
PHOSPHOKETOLASE -

A MECHANISTIC UPDATE

Dissertation for the award of the degree

"Doctor rerum naturalium"

of the Georg-August-University Göttingen

submitted by

Fabienne Libuda

born in Ostercappeln

Göttingen 2017



Members of the Thesis Committee

Prof. Dr. Kai Tittmann (Reviewer)

Department of Molecular Enzymology

Georg-August-Universität Göttingen

Prof. Dr. Ralf Ficner (Reviewer)

Department of Molecular Structural Biology

Georg-August-Universität Göttingen

Prof. Dr. Ricardo Mata

Department of Computational Chemistry

and Biochemistry

Georg-August-Universität Göttingen

Members of the extended Examination Board

Dr. Fabian Commichau

Department of General Microbiology

Georg-August-Universität Göttingen

Dr. Manfred Konrad

Department of Enzyme Biochemistry

Max Planck Institute for Biophysical Chemistry

Göttingen

Prof. Dr. Holger Stark

Department of Structural Dynamics

Max Planck Institute for Biophysical Chemistry

Göttingen

Date of oral examination: 30. November 2017



Hereby I declare that the thesis entitled "Phosphoketolase - A mechanistic update" is my own

work that was prepared with no other sources and aids than quoted. This thesis, or parts thereof,

have not been submitted elsewhere for any academic award or qualification.

Göttingen, 30.09.2017

Fabienne Libuda



4 Contents

Contents

Abbreviations 10

Abstract 12

1 Introduction 14

1.1 Biological relevance of phosphoketolase . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Phosphoketolase - A thiamine diphosphate-dependent enzyme . . . . . . . . . . . 18

1.2.1 Catalytic properties of thiamine diphosphate . . . . . . . . . . . . . . . . 18

1.2.2 Thiamine diphosphate-dependent enzymes - Catalytic principles and struc-

tural features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.2.3 Thiamine diphosphate-dependent enzymes in biocatalysis . . . . . . . . . 23

1.3 Structure and reaction mechanism of phosphoketolase . . . . . . . . . . . . . . . 26

1.4 Acetyl-thiamine diphosphate as critical intermediate of enzymatic reactions . . . 30

1.5 Phosphoketolase and Transketolase - Similarities and differences . . . . . . . . . . 31

1.6 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2 Material and Methods 37

2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2 Molecular biology methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.2.1 Preparation of chemical competent E. coli strains . . . . . . . . . . . . . . 43

2.2.2 Transformation of plasmid DNA into E. coli . . . . . . . . . . . . . . . . . 43

2.2.3 Preparation of frozen storage cultures . . . . . . . . . . . . . . . . . . . . 43

2.2.4 Isolation of plasmid DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.2.5 Site-directed mutagenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.2.6 Agarose gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.2.7 Determination of DNA concentration . . . . . . . . . . . . . . . . . . . . . 44

2.2.8 Sequencing of plasmid DNA . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.3 Protein production, purification and analysis . . . . . . . . . . . . . . . . . . . . 45

2.3.1 Production of recombinant B. breve XFPK in E. coli . . . . . . . . . . . . 45

2.3.2 Purification of recombinant XFPK . . . . . . . . . . . . . . . . . . . . . . 45

2.3.3 Determination of protein concentration . . . . . . . . . . . . . . . . . . . . 46

2.3.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) . 46



Contents 5

2.4 Biophysical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.4.1 UV-Vis spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.4.2 Secondary structure analysis by circular dichroism spectroscopy . . . . . . 47

2.4.3 Analysis of covalent reaction intermediates by 1H-NMR spectroscopy . . . 47

2.5 Kinetic Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.5.1 Steady-state kinetic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.5.2 Transient kinetic analysis using stopped-flow absorbance spectroscopy . . 49

2.5.3 Steady-state analysis of the hydrolysis side reaction . . . . . . . . . . . . . 51

2.6 Analysis of carboligation products by gas chromatography-mass spectrometry . . 53

2.7 Detection of transketolase activity . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3 Results 56

3.1 Spectroscopic analysis of reaction intermediates in the phosphoketolase reaction cycle 56

3.2 Analysis of the AcThDP UV-Vis absorbance spectrum . . . . . . . . . . . . . . . 59

3.3 Kinetic analysis of the phosphoketolase reaction . . . . . . . . . . . . . . . . . . . 62

3.3.1 Development of a direct steady-state assay for phosphoketolase activity . 62

3.3.2 Transient kinetic analysis of AcThDP formation . . . . . . . . . . . . . . . 64

3.3.3 Transient kinetic analysis of AcThDP depletion . . . . . . . . . . . . . . . 68

3.3.4 pH-dependence of the phosphoketolase reaction . . . . . . . . . . . . . . . 70

3.4 Histidine 553 as catalyst for the tautomerization reaction? . . . . . . . . . . . . . 73

3.5 Carboligation side reactions in phosphoketolase . . . . . . . . . . . . . . . . . . . 75

3.5.1 Reaction of AcThDP with electrophilic acceptor substrates . . . . . . . . 75

3.5.2 Analysis of ligation products by GC-MS . . . . . . . . . . . . . . . . . . . 77

3.5.3 Quantification of ligation products by GC-MS . . . . . . . . . . . . . . . . 82

3.5.4 Testing of alternative aldehyde acceptors . . . . . . . . . . . . . . . . . . . 83

3.6 Generation and analysis of a "transketolase-like" phosphoketolase variant . . . . 86

3.6.1 Characterization of XFPKN549D . . . . . . . . . . . . . . . . . . . . . . . . 87

3.6.2 Characterization of XFPKY501F/N549D and XFPKE437L/Y501F/N549D . . . . 90

4 Discussion 94

4.1 New insights into the catalytic mechanism of phosphoketolase reveal coupling of

tautomerization and acetyl-transfer by substrate-assisted catalysis . . . . . . . . . 94

4.2 Phosphoketolase exhibits carboligase activity . . . . . . . . . . . . . . . . . . . . 105



6 Contents

4.3 Amino-acid exchanges between the active sites of phosphoketolase and transketolase

do not account directly for their different catalytic activities . . . . . . . . . . . . 111

4.4 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Appendix 119

References 126

Acknowledgment 126

Curriculum vitae 128



List of Figures 7

List of Figures

1 Phosphoketolase reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Schematic representation of the phosphoketolase pathway and the fructose 6-

phosphate shunt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Phosphoketolase based metabolic engineering strategy . . . . . . . . . . . . . . . 17

4 Chemical structure of thiamine diphosphate . . . . . . . . . . . . . . . . . . . . . 19

5 Activation mechanism of thiamine diphosphate . . . . . . . . . . . . . . . . . . . 20

6 General reaction mechanism of ThDP-dependent enzymes . . . . . . . . . . . . . 22

7 Formation of 2-hydroxyketones by ThDP-dependent enzymes . . . . . . . . . . . 24

8 Carboligation reactions catalyzed by ThDP-dependent enzymes . . . . . . . . . . 25

9 Reaction mechanism of phosphoketolase . . . . . . . . . . . . . . . . . . . . . . . 27

10 Structure of B. breve phosphoketolase monomer and active site . . . . . . . . . . 29

11 Phosphoketolase active site with bound reaction intermediates . . . . . . . . . . . 30

12 Different fates of the α-carbanion/enamine intermediate in phosphoketolase and

transketolase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

13 Structure alignment of phosphoketolase and transketolase active sites . . . . . . . 33

14 Exemplary progress curve of AcThDP absorbance . . . . . . . . . . . . . . . . . . 53

15 Schematic representation of the coupled transketolase activity assay . . . . . . . . 54

16 UV-Vis absorbance spectrum of phosphoketolase in its resting state and after

substrate addition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

17 Analysis of covalent ThDP-intermediates in phosphoketolase . . . . . . . . . . . . 58

18 pH-depedence of the AcThDP absorbance band . . . . . . . . . . . . . . . . . . . 60

19 pH-depedence of the AcThDP absorbance band in the phosphoketolase variants

XFPKE156Q and XFPKN549D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

20 Steady-state kinetic analysis of the phosphoketolase reaction . . . . . . . . . . . . 63

21 Steady-state kinetic analysis of the phosphoketolase reaction depending on phos-

phate concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

22 Transient kinetic analysis of AcThDP formation in phosphoketolase. . . . . . . . 66

23 Kinetic analysis of the hydrolytic side reaction . . . . . . . . . . . . . . . . . . . . 67

24 Transient kinetic analysis of AcThDP depletion . . . . . . . . . . . . . . . . . . . 68

25 Testing of alternative nucleophilic acceptor substrates . . . . . . . . . . . . . . . 69

26 pH-dependent steady-state kinetic analysis of the phosphoketolase reaction . . . . 70



8 List of Figures

27 pH-dependent transient kinetic analysis of AcThDP formation and depletion . . . 72

28 Investigation on the catalytic role of His553 . . . . . . . . . . . . . . . . . . . . . 74

29 Schematic representation of a potential ligation recation between enolate-AcThDP

and an aldehyde acceptor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

30 Absorbance spectra of AcThDP after addition of aldehyde acceptor substrates . . 76

31 Potential ligation reactions of phosphoketolase reaction intermediates with formalde-

hyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

32 Detection of 3-hydroxypropionic acid by GC-MS . . . . . . . . . . . . . . . . . . 79

33 Detection of dihydroxyacetone by GC-MS . . . . . . . . . . . . . . . . . . . . . . 80

34 GC-MS anaylsis of 13C-labeled ligation products . . . . . . . . . . . . . . . . . . 81

35 Analysis of F6P conversion in presence of formaldehyde by GC-MS . . . . . . . . 83

36 Potential acceptor substrates for phosphoketolase catalyzed carboligation reactions 84

37 Active site environment of AcThDP in phosphoketolase . . . . . . . . . . . . . . . 85

38 GC-MS product analysis of XFPKH64S . . . . . . . . . . . . . . . . . . . . . . . . 86

39 UV-Vis absorbance spectrum of XFPKN549D after substrate addition . . . . . . . 87

40 Steady-state kinetic analysis of XFPKN549D . . . . . . . . . . . . . . . . . . . . . 88

41 Transient kinetic analysis of AcThDP formation and depletion in XFPKN549D . . 89

42 UV-Vis absorbance spectra of XFPKY501F/N549D and XFPKE437L/Y501F/N549D . . 91

43 Transient kinetic analysis of AcThDP formation in XFPKY501F/N549D . . . . . . . 92

44 Transient kinetic analysis of AcThDP depletion in XFPKY501F/N549D . . . . . . . 93

45 Kinetic parameters of the phosphoketolase reaction . . . . . . . . . . . . . . . . . 99

46 Active site of B. breve phosphoketolase in complex with phosphate . . . . . . . . 102

47 Suggested mechanism for enol-keto tautomerization of AcThDP . . . . . . . . . . 103

48 Novel carboligase activity in ThDP-dependent enzymes . . . . . . . . . . . . . . . 107

49 Nucleophilic reaction intermediates in aldolases and phosphoketolase . . . . . . . 108

50 Possible applications of phosphoketolase in organic synthesis . . . . . . . . . . . . 110

51 Phosphate binding site of B. breve phosphoketolase . . . . . . . . . . . . . . . . . 113

52 Different orientation of a substrate channel loop in PK and TK . . . . . . . . . . 116

53 Aminoacid sequence of the recombinant B. breve phosphoketolase . . . . . . . . . 119

54 SDS-PAGE analysis of purified XFPKWT and variants . . . . . . . . . . . . . . . 120

55 UV-Vis absorbance spectra of phosphoketolase with alternative substrates . . . . 120

56 Erythrose 4-phosphate calibration curve . . . . . . . . . . . . . . . . . . . . . . . 121



List of Tables 9

57 Calibration curves for quantification of carboligation products . . . . . . . . . . . 121

58 Progression of AcThDP absorbance over time . . . . . . . . . . . . . . . . . . . . 122

59 Depletion of the AcThDP absorbance after mixing with formaldehyde . . . . . . 122

60 Analysis of F6P conversion by GC-MS . . . . . . . . . . . . . . . . . . . . . . . . 123

61 Exemplary progress curve of AcThDP formation in XFPKN549D . . . . . . . . . . 124

62 Far-UV CD spectra of phosphoketolase wild type and "transketolase-like" variants 124

63 Phosphoketolase activity of XFPKY501F/N549D . . . . . . . . . . . . . . . . . . . . 125

List of Tables

1 Macroscopic kinetic constants of the phosphoketolase reaction at different pH . . 71

2 Total amounts of carboligation products . . . . . . . . . . . . . . . . . . . . . . . 82



10 Abbreviations

Abbreviations

AcThDP acetyl-thiamine diphosphate

ADP adenosine diphosphate

Asn asparagine

Ala alanine

Asp aspartate/aspartic acid

ATP adenosine triphosphate

BAL benzaldehyde lyase

BFD benzoylformate decarboxylase

B. breve Bifidobacterium breve

B. longum Bifidobacterium longum

CD circular dichroism

DHEThDP (α,β-dihydroxyethyl)-thiamine diphosphate

DMSO dimethyl sulfoxid

DNA deoxyribonucleic acid

E4P erythrose 4-phosphate

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

F6P fructose 6-phosphate

G3P glyceraldehyde 3-phosphate

GC-MS gas chromatography coupled to mass spectrometry

Gln glutamine

Glu glutamate/glutamic acid

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

His histidine

His6-tagged hexa-histidine tagged



Abbreviations 11

IPTG isopropyl-β-D-thiogalactopyranoside

LpPOX pyruvate oxidase from lactobacillus plantarum

PFOR pyruvate:ferredoxin oxidoreductase

NAD nicotinamide adenine dinucleotide

NiNTA Ni2+ nitrilotriacetic acid

NMR nuclear magnetic resonance

OD600 optical density at 600 nm

PCR polymerase chain reaction

PDC pyruvate decarboxylase

PIPES piperazine-N,N’-bis(2-ethanesulfonic acid)

PMSF phenylmethane sulfonyl fluoride

R5P ribose 5-phosphate

rpm revolutions per minute

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEC size exclusion chromatography

S7P sedoheptulose 7-phosphate

ThDP thiamine diphosphate

TK transketolase

Tris tris(hydroxymethyl)aminomethane

Tyr tyrosine

UV-Vis ultraviolet and visible fraction of electromagnetic radiation

X5P xylulose 5-phosphate

XFPK xylulose 5-phosphate/fructose 6-phosphate phosphoketolase



12 Abstract

Abstract

The thiamine diphosphate (ThDP)-dependent enzyme phosphoketolase catalyzes the phospho-

rolytic cleavage of fructose-6-phosphate and/or xylulose 5-phosphate under the generation of the

high-energy metabolite acetyl phosphate, as such playing a key role in the metabolism of lactic

acid bacteria and bifidobacteria. Phosphoketolase shows remarkable similarity to the prominent

ThDP-dependent enzyme transketolase and catalyzes as only known ThDP-dependent enzyme a

dehydration of its central α-carbanion/enamine intermediate.

Thanks to a small number of structural and functional studies, the phosphoketolase catalytic

mechanism is fairly well characterized. Dehydration of the α-carbanion/enamine cofactor adduct

(α,β-dihydroxyethyl)-thiamine diphosphate (DHEThDP) produces an enol-acetyl-ThDP inter-

mediate that needs to undergo tautomerization to the corresponding keto-tautomer before a

nucleophilic attack from the second substrate phosphate leads to product formation.

In this thesis, a detailed analysis of the phosphoketolase reaction by kinetic and spectroscopic

techniques was carried out with special emphasis on the mechanism of acetyl-thiamine diphosphate

(AcThDP) tautomerization and the underlying chemical state of the post-dehydration intermediate

as well as potential carboligase side reactivity of the enzyme. The obtained results provide new

insights into the phosphoketolase reaction mechanism that suggest a mechanistic update for the

enol-keto-tautomerization of the post-dehydration intermediate AcThDP, give new information

on the similarities and differences of phosphoketolase and transketolase and led to the discovery

of a novel ThDP-catalyzed C-C bond forming side reaction.

