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D. Abstract

Organophosphates (OPs) are a class of compounds that have been predominantly
used as insecticides but alsod@®wmical warfare agest Theycovalentlyinhibit the
enzyme acetylcholinesteragdChE)which plays a key role in terminating muscle
contractionsDue to the toxic nature of these compounds, methods are needed that
can assess the threat posed by new @Rg inform on the effectiveness of medi

countermeasures

In this project the recombinant expression and purification of a mutated isoform of
ACHe (AChigl) was optimised to allown vitro kinetic assays to be carried oom OP
inhibition of AChEl and the reactivation of the GRChEd conjugates by oximes.
The isotopic labelling of AChEwWas optimised resulting ifPN uniformly labelled
AChEd beng produced. Heteronuclear 2D NMR spectra were collected of labelled
AChEd inhibited by OPs. This data was analysed along with the reactivation data to
determin if OPs with similar reactivation rates cadssimilar peaks to shift.
Saturation transfer di#rence (STD)NMR spectra werecollected on an ACh&

mutant that couldnot be phosphorylated by OPs

The inhibition rates of OPs did not correlate with their toxicitiie reactivation data

for AChEd differed from data collected uag human AChE. The NMR spectra of OP
inhibited AChEl indicated that reactivation resistant OPs did cause similar peak
shifts but further investigation is needed to confirm this due to the low
resolution/signal of the NMR spectra. STD data indicated phasphorylation was

the rate limiting step in the inhibition reaction of an OP with AGhE



1. Chapter lintroduction

1.1 Acetylcholinesterase @ (AChE) variants,

mechanism of action and importance in disease.

1.1.1 Isoforms of AChE.

In mammals there are three isoforms of AChE. AEIter synaptic) is found at the
neuromuscular junction and cholinergic synapses in the bragantains a cysteine

at the Gterminus that forms a covalent dimer with another AChE, this dimer can
then noncovalently bind to another covalent dimer of AChEs to form a tetrgfer

A proline rich collagetike domain binds exon 6 (Figure 1) of the AChEs in the
tetramer and anchorst to the post synapticmembrane (2). This isoform is
particularly prevalent in the neuromuscular junction where it hydrolyses the

neurotransmitter acetylcholine (ACtgigure 2), this terminates musaentractions
3).

AChE is also found bound to the outer membrane of erythrocytes by a
Glycosylphosphatidylinosit¢lGPI) ancho(4), this isoform is referred to aBChEE

(for erythrocyte).The physiological role of AGBE A 4y Qi RSTAYAUAGSTE e
presence of ACh in plasma has been shown to increase NO efflux from erythrocyte

and, the NO efflux has been shown to stop when AChE inhibitors were added to the
assay, indicating that the breakdown of ACh by AErgfimulates the signal cascade

that results in NO efflux from erythrocyt€S). NO stimulates vasodilatiof®) which

could indicate that ACRE has a role in increasing blood flow to tissues exposed to

high concentrations of ACh, for example contracting muscles.

A soluble monomer of ACh&so exists, called ACHE (for reaethrough). This

isoform is the result of an intron 4 (Figure 1) being incorporated into the enzyme.

Like AChB G KS SEIQOG FdzyOlA2y 27T bédashdwniod 2 T2 NI
be overexpressed in mice after psptogical and chemical stre¢g) and certain

reversible AChE inhibitors have also been shown to upregulate the expredgghis



isoform(8). This indicates thaAChER is expressed in response to certain stress but

R2SayQi SELX LAY AlG&a FdzyOlAazy o

AChE gene

E1 11 E2 2 E3 13 E414 E5 E6

] L R —

Alternative splicing

E1 E2 E3 E4 E6 E1 E2 E3 E4 E5 E1 E2 ES E44" E5

s L e[ Ll ) e Ll |

Figure 1. A schematic diagram showing the AChE gene and the three different mMRNAs that arise
from its alternative splicing. | stands for intron and E stands for exon. This Figure is an altered

version of one found in referencé9).

This nomenclature based on physiological role and localisation is useful when
comparing AChE isoforms within mammals but problems are encountered when
comparing the AChE isoforms of distant species. For exdbmpkophilehas a single
AChE isoform which isnly found in the synaptic cleft of cholinergic neurons
meaning functionally it would be classed as AGhiBut structurally it shows more
similarity to the ACHE isoform inmammals(10). A second nomenclature exists
basedon the structure of the isoform and itode of anchoring to membranes, an
overview of this is shown in Figure 3. In this nomenclature AC(f&r hydrophobic)

is used to describe AChE isoforms that have a hydrophetam@nus containing a
Cys that allows the formation of a covalent dimer an@&PI anchor which fixes the
isoform to the membrane(11l) Mammalian AChE and DrosophilaAChEare
examples of AChEH.

The Germinus of AChH (for tailed) contans a Cys residues which allows the
formation of a dimer which can then form a tetramer with another AGh&imer.

The Gterminus also contains the residues necessary for association with collagen
and other similar proteins which can anchor the tetrametiie membrane or form
larger bundles of tetramers (Figure 3 A€hE)(12)2). AChET 1,2 and 4 in Figure 3

are less physiologically relevant as they only exist when ACBEecombinarty



expressed in the absence of a colladie binding partne 2). Mammalian AChB

Is included irthis category.

Confusingly ACRE 0 F2NJ ayl 1S 2N a2tdzofSv Aa Ifaz
monomeric form of AChE possessing a highly chargeédSNY A y dza G KI 04 Qa Y
usual Cys residue. AGBHs only found i&lapidsnake venom where its purpose is a
YeaidiSNeE aiayO0S Al R2Say qiuB) Al iitkre usgsdf AGREE A OA {
S will be referring to theynaptic isoform of AChE.

Vertebrates also contain a second type of cholinesterase called
butyrylcholinesterase (BChE), this enzyme is predominantly found in plasma but also
exists in the braif14). Unlike AChE = G KS I QGAQGAGe 2F ./ K9 Rz
for the survival as around 4% of the human population have a genotype that reduces

BChE activity by a factor of 10, and thdyomegative phenotype associated with this

genotype is an increased sensitivity to the muscle relasaoctinylcholinevhich is

commonly administered along with an anaesthetic to patients undergoing surgery

(15)

The three different mammalian isoforms of AChE (S, E and R) have very similar kinetic
properties (16) for inhibition with Diisopropyl fluorophosphatg DFP). This is
unsurprising since only thet€rminus of these isoforms (exons 5 and 6, ufédl)

are altered, these exons encode residues responsible for dimerization and method
of attachment to membrane$9). The AChE from different species shows a larger
variation in kinetic parameters. The sarin inhibition rate foesus monkey AChES

was shown to be 3 times higher thaunigea pigand 2 times higher than pig AGKE

(17). This shows that AChE from a single species sweede used in a set of
experiments anatare needs to be taken when extrapolating AChE kinetic data from

one species to another.

O | AChE O |
-~ +/
)J\O/\/N*'\ + H,O —>» )LOH + HO/\/N\

Figure 2. ACh being hydrolysed into acetic acid and choline catalysed by AChE.
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Figure 3. A cartoon representation of the different quaternary structures of AChE isoforms and their
varying methods of associating with membranes. AGHEfor hydrophobic) has a hydrophobic-C

terminus that contains a post translational modification siteof GPI that anchors it to the
membrane, AChH (for tailed) contains a-@&rminal peptide that allows association with a college

like protein meaning higher order oligomeric structures can be formed and AShfor soluble or

snake) contains a highlychaed Gi SN Ay dza GKIF G fF014&a | /@&a NBaARdzS

is an altered version of one found in referen¢a).

1.1.2 AChE structure and activity

The rate that AChE breaks down ACh is madaly fast. The catalytic ratéc/Km)

of AChE for ACls around 1 X 1®M/s (18)this is higher than the average catalytic
rate of 1 X 1BM/s (19), and is close to the diffusion limited rate of X513° M/s

(20). The high catalytic rate of AChE is particularly surprising as its active site is

located at the bottom of a deep gorge shown in Figure 4 A.

Some studies have suggested mechanisms to explain how the presence of the active
site gorge couldncrease the catalytic rate. First of all, the presence of a relatively
weak binding site for ACh was discovered at the top of the gorge (Figure 4 B and
CAIdzNBE puvz AGQAa 06SSy adaA3aSaGSR GKFG '/ K
down the gorge(21). The gorge itself contains several highly conserved acidic
residues that are positioned to create a charge gradient with the strongest negative
charge being at the base of the gorge (Figure 5), the chargeegitad enhanced by

14 highly conserved aromatic residues which modulate the dielectric constant of the

acidic residues local environmef#2).

Once ACh has bound to the low affinity peripheral binding site itsdi#iDsion

towards the active site is facilitated by its attraction to the negative charge of the

4



acidic residues and its interaction with certain aromatic residues. The combination
of these two factors bring it into close proximity to the active site sexmere it is
hydrolysed(23)24). The acetyl and choline groups then diffuse out of the active site

gorge leaving the enzyme ready to hydrolyse another acetylcholine moléthijle

The active site of AChE is made up of a catalytic triad which is similar to that of other
serine hydrolases. Although the AChE catalytic triad does differ in two wayly, firs
the triad in AChE is made up of a serine, histidine and glutamic acid, whereas in other
serine hydrolases the glutamic acid is replaced with an aspartic acid. Secondly the
handedness of the catalytic triad is reversed in AGX@E The pogioning of the
residues that interact with ACh during catalysis are shown in Figure 6. The NH groups
of Gly 121, Gly 122 and Ala 204 are found in close proximity to the catalytic triad,
these form theoxyanion holewhich stabilises the serine ACh internesg by
forming hydrogen bonds with the acyl group of ACh. The side chains of Glu 202, Trp
86 and Tyr 337 form the anionic binding site which interact with the choline moiety
of ACh to ensure the correct positioning of the substrate for catal23isOnce the

ACh molecule is at the catalytic triad and stabilised by the oxyanion hole and anionic
binding site, His 447 deprotonates Ser 203 which causes the nucleophilic attack of
the ACh carbonyl, the choline moiety accepts a proton from His 447 and breaks off
from the acyl group. His 447 then deprotonates a water molecule creating a hydroxyl
ion which reacts with the acetylated Ser 203 to produce acetic acid and a
regenerated enzymél8) this process is illustrated in Figure 7. The action of Glu 334
in the process is not fully understood but it is generally thought that it acts to stabilise
the transition state by forming a hydrogen bond with either the acyl gr¢@g) or

with His 447(29)



Figure 4. (A) Cross section of a cartoon representation of the crystal structure of huA@hES
subunit. The active site serine which covalently interacts with ACh is coloured pinkthe residues
of the peripheral anionic site are coloured orang&heapproximateoutline of the gorge isshown
in black and an arrowpoints to the opening.(B) The same model from a different view to highlight

the peripheral anionic site (orange). The PDBjgige structure was used to generate both images.



Tyr 72 |

Trp286~ - _ Glua

Tyr124 7/ '

Ser 204
/

P Glu 202

~

Glu 334 — Glu 450

I

Figure 5. The AChE residues that form the peripheral anionic binding site (orange) located at the

openingof the active site gorge (Figure 4 B) and thegatively chargedesidues (red) that attract

the ACh molecule to the active site cysteine (pink) at the base of the gorge. Glu 74 can also be
considered as part of the peripheral anionic site but is colouregtl due to its negative charge
(24)X30). The approximate outline of the gorge is shown in blaakd arising wedge is included to
indicate the electronegativity of the gorgeThe PDB idlpge structure was used to generatine

image.



— Glu 334

Glu 202
His 447
H* \
'\ Ser 203
H+

\
Ala 204

Tyr 337

Trp 86

Gly 122

Figure 6. The arrangement of residues important to the catalytic activity of AChE. The catalytic triad
is coloured pink, the oxyanion hole is coloured green and the blue residues form the anionic binding
site. Arrows indicate the movement of Hions between the catalytic triad duringatalysis.This

figure was generated using the crystal structure of human AGhEDB idpge.
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Figure 7. The reaction mechanism of AChE catalysing the breakdown of ACh. Blue represents the
acylmoiety, pink represents thecholine moiety and a red bond indicates that it is being broken in

the reaction step. This figure is an altered version of a figun reference(27).

1.1.3AChE relevance to disease.

AChE has been shown to haxelevance to several diseases. For instartbe,
upregulation of AChR expression in response to certain stresses mentioned in 1.1.1

has been shown to be detrimental to head injured mice, the inhibition of AThE
overexpression with ACHE antisense mRNifjections increased the survivability

and lessened the drop in long term cognitive function in the head injured (Bide
Interestingly AChR has also been shown to be upregulated in the brains of people
adzZFFSNA Y3 FNRY (32f ThkneshsnBNIbadt AGHEpS lindh®se
conditions is poorly mderstood but these studies indicate that AGREurther study

as it could result in better treatments for these conditions

AChH A& ftAY1SR G2 !''f1 KSAYSNRa RA&asSFrasS Ay
characterised by the loss of cholinergic neurones in the brain, this has led several
reversible inhibitors of AChE to be developed to combat the symptoms. The rationale
behind this method is that by inhibiting AChE the stimulation of cholinergic neurons

can be prolonged by slowing the breakdown rate of ACh in the synapses. This can

LI NOGAFffe 2FFasSi GKS NBRdzOGA2Y Ay OK2f A
patients. T YSUK2R 2F GNBI dYSyd R2SayQid Gl NBS



alleviate the symptoms in mild to moderate cases of the dis€88¢ AChE also

interacts with i -amyloid plaques which alan with neurofibrillary tangles are

thought to be the causal agent of thearodegeneratiord SSy Ay ! 1 KSA YSN
(34). The association of AChE witkamyloid hasbeen shown to speed up the
formation of i -amyloid plaques which increases the rate of cognitive decline.
Inhibitorstargetingthe peripheral anionic binding site of AChE were shown to slow

the formation ofi -amyloid plaques, however, inhibitors that onéffected the

catalytic triad of AChE showed no effect on the rate of plague formd88h This

indicated that the peripheral anionic site may have a chaperone function for the
formation ofi -amyloid plaques, which opens the possibility that inhibitors of the
interaction between AChE andamyloid can be produced to prevent or at least slow

0KS 2yasSi 2F 'fT KSAYSNRA RAASIaSdofft 26S S
target effect of inhibiting the peripheral anionic site of AChE.

BChE has also been shown to haefevance to certain diseases. It was shown that

when BChE was inhibited plasma concentrations of very low density lipoproteins and
triglycerides decreased, indicating that it might function in the metabolism of these
compounds(36). Concentration of BChE in the brain increase with age and are
elevated further in people with laheimer's diseas€37). BChE has also been found

G2 1aa20A10S gAGK GKS LI | (BQdigating,Khiatfike O dza S
AChE, BChE might play a role in the formation of the plaques. This means that BChE
O2dzZA R LRGSYdGAlLfte 0S | RNMzZA GFNBSG F2N

Cholinesterases have potential applications in protection against cetyges of
chemical warfare agest If micewveregiven intravenous injection of BChE themyuld
survive higher doses of the organophosphate (€f®mical warfare agersgoman
(39)which irreversbly inhibits cholinesterase. The increased concentration of BChE
in the blood stream of the mice will be irreversibly inhibited by soman which reduces
the physiological concentration of the OP so less is available to inhibit AChE at the
neuromuscular juniton. Injections of recombinant BChE or AChE have the potential
to be medically useful by removing OPs from people intoxicated by these compounds
and as a prareatment to people entering situations that entail a high probability of

OP exposure.
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1.2 AChE inhibiting molecules.

1.2.1 AChE inhibiting insecticides.

AChE is an industrially important enzyme as it is the target for OP and carbamate
insecticides(40). these types of insecticides are the most commonly used in
agriculture and the domestic setting1l) meaning information on their interaction

with AChE is of high importange assessing the threat they pose to health and,
developing antidotes to poisoning by these campds. The mechanism of their

inhibition of AChE is shown in Figure 8.

Until the 70s, the most commonly used pesticides were organochlorides, with
Dichlorodiphenyltrichloroethan€DDT) being the most wildly used. It proved very
effective at controlling isect populations and had low acute toxicity. However, its
long environmental haifife (up to 15 years), accumulation in adipose tissue and link
to cancer has persuaded the vast majority of countries to ban it§4®eThis led to

an increase in the use and development of carbamates and OP insecticides. The half
lives of these compoundare in the range of tens of dayg3) meaning they have a
much lower long term environmeal impact compared to DDT and, because of their
NBfFiA@Ste KAIK NBIFIOGAGAGASEAE 0A2F OOdzydz
shared by both DDT and the AChE inhibiting insecticides is their toxicity to bees
(44)Y45). A selection of AChE inhibiting insecticidesithiphosmethyl, malathion

and pirimicarb) were tested against cabbage aphids and the species of wasp
(Diaeretiella rapap that parasitizesthem (46). It was found that the relative
toxicities of the insecticides for each species differed (Table 1), with pirimicarb being
the most toxic insecticide to the aphid but least toxic to the wasp. This highlights the
potential for AChE inhibiting insecticides te tieveloped that have a high toxicity to

a few specific pest insects while having limited toxicity to beneficial insects, but

further work is required to confirm if this is possible.

The major downside of AChE inhibiting insecticides is their toxicityatomals. The

oral LR in rats for DDT has been reported in the range of-888 mg/kg(47). The

11



oral LRoin rats for the OP insecticides show a wide range, the values for Malathion,

Ethion and Parathiomethyl are 619, 25.9 and 2.45 mg/kg respectiég).

A B
0 (@)
R1/O\|':'>/R2 ¥ Ser204/oH R1\N/U\O/R3 + Ser 204/OH
X Ro
R4
i N_ _O R
/O\“/ 7 -
R P, XH Re™ O + HO™
0
ser 204”° Ser 2047

Figure 8. A shows a schematic of an OP reacting with the active site serine of AChE, X represents the
leaving group Rand R can be any other chemical group and the O which has a double bond to the
P is sometimes replaced with an S. B is a schematic of a carbamate reacting with the active site

serine of AChE.RR: and R can be any other chemical group.

Table 1. The relativéoxicities of two OPs (malathion and pirimiphesmethyl) and one carbamate
(pirimicarb) to cabbage aphids and the species of waBjiagretiella rapag that parasitizes them.

Data taken from referenc€46).

Relative toxicity Aphid Wasp
High pirimicarb pirimiphosmethyl
pirimiphosmethyl malathion
Low malathion pirimicarb

For a pesticide to be registered in Britain the manufacturers must carry out a series

of experiments to determine the maximum dose that can be ingested every day

12



without any observable sideffects developing. The maximum doses that can be
tolerated throudh inhalation and skin contact also need to be known to inform on
the threat posed to agricultural workers. The maximum safe dose values are then
decreased by a safety margin of-100 fold depending on the quality of the data. If

the concentration neededd effectively control the target insect is likely to cause
exposure to either the consumer or farm workers that exceeds the maximum safe
dose then the application is rejected. The environmental impact of the pesticide is
a2 O2yaiRSNRBRRGE todiciy@id ehviionmeitdd gersigtan@o). U

As these regulations came into place some of the more toxic OPs like parathien wer
banned50> | 2 6 SOSNE (GKS&aS NB3IdzZ FdA2ya | NByQi
the developing world, such as Nepal, still use the more toxic insecticides where they
cause spordic poisoning of rural workers by either accidental exposure or suicide
attempt (51). This highlights the need for more resdaiiato AChE so insecticides

can be developed that target any specific changes seen in the AChE of pest insects.
One commonly proposed solution to the negative health and environmental impact
of insecticides is to prohibit their use and rely on organic fagmethods, however,

it was shown that halving the amount of insecticide used on a wheat crop reduced
the final crop yield by around 15¢562)and the reduction in crop yield caused by a
100% drop in pesticide use hlasen estimated to range from 280% depending on

the crop (53). Insecticides havelso been used to save lives by controlling the
populations of disease carrying insects. DDT alone is thought to have prevented
around 700 million cases of malaria in Afr{éd). On average people infected with
malaria have a 1.8% chance of dying from the dis¢aSEmeaning over its lifetime

DDT has saved approximately 12.6 millioh dSa ® ¢ KA & OF f Odzt I (A 2
other insecticides, continents or diseases. Although insecticides have negative
effects on the environment and public health, stopping their use would likely result

in large scale habitat destruction to make up tbe reduced yield in agricultural
crops and an increase in deaths from insect borne diseases. This highlights the need
for detailed study of AChE to aid in the design of insecticides with minimal off target

effects.

13



1.2.2 OPs ashemical warfare agest

Highly toxic OPs have been useathsmical warfare agestmeaning AChE is also of
interest to the defence sector. The firdtemical warfare ager®P was developed in

Nazi Germany as an insecticide. Its potential for weaponisation was quickly realised
and within a few years several new @Remical warfare agestwere developed.
These OPs were named the G series agents as they were all first made in Germany,
and some of their structures are shown in Figure 9 A. By the start of the 1950s, British
chemists lad designed a new generation of Offemical warfare agestcalled the V
series agents (Figure 9 B), these were more toxic than the G series agents, had lower
volatility and were more environmentally persiste(®6) The Lkys of some OP
chemical warfare agestare shown in Table 2. The 1950s also saw d ttave of
OPchemical warfare agerdevelopment which took place in America and aimed to
develop the V and G series agents as binary weapons. These would mix two non or
mildly toxic chemicals in a warhead to produce ttieemical warfare agenideally

after firing the munition. Binary weapons greatly reduce the risk associated with the

storage and handling ahemical warfare agemtunitions

All countries apart from Israel, Egypt, South Sudan and North Korea have signed up
to the 1997 CWC which prohibits the production, stockpiling, development, transfer
and use of all chemicals listed by the convention. All signatory countries also agreed
to destroy all preexisting stockpiles athemical warfare agestand their pre cursors.
Chemicals are considered on a case by case basis for inclusion in the CWC based on
the following factors, the toxicity of the chemical, structural similarity to chemicals
already included, the likelihood the chemical can be used as a precursohé&racal
warfare agentnd historical uses of the chemical as a weapon or as a precursor to a
gSHLIRY® [/ KSYAOlIfa AyOftdzRSR Ay (GKS [ 2/
schedué 1 chemicals have no use other than as weapons or pre cursors to weapons,
schedule 2 chemicals can have some legitimate uses such as in medicine or research
and schedule 3 chemicals are produced in large quantities for commercial uses. For
schedule 2 an@® chemicals only their implementation or development as weapons

is prohibited by the CW(G7).
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A range of OP pesticides are given in Figure 9 D and, when compared to the
structures of ORchemical warfare agestin Figure 9 A and B several structural
differences are clear. Firstly, the insecticides include compounds with a P=S instead
of a P=0. This is due to the fact that OPs with a P=S are relatively weak inhibitors of
AChE so have toxicities around 100 tifoeger than their P=0O counterpar{§8)59).

This is presumably because O is more electronegative than S meaning the O in P=0
attracts eletrons away from P giving it a more positive charge than an S would,
making it more susceptible to nucleophilic attack by the Ser 204 of AChE, meaning
P=0 containing molecules would inhibit AChE at a faster rate than P=S containing
molecules. P=S contaigjrcompounds need to be activated to become toxic, this is
done by the oxidation of the P=S to P=0 by cytochrome P450 in the huma®lyer

and all tissues of insect@1l) OP detoxifying enzyme, such as paraoxonase,
phosphotriesterase, carboxylesteraseand glutathione-Stransferase are more
prevalent in mammals than in insedB2). This means that OPs are broken down at

a faster rate in mammals than insects, so in insects P=S containing insecticides are
fA1Ste G2 0SS 02y @SNISR G2 GKS G2EAO trlh
broken down before this conversion happens. This gives P=S containing insecticides
a selective toxicity to insects.nterestingly, several insecticide resistance
mechanisms have been attributed to upregulation of these enzymes in insects. For
instance upregulation of glutathionr8transferase3 inPlutella xylostellavas shown

to confer resistance to methyparathion (63), and upregulation of a
carboxylesterase was shown to givecilia cuprinaesistance to malathio(64). The

other main difference seen between OP insecticides @memical warfare agestis

that the chemical warfare agestroutinely have a methyl group directly bound to

the phosphorus, this is not seen in any commonly used insect{d@jelt has been

noted that in general, OPs that have a methyl as theigr@up (Figure 8 A) inhibit
AChE at a faster rate than OPs with either an amide or alky®group(65).
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Figure 9. (A) Structures of some G series nerve agents, both their common and two letter NATO

names are given. (B) Structures of some V seriesvaeagents. (Chuggested but unconfirmed

structures of some Novichock agen(§6) (D) Structure of some common OP insecticides
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Table 2. Toxicity of some commonly studied Giemical warfare agerd as the LB of intravenously
administered agents in mice. The kd¥alues were taken fron{56). The two letter NATO designated

name of the G series agents arevgn in brackets.

OPchemical warfare agenhame Intravenous Lsbin mice (1g/kg)
Soman (GD) 38
Sarin (GB) 41
Tabun (GA) 119
VX 12.6
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1.3 Assessment and treatment of OP poisoning

1.3.1Treatment of OP poisoning.

