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SUMMARY

SUMMARY

Lanthanides werehg consideredontbiologically relevantHowever recentdiscoveries have

shownthat lanthanide utilizing bacteria exist and are widespread in nature.

The lanthanides are @3 as metal iain the active siteof methanol dehydrogenas@gDH),
enzymes metabolizing methanol for energy generation of the microbes. Here, lanthanides act

as Lewis acid a role that is commonly fulfilled by calcium in related enzymes.

Besidethemt a | ion, the enzymebds active site in

qguinone (PQQ), a redox cofactor, which gets reduced concurrent to methanol oxidation.

This thesis deals with lanthanide dependent methanol dehydrogenases, the spedaific role
lanthanides in enzymatic action and the advanthgee metalprovide over calcium. The
active site is treated by theoretical approaches using DFT. The cofactor PQQ is interesting on
its own and several aspects of its chemistry and interaction withghially relevant calcium

and lanthanides are elucidated.

Chapter | provides a brief introduction in the key concepts of this théisesrole of metals in
biology and the purpose of bioinorganic chemistry, a discourse about lanthanides in general

and khnthanide utilizing bacteria, the MDH enzyme and features of PQQ.

Chapter lldescribesiow DFT calculations can help to gain further insight into the mechanism
of acton and the role of lanthanideés MDH. These calculations demonstrat@reference of
MDH for early lanthanides and discudge reasos for this, concerning several aspects of

lanthanide chemistry.

Chapter Il recapitulate the known total synthesis of PQQ, points @asily accessible
alternatives and presensgveral PQQderivatives and the synthegs. The trimethylester
PQQMe is accessed in a orstep synthesis and the deprotection to formerly unknown
dimethylester PQQMeis described PQQMe provides a multitude of possibilities for the

synthesis of PQQ containifgomimetics

Chapter IVdeals with the coordination chemistry of PQQ with lanthanides and calcium. It
presents thexperimental findingssing NMR and UW/is spectroscopthat PQQ in solution,

although possessing seakpossible coordination sites,
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still coordinates in the sanveay as bound in MDH. The first crystal structureadfiological
relevantmetal ion(herecalcium) with this cofactor is presented and the feature of PQQ to

coordinate preferentially early lanthanides is validated by complexation experiments.

Chapter V @als with then-depthredox chemistry of PQ@nd its derivative PQQMeén regard
to the biological role as redox cofactdssing UV-Vis spectroscopyand electrochemistry
methods it was showfor the first timethat lanthanides do have an influencetbaredox
chemistry of PQQ

In solution, PQQ is prone to nucleophilic attack aaderaderivatives formed by reactions of
PQQwith small molecules are know@hapter VI deals with thigactivity of PQQ elucidates
the formation of a cyanide adduct and fertelucidatesmethanol adduct formation and the
influence of lanthanides and calcium on this type of reactiganeviouslyunknownPQQketal

species i€haracterizethy NMR, IR and mass spectrometry

Chapter VII presents the synthesisfolir different igands, mimicking the structure of the
MDH active site and deals with the coordination chemistry edeHigands with lanthanides
and calcium.Two very promising biomimetics were identified and characterimetdV-Vis

spectroscopy and mass spectrometry

While this summary shall only provide a brief overview of the contents of this thesis, more

detailed descriptions of thresultsare given in the conclusidound at the end of each chapter.
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CHAPTERI INTRODUCTION 1

|. INTRODUCTION

1. Metals in Biology

The by far most abundant elemeats of which terrestridife is formed are carbon, hydrogen,
nitrogen and oxygen, followed byhpsphorus and sulfur. Those elements are so ubiquitous,
that they even got their own aorrcomboyaions s p e :
thereofi!?l Metals on the other side, although plentiful on earth, are only preserowen

extent in living organisms. Besides calcilmming relevanfor bones, sodium and potassium

being importantfor signal transduction and magnesilming required for propeATP
functionality,biologicaly relevant metals am@nly present in traces arae neededs cofactors

in proteins

Iron for example, being the cofactor of oxygen transporting hemoglobin, roakes up
0.006mass% or 4.8 of a 70kg humant®! Tablel.1 providesan overview over all elements,

which were considered biorelevant in 2¢46.

Tablel.1: Perbdic system of the elemeritglicating thoseelements that are essential for most living organisms
dark greerandthosethatare essential for more restricted life forimdight green The essentiality of Cr (blue) is
still under debaté! f-block elements are not shown (asterisk after lanthanum (La) and actiniujn Adaepted
from W. Maret??! Cd is included based on findings from Lazteal ©!

He
Li | Be |
|Sc |[Ti |V _|cCr Ni
Rb|Sr |Y |Zr | Nb Tc | Ru | Rh | Pd | Ag
Cs|Ba|La*|Hf |[Ta|W |Re |Os|Ir |Pt |Au

Fr | Ra | Ac*

Although beingof low abundancen organismsmetals play an important aivdeplaceableole

in metabolic processéd Bioinorganicchemistry sheds light on those elements and sets out to
investigate their specifiote and function irbiological reactiong® Often, this researcigoes

along withthe synthesis of small molecules and complexesThos e so cad,l ead i
term which was introduced by Otto Schmitt in the 1980simic structural features afctive

sites to gaindeepeknowledge about their function by structural simplification.



2 INTRODUCTION CHAPTERI

Elements, that were long thoughthave nobiological relevane ae the rareearth elements,
and although natentioned inTablel.1, recent discoveries show thewdespreaditilization

in living organismg'>-14

2. Rare-Earth Elements

The rareearth elements (REE) are a group of 17 elements, includingbtloel series from

lanthanunto lutetium (also called lanthanidésLn) and the group Il elemengsandiumand

yttrium. Theseelements arsometimedurther divided into light rareath elements (LRE),
including®Lai ®Eu and heavy rarearth elements (HRE), includiftGdi "Lu and®*®Y. The

first discoveredareearth elemenvasyt t r i u m, 1787 by Gadolin in t|
Sweden. The namef these elementsriginatesf om fAeart ho being an ear|l
and the thoughthatthese elements would be scar@éeir name is actually misleading, since

those elements are neither oxidew particularly rare. In the earth crust, the most abundant
REElanthanum and ceriuare more abundant than copper and evenchberrence of thkeast

abundant oneshulium and lutetiumis higherthan the one dfilver or gold Figurel.1).'%
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0.001

Figure 1.1: Abundancies of rarearth and other elements in the continental crust in ppm (logarithmic scale).
Limited natural occurrence of Pm as radioaefission productvaluesprovidedby Wedepohld

REE with uneven numbers show lower contents than the even numbered ones. All REE are
chemically very similar, a fact, whicklowedresearchprogressionn the pastdue to their
occurenceas mixed compounds in naturally occurring diks bastraesite ([(LRE)CGOsF]),
monazite([(LRE, ThPQq4])) or xenotime ([(Y, HRE)P@)]). Due to theisimilar properties they

are difficult to separaté&ractionized crystallization was the only method availabtd the first

half of the 28" century whichwaslaborious and time&onsuming Praseodymium, one of the
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metalsbeingeasietto purify, had to beecrystallized 5000 time® achieve aurity of 99%!16l
Broader chemical research on those metals la@lsing before thedevelopment ofmore
efficient purification methodssuch asion exchange chromatograplagvelopedduring the
Manhattan proje€f! and later the liquidiquid extractiof® The latter is stillused for
industrial purification of REBbut is environmentally harmfudinceproducinglarge scales of
acidic, toxic and even radioactive waste in addition to its enormous energy consutfipiios.
preferred oxidatiostateof REEis +lIl, by releasingwo electrons from the-sand one electron
from the dshell However, several other oxidation stagesh a€u' or C€V are knownFrom
lanthanum to lutetiunthe £shellis continuous filled with electrons. However, those electrons
do not participate in bonding, as thshfell orbitals arenore diffuse andlistributed closer to

the nucleusandthereforepoorly shield the outer shells. Due to those unpaired electrons, all
lanthanideswith the exception of La (empty shell) and Lu (full shell) are paramagnetic and
show unigue electromagnetic properti@saking them interestingespeciallyfor modern

industrial applicationgFigurel.2).[*°]

=l

I\
MAGNETS| vl &
Nd. Pr, Sm (Tb, Dy) ¢

Motors and generalors. HO Drives,
Microphones and Speakers,
MRI. Defence applications,
Magnetic refrigeration

La,ce,PrNeY G metallic state
NimH batteries. -5

Fertilizer, Pigments, Superalloys.

clear, Medical Tracers Al - Mg alloys. Steel

Ce, La, Pr, Nd, 64, Er, Ho
Polishing media, UV
resistant glass, Thermal

glgsls. Ca;l)ac&io'rs, [Sensors. LED. Laser. Flat Panel
olorants, Refractones, Display. Fl \ =1
Fuel Cells, Super- La, Ce, (Pr. Nd) |a§1‘;:’!x,a;?:::;?n OX|d|zed State
CIRLETS Petroleum Refining. mgﬁgg,l;cal A
Automotive Calalysts, S :
Uiesemdﬁ—e. \'ﬁ;s Fibre /ﬁ
trealment Optics O
A  CATALYST
& CHEMICAL
PROCESS

Figurel.2: Overview of application®f the rareearth elements.Figure reproduced with kind permission of the
EURARE project!!

The ionic radius of L is similar to the one of Ga(~ 1.037 1.22vs 1.007 1.18A for CN
61 9)2% which is whylanthanidesare often used for replacincalcium in the active site of
proteins for utilization of their superior spectroscopic properi&&! Througtout the

lanthanide serieshe ionic radiidecreasstepwise to 0.8@ for lutetium!?% This reduction in
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radius is larger as it would lexpectedhroughthe solencreag ofnuclear chargand is known

as the lanthanide contractiéhi a phenomenoheingpartly explained by the polgrshielded

outer electrons by theshelf?* andaround 10%by relativistic effect$?

In comparison, lanthanides prefer relatively high coordination numbers b2, 7auniqueness

resulting fromthe combination ofelatively large ionic radi a high charge of+3 and the

interaction with ligands beingosty electrostati¢*!! Thepartly filled f-orbitalsof lanthanides

do not participate in bondingvhereasnteractionwith ligandsrelies mostly on electrostatic

effectsandelectron pair acceptanes Lewis acid*!

Nowadays, lanthanidesre found ina wide range of applicatiodd (Figurel.2),*% such as

strong permanent magngtsatalysts, batteriephosphors folLED ard display devicesr

contrast agent®m medicine Lanthanides areven usedin fertilizerd?® and animal feef’!

However, theeffect of the latteris currently not well understood, buthe participation of

microorganismss symbiontéias been proposé&d!

3. Lanthanide DependentMicroorganisms

For along time, the biorelevance ofanthanideswas

Key Terms?9

Protein 7 Biological macromolecule, build of chain
of amino acids connected by peptide bonds

Enzymei Protein with catalytic function for substra
conversion. Reaction proceeds in the active 9
which often includes a cofactor and/or a metal ion

Active sitei Region or cavity in an enzyme, whe
substrate binding and conversion proceeds

Cofactor i Small organic molecule, which helps
enzymatic ativity. Metal ions can be considere
cofactors as well.

Operoni1 Group of genes, which are under the con
of a single regulatory unit.

Nomenclaturd3? i Gene: xoxF
Protein: XoxF

unknown Although beingpresent
plentifully in the environment, their
oxides and ores amgoorly soluble
and therefor¢heir bioavailabilityis
limited.”?! In 2004, Lim and
Franklin hypothesized that
lanthanideswould be superior to

calcium in various enzymes, but the

low bioavailability of the
lanthanides is said to have
prevented expression of the

respective enzymé¥! However,
starting in 2011 Kawai et al.
reportedin quick successioabout

a lanthanum dependent methanol

dehydrogenase (MDH) iMethylobacteriunradiotoleran§? and Methylorubrum(formety

Methylobacterium extorquensAM1B3 both encoded by thexoxF gene and a cerium
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dependent MDHn Bradyrhizobium spMAFF21164534 |t is uncleawhy thesepublications
remained almost unnotice@hreeyears later in 2014Pol et al. reporteda microorganism
originally foundin 2007 in volcanic mudpotsn the Solfatara craterNaples Italyi®®! which
turned out to be strictlylanthanide dependent® The so called microorganism
Methylacidiphilum fumariolicunolV, or in shortSolV could only be cultivatedvith its
original mudpot watercontaining particular high amounts of dibsa lanthanidesor in
medium supplemented withnthanide salt8®! SolV expresss the samexoxr encodedviDH

as mentioned aboyenetabolimg methanol fo energy generation and containiad¢anthanide
ion in its active sitd3®! Several clades oKoxF have evolved in different microorganisms,
commonly named XoxF1-5.37%%  The nameis derived from the homology toalcium
dependenMxaFtype MDH and thex standsfor the unknown functiomat that time=8! xoxF is
positioned on an operon, together withxG, encoding the natural electron acceptor for MDH
and xoxJ, encoding a bindim protein of unknown functioi” The crystal structure of the
enzymeisolatedby Polet al.was refined with cerium in the e site,althoughthe metal ion
in this enzyme was lan mixture duego mudpot wateused. The central metal coordinated by
amino acidsGlul72, Asn256, Asp299 and Asp3@atd the known cofactor pyrroloquinoline

quinone (PQQ), an organic heterocyclic molecule, functionalized with three carboxyl §fbups.

S
panzsed ce (f\\/"* >
;ﬂ s { =

Asp299 /\

Asp301

Figurel.3: Active site of the CeMDH from SolV strain (PDB ID: 4MAE) (cecrystallized withpolyethylenglycol
PEG)®8 Image generated with the UCSF Chimera pacKagja!®!l

This structure shows great similarity with an already known MDH, containinguoalici its
active site, which isencoded by theggenemxaF. In comparison, # CaMDH lacks one
aspatate probably due to the generally smaller demand of coordination partners of calcium in
comparison with lanthanides. This MBEttoewas already discoverad 1964 by Anthonyand
Zatmarf>*3 and isstill subject ofcurrentresearch. PQQ acts as an electron acceptor and

becomeseduced to PQQ# while methanol is oxidized tafmaldehydeor even further to
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formic acid in case of lanthanid€¥ The central metal acts as a Lewis acid, which activates
the coordinatig C=0 groug®*% It is still subject of debatevhether a hydride is transferred

from methanol to the PQQ C=0 carbon (hydride transfer mechanism), or if methanol acts as a
nucleophile and attacks the C=0 positims a whole @miketal mechanism}>48 with DFT,

model compound and crystallographic studies publi§féd.

A COLH . COMH | B COLH CO,H
HO,C  HN—(
()
HO HO HO =
| N (W) H N @)
o / HO © o) -0 Ho
N/ T o—H N
4l H 1 H
H0 0
-0. 0 . -0__0
Y | b hoe
Asp Hemiketal Mechanism ' Asp  Hydride-Transfer

Schemd.1: Possible mechaniss for methanol oxidation by calciudependenMxaF MDH.

After the discovery ofanthanide dependeMDH enzymesthepresence athe xoxX- geneand
Ln utilization were verified in a wide range ofmicroorganisms'® Such methanatophic
(= methaneascarbon sourgeand methylowphc (utilize C1 compoundsuch as methanol or
methylamindor their metabolishmicroomganismsarefoundin all kind of ecosystemsuch as
soil, plants or ocean wat&®¥ and are by far not restricted to extreme environmentSItiked s
volcanic mudpat®® Phylogenetic analysigvealed, thahexoxF gene isnore widespread and

evolutionary probably older thats Ca-counterpart®

While some bacteria carry only tlkexF gene (like SolV)a wide range of bacteria carppth
xoxF and mxaF gened® An upregulation of thexpression okoX concurrent toa down:
regulation ofmxaF when only nanomolar concentrations of Ln present was describ&d>°
This mechanism was implemented as thecalted lanthanide switch>® Lanthanide
dependent bacterishow aclear preferencéor the early lanthanidegrable 1.2), as already
discovered ircultivationexperimentdy Pol et al*® and was alsootical afterthe Deepwater
Horizon (DWH) oil rig catastroph&® Due to theenormousamounts of gas released into the
oceanmethanotrophic bacteria started to bld&Hin return, this caused a significant titjon

of the early lanthanides the sea wate?? whichremained ununderstoddr along time
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Tablel.2: Selected lanthanide utilizing bactedaltivatedwith differentlanthanidesBottom: Cbserved depletion
of selected lanthanidésom seawater during DHW. Adapted frdm Daumanri!®! White squares indicate nen
tested lanthanides, whereasif growth ostrongdepletionis given in dark greemmedium growth or depletioim
light green and no or onlgoor growth stimuldion / depletionin red Orange:None of the tested lanthiges
affected growtlwhereas La inflencedxoX= andmxaF gene expression.

Growth observed with
Bacterial Strain La|Ce|Pr|Nd|Pm|Sm|Eu| Gd| Tb | Dy | Ho | Er | Tm | Yb | Lu
M. extorquen#AM1 (XoxF1)5!
P. putida KT244(PedH)®4
M. mobilisJLW8 mutant (XoxF4L)8!
M. mobilisJLW8 (XoxF42)&e!
Methylomonas s.W13 (XoxF5)8!
M. fumariolicumSolV (XoxF2)
M. aquaticun2Ab8!

Depletion from ocean water observed

Researchers only begia understandiow lanthanidesre transported into and stored in cells.

Bloom of methanotrophic bacteria durir
DWH®2

Experiments witlAM1 alreadydemonstratedhat thismicroorganism can harvest lanthanides
even from sap metal of hardrive magnet&® Recently, the Ln binding proteloanmodulin
was discoveredpcated inthe periplasm of cedl®® It hasfour metal coordination motifs (EF
hands)showinga 10°-fold selectivityto lanthanidesover calcium!®® However, its biological

role remains to be elucidated.

It is postulated thatdxteria must exhibit efficient uptake mechanisms for lanthanites

existence of small chelatosssuggestedvhichcouldbeusedfor lanthanideavailability by the

bacteria and wmthaohp hwdtéEadntaenre dt id awel | st udi

which are responsibler iron uptake
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4. Pyrroloquinoline Quinone (PQQ)

The noncovalently boundedoxcofactorof MDH enzymesPyrroloquinoline ginone, acts as
an electron acceptdor the oxidation of methanol. It somprisedof an aromatic ring system,
consisting of a pyol, a quinone and a pyridine armadriesthree carboxyl groups in total
(Figurel.4).

Figurel.4: Strudure of PQQ anits numbering scheme according to Unkedeal[67]

As the key component in lanthanide supported methanol oxidation, studies afdbisrowill
help to better understand lanthaniddizing bacteria in generalnteraction of PQQ with
lanthanidewill provideimportantinformation, which will help to elucidate threechanism of

Ln-MDH and theevolutionary advantagedbe elements prade over Ca

Large parts of this thesis deal witteinteresting and manifoldhemistry ofPQQand coveits
synthesis and purificatio@Chapter 1), its coadination chemistry (Chapter )Y its redox
chemistry (Chapter V), the interaction with small ewlles (Chapter Viand the synthesis of
derivativesused for biomimetic model complexeSh@apterVIl). Separateand more detailed
introductions,covering each ofhose features are given at the beginninghef respective
chaptes. Chapter I deals withthe active site of MDH enzymesd how DFT calculations can

help to elucidatéhe impacbf different lanthanides.
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I[I. DFT STUDIES

1. Introduction

Density functional theory (DFT) has become a powerful tool for the calculation of structural
and functional aspesof proteing®® Several calculations of thexaF encoded GaMIDH have

been performed over the ye#s*® 75 From thecalculationsdealing with the methanol
oxidation mechanism, almost all conclude the hydride transferSskemel.1l) to be the
energetically favored or&: 4% 7273 751 | eopoldini et al. state that both mechanisms are
energetically rather unlikely and propose a third mechanism, being a modification of the

additionreliminaion mechanisn

First calculation on thexoX encoded LAMDH used the published crystal structure with
ceriunt®® and revealed the figest match with a semiquinowﬁEQQ&Tconfiguration, possibly

being the resting state of the enzyffeCe*i PQQ@ was defined to be the catalytically active
form. On the basis of the callations, C#& influences the redox cycling of PQQ and promotes
reduction to PQQHkmore effectively than Ca The occurrence of a Eespecies was described

to be rather unlikely. To simplify the calculation, only the active site of the enzyme was taken
into account and present amino acids were truncated and fixed in their crystallographic position

to model the steric imposed by the protéth.

A publicationfrom Prejancdet al. deals vith the possible reaction mechanism of the cerium
containingXoxF active site by employing the quantum chemical cluster method6l6ghe
potential energy surfaces the hydride transfer and tlaglditioneliminationmechanism were
calculated with the latter being the energetically favored one. Similar to the calculation
described above, only the active site was taken into account with truncated and fixed amino

acidk !’

The latest theoretical approach frohsushimacombinal molecular dynamics (MD) and
fragment molecular orbital (FMO) calculatiotts modelthe wholeproteininstead ofusing
truncaed amino acid$’® La®*, EU** or Yb®* were used as ceafrmetals, leading teeveral
structural changes in the active sifn additional HO molecule coordinatkto the central

metal in case ofa®".
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A coordinational changeom bi- to monadentate Gluw,2 and fromtri- to monodentat®QQ was
observedrom thelarger L&* and Ed* to the smaller Y#', possibly explaining the preference
of XoxF for LRE!8

2. Impact of Different Lanthanides on the Structure of XoxF

We followed the approach from Bogaittall’® in using a simplified active sitaf XoxF and

compared caldated structures with either aCe*, PP*, EU** or Yb** as central metal.
The following section is part of the publication:

Similar but not the same: First Kinetic and Structural Analyses of a Methanol

Dehydrogenase Containing a Europium lon in the Ative Site

BéréniceJahn Arjan Pol,Henning LumpeThomas R. M. Barend#ndreas Dietl, Carmen

Hogendoorn, Huub M. Op den Camp and Lena J. Daumann

Published inChemBioCher201§ 19, 11471153. DOI:10.1002/cbic.201800130

Reprinted undeCreative Commuos Attribution NonrCommercial License CC BXC.

Abstract

Since the discovery ohé biological relevance of ragarth elements (REE) for numerous
different bacteria, the questions of the advantage of REE in the active site of methanol
dehydrogenase (MDH)ver calcium(ll) and why bacteria prefer light REE have been a subject
of debate. Here we report the cultivation and purification of the strictly-&REendent
methanotrophic bacteriuMethytacidiphilum fumariolicunSolV with europium(lil) as well

as stuctural and kinetic analyses of the first-&ubstituted methanol dehydrogenase. Crystal
structure determination of the 8MiIDH demonstrated that overall no major structural changes
were induced by converting to this REE. Circular Dichroism (CD) measursmwen¢ used to
determine optimal conditions for kinetic assays and inductivelipled plasma mass
spectrometry (ICRMS) showed 70% incorporation of Eu in the enzyme. Our studies explain
why bacterial growth of Solv with Bt is significantly slower than ith La**/Ce*/Pr*:
Eu-MDH possesses a decreased catalytic efficiency and affimityheé substrate. Although
rareearth elements have similar properties, the differences in ionic radii and coordination

numbers across the series significantly impact MEfldiency.
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2.1.DFT Calculations of the Active Site

Figurell .1: Geometry optimized structures. Pictures generated with the UCSF Chimera pgé¢kzagbon atoms

in beige, oxygen in red, nitrogen in bllked sphere = Layrange sphere = Ce, green sphere = Pr, blue sphere =
Eu, purple sphere = Yb. Asp301 becomes monodentate during the optimizations with the smaller REE Eu and Yb
in the active site. Structure optimizations were performed using Gaus$iéra0@ the B3LYP functional with

the 631G(d) basis set for C, H, N, 98 Quasi relativistic effective core potentials (ECP) were used for the
central metal: MWBA46 for LH, 47 for C&*, 48 for P#*, 52 for E\§*, 59 for YI3*.[8688] Calculations were performed

with 11 outer sphere electrons, as psesidglets (felectrons included in ECP) and restricted cleskeell
calculations, a method, whidgh common for REEEomplex calculation8? None of the frequency calculations
showed negative values. Starting point of the gegnwmgitimization was the active site of the crystal structure of
Ce-MDH isolated from SolV (4MAE) with exchange of €avith La*, PP#*, EL?* and YI3* respectively. Based

on the method from Scheltetal.the amino acid residues and the polyethylenglyaekgnt in the crystal structure

were truncated and the anchoring carbon atoms were frozen in their crystallographic position to mimic the sterics
imposed by the proteiff! For simplification only the cofactor PQQ and the amino acids directly coordinating to

the metal ions were included in the calculations and the calculations were done without models for solvent effects.