Identification of a distinct UV-Vis absorbance signal associated to the phosphoketolase reaction

intermediate AcThDP provided the basis for a transient kinetic analysis of individual steps of the

phosphoketolase reaction. Additionally, a direct steady-state assay was established that allowed

determination of kinetic parameters for the phosphoketolase main reaction as well as for the

off-pathway hydrolysis of AcThDP to acetate that occurs in absence of the acyl-acceptor substrate

phosphate. The detailed kinetic examination revealed that the rate of enol-keto tautomerization

of AcThDP is increased by the presence of the acyl-acceptor substrate phosphate. Together

with results from spectroscopic and computational analysis of the phosphoketolase reaction, this

suggest a mechanism in which phosphate acts as substrate catalyst in the tautomerization from

enol- to keto-AcThDP. Direct catalytic involvement of phosphate provides coupling of the final
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acyl-transfer to the preceding tautomerization which avoids formation of the hydrolysis-susceptible

keto-AcThDP intermediate in the absence of an acceptor substrate.

The proposed mechanism for AcThDP tautomerization implies formation of an enolate-AcThDP

intermediate. Presence of this intermediate could be confirmed by trapping the enolate in a

carboligation reaction with formaldehyde. The side reaction between phosphoketolase bound

enolate-AcThDP and the aldehyde acceptor represents a novel type of ThDP-catalyzed C-C bond

forming reaction as it not originates from the central α-carbanion/enamine intermediate.

Generation of a "transketolase-like" phosphoketolase variant could not induce transketolase

activity, but showed the importance of three phosphoketolase-specific active side residues for the

phosphoketolase reaction mechanism.
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1 Introduction

1.1 Biological relevance of phosphoketolase

Phosphoketolase activity was first described in the 1950s, when Heath et al. observed cleavage

of xylulose 5-phosphate (X5P) to acetyl phosphate and glyceraldehyde 3-phosphate (G3P) by

an enzyme purified from Lactobacillus pentosus1. Since then, the ThDP-dependent enzyme is

recognized as a key enzyme in the carbohydrate catabolism of diverse microorganisms and is

regarded as promising candidate for biotechnological applications.

The Thiamine diphosphate dependent Enzyme Engineering Database (TEED)2 hosts

over 2000 putative phosphoketolase sequences occurring predominantly in bacteria and some

eukaryotes3. Characterization has focused on enzymes from lactobacillaceae and bifidobacteria,

but phosphoketolase activity is also described for other bacteria, yeast and fungi. Phosphoketolase

catalyzes the formation of acetyl phosphate from the phosphate sugars fructose 6-phosphate (F6P)

or xylulose 5-phosphate and inorganic phosphate under the generation of erythrose 4-phosphate

(E4P) or glyceraldehyde 3-phosphate, respectively (Figure 1). It is part of the heterofermentative

lactic acid fermentation pathway and plays a key role in the fructose 6-phosphate shunt of

bifidobacteria.

In lactic acid bacteria, energy generation is mainly provided through fermentation of monosac-

charides yielding lactate (homofermentative lactic acid fermentation) or lactate together with

acetate, ethanol and CO2 (heterofermentative lactic acid fermentation). While homofermentative
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Figure 1: Phosphoketolase reaction. Phosphoketolase catalyzes the phosphorolytic cleavage of F6P
or X5P to an aldose phosphate and acetyl phosphate. Figure adapted from Tittmann, 20144.
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lactic acid bacteria metabolize hexose sugars via the Embden-Meyerhof-Parnas pathway

and the action of lactate dehydrogenase, obligate heterofermentative lactic acid bacteria lack

the enzyme aldolase and bypass glycolysis by a variant of the pentose phosphate pathway, also

known as phosphoketolase pathway5 (Figure 2A). In the key step of this metabolic pathway,

phosphoketolase catalyzes the phosphorolytic cleavage of X5P, which is derived from a pentose

5-phosphate through isomerization in the oxidative phase of the pentose phosphate pathway. The

resulting G3P is converted to pyruvate and subsequently reduced to lactate. The energy rich sec-

ond product acetyl phosphate is either used for direct generation of adenosine triphosphate (ATP)

by acetate kinase or is reduced to ethanol. This pathway yields only one mole of ATP from one

mole of the hexose sugar. Energy yield is increased to two equivalents ATP when pentoses are

used as energy source (Figure 2A, dotted path).

Bifidobacteria have evolved a unique metabolic pathway for degradation of hexoses, referred to as

fructose 6-phosphate phosphoketolase pathway or bifid shunt that requires catalytic activity of

phosphoketolase6. In the bifid shunt two moles glucose are converted into two moles of lactate and

three moles of acetate, providing an energy yield of 2.5 moles ATP per mole glucose (Figure 2B)7,8.

As crucial part of the bifid shunt, phosphoketolase catalyzes the cleavage of F6P to E4P and

acetyl phosphate. Together with a second molecule glucose, E4P is converted into two molecules

X5P by transketolase and transaldolase, two enzymes of the non-oxidative pentose phosphate

pathway. X5P is cleaved into G3P and acetyl phosphate, again catalyzed by phosphoketolase.

As in heterofermentative lactic acid fermentation, G3P is converted to pyruvate and reduced to

lactate. In a final step, acetate kinase transfers the phosphate group of acetyl phosphate to ADP

yielding ATP9.

Apart from its physiological role, the catalytic activity of phosphoketolase has recently found

application in metabolic engineering approaches. Biotechnological production of fuels or feedstock

chemicals from renewable sources, non-food biomass or atmospheric CH4 and CO2 using engineered

microbial strains is becoming increasingly popular as alternative to petroleum based production

processes. A key precursor for the biosynthetic production of such products is acetyl-CoA10.

However, generation of acetly-CoA from sugars through the Embden-Meyerhof-Parnas

pathway and pyruvate decarboxylation bears the problem of carbon loss in form of CO2. Utilization

of recombinant phosphoketolase pathways enables bypassing of pyruvate decarboxylation, thereby

increasing the carbon conversion efficiency of the engineered strains11.
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Figure 2: Schematic representation of the phosphoketolase pathway and the fructose 6-
phosphate shunt. (A) The phosphoketolase pathway is utilized for fermentation of monosaccharides by
heterofermentative lactic acid bacteria. Fermentation of hexose sugars yields acetate, ethanol and lactate
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.
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A general phosphoketolase-based metabolic engineering strategy is shown in Figure 3. Acetyl

phosphate is derived in a sequence of non-oxidative carbon rearrangement reactions and sub-

sequently converted into acetly-CoA by the actions of acetate kinase and acetyl-CoA synthase

or phosphotransacetylase. Similar synthetic phosphoketolase pathways have sucessfully been

used to increase rates of ethanol and acetate fermentation in yeast12,13, to improve the yield of

biotechnologically produced l-glutamic acid14 or for the production of fatty acid ethyl esters15,

polyhydroxybutyrate16 or polyketides17. Recently, Bogorad et al. published a phosphoketolase

dependent synthetic metabolic pathway termed "non-oxidative glycolysis" that allows ATP-

independent, carbon conserving conversion of sugars or sugar phosphates into C2 metabolites18.

The same group succeeded to construct a synthetic pathway for one-carbon fixation that involves

the action of phosphoketolase19.
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using methane or carbon dioxide as feed stock. Figure adapted from Henard et al., 201511.
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Based on structural and phylogenetic properties, phosphoketolase has been assigned to the

transketolase family of ThDP-dependent enzymes20,21. Phosphoketolases are classified into two

different types according to their substrate specificity. While xylulose 5-phosphate phosphoketolase

(EC 4.1.2.9) prefers X5P as substrate, xylulose 5-phosphate/fructose 6-phosphate phosphoketolases

(EC 4.1.2.22) exhibit dual substrate specificity for both ketose sugars. Hence, the second type is

mainly found in bifidobacteria where it is involved in two different catalytic steps of the bifid shunt.

This work will focus on xylulose 5-phosphate/fructose 6-phosphate phosphoketolase (XFPK) from

Bifidobacterium breve, which belongs to the dual substrate specific type.

1.2 Phosphoketolase - A thiamine diphosphate-dependent enzyme

Early on in phosphoketolase research, the requirement of ThDP for its enzymatic activity was

discovered1,22. Around the same time Ronald Breslow succeeded to identify the catalytic center

of ThDP after a 20 year debate, revealing the molecular mechanism of thiamine diphosphate’s

catalytic function23,24.

1.2.1 Catalytic properties of thiamine diphosphate

Thiamine diphosphate is the biologically active form of vitamin B1 that is required as essential

cofactor for many ThDP-dependent enzymes of the anabolic and catabolic metabolism in all

domains of life25. ThDP catalyzes the chemically challenging formation and breaking of carbon-

carbon bonds. Figure 4 shows the chemical structure of ThDP, consisting of a 6-membered

aminopyrimdine ring and a 5-membered thiazolium ring, connected via a methylene bridge, and

the diphosphate moiety. Although this structure was known since the 1930s, as was the catalytic

role of ThDP in the decarboxylation of pyruvate26,27, it took twenty years to reveal its mode of

action.

By analyzing the proton-exchange rate at the C2 atom of thiazolium salts, Breslow identified

the C2 carbon of the ThDP thiazolium moiety as reactive site of the cofactor23. Thus, he

could confirm his hypothesis that deprotonation of the C2 carbon leads to the formation of

a ThDP-carbanion/-ylide that acts as nucleophile in analogy to the cyanide anion24. Those

findings established the common principle of ThDP-mediated reactions. The nucleophilic ThDP-

carbanion, resulting from dissociation of the C2 proton, attacks the carbonyl group of a substrate,

inversing its polarity as known from cyanide catalyzed umpolung reactions. Cleavage of the
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adjacent carbon-carbon or carbon-hydrogen bond is promoted by stabilizing the resulting aldehyde

derived carbanion/acyl carbanion equivalent through delocalization of the negative charge over

the thiazolium ring28. Prominent examples for ThDP-catalyzed reactions are the decarboxylation

of pyruvate and benzoin condensations.

The essential first step in every ThDP-catalyzed reaction is the activation of ThDP by abstraction

of the C2 proton. However, the C2-H acidity of ThDP is very low with a pKa of around 18

in aqueous solution29,30 and a rate constant for proton exchange of only 3 x 10−3 s−1 at pH 7

and 4 ◦C31. Consequently, free ThDP is a poor catalyst under those conditions as only low

amounts of the active nucleophilic form are present. To match the reaction rates observed in

ThDP-dependent enzymes, C2-H dissociation must be significantly accelerated by the protein

environment. Using a NMR-based method, Kern et al. were able to directly determine rate

constants for C2 deprotonation of enzyme bound ThDP, showing that ThDP activation is

accelerated by a factor of up to 105 in ThDP-dependent enzymes31. Basis for the significant

rate enhancement is the particular conformation ThDP adopts upon binding to an enzyme. In

this so called V-conformation, in contrast to the energetically more favorable F-conformation

that is observed for ThDP in solution, the N4’-amino group is brought into close proximity to

the C2 atom of the thiazolium ring and can act as Brønsted acid/base catalyst for C2 proton

abstraction32. Earlier studies had postulated a co-catalytic function of not only the N4’H2 group

but also of the N1’ atom of the aminopyrimidine moiety33. Emerging structural data on a number

of ThDP-dependent enzymes also suggested a crucial role for a conserved glutamate residue in H-

bonding distance of the ThDP N1’ atom34. Investigations on different ThDP analogs and enzyme

variants that lack the conserved glutamate finally led to the formulation of a generally-accepted

mechanism for the activation of enzyme-bound ThDP that is displayed in Figure 5. Proton transfer

from the conserved glutamate to the N1’ of the aminopyrimidine ring initiates tautomerization
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of ThDP from its 4’-aminopyrimidine form (AP) to the 1’,4’-aminopyrimidine species (IP) via

formation of the 4’-aminopyrimidinium (APH+). The resulting N4’-imino group subsequently

acts as base to abstract the C2 proton and produces the activated C2 carbanion/yilde after an

internal proton transfer31,35. Hence, an interplay of both aromatic ring systems contributes to the

catalytic activity of ThDP36. The C2-N1’-N4’-Glu proton relay that leads to cofactor activation

is regarded as a hallmark of ThDP-dependent enzymes. However, there is one exception. In

the enzyme glyoxylate-carboligase, the otherwise strictly conserved Glu is replaced by valine,

implying a different activation mechanism37. Experimental data suggests that enzyme-bound

ThDP is protonated in the resting state and cofactor activation is triggered by substrate binding,

although the mechanism behind the substrate-triggered activation is still unknown31,38.
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1.2.2 Thiamine diphosphate-dependent enzymes - Catalytic principles and structural

features

Until today more than 20 different ThDP-dependent enzymes have been described and although

they all differ in their catalytic specificity, their reaction mechanisms follow a common principle

via the formation of ThDP-derived covalent intermediates28 (Figure 6) . Over the last 60 years

many of those covalent ThDP adducts were characterized by high-resolution X-ray crystallography,

NMR or UV-Vis spectroscopic based methods, providing valuable information about the catalytic

principles of ThDP-dependent enzymes.

The reaction sequence typically starts with the nucleophilic attack of the activated cofactor at the

substrate carbonyl-group, resulting in the formation of a tetrahedral (sp3-hybridized) covalent

substrate-ThDP adduct. According to the principle of maximum overlap, the scissile substrate

bond is positioned perpendicular to the thiazolium ring. In this orientation the electron pair of

the post-cleavage carbanion conjugates with the thiazolium π-system, facilitating bond cleavage

by stabilizing the developing negative charge39–41. Stabilization of the substrate-ThDP adduct

in a strained conformation, manifested trough out-of-plane distortion of the C2-C2α bond and

increased bond length of the scissile C-C bond, has been discussed as further driving force for

bond cleavage by ThDP-dependent enzymes42.

C-C bond cleavage and liberation of the first product, commonly CO2 or a phosphate sugar, yields a

C2α-carbanion/enamine which forms the central intermediate and branching point of all reactions

catalyzed by ThDP dependent enzymes. However, the fate of the reactive C2α-carbanion/enamine

substantially varies and is determined by enzyme specific routes. Those enzyme specific pathways

can broadly be clustered into protonation, oxidation and carboligation reactions28 (Figure 6). In

ThDP-dependent decarboxylases like pyruvate decarboxylase or benzoylformate decarboxylase,

protonation of the carbanion leads to release of an aldehyde product. Alternatively, the nucelophilic

C2α-carbanion/enamine attacks a carbonyl acceptor substrate, forming a new C-C bond (e.g.

in transketolase or acetohydroxyacid synthase). Furthermore, a number of ThDP-dependent

enzymes such as pyruvate oxidase or pyruvate dehydrogenase catalyze oxidative conversion of

substrates, often employing additional cofactors like flavine adenine dinucleotide, lipoamide or iron

sulfur clusters. Phosphoketolases catalyze a dehydration of the carbanion/enamine intermediate

DHEThDP, a reaction step that seems unique among the ThDP enzyme family. These very

different reaction outcomes are the result of individual cofactor environments provided by the
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respective enzymes, that allow a specific conversion of the C2α-carbanion/enamine and efficient

catalysis of the subsequent reaction steps. Recent studies suggest that the enzyme might do

so by modulating the chemical state of the C2α-carbanion, challenging the paradigm that the

C2α-carbanion is generally stabilized in resonance with the sp2-hybridized enamine species43,44.

