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Abstract

Glycosylated triterpenes represent numercarsd diverseplant natural products

but difficult production has limited their applications in health, food and industry.

This thesis describes the structural characterisation of three enzymes from the
biosynthetic pathway of avenacin, an antifungal glycosylated triterpene from oat,ablen

their rational engineering.

Avena strigosarabinosyltransferase (ASAAT1) and transglucosidase (AsTG1),
involved in the glycosylation of avenacin, were expressétseherichia coéind purified,
but did not crystallise. Several deletion constructey@d insoluble, so molecular models
were used to rationalise both the specificity of three ASAAT1 mutants for various sugar
donors and the switch from glucosyl hydrolase to transglucosidase activity in ASTG1, which
was suggested by a multiple sequenceratignt. Molecular dynamics simulations of AsTG1

confirmed its ability to discriminate between analogous substrates.

The membranéboundA. strigosal -amyrin synthase (AsbAS1), which forms the
triterpene scaffold of avenacin, was expresseéircoli Attempts to purify and crystallise it
only led to the higkresolution structure of a contaminant, HPII catalase. AsbAS1 mutants
were designed, inspired by a soluble homologue, to simplify this process. With no
solubilised protein observed . coli AsbAS1 waexpressed in the yeaBichia pastoris
instead, which resulted in active protein. A homologHaphorbia tirucalli -amyrin
synthasg EtAS), was expressed in an active fora.inoli These expression methods could
be used to produce twi® A T F Saiyf siynthases and attempt to obtain the first crystal
structure of a plant oxidosqualene cyclaganultiple sequence alignmernd nodels of
other homologues generated with AlphaFolei2abled the design of four AsbAS1 mutants

that may havealtered product specificity.

This work shows structural information for three enzymes in the avenacin
biosynthesis pathway, leading to the rationalisation of the effect from various amino acids.

This can now be tested by expressing mutants using the metHedcribed.
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Chapter 1: Introduction

Small molecules have been invaluable as drugs and food additinésrtunately,
chemical synthesis limits thegaroduction and diversity, 2 besides suffering from an
unfavourable public perception on the grounds of heBlifind sustainability?! Natural
products offer arove ofvaried andversatile alternatves!*! produced by organisms to
increase their survival and competitivess. These compounds evolved to be ideal for
interacting with biological target8! Plants use molecules that attract pollinators or seed
dispersing agents, while making others as defence against herbivores or mi€t@bes.
better understanding of natural product biosynthesis would enable an incredhkeimn
yield and diversity, whether through metabolic engineerithgjocatalysi8! or the use of
heterologous host€&! Additionally, it could allow the tailoring of existing pathways for crop
AYLINROSYSyi® C2NJ SEIl YWtySEsS i 2LIXAlGyAl KLA&GIKRAT SRYSOFA

overcome byediting the gene ofkey enzymes in the plant to change the final product.
1.1 Cereals and their diseases

Grasses refer to plants in tligramineadamily, part of the monocot group of
flowering plants. They are comprised of around 10,000 species that are found all over the
world across every kind of habitat, thanks to their ability to grow on many soil types,
compete with other plants and survivedhi levels of predation. Cereals are grasses that are
cultivated for food, either directly or through feeding animals, providing humanity with the
YI22NARG& Ada OFNDB2KERNI GSa I yYRTh@ag@SNA Y I 71 %32

production of cereals comes from maize, rice, wheat, barley, sorghum, millet an&'bats.

Unfortunately, cereals are susceptible to fungal diseases such as leaf scald,
eyespot, ergot or takell. The latter is caused by the sbdrne pathogen
Gaeumannomyces graminiar. tritici and it mainly affectsvheat and barley:? causing
blackened roots, bleached heads and stunted ghoW?! It is the most damaging wheat
root disease worldwide, though its extent has only been reported for the United Kingdom,
where it is estimated to affect half of wheat crops, causing 5 to 20% annual yietd koss
Oz2adAy3a TFIFNNV¥SNAE dzLJ (% Takeallwordehstwheh @héatis gr@nd | NJ A Yy
3 to 5 years in a row so, for lack of resistant wheat cultivars, crop rotation is the main
control measure. As for chemical control, it is Uiaele for takeall and may give rise to

antifungal resistanc&“
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Oats Avena spp however, are not generally susceptible to teke The
determinant of their resistance was identified through a forward genetic screen, as
mutants that did not produce the fluorescent natural product avenacin in their roots were
susceptible to takell.'®! The fungicidal activity of this triterpene saponin is thought to
result from its ability to insert into the membrane and interact with stenolecules to

form pores, leading to cell lysfi<!

1.2 Triterpenes and saponins

1.2.1 Functions and applications

Triterpenes may be the largegtoup of natural products, with over 20,000 varied
and often complex compounds reportéd mostly from plant, though many were found in
bacteria and some were even discovered in marine anififalsis expected that there
remains a large undiscovered reservoir, as they are often present in very low
concentrations and within comgk mixtures?® Simple triterpenes make up waxes and
membranes on the stems and leaves of plants, but some also act as signalling nsplecule
like lupeol, which regulates the development of root nakilSaponins are glycosylated
triterpenes or steroids, some of which are known to protect against pests and pathogens.
For example, the triterpenoid glycosides avenacin and hederagenin cellobioside confer
resistance to takell disease and to flea beetlgspectively?!! Though saponins have
traditionally been considered secondary metabolites, i.e., not necessary for survival, there

is growing evidence of their role in plant developmé&tit.

Triterpenes and saponins have applications in industrial biotechnology (e.g., in the
anaerobic digestion of wastg)! in the food industry (for example as additives) and in the
health sector, both for cosmetics and pharmaceuti¢&lShere are, for example,
triterpene hypocholesterolemic, antifungal or phytotoxic drd¢f$Some saponins are the
active ingredients in folk medicines (based on liquorice or ginseng), or provide the sought
after soaplike properties of certain plant extract: 2/ They make good foaming agents
and could be used as preservatives or emulsifiers. They can modify flavour or remove
cholesterol from dairy productg® 27Some are used as fish poi§8rtwhile others can
deliver therapeutic$:® The presence of saponins in food was originally considered
undesirable as they have a bitter taste and were consideredraritient because they
inhibited protein digestion, reduced intestinpérmeability and showed hemolytic activity.
Consequently, much early research focused on their removal. However, there has been

11



growing evidence of their health benefits such as lowering cholesterol and preventing
cancer, as well as their therapeutic ajgptions because of anihflammatory,
immunomodulatory, antibacterial, antifungal, antiviral or antiparasitic acti¥iy! The
commercial applications of triterpenes are however limited by the difficulty of their
production. They remain challenging targets to synthesize chemically, not least because of
their numerous stereocenters, while purification from natural sourceisngdd by their

low abundance and a plethora of minor chemical variatié®rogress is also hampered

by a lack of knowledge about their biosynthe$ikThe pathway for avenacin, however, has

beenmostlyelucidated®
1.2.2 Biosynthesis

In plants, triterpenes originate from the mevalonate pathwaghich generates the
two molecules of isopentenyl diphosphate and one molecule of isopentenyl sightade
that areused by the enzyme farnesyl diphosphate synthase to produce a molecule of
farnesyl pyrophosphaté~PP, Fig. 1.1$qualene synthase then acts on two copies of FPP to
produce squalene, which is subsequently oxidised by squaporidase to create 2;3
oxidosqualene (OS), the substrate of oxidosqualene cyclases, (€8&=d in section
1.2.2.9 138
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OPP oPP

Isopenteny! Dimethylallyl
diphosphate + S diphosphate
(IPP) (DMAPP)
FPS v%IPP
OPP
Farnesyl g
pyrophosphate |
(FPP)
Sas kFPP
SHC Hopanes
(bacteria)

Squalene

2,3-Oxidosqualene

LAS BAS

HO

Lanosterol
Ergosterol Cholesterol Cycloartenol Triterpene glycosides
(fungi) (animals) (plants) (plants)

Figure 1.1: Biosynthetic pathway for triterpenes and sterols.  The products of the
mevalonate pathway (two molecules of IPP and one of DMAPP) are used by farnesyl
pyrophosphate synthase (FPS) to produce FPP, two molecules of which are consumed
by squalene synthase (SQS) to form squalene, the substrate of bacterial squalene
hopene cyclase (SHC). In eukaryotes, squalene is oxidised by squalene epoxidase (SQE)
to generate 2,3oxidosqualene, the last common precursor of sterols, such as the
product of lanosterol synthase (LAS), and nosterol triterpenes such ag -amyrin made
by 1 -amyrin synthase (BAS)Figure adapted from Thimmappeet al'8] using ChemDraw
2137
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1.2.2.1 Avenacin

The first committed step invenacinbiosynthesis is the formation 6famyrinby
the OSC called-amyrin synthase (Bi 1.2). In Avena strigosgthis enzyme(AsbAS}is
encoded by a gene that is clustered with mosthose required for the pathway, such as
the ones codindor the four cytochromd?450 enzymes (CYPs) that oxidiseréselting
triterpene scaffold Thisclusteringmay allow ceadaptation and facilitate the coegulation
of the genes at the chromatin level, helping restrict expression of the pathway enzymes to
the epidermal cell layer of the root ti> 3 The biosynthetic gene cluster also contains the
two UDRdependent gycosyltransferases (UGT®vered in section 1.2.2.3
arabinosyltransferasAsAAT Land AsUGT91G16, that add the arabinose and the first
glucose group of avenacin, respectively. The resulting avenacin precursor is transported
from the cytosol to the vacuole, where the third gbgylation is performed by AsTGil
glycosyl hydrolase (Gldovered in section 1.2.2.4The last stepacylation with the
fluorescentN-methylanthranilate grouphappens in the vacuole as wélhis spatial
segregation is required to protect oat cellsiidhe phytotoxic effects of avenacin and its

precursorts!
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Mevalonate pathway

¢
f

B-amyrin synthase
bAS1

Glucosyltransferase
UGT91G16

-

Acyltransferase
SCPL1

Figure 1.2: Biosynthetic pathway for avenacin A -1.In A.strigosa,  -amyrin is formed
by AsbAS1 (also known as SAD1) and subsequently oxidised by cytochromes P450
(CYPs)including SAD2 and SADG6. The arabinose and first glucose group adeled
using UDRsugar donorsby AsAAT1 and AsUGT91G16espectively,while the last
glucose group is transferred from an unknown acyl sugar donor by AsTG1 (SADBhe
pathway ends with acyation, which is catalysed by AsSCPL(BAD7) usingNZ
methylanthranilate glucoside as a second substrat&@he three enzymeswritten in bold

are the targets covered in this thesigrigure prepared using ChemDraw 28]
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AsAAT1 and$¥G1 were chosen as targets because of their unggyadsylation
activity. Being soluble, thesenzymes would potentiallge low-hanging fruitd3®: 47!
AsbASon the other handis membranéboundlike most OSCsnaking it a highiisk, high-

rewardtarget [*¢l
1.2.22 Oxidosqualene cyclases

OSCs are class Il terpene synthases, as they initiate cyclisation by protonation and
not by removal of pyrophosphate. They are able to produce a wide range ofliveinge
compounds from the same linear substrdt®nearing a hundred different identified
products!*! In excess of 80 OSCs have been functionally characterized, a third of which
makesterolssuch as the steroid precursors cycloartenol (in plants) and lanosterol (in
FYAYLE& YR Fdzyaaod ¢62 20KSNI O02YY2y h{/ LINZ
amyrin (Figl.3). Many OSCs make a number of side products, e.g., BARS1 produces baruol
90% of the time, but also makes small amounts of 22 additional products. Thi®abjro
accidental and suggests that OSCs may have evolved to actually prevent certain

cyclisations, in a type of negative cataly$¥s.
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Sterols like lanosterol and parkeol are based on the protosteryl cation, which forms
when OS assumes a chhat-chair (CBC) conformation (Fig3). On the other hand, a
chairchairchair (CCC) conformation leads to the dammarengboawhich results in
0 NR G SNLISyYy Sa -dmyrin. Shid cdialySi®id achieye®with the following steps:
substrate folding, epoxide protonation, cyclisation (as well as a potential rearrangement of
the cation) and termination, caused either by defonation of the cation or by
hydroxylation through water capturé® Product specificity is achieved by constraining the
substrate to the correct confonation, by stabilizing carbocations and by preventing
deprotonation or termination by the solveft!! For example, the protosteryl cation can
form cycloartenol, lanosterol or parkeol depending on which proton is abstracted by their
respective OSEY The enzyme is thought to play less of a role in methyl and hydride

shifts 24

Unfortunately, no molecularrocrystals structure of a plant OSC is yet available.
Only a bacteri¢? and a huma#® homologue have published structures: squaldrapene
cyclase (SHC) and lanosterol synthase (LAS), respecliveligh they only share around
25% sequg OS ARSY(GAGEeT GKSANI I NOKAGSOGdzNBa | NB
domains, as well as a membraitesertion helix (Figl.4).[*® This anchors tb entrance of a
non-polar channel into the membrane, allowing the hydrophobic substrates to be recruited
from the membrane and channelled to the active site, past a mobile constrictioH%sffe.
Because oxidosqualene cyclisation is highly exothermic (of the order of 200 kJ/mol for
squalene to hopene), the released energy would destabilise a typical protein, for which
stabilisation energies are much lower (of the order of6f0kJ/mol relative tahe unfolded
state)** To accommodate the reaction, OSCs are stabilised byn@iifs and connected
& dzNJF -hefics*?hin SHC and LAS, techniques such as akscmening mutagenesis have
allowed identification of residues that are key for cyclisation, ring formation and
carbocation stabigiation. Several OSCs from plants have been charactefseeixample,
cucurbitadienol synthase frofBucurbita pepk -amyrin synthase fron®lea europaeand
i -amyrin synthase fronEuphorbia tirucal{EtAS}*® However, the mechanistic details of
the formation of these different products are still poorly understd&tiUnlocking this

knowledge could allow access to a variety of otherwise intractable tritergea#olds.
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Domain 2

Figure 1.4: Crystal structure of human oxidosqualene cyclase. %AAE AT i AET EO Al
AAOOAT xEOEADEAADOOEDx] HdliceOhybliow Ddthe ldbdsi AO |

in green. The membrandnsertion site is in cyancartoon, surrounded by lipids (cyan

sticks). The entrance of the substrate access channel can be seen by an inserted lipid

fragment (cyanspheres) below the channel constriction site (dark blue) which is the

entrance to the central active site occupied by lanosterol (orage sticks). The glutamine

and tryptophan residues of the five Q\Wmotifs are shown as magenta sticks. Figure

prepared using PyMDLI*68l and Biorender.com using PDB entry 1W6Ks]

1.2.23 UDRdependent glycosyltransferases

Triterpenes are often glycosylated on their alcohol or carboxyl groups to make

saponins, which are more hydrophilic and require this glycosylation for their bioaéVity .

This usually consists of chains of sugars such as glucose, arabinose, galactose, xylose,

rhamnose and glucuronic acid. They are often attached to th&3 position, as in

avenacin, or the 28 positior?® (see Figl.3 for numbering scheme) by enzymes from the

CarbohydrateActive Enzyme (CAZy) Glycosyltransferase (GT) 1 fniilhe chains are

thought to be made through successive addition by family 1 UGTg ts&rappropriate

UDRsugar as a donor. In plants, 12 UGTs are known to glycosylate triterpenes and they
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could be used to alter the properties of known compouR@isuch as bioactivity, reactivity
and solubility®® Glycosylation also affects cellular localisation, usually because of
recognition by active transportef&: ¢ “lEven the nature of the sugar can dramatically
affect its bioactivity®® Thanks to a conserved Plant Secondary Product GT (PSPG¥’motif,
UGTs tend to be much more specific for their sugar donor than for their sugar acceptors, at
leastin vitro®! In planta,this would be more regulated thanks to compartmentalisation, or
perhaps by proteirprotein interactions and metabolite channellif§! While a UGT is
typically promiscuous in terms of sugar acceptor, it tends to show conserved
regiospecificity across similar compouniost characterized UGTisse the sugar donor
UDRh -D-glucose (UD#sIc) This is thease forAsUGT9G 16 from the avenacin

biosynthesis pathwal® and forMedicago tuncatulaUGT71G]the crystal structure of
whichis availabld®? However, some UGTsansfer the sugar moiety diDPRactivated
mannose, xylose, galactose or glucuronic acid. Their sugar donor specificity remains
impervious to sequenebased predictia,>3 which is unsurprising considering a single
amino acid substitution can change the sugar donor specificity of d¥&Rccess to a
range of structures would help the endeavour, but structure determination has been
hampered by challenging expression, purification and crystalliz&fidstill, over the last

15 yearsmany plant UGTs have been functionally characterised, 21 of which are able to
glycosylate triterpenoids, with the vast majority of these transferringlizose. More
recently, two triterpenoid arabinosyltransferases, the firsts of their kind, were disedver
AsAAT1from the avenacirbiosynthesispathway, and GmSSAT Which is involvedh the
biosynthesis o§oyasaponin Ab (Fig.5).2% Though two amino acidositions and
substitutions have been shown to play a major role in the change of specificity, the

structural basis for the effect remains unknown.

B
HOOC  B-D-GlcA
HO' 0,
HO- [8) .
Avenacin Ry R, on oAc on
Fa OH a-L-Ara
A1 NHCH; OH o o\, ag o o
AcO fo}
A-2 H OH OH B-D-Gal B-DGle one -
B-1 NHCH; H 5 .
B-2 H H "o b Soyasaponin Ab
B-D-Glc ©H

Figure 1.5: Chemical structures of saponins. (A) Avenacins.(B) Soyasaponin Ab,
another saponin that contains an arabinose grougzigure adapted fromLouveauet

alB39] using ChemDraw 2137
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1.2.24 Glycosyl hydrolases

GHs can be classified either by their EC number (EC 3.2.1.x) to reflect the reaction
they catalyse, or more usefully by the CARBssification as glycoside hydrold$eof which
there areover 100 families that reflect mechanistic features and can provide more
sequencebased prediction of structure and specificit. GH families can be grouped into
clans(such as GiA)when there is evidence of common ancestry, e.g., they share their
tertiary structure, catalytic residues and catalytic mechanism. There are two general
mechanisms for GHs: inversion or retentiortteg anomeric configuration, with the latter
taking two steps because of the formation of a glyc@styme intermediate, which can
allow either hydrolysis or transglycosylation to occur (Eig).2% Fa example, the
transglucosidase AsT@tlds the secondlucose grougn avenacin biosynthest®! GHs
that use an acceptor aglycone are rare, but have arisen several times among GHs,
suggesting a subtle structural change that allows them to catalyse transglycosylation using
a structure that is closer to GHs than to transglycosidases (TGs) from athiée$. With
no structures of TGs from this GH family, this structural change remains to be elucidated.
Furthermore, new structural data on these unusual TGs could inform a refinement of our
current classification, especially at the subfamily level, whichuch needed because of an
explosion of sequence data and increasing awareness of the importance of glycosylation in

biology®® Making the classification more robust would improve its predictive power.

enzyme enzyme

acid/base/g /J\
C? 0 O 0 o
H y WOH

mo/J — HX hydrolysis

( X —_— ‘ ;o
0y O Os_ O RO\H\ mo/
Y nucleophile Y OR
enzyme enzyme transglycosylation

glycosyl enzyme

X = leaving group intermediate

Figure 1.6: Generalized mechanism of a transglyco sidase.Enzymatic cleavage of a
substrate through a classical Koshland retaining mechanism results in formation of a
glycosyl enzyme intermediate. This can partition to react with either water to cause

hydrolysis (glycoside hydrolase activity) or to an alternative acceptor, often a sugar, to
cause transglycosylation (transglycsidase activity). Figureadaptedfrom cazypedia.org

using ChemDraw 2137]
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1.3 Protein engineering

Enzymes are very attractive catalysts, both for research and industry, because they
can allowdifficult reactions tobe performed quickly, in water, with high substrate
specificity and exquisite enantior stereoselectivity?” While synthetic chemistry is a
powerful tool, some reactions are more suited to biocatalysts, e.g., if regiospecificity is
challenging, if the reactant or products are labile or if gieducts are particularly
problematic. Biocatalysthave led to successful industralale production of fructose,
acrylamide, aspartame anddninopenicillic acid. With numerous natural products being
discovered and their properties studied, biocatalysts that synthesise them and their semi
synthetic andogues will be in increasing demand. Unfortunately, the natural function and
requirements of an enzyme are usually very different from what would be ideal for
scientists or engineer& Indeed, one may want to optimise itstalytic properties (e.g.,
rate), its molecular recognition (e.g., selectivity or promiscuity) or its biophysical properties
(e.g., thermostability, longevity, esolvent tolerance}’*>® S far, optimisation has most
often been achieved through directed evolutidrhis consists in generating a libraxfy
variants that are screened for the desired property. Originally, the most common methods
were random mutagenesis (e.g., through ergone PCR) and recombination that
produces chimeric mutants (e.g., through DNA shuffling), shown ia.Fi§” ¢ The former
suffers from a high proportion of inactive enzymes while the latter lacks the exploration of
original substitutions. Additionally, even with libraries of millions of enzymes, only a small
fraction of the possible sequences is sampled. So, rattan overburdening the screening
process with ever larger libraries that are unavoidably skewed by the divgesikgrating
method, researchers are now trying to generate libraries that are smaller but of higher
quality. This approach is generally refmirto as semiational, smart or knowledge

based?’]
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Figure 1.7: Diversity -generating stra tegies. Schematic of four different methods used

to introduce variability within a protein sequence. Polygons represent different point

mutations while black bars represent fragments from other proteins. Figure prepared

using ChemDraws’]

Advantageously, with a reduced library size and number of iterations, one can use
more sophisticated methods to assess the desired characteristics, moving away frem high
throughput screening assays of easily measured values, which are only mediocre surrogates
of the property of interest®! In practice, to reduce the number of variants, rather than
mutating residues at any position, it is most effective to focus on the sites that are the most
promising®” These may be near the active site or on key interdomain hinge re§jfbns,
near allosteic sites or on ones that affect protein dynamf@sPositions hat are important
for function can also be inferred from multiple sequence alignments that show conserved
amino acids or from phylogenetic analyses that can suggest the evolutionary history of a
set of enzyme&7 This is the data that is for example used, along with structural
information, by the free online server HotSpot WiZéfdo suggest positions that would be

interesting to mutate.

Once positions are identified as promising, rather than usitegsaturation
mutagenesis which too often leads to loss of activity, fewer substitutions can be chosen
based on topological constraints (e.g., size), evolutionary variability (e.g., substitution
observed in nature) and mechanistic features (e.g., thedrfee a general base in the active

site) 71 One can also use the mutations that occur spontaneously during synthesis, use
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substitution matrices (which predicts which substitutions are most likely) or just base the
choices on literature reports of improvements in the property of intef&@$Substitutions

can first be assessed individually, or directly in combinations with each dheen,

approach termed combinatorial active site saturation test (CE8Bach substitution can

be evaluated in advance to save timevitrolabour associated with the onesost likely to
have a deleterious impact. This can be damsilicousing QM and MD simulations as well
as increasingly useful machifearning algorithm£’ ¢ This has shifted the protein

engineering approach from being discowgsed to being hypothestriven’]

In the context of the avenacin biosynthesis pathway, engineering individual
enzymes talter product specificitgouldlead to the grarmscale production of complex
molecules through a platform for recombinant expressioiicotiana benthamian”
Alternatively, the discovered mutations could be introduced into oat by genetic editing to
alter the structrre of avenacin in a bid to overcome resistance to it, such as tHat of

graminisvar. avenae'®
1.4 Aims and objectives

The am of the work reported in this thesis was to obtain structural information on
the three targets from the avenacin biosynthesis pathwag.istrigosa AAT1, TGhAnd
bAS1Thiswould help rationalise¢heir specificity and enabltheir structure-informed
engineering, leading to mutant enzymes that could produce new molecules against disease

or for better food production.

The first objectivavasthe production of large quantities of each enzyme to a high
level of purity. Thisvas needed for the second objective of crystallising them for structure
determination by Xay crystallography. In the absence of crystal structirsjlico
methods would gnerate structure predictions instead. The last objectias to design

mutants that would yield new productshichwould bedifficult to accesstherwise
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Chapter2: Generaimethods

This chapter aims to provide a general introduction and some geneztilods for

the techniques routinely used throughout this thesis.
2.1 Construct design

Determining the structure of a protein byrdy crystallography is a challenging task
with many bottlenecks, the major one being the growth of a crystal suitable flvbackion
analysid®® Many proteins contain intrinsically disordered regions, often at their termini.
The formation of a protein crystal can only tolerate mild disorder or short segments of
disorder!”™ Therefore, one would typically design constructs that lack these regions to
improve both the chances of crystallisation and the conformational homogeneity of the
macromolecules within a crystét: "2 Constructs magontain a tag, be it a short
polypeptide or a complete protein, added to facilitate purification, solubilisation and/or
detection. Because tags may inhibit crystallisatidhit may be desirable to remove them
from the protein of interest. This can be achieved by the introduction of a protease

cleavage site between the gene of interest and theltég.

For each teget protein described in this thesis, the full amino acid sequence
(without signal sequence if any was reported or predicted using Sign&svas
submitted to the following disorder prediction webservers: DISORPRERDOS’]
IUPred2A (contextlepencent predictions using redox state and proteimding)!’® SPOT
Disorder2 and NetSurfR2.0%% (both long shoriterm memory and convolutional neural
networks). The results were compared for general agreement, with usefuftsibeing
25% for DISOPRER false positive for PrDOS, 35% for IUPred2A, a probability of disorder
above 5% for SP@isorder2 and NetSurfP.0. The DNA sequence for the constructs was
then obtained by polymerase chain reaction (PCR) using consfecific primers (see

section2.2.2).

2.2 PCR

2.2.1 Introduction

Since it was first introduced in 1985 by scientists at Cetus, the polymerase chain

reaction (PCR) revolutionised molecular biology by offering many strategiasfaifying
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modifying or detecting DNA. It generally consists in repeated cycles of thetheare

a0SLAP CANRGEZ GKS 5b! Aa RSYF{Gdz2NBR 6AGK | KA
strands. The temperature is then lowered enough to allow annealing of two different short

pieces of DNA, called oligonucleotide primers, on either side and appisands of the

target DNA. Third, the primers are extended by DNA polymerase, copying the sequence of

the target DNABY This cycle of denaturation, annealingdaextension is repeated 20 to 40

times, doubling the amount of DNA with the target sequence each time, creating more

template for the next cycle$? This exponential growth is the reason one can amplify a

specific sequence from a minute amount of template, featilng detection or cloning of

the DNA fragment, especially if the primers themselves introduce the means to do so, such

as labels or cloning sité8!

The ability ® primers to anneal despite sequence mismatches allows the
introduction of mutations, but also gives rise to one of the key limitations of PCR: the risk
of nonspecific amplificatioff® This can be mitigated by using longer primers, optimising
their sequences or the buffer conditions and annealing at higher temperattitdhe
originalE. colDNA polymerase | fragment was superseded by Tag DNA polymerase from a
thermophilic bacterium because it remained active despite the high temperatures.
| 26 SASNE (0 KSNEIRAY 2F aQdNe@AFi e 62 NASYSR (KS &
the random inorporation of mutationg®® 8 Thankfully, many DNA polymerases, such as
t KdzaA2yt3s KI @S V2 dgreasedidelify. Riher@dre? théQietredsidg chsy

of DNA sequencing has democratised its use for sequence verifiétion.
2.2.2 Methods

2.2.2.1 Design of oligonucleotides

Oligonucleotide primers are designed based on the DNA sequence to bifieanpl
YFEGOKAY3 GKS aSldzsSyoS i GKS pQ SyR 2F (KS 3
SYR® ¢KS pQ SyR 2F (KS LINAYSNI KI& Fy FRRAGARZ
recombination or for restriction digest) and/or protease cleavage sites.|dingth of the

genespecific region is decided based on several aims:

! YStEGAY3a GSYLISNI GdzZNE 06SG6SSy pp ¢/ YR c
neighbour method of Oligocal€]
1 Finishing with a G or C.
T al §OKAY3 GKS YSEtUiAYy3a GSYLISNI GdRB T2 N LINR DY
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1 Low potential of secondary structure and prirqaimer annealing (which may
require a conservate mutation to be introduced), as detected by the IDT
ht A32! yFfel SNk (22t @

2.2.2.2 Preparation of oligonucleotides

Custom DNA oligonucleotides used as primers for PCR were ordered from Sigma
I f RNAOK® ¢KSe& | NB aeéyidKSaa teSaingdnly ahd shipped i p  x Y 2
dry in tubes. Upon arrival, they are dissolved with Buffer EB (Qiagen), which contains 10
mM TrisCl, pH 8.5. The alkaline pH prevents acidolysis of DNA duringelongtorage of
this stock solutior® The volume of buffer used is what is recommended by the supplier to
NBIF OK mnn xa 2F GKFG LI NGAOdzZ N 2t A32ydz0f S2 4
prepared as needed by diluting the stockwilHO.

2.2.2.3 Running PCR

A PCR mix is prepared with the components common to all reactions to be
performed, such athe autoclavediH,O, concentrated buffer, ANTPs (dATP, dTTP, dCTP,
dGTP to a final concentration of 0.2 mM each) and DNA polymerase. Bah3ie added
(up to 5%v/v) to help with G&ich sequences and decrease annealing temperafiyt.is
0KSYy RA&ALISYaSR Ay t/w (dzo0Sa 6KAOK dzadzrfte O2
0KS LINAYSNB 6SIFOK ndp xa FAYIFIfo G2 YF1S | wun
a PCR reaction thag known to work, and a negative control is set either with no template
DNA or with DNA lacking the gene to be amplified.(empty vector). The reactions are
then subject to a specific thregtep heating programme using a BRad C1000 Touch
thermal cycér.

2.2.2.4 Agarose gel electrophoresis

¢2 FylrteasS GKS NBadzZ Ga 2F t/w NBIOGA2ya:x
reagent and a tracking dye or used as is when the reaction buffer already contains them.
Agarose (0.8.2% wi/w) is dissolved in TAE buftd0 mM Tris base, 20 mM acetic acid, 1
Ya 95¢! 0 o6& KSFGAYy3 Ay | YAONRSI @Sd hyOS 022
I RRSR 6ndc x3IKY[ TFAYIE0 0STF2NB LRddNAYy3I (KS
tank to leave the gelto setatr.t. $h &1 YLX S& NS € 2F RSR |t 2y 3 Al
ladder (NEB) dilutedtei 2 f R oG 2 pn x3IKY[ UV GAGK GKS &dzLILX A

mM TrisCl, pH 8.5). A voltage of 90 V for 50 mL gels or 140 V for gels larger than 100 mL is

QX
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applied until thedye front reaches the ethidium bromide front. The gel is then imaged

using a Gbox Chemi XRQ (Syngene) with transillumination at 302 nm.

2.3 Plasmids

2.3.1 Nature and structure

Plasmids are pieces of DNA used in this work in the form of vectorsdahatthe
genes encoding for proteins of interests. Plasmids are naturally present in most bacterial
species but can also be found in some archaea and siefjled eukaryotes. Within cells,
plasmids exist outside of chromosomes and replicate autonomolagsigting to copy
numbers anywhere from 1 to thousands. Typically, their size ranges from 1 to 100
thousand bp (base pait) and they exist in a circular form that is supercoiled, making it
more compact than the relaxed topology that can be achieved by introducing a-single
a0NF YR 0NBI | 6strandeqBre@k irtalpidsmid wdtiil liizéafiz8 the plasmid.
Through the action of DNA homologous recombination enzymes, plasmids can foers di
and other oligomers. When analysing a plasmid by agarose gel electrophoresis, the

distance it migrates is affected by its size in bp, but also by which form ifFgir2.1}°Y

5.3 kb plasmid 3.3 kb plasmid

kb
10 -
8 - i
6 Nicked www
5 o Linear
4
« Linear
3 Sa——
2 — Supercoiled www-
1.5

Figure 2.1: Apparent size of plasmids by agarose gel electrophoresis. Thesizes in
kb of the standard DNA markers are indicated on the lefRlasmids of two different
sizes (indicated at the top)were run in either nicked (relaxed), linear or supercoiled

form.
2.32 Origin of replication
Vectors used for recombinant protein expression are designed and refined

according to the needs of the users, but are still based on natural bacterial plasmids. For

example, they need an origin of replicatiarrif that can be used by endogenous
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transcription machinery, such as the ubiquitous CalEfivedori. ColE1 utilizes an RNA
species and RNRNA interactions to control the number of copies produ€é&dut for

higher copy numbers, the gene for the Rom protein that increase the affinity between the
complementary RNAs is often remov€8 This change, along with a point mutation in the
RNA dutex, is what leads to the very high copy numbers of yle@ved plasmid§® While

a high copy number improves recovery by minigt®pand stability, i.e., the likelihood that

a daughter cell contains the same plasmidtesmothercell, it can also reduce the growth
rate of cells that contain many copies, which can then be outcompeted by cells that have
fewer. For recombinant protein expression, cloning the gene in a vector with higher copy
numbers does not necessarily increase the yield of prdféihe choice obri also matters
when several plasmids must be used at the saimet Indeed, if two plasmids using the
sameori are in the same cell, they can compete for replication and/or partition machinery,
often leading to plasmid loss in the daughter cells. Therefore, if a cell already contains a
plasmid with one type obri, eg., pl5a (as found in the plasmid pRARE coversédtion
2.7.2.2), then one can only gmopagate it with a plasmid that uses a different typeodf

e.g., ColE1 (such as pDEST17 and pH9GW, covered in sectipi'2.4.1

2.3.3 Promoter

The choice of promoter, however, has a major influence on recombinant protein
yield as it regulates transcription initiatidtt A stronger promoter therefore leads to more
MRNA transcripts available for protein synthesis. But ideally, it also needs to be tightly
regulated to provide precise control over the inductiomd, as premature recombinant
LINEGSAY SELINBaairzy oafSlI{AySaacdo OFy AYLSRS
especially if the protein is toxic.

The first elucidated promoter was in ttie coliac2 LISNB Yy S g KA OK AYAGA L
galactosidase synthesistime presence of lactose, or the analogue isoprepyd-1-
thiogalactoside (IPTG) that acts as a gratuitous inducer (an inhibitor that is not a substrate
because it is not hydrolyseff§! This promoter has been engineered into theUV5 by
disrupting the glucossensitive repressor to allow protein expressiorkincolusing rich

media.