The main cause of death in patients with acute OP poisoning is asphyxiation caused
by overstimulation of respiratory muscles, for this reason the first step in treating OP
poisoning is to ensure the airways are open and to administer oxygen. A competitive
inhibitor of ACh receptors is then administered to the patient to reduce the
overstimulation of muscles caused by the excess ACh in the synapses. The most
commonly used inhibitor of ACh receptors is atropine (Figure 10) which is a potent
toxin if given topeople not poisoned by OPs as, it desensitises the neuromuscular
tissue to ACh preventing muscle contracti@?). However, as this has the opposite
effect to OPs, atropine can counteract some of the dangerous effects of OP poisoning

(68)

Oximes (Figure 10) can be effective reactivators of AChE inhibited with certain OPs
They function though a pin pong mechanism in thlie AChE must first be inhibited

by an OP after which an oxime can bind and reactivate the AQhEo®Be OPs show

a high resistance to reactivation and the ability of the oxime to reactivate AChE is
also dependent on th©P it is inhibited with. For instance, different homologues of
tabun were shown to have a high variability in their reactivation times and the
optimal oxime to reactivate with also differe(69) Consequently, there is no
universal oxime which would serve as an effective treatment for all types of OP
poisoning. Another factor that complicates treatment with oximes is that OP
inhibited AChE can undergode-alkylaion reaction which leaves the phosphate
adduct with a negative charge, this process is referred to as ageing and is shown in

Figure 11.

Oximes have a negative charge so function through a nucleophilic attack on the
phosphorus atom, if the phosphate addumcomes negatively charged it will repel

the oxime meaning no reactivation can take plg@®). Although the reactivation

kinetics of different oxime OP pairs are well studiedvitro (69)65)71), well
O2yGNRffSR OfAYyAOIt UGNARFfA&A KI@S y20 o6SS
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universally accepted procedure for oxime treatment of OP poisonatiemts.
Reviews of case studies usually conclude that the available data contains too many
uncontrolled variables to definitively say if oxime treatment is effective but, due to

in vitro studies showing oximes can be effective against certain OPs,attey o

administer the oxime than nq68)72).

Atropine General structure of an oxime

N - N/OH

o A

0 R R

Figure 10. Structures of atropine anthe oxime functional group. These are the two drugs usually

given to treat OP poisoning.

@] O
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Figue 11. Schematic of the ageing process of the OP adducts bound to the active site serine of AChE,

GKAa LINRPOSaa NBadA 6a Ay Fy ht '/ K9 O2yedalds GKI
The three main factors affecting an OPs susceptibility to reactivation are ageing rate,
electronegativity of the phosphorus atom and the size of the phosphate add8it

Some data has also shown that after inhibition with an OP, the active site gorge of

AChE undergoes structural chang@d). These structural changes could also affect

the ability of an oxime to reactivate an OP inhibited enzyme.

1.3.2 Assessment of OP toxicity.
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Many current methods for assessing the toxicity of OPs rely on exposing animals to
them and measuring the dose thegsults in the death of 50% of the tested animals,

this gives the lethal dose (kdpvalues. A variety of different animals have been used

in toxicity studies including rat§’5), guinea pigq76), mice, rabbity77)and non

human primates(78). Guinea pigs and nonhuman primates are the preferred
animals to use in toxicity studies as their plasma levels of OP degrading enzymes such
as BChE and carboxylesterase are more similar to humans than the other model

organismg79).

For theforeseeable futureanimals are likely to remain irgppensable in the process

of OP toxicity determination. However, protocols that approximate toxicity by
studyingthe interactionsof currently available ORgith AChE and correlating these
results with those of animal toxicity experiments could have aevalueducing the
number of animal experiments needed. Fxtample,if currently available OPs with

a high toxicity routinely produced a particular set of results innavitro assay, new

OPs that produced the same or similar result could potentiallyokiet If thisn vitro

assay could (with reasonable accuracy) indicate a new OPs toxicity was several orders
of magnitude lower than that adrganophosphorus chemical warfare agetitsn, it
O2dzZx R 0SS al ¥FSt& FaadzySR 1 KI GheriidalSvarfir§ ¢ h t
agentand no animal experiment would be needed. However, if the assay indicated

a toxicity value close to or higher thanganophosphorus chemical warfare agents

then animal experiments would be needed to more accurately assess thetthrea
posed by the OP. Similarly assays that produced results which correlate with the
effectiveness of prophylactic or reactivating compounds could be useful in
identifying compounds unlikely to be more effective than the current
countermeasures. This wouldgvent unnecessary animal experiments from being
carried out on compounds that pose little threat and have no medical use. The
success of this approach would be dependent on the degree to which the parameters
measured by then vitro assay correlated witkhe toxicity or medical usefulness of

the compound.

¢ K @nindals (Scientific Procedures) Act 1886 4 KI G NB 3 dzf 6§ S& F yA Yl

Britain requires high standards in the care, sheltering and treatment of all animals
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used forexperimentation and that appropriately skilled people are employed to be
accountable for each of these requirements. This ensures the distress and suffering
the animals are exposed to is minimised but greatly increases the cost of using
animals in scienti€ experiments. So assays that can be used to reduce the amount
of animal experiments needed in OP threat detection and countermeasure

development would lower the cost of these procedures and improve animal welfare.

1.3.3 Project aims.

An engineered isofon of human AChE (AChWEwas created using a computational
algorithm. The algorithm used a multiple sequence alignment of wild type human
AChH 3l Ayad aaS@SNIf R21 Syé yI GdzNI €€ e
residue in the wild type sequence thigelihood of it being mutated to each of the
other 19 residues in the homologues sequences was calculated. The theory being
that mutations that are more common in nature are less likely to have negative
SFFSO0Ga 2y (GKS Syl evYS Ilagainst BySedolution. &y Qi
mutations that occurred in residues within 8 A of the active site gorge were

discarded.Rosetta computational mutation scanniwgas applied to each of the

2 C

0

Ydzi F GA2ya RSSYSR GtA1Steé (2 2GeudNe Ay yI

of wild type human ACRE was used. The energy difference between the wild type
structure and the one containing the mutation was calculated, this was repeated for
each of the mutations and the ones that reduced the activity below a certain
threshold were selected. The threshold for a mutations likelihood to occur in nature
and the reduction in structural energy were both altered to produce five variants of
AChEd, each containing a different set of mutations. The soluble expression yield,
catalytic activity, and thermal stability of each variant were measured. The variant
showing the highest thermal stability and expression yield whilst having the least
change to the catalytic activity was chosen. The chosen variant {&Gldatained

51 mutatiors (Figure 1Z80). The catalytic activity was reported to be 11.4% lower
in AChEd than the wild type indicating suess at minimising the effect on enzymatic
activity. Table 3 shows the percentage similarity between AChE from different
sources and Figure 13 shows the multiple sequence alignment used to generate

these values. AChtE and human AChE are 90.7% similar wischigher than the
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similarity between human and electric ray AChE (61.6%) but slightly lower than
human and guinea pig (92.4%). AChE from guine&gigrat (82) and electric eel
(83)are routinely studied. So while ACHEsnot completely comparable to wild type
human AChE, its sequence homology and similar activity indicate that it is likely to
LIN2E A RS RIFGlI GKFGQa NBLINBaSyGal GA@S- 27

d was chosen for further study in this project.
The principle aims of this project were to:

1. Testthe AChH construct and optimise its overexpression and purification.

2. Develop NMR methods to study the interactions of AChE witange ofOPs
and to develop protocoldor use in assessing the threat of any newly

discovered OPs

3. To gain data on the mechanism of inhibition and reactivation that could be
used to understand whetherinhibition of AChE by certain OPs causes
structural changes in the protein that codtmver the affinity of certain oximes
for that particular OP AChE conjugate. This would help to explain the
differential reactivation rates that oximes have for different OP AChE

conjugates.

Ligand observe studies using STD and CPMG experiments can bwittomen-
isotopically labelled AChE purified from a natural source, but to get NMR data on
structural changes in AChE after inhibition with an OP, isotopically labelled

recombinant AChE was required
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Figure 12. A comparison of the protein sequences dfditype AChE and ACHE The wild type
sequence is shown in black and the mutated residues are shown in Tée secondary structure of
wild type AChE ishown alongside the sequence and a key to the figure is included at the bottom

of the image.
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Tabk 3. Shows the percent similarity between AChE protein sequences from different sources. The
signal sequences and the last intron containing the cysteine that forms an inter subunit disulphide
bond were removed from sequences as they were not present ia tiChEd protein. Clustal omega

was used for the sequence alignment.

Source of AChE Electriceel Rat | AChEd | Human| Guinea pig
Electriceel 100.00 62.29 | 63.77 | 61.55 62.11
Rat 62.29 100.00 | 83.39 | 88.69 90.69
AChEd 63.77 83.39 | 100.00 | 90.71 85.25
Human 61.55 88.69 | 90.71 | 100.00 92.35
Guinea pig 62.11 90.69 | 85.25 | 92.35 100.00
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Guinea EPFFVGERREFLEPEPERFWSGVLDATTEESVCYOYVDTLY PGFEGIEMUNENRELSEDCLY =E]
T e ke E ek R e ek e ke ek ok ke ke ke e ke
Electric LNVHWVPATPRPHNLTVMVW I Y GEGFY SGSSSLDVYDGRYLAHSERVV Y W SMNYRWVSAFGE 180
Rat LNVWTPYPRPTSPTEVLIWIYGGGFY SGASSLDVYDGRFLAOQVEGTVLVSMNYRVGTEFGE 158
AChE-4 LNVWIPYPRPENPAPVMVW LY GGG Y SGS5SSLDVYDGREFLVRTERVVLVSMNYRVGAFGE 159
Human LNVWIPYPRFITSPTEVLVW I YGGEGFY SGASSLDVYDGRFLVOAERTVLVSMNYRVEAFGE 1549
Guinea LNVWTPYPRPASPLEVLVWIYGGGFYSGASSLOVYDGRFLTQAERIVLVSMNYRVGTFGFE 158
W e B . B LR R L T e Ve e e e e
Electric LAlNGSARAPGNVGLLDORLATLOWVODN I HFFGGNFEOV T IFGESAGAASVGEMHLLSPDS 240
Rat LEGSREAPGHNVGLLDOOQRLATOQWVQOE ALFGGEDPMSVILFGESAGRASVGEMHILSLES 218
AChE-4d LALFGSREAPGNVGLLDELALOWVOENI AR FGGEDPTSVILEFGESAGRASVGEMHLLSPES 2149
Human LALPGSREAPGNVGLLDORLALOWVOENVARFGGDFTSVILFGESAGAASVGEMHLLSFPES 219
Guinea LALPGSREAPGNVGLLDORELALOWVOENVALFGGDPTSVILEFGESAGRAASVGMHVLSPLS 218
Sk ek e ke kel e e o ek ek g ek ek e ke el ke -
Electric RPFEFTRAILOSGVPNGPFWRIVSFDELARRRATKLGRLVGCFD————GNDTDLIDCLESEQP 296
Rat RSLFHRAVLOSGTPNGEPWATVSAGEARRRATLLARLVGCFPGEAGGNDTELISCLETRERA 78
AChE—4d BEGLFHRATLOSGAPNAPT ¥ VSEEEARRRALOLARLVGCFPGETGEGNDTELVACLENEEFF
Human RGLFHRAVLOSGAPNGE ITVGMGEARRRATOLAHLVGCFPGCETGGNDTELVACLRERTRER
Guinea RSLFHERVVLOSGAPNGPWATVGMGEARRRATLLARLVECFPGEAGENDTELVACLETREFRA
- g ke ke kR - e e e e e - e e e e e A W e
Electric ODLIDOEWLYV LFFSGLFRFSEVEVIDGVV EFFDTPEAMILNSGNFEDTOQILLGVHNONEGSYF 356
Rat ODLVDHEWHVLPOESIFREFSEVEVVDGDFLSDTPDALINTGDFOQDLOVLVGVVEDEGSYF 338
AChE-4 QE NMHEWHV LFOESVEFRFEFSEVEVVDGDFLFDTFEALINNGDFEGLDVLVGVNEDEGSYFE 339
Human OVLVHHEWHV LPOESVEFRFSEVEVVDGEDFLSDTPEALINAGDFHGLOVLVGWVEDEGSYF 339
Guinea ODLVDHEWHVLPOESIFREFSEVEVVDGDFLSDTPEALINAGDFHGLOVLVGVVEDEGSYF 338
- W wde ke e e ke e el ke o ek e e ode W ok e e de e e
Electric LI¥GAPGFSEDNESLITREDFLOGVEMSVPHANEIGLEAVILOY TDWMDEDNEIENEERAM 416
Rat LWy GEVEPGFSFDNESLISRAQFLAGVRIGVEFOQASDLALFAVVLHYTDHLHPEDPAHELEDAM 368
AChE—4d VY EAFPGFSEDNESLISREEFLEGVRVGVEPOVSDLALFR A TVLHY TDWLHFPEDPAFNREDAT. 399
Human LWYGAPGFSEDNESLISEAEFLAGVEVGVPOVSDLAAEAVV LHY TDWLHPEDPARLEEAT 359
Guinea LWy GEAPGFSFDNESLISRAQFLAGVRIGVEPOVSDLALFAVVLHY TDHLHPEDPARLEDAM 368
e . L ] IR o - W e - - W
Electric DDIVGEDHNYVVCPLOHFARMY AQY STLOGOTGTASOGN LGHGNSGSASHSGHNSOQVSVYLYM 47&
Rat SAWWVGDHNVVCEVAOLAGRELAL - ——— —————————————————— ——————— OGARVYAYT 429
AChE-4 SDVWVGDHNVICFVAQFAORY AL —————— ———————— ——————————————— NGARVYLYW 430
Human SDVWVGEDHNVVCEVAQLAGRLADL ——— 430
Guinea SAVVGDHNVVCEVAQLAGRLAD —— — 429
ke d h e e - - A
Electric FDHEASNLVWPEWMGYV IHGYEIEFVFGLFLERERLNY TLEEEELSEEMMEYWANFARTGHNE 536
Rat FEHRASTLTWPLWMGVFPFHGYEIEFIFGLEFLDFSLNY TVEERIFAQRILMOYWTNFARTGDE 489
AChE—d FEHRSSTLEWPEWMGVEPFHGYEIEFIFGI PLDPSENYTREEEEIFARRLMRYWANFARTGDE 490
Human FEHRASTLSWPLWMGVFHGYEIEFIFGIFLDFSENY TAEEE I FAQRLMREYWANFARTGDFE 490
Guinea FEHRASTITWPLWMGVFPFHGYEIEFIFGLEFLDFSLNY TMEEEIFAQRMMREYWANFARTGDE 489
o W ke Eded ke ok ok ok kR Rk e ke B E e L
Electric HINVDGSIDSRRREWEFVEISTEQEHVGLNTDSLEVHEGLESQFCALWNRFLFRELLNVITENT 586
Rat HDFRDS———ESPFRWEFPYTTRAAQOYVSLNLEFLEVRRERGLEAQTCAFNNRFLFELLSATDTL S4a
ZChE-4 HNEFPRDP———EAPOWFPFPYTADEQEYVSLDLEPLEVRRGLERAQACAFNNRFLPELLSATDTL 547
Human NEPRDE - ——EAPOWFPYTAGROQOQY VSLDLEFPLEVRRGLERQLCH NRFLFELLSATDTL 547
Guinea HNDFRDA——RAPOWPAYTTGRAOQOQYVSLNLEFLEVREGLEAQARCAFWNNRFLFELLSATDTL S4a
- * e - e T - s R e T = 3 -
Electric DDRE e00
Rat DE—— 548
AChE-d DE—— 5449
Human DE—— 549
GCuinea DE—— 548

Figure 13. Multiple sequence alignment of ACBHErom different sources. Residues are colour coded
based on their physical properties. Red are hydrophobic, blue aegatively charged, pink are
positively charged and green polar. Residues marked with a * are conserved in all sequences and

indicate a gap has been introduced into the sequence to allfowva better alignment.
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Chapter 2 Optimisation of the expressioand

purification of a designed isoform of

acetylcholinesterase.

2.1 Introduction

2.1.1 Recombinant expression of AChE.

E. colwas the expression system of choice for this project because of the low cost
and relative simplicity of the protocol comparedégpression in more complex cells
(84). Isotopic labelling of recombinant proteins is also much cheapér aoldue to

the simplicity of the growth media needed. This makes it the ideal expression system
for proteins to be used in NMR experimei(®). Unfortunately,human AChE is £6

kDa protein containing three intra chain disulphide bonds and one inter chain
disulphide bond YniProtKB- P22303 (ACES_HUMANjor this reason attempts to
express it irE. colhave had very limited success. Previousmapts to express AChE

in E. coliresulted in the production of insoluble inclusion bod{&§). Attempts to
refold the inclusion bodies produced only 4.15 mg of active protein fromL7&0
media(87) Expression of the protein in other cell types has had more success. No
exactfigure for the recombinant expression yield of AChE in mammalian cells could
be found, but usable quantities of AChE suitable for kinetic experiments have been
expressed in HEK293 cdB8)89). Active AChE (0&3.7 mg/l) was produced using

the Baculovirus expression system in sf9 insect c@3) AChE has been
recombinantly produced in tobacco plants with yields of around 600 mg/kg, 8

¢ 10 weeks were needed to produce AChE by this m{®1) making it relatively

time consuming.

2.1.2 Ellmansassay.

The use ob,5-dithio-bis-(2-nitrobenzoic acid{DTNB) and acetylthiocholine (ATCh)
to assess the activity of AChE was first described in refe(@36gand the technique
gla yIFIYSR (GKS 9ffYlyQa laaleé | FGSNI GKS
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NEBFOGA2ya GKFG G 1S LXFOS AlsAGCHESatadyses Y I vy Q2
the hydrolysis of ATCh to acetic acid and thiocholine which then reattsDTNB,

one of the products of this reaction Bmercapto2-nitrobenzoic acid5M2NA)

which has a yellow colour. ThesAcan be used to measure the concentration of

5M2NA and because one 5M2NA is released for every ATCh that is hydrolysed, the

As12is an indirect measure of how much ATCh has been hydrolysed.

ATCh Water Aceticacid  Thiocholine
(A 9 | AChE /lOL v
- N*
)LS/\/N*\ * 0 T ot opsT T
2-(3-carboxy-4-nitrophenyl)-  5-mercapto-2-
) ) N,N,N-trimethylethan-1- nitrobenzoic
(B) Thiocholine ] DTNB - aminium xo, acid "
[ . — |
HS/\/N‘\ + HOJ%Q/S*S/Q(OH \l?l*’\/s‘s/@(o"' + Hs OH
02N © ©

Figurel4. Schematic for the two chemical reactions that are coupled by the Ell@assay. (A) Is
the AChE catalysed hydrolysis of ATCh which releases acetic acid and thiocholine as proButss. (
the reaction between thiocholine and DTNB which produceg3carboxy4-nitrophenyl)-N,N,N

trimethylethan-1-aminium and5M2NAwhich has a yellow colour.

¢CKS 9ffYlyQa laaleée KIFIa 0SSy dzaSR (2 aidzR:
in combiration with site directed mutagenesis to identify the amino acid residues

that are important for catalytic activitf137) and to identify the mutations in

mosquito AChE that confer resistance to certain insectic(d88) This assay has

also been used to study the inhibition of AQAB9)and the effectiveness of oxime

reactivators that are used tteat poisoning with these inhibitor&l40)

2.1.3 Uniform 1°N labellingin different cell types

Although insect and mammalian cells can produce active AChE, uniformly labelling
the expressed protein witA°N requires expensive media containing multipbl
labelled organic compound$92)93). Labelling media can be purchased from
Cambridge Isotope Laboratories, the costs are around £5000/I and £5500/1 for insect
and mammalian cells respectively. Media used to uniformly labEl aolexpressed

protein with >N is by contrast veryrmiple. Only one source &N is needed. 1 g/l of
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NH;Cl which costs around £13 a gram is the most expensive part of the media. It was

for these reasons that aB. coliexpression system was desired over other cell lines.

2.14 Designed isoform of AChE.

It was reported that a designed isoform of human AChE containing 51 mutations and
a thioredoxin (TRX) fusion partner could be expressed in SKHuEflecoliand the
mutations in the gene had a minimal effect on the kinetic parameters of the enzyme
(80). ShuffleE. colwas specifically developed to express disulphide bonded proteins
by reducing the activity othe cytoplasmic reductive pathway and adding a
disulphide bond isomerase to the cytoplag®d). It was decided that the expression,
purification and isotope labelling of this isoform (A@hEshould be investigated. In
(80) AChE was one of many proteins chosen for its lack of soluble expres$ton in
coli. The aim of the paper was to use a computer program to predict mutations tha
should be made to increase soluble expression and have minimal effect on activity.
The optimal expression conditions and vector were not investigddésintended to
useheteronuclearmultiple quantum coherenceselective optimized flip angle short
transient (HMQCSOFASINMR experimentdor this work. Samples needd to be
roughly 320 pl for a 5 mm Shigembtiand over 25 uM so large amounts of protein
are needed (roughly 0.5 mg of labelled AChE per sample) whidte riee

optimisation of expression vergnportant.
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2.2 Materials and methods

2.2.1 Transformation and glycerol stock production.

Competent Shuffle express E7 colwere purchased from New England bio labs, the
pPETF32b vector containing ACRETRX was kindly provided by Dr Sarel Fleishman.
All other AChHe constructs were made following the procedure described in section

2.2.8

Pasmid(10 ng)was mixed with 50 plfocompetent shuffleE. colin a sterile 1.5 ml
Eppendorf tube. This was left on ice for 10 minutes then heat shocked@tfég 45

s in a temperature controlled water bath then left on ice for another 5 min. 150 pl of
sterile 2YT media (16 g/l trypton&0 g/l yeast extract, 5 g/l NaCl) was added, the
Eppendorf containing the transformation media was then placed in a shaking
incubator at 37C 180 rpm for 1 h. After incubation the mixture was spread on LB
agar plates containing ampicillin at 100 pg/m¢sie were then placed in an incubator

at 37°C for roughly 19 hours.

Single colonies were used to inoculate four 50 ml cultures of 2YT media containing
100 pg/ml ampicillin in 250 ml conical flasks which were incubated &€ 37 a
shaking incubator at 180om until the Olgoo was around 0.6. To create glycerol
stocks, 840 pl of culture was transferred to cryo vials and 160 pl of sterile 50%
glycerol, 50% water was added, these were then flash frozen in liquid nitrogen and
kept on dry ice. The remaining celilitires were induced with IPTG and placed back

in the incubator for 3 hours. After this the cells were lysed using the protocol
described below, and the AChEactivity was measured. The glycerol stock that
came from the culture with the highest ACHEacivity was kept at80°C and the

others were discarded.

2.2.2 Protein expression.

2YT media was used to grdw colfor unlabelled expression. Ampicillin (100 pug/ml)
was added so onlfg. coliharbouring the expression plasmid would growest

growths werecarried out in 250 ml conical flasks containing 50 ml of cell culture.
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Large growths that were intended to produce protein for kinetic or NMR experiments

were carried out irR.5 Lbaffled conical flasksontaining 1L of media

The glycerol stock of the deed transformant was streaked on LB agar containing
100 pg/ml ampicillin and incubated at ]7 for 17 hours. Starter cultures of 2YT
media were inoculated and incubated at°8with shaking atL80 rpm for 17 hours.
Starter cultures were then centrifuged at 322pfor 20 minutes at 4C, the
supernatant was discarded, and the pellet wassuspended in 2 ml of fresh 2YT
mediafor each 50 ml starter culture, the @d9 of this was then takenThe wlume

of concentrated starter culture needed tnoculate the main cultures to an @foof

0.2 was calculated (usually around 2.5 ml pesf main culture). After inoculation
cultures were incubated at 3Z with shaking at1l80 rpm until Oly reached 0.4
(around 1.5 hours) at which point the temperature was dropped t6éC%nd
incubation was continued until QB was between 0.6 and 0.8 (around 1 hour).
Protein expression was then induced by adding IPTG to a final concentration of 0.45
mM and cultures wereeturned to the incubator and left over night. The next day
cultures were centrifuged at 322 for 20 minutes at 2C, the supernatant was
discarded and the pellet was -sispended in @ ml lysis buffer (20 mM sodium
phosphate, 100 mM NaCl, pH 7.3) faery litre of cellculture. Once cells were ve

suspended in lysis buffer they could either be froa¢20°Cor lysed.

2.2.3Cell lysis.
Once cellsvere resuspended in lysis buffer, Tritor2Q0 and lysozyme were added

to a final concentration of 0.1 % w/and 0.1 mg/ml respectively. After 20 minute
incubation at room temperature, Mg&and Bovine DNase ere added to final
concentrations of 5 mM and 20 pg/ml respectively, this mixture was then incubated
at room temperature until viscosityeduced. The mixture was then sonicated at
amplitude of 15 microns for 3 minutes with a 10 second on/off cycle. The lysate was
centrifuged at 20,000 g for 20 minute atGl The lysate supernatant was passed
through a 0.45 pm syringe filter and the lysatlpt was resuspended in a volume

of lysis buffer equal to the lysate supernatant using a glass homogenizer.
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2.2.4 Ni affinity, Procainamide affinity and size exclusion chromatography.