Insights into the mechanisms of ThDP-dependent enzymes were made possible by different

analytical techniques enabling detection and identification of covalent ThDP intermediates. Next

to high resolution X-ray crystal structures of enzymes in complex with covalent cofactor adducts,

NMR and UV-Vis spectroscopic techniques were established that allow direct detection of ThDP

intermediates in solution. Using a chemical-quench/1H-NMR method Tittman and Hübner

were able to observe and quantify the distribution of covalent ThDP intermediates at defined

time points during the enzymatic reaction, making it possible to determine rate constants for

individual reaction steps45. Additionally, specific UV-Vis and circular dichroism (CD) signals

have successfully been assigned to the different tautomerization states of ThDP (AP- and IP
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form), as well as to many covalent ThDP adducts, enabling direct observation of ThDP’s chemical

states and intermediates in the course of the reaction46,47.

Not only do ThDP-dependent enzymes share common reaction patterns, they also share certain

structural features. Although showing a very low overall sequence similarity, all structurally

characterized ThDP enzymes exhibit conserved tertiary structures in form of two catalytic domains,

the pyrimidine- (PYR) and the phosphate (PP) binding domain20,21,48. Both domains show high

structural similarity, folding into an α-β ThDP-binding fold and participate in binding of the

cofactor34. The PP domain contains the strictly conserved ThDP-binding motif GDGX24−27NN

that anchors the pyrophosphate moiety to the enzyme49. The conserved aspartate and asparagine

residues are part of the metal binding site, coordinating the second cofactor, a divalent metal ion

(usually Mg2+ or Ca2+) which is crucial for ThDP binding. The PYR domain interacts with the

aminopyrimidine ring and contains the conserved glutamate essential for cofactor activation34.

Some enzymes also contain a third domain with specific function for the individual subfamily.

The minimum functional unit of ThDP-dependent enzymes consists of two monomers, forming

a dimer of active sites. ThDP is bound between the interfaces of the two subunits, either of

the same monomer or between the interfaces of PP and PYR domain from different monomers.

Furthermore, arrangement of the subunits differs among the nine superfamilies2. Despite the

difference in quaternary structure, all enzymes form conserved ThDP binding pockets that force

the cofactor to adapt the active V-conformation. Apart from the conserved binding mode, the

active sites of ThDP-enzymes exhibit high variability, representing the diverse substrate and

reaction range of the enzyme family48.

Overall, the protein component in ThDP enzymes provides an activating environment for the

cofactor, amplifying its reactivity and guiding the individual reactions towards efficient product

formation.

1.2.3 Thiamine diphosphate-dependent enzymes in biocatalysis

Enzymatic catalysis is characterized by remarkable rate acceleration and strict stereo-, regio- and

chemoselectivity. Furthermore, enzymatic reactions are usually carried out in neutral aqueous

solution without the requirement of extreme temperatures or pressure, harsh chemical conditions,

heavy metals or protective groups. Hence, enzyme-catalyzed chemical transformations have been

established as a practical and environmental friendly alternatives to conventional synthesis of
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organic compounds that are needed to supply the ever-growing demand of pharmaceutical and

chemical industries50,51.

With their particular catalytic mechanism that enables the stereoselective formation of new

carbon-carbon bonds, ThDP-dependent enzymes have been subject of intense research towards

their utilization as biocatalysts52–54. Although ThDP enzymes provide high substrate- and

catalytic-specificity in a physiological context, several members of the enzyme family catalyze

off-pathway carboligation reactions with non-natural acceptor substrates. Key to this intrinsic

catalytic promiscuity is the formation of the reactive C2α-carbanion/enamine intermediate, also

referred to as "activated aldehyde intermediate". Formation of this acyl-anion equivalent alters the

carbonyl group, usually exhibiting electrophilic character, nucleophilic allowing novel C-C bond

formations with suitable carbon electrophiles55. Additionally, many ThDP-dependent enzymes

accept a broad spectrum of non-natural donor- and acceptor substrates making them excellent

candidates for chemoenzymatic synthesis.

Prominent examples are ThDP-dependent decarboxylases such as pyruvate decarboxylase (PDC)

and benzoylformate decarboxylase (BFD), whose natural reactivity is the decarboxylation of

2-keto acids yielding the respective aldehyde products. However, in the presence of an aldehyde

acceptor, they catalyze aceloin/benzoin type condensation reactions by transferring the activated

aldehyde intermediate onto the acceptor substrate yielding chiral 2-hydroxy ketones (Figure 7).

Next to 2-keto acids, aldehydes can be used as donor substrates. In this case decarboxylation is
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skipped and formation of the activated aldehyde intermediate results from direct addition of the

aldehyde substrate to the cofactor, allowing the production of α-hydroxy ketones as important

building blocks for asymmetric synthesis from cheap starting material56. The catalytic promiscuity

of ThDP-decarboxylases has been exploited for the industrial production of (R)-phenyl-acetyl

carbinol, a precursor of the pharmaceutically relevant (-)ephedrine, from acetaldehyde and

benzaldehyde catalyzed by pyruvate decarboxylase57,58.

Another enzyme commonly used for biosynthesis of chiral α-hydroxy ketones is benzaldehyde

lyase (BAL). The ThDP-dependent enzyme catalyzes the reversible cleavage of (R)-benzoin

and was shown to catalyze enantioselective 1,2-carboligation with a broad range of donor- and

acceptor aldehydes as well as the racemic resolution of 2-hydroxy ketones (reviewed in Brovetto

et al. 201154). Owing to their substrate- and stereo-specificity, those enzymes allow coupling

between aromatic and/or aliphatic aldehydes with remarkable enantio- and chemoselectivity59.

Next to non-physiological 1,2-carboligation reactions with a wide variety of aromatic and aliphatic

aldehyde substrates, ThDP-dependent enzymes have successfully been used for asymmetric cross-
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benzoin-condensations (BAL, BFDH218A)61, asymmetric crossed aldehyde-ketone carboligations

(YerE)62, 1,4-additions to α, β-unsaturated carbonyl compounds also known as Stetter reaction

(PigD, MenD)63,64 and many other (reviewed inMueller2009a, 59,60,65). Some examples are de-

picted in Figure 8. The ThDP-dependent transferase transketolase (TK) is also widely used

for synthetic applications. Enzyme-engineering approaches using site-directed mutagenesis or

directed-evolution techniques have further expanded the substrate range and increased yield,

chemo- and enantioselectivity of ThDP-dependent enzymes used in biotransformations54. Future

research on the molecular mechanisms of established and new ThDP enzymes together with

advances in enzyme engineering might further increase the scope for biocatalytic applications.

1.3 Structure and reaction mechanism of phosphoketolase

The enzymatic activity of phosphoketolase is known for over 50 years, but only in the last 10 years

functional and structural studies on the ThDP-dependent enzyme started to emerge, revealing

phosphoketolase’s catalytic mechanism including a dehydration step that seems unique among

the well-studied family of ThDP-dependent enzymes.

In the late 1950s, two independent groups described an enzyme from Lactobacillus pentosum

and Acetobacter xylinum respectively, which catalyzes the cleavage of F6P and/or X5P under

the generation of acetyl phosphate dependent on ThDP and Mg2+, that was later named

phosphoketolase1,66,67. Shortly after, it was suggested that the phosphoketolase reaction proceeds

via the formation of an activated aldehyde intermediate, namely DHEThDP. Also the presence

of AcThDP as intermediate emerging from DHEThDP dehydration was discussed22,68–70.

This basic understanding of the phosphoketolase reaction mechanism was later supported and

expanded by a kinetic study from the group of Perry A. Frey, who suggested a catalytic

mechanism for phosphoketolase (Figure 9). In a first step, nucleophilic attack of the activated

cofactor at the carbonyl group of the substrate, either X5P or F6P, leads to the formation of

the covalent substrate-ThDP adduct. Deprotonation of the 3-OH group and subsequent cleavage

of the scissile C2-C3 bond results in liberation of the aldose-phosphate product G3P or E4P

and formation of DHEThDP, the central α-carbanion/enamine intermediate. The DHEThDP

intermediate is protonated at the O1-hydroxy group, followed by water elimination. Dehydration

of the α-carbanion/enamine results in the formation of an enol-intermediate which tautomerizes to

its corresponding keto form 2-acetyl-ThDP. Nucleophilic attack of the second substrate phosphate
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at the 2-acetyl-ThDP keto group yields the final product acetyl phosphate and regenerates the

cofactor71.

Kinetic analysis of the phosphoketolase reaction indicates a ping-pong mechanism, in which C2-C3

bond cleavage and liberation of the aldose-phosphate product occurs independently of the presence

of phosphate71. Furthermore, the data suggests dehydration of DHEThDP to proceed irreversibly,

in accordance with an earlier study that proposed irreversibility of the phosphoketolase reaction66.

The crystal structures of phosphoketolase from two different bifidobacteria strains in its resting

state and with bound intermediates were determined in 2010, confirming the putative reaction

mechanism and providing essential molecular details on the individual steps of the catalytic

cycle72,73.

Phosphoketolase displays the common structural features of a ThDP-dependent enzyme. The

816 residues of Bifidobacterium breve (B. breve) xylulose 5-phosphate/fructose 6-phosphate

phosphoketolase fold into three domains, an N-terminal PP domain, a middle PYR domain and a

C-terminal domain that exhibits the characteristic α/β ThDP-binding fold (Figure 10A). The
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cofactor is bound in the V-conformation at the interface between two monomers by hydrophobic

residues of PP and PYR domain of the different monomers. Besides interacting with the

pyrophosphate moiety of ThDP, the PP domain harbors the second cofactor, a divalent magnesium

ion, sixfold coordinated by two hydroxy-groups of the pyrophosphate, several residues of the

N-terminal domain and a water molecule. The conserved glutamate residue Glu479, crucial for

cofactor activation, is located in the PYR domain 2.7 Å from the aminopyrimidine N1’ atom73.

Residues of both monomers contribute to the active site that contains a network of conserved

histidine residues (Figure 10B). Although the crystal structure suggests a dimer as functional unit,

analysis by size exclusion chromatography and native polyacrylamid gel electrophoresis suggests

presence of tetrameteric and hexameric phosphoketolase complexes next to the dimer73,74.

The overall domain structure as well as the active site architecture of phosphoketolase closely

resembles that of the related ThDP-dependent enzyme transketolase. Transketolase catalyzes

the transfer of a dihydroxyethyl-unit from F6P or X5P onto an aldose acceptor as part of the

non-oxidative pentose phosphate pathway. Structural resemblance of the two enzymes was

hardly surprising, regarding that both enzymes utilize the same set of cofactors, act on the same

substrates and partly catalyze the same reaction.

In crystal soaking experiments with the ketose-phosphate substrate F6P in the absence of

the second substrate phosphate, Suzuki et al. succeeded to trap the covalent intermediates

DHEThDP and AcThDP in crystallo. The resulting structures are shown in Figure 11B and

C. Analysis of the active site with bound intermediates revealed an array of histidine residues

Lys 300

His 320

His 64

His 97

His 142

His 553

Asn 549

Tyr 501

Glu479

2.68 Å

A B

PP PYR C-terminal

ThDP

Figure 10: Structure of B. breve phosphoketolase monomer and active site. (A) The phos-
phoketolase monomer consists of phosphate binding (PP, green), pyrimidine binding (PYR, purple) and
C-terminal domain (gray). The cofactors ThDP and Mg2+ are shown as spheres. (B) The active site
harbors the cofactor ThDP (light gray) and consists of amino acid side chains of both PP (green) and
PYR domain (purple). The conserved Glu479 and other catalytically important residues are labeled.
Figure was prepared based on pdb file 3AHC (Suzuki et al., 201073).
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Figure 11: Phosphoketolase active site with bound reaction intermediates. (A) Structure
of the covalent X5P-ThDP adduct from E. coli transketolase modelled in the active site of B. breve
phosphoketolase. Model suggests hydrogen-bonding interactions of the intermediates O1, O2 and O3
hydroxy groups with a conserved network of histidine residues. (B) Structure of DHEThDP trapped
by cryo-crystallography identifies the active site residues His97 or His142 as potential catalysts for
protonation of the O1 hydroxy group prior to water elimination. (C) Structure of the post-dehydration
intermediate AcThDP trapped at the phosphoketolase active site. His553 in hydrogen bonding distance
to the carbonyl/hydroxy group was suggested to be involved in tautomerization of enol- to keto AcThDP.
All hydrogen bonding interactions are depicted by dotted lines. Figure taken from Tittmann, 20144.

engaged in hydrogen bonding with intermediate hydroxy-groups, potentially acting as acid/base

catalysts in the phosphoketolase reaction pathway4,73.

No structural data of the substrate ThDP adduct could be derived by cryo-crystallography, but

docking models of F6P-ThDP and X5P-ThDP from transketolase into the phosphoketolase active

side provide information about substrate binding and reaction of the covalent substrate adduct4,72

(Figure 11A). Those models suggest His64 or His320 as base catalyst B1 for deprotonation of the

substrate 3-OH group (see Figure 9). A proton relay through a His320-Lys300 dyad as suggested

for transketolase seems a likely option4, although results from a computational study favor His64

as base catalyst75. The α-carbanion/enamine intermediate DHEThDP resulting from C2-C3 bond

cleavage and elimination of the first product needs to be protonated at the O1-hydroxy group as

prerequisite for water elimination. The most obvious candidate to catalyze this step is His142 in

hydrogen-bonding distance to the O1-hydroxy group, but mutational and computational studies

suggest a proton relay from His97 via a neighboring water molecule (water 1, Figure 11)73,75.

Dehydration of DHEThDP leaves enol-AcThDP as covalent intermediate that is believed to

undergo tautomerization to keto-AcThDP. The post-dehydration intermediate showed as trigonal-

planar electron density after soaking phosphoketolase crystals with F6P in the absence of the

nucleophilic acceptor substrate phosphate. This observation indicates that AcThDP accumulates

in the absence of an acceptor substrate. However, at a resolution of 1.9 Å it was not possible to
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determine the chemical state of the AcThDP species stabilized at the enzymes active site73. Both

keto-AcThDP and the preceding enol-species seem reasonable in terms of reaction mechanism

and structural data. Density functional theory studies based on structural data from B. longum

phosphoketolase predict tautomerization via an enolate-AcThDP and propose the keto-species as

stable intermediate75. All studies agree that nucleophilic attack of the second substrate phosphate

occurs on the keto-form 2-AcThDP71,73,75. 2-AcThDP as intermediate of enzymatic reactions

was subject of several scientific publications over the last decades and is discussed in the following

chapter. Furthermore, the mechanism of enol-keto conversion is not clear. The computational

studies by Zhang and Liu suggest tautomerization from enol-AcThDP to keto-AcThDP via the

formation of an enolate species with His553 acting as acid/base catalyst, but experimental proof

is missing75.

The structure of B. breve phosphoketolase in complex with the acceptor substrate phosphate in

conjunction with mutation experiments identified the active side residues His64, His320, Gln321,

Tyr501 and Asn549 important for phosphate binding or for the reaction between phosphate and

AcThDP73.