The T7 promoter is widely used for recombinant protein expression, for example in
pETderived vectors. It is recognised by the bacteriophage T7-@8p&ndant RNA

polymerase instead of the endogenous polymerase, providing control over basal
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expression. Th&7 polymerase can be produced using a copy of its gene integrated into the
host chromosome and under the control of theelUV5 promoter to allow induction with
IPTG

2.34 Ribosomebinding site

For a messenger RNA transcript to be translated into a protein by a prokaryotic
organism, it requires a ribosordgnding siteRBSjii K & OlF'y ©6S NBO23yA&asSR
translation machinery. This is achieved by adding a Sbatgarno sequence ftame with
and upstream of the start codon by around 6 bases. Because the promoter is further
upstream, this sequence is transcribed into the RNA transcript, allowing the ribosome to
bind it to initiate translation of the openeading frame between the start arglop

codons®!
2.35 Selectable marker

Since each plasmid incurs a metabolic cost, it needs to provide a competitive
advantage to be selected for. Otherwise, cells lacking the plasmid wotdtdmpete those
that carry it and take over the culture. The selectable marker used most often is an
antibiotic-resistance gene carried by the vector. Provided the cells are not already resistant,
growth in the presence of that antibiotic will prevent isdlacking the selected plasmid
from surviving, while those that carry it can proliferate. Typical antibiotics used for this

purpose are ampicillin, kanamycin, chloramphenicol and gentamycin.

Ampicillin inhibits a bacterial transpeptidase involved in-aalll synthesi€! It is
therefore particularly effective at stopping growth, thought it may not actively Kill cells that
I NBE I f NBIF R& LINBaSydod wSaa dladtajnad&nzyme tha&d2 y T S NNB R
breaks down ampicillin. A downside of this gene is that the enzyme is secreted, which can
cause degradation of the antibiotic in the medium. On solid media for example, this can
allow the growth of small satellite colonies of bacteria lackhmgresistance gene near a
bigger colony that is degrading the antibiotic arounf{’itThis issue can be mitigated by

using carbenicillin, an ampicillin analogue that is more resistant to degradétion.

Kanamycin is an aminoglycoside antibiotic that interfere® wrotein synthesis.
Resistance is conferred by a gene for the arphosphotransferase that inactivates it after
it has been taken up by the c&ll Therefore, it does not suffer from the issaé

degradation in the media. Chloramphenicol and gentamicin also interfere with protein
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synthesis, but can be inactivated by specific acetyltransfer@sé¥lthe geres of which

are used in various plasmiég!

LS2O0AYn A& |

tHef bl @ did$abidily bf RrBibictidsvRich shows

strong toxicity in both prokaryotes and eukaryotes. It can bind and cleave DNA, leading to

cell death’%? Resistance is oderred by theStreptoalloteichus hindustanideomycin

gene Gh blg that codes for a protein that stoichiometrically binds this family of antibiotics,

inhibiting their DNA cleavage activifif°!

2.3.6 Plasmid maps

Features of the plasmids used for the work reported in this thesis are indicated on

the circular maps ifrig 2.2.
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Figure 2.2: Maps of the plasmids used in this work. Features are represented as
boxes: white for promoters and terminators, purple for proteins (including the lac and
rop repressors), light blue for multiple-cloning sites (MCSs), yellow for origins of
replication (ori for the ColE1 type), pink for protein tags, green foantibiotic -resistance
genes(Gm = gentamycin, Cm = chloramphenicol, Amp = ampicillin, Kan = kanamycin,

Bleo = bleomycin).Figure created using SnapGene 61124
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2.4 Cloning

2.4.1 Gateway cloning

¢tKS DIFIGSglet Of 2yAy3a ind@keneitt@aiéctolbastd? g a U K
2y (GKS YSOKIyAaY dzaSR o0& (GKS oF OGSNR2LKIIAS <
of E. coli This relies on a highly specific recombinatioatasites. All of them contain a 25
bp recognition region, which come inuptypes attB,attP,attL andattR) depending on
GKS LINBASYyOS 2N 6aSy0S 2F al Nxaé¢ 2y SAGKSNI
Syt éevySaod ! TFANBG YAE 2F SyléevySa OFrtftSR .t /¢
protein integrase and thé&.coliprotein integration host factor. This catalysasvitro
recombination between aattB-containing DNA fragment (PCR product or expression
clone) and arattP-containing donor vector. In this thesis, the donor vector pDONR207
(ThermoFisher) was used. The plasmid created by this BP reactioatté-anntaining
entry clone (Fie3! 0 @ ! &aS802yR Syl éey$S YAE OFLtftSR [w /¢
protein:theLJK I} 3504 SEOAaA2yl aSd ¢KA&a OFGLfe j
recombination of theattL-flanked gene from the entry clone with attR-containing
destination vector. This generates atiB-containing expression clone (F&3B)!1% In this
thesis, the expression clones are derived from the destination vectors pDEST17

(ThermoFisher) and pHOGW, a Gateweawbled derivative of the pEA8a vector1%®

To allow directionatloning, the recognition region att sites has been mutated to
form subtypes that only recombine with each other. For examgtt8 1 sites recombine
with attP1 sites, but not witlattP2 sites. Therefore, by adding amB1 site at the start of a
gene ofinterest and arattB2 site at the end, one can be sure the gene would be cloned in
a known orientation into an entry vector that has anP1 and arattP2 site, such as
pDONR207. Then, when recombining the resulting donor vector with a destination vector
that has arattR1 site on the promoter side and attR2 site on the terminator site (such

as pDEST17), the gene of interest is always cloned in the correct oriertéfion.
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Figure 2.3: Gateway cloning (A) The BP reaction generates an entry clone by

recombination of attB sites (eg in a PCR product) with correspondingttP sites on a

donor vector, displacing the toxicccdBgene and creatingattL sites.(B) The LR reaction

generates an egression clone by recombination of theattL sites of the entry clone with

the correspondingattR sites on a destination vector, which createattB sites.(C) Final

construct with a 3C proteasecleavage added to the gene. The position of the start (ATG)

and stop (TTA) codons are shown, as well as the Hiag gene from the vector. Created

with Biorender.com.

The choice of destination vector determines what tags are added to the gene of
interest. For example, pDEST17 provides darhinal 6xHigag while pHO®/ adds an N
terminal 9xHigag*°® Since the ability to cleave the tag off the protein of interest is usually
desirable for crystallography, a protease cleavage site can be introdift€dis can be
achieved at the gene amplification stage by adding a DNA sequence coding for the cleavage
site into genespecific primers. For an-férminal tag, the following nucleotides, which code
fora3C proteas®©ft S| g 3S aA0S oAy o02f R0OX gSNB | RRSR

forward primers:

p QTG GAAGTTCTGTTITCAGGGE®EG ddd ¢03ISyS ALISOATAO
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Thereverse primer used is specific for the gene and adds a first fragment of the

attB2 site (in italics):
p QAA GAAAGC TGEGTPdd ddd 63ISyS ALISOAFTAO LINRA YSN

A first stage PCR reaction using these primers y&icamplified product that can
be used in a second stage PCR reaction to completatttstes (in italics) using a general

attB1+3Gsite forward primer:
p QGGGACAAGTTTGTACAAAAAAGCHGEGTGAAGTTCTGID
The reverse primer is a genestB2 primer:
S55GGGACCACTTTGTACAAGAAAGATGGAT

The PCR product of this second stage reaction thus contains the gene of interest
with a 3Ccleavage site directly upstream and flankedatyB1 andattB2 sites, allowing
Gateway cloning into a donor vector then into estination vector. The protein of interest
expressed by the resulting plasmid will contain a 3C protease cleavage site separating it

from the Nterminal tag conferred by the vector (FR3C).
2.4.2 Restriction enzyme cloning

Restriction enzymes are sequee-specific endonucleases that usually introduce
doublestranded breaks. They were discovered because they restricted bacteriophage
growthonE. coli®’6 & LINB @Sy ldAy3a AyFSOUAz2y GKNRdzZAK Of St
Thousands of restriction enzymes were discovered and hundreds are available
O2YYSNOAIfftes a2YS SyarAySSNBR (2 FAd GKS dzaSs
O2YY2Yy 0dzF T SNE OB R dzO % KRspedibici|davay B I2TEE okfers a
GARS @OFNAS(GEe 2F NBO23IyAdAzy aSljdzsSyoSa GKI G O
OB6AUK Yy 2@SNKIyYy3I0 2 Nshavhiddigd SYRaéE o6y2 2ISNK
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Xbal cleavage Sticky ends
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5'-..TCTAGA....3' —— §5'_.T CTAGA...-3'
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A Ligation
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3'-..6TGCAC...-5' =«—  3'-.GTG CAC..-5'
A Ligation

Figure 2.4: &1 Oi AGET 1T AT A 1 ECAOEI 1T | TReNABEUWMBEUS AT A C
the restriction enzymes Xbal and Pmll at the sites marked by triangles on their
recognition sequences, forming fragments that can be ligatetith compatible ends
using DNA ligaseFigure prepared using ChemDraw21.137]
Genespecific primers that also contain a restriction enzyme site of choice on their
PQ SYR I NB dASR (G2 IYLXATFE GKS 38yS 2F AydsN
vector can be digested with the same set of two restriction enzymes, yielding linearized
DNA with compatible end§.or exampleboth the linearised vectoand digestedragment
may have a blunt endvhichis alwayscompatiblewith the other. On their other end, both
could have overhangsf complenentary sequencesstickyends, making them compatible.
The small lefover fragment can be purified out so they do notligate in the subsequent
ligation reaction, which uses T4 DNA ligase tond the gene of interest into the chosen
vectorP®5 b1  FNFIYSYy(Ga oAOGK aofdzyld SyRaé¢ 3IABS f 2«
SYyRa¢ FNIIAYSyidasx odzi GKAE OFy aftlloy@SNO2YS A

incubation timed!1
2.5 Mutagenesis

Sitedirected mutagenesis consists in deliberately introducing a specific change in a
DNA sequence. Thaglows the precise tailoring of the amino acid sequence of the protein
product, making this technique an invaluable tool in molecular biology. For example, it can
be used for studying the function of a protein or for protein engineeringidely used
metKk2R A& vdzZA Ol/ KIFy3dSu 6! IFAf Sspaciiccompléedty NBf A S
primers that both contain the desired mutation (F&HA). However, issues often arise
because of primeprimer annealing and the scope is limited to single mutationge
improved methods have been proposed to overcome these issues and improve
amplification efficiency*'Y The strategy used in this thesis allows insertions and multiple

mutations while keeping straightforward primer design principles. It consists in usirgg gen
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ALISOATAO LINAYSNE GKIG adgAatt KFE@S + O2YLX SYSy
relatively largeno2 S NI I LILJAY 3 0Q SyRaod | yiAlS OFy2yaAOll

extended primers can use newdynthesized mutant DNA as template because theygerid

the nick introduced in the first cycle (FRy5B)*12

B
L v 1_.\
2

Figure 2.5: Mutagenesis strategies. Schematic representation of two PCR

mutagenesis methods(A) 4 EA 1 O0EAE#EAT CAA T AOET A OOAO AT i BI
and 2 (circular arrows) that harbour the mutation to be introduced (black triangle).

After a first extension (long dashes), the newly synthesized DNA contains nicks (near

the two X symbols), which prevets its use as a template for further amplification(B) A
iTAEEZEAA 1 AOET A OOAO POEI AOOI QEOEADPDEDCAB®BOEART
which can bridge the nicks introduced in the first extension step to allow further cycles

of amplification. The twostrands of the plasmid template are shown as grey circles.

Figure adapted fromLiu et al112]

For the PCR programme, the length of the extension step is proportional to the size
of the plasmid, and the temperature of the annealing siefln¢p ¢ / Inmbéing th&€ ¢

melting temperature of the genspecific region of the primer calculated using the
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OligoCalc Nearest Neighbour mettfddrhe presence of a product of the correct size is
confirmed by 0.8% (w/w) agarose TAE gel electrophoresis with ethidium bromide staining.
While the template DNA (which lacks any mutation) is methylated from its propagation in
E.coli, the newly synthesised plasmid that carries the mutation is not. Therefore, the
template DNA can be selectively digested using the restriction enzyme Dpnl, which cleaves
DNA at the recognition sequence GATC when it is methylated, for example Byctiie

protein called dant®

If agarose gel electrophoresis revealed a pure PCR product, then the remaining
reaction components, primers, and the digested template can be purified out using the
vL! [jdzA O1t t/ w LIJzNR TFA Ol tiekeang unwanted sidgraducBSy 0 @ h 0 K
they can be removed by running the entire reaction on agarose gel electrophoresis, cutting
the band of the right size out and extracting the DNA from it using a QIAquick Gel
Extraction Kit (Qiagen). The purified mutagenib®dA is prone to low transformation
efficiencies, soXLID2 f Rt | €t NI O2YLISGSy G /Stta o! IAt Syl
plasmid is extracted from a transformant culture using the QIAprep Spin Miniprep Kit
(Qiagen). To confirm the presence of the righitation, the DNA is sent for sequencing
(Eurofins Genomics) using primers that bind upstream and downstream of the mutated
region. For example, the primers can bind the promoter and terminator sequences, or an

internal sequence for large genes.
2.6 Transformation

Transformation refers to the uptake of genetic material from the environment
through the cell membraneAny microorganism thas able to undergo transformation is
Ottt SR a02YLISGiSyiéd /2YLISGSyOe Olhy 6S GNARIA3S
starvation or DNA damad# but can also be achieved in the lab. The two most
frequently-employed methods are chemical competence and electroporatfin
bacteria, chemical competence is usually achieved by the use of divalent cations. Though it
remains largely unknown, the process may involve ion bridges between the negatively
charged phosphate groups of both th&B and the lipopolysaccharides of the membrane.
Once bound to the cell, the DNA enters it during bieat shock step, where the cells are

moved from low to high temperature and baék}

For the work covered in this thesks, coltransformation was generally performed

according to the following protocoE. colcompetent cells were thawed on ice, then
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transferred to 1.5 mL microcentrifuge tubes in@On  x [ I f A |j dz2 (ya3x w5[b ! g &0+
I RRSR (G2 G4KS OStfa Ay ltAljd2da 2F nonw G2 p x
30 minbeforeheat K2 O1 Ay3 AY | nH ¢/ 6FGSNIOIFGK TFT2NJ o
onicefortH YAY 0 S T2 NB SuperOptyhabroth with Catdbolitd fepression
(SOCYSRAI OLY@GAGNRASYO LINBKSIGSR (G2 nH c/ ® C2I
with shaking at over 400 rpm, though recovery could be skippeeh theintroduced

plasmid conferreampicillin resistane. The maprity of the transformation reaction was

GKSYy LXFTGSR 2y IyidAoA2GA0 asStSOGA@S [ . 3N

development.
2.6.1 Competent cells

Competent cells were usually preparedhouse except for commercial aliquots of
Libra@ 9 FTAOASYO&wu 51 ph OLYGAGNRISYuOSES 6KAOK 4lI
NEIFOGAZ2ya YR LINRBLI IIFIGAYy3I GKS NBadzZ GAy3 LX I a
used for transforming mutagenesis reactions. The following protocol was performed under
sterile conditions with autoclaved media and solutions. Commercial-boirse cells were
inoculated into 10 mL LB with appropriate antibiotics (e.g., chloramphenicol for Rosetta

OStftauv IyR AyOdzolIidSR 4G ot ¢/ FTYR myn NLIY 2¢

A 250 mlconical flask vin 50 mL of LB was inoculated with 2 mL of overnight
Odzf GdzNBE GKSYy 3IANBGY I (kooodhOr3¢@4. The gllRire was thenpditly (2 |
on ice for 15 min before centrifugation at2,060 YR n ¢/ F2NJ p YAy d® ¢KS
then discarded and the cells resuspended in 30 mL of 0.1 M zfGie leaving on ice for
30 min. The cells were then harvested by a second centrifugation step at@lO0R n ¢ /
for 5 min before being resuspendéd CaClwith 30% (v/v) glycerol. They were then
aliquoted, flaskfrozen in liquid nitrogen and storedgy 1 ¢/ 0 STF2NB dza S o

2.6.2 Confirming the presence of the gene of interest

After transforming a cloning reaction ing. colj the resulting transforrants are
not guaranteed to contain the desired plasmid. For example, with restriction enzyme
cloning, it is possible that the transformants only contain the empty vector, which could
have been religated. Transforming the BP reaction that aimed to clo@RagPoduct into a
Gateway entry vector can also yield transformants that do not contain the gene. Therefore,

the presence of the insert must be confirmed. This can be done with PCR usiag gene
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specific primers and analysing the results by gel electropharksithe LR reaction is more

reliable, the presence and sequence of the gene was not verified in the resulting clones.
2.6.2.1 Colony PCR

A transformant colony could be used to inoculate some liquid media to propagate
the transformed plasmid, which wouttien be extracted and used as template for PCR.

However, time and resources can be saved with a colony PCR protocol.

A small amount of several transformant colonies can be picked and resuspended in
Hp dih 6AGK mn x[ 27F (KA dingNBeadezhwiffleyre A 2y 1 SLIG T
NBYFAYAY3 mp x[ INB AyOdzml GSR | gforddminc/ F2NJ m
The supernatant is used as a DNA sample for PCR using gene specific primers. A positive
control is set with DNA known to contain the genartérest, and negative controls can be
set with the empty vector (neat and/or from a colony) and/or no DNA. The colony PCR
reactions are then analysed by electrophoresis on a 0.8% agarose gel with ethidium

bromide stainingo detect a producbf the correct size!!!”
2.6.2.2 Sequencing

If a colony does have an insert of tbarrect size that can be amplified with gene
ALISOATFAO LINAYSNARI GKS SIENIASNI NBadzaLISyairzy o
F LILINBLINAF GS aStSOGAQDS yGAoA2GA0T GKSYy Ay Odz
propagation of the plasmid, which cae kextracted from the grown culture and sent for
sequencing using either gerspecific primers or sequencing primers. Sanger sequencing is
performed by Eurofins Genomics on samples prepared according to their instructions. The

results are analysed and aligghto the reference sequence using Geneious 9.0.5.
2.7 Recombinant protein expressiorEscherichia coli

Escherichia caié by far the most prolific source of recombinant protein. In the
context of structural studies, it is the expression system listedb¥er 135000 PDB entries,
far more than the second most common system: the insect cells 8podoptera
frugiperdathat yielded around @00 structured!*® E. colhas the advantages of easy
transformation and extremely fagrowth to a high cell density in cheap media. Since the
first heterologous expression of proteins with therapeutic value in the late 18%¥dhere
has been extensive development of expression vectorsgsegon 2.3, cultivation
strategies and engineered straifmvered in this sectiod}?” Some of these aim to
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increase the levels of protein expression while some address the crux of propeinprote

folding.
2.7.1 Protein folding

The environment of protein synthesiskn colican be vastly different than that of
the original host, for example in terms of pH, redox potential andrastslational
processing. This can cause protein instability and aggregation, especially as the exposed
hydrophobic regions of overexpressed proiginteract. This leads to the formation of
inclusion bodies inside the cells, reducing the yield of soluble protein. While some proteins
can be refolded from inclusion bodi@svitro using denaturing agents like urea or
guanidine hydrochloridé?'the most widespread strategy to promote better protein
folding is to induce protein expression at a lower temperature, which reduces hydrophobic
interactions™?° For the projects described this thesis, most protein expression was
OF NNASR 2dzi 4G wmc c/ @

2.7.2E. colexpression strains

Most E. colcells used for protein expression are derived either from thstr&in or
from the K12 strain. Thdatter was isolated at Stanford University in 1922 from the faeces
of a convalescerdiphteriapatient!*?? The B lingon the other hand has a more nebulous
history prior to its naming by Dellick ard Luria in 1942t may originate from a strain,
then namedBacillus coliwhichwas kept in the Collection of the Institut Pasteur and was
dza SR 0 & inR918. Bk fartbus mutagenesis methods, transduction, and
selection E. colistrains with desirable genotypes were created from these two cell lines
andextensivelystudied,generating an efficaciousolbox for recombinant protein

expression!?’
2.7.2.1 BL21(DE3)

E. colBL21 is thenost common host for recombinant expressiéitl It is a B line
derivative that is deficient in the proteases lon and ompT to reduce degradation afjffiorei
and extracellular proteins. BL21(DE3), like all DE3 lysogen strains, carries a T7 RNA
polymerase gene under control of thec[UV5]promoter, so that addition of IPTG allows

translation of genes under control of the T7 promoifér.
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2.7.2.2 Rosetta

Rosetta is a BL21 derivative carrying the pRARE plasmid, which includes a
chloramphenicol resistance gene for selection and allows the expression of six tRNAs for
codons that are seldomsed inE. colicoding sequences. Rosetta 2 carries the pPRARE2
plasmid that expresses an additional rare codon. This reduces translation issues associated
with insufficient availability of tRNAs, such as stalling, termination, frameshifting and amino

acid sibstitutions®Y
2.7.2.3 Rosettgami 2

Expression of recombinant proteinskn colican be challenging if they contain
disulphides bonds and are directed to the reducing environment of the tagap as they
typically are. This is due to the presence of numerous reductases, glutathione and other
thiol reductants. While one could attempt to delete the genes for thioredoxin reductase
(trxB) and for glutathione reductas@dr), this is usually letHdo the cell as it cannot
reduce essential proteins into their active state. Fortunately, viability can be restored by a
mutation in theahpCgene which turns its cytoplasmic peroxidase product into a disulphide
reductase!?® This was done for the strain commercialised under the name Origami 2 by
Novagen. Rosettgami 2 carries the same pRARE2 plasmid as Rosetta 2, but is derived

from Origami 2 (itself a-&2 derivative as opposed to Rosetta 2).
2.7.2.4 SHuffle

While newly synthesizeg@roteins can be directed to the periplasm, cysteines will
be oxidised consecutively by the enzyme DsbA. If the recombinant protein needs non
consecutive cysteines to form a bond, it will require the action of a disulphide isomerase to
achieve a native fdl This is achieved in the periplasmEnfcolby the isomerase DsbhC,
which has a hydrophobic cleft that can interacts with the exposed hydrophobic residues of
a misfolded protein and that may act as a chaperone. It uses its two thioredoxin arms to
isomelise the mismatched cysteines of the misfolded protein with its own resitive
cysteines. This can also increase the amount of correctly folded protein in the cytoplasm if
DshbC is overexpressed inside of it. That is the strategy adopted for the SHaffle st12
derivative that has mutations itmxB andgor like Origami 2, but also constitutively
expresses DsbC in the cytoplasm. The B line derivative equivalent is called SHuffle
Express:26l
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2.7.2.5 ArcticExpress (DE3) RP

While growth at lower tempenares is an effective strategy for increasing the
recovery of soluble proteins, it can le&d colichaperonins such as GroES/EL to lose
activity. This can paradoxically impede proper folding of recombinant proteins as
chaperonins sequester misfolded prate and assist them in achieving a native ffTo
compensate for thisite ArticExpress strain (aliBe derivative) constitutively expresses
the Cpn10 and Cpn60 proteins. These are-eoldpted chaperonins fror®leispira
antarticathatarS KA 3IKf & | OGS S@GSy G n c/ o

2.7.2.6 SoluBL21

To alleviate the solubility bottleneck of recombinant protein expression, a mutant
strain of BL21(DE3) wdsveloped by directed evolution. SoluBL21 is able to produce
soluble a partly-soluble recombinant proteins which are completely insoluble or toxic

when expressed in BL24Y
2.8 Recombinant protein expressiorPichia pastoris

While E. colis the most widelyused organism for recombinant expression of
bacterial proteins, the swess rate for eukaryotic proteins, especially larger ones, is
significantly loweF3 Eukaryotic expression systems can alleviate some of the
shortcomings by providing epanslational and postranslational processing, such as
disulphide bridge fanation, folding, glycosylation and signal sequence proces$sihg
Systems based on mammalian cells or insect cells have yielded numerous challenging
targets, but they are particularly expensive and tisensuming. A middlground can be
found with Pichia pastorisa yeast expression system that is widely used for the production
of recombinant eukaryotic proteins. It owes its success to its abilitgaoh high cell
densities in aerobic growth, its efficient and tightggulated AOX1 promoter, its ease of
use and its low codt®? It is also weltharacterised, in part because of its similarity with
the model yeasBaccharomyces cerevisjand ithas seen extensive development, starting
in the 1970s, when Phillips Petroleum Company established media and protocol for the
production of singlecell protein for animal feed. It was then optimised for recombinant
protein expression by the Salk InstituBé&otechnology/Industrial Associates. In 1993, the
patent was sold to Research Corporation Technologies, availing the system to academic
research to this day, currently under a license to sell the components that is held by Life

Technologies.
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The genomes of botB. cerevisiaandP. pastorisan undergo homologous
recombination with artificially introduced DN&Y While S. cerevisiais dten used for
recombinant protein expression due to the ease of cloning and transformation, especially
in higherthroughput projectg'®¥ P. pastorihas seen better success for structural studies.
This is in part thanks to higher yields, which are required for crystallisation, and because it
is less prone to hypeglycosylation. Indeed, while yeast can add (Md@IcNAg)cores
that are common amongipher eukaryotes, it sometimes adds longer chains of sugars that
can impede crystallisation. This issue can be further reduced by mutating glycosylation
sites*32 expressing in glycoengineered strains such as KMQUHH(::G418Rand/or

enzymatically dglycosylating the resulting proteit¥*!

2.9 Protein purifiation

2.9.1 Introduction

After a protein has been overexpressed in a recombinant host, it must be
extracted. Intracellular expression requires subsequent lysis of the cells, which comes with
the major issues of denaturation, proteolysis and contaminatibthe target protein.

Stability can be improved by keeping the temperature low, shortening the preparation time

and adding protease inhibitof&® In this thesis for example, lysis is performed in a cooled

vessel with a commercial protease inhibitor cocktail, while the following steps are carried

2dzi +ta az22y Fa LkRaairoftS FyYyR FG n c/ @ [/ 2yi{l YA
X-ray crysallography requires high levels of purity (>95%), several purification steps are

likely to be needed*® First, the cell lysate is clarified by centrifugation and/or filtration.

The resulting soluble fraction is then purified, for example by selective precipitation (not

used in this thesis) or by chromatography, which hagdlyrsupplanted preparative

electrophoretic technique&®7
2.9.2 Chromatography

Chromatography is one of the most common methods for protein purification. It
consists in applying a mixture of molecules onto a stationary phase, often in a column, and
using a mobile phase to carry the componentsass it. Because the molecules interact
with the stationary phase to various extents, some will move more slowly than others
through the chromatography system. The aim is to exploit this difference to successfully

separate the protein of interest from itsontaminants. There exist a range of
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chromatography techniques that can separate molecules based on size, affinity, charge or
hydrophobicityt*3!

2.9.2.1 Affinity chromatography

To create the stationary phase, the resin in the column can be functionalized with a
ligand that interacts strongly but reversibly with the protein to be purified. The impure
sample is passed throudghe column, allowing binding of the protein of interest.
Unfortunately, there may be contaminants that also bind the ligand, or interact with the
stationary phase by neapecific interaction (e.g., hydrophobic or ionic). Most can be
removed by washing theolumn with a buffer optimised for minimal disassociation of the
target protein and maximal contaminant removal. This can be done by altering pH, ionic
strength or concentration of competitive reagent. This reagent should have the ability to
bind the immolidlised ligand or its binding site on the protein of interest. It is often used in
higher concentration for specific elution, where it releases the target protein from the
column by competing for binding. Elution can also be achieved byspecific methods
where changing the conditions (e.g., pH or salt concentration) weakens the binding of the

target protein to elute i3

Two common immobilised ligands faffinity chromatography are streptavidin and
nickel ions. Streptavidin is a protein that strongly binds an eigéidue peptide called
Streptag, which can be introduced in the protein to be purified. Once the protein is bound

and washed, it can be eludeusing biotin which competes for streptavidin bindi§.

Nickel(Il) ions can be bound to chelatirggats, such as nitrilotriacetic acid (NTA),
that are immobilised onto a resin, which can be packed into a column to pass the mobile
phase through it or be used as a slurry to be mixed with the mobile phase and recovered by
centrifugation** The chelated nickel(ll) ions offer binding sites for gostidine tags that
Oy 6S FRRSR (2 GKS LINRGOSAYQa aSldsSyOSo 9f dzi
displaces the histidine residues from the metal ion. Other metal ions, such ak(tppbcan
also be used to optimise protein purity and recovery, even using the same column. This is
achieved by stripping the current metal ions using a chelating agent such as EDTA, then

recharging with another metal io#?!

A widely applicable and effective purification strategy consists in a first step of
affinity chromatography, followed by removal of the affinity tag by digestion with a tagged

protease. A second step of affinity chromgtaphy then separates the gagged protein

45



(which does not bind the immobilised ligand) from the protease and the tag (which bind
the ligand). In some cases, an additional purification step is necessary, usually size

exclusion chromatography or ieexchame chromatograph{/3¢!
2.9.2.2 Sizexclusiorchromatography

Also known as gdiltration or gelpermeation chromatography, this technique uses
a porous inert matrix that can separate molecules based on size. After loading the sample
onto the equilibrated column, it is eluted with the mobile phaselobice. Molecules larger
than the pore size do not penetrate the gel particles and therefore all elute first at the void
volume, i.e., the volume of the interstitial space of the stationary phase. The smaller the
molecule relative to the pore size, the neopore volume is available for them to diffuse
into, delaying their elution time. Molecules that are small enough to freely diffuse through
all the pores elute at the total volume of the stationary ph#48This stationary phase can
be made of dextran (good selectivity), agarose (good stability), polyacrylBifiidea

matrix that is a composite of several materigfé!
2.9.2.3 lorexchange chromatography

In ionexchange chromatography, proteins are separated based on their affinity
with a charged matri¥*® In anionexchange chromatography, anions adsorbed onto a
positively charged matrix are exchanged for negatively charged proteins, whit@lys
charged proteins can be washed out. The most webklynd proteins can be selectively
eluted by weakening ionic interactions, either by increasing the ionic strength (e.g., with a
higher salt concentration) or by decreasing the pH (which decrahsesharge on the
protein). Gradient ostepwisechanges in the mobile phase can therefore separate the
target protein from its contaminants. If the target protein is positively charged at the

chosen pH, catioexchange chromatography can be used insté&d.
2.9.3SDSPAGE

2.9.3.1Introduction

Polyacrylamide gel electrophoresis (PAGE) is a ubiquitous method for separating
proteins. Sodium dodecyl qliate (SDS) is a detergent that allows to run PAGE in
denaturing conditions and to separate proteins based on size cagis them with a
negative charge that correlates with their lendtf! For the work presentechithis thesis,
SDSPAGE is routinely used toalyse the results of each purification step.
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2.9.3.2 Methods

[ 2F RAY3 RéS gAGK NBRAOGlFY (G éFa LINBLI NBR |
was either made in house (50 mM THE! pH 6.8, 2% w/v SDS, 0.1% w/v bromophenol
blue, 20% v/v glycerol, 100 mMiDE 0 2 NJ FNRY O2YYSNDALFf adz2014a
. dZFFSNIn- O0¢CKSNNY2CAAKSNL ¢6AUK FRRSR mnn Ya 5
I RRSR wmn- . 2ftdun {IYLXS wSRdzOAy3 ! 3Syid o6Ly=+xAd
0KSY FTRRSR (2 o MPR&DGEZERAYR RERG ByfidK(i 2 wmH
al YLX S @2ftdzySa gSNB o x[ 2F G20Ff OdzZ §dz2NBE 6S

pufi

¢ k[ 2fdld dilutiom af imsoluble fraction resuspended in total lysate volume with

dth = 1 ®H X fract®rf wasRahddiovii EN2 dz3 KX W x[ 2F St dziAz2y
sbg ! D9 al YL Sa 6SNB (KSy AyOdzml G§SR G dp c/
The precast gels used were either TTuPAGE% 8 x 10 x 0.1 cm x 17 wells (Sighktdich)

with MOPSunning buffer (20 mM MOPS, 50 mM Tris, 0.1% w/v SDS, 1 mM EDTA), NuSep
TrisGlycine NB 8% 8.5 x 10 x 0.1 cm x 17 wells (Generon) wiBlyciae running buffer

OHpP Ya ¢NR& 1/ f LI y®doI ™dpH-12%BisHis BudIxBXE n dm?
010Y E mu 6Stfa 6AGK .2tGun a9{ {BRNRWSHYARYI 0«
Tetra System (BiRad), NuSep gels were run at 200 V and TruPAGE gels were run at 65 V
gKAETS GKS R&8S FTNRyd Aa Ay GKS NBazfaassy 3 ISt S
V for 40 min on a Mini Gel Tank (InVitrogen). For Coomasie stain, the gels were incubated

in InstantBlue (Abcam) at r.t overnight before imaging usi@Box with the GeneSys

software (Syngene) with white light.
2.9.3.3 Western Blot

Westernblot is an important method for the identification of a specific protein in a
complex mixture. Proteins are first separated by size usingP2QE then transferred to a
membrane, which is incubated with primary antibodies that specifically bind the protein
interest and are themselves recognised by secondary antibodies that carry a reporter for

detection 47

For the western blot analysgsesentedin this thesis, proteins are transfemdo a
nitrocellulose membrane using an iBlot 2 Gel Transfer device. The membrane is then
incubated in a driegskimmedmilk-based blocking solution to prevent antibodies from
binding the membrane nospecifically**®! The excess primary antibodies are washed off

before incubating with secondary antibodies.
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2.10 Experimental determination of protein structure

2.10.1 Introduction

There exist numerous experimental methods that aim to elucidate the 3D structure
of a protan, but the most common one istdy crystallography (87% of the structures in
the PDB), followed by NMR spectroscopy (7%) and electron microscopy*tbehe
advantage of NMR is that it can provide unique information about the dynamics and
interactions of a protein in neamative environments, but the method is only practicable
for small proteins (below 480 kDa)**% Cryoelectron microscopycfyo-EM) enables the
structure determination of proteins that are unamenable to the other methods because of
their large size, conformational heterogeneity or varied multimeric st&tdt is less
demanding in terms of sample quantity and purity, but has historically yielded structures of
much lower resolution. Over the past decade however, significant advances in electron
detectors and image processing have catalysed aluéon leading to numerous high
resolution cryeEM structured>® While the lower size limit is constantly being pushed,
there are still relatively few structures of proteins below 100 K&¥4Given the size of the
target proteins covered in this thesis (80 kDa), Xay crystallography was the method

chosen for structure determination.
2.10.2 Xray crystallography

This method requires a crystal, grown with a high conceéiatineof pure target
molecule in the right conditions, that diffracts arra§ beam into a pattern that can be
used to determine the size and symmetry of the repeating unit cell within. The intensity of
the spots in the diffraction pattern provides informa that canusedto obtainan
electron density map in which to build an atomic model of the target molecule. The model
is then iteratively refined to improve agreement with the experimental data while
remaining in a thermodynamically favourable conforroati The key stages of this method
are preparation of a pure sample (covered in secd), growth of a crystal, diffraction
experiments, data processing, phase estimation, model building, refinement and

validation!®®
2.10.2.1 Protein crystallisation

The growth of protein crystals suitable foray crystallography is usually the rate

limiting step as it remains unpredictable and cannot be achieved for most tdteethe
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most common crystallisation method is vapour diffusion, whedeap of concentrated
protein solution is mixed with a precipitant solution, then incubated in a closed system
with a reservoir of the precipitant solution. The protainntaining drop then slowly
evaporates as its lower concentration of precipitant tendgards the concentration in the
larger reservoir. The aim of this reduction in volume is to push the protein concentration
past its solubility limit in these conditions, hopefully without causing precipitation. When
this supersaturated state is reachedgtprotein may start to nucleate, forming a point
where the crystal can grow. Growth usually continues until the removal of soluble protein

brings its concentration down to undersaturati@fig. 26).%!

