recAl
araD139 Delta(araleu)7697 galU
galK rpsL (StrR) endAl nupG
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Table 2.1 Overview of the common E.coli expression and DNAstorage strains

used in this work



2.1.2 Expression Systemsand Plasmids

Awide range of expressionsystemsbasedon different promoters are availablefor recombinant
protein expression. Both the pET and pBAD expression systems and theorresponding
vectors were used throughout this work.

$AOAT T PAA ET OEA 1 AOA yndOTAAOI U wndOh OEA DY
systemsfor recombinant protein expressionin E.coli and hasbecomeaworkhorse of molecular
biology. It comprises both a T7 or T7lac expressiovector anda corresponding host bacterial
strain genetically engineered to contain a lysogenised lambda DE3 phage fragment encoding
the T7 RNApolymerase (typically E.coli BL21 (DE3)). pET expressionvectors are derivatives

of the pBR322 backbone and enable the induction, by IPTG, of the chromosomally integrated,
lacUV5 promoterdriven bacteriophage T7 RNA polymerase. Also carried by the lambda DE3
lysogen,the product of lacl z the lac repressor z regulatesthe promoter by being bound to the

lac operator region between the lacUV5 promoter and the T7 RNA polymerase gene, thereby
blocking its transcription. Upon induction the highly active T7 polymerase outompetes
transcription by the host RNA polymerase such thaOEA | AET OEOU 1T £ OEA AR
dedicated to target gene expression and as a result the target proteonstitutes the majority

of the cellular protein expresseda few hours post-induction. Sincethe bacteriophageencoded
RNA polymerase ishighly specific to its cognate T7 promoter sequences, the host cell RNA
polymerase is unable to recognise the T7 promoter thereby rendering the target genes
transcriptionally silent until induction z yet once inducedthe sole gendranscribed. This lack

of transcription pre-induction, is beneficial if the target geneis cytotoxic to the host. However,
AAOPEOA OEAOA EAAOOOAOG AAOGECT AA OF AA O1 AOOON
giving rise to undesirablebasal expression, particularly in DB strains. This is because the lac
repressor and the lac operator region are in equilibrium such that the operator site is not
occupied 100% of the time therefore there is always a small amount of T7 RNA polymerase
present. This posesthe risks of reducedgrowth rates,cell death or plasmid instability if agene
encoding a toxic protein is cloned downstream of the T7 promoter. Where there are concerns
over the toxicity of arecombinant protein, expressionstrains canbe usedwhich are engineered

to suppress basal expression. These strains @xpress the T7 RNA polymerase inhibitor, T7
lysozyme,from the plasmidspLysS pLysEor pLysY.In the caseof the latter, the T7 lysozymeis
avariant which hasthe benefit of lacking lysozymeactivity againstthe E.colihostcellwall. The

key difference between pLysS and pLysE is the level of T7 lysozyme activity: pLysE offers a
much higher level relative to pLysS.However,asaresult of this, there are somedisadvantages
suchasthe potential for asignificant decreasein host cell growth, celllysis,reducedexpression

level of recombinant protein and a greater lag between addition of inducer and expression of
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gene. There are just over one hundred pET vectors in the serietffering in, for example, the

stringency of suppression of basal expression levels.

Expression from pBAD vectors is more tightly controlled than from pET vectors. The pBAD
expression system is based on the prokaryotic araBAD operon which regulates the arabinose
metabolic pathway in E. coli and is under the control of the araBAD promoterThe operon
contains the araC gene for stringent control of the -Brabinoseregulated promoter which
facilitates dose dependent regulation by inducer. In the absence ofdtabinose, transcription

is prevented since AraCblocks the promoter region, but it undergoesa conformational change

in the presenceof L-arabinosesuch that transcription is activated. The araBAD promoterbased
expressionplasmids,which drive expressionof the target genein responseto L-arabinose,are
designed to enable precise modulation of the levels of target protein expression whilst
maintaining negligible basal expression. Addition of glucose to the growth media further
represses basal expression levels by lowering cAMP levels to decrease traigional
activation and, regardless of tarabinose levels, expression of genes under the control of the
araBAD promoter will be robustly inhibited in the presence of glucose. This is because high
cAMP levels are requiredn order to facilitate promoter activity by the associationof a cAMP
CRP complex with the pBAD promoter. The main advantage of this system, thanks to the
titratability of induction, is the facilitation of problematic protein expressionsuchasthosewith
toxicity or insolubility concerns.The E.coli expressionhostfor pBADvectors should be TOP10
since this strain lacks the genes for-arabinose catabolism, unlike the wildtype. However if
tight suppressionof basalexpressionis necessary E.coli LMG194should be usedasgrowth in
minimal mediabetter allows repression of araBADby glucose.At the time of writing there are

9 pBADvectorsin the series,of which one (pBAD202/D-TOPO)was usedthroughout the work

in Chapter4. Table2.2lists the vectorsusedduring the recombinant expressionproceduresin

this thesis.
Vector Expression | Antibiotic Tags/additional Cleavage | Size (bp)
System resistance features

pPET15b T7 Ampicillin His 5708
(AmpF)

pDEST17 T7 Ampicillin His 6354
(AmpF)

pPOPINF T7

pOPINB T7

pBAD202/D- pBAD Kanamycin His-patch EK 4448

TOPO (KanR) thioredoxin

Table 2.2 Vectors used throughout the work in this thesis.
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2.2 Cloning

2.2.1 (Directional) TOPOClIoning

TOPO based cloning negates the need to use restriction enzymes or DNA ligases by exploiting

the reaction of the type | DNA topoisomerase fronVaccinia viruswhich functions both as a

restriction endonucleaseand aligaseby cleavingand resealingsupercoiled DNAendsto release

supercoils and therefore facilitate replication. This particular topoisomerase catalyses a
reversible site-specific DNA strandcleavage ande-ligation by the formationT £ A OOAT OEA
phosphotyrosyl linkage betweenthe cleavedDNAstrand and atyrosyl residue (Tyr-274) of the
enzyme.Topoisomerasel recognisesthe pentameric motif v -4C or T)CCTTin duplex DNAand

cleaves the phosphodiester backbone of one strand after this site. Topoisomerasedkased

by the attack on the formed phosphed UOT OUI AT T A OEA OEA uvd EUAOI
There are three types of TOPO cloning: the bidirectional TA and blunt TOEBIGning, in which

inserts are ableto ligate in either direction, and directional TOPCcloning, which is the method

employed in this work. With the directional TOPO cloning system, blurgnded PCR products

are cloned by the addition of four bases (CACC) to the forward primer which subsequently

anneal to the GTGG overhang in the vect@figure 2.1). Inserts are cloned successfully in the

correct orientation in at least 90% of cases. Unlike most vectors, commercial TOPO cloning

vectors are linearised with topoisomerase attached at both ends.

E——
Insert F .
< Linearized Vector > Product
762‘7 bp + 5827 bp -_) 6458 bp
=)
CACCCT...GTAGTC s Gl AAGGGT. .. ...CTTCACCCT...GTAGTCAAGGGT. ..
‘GGGA. . .CATCAG ...GAAGTGG TTCCCA... ...GAAGTGGGA...CATCAGTTCCCA. ..
G

Figure 2.1 Overview of directional TOPOcloning.

2.3 DNAAgarose Gel Electrophoresis

Electrophoresisis atechnique which useselectrical current to separateDNA,RNAand proteins
based on the physical properties of size and charge. Agarose gel electrophoresis separates
nucleic acidfragments based on their size, by drawing molecules through a gel mesh of tiny
pores. When an electrical current is applied, the inherently negatively charged nucleic acid

molecules migrate through the gel pores towards the positive electrode. Smaller fragments
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migrate faster and hencefurther than larger fragments sincethey are lessretarded by the size
limitations of the apertures. The resultant bands are then visualized under UV light.

The percentage of agarosg a component of agar which generates a 3D gel matrix of helical
agarosemoleculesin supercoiled bundles creating channels- in the gel dictates thepore sizes
and therefore the size and rate of the molecules which can enter and pass through, which in
turn controls the resolution. The higher the percentageof agarose the smaller the poresin the

gel matrix and vice versa. As such, a higher percentage agarose resolves smaller fragments
better whilst larger fragments are better suited to a lower agaros@ercent. A 0.71% agarose
gel is the typical agarose percent range for standard DNA separations, which differentiates
fragments in the 0.210 kb rangeto7.198,

Since DNA is not inherently visible, an intercalating dye is used which binds to the DNA and
fluorescesunder UVlight, enablingvisualization of the DNAfragments.Thedyeis incorporated
during the casting of the liquid gel, before it solidifies. Ethidium bromide has been routinely
used since the p w @ Fdd@vever, recent concerns regarding its safety due to its
mutagenic/cytotoxic nature have led to many laboratories phasing out its use and instead
using safer alternatives such as Gel R®8, SBYR Greer?o! and SYBR Safe®, The
concentration of ethidium bromide in agel is typically 0.20.5ug/mL and this results in a 20
fold increase in brightnessupon DNA binding203, With regard to the work detailed in this
thesis, ethidium bromide was used for the majority of DNA agarose gels (all except those in
Chapter 3), before dransition to GelRed.GelRedis also visualized using UV light and canbe
usedaseitheranin-CAT 1T O BT 00 CAl OOAET 8 4EA AUA OOAA
methods section. Nucleicacid samples are mixed with a loading dye which contains a
tracking dye for visualization of the extent of migration and glycerol to introduce density to
the samplein order to prevent sample loss to the buffer. Whilst the gel is submerged in a
running buffer, samples are loaded into wells at one end of the gel. Thening buffer is either
TAE (tris-acetic acid EDTA) or TBE (trisborate-EDTA) which serve to maintain the
appropriate ion concentration and pH during the electrophoresis rury which is important for
maintaining the net charge of the nucleic acid samplesand to facilitate the flow of electric
current through the gel. Both contain EDTAto prevent nucleasespotentially degrading the
samples.When considering which buffer is most suitable for a particular application, it should
be noted that borate is an emyme inhibitor so TBE may not be compatible with downstream
cloning involving ligases%4. TBE is more suitable for longer runs for high resolution of
smaller fragments since it has greater buffering capacity and is more resistant toverheating,
whereas TAE is better suited for the separation of larger fragments (>2kb) and/or
subsequent cloning. The voltage is typically set to between 80150V, with a balance being
sought between resolution and time.That being, resolution can be improved by lowering the

voltage but at the expense ottime. DNAbands are usually sufficiently
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separatedoncethe tracking dye is around 70-80% down the gel. Samplesare run alongsidea
DNA ladder composedof DNA fragments of known sizes such that the sizes of the sample
fragments can be extrapolated, since the relationship between size and migration distance is

non-linear.

3IDAAEZAEA DPAOAI AGAOGO xEiIl AA AAOGAEI AA EI
conditions were universal. Samples were mixed in the appropriate ratio with either GelPilot 5X
(Qiagen)or Purple gelloading dye 6 X (NEB)beforeloading5-10t ,in a0.8%or 1% agarose gel
containing 0.5ug/mL EtBr. Gels were run inTAE buffer, at 120V for 4560 min alongsidea 1kb
plus DNA ladder (NEB).

2.4 SDSPAGE(Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis)

SDSPAGE (sodium dodecyl sulphatpolyacrylamide gel electrophoresis is essentially
analogous to agarose gel electrophoresis, but for the separation of proteins. Both involve the
separation of molecules based on differential rates of migration through a pous gel matrix
under the influence of an applied electrical field. In SDBAGE, the gel is composed of
polyacrylamide, which is chemically inert, and as with agarose gels, the percentage of
polyacrylamide dictates the pore sizes.For larger proteins, lower percent gels areusedand vice
versa. Arough guideis 7% for 50-500kDa proteins, 10% for 20-300kDa proteins, 12% for10-
200kDaproteins and 15% for 3-100kDaproteins. For abroader separationrange,gradient gels
can be used which have layers a@fcreasing polyacrylamideconcentration. Unlike DNA which

is inherently negatively charged, the net charge of a protein is determined by its amino acid
composition. To make the protein migration rate proportional to molecular weight only, the
influ enceof chargeand molecular radius must be eliminated andthis is achievedby denaturing
the protein and masking the intrinsic net charge. The detergent SDS is added to the protein
sample via the sample buffer and boiled in the presence of reducing agent. As well as
unfolding the protein, it coats the now linear molecule with a net charge which is mostly
uniform z around 1.4g SDS binds to 1g prote#f z such that charge becomes approximately
proportional to length and thereby molecular weight. As such, SBE®ated proteins have the
same charge to mass ratio which eliminates differential migration as a result of charge. SDS
PAGE incorporates a discontinous buffer system which involves a stacking gel and different
pHs z the stacking gel at pH6.8, the running gel at pH 8.8 and the electrode buffer at pH 8.3.

The stackinggel,composedof alow percentageof agarose sits abovethe running gelanduses
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the different pHsto sandwichproteins in asamplebetweenglycineand Ct, sothat they all start

at the interface of the stackingand running gel at the same time. Once the electrical curreist
applied and the proteins enter the running gel, the pH change of the running buffer causes
glycineto becomenegatively chargedand accelerateaheadof the proteins. Differential rates of
migration are exaggerated by the high friction of the gel matrix such that larger proteins
migrate slower andtherefore lessfar through the gel.Proteins are thus separatedby sizefrom
large to small and after staining to revealthe bands,comparisonto a protein molecular weight
marker facilitates estimation of size of a protein in a sample.Severaldifferent protein staining

systems are available, with those based on Coomassie blue the masthmonly usedo6.207,

For the work in this thesis, precast BolfA Bis-Tris plus, 412% gels (InvitrogenA) were used
for SDSPAGE in conjunction with Bol&A MES running buffer (InvitrogeriA). These gels are
buffered to pH 6.4. Appropriately diluted protein samples were mixed with 4X Bdk LDS
samplebuffer, containing lithium dodecylsulphate pH 8.5instead of SDSandtwo tracking dyes
(Coomassie G250 and Phenol Red) in addition to glycerol such that the final concentration of
samplebuffer is 1X.10X BoltA samplereducing agentwas addedto afinal concentration of 1X
which provides 50 mM DTT). Sampleswere heatedat 70°Cfor 10 min before loading 30uL per
well. PageRuleA PlusPrestainedProtein Ladder (Thermo ScientificA) containing nine protein
standards (10 -50 kDa) was run alongsideprotein samples.Runparameters were165V for 40
min. Gels were stained by submerging in InstantBlue® Coomassie Protein Stain overnight,
before destaining by rinsing in water then imaging with a white light filter on a G:BO>XChemi

XX6/XX9 gel documentatiorsystem using GeneSys software.

2.5 Protein Purification Methods

2.5.1 Purification of His-tagged recombinant proteins by Immobilised Metal
Affinity Chromatography (IMAC)

Recombinant proteinsexpressed in fusion with a peptide affinity tag facilitate purification by
affinity chromatography through biorecognition of the tag. Immobilisedmetal affinity
chromatography (IMAC) is a chromatographic technique which exploits the affinity between
transition metal divalent ions and certain amino acid side chains, which in the case of His
tagged proteins is the imidazole side chain of histidine. The fundamental principle is that a
histidine-tagged protein will be bound to the metal ions immobilised on a m|trix whilst

contaminating host cell/endogenous proteins with surface exposed histidine clusters will
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either bind weakly or not at all, allowing the desired protein to subsequently be selectively
eluted. Imidazole z an analogof histidine - is usedto elute the target protein sinceit competes
for binding to the metal.

The resin consists of highly crosdinked agarose beads to which a chelating ligand has been
immobilised and pre-chargedwith metal2+ions z either nickel, cobalt,zinc or copper.The most
popular IMAC resin for histagged proteins is perhaps NNTA in which nickel is chelated to a
nitrilotriacetic acid matrix. The tetradentate NTAligand securelyco-ordinates the Ni2* through
four valencies, leaving twoco-ordination sites available to interact with imidazole rings of
histidine (image). The metal ion therefore is in a state of octahedral eardination (from four
matrix ligands and two histidine residues). C&CMA (carboxymethylaspartate) resin is also
widely used. Iminodiacetic acid (IDA) resin is an alternative to NTA, although usually suffers
from considerable metal leaching and lower purity compared to NTAased purification.

The most common histag is a hexabhistidine consisting of six consecutive histidine residues
(Hisg) although polyhistidine tags of His z Hisio may be used. Although a decahistidine tag
provides the strongest affinity for the medium, hexahistidine is more than sufficiendince the
six metal-binding sitesit provides are enough toshift the equilibrium in favour of association.
Thanks to the relatively high affinity and specificity of the higag, the level of purity is such
that a onestep purification in many cases is adequate. In addition, the tag may improve the
solubility and stability of the protein. It is not always necessary to remove the tag, unless it
poses interference in downstream applications such as-bay crystallography.

Despitethe fact that histidine representsjust 2% of all protein residues,somehost cell proteins
contain two or more adjacent histidine residues which may celute with the recombinant
target protein2%8, To reduce this non-specific binding of untagged host cell proteins, a low
concentration of imidazole (20z 40 mM) is included in the binding and wash buffers. Sodium
chloride (up to 500 mM) is also routinely included for this purpose. Disulfide bond formation
betweenthe protein of interest and other cell proteins, and therefore co-elution, is apossibility,

so the inclusion of a reducing agery at a concentration within the limits of the resinz in all
buffers is sensible.Inclusion of alow level (<1%) of a nonionic detergentsuchasTriton X-100

or Tween-20 also serves to reduce nosspecific hydrophobic interactions. Glycerol (<20%) is
also commonly employed to help stabilise the target protein.

In brief, the workflow consistsof four steps:equilibration (of the resin), binding (of the target
protein), washing (to remove weakly bound contaminating proteins),elution (of the target
protein). Oncethe resin is equilibrated in binding buffer, the clarified bacterial lysateis loaded
onto the column and the unbound proteins collected as flowhrough. The application of 510
CV (or until the baseline absorbance is stable) of wash buffeerves to detach weakly bound

proteins which may otherwiseco-purify with the target protein. Ultimately,one mustachieve
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abalancebetween high purity and high yield I.e.decreasedbinding of host cell proteins whilst
retaining strong binding of his-tagged target protein. By increasing the concentration of free
imidazole (above 100 mM but usually around 500 mM for Ni-NTA; above50 mM for Co-CMA),
the imidazole out-competesthe his-taggedtarget protein for binding to the matrix resulting in
selective elution of the recombinant protein. The elution can be performed with either a step
(isocratic) or linear gradient; the latter requires the use of anautomated FPLC systensuch as
the AkTAotherwise gravity flow or the useof aperistaltic pump are applicable. Astep elution
would usually require 5 CV whereas for a linear gradient elution 1020 CV is recommended.
An alternative elution method is that of decreasing the pH such that the imidazole nitrogen
atom of the histidine residue (pKa 6.0) becomesprotonated and subsequentlydisrupts the co-
ordination bond betweenthe histidine andthe transition metal. For Ni-NTAthis pH is between
5.3 and 4.5, whereas for GEMA it is pH 6.0. However, elution with imidazole poses less risk of
negatively affecting the target protein and so is generally the chosen option.

In this work, the resin type and specificIMACbuffers and parameterswill be specifiedfor each
chapter. Other than when using NNTA agarose superflow(Qiagen) in a benchtop procedure
(Chapter 3), an AKTA Pure instrument was used, which consists of two system pumps, an
injection valve, a UV monitor, a fraction collector (FE), and sample inlet, column and loop

valves.

2.5.2 SizeExclusion Chromatography (SEC)

Tofurther purify samplesfollowing IMAC,sizeexclusion(SEC)/gelfiltration (GF)is often used,
which separates molecules based on their hydronamic radius, thereby isolating the target
recombinant protein from other co-eluting proteins of different sizes. The resin consists of a
porous matrix of spherical hollow beads which are inert andack adsorptive properties, unlike
resins used in affinity, IEX, and hydrophobic chromatography in which the biomolecules
actually interact with the resin. Molecule sizgand shape) dictates the degree of penetration
into the gel matrix and thereby the retention time. As such, larger moleculesute first since
they are unableto enter the resin beadsand flow straight through the column, whereas smaller
molecules diffuse into the pores to varying degrees based on their size which delays their
passage through the column. Molecules which are larger than the largest pores in the gel beads
elute in the void volume which is equal to thevolume of the mobile phase?®. The size of
moleculesthat elute in the void volume is indicated by the exclusionlimit of the resin210, The

volume of stationary phaseis equal to the volume of solvent inside the gel which is available
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to smaller molecules and this, minus the void volume, represents the elution volume of those
small molecules which distribute freely betweenthe mobile and stationary phaseg. Each
resin hasaspecifiedfractionation range whichdefinesthe molecularweight range of molecules
which havepartial accesdo the resin pores. For example, the Superdex 75 pg resin separates
globular proteins in the molecular weight range 3000 to 70,000 Daltons, with optimal
performance between 8000 and 50,000 Dalton§uperdexresin is acompositegel consisting of
dextran chainswhich are covalently bonded to a highly crosslinked porous agarose gel bead
matrix 209, The high physical and chemical stability iprimarily a result of the agarose matrix
whilst the gel filtration properties are determined by the dextran chaing. Superdex 75 prep
grade has an average webead diameter of 34t | with arange of 24-44 1 | Bor this resin
samplevolume should bel-2% of the total bed volume and ionic strength should be at least 20
mM209, For the majority of separations, the overarching aim is to achieve the required
resolution in the shortest possible time, and this is determined by the flow rate. Resolution
decreases with increasedlow rate thus for large moleculesa slower flow rate is superior209,
Regardlessof parameters such as flow rate and resin, an ionic strength of at least 0.15 M must
be maintained so as to prevent unwanted ionic interactions between aae biomolecules and
the gel matrix209. Unlike in IMAC procedures, elution is isocratic, that is, the concentration of
buffer components remain constant. SEC separates monomers from dimers and higher
aggregates and is therefore usually used aspalishing stepro®. SEC can also be used for group
separation(desalting/buffer exchange)andin this case the samplevolume canbecan be up to

30% of the bed volume.