1.4 Acetyl-thiamine diphosphate as critical intermediate of enzymatic reactions

Early research on phosphoketolase identified acetyl-thiamine diphosphate as possible intermediate

on its catalytic pathway22,69. Since, a number of enzymes were found whose reaction mechanisms

potentially proceed via the formation of the covalent ThDP adduct, for example pyruvate oxidase

from lactobacillus plantarum (LpPOX), pyruvate:ferredoxin oxidoreductase (PFOR) or the E1

component of the pyruvate dehydrogenase complex, that all catalyze oxidative decarboxylation

of pyruvate and acyl transfer to an acceptor substrate76. However, studies on acetyl-thiazolium

salts and chemically synthesized AcThDP, initiated by the proposal of AcThDP as intermediate

of enzymatic reactions, revealed characteristics of the ThDP derivative that seemed critical

for its role as reaction intermediate in enzymes. Breslow and others reported kinetic and

thermodynamic instability of the examined thiazolium salt model compounds that were found to

deacylate quickly in aqueous solution77–79. Next to fast hydrolysis, Lienhard observed adduct

formation of 2-acetyl-3,4-dimethylthiazolium and phosphate to some extend but no formation

of acetyl phosphate80. Similar behavior was reported for chemically synthesized AcThDP. In

aqueous solution, it underwent base catalyzed hydrolytic cleavage to acetate and failed to transfer

the acetyl group to phosphate81,82.
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Besides in phosphoketolase, enzyme-bound AcThDP was detected in LpPOX in absence of the

second substrate phosphate41,83 and in the E1 component of the pyruvate dehydrogenase complex

after reaction with the non-natural substrate fluoropyruvate84. In both cases the authors reported

slow hydrolysis of the intermediate in absence of the respective acyl acceptor substrates83,85,86.

Most likely, the AcThDP intermediate in phosphoketolase is also subject of hydrolysis to acetate if

acyl-transfer is prevented due to absence of an acceptor substrate. Considering those observations

on chemically synthesized and enzyme bound AcThDP, it is remarkable how enzymes like

phosphoketolase and LpPOX achieve acyl-transfer from the AcThDP onto the relatively weak

nucleophilic acceptor phosphate while avoiding uncoupling of the reaction by an off-pathway

hydrolytic cleavage of the intermediate.

In a comprehensive study including detailed kinetic characterization, 1H-NMR-intermediate

analysis and determination of high resolution X-ray crystal structures of the enzyme in complex

with several covalent intermediates, Tittmann and coworkers demonstrated that in LpPOX

formation of the hydrolysis susceptible keto-AcThDP is circumvented by a coupling mechanism

that links AcThDP phosphorolysis to an radical electron transfer step of the reaction41,83,86. A

similar mechanism was suggested for the acyl transfer to coenzyme A in the pyruvate:ferredoxin

oxidoreductase87,88. How efficient acyl-transfer from AcThDP to the respective acceptor sub-

strates is achieved over the hydrolytic side reaction in other ThDP dependent enzymes, such as

phosphoketolase or E1, is unclear yet.

1.5 Phosphoketolase and Transketolase - Similarities and differences

Despite their low sequence identity (only 17 % between B. breve phosphoketolase and E. coli

transketolase72), the ThDP-dependent enzymes phosphoketolase and transketolase show striking

structural similarity. Not only do they display the same overall domain structure consisting

of similarly folded and arranged PP, PYR and C-terminal domains, the architecture of their

active sites that harbors the ThDP cofactor is almost identical. Additionally, both enzymes

have the same substrate specificity for F6P and X5P, catalyzing the cleavage of the C2-C3 bond

of the covalent substrate-ThDP adduct under formation of the DHEThDP intermediate and

E4P or G3P as products. It is assumed that the catalytic steps, cofactor activation, substrate

binding and C-C bond cleavage, resulting in formation of DHEThDP, proceed in the same

manner in phosphoketolase and transketolase4. The fate of the central α-carbanion/enamine

intermediate however differs drastically. While transketolase catalyzes the reversible transfer



32 1 Introduction

of the ThDP-bound dihydroxyethyl-unit onto an aldose acceptor substrate, commonly ribose 5-

phosphate (R5P) or E4P, phosphoketolase catalyzes dehydration of DHEThDP as described in the

previous section (Figure 12). Crucial acid/base catalysis for the individual steps of phosphoketolase

and transketolase reaction is provided by an almost identical network of conserved histidine

residues (His64, His97, His142, His320 and His553 in PK; His26, His66, His100, His261 and

His473 in TK, Figure 13). Overall, the active sites show distinct difference only in three positions.

Asp469, strictly conserved in transketolase, is replaced by Asn549 in phosphoketolase. Tyr501 in

phosphoketolase replaces the Phe434 side chain found in transketolase and the phosphoketolase

Glu437 residue is located at the position of Leu382 in transketolase (Figure 13). Replacement of

the conserved aspartic acid residue by the uncharged asparagine side chain is assumed to facilitate

binding of the second phosphoketolase substrate phosphate, avoiding repulsion of the additional

negative charge72. Tyr501 too, is part of the phosphate bind site and its replacement by the

transketolase equivalent drastically increases the KM for phosphate73. Experimental results from

a phosphoketolase Glu437Gln variant indicate that Glu437 indirectly supports phosphate binding

through coordination of Tyr50189.

Although high resolution X-ray structures exist of phosphoketolase and transketolase with bound

DHEThDP, the critical factor responsible for the different catalytic outcome after formation of
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Figure 12: Different fates of the α-carbanion/enamine intermediate in phosphoketolase and
transketolase. Up to the formation of DHEThDP the reactions of phosphoketolase and transketolase
procced in the same way. Phosphoketolase catalyzes dehydration of the carbanion/enamine intermediate
to AcThDP that reacts to acetyl phosphate with phosphate as second substrate. Transketolase on the
other hand catalyzes the reversible carbon-carbon ligation of DHEThDP with an acceptor sugar substrate.
(R=aminopyrimidine moiety, R’=ethyldiphosphate)
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Gly183/156
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His320/261
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Phe434
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Figure 13: Structure alignment of phosphoketolase and transketolase active sites. Superpo-
sition of B. breve phosphoketolase (green) and E. coli transketolase (purple) reveals high similarity of
their active site architecture including a network of catalytically important histidine residues. Apparent
differences between the active sites of phosphoketolase (XFPK) and transketolase (TK) are the exchanges
of Asn549 in XFPK to Asp469 in TK, Tyr501 that replaces a Phe residue in TK and Glu437 in XFPK
instead of Leu382 in TK. Superposition prepared based on pdb files 3AHC (Suzuki et al., 201073) and
1QGD (Isupov et al., unpublished).

the carbanion/enamine intermediate remains unclear. Likely candidates to catalyze protonation

of the DHEThDP O1-hydroxy group required for water elimination are His97 and His14273,75.

Both residues likewise exists in transketolase, thus it is surprising that the dehydration occurs

in phosphoketolase but not in transketolase. Tittmann suggested that subtle differences in

the orientation of His142 and the adjacent water could favor the protonation reaction, also

differences in the pKa values of the histidine side chains between the two enzymes might play a

role4. However, a phosphoketolase His142Ala variant still shows residual catalytic activity and

seems capable to form the post-dehydration intermediate AcThDP73. Apparently, the different

activities of phosphoketolase and transketolase cannot be explain solely based on the current

structural data.

Another difference between phosphoketolase and transketolase reaction lies in their reversibility.

While the phosphoketolase reaction is strictly irreversible, as necessary for efficient provision

of the high-energy metabolite acetyl phosphate, transketolase catalyzes forward and reverse

reaction. Electron density accounting for the DHEThDP adduct in phosphoketolase indicates
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that the intermediate is not stabilized as planar sp2-hybridized enamine, but rather adopts a

tetrahedral conformation, suggesting protonation at the C2 position73. Transient protonation of

the pre-dehydration intermediate could contribute to the irreversibility of the phosphoketolase

reaction and prevent re-ligation of carbanion/enamin intermediate and aldose phosphate product4.

DHEThDP in transketolase on the other hand adopts a planar carbanion/enamine configuration

and is characterized by the reversibility of the cleavage reaction90.

Taken together, our understanding of the phosphoketolase reaction is still limited compared to

the extensive work that has contributed to the characterization of transketolases mode of action.

Further analysis of the phosphoketolase reaction using a combination of different spectroscopic,

kinetic and structural techniques will be required to provide detailed insight into its catalytic

mechanism including the unique dehydration of the carbanion/enamine intermediate.
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1.6 Objective

Within the last decade, huge progress was made towards the understanding of the phosphoketolase

reaction mechanism. Especially the determination of its crystal structure in complex with the

covalent pre- and post-dehydration intermediates DHEThDP and AcThDP by Suzuki et al.

in 2010 revealed valuable molecular details on the mode of action of this, until then, little

studied member of the family of ThDP-dependent enzymes. However, several elementary steps of

the phosphoketolase mechanism, such as the unique dehydration of the α-carbanion/enamine

intermediate or the enol- to keto-tautomerization of AcThDP, are not fully understood yet. Besides,

no attention was paid to what might be one of the most critical steps in the phosphoketolase

reaction: The proposed post-dehydration intermediate 2-acetyl-AcThDP (keto-AcThDP) that

serves as acyl-donor for the formation of the product acetyl phosphate is very prone to hydrolysis,

which raises the question how phosphoketolase achieves efficient acyl-transfer from AcThDP to

phosphate while avoiding hydrolysis of the intermediate. This thesis is aiming to address the

question by further elucidation of the phosphoketolase reaction mechanism with a special focus

on the chemical state of the post-dehydration intermediate and its tautomerization reaction.

Furthermore, phosphoketolase will be examined for potential carboligase side reactivity, as it

is described for several members of the ThDP enzyme family. With AcThDP in its enol- or

enolate-form another intermediate was proposed on the phosphoketolase catalytic cycle next to

the nucleophilic α-carbanion/enamine intermediate DHEThDP that bears potential as substrate

in C-C bond forming reactions with electrophilic acceptor substrates. A reaction emerging from

the enol(ate)-azolium intermediate would represent a new type of ThDP-catalyzed carboligation.

Structural characterization of phosphoketolase also revealed astonishing structural similarity

to the related ThDP-dependent enzyme transketolase. Apart from three evident amino acid

exchanges, the active sites of phosphoketolase and transketolase are almost identical. But whereas

phosphoketolase catalyzes cleavage of F6P or X5P under generation of the high energy metabolite

acetyl phosphate, transketolase mediates the transfer of a C2-fragment derived by cleavage of

X5P or F6P to an acceptor sugar-substrate. Branching point in the catalytic mechanisms of

phosphoketolase and transketolase is the α-carbanion/enamine intermediate DHEThDP. In

phosphoketolase the ThDP adduct undergoes dehydration to AcThDP, in transketolase on the

other hand the intermediate acts as nucleophile for the carboligation with an acceptor phosphate

sugar. No mechanistic explanation for this fundamental catalytic difference has been found yet.
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By creating a "transketolase-like" phosphoketolase variant in which the differing active site

residues Glu437, Tyr 501 and Asn549 are exchanged for their transketolase equivalents, the

function of the side chains in the phosphoketolase reaction mechanism as well as their role in the

catalytic differences between phosphoketolase and transketolase will be evaluated.
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2 Material and Methods

2.1 Materials

Chemicals

Substance Supplier

Acetaldehyde Sigma-Aldrich

Acetic acid Carl Roth GmbH & Co. KG

Acrylamide Carl Roth GmbH & Co. KG

Agar AppliChem GmbH

Agarose (Low EEO) AppliChem GmbH

2-Amino-2-(hydroxymethyl)propane-1,3-diol
(TRIS)

AppliChem GmbH

Bromphenol blue, sodium salt AppliChem GmbH

Calcium chloride, hexahydrate Carl Roth GmbH & Co. KG

Coomassie Brilliant Blue G250 AppliChem GmbH

Deuterium oxide Sigma-Aldrich

Dimethylsulfoxide (DMSO) Sigma-Aldrich

d-erythrose 4-phosphate sodium salt Sigma-Aldrich

Ethanol (denatured) Apotheke Frau Magerkuth (Göttingen)

Ethidium bromide Carl Roth GmbH & Co. KG

Ethylenediaminotetraacetic acid (EDTA) AppliChem GmbH

Formaldehyde solution 36.5-38 % in H2O Sigma-Aldrich

Formaldehyde-13C solution Sigma-Aldrich

d-Fructose 6-phosphate, disodium salt hydrate Sigma-Aldrich

d-(13C6)Fructose 6-phosphate, disodium salt
hydrate

Omicron Biochemicals, Inc

d-Glucose AppliChem GmbH

Glycerol (anhydrous) AppliChem GmbH

Glycine Carl Roth GmbH & Co. KG

Glycolaldehyde dimer Sigma-Aldrich

Guanidinium chloride AppliChem GmbH

Hydrochloric acid (37 %) Carl Roth GmbH & Co. KG

3-Hydroxybutyric acid Sigma-Aldrich

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES)

AppliChem GmbH
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3-Hydroxypropionic acid TCI Deutschland GmbH

allo-Inositol Sigma-Aldrich

Imidazole AppliChem GmbH

isopropyl-β-D-thiogalactopyranoside (IPTG) Sigma-Aldrich

Kanamycin sulfate AppliChem GmbH

Lithium β-hydroxypyruvate hydrate Sigma-Aldrich

Magnesium chloride, hexahydrate Carl Roth GmbH & Co. KG

Manganese(II) chloride, tetrahydrate AppliChem GmbH

β-Mercaptoethanol Carl Roth GmbH & Co. KG

Methoxamine hydrochloride (MOX) Sigma-Aldrich

N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA)

Sigma-Aldrich

Nicotinamide adenine dinucleotide (NADH) AppliChem GmbH

Potassium chloride Carl Roth GmbH & Co. KG

Piperazine-N,N′-bis(2-ethanesulfonic acid)
(PIPES)

AppliChem GmbH

Phenylmethanesulfonylfluoride (PMSF) AppliChem GmbH

d-Ribose 5-phosphate, disodium salt dihydrate Sigma-Aldrich

Pyridine anhydrous Sigma-Aldrich

di-Sodium hydrogen arsenate, heptahydrate Sigma-Aldrich

Sodium chloride AppliChem GmbH

Sodium dodecyl sulfate (SDS) AppliChem GmbH

di-Sodium hydrogen phosphate anhydrous AppliChem GmbH

di-Sodium hydrogen phosphite pentahydrate Sigma-Aldrich

Sodium hydroxide AppliChem GmbH

Sodium sulfate anhydrous Carl Roth GmbH & Co. KG

Sodium orthovanadate Merck KGaA

Trifluoracetaldehyde monohydrate Sigma-Aldrich

N,N,N’,N’-Tetramethylethylenediamine
(TEMED)

Carl Roth GmbH & Co. KG

Thiamine diphosphate Sigma-Aldrich

tris(hydroxymethyl)aminomethane (TRIS) AppliChem GmbH

Tryptone Carl Roth GmbH & Co. KG

d-Xylulose 5-phosphate, sodium salt Sigma-Aldrich

Yeast extract Carl Roth GmbH & Co. KG
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Enzymes, Standards and Kits

Item Supplier

DNaseI (bovine pancreas) AppliChem GmbH

DpnI Thermo Fisher Scientific

α-Glycerophosphate dehydrogenase (rabbit
muscle)

Sigma-Aldrich

Lysozyme (chicken egg white) AppliChem GmbH

Phusion polymerase Thermo Fisher Scientific

Triosephosphate isomerase (rabbit muscle) Sigma-Aldrich

Bradford reagent, 5x SERVA Electrophoresis GmbH

DNA Gel Loading Dye (6x) Thermo Fisher Scientific

GeneRuler 1 kb DNA Ladder Thermo Fisher Scientific

PierceTM Unstained Protein MW Marker Thermo Fisher Scientific

dNTP mix (10 mM each) Thermo Fisher Scientific

GC-buffer Thermo Fisher Scientific

HF-buffer Thermo Fisher Scientific

NucleoSpinTM Plasmid Kit Macherey-Nagel

NucleoSpinTM Gel & PCR Clean-Up Kit Macherey-Nagel

Bacterial strains

Strain Genotype Supplier

E. coli BL21 Star (DE3) F− ompT dcm hsdS(r−B m−B) gal dcm
rne131 (DE3)

Invitrogen

E. coli DH5α F− Φ80lacZ∆M15 ∆(lacZYA-argF)U169
recA1 endA1 hsdR17 (r−K m+

K) phoA
supE44 thi-1 gyrA96 relA1 tonA

Invitrogen

E. coli XL1-blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44
relA1 lac [F′proAB lacIqZ ∆M15 Tn10
(TetR)]

Stratagen

Plasmids

Plasmid Properties Supplier

pET28b(+) T7-promoter, N-terminal His6-tag, thromin
cleavage site, T7-tag, kanamycin resistance,
optional C-terminal His6-tag