The buffers used in Ni affinity chromatography were all made in-Rilater, they

were,

. Charging buffer: 0.2 M NigO

. Sodium acetate buffer: 20 mM sodium acetate, 0.5 M NaCl, pH 4

. Lysis buffer: 20 mM sodium phosphate, 100 mM NacCl, pH 7.3

. Wash buffer: 20 mM sodium phosphate, 100 mM NaCl, 50 mM imidazole, pH 7.3

(unless otherwise stated)

. Strip buffer: 20 mM sodium phosphate, 100 mM NacCl, 20 rtiilenediaminetetra
acetic acidEDTA), pH 7.3

A Ni column was made using 2 ml of chelating Sepharose fast flow in a 2GRddio
gravity flow column First the olumn was washed with 10 column volumes (cv) of
Milli-Qwater followed by2 cv of charging buffgbuffer 1),then 3 cv sodium acetate
buffer (buffer 2),after thisthe column was washed with 10 cv lysidfeu (buffer 3).
Up to 20 ml of lysis supernatant wkaded onto the columnpafter it had all flowed
through, the column wasvashed with 10 cv lysis buffébuffer 3) andthen 10 cv
wash buffer(buffer 4). Theprotein was eluted with 10 cv strip buff@uffer 5) After
strip buffer (buffer 5)wasadded the flav through was collected id ml fractions.
The column was then washed with 10 cv Millwater and stored in 20 % ethanol.
The Asoof all strip buffer fractions was measured to identify the ones containing
protein, these were pooled and concentrated usag ml 50 kDa cut off centrifugal
concentrator to a volume of between-A ml to increase separation on the size

exclusion column.

Procainamide Sepharose purification was optimised using a batch method. 40 pl of

procainamide Sepharose slurry was added & ml Eppendorf tubes. Procanamide
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Sepharose was washed by adding 1 ml of @illivater then allowing to mix on a
rotary mixer, after 5 minutes the samples were centrifuged at 4,000 g for 1 minute
and the supernatant was removed. This was repeated wiils lpuffer. 0.5 ml of
lysate supernatant was then added to beads and allowed to mix. Samples were then
washed again with 1 ml lysis buffer then mixed with 1 ml lysis buffer containing the
specified concentration of NaCl. Samples of the elution were tatiearalysis by

SDEPAGE gels and activity assays.

The size exclusion column used had a cv of 260 ml and was packed with Superdex
200. The column was equilibrated with 2 cv of lysis buffer before tze nl
concentrated protein sample was loaded, lysigfer was used to elute the protein.

5 ml elution fractions were collected, samples with higboAvere analysed by SBS
PAGE to assess purity. Samples containing only-A@iee concentrated to around

30 uM using a 15 ml 50 kDa cut off centrifugal concaot.

2.2.5Ellmans assay of Lysate supernatant.
A 100 mM stock db,5-dithio-bis-(2-nitrobenzoic acidfDTNB) was made inndethyl
sulfoxide(DMSO). This was added to lysis buffer along with acetylthiocholine (ATCh)

to give a final concentration of 1. mM DTNB and 2 mM ATCh. This was made up just
before the experiment starts as the DTNB and ATCh react over time. 990 pl of the
lysis buffer contaiing DTNB and ATCh was added to a 1 ml cuvette, this was used to
blank the spectrophotometer. 10 pl of lysate supernatant was then added to the
cuvette and mixed. The absorbance at 412 nm was taken every 2 s for 20 s using the
kinetics mode on a Nanodrop® and an initial delay of 1 s was included as required

by the Nanodrop. Highly concentrated lysate supernatant produced a nonlinear
graph of absorbance vs time, when this happened the lysate supernatant was diluted
with lysis buffer and the dilution wasken into account in the final calculation. The

rates were calculated using equation 1.
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Rate = (Aa21 ¢ Aqi) * 3 * df
Equation 1. Used to calculate the rate of reaction of the AChE catalysed breakdown of ATCh. The
units are absorbancenits/min/10 pl lysate supernatant. Aw2t21is the absorbance of the recording

at 21 s, Aszuiis the absorbance of the recording at 1 s and df is the dilution factor.

Samples eluted from procainamide Sepharose with low NaCl concentrations had low
AChEd activity which precluded the method described above from being used to
measure their activities. For samples eluted in the range @0® M NaCl 10 pl of
elution was added to 990 pl of Ellmans buffer and left for 3 min at which point the
As1owas takenFor samples eluted in the range of @.& M NaCl the A>was taken

after 20 s and extrapolated to get the value after a 3 min incubation.

2.2.6Sodium dodecyl sulphate polyacrylamide gel electropho &3 PAGE).

Tris SD®AGE gels were made using ttexzipe shown in Table 4. The 12.5 %
resolving gel was made first. The 10%nnaonium persulfate (AMPS) and
tetramethylethylenediamind TEMED) were added last as they initiate the setting of
the gel. Empty Novex gel cassettes were filled % of the way up2®@mul of water
saturated butanol was added to the top of the unset gel to flatten the meniscus.
After the resolving gel had set the butanol was washed off and the rest of the gel
cassette was filled with stacking gel. The comb was then added to thersiagd,

this was then left to set.

Table 4. Composition of SEFAGE gels.

Reagent 12.5 % resolving gel 5 % Stacking gel
40 % Acrylamide 6.5 ml 1.25 ml
1.5 M TrispH 8.8 5 mi 0 ml
0.5 M TrispH 6.8 0 ml 1.25 ml
10 % SDS 200 100 pl
H.0 8.35 ml 7.3 ml
10 % AMPS 50 pl 50 pl
TEMED 14 ul 10 pl
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A stock solution of 5 X loading buffer was made, this contained 0.25% Bromophenol
blue, 0.5 M dhiothreitol (DTT), 50% Glycerol, 1&4dium dodecyl sulphatéSDS)

and 0.25 M Tris, pH 6.8. This was diluted in the protein samples to a concentration
of 1 X. After the loading buffer was added the samples were boiled for 2 minutes. In
the case of pre and post induction samples, 0.5 ml of cell culture was taken and
centrifuged at 13,000 g for 2 minutes. The supernatant was removed and 100 pl of 1
X loading buffer was added to the pre induction pellet. The volume of 1 X buffer
added to the post induction pellet was adjusted based on itgoedd both pre and

post induction samples had the same protein concentrations. The samples were then
boiled for 2 minutes. The samples were drawn up and down a Hamilton syringe to
shear DNA, this was done until the viscosity of the samples had reducedvé&els

run at 75 mV until the dye front had passed into the resolving gel then the voltage
was increased to 180 mV until the dye front reached the end of the gel cassette. The
running buffer used contained 3 g/l Tris, 14.4 g/l Glycine and 1 g/IlBBSsim plus
molecular weight marker (BioRad) wased and the molecular weight standard on

all gels.

2.2.7 Attempted refolding of ACHETRX.

ShuffleE. colithat had been transformed with a plasmid containing the gene for
AChEd-TRX was grown in a 100 ml cué of 2YT media in a 500 ml conical flask, the
cells were lysed as described above. A ground glass homogeniser was used to re
suspend the lysate pellet in 2.5 ml wash buffer which contained 50 mM Tris, 10 mM
EDTA and 0.5 % TritorlR0 (pH 8). The sampleas centrifuged at 15,000 g for 5
minutes. This was repeated once with wash buffer then again with-@liliater. The
protein concentration was estimated by running a sample on arFSBEE gel along

with samples containing known amounts of bovine serunuadim (BSA).

The protein resuspension was then dissolved in solubilisation buffer (50 mM Tris, 5
M guanidinium chloriddGdmCl), 11 mM DTT, pH 8.75). Enough solubilisation buffer
was used to give a protein concentration of 2 mg/ml. This was incubated at roo

temperature for 10 minutes to ensure complete disulphide bond reduction.
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Half of the solubilised protein was added to a refolding buffer containing 50 mM Tris,

0.05 M GdmCI, 0.78 mM GSH and 0.44 mddlised glutathiond GSSH) at pH 8.75.

The other halfof the solubilised protein was added to a buffer with the same
components as above but 0.5 M GdmCI instead of 0.05 M. The volume of the
refolding buffers was 100 X the volume of the solubilised protein being added.
Solubilised protein was added dropwiseilghstirring to avoid protein precipitation

forming. The refolding samples were incubated at room temperature for 2 hours
GKSY 2SN yAIKG G n x/ gKAfaAad AadANNAYy3IOD

Protein precipitate was removed by centrifugation at 15,000 g for 10 minutes, the
supernatantwas dialysed in .2 F fe&aia odzZFFSNI 20SNYAIK

concentrated with a centrifugal concentrator.

2.2.8 Sub cloning andolymerase chain reactidPCR).

The AChi gene was removed from the pBZb vector usingNcol and Xhol
restriction enzynes. TheNcolrestriction site was between the TRX tag gene and the
AChEd gene so this released a DNA fragment containing only the-A@Qege. This
gene was then ligated into pEZBa using the same restriction sites. The AGlgene
contained a stop codomwhich prevented the C terminal His tag of gE3&a being

incorporated into the proteinKigure 15A and B).

A modified pER3b plasmid that had 6 histidine codons added after the T7 promotor
(PLWRP5)L (95)was used to produce N terminally His tagged AGHECR was used

to copy the AChd gene out of the pEZ3a construct, because pLWRP51 contained
an Ndelrestriction siteinstead of anNcolsite, the forward primer used in the PCR
reaction contained the sequence for thédel site (CATATG) instead of tineol
sequence (CCATGG). Nueland Xholrestriction sites were used to cut the AGhE

d gene and the plasmid. The AGhBene contained a gp codon at the C terminus

to prevent the C terminal His tag of pLWRP51 being incorporated into the protein

(Figure 19D). The sequence of the primers used is shown in Table 5.

Site directed mutagenesis to remove the stop codon from A€Chas performeda
allow the incorporation of the C terminal His tag in gB8b Figure 15C). The primers
used are shown in Table 5. The reverse priméra O2 YL AYSy G NB G2
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the AChER 3ISyS o6dzi (GKS &aid2L) O2R2y ddelandé g1 &
Xholwere used to cut the ends of the PCR product which was then ligated into pET

23b that had been cut with the same restriction enzymes.

Phusion high fidelity DNAofymerasewas used for all PCR reactions. All constructs
were sequenced between the T7 promotend T7 terminator sequence to ensure

no mutations had occurred in the ACHEene.

The PCR conditions used were 30 cycles of 1 min°& 4 denaturation 2 min at

55°C for primer annealing and 3 min at®@for extension.

Table 5. Primers used to prode the AChil genes with a C terminal His tag (ACGHEC His) and N
terminal His tag (AChH N His). pE-R3a containing the AChH gene was used as the template in
both PCR reactions.

AChEd Forward primer Reverse primer
construct
AChEd C | AAAAAACATATGGGAAGGCCGCGA4 AAAAAACTCGAGCTCGTCGAGGGTGT(

His
AChEd N | AAAAAACATATGGGAAGGCCGCGAL AAAAAATTACTCGAGCTCGTCGAGGGT]
His
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AChE-d
A pET-32b

T7 promoter  His tag Ncol Stop codon T7 terminator

|/ NS

W~ e 11| I
S—tlag XI:o! \

Stop codon

B AChE-d
PET-23a

Ncol Stop codon T7 terminator

T7 promoter His tag
N/ N T A

m 1
| \
Xhol

Stop codon

C AChE-d C His
pET-23b

T7 promoter Ndel T7 terminator

\ / His/tag /
| noae M|
Xhlol \

Stop codon

D AChE-d N His
pLWRP51

Ndel Stop codon T7 terminator

T7 promoter / \ His/tag /

™
W 1|
His/tag Xhlol \

Stop codon

Figure 15 A cartoon representation of different ACh& gene constructs. (A) AChEIn pET32Db, this
construct produced AChH TRX. (B) AChEin pET23a, this construct produced AChEwithout a
His tag. (C) ACh&in pET23Db, this construct produced ACHEWith a C terminal His tag. (D) AChE
d in pLWRP51, this construct produced A@hith an N termiral His tag.
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2.3 Results

2.3.1 Optimisation of the expression and purification of AGIRX.

Temperature and point of induction were both optimised to give the highest yield of
soluble ACh-TRX expression by shuffte coli. Recombinant expression of the
protein was induced by addition of IPTG to the liquid cultures to a final concentration
of 0.45 mM. The expression yields were compared using the Ellmans assay to
measure the AChE activity in the lysate supernatant of each culture. First the
optimal tenperature of induction was investigated. The results are shown in Table
6. All cultures were induced at around an dJof 0.6. Cultures induced at 18 and

25°C were induced overnight, cultures at 30 and@wvere induced for 4 hours.

Table 6. Effect of induction temperature on AGIETRX yield.

Temperature°C Activity (As12/min/10 pl lysate
supernatani
18 0.318
25 0.566
30 0.218
37 0.266

The optimal OBy to induce expression of the protein was tested next. The cultures
were induced at 2%C overnight as the data in Tabeindicated this would give

maximum recombinant protein yield, the results are shown in Table 7.

Table 7. Effect of Oddpat induction on ACh-TRX yield.

ODsgo at induction Activity (As12min/10 pl lysate
supernatani
0.6 0.634
0.8 0.640
1.0 0.566
1.2 0.509
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The data showed that the optimal @ato induce at was between 0.6 and 0.8. From
this point on all cultures were induced between ane¢@®f 0.6 and 0.8 at Z&

overnight.

The protein contents of Shuffle. coliexpressing AChR&TRX can be seen figure

16. The mass of th&AChEd-TRX construct is 7834 kDa. A band at the expected
mass appears in the post induction lane but not the pre induction lane. The same
band can be seen in the lysate pellet but not the lysate supernatant. This indicates

that the vast majority of the xpressed ACR&-TRX is insoluble.
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Figure 16 SDSPAGE analysis of samples taken from a 50 ml growth of ShiEfleoliexpressing
AChEd-TRX. Samples prepared as described in 2.2.6. The red arrow shows the location ofdAChE
TRX.

2.3.2 AChiE-TRXTRX refolding.

In order to investigate refolding of the lysate pellet, two refolding buffers were
prepared, one with 0.05 M Gdrh@nd the other with 0.5 M GdmCI. The optimal
concentration of GdmCI to use would be one that is high enough to keep proteins

unfolded until they adopt their proper folded state, but not high enough to denature
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properly folded protein. This concentratiamasnot known, which necessitated the

use of two concentrations which would allow their effectiveness to be compared.

The lysate pellet was washed andsespended in 2.5 ml MH® water with a ground
glass homogeniser. Different volumes were run on asBBGE gel with known

concentrations of BSA. This was done to estimate the protein concentration in the

lysate pellet suspension. This gel is showRigure 17

MW markers
Pellet 1.25 pl
BSA 10 ug
BSA 5 ug
BSA 1 ug

kDa

250
150

100
70

Pellet 5 pul
Pellet 2.5 pl

50
40

30

20

Figure 17 SDSPAGE gel of varying volumes of AGHHERX lysate pellet suspension and seaker

known amounts of BSA. A red arrow marks the position of AGRERX.

Based orfFigure 17t was estimated that the total protein concentration in the lysate
pellet suspension was around 3 mg/ml, meaning the 2.5 ml sample contained
approximately 7.55 mg oprotein. The protein was dissolved in 3.75 ml of
solubilisation buffer which gave a protein concentration of 2 mg/ml.

As Figure 18shows pellets formed in both refolding conditions, in both cases no

AChEd activity could be detected in the refolding s I G I yi o6dzi (KA 3
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unexpected due to the fact that any correctly folded A@HERX would be very
dilute at this point in the refolding process. The supernatants of both refolding
buffers were concentrated to roughly 0.5 ml using 15 ml 50 kDa cuteotfitugal
concentrators. No ACR&TRX could be seen in the concentration supernatant lane
for either refolding condition and no activity could be detected. This showed that all

of the AChEI-TRX was in the pellet that formed in the refolding buffers.
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Figure 18 SDSPAGE analysis of the products of refolding in two different buffers with different
concentrations of GdmCI. Refolding pellet refers to the pellet that formed during the incubation in

refolding buffer. Concentrated supernatants are samplesken from the spin concentrator. A red
arrow marks the position of AChE-TRX.
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2.3.3 Ni affinity chromatography of AGHHRX.

The AChH-TRX construct contained a His tag located between the AGIe TRX
subunits (Figure 1 A) so Ni affinity chromatography was attempted to purify the
soluble AChE-TRX from the lysate supernatant.

Figure 19A shows the elution profile of ACETRX from the Ni column, a large
proportion of the total ACHA-TRX came off the column in the washgure 198
shows that even after washing the column with lysis buffer containing 40 mM
imidazole many contaminating proteins remain in the elution, andaose around

33 % of the ACh&TRX was already washed off the column at this concentration of
imidazole, increasing the concentration further would have likely resulted in the
amount of AChi-TRX recovered being too low to provide us with an adequate

supply of enzyme for kinetic and NMR experiments.

As the affinity of ACRE-TRX for the Ni matrix was too low for this method of
purification to be practical, and the majority of AGHERX produced bi. coliwas
insoluble, it was decided that refolding widlbe attempted again. Howevghe TRX

tag was removed for this second attempt. It was thought that the A€hBEd TRX
domains could be interacting with each other during the refolding process which
could be preventing the correct folding of both domaiiife structure of this new
construct is shown in Figure 1 B. It was assumed that more insolubledA@b&d

be produced after the removal of the TRX tag as the purpose of this tag is to aid in
the solubilisation of recombinant proteins. This presumedease in AChH yield

was seen as an added benefit of the TRX tag removal.

44



12

>

08

:ﬁi n I

AChE-d-TRX activity (A4;2/minf10pl ofelution
fraction)

T T T s T

1 22387 & 5 07 F 38 9 10 11712 13 14:15.:16 17:18 19.20 21
Elution fractions

2 £ by 2 X =
o0 — - Q @)
£ g £ & € £
~
£ H: B B OB A e o8 B o e
bt = < £ O k) ] o (<}
2 2 iy 0 a s s sf 5 58 S5¢&
kDa o g 8 L ® 33 233 23 323 23
= = 3 3 = S To U W W wWo
———
250
150

100

75

50

37

25

Figure 19 (A) The elution profile of AChR&TRX from a Ni affinity column based on AGHERX
activity. Fractions 1-7 were washed with lysis buffer (blue),-84 were washed wih lysis buffer
containing 40 mM imidazole (red) and fractions -B® were eluted with lysis buffer containing 20
mM EDTA (green). An SIPAGE of a selection of these samples is showfigure 19B. (B) SDS
PAGE analysis of purification fractions from thd Bffinity chromatography of ACh-TRX. The
AChEd-TRX activity of these samples is shownRigure 19A. Lanes labelled lysis buffer 1 and 2
correspond to fractions 1 and 2 respectively Figure 19A, wash buffer 1 and 2 correspond to
fractions 8 and 9n Figure 19A and Elution buffer X, 5 correspond to fractions 1§ 19 inFigure 19
A. Ared arrow marks the position of AClETRX.
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2.3.4 Optimisation of the expression and purification of AGhE

The mass of AChEwithout the TRX tag is 82 7kDa,in Figure 2(ho clear band can

be seen in the lysate pellet lane at this mass. 10 ul of Aldp&ate supernatant gave

an activity of 3.240 A2/min, whereas the same amount of lysate supernatant from
an AChEI-TRX growth of the same size gaveaativity of 0.634 A/min (Table 8).
This indicated that the soluble expression had increased fivefold but the overall
expression had dropped significantly. This is shown by the large band ofdAIGRE
seen inFigure 16&ompared to the lack of any vistoAChEd band seen ifrigure 20

ThisACHR O2y a i NHz2O0 RARY QO KIFI@S | |1 Aa G 3
specific affinity purification matrix called procainamide Sepharadlse, chemical
structureof which is shown ifrigure 21 should be investigated for its ability to purify
AChEd. Procainamide Sepharose consists of the reversible AChE inhibitor
procainamide bound to Sepharose through an amide link@$ The suggested
binding andelution buffers were a 20 mM phosphate, 100 mM NaCl buffer for
binding and washing, then to elute with 20 mM phosphate, 1 M NaCl buffer. It was
decided that a range of NaCl concentrations should be tested to optimise the wash

step.

Figure 2Zhows that darge number of proteins were eluted from the procainamide
Sepharose at all the NaCl concentrations tested between 0 andFlguvre 23hows
the activity of each of these samples dfigure 24hows the proteins that remained
bound to procainamide Sephase after elution with 1 M NaCl. This data showed that
bl / f RARYQUG & S-tHmpracgitaiide Sspghatn$eSand elvel 8fter 1
M NacCl elution many proteins remained bound including over 50 % of the-dAChE
Procainamide Sepharose was deemed uradiié for the purification of AChé&, it

was decided that a His tag should be added to A€tdzaid purification.
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Figure 20 SDSPAGE gel of samples of a Shufile coligrowth expressing ACh#. The soluble and
insoluble proteins from the growth aretsown as well as samples from the media before and after
induction with IPTG. The conditions of this gel are the same as used in Figure 2. A red arrow

indicates the expected position of the AChiEband.
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Figure 21 Chemical structureof procainamide bound to a bead of Sepharose.
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Figure 22 SDSPAGE gel of ACkEeluted from procainamide Sepharose in batch with varying NaCl

concentrations. A red arrow marks the approximate position of AGHE
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Figure 23 Bar chart showing the AChtt adivity of samples eluted from procainamide Sepharose
with varying NaCl concentrations. Samples of lysate supernatant were incubated with
procainamide Sepharose in batch then washed with 20 mM sodium phosphate buffer. For elution
20 mM sodium phosphate bidér containing the concentration of NaCl indicated on the x axis was
added. AChEl activity was measured with the Ellm& assay to assess the relative AGHE

concentrations. The AChé& activity of lysate supernatant is shown iorangefor comparison. n =1
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Figure 24 SDSPAGE gel showing the proteins that remain bound to procainamide Sepharose after
elution with 20 mM sodium phosphate buffer containing 1 M NaCl at pH 7.3. After the elution 40 pl
of beads were mixed with 10 pl of 5 X sample buffer and ledifor 2 minutes, 10 ul of this was

loaded onto the SD®AGE gel.

2.3.5 Purification optimisation of His tagged A@hE

Two different constructs of His tagged A@hiere made; one had an-términal

tag and the other a @rminal tag. No active AChEcoud be produced from the
construct with the Nterminal His tag but the-@rminally His tagged AChiEshowed
unchanged expression when compared with the untagged ACh#hen SDEAGE

was used to analyse the lysateEfcolexpressing the @&rminally His tagged AChE
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d (Figure 2% no large band could be seen at the mass of AC2517kDa) in any

of thelanes.

The ACh# activity of the lysate supernatant was 3.8871Anin/10 pl, whilst
without the His tag the activity as 3.240 A2/min/10 pl (Table 8). This further

confirmed that the addition of the tag did not greatly alter the expression yield.

The concentration of imidazole to wash the Ni affinity column with was optimised,

Figure 26A shows the elution fractions difis experiment.
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Figure 25 SDSPAGE analysis of samples of a Shutlecoligrowth expressing ACh# CGHis. The
lysate supernatant and pellet from the growth are shown as well as samples from the media before

and after induction with IPTG. A red arvoindicates the expected position of the AChEband.
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The vast majority of the bound proteins were eluted at 40 mM imidazole but some
contaminating proteins remained bound until EDTA was used to strip the Ni from the
column.Figure 2@ shows the ACh& adivity of the samples shown iRigure 26A.

It was decided that 50 mM imidazole should be used in the wash step as the vast
majority of contaminating proteins were removed at this concentration but only

around 4 % of the total AChEactivity was lost.

AsFigure 26A shows contaminating proteins were present after the wash with 50
mM imidazole so it was decided that gel filtration should be used to try and separate
AChEd from the low molecular weight contaminants that remain after Ni affinity

chromatogaphy.

Figure 27shows the chromatogram from the size exclusion chromatography,
fractions 2835 were run on an SEFAGE gel shown figure 28A to assess the
purity of the elutions. Based on this gel, fractions3Bwere concentrated, the
purity of thissample can be seen Figure 28. The Agoindicated that around 2 mg

of AChEd can be recovered from every litre of Shuflte coliin 2YT mediaThe
identity of the bandin figure 2 Amarked by aed arrowwas confirmed as AChE

by in gel digestion and subsequent peptide mass fingerprinting.

Table 8. AChH activity in 10pl of lysate supernatant of each of the ACliEconstructs.

AChEd construct Activity (As12/min/10 pl lysate
supernatani
AChEd-TRX 0.634
AChEd 3.240
AChEd GHis 3.887
AChEd N-His NA
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Figure 26A. (A) SD®AGE analyses of the proteins in the lysate supernatant and the proteins that
were eluted from the Ni column by different buffers. EDTA or imidazole was added to 20 mM
sodium phosphate buffer that contained 100 mM NaCl and pH was adjusted tb (B) ACh#l

activity in 10pl of the samples shown in (A). This experiment was done with successive elutions with

different buffers (10 cv each) on the same 2 ml Ni column loaded with 20 ml lysate supernatant.
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Figure 28 (A) SDSAGE analysis of fractions taken across the major peak seen on size exclusion
chromatography of an ACh# sample after Ni affinity chromatography. (B) SIPAGE analysis of
fractions 2833 from (A) afterconcentration. 10 ug of AChéloaded onto gel. Red arrows mark the
position of AChEl.
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2.4 Dscussion

2.4.1 Refolding.

The two refolding buffers used were exactly the same apart from the concentration
of GdmCI, the two concentrations used were 0.0%iMl 0.5 M. The hope was that
one would produce more soluble and active A@RERX than the other, conditions
could then be slightly altered, and the amount of active AGHIRX measured with
the Ellma® assay to assess the impact of the change in conditam yield. This
process would then be continued until no further gains in AGARX refolding were
seen. The pH, ratio of GSH to GSSH, protein concentration and GdmCI concentration
can all affect the outcome of refolding. Because no activity was seegither
refolding condition, all these factors would need to be screened with no guarantee
that any of them would produce soluble AGHERX. It was for this reason that Ni
affinity purification of the soluble ACHETRX from the lysate supernatant was

attempted.

