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Abstract

Threeaspects of chemical and biochemical reactions were investigated.

1. The relative reactivities giyrophosphate (phosphorus(\ay)dpyro-di-H-
phosphonatéphosphorus(llf) and itsderivativeshave been angdedat various pHs. The
hydrolysisrate of pyredi-H-phosphonatéPP(lIl)) was found to béigher than
pyrophosphate at all pH4Jsing ITC and NMRpyrophosphate showed metah
complexing abilites whereas pyrdi-H-phosphonatshowed weak or no congxing to
metations although the rate of hydrolysis at pHlightly increased@ompared to the
spontaneous hydrolysis BP(IIl). The enzymatic hydrolysis of pyrophosphatiich is
thought to occur via MgPP(¥) occurs efficiently and is close to beidiffusion controlled.
Pyro-di-H-phosphonaten the other hand does not act as a substrate amnhibitor of

pyrophosphatase.

2. Dichloromeghane DCM) is analkylating agenfor pyridine, producingmethylene
bis-pyridinium dication (MDP)upon refluxirg the solution.The kineticsand nechanism of
hydrolysis ofmethylene bigpyridinium dicationhavebeen studiedBelow pH 7MDP is
extremelystable and hydrolysis first-order in hydroxidéon. Above pH 9 an unusual
intermediate is formedn hydrolyss which has a chromophore at 366 nm in water &d i
formation issecondorder in hydroxideon. The carbon acidity of the central methylene
group was alsivestigated kingcally using H/D exchange and the pKas surprisingly high
at21.2 at 28C (1= 1.0 M).

3. Isothermal titratiorcalorimetry(ITC) is a technique mainly used by biochemists to
obtain a range of physical and thermodynamic propesfiageaction. Analysing the data
can become difficult when investigating complex reactiamelving mae than one step, for
instancemetations binding to an enzymeln this work models have been developed to
simulatesequentiateactions Thesewere used to simulaexperimental ITC datior metat
ions Zn*, Cd™* and Cd* complexing to the active sief Bcll, a metallo -lactamase
responsible for antibiotic resistangeovidingadditionalinformation on the mechanishy
which this enzyme acts to deactivatiactam antibiotics The sinulations suggest that Bcll

hastwo very similar binding affinities to metanswhich are filled sequentially
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Chapter 1 +PHOSPHATES AND H-PHOSPHONATES

1 Introduction

Biological phosphate esters have many roles and underpin most life processes such as
the storage and manifestation of genetic information, energy transduction, signalling,
regulation, differentiationgompartmentalisation, substrate modification to facilitate chemical
reactiors and as structural componﬂﬂﬂ' hese properties are the major reason why

phosphates and their derivatives are studied.



1.1 Background

1.1.1 Phosphate esters within DIA

Deoxyribonucleic acid, DNA is present in all life forms, animal and plant. It is the
template for the production of proteins vilaonucleic acidRNA). Genetic information is
encodd as a sequence of nucleotides, witchtain or of four bases thatre derivatives of
pyrimidine, thymine (T) and cytosine (C) or purines, adenine (A) and guanine (G). One of

these basds attached to a sugar, either ribose@leoxyribose which also contaiphosphate

groups{Scheme.1)*

Schemel.1 Base, sugar and phosphate gromform a nucleotide which composes DNA and
RNA.

ThH QXFOHRWLGHYV -Dyhdspfidriiesper lioné& Whizh provides the extremely
stable sugaphosphate backbone of DﬁAThe phosphate ester backbone has an estimated
half-life of 31 million yeardor its spontaneous water hydrolﬁi&at RNA which contains a
hydroxyl group at position 2 of the ribose unit is significantly less, due to transeatarific
and hydrolysis which cleaves the phosphatestier backbon@ L H-OH-

attacks ttH -R-O bonﬂ




Schemel.2 Transesterification of R

DNA is a double stranded helixhich is stabilised by the opposing strand by hydrogen bond
and other intermoleculanteractions.In 1953Watson and Crick proposeide structure for
DNA which consisted of tw complementary strands whichrantiparallel to each other.
Adenine pairsvith thymine and guanine pairs with cytosine wdaes in RNA, uracil binds to
adenine and iasually singlestrandeﬁ In addition to proiding a stable backbone to DNA

the phosphate groups provide an area for solvation as the hydrophobic base pairs are

contained within the centre of the helix.

Nucleosidegbase + sugagdenosine, thymidine, cytidine and umiel are phosphorylated at
W K Hosition of the ribose sugar unit by their respective kinase and additional phosphates
can be added to form nucleoside diphosphates and triphosphates such as adenosine

triphosphate (ATﬂ
1.1.2 Phosphorylating agents

Phosphorylation involves the addition of a phosphate ggenerallyto a protein
andoccurs in many key processes such as signalling and tiegudé proteins. In living
organisms, phosphorylation is catalydmdenzymes such as kinases deghosporylation by
phosphatasdsoth ofwhich are used widely fahe generation, distribution and application of

free energy by the manipulation of phospb acid anhydrides and its esters. The most

commonphosphorylating agent adenosine triphosphate (ATfchene 1.3) whichis the

major erergy currency in living systes



ATP is an adenine base whighdttachedo a D-ribose sugar via a{jlycosidic bond, to
which plosphate groupare attachedd W \WpKdition-via ester IinkagﬁsThere arehree
phosphate groups presentAifP andthe closesphosphousto theribose ring is referretb
asDOSKienextEHWD DQG ILQDOO\N JDPPD

Schame 1.3 Adenosine triphosphate (Aﬁ)

Phosphate group transfers are also involved in oligonucleotide synthesis which is a useful
technique for DNA sequencing and aMiHQVH WKHUDSLHV WR WUHDW GLVHI
carcer andduchenne muscular dystroptyMD). The method for soligtate oligonucleotide

synthesis involvedD VROLG VXS SR UWdtdxyMNgtoQp B &firgd Kuidleoside base

is directly bound to an insoluble support such as silica, glass beagmbystyrene derivative

resin via a succinyl link.

GenHUDOO\ WKH VX EUNYdidplsdes dDgode ReEvVii@group such as chloride,
triazolate or diallylphosphateéOne method of phosphorylation but not used that often

anymore, involveslirect reation with phosphoryl chloride in the presence of a lszbeme

1.4)°

Schemel.4 Alcohol reacting with phosphoryl chloride to produce a phosphate ras!

There are several examples of phosphorylating agents such as anhydridesndatio
esters.Tetraesters of pyrophosphoricide mixed anhydrides or a-gister e.g.

phosphorochloridic acid can be used as phosphorylagiagta in the presence of a ﬁse



Compounds which contaiftN=CR-O-P(O)(OR} such as imidoyl phosphaES((hemeLE can
alsobe wsed as phosphorylating ageriace protonatedield pyrophosphatesters

Schemel.5 Imidoyl phosphate reacting with a phosphatester to produce a
pyrophosphatei-ese

Quinol mone and diphosphatesvhich arepossible phosphorylating agemi® relatively
resistant to alkaline hydrolysis in the absence of air, but introduction of an oxidising agent
such as bromine in aqueous solution precipitates qui,m ard produces the
reactive metaphosphate as an intermediate phosphorylating agent

Schemel.6 Quinol monophosphate oxidised to produce quinone and metaphpgphate

Mono-esters of phosphoramidic acids aresilole phosphorylating agentghen the nitrogen
is protonated it becomes a very good phosphorylating agent for g8icimsme 1.m

Schemel.7 Pyrophosphate eister formed from monrester phosphoamidic aciﬂ



1.1.3 H-phosphonates

H-phosphonates and their derivatives have many applications in a wide variety of
areas such as agriculture, medicine and the pharmaceutical industry. The agricultural industry
is the largest consumer ofphosphonates lich ussthem as fungicides, herbicides and
plantgrowth regulato

H-phosphonate chemistry involves the parent molecule, phosphorowsraddisalso
referred to as phosphonic acids®D;). Phosphorous acid has two giéf 1.07and 658 and
is slightly more acidic than phosphoric acid which hagsK2.12, 7.21 and 123ﬁ There
aretwo tautomeric forms ophosphorouscidand its derivatives solution, the tetra
coordinated Hphosphonate or the ttoordinated phospta which both bear the phospher

atom in the +3 oxidation staf8chemel.8)"°

Schemel.8 Equilibrium between the tetigoordinated and #¢oordinated phosphorous

speciﬁ

It has nowacacepted that Hphosphonates exiptedominantlyas the tetraoordinated species
and not the trcoordinated species which was initially beliﬁd

Using®P{H} NMR as an analyical techniquedi-esters of Hphosphonates usually show
signals in the region of -05 ppﬂand some phosphoroaempoundsuch as desters of
pyro-H-phosphonatesave negative chemikshift usually between 0 ard0 ppm,
characteristic of the tetir@oordinated phgshoius atovm It has been suggestétat the tetra

coordinate phosphorous species undesgastomerisation as shownschemel.8fyet thee

is no ewdence within the NMR spectruthat the trcoordinated species exig@gnals
usually in the 130 ppm regiﬁl}



1.1.4 P-H Exchange

Phosphorous acid contains three hydrogems ,oxygen bondedndone directly
bonded & phosphans. The two oxygen bounkdydrogens exchange rapidly in@. On the
other hand, data supporting the deuterium exchange of the hydtfiogetty bonded to the
phosphorugor deuterium is inonclusivﬁ The acid catalysed-R exchange with deuterium
and oxidation under acidic conditions with iodine were studied farethyl, di-ethyl and di
n-propyl—H-phosphonaEl Proton NMR was used to determine the kinetics-BffRD
exchange which followed firgirder kinetics with respect to-phosphonate for both
exchange and oxidation. The acid catalysgiidnd acidndependentate constantd) for

exchange are providedrablel.1for the different Hphosphonates.

Compound Exchange Oxidation
kg / Ms? k! St kg / M7t k! st

Dimethyl H- 1.1x 10° 1.3x 10° 5.3x 10" 2.3x10
phosphonate
Diethyl H- 1.0 x 10° 3.3x10° 4.2x 10* 6.7 x 10°
phosphonate

Di-n-propyl H- 9.7x 10* 1.2 x 10* 4.2x 10* 3.3x10°
phosphonate

Table 1.1 Rate constants for the deuterium excleaagd oxidation of Hbhosphon

Theoxidationrateof di-alkyl H-phosphonates with iodingas independent abdine

concentratiorabove a certain ratio of iodine dd-alkyl H-phosphonate. her acidic

conditions the rate lafor oxidation(Equationl.1) was the same dRat forthe exchange rate

for deuterium indicating the rattetermining step is the same for both reactions.
Rate of exchange/oxidationks [H'] [H-phosphonate] k,, [H-phosphonate]

Equation 1.1

The proposed scheme for the acid catalysed exchange and oxidation iiitibles

protonation of the phosphyl groupfollowed by formation of a phosphite @cbordinated,
possedgag a lone pair on the phosphigiaton) which is believed to be very reactive. The tri
coordinated phosphite under excess oxidising agent, is oxidised to the phosphate or in the
absence of oxiding agent reverts to thefihosphonate accepting a proton via a suitable

donor{Schemel.9)*’




Schemel.9 Mechanism of deuterium exchange or oxidation of the directly bound hydrogen

of H—phosphonﬂ

Oxidationof H-phosphonateBy halogens such as iodiaee subjecto base catalysishich

also produces the phosphite as a reactive intermediate. limgrehs basicity of the base

PT

increaseshekinetic isotope effecas shown ifTablel1.2

Base pK ku/kp
CH,COO 4.8 1.01
HPO* 7.2 1.65
NH, 9.6 1.84
CO” 10.3 2.76

Table 1.2 Kinetic isotope effectfor thebase calgised oxidation of diethyl Hbhosphonate
by iodin

Theexpected primarkinetic isotope effect fobreakingthe RH bondin the ratelimiting step
is approximately 5.6 which may be obtained by having a base with eqoidl or greater than

diethykH-phosphonate of 14‘.?“ The presence of significantkinetic isotope effect by the

different buffer bases indicatése ratedetermining step is the removal of thé1 proton.



The mechanism associated with the observations must involve slow deprotonation-bf the P
bond to produce the phosphite, whigbuld then produce Pphosphonate or phosphate
ester{Schemel.10)*°

The rate law associated with the base catalysed deuterium exchange and oxidation is equal to
the rate of formation of the phosphite where the acid independertanate regarded as

negigible and therefore rate becomes:
Rate of formation of phosphitekz[H-phosphonateBase]

Equation 1.2

Westheimebserved that a small proportion of diethypHosphonatexisted as the tri

coordinategphosphitein alkaline solutiongSchemel.10}*

Schemel.10 Mechanism obxidation and PH/D exchange of dialkyl Hbhosphonate by

baﬂ



1.1.5 pK, of phosphorus acids

Phosphaus compounds;ontaining POH groups are capable of losing protons in an

agueus environment Many phosphorus derivatives used within living systeene at least

one pk, themostcommon of whichis phosphoric acid which has three dissociable protons

with pKay = 2.12, pK,= 7.21 and pls = 12.3@

Schemel.11

. The two readilydissociable

protons of phosphorous acid havepkif 1.0/ and 6.

Schemel.12). The pk; of the RH

in H-phosphonate eanion hasbeen estimated to lm)proximatelyaﬁ Dependent on the

pH of thesolution the fraction of the various spec@sangs asshown by the speciation plots

for phosphoric acid and phosphorous 4

€igurel.1

and

Figurel.2

respectively)

Schemel.11 Deprotonation of phosphoric acid.

Figure 1.1 Speciation plot of the different anionic speciesR8&, +P0O;*) of phosphoriacid

as a functiorof pH.
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Schemel.12 Deprotonation of phosphorous acid.

Figure 1.2 Speciation plot of the different speciesP®; +PO;*) of phosphorous acid.

A summary of pKvalues ofsomephoghoric and phosphorous compounds are sho

Tablel.3

11

VN i




Phosphates

Acid PKa1 PK a2 PKas PKas
Phosphoric 2.12 7.21 12.32
Methyl phosphate 1.54 6.31
Ethyl phosphate 1.60 6.62
Pyrophosphoric 0.9 2.0 6.6 9.4

H-phosphonates

Phosphorous 1.07 6.58

Ethyl H-Phosphonate 0.81

Table 1.3 pK, summary of phgshates and Hbhosphonates at Zﬂ
1.1.6 Mechanism of hydrolysis of phosphate esters

Phosphate ester formation and/or cleavage of felddnd are of crucial importance
in biological systemdncludingphosphorylation, control of secondaryssengers and
protein regulaticEfl Therates ofhydrolysis of phosphate esters are complicated by the

overall chage onthe compoundavhich may be for examplagutal, moneanionic, dianionic

etf'1”°| Phosphate esters may be cleaved by one of three mechanisms whibkdrave

extensively studied: associative, dissociative or conceatuvays

1.1.6.1Associative mechanism

The associative mechanism for the hydrolysis of phosphate esters involves an
additionelimination designated &+ Dy, The first step involves the nucldufe attacking the

phosphorustom, to generata pentacoordinate phosphorane intermediate, which expels the

leaving group in the second stggchemel.13)7>

Schemel.13 Ay + Dy mechanism which generates a pergardinate phosphorane

intermediaﬁl
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1.1.6.2Dissociative mechanism

The dissociative mechanismy{B Ay) is similar to a §1 mechanism wheremanar
metaphosphate intermediate is formed {Pi@ the rateimiting stepusually for the
hydrolysis of phosphate morm;teﬁ The highly reative intermediate is attacked at either

side by thenucleophile to form the produf®¢hemel.14)°1“>"

Schemel.14 Dy + Ay mechanism which generates metaphosphate intermedia;ﬁDO
1.1.6.3Concerted mechanism
The concerted mechanis(AyDy or Sy2(P) can behought of as combination of

the associative and dissociative mecharﬁm‘ﬁhe ADn mechanisninvolves nudeophile

attack on the phosphas centre and the leaving group departs in a single step without the

formation of arintermediatg $chemel. 150

Schemel.15 AyDy mechanism whichsiinvolves concertetdond formation/dissociati

The three mechanisms can be illatgd by a More2 1 ) H UJendkasthemd Schemel.16).
The reactants are depicted in the lower left hand corner and the priodihetsipper right

SU

hand cornfr]”"| The xaxis represents the exteritbmnd cleavage of the phosphsreaving

group bond and the-gxis represents the extent of bond formation by the incoming

nucleophile.
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Schemel.16 More- 2 1) H UJéntks Plot showing the three different mechanisms involved in

phosphate hydrolygig™

1.1.7 The mechanisms of hydrolysis andeactivity of phosphate

esters

1.1.7.1Mono-esterHydrolysis

Phosphate esters are of considerable interest as they are of great biological
importance.Mono substituted phosphate esters apabke of losing two protordepending
on the dissociation constaatd pH hydrolysis could involve the undissociated acid, mono

anion, dianion or a mixture of species.

Generally phosphate mowsters irstronglyaddic media, one may expect the major reactive
species to be theeutralacid. An acid catalysed hydrolysis may also be observed by the
addition ofa hydrogeron usually to the phosphoryl oxygemd may be more reactive than
theneutralacid. At high pHwhere the dominant species may be thardon anchydroxide

ion attack would be made less favourable tluelectrostatic repulsion.

14



An example of a simpleutwell studied phosphate mowmster is methyl phosphate.
Hydrolysis of methyl phosphate acidis very slow- at pH 0 at 108 it showsan observed
first-orderrate constantk,,9 = 5.09 x 10 s*which increases as the adohcentration
increases suggestimg acid catalysed reactiofthe neutral specj€$™| Using isotopically
labelled water'0) in theseacidic conditionshowsboth GO and PO bond fission occurs
most likely tirough an associag mechanisﬁfl If protonation of the methyl oxygen occurs
andprecedewia carbam-oxygen fission the mechanism may be formulateid|&hemel.17

Schemel.17 Hydrolysis mechanism of methyl phosphate involvin@®ond cleavage to
produce phosphoric acid and methol

The reaction involving phosphorasygen bond fissiomvolvesby nuclephilic attack on
the pha@phous atomSchemel.18):

Schemel.18 Hydrolysis mechanism of methyl phosphate involvin@ Bond cleavage to

produce phosphoric acid and methahl

Another mechanistic interpretation of the acid catalysed hydrolysis of-metioyl

phosphaténvolvesprotonation of the phosphoryl oxygen showfSthemel.19

Schemel.19 Acid catalysed hydrolysis of metl phosphate which involves-O and RO

bond fissiﬂ
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Increasing the pH changes the maumethyl phosphate speciesthhe moneanioric species,
atpH 154 where 50% exists as the mesntion but at pH 4, methyl phehate exists wholly
as the monaniofy“| The rate of idrolysis of themoncanion is unexpectedly faahd one
may expect the undissociated acid taH®most reactive speci@seutral, moneanion, di

anion) in solution as additional negative charges would inhibit nucleophilic attack by water.

A rate maxinum is observed at pH 4.17 atQ®Q for methyl phosphate monmioﬁl Figure

1.3) and of otherisnple moneesteﬁ If the hydroxyl grougransfersa proton to the leang

alkoxy groupvia a metaphosphate intermedjaia alcohol would be formed addsociation
would be a more favourable procéisgn additionelimination associative mechani

Isotopically labelled®0 showed that hydrolysiproceeds via-B bond fissicﬂ A Bransted
plot of logk for the moneanionagainst pK for different leaving groupsanindicatethe
charge dstribution in the transition stateA plot for aryl and alkyl phosphates sted a
linear response with a slope-6f3 indicatindittle negative chargen thealkoxy or aryloxy
groupin the transition statelf there was a lge amount of negative charge the RO
residue in the transition state a greater slope would be odsamdetheaate ofhydrolysis of

the phosphate monanion wouldshow a large dependencetbe substitueﬂ

Figure 1.3 pH-rate profile of the hydrgkis of methyl phosphate at Pﬂ
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Two mechanisms have been proposed to accourtiddntdrolysis of the phosphate ester

monganion. The proton may be directhansferredSchemel.20) or by way of a six

SUy o2

membered cyclic transition state, involving WTSchemeL.Zl

Schemel.20 Hydrolysis of methyl phosphate anion which involves proton transfer to
generate the metaphosphate intermediate and methanol.

Schemel.21 Hydrolysis of methyl phosphataian which involves a water molecule to

generate the metaphosphate intermediate and m ol

As mentiond above the most reactive species of afigHl; etc)andaryl (phenyl and itro
phenyﬂphosphates after the acid catalysed neutral species is theami@movhich shows a

rate maximum at pH ¢Figure 1.3) and requires proton transfer to the leaving group and is

K

essential for the reaction via a dissociative mech |sm

Methyl phosphate danion is only slowly hydrolysed at high pH, but if the leaving group
contains a strongly electron withdrawing substituastin some acyl or nitrophenyl
phosphates, the-dinion alsde reactive and may be evenmmoeactive thathe moneanion
Hydrolysis of the mon@nion of 2,4dinitrophenyl phosphate is approximately 30 times
slower than the danion at ZKF_SI Thephosphate esteli-anion is faster than the moiamion
when the pK of the conjugate acid of the leagi group phenol is less than Bethydrolysis
of 2-chloro-4-nitrophenyl phosphate is almost pH independent, (ohenol = 5.45) as hio

the mone and dianions hydrolyse at the same fdte

This high reactivity can be accountedddis®ciative mechanism giving metaphosphate

intermediatg Schemel.22) as therate of hydrolysiof a series of monesterdi-anions is
very sensitive to the pof the leaving group (BrQ V W, Q.Zﬂ
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Schemel.22 Hydrolysis of an afl phosphate ester-@inion to form a metaphosphate

intermedialéjl

Phosphate destes are generally very stable towards hydroly3iee hydrolysis of

1.1.7.2Di-ester hydrolysis

di-methyl phosphate as a function of pksignificantly differentto that ofmonomethyl
phosphat. Monemethyl phosphate shoveshydrolysisrate maximum at pH 4.17 wiesthe
major readve speciesd the moneanion but the reactiwitof the dimethyl moneanion s

ORZ DW S+1V ZkKadibntowenhHat&Qddminates Decreasing the pH converts
the moneanionic species to the neutral species and in solutions which are notaidice a

than pH 0 the only substrate involved in hydrolysis is the neutral species. Hydrolysis using
isotopically labelled water§0) at pH 1.24 where the majeeactive species is the neutral
dimethyl phosphate as thebstrate, the reaction proceedainy through GO bond fission

(78%) and a small amount via®bond fissiorin a concerted mechanisrBoth processes

are shown ifBchemel.23

Schemel.23 Hydrolysis ofundissociatedi-methyl phosphatat low pHwhich involves GO
and RO bond fission to form methyl phosphate and metnol

The rate of hydrolysis of dhenzyl phosphate was investigated by Westheimer in w854
found that the dester anion at 75°6 and arionic strength of 1.0 M has a very slow
hydrolysis rate constant =14 x 10% s* and the neutral spiss = 3.17% 10° s‘lr_"|

The acid catalysed hydrolysis ofmliettyl phosphate may involve protonation either the
phosphoyl oxygen or the methoxy oxygen witloth GO and PO bond cleasge occurring

by nucleophilic attack by a water moleculetbi carbon or phosphaos atom of the conjugate

aciﬂ ScheméLZiI.
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Schemel.24 Acid catalysed hydrolysis of @nethyl phosphate which involves@and PO
bond fission to form methyl phosphate and methdnol

Dialkyl phosphates are not readily hydrolysed under basic conditidastheimeet al.
investigated the hydrolysis of-diethyl phosphate in strongly basic conditions at high
temperature. The major mechanishibasecatalysed hydrolysis involved-O bond fission

compared to O bond fission as shown lwsing isotopically labelled solv Scheme

1.25).

Schemel.25 Hydroxideion catalysed hydrolysis of -ainethyl phosphate which involves both
C-O and PO bond cleava

Kirby in 1970 investigated the hydrolysis of a series of diaryl phosphate aftoegample
diphenyl phosphate at 1@ at pH 10 rerained unchanged after 5 hours and the-lifalfof
bis-p-nitropheny phosphate at pH-8 and at 10TC isunchanged aftemore than 4 months.

The hydrolysis of bi,4-dinitrophenyl phosphate, bisnitrophenyl phosphate and k8s
nitrophenyl phosphate wasvestigated over a wide pH range and it was found that between
pH 2 and 6 the rate of hydrolysis of Zitrophenyl phosphate is pH independent and at low

and high pH there is an acid and base catalysed reaction of all three compounds

A free-energy relationship plot between the fiostier rate constants for a series of diaryl
phosphate anions at 1@Wand at 1.0 M ionic strength agaitis¢ pK, of the leaving group
conjugate acid givea slope 0f0.97 which suggests that the leaving groapries significant
negative charge in the transition statenpatible with almost complete® bond fission from
the pentacovalent intermediﬁr Schemel.26).
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Schemel.26 The proposed mechanism ofdmolysis ofdi-aryl phosphatenoncanio

Phosphate triesteese notaturally occurring substancesad theréore not discussed in detail

althoughthey are usually manufacturgdr use asnsecticidesand were used as neurotoxins

in World War ﬂ

1.1.8 Hydrolysis of the P-O-P bond

Phosphate esters and condensed phosphates (phosphate anhydrides) which contain a
P-O-P bond arealsosulject to hydrolysis. The pH of theolutiongreatlyinfluences the
hydrolytic rate of simpleondensed phosphates such as pyrophosphate to give the
corresponding phosphate.

The stability of the FO-P bond of condensed phosphates at nepkiand at room
temperature is ithe order of magnitude of yeﬁsAt higher temperatures e.g. £a0
pyrophosphate hydrolgsin waterto give two mole equivalents phosphoric acithcheme

1.27) is near completion within a few homs

Many hydrolytic studies of pyrophosphate have been carried outduitional analytical
methodssuch as phosphate identification using molybdenum dreeot adequate to measure

the stability and hydrolysis of pyrophosphate and polyphospffates

Schemel.27 Hydrolysis of pyrophosphate which produces two moles of phosphoric acid.
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Pyrophosphoric acias four dissociable protoasd the anionic state $&nsitive to pH. In

highly acidic (22 M HCI) conditions the majority of pyrtyosphate exits as the undissociated

form (H;P,0;) but increasing the pH changes the spdtiesigh four anionic statégom

H,P,0; to P,O;* and in alkaline solutions pyrophosphtg&raanionis very stable due to

electrosatic repulsion of the hydroxidien.

Unsymmetrical pyrophosphate-esters are difficult to isolate probably because they are very

unstable and hydrolyse rapidly in water. The hydrolysis, & fliethyl pyrophosphate is pH

dependent and above pH 6 diethyl pyrophosphate exists disahimn

Schemel.28

ii) and

hydrolysesrapidly with a firstorder rate constant = 1.15 x 16", whereas the moranion

below pH 6hydrolyseg

Schemel.28

i) moreslowly with a firstorder rate constant = 3.0 x

10° s‘ﬁ The mechanism of hydrolysis resembles that of phosplaie-@sters wkre a

metaphosphat@&termediate is formed which is showr[themeL28

Schemel.28 Hydrolysis ofanunsymmetrical pyrophosphate, (P;-diethyl pyrophosphate)

mongcanion and dianion via a metaphosphate intermefiiate

It is interesting to note that the-ahion hydrolyses faster than the meggion, which is the

opposite of what is observed falkyl phosphates and pyrophosphate mesters. This rate

reversal is dependent on the i the leaving group and a strong acid such aslujl
phosphate is a gableaving groﬁ
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1.1.9 Metal coordinated hydrolysis

Phosphates undergo a variety of reactions associdtegnoteins and metals.
Metalions ae assumed to increase hydrolysis by redising charge on the substrate,
transition stater botm Divalent metalions catalyse # hydrolysis of acyl phosphates,
Briggs, Satchikand White studied the hydrolysis of acetyl phosphatalgsed by four
divalent metaions M¢*, C&*, SF* and B&* which hadsomecatalytic effect orhe rates of
hydrolysis at pH 8.45, | £.6 M at 25)Cﬁ| The rate of hydrolysis at the same pH, ionic
strength and temperature without the divalent meiglwas 1.1x 10° s* but the addition of
Mg?*, C&*, SP* and B&" provided secondrder rate constant& (") = 9.6x 10%, 7.3x 10
4 2.4x10%and 70 x 10°M* st respectivelfland the intercepts show background

hydrolysiswithout metal iongFigure1.4).

Figure 1.4 Plot of ko,sagainst metal concentration for KigC&”*, SF* and Bf”, the solid line

represent a linear fit to the dgieovidinga seconebrder rate const

ThepH independentiydrolysis ofacetyl phosphate without mefahsabove pH 6 wherthe
di-aniondominatesnvolves RO bond cleavagévia a dissociative mechanistojit at higher
pH involves GO bond fission as the hydroxiden preferentiallyattacks the carbonyl atom.

In the presence of metains such as Mg the hydrolysis of acetyl phosphate is much more
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sensitive to pH and attack of vea{Schene 1.29} i) and hydroxiddon (Schene 1.29 ii)

occurringvia the cleavage of the-O bond to form eetate and phosphate ions.

The metafion coordinates to the phosphate oxygens presumahiect it into a better

leaving groﬂ

Scheme 1.29 Spontaneous hydrolysis of acetyl phosphate (i) and hydrolysis involving
hydroxideion (ii) both aided by a metal-diatio

Another example of metabns promoting hydrolysis of phosphates is when phosphate esters

Schemel.30) whichare bound to dhuclear metatomplexesuch as Co(lllwhich may be
similar in structure to sneenzyme catalytic siﬁ

Schemel.30 A cobalt binuclear complex providing charge neutralisation of the phosphate

oxygens and an internal nucleoﬂe

In agleous solution, hydrolysis occurs by cleavihg PO bond forming ADP and a
phosphate bridging thevo Co(lll) centrﬂ A specific base catalysed reaction was observed

in basic solution with a secommtder rate constant = 0.027'\* at 25C and at 1.0 M ionic
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strength (KCI). Using'P NMR, a slution ofthe phosphate bound complSchemel.30} at
pH 8 and at ambient temperature remained unchanged for ﬂvonth

Between pH 8.1 and 10 and maintaining the ionic strength at 1.0 M, magnesium complexes to

the ATP moiety{Schemel.31) which increases theydroxide catalysetlydrolysis giving a

secondorder rate constant = 80 Ms* which is 3 x 18times faster than the magnesium
uncomplexedwydrolysiﬂ

Schemel.31 The binuclear complex of ATEoordinated to a magnesition which

promotes hydrolysis via an associative mechatilsm

The mechanism for biological phosphoryl transfer involvimgtation cofactorsareusually

based orthe metalions beingable tostabilise the transition state. However ATP hydrolysis

involves a dissociative mechanisvhere the bond to the ADP leaving group is broken before

the attacking water molecule and interaction of the magnesium would have a larger catalytic
HITHFW LI LW LOQWHUDFWHG ZLWK WKH OHDYLQJ JURXS RI W
phosphates ashservedalthough inSchemel.31|it is shown that the magnesition is

LQWHUDFW L-ghdsphatisdf W K H

7KH FRRUGLQDWLRQ RI PDJQHVLXP WR $73 GRHV QRW DIIHF
of -1.1 indicates a large negative charge has developed in the transition state and therefore the
P-O bond is largely broken. It was initially proged that the coordination of magnesium may

change the hydrolysis mechanismrfr dissociative to associaﬁr

24



There have beeseveralproposts to explain the role of metébns inaiding hydrolysis:

The first emphasises the formation ofyalic intermediate by the metan and the
phosphateli-anionwhich presumably neutralises some of the negative charge which may
facilitate nucleoplilic attackon phosphor Schemel.32).