2.6 Molybdenum Blue Determination of Orthophosphate z
Phosphatase Activity Determination

The spectrophotometric molybdenum blue method is a welestablished protocol for
guantitative determination of inorganic phosphate with predominant application in
environmental and water quality analyses, its popularity arising from its simplicity and
sengtivity. Therewasanintensity of communicationaround the experimental procedure since
the 1920s, although the earliest report dates back to 1826 and is widely attributed to
Berzeliustl, Gmelin has also been noted as the first to observe the reaction between
phosphoric acid and ammonium molybdate, which forms the yellow precipitate

phosphomolybdate,in the 19" Century?12.
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Bythe 1940sthere wasalreadyamilieu of reported modifications to the method, ascompiledin
areview by Woodsand Mellon, although Fiskeand3 O A A A Wasxlderdedthe mostpopular
atthe time aswell asthe first quantitative and reproducible method and hasbeen the basis on
which subsequent variations were made over the decades; summarized in Table

2.3213-215, The colorimetric determination of phosphorus report by Fiske and Subbarow has in
fact been described as one of the most highly cited papers in the history of biochemigagy
Earlier assays for phosphorus relied on the reduction of phosphomolybdic acid by
hydroquinone to form a blue colour, the reduction of which was slow and susceptible to

interference216,

The chemical basis of the reaction is the formation of a blue coloured complekiolybdenum
blue - which is formed by the selectivereduction of the molybdenumin aheteropoly acidz such
as thatformed by heteropolymolybdates ofphosphate,silicate, arsenateor germanate- in the
presenceof excessmolybdate. When phosphateis the heteroatomic speciesunder analysis,as
in this report, the phosphatecontaining sample is treated with a preacidifed and premixed
reagentsolution comprising a sourceof MoV!- suchasammonium molybdate - in excesgo form
the heteropoly acid 12molybdophosphoric acid (12MPA), the controlled reduction of which
forms molybdenum blue (Fig 22). Since the amount of this resultant complex is proportional
to the amountof phosphatepresentin the samplesolution, the correspondingintensity of the
blue colour subsequently serves for the spectrophotometric quantification of phosphait.
The spectrophotometric measurement is taken at the wavelength at which absorbance is
maximal; this has been predominantly 700 nm although some moreskatively recent reports
identified different wavelengths such as 655 nr#t7, 840 nne® and 850 nn?l® at which
absorbanceof molybdenum blue was greater than at 700 nm (Table 2.3). Onevariant of the
molybdenum blue method features the direct detection of the yellow phosphomolybdic acid
without reduction to molybdenum blue and as such this is monitored at 355 nf#°. Inorganic
orthophosphate is subsequentlyquantified from a calibration curve generated with phosphate

standards of known concentration.
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Thefirst stagenvolvestheformationof a Kegginion aroundtheanalyteanion,forming 12-
MPA:

[ PO, + 12M00,2 + 27H* —> H,PO,(M00;) 1, + 12H,0 J

[ H;PMo(VI) ;,0,, + Reductant — [H,PMo(VI) gMo(V),0,.] 3']

L )
\ J
! Y

12-MPA Phosphomolybdenum Blue
a-isomer Keggin structure B-isomer Keggin structure

Figure 2.2 Two-stage Molybdenum Blue-forming reaction.

Experimentalparametersand considerationsThe underlying chemistry is deceptively complex

- involving redox and equilibria chemistry - with many experimental parameters which must
be consideredwhen optimising the method. In general,all molybdenum blue reactionsrequire
astrong acid,a sourceof Mo(VI) and areductant. A large excessof Mo(VI) over P, is neededto
avoid leaving significant residual amounts of 1AMPA by driving the phosphomolybdate
equilibria to form 12-MPA almost exclusivel§!. Once reduced, 12VIPA depends on excess
reductant to protect the phosphomolybdenum blue from reoxidation by dissolved Q 211
However, it is well-documented thatexcessive reductantoncentrationsinduce direct Mo(VI)
reduction after 12-MPA reduction is apparently complete. As such, the reduction of 42PA
must be controlled since it is this potential of excess molybdate to be itself reduced which is
responsible for the common undesirable issue of reagent blankbaorbance, which should be
minimised213218, The redox behaviour of 12MPA is highly aciddependent therefore
concentrations of acid and molybdate are important for controlling its reduction, suchthat the
optimum ratio of molybdate to acid is that which effects maximum reduction of the MPA
whilst mitigating direct reduction of the uncombined molybdate, in a given time211.213, For
example, a greater concentration of Mo(VI) requires a greater acidity to mitigate the effect on
the reagentblank, however, this is at the expenseof 12-MPAdecompositionand resultant loss

of sensitivity at higher acidities. Thus, the lowest possible acidity should be used in order to
minimise phosphomolybdenum blue decomposition whilst avoiding unsolicited Mo(VI)
reduction2!1, The pH 0z 1 range facilitates the formation of suitable amounts of stable reduced
product without excessive direct reduction of Mo(VI) thus orthophosphate determination
procedures are usually performed as suchl. Hence, the intensity of the phosphomolybdenum

blue complexcolour is influencedsignificantly by acidity218. The vast majority of published MB



75

methods utilise sulphuric acid, despite some inhibition of formation of 12-MPA with this
acid?l1, A multitude of variations in reductants and reaction conditions anccombinations of
such have been tested and this has resulted in the observation that different reductants or
different conditions with the same reductant generate products with deviations in UWisible
spectra and apparent molar absorptivities. There are te specific absorption bands
corresponding to the reduced molybdenum blue complex and these are strong intealence
charge transfer bands resulting from electron exchange between Mo(V) ano(VI) centres.
Thepositions of thesetwo intensely absorbingbandsare influenced by the degree of reduction,
the protonation state of the absorbing species and the reductant type (metallis organic)211,
With all thesefactors takeninto consideration,the overarching goal of methodoptimisation is
to achievea balancebetween maximum formation and reduction of 12-MPA yet minimisation
of isopoly molybdenum blue formation (species formed through throughhe reduction of
excessmolybdate). Anin-depth review of the fundamental chemistry ofthe molybdenum blue
reaction, beyond the scope of this report, is provided in reference [211]. This inherently
provides chemical rationalisation for the perpetual modifications to this method for its

optimisation.

Enzymaticassaysisingthe MolybdenumBluemethod Phytaseactivity determinations are often
basedon analysingreleasedphosphateby colorimetric analysissuchasthe Molybdenum Blue
method. When using this method in enzymatic studies requiring P determination, there are
several caveats which arise from an integral aspect of the application of this methedhe
monitoring of product formation (i.e. released B in contrast to substrate degradatiors?!. The
measurement of free Phas long been known to result in overestimations of iRconcentration
and this is due to the inability of the method to distinguish betweenthe different phosphorus
compounds in the molybdatereactive phosphorus pool, which gives rise to errors pertaining
to non-enzymatic (and nonspecific enzymatic) hydrolysis of P19.221, One of the contributing
factors is the strong acid conditions required for conventional molybdenum blue methods
which interferes with Pi determination due to rapid hydrolysis oflabile organic Pcompounds
(Po) and also causesprecipitation of enzymeg11.219.221, The time-dependentnature of labile P,
hydrolysis culminates in a progressive increase in intensity of blue colour since errors
associated with this are not corrected. Thus for enzymatic assays this effean be reducedy
adaptation to a mild acid buffer (pH 45) which slows the rate of acidlabile P hydrolysig1o. A
method was developed by Dick and Tabatabai (1977) to ameliorathe interference from of
non-enzymatic hydrolysis of Po,in which excessmolybdate ions are complexed with added
citrate-arsenite to prevent further formation of blue colour from acid labile P hydrolysis

derived Pizsince subsequent Pi is preventing from complexingith the already complexed
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molybdate222, However, it is not onlythe acid conditions which induce unwanted P hydrolysis
and subsequent false positives in enzymatic Pi determination, sintdeere is alsoPi-production
catalyzed by non-phytase inositol phosphatases.Firstly, some releasedphosphate may be
derived from the degradation of phosphatecontaining compounds otherthan phytate by non-
phytase-specific phosphatases,which are often present in microbial and plant sample
preparations. Additionally, the products of IP6 hydrolysis are also substrates for the same
enzyme, and also for the nosspecific phosphatases, which degrade the lower inositol
phosphates (from IP5 downwards¥?1. In fact, even commercial IP6 may contain contamination
of lower inositol phosphates, with reports of up to 12% IP5 presenes. A study by Quvirist et al
provided evidence for the contribution of Pi hydrolysis by the lower inositol phosphates by
comparison with HPIC. This revealed that the released Pi at 15 min of the colorimetric assay
originated from degradation of several lower ingitol phosphates in addition to IP6. It also
concluded that phytase activity determination based on released Pi results in activities up to
386% higher than from IP6 dat&2l. All of these factors generate false positives from the
erroneous Pi measurement ad as such, the contribution of IP6 hydrolysis in relation to the
total inositol phosphatase reactions cannot be accurately determinedby assessingPi.
Therefore,measuringreleasedPi per time doesnot representonly the enzymaticactivity onthe
specific substrate IP6221, Sincethe molybdenum method only detectstotal molybdate-reactive
P, it is more appropriately used when total P is the sought after measurement, such as in
environmental analyse$®. As discussed in their comparative study ofphytase activity
determination methodsz comparing substrate (IP6) versus product (Pi) basedssays Quvirist
et al advised theuse of HPIC for determining phytase activity, since thismonitors IP6
hydrolysis exclusivelyand mitigates the overestimations of Pifrom methods based on product
detection?21, For enzymatic activity determinations based on phosphate releas¢hey also
recommend the usageof distinct terms to differentiate between total inositol phosphatase
activity; total phosphatase activity; and phytase activity, where these are defined as,
respectively: the degradation of the total mixed inositol phosphate pool (the sum of all IPx
hydrolysis) catalyzedby phytaseduring the assayin assayswvhere IP6is the only substrateand
phytase is the only enzyme;the phosphate released from all possible sources by all
phosphatases duringthe assay, for use wheitthere are other phosphatesourcesin addition to
IP6 present as substrates, and/or when the extract to be assayed may contain Rplnytase
which by definition is performed only by phytases, and which is assessed by analysing IP6

concentration?221,
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Authors Year Modification ¥ (nm)

Fiske& Subbarow?14 1925 The predecessor upon which subsequent methods were 600-700
founded: acidammonium molybdate solution wasaddedto a
phosphate containing sample to form the yellow
phosphomolybdic acid, subsequentlyreduced by 1-amino-2-
naphtol-4-sulfonic acid (ANSA) to molybdenum blue

Holman?z24 1943 Potassiumiodide asreducing agent;~3x more sensitivethan N/A z used
Fiske & Subbarow method; indistinguishability between colorimeter
inorganic and organic phosphatecompounds

Dick & Tabataba222 1977 Complexed excess molybdate ions with citratarsenite to 700
prevent further formation of blue colour derived from labile
Po hydrolysis

Petersore2s 1978 Increased stability over time and decreasedensitivity to 700
interfering substancespasedon ANSAreduction; usedSDS

Heinonenand Lahti220 1981 Direct detection of the yellow phosphomolybdicacid,without 355
reduction to molybdenum blue

Shand &Smith 1997 Reducedinterference of protein precipitation by addition of ?
dimethyl sulfoxide

Baeet al226 1999 Ferrous sulphate asreductant; trichloroacetic acid 700

Katewa& Katyare215 2003 A mixture of hydrazine sulphate and ascorbic acid as 820

reductant; optimised stability of the colour complex;
applicability in both enzymaticand nonenzymaticreactions

He & Honeycutt219 2005 Basedon Dick & Tabatabaimethod; 0.2% SDSor prevention 700 & 850
of enzyme precipitation; readings at 850nm improved
sensitivity

Central Pollution 2011 For reproducible analysesof phosphatein water and 700

Control Boardand wastewaters

Agilent221

Pradhan& Pokhrel218 2013 Hydrazine hydrate asreducing agent;advantageis blank is 840
colourless

QuiristL, CarlssorNG, 2015 Basedon thePetersomrotocolwith ANSA exchangedor 700

Andlid* ascorbic acid

McKie & McLeary”’ 2016 High-throughpuimethodfor themeasurementf total 655

phosphorusindphyticacidin nonprocessefbodsandfeeds;
sulphuric acidascorbic acigolution as the reductant.

Table 2.3Chronological collation of selected modified molybdenum blue methods including a
brief summary of the modification and the wavelength of molybdenum blue complex detection.

By all means not an exhaustive list; this is just a representative cross -section of the existing
reports.

2.7 Separation of Inositol Phosphates by Anion Exchange
HPLC (HPIC)z Phytase Activity Determination

HPLC is a technique to separate, identify and quantify components within a sample utilizing a
mobile phase pumped through a stationary phase. The most common form of HPLC used to
separate inositol phosphates is based on anion exchar¥gge whereby the stationary phase
consists of a positively charged ion exchange resin with affinity for molecules having a net

negativesurfacecharge the degreeof chargebeingthat which forms the basisof separation of
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the molecules. At a given pH, different proteins will bind to the resin to varying extents
governed bytheir Pl value, facilitating their separation when a salt gradient is applied. The
elution is such that proteins with PI values closer to the working pH will elute at lower ionic
strength and contrariwise.

lon exchange chromatography is a longstablished method of choice for fractionation and
purification of myo-inositol phosphates and inevitably the technique has undergone much
refinement over the year$?8, since the early days of stepwise elution with H&p. Prior to this,
guantitative analysis of phytic acid was achieved bgrecipitation with ferric chloride as early
as1914. Theinterest in achieving separation of the lower phosphorylatedinositol phosphates
was initially instigated by calcium metabolisn studies?30. Early procedures were based on
isocratic ion chromatography or by ionpair reversed phase HPLC, however, these failed to
resolve the mone and diphosphates28 ) O xAOT 60 O1 OEl pwyy OEAO
method (suitable for phytic acid) was transformed into a gradient elution procedure23t.232
which allows ions of widely different retention behavioursto be eluted in the samerun233, This
isomer- specificgradient elution protocol with post column detection was ableto resolve the
positional isomers ofthe spectrum of myainositol phosphoesters in 30 min. Subsequently,
Rounds and Nielsson in 1993 reported an improvement on resolution by a method which
utilised a polystyrene-based strong anion exchange column in conjunction withgradient
elution at pH 4228, Nevertheless, standard anion exchange chromatography still cannot resolve
the optical isomers of inositol polyphosphatesz for example, the enantiomeric pair
Ins(1,4,5,6)P4 and Ins(3,4,5,6xannot be differentiated, and similarly the Ins(1,5,6)P3 and
Ins(3,4,5) pair227.234, This is because positions 1 and 3 are chemically equivalent, as are
positions 4 and 6. The discrimination of these enantiomers is only possible with the use of a
chiral-based column or extensivehemical degradation technique®?’. Theoretically there are

a staggering 66 possible inositol phosphate isomers3 of which are cyclié33. Thus, aside from
the enantiomers, there are theoretically 39 inositol phosphates which can be separated by
anion exchange: 4 x IP5 isomer$® x IP4 isomers, 12 x IP3 isomers, 9 x IP2 isomers, 4 x IP1
isomers in addition to IP6234. Skoglundet al established the elution order of 25 inositol
phosphatepeaksin their 1997 paper, andthis wasaccomplishedby using two combinedHPIC
systems33, A positive correlation was observed between the number of phosphate groups and
their retention on the column233. Severalyears later, Chenand Li achievedseparation of 35
inositol phosphatesinto 27 peaksby way of a linear gradient elution (65 min) with HCI on a
CarboPac PALOO column, followed by detection at 295 nm after postolumn complexation

with iron (111) 234,

Due to the absence of aharacteristic absorption spectrain the ultraviolet or visible region of

inositol polyphosphates postcolumn derivatization is necessarybefore ultraviolet absorbance
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Detectiorz34, Early methods described the use of the Wade reagent (iron chloride and
sulphosalicylic acid) z in which the detection method involves a liganeexchange reaction
between the Fes*-sulfosalicylic acid complex and eluting inositol phosphates28.235 which
results in adecreasein absorbanceat 500 nm. Theuseof nitric acidasan eluentis necessaryto
prevent iron-phytate precipitation (favourable at higher pH and lowphytate:iron molar ratios)

by providing an acidic environmenes6, At the time, gradient anion exchange HPLC in
conjunction with post-column detection via the Wade reagentwas sufficient, so long as the
discrimination of isomers was not cruciat?s. Modern methods now use postolumn
complexation with Fe3* ions in perchloric acid solution and UV detection at290nm, as

employed by Phillipy and Blandé and subsequently Skoglund et ai3.

Instrumentation: An anion exchange HPLC system consists osample injection pump, two
anion exchange columns in series within a column oven, a second pump and a UV detector.
Usually a guard column is placed before the analytical columns to prevent sample
contaminants from eluting onto the analytical columns. Efflant from the analytical column is

then mixed with a colour reagent in postcolumn reactor before UV absorbance detection.

In this work, the reaction products of IP6 or IP4 (2.5 mM) incubated witlBBtMINPP mutants
(10 nM) at 25¢Cfor various lengths of time were separatedon a CarboPadPA-200 column (two
columns inseries; 3x50mm and 3x250mm)which contains aresin of hydrophobic, polymeric
pellicular anion exchange resin. Samples were injected onto the colunforeceded bya guard
cartridge) by asampleinjection pump (JascdPU-2089 | Plusquaternary insert pump) at aflow
rate of 0.2mL/min. The elution protocol consistedof a25 min methane sulfonic acidgradient
(0-0.6M) followed by 14 min at 0.6M and finally 11 min of water, at 0.4 mL/min. The effluent
was then pumped by a Jasco P1585 intelligent HPLC pump for mixing with a post column
colour reagent (0.1% ferric nitrate and 2% perchloric acid). UV detector: Jasco UV 1575

intelligent UV/Vis detector, 16uL cell. Autosampler. ChromNAV(Jasco) seare.

2.8 Macromolecular X-ray Crystallography

2.8.1 Protein structure solution by X-ray crystallography

The prerequisite for Xray crystallography experiments is the successful production of
diffraction quality protein crystals z yet this is no meanfeat, often requiring multiple attempts
and representing a potential bottleneck. The workflow from purified protein to an

experimental crystal structure involves several distinct stages- once a protein crystal is
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obtained from crystallisation experiments, it is subjected to Xay beams to generate Xay
diffraction data. The collected diffraction data, along with a homology model, is used to
generatean electron density mapinto which the protein structure canbe built. Multiple rounds
of refinement ultimately result in a structural model whose coordinates have a satisfactorfjt
to the experimental electron density, reflected by the Rfactor value. The quality of the modelis

then determined through variousscores/parameters.

2.8.2 Fundamentals of protein crystal architecture

Protein crystallization results in the formation of structured, ordered lattices which are free of
contaminants and large enough to provide a diffraction pattern when hit with an Xay beam.
The unit cell is the fundamental repeating unit of the crystal which extends in all three
dimensions of space to form the crystal lattice, whereas the asymmetrimit (ASU) is the
smallest unique portion of a crystal structure which, when subjected to crystallographic
symmetry operations (rotations, translations and screw axes;the latter being a combination of
the former two operations) can generate the complete unit cell. Put more simply, it has no
internal symmetry. Translations of the unit cellin three dimensionsmakesup the entire crystal
lattice, such that it is an almost perfectly symmetrical arrangement of asymmetric units. The
ASU does not automatically represent the biological assembly, that is, the macromolecular
assemblywhich is purported to bethe functional form of the molecule.The biological assembly
can thus be either the ASU itself, a subset of the ASU, or the structure resulting from the
application of certain symmetry operations to the ASU. The uniiell is defined by crystal axes
which are three distances a, b, ¢ and three intek @EAT AT CI AO 4 h rh 38
classification of the unit cell into seven crystal systems z cubic, triclinic, monoclinic,
orthorhombic, tetragonal, trigonal, hexagonalz which further give rise to fourteen Bravais
lattices (Fig 23). That is, within the 7 crystal systems there may be extra translational
symmetry in the unit cellz centring z suchthat alattice caneither beprimitive (P)i.e.anabsence

of centring, body-centred (1), facecentred (F), or basecentred (C).In a primitive lattice, the
lattice points lie only at the vertices of the unitcell. Basedon their symmetry operators, unit
cells areclassifiedinto space groups which represent @omplete description of the symmetry

of a crystal. Combinations of theseymmetry operators give rise to 32 point groups. Taken
together, the spacegroup andthe contents of the ASUdefine the positions of all atomsin the
protein crystal, with knowledge of the former being essentialin order to solve the protein
structure. The combination of the point group and lattice symmetries yields a total of 230
different spacegroups,althoughthis number is reduced to 65 enantiomorphic space group®r
chiral macromolecule€3’. The mostfrequently obtained space groups are Pi2:2;, which

accounts for around 30% of all proteincrystals, and P2 It has been demonstrated that these



81

are the least restrictive to packing andherefore there are more waysthey canbe generateck3s.

Someare lesscommon, accountingfor less than 1% of all observed crystals, such as fahd

P6s22. In the space group symbol, theapital letter indicatesthe unit cell centre (P,C,|, F orR),

followed by the symmetry along one (triclinic and monoclinic) or three directions (all other

crystal systems). It is important to note that different pHs can yield different packing

orientations.
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Figure 2.3 The 14 Bravais lattices .

CrystalSystem| Point SpaceGroup Edgelength| Interfacial
Group Angles
Triclinic G P1 FrorO|hrirerdn
Monoclinic G P2,P2,C2 Fror O |[hr=90/ i
Orthorhombic | Dz P222P222,P21212,P212:21,C222,C222, FrorO|[hrliF9
F222, 1222, k2121
Tetragonal G P4,P4, Pk, P4, 14,14 FTorO|hri 9
Dy P422PA422,P422 P4212,P4&22 P42:2,
P422, P42:2, 1422, 1422,
Trigonal G P3,P3,P3, R3 a=b=c hrirer gn
Ds P312P321P312,P321,P312,P321,R32
Hexagonal G P6,PG, PG, P&, PG, PG FT'or O |[hlOOE I'mH
Ds P622P622,P&22,P622,P&:22, PG22
Cubic T P23,F23,123,P23, 1213 a=b=c h i 90
0] P432P432,F432F432,1432,P432, P432,
14132

Table 2.4. The 7 crystal systems and their associated point groups which yield 65 space group
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2.8.3 Protein crystallisation z Theory and practice

Therequirements of aprotein for crystallisation is that it is of very high purity (at least97-99%
pure), stable and monodisperse. In order to form the crystalline latticeindividual protein
moleculesmust associatein a consistentand ordered orientation suchthat they are alignedin

a series of repeating unit cells, which are held together by netovalent interactions. To
transition from a dissolved, disordered state tothis crystalline form, the solubility of the
protein must be reduced, but in a specific controlled way such as to avoid the otherwise
inevitable formation of amorphous precipitated protein, phase separation oaggregation.For
aprotein to crystallize, the protein solution must be brought into asupersaturatedstate,which

is thermodynamically unstable. Essentially, the crystallisation process is a transition from the
supersaturatedstateto aregular saturated state.Crystalgrowth consistsof two distinct phases

Z first, an energetically unfavourable nucleation phase in which individual molecules form
small initial aggregates, followed by the energetically favourable growth phase. Within the
supersaturated phase there are two zones as shown in the phase gliam (Fig 24) z the so
called metastable and labile zones. The protein solution must first be pushed into the labile
zone for crystal nucleation to occu#®24l, A nucleus has historically been defined as the
minimum amount of a new phase capable afdependent existencé42. However, if the protein
solution remains in the labile zone for too long, rapid growth of crystal nuclei will occur,
resulting in an excessof small crystals - which are undesirable giventhat large protein crystals
jxomm tiq AOA OOOAI I U -ray Aifirértod AThe keglisOto alldvAtfeA O O £C
protein/precipitant solution to approachthe nucleation zonevery slowly suchthat developing
nuclei have sufficient time to grow. Oncenucleation is induced suchthat crystal nuclei reacha
critical size of around 1061000 molecules, further nucleation must be restricted so that
controlled crystal growth may instead be promoted. Crystal growth requires a lower level of
supersaturation than for nucleation and this is represented by the metasble zone, in which
nuclei will develop into crystals, but no nucleation will occur. Unlike nucleation, the growth
phase is energetically favourable, resulting in an increase in entropy since molecules in the
crystal are able to partally shed their hydration shell. Ultimately, there is a fine line between
the different processes otrystal nucleation and growth and attempting to control these is an

arduous task involving patience, knowledge and sometimes a little lugfe-241,
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Figure 2.4 The Ostwald -Miers phase diagram for protein crystal growth. Adapted from
McPherson & Gavira 2014 239,