Notably, in OFT calculations with Ef or Yb®*in the actve site Aspso1 becane a monodentate

ligand Figurell.1 andFigurelX.2), when substrate was included in the calculations, but this
residue is bidentate in the crystal structure in which no significant substresi¢ydvas present.

It is known that the coordination number decreases within the REE series and this could provide
one explanation for the differences observed during growth of 8bf#.6 ®lThe active si

of MDH might display lower affinity for substrate as the size of the REE decreases.
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2.2.Conclusion

The coordination chemistry of REE is known to show a high degree of structural diversity and
the absence of strong ligand field effects can make predictiaihe @oordination numbers and
geometry difficult® In methanol dehydrogenase almost all ligands and the coordination
geometry are determined by the protein environment and result in a coordination humber of
nine. Addition of the substrate as a tenth ligand mighedd on the nature and characteristics

of the REE ion in the active site. As Cotton and Raithby so appropriately describe it:

Andi scontinuities can arise at any point in

elements should be examined in gy r t i ¢ u °?hTio cosdue,dve présent the first
structural and kinetic study of a methanol dehydrogenase isolated from a strictty REE
dependent bacterium with a europium ion in the active site.r€sults show that while rare
earth elements have similar properties, the diffexsmc ionic radii and coordination numbers
across the series impact the catalytic efficiency of MDH, which might explain why bacteria

depend on the larger, more abundant REE for growth.

3. Impact of the Lanthanide Contraction

Distinct structural changes weobserved in calculations, depending on the lanthanide present
in the active site. Therefore, the whole series of lanthanides from lanthanum to lutetium was
analyzed, regarding enzymatic activity (biological assays) and structure of the active site (DFT

calculations).
The following section is part of the publication:

Impact of the Lanthanide Contraction on the Activity of a Lanthanide-dependent

Methanol Dehydrogenasé A Kinetic and DFT Study

Henning LumpeArjan PolHuub op den Camp and Lena Daumann

PuHished in:Dalton Trans2018 47, 1046310472 DOI: 10.1039/c8dt01238e

Reprinted unde€Creative Commons AttributieNlonCommercial 3.0 Unported Licence

t
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Abstract

Interest in the bioinorganic chemistry of lanthanides is growing rapidly as more and more
lanthanidedependent bacteria are being discovered. Especially the earlier lanthanides have
been shown to be preferentially utilized by bacteria that need these Lewis acids as cofactors in
their alcohol dehydrogenase enzymes. Here, we investigate thet iofifjhe lanthanide ions
lanthanum(Ill) to lutetium(lll) (excluding Pm) on the catalytic parametefs.(¥m, KealKwm)

of a methanol dehydrogenase (MDH) isolated fristlethylacidiphilum fumariolicungolV.

Kinetic experiments and DFT calculations were ueatiscuss why only the earlier lanthanides
(La-Gd) promote high MDH activity. Impact of Lewis acidity, coordination number
preferences, stability constants and other properties that are a direct result of the lanthanide

contraction are discussed in ligftthe two proposed mechanisms for MDH.

3.1.Introduction

Calciumdependent methanol dehydrogenases (MDH) have been known for over 58%ears.
However,the recently discovered lanthanide (idgpendent MDH are also widespread in
bacteria inhabiting different ecosystems and this has sparked a growing interest in lanthanide
dependent metalloenzym€s.%¥! These azymes are mostly found in methanotrophic and
methylotrophic bacteria, organisms that metabolize cGmpounds such as methane or
methanol. We recently reported the crystal structure of aMBH isolated from
Methylacidiphilum fumariolicunsolV, athermoaailophilethat is strictly dependent on Ln for
growth®¥ The structure reveals, in addition to the europium ion in the active site, the presence
of pyrroloquinoline quinone (PQQ), a redox cofactor that is commonly foundry alaohol
dehydrogenasegigure1.2).°* PQQ needs a Lewis acid for activation {Ga.n®*) and this
cofacor is reduced to the quinol form (PQg@Honcurrent with methanol oxidation. Further,

the metal ion in the active site is proposed to be involved in proper substrate orientation and
binding!*®! DFT calculations by Schelter and coworkers revealed that a trivalent lanthanide is
superior to calcium(ll) in cofactor activatiéi§ For CaMDH, cytochrome € has teen found

to be the redox partnar vivo.*5°" Some bacteria possess both genes for tha©aell as for

the Ln-dependent enzynie: 6364 981001 |n these bacterilnthanides are also involved in gene
expression and regulation and a sensing mechanism for Ln has been proposed but is still not
well understoodf#5 63. 101102l N ot gl lanthanide ions support growth of-dependent bacteria
equally and not all of them are able to produce an active MDH enzyme. A preference for the

lighter, more abundant Ln has been noted both in laboratory and field expefihéhtg: 64
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For exanple, during the Deepwater Horizon blowout in 2010, millions of moles of natural gas
were released into the environment, leading to a bloom of methanotrophic B&tterig10®l
Analysis of water samples @k near the site revealed, that concurrent to the bacterial methane
consumption, light lanthanides (La, Ce, Pr and Nd) were depleted during thé2wasuda

et al. recently reported that Hbo and L&¢* did not support growth oMethylobacterium
aguaticumln addition, the Lrdependent alcohol dehydrogenase fleseudomonas putidhid

show catalytic activity upon addition of earlier lantithes like L&" but not with late Ln like
Yb3* 58 84\Wwe recently reported that there is a link between the growth rate of strain SolV and
the catalytic efficiency of the methanol dehydrogertds&his enzyme is pivotal to the energy
metabolism of methanotrophic and methylotrophic bacteria. The early Ln ffkandP?*led

to fast growth of strain SolV and high MDH activity while cultivation with*Buas slower,
albeit still expmential bacterial growth occurred, and this metal ion was able to produce an
active MDH enzyme. However, addition of ¥ltto purified MDH lead to a strong decrease in
activity and this element did not support exponential growth of strain SolV. These @sult
surprising, as the later Bhshould be bettdrewis acids owing to their decreased ionic radius,

a result fromthe lanthanide contractidff!

- (2¢"+ 2HY)

- Cytochrome C
Glul72
CO,H
[ o)
9 {/_a

) S

AspZSg\\‘ @
a éf\
CH,0
PQQ 7—%» PQQH,

-
7 Asp301 MeOH  HCOOH

Asp299
M = ca?*, La3", Ce3*, Eud*...

Figurell .2: Left: Active site of EUMDH from strain SolV (PDB 6FKW). Image generated with the UCSF Chimera
packagé*!! Right: Schematioverview of the MDHmethanol oxidation. MDH from strain SolV is also capable

of oxidizing formaldehyde to formic acid.

Why are the chemically similar lanthanides not supporting growth and MDH activity equally?
This question prompted us to study the attiaf MDH isolated fromM. fumariolicumSolV

in the presence of the entire lanthanide seriesL(LLeexcluding Pm). It should be noted that
strain SolV is strictly dependent on Ln, as it does not possess the geneM@HCHE®! Kinetic
investigations were complemented D¥T calculations of the active site and we drew from

previously published studies in lanthanide coordination chemistry and the methanol
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dehydrogenase literature to get a full picture of the impact of the lanthanide contraction and the
resulting changes sh as Lewis acidity and coordination nuntpeeference along the series
on the activity of MDH.

3.2.Results and Discussion

3.2.1 MDH Assay Optimization

The activity of MDH towards methanol was assessed with didliged assay $cheme

I1.1, Figure IX.3) using 2,6dichlorophenolindopheno(DCPIP) as redox indicator,
phenazine ethosulfate (PES) as artificial electron acceptor and PIPES buffer (20 mM,
pH 7.2)[44 1961 The unfavorable solubility product of lanthanide phosphates precluded

the use of phosphate buffer for our experimé&fts.

o
MeOH or H)L

cecicace

H o
0O, - H cl
e
MDH PES DCPIP
CO,H
HO,C
Cl
i R oy
OH o

Substrat
1o I
or
H)LH H
+ KCN to prevent PES inhibition

=70% Eu in purified enzyme

Ln _ 100% Eu + La-Lu in assay

Schemdl.1: The assay components for assessing MDH activity.

Further, potassium cyanide was added to the assay. While cyanide prevents inhibition of MDH
by PES it is also added to suppress endogeslstrate activity in MDH 108209 |t should

be noted, that under the conditions of the assay (pH 7.2), the cyanide is present mainly in its
protonated form (HCN) in solution and that the solubility of HCMmperaturelependent®

The nature of the endogenous substrate for methanol dehydrogenases has remained unresolvec
for the past decades but traceslobhols and aldehydes present in the reagents used have been
named#* 1%\we further added a large excess of methanol (50 mM) to the assays to ensure this
substrate was preferentially turned over. This assanfificial in every way and prone to error,

Sso it is important to investigate different systems under the same conditions and use caution
when comparing results. The cultivation of strain SolV witd*BEad subsequent purification

of ELMDH was reported ently®™ The enzyme i s odapaidonddrimn a
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purification where 7% of the active sites are substituted witi#'Fand the remaining 30 are

not occupied but can be reconstituted by adding addition&Lfihe addition of increasing
amounts of europium(1 I-dp o avoB Bdxda gradlial pereasef i ed 6
in activity until saturation &%IloisproposeBthato 20 ¢
this excess of lanthanide ions will lead to a 100% occupation of the active site in MDH. The

activity towards methanol oxidation upon3aPf* and Nd* addition to MDH follows the

same saturation kinetics as the addition witAklBuh er e, bet ween 0 and 5 &M
in activity was observed, with saturation behavior for higher concentratiomnsé€ |1.3). An

investigation of a potential inhibiting effect of added lanthanide ions at higher coticerstra

than 20uM was precluded by a background reaction of the assay mix (PES, KCN, DCPIP in

buffer) in the absence of MHD.t i s worth noting here, 4+hat t h
a p o 6MDB)ufor the chosen lanthanides was not significantlyedéht (KsssoLa)= 0.55 +

0.19 pM, KassofPr)= 0.52 £ 0.20 pM, KssofNd) = 0.49 £ 0.17 pM and ksoEu)= 0.53 *

0.21uM) but rather the specific activity (SA) of the enzyme in the presence of these different

metal ions varied (Normalized SA: La=043®.01, Pr=0.17 £ 0.01, Nd = 0.18 £ 0.01, Eu =

0.08 £ 0.01).

<
[N}
]

0.15 1

Normalized Specific Activity
o

0.05 - —*—La
—e—Eu
—e—Pr
—e—Nd
0 T 1 1 1 1
0 5 10 15 20

added Metal uM

Figurell.3:Nor mal i zed specific activity (n ap®paMDHirthe5 and 10
presence of increasing amounfsLnCls, error bars were omitted for clarity, standard deviations from the mean

were less than 10%. The data was normalized by subtracting the activityMDBuwvithout added Ln from the

data.

The metal ion affinity constant for Eu differed slightly froine one reported earlier {€.£Eu)

= 2.6 + 0.6 uM) as we adjusted the assay for the use of arpkder instrument and the
resulting variations in PES, DCPIP, methanol ang a +a tp io &VMDH @eoncentrations and
ratios are known to have an impact be aissay valué¥! It is thus of importance to compare
only results obtained under the exact same conditions, ideally obtaittethe same stock

solutions (artificial electron acceptor, redox indicator, methanol and gna +a tp io @&VIDH u
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concentrations, temperature and pHl arsed buffer). We also conducted a titration with
lutetium(lll) under the same conditions as describedrigure I1.3. However, increasing
amounts of L& led to a gradual decrease of MDH activity. This indicates, that uponauditi

of an excess of lanthanide ions (20 uM Ln to 0.2 uM MDH), the active site metal (here Eu) can
be replaced to some extent. Without the addition of MDH, the assay mixture did not show a

background reaction in the presence of any of the Ln at the cortzentrsed (20 uM).

3.2.2 Kinetic Experiments with th&ntire Lanthanides &ries
The differences in stimulated MDH activity by the early lanthanides, IRe*, Nd**

compared to Eti and LU#* prompted us to study the effect of equal concentrations of
every lantlanide in the series to gain more insight into the differences caused by the
lanthanide contraction on MDH activity. Based on the observations made in the titration
experiment, we chose the same conditions db lanthanides and added g
(saturation coditions) of the respective chloride salts to 200 aiMi6é p a fatpio@®| E u
MDH in a subsequent assd&ygurell.4s hows t he di fferenzgasedi n
Eu-MDH upon addition of the lanthanide series{La Pm not inclueéd). The data was
normalized to 1 for the MDH activity without added lanthanides (hengl 18,0 were

added to achieve the same total volume in the sample well as in the Ln samples).
Surprisingly, the addition of the late lanthanides®(Tio Lu*") decreasd the activity
compared to when no additional lanthanide ions were added kO (entry H20 in
Figurell.4). Ln above TB' increased activity gradually from &dto Nd&**, while PE*

and L&"* were slightly lower in activity thahd®* but still among the three best metal

ions for maximum activity
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Figurell .4: lonic radii of the lanthanides(lll) in aqueous solution as determin@idyA n gteal*'d Normalized

specific activity (n = 6) of 200 nM EMDH in the presence of 20uM of LngConditions: 20 mM PIPES pH 7.2,

1 mM PES, 1 mM KCN, 106M DCPIP, 50 mM MeOH, 45°C.

The turnover point for an enhancing effect of an addedurning into a negative effect on
catalysis occurs right after gadolinium(lll). From our data, it is difficult to make a statement on
whet her the much discussed 064%4d dhe decreagserof br e a k &
activity in the presence of some lanthanides suggests that the later Ln are able to exchange with
europium(lll) in the active site. This exchamgéght be dependent both on the external’Ln
concentration as well as on the properties of th¥ itself. The assay with Gedid not yield
reproducible results, despite several attempts. While the assay mix itself (buffer, PES, DCPIP,
KCN) did not showa background reaction when cerium(lll) was added, the DCPIP reduction
varied greatly in the presence @fp a fa tp io ®VMDH.uWe attribute this to the property of
cerium to exist not only in the trivalent form but also in its tetravalent $thieaces of C¥

present in the medium (not bound to the enzyme active site) might oxidize the redlmdeks

DCPIP dye back to the colored form and thus led to problematic results in the determination of
MDH activity. This derivative was included Figurell .4 for the sake of completeness but is

not further discussedt shouldbe noted here again, that early (and larger) lanthanides are
preferentially depleted by methanotrophic bacteria as demonstrated with samples collected
during the Deepwater Horizon catastrofi€? These studig could indicate that not only the
activity of MDH is tuned to utilize the early lanthanides, but also the metal ion uptake
mechanisms in these bactefTdis effect ismost pronounced for B4 Ce*, PP and Nd*,

Ln®* that also yielded highly active MDH#erivatives in our experiments and énzymatic
studies by other§3! This observationis however not limited to MDH isolated from
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methanotrophic and methylotrophic bacteria. Klebensberger and coworkes havetlsabbwn
activity of an alcohol dehydrogenase isolated ffdnputida(a nonrmethylotrophic organism)

was observed with 34, Ce*, P*, Nd®*, Snt*, G and TH*, and was highest with Prand

Nd®*. Lud*, Tm**, Ho** and Ed* were not investigated and Emnd Yb** as well as the two
rareearth elements Stand Y**, did not produce an active enzyfffe These findings together

with our results suggest that these alcohol dehydrogenase systems are tuned by evolution to
utilize and function with the earlier, more abundant lanthanides. However, why'danBr

Nd®* stimulate the highest activity? And why does the activity gradually decrease after Nd
albeit increasing Lewis acidity of the central metal ion? To answer these questions, the
properties of the trivalent lanthanides along the series and the differdrmisns which have

been proposed for methanol dehydrogenases, have to be considered.

3.2.3 MDH Mechanisms and Possible Impact of Ln Size

Specific Activity and Substrate Affinity. The redox cofactor PQQ needs a Lewis acid for
activation of the C5 quinone-O bord (Figurell .5).44*%l However, the role of the Lewis acid

in the active site might go beyond that purpose. Its additional involvement in cofactor (PQQ)
orientation’*> " cofactor redox cycling/®! substrate orientatiofi’! and substratactivation (by

means of polarization of the-B bond{’”! have been debated. Two general mechanisms (and
variations thereof) have been proposed based on DFT, mudlelgstallographic studiethe
hemiketal and the hydride transfer mechanism (key steps are sh@iguigrll.5).[45 4351 70

7. 114 Through the series given that the coordinatiomber does not change, Lewis acidity
steadily increases, due to the decreasing ionic radius, caused by the lanthanide contraction
(Figurell.4).%2 The specific activity (SA) of the enzyme should therefore steadily increase if
this kinetic parameter were (solelypmkendent on Lewis acidity of the metal ion in the active
site. The low, or rather absence of any, SA fot'land the other late lanthanide iofégure

II.4) however showed, that Lewis acidity and activation of the C5 carbongllibd®QQ is not

the only factor that needs to be considered. Increased Lewis acidity might be the explanation
why P2* and Nd* led to more active enzyme derivatives thad*|hut as we progress in the

series, this positive impact is overruled by anothetor.
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Hemiketal Mechanism Hydride-transfer Mechanism

M =ca?, sr?*, Ba®*, Ln%*

Figurell .5: Key steps of the two proposed mechanisms in methanol dehydrogenase enzymes.

Harris and Davidson reported a comparison ofMI2H and SfMDH isolated from
Methylobacillus glycogene§he authors demonstrated that*Swhile having a 20% larger

ionic radius than G4, produced the more active enzyme but with a decreased affinity for
substrate Tablell.1).**5 Goodwin and Anthony reported the kinetic parameters efiO&,
S-MDH and BaMDH from Methylobacterium extorquef$® Here, the same trendhe larger

the alkaline earth ion, the higher theavbut the lower the substrate affinitywas obseved.
(Tablell.1). Increased Lewis acidity does not seem to necessarily have a positive effect on
catalysis. It is interesting that in this study the native metal ion calcium(ll) does produce the
slowest enzyme. However it is therivative with the best substrate affinity. The large decrease
in substrate affinity upon substitution with barium(ll) suggests that this 25 % larger, non
biologically relevant metal ion perturbs the active site and interferes with proper substrate
binding. DFT calculations of the active site with “Car B&* as the central metal were
performed byMainardiet al®¥ It was shown that the activation energy for methanol oxidation
of C&* containing MDH was doubled compared to the'Bierivative. By calculating the
energy baiers for both the hemiketaland the hydridéransfer mechanism, they further
showed, that for both mechanisms almost all-&eergy barriers were reduced in the presence
of B&*.[® Within the lanthanide series, tharger derivatives are also superior to the smaller
Ln and stimulate the highest activity. However, one has to keep in mind that with the larthanide
dependent MDH, the larger Ln are the native metal ions and the later, less abundant Ln might
play only a minor role in biological systems. Further, differencgs/den LAMDH isolated

from different bacteria have been not&d® Ln-MDH isolated from strain SolV does not
require activation by ammonia or methylamine in the-liijleed assay and has a pH optimum

of 7 while the LnMDH isolated fromM. extorquengdoes need methylamine and pH 9 to
function properly Tablell.1).5 63 %€ITaplell .1 also demonstrates the importancehef assay

conditions such as temperature-&EW’C were reported), the chosen buffer and pH (phosphate,
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PIPES or TRIS buffer, pH-8)[36: 6364,94,98, 11817] tyne of electron acceptor and redox indicator
(PES,PMS, Wursters Blue, cytochrome Y+ 7 106 118land the presence of activators or
competitive inhibitors (KCN, imidazole, ammonium ions, methylanihé$: 1°% 1%5or the

kinetic parameters that are obtained. Further, some of the components e.g. PES and PMS are
light sensitive and degradation during handling can impact the effective concentration of these
reagents in the assay. Hence one should only compareckpaeéimeters of systems that have

been obtained under the same conditions.

Tablell .1: Kinetic parameters of alcohol dehydrogenase enzymes

Enzyme Vimax Kwm Keir (Keal Km)
System (Substrate) [e mo | "nmgfi’] n [uM] [mM-1s?]
CaMDH?115! (MeOH) 7.3 15 -
SEMDH115! (MeOH) 21.8 46
CaMDHP1¢ (MeOH) 0.81 3
Sr-MDHP18 (MeOH) 1.08 22
Ba-MDHc!18 (MeOH) 1.61 3500 -
Ln-MDH¢ (MeOH) 4.4 0.8 5800
Eu-MDH®?®Y (MeOH) 0.189+ 0.006 3.62+0.44 55
Pr-ADH"54 (EtOH) 10.6£ 0.4 177+ 31 66 + 12
La-ADH98 (MeOH) 6.6 5980 2
La-ADH948! (EtOH) 6.4 0.9 14500
Eu/Lu-MDH"(MeOH) 0.020+ 0.002 0.82+ 0.39 26
Eu-MDH"(MeOH) 0.043+ 0.002 0.91+0.24 50
EuLa-MDH"(MeOH) 0.151+ 0.005 1.30+0.21 123

Conditions:?pH 9, 30C, 6 mM (NH)2SOQy, 3 mM Waursters blue, 6 mM KCN, MDH froi. glycogenes
bpH 9.0, 10 mM NHCI. °pH 9.0, 100 mM NHCI, MDH from M. extorquen$Ln = mixture of La, Ce, Pr,
Nd, 60°C, 100 nM MDH, pH 7, 2 mM PES, 46M DCPIP, MDH fromM. fumariolicum ¢pH 7.2, 45C,

100 nM MDH, 1 mM PES, 1 mM KCN, 8&M DCPIP, 20uM EuCls, MDH from M. fumariolicum ‘pH 8,
30°C, 0.5 mM PMS (phenazine methosulfate), 180 DCPIP, 25 mM imidazole, uM PrCl, ADH =
Alcohol dehydrogenasieom P. PutidapH 9, 100uM, LaCls, 5mM methylamine, 10 mM PQQ, 1QM
DCPIP, 10uM PMS.ADH = Alcohol dehydrogenase froM. extorquenspH 7.2, 43C, 200 nM MDH,

1 mM PES, 1 mM, KCN, 106M DCPIP, 20uM LnClz; MDH from M. fumariolicum this work

Idedly, one could purify individual MDH derivatives with each of the different Ln in
the active site and compare them under the same assay conditions. Hdhisver
endeavor is somewhat hampered by the absence of bacterial growth with the late
lanthanides. liieu of alternative purified LiMDH derivatives we nevertheless obtained
catalytic parameters for some of the mixedMDH+Ln species in this studyFigure

I1.6 and Tablell.1). 20 uM of Eu®*, La®* or Lu** were added to 200 nM BMDH and
increasing amounts of methanol were added (O, 1, 2, 5, 10, 20/ &d 50 mM). As
with the data irFigurell .3, the most striking difference amotitge derivatives (Eu Lu,
Eu+ Eu and Eu+ La) was the specific activity and the resulting difference in catalytic
efficiency which increased with increasing size of the added metalTabie(ll.1).

Methanol affinity was in this experiment the same within error, and if thersligha



22 DFT StuDIES CHAPTERII

differences between the derivatives they are not able to be detected due to the presence
of mainly EG* in the active siteRigurell.6). Previously, it was shown that MDH from

SolV with a mixture of the larger Ln in thetae site (La, Ce, Nd, Pr) exhibited a slightly
increased affinity for substrate compared to-NEDH (Table 11.1).135 %4 However it

should be mentioned here that the parameters of theg assa slightly different.
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Figurell .6: Specific activity 6=2) of 200nMEEMDH i n t he pr e s swiltirereasihg atidunte M L n C|
of methanolConditions: 20 mM PIPES pH 7.2, 1 mM PES, 1 mM KCN) £ DCPIP, 45°C.

We were further interested in how the specific activity would be influenced by a mixture of an

early (L&" or Nd®) and a late (L#) lanthanide. Since activity measurements included the

addition of different LA* to EWMDH which is aleady occupied to 70% with &y a

competition among the different metals for the active site has to be taken into account.
Additional activity measurements were conducted in the presence3gf Ne*, or EG*

together with increasing amounts of3tas canpeting metal for the active sitEigurell.7).

The tot al amount of additional RoantFegurellwa s kep't
stands for 100% 1A ( 2 0 ¢ % )stands7®dB 75% LHand 25% Ld*( 15 &M and 5 & N
respectively) and so forth. 0 stands for 0%*and100% Lé*( 20 e M) . Whil e t he ;
Lu®* decreased the MDH activity in the presence of laad also, slightly, the one with Eu

the activity of MDH in the presence of Ridvas relatively unaffected by lutetium(lll) addition.