Schemel.32 Metalion coordinating to a phosphate meester dianion which may aid

hydrolysis by ring strain or charge neutralisation.

The secondsi making phosphate a better Iea\@;nguﬂ Schemel.33).

Schemel.33 Metalkion neutralising negative charges on phogpléhich makes it a better

leaving group.
1.1.1CEnzymatic Hydrolysis of phosphate esters

Phosphate esters have a variety of biological uses. Phosphatestersocan occur
as alkyl phosphates and sugar phosphates whereas phosgsttgsioccur in the baakbe
of DNA and RNA and form phospholipid membranes of cells.

Phosphorytransfer is of great importance in biochemistry and allmasy reactions which
are too slow or thermodynamically unfavourable to occur. These reactions are needed for

energy balancand cellular control.

Many reactions involve cleavage of phosphoric mesters/anhydrides which give rise to

largefreechemical energgriving areaction to completion.
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Enzymatic cleavage of phosphate esters is carried out by a family of phosphaiakdsave

been classified by William Paylor and Theodore S Widlaﬁi There are three major

groups

Figurel.5

of phosphatas which are based on substrate preference. The first class

comprises of noispecific substrates which are subdivided dependent on pH, i.e. the most

suitable/optimum operating conditions such as alkaline and acid phosphatases. The second

class known aslwsphoprotein phosphatases cleave phapated proteinghis group

includes phosphoserine, phosphoserine/threonine phosphatases, phosphotyrosine

phosphatases and duel specificity phosphatases.

The final class includes enzymes which hydrolyse spestifistrates or structurally similar

substrées such as glucos’ephosphar! >

[ Non specific ] [ Phosphoprotein ] [ Small molecule ]

/ Typical su bstrates:\

[Alkaline] | Acid J Phespho [ Phospho)( Duel Glucose6-phosphate
P Fructosel,6
Tyr Ser/Thr || Specific bisphosphate

- /

Figure 1.5 The hree groups of phosphatases dependent on substrate specificity.

1.1.10.1

Non-specific phosphatasetAlkaline phosphatase

E.coliphosphatase is the most studied alkaline phosphatageeferenially

catalyses phosphate measters although some members of the alkaline phosphatase

superfamily hydrolyse phosphateatitefs’>| Previous studies hawhown that at low pH

the enzyme dissociates into subunits followed by conformational change which can be

reverted dependent on pH, temperature and metal conce ﬁﬁ ohheactive siteof E.coli

alkaline phosphatasmntains two Zfi ions and a Mg®* ion which arerequired for enzyme

activity with normalpH gperating conditions around pFSF The active site transition seat

for the hydrolysis of a phosphate monoestshiswn inSchemel.34] where the charge is

stabilised by the metébns.
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Schemel.34 E.coli Paseactive site transition state when catalysinghyerolysis of
phosphate monesteﬂ

1.1.10.2 Alkaline pyrophosphatase

Yeast pyrophosphatase frddaccharomyces cerevisiaadpyrophosphatase from
Escherichia colbelong to the family of alkaline phosphatasdich require three or four
metations to catalyse the nespecific hydrdysis of phosphte moneesters.

Alkaline pyrophosphataseatalyses the hydrolysis of pyrophosphate tatri@n to two
equivalents of phosmate generally in the pH region @ﬂﬁ Schemel.35).

Schemel.35 Pyrophosphate tedanion hydrolysing to two equalents of phosphoric acid.

E.coli PPase is the most studied pyrophosphdfBaseand is similar to yeast PPase both
essentially are near perfect catalysts, with.#, =3 x 10 M™ s‘ﬂ The active si
containsfour magnesiunions termed MgMg4 which are required for catalytic hydrolysis
of pyrophosphate. Two magnesitams fill site Mgl and Mg2of higher and lower affinity

respectivelybefore the substrate complexes and Mg3 and Mg4 sites ararfilleel ezyme

substrate compléﬁ1°‘ There are 13 polar residues within the active site which interact

directly or va a water mlecule with the four magnesiudions andwo of the phosphars

oxygenatoms of pyrophosphﬁ
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The major coordination residues are Mgl and Mg2 bridged by a water mgleiquiee(.6

magentg, Asp;o and pyrophosphate while Mg3 is coordinate@ymphosphataséspy; and
Aspizoand Mg4 is coordinated Gluas well as the pyrophosphate moiety. In addition to the
amino acid residueshich coordinate the magnesitions, 9 water residues alsoordinate

to complete the octahedii@oordination of the magnesiuvions. Also Lyse, LyS;s, and Args
arecoordinated to the substrate via electrostatic interaction and an important amino acid
residue Asp; acts as a general base to deprotonate thgibgdavater molecule which would
predominantly act as a nucleo;ﬁ]@s‘ Schemel.36).

Figure 1.6 X-ray crystal structure of the active siteEb€oli PPase with the bridging water

molecule shown imnagenﬁl

Schemel.36 Possible mechanism oymphosphate hydrolysis y.coli PPase initially
involving deprdonation of water by a general ﬁe
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1.1.10.3 Acid phosphatases

Acid phosphatases are enzymes which hydrolase small phosphate monmegers
acidic conditioﬁ Purple acid phosphatases are an example which fit into this category
although they may overlap into othensd are able to catalyse the hydrolysis of phosp
esters and anhydrides such as Aif EhepH regionof 4 to 7. Purple acid phosphatases
usually contain two metabns one of which is Fe(lll) and the secaralildbe Zn(ll), Mn(ll)
or even another ire'mﬂ

Schemel.37 Proposed mechanism of purple acid phosphatases (PARjeva hydroxidéon
bridging the two metaibons attacks the phosphorus centre or acaordinated hydroxidén
attacks initially then the phosphate is release on exchange with two water molecules which
also reform the bridging hydroxiderlj
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1.1.10.4 Phosphoprotein phosphatases

Protein phosphatasare represented by three distinct gene families. Two of these
families, phosphoprotein phosphatase P (PPP) and phosphoprotein phosphatase M (PPM)
dephosphorylate phosphoserine and phosphothreonine residues, whilst protein tyrosine
phosphatases (PTP) degsphorylate phosphotyrosine residues. The largest family which
dephosphorylate serine/threonine amino acid residues are metallo enzgngsiatysis
usesa metal activeed nucleophilic water molecﬁ

The major protein serine/threonine phosphatase aciivitivois accounted for by PP1,
PP2A and PP2B which apart of the PPP family together with PP2C of the PPM family.
The three members of the PPP family share a common catalytic domain of 280 amino acid

residuesand therefore highly conser@dThe catalytic subunitfd®P1(Figurel1.7) adopts an
IROG ZLWKFK ZWBQIBGLEHWZH @C\Aﬁidﬁ/ed &P Beld@egidues

(three histidines, two aspartic acids and speaagine) coordinate two metahs. The two

metations Fé* (or Fé") and Mrf* are present in protein which has been expressed:ufi

but othemetationssuch as two Mfi ions can occupy both slﬁs

One water molade is bridged by the two metains which contribute to the octahedral
hexacoordinate geometry. The mechanism of phosphate ester hydrolysis involves direct

nucleophilic attack orhie phosphorus atoby metatboundhydroxideion and the leaving

group is protonated by the imidazolium side chain oiaﬁ Figurel.7).

Figure 1.7 Active site ofE.coli PPlphosphatﬁ
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1.1.10.5 Substrate specific/similar phosphatases

One of the most important enzymes in metabolism is gluéquesplatase (G6-
Pase), which is mainly found in the kidneys and liver. Excess glis@tored as glycogen.
Gluconeogenesis and glycogenolysis produce gluégd®sphate which can be released into
the bloodstream once the phosphate group has been cleaved by-gHpbosphatase thus
playing a major ra in blood glucose homoeostﬁisThe active site of ®-Pase is on the
lumen sideof the endoplasmic reticulum and is Highonserved in mammalian cgfls It
contains many histidine residues, §lidiss,, His;ze, HiSio7, Hiszsp, Hiszez and Higs It was
discoveredby point mutations at those positigtisat the majoty of the histidine residues do
not play an essential role in the hydrolysis of gke6-phosphate HualteringHis; 7o
abolished enzyme activity. Other key residues within the active site iinglGeb-Pase
Lysze, Argss, Argizoand Higigtake part in catabis and point mutation of thesesiduesalso

abolishes enzyme acti

The mechanism of action on&P (Schemel.38) is initiated by His;s providing nuckophilic

attack on the phosphas centre forming phosphehistidine enzyme intermediate. kgl
acts as @eneral acignabling the cleavage of the® bond to produce free glucose. Water
then attacks the phospimtermediate which is stabilised by hydrogen bonding tgAagd

Argi7 proton transfer via Hig dissociates the phosphate leaving group from the active

1l

Schemel.38 Mechanism of Glucosé-Phosphate hydrolysis by gluceéfphosphataﬁ
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1.1.11Heats of hydrolysis of phosphates

Most chemical or biological reactions are associated with a physicajeha
generally heat is diertaken in from the surroundings released The enthalpghange
accompanying these reactionsigiallymeasuredt 1 bar (1.00 x T0Pa) and at a specified
temperature of 298.15 KT KH FKDQJH LQ HQWKDOS\ 0+ FDQ HLWKHU I
isJLYHQ RXW GXULQJ WKH UHDFWLRQ DQG GHILQHG E\ D QH
corresponds to heat being absorbed from the surroundings and referred to as endothermic.
Nature has adopted a way to harness chemical energy by splitting or hydrolysiegérigh
compoundgo provide energy for biological work. The enzymatic cleavages@i®@nds
within phosphate anhydrides are very exothermic under physiological conditions. Examples
of high energy phosphate esters areatine phosphat phosphoenolpyuate and 1,3

bisphosphoglyceratEsgchemel.39) but the most common biological energy currency is

ATF[| Schene1.3).

Schemel.39 Creatine phosphate (i), pephoenolpyruvate (ii) and t#sphosphoglycerate
(iii) with the bond which is cleaved in

ATP and the compounds showvﬁnhemel.BQ commonly take part in phosphoayion

reactions which drive reactions ¥eard which would be otherwissnergetically

unfavourable. Typically three energy changé * is an indication to whetherraaction

would be spontaneo@s LQGLFDWHG E\°R QXD WYRKUDEOH. EheD SRVL\
standard Gibbs free energies of hydrolysis of ATP, ADP, AMP and pyrophosphate are given
inTablel.4

Reaction 0 * hydrolysis (KJ mol?)
E s \ E %E > -32
E o \ E . ;7? E > 45
E g \ tieeceB % -13
6 . "E g \t g% -29

Table 1.4 Gibbs free energies of hydrolysis for phosphate anhyﬂides
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Although the heats ofyldrolysis gives no direct indication tfe corresponding free energy
changetheymay provide some indication to whether itltbbe used as a phosphorylating
agent. In approximately 12 M sulphuric acid the heat of hydrolyshseafeutral
pyrophosphate is17.8 kJ mof whilst at neutral pl (pH 7.2, catalysed by pyrophosphatase
IURP EDNH U 1) theaanbf Bydrolysiof sodium pyrophosphate-B7.4 kJ mot
which is more than doubléén that of the neutral spefi#§’| Ging andobtained a heat of

hydrolysis (pH 72, 0.1 M ionic strengttat 25C) of -30.6 kJ motf for pyrophosphate whilst in
SKRVSKDWH EXIIH243W ot a+

An inevitable problem associated with the evolution of the heat of hydrolysis of
pyrophosphate is the ionisation states of the reactants and the products, which obviously vary
with pH.

An example oP-O bond cleavage which produces a large exothermicupeat hydrolysis is
p-nitropheny phosphate (pNPP). Dephospylation of pnitropheny phosphatat pH 9.6
and at 29& SURGXF H-GQ.(IDkﬁmo‘i‘E’I A few years later Sttevant investigated the
enthalpy of hydrolysis of pNPP and found it to-B6.3 kJ mof over a pH range of 3.6.8
using actate buffers at

Another example where-© bond cleavage is of great importance is in the hydrolysis of

creatine phsphate which is a key step in muscle contraction. The hydrolysis of creatine

phosphatéPCr)occurs in muscle cells and can be representgsthgmel.40

Schemel.40 Creatine phosphate hydrolysing to creatine and phosphotitcfacid

The hydrolysis of cratine phosphate is catalyseddwnid or by alkaline phosphatase and the
enthalpy of hydrolysis at 8T is-41.0 kJ mof and-43.2 kJ mof respective In vivothe
reaction is accompanied by proton transfer and release/binding’6fistg PCr to
phosphate and the heat accompanying these factors at pH 7> Mxni@gnesium is35 kJ

mol™* which is slightly lower thantber values 0f38 kJ mof'and-40 kJ mol* obtained by

Woledge and Carlson and Sigespective|y1™”
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1.1.12AIim

Theaims of this project involvéhe investigation and comparisohphysical and
thermodynamic properties phosphorou@ll) and phosphori¢/) acid derivatives.
Phosphoric compoundse widely used in chastry and biochemistry, and phosphoric
anhydrides are widely hydrolysed in mangdhiemical processes. In particular, this work
investigates the acidities dfssociable hydrogens phosphoras(lll) and phosphoric(V)
compoundsfndtheir relative hydrolyt reactivities which are vergependent on the ionic
species present in solutiolnother aspect of this work involves metal coordination and
enzymatic hydrolysis of phosphas (Il and V) derivatives. As phosphsranhydrides are
well known high energgurrency compounds, the heaf hydrolysisof P(lll) and P(V) were

also studied
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1.2 Experimental

1.2.1 Materials

Pyro-di-H-phosphonateRP(ll1)) - samples of PP(lll) were initially and kindly
provided by T. Kee (University of Leedahd prepared by dissolvimhoghorous acid (16.4
g) and sodium hydroxide (8.0 g) in 100 ml wat&he water was removed under reduced
pressure.The resulting mixture was heated in a tube furnace witthoding through at
200°C for three daysthe analytical details are discudse theresults and discussidrection
1.3). Diethyl pyro-di-H-phosphonatand Hphosphonate monoethyl estarsre prepared as
previously describednd were analytically pl@ H-phosphonate eithyl este (>99%), E.
colipyroSKRVSKDWDVH O\RSKLOL]H Ge&smRgpteidand tetrassodiuhQ L WV

pyrophosphatéecahydratevere purchased from Sigma.

1.2.2 Kinetics/pK 4

lonic strength of solutionseve maintained using KCReations monitored by
¥P{H} NMR at 25°C used a 500 MHz Bruker Avance |, and ZD0nsert was usefr a lock
signal and diphenylptsphate as an internal standard.

Where autditration was used to follow reactions these were carried out using a Metrohm 859
instrument Auto-titration: a jacketed titration vessel aspirated withwids used to maintain a
constant temperaturd.he vessel was charged with 50 ml HCl or NaOH at | = 1.0 M and
titrated with an appropriate solution to maintain the pH. The titration was initiated by addition
of 1.0mmole PP(lll) to the vessel.

E ject of Md" on the hydrolysis of P(lll): samples were run in 0.8 M MOPS her at pH7

and 1.0 M ionic strength ctaining 10% RO for a BO lock and 20 mM diphenylphpbkate

as an internal standaréflagnesium concentrations were varied by the addition of 0.001 M,
0.005 M and 0.01 M magrniesn chloride (MgC)), to 37.6 mM PP(lll).

E.coli Pyrophosphatag@Pasetatalysed reactits were followedusing VRITC: the enzyme

(1 x 10° M) was prepared in 20 mM HEPES frr pH 8.40 or 20 mM MOPS her at pH

7.55, with 3 mM magesium chloride.10 mMPP(V) in the same bier, excluding PPase and
magnesium chlorideras used to initiate the raam to give a final concentration of 0.0411
mM or 0.0211 mM, | = 0.1 M at 2&. Both solutions were degassed for 15 minutes to
prevent buble formation during th expeiment. The same experiment was repeated but with
the addition of 1 mM PP(lll) as a potential inhibitor.
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Using the ITC data, the total heat generated by the reaction can be giguaiienl.3

where Q is heat and t isrte

! t

+ — —

3 T

4
Equation 1.3

The velocity (dP/dt) can be given|Bguationl.4
T > 0%
|4 T =

Equation 1.4

dQ/dt(which ispower)represents the difference between the baseline and the heat released at
any time t, so the concentration of PP(V) at any tjé€[PP(V)]) can be represented by
multiplying [PP(V)]} by the integrated area for a specific aijen at time, t, which is divided

by the total integral of the weglEquationl.5(which was used to obtain a plot of [PP(V)]

against tinje|*

.rt

I4T_T—
> 1 ;72L> : ;% LsF M

7t

I4 T_T—

Equation 1.5

The pK, of PP(lll) and ethylH-phosphonatevas monitored by*P{H} NMR which contained
an insert of diphenylphosphate in MOPSjby pH 7, | = 1.0 M asraexternal standard.

PP(lIl) was analysed at 1.0 M ionic strength at a given pH with concentrations of PP(IIl) in
solution ranging from 2.63 mM:12.78 mM and ethyl Hbhosphonate from 2.9810.50 mM
below pH 3. The pH of each solution was taken beforadadéion of PP(IIl) or ethyH-
phosphonate and after to ensure the pH had not changed during analysis.
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1.2.2.1Enzyme kinetics

MichaelisMenten kinetic constantsd Kn, and k.{/K, were obtained hfEquation

1.6|and its derivatios.

" 'a_r>?>?
F-E—"F=>

Equation 1.6

Below saturation, when [S] <<.kthe curve was fitted to a simple fistder rate law to
obtain thepseuddirst-order rateconstars k,ps Which were independent of substrate
concentration and firgtrder in enzyme concentration. Aboveusation, when [S] >> Kthe
profile was fit to a zer@rder rate law to provide M for the reaction(= ke.{E]).

The catalytic efficieny of the enzyme &/K,, was obtained by dividing,,s by the initial
enzyme concentrationgkwas obtained by dividing ¥ by the initialenzyme concentration.

1.2.3 Metal-ion complexing

General - metakion complexingstudiesusing ITCwere performed on a VA C
Microcal instrument at 2& using a cell volume of 118l (Vo= active volume 1.494ml)
and solutions were degassed to prevent bubble formation for 15 minutes. Tarecefexll

was filled with ultrapure water 0 FP D&)throughout all experiments.
PP(V):

Magnesium complexing to pyrophosphatas conductelly adding different equivalents
magnesiurdon to a 10 mM solution (0 x 10* moles in 10 ml watef sodium

pyrophosphate datydrate Magresium equivalentsf 0, 0.5, land 2were added to the 10

ml pyrophosphate solutiomhich all contained diphenyl phosphate as an internal standdrd a
the pH was monitoreldy addingHCI or NaOH accordingly10.12 mg of MgGl.6H,O was
added for 0.®quivalentof Mg®* then an additional 10.16 mg of Kgvas added to give
lequivalent of metaibn and 2 equivalentsy an additionabf 20.71 mgof Mg?. The

complexing at each equivalenis monitored usingP {H} NMR at 25C.
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Residual metals within the beif solutions were removed using Chelex 100. Isothesimng
ITC were obtained by the titraticf 21.0mM magnesiun{syringe, 1Qul injections)into
0.5 mM PP(\) (cell). Both solutions within the syringe and cedre at pH 8.40uffered by
25 mM HEPESand at 1= 0.1 M

The instrument parameters for the I€&periments were

Numbe of injections: 29, referenceower: 10 pcal/sec, initial dlay: 30 sec, stirringeed:
307 rpm,volume of injectant: 10,iduration: 20 sec, spacing:@8ec, filter period2 sec.

PP(Il):

Magnesium complexing to pyrophosphate was condumtextiding different equivalents
magnesiurvion to a 10 mM solution (1.0 x Tanoles in 10 ml water) of sodiupyro-di-H-
phosphonate Magnesium equivalents 0, 0.5, 1and 2 were adied to the 10 ml sodium
pyro-di-H-phosphonatsolution which all contained diphenyl phosphate as an internal
standard and the pH was maintaitgdadded HCI or NaOH accordinglyt0.32 mg of
MgCl,.6H,0 was added for 0.5 equivalesftMg®* then an additiorlal0.10 mg of M§" was
added to give lequivalent of metah and 2 equivalentsy an additional of 21.05 mg Mg
The complexing at each equivalems monitored usingP {H} NMR at 25°C.

Residual metals within the buffer solutions were removed GBirdex 100. Isothermssing
ITC were obtained by thaddition of 20mM magnesiumor calciumions (syringe, 1Ql
injections)titrated into 0.5 mM PP(lll). Both solutions within the syringe and cell were
buffered using 3cnM MES, 0.1M lonic strength apH 6.00.

The instrument parameteia the ITC experiments were

Number of injections: 2%eference Power: 10 pcal/seitial delay: 200 secdirring speed:
307 rpm volume of injectant: 10 pl, wration: 20 secgpacing:250 sec, ifter period: 2 sec

1.2.4 Heats of hydrolysis

Experiments were performed on aYIRC Microcal instrument at 2& using the
same genergroceduress in 1.2.3 The addition (singlenjection method) of 10.05 mM
PRI (syringe, 51l injections, pH 7) into sodium hydroxide at gdand at pH 13.at 25C,
ionic strength D M. The heat of dilution was subtited from the hydrolysis of PIR).

The instument parameters for the ITC experiments were

Number of injections: 3reference pwer: 30 pcal/sednitial delay: 300 secdirring eed:

307 rpm volume of injectant: 5 pl,uration: 10 secspacing: 2000 sed|tér period: 2 sec
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The heat of hydrolysis for PP(V) was conducted wittni\ of pyrophosphatedrawn into
the syringe whilst the cell containedr8 MgCl, and 1x 10°M E.coli pyrophosphatase.
Both the syringe and cell also containech@d buffer at pH 8.8 or 7.50 0.1 M ionic

strengthand the heat of dilution was subtracted from the isotherm

The instument parameters for the ITC experiments were

Number of injectns: 3 reference pwer: 15ucal/seg initial delay: 300 secdirring speed:
307 rpm volume of injectant: 3 ul, duration:€&¢ spacing: 1500 sedltér period: 2 sec

The enthalpy associated with the any reaction occurring in the sample cell epndsented
by Equationl."ﬂ

ran
S T o=
¢ mab 5ot t-
g4r@4

Equation 1.7

The observed enthalpy then subtracted from the heat of dilution to give the enthalpy
associated with the specific reaction (which would include any buffer

protonations/deprotonations etc).
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1.3 Results and discussion

1.3.1 Pyro-di-H-phosphonate identification

Samples of yro-di-H-phosphonat€PP(lIl)) as the disodium salivere provided by
T. Kee (University of Leeds) and prepared as stated within the experimental section. The

reaction involves the dehydration of phosphorous acid as shp8chemel.41

Schemel.41 Preparation of PP(III), firstly by treatment with sodium hydroxide to preparing
the monesodium salt Wich is heated to give th@oductas the disodium salt

Pyro-di-H-phosphonate ia chemically symmetrical compounehich could eithebe
magnetically equivalent or neequivalent TheP nuclei(spin =1/2)arewell separatediom
the proton nucleand can be assigned as A and®PP(lll) di-anionin D,O. The*'P NMR

Figure1.8) shows twoapparentripletsseparated by 666 Hthis large coupling constant of

Jp1n1= Jponzis from theP-H bond. ThH pWULSOHW V foiday ebuQliRgt/astié X H LUV W
cougding constants are unequab7 £ 0.03Hz and 9.28 £ 0.03 Hz. Theyesumably reflect

three boncoupingEHWZHHQ 3 DQG WKH DGMDFHQW + DQG EHWZHFE

magnetically norequivalent because the coupling et®H is different fromthatof P, to

H;. The Rto B coupling is similar, but not identical, to that fortB H, giving rise to an

apparent triplet which in reality is probably a doublet of doubktpu¢e1.9) which could

possibly beresolved on &igh frequency NMR, this system can be referred @nasA XX |

coupling system.

Schemel.42 Pyro-di-H-phosphonatéi-anion.
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Figure 1.8 *'P NMR of Pyrodi-H-phosphonatei-anionin D,O at 161.97 MHz.
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Figure 1.9 Splitting tree diagram of the coupling constants of mjirbl-phosphonate.
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1.3.2 pK, of pyro-di-H-phosphonate(lll) and ethylH-phosphonate

The pKss of the four dissociable protons of pyrophosphate are ﬁqunnotof the
two dissociable protons ipyrodi-H-phosphonateThe decoupledP{H} NMR of PRIII)
di-anion in HO showsan invarianthemical shiffrom pH 2 to 13.5 indicating that the K
are below Z2andthat the dominant geies over the majority of thigH range is the enion
PP(IllY*. But below pH 2 the chemical shift does chaliggure1.10) but PP(Ill)
unfortunately undergoes acid catalysis at low pH which makes difficult to measure the

chemical shift below pH 0.6.

Figure 1.10 DecoupledP{H} NMR chemical shift of PP(llljin H,O against pHl = 1.0 M,
25°C) with external reference to diphyl phosphate

Assuming that the observed data is sigmoidal in character, it caeoddia pk; of 0.44 +

0.1 which is indicatedly the solidine. This is assumed to be the second gipyro-di-H-
phosphonatas above pH 2 it exists as theagion. The firstpK, may be very similar or

lower than the secorelren though a limiting chemical shift has not been determined below
pH 06.
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The*P NMR spectrum of an analogous P(Ill) compoettt/-H-phosphonate (EtO

PH(O)OH was measured as a functionpdf [Figure1.11) but a limiting chemical shificould

also not been determined.

Figure 1.11 Decoupled*P{H} NMR chemical shift of ethyH-phosphonaté& H,O against
pHat | = 1.0 M, 25C with external reference to dipnyl phosphate

Again assuming a sigmoidal chemichifsas a function of pHa pK, of 0.47 £ 0.01 was
obtained. Ethyl phosphatbas a pK of 1.6(ﬁ| which isthushigher han that of ethyH-
phosphonate. Thest pK, of phosphoric aciés 212 which is also higher than that of
phosphorous acid, 1|?_3Tand a calculated value ofE’?Plt thus appears that phosphorous
P(lIll) derivatives, as their f§hosphonates, are more acidic than the corresponding
phosphoric P(V) compound<Carroll and Mesmer studied isohypophosplvaltéch contains
botha P(Ill) and P(V) oxidation state bridged by an oxygecheémel.43). Interestinglythe
first pKywas estimated to be 0.6 followed by experimenttérieined of 1.67 and 6.26 for
pKa2 and pl@ﬂ A summary of the pks of variousP(lll) and P(V) acids is shown|ifable

15

43



Schemel.43 Isohypophosphate ybrid phosphans anhydide which contains one

phosphous in a P(lll) oxidation and the other in a P(V) oxidation state.

Acid PK a1 PK a2 PK a3 PKas
PhosphorouéH- 1.07 6.58

phosphonic)

Phosphoric 212 7.21 12.32
Ethyl-H-phosphonate 0.47

Ethyl phosphate 1.60 6.62
Pyro-di-H-phosphonit i 0.44

Pyrophosphoric 0.9 2.0 6.6 9.4
Isohypophosphate 0.6 1.67 6.26

Table 1.5 Summary of pks of phospbrous and phosphate acids at@%* | = 1.0 M).
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1.3.3 pH-rate profilesfor the hydrolysis of PP(lll) and PP(V)

The rates of hydrolysis of pyi-H-phosphonate PP(ll) and pyrophosphate PP(V)

Schemel.44) are expected to change significantly with pH as theirranistate and

reactivities vary

Schemel.44 Hydrolysis of pyredi-H-phosphonate (PP(l11)) and pyrophosphate (PP(V)).

pH-rate profies are useful for determining aagidand baselependent and pH independent
hydrdysis and the rate laws for ionising reactanf@he rates of hydrolysis of pyrophosphate
and pyredi-H-phosphonate were determined®*{H} NMR and autdtitration at a range of
pHs using hydrochloric acid, sodium hydroxide and difife buffers under esido firstorder

conditions at constant plbnic strenth | = 1.0 M and temperature Z5

The observeg@seudo firsiorderrate constanték,,g at different buffer concentrations at
constant pH were extrapolated back to give ffebindependent rate caast. For example,
without extrapolation to zero buffer concentratarhigher pHhe observed rate constaiiit
general base catalysamuldbe a combination of the kfef([B]), hydroxide concentration
([OHY) and the independent ratenstant k) (Equationl.8).

Grgl GE G> 7E G>?

Equation 1.8

Thepseudo firsorderrate constantk(,) measured at constant pH and buffer ratioviath
different buffer concentrations allows a plotkgfsagainst [B], whichprovides from the

intercepi the buffer independent rate constlant ko (Equationl.9) and , from the slopég.

—1" L LHE'GE G> "?f>"7Lr

Equation 1.9
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This is the case for the hydrolysis of PP(lIl), where, for example, at pH 8.0 the observed first
order rate constant is dependent on the concentration of the buffer used to maintain constant

pH [Figure1.12

Figure 1.12 Plot of the observepseuddirst-order rate constants for the hydrolysis of PP(lII)
as a function of MOPS buffer concentration at pH 8.0=a1.0M (KCI) and 25°C.

However, when the reactants, such as PP(V) and PP(lll) can ionise over the pH range studied,
the pH rate profile may also indicate the relative reactivities of the various ionic Figbst.

of the bg of thepseudo firsorder rate constants obtad at different pHsndependent of

buffer concentratiomagainst pH for the hydrolysis of pydh-H-phosphonate (PP(l11)) and
pyrophosphate (PP(V)) refledtse different ionic species present andrthelative

reactivities(Figure1.13).
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Figure 1.13 pH rateprofile for the hydrolysis oPP(lll) (+) and PP(V) (x) at 2&.

PP(lIl) ismore reactive then PP(V) at all pHs amdike PP(V) tle hydrolysis of PP(lII)

shows a hydroxidén catalysedeaction at high pH. The rate of hydrolysis of
pyrophosphat®P(V)steadilydeaeases with increasing pksshown i@- the rate
constants for th&i- and tetraanion are calculatefrom a recent report from measurements at

high temperatures but extrapolatecﬂﬁxmbutthosefor the neutral, monand dianionic
species are froraur P NMR observations.

1.3.3.1PP(lll) hydrolysis

The observed pseudo firgtder rate constaior the hydrolysis of PP(lllpetwea
pH 2 and 4 shows a firsirder dependence on THvhere the dominate species in solution is

the dianion (PP(IIIf). Below pH 2 this changes to a secamder dependence on TH

which is more clearly shown by tlemlarged area between pH 0 andriggre1.14) and by

thechanges in values &f,s/[H"] as afunctionof pH (Figure1.15).