In practice, in order to achieve the transition from a stable solution to @upersaturated
solution, the concentration of either the protein or the precipitant must be increased such as
to arrive at a desired position in the phase diagram (Fig 2). The most common technique for
protein crystallisation is vapour diffusion, in the form of either sitting or hanging drops. The
basis of this method is that of a closed system equilibrium between a protecontaining
droplet and areservoir solution containing the samecomponentsbut at higher concentrations.
The consequent concentration gradient results in an increase in concentration of both
precipitant and protein in the protein-containing droplet as water vaporises and transfers to
the reservoir. Once the concentration of the protein reachesupersaturation, if all other
parameters (pH, ionic strength, buffer, additives) are suitable, crystallisation may be induced.
The precipitant playsanintegral role in the generation of the concentration gradient, the nature

of the precipitant usually beng ammonium sulphate or polyethylene glycols of various
lengths?39-241,

The protein crystallisation processis influenced by anumber of complexinteractions between
variables such that the aim of identifying a set of conditions which results iarystals of the
correct morphology, purity and growth rate is often empirical. To aid in the laborious task of
screening for appropriate crystallisation conditions, commercial crystallisation screens are

availablewhich include pre-mixed setsof hundreds of solutions with differing combinations of



84

buffers, pH, ionic strength, salts, precipitants, additives and metal ions. These screens may be
set up using specialised liquid handling robotics which, as well as increasing the amount of
screenswhich canbesetup in agiventime, conservevaluable purified protein, sincenanoscale
volumes are accurately dispensed, allowing the usage of minimum amounts of protein. The
initial conditions identified as yielding crystals often require further optimisation before
diffraction -quality crystals are obtained. When crystals of sufficient size and quality are
obtained, they are harvested and cryoprotected before freezing in liquid nitrogen to protect

them from the radiation damage they are subsequently subject1&-241,

2.8.4 Macromolecular X-ray diffraction

In an xray diffraction experiment, a cryoprotected crystal is mounted and aligned on a
goniometerinto ahigh intensity X-ray beamat a synchrotron, afacility which exploits the light
produced by high energy particles undergoing acceleration to generatetanable collimated
beamline. A robotic sample changer performs the loading of the sample and tools are used to
optically align the sample based on strength of diffraction. The-day diffraction procedure is
performed at cryo-temperatures (100 K) to decrease the x@ent of radiation damage and to
prevent thermal motion of the protein which risks the quality of the diffraction images.Another
strategy for minimising radiation damageto the crystal is to attenuate the X-ray beamin order

to decreasethe doseof radiation delivered. A balancehasto be achievedbetweenthe advantage

of using ahigher doseto obtain agreater signal to noise ratio and the risk of not being able to
complete data collection due to rendering the sample unusable. In practice, the user specifies
the percentagetransmission, and the data acquisition system calculates the number of foifs
inserted into the beamgz to use to provide the closest transmission for a given wavelengits.
Data collection consists of a series of single images of theray diffraction pattern that are
obtained as the crystal is rotated 360 degrees, one degree at a time, abant axis, ideally
perpendicular to the monochromatic X-ray beam,until acomplete data setis acquired,usually
consisting of thousands of reflections. This is called the Arndd/onacott rotation method of
datacollection244. Theincoming X-rays getscatteredinto discrete wavesby the electronsof the
atomsin the crystal and add together constructively or destructively resulting in the formation

of a diffraction pattern which is captured on a detector as a pattern of dark spots. The crystal
lattice actsas a grating which generates the constructive interference of the diffracted-pay
photons and therefore results in the observed spacing between the spots. This is dictated by
" O A ¢gwdDdfraction imagestherefore representtwo-dimensional sectionsthrough athree-
dimensional lattice of diffraction maxima. The lattice of diffraction maxima is reciprocally

related to the crystal lattice in real space suchthat large crystal axesgenerateshort distances
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between diffraction spots and vice versa. The complete diffraction data set represents the
three-dimensional reciprocal lattice. The structure of the macromolecule thus becomes
encoded in the distribution of diffracted waves. The information contained in @& X-ray
diffraction experiment is the position and amplitude of the diffraction maxima (reflections).

The position of diffraction maxima is dictated by thedimensionsof the unit cell, whilst the
amplitudes reflect the contentsof the unit cell. Although dffraction patterns do not possess

OOAT 01 AGETT Al OUii Abouh OEAU Al A@EEAEO A AAIl
reduces the 32 point groups to 11 Laue groups.

For the work reported in this thesis, X-ray diffraction datawas collectedat the medium energy
synchrotron at the Diamond Light Source (DLS; Oxfordshire, UK), whichroduces a 3 GeV
electron beam.Irradiation of crystalswas performed onthe 124 microfocus mx beamlinewhich

has a bearmsize of 5x550x40 (variable aspect ratio) and avavelength of 0.621.77" 68 4EEO
beamline incorporates a Pilatus3 6M detector. Cryeprotected crystals were sent in a dry

shipper under liquid nitrogen and the diffraction experiments were performed at 100K.

2.8.5 X-ray diffraction data processing

Following data collection, the data must be processed. The individual diffraction images need
to be processedinto asingledatasetcontaining intensity information aboutall the contributing
X-ray reflections. Thatis, everysingle diffraction maximum must beindexedand integrated237,
Previously,the output from the data collection procedure was a set of raw diffraction data,but
advancesin datareduction software over recent decadeshasfacilitated the acquisition of aset

of scaled intensity data as th output243, The data processing stage comprises several steps,
which is commenced by locating a selection of diffraction spots on the images. First, indexing
involves assigningeach reflection an unambiguous identifier whichmark their position in the
reciprocal lattice in Fourier Space. These are described by the Miller Indices (h,k,l) which are
the integer coordinatesof the reflections in the reciprocal lattice. Thisis executedby projecting
the 2D detector coordinates onto scattering vectors on the 3Ewald sphere (Fig &),
corresponding to lattice points in the reciprocal lattic&38245, Reciprocal space is related to real
space by a Fourier transform and is a way of visualising the result of the Fourier transform.
Indexingis usually automatedthustermed O A O O E TInfadddiéhito@dading anindex for
each reflection, it also yields information on the crystal orientation relative to the
diffractometer and estimated unit cell dimensionsalongwith anindication of crystallographic
symmetry245, The prerequisite for these is knowledge of the crystal to detector distance, the

direct beam position on the detector and the radiation wavelength237. The following step is
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parameter refinement which results in accurate (close to the true value) and precise (small
standard deviation) values for the unit cell parameters and crystal orientation angles with
respectto the diffractometer, sinceautoindexingyields only an approximate setof parameters.
Performedin parallel, positional refinement optimises the fit of observedto calculatedspot co-
ordinates on the detector, whereas postefinement optimises the distance between the
reciprocal lattice points and the Ewald sphere, by analysing the relative intensities of the
different partials belonging to the same reflection, and can only be penfmed after the
intensities have been measure#7.245, Next, the integration process extracts the intensity
information of the reflections which is dependent on bth their amplitude and phase. This
involves removal of the background contribution, which is performed by either summation
integration or profile-fitting integration237.245, Used for strong reflections, summation
integration adds the contributing pixel values together and subtracts the assumed background
which is underneath. For weak spots whose pixels may be obscured by the background, it is
better to use the profilefitting method which uses the spot shapes of gdcent reflections?4s.
The final steps, saling and merging, provide the most useful statistics about the quality and
resolution of the data collection and the processing, and gives a good indication of the true
symmetry of the crystal23?. Scaling corrects for variation between images by putting the
measuredintensities onto a common scale which accounts for imperfections in the experiment.
Merging is the process of merging partial and symmetry related reflections to produce a
complete set of reflections which are easier for downstream computational handling.
Therefore, only after scaling and merging are the most useful agreemendices on the self
consistency of the data.e. merging R values, halflataset correlation coefficient (C@z) etc
obtained245. Neverthelessalthough a selfconsistent dataset is a prerequisite for subsequent
structure solution, it may not necessarily be sufficient. Ultimately, regardless of how good a
processing program is, a particularly bad dataset will not be able to be successfully
integrated245. In practice, automatic data processing softwaregperforms the indexing,
integration, merging and scaling of each reflection in a diffraction image, and generates a single

text file from thousands of images.
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Figure 2.5 The 3D Ewald Sphere, demonstrating the relationship between OEA AOUOOAI
reciprocal lattice, the X -ray wavelength and the angle of diffraction for a given reflection.
Image from University of Warwick, Dept of Physics.

xia2 is one of the most common data processing pipelines employed at synchrotrons and is
usually triggered to run automatically by the data collection program on the macromolecular
beamlines4s. xia2 applies existing processing software to generate Miller indices along with
their corresponding averaged and corrected intensitie®3246, xia2 comprises three modes, one
of which is 3dii, which is usefulin casesof weak diffraction sinceit usesall availableimagesfor
the initial characterisationof the diffraction pattern. Sinceit is not possibleto know which data
reduction strategy will yield the greatest quality results, xia2 is run in all three modes at the
Diamond Light Source (DLS). It applies the DIALS package for indexing and integratfé#re.
fast_dpwas developed aDLSasa faster andmore streamlined version of xia2, whichoutputs
almost real-time feedbackon data quality such asmerging statistics andmerged intensities in
the correct point group?43.246, However, xia2 is more thorough and as such, more applicable for
direct downstream analysiswithout additional re-processingby the user. Subsequentanalysis
of the processeddiffraction datais important to assesgjuality and detectany pathologiesthat
may complicate structure solution, suchastwinning. A program which computesthis is xtriage

within the Phenix suite247,

During data collection on a macromolecular crystallography (MX) beamline at DLS, the DISTL
package records the total number of reflections, the number classified as good Bragg
candidates and a resolution estimate, which are displayed in the ISPyB informati

managementsystem as a real-time graph. Approximately constant numbers of spots and



resolution estimateswould be expectedfor awell-diffracting samplewith no visible anisotropy,
fully immersedin the X-ray bean?43. Diffraction datasetswere automatically processedwith the
xia2, xia2 3dii, autoPROC, fast_dp, and autoPROC+STARANISangsated pipelines.

2.8.6 Quality indices of X-ray diffraction data

The quality of the diffraction datainherently dictatesthe quality of the macromolecularcrystal
structure solvedfrom it248. Therefore,dataprocessingstatistics are executedto infer the quality

of both the crystal and the data collectiot#s. There are severametrics in use and values are
given for both the overalldata and data from the highest resolution shell only. At this poinit

is appropriate to provide rationalisation for this. Resolutionand signalintensity are correlated

in that the higher the resolution of a reflection (and the further away from the centre of the
detector), the weaker the signa#®. In theory, the resolution limit of the dataset is the point at
which the signal is too weak to be useféd®. To mitigate the issue of a weak signal begmmixed
with noiseandinevitably incorporating that noiseinto the calculatedelectron density map,the
data is truncated to omit those weak higkresolution reflections249. The point at which it is
truncated, however,is asourceof much debate49.250, Therule of thumb until relatively recently
was to truncate the data at the threshold where the signéb-noise ratio was equal to 2, such
that all reflections with a signal less than twice the intensity of the estimated noise would be
discarded - although this has since been relaxed to 1.&s a result of underestimation of the
information in the excluded dat&49.251, The highest resolution shell can thus be defined as the
last shell where completeness is ~100% and the signdb-noise ratio is 1.5. In pracdce, the
resolution cut-off is automatically determined by the processing program, although the user
can manually modify this. Results are thus generated for the highest resolution/outer shell
separateto the rest of the datawhich lacksinclusion of the outer shell data,and this is to aid in
the decision of whether to include the outer shell data i.e. if it contributes more information
about the structure than excluding it does. Nevertheless, this is a much debated topic and
beyond the scope of this chapter. The key indicators of data qugliare resolution,
completeness,|¥ A | @QdribeArhtio), and Rmerge, With the latter two parameters also
commonly usedto determine the resolution cut-off248249, Usuallyreported as) ¥ A theagfage
signalto-noise ratio of the reflection intensities, is of course a casaf the higher the value the
better. RnergeiS an indicator of precision andis a measure of the agreement between multiple
measurements of the same reflection i.e. the extent to which measurements of the same
reflection differ in intensity from the average intensity of that reflection. Lower values are
better - avalue of 40-60% for RmergeiS usually anindication of the highestresolution shell,since

measurements are deemed erroprone at values above thig#9.250, Completeness measures the
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coverage of all theoretically possible unique reflections within the dataset thus the higher the
value the better. Therule of thumb for decentdatais acompletenessvalue above93% overall,
and above 70% in the outer high resolution shel#s. Resolution is defined as the minimum
spacing(d) of crystal lattice planeswhich are still ableto generatemeasurableX-ray diffraction.
The smaller the spacing, the more independent reflections there are available to define the
structure therefore the higher the resolution. The standard terms to describe resolution are

Oi T xh O AAEOI 6. OEEGCES AT A OAOT i EAS

2.8.7 Quality indices of the refined model/validation parameters

The R-factor is possibly the mostimportant indicator of structure quality. It isameasureof the
global relative agreement between the experimentally obtained structure factor amplitudes,
Fobs, @and the calculated structure factor amplitudeskcac obtained from the model. It is also
calledthe residual, sincearesidual in mathematicalterms is the difference between predicted
and observed values of a particular variabRé#8. Throughout structure refinement, the Rfactor
is re-calculatedto assesgrogress.For perfect agreementwith the data,the R-factor would have
a value of 0%, whereas for a random model the value would be ~60%%. The established
guideline is that a weltrefined structure should have a Rfactor of less than 20%848. When the

diffraction data is of very high quality, the Rfactor essentially reflects errors in the mode#4s.

In order to mitigate bias, a small subset of around 1000 randomly selected reflections (or
around 10% of the experimental observations) omitted in model refinement are used to
analogouslycalculateanother R-factor, Reee?48250 It is prudent to note that thesereflections may
have still influenced model definition. TheReeeis then calculated by measuring how well the
model predicts the set of reflections that were not used in refinement. The-factor which
reflectsthe larger O x T O @ Edbr&flection datais thus termed Ruor. RereeWill alwaysbelarger
than Ryork, however it should not exceedRuo by more than 7%, sincethis indicates over-fitting

of the experimental dataor aseriousdefectin the model248.250, For anideal model without over-
interpretation, the ReeeWill be only slightly higher than the Ryok value. C@s, the half-dataset
correlation coefficient, is the correlation coefficient between the intensities of two arbitrarily
divided halvesof the dataset,with greatervaluesbeingdesirable.Essentially,it is ameasureof
how well one half of the data predicts the other half, with a value of 1 indicating a perfect
correlation and a value of O indicating no correlation. At low resolution, the correlation is
around 1, and this decrases as the resolution increases, such that the useful range oG

considered to be within the range of 0.1 to 0350251,
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2.8.8 Molecular replacement

Diffraction generates the Fourier Transform of an object and through its reversion, the
structure of the object can be recalculated, that is, the electron density function is calculated
via a Fourier Transform of the collected diffraction data of a crystal, specifically, of the structure
factors. This processyields athree-dimensional map of the distribution of electron densitiesin
the asymmetric unit. Therefore, one must work backwards from the diffraction pattern to
obtain the electron density map. The processof converting the reciprocal spacerepresentation

of the crystal into an interpretable electron density map is known as phasing. However, the
phase angle of reflection not contained in the image represents what is commonly known as
OEA OPEAOA DPOI Al Ai 68

2.9 ICP-MS(Inductively Coupled Plasma Mass Spectrometry)

ICRMS is mass spectrometrbased elemental analysis technique used for determining trace
elements and is the method of choice for metal cofactor identification in protein analysis. It is

highly sensitive, exhibiting a limit of detection atparts per billion levels and is able to detect

many elements at lower than the parts petrillion level %27%,

Since the primary elements constituting proteins (C,H,N)@annot be measured with ICAMS
due to their high ionization potentials and vastbackground signals, for protein analysis,
instead, any ICRdetectable element associated with a particular protein is used for
guantification. Sulphur is used as it is a constituent of methionine and cysteine thus naturally
presentin proteins. The ICRMSresponseis directly proportional to the massconcentration of
the detectedelementandis therefore independentof protein concentration, molecular weight,
structure or charge state. As such, the elemental quantity must then be converted to protein
abundance using the stoichiometry of sulphur to protein which requires knowledge of the
number of sulphur-containing amino acid residuesin the protein sequencelt is alsonecessary
to correlate the sulphur signalto concentration by standardization. In addition, other protein-
associatedelementscanbe measured,suchasco-ordinated metal co-factorsin metalloproteins

and elements incorporated during chemical modification of @rotein 252253,

In short, an ICRMSinstrument usesan atmospheric pressure,high temperature argon plasma
to ionize the sample before measurement in a mass spectrometer. Seven fundamental
components comprise an ICBMS procedure: first, the sample introduction system containing

a nebuliser which producesa fine aerosol mist from aliquid sample;the inductively coupled
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plasma then converts elements in the sample to ions; an interface extracts these ions into the
vacuum chamber; a set of electrostatic lenses (the ion optics) focusses the ion beam and
resolvesanalyteions from backgroundsignals;acollision reaction cell (CRCYilters the analyte
ions from interfering ions; the quadrupole mass analyser separates the analyte ions by mass;
and finally, the electron multiplier detector to convert the response into an electrical signal.
There is also a scanning quadrupole masfilter between the ion lens and the CRC. A triple

quadrupole ICRMS (ICPQQQMS) includes an additional quadrupole mass filter to lower

detection limits®>2%,

Vacuum System
Sample  Sample lon Focus and Mass Detector Data
Prep Intro Source Separate Filter Analysis
| @ | | HE wm |[
\/ pmm

ICP Ms

Figure 2.6 Overview of the main components and stagesof ICP-MS.Image from Agilent .com.
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CHAPTERTHREE

Investigations of the basis for the specificity of HP2
phytases

3.1Chapter Introduction

As introduced in chapter 1.3.6, MINPPs are a distinct stthmily of HAPhy enzymes with
conserved structures which are homologous in sequence and structure to HAPhys. However,
where HAPhys are stereospecific phytases, MINPPS display positional hydrolytiexibility
whilst retaining catalytic efficiency?210, The detection in ileal digesta of raised levels of IP4 and
IP3 revealed that cleavage of the first phosphate is not the sole limiting step in IP6
degradationtgs254, |t is now well established that itis this positional specificity of commercial
HAPhys which results in accumulation of IP4 intermediates during hydrolysis of IP®. The
catalytic flexibility of MINPPs could therefore be exploited in the design of a negeneration
phytase derivative which overcomes the bottleneck of IP4 accretidfp158. The MINPP from
Bacteroides thetaiotaomicron BtMINPP, is one such potential candidate for engineering

existing commercial phytases.

Originally isolated from human faecal matte#s, B. thetaiotaomicronis a prevalent bacterial
endosymbiont of human gut floraz the second most common species isolaté® - and it has
previously beendiscoveredthat it expressesa MINPPenzymez BtMINPP- homologousto that

of the human celisignalling MINPP1, and which is enclosed and secreted in outer membrane
vesicle®2. This feature was proposed to be a protection mechanism of the enzyme from
proteolysis by gastrointestinal enzymes and in addition, thei delivery to human colonic
epithelial cells was revealed to promote intracellular C& signalling®2. BtIMINPP, like human
MINPP1 anddistinctive of MINPPSnN general,hasthe ability to attack IP6 at various positions,
and also like mammalian MINPPs, has increased catalytic activity towards thepBosphate
from Ins(1,3,4,5)P4 aswell asexhibiting very high catalytic activity in generaP2. The pH optima

of BIMINPP is consistent with the pH profile of the Gl tract of its hog 2.5, 4.0 and 7.5
indicating its evolutionary adaptation to the conditions provided by the hos®. Published in
2014, andrepresenting the first structure of a MINPP the structure of BtIMINPPin complexwith
the non-hydrolysable persulfated IP6 analogue(HIS; PDB:4FDUYacilitated the explanation of
how this enzyme is able to permit alternate orientations of IP®. Like other HAP members,
BtMINPPfolds into astructurally AT T O A O GldrAain @@iFopreferred to asthe core domain)
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the capdomain), with the active site locatedin

the cleft between the two domains, which are
anchored together by disulphide bridges (Fig
3.1)». The active site is comprised
predominantly of basicamino acidsto facilitate

acceptance of the highly charged IP6, forming
six phosphate specificity pockets which
accommaodate the six phosphate groups of the
substrate (Fig 3.2). The catalytic triad
responsible for hydrolysis is positioned in

pocket A and includes the nucleophilic
histidine, H59, which is responsible for the

generation of the phosphohistidine

intermediate®2. Consistent  with the
Figure 3.1 Cartoon representation of substitution of the HD dipeptide in HAPs with
the structure of BtMINPP, coloured by the HAE tripeptide in MINPPs, the glutamic
secondary structure { thelices cyan, - ) . ) )

strands magenta, loops coral). Oriented acid E325 in the HAE tripeptide actsas the
x EOE OEA | Tthe bAtiorh #n& 1 A @roton donor for the leaving group2. The HAE

the | domain at the top. Image rendered

in Pymol. tripeptide of MINPPs is purported to provide

an equivalent function to the HD proton

donor motif of
HAP$2. Comparison with the structure ofA. nigerPhyA, with which BtMINPP shares close
structural homology, provided justification for the lower positional discrimination exhibited
with IP6 and this was determined to be a result of its larger and less polar ligafunding
pocket®2. Indeed,the substitution of the HD motif in aclassicHAPsuchasAnPhyAwith the HAE
tripeptide is responsible for the increased volume and decreased polarity of the B and F
specificity pockets ofBIMINPP2257, An alanine instead of a tyrosine in the B and C pockets also
contributes to the volume of the pocket relative to Phy®257. |dentification of the amino acid
residues which determine catalytic flexibility is a prerequisite for the engineering of existing
phytases. Previous research to rationalise the basis of the low stereospecificity displayed by
BtMINPP revealed that the Bpocket is a key specificity locus, largely controlled by residues
T30 and Q27657. The hypothesis was that changes in theomposition of residues in the
specificity pockets of the enzyme is the driver of deviations from wildype stereospecificity,
and this was investigated by analysis of reciprocal mutants d@dtMINPP/AnPhyA?2257. Four
residuesconstituting the B pocket of BtMINPPwere identified z A30,T31,Q276and K280 7 as
being determinants of positional stereospecificity (Fig 3.2)257. The conclusionthat T31 and

AT



Q276 are the principal positional determinants was reached by further analysis of triple
mutants2s?. The Fpocket was also identified during previous studies as hosting some key
residuesinvolved in specificity258, R183was exposedasbeingcrucial for the catalytic flexibility

of BtMINPP2258, This was determined by the altered specificity upon substitution with the
equivalent AnPhyA residue, in which the fungalike positional preference of hydrolysis
initiation was instead displayed?2258, Meanwhile, D186 was concluded not to contribute to
specificity, and although the majority of V147 variants retained the wileype distribution of
IP5 intermediates, one substitution (V147F) did result in a change of specificity profides. The
overwhelming majority of variants exhibited statistically significantly different IP6 activities

relative to the wild-type25s.

Figure 3.2 A 2D representation of the residues constituting the six pockets (A -F) of BtMINPP.
Pockets are labelled on the basis that pocket A contains the catalytic histidine, with the
remainder of the pockets labelled according to increasing sulphate number of IHS.