Novagene
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Oligonucleotides

Name Sequence (5’-3’)

Mutagenesis

BbXFPKH64S fwd GGGTGGTGCCCCAGCTGCCGACCAGACGG

BbXFPKH64S rev CGTCTGGTCGGCAGCTGGGGCACCACCC

BbXFPKE156Q fwd GCGCGTAGCCAAGCTGGCCACCTTCGTGG

BbXFPKE156Q rev CCACGAAGGTGGCCAGCTTGGCTACGCGC

BbXFPKE437L fwd CTTCGGACCGGACCTGACCGCTTCCAAC

BbXFPKE437L rev GTTGGAAGCGGTCAGGTCCGGTCCGAAG

BbXFPKY501F fwd CATCTGGAGCTCCTTCGAGTCCTTCGTC

BbXFPKY501F rev GACGAAGGACTCGAAGGAGCTCCAGATG

BbXFPKN549D fwd GGTGCGAGAAGCCATCGTGATCCTGACGCC

BbXFPKN549D rev GGCGTCAGGATCACGATGGCTTCTCGCACC

Sequencing

T7 fwd TAATACGACTCACTATAGGG

BbXFPK_581 fwd GCAGTCCAACAAGCTCGTCAACC

BbXFPK_1313 fwd CCGCTTCCAACCGCCTGAACGC

BbXFPK_1939 fwd GCTGGCGATGTGCCGACCCAGG

All oligonucleotides were purchased from Sigma-Aldrich. In the oligonucleotide sequences used

for mutagenesis, the targeted codon is highlighted.
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Buffers and Media

Assay buffer Loading buffer

20mM HEPES pH 7.2 20mM HEPES pH 7.2
1mM MgCl2 300mM NaCl
0.2mM ThDP 1mM MgCl2

0.2mM ThDP

Elution buffer SEC buffer

20mM HEPES pH 7.2 20mM HEPES pH 7.2
300mM NaCl 100mM NaCl
1mM MgCl2 1mM MgCl2
0.2mM ThDP 0.2mM ThDP
250mM Imidazole

SDS running buffer SDS sample buffer

25mM Tris 25mM Tris-HCl pH 6.6
20mM Glycine 25% (v/v) Glycerol
0.1% (w/v) SDS 0.1% (w/v) SDS

0.02% (w/v) Bromophenolblue

Transformation buffer Tris-Acetate-EDTA (TAE) buffer

10mM PIPES pH 6.7 40mM Tris
55mM MnCl2 20mM Acetic acid
15mM CaCl2 50mM EDTA
15mM KCl

LB medium LB Agar

10 g/L Trypton 10 g/L Trypton
5 g/L Yeast extract 5 g/L Yeast extract
5 g/L NaCl 5 g/L NaCl

1.5% (w/v) Agar

SOC medium

20 g/L Trypton
5 g/L Yeast extract
10mM NaCl
2.5mM KCl
10mM MgCl2
20mM Glucose
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Equipment and Consumables

Item Supplier

ÄKTAPrime Plus FPLC System GE Healthcare

ÄKTAPurifier FPLC System GE Healthcare

Agilent 5973 Network mass selective detector/
Agilent 6890 gas chromatograph

Agilent Technologies

Agilent J&W HP-5ms capillary column (30m x
0.25 mm, 0.25µm coating thickness)

Agilent Technologies

Arium R©pro VF Sartorius AG

AV401 NMR spectrometer Bruker

Avanti HP-30 I centrifuge (Rotor JA-30.50) Beckmann Coulter

Avanti JXN 26 centrifuge (Rotor JLA-8.1000) Beckmann Coulter

Chirascan plus CD spectrometer Applied Photophysics Ltd.

Eppendorf 5810R centrifuge (Rotor A-4-81) Eppendorf AG

FiveEasyTM pH meter Mettler Toledo

HiPrep 26/10 desalting FPLC column GE Healthcare

HisTrap FF 5mL FPLC column GE Healthcare

HisTrap desalting 5mL FPLC column GE Healthcare

Microfluidizer 110S Microfluidics

Multitron Standard incubation shaker Infors AG

NanoDrop2000 Thermo Scientific

Precision cuvettes, suprasil Hellma GmbH

RQF 3 quench-flow instrument KinTech Corporations

Spin-X R© UF concentrator 6, 20 mL (50 kDa
MWCO)

Corning GmbH

Stopped-flow system SX-20 Applied Photophysics Ltd.

SuperdexTM 200 HiLoadTM 16/60 FPLC column GE Healthcare

Thermocycler TProfessional Biometra

Universal 320R centrifuge (Rotor 1420 A) Hettich GmbH

UV-Vis Spectrometer V-650 Jasco GmbH

UV-Vis Spectrometer V-670 Jasco GmbH
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2.2 Molecular biology methods

2.2.1 Preparation of chemical competent E. coli strains

Preparation, transformation and storage of chemical competent E. coli strains was performed

according to Inoue et al.91 with minor modifications.

To prepare chemical competent E. coli cells, frozen cultures of the respective strain (XL1blue,

DH5α, BL21 Star (DE3)) were streaked on a LB agar plate and incubated for 16 h at 37 ◦C. A

single colony was used to inoculate 200 mL of LB medium. Cells were grown at 37 ◦C in a shaking

flask to an OD600 of 0.6. The culture was cooled on ice for 10 min before cells were sedimented

by centrifugation with 5000 rpm for 10 min at 4 ◦C. The obtained pellet was resuspended in

15mL cold transformation buffer and incubated on ice for 10 min. Cells were pelleted again as

described before and resuspended in 4mL transformation buffer. DMSO was added dropwise to

a final concentration of 7 %. After incubation on ice for 10 min, aliquots of the cells were flash

frozen in liquid N2 and stored at -80 ◦C.

2.2.2 Transformation of plasmid DNA into E. coli

For the transformation of plasmid DNA into chemical competent E. coli strains, 10 ng plasmid

DNA were added to 50µL of chemical competent E. coli cells and incubated on ice for 30 min.

The bacteria were heat-shocked for 45 s at 42 ◦C and afterwards cooled on ice for 2 min. 1mL

of pre-warmed SOC medium was added and bacteria were grown shaking at 37 ◦C for 1 h. For

the selection of positive transformants, cells were plated on LB agar plates containing a final

concentration of 50 µg/mL kanamycin.

2.2.3 Preparation of frozen storage cultures

E. coli cells were stored as glycerol cultures at -80 ◦C. For preparation of the storage cultures,

cells were grown to an OD600 of 0.6 to 0.8 in LB medium. 750µL of this culture were mixed with

250µL of sterile glycerol and flash frozen in liquid N2.

2.2.4 Isolation of plasmid DNA

In order to isolate plasmid DNA from E. coli, 10mL LB medium were inoculated with a single

colony of the respective strain and cells were grown overnight at 37 ◦C. Cells were sedimented by
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centrifugation at 4000 rpm for 10 min. Plasmid DNA was isolated from the cell pellet using the

NucleoSpinTM Plasmid Kit (Macherey Nagel) according to the manufacturer’s manual.

2.2.5 Site-directed mutagenesis

Introduction of single amino acid exchanges to generate active site mutants of XFPK were

performed using the QuickChangeTM site-directed mutagenesis protocol (Stratagene) adapted for

Phusion DNA-polymerase. In brief, mutations were introduced into the native XFPK sequence

using polymerase chain reaction (PCR) with oligonucleotides coding for the respective nucleotide

exchanges. The XFPKWT-pET28b(+) plasmid was used as template for all PCR reactions.

The utilized oligonucleotides are listed in section 2.1. PCR was carried out according to the

Phusion DNA-polymerase instruction manual (Thermo Scientific). The restriction endonuclease

DpnI was added to the PCR product mix to digest parental DNA. The XFPKWT-pET28b(+)

and XFPKH553A-pET28b(+) plasmids were a kind gift of Prof. Dr. Shinya Fushinnobu

(University of Tokyo, Japan).

2.2.6 Agarose gel electrophoresis

Analysis of PCR products was carried out using agarose gel electrophoresis. DNA samples were

mixed with DNA Gel Loading Dye (6x) (Thermo Fisher Scientific) in a 1:6 ratio and applied

to a 1 % agarose gel. Separation of DNA fragments was conducted at 100V for 45 min using

TAE running buffer. The gel was stained in ethidiumbromide (2mg/mL) for 10 min, allowing

visualization of DNA under UV light. Size of the DNA fragments was determined using GeneRuler

1 kb DNA Ladder (Thermo Fisher Scientific) as size standard.

2.2.7 Determination of DNA concentration

DNA concentration was measured spectroscopically via absorbance at 260 nm using a NanoDrop

2000 device. Concentration was calculated using the Lambert-Beer law (Eq. 1) with an

extinction coefficient of ε = 20 mL/ng·cm.

A260nm = c · ε · d (1)
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2.2.8 Sequencing of plasmid DNA

Plasmid DNA was checked for the correct nucleotide sequence using the Sanger sequencing

service of the commercial provider GATC Biotech AG. Utilized oligonucleotide primers are listed

in section 2.1.

2.3 Protein production, purification and analysis

Production and isolation of recombinant XFPK proteins was carried according to Suzuki et al.92

with modifications.

2.3.1 Production of recombinant B. breve XFPK in E. coli

For heterologous production of N-terminal His6-tagged XFPKWT and active site variants, E. coli

BL21 Star (DE3) were transformed with the XFPKWT-pET28b(+) vector or the expression

plasmid coding for the respective active site variant. The expression plasmid XFPKWT-pET28b(+)

was provided by Prof. Dr. Shinya Fushinnobu (University of Tokyo, Japan), it contains

the nucleotide sequence coding for the B. breve phosphoketolase enzyme including an N-terminal

His6-tag under the control of the T7-promoter92. A pre-culture of 200mL LB medium was

inoculated with five to ten colonies and cultivated overnight at 30 ◦C. Cultivation of E. coli

was performed in 0.5 to 2L culture flasks under constant shaking (200 rpm) at the indicated

temperature. The pre-culture was used for inculation of 6 L LB medium supplemented with

50 µg/mL kanamycin. Cells were grown at 37 ◦C to an OD600 of 0.6 and then cooled down to

25 ◦C. Expression of the recombinant xfp gene was induced by the addition of 1mM isopropyl-β-

D-thiogalactopyranoside (IPTG). Afterwards, cells were cultivated for 16 h at 25 ◦C. Cells were

harvested by centrifugation (4800 rpm, 20 min, 4 ◦C). Obtained pellets were washed with loading

buffer, flash frozen and stored at -20 ◦C.

2.3.2 Purification of recombinant XFPK

Isolation of recombinant His6-tagged XFPK from the E. coli BL21 Star (DE3) expression cells

was achieved by immobilized metal ion chromatography. Cells were resuspended in loading

buffer (20mM HEPES pH 7.2, 300mM NaCl, 1mM MgCl2, 0.2mM ThDP) supplemented with

0.5mg/mL lysozyme, 0.2mM PMSF and 5 µg/mL DNAse. Cells were lysed using a microfluidizer
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(Micrufluidics) at 15000 psi for five cycles. The lysate was centrifuged with 75000 x g for 40 min at

4 ◦C to remove cell debris. The soluble fraction was then applied to a NiNTA column (HisTrapTM

FF, GE Healthcare) equilibrated with loading buffer. After washing with 100 - 200mL loading

buffer, the His6-tagged protein was eluted from the affinity column with elution buffer (20mM

HEPES pH 7.2, 300mM NaCl, 1mM MgCl2, 0.2mM ThDP, 250mM imidazole). Before applying

the isolated protein to size exclusion chromatography (SEC) for further purification, buffer was

exchanged to SEC buffer (20mM HEPES pH 7.2, 100mM NaCl, 1mM MgCl2, 0.2mM ThDP)

using a HiPrep 26/10 desalting column (GE Healthcare). Size exclusion chromatography was

carried out on HiLoad 16/600 Superdex 200 column (GE Healthcare) in SEC buffer. Fractions

containing hexameric XFPK were collected and concentrated by ultrafiltration (Corning SpinX

50 kDA MWCO). If not indicated differently, for all further experiments the isolated enzyme was

transferred to assay buffer (20mM HEPES pH 7.2, 1mM MgCl2, 0.2mM ThDP) via a HiTrap

5mL desalting column (GE Healthcare). Homogeneity of the final protein was evaluated by

SDS-PAGE (section 2.3.4). The results of SDS-PAGE analysis are shown in the appendix.

2.3.3 Determination of protein concentration

Concentration of the isolated XFPK protein was determined according to Bradford93, using

5x Bradford Reagent (Serva) as described in the manufacturer’s instruction manual.

2.3.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Progress of purification and homogeneity of the final protein sample were evaluated by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to the protocol of

Laemmli94. Protein samples were mixed with SDS sample buffer, heated to 96 ◦C for 5 min

and applied to the SDS polyacrylamide gel (stacking gel: 5% acrylamide, pH 6.8; resolving gel:

12% acrylamide, pH 8.8). Gels were run at 35mA in SDS running buffer. For visualization of

separated proteins, gels were stained with Coomassie Brilliant Blue staining solution (0.2 % (w/v)

Coomassie Brilliant Blue G250, 40 % (v/v) ethanol, 6 % (v/v) acetic acid). PierceTM Unstained

Protein MW Marker (Thermo Fisher Scientific) was used as size standard to estimate molecular

weight of the proteins.
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2.4 Biophysical methods

2.4.1 UV-Vis spectroscopy

All UV-Vis spectra were recorded between 300 and 600 nm in a Jasco V-650 or V-670 spectropho-

tometer using quartz cuvettes with a pathlength of 1 cm. Detection speed was set to 100 nm/s

with a data pitch of 1 nm. A standard approach for the detection of phosphoketolase-bound

AcThDP intermediate contained 2.3mg/mL XFPK in assay buffer, substrate concentrations are

indicated for the individual experiments. pH-dependent spectra were recorded in assay buffer with

an increased HEPES concentration (50mM HEPES pH 6-8.5, 1mM MgCl2, 0.2mM ThDP) to

ensure pH stability. If not indicated otherwise, spectra were recorded in triplicate measurements

and averaged. All spectra were normalized against buffer and overlayed at A600nm = 0.

2.4.2 Secondary structure analysis by circular dichroism spectroscopy

To confirm structural integrity of the generated XFPK variants, they were analyzed by far-UV

CD spectroscopy. CD spectra of the different enzyme variants were recorded between 180 - 260 nm

and compared to the XFPKWT spectrum to exclude differences in secondary structure elements

induced by the introduced mutations. Measurements were performed at a protein concentration

of 0.1mg/mL in 10mM phosphate buffer pH 7.2 at 25 ◦C in a quartz cuvette with 1mm pathlength.

Data acquisition was carried out at a Chirascan plus CD spectrometer (Applied Photophysics)

with a data interval and band width of 1 nm and a response time of 5 s.

2.4.3 Analysis of covalent reaction intermediates by 1H-NMR spectroscopy

An acid quench/1H-NMR spectroscopy method, developed by Tittmann et al.45, was applied

to detect potential covalent ThDP-intermediates in the phosphoketolase reaction cycle. The

experiments were carried out according to the protocol described in the aforementioned publication.