Between pH 5 and 8 there is a pH independent term for the hydrolysisRP thB di-anion
which isthen followed by a firsbrder dependence on hydroxiia at high pH. Thus the

observed rate law is given|[Eguationl.10\whereky, k;, ks andkoy refer to therate constants

for thehydrolysis of PP(ll) dianion the major secies over the pH range studiedkseefers
to the reaction with PP(I1l) elinion and [F]? or its kinetic equivalenk; is that which is first
order in H concentrationk, is the pH independent hydrolysis akg is the secondrderrate

constant fothe hydroxide catalysed hydrolysis of PP(fil)
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f-t : %77L Gyl G>>PE G>7?E GE G> ’?

Equation 1.10

ThepH-rate profile at low pH does not indicate any signs of levelling off of the pseudo first
order rate constant arreversion to a firsbrder dependence on [Hvhich may be expected

if the PP(lll) moneanion or undissociated acid becamedigmificant species in solution
Therateconstantgor thekinetic termk; andk, canalsobe obtainedrom the slope and
intercept of a plot ok,pd[H'] against [H] which are 1.77 x 16M?s*and 1.10 x 18 M* s*
respectively|Figure1.15). The first two terms in the rate laki, andk, have kinetically

equivalent expressiong-or example thd; term could represent the spontaneous hydrolysis
of the neutral PP(lll)or the acid catalysed hydrolysis of the PP(Ill) mam@onand thek,

term could reflect eithehespontaneoukydrolysis of the mono @nic speciesr even
hydraxide-ion attack upon the neutral species, although the calculated rate constant for the
latterk,.K;.Ko/K,, is greater tha that of a diffusion controlled rate atitereforecan be

excluded.
ke 2.00 x 10'(*2.05x 10%) (M?s?
ko 9.40 x 10° (*8.32x 10°) (M*sh)
ko 1.20 x 10 (*1.20 x 10%) (sh
Ko 1.35 x 10" (*1.45 x 10" (M*s?)

Table 1.6 Rate constants for the hydrolysis of PP{ligt 25C and | = 1.0 M* obtained

usingExcel Solverto minimise the sum of the squared residjals

The calculation ofhe rate constants ftinese kinetically equivalent mechanisms requires a
knowledge of the two pV R | 3 3he estimated value of pik= 0.44i.e.K,,=0.36 M

is subject to error andéhe is no simple way to estimate aKNonetheless it is a worthwhile
exercise to enable a comparison with the PP(V) analoguesthirdorder rate constafi is
kinetically equivalent to the spontaneous hydrolysis ofitidissociated acid with a ftrs

order rate constant equalkpK,..K,,. Based on the pH dependence offf{H} NMR

chemical shiftgigure1.10) andthe pHrate profile{Figure1.13) the product I.Kis >10

! The calculated rate constant for the hydrolysis of the undissociated PR{iliss0.073
s'. Presumably, the undissociated PP(Ill) is much more reactive than its amahdianions
so that between pH 1 and 2 it is the reactive Hytoospecies even though its concentration
is small and falls off with a secormtder dependence on TH Similarly, between about pH 2

and 5 where the rate of hydrolysis shows a-firsier dependence on THand the rate law is
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dominated by th&, termin (Equation1.10), hydrolysis is probablyccurring through the

mong-anion of PP(lll) even though, again, the dominant species in solution isah@di

The calculated firsbrder rate constant for the hydrolysis of the myanion PP(lll)is given

by k».Ka> = 3.41x 10°s™. The rate constant for the spontaneous hydrolysis of the PP{lIl) di
anion is 1.20 x 10s™, so the relative hydrolytic reactivities of the neutral, anionic and di
anionic PP(Ill) are approximately:>610° : 3 x 10 : 1.0, respectivelyThe rates of hydrolysis
of the neutral and moranionic PP(lll) differ by a factor of 20 and presumably both involve

nucleophilic attack by waten a concerted mechanigi&2(P))(Schemel.45) or a

associative mechanism involving a peaterdinate intermediaten the more electrophilic
neutral P centre although they require the expulsion of different leaving gtbepis,

phosphonatenonc and dianions respectivelyl $chemel.45).

Schemel.45 Possible mechanism for theataneous hydrolysis of each RPpecies.

Figure 1.14pH-UDWH SUR ¢ O HFlg@We. DV R &/ KRREPW KH FKod&JH IURP
dependence on'HdashedOLQH LV D FR Q W-ar@eXdzpeénder@e BriHD sgtdidwW

order dependence on'H
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Figure 1.15Plot of observed pseuodirst-order rate constants divided by tygdrogen ion
concentration against hydrogen ion concentratietveen pH 0.66 and 1.6, showihg
secondorderdependencerohydrogen ion concentrationlherate constark, which is first
order in [H] is givenby the intercept. The thirdrder rate constarit; which is seconarder
in hydrogen on concentration was obtained frone slope.

There have been other studiégte hydrolysis of PP(lll) using analytical techniques other
than®*'P NMR. For exampl&lesmer and Carroll studied the hydrolysis of PP(lIl) &30
Figurel.16), but only reported hydrogerion and hydroxidéon catalysedeaction

However, a raanalysis of their dataniacidic medishows that the hydrolysis &P(lll) does
not follow afirst-order dependence o' doncentration which is demonstrated by the
variation thér first-orderrate constast(k,pd from 5.17 x 16 s* to 0.21 s* ashydrogenion
concentration from 0975 M to 0.975 Mrespective A plot of logk.psagainst pH
actuallygives aslope= 156. Underasic conditionshey found dirst-orderdependence of
the rateof the hydrolysis of PP(lIf) on hydroxideion concentratiorand an average secend

order rate constaifkon) = 0.31 M* s* at 30C, compared with our value of 0.185" s* at

25°cij
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Figure 1.16 pH-rate profile constructed frothe data oMesmer and Carrofbr the
hydrolysisof PP(lIl) at 3GCE|

1.3.3.2PP(V) hydrolysis

In contrast to thostr the hydrolysis of PR(), the observed pseudo firstder rate

constarg for the hydrolysiof PP(V) continudgo decrease with increasipg [Figure1.13) as

the state of ionisation increases &fe{V)forms anions bincreasingly lower reactivity.

The known pK values (0.79 (I=1.0 M), 1.72 (1 = 1.0 M), 6.6 and 9.4PB{V)"{*"|]and the
rate constants obtained in this wanker thepH range-2 +4 (Tablel.7) havebeen used to

generate the overall pkateprofile (Figurel.13) usingthe overall ratdaw for PP(V)

Equationl.11). Therateconstants for th tri- and tetraanions of PP(V) are taken from the

recent literature obtained by extrapolation from determinations at elevated tem@atures

Figure1.17) and are copatible with other repoft3™""

f-£ G> : ;27?EG> : ;7E Go> : ?7E G»> : %°7E G,> : ;77?
EG,> : ;872

Equation 1.11
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Ke 1.30 x 10°(*1.33 x 10°) (M's")
ko(I=1.0M) 1.00x 10 (s

ke (I=1.0M) 7.00 x 10’ (s

k.(1=1.0M) 3.50 x 10° (*3.59 x 10°) (s™)

Ks. 1.07 x 10(sh) »

Ka. 8.59 x 10 (sh) »

Table 1.7 Rate constants fahe hydrolysis of PP(V) at 26. k, andk,. have been estimated
due to the lack of experimental data poiftsbtained using Excel Solver to minimise the
sum of the squared residuals) frldm(").

There is no baseatalysed hydrolysis observed in the hydrolysis of the PP(V) anions in
alkaline solutions.This is unlike the behaviour of-dinionic PP(I) speciesvhich, despite its
negative charge does undergo a hydroxiden catalysed hydrolysis and, consequently
PP(lIl) is much more reactive than PP(V) at high pH.

There are kinetically equivalent proces$er the hydrolysis of PP(V)For exampleif the
reported rate constant for the spontaneous hydrolysis of PP@z‘)imﬂactually reflects the
kinetically equivalent hydroxiden catalysed hydrolysis of the-dnion, then the
corresponding secormrder rate constant would bedks/K,, = 1.7 x 1M s* which can be
compared withkoy for PP(III¥ = 1.35 x 100 M™*s™.

The hydrolysis of pro-di-H-phosphonatés 79 fold highelcompared with pyrophosphate, so
the hydrolysis of the PP(V) teinion probably does occur through a mechanism involving

hydroxideion attack on the efnion.

Little work hasbeen done regarding thedrglysis of pyrophosphate around room
temperatures due its slow hydrolysis rateWillard, Kim and Sullivan in 1984 published
kinetic data orthe hydrolysis of ammonium pyrophosphate &25At pH 46 where the
major speciess the dianion for which ak,. rate constant of approximately 2.00 x*€} can
be obtained which is in reasonable agreement with the results we obtain%@

1.7).

The hydrolysis of PP(V) has been investigated by sévesearchers under acidic dvakic

conditions at high temperature and their reportgd constantglable1.8).
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Contributor Osterheld Campbell and McGilvery and

Kilpatrick Crowther
Temp (C) 60.0 59.9 65.5
lonic Strength (M) 0.44 0.15
Rate constants()
HsP,0;* .
H,P,0; 6.17 x 10' 3.83x 10
HsP,O; 4.00x10"  2.00x10 7.33 x 10
H,P,0,* 1.87x10"  1.59x 10 2.83x 10"
HP,O;* 6.00 x 1¢P 5.25 x 10°
P,O;" 4.67 x 1P

Table 1.8 Summaryof rate constants for the different anionic species of PP(V) at high

temperatuﬁl

Figure 1.17 Arrhenius plotR1 S\URSKRVSKDWH UHSL&P&(V#%&(D[WIBNKH K\G
andBO* LQ 0 .2+ DQG 0 .2+ O 7KH GDVKHQO@EQH UHSUH
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1.3.3.3Mixed P(lll. V)

Interestingly a study carried out by Carroll and Mesmer in 1967 had exathened
hydrolysis of isohypophosphatecampound which contairghosphousatons inP(l1l) and

P(V) oxidatio stats which are bridged bgxygen(Figurel.18).

This compoundaontains three dissociable protons, the firsjypias estimated to be 0.6
which is most likéy to be of the P(lll) phsphous atom as the dissociable pratari PP(III)
are more acidic than those of P(Vlhe second (p¥) and third (pKg were deteminedby
titrationto bel.67 and 6.26espectively at

The hydrolysis of isohypophosphabetweernpH 0.4 and4.5 could be described by the rate

law:
f-tG,> : a,?2>”PEG,> : 4;5%2>7

Equation 1.12

Figure 1.18 pH rateprofile for the hydrolysis of P@IL.V) at 25°CE|

Between pH 2 and 4, %he dominant species is theation al althoughthe observed first
order rate constants were not extrapolatezeo buffer concentrationt is observedhatthe
rateof hydrolysisis first-order in hydrogesion concentratiowith a rate constant of 9.0 x 10

M s, which iskinetically equivalent to thepontaneoubydrolysi of the moneaanion (k.

Kao) (Figure1.18). Beween pH 0.42 and 1.14 thdeminant species is the meaaion and

theratechanges to a secondrder dependenda hydrogen iorwith a rate costant
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(ky) = 0.22 M? s, which iskinetically equivalento the acid catalysed hydrolysis of the
undisscocated acig;..K,y) (slope =1.65) If thefirst of pK,is 0.6, as estimatezhe would
expect the pseudo firstrder rate constant toMel off or revert back to a firsirder
dependence on [ at pH < 0.6 In comparisorto the hydrolysis of PP(lll) moranion, the
mixed PP(III.V) has alowerrate of hydrolysidby 18 fold which would be expected as the
rate of hydrolysis of pyrophospte moneanion is much lowethan PP(IIl) and PP(lII.V).

The rate constants ftine hydrolysis oPP(lll), PP(V) and PP(Ill.Vall at 25C are

summarised ir ablel1.9

Species Pyrophosphate Pyro-di-H- Isohypophosphate
PP(V) phosphonate PP(I11.V)
PP(Ill)
Acid catalysed 1.30 x 1I0M*s? - 55x10°M*s?t

Neutral 1.00 x 10’ s* 7.3x 10°s? -

Mono-anion 7.00x 10 s* 341x10°%s? 1.92x 10" s*
Di-anion 3.50 x 16 s* 1.20 x 10's* -
Tri-anion 1.07 x 10’ s* - -
Tetraanion 8.59 x 10 s* - -

Table 1.9 Summary of rate constants for the hydrolysis of PP(lll), PP(V) and PP(4t.V)
25°C.
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1.3.4 Hydrolysis of other P(lll) derivatives

The hydrolysis of diethyl pyrdi-H-phosphonate and diethylphosphonatevere
studied as neither have dissociable protons to complicate the kinetics. Theydoite the

same monester intermediate which can be hydrolysed furfBehemel.46).

Schemel.46 Hydrolysis of diethyl pyredi-H-phosphonate andiethylH-phosphonate.

The hydrolysis rate of eiéthyl pyrodi-H-phosphonate at pH 7 was too fast to meabyr
3PfH} NMR and istherefore> 0.1 $

Determined by'P NMR, d-ethyl H-phosphonate shows acid catalysed hydrolysis to give
ethyl H-phosplonate and ethanol with a secemrdler rate constamt,, = 1.21 x 10 M™* s* at
25°C (1 = 1.0M). It also shows &ydroxideion catalysedhydrolysis with a secondrderrate
constankon= 81.3 M* s* at 25C (I = 1.0M) which was obtained frorthe observedseudo

first-order rate constantextrapolatedo zero buffer concentratipat constant pH.V

Ethyl H-phosphonate also shows an acid catalysed rate of hydralysis5.90 x 1 M s*
which is 18x slower thathat for dethyl H-phosphonateand ahydroxideion catalysed
hydrolysis with aseconeorder hydrolysis raté&q.- = 1.55 x 10 M s*, whichis 5 x 16 less
than that for diethyl Fphosphonateue to the additicad negative chargepulsing the
negatively charged nucleophile. The acid catalysed hydrolysis oftégblybsphonatenonc
anionis kinetically equivalento the hydrolysiof the neutral ethyH-phosphonate and
assuming the pkof ethylH-phosghonate is approximately the correspondindirst-order

rate constant would be 6.90 x6".

Using theaboverate data, a Brgnsted plman be obtainetbr the calculated rate constants for
the spontaneous hydrolysis(@fO)P(O)HX (Tablel1.10) by plotting logk, against pK of the

leaving group (XH).
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X PK 2 XH ko (57

H,PO; 1.1 >0.073
HPOy, 6.6 3.41x 10
EtO 15.9 6.90 x 1¢°

Table 1.10 Summaryof the estimatedtinetic data calculated for the spontaneous pH
independent hydrolysis of-Hhosphona derivatives (HO)P(O}X at 25C.

Figure 1.19 Brgnsted plot for the spontaneous pH independent hydrolysigpbbBphonat
derivatives (HO)P(O)KK at 25C as a function of the plof the leaving group XH.

Although only based on a three point Bsted plofFigure 1.19) it doescover a pK, range of
14and is linear giving 4 =-0.27. This indicates that there is little or na&CPbond cleavage

in the transition state with a small development of charge on the oxygémeadd the

reactant which is consistent of a rate limiting formation of a trigonal bipyramidal intermediate
Schemel.47).

Schemel.47 Trigonal bpyramidal intermediate indicates little charge and bond cleavage in

the transition state.
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A summay of the kinetic data for thieydrolysisof H-phosphonateis given inTablel.11

5
OH 6.90x 1Fs! | >7.3x10s? - 3.41x10°s?
=5 *81.3 Mts? - >0.1¢ -
. *1.55 x 10° 4 1.20 x 10’ s*
O M1s? 341x10's ; *1.35x 100 Mt s

Table 1.11 Summary of rate constants for differenpHoghonates (* hydroxide catalysed
rate constant) at 26, 1= 1.0 M.

1.3.5 Mechanisms of hydrolysis of PP(lIl) and PP(V)

Pyro-di-H-phosphoate di-anion is the majospeciesn waterabove pH 2. The pH
rate profile clearly shows a pH independent adtieydrolysis from pH 48 and a reaction
involving hydroxideion above pH (Schemel.48| i, ii). It is likely that an associative
mechanism is involved in the hydrolysis of PP(lll) which involves the formation of a-penta

coordinatephosphoranétermediate as there is small charge development in the transition

stae indicating little PO bond cleavagg{gure 1.19).

Schemel.48 Hydrolysis mechanism of PP(lIl) by water (i) and hydroxide (ii).
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The secondrderrate constant for the hydroxiden hydrolysis of PP(Ill) danionkonis 1,
fold greater than that fdgthepH independent rate constant.

It is most likely that the undissocigtand moneanionof pyrophosphat®P(V) hydrolyse via
an associativenechaismas an additional negative charge would be required to form the
metaphosphate intermedi@a There is a possibility that the-ahion can hydrolyse through
a dissociative mechanism as long as the second dissociation occurs on the same phosphorus
Schemel.49

Schemel.49 Dissociation of a proton to form the pyrophosphatardon.

The equilibrium between the PP(V)alion with negative charges orifdient R2V DQG WKH
di-anion with them on the same P can be estimated as about 2’4y afalogy to the

difference inthe pKfV RI HWK\O SKRVSKDWH ke dhydrBlysisK HVWLPDW
PP(VY with both negative charges on the same PQsl5 §' (k, = 3.50 x 16 /2.4 x 10").

An additional factor iffavour of the dissociative mechanism involves the departure of a good

leaving group which has a pkif 2 [Schemel.50).

Schemel.50 A possible mechanism f@yrophosphate éanion hydrolysing via a

dissociative mechanism to yield phosphoric acid.

Pyrophosphate t@nion may also hydrolyse via a dissociative mechanism although the

leaving group is not as acidicThe hydrolysis of the teti@nion involves the expulsion of a
basic phosphate-@nion and a dissociative mechanism is still possible as the kinetically
equivalent mechanism of hydroxidten attack on the tr@nion is electrostecally

unfavourable.
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1.3.6 Metal coordination to PP(lIl) and PP(V)

Many erzymes require one or more meiah(s) to aid hydrolysis and
transesterification of phosphate esters. Although rietebinding has been studied
extensively for pyrophosphatiere have beefew reports on metabn coordinationto pyro
di-H-phosphonate. The natural substrate of pyosphatase is pyrophosphate where metal
ionsaid hydrolysis by facilitating the formatiaf a nucleophile and neutralising the negative
charge on psophosphate For pyrophospdiase tocatalyse théydrolyss of pyro-di-H-
phosphonate, presumably the latteustbe able to coordinate divalent cations such as
magnesium.Isothermal titration calorimetr§fTC) showsthat magnesium complexes 1:1

with pyrophosphate at pH 8.40 at°85(Figure1.20). The majority of pyrophosphate at pH

8.40 exists as the tanion (~90%) and only 98 as the tetranion. It is believedhat the
major speciesnagnesium pyrophosphate complex is thardon,MgPP with magnesium
complexedto the tetraanionwhichis thought tothe true substratef pyrophosphatase in

solutioft”| The complexing of magnesiuin to pyrophosphate tenionmust therefore

ionise bysubsequently lowarg the pk, of the final hydroxyl grouTSchemel.Sl .

Figure 1.20ITC isotherm of magnesiu21 mM) complexing with pyrophosphaf.56
mM) buffered by HEPES qH 8.40, I = 0.1 M and 2&.

60



ITC provides thévinding constant (§ = 1.64x 10 M™* andan H Q W K D @J)8of G +
complexation = 13.8J mol*. The binding constant is in reasonable agreement with the
literature binding constant ¢Kof 2.0 x 16 M for the MgPF?’complem Given the
thermodynamically favourable binding of Kdo PP(V)one may expect the binding to show
an exothermic dinge, but clearly the isotherm shows a large endotheemation. The

endothermicheat observed is probably due to neutralisation by the buffer of the proton

released by Mg binding to PP(\VJ [{Schemel.51), anddesolvation ofthe water molecules

which are coordinated to the magnesiiomupon binding with pyrophosphate.

Thetitration of 8.5 equivalentsf magnesium ito pyrophosphatdid not showanyfurther

complexation or precipitation

Schemel.51 Pyrophosphate t@nion complexing with magnesiuion and dissociation of

the final proton which contributes to the overall enthalpy of complexation.

The enthalpy of associatidietween Aof theHEPESbuffer and H to form HA is-21.01kJ
mol'lmwhich can be subtracted from the observed ITC enthalpy providing a enthalpy of
magnesium complexatidn pyrophosphate tanion of 34.88kJ mol*at pH 8.40

3P NMR was used to confirthe ITC data whictalsoshowed thatitrating different
equivalents b magnesiurvion (0.5, 1 and 2gomplexedwith pyrophosphaté€l0 mM)in a
1:1ratiowithout precipitation but oaddition of 2 mole equivalentf magnesium, a white
precipitate was formed. An NMR of the clear solu@ purpld once the
precipitate had settled confirmed all the pyrophosphate had complexed with magnesium.

61



No Mg**
ISTD

1 eq. Mg*
0.5 eq. M§"

Figure 1.21 %P {H} NMR of Pyrophosphate before the additiohMg®* (blue) and after the
addition of 0.5 (ed), 1 (green) molar equivalertsMg?* at pH 8.40 and 2& with reference
to diphenyl phosphate.

For comparisorthe possiblenagnesium complexing with PP(ll) was investigatesing

ITC, in water at pH Gvhere pyredi-H-phosphonate exits primarily as theagiion. The
shows nasigns of a sigmoidal tce associated withl@nding event

isotherm{Figure1.22
involving a heat chang@ his indicates no or very weak bing toPP(lll) even after 9 mole

equivalents of magnesiuinn were added.

Figure 1.22ITC isotherm titratingnagnesium (@ mM) againspyro-di-H-phsophonate (0.5
mM) buffered by MESat pH 6.00) = 0.1 M and 25C
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3P NMR showed upon addition of 2 molequivalentof magnesiunjRigure1.23| purple),

the NMR chemical shift did not alter significantly compared to the solution containing no

magnesium, confirming little orancomplexing.

ISTD

Figure 1.23*'P{H} NMR of Pyro-H-phosphonate before the addition of ¥¢blue) and after
the addition of 0.5 (red), 1 (greemaa2 (purple) molar equivalent$é Mg®* at pH 8.40 and
25°C with reference to diphenyl phosphate.

Calciumions were also titrated against(RB at pH 6 Figurel.Z%P which alsoshowedno
binding event nagreaterthan the heats of dilution.

Figure 1.241TC isotherm of calcium @ mM) complexing with pyrali-H-phsophonate (0.5
mM) buffered by MESat, pH 6.00, | = 0.1 M and 26.
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The weaker binding of PP(Ifi)to metations compared with PP(¥JPP(V)" is presumably
due to the weaker basicity of PP(flland less charge densifyK, of PP(Ill) - < 0.5)
compared with that of PP(¥)pK, of PP(VY = 6.6).

1.3.7 Hydrolytic effect of metations onpyro-di-H-phosphonate

The hydrolysis opyrophosphte is enzymatically catalysed by pyrophosphatase,
where the enaye uses more than one magnesiomto aid catalysis. ATP is also
substrate for this enzynirit studiedhave shown that bivalent meiahs catalyse the nen
enzymatic transfer of phosphdtem ATP to acceptors such as orthophosphate. When
orthophosphate is the phosphate acceptor, idyigyrophosphate as the progdyct

In order for pyrophosphatase to catalyse the hydrolysis ofglivirtophosphonat presumably
it must be able to complex magnesHon, as the enzyme complexes magnesiamto the
natural substrate pyrophphate. Althoughhe addition of M§" to PP(Ill} showedho
observable bindingising®P {H} NMR and ITG it does increasthe rate of hydrolysis

giving of PP(lI1)* [Figure1.25) a seconebrder rate constant of 2.20 x AM ™ s*at pH 7 (1 =
1.0M).

Figure 1.25 Pseudo firsbrder rate constants for the hydrolysis of PP{I#}ainstMgCl,
concentration goH 7, 1| = 1.0 M at 2%C.
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Ueda and Sasaki havaviestigated the effect of metans on the hydrolysis of pyai-H-
phosphonate at pH 4.8\ variety of metalions, including Mg', showed no significant
increase in the rate of hydrolysis of PP(lll). The only exception was the addition of 0.5 mM

CU?*, whichincreased the rate by 3

If it is assumed that Mg catalysis is due to initial complexation of Kgo PP(Ill) di-anion
followed by nucleophit attack by water and that metah binding has a weak association
constant of <18, then the calculated rate constant for water attack on this complex is > 2 x
10° s* which is 4orders of magnitude greater than that for the uncomplexed PP{ijiati.
The Md"* catalysed hydrolysis of PP(V) at neutral pH is assﬁnedbe that of the tetra

anion, i.e. the overall éiinionic MgPI?’ is the reactive species with an estimated rate
constant at 2& of 2.8 x 10°s?, three orders of magnitude greater than that of PR(V)

The process of phosphorylation and ldegphorylation that occur by associative type
mechanisms usually have a peoterdinate trigonabipyramidal geometry in the transition
state, whereas in the case of the dissociative pathway it effectively involves a trigonal planar
metaphosphate aniorspecies, PO. The 3 orders of magnitude rate enhancement of the
hydrolysis of PP(V) by M@ is presumably due to the metah binding to the tetranion

and so neutralising some of the negative charge and facilitating nucleophilic attack by water.
However, the hgrolysis of phosphate morasters proceeding through the dissociative

pathway is not sensitive to tipeesence of Mg ions in aqueous solut@\ Although meta

ion coordination may enhance the electrophilicity of the phospliSaemel.52) it will

disfavour electromdonation from the nebridging oxygens thus reducing their ability to

assistin expelling the leaving groupSimilarly, Mg?* only enhances the rate of hydrolysis of

ATP* by 3fold and binds preferentially betweentheDQG SKRVSKDWHY PDNLQJ
DQLRQLF SKRVSKDWH OHVV HIIHFWLYH iDdéesthpEHOOLQJ WK
facilitate analternative associative pathywayAn associative transition statan be sensitive

to stabilization by M§' ions if coordinabn occurs to the leaving grﬁ

Schemel.52 Possible complexation of magnestiom to PP(l11) which increases the rate of

reaction.
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1.3.8 Hydrolysis of PP(V) and PP(lll) by pyrophosphatase

In primitive biological systems pydi-H-phosphonate or pyrophospbanay have
acted as phosphoryl group do@rsln modern day organisms enzyeetalysed hydrolysis
is an important part of metabolism to remove PP(V) that is generated by biosyrgaetiarr,
yet on the other hand increasing phagpHevelan cause abnormal growdk in
hypophosphatemiand rickets in childr

The prrophosphatase catalysegdinolysis of PP(V) was monitored By C as it provides a
sensitive continuous assay comparetfRd{H} NMR where FP(V) has limited solubilityin
the presence of magnesitam.

ITC can be used to follow the kinetics of an enzyme catalysed reaction b#wmassount of
heat released is directly proportional to the amount of substrate that has réaeted.

instrument output reflects the energy required to balance the heat generated by the reaction to

maintain constant temperatyfequre1.26). The initial positive spik@robablyrepresents

the endothermic heat of injection/ dilutiand magnesiurion complexation to PP(V) as
described earlielThe exothermic hydrolysis reaction gives a negative displacement from the
baseline andsasubstrate is consumed, the rate at which heat is generated decreases and the

output trace returns to the baseline.

Figure 1.26 ITC trace of the enzymatic hydrolysis of pyrophospH®P(V)) with 1 x 16 M

E. coliPPase, 3mMMgGl LQLWLDWHG ZLWK 33 9 WR JLYH D ¢QDO F
M at 25°C. The endothermic peak represents the heat of dilatidmagnesiurvion

complexationfollowed byPP(V) consumption until thieeat generated with respect to time

(dQ/dt = power) returns to the baseline.
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UsingEquationl.5[ a plot of PP(V) concentration against ti@' urel.27) was used to

obtain the Michalis-Menten kinetic peameters k.and k./K.. k.:Was obtained by dividing
Vmax DY the enzyme concentration atheé secondrder rate constant (K., was obtained by

dividing ks by enzyme concentration.

Figure 1.27ITC trace converted to concentration of the enzymatic hydrolysis of
pyrophosphate (PP(V)) with 1 x oM E. coliPPase at pH 8.40

The kq values measured for PP(V) at’@5at pH 8.40 and 7.55 were 208and 82 &,
respectively. This is in good agreement with a value gf k 290 $"at pH S.ﬂ The
secondorder rate constant for the enzyme catalysed hydrolygi§ k= 3.68 x 10M™*s™* and
2.89 x 10 M™*s?, again at 2% and pH 8.40 and 7.55, respectiveiind are very close to
being diffusioncontrolled enzymes which are chasaised by having rate constants in the
order of 16M™* s

As PP(lll) has a very similar structure to PP(V) &nglas thought possible thatritay actas

a substrate of pyropisphatasand sqits hydrolysis was investigatessing®'P {H} NMR

and ITC but neither methodhowed any observabieaction Using pyrophosphatase from

E.coli (2 x 10" M) there was no discernible rate difference from the background hydrolysis of
PP(lIl) at pH 7.55 (300 mM buffer, 50 mM Mg | = 1.0 M), indicating that PP(lll) is not a
substrate and that XK, is < 6 M's™. Thislack of reactivitymay be due to PP(Ill) showing

no significant binding to Mg and/or having insufficient negative charp bind to the

positively charged active site of PPase.
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PP(V)binds to the active site &.oli PPasdFigurel.28) through directoordination of four

magnesiurrions and three positively charged residues lykys,q and Args. Shielding of
the negatively charged oxygen atoms on pyrophosphate by magnesium andcichino
residues increasdise electrophdity of the phosphars centre facilitating nucleophilic attack

for hydrolysis.

Figure 1.28 Active site ofE.coli PPase coordinated to the natural substrate pyrophﬁhate
1.3.9 Pyro-di-H-phosphonate as a potential inhibitor of
pyrophosphatase

Although PP(lll) is ot an efficient substrate &.Coli PPase, it may act as an
inhibitor of theenzyme Again using ITC, the cettontained 1 x 18 M E.coli PPase, 3 mM
MgCl, DQG PO 33 ,,, 7KH UHDFWLRQ ZDV LQLWLDWHG E\ WK
concentration of 4.11 x T0M at 25°C andpH 8.40 and 7.55The kinetic parameters the
presence of PP(lll) did show a small decrease compared with those in the absence of PP(lII):
at pH 8.40 k= 15257, keafKm = 3.00 x 10 M™ s* which represents a 27 % and %8
decrease indgand k./K, respectively. At pH 7.55.J= 60s™, keafKm = 2.48 x 10M™* s*
this is a 26 % and 1% decrease inJdgand k./K., respectively.lt is not possible to assign

any significant inhibition of pyrophosphatase by PP(lll) from these changes.
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1.3.10Heats of hydrolysis of PP(V) and PP(llI)

Theheat of hydrolysis of thB-O-P bond of pyrophosphate which is the product of
hydrolysis of ATPhas been investigated at high temperataseat all pHs the reaction is too
slow to be monitored caliometrically. To overcome this problem, it has also beeasured
using an enzyme to catalyse hydrolydiswas of interest to compare the heats of hydrolysis
of PP(V) and PP(IlI).