2.4.2 TRX tag removal.

In order to improve the probability of producing soluble and active ACfiBm the
refolding experiment the TRX tag was removed. It was assumed that removing the
TRX tag would cauge colito produce more insoluble and eas to refold ACh#l.

The hypothesis was that because TRX tags have been shown to increase the yield of
soluble recombinant proteirf97)98), removal of the tag would produce tagher

yield of insoluble ACh& and less soluble ACIiE This was advantageous as only
insoluble material can be used in refolding experiments. It has been shown that a
fusion protein ofDihydrofolate reductasend HRas produced insoluble material
after expression. Attempts to refold the inclusion bodies were unsuccessful.
However, attempts to refold a mixture of the two dused proteins produced
soluble HRas andihydrofolate reductas€99). It was thought that a similar result
could be achieved by removing the TRX tag from AEREX as the TRX tag could be
interfering with the refolding. Interactions between the AGthEnd TRX subunits in

the unfolded state of the fusion protein could prevehe correct fold of each of the
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subunits from forming, so by removing the TRX tag a source of interference in the

refolding proses would be removed.

As Table 8 shows the yield of active A@hig the lysate supernatant increased
fivefold after the remoal of the TRX tag but interestingly, the overall AGhE
SELINB&&A2Y RNRLIWSR (G2 | &@AStR GKIFG O2d# R
lysate pellet or post induction sample by SBSGE analysiEifure 20 whereas the
AChEd-TRX construct had produceal large band in the lysate pellet and post
induction samplesKigure 16. The new ACh#& construct without the TRX tag was
expressed in BLA. colithe activity in the lysate supernatant was 0.383,/min/10

pl of lysate supernatant. When expressed in Shuffle the activity was 3.865
A412/min/10 pl of lysate supernatant. No band at the correct MW could be seen in
the lysate supernatant or pellet after SIPAGE analysis of the BL21 expression of
AChEd (data not shown). In the paper reporting the creation of A@h@B0), wild

type AChEHRX was expressed in ShuBlecdi but no activity was recovered in the
lysate supernatant. This indicated that the combination of Shuffle and the mutations
present in AChi are required to get usable quantities (> 0.5 mg/Eofcolculture)

of cholinesterase.

The increase in solublerotein seen after the TRX tag removal was surprising but
even more surprising was the disappearance of any insoluble -A@¥ttch could
indicates a drop in recombinant protein production or that removal of the TRX tag
allowed the Shufflé€. colito produce a partially folded form of ACkEwhich was
soluble but more susceptible to proteolysis than the insoluble AGMRX. Because

no band was seen in the lysate pellet of the BL21 expression of-A@teEE. coli
dU0NIAY RARY QG y20iAdidolableAChE Prédoc@d FuitferS | Y 2 c
experiments are needed to explain the apparent drop in recombinant protein
expression after the removal of the TRX tag. Unfortunately, the effect of reducing
agents on AChH# activity could not be tested because redugiagents would
interfere with the Ellmans assay by reacting with DTNB. However, it was assumed
that the soluble and active ACitEexpressed by Shuffle had all of its disulphide
bonds correctly oxidised as the cytoplasm of Shufleolwas designed tod more

oxidising than that of BL21
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Other cases of protein tags having a detrimental effect on soluble expression of
certain proteins have been publish¢t00)101) There is published data that shows
TRX tags can increase overaibeession but reduce soluble expression for proteins
over 25 kDa(102) The mechanism behind this remains uncleéhe AChH
construct with an Nlerminal His tag failed tgproduce any soluble protein and no
large band was seen in the lysate pellet. THer@inal variant showed unchanged
expression yields. The AGHHRX construct had the TRX tag at théeininus.
Considering even a comparatively smaltelminal hexa Hisdg prevented the
expression of active ACHE any further addition of residues to the-tdrminus of
AChER 02 dz2 R NBRdzOS GKS SELINBaarzy 2F | OGA
terminal TRX tag would have produced more soluble active protein.

2.4.3 ACh#Hl purification.

The removal of the TRX tag from the A€hdene also removed thdistag, this was

not seen as a problem at the time as an affinity matrix specific for cholinesterases
was commercially available and it had been used successfully to fneié} bovine
AChE from serung103)and human BChE from seru(@04p 2 S OF y Qi 1y 2.
certain whether the batch of procainamid8epharosethat was used in our
experiments was defective, orH. coliproteins happen to have a higher affinity for
procainamide than serum proteins. However theda seems unlikely as such a large
proportion of the totalE. coliproteins bound to the procainamé Sepharosevith a
similar affinity to AChi as illustrated in Figure$, 9 and 101t was decided that a
second batch of procainamide would not be bought due to its high cost of around
£1000/1. It was for this reason that thklis tags were added to AEW. After
optimisation of the Ni affinity and size exclusion chromatography protocols, pure and
active ACh#l could be recoveredt around 2 mg/l of 2YT culture which meant we

could produce enough for kinetic and homonuclear NMR experiments.

This purifiedmaterial was confirmed to be ACliEas it had the correct molecular
weight, catalytic activity and was enriched after Ni affinity purification. The cell lysate
of ShuffleE. colthat had not been transformed with the ACllEgene gave no signal

in the Elinans assay confirming that the signal seen in cell lysate of -AChE
transformed cells was due to the presence of AGhE
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Chapter 3. Isotopic labelling of a designed

Isoform of acetylcholinesterase

3.1 Introduction

3.1.1 NMR background.

H, N and C are the most widely studied elements in biological NMR. This is because
of their abundance in proteins, however, only certain isotopes of these elements can
be used for high resolution NMR due to their spin % nudeb) When a spii
isotope is placed in a magnetic fietdvill either alignwith the field or agast it. It is
more energeticallyfavourablefor the nucleus talignwith the magnetic fieldsoin a
population ofspir¥z nucleithere will be asmallexcess of nuclei aligned with the
magnetic field The magnitude of this excess increases with the stlergjtthe
magnetic fieldIf electromagnetiaadiationis applied at the correct frequendycan
causethe nucleus taotate out of lineto the magnetic field. When the application of
the electromagnetic radiation stopke nucleus wiltotate around the magnetic field

as itreturns to alignment with it. This rotation can induce an alternating electric

charge in a dbwhich is shown in NK spectroscopy as the chemical shift.

Table 9 shows the spin and natural abundance of a selection of isotopes relevant to
NMR.H is a spin ¥z nuclei and has a natural abundance of approximately 99.99%
making it the most intrinsically sensitive nucleus tbserve in protein NMR.
However, its usefulness is limited by its abundance in proteins and its limited
chemical shift range. AChEproduces a spectrum with around 4088 signalstH
signals typically occur in a spectral width of around 13 ppm, becautesathere

will be significanpeakoverlap. This problem is exacerbated for large proteins which
have slower tumbling rates which gives rise to broader sig(i#l§) This causes
detailed interpretation of 1BH spectra to become very difficuttN and'3C are spin

% nuclei, but have naturabundances of 0.36% and 1.11% respectj\aatyg their
gyromagnetic ratios of 10.14 and 6.6’ rad/T/sare smaller than that ofH (26.75
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rad/T/s) (Table 9). If signals from these isotopes are to be observed in an NMR
spectrum within a reasonable timeseaisotopic labelling needs to be done. This is
achieved by growing. colin a minimal media with3C and o#>N compounds being

the sole source of these element$07) This results in uniformly labelled protei

being expressed. If two NMR sensitive nuclei are present in a protein, 2D
heteronuclear spectra can be collected which greatly reduce the complexity of the
spectrum. For instance, if'él, 1N Heteronuclear Single Quantum Coherence (HSQC)
spectrum is caécted, one peak will be observed for evéky bound to at°N (108)
meaning aH, >N HSQC spectrum of AGtEvould contain around 700 signals. The
interpretation of a 2D spectrum is also helped by the reduced peak overlap caused
by the peaks being separated across a plane instead of a single axis. Heteronuclear
Multiple Quantum CoherenceSelective Optimized Hip Angle Short Transient
(HMQGSOFAST) experiments function in a very similar way to HSQC experiments but
they have improved signal to noise at the expense of resolukaure 2@ and 28B

shows the pulse sequences of ttveo different experiments
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Figure 2A\. Pulse sequence of a HSQC experim&9) 28B. Pulse sequence of a HMKGOFAST
experiment(110)

HMQGSOFASTSs Improve speed and the signal to noise ratio by using a shaped pulse
to selectively excite only the amide protons in the protein, the aliphatic aoohatic

protons remain unperturbed by the shaped pulse. The magnetization is efficiently
transferred via dipolar coupling to the unperturbed protons, resulting in the amide
protons having shorter T1 relaxation times. The reduced T1 relaxation time allows a
faster repetition rate of the experiment allowing more scans to be taken in a unit
time compared to a standard HSQC. The drawback of HBIQIEASTSs is that the
homonuclei N in this case) are affected bycdupling to the protons, this is not

seen in HSQC The ~touplings result in the broadening of the detected peaks
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resulting in reduced resolutiofi11) There is also no TROSY effect in HNBQEAST
experiment which also contributes to the broader peaks seen in these experiments
(112) As the yield of protein was lovd.6 mg/l minimal media culture) HMQC

SOFAST experiments were used in this work.

Table 9. Isabpe spin, natural abundance and gyromagnetic ratio of the elements that are

commonly found in proteins or are used to label proteins.

Isotope Spin Natural abundance Gyromagnetic
(%) ratio (10" rad/T/s)

H 1/2 99.99 26.75
’H 1 0.02 4.12

12C 0 98.90 N/A

13C 1/2 1.10 6.73

N 1 99.6 -7.23
5N 1/2 0.365 10.14
19 1/2 100 25.18
3p 1/2 100 10.84

3.1.2 UniformSN vs!3C labelling.

For this work*N labelling was chosen ovéiC partly due to'>N minimal media
costing around £13/I (compared to £170 f8€), and becaus#, >N HMQESOFAST

give one peak for every residue, excluding prolines, the n terminal residue and each
of the sidechain amides adds a pair of pedkis!3C HMQESOFAST produeearger
number of peaks due to all residues containing multipld Bonds. As AChiEhas a

mass of 6517kDa, reducing the complexity of its NMR spectra was a high priority.

3.1.319F labelling.

9F labelling was also attempted, for this to wérkcolivere grown in minimal media
containing a fluorinated precursor of an amino acid. It is more energy efficient for

the E. colito use the'®F labelled precursor to make an amino acid than to make the
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amino acid from raw materials so th€F precursor getsncorporated into the
expressed protein113) For this work fluorinated precursors of tryptophan and
phenylalanine were investigated®F labelling offers the advantage of reduced
spectral complexity a¥F is not naturally occurring in proteins so only the residues
labelled will produce signals. AGHEontains 14 tryptophan and 28 phenylalanine
residues so labelling either of these woutdoduce a greatly simplified NMR
spectrum compared to uniford®N labelling which would produce around 700 peaks.
9F labelled precursors can negatively affect the expression yield of recombinant
proteins, this is most likely caused by the larger eleatgativity of °F atom
compared to the'H it replaces in the precursor. This can interfere with the correct
folding of the protein. The effect of precursors containing tHE in different
positions on the tryptophan or phenylalanine aromatic ring needbdaested to

find the ones that give the highest yield of recombinant protgih4)

3.1.4 Specifié>N labelling.

Specific residues can BéN labelled in a similar way t§F labellingE. coliwere

grown in minimal media containingNH,Cl and*>N labelled amino acids. Tl coli

take up the™™N labelled amino acids angse them to make the recombinantly
expressed protein. All other amino acids are made usiné’thiel/ f a2 R2Yy QG LIN.
NMR signals. The opposite, known adairmelling, can also be done whete colare

grown in minimal media containingNH:Cl and specific residues are unlabelled by

adding amino acids with natural abundance isotopes. This method tiselgc

removes certain residues signals from thé 1°N HMQGSOFAS{115) One of the

downsides of all selective labelling techniques is tBatolican use certain amino

acids as precursors for other amino acids in a process known as scrambling. This can
result in the isotopic label being transferredtoamind A Ra G KF G g SNBy Qi
labelling which increases the background seen in the spectrum. Scrambling can also
result in**N being incorporated in amino acids that were intended tdielabelled

which reduces the signal intensity of the pek&5) Figure 3@ives an overview of

the intensity that each amio acid will scramble to other residues, it shows that Asp,

Dty IyR Dfdz OF y Qi &8 begdbde hOamin@ddus ofthese St f S|

amino acids are transferred to all other amino acid45) Other residues like Met
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and His are very amenable to selectivld labelling as they show no scrambling and
some residues like lle, Leu and Val can only be selectively labelled together as

attempts to selectively label one will cause strong scrambling to the others.

Scrambling intensity
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Figure 30 The degree of°N scrambling irE. colifor each amino acid. A green dot represents no
noticeable scrambling, an orange dot represents mild but not prohibitive scrambling and a red dot
indicates that selective labelling will result in the indicated residue being labelled as well as the

added amno acid. This is an adapted versioneigure 32rom (115)

3.1.5 Deuteration

The HSQC and HMEBOFAST spectra of a protein can be improved by grawing
E. coliand expressing the protein inoO instead of LD minimal media. This results
in the expressed protein having around 70% of its protons replace eititedons

(116) The protein is purified inJ@ buffers as usual which causes the exchangeable
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amide deuterons to be replaced by protons while all rexthangeable deuterons

remain bonded to the protein.

In a nonrdeuterated protein, the protons can transfer magnetization to each other

in a process called spin diffusidridgure 31A), this broadensignals because each of

the magnetisation transfer pathways alter the environment of the protons involved,
resulting in them having a slightly different chemical shift. Normal oscillations in
proteins mean that the different relaxation pathways can affaey given proton to
varying degrees in different protein molecules in the sample. This causes the signal
from the given proton to be spread out over a wider range of chemical shifts resulting
in broader peaks. If the concentration of protons in the proteme reduced by
deuteration figure 31B) then there are less magnetization transfer pathways to
interact with any given proton so the chemical shift range that each proton signal is
spread out over is smaller, resulting in sharper peaks. This impteié3N HMQGC
SOFAST spectra by increasing the signal to noise ratio and resolution. This technique
is particularly valuable when looking at proteins over 30 kDa as the linewidths
increase and the signal to noise ratio decreases with increasing protein rsize. |
addition to this,?H has a lower gyromagnetic ration thaH (Table 9) meaning it
couples more weakly to other nuclei so will have less of an effect on their chemical

shifts which also aids the narrowing of linewid{i47)

A B
H:, - I;l:. ..... '4H n D D D
_f VR “a "‘ ...... » H H D
e :‘.. - :’,4 .. D
H ““H" ..... ~H” D p H D
| I
N N

Figure 31 (A) shows a protonategrotein with all of the magnetization transfer pathways between
protons. (B) Shows a deuterated protein with greatly reduced pathways for magnetization transfer

between protons. An altered version of Figure 2 froth18)
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3.1.6 Aims of the chapter.

Each of the labelling methods have different benefits and limitations. Each of them
was tried and the results were compared to first of all, see ifléeelling method
could be used to produce NMR spectra and secondly, see which one would provide
the best NMR spectra to identify peak shifts after ligand binding and to infer on
structural changes in ACktEafter inhibition with an OP.
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3.2 Materials and methods

3.2.1 Protein expression.

An altered M9 media was used for expressing labelled ACkte components are

shown in Table 10. The compounds were dissolved in®iliater.

Table 10. Composition of altered M9 minimal media used to exgrésotopically labelled proteins.

If the expressed protein was intended to &N labelledNHCI was substituted fof>NHCI.

Compound Final concentration (g/l)
NH,CI 1
NeeHPQ 6.8
KRPQ 3
NaCl 0.5
NaSQ 0.05
EDTA 0.1
CuGw2H0 2x10°
ZnCl 1x104
MnChw 8O | 3.2x10°
CoCGlw €O | 2x10°
Fed 1x103
H:BG 2x10°
MgSQw 3O | 0.25
CaGlw ®O | 0.04
d-Biotin 1x10°
Thiamine 1x108
d-Glucose 4
Ampicillin 0.1

Test growths were carried out in 250 ml conical flasks containing 50 ml of cell culture.
Large growths that were intended to produce protein for NMR experiments were

carried out in2.5 Lbaffled conical flasks containing_bf culture.
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For specific lab&hg with either'>N amino acids, o¥®F amino acid precursors, main
cultures containing*NH:Cl were inoculated at an Qg3 of 0.2 from minimal media
starter cultures and incubated at 3Z with shaking at 180 rpm until @p0.4 was
reached. The temperature was then lowered to°@5until an OBy of 0.6 was
reached. For selectivVéN labelling, 100 mg N labelled leucine and isoleucine was
dissolved in 10 ml of MR water and filter sterilised then added to the cultsrat

a concentration of 100 mg/l. The culture was left for 15 minutes &C2&nd then
induced by the addition of IPTG to a final concentration of 0.45 Fdvit°F labelling,
the °F precursors were added when the culture reached ano©&f 0.6. The
precusors used were fluoroindole, 5fluoroindole, 6fluoroindole, #luoroindole
and 4fluorophenylacetic acidall of which were purchased from Sigklrich
These resulted in -fluorotryptophan, 5fluorotryptophan, 6fluorotryptophan, 7
fluorotryptophan and 4fluorophenyalanine being incorporated into the protein
respectively. Each of the precursors were dissolved in DMSO to a concentration of
12mg/ml and kep at 4°C. Thechosen precursor was added from the DMSO stock to
a final concentration of 60 pg/nih the E. coliculture and left for 15 minutes at 26
before being inducedCultures were incubated overnight atZ5with shaking at 180

rpm.

For unlabelling minimal media was made with all the ingredients in Table 10 using
NHCI and 0.5 g/l of all amino acids apart from leucine, isoleucine, valine,
tryptophan and cysteine. The media was then filter sterilised by passing it through at
0.2 um filter. The meid was pre incubated at 26 and inoculated to an @g3of 0.5

from minimal media starter cultures. The inoculated cultures were then incubated
at 25°C, with shaking at 180 rpm for 30 minutes until the e@dDeached 0.6.
Expression was then induced by thedition of IPTG to 0.45 mM. The cultures were
then returned to the incubator and left to express the recombinant protein

overnight.

For the deuterated sample, all of the compounds in Table 10 were dissolvedin 1
D0 and filter sterilised. Shuffle.coliwas grownin32F H, ¢ YSRALF I
ODyoo of 0.5 and the cultures centrifuged at 4000 g for 20 minutes °&. 4'he

supernatant was discarded and the cell pellet wasuspended in 8minimal media
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to get them back to their original volum#jese cultures were then centrifuged at
4000 g for 20 minutes at°€. The supernatant was discarded, and the pellets were
washed one more time in the same volumesbérile minimal media. The pellets
were then resuspended in LD>O minimal media in 2.5 Lbaffled conical flask. The
flask was placed in a shaking incubator at@%ith shaking at 180 rpm for 45
minutes. Protein production was then induced by the addition of IPTG to a
concentration of 0.45 mM. The flask was then returned to the incubat@sdTwith
shaking at180 rpmand left overnight. This method is an altergdrsion of the

protocol described ir§119)

For all labelhg methods, e cell lyss and protein purificatiorprocedureswere the

same as previously described2r?2.3 and 2.2.4.

3.2.2 NMR experiments.

All samples were run at5?C on a Bruker Avance Il 600 MHz (14.1 TesthpAnel
5-amplifier NMR spectromet with a QGF cryoprobeAll samples were in 20 mM
phosphate buffer (pH 7.3) containing 100 mM NaCl. 5 % (y@)\ias also added to

all samples. Samples were collected in a 5 mm Shigemi tube with a volume of 320 pl.
The noise base level used for all HRAQOFAST spectra wa&8957.7 unless
otherwise stated. All spectra were referenced on the water peak as

tetramethylsilane bound not be added to the sample as it bound to AChE

The 'H 1D experiments used excitation sculpting for water suppresSais8

points, 4 dummy and 16 real scans were collected. The spectral widti&v@242

ppm.

H, 15N HMQGSOFAST experiments ha024 points in the F2'{H) dimension and
100 points in the F1*{N) dimension. 4 dummy and 1888 real scans were collected.
The spectral width wa$4.0279and 36 ppm for F2 and F1 respectivélygaussian
window function with a position of 0.2 was applied to all spectra a?%l line

broadening was used.

The frequency rage that a'°F signal can occat is larger than the bandwidth than

can be collected in a singléF 1D experimentso 4 different!®F 1D spectra were
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collected on the same sampleach of which looked at a different frequency range.

The 4 spectra were gifayed together using Topspins spectra overlay featbeeh

of the 4 spectra had a spectral width of 40.2570 ppm and were collected for 4 dummy
scans and 2560 real scans, 8192 points were collected. The O1P was altered in each
experiment so thaspectra 14 detected a ppm range 6#10--80,-80--120,-120- -

160 and-160- -200ppm respectively

AlINMR data was viewed and processesing Bruker§ opspinsoftware package.
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3.3 Results

3.3.1'H NMR

Figure 3Zhows aH 1D spectrum of AChE There is significant peak overlap caused

by a combination of the large number and broad linewidths of the peaks. This makes

'H 1D spectra of large proteins like A@hé little use in analysing structural changes
ordynamicsint8 LINRPGSAY & OKIFIy3aSa Ay AYRADARdzZ

. |
|

|
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Figure 32'H 1D of ACh# collected for 16 scans and 32K points in the free induction decay (FID) at
op x/ ® ¢KS alYLXS ¢lra Hy xa Ay | p YY {KAISYA (dz

3.3.21%F labelling of ACh&

The reduction in expression of active A@hEBaused by recombinant labelling with
various fluorinated amino acidsinged from 39% caused byfldorophenylalanine

to 98% caused by-Huorotryptophan(Table 11)A drop in the AChH activity in the
lysate spernatant could have indicated either, less A@hEad been produced or,
labelled ACh had been produced but the resulting protein had a changed specific

activity or a mixture of the two. None of these scenarios were desirable-so 4
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fluorophenylalanine wa chosen for further study as it caused the smallest reduction
in AChEd activity in the lysate supernatanAChEd was expressed in 2minimal
media containing 4luorophenyalanine (60 pg/ml). The concentration of the
resulting'®~Phe AChEd sample wag1.8 uM. Thé®F NMR spectrum of this sample
can be seen ifrigure 33no peaks can be seen in the spectrum even though it was

acquired overnight.

5-fluorotryptophan labelling caused the second lowest drop in A€hEivity (91%).

Assuming the ACHhdt lakelled with this precursor had the same specific activity as

the 4-fluorophenylalanine, a 2growth would produce a 3 pM sample which would

not be usable for NMR experiments. Alternatively, if the yield of ACWas higher

it would have had a greatly re@uSR & LISOAFTAO I OGAGAGE AYF
comparable to ACh# without 1°F labelling, therefore any data gained using 4
fluorotryptophan would not be relevant to wild type enzyme. For this reason, it was
decidedthatt®Cc f I 6 Sf t Ay 3 @ BdahaRsihg OP ivhBitiod ozZAGHE o f

Table 11. AChH activities in the lysate supernatant of ShuffEe. coliculture grown with different

fluorinated amino acid residue precursors. A growth with no fluorinated precursor is included for

comparison. Preein expression was induced at an @pof 0.6 in all cultures. All cultures contained

0.5 % DMSO as it was required to ensure the solubilisation of ftrelabelled precursors.

Fluorinated amino acid % of AChHl activity compared ODsooat

residue to unlabelled growth harvest
unlabelled 100 1.89
4-Fluordryptophan 2.2 1.62
5-Fluordryptophan 8.6 1.66
6-Fluordryptophan 5.9 1.82
7-Fluordryptophan 2.1 1.61
4-Fluorophenylalanine 60.9 1.81
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Figure 331°F 1D o#-fluorophenylalanine labelled AChH. Four separate spectra were collected on

the same 21.8 uM sample. Each spectrum was collected for 2560 scans with 8 K points in the FID at

op x/ 3 SFEOK 2F GKS F2dz2NJ aLISOGNI O2mdifeNB®Rreate RAFFSN
this figure. The peaks seen at20,-160 and-200 ppm (marked with *) are artefacts of the signal
FAEGSNAY3I YR R2y Qi NBLINBaSyd NBIt baw aAradaylftaos

3.3.3 UniformN labelling and deuteration.

Figures32 A and B show the santél, >SN HMQGSOFAST spectrum of uniforriti
labelled AChg with the noise base level set to two different values. As expected the
spectrum had very poor resolution due to the large number of peaks and, the broad
nature of those peaks caused by the large size5B2kDa) of AChi. The vast
majority of peaks are so overlapped that attempts to track their movement after
inhibition with an OP would be impossible. HoweWagure 34A shows that the
spectrum contained a number of peaks around the edge which could baosedk
ligand bindingFigure 34B shows several high intensity peaks in the more crowded
central region. The high intensity of these peaks compared to the others in the
spectrum indicates they are the peaks of residues in a particularly mobile refjion o

AChEd, for instance urstructured loops othe Gterminus of the proteinlf they
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were caused by residues on thetéZminal tailthey would not likely be affected by
ligand binding so changes in their chemical shift after inhibition with an Gufdw

not be expected.

