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Abstract  

Phytases catalyse the stepwise hydrolysis of IP6 (phytate) to release inorganic phosphate along 

with a set of inositol polyphosphate intermediates. However, the low abundance 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. However, 

limitations of commercial phytases ɀ particularly IP4 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 IP4 to 

ameliorate this bottleneck. Several approaches were implemented, including building upon 

previous work on Multiple Inositol Polyphosphate Phosphatases (MINPPs) and investigating 

novel phytases for structure-activity insights. 

Previously shown to be specificity hotspots, 3 different B-pocket residues of BtMINPP (R275, 

Q276, K280) were mutagenized to generate 7 variants each, which were analysed for their 

relative IP6 and IP4 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. 

4ÈÅ ÓÔÒÕÃÔÕÒÅ ÏÆ -ɼ,Ðπρȟ Á ÐÏÓÔÕÌÁÔÅÄ ÎÏÖÅÌ ÂÁÃÔÅÒÉÁÌ ÐÈÙÔÁÓÅȟ ×ÁÓ ÓÏÌÖÅÄ ÁÔ ρȢωυ!ȍ (RFree = 

0.23), with the aim of investigating the structure-function relationship. Unexpectedly, whilst 

limited  activity  against ADP and ATP suggests this enzyme may be a phosphatase, the IP6 data 

strongly indicate it  is not a phytase. However, phosphodiesterase activity  was revealed. Along 

×ÉÔÈ ÔÈÅ ÉÎÄÉÃÁÔÅÄ ɼ-lactamase activity (carbapenemase and penicillinase), it is plausible that 

this enzyme is a promiscuous phosphodiesterase belonging to the ÍÅÔÁÌÌÏ ɼ-lactamase (-ɼ,) 

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 IP6 biosynthesis - ITPK1 from Solanum 

tuberosum. Attempts to elucidate the structure of StITPK1 as a trapped substrate complex were 

unfruitful  due to the pathologies of the crystals which limited  the quality of the X-ray diffraction 

data. 
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cAMP Cyclic adenosine monophosphate PCR Polymerase chain reaction 
CC1/2 Half dataset correlation coefficient PDB Protein data bank 
CFE Cell-free extract PEG Polyethylene glycol 
CV Column volumes Pi Inorganic phosphate 

Da Dalton PNGM-1 Papua New Guinea metallo ɼ- 
lactamase 

DLS Diamond light  source pNPP 4-nitrophenyl  phosphate 
DMSO Dimethyl sulfoxide pNP 4-nitrophenol  
DNA Deoxyribonucleic acid PP-InsP Inositol  pyrophosphate 
dNTP Deoxynucleotide triphosphate QB Quantum Blue 
DTT Dithiothreitol  RNA Ribonucleic acid 

EDTA Ethylenediaminetetraacetic acid RFree Residual factor (based on a subset of 
diffraction data) 

EtBr Ethidium bromide Rwork  Residual factor 

FT Flow-through Rmerge A measure of the internal  agreement of 
diffraction data 

FTU Phytase units RMSD Root mean square deviation 
G1P Glucose 1-phosphate RPM Revolutions per minute 
G6P Glucose 6-phosphate RT Room temperature 
HAP Histidine acid phosphatase SEC Size exclusion chromatography 

HAPhy Histidine acid phytase SDS- 
PAGE 

Sodium dodecyl polyacrylamide gel 
electrophoresis 

HEPES 4-(2-hydroxyethyl) -1- 
piperazineethanesulfonic acid 

StITPK ITPK from Solanum tuberosum 

HPLC High performance liquid  chromatography SOC Super optimal medium with  catabolic 
repressor 

HP-Trx  His-patch thioredoxin SDM Site-directed mutagenesis 

ICP-MS Inductively coupled plasma mass 
spectrometry 

TAE Tris-acetate-EDTA 

IMAC Immobilised metal affinity  chromatography TBE Tris-borate-EDTA 
IP1-6 Myo-inositol  

mono/di/tri/tetra/penta/hexakisphosphate  
TCEP Tris(2-carboxyethyl)phosphine 

IPK Inositol  polyphosphate kinase TOPO Topoisomerase based (cloning) 
IPMK Inositol  phosphate multikinase Tris  Tris(hydroxymethyl)aminomethane 
IPPK IP5-2K; Inositol pentakisphosphate 2-kinase tRNA  

IP3-3K IP3-3K; Inositol(1,4,5)P3-3 kinase Trx  Thioredoxin 
IP6K Inositol  hexakisphosphate kinase Ta Annealing temperature 
ITPK inositol  1,3,4-triphosphate 5/6  kinase TR Retention time 
IPTG Isopropyl ß-D-1-thiogalactopyranoside T Time 
IȾʎɉI) Signal to noise ratio WT Wild-type 
kDa Kilodalton WCE Whole cell extract 
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ôWhen the day becomes the night and the sky becomes the sea, when the clock strikes heavy and thereõs no time for tea; and 

in our darkest hour, before my final rhyme, she will come back home to Wonderland and turn back the hands of time.õ 
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òBegin at the beginning,ó the King said, very gravely, òand go on till  you come to the end: then stop.ó 

 

CHAPTER ONE 

Introduction  
 

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

Perspective  

More from less ɀ this is the ethos which is required to underpin the future global agricultural 

system in order to ameliorate the inevitable worldwide food deficit1. The world population is 

projected to reach 9 billion  by 2040, yet even sustaining the current 7 billion  people is already 

putting the global infrastructure under immense strain ɀ the fact that 805 million of those 

people suffer from chronic hunger is testament to this. With rising incomes and changing food 

consumption patterns in tandem with  the population growth, protein demand is set to increase 

to levels which will  place the 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 consensus is that the ×ÏÒÌÄȭÓ existing food 

system will not be able to sustain 9 billion  people on such an extremely resource intensive diet2- 

4. 

 

Much concern is focussed on the perceived competition for food resources - particularly  grains 

- between the human and livestock populations5,6. In addition to direct allocation of land to 

livestock production, a considerable proportion of land - about half of global agricultural land 

ɀ is used indirectly in the production of animal feedstuffs2,7. 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 edible7. 

Generally, the output from one acre of land is either 250 pounds of beef or 53,000 pounds of 

potatoes. Whilst the amount, in weight, of the latter is much greater, only 4 million acres are 

devoted to growing this type of produce, yet the land attributed  to livestock is 14 times greater. 

However, there are a number of justifications supporting the traditional  agricultural  system of 

×ÈÉÃÈ ÔÈÅ ÉÎÆÌÕÅÎÃÉÎÇ ÆÁÃÔÏÒ ÉÓ ÔÈÅ ÖÁÒÉÁÔÉÏÎ ÉÎ ÌÁÎÄ ÑÕÁÌÉÔÙ ÃÏÎÓÔÉÔÕÔÉÎÇ ÔÈÅ ×ÏÒÌÄȭÓ ÓÕÒÆÁÃÅ 

area5. 

Of the fraction (less than half) of land which is arable, only a small portion is able to provide 

high quality food, such as wheat and rice, for human consumption; the remainder yielding that 

which is less than favourable with regard to digestibility, palatability  and quality5,6. Corn, barley 

and oats are some such examples6. Indeed, only a quarter of the feed fed to livestock ɀ and even 
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less of that fed to ruminants such as cattle - is potentially consumable by humans5,7. 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 processing through animals to produce high quality human food in the form of 

meat and milk 5,6. 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 

nutrients 5,6,8. In addition to these arable land-derived resources, animals can also utilise 

roughages from non-arable land which adds to the amount of total human food resources5,8. 

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 other than 

animals9. Since around 75% of the ×ÏÒÌÄȭÓ agricultural  land produces forage that can be utilized 

only by ruminants, these domestic animals represent an integral link in the human food 

production chain6,7.  

However, although these low-quality feedstuffs are sufficient for their  maintenance, they must 

be combined with inputs of other food sources in order to maximise animal productivity in 

terms of meat and milk, necessitating greater dietary energy concentrations and better quality 

feedstuffs hence the diversion of a quantity of human edible crop products to livestock feed5,6. 

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 less than other sources of appropriate nutrients, it  will  be used to augment low 

quality animal feedstuffs in order to realise maximum output efficiency6. Indeed, grain is often 

lower in terms of cost per calorie of feed energy than harvested roughages7. Since feed costs are 

the main variable cost in livestock production, feed and economic efficiency exist in synergy5. 

For example, total feed efficiency of the animal ɀ another major concern - is largely determined 

by growth rate which is itself attributed to energy intake from their  feed which in turn links 

back to the cost of energy-yielding feedstuffs5. 3ÉÎÃÅ ÔÈÅ ×ÏÒÌÄȭÓ ÃÁÔÔÌÅ ÃÏÎÓÕÍÅ ÔÈÅ ÅÑÕÉÖÁÌÅÎÔ 

of the caloric requirements of the entire human population, this system of human food 

production has been criticized due to its apparent inefficiencies6,10. Despite the reduction 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 food5,6. 

Although society could feasibly be sustained on a completely plant-based diet, the existence of 

a livestock sector expands the resource base from which cereal grains produced in developed 

economies can be redeployed to human needs in times of food shortages7,8. With regard 
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to human dietary 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 composition in meeting the requirements of human essential amino acids5,11. Indeed, 

there are certain amino acids and vitamins which can only be obtained from food of animal 

origin. It is clear that there is an imbalance in nutrition across the population, with malnutrition 

from lack of dietary sustenance in some under-developed countries and on the opposite end of 

the spectrum, health problems as a result of excessive intake of certain nutrients in the 

economically advanced parts of the world12. In these developed countries dietary intake is 

characterised by a greater contribution from animal products5. Certainly, the animal 

agriculture sector provides a substantial contribution to the economy and to worldwide total 

human food production5. 

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 of their 

relationships with one another, is necessary in any critical analysis or argument5,11. 

 This is of course beyond the scope of this overview. The ultimate goal is the maximisation of the 

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 ɀ including animals ɀ 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 ruminants, such as 

cattle and sheep, and non-ruminants such as swine and poultry.  The fundamental difference is 

that concerning the digestion of cellulose8. Whilst the symbiotic relationship between the 

ÒÕÍÉÎÁÎÔ ÁÎÄ ÔÈÅ ÍÉÃÒÏÆÌÏÒÁ ×ÈÉÃÈ ÉÎÈÁÂÉÔ ÔÈÅÉÒ ÄÉÇÅÓÔÉÖÅ ÔÒÁÃÔ ÆÁÃÉÌÉÔÁÔÅÓ ÔÈÅ ÁÎÉÍÁÌȭÓ 

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 capabilities8. 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 animals5. To obtain maximum productivity  from a 

particular feed resource, feed material more suitable for ruminants i.e. those with a high 

cellulose content can be preferentially  given instead of wasting a valuable nutrient  resource on 

those simple-stomached animals which cannot process it8. A pre-requisite for this is 

information  on the composition of feed ingredients, this being facilitated by the Ȭ7ÅÅÎÄÅȭ feed 

analysis system developed in 18658. This has now been replaced by more au courant 

classification methods. 

 

 
1.2.1 Digestion  in  Monogastric  Systems 

 
4ÈÅ ÐÈÙÓÉÏÌÏÇÙ ÏÆ ÔÈÅ ÃÁÔÔÌÅȭÓ ÄÉÇÅÓÔÉÖÅ ÓÙÓÔÅÍ ÉÓ significantly different to that of monogastric 

livestock, comprising the rumen ɀÏÒ ȬÆÉÒÓÔ ÓÔÏÍÁÃÈȭ - as the primary site of microbial 

fermentation12. Digestion in swine as compared to poultry,  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 yeasts12. Whilst not the main site 

of digestion, some digestion may occur in the large intestine attributed  to enzyme activity 

resulting from the feed ingredients as well as from the microbes. The major site of digestion is 

in the small intestine12. 
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Porcine  

 
The ÐÉÇȭÓ digestive system is analogous to that of 

a human comprising, in order of passage of 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), large intestine, caecum, 

colon, rectum and anus12,13. Mature swine have a 

stomach capacity of about eight litres with a pH 

of about two resulting from the secreted acidic 

(~0.1M) gastric juice12. In addition to the 

hydrochloric acid, secretions include digestive 

enzymes, primarily pepsin which is activated by 

the acidic conditions. The caecum is the area of 

the intestinal tract responsible for the digestion 

of cellulose13. 

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 conditions provided by bile secreted from the gall bladder. pH in liver  and small intestine 

have stable neutral Ð(ȭÓ ÆÏÒ ÏÐÔÉÍÁÌ ÅÎÚÙÍÁÔÉÃ ÁÃÔÉÏÎȢ )ÍÁÇÅ ÐÒÏÄÕÃÅÄ ÂÙ #ÏÌÅȟ !Ȣ ɉςπςπɊ 

 
Avian 

 
In poultry  the stomach is divided into two chambers ɀ the proventriculus and the ventriculus - 

or as the latter  is most commonly known, the gizzard. At the base of the ÃÈÉÃËÅÎȭÓ neck, leading 

from the oesophagus, there is an expandable storage reservoir - the crop ɀ which enables the 

bird  to accumulate a great quantity of feed in a short space of time for digestion within  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 pepsin and 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 follows the grinding of feed12,14. It is thought that 

the digesta only spends 60 ɀ 90 minutes in the anterior  region of the digestive tract (crop, 

proventriculus and gizzard), restricting  the time for enzyme activity  (Table 1.1)15. Nutrient 

absorption occurs in the small intestine which is composed of the duodenum, jejunum and 

ileum. The undigested residue subsequently passes via the pair of caeca, facilitating further  
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breakdown with the aid of bacteria, to the large intestine which 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 voided14. At three to four hours, the average 

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

relatively short15. 

It  is important  to consider that the present systems of poultry  feeding are not conducive to the 

maintenance of the crop and gizzard functionality. The currently employed ad libitum 

arrangement is detrimental to the nature of the crop as the birds have constant access to food 

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  has been demonstrated that the 

ÇÉÚÚÁÒÄȭÓ proficiency is restored with  the feeding 

of coarse and whole grains; and with  the resultant 

enhanced grinding ability, larger gizzard volume 

and increased reversed peristalsis of digesta, 

retention time is lengthened15. 

As tabulated in Table 1.1, the distinct regions 

which constitute the digestive tract exist in 

different  states of pH, from the mildly  acidic crop, 

the acidic proventriculus and gizzard to the range 

ÏÆ Ð(ȭÓ ÅØÈÉÂÉÔÅÄ ÂÙ ÔÈÅ ÓÍÁÌÌ ÉÎÔÅÓÔÉÎÅ ɀ from 

mildly  acidic at the proximal end to mildly  

alkaline and neutral at the distal end15,16. 

Figure  1.2 Gallus gallus  domesticus. Image describing the complete digestive tract representational of 
avian species ɀ specifically the domesticated chicken. Proventricular and ventricular regions are 
ÄÅÐÉÃÔÅÄ ×ÉÔÈ ÔÈÅ ÌÏ×ÅÓÔ Ð(ȭÓ ÔÏ ÐÒÏÖÉÄÅ ÏÐÔÉÍÁÌ ÒÁÎÇÅ ÆÏÒ ÐÅÐÓÉÎ activity. This pH is rapidly increased 
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 time min 
Crop 5.5 10 ± 50 
Proventriculus/gizzard 2.5 -3.5 30 ± 90 
Duodenum 5-6 5 ± 10 
Jejunum 6.5 - 7.0 20 ± 30 
Ileum 7.0 ± 7.5 50 ± 70 
Cecum/colon 8.0 20 - 30 

Table 1.1 Corresponding pH and average digesta transitional  times for particular  gastrointestinal 
regions of domesticated chickens15. 
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Piscine 

The digestive systems of fish vary significantly across species, with the different feeding 

requirements of carnivorous, omnivorous, herbivorous, detritivorous and planktivorous fish 

resulting in differently adapted gut morphologies17,18. The digestive tract of carnivorous fish 

tends to be short with a large, muscular and elastic stomach for accommodating larger prey, 

whereas some non-predacious fish such as planktivores lack a distinct stomach but overall 

have a longer gut. In these fish, a constant stream of small particles flows directly from the 

oesophagus into 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 stomach-

less fish, pyloric caeca are present in various size and number in carnivorous species, 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 intestines, 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 duodenum equivalent17-19. 

 

Figure 1.3 Oncorhynchus mykiss. Image illustrating the gut morphology of a typical carnivorous fish. The 
digestive tract of rainbow trout is approximately the same as its body length20  
Image produced by Cole, A. (2020)  

 

Pictured is an example of a representative bony fish ɀ Oncorhynchus mykiss (Rainbow 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)21. Their digestive tract is also 

characterised by the presence of a true stomach. Like other fish and terrestrial monogastric 

animals, rainbow trout have a full set of digestive enzymes20.  

 

The nutrient composition of feed consumed by domestic animals is concomitant with their 

efficiency of conversion to animal products such as meat, milk and eggs6,12. As such, the value 

of a diet in meeting the needs of the animal is based on the concentration of nutrients in the 

diet and also the amount of feed ingested22. The digestibility of feed determines the quantity of 

nutrients which are actually absorbed and hence available for use in maintenance and/or  

production12. Nutrient  intake is thus associated with  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 energy22. 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 channelled into 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 content12. The energy available for maintenance 

or production purposes is referred to as the ȬÎÅÔ ÅÎÅÒÇÙȭ and is the fraction of dietary energy 

available after certain losses have been accounted for. It  is calculated from gross energy minus 

the energy lost in faeces (this being ȬÄÉÇÅÓÔÉÂÌÅ ÅÎÅÒÇÙȭɊ and also from urine (this being 

ȬÍÅÔÁÂÏÌÉÓÁÂÌÅ ÅÎÅÒÇÙȭɊȟ ×ÉÔÈ ÆÕÒÔÈÅÒ subtraction equating to the value of heat loss. In this 

ÃÏÎÔÅØÔȟ ÄÉÇÅÓÔÉÂÉÌÉÔÙ ÉÓ ÍÏÒÅ ÁÃÃÕÒÁÔÅÌÙ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȬÁÐÐÁÒÅÎÔ ÄÉÇÅÓÔÉÂÉÌÉÔÙȭ ÓÉÎÃÅ ÉÔ ÉÓ ÍÅÒÅÌÙ 

an assumption that anything not excreted has been absorbed and that the faeces are entirely 

composed of undigested food residues ɀ it is not a measure of true digestibility12,22. In poultry  

it  is easier to determine metabolisable energy than digestible energy due to the nature of their  

excretion in which faeces and urine exit from the same orifice, the cloaca12,22. 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 non- ruminant animals than the 

former12. The target of optimum feed formulation sought by manufacturers is thus in the 

consideration of an ÁÎÉÍÁÌȭÓ nutritional  need in the most efficient manner. 
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1.2.2 Phosphorus  in  Monogastric  Animal  Nutrition  

 
1.2.2.1 Biological  Functions  and Requirements  of Phosphorus  

 

In addition to energy supplying nutrients, minerals, one of the six classes of essential nutrients, 

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. Phosphorus is one of those minerals required in relatively large amounts in the diet, 

as such classified as a macromineral. A multitude  of diverse functions in ÔÈÅ ÁÎÉÍÁÌȭÓ body are 

attributed to this mineral element and as such phosphorus is a systemically abundant inorganic 

component, having the second greatest mineral concentration after calcium. Along with 

ÃÁÌÃÉÕÍȟ ÐÈÏÓÐÈÏÒÕÓ ÉÓ Á ÆÕÎÄÁÍÅÎÔÁÌ ÃÏÎÓÔÉÔÕÅÎÔ ÏÆ ÂÏÎÅȟ ×ÉÔÈ ψπϷ ÏÆ ÔÈÅ ÂÏÄÙȭÓ ÐÈÏÓÐÈÏÒÕÓ 

accreted in bones and teeth. It also plays a key role in energy metabolism, and forms part of the 

structures of phosphoproteins, phospholipids and nucleic acids12,16. 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 balance and 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 or phosphorus interferes with the 

absorption and activity of the other. For example, as phosphorus is complexed with  calcium in 

bone, if bone resorption occurs in animals receiving calcium-inadequate diets to meet the 

calcium requirements of the animal, phosphorus is simultaneously liberated from the bone and 

excreted12. Egg laying hens, however, require a ratio containing a higher proportion  of calcium 

due to the large amount of this element used in the synthesis of the eggshell. As such, poultry  are 

excluded from the recommended range of the calcium: phosphorus ratio 1:1 to 2:1 for livestock 

animals12. Given the universal role of phosphorus in many physiological functions, it  is 

unsurprising that its deficiency in livestock is considered as the most prevalent and 

economically significant of the range of mineral deficiencies. Phosphorus 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 and these standards have been updated over the 

decades as more information  is accumulated from technological advancements12. An example 

of the standards for phosphorus allowances in the poultry sector are tabulated below (Table 

1.2)23. 
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Since the dissolved phosphorus concentrations of aquatic environments are low, fish are 

unable to meet phosphorus requirements through gill membrane and GI tract absorption 

alone, necessitating a relatively high dietary source of phosphorus to meet their growth 

requirements24. 

 

 Phosphorus  

% 

Phosphorus  

(available)  % 

Broiler  starter (0 - 5 weeks) 0.70 0.50 

Broiler  finisher (5 ɀ 9 weeks) 0.60 0.45 

Capon finisher (9 ɀ 14 weeks) 0.60 0.40 

Roaster finisher - 0.40 

Replacement starter - 0.50 

Chick grower (laying type) - 0.45 

Chick grower (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 plant-derived sources used in livestock feeds, 

namely cereal grains, nuts, oilseeds and legumes. Within these plant seeds it is present as a 

constituent of phytate ɀ the mineral bound salt form of the phosphoric acid derivative 

commonly referred to as phytic acid, the latter  being the free acid form12. Phytate represents the 

primary  storage form of phosphorus, with  60- 90% of total organic phosphorus content being 

attributed to this molecular species ɀ myo-inositol -1,2,3,4,5,6-hexakisphosphate (Fig 1.4)25-27. 

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 calcium-magnesium phytate 

salt, phytin  ɀ and acts as a mineral reserve and the stored phosphates are used as an energy 

source and antioxidant for the germinating seed (Fig 1.4c)12,27. This explains the prevalence of 

phytic acid in plant-based foods28. 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 esters26. Phytic acid/phytate is also the primary storage form 

of the organic component of this molecule: inositol28.
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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 c) phytin.  (a) 
and (c) produced in ChemDraw; (b) 
image from PubChem entry.  

 
 

1.2.2.2 Structure  and Chemistry  of Inositol  Phosphates 

 
Myo-inositol  1,2,3,4,5,6 hexakisphosphoric acid (phytic  acid; also abbreviated to Ȭ)0φȭ or Ȭ)ÎÓ0φȭ 

ÁÎÄ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ Ȭ)0φȭ ÈÅÒÅÁÆÔÅÒɊ ÉÓ ÏÎÅ ÏÆ Á ÆÁÍÉÌÙ ÏÆ ÓÅÖÅÒÁÌ ÐÈÏÓÐÈÏÒÙÌÁÔÅÄ ÉÎÏÓÉÔÏÌ 

derivatives present in the natural environment which consist of a hexahydroxycyclohexane 

scaffold ɀ the inositol ring - esterified to up to six phosphate groups and abbreviated as IPx 

(where x is equivalent to the number of phosphate moieties)29,30. In addition to the degree of 

phosphorylation, the inositol phosphates vary also in isomeric form based on the 

conformations of the hydroxyl groups of the unsubstituted inositols, although myo-inositol is 

certainly the most prevalent of the nine* naturally occurring forms (Fig 1.5)29,30. 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 seeds27,29. )ÎÄÅÅÄȟ ÉÎÏÓÉÔÏÌ ÐÈÏÓÐÈÁÔÅ ÓÔÅÒÅÏÉÓÏÍÅÒÓ ÏÔÈÅÒ ÔÈÁÎ ÔÈÅ ȬÍÙÏȭ form 

are found almost exclusively in soil, with the myo form of IP6 for example representing up to 

90% of total IP6, the scyllo form 20-50%, the D-chiro form ~10% and the neo form ~1%29.

*Unlike the rest of the literature, in reference [31] ÉÔ ÉÓ ÓÔÁÔÅÄ ÔÈÁÔ ÔÈÅÒÅ ÁÒÅ ÁÃÔÕÁÌÌÙ ρσ ÓÔÅÒÅÏÉÓÏÍÅÒÓȡ Ȭ4ÈÅ ÍÁØÉÍÕÍ ÎÕÍÂÅÒ 
of stereoisomers for a molecule with more than one stereogenic centre is given by the 2n rule (where n= number of stereogenic 
centres), which in the case of inositol should be 64 (26). The symmetry inherent in inositol reduces the possible distinct 
stereoisomers to 16. Of these, 6 are made of 3 enantiomeric pairs while the rest are meso compounds leading to only 13 
theoretically possible isomers of inositol as enantiomeric pairs havÅ ÉÄÅÎÔÉÃÁÌ ÅÎÅÒÇÉÅÓȭ31. 

c) 

a) b) 
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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] 

 
 

 
Stereochemical considerations of myo-IP6: Phosphorus is stereochemically significant since it 

renders the achiral myo-inositol scaffold chiral upon substitution of a hydroxyl moiety with a 

phosphate group at a stereogenic position (C1, C3, C4, C6)30. The myo form of IP6 represents just 

one of the nine different stereoisomeric forms that the six phosphoric ester groups can exist 

in, where the proportion  of axial groups are between none and three30,32. This correlates to 

66 possible isomers of phosphorylated myo-inositol30. However, Agranoff himself stated that 

there are 63 possible phosphomonoesters of myo-inositol: 6 each of IP1 and IP5, 15 each of IP2 

and IP4, 20 of IP3, and IP633. Nevertheless, considering just myo-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. Thanks to B.W. Agranoff in his aptly titled paper 

Ȭ#ÙÃÌÉÔÏÌ ÃÏÎÆÕÓÉÏÎȭȟ ÔÈe conformation of myo-inositol - and therefore myo-IP6 - may be viewed, 

ÐÒÏÖÉÄÅÄ ÏÎÅ ÄÉÓÒÅÇÁÒÄÓ ÔÈÅ ÈÙÄÒÏÇÅÎÓȟ ÁÓ ÁÎÁÌÏÇÏÕÓ ÔÏ ÔÈÅ ÓÈÁÐÅ ÏÆ Á ÔÕÒÔÌÅȟ ×ÉÔÈ ÔÈÅ ÔÕÒÔÌÅȭÓ 

head representing the axial C2 group and the co-planar limbs and tail representing the 

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

ÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ ÔÕÒÔÌÅȭÓ ÒÉÇÈÔ ÌÉÍÂ ÁÎÄ ÎÕÍÂÅÒÉÎÇ ÉÓ ÉÎ ÔÈÅ counterclockwise (D) direction34. The 

nomenclature and thus stereochemistry of inositol derivatives is a potential danger zone owing 

ÔÏ ÁÎ ÏÆÆÉÃÉÁÌ ÎÏÍÅÎÃÌÁÔÕÒÅ ÒÅÖÅÒÓÁÌ ÏÆ Ȭ$ȭ ÁÎÄ Ȭ,ȭ
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designations of the inositol ring  back in the ρωχπȭÓȢ This is a source of much uncertainty when 

reading papers from a range of time periods since those written before this time will be using 

the ÏÕÔÄÁÔÅÄȟ ȬÉÎÖÅÒÔÅÄȭ ÎÏÍÅÎÃÌÁÔÕÒÅ35. As a result, it also means that the nomenclature of 

phosphoester-hydrolysing enzymes is different before and after the change (e.g. 4-phytase vs 

6-phytase, section 1.3.1.2). The conformation of myo-IP6 is pH-dependent such that between 

pH 0.5 ɀ 9.0 the sterically unhindered and stable 1-axial/5 -equatorial conformation dominates 

and between pH 10ɀ13 the conformational inversion to the sterically hindered 5- equatorial/1 -

axial form supersedes (Fig 1.7)36,37. 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 

soils29. 

 

 

 

 

 

&ÉÇÕÒÅ ρȢφȢ Ȭ!ÇÒÁÎÏÆÆ ȭÓ ÔÕÒÔÌÅȭ- visual mnemonic for inositol phosphate stereochemistry, with 

carbon  numbering.  Model:  Benzo the tortoise.  Image edited  by Cole, A 2020. Information  from 

Agranoff  ȭÓ ÐÁÐÅÒ34.
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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 . At pH 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 

 

4ÈÅ ȬÄÉÓÃÏÖÅÒÙȭ ÏÆ )0φ ÉÎ ρωπσ ÂÙ 0ÏÓÔÅÒÎÁË ɀ following the first successful preparation of 

phytin - established this family of inositol phosphoric esters that was populated over the 

ensuing decades following  identifications of various inositol  polyphosphates38-40. Of particular 

significance is the triphosphorylated inositol-1,4,5-triphosphate, identified in 1983 as a Ca2+-

mobilising second messenger, which initiated the identification  of the key role of other lower 

phosphorylated inositols in cellular signalling pathways35. The inositol mono- to triphosphates 

are constituents of the phosphoinositides which represent ~2-9% of the total phospholipid 

content of plant and animal tissues29. As hydrolytic  products of phospholipids, these lower myo-

inositol  phosphates are also involved in a myriad of diverse cellular activities such as: stress 

responses, membrane biogenesis, protein folding and trafficking, endo- and exocytosis, oocyte 

maturation, gene regulation, cell division and differentiation, efficient export of mRNA, RNA 

editing and DNA repair27,30. Despite the significance of these lower myo- inositol phosphates in 

eukaryotic metabolic processes, their existence in the biosphere is scarce (or  undetectable), 

with  their  presence merely as transient 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 the myo-IP6 congener, which constitutes 

approximately 83% of the inositol  phosphate species in soil29. The proportions of the mono- 

through hexa- forms in soil correlate with the extent of phosphorylation, with  IP5 representing 

~12%; IP4 ~4%;  IP3 ~1% and IP2 only trace amounts. 

1-axial/5-equatorial 

pH 0.5 ± 9.0 

5-axial/1-equatorial 

pH 10.0 ± 13.0 
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This correlation with number of phosphate moieties is due to preferential stabilization in the 

soil of the most phosphorylated inositol  esters as a result 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 these organic phosphates in terrestrial environments29. 

 

 
1.2.2.4 Mineral  Bioavailability  

 
In the free acid form, the six phosphate functionalities of phytic acid equate to twelve ionisable 

protons which correspond to a high anionic charge of the phytate molecule27,29. As such, the 

phosphate groups of phytate and other inositol  phosphates act as chelating agents and have a 

propensity to complex strongly with the polyvalent cations of calcium, iron, magnesium, 

manganese, potassium, zinc and copper. The solubility ɀ a prerequisite for absorption - of the 

resultant salt complexes is influenced by pH, with lower levels exhibiting increased 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 individual cation is a further factor 

affecting solubility, since salts of Ca2+, Cd2+, Zn2+ and Cu2+ tend to be soluble below pH 4-5 and 

the Mg2+ salt up to pH 7.5, whereas for Fe2+/3 + solubility is increased above pH 427,41. In general, 

the divalent cations of zinc, calcium and magnesium usually form insoluble penta- and hexa-

substituted salts28. 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 unaffected42. 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 GI tract29,41. At human gastrointestinal 

pH, these mineral-phytate 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 phytic acid and since these are dietary minerals, phytic acid is 

classified as an antinutrient27,41. 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 mineral-related deficiencies, 

particularly  of zinc41. Since phytate-rich foods constitute the staple source of nutrition in 

developing countries, widespread human nutritional deficiencies of zinc, calcium and iron are 

inevitable in these regions27. Additionally, mineral sub-deficiencies are common in the 

Westernised world,
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especially with  the recent culture of whole-grain diets and the growing popularity of veganism, 

which see an increase in the proportion of phytate in the diet43. Since the less phosphorylated 

inositol phosphates have a lower binding capacity for iron, zinc and calcium they have a lesser 

contribution  to the decreased bioavailability of these minerals43. It  has been demonstrated that 

IP3 and IP4 have no effect on 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 impact of IP6 on absorption. For example, the absorption of zinc is 

negatively correlated with the sum of IP3 through IP6. The lower inositol phosphate-mineral 

complexes also exhibit lower solubility and stability than IP6, with these factors decreasing in 

proportion to the level of phosphorylation thus contributing to the reduced impairment  of 

mineral uptake by the lower substituted inositol  phosphates28. In poultry  diets rich in phytic 

acid, the bioavailability of minerals such as zinc and manganese have been shown to be 

increased upon addition of other chelating agents such as EDTA ɀ presumably these complexes 

have a higher binding affinity than with phytic acid and are soluble and thus can be absorbed12. 

Phytic acid also binds to and impedes the functions of some dietary amino acids, proteins, 

carbohydrates and lipids thereby affecting enzyme activity and protein solubility and 

digestibility.  As a result of the insolubility of protein-phytate complexes above pH 3.5, dietary 

proteins undergo less processing by proteolytic and digestive enzymes ɀ including pepsin, 

trypsin and amylase -thus preventing their absorption and attesting to the antinutrient 

characteristics of phytate41. Human studies have however also demonstrated an antioxidant 

role for phytate, as it chelates and subsequently inhibits non-haem iron absorption, which 

would otherwise give rise to undesirable free radical formation through Fe3+ catalysis35,41. 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 range27. 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 in section 1.2.2.1, phytate is abundant in the staple plant-based sources (cereals, 

legumes, oilseeds and nuts), comprising 1-5% of their  weight, which constitute the foundations 

of the human diet worldwide - both directly, and indirectly  through animal-sourced products44. 

As a direct source of human food, these feedstuffs contribute around 40% of total calorie intake 

in developed countries and 60% in lesser developed countries43.
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The average phytate intake in the United Kingdom and America ranges between 631 mg and 

746 mg per day although on a vegetarian diet, subject to the quantity and processing of plant 

sources in the diet, intake of phytate may be up to 4500 mg daily and on average is 2000-2600 

mg; whilst  for rural inhabitants of developing countries on mixed diets, daily intake is on 

average 150- 1400mg28.41,45. 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 Ca2+ - 

Mg2+ salt of phytic acid. Given that the percentage of phosphorus in every phytate molecule is 

28.2%, of the 1 - 5% of phytate comprising the major plant feed sources, around 0.28 - 1.4% is 

thus attributed  to phosphorus, yet much less is bioaccessible by 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 insufficient to liberate the phosphate 

molecules from phytate. As such, although the phosphorus content of grain-based feeds is 

generally adequate to support the needs of the animal, the presence of phytate in swine and 

poultry  feed is undesirable and an inorganic phosphate supplement is used to augment the feed 

in order to satisfy mineral requirements16,43. 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 46,47. Fish tend to retain around 40% of 

phosphorus in modern commercial fish feeds48. 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 phosphohydrolytic activity, the proportion of phytate phosphorus in the 

feed matter and the technological procedures the feeds are subjected to. For example, it was 

originally established that the availability of plant phosphorus is 30%, however this is now 

considered an almost arbitrary figure46. 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 solely on 

supplemental inorganic phosphorus47. 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. In 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 of total phosphorus content which is redundant. 