A

Precipitation

| Supersaturation |

) Crystal formation
[Protein]

Crystal growth

| Undersaturation |

[Precipitant]

Figure 2.6: Phase diagram for protein crystallisation.  The axes represent the

concentrations of protein and precipitant.The red arrow shows the progress of a

vapour diffusion experiment thatsuccessfully forms a protein crystalCreated with

Biorender.combased onChayen154

Protein crystallisation is a rare event that depends on numerous variables, such as
temperature, pH, precipitant, protein concentian, additives. A new target will therefore
require a broad screening approach. This is typically achieved using specialised liquid
handling robots and commercial screens that supply a diverse range of premixed sets of
buffers, precipitants and salts thaave helped crystallise proteins in the past.
Crystallisation screening requires milligrams of pure protein to test thousands of different
conditions that are monitored over several weeks using a light microscope. Nearly all the
conditions will produce éher clear drops (likely undersaturated) or precipitate (likely too

supersaturated). A few conditions will yield crystals, though they may be salt crystals, or
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protein crystals that are too small or present other issues that prevent the collection of
usefd diffraction data (such as twinning or disordérp confirm the identity of the

molecule in the crystal, some can be sacrificed by dissolving them and analysing them by
SDSPAGE and/or Western BI6! As protein crystals contain 25% to 90% solvent, they
behave in many ways like a gel, making them muchenfiagile than salt crystals. The best
test of crystal quality remains-pdy diffraction!*>® While a good protein crystal may
occasiorlly come from a first screening effort, the promising conditions are usually
optimised. This can be done through gsicreening, where two variables (often pH and
precipitant concentration) are systematically altered. Varying protein concentration and
temperature can also yield better crystals. Crystals that have the wrong shape or size can

be used to make seeds to add to a fresh d¥ép.
2.10.2.2 Xray diffraction

X-ray diffraction experiments usually require the crystal of interest to be extracted
from its drop. The most common tool is a mounted loop with an internal diameter close to
the size of the kystal. Protein crystals being small and fragile, harvesting them is a delicate
and skilful task. To preserve the crystals during transport aray Xiffraction, most
crystals are kept at a temperature near 100 K. To reach it, they are plunged in liquid
nitrogen, though this can cause cracking or ice crystals that impacts data quality. To avoid
these issues, freshly harvested crystals are immediately bathed in a cryoprotectant, which
is similar to the crystallisation solution to avoid degradation of thystad, but contains a
high concentration of a compound that prevents the formation of ice crystals (for example,

30% glycerolitse!

To obtain ahigh-quality dataset, the crystals are usually transported at cryogenic
temperatures to a synchrotron light source, which can provide a stable high intensity
monochromatic Xay beam. The loop holding the crystal is mounted on a goniometer for
alignment aml rotations. Crystals are typically checked for diffraction before collecting a full
dataset, which is obtained by rotating them under theay beam and recording images of
the resulting diffraction (the principles underlying the phenomenon-ocdydiffraction are
well described in the literatur€}®” When using a singlphoton-counting detector, each
AYF3S Aa 06Sali NBO2NRSR 20SNJ) Fo2dzi ndffc 2F NP
Some later images may be discarded because of one of the main limiting factors in data
collection: radiation damage -bays are highly energetic and can cause degradation, for

example by heating or e generation of freeradicals, which affects data quality!
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2.10.2.3 Data processing

The diffraction images need to be processed in several ways. First, the diffraction
spots, also known as reflections, are identified. Secondly, the reflections are indexed. Each
reflection is assigned a set of Miller inelc the integer$, k, andl, that define which plane
of the crystal they arise from®? At this point, a hypothesis can be made for tht cell
dimensions, the crystal system and the space group. For example, the bigger the unit cell,
the closer together the reflections will be. The crystal system depends on the relationships
between the length of the three edges of the unit cell (aafc) and between the angles
0 KSe T2 N) .The sgmniethy oflthg Rflections along with systematic absences are
used to infer the possible space groups, i.e, how the molecules pack within the uffcell.
The third step of data processing is integration. This determines the intensity of the
reflections, which is dependent on both the amplitude and the phase of the diffracted X
rays. Finally, the data is scaled and merged. Scaling corrects for-imxagage variations
from the diffraction experiment, while merging matches reflections to their spread on

other images or their equivalent by symmett#
2.10.2.4 Data evaluation

When obtained at the Diamond Light Source (Oxfordshire, UK), datasets are
automatically processéd#? using a range of different pipelines such as DIAl & Xia2
3diil*%4, The results are evaluated using several metrics. Therkgiution limit is based
on the outermost reflections used in dapmocessingg A G K I £ 2 dSNJ ydzYo SNI Ay
being higheiresolution. These reflections give information about the finer details of the
structure, but their worse signdb-noise ratio can decrease the quality of the data. Ideally,
the cutoff should be decided basl on the resulting structural information, but in practice,
each pipeline calculates a reasonable kigholution limit that can be manually changed to
observe its effect on other metric¥1/° 6 L0 X o6l aSR 2y GKS AyidSyaai:
their estmated error’ ¢, giwes an indication of the sigAal-noise ratio, so a higher value
is better.*8% R.asrepresents the agreement between reflections that are equivalent
because of their Millemdices or by symmetry, with a lower value being bettern,G€the
correlation coefficient between the two randomly divided halves of the dataset, with
higher vales being better. Completeness represents how much of the expected reflections
are seen in a dataset, so a higher percentage is b8fféProcessing software also
provides these metrics for the higlesolution set of reflections, helping decide whether it
is wotth including. One typically aims for a completeness above 70% in this outer shell and
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93% intotal®®5 | G gk a KAAUG2NAOFTfte& GNHzyOFGSR |
of 2, though it was recently estalflisd that small improvements could be achieved from
including data to valugeven below 17 As for Cg,, some useful information can be

found in shells that have a value between 0.1 andi6%5.
2.10.2.5 Solving the phase problem

The intensity of a reflection is derived from the amplitude and the phase of the
diffracted wave that gave rise to it. While the amplitude carchieulated easily, the phase
cannot be measured directly for protein crystals. To be able to solve the structure of the
protein, a first estimation of the phase must be obtained. This can be achieved by
experimental methods such as isomorphous replacenoer@nomalous scattering? But
in most cases, it isasier and faster to use molecular replacement (MR). This requires a
search model, such assamilar structure, ideally solved for a protein with high sequence
identity. Alternatively, one can use a homology model (see section 2. Hlsgjytion of
idealieed secondary structurgor an ensembl@®f lower-quality models Thisis used as a
search model and may need to be edited to remove parts that do not match the structure
to be solved. Phasing software can then look for the higeesting MR solution by
rotating and translating the search model to try to place it as close as possible to the
position of the crystallised protein in the unit cell. If successful, this solution is then
automatically refined and yields a first estimate of phases, allowing afastron density
map and model to be obtained. Unfortunately, these may be closer to the search model
than to the crystallised protein because of phase bias. It therefore needs to be iteratively

improved through modebuilding and refinemen
2.10.2.6 Modeibuilding

Model-building can be carried out witinteractive software such as Coot, which
displays the current model and electron density map. Coot provides tools for adding and
editing residues, ligands and solvent molecules. These can be refined-spagal to
automatically match the electron densityhile avoiding deviations from idealised
geometry (e.g., bond lengths and anglé%) To find areas to focus on, Coot also offers
validation tools to analyse fit to deityg, rotamer probability, Ramachandran plots and

others.
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2.10.2.7 Refinement

Refinement aims to improve the agreement between the model and theyXiata,
while keeping the model geometry as realistic as possible. Several programs are available
for this task, with the most popular ones includiRgEFMAER? phenix.refiné’Y and
SHELXE? The fit of the model to the dataan be estimated by several rddifity factors.

The two that are most often used are R and:Rvhich are commonly expressed as
percentages. The-factor measures the agreement between the amplitudes calculated for
the model and those obtained experimentally.dtiowever prone to owvdtting of the

data, such as building solvent molecules into the noise of the electron density. To avoid an
artificial lowering of R that does not improve the accuracy of the modeldjfmuch more
widely accepted as it is calculated using a subsetfidctions that was set aside during

data processing so it is never used for model refinentéfitt is therefore a useful

indicator to obtain after each round of model building, which also benefits from the
updated map obtained through refinement. These iterations are then repeated until the

model is considered fin&{’"
2.10.2.8 Validation and deposition

The final structure must undergo validation through the wwPDB OneDep system.
This analyses the model to identify clashes between atoms, Ramachandran outliers,
rotamer outliers, poor fit tadensity, unusual ligand geometry and other issues that may
warrant further attention. After the final corrections, the structure can be deposited along
with descriptions of the contents and experimental methods to obtain a uniqueded
A wwPDB biocuratr must check the submission and approve it to generate an official
validation report that should be used for journal submissions. The structure is usually

released to the public upon publication of the associated manus@fpt.
2.11 Structure prediction

In the absence of experimentally determined structures, for example if a protein
does not crgtallise or for lack of time, the only way of obtaining structural information is
through structure prediction. This strategy is based on a fact established in the 1960s:
protein structures are uniquely determined by their sequence. Yet, going from segt@nc
structure has remained a challenge ever since, as it requires many steps, decisions and
calculations that are not guaranteed to produce an accurate ré$@lihe three main

methods currently available are homology modelling (using a template structure with a
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similar sequence), threading (using a template structure of similar foldjpanditio

structure prediction (no template), with the latter set to supplant the others.
2.11.1 Homology modelling

The unknown structure of a target protein can be predicted with the help of an
experimentallydetermined structure of a homologous proteifihis template structure is
found through the alignment of the sequence of the target protein with sequences of
known structures in the PDB. Their sequence identity should ideally be above 30%,
especially for shorter proteins. Multipiequence alignment can help fitiene the
correspondence of residues in the template structure with residues in the target sequence,
allowing the first residues of the model to be built. Gaps and insertions are often found in
loops and need to be modelledither ab initioor using template loops. Side chain
conformations can be borrowed from the template structure, from other short templates
or from single residues in higiesolution structures. The model is then optimised using

molecular dynamics methodsee sectior2.12).117%!
2.11.2 Ab initiostructure prediction

In the absence of an avable template structure, one can rely on physical
interactions (e.g., running simulations as covered in se@i&8 and on evolutionary
history. The latter is a more recent approach that uses, for example, insights from multiple
sequence alignments tafier pairs of residues that coevolve and therefore ought to be
close to each othelt’® Despite continued improvenmgs and growth ofivailable dataab
initio methods have historically been the most challenging®for structure prediction.
Their progress can be tracked from the results of the community experiment CASP, the
critical assessment of structure prediction. Every two years, participating groups are
challenged to use sequence information to compute streictures of around 100 targets
for which the experimental structures are not yet public. The predictions are then
independently assessed for accurdcy.In 2014, the first significant structure was
accurately predicted without a template by Rosetta thanks to coevolutionary restrifits.
As these contact predictions gradually improved, so did the accuracy of the modéfliag.
significant breakthrough happened in 2018, as AlphaFold successfully used deep neural
networks to obtain prediction accuracies far beyond any other methods, especially for

difficult targets!*®® 81The next CASP in 2020 saw another leap in accuracy thanks to
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AlphaFoldZFig.2.7), an entirely redesigned version which achieved atomic accuracies that

rivalled experimental structures for at least two thirds of the tardéts’]

100

80

60

, %

wv
=
=
o
O 41
O CASP14 ——— CASP1
CASP2 ——— CASP3
CASP4 ——— CASPS
CASP6 ——— CASP7
20 CASP8 CASP9
—— CASP10 ——— CASP11
——— CASP12 ——— CASP13
——CASP14 e CASP14 server
g L CASP14 w/o AF2
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Figure 2.7: Accuracy of the best structure predictions at the CASP experiments.
GDT_TS evaluates the agreement between the backbones of the predicted and
experimental structures. Values above 50% typically indicate a correct fold prediction
while anything above 90% is compadtive with experimental structures. Target

difficulty is calculated based on similarity to available structures. The best predictions
from CASP14 are shown as circles. From thét fo the 120 round, the trendlines show
that the overall improvement in accuacy slowed down. Forthe 13t and 14% rounds
however, AlphaFold and AlphaFold2 were extraordinarily successful in predicting even
the most difficult structures to accuracies never achieved before. Figure reproduced

from Kryshtafovychet all771 with permission.

2.12 Molecular dynamics

Molecular dynamicsimulation is a widespread tool for the theoretical study of
macromolecules in a realistic solvent environmg#d thanks to its ability to model the
events at microscopic scales of length amaet, allowing prediction or validation of
experimental results. It consists in solving the classical equations of motion for each
particle (e.g., atom) at each tirrstep of the simulation. The forces acting on an atom can
be calculated by deriving a poteat energy function, which is the sum of individual
potential energy terms from both bonds and nbonded interaction$'®® The terms for
bonding potential are the potential energy of bonds, bond angles and torsion angles. A
bond length (e.gr23in Fig.2.8) has a potential energy minimum at an ideal length and a
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higher energy when it deviates from it. The same godklfol KS ARSI f .88y R |y 3f
Fig.2.80 ® ¢ 2 NA A 2:)h Fig.9.81 ia&adighér.energy when the end atoms clash

0S®3az Fd2Ya ™M YR nupdNE{BKS a0tmy &l | o/RS WBD FOF
minimum when they are furthest apart (here,y I y 3t S 2Bondaddntercti@rd, NJ y 2 Y
one potential energy term is the Van der Waals interaction, which is repulsive at very short
distance, attractive at the optimum and then rapidly less favourable as the distance

increased. The second essent&im for nonbonded interaction aims to model the

electrostatic interactiorbetween charged atoms, which remains significant over longer

distances.

Figure 2.8: Bond lengths and bond angles. Geometry of a 4atom chain with bond
length r2sQh AT T Axs@h CATAA | QT O£ ihd potdntiaCdnekgy pf ghich is
calculated for MD simulations. Figure adapted fromAllen(183] using Biorender.com.
The potential energy function contains many constants, the values of which need
to be set in advance to form a set of parameters. These parameters can bediggm
more complex and accurate calculations that use quantum mechanics calculations, and can
then be validated by comparison of simulation results with experimental ones. Some
parameters, such as ideal bond lengths and angles, are obtained by expeimeathods
that use spectroscopy or diffractidi#¥ A set of parameters together with a potential
energy function constiite a forcefield, several of which are available to researchers, for
example GROMOS, CHARMM, OPLS and AMBERese forcdields also differ in how
they model water: GROMOS typically uses Simple Point Charge (SPC) water models based
on the tetrahedral geometry seen in ice, while the other three use a Transferrable

Interaction Potential 3oint (TP3P) model based on the smaller bond angle seen in the gas
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phasel’®® They are used to fill the simulated box in which the macromolecule to be studied
was placed. No matter the size of the box, a significant proportion of these water models
will be near is surface, creating a special environment that is not representative of reality.
To solve this issue, one can use periodic boundary conditions, which consists in surrounding
the box with exact copies of itself on all sides. A molecule near the edge bdthean

therefore interact with the nearby image of a water model that is actually on the opposite
side of the box. If that image enters the box, it will be compensated by its corresponding
water leaving the box on the other side, which keeps the same mummbwater models in

the box and provides continuity to the solvent environment. It is impossible to calculate the
energy of every notonded interaction within this infinite array of boxes. One therefore
uses cubff distances to determine which interaohs should be computed for each

atom 183
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Chapter SAsAAT1

3.1 Introduction

The gene for ASAAT1 is on iveended biosynthetic gene cluster for avenacin, an
estimated 0.66 centimorgan (cM) away from the genes that alwaysegoegate with each
other (i.e., 0.0 cM¥% The purpose of this clustering may be to facilitateactaptation and
inheritance of the gees necessary for the production of avenacin, as well asgolation
at the chromatin level to help restrict expression to the root#lt is there, likely in the
cytosol, that ASAAT1 catalyses the first glycosylation step in avenacin biosignthe
addition of its arabinose groug?’! Onlytwo other arabinosyltransferases are known to be
involved inplant natural product biosynthesi&GmSSAT1 from soybedalycine mak part
of the biosynthetic pathway fasoyasaponin ABYl andUGT78D3 fronArabidopsis
thaliana, which glycosylates flavondf§” All threeenzymes use a UB#tivated
arabinopyranose (UDRra) over other UDBugarg®® ¥11AsAAT1 is from the UGT99 family
and GmSSATL1 from the UGT73 family, both in group D, where most triterpene UGTs are
found. AtUGT78D3however, is in group F withflavonoid glucosyltransferadé: 1881A
common feature of these arabinosyltransferases is the presence of a histidine residue at
the Gterminal end of their PSPG motifomologous glucosyltransferases, such as
AsUGT998, the closest relative of AsAATHRve a glutamine residua this position It
is not clear how th mutation to histiding which has arisen independeyntihrice, causes a

change in sugar specificity.

This chapter reports efforts to obtain structural information for ASAAT1 to
NI GA2ylFEAEAS GKAA STFSOGd® LyAGArtftesr GKAA
ray crystallography, but as crydtsation proved unsuccessful, the aim was instead

achieved through a molecular modelling approach.
3.2 Methods

For the purpose aftructure solution by Xay crystallography, several constructs of

AsAAT1 were recombinantly expressedircolifor crystallisation screening.
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3.2.1 Crystallization trials of ASAAT1 with acleavable Nerminal
9xHistag (9xHisASAAT1)

3.2.1.1 Expression and purification of 9X&BAAT1

Production of ASAAT1 (AsUGT99D1) for crystallisation experiments was initially
attempted by following the published strated! E.coliRosetta 2(DE3) cells transformed
with the plasmid pHOGYASAAT1 were obtained from Thomas Louveau (John Innes
Centre). The vector pHOGW is a derivative of the- B vector (Novagen) which is
suitable for Gateway cloningpofers kanamycin resistance and adds nine histidine codons
upstream of the cloned ger& A single colony was cultured in 50 mL liquid Lysogeny
Broth(LBY SRALF dzy RSNJ pn x3IkY[ 1+FylFY@OAy &St SOGAZ2y
mL of this preculture were used to inoculate two 1 L baffled conical flasks with 500 mL LB
YSRAIF FYR pn x3IkY[ 1FYylIYEBOAYS gKAOK @gSNB &kl
culture reached an Odgy of 0.6 and production of recombinant enzyme was induced by
addition of IPTG to a final concentration of 0.2 mM before being incubated overnight at 16
c/ ® . OGSNRIf OStfta ¢ S8|FogkrdeBuSpaniediim 1DmL OSy i NR
buffer A1 (50 mM Tris HCI pH 7.5, 300 mM NacCl, 20 mM imidazole) with one tablet of
AEBSF protease inhibitor (ThermoFisher), 1 mM EDTA, 1 mg/mL lysozyme and DNAse
(bovine). The cells were lysed by passage through a French pre€9@tpsi three times
dzaAy 3 | LINBaadsaNBE OStt O022fSR G2 n ¢/ ® ¢KS OS
MpZnnn NLIY FYR n ¢/ F2NJon YAY O -tdgge8 a2f dzof S
recombinant AsAAT1 by immobilised metal ion affinity chrorgedphy (IMAC) using a
nickelagarose resin column (HisTrap HP 1 mL, GE Healthcare) equilibrated with 10 mL
buffer A1 and eluted with increasing imidazole concentration (20 to 500 mM). Fractions
containing AsAAT1 as identified by SEXS5SE were pooled andrazentrated to a final
@2t dzyS 2F W Y[ dzaAAYy3 I wmn 15F !''YAO2Yy TFAf GSNJI
FdzNI KSNJ LIJAZNAFASR o0& 3ISt FAELAONIGA2Y Fd n c/ @
a flow rate of 0.4 mL/min with a buffer consistings® mM Tris HCI pH 7.5, 300 mM NacCl
and 1 mM dithiothreitol (DTT). Fractions showing pure protein of the predicted MW by
SDg ! D9 ¢SNB LR2fSR IyR O2yOSYyidNriSR o0& OSydN
kDa Amicon filter unit (Millipore). Protein caemdrations were calculated using absorbance
at 280 nm together with the calculated MW and extinction coefficient for ASAAT1 with
9xHistag. These were estimated to be 56,152 Da and 59.93'omvt using the exact
amino acid sequence and the ExPASy ProtPardime servet'®® Once the concentration
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reached 5.3 mg/mL, any further reduction in volume would not increase the concentration
further and the protein was considered tave reached its solubility limit in these

conditions.
3.2.1.2 Crystallisation trials of 9xASAAT1

I NeadGlttAralriarzy &aONBSyAy3a SELISNAYSyida 65N
commercially available screens: StructureSéry ®* M | Yy R MHICS®I@za  ONB S y
Screerf®dt 1 / ¢ LINB YA S N¥la DNXIDK $ DNBISH NI Sty | PSamis S y
[a. /NeaGFEttATFGAZ2Y {ONBSyxux Ittt FTNBY az2f S0Od
also set with dispase, V8 or chymotrypsirksm at 1:100 and 1:500 (w/w)
protease:protein ratio. All protease were obtained from Sigma and diluted to 0.25 mg/mL.

Dispase was diluted with 17 mM Tris HCI pH 7.5 and 100 mM NacCl, V8 protease,@ith dH

and chymotrypsin with 1 mM HCI. For each prote&é, t KSNI M X[ O0F2NJ mYpnan
6 SNB | RRSR -A®DATH (b my/fL). e bckedns were set up-web2-drop

MRC plates sealed withlearVue Sheets (Molecular Dimensions) employing an OryxNano

protein crystallisation robot (Douglas Instremts Ltd.). The sitting drop vapour diffusion
0§SOKYAIldzS 61 a dzaSR gAGK | RNRBLI 4A1TS 2F nop >
SAGKSNI mYM 2NI mYH NIGA2T SldAtAONIGSR 3AFAya
well plate. The screeng plates were monitored for crystal formation using a SZX12 Stereo
Microscope (OlympuskErystals were harvested using mounted LithoLoops (Molecular

Dimensions) and transferred to drops of well solution with added 30 % v/v glycerol for
cryoprotection befoe flashfreezing in liquid nitrogen. Crystals were sent in a dry shipper

to Diamond Light Source, beamlind j@or Xray diffraction experiments.
3.2.2 Crystallization trials of d@gged ASAAT1

As 9xHisASAAT1 failed to produce diffracting crystalsyats decided to attempt
the crystallisation of tagree recombinant AsAAT1 in case the-tdig was impeding

crystallisation.

3.2.2.1 Recloning of AsSAAT1 with a cleavaierminal Histag for the production

of tagfree enzyme

This strategy involved reclorg the ASAAT1 gene into the Gateway vectors
pDEST17 and pH9GW, with addition of a HRV 3C protease cleavage site between the gene
and the Higag. To achieve this, plasmid pH9G@WAAT1 (obtained from Thomas Louveau,
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John Innes Centre) was propagatedigoli5 | p i { sectiah 2.8o8 transformation
protocol) then used as a template to amplify the ASAAT1 cDNA. To add the 3C protease
cleavage site and the first part of tlatB2 Gateway cloning site, the following gene
specific primers were used (gene specific region unformatteghr8@ase cleavage site in

italics, overlap with thattB2 cloning site in blue):
AT-GWFp QTGGAAGTTCTGTTTCAGGBTGGGGAAACCAGCAGQT
AT-GWRp -OAAGAAAGCTGGGCIAGATGGTGAAGCGTTBESACGAGGHI®

This first stage PCR was carried out using Phire HatIBEEMA polymerase
(Thermo Fisher) with 3% (v/v) DMSO using the following proggayn: ¢/ F¥2NJ o YAYy X
08 oH OeolOfSa 2F gy c/ F2NIwmn &z py c/ F2NJ Hn
The presence of a product of the correct size wasfirmed by 0.8% (w/w) agarose TAE gel
electrophoresis with ethidium bromide staining, and the resulting fragments were purified
using a QIAquidkPCR purification kit (Qiagen). This purified PCR product was used as a
template for the second stage PCRat@n, which added aattB1 site (in red) upstream of
the gene and completed thattB2 site (in blue) downstream of the gene by using the

following general primers:
attB1-3GFp -GGGGACAAGTTTGTACAAAAAAGCRCCIEGAAGTTCTG I
attB2-Rp -QGGGGACCACTTTGTACAAGAAAGHIGQGT

This second stage PCR was carried out using the same protocol as for the first
stage.The resulting PCR reaction was used as is to perform the BP clonase reaction to
generate plasmid pPDONR2BGASAATI. Thisreactoni®e m x[ 2F .t Of 2yl &S
OLY@BAGNRISYO AYy | n x[ NBFOUGA2Y AyOdz:l G§SR I
M k[ LINRGSAYF&S Y YAE oOLY@AGNRASYyD F2ff26S8R
BP reaction mix was used to transfoE.col6 | ph [ 9 OStfa o0& KSIFIG &aK2
0KSY 2@0SNYA3IKG G o1 ¢/ 2y asStSOdA@sS [. 3N
the gene was confirmed in one of the resulting colonies by colony PCRe(démn 2.6.2.1
fortheprotocol). Th & O2f 2y e ¢l & 3IAINRGY AY wmn Y[ [. O6HnN
overnight and the plasmid pDONR2BGASAAT1 extracted using the QIAprep Spin
Miniprep Kit (Qiagen). Sequencing confirmed the presence of the gene with one

conservative mutation.
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Plasmid pDONR7-3CAsAAT1 was used as an entry clone to transfer the 3C
AsAAT1 gene into the destination vectors pH9GW and pDEST17 to generate the expression
plasmids pHOGVBGAsSAAT1 and pDEST3AG! a! ! ¢ m® ¢KAa ol a | OKAS@OSR
LR clonase enzyme mix@A G N2 3Sy o Ay p x[ NBFOGA2ya AyOdzmo
GSNYAYLFGAZ2Y S6AGK m x[ LINRGSAYlIaS Y YAE OLYy@A
resulting LR reactions were used to transfdmcolb | ph [ 9 OSff 42X H6KAOK ¢
selective LBadgt) omnn x3IAkYE OFNDSYAOAfftAYy FT2NOSKAOK |
KAKY[ 1FYylFrYEOAYYR2ENRIW YD &G o1 ¢/ 2@SNYAIKID
gene was confirmed by colony PCR. Verified transformant colonies were grown in 10 mL
selective] . omnn x3AkYE OF NpSy xAXIYI Ay | /2 NO&IDE 9/{ ¢Fn@2 NI
c/ 2@SNYAIKGP ¢KS LI | QWprépsspimMnipiep 1St EQiabkn)O G SR dza
FOO0O2NRAY3I G2 G4KS YIydzZFlI OGdz2NBNRa AyaidiNdHzOGA2ya

3.2.2.2 Expression screen of 6xBIBASAAT using a pDEST-tiérived plasmid

ThepDEST1BGASAATL1 plasmidas transformed into the following. colstrains:
. [HM65900% {1 dzZFFEfSt ¢1v o6b9. 0 {1 dZFFEtSt ¢T1 9E
and RosettaB I YA u H 0 5 9 oThe whdlev@luima & gaahdransformation was
plated on Lysogeny Broth (LB) agar with carbenicillin {0L@L) to select for the
pDESTIRSNA OSR LI FaYAR YR gA0GK | RRgmRu G SGNI O Of
HO5900 2NJ ISy il Yé OA ¥ss@®E3RPkTHapajesiwere bdubateddd G A O9 E
oT c¢/ 2AshyldmBirinadt colony for each strain was used to inoculate 50 mL
[ . 6AGK FLIWNBLNAFGS yGdAoA2GA0aE gKAOK gl a i
The resulting preultureswere S R 12 Ay 20dzZ F6S wuw Y[ SIFOK Ayl
OF NDSYAOAftEAYO0 Ay H [ oFFFESR O2yAO0Ft Fflaja
When the cultures reached an @pof 0.5n1 ®c = G KS& 6SNB Y2@OSR (2 wmc
of acclimatisation, recofrinant protein expression was induced overnight by adding IPTG
to a final concentration of 0.02 or 0.3 mM. The cells were harvested by centrifugation at

8,950gF YR Mc ¢/ F2NJop YAyod
3.2.2.3 Sma#cale purification of 6XHBGASAAT1 from expression sanee

The cells harvested from 5 mL aliquots of culture were resuspended in 1 mL lysis
buffer (50 mM TrigHCI pH 8.0, 500 mM NacCl, 20 mM imidazole, 1 mM EDTA, 10% v/v
3t 2O0OSNRES M: Ok@ ¢6SSyu wnI m Y3IAkKY[ feaziey

incubatedat® ¢/ YR HHA NLIY FT2Nlnp YAy® ! FGSNJ I RR

(V)
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reaction, they were incubated a further 20 min. Further lysis was achieved by sonication on

ice (10 s on then 10 s off, repeated 3 times). Sswle purification was carriedobiti n ¢/ @
The insoluble fraction was removed by centrifugation at 13,000 rpm for 20 mMTAI

{ dzLISNFt 26 OvAlIIASyor NBaiAy oSFRa é6mnn x[ 0 6SNB
TrisHCI pH 8.0, 500 mM NacCl, 20 mM imidazole, 10% v/v glycerol, Wev& Sy n Hn O 0 &
mixing. The supernatant was removed by centrifugation at 2,500 rpm for 1 min. The resin

was then incubated with 1 mL of soluble fraction from the lysate at 800 rpm for 1 h. After
centrifugation at 2,500 rpm for 1 min, the supernatant wasdised. The beads were

washed twice with lysis buffer then twice with wash buffer (with washing consisting of

I RRAGA2Y 2F nnn x[ o0dzZFFSNE YAEAYy3 (G2 S$9SyySa
RAAOFINRAY3I nnan x[ 2F & dzLBSNYSfiideiySiR) 4b 8¢ KAS/ (bd2odkyiiR
elution buffer (wash buffer with 1 M imidazole instead of 20 mM) for 12 min at 800 rpm

then centrifugation at 3,000 rpm for 3 min. The supernatant was then analysed by running

denatured samples on SEPAGE.
3.2.2.4 Expressiarf 9xHis3GASAAT1 using a pH9GWrived plasmid

Expression screening with tiDEST1BCASAAT blasmid did not yield sufficient
protein to warrant scalingup, but smalscale purification revealed BL21(DE3) to be the
most promising expression strain. It was therefore chosen for an attempt at-taaje
expression of AsAAT1 with cleavable-tdig ising a pH9GWerived plasmid. TheHIGW
3CAsSAAT1 plasmidias transformed intde. colBL21(DE3) cell$he whole volume of each
transformation was plated on Lysogeny Broth (LB) agar with kanamycin ffaQ). The
LI I §S& 6SNB Ay Odzo A dirfglRtrahstormant colony wad @&dNd/ A I K (i @
inoculate 10 mL LB with kanamycin @k Y[ 0 F YR Ay Odzl GAy3 G o1
overnight. The resulting culture was used to prepare a 25% (v/v) glycerol stock to be stored
at-yn c/ ® ¢KA& 3If eodnBKeR precdltireb® hocudaking it idimh 19RMLILB
GAGK 1FYylFIY&@OAY o6pn x3AkKY[ O G2 0S AyOseld G§SR |
expression, 8 x 500 mL LB with kanamycimk@enL) in 2 L baffled conical flasks were
inoculated with 12 mL of g5 Odzf (G dzZNB St OK® ¢ KS& gSNB Ay Odz | i
ODw2F non +FyR GKSYy Y20SR (2 mc c/ & ! FGSNI np °
expression was induced overnight by adding IPTG to a final concentration of 0.05 mM. The
cells were havested by centrifugation at 8,959 YR mc ¢/ F2NJ on YAyI @K
immediately or flash frozen then storedgtn ¢/ F2NJ £ I § SNJ dza S o
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3.2.2.5 Purification of deagged AsSAAT1

The harvested BL21 cells were resuspended in BB@&binding buffer (bdér Al
with 5% (v/v) glycerol to attempt improving protein solubilit$fj with an added 30 mg
lysozyme, 30 mg bovine DNAse, 1 tab of cOmplete protease inhibitor, then subjected to
three cycles of cell lysis using a French press (Thermo) set to 1,000 psi. The soluble fractions
were separated from cell debris by centrifugatiorbat00gk YR n ¢/ F2NJ Tp YAY

further clarified using 0.45 um syringe filters.

The clarified soluble fractions were first purified by nickel ion affinity
chromatography using a 1 mL HisTrap HP column (GE Healthcare) at a flow rate of 1.4
mk YAY 2¢! [tydz OKNRYlF(G23aNILKeE aeaiasSy oD9 | St
pre-equilibrated with 10 CV of AG binding buffer, before loading the soluble fractions, then
washing with 20 CV of binding buffer. The bound proteins were eluted with a gradient of 20
to 500 mM imidazole, resulting from the mixing of binding buffer with a proportion of BG
elution buffer (B1 with 5% (v/v) glycerol) increasing from 0% to 45% over 40 CV, then to
100% over 10 CV, with a final 10 CV step at 100%. The eluates were coll€cted in

fractions, which were assessed by running denatured samples o S0OE.

The fractions of the eluate that contained any protein were pooled. To prepare for
tag-cleavage with 3C protease, the imidazole was remavitidl a HiPrep 26/10 desalting
coumné D9 | SIFfGKOFNBO Fd + Ff28 NIXaGS 2F wmp Y[ k)Y
aedaidsSy oD9 I SHEGKOFNBO G n c/ ® 9fdziAzy @AGK
collected in 2 mL fractions, 10 of which were pooled as they showed UV absorbance on the
chromatogram and eluted before any significant change in conductiVitg. pooled protein
FNI OQUA2ya oSNB AyOdz I ( Sdged redoribinantHRY 8C x [ 2 F o
LINPGSEFAS gA0K at2¢ AGANNAY3I Fd n c/ 2O0SNYAIK
centrifugation at 5,10k YR n ¢/ F2NJ mp YAy ®

To remove the cleaved Hiag, the uncleaved protein, the 3C protease and the
nicketbinding contaminants from the first nickel ion affinity chromatography, a second one
with the same parameters was run to mer the further purified cleaved protein in the
flow-through, the presence of which was confirmed by running denatured samples en SDS
PAGE.