Uniform*N labelling was also attempted in conjunction witth labelling, theE. coli
failed to express suitable amounts of active A@hihen grown in BD. Table 12
shows a comparison of the AGHEctivity in the lysate supernatant &. oli grown

in DO minimal media and the standard® minimal media. Even though tle coli
grew to a similar O in DO and HO minimal media, protein expression in
resulted in approximately 10 times less active AGHieing produced. Lof minimal
media produced around®.6 mg of AChl which was enough for roughly NMR
samples. This meant that to make 1 sample of deuterated ACh&L of DO
minimal media would be needed. The cost ofODwas around £350/I from
Cambridge Isotop&aboratories meaning300would need to be spent. The:O
could be used for -3 growths by distilling it after each growth to remove small
molecule impurities, but the ¥ content rises after each distillation meaning the
deuterium content of the recombant protein is reduced for every successive
expression. For these reasons it was decided that producing enough deuterated

AChEd to be used in the project would be too expensive to be practical.
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Figure 34 H, 1N HMQGSOFAST of uniformiN labelled AChEd. Collected for 1888 scans with
1024 points in the'H dimension and 100 points in thé® RAYSyaiaz2y |G op x/ @
concentration was 24 uM. (A) the noise base level was seR8957.7.(B) The same spectrum as

Figure 34A but the noise base kel was set to 194803.4 to simplify the spectrum
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Table 12. Comparison of the AGEactivity in the lysate supernatant oE. coligrown in HO and

D20 minimal media using the protocol in 3.2.1. Both cultures were induced at aro®@ 1.5.

Growth media Activity (As12/min/10 pl ODsoo at harvest
lysate supernatant)
D20 minimal media 0.261 3.2
H.O minimal media 2.427 3.7

3.3.4 Selectivé®N labelling.

Several different methods were used to selectivVély label AChH, first'>N labelled
isoleucine and leucine were added to minimal media cultures. The-A®@ioE this
growth was purified and analysed by NMR to produce the spectrum shofigume

35. Tre AChEI concentration in this sample was 24 uM which would be enough to
get a HMQESOFAST spectrum of a uniforriiy labelled sample, howeveFigure

35 shows that only four signals were detected. A@héontains 12 isoleucines and

52 leucines, these amo acids also scramble strongly to val{ié5)of which here

are 47 so 111 signals were expected. It was thought that aminotransferase could be
partially responsible for the weak signals because it catalyses the transfer of amino
I OA R | YA Y 2-ket8g\iBamdekJdhicli i a precursor for several other amino
acids(115) By doing this aminotransferase essentiallyteis the!°N of the labelled
leucine and isoleucine into other amino acids. It has been previously shown that the
I RRA ( A-@mihoofyacetit acid (an inhibitor of the aminotransferases) to the
culture can increase the signals seen by reducing ‘iz diution caused by
aminotransferas€120) This was attempted but-aminooxyacetic acid seemed to
prevent the growth of theE. coliwhich meant a low yield of active ACHEwvas

obtained as shown in Table 13.
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Figure 35'H >N HMQGSOFAST of AChEspecifically labelled by the addition dfN leucine and
isoleucine to the growth media. The sample concentration was 24 uM, the spectrum was collected
for 1888 scans with 1024 points in thél dimension and 100 points in thENdiY Sy aA 2y |G op X

The noise base level was set 88957.7 (same aBigure 34A and 8).

Un-labelling was studied next, for this experiment Shutflecoliwere grown in
minimal media containing®NHCI. All amino acids were added to the media apart
from lewcine, isoleucine, valineysteineand tryptophan in their unlabelled form.
Table 13 shows that roughly double the active AGhkas produced with this
method than with a standard minimal media growth. The spectrum of the purified

AChEd from this growth$ shown irFigure 36

77



Table 13. Comparison of the AGldEactivity in the lysate supernatants of differently labelled. coli
cultures. All cultures were grown in standard minimal media with the additions specified in the

methods section. All cultures were induced at an &&of 0.6.

Labelling method Activity (As12/min/10 pl ODsooat harvest
lysate supernatant)
None 2.079 1.89
Un-labelling 4.357 5.4
Addition of N lle and Leu 2.264 3.8
Addition of >N lle, Leu anél- 0.007 0.66

aminooxyacetic acid
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Figure 36H 5N HSQESOFAST of AChEwith 1N labelling of leucine, isoleucine, valine, cysteine

and tryptophan residues. This sample was produced with thelabelling method described 3.2.1

and had a concentration of 24 uM. The spectrum was collected for 1888 scans with 1024 points in

the '™H dimersion and 100 points inthés RAYSy aiz2y |4 op x/ ® ¢KS y2Aia
28957.7 (same abigure 34A and33). The Trp side chain amides are circled in red, the Asn and GIn

side chains are circled in green.
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3.4 Dscussion

3.4.1 ACh#d expression in minimal media.

Expressing recombinant proteins in minimal media has been reported to cause a
drop in yield(121) so the reduced expression yiedden in this work (2 mg/l in 2YT
media to 0.6 mg/l in minimal media) was expectedN labelled yeast extract
(product nameCeltone BasePowder (**N, 98%+)can be purchased from Cambridge
Isotope Laboratories which allows for the uniforl®N labelling & recombinant
proteins without a drop in protein yield, but these products cost around £70/ of
culture making it more cost effective to grow larger volumes of minimal media
instead as there is only30% drop in yield and standard minimal media costs adu
£13/1.

3.4.2 Effects of AChiEexpression in D minimal media.

Deuteration of AChid would have greatly improved thsigral to noise and
resolution of spectra obtaine(ll18) Unfortunately, growinde. colin DO has been
shown to reduce overall expression of proteins and increase the doubling time of the
E. coli this is mainly aased by the deuterons being more slowly exchanged than
protons which leads to a slowing of all reactions involving the transfer of protons. To
overcome this thek. colineed to upregulate the expression of proteins associated
with these reactions which imeases the stress on the cells and decreases the
resources that are available for other proces§k®2) It was thought that because
ShuffleE. colare under oxidative stress caused by the mutations needed to produce
the strain (94), that the added stress of deuteration might be to toxic for them.
However monoclonal antibodies @ been successfully deuterated in ShuBlecol
(123) and the Shuffl&. colgrew to similar OBy in O and DO minimal media (3.7

and 3.2 respectively) in this work. This indicates that the difficulty in producing
deuterated ACh#H is protein specifideuteration of norexchangeable protons has
been shown to reduce the stability of protei(t24)Y114)and it has been shown that
deuteration can affect the structure of proteig$25Xp L 1 Qa LI2aaAot S GKI
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of deuteration could be the cause of the reduction of soluble and active AIChE

expression in BD but further work is needed to confirm this.

3.4.3 Effect of°F labelling on ACK&Eexpression.

As Table 13 shows the fluorotryptophans had a much larger effect on the-AChE

activity in the lysate supernatant than fluorophenylalanine, and as all cultures grew

to a similar OBy A G Qa dzyft A1Ste& GKIFIG GKS RAFTFSNByYyO
precursas being toxic to theE. coli The position of thé®F on the indole ring of

tryptophan has previously been shown to affect the yield of labelled protein, this is
because fluorine is more electronegative than the proton it replaces which can
disrupt the carect folding of the protein(126) Therefore several different!°F

precursors were tested.

The level of precursor uptake will also influence the AGHiEtivity in the lysate
supernatant, for instance the -Huorophenylalanine could have a very large
detrimental effect on the folding of ACkEEwhich would lead to a low yield, but if
theE.co®dzLJi I { S 2F GKS LINBOdzNE2NJ A& OSNE LJ22N
d contains 14 tryptophans and 28 phenylalanines so fluorine labelling of
phenylalanine is more likely to interfere with the correct folding of the protein as
more changes have beamroduced. Table 11 shows thgt colcultures grown with

the precursor to 4luorophenylalanine had the highest ACGtHEctivity in its lysate
supernatant so it seems likely that there was a low incorporation of the 4
fluorophenylalanine precursor intthhe protein. No examples of speciti labelling

of phenylalanine using-fluorophenylacetic acids a precursor could be found, but
as phenylacetic acid is a known precursor to phenylalafli@@)it was decided that

the possibility of using itsaa specific label should be investigated.

Figure 33shows the!®F 1D NMR spectrum of thefWiorophenylalanine labelled
AChEd. No peaks can be seen. This could be because there was poor uptake of the
4-fluorophenylanine precursor or the substantial lilgoadening of°F signals
caused by the combination of the chemical shift anisotropy (CSXF¢128)and

large size of AChEE(62517kDa). Mass spectrometry has been used to measure the

incorporation of isotopic labels into recombinantly expressed protelih@wvever,
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getting intact masses of larger proteins comes with significant difficytiz8)which
prohibited the acquisition of mass spectrometry data on AGR&thout a significant
investment of time into optimisation. If ACkEhad been selectively labelled with 4
fluorophenylalaninglwhich seems unlikely) theRigure 33showed that the peaks
produced by the'F labels were too broad to be detected. If the relatively high
activity of 4fluorophenylalanine labelled AChE (Table 11) indicated that the
incorporation of the label had beepoor, then successful fluorination of the Phe
residues would likely result in a substantial drop in AGHEtivity as seen with the
fluorinated Trp residues, especially considering that A€dentains double the
number of Phe residues compared to Tior this reason further investigation of the
AFTE d2NRLIKSy et OSGAO I OAR AYyO2NL1LENXdAz2y ST

time.

The correlation time I Y I FFSOU GKS FY2dzyd 2F LISIF] o
CSAincreasing correlation time leads to less efficient averaging of the CSA which

leads to broader peak§l30) °F has a relatively high CSieaning that it will

LIN2 RdzOS RAFFSNBYyUd OKSYAOIt aKAFia RSLISYR
to the magnetic field, in solution the tumbling of the molecule containing ‘tte

atom will cause these differences to average out but will resulh broader peak

than would be caused by isotropic nud&81) The combination of this with the peak
broadening caused by the fast T2 relaxation rate of A€CHHe to its large size was

expected to cause very broad peaks. Althibtlge acquisition of high resolutiof{F

spectra with good signal to noise ratios was not expected, it was thought'¥Rat

labelling experiments should be tried as they were relatively simple and there was

the possibility that &°F labelled residue woulde in a particularly flexible region of

the protein and would result in a better than expected signal. The probability of
gaining usablé®F AChHl spectra was low, so after the failure of initial attempts to

produce usable quantities of ®#F labelled AGEd it was decided that further

attempts to*°F label AChH would not be made.

3.4.4 Selectivé®N labelling of ACRhH.

Selective®™N labelling of leucine and isoleucine by the additiof°hflabelled amino

acids is known to be problematic due to high levels of scramb{i&®) the 1°N is
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strongly transferred to Val and AlaFigure 30 leading to isotope dilution.
Auxdrophic strains ofE. coli have been developed that prevent scrambling by
deleting genes associated with the production of certain amino adi@8) These

auxotrophs are only commercially available in C43(IEE8pli however, Shuffld.

coliisneededto expressAGRE a2 (GKAa YSUK2R 2F &St SOGACL

anyfurther.

Spectral simplification was the main goal of this work so whilst not ideal, some
scramblingcould be tolerated as it would still result in a spectrum with less peaks
than uniformly >N labelled AChf. It was for this reason that the selectiveN
labelling of leucine and isoleucine was attempted. It was expected that leucine and
isoleucine peaks would have a reduced signal intensity compared to uniféisly
labelled ACHhH and several other residue types would also produce relatively weak
signals. Unfortunately, the scrambling wss severe that thé®N concentration of
each affected residue was too low to be detectedwdis shown in120)that the
addition of the aminotransferase inhibitdr-aminooxyacetic acid could prevent the
scrambling of the'>N isotope on leucine so its addition to the growth media was
tested but resulted in the growth dE. colibeing halted and a negligible amount of
AChEd ectivity being detected in the lysate supernatant (Table 13). In reference
(120) the E. colistrainBL21 (DE3) were used with good results, however, Stiffle
coli are already under considerable oxidative stress and hence may cope less well
with the additional stress of aminotransferase inhibition, resulting in the cessation

of cell growth and no recombinant protein production.

The intention of the udabelling experiment was to simplify the HMGOFAST of
AChEd by removing the peaks from all resgs except leucine, isoleucine, valine,
tryptophan and cysteine. These residues were chosen for a variety of reasons.
Leucine, isoleucine and valine make up 20% of residues ind&hkaving just these

15N labelled would produce a HMEBOFAST spectrumtwilll peaks, it was
thought that this would sufficiently simplify the spectrum whilst still providing
enough peaks to track movement on inhibition of the enzyme with an OP.
Tryptophan was included because of its abundance in the active site gorge of AChE

d where it plays an important role in binding ligands which are then hydrolysed by
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the catalytic triad at the base of the gorg24). The tryptophan sidechain amides

occupy a sparsely populated region of the spectrum frofi @2°N HMQGESOFAST
experiment and are seen in the bottom left hand corner of Fig@resircled in red.

This is an added bonus as it provides extra peaks to analyse whilst not increasing the
complexity of the main body of the spectrum. Cysteine could not beded in the

growth media as it inhibits the production of leucine, isoleucine, valine and threonine

which stops theE. colfrom growing(134) AChEd only contains 6 cysteines so their
inclusionintothe HMQE h C! { ¢ & LISOUNY gl ayQd | YI 22N

Theunf 6 St fAy3 R2Say Qi asSS YFigus 36Kk sidéehaim 2 NJ SR
amide peaks of Asand GIn can be seen as the two clusters of peaks in the top right
corner of the spectrum circled in green. These amino acids were added in the same
concentrations as all the others. It has been shown that the sidechains of Asp and

GIn can be selectively®N labelled by expressing proteins in minimal media
containing all amino acids (including Asp and GIn) #iXit,CI(135) For this reason,

AGQa dzyt A1Ste GKIFIG GKSANI NBY2@Ff FTNRY (K

3.4.5 Conclusions.

Figures32, and34 have the noise base level set to the same value, meaning that only
peaks above an intensity level of 28957.7 are shown in all spectra. When comparing
G0KS aLSOoidN AFigwer36(rN_dashpJalyrésidugKelatelled apart

from lle, leu, Val, Cyand Trp) has a greatly simplified spectrum compareBigure

34 A (uniformly*>N labelled). However, many of the peaks on the peripheBigiire

34 A are lost irFigure 36 Any change in these pegissitionafter inhibition of AChE

d by an OP would be relatively easy to observe as the reduced spectral density
around the perimeter of the spectrum reduces peak overlap. The loss of these peaks
in Figure 3@s a disadvantage of the tlabelling methodHowever,several peaks in

the central region oFigure 3ecomebetter resolved due to wtabelling Figure 34

B is taken from the same spectrumkgure 34A but the noise base level is set higher

to remove more of the spectrum. Compared Fgure 36there are éss peaks
because the less intense peaks were below the higher noise base level but several
peaks remain which show limited overlap so could still be used to track peak shifts.

Although unlabelling did make several new peaks available to study it seemed t
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remove even more viable peaks on the periphery of the spectrum. For this reason,
uniform 1N labelling was chosen as the labelling method to use for studying OP
inhibition of AChEHl.
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Chapter 4. Kinetic analysis ofganophosphate

Inhibition and oxime reactivation.

4.1 Introduction.

4.11 Organophosphate (OP) inhibition of AGhE

A schematic overview of the inhibition of AGthlBy an OP is shown kigure 37the

first step is the reversible binding of the OP tch&@ (Figure 37A). Once bound the
oxygen of the active site serine can form a covalent bond with the phosphorus atom
of the OP which causes the bond between the phosphorus and the leaving group to
break. This leaves the phosphate adduct covalently boonthé active site serine
(Figure 37B) which prevents ACHEfrom catalysing the hydrolysis of ATE8).
Oximes, which have an R=NOH funedilbgroup (R being any other chemigabup)

can be used to remove the phosphate adduct from OP inhibited AICAEe O of

the oxime group forms a covalent bond with the phosphorus atom of the adduct by
a nucleophilic attack reaction, this causes the bond between the phosphorus atom
and the O of tle active site serine to break releasing reactivated ACHBd a

phosphorylated oximé¢141)(Figure 37C).

The phosphate adduct can also undergo spontaneous hydrolysis, this is where a
covalent bond is formed between the phosphate and the O of a water cntde

causing the release of a'lffom the water and the phosphate adduct from AChE
(142)(Figure 3™). The Rgroup is susceptible to hydrolysis as well, this produces a
yS3AFGAPSt e OKI NBSR LK 2idcikdted With loxtrieslzdd (0 K |
R2SayQi dzyRSNH2 &alLlRyildlyS2dza KeRNRfe&ara |
protects it from nucleophilic attackl43)(Figure 37E). The susceptibility of eaChP

to the post inhibition reaction pathways is different, for example ttigemical

warfare agentsoman has an extremely fast ageing Heééf of around 4 minutes

(144) most other OPs have ageing half lives in the range of H{@4&y(146) Tabun

which is awther chemical warfare agen®P is roughly 10 times more resistant to

reactivation by the two most commonly used oximé&gy(re 38 than sarin and VX
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(65) which are #so organophosphorus chemical warfare agent$ehalf-lives of
spontaneous hydrolysis of OP inhibited AChE ranges frqmdQ hours(146)147)
which means spontaneous hydrolysis has little relevance to the toxicity of an OP as
after acute poisoning with an OP death would occur before any significant

spontaneous hydrolysis.

O-P=0 + EOH —— R PO ———— O-P=0 + X
)l( X (©) R1 [ Inhibition )

(E)

H,0

o-E
al |
O-P=0 + EOH O-p=0 + EOH R1—||3:o + ROH + H*
O—N=R R‘l o

{Aging |

[M ( Spontaneous Hydrolysis ]

Figure 37 Schematic diagram of the inhibition of AChE by an OP and the subsequent reactions of
the OP inhibited AChE. E represents the enzymail R represent any other chemical group and

X represents the leaving group of the OP. This Figure is amedteersion of one taken frong58).

Pralidoxime Obidoxime

|
+

|N\ \N,OH HO\N/ |
=

Figure 38 Structures of the two oximes used in this work.

4.1 2 Experimental aims.

The main aims ofthis chapter were to measure kinetic data for the inhibition of
AChEd by several OP§&igure 39 and the subsequent oxime mediated reactivation

of the ORAChEd conjugates using the oximesHhigure 38 This data was intended

to be compared with NMR data on the interaction of OPs with AcCtd=see if OPs
with different kinetic parameters perturbedifferent residues in ACh& This could
suggest that the adducts were causing structural changes in-A@iich could help
explain the differences in the OPs rates of reactivation or determine if association of
the adduct with certain residues had a pective effect against reactivation.

Saturation transfer differencéSTD)NMR was used tary and identify chemical
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groups on OPs that were in particularly close proximity to Adhis information
could be used to infer which chemical groups were impatrtéor binding. The
inhibition rates were collected to see if they correlated with thesdsDof the OPs,

which would mean they had predictive value in assessing the OP toxicity.

The inhibition and reactivation kinetics could only be determined for pestiCQ&s

as the collaborating laboratory at Defence Science and Technology Laboratory were
unable to support the analysis to obtain kinetic data on the chemical warfare agents
covered by this studyThe inhibition and reactivation rates fahemical warfare
agentand pesticide OPs with human AChE had been publigbed Therefore an
additional aim of this work was to compare the reactivation rates of the pesticide
inhibited human AChE in referen@@5)with experimentally determined values using
AChEd. If the ranking of relative reactivation rates for the pesticide OPs was the
samefor human AChE and ACHEhen it would be likely that therganophosphorus

chemical warfare agentsould follow the same trend in both isoforms.

Azamethiphos Fenamiphos Chlorfenvinphos Methamidophos

0

S- |C'=') o Orp! ~0 c'> A
OX(N_/ O \sj@/ o \_ N / o\

O Cl

Figure 39 The OP pesticides used in this work.
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4.2 Methods.

4.21 Determination of AChH stability.

The effect of BSA concentration on the degradation rate of ACWAS tested. For
this experiment five different 100 pl samples of 100 nM A@hkere made with
varying BSA concentrations. The BSA concentrations wefe1,00.2, 0.3 and 0.4
mg/ml. These were left at room temperature for one hour, every 10 minutes 10 pl
of each sample was taken and used to determine the rate of AlChtediated

breakdown of ATCh according2d.5

4.2 2 Determination of OP inhibition rates and affinities for A@hE

Stock solutions of 50 mM OP were made up in methanol just before use and kept on
ice, these were then used to make stock solutions 10 X the concentration that was
needed in the assay (Tablé)1A stock solution of 1 uM AGHENd 1mg/ml BSA was
made in phosphate buffef20 mM sodium phosphate, 100 mM NacCl, pH adg

kept on ice. Samples for measuring the rate of inhibition were made by adding 10 pl
of the AChEI/BSA stock solution to 80 df phosphate buffer,10 pl of the
appropriate 10 X OP stock solutions was then added. Periodically 10 pl of the sample
was taken for rate determination according 202.5 This was done after 1, 2 and 3
minutes for methamidophosand 2, 4 and 6 minutes fofenamiphos. A rate
determination assay can be done every 1 min. (21 s for the experiment to run and
the rest of the time is used pipetting and changing cuvettes), azamethiphos and
chlorfenvinphos inhibited AChtErapidly meaning in their inhibition assasemples
needed to be taken after 10, 20 and 30 and 20, 40 and 60 seconds of incubation
respectively, because the activity can only be taken once every minute one sample
could not be used for all measurements, so separate samples were made for each

time pont. This was done for each of the OP concentrations in triplicate.
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Table 14. The concentration of each OP used in assays to determine the inhibition potencies and

Kas for each OP.

[Azamethiphos] [Methamidophos] | [Fenamiphos]| [Chlorfenvinplos]
(mM) (mM) (mM) (mM)
0.05 2 0.1 0.1
0.1 4 0.25 0.2
0.15 6 0.5 0.3
0.2 8 0.75 0.4
0.3 10 1 0.5
0.4 12 1.5 0.75
14 3

The rate of inhibition was measured and the natural logarithm derived, these were
then plotted against incubation time and fitted to a straigime using Excel, and this
was repeated for each OP concentration. The slope of the straight line gave the
pseu® FANRG 2 NRS NI4gYbr thé reabdtibry ol thel OP ivith AChE Iin
reference (149) the oxime inducedeactivation of OP inhibited human AChE was
shown to follow Michalidvlenten kinetics which lead them to derive the altered
MichalisMenten equation given iEquation 2 The reaction scheme for OP inhibition
is identical to the oxime induced reactivatiofigure 40A and B) meaning the
MichalisMentenequation can be used to approximate the kinetics for OP inhibition.
The Michalisa Sy 4 Sy Sljdzt GA2y gl a FAG G2 LI 204
the nonlinear regression tool in th&aleidaGraplsoftware package. This allowed
values for kand kK to be determined.

q Nz ¢ QA Q

0 € WwQaQ

Equation 2 MicaelisMenten equation with parameters named according to referen¢@5). Kobsis

the observed rate of reaction, ks the maximal rate of reaction andd{s the dissociation constant.

The derivation of this equation can be found in referencg$0)and (65).
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(A) K
E + OPXx =—2

‘EOP + OX _Kd. EOPOX K, E + OPOX

EOPx —» EOP + x

Figure 40 Reaction scheme for OP inhibition of AGHEA) and oximemediated reactivation of OP

inhibited AChEd (B). E represents AChE OPx the organophosphate with the leaving group (x)

attached, EOPx the reversible complex between the OP and enzyme, EOP the phosphorylated

enzyme and x the leaving group of the OP. @)xnesents the oxime, EOPOX the reversible complex

between the phosphorylated enzymand the oxime. OPOXepresentsthe phosphorylated oxime.

Ka is the concentration of either OP or oxime that give 50% maximum rate of reaction atisl the

rate of reactions KSy G KS O2y OSYy (NI GA2y 2F ht 2N 2EAYS I LILIN

4.2 3 Determination of OP stability.

Samples of &h of the four OPs iRigure 39vere made at a concentration of 0.5

mM in phosphate buffer(20 mM sodium phosphate, 100 mM NaCl, pH 7.4)
containing 5% deuterated methanol, the final sample volume was 600 pl and all
samples were in 5 mm NMR tubes. The IconNMR mode of the TOPSPIN software
package was used to automate the periodic collectiofArbfLD spectra for each of
these samples. It tookO minutes to collect a spectrum @il the samples (10 min

per sample), after this the process was repeated so a spectrum of each sample was

collected every 40 minutes, this process was continued for 20 hours.