There is high variability in the amount of phytate in cereal grains, oilseeds, legumes and nuts ɀ 

on average 60 ɀ 82% of total phosphorus - owing to variation in plant variety, climate, growing 

conditions, harvesting techniques, processing methods, storage conditions, testing methods 

and the maturity of the seed. For example, foods grown under high phosphate fertiliser will 
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have inherently accumulated more phytic acid49. 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 manifestation26,27. Feed formulations of livestock feeding 

programmes in established economies typically consist of a cereal grain basis supplemented 

with protein, vitamins and minerals. Soybean meal is the standard protein supplement in 

livestock diets worldwide ɀ particularly in poultry  and swine diets - since it boasts the highest 

nutritional value of all the plant protein sources. It is a major source of highly digestible protein 

with desirable amino acid composition which is superior to the other oilseeds with  regard to the 

limiting  amino acids46,50. It is perhaps appropriate at this point to highlight that up until 1996, 

livestock obtained dietary protein from animal sources such as meat- and bone-meal (MBM) but 

this was outlawed in Britain in response to the Bovine spongiform encephalopathy (BSE) crisis 

which arose from cattle consuming animal protein from infected livestock*51. Since global 

production of soybeans is greater than all other major oilseeds combined, soybean meal is 

readily available. In fact, three million tonnes of soybean were imported to the UK in 2023 for 

this purpose50. Soybean and other oilseed meals are residual by-products 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 industry8. In 

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 inclusion of a mineral 

supplement46. Bioavailability for these feedstuffs is reported to range between 10-30% in 

poultry. The composition of a typical swine diet, and the total phosphorus content of 

components, is tabulated below (Table 1.3)8 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 corn-SBM diet is unavailable to pigs60. 

 

Feed ingredient  Level in  diet 
(g/Kg)  

Phosphorus 
(g/Kg)  

Phytate  phosphorus  (average)   

Maize 820 0.82 0.92 g/100g53; (raw)  9.58 g/kg54; (fresh 
mature) 1.71 g/kg55; (dry) 7.15-7.60 
g/kg55; 75-80% of total P56 

Soybean meal (protein  
supplement) 

150 0.35 1.43 g/100g53; ~67% of total P57; 
0.34%58; 71% of total P59  

Mineral supplements (Calcium and 
Phosphorus) 

30 2.83 N/A  

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

*In the UK, the original feed ban was introduced in 1988 to prevent ruminant protein being fed to ruminants. In addition, it has 
been illegal to feed ruminants with all forms of mammalian protein (with specific exceptions) since November 1994 and to feed 
any farmed livestock, including fish and horses, with mammalian meat and bone meal (mammalian MBM) since 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 farmed 
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. In general, 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 is technically a legume)26. Along with 

soy protein concentrate ɀ maximum phytate content of 10.7% - groundnuts and sesame seeds 

are well known to have exceptionally high levels of phytate, sometimes amounting to up to 5% 

of the dry weight in the case of the former26,43. The various oilseed meals on average contain 

phytate at 60-77% of total phosphorus and the seeds 1.0 - 5.4% by dry weight26,43. Although 

high in phosphorus, cottonseed meal is more suitable for ruminants. Linseed meal, a by-

product of flax oilseed, is rarely administered to poultry. Canola ɀ Canadian low acid rapeseed is 

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 feed12. As the predominant energy source, cereal grains supply 

insufficient nutrients  required by the animal and as such they are augmented by the protein 

sources in the diet. Their phosphorus bioavailability  is low (5-15%), in which the phytate 

content (64-85% of total phosphorus) exacerbates the already low mineral content43. With 

regard to the cereal grains commonly included in animal diets, and their phytate levels, refer 

to Table 1.4. Maize is well-established 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 diet12. 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 phosphorus26. 
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 4ÏÔÁÌ 0 ɉϷɊ 0ÈÙÔÁÔÅ 0 ɉϷɊ 0ÈÙÔÁÔÅ 0 ÁÓ Á Ϸ 
ÏÆ ÔÏÔÁÌ 0 

#ÅÒÅÁÌÓ    
-ÁÉÚÅ πȢςσ πȢρψ χψ 
/ÁÔÓ πȢςω πȢρχ υω 
2ÙÅ πȢστ πȢςπ υω 
7ÈÅÁÔ πȢςω πȢςσ χω 
"ÁÒÌÅÙ πȢσρ πȢρω φρ 
,ÅÇÕÍÅ 3ÅÅÄÓ    
0ÅÁÓ πȢτσ πȢςτ υφ 
,ÕÐÉÎÅÓ πȢσσ πȢρφ τψ 
"ÅÁÎÓ πȢσω πȢπψ ςρ 
3ÏÙÂÅÁÎÓ πȢχσ πȢσσ τυ 
/ÉÌÓÅÅÄÓ    
,ÉÎÓÅÅÄ πȢφπ πȢστ υχ 
2ÁÐÅÓÅÅÄ ρȢπυ πȢχφ χς 
#ÅÒÅÁÌ ÂÙȤÐÒÏÄÕÃÔÓ    
7ÈÅÁÔ ÂÒÁÎ ρȢρφ πȢψψ χφ 
2ÙÅ ÂÒÁÎ πȢωφ πȢχσ χφ 
/ÁÔ ÂÒÁÎ πȢψσ πȢφψ ψς 

 

 
 
 
 

 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, 

feed for swine and poultry are traditionally  supplemented with a source of inorganic phosphate 

(e.g. calcium phosphate) to ensure their nutrient requirements for optimal growth are 

adequately met. However, the rock phosphate employed in production of the supplements is an 

expensive, finite natural resource12,16. In fact, phosphorus is the third most expensive 

component of poultry diets in general46. Meanwhile, the ingested, unresorbed phytate 

phosphorus is excreted, accumulating in the soil through manure application ɀ and adding to 

the phosphorus from mineral fertilisers - to levels in excess of that utilised by plants47. 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 higher the phosphorus content of the feed, the greater the quantity of inorganic 

phosphorus in excreta62. More recently, the percentage of total phosphorus intake lost in 

excreta has been reported to be around 70%29,43. Once in soil, the phosphorus compounds then 

infiltrate into  water bodies which jeopardises the health of the aquatic ecosystem through 

eutrophication46,47. Indeed, phosphorus, which has a high affinity for soil and sediment 

particles, is the primary cause of eutrophication in freshwater, contributing to the induction of 

rapid accumulation of aquatic plant life and subsequent 

Table 1.4 Phytate P relative to total P in common feed ingredients for monogastric 
livestock . From [61]. 
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oxygen depletion29. The culmination of this is the establishment of algal blooms (including 

toxin-producing cyanobacteria), hypoxia and aquatic organism death, whilst the resulting 

nitrous oxide released contributes to greenhouse gas emissions43. This has significant 

implications for drinking water quality and purification costs46. Some of the phosphorus is in 

the form of inositol  phosphates (other than IP6) which are abundant not 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 growth29. Anthropogenic factors have 

exacerbated the imbalance in the natural phosphorus cycle, namely by mining of phosphate 

rock for use in the production of fertilisers  and ɀ although not in the past fifty  years ɀ detergents 

(reader is referred to the phosphate rock market); and through the intensification of the 

livestock industry  in response to the increased global meat demand ɀ all of which generate 

excessive inputs of phosphorus into the environment47. 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, ecological systems and the livestock economy, the reduction of phytic acid is 

thus a reasonable objective with  tangible benefits and a clear rationale. Such anticipated 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, 

research has predicted that in the absence of phytic acid the absorption of zinc and magnesium 

in humans would be approximately 20% and 60% higher, respectively63. It  is considered by 

some nutritionists that for  ȬÂÅÓÔ ÈÅÁÌÔÈȭ the phytic acid content should be no more than 0.03% 

of the phytate-containing food. Attempts to eliminate or lower phytic acid levels in food have 

been an enduring concept, with the time-consuming preparation of grains and legumes 

commonplace in traditional non-industrialised societies. 

There are now several potential approaches to dietary manipulation, 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 

phosphorus requirements to minimise unnecessary excesses ɀ this requires knowledge of the 

phosphorus bioavailability  of feed sources in each species; phase feeding (which is essentially 

the first point but with estimates re-evaluated at the various stages of animal development); 

and diet optimisation ɀ for example, the inclusion of supplements (non-enzymatic) such as  
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vitamin D to augment phosphorus retention47. 

Genetic manipulation approaches feature the generation of low phytic acid mutant seeds and 

biofarming, the latter  concerning transgenic plants and transgenic livestock27. Although not a 

strategy to reduce phytic acid itself, biofortification  of staple crops is employed to 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 

acid biosynthesis, based on knock-out gene biotechnology27. In recent decades, there have been 

reports of improved nutritional properties with low phytate mutants of maize, barley, rice and 

soybeans64. The alternative to inhibiting phytic acid biosynthesis is to enhance its degradation. 

In the context of genetic modification, this entails inserting a gene encoding a phytate-

degrading enzyme into the plant genome, the overexpression of which during seed 

development reduces phytate in mature seeds. Recent work  in this area has given rise to 

transgenic soybean producing one of these enzymes65. <TRANSGENIC APPA SEAWEED> 

Biofarming of phytate-degrading enzymes is considered to be a cost-effective approach to their  

production. A further genetic-based approach to the reduction of phytic acid by monogastric 

animals is to generate transgenic livestock. A recent study demonstrated the possibility of 

introducing phytate-hydrolysing enzymes into the saliva of transgenic mice66.   

A less biotechnologically advanced yet fundamentally established strategy, particularly in more 

traditional  populations of lesser developed countries, is the processing of feed and food grains 

to reduce phytic acid content. These well-documented techniques are largely the product of a 

substantial amount of time, heat and water and include soaking, cooking, malting (sometimes 

referred to as sprouting or germination), milling and fermentation28,41,43. Although milling 

eliminates the majority  of phytic acid due to the association of phytic acid with  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 phytic acid such that IP6 levels are reduced, 

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 what these processing 

methods endeavour to emulate. It is well-documented that the soaking of food grains in warm 

acidic water for a considerable amount of time prior to cooking is sufficient to eliminate a 

significant proportion  of the phytate. Cooking alone is redundant since the high temperature 

deactivates the desired enzymes, whereas the temperature and pH of the water used for 

soaking can be adjusted to that for optimal enzyme activity. However, if the grains and legumes 

have naturally low phytate-hydrolysing enzyme activity, soaking is an inadequate technique to 

lower phytic acid content28. 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 these reductions ɀ let alone the 

consumption of energy - in addition to possible limits on equipment and automation/labour  

render these not economically and commercially viable in industry as the sole solution. Indeed, 

enzymatic hydrolysis of phytate is the gold-standard approach of all of these discussed since it 

is able to most effectively break down phytic acid without jeopardising other valuable dietary 

nutrients 43. As such, these phytate-degrading enzymes ɀ 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 

 
Ȭ!ÎÙ ÍÅÁÎÉÎÇÆÕÌ ÄÉÓÃÕÓÓÉÏÎ of the kinetics and mechanism of enzymic catalysis must be based on 

Á ÓÏÕÎÄ ËÎÏ×ÌÅÄÇÅ ÏÆ ÔÈÅ ÔÙÐÅ ÏÆ ÒÅÁÃÔÉÏÎ ÃÏÎÃÅÒÎÅÄ ÉÎ ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ ÃÁÔÁÌÙÓÉÓȭ ɉ+ÉÒÂÙ ÁÎÄ 

Varvoglis, 1967)67. The phosphoric ester bonds constituting the phytate species are quite 

hydrolytically unreactive, a property which renders the phosphate ester bond-containing 

nucleic compounds exclusively suitable as components of genetic material. Since it  is essential 

that genetic material be stable for the length of an ÏÒÇÁÎÉÓÍȭÓ life-span, 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 acid to link two nucleotides yet 

still ioni se, such that the resultant negative charge stabilises the diesters against hydrolysis68. 

The incomplete hydrolysis of phosphate ester linkages in chemical, non-enzymatic 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 (100°C) and an extended 

reaction time, hydrolysis is slow and completion is not accomplished (Fig 1.8)29. Despite 

undergoing slow hydrolysis in the absence of enzymes, phosphate ester bonds are subject to 

rapid hydrolysis under enzyme catalysis, which explains the dominance of this type of 

molecular species in biological systems68. 

 

 

 
Figure  1.8. General reaction  of chemical  hydrolysis  of phosphate  esters, where  2ȭ in 

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 compounds69. As members of this 

hydrolase family, phytases - myo-inositol  (1,2,3,4,5,6) hexakisphosphate phosphohydrolases ɀ 

are phytate-specific phosphatases, specifically hydrolysing IP6 in a stepwise manner to yield 

orthophosphate and lower substituted myo-inositol phosphates. They have sometimes been 

defined as a class of phosphatases with  the in vitro  capability to release at least one phosphate 
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from phytic acid, thereby liberating phosphate and lowering phosphorylation levels of inositol 

phosphates and potentially  chelated minerals27. In accordance with  the descending order of 

preference of phytases for IP6 through IP1, all of the fully phosphorylated IP6 present is first 

degraded to penta-esters of inositol  before these then become the next substrate for hydrolysis 

to lower phosphorylated intermediates70. 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 phosphorus in the 

form of phytate, thereby improving nutritional quality of a given phytate-rich feedstuff and 

ameliorating the need for supplementation with  inorganic phosphorus. Ruminant animals on 

the other hand, are host to their own in-house phytase producers ɀ their anaerobic ruminal 

microflora ɀ which facilitate the biological abstraction of phytate phosphorus. The gastro- 

intestinal tracts of non-ruminants such as swine, poultry  and fish are mostly deficient in these 

analogous endogenous phytases, warranting intervention ɀ i.e. by exploiting the 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 source itself exhibits intrinsic phytase activity, the extent being 

highly variable and dependent on species. Additionally, the animal has two innate sources of 

phytase activity ɀ that arising from their intestinal mucosa and that produced by their gut 

microflora ɀ although it is well-documented that these are negligible and insufficient to 

improve phosphorus digestibility43,46. As such, the author of this thesis describes the exogenous 

dietary phytase ɀ which can either be implemented during feed pre-treatment or as a dietary 

supplement - as the fourth  ȬÌÁÙÅÒȭ of phytase activity. These shall be duly attended to, after the 

following classification points are outlined. 

Phytases can be classified by three different  bases: by initiation  site of hydrolysis; broadly by 

pH optimum/activity -pH profile ; and thirdly  by catalytic attributes and structural  motifs. With 

the exception of the latter  class, there are variations in catalytic mechanism within  a given class 

(i.e. when classified by pH or preferred site of hydrolysis), as a result of structural variances27. 

Nevertheless, all currently known phytases share a common pronounced stereo- specificity 

and a strong preference for equatorial rather than axial phosphate appendages, generating 

myo-inositol monophosphate as the end product of hydrolysis47. 
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1.3.1.1 Classification  by pH Optima  

 
The acidic, neutral and alkaline phytases are known to exhibit optimal activities at pH 5.0, 7.0, 

and 8.0, respectively71. 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 of ÅØÔÒÁÃÅÌÌÕÌÁÒ ɼ-propeller phytases of the gram-positive bacteria of 

the Bacillus genus. An alkaline phytase with a pH optimum of 8.0 is one of just two phytases 

which initiate dephosphorylation at the C5 inositol position. Variations in optimum pH for 

phytase activity  occur across different  plant species. In contrast to cereals, the phytases of 

which usually have greatest activity between pH 4.5 ɀ 5.6, some legumes have optimum 

phytase activity at neutral or alkaline pH72. For example, legume seeds have also been reported 

to exhibit alkaline phytase activity, with a pH optimum of 8.0. Broadly speaking, phytases 

representative of the Histidine Phosphatase, Purple Acid Phosphatase and Cysteine 

0ÈÏÓÐÈÁÔÁÓÅ ÇÒÏÕÐÓ ÁÒÅ ÕÓÕÁÌÌÙ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ÁÃÉÄÉÃ ÁÎÄ ÔÈÏÓÅ ÏÆ ÔÈÅ ɼ-propeller phytases as 

alkaline. In other words, acid phosphatases with  specific activity  for phytic acid are subdivided 

into three structurally distinct classes: HAPhy, ɼPPhy and PAPhy73. 

 

 
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  hexakisphosphate-X-phosphohydrolases, X being Ȭσȭȟ Ȭφȭȟ Ȭτȭ ÏÒ ȬυȭȢ They are 

more commonly referred to as 3-phytases, 6-phytases, 4-phytases and 5- phytases (although only 

the former two phytases are recognised by the IUPAC-IUB), whereby hydrolysis of the phosphoric 

ester bond is initiated at the D-3-, D-6-, D-4- and D-5- carbon positions of inositol, respectively, and 

is indicated by the resultant D-myo-inositol pentakisphosphate isomer74. Their initial hydrolytic 

products are as such: D-myo-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 and Ins(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 3- and 6-phytases are 

sometimes ambiguously (i.e. without clarity  on which nomenclature system is used) termed 1-and 

4-phytases, respectively, this being a result of the change in D/L  nomenclature in the 1970ȭs, as 

previously discussed in section 1.2.2.275. In other words, a D-6-phytase and an L-4-phytase 

produce the same product, as do a D-3-phytase and an L-1-phytase. In this report they shall be 

referred to, as per the recommendation of the IUPAC-IUB to explicitly use the D system, as 3-

phytases, microbial 6-phytases and plant 4-phytases ɀ the latter often being ambiguously annotated 

as Ȭφ-ÐÈÙÔÁÓÅÓȭ ×ÉÔÈÏÕÔ ÓÐÅÃÉÆÙÉÎÇ ÔÈÁÔ ÔÈÅÓÅ ÁÒÅ ÁÃÔÕÁÌÌÙ ,-6-phytases and therefore, by the 

recommended D system, 4-phytases. 
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Figure  1.9. Structure  of IP6 depicting  the scissile bonds cleaved by 3- and 6-phytases as a 

general example of this phytase classification type. Image produced in ChemDraw.  

 

 

The most abundant group in existence are the 3-phytases which are common products of 

bacteria and fungi, whilst the 4-phytases are generally of plant ɀ particularly higher plants - 

origin27. However, there are a number of exceptions to this theme, such as the presence of 3-

phytase activity  in some plant seeds and 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 report 74. To date, there are merely two accounts of a 5-phytase ɀ an alkaline 

phytase from Lily pollen and an alkaline phytase, PhyAsr, from Selenomonas ruminantium 

subsp. Lactilytica76,77. The latter  is an anaerobic bacterium which resides in the rumen of 

polygastric animals and the sequence of this phytase is unlike other microbial phytases, having 

some catalytic features similar to tyrosine phosphatases. These phytases were reported 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 5-phytase is analogous in conformation to a 

Histidine acid phosphatase (HAP) phytase (see section 1.3.2), although the amino acid 

sequence homology of all but the active site is higher towards Multiple  Inositol Polyphosphate 

Phosphatase (MINPP; section 1.3.6) from humans or rats27. Since no other HAP phytase 

initiates dephosphorylation at the C-5 position of inositol, the author of this thesis considers 

that this may be the reason for having more sequence similarity  to the more promiscuous 

MINPPs. The majority of the 3-phytases are structurally homologous to two of the catalytic 

classes of phytase described below ɀ ɼ-propeller phytases (ɼPPhy) and the aforementioned 

HAP phytases27. Based on experimental reports, the sole end product of catalysis is reported as 

Ins(2,4,6)P3,, since the hydrolysis of non-adjacent, alternate phosphates is favoured78. The 

ÆÁÍÉÌÉÁÒ ÂÁËÅÒȭÓ ÙÅÁÓÔȟ Saccharomyces cerevisiae, produces a now well-studied 3-phytase and 

its sequential phytate dephosphorylation pathway is illustrated overleaf (Fig 1.10)74. 
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Figure  1.10. Visual  representation  of the IP6 degradation  pathways  by representatives  of 
different phytase classes ɀ a yeast HAPhy 3-phytase, a bacterial ɼPPhy 3-phytase and a 
bacterial HAPhy 6 -phytase (AppA). The pathway for ɼPPhy 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  

0ÈÙÔÁÓÅÓ ÁÒÅ ÃÁÔÅÇÏÒÉÓÅÄ ÁÓ (ÉÓÔÉÄÉÎÅ !ÃÉÄ 0ÈÏÓÐÈÁÔÁÓÅÓ ɉ(!0ÈÙɊȟ ɼ-Propeller Phytases 

(ɼPPhy), Cysteine Phytases (CPhy) and Purple Acid Phosphatases (PAPhy) based on their  active 

site residues and specific sequence attributes, and which differ in their structure, catalytic 

mechanism and biochemical properties. Most bacterial, fungal and plant phytases belong to the 

HAPhy family ɀ a sub-family within the Histidine Phosphatase (HP) superfamily and commonly 

termed HP2 phytases (HP2P) since they belong to clade 2 of the HP superfamily79. 

 

 
1.3.2 Histidine  Acid Phosphatases (HAPhy)  

 
The histidine phosphatase (HP) superfamily is a large and functionally diverse group of 

enzymes, divided into two clades, whereby the second, smaller clade (HP2) is composed of 

phytases and acid phosphatases. There is limited sequence similarity between the two clades 

and even within  each clade, and whilst  clade 1 consists of more diverse intracellular  enzymes of 

largely (two thirds) bacterial origin, clade 2 comprises predominantly eukaryotic extracellular 

enzymes. These are channelled to 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 invariant amino acids (a 

pair of flanking arginine residues and another histidine), forming ÔÈÅ ȬÐÈÏÓÐÈÁÔÅ ÐÏÃËÅÔȭȢ 

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 residue of the 

conservative heptapeptide RHGXRXP motif (clade 1 HPs = RHG only) acts as a nucleophile, 

anchored in position by the carbonyl of a glycine (part of the same characteristic N-terminal  

RHG motif), whilst  the interaction of the positively charged arginine in the RHG tripeptide with 

the substrate phosphorus renders it more susceptible to nucleophilic attack. In the first stage, 

this histidine attacks the substrate-bound phosphorus generating a phosphohistidine 

intermediate, whilst  in the second mechanistic stage an aspartic acid of the catalytic C-terminal  

dipeptide (HD) ɀ which is responsible for binding the substrate and release of the hydrolytic 

product - acts as a proton donor for the oxygen atom. This thereby stabilises the leaving group 

as transfer of phospho group 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. A third  conserved feature is the cysteine 

motif  which is associated with  the formation of disulphide bridges, these being integral to the 

thermo- and conformational stability, and catalytic activity. This family of phosphoesterases 

initiate  dephosphorylation at either the C-3 or C-6 position of inositol68,73,79. 
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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 ɼ-Propeller  Phytases (ɼPPhy) 

 
Phytases designated ɼPPhy constitute a more structurally  distinct  group of phytases, having an 

unusual six-bladed beta-propeller architecture, and attributes unlike those of other phosphatase 

families. Their Ca2+-dependent catalytic activity, high thermostability, activity at non-acidic pH and 

absolute substrate specificity - accepting the calcium-phytate complex only 

- is testament to this. Predominantly of microbial origin, the majority of these phytases have been 

isolated from the Bacillus genus, some examples of structurally  characterised ones being phyC from 

Bacillus subtilis and TS-Phy from Bacillus amyloliquefaceiens DS11, the latter being the 

representative ɼPPhy in terms of delineating the catalytic mechanism of these phytases73,80. The 

inherent desirable biotechnologically relevant properties of particular Bacillus species is such that 

they are well-suited to industrial application. ɼPP-producing microbes are prevalent in the natural 

environment, isolated from such sources as water ecosystems, soil, sediments and animal 

gastrointestinal tracts81. An important  difference of ɼPPhy phytases in contrast to other phytases is 

their  stability  over a broad pH range (3.0 -9.0), which gives them advantages over other phytases in 

certain applications. In general, the optimum pH range for activity  of Bacillus ɼPPhy phytases is 6.0-

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

properties of ɼPPhys are characteristically dependent on the binding of Ca2+ ions which, acting as 

activators, render the catalytic environment electrostatically favourable for substrate binding by 

modifying the active ÃÅÎÔÒÅ ÃÏÎÆÏÒÍÁÔÉÏÎ ÔÏ ÐÒÏÍÏÔÅ ÔÈÅ ÓÕÂÓÔÒÁÔÅȭÓ ÁÐÐÒÏÁÃÈȢ 4ÈÅ ÔÈÒÅÅ ÔÉÇÈÔÌÙ 

bound calcium ions, in the high-affinity site, serve to maintain conformation and stability whilst 

three low affinity calcium binding sites comprise the catalytic triad responsible for activity81. The 

strict substrate specificity is another attribute of the bound calcium, whereby the recognition of 

bidentate chelation of calcium ions by two neighbouring phosphate groups of IP6 is essential 
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for hydrolysis of the substrate (Ca2+-phytate) and is a substrate specificity determinant. In fact, 

the molar ratio  of Ca2+: phytate in the substrate complex, as well as the ÍÅÄÉÕÍȭÓ pH, influences 

the enzymatic activity, being maximal at a ratio of four calcium ions for every phytate molecule81. 

This particular substrate recognition facilitates the stereospecific dephosphorylation of 

phytate by the successive detachment of each second phosphate group, generating as the final 

hydrolytic  product, myo-inositol  (2,4,6) triphosphate. Although initially  it  was thought that the 

end product was either Ins(1,3,5)P3 or Ins(2,4,6)P3, more recent research has concluded that 

the latter  is the sole product81,82. Aside from the bound calcium ions - both as part of the 

substrate complex and 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 located in the region of the low-affinity  calcium binding sites73. 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 ɀ 

preferentially at the D3 position of inositol ɀ and is the site of nucleophilic attack on the 

phosphorus by a calcium-bound water molecule. ɼPPhys are as such classified as (D)3-

phytases. The role of the affinity site is to increase the affinity of substrate binding. 

Intermediate products generated during the successive dephosphorylations at C3 followed by 

C1 then C5 are myo-Ins(1,2,4,5,6)P5 and myo-Ins(2,4,5,6)P4 before the final product, myo- 

Ins(2,4,6)P3, respectively. Further hydrolysis is prevented by the lack of neighbouring 

phosphate groups whose proximity is necessary for the formation of the strategic bidentate 

chelate with calcium80. Only substrates that simultaneously fill both binding sites are 

hydrolyzed by ɼPPhys which explains why these enzymes can only remove three phosphates 

from IP681. 

 

 

1.3.4 Purple  Acid Phytases (PAPhy) 

A sub-family of the metallohydrolase superfamily - the metallophosphoesterase family - includes 

the dinuclear purple acid phosphatases. These enzymes catalyse the hydrolysis of a broad 

phosphomonoester bond-containing substrate range and have been identified in both plant, 

animal and fungal sources, but are unlikely to occur in most microorganisms83. They 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 low shared sequence identity (<20%), size and 

oligomeric state between animal and plant PAPs, the catalytic active sites and domains are in 

contrast highly conserved. The key feature of the catalytic core, which is representative of all 

metallohydrolases, is the presence of two closely spaced metal ions ɀ Fe3+ and M2+- which 

represent a mixed-valent metal centre and constitute the chromophoric
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and redox-active sites, respectively. In plants, M2+ represents divalent zinc or manganese 

whereas in animals it is always divalent iron83,84. The seven residues/ligands which co- 

ordinate the dinuclear centre, encompassed within five key motifs, are also conserved across 

kingdoms. A particular  distinction  of PAPs is their  characteristic purple colour when in solution 

owing to a ligand to metal charge-transfer transition around 515-560 nm from the conserved 

tyrosine ligand to the chromophoric ferric ion it coordinates83,84. Additional characteristics of 

the PAPs are substantial glycosylation and resistance to inhibition  by L-tartrate. The 

presence of isoforms ɀ different  forms of the same enzyme - are common in plant and animal 

PAPs and are distinguished by their molecular weights. These often occur as a 35 kDa form and 

a 55-60 kDa form and plants tend to have multiple copies of each. The catalytic hydrolysis of 

activated phosphoric acid esters and anhydrides involves eight postulated steps and two 

nucleophilic hydroxide ions, one of which is coordinated to Fe3+ and attacks the phosphate after 

an interaction between the divalent metal and the substrate. The majority of characterised 

PAPs are designated as non-specific acid phosphatases that catalyse phosphate hydrolysis from 

a broad spectrum of phosphate esters and as such, only certain isoforms accept phytate as a 

substrate, referred to as PAP phytases or PAPhy83. Up until 200585 the soybean (Glycine max) 

PAP isoform (GmPhy) was the only PAP phytase which had been characterised, although these 

are indicated, as per sequence homology, to be common amongst plants73. Since then, PAP 

phytases have been identified in Medicago sativa (alfalfa), Nicotiana tabacum (tobacco) and 

multiple  isoforms within  Arabidopsis thaliana (thale cress)83. 

 

 

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 member ɀ PhyAsr - identified in 

the anaerobic ruminal bacterial species S. ruminantium86,87. In fact, these phytases are the 

major phytate-degrading enzymes resident in the rumen microbiome of cattle88, negating the 

need for addition of exogenous phytases to cattle diets. Of the four phytase classes, phytases of 

the PTP-like/cysteine phytases are relatively the least well characterised89. With the adoption 

of the protein fold and catalytic mechanism of protein tyrosine phosphatases, PTP-like 

phytases are composed of a large core domain and a smaller domain. A four-ÓÔÒÁÎÄÅÄ ɼ-sheet, 

ÓÁÎÄ×ÉÃÈÅÄ ÏÎ ÂÏÔÈ ÓÉÄÅÓ ÂÙ ÓÅÖÅÒÁÌ ɻ-helices, constitutes the larger domain whilst a partial 

ɼ-barrel comprised of a five-ÓÔÒÁÎÄÅÄ ɼ-sheet constitutes the smaller domain90. At the interface 

of the two domains, the active site forms a loop which functions as a phytate-binding pocket86. 

This P loop hosts the active site signature sequence (CX5R(S/T))90. 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 bond90,91. PTP-like 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 application90. 

 

 

 

 

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) ɼ-propeller phytase from 

Bacillus amyloliquefaciens in complex  with  phosphate  and Ca2+ ions. Four  Ca2+ 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 -

acetyl glucosamine (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 so-called Multiple Inositol Polyphosphate Phosphatases ɀ MINPP ɀ are a family of IP6-

degrading enzymes, belonging to 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 isomers92. The isolation and characterisation of a MINPP from rat liver 

marked the first report of a MINPP, in 199793. Whilst having no preference for initial site of 

hydrolysis amongst the equatorial phosphates of IP6, this phytase is highly specific with 

Ins(1,3,4,5,6)P5 , converting it into the key Ca2+-mobilising inositol triphosphate Ins(1,4,5)P3 

via Ins(1,4,5,6)P494. The activity of mammalian MINPPs against IP6 is relatively very low, and 

phytases from a range of microorganisms exhibit between 103-fold and 104-fold higher specific 

activities compared to the rat MINPP95. Nevertheless, they are the only mammalian enzymes 

to hydrolyse IP5 and IP6, with the attack at D-3, D-5 and D-6 of IP6 yielding a mixture of IP5s96. 

Within a year of identification of the rat MINPP, the chick MINPP HiPER1 (Histidine 

Phosphatase of the Endoplasmic Reticulum-1) was characterised97Ȣ "Ù ÔÈÅ ÅÎÄ ÏÆ ÔÈÅ ωπȭÓȟ Á 

number of MINPPs had been sequenced ɀ Homo sapiens, Mus musculus, two from Drosophila 

melanogaster, Rattus norvegicus and Gallus gallus. Whilst avian MINPP is considerably more 

active towards phytate than its mammalian homologues, the specific activity is still 30-300-

fold lower than that of microbial phytases95. 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 cells and simultaneously generating valuable physiologically downstream inositol 

phosphate metabolites98. 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 from Arabidopsis thaliana (AtMINPP) 

×ÈÉÃÈȟ ÁÌÔÈÏÕÇÈ ÓÅÑÕÅÎÃÅÄ ÉÎ ÔÈÅ ÌÁÔÅ ωπȭÓȟ ÈÁÓ ÏÎÌÙ ÎÏ× ÂÅÅÎ ÓÈÏ×Î ÔÏ ÂÅ ÉÎÖÏÌÖÅÄ ÉÎ ÌÅÁÆ 

senescence and has acid phosphatase activity in addition to phytase activity. Experiments 

revealed the essentialness of AtMINPP for growth and development99. 

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 phytases95. The MINPP 

from the human gut bacterium Bacteroides thetaiotamicron, however, represents the first 

MINPP to be structurally characterised by crystallographic analysis92. Like other HP2P 

enzymes, the active site motif RHGxRxP is present in MINPPs, however, instead of an HD proton 

donor motif, they have a HAE triplet which is assumed to provide an equivalent function92. In 

both cases, the acidic residue functions as the proton donor, breaking the phosphomonoester 
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bond to release a phosphate group from phytate92. 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, zebrafish, mosquito, the amoeba Dictyostelium discoideum, a yeast and 

two from Drosophila melanogaster. Further investigations of MINPP structures revealed that 

some contain a large polypeptide insertion in the ɻ-domain ɀ the U-loop ɀ which acts as a cap 

and undergoes a substantial movement upon substrate binding100. The exemplary phytase of 

this type is the membrane-anchored extracellular MINPP from the Gram-positive bacterium 

Bifidobacterium longum subsp. infantis ATCC 15697 (BlMINPP), which is prevalent in the 

human gut. BlMINPP generates the 4/6-OH IP5 as the major IP5 isomer, and studies suggest 

that dephosphorylation does not proceed beyond IP3101. Along with the MINPP from 

Bifidobacterium pseudocatenulatum ATCC 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 4/6-OH or the 5-OH IP5 isomer, and subsequently the 

other of the two, generating Ins(1,2,3,4)P4; it then proceeds to generate any/all of Ins(1,2,3)P3, 

Ins(1,2,4)P3, Ins(1,3,4)P3 as the final product (similar to BlMINPP)102. The alkaline 5-phytase 

from Lilium longiflorum (mentioned previously) is another example of deviation from 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 HAPs103. Regardless, 

unlike MINNPs, it shows a distinct preference for the 5-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)P3103. A recently identified MINPP from soil Acinetobacter sp., AC1-2, 

displaying 5-phytase and 6-phytase activity, is one of the first MINPPs to be isolated from the 

soil environment and has a slightly different heptapeptide sequence, RHGSRGL104. 

 

 

 
1.3.7 Sources & Distribution  

 
The occurrence of phytases is diverse and well documented in plants, bacteria, fungi, yeast and 

to a lesser degree, in animals. Eukaryotic phytases were recognised initially,  evidenced first  by 

the identification of phytase activity in rice bran in 1907 (by Suzuki, Yoshimura and Takaishi) 

and in calf blood in 1908 (by McCollum and Hart)41,105,106. Microbial phytase activity was first 

discovered in the fungus Aspergillus niger mycelium over a century ago107, with the earliest 

report  by Dox and Golden in 1911 who demonstrated that the fungus could convert organic 

phosphorus into available phosphorus through the action of a secreted enzyme108. Following 

*ÁÃËÍÁÎ ÁÎÄ "ÌÁÃËȭÓ report detailing the detection of low levels of phytase activity in several 

soils in 1952, several years later in 1959 Casida observed phytase activity from a number of 
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Aspergillus soil isolates109,110. It ×ÁÓÎȭÔ ÕÎÔÉÌ 1967 that a microbial phytase ɀ produced from a 

laboratory culture of Aerobacter aerogenes - was more rigorously investigated, with Greaves, 

Anderson and Webley yielding information on the hydrolytic pathway and biochemical 

characteristics111. 1969 saw reports of phytase activity from a species of Pseudomonas soil 

bacteria, by Cosgrove, Irving and Bromfield112,113, and characterisation of an extracellular 

phytase from Aspergillus ficuum NRRL 3135 by Shieh, Wodzinski and Ware114. The pathway of 

IP6 degradation was further analysed in 1972 by Irving and Cosgrove which identified the 

major IP5 intermediate generated115. This phytase would go on to become the first commercial 

phytase ɀ Natuphos® ɀ launched in 1991. 