For the third purification step by SEC, the fractions containing the cleaved protein

were first pooled and concertri SR G2 wm®p Y[ +td n ¢/ SAGK |y |
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Centrifugal Filter (10 kDa MWCO, Merck). Precipitate was removed by centrifugation at
MoXnnn NLIY FYyR n ¢/ F2NI mn YAYyd ¢KS alYLX S 4
75 pg column (GE Healthcare) fmguilibrated and eluted at a flow rate of 0.4 mL/min with

SEC buffels0 mM Tris HCI pH 7.5, 300 mM NacCl, 5 mM DB elution was collected in

2 mL fractions and results were assessed by running denatured samples of the peak

fractions on SDBAGE. Thiactions containing pure protein were pooled and
O2yOSYUNIGSR G n ¢/ 6AGK Fy !''YAO2yt ' fGNI n
¢KS LINPGSAY O2yOSyiGNrdA2y ¢l a YSIad2NBER NI 3 d
(Thermo Scientific) using absorize at 280 nm. When a reduction in volume stopped

causing an increase in protein concentration, it was considered to have reached its
a2fdooAtAde tAYAGD ¢KAA gLk a OFfOdAFGSR G2 68
weight and extinction coefficidrestimated by the ExPASy ProtParam id®based on the

protein sequence.
3.2.2.6 Extraction of the insoluble fraction of lysate

In an attempt to increase the yield of soluble ASAAT1 from the lysate, ashigh
extraction was attempted. This consisted in resuspending the insoluble fractisthri
high-salt AG buffer (1 M potassium phosphate pH 7.5, 20 mM imidazole, 5% v/v dllycero
before centrifugation a6,100gF YR n ¢/ F2NJ 1p YAYy® ¢KS NBadA i
analyseds AGK | bl y25NRLIM {LISOGNRLK2G2YSGSNI 6¢KSN.
280 nm and by SEFAGE.

In a detergent extraction approachfresh insoluble faction following 9xHISG
AsAAT1 overexpression wasuspended in AG buffer with 1 mitaib cOmplete EDFkee
YR M 0 @kl@using dBlasehgmogeniser. The cell debris was removed by
centrifugation at 5,10@ YR n ¢/ F2 NJ T1mng iMeinggranke goRpotietS NI Y I A
were removed by ultraentrifugation at 257,000 Y R n ¢ The cfagfidd selubl& ®
fraction was loaded on a 1 mL HisTrap HP column (GE Healthcare) at a flow rate of 1.4
mxkYAYy 2y Fy &Y¢! t NAYS OKNRYNEHIZ INI LK & /ad® acirSSy
waspreSljdzAif AONI GSR gAGK mn /£ 2F 1 D¢ O0AYRAY3I 0
100), before loading the soluble fractions, then washing with 10 CV of AGT binding buffer.
Any bound proteins were eluted with a gradient2éf to 500 mM imidazole, resulting from
the mixing of AGT binding buffer with a proportion of BGT elution buffer (BG with 0.1% v/v
¢ NR { Ag0yincreasing from 0% to 100% over 40 CV, with a final 10 CV step at 100%.
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3.2.2.7Crystallisation trials of elagged AsAAT1

Crystallisation screening experiments were carried out withftag ASAAT1 freshly
purified and concentrated to 3.3 mg/mL, as 5 mg/mL yielded excess precipitation in a
limited (1202 Y RAGA2Y 0 GNAIFt® ¢KS&aS SELISNAYSyida &SN
commercially available screens: the same six screens descrigedtion 32.1.2 aswvell as
t 9DkL2y {ONBSyunZ LYRSEuzZ t9DwExI {I fGwEuzx I f
{ONBSYyun ™M |yR -bJ 6z02 QORBEORBEY{BR t! /¢ LINSBYAS
aL5!{un {ONBSYy o6SNBE Ifaz2 &aSi-weledropMRCplated t f & ON
(SwisSCl) sealed with ClearVue Sheets (Molecular Dimensions) employing an OryxNano
protein crystallisation robot (Douglas Instruments Ltd.). The sitting drop vapour diffusion
0§SOKYAIldzS 61 a dzaSR gAGK | RNEnUkcénbdltioad® nodp >
SAGKSNI mYM 2NI mYH NIGA2T SldAtAONIGSR F3AFAya
well plate. The screening plates were monitored for crystal formation using a SZX12 Stereo

Microscope (Olympus).

A microseeding experimentas performed from a crystallisation condition that
yielded several small crystals in the hope of obtaining larger ones. Additional screen
solution (0.2 M calcium chloride dihydrate, 0.1 M sodium HEPES pH 7.5 and 28% (v/v) PEG
400) was first added to therystatcontaining drop to verify it did not dissolve the crystals.
¢KS RNRBL) 6l a GKSY GNIYAFSNNBR (G2 | t¢c9o {SSR
50k 2F AONBSYy az2fdziA2y® ¢KAA gka aAKFI1SYy |4 w
yielded seedsf the appropriate size, as observed under the microscope. Two successive
10-fold dilutions were made using 5Q. of seed suspension and 480 of screen solution.
Seeding experiments were set up in triplicate usingdl.@lrop sizes, the same ratio of 1:2
(v/v) protein to screen solution (including seeding solution) and with either 1:7 or 1:4 (v/v)
seeding solution to screen solution. This experiment was also performed with the reservoir
diluted by adding 1:2 (v/v) water to screen solution in an attemysltw crystal growth. To
potentially improve the crystals, the same condition was also optimised by screening on a 5
E p INAR (KIG aeadasSyraaodorete f3dSNBR GKS LI 6
nnn OHY B H 2N m:?0 ImomAratikwite AR R.0 K2dzi | 5t omnY
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3.2.3 Production of the shortened construct of ASAAT1 (BHis
AsAATHh b 0

To improve the chance of crystallisation, the construct AsAABL 6+ & RSaA3Iy SR
removing the 2residue Nterminal region predicted to be disordered BYSOPRE™ (as

described in sectiod.1).
3.2.3.1 Cloning of 9XHEGASAATH b

The plasmid pHIGWSAAT1 was used as template to amplify the shortened
version of the AsAAT1 gene with AsAATispecific primers that add the@C protease
cleavage site and the first part of tlatB2 Gateway cloningite (gene specific region
unformatted,3C protease&leavage site in italics, overlap with tagB2 cloning site in
blue):

AT-n BGW-Fp QTGGAAGTTCTGTTTCAGG@®BICGGGCACTTTGT@TNC
AT-GWRp -OAAGAAAGCTGGGIAGATGGTGAAGCGTTBESACGAGGDHCQ

This firststage PCR was carried out using Phire Hot Start 1| DNA polymerase
(Thermo Fishertpy ¢/ F2NJ o YAYy:I F2ft26SR o0& oH Oe&O0tS
TH ¢/ F2Nlon a3z F2ft26SR o0& TH c/ FT2Nlp YAyod

transformation were performed essentially as for thedelhgth cleavable construct.

3.2.3.2 Expression and purification of HBGASAATH b dza A Yy I-dekived Jl ¢ D 2

vector

The plasmipHIGW3GASAATIN b= 6 KA OK O2y apAmi@srRF axXEBK ! |
N-terminal 3C protease cleavage site in the pH9GW vector, was transformef.intdi
BL21(DE3) cells using the same method as for théefudkth cleavable construct. The same
expression method was also used apart from BR€G concentration, which was 0.02 mM
for this construct. Purification by IMAC was carried out using the same method as for the

first purification step of the fullength construct, but without glycerol in the buffers.
3.2.4 Generation of predicted structure oASAAT bound toUDPAra

As allattempts to crystallise ASAAT1 had proved unsuccessful, it was decided to use
anin silicoapproach to yield structurahformation. A prediction for the structure of

AsAAT1 was provided by Thomas Louveau (John Innes Centre). It had been generated with
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I-TASSER using the crystal structure dfledicago truncatuldJGT71G1 complexed with
UDRGIc asathreadingtemplate (PDB entry: 2ACWA. The resultingmodel contained a
strained loop comprising residues Trp396 to Serd0R to a 2residueinsertion relative to
the template. To identify the most likely conformation for this loop, 20 loop models were
generated using the MODELIERolugin to Chimerd®® The six loop conformations with
the best scores in terms of estimated RMSD and overlap were used to generate models for
the structure of the complex with UBRra, based on the conformation of UEEc found in
PDB etry 2ACW?2 The resulting draft complexes were relaxed using the molecular
dynamics ppgram GROMAE%! and the force field 53a6°Y) The modelsvere solvated in

a cubic periodic box of SPC water molecules and subjected to 100 steps of energy
minimization. The necessary forcefield parameters for 4tlPwere based on those
available for uridine, ATP and glucose in the 53a6 forcefield. Followmgté, the

optimal model was selected for analysis based on having the best QMEAK’damé no
Ramachandran or rotamer outliers in the remodelled loop according to the structure

validation service, MolProbit®]
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3.3Results and discussion

3.3.1 Expression, purification and crystallisation screening of ASAAT1

3.3.1.1 AsAAT1 with narleavable Nerminal Histag

Initial attempts to produce sufficient ASAAT1 for crystallisation were based closely
on a published strateggnd used an existing expression vedtdiThe gene had been
cloned into the pH9GW vector, which is a derivative of the-pEalvector that is
compatible wih gateway cloning and adds ard&minal 9xHigag. The resulting pHOGW
AsAAT1 plasmid had been transformed into EhecolRosetta 2 (DE3) protein expression
strain (see seatin 2.7.2.2 fodetails). A streak of this transformant was obtained and used

in an initial attempt to express ASAAT1, using the original protocol.

For the lysis of the cells to be more thorough, it was performed with a French press
instead of a sonicator. The purification by immobilised metal ion affinity chromatography
(IMAC) withimidazole gradient yielded samples that were heavily contaminated, most
likely by endogenouE. colproteins that bind nickel ions or ASAAT1 itself. The two
foremost contaminant proteins were of approximately 70 kDa molecular weight as
determined by SDBAGE analysisléta not showi. These may correspond to GImS (66.8
kDa) and YfbG (74.2 kDa) as suggested by other autfihis first purificatio step was
optimised by halting the upwards gradient of imidazole concentration at 32 mM, washing
the main contaminants out, then continuing the increase in concentration §Hijg.While
the purity of the AsAATFtontaining fraction was thus improvedwas still insufficient for
crystallisation screening: a major contaminant seemed to stick to ASAAT1, and several
minor contaminants of lowemolecular weights eluted at various imidazole

concentrations as seen by SEFBAGHKFig.3.2).
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Figure 3.1: Chromatogram of the first stage IMAC purification of 9xHis -AsAATL.
The step inserted within the gradient at 32 mM imidazole helps resolve the two major
peaks: a first one from contaminants, then a second one from 9xHisSAAT1, labelled
with a red arrow. The blue curve represents absorbance at 280 nm. The green line
represents the proportion of high-imidazole buffer from 0% to 100%. Fraction names
are written in grey on the xaxis.Figure generated by Unicorn 7 (GE Healthcare) and
edited with GIMP.

Figure 3.2: SDSPAGE analysis of expression and first purification step of 9xHis -

AsAAT1 (IMAC). 4-12% gradient polyacrylamide SDD ! ' % xEOQOE )1 OOAT 0" 1 OA7
staining. From left to right, the lanes show the protein standard ladder with molecular

weights, the taal protein of the uninduced culture (U) and final induced culture (I)

which shows the appearance of the overexpressed protein; pellet of the lysate (P), i.e.,

the insoluble fraction; soluble fraction of the lysate (S) where any recombinant protein

is obsaired by background proteins; unbound proteins of the flowthrough (FT);

elution fraction numbers. The arrow indicates the expected migration distance of

9xHis-AsSAATL.
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A second stage purification was therefore performed using SEC with the reductant
dithiothreitol in the running buffer. This successfully separated all higher molecular weight
contaminants and most of the others out of the AsA&Bhtaining fractions, according to

SDSPAGE analysis (F&93).

(A) (B)
kDa inB78 9101112¢c13 4 5 6 7 8 9E12
250

130

100
-
70 ome —— —

55—" -1"-* Lol

35 - -
25 - - -

- -
-

15%
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Figure 3.3: SDSPAGE analysisand chromatogram of the second purification step

of 9xHis-AsAAT1 (SEC)(A) 4-12% gradient polyacrylamide SDSPAGE with

)T OOAT 6" 1 OAA OOAETEI C8 &OiIi 1 AESO O OECEON

with molecular weights, the protein sample injected into the column (in) and the

elution fraction numbers (with the pooled fractions underlined). The arrow indicates

the expected migration distance of 9xHisAsAAT1.(B) Chromatogram with fractions

numbers written in grey on the xaxisandthe blue curve representing absorbance at

280 nm. The large second peak corresponds to the elution of OXFASAATL.

The purified ASAAT1 with-tdrminal 9xHigag was concentrated to its maximum
solubility at 5.3 mg/mL and subjected to crystallisationl$riasing six commercial screens,
some with spiking with various proteases (V8, chymotrypsin and dispase) in the hope of

forming a fragmentn situthat would crystallise more easif® Unfortunately,of the few

crystals that appeared in the 2,304 conditions tested, none diffracteayX

3.3.1.2 AsAAT1 with cleavable-tdig for the purification and crystallisation

screening of tagree enzyme

To increase the chances of crystallisation, it was attedptith tagfree ASAATL.
First, PCR was used to add a 3C protease cleavage site and Gateway adapters to the gene,
which was cloned into the storage vector pPDONR207. ThAS2@T1 gene was then
cloned into the gateway expression vectors pDEST17 and pH&KEHW, allow IPTG
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inducible expression of-drminalHistagged enzyme. The previously introduced 3C

cleavage site allows the tag to be cleaved off the overexpressed protein.

We set out to screen for expression in all our avail&bleolprotein expression
strains at two different IPTG concentrations. After lysis by sonication, the resulting soluble
fraction had a strong background of endogenous proteins that obscured bands of
recombinant protein by SDSAGE. It was therefore decided terform smakscale nickel
affinity purifications to observe variations in expression levels of solubl&abiigd protein
(Fig.3.4). Overall, the lower IPTG concentration (0.02 mM) gave better results, as well as

the strains BL21(DE3) and Arctic ExprB$s3) RP.

BL21(DE3) SHuffle T7 Express Arctic E Rosetta-g2

0.02 0.3 0.02 0.3 0.02 0.3 0.02 03 0.02 0.3

Figure 3.4: SDSPAGE analysis of the small-scale purification of 6xHis -3C-AsAAT1
from an expression screen. 4-12% gradient polyacrylamide SDSPAGE with
)T OOAT 6" 1 OAA OOAET EBEk®a région dtheemddeNands Fro@ R  p 1t
to right, the 0.02 mM and 0.3 mM IPTG expressions in BL21(DE3) pLysS, SHuffle T7,
SHuffle T7 Express, Arctic Express RP and Rosegfami 2.The arrows indicate the
expected migration distance of 6xHisASAAT1.
E. colBL21(DE3) was chosen for laggmle expresion as it was the one of the two
most promising strain from smadkale expression purification. The second promising
strain, Arctic Express (DE3) RP, was less enticing because of its highly expressed
chaperones, one of which (likely to be the 60 kDa Ot was of similar molecular

weight as ASAAT1 and-etuted during IMAC.

Largescale expression using the pHIG@®ASAAT1 plasmid in BL21(DE3) yielded
sufficient solile protein (Fig3.5) to proceed with the next stages of purification. The
imidazole was removed with a desalting step to allowd¢begavage by 3C protease. A
second stage of IMAC let the-tiegged protein flow past the nickel ions to be collected in
the flow-through. However, it retained the Hiagged protease, the Hisg, any remaining
taggedprotein and other nickebinding contaminants, separating them out (R&¢).

There were a major and a minor contaminant remaining, which were successfully
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sepaated out by SEC with reductant to yield approximately 2 mg of fully purified ASAAT1
(Fig.3.7).
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Figure 3.5: SDSPAGE analysis of the first purification step of 9xHis -3C-AsAAT1

(IMAC1). 4-12% acrylamide SDD ! ' % CAIl xEOE ) 1 &x@Aédit@" 1 OAA OOAT
right, the lanes show the protein standard ladder with molecular weights indicated, the

total protein of the uninduced culture (U) and final induced culture (I); pellet of the

lysate (P), which is the insoluble fraction; soluble fraction oftte lysate (S); unbound

proteins of the flow-throughs (FT); column wash fraction (W);selected elution

fractions. The arrow indicates the expected migration distance of 9xHi&sAATL1.
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Figure 3.6: SDSPAGE analysis of the second purification step of 9xHis -3CG-AsSAAT1

(IMAC2). 4-12% acrylamide SDD ! * % CAI xEOE ) 1 &x@Aéit@" 1 OAA OOAF
right, the lanes show the protein standard ladder with molecular weights indicated in

kDa, the protein sample before (H9) and after (dig) tagleavage, the 3C protease
selectedflow-through fractions, the subsequent column wash (Wgelectedelution

fractions. The arrow indicates the expected migration distance of deagged AsAAT1.
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Figure 3.7: SDSPAGE analysisand chromatogram of the third purification step of
9xHis-3C-AsAAT1 (SEQ. (A) 4-12% acrylamide SD® ! ' % CAl xEOE )1 O0OAT O"
staining. From left to right, the lanes show the protein standard ladder with molecular

weights indicated, the protein sample injected onto the column (In) and the fractions

numbers (with the pooled fractions underlined).The arrow indicates the expected

migration distance of detagged AsAAT1(B) Chromatogram with fractions numbers

written in grey on the xaxis and the blue curve representing absorbance at 280 nm

The large second peak corresponds to the elution of dagged ASAATL.

As a way of potentially improuvinthe yield and because the vast majority of the
produced protein was visible in the insoluble fraction of the lysate, we attempted to extract
some of it back. First, we attempted a higlt extraction2°® but while the resulting
extract contained hundreds of milligrams of protein, SEXS5E analysis revealed it only
contained background protein and no visible 9XBIBASAAT1 (data not shown). For a
aS02yR SEGNI OGA2y aid NI (S 380 bustBe regaitiSgrsolubli S

fraction did not show any proteins that would bind nickel ions, as seen on the

¢
(W)
[«
w

chromatogram of the following IMAC step (B®).
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Figure 3.8: Chromatogram of the attempted purification of 9xHis -3C-AsAAT1

from detergent extraction (IMAC). The blue curve represents absorbance at 280 nm.

The green line represents the proportion of higimidazole buffer from 0% to 100%.

Fraction names are written in red on the xaxis. Generatedd U AT 2?2 +4! O0OEI A

chromatography systen (GE Healthcare).

To ensure the purified protein did not rapidly degrade before crystallisation, the
stability of the detagged AsAATL in our chosen buffer was evaluated by running various
time-LR Ay Ga FTNBY n c/ -PAGE (Fi@.9).This shiowied tHat AsBAT2 Y { 5{

was remarkably resistant to proteolysis.

Figure 3.9: Degradation analysis of de -tagged ASAAT1 by SDSPAGE 4-12%
gradient polyacrylamide SDO ! ' % xEOE )1 OOAT 0" 1 O6AA OOAET ET C8
concentrated to 3 mg/mL in SEC buffer (8 mM Tris HCI pH 7.5, 300 mM NaCl). Samples
xAOA 1TAESG &£ O p O oo AAUO AO poe J# | EITAI OAEI]
xEOE j OOEAxAAGQ-GEA xx EAOEA TGI8 AO#EOAAURAOA EAOO OT
AT 1T OAT ET AT O OADPAOAOA A 33days.Bhese is dolvidiblelsigna®d AO 1 J #
proteolysis.
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The purified tagree ASAAT1 had a maximum solubility of 5.8 mg/mL. A small
number of test crystallisation conditions were tried for a concentration of 5 mg/mL, but
almost all of them resulted in prectpie. Therefore, a lower concentration of 3.3 mg/mL
was used for our larger scale crystallisation screening efforts, which gave a better ratio of
precipitate to clear drops (approximately 1:1). None of our 10 commercial crystallisation
screens (1,920 coniibns) produced crystals that would diffract, so we attempted the first
three screens in the presence of the substrate D& in 1.5:1 ratio with the enzyme.
Unfortunately, it did not yield any useful crystals either. We attempted all 10 commercial
screers with UDP present in 10:1 ratio with ASAAT1, but to no avail. We also attempted
FT2dzNJ ONBadGlfttAalGAz2zy aONBSya G n c/ 2 6KAOK
was optimised in a 5 x 5 grid of-®# or 4 % (v/v) PEG and-®/2 or 0.4 pH unithut we did
not obtain better crystals. We tried microseeding the conditions with various dilutions of

broken crystals, but they did not grow.
3.3.1.3 AsAAT1 with shortenedétminus (ASAAfi b 0 | YR Ofagl @l 6t S | A

To increase the chances of crystallisat we designed a shortened construct,
AsAATIn b X 6 KA OK f I O] S RterinikuS thitBeieipredizidtobell (G KS b
disordered(see section 2.1)t was overexpressed using the plasmid pHI8WASAATL
nb Ay GKS &l Yéngthacbnstrudt. &fortuaely, dnlizivelry little soluble
protein appeared by SEFAGE analysis of the IMAC eluate (Fit). Further purification

was therefore not carried out as the construct may not be soluble enough.
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Figure 3.10: SDSPAGE analysis of expression and first purification step of 6xHis -

3C-AsAAT1-3 . 812% gradient polyacrylamide SD® ! ' % xEOE )1 OOAT 0" 1 OAA
From left to right, the lanes show the protein standard ladder with molecular weights

indicated in kDa, the total protein of the uninduced glture (U) and final induced

culture (I) which shows the appearance of the overexpressed protein; pellet of the

lysate (P) which is the insoluble fraction; soluble fraction of the lysate (S) where any

recombinant protein is obscured by background proteinsunbound proteins in the

flow-through (FT); weakly-bound proteins in the wash (W);selected eluate fractions

The arrow indicates the expected migration distance of 6XxHi8G-AsAATL3 . 8

3.3.2Prediction of the structure AAsAAT1In complex witHJDRAra

Despite extensive efforts to obtain crystals of ASAAT1 by screening over 8,000
conditions, crystallisation proved impossible. The strategy for obtaining structural

information was therefore shifted to silicomethods.

A structure prediction hatieen generatedising {TASSER" based on theerystal
structure ofMedicago truncatuldJGT71G1 complexed with UiGHc (PDB: 2ACWY A
significant difference between AsAAT1 and theeadingtemplate is the insertion of an
arginine and a leucine residue in a loop near the active site3Hif). This resulted in an
unnaturally strained loop in theTASSERodel, so it was remodelled using MODELLER
(Fig.3.12).1r%8]
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Figure 3.11: Alignment between the amino acid sequence of ASAAT1 and that of
the homologue M. truncatula UGT71G1(PDB: 2ACW)This shows the insertion of
Arg398 and Leu399. Figure prepared using Geneious 9.0.5

Figure 3.12: The active site loop of ASAAT1 was remodelled. The original
IZTASSER® model (green cartoon) contained a strained loop (red) near the active site
His404 (magenta sticks), so it was remodelled (blue). The two residues of the insertion
(Arg398 and Leu399) are shown as sticks. The UEAra ligand is shown as cyan sticks.
Figure prepared using PyMDL46]
UDPRAra wadnserted irto the model of AsAAThased on the conformation of
UDRGIc in the template structure. To achieve a more realistic model and resolve steric
clashes, this draft complex was relaxed using the molecular dynamics program GROMACS.
This required the design of forcefield parameters {ibRPAra to allow energy
minimisation. The resulting model shows thhetresidues key to sugar specificity, His404

and Prol154, are in close proximity to the arabinose moiety of-A2RFig3.13).
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Figure 3.13: Structural model of ASAAT1 with bound U DP-Ara. The protein is

represented in green ribbons with the PSPG motif in salmon, including the side chains

of highly conserved residues (salmon sticks). The loop in orange was remodelled.

His404 and Pro154 are shown as magenta sticks. Hydrogen bond inéetions are

shown with yellow dots. UDPRAra is labelled and shown with carbon atoms in green.

Figure prepared using PyNDL4¢]

Comparison with other glycosyltransferase structures validates the predicted
bound conformation of the UDP moiety in our model. Other instances can be seen in the
crystal structures oMedicago truncatuldUGT71G1 complexed with Uitic (PDB:
2ACWY)?2 of Glycyrrhiza uralensldGT73P12 complexed with UDP (PDB:
7C2X)(unpublished) and @iryza sativdDs79 complexed with a UBFIc analogue (PDB:
5TMD)?°7In all these structures, the uracil moiety is clamped between an aromatic
residue and a glutamine residue, and in the same orientation as in the ASAAT1 model. The
hydroxyl groups of the ribose moieties are hydrodgemded to a conserved glutarteaside

chain. The first phosphate group of the UDP moiety accepts a hydrogen bond from a
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conserved asparagine and its phosphoester linkage from a conserved histidine. The second

phosphate receives a hydrogérond from a threonine or a serine. (F&j14).

Figure 3.14: UDP conformation in the ASAAT1 model and in homologous

structures. The PSPG motif and Thr298 from the ASAAT1 model (green cartoon and

sticks) were aligned to their equivalent in three other structures of UGTs complexed

with UDP-sugars (PDB2ACW, cyan; 7C2X, yellow with hydrogen bonds shown as

UAT 1T x AT 6O AT A AEOOAT AA ET ai CcOOOEIN v4-3h O

moiety is conserved across structuredrigure prepared using PyNDLI[46]

The AsAAT1 model can help rationalise the effect of active site mutations on sugar
specificity. It has been reported in the literatl#that the His404GIn mutation in ASAAT1
cause a switch in primary specificity from arabinopyranose to xylopyranose sugar donors.
These sugars differ only their stereochemistry around carbon atom C4 (Big5), so it
could be argued that a histidine residue at this position favours an akigdlrbxyl while a

glutamine residue favours an equatorial one.

On the other hand, the Pro154Ser mutant has incegiaactivity towards galactose,
which is essentially arabinose with &gdroxymethyl substituent. When this mutation is
coupled with His404GlIn, the resulting mutant has its main activity switched to glucose,

once again suggesting that the glutamine resiflweours an equatorial-4hydroxyl group.
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Pro154Ser
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Figure 3.15: Structure of the four sugars for which activity was characterised in

AsAATL. Two single- and one doublemutant ASAAT1 have had their activity against all

four corresponding UDRsugars measuredAdapted from Louveauet al39! using

Biorender.com.

While His404 does not directly interact with thehgroxyl group of the sugar
according to the model, the side chain of histidine is larger than that of glutamine. This
seems to push the sugar further towards Pro164 @i, and prevents any equatorid}
hydroxyl group from accepting a hydrogen bond from the backbone nitrogen of a
conserved tryptophan residue. It may also cause a steric clash of equatbsidradxyl
groups that is lessened in the more compact sugars that have an axial group instead. Th
suggests a structural basis for the fact His404GIn increases the preference for equatorial 4
hydroxyl groups. The effects of the Pro154Ser mutation may also be rationalised in terms
of gain of hydrogen bond from the side chain to thbyglroxymethyl grap as seen in the

related glycosyltransferases.
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Figure 3.16: Binding pocket of the sugar moiety. The ASAAT1 model is shown in

green and the crystal structures of two related plant glycosyltransferases are shown in

cyan (PDB: 2ACW) and yellow (PDB: 7C2¥jth its hydrogen bonds shown as yellow

AAOEAO AT A OEAEO 1 Al Eigute prEparedausirg ©ydmpesi ET AEAAOAA

3.4 Conclusions andifure work

In conclusionthe purification ofASAAT1 with a ferminal 9xHigag, expressed in
E. coliwasmuch improved from the published one, but the constrdirt not crystallise.
Tagfree AsAAT1 was also produced this way but, degpitensive crystallisation efforts,
would not yield diffracting crystal3.he deletion mutant ASAATIN proved to be insohle,
so structural information was obtained througsilicomethods instead. An energy
minimised molecular modeif ASAATL1 in congx with UDPAra providel information
about the binding of its sugar moiety. This hedpationalise the effect of two key active
site residues on sugar specificity in terms of loss of hydrdmperds relative to

glucosyltransferases.

A crystal structure bASAAT1 is expected to be more accurate than the model
presented herein. Though it may be the case that ASAAT1 cannot be crystallised, further
attempts could be considered, for example by using nucleants, such-gasir® or by
crossseeding with microcrystals of a different protdff? such as Gtfo2s, another UGT
crystallised areported in this thesis (se&ppendixl). If a crystallisation method could be

found and led to the solution of the crystal structureAsAAT1, attempts to ecrystallise
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and/or soak the ligands UPA&ra and deglycosdvenacinrAl may yield structures of the
resulting complexe8? To prevent sugar transfer, it may be required to synthesize a non
transferable UDRAra analogue (e.g., UBPdeoxy2-fluoro-Ara)?*% or to generate catalytically
inactive mutants. The latter may be achieved by mutating the catalytic base His35figdEeby
alignment of thepredicted structurg to Asn or GIn. Alternatively, mutation of the proton

acceptor Aspl132 to Asn may be sufficient.

Finally, in the absence of crystals of ASAAT1, the accuracy of the model presented
here may be improved by perfoing docking and energy minimisation on a more accurate
model of the enzyme, such as one generated by the AlphaFold2 software that has become

available for academic research since the completion of this dtifdly.
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Chapter 4AsTG1

4.1 Introduction

The finalglycosylatiorstep in the avenacin biosynthesis pathway is the addition of
a 1,4linked Dglucose moiety to the-arabinose group of the molecul€&his is catalysed by
AsTG1, which is encoded on tBad3ocus identified in an avenacoreficient oat mutant.
At 3.6 cM,Sad3is less closely linked to the main gene cluster than the gene for ASAAT1
(0.66 cM). However, its expression is still restricted to the root tip. The enzyme is essential
to healthy rootdevelopment, likely due to the phytotoxicity of its substrate when it
accumulates$® While AsTG1 is able to glucosylate variants of its natural substrate, control
of the product is achieved through compartmentalisation: the precursor isrgéee in the
cytosol, then transported to the vacuole, where AsTGL1 is localised thanks to its signal
sequence?? Unlike the UGTs that catalyse the first two glycosylatmfrsvenacin AsTG1
is a glycosyl hydrolase. It is part of cluster 6 of the GH1 family. Half ofiinacterised
enzymes in this cluster have shown transglycosidase actiwitysodid two Delphinium
grandiflorumenzymes in cluster.f?® 211 The switch from glycosyl hydrolase to
transglycosidase hakerefore occurred multiple times, but its structural dagemains

unknown[?12

The aim of the work described in this chapter was to understand the determinants
of transglycosidase activity based on the molecular structure of AsTG1. To obtain the
recombinant enzyméor crystallisation, overexpressiarf various constructs/as
attempted inE. coli Unfortunately, they either suffered from low solubility or did not
crystallise Thisprompted a shift tan silicomethods such asviomology modelling,

multiple-sequencealignmentand moleculardynamics simulations
4.2 Methods

In preparation for structure solution by-réy crystallography, several constructs of

recombinant AsTG1 were heterologously overexpresséfl ooli
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4.2.1 Crystallisation trials of AsTG1 with a-deavable Nerminal
OxHistag (9xHisASTG1)

The fulllength construct with a noftleavable Nerminal 9xHigtag, 9xHisAsTG1,

was used in an initial attempt at crystallisation.
4.2.1.1 Expression of OxHsTG1

Heterologous overexpression of IxiAsTGXor the purpose otrystallisation
followed the published protocol with minor modificatioH9.Briefly, ®lonies ofE. coli
Rosetta(DE3) cells transformed with the CDS for AsTG1 (lacking the signal sequence
predictedby SignalP¥! cloned into pHIGW (pHI9GWsTG1) were obtained from Anastasia
Orme (John Innes Centre). A single colony was used to inoculate LB@wghml
kanamycin to select for the pH9GW vector andkgml chloramphenicol to select for the
PRARE plasmid) and wgs®dzo i SR 4 o1 c¢/ | y®R aliquotoftielly 2 @S|
resulting culture was thoroughly mixed with 580 of sterile 50% glycerol and flash frozen

in liquid nitrogen to prepare a glycerol stock for lelegm storageaty n ¢/ @

This glycerol stdcwas used to prepare a preculture by inoculating it into 2 x 100
mLLBG&IK YE Yyl YE@OAYO0 YR AyOdzml dAyA-stalé ot c/
expression, 8 x 750 mL LB g&fiml kanamycin) in 2 L baffled conical flasks were each
inoculatedwit K Hp Y[ 2F LINBOdzZ Gd2NEP® ¢KSaS 6SNBE AyO«
ODw2F ndopI GKSYy Y2@SR (2 wmc c/ | y&of@®hn NLIY®
recombinant protein expression was induced overnight by adding 1 M IPTG to a final
concentraton of 0.05 mM. The cells were harvested by centrifugatio®,®0gl Y R mMc ¢/
for 45 min, resuspended to 45 mL in AG buffer (50 mMH@spH 7.5, 300 mM NacCl, 20

mM imidazole, 5% (v/v) glycerol) then flash frozen and storegiat c / &
4.2.1.2 Purificabn of 9xHisASTG1

The frozen pellet was thawed then mixed on ice for 15 min with 40 mL of 2X lysis
buffer (AG buffer with 0.1 mg/mL DNase from bovine pancreas (Siddneh), 2 mg/mL
lysozyme from chicken egg white (Sigiddrich), 4 mintab cOmplete EDAfree protease
inhibitor cocktail (Roche)). The cells were then lysed by two passages through a cooled cell
disruptor (Constant Systems) set to 30,000 psi. The soluble fraction was separated from the
cell debris by centrifugation at5,1@0- YR n ¢/ F2NJ tp YAY FyR ¥FdzNI

K Ysyringe filters.
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The clarified soluble fractions were purified by immobilised nickel ion affinity
chromatography using a 1 mL HisTrap HP column (GE Healthcare) at a flow rate of 1.4
mkYAY 2ytHNBEE&OKNRYIG23INFLKe d8aGSY 6D9 | SIf(
pre-equilibrated with 5 CV of AG buffer, before loading the soluble fractions, then washing
with 25 CV of AG buffer. The bound proteins were eluted at 1 mL/min of a gradient from 20
to 500mM imidazole, resulting from the mixing of binding buffer with a proportion of BG
elution buffer (AG with 500 mM imidazole instead of 20 mM) increasing from 0% to 2.5%
over 2.5 CV, maintained over 10 CV to selectively elute contaminants, then increasing t
40% over 25 CV. The eluates were collected in 2 mL fractions, which were assessed by

running denatured samples on SBPAGE.