Interestingly, all measements showed a higher activity at 5@%g.La®"/Lu**( 10 &M each)
than the averaged values between 0 and 1009 The following paragraphs will discuss how

the central metal ion could impact catalytic parameters and explain the differences among the

lanthanides
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Figurell.7: Mixed Ln normalized specific activities (n=3) of 200nM-&\DH i n t he presence o
(Ln = Lu + La/Nd/Eu).Conditions: 20 mM PIPES pH 7.2, 1 mM PEEmM KCN, 100esM DCPIP, 50 mM

MeOH, 45°C.

Coordination Numbers and Substrate Orientation.The preferred coordination number (CN)

of the active site ion could have an impact on substrate binding to the active site and on the
surrounding amino acid/hydrogéond network that is important for proton abstraction during
catalysis. The high SA of Nt could be explained then as a compromise of a relatively high
Lewis acidity while maintaining a high CN to bind the substrate. Drawing from lanthanide
coordinatiorchemistry, where researchers have studied the factors influencing the CN in simple
lanthanides complexes, it has been shown that, regardless of other factors like the type of
ligands or the used solvent, the preferred coordination number throughourthtzaide series
gradually decreasé¥: 2 For example, the number of water molecules in the complex
[Ln(NO3)3(terpy)(HO)n] is reduced throughout the lanthanide semesZ for La, 1 for CeDy,

0 for Ho-Lu).l*? A lower coordination number pigrence of the late lanthanides could influence

the ability to bind substrate and further disrupt thdid network around the active site to
some extent. We investigated this for the entire series with DFT calculadensrally, the
influence of the mtein environment on the CN and substrate orientation in enzyme active sites
as well as solvent effects in lanthanide complexes have also been modelled in the past by
molecular dynamics approact&s’?73 119As previously demonstrated for Y'aPr*, E* and

Yb?*, depending on the presence of substrate, the state of the cofactor antf ths lell as

the chosen calculation parameters, the coordination mode of the active sites amino acids in the
geometry opimized structures does va®! Calculations for the entire lanthanide series were
conducted in a way similar to a previously published procedure reported by Sehalié?!

Detailed calculation methods and input files, as wetletailed information of the bond angles

and distances for the optimized structuses given in the materials and methods section and
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theESI(FigurelX.4-6 and TablelX. -4). Calculations revealed that over the Ln series, the
binding mode of the activa@te ligands and thus the coordination number of the metal ion change
during geometryptimization FigurelX.4-6 and Table IX.1-4). Overthe lanthanide series,
several turnover points were observEdygrelX.6). A change in coordination rde of the (in

the crystal structure) bidentate Asp301 residue (only present-MDQH but not Ca MDH)

was also observed in the calculations of th&P@Q derivative by Schelter and coworkéfs.

Further it was ated, that the catalytic base Asp299 displayed a high degree of flexibility. We
have further tested the influence of different parameters such as solvent effects, a smaller ECP
and free refinement (unfrozen) of the ligands on the final coordination namtbénese results

are presenteith FigurelX.7-9. Altering these parameters did not change the final coordination

number of the active site metal.

In general, a preference for a lower coordination number in theeasite, throughout the Ln
series was shown by the DFT calculations in the gas phase, which would be in line with the
observations made by coordination chemists studying the entserigg?* °®%2 However, tke

CN in MDH is mostly set by the protein environment and the most flexible ligand would still

be the substrate. In our experiments however, substrate affinity was hardly affected.

There are several other aspects to how the Lewis acid in the active siténfiggnce methanol
oxidation: (i) Substrate deprotonatioriProton abstraction from the substrate by the aspartate
residue (here Asp299) is proposed to be assisted by the Lewigagide(l.5).'"! In crystal
structures of MDH, MeOH is often found coordinating to the Lewis acid and this ligation has
been proposed to be beneficial for proton abstraction by lowering theghe!*?! In our
calculations of the active quinone PQQ form with substrate, the distance of the substrate oxygen
to the PQQ C5 carbon was relatively constant between®3421A. However, the distance of

the subgsiate oxygen to the central metal decreased with decreasing ionic radius as expected
throughout the lanthanieseries (2.6A for La, 2.56 Afor Lu, Table IX.). This is a
common feature found in koomplexes. Forhe complex [Ln(TRENL,2-HOIQO)(H0)], the

sum of LnO bond lengths quadratically decrease throughout trseties?!! This pull towards

the Lewis acid could hinder the-transfer or the nucleophilic attack of the methanolate. Further

it is interesting to note, thdhe distance of the aspartate residue in the active site (the one
proposed to act as a general base to abstract the proton from the substrate) to the Lewis acid
differs greatly in the reported structures of the &al LnMDH derivatives. In CaMDH from

M. extorquengPDB: 1H4l, 1.94 A resolution) the Asp3@ distance (shown as red dashes in
Figurell.5) was reported to be 3.56 A or 3.61 A (PDB: 1W6S, 1.2 A resolution) while-in Ca
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MDH from Methylophilus methylotropht&3A1 (PDB:4AAH, 2.4 A resolutionthe Asp297

Ca distance is reported as 3.28%&1?? The two available LiMDH structures available to date

are both enzymes isolated from strain SolV and show feMDel (PDB: 4MAE, 1.6 A
resolution) a significantly shorter Asp2@® distance of 2.86 A and for BUDH (PDB:

6FKW, 1.4A resolution) a Asp29€u distance of 2.95 &S *I\While the latter two values of
Ln-MDH might be the same withitné error of the experiment, the difference in distance from
the Aspresidue to the metal ion between Ca and Ln is significant. However in calculations by
Leopoldini et al. on the mechanism of @dDH, this CaAsp distance was foanhto vary
between 2.38 an@.82A, showing a high degree of flexibility of this amino acid during
catalysid’® We have alsmoted this flexibilityin our calculations. The calculated distances of
Ln-Asp in the active site with PQQ in the relevant resting state semiquinone form RGO
found to be much shorter than the experimental valbegire 1X.11+13, Table IX.6). The

nature of the metal ion (Ca, dai)) might affect the properties of this catalytic base
(Asp297/303/299) during methanol oxidation and active site regeneration. For example, a
stronger Lewis acid sin as Ld*, interacting with Asp299 would hinder an efficient proton
abstraction from methanol, but, in turn, once protonated, coordination of Asp by a stronger
Lewis acid would lower the pkvalue and thus facilitate proton abstraction from this residue
and regeneration of the active site. Given the high flexibility of this residue, it is unlikely that
these two effects cancel each other as the distance to the Lewis acid and its positive or negative
effect might vary during catalysis. (lijigand Exchang&ates and Complex Stabilitida.om
decadedong research into the coordination chemistry of the lanthanides it is now well
established that complex stabilities increase along the §éfi€sttonet al. reported that the
stability constants for EDTA lanthanide complexes significantly increase from the early to the
late Ln, due to changes in chardensity, coordination number and entréi3y*?¥ These
differences among the stability constants of Ln complexes are, for example, exploited in their
separation by ion exchange methods. FurtBemeppiet al. measured the water exchange rates

for the late Ln (GeYb) in the complexes [Ln(¥D)s]3* and [Ln(PDTA)(HO)2]” which decrease
continuously throughout the serié®! Transkrring these concepts to the methanol oxidation

in MDH, this could suggest that once product is formed (formaldehyde or formic acid) the
higher stability of a resulting Lproduct (formaldehyde and especially formic acid, or more
specifically, formate undehe conditions of the assay) complex would make product release
and ligand exchange less favorable for the late Ln and therefore would hinder the regeneration
of the active site. This hypothesis could be tested with inhibition experiments of different

derivatives of MDH. (iii) The Redox Cycling of the Cofactor PQ&cheter and coworkers
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conducted DFTalculations of the active site of ®&DH and proposed that a stronger Lewis

acid would result in lowered virtual orbitals and would therefore facilitat® R€uction and

in turn methanol oxidatioR® Using their method, we investigated whether changing to a

different lanthanide would influence this redox cycling in any way. For this we optimized the

resting semigimone PQ® 'and the active quinone POgateforC&and t he t wo fAextr
of the Ln series La®>" and LU&* (Figurell.8) i and compared the molecular orbital (MO)

energies for those derivatives.
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Figurell .8: Calculated extended active sitexabd encodedVIDH with La as the central metal and PQQ in its
active PQQ® form. Calculation details given iRigure|X.11 andFigurelX.12. Image generated with the UCSF
Chimera packagé!

While the bond lengths, the locations of the electron density as well as the MO energies of the
ce** PQQ derivative are in excellent agreement with the previously published results by
Schelter, the tnd lengths of theptimized structure of the published 3c®QQ" 'species
deviated from our calculated coordinategy(relX.11-14 andTablelX.5-7). However as the

input file and the keywords for the optimization were not given, it is difficult to comment on
what caused this deviation. It should be noted that in our calculations no negative frequencies

were observed.
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Figurell .9: Molecular orbital diagram of oxidized Ln P@@nd the semiquinone form Ln PA{Ln = La*, Ce*
and Li#*. Next to the MO description the location of electron density is shown in brackets.

The results presented #igure 11.9 suggest, that for the redox cycling, the nature of the
lanthanide in the activetsi has only a small effect. The LUMO of the active PQ@@te is
PQQbased and would be filled during the methamxiation. While the energy values for the

La and Ce species differ only by 0.0016 eV, the Lu LUMO is slightly lowered by 0.0408 eV.
In compaison, Schelter calculated the LUMO of the-MDH active site with a C4 central

metal to be 0.81 eV higher than the’Cspecies. Theesting semiquinone state P&®hows

the same PQ®ased MO which is now a single occupied HOMO. Also in this case, the Lu
species is slightly lowered by 0.0590 eV compared to the La derivative. In both cases, the Lu
species seems to be slightly favoured by means of energetic walhies,is also in agreement

with the conclusions made by Schelter andwvookers who stated that a better Lewis acid is
beneficial for methanol oxidatioRrotein electrochemistry with different MDH derivates could
experimentally verify the conclusions dnairom these calculationfv) Activation Energies.
Lastly, the activation energies of the rdietermining step could be affected by the different
lanthanides in LAMDH similar to the Ca/BaMDH that was investigated dylainardiet al®®

This could be experimentally pradbeby determining kinetic parameters at different
temperatures for different MDH derivatives. Efforts to purify and characterize such derivatives

are currently underway.
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3.3.Conclusion

Ten years ago, a biological relevance of lanthanides for living organismantlsinkablé3®:

1261271 Now, studies of lanthanidgependent bacterial metabolism is a quickly growing field.

To answer the important questions of how these elements are made bioavailable, taken up into
cells, regulate gene expression and what their advantages over calcium in the active site of
enzymes are, it will take a strong collaborative effort by researchers working in the fields of
microbiology, biochemistry, spectroscopy, computational and coordindtiemistry. In this

paper, we have investigated the methanol oxidation of a methanol dehydrogenase isolated from
M. fumariolicumSol V wi t h different | anthanides from a
While activity in the presence of early lanthanideas high, the decreasing size of the
lanthanides caused by the lanthanide contraction had a negative effect on catalytic activity.
Lewis acidity and cdactor activation are not the only important factors that have to be
considered but coordination numipeeference, ligand exchange rates, substrate orientation and

activation and hydrogen bonding are important factors as well.
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[Il. SYNTHESIS AND PURIFICATION OF PQQAND

ITS DERIVATIVES

1. Introduction

In 1979, Salisburet al. reported the first crystal struceuof PQQ as its acetone adduct and
proposed the underivatized structure of PE)Based on this structural information, the first
total synthesis was developedrime steps by Corey and Tramontano in 1881 Fourteen
synthetic approaches were either published or patgigtered over the years, with a-sbep
synthesis from Glinkerman and Boger being the most recent one (#516).Even a large

scale synthesis was dewpkd for kilogram amounts of PQ&8 However, all routes share the
disadvantage of being time and chemical consuming, while showing low to mediumwytblds

a maximum of 56%*2 To overcome those limitations, biosynthesis of PQQ by
microorganisms was established and developed alongside chemical production. Already in
1984,M5 and uncharacterized methylotrophs were used to produce PQQ in a 10 pg/mL scale
aftertwo days of fermentatioh*¥! Later, the biosynthetic pathway of PQQ was elucidated in
Klebsiella pneumoniawhich involves six genes, PQ®A forming the so calleQQ
operon** Distribution and propeies of those genes were further elucidated by haH*°!

A review about the biochemistry, physiology and genetics of PQQ, as well as PQQ producing
microorganisms is given by Goodwin and Anthét§.Genes fomKlebsiella pneumoniaere

even transferred t&.coli to produce*C labelled PQ@®*’1 With Methylovorus spthe yields

of PQQ were increased to a 12g/L scale after 6 days of fermentatféff! Several studies
indicate health benefits of a PQQ enrichedrition**°! Increasing numbersf companies
produce PQQ containing nutritional supplement prodlicisk e A Bi o PQQo6 fr om |
Chemicdf®or fAPent aQ@d¥ by Evoni k.
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2. Total Synthesis of PQQ

Throughout the course of this thesls trimethyl ester of PQ@1) was afforded in &-step
synthesis,based on a procedudescribed byCorey and TramontaH8® which was later
improved bytwo patentg3*14% (Schemdll -1). The alternative synthetic route by Glinkerman
and Boger gives higher yigddombined with reduced synthetic stéf@8 however, itdoes not
include the key intermediatedl0, which is a known starting material for model complex
synthese$>? and valuable for further synthetic approaches.

(o]

NO, NO, NH, )H)j\ Meo)g/
X X
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HoN H H H H
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1 12* 13

Schemdll-1: Total synthesis of PQQ, based on works from Canmey Tramontar&®. *After treatment ofl1
with methyl athoformate andoluenesulfonic acid in refluxing methankétalspecies was received which was
described as the C5 adduct by the authors, but no analytical data wa&2§iidre same reaction was later
described by Itoh el al. to give the &dtal which could be verified by Xay crystal structure analgs For more
information abouketalformation, se€ChapterVI.

First step of the reaction path was the amine protection from commercially avaitable 2
methoxy5-nitroaniline (1) by in situgenerated acetic formanhydridgSchemdll -2), leading
to the Nformyl derivative(2) in 92% yield.
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NO .o 0 NO
2 2
A
THF, 5 min, 0°C )i
HoN 2. rt, 10 min H ﬁ
OMe 3 50°C, 10 min OMe
1 2

Schemdll -2: Formation of N(2-methoxy5-nitrophenyl)formamide ).

In a next step, the nitrgroupwas hydrogenated ian autoclave by the addition of palladium

on carbon as a catalySdhemdll -3). The reaction proceeded smoothhd led to the desired
aniline 3 in 66% yield Unreacted starting material could easily be separated and reused by
washing the product witiCM. Attempts withthe originally described conditions (PtO as
catalyst in DMF)gave lower yields with higher amounts of unreacted starting ralater

NO, NH,
H, (7 bar)
JOL ( ] Pd/C (1.5 mol%) JOL [ ]
H™ N EtOH, 65°C,4h  H™ N
H oMe H OMe
2 3

Schemadll -3: Hydrogenation of nitrobenzerze

With sodium nitrite, the primary amine could be transformed into diazoniuni@9alvhich

was used for the addition ofethyl 2methyl3-oxobutanoaté4) in 81%yield (Schemdll -4).
0

" J\/
NH Sci N@ M A

o NaNO,, HCI (0.3 M) o KOH in MeOH/H,0 (1:1)
HJ\ 0°C, 10 min HJ\ -15t0 0°C, 17 h )J\

OMe OMe

Iz
Iz

3 3 5

Schemdll -4: Addition of methyl 2methyl3-oxobutanoat¢4) via diazonium sal{3 Y

The precursor ethyl 2-methyl3-oxobutanoaté4) was synthesized by methylation roethyl
3-oxobutanoat¢4 Yowith methyl iodide in 96% isolated yield after purification of the product

by distillation.
Q@ Q KIZVI;(I)S(HO 5 il:qi:i\)/.) 1 1
MSOJ\/U\ 0c1h MGOM
4 4

Schemelll -5: Formation of precursor meth2imethylt3-oxobutanoaté4) by methylation.
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Subsequently, intermediabewvas stirred in hot formic acid for 20 hours, to form ind®lkey a
Fischer indole synthesia poor yield(36%) Schemelll-6). A byproduct 6 Yooccurredin a
ratio of 25% of the total yieldwhich was formed by an alternative riolpsng reaction.
Unfortunatelyit could not beseparatedrom the main poduct by column chromatography and

wastherefore also converted the next reaction steps.

(0]
\\O/H\T// CO,Me MeO,C
| HN\ /NH
N\NH formic acid
X .
80°C, 20 h
OMe gM

H N
H

OMe
5 6 6'

Schemdll -6: Formation of indole 6 by a Fischer indole synthesis.

Deprotection bthe N-formyl group was carried out in refluxing hydrochloric a¢@theme

l11-7), leading to compoundin good yield(91%).

CO,Me CO,Me
HN \ HCI (3 equiv.) HN \
JOL Acetone/H,0 (96:4)
H u reflux, 70°C, 90 min H,N
OMe OMe
6 7

Schemdll -7: Deprotection of the Normyl group.

Hydroxypiperidine9 was generated in poor yie(d1%) by the addition of dimethyl (&)

oxopent2-enedioatd8) in a DoebnédrMiller reaction.9 was dehydrated byubbling catalytic
dry hydrogen chloridéhrougha solution ofd in DCM, leading to pyrroloquinolin@0in 35%
yield (Schemdll -8).

COzMe COzMe COZMe
0 0
HIN MeO,C OH HN MeO,C  HN
MeO OMe 1.dry HCI, 1 h y
o 8 2. Air, 24 h
S S

HoN DCM, rt., 36 h MeOC™ N DCM, rt. MeO,C™ N

OMe OMe OMe
! 9 10

Schemdll -8: Doebner Miller reaction and subsgient aromatization to pyrroloquinolii®.

The precurso8 was synthesized in three stepscording to a procedure described by Carrigan
et all'>3 UKetoglutaric acid§a) was esterified by letting it stand in pure methanol for 5 days.
Dimethyloxoglutarate 8b) was then treated with bromine to fo®e, which was directly

converted to8 by deprotonation with triethylamine and elimination takthylanmonium
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bromide. While esterification gave only 59% yield, bromination and following elimination

proceeded almost quantitative.

o) o) o) o)
w MeOH )WJ\ Bry (1.5 equiv.)
HO I OH 54t MeO I OMe  hem, 500, 3 h

8a 8b
(0] (0] (0] (0]
W EtsN (1.0 equiv.) w
MeO OMe Et,0, r.t., 30 min MeO OMe
(0] Br (0]
8c 8

Schemelll-9: Reaction sequence towards dinytfE)-4-oxopent2-enedioat€8), including esterification of
Uketoglutaric acid&a), bromination in C2 position and following elimination.

The kst step in the reaction sequence was the oxidation with ceric anmmoitrate, which
led to the PQQMe(11) in 35% yield(Schemelll-10). The overall yield over seven steps

(without precursor synthesis 4fand8) was 0.8%.

CO,Me CO,Me
MeO,C  HN— CAN (5.5 equiv) MeO,C  HN—(
~ MeCN/H,O (4:1) Z |
N 0°C (10 min) to r.t. (30 min) X
MeO,C~ N MeO,C~ N 0
OMe o)

10 1"

Schemdll -10: Oxidation with ceric ammoniumitrate.

3. Purification of Biological Produced PQQ

3.1.Introduction

The total synthesis described in subchagteequired three month of laboratory work and
resulted in a few hundred milligrams of PQQ precur&6@sndl1lin total In demand of larger
amounts for further synthetic approaches and spectroscopic studies, alternative supply lines
were evaluated. The standard chemical suppliers only sell PQQ for extraordinary high prices
(~140u0 per mg f, asaanhe SategofR2.09420168)dwi not Bell itat all. One

gram was purchased from the Fluorochem company, Hadfield, UK. On the other hand, a
multitude of companies sell PQQ as food supplement for a fraction of the amount from chemical
suppliers. One dhose supplierfoct or 6 s B-Ba st &d S bl uvmgtastedifoo n E
an alternative (and cheap) source of pure PQQ. From a scientific standpoint, it is highly
guestionable to support companies in their marketing of B&@d orat least questionable
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health benefits, but the sheer amount of PQQ needed for this research project made

compromises necessary.

3.2. Purification of Vitamin CapsuleDerived PQQ

As nutritional supplement, PQQ is used as its disodium salt PQQMa which is sold in
capsules togethewith cellulose as filler. Those capsules were emptied and the containing
powder was given into water. While PQQi¢hows good solubility in water, the containing
cellulose remained as a colorless solid and was filtered off. The water was subsequently
removed under reduced pressure to give the monohydrated PQRQaeddish brown powder.

To convert the sodium salt into pure PQQ, a procedure was followed, descrilkednioyoet
al.l'> PQQNa was redissolved in water, heated to 704€iified to pH1.5 with HCI and
further stirred for 24 h at 7C to give pure PQQ as a bright red powder, which was filtered off
and dried under high vacuum. Elemental analysis indicated a monohydratéid PPecies

in high purity which was further confirmed biMR. The water equivalent could not be
removed, even after drying theopluct for several hours at 1T However, sSNMR revealed
pure PQQ 13) and not the covalently bound PQ@ter adducti5) (see also Chaptdl for

moredetails)

4. Synthesis of PQQ Derivatives

4.1.Synthesis of PQQMe

4.1.1 Introduction

In its protonated form, PQQ.J) is soluble in polar solvents like alcohols, DMF or DMSO. The
solubility in water is limitedd its (partially) deprotonated form. In MeCN, no solubility was
observed. The trimethylestBfQQMe (11) shows good solubility in apolar media like DCM
andTCM but also in MeCN. Besides the altered solubiltiywas also used as a precursor for
the synthes of biomimetic model complexé¥! and prevent alternative coordination sites in
solution®%! In order to have the trimethylesteQQMe (11) availablewithout the need of the
time-consuming total synthesis described in subchalpt&, possibilities were sought to

directly esterify free PQQ.
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4.1.2 Synthesis of PQQMseby Methylation with CHI or by SteglichEsterification

COH A CHgl (6.0 equiv.) COMe
HO,C  HN MeO,C  HN
\ NaHCOs, DMF, rt., 48 h \
= — =
| B MeOH (6.0 equiv.) |
HOC™ N T © DCC, DMAP, DMF, rt, 48h  MeO2C" N I o

13 "

Schemdll -11: Synthetic approaches towards PQQNIEL), including methylation with methyl iodide (A) and
Steglich esterification with methanol (B).

The directesterification with methyl iodide in DMF resulted in insufficient yields of 20% and
large quantities of impurities were present, which could not be separated by column
chromatography. The Steglich esterification with methanol, DCC and DMAP in DMF only

gaveunreacted starting material.

4.1.3 Synthesis of PQQMsby FischerEsterification

Fischer esterification was performed in a methanolic solution of PQQ, to which few drops of
concentratedH.SQs were added as cataly&@chemdll-12). Itoh et al. described PQ®es to

precipitate as hemiketdl7 out of methanolic solutiof$® but the HSQu prevented such

reaction.
CO,H CO,Me
HO.C  HN— MeO,C  HN—
= | H,S0, (conc.) = |
N\ NS
HO,C” "N o) MeOH, 75°C, 60 h MeO,C~ "N o
o} o)
13 11: 71% (impure)

Schemdll -12: Fischer esterification of PQQ in methanol with catalytic ant®of concentrated 43Q..

The mixture was refluxed overnight but TLC stated large amounts of unreacted starting
material. More HSQs andlonger reaction times finally gave the crude product after extraction
with TCM in 71% vyield, which was analysed by NM&be a 90:10 mixture of PQQNELT)

and a secondQQMe-derivative, most likely the hemiketal or the water addudt3 stemming

from residues of water in both the methanol reaction solution and in the deuteZdeérom

the aqueous workup solution, alramounts (4%) of RQQMe (19) speciesould be isolated.
Several attempts to further purify the crude PQ®Mhixture by column chromatography
failed, regardless of the column material (normal or reversed phase) or the solvent system
(mixtures of DCM orTCM with EtOAc, MeOH, EtOH ori-PrOH ori-hexane/EtOAc or

H-O/MeCN for reversed phase). The yield decreased after every column, without receiving pure
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compounds. The quinone is known for its reactivity &#kely interacted with the column

material.

4.1.4 Syrthesis of PQQMevia anOxazoleDerivative

A different approach combined two literature procedwas:Kleefet al.described the reaction

of PQQ with several amino acids resulting in oxazole formattdBy the use of glycine, the

two C=0 bonds of the quinone can be protected in a straightforward fahsion in nearly
guantitative yields in buffered solution, giving P€@&azole 20) (Schemdll -13):

COzH o} COzH
HOC HN HO,C HN
2 \ HZN\)J\OH 2 \
= | (2.0 equiv.) =
X : NS
HOZC N O Hzo, Tris-HCI (pH 8.2) HOZC N o
o NH,CI, r.t., 2 h N=/
13 20: 94%

Schemdll -13: Oxazole formation of PQQ with glycine in buffered solution.