Aside from exogenous phytase preparations, sources of endogenous phytases are: intrinsic  

plant phytases; intestinal mucosa phytases; and phytase-producing gut microbiota, as illustrated 

in Fig 1.13. Phytate may therefore be subject to a multifaceted degradation approach through 

both endogenous and exogenous enzyme 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 articles covering this, one example being 

that by Rizwanuddin et al117,  

 

 

 

 
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 production ɀ 

sustainably ɀ necessitating the reiteration of the ethos from section 1.1 - more from less. In 

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 dependent on and 

therefore facilitated by the feed inputs. However, the economic pressures which the livestock 

producers face ɀ emphasized in developing countries - demand the use of lower quality feed, 

necessitating the capability to enhance the naturally low nutritive quality by technological 

means118. Nevertheless, the benefits of the nutritional  value of even the highest quality feed are 

only seen upon 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 animal growth 

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 phosphate118,119. Phosphorus in the form of phytate, as in animal feed, is poorly 

available to monogastric animals since they lack significant endogenous phytase activity in -

and have inadequate phytase-secreting microflora populations in - the upper part of the 

digestive tract. When added to animal diets, exogenous phytase augments the limited range of 

endogenous phytate-degrading enzymes present in 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 is anticipated to rise over time in accordance with the 

decreasing global phosphorus reserves. It also increases the energy of the animal since they no 

longer have to expend energy on the secretion of endogenous phytases. Phytase has been 

shown to replace 50-60% dicalcium phosphate in feed44. The resultant financial savings 

encourage the use of these lucrative 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 (see section 1.2.2.6)47. Since the feed is the most costly input  in livestock production 

ɀ accounting for e.g. 70% (poultry)  of the total cost - not only does the 
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reduced inorganic phosphorus consumption generate monetary savings but 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 

ÅÃÏÎÏÍÉÃ ÂÅÎÅÆÉÔÓ ÂÏÔÈ ÂÙ ÓÁÖÉÎÇ ÏÎ ÓÕÐÐÌÅÍÅÎÔȾÆÅÅÄ ÃÏÓÔÓ ÁÎÄ ÂÙ ÉÍÐÒÏÖÉÎÇ ÔÈÅ ȬÂÁÎg for 

ÂÕÃËȭ ɉÆÅÅÄ ÃÏÎÖÅÒÓÉÏÎ ÒÁÔÉÏÓȠ &#2Ɋ ÅȢÇȢ ÐÒÏÄÕÃÔÉÏÎ ÏÆ Á ÇÉÖÅÎ ÑÕÁÎÔÉÔÙ ÏÆ ÍÅÁÔ ÉÎ Á ÓÈÏÒÔÅÒ 

amount of time and at lower cost, or greater productive output from a given animal/number  of 

animals, resulting in greater profit  margins. Feed enzymes are 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, 

spanning less than forty years120,121. Despite many decades of, for example, phytase research, 

following its discovery at the start of the 20th century105,106, due to the technological limitations 

of that era, their commercial application did not become viable until the 1990s, when the large-

scale production of feed enzymes became possible at relatively low cost, owing to 

biotechnological advancements such as the development of heterologous microbial expression 

systems44. In addition to the practical limitations, prior to  the ȬÅÎÚÙÍÅ ÒÅÖÏÌÕÔÉÏÎȭ, there was 

little pressure from environmental regulations, coupled with the perception that supplemental 

enzyme solutions were cost-intensive and therefore not economically viable for livestock 

production. Around one hundred years prior to the ÅÎÚÙÍÅ ÉÎÄÕÓÔÒÙȭÓ ÔÁËÅ-off in the latter part 

of the 20th Century, a Japanese individual -adapting a Japanese technology to a western industry  

-patented a process, licensed under Ȭ4ÁËÁ-ÄÉÁÓÔÁÓÅȭȟ ÆÏÒ the production of ɻ-amylase from 

Aspergillus oryzae, marking the first  patent on a microbial enzyme in the USA (1894; U.S. Patent 

No. 525,823)122. However, the earliest report of the use of an enzyme in animal feed was in 

1925 when a fungal enzyme was applied to poultry diets121. Swine and poultry do not have the 

necessary enzymes in their  endogenous arsenal to break down and utilize all components of 

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

these enzymes being ɼ-glucanases, xylanases, phytases, proteases, lipases and galactosidases. 

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

ÔÈÅ ÉÎÄÕÓÔÒÙȭÓ ÄÅÖÅÌÏÐÍÅÎÔ ÁÎÄ ÂÅÇÁÎ ×ÉÔÈ ÔÈÅ ÇÌÙÃÁÎÁÓÅÓ. Encompassing arabinoxylanases 

ÁÎÄ ɼ-glucanases, glycanases address the degradation of the indigestible fibrous material of 

grain feed ɀ the anti-nutritive  non-starch polysaccharides (NSP). NSPs are components of the 

cell walls of viscous grains such as wheat, rye, barley and triticale and are not degradable by 

non-ruminant  livestock. They incÌÕÄÅ ÃÅÌÌÕÌÏÓÅȟ ÈÅÍÉÃÅÌÌÕÌÏÓÅȟ ÐÅÃÔÉÎÓȟ ɻ-galactosidaseȟ ɼ-

glucans, mannan and xylans120,122-124. Carbohydrases hydrolyse these NSPs and thereby aid the 

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

trapped within the cell wall matrix124. It is presumed that by 1996 at least 80% of all European 
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broiler diets containing a viscous cereal would have included a fibre-degrading enzyme125. 

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 market introduction  of phytases at the beginning of the 

1990s represented the second wave of the feed enzyme generation and paved the way for 

further generations of phytases boasting enhanced properties. As such, livestock production in 

ÔÏÄÁÙȭÓ modern era sees 90% (poultry)/70% (swine) of feed for monogastric animals 

supplemented with phytase, this having risen in response to the introduction of TSE 

(Transmissible Spongiform Encephalopathies) feed controls during the mid-1990s which 

outlawed processed animal protein (PAP) in feed for livestock (see pg 31). This meant more 

undigested phytate phosphorus was released into the environment due to diet composition120. 

Feed enzymes are now established as an indispensable tool in livestock production and their 

overarching benefits are overt, both maximising profitability through allowing 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 livestock production120,122. 

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 8.20%126. Relatively recent 

(2018) figures report  that 55-60% is attributed  to food and feed applications, with xÙÌÁÎÁÓÅȟ ɼ-

ÍÁÎÎÁÎÁÓÅȟ ɼ-ÇÌÕÃÁÎÁÓÅȟ ɻ-amylase and phytase constituting the majority of feed enzymes 

used currently127,128. In fact, the global phytase market was estimated (at the first international 

phytase summit in 2010) to account for over 60% of the total feed enzyme market129. As per 

the past decade, the animal feed sector is currently dominated by poultry, the industry leader, 

which accounted for the largest share (by value) at 44.2% of the market in 2023130,131.  Whilst 

the aquafeed enzyme sector represents the lowest value, valued at USD 483.0 million in 

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 2023-2028133. This is illustrated in Fig 1.14 

which represents the 2023 feed enzymes market shares by livestock type130. In terms of 

enzyme type, whilst carbohydrase is the fastest-growing segment, phytase holds the largest 

share, with the global feed phytase market valued at USD 450 ɀ 727 million (depending on 

market research source) in 2023133-137 and thereby accounting for up to 43%. Overall, it is 

thought that the best-selling enzymes for non-ruminants are phytases with 60% of the sale 

market, carbohydrases with 30%, and proteases and lipases representing the remaining 10%, 

with 80% of the carbohydrase share corresponding to xylanase138. 
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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 production sector globally ɀ 

with particular  emphasis in developing countries - the poultry  division of the feed industry  was 

the pioneer of exploiting the use of enzymes in animal feed, instigated by the production of the 

commercial preparation Ȭ0ÒÏÔÏÚÙÍÅȭ - a combination of fungal enzyme products of Aspergillus 

oryzae ɀ as early as in the 1920s46,139. This was succeeded by experiments in the late 1960s and 

early 1970s by Nelson et al who reported the phosphorus utilization improvements of 

introducing crude phytase from cultures of Aspergillus ficuum into poultry  feed119. Similarly, it 

was noted by Warden and Schaible in 1962 that the cellular material of lysed E. coli improved 

poultry  bone growth and development140. Nevertheless, it was the requirement of 

counteracting the detrimental  effects of the poorly digestible NSPs that ignited the commercial 

development of carbohydrase enzymes, which have improved the nutritive  value of barley for 

poultry  since the 1980s and are today a standard dietary component. T h i s  is testament to 

their contribution to the fundamental nutritional advancements that feed enzymes offered. NSPs, 

the degradative enzymes for which are non-existent 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 common use of feed enzymes in 

general over the last three decades. The resulting low feed efficiency and less than ideal animal 

health has financial implications for the producers as output and hence profit is lowered. 

Depolymerisation of these NSPs into smaller constituents prevents their many detrimental 

effects, resulting in increased digesta passage rate, more available energy through generation 
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of usable carbohydrate forms, improved nutrient  digestibilities  and reduced excreta moisture 

content. As such, the use of NSP-degrading enzymes has enabled the use of less expensive, 

lower quality feed whilst circumventing the consequences of the higher percentage of NSPs 

present in these feedstuffs120,122. This is of great benefit since feed accounts for the greatest 

expense in poultry production systems, at around 70% of total production cost per individual 

bird 122. 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 phytase has been shown to increase the 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 with the demand for meat and eggs arising from the expanding populations, 

incomes and urbanisation. 

 

 
1.4.2.2 Aquaculture  

 
The commercial aquaculture industry  has been undergoing rapid expansion since 2011 and is 

often cited as the fastest developing food-producing sector at present. Within the past decade, 

its market share has been increasing by 17% annually, with an average annual growth rate of 

6.7% over the past three decades, which is expected to decelerate as aquaculture matures and 

production figures rise. This is owing primarily  to the increasing demand for fish for human 

consumption, driven by development in the less economically advanced regions of the world  

and shifting consumer preferences and perceptions of aquaculture worldwide131,141. Global 

aquaculture is unevenly distributed, with Asia being the main producer representing 91.6% of 

global production (and 85% of value) in 2020141. According to the Food and Agriculture 

Organization of the United Nations (FAO), global consumption of farmed fish exceeds that of 

beef on a weight basis131. It  is then unsurprising that the aquafeed production sector is 

proliferating concurrently  - propelled by the exponential growth of the aquaculture industry 

in the last decade - and had been expanding at a rate of more than 30% per year*, which is more 

than triple  that of terrestrial  livestock production.  *Since 2000, the average annual growth rate 

of feed production has been 10.3 % per year142. The growth of the industry  is expected to be 

maintained by the expanding middle class populations in developing regions. However, the 

industry is outgrowing its traditional feed supply, this being wild fish extracted from the ocean 

to feed farmed fish. Fishmeal as a feed (for both farmed fish and domestic animals) is becoming 

increasingly less acceptable since it  is responsible for the depletion of global ocean fish stocks 

and the imbalance of marine ecosystems, attributed to sustained mismanagement over the 

years. This lack of sustainability has resulted in over-exploitation of over a third of the global 

fish resources and inevitably induced conflict between the demands for fish for human versus 

non-human consumption. This has understandably put further pressure on the aquaculture 
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industry ɀ the principle consumer of fish-based 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 

aquaculture is at present disproportionately  under-exploited in contrast to the customary 

enzyme supplementation in the other livestock industries. However, the inevitable shift away 

from the use of fishmeal as feed is creating growth opportunities for the aquafeed 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 plant-based aquafeed is 

increasing in parallel with the global consumption of fish, since plant-based ingredients are 

increasingly constituting a substantial portion  of the diet in accordance with  sustainability and 

cost factors. Formulated aquaculture feeds generally account for 50 to 60 % of total production 

costs143. In order to meet the future demand, for the mutually exclusive consumers and fish 

feed, productivity from the remaining available resources must be optimised in a sustainable 

manner, which is where enzymes play a key role144. As with poultry  and swine production 

systems, the addition of phytase to the diet helps to alleviate the environmental concerns, 

specifically excessive phosphorus discharge in water from intensive fish farming. OptiPhos® 

was introduced to the aquafeed market by Huvepharma in 2008 which has, under diets of 

reduced fishmeal inclusion, proven efficacy in reducing phosphorus excretion through better 

utili sation and improves growth and feed conversion145. 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 industry, the reader is referred to the recent 

article by Naylor et al146. 

 

 

1.4.2.3 Swine 
 

Exogenous enzymes have seen commercial use in swine diets for the past 30 years147. As with 

other monogastric livestock, the supplementation of pig diets with exogenous enzymes 

represents an alternative solution to improve productive performance, by 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, 

ÃÅÌÌÕÌÏÓÅ ÁÎÄ ɼ-glucans) which are poorly metabolised by pigs, which, as monogastric animals, 

lack the specific endogenous enzymes for their degradation124. Taken together with the fact 

that pig feed accounts for 55-75% of total production costs148, the addition of supplementary 

carbohydrases enables lower cost feed containing higher levels of NSPs (e.g. barley, wheat and 

grain co-ÐÒÏÄÕÃÔÓ ÓÕÃÈ ÁÓ ÄÒÉÅÄ ÄÉÓÔÉÌÌÅÒÓȭ ÇÒÁÉÎÓɊ ÔÏ ÂÅ ÕÓÅÄ124. The carbohydrases most 

ÃÏÍÍÏÎÌÙ ÕÓÅÄ ÉÎ Ó×ÉÎÅ ÄÉÅÔÓ ÁÒÅ ɼ-glucanase and ØÙÌÁÎÁÓÅȟ ÁÌÔÈÏÕÇÈ ɼ-ÍÁÎÎÁÎÁÓÅȟ ɻ-

ÁÍÙÌÁÓÅȟ ÃÅÌÌÕÌÁÓÅȟ ÐÅÃÔÉÎÁÓÅȟ ɻ-galactosidase and others are commercially available149.
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In fact, in a recent systematic review by Aranda-!ÇÕÉÒÒÅ ÅÔ ÁÌȟ ɼ-mannanase was the 

carbohydrase most widely used. Pigs can produce endogenous digestive proteases (e.g. pepsin, 

trypsin, chymotrypsin, carboxypeptidases) although a fraction of their dietary protein 

substrates end up undigested in the excreta, which presents a market for commercial protease 

preparations124. Nevertheless, proteases represent a much smaller proportion of total sales 

relative to carbohydrases and phytases and studies have often described 

inconsistent/inconclusive correlations between digestibility and performance effects147. 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 the individual enzymes124. 

Once microbial phytase entered the market in 1991, their inclusion in swine diets surpassed 

the carbohydrases124. The systematic review by Aranda-Aguirre 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, proteases have been reported as being used throughout all 

stages124. 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 dietary intervention due to their intestinal incapacity and the negative impacts of high 

fibre levels, their use in sows is much less common138. Newly weaned pigs face particular 

ÃÈÁÌÌÅÎÇÅÓ ÁÓ Á ÒÅÓÕÌÔ ÏÆ ÔÈÅÉÒ ÉÍÍÁÔÕÒÅ ÄÉÇÅÓÔÉÖÅ ÓÙÓÔÅÍȭÓ ÉÎÁÂÉÌÉÔÙ ÔÏ ÄÉÇÅÓÔ ÃÏÍÐÌÅØ 

carbohydrates, potentially impairing growth and health, and this is why many products on the 

market specifically target this growth stage of pigs150. A systematic review by Torres-Pitarch 

et al found that, in post-weaning pig diets, phytase supplementation presented the most 

consistent improvements in piglet growth, phosphorus digestibility and bone mineralisation, 

×ÈÉÌÓÔ ÓÕÐÐÌÅÍÅÎÔÁÔÉÏÎ ×ÉÔÈ ØÙÌÁÎÁÓÅ ÁÌÏÎÅ ÏÒ ÉÎ ÃÏÍÂÉÎÁÔÉÏÎ ×ÉÔÈ ɼ-glucanase produced 

inconsistent responses to growth and nutrient digestibility. When multi -enzyme complexes 

were used, results were more consistent when protease and/or mannanase were components 

of the complex151. The same authors, in a systematic review on grow-finisher pigs, reported 

that xylanase alone or in combination ×ÉÔÈ ɼ-glucanase did not improve feed efficiency, despite 

their widespread use in wheat and barley based diets. Mannanase was observed to increase 

feed efficiency with maize-based diets whilst multi-enzyme complexes worked best with 

maize-, wheat-, barley- and co-product-based diets. Therefore, it was determined that enzyme 

supplementation responses are influenced by the major cereal source in the diet152.  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 substrates constituting the feed 

ingredients. Since the most abundant NSPs in wheat are arabinoxylans/xylans, wheat-based 
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ÄÉÅÔÓ ×ÏÕÌÄ ÒÅÓÐÏÎÄ ÂÅÔÔÅÒ ÔÏ ØÙÌÁÎÁÓÅȟ ×ÈÅÒÅÁÓ ɼ-glucanase would be better suited to diets 

based on barley153. However, even within a particular feed ingredient, the content of the 

various NSPs varies significantly so expectations of efficacy may not always be met154. Indeed, 

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

in a linear improvement in nutrient utilization 155.  A recent study by Junior et al suggests a 

possible explanation for lack of performance 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 translated into animal growth, instead being diverted to other 

processes128. 

 
 

 

1.4.3 Commercially  Established  Phytases 

To date, no phytase class other than the HAPhys have seen their  applicability  to the animal feed 

industry realized70,118. Established commercial phytase products are derived from either a 3-

phytase (A. niger, P. funiculosum) or a 6-phytase (E. coli, P. lycii, C. braakii, Buttiauxella, 

Yersinia)156, with 3-phytases being of fungal origin and 6-phytases being bacterial. These are 

detailed in Table X.X. In general, the fungal and bacterial HAPhys exhibit pH and temperature 

optima in the range pH 2.5-5.0/ 55-60°C and pH 3.5-5.0/ 40-60°C, respectively156. E. coli 

phytases in particular demonstrate a single pH optimum between pH 3.5 and pH 4.5. Phytase 

from P. lycii on the other hand is optimum between pH 4.0-5.0156. Fungal phytases dominated 

the market in its early days, before in 1999, bacterial E. coli phytases were recognised to be 

more effective and were therefore the source of the second generation of phytases which were 

superior in practice70. 

 

 

1.4.3.1 Fungal Representative:  PhyA 

 
Setting the benchmark for modern day industrial phytases, the first  phytase which saw 

commercialisation was the fungal 3-phytase, PhyA, from Aspergillus niger NRRL 3135, marketed 

by BASF under the proprietary  name Natuphos® since 1991 (Table 1.5). Its proven efficacy as 

a feed additive arises from its high specific activity  for phytic acid among other enzymatic 

properties. Five disulfide bridges and substantial glycosylation endow this 85 kDa monomer 

with thermostability, with optimum activity at 58 oC. PhyA exhibits optimum activity at two pH 

values (2.5 and 5.0). A. niger also produces the 65 kDa PhyB phytase, and although this has not 

received commercial interest to date, together with PhyA forms the most extensively 



51  

characterised representatives of the HAPhy class44. PhyA and PhyB differ  in the amino acid 

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

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

They are both secretory proteins44.  

 

1.4.3.2 Bacterial  Representative:  AppA 
 

AppA is the prototypical bacterial 6-phytase [EC 3.1.3.2] from  E. coli which 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 time ɀ Quantum Blue (AB Vista)158. 

Exhibiting both acid phosphatase and phytase activity, AppA is a periplasmic phytase with high 

catalytic efficiency and stereospecificity for the phosphate at the 1D-6 position of the inositol 

backbone, whose catalytic mechanism was elucidated in 1992, five years after its 

discovery159,160. The wild-type AppA was marketed as Phyzyme® XP (Table X) and represented 

the first bacterial phytase to enter the industry161. Efforts then focussed on improving the 

thermal tolerance of these enzymes for animal feed applications, with the rapid growth of the 

industry sparking multiple competitors. To this end, native AppA underwent eight amino acid 

mutations, yielding a variant ɀ Phy9X/NOV9X - with a melting temperature of 12°C above that 

of the parental enzyme162. This variant formed the basis of Quantum Blue®, being identical in 

sequence163. 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 a new 

variant, ApV1, having a total of five 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 the benchmark of Quantum 

Blue®163. Nevertheless, Quantum Blue® does suffer from a marked 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 proceeds culminates in 

substantial amounts of lower phosphorylated InsP species, IP4 and IP3 in particular164-166. This 

is observed in other bacterial phytases from E. coli and C. braakii too, whilst  phytases from P. 

lycii and A. niger only accumulate IP3156. The recent work by Hermann et al represents, for the 

first time, efforts targeted at improv ing hydrolysis of IP4 and IP3 by AppA. It was demonstrated 

that mutations in the active site to optimize the hydrolysis of IP4 and IP3 may 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 of E. coli, as a biomembrane-immobilised enzyme168.  
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Table 1.5 Commercial  phytase products  on the market  and associated information.  Information from multiple sources [ 70;129; 169-187] 
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1.4.3.3. Functionality of Selected Commercial Phytases in Poultry ɀ in vitro and in  vivo 
studies  

Commercial phytase preparations are supplemented according to their  activity  as reported by 

the manufacturer; however, the standard conditions under which activities are determined are 

pH 5.5; 37oC; 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 1.2.1)70. The 

activity of different  phytases ɀ 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 activity in vivo is thus 

different from the standard phytase activity measurement and therefore prompted 

investigations into the relative performance of exogenous phytases in the digestive tract of the 

animal. There are, however, a multitude  of factors which affect biological efficacy of 

supplemental phytases in vivo such that 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 co-workers used an in vitro model of poultry digestive tract to compare seven 

commercial phytases: QuantumΆ, Quantum® Blue, Phyzyme®XP, Axtra®PHY, Ronozyme® 

HiPhos, Ronozyme® NP and Natuphos®16. Zeller and co-workers in conjunction with  AB Vista 

analysed the digesta of different segments of poultry digestive tract of birds on diets without 

and with supplemental phytases ɀ Finase®, QuantumΆ and Quantum® Blue188. This enabled 

characterisation of the in vivo IP6 degradation patterns and comparison to known in vitro 

properties. This latter study, unlike others, also analysed the positional isomers of IP6 

hydrolysis. Regardless of exogenous phytase inclusion, endogenous phytate-degrading activity 

occurs through both gut microbiota and intestinal mucosa, necessitating determination 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 QuantumΆ and 

Quantum® Blue but these two studies were distinctly  different  thus not comparable to one 

another. Since the study by Menezes and co was based on an in vitro simulation of the digestive 

tract, the behaviour of the phytases studied does not accurately reflect their performance in 

vivoȟ ×ÈÅÒÅÁÓ :ÅÌÌÅÒ ÁÎÄ ÃÏ ÇÁÉÎÅÄ Á ȬÓÎÁÐÓÈÏÔȭ ÏÆ ÔÈÅ ÃÏÍÐÏÓÉÔÉÏÎ ÏÆ )0 ÈÙÄÒÏÌÙÔÉÃ ÐÒÏÄÕÃÔÓ ÉÎ 

the different regions of the digestive tract at a given point in time. Nevertheless, endogenous 

phytase activities inevitably complicated the delineation of the hydrolytic pathway of the 

phytase tested, leaving much yet to categorically determine. 
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Since pH optima and activity  profiles of phytases indicate 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 pH 7.0 

(representative of pH in the small intestine) as a percentage relative to 100% activity  at pH 5.5. 

As well as not being reflective of in 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. The in vitro-determined 

acidic pH optima and lack of activity  above pH 7.0 of all of the phytases is well-aligned to 

conditions of the anterior segments of the digestive tract (crop, proventriculus, and gizzard). 

This indicates efficient phytate dephosphorylation in the GI tract whilst the intestinal pH 

conditions render the phytase less/(in) active, with the crop being reported in the literature as 

the primary site of exogenous phytase action. Despite this theoretical similarity,  the pH 

activity  profiles at pH 3.0 of the seven phytases exhibited significant variance, with the 

fungal derived Ronozyme® NP having the lowest relative activity and the bacterial Axtra®PHY 

having the highest. The three E. coli origin phytases (QuantumΆ, Quantum® Blue and 

Phyzyme®XP) were similar in relative activity to that at pH 5.5, whereas bacterial Ronozyme® 

HiPhos (and Axtra®PHY) were significantly higher and fungal Natuphos (and Ronozme®NP) 

significantly lower. In contrast, at pH 7.0 all phytases had less than 8% relative activity. Zeller 

and co found that in the crop, Finase® had a much greater effect on IP6 hydrolysis (64%) 

compared to the basal diet/control than did QuantumΆ (31%) and Quantum® Blue (44%), but 

in the duodenum/jejunum and lower ileum, exogenous phytases had no significant effect. E. 

coli phytases are more active than fungal phytases at pH 3.0 ɀ the pH of the 

proventriculus/gizzard ɀ which is thought to also explain the lack of difference in activity 

between exogenous phytases in the duodenum/jejunum compared to in the crop. Both studies 

concluded that the primary  site of exogenous phytase action is the proventriculus/gizzard , but 

significant activity occurs also in the crop, with 80-90% of dephosphorylation taking place 

within  these three components. However, without  supplemental phytase, IP6 hydrolysis in the 

crop is very low (9%). Hydrolysis of IP6 and net phosphorus absorption was found by Zeller 

and co to be more effective with QuantumΆ/ Quantum® Blue when in the lower ileum and 

caeca, compared to Finase® and the non-supplemented control. For example, all three phytases 

equally increased net phosphorus absorption compared to the non-supplemented diet up to 

the duodenum/jejunum, but then up to the lower ileum Finase® (56%) was comparative to the 

basal (57%) whereas QuantumΆ and Quantum® 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 demonstrate that in the crop of chickens the degradation patterns with  

these three commercial phytases are very similar  to that determined in vitro. For example, the 

predominant IP5 isomer 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 phytases at C6. They also reported 

relatively high concentrations of Ins(1,2,5,6)P4 and IP3 in the crop, with  IP4 concentrations 

being much higher for QuantumΆ (57%)/Quantum ® Blue (74%), compared to 14% for 

Finase®; and IP3 concentrations much higher for Finase® (69%) compared to QuantumΆ (15%) 

and Quantum® Blue (13%), the former of which generated only one IP4 isomer - Ins(1,2,5,6)P4. 

This accumulation of IP4 by the E. coli phytases corresponds to in vitro results and in these, IP4 

was slowly hydrolyses further to IP3 by endogenous phosphatases. In the 

proventriculus/gizzard,  Ins(1,2,5,6)P4 was significantly higher for the E. coli phytases as in 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 non-supplemented treatment - generated the 

Ins(1,2,5,6)P4 isomer, although the Ins(1,2,3,4)P4 isomer was the predominant IP4 isomer in 

this region of the tract. The predominant IP5 isomers for the E. coli phytases and Finase® were 

the same as in the crop and all had a lower proportion  of Ins(1,2,3,4,6)P5 IP5 isomer compared 

with the non-supplemented control. IP3 was not seen neither with nor without exogenous 

phytases in this gut segment. In the lower ileum the concentration difference in 

Ins(1,2,3,4,5)P5 between the fungal and bacterial phytases lost significance. The caeca was the 

segment which saw less distinct differences in the isomeric pattern; for all phytases the 

predominant IP5 isomer was Ins(1,2,3,4,5)P5, although Finase® still had a higher proportion  of 

Ins(1,2,4,5,6) compared to QuantumΆ and Quantum® Blue. The authors point out that there is 

a possibility that concentrations of IPx isomers anterior to the caeca may be affected by the 

retrograde movement of digesta and microbiota. 

Returning to the other study, Menezes and co found that all phytases with  the exception of the 

fungal Ronozyme® NP had substantial stability  at the pH of the proventriculus/gizzard , and that 

bacterial phytases had greater ability to withstand proteolytic cleavage by pepsin, unlike the 

fungal phytases which were susceptible. This is in agreement with  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 kinetic constants, all the phytases had better 

enzymatic characteristics at pH 5.0 compared to pH 3.0. They also identified  that the bacterial 

phytases were more affected by buffer volume in the in vitro simulation hence potentially by 

viscosity in vivo. Overall, they reported significant variation in the relative performances of 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 by bio-efficacy but 

ÒÁÔÈÅÒ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅÉÒ ÓÕÉÔÁÂÉÌÉÔÙ ÁÓ ÆÅÅÄ ÁÄÄÉÔÉÖÅÓȢ 4ÈÅ ÍÁÊÏÒ ÉÎÓÉÇÈÔ ÆÒÏÍ :ÅÌÌÅÒ ÁÎÄ ÃÏȭÓ 

study is the in vivo evidence for IP6 degradation pathways previously reported from in vitro 

analyses16,188.
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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 the myo-inositol core of IP6 prevents both its detachment and consequently 

complete degradation of IP6 to free myo-inositol and orthophosphate. There are very few 

reports in the literature of phytases or phytate-degrading phosphatases which are able to 

cleave the C2 phosphate, and of these none initiate  dephosphorylation at the C2 position (or  is 

ÕÎËÎÏ×ÎɊ ÁÎÄ ÔÈÕÓ ÔÏ ÔÈÅ ÁÕÔÈÏÒȭÓ ËÎÏ×ÌÅÄÇÅȟ ÎÏ ÐÈÙÔase has ever been classified as a 2- 

phytase. Inositol monophosphate is almost always the final degradation product by reported 

phytases other than those of the ɼPPhy class, with the sole remaining phosphate group being 

the axial C2 phosphate, indicating preferential hydrolysis of equatorial groups189. Phytases 

classified as ɼPPhy on the other hand generate inositol triphosphate as the final product. A 

phytase of the ɼPPhy class was once thought to act via a degradation pathway resulting in 

Ins(1,3,5)P3 as one of the final IP3 products, nevertheless, the evidence otherwise served to 

further establish the equatorial preference of phytases82. There are just three reports in the 

literature  to date which report  the dephosphorylation of all six phosphate groups and liberation  

of myo-inositol : two from yeasts and one from bacteria (see 1.5.1). The livestock production 

industries are continually seeking more proficient phytases to generate more profit and 

outperform their commercial competitors; and ÔÈÅÒÅȭÓ ÓÔÉÌÌ ÒÏÏÍ ÆÏÒ ÉÍÐÒÏÖÅÍÅÎÔ with  regard 

to the efficacy of current feed phytases. It is thus well-justifi ed to strive towards the production 

of a phytase ɀ by enzyme tailoring or seeking novel phytase-producing isolates ɀ which achieves 

the comprehensive hydrolysis of IP6 to release myo-inositol  and inorganic phosphate, in the 

most rapid, efficient and economically competitive manner. 

 

1.5.1  Klebsiella  pneumoniae Phy9-3B phytase 

Escobin-Mopera and co-workers in 2012 reported the isolation and characterisation of a 

phytate-degrading enzyme produced by Klebsiella pneumoniae 9-3B, a soil isolate from a 

Japanese spinach field189. The authors stated that to their  knowledge, this was the first bacterial 

phytase to be shown to have the capability to completely hydrolyse phytate, releasing free myo-

inositol. Of four strains which exhibited high phytase activity, this isolate was chosen due to it 

having the highest intracellular phytase activity. The culture medium employed featured IP6 

as the sole carbon and phosphorus source, which stimulated phytase production in the absence 

of a readily utilisable energy source, in accordance with  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 9-3B 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  used as an energy source. The authors hypothesise that the dependence of the Klebsiella 

pneumoniae isolate on degradation of IP6 for survival under the culturing conditions employed 

is the reason for its ability to  completely hydrolyse IP6, with production of phytase as a survival 

mechanism. Results of characterisation studies indicate that this phytase is comparable in 

biochemical properties to the HAP phytases (section 1.3.2) ɀ and in particular to  other bacterial 

phytases of Klebsiella spp. - with  pH and temperature optima of pH 4.0 and 50°C, respectively, and 

a broad pH stability  range of pH 2.0 ɀ 7.0. However, the activity  dropped sharply by 60°C with  

zero activity  at 70°C. Similar to HAPhys, the phytase was inhibited  by Zn2+ and Fe2+ and was 

estimated to be a 45 kDa monomeric intracellular protein. Despite exhibiting broad substrate 

specificity ɀ which is usually synonymous with a low specific activity ɀ this phytase 

demonstrated a high specific activity  for phytate, which is the highest reported among phytases 

of Klebsiella spp. Further evidence for complete hydrolysis was the exact molar ratio of 1:6 

(phytate: phosphate) detected during measurement of liberated phosphate, and the hydrolysis 

of myo-insoitol -2-monophosphate as a substrate at a 1:1 ratio. Lower phosphorylated myo- 

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 specificity and pH activity profile, the latter of which 

is aligned to the conditions in the stomach and small intestine of monogastric species, enabling 

it to elicit catalytic activity in those regions189.  

The authors published further  work  on this phytase - now named Phy9-3B ɀ in 2014, in which 

the gene sequence enabled the accurate determination of the molecular weight (43.4 kDa) and 

revealed similarity to a known Klebsiella HAPhy phytase, PhyK, having only nine amino acid 

differences, enabling its classification as such190. The identification  of these differences being 

located on the outer surface prompted investigations into dimeri sation as a novel approach to 

increase activity  and specificity, since these differences between residues of Phy9-3B and PhyK 

were postulated to enable Phy9-3B to homodimerise. This in turn causes the biochemical 

differences between the two phytases, such as ten-fold greater specific activity with Phy9-3B 

and its distinguishing ability to cleave the axial C2 phosphate of inositol. They hint to future 

mutagenesis and crystallography analyses in order to identify key residues which the unique 

features are attributed to190. 
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1.5.2 Debaryomyces castell ii  CBS 2923  PhytDc phytase 

The phytase from Debaryomyces castellii CBS 2923, PhytDc, is one of just two yeast species 

capable of complete hydrolysis of phytic acid. It  was first  reported in 2008 before the publishing 

of its structure a year later191-194. The authors state this is the first yeast phytase described to 

date as capable of achieving full phytic acid hydrolysis whereby the complete hydrolytic 

sequence has been elucidated. It  is classified as a 3-phytase since the first  product of hydrolysis 

is Ins(1,2,4,5,6)P5. The hydrolysis sequence was established by 1H NMR monitoring and is as 

follows: Ins(1,2,4,5,6)P5 ɀ Ins(1,2,5,6)P4 ɀ Ins(1,2,6)P3 ɀ Ins(1,2)P2 - Ins(1 or 2)P1 ɀ inositol  

(Fig 1.15). IP3 was found to accumulate before 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 since all six phosphate groups are evidently hydrolysed. For example, 

the amount of free phosphate 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 

deglycosylated form are active; in this study the phytase was deglycosylated post-purification. 