For the second and last purification step, the fractions of the eluate that showed
the presence of a protein of the correct appat molecular weight were pooled and
O2yOSYy (NI SR (2 I NRdzyR w Y[ G n ¢/ B6AGK Y
MWCO, Merck). Precipitate was removed by centrifugation &2A@Brpmandi ¢/ F2 NJ mMn
min. The sample was then purified by SBE@dliLoad 16/600 Superdex 75 pg column (GE
Healthcare) presquilibrated and eluted at a flow rate of 0.4 mL/min with SEC buffer (50
mM TrisHCI pH 7.5, 300 mM NaCl, 5 mM DTT). The elution was collected in 2 mL fractions
and results were assessed by rurmifenatured samples of the peak fractions on SDS
t1 DO® ¢KS FTNIOGAzyad O2yidlAyAy3d LHNBE LINRGSAY
' YAO2yt 1 EGNT W Y[ [/ SYGNARFdALIE CAftGSNI omn 15
YI ydzF I O dzNBENR A Ay ancexfaidi wad yieasbredrég8larlyiitRai SAy O
bl y25NRLIM {LISOGNRLIK2(G2YSGSNI 0¢KSNY2 {OASYGAT
reduction in volume stopped causing an increase in protein concentration, it was
considered to have reached its solubility liffibis was calculated as 39 mg/ivsed on
absorbance at 280 nm and the molecular weight and extinction coefficient for AsTG1 with
9xHistag. These were estimated to be 58,088 Da 8Ad®1 mMcm: using the exact amino
acid sequence and tHexPASProtParanonline servet!® Any precipitate was removed
by centrifugation at 100 rpmandi ¢/ F2NJ mn YAYy ®

4.2.1.3 Characterisation of 9xtAsTG1 by RS

Purified 9xHisAsTG1 protein was characterised byMS§. To do this, freshly
purified 9xHisASTG® | & RAf dzi SR (2 pn xa Ay {9/ 0dzFF¥SNWD
aSLI NFGSR o0& {9/ ¢la IylrfteaSR Fa LIH2NATFASRD ¢

npn Fk[22 FOSG2YyAGNRE ST nom: F2N¥AO I OAR® | @
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reversed phase RPS column (4.6 x 50 mm; Dionex). The protein was eluted at a flow rate

of 0.2 mL/min with a 15 min linear gradient from 2% to 100% acetonitrile restittng

the mixing of solvent A (0.1 % (v/v) formic acid in@Hand solvent B (0.1% (v/v) formic

acid in acetonitrile). The eluent was continuously infused into the ESI source of a

micrOTORIII mass spectrometer using the HyStar software (Bruker DaltoMes)

spectra were acquired between 50 and 3000 m/z with the following parameters: dry gas

Ft26 2F y [KYAYZ ySodzZ AaSNJ I a LINBaadaNBE 2F n
4500 V, offset of 500 V, collision RF at 650 Vpp. The data was dededvmber the mass

range of 40 to 98 kDa using the software Compass DataAnalysis version 4.1 (Bruker).
4.2.1.4 Crystallization trials of 9xdASTG1

Crystallisation screening experiments were initiated with freshly purified 9xHis
tagged AsTG1 concentrated 15 mg/mL. The concentration was decided based on manual
tests of 10 conditions and an overnight screen of 192 conditions to determine which
concentration yielded precipitate in half of them. Three commercially available screens
were used: Structure Scrgend and 2 Eco Scre@ff1 JCS@&J dza n |fLAndBATY
LINB Y A S NJ#3I Il tbaiBlgcular Dimensiods ¢ KS A ONBSya oSNB aSsSi
96-well 2-drop MRC plates sealed with Clear\&leeets (Molecular Dimensions) employing
an OryxNano protein crystallisation robot (Douglas Instruments Ltd.). The sitting drop
@ L2 dzNJ RAFFdzaA2y GSOKYAIljdzS 41 a dzaSR gAGK | 0
and screen solution ateithera1:Nd | MYH @2 dzyYS NI GA23 SljdzAf Ao
screen solution per reservoir of the @ell plate. The screening plates were monitored for

crystal formation using a SZX9 Stereo Microscope (Olympus).
4.2.2 Cloning of AsTG1 variants with a cleavabégminal 9xHidag

As the 9xHigagged enzyme failed to crystallise, it was decided to pursudréssg
enzyme variants to increase the likelihood of crystallisation. Specifically, deletion mutants
were designed to remove the-ldnd/or Gterminal sections othe polypeptide that were
predicted to be disordered (see section 2.1). These mutants and thierfigilh wildtype
protein were engineered to introduce a protease cleavage site between the protein and
the 9xHistag. The constructs AsT@1lb n/ | Y R /werd ébRimed by PCR
amplification and Gateway cloning, but this strategy did not work for the ASTG1 and-AsTG1
nb 02y aiNdHzOlad ¢KSAS 6SNBE (KSNEF&BSNIAEWR OGO AYSR

plasmid once it was acquired (see Hid.and section 4.2.4).
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AsTG1-S227p —» OCateway Mutate
gene Cloning to WT

Figure 4.1: Strategy for obtaining expression clones of the four cleavable

constructs of AsTG1. Created with Biorender.com.

4.2.2.1 Amplification of ASTG1 construct genes

The ASTGHPEAQRDest1(NoSig) plasmid was obtained from Thomas Louveau (John
Innes Centre). It is derived from a Gatewm@pmpatible vector that confers kanamycin
resistance and is designed for protein production in plant ti$8ddt was propagatd in E.
coli51 ph {/ 6{dzoOf2yAy3a 9FFAOASYOe&us LYGAGNRIAS
first stage PCR to amplify the gene using the following gpeeific primers (gene specific
region unformatted 3C protease&leavage site in bold, overlayith the attB2 cloning site in
blue):

TGfull-3GFp QTGGAAGTTCTGTTTCAGGGOBBHBAGACGTTGTGGTGACGG
TGn b3GFp QTGGAAGTTCTGTTTCAGGGITGAECCGCCGTGACTFECCC
TGn FattB-Rp -OAAGAAAGCTGGGIAGTTTAGGAAGCTAGAGTACCATCTG

ForAFGin / = ( KS -LINGVWF AMEG)H ¢afiB-R were used. For A&
nbp/ T KB IGK a8TISHE fattB-R were usedThe first stage PCR was carried
out with Phire Hot Start Il DNA polymerase (Thermo Fiskigin)5% (v/v) DMSO using the
F2ff26Ay3 LINBPBANFYY dy c/ F2Nl o YAYy>IX F2tf26SR
c/ F2NJon az F2f{t26SR 06& TH c¢c/ FT2NIp YAYyd ¢K
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was confirmed by 0.8 % (w/w) agaroBAE gel electrophoresis with ethidium bromide
a0FAYAY3AT YR GKS NBadzZ GAy3 FNIIAYSyda 6SNB L
OVALF3ASY U0 6AGK gincubdted # mind ®fore ¢luioch.R R |

4.2.2.2 Introduction oétt cloning sites into AsTG1 construct genes

The purified products of the first stage PCR were dilutefbldwith autoclaved
dith YR H x[ lFfAljdz2zda 6SNB dzaSR & 5b! GSYLX I
anattB1 site (in red) upstream of tH&C praeasecleavage site (in bold) and completed the

attB2 site (in blue) downstream of the genes using the following general primers:
attB1-3GFp -GGGGACAAGTTTGTACAAAAAAGCHEFGGAAGTTCTEI T2
attB2-Rp -QGGGGACCACTTTGTACAAGAAAGHIGQGT

This second stage PCR was carried using the same protocol as above but with 1%
0Ok@B0 5a{h YR np c¢c/ F2NIyySIftAy3a AyaaSIR 2

4.2.2.3 Cloning of AsTG1 constructs into the Gateway entry vector pDONR207

TheNBadz G6Ay3a t/w FNIXIYSyida 6SNB dzaSR lFa Aa
Oft 2yl asS NBIOGA2yas SIOK gAGK ™ x-HCIpH8.00f 2y &S
ndem Ya 95¢! 03X FYR M X[ LBhbwHanT O0py YIKK[OD
addy3d nop x[ FfAld2da 2F LINRGSAYyFaS Y FYyR AyO
NEFOlGA2ya 6SNBE dzZaSR Ayh m[ X[ O] A A NWARE Z9T2AONSY
OStfta oHp x[ SFOKO® ! FTGSNI NBO2 gShdond@aN? ¢ (1 K=
LIX FGSR 2y [ . | 3 NJThepresenceok axgene af ¢ doirett 8i22 vgs0 ©
confirmed in a few of the resulting colonies for each construct by colony PCR.§s24

for the protoco) using entryvector specific flanking primers:
SeqLAp -DCGCGTTAACGCTAGCATGGATCTC
SeqLB -GTAACATCAGAGATTTTGAGACAREGGG

These colonies were inoculated in 10 mLBAn  k Ak Y[ 3ASydl Y@OAyYyUL S
Fd ot ¢/ FYR mMyn NLIY 2 JSBRITGKI PDORRBDBCEI | A YARA
AsTGhbn/ 6SNB SEGNI OGSR FTNRY G(GKS Odzf (dzNBa dza A
GAUK on x[ 9. F2N)I Stdziazyd {SljdzSyOAy3d 069dzNR T
primers confirmed the presence of the gene but revealed a-camservativesubstitution

leading to a P227S mutation.
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4.2.2.4 Cloning of ASTG1 constructs into the Gateway expression vector pHOGW

Plasmid9pDONR20BGASTGIn / | YR LIBAAETGH b/ HSNB dzASR |
entry clones to transfer their inserts into the destination ve@stOGW, generating the
expression plasmids pHOGSGASTGIn / | YR -3GIAsT®Abn/ @ ¢KA& gt a O
0& dzaAAy3 nop x[ 2F [w Ot2ylasS SyievyS YAE oLy
Ot 2yS 060Sis6SSYy pnd YR cyn Bpbbferpf &0. AtgtR YI RS d
AyOdzo GA2Y G wp c/ F2N mn K x{ KILINPwW SMBN1HGISA 2
OLYGPAGNRISYO AyOdzmltGSR G ot ¢/ F2NI mn YAYy®
each) were used to transforB.col6 | ph [ Bp OBf t 8§ OKVU X G KAOK g SNB
selective LBagarpn x 3K Y[ {1 FylFrY@OAyod ! GNIyaF2N¥Iyi
Ay20dz F GSR AydG2 wmn Y[ [. 6AGK FLIWNBLNAFGS |y
overnight. The expression plasmids were extracted froenresulting cultures using the
VLI LINBL) { LAY aAYALINBLI YAOG oOovAlF3aASYy0v @gAGK on x

4.2.2.5 Mutagenesis of AsTG1 Gateway plasmids to obtaitypédjenes

To repair the P227S mutation and revert to the WT sequence, mutagenasis
LISNF2NYSR 2y Ftf 1 a¢Dm SyiNB | YR SELINBaarzy
SAGKSNI nodn 2NI wm x[ & 5b! -BidNiDNAFomeFageNJ t / w d.
(NEB) without DMSO using the following primers (mutation in bold, prprieter overlap

in italics):
TGS227PFp -QAGGGAE CTACECGCGGCGCACGBAC
TGS227PR5-TGTAGGCTCCCTBIGGAGTCTCCGGBGG

¢KS GKSNXYIf OeO0ftAy3da LINRG202f g+ a dy c/ F2
HN az nTt ¢/ F2NJon az TH c /Thetpedhcaof¥prodlct T2 f 2
of the correct size was confirmed by 0.8% (w/w) agarose TAE gel electrgjzhaith
SGKARAdzZY ONRYARS aldlAyAy3daoe ¢KS YSGKeflGdSR 5b
O0b9. 0 LISNI NBFKOlA2YyS AyOdzol SR FG o1 ¢/ F2N o
(w/w) agarose gel electrophoresis, cutting the band of the right sizkeexitracting the DNA
GAGK | vL!IljdzA Ol DSt 9EGNIOQGA2Y YAU o6vAl ISy
lf Aljd2zda own x[0 2F GKS NBadzAZ GAy3 5b! &l YL Sa
aliqguotsof XL 2 f Rt ! £ (0 NI O2 Y LIS (h&ayskiockl! ASfarfsfarmanticaony Sy (1 0
of each was inoculated into 10 mL&B 1 x Ak Y[ FRINY INWRGAWKO | & oT ¢/

rpm overnight. Plasmids were extracted from the cultuuesg the QlAprep Spin Miniprep
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YAU OvAIF3ISYyu ¢A0GK o reelufon. SequeicyigBodoFing GeRomics) YA Y 0
with SeqLA and SeqLB flanking primers confirmed the presence of the gene mutated back

to wild-type.
4.2.3 Expression and purification of AsfG1L | Y Rpn b AL Dm

AsTGIn/ T YRpPnbALDMNEBE (KS & K2ASIGE th& évuldu y & G NHzO i
cloned with a3C proteaseleavage site using Gateway cloning. After having fixed the
mutation carried over from the original plasmid, the expression clones pHIGMsTG1
WTnbnp/ | YyR3GAHTGMNTn/ 6SNBE dzaSR (2 SELINBaa GKS&S
terminal 9xHigag inE. cal starting with the shortest one as it was considered to have the

best chances of crystallising.

4.2.3.1 Expression and purification of Asfi@dp/ @A G0 K dermdél S| @1 6t S |
9xHistag

The plasmid pHOGWGASTGIWTn bn/ éwmn y3A0 g1 & aGfNI yaT2 Ny
BL21(DE3) cellsbyheatk 2 01 @ t f L GAy3 2y [ . F3AFNI 6pn x3IKY
O2f2yASas 2yS 2F 6KAOK gla Ay20dzZ SR Ayd2 p
c/ FYR myn NLIY 2@8SNYAIKGP® ¢KS NBWgyteioh y I Odz
stock for longterm storageaty 1 ¢/ ® ¢ KA & iaotate 1100 ml: 13 (ndzaxkSF R Y[ 2
1FYylFY&@OAYO0 6KAOK gtk a AyOdz | GSR-chltirewasthea/ | yR
used to inoculate 10 mL aliquots into 8 x 500 mi(pLB  k Hakwarhlycin) incubated at 37
c/ YR wmyn-uNNen iFréablded N2 T ndn> AG 61 & GNI yaT:
and 200 rpm. After 45 min of acclimatisation, it reached ap62iD0.55 and was induced
with 1 M IPTG to a total of 0.1 mM for recombingmotein expression overnight. Cells

were harvested by centrifugation 89509 YR mMc ¢/ F2NJ vypn YANDP I KSY

The frozen cell pellet was lysed and the soluble fraction purified in a first step of
immobilisednickel ion affinity chromatogghy as described previously for the ron
cleavable construct. The resulting fractions that showed the presence of a protein of the
right size were pooledlo prepare fotag-cleavage with 3C protease, the imidazole was
removed using a HiPrep 26/10 desalting column (GE Healthcare) at a flow rate of 15
Y[ KYAY dzaAy3 Iy &Y¢! tdz2NBE OKNRBYIFG23INILIKE &dea
which showed UV absorbance on the chroogm were pooled to a total of 18 mLhey
were estimated tccontain 2.4 mg of proteihased on integration of the A280 peak and a
LINEGSAY SEGAYyOGA2Y O2STFAOASYy(d O t OdzA I G§SR dza
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ExPASy ProtPardifi? Based ol KS Y I ydzF I Ol dzZNENR& NBO2YYSYyRI (A
6l & AyOdzol 6SR 6A0K n «xfaggedHR\O3C pratease[withNsBVO 2 Y6 A Y |
A0ANNRY 3 | precipitate thad BrivgdivasKeimdvedtbil &ntrifugation at

pEmnn NLIY YR n c/ F2NI mMmp YAyod

A second IMAC with the same parameters was run to recover the further purified
protein in the flowthrough, the presence of which was confirmed by running denatured

samples on SDBAGE.

For the third purification step, the fractions containing the cleaved protein were
L22f SR FyR O02yOSyiN}XGSR G2 o Y[ 4 n ¢/ 6AGK
kDa MWCO, Merck). Precipitate was removed by centrifugatid300 romanadi ¢/ T2 NJ
10 min. The sample was then purified by sszelusion chromatography on a HiLoad
16/600 Superdex 75 pg column (GE Healthcareepreélibrated and eluted at a flow rate
of 0.4 mL/min with SEC buffeés@ mM Tris HCI pH 7.5, 300 Mi&CI, 5 mM DTTJhe
elution was collected in 2 mL fractions and results were assessed by running denatured
samples on SBDSAGE.

4.2.3.2 Expression and purification of AsfiG1 6 A (0 K @einfinbl @dHigaly S b

As the construct lacking both disordered termis§TGIn b n dppeared too
insoluble for the production of the large quantities of protein needed for crystallisation
screens, the alternative construdsTGIn / 61 & SELINB & & SR Tddg o, LIdzZNR F A
the plasmid pHOGVBGASTGIWTN/ gl & GNI yATF2NXYSR Ayd2 . [ HMOF
expression as fggHIGW3CGASTGIWT-n b p Thésame two IMAC purification steps were
used, with the amount 08C proteasé¢ FG SNJ RSal t GAy3 &aoOFt SR (2 wmrt
mg of potein. The fractions from the second IMAC were analysed by running denatured
samples on SDSAGE.

4.2.4 Construction and expression of AsTG1 with cleavabletagtdisd
its shortened construct AsTélb
The constructs lacking thet€minal region predited to be disordered yielded
little soluble protein, so it was hoped thatthe #llISY 3G K YR nb O2y a i NUzOG 2
included that region would have better solubility. As they were unamenable to Gateway

cloning with a 3C protease cleavage site, they voarestructed by mutagenesis of the

plasmid pHOGWASTGL.
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4.2.4.1 Mutagenesis to obtainthe fillISyY 3G K | yR nb O2y ad NHzOG a
cleavable 9xHitag

The plasmid pHI9GWSsTG1 was obtained from Anastasia Orme and used as a DNA
template. PCR was carriedtowvith Phire Hot Start II DNA polymerase (Thermo Fisher) and
either 0% or 5% (v/v) DMSO, using 10, 25 or 50 ng plasmid as template DNA and the
following mutagenesis primers (3C protease cleavage site in bold, ppirimeer overlap in

italics):

TG3CGmut-Fp -RAGCAGGCTTAAT@AAGTGTTATTTCAGGGCCCG
GGAGACGTTGTGGTGGEGG

TGn b3Gmut-Fp AGCAGGCTTAATEAAGTGTTATTTCAGGGCCCG
ACCCGCCGTGACTTEGCCC

TG3CGmut-Rp -QAACATTAAGCCTGTTTTGTACAAACTTGTTGATTCGAGACC

For fulllength AsTG1, the primefl@G3CGmut-F and T&Cmut-R were used. For
ASTGn b T primérS TG b3Gmut-F and T&Gmut-R were used. The thermal cycling
LINRG202f o6Fay ¢y c/ F2Nl o YAYy>S F2f{t26SR 060& o
F2NIJn YAYI T2f mb.deRreserce of products of he dddeet size was
confirmed by 0.8% (w/w) agarose TAE gel electrophoresis with ethidium bromide staining.
¢KS YSGKeftlFrdSR 5b! dSYLXIFIGS é6Fa RAISAGSR dzaa
AyOdzo I § SR | otionsdot eadh Zaddtriact wiére poblddfand BB dorrect
products were purified by running them on 0.7% (w/w) agarose gel electrophoresis, cutting
the bands of the right size and extracting the DNA with a QIAquick Gel Extraction Kit
(Qiagen) accordingto thé | y dzF I OG dzZNEND&a Ay adNHzOGA2Yyad ¢KS |
autoclaved dkD then transformed in XLAD 2 f Rt | € G NI O2YLISGSy G / St f a
shock.Transformant colonies were inoculated into 10 moLBn  k Ak Y[ edch y I Y& OA Yy
F 2 NJ I NP ¢ (In&180 rpm avernight/ Thelpropagated plasmids pHIBMASTGA
WT and pHOGVBGASTGIWTn b s SNB SEGNI OGSR FTNRY GKS Odz G
aAyYALNBL) YAG OvAl3ISyos 6AGK on x[ 9. AyOdz:l 4GS
Genomics) with a T7 pmoter forward primer and vth a genespecific reverse primer

(sequence below) confirmed the presence of the/&TG1 and 38sTGInb ISy Sa o

TGattB-Rp -OAAGAAAGCTGGGIATGCAGAGTCGTAATATTGTTTGITGGG
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4.2.4.2 Expression 8kHis3GASTGIn b

After the construction of plasmids pHIGYGASTGIWTn b | Y R -3@1 ¢ D?2
AsTGIWT by mutagenesis, the shortened construct AT 6+ &8 SELINB&a&ASR FAN
considered to have better chances of crystallising than thddualyth protein.Plasmid
PHIGW3GASTGIWTn b onH ®dp y3IA0 ¢l & dzZASR (2 GNIyaFz2N)¥
competent cells (Novagen) by hesttock. A single transformant colony was inoculated 50
Y[ [. O06AUGKI PaOKAKNYRIbA x3IAKY[ OKIKE&NdWVLKSYAO
and 180 rpm overnight. The resulting culture was used to prepare a 25% (v/v) glycerol stock
that was flash frozen and storedatn ¢/ ® ¢ KAa FTNRI Sy 3IfteOSNRf a
Y[ [. opn x3AKY[ 1FYyFrYEOAY | BSoAGKkAKYPpTOKT 2N
rpm overnight. Aliquots of the resulting culture (1 mL) were used to inoculate 2 x 100 mL LB
opn x3AKY[ 1FYlFY@OAY YR o040dzx HdNBE OKf NI YUK S W
overnight. The preultures were pooled, and 20 mlicuots were used to inoculate 8 x 750
Y[ [. opn x3AkKkY[ 1lFYylLFY@OAY YR y2 OKf2N}YLKSY
GKAOK 6SNB AyOdz!l SR I-up. Whentheyreathgdn Gaofn  NLJY F 2
ndop= GKS §SYLISNI G dzNB45 hih & actlithatisiag BRe diltiresnc c/ &
were induced at an Gy of 0.5 using IPTG to a final concentration of 0.05 mM for
recombinant protein expression overnight. Cells were harvested by centrifugatign tat
8,950 YR mMc ¢/ ¥ 2 NJ nded tdrds vhz withh ACyffer@aredizishJS

freezing and storageay n ¢/ @
4.2.4.3 Purification of OXHECASTGI b

The frozen cell pellet was lysed and the soluble fraction purified in a first step of
immobilisednickel ion affinity chromatography as deibed previously for the non
cleavable fulength construct (see section 4.2.1.Zp prepare fotag-cleavage with 3C
protease, the imidazole was removed using a HiPrep 26/10 desalting column (GE
| SFEGKOFNBO d | Ft2¢6 NIGS 2F wmp Y[ KYAY dzaAy
| SFGKOFINBO G n c/ ® CNIOGA2ya oHanOfrea K2gSR |
pooledto atotalof 16 mlé KA & g+ & Ay Odzo | (S RistaggedK on x[ 27
recombinantHRM / LINRP G S| A4S G6AGK at2g &A0GANNARY3I G n
formed was removed by centrifugation at5,16 YR n ¢/ F2NJ Hp YAy ®

To removethe cleaved Hisag, the uncleaved protein, the 3C protease and the

nicketbinding contaminants from the first nickel ion affinity chromatography, a second
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IMAC with the same parameters was run in the hope of recovering the further purified

cleaved proteirin the flowthrough.
4.2.4.4 Expression and purification of 9x3GASTG1

Plasmid pHI9GVBCASTGIWT was used to transform Rosetta(DE3) cells for protein
expression as for pHOIGBGASTGIWTn b 6aSS aSOiA2YyY ndPHOPN PHO D |
step followned by desalting was carried out as for IXBBASTGIn b @ ¢ KS NB adz G Ay 3
fractions that showed UV absorbance on the chromatogram were pooleddtabdf 49
mLCKAA 61 & AyOdzl (S Ristagged KecombinanBC pratefise with Y Ik Y [
slowstirringt & n ¢/ 2@SNYAIKGP ¢KS LINBOALMAGEGS GKI
at5100gF YR n ¢/ F2NJ Hn YAy o

A second stagrickel ion affinity chromatography was performed using the same
method as the firstThe desalting step was repeated on the eluate and the resulting
TN OlAz2ya oSNB LR2ftSR (G2 | G2t 27F 3€¢p Y]
protease withslovd G ANNRAY 3 |G n c/ 2 OSNieavAgcatdmpt 2 | 4aSa
third and final nickel ion affinity chromatography was performed using the same method

and analysis as the first.
4.2.5In silicostudies of AsTG1

In the absence of crystal struceiof AsTG1, it was decided to use multiple
sequence alignment, homology modelling and MD simulations to better understand the

determinants of transglycosidase activity.
4.2.51 Multiple sequence alignment for GH1 enzymes

Characterised @karyotic glycosylydrolases from family 1 were identified on the
CAZ\databasé?'¥ and their UnProt accession numbé&t® used to obtain their sequence.
By manually removing putative enzymes, homologues, hydrdieseroteins, enzymes
with unspecified function or sugar substraginceupdated orremoved sequencesnd
unnamed proteinsthis led to dist of 3 transglucosidase, 81 glucosyl hydrolases, 14
myrosinases and 4 dissachardasmoving hydrolasesvhich wee all labelled as sucfihe

list was submitted tahe T-coffee tool?*® of the MPI Bioinformatics ToolK#’]
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4.2.52 AsTG1 homology modelling

Thebest templatefor a homology model of AsT®das identified using the SWISS
MODEL template sear¢t® Out of the six structures with the higet GMQE score (Global
Model Quality Estimate), the structure of Os3BGIlu6 with the best resolution (PDB:
3GNO¥*®was chosen. The amino acid sequence of AsTG1 (lacking the signal sequence
predicted by SignalPy was submitted to RosettaCM on the Robetta protein structure
prediction servicé??? specifyng 3GNO as the template structure and 10 as the number of
models to generate, so as to obtain local error estimates. Of the five resulting homology
models that were output, the one with the best active site was identified by averaging the
local error estimates for the atoms of the active site residues, taken as residues within 3.5
)y 27T K Sbon? gilcds&gfoiit frdm the aligned structure of the
transglucosylatiordeficient E178Q mutant (PDB: 3WEBE).

4.2.53 Molecular dynamics simulations of ASTG1 in complex with hootws

deglucosyl avenacin

Insights intathe role of active site residues atlte binding of both moneand bis
deglucosyl avenacin-Ato AsTG1 were obtained through MD simulatiohs generate the
glucosylated form of the ASTG1 enzyme that is its presumed reaction intermediate, th
catalytic residue Glu381 was modified to gi»glucosyiL-glutamate (EGL)he initial
coordinates for this variant were generated by reference toc¢hestal structure of rice
BGlul E386G/S334A mutant complexed with cellotetraose (PDB: 3SCV)(unpublished). This
GH1 family enzyme has glucosyltransferase activity and the crystal structure of the
catalytically inactive mutant, when superimposed onto #®IG1, revealed the bound
tetrasaccharide to be positioned such that the C1 atom of the terminairedacing sugar
was adjacent to the OE2 sidbain carboxylate oxygen of Glu381 in the &®IG1 model.
The transformed coordinates of the n@waducing Bgluccse moiety from the BGlul
complex were therefore transferred to the model structure of AsTGL1 to gen€rate
glucosylE381 AsTG1 (E®LTG1).

Unoptimized Cartesian coordinates for the ligands mara bisdeglucosyl
avenacin Al (MDA and BDAespectively) were obtained from the isomeric SMILES
representations of the corresponding entries in the PubChem datéB3sensformed to
Cartesian space using the electronic Ligand Builder and Optimization Workbench (eLBOW)

tool in Pheni®¥*" Semiempirical QMbptimized atomic coordinates and partial charges,
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together with forcefield parameters, were obtained from the Automated Topology Builder

(ATB) version 3.67° To generate starting coordinates for the complex of gaytated

AsTG1 with MDA (EIsTG1:MDA), the-drabinopyranose ring of the avenacidlA

precusor was manually docked again utilizing the crystal structure of rice BGlul

E386G/S334A mutant complexed with cellotetraose (PDB entry 3SCV). In this process, MDA

was positioned so that its axial hydroxyl oxygen at the C4 position ofaingbinopyranose

NAYy3 6FG2Y hno gla £t20FGSR o ) FNRBY O Nb2y [/
catalytic residue Glu381. The ligand molecule was then oriented to akoid van der

Waals contacts with residues in the active site cavity. These coordinates were then used to
generate a starting model for the complex with BDAEGL¢ DMY . 5! 0 0 &D-NBLJX | O

glucopyranosyl moiety at the-Rosition of the arabinopyranoséng with a hydroxyl group.

Molecular dynamics simulations were performed on models-E&IIG1, EGL
AsTG1:MDA and E®ISTG1:BDA using the GROMACS 2020.4 molecular dynamics
packagé&® with the amber99shildn force field?°! Processing of the structures prior to
the MD simulations was performed. The protonation states of histidine, aspartate and
glutamate residues were selected with reference to the H++ séf#&KD simulations in
agueous solution were then performed at a constant temperaf298 K in a cubic box
GAGK mn ) RAAGFYOS FTNRY (KS OSyiGNB 2F GKS LN
solvated by the Simple Point Charge (SPC) water model, adding sodium counter ions to
ensure neutral charge of the system. Prior to the unrestdiiMD simulations, the systems
were subjected to a maximum of 10,000 steps of energy minimisation using the conjugate
gradient optimization method followed by 20 ps of positi@strained MD in the NVT
canonical ensemble with force constants of 1,000 ki*mm™ on all protein atoms in
order to equilibrate the water molecules in the solvation box. The equilibrated system was
then subjected to a short production MD runs of 10 ns duration using a 2 fs time step in the
NPT isothermaisobaric ensemble. Note that aeak distance restraint with a force
constantof 50 kJmd) 2 & | LILIX ASR (G2 YFAYOGFAY F RA&AGE YOS
hydroxyl oxygen at the C4 position of th@idabinopyranose ring (atom O4) of MDA and
BDA, and the C1 atom of the glucose ring coubtdiound to the catalytic residue Glu381.
The purpose of this restraint was to allow the ligands to sample only that conformational
space within the active site which was consistent with the ligand being able to act as a

sugar acceptor given the known trsferase activity of the enzyme.

97



Analysis of the MD trajectories was carried out using embedded tools in the
GROMACS package. Root mean square deviation (RMSD) and root mean square
fluctuations (RMSF) of the Ca atoms were calculated with the original Inasdereference.

Clustering®*'was performed in GROMACS using this atom selection with2 &u¥ 2 F M ®n

4.3 Results and discussion

4.3.1Expression, purification and crystallisation scregiof A3 GL

4.3.1.1 Optimised purification of OxHiggiged AsTGL1 yields highly soluble protein

The first attempt to obtain crystals of ASTGL1 followed the published expression and
purification strategy as closely as possitfleThe gene lacking the signal sequence had
been cloned into the pHIGW vector, which added a-ol@avable Nerminal 9xHis tag.
The pH9GWASTG1 plasmid had been transformed into EhecoliRosetta (DE3) protein
expression strain (sesection 2.7.2.2 fodetails). A streak of this transformant was

obtained and used the first laregrale expression of AsTG1, using the original protocol.

For the lysis of the cells to be more thorough, it was performed with a cell disruptor
instead of a sonicator. A first purification attempt by immobilised metal ion affinity
chromatography (IMAC) used a straight imidazole gradient:F3REE analysis revedla
strong band of the right size in the eluate, but also weaker bands of the same size in all
protein-containing fractions, including flothrough and wash. This may be due AsTG1
binding nonspecifically to other proteins, in a way that makes thetdgunavailable for
nickel binding. Along with the UV chromatogram, analysis byP@E also revealed that
the two major contaminants (which may be GImS (66.8 kDa) and YfbG (74.2 kDE&) from
coli) started eluting just before the bulk of the protein of tHght size started celuting
(Fig.4.2A. For better separation in subsequent purification attempts, we halted the
upwards gradient of imidazole concentration at 32 mM for 10 mL to wash the

contaminants out before continuing the increase in imidazole cotreéion (Fig4.2B.
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(A) (B)

Figure 4.2: Chromatogram of the first stage IMAC purification of 9xHis -AsTG1
with two different gradients. (A) Straight gradient elution or (B) a gradient with a
step inserted at 32 mM imidazole. The red arrovpoints to the elution peak of 9xHis
AsTGL1 on the blue curve (absorbance at 280 nm). The green line represents the

proportion of high-imidazole buffer. Fraction names are written in grey on the-axis.

While the purity of the AsTGdontaining fraction washus improved, it was still
insufficient for crystallisation screen: a major contaminant seemed to stick to AsTG1, and
several minor contaminants of higher and lower molecular weight were still present (Fig.

4.3).
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Figure 4.3: SDSPAGE analysis of expression and first purification step of 9xHis -

AsTG1 (IMAC).4-12% gradient polyacrylamide SD® ! * % xEOQOE )1 OOAT 0" 1 OAA
From left to right, the lanes show the protein standard ladder with molecular weights,

the total protein of the uninduced culture (U) and final induced culture (1) which shows

the appearance of the overexpressed protein; pellet of the lysate (P) which is the

insoluble fraction; soluble fraction of the lysate (S); unbound proteins of the flow

through (FT); fraction numbersfrom gradient elution with a step. The arrow indicates

the expected migration distance of 9xHisASTG1.
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It was therefore decided to perform a second stage purification using SEC with the
reductant dithiothreitol in the running buffer. This successfully separated the roaier|
and all higher molecular weight contaminants out of the As€@#ttaining fractions,
according to SDBAGE analysis (Fg4). The major contaminant was analysed byML€to
give a mass of 57,200.08 Da, which could not reliably be assigned to a tgpitaminant
from IMAC, though the closest match was for Hsp60 (GroEL) at 5720kddal someE.
coliGroEL sequencébniProt:2*5 C4ANV17have a calculated MW of 57,206 Da.