The'H 1D NMR experimentssed excitation sulpting for water suppressin, 32768
points, 4 dummy and #eal scans were collected. Thpectral width was 16.0242

LILIY |yR GKS GSYLISNI GdzNBE 61 & Hpx/ ®

The decrease in signal intensity of the OPs relative to the methanol signal was used

to assess the breaown of the OPs.

4.2 4 Reactivation of OP inhibited ACHE

To produce OP inhibited AGkEa 400 pl sample containing 5 uM A&@hH mM OP
and 5% methanol was made in phosphate buff2d mM sodium phosphate, 100
mM NaCl, pH 7.4and then, incubated ataom temperature for 30 minutes after

which its AChHe activity was measured using methods describe@.th5to make
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sureover95% of the AChH# activity had been lost. Unreacted OP was removed from
the sample by passing in through a 2 miRDdesalt column (GE healthcare) which
had been washed and pre equilibrated with phosphate buffer according to
Y ydzF I OG dzNB NIAfler theyGPiintibaodi ACREY sardple had passed
through the column its protein concentration was assesseddymeasurement, it

was then diluted in phosphate buffer to 1 uM and BSA was added to a concentration
of 1 mg/ml, this stock solution was kept ace. Appropriately concentrated stock
solutions of oximes were made in phosphate buffer and kept on ice. Around 4 to 5
test samples were made containing 100 nM-@@hEd conjugate, 0.1 mg/ml BSA
and varying concentration of oxime and periodically checked\ChEd activity, this

was done do determine the range of oxime concentrations necessary to achieve a
saturation curve and the incubation time that would allow a detectable amount of
AChEd to be reactivated but not so much that all samples showed cotaple

reactivation of AChH.

The oxime concentrations used to get saturation curves for oxime reactivation
experiments were 01400 pM in 10QuM increments for all experiments apart from
the obidoxime reactivation of chlorfenvinphos inhibited A@hBn that experiment

the obidoxime concentrations were-03.9 mM in 0.3 mM increments. The rate of
ATCh breakdown by AGkEwvas measured at each oxime concentration after the
pre-determined incubation time. These rates were then converted into the observed
rate constant (kns) usingEquation 3 The ks values were plotted against oxime
concentration and thenon-linear regression tool in thdaleidaGraplsoftware

packagewas used to fiEquation 2o the data so kr andd<ould be determined.

’ LI
3\

5 W 0O
0 8ooT[ wQ

0]
Equation 3 Used to convert the rate of reaction into the pseudo first order observed rate content
(kobs). VO is the rate of uninhibited ACh#&, Vt is the rate of an OfAChEd conjugate at time t in the
incubation with an oxime and Vi is theate of ORAChEd conjugate before incubation with an

oxime. Thederivation of this equation can be found ireferences (65)and (150)
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4.25 Measurement of oxime IC50s.

Stock solutions of each oxime were made in phosphate by#ér mM sodium
phosphate, 100 mM NaCl, pH 7.#)e oxime concentrations of these stock solutions
(in mM) were, 1000, 750, 500, 300, 200, 100, 50, 10, 5 and 1. A sthaion
containing 100 nM ACh&and 0.1 mg/ml BSA was made, this was kept on ice until
needed along with the oxime stock solutions. Cuvettes containing 980 pl Ellmans
buffer, 10 pl of the appropriate oxime stock and 10 ul of the AGEESA stock were
made. The AChH activity of these samples was obtained using the metho@s2rb

Three rate measurements were obtained for each oxime concentration. The oximes
reacted with ATCh so the rate of oxime mediated breakdown of ATCh at each oxime
concentration vas measured by adding 10 pl of the appropriate oxime stock solution
and 10 pl phosphate buffer to 980 pl of Ellmans buffer then measuring the rate of
reaction using the same method as the samples containing AICFEe rate of oxime
mediated breakdown of ACh was subtracted from the rate of reaction obtained
from the sample containing ACitEand the corresponding concentration of oxime.
The data was fitted to logarithmic equations using Excel which allowed the oxime

concentration that gave 50% inhibition be calculated.
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4.3 Results

4.3.1 Stabilisation of AChE

Dilute samples of AChE have been shown to be unstable at room temperature, this
instability could be overcome by increasing the concentration of AChE in the sample
(15)). It was investigated weather BSA could also be used to prevent the breakdown
of AChEd, the results of this are given Figure 41 The AChid sample containing

no BSA lost roughly half of its activity over the hour long period it was observed and
all samples containing BSA showed no significant drop in activity. All kinetic

experiments from this point on included 0.1 mg/ml of BSA to prevent degradation of

AChEd, the lowest tested BSA concentration was chosen to minimise the chance of

it affecting thekinetic assays by binding to the substrates, inhibitors or oximes.

[BSA] (mg/ml)¢ 0 m0.1 A0.2 <0.3x0.4
1
~ 09 .
3 X
S 0.8 & A it B X X
I [ | =
g°°s .
é 0.7
3 ¢ ¢
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Figure 41 Activity of 100 nM samples of AChEcontaining varying concentrations of BSA over 1

hour at room temperature. n=1.

4.3.2 Organophosphate inhibition of AGHE

Themaximum inhibition rate (# and K of the four OP insecticides shownkigure

39 were measured using the methods described in2l.Zhe graphs of the pseudo
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FANBRG 2NRSNI NI GS O2ya idby éach®dith® OPsE2 shbwin K S
in Figue 42 these were used to calculate thednd k for each inhibitor. The errors

on the measurements of azamethiphdsdure 427) were relatively large compared

to the other OPs, this was because azamethiphos inhibited AGl& very fast rate
meaning mly small amounts of the detectable product of the Ellmans assay could be
generated resulting in the inherent noise of the assay being a more significant

portion of the measured value.
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Figure 42 The pseudo first order rate constants afy KA 0 AGA2Y 061 Q0 LX 2G4 SR
for azemethiaphos (A), fenamiphos (B), methamidophos (C) and Chlorfenvinphos (D). Each data

point was the mean of three measurements and the error bars represent the standard deviation.
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precipitate at 400 uM meaning th@ateauseen inFigure 42D is due to the reaction
buffer being saturated with chlorfenvinphos. However, fréfigure 42it can be
determined that at an OP conceation of 100 uM chlorfenvinphos had the second
KAIKSad 1Q IyR 4G onn xa AG KIFER I 1Q
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saturation point of methamidaphos and fenamiphos indicating it hadarger than

both of these OPs.

Table 15. The kand ki values for each of the OP used to inhibit AGHE Chlorfenvinphos
precipitated out of solution at 400 uM which was not high enough for it to saturate A@hgo k
and ki could not be calculated. The errors were calculated by the KaleidaGraph softwar&gupe
The Lo values were measured on rats with the OP being administered orally and were taken from

the references indicated next to the Lsbvalue.

OopP Kr () Ka (M) LDso (Mg/kg)
Azamethiphos 0.186 £ 0.012| 123.27 £21.69| 1180(152)
Fenamiphos 0.008 £ 0.001| 726.02 +141.43  8.1(153)
Methamidophos 0.031 £ 0.003| 6792.5+1369.4 30(154)
Chlorfenvinphos N/A N/A 23(155)

4.3.3 Measurement of OP stability.

It was thought that the degradation rate of the OPs could be affecting their inhibition
rates, to test this, 0.5 mM samples of each of the OPs were made in phosphate buffer
(20 mM sodium phosphate, 100 mM NaCl, pH &djtaining 5% deuterated
methanol.'H 1D NMR spectra were collected of each of these samples every 40
minutes for 20 hours and the reduction in peak intensity was used to assess the
breakdown of the OPs. Methamidophos was the only OP that showed noticeable

degradation (25% over 20 hours) ovee measured timeRigure 43.
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Figure 43 Thereduction in signal intensityof each OP over a 20 hour period

4.3.4 Oxime mediated reactivation of OP inhibited AGhE

The two oximes shown iRigure 38vere tested for their ability to reactivate AChE
d which had been inhibited by the OPs showikrigure 39 Samples of OP inhibited
AChEd (100 nM) were incubated with varying concentrations of the chosen oxime
for a predetermined period of time. Followingcubation with oxime, 10 pl of the
sample was added to 990 ul Ellmans buffer and the AC&é&livity measured. The
AChEd activity was then plotted against oxime concentration to produce the graphs

shown inFigure 44

The nonlinear regression functionfdhe KaleidaGraplsoftware package was used
to fit Equation 2to the graphs irFigure 44 This allowed values for &nd Kk to be
determined. k gave the rate of reactivation at a saturating concentration of oxime
and kg gave the concentration of oxime &b produced 50% of the maximum
reactivation rate so represented the affinity of the oxime for the OP inhibited AChE
d. The values ofiland K for each of the OP oxime pairs are given in Table 16 and
shown graphically ikigure 45 Obidoxime showed a fasteate of reactivation than

pralidoxime for all tested OP§&ifure 45A). Methamidaphos had the fastest fior
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both oximes (0.771 min for pralidoxime and 0.995 min for obidoxime), thalkes
for the other OPs ranged between 0.091.034 min for pralideime and 0.00%
0.052 min for obidoxime. TheKalues showed that obidoxime was a weaker binder
for all ORPAChEd conjugates apart from methamidaphoBigure 45B) and that
obidoxime had a surprisingly low affinity for chlorfenvinfos inhibited A@HEe Ky

was roughly four times higher than that of the other-BEhEd conjugates.
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Figure 44 Reactivation rates (§s) of pralidoxime (blue) and obidoxime (red) for AClEnhibited
by each of the four OP pesticides. Graphs (A), (B), (c) and (D) are for-AGhibited by
azamethiphos, fenamiphos, methamidaphos and chlorfenvinphos respectively. All data is the mean

of two repeats and error bars represent the standard deviation.
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Table 16. The reactivation rates fkand dissociation constants {Kfor two oximesand AChEd

inhibited with different OP insecticides. Data is a mean of two repeats, the standard deviatson

given as the errors.

Pralidoxime Obidoxime
OPused to kr (Min) Kd (LM) kr (Min) Ka (UM)
inhibit AChEd
Azamethiphos | 0.034 +0.001| 271.37+41.28 | 0.049+0.003| 512.80+86.46

Fenamiphos

0.001+0.000

298.61+42.29

0.005+0.000

471.07+£72.05

Methamidaphos

0.771+0.030

714.00+60.58

0.996+0.072

619.29+104.35

0.007+0.000

232.68+31.43

0.025+0.001

1938.90+

Chlorfenvinphos
222.00

The size of the phosphate aduct that inhibits A@hias thought to have an effect

on the reactivatability of the ORChEd conjugate, for this reason the size of the
phosphate aduct was estimated for each of the four OPs. The atomic radi were taken
from reference(156)and Equation 4vas used to calculate the atomic volume (Table
17). The size of the phosphate aducts were estimated by gdtigether the
volumes of all the nuclei they contained (Table 18). The estimated molecular
volumes are likely to be considerable overestimates because all atoms are asumed
to have no overlaping sections) reality the chemical bonds between atoms will
cause significant overlap between atoms. However, for the purpose of comparing
the size of the phosphate aducts to their reactivation rates the total volume of the

I RdzOG AayQd LI NIOAOdzZ F NI & AYLR2NIFyd | a

meaning themolecular volume estimates will be comparable to each other.

Interestingly the larger phosphate aducts had slower reactivation rateBighse 46

A shows the relationship was aproximatly linear for azamethiphos, chlorfenvinphos
and fenamiphos but the @ctivation rate of methamidophos was too fast to fit the
trend of the other three OPs. TheXof the oximes for the GRChEd conjugates

showed no obvious correlation with the size of the phosphate addtigu¢e 4@B).
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(A) Reactivation rates of oximes for OP inhibited
AChE-d
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(B) Dissociation constant of oximes for OP inhibited
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Figure 45 Graphical representadn of the k (A) and I (B) values for the reactivation of OP inhibited
AChEd by pralidoxime and obidoxime.

Equation4p / I £ OdzAf  1Sa GKS @2ftdzyS 2F | &LKSNBO +

99



Table 17. The atomic radi of several different elements found in OPs. The values of atomic radii

were taken from referencg156) the volumes were calculated usingquation 4

Element Radius (pm) Volume (nn¥)
H 25 65
C 70 1400
N 65 1200
@) 60 900
P 100 4200

Table 18. Estimate of the size of the phosphate adduct left bound to AGlefer inhibition with
each OP.

OP name Chemical formula of | Estimated volume
adduct (nmd)
Fenamiphos O:PHNG 15045
Chlorfenvinphos OsPHG 13150
Azamethiphos OsPHG 12890
Methamidaphos O.PHNC 8925
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(A) k. vs OP adduct volume
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Figure 46 (A) The oxime mediated reactivation rates of AGtiEnhibited by four different OPs
plotted against an estimate of the molecular volume of the phosphate groups left by the OPs after
inhibition. (B) The Ks of the oximes for each of the GRChEd conjugates plotted against the

estimated volume of phosphate adducts.

4.3.5 Oximg inhibition of AChigl.

The AChH activity wasmeasured in the presence of different concentrations of

each of the oximes iRigure 38this was done to obtain $&values for the oximes as

AChEd inhibitors. As shown iRigure 47and Table 19 the k& of the oximes were
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very similar (pralidoxime 630.39 + 131.94 and obidoxime 691.00 £+ 49.51) and the

SNNRENE 2F GKS

difference in their inhibitory potencies.
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Figure 47 Thepercentage of total ACh activity in the presence of different concentrations of

obidoxime and pralidoxime. The error bars represent the standard deviation of three

measurements. The logarithmic equations fitted to each data set are shown in the corredjmg

colours.

Table 19. The Kgvalues of obidoxime and pralidoxime for AChE Values are the mean of three

experiments and the errors are the standard deviation.

Oxime 1Gso (LM)
Pralidoxime 630.9+131.94
Obidoxime 691.00 + 49.51
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4.4 Discussion.

4.4.1 Organophosphate inhibition rate and affinity as an indicator of toxicity.

Table 15 contains ther,kks and L3 values for each of the OPs kigure 39
Azamethiphos was the least toxic 6bDf 1180 mg/kg) but had the highest(®.186

+ 0.012s) meaning it was the most inhibitory OP. Fenamiphos which was the most
toxic (L0 8.1 mg/kg) but had a-R3 times smaller than azamethiphos, this indicated
that k- was a poor indicator of the toxigitof an OP as a highRA Ry Qi Ay RA Ol {
an OP would be toxic. Thes Klso proved to be a poor indicator of toxicity,
azamethiphos had the lowest value (123.27 + 2uBD indicating it had the highest
affinity for AChEd, fenamiphos and methamidophdsd ks 6 and 55 times higher
respectively but their Lfgs were 146 and 39 times lower. The discrepancy between
the efficacy of the OPs as AGthinhibiters and their toxicity could be caused by the
fact that the LIscs were obtained using rats, and as dissed in section 1.3.3, AGhE

d and rat AChE have 83% sequence similarity. The differing 17% could cause the two
AChE isoforms to have different susceptibilities to OP inhibition meaning that if the
in-vitro kinetic experiments were repeated with rat ACHEe tinhibitory kinetics
would show a closer correlation with the doDvalues. In section 1.2.1 it was
demonstrated that the most toxic insecticide of a selection of OPs and carbamates
varied between two different species of insects. vitro experiments hag also
shown disopropylfluorophosphates (DFP) to inhibit human AChE 4 times faster than
it does rat AChE. The same study also showed tiitbphenyl cyclohexyl
methylphosphonatenhibited rat AChE 2 times faster than hum@5s7) The species
differences could explain the discrepancy between inhibition kinetics asgllLbD
these experiments would need to be repeated with rat AChE to investigate this

further.

A second possible explanation for the poor correlation between OP inhibition and
toxicity is biological detoxification of the OP. An OP with a high inhibitionwdke

have a low toxicity if it is rapidly broken downvitro. House flies were reported to
have developed resistance to azamethiphos by upregulating OP degrading enzymes

such as glutathione S transferase (GST) and cytochrome @%8)so in vivo
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breakdown of OPs clearly has a significant effect on the toxicity of OPs and it is not
unreasonable to hypothesize that different OPs could have different susceptibilities
to the enzymes involved in their detoxificatiolh would be interesting to geh vitro

data on the breakdown rates of different OPs by the main detoxifying enzymes (GST,
cytochrome P450, paraoxonase and phosphotriesterase) and see if these values help

to predict the toxicity of OPs.

In an attempt tomake the datacollectedin this project comparable witpreviously
published dataon the inhibition and reactivation rates of chemical warfare agent

OPsall data was analysed usitige methods published in referenc€s50)and (65).

4.4.2 OP degradation rate.

The only OP which degraded by a noticeable amount over the 20 hour time period
measured was methamidophos. It took 2 hours for the sample to degrade by roughly

o2 YR a adt201a 2F GKAa ht ¢gSNByQid 1 SLI
methamidapha would have had a negligible effect on the results of the inhibition

assay.

It was thought that the stability of the OPs could also have an effect on theis.LD
Depending on the OP and the dose ingested, the symptoms of poisoning can
manifest after segral minutes to several hourd59)and asFigure 43showed all

OPs except methamidophos were stable for 20 hourenEwough methamidophos

was the least stable it had only degraded by 30% after the 20 hour incubation at
room temperature and physiological pH which would leave a large window of time
for it to inhibit AChE in an organism before Hoiological breakdown cssed a

significant reduction in its physiological concentration.

4.4.3 OP susceptibility to oxime reactivation.

It was interesting that for all tested OPs obidoxime had a faster reactivation rate than
pralidoxime but showed a reduced affinity (apart fromth methamidophos
inhibited AChEg). This indicated that obidoxime must have been more reactive
towards the phosphate adduct of OP inhibited A&€htBan pralidoxime. A previous

study showed obidoxime to be a faster reactivator of wild type human ACH#tethi
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by the same OP adducts as the ones used in this g&&jyhowever, obidoxime was
shown to bind tighter than pralidoxime to all dRumanAChE conjugates apdrom
methamidophos. Interestingly the opposite result was obtained using ACHEhe
reactivation experiments in referen¢é5)were carried out at 37C, this wouldave
contributed to the differences seen in the values obtained foakd k but the
change in values should have been consistent for eact\CHEdD conjugate, this
was not the case. Referen(@5)used human red blood cell ghosts as the source of
AChE which had a 10% difference in sequence identity compared tcdAJhEse
differences caused a change in the catalytic rate of AC{#D)so it is possible that
they would also change the affinity of the enzyme for the two oximes. The use of red
blood cell ghsts also meant that membranes were present in all stages of the
protocol, and to overcome the degradation of AChE at low protein concentrations
the red blood cell ghosts weressispended in human plasma that had been treated
with soman to remove BChE agty and then dialysed to remove excess soman. The
lipids and plasma proteins present in the OP inhibiteshan AChE sample could
have interacted with the oximes which is another possible contribution to the
differences seen in the reactivation rates. T@elfferences meant that NMR data
collected onorganophosphorus chemical warfare agenmiteractions with AChH
could not be compared to the kinetic data in referer(6&) because the differences

in the two AChE isoforms would likely cause AG@h&have an altered ranking of k
and Kk values for the ORhemical warfare agestthan human AChE. This would
mean that any changeschemical warfare ager®P caused in thEMR spectrum of

AChEd could not be related to reactivation rate as this data was not available.

The data for the reactivation of chlorfenvinphos inhibited A@hBy obidoxime
(Figure 4D) is interesting as it gave adf around 1.9 mM, the other OPsdh&gs in

the range of 25@ 750 pM. A new sample of chlorfenvinphos inhibited Adhias
made and its reactivation by obidoxime was retested using the same methods as
before, the K obtained in this repeat was around 1.5 mM. Although the repeat
produced asmaller K it was still larger than would be expected based on the &€

other OPs. With the exception of chlorfenvinphos, all the #r pralidoxime and

obidoxime were within 300 uM when tested against the same OP. Chlorfenvinphos
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showed adifference of over a mM in the ¢K for the two oximes. At the
concentrations used in this assay the obidoxime induced hydrolysis of ATCh was
insignificant so after accounting for it the ¥alues were unchanged. Spontaneous
hydrolyses of the phosphate adduwas unlikely to be the cause as the df
pralidoxime for chlorfenvinphos inhibited AGHEw~ould also have been high, in

reality it was 233 uM.

Figure 46A showed that the size of the phosphate adduct that was left covalently

bound to the active site foAChEd after inhibition by an OP was a relatively good
indicator of how susceptible it would be to reactivation. Unsurprisingly the size of
0KS FRRdzOG RARY QG FLIWISEFEN G2 0SS (GKS 2yf
relationship between size and readiion rate was not linear for all OPs but the

trend did show that smaller adducts were reactivated faster. This trend was not seen

when plotting K against phosphate adduct size which meant based on this data the

size of the adduct had no predictive valoe the affinity of oximes for OP inhibited

AChEd.

Only four OPs and two oximes were used in this work which was a small data set, this
meant that more OPs and oximes needed to be tested to confirm these results. It
would also be interesting to test OP ma pairs with a wider range of reactivation
rates, ks and molecular volumes than those presented in this data set. This would
allow the relationship between reactivation kinetics and adduct size to be more
accurately determined and help to identify if arglationships does exist between

Ko/kr and adduct size.

4.4.4 Inhibition potency of the oximes.

Based on pralidoxime having a loweth&an obidoxime for all ORChEd conjugates
apart from methamidophos, it was assumed that pralidoxime would havevarlo
IGo for AChEd than obidoxime. However, dsigure 47and Table 19 show, the

difference between the I§g values for the oximes ware not statistically significant.

For an oxime to reactivate OP inhibited A&hiEwould likely need a certain affinity
for AChEd but, as this work showed, two oximes with the same affinity for AChE

had different reactivation kinetics for each OP. So the affinity of an oxime for-AChE
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d is unlikely to be a good indicator of usefulness of an oxime as a countermeasure to

OPpoisoning.
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Chapter 5. NMR investigation of the inhibition of

a designed isoform of acetylcholinesterase by

organophosphates.

5.1 Introduction.

5.1.1 Background to Saturation Transfer Difference (STD) NMR.

STD NMR was developed by Moriz Mayer and Bernd Meyer in (1829 the
technique was developed to allow the detection of small molecules binding to larger
proteins usig the small molecule signal as the reporter. The experiments utilised
shaped pulses to specifically excite small (around 1 ppm) regions of the sfi&tja
These shaped pulses saturate the resonances that theyneianing that the energy
difference between the high and low energy spin states is equal{$é&) and
because NMR relies on this small difference in the energy levels of spin states to

detect a signaf163) saturation results in the signal becoming undetectable.

The premise of the experiment was that two 1D spectra would be collected of a
protein ligand sample, one spectrum would have the shaped pulse set far away from
any protein or lgand resonances (aroun80 ppm), this would result in a standard

1D spectrum and was referred to as the off resonance spectrum. The second
ALISOGNHzY 2NJ a2y NBaz2ylyoOS aLISOGNMHzYe o1 &
region of the spectrum that would exeitprotein resonances but not the ligand
resonances. A chemical shift between 0 aBdppm was usually chosen for the on
resonance experimen{164) The fact that this ppm range was only sparsely
populated by protein resonances was not a problem because the saturation that the
shaped pule imparts on the protein resonances it excites quickly d#fus all
protein resonances, so as long as even a small part of the protein was excites with
the pulse the whole protein became saturated, this happens more efficiently for
larger proteins(165) If the ligand were to bind to the protein that had been

saturated, some athe proteins saturation would be transferred to the bound ligand.
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This would result in the ligand peaks having a lower intensity in the on resonance
spectrum. The off resonance spectrum is then subtracted from the on resonance
spectrum to produce the dififence spectrum, so in theory, only the resonances of
the bound ligand will be present in the difference spectr(ir6)although artefacts

and false positives can occligure 48jives a cartoon representatiorf this.

STD experiments are sensitive to binders Within the range of 16 ¢ 108 M (160)
During the saturation time of the experiment ligands need to bind to ghatein,
receive a transfer of saturation and then diffuse off the protein so another ligand can
bind. Only the free ligand is detected as the bound ligand will produce very broad
signals as it adopts the long correlation time of the proteialiound ta If the ligand
binds too tightly then the rate at which it diffuses off the protein will be very slow so
ySg tAIFYyRa OFlyQl o0AYR G2 GKS LINRGSAY
in the population of partially saturated ligand being low sodmop in signal in the

on resonance spectrum is seen. If the binding is too weak the amount of ligand that
binds and receive a saturation transfer is low so again, no drop in signal is seen in the
on resonance spectruifl67) Despite STDs limitatis in the direct detection of tight
binding ligands, a method does exist that uses the displacement of a ligand with an
STD observable affinity by a much tighter binder to be detected. This works by
measuring the drop in the signal of the weaker ligandhi& difference spectrum
when the tighter binder is added. By using this method the affinities of different
ligands can be ranked 68)
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Figure 48 Cartoon representation of an STD experiment. A binding ligan@jsesented in blue and

a nonbinding ligand in red. The peaks with the largest intensity in the difference spectrum were in
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resonance spectrum.

Another useful proprty of STD experiments is that nuclei that are in close proximity

to the protein show a larger STD effect than the more distant nuclei. This can be used

in conjunction with protein observe experiments to determine the orientation of the

ligand in the actie site(169)

5.1.2 2D NMR experiments in ligand binding studies.