94
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3.1.2 Objectives

With the establishedknowledge of the individual specificity subsites,the purpose of this work
was to generate different sets oBtMINPP variants for the interrogation of their IP6 and IP4
activities, with particular focuson the latter. Three residuesfrom the B-pocket were electedz
R275, Q276 and K28 and a restricted set of seven variants were generated for each. The
positions of theseresiduesrelative to the substrate analogue |HS, in the wild -type enzymeare
highlighted in Fig 3.3. Based on covage of a range of amino acid properties, the seven residues
selected for substitution were leucine, alanine, serine, tyrosin@sparagine, aspartic acid and

methionine.

Figure 3.3 The three residues within the B -pocket of BtMINPP chosen for restricted mutagenesis,

with yellow dashed lines representing intermolecular interactions and distances, in A, between
each residue and IHS included.
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3.2 Experimental Procedures

3.2.1 Site-directed mutagenesis of BtMINPP residues R275, Q276 and K280

PCR primers were designed according to the Liu and Naismith variation of the QuikChange
mutagenesis methodsuch that each primer pair contains an overlapping region and non-
overlapping stretch in which individual primers extend in opposite directions2s°,

Primer sequences are detailed in théppendices (A3.2.1). PCR reactions of 25uL were set up
as detailed in Table 3L.

Component Volume j t , Q| Final concentration
5x PhusionHF buffer 1x

10uM forward primer
10uM reverse primer
10mM dNTPs

DMSO
Phusionpolymerase
Template DNA
Water

Table 3.1 Composition of the mutagenic PCRreactions set up for site-directed mutagenesis of
BtMINPP.

R OR PP PO

Using Histagged BtMINPP_pET15b as the template, the thermal cycling protocol consisted of
98°Cfor 3 min, followed by 25 cyclesof [98 °Cfor 30 sec,50 °Cfor 1 min, 68 ocCfor 8 min] before

a final 68°C for 10 min. The presence of a product of the correct size was evidenced by 0.8%
agarose TAE gel electrophoresis (120 V, 45 min) with Gel Red staining. Negative control (no
primers) lacksany band. The methylated template DNAwas digestedby incubation (37 °C,2h)
with Dpnl (NEB; 0.5uL). A further 0.8%agarose TAE gel electrophoresis (120 V, 45 min) was
run to check the correct size PCR products were still present before proceeding to
transformation of XL10-Gold competent cells. Singlecolonies of E.coliXL10-Gold successfully
transformed with the mutagenised PCR product were grown ihB overnight (37°C,180 rpm)
with carbenicillin selection(100 pg/mL) in order for extraction of the propagated plasmidDNA

by miniprep. Plasmid samplesseparatedon a 0.8% agaroseTAEgel were visualized with Gel

Red toconfirm the plasmid size before verification by sequencing.
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3.2.2 Expression of BtMINPPresidues R275, Q276 and K280

Plasmids carrying the respective desired mutations were used to transform, by heat shok,
coli Rosetta 2 (DE3) pLysS competent cells in preparation for expression. For each mutant, a
single transformant was used to inoculate LB (10 mL) containing carbenicillin (100 pg/mL)
and the cells were grown overnight (37C, 180 rpm). Fresh LB (50mL) supplemented with
carbenicillin (100 ug/mL) was then inoculated with the overnight culture (0.5 mL) and
incubated (37°C,180 rpm) until the ODsooreachedcirca 0.6.At this point, cellswere induced by

the addition of IPTG (0.1mM) before overnight incubation (20°C, 180 rpm). Cells were
subsequently harvested by centrifugation (4500xg, 10 min) and frozen {80 °C) for a brief
period (1-2h) to aid lysis.

3.2.3 Purification of BtMINPPresidues R275, Q276 and K280

Cell pellets wereresuspended(0.8 mL) in a solution of lysis buffer (Tris-HCI 50mM, NaCl 500
mM, Imidazole 20 mM, glycerol 10% v/v and Tweer20 1% v/v, pH 8) supplemented with
lysozyme (1 mg/mL), TCEP (1 mM) and half of a protease inhibitor tablet (cOmplete EDTA
free). After ashort period of incubation (30°C,180 rpm, 10 min) DNasel wasadded(10 ug/mL)
followed by a longer incubation (30 °C, 180 rpm, 1h). Cell lysates were clarified by
centrifugation (21,000 xg, 10 min, 4°C) and the supernatant applied to NNTA superflow
agarose (100 pL resin; Qiagen) prequilibrated with the resuspension solution (200 pL). The
resin suspensionwas mixed in arotary format (30 min, 4 °C)to allow binding of the His-tagged
proteins to the NTAmatrix. The flow-through was collectedafter centrifugation (700 xg, 2 min,
40C).The resin waswashedtwice (200 pL x 2) with wash buffer (Tris-HCIpH 8.050 mM, NaCl
500 mM, Imidazole 20 mM, glycerol 10% and TCEP 1mM) and the washes collected after
centrifugation (700 xg, 2 min, 4°C). To elute the HigaggedBtMINPP mutants, elution buffer
(100 pL) consisting of Tris-HCIpH 8.0 (50 mM), NaCl(500 mM), Imidazole (250 mM), glycerol
(10% v/v) and TCEP (1mM) was added to the resin and this subjected to rotary mixing (10
min, 4 °C).His-taggedBtMINPPmutant proteins were eluted by afinal centrifugation step (700

Xg, 2 min, 4 °C). Protein concentrations were estimated using a NanoDrop One
spectrophotometer (Thermo Scientific) and purity was assessedyy 4-12% Bis-Tris SDSPAGE
gelelectrophoresis (Invitrogen) using MESrunning buffer (165 V,40 min). Protein purity after
IMAC was such that a furthepurification step was not necessary. For storage, glycerol was

added to 30% (v/v) and protein samples flash frozen in LN2 before storage &80 °C.
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3.2.4 Estimation of relative IP6 and IP4 activities

BtMINPP variants at an approximate concentration of 10 nM were incubated with IP6 or IP4
(2.5 mM) at 25°C with a range of incubation times (5& 120 min) to achieve ~10% of total
phosphate released from the substrate. Inorganic phosphate was quantified by the

molybdenum blue reaction as detailed in Chapter 8.

3.2.5 HPLCanalysis of IP6 hydrolysis reaction products

Reactionproducts generatedfrom the incubation of IP6 or IP4 (2.5 mM) with BtMINPPvariants
(10 nM), as detailed in section 3.2.4, were separated on a CarboPacZ@A column (two
columns in series; 3x50mm and 3x250mm) whicltontains a resin of hydrophobic, polymeric
pellicular anion exchangeresin. Appropriately diluted samplesof 20{ ,were injected onto the
column (preceded by a guard cartridge) by a sample injection pump (Jasco 2089 | Plus
quaternary insert pump) at a flow rate of 0.2 mL/min. The elution protocol consisted of a 25
min methane sulfonic acidgradient (0-0.6M) followed by 14 min at 0.6M andfinally 11 min of
water, at 0.4mL/min. Theeffluentwasthen pumpedby aJascd”?U-1585 intelligent HPLCpump
for mixing with a post column colour reagent (0.1% ferric nitrate and 2% perchloric acid).
Detectionwas byaJascdJV 1575intelligent UV/Vis detector containingap ¢ cell. Datawas

processed using ChromNAYV software (Jasco).



99

3.3 Results

3.3.1 PCRmutagenesis of three sets of BtMINPP variants: R275, Q276 and
K280

For the R275 and Q276 sets of variants, the PCR mutagenesis procedure was attempted and
subsequently modified a number of timedefore success was attained. Figure8is an example

of a successful gradient PCR protocol performed for five variants which had been
unsuccessfully produced by previous attempts. All except the Q276B8°C product were

successful.

68°C 66.7°C 64.5C 61.22C

A A A A
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2
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Figure 3.4 DNAagarose gel of the PCRmutagenesis products of asubset of the R275 and Q276
variants for which PCR protocols had been previously unsuccessful: R275N, R275D, Q276Y,
Q276N and Q276D.

Figure 35 is an example of a DNA agarose gel of the set of K280 variants after successful PCR
mutagenesis and transformation oE. coliXL10-Gold. The agarose gel of the plasmids extracted
from XL10-Gold transformants reveals that one of the two colonies from which the K280M
plasmid was extractedyielded anincorrectly sizedplasmid therefore the other correct plasmid
preparation was used for storage and downstream work. Note that K280A is absent from this
particular gel, since this particular mutant necessitated additional PCR mutagenesis attempts
before obtaining the desiredproduct. All correctly sized plasmids weresent for DNA sequencing

to verify the successful incorporationof the mutation.
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Figure 3.5 DNA agarose gel of the mutagenized plasmids extracted from XL10 -Gold
transformants, for the K280 set of variants. Plasmids were each extracted from two different
colonies per mutant.

3.3.2 Expression and purification of R275, Q276 and K280 variants

The seven variants of each of the threBtMINPP residues were expressed and purified in
parallel on a smallscale by NiNTA affinity chromatography. This onestep purification
generatedenzymesof sufficient yield and purity for the purposesof the intended downstream
analyses (Fig 3). Two of the Q276 variants, Q276S and Q276M, were not amenable to
expression, despite conducting an expression trighfter initial expression attempts proved
unsuccessful(Fig 3.7). Assuch,thesetwo variants were not continued further, andthe set was

consequently reduced to five variants.
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Figure 3.6 SDSPAGEof the Ni-NTA purified BtMINPPvariants a) The sevenvariants of the R275
and Q276 setsb) The sevenvariants of the K280 set.
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3.3.3 Activity towards IP6 and IP4 of BtMINPP R275 variants

Seven variants of the R275 residue BtMINPP were generated by sitalirected mutagenesis
before investigation of their hydrolytic activities against IP6 and Ins(2,3,4,5)Prelative to the
wild -type and the establishedprototypical phytase,the periplasmic phytase AppAfrom E.coli.
Theresiduescomprising this O O A O G@DAe@d dudine, alanine, serine, tyrosine, asparagine,
aspartic acid and methionine. Theesults from these assays are displayed as a function of
inorganic phosphate liberated from either IP6 or IP4 (Fig 8). Quantity of phosphate

releasedis referred to interchangeablyasO A A Ofear@hE gitp@sesof this chapter.

IP6 m IP4
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Figure 3.8 Relative levels of phosphate released from IP6 (teal) or (2,3,4,5)IP4 (magenta) by
seven BtMINPP R275 variants. Dashed lines highlight the level of phosphate released from IP6 by
AppA (brown); from IP4 by AppA (purple) and from 1P4 by BtMINPP (blue). Error bars are based
on standard deviation.

BtMINPP and AppA exhibit rather similar activity levels towards IP6 BtMINPP marginally
greater) whereas for IP4, the activity ofBtMINPP is approximately three times greater.
Therefore several of the R275 variants display greater activities towards either IP6 or IP4
OAl AGEOA O ' pb!'h OET AA OEA OAAOAI ET A8 EO
possessinggreater activity than BtMINPPwaslessfrequent. Indeed,for IP4 activity, all variants
were more active than AppA.Both BtMINPPand AppAare considerablymore active against|P6



than P4, with BtMINPP being almost three times and AppA more than seven times more
active towards IP6 than IP4. Interestingly, all of the R275 mutantg except for R275Mz have
considerably greater activity towards IP4 than IP6. The methionine variant was almost
identical to the wild-type in terms of the phosphate released in this assay. Indeed, it was the
only variant of the set which exceeded the activity of both the wildype and AppA in terms of
IP6 activity. Although arginine and methionine are spatially similar, their chemical properties
are very different. Whilst arginine is a highly polar, positively chargedresidue z often found in
the active sites of proteins which bind phosphorylated substratesz methionine is a
hydrophobic residue not usually involved in the active site chemistry of enzymes.The similarity

in enzymeactivity would be expectedfor anarginine to lysine mutant, sincethesetwo residues
have similar chemical properties, but is interesting that the substitution to methionine had
little effect. When the positively charged arginine was mutated to the negatively charged
aspartic acid, activity againstIP6 was essentially abolished (~5% of WT activity; Fig 3.9) and
for IP4 it was reduced compared to the wiletype. This could be rationalised by the fact that
this is considered a radical mutation. Substitution with alanine resulted in activity data
moderately similar to that for R275D, albeit with higher valuesdr both IP4 and IP6 activity.
IP6 activity was just 11% relative to the wildtype (Fig 39). The R275S and R275Y variants
exhibited, relative to one another, very sirlar activities towards both substrates, although the
standard deviation (represented by error bars) for the IP4 values is very large. Thalues
produced by R275Sand R275Ywith IP6 were similar to that of IP4 by the wild -type, andvice
versaz the values produced by R275Sand R275Ywith IP4 were similar to that of IP6 by the
wild -type. Of the variants, R275N has the highest ratio of IP4:1P6 activity, with IP4 activity five
times greater than that towards IP6. R275L and R275N displayed similar IP6 activitié$6%
and 17% relative to WT; Fig 3.9) but IP4 activity was much greater in the latter. It is very
interesting that the wild-type and AppA activities towards IP6 were much greater than for IP4,

yet for the mutants, in general the IP4 activity was mnch greater.

Whilst the IP4 in these assays was the isomer produced by Quantum Bu€QB) - the
Ins(2,3,4,5)R: -activities of the R275 variants against a different IP4 isomer, the (1,4,5,6) IP4
produced by the fungal PhyA phytase, were also determined. A comparison of the QB versus
PhyAIP4 activities are displayedin Fig 3.10. Thewild -type is 3.7 times more active against the

IP4 produced by Quantum Blue tharit is the IP4 from PhyA. For all the R275 variants, the
activity levels are higher for QB IP4 than PhyA IP4, except for R275A, however this is not
significant as the error bars overlap such that the highest error bar value of QB IP4 is higher
than the lowest error bar value of PhyAlIP4.R275Sand R275Nexhibit activities againstQBIP4

muchgreaterthan the wild -type (2.6 and 2.3times greater, respectively), but almostno activity

104



105

againstPhyAlIP4.R275Yis similar with regard to QBIP4 activity (2.8 times greater relative to
the wild-type), but displays a moderately greater activity against PhyA IP4 than the wiliype
(1.7 times greater). Levels of QB versus PhyA IP4 activity are very similar for the R275M
variant, and theselevels are around the samevalue asfor the wild -type QBIP4 activity. R275L

is approximately the same as for R275M for PhyA IP4 activity, but is slighthgore active (1.4
times) than the wild -type for QBIP4.R275Dresults in the lowest QBIP4 activity (1.7 times less
than the wild-type) and almost no PhyA activity.
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Figure 3.9 Activities against IP6 and IP4 of the set of BtMINPP R275 variants displayed as a
percentage relative to the wild -type activity.

Thereare severalmetriceswhich havebeendevelopedover the yearsin attempts to quantitate
the effectof different amino acid substitutions on the function of a protein. Theseare basedon
quantitating different properties of the amino acids.Oneof the most establishedof theseis the
" OAT O Higdnde Which attempts to predict the evolutionary distance betweentwo amino
acids*60, Granthamscoresrangefrom 5 (leucine/isoleucine) to 215 (cysteine/tryptophan), with

a lower score reflecting a smaller evolutionary distance and vice versa. The greater the distance
between two amino acids, the less likely they are to be substituted by one anotheaturally,
becausethe effectwould be detrimental. The amino acid properties that' O AT O Hidtdnde &
based on are composition, polarity andnolecular volume2o. An exchange between two amino
acids separatedy a large physiochemical distance is therebgonsidered a radical substitution
and a smaller psychochemical distance a conservative substitution. The set of Granthaoores

are tabulated in the original publication, reference #260. Based on the



Granthamscore,within the setof R275variants, substitution by alaninerepresentsthe largest
physiochemical distance, and tyrosine thesmallest (Table 3.3.1). R275A does result in the
secondlowest (R275Dbeingthe lowest) percentactivity relative to the wild -type, socorrelates

fairly well with the Grantham score, although there is no correlation in the other variants.

B QuantumBlue m PhyA
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Figure 3.10 Relative levels of phosphate released from QB IP4 (magenta) or PhyA IP4 (teal) by
seven BtMINPP R275 variants. Dashed lines highlight the level of phosphate released by BtMINPP
from QB IP4 (magenta) and PhyA IP4 (teal), respectively. Error bars are based on standard
deviation.

7TEEI OO OEA ' OAlT OEAiI 60 AEOOATAA EO AAOGAA 11
Stoltzfus developed the measure of Experimental Exchangeability which evaluates the mean
effectof amino acid exchangeon protein activity in vitro, basedon the analysisof 9671 reported
amino acid exchanges in 12 different target proteirf1. The table of exchangeability scores is
published in the original article, reference #261. Based on experimental exchangeability,
overall, alanine was determined to be the best replacement for other residues, and lysine the
most easilyreplaced.According to the experimental exchangeabilitymatrix, within the set of

R275 variants,alanine is the most exchangeableamino acid,and methionine and asparagine
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are the leastHowever,the value for methionine and asparagineare basedon the meanof just

oneand three, respectively (Table 2). Therefore these values cannot be awarded too much

weight.

3TAAOESO ET ARG 1 AAOOOAO OEA 1 OGAOAT 1T OAOAI Al Al
account 134 categories of physiochemical propertie&. The result is a value of dissimilarity

the dissimilarity index, Ds[l,j] z which is calculated as the percentage of the sum of all

I AAT OAET ¢ O1T 31 AA:
similarity of residues(relevant to the mutagenesisof R275) to arginine, in increasingorder of

properties not shared between two amino acids (Fig 31)°’8

dissimilarity are: methionine > leucine and asparagine >alanine, serine, aspartic acid and
tyrosine (Table 32). Methionine being closest in similarity to arginine, out of the seven
residues in question, correlates well with the results in Fig 8. Indeed, except for the serine
AT A OuUuOT OET A OEA OAOOI 60 DPOAOAI

3.11b. It could therefore be predicted that exchanging arginine for lysine would result in even

less of a differace in IP6 and IP4 activity.

b
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close resemblance, and fully black squares represent each amino acid compared with itself i.e
complete resemblance. The dendrogram in (a) is essentially asummary of, and complementary to,
(b). Image from Sneath262,
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7EAOA 31 AAOGES O Ellafyd @nwéghted AuinbBeh &f chierhical Z/and physical

PpOi PAOOGEAO T &£ AT ETT AAEAOh %DPOOAEIT & O pdarith £EEAE
so it is not unexpected that the coefficients vary considerably between these two measua@s

The assumptions are that the polarity of an amino acid side chain is the most critical
determinant of its effect on protein conformation; and that the size of a side chain may
influence conformation, particularly if a larger residueis replaced by a smaller one in the

protein interior. Thereare two different equations to distinguish betweertwo different cases:

1) when a smaller hydrophobic residue is replacedby a larger hydrophobic or polar residue;

2) when a polar residue isexchanged or when a larger residue is replaced by a smaller one.

The coefficients of difference values were implemented by Epstein to calculate indices of
difference for amino acid exchanges between homologous protei##s. The coefficients can be

located in the original article, reference 263.

Similarly to %D OO A E T 6 O ofAiffefevEEREARAD HHDO A E O Ghihoaddvdiude AA OA A
and polarity and the author states that these are the primary representative property
parameters and consequently are the key determinants for protein conformaticé®8 - EUAOAS
i ACOET A EO AOOAT OEAI T U A I 1TAEEEAAOQCEIT 1T &£ ' OAT
rangesfrom 0.06for the mostsimilar pair, alanineand proline, to 5.13for the leastsimilar pair,

glycine and tryptophan and these are reported in the original article in reference264. Miyata
alsocategorised the amino acids intesix well defined groups by distanceand this is tabulated

in Table 3.3. For the set ofR275 variants, all seven pairs have moderately similar Miyata
distances, ranging from 2.02 (tyrosine) to 2.92 (alanine). This is in accordance with the

Grantham distances.

Substitution Grantham Exchangeability 31 AAOH %D OOAET| - EUARAG
Score Score Index (% D) coefficients of distance (D)
difference
R>L 102 0.24(43) 30-34 1.00 2.62
R>A 112 0.46 (44) 35-39 0.62 2.92
R>S 110 0.27 (46) 35-39 0.24 2.74
R>Y 77 0.27 (30) 35-39 0.80 2.02
R>N 86 0.07(3) 30-34 0.08 2.04
R>D 96 0.12(4) 35-39 0.08 2.34
R>M 91 0.07 (1) 25-29 1.00 2.29

Table 3.2 Amino acid difference O O A | baskda five different methods for the seven arginine to
L/A/S/YIN/DIM residue exchanges. N.B In the column Exchangeability Score, in parentheses is
the number from which the mean was derived.



Included in Table 32 are the amino acid difference scores for the seven substitutions of
arginine 275 relevant to this section,accordingto the five methods discussedpreviously. They
cannot be directly compared with one another as they are based on completely different

functions.

Toassesshe effects,jif any,on specificity, reactionswere subjectedto HPLCto revealthe relative
proportions of the different IPs isomers. As a prerequisite, the variants were eaclincubated
with IP6 for varying lengths of time before determination of phosphate released by the
molybdenum blue assay. This facilitated the estimation of reaction time required tgenerate
an appropriate IP6 degradation profile i.e. one in which the IPs isomers were visible. If the
degradation does not proceed far enough, only the IP6 peak would be present, awhversely,
if the degradation proceeds too far, the IPpeaks will be absent as lower inositophosphate
peaksappear.The percentageof IP6 degradation aimed for was approximately 10%. The HPLC
traces for the seve R275BtMINPP variants are presented in Fig 32, and theanalogouslIPs
isomer compositionsin Fig 3.13. Interestingly, all of the variants generated aarger proportion
of the 1/3 -OHIPsisomer, whereasthe major isomer of the wild -type is the 5-OHisomer. It is
possible that this has a link to the much higher IP4 versus IP6 activity observed in these
variants. For all the variants, the percentage represented by the 1/@H isomer ranged from
43-51% with a mean of 46%, whilst in the wildtype this wasjust 23%. The 4/6-OH isomer
proportion was consistent across the variants, rangingrom 21-24%, andthis was similar to
the wild-type (27%). Whilst the wild-type generated 50% 50H IR, the variants yielded 27-
35%, with anaverageof 31%. Therefore, the specificity hasflipped from 5- OH to 1/3-OH IR in

these variants.

Group

1 (specialcase) cysteine

2 (small& neutral) | Proline alanine glycine serine threonine
3a(hydrophilic& | glutamine glutamic asparagine  asparticacid

relatively small) acid

3b(hydrophilic& | histidine lysine arginine

relatively large)

4a(hydrophobic& | valine leucine isoleucine methionine

relatively small)

4b (hydrophobic& | phenylalanine tyrosine tryptophan

relatively large)

Table 3.3 The six groups of amino acids asdefined by Miyata 264
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Figure 3.12 HPLC traces of the seven R275 variants (magenta) compared to the wild -type BtMINPP (purple).
The IP5 regioisomers generated are highlighted by a coloured box: 1/3 -OH in orange, 4/6 -OH in green and 5-
OH in blue.



R275L R275A
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=1/3-O0H = 4/6-OH = 5-OH
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<«
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Figure 3.13 The proportion of the three different IP5 regioisomers generated by the set of R275
BtMINPP variants. The 5-OH isomer is represented by blue, the 1/3 -OH isomer by orange and the
4/6 -OH isomer by green.

Asavisual accompanimentthe R275position was mutated in Pymolto eachof the substituting

residues (Fig 314).
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Figure 3.14 A close up of position 275 of
BtMINPP, with IHS bound in the substrate
binding site. In each image the wild -type R275
residue has been substituted with each of the
seven residues as per the restricted
mutagenesis. The wild -type residue is shown in
Figure 3.3 in the chapter introduction. Images
rendered in Pymol.