(A) (B)
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Figure 4.4: SDSPAGEanalysis and chromatogram of the second purification step

of 9xHis-AsTG1 (SEC)(A) 4-12% gradient polyacrylamide SDSPAGE with

)T OOAT 6" 1 OAA OOAETEIC8 &O1Ii 1AEO O OECEOh OE
with molecular weights, the protein sampleinjected into the column (In) and the

elution fraction numbers (with the pooled fractions underlined). The arrow indicates

the expected migration distance of 9xHisAsTG1(B) Chromatogram with fractions

numbers written in grey on the xaxisand the blue airve representing absorbance at

280 nm. The large second peak corresponds to the elution 8kHis-AsTG1

4.3.1.2 9xHisagged AsTGL1 is moderately stable to proteolytic degradation

A first growup in 750 mL LB yielded 0.2 mg of protein which was concentrated to
ndc Y3IAkKY[ FYyR dzaSR (G2 lFaaSaa NBaraidlyOoS (2 L
point samples to be denatured and run on SEXSGE (Fid.5). This revealed an apparent
cleaving of most of the protein by the 2dlay at this concentration, leaving a slightly
smaller species. The majority of the contaminants in the 10 to 70 kDa range of apparent

molecular weight also degrade into species that do not appear on the gakeldsth day.
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Figure 4.5: Degradation analysis of 9xHis -AsTG1 by SDSPAGE 4-12% gradient
polyacrylamide SDO ! ' % xEOE )1 OOAT 0" 1 OAA OOAET ET ¢C8 4EA
4.6 mg/mL in SEC buffer (50 mM Tris HCI pH 7.5, 300 mM NaCl, 5 mM DTT). Samples

xAOA 1TAEO £ O p O tuv AAUO AO poe J# 10 AO 1
distance of 9xHisAsTG. The fullength protein is apparently partly cleaved to exist as a

slightly smaller species.

4.3.1.3 Crystallisation trials of 9xAiSTG1 1@ unsuccessful

The 9xHisAsTG1 purified from 6 L of culture was concentrated to establish its
YFEAYdzY a2fdzoAftAGEe a& od YIKY[DP ! FANBG ONERA
dilution of 21 mg/mL, but this led to precipitate in most conditioneimight. Subsequent
screens were therefore set with 15 mg/mL 9xASTIG1. Six commercial screens were set
with 50% or 33% protein in screening solution, but none of the 1,152 conditions screened

produced any protein crystals.
4.3.2 Studies of AsTG1 debetvariants with cleavable 9xHisy

To improve the chances of crystallisation, four constructs with cleavablagtied
were designed: 9XHBGASTG1, 9XHBGASTGIn b = PEAsTGI / | Y RBGHEI A &
AsTGInbp/ ®@ Ly GKS I 0 GS Nlerinkalfe@ideyad@érinigali &8 > SA G KSN
peptide or both have been removed. These polypeptides correspond to regions that are
predicted to be disordered (see sectioriR This was done by using constrsgiecific
primers for 3GASTGIn / kbR / G KSy POR @oductyg ifito thekv&ctor pHOGW.

A mutation in the DNA template was unfortunately carried over, so it was corrected by
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mutagenesis. For the 38&sTG1 and 38sTGIn b O2y ad NHzOGaz GKS Of 2yAy
despite our best efforts, so they were produdeygl mutagenesis of the plasmid pHOGW
AsTGIWT.

4.3.2.1 9XHI8GASTGI b n /

The most truncated construct was judged to be most likely to crystétfisend
was cloned and expressed first. SBSGE analysis of the first purification step revealed a
small amount of protein of the right MW in the eluate while the vast majority of the
strongly expressedecombinant protein was found in the insoluble fracti@¥ig.4.6).
Further purification resulted in decreasing amounts of protein, which were insufficient for

crystallisation experiments. This construct was therefore judged to be too insoluble.

10 ™% -

Figure 4.6: SDSPAGE analysis of expression and first purification step of 9xHis -

3CASTG1-3 . a# | )4-12%gadient polyacrylamide SD® ! * % xEOE )1 OOAT O
staining. From left to right, the lanes show the protein standard ladder with molecular

weights, the total protein of the uninduced culture (U) and fial induced culture (I)

which shows the appearance of the overexpressed protein, the pellet of the lysate (P)

which is the insoluble fraction, the soluble fraction of the lysate (S), unbound proteins

of the flow-through (FT) andselected eluate fractionsThe arrow indicates the expected

migration distance of 9xHis3G-AsTGt3 . 3 # 8

4.3.22 9xHis3GAsTGI /

In the hope that the presence of the disorderedé¥minus would help with
protein solubility, the construct 38sTGIn / 6 & SELINB & & S Runately, R LIJdzZNR T A

suffered from the same issue of insufficient amount of soluble protein from IMACA(Big.
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Figure 4.7: SDSPAGE analysis of expression and first purification step of 9xHis -

3CASTGl3 # | ) 4-128c@@dient polyacrylamide SD® ! ' % xEOQOE )1 OOAT O" 1
staining. From left to right, the lanes show the protein standard ladder with molecular

weights; consecutive eluate fractionspolumn wash (W); soluble fraction of the lysate

(S); pellet of the lysae (P) which is the insoluble fraction. The arrow indicates the

expected migration distance of 9XHISCAsSTGL13 # 8

4.3.23 9xHis3GAsTGa b

It may have been the disorderedt€minus that was essential to the solubility of
AsTG1. The AsT@lb ¢ & (pitnNdStRILtNMG by mutagenesis of the pHOGW
AsTGWT plasmid to create the truncation mutant and introduce a 3C protease cleavage
site. After expression and a firstage IMAC purification, only a very faint S&85E band of
the right apparent MW coultie seen in the eluate, which mostly contained a higher
molecularweight contaminant (Figt.8). This was once again considered insufficient for

further studies.
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Figure 4.8: SDSPAGE analysis of expression and first purification step of 9xHis -

3CASTGL-3. | ) 8% poarylamideSDD ! ' % xEOE )1 OOAT 0" 1 OAA O
left to right, the lanes show the protein standard ladder with molecular weightsn kDa,

the total protein of the uninduced culture (U) and final induced culture (I) which shows

the appearance of the overexpressed protein, the pellet of the lysate (P) which is the

insoluble fraction, the soluble fraction of the lysate (S), unbound proteins of the flow

through (FT), the column wash (W) andselected elution fractions The arrow indicates

its expected migration distance of 9xHiSG-AsTG13 . 8

4.3.24 9xHis3GASTG1

With both terminal truncations being deleterious to the solubility of AsTG1, the
full-length protein was expressed with a-8f@avable Hisag using the pHIGWCASTG1
WT plasmidthe sequence of which was confirmed by sequencixpression following the
same method as for the nedleavable construct did yield a protein of the right size that
eluted from a first step of IMAFig.4.9A). After a tagcleavage reaction, a second stefp
IMAC failed to produce the dagged protein in the flovthrough, but did elute stiltagged
protein, as shown by SEFAGE and on the chromatogram (Bi§B). There was no visible
appearance of a band of smaller size as is usually seen after pratigese (e.g.in Fig
3.6).Despite our best efforts, the tag does not appear to be cleavable in this construct, so it
was abandoneas it does not confer any advantage over the foteavable 9XHIASTG1

construct.
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Figure 4.9: SDSPAGE analyses and chromatograms of the first and last

purification step of 9xHis -3C-AsTG1 (IMAC).8% polyacrylamide SDSPAGE gels with
)T OOAT 6" 1 OAA OOAET ET C xEOE DOi OAET OOAT AAOA
fraction numbers. Chromatograms with the blue curve representing absorbance at 280
nm and the green line representing the proportiorof high-imidazole buffer. Fraction
names are written in grey on the xaxis.(Al) SDSPAGE analysis of the first IMAC step.
From left to right, the lanes show the total protein of the uninduced culture (U) and
final induced culture (1), the pellet of the Iysate (P) which is the insoluble fraction, the
soluble fraction of the lysate (S), unbound proteins of the flowhrough (FT), the

column wash (W) and the elution fractions(A2) Chromatogram of the first IMAC step.
(B1) SDSPAGE analysis of the last IMACegi postdigest. From left to right, the lanes
show the protein sample before the tagcleavage digestion (Pre) and after, as injected
into the column (In), then the fraction numbers(B2) Chromatogram of the last IMAC
step. The arrows indicate the expectedhigration distances and elution times of
IXHiIsBCASTGL1.

4.3.3 Homology modellingequence alignmeiind molecular dynamics

In the absence of a crystal structure for AsTG1, a homology model was generated
gAGK w2aSiidl/a dzaAy3a 8KSTmYycothPSNBARGUG,dzii A 2 Y

PDB: 3GNO) as a template, as the two enzymes share 45% sequence identity. Alignment of
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the homology model with the crystal structure of the glucosylated Os3BGIlu6 (PDB: 3WBE)
reveals Glu381 as the likely nucleophile sT&1. While the preceding residue is almost
always a threonine in glycosyl hydrolasd@sTG1 has a histidine in position 380 (#it0).

This matches three other known Giftdld transglucosidase©s9BGlu31Dianthus
caryophyllusanthocyanin 50-glucosyltansferase an®. grandiflorumanthocyanin 70
glucosyltransferas&!? The Leu244 residue of ASTG1 also stands out as it is present in

three other transglucosidase®s9BGIu31 and two other agylucosedependent

anthocyanin glucosyltransferase frdin grandiflorum(UniProt:?**l U6C5K2 and U6C7C6).

Other transglucosidases have a tyrosine residue, whereas glycosyl hydrolase tend to have a

hydrophilic residue in this position.

Figure 4.10: Homology model of AsTG1. This was generated with RosettaCM using
the structure of Os3BGIu6 (PDB: 3GNO) as a template. The secondary structure is
shi xT ET AAOOT T 1T OADAOARRAA GOshBatE ihQethdwhangiodps in
green. The conserved transglycosidase His and Leu of interestd the nucleophilic Glu
are shown as green sticks. Figure prepared using PyM®% and labelled with

Photoshop CS2.
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To explore the role of His380 ahdu244 in the determinant of transglucosidase
over glycosyl hydrolase activity, the glucosylated AsTGL1 intermediate was subject to a MD
AAYdzZ FGA2y® ¢KAA NBadzZ 6& Ay [Sdzmnn 6SAy3 c
far to shield it from water moleules or impede on their deprotonation by the conserved
acidbase Glul73. Still, experimental error and the use of a tyrosine residue could mean
this mechanism contributes to the avoidance of hydrolysis. Alternatively, hydrophilic
residues from glycosyl byolases may position Glu173 for effective albase catalysis of
hydrolysis. During MD, the His380 side chain moves even further from the glucosylated
NBEAARdAzZSE SyRAYy3a +d F RAaGFEYOS 2F I NBdzyR mn
prevent hydroysis or encourage transglycosylation. Upon binding of the sugar acceptor, it
may move closer to Glu381 and supply its carbonyl group with a proton, activating the

transfer of the sugar.

To better understand this process in AsTG1, its glucosylated inteseadas
simulated with its endogenous sugar acceptor, maleglucosyl avenacin A1 (MDA). A
restraint was applied between the atoms that are known to form a covalent bond in the
reaction, so that conformational space colile sampled by the acceptor moleewnd
productive binding conformations could be identified. The starting position of MDA in the
active site was based on that of cellotretraose in its crystal structure in complex with
0Os3BGlu7, yet as the simulation progresses, MDA rapidly binds tohbesitle of the
active site cleft through hydrophobic interactions (Hidl1A). From this apparently stable
bound conformation, the C4 hydroxyl group of the arabinose moiety is likely deprotonated
by the Glul73 base catalyst, allowing its nucleophiliacktion the anomeric carbon of the
glucose moiety covalently bound to Glu381. TR 8echanism with a sugar acceptor is

what allows transglycosylation to generate a-lirked glucose in the product.

Why does this happeim vitrowith MDA, but not signi€antly so with the further
deglycosylated bigsleglucosyl avenacin Al (BDBJA further MD simulation with BDA
instead of MDA was run in the same way to understand the effect of the missitigked
glucose. Instead of binding onto the hydrophobic surfacetserved for MDA, BDA would
not settle into a specific binding site. Instead, it sampled various conformations compatible
with the distance restraint applied to its arabinose O4 at@fig. 4.1B). The presumption
is that without a defined stable bindingade, BDA is less likely to attain the precise

orientation and position needed for transglycosylatiéh.
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Figure 4.11: MD trajectories of mono - and bis-deglucosyl avenacin Al in the

active site of AsTG1. The E381 residue is glucosylated in the reaction intermediate
(green sticks).(A) Mono-deglucosyl avenacirmAl is known to be glucosylated by AsTG1.
It was positioned into the active site (as dark blue sticks) then subjected to MD
simulation, with representative steps shown as cyan sticks. Within 3 ns, the ligand
migrates to contact the hydrophobic surface (including the four labelled residues
shown as green sticks) and agpts a consistent conformation that is conducive to
transglycosylation.(B) Bis-deglucosyl avenacimlis known not to be significantly
glycosylated by AsTGE 5! It was positioned into the active site (as orange sticks) then
subjected to MD simulations (yellow sticks). Without the additional glucose group, the

ligand does not remain onto the binding site and becomes conformationally unstable.

4.4 Conclusions anfiiture work

Crystallograpmgrade AsTG1 with a-términal 9xHigagwasobtained from
heterologous expression . coliRosettafollowed bya 2-step purification, but noe of the
conditionsscreenedwvere found to lead to diffracting crystals. To improwe thances of
crystallisations, three deletion constructs were designed by excluding polypeptide regions
predicted to be disordered. Aftdreterologousexpressia, purification attempts revealed
the constructs to be mostly insoluble. To obtain-fage full-lengthenzyme, a 3C protease
cleavage site was introduced by mutagenesis, but attempts to remove the-&dHiisom
AsTGJIproved unsuccessfulo study the structurdunction relationship of the enzyme in
the absence of crystal structure hamology modéof the enzymewas generatedAong
with a multiple sequence alignmerthis revealed two residues that may be key to the
switch from glycosyl hydrolase to transglucosidase actiMi.simulations of the

glucosylated enzyme intermediate suggested a bigdiite for the monedeglucosyl
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avenacin Al substrate but not for lieglucosyl avenacin Al, which may explain why the

latter does not undergo significant transglycosylatiowitro.

For future work, as the nenleavable 9xHi&sTG1 construct yielded timeost
soluble enzyme, further crystallisation screening experiments could be attempted with
protease spiking (as in secti@rR.1.9 in the hope of forming a smaller unit more likely to
crystallise. Alternatively, the natural breakdown product seen by-BSSSE (Fid.5) may
be isolated and characterised by-MS to identify its sequence. This could then be cloned

for expression, purification and crystallisation to be attempted.

Because protein solubility was a frequent bottleck in this study, it may be
worthwhile to use solubilitags such as MBP, SUNM®or Fh8i??"1 These protein fusion
partners have had significant success in enabling the expression of challenging targets in a
soluble formthough crystallisation or tagemoval can be more unreliabl&®8!

Alternatively, larger quantities of soluble AsTG1 may be obtained from expression in a

eukaryotic host such as the yed&&thia pastoris

His380 was identified as a potential determinant of transglucosidase adtivity
AsTG]as it is foundn other GHifold TGs, whilglycosyl hydrolase usually have a
threonine residue in this position. This histidine residue is also found in-@ysrogenic
i -glucosidase fronCicer arietinunfUniProt?'8 Q700B1), so the enzyme could be assayed

for to establish the predictive power of this substitution.

With amethod established for MD simulations gificosylated AsTG1 with sugar
acceptors, it could now be possible to scregher potential ligandsn the same way to
find if they settle into the active site and are therefore more likely to be glycosylated by

AsTG1n vitro, offering a route to theenzyme-catalysedsynthesis of various glycosides.
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/| KI LJG SuNJripsynthase

5.1Introduction

More than 80 plant OSCs have been functionally characteti@gapducing
around 100 different triterpene skeleton8sbAS1 is a monofunctional OEE., it makesa
singleproduct)?® that formsi -amyrinin the first committed stepof the avenacin
biosynthesis pathwayl his membrandound enzymes encoded by the gergadl, which
is expressed in the root tip epidermis and the root cap, where avenacin is found, as well as
in the root elongation zon&*° This gene is fully linked withosefor some of theother
enzymes in the pathway, including two CYPs that oxidise-@mayrin scaffold®: %8|t is
also linked, albeit less closely, with the genes for ASAAT1 and AsTGta¥ hielp the
co-regulation of the genes necessary forenacin biognthesis® AsbAS1 ianunusual
triterpene synthaseasit closely related to sterol synthasg& all likely evolved fran an
ancestral cycloartenol synthadie gene. Thé-amyrin synthase function was selected for
in AsbAS®8 while in its closest characterised relative, AKO70534 féhrsativait is the
production of the tricyclic triterpene achilleol B thatis selected fol3!: 222AsbAS1 is
actually more similar to human lanosterol synthase than it is to other plaarnyrin
synthasedoundin dicots,such as EtAS from pencil cactisihorbia tirucal)i?® 231\while
E. tirucalliproduces large amounts of triterpenesge biological role of EtAS is unclé#f)
asi-l YENRY gl & y2G RSGSOUGS RS Riespitdo&ngfodind iry i Q &
its aerial part&*® and in the latex of anotheEuphorbisspecied?*®! Contrary to AsbAS1,
the i -amyrin synthasectivity of EtAS is wetlonserved amondgs homologs.*" It isin
EtAShat the effect of mutéions an product specificity has been most extensively
studied3&24 However, thestructure-function relationships of OS@sgeneralare
complex and poorly understodéf! Highresolution crystal structure data for a plant OSC
would help provide further insights but, as yet, none have had their structure elucidated
The crystal structure of only one oxidosqualene cyclase, human OSC (HD&€heen

solved to date, though structures of a bacterial homologue are avait&ble.

The aim of the work described in this chapter was to gain structural insights into
the mechanism oAsbAS1o enable rational engineering of its product specifickyst,
extensive attempts were made to express the oaryme in bottE. colandP. pastorisat
the levels needed for crystallization, building on previous work by Melissa S&ffion.

These attempts ultimately proving unsuccessful, attention turneBt&@Swhich was
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previously shown to be expressedincolin functional form. Finally, the publication tife
AlphaFold protein structure prediction pipelit&! allowed prediction of the structures of
both enzymeswhichwere used tadesignmutationspredictedto yield new triterpene

scaffolds.

5.2 Methods

5.2.1Expression of AsbASI1HrcoliBL21

The initial strategy for expression of recombinant AsbAS1 HEsedlBL21 as a
hostandvectors derived from pET4b and pHOGW

5.2.1.1Propagation of the pET4b-AsbAS1 plasmid

A glycerol stock dE. colBL21(DE3) cells carrying gEIb-AsbAS1, generated by
Melissa Salmon, was platedon LBagarn i k 3k Y OFNDBSYAOAftAYyO |y
H R® | NBadzZ GAy3a O2t2ye sl a NBaldNBeliieSR FyR A
O2ft2yASad ! airAy3atsS O2t2ye ¢l a Ay20dZ | GSR Ay
oT ¢/ FYR mMyn NLIY 28SNYAIKGP ¢KS LI FAYAR 61 &
VL! LINBL) { LAY aAyALINBLI YA OveloreBl&ignd oAGK on x

5.2.1.2Cloning of AsbAS1 into the pHO9GW vector

Plasmid pDONR20XsbASL1 (obtained from James Reed, John Innes Centre) was

used as an entry clone to transfer the AsbAS1 gene into the destination vector pHOGW and

generate the expression plagdpHOGW ao6! { Mm® ¢KAa ¢l a | OKASOSR o
Ot 2yl asS SyievyS YAE OLY@GAGNRASYO Ay F mm x[ N
resulting LR reaction was used immediately to transf@&nsol5 | ph [ 9 OSftf az gKA
LX F SR 2y aStSOGAGS [. I3IFNJopn x3IkYE Lyl Ye
A8y S0 F2NJ ANRGGK G o1 c/ 2@OSNYAIKGD t NBaSyOd
colony PCR. Verified transformant colonies were gfowA y mn Y[ aSft SOUA @GS |
1FYyFY&@OAYO G o1 ¢/ 2@SNYAIKGI FyR GKS LI I &AYA
YAG ovAl3Syo | O0O2NRAyYy3 G2 GKS YI ydzFl OG dzZNBEND A

5.2.1.3Expression of WT AsbAS1 using pH9&M/ pETL4b-derived plasmids
The plasmids pH9GWsbAS1 and pEMb-AsbAS1 were transformed ine. coli

BL21(DE3) by heahock and the cells plated on LB agar{5B k Yf | I yI Y@ OAY 2 NJ

carbenicillin, respectively). Transformant colonies were inoculated into 10 mL LB with
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approLINA | GS FydAoA2GA0 YR AyOdzo | G§SR dwodf o1 c/ |
ndcd G GKA&E LRAYyGE KFEEF 2F GKS OdzZ G4dz2NB&a 6SN
acclimatisation, protein expression was induced overnight in all cultures byiaudditIPTG

to a final concentration of 1 mM.

Cells were harvested by centrifugation at 3,2p@r 10 min, then resuspended in
. dz3. dzZA G SNX o0b2@1 3Sy0 yR AyOdzol G4SR G on c
x[ 2F .Syl2ylrasSt 6{A3YlF ' fRNAOKOX (KS fte&ara
cell debris were separated from the soluble fraction by centrifugation at 183467 15
min. Samples of uninduced culture, final culture, soluble fraction and inkofraction for

each condition were denatured and analysed by-BBSE.
5.2.2 Periplasmic expression of AsbA%L ooliSoluBL24

In the absence of soluble AsbAS1 following cytoplasmic expresdtorcddi it was
decided to attempt periplasmic expresa. First, the gene was cloned into the pE2Zb
vector (which adds the pelB secretion signal sequence antbariihal Histag), then
expressed in a specialist strain, followed by detergent solubilisation and astepe

purification before crystallisatih screening.
5.2.2.1 Cloning of AsbAS1 into the 2 vector for periplasmic localisation

To add Ncol and Xhol restriction sites (showrethandblue, respectively) as well
as a @erminal 8xHigag @nderlined, the following primers were used (start and stop

codonin bold):
FNcolp -GGAAGACATGCGTGGAGGCTAACAATAGSGTG

R-Xhol8xHisp -QGTTCCTCGATGIAGTGATGATGATGATGGTGATG

PCR was carried out using Q5 Hot Start Hfiglkelity DNA Polymerase (NEB) with
pJH113AsbAS1 as the template according to the following progihm: ¢/ F2NJ on az
F2f{t26SR o0& p OeodftSa 2F Py c/ F2NI mn a4 cH c
c/ F2NImn & FYR TH c¢/ T2 Nproducrof tieDrregtdifef 2 6 SR 0 @
was purified by 0.8% agarose TAE gel electrophoresis with runSafe staining (Cleaver) using
a GeneJet Gel Extraction Kit (ThermoFishe O2 NRAyYy 3 (2 GKS YL ydzFl O d:
This purified PCR product and the empty {221 vector were eeh digested using
Craitds5Aa38aidnu bdO2L YR - K2L O0CKSNXY2CAAKSND | 008
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then purified using &enelJet Gel Extraction Kit (ThermoFishegording to the
YIydzZFl OGdzZNBNRa AyaidiNHOlGA2yao

[ASFGA2Y 614 480 ERIHGEGK «Pp RAESEANDRAG W

ndp X[ ¢n 5b! [A3TFAS 6w20KS0 Ay I mMn x[ NBIO
AyOdzo | GA2Y G n ¢/ 2@SNYAIKIIT (GKS BydiANBE A3
Top10 cells, whichwerethenpftR 2y [ . F3FNJ omnn x3IkY[ O Nb S
PEFHHO @SOG2NDL® ! GNFYyaF2N¥IyYyd gl a Ay20dzZ | G§GSR

AyOdzo I SR G o1 ¢/ YR wmy n-228AshASPpaSNdivasI KiG & ¢ K
extracted using GeneJetaBmid Miniprep Kit (ThermoFisher) and presence of the correct
gene with two conservative mutations was confirmed by sequencing using primers specific

for the T7 promoter and terminator.
5.22.2 Expression of AsbASEincoliSoluBL21 using a p2Zb-derived plasmid

The plasmid pEZ2b-AsbAS1 was transformed inb col{ 2t dz. [ HMu / KSYA Ol
Competent cells (Amsbio) by hesi¢ 2 O1 | yR (GKS OSffa LXIFIGSR 2y (
OF NDSYAOAftEAYyOd ! &AAYy3IES GNI'yaF2N¥Iyid O2f2ye
d NDSYAOATEt Ay O FyR AyOdz | TreResultitg cudture wagusddy R My
to prepare a 25% (v/v) glycerol stock for lelegm storageaty 1 ¢/ ® ¢ KA & adG2071 ¢
inoculate 500 ML T8 M n i1 x Ik Y , whithNBsSngubaiell &8 Agy/0 I YR My n  NL
overnight. This preulture was used to inoculate 40 mL aliquots into 10 x 1@ WB1n  k 3k Y f
carbenicillinAyY W [ oF FFf SR O2yAOFIf&a YR AyOdz:l G§SR
an ORgof 0.40.5. At this point, the temperaturg & NBRdzOSR (G2 Hp c/ & ! °
I OOt AYFGA&GLFGAZ2Y T LINRPGSAY SELINBKaaiAzy o1& AyRd
final concentration of 0.1 mMrlhe cells were then harvested by centrifugatior8#&50g

FYR Hn c/ F2N mpn YNy deyyuRk fa (y2SNeRRS Rl
5.22.3 Protein purification from SoluBL21

The frozen cells were thawed and resuspended in 150 mL in Buffer 1 (20 mM Tris
HCI pH 8, 300 mM NacCl, 5 mM imidazole) with added 1 mM DTT, DNasel, 1 mg/mL
lysozyme and two tabs of cOmplete EEfilg® protease inhibitor cocktail (Roché&he cells
were then lysed by two passages through a cooled cell disruptor (Constant Systems) set to
onZnnn LJAA 0ST2 NBOO kR Al concenfratidnfof 106N)AThe2syluble -
fraction was separated from the cell debris by centrifugation at 5Py R n ¢/ F2 NJ mn
and further clarified by centrifugation at50,000 YR n ¢/ F2NJ on YAy ®
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The clarified soluble fraction was first purified by immobilised niickehffinity
chromatography using a 5 mL HisTrap HP column (GE Healthcare) at a flow rate of 5
mkYAYy 2y Fy &Y¢! tNAYS OKNRYI G423INFLIKe aeaidsSy
was preequilibrated with 5 CV of Buffer 1, before loading the soluble frastithen
washing with 1 CV of Buffer 1, collected as a 5 mL fraction. The bound proteins were eluted
with Buffer 3 (Buffer 1 with 300 mM imidazole in total) and collected in 1 mL fractions,
which were assessed by running denatured samples oFPREE. Ad e eluate showed a
band of the right size, the salts were removfed IECby using a HiPrep 26/10 desalting
O2ftdzyy 6D9 | SIEGKOFNBO G + Fft26 NIXGS 2F wmp
aedaiasSy o6D9 I SHFUKOFNBUO G n c/ o ¢KS SftdzrdS g1t
were pooled as they showed UV absorbance oncfimatogram yet did not overlap with

a conductance peak from the salts.

A second purification step used anion exchange chromatography on a 5 mL HiTrap
Q FF column (GE Healthcare) at a flowrate olE MAY 2y |y &Y¢! t NAYS OF
system (GE Healthr NB0O | G n c/ ®eqeiliirtedBhiloyWogalt a LINS
Buffer (20 mM Tri¢dCl pH 7.8, 150 mM NaCl, 1 mM TCEP), before loading the pooled
desalted fractions, then elutingith a gradient of 0.15 to 1 M NacCl, resulting from the
mixing ofLow-SaltBufferwith a proportion of Higksalt buffer 0 mM TrisHCI pH 7.8, 1 M
NaCl, 1 mM TCEmcreasing from 0% to 100% over 2MAXE

The peak fractions were paad and a third and final purification step was
performed by sizexclusion chromatography onkiLoad 16/600 Superdex 75 pg column
(GE Healthcare) prequilibrated and eluted at a flow rate of 1 mL/min with Lsalt
buffer. The elution was collected in 1.5 mL fractions and results were assessed by running
denatured samples of the peak fractions ddSPAGE. Fractions containing pure protein
GSNE LI22f SR FYyR O2yOSYyuGN}rdSR (2 pop YIkKY[ I
Centrifugal Filter (10 kDa MWCO, Merdk)e protein concentration was measured with a
bl y25NRLIx { LISOGNERLIK2 ( 2sM8§ dbSodhndetatR80NIMi and fhOA Sy G A F

assumption that 1 mg/mL gives rise to an absorbance of 1 AU.
5.22.4 Crystallisation screening of the protein purified fiencolSoluBL21

I NEadlttAaldGA2y &AONBSyAy3I SELISNAYIEYyGa 65N
I g AflofS aONBSyay [a. /NeadGqlFrttAlTlFGA2y { ONBS
{ ONBSYyun FTNRY | I YLEPAY YwHNE FIanO K TV R{@iffn 2 f Ru «

Protomnis. The screens were set up inv@él 2-drop MRC plates sealed with ClearVue
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Sheets (Molecular Dimensions) employing an OryxNano protein crystallisation robot

(Douglas Instruments Ltd.). The sitting drop vapour diffusion teclenieas used with a

RNRLI aATS 2F nop >[ O2yiGlAyAy3a G4KS LINRGSAY |
SljdzZAf AN GSR F3AFAYyad cn >[ 2ielpa@NBSy az2f dziAi 2
screening plates were monitored for crystal formation usir§Za12 Stereo Microscope

(Olympus). As many small crystals appeared, further crystallisation screening experiments

aimed to obtain a few large crystals by diluting the protein sample to 4 mg/mL in the same

Lowsalt buffer and a further five crystallisatiénONB Sy &Y t ! / ¢I8EhS YA SNU  {
al5! { L5 dathirom MolecularDiIBy 8 A2y &T LYRSExn | yR t 9DWEK?
I NE2uX | £t F NP YCrysthlsvinele Bayestedusisymhudtkdd ithoLoops

(Molecular Dimensions) and flastozen in liquid nitrogen. Se&ppendix Xor the methods

of data collection, processing amatalysis.
5.2.3 Engineering of solubility in AsbAS1 based on homology models

5.2.3.1 Generation of homology models of AsbAS1 and a soluble homologue for the

identification of sites for mutagenesis

As AsbAS1 could be expresseétirolBL21 using a pEM®b-derived vector, this
platform was chosen for a first structimsed engineering project, which aimed to make
soluble mutants of the enzyme based on the soluble bacterial homoldgibylococcus
capsulatusoxidosqualene cyclase (McOSE) In the absence of crystal structures for
either enzyme, homology models were generated for both of them USWISSAODE 218!
with hOSQPDB ID: 1W6KJ as a template. The two models and the templates were
aligned with PyNDL“% to identify the potential membranénsertion region of AsbAS1. In
this region, hydrophobic residues were selected for mutagenesis when they aligned t
hydrophilic residues in the soluble McOSC. A second alignment, using Clustal®#thega,
gave different results and therefore yielded a different set of mutations. Finally, a mutation
introduced a negativelp K NASR NBaARdzS Ay Fy FGdSYLIG G2 N

the negativelycharged membrané?*® All of these mutations are reported fable.5.1.

5.2.3.2 Mutagenesis of the pE#b-AsbAS1 plasmid for the generation of a mutant
library

Single and doublesite mutagenesis of AsbAS1 was performed with the modified
version of the QuikChangaethod described in sectin2.5M*2 The primers were designed

based on the AsbAS1 cDNA sequence, choosing a section around the mutationwith a T
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40pn c/ & OFfOdAFGSR o0& {KSPEheprar/wasittén b ST NB 2
SEGSYRSR (26l NRa (okeBappingre§ofiRadesB-aAf c ( KKEIKEMN
the overlapping region. The resulting design for mutagenesis primers are reported in Table

5.1.
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Table 5.1: List of primers used for AsbAS1 solubilisation mutagenesis. The mutations were

designed based on homology models, a sequence alignment or a change of charge.

Primer

name Mutation Origin Sequence

bAS1.F1 | G325D Models | p-QTTATATCTGATTGCCTAACGAAAATTGTGGAGC(
bAS1.R1 | G325D Models | p DAGGCAATCAGATATAAGATCTTGTGCCBGTGAG
bAS1.F2 | A540R Models | p-ACATTCCGTTGGTTAGAGGTTCTCAACTCTTCT
bAS1.R2 | A540R Models | p DAACCAACGGAATGTCCGTTTGCATTGGTAGG

bAS1.F3 | W337R &V338R | Align p DTGAATAGGAGGCCAGCAAACAAGCTAAGAGATA

bAS1.R 3 | W337R & W338R| Align p DGGCCTCCTATTCAAAATTGGCTCCACAATITTCG

bAS1.F4 | W337R Align p -ODTGAATAGGTGGCCAGCAAACAAGCTAAGAGATA
bAS1.R4 | W337R Align p -DGGCCACCTATTCAAAATTGGCTCCACAATITTCQ
bAS1.F5 |I334R Models | p-GGAGCCAAGGTTGAATTGGTGGBCAGC

bAS1.R 5a | I334R Models | p-DCAACCTTGGCTCCACAATTTTCGTTAGGCAACCH

bAS1.R 5b | I334R & I330R Models | p DCAACCTTGGCTCCACTCTTTTCGTTAGBCAACCH

bAS1.F6 | P333R Models | p-GGAGCGAATTTTGAATTGGTGG@GCAGC

bAS1.R 6a | P333R Models | p -DCAAAATTCGCTCCACAATTTTCGTTAGGEAACCA

bAS1.R 6b | P333R & I330R | Models | p DCAAAATTCGCTCCACTCTTTTCGTTAGGCAACCA

bAS1.F 7a | L322R Models | p-QAAGATCGTATATCTGGTTGCCTAACGAAAATIG]

bAS1.F 7b | L322R & I330R | Models | p-QAAGATCGTATATCTGGTTGCCTAACGAAAAGAG

bAS1.R7 |L322R Models | p-ACCAGATATACGATCTTGTGCCCGT@AGCGT
bAS1.F8 |I330R Models | p-ACGAAAAGAGTGGAGCCAATTTTGAATTGGBTGGO
bAS1.R8 |I330R Models | p-QTCCACTCTTTTCGTTAGGCAACCAGATATAABAT
bAS1.F9 | I334E Charge | p -GGAGCCAGAGTTGAATTGGTGGBCAGC

bAS1.R9 | I330R & I1334E Mixed p DCAACTCTGGCTCCACCTCTTTCGTTAGGCAACC

PCR was carried out using Phire Hot Start I| DNA polymerase (Thermo Fisher) with
5% DMSO anpDONR20-AsbAS1 as the template accordinghe following program: 98
c/ F2NJ o YAYyI F2f{t26SR o0& on 0OedfsSa 2F oy c/
T2{t26SR 6& TH c/ FT2NI mMn YAYy® ¢KS LINBaSyos 2

by 1% agarose TAE gel electrophoresis with ethidium bromide staining.