Itoh et al. used the oxazole derivatia® to esterify the carboxyl groups with &0 in dry
DMF under nitrogen, to give the product as an orange ppwaftter acidification with HCI
(yield: 85%)1581

CO,H CO,Me
HOC  HNT Me,SO, (108 equiv.) MeOzC  HN
- K,CO3 (25 equiv.) -
NS NS
HO,C™ SN ° DMF, rt, 12 h Me0,C~ SN °
N=/ N=/
20 21: 85%

Schemdll -14: Esterification of the PQ@xazole derivativé20) by Me:SQ4, with equivalents used and yields
received by Itotet al[*58!

The synthesis was tested in a small scale(frshg starting material), which gave the desired
product2l as an orange powder in 83% yield. For a bigger approach with 100 m@r4zQle,

the assumingly unnecessary high amount 0f9@& was reduced to 25 equiUnfortunately,

no precipitation occurred after acidification. Therefore, the reaction mixture was extracted with
EtOAc instead, to give 30 mg of an orange red powder. NMR analysmesha mixture of
PQQMe-oxazole(21) and the deprotected PQOQMA1) in a 13:87 ratio, which could not be
further separatedvVan Kleef described the deprotection of oxazole derivatives by acid
hydrolysis in 2M HCI at 100C for 2 hi*5l The mixture was treated with these conditions to

obtain PQQMe (11). Unfortunately, the crude product still showed traces of the oxazole
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derivative 21. Separation was then performed by column chromatography, to give both
PQQMe-oxazole(21) (5%) and PQQMg(11) (8%) in poor yields.

4.1.5 Synthesis of PQQMsgby Direct Methylation with MeSOy

Duineet al.described direct methylation of PQQ by #8€, and KCOsz but used a very small
scale of 0.5 mg PQQ starting mateHat! By applying a similar preedure as described for the
PQQoxazole 20) (Schemdll-14), the method was tested on a 50 mg scale.

COZH COZMe
HO,C  HN— MeO,C  HNT
_ K>COs3 (25 equiv.) _
| Me,SO, (108 equiv.) |
NS NS
HO,C™ 'N o DMF, r.t, 12 h MeO,C™ 'N o
o

13 11:91%

Schemdll -15:; Direct esterifiation of PQQ by the use of M&QO,.

After excesdMe>SQy andKCOs werequenched with HCI, the precipitated prodwetssimply

filtered off, to give clean PQQMeas an orange powder in 91% vyield. The aqueous solution
was further extracted with CH&lo give 11 with minor impurities and a combined almost
guantitative conversion to the trimethylester. The scale was successively increased in further

reactions and can easily be run in a 500 mg scale, with slightly decreased yield of 86%.

4.2.Synthesis of PQQMe

In order to use PQQM«11) for ligand-synthesis, the prexidized pyrroloquinolinel0 from

total synthesiswas selectively saponified, using a literature knopnocedure $cheme
I11-16).1129 1521

COgMe COzMe
MeOzC HN \ MeOzC HN \
TFA/H,0 (2:1)
= =
- 60°C, 30 h -
MeOzC N HOZC N
OMe OMe
10 22: 57%

Schemdll -16: Selective saponification of pyrroloquinolidé.

Unfortunately, even after longer reaction times, a complete conversion was not possible

the yield could not incread@ver 57%.
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Due to the good availability of PQQ3) out of nutritional supplement capsules and the direct
methylation of PQQ with M&SQy (Schemall -15), the same acidic saponificati as described
above was tested ¢tQQMe (11) (Schemdll-17).

COZMe COgMe
MeO,C HN \ MeO,C HN \
TFA/H,0 (2:1)

= =
| 60°C, 24 h |

MeO,C~ "N o) HO,C™ °N o}

o}
11 19: 92%

Schemdll-17: Acidic saponification of PQQMsn position C7.

In comparison with PQQMeOMe (10), the reaction proceeded smoothly with the quinone
PQQMe (11) since the produd®QQMe (19) precipitatedafter quenching with water amnedas
easily filtered off with isolated yields over 90%. While NMR analysis of the praalueady
indicated saponification at the preferred C7 positiona)analysis verified the shown structure
(Figurelll .1).

Figurelll .1: Molecular structure o0PQQMetDMF in the crystal, ORTEPrepresentatiof®™ Thermal ellipsoids
are drawn at 50 % probability level.

4.3.Synthesis of PQQH

To obtainthe reduced PQQ species PQ{RY) as a solid for reoxidation experiments, a
literature known procedure was testéd.By reduction of PQQ with i(+)-ascorbic acidn an
acidic aqueous solutios¢hene 11 -18), followed by filtration of the precipitated solid, PQ@H
(24) was synthesized in 95% vyiel@ihe received NNR spectra were in accordance with the

literaturelt61]
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CO,H CO,H

HO,C HN HO,C HN

2 \ L-(+)-Ascorbic Acid z \

= | (18.8 equiv.) = |

NS NS

HO,C” N o) _H2O/HCI, pH 3 HO,C™ °N OH
o 10°C (2 h)tor.t. (12 h) OH
13 24: 95%

Schene Il -18: Reduction of PQQ with 4(+)-ascorbic acid giving the reduced PQ£3pecies.

While 24 is rapidly oxidized back in neutral or basic aqueous solution, it shows good stability
in acidic aqueous solutisrand and in oxygefiee DMSO (degassed with argon or nitrogen).
In fact, an NMR solution a24in degassed DMS®@s did not show any reoxidation after several

weeks.

5. Conclusion

Several pathways for the synthesis and acquisition of R{3Qand its derivives were
presented, compared and exsied throughout this chaptdihe total synthesidescribed by

Corey and TramontaHé® was realised and slightly impred in several reaction stepsn
alternative source of PQQ was successfully found in nutritional supplement capsules, and a
purification procedure was phemented to give very pufi8 without the need of long reaction

sequences.

Several methods for the synthesis of the trimethylester PQQNewere evaluated. Direct
methylation ofLt3 with MexSQuledto 11in high yield and purity without any bgroducts No
previous protection steps or further purification procedures were necessary. The @acttion
be runon a 500mg scaleThe selective saponification of one of the methyl esters is literature
known for the PQQMeprecursorl0. The reaction was succesky adopted for the synthesis

of PQQMe (19) out of 11, which allows coupling to ligand scaffolds to yield MDH active site
biomimetics without the need of any precursors from time and rescomnseming PQQ total
synthesisMethylated carboxyl groups dfl increase thesolubility in organic solvents and
preventcomplexation ounwantedcoordinationsites!!>®! Both advantagesould be enhanced

by implementation of ta bulkier trimethylsilyl groups, a wedistablished method of which

even solventfree methods are describégf!

With L-(+)-ascorbic acidhe reduced speci@QQH (24) was synthesizebly a literature

known procedur&8which allows elucidation of the redox properties of PQQ.
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V. COORDINATION CHEMISTRY OFPQQ

1. Interaction of PQQ with Lanthanides and Calcium

The following section is part of the publication:

Studies of the Redox Cofactor Pyrroloquinolle Quinone and its Interaction with

Lanthanides(IIl) and Calcium(ll)

Henning Lumpend Lena J. Daumann

Published ininorg. Chem2019 58, 84328441 DOI: 10.1021/acs.inorgchem.9b00568
Reprinted with permission. Copyright (2019) American Chemical Society

Abstract

Recently it was discovered that lanthanides are biologically relevant and found at the centers of
many bacterial proteins. Poorly understood, however, is the evolutionary advantage that certain
lanthanides might have over calcium at the cewiterethanol dehydrogenase enzymes bearing

the redox cofactor PQQ. Here, we present a straightforward method to obtain clean PQQ from
vitamin capsules. Further, we provide full NMR, IR and-MM spectroscopic characterization

of PQQ. We conducted NMR exfrments with stepwise addition of diamagnetic and
paramagnetic lanthanides to evaluate binding to PQQ in solution. This study provides a deeper

understanding about PQQ chemistry and its interaction with lanthanides.

1.1.Introduction

Oxidoreductases are a gmwf enzymes which transfer redox equivalents from, or to,
substrate§-*3 While nicotinamide or flavin are commonly found cofactors in such enzyffies,

in 1964 Anthony and Zatman discovered an enzyme with an alternativepualently bound
redox cofactoF?*3 which was later determined to h®yrroloquinoline quinone (PQQ,
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Methoxatin). PQ®&containing enzymes form the oxidoreductase subgroup of quinoproteins and

are an essential part of the energy metabolism of many orgati$ms.

o~ o o
o, \ / O
Asnggg M, Ln e NN O
— OH
0\ 0= oo
/\\< OO I =~ _0
AsP2gg 1y OH

ASpaor
FigurelV.1: Active site visualization of LiMDH from strain SolV, including cofactor@Q, central metal (Ln)

and surrounding amino acid residis.

The redox cofactor PQQ is activated by a Lewis &E#For more than 30 years it was thought

that calcium was the only metal ion that held this function in nature. However, many methanol
oxidising bateria can in fact produce two types of MDH; the traditional one that has been
studied intensively for more than 50 years uses calcium; and a second one, which has only
recently been discovered, uses lanthanides instead of calcium. Lanthanides havesiiong be
thought to have no biological relevance but are now firmly established as the natural metal ion
cofactors in MDH enzymes that are encoded byth€ genel*® °*°!Phylogenetic analysis show

that this lanthaniddependent class of MDH is, in fact, more widespread in nature and might
be evolutionarily older than its calcium counterpart and perhaps the major pathway for methanol
oxidation in methylotrophic bacteria growing on methane or mett4h®he firststructure of

a LnrMDH was obtained from the XoxMDH isolated from strainMethylacidiphilum
fumariolicumSolV and was reported by Pet al®*® The active siteRigurelV.1) contains a
nine-coordinate lanthanide ion, surrounded by the cofactor PQQ, three carboxyl groups from
Asp299, Asp301 (a residue that is lacking irMRH) and Glul72, as well as an amide from
Asn256. This MDH Xray structure wa refined with C& (PDB 4MAE). Structures of a Eu

MDH (PDB 6FKW) from the same organism and a-MBH (PDB 6DAM) from
Methylomicrobium buryatenseGB1C are now also available, showing similar active site
arrangements? % %8lln CaMDH, PQQ is coordinated in the same way by the Lewis acid (Site

1, FigurelV .2).[*22 168IMany bacteria possess genes for both MDH enzymes encoaexsby
(CaMDH) and xoX+ (Ln-MDH), respectively and can switch between them depending on Ln
availability:; this has bé&%2hit hase beemestiowrt that 0 |
Methylobacterium extorquens AM1 preferentially eegses LAMDH even with only
nanomolar concentrations of lanthanides and 20 uM concentrations of Ca in the cultivation
mediumi®® 1671 The trivalent lanthanides are better Lewis acids than calcium and it has been

suggested that they pose an advantage in the redox cycling of ®@Qther, it has been
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shown that not all lanthanides promote methanol oxidation #VMDid equally[36: 58 6264, 94,

168 For the native metalloenzyme isolated from SolV, it has been shown that the enzyme
functions more efficiently with early lanthanides {Nal).[*®!

Bacteria also prefer early lanthanides for growth and show improved uptake of these
elements® 2 The lanthanide switch, advantage over calcium, and why some Ln are better

than others are currently not yet fully understood.

FigurelV.2: PQQ numberingcheme according to Unkefetral 26?1 and possible binding sites in sotuti adapted
from Nakamuraet al[*5°!

The cofactor PQQ was first isolated by Anthaetyal,l*”® and was later determined to be a
quinone by Dine et all*"Y Salisburyet al*?® reported the first crystal structure of the acetone
adduct and proposedetstructure of PQQ, shown KigurelV.2. The unusual orthoquinone
structure of PQQ, detected in the EPR measurements of Bualeled them to propose the
name Pyrrolequinoline quinone for this new prosthetic grétidin the following years, PQQ

was extensively studied regarding total synth@&is, ¥ 142 adduct formation with
nucleophiles!®® redox behavidt’? or metal ion interaction (G§M73 with several reviews
published?® 164 174 pQQ has also been proposed to be a vitamin for humans, however, these
claims remain doubtfdt*® 1"® Previously, it was reported that PQQ with the surrounding
enzyme pocket is capable of the coordination of metal ions at three postigure(V .2). This

is supported by several crystal structure determinations (SfgCu), site £771(Ru), site &5

(Cu)). For C&', no crystal structure exists with PQQ by itself, butligs of the trimethylester
derivativePQQMe; (11) in MeCN suggest a coordination mode similar to MBH.In light of

the discovery of lanthanide dependent megalitymes, we have investigated the metal ion
coordinatian behavior of PQQ in solution by NMR and bXis spectroscopy, using lanthanides

and calcium. Our studies suggest that in solution, the coordination of lanthanides occurs in the
same position as in MDH (site 1) and that even if PQQ acts as a tridentatk (a0, N,
C7-CO2H), the LnPQQ complexes undergo fast exchange in solution. In this study we have
investigated the diamagnetic trivalent lanthanides La and Lu, as well as calcium(ll) and

compared them with the paramagnetic lanthanides Ce, Pr, Smb Htr, dnd Tm.
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CO,R! CO,R!

R'0,C HN \ R'0,C HN §

= = ‘

NS ‘ 1 NS

R'0,C7 °N ] R'0,C” °N ]
R® R?
o)

R'=H (13, PQQ) R'=H, R?=0H, R®=OH (15, PQQ-H,0)
R'=Me (11, PQQMe;) R'=Me, R=0H, R%°=OH (17, PQQMe;-H,0)

R'=H, R%=OMe, R®=OH (16, PQQ hemiketal)
R'=Me, R?>=OMe, R*=0OH (18, PQQMe; hemiketal)

FigurelV.3: Structures of the different PQ§pecies aneadducts referred to in this study.

1.2.Results and Discussion

1.2.1 Study ofMetallon Interactionsith PQQin Water

After precipitation of PQQ the water equivalent present in the solid could not be removed
by drying at 100°C or under high vacuum. To exclude the possibility that the solid could
be the water adduct of PQQ5 a geminal diol can result from thedration of the
quinone 13 at the C5 positionfFigure IV.2 and Figure IV.3) solid state NMR was
performed, which indicated pure PQQ3) and can be found in the supporting
information EigurelX.16). IR spectraf disodium salt and purified fully protonated PQQ

can be found in the supporting informatidtigrelX .18, TablelX.12). The solubility of
PQQin water is limited to its (partly) deprotonated form ¢zK0.30 (N;), 1.60 (G-

COzH), 2.20 (G-COzH), 3.30 (G-COzH), 10.30 (N)).[17818%n addition, FQ will form

the germinal diolL5in a molar ratio of 213) : 1 (15) in water, as observed by NMR by
Duine et all*8+182l|n DMF PQQ will form15to some extend when traces of water are
present or introduced by the addition of metal salts containing waters of crgsiailiz
(FigurelX.15A). Based on DFT calculation3dblelX.13) we propose this addition is
taking place at the C5 carbon. The formation of a diol is evidenced by a new resonance
at 91.7 ppm stemming fromdéol moiety in position 5. Formation df5is also supported

by ESI mass spectrometry in a>®MeCN mixture where both PQQ13

m/z = 329.0051, [G4HsN20g]') and PQ®@H20 (15, m/z= 347.0157 [G4H7N209]") are
observedFKigurelX.15B). Previously, Zheng and Bruice also showed with calculations,
that (methanol) adducts at C5 of PQQ are energetically falBtatthen trivalent
lanthanide ions or calcium(ll) were added to an aqueous, concentrated solution of
PQQNa(14) (pH > 7), a 1:1 PQgnetal complex precipitated. Elemental microanalysis

of the solids revealed similar stoichiometries, regardless of the amount of added metal
salt. Analysis suggested the formation of a PRRGH.O complex (M=C&', La>*, EL*",

Lu®"), althoudn the exact coordination mode in the solid state could so far not be
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ascertainedT GA analysis of the solids (PQQ + Eu or La) did not give a clear indication
whether the five water molecules were bound tightly to the metal ion in the complex or
just were pesent asco-crystallized water molecules, or whether one of them was
covalently bound to PQQ to forfrb. TGA analysis showed a continuous weight loss to
84% on heating to 100°C, which fits to the elimination of the five water molecules
(FigurelX.27). The compound then gradually lost three-@@lecules until heating to
500°C Figure 1X.27). Numerous attempts to recrystallize the solid or obtain single
crystals suitable for Xay crystallography were unswessful. IR spectra of solid PQQ
(13) showed seven bands between 174%83cm' ! which can be attributed to the C=0

stretching vibrations of the carboxyl and quinone gro&jgi(elV .4).[183184]

1004

90+
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—PQQ
= PQQ-La complex

50 T T T 1
1800 1700 1600 1500 1400
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FigurelV .4: Overlayed IR spectra of PQQ (red) and the P@Zomplex (green) between 1800.400cm .

A complex of PQQ with T in binding site 1, previously describeg Dimitrijevic et al8]

led to a splitting of the quinone signal into two features (1643 to 1653 and @36¢cm' %) and

an intensity reduction of one of the carbostretches (174dm' 1) due to coordination tosSO

and G-CO:H while the other carbonyl signals remained unaffected. It is important to note that
the affected carboxyl group was denoted by Dineitiij et al[*®% to be an estr, stemming from

an impurity in their PQQ sample. However, their PQQ data match that obtained in the present
work (from biological synthesisfermentation, highly purified sample), making the previous
ester assignment doubtful and the feature at Xrd4 more likely to be a carboxylic acid
stretch. In our study, the coordination with lanthanum(lil) lead to a strong shift of all seven
carboxyl and quinone absorption bands and appearance of a broad, poorly resolved feature
between 1734 1521 cm'! (Figure IV.4). In IR spectra of & and F&" complexes with
structural PQ@analogues, the bands associated with the coordinated carboxyl greupse(C
much more strongly shifted, or disappear completely, in comparison teaoodinatng

carboxyt or estergroups (G).[*8¢
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Hence, a clear statement about the coordination mode of lanthanides solelgldig lBmains
difficult, but the data indicate a participation of all three carboxyl groups in adhmemsional

coordination network in the solid state with different coordination modes.

Analysis of the PQ@anthanide complexes in water was difficulttae precipitation of Ln

PQQ complexes limited the investigations to W\ spectroscopy at low concentrations.
Further, as mentioned above, PQQ forms at least two sp&8iasd15) in aqueous solution.

Upon metal ion addition, there are then at least éifferent species present: 1, 3 andlMind

M-3. The U\ Vis spectra of PQQ with stepwise addition of lanthanum(lil) or lutetium(lll) in
unbuffered water is shown FigurelV.5. Both lanthanides induce a decrease of the 330 and
478nm transitions of PQQ (mixture df3 and15) and give rise to an additional absorption
feature at 375 (La) or 380 (Lu) nm, respectively. With the same amount of calcium(ll) the
changes are less pronounced and the new feature is not as red shiftppesmd at 357 nm.

The absence of clear isosbestic points, overlapping transitions and the presence of more than
t wo species complicates anal ysis of Figuree st
1X.22).1287]

1.2.2 Studyof Metallon Interactionsvith PQQin Non-aqueousSolvents

The coordination chemistry of PQQ was previously examined with several transition metals as
well as sodium ions both in solid state and in solution. Depending on the metal and the co
ligands, all bhree possible binding sites of PQQ can be occupied: With structural PQQ analogues
(benzoquinolines) and F&'®! or with CO-decarboxy PQQ and Ey'®®l or Cu* 288
coordination was observed in sitgFigurelV.2). With C/#*, PQQ and 2,Dipyridine (bipy)

or terpyridine (terpy) coordination also took place in & as well as with Cti, PQQ and
terpy*>® and with Cd, PQQMes and PPhas celigand also in site 761 with Cu*, PQQ and

terpy, however, coordination took place in site 1 df!3andwith Ri#*, PQQ and bipy in site

2 [1901\vjith Na* coordination was observed in all three sit&s.
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FigurelV.5: UV-Vis spectra of PQQ in # (250 uM) with increasingequivalents of LnGtnH;O (Ln = La, Lu)
or CaCh2H,0, directly measured after metal @itth 7 for spectra of the complete tseries and data showing
addition of up tdive metalequivalents, seEigurelX.20 andFigurelX.21.

ltoh et al. described a Ca coordnation with the trimethyl ester PQ@es (11) in MeCN
solution, where shifts of the proton and carbon NMR resonances indicated coordination in
site 1. 5% "3l However, not all PQQ signals were mentioned and nieatidn was given of the

PQQ to metal ratio. An ESI mass spectrometry-\W¥ spectroscopy anith silico study into

the interaction of the uranyl ion and Cavith PQQ suggested binding in sité'¥! In 2018,
Schelter described a #'zcoordination in site 1 with a MDH active site modigand, containing

a structural PQ@nalogue (benzoquinoline quinoéf! Here, we examine the interaction of
PQQ @3) with lanthanides for the first time directly, without the help of structural analogues
or the methylester species P& (11). As mentioned above, water proved to be problematic
for metal coordinabn experiments due to precipitation of a poorly soluble complex in higher
concentrations, limiting analysis in water to Y& spectroscopy. PQQ shows good solubility

in MeOH, DMF and DMSO and for the PQQNslt also in HO (UV-Vis spectra are included

in the SI, Figure 1X.19, Table IX.14). Since PQQ is known to form hemiketal adducts in
methanol {6, 18),'8Y and water adducts (to yielth), additional coordination experiments
were conducted in DMF. UW¥is experimerg with stepwise addition of lanthanides and
calcium ions to PQQ are shownFkigurelV .6 andFigurelX.23-25. The UV-Vis spectrum of

PQQ (L3) in DMF is only slightly influenced by G4 leadng to a decrease of the intraligand
absorption bands at 334 and 447 nm. Throughout the lanthanide series, the absorption intensity
is steadily reduced, upon addition of one equivalent of LA*{#caGd*), accompanied with a
small but steady shift towardisnger wavelengths. The effects of metal ions on PQQ in DMF

are much weaker than in water.
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Figure IV.6: UV-Vis spectra of PQQ in DMEO0OuM) with 1 equiv. of LnChtnH,O (Ln = La, Gd, Lu) or
CaCbi2H,0, directly measured after metal additiofor spectra of the complete teries, se€igurelX.24.