The biochemical profile  is similar  to other fungal and yeast phytases, exhibiting thermostability 

up to 66oC with 55-60oC the optimum and pH optimum 4.0 ɀ 4.5 within the range 2.5 ɀ 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 

HAPhys ɀ Á ÌÁÒÇÅ ɻȾɼ ÄÏÍÁÉÎ ÁÎÄ ÁÎ ÁÄÄÉÔÉÏÎÁÌ ÓÍÁÌÌÅÒ ɻ ÄÏÍÁÉÎ ɀ particularly the acid 

phosphatase from A. niger. Structural analyses also revealed its tetrameric biological form. It 

displayed a wide activity spectrum with preferential hydrolysis of five phosphorylated 

compounds including sodium phytate, in addition to a range of others. It demonstrated 

preferential hydrolysis of the inositol monophosphate isomer Ins(2)P1 (84% relative to 

sodium phytate) compared to Ins(1)P1 (58%)191-194. 
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Figure  1.15. Pathway  of IP6 degradation  by PhytDc determined  by Ragon et al. Figure  from 

reference [193] . 

 

 

 

1.5.3  Schwanniomyces castell i i  CBS 2863  phytase 

Schwanniomyces castelli CBS 2863 (AKA Debaryomyces occidentalis?) is the other of the two 

phytase-producing yeast species capable of stepwise removal of all six phosphate groups of IP6. 

Reported in 1992 as a tetrameric glycoprotein, it was described as having ten-fold greater 

affinity for phytate than the previously discussed phytase from Debaryomyces castelli CBS 2923 

and, like Phy9-3B from Klebsiella pneumoniae, phytate is its preferential substrate despite 

broad specificity, making it  ideal for use as a feed additive195,196. As with  PhytDc, IP3 degradation 

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 5.5) and is much more similar to Saccharomyces cerevisiae phytase (4.6); 

it  is active between pH 3.4 -6.0. It  has an unusual preference for high temperatures, with optimal 

activity at 77°C and is much larger than other microbial phytases in as much that the 

deglycosylated enzyme ɀ which retains activity - is tetrameric in structure, consisting of one 

subunit (125,000 kDa) and three identical subunits (70,000 kDa). Inhibition  studies implicated 

the involvement of SH groups in the catalytic site of the enzyme195.  
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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. The B-pocket 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-ɼ-lactamase-presenting enzymes 

proposed to constitute a novel class of bacterial phytase - -ɼ,Ðπρ ÁÎÄ -ɼ,ÐπςȢ 

The work described in the final chapter represents efforts to determine the structure of an 

enzyme critical to the biosynthesis of phytate in plants ɀ ITPK1. Although disparate to the 

primary aim of this thesis, this work provided ample opportunity to develop crystallographic 

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

group. 
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òWhen youõve understood this scripture, throw it away. If  you canõt understand this scripture, throw it away. 

I  insist on your freedom.ó 

 

CHAPTER TWO 

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 coli is 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. 

The requirements for overexpression of a foreign protein in E. coli are significantly different  to 

those of the propagation and maintenance of plasmid integrity and as such, strains have been 

engineered for specific applications. Whereas the main purpose of DNA propagation strains is 

the preservation of heterologous DNA with  a low mutation risk, protein expression strains are 

designed to accommodate increased protein levels and circumnavigate the many perils that the 

overexpression of a non-native protein can pose to the host cell. As such, it is not advised to 

perform plasmid extraction from an expression strain since many of these strains do not have 

the genotypic traits to maintain chromosomal stability so the plasmid may have undergone 

mutations. Equally, it is ill-advised to express a heterologous protein in a DNA propagation 

strain, as these do not harbour the necessary engineered genetic mutations to withstand the 

pressures that protein overexpression put on the host cell. Most commercial E coli strains 

ÏÒÉÇÉÎÁÔÅ ÆÒÏÍ ÅÉÔÈÅÒ ÔÈÅ Ȭ"ȭ ÏÒ Ȭ+-ρςȭ ÓÔÒÁÉÎÓȟ ÔÈÅ ÌÁÔÔÅÒ ÏÆ ×ÈÉÃÈ ×ÁÓ ÉÎÉÔÉÁÌÌÙ ÉÓÏÌÁÔÅÄ ÉÎ ρωςπ 

as a human pathogen. The common lab strain DH5alpha is a derivative of the K-12 strain 

×ÈÅÒÅÁÓ ÔÈÅ " ÓÔÒÁÉÎ ÇÁÖÅ ÒÉÓÅ ÔÏ ÔÏÄÁÙȭÓ ÒÏÕÔÉÎÅÌÙ ÕÓÅÄ ",ςρ line. 

 

 
2.1.1.1 DNA propagation  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 knock-out 

mutation in Endonuclease 1 (endA/endA1) which eliminates non-specific 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, recA1 or recA13 

impair  a DNA-dependent ATPase which is essential for recombination and general DNA repair. 

Inactivation of the pathway responsible for cleavage of methylated cytosine DNA facilitates the 

uptake of foreign (i.e. methylated) DNA - attributed to the genes mcrA and mcrBC ɀ thereby 

enabling cloning. Problems with methylation-sensitive restriction enzymes are mitigated by 

mutations in dam/dcm, which prevents adenine and cytosine methylation at specific 

recognition sequences, and hsdSB (r B
-mB

-) which inactivates the native restriction/methylation 

system. This enables cloning involving methylation-sensitive 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 expression strains. The key genes responsible are ompT (mutation) and 

lon (deletion), the latter  being conferred by all B strains. Resultant strains are deficient in outer 

membrane protease VII and Lon ATPase-dependent protease, respectively. There is a plethora 

of commercial protein expression strains available, each engineered for specific applications. 

For example, the Rosetta lines (Table 2.1) are tailored to the expression of eukaryotic proteins 

by the provision of a set of codons not commonly supplied by E. coli. In addition to the extra 

codons, the pLysS derivatives of the Rosetta range carry a plasmid containing T7 lysozyme 

which further  suppresses basal expression of T7 RNA polymerase (RNAP) prior  to induction ɀ 

good for potentially  toxic proteins. Many host strains use the T7 expression system - as lysogens 

of bacteriophage DE3, they carry a chromosomal copy of the T7 RNA polymerase gene under 

control of the lacUV5 promoter/lac  repressor, which is inducible by the addition of the lactose 

analog IPTG. Induction of T7 RNAP expression subsequently drives transcription  of the target 

gene. However, the lac promoter often gives rise to a background level of expression 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 gene-containing pLys plasmid, such as 

Rosetta (DE3) pLysS and BL21 (DE3) pLysE. pLysE offers stronger repression of the promoter 

pre-induction than pLysS. Included in Table 2.1 are the common E. coli expression strains used 

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

Strain  Antibiotic  
resistance  

Primary  Use Features Genotype 

SHuffle  
T7 
Express 

Spectinomycin; 
Streptomycin 
(low)  

Enhanced capacity to correctly fold 
proteins with multiple disulfide  
bonds in the cytoplasm. 

Deficient in proteases Lon 
and OmpT 

Resistant to phage T1 
(fhuA2) 

Expresses disulfide bond 
isomerase DsbC 

fhuA2 lacZ::T7 gene1 [lon]  
ompT ahpC gal 
ʇÁÔÔȡȡÐ.%"σ-r1-cDsbC 
ɉ3ÐÅÃ2ȟ ÌÁÃ)ÑɊ ɝÔÒØ" 
sulA11 R(mcr- 
73::miniTn10--TetS)2 
[dcm] R(zgb-210::Tn10 -- 
TetS) endA1 ɝÇÏÒ ɝɉÍÃÒ#- 
mrr)114::IS10 

Rosetta Chloramphenicol BL21 derivates designed to enhance supply tRNAs for 6 rare F- ompT hsdSB(rB- mB-) 
(DE3)  the expression  of eukaryotic  codons (AGG, AGA, AUA, gal dcm (DE3) pRARE 

  protein s rarely used in E. coli. CUA, CCC, GGA) on a (CamR) 
   compatible  

   chloramphenicol-resistant  

   plasmid (pRARE)  

Rosetta 2 Chloramphenicol BL21 derivates designed to enhance supply tRNAs for 7 rare F- ompT hsdSB(rB- mB-) 
(DE3)  the expression  of eukaryotic  codons (the same 6 as gal dcm (DE3) pRARE2 

  proteins  rarely used in E. coli. carried by pRARE plus (CamR) 
   CGG) on a compatible  

   chloramphenicol-resistant  

   plasmid (pRARE2)  

Rosetta 
(DE3)pLysS 

Chloramphenicol BL21 derivates designed to enhance 
the expression of eukaryotic  
proteins  rarely used in E. coli along 
with pLysS for tighter expression 
control. 

supply tRNAs for 6 rare 
codons (AGG, AGA, AUA, 
CUA, CCC, GGA) on the T7 
lysozyme gene-containing 
plasmid (pLysSRARE). 

F- ompT hsdSB(rB- mB-) 
gal dcm (DE3) pLysSRARE 
(CamR) 

   T7 lysozyme further 
suppresses basal 
expression of T7 RNA 
polymerase prior to 
induction. 

 

Rosetta 
2(DE3)pLysS 

Chloramphenicol BL21 derivates designed to enhance 
the expression of eukaryotic  
proteins  rarely used in E. coli along 
with pLysS for tighter expression 
control. 

supply tRNAs for 7 rare 
codons (the same 6 as 
carried by pRARE plus 
CGG) on the T7 lysozyme 
gene-containing plasmid 
(pLysSRARE2). 

F- ompT hsdSB(rB- mB-) 
gal dcm (DE3) 
pLysSRARE2 (CamR) 

   
T7 lysozyme further 
suppresses basal 
expression of T7 RNA 
polymerase prior to 
induction. 

 

BL21 (DE3) None Transformation and routine protein  
expression 
General purpose T7 expression 

Deficient in proteases Lon 
and OmpT 
Expression from T7 
promoter  
Basic IPTG-inducible strain 
containing T7 RNAP (DE3) 

F- ompT lon hsdSB (rB- 
mB-) gal dcm (DE3) 

Plasmid  propagation/storage  and cloning  strains   

DH5a None General cloning and storage of 
common plasmids 

 F- Phi80lacZDeltaM15 
Delta(lacZYA-argF) U169 recA1 
endA1 hsdR17(rk-, mk+) phoA 
supE44 thi -1 gyrA96 relA1 tonA 

TOP10 Streptomycin General cloning and storage of 
plasmids 

 F- mcrA Delta(mrr -hsdRMS-mcrBC) 
Phi80lacZM15 Delta-lacX74 recA1 
araD139 Delta(ara-leu)7697 galU 
galK rpsL (StrR) endA1 nupG 

Table 2.1 Overview  of the common  E. coli  expression  and DNA storage strains  used in  this  work  
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2.1.2 Expression  Systems and Plasmids  

A wide range of expression systems based on different  promoters are available for recombinant 

protein expression. Both the pET and pBAD expression systems and their corresponding 

vectors were used throughout this work. 

$ÅÖÅÌÏÐÅÄ ÉÎ ÔÈÅ ÌÁÔÅ ψπȭÓȾÅÁÒÌÙ ωπȭÓȟ ÔÈÅ Ð%4 ÅØÐÒÅÓÓÉÏÎ ÓÙÓÔÅÍ ÉÓ ÏÎÅ ÏÆ ÔÈÅ ÍÏÓÔ ÐÏÐÕÌÁÒ 

systems for recombinant protein expression in E. coli and has become a workhorse of molecular 

biology. It comprises both a T7 or T7lac expression vector and a corresponding host bacterial 

strain genetically engineered to contain a lysogenised lambda DE3 phage fragment encoding 

the T7 RNA polymerase (typically  E. coli BL21 (DE3) ). pET expression vectors are derivatives 

of the pBR322 backbone and enable the induction, by IPTG, of the chromosomally integrated, 

lacUV5 promoter-driven bacteriophage T7 RNA polymerase. Also carried by the lambda DE3 

lysogen, the product of lacI ɀ the lac repressor ɀ regulates the 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 out-competes 

transcription by the host RNA polymerase such that ÔÈÅ ÍÁÊÏÒÉÔÙ ÏÆ ÔÈÅ ÃÅÌÌȭÓ ÒÅÓÏÕÒÃÅÓ ÁÒÅ 

dedicated to target gene expression and as a result the target protein constitutes the majority 

of the cellular protein expressed a few hours post-induction. Since the bacteriophage-encoded 

RNA polymerase is highly 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 ɀ yet once induced, the sole gene transcribed. This lack 

of transcription  pre-induction, is beneficial if  the target gene is cytotoxic to the host. However, 

ÄÅÓÐÉÔÅ ÔÈÅÓÅ ÆÅÁÔÕÒÅÓ ÄÅÓÉÇÎÅÄ ÔÏ ÂÅ ÒÏÂÕÓÔȟ ÉÎ ÐÒÁÃÔÉÃÅ ÔÈÅ ÐÒÏÍÏÔÅÒ ÉÓ ËÎÏ×Î ÔÏ ÂÅ ȬÌÅÁËÙȭ 

giving rise to undesirable basal expression, particularly in DE3 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 poses the risks of reduced growth rates, cell death or plasmid instability  if a gene 

encoding a toxic protein is cloned downstream of the T7 promoter. Where there are concerns 

over the toxicity  of a recombinant protein, expression strains can be used which are engineered 

to suppress basal expression. These strains co-express the T7 RNA polymerase inhibitor, T7 

lysozyme, from the plasmids pLysS, pLysE or pLysY. In the case of the latter, the T7 lysozyme is 

a variant which has the benefit of lacking lysozyme activity  against the E. coli host cell wall. The 

key difference between pLysS and pLysE is the level of T7 lysozyme activity: pLysE offers a 

much higher level relative to pLysS. However, as a result of this, there are some disadvantages 

such as the potential for a significant decrease in host cell growth, cell lysis, reduced expression 

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 series, differing 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 promoter. The operon 

contains the araC gene for stringent control of the L-arabinose-regulated promoter which 

facilitates dose dependent regulation by inducer. In the absence of L-arabinose, transcription 

is prevented since AraC blocks the promoter  region, but it  undergoes a conformational change 

in the presence of L-arabinose such that transcription is activated. The araBAD promoter-based 

expression plasmids, which drive expression of the target gene in response to 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 transcriptional 

activation and, regardless of L-arabinose 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 required in order to facilitate promoter activity by the association of 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 expression such as those with 

toxicity  or insolubility  concerns. The E. coli expression host for pBAD vectors should be TOP10 

since this strain lacks the genes for L-arabinose catabolism, unlike the wild-type. However if 

tight  suppression of basal expression is necessary, E. coli LMG194 should be used as growth in 

minimal media better allows repression of araBAD by glucose. At the time of writing  there are 

9 pBAD vectors in the series, of which one (pBAD202/D-TOPO) was used throughout the work 

in Chapter 4. Table 2.2 lists the vectors used during the recombinant expression procedures in 

this thesis. 

 
 
 

Vector  Expression 
System 

Antibiotic 
resistance  

Tags/additional 
features  

Cleavage Size (bp)  

pET15b T7 Ampicillin  
(AmpR) 

His  
 
 
 

 
EK 

5708 

pDEST17 T7 Ampicillin  
(AmpR) 

His 6354 

pOPINF T7    

pOPINB T7    

pBAD202/D- 
TOPO 

pBAD Kanamycin 
(KanR) 

His-patch 
thioredoxin 

4448 

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

 
2.2.1 (Directional)  TOPO Cloning 

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

the reaction of the type I DNA topoisomerase from Vaccinia virus which functions both as a 

restriction  endonuclease and a ligase by cleaving and resealing supercoiled DNA ends to release 

supercoils and therefore facilitate replication. This particular topoisomerase catalyses a 

reversible site-specific DNA strand cleavage and re-ligation by the formation ÏÆ Á ÔÒÁÎÓÉÅÎÔ σȭ- 

phosphotyrosyl linkage between the cleaved DNA strand and a tyrosyl  residue (Tyr -274) of the 

enzyme. Topoisomerase I recognises the pentameric motif  υȭ-(C or T)CCTT in duplex DNA and 

cleaves the phosphodiester backbone of one strand after this site. Topoisomerase is released 

by the attack on the formed phospho-ÔÙÒÏÓÙÌ ÂÏÎÄ ÖÉÁ ÔÈÅ υȭ ÈÙÄÒÏØÙÌ ÏÆ ÔÈÅ ÃÌÅÁÖÅÄ ÓÔÒÁÎÄȢ 

There are three types of TOPO cloning: the bidirectional TA and blunt TOPO cloning, in which 

inserts are able to ligate in either direction, and directional TOPO cloning, which is the method 

employed in this work. With the directional TOPO cloning system, blunt-ended PCR products 

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

anneal to the GTGG overhang in the vector (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. 

 

Figure  2.1 Overview  of directional  TOPO cloning.  
 

 

2.3 DNA Agarose Gel Electrophoresis  
 

 
Electrophoresis is a technique which uses electrical current to separate DNA, RNA and proteins 

based on the physical properties of size and charge. Agarose gel electrophoresis separates 

nucleic acid fragments 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 hence further  than larger fragments since they are less retarded by the size 

limitations of the apertures. The resultant bands are then visualized under UV light. 

The percentage of agarose ɀ a component of agar which generates a 3D gel matrix of helical 

agarose molecules in supercoiled bundles creating channels - in the gel dictates the pore 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 percentage of agarose, the smaller the pores in 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 agarose percent. A 0.7-1% agarose 

gel is the typical agarose percent range for standard DNA separations, which differentiates 

fragments in the 0.2-10 kb range197,198. 

Since DNA is not inherently visible, an intercalating dye is used which binds to the DNA and 

fluoresces under UV light, enabling visualization of the DNA fragments. The dye is incorporated 

during the casting of the liquid gel, before it solidifies. Ethidium bromide has been routinely 

used since the ρωφπȭÓ199 however, 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 Red200, SBYRΆ Green201 and SYBRΆ Safe202. The 

concentration of ethidium bromide in a gel is typically 0.2-0.5ug/mL and this results in a 20-

fold increase in brightness upon 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 a transition  to Gel Red. Gel Red is also visualized using UV light  and can be 

used as either an in- ÇÅÌ ÏÒ ÐÏÓÔ ÇÅÌ ÓÔÁÉÎȢ 4ÈÅ ÄÙÅ ÕÓÅÄ ×ÉÌÌ ÂÅ ÄÅÔÁÉÌÅÄ ÉÎ ÅÁÃÈ ÃÈÁÐÔÅÒȭÓ ÓÐÅÃÉÆÉÃ 

methods section. Nucleic acid 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 sample in 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. The running buffer is either 

TAE (tris-acetic acid- EDTA) or TBE (tris-borate-EDTA) which serve to maintain the 

appropriate ion concentration and pH during the electrophoresis run ɀ which is important for 

maintaining the net charge of the nucleic acid samples - and to facilitate the flow of electric 

current through the gel. Both contain EDTA to prevent nucleases potentially  degrading the 

samples. When considering which buffer is most suitable for a particular application, it should 

be noted that borate is an enzyme inhibitor so TBE may not be compatible with downstream 

cloning involving ligases204. TBE is more suitable for longer runs for high resolution of 

smaller fragments since it  has greater buffering capacity and is more resistant to overheating, 

whereas TAE is better suited for the separation of larger fragments (>2kb) and/or  

subsequent cloning. The voltage is typically set to between 80-150V, with a balance being 

sought between resolution and time. That being, resolution can be improved by lowering the 

voltage but at the expense of time. DNA bands are usually sufficiently 
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separated once the tracking dye is around 70-80% down the gel. Samples are run alongside a 

DNA ladder composed of 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. 

 
3ÐÅÃÉÆÉÃ ÐÁÒÁÍÅÔÅÒÓ ×ÉÌÌ ÂÅ ÄÅÔÁÉÌÅÄ ÉÎ ÅÁÃÈ ÃÈÁÐÔÅÒȭÓ ÍÅÔÈÏÄÓ ÓÅÃÔÉÏÎȟ ÈÏ×ÅÖÅÒ ÓÏÍÅ 

conditions were universal. Samples were mixed in the appropriate ratio with either GelPilot 5X 

(Qiagen) or Purple gel loading dye 6X (NEB) before loading 5-10 ʈ, in a 0.8% or 1% agarose gel 

containing 0.5ug/mL EtBr. Gels were run in TAE buffer, at 120V for 45-60 min alongside a 1kb 

plus DNA ladder (NEB). 

 
 

 

2.4 SDS-PAGE (Sodium  Dodecyl Sulphate-Polyacrylamide  Gel 

Electrophoresis)  

SDS-PAGE (sodium dodecyl sulphate-polyacrylamide 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 porous gel matrix 

under the influence of an applied electrical field. In SDS-PAGE, 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 are used and vice 

versa. A rough guide is 7% for 50-500kDa proteins, 10% for 20-300kDa proteins, 12% for 10- 

200kDa proteins and 15% for 3-100kDa proteins. For a broader separation range, gradient gels 

can be used which have layers of increasing polyacrylamide concentration. 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 

influence of charge and molecular radius must be eliminated and this is achieved by 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 a reducing agent. As well as 

unfolding the protein, it coats the now linear molecule with a net charge which is mostly 

uniform ɀ around 1.4g SDS binds to 1g protein205 ɀ such that charge becomes approximately 

proportional to length and thereby molecular weight. As such, SDS-coated proteins have the 

same charge to mass ratio which eliminates differential migration as a result of charge. SDS- 

PAGE incorporates a discontinuous buffer system which involves a stacking gel and different 

pHs ɀ the stacking gel at pH 6.8, the running gel at pH 8.8 and the electrode buffer at pH 8.3. 

The stacking gel, composed of a low percentage of agarose, sits above the running gel and uses 
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the different  pHs to sandwich proteins in a sample between glycine and Cl-, so that they all start 

at the interface of the stacking and running gel at the same time. Once the electrical current is 

applied and the proteins enter the running gel, the pH change of the running buffer causes 

glycine to become negatively charged and accelerate ahead of the proteins. Differential  rates of 

migration are exaggerated by the high friction of the gel matrix such that larger proteins 

migrate slower and therefore less far through the gel. Proteins are thus separated by size from 

large to small and after staining to reveal the bands, comparison to a protein molecular weight 

marker facilitates estimation of size of a protein in a sample. Several different  protein staining 

systems are available, with those based on Coomassie blue the most commonly used206,207. 

For the work in this thesis, pre-cast BoltΆ Bis-Tris plus, 4-12% gels (InvitrogenΆ) were used 

for SDS-PAGE in conjunction with BoltΆ MES running buffer (InvitrogenΆ). These gels are 

buffered to pH 6.4. Appropriately diluted protein samples were mixed with 4X BoltΆ LDS 

sample buffer, containing lithium  dodecyl sulphate pH 8.5 instead of SDS and two tracking dyes 

(Coomassie G250 and Phenol Red) in addition to glycerol such that the final concentration of 

sample buffer is 1X. 10X BoltΆ sample reducing agent was added to a final concentration of 1X 

which provides 50 mM DTT). Samples were heated at 70oC for 10 min before loading 30uL per 

well. PageRulerΆ Plus Prestained Protein Ladder (Thermo ScientificΆ) containing nine protein 

standards (10 -50 kDa) was run alongside protein samples. Run parameters were 165V 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:BOX Chemi 

XX6/XX9 gel documentation system using GeneSys software. 

 

 

2.5 Protein  Purification  Methods 
 

 
2.5.1 Purification  of His-tagged recombinant  proteins  by Immobilised  Metal 

Affinity Chromatography (IMAC)  

 
Recombinant proteins expressed in fusion with a peptide affinity tag facilitate purification by 

affinity chromatography through biorecognition of the tag. Immobilised-metal 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 matrix 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 ɀ an analog of histidine - is used to elute the target protein since it  competes 

for binding to the metal. 

The resin consists of highly cross-linked agarose beads to which a chelating ligand has been 

immobilised and pre-charged with  metal2+ ions ɀ either nickel, cobalt, zinc or copper. The most 

popular IMAC resin for his-tagged proteins is perhaps Ni-NTA in which nickel is chelated to a 

nitrilotriacetic  acid matrix. The tetradentate NTA ligand securely co-ordinates the Ni2+ through 

four valencies, leaving two co-ordination sites available to interact with imidazole rings of 

histidine (image). The metal ion therefore is in a state of octahedral co-ordination (from four 

matrix ligands and two histidine residues). Co-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 NTA-based purification. 

The most common his-tag is a hexahistidine consisting of six consecutive histidine residues 

(His6) although polyhistidine tags of His4 ɀ His10 may be used. Although a decahistidine tag 

provides the strongest affinity for the medium, hexahistidine is more than sufficient since the 

six metal-binding sites it  provides are enough to shift the equilibrium in  favour of association. 

Thanks to the relatively high affinity and specificity of the his-tag, the level of purity is such 

that a one-step 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 X-ray crystallography. 

Despite the fact that histidine represents just 2% of all protein residues, some host cell proteins 

contain two or more adjacent histidine residues which may co-elute with the recombinant 

target protein 208. To reduce this non-specific binding of untagged host cell proteins, a low 

concentration of imidazole (20 ɀ 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 

between the protein of interest and other cell proteins, and therefore co-elution, is a possibility, 

so the inclusion of a reducing agent ɀ at a concentration within the limits of the resin ɀ in all 

buffers is sensible. Inclusion of a low level (<1%) of a nonionic detergent such as Triton  X-100 

or Tween-20 also serves to reduce non-specific hydrophobic interactions. Glycerol (<20%) is 

also commonly employed to help stabilise the target protein. 

In brief, the workflow  consists of four steps: equilibration  (of the resin), binding  (of the target 

protein), washing (to remove weakly bound contaminating proteins), elution (of the target 

protein). Once the resin is equilibrated in binding buffer, the clarified bacterial lysate is loaded 

onto the column and the unbound proteins collected as flow-through. The application of 5-10 

CV (or until the baseline absorbance is stable) of wash buffer serves to detach weakly bound 

proteins which may otherwise co-purify with  the target protein. Ultimately, one must achieve 
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a balance between high purity  and high yield I.e. decreased binding 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; above 50 mM for Co-CMA), 

the imidazole out-competes the his-tagged target 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 an automated FPLC system such as 

the ÄkTA otherwise gravity flow or the use of a peristaltic pump are applicable. A step elution 

would usually require 5 CV whereas for a linear gradient elution 10 - 20 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) becomes protonated and subsequently disrupts the co- 

ordination  bond between the histidine and the transition  metal. For Ni-NTA this pH is between 

5.3 and 4.5, whereas for Co-CMA 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 specific IMAC buffers and parameters will  be specified for each 

chapter. Other than when using Ni-NTA agarose superflow (Qiagen) in a benchtop procedure 

(Chapter 3), an ÄkTA Pure instrument was used, which consists of two system pumps, an 

injection valve, a UV monitor, a fraction collector (F9-C), and sample inlet, column and loop 

valves. 

 
 

 
2.5.2 Size Exclusion  Chromatography  (SEC) 

 

 
To further  purify  samples following  IMAC, size exclusion (SEC)/gel filtration  (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 and lack adsorptive properties, unlike 

resins used in affinity, IEX, and hydrophobic chromatography in which the biomolecules 

actually interact with the resin. Molecule size (and shape) dictates the degree of penetration 

into the gel matrix and thereby the retention time. As such, larger molecules elute first  since 

they are unable to enter the resin beads and 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 the volume of the mobile phase209. The size of 

molecules that elute in the void volume is indicated by the exclusion limit  of the resin210. The 

volume of stationary phase is 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 between the mobile and stationary phases209. Each 

resin has a specified fractionation range which defines the molecular weight range of molecules 

which have partial  access to 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 Daltons. Superdex resin is a composite gel consisting of 

dextran chains which are covalently bonded to a highly cross-linked porous agarose gel bead 

matrix 209. The high physical and chemical stability is primarily a result of the agarose matrix 

whilst the gel filtration properties are determined by the dextran chains209. Superdex 75 prep 

grade has an average wet bead diameter of 34 ʈÍ with  a range of 24-44 ʈÍȢ For this resin 

sample volume should be 1-2% 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 increased flow rate thus for large molecules a slower flow rate is superior209. 

Regardless of 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 solute biomolecules and 

the gel matrix 209. 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 as a polishing step209. SEC can also be used for group 

separation (desalting/buffer  exchange) and in this case, the sample volume can be can be up to 

30% of the bed volume. 

 

 

 

2.6 Molybdenum  Blue Determination  of Orthophosphate  ɀ 

Phosphatase Activity Determination  
 

 
The spectrophotometric molybdenum blue method is a well-established protocol for 

quantitative determination of inorganic phosphate with predominant application in 

environmental and water quality analyses, its popularity arising from its simplicity and 

sensitivity.  There was an intensity of communication around the experimental procedure since 

the 1920s, although the earliest report  dates back to 1826 and is widely attributed  to 

Berzelius211. 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 19th Century212.
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By the 1940s there was already a milieu of reported modifications to the method, as compiled in 

a review by Woods and Mellon, although Fiske and 3ÕÂÂÁÒÏ×ȭÓ was deemed the most popular 

at the time as well as the first  quantitative and reproducible method and has been 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 biochemistry216. 

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 complex - Molybdenum 

blue - which is formed by the selective reduction of the molybdenum in a heteropoly acid ɀ such 

as that formed by heteropolymolybdates of phosphate, silicate, arsenate or germanate - in the 

presence of excess molybdate. When phosphate is the heteroatomic species under analysis, as 

in this report, the phosphate-containing sample is treated with a pre-acidifed and pre-mixed 

reagent solution comprising a source of MoVI - such as ammonium molybdate - in excess to form 

the heteropoly acid 12-molybdophosphoric acid (12-MPA), the controlled reduction of which 

forms molybdenum blue (Fig 2.2). Since the amount of this resultant complex is proportional 

to the amount of phosphate present in the sample solution, the corresponding intensity of the 

blue colour subsequently serves for the spectrophotometric quantification of phosphate211. 

The spectrophotometric measurement is taken at the wavelength at which absorbance is 

maximal; this has been predominantly 700 nm although some more relatively recent reports 

identified different wavelengths such as 655 nm217, 840 nm218 and 850 nm219 at which 

absorbance of molybdenum blue was greater than at 700 nm (Table 2.3). One variant 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 nm220. Inorganic 

orthophosphate is subsequently quantified from a calibration curve generated with phosphate 

standards of known concentration. 
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The first stage involves the formation of a Keggin ion around the analyte anion, forming 12- 
MPA: 

 

 
Figure  2.2 Two-stage Molybdenum  Blue-forming  reaction.  

 
 

 
Experimental parameters and considerations: The underlying chemistry is deceptively complex 

- involving redox and equilibria chemistry - with many experimental parameters which must 

be considered when optimising the method. In general, all molybdenum blue reactions require 

a strong acid, a source of Mo(VI) and a reductant. A large excess of Mo(VI) over Pi is needed to 

avoid leaving significant residual amounts of 11-MPA by driving the phosphomolybdate 

equilibria to form 12-MPA almost exclusively211. Once reduced, 12-MPA depends on excess 

reductant to protect the phosphomolybdenum blue from re-oxidation by dissolved O2 211. 

However, it  is well-documented that excessive reductant concentrations induce direct Mo(VI) 

reduction after 12-MPA reduction is apparently complete. As such, the reduction of 12-MPA 

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 blank absorbance, which should be 

minimised213,218. The redox behaviour of 12-MPA is highly acid-dependent therefore 

concentrations of acid and molybdate are important  for controlling  its reduction, such that the 

optimum ratio of molybdate to acid is that which effects maximum reduction of the 12-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 reagent blank, however, this is at the expense of 12-MPA decomposition and 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) 

reduction211. The pH 0 ɀ 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 such211. Hence, the intensity of the phosphomolybdenum 

blue complex colour is influenced significantly by acidity218. The vast majority of published MB
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methods utilise sulphuric acid, despite some inhibition  of formation of 12-MPA with this 

acid211. A multitude of variations in reductants and reaction conditions and combinations 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 UV-visible 

spectra and apparent molar absorptivities. There are two specific absorption bands 

corresponding to the reduced molybdenum blue complex and these are strong inter-valence 

charge transfer bands resulting from electron exchange between Mo(V) and Mo(VI) centres. 

The positions of these two intensely absorbing bands are influenced by the degree of reduction, 

the protonation state of the absorbing species and the reductant type (metallic vs organic)211. 

With all these factors taken into consideration, the overarching goal of method optimisation is 

to achieve a balance between maximum formation and reduction of 12-MPA yet minimisation 

of isopoly molybdenum blue formation (species formed through through the reduction of 

excess molybdate). An in-depth review of the fundamental chemistry of the 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. 

Enzymatic assays using the Molybdenum Blue method: Phytase activity  determinations are often 

based on analysing released phosphate by colorimetric  analysis such as the 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 method - the 

monitoring of product formation (i.e. released Pi) in contrast to substrate degradation221. The 

measurement of free Pi has long been known to result in overestimations of Pi concentration 

and this is due to the inability  of the method to distinguish between the different phosphorus 

compounds in the molybdate-reactive phosphorus pool, which gives rise to errors pertaining 

to non-enzymatic (and non-specific enzymatic) hydrolysis of P 219,221. 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 of labile organic P compounds 

(Po) and also causes precipitation  of enzymes211,219,221. The time-dependent nature of labile Po 

hydrolysis culminates in a progressive increase in intensity of blue colour since errors 

associated with this are not corrected. Thus for enzymatic assays this effect can be reduced by 

adaptation to a mild acid buffer (pH 4-5) which slows the rate of acid-labile P hydrolysis219. A 

method was developed by Dick and Tabatabai (1977) to ameliorate the interference from of 

non-enzymatic hydrolysis of Po, in which excess molybdate ions are complexed with added 

citrate-arsenite to prevent further formation of blue colour from acid labile P hydrolysis-

derived Pi ɀsince subsequent Pi is preventing from complexing with the already complexed
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molybdate222. However, it is not only the acid conditions which induce unwanted P hydrolysis 

and subsequent false positives in enzymatic Pi determination, since there is also Pi-production 

catalyzed by non-phytase inositol  phosphatases. Firstly, some released phosphate may be 

derived from the degradation of phosphate containing compounds other than 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 non-specific phosphatases, which degrade the lower inositol 

phosphates (from IP5 downwards)221. In fact, even commercial IP6 may contain contamination 

of lower inositol phosphates, with reports of up to 12% IP5 present223. A study by Qvirist 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 inositol 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 data221. All of these factors generate false positives from the 

erroneous Pi measurement and as such, the contribution of IP6 hydrolysis in relation to the 

total inositol phosphatase reactions cannot be accurately determined by assessing Pi. 