The use of chemical shift perturbation in 2D NMR experimettis TN HMQEC
SOFAST foxample) has been extensively reporté€ld/0Y171)172) The premise is
that a 2D spectrum of isotopically labelled protein is collected, ligand can then be
titrated into the sample. If the ligand binds, the residues in close proximity to it will

be in an altered chemical environmentsigdting in their peaks being located at a
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different chemical shift. This technique can be used for a range of different
applications such as determining thed{ a ligand for a proteifl73) If the 2D NMR
spectra of the protein is assigned and a structure of the protein has been determined
then the binding site of the ligand can be determined by mapping the peak shifts
onto the structure, this process can also be used to detect conformatraige if

the residues whose peaks move are in different parts of the profgéift¥) The
benefit of protein observe methodss that aproteins response to the binding of the
ligand can be studied at atomic resolution. The downsides include information on
how the ligand is effected by binding is not obtained, the need for isotopically
labelled protein, loag acquisition times of 2D experiments, proteins over 30 kDa
becomes difficult due to the crowded spectra of broad peaks and if detailed
information on the structural changes in the protein is required, a large investment

of time is needed to assign the gles to the each residud 75)

Tight and week binding ligands can have different effectshe peaks observed in
the NMR spectraWeek binding ligands wilesult in fast chemical shift exchange
This means that as the concentration of ligand is increaseéffieeted peaks of the
protein will migrate from the unbound position to the bound position in a dose
dependent manner. When saturation is achieved the peakresfiain in the same
position When a tight binohg ligand is usethe system is in slow exchange amib
peaks will be preserfor each of the effected protein residugsne for unbound and
one for bound. As the concentration of the ligand is incregbeduinbound peak will
reduce in intensity and the intensity of the bound peak will increaSgure49
displays this point graphicall@Ps are covalent inhibiters gall be in slow exchange,
however AChEd was incubated withOPs for a long enough time that the vast
majority of the sample was inhibited so only one peak is present for each of the
effected ACh#l residues.
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Figure 49. gaphic representation of the different chemical exchange regimes. This Figure is an

altered version of one found irf176)

5.1.3 Use of NMR to study AChE.

Papers have been published that used NMR to study ACHE(178)179) all of

which have been ligand observe experiments that either tried to identify reversible
binders to be used as Alzheimers dry@g8)2 NJ a |y Ff 0SNYyI GABS
assay to study the kinetics of ACHiEZ7)179) No studies could be found that used
AChE with a mutated active site serine to study the affinities of OPs. This was
surprising as papers have been publistoedthe effect of mutations on the activity

of AChK137)and STD experiments have the potential to not only inform on affinity

of an OP but also its chemical motifs that interact closely with AChE. As discussed in
chapter 2, no studies using 2D NMR expemts on isotopically labelled AChE have
been published. This has meant that the only studies on the effect of OP inhibition
of AChE structure have beenray crystallography based. These studies have
identified differences in the structure of paraoxdi4) and sarin(180) inhibited

AChE. Ii73)quantitative structure activity relationship regression analysis was used
to derive an equation to predict the reactivation rate of OPs based on their molecular
volume, the electronegativity of their chemical groups and their predicted
orientation in the active site of AChE. The equation produced by this work was
generally able to prdict reactivation rate with enough accuracy to rank the rates
relative to each other. However, the equation was not successful at predicting the
reactivation rates of all the tested OPs which indicated that the equation was not
taking all the necessary paneters into account. It was thought that the changes in

the X-ray structures of AChE after inhibition with an OP could be contributing to the
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reactivation rate so it was decided that NMR should be used to try and detect
perturbation of residues caused lojfferent OPs and see if there was a correlation
with certain peak shifts and the reactivation rate of different A@QHE complexes.
The benefit this would have over therXy crystallography method was that the
solution state of the enzyme would be obsetdvehe data would be quicker to
acquire and molecular dynamics information could potentially be obtained from the

NMR spectra.
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5.2 Methods.

5.2.1 Producing OP inhibited AGthBamples.

OP inhibited samples were made using the methods in section 4.2.4 except the AChE
d concentration was 2M instead of 5uM. The elution was used to make a 350 pl
sample in phosphate buffer containing 5%CDwith a 14 uM concentration of OP

inhibited AChE. A5 mm Shigemi tube was used in the data collection.

5.2.2 Collection and processing of HMOOFAST data.

HMQGCSOFASTL11) data using azamethiphos, fenamiphos, methamidophos and
chlorfenvinphos was collected on théMR machine at Kent described in section
3.2.2 The data concerning tabun, soman, cyclosarin and VX was collected on an NMR
spectrometer at Defence Science and Technology Laboratory (DSTL), Porton Down,

which had the same specifications as the one at Kent.

H, N HMQESOFAST experimentgere collected andgrocessedas described in

section 3.2.2. The AChiEconcentration was 14M for all spectra.

The TOPSPIN software package was used to pick 43 peaks in the SOWAST
spectrum. To decide which peaks to pick two different spectra ehbibited AChE

d were used. These spectra had been collected under identical conditions on two
sepaate samples of AChE For a peak to be selected it had to be easily resolved
from nearby peaks either because of its high intensity or because of its position in a
sparsely populated region of the spectrum. The peak also had to be seen in both
spectra ofun-inhibited AChHl, this was done to prevent noise from being mistaken
as peaks. The two uimhibited spectra also allowed the peak shift due to normal
sample variation to be determined. If the peak shifts caused by OP inhibition were
less than the peakhsfts caused by sample variation they were discarded from the

data set.

In the spectra of OP inhibited AGHEhe peaks in closest proximity to the position
of the picked peak in the umhibited spectra were picked. The difference in peak

positions betwen the two spectra was calculated as the hypotenuse after'thie
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chemical shifts were adjusted by a factor of 0.26 to account for the different chemical

shift ranges otH and'®N.

5.2.3 Production of AChEESer 204> Ala mutant.

The active site serine of AGHRvas mutated to an alanine, this was done to produce
an AChk mutant (AChil S204A) that would bind to OPs but not form a covalent
bond with them. The quick change mutagersmethod was used to achieve this.
The primers in Table 20 were designed to introduce this mutation. The mutagenic
reaction was carried out using the protocol and reagents supplied by Agilent in their
QuikChange Il SHBirected Mutagenesis K{tL81) The resulting plasmid was sent
for sequencing to confirm that dythe desired mutation had been introduced. The
plasmid containing the ACRES204A gene was transformed into Shuifleolicells.
Protein expression and purification was carried out using the same protocol as AChE
d (Sections 2.2.2 2.2.4).The PCR aalitions used were 30 cycles bfmin at94°C

for denaturation2 min at 58C for primer annealing and 3 min at®@for extension.

Table 20 . The primers used in the quickange mutagenesis of Ser 204 to Ala in A€hE

Primer direction Primersequence
Forward ACTGTTTGGTGAAGCAGCCGGTGCAG
Reverse CTTGCTGCACCGGCTGCTTCACCAAA

5.2.4 STD NMR analysis of OP binding to ACBED4A.

As with the NMR experiments in section 5.2.2, samples containing
organophosphorus chemical warfare agentsre run on the NMR at Porton Down

and samples containing pesticide OPs were run on the NMR at the University of Kent.

The samples were made in in phosphate buf) mM sodium phosphate, 100 mM
NaCl, pH 7.4¢ontaining 0.5 mM OP, 5% deuterated methanol artsl |5V ACh#l
S204A, the final volume was 550 pl. Samples were collected in 5 mm NMRAnbes.

exponential window function 0.Blzwas applied to all spectra.

The STD experiments used 8 dummy and 256 real scans with a time domain of 32768

points and the spdcal width was 16 ppm. The saturation time was 2 seconds and
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the shaped pulse used for saturation was an Eburp2.100 pulse 2@ ppm for the
off resonance portion of the experiment ané ppm for the on resonance portion.

lff RIEGE 61 30026 SAQLERING wiBENS LIKIFaAaSR G2

spectra so binding was indicated by positive peaks in the difference spectrum.

To obtain the excitation profile of the Eburp2.1000 shaped pulse, a 550 pl sample of

DO in a 5 mm NMR tube was used. IfHa1D experiment using the Eburp2.1000

pulse as the source of excitation, a spectrum was collected for 1 scan every 0.1 ppm
between 0 and 10 ppm. This was achieved by changing olp. The intensity of the
residual water peak was measured in every spectrumthadiata was plotted using
OEOSt & ¢KS SELISNAYSYy( BaukeaAvanteMMBOMRz (B4dzii |
Tesla) 4channel Bamplifier NMR spdcometer with a QCF cryoprobe at the

University of Kent.

5.25 Measurement of!P chemicashifts.

Samples containingorganophosphorus chemical warfare agemiere run on the
NMR at Porton Down and samples containing pesticide OPs were run on the NMR at

the University of Kent.

The samples were 0.5 mM OP in phosphate buffer containing 5% deederat
methanol. The sample volume was 550 pl and all samples were collected in 5 mm
NMR tubes.

The3®'P experiments used 4 dummy and 512 real scans with a time domain of 131072
and a spectral width of 396 ppm. Proton decoupling was emploif&ddecoupling

wag/ Qi F GF At Lot S a2 (dKS LIOF Was maasurkdiakthey 2 F
midpoint of the two'°F coupled peak#\n exponential window function of 5 Hz was

applied to all spectra.
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5.3 Results.

5.3.1 HMOESOFAST experiments.

In an attempt to investigate whether inhibition of AGHEy OPs with different
reactivation rates caused perturbation of different residués,'>N, HMQESOFASTs
were collected on winhibited AChEl and AChf inhibited by each of the pesticide
OPs show in Figure 39and tabun, soman, cyclosarin and \Big(ire9 A and B
Figure 5Gshows the structure of the phosphate adducts that were left bound to Ser
204 of AChH after inhibition with each of these OPs. Because unreacted OP was
removed, these addustwould be responsible for any perturbation of residues seen

in the NMR spectra of inhibited AGHE

Azamethiphos Chlorfenvinphos Fenamiphos Methamidophos
o o] oH 0
o.n.0 O.I_N O. I _NH>
Serzos” PTT Serzo{O‘ll-"l”O\/ Serxs” P \r Serzo4” P
|
O\ o\/ OW O\
Tabun Soman Cyclosarin VX
o ! 0o 0
O._l_N o O.n.0 O.1_0
Seryq” P .0.1.0 Seraoq” P Serps” P
\ Ser204 P ‘ |
O\/ |

Figure 50 The phosphate adducts left bound to the active site serine of A@tditer inhibition with

different OPs. The aged form of somansBown as this is rapidly produced after inhibition.

Figure 51shows the peaks in thiH, >N HMQESOFAST that were chosen to assess
the impact of OP inhibition on ACItEAs AChH spectra were not assigned, if a peak
moved after inhibition its new locatiocould not be determined with any certainty.
When comparing the spectra of uninhibited and inhibited AGhEhe peak in the
inhibited spectrum that was closest in proximity to the position of the peak in the
uninhibited spectrum was picked. In an attemfat assess the variability of the
measurements, aH, 15N HMQGSOFAST was collected on two different samples of
un-inhibited AChEHl that had undergone identical treatment. The differences in peak
position between the two spectra were recorded and providealues for the

magnitude in peak shift that could be expected due to sample variation alone. If the
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magnitude of a peak shift caused by OP inhibition was lower than the peak shift
between the two unrinhibited spectra it was discardeBigure 53hows the wo un-
inhibited spectra of ACh#& overlaid, the reproducibility was poor as not all peaks
were in the same place. The cause of this was not known but noise was likely to be a
significant factor. Only peaks that were in the same position in both spectra wer
picked to try and limit the effect the poor reproducibility would have had on the data.
Figure 53shows an example of the peak picking process and highlights the main
problem associated with the method. In the chlorfenvinphos inhibited spectrum one
peak was in the closest proximity to the positions of peak 41 and 42 in the
uninhibited spectrum so it was picked as both of these peaks in the chlorfenvinphos
inhibited spectrum. This was because the true position of either peaks could not be
determined, it dd not indicate that the two peaks had mergeigure 54hows the
magnitude of the peak shift caused by each of the OP addu€&igume 50ninus the

shifts that were smaller than those between the two-unhibited spectra. The
magnitudes were useful inetiermining peak shifts that were larger than what could

be expected by sample variation but, because the position of each peak could not be
accurately determined after inhibition the magnitudes were not necessarily accurate
representations of the peaks thhad moved the most. For this reason the data was
analysed on a binary basis with peaks being classed as having shifted or not based

on whether the magnitude of their shift was larger than the control.
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Figure 51'H, >N HMQGSOFAST of AChEwith the position of the 43 peaks used to asses AGhE
inhibition indicated by red crosses. The concentration of A@hias 14 uM.The spectrum was
collected for 1888 scans with 1024 points in thid dimension and 100 points in th¥®N dimension
Fd op x/ HBasellekedway ME6%05.6.

If two OPs caused the same peak to shift this was classified as a peak shift in common.
The number of peak shifts that each of the OPs had in common were counted (Table
21 and Figure 5%, this was done to identify OPs thaaused similar residue
perturbations. The mean number of peak shifts in common was 22.3 + a standard
deviation of 4.3 so OPs that had more than 27 peak shifts in common had an above
average similarity. These OP pairs and their number of shared peak shis w
tabun ¢ fenamiphos 28, azamethiphaschlorfenvinphos 29, and chlorfenvinphgs
fenamiphos 31. There were 12 peaks that all tested OPs caused a shift in, their peak

numbers were 9, 11, 12, 15, 16, 17, 18, 25, 34, 36, 39, and 41.
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Figure 52 Overlay of the'H, *5\N HMQGSOFAST spectra of 2 different but identically treated-un

inhibited AChEd samples.The concentration of AChH was 14 uM.The specta were collected for
1888 scans with 1024 points in th&l dimension and 100 points in thENRA YSy aA 2y I

noise base level was set t96905.6.

120

[fl

op



[ Ached -
AChE-d inhibited with I
chlorfenvinphos

T
128.5

T
129.0

15N Chemical shift (ppm)

T
129.5

.‘i
Nan—a
- J
T
130.0

T T T T T
130.5

T T T T T T T T
10.2 1041 10.0

TH Chemical shift (ppm)

Figure 53 Overlaid 'H, >N HMQGSOFAST spectra of dtmhibited AChEd (blue) and
chlorfenvinphos inhibited AChi (gray). Arrows indicate assumed movement of the peaks between

the two specta.

The number of peak shifts each OP caused was also measured (Table 22). It was
interesting to note that the OPs with the most peak shifts in common were also the
ones with the most peak shifts. This could have indicated that the above average
number of shaed peak shifts was actually caused by the higher probability of having
shared peaks due to these OPs having more peak shifts. However, even if this was
the case the fact that these OPs caused a larger number of peak shifts was in itself a

point of similariy.
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Figure 54 Magnitude of the peak shifts ifH, N HSQEOFAST spectra caused by inhibition of
AChEd with OPs. The control data is the difference in peak position between twoinhibited
spectra of AChi. Any peak shift magnitudes that were smatl than the control data for a given

peak were discarded.

If OPs with similar reactivation rates caused similar peak shifts then azamethiphos,
fenamiphos and chlorphenvinphos should have had more peak shifts in common
with each other than with methamidoplwoas the kof methamidophos for both
oximes was close to 1 min and the other pesticides haalkes ranging from 0.001

¢ 0.049 min meaning that methamidophos was much more susceptible to
reactivation than the other 3 pesticides. Peaks 20, 37 and 38 foerel to shift in

the spectra of ACh# inhibited by azamethiphos, fenamiphos and chlorfenvinphos
but not methamidophos. Out of the pesticide OPs methamidophos was the only one

that caused peak 27 to shift.

The reactivation data for therganophosphoruschemical warfare agentsvas
collected on human erythrocyte AChE and as discussed in section 4.4.3 this could
mean that the ranking of relative reactivation rates of these OPs might be different

in AChEd. However, the same trend in reactivation rates fof, Yabun and cyclosarin
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was seen in a study using rat brain ACHE)which suggests that their reactivation
rates relative to each othesire independent of AChE isoform. Assuming that AChE

d inhibited with VX and cyclosarin is relatively susceptible to reactivation and AChE
d inhibited with tabun is highly resistant, as seen with other AChE isoforms, then VX
and cyclosarin should have haddre peak shifts in common with each other than
with tabun. The!H, >N HMQGSOFAST data showed that no peaks shifted in
response to inhibition with cyclosarin and VX but not tabun. Tabun caused peak 5,
13, 20, and 21 to shifts, the other two @Remical wafare agens did not. Soman

could not be reactivated due to its fast ageing rét83)

Table 21. The number of peak shifts that each OP had in common with all other tested OPs.

Soman| Tabun | Cyclosarin| VX | Azamethiphos| Methamidophos | Chlorfenvinphos| Fenamiphos
Soman 25 18 19 23 24 25 27
Tabun 25 19 19 25 22 26 28
Cyclosarin 18 19 18 18 18 18 20
VX 19 19 18 17 18 17 17
Azamethiphos 23 25 18 17 25 29 26
Methamidophos 24 22 18 18 25 27 26
Chlorfenvinphos| 25 26 18 17 29 27 31

Fenamiphos 27 28 20 17 26 26 31
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Table 22. The number of peak shifts in thd, >N HSQESOFAST spectra of AGHhhibited by each
of the OPs. In total 43 peaks were picked. TH& >N HMQGSOFAST spectra of OP inhibited AChE

d can be seen in appendixd9.

OPname Number of peak shifts
Chlorfenvinphos 37
Azamethiphos 32
Tabun 31
Methamidophos 31
Soman 29
Fenamiphos 22
Cyclosarin 22
VX 22

5.3.2 STD analysis of OP binding to a mutated isoform of-AChE

Studying the reversible formation of the OP A&hEomplex had an inherent
problem in that after an OP bound to ACGtiEhe phosphorylation of the active site
serine occurred creating a new covalent complex. To overcome this, a mutant of
AChEd was made thbhad the active site serine mutated to an alanine. The
hypothesis was that as none of the residues in the active site gorge were mutated
the effect on the binding of an OP to AGihEvould be minimally affected, and
because the alanine had no hydroxyl goono phosphorylation would occur. The
mutant was confirmed to have no AGHEactivity by incubating a iM sample of
GKS LINRPGSAY Ay 9fftYlIyQa o6dzFFSNI F2N mn
nm could be detected. This mutant would allow us toyostiudy the reversible part

of the interaction of OPs with AChiE The mutated isoform of ACkiEwas termed
AChEd S204A.

The excitation profile of the Eburp2.1000 pulse used in the STD experiment to
selectively excite ACHE S204A is shown iRigure 56 The tip of the peak which

provided maximal saturation of any resonances it hits was relatively small (around
0.2 ppm), but the total peak including the base covered roughly 2 ppm and a small

amount of excitation (larger than 1 % of maximum) was still dettout to around
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1 and 9 ppm. When using this shaped pulse some saturation of the OP was to be
expected because the point of maximal excitation needed to hit a protein resonance,
these usually extend out to aroun@ ppm. Any OP peak within 4 ppm of theimt

of maximal excitation-2 ppm in this case) would be partially excited by the pulse.
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Figure 56 The excitation profile of the Eburp2.1000 shaped pulse centred on the water peak. This

is the shaped pulse used to selectively excite proteins in STRegments.

To identify false positive results, control experiments were done for all OPs, these
involved running the STD experiments on samples containing only the OP. If the
control experiments gave a positive result it confirmed that the Eburp2.1008epul
was hitting the ligand. This was not a problem in all cases as if a larger STD effect was
seen when the protein was added binding was confirr(i#8#4) Figure 5/5hows an
example of this, a small peak in the STD spectra of only chlorfenvinphos can be seen
at around 1.2 ppm (marked with deasterisk inFigure 57. In the STD spectrum of
chlorfenvinphos and ACHES204A the peak becomes considerably larger. Because
the chlorfenvinphos concentration and STD parameters were identical between the
two spectra, the difference can only be explaingy binding of chlorfenvinphos to
AChEd S204A.
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Figure 57 STD NMR experiment of chlorfenvinphos in the presence and absence of-AG2D4A.
Chlorfenvinphos concentrations were 0.5 mM and AGHE204A was 5.5 uM. The spectra were

collected over 256 sass. The peak at 1.2 ppm in the control spectrum is marked with a red asterisk.

Another type of artefact often seen in STD spectra is intense peaks being present in
the difference spectrum, this can occur if a peak has slight differences in its position

in the on and off resonance experiments so subtraction of the off resonance

SELISNAYSY(d FTNRBY (KS 2y NB&azylyOS SELISNA)

from the difference spectrunfl64) This can be seen Figure 57as the methanol
peak at around 3.2 ppm. These artefacts had a consistent intensity in the samples
that did and did not contain pretin so all changes in peak intensity seen in the OP

peaks could be attributed to binding.

Binding of azamethiphos, chlorfenvinphos, VX and VM to AICEREO4A could be
detected by STD NMR (Table 24). No binding was detected for Fenamiphos,
methamidophos ad cyclosarin. The data for tabun was inconclusive as the molecule
broke down rapidly meaning there was only a low concentration of tabun in the NMR
tube so even if it was binding to AGHES204A with an appropriateq Kts

concentration would be too low tdetect.
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It was interesting that binding was detected with VX and not cyclosarin because
cyclosarin has been shown to inhibit human erythrocyte AChE at 4 times the rate of
VX (65) so it was assumed to be a tighter binder. To test whether cyclosarin was
binding AChil S204A too tightly to be detected by STD NMR a competition
experiment was set up. For this 0.5 mM of VX and cyclosarin were mixed with AChE
d S204A and aBTD experiment was performed with identical parameters as before.
If cyclosarin had a higher affinity for AGHES204A than VX, the VX signal in the
difference spectrum would be reducdd85)as cyclosarin wad displace it in the
active site of AChH S204A. As indicated Bygure 5&yclosarin did not displace VX
from the active site of ACheE S204A as the VX signal at 1.4 ppm in the difference

experiment with and without cyclosarin had the same intensity.

Table 24. Detection of binding of each OP to AGhBE204A by STD NMR. The STD NMR spectra can
be seen in Appendix 226, andFigure 57

OP name Bindingdetected
Azamethiphos Yes
Chlorfenvinphos Yes
Fenamiphos No
Methamidophos No
Soman No
Tabun Inconclusive
Cyclosarin No
VX Yes
VM Yes
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Figure 58 STD data for the competition binding experiment between cyclosarin and VX for AChE
S204A. OP concentrations were 0.5 mM and A@h&204A was 5.5 uM. The spectra were collected
over 256 scans. In the off resonance spectrum the VX peaks are marked Withdsterisk and the

cyclosarin peaks are marked with red asterisk.

5.3.331P NMR spectra of OPs.

The electronegativity of the phosphate adducts was thought to affect their
susceptibility to reactivation by oximes. TR® chemical shift is highly depemte

on the electronegativity of the atoms in the phosphate addi@&6)so the chemical

shift of the 3P atom in the phosphate adduct was thought to be a good proxy to
assess the electronegativity of the adduct. Attempts were made to inhibit AAChE
with OPs and then measure t& chemical shift of the phosphate adducts bound

to the protein. The hypothesiwas that3!P atoms that had more electronegative
surroundings would show higher chemical shifts and in turn be more susceptible to
reactivation by oximes. No phosphate signals could be detected in the NMR spectra
of OP inhibited ACh#& even after runninghe experiments overnight (21000 scans),
this was likely because of limited concentration of the samples (40 uM), and the large

size of AChH (62517 kDa) which would have broadening the phosphorus signals.
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Measuring the*'P chemical shift of the phosptetidduct covalently bound to the

active site serine of AChEwould have given the value that was most relevant to
2EAYS NBIOGAGI GA2Y 0 dzi

shifts of the OPs were measured (Table 25).

Table 25. ThéP chemical shifts of several OPs.

OP Name 31p chemical shift
(ppm)
VX 60.8
Methamidophos 42.56
Soman 36.26
Cyclosarin 34.03
Azamethiaphos 30.6
Tabun 11.4
Fenamiphos 6.79
Chlorfenvinphos -6.51

The3P chemical shifts were plotted againstactivation rate Figure 59A and B).

0 SOl dza3® chiemisak

RARY

The data irFigure 59A and B was not combined into a single graph because-AChE

was used to obtain the reactivation data of the pesticide Gfgufe 597) at room

temperature and the data irFigure 59B was colle@ R |

l.:.l

oT x/

dza A y 3

eurythrocite AChE®65), so as discused in chapter 4, the data were not directly

comparable. However, it can be seen that in general OPs wgtheh#P chemical

shift were reactivated at a faster rate by both oximes.
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Figure 59 (A) The3'P chemical shifts of azamethiaphos, Fenamiphos, methamidophos and

chlorfenvinphos plotted against their reactivation rates by two different oximes. Reactivation rates

were obtained using ACh# (section 4.3.4). (B) Th&P chemical shifts of tabun, cyclosa and VX

plotted against their reactivation rates by two different oximes, the reactivation rates were

obtained using human erythrocyte AChE in referen@&s).
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5.4 Discussion.

5.4.11H,15N HMOQGSOFAST analysis of A@hEhibition.