However, coordination to Ln in DMF clearly influences the electronic streictuPQQ. From

Tb®* onwards, the redshift is more pronounced with the mari absorbance now being at
340nm. However, the intensity change of the absorption (updhtdl_u®" addition) is less

drastic as with the earlier lanthanigeries ionsKigure I1X.24). We can only speculate why

such a clear break between early and late lanthanides appears, but a decrease of the coordinatior
number, caused by the lanthanide contraction, is common for lanthanide complexes and could
also be ofelevance heré%! Kaim et al. hadpreviously observed a shift from 364 ar@#4m

to 378 and 488 nm upon binding of Qo the trimethylester derivativil in CH,Cl2.[1"®1 Our
experiment in DMF shows that the interaction1@with Ln follows a pattern that can be
attributed to the different properties of the lanthanides (decrease of ionic radiisecféawis

acidity) caused by the lanthanide contraction. Spectra were recorded again after 15 minutes and
with a total PQQ to metal ratio of 1:1EigurelX.24 andFigurelX.25), leading to a further
increase of the observed effects: Redshift and absorption intensity change. The addition of water
(10 LT 5 vol%) to the DMF solution decreases the intraligand absorption bands even further,
but only slightly causes a redshiffigure 1X.24 and Figure IX.25). Due to the up to 7
equivalents of water in the lanthanide salts, not only metal coordination but alseaddtet
formation has to be taken into account. This is also further elaborated in the NMR Iselcven

As lutetium generated the strongest shift in the-\i&/spectrum in DMF we attempted to
anal yze the binding of this lanthani d® usin
in the absence (to avoid formation18) and presence of traces of wdtéf.1% As the most
pronounced change in the absorption spectrum of P@thout other overlapping transitions

-was in the region of 43%5m, we used this wavelength for our analysis. As mentioned above,
PQQ can add water and ghwe have to assume the presence of multiple PQQ species before
even adding metal ions. We thus collected the data in dry DMF and with anhydrogsTheCl

data collected directly after mixing PQQ with ¥wsuggest a PQQu 1:1 complex (Mole
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fraction~ 0.5, FigurelX.23). Surprisingly, the absorbance changed slightly over time (within
15 minutes) shifting the maximum of the Jobd.
stoichiometry and/or the presence of a dynamic processfammof another species. We want

to emphasize here, that the complex nature of multiple species of PQQ in solution clearly
hampers a straightforward analysis of stoichiometry in solution and that PQQ does add traces
of water at C5 position, leading tiee formation of water addud5. When using LuGt6H,O

instead of anhydrous lutetium salt the shift over time was stronger, clearly indicating an effect
of water on PQQ. Furthermore, the curvature was stronger in DMF, indicating low binding
affinity of PQQ igure I1X.23). We have also explored the possibility to learn about the
coordination of lanthanides using the hypersensitive transitions that some Ln &%tit5itAs

can be seen iRigurelX .26, the hypersensitive transitions of the*Nion are visible before and

after PQQ addition. The transition at 578 nm gains some intensity, however, within this
experimental setup no meaningful insight into the natureeottlordination sphere of Nd was
obtained. To investigate the site of coordination in solution further, we conducted NMR
experiments ofL3 with stepwise addition of different lanthanides. Full NMR datd ®in

DMSO are included in the supporting informati¢rable 1X.11), however, this solvent is
known to be more strongly coordinating (to lanthanid&spand13 is less soluble in DMSO,
hence DMF was used to investigate the interaction with metal ions. Initial investigations
included C&" and diamagnetic Ln salts taand L&, with chlaides and nitrates as counter

ions with increasing amounts of added metal salts from 1 to 10 equivalents and with and without
controlled ionic strength (LiClg). For all three metals and regardless of the counter ion
employed, the resulting shift for bothl- and'*C-NMR experiment was very small, with the
exception of @ (FigurelV .2, para to Ny). In addition, new resonances appeared botiin

and 3C-NMR experiments, especially with increasing amounts of added metals. Die to t
presence of up to seven waters of crystallization per added lanthanide equivalent, the formation
of a water adduct is plausible. In fact, the addition of wigtelf (20equiv.; 9.8uL) to a
solution of13, CaC} (10 equiv.) and LiClI@in DMF further ncreased the intensity of the new
signal sets, confirming ghpresence of the water adddé& Even a sample of purifietl3
showed minute traces of additional signals due to trace amounts of residual water. A
recrystallized pure sample &8, which contaied two equivalents of DMF crystal solvent but

no traces of water, did not show such additional signals itHH¢MR recorded in dry DMF
(FigurelX.28). This demonstrates that PQQ readily adds water iragoeous solvents even
when only minute traces aggesent, confirming our conclusions from WAs spectroscopy.

Based on DFT NMRshift calculations this addition is proposed to take place atglvarGon
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(TablelX.13). In contrast to the experiments wRQQMVes (11) described by ItoR 3! where

one coordination site is blocked (site 3, ségurelV.2), a clear conclusion solely based on
resonance shifts as to where metal coordination takes piffit the diamagnetic metal ions and

PQQ (@3), proved to be challenging. Interestingly, besides the discussedresb@ances, no

new resonances which could be attributed to complex formation appeared. Thus temperature
dependent NMRexperiments with La(s)3 (0.5 equiv.) were conducted at r.t., 0°C ar°C

(the lowest accessible temperature within our experimental setup), but regardless of the
temperature, only one signal set was visible for PQQ, suggesting a fast exchange in solution
even at low tempatures. However, all resonances were further shifted depending on the

temperature'l- and*C-NMR - Cq 5C7 5C2 @nd Gadownfield, all other signals upfield).
|
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FigurelV .7: Stacked®C-NMR spectra ofl3in DMF-d; (27.2pumol) with 1.0 equiv. of LaGt7H,O or LUCki6H,O
showing the broadening of some resonances after addition of these diamagnetic metal ions.
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Experiments reported with lanthanides anddg@colinic acid (dpa) reported by Piguet and
coworkersshowed a similar phenomen8#* An excess of ligand, added to an already formed
[Lu(dpak] complex in BO gave distinct NMR signalsof free and bound ligands, which
merged to one signal set at higher temperatures. H&WQCE is likely not low enough to affect

a signal separation in our experiments. While no strong metal induced shifts could help with
the assignment of the coordinatiposition, we recognized a broadening of some resonances

with increasing amounts of lanthanum and lutetium, but not with calcium.
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Especially with lutetium, the addition of one equivalent led resonance€and G almost
disappear in the noise, andpexential line broadening (6.5 Hz) had to be used to make them
visible (FigurelV.7). To further study the coordination mode of PQQ to biologically relevant
metals in solution, paramagnetic lanthanides were &%&8% Shifts of the light paramagnetic
Ln-chlorides (Ce, Pr, Sm, Eu) féH-NMR experiments with 0.&Bquiv. metal salt were as
expected stronger than the ones from diamagnetic Ln (000#9 (H), 0.057 0.62 (H), 0.01

T 0.11 Hs3) and all signals became broadened, especially H8 (Eu > Pr > Ce ¥dbia
IX.8-10). With increasing amounts of metal salt (0.3.0 equiv.), all signals were further
shifted and broadened (8 > 1 > 3). Shiftd3%€-NMR experiments were in the same range as
those from diamagnetic Ln, however resonances that decreased in intensity or completely
di sappeared due to strong broadening (especi :
ion concentrations. With.B equivalents, certain resonances were already undetedtagle(

IV.8). With Pr and Eu, more resonances decreased in intensity or disappeared than with Ce and
Sm (Table 1X.10), probably stemming from flerences in the electronic structure and the
magnetic susceptibility tensor of the lanthanid&s2°°2°1 The resonances, which disappeared,
were partly differentTablelX.10) and wee affected by the amount of added metal.
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(exponential line
broadening + 6.5 Hz)
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PQQ in DMF-d;
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FigurelV .8: Stacked*C-NMR spectra ofL.3 in DMF-d; (27.2pumol) with 0.5 equiv. of PrGi6H,0, showing the
disappearance of some resonances after metal addition.
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The only resonances, which remained unaffected in these experiments, wete, @€nd G.

With the heavier, paramagnetic dchlorides of Tb, Er and Tm, already 0€duiv. of metal

salt led to the abovmentioned changes. Due to the commonly known pseutietoshift of
paramagnetic compouné8® 202203 the spectral width 0ffC-NMR experiments was increased

to -3007 600 ppm*" However, no additional resonances were detected in this range. It is still
possible that, due to the paramagnetic induced broadening, the resonances were indeed shifted
low- or highfield but were too broad to be obsatvExperiments were also repeated with higher
amounts of PQ@O0 mg, 143.2 umol) with 1 equiv. of CeQr PrCk but besides the now
clearly visible resonances of the water addligstno additional resonances were observed.
However, taking together the sdrvation that certait®C-NMR resonances were unaffected

(C1a Czaand G) while others (especially£=C7 @and G) decreased in intensity or completely
disappeared due to broadening, our experiments support binding of lanthanides to PQQ in
solution in he biological relevant coordination pocket (sit€ijurelV .2) as was also proposed

for the uranyl ion by Peyton and coworkg&ré!

1.3.Conclusion

While PQQ has been known and studied for over 50 years, many analytical details of species
have only been sparingly reported and often relied on the use of the trimethyl ester. For the first
time, we repd full NMR, IR and U\AVis characterization of PQQ and its water adduct. In
addition, the interaction of PQQ in solution with biologically relevant metal ions (lanthanides
and calcium) has been investigated and these studies suggest that the coordination o
lanthanides in noaqueous solvents takes place in the biologically relevant pocket (Site 1).

122, 166l\we further show that even if lanthanides have similar chemical properties, the subtle
differences in iort radii across the series impact the electronic structure as evidenced in the
UV-Vis spectrum of PQQ. These results will aid the development ofBP£3@d model systems

and further our understanding of lanthanide dependent enzymes.
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2. Further Investigation of the PQQ Complexation

In the before mentioned publication, P@dgtal complexes were reported with the trivalent
lanthanides L%, E** and Li#* and with C&*. Regardless of the excess of added metal salt, 1:1
complexes were identified by elemental anay# threedimensional coordination network

was presumed based on IR. Such networks are knovgodiimm complexes d?QQ, such as

a literature known PQQNEBH,O structure from Ikemotet al.?°4 Here, two different sodium

ions are coordinated by botiuinone oxygens (G® and C50) , N6 a-+adn dt -h@2 6C7 6
carboxyl groupsKigurelV .9).

FigureIV.9: Crystal structure of #QQNat3H,O complex, showing a-8imensimal coordination network of
PQQ spanned with two differently coordinated sodium atoms. CIF taken from Ikesh@tl?® ORTEP
representatiof®® Thermal ellipsoids are drawn at 50 % probability level.

Comparison of the IR spectra of our PQQNa4) starting material with the precipitated 1:1
PQQLa complex, reveald indeed large similaritiesF{gure IV.10). While the height of the
large absorption bands between 36600 cm? is a direct result of the different amounts of
co-crystallized water, the overall large similarities between 18800 cm?! indicate related
coordination modes of PQQ in the solids. As already discussé&dgiarelV .4, the PQQ C=0
stretching vibrations of the carboxyl and quinone groups absorb betweeri 1583 cm?,
Although showing large similarities, the peaks at 1743 ‘@nd 1707 cit for PQQNa which
are not present for the PQQ@ complex, indicate slighdifferences in participation of the

guinone and carboxyl groups in coordination
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FigurelV.10: Normalized IR absorption specivAthe PQQNastarting mateaal and the 1:1 PQQa complex.

From the agueauwashing solution of the precipitate, which was formed after the addition of

2 equiv. CaClto PQQNa crystals were grown over several months, suitable fay@analysis

(FigurelV.11).

302

FigurelV.11: Crystal structure of PQ@Qat13H0O complex, showing a-8imensional coordination network of

PQQ spanned with three differently coordinated calcium atbefs. ORTEPrepresentatioof the asymmetric

unit with 50% themal ellipsoid plot$!®® Right: Chimera representation for better visibility of the different
coordination mdesi!!

The struture reveathree different C4 ions and two differently coordinated PQQ equivalents.
PQQ1 coordinates calcium under participation of all three carboxyl groups and coordinates
Calby -O/&N,5-OandO&dCa3 by bi-©e@2coosdindledvith only two

of the three carboxyl groups and coordinatesl®@ay -O7 Ga2 b yO, 6MGand5-0 and

Ca3 b yO. A @ result, Cd and Ca3 show pentagonal bipyramidal geometries with

coordination numberof 7 and Ce2 showsa distorted geometry with coordination number of
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8. Both Cal and Ca2 are distorte@vhich is probably a result d¢ifie rigid PQQ ligandAlthough
dissolved in aqueous solution, tR@Qwateradduct(15) is not presenn thecomplex, like all

known crystal structures for PQ®Q the best of our knowledge

ThelR spectrum reveal overall large similarittesboth PQQNaand the 1:1 PQQa complex
(FigurelV.12). The absorption band between 3602600 cmis increasediue to the higher

amounts ofcrystalwater.
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FigurelV.12 Normalized IR absorption spectithe PQQNastarting matdal in black, the 1:1 PQ@Qa complex

in grey and théQQCa; crystal in pink.

In direct comprisonto Figure IV.11 the peak atl707 cm?is also present for the calcium
structure but not the one at 1743"énindicating distinct differences in participation of the

guinone and carboxyl groups.

We were further interested in complexation of P @ith mixed metal solutions in order to
identify trends in coordination behavior throughout the lanthanide séfasthis purpose,
aqueous solutions of 3 equiv. LatZH.O and 3 equiv. of a different LnCbr CaCh were

prepared and mixed with aqueous solutions containing 1 equiv. of PQTMNarhe received

solids showed again largely similar IR absorption bakagufelV.13). The main difference

over the series of coordinated lanthanides is the appearance of a small absorption band between
17757 1700 cm?, which increase in intensity from early to late lanthanides and calcium.
ssNMR of the LaPQQ complex revealed a small band at 92.55.pfms shift is in the same

range asC5 carbon shifts from the PQ@ater adduc{(15) (91.07 ppm in MeORBl, Table

IX.11) and from the PQ@emiketal(16) (92.42 ppm, ssNMR FigurelX.29). It is possible,
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that small amounts of water adddé&tare present in the precipitated solids, which céusdR
absorption band between 1773700 cm?, depending on the total amountii present. To
verify this concept, ssSNMR from the {RQQ complex wagerformedhowever, no meaningful
13C-NMR spectracould be recorded, possibly due to interference of.theucleus.
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FigurelV.13: Normalized IR absorption spectod the complexes formed from La/Ln or La/Ca mixtures and
PQQNa. Ln = Ce, Nd, Gd, Ho and Lu, exemplary for the whole Ln series, excluding Pm.

ICP-MS revealed the composition of the La/Ln and La/Ca couple. The experiment was repeated

three time and the results are givenkigurelV.14.

80% -
1. experiment
2. experiment
3. experiment
average

70%

<&
e oo

60% . ﬁ g

50%
40%

30% +

m O
>
¢ WO
S W O
Lo

20% - ©

Ca Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
FigurelV .14: Percenamount of Ln and Ces La in a 1:1 PQ€&netal complex, precipitated from agueous PQ@QNa

(51 uM) solutions at room temperature. Values of three experiments are shown as bars, the averaged values of all
three experiments are shown as squares.
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The percent amunt of lanthanides in the precipitated solid decreases throughout the series. The
La/Ce couple shows 57% Ce over 43% La while the Yb amount is only 26% and then slightly
reincrease$o 28% for Lu. Ca shows a similar 57% to Ce, howeveryé#nanceis quie large

from 427 72%

Without more structurahformation, it isdifficult to comment orwhat causes thiistribution.

In general,mcreasing Lewis acidities throughout the Ln series lead to higher complex stabilities
and therefore to a preference oé tlate Ln'® This isfor examplethe casdor [Ln EDTA]'
complexes wherethe stability constants increase by four orders of magnitude across the
lanthanide serig€® and in the techital liquid extraction, where the used extractors
(organophosphates or carboxylic acids) preferentially bind the lafé! LiEarly Ln are only
privileged in cases, where the small size of the late Ln is unfavpealeported for complexes
with substititeddiaza18-crown-612°27or diaza15-crown-52°¢2%l compound®r thetripodal

hydroxylaminato ligand TriNO%.[210

The PQQmetal complexes precipitate immediately aftetal addition. Kinetic fetors should
therefore be considered well. However, formation ratésroughout théanthanideseriesare

somewhat morgariedthan the stability constants.

With the cyclic PCTA ligand, both formation and stability constants increase throughout the
lanthanide serieB! The related DOTA ligand shows a similar behavior in unbuffered media
of pH 3i 52 while buffered solutions of pH 4.2 shdncreasing formation rates from Sm to

Dy but then a decrease over Yb to Lu (1v445.20vs. 4.56vs 4.5410'>mM' * min' 1).223 The
smaller sized cyclic NOTA ligand shows formation rates, independent of the ioR'4ize.
Coordination with EDTAor the related DTPA show increasing rate constants from La to Gd
followed by decreasing rate constants to Lu, probably reflecting increased steric strain for the
smaller Ln?*®! For the early Ln, the formation constants lsigherfor the largeD TPA which

is explained byareduced steric barrier fér w r a papri onughedcéntral metdf!®

The preferreatoordinationsite of metals with PQQ isommonlysite 1 FigurelV.2), as seen

for the Ca compleshowing additional c@omplexation of thearboxylgroups FigurelV.11).

The relative rigidity of the chelating PQQ molecule could be the reason for the preference of
early lanthanidescontrary to the stability trends with increasing Lewis acidifié® distance
between the two oxygen atoms ©6=0 and C7-O is 4.4A in the PQQCai13H.0 crystal

structureand therefore possibly more favoratidethe larger, early lanthanides.
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However crystal structures of the whdkenthanideseriesor at least more sictural information
are necessarfpr determination osucha size effectComplexation experiments at different
temperatures would help to evaluate, if the lanthanide preference of PQQ is based on enthalpy

or formation kinetics.
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V. REDOX-CHEMISTRY OFPQQ

1. Introduction

Quinones are vital as electron acceptors for many metabolic processes such as photosynthetic
and respiratory electron transport chd#8.This biological role has already been inspired
materials for the harvest and storage of en&fdyAlso in MDH, the quinone PQQL3) acts

as electron acceptor and concurrent to methanol oxidation, both heraketalydride transfer
mechanism include the formation of a reduced PQQH) species. PQQHis subsequently
oxidized in two distinct onelectron stepsvia the PQQ\ semiquinone with help of a

cytochrome FigureV.1).128l

CH,0

PQQ 7‘%’ PQQH,

MeOH HCOOH
M = ca?*, La%*, Ce3*, Eud*..
FigureV.1: Redox cycle of PQQ in MDH, adapted from our presipublicatior{*¢¢!

Schelteret d. proposed, that Ln would result in lowered virtual orbitals and would therefore
facilitate PQQ reduction and in turn methanol oxidati®nWhether Ln have an influence on

the reducton of PQQ and reoxidation of PQQE4) is further examined in this chapte
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2. Reduction of PQQ with Ascorbic Acid

Mukai et al.described the reduction of PQIBJ to PQQH (24) with ascorbic acid in phosphate
buffer (pH 7.4, 0.05 M) in a nitrogen atmospié®! The reduction is described of radical
nature, with four reactions taking place:

PQQ +AsH! Y  PQQH“AS (1)

PQQH+ AsH' Y  PQQH+ AT )

PQQH+PQQH ¥ PQQ+PQQH  (3)

ASPHASPH2H,0 Y AsHa+ As +20H  (4)
PQQ(13) is converted by deprotonatéd(+)-ascorbic acid (AsH in (1), forming the radical
species PQQHwhich isfurther oxidized to PQQK24) in (2), releasing aAs” radicalin each
step. TwoPQQH'radicals can alsdisproportionate td.3 and24(3), while the formedAs™

radicals react with water to protonaiksiH, anddeprotonated diketorfes in (4)161]

The used phosphate buffer in the workNdykai et al.is known to form poorly soluble salts
with lanthanides!®” hence othebuffers TRIS-HCI and PIPES pH 7.4) and DMSO were
tested as media for PQQ reduction experiméfitpueV.2).

(8}
I
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Figure V.2: Spectrophotometric analysis of theduction of PQQ13) (10 uM) in DMSO (left) or in aqueous

PIPES (middle) o RIS-HCI (right) buffer (pH 7.4, 50 mM) (0.96 mL) with-{+)-ascorbic acid (120 puM) under
nitrogen. Black lines indicate absorption of pure PQQ before the addition of ascorbi€lexisbectrum of pure

PQQ is normalized to an absorbance of 1 atr##in DMSO, 249 nm in PIPES buffer and 250 nniTRIS-HCI

buffer and the spectra with ascorbic acid addition are adjusted accordipgbtra recorded every 60 seconds for

90 minutes irtotal.

Upon addition of ascorbic acid, large absorption bands became visible betweeB&50m

(in DMSO) and 220 300 nm (n buffer) which partly overlayed PQQ absorpti@pectra for

PQQ (black lines) shifted to some degree upscorbic acicaddition (TRIS-HCI > PIPES >
DMSO) and new maxima at 335 nm (in DMSO) and 330 nm (in buffer) appeared and increased

absorption overtime, indicating the reduction of PQQ to P@@¢veral isosbestic points
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further underline a conversion of two species. One dalitenct absorption maxima of PQQ@H
which is described by Mukait al. at 304 nm in phosphate buffétl was completely hidden

under the strong absorption bandastorbic acid

As changes on the absorption spectra of R{Bpand PQQH (24) were most pronounced in
TRIS-HCI buffer, the influence of metal salts on PQQ reduction was analyzed sothent
system. The same experimental-gptwas used as described above, but with one equiv. of
CaCbt2H20 or LaCkt7H20 (FigureV.3).

129, . POQ Reduction in TrisHCI 124 PQQ Reduction in Tris-HCI 1.2 I PQQ Reduction in Tris-HCI
250 nm

+ Ci'l(:lz + LaCl
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FigureV.3: Spectrophotometric analysis of the reduction of PQQ (10 pM) in aqueRLBHCI buffer (pH 7.4,

50 mM) (0.96 mL) withL-(+)-ascorbic acid (120 pM) under nitrogen. Without metal addition (left) or with 1.0
equiv. (10.0 uM) CaGl(middle) or LaCi (right) added. Black lines indicate absorption of pure PQQ, green and
blue lines PQQ absorption with 1.0 equiv. Ca@teen) o LaCk (blue) added, each before the addition of ascorbic
acid. The spectrum of pure PQQ is normalized to an absorbance of 1ran26@l the spectra with addition of
metal salts and ascorbic acid are adjusted accordingly. Spectra recorded every @&®fse@ihminutes in total.
Interestingly, the PQQ spectrum remained almost identical after addition of 1 ediiifblua

line) and slightly decreased in intensity after the addition éf @eeen line). After addition of
ascorbic acid, differences wemre pronounced, since the added metals caused a shift of the
growing PQQH absorption maximum from 330 nm without metal to 309 nm with @ad

313 nm upon L% addition. Reduction of PQQ to PQQMas observed. However, ascorbic
acid is known for its caalination chemistry?*® and complexation with G&and Lr#* has been
reported??%2231 An effect of metals on reduction of PQQ is therefore difficult to observe with
the experimental setup, smboth PQQ and ascorbic acid will compete for complexation. Also
the absorption properties o$@rbt acid are problematic, as it absorbs in the same spectral

region as PQQ.

Since the reduced PQQHpecies is readily available as solid through bulk cgdo with
ascorbic acid, reoxidation of this species was further examined. PCHDHbe reoxidized with
oxygent®tand no further additives are needed which would possibly interfere with the obtained

UV-Vis spectra .
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3. Reoxidation of PQQH:

3.1.SolventSelection

The reduced PQQtspecieg24) can be received as solid by bulk reduction with ascorbgt aci
(seeChaptenl.4.3). With oxygen, PQQHlis reoxidized to PQ@L3).*Y Whether lanthanides

or calcium have an influence on this reoxidation is discuss#us section Several solvent
mixtures were tested in preliminary experiments regarding observed reoxidation, metal binding
and precipitation of enetatligand complexTableV.1). The previously usetiRIS-HCI buffer

was omitted as it is suspected to show metal coordination itself. Ln complexes with the related
Bis-TRIS buffer are reported?*

TableV.1: Solvent mixtures for PQQHeoxidation experiments. Nevbservable reoxidation or metal binding or
occurred precipitation is indicated by a minus gighl indicates observable reoxidati or metal binding or that

no precipitation occurred. To each solvent mixture, PQE@H uL, 2mM) was added as DMSO solution in case

of DMSO- or pure PIPES measurements or as DMF solution for DMF including measurements. 1.5 equiv. of
CaCbi2H,0, LaCki7H,0 or EuCki6H,O (7.5 pL, 20 mM) in either DMSO, DM or HO were added and metal

coordination was evaluated by observed-Ui¢ shifts. For reoxidation, the cap of the cuvette was removed and
the solution was stirred open to air.

Solvent reoxidation metalbinding no precipitation
DMSO T ] N
DMF i N N
PIPES (pH 7.2) N N 1
DMF + H,0 (2.8 /0.3 mL) N N N
DMF + PIPES (pH 7.2, 100 mM NacCl) (2.65 N N -
mL /0.3 mL) - -
DMF + Hz0 (100 mM NaCl) N N :
(2.65 mL /0.3 mL) - ~
DMF + H,0 (100 mM LiCIQ) N N La* and C&" N
(2.65/0.1 mL) ~ ~ EW* T
DMF (75 mM LiCIOs) + H20 N N N
(2.99 mL/0.01 mL) ~ ~ >

While no metal binding or reoxidation was observed for DMSO solutions, an aqueous PIPES
solution of PQQH led to precipitation of a PQ@etal complex, similar to the complex
formation describedh ChaptedV. DMF solutions showed no such precipitation and the metal
binding was well observable. Quinols are knowéoprone to oxidatioby oxygen, forming

the respective quinone and wafé? Itoh et al. described the formation of 8, during the
reoxidation of PQQH in an aqueous solutiomvhich was saturated with oxyg&s®
Unfortunately, in DMF alone, no reoxidation was observed, even after directly bubbling air
through the PQQH solution unless water was addeWater is known to stabilizehe
intermediate semiquinone via hydrogen bondia@which could also be of relevance in this
approach. Without water, the oxidation potentiéloxygen might not be high enough,
explaining why PQQUHlis stable indry DMF and DMSO.
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Attempts were made to exchange the added water with buffer. PIPES is used in metal ion
containing essays arttbscribed as good substitute to TR PIPES buffer with an ionic
strength of 100 mM NaCl was used and the pH watoseéR, which is the optimum of XoxF

MDH from SolV 3¢ %4 Unfortunately, precipitation occurred under these conditions. The
addition of water (0.3 mL, 100 mM NaCilo a DMF solutionalso led to precipitation. The
reduction to 0.1 mL kD and the change from NaCl to LiCI&till accomplished reoxidation,

while no precipitation was observed for3tand C&". However, the smaller Etion still

caused precipitationThe results of gectrophotometriomeasurements ugnthis solvent
mixture are given in the following section. A slightly higher metal concentration of 1.5 equiv.
was used, to ensure complete PQQ complexation.