To selectively remove any trace of the WT gene, the methylated template DNA was
digestedby addig 0.5k 2 ¥ 5Ll L 6b9.0 (G2 SIFIOK t/w NBIOGA2,
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h. The DNA was purified into water using a QIAquRKR purification kit (Qiagen) and

transformed intoXL16D 2 f Rt ! f G NI} O2 YLISG Sy i 10O& pufified 6! IAE Sy
plasmd to 10k [of cells, then incubating on ice for 30 min before a 30 s bhatk at 42

c/ ® L2Fin®Mide & [of warm SOC medium was added to the cells, which were

0KSY AyOdz | §SR I G arowtc The éntffdly otthre trandidrhatio 2 NJ LINS
NBIFOGA2Y gl a GKSYy LIIFIGSR 2y aStSOGA@S [ . |3l
overnight. Colonies werinoculated into 10 mL LB (100 ug/mL carbenicillin) and grown at

ot ¢/ I yR wmy iheNhsvidsavgr& edyasteti Ksingt@eAprep Spin

aAYALNBLI YAG ovAl3ISyo +OO2NRAY3 (2 GKS YI ydzF

confirmed by sequencingsing the following internal sequencing primers:
bAS1.FOR seu-OQTTGTTGGGCCTATTAGTCC
bAS1.REV squ-DAGAGTCGGGATAAACTEGC

The plasmid carrying the mutant gene AsbAS#0R was used as a template for a
second round of mutagenesis using the samehud and primer pair 1, 4, 7a or 8, yielding

a set of four plasmids bearing doubteutations.

To obtain a plasmid carrying the AsbAS1 gene with its entire main membrane
anchoring helix (S317 to R344) swapped for the equivalent from the soluble MEQEL
to R234) mutagenesis was also performed using the same methodbutpp ¢/ F Yy S| € A

temperature andhe following primers (helix in italics, bASgecific region unformatted):

bAS1.FOR HelSwapQGCGTTACGAGCGTCGGCCTTGGAAGGC
GCTAAGAGATAGAGCTTTAAGCITAAC

bAS1.REV HelSwaprQCAGAAGATCGTAAACCAGCCTCAGGAC
CCGTGAGCGTGGGTAATGAABGTC

An additional ligation step was performed before transformation by adding T4 DNA
ligase (k[ 0 F YR ¢n LRfte&ydzZ OS2GARER REYE a8y o0lm i 0 |
reaction in T4 ligase Ad®ntaining buffer NEB).

5.2.3.3 Expression and western blot analysis of AsbAS1 solubilisation mutants

The mutagenized plasmids were transformed igtacolBL21(DE3) as above, using
0.5« [plasmid for 3 [cells. Single colonies were inoculated into 10 mL LB (100 ug/mL
OF NDSYAOATEAY O YR Ay Odzo dolf 8.80.6lbéforecadding IPTGF Y R My

to a concentration of 1 mM for induction of prateexpression overnight. Cells were
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harvested by centrifugation at 3,220F 2 NJ mn YAY | YR NBadzaLISYyRSR A
Protein Extraction Reagent (Millipore) with 0.1 rdialb cOmplete EDFikee protease
AYKAOAG2NI 6w2O0KS0O | ARNIOKO xPSTENB 2V OGO BHAAY
rpm for 30 min. The lysate was spun dowrl&8{407g and both the soluble and insoluble

fraction were denatured and run SIPAGE, along samples of uninduced and final culture.

The proteins were transferred to a rocellulose membrane using an iBlot 2 Gel Transfer

Device and Regular Stacks (Invitrogen) with the PO method (20 V for 1 min, 23 V for 4 min

then 25 V for 2 min). The membrane was incubated in blocking solution (5% dried skimmed

milk, 20 MM Tris HCIpH A5y R T ®p Ya bl /f0 4 n c¢c/ 2@SNYAII
rabbit anttbAS1 primary antibodies (from Melissa Salmon) in blocking solution was then

incubated with the membrane at r.t for 13 min, before washing with TBSTT (20 mM Tris HCI
pH7.5 05mMNaEl ndnp: ¢ ¢SSy 1-108)foE5, 5 thhem 0 MINNR1ER D00

dilution of goat antirabbit,HRP secondary antibodies (Thermo Scientific) in blocking

solution was incubated with the washed membrane for 5 min at r.t. For detection, it was
thenincubdi SR A GK {dzZLSNI ATyl tn 2Sad tA02 t[!{ &2

imaging with a G:Box imager and GeneSys software (Syngene).
5.2.5 Expression of AsbASthia pastoris

Attempts were made to use restriction/ligation cloning and the pPICZB vector to
clone WT AsbAS1 and a number of variants thereof containing cleavable aioteawable
N- and Gterminal affinity tags, as well as deletion mutant AsbASA | Oferiniyial |/
peptide predicted to be disordered. This was supplemented by cloning thend&yme
using the Gateway method with the secretory vectors pB6RL{ ¢ I y REITtwhi¢h¥sh
NBaLSOGAGSte NBYIFAY SLAazylt 2N AYGSaINIGS (K

5.2.5.1Cloning of AsbAS1 constructs into the pPICZB vector

Eight AsbAS1 construaisS NE RS &A3IYySRI Ay Of dzRAYy3 G662 pl
four residues predicted to be disordered using the standard protocol described earlier (see

section 2.1)The constructs are summarisedliable5.2.
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Table 5.2: AsbAS1 constructs designed for ex pression in P. pastoris using the pPICZB
vector. The primers used to amplify the AsbAS1 gene in each case are indicated and their

sequences are reported below.

Name Construct name Primers used
(1) AsbAS1 Native F1R1
(2) 6xHisAsbAS1 N-terminal 6xHistag F2 R1
(3) AsbASHxHis Cterminal 6xHigag F1R2
(4) 9xHis3GAsbAS1 3Ccleavable Nerminal 9xHigag F3R1
(5) AsbASDxHis Cterminal 9xHigag F1R3
(6) AsbASh F9xHis Gterminal O9xHigi I 3 n / F1R4
(7) 9xHis3GAsbASH /| 3Gcleavable Nerminal 9xHidli | 3 | F3 R5
(8) Strep3CGAsbAS1 3Ccleavable Nerminal strepll-tag F4 R1

To add Pmll and Xbal restriction sites (showreihandblue, respectively), Hitags
or strepll-tag Underlined and3C proteaseleavage sitedn italicy, the following primers

were used (start and stop codam bold):
Flnative p - GTACATACGTACATGA GGAGGCTAACAATAGGTGAQG

F26xHisp -GTACATACGTACATGCATCACCATCACCATCAC
TGGAGGCTAACAATAGGTGAG

F39xHis3Cp -GTACATACGTACATACATCACCATCACCATCACCATCACCAT
TTGGAAGTGTTATTTCAGGABEGN&GGCTAACAATAGGTGAG

F4Strep3Cp -GTACATCACGTGATGE GGAGCCATCCGCAGTTTGAAAAA
TTGGAAGTGTTATTTCAGGABEGNGGCTAACAATAGGTGAG

RInative p - QATGTACTAGETAGCTCTTAATCGCAAGAAGTCGACQGC

R26xHisp -QATGTACTAGRTAGTGATGGTGATGGTGATG
GCTCTTAATCGCAAGAAGTGCGALG

R39xHisp QATGTACTAGFTAGTGATGGTGATGGTGATGGTGATGGTG
GCTCTTAATCGCAAGAAGTGCGALG

R49xHisnCp -QATGTACTAGETAGTGATGGTGATGGTGATGGTGATGGTG
AAGAAGTCGACGGCGAAGTICLC

R5nCp -QATGTACTAGI AAAGAAGTCGACGGCGAAGTHICLC
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PCR was carried out using Phire Hot Start I| DNA polymerase (Thermo Fisher) with
5% DMSO anpDONR20-AsbAS1 as the template accordinghe following program: 98
c/ F2NImM YAYyI F2ft26SR o0& on OedfsSa 2F oy c/
F2ft26SR 0@ TH c¢c/ F2NIH YAYd t NBPRdzOGA 2F GKS
TAE gel electrophoresis with ethidium bromide stainingl thes fragments were purified
dzaAy3 | vL!IjdAO|lt t/w LIHz2NARFAOFGAZ2Y 1AG O6vAl 3
the empty pPICZB vector were each digested using Pmll and Xbal (NEB) according to the
YIEydzFlI OGdzZNBENRE AyadNUOGdz2 9+ G KSYW LIdzNR FA SR &za
GAGK pn x[ 9. StdziAzyod

Ligation was set up with 40 ng digested pPICZB, 80 ng digested PCR product and 1 U
¢n 5b! [ATlIrasS OLYGAUGNRISYO Ay GKS &adzZld)X ASR N
overnight, theligation reaction was diluted-fold to transform it intoE. col6 | ph [ 9 OSf f &
GKAOK ¢gSNB GKSy LXFGSR 2y [. F3AFNI 6Hp x3IAKY]
colony PCR using AsbAsiecific primers and empty pPICZB vector transformants as a
negative control. The colony showing an insert of the right size veabated in 10 mL LB
OHp X3IAKY[ %S20Ayn0 2@GSNYyAIKG FyR (GKS LI FaYAR
confirmed only for one of the constructs, pPIGX&ASA6), by sequencing (Eurofins

Genomic) using primers specific for the AOX1 promoter anditeror:
FAOX1p -GACTGGTTCCAATTGACMABAGC
RAOX1p -GCAAATGGCATTCTGAGATCC
5.2.5.2Cloning of the AsbAS1 gene into the pB&RL{ ¢ | Yy RESIvelctordsh

Plasmid pDONR204sbAS1 was used as an entry clone to transfer the AsbAS1 gene

into the destinatio vectors pBGRE 9 { ¢ | y RESDtolgénétate the secretory

expression plasmids pBGREST a 06! { m | YRSTsHAS]. Bhis was achieved by

dzaAy3d m x[ 2F [w Oft2ylFasS SyileyvyS YAE oOLYy@A(NER
vectormadeuptok [ GHAGK ¢9d ¢KS NBFOGAZ2Y 461 & AyOdzml i
FNNBadAy3a gAGK nodp x[ LINRPGSAYLlFAaSEXdbI!phnody x|
[9 OStfta o6nmn x[ VI ¢KA-SKLBAGNEp LX AKBR 2§52 @sy 60
ANRGOGK I (G o Transférmadt@dionigs vérekgiiown in 10 mL selective LB (25

x3AkY[ %S20Ayn0 FiG o1 c/ 2@GSNYyAIKEG yR GKS LK
aAYALNBLI YAG ovAl3asSyo FOO2NRAYy3 G2 GKS Yl ydzF
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5.2.5.3Transform#éon of P.pastorisx-33 and KM71HDCH1::G418Rvith the
plasmids pPICZ&bASA6), pPBGPDEST a6 ! { m | PESTALHASL Yih

To prepare competent cellB. pastorisX-33 and KM71HYCH1::G418Rvere first
revived from glycerol concentrated stocks by inbcil A y3 pn x[ Ayid2 p Y]
yeast extract, 2% BaowolLJS LJG 2 Yy ST w>: RSEGNRASO | yR 3ANBGAY T
overnight. The resulting cultures were then used to inoculate 50 mL YPD for growth at 30
c/ FYR unn NLY 2@SNYAIELOREf K Secells Wede Odzf (G dzNB a
harvested by centrifugation at 3,220and r.t for 5 min, washed with 50 mL autoclaved
dH0, respun, washed with 50 mL SED buffer (1 M sorbitol, 20 mM DTT, 25 mM EDTA pH
8.0), respun, washed with 20 mL iz®Id 1 M sorbitol, reéi LJdzy G n c/ = GKSy N
with 1 mL icecold 1 M sorbitol.

The circular plasmids pPIG2BbASH ¢ 0 | Yy EIMBSHASIYdnd the empty
L3t L/ %. | -PEST uSctdrs wigre linearised by digesting withiS&&l 6 b 9. 0 dza A y 3
LISNI v x3 5b! Ay /[ dzi{YFINIt o0dzZFFSNI YR AyOdzl
cleavage was verified by running samples on 1% agaféE gel by electrophoresis with

ethidium bromide staining.

Competent X33 and KM71EOCH1::G418R f A ljd2G& oyn x[ 0 6SNB
either linearised pPICZ8sbAS4(6), circular pBGPREST &6 ! { mX f A y-BHSNRA & SR LJt
AsbASL1 or their empty vectequivalents using a MicroPulser electroporator (Riad) with
a single 1.5 kV pulse. The transformed cells were resuspended in 1-odldceM sorbitol
GKSYy AyOdzmldiSR 4 on ¢/ F2NIJm K np YAY 0ST2N

sorbitolarR w2 F 3FNE 6AGK AStEBOGAERY HEOdzanin X @R YI[ G *

Transformant colonies gfPICZBASbASY c U X -DHESTAYbASL and their empty
vector equivalents in-83 were screened for the Mut+ phenotype by streaking them on
MMagar(@on’s gk@ &Stald yAGNR3ISY o0l aSs m:r 6k@ Y
1% v/v methanol, 1.5% agar) and MD agar (i.e., MM agar witmgtbanol replaced by 2%
6kP RSEGNRASUOL oMPK/ BARYRIAY[LKKHLE2ANH 6 6Stt 2y
agarwereA y 2 Odzf  GSR Ay {2 wmn Y[ ,t5 | y&dAOdzol G§SR
cultures, except fopBGPIDESTASbASL1 in-83 that always failed to grow, were
centrifuged at 3,22@ and r.t for 5 min. The media was discarded and the pellet used to

prepare25% (v/v) glycerol stocks to be storedegtn ¢ /
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5.2.5.4 Expression of AsbASP ipastorignd evaluation by SEFBAGE and western
blot

The frozen glycerol stocks of38 transformeds A ( K IJESIASBAB1 (two
transformants) or pPICZBsbAS(6) (three transformants), of KM71E6CH1::G418R
transformed with pPICZBsbAS(6) (two transformants), pPBGHAESTFASbAS1 (one
0 NJ yaTF2 NI YESIASEASI (thd tlarsférmants), and ofthovector controls
F2N) SIFOK 6SNB dzaSR G2 Ay20dZA +FGS mn x[ Ayid2 wm
6, 1% w/v yeast extract, 2% w/v BadtdS LG 2 Yy SuImdom: k@ &Sl ad yAadl
OA2UAYZ M>» Ok@ 3t eOSNRf ) hick welieSntubaied &30 o6& wmn
c/ FYR Hnn NLIY F2NJn R® ¢KS OStfdaadref@ BB KI NS
min then resuspended into 50 mL BMMY (as for BMGY but with 0.5% v/v methanol instead
2F M: Ok©@ It 8OSNRt O TFrgnNora o witizsuppledentdtionofi on ¢/
0.5% v/v methanol every day. The cells were harvested by centrifugation at¢p&%0r.t
F2NI Mmp YAYy® {IYLESa 2F It OdzZD&ESEN®E&d | YR 2F
transformants were analysed by SBAGE wit InstantBluet & (| A y A Yy APAGE NB LIS |
gel was analysed by western blot, essentially as described foxghression of AsbAS1
Ydzii I yG &3 0dzi dghayadtirat secord&y antipodies and imaged using an
Odyssey CLX system.

5.2.5.5Extractioy  2afmyrin fromP. pastoris

~ A s oA

The cells were extracted with ethyl acetate for-&6¢ | yI f @aAa-02 RSGSO
amyrin produced by recombinant AsbAS1. First, the water was removed using a CoolSafe
freezedryer (ScanVac) until it reached a pressure of 0.9Ra.dried pellets were crushed
yR SEGNI OGSR dzaAy3a p Y[ Sidket | O0SGIGS o0& Ay
insoluble fraction was separated by a first centrifugation at 5@%60d r.t for 30 min and a
second centrifugation of 1 mL of thereSulA Y3 & dzLISNY F Gl yad 4G mMoXnnn
YAY® ! Ttpn x[ FtALd2dG 6l a GF1Sy 6AGK2dzO RAA
GAGK Hpn x[ 2F SdkKeft FTOSOIGS 6AGK wnn x3IAKY]

5.2.5.6 G&@/S analysis aulture extracts

Samples were analysed by-®IS using a Shimadzu GGB2010s fitted with an
AOG20s autosampler and a Shimadzu Skl { O2 €t dzYy o6on Y E nduHp YY
thickness). Helium was used as a with a column flow rate of Q®im The instrument
gl & 2LISNI GSR Ay aLt Al Y2RS owmYp aLX AdGo gAGK
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KSER G Hyn ¢/ 2 IyR GKS AYGSNFIOS IyR A2y a2
20Sy 6l a LINPINIYYSR (2 NARAS TFREiMrisefrom 02 owmn
omn 42 opn ¢/ +G mMn c/ kKYAYZ YR K2fR |4 opn
were obtained in scan mode operated from m/z&B00. For quantification, selected ion
monitoring (SIM) mode was used, detecting ions showraible5.3.
Table 5.3: Compounds identified by GC -MS.
Compound Retention time (min) | Quantifier ion (m/z) | Qualifier ion (m/z)
Squalene 10.31 69 81, 95, 68, 136
2,3-oxidosqualene 11.19 69 81,71
Coprostanol 12.93 233 215,55
i -amyrin 15.88 218 203,69, 95
Peak integration was performed using Shimadzu software GCMS solution v.2.50
and quantification was based on a fgowint calibration curve prepared with 1f0ld
RA f dzii Aamyria steahdard(0.24 n 1 x 3 K Y [-pbibt catibxdtiain KuNEs $or
aljdz £t SyS onodps mabpR2apdkOBEYSoomMYyRpEZIRAA x3IKY

the internal standard (coprostanolnalytic standards of squalene (product code 442785),
2,3-oxidosqualene (product code 217p0Y 3 0 -amyrd (product code 092360MGF)

were bought from Sigmaldrich.
5.2.6 Expression of EtASEIncoli

To establish ain vivofunctional assay of ia-amyrin synthase in a readily
manipulated host, EtAS was expresse#.irolj with or without genes involved in
biosynthesis of its substrate, 2gkidosqualene. In addition, this protein could also serve as

an alternative crystallisation target iféixpressed at high levels.
5.2.6.1 Preparation of plasmids

Plasmids pETBtAS (containing thEuphorbia tirucalli -amyrin synthase gene)
and pACHpIDI/AtSQS/AtSQE (containing th@ematococcus pluvialisopentenyl
diphosphate isomerase gendplD] the A. thalianasqualene synthase gendfSQSand
the A. thalianasqualene epoxidase gen&tSQErespectively) were constructed and kindly
provided by Dr. Miho Takemura (Ishikawa Prefectural University, J&ffaRyeezedried
plasmids were dissolved in 10 mM THEI (pH 8.5) buffer and 50 ng of each was
0 NI y&¥F2 NS RB. cdiibpile competant celfs by heahock. After 1 h of pre
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growth, the cells were plated onto LB agan(i k 3k Y[ OF ND-EfSa@R1Df Ay F 2 N
KIKY[] GSONI O2NDBAKS GFFNKILIGA VIO YR AyOdzml GSR
colony for each plasmid was inoculated into 5 mL LB with appropriate antibiotics and

AyOdzo | SR |G o7 emight. Bhe fldsmids Kerd extsaded Bisthdd Gei@JET
tfFAYAR aAyYALNBLI YAG 0¢KSNY2 CEAKwRNDMmMEdKS o Q

by Sanger sequencing with T7 reverse primer at Source BioScience.
5.2.6.2 Production of squalene, y8idosqualené Yy Ramyrin in E. coli BL21(DE3)

E. colBL21(DE3) cells were transformed with plasmids-pAMDI/AtSQS/AtSQE
and pETEEtAS, either alone and in combination, by helabck. Transformants inoculated
into 10 mL LB supplemented with appropriate antibioticg R Ay Odzo I 6 SR i oT1 ¢
rpm overnight. These pr® dzf (1 dzNB&a ¢SNB dzaSR G2 Ay20dzZ | G§S wm.
(1.6% wiv tryptone, 1% wi/v yeast extract, 5% w/v NaCl, pH 7.0) supplemented with
F LILINBLINAF GS FyGAoA2dAOa 80 rgnruntil tkeS séachegrdaddzo | G SR |
ODyoo0f 0.81.0. At this point, protein expression was induced by the addition of isopropy!
IDOKA23L I OG2LNIY2aARS oLt ¢DO G2 | FAYyLE 02

Cells were harvested by centrifugation at 3,22@r 10 min.
5.2.6.3 Extragn and analysis of squalene, 2FE A R2 & |j dzl-dm@if S | y R |

The cell pellets from duplicate cultures were resuspended in 1 mL STE buffer (10
mM TrisHCI pH8.0, 1 mM EDTA, 0.1 M NaCl) to be washed and divided into 3
microcentrifuge tubes. After centrifugian at 3,220g for 10 min, the supernatant was
RA&AOFNRSR yR G(G(KS OStt LISttt Siha-metiahadb2B8EGNT OGS
by vortexing for 10 min then recovering the organic phase by centrifugation at §,220
10 min. The combined orgarphases were evaporated and the resulting extracts were
RAaaz2t SR Ay wmnn x SakKet OSGFrGS o06AGK pn x3

chromatographgmass spectrometry (GKIS) analysis as described in secto?.5.6.
5.2.6.4 Overexpressioth BtAS irk. coli

E.coi [HMO5900 YR ({lysvdelsiiers transtormedwiH padSnids
PETBEASbyheat K2 01 ® ¢ NI YATF2NYI yi O2ft2yAda 6SNB Ay
carbenicillinforpET® 4! { F YR on x 3k Yt Gdfliysdy bidd Mdubated/ A O2
Fd ot ¢/ FyYR myn -OzOYi d2NBSENYASTINGET qdzat KRS (LaNBA y 2 O dz
[ . 2NJH- ¢ YSRAF 6mnn x3IkY[ OFNBSYAOAfEAYy I

AyOdzo I § SR I G oedoof @40.50Pmoteitekpresbn wagindhcgd for 3to 4 h
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2N 2OSNYAIKG +G mMpZ wn 2NIuHp ¢/ o0& FRRAGAZY
mM. Cells were harvested by centrifugation at 5,@00r 12 minthen storedai n ¢/ ¥ 2 NJ
further analysis. Cell pellets frommiL aliquots of culture were resuspended in #0001 1 ¥ |

lysis buffer 20mMTris / £ LIy YR onn Ya bl /f adzlJ SYSy
free Protease Inhibitor Cocktail) and lysed by sonication using Soniprep 150 Plus Ultrasonic
Disintegrator (MSE). Santes were analysed by SIPSGE.

POHPT a2f S0dz F NJ Y2RSE a T2 Nanydink yi h{

ReviewedUniProt Sy i NJ& S & -armfiygim\synthasegNforBruguiera gymnorhiza
A. thaliana, Pisum sativunand Glycyrrhiza glabrawvere found by looking for proteins with
over 50% sequence identity with EtAS onRduti (entry Q401R6¥° This also led to the
entries for theglutinol and friedelin synthases frokalanchoe daigremontiand heir
precomputed AlphaFold2 structure predictions were downloaded and their alignment
analysed in PyMOf¢!

Models of the structures of EtAS and AsbAS1 were generated by submitting their
sequence to the AlphaFold Colab notebd3K.The protonation states of histidine,
aspartate and glutamate residues were then modified by reference to the results of
prediction by the H++ serv&4 UnopthA YA T SR / I NIi S a A lanfyrirCiieARweR A v I G S &
obtained from the isomeric SMILES representations of the corresponding entry in the
PubChem databa&é” transformed to Cartesian space usimg telectronic Ligand Builder
and Optimization Workbench (eLBOW) tool in Phé&itkSemiempirical QMptimized
atomic coordinates and atomic partial charges, together with force field parameters, were
obtained from the Automated Topology Builder (ATB) versio*3!0 o generate starting
coordinates for the complex of AsbAS1 with bA (AsbAS1:bA), AsbAS1 was first
superimposed onto the crystal structure of hOSC in complex with lanogRb®: 1W6K).
A bA molecule, geometrgptimized in ATB, was then manually positioned and oriented to
best overlay its A and B rings with the corresponding rings of lanosterol while avoiding
short van der Waals contacts with residues in the AsbAS1 adtvessiity. Energy
minimization of the AsbAS1:bA complex was performed with the GROMACS 2020.4
molecular dynamics packadfé! with the amber99skldn force field?°Y Energy
minimization was performed in aqueous solution with the complex at the centre of a cubic
boxwA i K mn ) RAA&AGEFEYOS FTNRBY (KS OSYyGNB 2F (KS |1
was made to introduce lipid molecules which would presumably be present. The box was

solvated by the Simple Point Charge (SPC) water model, adding sodium counter ions to
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ensure neutral charge of the system. The system was then subjected to energy
minimisation employing periodic boundary conditions and using the conjugate gradient
optimization method until the system energy decrease between steps was less than 1 kcal
mol?. This occurred after 1673 cycles. No interatomic or positional restraints were applied.

Analysis of the energy minimized model was carried out using Py®1OL

5.3 Results and discussion

5.3.1 Cytoplasmic expression of AsbA%L colBL21

A first expression trial i&. colBL21 aimed to reproduce the work of Melissa
Salmon, which yielded inclusion bodies of alegs construct of WT AsbAS1, while
attempting the expression of a Higgged construct for a potential refolding purification
using IMAC.

The AsbAS1 gene was aarninto the pH9GW vector using Gateway cloning to add
an Nterminal 9xHigag. The gene had also been cloned by Melissa Salmon into the pET
14b vector using the restriction enzymes Ncol and BamHI, which removes ttagHiem
the vector. The resulting @asmids pHIGWASDAS1 and pEMb-AsbAS1 were then used for
an expression trial i. colBL21. SDBAGE analysis revealed the strongest band of the
I LILINR LINA F GS F LI NByid a2 (2 68 TNRY Ay RdzOAyY 3
14b vector, with lessJNB G SAY FTNRBY SELINBa&aAz2y i wn c/ & |
seen for 9xHigagged AsbAS1 from the induced cultures using the pH@@iived plasmid
(Fig. 5.1).
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Figure 5.1: SDSPAGE analysis of the AsbAS1 expression screen inE. coliBL21.

10% polyacrylamide SDSO! ' % xEOE )1 OOAT O"1 OAA OOAET ET ¢8
show the protein standard ladder with molecular weights indicated on the left; then for
cultures using the plasmids derived from pHOGW (pH9) and pETI4b (pET), the soluble
fraction of the lysate (S); pellet of the lysate (P), i.e., the insoluble fraction; the total
protein of the final induced culture (1) and uninduced culture (U). The arrow indicates
the expected migration distance of ASbAS1.
The AsbAS1 producedHn colusing fEF14b is known to form inclusion bodies and
the lack of affinity tag would render purification diffici#t¥ It was therefore decided to
find a strategy for the production of folded Hisgged AsbAS1. After an unsuccessful
attempt at NiNTA bead purification with-dodecyd -D-maltoside (DDM) fronk. coliBL21
expressing a pJH14Rrived plasmid (data not showrj was decided to target the protein

to outside of the cytoplasm.
5.3.2 Periplasmic expression of AskA&is irE. coliSoluBL21

Recombinant proteins have better chances of folding properly in the periplasm of
E. colinstead of its cytoplasm. Indeeperiplasmic expression can avoid the formation of
inclusion bodie£>? Furthermore, disulphide bonds cannot form in tBecolicytoplasm,
which is a reductive environment due to the action of redoxin enzymes. The periplasm,
however, contains the disulphigd®rming enzymes of the Dsb system (covered in more

detail in section2.7.2.4 .53 AsbASTontains 21 cysteine residues, some of which could be
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forming disulphide bonds that are critical to folding (e.g., Cys614 and Cys724, which are
close to each other according to the homology model described in segfidhl). Itwas
therefore decided to target AsbAS1 to the periplasnEotol{ 2 f dz. [ HMu 0 &GN} AY R

in section 2.7.2.6)n an attempt to produce it in a properly folded form.

Thisconsisted ircloning the AsbAS1 gene in the gD vector, which adds the
pelBsecretion signal sequence upstream of the gene ander@inal 6xHisgag,?? and
inducingexpressiorinE.col{f 2f dz. [ HmMu G wn c/ & ¢KNER G2E%k GS o
100 to attempt extracting AsbAS1 from the membrane lifit#sA first purification step by
IMAC yielded an SEFBAGE band of the right size in the eluate &4, so it was further
purified by anion exchange chromatography then SECHR2B.
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Figure 5.2: SDSPAGE analyss and chromatograms of the purification of AsbAS1 -
6xHis. 4-12% gradient polyacrylamide SDPAGE with Quick Coomassie staining.
Chromatograms with theblue curve representing absorbance at 280 nnraction
numbers are written in red on the xaxis.(A1) SDSPAGE aalysis of the frst
purification step (IMAC).From left to right, the lanes show the first (W1) and second
wash (W2), the protein standard ladder with molecular weights indicated in kDa, and
the eluate fraction numbers with the pooled fractions underlined The arrow indicates
the expected migration distance of AsbAS6xHis.(A2) Chromatogram of the first
purification step (IMAC). (B1) SDSPAGE analysis of théhird purification step (SEC).
From left to right, the lanes show the protein standard ladder withmolecular weights
indicated in kDa, and the eluate fraction numbers with the pooled fractions underlined.

(B2) Chromatogram of thethird purification step (SEC)
The purified protein appeared green, which was unexpected for AsbAS1. We

therefore analysedhe sample by UVis spectroscopy and observed a peak at 410 nm

(data not shown), which is characteristic of a hd&®Crystallisation screens yielded
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numerous crystals, some of which were analysed by western blot usingstdiS1

antibodies, which did not show any significant band (data not showrgy Miffraction data
wascollected)} YR G KS OSf t RAsé8Boiel brethe DB A matching ¢ S NB
structure of the haenrcontainingE. colHPII catalase was found (PDB: 4BFL) and used for
molecular replacement, which was successful. The structiiee HPIl catalase

contaminantwas solved and analysis is reported irpApdix2.

As a way of making the expression, purification and crystallisation of AsSbAS1 more
tractable, it was decided to design and express a library of mutants with an altered

membraneinteracting surface.

5.3.3 Design and expression of AsbAS1 solgloiigautants inE. col
BL21

A structureinformed engineering project for AsbAS1 attempted to make this
membranebound protein soluble by taking inspiration from a soluble bacterial homologue,
McOS@*1 This involved an analysis of homgjomodels and sequence alignments to
design mutants, which were then expressedircolBL21. A soluble AsbAS1 mutant would

help crystallisation efforts, as well as having applications for biocatalysis.

A homology model of AsbAS1 was generated usiagtructure ohhOSE&3 as a
template. Comparison with theriginal analysis of the hOSC structure led to inferences
about the position of the membrank Yy a SNII A2y NBIA2Y 2F-héelido! { mZ A
OFNRBY {SNbmt (2 ! &ayoocX O2NNBaLRyReixy3d (2 Kh{
(from Phe539 to Ser548presponding to hOSC His510 to Ser528). A homology model of
the soluble McOS®@as also created in the same way. When aligned to the AsbAS1 model,
it reveals hydrophobic to hydrophilic substitutions in the membrémsertion regionFig.
5.3). A sequence mnment using Clustal Oméeéfd reveded two more substitutions. These

were used to design AsbAS1 mutants that could potentially be soluble.
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Figure 5.3: Membrane insertion region of AsbAS1 and its equivalent in McOSC.
Homology model of AsbAS1 (yellow) aligned with a homology model McOSGcyan),
both generated using SWISMODEL with human oxidosqualene cyclase as a template
(PDB ID: 1W6K). Hydrophobic AsbAS1 residues shown as yellow sticks were mutated

to arginine residues individually or as pairs.

For mutagenesis, the modified versiontbé QuikChange methdd? (described in

section2.5)was attempted on the pEZ2b- and pET14b-AsbAS1 plasmids. While the pET

22b-derived plasmid suffered from low successe and nonrspecific amplification (data

not shown), the samenethod on the pETL4b-AsbAS1 plasmid proved to be remarkably

effective for generating mutants (Fig.4).

2 3 45 6 7 8 9 1011 12
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Figure 5.4: Analysis of the AsbAS1 mutagenesis reactions by agarose gel
electrophoresis. The mutant numbers (described in tables.4) are indicated above the
lanes. The sizes in kb of the standard DNA markers are indicated on the I&finegative
control reaction with DNA template but not primer did not reveal any visible band by

the same anajsis.

Four plasmids with a double mutation were prepared with the same method by

using a singlenutation template and primers covering a different region. An additional

mutant was created, in which the entire main membranseertion helix of AsbAS1 was

swapped for the equivalent helix in McOSC. This resulted in a library of 17 mutants,

summarised in tabl&.4.
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Table 5.4: AsbAS1 mutant library created in an attempt to solubilise this membrane -

bound enzyme . For each mutant, this table indicates the name dgsed, the primers used in

mutagenesis (sedable 5.1for primer sequences) and the mutations introduced.

Mutant | Primers . Mutant | Primers .
Mutation Mutation
name used name used
bAS1.F 2
bAS1EF5 bAS1.R 2 | A540R &
1 bAS1R5a 1334R 9 bAS1.F8 | I330R
bAS1R8
bAS1EF5 I1334R & bAS1.F 1
2 bASIR5b | I330R 10 bAS1.R 1 G325D
bAS1F6 bAS1.F 2
3 bASIR6a P333R 11 bASLR 2 A540R
4 bAS1F6 P333R & 12 bAS1.F3 | W337R &
bAS1R6b | I330R bAS1.R 3 | W338R
bAS1F9 I330E & bAS1.F 4
> bAS1R9 I1334E 13 bAS1.R 4 W33TR
bAS1.F 2
bAS1.R 2 | AB40R & bAS1.F 7a
6 bAS1.F1 | G325D 14 bAS1.R 7 L322R
bASIR1
bAS1.F 2
. bAS1.R 2 | AB40R & 15 bAS1.F7b | L322R &
bAS1.F4 | W337R bAS1.R7 |I330R
bAS1R4
bAS1.F 2
3 bAS1.R 2 | AB40R &
bAS1.F 7a| L322R bAS1.F S317 to R344
bAS1.R 7 Helix HelSwap | swapped for
bAS1.F 2 swap bAS1.R McOSG212
9 bAS1.R 2 | AB40R & HelSwap |to R234
bAS1.F8 |I330R
bAS1.R 8

After expression of all mutants . colBL21, the cells were lysed and the soluble
fractions recovered by ultraentrifugation. They were then analysed by western blot using
antibodies raised against AsbAS1. Unfortunately, no significant band was seen in these
fractions for any of the mutant®ight of which are shown iRig.5.5. This could be because
the mutations failed to solubilise AsbAS1 or because this detection method might not be
sensitive enough for the amounts of protein present (see se&iBr¥). Alternatively, the

issue may residm the inability ofE. colBL21 to fold ASbAS1 properly, resulting in the
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formation of inclusion bodies. This is common for recombinant proteins expresged in
coli, but it is sometimes possible to refold them using denaturing agéfitsinfortunately,
our attempts using urea, DDM and-NTA bead purification of Htagged AsbASL1 did not

succeed (data not shown).