XFPK was transferred into ThDP-free buffer (20mM HEPES pH 7.2, 1mM MgCl2) and 15mg/mL

enzyme were mixed with 100mM F6P or 100mM F6P plus 100mM Na2HPO4 in a 1+1 mixing

ratio. The reaction was stopped in the pre-steady-state (after 60 ms) or in the steady-state (after

180 s) by the addition of quenching solution (1M DCl, 12.5 % (w/v) trichloroacetic acid in D2O).

In case of the pre-steady-state time point, the mixing steps for reaction initiation and stopping

were carried out in a RQF 3 quench-flow mixing device (KinTech Corporations). Acid quenching
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denatures the protein component while the acid-stable covalent ThDP reaction intermediates are

released into solution. Precipitated protein was removed from the reaction mix by centrifugation

(15000 rpm, 15 min, 4 ◦C). The supernatant containing free cofactor and ThDP adducts was

filtered and applied to 1H-NMR spectroscopy. All NMR data collection and evaluation was

carried out by Prof. Dr. Kai Tittmann.

2.5 Kinetic Methods

2.5.1 Steady-state kinetic analysis

The enzymatic activity of phosphoketolase was determined in a direct circular dichroism spectroscopy-

based assay, detecting the formation of the product E4P that shows a negative CD signal at

300 nm. The assay mix contained 20mM HEPES pH 7.2, 1mM MgCl2, 0.2mM ThDP, 4.9 -

105µM XFPK and varying concentrations of F6P or Na2HPO4. In order to determine KM for

either F6P or phosphate, concentration of the other substrate was kept constant at 50mM

Na2HPO4 or 150mM F6P respectively. Measurements were initiated by addition of the enzyme to

the reaction mix. Measurements were carried out at 25 ◦C on a Chirascan plus CD spectrometer

(Applied Photophysics) recording signal at 300 nm with a band width of 1 nm and a scanning

speed of 2 points/s.

The initial rates of E4P formation were determined from the initial change in CD signal ∆Θ300nm

over time. Initial changes in the CD signal in mdeg/min were converted into the initial reaction

rates in mM/min using a calibration curve. For preparation of the calibration curve, the CD signal

at 300 nm for different E4P concentrations was measured and plotted against the corresponding

E4P concentration. Linear regression of the calibration curve yielded a conversion factor of

6.01mdeg/mM (Figure 56). Hence, the initial reaction rate v could be calculated using Equation 2.

Dependency of v on the substrate concentration [S] was analyzed using the Michaelis-Menten-

equation (Eq. 3). Data from the phosphate dependent assay was fitted with Equation 4. kcat and

Aspec were calculated considering the applied protein concentration. If not indicated otherwise,

data points were determined in triplicate measurements, error bars indicate standard deviation

from the mean value. Margin of error of the macroscopic constants represents standard deviation

of the fitted parameters.
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v =
∆Θ300nm/min

6.01mdegmM

(2)

v : initial reaction rate
∆Θ300nm : initial change in CD signal at 300 nm

v =
Vmax · [S]
KM + [S]

(3)

Vmax : maximum activity at substrate saturation
KM : Michaelis constant

v = y0 +
Vmax · [S]
Kapp

M + [S]
(4)

Vmax : maximum activity at substrate saturation
Kapp

M : apparent Michaelis constant
y0 : offset

2.5.2 Transient kinetic analysis using stopped-flow absorbance spectroscopy

Transient kinetics of formation and depletion of phosphoketolase-bound AcThDP were analyzed

in rapid mixing experiments via its distinct absorbance signal at 420 nm. All measurements

were carried out on a SX20 stopped-flow spectrophotometer (Applied Photophysics) at 25 ◦C in

assay buffer. General experimental setup of the transient kinetic measurements was adapted with

modifications from the work of S. Schneider89.

Time-resolved absorbance spectra

To examine the phosphoketolase reaction for the occurrence of covalent ThDP-reaction intermedi-

ates, time resolved absorbance spectra were recorded. 48.5µM XFPK were mixed with 100mM

F6P or 100mM F6P plus 100mM Na2HPO4 in a 1+1 mixing ration. UV-Vis spectra between

300 - 600 nm were recorded in logarithmic time intervals using photo diode array detection. All

spectra were normalized against the buffer spectrum.

Single mixing experiments

To follow the formation of phosphoketolase bound AcThDP, 48.5µM XFPK were fast-mixed with

varying concentrations of F6P (0 - 400mM) in a 1+1 mixing ratio. Progress of absorbance at
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420 nm was recorded over time until the steady-state was reached. To determine the apparent rate

constants kobs_1 and kobs_2, progress curves were fitted with a two-term exponential equation

(Eq. 5). kobs_1 and kobs_2 were plotted against the respective substrate concentration [S].

Data of kobs_1 was fitted according to Equation 6 or 7 to analyze substrate dependency and

determine kmax
obs_1and K

app
S . If not indicated otherwise, data points were determined in triplicate

measurements, error bars indicate standard deviation from the mean value. Margin of error of

the macroscopic constants represents standard deviation of the fitted parameters.

A420(t) = a1 · e(−kobs_1·t) + a2 · e(−kobs_2·t) + c (5)

kobs_1, kobs_2 : first order rate constants
a1, a2 : amplitudes
t : time
c : off-set

kobs =
kmax
obs · [S]n

Kapp
S

n
+ [S]n

(6)

kmax
obs : first order rate constant at substrate saturation
Kapp

S : substrate concentration at half kmax
obs

n : Hill-coefficient

kobs =
kmax
obs · [S]

Kapp
S + [S]

(7)

kmax
obs : first order rate constant at substrate saturation
Kapp

S : substrate concentration at half kmax
obs

Sequential mixing experiments

Kinetics of the reaction between the covalent AcThDP intermediate and different acceptor

substrates were investigated in double-jump stopped-flow experiments. 97µM XFPK were mixed

with 80mM F6P in a 1+1 mixing ratio in a stopped-flow device configured to sequential mode,

followed by fast mixing with varying concentrations of the acceptor substrate as indicated for

the individual experiments. Decrease of AcThDP absorbance at 420 nm was recorded over time.

The aging time between the mixing steps was set to 5 s to ensure that the steady-state of the

reaction was reached and AcThDP concentration remained constant. Next to the native acceptor
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substrate phosphate (Na2HPO4) the phosphate analogous Na2HAsO4, Na2SO4, Na2HPO3 and

Na3VO4 were used as alternative nucleophilic acceptors.

For preparation of the vanadate solution, 200mM Na3VO4 were dissolved in assay buffer and pH

adjusted to 7.2 with HCl. Solution was boiled to destroy vanadate polymers until orange color

disappeared and pH was readjusted to 7.2. The procedure was repeated until a colorless solution

of Na3VO4 at pH 7.2 was obtained.

Progress curves of absorbance at 420 nm were fitted with an exponential equation (Eq. 8). The

resulting apparent rate constants kobs were plotted against the respective substrate concentration

and data was fitted according to Equation 9 to determine kmax
obs and Kapp

S . If not indicated

otherwise, data points were determined in triplicate measurements, error bars indicate standard

deviation from the mean value. Margin of error of the macroscopic constants represents standard

deviation of the fitted parameters.

A420(t) = a · e(−kobs·t) + c (8)

kobs : first order rate constant
a : amplitude
t : time
c : off-set

kobs = y0 +
kmax
obs · [S]

Kapp
S + [S]

(9)

kmax
obs : first order rate constant at substrate saturation
Kapp

S : substrate concentration at half kmax
obs

y0 : off-set

2.5.3 Steady-state analysis of the hydrolysis side reaction

As alternative method to determine the turnover of the phosphoketolase hydrolytic side reaction,

a technique described in Tittmann et al. 2005 was adapted83. Therefore, progress of AcThDP

absorbance at 420 nm was recorded in a stopped-flow spectrophotometer as described in section

2.5.2 after mixing of 24µM with different F6P concentrations between 0.5 - 4mM. Absorbance

was recorded until total consumption of F6P. According to Gibson et al.95 the area underneath
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the kinetic trace can be assumed to be proportional to the concentration of F6P in solution,

hence the F6P concentration can be described by the following term:

[F6P]total = α[

∫ tend

t0

A420nm(t)dt−A420nm(tend) · (tend − t0)] (10)

As A420nm(tend) = 0, the term can be written:

[F6P]total = α[

∫ tend

t0

A420nm(t)dt] (11)

This relationship allows determination of the F6P concentration at any point of the reaction by

simple proportionality:

∫ tend

t0
A420nm(t)dt

[F6P]total
=

∫ t2
t1

A420nm(t)dt
[F6P]t2−t1

(12)

Consequently the reaction rate v = d[F6P]/dt in the steady-state can be calculated from:

v =

∫ t2
t1

A420nm(t)dt∫ tend

t0
A420nm(t)dt

· [F6P]total
(t2 − t1)

(13)

A420nm : absorbance of AcThDP at 420 nm
t0 : starting point of the reaction
tend : end point of the reaction
t1 : starting point of steady-state phase
t2 : end point of steady-state phase
α : proportionality factor

The integrals were determined in approximation from the sum of the areas below each data point.

The time points t1 and t2 mark the start and the end of the steady-state phase as depicted in
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Figure 14: Exemplary progress curve of AcThDP absorbance. The area below the progress curve
is proportional to the applied F6P concentration and can be used to determine the substrate concentration
at every point of the reaction. The time points t0 and tend mark the start and end point of the reaction.
The time points t1 and t2 mark start and end of the steady-state phase. The area underneath the progress
curve that represents the steady-state phase is shaded.

Figure 14. In order to determine kcat, the obtained reaction rates were plotted against the applied

F6P and data was fitted with the Michelis-Menten equation (Eq. 3).

2.6 Analysis of carboligation products by gas chromatography-mass

spectrometry

Products of phosphoketolase carboligation side reactions were identified and quantified using

gas chromatography coupled to mass spectrometry (GC-MS). For a standard reaction, 24µM

XFPK were incubated with 20mM F6P and 100mM of an aldehyde acceptor (formaldehyde,

acetaldehyde, trifluoracetaldehyde, glycolaldehyde) in assay buffer at 23 ◦C for 1 - 16 h. For

extraction of products and remaining substrate sugars, extraction solution (32.25 % (v/v) methanol,

12.5 % (v/v) chloroform in H2O) was added in a 2:1 ratio. To convert the analytes into their

methoxyimino- and trimethylsilyl-derivatives, 20 - 40µL of the polar phase were evaporated under

nitrogen, redissolved in 30µL 30mg/mL methoxamine hydrochloride in pyridine and incubated

for at 23 ◦C 16 h, followed by addition of 15µL of the second derivatization agent N-Methyl-

N(trimethylsilyl)trifluoroacetamide (MSTFA). GC-MS measurements were performed on a Agilent

5973 Network mass selective detector connected to a Agilent 6890 gas chromatograph equipped

with a capillary HP5-ms column (Agilent) with the following dimensions: 30m x 0.25mm; 0.25µm

coating thickness. Helium was used as carrier gas with a flow of 1mL/min. The temperature

gradient was set as follows: 70 ◦C for 2 min, 70-220 ◦C at 8 k/min, 220-330 ◦C at 8 k/min, 330 ◦C for

2 min, with an inlet temperature of 250 ◦C. Electron energy of 70 eV, ion source temperature of

230 ◦C and a transfer line temperature of 330 ◦C was used, mass spectra were recorded between
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70 and 600m/z. Products were identified based on retention time and mass spectrum by library

search with the NIST mass spectrometry database and in comparison to pure reference substance.

Quantification of the reaction products 3-hydroxypropionic acid and dihydroxyacetone was carried

out with an internal standard (allo-inosito). Absolute quantities of reaction products were

calculated using a calibration curve that relates defined quantities of pure target substance to

signal ratio of target substance and internal standard. The masses used for quantification were 219

for 3-hydroxypropionic acid, 248 for dihydroxyacetone and 318 for allo-inositol. For integration of

the corresponding signal peaks, the Agilent ChemStation software was used.

The GC-MS analysis was carried out in close cooperation with Dr. Till Ischebeck (Department

of Plant Biochemistry). Dr. Till Ischebeck developed the protocol for sample preparation

and GC-MS analysis, assisted in data acquisition and performed data analysis for quantification

of the reaction products.

2.7 Detection of transketolase activity

In order to detect potential transketolase activity of XFPKY501F/N549D and XFPKE437L/Y501F/N549D,

the phosphoketolase variants were incubated with transketolase substrates and analyzed for

the formation of transketolase products by GC-MS. The reaction mix contained 105µM of

XFPKY501F/N549D or XFPKE437L/Y501F/N549D, 20mM F6P and 20mM R5P in assay buffer. Sam-

ples were incubated at 23 ◦C for 16 h and analyzed by GC-MS for presence of the transketolase

product sedoheptulose 7-phosphate as described in section 2.6.

X5P + R5P / E4P
TK

G3P + S7P / F6P

TIM

DHAPα-glycerol 
phoshate

NADHNAD+

α-GDH

Figure 15: Schematic representation of the coupled transketolase activity assay. By cou-
pling the transketolase (TK) reaction to the reactions of triosephosphate isomerase (TIM) and α-
glycerolphosphate dehydrogenase (α-GDH), the transketolase product is removed and the equilibrium of
the reversible reaction shifted towards product formation. Transketolase converts xylulose 5-phosphate
(X5P) and ribose 5-phosphate (R5P) or erythrose 4-phosphate (E4P) to glyceraldehyde 3-phosphate (G3P)
and sedoheptulose 7-phosphate (S7P) or fructose 6-phosphate (F6P). TIM catalyzes conversion of G3P to
dihydroxyacetone phosphate (DHAP) that is converted in an irreversible reaction to α-glycerol phosphate
by α-GDH.
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In an alternative experimental approach, adapting a protocol designed for spectroscopic detection

of transketolase activity96, the transketolase reaction was coupled to two further enzymatic

reactions to shift the equilibrium towards product formation as depicted in Figure 15. 105µM

of XFPKY501F/N549D or XFPKE437L/Y501F/N549D were incubated with 10mM X5P, 10mM R5P

or E4P, 1.5U α-glycerolphosphate dehydrogenase, 15U triosephosphate isomerase and 1mM

NADH at 23 ◦C for 2 h. The reaction mix was analyzed by GC-MS for presence of the potential

transketolase products sedoheptulose 7-phosphate or fructose 6-phosphate. Product extraction,

derivatization and GC-MS measurement was carried out as described in section 2.6.
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3 Results

3.1 Spectroscopic analysis of reaction intermediates in the phosphoketolase

reaction cycle

DHEThDP and AcThDP were predicted as intermediates on the phosphoketolase reaction pathway

early after discovery of its enzymatic actvity70. Trapping of both ThDP addcuts in cryo-

crystallographic studies on B. breve phosphoketolase could finally confirm their role as covalent

reaction intermediates73. Many covalent and non-covalent intermediates of ThDP-dependent

enzymes exhibit spectral signatures in the UV-Vis range47. In a preliminary study, a UV-Vis

absorbance band was observed when phosphoketolase reacted with F6P. The band was assumed

to be derived from the post-dehydration intermediate AcThDP89.

In order to verify and specify assignment of the reported signal, the phosphoketolase reaction was

investigated for absorbance bands that might be assigned to covalent ThDP-adducts arising on the

reaction pathway. UV-Vis spectra between 300 and 600 nm were recorded of phosphoketolase in

its ground state and after addition of both substrates F6P and phosphate, or of F6P alone (Figure

16). No changes in absorbance were detectable between the ground state spectrum and that

recorded after the addition of both substrates F6P and phosphate. However, when F6P alone was

added to the enzyme, we observed an absorbance band with λmax at 420 nm as reported before.