3.2. Spectrophotometric Measurements in DMF

3.2.1 Reoxidation of PQQHKin DMF with 1.5Metal Equiv. and 3.4/01% H.O

1.2 124 PQOH, + CaCl, Reoxidation 129 PQQH_ + LaCl_ Reaxidation
320 nm

¥

PQQHz Reoxidation

Absorbance (a.
Absorbance (a.u.)

I
b
L

387 nm

et

T T T T T T T 1 T T T T T T T 1 T T T T T T T 1
280 300 320 340 360 380 400 420 280 300 320 340 360 380 400 420 280 300 320 340 360 380 400 420
Wavelength (nm) Wavelength (nm) Wavelength {(nm)

Figure V.4: Spectrophotometri@nalysisof the reoxidation of PQQH(33.4 uM) in DMF (2.9 mL) and
H-0 (100pL, 1.83 M) with controlled ionic strength (LiCkJ3.34 mM) under air, without metal dition (left) or
with 1.5 equiv. (50.0 uM) Caglmiddle) or L&Cls (right) added. Spectra recorded every 30 seceffinlst 100

spectra50 minute$ are shown.

The spectra received from the PQQ&hd PQQH + CaChk measurements appeared rather
similar, with a maximum at 320 nm. Over reoxidation, tHes@ption of the maximum at
320nm decreased, and a new absorption band emerged at 276 nm (280 nfi)fas Gall as

a shoulder at 352 nm (353 nm). Isobestic points at 289, 338 and 387 nm (290, 339, 380 nm)
indicate a clear conversion back to PQQ (compare FighreV.5). The addition of LaGlto

PQQHR led to a shift of the absorption maximum to 326 and a new maximum at 305 nm. In
direct comparison, the maximum was reduced fron2 4.0.. (1.04a.u.for C&") to0.69a.u.

with La®* Over reoxidation, the maximum at 305 nm dissgmed, while the maximum at
326nm slowly decreased its intensity and a new maximum appeared at 280 nm. Only two

isosbestic points were visible at 290 nm 868 nm, while the absorbemat 402 nm increased.
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FigureV.5: Combined spectra (fQQH: (33.4 uM)in DMF (2.9 mL)andH-0 (100puL, 1.83 M) with controlled
ionic strength (LiCIQ, 3.34 mM)under air with or without the addition of LaGlor CaCk (1.5 eqiiv.) at T = 0,
50 and 113 minutes, respectively. Eomparisonadditionalspectra of PQQnithe same solvent mixture with
without metal addition are shown

Figure V.5 shows thefirst and last spectrum received from the spectrophotometric
measurements of PQQIth DMF and HO, with or without the addition of metal salts. For
comparisona spectrum oPQQ wagecordedn the same solvent mixture and concentration,
with or without tle addition of metal salts. In theory, the last spectrum of the measurements
should only contain reoxidized PQQ and should therefore appear similar to the reference
spectra. While this is the case for PQQHCaCh (green lines) and to some extend fioee

PQQ (red lines), PQQH+ LaCk differ quite strong compared to the reference spectrum (blue
lines). The contents of the cuvette that contained PQ&ttl LaCt showed signs of

precipitation after h (seeFigureV.6) likely causing this deviation.
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FigureV.6: Spectrophotometric analysis of the reoxidation of PQ@B.4 uM) and 1.5 equiv. Lag(50.0uM) in DMF
(2.9 mL) and HO (100pL, 1.83 M) with controlled ionic séngth (LiCIQ, 3.34 mM) under air. The black line is pure

PQQ (33.4 uM) + 1.5 equiv. Lag(50.0uM) under the same conditions. Spectra recorded every 30 seconds ifor 2
totali every third spectrum (every 90 seconds) is shown. The noisy spectraatelistarting precipitation.
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To compare the spectra received from PQ@dxidation experiments, the absorbance of the

maximum at 320 nm (with & 320 nm; with L&": 326 nm) was normalized to values between

1 and 0 and plotted against the elapsed tigu(eV.7).

14
‘e\ + PQQH, (320 nm)
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FigureV.7: Normalized absorbance of the maximum at 320 nm (PQQ); PQQ +)G@andI326 nm (PQQ + Lag}l
vs time (s)for measuremestof PQQH (33.4 uM)in DMF (2.9 mL)and H>O (100puL, 1.83 M) with controlled
ionic strength (LiCIQ, 3.34 mM)under air, withor without the addition of LaGlor CaC} (1.5 equiv.) Spectra
recorded every 30 seconds. A = absorbanee, #arting absorbance ;2= final absorbance.

It is clearly visible that presence of the added metal salts does not enhance the reoxidation, since
pure PQQH (red curve) shows the fastest decrease of absorbance and therefore the fastest
reoxidation to PQQ. The decrease of absorbance for PQQ + @&@ cune) is less steep,

while PQQ + Lad (green curve) shows the slowest reoxidation and the appearance of the curve
is distinctlydifferentfrom pure PQQ. A closer look on how exactly metals interact with PQQH

during reoxidation is given in sectidh3.3.

3.2.2 Reoxidation of PQQHin DMF with 3.0Metal Equiv. and 0.3 vol% kD

Since the approach mentioned above caused precipitation after the addition gf dmaCl
alternative solvent mixture needed to be tested for reoxidation experiri@etgfore, only

10 uL (0.3 vol%)of water were added to a DMF solution of PQQFhree equiv. of metal salts

were added in these experiments to study the impact of higher metal concentrations.
Furthermore, EuGlas included, to study the impact of iones(La®* - 1.03A vs Eu**- 0.95A

in hexadentateomplexes according to Shan)éf and Lewis acidity I(a®* < EU)tY The

ionic strength was now controlled by dissolving Li¢kirectly in DMF (75 mM) resulting in

thefollowing spectra:
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Figure V.8: Spectrophotometri@nalysisof the reoxidation of PQQH(33.4 uM) in DMF (2.99 mL) and
H-0 (10 uL, 183mM) with controlled ionic strength (LiClg) 73.1 mM) under air. Left: PQQHKwithout metal
addition. Right: PQQHwith 3.0 equiv. CaChadded(100.2 uM) Spectra recorded every 30 secondigst 100

spectrg50 minute$ are shown.

Thespectra obtained from PQQFeoxidation (left) and the ones with calciuadéion (right)
appeared similar, with decreased absorption maxima at 321 nm, and increased new maxima at
279 nm (PQQH) or 277 nmith CaCb). The appearance of three isosbestic points indicate a
conversion back to PQQ both in the presence and abseoakioim.

Pll'.IQH2 + LaCI3 (3 equiv.)

1.4 4 PC&QH2 + EuCI3 (3 equiv.)

N
[N
1
N
1

s 1 3
n =
8 08+ 8
[ c
@ @
LD \ 4 7 L
[ [
QO 08 ; X o
3 ) = 348 nm 2
< a8 A y <
047 =/ 4365 nm
330 nm \
0.2 W 388 nm
Y
367 nm . . e
0 1 1 1 1 1 1 ] T 1 0 1 1 1 1 1 T 1 1 1
280 300 320 340 360 380 400 420 440 280 300 320 340 360 380 400 420 440
Wavelength (nm) Wavelength (nm)

Figure V.9: Spectrophotometri@nalysisof the reoxidation of PQQH(33.4 pM) in DMF (2.99 mL) and
H20 (10 pL, 183mM) with controlled ionic strength (LiClg) 73.1 mM) under air with 3.0 equiv.100.2 pM)
LaCls (left) or ELCI; (right) added. Spectra recorded every 30 secefidst 100 spectrg50 minute$ are shown.

The addition of LaGlled to a redshift of the absorption maximum from 321 to 324 nm, which
was further redshifted throughout redation. A second maximum was visible as a shoulder at

303 nm which slowly disappeared. Also in this case, a new maximum appeared at 274 nm and



66 REDOX-CHEMISTRY OFPQQ CHAPTERV

all three isobestic points were clearly visible. In comparison, the addition ot EdClo a
further shift ofthe absorption maximum to 328 nm, which in turn exposed a second local
maximum at 304 nm. While an isosbestic point was clearly visible at 291 nm, the other two

isosbestic points disappeared and the absorption contipudersieased between 366 and
430nm.

3.2.3 Reoxidation of PQQHin DMF with 10Metal Equiv. and 0.3 vol% kD

In order to further examine influence of metals on PQf@dxidation, the experiments were

repeated with 10 equiv. of metal salts under the same conditions receiving the followirey spect
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Figure V.10: Spectrophotometri@analysisof the reoxidation of PQQH(33.3 uM) in DMF (2.99 mL) and

H20 (10 uL, 183mM) with controlled ionic strength (LiClg) 72.3 mM) under air without metal adibn (top

left) or with 10.0 equiv. (333.3 uM) Cagitop-right), LaCls (bottomleft) or ELCl; (bottomright) added.



CHAPTERV REDOX-CHEMISTRY OFPQQ 67

The obtained spectra appeared similar to the ones received from measurements with 3.0 equiv.
of added metal salt (sdggureV.8 and Figure V.9) with values for maxima and isosbestic
points changed only marginally by2Lnm. As an exception, the shift of the final maximum at

338 nm for 10 equiv. EugWas more pronounced compared to the oalg®33 nm for 3 equiv.

EuCk.

3.3. Evaluation of the Reoxidation Kinetics

To compare the spectra received from the Pf@bBixidation experiments with 3 or 10 metal
equiv., the absorbance of the decreasing maximum around 321 nm was normalized to values
betweenl (first measurement) and O (last measurement) and plotted versus the elapsed time
(FigureV.11). Without metal addition (red line), absorption of PQQtreased for the first

2.5 minutes before the maximum started to diminisdr. fetter comparison, the increasing
maximum around 270 nm wanotted additionally, where no such delay was observed. The
overall appearance of the metal addition curves remained the same for both plots, but the curve
for metal free PQQK(red line) was ow almost identical to the ones received fronf*Ca
addition (green lines). An effect on the reoxidation of PQ@Hherefore questionable. The
curves for 3 and 10 equiv. &€aare in close proximity, especially for the masiraround
270nm, while the smalbeviation is probably within the error of the experiment. This is also
the case for Eli addition (violet curves), where the raise to 10 equiv. is not reflected by a
different curve progression. However, the addition of*Eclearly accelerated PQQH
reoxidation, as the curves are steeper for both plots and stagnated already aftef2btha

around 32(0m), indicating a shorter reaction time until PQ&Q#icompletely oxidized back to

PQQ. The curves for Baaddition (blue curves) show a different pregsion and are therefore
rather difficult to interpret. With 3 equiv. Egthe curve appears less steep than without metal
addition. Unlike in the other experiments, the raise to 10 equiv.Has a clear impact on the
curve, now showing a faster acaelgon and reaching stagnation after about 32@0aximum

around 320'm). In summary, C4 shows no effect on PQQHeoxidation, while E®f clearly
accelerates the reaction.taccelerates the reaction only with 10 but not with 3 equiv
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Figure V.11 Normalized absorbance of the maximatieft: 321 nm (PQQ; PQQ + Cag)l 324 nm (PQQ +

LaCls) or 328 nm PQQ +EuCls) or right: 279 nmPQQ; PQQ + Cag), 274nm (PQQ + LaG) or 270nm PQQ

+ EuCls) vs time(s) for measurements of PQQKB34 or 33.3uM) in DMF (2.9 mL) andH20 (100uL, 1.83

M) with controlled ionic strength (LiCI©73.1 or 72.3nM) under air, withor without the addition of CagLaCls

or EuCls (3.0equiv.- 100.2 uMor 10.0 equiv- 3333 uM). Spectra recorded every 30 seconds. A = absorbance,
Ao = starting absorbance A= final absorbance.

The findings are in contradiction to the ones receivad 312 - FigureV.7. The addition ofL..5
equiv. L&* or C&" led to a decelerated reoxidation in both cases. However, the experimental
setup was different, with larger amounts ofCH(3vol% vs. 0.3 vol%) and less LiCl©
(3.34mM vs 72-73 mM). Water was already mentioned to stabilize thterinediate
semiquinoné??and is needed to reoxidize PQ&RDMF. Redox cycling appears much more
simplified in water than in organic solventss discussed in the following electrochemistry
section ChapterV.4). Having enough water present to accelerate reoxidation, the coordinating
metals show a slowing effect. Vice versa, having only small amodnigater available,

complexation leads to an acceleration, at least féf & L& in higher concentrations.

But how is the reoxidation influenced by metals in detail? Kharetoal. summarize the
coordination chemistry of-quinones in their revie¥g®® Coordinating metals are known to
stabilize radical speciés§® As quinone redox processes normally proceedl€e steps
including semiquinone radicaf&? this could also be of relevance here and depending
on the coordinating metal, the transitioaelmiquinonePQQ&Tspecies:ould be stabilized
differently well Especially Yb can stabilize radical liganef$;?3?1 however, the
participation of the Y oxidation state is described, which is only accessible for few
other lanthanidesNd, Sm, Eu, DY.[®®! Stable complexes of Nt with three different
oxidation states of iminoquinones are known without changing the +3 neodymium
oxidation staté?®®l As seen in Chaptdt.3.2.3, the different metal ions only had a small

influenceon the position of the LUMO and HOMO in calculations for the active side of XoxF
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MDH with PQQ orPQQ'T A complete complexation can be assumed when comparing
the overall similar spectra ifigureV.4 (1.5 metal equiv.)FigureV.8 - FigureV.9 (3.0
metal equiv.) anéfigureV.10 (10 metal equiv.) and the similar curve progressions of 3.0
and 10 metal equiv. for €aor E* in FigureV.11. On the other hand, the total amount
of added HO accelerates the reoxidation rate, sine®Hs generated throughout the
reaction, as already determined by laital[??61 One could argue that the added crystal
water of the metal salts also increasettiial amount of water in the reaction. Although,
even with 10equiv. of EuCkt6H20O, the amount of water is only increased by Gfo

60 equiv.compared to the already added 10(fb41equiv.) Differences of the added
metal ions are apparently the more ortant factor.Lanthanide agua complexes are
prone to hydrolysis and thus commonly reduce the pH by proton abstraction from the

hydration spher&34
[Ln(H20)s *+HOVY [Ln(H20)7(OH)]2+ + H3O"

This would fit to the received curves, which decrease faster the stronger the Lewis acidity of
the added metal ion is (Eu > La > Ca), at least for the experiment with 10 equiv. of added metal
salt. However, only 10 pL of water apgesent in solution and the solvation sphersore

likely saturated with DMF [Ln(DMRgJ®".'%l Nevertheless, the influence of acids on the
reoxidation of PQQHEshould be tested in future experiments. In addition, possibilities should
be evaluated to buffer the DMF@ solvent mixture. However, it should beentioned that
PQQH is described stable in acidic environments below4pkevenin the presence of
oxygen*® Coordinated metals to the PQ@Hyuinol could also lead to facilitated
deprotonation, concurrent to stabilization of the then negatively charged oxygen intermediate
(SchemeV .1).

SchemeV.1: Possible reoxidation of PQQHaccelerated by coordinated metals. M 2"Clan®".

Facilitated deprotonation and stabilization woulddmh positively influenced by increased
Lewis acidities of the central metal through electron density reduction of the coordinating

oxygen. Similarities in energy levels are important for shifts in charge distribution



70 REDOX-CHEMISTRY OFPQQ CHAPTERV

between metal and ligaf@®® and orbital energies of the central metal need to be

especially low for metal localization of electrdensity!?3¢l

However, both theories do not explain the differenpshaf the L&' curves inFigureV.11, a

phenomenon which could not be ultimatelgrified.

3.4.Conclusion

Reduction of PQQ with ascorbic acid and reoxidation of PQ®ith oxygen was studied
throughout this chapter by UVis measurments. The influence of added lanthanides and
calcium was analyzed for both redox reactions in order to better understand the role of those
metals in enzymatic MDH activity. While no acceleration was observed for the reduction from
PQQ to PQQH the reoxi@tion of PQQH was accelerated with Euand 10 equiv. of L but

not with C&*. The opposite effedt deceleratiorof the reoxidation was observed for?Cand

La®>* when larger amounts of water were available in the system. While the exact role of the
different metals on reoxidation could not be clarified, also the changing Lewis acidity has to be
taken into account, which has an influence on both pH and the proton abstraction of. PQQH
While measurements in buffered aqueous solvents are not possilile the& precipitation,

DMF can directly buffered instead to produce comparable kinetic reoxidation experiments with
calcium and lanthanides. Literature shows that a pH value can also be determined for solvents
other than watd?372%8] Since glass electrodes can even be used for measurements IFBMF,

common buffer substaes could be tested for usability in this solvent.
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4. Electrochemistry of PQQ

4.1. Introduction

The electrochemistry of PQQ has already been extensively studied in the past, inojaliing
voltammetry CV) measurements of PQQ3) and PQQMe(11) in aqueus and organic
solutions and with or without calcium additiohableV.2 summarizeghe literature available

and reporteghotentials.

TableV.2: Oxidation, reductionrad B/, potentials of PQQ and related compounds, taken from the literature and
standardized to SHE in Volt (V). *Used refef0dNce. Q
NaHPQ, buffer, 2 M sodium salicylate buffefNaHPQu+HNO; buffer, 0.5 M HCIO, buffer, €0.5 M KH.PO

buffer, 0.5 M NaOAc buffer30.1 M E4NCIO4, "0.1 M BuNPFR;, '0.1 M nPiN][BAr ). Values referenced to

Fc/F¢ were converted to SHE, according to Aranzekeal?*? and Pavlishchulet al?*. The same electrolyte

was used foF’2 and the referencd®® and 1 (0.10 M BuNPF;). 114 used a different electrolyte (0.10 M
[NPuN][BArf]) so this conversion is not as acc at e. Conversion factors ar
0( NHE Y S H®4y5 (DGM), +0.382 (MeCN) an#0.435 (DMSO) respectivelyor (Fc/F¢Y SCE) .

Solvent
Ref. Compound - S Standardized to SHE [V]
p
175,181 | PQQ H.O (2F SHE | 042 (Exp) (Q/QH)
79,3811 | pQQ H.O (7F SHE | 0.09(Ex») (Q/QH)
179,181 | pQQ H.O (13) SHE | 10.22(E1p) (Q/Q A)JT0.24 (E1) (Q A/QH)
79 PQQ H.O (7.2} SCE |051(B2) (Q/ QAT /QH), 10.87
242] PQQ H20 (0.3} | NHE | 0.51 (Bx) (Q/QH)
242] PQQMe H.0 (0.3¢ | NHE | 0.53 (Bx) (Q/QH)
242] PQQ H;O (2.89F | NHE | 0.34 (B (Q/QH)
242] PQQZn(Il) H;O (2.89F | NHE | 0.34 (B) (Q/QH)
27] PQQMe H»O (3.01} | NHE | 0.38 (&) (Q/QH)
242] PQQMe+Zn(ll) | H,O (3.01F | NHE | 0.38 () (Q/QH)
242] PQQ H.O (5.6 NHE | 0.15 (B) (Q/QH)
242] PQQZn(Il) H.0 (5.6) NHE | 0.23 (Bp), 0.17 (Bp)
oo 0.05(0.8) (red) ([QQATT
242 PQQ DMFY NHE (red) (QH), THYRAT(r+e QH
242 | PQQDBN DMF9 NHE |71.09 (red\QY QH)
0.05 (red) ([QQAR)}), 10
2| PQQMe MeChF NHE | 10.97 (red) (QH)*
[242] PQQMe+DBN | MeCN? NHE | no effecti samne as above
i10.22 (red), 1T0.66 (red)
w2 | PQQMe DCM" FelFc li0. 64 (ox), 10.42 (ox),
1T10. 13 (red), 1T0.63 (red)
[172] PQQMe MeCN"' Fc/F¢ i0.67 (ox), 10.44 (o0x),
10.12 (red), 1T0.55 (red)
[172] PQQMe DMSO" Fc/Fc i0.57 (ox), 10.39 (ox),
2] PQQMe, DCMP Fc/F¢ | 10.18(Ew) (Q/Q AT
PQQMe, ~ 10.18 (red) , 0.38 (o
(72l +HOAC DCM" FelFe disproportionation ofQ A, ffollowed by reoidation
PQQMes 0297 (Q/ QAT), 1.06 (o0x)
e +Ca(ClQy), MeCH' eI disprotportionation and reoxidation as above)
T114] Loo DCMi Fc/F¢ | 10.23(Ew) (QIQA)] 1 redd@A/QH)
i 038(5r) (Q/ QAi(red).,0 10.05
Ha | [La(Led)(NOs)d | DCM FeFC | 0.20 (0x)¥ _d i me requiliariaanaloss of NG
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In 1990, Kaneet al.published CV measurements of PQQ in buffered aqueous solution, showing
a redox process at a midpoint potential 6f19 V and an irreversible cathodvave at a peak
potential ofTi 1.11V vs SCEI"® By comparison with simulations, the redox couple was
assigned by the authors to a tstep oneeslectron mechanms via the semiquinon@QQ&T
(FigureV.12). The irreversible wave was assigned to the reduction of reduced AQRRQ

4,5 dihydroquinole. As described by the authors, PQQ forms severabasadand redox

equilibria in aqueous solutionBigureV.12).

PQQ PQQ PQQH,

FigureV.12: Acid-base and redox equilibria of PQRQQ" 'and PQQH. Reported from Kanet all*7%

In 1982, Eckert el at. published CV measurements of PQQ, P@&Mdestructural analoga in
aqueous media, in DMF and in Me®R Unfortunately, insufficient experimental details
without PQQ concerditions were given and no CVs were shown. However, several midwave
redox potentials were given for aqueous solutions at different pH values, which are described
as single Zesteps. CV measurements in raqueous solvents were described to be more
complicated with several reversible reduction st&sWhile the number of transferretiwas
described to be diffult to measure, the authors mentioned, that reduction would not occur
through single PQY PQQ'Y PQOQH: 1€ steps. Instead, four reduction potentials are given,
which are explained by the authors with following scheme:

Couple | PQQ+& Z PQQ'T ]
PQQ +PQQ z  [(PQQPQQ]

Couple Il [(PQQPQQ)+€z  [(PQQ)]
[(PQQ) z  2PQQ

Couple Il PQQ '+ € z PQQH'
Couple IV [(PQQ'),] € z PQQ + PQQH'

SchemeV.2: Proposed reduction steps of PQQ quinone to quinol iragmeousnedia. Reported from Eckest
al.[242]
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By addition of the nomucleophilic base 1;8iazabicyclo[4,3,0]nofb-ene (DBN), the
reduction potential of PQQ was simplified to d fansfer, while the addition of DBN to
PQQMe showed no effect. The authors explained this with electrostatic repulsive forces of the
now deprotonated carboxyl groups, which prevented association of radical species as described
in Schemev.2.

In 1998 Itohet al. published CV measurements of PQQMeDCM, MeCN and DMS®'7%

The recorded CVs showed several isolated reduction and oxidation proagssegs also
described by Eckest al?*? The authors described the oo@nce of those isolated reduction

and oxidation processes with several radical species, which can interact with each other and

which are subject to acidase equilibria as wefi’?

reduction oxidation
1oxH + é Y :l.radHT :I.rad2 1 Y 1oxH + é
1radH + é Y :I.redH2T :I.redHZT Y :I.radHT + é
1ok +¢€ Y laf ledH? Y liaH2 + €
leHs Y lraHs + €
acid-base equilibrium disproportionation
lLaH" +1oxH 2 lraH2 + Lox ladH2 Y Y2 1oxH + Y2 TedHs

:I-redHZT +1xH 2 :I-redH2T + ]-oxT

SchemeV.3: Proposed reduction and reoxidation processes of PQQME!), as well as acithase equilibria and
disproportionation reactions. Reported from lettal 172

1radH2
CO,Me CO,Me CO,Me
MeOzC HN 9020 HN 902C HN
| X
b
MeOZC N MeOZC N MeOZC N
Op
2_
1reqH TreqH2™ 1redHs

SchemeV .4: Structures and nomenclature of several proposed intermediate states during the reduction af PQQMe
(10)(H) .[172]

By using a fully methylated species PQ&s (loxMe i methyhted pyrroiN), the CV
simplified to a reversible 1@edox couple at £z = 10.90 V vs Fc/F¢, corresponding to

1oxMe/ladMe' . By the addition of equimolar amounts of acetic acid, the oxidation peak current
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at1 0.84 V disappeared while a new oxidation peak appeaiicdl24 V. The now irreversible
redox pocess is explained by protonation of the generatgdd to ladMeH, which
disproportionates into ¥2Me and %2 &dMeH: of which the latter is then oxidizediad.34V.