The peaks that proved easiest to measure were those with a higher than average
intensity. The fact that these peaks had higher than average intensities indicated that
they were in a fletble and or disordered region of the protein, for instance the C
terminus. This flexibility would impart longer T1 and T2 relaxation times on the nuclei
of these residues meaning they would relax at a slower rate so more signal could be
detected(176) The active site gorge of AGHEvas not expected to have a higher
than average flexibility compared to the rest the enzymeg(187)so the easiest to
measure residues were unlikely toe the ones directly interacting with the
phosphate adduct. Despite this several peak shifts were identified that were larger
than the shifts seen between the two tinhibited spectra. The peaks that shifted in

all OP inhibited AChE spectra (peaks 9, 112, 15, 16, 17, 18, 25, 34, 36, 39, and
41) were likely to be close to the active site serine which would explain why they
were perturbed by all the OP adducts. Peaks 15, 16, 17 and 18 were in a region of
the spectrum where it is common to find the peaksAsn and GIn side chai(f38)

GIn 71 and Asn 87 both form part of the active site goFggure 60 so were likely

candidates for at least 2 of these peaks.

Peaks 4, 42 and 43 were in a region of the spectrum usually populated by the side
chains of Trp residued88)and asFigure 61shows, 5 Trp residues were in close
proximity to the Ser 204 residue. It was highly probable that some of these Trp

residues were the 3 peaks in question.

These peaks could be useful to monitor when trying to detect if a ligand had bound
to AChEd, but in this work the aim was to see if OPs with similar reactivation rates
caused similar peak shifts. These peaks were not particularly useful for this task as

they shifted after inhibition by all OPs, regardless of the reactivation rate of the OP.

The number of peak shifts caused by each OP should have been related to the size
of the phosphate adduct left by the OP as a larger adduct would interact with more

resdues. Table 26 shows the estimates of ttteemical warfare agem®P adducts
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volumes and the volume estimates of the insecticide OPs adducts that were
calculated in section 4.3.4. Cyclosarin was expected to cause the most shifts in the
H, 15N HSQC spectes it had the largest volume but in reality it produced the lowest
number of shifts(VX and fenamiphos|Table 22). Chlorfenvinphos showed the
largest number of shifts even though it had an estimated adduct volume of 13150
nm3which was very close to thmedian adduct volume of 12152 fmWhen the
estimated volume of the phosphate adducts were plotted against the number of
peak shifts they causedrigure 62 no correlation was seen. This indicated that the
size of the phosphate adduct was not a good inicaf how many residues it would
perturb. One reason for this could be that the active site gorge had enough room to
accommodate even the larger adducts without any perturbation of the residues and
it is the electronegativity of groups of the adduct thd¢termine how residues

interact with the adduct so in turn how many peaks shift.
4 y

—

i,

Figure 60 The base of the active site gorge of AGthRith S204 in pink, Q71 in orange and N87 in

blue. The PDB structure with id numbelpge was used to generate this imag

Several peaks were identified that only appeared to shift in the spectra of-AChE
inhibited with OPs that had slow reactivation rates for pralidoxime and obidoxime.

However, care needs to be taken when drawing conclusions from the data involving
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organophosphorus chemical warfare agerds their reactivation rates were
collected using the human erythrocyte isoform of AChE so these OPs could have
different reactivation rates with AChiE Even the data collected on the insecticide
OPs have problemsat limit the conclusions that can be drawn from it. For instance,
when the data is viewed in a binary way with peaks being classed as shifted or not
shifted, a difference does seem to exist between the peaks shifted by OPs with
different reactivation rats. It would be tempting to say that this is evidence that
interaction of an adduct with certain residues can confer a certain degree of
protection from reactivation. However, when the peak shifts are viewed on the NMR
spectra the difference becomes lesswmncing. As can be seenfigure 63the shifts

in the position of peaks 37 and 38 caused by inhibition with chlorfenvinphos and
methamidophos were similar in magnitude but only the shifts caused by
chlorfenvinphos were deemed significant as they weighsly larger. The small
difference between peak shifts that were deemed significant (chlorfenvinphos) and
insignificant (methamidophos) meant that factors like noise could potentially result
in peaks either being included in the list of significant sliiftsot. This problem was
exacerbated by the low protein concentration (14 uM) used in the HNSQEAST

experiments.
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Figure 61 The active site gorge of AChE with Ser204 in pink and 5 Trp residues that were in close
proximity to the Ser in cyanThe PDBstructure with id number4pge was used to generate this

image.

Table 26. Volume estimates for the phosphate adducts left bound to A@lsier inhibition by each
of the OPs. The volume estimates are ordered largest to smallest. The volume of somans aged fo
is given as the ageing process happens with a iéf of around 4 minuteg144)so the aged form

would have been present in théH, >N HMQGSOFAST experiment.

OP name Chemical formula of Estimated volume
adduct (nmd)
Cyclosarin O:PGHu4 16710
Fenamiphos OPH3NG 15045
Tabun OPHING 13515
Chlorfenvinphos OsPHG 13150
Azamethiphos OsPHG 12890
VX OPGHs 10720
Methamidaphos O:PHNC 8925
Soman OPCH 7595
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Figure 62 The estimated volume of the phosphate adducts of each on the OPs plotted against the
number of peak shifts they caused in tHel,'>N HMQGCSOFAST spectrum of AGHE&fter inhibition.
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Figure 63 HMQGSOFAST of umhibited AChEd (blue), methamidophos inhibited AChE& (pink)
and chlorfenvinphos inhibited ACh# (black). The protein concentration was 14 uM in all samples.
The spectrum was collected for 1888 scans with 1024 points in‘thelimenson and 100 points in
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5.4.2Assessment of OP binding using STD NMR.

The fact that VX had a higher affinity for A@h&204A than cyclosarin was surprising

as cyclosarin has been shown to inhibit A@hd a faster rate than VK multiple
isoforms of AChE182)65). This suggests that cyclosarin must be much more
reactive to the active site serine of AChE than VX to make up for its lower affinity.
Cyclosarin has F as a leaving group which has been shown to be a better leaving
group than the diisopropylamino)ethae-1-thiol of VX. This is likely to account for

the faster inhibition rate seen with cyclosarin.

STD NMR can reportedly detect binders with affinities ranging from aroufid 10
8 M (189) this indicated that cyclosarin had a mM #r AChES204A which is
remarkably weak for a compound that has anddd21.9ug/kg (intravenous in pigs)

(190) For VX to have a higher affinity for A@hB204A but a lower inhibition rate,
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it must have to spend a com&rable amount of time bound to the enzyme but not
reacting with it, so the assumption can be made that the rate limiting step in the
reaction of VX with AChE is the phosphorylation of the active site serine. Since
cyclosarin was a relatively weak bindaut had a faster inhibition rate, it can be
assumed that the phosphorylation of the active site serine is the rate limiting step
for this OP as well. It was not completely unsurprising that methamidophos and
Fenamiphos binding could not be detected asytinere both shown to be relatively
poor inhibitors of AChH in section 4.3.2. It would be interesting to compare the
binding affinities and inhibition rates of more OPs to see if the trend of
phosphorylation being the rate limiting step is common to @sOWhilst the STD
data gave some insight into the mechanism of OP inhibition it did not provide useful
predictions on the toxicity of OPs as soman and cyclosarin showed no binding but

were both highly toxic.

As AChH is not completely representative ofild type AChE, interpretation of the
data requires care as there is the possibility that VX inhibits AlCktEa faster rate
than cyclosarin. AChE S204A had the added problem that a key residue in the
enzyme was mutated, this would have affected the ratf§i of the OPs for the

enzyme, but the degree of the affect is unknown.
5.4.3%1P NMR.

The chemical shift of th&P signal of an OP appeared to be a relatively good indicator
of how susceptible the OP would be to reactivation by pralidoxime and obidoxime
The3P chemical shift was measured with the leaving group still attached to the OPs,
this would have introduced a source of error as the leaving group would contribute
to the chemical shift of the OP but was not present on the phosphate adduct that
inhibits AChEl. So the chemical shift measured were not completely representative
of the phosphate adducts. A closer correlation could potentially be obtained by
measuring the’'P chemical shift of the phosphate adduct bound to A@hBigh
concentrations ofthe inhibited protein would be needed and a higher field NMR
spectrometer would also improve the likelihood of detecting the adduct by

increasing the signal to noise of the spectr(t91)
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The3!P spectra should have given an indication of the inhibition rates of the OPs
because OPs with high&P chemical shifts would have had a moresiéelded3'P
nucleus meaning it would be more susceptible to nucleophilic attack by the O of the
active site srine. As Table 25 shows tR# chemical shifts were poor indicators of
the inhibition rate of the OPs. Chlorfenvinphos had the lowest chemical shutl(
ppm) but inhibited AChH faster than fenamiphos and methamidophos which had
chemical shifts of @9 and 42.56 ppm respectively. This indicated that the leaving
group and structure of the OP were likely to be the determining factors of the

inhibition rate.
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Chapter 6. General onclusiors.

6.1 Summary of thesis.

The expression and pugdtion of a designed isoform of human acetylcholinesterase
(AChEd) was optimised resulting in the recovery of around 2 mg of purified AChE
for every litre of ShuffleE. coli grown in 2YT media. Different isotopic labelling
schemes were investigated filows. Uniform'>N labelling, specifit®™N labelling of

[, Land V residues, specifitN unlabelling of all residues apart from I, L, V, W and C,
specifictF labelling of W and F residues and unifdfid and?H labelling. Uniform
5N labelling produce around 0.6 mg of purified AChEor every litre of Shufflé&.

coli grown in minimal media. SpecifiétN labelling of I.L and V residues only
produced 10s ofig/l of AChEd, most likely because an inhibiter of the enzyme that
transfers amino groups between residues was added which appeared to be toxic to
the cells. The wtabelling method produced arour@img/I of purified ACh#l, well
resolved peaks on the p@tiery of the NMR spectrum were lost and several well
resolved peaks in the central region of the spectrum were gafregure 36. All the

9F labelled precursors for W and F residues caused a drop in-dhEkfiression
ranging from a 40 % to a 98 % redoatiin the AChi activity in the lysate
supernatant, when an NMR sample was made using AClabelled with the
precursor that caused the smallest drop in actividyfliorophenylacetic acig no
signal could be detected in the F NMR spectrumAttempts to uniformly label
AChEd with ?H as well a3°N resulted in around 6Qg/l of AChEd being produced.
Uniform N labelling of ACh#t was chosen as the best method of labelling AGhE
as it produced a relatively good yield of protein and the NMR spedttlais protein

had more well resolved peaks than protein produced using the un labelling method.

The kinetics of the inhibition of ACkEby four organophosphate (OP) pesticides
(Figure 39were studied and the results were compared with the data publisime
(65) which presented the inhibition and reactivation rates of human erythrocyte
AChE by methamidophos, Fenamiphos, paraexethyl and paraoxosethyl. In this

thesis paraoxomethyl and paraoxowethyl were replaced with azamethiphos and
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chlorfenvinphos respestely as the paraoxons were deemed to be too toxic.
ParaoxoAamethyl leaves the same phosphate adduct bound to A&héiter
inhibition as azamethiphos, the same is true for paraegtwyl and chlorfenvinphos.
The OP pairs that have the same phosphate addviitgive the same result in
reactivation experiments as the phosphate adduct is what gets covalently attached
to the active site serine of ACHEso is the only relevant part of the OP. However,
these OP pairs will not have the same inhibition ratestes leaving groups are
different which will alter the affinity and reactivity of the OP for the A@h&ctive

site. Methamidophos was shown to be a more potent inhibitor than fenamiphos for
both AChEd and human AChE. This could indicate the two AChE iissfoave the
same relative susceptibilities to inhibition by OPs but more OPs would need to be
tested to confirm this. Based on methamidophos and fenamiphos alone the data in
(65) concerningorganophosphorus chemical warfare agentild not be assumed

to be representative of ACHE The same analysis was done with the reactivation
rates of two oximegFigure 38 for AChEd inhibited with each of the OPs and the

two isadorms were shown to follow different trends (Table 27).

Table 27. Relative ranking of the reactivation rates of A@hBnd human AChE inhibited by OPs.
Paraoxonmethyl has the same phosphate adduct as azamethiphos meaning that AChE inhibited by
these OPsre identical. The same is true for paraoxathyl and chlorfenvinphos. The data for
reactivation of OP inhibited human AChE was taken fr¢éb).

Reactivation rate OP inhibited ACheE | OP inhibited human ACh
Fast Methamidophos ParaoxoAmethyl
Azamethiphos Methamidophos
Chlorfenvinphos Paraoxorethyl
Slow Fenamiphos Fenamiphos

Using identical conditions$H, 1>°N HMQGSOFAST spectra were obtained of AGhE
inhibited with four pesticides and fowsrganophosphorus chemical warfare agents
and the peak shifts caused by the inhibition were measured. The OPs that had the
slowest reactivation rates appeared to cause thest peak shifts and have more

peak shifts in common with each other than with OPs with faster reactivation rates.
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However, the magnitudes of the peak shifts were small and the concentration of
protein was low (14 puM) which meant noise due to sample Warnaand hardware
limitations could have had a substantial influence on reséitgure 64hows the'H,

5N HSQC spectra of lysozyme in the presence of different concentrations of
histamine, black arrows show the significant peak shifts which were seveed

larger than those seen in this workigure 63or example). When it comes to using
protein observe NMR to study ligand binding, lysozyme has an advantage over AChE
d, lysozyme is around 14 kDa meaning its spectra is much less crowded and its peaks

much sharper so movement of the peaks is easier to track.

The active site serine of AChEvas mutated to an alanine, this produced a variant

of AChEd (AChEd S204A) that could bind to OPs but not be phosphorylated by them.
Saturation transfer differencBIMR was used to study the binding between AGhE
S204A and OPs. Binding could not be detected for all OPs and, for cyclosarin it was
shown that the lack of signal in the STD spectra was not due to the binding being too

tight which indicated that cyclosarimad a very low affinity for ACHE

The3'P NMR spectra of OP inhibited A@hiwere collected but no signal could be
detected. This was likely due to the large size of ACK&E2517 kDa) making the
peak of the phosphate adduct very broad, and togethé@hwhe low concentration

of the sample (40 uM), resulting in low signal intensi§? NMR spectra have
successfully been collected on a 42 kDa protein but a concentration of around 800
MM was used(192) Geting an 800uM sample of OP inhibited ACldEwas not
feasible so theé’’P spectra of the OPs were collected instead. The OPs with faster

reactivation rates were found to have higher chemical shifts.
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Figure 64 Natural abundance™N, H HSQC spectra of @ mM lysozyme sample with different
concentrations of histamine. The ratio of lysozyme to histamine is shown in thel&dt hand corner.

This figure was taken frong193)

143



6.2 Outcomes of the project.

As outlined in section 1.3.3 of the thesis, the aims of this project were to:

Find a coskffective source of high purity AChE with the highest possible similarity
to wild type human ARES.

Develop NMR methods to study the interactions @k with a range of OPs, and to

develop protocols for use in assessing the threat of any newly discovered OPs.

To gain data on the mechanism of inhibition and reactivation that could be used to
understand whether inhibition of AChE by certain OPs causes structural changes in
the protein that could lower the affinity of certain oximes for that particular OP AChE
conjugate. This would help to explain the different reactivation rates that oximes

have fo different OP AChE conjugates.

In Chapter 2 it was clearly demonstrated that pure AGhdduld be obtained after
recombinant expression ifE. coli the benefit this had over the recombinant
expression in insed®0)and mammalian cell89)was that isotopic labelling could

be carried out in a cost effective manner. The downside of usirif) anlexpression
systemwas that only AChH could be expressed. This isoform was shown to have an
11% reduction in the turnover rate of ATCh when compared to human fSDhHEn
Sections 4.3.2 and 4.3.4 it was shown that the relative ranking of the reactivation
rates of pesticide inhibited AChE by oximes differed from the ranking of
reactivation rates in human AChE. So AGhkEas shown to ot be completely
representative of human AChE but as it was the only isoform that could be
isotopically labelled its use was continued and all data had to be interpreted with

this caveat in mind.

Both protein and ligand observe NMR methods were develop&tempts to
simplify the NMR spectrum of AGHEwere unsuccessful which resulted in low
resolution *H, >N HMQGSOFAST spectra of uniformiiN labelled AChH being

used to study OP inhibition. The results of this experiment indicated that OPs with
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slow reactivation rates may produce different peak shifts in the NMR spectra than
OPs with fast reactivation rates, but due to the low resolution and sigrabise of

the spectra, definitive conclusions could not be draw from the data. Although this
method caild potentially identify residues important in protecting OPs from
reactivation it is unlikely to have any predictive value in estimating OP toxicity as no
correlation was seen between peak shifts caused by an OP and its toxicity. The ligand
observe methodising STD NMR and A@hBE204A was able to detect the binding of
some OPs to the mutated enzyme, but the fact that the binding of all OPs could not
be detected meant that STD NMR was not useful in estimating the toxicity of an OP
because highly toxic ORke soman and cyclosarin did not show any binding. Due to
the low signal to noise (around 3:1) of the STD experiments the relative intensities
of the peaks in the difference spectrum could not be analysed to determine a
OKSYAOLf 3INER dzLIQ dnzyrhdNBoEchevhikal §roups 2hat thd&d Sclosé

interactions with the enzyme could not be identified.

The resolution and signal to noise of tHe, "N HMQGSOFAST spectrum was low,
so although a larger number and similar peak shifts were seen in-A@itibited

with slow reactivating OPs, the results need to be viewed with cation. With this in
mind, the data could be seen as preliminary evidence that interaction of a phosphate
adduct with certain residues can have a protective effect against criediated
readivation. The STD data indicated that the phosphorylation step in the inhibition
of AChEd was the rate limiting part of the reaction so the affinity of the OP for AChE

d is not as important as the rate of the phosphorylation step.
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6.3 Futurework.

Obtaining the inhibition and reactivation rates for tlkeganophosphorus chemical
warfare agentsvith AChEd should be a main priority as the relative ranking of these
values for several OPs was shown to be different for ACakd human AChE. This
introduced problems in interpreting the AGIEH, >N HMQGSOFAST spectra of OP
chemical warfare ageninhibited AChEl as the only available kinetic data for
organophosphorus chemical warfare agemtas produced with human AChE. This
meant that the OPs could not definitively be classed as having a fast or slow
reactivation rate, and as one of the aims of this work was to look for common peak
shifts in OPs with common kinetic parameters, the kineicameters need to be

clearly defined.

Attempts should also be made to express usable quantities of deuterated-d@sE

this would allow more detailed NMR studies of the enzyme to be undertaken. In this
g2N] (GKS 2yfteée YSGK2R 2PYyRSgzaSNI ¥ R2 A N ME S
(119)in whichE.coli is grown i 3 L of rich media to an Odgo of round 0.6. These
cultures are then centrifuged, and the cell pellets are washed with phosphate buffer
then resuspended in L of DO minimal media, recombinant expression is then
induced after a45 minute equilibration period. E. colineed to alter their protein
composition to survive in {® growth media(122) so the abrupt change from
protonated to deuterated media used in this method could stressEheolicells,
reducing the yield of recombinant protein. Other deuteration methods equilibEate

coli to DO by growing the cells iminimal media with a gradually increasing
percentage of BD. First the cells are grown in minimal media containing 56% D
once the culture reaches stationary phase cells are spreads on an agar plate
containing 50% . A colony from this plate is useditmculate a 90% f® minimal
media culture which is then used to produce colonies to inoculate a 10% D
culture (194) This method selects for cells that can tolera®©Cand will result in

cells having the necessary proteome to grow Ot the start of the experiment
resulting in less stress on the cells which could give a bettédt gierecombinant
AChEd.
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If AChEd was successfully deuterated then the assignment of the backbone residues
could become possible. The largest enzyme that has been assigned is malate
synthase which has a molecular weight of 81 kID#b) However, malate synthase

was likely chosen for assignment as it produced unusually good NMR spectra for a
protein of its size, the samples also had a concentration of |9#40 Achieving a
concentration thathigh with ACh#l is unlikely to be feasible. If tHél, °N spectra

of deuterated AChi was not assignable then the selective’*C labelling of
Isoleucine, leucine and valine (ILV) could be investigated. This involves expressing
the protein in the presece of ILV precursors that have the methyl group selectively
13C labelled and all protons apart from those of the methyl replaced with deuterons.
In a'H,*3C NMR spectra one peak will be observed for each of the ILV re¢k&)s
resulting in a greatly simplified sptra. Assigning the spectrum of deuterated AChE

d with either uniform'>N or IL\VA3C labelling would involve a substantial amount of
work and there is no guarantee it is possible. However, if successful, studying the
dynamics of ACh& would become easiexhich would lead to valuable information

on how ACh#Hl is structurally affected by inhibition and reactivation. There is clearly
an appetite for this type of research as papers are routinely published that-tesg X
crystallography and computer simulatito study the structural dynamic of human
AChE. Some examples are, estimating the flexibility of aromatic residues in the gorge
(197) and estimating how fluctuations in the volume of the active site gorge after
inhibition with different OPs could affect reactivati¢@®8) Other studies have taken

a purely computational simulain approach to try and understand the protein
structural changes that are important for the inhibition by @P39)and their ageing

(144) NMRcould enhance these studies by providing information on dynamics and
the residues that interact with OPs and oximes, this data could be used as
refinements in molecular dynamics simulations and to validatayXcrystallography

data. This could aid the riahal design of safer OP insecticiley R ! f T KSA YSNR &

and more effective oxime reactivators.

The mutation introduced into ACRES204A would have had an effect on the binding

affinity of ligands such as OPs and oximes. To determine the magnittiie effect
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the k2 T &aSOSNIf NBOSNEAOGES AYKAOAG2Z2NA
determined using ACh& and AChi S204A.

The inhibition rates of OPs did not correlate with their toxicity, because of this it was
thought that their degradationn vevocould influence toxicity. To better predict OP
toxicity their breakdown by cytochrome p450, glutathione s transferase and
paraoxonases should be investigated usingvitro assays as these enzymes are
known to breakdown OPs in organis(@60) It is possible that the less toxic OPs are

more readily broken down by these enzymes.
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8. Appendices
8.1 H,15N HMOGECSOFAST of Ohibited AChE.
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Appendix 1.*H, >N HMQGSOFAST of soman inhibited AGHEvith the position of the 43 peaks

used to asses AChEinhibition indicated by black crosses, the concentration of AG@htas 14 pM.

The spectrum was collected for 1888 scanstwit024 points in the'H dimension and 100 points in
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Appendix 21H,®N HMQGSOFAST of tabun inhibited ACGHRwvith the position of the 43 peaks used
to asses AChH inhibition indicated by red crosses, the concentration of AGthEvas 14 uM.The
spectrum was collected for 1888 scans with 1024 points in thiedimension and 10 points in the
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Cyclosarin inhibited AChE-d =
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Appendix 3.1H, N HMQGSOFAST of cyclosarin inhibited A@h&ith the position of the 43 peaks
used to asses ACHEinhibition indicated by red crosses, the concentrati of AChEd was 14 M.
The spectrum was collected for 1888 scans with 1024 points in‘thelimension and 100 points in
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Appendix 4.H,’N HMQGSOFAST of VX inhibited AGHRvith the position of the 43 peaks used to
asses ACh#H inhibition indicated by red crosses, the concentration of AGthEvas 14 uM.The
spectrum was collected for 1888 scans with 1024 points in thiedimension and 100 @ints in the
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Un-inhibited AChE-d a L
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Appendix 51H, N HMQGSOFAST of uimhibited AChEd with the position of the 43 peaks used to
asses ACh#H inhibition indicated by red crosses, the concentration of AGthEvas 14 pM.The
spectrum was collected for 1888 scans with 1024 points in thiedimension and 100@ints in the
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Azamethiphos inhibited AChE-d R4 -
0
B8 500 GAB2 s
o
20:21 -
s 7 {1202 s |~
27 E
B2 ms mi6 R4 [
4 A 2 g
12 119 =
¢ 13 18 s e g
23] H +25 - &
B]ﬁ u‘;
£
wv
87 asld =
7 g8 i) ORSER o S
4 o
()
8 i S
25 z
& B0 )
;;),39 E? 32) ’_g
el (40 L
A2 L
g3 : “,g.
— —— T ————1— —
10.0 95 9.0 85 8.0 75 7.0

1H chemical shift (ppm)

Appendix 6.'H,®N HMQGSOFAST of azamethiphos inhibited A@h®ith the position of the 43
peaks used to asses ACHEnhibition indicated by red crosses, the concentratiomf AChEd was 14
UM. The spectrum was collected for 1888 scans with 1024 points inttheimension and 100 points
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Methamidophos inhibited AChE-d L
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Appendix 7.1H, N HMQGSOFAST of methamidophos inhibited AGthkith the position of the 43
peaks used to asses ACGHHENhibition indicated by black crosses, the concentration of A@hiwas
14 pM. The spectrum was collected for 1888 scans with 1024 points in‘tHalimensgon and 100

points in the'sh
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Appendix 8.1H,®N HMQGSOFAST of chlorfenvinphos inhibited AGth&ith the position of the 43

peaks used to asses ACGhEnhibition indicated by red crosseshe concentration of AChid was 14

UM. The spectrum was collected for 1888 scans with 1024 points in‘theimension and 100 points
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