3.3.4 Activity towards IP6 and IP4 of BtMINPP Q276 variants

Activities of the Q276variants againstIP6 and Ins(2,3,4,5)R are presentedin Figure 3.15.

IP6 m IP4

L A Y N D BtMINPP  EcAppA
ResidueSubstitution

Figure 3.15 Relative levels of phosphate released from IP6 (teal) or IP4 (magenta) by five
BtMINPP Q276 variants. Dashed lines highlight the level of phosphate released from 1P6 by AppA
(brown); from IP4 by AppA (purple) and from IP4 by  BtMINPP (blue). Error bars are based on
standard deviation.

Overall,levelsof activity againstboth IP6 and P4 are muchlower than for the R275variant set,
with all levels significantly lower than the wild-type and AppA. Interestinglywhilst all except
one of the sevenR275variants displayed greater IP4 than IP6 activity, for the Q276 set, for all
except one mutantz Q276Y z the activity against IP6 was higher than for IP4. Further, the
Q276Yvariant wasthe only onefor which IP4 activity out-performed that of the wild -type (and
AppA).Thetyrosine substitution alsoresulted in the highestIP4 activity in the R275set.Q276L
and Q276N were even less active than AppA for IP4 activity, whilst in the R275 variants, all
were substantially more active than AppAz the lowest level still being 1.65times greater than
AppA (R275D). The L, N and D substitutions of Q276 exhibit very similar activity profiles for
both IP6 and IP4, with 26.4, 25.6, and 24.7% IP6 activity relative to the wiliype, and 20.0,
21.5, 35.9% IP4 activity relative to the wildtype (Figure 3.16).

113



m [P6 m IP4

180

=
o]
o

140
120
100 —— gy gy ——— e —m e e e - —————

80
im II I T |
L A Y

6
ResidueSubstitution

o

4
2

%acivity relative to wild-type
o

o o

BIMINPP

Figure 3.16 Activities against IP6 and IP4 of the set of BtMINPP Q276 variants displayed as a
percentage relative to the wild -type activity.

Comparison of the activities against QB IP4 and PhyA IP4 is represented in Figure/3Q276Y

is the only variant of the setwhich outperforms the wild -type in activity againstQBIP4, with 1.7

times greateractivity. It is alsothe only variant of this setfor which the QBIP4 activity is greater

thanthe correspondingPhyAlP4 activity (2.8times greater) andis therefore similar to the wild -

type in terms of IP4 preference. Unlike the previous set of variants, levels of PhyA IP4 activity

are all higher than the wildtype. Q276L displays the greatest difference between theo 1P4
substrates,with 3.8 times greater activity againstPhyAlIP4 than QBIP4.Q276Dhas the least
difference, with PhyAlP4 activity only 1.5times greaterthanQB) 0 1t AAOQOEOEOUhR AT A
activity is also the lowest of the set, excluding the wildype. Q276A exhibits the greatest PhyA

IP4 activity, at 4.1 times greater than the corresponding wildype activity, although the

standard deviation is rather largefor Q276A.
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Figure 3.17 Relative levels of phosphate released from QB IP4 (magenta) or PhyA IP4 (teal) by
five BtMINPP Q276 variants. Dashed lines highlight the level of phosphate released by BtMINPP
from QB IP4 (magenta) and PhyA IP4 (teal), respectively. Error bars are based on standard
deviation.

Accordingto 3 T A Al6dex8s0Granthamdistancess® and Miyata pair distances64 (Table 3.4),

the five Q276 variants overall are closer amino acid pair exchanges than the R275 variants.
Based on the Grantham distanée&h 3 T A A &R datacphiridfst@ncess AT A %D OOAEI]
coefficients of differencess, theresidue most similar to glutamine is asparagine. It would thus

be expected, based purely on this, that Q276N would have the highest percentage activity
relative to the wild-type, yet this is not the case aside from Q276Y which has a considerably

higher IP4 activity relative to the wild-type, Q276A has the highest relative activity, at 57.8%

for IP6 and 78.4% for IP4.

Substitution Grantham Exchangeability 3T AAOI %D OOAET| - EUAQnAG
Score Score Index (% D) coefficients of distance (D)
difference
Q>L 113 0.39(46) 20-24 1.00 2.70
Q>A 91 0.50(44) 25-29 0.61 1.92
Q>Y 99 0.36 (30) 25-29 0.80 2.48
Q>N 46 0.34(3) 10-14 0.03 0.99
Q>D 61 0.07(1)1 20-24 0.03 1.47

Table 3.4 Amino acid A E £/£&A OAT Abhsedodivé diffdrénd methods for the five glutamine to
L/A/YIN/D residue exchanges.N.BIn the column Exchangeability Score,in parentheses is the number
from which the mean was derived.
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The HPLCtracesfor the five Q276 variants are presentedin Figure 3.18. In terms of extent of
degradation, it can be seen that Q276L, Q276A and Q276N yielded IP4 peaks thereby
proceeded further than Q276Y and Q276D. However, the obtainment of 10% IP6 degradation
was only approximate since the proportion of different IRisomers was the primary focus of
the HPLCanalysis.Two variants z Q276Land Q276Az exhibit a similar IPs profile to the wild -
type, whereby 50H is the major IP5 isomer produced, and levels of 4/@®H and 1/3-OH are
approximately equal (27% and 23%, respectivelyri the wild-type). Indeed, whilst the wild-
type yielded 50% 5OH IP5, Q276L and Q276A produced 63% and 56%, respectively. On the
other hand,Q276Y,Q276Nand Q276Ddeviate from this. Q276N produced more 1/3 -OH(55%),
followed by 5-OH (28%) then 4/6-OH (17%). For Q276Y and Q276D, the IP5 peaks were all
considerablysmaller,andtherefore the proportions A O Areadivisible from the HPLCtraces,

but the datarevealedthat the levels of the different isomerswere similar to Q276Nz 52/55%

1/3 -OH,26/24% 5-OH and 22/21% 4/6-OH for Q276Y and Q276D, respectively. This data is
represented as pie charts in the corresponding Figure B9.

WT Q276L Q276A

23%

25% 28%
50%

56%
63%

1/3-OH = 4/6-OH 5-OH

Q276Y Q276N Q276D

26% 28% 24%

52% 55% 55%

Figure 3.19 The proportion of the three different  IP5 regioisomers generated by the set of Q276
BtMINPP variants. The 5-OHisomer is represented by blue, the 1/3 -OHisomer by orange and the 4/6 -OH
isomer by green.
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Figure 3.18 HPLCtraces of the five Q276 variants (magenta) compared to the wild -type BtMINPP (purple). The
IP5 regioisomers generated are highlighted by acoloured box: 1/3 -OHin orange, 4/6 -OHin green and 5-OHin
blue.
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3.3.5 Activity towards IP6 and IP4 of BtMINPP K280 variants

Presentedin Figure 3.20 are the activities of the K280 variants againstIP6 and Ins (2,3,4,5)P..

IP6 m IP4

L A S Y N D M BtMINPP EcAppA
ResidueSubstitution

Figure 3.20 Relative levels of phosphate released from IP6 (teal) or IP4 (magenta) by seven BtMINPP K280
variants. Dashed lines highlight the level of phosphate released from IP6 by AppA (brown); from IP4 by AppA
(purple) and from IP4 by BtMINPP (blue). Error bars are based on standard deviation.

It is very apparent that the levels of activity against both IP6 and IP4 are considerably lower
than the R275 and Q276 sets of variants. None of the amino acid exchanges implemented
resulted in a level of IP6 activity anywhere near equal to the wildype. The variant with the
highestactivity for both IP6 and IP4 was K280S however, the standard deviation was very large
with very inconsistent triplicate readings. Nevertheless, relative to the wildtype, activity was
43% for IP6 and 92.2% for IP4 (Figure 21). K280N also exhibited a level of IP4 activity almost
as high as the wild -type, at 84.5%, but E Odtt®ity against IP6 was much lower, at 9.9%.
Activities of K280M againstIP6 and IP4 were similar, at 27.0% and 36.4%,respectively,relative

to the wild -type. K280L,K280A,K280Y and K280D are all essentiallyinactive comparedto the
wild -type, with 6.6%, 5.7%, 8.5%, and 6.7% relative IP6 activity, respectively. The analogous
IP4 activities were 20.5%, 26.1%, 9.4% and 17.8% respectively, relative to the witgipe, and

were all even lower than that of AppA.
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Figure 3.21 Activities against IP6 and IP4 of the set of BtMINPP K280 variants displayed as a
percentage relative to the wild -type activity.

The variant which stands out most in this set is K280M, having an activity against PhyA 1P4
considerablygreaterthan all other variants - including the wild -type - againsteither IP4isomer
(Figure 3.22). In addition to being 6.3 times more active than the wild -type for PhyAIP4,its
activity for PhyA IP4 is also 1.7 times greater than for the wildype against QB IP4. It is
significantly more active (4.7 times) against the 1P4 from PhyA than the IP4 produced by QB.
K280L is the only other variant of this set which has higher PhyA IP4 activity relative to the
corresponding QB P4, although the difference is not as profound £3times). The tyrosine
mutation at the K280 positionappearsto have rendered theenzymeinactive againstboth 1P4
substrates, as is the case for K280D and K280A with PhyA IP4. Both K280S and K280N are
almost as active as the wildype in terms of QB IP4 etivity and they also exhibited similar

activities against PhyA IP4 levels both 1.5 times greater relative to the wiletype.
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Figure 3.22 Relative levels of phosphate released from QB IP4 (magenta) or PhyA IP4 (teal) by
seven BtMINPP K280 variants. Dashed lines highlight the level of phosphate released by BtMINPP
from QB IP4 (magenta) and PhyA IP4 (teal), respectively. Error bars are based on standard

deviation.
Substitution Grantham | Exchangeability 31 AAOH %D OOAET| - EUARAG
Score Score Index (% D) coefficients of distance (D)
difference
K>L 107 0.30 20-24 1.00 2.98
K>A 106 0.60 25-29 0.61 2.96
K>S 121 0.38 30-34 0.22 271
K>Y 85 0.34 30-34 0.80 2.42
K >N 94 0.46 25-29 0.03 1.84
K>D 101 0.47 30-34 0.03 2.05
K>M 95 0.41 20-24 1.00 2.63

Table 3.5 Amino acid difference O O A | ladeddn five different methods for the seven lysine to
L/A/S/YIN/DIM residue exchanges. N.B In the column Exchangeability Score, in parentheses is
the number from which the mean was derived.



Overall,the Granthan?so and Miyata264 distancesof the K280variant setare higherthan between

the amino acids in the R275 and Q276 sets, therefore indicating relatively less similarity;
31 AAOE &0sudgésts Al the similarity of the lysine to X amino acid exchanges is in
between the R275 and Q276 setg more similar than the R > X set but less so than the Q > X
set. According to the exchangeability scores, the K > X substitutions are more easily
exchangeable than the analogous R275 and Q276 sefable 35).

The significanceof the differencesbetweenthe IP6 and IP4 activities of the variants relative to
the wild-type are tabulated in the Appendices (A3.2). A negativevalue indicates higher
activity of a variant relative to the wild-type and vice versa, whereas a\alue close to zero is
indicative of similarity to the wild-type and therefore a nonsignificant value. Out of all 19
variants, the only variant which was not significantly different to the wildtype in terms of
activity againstIP6 was R275M.All others were significantly different (p=<0.01),whether that
wasincreasedor decreasedrelative activity. For activity againstIP4,more than half the variants
(11) hadvalueswhich were significantly different (p=0.05) to the wild -type. The only variants
which were statistically significantly more activerelative to the wild -type were: R275S R275Y
and R275N.
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3.4 Discussion

Phytases employed in feed enzyme applications suffer from a significant bottleneck which is
the accumulation of the I1P4 intermediate and corresponding reduced rate of hydrolysis. The
engineering of an established phytase to alleviate this issue would be very valuable to the
monogastricfeedsectordueto optimisation of efficiencyandresourcest®. Therehaspreviously
been extensive analysis of the activities against IP6 and corresponding stereospecificities of a
number of BtMINPP variants, but investigition of IP4 activities is somewhat less explored?.25s,
Thework in this chapter demonstratesthe distinct differenceseffectedby mutating the R275,
Q276 and K280 positions of the catalytically flexibl@tMINPP, with single mutations eliciting
changes in both IP6 and IP4 activities, angbsitional specificity.

Overall, there was no mutation which resulted in a variant that was more effective at IP6
dephosphorylation than the wild -type. However, severalvariants were ableto processIP4 more
efficiently than the wild-type. For the IP4 isomer produced by Quantum Blue, these consisted
of five R275 variants (Y,S,N,L,M) and one Q276 variant (Y). Unfortunately, the improved 1P4
activity was gained athe expense of IP6 activity, with IP6 activityevels significantly decreased
relative to the wild-type. As for the PhyAP4 isomer, since the wildtype activity is very low,
multiple variants yielded improved levelsz all of the Q276 variants and more than half of the
R275 (L,A,Y,M) and K280 (L,S,N,M) variants. For variants of K280, although generally these
were all much nferior to the wild -type for all substrates, one variant yielded a substantial
improvement relative to the wild -type -K280M was more than six times more active againstthe
PhyAIP4.TheR275and Q276variants display differing preferencesfor the two IP4 substrates

Z variants of R275 are moreeffective at processing QB IP4 whereas Q276 variants are better
with PhyA IP4. Aside from one variant (R275M), all R275 variants were much more active
against IP4 (QB) than IP6, whilst for Q276 variants, aside from one variant (Q276Y), activity
was greaterfor IP6 than 1P4 (QB).

In terms of stereospecificity, mutations to the R275 position resulted in a change in the
predominant IP5 isomer generatedz from the 5-OH to the 1/3-OH IP5. The variant with the
largest proportion of 1/3-OH IP5 was R275L, at 51%, which is slightly highahan the
proportion of the 5-OHIP5 produced by the wild -type. With the exception of two variants, the
Q276variants alsoresulted in aninterchange of specificity from the 5-OHto the 1/3 -OH IP5,
and was even more profound @hange than in the R275 variants, with the 1/30H IP5 isomer
constituting as much as 55%. On the contrary, the R275L and R275A variants maintairtad
same specificity as the wild -type, but the proportion of the predominant IP5 isomer was

increased to 63% and 56%, respectively.
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It is well established that during protein evolution, amino acid mutations eliciting fewer
physiochemical changes are significantly more frequent than those involving relatively large
changes, and this is because substitutions which are compatible with thretention of the
existing conformation of the protein are favoureds4. Yampolskysé! indicated that the approach
taken by Granthan®s® and the subsequently derived - E U A @iét@n€egs4, correlate
particularly well with observed evolutionary propensities. Attempts to rationalise the
observations in this work using a number of amino acid exchange indices based on
physiochemical properties were somewhat inconclusive in that there was no definitive
correlation with the experimental data. For example, accordingp the Granthanté® and Miyata
pair distancess4and3 T A A O E &Qof &lithA va@ants the Q to N substitution is the closest
in terms of evolutionary distance and therefore wouldtheoretically be the least negatively
impacted, however in reality Q276 was one of the variants of the Q276 set in which activity
was much decreased relative to the wildtype. Another example is that the K to A substitution
is the closest according to theexchangeability scores, however the experimental data
demonstrates that this variant was essentiallynactive, with only ~5% activity relative to the
wild -type. It must be acknowledged thatsome of these exchangeabilityscoresare basedon
averagedrom avery limited number of samples therefore are not good representations. On the
whole, the Q276 set of mutations are physiochemicaltloserpairs,accordingto3 T A AideExg O
than the exchangesetweenR275Xand K280X (where Xis L,A,S,Y,N,D or M), andthe R275set
are the mostdistant pairs, although this did not correspond to the results here.

Previous studies demonstratedhat replacing the largely basic activesite residues with acidic
residues significantly decreased IP6 activity and suggested that a basic pocket is essential for
substrate binding?5?. Since R275 and K280 are basic residues, it would be expected that the
R275Dand K280D variants result in amuch decreasedactivity againstIP6,relative to the wild -
type. This is indeedobserved in the data in Figures 3 and 321, in which the activities of
R275Dand K280D againstIP6 were only ~5% and 6.7% of the wild -type activity, respectively.
Thereis also asimilar trend for the alanine,leucine and asparaginesubstitutions of R275 and
K280. The alanine variant resulted in 11% (R275A) and 5.7% (K280A), the leucine variant
17.6% (R275L) and 6.6% (K280L), and the asparagine variant 16.1% (R275N) and 9.9%
(K280N), relative to the wild-type. The reduction in activity is more pronouncedn the K280
variants of these three substitutions. It is somewhat surprising that an alanine substitution
decreases the activity so much, since alanine is supposed to be the residue which can most
easily be a replacement for other residues. The correspond] Q276 variants were less
impacted, with Q276D still maintaining 24.7% activity relative to the wildtype, which is not

surprising since glutamine is not a basic residue like arginine and lysine. However, with 1P4
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(@B),there is adistinct difference z the R275variants exhibit much higher activity, somemuch
higher than the wild-type, yet the analogous K280 variants still have limited activity: 58.3%
R275Dvs 17.8% K280D; 140.8% R275L vs 20.5% K280L; 85.1% R275Avs 26.1% K280A,
229.2% R275N vs 84.5% K280N. It is plausible to suggest that since IP4 is less negatively
charged than IP6, mutations from R275 or K280 to a nebasic residue would have less of a
negativeimpact on IP4 activity relative to the wild -type, and may explain why somevariants of
R275 have much greater IP4 activity than the wildype.

An particularly interesting trend observed in this work is that a mutation to tyrosine appears

to effect a considerable change on activity: R275Y and Q276Y both exhibited the greatest
activity againstlP4 within their respectivesetof variants, yet, in contrast K280Y was essentially
inactive.In previous studieson the F pocketof BtMINPP(unpublished), R183Yand D186Y both
displayedincreased|P6 activities relative to the wild -type. This is somewhatsurprising, since

the partially hydrophobic tyrosine is usually found buried in the hydrophobic protein core,and

is adisfavoured substitution for both arginine and glutamine, which are commonly involved in
substrate bindingdue to their charge and/or polarity?65In fact, the complexguanidinium moiety

on the side chain of arginine is well suited for binding the negatively charged groups on
phosphateg¢5. The outcome observed with K280Y is much more expected, having similar

properties to arginine.
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3.5 Conclusion and Future Perspectives

Based onthe differences inactivity levels of R2750Q276 andK280 variants of BtMINPP, these
three residuesare clearly involved in substrate binding, asalready postulated.Sinceonly seven
amino acid substitutions were generated for each of these three positions due to time
limitations, the next sensible step would be to perform saturation mutagenesis, which could
reveal variants possessing greater levels of both IP6 and IP4 activitglative to the wild-type.
Subsequently, residuegould be identified which could facilitate the generationof variants with
double mutations z for example, a single substitution of one of R275/Q276/K280 to improve
IP6 activity, alongwith asingle substitution in one of the other positions to improve P4 activity.
Already, based on the results reported here, a polyvalent approach may be implemented
without investigating further mutations, sincethere are severalvariants within the limited set
studied, which display considerably improved activity against both IP4 isomers. One of these
may be combined with BIMINPP in a formulation such that the wildtype phytase
dephosphorylates IP6 down to IP4, before th8tMINPP variant continues to rapidly degrade
IP4. This would go some way towards solving the bottleneck of IP4 accumulation. One such
potential combination could be BtMINPP with R275Y. Of course, the thermostability of the
variants potentially chosen would first need to be determined to ensure they are suitable for
use as an animal feed additive. Indeed, even combinations of variants with differing
stereospecificities could be exploited to increase the rate at which IP6 becomes
dephosphorylated, i.e. a polyvalent gproach. Additionally, solving the structure of a variant
with a non-hydrolysable IP4 analogue such as IS4 could yield further insights into the nature
of the substrate binding and provide rationalisation for the improved IP4 dephosphorylation
of certain variants. Finally, the exploration of enzymes from an early point of evolution could
serveasstarting points for protein engineeringefforts, sinceit is now known that the ancestral
members of enzyme superfamilies sharing a common protein scaffold often display catalytic
promiscuity and can easily be engineered to catalyse different reactions or accept different

substratesss,
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CHAPTERFOUR

Structure -Activity Investigations oftwo-  , 0 E U
Enzymes

4.1 Chapter Abstract

A novel class of phytatedegrading enzyme was reported in 2019 through functional
metagenomic screening of forest sgi$7. Comprising just two enzymes, MLp0O1 and M Lp02,
associatedwith phytase activity267. The intention was to crystallise and solve the structure of

at least one of these enzymes in order to investigate the structwactivity relationship with
particular emphasis on the binding mode ofP6 and how this influences the sterespecificity

of these enzymes in comparison with classical HAP phytases. This could reveal novel features
which could be exploited in future phytaseengineeringprojects. The X-ray crystal structure of

Mr LpO1 was successfullysolved at 1.95A with an Rqee 0f 0.23,however, remarkably, analysisof
enzymatic activities of both M Lp01l and M Lp02 revealed lack of activity against IP6,
suggesting that these enzymes are in fact not phytases. Investigation of phosphohydrolase
activity revealed phosphodiesterasectivity of Mr Lp01, whichis plausible given the aucourant
literature on the Mr L superfamily. There wasalso some lowlevel activity againstATP. M Lp02

on the other hand exhibited phosphatase activity against both ADP and ATP. Due to their
structural classificationas M, OODPAOZAAI E1 U | Ai AAOORh OEAGA AT U
lactamase activity using different methods. WLpOl1 exhibited carbapenemase and
penicillinase activity but no activity against the tested cephalosporin. The findings in this
chapter illustrate the profound importance of critically assessing published results for their
scientific credibility and how the reporting of an incorrect conclusion can rapidly be
disseminated throughout the scientific community, influencing subsequent studies. In the
words of Thomas EdisonO* 000 AAAAOOA Oi i AGEET ¢ AT AOG1 80O Al
meanit is O O A 1 AihOUQIBpBytaseswere the actualfocusof this thesis,what hasresulted from

the work in this chapteris the identification of anincorrectly reported novel enzymeclass,the

impact of which should not beunderestimated.