The authors also examined the influence of calcium on the redox behavigviefid MeCN.

After the addition of one equivalent of @iQ4)-tnH20, the 1& redox couple was positively
shifted by 0.5%/. Due to protonation by the now present water and disproportionation of the
reduced &dMe' species (as described above) the oxidation peskagain shifted to higher
voltage (0.44V). Due to the positive redox shift caused by calcium, the authors postulated a

significant enhancement of PQQs oxidation power in MDH when coordinated to calcium.

After the discovery of lanthanide dependent raath dehydrogenases, the question arose, in
which way those metals would influence the electrochemistry of PQQ and if they would be

superior over calcium in activating the cofactor for methanol oxidation.

Schelteret al.synthesized the model ligan@ddand were able to show lanthanum coordination
as [La(Log)(NOs)3].[114

NCy,

FigureV.13: Left: Model ligand lgg, containing a benzoquinoline quinone asicural analogon to PQQ. Right:
Crystal structure of [La(bg)(NOs)s]. Reported from Scheltet al*4]

CV of Loggave a reversible redox process g £1 0.95V, which was assigned by the authors
as the quinonsemiquinone (QQ/Q@ couple. An irreversible reduction wave at Ei41.76

was assigned as formation of the catecholate dianiéf.(Q

When coordinated to lanthanum ([Lad)(NOs)3]), the QQ/QJ@ redox couple was shifted
towards more positive potentials aiE=10.34V, explained by stabilization of the AQnion

by the coordinated metal ion. Further, poorly reversible reductions were visible, which are
explained as loss of NDligands and dimézation equilibria. Related to the positive redox shift
upon lanthanum coordination, the authors could further show thatd&dfNOs)s] was able to
oxidize*MBnOH to*M®PhCHO in DCM, which was not possible by the free ligand dlone.
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4.2.Measurements of QQMesin Non-agueousSolvents

Investigation began with the reproduction of literature known CV measurementgt kibh

showed cyclovoltammograms of PQQMe DCM and MeCN with corresponding reduction
and oxidation potential§=igureV.14).[t"2
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FigureV.14: Left: PQQMe (0.001 M) + BuNPFs (0.1 M) in DCM. WE: Pt/Au, CE: Pwire, RE: Agwire pseudo.

Right: Superposition of experimental CVs and the literature knone from Itohet al*’? Reprinted with
permission fronitoh et al*”? Copyright (1998) American Chemical Society.

The experimental procedures were reproduced as closely to the experimental description as
possible, but although the general shajpihe received CVs was quite similar to the literature

ones, the potentials of the oxidation and reduction waves differed up to\M (DableV.3).

TableV.3: Reductionand oxidation peak potentials of PQQMe anhydrous DCM (mWs Fc/F¢). Sweep rate
=100 mV s.

Reduction (mV) Oxidation (mV)
I Il 11l v \ VI VI
Pt 1833 11285 11403 11299 11097 1285 114
Au 1807 11257 11354 11271 11104 1340 35
Lit.(Au)*7? | 7940 11380 11480 | 71360 11140 1430 1180

The experiment was repeated in MeCN, yielding a similar sh&pédas for the DCM
measurementHgureV.15).
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FigureV.15 PQQMe (0.001 M) + EANCIO4 (0.1 M) in MeCN. WE: Pt, CE: Rwire, RE: Agwire pseudo.

In this case, the literature values for the reduction and oxidation witesk better to the

experimental onesaking the different electrode materials {RtAu) into accout (TableV.4).

TableV.4: Reduction and oxidation peak potentials of PQQMe3 in anhydrous MeCNgriR¢/Fc+). Sweep rate
=100 mV sl

Reduction (mV) Oxidation (mV)
I I M \% \Y VI Vi
Pt 1833 11285 11403 | 11299 11097 1285 114
Lit. (Aw)*7@ | 7807 11257 11354 | 11271 11104 1340 35

While the available lanthanide salts (chlorides and nitrates) were not soluble in DCM, metal
titration with La(NQ)3 was performed witltQQMe in MeCN (FigureV.16).

5
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-2.0x10% , : : : .
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FigureV.16: PQQMe (0.001 M) + EfNCIO,4 (0.1 M) in MeCN (led line) + 1.0 equiv. dfa(NQs)st6H20 (blue

line) at 100mV/s WE: Pt, CE: Rwire, RE: Agwire pseudo. Voltammograms are not reproducible and change
every measurement.
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Unfortunately, the voltammogram changed completely upon metal addition with very broad
reduction and oxidation waves, making an interpretativieasibleIn addtion, the received
voltammograms were nemeproducible and changed their appearance and position of the

reduction and oxidation waves after every measurement. Therefore, the solvent system was
switchedto DMF.

In DMF, the CVs of PQQMewere even more congx, and multiple isolated reduction and

oxidation processes were visible especially with decreased scarFigteg¥.17).
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FigureV.17: PQQMe (0.001 M) + EANCIO4 (0.1 M) in DMF. WE: Pt, CE: Pwire, RE: Agwire pseudo.

Keeping the complex redox processes of PQQ epeiti noraqueous media in minds

described by Eckétf? and Itohl*’2, the correct assignmertf the visible reduction and

oxidation processes is nont@iand requires supporting simulated voltammograms.

The influence of lanthanum on the CVs of PQ@MeDMF was tested as welFigureV.18).
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FigureV.18: PQQMe (0.001 M) + EfNCIO,4 (0.1 M) in DMF. Left and middle: Addition of LagFH,O in DMF
(0.1M 71 10pL per equiv.) Right: Addition of water. WE: Pt, CE-Wire, RE: Agwire pseudo. Segments43are

shown.

Already with 1.0 equivLaCkt7H;O, the potentials of the reduction processes were shifted to
more positive values and simiphid to a single peak. While the position of the peak varied with
more equivof lanthanum at 100 mV/s, it remained constant with an increased scan rate of 2000

mV/s and only the current increased likely due to an increased conductivity with more ions in
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solution. Due to the present crystal watetaClst7H.O, the sole influence of water was tested

as well. Here, only larger amounts of water (100 equiv.) caused a change in the voltammogram.

4.3.Measurements of PQQn Non-agueousSolvents

In the next step, voltammograms of free PQQ were recorded and thencdlof lanthanum,
water and HCI was teste#igureV.19). Similar to PQQMeg several reductions were visible
(11142mV, 11242mV, 1 1675mV), as well as one oxidation 775 mV). With 1.0 equiv.
LaClt7H.0 the receive voltammogram changed drastically, with two reduction peaks at
1642mV and11633mV and two oxidation peaks attl200 mV andi 608 mV. With more
lanthanum equiy only one reduction peak was visibletrdt375mV to 1 1425mV and one
oxidation peak af 1333mV to 711117 mV. With 10 equiv. ofLaCkLt7H.O present, redox
processes could no longer be observed.
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FigureV.19: PQQ (0.001 M) + BNCIO4 (0.1 M) in DMF. Left: Addition of LaGf{7H.O in DMF (0.1M i 10 uL

per equiv.) Middle: addition of water. Right: Addition of HCI (1 MYE: Pt, CE: Piwire, RE: Agwire pseudo.
Segments - are shown.

As a control, small amounts of water were added to the DMF solution of PQQ and no change
of the voltammogram could be obged. Higher amounts of water (50 equiv.) led to a
completely different voltammogram, though. Since protons are needed for the complete
conversion of PQQ (quinone) to PQ&Xduinol), the influence of small amounts of added HCI

was tested, which caused sédtreduction and oxidation peaks with growing currents.

With larger amounts of HCI (55 equiv.), the obtained voltammogram chafggpddV.20).
Two redox processes were now well observable, with the high currerdtof65eq mV to
159Qx mV (E»=1777.5 mV) and a lower current oneldi43Qeq mV to11236x mV (B =
11333 mV).
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FigureV.20: PQQ (0.001M) + ENCIO4 (0.1M) in DMF with 55 equiv. of HCI (1M). WE: Pt, CE: #ire, RE:
Ag-wire pseudo. Segments2lare shown. Both redox processes can also be measured independently (blue lines).

The voltammogram could be drastically simplified with HCI, but the excess of acid would
protonate all carboxyl groups of PQQ, making ptewmation with lanthanides unfavorable.
Therefore, other solvent systems were required, which would allow complexation while

limiting the number of different species.

4.4.Measurements of PQQn H20/DMF Solvent Mixtures

The CV of PQQ in water shows a singlevd-step oneelectron redox process for the
guinone/quinol couple. In comparison, voltammograms recorded Hagqueous media show
multiple isolated reduction and oxidation processes, making interpretation challenging.
Therefore, measurements in water wohél preferable for investigations of the lanthanide
influence on redox processes of PQQ, but in this medium, lanthanide coordination always lead
to precipitation. Therefore, solvent mixtures of DMF and water were tested. While large ratios
of water still bd to complex precipitation of PQQ with lanthanides, a 70:30 mixture of water
and DMF still indicated complex formation as observed by a distinct color change, but
precipitation was delayed and occurred not earlier than 15 minutes after metal additioN. The

of PQQ in this mixture showed two redoauples FigureV.21).
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Figure V.21: PQQ (0.001 M) + EBNCIO; (0.1 M) in a 70:30 H,O/DMF mixture WE: Pt, CE: Puwire,

RE: Ag-wire pseudo. Segments43are shown. Both redox processes can also be measured independently (blue
lines).

One couple appeared betwee263eq mV and 1@x mV (E» =1126.5 mV) and one couple
betweent 73Qeqandi 627x (E» =1678.5 mV).

4.5. Spectroelectrahemistry of PQQ in H2O/DMF Solvent Mixture s

In order to assign thewb redox processes of PQQ in 70:BRO/DMF mixtures, bulk
electrochemical reduction/oxidation of the sample was performed in combination withsUV

measurements (spectroelectrochemistigllowing spectra were received:

1.0x10°+ PQQ in H,0/DMF
50 mv
5.0x107
0.0
<
=
€ 5.0x1071
=
3
Q
-1.0x10°4
-1.5x10°
Segment 1-2
630mv Segment 3-4
Segment 5-6
-2.0x10° T r T r : .
-1000 -800  -600  -400  -200 0 200

Potential [mV]

FigureV.22: PQQ (0.8 mM) + ENCIO4 (0.1 M) in a 70:30H>O/DMF mixture. WE: Pt, CE: Pwire, RE: Ag
wire pseudo. Potentials are not refereneedhe Fc/F¢ couple, aghis voltammogram is used as overview over
the different potentials at which UVis measurements were performed.
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FigureV.23: UV-Vis spectra of PQQ (0.8 mM) + BCIO; (0.1 M) in a 70:30H.O/DMF mixture at different
potentials. Potentials are given in the legend, while the second number indicates a change in the direction of
potential adjustment (cycle).

The first cycle went from 50 t©150 mV, in order to go through the first reduction peak. This

led to a decrease of the absorbance maximum ati@7&nd finally to a shift of the maximum

to 402 nm (light blue line1 150_1). By reincreasing the potential to 125 mV, the process was
revered and the absorbance maximum changed back to 383 nm, however, without reaching the
initial high absorbance. In order to go through the second reduction peak, the potential was
stepwise decreasedit@00 mV (34 cycle). This led the absorbance maximumtsbi##09 nm,
accompanied with an increase of the absorbance. This spectrum, as well as the transformation
through the different potentials appeared rather similar to spectra received from the reoxidation
of PQQR in a DMF/HO mixture FigureV .4).

Although the maxima are shifted, the solvent systems are differ&0i30 HO/DMF for the
spectroelectrochemiteneasurements compared to ad®thO/DMF mixture for the PQQH
spectra. If both species are the same, then the secondoamgur at & =1678.5 mV would
be the PQQ/PQQHquinone/quinol) pair, while the first couple at £1 126.5 mV would still
be unknown. It is feasible that the first redox couple is the PQIQfTWhiIe the second redox
couple is theeQQ* TPQQH: pair.

However contradicting this theory, the potential in the fifth cycle of the spectroelectrochemical
measurement is reincreased fro00 mV. The conversion seems to be irreversible since the

potential had to be set back to 50 mV (intermediate steps not shown),
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to finally change the PQQ species back to the original one, skipping the species with a

maximum at 402 nm (light blue lind 150_1).

4.6.Influence of Lanthanides andCalcium on the CV of PQQ in HO/DMF M ixtures

In a70:30 HO/DMF mixture, complexes of PQQ ith lanthanides remained in solution, hence

it was possible to investigate the influence of lanthanides on the electrochemistry of PQQ. PQQ
in DMF (0.1M, 10puL) was added to a solution of>8 (700uL, 0.1M EtNCIOs) and

DMF (280pL, 0.1 M Et4NCIO4) and aCV was recorded at 20V/s. Increasing amounts of
metal chlorides in DMKO0.1M, 10 uL per equiv.) were added to the solution and CV were
measuredUsed metal chloridesvere LaClt7H,O, PrCEt6H,O, EuCki6H,0O, YbCkt6HO,
LuCl3t6H20 andCaCbt2H:0.
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0.0+

5.0x10°

Current [pA)]
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Potential [mV]
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FigureV.24: C V 68tPQQ (0.001 M) + ENCIO4 (0.1 M) in a 70:30H.O/DMF mixture with increasing amounts
of LaCkt7H,O (0.1 M in DMF, 10 uL per equiv.)WE: Pt, CE: Pwire, RE:Ag-wire pseudoSegments-& are
shown.

Upon addition of one equiwf lanthanum, the £z value of the first redox pair shifted to more
positive values and the distance of the positive and negative maximurasztrgV/ith more
metal equiv, the observed current slightly decreased, possibly caused by beginning
precipitation, but the f» position stayed constant. The/Zvalue for the second redox couple
was shifted to more positive potentials upon lanthanuntiaddis well and further shifted with
more metal equiv. Also in this case, the current decreased with more meta|! lmafustronger
than for the first redox couplédditional CVs were recorded with different lanthaesénd
calcium(FigureV.25).
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FigureV.25: C V ®8EPQQ (0.001 M) + ENCIO4 (0.1 M) in a 70:30H.O/DMF mixture with increasing amounts
of metal chlorideg0.1 M in DMF, 10 pL per equiv.)WE: Pt,CE: Ptwire, RE: Ag-wire pseudoSegments -3
are shown. Upper leftPrCkt6H,O; upper right: EuGt6H;0; left: YbCkt6H.O; right: LUCkt6H.O; bottom:
CaCbt2H.0.
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Regardless of the added lanthanide, voltammograms appeared similar with only slight
differences in the current and position of the maxima and minima. The CV obtained from PQQ
with added calcium differed, since influence of calcium on the elecotrochemistry of PQQ was
only minimal (FigureV.25). TableV.5 gives an overview over the maxima and minima and the
corresponding Ex values of the different CVs frofigureV.24 andFigureV.25.

TableV.5: Potentials of maxima, minima and corresponding\&lues ofPQQ (0.001 M) + BNCIO4 (0.1 M) in
70:30H,0O/DMF with one equivof metal chlorides (0.1 M in DMF, 10 pL per equiv.). Due to the varyingeslu

of the PQQ measurements (without metal), the maxima of the first couple were all set to 14 and the CV were
shifted accordingly those new values are given in additional column with grey backgrounds.

1.0 equiv. first couple (mV) second couple (mV)

Lanthan Maxima Minima Eip Maxima Minima Eip
PQQ 14 14 -262 | -262 | -124 | -124 | -623 | -623 | -728 | -728 | -676 | -676
LaCls -34 | -34 | -123 | -123 | -785| -79 | -583 | -583 | -728 | -728 | -656 | -656
Praseodym

PQQ 18 14 -271 | -275 | -127 | -131| -617 | -621 | -716 | -720 | -667 | -671
PrCl; -30 | -34 | -103 | -107 | -67 | -71 | -579 | -583 | -719 | -723 | -649 | -653
Europium

PQQ -16 14 -167 | -137 | -92 -62 | -612 | -582 | -710 | -680 | -661 | -631
EuCk -19 11 -95 -65 -57 -27 | -584 | -554 | -711 | -681 |-647.5| -618
Ytterbium

PQQ -8 14 -169 | -147 | -89 -67 | -614 | -592 | -718 | -696 | -666 | -644
YbCl; -16 6 -78 | -56 | -47 | -25 | -587 | -565 | -718 | -696 | -653 | -631
Lutetium

PQQ 11 14 -262 | -259 | -126 | -123| -627 | -624 | -734 | -731 | -681 | -678
LuCls -3 0 -92 | -89 | -48 | -45 | -579 | -576 | -743 | -740 | -661 | -658
Calcium

PQQ 0 14 -199 | -185 | -100 | -86 | -614 | -600 | -716 | -702 | -665 | -651
CaCb 29 43 -231 | -217 | -101 | -87 | -600 | -586 | -732 | -718 | -666 | -652

For better comparison, only the values for one equiivmetal are given imableV.5. The

values br PQQ alone (without metal) vary from experiment to experiment, even with ferrocene
reference. On the one hand, those variations could occur due-toaskdf pseudoeference
electrodes used in the experiments (stwée in 70:30 HO/DMF + EuUNCIO4 (0.1 M)), were

the depth of immersion could already cause differences. On the other hand, the ferrocene
measurements were always taken isolated under the same conditions after the experimental
measurements (external standart). An internal standard (small enaduerrocene in every
measurement) would give more accurate data, but the redox potential of ferrocene overlaps with

the first redox couple of PQQ. Other standards could be used, as cobaltocene or
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decamethylferrocene, but experiments, where small amafifiérrocene or cobaltocene were
added to solutions of PQQ and lanthanide chlorides failed. Immextikiechange to black
wasobserved, together with precipitation of a black solid and complete change of the received
CV. A chemical interaction of thenternal standard with PQQ or the lanthanides seemed to

occur, which excluded this method.

In order to better compare the datalebleV.5, themaxima of the first coupléor the PQQ
measurementwere allset to 14mV andall CV were shifted accordinglyBy comparison of

the B/ values before and after lanthanide addition, alf \Ealues for both first and second

redox couple are shifted to more positive values. Therefore, those metals seem to enhance the
reductionability of PQQ and its oxidation power towards substrates like methanol. Due to the
described variations in the redox potentials between experiments, direct comparison between
the different lanthanides should be treated with caufiableV .6 gives the differences between

PQQ potentials before and after metal addition. While the second couple is influenced in a
similar fashion, the differences for the first couple are larger, but no clear pattern can be
observed, sth as increasing shifts throughout the lanthanide series.

TableV.6: Eyz values of for the redox couple BRQ (0.001 M) irv0:30H,O/DMF + EuUNCIO, (0.1 M) with one
equiv. of metal chlorides (0.M in DMF, 10 uL per equiv.) and the differences of both measurements.

1.0 equiv. first couple (mV) second couple (mV)
Lanthan Ei Difference Eaz Difference
P -124 -676
QO 45 20
LaCls -79 -656
Praseodym
PQQ -131 -671
60 18
PrCk -71 -653
Europium
PQQ -62 -631
35 13
EuCk -27 -618
Ytterbium
PQQ -67 -644
42 13
YbCls; -25 -631
Lutetium
P -123 -678
Q0 78 20
LuCls -45 -658
Calcium
PQQ -86 -651
CaCb -87 1 -652 !
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As already seen iRigureV.25, the addition otalcium leads to small shifts of the maxima

and minimawhereas th&i,2values stay constant.

4.7.Influence of Acids andBases on the CV of PQQ in LD/DMF SolventM ixtures

In order to examine the influence of pH variations on the electroctrgnois PQQ, small
amounts of acid (HCI) or base (NfEtvere added to PQQ in70:30 HO/DMF solution. The
addition of HCI ¢ M in H2O, 1L per equiv.FigureV.26) did not change the overall shape of

the received itammograms, but largely increased the current, especially for the second redox
couple. In addition, small shifts towards more positive potentials could be observed. Protons
are required for the complete conversion from quinone to quinol, which couldrexipta
enhanced redox processes, especially for the largely increased reduction.
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FigureV.26: Left: CV 606 PQQ (0.001 M) + BNCIO4 (0.1 M) in a 70:30H20/DMF mixture with increasing
amounts ofHCI (1 M in HO, 1 pL per equiv.)WE: Pt, CE: Pwire, RE: Ag-wire pseudo Segmets 34 are
shown. Right: Closgp of theC V 6 s

The addition of NEf (0.14puL per equiv.) caused similar chang@sigure V.27). The
voltammogramsvere shifted towards more positive potentials and the current largely increased.
Interestingly, addition of 5 equiand more caused the opposite effects: The voltammogram
shifted back to more negative potentials and the current decreased as well. ¥gtivi@nly

two isolated broad reduction and oxidation peaks were visible, which disappeared with 50

equiv.
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FigureV.27: Left: C V 606 PQQ (0.001 M) + BNCIO4 (0.1 M) ina 70:30H,O/DMF mixture with increasing
amounts oNEt;(0.14 pL per equiv.)WE: Pt, CE: Rivire, RE:Ag-wire pseudoSegments-3 are shown. Right:
Closeup of theCV 6 s

ltoh et all*"? and Schelteet all*'¥ already demonstrated, that upon addition ofthge DBU
(1,8-diazabicyclo[5,4,0]JundeE-ene) (29 equiv. to PQ@zacrown51 Itoh and 2.2 equiv. to

Log T Schelter) the oxidation of alcohols by quinesentaining model compounds was
accelerated. BN could have the same effect in this experimenhanig the redox processes

of PQQ. On the other hand, a large excess of this base seem to inhibit redox reactions almost

completely.

4.8.Measurements of PQQMein H20/DMF Solvent Mixtures

C V éwere further recorded for PQQN e the 70:30 HO/DMF mixture in addion with
increasing amounts A ClstH20, EuCktH20 or YbCLtH20 (FigureV.28). In comparison with

the two redox couples of PQQ, PQQMexhibits onlytwo isolated broad reduction and
oxidation peaks arounidd50.¢mV andi 260, mV, with a shoulder at410ox mV. Addition

of lanthanides caused a positive shift of both peaks, which is smaller for reduction and larger
for oxidation. In case of Eu and Yb, the oxidation peak is more pronounced. As already
described inV.4.6, problems with the used pseuddierence electrode and the external
ferrocene standart make the obtained data challenging to compare, which appears escpecially
pronounced for the voltammograms of PQQMefore metal addition (thick black and grey
lines). Howeverthe addition of lanthanides seem to facilitate reduction also in the case of

PQQMe and thereforenhance its oxidation capacity.
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FigureV.28 CV 60§ PQQMe (0.001 M) + EINCIO4 (0.1 M) in a 70:30 H,O/DMF mixture with increasing
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3-4 are shown. Upper left:aCLt7H,0; Upperright: EuCki6H,O; bottom:YbClzt6H.O.

4.9. Additional Measurements on a MetrohnDevice

Measurements of PQQ in the®'DMF mixture were repeated on a Metrohm device (Autolab
PGSTAT101). With this device, only staircase measurements could benpetfamplying

that the potential is scanned stepwise with small increments, rather than linearly. While this
method shows CVs in good quality with slow scan rates, faster scan rates tend to give more

noise. Due to larger electrodes and electrochemicds, ceblumina had to be adjusted

accordingly.
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FigureV.29: C V ®EPQQ (0.001 M) + BNCIO4 (0.1 M)in a70:30H,0/DMF mixture (25 mL in total). WE: Pt,
CE: Ptwire, RE: Agwire pseudo. Segmentslare shan.