Pellets Soluble Fractions
12234‘5678 122 3 45 6 7 8

“NNgees

- -

Figure 5.5: Western blot analysis of the pelleted cell debris and soluble fractions

of the lysate from E. coliexpression of AsbAS1 mutants (numbered). 4-12%

gradient acrylamide SDSPAGE transferred to a nitrocellulose membrane, exposed to

rabbit anti-AsbAS1 primary antibodies then antirabbit,HRP secondary antibodies;

developedwith3 OPAO3ECT AT A 7A00 0 E ASubstateOre mutadk i E1 O ET
names are indicated at the top of the lanes. The line indicates the expected migration

distance of AsbAS1.

5.3.4 Expression of AsbASPirpastoris

As the prokaryotic expression hdst colionce again failed to produce folded
AsbAS1, expression of this eukaryotic protein was undertaken in the methylotrophic yeast
Pichia pastori§Komagataella phaffji?>®! which has an excellent track record for structural
studies of membrandound proteingd**? This work built on the results of Melissa Salmon,
who demonstrated intracellular expression of functional AsbAS1 in this system, but could

not fully purify therecombinant enzymé&34

In an attempt to generate the large quantities of purified protein required foayX
crystallographic analysis, expression was attempted in two straiRs jpéstoristhe wild
type %33 strain, whose methanaltilisation prenotype (Mut) allows rapid growth on
methanol (pending phenotypic screening after transformation), and the glycoengineered

KM71HQCH1::G418Rstrain, which, despite growing slowly on methanol (Mut
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phenotype), has the advantage of being less prone toginolyperglycosylation. The
resulting polysaccharides could otherwise lead to heterogenous protein samples that are

less likely to crystallisé®!

Eight constructs of AsbAS1 were designed with various affinity tags, including
deletion mutants lacking the-@rminal region predicted to be disordered, and generated
by PCR before attempting to clone thetdnfortunately, despite screening a total of 88
transformants by colony PCR to detect the presence of the AsbAS1 gene, only one of the
constructs, AsbASi F9xHis, was successfully cloned into the vector pPITOzBlow
success rate may be either due to loss of activity of the restriction enzymes, which could be
alleviated by using fresh stocks, or due to the choice of bdunat instead of stickend
cloning. Before further attempts at cloning the other constructs, wiicy facilitate
purification or crystallisation, the pPIGABbASIn F9xHis clone was taken forward into

expression screening to evaluate the suitability of this vector compared to others.

AsbAS1 was also cloned into the gatewaynpatible vectors pBGFQEST and
pPICE-DEST?" These addhe preproh -factor signal sequence upstream of the cloned
gene, which is removed by endogenous proteases but targets the resulting protein to the
extracellular spac&3® This protein secretion strategy has been used in the past to express
other membranebound proteins for crystallisatiof®?! The pPICZ vectors need to be
fAYSIENAASR YR ONIXyaF2NX¥IGA2Yy KIFLILISya (KN dz
chromosome by homologous recombination with the inducible AOX1 promoter. This can
happen several times, so the resulting transformants imaye multiple copies of the
cloned gene, which usually leads to higher levels of protein expreg3iorhis is why it can
be worthwhile to check recombinant protegxpression levels in several transformants.

The episomal pBPAIEST vector, on the other hand, uses the constitutive GAP promoter
and can be transformed as a circular plasmid, which will be maintained as an independent
genetic element. This vector therefoleads to consistent transcription levels, which can be
advantageous, e.g., for detecting changes in activity between muianisa?” The
constitutive promoter also simplifies high#htroughput screening of activity because it

removes the induction step #t requires a monitoring of the cell densi#

P. pastorisx-33 and KM71HYCH1::G418Rransformants were therefore obtained
for AsbAS1 cloned in pPICZB, pB&R1L{ ¢ | y {RESTtAlohgiith their vectonly
controls, they were screened for AsbAS1 expression-PIE analysis of the total culture

and culture medium was inconclusive because a hErte right size is seen by Coomassie
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stain even in the absence of the AsbAS1 gene. This probably correspahds®OX1

protein, which would obscure AsbAS1 (data not shown). A second detection method

consisted in western blot analysis using antibodies raised against AsbAS1 expréssed in

coli. Unfortunately, no significant band was observed in any of theiedt(Fig5.6).

P. pastoris pPICZB-bAS1 expression
kDa Induced cultures

250 XB b1 b2b30Bbl1b20Gb +ve controls
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Figure 5.6: Western blot analysis of AsbAS1 expression in Pichia pastoris . 4-12%

gradient acrylamide SDSPAGE transferred to a nitrocellulose membrane, exposed to

rabbitanti-! OA! 3p DOEI AOU AT OEAT AE Aafi-rdd gedohdary 2 $ UA "

antibodies. From left to right, the lanes show the protein standard ladder with
molecular weights,the total protein content of the final induced culture of X33
transformed with the pPICZB empty vector (XB) or pPICZBsbAS1 (transformarns b1,
b2 and b3) and of KM71HOCH1::G418Rransformed with the pPICZB empty vector
(OB), pPICZBAsSbASL1 (transformants b1 and b2), pPBGPDEST empty vector (OG) or
pBGP1DESTAsSbASL1 (b). The positive control is the insoluble fraction of ASbAS1

expressed inE. coli The arrow indicates its expected migration distance.

Given that western blotting failed to detect AsbAS1 expressed from any of the

constructs tested ifP. pastorisa third and final strategy for the quantification of

~ A LA = s

while yeast does not produce this compound, it does make the oxidosqualene precursor as

part of the ergosterol biosynthesis pathwiS# It is therefore possible for active

i

TR

NEO2YoAYlyld !'ao6!{wm (2 d&asS Syhre@ESTheded 2 EAR2 4 |j

cells from each culture were extracted usingygthcetate and the organic fractions
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analysedbyG&{ ® ¢KAa NBOSI f-@irininkné&x33aNd6a Sy O0S 27
KM71HQOCHL1::G418Rells transformed with pPICZBbAS1 but no other culture (Table

5.5). This may be because the pBAFHAST &6 ! { m | YDESFASHASY pkadmids do

not produce active protein or because oxidosqualene cannot reach extracellular protein. As
X33 and KM71HYCH1::G418Rvere equivalent in AsbAS1 activity, it may be more

judicious to use the latter for largecale expression and pudétionfor the purpose of

crystallisation, because of the reduced hyperglycosylation of proteins in this system.
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Table 5.5: GCMS analysis of P. pastoris culture extracts. -amyrin was detected in the

pPICZBAsbASL1 transformants, with the two highest producers shown in bold.

Strain Vector Clone - YENRY 0O«
KM71H(OCH1::G418R] pPICZB Empty vector | 0.00
AsbASIA 0.25
AsbAS1B 0.32
pBGPIDEST | Empty vector | 0.00
AsbAS1 0.00

LJt L DEST [ Empty vector | 0.00

AsbASIA 0.00

AsbASB 0.00

X33 pPICZB Empty vector | 0.00
AsbASIA 0.19

AsbAS1B 0.27

AsbASIC 0.20

LJt L DEST [ Empty vector | 0.00

AsbASIA 0.00

AsbASB 0.00

5.3.5 Expression of EtASEIncoli

The results for GMS showed that ASbAS1 can be expressed in an active fd?m in
pastoris albeit at presumably low levels given that it was not detected by western blotting.
However, the use of the pPICZB vector requires numerous steps and does not guarantee all
transformants to be equivalent. This makes the strategy inconvenient for medium
throughput engineering efforts. It was therefore decided to investigate the capaciy of
coliil 2 SELINBREE NV ADSYHKIFE&S FNBY +y SLA&az2Y!I ¢

product using G®S so that the effect of mutations could be observed marmeveniently.

UnlikeP. pastorisk. colidoes not produce 2;8xidosqualene. It therefore requires
a squalene epoxidase (SQE) gene to be introduced. To increase the levels of the squalene
precursor, it is possible to eexpress genes for squalene synth§S€S) and for isopentyl
diphosphate deltasomerase (IDI), which contributes earlier in the biosynthetic pathway. A
method reported in the literatur€®” used genes fronA. thalianaand the green algae

Haematococcus pluvialdoned into a vector with the artificial promotéac, yielding the

138

D



plasmid pAEHpIDI/AtSQS/AtSQE. Because this pAC vector carries a pl5a origin of

replication?®?|-  -amyrin synthase gene can be-egpressed if it is cloned into a vector

with a ColE1 replicon, such as the plasmid pE#AS, which carries the gene feuphorbia

tirucallii -amyrin synthase, a wetlharacterised OSC. This method was reproduced here:

after co-expression of pAEIpIDI/AtSQS/AtSQE and pEHIAS irE. colBL21, cell extracts

were analysed by GE{ @ 2 KSy 024K L) kadyidisRsiiccdsHily LINBaSy i >
produced 2.6& Ik Y[ Ay (GKS SEGNI OGOT odzi Ay O2y(NRft :
none is observe@Table5.6), whichconfirms the absence of oxidosqualene ardmyrin

synthase irE. coli Compared to the culture expressing pAGIDI/AtSQS/AtSQE alone, the

cells expressing the additional pEEDAS plasmid seem to have consumed allaailable
oxidosqualene. They also had a lower cell density, probably due to the added metabolic

burden®¥lwhich may explain the lower levels of total triterpenes.

Table 5.6: GG- 3 AT Al Uabhii®antl it& precursors in - E. coliexpressing genes of its

biosynthetic pathway. The plasmids pACGHpPIDI/AtSQS/AtSQE and pETHEtAS were expressed

alone or in combination inE. coliBL21 cells, the organic extracts of which analysed alongside

standardsby GG 3 O1T AOOEI AOGA OEA AI 1T AAT OOAOHEMIO T £ ONOA

Genesexpressed {lidztq £t SYS|[232EAR24aljdz £ §i-kt YENRY ¢
HpIDIAtSQBAISQE 18.41 24.70 0.00

EtAS 0.29 0.00 0.00
HpIDIAISQAISQENd | 7.21 0.00 2.66

EtAS

With EtAS being produced in an active fornkircolj it would be worthwhile to
attempt its overexpressiowith aviewto obtaining a crystal structure, which would be the
first for a plant OSC and could be used as a better template than hOSC for ad ASbAS

homology model.

The pETHEtAS plasmid was therefore used for a protein expression scrderciii
. [HmM65900 YR {1 dFFfSt ¢1 9ELINBaa taa, OSttfa
durations. SD®AGE analysis did reveal overexpression of a prdbeinit was not visible
in the soluble fraction of the lysate and its apparent MW was significantly smaller than the
predicted MW of 87.6 kDa (Fl§.70 @ 5b! &aSljdzSyOAy3 2F (KS o0Q Sy

reveal any premature stop codon.

139



kDa Total cell lysate | Soluble fraction

250 - - + 4+ + - + + + |PTG
150 -

100 - | et S g o—

75 -

50 - :

37 -

25 -
20- =

15-
10 -

Figure 5.7: SDSPAGE analysis of EtAS expression in BL21(DE3).4-12% gradient

polyacrylamide SDSPAGE with Quick Coomassie staining. From left to right, the lanes

show the protein standard ladder with molecular weights indicated in kDa, the total

proteins of the IPTGfree control (-) and the three IPTGinduced replicates (+) and the

soluble fraction of the same lysates. The arrow indicates the induced protein.

It may still be worth attempting a largescale expression and purification by IMAC
to obtain enough protein forttaracterisation (e.g., by E@S) to identify the overexpressed

protein. Alternatively, expression F. pastorisnay yield more soluble EtAS.

With thein vivoactivity assay established for EtAEircoli it would now be
possible to measure thactivity of the 17 solubilisation mutants by transforming their pET
14b clones with the compatible pAdpIDI/AtSQS/AtSQE plasmid for expression anMGC

analysis. Unfortunately, time restraints did not permit these experiments.
5.3.6 Towards the rationahgineering of product specificity in AsbAS1

In the absence of crystal structures, molecular models for AsbAS1 and EtAS were
created using AlphaFold2. These may be more accurate and less biased than the homology
models generated as described in sectiof3.1d | T dzNJarkyB8nsynihasezidd well
as a friedelin synthase and a glutinol synthase had precomputed AlphaFold models from

their reviewedUniProt entried?*® which were used for comparison.
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The aligned models revealed AsbASL1 to have quite an unusual actiy€igite.8)
fA1Ste& 0SSOl danfyrinkyithasedn thie Keb wome/fford monocots. Indeed,
I £ £ 2aihyiSdydthase models analysed here are from dicots, which evolved
ASLI NI 4GSt e T NEMyrinisknhas¥s? Iy moddatsathely evolved from sterol
OSCs, retaining some of their features (such as Tyr533 A&SA3hbvhile acquiring others to
coax the OS precursor into a chahairchair conformation to yield triterpenes inste&d?”
¢ KS Ran@rih 8ynthases, on the other hand, have evolved from a different sterol OSC
and use a tryptophan residue indltposition of AsbAS1 Tyr533 to achieve the CCC substrate

conformation required for triterpene biosynthesis.

Figure 584 ! AOEOA OEOA 1 £ ! -@iytindsynthadsé ATheEhoecular OEA O
i TAAT O -&nmgrinGyEtAasgs from the monocof. strigosaand the dicots

Euphorbia tirucalli (cyan), Bruguiera gymnorhiza(magenta), Arabidopsis thaliana

(yellow), Pisum sativum(white) and Glycyrrhiza glabra(grey-blue) were generated by

AlphaFold2. A lanosterol molecule (orange sticks with its rings labelled) veaplaced

based on the alignment with the crystal structure of hOSC (PDB: 1W6K). Residues from

I OA!1 3p | COAAT OOEAEO AT A 1 AAAI 6q OGamin AE E£ZAO
synthases (coloured sticks and cyan labels) are indicated. Figure preparasing

PyMOL6] and labelled with Photoshop CS2

However, some residues remain conserved or conservatively substituted, allowing
the design of mutations that could alter the product specificity of ASbAS1. Analysis of
multiple sequence alignment of plant O8€&eveals the Phe259 residue (a senved

tyrosine in dicots) to be substituted for a histidine residue in the dozens of characterised

141



cycloartenol and lanosterol synthases. The Phe259His mutation may therefore change the
product of AsbAST N2 -&myfin to cycloartenol or lanosterol, espalty because it

already has a Tyr533 residue that is characteristic of these sterol OSCs. Product specificity
for cycloartenol may be further enhanced by the mutating the Val482 residue, conserved in
I f -Bmyrin synthases, to isoleucine, which is conséfiveall 17 characterised cycloartenol

synthases.

Trp257 is conserved in all 19amyrin synthases in the sequence alignméttt,
except in theP. sativuntriterpene synthase that produces some lupeol as one of its minor
products. The latter enzyme and all five lupeol synthases have a leucine residue in this
position. The Trp to Leu mutation has been used to make lupeol the major product of a
R A O-aniyrinsynthase beforé?®¥ so it would be interesting to see if it would haveet

same effect in the monocot AsbAS1.

Finally, the Val482Leu mutation would take inspiration from the from the glutinol
and friedelin synthases frotdalanchoe daigremontiand hese make the two triterpenes
that result from the intermediates with a carbadi@n on the A ring, closest to the 3
hydroxylgroup. I @ SR 2y { K&nyrR  @4bAST, 3 se2rits the longer sidain
YI@ LlzaK G§KS | -chddyfTrp&l, ahick would potendiskySstabilise the

positive charge (Fi$.9).
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Figure 5.9: The A ring of [ -amyrin is sandwiched between Val482 and Trp611.
Superposition of the AlphaFold models of glutinol and frieldelin synthases from
Kalanchoe daigremontiangpurple and salmon, respectively) with the energy
minimised model of AsbAST COAAT q ET AaimyriD(brdnge stic iSO E [
Residues of AsbAS1 are labelled. The increased steric bulk of leucine residues in the
dicot enzymes in place of Val482 in AsbAS1 would push the A ring (orange label) into
Al T OAO AT 1T OdoldofTrpEld, Potedttally enhancing the stabilisation of
carbocations on the A ring. Figure prepared using PyM®¢! and labelled wih
Photoshop CS2.

5.4 Conclusionpand future work

The AsbAS1 enzyme was originally overexpresseddnlBL21 using the pEIb
vector, but to attempt obtainingt Histaggedand folded expression was attempted with
the pEF22b vector, which directs threcombinant protein to the periplasm. Purification of
an impurity protein of similar MW led to the crystallisation and structure solution o&he
coliHPII catalase (see Appendix 2). This was followed by strdciiorened engineering
attempts to render the membranbound AsbAS1 soluble by mutagenesis of residues in
contact with the membrane based on homology models. A library of mutants was
expressedn E. colusing the pETL4b vector, but western blot analysis of the resulting
soluble fractions did not reveal any soliged AsbAS1. Attention then turned to expression
trials of AsbAS1 constructs using the methylotrophic ydaspastorisOf those tsted, a €
terminal deletion mutantwas shownby@c{ G2 06S Ay Iy I OGA-@S F2NXY
amyrin synthase, EtAS, was then expressexhiactive form irk. coliand it may be
possible to purify it. Finally, the release of AlphaFold2 allotivegbrediction of the 3
dimensional structures of several plant OSCs. These models, along with a multiple

sequence alignment, were interrogated to derive predictions of active site residue
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substitutions which should lead to rational changes in product specifiéityexample, the

t KSupol Ad Ydzill GA2y O2dzZ R O Kamyfits lanbded!, LIN2 R dzO {
while an additional mutation (Val482lle) could yield cycloartenol instead. Trp257Leu is

likely to lead to the formation of lupeol, while the Val482Leu mutaay produce glutinol

and/or friedelin.

In the future, these AsbAS1 activity mutants could be generated and expressed in
P. pastorisand their products analysed by &S based on the methoggresentedin this
thesis. For highethroughput screening, AsbASnutants could be expressead assayed
in vivoin E. coliharbouring the plasmigAGHpIDI/AtSQS/AtSQE that leads to high level of
the OSprecursor.Once identified, mutantthat produce new triterpene scaffolds could be
expressed along other enzymesNnbenthamiando yield large quantities dfiterpenoids
that would be difficult to obtain otherwis&’ This would unlock their potential applications

in food, health and industry (see section 1.2.1).

The library of AsbAS1 solubilisation mutant could also be expressegastorisn
the hope of producing water-soluble plant OSC, which would facilitate cryi&ation and

have potential applications in biocatalysis.

Finally, heterologous expression of EtAS on a small scale was promising, so large
scale expression and purification with detergents may allow crystallisation screening and

the potential solution othe first plant OSC crystal structure.
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Chapter 6: Conclusion

This thesis describes the structural characterisation of three enzymes involved in
the biosynthesis of avenacin, an antimicrobial glycosylated triterpene that makes oat
resistant to the fungal disease tafadl. This aimed to enable the rational protein

engneering that would generate products that are otherwise intractable.

Chapter Jeports the study of ASAAT1, a UD€pendent arabinosyltransferase
that catalyses the first glycosylation step in the biosynthesis of avenacin. After
heterologous expressioin E. colj the enzyme was produced both with and without a-His
tag, at levels of purity and in quantities high enough for crystallisation screening. Despite
extensive efforts, no diffracting crystals could be made. Structural information was
therefore obtined through the generation of a molecular model of ASAAT1 in complex
with its ligand UDFArausing threadingand energy minimisation. This gawmsights into the
a0NHzOG dzNF £ RSGOGSNXYAYylFyda 2F GKS Syl evysSqQa aLlSo
dependng onwhich of two mutations are introduced. Further crystallisation or modelling
strategies could be attempted to obtain a more accurate and informative structure of this

unusual active site.

Chapter 4covers efforts to understand the structufanctionrelationship of
AsTG1, a glycoshdrolasefold transglucosidase that catalyses the Iglgtosylationstep
in the biosynthesis of avenaciRecombinant AsTGiith a Nterminal 9xHigag was
generated in large quantities and high purity from heterologous expressignanli
followed by a 2step purification.This allowed crystallisation screening, but no diffracting
crystals could be obtained. Three deletion constructs of AsTG1 were desiginegrtwe
crystallisabilityput suffered from insolubilityA protease clavage site was introduced into
the full-length construct to attempt producing tafgee enzyme, but the removal of the
9xHistag proved unsuccessfullo better understand the determinants of transglycosidase
activity in the absence of a crystal structureh@nology model of AsSTG1 was generated. A
multiple sequence alignment of GH1 enzymes revetiatiHis380 and Leu24ebuld be
responsible for the switch from glycosyl hydrolase to transglycosidase activity. While MD
simulations were inconclusive towards this hypothesis, they did reveal a binding site for the
substratemono-deglucosyl avenacin Abut not for the analogudis-deglucosyl avenacin

Al, which may explain why it does not undergo significant transglycosyliatiaitro. This
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offers anin silicomethod to screen various sugar acceptors for their ability to be

glycosylated by AsTG1.

Chapter Sdescribes structurdased engineering efforts for AsbAS1, a membrane
bound oxidosqualene cyclase which catalyses the first committed step in avenacin
biosynthesis. It was first expresseddncolBL21, but to attempt purifying folded protein, a
Histagged construct targetetb the periplasm was expressed in SoluBL21. This led to the
purification of an impurity proteink. colHPII catalase, which was crystallised and its-high
resolution structure solvedlo simplifypurification and crystallisation of AsbAS1,
potentially solible mutants were designdaasedon its homology model and that of a
soluble homologueThe resulting library wasxpressed ir. coli but western blot analysis
did not reveal any AsbAS1 in the soluble fractidiee mutants could be expressed in a
different system, the yea®®ichia pastoridndeed, when thisvas used for expression trials
of AsbAS1it resultedin active Hidagged protein from one of the constructs, as shown by
GCMS analysis. Anothéramyrin synthaseEtAS, was also expressed in aivadorm,
this time inE. coli These two expression methodgytherefore be used to produce two
differenti -amyrin synthase for purification and crystallisation screenimgth the view to
obtaining the first crystal structure of a plant OSC. Before this could be achieved,
preliminary models of plant OSCs were generated with AlphaFold2, and along with a
multiple sequence alignment, they enabled the desififour mutants of AsbAShat may
have alteredoroduct specificityPhe259Higor lanosterol, coupled witlVal482llefor
cycloartenolTrp257Ledor lupeol; andval482Ledor glutinol and/or friedelinThese

mutants could be assayed h pastorior E. coli

Overall, the worlpresented in this thesisas generated structural information for
three enzymes in the avenacin biosynthesis pathway, which led toati@enalisationor
prediction ofeffects from various amino acidsvhich can now be tested by expressing

mutants using tke methods presented herein.
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Appendix 2HPII Catalase

A2.1 Introduction

Catalase is a hydrogen peroxide:hydrogen peroxide oxidoreductase found in almost
all aerobic organisms due to its role in protecting against oxidative dankageliproduces
two of these hydroperoxidases, HPI and HPII, both of which are able to céatadyse

dismutation of hydrogen peroxide to oxygen and watét:
2H0 H H+ 2HO?"

HPII catalase exists as a homotetramer of 84 kDa subunits, each with a haem d in a
cisspirolactone form. Interestingly, the haem d is formed from haem b through catalysis by
HPII using hydrogen peroxide (FA@.J). This is probably concomitant with the formation
of the unique covalent linkage between the Nf His392 and theiCof the TyA15 residue

that coordinates the haem iron on the proximal si¢fé.Other catalases usually have their

haema Tt A LILISRé myncs SEOKIy3IAy3d GKS LlRaiirzya

respectively?’®

Haem b (protohaem IX) Haem d (cis-spirolactone)

Figure A2.1: Structure of the haem that binds and that forms in the active site of
HPII catalase. Haem b binds HPII catalase and is found in catalyticglinactive mutants
thereof. Haem d formation is catalysed by the enzyme. Figure adapted fraroewen276]

using ChemDraw21.37]

A2.2 Methods

Crystals were sent in a dry shipper to Diamond Light Source, beamline i04. Images

from a single crystal were collectet a Eiger2 XE 16M (Dectris) detector with 3600 frames
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2F ndmc NPexpbsuratihngof D.YIR atlagfl @ g @St SYy3IdK 2F nddrT
Integration and scaling was performed with DIABSol Y I EA Ydzy NB&2f dziAzy
before merging the data with AIMLE®S(G 2 | Y| EAYdzy NBaztdziazy 27F
replacement with PHASERdza SR OKIF Ay | 2F GKS LINB@OA2dzaft e a
structure of natively expressed HPII catalase (PDB: 4BFL, unpublishegpaashamodel.

This led to a solution that was then subject to several rounds of automatic refinement with
REFMAGB® and phenix.refiné’Yinterspersed withmanual modehdjustmentusing

COOTF*

A2.3 Results and discussion

HPII catalase purified frol. col{ 2 f dz. [ HmMu ¢+ a ONBadGlFftfAasSR
solved to 1.79 by molecular replacement using the structure of thetively expressed
HPII catalase frorg. colBL21 (PDB: 4BFL, unpublished). The structure was refined to an
Rree Of 15%. This represented an improvementer the search modethich has a reported
Riee Of 20%(TableA2.1).
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Table A2.1: Data collection and refinement statistics for the structure of HPII catalase

from E. coliSoluBL21. Statistics for the highestresolution shell are shown in parentheses.

Generated using Phenii1l

Wavelength 0.9795

Resolution range 56.33-1.79(1.854-1.79)

Space group P1211

Unit cell 73.791 171.643 123.165 90 104.471 90

Total reflections

1780540 (92637)

Unique reflections

266804 (19906)

Multiplicity 6.7 (4.7)
Completeness (%) 95.94 (71.82)
Mean I/sigma(l) 32.22 (6.19)
Wilson B-factor 15.34

R-merge 0.05136 (0.1892)
Rmeas 0.0556 (0.2117)
R-pim 0.02109 (0.09232)
CC1/2 0.999 (0.977)

CC* 1 (0.994)

Reflections used in refinement

266671 (19899)

Reflections used for fRree

13240 (1030)

R-work

0.1206 (0.1721)

Rfree 0.1540(0.1675)
CC(work) 0.975 (0.949)
CC(free) 0.974 (0.948)
Number of norhydrogen atoms 27585
macromolecules 23899
ligands 208
solvent 3478
Protein residues 2984
RMS(bonds) 0.015
RMS(angles) 1.76
Ramachandran favored (%) 97.35
Ramachandran allowed (%) 2.59
Ramachandran outliers (%) 0.07
Rotamer outliers (%) 0.86
Clashscore 2.42
Average Bractor 20.16
macromolecules 18.75
ligands 15.09
solvent 30.17
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The asymmetric unit consists of the homotetrameith the 4 subunits interlinked
and each bound to aisspirolactone haem d (Fig2.2, as opposed to ringpened haem d

in the structure from which the search model was derived.

Figure A2.2: Asymmetric unit of the crystal structure HPIl  catalase reported

herein. Each polypeptide chain is coloured differently and shown as a cartoon

representation. The ligands are shown as sticks. Figure prepared using PyM&L

Compared to the search model, another difference in the structure from SoluBL21
is the lle710Val mutation that is observed in the electron density 2@, likely acquired

during the directed evolutioprocess that the strain underwent.
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Figure A2.3: Electron density at position 710 after molecular replacement.  The

blue mesh represents the doublalifference Fourier at 1.5 rmsd and the red mesh the

negative singledifference Fourier map. Figure prepaed using WinCoot 0.9.616°

Furthermore, haem is seen in its spirolactone form and the bond between His392
and Tyr415 isbserved to beresentwith a refined bond length of 1.5 (Fig.A2.4).

Figure A2.4: Proximal side of the haem d of HPII catalase . In the structure solved

herein, thecis-spirolactone haem d and the covalently bound side chains of Tyr415 and

His392 are shown as greemsticks within the active site of HPII catalase (cartoon

representation). Figure prepared using PyMQO#¢! and labelled with Phobshop CS2.

A notable feature of the structure presented here is the electron density on the
distal side of the haem. Indeed, while the search model has a vagaitoordination site,
the refined structure has electrodensity thathas beerinterpreted asan oxygen atom
bonded to the haem iron. More unusual is a larger volume of electron deswdjacent to
the axial ligand sitewhichmaycorrespond to an @molecule, the product of HPII catalase
activity (FigA2.5A).2"1 The alternative interpretation of this densisa singlewater

molecuk results irsignificant residual peaks in the mBé-c electron density m&ig.
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A2.3). Molecular oxygen can sometimes be seen in crystal structures of catalases, such as
that of mutant catalaseperoxidase fronBurkholderia pseudomall@PDB: 5KQK), btd my

knowledge has never been reported iystalstructure of HPII catalase.

Figure A2.5: Interpretations of the electron density in the active site of HPII

catalase. The model is shown as red sticks. ThegmFo-DFcFourier map electron

density map contoured atl.54 is shown as a blue mesh and thgositive peaks of the

mFo-DFcFourier electron density map contoured at3.0f  Askbdvn as a greemmesh.

(A) Final structure with molecular oxygen in the active site(B) Alternative

interpretation with a water molecule. Figure prepared using WinCoot 0.9.8¢9

In conclusion, herein is reported the higisolution crystal structure of HPII
catalase fronk. coliSoluBL21which reveals an amino acid substitution compared to the
BL21 strain anthay be the first to show athe products of the reactions catalysed by the
enzyme: the covalently bound side chains of His392 and Tyr416igthgirolactone form

of haem d, and an oxygen molecule in the active site.
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Appendix 3Norwich Science Festival Activity

A3.1lIntroduction

A3.1.1 The Norwich Science Festival

Every October, the Norwich Science Festival was held at The Forum to showcase
the science carried out in the city through exhibitions, shows and handxctivities. It was
organised with the help of many ganisations, such as the ones on the Norwich Research
Park, and ran by volunteers, including scientists which the public got a chance to meet.
Because it took place during the h&dfm holidays, many families with kids attended the
festival. The contentiterefore needed to be accessible to people from all ages. An activity
was designed to explain the topic of this thesis and ran at all three editions of the Norwich

Science Festival that happened during the period of the research project.

A3.1.2 Format dhe activity

1. By telling the story of a farmer, the tatef f RA &SI &S |yR 2} GQa
explained to the participants.

2. The participants examine oat and wheat seedlings under UV light to find that the
roots of oat fluoresce because of avenacin.

3. Toy bricks are used to explain how an enzyme can build the avenacin molecule

4. A puzzle prompts the participants to engineer the enzyme by changing its shape so
that it can build a different molecule.

5. Theparticipants draw a schematic of their engineeredyane and produced

molecule then take a lanyard card home.

A3.1.3 Learning outcomes

The learning outcomes for the participants were to know more about the research
covered in this thesis and why it is related to things they know (oat and farming). They saw
that an experiment could give clues about the mechanism of resistance to disease. They
got an understanding of what an enzyme is, how it can make molecules and why

engineering it can lead to new molecules being made.
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A3.2 Materials and methods

A3.2.1List of materials

The following materials were used:

UV light box (365 nm wavelength);

Oat and wheat seedlings (see gsen A.3.2.3 fomethods);
Oat groats and wheat grain in two labelled sacks;
A3print2 dzii 2F daé ABRASI NOKE O6CATD
A4 printout of G. graminis(Fig.A3.2);

Toy brick enzyme and avenacin (KR§.3A;

Toy brick modified avenacin (F&3.38);

Tape;

Box of spare toy bricks;

Squaregrid paper (ideally 1 cm squares);

Blue, red and green markers;

Lanyard cards (Fig3.4).

= =4 4 A4 -4 A - - -2 - - -2
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My research is about oat enzymes
(A) Enzymes (big molecules) (B) Avenacin (small molecule)

e A ndl

DAFWA Farmnote, MacNish e

(D) Take-all (plant disease) (CQ)G. graminis (nastyfu ngus)

Figure A3.1: Schematic explaining the four key aspects of the project context and
their relationship .(A) Enzymes makgB) avenacin which kills(C) Gaeumannomyces
graminis var. tritici , the causative agent ofD) the take-all disease. The slide was
printed in size A3to show the effect of takeall on wheat roots. It was also used as an
illustration of G. graminis to explain the difference between a macromolecule and a

small molecule, or to show features of the avenacin molecule.

Figure A3.2: Petri dish of Gaeumannomyces gramins var. tritici growing on agar.
The photo was printed in size A4 to illustrate that the fungus is like a mould. Credit:

Sarah Worsley, School of Biological Sciences, University of East Anglia, UK.
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(A)

(B)

Figure A3.3: Blueprints of the toy -brick props. (A) Enzyme (green, above)and the
first (blue, left) and second part (red, right) of the avenacin molecule. The block that
needed to be removed to engineer the enzyme is marked with a cro¢B) Modified
avenacin molecule. Each toy brick enzyme and molecule part was taped on tiges
facing away from the participants so that it stayed together during the demonstration of

catalysis.

A3.2.2 Lanyard card design

A short text describing the research area was written for the front of the lanyard
cards given out to participants. A shodtiity to do at home was designed and updated
every year so that the returning participants could collect a new version. These ideas were
then sent by the UEA Events team to a designer give them a professional look before

printing 600 copies.
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(A) (B)

3, \ N ~

\A I !
Use square-grid paper, markers
and scissors to draw and cut out
enzymes and molecule parts.
0 ere the eo e oure e
ould be dge oweve e a
d e Die Or Drea ole e e pre e
A A and the Jo es Lentre, scie Can take
a e e O d e e powe
O dl One aa e d prove 1004
biotechnoloav and medicine And fit it on
In the lab, we
To'make can engineer our
enzymes to make
them sturdier, easier
Can you design to hold, or able to
an enzyme use different parts.
O that makes this Can you do that
eseq = o molecule? im for your enzyme?
Pa

©) (D)

Use square-grid paper, markers
and scissors to draw and cut out
enzymes and molecule parts.

Can take

And fit it on

In the lab, we

can engineer our
enzymes to make
them sturdier, easier
Can you design to hold, or able to
an enzyme use different parts.
that makes this Can you do that
molecule? for your enzyme?

To make

Figure A3.4: Design of the lanyard cards handed to participants. (A) Front
explaining the research and back giving an activity to do at home for ti{B) 2018, (C)
2019 and (D) 2021 edition.
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