Therefore, measuring released Pi per time does not represent only the enzymatic activity  on the 

specific substrate IP6221. Since the molybdenum method only detects total molybdate-reactive 

P, it  is more appropriately used when total P is the sought after measurement, such as in 

environmental analyses219. As discussed in their comparative study of phytase activity 

determination methods ɀ comparing substrate (IP6) versus product (Pi) based assays - Qvirist 

et al advised the use of HPIC for determining phytase activity, since this monitors IP6 

hydrolysis exclusively and mitigates the overestimations of Pi from methods based on product 

detection221. For enzymatic activity determinations based on phosphate release, they also 

recommend the usage of 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) catalyzed by phytase during the assay in assays where IP6 is the only substrate and 

phytase is the only enzyme; the phosphate released from all possible sources by all 

phosphatases during the assay, for use when there are other phosphate sources in addition to 

IP6 present as substrates, and/or when the extract to be assayed may contain non-phytase 

phosphatases; the term ȬÐÈÙÔÁÓÅ ÁÃÔÉÖÉÔÙȭ reflects the released product per time from IP6 only, 

which by definition is performed only by phytases, and which is assessed by analysing IP6 

concentration221.  
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Authors  Year Modification  ɤ (nm)  

Fiske & Subbarow214  1925 The predecessor upon which subsequent methods were 
founded: acid ammonium molybdate solution was added to a 
phosphate containing sample to form the yellow 
phosphomolybdic acid, subsequently reduced by 1-amino-2- 
naphtol-4-sulfonic acid (ANSA) to molybdenum blue 

600-700 

Holman224  1943 Potassium iodide as reducing agent; ~3x more sensitive than 
Fiske & Subbarow method; indistinguishability between 
inorganic and organic phosphate compounds 

N/A ɀ used 
colorimeter 

Dick & Tabatabai222 1977 Complexed excess molybdate ions with citrate-arsenite to 
prevent further  formation of blue colour derived from labile 
Po hydrolysis 

700 

Peterson225  1978 Increased stability over time and decreased sensitivity to 
interfering  substances; based on ANSA reduction; used SDS 

700 

Heinonen and Lahti220 

 
1981 Direct detection of the yellow phosphomolybdic acid, without  

reduction to molybdenum blue 
355 

Shand & Smith 1997 Reduced interference of protein precipitation  by addition of 
dimethyl sulfoxide 

? 

Bae et al 226 1999 Ferrous sulphate as reductant; trichloroacetic acid 700 

Katewa & Katyare215  2003 A mixture of hydrazine sulphate and ascorbic acid as 
reductant; optimised stability of the colour complex; 
applicability  in both enzymatic and nonenzymatic reactions 

820 

He & Honeycutt219  2005 Based on Dick & Tabatabai method; 0.2% SDS for prevention 
of enzyme precipitation; readings at 850nm improved 
sensitivity 

700 & 850 

Central Pollution 
Control Board and 
Agilent221  

2011 For reproducible analyses of phosphate in water and 
wastewaters 

700 

Pradhan & Pokhrel218 

 
2013 Hydrazine hydrate as reducing agent; advantage is blank is 

colourless 
840 

Qvirist L, Carlsson NG, 
Andlid 221 

2015 Based on the Peterson protocol with ANSA exchanged for 
ascorbic acid 

700 

McKie & McLeary217  2016 High-throughput method for the measurement of total 
phosphorus and phytic acid in nonprocessed foods and feeds; 
sulphuric acid-ascorbic acid solution as the reductant. 

655 

Table 2.3 Chronological 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) ɀ 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 exchange227, whereby the stationary phase 

consists of a positively charged ion exchange resin with an affinity for molecules having a net 

negative surface charge, the degree of charge being that which forms the basis of separation of 
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the molecules. At a given pH, different proteins will bind to the resin to varying extents 

governed by their PI 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. 

Ion exchange chromatography is a long-established method of choice for fractionation and 

purification of myo-inositol phosphates and inevitably the technique has undergone much 

refinement over the years228, since the early days of stepwise elution with HCl229. Prior to this, 

quantitative analysis of phytic acid was achieved by precipitation with ferric  chloride as early 

as 1914. The interest in achieving separation of the lower phosphorylated inositol  phosphates 

was initially instigated by calcium metabolism studies230. Early procedures were based on 

isocratic ion chromatography or by ion-pair reversed phase HPLC, however, these failed to 

resolve the mono- and diphosphates228Ȣ )Ô ×ÁÓÎȭÔ ÕÎÔÉÌ ρωψψ ÔÈÁÔ ÔÈÅ ÉÏÎ ÃÈÒÏÍÁÔÏÇÒÁÐÈÉÃ 

method (suitable for phytic acid) was transformed into a gradient elution procedure231,232, 

which allows ions of widely different  retention behaviours to be eluted in the same run233. This 

isomer- specific gradient elution protocol with  post column detection was able to resolve the 

positional isomers of the spectrum of myo-inositol 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 with gradient 

elution at pH 4228. Nevertheless, standard anion exchange chromatography still cannot resolve 

the optical isomers of inositol polyphosphates ɀ for example, the enantiomeric pair 

Ins(1,4,5,6)P4 and Ins(3,4,5,6) cannot 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 extensive chemical degradation techniques227. Theoretically there are 

a staggering 66 possible inositol phosphate isomers ɀ 3 of which are cyclic233. Thus, aside from 

the enantiomers, there are theoretically 39 inositol phosphates which can be separated by 

anion exchange: 4 x IP5 isomers, 9 x IP4 isomers, 12 x IP3 isomers, 9 x IP2 isomers, 4 x IP1 

isomers in addition to IP6234. Skoglund et al established the elution order of 25 inositol  

phosphate peaks in their  1997 paper, and this was accomplished by using two combined HPIC 

systems233. A positive correlation was observed between the number of phosphate groups and 

their retention on the column233. Several years later, Chen and Li achieved separation of 35 

inositol  phosphates into 27 peaks by way of a linear gradient elution (65 min) with HCl on a 

CarboPac PA-100 column, followed by detection at 295 nm after post-column complexation 

with iron (III) 234. 

 
Due to the absence of a characteristic absorption spectra in the ultraviolet  or visible region of 

inositol  polyphosphates, post column derivatization is necessary before ultraviolet  absorbance 
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Detection234. Early methods described the use of the Wade reagent (iron chloride and 

sulphosalicylic acid) ɀ in which the detection method involves a ligand-exchange reaction 

between the Fe3+-sulfosalicylic acid complex and eluting inositol  phosphates228,235 which 

results in a decrease in absorbance at 500 nm. The use of nitric  acid as an eluent is necessary to 

prevent iron-phytate precipitation (favourable at higher pH and low phytate: iron molar ratios) 

by providing an acidic environment236. At the time, gradient anion exchange HPLC in 

conjunction with post-column detection via the Wade reagent was sufficient, so long as the 

discrimination of isomers was not crucial228. Modern methods now use post-column 

complexation with Fe3+ ions in perchloric acid solution and UV detection at 290nm, as 

employed by Phillipy and Bland16 and subsequently Skoglund et al233. 

 
Instrumentation: An anion exchange HPLC system consists of a sample 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. Effluent from the analytical column is 

then mixed with a colour reagent in post-column reactor before UV absorbance detection. 

 
In this work, the reaction products of IP6 or IP4 (2.5 mM) incubated with BtMINPP mutants 

(10 nM) at 25oC for various lengths of time were separated on a CarboPac PA-200 column (two 

columns in series; 3x50mm and 3x250mm) which contains a resin of hydrophobic, polymeric 

pellicular anion exchange resin. Samples were injected onto the column (preceded by a guard 

cartridge) by a sample injection pump (Jasco PU-2089 I Plus quaternary insert pump) at a flow 

rate of 0.2 mL/min. The elution protocol consisted of a 25 min methane sulfonic acid gradient 

(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 PU-1585 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) software. 

 

2.8 Macromolecular  X-ray  Crystallography  
 

 
2.8.1 Protein  structure  solution  by X-ray  crystallography  

 
The prerequisite for X-ray crystallography experiments is the successful production of 

diffraction  quality protein crystals ɀ yet this is no mean feat, 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 X-ray beams to generate X-ray 

diffraction data. The collected diffraction data, along with a homology model, is used to 

generate an electron density map into which the protein structure can be built. Multiple  rounds 

of refinement ultimately  result in a structural model whose coordinates have a satisfactory fit 

to the experimental electron density, reflected by the R factor value. The quality of the model is 

then determined through various scores/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 X-ray 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 asymmetric unit (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  cell in three dimensions makes up 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 

assembly which is purported  to be the 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 unit cell is defined by crystal axes 

which are three distances a, b, c and three inter-ÁØÉÁÌ ÁÎÇÌÅÓ ɻȟ ɼȟ ɾȢ 4ÈÉÓ ÕÎÄÅÒÐÉÎÓ ÔÈÅ 

classification of the unit  cell into seven crystal systems ɀ cubic, triclinic,  monoclinic, 

orthorhombic, tetragonal, trigonal, hexagonal ɀ which further  give rise to fourteen Bravais 

lattices (Fig 2.3). That is, within the 7 crystal systems there may be extra translational 

symmetry in the unit cell ɀ centring ɀ such that a lattice can either be primitive  (P) i.e. an absence 

of centring, body-centred (I), face-centred (F), or base-centred (C). In a primitive lattice, the 

lattice points lie only at the vertices of the unit cell. Based on their  symmetry operators, unit 

cells are classified into space groups which represent a complete description of the symmetry 

of a crystal. Combinations of these symmetry operators give rise to 32 point groups. Taken 

together, the space group and the contents of the ASU define the positions of all atoms in the 

protein crystal, with  knowledge of the former being essential in order to solve the protein 

structure. The combination of the point group and lattice symmetries yields a total of 230 

different  space groups, although this number is reduced to 65 enantiomorphic space groups for 

chiral macromolecules237. The most frequently obtained space groups are P212121, which 

accounts for around 30% of all protein crystals, and P21. It has been demonstrated that these
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are the least restrictive to packing and therefore there are more ways they can be generated238. 

Some are less common, accounting for less than 1% of all observed crystals, such as P41 and 

P6522. In the space group symbol, the capital letter  indicates the unit  cell centre (P, C, I, F or R), 

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. 

 

 

Figure  2.3 The 14 Bravais  lattices . 

 

 
Crystal System Point 

Group 
Space Group Edge Length Interfacial 

Angles 

Triclinic C1 P1 ŀґōґŎ ʰґʲґʴґфлo 

Monoclinic C2 P2, P21, C2 ŀґōґŎ ʰҐʴ =90o/ґʲ 

Orthorhombic D2 P222, P2221, P21212, P212121, C2221, C222, 
F222, I222, I212121 

ŀґōґŎ ʰҐʲҐʴ = 90o 

Tetragonal C4 P4, P41, P42, P43, I4, I41 ŀҐōґŎ ʰҐʲҐʴ = 90o 
 D4 P422, P4212, P4122, P41212, P4222, P42212, 

P4322, P43212, I422, I4122, 
Trigonal C3 P3, P31, P32, R3 a=b=c ʰҐʲҐʴґфлo 

 D3 P312, P321, P3112, P3121, P3212, P3221, R32 

Hexagonal C6 P6, P61, P65, P62, P64, P63 ŀҐōґŎ ʰҐʲҐ90oΣʴҐмнлo 
 D6 P622, P6122, P6522, P6222, P6422, P6322 

Cubic T P23, F23, I23, P213, I213 a=b=c ʰҐʲҐʴ = 90o 
 O P432, P4232, F432, F4132, I432, P4332, P4132, 

I4132 

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  ɀ Theory  and practice  

 
The requirements of a protein for crystallisation is that it  is of very high purity  (at least 97-99% 

pure), stable and monodisperse. In order to form the crystalline lattice, individual protein 

molecules must associate in a consistent and ordered orientation  such that they are aligned in 

a series of repeating unit cells, which are held together by non-covalent interactions. To 

transition from a dissolved, disordered state to this 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 or aggregation. For 

a protein to crystallize, the protein solution must be brought into a supersaturated state, which 

is thermodynamically unstable. Essentially, the crystallisation process is a transition from the 

supersaturated state to a regular saturated state. Crystal growth consists of two distinct  phases 

ɀ 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 diagram (Fig 2.4) ɀ the so 

called metastable and labile zones. The protein solution must first be pushed into the labile 

zone for crystal nucleation to occur239-241. A nucleus has historically been defined as the 

minimum amount of a new phase capable of independent existence242. However, if the protein 

solution remains in the labile zone for too long, rapid growth of crystal nuclei will occur, 

resulting in an excess of small crystals - which are undesirable given that large protein crystals 

ɉͯυππ ʈÍɊ ÁÒÅ ÕÓÕÁÌÌÙ ÒÅÑÕÉÒÅÄ ÆÏÒ ÓÕÃÃÅÓÓÆÕÌ 8-ray diffraction. The key is to allow the 

protein/precipitant  solution to approach the nucleation zone very slowly such that developing 

nuclei have sufficient time to grow. Once nucleation is induced such that crystal nuclei reach a 

critical size of around 100-1000 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 metastable 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 partially shed their hydration shell. Ultimately, there is a fine line between 

the different processes of crystal nucleation and growth and attempting to control these is an 

arduous task involving patience, knowledge and sometimes a little luck239-241. 



83  

 
 

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 a supersaturated 

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 2.4). 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 protein-containing 

droplet and a reservoir solution containing the same components but 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 reaches supersaturation, if all other 

parameters (pH, ionic strength, buffer, additives) are suitable, crystallisation may be induced. 

The precipitant  plays an integral role in the generation of the concentration gradient, the nature 

of the precipitant usually being ammonium sulphate or polyethylene glycols of various 

lengths239-241. 

The protein crystallisation process is influenced by a number of complex interactions between 

variables such that the aim of identifying a set of conditions which results in crystals 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 

available which include pre-mixed sets of hundreds of solutions with  differing  combinations of 
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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 

screens which can be set up in a given time, conserve valuable purified  protein, since nanoscale 

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 subject to239-241. 

 

 

2.8.4 Macromolecular  X-ray  diffraction  
 

In an X-ray diffraction experiment, a cryoprotected crystal is mounted and aligned on a 

goniometer into a high intensity X-ray beam at a synchrotron, a facility  which exploits the light 

produced by high energy particles undergoing acceleration to generate a tunable 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 X-ray diffraction procedure is 

performed at cryo-temperatures (100 K) to decrease the extent of radiation damage and to 

prevent thermal motion of the protein which risks the quality of the diffraction  images. Another 

strategy for minimising radiation damage to the crystal is to attenuate the X-ray beam in order 

to decrease the dose of radiation delivered. A balance has to be achieved between the advantage 

of using a higher dose to obtain a greater 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 percentage transmission, and the data acquisition system calculates the number of foils ɀ 

inserted into the beam ɀ to use to provide the closest transmission for a given wavelength243. 

Data collection consists of a series of single images of the X-ray diffraction pattern that are 

obtained as the crystal is rotated 360 degrees, one degree at a time, about an axis, ideally 

perpendicular to the monochromatic X-ray beam, until  a complete data set is acquired, usually 

consisting of thousands of reflections. This is called the Arndt-Wonacott rotation method of 

data collection244. The incoming X-rays get scattered into discrete waves by the electrons of the 

atoms in 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 acts as a grating which generates the constructive interference of the diffracted X-ray 

photons and therefore results in the observed spacing between the spots. This is dictated by 

"ÒÁÇÇȭÓ Law. Diffraction images therefore represent two-dimensional sections through a three- 

dimensional lattice of diffraction maxima. The lattice of diffraction maxima is reciprocally 

related to the crystal lattice in real space, such that large crystal axes generate short 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 an X-ray 

diffraction experiment is the position and amplitude of the diffraction maxima (reflections). 

The position of diffraction maxima is dictated by the dimensions of the unit cell, whilst the 

amplitudes reflect the contents of the unit cell. Although diffraction patterns do not possess 

ÔÒÁÎÓÌÁÔÉÏÎÁÌ ÓÙÍÍÅÔÒÙȟ ÔÈÅÙ ÄÏ ÅØÈÉÂÉÔ Á ÃÅÎÔÒÅ ÏÆ ÓÙÍÍÅÔÒÙ ÄÅÆÉÎÅÄ ÂÙ &ÒÉÅÄÅÌȭÓ ÌÁ×ȟ ×ÈÉÃÈ 

reduces the 32 point groups to 11 Laue groups. 

For the work  reported in this thesis, X-ray diffraction  data was collected at the medium energy 

synchrotron at the Diamond Light Source (DLS; Oxfordshire, UK), which produces a 3 GeV 

electron beam. Irradiation  of crystals was performed on the I24 microfocus mx beamline which 

has a beam-size of 5x5-50x40 (variable aspect ratio) and a wavelength of 0.62ɀ1.77!ȍȢ 4ÈÉÓ 

beamline incorporates a Pilatus3 6M detector. Cryo-protected 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 processed into a single dataset containing intensity information  about all the contributing 

X-ray reflections. That is, every single diffraction maximum must be indexed and integrated237. 

Previously, the output from the data collection procedure was a set of raw diffraction  data, but 

advances in data reduction software over recent decades has facilitated the acquisition of a set 

of scaled intensity data as the output243. The data processing stage comprises several steps, 

which is commenced by locating a selection of diffraction spots on the images. First, indexing 

involves assigning each reflection an unambiguous identifier which mark their position in the 

reciprocal lattice in Fourier Space. These are described by the Miller Indices (h,k,l) which are 

the integer coordinates of the reflections in the reciprocal lattice. This is executed by projecting 

the 2D detector coordinates onto scattering vectors on the 3D Ewald sphere (Fig 2.5), 

corresponding to lattice points in the reciprocal lattice238,245. Reciprocal space is related to real 

space by a Fourier transform and is a way of visualising the result of the Fourier transform. 

Indexing is usually automated thus termed ȬÁÕÔÏÉÎÄÅØÉÎÇȭȢ In addition to providing  an index for 

each reflection, it also yields information on the crystal orientation relative to the 

diffractometer and estimated unit  cell dimensions along with  an indication of crystallographic 

symmetry245. The pre-requisite 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 

respect to the diffractometer, since autoindexing yields only an approximate set of parameters. 

Performed in parallel, positional refinement optimises the fit  of observed to calculated spot co- 

ordinates on the detector, whereas post-refinement 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 performed after the 

intensities have been measured237,245. Next, the integration process extracts the intensity 

information of the reflections which is dependent on both 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 profile-fitting method which uses the spot shapes of adjacent reflections245. 

The final steps, scaling 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 crystal237. Scaling corrects for variation between images by putting  the 

measured intensities 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 agreement indices on the self-

consistency of the data i.e. merging R values, half-dataset correlation coefficient (CC1/2 ) etc 

obtained245. Nevertheless, although a self-consistent dataset is a pre-requisite 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 software performs 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 ÔÈÅ ÃÒÙÓÔÁÌȭÓ 
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 

beamlines245. xia2 applies existing processing software to generate Miller indices along with 

their corresponding averaged and corrected intensities243,246. xia2 comprises three modes, one 

of which is 3dii, which is useful in cases of weak diffraction  since it  uses all available images for 

the initial  characterisation of the diff raction pattern. Since it  is not possible to 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 integration243,246. 

fast_dp was developed at DLS as a faster and more streamlined version of xia2, which outputs 

almost real-time feedback on data quality such as merging statistics and merged intensities in 

the correct point group243,246. However, xia2 is more thorough and as such, more applicable for 

direct downstream analysis without  additional re-processing by the user. Subsequent analysis 

of the processed diffraction  data is important  to assess quality and detect any pathologies that 

may complicate structure solution, such as twinning. A program which computes this 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 information 

management system as a real-time graph. Approximately constant numbers of spots and 
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resolution estimates would be expected for a well-diffracting sample with  no visible anisotropy, 

fully  immersed in the X-ray beam243. Diffraction datasets were automatically processed with  the 

xia2, xia2 3dii, autoPROC, fast_dp, and autoPROC+STARANISO DLS-integrated pipelines. 

 

 

2.8.6 Quality  indices  of X-ray  diffraction  data 
 

The quality of the diffraction  data inherently  dictates the quality of the macromolecular crystal 

structure solved from it 248. Therefore, data processing statistics are executed to infer the quality 

of both the crystal and the data collection245. There are several metrics in use and values are 

given for both the overall data and data from the highest resolution shell only. At this point, it 

is appropriate to provide rationalisation for this. Resolution and signal intensity are correlated 

in that the higher the resolution of a reflection (and the further away from the centre of the 

detector), the weaker the signal249. In theory, the resolution limit of the dataset is the point at 

which the signal is too weak to be useful249. To mitigate the issue of a weak signal being mixed 

with  noise and inevitably incorporating that noise into the calculated electron density map, the 

data is truncated to omit those weak high-resolution reflections249. The point at which it is 

truncated, however, is a source of much debate249,250. The rule of thumb until  relatively recently 

was to truncate the data at the threshold where the signal-to-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 1.5 as a result of underestimation of the 

information in the excluded data249,251. The highest resolution shell can thus be defined as the 

last shell where completeness is ~100% and the signal-to-noise ratio is 1.5. In practice, 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 

separate to the rest of the data which lacks inclusion 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 quality are resolution, 

completeness, IȾʎ ɉÓÉÇÎÁÌ-to-noise ratio), and Rmerge, with the latter two parameters also 

commonly used to determine the resolution cut-off248,249. Usually reported as )Ⱦʎɉ)Ɋȟ the average 

signal-to-noise ratio of the reflection intensities, is of course a case of the higher the value the 

better. Rmerge is an indicator of precision and is 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 - a value of 40-60% for Rmerge is usually an indication of the highest resolution shell, since 

measurements are deemed error-prone at values above this249,250. Completeness measures the 
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coverage of all theoretically possible unique reflections within the dataset thus the higher the 

value the better. The rule of thumb for decent data is a completeness value above 93% overall, 

and above 70% in the outer high resolution shell248. Resolution is defined as the minimum 

spacing (d) of crystal lattice planes which are still  able to generate measurable X-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 

ȬÌÏ×ȟ ȬÍÅÄÉÕÍȭȟ ȬÈÉÇÈȭ ÁÎÄ ȬÁÔÏÍÉÃȭ248. 

 

 

2.8.7 Quality  indices  of the refined  model/validation  parameters  
 

The R-factor is possibly the most important  indicator of structure quality. It  is a measure of the 

global relative agreement between the experimentally obtained structure factor amplitudes, 

Fobs, and the calculated structure factor amplitudes, Fcalc obtained from the model. It is also 

called the residual, since a residual in mathematical terms is the difference between predicted 

and observed values of a particular variable248. Throughout structure refinement, the R-factor 

is re-calculated to assess progress. For perfect agreement with  the data, the R-factor would have 

a value of 0%, whereas for a random model the value would be ~60%250. The established 

guideline is that a well-refined structure should have a R-factor of less than 20%248. When the 

diffraction data is of very high quality, the R-factor essentially reflects errors in the model248. 

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 

analogously calculate another R-factor, RFree248,250. It  is prudent to note that these reflections may 

have still influenced model definition. The RFree is then calculated by measuring how well the 

model predicts the set of reflections that were not used in refinement. The R-factor which 

reflects the larger Ȭ×ÏÒËÉÎÇ ÓÅÔȭ of reflection data is thus termed Rwork. RFree will  always be larger 

than Rwork, however it  should not exceed Rwork  by more than 7%, since this indicates over-fitting 

of the experimental data or a serious defect in the model248,250. For an ideal model without  over- 

interpretation, the RFree will be only slightly higher than the Rwork value. CC1/2, the half-dataset 

correlation coefficient, is the correlation coefficient between the intensities of two arbitrarily 

divided halves of the dataset, with  greater values being desirable. Essentially, it  is a measure of 

how well one half of the data predicts the other half, with a value of 1 indicating a perfect 

correlation and a value of 0 indicating no correlation. At low resolution, the correlation is 

around 1, and this decreases as the resolution increases, such that the useful range of CC1/2  is 

considered to be within the range of 0.1 to 0.5250,251. 
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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 process yields a three-dimensional map of the distribution  of electron densities in 

the asymmetric unit. Therefore, one must work backwards from the diffraction pattern to 

obtain the electron density map. The process of converting the reciprocal space-representation 

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 

ÔÈÅ ȬÐÈÁÓÅ ÐÒÏÂÌÅÍȭȢ 

 

 

2.9 ICP-MS (Inductively  Coupled Plasma Mass Spectrometry)  
 

 
ICP-MS is mass spectrometry-based 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 at parts per billion levels and is able to detect 

many elements at lower than the parts per trillion level 252,253. 

Since the primary elements constituting proteins (C,H,N,O) cannot be measured with ICP-MS 

due to their high ionization potentials and vast background signals, for protein analysis, 

instead, any ICP-detectable element associated with a particular protein is used for 

quantification. Sulphur is used as it is a constituent of methionine and cysteine thus naturally 

present in proteins. The ICP-MS response is directly  proportional  to the mass concentration of 

the detected element and is therefore independent of 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 residues in the protein sequence. It  is also necessary 

to correlate the sulphur signal to concentration by standardization. In addition, other protein- 

associated elements can be measured, such as co-ordinated metal co-factors in metalloproteins 

and elements incorporated during chemical modification of a protein252,253. 

In short, an ICP-MS instrument  uses an atmospheric pressure, high temperature argon plasma 

to ionize the sample before measurement in a mass spectrometer. Seven fundamental 

components comprise an ICP-MS procedure: first, the sample introduction system containing 

a nebuliser which produces a fine aerosol mist from a liquid  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 

resolves analyte ions from background signals; a collision reaction cell (CRC) filters  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 mass filter between the ion lens and the CRC. A triple 

quadrupole ICP-MS (ICP-QQQ-MS) includes an additional quadrupole mass filter to lower 

detection limits252,253. 

 
 

 

 
 
 

 
Figure  2.6 Overview  of the  main  components  and stages of ICP-MS. Image from Agilent .com.
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òIf thereõs no meaning in it,ó said the King, òthat saves a world of trouble, you know, as we neednõt try to find any.ó 

 

CHAPTER THREE 

Investigations  of the basis for  the specificity  of HP2 

phytases 

 
3.1 Chapter  Introduction   

As introduced in chapter 1.3.6, MINPPs are a distinct sub-family of HAPhy enzymes with 

conserved structures which are homologous in sequence and structure to HAPhys. However, 

where HAPhys are stereospecific phytases, MINPPS display positional hydrolytic flexibility 

whilst retaining catalytic efficiency92,100. 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 

degradation188,254. It is now well established that it is this positional specificity of commercial 

HAPhys which results in accumulation of IP4 intermediates during hydrolysis of IP6158. The 

catalytic flexibility of MINPPs could therefore be exploited in the design of a next-generation 

phytase derivative which overcomes the bottleneck of IP4 accretion100,158. The MINPP from 

Bacteroides thetaiotaomicron, BtMINPP, is one such potential candidate for engineering 

existing commercial phytases. 

Originally isolated from human faecal matter255, B. thetaiotaomicron is a prevalent bacterial 

endosymbiont of human gut flora ɀ the second most common species isolated256 - and it has 

previously been discovered that it  expresses a MINPP enzyme ɀ BtMINPP - homologous to that 

of the human cell-signalling MINPP1, and which is enclosed and secreted in outer membrane 

vesicles92. This feature was proposed to be a protection mechanism of the enzyme from 

proteolysis by gastrointestinal enzymes and in addition, their delivery to human colonic 

epithelial cells was revealed to promote intracellular Ca2+ signalling92. BtMINPP, like human 

MINPP1, and distinctive of MINPPS in general, has the ability  to attack IP6 at various positions, 

and also like mammalian MINPPs, has increased catalytic activity towards the 3-phosphate 

from Ins(1,3,4,5)P4, as well as exhibiting very high catalytic activity  in general92. The pH optima 

of BtMINPP is consistent with the pH profile of the GI tract of its host ɀ 2.5, 4.0 and 7.5 ɀ 

indicating its evolutionary adaptation to the conditions provided by the host92. Published in 

2014, and representing the first  structure of a MINPP, the structure of BtMINPP in complex with 

the non-hydrolysable persulfated IP6 analogue (HIS; PDB:4FDU) facilitated the explanation of 

how this enzyme is able to permit alternate orientations of IP692. Like other HAP members, 

BtMINPP folds into a structurally  ÃÏÎÓÅÒÖÅÄ ɻȾɼ domain (also referred to as the core domain) 
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Figure  3.1 Cartoon representation of 

the structure of BtMINPP, coloured by 

secondary  structure  ɉɻ-helices cyan, ɼ- 

strands magenta, loops coral). Oriented 

×ÉÔÈ ÔÈÅ ɻȾɼ ÄÏÍÁÉÎ ÁÔ the bottom and 

the ɻ domain  at the  top. Image rendered 

in  Pymol.  

ÁÎÄ Á ÍÏÒÅ ÖÁÒÉÁÂÌÅ ɻ ÄÏÍÁÉÎ ɉÒÅÆÅÒÒÅÄ ÔÏ ÁÓ 

the cap domain), with  the active site located in 

the cleft between the two domains, which are 

anchored together by disulphide bridges (Fig 

3.1)79. The active site is comprised 

predominantly of basic amino acids to facilitate 

acceptance of the highly charged IP6, forming 

six phosphate specificity pockets which 

accommodate 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 

intermediate92. Consistent with  the 

substitution of the HD dipeptide in HAPs with 

the HAE tripeptide in MINPPs, the glutamic 

acid E325 in the HAE tripeptide acts as the 

proton donor for the leaving group92. The HAE 

tripeptide of MINPPs is purported to provide 

an equivalent function to the HD proton 

donor motif  of 

HAPs92. Comparison with the structure of A. niger PhyA, 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 ligand-binding 

pocket92. Indeed, the substitution of the HD motif  in a classic HAP such as AnPhyA with  the HAE 

tripeptide is responsible for the increased volume and decreased polarity of the B and F 

specificity pockets of BtMINPP92,257. An alanine instead of a tyrosine in the B and C pockets also 

contributes to the volume of the pocket relative to PhyA92,257. Identification 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 B-pocket is a key specificity locus, largely controlled by residues 

T30 and Q276257. The hypothesis was that changes in the composition of residues in the 

specificity pockets of the enzyme is the driver of deviations from wild-type stereospecificity, 

and this was investigated by analysis of reciprocal mutants of BtMINPP/AnPhyA92,257. Four 

residues constituting the B pocket of BtMINPP were identified  ɀ A30, T31, Q276 and K280 ɀ as 

being determinants of positional stereospecificity (Fig 3.2)257. The conclusion that T31 and 
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Q276 are the principal positional determinants was reached by further analysis of triple 

mutants257. The F-pocket was also identified during previous studies as hosting some key 

residues involved in specificity258. R183 was exposed as being crucial for the catalytic flexibility 

of BtMINPP92,258. This was determined by the altered specificity upon substitution with the 

equivalent AnPhyA residue, in which the fungal-like positional preference of hydrolysis 

initiation was instead displayed92,258. Meanwhile, D186 was concluded not to contribute to 

specificity, and although the majority of V147 variants retained the wild-type distribution of 

IP5 intermediates, one substitution (V147F) did result in a change of specificity profile258. The 

overwhelming majority of variants exhibited statistically significantly different IP6 activities 

relative to the wild-type258. 

 

 

 
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.  
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3.1.2 Objectives  
 

With the established knowledge of the individual  specificity subsites, the purpose of this work 

was to generate different sets of BtMINPP variants for the interrogation of their IP6 and IP4 

activities, with particular  focus on the latter. Three residues from the B-pocket were elected ɀ 

R275, Q276 and K280 ɀ and a restricted set of seven variants were generated for each. The 

positions of these residues relative to the substrate analogue, IHS, in the wild -type enzyme are 

highlighted in Fig 3.3. Based on coverage of a range of amino acid properties, the seven residues 

selected for substitution were leucine, alanine, serine, tyrosine, asparagine, 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 Å, between 

each residue and IHS included.  

 
R275 

 
3.5 

Q276 
3.5 

 

K280 
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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 method such that each primer pair contains an overlapping region and a non-

overlapping stretch in which individual  primers extend in opposite directions259. 

Primer sequences are detailed in the Appendices (A3.2.1). PCR reactions of 25uL were set up 

as detailed in Table 3.1. 

 

 

Component  Volume  ɉʈ,Ɋ Final  concentration  

5x Phusion HF buffer 5 1x 

10uM forward  primer  1 

10uM reverse primer  1 

10mM dNTPs 1 

DMSO 1 

Phusion polymerase 0.2 

Template DNA 1 

Water  

Table  3.1 Composition  of the mutagenic  PCR reactions  set up for  site-directed  mutagenesis  of 

BtMINPP. 

 

 

Using His-tagged BtMINPP_pET15b as the template, the thermal cycling protocol consisted of 

98oC for 3 min, followed by 25 cycles of [98 oC for 30 sec, 50 oC for 1 min, 68 oC for 8 min]  before 

a final 68 oC 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)  lacks any band. The methylated template DNA was digested by incubation (37 oC, 2h) 

with DpnI (NEB; 0.5µL). 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. Single colonies of E.coli XL10-Gold successfully 

transformed with the mutagenised PCR product were grown in LB overnight (37 oC, 180 rpm)  

with  carbenicillin selection (100 µg/mL)  in order for extraction of the propagated plasmid DNA 

by miniprep. Plasmid samples separated on a 0.8% agarose TAE gel were visualized with Gel 

Red to confirm the plasmid size before verification by sequencing. 
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3.2.2 Expression  of BtMINPP residues  R275, Q276 and K280 

Plasmids carrying the respective desired mutations were used to transform, by heat shock, E. 

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 µg/mL) 

and the cells were grown overnight (37oC, 180 rpm). Fresh LB (50mL) supplemented with 

carbenicillin (100 µg/mL) was then inoculated with the overnight culture (0.5 mL) and 

incubated (37oC, 180 rpm)  until  the OD600 reached circa 0.6. At this point, cells were induced by 

the addition of IPTG (0.1mM) before overnight incubation (20 oC, 180 rpm). Cells were 

subsequently harvested by centrifugation (4500 xg, 10 min) and frozen (-80 oC) for a brief 

period (1-2h) to aid lysis. 

 

 
3.2.3 Purification  of BtMINPP residues  R275, Q276 and K280 

Cell pellets were resuspended (0.8 mL) in a solution of lysis buffer (Tris-HCl 50 mM, NaCl 500 

mM, Imidazole 20 mM, glycerol 10% v/v and Tween-20 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 a short period of incubation (30oC, 180 rpm, 10 min)  DNase I was added (10 ug/mL) 

followed by a longer incubation (30 oC, 180 rpm, 1h). Cell lysates were clarified by 

centrifugation (21,000 xg, 10 min, 4 oC) and the supernatant applied to Ni-NTA superflow 

agarose (100 µL resin; Qiagen) pre-equilibrated with the resuspension solution (200 µL). The 

resin suspension was mixed in a rotary  format (30 min, 4 oC) to allow binding of the His-tagged 

proteins to the NTA matrix. The flow-through was collected after centrifugation (700 xg, 2 min, 

4 oC). The resin was washed twice (200 µL x 2) with  wash buffer (Tris-HCl pH 8.0 50 mM, NaCl 

500 mM, Imidazole 20 mM, glycerol 10% and TCEP 1mM) and the washes collected after 

centrifugation (700 xg, 2 min, 4 oC). To elute the His-tagged BtMINPP mutants, elution buffer 

(100 µL) consisting of Tris-HCl pH 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 oC). His-tagged BtMINPP mutant proteins were eluted by a final centrifugation step (700 

xg, 2 min, 4 oC). Protein concentrations were estimated using a NanoDrop One 

spectrophotometer (Thermo Scientific) and purity  was assessed by 4-12% Bis-Tris SDS-PAGE 

gel electrophoresis (Invitrogen)  using MES running buffer (165 V, 40 min). Protein purity  after 

IMAC was such that a further purification step was not necessary. For storage, glycerol was 

added to 30% (v/v) and protein samples flash frozen in LN2 before storage at -80 oC. 
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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 oC with a range of incubation times (50 ɀ 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 2.6. 