This band was also detectable when β-hydroxypyruvate or glycolaldehyde were used as alternative

substrates instead of F6P, although higher substrate concentrations were required to obtain a

signal with comparable strength (Figure 55, Appendix). In all cases the signal disappeared when

phosphate was added to the reaction mix, indicating accumulation of one or both intermediates

in absence of the acceptor substrate, leading to the observed spectral signal.

Time-resolved absorbance spectra were recorded using a stopped-flow spectrophotometer with

photodiode array detection in order to observe potential transient intermediates and to record the

evolution of the absorbance band at 420 nm. Still, no signal was observed after rapid mixing of

phosphoketolase with both substrates (Figure 17B). Time-resolved monitoring of the absorbance

band at 420 nm after rapid-mixing of phosphoketolase with F6P as only substrate revealed

maximum absorbance after around 60ms in the pre-steady-state of the reaction (Figure 17A). The

signal then remained stable for several minutes (Figure 58, Appendix). Suzuki et al. reported

accumulation of AcThDP after soaking phosphoketolase crystals with F6P in the absence of

phosphate, whereas they assume the DHEThDP intermediate to be of transient character73. Due
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Figure 16: UV-Vis absorbance spectrum of
phosphoketolase in its resting state and after
substrate addition. No differences in absorbance
were observed between phosphoketolase (24µM) in
its resting state (green) or after addition of both sub-
strates F6P (20mM) and Na2HPO4 (50mM) (light
green). Addition of F6P alone leads to formation of
an absorbance band with λmax at 420 nm (red).

to the longevity of the observed signal it is likely that phosphoketolase bound AcThDP accounts

for the absorbance band.

Distribution of covalent ThDP intermediates during the phosphoketolase reaction was further

analyzed using an acid quench/1H-NMR method described by Tittman et al.45. Covalent ThDP

adducts are stable under acidic conditions and can be isolated from the protein compound by

acid precipitation. Different substituents at the C2 atom of the thiazolium ring cause specific

1H-NMR chemical shifts of the aminopyrimidine C6’-H singlets, which can be used to distinguish

the different ThDP adducts. We analyzed the distribution of covalent ThDP intermediates in

the phosphoketolase reaction under steady-state conditions, as well as in the pre-steady-state

60ms after reaction initiation where maximum absorbance at 420 nm was observed. Obtained

signals were identified as free cofactor, DHEThDP and AcThDP with the help of chemically

synthesized reference substances. ThDP and DHEThDP show chemical shifts of 8.01 ppm and

7.31 ppm, AcThDP yields three signals at 7.36, 7.37 and 8.6 ppm derived from three different

conformations, keto-, hydrate- and internal carbinol form of AcThDP45,81 (Figure 17C, top row).

In the absence of the nucleophilic acceptor substrate phosphate, AcThDP occurred as predominant

intermediate together with free cofactor and a small amount of DHEThDP under steady-state

conditions (Figure 17). A similar distribution was observed in the pre-steady-state (data not

shown). This distribution matches the observations from X-ray crystallographic experiments,

showing accumulation of AcThDP in the absence of phosphate. It is assumed that phosphoketolase

bound AcThDP undergoes hydrolysis to acetate if no phosphate molecule is present at the active

site acting as acceptor for the acyl-moiety. Hydrolysis of AcThDP to acetate seems to be the

rate limiting step under the applied reaction conditions. In the reaction of phosphoketolase
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Figure 17: Analysis of covalent ThDP-intermediates in phosphoketolase. (A) Time-resolved
absorbance spectra recorded after fast-mixing of 24µM XFPK with 100mM F6P shows evolution of the
absorbance band with λmax at 420 nm. (B) Time-resolved absorbance spectra recorded after fast-mixing
of 24µM XFPK with 100mM F6P and 100mM Na2HPO4 does not show a spectral signal. Depicted are
the difference spectra after subtraction of the XFPK ground state spectrum. (C) 1H-NMR analysis of
covalent ThDP intermediates. 158µM XFPK were mixed with 100mM F6P or 100mM F6P and 100mM
Na2HPO4. The reactions were acid quenched after 3 seconds and isolated cofactor adducts were subjected
to 1H-NMR. C6’-1H-NMR signals of ThDP and chemically synthesized ThDP intermediates expected
in the phosphoketolase reaction are shown in the top panel. Signals derived from ThDP intermediates
accumulated in the different reactions are depicted below. Accumulation of AcThDP was observed in the
reaction of XFPK with F6P. In presence of both substrates, free ThDP, DHEThDP and AcThDP were
detected.
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with both substrates, DHEThDP was detected as only covalent ThDP adduct, while most of the

cofactor was found in its unsubstituted state (Figure 17C, bottom row). As we did not detect

any absorbance signal under the same reaction conditions, it can be excluded that DHEThDP

accounts for the absorbance band. Thus, the spectral signal at 420 nm can be assigned to the

presence of the covalent AcThDP intermediate.

3.2 Analysis of the AcThDP UV-Vis absorbance spectrum

Recognized as an important intermediate for several ThDP-dependent enzymatic reactions, Frey

and colleagues characterized chemically synthesized AcTHDP and found an absorbance band at

310 nm that they could assign to the keto-form of AcThDP81. In comparison, the observed signal

of phosphoketolase-bound AcThDP is considerably shifted to longer wavelength. Furthermore, it

has not finally been resolved if it is actually keto-AcThDP that is accumulated at the active site

of phosphoketolase in the absence of a nucleophilic acceptor. Resolution of the X-ray diffraction

data did not allow evaluation of the chemical state of the intermediate and the observed electron

density could also present enol- or enolate-AcThDP73.

In cooperation with the group of Prof. Dr. Ricardo Mata, Department of Computational

Chemistry and Biochemistry, University of Göttingen, theoretical calculations were carried out in

order to analyze correlation between AcThDP in its various chemical states and the observed

absorbance band at 420 nm. Several covalent ThDP intermediates exhibit UV-Vis bands that

result from charge transfer transitions84. Hence, Mata and colleagues performed time-dependent

density functional theory and incremental equation-of-motion coupled cluster calculations on

isolated AcThDP in the V-conformation to predict potential charge transfer transitions and the

corresponding transition energies for the different tautomers of AcThDP. Their results suggest

charged transfer transitions for enol- and keto-AcThDP from the π-orbital of the pyrimidine ring

to the thiazolium ring delocalized towards the acyl-substituent with transition energies of 413 nm

for the keto- and 340 nm for the enol-tautomer. For the enolate-tautomer, they assume a different

charge transfer transition from the π-system of the acyl-substituent to the thiazolium ring with a

corresponding transition energy of 431 nm. The computed oscillator strength was slightly higher

for the enolate adduct compared to the keto-species. From those results they conclude, that the

observed absorbance band at 420 nm does not originate from a single AcThDP tautomer, but

most likely from coexistence of keto- and enolate-AcThDP.
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Figure 18: pH-depedence of the AcThDP ab-
sorbance band. Absorbance spectra of 24µM
XFPK with 20mMF6P were recorded at different
pH values between pH 6 and pH 8.5. Towards alka-
line conditions, signal strength increases and λmax is
slightly shifted to longer wavelength.

During a pH-dependent analysis of the AcThDP absorbance band, distinct changes in the spectral

signal were observed. UV-Vis absorbance spectra were recorded after mixing phosphoketolase

with 20mM F6P under different pH conditions between pH 6 and 8.5. With increasing pH, an

increase of the signal strength was observed. Furthermore, the maximum of the absorbance

band shifted slightly from 411 nm at pH 6 to 421 nm at pH 8.5 (Figure 18). Changes in this

pH range certainly influence protonation states of active site residues, consequently altering the

electrostatic environment of the AcThDP intermediate, which might account for the detected

alterations of the spectral signal. Results from the computational analysis of the different AcThDP

tautomers indicate presence of both enolate- and keto-form under the applied reaction conditions.

Keeping that in mind, changes in the absorbance band could also point towards a change in

the distribution of enolate- and keto-tautomers. Compared to keto-AcThDP, the calculated

excitation energy for the enolate-form was slightly lower, yet stronger in oscillator strength.

Thus, redshift of the absorbance maximum together with the enhanced signal strength could

indicate an increase of the enolate fraction. However, the theoretical excitation energies of both

species are too similar to distinguish them properly by UV-Vis spectroscopy. Consequently, Mata

and colleagues searched for side chain mutations in the phosphoketolase active side that would

further separate the calculated transition energies of the different tautomers. The suggested

amino acid exchanges Glu156Gln and Asn549Asp were inserted by side directed mutagenesis and

the resulting recombinant phosphoketolase variants XFPKE156Q and XFPKN549D characterized

for their catalytic and spectroscopic properties. Both variants showed catalytic activity for the

conversion of F6P to E4P and exhibited the absorbance band around 420 nm after addition of

F6P, indicating accumulation of the post-dehydration intermediate AcThDP as observed for the
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Figure 19: pH-depedence of the AcThDP absorbance band in the phosphoketolase variants
XFPKE156Q and XFPKN549D. Absorbance spectra of (A) XFPKE156Q (24µM) or (B) XFPKN549D
(24µM) with 20mM F6P were recorded at different pH values between pH 6 and pH 8.5. The introduced
mutations were supposed to lead to seperation of the enolate-AcThDP and keto-AcThDP absorbance
band. For both variants no signal seperation was observed.

wild-type enzyme. According to Mata and colleagues, the Glu156Gln mutation should cause

a blue shift of the keto-AcThDP absorbance maximum of around 0.4 eV. For the Asn549Asp

mutation they predict a blue shift of the keto signal and a red shift of the enolate absorbance

maximum of about 0.4 eV in both cases. Unfortunately, the pH-dependent absorbance spectra

of neither phosphoketolase variant exhibited signs of signal separation. In both variants the

maximum of the absorbance band showed a slight blue shift (λmax 404 - 410 nm) and reduction

of the amplitude compared to the wild-type enzyme (Figure 19). Whereas the spectral signal

from XFPKE156Q did not exhibit any pH-dependency (Figure 19A), a decrease in amplitude was

observed for XFPKN549D at pH 8 and 8.5, showing a reverse behavior to wild-type phosphoketolase

(Figure 19B).

Overall, experimental data did not match the theoretical calculations. Presumably, influence of

the phosphoketolase active site environment on the absorbance signal of the post-dehydration

intermediate is more complex than covered in the theoretical considerations. Consequently, it was

not possible to determine experimentally whether the pH dependent effects on the absorbance

signal of the AcThDP intermediate are caused by a change in the ratio of enolate- and keto

AcThDP or are rather an effect of different protonation in the environment of the intermediate.
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3.3 Kinetic analysis of the phosphoketolase reaction

3.3.1 Development of a direct steady-state assay for phosphoketolase activity

Phosphoketolase activity is commonly determined by detection of acetyl phosphate formation,

using a colorimetric end-point assay. Acetyl phosphate reacts with hydroxylamine to acetyl

hydroxamate that forms a colored complex with Fe2+ ions, allowing spectroscopic detection at

505 nm97. This method and adaptations thereof have been applied successfully to demonstrate

phosphoketolase activity and to determine kinetic parameters of the phosphoketolase reaction71,73,

but come with the disadvantages of a discontinuous assay. Additionally, a coupled enzymatic assay

was described. Generation of acetyl phosphate by phosphoketolase was linked to the formation of

ATP through the action of acetate kinase. ATP formation was in turn coupled to the formation of

NADPH via hexokinase and glucose-6-phosphate dehydrogenase, allowing spectroscopic detection

of increasing NADPH concentrations at 340 nm18. This assay permits continuous monitoring of

the reaction, but as the hydroxamate method, it only allows observation of the reaction if acetyl

phosphate is formed as product, making it impossible to investigate the off-pathway hydrolysis

reaction to acetate in absence of phosphate as acyl-acceptor.

In order to determine and compare kinetic parameters for both, the phosphoketolase-catalyzed

conversion of F6P and phosphate to E4P and acetyl phosphate as well as the side reaction of F6P

and H2O to E4P and acetate, a direct steady-state assay was established, monitoring formation

of E4P. E4P is optically active and yields a negative CD signal with an absorbance maximum

at 290 nm (Figure 56A, Appendix), enabling direct observation of the phosphoketolase reaction

product. The experimental procedure of the assay is described in detail in section 2.5.1. In

brief, a calibration curve was prepared, correlating the CD signal to E4P concentration. The

calibration curve showed linear dependency of the CD signal on the E4P concentration in the

observed range (Figure 56B, Appendix). To determine initial reaction rates of the phosphoketolase

reaction, the enzyme was mixed with different F6P concentrations and progression of the E4P-CD

signal was recorded over time. The progress curves exhibited an initial linear phase that allowed

the determination of initial reaction rates using the standard curve. The initial reaction rates

displayed characteristic hyperbolic dependency on the substrate concentration (Figure 20A) and

analysis according to Michaelis-Menten (Eq. 3) yielded a kcat of 14.3 ± 0.3 s−1 for the

conversion of F6P and phosphate to E4P and acetyl phosphate with a KM of 32.1 ± 2.3mM

for F6P. This data is comparable to macroscopic kinetic constants published earlier for the
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Figure 20: Steady-state kinetic analysis of the phosphoketolase reaction. Kinetic parameters
for the phosphoketolase catalyzed conversion of (A) F6P and Na2HPO4 to E4P and acetyl phosphate
or (B) of F6P to E4P and acetate in absence of phosphate were determined using the CD spectroscopy
based assay for E4P detection. Initial reaction rates were determined under steady-state conditions and
plotted against the applied F6P concentration. Data was fitted using the Michaelis-Menten equation
(Eq.3, red and blue line). Resulting kinetic parameters are indicated in the respective diagram.

phosphoketolase reaction71,92, indicating suitability of the developed assay for the kinetic analysis

of the reaction under steady-state conditions.

The assay also enabled analysis of the hydrolytic side-reaction of phosphoketolase with F6P to E4P

and acetate in the absence of phosphate. Analysis of the F6P dependent reaction rates, determined

under phosphate-free conditions, using the Michelis-menten equation (Eq. 3), revealed that

the reaction occurs with a turnover of 0.83 ± 0.02 s−1 (Figure 20B). Thus, the velocity of the

side reaction is substantially lower compared to the reaction in presence of the acyl-acceptor

substrate phosphate. Presumably, it is limited by the rate of hydrolysis of AcThDP to acetate, as

indicated by accumulation of the AcThDP intermediate in the NMR-based intermediate analysis

(see section 3.1).

Aiming to determine KM for the acceptor substrate phosphate, the assay was repeated with

varying concentrations of phosphate at a fixed F6P concentration of 150mM. Plotting of the

initial reaction rates against the applied phosphate concentration showed hyperbolic dependency

on the substrate concentration, approaching a maximum specific activity Amax
spec of 9.9U/mg that

is comparable to the one observed in the F6P dependent assay (9.0 ± 0.2U/mg) (Figure 21).

But the data set revealed an offset of 5.2U/mg and did not follow typical Michaelis-Menten

kinetics. Consequently, data was fitted with a modified equation considering the offset (Eq. 4),

that yielded an apparent KM of 3.8 ± 0.7mM. This is slightly higher than the KM value of



64 3 Results

phosphate [mM]

0 5 10 15 20 25

A sp
ec

 [U
/m

g]

0

2

4

6

8

10

KM 
app  =  3.8 +/- 0.7 mM

Vmax  =  4.7 +/- 0.2 U/mg
y0   =  5.2 +/- 0.09 U/mg 

Figure 21: Steady-state kinetic analysis of the
phosphoketolase reaction depending on phos-
phate concentration. Initial reaction rates were
determined under steady-state conditions for differ-
ent Na2HPO4 concentrations by monitoring the in-
creasing E4P concentration and plotted against the
applied Na2HPO4 concentration. Data did not follow
Michaelis-Menten kinetics and were instead fitted
with Equation 4 (red line). Kapp

M represents phosphate
concentration half-maximum velocity. The calculated
maximum velocity Vmax and the offset y0 add up to
the observed maximum specific activity Amax

spec.