The enthalpy of hydrolysis of pyrophosphate by pyrophosphatase was determined using ITC.
As pyrophosphate has four dissociahietpns with pKs of 0.9, 2.06.6 and 9.4t 25C the
enthalpy of hydrolysis ipH dependentsadifferent ionic species exist in solution. When
pyrophoghate is hytblysed, two mole equivalentd phosphoric aciére produced which
havepK,s of 2.15, 7.2 and 12.3%t 25C. At a fixed pH, here may thus be a change in the

overall chargef the reactants and produets hydrolysis occurs, liberating or absorbing

protons{Schemel.53).

Schemel.53 Pyrophosphate t@nion coordinating with magnesidion which consequently
lowers the final pKof PP(V).

Deprotonation or protonation by the buffer wothiénalso contribute to the obsedre
HQWKDOS\ RI K\GURO\VL V,scah be exfRel33¢tHaEXHQW O\ 0+

m‘ql— nwpmnfmanE_r'c: ‘sddép

Equation 1.13

To eliminate the enthalpy contribution by the bufteghydrolysis ofpyrophosphate was
conducted in a series of buffers at constanBpH(Table1.12) and 7.5(Table1.13) and

ionic strength (= 0.1 M) at 25'C. Theheat of hydrolysis of PP(Myas conducted using a
single injection ITC method. Prior to injection the syringe contained 10 mM PP(V) and the
cell contained 3 mM MgGland 1 x 10 M E.coli PPase. Both solutions were buffered either
at pH 8.40 or 7.50 anid= 0.1 M. The heat of dilution and any other intetians were

subtracted by using the same method described without the enzyme being present in the cell.
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Figure 1.291TC trace of the enzymatic hydrolysis of pyrophosphate (PR{ith 1 x 10° M
E. coliPPase, 3mMMgGl LOQLWLDWHG ZLWK 33 9 WR JLYH B QDO
M at 25C in 20 mMtricine, pH 8.40 The endothermic peak represents the heat of
complexation of M§' buffer effects andilution followed by PP(V) consumptiountil the
heat generated with respect to time (dQ/dt = power) returns to the baseline.

It is usually assumed that the substrate for PPase is the magnesium ion complex of the PP(V)
tetraanion in which case formally there should be no protons releaskydoolysis of PP(V)
to two phosphate dinions catalysed by the enzyme, in contrast to that expected for the

hydrolysis of the PP(V)tri-anion at pH 8.4%chemel.54). Experimentally it was found that

actuallythere is a small dependence on the heats of hydrolysis on the buffer used to maintain

constant pHTable1.12). A plot of 0 %ps D J D L QuMMbniddidn{Figure1.30) is apparently

linear and formall provides thenumber ofprotons reacting with the bufféiom the slope
which is-0.2. Theintercept provides the true enthalpy of hydrolysisigPP (VY which is
271+ 0.2 kJ mot.

It seems probable that this apparent dependence on pH represania @hich case the
enthalpy of hydrolysisf MgPP(V} =-32.6+ 1.8kJ mol*, the DYH U DyLH O +

Schemel.54 Hydrolytic reaction of pyrophosphate-a&hion which liberates a proton, which
is picked up by the buffer.
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Buffer 0 %ps(kJ mol™) O HBufter ionisaio
(kJmol™)
HEPES -30.75 21.01
Tricine -32.81 31.97
TAPS -34.35 41.49

Table1.12 (QWKDOSLHV IRU WKdi picdoghbsprateéally MgPP(VY) at pH
8.40, 1 = 0.1 M and 2% in different bufferobtained using the PPase catalysed reaatiith
WKH UHVSHFWLYH HQWkKR)\ORthad SReRificbDfifL RQ O +

Figure 1.30 0 %ps D J D L QuMMbniddiidnfor the hydrolysis of pyrophosphate by
pyrophosphatas at pH 8.40 (I = 0.1 M) and 25.

The hydrolysis waalsoconducted with similar buffers at pH 7.50 whpygophosphate

Table1.13) still exits asthe triranion atapproximately 88% in solutioand approximately

11% ashe dianion As before the actual substrateMgPP(VY which is presumably

formed rapidly and any heat changes in its formation are included in the initial endothermic
spike(in HEPES bufferpat the beginning of the ITC outputlowever, in this casat pH 7.5

the hydrolysis opyrophosphate yiegphosphate as a mixture mbncanion (~34%) and di

anion (~61%) In this case formally hydroxid®en is released upon hydrolysis and so

compensated by ionisation of the buffémterestingly, in contragb the data at pH 804

0 tpsdecreaseas U Hyser ionisationiNCreases giving an appargusiive GHSHQGHQFH RI O+
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D J D L QuMWniddignwith a slge of0.2indicative of nosignificant bufferprotonationhave
occurred during the hydrolysis of pyrophosphé&tigurel1.31).

7KH pWUXHY HQW K DKgPP(RAatpH B R Mé iteRépt i83.5 + 0.5 kJ
mol™, whereas theD Y H U D, H-28:0+ 2.2kJ mol*. Ging and Sturtevant obtained an

enthalpy 0£-30.6 kJ motf for the hydrdysis of pyrophosphate by yeast pyrophosphatase at
pH 7.2, 0.1 M ionic strength andTﬂ

Buffer 0 4ps(kJ Mol™) 0 *utterionisatio |
(kJmol™)
HEPES -29.91 21.01
Tricine -28.44 31.97
Tris -25.53 47.53

Table 1.13The dependence of the observed & KDOSLHV IRU Wd&dl K\GURO\V
pyrophosphate at pH 7.50, | = 0.1 M ar’dlQon the nature of the buffer

Figure 1.31 0 %ps D J D L QM Mbniddidnfor the hydrolysis of pyrophosphate by
pyrophosphatasat pH 7.50 (I = 0.1 M) and 25.
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As PP(lll) is not a substrate for PPase it wes®dnydiolysed in basic solutions a6°C which

showed a significantly exothermic reactioint112.9 + 9.3%J mol™ of the dianion|Figure

1.32). Theheat ofhydrolysis of PP(IIf§ in basic conditions is not dependent on the

hydroxideion concentration and can bepresented hgchemel.55 where the ionisation of

the final pK, of phosphorous acid is captured by excess hydreriti¢o produce water.
Therefore the truenthalpy otydrolysis ofPP(lI1)* at pH 8.4Gs -1.1 kJ mof* (' +ppaiy =
'+ ops F2Hion20)), s the enthalpy of water ionisation at@5s55.9 kJ mo‘ﬁ

Schemel.55 Pyro-di-H-phosphate danion hydrolysing to form phephorous acid enion

and water.

Figure 1.32 Three 5yl injections of PP(If) (syringe stock was 10.08M) into 0.1M NaOH,
I=1.0M at 25C.
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Also, if the O 4psfor the hydrolysis of MgPPis corrected for the initial heat of complexation
the pruefenthalpy of hydrolysisf pyrophosphatéetraanion( ' Hppv)4) is 0.9kJ mol*
Schemel.56) whichis significantly dfferent toan approximate value 6fl4.7 kJ m0'9|i|

Schemel.56 Hydrolysis of yrophosphate tetranion viathe substrate of pyrophdsgtase
MgPP(VY".

At pH 8.4Q the hydrolysis opyrophosphate tetranion is 0.%J mol* whilst the hydrolysis

of pyro-di-H-phosphoante einion is slightly more exothermwith a value of1.1 kJ mof.
Although the enthalpy of hydrolysis of both oéi® compounds requires further investigation
it is possible to conclude that PP(IIl) could be a potential phosphorylating agent.
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1.4 Conclusion

The hydrolysis of PP(lll) and PP(V) are a complex function of pH. The rate of
hydrolysis of PP(V) daeases steadily with increasing pH as the ionic species change. The
hydrolysis of PP(I1I§ which is the major species in solutisnmuch more reactive than
PP(V) at all pHs with a secormatder dependence in [Hbetween pHs 0.6 and Rinetically
repregnting the hydrolysis of the undissociated acid with a rate constah8of 10° s™.

The hydrolysichanges to a firstrder dependence in hydrogiem concentration between
pH 2 and 4wvhich could be kinetically represented by the man@nic speciewith a rate
constant 08.41x 10°s™. The rate then becomes pH independietiveen pHs 5 and 8
corresponding to the spontaneous hydrolysis of PP(lIl) with a rate constant of 1.:26% 10
Unlike PP(V), PP(IIl) shows a hydroxiden hydrolysed redion with a rate constant of 1.35
x 10* M s, The pK, of P(Ill) derivatives compared to P(V) appear to be more acidic with a
reasonable pl estimate of 0.44 + 0.1for PP(IIl) and a4fir ethyl Hphosphonate d.47 +
0.01 A Brgnsted plot for thepontaneous hydrolysis ofphosphonate derivatives signifies
little charge development or ne@® cleavagdo the leaving groupn the transition state
consistent with the formation of a trigorapyrimidal intermediate and hydrolysis occurring
via a assoiative (Ay + Dy) mechanism compared to a dissociative mecha(sm Ay) for

the hydrolysis of PP(V) di tri- and tetraanion.

In addition to the hydrolytic studies the complexing abilities of PP(V) and PP(lll) were
analysed which showed that pyroppbate trianion complex one equivalent of magnesium
ion with a binding constant df.64 x 1d M unlike PP(Ill) which shows negligible
complexing ability with magnesiwion. Although ITC and NMR showed no strong
interaction between PP(lll) and magnesiiom a rate enhancement was observed with

respect to the hydrolysis at pH 7 with a secorder rate constant of 2.20 x 1B s™.

The enzyme which catalyses the hydrolysis of pyrophosphate, pyrophosphatase does not
catalyse the hydrolysis of PP(Iihpr does it act as an inhibitor to the natural substrate
pyrophosphate. This inabilifgr pyrophosphatage catalyse the hydrolysis of PP(lll) is

likely to be due to thpositively charge@mino acid residues unable to neutralise the negative

charge whichs usually present on pyrophosphate.

The enthalpy of hydrolysis of pyrophosphateatnion catalysed by pyrophosphatase is in
reasonable agreement with literature data, although the enthalpy of pyrophosphatedatra

(0.9 kJ mof) and pyredi-H-phogphonate(-1.1 kJ mat) require further investigation.
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Chapter 2 tMETHYLENE BIS-PYRIDINIUM DICATION

2 Background

2.1 Properties of pyridine and dichloromethane (DCM)/methylene

chloride

Pyridine (GHsN) is a 6membered heterocycl{&cheme2.1) compound similar to

benzene It is an essential skeletal feature of pyridoxal phosphate an electron sink for
elimination and transamination reactions due to resonance stabilisation. The electron
withdrawing properties of the nitgen enable pyridine to undergo nucleophilic
addition/substittion reactions more readily th&lectrophilic addition/substitution reactions
as carbons 2, 4 and 6 are strongly deactivated towards electrophjle$ K is partly
because most electropkilsubstation reactions are done under acidic conditions to form a

pyridinium ion.

The carbons and the nitrogen aré 0 EULGLVHG IRUPLQJ 1 ERQGV ZLWK Qt

The nitrogen atom possesses a lone pair of electrons which are notdegupat of the
aromatic & V \ \[$ghéiie2.1) allowing it to act as a weak base with a,j0K5.23 4 25°C
for its conjugate a Pyridine can also act as a nucleophile able to donate the pair of

electrons on nitrogen to electrophiles creating pyridinium salts.
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Scheme2.1 Dashed line in pyridine represents the resonance throughout the molecule by the
@lectron orbitals. The nitrogen contains alepe pair of electrons shown by dark grey

orbital.

DCM (CH,ClI,) is a volatile organic solvent and is a popular choice oestlloy chemists
due to its low boiling point, deitg, polarity and relatively moderatexicity but it is
generally disregarded that DCM and chloroform are not imetcan act as alkylating

agenlﬂ

2.1.1 Alkylation of pyridine

The salt formation betwegayridine and alkyl halides results from nucleophilic
substitution. The Menshutkin reaction, named after the Russian chemist Nikoldiudems
converts tertiary amines including pyridine to quaternary ammonium salts with an alkyl halide
by a &2 type mechanism where both bond breaking/making occur in the transition state
Scheme.2).

Scheme2.2 Reaction of an alkyl halide with pyridine to form methyl pyridinium.

Studies of the effect of substituted pyridines on thalkylation of methyl iodide concluded
that in thetransition state, the bond from the alkyl group carbon to the pyridine is

approximately 30% developed and that the bond to the leaving group is highly charged or

polarisedmplying some positive charge development on the central ﬁ]&mhemés :
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Scheme2.3 Example of possible charge development on central carbon.

This statement is true when there is little steric hindrance or strongnsbixdrogen bonding,
EXW D \HDU ODWHU .HYLOO FRQFOXGHG WdaroN aeduhvitWw OH F K]
the actual charge separation would depend on the reactantseagge of solv

In general reacting alkyl halides, such as methyl iodide or benzyl bromide, with pyridine
forms the Nalkyl pyridinium sals which are useful reagents in organic synthesis and in the
synthesis of many drugs. Due to their reactivity they may have potential toxic/mutagenic
properties within humans as they readily react with nucleophiles within the body. Some
pyridinium salts luoresce and the use of pyridine derivatives may be used to detect low levels
of alkylating agents ilsolutiom Scheme2.4).

Scheme2.4 3\ULGLQLXP FRPSRXQG ZRUFK FH R EECREFEHIO N\ O D W

iodidﬂ

2.1.2 Salts of pyridine and their preparation

Pyridinium salts are of great interest with cationic surfactants providing many
applications in industry and a vaseif medical applicatio@ Quaterniationof pyridine is

relatively easy but can become more complex with ring substitution on pyridine.
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2.1.2.1N-alkyl pyridinium salts

Methylation ofpyridine is relativelystraightforwardyielding N-methyl pyridinium

Scheme2.5) which is carried out by mixing pyridine and methyl iodide in absolute ethanol,

recrystallised in absolutehetnol to produce white crys@ A simpler method involves no
solvents andhe addition of pyridine with excesskyl halide or alkyl sulphate at 1%D for 2
hours produces the desired product depenaletite size of the alkyl haliﬁ

Scheme2.5 Alkylation of pyridine with methyl halide to form methyl pyridini
2.1.2.2Zincke procedure

In 19031905 Zincke reported the preparation of pyridinium satisrting with
pyridine and 2}-dinitro-chlorobenzene produced theaxylated pyridinium salt which are
known as Zincke s The addition of a primary d@ne to the Zincke salt produces a ring
opened intermediate, presumed to be a glutaconaldehyde derivatiirecodour at room
temperatureheating the mixture resulted in cyclisation to give thalkyl pyridinium sa@
Scheme.6).

Scheme2.6 Formation of an alkyl pyridinium salt which is brought about by ring opening of

the Zincke sﬁ

79



2.1.2.3N-acyl pyridinium salts

A pyridine derivative, dimethyl amino pyridine (DMAP) can be combined with an
acyl halide to produce a reactiveadyl pyridinium salt but in contact with,B or alcohol it

undergoes hydrolysis\ing the corresponding ester and protonated pyridine sp&tasme

2.7).

Scheme2.7 N-acylation of DMAm
2.1.2.AN-trityl pyridinium salts

Tritylation with pyridine on the nitrogen also occurs, but with larger sterically
hindered substituents such as triphenylmethyl chloride, the reaction requires increased
temperatures (600°C) and pressures (40000 atm) for 1215 hours in which a white
precipitate is formﬁ Scheme2.8).

Scheme2.8 Addition of a large sudtituent such as triphenyl nyridinﬂ
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2.1.2.5Paraquat

1,1-Dimethy}-4 4*-bipyridinium dichloride has the trade name Parag8ahéme2.9),

which is one of the largest selling herbicides manufactured initially by ICI Chemicals and is
still widely used today. Pyridina reactionwith sodium in liquid ammonia produces4,
bipyridyl in which, after further treatment with GJ8l, produces Paraqﬁ

Scheme2.9 Synthesis of Paraqﬁ

2.1.2.6Pyridinium salts from pyrylium salts

Pyrylium salts react with primary amines to form pyridinium salts as another example
RI D UHDFWLRQ SURFHHGLQJ WKURXJKpRitod fth@ J Rl WKH DU
pyrylium salts is usually attacked by the primary amine forming intermedi&theme2.10

and in the presence of excess base usually in a ratio of 1:2 pyrylium:amine or triethylamine as
an external catalyst leads teaﬂwinotetrahydropyrzﬁigl The ketodieneamine intermediate
sometimes requires a little acid to form the pyridinium salt, although some unwanted products

may also form such as vihgmides or anilinﬁ
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Scheme2.10 Preparation of pyridium salts from pyrylium saﬁ
2.1.2.7Bis-pyridinium salts

The dibromide salt of 1) {ethane) dipyridiium was formed by refluxing 2-,
dibromoethae (ethylene dibromide), pyridine and dimethylformamitl¢ithin 2 hours a

1109

precipitate formed which was washed with diethyl ether and ¢ifelde(me2.11]

Scheme2.11 3 U H S D U D W(etRapeRdipyridfium dibromiﬁ
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2.1.3 Application of pyridinium compounds

A series of cationic sulphonamides have been developed for inhibiting carbonic
anhydrase (CA), a zinc metallo enzynihe main role of the enzyme is to provide
homeostasis of water within the body but there have been conrsgoitween the enzyme
and cancEl There are some carbonic anhydrase isoforms which are only present in

cancerous cell and the drug acetazolan@eme?.12), an inhibitor of carbonic anhydrase

functiors asa growth regulatr in anticancer therapies. s&ries of pyridinium derivatives

Scheme.12) shownanomolar affinities towards CA Il and IV and in addition they

distinguish between membrabeund versus cytosolic isozymedaherefore the use of
classical inhibitors such as acetazolamide and pyridinium derivatives magtgoselective

cancer treatmﬁ

Scheme2.12 Classical carbonianhydrase sulihamides inhibitors, acetazolamigeft) anda
pyridinium derivative(rightm

Pyridinium salts also have an important role iaviding cationic surfactants for use as

corrosion inhibitors of ferrous materials in acidic media, textile softeners, antistatic agents and
the use in the petroleum industry as additives. Cationic surfactants have a minimum of one
hydrophobic group usuglla long chained alkyl group, which is directly bonded to the

positively charged nitrogen at

Cetylpyridinium chloride (CP(:Echem@.l:% has been used in mouthwashesd

toothpastes as studies have shown that CPC prevents plague production and gingivitis by

penetrating the bacterial cell membranesiag leakage/inhibition of cell

components/membrﬁ

Scheme2.13 Cetylpyridinium chloride (CPC), used in a variety of dental hygiene products.
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A few pyridinium salts have been shownbi useful conductors in lithitons in batteries.
1-Butyl-4-methyl pyridinium tetrafluoroborate andalityl-3-methyl imidazolium
tertrafluroroboratd SchemeQ.lZl} or hexafluorophosphate in organic solvents such as

butyrolactone or acetonitrile together with a lithium salt such as/.-iBBvide low viscosity

and high conductivity ahmaking them an improved contender since the first lithim

11

batterycommercialised by Sony in 1T§

Scheme2.141-butyl-4-methyl pyridinium tetrafluasborate (left) and-butyl-3-methyl

imidazolium tertrafluroroborate (right).

The medical industries are always on the search for newoxar broadspectrum, safe
antimicrobial sprays and disinfectants. Pyridinium salts have shown antimicrobial activity
when used at the recommended concentrations with no odour or toxicity. The mode of action
is dependent on various factors; and includes the salt being adsorbed or absorbed onto or into
the cells membrane and causing the cell structure to alter, lyserercommonly to halt or

decrase a biochemical process suchespiration and glycolysis but more oftireyinhibit

oxidative systems. Increasing the alkyl chain of alkylpyridinium salts usually increases the
antimicrobial activity but is also dependemt additional groups and the substitution position

on the pyridine ring. A bigyridinium FR P S R X Q Bexdmédtfiylenebi§l-carbamoyl-
alkylpyridinium bromide) was analysed for antimalarial activity compared to quinine and

chloroquine, the N1 alkyl mety was altered and the highest activity was approximately 10

times more effective than quinine aralfras effective as chloroquing™

lonic liquids are excellent reaction media due to their broad solvating ability, chemical

stability, nonflammability and good thermal properties which make them safer than

1Z21]

conventional solvents but not all ionic liquidave these ideal prepiep”
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Bittner et al.investigated the physical properties of a series gtipjyum ionic liquids,
physical properties such as density, viscosity and surface tension were measured as a function
of temperature at atmospheric pressure. It was found that lengthening the alkyl chain, reduces

density and surface taépa but the viscsity increas

Cellulose is a bigenewable material which has many applications in clothing, paper,
polymer and the paint industry. Bto the high molecular weight of linear glucose polymer
chains typically being 46Q@000 units, cellulose is insolublevvater and many organic
solvenﬁl In 1934 Graenacher useddthylpyridinium chloride to dissolve cellulose but it
was not used as it was treated as novel and ofprdletical uﬁ Two ionic liquids

although not pyridinium based compounds, dissolve cellulose without derivatisation which
are butyl-3-methylimidazolium chloride (BMIMCI) and-allyl-3-mettylimidazolium

chloride (AMIMCIFjlbut pyridinium salts with csolvents DMSO or DMF have been used
for dissolutionand derivitisation of ceIIulﬁ

2.1.4 Preparation of Methylenebispyridinium

Baer and Prescott in 98 were the first to preparelibispyridinium dication (MDP)

by the addition of pyrithe tomethylene iodidéScheme2.15). Various methods of

preparation were used but on refluxing the components ihallcgellow crystals appeared

on cooling. Once purified in 50% hot ethanol the fine crystals were soluble in arader,
sparingly soluble in methanahdhot ethanolputinsoluble in cold ethanpkther, chloroform
and benze@ In 1986 Almarzoget al.investigated different amines with di (chlero

bromo and iodo) mdtane, where it was found that the products were either a mixture of the
mono and disubstituted salt or one or the other. Tertiary amines such as triethylamine and
diethylmethylamine produced only the mesubstituted chloromethane but pyridine
substitued twice with dichloromethane give methylenebispyridiniunﬁ Another method

for the preparation of MDP involvesaction of & -&ibromoacetophenone and pyridine in
ethanol toproduce MDP and ethyl benz@ This presumably occurs by nucleophilic

attack of ethanol on the carlgp\ O J U R X Slilkdm&acetophenone which also implies the

expulsion of the MDP carbanion (which forms part of this investigafechéme2.16). The

'H NMR of the bridging CHlis strongly downfield due to being between twoitpesly
charged pyridine molecules with a chemical shift ofppB in Qﬁ
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Scheme2.15 Method of preparation of rtigylene bispyridinium by AImarzﬁ

Scheme2.16 Method of preparation of methylene bispyridiniumKnphnk

The type of halogen attached to {tds a dramatic effect on the rate of MDP production.
The reactivity of the dihalomethane occurs in the order o CHCH,Br, > CH,Cl,, di-
iodomethane having the greatest reactivity at low temperature and the least reagfiise CH

requiring increased temperature and pressure for reaction tccur
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2.1.5 Crystal structures of Methylenebispyridinium

The first crystal structarof MDP was by Brudgam in '& but recently the MDP
dichloride (G;H1,N,**.2CI.H,0) crystal structure was published as a monohydrEhe.

structure adopts a butterfly conformatifffigure2.1) and does not show any unusual bond
angleswith the NCN of 110and HCH 108 and the CHN bond length ofl47 pﬂ

Figure 2.1 Crystal structure of MDP adopting the butterfly conformﬁn

Other salts of MDP have been produced such as methylene bispyridinium
tertrachloroplatinate as orgariforganic materials which are of interest to suma@ecular
chemists and material scientists. Hybrid salts of MDP were made by treating it with the
appropriate metal dichloride (Znr CdC}) in aqueous solution at room temperature

15

Figure2.2 The salts are soluble in water but not in organic solvents. The parent

structure and the hybrid salts are similar, both still consisting of the methylene attached to two
positively charged nitrogen atoms of pyridine adopting a butterfly conformatiatnghi

roughly tetrahedral and the counten ZnCl” is nearly tetrahedral with bond angles of

113.8 and 105.9(ClI-Zn-Cl) and for CdCf* (CI-Cd-Cl) 110.7 and 104.
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i ii
Figure 22 &U\VW D O V W U XrRettipiddedpyrRiinidm tétfachlorozincate(ll) (i) and
1 1-fhethylenedipyridinium tetrachlorocadmate (Ilm

2.1.6 Reactivity of pyridinium compounds

Ring substituted Myridinium sats undergo a variety of reactions ranging from ring
substitutiorreactions to hydrolysis and they underymleophilic substitution reactions much
easier than the correspondingoXides which are more reactive than the corresponding
substituted pyridineA series of 4substituted Nmethy! pyridinium salts reaceadilywith
sodium hydroxide in water at constant ionic strength, where the 4 position either contained F,
Cl, Br, I, OCH. 4-methoxypyridine and-¢hloropyridine are very unreactive towards
nucleophilic substitution by hydroxiﬁ For example 4nethoxypyridine shas no reaction

after 43 days at 26 which may be due to the expected intermediate not being able to support

additional negative charg&cheme2.17)1 The 4substituted Nmethyl pyridinium salts are

approximately a million fold more reactive than the correspondisigbétitied pyridines.

Scheme2.17 Intermediate unable to support negative ¢ e

With 4-methoxyN-methylpyridinium salt under certain conditions, the methyl groups at the
N and O positions are susceptible to nucleophilic attack either formimetdoxypyridine or

N-melhyl-4-pyridonE| Nucleophilic substitution on the ring presumablywsdhrough the

neutral intermediate addu@¢heme2.18) with the fluoride being the most reactive and the
iodide and methoxide being the least reactive atﬁmﬁiom
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Scheme2.18 Displacement of a halide by hyikide forming a pyridone.
2.1.7 Hydrolysis of pyridinium compounds

Kosower and Patton investigated the alkaline hydrolysis-alki cyanopyridinium
ions, the products of which are sensitive to the position of the cyano group on the ring. When
the cyano groujs at positions 2 or 4 of the pyridinium ring, attack by hydroxae

produces the corresponding mone by displacement of cyanii® and

carbamidopyridinium imecheméZ.lg i, i andScheme2.20), whereas yanopyridinium

ion produces ®arbamidopyridinium ion and the rirapened 4&yane5-methylmino2 4-

pentadienaiSchemeQ.zo iim

Scheme2.19 Methyl pyridinium substituted with CN at different positions on the ring,

reaction with hydroxidéon produces the respective pyridone (i, ii) but substitution at position
3 produces a ring opened aldehydﬁ)
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The mechanism of forming pyridone acarbamidopyridinium iofior when the cyano group

is attached at the 2 position of the pyridinium ring is show®cimeme2.20

Scheme2.20 Formation of pyridone and carbamidopyridinium ion at position 2 of the

pyridinium rinﬁ
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Olofson and Zimmerman in 1967 reported the hydrolysis Bf{phenylmetllene)
bispyridinium. Refluing the pyridinium saltn waterproduced® equivalents of pyridine
along with benzaldeh@ In the presence of alkali, a soficecipitated intermediate
(Scheme 2.21i) was produced which was pale in colour and stable ungén Mhe darkand

refrigerated. RBturningthis solidto bast solution forms benzaldehyde and a second

equivalent of pyridirﬁ

Scheme2.21 Hydrolysis of 1,1-(phenylmethylene) bispigdinium forming two equivalents
of pyridine and benzyaldehﬁ
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Fernandeet al investigded the reaction of hydroxide with UD Q J HbiR(E &
bromopyridinium) alkanes, where the centres had a varyindpauof methylene groups.
Five different methylene variants were used and the reaction with hydroxide produced the

&bis (2pyridone}alkan

Thereactions of théifferent methylene variants were monitored using a spectrophatomet
method with hydroxideon which showed an isobestic point at 288 nm. Kinetic data obtained
by monitoring the course of the reaction at 277 or 296 nm showed biphasecabtve first

order reactioﬁl The pathway included fastatk of OH which yielded a mono reacted
pyridone, followed by a slow Chttack on the intermediate giving the bispyridone product
Scheme?.22).