 

 
3.2.5 HPLC analysis  of IP6 hydrolysis  reaction  products  

Reaction products generated from the incubation of IP6 or IP4 (2.5 mM) with  BtMINPP variants 

(10 nM), as detailed in section 3.2.4, were separated on a CarboPac PA-200 column (two 

columns in series; 3x50mm and 3x250mm) which contains a resin of hydrophobic, polymeric 

pellicular anion exchange resin. Appropriately  diluted samples of 20 ʈ, were injected onto the 

column (preceded by a guard cartridge) by a sample injection pump (Jasco PU-2089 I Plus 

quaternary insert pump) at a flow rate of 0.2 mL/min. The elution protocol consisted of a 25 

min methane sulfonic acid gradient (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 PU-1585 intelligent  HPLC pump 

for mixing with a post column colour reagent (0.1% ferric nitrate and 2% perchloric acid). 

Detection was by a Jasco UV 1575 intelligent  UV/Vis detector containing a ρφʈ, cell. Data was 

processed using ChromNAV software (Jasco). 



99  

3.3 Results  

 
3.3.1 PCR mutagenesis  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 times before success was attained. Figure 3.4 is an example 

of a successful gradient PCR protocol performed for five variants which had been 

unsuccessfully produced by previous attempts. All except the Q276D, 68°C product were 

successful. 

 

 
Figure  3.4 DNA agarose gel of the PCR mutagenesis  products  of a subset of the R275 and Q276 

variants for which PCR protocols had been previously unsuccessful: R275N, R275D, Q276Y, 

Q276N and Q276D. 

 

 

Figure 3.5 is an example of a DNA agarose gel of the set of K280 variants after successful PCR 

mutagenesis and transformation of E. coli XL10-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 extracted yielded an incorrectly  sized plasmid 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 desired product. All correctly sized plasmids were sent for DNA sequencing 

to verify the successful incorporation of the mutation. 

68oC 66.7oC 64.5oC 61.2oC 
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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 three BtMINPP residues were expressed and purified in 

parallel on a small-scale by Ni-NTA affinity chromatography. This one-step purification 

generated enzymes of sufficient yield and purity  for the purposes of the intended downstream 

analyses (Fig 3.6). Two of the Q276 variants, Q276S and Q276M, were not amenable to 

expression, despite conducting an expression trial after initial expression attempts proved 

unsuccessful (Fig 3.7). As such, these two variants were not continued further,  and the set was 

consequently reduced to five variants. 



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure  3.6 SDS-PAGE of the Ni-NTA purified  BtMINPP variants  a) The seven variants  of the  R275 

and Q276 sets b)  The seven variants  of the K280  set.
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Figure  3.7 SDS-PAGE of the  expression  trials  conducted  for  a) the  Q276S and b)  the Q276M 
variants of BtMINPP. 
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3.3.3 Activity  towards  IP6 and IP4 of BtMINPP R275 variants  

Seven variants of the R275 residue of BtMINPP were generated by site-directed mutagenesis 

before investigation of their hydrolytic activities against IP6 and Ins(2,3,4,5)P4 relative to the 

wild -type and the established prototypical  phytase, the periplasmic phytase AppA from E. coli. 

The residues comprising this ȬÒÅÓÔÒÉÃÔÅÄ ÓÅÔȭ were leucine, alanine, serine, tyrosine, asparagine, 

aspartic acid and methionine. The results from these assays are displayed as a function of 

inorganic phosphate liberated from either IP6 or IP4 (Fig 3.8). Quantity of phosphate 

released is referred to interchangeably as ȬÁÃÔÉÖÉÔÙȭ for the purposes of this chapter. 
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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  IP4 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 of BtMINPP is approximately three times greater. 

Therefore several of the R275 variants display greater activities towards either IP6 or IP4 

ÒÅÌÁÔÉÖÅ ÔÏ !ÐÐ!ȟ ÓÉÎÃÅ ÔÈÅ ȬÂÁÓÅÌÉÎÅȭ ÉÓ ÍÕÃÈ ÌÏ×ÅÒȟ ×ÈÅÒÅÁÓ ÔÈÅ ÏÃÃÕÒÒÅÎÃÅ ÏÆ Á ÖÁÒÉÁÎÔ 

possessing greater activity  than BtMINPP was less frequent. Indeed, for IP4 activity, all variants 

were more active than AppA. Both BtMINPP and AppA are considerably more active against IP6 
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than IP4, with BtMINPP being almost three times - and AppA more than seven times - more 

active towards IP6 than IP4. Interestingly, all of the R275 mutants ɀ except for R275M ɀ 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 wild-type 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 charged residue ɀ often found in 

the active sites of proteins which bind phosphorylated substrates ɀ methionine is a 

hydrophobic residue not usually involved in the active site chemistry of enzymes. The similarity 

in enzyme activity  would be expected for an arginine to lysine mutant, since these two 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  against IP6 was essentially abolished (~5%  of WT activity;  Fig 3.9) and 

for IP4 it was reduced compared to the wild-type. 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 values for both IP4 and IP6 activity. 

IP6 activity was just 11% relative to the wild-type (Fig 3.9). The R275S and R275Y variants 

exhibited, relative to one another, very similar activities towards both substrates, although the 

standard deviation (represented by error bars) for the IP4 values is very large. The values 

produced by R275S and R275Y with  IP6 were similar  to that of IP4 by the wild -type, and vice 

versa ɀ the values produced by R275S and R275Y with  IP4 were similar  to that of IP6 by the 

wild -type. Of the variants, R275N has the highest ratio of IP4:IP6 activity, with IP4 activity five 

times greater than that towards IP6. R275L and R275N displayed similar IP6 activities (16% 

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 much greater. 

Whilst the IP4 in these assays was the isomer produced by Quantum BlueΆ (QB) - the 

Ins(2,3,4,5)P4 -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 

PhyA IP4 activities are displayed in Fig 3.10. The wild -type is 3.7 times more active against the 

IP4 produced by Quantum Blue than it 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 PhyA IP4. R275S and R275N exhibit activities against QB IP4 

much greater than the wild -type (2.6 and 2.3 times greater, respectively), but almost no activity 
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against PhyA IP4. R275Y is similar  with  regard to QB IP4 activity  (2.8 times greater relative to 

the wild-type), but displays a moderately greater activity against PhyA IP4 than the wild-type 

(1.7 times greater). Levels of QB versus PhyA IP4 activity are very similar for the R275M 

variant, and these levels are around the same value as for the wild -type QB IP4 activity. R275L 

is approximately the same as for R275M for PhyA IP4 activity, but is slightly more active (1.4 

times) than the wild -type for QB IP4. R275D results in the lowest QB IP4 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.  

 

 

There are several metrices which have been developed over the years in attempts to quantitate 

the effect of different  amino acid substitutions on the function of a protein. These are based on 

quantitating different  properties of the amino acids. One of the most established of these is the 

'ÒÁÎÔÈÁÍȭÓ distance, which attempts to predict the evolutionary distance between two amino 

acids260. Grantham scores range from 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 another naturally, 

because the effect would be detrimental. The amino acid properties that 'ÒÁÎÔÈÁÍȭÓ distance is 

based on are composition, polarity and molecular volume260. An exchange between two amino 

acids separated by a large physiochemical distance is thereby considered a radical substitution 

and a smaller psychochemical distance a conservative substitution. The set of Grantham scores 

are tabulated in the original publication, reference #260. Based on the 
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Grantham score, within  the set of R275 variants, substitution  by alanine represents the largest 

physiochemical distance, and tyrosine the smallest (Table 3.3.1). R275A does result in the 

second lowest (R275D being the lowest) percent activity  relative to the wild -type, so correlates 

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

 
 
 
 

 

7ÈÉÌÓÔ ÔÈÅ 'ÒÁÎÔÈÁÍȭÓ ÄÉÓÔÁÎÃÅ ÉÓ ÂÁÓÅÄ ÏÎ ÁÎ ÅÖÏÌÕÔÉÏÎÁÒÙ ÐÅÒÓÐÅÃÔÉÖÅȟ 9ÁÍÐÏÌÓËÙ ÁÎÄ 

Stoltzfus developed the measure of Experimental Exchangeability which evaluates the mean 

effect of amino acid exchange on protein activity in vitro, based on the analysis of 9671 reported 

amino acid exchanges in 12 different target proteins261. 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 easily replaced. According to the experimental exchangeability matrix, within  the set of 

R275 variants, alanine is the most exchangeable amino acid, and methionine and asparagine  
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are the least. However, the value for methionine and asparagine are based on the mean of just 

one and three, respectively (Table 3.2). Therefore these values cannot be awarded too much 

weight. 

3ÎÅÁÔÈȭÓ ÉÎÄÅØ ÍÅÁÓÕÒÅÓ ÔÈÅ ÏÖÅÒÁÌÌ ÒÅÓÅÍÂÌÁÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ςπ ÁÍÉÎÏ ÁÃÉÄÓȟ ÔÁËÉÎÇ ÉÎÔÏ 

account 134 categories of physiochemical properties262. The result is a value of dissimilarity ɀ 

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

properties not shared between two amino acids (Fig 3.11)262Ȣ !ÃÃÏÒÄÉÎÇ ÔÏ 3ÎÅÁÔÈȭÓ ÉÎÄÅØȟ ÔÈÅ 

similarity  of residues (relevant to the mutagenesis of R275) to arginine, in increasing order of 

dissimilarity are: methionine > leucine and asparagine > alanine, serine, aspartic acid and 

tyrosine (Table 3.2). Methionine being closest in similarity to arginine, out of the seven 

residues in question, correlates well with the results in Fig 3.8. Indeed, except for the serine 

ÁÎÄ ÔÙÒÏÓÉÎÅ ÓÕÂÓÔÉÔÕÔÉÏÎÓȟ ÔÈÅ ÒÅÓÕÌÔÓ ÐÒÅÓÅÎÔÅÄ ÈÅÒÅ ÒÅÆÌÅÃÔ ÔÈÅ 3ÎÅÁÔÈȭÓ ÉÎÄÅØȟ ÄÅÐÉÃÔÅÄ ÉÎ &ÉÇ 

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

less of a difference in IP6 and IP4 activity. 

 
 
 

 

Figure 3.11 a) DendrÏÇÒÁÍ ÏÆ ÁÍÉÎÏ ÁÃÉÄ ÒÅÌÁÔÉÏÎÓÈÉÐÓ ÂÁÓÅÄ ÏÎ 3ÎÅÁÔÈȭÓ ÍÅÁÓÕÒÅ ÏÆ 

dissimilarity. b)  3ÎÅÁÔÈȭÓ ÍÁÔÒÉØ ÏÆ ÒÅÓÅÍÂÌÁÎÃÅ ÂÅÔ×ÅÅÎ ÁÍÉÎÏ ÁÃÉÄÓȢ $ÁÒËÅÒ ÓÈÁÄÅÓ ÒÅÐÒÅÓÅÎÔ 

close resemblance, and fully black squares represent each amino acid compared with itself i.e 

complete  resemblance.  The dendrogram  in  (a)  is essentially  a summary  of, and complementary  to, 

(b).  Image from  Sneath262. 

b a 
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7ÈÅÒÅ 3ÎÅÁÔÈȭÓ ÉÎÄÅØ ÉÓ ÂÁÓÅÄ ÏÎ Á large, unweighted number of chemical and physical 

ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÁÍÉÎÏ ÁÃÉÄÓȟ %ÐÓÔÅÉÎȭÓ ÃÏÅÆÆÉÃÉÅÎÔ ÏÆ ÄÉÆÆÅÒÅÎÃÅ ÉÓ ÂÁÓÅÄ ÏÎ ÊÕÓÔ ÓÉÚÅ ÁÎÄ polarity, 

so it is not unexpected that the coefficients vary considerably between these two measures263. 

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 residue is replaced by a smaller one in the 

protein interior.  There are two different  equations to distinguish between two different  cases: 

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

2) when a polar residue is exchanged 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 proteins263. The coefficients can be 

located in the original article, reference #263. 

Similarly to %ÐÓÔÅÉÎȭÓ ÃÏÅÆÆÉÃÉÅÎÔÓ of difference, -ÉÙÁÔÁȭÓ ÄÉÓÔÁÎÃÅ ÉÓ ÂÁÓÅÄ ÏÎ amino acid volume 

and polarity and the author states that these are the primary representative property 

parameters and consequently are the key determinants for protein conformation264Ȣ -ÉÙÁÔÁȭÓ 

ÍÅÔÈÏÄ ÉÓ ÅÓÓÅÎÔÉÁÌÌÙ Á ÍÏÄÉÆÉÃÁÔÉÏÎ ÏÆ 'ÒÁÎÔÈÁÍȭÓ ÐÈÙÓÉÏÃÈÅÍÉÃÁÌ ÄÉÓÔÁÎÃÅÓȢ 4ÈÅ ÄÉÓÔÁÎÃÅ 

ranges from 0.06 for the most similar  pair, alanine and proline, to 5.13 for the least similar  pair, 

glycine and tryptophan and these are reported in the original article in reference #264. Miyata 

also categorised the amino acids into six well defined groups by distance and this is tabulated 

in Table 3.3. For the set of R275 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 

Score 

Exchangeability 

Score 

3ÎÅÁÔÈȭÓ 

Index  (%  D) 

%ÐÓÔÅÉÎȭÓ 

coefficients  of 

difference  

-ÉÙÁÔÁȭÓ pair 

distance  (D)  

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  ȬÓÃÏÒÅÓȭ based on five  different  methods  for  the  seven arginine to 

L/A/S/Y/N/D/M residue exchanges. N.B In the column Exchangeability Score, in parentheses is 

the number from which the mean was derived.  
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Included in Table 3.2 are the amino acid difference scores for the seven substitutions of 

arginine 275 relevant to this section, according to the five methods discussed previously. They 

cannot be directly compared with one another as they are based on completely different 

functions. 

To assess the effects, if any, on specificity, reactions were subjected to HPLC to reveal the relative 

proportions of the different IP5 isomers. As a pre-requisite, the variants were each incubated 

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 to generate 

an appropriate IP6 degradation profile i.e. one in which the IP5 isomers were visible. If the 

degradation does not proceed far enough, only the IP6 peak would be present, and conversely, 

if the degradation proceeds too far, the IP5 peaks will be absent as lower inositol phosphate 

peaks appear. The percentage of IP6 degradation aimed for was approximately 10%. The HPLC 

traces for the seven R275 BtMINPP variants are presented in Fig 3.12, and the analogous IP5 

isomer compositions in Fig 3.13. Interestingly, all of the variants generated a larger proportion  

of the 1/3 -OH IP5 isomer, whereas the major isomer of the wild -type is the 5-OH isomer. 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 1/3-OH isomer ranged from 

43-51% with a mean of 46%, whilst in the wild-type this was just 23%. The 4/6-OH isomer 

proportion was consistent across the variants, ranging from 21-24%, and this was similar to 

the wild-type (27%). Whilst the wild-type generated 50% 5-OH IP5, the variants yielded 27-

35%, with  an average of 31%. Therefore, the specificity has flipped from 5- OH to 1/3-OH IP5 in 

these variants. 

 

Group 

1 (special case) cysteine 

2 (small & neutral) Proline alanine glycine serine threonine 

3a (hydrophilic & 

relatively small) 

glutamine glutamic 

acid 

asparagine aspartic acid 

3b (hydrophilic & 

relatively large) 

histidine lysine arginine   

4a (hydrophobic & 

relatively small) 

valine leucine isoleucine methionine 

4b (hydrophobic & 

relatively large) 

phenylalanine tyrosine tryptophan   

Table  3.3 The six groups  of amino  acids as defined  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. 

IP
5 



111  

 
 
 
 

 

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. 

 

 

As a visual accompaniment, the R275 position was mutated in Pymol to each of the substituting 

residues (Fig 3.14). 
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L275 

M275 

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.  

A275 

S275 

Y275 

N275 
D275 
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3.3.4 Activity  towards  IP6 and IP4 of BtMINPP Q276 variants  
 

 
Activities of the Q276 variants against IP6 and Ins(2,3,4,5)P4 are presented in Figure 3.15. 
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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  IP6 by AppA 

(brown); from IP4 by AppA (purple) and from IP4 by BtMINPP (blue). Error bars are based on 

standard deviation.  

 

 

Overall, levels of activity  against both IP6 and IP4 are much lower than for the R275 variant set, 

with all levels significantly lower than the wild-type and AppA. Interestingly, whilst all except 

one of the seven R275 variants displayed greater IP4 than IP6 activity, for the Q276 set, for all 

except one mutant ɀ Q276Y ɀ the activity against IP6 was higher than for IP4. Further, the 

Q276Y variant was the only one for which IP4 activity  out-performed that of the wild -type (and 

AppA). The tyrosine substitution also resulted in the highest IP4 activity  in the R275 set. Q276L 

and Q276N were even less active than AppA for IP4 activity, whilst in the R275 variants, all 

were substantially more active than AppA ɀ the lowest level still  being 1.65 times 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 wild-type, and 20.0, 

21.5, 35.9% IP4 activity relative to the wild-type (Figure 3.16). 
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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 3.17. Q276Y 

is the only variant of the set which outperforms the wild -type in activity  against QB IP4, with 1.7 

times greater activity. It  is also the only variant of this set for which the QB IP4 activity is greater 

than the corresponding PhyA IP4 activity  (2.8 times greater) and is 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 wild-type. Q276L displays the greatest difference between the two IP4 

substrates, with  3.8 times greater activity  against PhyA IP4 than QB IP4. Q276D has the least 

difference, with PhyA IP4 activity only 1.5 times greater than QB )0τ ÁÃÔÉÖÉÔÙȟ ÁÎÄ ÉÔȭÓ 0ÈÙ! )0τ 

activity is also the lowest of the set, excluding the wild-type. Q276A exhibits the greatest PhyA 

IP4 activity, at 4.1 times greater than the corresponding wild-type activity, although the 

standard deviation is rather large for 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.  

 

 

According to 3ÎÅÁÔÈȭÓ Index262, Grantham distances260 and Miyata pair distances264 (Table 3.4), 

the five Q276 variants overall are closer amino acid pair exchanges than the R275 variants. 

Based on the Grantham distance260ȟ 3ÎÅÁÔÈȭÓ ÉÎÄÅØ262, Miyata pair distances264 ÁÎÄ %ÐÓÔÅÉÎȭÓ 

coefficients of difference263, the residue 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 ɀ 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 

Score 

Exchangeability 

Score 

3ÎÅÁÔÈȭÓ 

Index  (%  D) 

%ÐÓÔÅÉÎȭÓ 

coefficients  of 

difference  

-ÉÙÁÔÁȭÓ pair 

distance  (D)  

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 

[P
i]/

m
M

 

Table 3.4 Amino  acid ÄÉÆÆÅÒÅÎÃÅ ȬÓÃÏÒÅÓȭ based on five  different  methods  for  the  five  glutamine to  

L/A/Y/N/D  residue  exchanges. N.B In  the column Exchangeability  Score, in  parentheses  is the number 

from which the mean was derived.  
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The HPLC traces for the five Q276 variants are presented in 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 IP5 isomers was the primary focus of 

the HPLC analysis. Two variants ɀ Q276L and Q276A ɀ exhibit a similar  IP5 profile  to the wild - 

type, whereby 5-OH is the major IP5 isomer produced, and levels of 4/6-OH and 1/3-OH are 

approximately equal (27% and 23%, respectively in the wild-type). Indeed, whilst the wild- 

type yielded 50% 5-OH IP5, Q276L and Q276A produced 63% and 56%, respectively. On the 

other hand, Q276Y, Q276N and Q276D deviate 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 

considerably smaller, and therefore the proportions  ÁÒÅÎȭÔ readily visible from the HPLC traces, 

but the data revealed that the levels of the different  isomers were similar  to Q276N ɀ 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 3.19. 

 

 
Figure 3.19 The proportion of the three different  IP5 regioisomers generated by the set of Q276 

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. 
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Figure  3.18 HPLC traces of the five  Q276 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. 
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3.3.5 Activity  towards  IP6 and IP4 of BtMINPP K280 variants  

 
Presented in Figure 3.20 are the activities of the K280 variants against IP6 and Ins (2,3,4,5)P4. 

 
 

 
IP6  IP4 

1.8 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

L A S Y N D M BtMINPP EcAppA 

Residue Substitution 
 

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 wild-type. The variant with the 

highest activity for both IP6 and IP4 was K280S, however, the standard deviation was very large 

with very inconsistent triplicate readings. Nevertheless, relative to the wild-type, activity was 

43% for IP6 and 92.2% for IP4 (Figure 3.21). K280N also exhibited a level of IP4 activity almost 

as high as the wild -type, at 84.5%, but ÉÔȭÓ activity  against IP6 was much lower, at 9.9%. 

Activities of K280M against IP6 and IP4 were similar, at 27.0% and 36.4%, respectively, relative 

to the wild -type. K280L, K280A, K280Y and K280D are all essentially inactive compared to 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 wild-type, 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 IP4 

considerably greater than all other variants - including the wild -type - against either IP4 isomer 

(Figure 3.22). In addition to being 6.3 times more active than the wild -type for PhyA IP4, its 

activity for PhyA IP4 is also 1.7 times greater than for the wild-type against QB IP4. It is 

significantly more active (4.7 times) against the IP4 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 IP4, although the difference is not as profound (3.4 times). The tyrosine 

mutation at the K280 position appears to have rendered the enzyme inactive against both IP4 

substrates, as is the case for K280D and K280A with PhyA IP4. Both K280S and K280N are 

almost as active as the wild-type in terms of QB IP4 activity and they also exhibited similar 

activities against PhyA IP4 ɀ levels both 1.5 times greater relative to the wild-type. 
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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 

Score 

Exchangeability 

Score 

3ÎÅÁÔÈȭÓ 

Index  (%  D) 

%ÐÓÔÅÉÎȭÓ 

coefficients  of 

difference  

-ÉÙÁÔÁȭÓ pair 

distance  (D)  

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 2.71 

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  ȬÓÃÏÒÅÓȭ based on five  different  methods  for  the seven lysine  to 

L/A/S/Y/N/D/M residue exchanges. N.B In the column Exchangeability Score, in parentheses is 

the number from which the mean was derived.  
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Overall, the Grantham260 and Miyata264 distances of the K280 variant set are higher than between 

the amino acids in the R275 and Q276 sets, therefore indicating relatively less similarity; 

3ÎÅÁÔÈȭÓ ÉÎÄÅØ262 suggests that the similarity of the lysine to X amino acid exchanges is in 

between the R275 and Q276 sets ɀ 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 sets (Table 3.5). 

The significance of the differences between the IP6 and IP4 activities of the variants relative to 

the wild-type are tabulated in the Appendices (A3.2). A negative t-value indicates higher 

activity of a variant relative to the wild-type and vice versa, whereas a t-value close to zero is 

indicative of similarity to the wild -type and therefore a non-significant value. Out of all 19 

variants, the only variant which was not significantly different to the wild-type in terms of 

activity  against IP6 was R275M. All others were significantly different  (p=<0.01), whether that 

was increased or decreased relative activity. For activity against IP4, more than half the variants 

(11) had values which were significantly different  (p=0.05) to the wild -type. The only variants 

which were statistically significantly more active relative to the wild -type were: R275S, R275Y 

and R275N. 



122  

3.4 Discussion  

Phytases employed in feed enzyme applications suffer from a significant bottleneck which is 

the accumulation of the IP4 intermediate and corresponding reduced rate of hydrolysis158. The 

engineering of an established phytase to alleviate this issue would be very valuable to the 

monogastric feed sector due to optimisation of efficiency and resources100. There has previously 

been extensive analysis of the activities against IP6 and corresponding stereospecificities of a 

number of BtMINPP variants, but investigation of IP4 activities is somewhat less explored257,258. 

The work  in this chapter demonstrates the distinct differences effected by mutating the R275, 

Q276 and K280 positions of the catalytically flexible BtMINPP, with single mutations eliciting 

changes in both IP6 and IP4 activities, and positional specificity. 

Overall, there was no mutation which resulted in a variant that was more effective at IP6 

dephosphorylation than the wild -type. However, several variants were able to process IP4 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 IP4 

activity was gained at the expense of IP6 activity, with IP6 activity levels significantly decreased 

relative to the wild-type. As for the PhyA IP4 isomer, since the wild-type activity is very low, 

multiple variants yielded improved levels ɀ 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 inferior 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 against the 

PhyA IP4. The R275 and Q276 variants display differing  preferences for the two IP4 substrates 

ɀ variants of R275 are more effective 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 greater for IP6 than IP4 (QB). 

In terms of stereospecificity, mutations to the R275 position resulted in a change in the 

predominant IP5 isomer generated ɀ 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 higher than the 

proportion  of the 5-OH IP5 produced by the wild -type. With the exception of two variants, the 

Q276 variants also resulted in an interchange of specificity from the 5-OH to the 1/3 -OH IP5, 

and was even more profound a change than in the R275 variants, with the 1/3-OH IP5 isomer 

constituting as much as 55%. On the contrary, the R275L and R275A variants maintained the 

same specificity as the wild -type, but the proportion  of the predominant IP5 isomer was 

increased to 63% and 56%, respectively. 



123  

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 the retention of the 

existing conformation of the protein are favoured264. Yampolsky261 indicated that the approach 

taken by Grantham260 and the subsequently derived -ÉÙÁÔÁȭÓ distances264, 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, according to the Grantham260 and Miyata 

pair distances264 and 3ÎÅÁÔÈȭÓ ÉÎÄÅØ262, of all the variants the Q to N substitution is the closest 

in terms of evolutionary distance and therefore would theoretically 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 wild- type. Another example is that the K to A substitution 

is the closest according to the exchangeability scores, however the experimental data 

demonstrates that this variant was essentially inactive, with  only ~5% activity  relative to the 

wild -type. It  must be acknowledged that some of these exchangeability scores are based on 

averages from a very limited  number of samples therefore are not good representations. On the 

whole, the Q276 set of mutations are physiochemically closer pairs, according to 3ÎÅÁÔÈȭÓ index, 

than the exchanges between R275X and K280X (where X is L, A, S, Y, N, D or M), and the R275 set 

are the most distant pairs, although this did not correspond to the results here. 

Previous studies demonstrated that replacing the largely basic active site residues with acidic 

residues significantly decreased IP6 activity and suggested that a basic pocket is essential for 

substrate binding257. Since R275 and K280 are basic residues, it would be expected that the 

R275D and K280D variants result in a much decreased activity  against IP6, relative to the wild - 

type. This is indeed observed in the data in Figures 3.9 and 3.21, in which the activities of 

R275D and K280D against IP6 were only ~5% and 6.7% of the wild -type activity, respectively. 

There is also a similar trend for the alanine, leucine and asparagine substitutions 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 pronounced in 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 corresponding Q276 variants were less 

impacted, with Q276D still maintaining 24.7% activity relative to the wild-type, which is not 

surprising since glutamine is not a basic residue like arginine and lysine. However, with IP4 
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(QB), there is a distinct  difference ɀ the R275 variants exhibit much higher activity, some much 

higher than the wild-type, yet the analogous K280 variants still have limited activity: 58.3% 

R275D vs 17.8% K280D; 140.8% R275L vs 20.5% K280L; 85.1% R275A vs 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 non-basic residue would have less of a 

negative impact on IP4 activity  relative to the wild -type, and may explain why some variants of 

R275 have much greater IP4 activity than the wild-type. 

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 against IP4 within  their  respective set of variants, yet, in contrast K280Y was essentially 

inactive. In previous studies on the F pocket of BtMINPP (unpublished), R183Y and D186Y both 

displayed increased IP6 activities relative to the wild -type. This is somewhat surprising, since 

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

is a disfavoured substitution for both arginine and glutamine, which are commonly involved in 

substrate binding due to their charge and/or polarity265 In fact, the complex guanidinium moiety 

on the side chain of arginine is well suited for binding the negatively charged groups on 

phosphates265. 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 on the differences in activity  levels of R275, Q276 and K280 variants of BtMINPP, these 

three residues are clearly involved in substrate binding, as already postulated. Since only 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 activity relative to the wild-type. 

Subsequently, residues could be identified which could facilitate the generation of variants with 

double mutations ɀ for example, a single substitution of one of R275/Q276/K280 to improve 

IP6 activity, along with  a single substitution in one of the other positions to improve IP4 activity. 

Already, based on the results reported here, a polyvalent approach may be implemented 

without  investigating further  mutations, since there are several variants within  the limited  set 

studied, which display considerably improved activity against both IP4 isomers. One of these 

may be combined with BtMINPP in a formulation such that the wild-type phytase 

dephosphorylates IP6 down to IP4, before the BtMINPP 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 approach. 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 

serve as starting points for protein engineering efforts, since it  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 

substrates266. 
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òCuriouser and curiouseró 

 

CHAPTER FOUR 

Structure -Activity  Investigations  of two  -ɼ,0ÈÙ 

Enzymes 

 
4.1 Chapter  Abstract  

A novel class of phytate-degrading enzyme was reported in 2019 through functional 

metagenomic screening of forest soil267. Comprising just two enzymes, MɼLp01 and MɼLp02, 

ÔÈÉÓ ÃÌÁÓÓ ÉÓ ÃÈÁÒÁÃÔÅÒÉÓÅÄ ÂÙ Á ÍÅÔÁÌÌÏ ɼ-lactamase (MɼL) fold which to date has never been 

associated with  phytase activity 267. The intention  was to crystallise and solve the structure of 

at least one of these enzymes in order to investigate the structure-activity relationship with 

particular emphasis on the binding mode of IP6 and how this influences the stereospecificity 

of these enzymes in comparison with classical HAP phytases. This could reveal novel features 

which could be exploited in future phytase engineering projects. The X-ray crystal structure of 

MɼLp01 was successfully solved at 1.95Å with  an Rfree of 0.23, however, remarkably, analysis of 

enzymatic activities of both MɼLp01 and MɼLp02 revealed lack of activity against IP6, 

suggesting that these enzymes are in fact not phytases. Investigation of phosphohydrolase 

activity revealed phosphodiesterase activity of MɼLp01, which is plausible given the au courant 

literature on the MɼL superfamily. There was also some low-level activity against ATP. MɼLp02 

on the other hand exhibited phosphatase activity against both ADP and ATP. Due to their 

structural classification as Mɼ, ÓÕÐÅÒÆÁÍÉÌÙ ÍÅÍÂÅÒÓȟ ÔÈÅÓÅ ÅÎÚÙÍÅÓ ×ÅÒÅ ÁÌÓÏ ÔÅÓÔÅÄ ÆÏÒ ɼ- 

lactamase activity using different methods. MɼLp01 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 Edison: Ȭ*ÕÓÔ ÂÅÃÁÕÓÅ ÓÏÍÅÔÈÉÎÇ ÄÏÅÓÎȭÔ ÄÏ ×ÈÁÔ ÙÏÕ ÐÌÁÎÎÅÄ ÉÔ ÔÏ ÄÏ ÄÏÅÓÎȭÔ 

mean it  is ÕÓÅÌÅÓÓȭȢ Although phytases were the actual focus of this thesis, what has resulted from 

the work  in this chapter is the identification  of an incorrectly  reported novel enzyme class, the 

impact of which should not be underestimated. 

The following chapter necessitates a brief narrative on the structure, function and 

characteristics of the MɼL 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  ɼ-Lactamases: A Brief  Introduction  
 

4.2.1 Classification  

 
4ÈÅ ɼ-lactamase family constitutes a large and diverse group of enzymes which catalyse the 

ÈÙÄÒÏÌÙÓÉÓ ÏÆ ÔÈÅ ÆÏÕÒ ÍÅÍÂÅÒÅÄ ÈÅÔÅÒÏÃÙÃÌÉÃ ɼ-lactam ring of the most commonly used 

antibiotics - the ɼ-lactams268. Accounting for 60% of all current antibiotics269, the extensively 

ÁÎÄ ÉÎÄÉÓÃÒÉÍÉÎÁÔÅÌÙ ÕÓÅÄ ɼ-lactam antibiotics encompass four chemical scaffold groups: 

penicillins, cephalosporins, carbapenems, and monobactams (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 resistance270-273, the 

increasing incidence of which is a rapidly  mounting global threat to public health274. They are 

of particÕÌÁÒ ÃÏÎÃÅÒÎ ÂÅÃÁÕÓÅ ÔÈÅÙ ÐÏÓÓÅÓÓ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÉÎÁÃÔÉÖÁÔÅ ÁÌÌ ɼ-lactam antibiotics ɀ 

including the last-line carbapenems - apart from monobactams266, and as yet there are no 

ÅÆÆÅÃÔÉÖÅ ÁÎÄ ÃÌÉÎÉÃÁÌÌÙ ÁÖÁÉÌÁÂÌÅ ÉÎÈÉÂÉÔÏÒÓ ÁÇÁÉÎÓÔ -ɼ,Ó ÉÎ ÐÁÔÈÏÇÅÎÉÃ ÂÁÃÔÅÒÉÁ269,271. With over 

50,000 ɼ-lactamase sequences accumulated to date since their  discovery in the ρωφπȭÓȟ at least 

100 variants have been identified in pathogens273. There are two concurrent classification 

ÓÙÓÔÅÍÓ ÆÏÒ ɼ-ÌÁÃÔÁÍÁÓÅÓȟ ×ÉÔÈ !ÍÂÌÅÒȭÓ classification275 based on molecular and structural 

characteristics whilst  the Bush-Jacoby functional classification276 is based on the 

clinically relevant phenotypic factors. The latter - consisting of group 1 (class C) 

cephalosporinases; group 2 (classes A and D) broad spectrum, inhibitor  resistant and extended 

spectrum B-lactamases and carbapenemases; and group 3 (class B) metallo-ɼ-lactamases - is 

beyond the scope of this chapter and therefore the reader is referred to Bush & Jacoby (2009)276. 

!ÍÂÌÅÒȭÓ classification meanwhile divides ɼ-lactamases into four classes, where A, C, and 

D employ serine in their catalysis whilst class B are zinc-dependent metallo-hydrolases (EC 

3.5.2.6)275. The latter subclass, the eubacterial class B metallo-ɼ-lactamases, belong to an 

overwhelmingly diverse and extensive superfamily of metallo-ɼ-lactamase ɉ-ɼ,Ɋ fold proteins 

which are not limited  to bacteria271,277,278. Named after the identification  of the founding 

member, BcII, they are characterised by a ÄÉÓÔÉÎÃÔÉÖÅ ɻɼɼɻ ÃÏÒÅ ÆÏÌÄȟ ÕÓÕÁÌÌÙ ÏÆ ςππ-300 

residues273, and this is the group of enzymes with which this chapter is concerned269,271. 
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Penicillin  Cephalosporin  Carbapenem 

 
Figure  4.1. Chemical scaffolds of the three  main  classes of clinically  ÕÓÅÄ ɼ-lactam  antibiotics 

hydrolysed by M ɼLs. 