The following chapter necessitates a brief narrative on the structure, function and
characteristics of the ML superfamily, since this was not covered in the general thesis

introduction yet is a pre-requisite for the discussion section of this chapter.
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4.2 The Metallo 1 -Lactamases: ABrief Introduction

4.2.1 Classification

4 E Alactamase family constitutes a large and diverse group of enzymes which catalyse the
EUAOIT 1 UGEO 1T £ OEA £ O{actam AihgAoh el ost Eoln@dny uded) AT E A
antibiotics - the 1 -lactams68. Accounting for 60% of all current antibiotics269, the extensively

AT A E1T AEOA OE i-l&iarA @dilliotics éhévpass [four chemical scaffold groups:
penicillins, cephalosporins, carbapenems, anthonobactams (Fig 4.1). This cleavage at the

amide bond by these hydrolytic enzymes thus renders the antibiotic ineffectual against the
pathogenic bacterial strain harbouring the enzyme, permitting the spread of bacterial
infection269-271, The production of these extracellular or periplasmic enzymes by pathogenic
bacteria therefore represents the most common mechanism of antibiotic resistan®&273, the
increasingincidence of which is arapidly mounting global threat to public health274, They are

of particOl AO AT T AAOT AAAAOOA OEAU bl idiotcsxA AAE
including the lastline carbapenems- apart from monobactamgs, and as yet there are no
AEmrRAAOEOA AT A AT ETEAAT T U AOAEI AAIT A2 WitheveE OT 00
50,0007 -lactamasesequencesaccumulatedto date sincetheir discoveryin the p w @ Tatie@dh

100 variants have been identified in pathoger®3. There are two concurrent classification
OQOUOOAT © AKIDAT AOAOhK chladsifichtiort’si bAseddod én@ecular and structural
characteristics whilst the BushJacoby functional classificatior?’¢ is based on the

clinically relevant phenotypic factors. The latter - consisting of group 1 (class C)
cephalosporinasesgroup 2 (classesA and D) broad spectrum,inhibitor resistant and extended

spectrum B-lactamases andcarbapenemasesand group 3 (class Bmetallo-1 -lactamases- is
beyondthe scopeof this chapterandtherefore the readeris referred to Bush& Jacoby(2009) 276,

I | Al Alexéifioation meanwhile divides r-lactamasesinto four classes,where A, C,and

D employ serine in their catalysis whilst class B are zindependent metallo-hydrolases (EC
3.5.2.6%75. The latter subclass, the eubacterial class B metallelactamases, belong to an
overwhelmingly diverse and extensivesuperfamily of metallo-r -lactamase} - 1 foldproteins

which are not limited to bacteria271277.278, Named after the identification of the founding

member, Bcl| they are characterised by BAEOOET AOGEOA | rr 4 AR0A &1

residues?”3, and this is the group of enzymes with which this chapter isoacerneds9271,
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Figure 4.1. Chemical scaffolds of the three main classesof clinically O O A Aactam antibiotics
hydrolysed by M r Ls.

422ClassB- 1, 3

The first zinc-dependent - 1 ,(Bcll) was isolated from a clinically insignificant Bacillus
cereusstrain in 1966 by Sabathand Abraham, andmarked the start of themyriad of My Ls
discoveredsince?’?, To date,at least600028 My L enzymeshavebeenidentified in more than 50
bacterial species including gramnegative and nonfermentative bacteria2’’. At least 325
variants exist in bacteria, grouped into 63 YL types77. Such was the scope that class B Ms
were further divided into 3 sub-classesz B1, B2, B3t z according to zinc(ll) stoichiometry,
metal co-ordinating ligands and the primary sequencehomology (albeit limited z aslow as
<20%272,273) between thene?l, With the extensively studied Bcll as the founding member, the
Bl subclass represents the largest number of recognised MrL enzymes (around 2800
sequenceg’®)- with members most usually associated with the spread of antibiotic resistance
in gram- negative human pathogeng! - and is therefore the most clinically relevant and most
characterised M L subclasg72. The most notorious of these areNDMp  j . Ax $ AT EE
lactamase 1) from Klebsiella pneumonia®?, IMP-1 (imipenemase 1) from Serratia
marcescen®3 and VIM2 (Verona imipenemase 2) fromPseudomonas aeruginod#. The B2
type Mr Ls constitute thesmallest group of My Ls?71 (around 140 sequenced’?), representing
just 3% of all known My Ls?¢, and they are not produced by primary human pathogens,being
found only in Serratia and Aeromonasspecie$®. The representative B2 ML is CphA™
(carbapenem hydrolysing Aeromonas hydrophijaoriginating from Aeromonas hydrophil&ge.
Whilst Mr Ls belongingto the B3 subclass(~3400 sequence$’3) haveusually originated from
environmental bacteria, they are increasingly being identified in clinically significant
pathogenic organismg’t such as the NMLs AIM-1 from Pseudomonas aeruginodd and SMB1
from Serratia marcescenss,

In general, M L enzymes are soluble periplasmic enzymes of 24810 amino acids before
removal of a 1730 amino acid Nterminal signal peptide2’4 by type 1 signal peptidase (SPase

1)289, Based on sequence, subclass B3 is relativetpre evolutionarily distant from B1 and B2

I A
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which are more closely related (1424%) than subclass B3 is to [B1+B2] (24%)271274, Among
each subclass, the B1, B2 and B3rks have sequence identities of 31.8, 60.2 and 33.0%,
respectively?69. Despitebeinghighly divergentin sequencethe overall scaffoldiswell conserved
among all three subgroup&9274 - particularly between B1 and B2 M Ls which have higher
similarity to eachother than B3 My Lshaveto either B1 or B2,despite the differencein number

of catalytic zinc iong¢°. B3 M Ls also display considerable diversity within the subgroup, with
uncharacteristic active site variations not witnessed in the other subclasses, and pairwise
similarities as low as 15%%, rendering them the most divergent group phylogenetically and
structurally272. 4 EEO AT OA OAA E£ERIT E A A Distdko@ihproconditute the
AEOOET AOEOA | 1 %9 ResidOeA bfAourBdbis (LE) profkuding from the two
AAT OOAIT rordidaie Ahk Eafalytid finc ion(s), which are located at the centre, whilst
three external loops (eL1-3) protruding abovethe canonicalsandwichfold form and shapethe
substrate binding pocke®®®. This pocket is dissimilar between the three subgroups thereby
dictating substrate binding and specificity®®. The substrate binding pocket of B1 FLs is
mediumsized,in B2 My Lsit is narrow whereasB3Mr Lshaveawide-openpocket269, In all cases,
the upper left side of the pocket accommodates the various bulky R groups at the fiwe six-
memberedring side of the core -lactam scaffoldwhilst the lower faceof the pocket binds the
Rgroupsonthe -lactamring side,permitting limited structural substitutions269, Thelower area
of the pocket is particularly restrictive in B2 and B3 M Ls?69. The substrate profile is broad
acrossthe three sub-classesalthough none of the My Ls are active againstmonobactamg71274,
B1 enzymes exhibit a broad-spectrum (hydrolysing penicillins, cephalosporins and
carbapenems) activity profile whilst B3 enzymes are broagpectrum with a putative
preference for cephalosporing’2274, Members of the B2 group on the other hand display the
highest degree of substrate selectivity within the MLs, exhibiting a very narrow substrate
spectrum in which they are strictcarbapenemase®9271274, |n addition to the variations in
substrate binding pocket, thisdiversity in substrate profile arises from the differences in
catalytic mechanisn?#69271-274, This is attributed in large part to the number of zinc ions bound

in the active site, which are central to catalysis, servingto stabilise a hydroxide ion (formed
from deprotonation of a catalytcx AOAO 111 AAOI AQ xEEAE-lagtam AAOE
hydrolysis269271.291, Although all classB My Ls hosttwo zinc binding sites, enzymesof the B2
seriesare active only in the mono-zinc state and are inhibited by the binding of a second zinc
ion271272274 Despite some former controversyit is believed that the dizinc state of subclasses
B1 and B3 is the only catalytically relevant forr#r4 and this is evidenced by positive co
operativity of zinc binding292. Locatedin closeproximity to oneanother,the zinc binding sites
aredesignatedZnlandZn2274.290 with the distance between them being almost the same across
all subclasse®?, although there are some reports of these ranging from 346A274. Indeed,

these metal binding sites in B1 and
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B3 Mr Ls havediffering affinities for zincions285293, In subclassB1,Znlis alsoreferred to asthe

3H site andZn2 as the DCH site since the strictly conserved zinc ligand residues are

3 histidines (116,118,196) and Asp120-Cys221His263,respectively?71-274 Both metal ions are
coordinated by a Asp221273. MrLs of subclass B2 and B3 have variations in the co-
ordinating residues.In subclassB2 z in which the single zincion binds to the Zn2 site274 - whilst

the zinc ligands in the Zn2 site are conserved, the histidine residue at 116 in the Zn1 site is
replaced by an asparagine (Asn1161is118-His196)27227429, The canonical B3 ML active site
motif is H/G116-H118-H196 and D120H121-H263 although there is considerable diversity
among this group of enzyme%227429%, These different zinc binding motifs can be used as a
distinguishing feature and can besummarised as a conserved consensus motif

of HXHXD(X)iH(X)]C(X)kH (where i =55 174, j=18i 24 and k = 371 41294, Although in
vivo, M Ls function only with zinc, other 2 metals such as Cd, Co, Ni, Cu and Mn can give rise
to activity in vitro2&. 4 EA OAAAAO EO OAEAOOAA O1 A OAOEA«x
lactamase$74. Under physiological conditions, studies have shown that the metalation state of
Mr Ls depends largely on the Zn(ll) availability in the external milieu, since they are secreted
asunfolded polypeptideswhich bind Zn(ll) in the periplasm?8®, Earlier investigations however,

led to the conceptthat substrate binding inducesthe binding of Zn(ll) 2%. It was thought that in

the absenceof substrate,Mr Ls existin the apo- state due to the very low concentrations of free
zinc ions in the cellular environment. In this same theory, the binuclear zinc state was

considered a potentially artificial state, being stabilised only at unphysiologically high Zn(ll)

concentrations?os,
H118 H118 H118
d l}[)120 ? % D120 ’ H121 ?mzo
‘_ , H263 4 . H263 (e '@
H116 Q
} ( l (0221 Q
H196 G221 H196 Hes
H196
Subclass B1 Subclass B2 Subclass B3

Figure 4.2. Zinc coordination geometry in the three My L subclasses.Image from reference #269.

Although a detailed summary of the B1 and B2 subclasses is beyond the remit of this chapter,
it is usefulto comparethe active site architecture acrossthe different subclassesThereaderis

referred to a detailed review of the structures of MLS among the three subclassés.



4.2.3 Structural characteristics of the B3 My L subclass

In comparison to the B1 and B2 groups, M.s of the B3 subclass are more diverse, having
significant structural differencesin the overall scaffold,with further variation in the active site
geometry, mechanism, reactivity, substrate selectivity and conformation of the external
loops269271, They also display substantial intrasubgroup diversity?7L. In terms of the core
OAAEAEI 1 Ah OEA [EE OO0 O-ste& advhry shortviin@AdxtdnOed Bdrmir@IE A /EE (
tail269, This affords the first external loop (eL1) with a flexible conformatioff®. The second -
OEAAO AT I b&randshkadherAartiAe sik in subclasses B1 and BS. The Gterminal
rpoc OOOAT A EO ET OOAAA ASEDEBOA] EOQART AABEOGI 1 J
OEA 1o EAI Egh Ak AheCehternalBolps which i6fi0ebde ithd shape of the
substrate binding pocket are distinctly different from those of B1 and B2 M.s, having a long
eL1 and elL2, with a short eL3°. Since the inner loop L3 lacks a zinc coordinating residue, eL3
AOT I OE A-shéehid dhiftell across to the right, exposing a large cavity in the upper left
lip which is shelteredonly onthe upper andright sidesby eL326°. Theopenshapeofthe substrate
AETAET ¢ DT AEAO AAAT I 11 AdcA Cubshaies, Erllke h BCadd 2D O 1 1
Mr Ls?9. It also renders both zinc ions substantially exposedto solutions269, The zinc binding
sites are more diverse both among B3 pLs and relative to the other subclass&8.2%, |nstead

of a cysteine residue from the L3 ZnzZoordination loop, acompensatory histidine residue from
the L1 loop is recruited to bind the Zn2 ion from the underside positio##°. The L3 is thus of a
shorter, different conformation?269. In addition, in some B3 enzymesthe first histidine residue

of the Zn1 site is replaced by a glutamine residue269271.29, The nucleophilic hydroxide oxygen
bridges the two zinc ions and, along with the three Znl histidine ligands, coordinates Znl
tetrahedrally27t. Meanwhile,the Zn2site adoptsadistorted trigonal bipyramidal geometry,with

the equatorial plane formed by the two Zn2 histidine residues along with the metal ion
bridging hydroxide and the axial positions occupied by the aspartic acid (D120) and an
additional water ligand271274, In addition, D221 is replaced by a S221 which no longer
coordinates the metal directly?7s.

There is now emerging evidenceof B3 My L variants with different zinc-coordinating residues

in both sites, indicating the active site diversity among this subclas$71.290. According to
sequence analysesn addition to the canonicalform hosting the HHH/DHH motif, there are at
leastthree distinct but less abundant variants which have evolved within this clad!.220, Two

of these are characterised byQHH/DHH and EHH/DHH and referred to as B3Q and B3E,
respectively271.290, With substitutions in both zinc binding sites, B3 variants with the HRH/DQK
motif, termed B3- RQK, are the most divergent and least represented members of the B3
clade?71.29,

The evolutionary landscape of the B3 subgroup, as revealed by recent studies, indicates that

B3 Mr Lsare related to enzymeswith distinct functions suchasnuclease$71277.29% Thishasled
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to the philosophy that they have evolved from a discrete ancestral functionality and
independently acquiredr -lactamaseactivity asaresult of environmental pressure27L,
For a discussion of recent advances in structurinction relationships of B3type M Ls, the

reader is referred to ref #271.

4.2.4 Functional diversity of the - 1 ,superfamily

Comprising around 34,000 known proteins to dat&’729%, and over 480,000 sequences in the

UniProt databasé&?3, with sequence similarities as low as 5%2%, the MrL superfamily
represents an extensive set of highlydiverse and multi-functional enzymes which are
ubiquitously distributed across Eukarya, Bacteriand Archae&66277278, Ancestral studies have

shown that the highly conserved ML motif is one of the oldest in existenc®” and based on

this and other evidence, the WL superfamily is thought to have ancient origing. This motif,

HxHxDH, along with residues H196 and H263, form the catalytic site which is ancestrally

shared by the superfamily77.296.297, Due to the accrual of new insight based on tltéscovery of

novel My Ls exhibiting diverse functions, it is now believed that there are at least 242%
specialised/EOT AGET 1 O AiiTT ¢ 1T AT AAOO 1T £ OEA -la@anasel Uh E
activity, including: ribonuclease, nuclease, glyoxalase Il, lactonase, alkghd arylsulfatase,
phosphodiesterase, phytase (see discussion), ascorbic adigradation, anticancer drug
degradation, membrane transport, pesticide degradation, dehalogenase, oxidase,
flavoproteins, phospholipase, DNA repair and uptake and  CMReUuAc
hydroxylasez712732772782068 ) 1 /EA Al@dtam-@dgrAdin@@etBersrepresentonly asmall

proportion of the superfamily2’t and enzymesbelongingtothe My, OODPAOZAAI EI-U xEE
lactamase activity are defined astructurally representative My L fold proteins297. To this end,

Daiyasu et al (2001) categorisedthe ML superfamily into 16 groups based on biological
function27s. Groups tx | # | AaG&nase, glyoxalase Il, flavoproteins and oxidoreductases,
arylsulphatase, type Il polyketide synthase, enzymes involved in the processing of mMRNA 3

ends, enzymes involved in DNA repair) were already established ag Msuperfamily members,

xEQOE OEA Al Ja@ainksas of Anbiek Clask B glustered in Group 1, whilst groups 8

16 (proteins involved in DNA uptake,teichoic acidphosphorylcholine esterase phnP,CMRN-
acetylneuraminatehydroxylase,the romAgene product, alkylsulphatase, carbofuran hydrolase,

i AOEUI DPAOAOGEEIT 1T E-Walohutldbi@d phosghbdieSiddbases))have eén v e
more recently introduced as a result of database searching88 ) 1 /A A Olacta®asds Al AO
constitute just 1.5% of the M L superfamily, with around 6,300 sequence®3. There are even

some ML members which have norhydrolytic (nitric oxidoreduction and sulphur di-
oxygenation) or non-enzymatic functions71.277.296 There is increasing evidence which indicates

these enzymes are promiscuous
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in their functions, catalysing more than one specialiseteaction?7L. Indeed, on average, [Ls
havebeenshownto catalysel.5reactionsin addition to their native one2%. |t is thought that the
voluminous active site cavity provided by the ML fold facilitates the binding of multiple
substrates of various complexities which is an important factor determining enzyme
promiscuity 266. Another factor influencing promiscuity is flexibility, although this is debated@®s,
since natural protein evolution is believed to begin with a stable protein backbone and
promiscuous activity, evolving over evolutionary timescales to decreased stability and
corresponding increased substrate specificit§?®. Nevertheless, catalytic promiscuity is often
found in members of mechanistically diverse superfamilieshat share a commonprotein
scaffold, just as is the case with the WL superfamily’®® \with the promiscuous activities
manifesting connections between different catalytic landscapé®. It is thought that the
conservation of the structural framework in M Ls facilitates this multifunctionality via a
unifying catalytic mechanismand this was exemplified by the extensiveengineeringof human
glyoxalase Il to a functional N1L3%. Indeed, a study of 24 enzymes in the metatio-lactamase
superfamily showed an overwhelming display of catalytic promiscuity against substrates for
enzymes in distinct familieg%. The recently identified and characterised hyperthermostable
Y CTEpy EO DI 0001 AGAA O1F Ai AT AU OEA AT OA T £ I
eukaryotes, such that it may serve as a prototype for the study of evolution within this
superfamily266, This study also defined the norconserved, secalled protein variable regons
which dictate the multifunctionality of My L fold enzyme$¢é. Recent evolutionary studies have
suggested that the last common ancestor of the M superfamily was in fact a

phosphodiesterase involved in nucleotide processirigs.
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4.3 Experimental Procedures

4.3.1 Geneconstructs and cloning

The genes coding for MLpO1 and M Lp02 were codon optimised forE. coliexpression and
eachclonedinto the vector pET15b(with the signal peptides omitted) by Genscript.The genes
were amplified by PCR using Phire® Green Hot Start Il polymerase (Thermo Scientific). PCR
reactions were incubated in a Thermal cycler C1000 Touch (BiRad) and their composition
and thermocycling details are detailed in Table 4.1. PCR was carriedtoemploying an
annealing temperature gradient (50, 55, 60, 68C) and two different primer pairs (sequences
tabulated below) to maximise success. Oligonucleotides were obtained in the dry, desalted
form from Merck.Generation of a PCR product of the expected size was verified by DNA agarose
gel electrophoresis (chapter 2.3). Following PCRamplification of the genesdirectional TOPO
cloning (chapter 2.2.1) was performed to transfer each gene into the pBAD202/D-TOP®
vector (Invitrogen) for cytoplasmic expression as HRhioredoxin fusion proteins. This vector
encodeskanamycinresistanceand provides an N-terminal cleavableHis-patchthioredoxin tag
(HP-Trx) followed by an enterokinase cleavage site (Figure 4.3). Competehtcoli Oneshot
TOP10 cells were transformed with the recombinant plasmids and used as both the plasmid
storage strain and expression strain. Glycerol stocks &.coli TOP10 transformants cultured
overnight in LB media at 37C were pepared and the pBAD202/BTOPO_MLp0O1 and
pBAD202/D-TOPO_WILp02 plasmids were extracted using a QIAprep Spin Miniprep kit
(Qiagen)for plasmid stock storageat -20°C. Plasmidswere sequencedby sangersequencingat
Eurofins using their Mix2segkit alongwith the TrxFusforward and pBADreverse sequencing

primers included in the pBAD202/D-TOP® cloning kit (sequences included below).
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Figure 4.3 Features of the pPBAD202/D -TOPC® vector, including the cloning insert site.

134



PCRReaction Components
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Table 4.1 Composition of the PCRreactions for amplification of My Lp01 and My Lp02

Mr LpO1 Forward 1 5 &£ACCCATATGGCTTCACCCGTAACACAAG-3 6

Mr LpO1 Reverse 1 5 GGATCCTTAGTAAACATCCAGATCATGC-3 6
Mr LpO1 Forward 2 5 €ACCCATATGGCTTCACCCGTAACACAAGTTG-3 6
Mr LpO1 Reverse 2 5 GGATCCTTAGTAAACATCCAGATCATGCG-3 6
Mr Lp02 Forward
Mr Lp02 Reverse
TrxFus Forward 5-TTCCTCGACGCTAACCTG-3

pBAD Reverse 5-GATTTAATCTGTATCAGG-3

Table 4.2 Sequencesof the oligonucleotides used in the PCRamplification of My Lp01 and
Mr Lp02 and of the sequencing primers.

Prior to sequencingof the plasmids,a diagnosticrestriction digestwas carried out to verify
the correct size and orientation of the insert. Reactions (components as detailed in Table
4.3)were incubatedat 37°Cfor 15 min before the products were separatedby DNAagarose

gel electrophoresis and visualised under UV light.

Component Volume Final Concentration/amount
DNA 3-5uL 200ng

10X CutSmartBuffer luL 1X

Hindlll -HF 0.5uL 10 units

Pma1l 0.5uL 10 units

H0 Upto 10uL

Table 4.3 Composition of restriction digests of pPBAD202/D -TOPO_M Lp01
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4.3.2 Expression trials of My Lp01 and My Lp02 (small -scale)

Expression of M LpO1 and M Lp02 was trialled from pET15b and pBAD202/BTOPO, with
induction by IPTG or L-arabinose, respectively. Upon receipt of the M.pO1l/MyLp02
harbouring pET15b plasmids, before cloning into pPBAD202/BrOPO, the plasmids were used
to transform E.coliBL21and SHuffle® T7 Expressexpressionstrains andprepare glycerol stocks
ofthese.Forthe pET15bconstructs,expressionfrom E.coli BL21and SHuffle® T7 Expresswere
tested on a small scale (10 mL culture volume), with IPTG concentrations and temperature
ranging from 0.2-1 mM and 1637°C, respectively. The pBAD202/EYOPO constructs were
expressed fromE. coliTOP10 with arabinose concentrations of 0.2%, 0.02%, 0.002% and
0.0002% and temperature conditions of 18C, 23C for 1620h or 30°C, 37C for 4.5h. Growth
media used throughout was LB. The protein extraction reagent BugBus#emwas used for the
quick and convenient extraction of soluble proteins pior to analysis by SDFAGE. Cells were

also lysed by sonication depending on requirements.

4.3.3 Large-scale expression and purification of de-tagged My LpO1

For large-scale expression, 6L (1L x 6) LB supplemented with kanamycin (50ug/mL) was
inoculated with an appropriate volume of an overnight culture of a single colony dE. coli
TOP10 transformed with pBAD202/DTOPO_MWLpO1. The culture was maintained at 37C
with shaking (180rpm) until the ODsgo reached ~0.6, at which point arabinose (0.2%) was
added. After overnight growth at 18C, 180rpm, cells were harvested (5000 x g, 10 min;@)
and then resuspended(after discarding the spentmedia) in alysis buffer consistingof 50 mM
NaHPQ, pH 7.5, 300 mM NacCl, 10 mM Imidazole, 10% glycerol and 0.1% TritorlBO0. After
1-2h at-80°C, the cell suspension was thawed and added to it was a protease inhibitor tablet
(cOmpleteEDTAfree, Roche),bovine DNasel (~10 { C ¥ [ anddysozyme (chicken eggwhite,
0.2mg/mL). After 30 min onice with agitation, cellswere subjectedto mechanicallysis by cell
disruption at 18,000 psi on an LM20microfluidizer (Analytik Ltd). The lysate wascentrifuged
(48,000 x g, 30 min, 4C) and the clarified lysateA £O0A O AEI OOAOEI T OEOI O
(Sartorius), was loaded onto a Ni-NTA affinity column (HisTrap HP 5mL, Cytiva) using an
AKTAPure (Cytiva) chromatography system.Theresin wasfirst equilibrated with X CVof Ni2+-
NTA wash buffer (50mM NaHPQ, pH 7.5, 300mM NacCl, 20mM Imidazole) at a flow rate of 5
mL/min, before application of the sample.Unbound proteins were washedoff the resin with X
CV of wash buffer, before elution of the target protein with a gradient from 20 to 500 mM
imidazole, at a flow rate of 1 mL/min. Fractions containing the target protein were identified
by SDSPAGE (412% Bis-Tris BoltA gels) and pooled, [concentrated] after which the sample
was desaltedusingaHiPrep 26/10 column pre-packedwith SephadexG-25 resin (Cytiva) into
anenterokinasecleavagebuffer consisting of 50 mM Tris-HCIpH 7.4,50 mM NaCl,2mM CaCi.
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Mr LpO1 was incubated at 28C with enterokinase at a ratio of 1000:1 for 1h before assessing
the extent of cleavageby SDSPAGEThe cleavedsamplewas then desaltedbackinto IMACwash
buffer and subjected to a reverse IMAC step in which the flow through was retained and all
fractions corresponding to chromatogram peaks at 280nm reviewed by SEFAGE. Fractions
containing tagfree My LpO1 were again pooled and then concentrated in a spin concentrator
device (3000 or 5000 kba MWCO; Amicon) until the volume was-25 mL. This was then
injected onto a HiLoad 16/600 Sepharose 75 pg column (Cytiva) for separation by size
exclusionchromatography,in abuffer composedof 50 mM Tris-HCIpH 7.5,150 mM NaCl,1mM
DTT, circulated at 1 mL/min for 1 CV. SDBAGE was again used to determine the fractions
containing the target protein, which were pooled and after further concentration (3000 kDa
MWCO:Amicon,pure My Lp01 was obtained at afinal concentration of 1.4 mg/mL. Someof this
was usedimmediately for crystallisation screens whilstthe remainder was cryoprotected(30%

glycerol and flash frozen in L) and stored for later use in aliquots at80°C.