The reaction at different pHs provided a set of rate constants for the twonstiepseaction,
a plot of logk against pH (10-33) showed thdt; andk, were both firstorder in hydroxide

concentratiﬂ

Scheme2.22 Hydroxideion D W W D F-bis Rdbrongopyridinium) alkanes to produce the

bispyridone prodﬁ

92



2.1.8 Ring opening reactions

Nucleophilic reactions with pyridine have been studied since the end of 19th century.
The mosipopular reaction is the Zinck€onig reaction or the cleavage of quatety pyridine

rings by amin

The first reported behaviour of rirgpening was of {2 4-dinitrophenyl) pyridinium chloride

Scheme2.23] i) discovered by Zincket al. This compound is stable in acid and at neutral

pH but decomposes at 18Dupon heating to formyridine and 2}-dinitrophenol.
Hydrolysis at higher pH produces a red coloured compound initially unknogtnuicture but
later work revealed ang opened derivative of-[,4-dinitrophenyl) pyridinium chloride

Scheme2.23 ii -ivm

Scheme2.231-(2,4-dinitrophenyl) pyridinium salt (i) to produce potential ring opened

coloured compounds {iv

Approximately 70 years later the reaction order ofddtrophenyl pyridinium chloride with
hydroxideion was found to be a maximum of 2 in hydroxida in 5390% aqueous ethanol
but decreased with increasing Qbh and ethadl concentratiﬂ
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At a similar time, in 190&onig showed that the addition of pyridine and cyanogen bromide
produced hbyanopyridiniuniorm This pyridinium salt was reacted with aniline which
produced dirtroaniline and glutacondialdehyde dianil,-{iine) but the reaction with

hydroxide was not studied. The protan of the glutaconaldehydeom many Nsubstituted
pyridinium ions proved quite common but some reactions were inhibited by steric hinderance
and electronegative substituents and even successful reactions have a tendendiseoteecyc

a pyridinium derivati

A similar compound, pyridinium sulfonical was studied by Baumgarten in 1926, which
was prepared by the additionsafiphur trioxide (Sg) and chlorosulphuric acigith
pyridinﬂ Addition of strong sdium hydroxide (5 M) produced an intermediate yellow

colour which was isolatefb€heme2.24). Further treatment with hydke produced the

final productglutaconaldehyde wth was red/brown in colourThe reaction between
pyridinium sulfonic acid and aniline produces glutaconaldéhyde dianil, (the d'minem

Scheme2.24 Ring opening of pyridinium sulfonic acid by hydroxide to form

glutaconaldehyﬁ
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In 1965 Eisenthal and Katritzky studied thegriopening of Nmethoxypyridinium
perchlorate by hydroxide althoughadikoxypyridinium salts were initially investigated by
Ochiaiet al.in 1944 which showed that in the presence of hydroxide the salt produces

pyridine and an aldehyd&¢heme2.25)

Scheme2.25 N-methyloxypyridiniumhydrolysisproducing pyridine and an aldeﬁ

Spectrophotometric kinetic evidence ofniethoxypyridinium perchlorate showed an
absorbance at 343 nm in alkaline solution and attributed to the glutaconic aldehyde enolate
Scheme2.26). The sodium enolate O XWDFRQLF GLR@IGBFEHHKNMNGH KDV D
6XEVWLWXWLQJ WKH & 2a.Howsfieldtabdit B3 Wivbuiiketaddition of a
PHWKRI[\ JUR X &S«byRPrign] pté&sumably due to inductive effects. A plot of log
initial rate against log conceation of hydroxi@-ion showed a straight line with a secend

order dependence dnydroxideiorm

Scheme2.26 Ring opening of Nmethyloxypyridinium to form a sodium enol
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In 1966 Johaon and Rumon synthesisedN,N-dimethytcarbamoyl) pyridinium$cheme

2.27) which, when treated with hydroxide, is capatifidollowing different mechanistic

pathways depwdent on pH. At a pH below 10;(N,N-dimethylcarbamoyl) pyridinium

hydrolyses to give pyridine and dimethylcarbamic acid but above pH 10 an unstable

intermediate is formefScheme2.27)™"| Further investigation of the intermediate

demonstrated thatig capable of decomposing by two pathways; the intermediate was
prepared and dissolved in aqueous solutaingarying pH. The predominant pathway above
pH 13.5 yields glutacondialdehyde and-@ithethylurea but between pHI18 the

predominant pathway yields pyridine aridndthylamirﬂ

Scheme2.27 Pathways for the hydrolysis of(N, N-dimethytcarbamoyl) pyridinium by

hydroxide dependent on

96



Another example involves the reaction of pyridine and thiophosgene producing the
bispyridinium salt 1,3thioketone dipyridinium$cheme2.28). Treatment with hydroxide
ion, which attacks at the-Z position, givesn anhydo-base where another hydroxiaba

ring opens the pyridine to produpentadiene aldehydad pyridine. The ring opening was
considered to be due to hasdft acid base theory and attack a2 3 expected as the
thiocarbony carbon atom has @f centﬂ

Scheme2.28 Ring opening of 1,1thioketone dipyridinium by hydroxiel'mrm
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2.1.9 Acidity

2.1.9.1Brgnsted-Lowry acid-base model

In 1923 a Danish chemist, Johannes Brgnsted, and Thomas Lowry, an English
chemist, defined acids and bases. Brgnktedry defined that an acid is a species which

donates a proton whereas a base is a proton ac¢8ptenie2.29).

E*- 7E
Scheme2.29 Deprotonation of a general acid.

When the acid donates its proton the species formed is known as the conjugaté) tzask (A
the proton acceptor is known as ttumjugate acigBH). Compoundsvhich are able to

donate or accept a fgom are known as amphoteric, examples incldge.

In addition to the Bransteldowry definition, Gilbert N. Lewis also defines acids and bases
further where Lewis acids are electron pair acceptatsadrewis bases is an electron pair

donors where protons are not necessarily involved in the reaction.

A compounds pKis a measure of how acidic &vgn proton is within a compoungscheme

2.30|]shows the deprotonation of arlsan acid to its corresponding conjugate base (a

carbanion) in water. The equilibrium constanid<the relative stability of the conjugate base
and the acid but more commonly the negative logarithm is taken giving trenpkling
comparison of acids seer. The pKin a given solvent is predominantly determined by
resonance and indtive effects and if a compouigideprotonated and contains atoms which

are electronegative, the charge ends up on the most electronegative atom as the lone pair is

most tghtly held providing the most stable conjugate h&st¢me2.30).

Scheme2.30 Deprotonation of a ketone providing a ketaol stabilised resonans&ucture.
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2.1.9.2Carbon acidity

Compound§ containing a €H bond are capable of losing a proton to form a
carbanion.Strong carbon acids generally havepk the range of-Q4 and théwo main
factorscontrolling acidity areesonance stabilisation of thenpogate base and inductive
effects. These types of compounds which are able to stabilise the negative charge usually
contain oxygen, nitrogen or sulphur whichtumn, allows charge transfer frotine carbanion
to an electronegative atom. Nitro groupsstrengly electron attracting and therefore the
negative charge on nitro carbanions is mostly transferred to the oxygens from the carbon

Scheme2.31}i). Carbonyland sulbnic groups are alseffective at transferring the negati
charge from the carbanig8cheme2.31] ii, iiiﬂ

Scheme2.31 Transfer of negative charge from carbon to electron withdrawing groups.

Carbanion stability can often be predicted from electromgtyabr s character content of the
orbitals involved in charge delocalisation. Hybridisation of the carbon is also an important

factor detemining the acidity of a compoundhich increases as more s character is observed

by the acidic atom and followhée trend sp< s < sp[Scheme2.32). In alkynes, 50% s

character is observed compared to only 25% ibepds and the electrons associated with
high s character increase the electronegativity of the canking sp carbons ane acidic

compared to ﬂ
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Scheme2.32 Acidity of carbon acids is dependent on hybridisation with the most acidic being
acetylene (pK24) followed by ethene (pkd4)"“land the least acidic being ethane {pK
50.

Pyridinium carbon acids are also of great interest as ketimines, atgidbrmed by the
DGGLWLEBWRGREDPLQH Shke®acHy Brnterivediates of enzyme catalysed
transamination read/ L R Q V-carbdhtaf the intermediate undergoes proton transfer which

is activated by the pyridinium ringg¢heme2.33)**

Scheme2.33ProtoQ WUDQVIHU P Hyikdxa@ring Bh@phﬁ
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7 KH | .dgotow pk;, of the methylene group within-@minomethyl) pyridiniun$cheme

2.34] i) is between 17 and 19 in water af@gl = 1.0 M) although it washbught to be a

UHODWLYHO\ VWURQJ FDUERQ DFLG GXHAWRWHKKRDQBRQJ F
iminium groups. High carbon acidity has also been reportetidtwnoritrile (Scheme2.34
i) and dimethyl malonattscheme2.34] iii) which have pKs of 11.2 and 13.&spective

Scheme2.34 4-(aminomethyl) pyridinium (i), malononitrile (ii) and dimethyl malomdiii).
2.1.9.3Enzyme catalysed proton transfer

Deprotonation of substrates by enzymes which have catalytic efficiency constants
(keafK ) near diffusion ~1are difficult to monitor. One method of deprotonation of 2
phosphoglycerate trianion by the enzyn@ BODV H D W -¥rkdh pfdtoD N By\the
utilisation of two divalent metalbns to neutralise the highnegatively charged subst
Although the enolase superfamily are not very subssgaeific, this general feature lies
within the active site to which the sibate coordinates to the metah and amino acid

residues such as glu alyd to labilise W K-ptoton of the bound carboxylate anif@cheme

2.35).

Scheme2.35 Deprotonation mechanism ofpghospheD-glycerate by enolﬁ
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2.2 Experimental

2.2.1 Materials

-Methylenebispyridinium dichloride(MDP) was prepared by the additioh130
ml DCM (2035.79mmoleg to 30 ml pyridine(372.40 mmoleswhich wasthenrefluxed at
60°C until asolid precipitate was formed. The precipitate was filtered andeanginirg
pyridine wagemoved by washingith excess DCM

'H NMR (500MHz, D,0) 9.38+ 0.03pm @d, 5= 5.55Hz, } 4= 1.25Hz, 4H), 8.85+ 0.01
(tt, 3= 7.90Hz, J,=1.28Hz, 2H), 8.3% 0.02(m, 4H) and 7.4°# 0.03(s, 2H).

%C NMR (500 MHz, DO) 149.8 + 009 ppm(Cy), 145.15 + 06 ppm(Cye), 129.55ppm=
0.05 (Gs), 78.0+ 0.05ppm(methylene).

ESI (+) for M (C11H12N,) found m/z = 86.050@/hilst the exact mass calculated using
Massunter software is 86.0495.

Sodium deuteroxide (30 wt%, 99+% Dguderium chloride (37 wt%, 99+%D) and deuterium
oxide (99.9% D) were from Aldrich. All other orgardad inorganic chemicals were AnalaR

grade and were used without further purification.

2.2.2 General methods

Phosphate, CAPS and borate buffers were prepardissylving the acid form and
KClI in D,O followed by the addition of NaOD to give the desired acid/base ratio at total | =
1.0 M (KCI). Solution pH was determined at 25°C using a Jenway 3510 pH meter equipped
with a Mettler InLab UltraMiicro electrode.Values of pD were obtained by adding 0.40 to

the observed reading of the pH rThe concentratio of deuteroxidéon at any pD was

calculated usir‘@quationzl where K,= 10"*#is the ion product of BD at 25°ﬁ|

Z'% *?L° F'

Equation 2.1
'H NMR spectra at 500 MHz were recorded isODat 25°C using a Bruker Avance 500 NMR

spectrometerChemical shifts are reported relative to TS&dium timethylsilylpropionate
2,2,3,3d, ((CHs)3 SICD,CD,CO,Na")) at 0.00 ppm and sodium acetate was used as an

internal standard.
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UV-Vis spectra were acquired using a Cary 4000, equipped with a 12 compartment cell block

thermostatically maintained by using a peltier system.

An Agilent 7890A GC equipped with flame ionization detection (FID) or-®IQQ. The

column used was an Agilent FBPwith dimensions 30 m x 0.25 mm x 0.25 pum. The inlet
temperature was set at 250°C, with an injection volume of 1pl and split ratio of 50:1. The
carriergas was helium at a constant pressurktaf psi and flow rate of 1.5 miin. The

oven temperature was initially 45°C, holding for 2 minutes, before increasing the temperature
at a ramping rate of 20°C/min. The final oven temperature was 320°C whicleldder2

minutes.

2.2.3 Kinetic measurements

All reactions were carried out in,8 or D,O at 25°C. The rate of hydrolysis of MDP
was studied by injecting a stock solution of MDP (10 mM j@Hinto a buffered solution, |
= 0.1 M giving 1 x 10 M MDP and measring the change in UV absorbance at 366 nm as a
function of time. The biphasic change in absorbance was dissected into pseudodinst
rate constants for the formation and breakdown of the intermediate using Origin Labs
software. The deuterium exchae reactions of MDRvere followed by'H NMR andwere
initiated by mixing MDP into 1.0 M, 0.1 M DCI or buffered® solutions at an ionic strength
of 1.0 M (KCI) to give a final substrate concentrations ranging from 12185 mM. The
pD of the reaction iRture was closely monitored and was found to be constant to within 0.05
pD units during the time the isotope exchange reaction was followdd KR analysis at
25°C.

The exchange for deuterium of the methylene proton of MDR@iffered at pD 7.20 an

10.0 were followed by monitoring the disappearance of the singlet at 7.47 + 0.03 ppm and the
DSSHDUDQFH RI D SRRUO\ UHVROYHG WYCHD §Qupl d¥the W “
product by'H NMR spectroscopyThe exchange for deuterium of the ardimarotons of

MDP in D,O buffered solutions at pD 7.2M.0 were followedy the'H NMR using either

C,4 or Cys protons of the pyridinium ring.

To monitor the formation of pyridiney GC 10.1 mM MDP was added to a 300 mM CAPS
buffer at pH 10.0, | = A M, 25C with methoxybenzene at 5 mM as an internal standard. At
intervals, 1 ml of this solution waslded to 2 ml DCMthe layers were shaken to ensure
maximum transfer of organic materials into the methylene chloride layer. The layers were

left to :parate and thBCM layer was analysed for pyridine.
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2.2.4 Aim

The aim of this project involvaavestigation into the kinetics diydrolysis and
mechanism of MDP and secondly to determine the acidity of the central methylene group.
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2.3 Results and Discussion
2.3.1 Structural properties of MDP

2.3.1.1'H and **C NMR

The'H NMR spectrum of MDP in BD showed the expected signals of the
pyridinium ring at B8 £0.03(C,), 885 +£0.01(C,) and 8.33 #.02ppm (Gys) and at high
chemical shift the bridging Ctsinglet at 7.47 .03 ppm. This unusually high chemical
shift for a CH group is due to it being situated between two positively charged nitrogen
atoms, it was also obs&d that the chemical shifthange slightly dependent on the buffer
usedto maintain the pH The spliting pattern of the pyridinium ring protons are fioster
with the G protons being a doublet of doubletgy3 5.55Hz, } ,=1.25Hz, 4H), G proton
being a triplet of triplets, ¢4 = 7.90Hz, J,, = 1.28 Hz, 2H), G5 protons appear as a
multiplet,(4H) and the bridging Ckis a singlet (2H)Figure2.3).

Figure 2.3 'H NMR of MDP at pD 7.20 (I = 1.0 M), 2& in phosphate buffer.
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In addition to théH NMR, a*3*C DEPT135 confirmed the presence of the methylene group

between two positively charged nitrogen atoms at 78.0@ re2.4).

Figure 2.4 °C DEPT-135 of MDP at pD 7.20i € 1.0 M), 25C in phosphate buffer.

The'*C NMR clearly shows the pyridinium carbons and the bridging €irbon but not of
the ratio one may expeft:2:2:1). This phenomenon is due proton decoupled c&tBon
spectra which is known as Nuclear Overhal&éect (NOE). This is observed when one
nuclei is irradiated at its resonance frequency which causeetbetechuclei to be more
intenseor weaker than usﬁ

To correlate protons with their respective carbohstaronuclear single quantumherence

(HSQQO spectrumwas run which{Figure2.5) indicated the high methylene proton at 7.49

ppm is connectetb the carbon at 78.0 ppm. The proton situatitkin the pyridinium ring

at C,s next to the nitrogen atom has the higHestlownfield signal at 9.39 ppmubthe Gy
has the second highest carbon chemical shift at 145.15 ppm. The baytwest chemical
shift is C, of the pyridinium ring at 149.89 ppm whilsg£has the lowest proton and carbon
chemical shift at 8.33 and 129.55 ppespectively.
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Figure 2.5 HSQC spectra of MDP in O at 25C.

For freepyridineitself, '"H NMR (Figure2.6) VKR ZV W kbdtdhs\Gg)re most electron
deficient are the highest downfield signals, the second lowest field signal #pthton (GQ)
DQG WKH PRVW XSILHO@otensI@sP Ch&Fpro@nihda Iowds field

signal compared ith W K-ptotons due to inductive and resonance effects from the electron

withdrawing nitrogen, as the resonance structures indicate partial positive charges on carbons

Cusand G {Scheme2.36) which is also concordant with th#& NMR spectrum.

Scheme2.36 Resonance structures of pyridine indicating partial positive charges of carbons
2,4 and 6.
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Figure 2.6 Pyridine in BO at pD 9.4 at Z&.

A summary of théH and**C chemical shifts of MDRand pyridineare shown ifTable2.1
'H/%C MDP chemical Pyridine
shift (ppm) chemical shift
(Pppm)

H/Cys 9.38(145.15) 8.53(148.55)

H/Cyss 8.33(129.55)  7.47(124.43)

H/IC, 8.85(149.89) 7.89(137.64)
Methylene 7.47(78.00)

(CH>)

Table 2.1 Summary ofH and**C NMR chemical shifts of MDP and pyridita¢ 25C.
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2.3.1.2Mass gectrum of MDP

A mass spectrum of MDP (Mr = 172.10 (minus anion counter ions)) was taken using
electron spray ionisation (ESI) in positive mode where a mass candésgdo half the
molecular weighbf MDP was observed at m/z = 86.0503 as therévaygositive charges

(z) on the moleculg¢Rigure2.7).

Figure 2.7 ESI mass spectrum corresponding to MDP.
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2.3.2 Hydrolysis of MDP between pH 9 and 14

2.3.2.1Kinetics

The UV-Vis spectrum of MIP in water is compatibl&ith a recent publication and
showsa maximum absorbance at 258 ffaigure2.8)™"| At high pH,using 0.02 M CAPS
buffer solutions at 0.1 M ionic strength at pHs 9.5, 10, 10.5 and ¥&dtaon occurred as

indicated by the appearance affaomophoret 366 niyet betweempH 12-14 there was no

observable chromophore at 366.nithis absorbancehangeswvith time andreaches a

maximum and then decreases indicative of the formation of an unstable interritechieziad

2.37).

Figure 2.8 UV-VIS spectrum of MDRt 25C (1.0 x 10*M) in water.

Scheme2.37 Proposed kinetipathway for thdwydrolysis of MDP.

The observed consecutive fi@tder rate constants associated with this biphasic behaviour

were determined as a function of pfHhe consecutive reaction was fitted in terms of the

intermediate and the concentration of the intermediadeatime (t) is given ¥quation

2.2
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Equation 2.2

The pseudo firsbrder rate constag corresponds tthe first phase and appearance of the

chromophord, is shown bpFigure2.9] A plot of logk; against pH (slope £.8) shows a
seconeorder dependeanigureZ.lo on the concentration of hydroxiden (as [OH] = 10

(pH-pKa

) giving a thirdorder rate constant = 5.47 x*M?s* whereas that for the second

phase and disappearance of the interme#ljagepH independent = 6.0 x 6™

Figure 2.9 Change in absorbance at 366 nm with time for the hydrolysis of MDP (1.6 x 10
M) at pH 10.0 (0.02 M CAB buffer) I = 0.1 M (KCI) at 2%. The continuous line shows the
model ofScheme2.37fit to data.

The pseudo firsbrder rate constants were mxtrapolated to zero buffer concentration by
altering the buffer concentrati@s there was no significant buffer catalysihetotal
concentration of CAPS buffer wasnstant throughouhe pHrangeand atconstant ionic
strength
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Figure 2.10 Plot of logk; against pH for the appearance of a chromophore at 366 hm
0.1 M and at 2%C.

In addition to hydrolysis of MDIh water, the UWis kinetic data of the hydrolysis of MDP

in D,O was slightly faster than that in® (kop > Kon). It is most likely that a solvent isotope

effect has occurred as previous data showed that acid and base catalysed reactions proceeded
morerapidly in D,O than in HO by an order of 1-3.0as acids are weaker in® than HO

(PKwp2o > pPKu20), Which makegOD') a stronger base than (

Solvent effects are difficult to interpret gy can be a result of many factors:
(1) Water and deuterium oxide have different solvation properties.

(ii) A primarykineticisotope effect is observed if arkDor an GD bond is broken

in the rate determining step.

Isotopic substitution generally has significant effect on the qualitative chemical reactivity

of a given process, but a difference in the cdtisotopically substituted reactants is
sometime®bserved; this is known as the kinetic isotope effect @F)rhe lowest

quantised vibrational state of a bond is its Zgwmt energy(ZPE), and theneavierthe atom,

the lower the zerpoint energy.This is due to a lower frequency of vibratiasZPE = Y

hc& K 30DQNYV FRQWWDQWpeed offlight& DQJIJXODU didid TXHQF\
clearly shown by the difference betwethand®H (D) in the potential energy diagram

Figure2.11)™"
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Figure 2.11 Reaction coordinate diagram for the difference in activation energy-fbaad

CD bonm

Hydrolysis atpD 10in D,O vyields pyridine on the disappearance of MDP as shown
by *H NMR signals aB.53 ppm(C,s) which appears to be a doubldf J, ; = 8.40 Hz 2H).
The peak a7.88ppm(C,) is a triplet {, J,3= 7.70 Hz 1H) and amultiplet at 7.47ppm (Gs)

(m, 2H)(Figure2.12). Using sodium acetate as an internal standard, the changes in signal

2.3.3 Hydrolysis products

intensities with time were used to determine the pseudeofider rate constants for the
disappeanace of MDP and the appearance of pyridine. Those for the latter were biphasic

compatible with a stepwise formation of pyridine. This was also confirmed by monitoring the

formation of pyridine by GQRigure2.13).
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Figure 2.12 MDP hydwolysing to form pyridine at pR0, | = 1.0 M and 2% after 2.2 hours

Figure 2.13 Change in concentration of pyridine witme for the hydrolysis of MDP (1.01 x
102 M) at pH 10.0 (0.3 M CAB buffer) 1 = 0.1 M (KCI) at 2%. The continuous line

represents a firgtrder fit to 1 mole equivalemtf pyridine.
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A borate buffered solution at pH 9 containing MDP was heated ttegatsethe reaction
towards completion and monitored 1y and*C NMR. The'H NMR clearly shaved the
production of pyriding8.53 ppm, dd, s =4.35 Hz, J,= 1.60 Hz, 2H), (7.89 ppm, tt,d=
7.73 Hz, J,=1.75 Hz, 1B, (7.47ppm m, 2H) A **C spectrum showed the presence of an
unknown species underneath the water signal at 4.8 pHI®¢ confirmed a masked

carbon compound under the®'H spectrum at 81.99 pp ﬁigurez.lﬂ and a°C DEPT
135 confirmed it to be a GH

Figure 2.14HSQC of the hydrolysed MDP forming pyridine and the unknown compound in
pH 9borate buffer, | =1.0 M at 26.

The possibility of formaldehyde forming from the hydrolysis of MDP is relativiagh hnd an
identical buffered solution containing formaldehyde (without MDP) resulted itiGhe
chemical shift at 82.00 ppm and*€ DEPT-135 confirmed the signal to be a ©¢bnfirming
formaldehydehydrate{Figure2.15).
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Figure 2.15HSQC of the formaldehyde in pH 9 borate buffer, | = 1.0 M 8E€25

2.3.4 Intermediate identification

The hydrolysis of MDP showed a maximum WAs absorption at 366 nm which was
shown i@ Investigation of this chromophore was carried out witblation of
MDP (22 mM) in 1 mICAPS buffer pH 10whichwas ncubated at 25°C for 30 minutes
correspondingo the maximum formation of the chromophaifeer which 2 mIDCM was

added to the solutiornThe organic layer was septgd from the aqueous layer astiowed a
UV-Vis absorption at 330 nrﬁigureZ.lG , presumably corresponding to the intermediate

seen in water with a,.x= 366 nm. There is also an absorption at 252 nm corresponding to
free pyridine. 8VLQJ D 0l.mol.cni*for pyridine at 252 nnand a absorbance d.503
indicated that 5 mM (1 mole equivalgrdf pyridinehad been released, assuming the majority
of pyridinehad transferred into tHeCM which is dependentn its partition coefficientA
similar compoundo MDP which could resemble an intermediate imBthylpyridinium

chloride, the UWis spectrum at pH 10 showed a chromophore at 25&8midmot 366 nm

which diminates Nmethylpyridinium as a possible intermedigfég(re2.17). In addition to

the UV-Vis data a GEMS showed am-1= 108 corresponding to the masstoé

intermediatg igure2.18).
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Figure 2.16 UV-VIS spectrum at 2& of MDP (22.0 x 18 M) in CAPS buffer pH 10 and
then extracted into DCM after 30 minutes.

Figure 2.17 UV-VIS spectrum at 2& of N-methylpyridinium (1.0 x 18M) in 0.02 M
CAPS buffer pH 10.
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Figure 2.18 MS from GC peak showing the formation of the intermediatke 1mi108.
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2.3.5 Mechanism of hydrolysis

A reaction scheme compatible with these observations is shg8chame2.38| It is

known that some substitution reactions of pyridines and azines proceed by initial nucleophilic
addWLRQ WR WKH U La@ductwia al irutldopbilic arofinatic substitution addition

elimination (RAr-AE) or a nucleophilic aromatic substitution eliminataddition ({Ar-

EA) mechanis@ It also appears thabse substitution reactions previously thought to
occurbyanaryneV\SH PHFKDQLVP DFWXDOO\ LQ Y¥Y&idustkolloine® J RSHC
by ring closure commonly known as the Addition of Nucleophile, Ring Opening and Ring

Closure (R(ANRORC)) mechanismvhich was first observed mechanistically by Van der

Plag™™

The first step within the JANRORC) mechanism involves addition of a nucleophile at the
C, position producinl W K H-addudt, although it may tstericallyinhibited by having large
substitients on the ri@ The proposd species then undergoes foamgening and expulsion
of the first pyridine to generate the conjugated unsaturated-atiletydd which is the

chromophore observed at 366 .nirhe unsaturated iminraldehyde undergoes ring closure

to prodice the second ntar equivalenbf pyridine and formaldehy@®®cheme2.38] At high

pH the chromophore is not obsenasithe intermediate is resonance between thmaine

and immonium iofScheme2.39i, ii) and hydroxide attacks quicker thamerate of

formation of the intermediatfs).

Scheme2.38 Hydrolytic mechanism of MDP at high pH.

Scheme2.39 Resonance between thmine and the immonium ion.
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2.3.6 Hydrolysis products of MDP below pH 9

The chromophore at 366 nm was not observed below pH 9 but the reactions of MDP
at lower pH/pD could be mdtored in DO by the changes in tHel and'*C NMR spectra.
Under pseudo firsbrder conditions in . DM and 0.1 M DCI at 2% MDP remained
unchanged after 4 weeks and atGafter 2 weeks which shows remarkable stability of MDP

dication in solution

After 2.4 weeks of MDP incubation at®25at pD 8.0 (I = 1.0 M) th&H NMR signals of
MDP at 9.40ppm(Cyp) (dd, J 3= 6.90 Hz, d,= 1.25 H3, 8.85ppm(C,) (dt, J,3= 7.88 Hz,
Ji2=1.5Hz 2H) and 8.33%pm(Css) (d, Js3= 7.90Hz, 4H) hydrolyse tashowthe
appearancef pyridineat 8.55 (Gg) (dd, L 3=4.35Hz, d,=1.63 H3, 7.92 (Q) (dt, }, 3=
7.70 Hz, J,= 1.6Hz, 1H) and 7.47 (gs) ppm(m, 2H). The signals at 9.0dpm (Cy) (d, Jo3
= 6.45 Hz) 8.63ppm(C,) (dt, J;3=7.85 Hz,J;,=1.43 Hz 1H) and 8.14 (Gs) (t, 4=5.73

Hz, 2H) ppm are compatible with the formation offydroxymethyl pyridiniurAon [Schemg

2.40) although thehydroxymethyl group was not visaldee toit being deuteratefFigure

2.19) and splitting is lost due to other protons being exchanged with deuterium in MDP,

pyridine and Nnydroxymethyl pyridinium

Scheme2.40 Formatian of N-hydroxymethyl pyridiniurdon from the hydrolysis MDP at low
pH/pD.

A HSQCspectruncorrelated the prota@nof N-hydroxymethyl pyridiniumnion to its respective
carbon which showed that the compounbyibrid between MDP and pyridirses shown by
thgFigure2.20
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Figure 2.19'H spectrum of the hydrolysis of MDP to form pyridine anttydiroxymethyl
pyridiniumion at pD 8.0 (I = 1.0 M) at 2€ after 2.4 weeks

Figure 2.20HSQC hydrolysis oMDP at pD 8.0 (I = 1.0 M) at 2& after 2.4 weeks
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2.3.7 Summary

2.3.7.10verall pH-rate profile

The pseudo firsbrder rate constants obtained using the analytical techniques above

were used to produ@pHrate profile(log k.,sagainst pHYor the hydrolysis of MDHFigure

2.21).

Figure 2.21 pH-rate profile of the hydrolysis of MD®Rhich show the twoifferent pathways.
Below pH 9 the pathway is firgtrder (] and % k;) and above pH 9 is secondder (v, k;).

The pHrate profile shows three different events which take place over a pH rangd. of 6
Below pH 9the pHrate profileof k, shows a firsbrder linear dependenoa hydroxideion
concentratiorbut dbove pH 9 becomdhe rate becomgsH independentThe hydrolysis rate

constantk; shows a secordrder dependence in hydroxitm concentration and assuming

the reaction pathway given[8cheme2.41{a steady state approximati can be used
Equation2.3).

Scheme2.41 Proposed degradation pathway of MDP.
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T>’) ? ? 2
T_LrLGg,> > 7FQ> 7>FGp5>7

G> 2 ??2LG> ’% ?EGg> ?

Equation 2.3

Solving for [M] usingEquation2.3|leads to the rate law:

G> > ?

2 I —
"t G 77E G

> 7
T—LG_;> 7% 2

T>?Lc_g@> P> 2
T-— G> 7?EGs

Equation 2.4

b.pb sL7?
by

rate limiting ste@nd the observedhte seconarder in hydroxidgon concentration At high
[OHT], if kJOH]>>kythe ” f —lf G> 7 Q.e. afirst-order dependence on hydroxiide

concentrationthere could b@ change in rate limiting stepka At lower [OH] (< pH 9) the

Therefore ifk, >> kJOHT] in|Scheme2.42| ” f —Lf LG 5> ’?Pmakingk;the

rate of MDP disappearance or appearance of pyridine isofdst in hydroxiddéon

concentratiorand corresponds tocange in mechanism to givelydroxymethyl

pyridinium (Scheme2.42).

Scheme2.42 Proposed mechanism of hydrolysis of MDP
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2.3.8 D-exchange

$ FRP SR pQISghNmportant physicochemical property é@sdletermination
for strong acids/weak bases is relatively easy between the pH regioi® o€2nventional
methods for determining the plif a compound include U¥is spectroscopy, providing the
compouml contains a chromophore, and NMR spectroscopy, but potentiometric titration has
been the standard method for many years.

Many carbon acids have very high pkalues andn alternativéo theabove methods
involves a measurement of a kinetic pKehe acidty constant (K) is the ratio of rate
constants of the forwardk( M™ s*) and reversek(, s") directions of an equilibrium process
Scheme?.43).

G

Scheme2.43 Deprotonation of a simple acid.

A technique to calculate the forward rate constant is by using isotopic exchange techniques
which can bdollowed by mass spectrometry or NMR. Commonly a proton is replaced by a
deuteium atom &hough this process can be investigateceverse.Deuterium oxide is

usually present in excess compared \thigh nondeuterated carbon acid or compound of
interest. In basic solution, €protonation occurs when a deuteroxiole iemoves prdon
producing HOD and the carbaniaich is then captured iy deutergth l:’Z’l For example, a
carlonyl compound yields an enolate anion arkj {D,O) >k, (HOD) then the rate of

deuteration corresponds to the rate of the formation afaHzanion schemeZAfl.

Scheme2.44 Deprotonation of a carbon acid by deuterium oa'dﬁﬂ
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In water, carbon acids may undedgprotonation by theolvent|Scheme2.45| i), by a bujer
baselEcheme2.45 ii), or by hydroxide ion%cheme2.45 iii). In generait is expected that
thestronger a carbon acid is the more likely it is that deprotonation will occur by solvent or

by buffer rather than by hydroxide ion at lower pHSs.