 
 
 

4.2.2 Class B -ɼ,3 
 

The first  zinc-dependent -ɼ, (BcII) was isolated from a clinically insignificant Bacillus 

cereus strain in 1966 by Sabath and Abraham, and marked the start of the myriad of MɼLs 

discovered since279. To date, at least 6000280 MɼL enzymes have been identified  in more than 50 

bacterial species including gram-negative and non-fermentative bacteria277. At least 325 

variants exist in bacteria, grouped into 63 MɼL types277. Such was the scope that class B MɼLs 

were further divided into 3 sub-classes ɀ B1, B2, B3281 ɀ according to zinc(II) stoichiometry, 

metal co-ordinating ligands and the primary  sequence homology (albeit limited  ɀ as low as 

<20%272,273) between them271. With the extensively studied BcII as the founding member, the 

B1 subclass represents the largest number of recognised MɼL enzymes (around 2800 

sequences273)- with members most usually associated with the spread of antibiotic resistance 

in gram- negative human pathogens271 - and is therefore the most clinically relevant and most 

characterised MɼL subclass272. The most notorious of these are NDM-ρ ɉ.Å× $ÅÌÈÉ ÍÅÔÁÌÌÏ ɼ- 

lactamase 1) from Klebsiella pneumoniae282, IMP-1 (imipenemase 1) from Serratia 

marcescens283 and VIM-2 (Verona imipenemase 2) from Pseudomonas aeruginosa284. The B2- 

type MɼLs constitute the smallest group of MɼLs271 (around 140 sequences273), representing 

just 3% of all known MɼLs269, and they are not produced by primary  human pathogens, being 

found only in Serratia and Aeromonas species285. The representative B2 MɼL is CphA271 

(carbapenem- hydrolysing Aeromonas hydrophila) originating from Aeromonas hydrophila286. 

Whilst MɼLs belonging to the B3 subclass (~3400  sequences273) have usually originated from 

environmental bacteria, they are increasingly being identified in clinically significant 

pathogenic organisms271 such as the MɼLs AIM-1 from Pseudomonas aeruginosa287 and SMB-1 

from Serratia marcescens288. 

In general, MɼL enzymes are soluble periplasmic enzymes of 240-310 amino acids before 

removal of a 17-30 amino acid N-terminal signal peptide274 by type 1 signal peptidase (SPase 

1)289. Based on sequence, subclass B3 is relatively more evolutionarily distant from B1 and B2 
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which are more closely related (14-24%) than subclass B3 is to [B1+B2] (2-14%)271,274. Among 

each subclass, the B1, B2 and B3 MɼLs have sequence identities of 31.8, 60.2 and 33.0%, 

respectively269. Despite being highly divergent in sequence, the overall scaffold is well conserved 

among all three subgroups269,274 - particularly between B1 and B2 MɼLs which have higher 

similarity  to each other than B3 MɼLs have to either B1 or B2, despite the difference in number 

of catalytic zinc ions269. B3 MɼLs 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%290, rendering them the most divergent group phylogenetically and 

structurally 271. 4ÈÉÓ ÃÏÒÅ ÓÃÁÆÆÏÌÄ ÃÏÎÓÉÓÔÓ ÏÆ υ ɻ-ÈÅÌÉÃÅÓ ÁÎÄ ρσ ɼ-strands which constitute the 

ÄÉÓÔÉÎÃÔÉÖÅ ɻɼȾɼɻ ÓÁÎÄ×ÉÃÈ ÆÏÌÄ269. Residues of four loops (L1-4) protruding from the two 

ÃÅÎÔÒÁÌ ɼ ÓÈÅÅÔÓ ÃÏ-ordinate the catalytic zinc ion(s), which are located at the centre, whilst 

three external loops (eL1-3) protruding  above the canonical sandwich fold form and shape the 

substrate binding pocket269. This pocket is dissimilar between the three subgroups thereby 

dictating substrate binding and specificity269. The substrate binding pocket of B1 MɼLs is 

medium sized, in B2 MɼLs it  is narrow whereas B3 MɼLs have a wide-open pocket269. In all cases, 

the upper left side of the pocket accommodates the various bulky R groups at the five- or six- 

membered ring side of the core ɼ-lactam scaffold whilst  the lower face of the pocket binds the 

R groups on the ɼ-lactam ring side, permitting  limited  structural  substitutions269. The lower area 

of the pocket is particularly restrictive in B2 and B3 MɼLs269. The substrate profile is broad 

across the three sub-classes, although none of the MɼLs are active against monobactams271,274. 

B1 enzymes exhibit a broad-spectrum (hydrolysing penicillins, cephalosporins and 

carbapenems) activity profile whilst B3 enzymes are broad-spectrum with a putative 

preference for cephalosporins272,274. Members of the B2 group on the other hand display the 

highest degree of substrate selectivity within the MɼLs, exhibiting a very narrow substrate 

spectrum in which they are strict carbapenemases269,271,274. In addition to the variations in 

substrate binding pocket, this diversity  in substrate profile  arises from the differences in 

catalytic mechanism269,271-274. This is attributed  in large part to the number of zinc ions bound 

in the active site, which are central to catalysis, serving to stabilise a hydroxide ion (formed 

from deprotonation of a catalytic ×ÁÔÅÒ ÍÏÌÅÃÕÌÅɊ ×ÈÉÃÈ ÉÓ ÁÃÔÉÖÁÔÅÄ ÔÏ ÉÎÉÔÉÁÔÅ ɼ-lactam 

hydrolysis269,271,291. Although all class B MɼLs host two zinc binding sites, enzymes of the B2 

series are active only in the mono-zinc state and are inhibited by the binding of a second zinc 

ion271,272,274. Despite some former controversy, it is believed that the di-zinc state of subclasses 

B1 and B3 is the only catalytically relevant form274 and this is evidenced by positive co-

operativity of zinc binding292. Located in close proximity  to one another, the zinc binding sites 

are designated Zn1 and Zn2274,290 with the distance between them being almost the same across 

all subclasses269, although there are some reports of these ranging from 3.5-4.6Å274. Indeed, 

these metal binding sites in B1 and 
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B3 MɼLs have differing  affinities for zinc ions285,293. In subclass B1, Zn1 is also referred to as the 

3H site and Zn2 as the DCH site since the strictly  conserved zinc ligand residues are 

3 histidines (116, 118, 196) and Asp120-Cys221-His263, respectively271-274. Both metal ions are 

coordinated by a Asp221273. MɼLs of subclass B2 and B3 have variations in the co- 

ordinating residues. In subclass B2 ɀ in which the single zinc ion 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 (Asn116-His118-His196)272,274,290. The canonical B3 MɼL active site 

motif is H/G116-H118-H196 and D120-H121-H263 although there is considerable diversity 

among this group of enzymes272,274,290. These different zinc binding motifs can be used as a 

distinguishing f e a t u r e   and  can  be summarised  as  a  conserved  consensus  motif  

of HXHXD(X)iH(X)jC(X)kH (where i = 55 ï74, j = 18ï24 and k = 37ï41294. Although in 

vivo, MɼLs function only with zinc, other 2+ metals such as Cd, Co, Ni, Cu and Mn can give rise 

to activity in vitro274. 4ÈÅ ÒÅÁÄÅÒ ÉÓ ÒÅÆÅÒÒÅÄ ÔÏ Á ÒÅÖÉÅ× ÏÎ ÔÈÅ ÒÏÌÅ ÏÆ ÚÉÎÃ ÉÎ ÍÅÔÁÌÌÏ ɼ- 

lactamases274. Under physiological conditions, studies have shown that the metalation state of 

MɼLs depends largely on the Zn(II) availability in the external milieu, since they are secreted 

as unfolded polypeptides which bind Zn(II)  in the periplasm289. Earlier investigations however, 

led to the concept that substrate binding induces the binding of Zn(II) 295. It  was thought that in 

the absence of substrate, MɼLs exist in 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(II) 

concentrations295. 

 

Figure  4.2. Zinc coordination  geometry  in  the three  MɼL subclasses. Image from  ref erence #269. 
 

 

Although a detailed summary of the B1 and B2 subclasses is beyond the remit of this chapter, 

it  is useful to compare the active site architecture across the different  subclasses. The reader is 

referred to a detailed review of the structures of MɼLS among the three subclasses269. 
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4.2.3 Structural  characteristics  of the B3 MɼL subclass 

In comparison to the B1 and B2 groups, MɼLs of the B3 subclass are more diverse, having 

significant structural  differences in the overall scaffold, with  further  variation in the active site 

geometry, mechanism, reactivity, substrate selectivity and conformation of the external 

loops269,271. They also display substantial intra-subgroup diversity271. In terms of the core 

ÓÃÁÆÆÏÌÄȟ ÔÈÅ ÆÉÒÓÔ ÔÈÒÅÅ ɼ ÓÔÒÁÎÄÓ ÉÎ ÔÈÅ ÆÉÒÓÔ ɼ-sheet are very short with an extended N-terminal 

tail269. This affords the first external loop (eL1) with a flexible conformation269. The second ɼ-

ÓÈÅÅÔ ÃÏÍÐÒÉÓÅÓ ÆÉÖÅ ɼ-strands rather than the six in subclasses B1 and B2269. The C-terminal 

ɼρσ ÓÔÒÁÎÄ ÉÓ ÉÎÓÔÅÁÄ Á ÈÅÌÉØ ɉɻσɊ ÁÎÄ ÉÎ ÓÏÍÅ "σ -ɼ,3 ÔÈÅÒÅ ÉÓ ÁÎ ÁÄÄÉÔÉÏÎÁÌ ɻσȭ ÈÅÌÉØ ÆÏÌÌÏ×ÉÎÇ 

ÔÈÅ ɻσ ÈÅÌÉØȟ ÂÅÆÏÒÅ ÔÈÅ ɼχ ÓÔÒÁÎÄ269. The external loops which influence the shape of the 

substrate binding pocket are distinctly different from those of B1 and B2 MɼLs, having a long 

eL1 and eL2, with a short eL3269. Since the inner loop L3 lacks a zinc coordinating residue, eL3 

ÆÒÏÍ ÔÈÅ ÓÅÃÏÎÄ ɼ-sheet is shifted across to the right, exposing a large cavity in the upper left 

lip  which is sheltered only on the upper and right  sides by eL3269. The open shape of the substrate 

ÂÉÎÄÉÎÇ ÐÏÃËÅÔ ÁÃÃÏÍÍÏÄÁÔÅÓ ÂÕÌËÙ 2 ÇÒÏÕÐÓ ÏÎ ɼ-lactam substrates, unlike in B1 and B2 

MɼLs269. It  also renders both zinc ions substantially exposed to solutions269. The zinc binding 

sites are more diverse both among B3 MɼLs and relative to the other subclasses269,290. Instead 

of a cysteine residue from the L3 Zn2-coordination loop, a compensatory histidine residue from 

the L1 loop is recruited to bind the Zn2 ion from the underside position269. The L3 is thus of a 

shorter, different  conformation269. In addition, in some B3 enzymes the first  histidine residue 

of the Zn1 site is replaced by a glutamine residue269,271,290. The nucleophilic hydroxide oxygen 

bridges the two zinc ions and, along with the three Zn1 histidine ligands, coordinates Zn1 

tetrahedrally 271. Meanwhile, the Zn2 site adopts a distorted 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 ligand271,274. In addition, D221 is replaced by a S221 which no longer 

coordinates the metal directly273. 

There is now emerging evidence of B3 MɼL variants with  different  zinc-coordinating residues 

in both sites, indicating the active site diversity  among this subclass271,290. According to 

sequence analyses, in addition to the canonical form hosting the HHH/DHH motif, there are at 

least three distinct but less abundant variants which have evolved within this clade271,290. Two 

of these are characterised by QHH/DHH and EHH/DHH and referred to as B3-Q and B3-E, 

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 

clade271,290. 

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

B3 MɼLs are related to enzymes with  distinct  functions such as nucleases271,277,296.This has led 
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to the philosophy that they have evolved f rom  a discrete ances t ra l  functionality   and 

independently acquired ɼ-lactamase activity  as a result of environmental pressure271. 

For a discussion of recent advances in structure-function relationships of B3-type MɼLs, the 

reader is referred to ref #271. 

 
4.2.4 Functional  diversity  of the -ɼ, superfamily  

 
Comprising around 34,000 known proteins to date277,296, and over 480,000 sequences in the 

UniProt database273, with  sequence similarities  as low as 5%296, the MɼL superfamily 

represents an extensive set of highly diverse and multi-functional enzymes which are 

ubiquitously distributed  across Eukarya, Bacteria and Archaea266,277,278. Ancestral studies have 

shown that the highly conserved MɼL motif is one of the oldest in existence277 and based on 

this and other evidence, the MɼL superfamily is thought to have ancient origins266. This motif, 

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

shared by the superfamily277,296,297. Due to the accrual of new insight based on the discovery of 

novel MɼLs exhibiting diverse functions, it  is now believed that there are at least 24296 

specialised ÆÕÎÃÔÉÏÎÓ ÁÍÏÎÇ ÍÅÍÂÅÒÓ ÏÆ ÔÈÅ ÆÁÍÉÌÙȟ ÉÎ ÁÄÄÉÔÉÏÎ ÔÏ ÔÈÅ ÃÁÎÏÎÉÃÁÌ ɼ-lactamase 

activity, including: ribonuclease, nuclease, glyoxalase II, lactonase, alkyl- and arylsulfatase, 

phosphodiesterase, phytase (see discussion), ascorbic acid degradation, anti-cancer drug 

degradation, membrane transport, pesticide degradation, dehalogenase, oxidase, 

flavoproteins, phospholipase, DNA repair and uptake and CMP-NeuAc 

hydroxylase271,273,277,278,296Ȣ )Î ÆÁÃÔȟ ÔÈÅ ÔÒÕÅ ɼ-lactam-degrading members represent only a small 

proportion  of the superfamily271 and enzymes belonging to the Mɼ, ÓÕÐÅÒÆÁÍÉÌÙ ×ÈÉÃÈ ÌÁÃË ɼ-

lactamase activity are defined as structurally representative MɼL fold proteins297. To this end, 

Daiyasu et al (2001) categorised the MɼL superfamily into 16 groups based on biological 

function278. Groups 1-χ ɉ#ÌÁÓÓ " ɼ-lactamase, glyoxalase II, flavoproteins and oxidoreductases, 

arylsulphatase, type II polyketide synthase, enzymes involved in the processing of mRNA 3-

ends, enzymes involved in DNA repair) were already established as MɼL superfamily members, 

×ÉÔÈ ÔÈÅ ÃÌÁÓÓÉÃ ÍÅÔÁÌÌÏ ɼ-lactamases of Ambler Class B clustered in Group 1, whilst groups 8-

16 (proteins involved in DNA uptake, teichoic acid phosphorylcholine esterase, phnP, CMP-N-

acetylneuraminate hydroxylase, the romA gene product, alkylsulphatase, carbofuran hydrolase, 

ÍÅÔÈÙÌ ÐÁÒÁÔÈÉÏÎ ÈÙÄÒÏÌÁÓÅȟ #ÌÁÓÓ )) σᴂȟ υᴂ- cyclic-nucleotide phosphodiesterases) have been 

more recently introduced as a result of database searching278Ȣ )Î ÆÁÃÔȟ ÔÈÅ ÃÌÁÓÓ " ɼ-lactamases 

constitute just 1.5% of the MɼL superfamily, with around 6,300 sequences273. There are even 

some MɼL members which have non-hydrolytic (nitric oxidoreduction and sulphur di -

oxygenation) or non-enzymatic functions271,277,296. There is increasing evidence which indicates 

these enzymes are promiscuous 
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in their functions, catalysing more than one specialised reaction271. Indeed, on average, MɼLs 

have been shown to catalyse 1.5 reactions in addition to their  native one296. It  is thought that the 

voluminous active site cavity provided by the MɼL fold facilitates the binding of multiple 

substrates of various complexities which is an important factor determining enzyme 

promiscuity266. Another factor influencing promiscuity is flexibility, although this is debated298, 

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 specificity299. Nevertheless, catalytic promiscuity is often 

found in members of mechanistically diverse superfamilies that share a common protein 

scaffold, just as is the case with the MɼL superfamily298 ,with the promiscuous activities 

manifesting connections between different catalytic landscapes296. It is thought that the 

conservation of the structural framework in MɼLs facilitates this multifunctionality via a 

unifying catalytic mechanism and this was exemplified by the extensive engineering of human 

glyoxalase II to a functional MɼL300. Indeed, a study of 24 enzymes in the metallo-ɼ-lactamase 

superfamily showed an overwhelming display of catalytic promiscuity against substrates for 

enzymes in distinct families298. The recently identified and characterised hyperthermostable 

)ÇÎÉρψ ÉÓ ÐÏÓÔÕÌÁÔÅÄ ÔÏ ÅÍÂÏÄÙ ÔÈÅ ÃÏÒÅ ÏÆ ÍÕÌÔÉÐÌÅ ÍÏÄÅÒÎ -ɼ,Ó ÁÍÏÎÇ ÐÒÏËÁÒÙÏÔÅÓ ÁÎÄ 

eukaryotes, such that it may serve as a prototype for the study of evolution within this 

superfamily266. This study also defined the non-conserved, so-called protein variable regions 

which dictate the multifunctionality of MɼL fold enzymes266. Recent evolutionary studies have 

suggested that the last common ancestor of the MɼL superfamily was in fact a 

phosphodiesterase involved in nucleotide processing296. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/scaffold-protein
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4.3 Experimental  Procedures  

4.3.1 Gene constructs  and cloning  

The genes coding for MɼLp01 and MɼLp02 were codon optimised for E. coli expression and 

each cloned into the vector pET15b (with  the signal peptides omitted)  by Genscript. The genes 

were amplified by PCR using Phire® Green Hot Start II polymerase (Thermo Scientific). PCR 

reactions were incubated in a Thermal cycler C1000 Touch (Bio-Rad) and their composition 

and thermocycling details are detailed in Table 4.1. PCR was carried out employing an 

annealing temperature gradient (50, 55, 60, 65°C) 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 PCR amplification of the genes, directional TOPO 

cloning (chapter 2.2.1) was performed to transfer each gene into the pBAD202/D-TOPO® 

vector (Invitrogen) for cytoplasmic expression as HP-thioredoxin fusion proteins. This vector 

encodes kanamycin resistance and provides an N-terminal  cleavable His-patch thioredoxin  tag 

(HP-Trx) followed by an enterokinase cleavage site (Figure 4.3). Competent E. coli One-shot 

TOP10 cells were transformed with the recombinant plasmids and used as both the plasmid 

storage strain and expression strain. Glycerol stocks of E. coli TOP10 transformants cultured 

overnight in LB media at 37°C were prepared and the pBAD202/D-TOPO_MɼLp01 and 

pBAD202/D-TOPO_MɼLp02 plasmids were extracted using a QIAprep Spin Miniprep kit 

(Qiagen) for plasmid stock storage at -20°C. Plasmids were sequenced by sanger sequencing at 

Eurofins using their  Mix2seq kit  along with  the TrxFus forward  and pBAD reverse sequencing 

primers included in the pBAD202/D-TOPO® cloning kit (sequences included below). 

 

 

 
Figure  4.3 Features of the pBAD202/D -TOPO® vector,  including  the cloning  insert  site. 
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PCR Reaction Components 
 

#ÏÍÐÏÎÅÎÔ 6ÏÌÕÍÅ ɉʈ,Ɋ &ÉÎÁÌ #ÏÎÃÅÎÔÒÁÔÉÏÎ 
0ÈÉÒÅ΅ 'ÒÅÅÎ (ÏÔ 3ÔÁÒÔ )) ÐÏÌÙÍÅÒÁÓÅ πȢτ  
υ8 0ÈÉÒÅ΅ 'ÒÅÅÎ ÂÕÆÆÅÒ   
Ä.40Ó ɉρπ Í-Ɋ         
&×Ä 0ÒÉÍÅÒ 
2ÅÖ 0ÒÉÍÅÒ 
4ÅÍÐÌÁÔÅ $.! 
$-3/ 
(ς/ 

τ 
πȢτ 
ρ 
ρ 
ρ 
πȢφ 
ρρȢφ 

ρ8 
ςππ ʈ- ÅÁÃÈ 
πȢυ ʈ- 
πȢυ ʈ- 
 
σϷ 

 

Thermocycling  Parameters  
 

#ÙÃÌÅ ÓÔÅÐ 4ÅÍÐÅÒÁÔÕÒÅ 4ÉÍÅ  #ÙÃÌÅÓ 
)ÎÉÔÉÁÌ ÄÅÎÁÔÕÒÁÔÉÏÎ ωψЈ# σπÓ ρ 
$ÅÎÁÔÕÒÁÔÉÏÎ 
!ÎÎÅÁÌÉÎÇ ɉ'ÒÁÄÉÅÎÔɊ 
%ØÔÅÎÓÉÏÎ 

ωψЈ# 
υπȾυυȾφπȾφυЈ# 
χςЈ# 

υÓ 
υÓ 
ωÓ 

 
σπ 

&ÉÎÁÌ ÅØÔÅÎÓÉÏÎ χςЈ# φπÓ ρ 
 

Table 4.1 Composition  of the PCR reactions  for  amplification  of MɼLp01 and MɼLp02 

 

 
MɼLp01 Forward 1 5ô-CACCCATATGGCTTCACCCGTAACACAAG-3ô 

MɼLp01 Reverse 1 5ô-GGATCCTTAGTAAACATCCAGATCATGC-3ô 

MɼLp01 Forward 2 5ô-CACCCATATGGCTTCACCCGTAACACAAGTTG-3ô 

MɼLp01 Reverse 2 5ô-GGATCCTTAGTAAACATCCAGATCATGCG-3ô 

MɼLp02 Forward  

MɼLp02 Reverse  

TrxFus Forward 5´-TTCCTCGACGCTAACCTG-3´ 

pBAD Reverse 5´-GATTTAATCTGTATCAGG-3´ 

Table  4.2 Sequences of the  oligonucleotides  used in  the PCR amplification  of MɼLp01 and 

MɼLp02 and of the sequencing primers.  

 

Prior to sequencing of the plasmids, a diagnostic restriction  digest was carried out to verify 

the correct size and orientation of the insert. Reactions (components as detailed in Table 

4.3) were incubated at 37°C for 15 min before the products were separated by DNA agarose 

gel electrophoresis and visualised under UV light. 

 

Component  Volume  Final  Concentration/amount  
DNA 3-5uL 200ng 
10X CutSmart Buffer 1uL 1X 
HindIII -HF 0.5uL 10 units 
Pm1I 0.5uL 10 units 
H2O Up to 10uL  

Table 4.3 Composition  of restriction  digests of pBAD202/D -TOPO_MɼLp01  
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4.3.2 Expression  trials  of MɼLp01 and MɼLp02 (small -scale) 
 

Expression of MɼLp01 and MɼLp02 was trialled from pET15b and pBAD202/D-TOPO, with 

induction by IPTG or L-arabinose, respectively. Upon receipt of the MɼLp01/MɼLp02 

harbouring pET15b plasmids, before cloning into pBAD202/D-TOPO, the plasmids were used 

to transform E. coli BL21 and SHuffle® T7 Express expression strains and prepare glycerol stocks 

of these. For the pET15b constructs, expression from E. coli BL21 and SHuffle® T7 Express were 

tested on a small scale (10 mL culture volume), with IPTG concentrations and temperature 

ranging from 0.2 -1 mM and 16-37°C, respectively. The pBAD202/D-TOPO constructs were 

expressed from E. coli TOP10 with arabinose concentrations of 0.2%, 0.02%, 0.002% and 

0.0002% and temperature conditions of 16°C, 23°C for 16-20h or 30°C, 37°C for 4.5h. Growth 

media used throughout was LB. The protein extraction reagent BugBusterΆ was used for the 

quick and convenient extraction of soluble proteins prior to analysis by SDS-PAGE. Cells were 

also lysed by sonication depending on requirements. 

4.3.3 Large-scale expression  and purification  of de-tagged MɼLp01 

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 of E. coli 

TOP10 transformed with pBAD202/D-TOPO_MɼLp01. The culture was maintained at 37°C 

with shaking (180rpm) until the OD600 reached ~0.6, at which point arabinose (0.2%) was 

added. After overnight growth at 18°C, 180rpm, cells were harvested (5000 x g, 10 min, 4°C) 

and then resuspended (after discarding the spent media) in a lysis buffer consisting of 50 mM 

NaH2PO4 pH 7.5, 300 mM NaCl, 10 mM Imidazole, 10% glycerol and 0.1% Triton X-100. After 

1-2h at -80°C, the cell suspension was thawed and added to it was a protease inhibitor tablet 

(cOmplete EDTA-free, Roche), bovine DNase I (~10  ʈÇȾÍ,Ɋ and lysozyme (chicken egg white, 

0.2 mg/mL).  After 30 min on ice with  agitation, cells were subjected to mechanical lysis by cell 

disruption  at 18,000 psi on an LM20 microfluidizer  (Analytik  Ltd). The lysate was centrifuged 

(48,000 x g, 30 min, 4°C) and the clarified lysate, ÁÆÔÅÒ ÆÉÌÔÒÁÔÉÏÎ ÔÈÒÏÕÇÈ Á πȢτυʈÍ ÆÉÌÔÅÒ 

(Sartorius), was loaded onto a Ni2+-NTA affinity column (HisTrap HP 5mL, Cytiva) using an 

AKTA Pure (Cytiva) chromatography system. The resin was first  equilibrated with  X CV of Ni2+- 

NTA wash buffer (50mM NaH2PO4 pH 7.5, 300mM NaCl, 20mM Imidazole) at a flow rate of 5 

mL/min,  before application of the sample. Unbound proteins were washed off 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 SDS-PAGE (4-12% Bis-Tris BoltΆ gels) and pooled, [concentrated] after which the sample 

was desalted using a HiPrep 26/10  column pre-packed with  Sephadex G-25 resin (Cytiva) into 

an enterokinase cleavage buffer consisting of 50 mM Tris-HCl pH 7.4, 50 mM NaCl, 2mM CaCl2. 
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MɼLp01 was incubated at 25°C with enterokinase at a ratio of 1000:1 for 1h before assessing 

the extent of cleavage by SDS-PAGE. The cleaved sample was then desalted back into IMAC wash 

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 SDS-PAGE. Fractions 

containing tag-free MɼLp01 were again pooled and then concentrated in a spin concentrator 

device (3000 or 5000 kDa MWCO; Amicon) until the volume was 2-2.5 mL. This was then 

injected onto a HiLoad 16/600 Sepharose 75 pg column (Cytiva) for separation by size 

exclusion chromatography, in a buffer composed of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM 

DTT, circulated at 1 mL/min for 1 CV. SDS-PAGE was again used to determine the fractions 

containing the target protein, which were pooled and after further concentration (3000 kDa 

MWCO; Amicon, pure MɼLp01 was obtained at a final concentration of 1.4 mg/mL. Some of this 

was used immediately for crystallisation screens whilst the remainder was cryoprotected (30% 

glycerol and flash frozen in LN2) and stored for later use in aliquots at -80°C. 

4.3.4 Crystallisation  of de-tagged MɼLp01 

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

several commercial screens with the sitting drop vapour diffusion technique ɀ Index screen 

(Hampton Research), LMB screen (Molecular Dimensions) and 3 plates of PEG/ion screen 

ɉ(ÁÍÐÔÏÎ 2ÅÓÅÁÒÃÈɊȢ $ÒÏÐÓ ÏÆ ρʈ, ×ÅÒÅ ÃÏÍÐÏÓÅÄ ÏÆ ρȡρ ÐÒÏÔÅÉÎ ÁÎÄ ÒÅÓÅÒÖÏÉÒ ÓÏÌÕÔÉÏÎȢ 

Crystals grew in a variety of conditions within three days at 16°C. 16 crystals were harvested 

from the PEG/ion and LMB screens using a loop size of 0.08mm and cryoprotected in a solution 

of mother liquor and 20% (v/v) glycerol before being stored in LN2 and sent for X-ray data 

collection in a LN2 filled- dry shipper. 

4.3.5 Data collection  and processing  

Single wavelength anomalous X-ray diffraction was carried out on beamline I24 of the 

synchrotron at the Diamond Light Source (DLS; Oxfordshire, UK). Images from a single crystal 

were collected on a Pilatus3 6M detector with  2400 frames of 0.15° oscillation and an exposure 

time of 0.02 s at an X-ray wavelength of 0.9795 A° and beamsize 30 x 30 am which was set to 

100% transmission. Resolution 2.20Å. The X-ray diffraction dataset was automatically 

integrated, merged and scaled by the DLS pipelines. Datasets with  the best diffraction  statistics 

were chosen for structure solution. 
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4.3.6 Molecular  replacement  

Molecular replacement with  PHASER utilised the previously solved 2.10 A° resolution structure 

of PNGM-1 - deposited in the PDB under accession code 6J4N by M.K. Hong et al in 2019301 - 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 MɼLp01 and MɼLp02 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 of E. coli 

TOP10 transformed with pBAD202/D-TOPO_MɼLp01 or pBAD202/D-TOPO_MɼLp02. The 

culture was maintained at 37°C with shaking (180rpm) until the OD600 reached ~0.6, at which 

point L-arabinose (0.2%) was added. After overnight growth at 16-18°C with shaking 

(180rpm), cells were harvested (5000 x g, 10 min, 4°C) and then resuspended (after discarding 

the spent media) in a lysis buffer consisting of 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 20 mM 

Imidazole and 0.5 mM ZnSO4. After 1-2h at -80°C, the cell suspension was thawed and added to 

it was a protease inhibitor tablet (cOmplete EDTA-ÆÒÅÅȟ 2ÏÃÈÅɊȟ ÂÏÖÉÎÅ $.ÁÓÅ ) ɉͯρπ ʈÇȾÍ,Ɋ 

and lysozyme (chicken egg white, 0.2 mg/mL). After 30 min on ice with agitation, cells were 

subjected to mechanical lysis by cell disruption  either at 18,000 psi on an LM20 microfluidizer 

(Analytik  Ltd), or 10,000 psi on a French Press. The lysate was centrifuged (48,000 x g, 30 min, 

4°C) and the clarified lysate, after filtration through a 0.45um filter, was loaded onto either a 

Ni2+-NTA affinity  column (HisTrap HP 5mL, Cytiva) or a Zn2+-NTA column (1mL, Cube Biotech) 

using an AKTA Pure (Cytiva) chromatography system. The resin was first equilibrated with X 

CV of IMAC wash buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 20mM Imidazole, 0.5 mM ZnSO4) 

at a flow rate of 5 mL/min, before application of the sample. Unbound proteins were washed 

off 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 as 

identified by SDS-PAGE (4-12% Bis-Tris BoltΆ gels) were pooled and then concentrated in a 

spin concentrator device (3000 or 5000 kDa MWCO; Amicon) until the volume was 2-2.5 mL. 

This sample was then injected onto a HiLoad 16/600 Sepharose 75 pg column (Cytiva) for 

separation by size exclusion chromatography, in a buffer composed of 50 mM Tris-HCl pH 7.5, 

150 mM NaCl, either including or excluding 0.5 mM ZnSO4, circulated at 1 mL/min  for 1 CV. SDS- 

PAGE was again used to identify the target protein-containing fractions, which were pooled and 

concentrated (3000 kDa MWCO) before usage and storage. Concentration was estimated using 
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a NanoDropΆ One spectrophotometer. For storage, glycerol was added to a final concentration 

of 30% and aliquots were flash frozen in LN2 before storage at -80°C. 

 

 
4.3.8 Cloning, expression,  and purification  of HP-Thioredoxin  

PCR mutagenesis was carried out on the pBAD202/D-TOPO_MɼLp01 plasmid to convert the 

start codon for MɼLp01 translation to a stop codon. PCR was carried out in the same way as for 

MɼLp01 and MɼLp02 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 expected size, 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 E. coli TOP10 carrying pBAD202/D-TOPO_HP-Trx and 

incubated at 37°C with shaking (180 rpm). When the culture reached OD600 ~0.6, L-arabinose 

was added to a final concentration of 0.2% before incubation at 16-18°C with shaking (180 

rpm) overnight. Cells were harvested by centrifugation (5000 x g, 10 min, 4°C) and the spent 

media discarded. Cell pellets were resuspended in a lysis buffer consisting of 50 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 20 mM Imidazole and 0.5 mM ZnSO4 and 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 DNase I (~10ug/mL)  were added. After 30 min on ice with  agitation, cells 

were subjected to mechanical lysis by 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 was filtered  through a 0.45um filter  before being loaded onto a Ni2+-NTA affinity  column 

(HisTrap HP 5mL, Cytiva) using an AKTA Pure (Cytiva) chromatography system. The resin was 

first equilibrated with X CV of Ni2+-NTA wash buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 

20mM Imidazole, 0.5 mM ZnSO4) before application of the sample. The resin was washed with 

X CV of wash buffer, before gradient elution of the target protein with an elution buffer 

containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 500 mM Imidazole and 0.5 mM ZnSO4. 

Fractions containing the target protein were identified by SDS-PAGE (4-12% Bis-Tris BoltΆ), 

pooled, and then concentrated in a spin concentrator device (3000 or 5000 kDa MWCO; 

Amicon). Once the volume was 2-2.5 mL, it was injected onto a HiLoad 16/600 Sepharose 75 

pg column (Cytiva). The size exclusion buffer was composed of 50 mM Tris-HCl pH 7.4, 150 mM 

NaCl, 0.5 mM ZnSO4 and was run through the column at 1 mL/min  for 1 CV. SDS-PAGE was 
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again used to identify the target protein-containing fractions, which were finally pooled and 

concentrated (3000 kDa MWCO) before usage and storage. Concentration was estimated using 

a NanoDropΆ One spectrophotometer. For storage, glycerol was added to a final concentration 

of 30% and aliquots were flash frozen in LN2 before storage at -80°C. 