4.3.4 Crystallisation of de-tagged My LpO1

The OryxNano protein crystallisation robot (Douglas Instruments Ltd) was used to set up

several commercial screens with the sitting drop vapour diffusion techniqug Index screen
(Hampton Research), LMB screen (Molecular Dimensions) and 3 plates of PEG/&sreen

i (Al POTT 2AOAAOAEQ8 $0Ii PO T &£ pt, xAOA ATI DI O
Crystals grew in a variety of conditions within three days at 18C. 16 crystals were harvested

from the PEG/ionand LMB screensusing aloop sizeof 0.08mm and cryoprotected in asolution

of mother liquor and 20% (v/v) glycerol before being stored in LN and sent for Xray data

collection in a LN filled - dry shipper.

4.3.5 Data collection and processing

Single wavelength anomalous Xay diffraction was carried out on beamline 124 of the
synchrotron at the Diamond Light Source(DLS;Oxfordshire, UK).Imagesfrom asingle crystal
were collectedon a Pilatus3 6M detector with 2400 frames of 0.15° oscillation and anexposure
time of 0.02 s at an Xay wavelength of 0.9795 A and beamsize 30 x 30 am which was set to
100% transmission. Resolution 2.208. The Xray diffraction dataset was automatically
integrated, mergedand scaledby the DLSpipelines.Datasetswith the bestdiffraction statistics

were chosen for structure solution.
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4.3.6 Molecular replacement

Molecular replacementwith PHASERutilised the previously solved2.10 A° resolution structure
of PNGML1 - deposited inthe PDBunder accessiorcode 6J4N by.K. Honget al in 201901 - as
a search model. The solution was then subjected to iterative rounds of automatic refinement

using phenix.refine and manual model refinement using WinCoot.

4.3.7 Large scale expression and purification of My LpO1 and My Lp02 as HP-
Trx fusion proteins

For large-scale expression, 6L (1L x 6) LB supplemented with kanamycin (50ug/mL) was
inoculated with an appropriate volume of an overnight culture of a single colony dt. coli
TOP10 transformed with pBAD202/DTOPO_NWLpO1 or pBAD202/D-TOPO_WMLp02. The
culture was maintained at37°C with shaking (180rpm) until the OD600 reached ~0.6,at which
point L-arabinose (0.2%) was added. After overnight growth at 1618°C with shaking
(180rpm), cellswere harvested (5000 x g,10 min, 4°C)andthen resuspended(after discarding
the spent media) in a lysis buffer consisting of 50 mM TrisICl pH 7.4, 150 mM NaCl, 20 mM
Imidazole and 0.5mM ZnSQ. After 1-2h at -80°C, the cell suspensionwas thawed and addedto

it was a protease inhibitor tablet (cOmplete EDTA4AOA AR 21 AEAQh AT OET A
and lysozyme (chicken egg white, 0.2 mg/mL). After 30 min on ice withgitation, cells were
subjectedto mechanicallysis by cell disruption either at 18,000 psi on an LM20 microfluidizer
(Analytik Ltd), or 10,000 psi on aFrenchPress.Thelysate was centrifuged (48,000 x g,30 min,
4°C) and the clarified lysate, aftefiltration through a 0.45um filter, was loaded onto either a
Ni2*-NTAaffinity column (HisTrap HP5mL, Cytiva) or aZn?*-NTAcolumn (1mL, CubeBiotech)
using an AKTA Pure (Cytiva) chromatography system. The resin was first equilibrated with X
CVof IMACwashbuffer (50mM Tris-HCIpH 7.4,150mM NaCl,20mM Imidazole,0.5mM ZnSQ)

at a flow rate of 5 mL/min, before application of the sample. Unbound proteins were washed
off the resin with X CVof wash buffer, before elution of the target protein with a gradient from
20 to 500 mM imidazole, at aflow rate of 1 mL/min. Fractions containing the target protein as
identified by SDSPAGE (412% Bis-Tris BoltA gels) were pooled and then concentrated in a
spin concentrator device (3000 or 5000 kDa MWC@micon) until the volume was 22.5 mL.
This sample was then injected onto a HiLoad 16/600 Sepharose 75 pg column (Cytiva) for
separationby size exclusionchromatography,in a buffer composedof 50 mM Tris-HCIpH 7.5,
150 mM NaCl.either including or excluding0.5mM ZnSQ,circulated at 1 mL/min for 1 CV.SDS
PAGEwas againused to identify the target protein-containing fractions, whichwere pooledand

concentrated(3000 kDaMWCO)before usageand storage.Concentrationwas estimated using

$. .
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aNanoDropA Onespectrophotometer. For storage,glycerol was addedto afinal concentration

of 30% and aliquots were flash frozen in Lhbefore storage at80°C.

4.3.8 Cloning, expression, and purification of HP-Thioredoxin

PCRmutagenesis was carried out on the pBAD202/ETOPO_NILp01 plasmid to convert the
start codonfor My LpO1 translation to astop codon.PCRwas carried out in the sameway asfor

Mr LpO1 and M Lp02 but with mutagenic primers (Table 4.4) and corresponding appropriate
thermocycling conditions. Primers were obtained in the dry, desalted form from Eurofins. Once
DNA agarose gel electrophoresis verified the presence of a PCR product of the expedtas] E.
coli One-shot TOP10 cells were transformed with the PCR product and single colonies from
overnight growth at 37°C with kanamycin (50ug/mL) selection were used to generate glycerol

stocks and extract propagated plasmid for stocks.

XL LB supplemented with kanamycin (50ug/mL) was inoculated with an inoculum from an
overnight culture of a single colony of. coliTOP10 carrying pBAD202/DTOPO_HHTx and
incubated at 37C with shaking (180 rpm). When the culture reached Qi ~0.6, L-arabinose
was added to a final concentration of 0.2% before incubation at 368°C with shaking (180
rpm) overnight. Cells were harvested by centrifugation (5000 x g, 10 mid°C) and the spent
media discarded. Cell pellets were resuspended in a lysis buffer consisting of 50 mM THEI
pH 7.4, 150 mM NacCl, 20 mM Imidazole and 0.5 mM Zn%@d stored at-80°C for 1-2h. Once
thawed, a protease inhibitor tablet (cOmplete EDTA free), lysozyme (chicken egg white, 0.2
mg/mL) and bovine DNasel (~10ug/mL) were added.After 30 min onice with agitation, cells
were subjected tomechanical lysisby cell disruption at 18,000 psi on an LM20 microfluidizer
(Analytik Ltd) before clarification by centrifugation (48,000 x g, 30 min 4°C). The clarified
lysate wasfiltered through a0.45umfilter before beingloadedonto aNi2*-NTAaffinity column
(HisTrap HP5mL, Cytiva) using an AKTAPure (Cytiva) chromatography system.The resin was
first equilibrated with X CV of N#-NTA wash buffer (50mM TrisHCI pH 7.4, 150mM NaCl,
20mM Imidazole,0.5mM ZnSQ) before application of the sample.The resin was washedwith

X CV of wash buffer, before gradient elution of the target protein with an elution buffer
containing 50 mM TrisHCI pH 7.4, 150 mM NacCl, 500 mM Imidazole and 0.5 mM ZnSO4.
Fractions containing the target protein were identified by SD®AGE (412% Bis-Tris BoltA),
pooled, and then concentrated in a spin concentrator device (3000 or 5000 kDa MWCO;
Amicon). Once the volume was-2.5 mL, it was injected onto a HiLoad 16/600 Sepharose 75
pg column (Cytiva). The sizeexclusionbuffer was composedof 50 mM Tris-HCIpH 7.4,150 mM
NaCl,0.5 mM ZnSQ and was run through the column at 1 mL/min for 1 CV. SDSPAGEwas
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again used to identify the target proteincontaining fractions, which were finally pooled and
concentrated (3000 kDaMWCO)before usageand storage.Concentrationwas estimated using
aNanoDropA Onespectrophotometer. For storage,glycerol was addedto afinal concentration

of 30% and aliquots were flash frozen in Lhbefore storage at-80°C.

Primer Name Primer Sequence

Mr LpO1 Mutagenic Forward 5 &TTCACCCATTAAGCTTCACCCGTAACACAAGTTGTCG-3 6
Mr LpO1 Mutagenic Reverse 50GGTGAAGCTTAATGGGTGAAGGEBATCAAT

Table 4.4 Sequencesof the oligonucleotides used in the PCRmutagenesis of My Lp01

4.3.9 Determination of phospho monoesterase activity of My LpO1 and
Mr Lp02 HP-Trx fusions

439.1 Molybdenum Blue Method

Phosphatase activity (including phytase activity) was determined by detection of released
inorganic phosphate according to the molybdenum blue method (chapter &. Substrates
tested at a concentration of 10 mM were phytic acid dipotassium salt (also tested at 2.5 mM),
IP4 (produced though hydrolysis of IP6 by QuantumBlue), ATP,ADP glucose6-phosphateand
glucosel-phosphate. Reactions were performed in triplicate in a volume of 5QL. Purified
MrLpO1l or MyLpO2 (various concentrations), plus samples from different stages of
purification, were pre-incubatedfor 3 min at the specifiedtemperature in 0.2M sodium acetate
buffer pH 5 (or 5.5) before addition ofsubstrate. Reactions were then incubated for 3tin at
various temperatures (25, 30, 37, 40, 5C) before inactivation by incubation for 10 min at
100°C.Reactionsolutions were then transferred to a 96 well plate before the addition of 50 pL
freshly prepared developing solution (4:1 ammonium molybdate solution: acidified ferrous
sulphate solution). Absorbance was recorded at 700 nm on a compact microplate reader
(Byony Absorbance 96) after 20 min incubation at RT. Reactions of neacombinant E. coli
TOP10cells(clarified lysate) and of purified HP-thioredoxin were run alongsideasbackground
controls. Substrate only and buffer only reactions were run to measurgubstrate background
contribution. The average Aoonm Value for substrate only was subsequently subtracted from
each experimental value to reflecthe P, response which was not resulting from the substrate

itself. A phosphate calibration curve was generated by measuring thesofm Of potassium

phosphate standards (7.& p it t -8 )1 AOAAOCEIT T 1T £ OAAAOQEI1

Thermocycler C1000 Touch (BieRad).



4.39.2 pNPPHydrolysis Assay

10 mM working stock which was usedimmediately. Excess solution was discarded after

AT i Pl AGETT 1T /&£ AAAE AOOAU AOGA OI OEA OEIT 00 | pc
volume consisted of the pNPP substrate at a final concentration of 1 mM, ang INYO1 at
concentrationsof 1,2,5andp 1 jn-0.BMsodium acetatepH 5.4 buffer. The positive control
(BtMINPP)wastherefore testedat the sameconcentrations.Reactionsolutions were incubated

in PCRtubesin aThermocycler C1000Touch (Bio-Rad)for 30 min at 37°Cbefore transferring

to a96 well plate and addition of 2.5NNaOH After 10 min at RT,the absorbanceat 405 nm was

measured using a compact microplate reader (Byony absorbance 96). In parallel, blanks of
buffered substrate, assaybuffer only and My Lp0O1 SECbuffer only were subjected to the same

assay conditions. Agsnm Values were corrected for the substrate background absorbance.

4.3.10 Determination of phosphodiesterase activity of My LpO1 HP-Trx fusion
2AAAQET T O 1T &£ vn t, -ANPP &tiaAinalAcbntebtiatdo & A0 nmMEand E O
Mr Lp01 at concentrationsof 1,2 and5t - ih 0.2Msodium acetatepH 5.4 buffer. The positive
control (E.coli AppA) wastherefore tested at the sameconcentrations.Reactionsolutions were
incubated in PCR tubes in @hermocycler C1000 Touch (BieRad) for 30 min at ¥°C before
transferring to a 96 well plate and addition of 2.5N NaOH. After 10 min at RT, the absorbance

at 405 nm was measured using a compact microplate reader (Byony absorbance 96). In
parallel, blanks of buffered substrate, assay buffer only and (Mp01 SEC buffer only were
subjected to the same assay conditions..#.m values were corrected for the substrate

background absorbance.

4.3.11 Investigation of 1 -lactamase activity of My LpO1 and My Lp02
43111 Nitrocefin hydrolysis assay

Nitrocefin is a chromogenic cephalosporin, the hydrolysis of which generates a coloured

POl AOAO xEEAE EO AAOAAOGAAT A A0 twm 11 AT A E¢
lactamaseactivity. This assaywas performed usingacommercial kit (Abcamab197008) which
DOl OEAAO A Pi OEOEOA AT1 0011 AT A xAO AAOOEAA 1

Reactions were performed using the proprietary buffer included. First, a standard curve of
hydrolysed nitrocefin was generated using the provided hydragtsis buffer. Purified M LpO1
was tested along with E.coli TOP10cell lysates expressingMr LpO1 or My Lp02. The empty
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vector pBAD202/D-TOPO and nofrecombinant E. coliTOP10 cell lysates were run alongside
as controls, as was the proprietary positive control. Absorbance was continuously monitored
at 490 nm over the course of 60 min at 2&. The Aeonm value corresponding to the 0 nm
hydrolysed nitrocefin standard was subtracted from all the experimental values tocorrect for

background absorbance.

4.3.11.2 Antimicrobial susceptibility testing
Disc diffusion method

For the disc diffusion method, sterile discs (Oxoid) were impregnated with ¢ 1t {of ar -lactam
antibiotic z carbenicillin (Formedium), ceftazidime (MedChem Express) or doripenem
(hydrate; Acros Organics) at various concentrations (Table 4.5), either with or without an
aliquot of purified My LpO1(5t , &@dincubatedat37°Covernight. Thefollowing day,aculture
of E.coli$ ( v 4 x A QuntiCad DBsob of approximately 0.5 andp 1t Tt sgread onto LBagar
plates (all 25 mL agar) in triplicate. Immediately, the preincubated sterile discs were
positioned using sterile tweezers into separate quadrants of the surface of the plate such that
eachplate containedfour discsconsistingof different concentrationsof the samer -lactam,plus

a control disc in the centre containing prencubated buffer only. This was performed in
triplicate for each concentration. Plates were incubatedat 37°C overnight (~18h). After
incubation, the zonesof inhibition were measuredmanually and the surfaceof the agar plates

were imaged in a gel documentation system (G:BOX Chemi XRQ, Syngene).

¢ -lactam antibiotic Quantities tested} t CQ
Carbenicillin 10, 20, 30, 40,50
Ceftazidime 0.75,0.50,0.25,0.2,0.15,0.1
Doripenem 2,1,0.5,0.25

Table 4.5 Quantities of each [ -lactam antibiotic tested in final disc diffusion experiments, after
refinement through preliminary tests.

Agar dilution method

For the agar dilution technique, cultures of MLp01 or My Lp02 in E.coli TOP10 were grown
until an ODsoo Of approximately 1.0,diluted 1:1 and 100/200 t ,spreadonto LB agarplates(all

25mLaganAT T OAET ET ¢ OAOAOAIT A ElaEaA andblotds afoingiwAhAd0 OOA OF

t C¥ ka,namycinand various L-arabinoseconcentrations (0, 0.002,0.02,0.2%), in duplicate.
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Plates wereincubated at 37°Covernight. In parallel the samewas setup for a culture of E.coli
TOP10 transformed with pBAD202/BTOPO, and of nomecombinant E. coliTOP10. After
incubation, the surface of the agar plates were imaged in a gel documentation system (G:BOX

Chemi XRQ, Syngene) and colonies were counted visually.

€ -lactam antibiotic Concentrations testedj { C¥ 1 , Q
Carbenicillin 1,5,10, 15,20, 25,30

Ceftazidime 0.5,0.75,1,2,4,8

Doripenem 0.0125,0.025,0.05,0.075,0.1,0.5,1,2,4,8

Table 4.6 Concentrations of eachr -lactam antibiotic tested in the agar dilution method

4.3.12 Metal ion cofactor analysis of My LpO1

Pure M LpO1 samples were subjected to ICRISQQQ to quantify the Nitand Zre+ present.
Both detagged M Lp01 and HRthioredoxin tagged M LpOl1 were analysed.Samples were
thermally digested by addition of high purity concentrated nitric acid (1mL) before being run
through an Ultrawave digester on a program ramped for 15 min to 240°C,held for afurther 15
min then cooledto 40°C.1 ml of internal standard solution was addedandthe volume madeup
to 10 ml. ICRMSsettings:- Power 1550W, Coolinggas14 I/min, Nebulizer 1.11/min, Auxiliary
0.81/min, Sampledepth 15 mm, SprayChamber2.7°Cand Detector Voltagel630 V.

4.3.13_Massspectrometry of My LpO1
43131 MALDI-TOFMSanalysis

Both detagged M Lp0O1 and the HRthioredoxin fusion were run. Protein at 210 pmol/uL in
acetonitrile/H ,0/TFA 30:70:0.1. The target was precoated with 0.5 uL matrix solution
(sinapinic acidin a saturated solutionof acetonitrile:H.O:TFA50:50:0.1) for 10 sec before the

excess solvent was removed. Samples of 0.5uL were then mixed 1:1 with matrix solution.

43132 LC-QTOFanalysis
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4.4 Results

4.4.1 Trial expression of- 1, D fmopn pET15b
The M Lp01 gene (MH367836.1) was modified by removal of the signal peptide and codon

optimised for E. coliexpression before gene synthesis and cloning into pET15b by Genscript
(Figure 4.4a). First, this construct was used to transfornk. coli chemically competent One
shot™ TOP10 cells for plasmid propagation and preparation of glycerol stocks. To assess
expression of M Lp01 as a hexahistidine tagged protein from the pET15b vector (32.7 kDa),
the E. colilPTGinducible T7 expression strains, BL21 and Iuffle® T7 Express (NEB), were
transformed with the pET15b_M Lp01 construct, and a smaiscale (100 mL) expression was
conducted.Attempts to purify My Lp0O1 from BL21 lysate by Ni2+-NTAIMACwere unsuccessful
dueto the lack of soluble protein (as shown by SDSPAGEFigure 4.4b) therefore the decision
was to proceed to clone NILpOl into the pBAD202/D-TOPO vector, as per th&illamizar
group26”. Upon retrospection, the reason for the apparent insolubility of MLpO1 expressed
from pET15b in BL21 could be a fault of the lysis procedure for this particular experiment,
which consisted of chemical lysis by the BugBust&r protein extraction reagent. Lysis by a
combination of chemicaland physicalmethods (suchascell disruption or sonication) may have

yielded a higher ratio of soluble to insoluble target protein, enabling subsequent purification.
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Figure 4.4 a) Plasmid map of My LpO1 as cloned into the pET15b vector; b) SDS -PAGE of the
protein samples from the small-scale trial expression of My LpO1 from pET15b, in E.coli BL21.
M= molecular weight marker; T = total protein; S = soluble protein; | = insoluble protein; FT = IMAC
flow-through; W = IMAC wash
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4.4.2 Cloning of- 1 , B mtp pBAD202/D -TOPO
The pBAD202/D-TOPO vector encodes an-irminal His-patch thioredoxin peptide which is

commonly used as a fusion partner in recombinant protein expressionin E.coli (Figure 4.5).
Thioredoxin is the 11.7 kDa protein product of theE.coli trxA gene. It hasmultiple properties
which facilitate high-level production of soluble fusion proteins in theE. colicytoplasm.
Fundamentally,it has beenshown to accumulateup to 40% of the total cellular protein whilst
remaining fully soluble, and this property- a product of particularly efficient translation - is
transferred to the protein fusedto thioredoxin at the N-terminus302-304, His-patch thioredoxin

is anengineeredform of the protein in which acluster of surfaceamino acidresidues(E30,Q62,
S1) havebeen mutated to histidine in order to introduce affinity for metal chelate column
matrices, facilitating purification by IMAGPs. Upon folding of the 11.9 kDa protein, the two
mutant histidine residues interact with a native histidine at residue 8 to form the histidine
patch,in which the three residuescancoordinate adivalent cation30s. Inthe pBAD202/D-TOPO
vector, the trxA translation termination codon is replaced by DNA encoding a teresidue
peptide linker sequence which includes an enterokinase (emtopeptidase) cleavage site,
before the target gene sequenc&his permits cleavage of the Higatch thioredoxin tag from
the target protein during purification using the enterokinase protease. Enterokinase is a
calcium dependent, highly specific serine proteasehich recognises the amino acid sequence
Asp-Asp-Asp-Asp-Lys and cleaves after the lysine. Although 26.3 kDa is the theoretical
molecular weight, the apparent molecular weight is 31 kD#s. Expression from pBAD202/D
TOPGQis driven by the araBADpromoter (Pgap), Which is positively regulated by the araCgene
product30?. This pBAD vector is inducible by darabinose and carries a kanamycin resistance
marker. Although the vector also supplies a V5 epitope and a hexahistidine tag at the C
terminus, a stop codonwas inserted before the V5 epitope during the cloning sincethesewere

unnecessary and would need to be removed before crystallisation, regardless.
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Figure 4.5 Plasmid map overview of the pBAD202/D -TOPO® vector, highlighting the key
features. Expressed proteins are fused at the N -terminus to a His -patch thioredoxin leader
peptide which is followed by an enterokinase cleavage site before the target protein. The vector
also encodes a Gterminal V5 epitope followed by a hexahistidine tag, and harbours Kan R

Mr LpO1 was cloned into the pBAD202/BTOPO vector by directional TOPO cloning (protocol
chapter 2.2.1), using the pBAD202Directional TOPQA expressionkit (InvitrogenA), according

DNA sequenceénto the vector with the correct orientation and high efficiency. First, the target

gene is amplified by PCRwitA DD OT POEAOAT U AAOECT AA Pa@BCAOO
I OAOEAT ¢ ATA A AI O1T O o6 AT A8 4EA OAOOI OET C
cloning reaction, which ligates the insert and the linearised topoisomerasedctivated vector.