Scheme2.45 Deprotonation of the carbon acid by the solvent, buffer base or hydiioxide

Conversely, weak carbon acids, patiéely those giving charge localised carbanions and
subject to internal return in the initially formed #pair, may only show observable
deprotonation bgtrong bases such as hydroxidaﬁl Once deprotonation occurs by the
solvent, buffer or hydroxiden whenk, > k; an INT-H carbaniorintermediate is formed.
The reaction can then proceed either by regenerating the initial carbon acid ank hase, (
can exchange the BH with BD within the bulk solvent to form-IDWhich then would form
the GD bond of the carbon ac|&¢heme2.46) ™

[R5l:

Scheme2.46 Deprotonation of a carbon acid stabilised by internal return meC|sm
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2.3.8.1Methylene D-exchange

It was anticipated that the centBlH W K\ O H @hi¢tHylenebigyridinium dication
(MDP) would be a moderately strong carbon acid as ionisation yields what appears to be a

fairly stable carbanion ylidg=(gure2.22).

The rate of exchange for deuterium of the Ki&O H Q H-niethylenebigyridinium

dication (MDP) in buffered BD (pD 7.204.0) at 25 °C and | = 1.0 M (KCI) was followed by

'H NMR spectroscopy at 500 MHz. Deuterium exchange results in the disappearance of the
singlet at 7.4& 0.03ppm due to the CiHyroup of the substrate and the appearance of a
poorly resolved upfielghifted triplet at 7.4& 0.03ppm due to the CHD group of the

initially -formed monedeuterated producfThe loss of the methylene signal, which required
deconvoluting, followed firsbrder kinetics and the associated fwstler rate constankgpsq

(s™) were determined at pD 7.2M.0, maintained at various phosphatel CAPS buffer

concentrations at | = 1.0 M.

Figure 2.22 Methylene peak of MDP in phosphate bufféter 2 days gqoD 7.2 at 28C (I =
1.0 M).

There was small amount of buffer catalysis of theeRchange reaction and the observed

pseudefirst-order rate constankg,sq(s™) were plotted against the buffer concentration to

give the buffer independent rate constap(s"™) at zero buffeconcentratiorfEquation2.5).

A plot of ki against the deuteroxiden concentration [O[}, calculated froffEquation2.6

where pkK, = 14.8mis linear and the slope of which gives the seeorttkr rate constant for
exchange of the methylene proton of MDP catalyse®@bYkop = 297.1 + 23.1dm® mol* s™
Figure2.23).
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Gn gl G

Z % 7?L"°

?E G>?

Equation 2.5
F' o

Equation 2.6

Furthermore, the intercept was indistinguishable from zero, indicating an insignificant, pD

independent, water catalysedeRchange reactionThis was confirmed bthere being no
detectabld>-exchange of MDP in.0 M and 0.1 M DCI/DO at 28C after7.5 weeks,

indicating that the rate constant &cheme2.45

i) for the spontaneous deprotonation of

MDP is < 4.38 x 18 s", assuming less than 2% exchange

Figure 2.23 Plot ofk;, against deuteroxid®mn concentration to give a seceadler rate
constant for the CHexchange of MDRInd a loglog plot (below)

The fact that there is no detectable spontaneous deprotonation of 3¢B&EmMe2.45| i)

indicates that its pkmust be > 17 as the equilibrium constant for ionisation is the ratio of the

deprotonation rate < 4.38 x 18" to the protonation rate of the carbanion Bywiich is

expectﬂto be near diffusion controlldg, § °M™s™. The buffer catalysed
deprotonation oMDP by DPQ, ' and CAPS in BO can also be used to estimate the @i
MDP from the rate constants for its defmoation by éuffer basq$cheme2.45| ii) to give

the free carbaniorkg) and for the reverse protonation of the carbanion by the conjugate acid

of this basekzy) according t

[Fquation2.7} where pksy is the pK, of the buffer base.

127



Equation 2.7

The secondrder rate constant for the deprotonation of MDP by PA®D,0 iskg = 4.86 x
10 M ™ s™ and it can be assumed that the rate constant for, HIPGH,0 would ke very
similar because the kinetic solvent isotopgee for this type of reaction is close to unity.
Combining this value dfs with the upper limit oksy § °M ™ s™ for the dijusionlimited
reverse protonation of the carbanion by&" and the valu@Kgy = 6.5 for HPO,"in H,O
(I= l.OMﬁlgives pk; = 20.8 for the mdtylene ioniation of MDP in HO. The data using
CAPS buijer (pK, = 10.15 in HO, | = 1.0 M) giveks = 3.36 x 10* M * s™, from which a
similar calculation yields pik= 216, giving a mean value of 21.Zhe maximum value of
the rate of reprotonation ttie carbanion by wat (limited by solvent reorgarition) is 10"
s't, which can be combined with the observed seamder rate constant for exchange of the
methylene proton of MDP catalys by DO (kop = 297 M s™;[Scheme2.45] i ) to give an

MDP carbon acid pKR | 22.5, in reasonable agreement with that obtained from therbu

cataly®d rate constants.

To compareviDP with N-methyl pyridinium the rates of Bexchange i©.1 M and 1 M
NaOD/D,O (I = 1.0M) unde pseudo firsbrder condibns at 28C wasdetermined.The'H
NMR showed the methyl group of-idethyl pyridinium as a singlet at 4.41 pp.broad

triplet [Figure2.24) was observedfter1 weekconfirming that one proton had@&anged

with a deuteron formin@H,D (Scheme2.47). Thedeuteriumexchangeate of a single

hydrogenfor deuterorof the methyl groupvas obtained by deconvoluting the singlet at 4.41
ppm.
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Figure 2.24 Methyl group of Nmethylpyridinium becoming C}D in 1.0 M NaOD/BRO
solution at 28C afterlweek

Scheme2.47 N-methylpyridinium becoming C}D.

Theappearane of another set of signafs1.0 M NaOD/QO solutionappeared after 4.7
weeks{Figure2.25). A quintet upfield from the triplet is the most likely to be associated

with a second proton being exchanged for deuteragmo signals would appedrall three

protons exchanged for deuterium to forms@Da'H NMR.
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Figure 2.25 Methyl group of Nmethylpyridinium becoming Cf in 1.0 M D,O/NaOD at
25°C after4.7 weeks

The seondorder rate onstant for deprotonation of-Methylpyridinium ionto form CHD
Scheme2.4§| iii) by deuteroxide ion at 25 °(kop = 4.74 x 10’ M ™ s™) is much smaller
than that for MDP.The calculation of the pkof N-methylpyridinium ionfrom this value

requires knowledge of the rate constant for the reverse reaction, the protonationhaf t

carbanion by solverwater{Scheme2.45| iii). If the pK, of N-methylpyridinium ionis >25, it
is Iikel)ﬁlthatkmo § s" giving an estimated pjof 30.3 forN-methylpyridinium ionin
ZDWHU DJDLQ DVVXPLQJ i@cRandmgi@Lpgﬁm@/ DeM&WR SH H

exchange of the methyl hydrogens of tetramethylammonium ion is not observédin 1

deuteroxide solution over several Wswhich may indicate thahé zwitterionic ylidic
conjugate base M-methylpyridinium ionis relatively stabilized by the aromatic pyridinium

ring compared with that of MB" or that M@N" is additionally stabilized.

Scheme2.48 Methyl pyridinium (i), N-protonated glycine methyl ester (ii) andgNaternary

cationic methyl gycine ester (jii).
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The valuekg = 4.86 x 16° M * s™ for deprotonation of MDP by DPQ is ca. 16fold larger

than the valudg = 5.6 x 10" M " s™ for carbon deprotonation of-protonated glycine

methyl estefScheme2.48] ii) by thesame base; fdd-protonated glycine methyl estidre
carbon acid pKin water is 21@ The seconerder rate constat,, = 297 M s™ for

depiotonation of MDP by deuteroxiden can be compared with those for some monocationic
carbon acidsThekop values for deprotonation of-protonated glycine methyl estand the
quaternary catiofScheme2.4g] iii) are 6.0 and 570 Ms™, respectivelfl The kinetic

acidities for the carbon ionization Bfprotonated glycine methgsterand{Scheme?.48] iii)

in waterare pk; = 18.0 and 21.0, respecti

The unusual stahiy of the central methylene which is attached to two hettoms must

bring about the stability and slow hydrolysis rates of MDP. This behaviour has been reported
in XCH,Y systems where X and Y are firsiw substituents such as N, O aﬁr: The

anomeric effect which may have contributing factors such as no bond resonance and negative
hyperconjugation have been associated with this phenomenon, Brockway had otbsgrved

CF bonds are shorter (60 pmhen going from CkF to CR and that difluorinated species

are much more stable themonofluorinated carbon spe(@ This shortening had

strengthened the bond which involves deuliondno bondresonancggcheme2.49).

Scheme2.49 Hyperconjugation of CHF-

In addition to the bond shorteningtble anomeric effect, electrostatic interactiond\Cand
C'-F shorten bonds althoughe H,C-N bond lengtlin MDP of 147pm is not significantly
different from the 14648 pm seen in Nmethylpyridinium iorm

2.3.8.2Deuterium exchange of MDPing protons

Previous work hashown that protons of dNeterocyclic compounds can exchange
with deuteriumwhich may be aidedypthe presence of acid and ePyridine protons
exchange with deuterium under harsh conditions (10%N&0CC) at positions 2 and 6
whereasactivated derivatives such pgridine N-oxide, 3chloropyridine and 3;5
dichrolopyrine have been described to exchange under milder conditiodsr these
conditionsexchange at positions 2 and 6 occurs fastelbywed by positions 3 and 5 with

1671169

position 4 being the least susceptible iDldxchangg.
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A similar compound to one of the precursors within the rea@icireme2.50|is N-

methylpyridinium which has shown rapid exchange of hydrogen by rileutat positions 2
and 6 at 7% (1= 1.0 Mm

In addition to the methylergrotons exchanging for deuteriumMDP the pyridinium ring
protons at positions 2 andasoexchange for deuterium golutions of DO. The rate of this
was determined in buffered,O (pD 7.2040) at 28C and | = 1.0 M (KCI) and followed by
'H NMR spectroscopy at 500 MHz either by usprgtons G, C, of the pyridinium ring as a

reference.There was negligible buffer catalysis of theekchangeeaction(Equation2.5

and a plot of the log of the observed fiostler rate constants agaip& were linear andfo

slopenear unity{Figure2.26), indicative of a rate firsbrder in deuteroxid@n concentration

with a secongebrder rate constamtp = 2.84 Mt s,

Figure 2.26 Plot of log kysagainst pD for the H/D exchange at position 2 and Gef t
pyridinium ring of MDP at 2%C (1 = 1.0 M).

This value at 25°C is about two orders of magnitude greater than that for the similar reaction
of N-phenylpyridiniumion, kop = 5.4 x 10 M s™ at 50°C, and about 1f0ld greater than

that for Nmethylpyridinium ion at 75 The exchange of the pyridinium ion ring protons
probably occurs through the intermediate formation oiterion [Scheme2.50).
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Scheme2.50 Deuteration of the methylene group and gf Gf the pyridinium ring.
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2.3.9 Conclusion

Although 1 -methylenebis(pyridinium) dication (MDP) has two formal positively
charged substituents attached to a central carbon, it is remarkably stable to hydrolysis at low
pH (<7). It undergoes a complex series of reactions that vary with pH. Below pH 7 there is
very slow dgradation (e.g., at pH 7 and°Z5it has a haffife of about 10 weeks) that is first
order in hydroxidgon, liberates only one equlentof pyridine, and form#\-
(hydroxymethyl)pyridinium ion

Above pH 9 there is a change in the reacpathway, with expulsion of one of the pyridines
and the formation of an unsaturated iminoaldehyde intermesliath is observed at 366 nm
in water by U\Vis between pH 92. This intermediate is formed ap ANRORGtype
mechanism that involves openitige other pyridine ring. This intermediate subsequently
undergoes ring closure back to pyridine with formation of formaldehydeate The rde of

the first phase is secomdder in hydroxiddon, while the second is phidependent.

Deuterium exchangd the central methylene in,D is faster than the breakdown of MDP
and is predominantly OBcatalysed with a small amount of buffer catalySise estimated
pK 5 of MDP dication in HO isunexpectedly high at 21.2 atZ5andl = 1.0 M (KCl),
compared wittan estimated value of 30.3 for the monocatidtimethylpyridinium ion
Deuterium exchange also occurs at the 2 and 6 positions of the pyridinium ringsabu
lower rate that is firsbrder in deuteroxid@n and only competitive with the breakdown of
MDP below pD 11.
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Chapter 3 + -LACTAMASES

3 History

$W 6W ODU\TV +RVSLWDO /RQGRQ LQ 6LU $OH[DQ
of colonies of3aphylococcion a plate which had been contaminatedPbwicillium notatum
Attempts aseparatinghe active substance were atlaned as it was unstable, but in 1940, E.
Chain and H. Florey were able to isolate the crude active substance, penicillin. It was used

for a preliminary clinical trial in 1941, and represented a turning point in the struggle against

pathogenic baeriﬂ
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7 K Hlactam ring|Figure3.1) within penicillin was not accepted as part of the chemical

structure until an xay crystallograhic image was produced in ﬁ

Figure 3.1 -lactamring.

$OCODFWDP DQWL E H&tanh fing bEtRu@ ¢ebdified @ependent on the ring
VWUXFWXUH D-ACHID fing| BaBeméL) W K H

These include penams (1) which contain thiazolidine rings sutttossfound in penicillins,
cephens (2) containing thiazine rings, cephamycins (3), oxacephems (4) and penems (5)
containing thiazole rings. Oxapenams (6) which contain oxazolidine rings such as clavulanic
acid, carbapenems (7), nocardicins (8), monobactams (9) are compounds whioh liage n

fused to the ring andlactams such as lactivicin (1{Bchemes.1).

Scheme3.1 Some -Iactamantibiotics(l—Q
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3.1 Antibiotics and bacteria

Antibiotics can be bactericidal bacteriostatic and work by interfering with
intracellular functions which may be endogenous or exogenous. When targeting any invasive
agent such as bacteria (prokaryotes) within humans (eukaryotes), the larger the difference
between the two typesf cell the greatethe selectivitythat can bechieved, thus reduan

damage to prokaryotic cells.

Common targets for bacterial cells are cell metabolism inhibition, inhibition of protein
synthesis, inhibition of the cell wall and inhibition of transcaptand replication.

-Lactams inhibit cell wall synthesis causing bacterial lyses due to changes in osmotic
potential, but a slight difference in the cell wall structur&écdm QHJDWLYH EDFWHULD |

lactam antibiotics less effective towards them compared with @oeitive bacteridFigure

3.2).

Figure 3.2 Grampositive bacterial cell wall.
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The Grampositive bacterial cell Wa|?Figure3.2 contains multiple layers ahurein

(peptidoglycan) which is also present in Graggative bacteria, sandwiched between the

inner and outer lipid bilayers, but in addition there is a lipopolysaccharide layer pvbics

to be a better barrier against antibioTEigure?J.S .

Figure 3.3 Gramnegative bacterial cell wall.
3.1.1 Peptidoglycan layer biosynthesis

Biosynthesis of peptidoglycan begins in the cytoplasm ushagey/lglucosaminel-
phosphatend uridingriphosphate (UTP) forming UDR-acetylglucosamine which is
catalysed by a transferaspzyme The nucleotide reacts with a phosphoenolpyruvate which
undergoes reduction to form UENRacetylmuramic acid which is an amino acid derivative

only foundin thepeptidogylcan cell w

L-Alanine is added to the carboxyl grouplidP-N-acetylmuramic acid followed by b
glutamic acid then either-lysine or mesaliaminopimelic acid which is completed with the
addition of the dipeptide, BIanyLD—aIanine(D—aI&D—alam

The UDRN-acetylmuramic pentapeptide is translocated to a lipid carrier (bactoprenol)
located in the cytoplasmic membrane wheraddtylglucosaminéNAG) is transferred to the
complex to form badprenotN-acetylglucosaminél-acetylmuramic acighentapeptide.

This complex moves across the membrarleton the outside of the zﬂ
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Adjacent glycan strands are cross linked to forenrtgid cell wall. The Bzyme

transpeptidaseontains a serine residue to cleave the teaiid-alanine residue forming an
acylenzyme intermediate. The crdsiking peptide deacylates the intermediate by

nucleophillic attack which in Gran@ HIDWLYH EDF W H nibo &éup xflysind LD WKH
butin GramSRVLWLYH E D FawWikblgtoDp of LyBin&Wukieh Bridges five glycine

residues across the glycan stands.

3.1.2 Penicillin mode of action

Penicillin and cephalosporins inactivate the transpeptidase enzyme which is

responile for the crosdinking of the cell wall. The structure of penlgil{Figure3.4

black)and cephalosporins resemble that edlBD-ala sidechain{Figure3.4{ blue) whichis

cleaved to form a stablacytlenzyme intermediate sterically hinderisigbsequent

nucleophillic attaﬁ

Figure 3.4 Superimposed fala-D-ala with penicillin.

Scheme3.2 Transpeptidase reaction ofdla-D-ala (i) compared to penicillin (ii).

139



In bothmechanisms the first step involves a serine residue attacking a carbonyl group to form
an acylenzyme intermediate. Formation of the cross linked cell wall involves attack of a

NH.-peptide on the acydnzyme intermediate to form the rigid cell wall ahd €nzyme is

released$chemed.2| i). Penicillinhowever attaches to the enzyme within the active site as

the acylenzyme which sterically hinders the incoming peptide and prevents release of the

i).

enzyme|$cheme3.2

3.1.3 Antibiotic resistance

Without doubt antibiotics have been the most successful drugs deployed over the past
100 years, but over prescribing by physicians, veterinarians and use within agriculture have
caused microbes to develop mechaviPV W R U HV L V-\actakhkaktibivficsy IMRGY R |
resistant elements are readily passed on both vertically and horizontally from one bacteria to
another and with affordable global travel, resistance is inevitably able to spread through

microbial populations across the wi

There are many mechanisms which confer resistance but the most common iigyraf ab
EDFWHULD WaBai8dddkeéBzyiRes which rapidiywsD O\VH WKH K\GURO\VLV R

lactam.

A recent metalle -lactamase, New Delhi metallelactamase (NDML) was first found in
Klebsiella pneumonia 2008 when a Swedish resident visited India. The gene for the
enzyme was increasilygfound inE.coli, a major cause of diarrhoea due to inadequate
sanitation and environmental contamination wébdal matter. The transfer of these resistant

genes is mainly responsible for increased antibiotic resistant infﬁons

Vertical gene transfer involves transfer of genetic information from generation to generation
i.e. from parent to offspring during replication whilst horizontal gene transfer involves genetic

information to be passed one bacterium to another by transformation, transduction or

conjugatiom
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3.1.3.1Transformation

Transformation is the ability of a bacterial cell to taljgegenetic information usually
DNA on lysis of another organism and incooperate the naked DNA into its own genome or

plasmid|Figure3.5) """

Figure 3.5 Mechanism of bacterial transformaﬂ

3.1.3.2Transduction

Transduction involves the introduction of exogenous DNA into a bacterial cell by a

bacterial phage (usually a virus), once injected, the DNA can incorporate itself into the

chromosomal DNARigure3.6) """

Figure 3.6 Mechanism of transduction by a bacteriopﬁe
3.1.3.3Conjugation

Conjugation is the last method of lmmmtal gene transfer which bacteria may use to
transfer genetic information. The F factor (fertility factor) is a sequence of DNA which
enables the cell to act as a donor during conjugation. This F factor can bepdkeman
independent replicatinglasmid or is already in the chromosomal DNA, if the bacterium
contains this F factor they are known asaifd those who lack the factor are Fhe F
EDFWHULDO FHOOV SURGXFH VH[ SLOL ZKLFK ELQG WR WKF

mating bridgewvhere genetic information such as transposons (genetic information which can

change positio within a genome) calpe transferretb a plasmidFigure3.7)" "™
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Figure 3.7 Conjugation mechanism of genetic informattczmsfﬂ
3.1.4 Mechanisms of antibacterialresistance

Mechanisms which microbes have evolved include efflux pumps (or decreased entry),
target modification and chemical modificﬂ

3.1.4.1Efflux pumps

Protein pumps within the membrane actively pump out the antibiotic faster than it can
diffuse and accumulatin the cell to a therapeutic level. The bacteria may also change/alter
the cytoplasmic membrane permeability to the drug lowering the total concentration within

the cem

3.1.4.2Target modification and pathway alteration

A bacterial cell may alter its target actisite whereusually the antibiotic would bind
but a slight change in conformation or amino acid residues would render the antibiotic

inactive and the target modification may be by chance i.e. a single point rﬁrtion

3.1.4.3Chemical modification

The most efficient means of chemical modification is with the usecatadyst such
DV DQ HQla&ainases are secreted into the periplasm (@eggative) and outer
membrane (Grarpositive) and hydrolytically deactb W H - ODKFRW D P U lg@tdm 7 K H
ring is readily opened rendering the antibiotic inaﬁe
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3.1.5 -Lactamases

-LDFWDPDVHV DUH WKH PRVW FRPPRQlaEtBXVH RI EDFWF

antibiotics. Benzylpenicillin (penicillin G) was the first compound used for clinical use which
was effective against Grapositive bacteria but after only three yeagsistance was

observ

BushJacobyMedeirosin 1995devised a classification throughoups 1 to 4{able3.1

based on substrate and inhibitor prafiE XW WKH PRUH SRSXODU $PEOHU FO!

lactamases into four distinctive groups dependent on their amino acid sequences A, B, C and
D (Figure3.8)™"

— Class A

— e J—[omec
———| ClassD
-lactamases ’ Subclass B1
Class B Subclass BZ
(Metallo)
Subclass BS
+\GURO-\\V No homology, Structural homology Sequence homology
lactam different mechanisn no sequence
antibiotics of hydrolysis homology

Figure 3.8 Ambler classification systffj‘l
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Ambler Bush-Jacoby Substrates Representative
Classification  Medeiros Class enzymes
A 2a Penicillins PC1
2b Penicillins, Cephalosporins  TEM-1, TEM2,
SIV-1
2be Penicillins, Cephalosporins, TEM-3, SIV-2,
Monobactam VEB-1
2br Penicillins TEM-30, SH\*10
2c Penicillins PSE1, CARB-3
2e Cephalosporins CepA
2f Penicillins, Cephalosporins, KPC-2, IMI-1,
Carbapenems SME-1
B 3 -lactams including CcrA, IMP-1,
carbapenems Bcll, IND-1
C 1 Cephalosporis MIR-1, FOX-1
D 2d Penicillins, Cloxacillin OXA-1, OXA-10

Table 3.1 Classification of thé8ush-JacobyMedeiros and Ambler sch

The BushJacobyMedeiros tass also has a fourth group (group 4) which does not appear in

the Ambler classification, the enzymes of this class may be included in an existing

classification as they have not be well characterised suebeaglomonas cepﬁ
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3.1.6 6 HU L-QakEtamases

3.1.6.1Class A -Lactamases

& O D Vdactamases use an activeLWH VHULQH WIRct&m @nd BFO\VH WKH
antibiotics. This class was the first to be identified in bacteria just after the clinical
introductionof penicillin. The first plav PL G P H GacEamaseGvas identified Evcoliin
1963 (reported in 1965) and has been characterised as penicillinases as they are good at

hydrolysing penicillin and ampicilljti™ “‘”‘

Schemed.3 Serine -lactamasdydrolysis mechaniﬁ
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The mectD QL VP R I|-lsdthhds@srl/olv
cleaY DJH RJattaktlequires several p

esthe formation of an acyl enzyme. The

roton transfer steps, but the identity of the general

acidbas catalyst(s) is controver

Scheme3.3

shows the firsstepinvolves aglation, a

Gluyes acts to deprotonate the serine hydroxyl to aid nucleophilic attathke carbonyl group

R 1 W-kattam ring. The @l bond is cleavedty the formation of theouble bond oxygen

and deacylation occurs with the avater be

ing detonated by the general base to

regenerate theehnPH DQG UHOHD VidcttvKH LQDFWLYH

3.1.6.2C O D V M.aktamases

7KH VHFRQG PRVW FiEcRaR&®iskelads € WhikH are also serine
enzymes and historically known as cephalosporinases as they prefer cephalosporins as a

substrate althougtimey have high hydrolytic activityowards penicillis too|Table3.2)™
-Lactams to which resistance is conferreg
Ambler Class Enzyme Primary Secondary
(Bush-Jacoby
Medeiros Clasp
A (2b) Penicillinase Penicillins, early -lactamase inhibitof
cephalosporins combinations
A (2bg Extendedspectrum Penicillins, None
-lactamase cephalosporins,
monobactams
A (2f) Carbapenemase $0O0 F X-ladah® None
B (3) Metallo -lactamase $0 O F X-ladldh® None
except monobactam
CcC@ Cephaloporinase Penicillins, Carbapenems and
cephalosporins monobactams
D (2d) Cloxacillinase Penicillins, Oxacillin None
and cloxacillin
D (2df) Carbapenemase &DUEDSHQH None
lactams

Table32 7KH GLIIHUH Q¥sctaranbeg ¥rid theR preferred subﬁte
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Amongst this class of enzymes, the most common is, AmpC and they are usually found in
Enterobacteriaceaéa large family of Grammegative bacteria) as chromosomal enzymes

which are usually present at basal levels but higher levels@taqed once induced by the
SUHVHQFH RI FODYXODQLFIthErha@es)Lo@MoEdiRRJJathIdVHULQH
encoded AmpC is capable of transferring across species by conﬁrtion

3.1.6.3 & O D V \Lattamases

7KLV FO-D&tamdrds are also serine enzymes and share the general hydrolytic
mechanism of the Ambler classification enzymes A and C anchakerkas oxacillinases or
OXAs. 7TKH\ GLIIHU IUR P-l&RtaAn&asel b&thiudd i@iHack of amino acid
comparison and usually aretrinhibited by clavulanic a bactam (except OXA&9) and
sulbactam whereas the hydrolytic activity can be inhibited by sodium chloride, 1700 mM
VRGLXP FKORULGH FRPSOHW Hlactamgsbsk The Mhechahism BROVW FODV
fully understood but has been related to the Tyr resitiposition 144, as mutation to Phe
preventssodium chloride inhibiticm & O D Va¢tamases are often foumd

Acinetobactor baumanniPseudomonas aerugingdascherichia colandK. pneumoniﬁ
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3.1.7 0 HW D-QaotBmases

3.1.7.1 & O D V¥aétamases

7KLV FODVV RI EDFWHU L D-@Gctd@ fing Whth& h&pbReOnefaH W K H
cofactor which is zinc in its natureorm and are known as metalldactamases (MBL). In
1966 Sabath and Abraham discovered the first MBL in the Gpasitive bacteridacillus
cereﬁ In the last 20 yearseveral pathogenic strains have developed Middiated
resistance which has been spread by horizontal transfer, involving both plasriritegnat

borne genetic elem

The metallo family is divided into beglasses B1, Band B3|Figure3.8) which was devised

by Rasmussen and Bush where the enzymes are grouped according to amino acid sequence

and substrate profile.

Subclass B1 is the largest of the three groups and contains four comprehensivel@ 4 H G
lactamases, BclBacillus cereus CcrA Bacteroides fragiliy BlaB (Chryseobacterium

meningosepticujrand IMR1 (Pseudomonas aerugingsahich show broad spectrum

IS

activity against penicillins, cephalosporins and carbapegne ff’§| This subclass ofreymes
requires one ortwo zint RQV DW WKH DFWLYH VLWH DQG W-KH\ FDWD(
lactDP FRPSRXQGV ZKLFK LQFOXGH -Mdambises KUck & dlayanie LW V H |
acid and tazobactam.

Subclass B2 which contains CphA fraxaromonas hydrophildmiS and AsbM1 from
Areomonaspp. and SfH from Serratia fonticola This group of enayes are efficient at

hydrolysing carbapenems but poor against penicillins and cephalo$pdritisThis class

consists of monainc enzymes antthe binding of the second zien usually inhibits

enzyme activity.

Subclass B3, the least studied of the three groups include LiStkexmotroptromonas
maltophiliaand FEZ1 fromLegionella gormanihydrolyse Q X P H U-Rctavh antibiotics

like that of subclass B1, although B3 enzymes differ greatly in their amino acid sequence and
structure compared to B1 and B2. FEBas much lower catalytic rate constants)(k

towards penicillins compared to L1 (the fiestzyme to be subclassed as B3) but greater

197

values towards cephalospoltiny:
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31726 WUXFW XUH HactePriddasD O O R

Despite the low sequence similarity between the various MBLs, the tertiary structure
LV YHU\ VLPLODU ZKHUH WKH\ DOO H[KLELW W kstheets . VDQG
DW WKH FR thelicBs@theLeXtbhl facﬂ In all known structures, the active site
LV ORFDWHG DW WKH HGJH R W€ dotentd) Qiri@lind tad zin€Q D VKD O«

ionm

Figure 3.9 Adapted ribbon representations of the three subclasses; (a) Bcll, (b) CphA and (c)
FEZ-1. Helices represented in blue, strands in green and IoopsﬁFrey

Four residues among all metallo subclasses are strictly conserved wiailste ithe

coordination of metailon(s) andare Hisis, AsSpioo, Hisigs and Hisgs, other residues are also

involved in binding but these vafyable3.3 m

Subclass Znl Ligands Zn2 Ligands
Bl Hisy16 Hisy1s His;96 ASpi20 Cyso Hiszes
B2 Asyi6 Hisy1s His196 ASpi20 Cyso Hiszes
B3 His/Glny 16 Hisi1g Hisigs ASpi2o Hisiz1 Hisyes

Table33 =LQF OLJD QG \LaRanasEBVV %

The first metallo -lactamase enzyme kwn as Bcll which required metadns for activity

was isolated from bacteriacillus cereus.Two strains of bacteriBacillus cereu$69/H/9
andBacillus cereu®/B/6 bothproduce the metallo enzyme and only differ by 17 amino acids
which are not part of the metattive site coordination of the enzﬁa
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Both enzymes have two a#t to which the metal can bind known as sites 1 and 2, at site 1 also

known as the histdine site, zinc is tetrahedrally coordinated by the imidazoles of three

histidine residues (Hiss, Hisi;1sand Hises) and a water molecule (W[ At site 2 or

the cysteine site Hig, Aspioo, Cy$2:and one water pentacoordinate (trigonal bipyramidally

coordinated) the metal, with water usually as the fifth ligand which, in the case of iwater

referred to as the apical water or W#igure3.10)(“"1°

Figure 3.10 Atomic model of the active site of BElf ZUZI|

CphA (wild type) a class B2 enzyme consists of 227 amino acids with a calculated molecular
mass of 25.2KIDa’land has theapability of binding two zingonsbut is only active in the
monozinc form as binding the second zian inhibits the enzyme in a narompetitive

manngr {7 $ ORQJ . KHh& else)SUatated near the active site gre which

provides a hydrophobic wall which explains the narrow activity profile of the e@me

Initially it was thought that the first zinc bound to site 1 containing 4sHis;1s and Higggs
but X-ray crystallography has showmat the first zinc is locatedd the cysteine site/site 2
which has ligand&spizo, Cys.: and Hises and not the histidine s|?!j|
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3.1.7.3Why Zinc?