 

Primer Name Primer Sequence 

MɼLp01 Mutagenic Forward 5ô-CTTCACCCATTAAGCTTCACCCGTAACACAAGTTGTCG-3ô 

MɼLp01 Mutagenic Reverse 5ôGGTGAAGCTTAATGGGTGAAGGGATCAATTCC-3ô 

Table  4.4 Sequences of the oligonucleotides  used in  the PCR mutagenesis  of MɼLp01 
 
 

 

4.3.9 Determination  of phospho monoesterase  activity  of MɼLp01 and 

MɼLp02 HP-Trx fusions  

4.3.9.1 Molybdenum  Blue Method  

 
Phosphatase activity (including phytase activity) was determined by detection of released 

inorganic phosphate according to the molybdenum blue method (chapter 2.6). 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 Quantum Blue), ATP, ADP, glucose-6-phosphate and 

glucose-1-phosphate. Reactions were performed in triplicate in a volume of 50 µL. Purified 

MɼLp01 or MɼLp02 (various concentrations), plus samples from different stages of 

purification, were pre-incubated for 3 min at the specified temperature in 0.2M sodium acetate 

buffer pH 5 (or 5.5) before addition of substrate. Reactions were then incubated for 30 min at 

various temperatures (25, 30, 37, 40, 50°C) before inactivation by incubation for 10 min at 

100oC. Reaction solutions were then transferred to a 96 well plate before the addition of 50 µL 

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 non-recombinant E. coli 

TOP10 cells (clarified  lysate) and of purified  HP-thioredoxin  were run alongside as background 

controls. Substrate only and buffer only reactions were run to measure substrate background 

contribution. The average A700nm value for substrate only was subsequently subtracted from 

each experimental value to reflect the Pi response which was not resulting from the substrate 

itself. A phosphate calibration curve was generated by measuring the A700nm of potassium 

phosphate standards (7.8 ɀ ρπππ ʈ-ɊȢ )ÎÃÕÂÁÔÉÏÎ ÏÆ ÒÅÁÃÔÉÏÎ ÓÏÌÕÔÉÏÎÓ ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÉÎ Á 

Thermocycler C1000 Touch (Bio-Rad). 
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4.3.9.2 pNPP Hydrolysis  Assay 

 
/ÎÅ Ȭ0ÈÏÓÐÈÁÔÁÓÅ ÓÕÂÓÔÒÁÔÅȭ υ mg tablet (Sigma) was dissolved in 1.35 mL dH2O to generate a 

10 mM working stock which was used immediately. Excess solution was discarded after 

ÃÏÍÐÌÅÔÉÏÎ ÏÆ ÅÁÃÈ ÁÓÓÁÙ ÄÕÅ ÔÏ ÔÈÅ ÓÈÏÒÔ ɉρςÈɊ ÓÔÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ÓÏÌÕÔÉÏÎȢ 2ÅÁÃÔÉÏÎÓ ÏÆ υπ ʈ, 

volume consisted of the pNPP substrate at a final concentration of 1 mM, and MɼLp01 at 

concentrations of 1, 2, 5 and ρπ ʈ-ȟ in 0.2M sodium acetate pH 5.4 buffer. The positive control 

(BtMINPP) was therefore tested at the same concentrations. Reaction solutions were incubated 

in PCR tubes in a Thermocycler C1000 Touch (Bio-Rad) for 30 min at 37°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 MɼLp01 SEC buffer only were subjected to the same 

assay conditions. A405nm values were corrected for the substrate background absorbance. 

 

 

4.3.10 Determination  of phosphodiesterase  activity  of MɼLp01 HP-Trx  fusion  
 

2ÅÁÃÔÉÏÎÓ ÏÆ υπ ʈ, ÖÏÌÕÍÅ ÃÏÎÓÉÓÔÅÄ ÏÆ ÂÉÓ-pNPP at a final concentration of 10 mM, and 

MɼLp01 at concentrations of 1, 2 and 5 ʈ-ȟ in 0.2M sodium acetate pH 5.4 buffer. The positive 

control (E. coli AppA) was therefore tested at the same concentrations. Reaction solutions were 

incubated in PCR tubes in a Thermocycler C1000 Touch (Bio-Rad) for 30 min at 37°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 MɼLp01 SEC buffer only were 

subjected to the same assay conditions. A405nm values were corrected for the substrate 

background absorbance. 

 

 

4.3.11 Investigation  of ɼ-lactamase activity  of MɼLp01 and MɼLp02 

4.3.11.1 Nitrocefin  hydrolysis  assay 

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

ÐÒÏÄÕÃÔ ×ÈÉÃÈ ÉÓ ÄÅÔÅÃÔÁÂÌÅ ÁÔ τωπ ÎÍ ÁÎÄ ÉÓ ÄÉÒÅÃÔÌÙ ÐÒÏÐÏÒÔÉÏÎÁÌ ÔÏ ÔÈÅ ÁÍÏÕÎÔ ÏÆ ɼ- 

lactamase activity. This assay was performed using a commercial kit  (Abcam ab197008) which 

ÐÒÏÖÉÄÅÓ Á ÐÏÓÉÔÉÖÅ ÃÏÎÔÒÏÌ ÁÎÄ ×ÁÓ ÃÁÒÒÉÅÄ ÏÕÔ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ 

Reactions were performed using the proprietary buffer included. First, a standard curve of 

hydrolysed nitrocefin was generated using the provided hydrolysis buffer. Purified MɼLp01 

was tested along with  E. coli TOP10 cell lysates expressing MɼLp01 or MɼLp02. The empty 
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vector pBAD202/D-TOPO and non-recombinant E. coli TOP10 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 25°C. The A490nm value corresponding to the 0 nm 

hydrolysed nitrocefin  standard was subtracted from all the experimental values to correct for 

background absorbance. 

 

 
4.3.11.2 Antimicrobial  susceptibility  testing  

 
Disc diffusion  method  

 
For the disc diffusion method, sterile discs (Oxoid) were impregnated with  ςπʈ, of a ɼ-lactam 

antibiotic ɀ carbenicillin (Formedium), ceftazidime (MedChem Express) or doripenem 

(hydrate; Acros Organics) at various concentrations (Table 4.5), either with or without an 

aliquot of purified  MɼLp01 (5 ʈ,Ɋȟ and incubated at 37°C overnight. The following  day, a culture 

of E. coli $(υɻ ×ÁÓ ÇÒÏ×Î until an OD600 of approximately 0.5 and ρππ ʈ, spread onto LB agar 

plates (all 25 mL agar) in triplicate. Immediately, the pre-incubated sterile discs were 

positioned using sterile tweezers into separate quadrants of the surface of the plate such that 

each plate contained four discs consisting of different  concentrations of the same ɼ-lactam, plus 

a control disc in the centre containing pre-incubated buffer only. This was performed in 

triplicate for each concentration. Plates were incubated at 37°C overnight (~18h). After 

incubation, the zones of inhibition  were measured manually and the surface of the agar plates 

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

 

 

ɛ-lactam  antibiotic  Quantities  tested  ɉʈÇɊ 

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 ɼ-lactam  antibiotic  tested  in  final  disc diffusion  experiments,  after 

refinement through preliminary tests.  

 

 

Agar dilution  method  

 
For the agar dilution technique, cultures of MɼLp01 or MɼLp02 in E. coli TOP10 were grown 

until  an OD600 of approximately 1.0, diluted 1:1 and 100/200  ʈ, spread onto LB agar plates (all 

25 mL agar) ÃÏÎÔÁÉÎÉÎÇ ÓÅÖÅÒÁÌ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÏÆ ɼ-lactam antibiotics along with 10 

ʈÇȾÍ, kanamycin and various L-arabinose concentrations (0, 0.002, 0.02, 0.2%), in duplicate. 
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Plates were incubated at 37°C overnight. In parallel the same was set up for a culture of E. coli 

TOP10 transformed with pBAD202/D-TOPO, and of non-recombinant E. coli TOP10. 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. 

 

 

ɛ-lactam  antibiotic  Concentrations  tested ɉʈÇȾÍ,Ɋ 

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 each ɼ-lactam  antibiotic  tested  in  the agar dilution  method  
 
 

 

4.3.12 Metal  ion  cofactor  analysis  of MɼLp01 
 

Pure MɼLp01 samples were subjected to ICP-MS-QQQ to quantify the Ni2+and Zn2+ present. 

Both de-tagged MɼLp01 and HP-thioredoxin tagged MɼLp01 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 a further  15 

min then cooled to 40°C. 1 ml of internal  standard solution was added and the volume made up 

to 10 ml. ICP-MS settings:- Power 1550W, Cooling gas 14 l/min,  Nebulizer 1.1 l/min,  Auxiliary 

0.8 l/min,  Sample depth 15 mm, Spray Chamber 2.7°C and Detector Voltage 1630 V. 
 
 

 

4.3.13 Mass spectrometry  of MɼLp01 

4.3.13.1 MALDI-TOF-MS analysis  

Both de-tagged MɼLp01 and the HP-thioredoxin fusion were run. Protein at 1-10 pmol/uL in 

acetonitrile/H 20/TFA 30:70:0.1. The target was pre-coated with 0.5 uL matrix solution 

(sinapinic acid in a saturated solution of acetonitrile:H2O:TFA 50:50:0.1) for 10 sec before the 

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

4.3.13.2 LC-QTOF analysis  



144  

4.4  Results   

4.4.1 Trial  expression  of -ɼ,Ðπρ from  pET15b 

The MɼLp01 gene (MH367836.1) was modified by removal of the signal peptide and codon 

optimised for E. coli expression before gene synthesis and cloning into pET15b by Genscript 

(Figure 4.4a). First, this construct was used to transform E. coli chemically competent One 

shotTM TOP10 cells for plasmid propagation and preparation of glycerol stocks. To assess 

expression of MɼLp01 as a hexahistidine tagged protein from the pET15b vector (32.7 kDa), 

the E. coli IPTG-inducible T7 expression strains, BL21 and SHuffle® T7 Express (NEB), were 

transformed with the pET15b_MɼLp01 construct, and a small-scale (100 mL) expression was 

conducted. Attempts to purify  MɼLp01 from BL21 lysate by Ni2+-NTA IMAC were unsuccessful 

due to the lack of soluble protein (as shown by SDS-PAGE; Figure 4.4b) therefore the decision 

was to proceed to clone MɼLp01 into the pBAD202/D-TOPO vector, as per the Villamizar 

group267. Upon retrospection, the reason for the apparent insolubility of MɼLp01 expressed 

from pET15b in BL21 could be a fault of the lysis procedure for this particular experiment, 

which consisted of chemical lysis by the BugBuster® protein extraction reagent. Lysis by a 

combination of chemical and physical methods (such as cell disruption  or sonication) may have 

yielded a higher ratio of soluble to insoluble target protein, enabling subsequent purification. 

 

 
Figure 4.4 a) Plasmid map of MɼLp01 as cloned into the pET15b vector; b) SDS -PAGE of the 

protein  samples from  the small -scale trial  expression  of MɼLp01 from  pET15b, in  E. coli  BL21. 

M= molecular weight marker; T = total protein; S = soluble protein; I = insoluble protein; FT = IMAC 

flow-through; W = IMAC wash 

a b 



145  

4.4.2 Cloning of -ɼ,Ðπρ into  pBAD202/D -TOPO 

The pBAD202/D-TOPO vector encodes an N-terminal His-patch thioredoxin peptide which is 

commonly used as a fusion partner in recombinant protein expression in E. coli (Figure 4.5). 

Thioredoxin is the 11.7 kDa protein product of the E. coli trxA gene. It has multiple properties 

which facilitate high-level production of soluble fusion proteins in the E. coli cytoplasm. 

Fundamentally, it  has been shown to accumulate up 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 fused to thioredoxin  at the N-terminus302-304. His-patch thioredoxin 

is an engineered form of the protein in which a cluster of surface amino acid residues (E30, Q62, 

S1) have been mutated to histidine in order to introduce affinity for metal chelate column 

matrices, facilitating purification by IMAC305. 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 residues can coordinate a divalent cation305. In the pBAD202/D-TOPO 

vector, the trxA translation termination codon is replaced by DNA encoding a ten-residue 

peptide linker sequence which includes an enterokinase (enteropeptidase) cleavage site, 

before the target gene sequence. This permits cleavage of the His-patch thioredoxin tag from 

the target protein during purification using the enterokinase protease. Enterokinase is a 

calcium dependent, highly specific serine protease which 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 kDa306. Expression from pBAD202/D- 

TOPO is driven by the araBAD promoter  (PBAD), which is positively regulated by the araC gene 

product307. This pBAD vector is inducible by L-arabinose and carries a kanamycin resistance 

marker. Although the vector also supplies a V5 epitope and a hexahistidine tag at the C- 

terminus, a stop codon was inserted before the V5 epitope during the cloning since these were 

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 C-terminal V5 epitope followed by a hexahistidine tag, and harbours Kan R. 

 

 

MɼLp01 was cloned into the pBAD202/D-TOPO vector by directional TOPO cloning (protocol 

chapter 2.2.1), using the pBAD202 Directional TOPOΆ expression kit  (InvitrogenΆ), according 

to the ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ instructions. This one-step cloning method facilitates the insertion of a 

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

gene is amplified by PCR with ÁÐÐÒÏÐÒÉÁÔÅÌÙ ÄÅÓÉÇÎÅÄ ÐÒÉÍÅÒÓ ×ÈÉÃÈ ÍÕÓÔ ÃÏÎÔÁÉÎ Á υȭ-CACC 

ÏÖÅÒÈÁÎÇ ÁÎÄ Á ÂÌÕÎÔ σȭ ÅÎÄȢ 4ÈÅ ÒÅÓÕÌÔÉÎÇ 0#2 ÐÒÏÄÕÃÔ ÉÓ ÔÈÅÎ ÕÓÅÄ ÄÉÒÅÃÔÌÙ ÉÎ ÔÈÅ 4/0/ 

cloning reaction, which ligates the insert and the linearised topoisomerase I-activated 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). These were then used in 

the cloning reaction and the resulting product was propagated by transformation of E. coli 

TOP10 and extracted from transformants by a commercial miniprep kit (Qiagen). To evaluate 

the success of the cloning, a diagnostic restriction digest was carried out in which the 

pBAD202/D-TOPO_MɼLp01 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  one restriction  enzyme only) linearises 

the plasmid such that its size can be estimated relative to the marker - which is composed only 

of linear DNA fragments. A double digest indicates the presence, size and correct orientation  of 

the insert by generating bands of characteristic sizes visible on a DNA agarose gel. Restriction 

enzymes were therefore chosen based on location of restriction sites in the plasmid such that 
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the plasmid is cut once within the vector and once within the insert. HindIII and Pm1I were 

chosen for the diagnostic restriction analysis of pBAD202/D-TOPO_MɼLp01 - HindIII for the 

single digest and HindIII/Pm1I  for the double digest. Pm1I cuts in the first  300 bp of the insert 

which allows the orientation  of the insert to be indicated ɀ however, absolute verification  must 

be obtained through sequencing. 

 

 
Figure 4.6 Separation of PCR products and extracted plasmids by DNA agarose gel 

electrophoresis.  A) PCR products  generated  by gradient  PCR with  two  different  primer  pairs  and 

four different temperatures, alongside a vector only control. Expected size of M ɼLp01 insert: 

855/846  bp; negative  control:  755 bp. B) Diagnostic  restriction  digest  of the  MɼLp01-containing 

pBAD202/D -TOPO plasmid extracted from E. coli TOP10, using HindIII and Pm1I. 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) and 5 -ρπ ʈ, ÌÏÁÄÅÄȠ ÇÅÌÓ 

run at 100 -120 V, ~60 min.  M= DNA size marker; U = uncut; S = single digest; D = double digest. 

 

 

Four different  E. coli TOP10 transformants were used for plasmid extraction and of these, three 

were successful, as indicated by the double digest (Figure 4.6b). The plasmids linearised by 

digestion with  HindIII  ran at the expected size of 5303 bp (lanes Ȭ3ȭ for colonies B, C, D) and for 

these three samples the double digest (lanes Ȭ$ȭ for colonies B, C, D) produced the two predicted 

fragments of 4742 bp and 561 bp as expected on the basis of the restriction  sites of HindIII  and 

Pm1I (Figure 4.7). It  is evident that colony A yielded the vector lacking the insert, because the 

ÌÉÎÅÁÒÉÓÅÄ ÐÌÁÓÍÉÄ ÂÁÎÄ ɉÌÁÎÅ Ȭ3ȭ ÆÏÒ ÃÏÌÏÎÙ !Ɋ appeared at the same size as the linearised 

vector only control - ÂÏÔÈ ÁÔ τττψ ÂÐ ɉÌÁÎÅ Ȭ3ȭ ÆÏÒ ÖÅÃÔÏÒ ÏÎÌÙɊȢ &ÕÒÔÈÅÒȟ ÔÈÅ ÄÏÕÂÌÅ ÄÉÇÅÓÔ ÆÏÒ 

this sample (lane Ȭ$ȭ for colony A) produced only the one same fragment as in the single digest 

which shows that it  lacked the insert and therefore lacked the Pm1I restriction  site. The uncut 

plasmid has an apparent size of ~3500bp (lane Ȭ5ȭ for colony B) and the difference in migration 

between the uncut and linearised plasmid can be seen by comparison of lanes Ȭ5ȭ ÁÎÄ Ȭ3ȭ for 
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colony B. The three plasmids identified  as having the correct restriction  pattern were verified 

by sequencing (Appendices A4.1). 

 

 
Figure 4.7 Plasmid map of MɼLp01 as cloned into the pBAD202/D -TOPO vector. The restriction 

sites of HindIII and Pm1I 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 revealed by bands of different  sizes on a gel. This concept is illustrated 

in Figure 4.8. Uncut plasmid consists primarily (around 95%)308 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 DNA309. As such, this form of 

DNA cannot be compared to a standard DNA ladder since the predominant supercoiled plasmid 

band will have a much smaller apparent size. Plasmid samples also contain a small amount of 

nicked DNA which migrates the slowest as it  is the most ȬÒÅÌÁØÅÄȭ form. All these different  forms 

can be seen in Figure 4.8. 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  DNA conformations  present  within  a plasmid  DNA sample. 

 

 

4.4.3 Expression  trials  of MɼLp01 

The recommendation for expression of proteins using the arabinose inducible pBAD system is 

to use an E. coli strain which is araBADC- and araEFGH+ to permit  transportation  of L-arabinose 

without metabolizing it. The E. coli strains LMG194 and TOP10 are two such suitable strains. 

Since LMG194, a K-12 derivative, grows well in minimal media, it can be used to lower basal 

expression levels of potentially toxic genes by the supplementation of RM media with glucose 

which serves to further repress PBAD307. The genotype of LMG194 is: 

Fɀ ɝlacX74 galE thi  rpsL(Str R) ɝphoA (PvuII)  ɝara 714 leu::Tn10 

 
and it is streptomycin and tetracycline resistant. However, this strain is not endA- or recA- 

which may decrease the stability  of glycerol stocks310. TOP10 on the other hand may be used for 

expression in addition to general cloning, which has the advantage of time saved in the ability 

to transition  directly  from cloning to expression without additional transformation steps. The 

genotype of TOP10 is: 

 
FɀmcrA ɝɉmrr -hsdRMS-mcrBC) ʒψπlac:ɝ-ρυ ɝlacX74 recA1 ara D139 ɝɉara - 

leu)7697 galU gal+ ʇɀrpsL(Str R) endA1 nupG 

 
which is almost identical to the DH10B strain310. The difference between the two strains is 

essentially the stringency of inducible expression. Thus, if a heterologous protein is suspected 

to be toxic to the cell, then LMG194 should be used, otherwise TOP10 is equally effective307. 
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For expression of MɼLp01, due to complications with the competency of LMG194, and the 

observed lack of host toxicity, TOP10 was chosen as the expression strain. Preliminary 

expression trials were conducted to ascertain the optimum conditions for expression, varying 

L-arabinose concentration and temperature of induction. Figure 4.9 represents an expression 

trial  in which three L-arabinose concentrations (0.2%, 0.02%, 0.002%) were tested each at two 

temperatures (18°C and 37°C), alongside an uninduced sample. The cultures which were 

induced at 18°C were lysed by two different  methods for comparison, since the level of soluble 

overexpressed protein may be obscured by the inefficiency of a particular lysis method. The 

two lysis methods trialled  were chemical lysis by the BugBuster protein 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 induction conditions challenging and 

therefore it was difficult to choose a temperature/concentration combination based on this. 

The large proportion of lysozyme in the SDS-PAGE samples which were lysed by 

sonication/lysozyme further conceals the target protein, 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 method to unambiguously identify which of the bands are the target protein 

is immunodetection using an anti-Trx antibody for binding to the HP-thioredoxin  tag. However, 

a larger scale expression test at 18°C 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 higher temperatures (30-37°C) often result in the target protein being produced in 

insoluble inclusion bodies. Therefore, 18°C was chosen as a sensible temperature. 
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Figure  4.9 Assessment by SDS-PAGE of the expression  trial  conducted  for  MɼLp01 expressed 

from E. coli TOP10, at combinations of temperature (37 °C, 18°C) and L-arabinose 

concentrations ( 0, 0.2, 0.02, 0.002%).  

 

 

As for the concentration of inducer, it  is important  to explain the nature of the araBAD system. 

The promoter  PBAD is subject to all-or-none induction whereby intermediate concentrations of 

L-arabinose result in subpopulations of cells that are either fully induced or completely 

uninduced, as such reflecting the proportion of cells that are fully  induced rather than the level 

of intermediate expression in any individual  cell312,313. Therefore, gene expression is not uniform 

with respect to individual cells.314. It 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 sub-saturating concentrations of L-arabinose307. Since the 

population of cells is a mixture of induced and uninduced, only the fraction of induced cells 

increases with increasing L-arabinose concentrations313. Regardless, the overall expression 

level of the culture is known to correlate with increasing L-arabinose concentrations and is 

reported to provide a linear induction response and corresponding titratable  expression levels 

which can be used to precisely modulate desired protein levels for optimum yield of soluble 

protein307. However, from expression trials of MɼLp01, this was not observed for the soluble 

protein fraction. An SDS-PAGE comparing the total, soluble and insoluble protein fractions, 

however, did show an increasing intensity of suspected target protein proportionate  to inducer 

concentration, but only in the total protein and insoluble protein fractions (Figure 4.10). The 

disparity in  intensity between the overexpressed band in the total and insoluble samples in 
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comparison to that of the soluble sample suggests that either the -ɼ,Ðπρ fusion 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 high-pressure cell homogenizer which 

proved much more effective. With regard to the intense bands observed in both Figure 4.9 and 

Figure 4.10, around 15 kDa, it is likely that this is lysozyme (14.6 kDa) which was added to aid 

ÃÅÌÌ ÌÙÓÉÓ ɉÁÎÄ ÔÈÉÓ ÉÓ ÁÂÓÅÎÔ ÆÒÏÍ ÔÈÅ ÔÏÔÁÌ ÐÒÏÔÅÉÎ ÓÁÍÐÌÅȟ ÓÉÎÃÅ ÔÈÅ ÌÙÓÏÚÙÍÅ ÓÁÍÐÌÅ ÈÁÄÎȭÔ 

yet been added). 

 

 

 
Figure  4.10 Assessment by SDS-PAGE of the solubility  trial  conducted  for  -ɼ,Ðπρ expressed 

from E. coli TOP10. 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 MɼLp01 

Multiple purifications were performed for -ɼ,Ðπρ in order 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. 

 
-ɼ,Ðπρ was overexpressed and purified as described in chapter 4.3.3. A representative SDS- 

PAGE gel of fractions from Ni2+-NTA IMAC is illustrated in Figure 4.11, alongside the 

corresponding chromatogram. It can be observed that -ɼ,Ðπρ elutes as a single band at the 

expected molecular weight (44.2 kDa). The intensity of the overexpressed -ɼ,Ðπρ bands 
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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 not to unnecessarily dilute the sample pool. A small 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 some of this represented non-specific host 

proteins. 

 
a 

 
b 

 

Figure  4.11 Fractions  from  Ni2+-NTA IMAC of -ɼ,Ðπρ, separated  by SDS-PAGE (a), along with 

the corresponding UV 280nm  chromatogram trace (b).  
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As a pre-requisite to cleavage of the HP-thioredoxin  tag, a cleavage trial  was set up to ascertain 

the parameters required to successfully cleave the 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 25°C although the temperature may be 

increased to increase the rate of reaction. However, increasing the 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 4°C in an attempt to retard proteolytic 

degradation, however this would then require a longer incubation time to compensate 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 degradation 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 cleavage trial,  three different  ratios of -ɼ,Ðπρ 

to enterokinase were set up and reactions were incubated at 25°C for 24h taking samples at 

specific time points. The result of this cleavage trial  is presented in Figure 4.12 ɀ there did not 

appear to be any difference between the -ɼ,Ðπρ: enterokinase ratio or between the time 

points. As such, there was no advantage to incubating the reaction for longer than 1h. There is 

a very faint band in all samples for the remaining uncleaved HP-Trx fusion, but this is negligible 

compared to the intensity of the cleaved fusion protein band, and since this did not decrease in 

24h, ÉÔȭÓ highly unlikely  that any further  cleavage would occur if incubated for upwards of 24h. 

To conserve the enterokinase, the minimum amount of enterokinase was chosen to proceed 

with. 

 

 
Figure  4.12 Results of the trial  cleavage of -ɼ,Ðπρ with  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 HP-Trx tag from 

-ɼ,Ðπρ. Around 90% of the fusion protein was successfully de-tagged, with  a small amount of 

-ɼ,Ðπρ fusion remaining. This was not an issue since running a second IMAC serves to 

separate the cleaved recombinant protein from the His-tagged thioredoxin tag and any 

remaining His-tagged fusion protein. During the reverse IMAC step, the HP-Trx tag was not 

completely separated from cleaved -ɼ,Ðπρ, since it co-eluted with a significant portion of 

-ɼ,Ðπρ (Figure 4.13D). This could be related to a decrease in metal binding affinity of the tag 

upon separation from the fusion protein. As such, the fractions in which the tag did not co- elute 

were collected and kept separate from the remaining -ɼ,Ðπρ-containing fractions. These were 

designated Ȭ"ÁÔÃÈ !ȭ and Ȭ"ÁÔÃÈ "ȭȟ respectively. Both batches were separately subjected to size 

exclusion chromatography in order to remove contaminating higher molecular weight proteins 

and to enable separation of -ɼ,Ðπρ and HP-Trx in batch B. This resulted in successful isolation 

of -ɼ,Ðπρ in both batches to close to 100% purity (Figure 4.13E+F). These were then 

combined and concentrated yielding 140 ug pure -ɼ,Ðπρ at a concentration of 1.4 mg/mL 

(Figure 4.13H). SDS-PAGE gels representing the entire purification workflow are displayed in 

the panel of figures below. 
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G H 

 

 
Figure  4.13 Panel of SDS-PAGE gels representing  an overview  of the multi -step purification 

procedure of de -tagged -ɼ,Ðπρ. A) IMAC step B) HP-Trx tag cleavage step C) Desalting step 

D)Reverse IMAC step E+F) SEC steps G)Samples from each stage run on one representative gel H) 

Samples of purified M ɼLp01 over the course of the concentration  procedure.
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Figure  4.14. SEC chromatogram  of -ɼ,Ðπρ corresponding  to the SDS-PAGE gel in  Figure  4.13F. SEC 
successfully separated -ɼ,Ðπρ from the HP -Trx tag and some higher molecular weight proteins, 
yielding pure -ɼ,Ðπρ. 
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4.4.5 The X-ray  Crystal  Structure  of MɼLp01 
 

Diffraction quality crystals of -ɼ,Ðπρ grew in three days in multiple  conditions in a variety of 

sizes and morphologies including single crystals and large needle clusters. An example of some 

of the needle clusters is shown in Figure 4.15b. A total of 16 crystals were harvested and 

cryoprotected before X-ray diffraction data collection was carried out on beamline I24 of the 

synchrotron at the Diamond Light Source (UK). 

 

 
Figure 4.15 Images of some of the -ɼ,Ðπρ crystals 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  images were automatically indexed, integrated, scaled and merged by the 

DLS servers immediately upon collection using several different pipelines ɀ xia2, xia2 

3dii,fast_dp, autoPROC and autoPROC+STARANISO. Two crystals yielded datasets with  suitable 

diffraction  statistics, (tabulated in the Appendices A4.4.2) with  both crystals being classified as 

belonging to the orthorhombic space group I222. Of the two, the dataset in Table 4.7, processed 

by xia2 3dii, had the best diffraction statistics (100% completeness, CC1/2 of 1.0, )Ⱦʎɉ)Ɋ ÏÆ φȢτɊ 

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 4.15a), with  unit  

cell parameters of a= 53.26, b=87.61, c=118.42, ɻЀω0°, ɼЀ90°, ɾ=90°. The X- ray diffraction 

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

reflections, is shown below (Figure 4.16a and b, respectively), 
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Figure 4.16 X-ray diffraction  of -ɼ,Ðπρ a) The resultant  X-ray diffraction image  and b)  The 

graphical output from the ISPyB interface, representing the individual reflections generated.  

 

Molecular replacement was carried out using a homology model based on the crystal structure 

of the metallo ɼ-lactamase PNGM-1 (PDB: 6J4N). The final structure of -ɼ,Ðπρ was solved and 

refined at 1.95Å, with Rwork of 19.5% and Rfree of 23.5%. These values indicate that the 

agreement between the model and the experimental data is within  the accepted range, and that 

ÔÈÅ ÄÁÔÁ ÈÁÓ ÎÏÔ ÂÅÅÎ ȬÏÖÅÒÆÉÔÔÅÄȭ ɀ as shown by a difference between Rwork  and Rfree of < 7%. 

The full  set of diffraction  and structure refinement statistics are tabulated below (Table 4.4.1). 

 

 
Figure 4.17 The X-ray crystal structure of -ɼ,Ðπρ, solved by molecular replacement. Coloured 

by secondary structure. Binding pocket residues represented as pink sticks, zinc coordinating  

residues  as lime  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.  
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Data collection statistics Structure refinement statistics 

Wavelength  Reflections used in 
refinement 

20617 (2033) 

Resolution range 35.99 - 1.95 (2.02 - 1.95) Reflections used for R- 
free 

970 (99) 

Space group I 2 2 2 R-work 0.1955 (0.3029) 

Unit cell 53.26 87.61 118.42 90 90 
902 

R-free 0.2348 (0.3421) 

Total reflections 233206 (12886) CC(work) 0.950 (0.726) 

Unique reflections 20628 (2033) CC(free) 0.925 (0.447) 

Multiplicity  11.3 (6.3) # of non-hydrogen 
atoms 

2274 

Completeness (%) 99.89 (100.00) Macromolecules 2058 

Mean I/sigma(I) 6.42 (1.65) Ligands 8 

Wilson B-factor 20.60 Solvent 208 

R-merge 0.4844 (1.954) Protein residues 268 

R-meas 0.5066 (2.131) RMS(bonds) 0.014Å 

R-pim 0.1462 (0.8324) RMS(angles) 2.35° 

CC1/2 0.984 (0.4) Ramachandran 
favoured (%) 

95.45 

CC* 0.996 (0.756) Ramachandran 
allowed (%) 

4.17 

  
Ramachandran outliers 
(%) 

0.38 

  
Rotamer outliers (%) 0.00 

 

 
Table 4.7 The set of X-ray  diffraction  data and structure refinement  statistics  for  the structure of 

-ɼ,Ðπρ solved by molecular replacement.  
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Figure  4.18 Difference  Fourier  map indicating  the presence of two  metal  ions (green  mesh)  

Matthews coefficient (VM) calculations suggested the presence of 1 molecule in 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 -ɼ,Ðπρ, as solved by molecular replacement, is presented in Figure 4.17. 

There is a phosphate ion bound in the substrate binding pocket and a pair of metal ions located 

in the active site. There is also an additional metal ion bound elsewhere on the protein surface. 

Two different  methods were performed to verify the identity  of the di-metal centre. ICP-MS was 

run on both the tag-free -ɼ,Ðπρ and the His-patch thioredoxin fusion, however the signal to 

noise ratio was very poor for the tag-free sample (a result of protein quality degradation 

ÔÈÒÏÕÇÈÏÕÔ Ô×Ï ÙÅÁÒÓȭ ÓÔÏÒÁÇÅ ÁÔ -80°C) so this data was not considered further. Data for the 

HP-Trx fusion (see Appendices A4.4.5) indicated the presence of zinc, with  an amount of nickel 

which was negligible. The ratio  of Zn:S calculated suggests the presence of 5.4 zinc atoms in the 

fusion protein. ICP-MS was also run on the purified  HP-Thioredoxin protein in case some of the 

zinc binding was attributed to this. X-ray diffraction data was also collected at the zinc K 

absorption edge and the calculated anomalous difference fourier  map revealed the two highest 

peaks overlaying with the 2 active site metal ions (Figure 4.18), and the 3rd peak lies at the 

position of the additional surface metal ion. This is necessary but not conclusive evidence that 

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 k-edge. A dataset taken at the nickel K-edge would be more 

conclusive, since the nickel k-edge is lower in energy than 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 and radiation damage, a nickel K-edge was unable to be obtained. The metal binding site 

ÖÁÌÉÄÁÔÉÏÎ ÓÅÒÖÅÒ Ȭ#ÈÅÃË ÍÙ ÍÅÔÁÌȭ ɉhttps://cmm.minorlab.org/ )315 indicates that the 

supposition of a di-zinc centre is acceptable. Nevertheless, due to concerns around the nickel 

from the Ni2+-NTA column replacing one or both of the zinc ions in -ɼ,Ðπρ, the use of a Zn2+- 

NTA column was implemented for subsequent purifications of this metalloprotein. 
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Characteristic of the MɼL superfamily, the core scaffold of -ɼ,Ðπρ consists of a distinctive 

ɻɼȾɼɻ ÓÁÎÄ×ÉÃÈ ÆÏÌÄ ÉÎ ×ÈÉÃÈ ÔÈÅ ÁÃÔÉÖÅ ÓÉÔÅ ÉÓ ÌÏÃÁÔÅÄ ÁÔ ÔÈÅ ÉÎÔÅÒÆÁÃÅ ÏÆ ÔÈÅ Ô×Ï ÄÏÍÁÉÎÓȢ )Î 

-ɼ,Ðπρȟ ÔÈÉÓ ÆÏÌÄ ÃÏÎÓÉÓÔÓ ÏÆ ρτ ɼ-ÓÔÒÁÎÄÓ ÁÎÄ φ ɻ-ÈÅÌÉÃÅÓȢ 4ÈÅ Ô×Ï ÃÅÎÔÒÁÌ ɼ-sheets of the 

sandwich are each comprised of 7 ɼ-strands: ɼρ-ɼφ with  ɼρτ and ɼχ-ɼρσȢ There are 3 ɻ-helices 

on either side of each ɼ-sheet; ɻρ-3 flanking the ÓÔÒÁÎÄÓ ɼρ-ɼφȾɼρτ and ɻτ-6 flanking ɼχ-ɼρσȢ 

A highly simplified, diagrammatical representation of this is illustrated in Figure 4.19. The zinc-

coordinating residues originate from the 4 loops (L1-4) which protrude from the 2 ÃÅÎÔÒÁÌ ɼ-

sheets. There are 3 external loops which shield the zinc sites from the outer surface and form the 

substrate-binding pocket. It is these external loops which are integral to the substrate 

specificity of MɼLs. In Figure 4.20, the model of -ɼ,Ðπρ is orientated to demonstrate this. 

 
 
 

 

 
Figure 4.19 Simplified diagrammatic representation of the overall topology of -ɼ,Ðπρ, 

depicting  the  14 ɼ-strands  (pink  arrows)  constituting  the 2 central  ɼ-sheets and the 3 ɻ-helices 

(blue cylinders), connected by loops.  