While the second redox coupie well reproducedi 732esmV, T 642x mV), the first redox

couple is onlwisible to some degree. In addition, a broad reduction process is how visible at
1405mV. This reduction is not visible with 1.0 equiv. bAClLt7H,O (Figure V.31 - no
ferrocene standart), but reappears with faster scan rates, also revealing the first redox couple
with 180edamV, T 31lox mV, E12 =155 mV which is shifted to more negative potentials in
comparisonwith the experiments described above. The second redox couple (PQQ:
1675eamV; 1587%xmV; E12 = 1631 mV) is again slightly shifted towards more positive
potentials upon lanthanum additidrb62eds mV, 1 56%x mV, E12=1616 mV) and the cuent

showed atrong increase.
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FigureV.30: C V 606 PQQ (0.001 M) + BNCIO4 (0.1 M) ina 70:30H>0/DMF mixture (25mL in total) with
increasing amounts dfaCki7H,0 (0.2 M in HO, 125 pL per equiv.) and witdifferentscan rates (20 100
mV/s). WE: Pt, CE: Pwire, RE:Ag-wire pseudoSegments-2 are shown.
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FigureV.31: CV 606PQQ (0.001 M) + BNCIO4 (0.1 M) ina 70:30H,O/DMF mixture (25mL in total) with
increasng amounts ofaCLt7H,O (0.2 M in HO, 125 pL per equiv.) and with different scan rate®Q(i 1000
mV/s). WE: Pt, CE: Pwire, RE:Ag-wire pseudoSegments-R are shown.

4.10.Conclusion

The electrochemistry of PQQ has already been analgxgzhsivelyin the past by cyclic
voltammetry. While voltammograms in water remain easy to interpretagoaous solvents
complicate the voltammograms with a number of separated reduction and oxidation peaks.
Metal addition is described in the literature for PQQ and zZn(ll) in water (pHabdjor PQQ®

4Me and C& in MeCN'i both lead to a shift to higher potentials and therefore to an increased
oxidation power of PQQHere for the first time PQQ was analyzed in the presence of
lanthanides. As addition adhthanides lead to precipitatiohPQQlanthanide complexes from
water, other solvents had to be exploredDMF, shifts are observable after lanthanide addition,
but the voltammograms are difficult to interpret. 030 HO/DMF mixture, only two redox
couples are visible, which appesirto be the PQ(E/QQ&Tand PQQ&iPQQI-b couple by
comparison with spectroelectro measurementsMiB/data of the PQQieoxidation appears
similar, but not identical. Upon lanthanide addition, both redox couples are shifted towards
higher potentials, but no clear trend thrbagt the lanthanide series can be determined. Also
referencing to the same ferrocene staddamains challenging. With an alternatiggclic
voltammetrydevice, the datavas notcompletely reproducible. The second redox couple
slightly shifted and théirst redox couplas missing completely without metal addition. Also

an unknown reduction process appears with faster scan rates.

In summary, it was demonstrated that lanthanides indeed have an influence on the

electrochemistry of PQQ and that differemaecur throughout the series. However, several
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guestions remain to be solved. The voltammograms have to be better understood in order to be
able to explain the influence of coordinated lanthanides. Simulated voltammograms would aid
in this task. Measuremés with wateifree solvents, metal salts and PQQ would be preferable
to exclude théormation of the wateadductl5, since the influence of this species remains to

be elucidated as well. Finally, the synthesis of PAMg would help in interpretation, as
voltammograms with this species are known to be simplified. Also other synthetic approaches
are conceivable, like the implementation of siipistead of methyl groups, which are bulkier

and further hinder complexation in unwanted coordination sites of P@Qented work in this
chapter therefore forms the foundation for further studies about the electrochemistry of PQQ.
However, for the completion &uch aproject, work of several months would be needed and
likely involve the need for a glovebox for strivaterfree conditions, which is beyond the scope

of this thesis and the equipment currently available.
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VI. SMALL MOLECULEINTERACTION

1. Introduction

A feature, which was recognized early in PQQ research is the ability, to form adducts with
nucleophiles?® Over the years, a wide range siall moleculesvas tested upon this
featurel® 164 including aceton&?28 watef'8182l and methandi® 81 put also cyanidg*3
ammonid}8? 244245 yred!®2 and even benzylamiffé®! or dinitrophenylhydrazin&*"! Usually,
nucleophilic attack occurs in C5 position of the quinone, but also the C4 positifeciedih

some cased-or example a dimethydetal species in C4 was afforded under acidic conditions
with methanol!®® The addition of amino acids to PQQ yield the formation of oxazole

derivatives, involving both C4 and €5

CO,H
nucleophile HOC KN \
74
|
HO,C” N
R? R

R'=OH, R?=OH
R'=0OH, R?=CN PQQ-CN)
R'=0H, R?=0OMe (16, PQQ-hemiketal)

(15, PQQ-H,0)
(25,
(16
R'=OMe, R?>=OMe (26, PQQ-C5-ketal)
(27,
(28,

R'=0OH, R2=OEt PQQ-ethyl-hemiketal)
R'=0Et, R?=OEt PQQ-ethyl-C5-ketal)

FigureVI.1: Equilibriumreaction between PQ&nhdnucleophiles, forming C5 adduc®ome eamples are given,

which will be further discussed in this chapter

Although being described in literature, analysesoften incomplete and no metal influence

on adduct formation was analyzed. In MDH, a Lewis acid is needed for activation of the C5
C=0 ond***] Lanthanides have been proposed to activate C5 better than calcium, due to their
higher Lewis acidity’® 181 To test this, we first investigated the C5 reattiwith nucleophiles

in the absence and then in the preseof lanthanides and calciuWhile water adduct
formation in aprotic solvents (DMSO, DMF) was already describechiapterlV and in the
literaturel®®l this chapter further elucidates interaction of PQQ with cyanide aniameit
Cyanide plays an important role in biochemical assays of methanol dehydrogenases by

suppressing proteinogenic side reactions and alleviating effects from artificial electron acceptor
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inhibition['*: 11 How cyanide acts, is not well understood. An interaction with PQQ has been
proposed?*® To better understand the interaction of PQQ with cyanide, we investigated

cyanide adduct formation by NMR.

Methanol is the natural substrate of MDH enzynt@strently there is no consensus on the
mechanism of enzymatic action aditferent mechanismsave been discuss&a.’ > "1 This
chapter investigates the reactivity ofethanol with PQQ and elucidates the influence of

coordinating lanthanides and calcium on nucleophilic metharaiti@al

Finally, the aim of this chapter is to gain a fundamental understanding of the (coordination)
chemistry of PQQ with biologically relevant metal ions and nucleophiles.i§ mgportantfor

the development of MDH biomimetics.

2. Cyanide Adduct Formation

2.1.Introduction

Unkeferet al.reported the addition of cyanide to C5 of PQG8:NMR in DMSO but

did only report three&NMR shifts(C5, 74.8 ppm; C9a, 119.6 pprgN, 117.9 ppmi*3!

The aim of this section was to better characterize this species in polar protic and aprotic
media by NMR spectroscopy to shed light on this nucleophile in the context of MDH

reactivity.
2.2.Elucidation of PQQ Cyanide Adduct Formation

By adding 1.0 equiv. of solid KCN to a PQQ solutiorDMF-d7 (54.5 mM),a cyanide
adductreadily formedin a 2:1 ratio to free PQQ as indicated by NMRHFHgureVI.2).
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A |
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P ! L1 N i
:% oﬁcl“}é\’aa‘r-lf?“?"”o é 66 QQ of“l“ﬁ"ja“m"?“‘?ﬁo
e = 5 ! |
33 S N b3 %%%g o ° on
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ii a9 M~ 1 [
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7 DMF “L owr | |
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FigureV!.2: 1H-NMR spectrum of PQQ (9 mg, 27.2 pmol) in DM (0.5mL) with KCN (1.0 eaiv., 1.8 mg,
27.2 pmol).
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Cyanideadduct formation was now elucidated in for better comparison with described
biochemical assays. WhileQ@® is almost insoluble in water in its fully protonated form,
PQQNashows higher solublities, yet still not high enough for concentrations neede@-for
NMR measurements. Therefor2.15 equiv. ofND4sOD in DO were added for a complete
dissolution of PQQEven without KCN, NMR indicated two species in a 1:0.67 ratio: Free
PQQ(13) and a PQECS5 adduct, probably being the water adduct of PQQ. Due to the added
ammonia, the second species could also be theadBuct, which remains elusive by NMR
methods aloa. After1.0 equiv. of solid KCNvas added tthe aqueous PQQ solution, causing

a color change from darko light red, NMR indicated only one PQQ species, with some
additional tracesignals visible irthe proton spectrurgFigureVI.3). The C5 resonance if'C-

NMR was shifted upfield to 60.76 ppm in comparison to 89.38 ppm for the water/ammonia
adduct. A newcarbonresonance was now visible at 119@#8n, indicating the species as the
PQQCN adduct 25).

= o, O 2PH
— —
b o \ Ox, OH
[+0] - —NH I
. ~ f '? g
&\3 = &Qa’g*?
| I
zd 5 FTw_ 20
© HO/D\:S 8:%1 {
\1 OH
4 o
o U J
{ "~
M A
H e
(e ] M= = ™
o a o g
o 500

2 70 68 66 64 62 60 58 56 54 52 50 48 46 4.4
f1 (ppm)

b5}
84 8.2 80 78 76 74 7

Figure VI.3: 'H-NMR spectrum of PQQ (9 mg, 27.2 umol) and XID in DO (26 wt.%; 3.3mg; 58.7umol,
12 L, 2.15equiv.) in O (0.5mL) with KCN (1.0 equiv., 1.8 mg, 27.2 umol).Carboxyl groups of the shown
structure ee (partially) deprotonated due to the added ND4OD.

The pkavalues of the PQ carboxyl groups are betwe#s0 (G-CO:H), 2.20 (G-COzH)
and 3.30 (CO:H),17®17% andaretherefore all capable of protonatingethyanide CNion.
HCN is considered a weak acid with ajuif 9.0 in both HO and RO.?%% This might be
the reason for the incompletermation of a cyamie-adduct inDMF-d; (FigureV1.2), since

hydrogen cyanides a much weakarucleophile than the correspondicganide iord?5

In D20, the addetD+OD should lead to an increased ratio of deprotonated cyanide, explaining
the larger amounts of PQQON adduct in solutio. The cyanide also has a higher affinity to
PQQ than OH since no wateadduct, or only a trace of it is visible with cyanide present.
The following table gives an overview over the discussed species and the assignment of

their NMR resonances.
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TableVI.1: *H- and*3C-NMR shifts of PQQ (9 mg, 27.2 umol) in DM#; (0.5 mL) or in 3O (0.5 mL) by the
addition of NDOD in DO (26 wt.%; 3.3mg; 58.7umol, 12pL, 2.15equiv.), with or without KCN(1.0 eqiv.,
1.8 ny, 27.2 umol) Shifts in ppm relative to the respective solvaghals (se#l11.2.1). Signal assignments based
on 2DHMQC and HMBC experiments, DFT calculations and comparison with data from the litét2dfé.
DFT based on Structure optimization of P@®Q with B3LYP; 6-31g(d); CPCM=DMF and NMR calculation by
the GIAO-method at the same level of theory. Calculated shifts relative to TMS, calculated the same way.

) DMF + KCN oMF D,0 DO+KeN |
PQQ(LY PQQCN(S | PeaeN | Poo@y PQOH0(15 | PQQCN (25

BC | HC i 15C r 15C 15C i 15C i 15C | H

5 | 180.18| 1433(s)| 76.16 | 1413(s5)| 7330 | 181.98 89.38 60.76 1

4 | 17468 886(s) | 18400| 882(s) | 17882 | 17511 8.27(s)| 190.07 | 8.18 ()| 185.44| 821 (5)| ©

96| 169.88 37;22,522 169.81 J7;322.£‘£Z 160.29 | 173.23| 7.15(s)| 174.08| 7.19(s)| 173.88| 7.21(s)| 3
76| 166.33 166.02 15512 | 170.75 17131 171.29
26| 16226 162.16 15150 | 166.75 167.8 167.21
5a | 149.85 157.77 150.02 | 15241 156.65 15351
148,52 147,58 138.70 | 150.82 146.05 152.27
136.46 139.01 13062 | 143.22 142,68 143.11
1a | 136.01 129.90 13048 | 136.41 13557 136.24
131.18 129.13 12431 | 128.01 12432 124.46
129.46 120.77 12361 | 13314 132.69 133.84
9a | 128.29 123.18 121.94 | 123.92 117.02 117.10
3a | 12575 119.09 116.19 | 12239 118.34 117.68
3 | 11467 113.74 11155 | 11233 110.88 110.60
-CN 114.00 108.92 119.88

The presented experiments indicate formation of theQI@dduci25) in bothpolar protic
and aprotic solvents. Especially basic ptadvantageouor keepingCN' deprotonated,
which is the better nucleophile than HCN. Essays of MxalMO& are perfomed by default
at buffered pH9. Formation of the cyanide adduct with MDH containing PQ@asable
However, such formation does not explain the inhibition of sé@detions in the assay, since

cyanide would compete with methanol for PQQ.

Further experiments are necessary, especially spectrophotometric measurements of MDH with
cyanide in comparison with isolated PQQ and cyanide, in order to evaluate possible cyanide
adduct formation in the enzyme itself. Competing experiments between methanol and cyanide
for PQQ would be of interest as well, to rule out inhibitory effects, when the cyanide adduct is

formed.

Fluorescence titrations would help in this task and wesady performed for investigations
on the PQQ wate((15) and methanol adduct formati¢h6),1*8 252land for tracking reduction

rates to PQQLI(24) in a relatedjlucosedehydrogenase enzyrié’!
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3. Methanol Adduct Formation

3.1.Introduction

Duine et al. observed methanol addition RQQMe (11) in CDCl via *H-NMR and
first suggested a hemiketal formation in positiH!*8Y |toh et al. confirmed this and
reported a crystal structure of the-@&miketal, from crystals growout of aPQQMe
methanol solutio®>® Surprisingly, by treatind 1in refluxing methanol with catalytic
amounts of pTSAa ketalderivative was received instead, containtmgp methoxy
groups in positioit4 (29), which wasconfirmed by Xray analysis and NMR>8 Unlike
hemiketall6 or 18, thisketalspecies is desdred stable in solution and does not convert back
to free PQQ® To this point,ketal formation was believed to occur in position 5, as
described by van der Meet al.on a PQ®dihexyl ketal, derived from a PQQ solution
in a 3:1 mixture of refluxing 3M HCI and -hexanol?®¥ Methanol addition to
underivatized PQQ1B) had not been fully investigated previouityis, NMR and U\+

Vis studies ofl3 in methanolwereconductedand the influence of metals oerniketal

formation was studied.

3.2.PQQ Adduct Formation in MeOD-da4

As described above, dissolution of PQQ in pure methanol lead to precipitation of yellow colored
hemiketal (5) within hours®®! When dissolved in deuteratedleOD-ds and directly
analyzed via NMR, three species are visible bothinand**C-NMR spectran a 9:81:9 ratio
(FigureV1.4), and assigned tbree PQQ(13, red), PQQhemiketal(16, green)and a second
PQQadductof unknown structuren blue
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072, oy 0 072 oy .oH TR oy o
59 159 Is®
il aﬁglla/g*? i ﬁ;g*T il ahﬁ' s
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Figure VI.4: *H- and **C-NMR spectra of PQQ in MeOid, (0.6 mL, 22.7 mM), showing resonances of three
different species, beeing most likely PQL3, red, the literature known hemiketal &, green andan unknown
PQQ adduct in blu@~or simplification, only position C5 is shown, which could also be thedddict)
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Following tableprovidesan overview over all described species in this section and the

assignment of their NMR resonances.

TableV1.2: H- and®™*C-NMR shifts of PQQ (4.5 mg, 13.6 umol) in eithdeOD-d. (0.6 mL) or EtODds (0.6 mL).
Shifts in ppm relative to the respective solveighals (se&/ll.2.1). Signalassignments based 8D HMQC and
HMBC experiments. Red numbers indicatieat no assignment was pidde by 2D NMR, since no proton
correlation could be observed. Additiompaibtonresonancefor PQQ in EtODds given inthe text DFT based on
Structure optimizations of PQ@emiketal(16) andPQQketal (26) with B3LYP; 6-31G++(d,p); CPCM (DMSO

/ MeOH) andNMR calculation by the GIA@nethod at the same level of theory. Calculated shifts relative to
tetramethylsilane (TMS)Only bold written'3C-NMR resonances for GRQQMe-ketal (29) were assigned by
Itoh et al*5817 thethree methyl ester signasenot shown.

MeOD-ds EtOD-ds Calculatedn Metharol Dl\jg((;lzie(:(tgc)
: PQQ PQQhemiketal PQQketal PQQethoxy 16 26 30 15 29(C4) byltoh et *
a3 (19 (26) hemiketal £7) ©5 | ©5 | (4 | (5 al 58]

13C 13C 1H 13C lH 13C lH 13C 1H ISC 13C ISC 13C 1H 13C lH
5 180.21 : 94.63 : ; : 94.54 ; 9547 | 99.21 | 19110 | 92.71 1(§r§)2 131 | 1
4 174.75 8('58)4 187.94 8('57)6 187.62 E‘(gs 187.82 8('57)8 186.55 | 186.81 | 9851 | 184.22 8('57)1 9.8 8
96 | 16083 7(‘3)0 169.93 7('32)9 169.83 7('30)8 160.54 7('52)9 165.98 | 166.47 | 166.16 | 165.70 7@1)3 1658 | 3
76 | 16621 166.80 167.01 166.29 160.82 | 160.96 | 160.49 | 160.49 163.8

26 | 16240 162.60 163.41 162.06 157.96 | 158.00 | 158.36 | 157.94 160.2

5a | 149.47 160.14 158.41 160.4 157.85 | 160.76 | 148.41 | 160.64 1495

7 148.01 145.67 142.94 145.39 14056 | 143.12 | 141.76 | 141.63 145.7

9 136.8 136.29 ; 135.79 130.66 | 130.48 | 130.11 | 131.14 132.9

1a | 13552 134.84 134.49 134.19 133.60 | 133.94 | 127.65 | 134.02 128.8

8 131.64 128.64 128.48 128.21 129.27 | 129.31 | 131.37 | 128.96 126.3

2 120,58 129.04 128.23 128.95 126.41 | 126.18 | 125.49 | 125.78 1253

%a | 12014 124.53 126.22 124.23 127.04 | 12593 | 131.08 | 124.33 1252

3a | 125.96 122.89 126.29 122.88 123.83 | 122.54 | 127.41 | 123.48 1223

3 11557 114.21 115.76 113.99 11501 | 11533 | 11504 | 115.48 1146
CHs - - 5147 | 57.% | 55.60 341 | 514
CHs - 5463 | 51.72 341 | 514

Resonances for hemiketal ketal methoxy or ethoxygroupsare most likelyhidden

under solvent signall

The PQQhemiketal(16 1 green peaks&igureVl1.4) is the main species, witinee PQQ
(13- red peakspeing a minor componerinterestingly, a peak set of an additional RQQ
species is visible (blue peaks). With NMiRectroscopylone, this additional species
cannot be assigned properly due to its low eoti@tion. Havever the ESI mass
spectrum ofL3 dissolved in methanol, sh@peaks for &etal species Z6/30, besides
free PQQ 13, red) and the hemiketal , green)(FigureVI.5).
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FigureVI.5: Left: ESI () mass spectrum of PQQ dissolved in Me(®HnM). Right: ESI {) mass spectrum of
PQQ in MeODds (9 mM). Both spectra recorded in a water/acetonitrile mixfooe simplification, only position
C5ketal (26) is stown, which could also be the ®&étal(30), based on mass spectrometric assignments.alone

In a similar experiment, using deuteraMdOD-d4, aspecies withsix mass unithigher
was now visible, supporting the formationabketalspecies KigureVI1.5). It cannot be
clearly stated ithe compounds a similarC4 PQQketal which is described by Itadt
al.l'8l (29) or if ketal formation in methanol without aewhtalysis occurs in position
C5.13C-NMR shifts of29 are149.5 ppm(5a)and 145.7 ppni7). Comparisorwith DFT
calculated shifts in methanolTdble VI.2) reveal shifs of 160.76 ppm (5a) and
143.12ppm (7) for theC5 ketal 26) and 148.41 ppm (5a) and 141.76 ppm (7) for the
C4 ketal B0), respectively. Large dowrdid shifts for 5a are also visible for the water
(15- 156.65 ppm) anthe cyanideadduct 25- 157.77 ppm (TableVI.1) and seem to be
common for C5 adduct formation in general. While fiR€gQ (3) in MeOD-ds show
149.47 ppm (58 both PQGhemiketal(16) (5a: 160.14 ppm) and the unknown species
(26/30) (5a: 158.41 ppm) are further shifted upfield determining the unknown species as
a probable C5 adduct. Since trace amounts of water can already lead taddaietr
formation in DMF (ChaptenlV), itis also possible, that the unknown species is the water
adduct in methawl. DFT calculations of thketal specie26/30 and thewvater adducl5
give no additional information, as the generated NMR spectratbfdpecies are very
similar (TableV1.2). Both mass experiments show signals at 3470ass unitswhich

can be indeed assignedtte negatively chargewater adducil5 (m/z347.0157). But
since both mass spectnere recorded in a water/acetonitrile mixture, the watktuct

could have also been formed through the conditions of this particular experiment.

To exclude theunknown species to be the watadduct 15 small amounts of

undeuterated water were added tmethanolic solution of PQQ artéi-NMR spectra
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were recorded immediately aftdfigure V1.6). The pure methanolic solution of PQQ
gave thePQQ (3), PQQhemiketal £6) and unknowrspeciesZ6/30) in a 990:1 ratio.

Upon addition of water, a new signal set with similar integral values appeared at 8.72
and 7.36 ppm and the ratio wasw 9.6 (3) : 88.9 (1L6) : 0.6 @U5) : 0.9 6/30).

13 16 13 \15

PQQ in MeOD-d;
+H:0

Mw'k(m mv-'} '\-‘MW"-M WWWW‘\MV a_es‘u“-mlwww I‘M
0.07

1.00 ‘9 4008009 R 0.156
PQQin MeOD-d;
13 16
26

1.00 9582 0.99 9.64 0.22

8.95 88 8.7 8.6 8.5 8.49.65 7.5 7.4 735 725 715 7.05
f1 (ppm)

FigureVI.6: StackedH- spectra PQ@ MeOD-d4 (0.6 mL, 22.7 mM) and PQQ in MeO®, (0.6 mL, 22.7
mM) + 10pL HO. All spectra relative to the solvent quintet (3.310 ppimiegral values in green.

This experiment confirms the third species asRREQketal and in combination with
the DFT catulations, we propose this species to beQBd?QQketal 26).

For both hemiketal ankletal species, the resonances stemming from the methyl groups

were mainly hidden by the solvent signal in tf@-NMR (FigureV1.7).
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Figure VI1.7: Zoom into the solvent residual area of tH#€-NMR spectrum of PQQ in MeO@, (0.6 mL,
22.7mM), showing additional small side peghsssibly frommethoxygroups ofl6 and26. C5 Resonancef the
PQQhemiketal {6) speciess shown for size comparison.

In order to detect the missing methaegonancesPQQNMR spectra were also recorded in
additional solvents. In deuterated ethanol, three species are uisib&protorspectrumn a
ratio of 8:91:1,
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probably being free PQQ@.3) (8.90, 7.32 ppm), PQ®@thykhemiketal(27) (8.78, 7.29 ppm)
andPQQethykketal £8) (8.66, 7.09 ppm). IF°C-NMR, only the mairspecies Z7) is visible
(TableVI.2). Neither in *H-, nor in3C-NMR spectracould additional ethoxyresonancebe
observed. In*C-enriched methanpho additional resonance is visible which can be assigned
to the missing methoxgroup. An additional resonance appears at 49.85 ppm, close to the
solvent septet, heever, this resonance appears as well in the same solvent distribution without
PQQ (0.5 mL MeOREds and 0.5uL 3C-MeOH only) and is therefore related to ffég-MeOH

in solution.

3.3.Isolation Attempts of the PQQketal Speciesof unknown Structure

To further characterize the PQKtal, it was attempted to isolate this species. One eqiiiv
water is released from the hemiketal durkegal formation EigureV1.8). Hence, removal of
water should shifthe equilibrium to the latter species.

FigureVI.8: PQQketal (26) formation by withdrawal of water, which is formed during reaction.

Activated molecular sieve £ was aded to solutions of PQQ (30 mg, 90.8 pmol) imb of

A: MeOH, B: MeODds or C: EtOH, under nitrogen. PQQ showed only poor solubility in EtOH,
resulting in a light red suspension. A and B yielded yellow solutioos) which brownred

solids precipitatedvithin one day. All three suspensions were stored under nitrogen for one
week, followed by careful separation of the precipitates from the molecular sieve, using Pasteur
pipettes. The precipitates were filtered and dried under high vacuum overnight tmlgive
brown powders for A (14.4 mg) and B (16.3 mg) and Hgtainge powder for C (11.2 mg). The
filtrate was colored lighyellow in case of A & B and completely colorless in case of ¢H-

NMR wasrecordedrom filtrate B (MeODds) which is given below:











































































































































































































































































































































































































































































































































