Zinc the second most abundant first row transition metal in biology ane chtice
metal for many enzy Unlike some transition metals such &&,\Cr*, Ni**, F¢" and
others zinc contains a filled dhital (d"°) and does nqtarticipate in redox reacti@ The

zinc™-ion in metallo enzymes canrinrn adopt fou, five- or six-coordinate geometries

Figure3.11) as the energy barrieriislatively small for conversi Many zinc metallo

enzymes have the binding geometry of a slightly distorted tetrahedron with the metal centre(s)
coordinating to three or four protein side chains.

Figure 3.11 Zinc ligand geometry.

A combination of variable coordination geometries, rapid ligand exchange, Lewis acidity,
intermediate hargoft behaviour and strong binding withbstrates allows zinc to be
involved ina wide range of hydro$s reactioﬁ 6RPH FODVYV dactBribge® 0 R
as Bcll have dnuclear active sites present for activity and rapid exchange for kinetically
labile zincbound water is an important feature in these classes of hyﬁrse
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3.1.8 Metallo hydrolysis mechanisns

7KH PHFKDQLVP RI K\GURO\VLV FRIAMbsEsGs WR VHULQH
considerably differentSchemes.4{shows one of the first proposed mechanisms by Bounaga
et d in 1998 for Bcll where a zinon is used to catalyse the B&yU R O\ V L Yadiam Yihi. H
Initially water that is bound to the zhngn, acting as a Lewis acid lowers the g€ the water

facilitating nucleophilic attack on the carbonyl centre forming a tetrahedral intermediate

whichis also stabilised by the zifion. Aspjoacts as a general base to deprotonate the

tetrahedral intermediate and subsequently it can act as a general acid to donate a proton to the
-lactam nitrogen facilitating @ bond cleavage, followed by enzyme dissoci@n

Scheme3.4 Mono-zinc  -lactamasédydrolyss mechanism
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In contrast to the monRrinc mechanism which is the main mode of hydrolysis of subclass B2
-lactamasgScheme3.5(uses adinc-LRQ WR FDWDO\VH WlkddtarKiigU RO\V LYV |

where the two zingons are bridged by a hydroxiden which is used to attack the carbonyl

F HQ W U HlaRtamW¥ikgHyenerating a negatly charged tetrahedral intermediate which is

stabilisedby positively charged residue3he CN bond is then cleaved as a proton is

transferred to the amide nitrogen by Wahich then is abléo become the bridged

hydroxideion Wat, the product finall undergoes displacement from the enﬁve

Scheme3.5 Di-zinc -lactamasénydrolysis mechaniﬂ
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3.1.9 Binding of metal-ions to enzymes

Metalions are essential to many life proses, many enzymes require metads for
their activity. Understanding the properties of enzymes by acquiatagfrom 3D structures,
biochemical properties and kinetics and mechanism requuesstinto the binding of metal
ions to the active site of the enz

For any metalleprotein the affinity of the metaion (M) for the enzyme (E) is a key
requirement for its biological activity and is defined by the dissociation constgnt (K
Equation3.1)**

Scheme3.6 Simple 1:1 complexing between E and M to for EM.

>?2> 7
b5
Equation 3.1
The binding onstant (K) is simply 1/K; (Equation3.2).
> ? S
Lt T
Equation 3.2

Underin vitro conditions binding of metdbns to protein surfaces often haviy « °M
whereas metabn binding to enzyme active sites often have a higher affinity as high-metal

ion concentrationi vitro would by toxic to many ceﬁ

Dependent on expienental techniqueshe variation often seen in binding constants for a
particular enzyme may reflect a few parameters which should be kept under control. For
HIDPSOH W Kattdrades/ Bcltavhich has reportaddingconstants for kg (first
zincbinding) and K, (second zinc binding) range from 1.7 X M* to 8.3 x 16 M™* and 6.7

x 10 M™ to 41.7M ™, respectively. These discrepancies are most likely due to inadequate pH
control, buffermetal interactions, secondary interactions with preteincontaminates in

solution and incorrect interpretation and processing of experimen'ﬁi“fieﬁabgroup B2

enzyme CphA exsts mainly as the monninc enzyme and full catalytic activity is obtained

with abinding constant for the first zinon "5x 10’ M™* and 2.2 x 1HM™ for the second

zinc-ion, which shows that the second zinc is less tightly bound (negative cooperativity) to the

213

active site of the enzyg
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3.1.9.1Microscopic and Macroscopic Binding

A microscopic binding scheme is necessary when there is more than one binding

process which can be clearly distinguished. As showschemes.7|an enzyme (E) which

contains two binding sites (1 and 2), the first metal(M) can bind to site 1 of the enzyme,
the micoscopic binding constasharacterised by ¥or M can bind to site 2 which is
characterised bthe microscopic binding constant.KThe second M can occupy the empty
site either by microscopic equilibrium cons&idt or K,. The macroscopic binding constant

for populating the enzyme with one M can be givejquation3.3land the second

macroscopic binding constant|Bguation3.4| assome analytical methods such as ITC are
unable to measureghmicroscopic binding constﬁ

> 7
S% ok sE sl s
Equation 3.3
> g7
> > ,)L 7 E 8 L °6
Equation 3.4

Scheme3.7 Macroscopic and microscopiinding of an enzyme which contains two binding
siteﬂ
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3.1.10Cooperativity

Cooperativity has been well known to occur in enzymes which have multiple binding
sites or domains. There are two types of cooperativity, positive, where the affinity for the
first bindingsite increases subsequent ligand(s) binding. Negative cooperativity is where the
binding affinity for the next ligand decrease when the first site is already occupiethe
most common example of cooperativity is the binding of oxygen to haemogidiere the
four binding sites are gradually increased in oxygen affinity as each oxygﬂinds

A consequence ofooperativityin proteins ighat there is often a change in conformatién.
-lactamase which showedslight conformationlechange on titration with zinon
compared to the apenzyme was Cph#&om A. hydrophila observed using circular
dichroism and fluorescence emission. Treatment of the enzyme with increasing
concentration of urea showed that thezihc enzyme is much more stable than the mono
zinc enzymed thermal and urea denatur@w For many enzymes, zinc, or the native

metation, is required to correctly fold the protein to its active structure.

The presence ohetallo -lactamases in their physiological conditions does raise questions to
theavailableconcentrations of zinc in their natural habliatause of the range of binding
constants of the morand binuclear speciesProduction ofnetallo -lactamass in the
laboratoryusually occurs by over expressiorErcoliand during purificationexcess zinc is

used tdfold and stabilis¢he protein into the activierm of theenzyme. Removal of zinc to

form the apeenzyme would be monitoréd ensure little of negligile concentrations of zinc
remained in solution prior to titrating ﬁ

Bacillus cereus + -lactamase Bitis an ezyme where the metadn to protein
stoichiometry remains controversial, it has been proposed that under physiological conditions

-lactamase catalyses its substrate aided by oneéarincThe mononuclear form of Bcll has

been shown to be catalyticallytae as the first detailed cryststructure™ "

Using stopflow, the kinetics of metal binding has bamaonitored by observing the metal
ion-induced fluorescence changes of the protein. The association rate cdostainding of
the second zin®n were two orders ahagnitude lower than that of the first meian

therefore suggesting that negative cooperativity was ocﬂing
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Massspectrometry has beeised to identify the different masses corresponding to the apo

monco and dienzyme. At pH 7 three different masses were observed at different [Zn]/[E]

ratios, the ap@nzyme has a Mr = 24,961 #D& which was the dominant speciasfore zinc

addition. The dizinc specieswhich is 128 Da (Mr = 25,089 +a) higher compared to the
apcenzyme SUHGRPLQDWHY DW >=Q @ -zii@pecies $ipaark ReiJ K WKH F
intermediate mass Mr = 25,025 + 2 Da throughout the titraterelative abundance remains

below 20% It was suggestegbsitive cooperativityccurs such thatinding at the first zinc

site increases the affinity at the second site or the affinity for the second zismsiteh

greater than the fi

To assess the binding nature and cooperativity of Bcll an identical exgrenwith cadmium

as the ligand was used. NMR and PAC (perturbed angular correction) spectrometries were
used to confirm the MS datehich indicatedhat the process is nawoperative and the
dominate species is the meoadmium enzyme in thgresence ot molar equivalenof

cadmiu

Isothermal titration calorimetr{fTC) has also been used to assess the binding of zinc to the
apoBcll at 30°C in MOPS buffer, pH 7.06 which showed an apparent single binding event
with a stoichiometric ratio of 1.9 indicating the two binding sites have very similar binding
constant®r the second binding constant is much greater than the first collapsing the binding

event into a single observable evamntthe first stronger binding site gives the same heat as

the second weaker binding sjfeidure3.12). The association constant was determined by
fitting the data to a single binding event wheggntas found to b&8.3 x 10 M"m
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Figure 3.12ITC tracefor the titrationof zincion into Bcll in 25mM MOPS, | = 0.25M, pH

7.06 at sﬁj[j
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3.1.11Calorimetry

Calorimetric measurements can be performed in three different ways: temperature

change, heat conduction and powempensatioralso known assotherm

In a temperature change instrument, heav@ved or consumed by the reaction within the

calorimeter resuitg in a change in the temperature in the measuring cell as a function of

jl

With heat conduction measurements, the cell is passively maintained at a constant
temperature which is controlled be sensors and heat sinks. As the reaction produces heat, a
small voltage is applie KLFK LV SURSRUWLRQDO WR WKH YHU\ VPDO

the heat flow sensﬁ

Power compensation calorimeters will Biscussed in detail this chapter.

ITC is the current method of choice when characterising binding and thermodynamic
properties of chemical and biological systems. Although ITC dates back over 40 years,
instruments have been developed and smaller volumes of samples now provide accurate
thermog/namic and binding informatim

3.1.12Power compensation calorimeter

The power compensation calorimeter used within this work is thENZRvhich is
manufactured by GiHealthcare (previously known as MicroCal). Modern instruments such
as the VATC work in an energy compengan mode where the sample cell and the reference

cell are maintained at a constant temperature (isothermal) relative to the adiabatic jacket

Figure3.13). The sample cell and the reference cell are identical which are congfosed

sensitive heat conducting material such as hasteloy ﬁold
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Figure 3.13 Typical isothermatitration calorimeter \Wwich shows zertemperature difference
betwea the reference and sample cell.

In a typical ITC experiment the sample cell is filled with a macromolggliech will be

referred toas the enzyme ([Eand the syringe with the ligafidetation (referred to a the

titrant), the reference cell contains ultrapure water or buffer. Prior to any aliquots of the
metation being injected into the sample cell, the differential power is stabilised. As aliquots
of titrant are titrated into theagnple cell, each injection yields a deflection in relative power
versus time as the instrument compensates for the heat which is evolved or orbed

If heat is generated by the BWLRQ H[RWKHUPLF 07 LQFUHDVHY DQG W
E\ UHGXFLQJ WKH SRZHU WR WKH KHDWHUY DURXQG WKH V
negative deflection from the baseline is observed in a power versus time plot. For an
endothermic reaion this is opposite. After each titration the temperature difference between

the sample cell and threference cell returns back to ﬁ

3.1.13TC output

The raw output of the ITC is a power versus time plot. Each injeisti@mpresented

by a peak in a negative direction from baseflrigure3.14) or positive directiorfrom

baseline The area under each peak is integrated to obtain the heat per injection which is
plotted aginst molar ratio (addeniirantlenzymTj
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<——___Slope determines
the K,

stoichi(i)metry (n)

Figure 3.14ITC output, raw data (top), integrated data (bottom).

The integrated isotherm provides three crucial parameters, firstly the enthalpy of all the
UHDF W LR Qeeurriag-within the cell is obtainedoim the first few injections As
addtionaltitrant is added and equilibriumm reachedthe reaction hedalls until no more
enzymereacts with thenetalion andonly theheats of dilution are observetdhe
stoichiometry can be obtained from the int@toar inflection point of the reaction and the
binding constant (¥ from the slope@, the steeper the slope the greaier
binding constant.
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3.1.14Calculating the binding constant K, and other parameters

The position 6the equilibrium is dependent on the binding constaninereK is
the concentration of products over reactants, shiovarsimple 1:1 ratio reactir{Equation

3.5).

Scheme3.8 Simple 1:1 complexing to form EM.

>2> ?

Equation 3.5

Once the binding constant is calculated the Gibbs free efiequpation3.6) is related to K
where R is the gas constant (8.314 Jtahd T is the absolute temperature (K).

¢ LF  Ze-
Equation 3.6

MicroCal software is providedith the VRITC to be used as the data arsayprogram for

the raw ITC data. tlintegrates the area under each peak and the heat which is obtained per
injection is plotted against the molar ratio. Thedfthalpy and stoichiometry are determined

by applying nodinear least square fittingandthUHIRUH LQGLUHFWO\ REWDLQL(

energy and the entropy of the reac[l&uuation&? .

¢ Le¢e F ¢

Equation 3.7

0* 6WDQGDUG *LEEV IYHH HQHUJ\ N- PRO
06 (QWURSIKHN- PRO
0+ (QWKDOS)\ N- PRO

T = Absolute temperature (K)
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The heat is directly proportional to the extent of bigdand as thenzymeis saturated by the

titrant, the heat per injection decreases until no more binding occurs, the total heat (Q) within

the active sampleolume (\p) is governed bjEquation3.8(where EMis the concentration of

enzyme bound to the metain 0 i#s the enthalpy of binding and I8 the initialenzyme
concentration.

L 4> 2%
Equation 3.8

The initial concentrations @nzyme and metabn are an important factor as the binding
isotherm is characterised by a unitless parametEquationS.Qr also known as the Wiseman

parameter, which is the binding constang)(#e initial concentration oénzyme([E];) and

the stoichiometry (

2L >
Equation 3.9

For accurate determination of thery highbinding constantk,) the optimunt valuesare
between 1000 and those <1 and >1000 are exc d

Thosec values >1000 the binding constant is not resolved well as the transition is very sharp
to the end point or equivalence point (saturation may be obtained in a single injection) and

thosec values <1 loose sigmoidal shape becoming nearly linear causieg@quivalence

Z1

pointhard to determingFigure3.15

Figure 3.15How the ¢ value affects
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3.1.15Calibration of the ITC

The VRITC was calibrated @axis) once a month using the specific onboard
software, this is achieved by dissipating a known power through a resistive heaterdocated
the cell wall which then adjusts the software for differential power. The calibration power
was 1 pcal/sec, pulse duration was 300 sec and the spacing was 600 sec. The reported error
in deflection or energy was less than 1%.

3.1.16Subtraction of heats ofdilution

The heats of dilution are those which are seen after full saturation efizmeand
additioral titrations show heat which ai®m the titrant adding into the cell. These heats are
removed from each of the titration peaks either by the stilneafter each experiment or by

a separate background titration which does not incorporatnityene
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3.1.17Aim

The aim of this project is firstly to develop a model for simutatinC data based on
two metalions binding to arenzyme bya gonceted{[direct formation of EMwith no
formation of EM and a simple sequential mechanism,aedondlyuse these binding
models to interpre¢xperimental ITC data for metains binding taapoeBcll. Reference will
also be made to the MicroCal softwaxaiable with the ITC instrumentation.

The model which will be considered is show|Sicheme3.9

Scheme3.9 Scheme to show the formation of the mpuoclear species EM and therdiclear
EM..

In extreme cases:

When K,; >> Ky,, a trulysequentiabinding events observed and all the metal (M) is bound
to the enzyme (Bp the form of EM up t@ne equivalentof M, then excess metal (M) forms
EM..

WhenK; = Kp,, both EM and EMlare formed with less than 1 equivalent of métal

A poncertedpinding evenis observed when §5>> Ky; and only EM is formed even with
less han 1 equivalent of met&dn added andothere is no EM produced.

Between thes extreme cases, there may be intermediate ones showing mixed behaviour.

165



3.2 Results and discussion

3.2.1 Single binding site formation of the mononuclear enzyme

The simplest modelsed to simulate ITC datavolves one enzyme binding site (E)
and one metabn (M), complexing to form EM.The commercial system (by MicroCal and
others) is available for this system but, as part of this prtfjesingle binding site model was
developed and checked against the commercial softWdre equilibriumcharacterised by

this 1:1 complexing has associatiorconstat (K,) (Equation3.10).

> ?
Equation 3.10

The initial concentrations of enzyme ) theanalyte solution in thealorimetriccell and
metal (M) in the titrant solutiorare critical to ensuring accurate thermodynamic and
stoichiometric valuesThe titration is carried out in defined stegrsl the heat released or
absorbed is measutafter each injection of titrant into the sample c&he object is to
predictthe concentration of EMroduced in the cell with each injection. From this, with a
VXLWDEOH th®Hhea Bigambtdiled titrant profile can be calculated.

The equilbrium constan{Ky) for theequilibriumconcentration of EM produced after tirst

injection can bedefined byEquation3.11{with respect taheinitial concentrations of enzyme
[E]; and metaion [M]; in[Equation3.10

Equation 3.11

For subsequent injections the concentration of E anBdddtion3.10) arecalculated from

the remaining concentrations of enzyme and metthdrcell, this equation is a quadratic in
terms of [EM]|Equation3.12).

. ) S2> 2F .> 2> 2 P2E .> 2> 2
> PF >g> ’F >g> ?F> ?E >g>gLr

Equation 3.12
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The quadratic guation is easilgolved forEM (Equation3.13

L F,G¥%S5Fvf..
tf
Equation 3.13

Where:

The increase in [EMas theitration proceedsan be converted to a heat output using a
VXLWDEOH YDOXH IRU 0+ 7KH KHDW FDQ EH FRQYHUWHG V

injectant) and plotted against the molar ratio of added metal to enzyme concentration.

The solution to th quadrati@quationyields two roots where onlgne root is relevantthe
concentrations of EMannot exceed the initial concentrations of enzyme and metal for any

injection.

From the concentration of EM produced for the first injection of metatitrated the moles

of EM formed 0 %y) is given byEquation3.14\where [EM] is the concentration of product
of the first injection, ¥ is the active cell volume (v PO DQG 09 LV WKH LQM

volume.

ciogl > 31 4E ¢
Equation 3.14

For additional injections ) of meta] the moles of EM @ %y ;) formed can be calculated

usingEquation3.15

(ig.L > 20 4E ¢ FI> s o4

Equation 3.15
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The heat (Q) in terms of kcal nfobf injectant for any injectioi can be calculated using

Equation3.16( Z K H U H; i8 the moles of EM formed of theWVK LQMHFWLR Quedi+ LV W

HQWKDOS\ 09 LV WKH LQMHFWLRQ YRO XksHhe hitlalthBt&l K LQMH
concentration in the syringe.
& 1Q. U¢ 0
srrr
. L e
¢ U g4

Equation 3.16

A problem assciated with consecutive injections into the sample cell causes volume to be

driven out of the cell into a reservoir which does not contilboitadditional titrations which

are not picked up by the thermocouj?EigureS.lG .

Figure 3.16 Schematic showing how an injection causes volume to be driven out of the active

volume (\p) into the overflow cell.

This constantly alters the concentrations of enzyme and-ioetptior to thenext injection

whichis accounted for Rizquation3.174Equation3.19

¢
|_ - -
1T T E ¢
Equation 3.17
4
L
“4TTLE

Equation 3.18
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3L> % a0 S35

>%L:> %340 E> 2 g1 >%L>%

2L:> G a0 E> 225 4y >2L > %5 4
Equation 3.19

Assuming the reaction between the m&baland enzyme occafaster than the volume
driven out of the ce‘@is the dilution factoused to calculate the concentration
of metalion (Dgy) for a single injection into the active volume of the célhe metalion

concentration for the first injection is given[Bguation3.19/([M] ,), the second thquW

3.19|([M] ») and subsequemetation concentrationis given byEquation3.19|([M] ).

Dilution factor De (Equation3.18) calculates the concentration of enzyfmeeach injection
i.e. the first injection b¥equation3.18|([E].), the second hiquation3.18|([E].) and

subsequent concentrations uskauation3.18|([E];) within the active cell voluméVy).

A system whiclexhibits the typical 1:%toichiometryis bariumion complexing to 1&rown

6-ether[Schemes.10) for whichthe parameterthe number of metabns bound per crown
ether,n = 1.00, K=5900 M' DQ G (%4 kcal mol* weregenerated using the MicroCal
model|Figure3.17|andFigure3.18).

Scheme3.10 Complex between barium ion and-¢&wn-6-ether.
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Figure 3.17ITC titration of 50 mM barium chloride into 3 mM 1&own6-ether

experimental isotherm at 5.

Figure 3.18 Experimental isothen of 50 mM barium chloride into 3 mM 1&own-6-ether
(black) with theoretical fits by MicroCal model (white line) amda simulated model

(orange).
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Exactly the same curwgasgenerated singour single binding site modeleveloped her®
form a mononuaar 1:1 complexrs the MicroCal modelThe experimental dall&i@ure

3.18| black was simulatedising oursinglebindingmodel(Figure3.18| orangeusing the

parameters which were calculated by Micro@al our model does not contain a fitting

algorithm) It is assumed that theseperimposable fitconfirm that our methodology is

robust. Thecalculated paramete[Bigure3.18 white) arein agreemeniith literature data at

25°C for the 1:1 complex between barition and 18crown-6-etherwhere n = 0.97K,=
5610M™ DQ G @#5kcal mol‘]j

3.2.2 Binuclear binding model with the formation of both EM and
EM, (Sequential binding)

Formation of the binuclear enzyme EMay occur in two sequential steps. First the
metation binds to the apenzyme to form the mononuclear enzyme EM and subsequently
this binds more metabn to give tke binuclear enzyme EM At equilibrium, the fractions of
the enzyme species existing as E, EM and Bid functions of the two binding constantg K
and Ky, and the concentrations of E, M and EM.

The sequential binding of metins can be represented|®¢gheme3.11] Large variations of

zinc-ion affinity Kp; and Ky, valueshave been reported for Bahd have either indicated
positive cooperativity where the second mébal binds more strongly than the firat

negative coogratvty, where the second metian binds more weakly than the first. The two

association constants (kand K,,) are given bjEquation3.20landEquation3.21]

WhenKp; >> K, theaddition of metaion to the apeenzyme will convert it all to EM, so
with amolar ratio(M:E) of 1:1only the monauclear enzyme EM will be presetithe first

binding site is filled completely before the second site is populated

Scheme3.11 Sequential binding modé&rming both EM and EM
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Equation 3.20

Equation 3.21

The two equations were treated independently to obtain the concentrations of EM and EM
For a single injection of metiédn into the cell containing the enzyme, in the first step to form
EM the system was allowed to equilibrate teegconcentrations of E, EM and M. These
concentrations were then used in the second modelling step to fosmrigMllowed to come

to equilibrium. The concentrations of EM and £ equilibrium were established in an

iterative process until there wasgiigible change in metabn (M) concentration (1&' M) in

Equation3.20)andEquation3.21] The concentrations of E, M, EM and Er each

injection were fed back inFEquationB.ZO andEquation3.21jto calculate the binding

constants I and K.

JRU HDFK LQMHFWLRQ DV EHIRUH WKH EBGQ@EM LQ WKH FRC
0 Evz) are calculated. These twalues are then converted to heat outputs, based on the

WZR G+ YDOXHV XVHG IRU Wk@RNMWLiRt@eW&HDFWLRQ'

equation (Qu;), the heat depends on the amount of EM formed. Some of the Eéhpres

before the injection is converted into E&t the same time, the overall amount of EM formed
is the change in EM concentratiog | ) plus the amount of EM that is simultaneously
converted to EM(i.e. ¢ |ge.; the overall heat output @alculated for théth injection,

Qrowi- This is converted to a differential heat with respect to the addediowtal

¢ 19.E¢ 196 U
Srrr

1g. L

é IQ6.U
Q6. srrr

Equation 3.22

172



The total heat for thi¢gh injection is given bjequation3.23

xmr. - 10.E 10s.

Equation 3.23

The heat for thé&h injection @n be represented in terms of differential heat per mole of
metation added Equation3.24).

Xmrej
¢ oL —o
¢ U g

Equation 3.24
3.2.3 Binuclear binding model without the formation of the
mononuclear species EM poncerted{positively cooperative

binding).

Justto raterate, ooperativityin the formation of binuclear enzymean either be
positive where bindig of the first metalon enhancethe binding of thesecond metalbn or
negativewhere binihg of the secondetation binds less tightly to thenzymethan the first

metation.

The enzyme of interest this workis themetallo -lactamase fromBacillus cereugBcll)
which is a norpathogenigcstrain of bacteria which haslactamresistance. Bcll has two
metation bindingsitesto whichthe natural ligand zinc is capable of binding. Work by
Jacquin et al. in 2009 sugged that Bcll 569/H/9 binds zinc in a positively cooperative
mamer and the dianion is the only relevant form for catal@ls It is proposed to investigate
this by ITC but an appropriate model is needed to allow for strong cooperativity.

Cooperative binding is characterised®sheme3.12when Ky, >> Ky, and in this extreme

caseintermediate EM isiotformedin significant quantitiesnd thebinding equilibrium

constant (i) canthenbe represented [Byquation3.25
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If Kp2>> Ky the abovesquilibriumis reduced to a singleinding event:

Scheme3.12 Sequential binding of metébn to enzyme which contains two binding sites

which is reduced to one avewhen K, >> Ky,

Equation 3.25

If this is the situation hte equilibrium constant ( for the concentration of EMproduced
after the first injectiortan be defined t{&quation3.26with respect to thaitial

concentrations of enzyme [End metaion [M];. The initial concentration dheenzyme

(E) is that in the analyte solution in thalorimetriccell andthat of themetalion (M) is that

added from the titrant solution.

CL 6

Y
. . 6
>3F > 2> 3Ft> 42

Equation 3.26
Both binding sites are filled even when there is less theguivalent of metaion to the
erzyme, so that the only species present are E and Edf subsequent injections the

concentration of E and IE(:]uation?).ZS are calculated from the remaining concentrations of

enzyme and metahithe cell, this equation is a dalin terms of [EM] (Equation3.27).

Fiv ;> 7EvV - :>2E> 3> (P

Equation 3.27
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The rootdEquation3.28) of thecubic equatiofEquation3.27) for the concentration of EM

for each injection wereolved analytically usin®erive 6which is a mathematical system

used for processing algebraic variables, functions etc.

0.’-_')
B ~ FF Gﬁ
Ya @ T S
G 95 9 E |
5 u
0(25’_—3/:(3 Nﬁ
3/: R = U E—u|:
co_ |9 9E E I
6 u
o(?sFiZGﬁ
Yo oo T =
G 95 9f E I
! u
Equation 3.28
Where:
L - @>7% Fst>%>7%2 -Eu>%t>7% -Fuo> 3k % - E{0A

6

Lkv>7 -Fv>% 2-E>7% - Fuo

v>% cFv>% 2-E>7% - Fu
L F G

The cubic expression has three roots, but the root which has a physical meaniag (
imaginary was obtained using a branched statement as the correftirr&dd, lies between
0 and M/2 and cannot be greater than the initial cotrggion of enzyme and metal for a
given injection. The dilution equationfHguation3.17tEquation3.19) were incorporated and
the differential heats/kcal/mole of injectamhscalculated usir1§quation3.16with respect to
EM..
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Titration curves of differerbinding constants were simulatedh initial enzyme(E;) and
metal(M;) concentrations of 1.8 x ToM and 3.6 x 10 M respectively and a metal increment
volume 09o0f1.0x 10 L (Figure3.19).

Figure 3.19 Simulated faction of enzyme bound to metah as EM as a function of molar
ratio (metal added/enzyma) different binding constants,k 10’ to 10 M™% Usinginitial
enzyme (B and metal () concentrations of 1.8 x M and 3.6 x 14 M respectively and a
PHWDO LQFUHPHQW YRWXPH 09 RI [

Figure3.19showshow the linding constant alters the profile of the fraction of enzyme bound

to metalion as a function of molar ratigM:E). At a high binding constant ¥@o 10" M2

the fraction of enzyme bound to the metal as, EMhear ompletion with a slope of 0.50 as a
function themolar ratio(M:E). The enzyme is fully satuedas EM at a molar ratio of about
2 for binding constants of ¥band 16°M, but a binding constant of M requires a little
more metaion with 99% saturation oaarring at 2.5 molar equatents Even with what
appears to be a hidfinding constant of ZM there is alecreasing amounf the enzyme
bound to the metabn to form EM,. At a 1:1 (M:E) molar ratio there is 42% of enzyme
bound as EMand58% free enzyme. At a molar rabb2:1 (M:E) 81% otheenzyme exists
as EM yet 19% still remains as ESubstantial aturation of the enzymfg 90%)starts to
occur at3.5 equivalentsf total metalion added Further reducing the binding constant to
10" M starts to show an initi@ownward curvaturat low metal:enzyme ratio whiahay

beslightly surprisingwith this p K L BiKdfhg constanipnly 31% oftheenzyme exists as EM
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at a molar ratio of 1:1 (M:E) and at a molar ratio of 2:1 (MiB%6 of enzyme exists as EM
complete satration(> 99%)requires more than 4 molaquivalentof metation. A binding
constant of 10M 2 shows alefinite sigmoidal shape graph with an increasing concave line
until a molar ratio of &fter which the fraction of Eibecomes linear up until aatar ratio

of 2. At molar ratios of 1:1 and 2:1 (M:E) only 14% and 35% of enzyme exists as EM
respectively.Even dter 4 molar equivalentsf metation have been addednly 70% of the
enzyme exists as Ehen the binding constant is®I?. Some eamples of thédraction of
enzyme bound to the metal as A a function of thenolar ratio(M:E) and various binding

constants are given|ifable3.4

The initial increasing concave behaviour at low binding consisusterprisilg and could arise
because at the beginning of the titration, the concentration of-ioetatlded to the sample
cell is low but as theoncentration of thenetation is squaredn thedenominator of the

equation forequilibrium (Equation3.25) it makes theffectiveconcentration of metabn

even smaller therefore very low concentrations oL Edvim. This also accounts for the

apparent low fractions of conversion to Edspite what appear to be large binding

constants.
K % EM,
b 1:1 (M:E) molar ratio 2:1(M:E) molar ratio

10™ 49 97
10" 48 95
10* 47 90
10" 42 81
10" 31 63
10° 14 35

Table 3.4 Percentage dheenzyme existing as EMat dfferent binding constants atolar
ratios (M:E) of 1:1 and 2:1.

The data ifFigure3.20lwas transformetb differential heatper mole of injectanising an
H Q W K D &80 Kcal mol* per mole of produdEM, formed As two moles of metabn

are required for each mole of EKbrmed,5.0 kcal mol* would bethe maximum heat
releaseger mole of metaion injectantf all the metal complexed witlhé enzyme to form

EM,. This is shown with &ery high binding constant of XM~ even at a molar ratio of less
than 21. A binding constant of &M initially shows a kink where thenthalpy of binding

is lower than thenaximum compatible with lesthan full conversion of the added meiath

to EM,. As e binding constant idecreased the binding enthalpy decreases which is shown

clearly by binding constant 1tand 16 M2 andthe initial valuesncreasehen decrease
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again aslecreasing fraatin of enzyme is convertedBM, with increasing added metan as

equilibrium is approached

The initial increase in binding enthalpy, as explained previouslyltﬁgnges.lg must be
due to the formation ofery low concentrigons of EM, due to the initial low concentration of

metal-ion within the sample cell.