Two pairs of PCR primers were designed and used (sequences included in chapter 4.3.1).
Gradient PCR yielded PCR products of the expected size (855/846 bp) for both primer pairs
and all four temperatures (50, 55, 60, 65°C) employed (Figure 4.6a). Thesewere then usedin

the cloning reaction and the resulting product was propagated by transformation dt. coli
TOP10 and extracted from transformants by aommercial miniprep kit (Qiagen). To evaluate

the success of the cloning, a diagnostic restriction digest was carried out in which the
pBAD202/D-TOPO_MLpO1 plasmid was cut with restriction endonucleases in both a single
and a double digest and the products separated on a DNA agarose gel and visualised (Figure
4.6b). A single digest (in which the plasmid is cut with onerestriction enzymeonly) linearises

the plasmid suchthat its size canbe estimatedrelative to the marker - which is composedonly

of linear DNAfragments.A double digestindicatesthe presence sizeand correct orientation of

the insert by generatingbands ofcharacteristic sizes visibleon a DNA agarose gel. Restriction

enzymes were therefore chosen based on location of restriction sites in the plasmid such that



the plasmid is cut once within the vector and oncevithin the insert. Hindlll and Pm1l were
chosen for the diagnostic restriction analysis of pBAD202/EYOPO_IILpO01 - Hindlll for the
single digestand Hindlll/Pm1l for the double digest.Pm1lcutsin the first 300 bp of the insert
which allows the orientation of the insert to be indicated z however, absoluteverification must

be obtained through sequencing.

A B

ColonyB ColonyA ColunyB ColonyC Colony D Vector only CulonyA
I 1 ¥ 1T 1T
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Size (bp)
19838 Nt
b 5000
3 §§ 4000
3000 3000

2000 2000

Figure 4.6 Separation of PCR products and extracted plasmids by DNA agarose gel
electrophoresis. A) PCRproducts generated by gradient PCRwith two different primer pairs and

four different temperatures, alongside a vector only control. Expected size of M LpO1 insert:

855/846 bp; negative control: 755 bp. B) Diagnostic restriction digest of the My Lp0O1-containing
pBAD202/D -TOPO plasmid extracted from E. coliTOP10, using Hindlll and Pm1l. A+B) Ladder:
Quick-load purple 1kb plus (NEB); 1% agarose in 1X TAE buffer containing 0.5 mg/mL EtBr; 1X

TAE running buffer; samples mixed with GelPilot loading dye (Qiagen)and5 -pmm t, I 1T AAAAN
run at 100 -120 V, ~60 min. M= DNA size marker; U = uncut; S = single digest; D = double digest.

Four different E.coli TOP10transformants were usedfor plasmid extraction and of these,three

were successful, as indicated by the double dige@tigure 46b). The plasmids linearised by
digestionwith Hindlll ran at the expectedsize of 5303 bp (lanes O 3o6coloniesB, C,D) and for
thesethree samplesthe double digest (lanes O $06 coloniesB, C,D) produced the two predicted
fragmentsof 4742 bp and 561 bp asexpectedon the basisof the restriction sites of Hindlll and

Pm1l (Figure 4.7). It is evident that colony A yielded the vector lacking the insert, becausethe

ET AAOEOAA DI AOI EA A Adppkared htAhe Bam&$z6 asAblke Gnealised 1T T U

vector only control-AT OE AO 1ttty AP j1 AT A 038 &£ O OAAOGIC
this sample (lane O $ob colony A) produced only the one samefragment asin the single digest

which showsthat it lackedthe insert and therefore lackedthe Pm1lrestriction site. The uncut

plasmid hasan apparentsizeof ~3500bp (lane O 506 colony B) andthe differencein migration

between the uncut and linearised plasmid can be seenby comparisonof lanesO 5A8 A foi0 3 &
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colony B. The three plasmidsidentified as havingthe correctrestriction pattern were verified

by sequencing (Appendices A4.1).

thrombin site

PmII (1033)

HindIII (1594)

rrnB T2 terminator

Figure 4.7 Plasmid map of My Lp0O1 as cloned into the pBAD202/D -TOPO vector. The restriction
sites of Hindlll and Pm1l are indicated. The difference in size between these two restriction
sites is 561 bp, which correlates with the smaller fragment produced in the double digest.

When checking the size of a plasmid on a DNA agarose gel, it is advisable to first linearise the
plasmid by a single restriction digest since plasmid DNA is present in multiple distinct
conformations which are revealedby bandsof different sizeson a gel. This conceptis illustrated

in Figure 48. Uncut plasmid consists primarily (around 95%38 of supercoiled (covalently
closed circular) DNA and this form of DNA has the greatest electrophoretic mobility of the
different forms, migrating faster by around 30% relative to linear DNA0°. As such, this form of
DNAcannotbe comparedto astandard DNAladder sincethe predominant supercoiledplasmid
band will have a much smaller apparent size. Plasmid samples also contain a small amount of
nicked DNAwhich migratesthe slowestasit isthe mostO O A 1 far@ Alltdesedifferent forms

can be seerin Figure 48. An alternative to linearising the plasmid (for example to conserve
plasmid stock) is to use a supercoiled DNA ladder such as that which is available from New
England Biolabs. Perhaps an overkill, both a standard ladder and a supercoiled ladder can be

run alongside plasmids to be analysed.
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Figure 4.8 Example of the distinct DNAconformations present within aplasmid DNAsample.

4.4.3 Expression trials of My LpO1

Therecommendationfor expressionof proteins using the arabinoseinducible pBADsystemis
to usean E.coli strain which is araBADC and araEFGH-+#o permit transportation of L-arabinose
without metabolizing it. The E. colistrains LMG194 and TOP10 are two such suitable strains.
Since LMG194, a 2 derivative, grows well in minimal media, it can be used to lower basal
expression levels of potentially toxic genes by the supplementation of Ridedia with glucose

which serves to further repress Bap*©?. The genotype of LMG194 is:

FzalacX74 gal Ethi rpsL(StrR) aphoA (Pvull) 3ara714 leu::Tn10

and it is streptomycin and tetracycline resistant. However, this strain is not endAor recA-
which maydecreasethe stability of glycerol stocks310. TOP10on the other hand may be usedfor
expression in addition togeneral cloning, which has the advantagef time savedin the ability
to transition directly from cloning to expressionwithout additional transformation steps. The

genotype of TOP10 is:

FzmcrA 3 mrr -hsdRMSmcrBC)3 Y lac: 3 - pedacX74recAl araD139 3 pra-
leu)7697 galUgal+ zpsL(StrR) endAl nupG

which is almost identical to the DH10B straift0. The difference between the twastrains is
essentiallythe stringency of inducible expression.Thus, if a heterologousprotein is suspected
to be toxic to the cell, then LMG194 should be used, otherwise TOP10 is equally effeétive
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For expression of M LpOl1, due to complications with the competency of LMG194, and the
observed lack of host toxicity, TOP10 was chosen as the expression strain. Preliminary
expressiontrials were conductedto ascertainthe optimum conditions for expression,varying
L-arabinose concentration and temperature of induction. Figure 9.represents an expression
trial in which three L-arabinoseconcentrations(0.2%,0.02%,0.002%) were tested eachat two
temperatures (18°C and 37C), alongside an uninduced sample. The cultures whichere
induced at 18°Cwere lysed by two different methods for comparison,sincethe level of soluble
overexpressed protein may be obscured by the inefficiency of a particular lysis method. The
two lysis methodstrialled were chemicallysis by the BugBusterprotein extraction reagent,and

a combination of chemical and physical lysis by incubation with lysozyme followed by
sonication. There are multiple protein bands in the expected molecular weight region of 44.2
kDa which renders the comparison of the different iduction conditions challenging and
therefore it was difficult to choose a temperature/concentration combination based on this.
The large proportion of lysozyme in the SD®AGE samples which were lysed by
sonication/lysozyme further conceals the target praein, since the lysozyme takes up a large
proportion of the total protein, resulting in less intense bands for the other proteins in the
sample.The only methodto unambiguouslyidentify which of the bands are the target protein
isimmunodetection usingananti-Trx antibody for binding to the HP-thioredoxin tag.However,

a larger scale expression test at P& and 0.2% L-arabinose was successful and so these were
the expression parameters selected to proceed with. In general, lower temperatures result in
more soluble target protein as the cell machinery has more time to properly fold the protein,
whereas highertemperatures (30-37°C) often result in the target protein being produced in

insoluble inclusion bodies. Therefore, 18C was closen as a sensible temperature.
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Figure 4.9 Assessmentby SDSPAGEof the expression trial conducted for My Lp01 expressed
from E. coliTOP10, at combinations of temperature (37 °C, 18°C) and L-arabinose
concentrations ( 0, 0.2,0.02, 0.002%).

Asfor the concentration of inducer, it is important to explain the nature of the araBADsystem.
The promoter Psapis subjectto all-or-none induction whereby intermediate concentrations of
L-arabinose result in subpopulations of cells that are either fully induced or completely
uninduced,assuchreflecting the proportion of cellsthat are fully induced rather than the level
ofintermediate expressionin anyindividual cell12313, Therefore,geneexpressionis not uniform
with respect to individual cells314It was demonstrated by Guzman et al that expression of a
target protein from this system could be modulated over several orders of magnitude in
cultures grown in the presence of suksaturating concentrations of l-arabinoseso?. Since the
population of cells is a mixture of induced and uninduced, only the fraction of induced cells
increases with increasing karabinose concentrationg!3. Regardless, the overall expression
level of the culture is known to correlate with increasing L-arabinose concentrations and is
reported to provide alinear induction responseand correspondingtitratable expressionlevels
which can be used to precisely modulate desired protein levels for optimum yield abluble
protein307. However, from expression trials of §ILpO1, this was not observed for the soluble
protein fraction. An SDSPAGE comparing the total, soluble and insoluble protein fractions,
however,did show anincreasingintensity of suspectedtarget protein proportionate to inducer
concentration, but only in the total protein and insoluble protein fractions (Figure 4L0). The

disparity in intensity between the overexpressedband in the total and insoluble samplesin
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comparison to that of the soluble sample suggests that either they , Bfagon is insoluble

under this range of induction conditions, or the cell lysis was not optimum. For the subsequent

larger scale preparations, the cells were lysed using a higiressure cellhomogenizer which

proved much more effective. With regard to the intense bands observed in both Figuré®4nd

Figure 410, around 15 kDa, it is likely that this is lysozyme (14.6 kDa) which was added to aid

AAT1T 1 UOEO
yet been added).
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Figure 4.10 Assessmentby SDSPAGEof the solubility trial conducted for - 1 , D expressed
from E. coliTOP10. Solubility was evaluated as a function of L -arabinose concentration, at a

temperature of 18 °C.Protein samples tested were total cellular protein (TP), insoluble protein

(IP) and soluble protein (SP)i.e. clarified cell lysate.

4.4.4 Large-scale expression and purification of

Mr LpO1

Multiple purifications were performed for - 1 , Dim @rder to optimise yield and purity, with

various buffer compositions and chromatographic steps employed, yielding different outcomes

with regard to yield and purity. First, the purification procedure which gave rise to protein

crystals will be reported.

- 1 , Bwag overexpressed and purified as described in chapter 4.3.3. A representative SDS

PAGE gel of fractions from Ri-NTA IMAC is illustrated in Figure 41, alongside the

corresponding chromatogram. It can be observed that 1 , Detuybes as a single band at the

expected molecular weight (44.2 kDa). The intensity of the overexpressed- 1 , D bapds



correlate with the intensity of absorption in the peak observed in the chromatogram. Here, 9
of the 11 fractions were pooled, omitting the 2 fractions with the least intense overexpressed
band (the first two lanes) so as notto unnecessarilydilute the samplepool. Asmall amount of
target protein eluted in the wash and this is likely to be because the column capacity was
exceeded. To increase yield, the wash could have been recirculated through the resin. After
IMAC, the yield was approximately 8mg but som of this represented nonspecific host

proteins.
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Figure 4.11 Fractions from Ni2*-NTAIMACof - 1 , b,sgparated by SDSPAGE(a), along with

the corresponding UV 2sonm chromatogram trace (b).
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Asapre-requisite to cleavageof the HP-thioredoxin tag,acleavagetrial was setup to ascertain
the parametersrequired to successfullycleavethe tag,i.e.amount of enterokinase per protein
weight, incubation temperature and time. The manufacturer of the enterokinase product used
recommends performing the cleavage reaction at 25C although the temperature may be
increasedto increasethe rate of reaction. However,increasingthe temperature runs the risk of
denaturing the enterokinase and/or the target protein. On the other hand, the reaction could
be performed at a lower temperature such as € in an attempt to retard proteolytic
degradation,however this would then require a longer incubation time tocompensate for the
reduced activity of enterokinase at lower temperature. As such, a balance has to be sought
between rate of cleavage (desired) and rate of degradah of target protein (undesired).
Ultimately the aim is to accomplish complete cleavage of the fusion protein in the minimum
time frame at an ambient temperature. For the cleavagetrial, three different ratiosof- 1 , Bt p
to enterokinase were set up and reactions were incubated at 26 for 24h taking samples at
specifictime points. The result of this cleavagetrial is presentedin Figure 4.12 z there did not
appear to be any difference between the 1 , B ®rgerokinase ratio or between the time
points. Assuch,there was no advantageto incubating the reaction for longer than 1h. Thereis
avery faint bandin all samplesfor the remaining uncleavedHP-Trx fusion, but this is negligible
comparedto the intensity of the cleavedfusion protein band,and sincethis did not decreasen
24h, E Onigitly unlikely that any further cleavagewould occurif incubated for upwards of 24h.

To conserve the enterokinase, the minimum amount of enterokinase was chosen to proceed
with.
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Figure 4.12 Results of the trial cleavageof- 1 , b wifh enterokinase to ascertain suitable
conditions.
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Once suitable conditions for cleavage by enterokinase were established, these were
implemented using the protein harvest from the IMAC stage to remove the HR'x tag from

- 1, B.Arpund 90% of the fusion protein was successfullyde-tagged,with a small amount of

- 1 , b fugion remaining. This was not an issue since running a second IMAC serves to
separate the cleaved recombinant protein from the Hisagged thioredoxin tag and any
remaining His-tagged fusion protein. During the reverse IMAC step, the HRx tag was not
completely separated from cleaved 1 , B, mipce it ceeluted with a significant portion of

- 1 , D(Figure 4.13D). This could be related to a decrease in metal binding affinity of the tag
upon separationfrom the fusion protein. Assuch,the fractions in which the tag did not co- elute
were collected andkept separate from the remaining- 1 , B-coptaining fractions. These were
designatedO " AO@nEO " A'Oddipectively.Both batcheswere separatelysubjectedto size
exclusion chromatography in order toremove contaminating higher molecular weight proteins
andto enableseparationof- [ , Dang@HP-Trx in batchB.Thisresulted in successful isolation
of - r , b imoth batches to close to 100% purity (Figure 4.3E+F). These were then
combined andconcentrated yielding 140 ug pure- 1 , Dat @ concentration of 1.4 mg/mL
(Figure 4.13H). SDSPAGE gels representing the entire purification workflow are displayed in

the panel of figures below.
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Figure 4.13 Panel of SDSPAGEGgels representing an overview of the multi -step purification
procedure of de -tagged - 1 , B.APIMAC step B) HP-Trx tag cleavage step C) Desalting step
D)Reverse IMAC step E+F) SEC steps G3amples from each stage run on one representative gel H)
Samples of purified M 1 LpO1 over the course of the concentration procedure.
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Figure 4.14. SECchromatogram of - [ , B topesponding to the SDSPAGEgel in Figure 4.13F.SEC
successfully separated - 1 , B frgm the HP -Trx tag and some higher molecular weight proteins,
yielding pure - 1, Brmip
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4.4.5 The X-ray Crystal Structure of My LpO1

Diffraction quality crystalsof - y , Dgrew in three daysin multiple conditions in avariety of
sizesand morphologiesincluding single crystals andlarge needleclusters. An exampleof some
of the needle clusters is shown in Figure 48b. A total of 16 crystals were harvested and
cryoprotected before Xray diffraction data collection was carried out on beamline 124 of the
synchrotron at the Diamond Light Source (UK).

Figure 4.15 Images of some of the - 1 , D mrpstals formed, viewed under a microscope. a) A
mixture of crystal morphologies formed in PEG/ion screen b) An example of the needle cluster
morphology present in many conditions of the screens.

The X-ray diffraction imageswere automatically indexed,integrated, scaledand mergedby the

DLS servers immediately upon collection using several different pipelineg xia2, xia2
3dii,fast_dp,autoPROGNd autoPROC+STARANISDwo crystalsyielded datasetswith suitable

diffraction statistics, (tabulated in the AppendicesA4.4.2)with both crystals being classifiedas

belonging to the orthorhombic space group 1222. Of the two, the dataset in Tabl& 4rocessed

by xia2 3dii, had the best diffraction statistics (1086 completeness, Cfz0f1.0,) ¥ Aj ) Q 1 £ ¢
and was therefore chosen for structure solution by molecular replacement. This crystal had

grown in 0.2M sodium acetate trihydrate and 20% PEG 3350, pH 8.0 (Figure 8a), with unit

cell parameters of a= 53.26,b=87.61,¢c=118.42,1 EQd  BO0°, r=90°. The X- ray diffraction

image generated by this crystal, along with the graphical representation of the resultant

reflections, is shown below (Figure 4.6a and b, respectively),
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Figure 4.16 X-ray diffraction of - y , B ®m)@he resultant X-ray diffraction image and b) The
graphical output from the ISPyB interface, representing the individual reflections generated.

Molecular replacementwas carried out usingahomology model basedon the crystal structure
ofthe metallo [ -lactamasePNGML1 (PDB:6J4N).Thefinal structure of- 1 , Dwapsolvedand
refined at 1.958, with Ruwok Of 19.5% and Ree Of 23.5%. These values indicate that the
agreementbetweenthe model andthe experimental datais within the acceptedrange,andthat
OEA AAOA EAO 1 izés shohiby a dfferénkeba@te@ORy Al Rece of < 7%.

Thefull setof diffraction and structure refinement statistics are tabulated below (Table 4.4.1).

Figure 4.17 The X-ray crystal structure of - 1 , D,7s@ved by molecular replacement. Coloured
by secondary structure. Binding pocket residues represented as pink sticks, zinc coordinating
residues aslime sticks and loops shown in salmon pink. The bound phosphate is coloured red
and the additional bound metal ion in green. Image generated using Pymol.



Datacollectionstatistics

Structurerefinement statistics

Wavelength

Resolutionrange

Spacegroup

Unit cell

Totalreflections
Uniquereflections

Multiplicity

Completenesg%)
Mean I/sigma(l)
WilsonB-factor
R-merge

R-meas

R-pim

CC1/2

ccCr

35.99- 1.95(2.02- 1.95)

1222

53.2687.61118.429090
902

233206(12886)
20628(2033)

11.3(6.3)

99.89(100.00)
6.42(1.65)
20.60
0.4844(1.954)
0.5066(2.131)
0.1462(0.8324)

0.984(0.4)

0.996(0.756)

Reflectionsusedin
refinement

Reflectionsusedfor R-
free

R-work

Rfree

CC(work)
CC(free)

#of non-hydrogen
atoms

Macromolecules
Ligands
Solvent
Proteinresidues
RMS(bonds)
RMS(angles)

Ramachandran
favoured (%)

Ramachandran
allowed (%)

Ramachandramutliers
(%)

Rotameroutliers (%)

20617(2033)

970(99)

0.1955(0.3029)

0.2348(0.3421)

0.950(0.726)
0.925(0.447)

2274

2058

208
268
0.0144
2.35

95.45

4.17

0.38

0.00

Table 4.7 The set of X-ray diffraction data and structure refinement statistics for the structure of
- 1 , D sofved by molecular replacement.



Matthews coefficient (V) calculationssuggestedhe presenceof 1 moleculein the asymmetric
unit, corresponding to a solvent content of ~44.3%. 8 copies of the ASU in the unit cell (see
Appendices A4.4.4).

The structure of - 1 , B, rapsolved by molecular replacement, is presented in Figure 4.1
Thereis aphosphateion bound in the substrate binding pocketand a pair of metal ions located

in the active site. Thereis alsoan additional metal ion bound elsewhereon the protein surface.
Two different methodswere performed to verify the identity of the di-metal centre.ICRMSwas
run on both the tagfree - 1 , Pang the Hispatch thioredoxin fusion, however the signal to
noise ratio was very poor for the tagfree sample (a result of protein quality degradation
OEOI OCET OO0 Ox1 -80%AOtHSdatOWEs iAconbidefedfurther. Data for the
HP-Trx fusion (see AppendicesA4.4.5)indicated the presenceof zinc,with anamount of nickel
which was negligible. Theratio of Zn:Scalculatedsuggestshe presenceof 5.4 zinc atomsin the
fusion protein. ICRMSwasalsorun on the purified HP-Thioredoxin protein in casesomeof the
zinc binding was attributed to this. X-ray diffraction data was also collected at the zinc K
absorption edgeandthe calculatedanomalousdifferencefourier map revealedthe two highest
peaks overlaying with the 2 active site metal ions (Figure 48), and the 3¢ peak lies at the
position of the additional surfacemetal ion. This is necessarybut not conclusiveevidencethat
the metal identity is zinc as opposed to nickel, as nickel sites may also give rise to large peaks
at the wavelength of the zinc kedge. A dataset taken at thaickel K-edge would be more
conclusive,sincethe nickel k-edgeis lower in energythan the zinc k-edge resulting in absence

of peaks in the anomalous difference fourier map at this wavelength. Due to the size of the
crystal andradiation damage anickel K-edgewasunableto be obtained. The metal binding site
OAl EAAOCETT OAOOAO htt@#dnk AiBorlab.dug/ )#15AiGkcated that the

supposition of a dizinc centre is acceptable. Nevertheless, due to concerns around the nickel

from the Ni2+-NTA columnreplacing one or both of the zinc ions in 1 , B, the use of a Zh-

NTA column wasimplemented for subsequent purifications of this metalloprotein.

Figure 4.18 Difference Fourier map indicating the presence of two metal ions (green mesh)
161



162

Characteristic of the M L superfamily, the core scaffold of [ , D cppsists of a distinctive
LrTri1 OAT AxEAE A1 A ET xEEAE OEA AAOEOA OEOA
-1, BmpOEEO &1 A -GOOAG BAGORATTARA dpOrg 14 E Ashebr df thed AT OO
sandwichare eachcomprisedof 7 -strands:; g @vith 1 p andr xr p dhereare 3] -helices

on either side of eachy -sheet;| g3 flankingthe OO O A T-A @7¥ rapdy 6 flankingr xr p 0 8

A highly simplified, diagrammatical representation of this is illustrated in Figuret.19. The zine
coordinating residues originate from the 4 loops (L1-4) which protrude fromthe2 AAT OOAIT
sheets.Thereare 3 external loopswhich shieldthe zinc sitesfrom the outer surfaceandform the
substrate-binding pocket. It is theseexternal loops which are integral to the substrate

specificity of My Ls. In Figure 420, the model of- 1 , Dimq@ientated to demonstrate this.

Figure 4.19 Simplified diagrammatic representation of the overall topology of -r, bmp
depicting the 14 1 -strands (pink arrows) constituting the 2 central  -sheets and the 3 J -helices
(blue cylinders), connected by loops.