Figure 3.20 Simulation of the differential heats per kcal per mole of injeataatttion as a

function of molar ratidM:E) at different binding constants.
3.2.4 Comparison of the sequential and concerted models

Before considering the simulation eXperimentalTC datg the sequentiadnd

concertedmodeb were compared usingarious binding constanatios K,»/Kp;) termed.

Equation3.29)“"| Thefractionof enzyme existing as either EM BM, and the total

fractionof both species (EMEM,), ,|Equation3.30) were plotted against molar ratio (M:E)
at .=10,0®, 1000, 100, 10 and 0.1and 0.01

Equation 3.29
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and:

> 7E> 4?
EL——

Equation 3.30

The resuing plots of the fraction of enzyme bound as EM and, Bk then converted to
differentid heat outputs using a triaH valueof 5.0 kcal mol* for bothEM and EM in the
sequentiabindingmodel Usinganinitial enzymeconcentratior{E) in the cell 1.4194ml)
of 1.8 x 10° M andinjecting 1.0 x 16 | of titrant metalion concentratiorof 3.6 x 10 M for

a total of 29njections provides simulatioplotsfrom|Figure3.21}Figure3.27

Equivalent plots are shown for thencertedinding evensimulationof Et - 4

usingthe same heat (i.6H = 10.0kcal mol* for the overalreaction)for comparison In

Figure3.21fFigure3.25/for the sequential modeKy, is kept at 10M™ and K,, is altered to

achieve different platfor . except wherkKy, is greater than § whichis shown inFigure

3.26landFigure3.27|

$Q . YDOXH |Rigure3.21 shows that the fraction of EM (black line) present in
solution is negligible compared to the fraction of enzyme bound agretline) whid is

consistent with the concertéihdingmodel(direct formation tcEM,). The maximum
enthalpy of 50 kcal mol* is produced initially asll of the metafion added is converted to
EM, ZLWKRXW VLIJQLILFDQW IR U FWwd3R2p aRsimi{dr fradkiov of
EM; is formed again with negligible concentrations of the menpyme and the tak heat

per mole of product is 5Kcal mol.
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.= 10,000

Figure 3.21 Fraction of EM (w), EM, (w) and (w) against molar ratiM:E) for the
sequential binding model using < 1¢ M and K,= 1 M™* . EXVacDUH LQ
indistinguishable fromtte concertedhodel( w) using a K = 10 M2 Thebottomgraph
shows the differential heats per kcal per mole of injectant against molafioratie

sequential (v) and concerteflw) models
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Figure 3.22 Fraction of EM (), EM, (w) and (w) against molar ratiM:E) for the
sequential binding model using# 1 M™* and K,,= 16 M™ (. = 1000) The concerted
model( w) is shownusing a K, = 10° M. The smaller graph slvs the differatial heats per

kcal per mole of injectant agest molar ratio for the sequential and concerte@w)

models.
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When . is reduced to 10{FHgure3.23) a diference appears between ttencertedand the
sequentiamodel. For the latterata molar ratio of 1:1 (M:E) there is 5% EM (black line) and
45% EM; (red line)formedand at a molar ratio of 2:1 (M:E) there is 3% EM and 88%.EM
Theconcerted model (mageritae) at molar ratios of 1:1 and 2:1 (M:E) st % and 91%

of the enzyme is as Ejespectively Converson to EM, in the sequential model (red line)

is lower than in theoncertednodelbut in additionthere is significant EM producexven up

to a mdar ratio of almost 3. Consequently, the total fraction of enzyme converted to
metallo enzyme specie&at a fixed molar ratio (M:E) is greater in the sequential than in the
concerted model.

A very striking feature of the differential enthalpies pothat in both models, the differential

heat is relatively low at the beginning ottheaction which shows up askink -in the plot.

Figure 3.23 Fraction of EM (), EM, (w) and (w) against molar ratigM:E) for the
sequential model usingyK= 1 M™* and K,, = 10/ M™ (. = 100) The concertechodel( w)
is shownusing a K = 10** M. The bottom graph shows the differential heats per kcal per

mole of injectant against moleatio for the squential (v) and concerte¢lw) models.
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When . = 10 then as expecteithere isa large difference betweewd models because the
sequential model predicts a relatively high EM concentrationolar ratios of 1:1 and 2:1
(M:E) of 14% and 11%respectivelyuntil a molar ratio of metal to enzyme afl3 The
percentage of EMat molar ratios 1:1 and 2:1 (M:E) in the sequential and concerted model
are 35, 74 and 42 and®lrespectively.Again, the total fraction of enzyme converted at a

fixed molar ratio (M:E) is greater in the sequential than in the concerted model.

Figure 3.24 Fraction of EM (), EM, (w) and (w) against molar ratio for the sequential
model using K, = 10 M and K, = 1 M (. = 10). The concertechodel () shownusing
a K, = 10" M. The bottom graph shows the differential heats pergerainole of injectant

against molar ratio for thsequential\{) and concerte@iw) models.
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$ . ,using K;=10M*and K, =10 M™, shows that both EM and EMre produedin
the sequential model least up to molar ratios (M:E) of 4: At low metation concentratios
the fraction of EMin the sequential process (red line) showsoacavefeature until a molar
ratio (M:E) of 1.51 where the fraction of EM is at a miemum (33%). At a molar ratimf
2:1(M:E) 32% of the enzyme exists as EM and 44% as.EBaturation at thiselativelylow
overallbinding constant (6 M) requireshigh concentrations of metan. The concerted
model shows a completely differerbfile compared to the sequential modeth 31% of the
enzyme as EMat a M:E of 1:1 and at a molar ratio of 2:1 (M:E) 63¥his difference
between the two models is reflectedtire differential heats.

Figure 3.25 Fraction of EM (), EM, (w) and (w) against molar ratio for the sequential
model using i, = 10 M™* and K, = 10 M (. = 1). The concertechodel () is shown
using a K = 10°° M2 The bottom graph shows the differential heats per kcal per mole of

injectant against molar ratio for the seqti@ (w) and concerte@w) models.
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In the case where the first binding constant is greater than the skgoprd,i.e. . <1,

formation of the mononuclear enzyme is favoured over that of the binuclear en&yme.

0.1 and at molar ratio of 1:1 (M:E) 60% of the enzyme exists as EM and 13% asEM
sequential modalompared to 42% EMn the concerted model. Atmolar ratio of 2:1

(M:E) in the sequential moddB% and 47% of the enzyme exists as EM and,EM
respectivelywhereas in the concerted model there is 81%.ENMe overall fraction, in the
sequential modes higher than that of the fraction existiag EM in the concerted model

which indicates the stability of the mononuclear species is favoured over that of the binuclear

enzyme

.=01

Figure 3.26 Fraction of EM (w), EM, (w) and (w) against molar ratio for the sequential
model using ;= 1 M™* and K, = 1 M (. = 0.1) The concertechodel(w) is shown
using a K = 10" M. The bottom graph shows the differential heats per kcal per mole of

injectant against molaatio for the sequsial (w) and concerte@lw) models.
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When . = 0.01using K,; = 1 M™ and K, = 1 M the formation of the mononuclear
complex is the dominant specigsa molar ratio of 1:1 (M:Byith 83% in the form of EM
and only 7% as EMand ony when the molar ratio is %, is the fraction of EMsignificantin
the sequential modelAt a molar ratio of 2:1 (M:E) 22% of the enzyme exists as EM and
78% as EMin the sequential modeAs shown previously the concerted model gtKL0"
M predcts a total conversioof metation to EM, even at molar ratio@vi:E) below 1 The
overall fractionof the enzyme that has reactéd,(EM+EM,/E)) in the sequentiahodel is
greater than the fraction of enzyme asjkiithe concerted modat all molar ratios

A singlebinding event is produced when the enthalpy of the two binding site are theisame

very similaralthough K; > K.

Figure 3.27 Fraction of EM (w), EM, (w) and ( w) against molar ratio for the sequential
model using i, = 1 M™* and K, = 1 M (. = 0.01) The concertechodel (w) is shown
using a K = 10 M. The bottom graph shows the differential heats per kcal per mole of

injectant against molar ratio fordtsequential ) and concertew) models.
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3.2.5 Comparison of differential heat isotherms with respect to
different binding constants and enthalpies using the sequential

model.

This sectioninvolves comparing different enthalpies atalues of 0.02, 0.1, 1, 10
and 50using the sequential modeAt . = 1 (K= Kp,= 1 M) when (H; is kept constant
at 5.0 kcamol™ and 0H, is gradually decreaseh upwards concavkink is produceds
expectedas the first enthalpig having a greater effect than the second enthalpy on the
overall profile. When(H; is lower thaniH, (kept at 5.0 kcainol), the enthalp starts off at

thegiven (H; value,which gradually increases which decreases agmimetaion is added

Figure 3.28Ky; = Ko = 1P M™? . DW GLIIBEQBQ#es shown as

differential heats per kcal per mole of injectant against molar ratio (M:E).
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:KHQ=0.1i.e. K =10 M*and K, = 10 M™ [Figure3.29) and when the first enthalpy

greater than the second, again a lsineffect is seen in the differential heats per kcal per

mole of injectant plot against molar ratio (M:E). Wheér is 5.0 kcalmol* D Q G, i8 2.5

kcal mol™ the difference of 2.5 kcahol” is observed as a kink in the plot at a molar ratio of

about 1 ZKLFK LV OHVV SURIRXQG ZKHQ WBRIQGHIMW KealGLII1HUF
mol* (). :KHQ {kV VP DO O} the\ehkhBifgy gliadually increases which decreases

as all the enzyme in the cell becomes saturated

.=01

Figure 3.29K,; = 10 Mt and K, = 1P M™* . DW GL|IBIQG,@Mies shown
as differential heats per kcal per mole of injectant against molar ratio (M:E).

When Ky, is 50 times highethan Ky, a similar curve is observed Eogure3.29\when (H, is
kept constant at 5.0 kcalol* and (H; is decreased. WhefH; is kept at 5.0 kcahol™ and
(H, is changed the kink becomes more pronounced toenthe second enthalpy has a major

contribution to the overall profileA difference of 1.0 kcamol™ is clearly seen conaped to

Figure3.29)and is even more apparent with a larger difference between thé+walues.
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.=0.02

Figure 3.30K,;=5x 10 Mt and K,= 1P M? . DW GL|IHQG,@Wes) +

shown as differential heats per kcal per mole of injecgainst molar ratio (M:E).

When K, is greater than j§ . DQG DQG WKH HQWKDOSLHYV DUH W
HYHQW LV REV HUsYbnGtant aK30kcael* D Q G, ié decreasedimilar to

ZKHQ . upwafls concavkink is producedyet when the secahenthalpy is constant at

5.0 kcalmol* D Q G; ié ¢hanged initially up to approximately a molar ratio (M:E) of 0.5 a

sharp concave downwards kink is observed which gradually increases due to the higher

second enthalpy value whi¢hen diminishes as the enzyme becomes saturHitta

binding constant is increased by 5 fold as shoWFignre3.32| the first enthalpy has a

slightly larger contribution to the profile as the initial kink o a molar ratio of 0.5 is less
than when i, = 1 M™* and K, = 10’ M™ {Figure3.31).
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Figure 3.31Ky,; = 1M and K, = 10 M?* . DW GLIIBHQBQiies shown

as differential heats per kcal per mole of injectant against molar ratio (M:E).

Figure 3.32K,; = 1Mt and K, =5x 10 M™* . DW GLIIHNMHE s,

shown as differential heats per kcal per mole of injectant against molar raih (M:
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3.2.6 Metal-ion binding to Bcll

Before analysing the experimental ITC data, it is worth mentioning the fitting models
which MicroCal have available with the vmﬂﬂ

The first modelnvolves n number afioninteractingbut equivakent sites This model is used
for a simplen:1 (M:E) ratio systermor whenthe binding sites are the sanighis fitting
modelonly providesonebinding constan{K,) and enthalpy (H, per mole of injectant If
there are several binding sites on a molecule i.e. 2, the sipgku€ wouldrefer to one of
the sites, therefore #nust besquared and the enthalpy multiplied by two

The second binding modeasindependent noeimteracting sitesandafit provides if n = 2,
Ky and (H; for the first binding sitand K,, and G + for the second binding site.

The final MicroCalmodel, sequential binding, is the same asseguentiamodel developed
here dependent on the relevant was of K, and K,,, EM and EM are possibleIf the
number ofbindingsites on the enzynis two, the fitting systentonsiss of two binding
constants (K; and K,,) and two enthalpiestH; and (H,). This model can bdifficult to
distinguishcompared tdhe independent neinteracting sites and may require other

techniques to confirm the experimental data.

These various modelling schemes were applied to the experimental data in which various
metations were titrated against afell at a fixed pH mairgined by different buffers, most

of which had been previously carried out in our laboratory by Hasina Motara.

The itration of zinc-ion into apeBcll showed that above pH 6.8& MES buffe) two zinc

ions bindper enzymanoleculeand the ITC output appesat to indicate a single binding

event. The various modelling schemes described herein were applied to this data to try to
distinguish between cooperative binding, which would definitely appear as a single event, and

sequential binding which just happensappear as a single binding event.

The first attempt to simulate the titration data was based on two independent but equivalent

sites per enzyme molecypeovided by MicroCal This is shown ifFigure3.33land a best fit

in termsof thebinding constant for each sitg I§ 2.0+ (0.4) x 10° M™ and @ enthalpy (Hps
of 2.6 + 0.7 kcal mol™ per mole of injectarfor the formation of both EM and EM
However, it is likelythat the two sites1 Bcll are not equivalerds they invole different

binding sites/ligands.
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Furthermore, there is the possibility of positive cooperativity in binding the two-inatal
Using ITC to detectaoperativity can be difficult especially whéwo or more binding site

have very similar binding corestts or similar enthalpies of association

Figure 3.33Isotherm of Zn®, solution (3.6x 10 M) titrated into apeBcll solution (1.8x
10° M) in MES buffer at pH 6.80 at 26. The single line is calculated assumimg

independent but equivalent sites per enzyme molecule.

The ITC trace was also simulated using a model in which the two sites are not equivalent.
The experimental data was fitted to a sequential binding nusiteMicroCal software The
number of sites was fixed at two and the parametgrs K.33+ (3.5 x 1 M™* Q=27+
0.07 kcal mol*, K, = 8.85+ (1.7) x 10 M™*and 0 4 = 2.9 + 0.1 kcal mol*were obtained

from the simulation

The simulation using the MicroCal program is shdm{ﬁigure3.34( |) compared to the
experimental datay). Thevalue for thdnitial enzyme concentratiomsed in the program

was slightlychanged irorder to obtain a stoichiometrniatio of exactly 2 In order to
compare thesequentiamodeldevelopedn this work with the MicroCal modethese same

values for K;, (H; Ky, and (H, were used The resultant plot is shown as the solid red line

infFigure3.34]andis in excellenbgreement with the MicroCal moder sequential binding

The two modelprovide similar results in terms of the first binding constant and enthalpy. As
expected the second binding constang &8.85+ (1.7) x 10° M) and enthalpy (H, = 2.9+
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0.1 kcal mol*) would be different from the independent but equivalent mii¢iet 2.0+
(04)x 1 M*and (H = 26 + 0.7 kcal mol*). The difference is not greand could
represent error in the experimentdtdfit or that the second binding site of Bcll is slightly
different to the first.

The individual species concentratiarmild be calculatedihich showshata significant

concentration of the morrnc speciess formed during the titratiofFigure3.34{ bottom)

Figure 3.34 Isothermof ZnS0, solution (3.6x 10 M) titrated into apeBcll solution (1.5x
10° M) in MES bufferat pH 6.80 at 2% fitted to MicroCals sequential mode])( our
sequential simulationy). The bottom graphs show the fraction of enzyme bound as either

EM (w), EM, (w) or free enzyme ) using the sequential model.

Also shown inFigure3.34|is the fraction of the ennye bound as the mononuclear EM and

the binuclear EMlas the ratio of M:E changes. At 1:1 ratio of M3B% of the enzyme is
present as EM and 25% as Ei. 25% is still free apenzyme As the ratio increases to 2:1
(M:E) the proportion of EMincreass to 70% and that of EM decreases to 8% free ape

enzyme).
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An attempt was made to simulate the experimental results basqubeitiee cooperative
model i.e.€oncerted- Et - g Without forming EM To do this a binding constant
Ky of 3.83x 10'*M™ (as the product of the two bind constants.K;,) and the combinedH
of 5.6 kcal mol* were usedFigure3.35)( w)).

Many attempts were made to simulate the experimentabgatarying K, and (H but it is

clear that a&oncertednodel is not appropriate for this system.

Figure 3.35 Isothermof ZnS0, solution (3.6x 10 M) titrated into apeBcll solution (1.5x
10° M) in MES bufferat pH 6.80 at 2% fitted to MicroCals sequential modej)( our

sequential simulationy) and the concerted modelvj for the formation of EM.

A summary of thesimulated binding constants for the two finteracting but equivalent and
the sequential model are showfiliable3.5(for zincion at pH 6.80.

MicroCal Twonon
interacting but equivalent MicroCal/our sequetal model
sites
Ky 0 Hbs Kp1 0+ K2 0+
(M (kcal mol™) (MD (kcal mol™) (M (kcal mol™)
2.0+ (0.4 2.6+0.7 433+(35) 27+£0.07 885%(1L.7) 29+0.1
x 10° x 10° x 10°

Table 3.5 Summary 6binding constants ahenthalpiesising the nosinteracting but
equivalent model and the sequential model for Zni8fted into apeBcll in MES buffer at
pH 6.80 at 2%C.
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Another example where Bcll exhibigsstoichiometric ratio of #om ITC experiments with

respect to zioion perenzymeis in cacodylate buffer at pH 6.35,%25 The ITC

experimental data shown|igure3.36|was firstly fittedusing theMicroCal single binding

model (two independent and equivalent binding pro&sgehis gives a binding constant K
of 2.3+ (0.3) x 10 M™* and an enthalpy @9 of 6.2 + 1.9 kcal mol*, for the formation of
both EM and EM.

Figure 3.36 ITC output for ZnS@solution (3.6x 10* M) titrated into apoBcll solution (1,8
10° M) in cacodylate buffer at pH 6.35 at°25

The second simulation used the MicroCal sequential model where the molar ratio was fixed at
two. This model is shown |iﬁigure3.37 and the bst fit parameters forg{= 1.37+ (1.1)x
10"’ M™, (H, = 5.8+ 0.07 kcal mol*, Ky, = 5.14(* 0.55)x 10° M™* and (H, = 6.7 + 0.1 kcal

mol™. Again these values were usadurmodel for a sequential procesimply to check

whether our model corresponded to MicroCalsleto Exactly the same profile abe
MicroCal modelwas producedThe valueobtainedirom the sequential fit argightly
different compared tthe single norequivalentoutidenticalmode] this difference is most
likely due to the goodness of the fiAlso shown again is the fracti@mi EM and the EMas
the molar ratio of M:E changes. At aratio of 1:1, there is 69% of EM and 14% of &\
2:1 M to E ratio there is 64% EMnNd 27% of EM.
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Figure 3.37 Isothem of ZnSQ solution (3.6 x 14 M) titrated into apeBcll solution (1.7 x
10° M) in camdylate buffer at pH 6.35 at Z5fitted to MicroCals sequential modg]) and
our sequential simulatiofw). The bottom graph shothe fraction of enzyme either badias

EM (w), EM; (w) or free enzyme \{) for the sequential model.

A simulation of the data assuming a positive cooperative binding model i.e. concerted

formation of EM with no detectable formation of EM using our cubic equation, used the

product of the tw binding constants and the sum of the two separate enthidjgjass3.38

(w)). The simulation showed that a binding constant of 7.02'%M®& was too steep and
produced slightly more heat upon the metal dexipg to enzyme to form EM Reducing

the binding constant by 10 fo|&igure3.38 ( w)) produces less heat as expected but the

shape of the curve still does not reflect the experimentakdaagain many attgts were

made to fit the experimental data by varyingakd (H, but were unsuccessful
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Figure 3.38 Isothermof ZnSQ solution (3.6x 10* M) titrated into apeBcll solution (1.7 x
10° M) in cacodylate buffer at pH 6.35 at°5fitted to MicroCals sequential modgl),

sequential simulatiofw) andconcertedsimulation(w , w).

A summary of the simulated binding constants for the tweintamacting but equivalent and

the segential model are shown|ifable3.6(for zincion at pH 6.35.

MicroCal Two non
interacting but equivalent MicroCal/our sequentiahodel
sites
Ky U s K1 0+ Kbz 0+
(M7 (kcal mol™) (M™ (kcal mol™) (M (kcal mol™)
2.3+ (0.3) 6.2+1.9 1.37+(1.1) 5.84£0.07 5.14 ¢0.55) 6.7+ 0.1
x 10° x 10° x 10°

Table 3.6 Summary of binding constants and enthalpies using thémeracting but
equivalent model and the sequehtidel for ZnSQtitrated into apeBcll in cacodylate
buffer at pH 6.35 at 2&.
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Cobalt complexing with ap8cll results in a similar ITC trace iwhich it is not easyo

identify two discrete binding events. It is clear however that the ultimate istoietny of
cobalt:enzyme complex is 2:The experimental data wéisst fitted to MicroCalssingle

binding modeWwhere there are two independent but equivalent binding sites on each enzyme
molecule which gave abinding constant (§ of 2.49+ (0.4 x 1IPM* DQG R.di156+

2.9 kcal mol™ for the formation of both EM and EM

Figure 3.39ITC output for CoCl solution (3.6x 10* M) titrated into apoBcll solution (1.8
10° M) in cacodylate buffer at pH 6.82 25C.

The second simulatiomssumingwo siteswhich bindmetationssequentidy using the
MicroCal software gave k= 8.97+ (1.9 x 100 M* (= 168+ 0.3kcal mol*, Ky, = 1.70
+ (1.3 x 1°M™ D Q G, & #4.1 + 0.3kcal mol* {Figure3.39] | Again the difference

between the single neequivalentout identical model and the sequential model is very small,

thetheoreticafit for both models are good but there is lessrarraheenthalpiedor the

sequential modelA simulation using the model developed in this wisalsed on the

sequential model gave &tentical ITC trace to that from the MicroQ#&ligure3.40). At 1:1

ratio of Co™, Bcll corresponds to 26 of EM and35% of EM, but inaeasing the ratio to 2:1
gives 11% EM and 76 EM,.
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Figure 3.40 Isotherm of CoGlsolution (3.6 x 18 M) titrated intoapoBcll solution (2.2 x
10° M) in camdylate buffer at pH 6.80 at Z5fitted to MicroCals sequential modg]) and
our sequential simulatiofw). The bottom graphs shathe fraction of enzyme bound as
either EM (w), EM, (w) or free enzyme \{) using thesequential model.
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A final attempt to simulatthe experimental data using aoncerted binding model
assuming positive cooperativity with no formation of pkdved to be unsuccessful as shown

by one of the simulatioris[Figure3.41]( w) usingK,=1.5x 1*M?* DQG DQ HQWKDO S\
= 309 kcal mol™.

Figure 3.41 Isotherm of CoGlsolution (3.6x 10* M) titrated into apeBcll solution (2.2x
10° M) in camdylate buffer at pH 6.88t 25C fitted to MicroCals sequential mode])(

sequential simulationy) and concerted simulation).

A summary of the simulated binding constants for the tweintamacting but equivalent and

the sequential model are shovvalable?).? for cobaltion at pH 6.80.

MicroCal Twonon
interacting but equivalent MicroCal/our sequentiahodel
sites
Ky 0 Hops Kb1 0+ Kbz 0+
(M (kcal mol™) (MD (kcal mol™) (M (kcal mol™)
2.49+ (0.4) 155+2.9 8.97+ (1.3) 16.8+0.3 1.70£(1.3)x 14.1+0.3
x 10° x 10° 10

Table 3.7 Summary of binding constants and enthalpies using thémeracting but
equivalent modelrad the sequential model for Cgdtrated into apeBcll in cacodylate
buffer at pH 680 at 25C

200



A completely different profile is observed at pH 7.20 for the titration of cadrmnto ape

Bcell (Figure3.42), the isotherm shows two distinctive bing events. Binding of cadmium

ion occurs nofcooperatively and independently, the enzyme binds the first cadimiuand
then the second cadmiuin.

Figure 3.421TC output for C&l, solution (3.6x1d M) titrated into apoBcll solution (1.8
10° M) in HEPES buffer at pH 7.20 at %5

The experimental dataas fit to theMicroCaltwo independent nemteracting sites which
produced K; = 3.65 x 16 M™, (H, =-12.4 kcal mol*, Ky, = 5.29 x 16 M™* and (H, = -4.8
kcal mol*. It may be difficult to distinguish betweeompletely independent or slightly
interacting; an attempt was made to simulate the experimental datagequentiainodel
Figure3.43). The MicroCal sequential firoduced K, =5.23 & 6.1)x 1 M™, (H, =-
12.3+ 0.3kcal mol*, Ky, = 1.35(+ 1.6)x 10’ M™* and (H, = -3.7 + 0.4 kcal mol*.
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Figure 3.43Isotherm of C&l, solution (3.6 x 10 M) titrated into apacll solution (1.8x
10° M) in HEPES buffer at pH 7.20 at Z5fitted to MicroCals sequential modg}) and our
sequential simulatioow). The bottom graphshowthe fraction of enzyme bound as either

EM (w), EM, (w) or free enzyme \{) using the sequential model.

A summary of the simulated binding constants for the tweintamacting but equivalent and

the sequential model are showfilable3.8(for cobaltion at pH 7.D.

MicroCal Two independent neimteracting MicroCal/our sequential model
sites

Kp1 0+ Kbz 0+ K1 0+ K2 0+

(M (kcal (M™ (kcal (M (kcal (M (kcal
mol™) mol™) mol™) mol™)

3.65 -124 5.29 -4.8 5.23 -12.3 1.35 -3.7

x 1¢° x 1¢° (x 6.1) +03 | (x16) | *04

x 10° x 10/

Table 3.8 Summary of binding constants and enthalpies usingitbendependent nen

interactingmodel and the sequeial model for Ccl, titrated into apeBcll in HEPES buffer

at pH 7.20at 25C.
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MicroCal Twonorrinteracting but _ .
) ] MicroCal/our sequentiahodel
Metal, buffer, pH equivalent sites
Ky (M) 0 ps (kcal mol™) Kbt (M™) 0 4 (kcal mol™) Kbz (M7 0 4 (kcal mol™)
ZnSQ,, MES, pH 6.80 2.0+ (0.4) x 10 26+0.7 433+ (3.5 x 10 2.7+ 0.07 8.85 + (1.7)x 10° 29+0.1
ZnSQ, cacodylatepH 6.35 2.3£(0.3) x 16 6.2+1.9 1.37+(1.1) x 14 5.8+ 0.07 5.14 ¢ 0.55) x 10 6.7+ 0.1
CoCl, cacodylate, pH 6.80 | 2.49+ (0.4)x 10° 155+29 8.97+ (1.3) x 10 16.8+ 0.3 1.70+ (1.3) x 16 14.1+0.3

Table 3.9 Summary of the binding constants amnthalpies for the three isotherms which show a sibigiding event fitted to Micradls two norinteracting

but equivalenmodelandMicroCals/our sequential model.

Fitting the different model® experimental dataasshown that investigating positive@perativity is difficult. Titrating metailons such as zinc and cobalt,

a single binding event is observed and simulating the curves usingddismoninteracting but equivalent sites does fit the data with binding constants
ranging from 2.0 x 10+2.5x 10° M therefore the overall binding constant for the two sites of Belfje from 4.0 x 18 +6.25 x 18°M™. Using the

sequential model the first binding constang.jK/aries much more from 9.0 x1@1.4 x 1" M™ and the second binding congtéi€,,) from 5.1 x 18 #1.7 x

10° M™. The overall binding constant for Bcll using the sequential model range from 1'% %710 x 16> M™, this is a larger range than the Fateracting

but equivalent binding model bb&tween the twanodels the vaies are in the same order of magnitude. It is likely that Bcll has different binding constants
as the two sites contain different amino aciany attempts were made at fitting the experimental data to our positively cooperative (concerteymodel
usng various values of Kand (H, butwereunsuccessfylwhich suggests that Bcll binds meiahs in a sequential manner producing both EM and &V

metation is titrated
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3.2.7 Conclusion

We have been able to develop and confirm the commercial MicroCabsefisv
capable of determining simple 1:1, sequential and independent but not interacting reactions
between metalbn and enzyme or heguest chemistryA striking feature of the positively
cooperative (concerted) model without any formation of the ink@&LDWH (0 LV DW pOR.
binding constants such as'iM? wherea slight concave character is observed when plotting
thefraction of enzyme as EpMagainst molar ratio (M:E). This feature is transferred to the
differential heats plot against molar ratio @j:and is most likely du® low concentrations
of EM; being formed as thmetalion concentrations in the cell within the initial stages of the
titration are very low The sequential model on the other hand is capable of forming both
EM and EM dependenon the relativeralues of the two binding constantSomparing our
sequential and positiveyoncerted model, the two simulations clearly demonstinatiethe
sequential model converges into a positively cooperative model wherrK,; andwhen .
*100. When . is below 100, the fraction of enzyme existing as EM dominates and the
overall fraction of enzyme as either species (EM-+tE®Igreater in the sequential simulation
then the fraction of EMin the concerted modelvhich may indicate the oxall stability of

the mononucleaspeciess more stable than the binuclear species

The two models were udén conjunction with the Micro@ll sequential simulation to+e
analyse the experimental data of titrating m@&ak such as zinc and cobiito Bdl
solution,which provide a single binding event with a stoichiometric ratio of 2. Using the
MicroCal sequential model, the binding constangsafd Ky, were obtained with their
relevant enthalpies dependent on the buffer usée values suggest slighégative
cooperativity bateen the two binding sites ibris possible that the two sites anelependent
and identical The overall binding constants for the two sites are wikjperimental error
using either the independent but identical model oségeiential model. Although initially
suggesng that Bcll only binds metabns in a positively cooperative event, the ITC data
does not fit a positively concerted model and therefore can be catsalsequential
processes witthe two sites have sinait binding constantsithin error or slight negative
cooperativity upon binding of the second métal. The isotherm of cadmium complexing
with apeBcll shows two distincevents and can be simulated with either the sequential
model or independent nanteracting sites model. Both models fit the experimental data but
the independent neinteracting model does fit better than the sequential madheth
suggests when aggcll complexes with cadmium, it does via an indepemndeninteracting

proces.
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