1.2 ± 0.2mM published by Suzuki et al. for B. breve phosphoketolase. Due to the hydrolytic

background activity of phosphoketolase with F6P at a rate of approximately 0.8 s−1, non-linear

fitting of the data was expected to give an coinciding offset. Instead a value about five times

higher was obtained. The reason for this discrepancy could not finally be resolved, but the

increasing inaccuracy of the applied assay towards lower substrate concentrations due to declining

signal amplitudes should be considered.

Overall, this direct, CD spectroscopy-based steady-state assay provides a useful new tool to

analyze the kinetics of the phosphoketolase reaction in the presence and absence of the acyl-

acceptor. Limitations might occur for low substrate concentrations (< 0.5mM) as applied for

determination of the KM for phosphate, due to small signal amplitudes. Still, the assay allowed

direct comparison of the reaction velocities of main phosphoketolase reaction and off-pathway

hydrolysis, revealing that the hydrolytic side reaction to acetate occurs at a rate 20 times lower

than the main reaction.

3.3.2 Transient kinetic analysis of AcThDP formation

Using a combined approach of time-resolved absorbance spectroscopy and 1H-NMR-based inter-

mediate analysis, the absorbance band at 420 nm could be assigned to the covalent intermediate

AcThDP accumulating during the phosphoketolase reaction in the absence of the acceptor sub-

strate phosphate (see section 3.1). This specific spectral signature provided the opportunity for a

detailed transient-kinetic analysis of formation and depletion of the AcThDP intermediate by
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stopped-flow spectroscopy, such being able to resolve individual steps of the phosphoketolase

reaction mechanism.

For observation of AcThDP formation, phosphoketolase was rapidly mixed with different F6P

concentrations in the absence of inorganic phosphate in a stopped-flow mixing device and

progression of the absorbance at 420 nm was recorded over time. The spectral signal quickly

increases in the initial stage of the reaction, then remains constant for several minutes before

signal depletion sets in (Figure 22A and Figure 58, Appendix). At higher substrate concentrations

(5 - 100mM F6P) the progress curves exhibit a kinetic overshooting with maximum absorbance at

420 nm between 40 and 60ms in the pre-steady-state of the reaction (Figure 22A). This pre-steady-

state phase can be described by a two-term exponential model, followed by a steady-state phase

with constant AcThDP concentration (Figure 22B). Rate constants for the two pre-steady-state

phases were determined by fitting the concentration dependent progress curves with a two-term

exponential equation (Eq. 5). The apparent rate constants of the first phase kobs_1 showed

sigmoidal dependency on the F6P concentration. Fitting with the Hill-equation (Eq. 6) yielded

a kmax
obs_1 of 75.2 ± 2.5 s−1 (Figure 22C). The rate constants of the second phase kobs_2 however

did not display substrate dependency and showed a constant value of about 4.7 s−1 (Figure 22D).

Such substrate-independent kinetics indicate that kobs_2 is associated to an internal rearrangement

or decay process.

The observed progress curves exhibiting a kinetic overshooting suggest that one species is quickly

build up after rapid mixing of enzyme and substrate, which then partly converts into a second

species, resulting in an equilibrium of both in the steady-state. Since AcThDP appears as

predominant intermediate under the applied reaction conditions, as demonstrated in the 1H-NMR

intermediate analysis, these two species presumably correspond to two different forms of AcThDP

rather than an additional ThDP adduct. Considering the results from the computational studies

that suggest presence of keto- and enolate-AcThDP (section 3.2), these are most likely enolate-

and keto-form of the intermediate. This leads to the proposal of the following scenario: After

rapid mixing of phosphoketolase and F6P, an excess of enolate-AcThDP is formed, accounting for

the peak in absorbance after 40 - 60ms. The enolate-intermediate then partly tautomerizes to the

corresponding keto-form, resulting in a steady-state equilibrium of enolate- and keto-AcThDP.

Over time, slow hydrolysis of keto-AcThDP to acetate leads to depletion of the spectral signal.

In this model, kobs_1 would summarize the rate constants of all steps leading to the formation of

enolate-AcThDP. kobs_2 could be assigned to the tautomerization between enolate-AcThDP and
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Figure 22: Transient kinetic analysis of AcThDP formation in phosphoketolase. (A) Progress
curves of absorbance at 420 nm after rapid-mixing of 24µM phosphoketolase with different concentrations
of F6P show a kinetic overshooting at higher substrate concentrations. (B) Progress curves (blue line)
were fitted with a two-term exponential model (Eq. 5, red line) to obtain apparent rate constants of
AcThDP formation. Deviation of the applied fit from the represented data is shown as residuals plot
(for details see section 2.5.2). (C) Apparent rate constants of the first exponential phase of AcThDP
formation kobs_1 were plotted against the applied substrate concentration. Kinetic parameters were
determined by fitting with the Hill-equation (Eq. 6, red line). (D) Apparent rate constants of the second
exponential phase of AcThDP formation kobs_2 were plotted against the applied substrate concentration.
The apparent rate constants did not show substrate dependency.
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Figure 23: Kinetic analysis of the hydrolytic side reaction. (A) Progression of absorbance
after rapid-mixing of 24µM XFPK with different concentrations of F6P was recorded until complete
consumption of F6P. Area below the progress curves was determined and used to calculate reaction
rates as described in section 2.5.3. (B) Obtained reaction rates were plotted against the applied F6P
concentration and fitted according to Michaelis-Menten (Eq. 3, red line).

the corresponding keto form 2-acetyl-ThDP. Furthermore, this model implies parallel presence of

enolate-and keto AcThDP in the steady-state of AcThDP formation and depletion by hydrolysis,

rather than accumulation of only keto-AcThDP as proposed before.

In addition, the obtained progress curves of AcThDP absorbance were used to determine the

turnover of the phopshoketolase hydrolytic side reaction. Analysis of the progress curves using the

method of Gibson et al.95 that is described in detail in section 2.5.3 allows determination of the

reaction rate from the area below the kinetic traces. Hence, progress curves at F6P concentrations

between 0.5 - 4mM were recorded until complete consumption of F6P (Figure 23A). The area

below the whole progress curve as well as the area below the steady-state phase (constant AcThDP

absorbance) were determined for every substrate concentration and used to calculate reaction rates

according to Equation 13. The rates were plotted against the applied F6P concentration, fitting

with the Michaelis-Menten equation yielded a kcat of 0.45 ± 0.01 s−1 (Figure 23B). This

value is comparable to the turnover number determined for the reaction of phosphoketolase with

F6P to E4P and acetate in the absence of phosphate by the CD spectroscopy-based steady-state

assay of 0.83 ± 0.02 s−1, confirming the suitability of the newly established steady-state assay.
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3.3.3 Transient kinetic analysis of AcThDP depletion

Accumulation of AcThDP as observed in 1H-NMR intermediate analysis as well as in stopped-flow

spectroscopy lets assume that the hydrolysis of phosphoketolase bound AcThDP to acetate occurs

slow compared to formation of the intermediate. Presumably, it even is the rate limiting step

of the side-reaction, in which case a rate constant of about 0.5 - 0.8 s−1 as determined in the

steady-state assays can be estimated. Reaction of AcThDP with phosphate on the other hand

has to proceed at a much higher rate, as no accumulation of the post-dehydration intermediate

can be observed when the acceptor substrate is present.

In order to determine the rate of depletion of phosphoketolase-bound AcThDP through reaction

with phosphate, we set up a double-jump stopped-flow experiment. Phosphoketolase was premixed

with 20mM F6P in a stopped-flow mixing device set to sequential mixing mode. The reaction mix

was incubated for 5 s to ensure population of the post-dehydration intermediate before fast-mixing

with different concentrations of Na2HPO4. Depletion of AcThDP was monitored via decrease in

absorbance at 420 nm. Decline of the signal appeared in an exponential manner and the apparent

rate constants kobs_3 were determined by fitting the individual progress curves with a single-term
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Figure 24: Transient kinetic analysis of AcThDP depletion. Phosphoketolase was mixed with
20mM F6P in a stopped-flow device set to sequential mixing mode. The reaction mix was aged for
5 s to ensure population of the AcThDP intermediate. In a second mixing step the aged solution was
fast-mixed with different concentrations of Na2HPO4, depletion of AcThDP was detected via decrease of
absorbance at 420 nm over time. (A) Progress curves (blue line) were fitted with an exponential model
(Eq. 8, red line) to determine apparent rate constants. Deviation of the applied fit from the represented
data is shown as residuals plot. (B) Apparent rate constants were plotted against the applied phosphate
concentration. Non-linear regression with an hyperbolic function (Eq. 9, red line) yielded the kinetic
parameters kmax

obs_3 and Kapp
S as indicated in the diagram.
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Figure 25: Testing of alternative nucleophilic acceptor substrates. (A) Progression of the
AcThDP absorbance signal after mixing with different potential acyl-acceptors. AcThDP was populated
at the phosphoketolase active site by mixing 24µM XFPK with 20mM F6P in a stopped-flow device set
to sequential-mixing mode. In a second rapid-mixing step different acceptor substrates were added to the
reaction mix and progression of absorbance at 420 nm recorded over time. Only phosphate and arsenate
caused signal depletion. (B) Dependency of the apparent rate constants on phosphate (red) or arsenate
(blue) concentration. Data was fitted according to Equation 9 (solid lines), kinetic paramters kmax

obs_3 and
Kapp

S for the reaction with arsenate as acyl-acceptor substrate are depicted in the diagram. Data for the
phosphate plot was taken from Figure 24.

exponential model (Eq. 8) (Figure 24A). Apparent reaction constants were plotted against the

applied phosphate concentrations. Depletion of AcThDP occurs very rapidly after addition of

phosphate, at a concentration of 50mM phosphate the reaction displays an apparent rate constant

of > 450 s−1. Due to limitations in time-resolution of the experimental setup, it was not possible

to determine reliable rate constants for phosphate concentrations above 50mM, so substrate

saturation could not be reached which might lower the accuracy of the apparent rate constant

kmax
obs_3 of 1057 ± 95 s−1, determined by fitting data with Equation 9 (Figure 24B). Nevertheless,

it could be confirmed that the reaction of the covalent phosphoketolase intermediate AcThDP

with phosphate occurs more than 1000 times faster than the competing hydrolysis to acetate.

Next, it was tested whether nucleophiles other than phosphate are accepted as acceptor substrates

by phosphoketolase and show a reaction with AcThDP. Arsenate has physicochemical properties

very similar to those of phosphate and was successfully used to replace inorganic phosphate as

substrate in enzymatic reactions98. As further co-substrate alternatives sulfate, vanadate and

phosphite were chosen. Reactivity of the phosphate analogues towards phosphoketolase-bound

AcThDP was tested by repeating the double-jump stopped-flow experiment described above with

Na3AsO4, Na2SO4, Na3VO4 or Na2HPO3 instead of inorganic phosphate. No depletion of the

AcThDP signal at 420 nm was observed after rapid mixing with sulfate, vanadate or phosphite at
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concentrations of up to 200mM. However, after mixing with arsenate a fast decline in absorbance

at 420 nm was monitored, comparable to signal decrease after mixing with phosphate (Figure

25A), indicating a successful reaction between arsenate and AcThDP. The progression of signal

depletion was recorded for different arsenate concentrations. Apparent rate constants kobs were

determined by fitting the progress curves with an exponential equation and plotted against the

applied substrate concentration. Data analysis performed equally as for phosphate yielded 822

± 179 s−1 for kmax
obs and 143 ± 43mM for the apparent Kapp

S (Figure 25B). The maximum

apparent reaction rate is only slightly reduced when arsenate is used as nucleophilic acceptor in

the phosphoketolase reaction instead of phosphate, the apparent Kapp
S is approximately doubled.

These data show that arsenate is a fairly good replacement for phosphate as acyl-acceptor. The

chemical properties of the other tested co-substrate alternatives are presumably too different to

those of inorganic phosphate to take over its function in the phosphoketolase reaction.

Observation of formation and depletion of the covalent AcThDP intermediate via its absorbance

band in different rapid mixing experiments made it was possible to determine rate constants for

several individual steps of the phoshoketolase reaction, providing further insight into the reaction

mechanism. The obtained kinetic parameters are summarized in Figure 45.

3.3.4 pH-dependence of the phosphoketolase reaction

Analysis of the absorbance band assigned to AcThDP revealed pH-dependence of the spectral

signal at 420 nm (section 3.2). In order to survey whether those differences in the spectral behavior

go along with changes in the reactivity of the covalent cofactor adduct, a pH-dependent kinetic

analysis of the phosphoketolase reaction was carried out.
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Figure 26: pH-dependent steady-state ki-
netic analysis of the phosphoketolase reac-
tion. Enzymatic activity of XFPK at different
pH conditions was determined using the CD spec-
troscopic steady-state assay for E4P detection.
The plot shows concentration dependent initial
reaction rates at the respective pH, fitted accord-
ing to Michaelis-Menten (Eq.3, solid lines).
The resulting kinetic parameters are depicted in
Table 1. Initial reaction rates were determined in
single measurements.
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Table 1: Macroscopic kinetic constants of the phosphoketolase reaction at different pH. The
error represents standard deviation of the fitted parameters.

pH kcat (s−1) KM (mM) kcat /KM (s−1mM−1)

6 17.1 ± 0.2 20.1 ± 1.1 0.9
6.5 18.8 ± 0.2 26.8 ± 1.2 0.7
7 17.2 ± 0.3 28.3 ± 2.0 0.6
7.5 11.9 ± 0.3 26.8 ± 2.4 0.4
8 10.0 ± 0.2 35.6 ± 2.4 0.3
8.5 3.5 ± 0.1 20.0 ± 1.3 0.2

Before analyzing pH-dependent AcThDP intermediate formation and depletion by transient-

kinetic methods, a pH-dependent steady-state assay was performed to evaluate the impact of

changes in the proton concentration on the overall phosphoketolase reaction. Enzymatic activity

of phosphoketolase was determined under different pH-conditions in the range of pH 6 to pH 8.5

using the CD spectroscopy based steady-state assay, detecting formation of the substrate E4P (for

experimental details see section 2.5.1 and 3.3.1). The resulting concentration dependent initial

rate constants are plotted in Figure 26. Non-linear regression using the Michaelis-Menten

equation (Eq. 3) yielded KM and kcat for the individual pH values that are listed in Table 1.

Phosphoketolase shows maximum activity at pH 6 to 7 which is close to the published pH-optimum

for B. breve phosphoketolase of 5.5 to 6.592. A drop in activity occurs between pH 7 and pH 7.5

with kcat further decreasing towards more alkaline conditions. At pH 8.5 turnover is reduced

about 80 % compared to maximum activity at pH 6.5.

The most distinct effect on the enzymatic activity as well as on the AcThDP absorbance band

was observed at pH 8.5, the most alkaline pH value tested in the assay. Hence, it was decided

to perform the transient-kinetic experiments at pH 8.5 and compare them to standard assay

conditions (pH 7.2). Formation and depletion of the phosphoketolase reaction intermediate

AcThDP was analyzed by stopped-flow spectroscopy as described in section 2.5.2, 3.3.2 and

3.3.3. The resulting data is presented in Figure 27. The apparent rate constants kobs_1 for

AcThDP formation and kobs_3 for reaction of the cofactor adduct with phosphate at pH 8.5 were

determined and plotted against the applied substrate concentration. Analysis of the apparent

rate constants associated to AcThDP formation using equation 6 yielded a kmax
obs_1 of 34 ± 4 s−1

and an apparent Kapp
S of 49 ± 9mM. The rate of AcThDP formation is reduced approximately

by half compared to pH 7.2. Interestingly, the progress curves of absorbance at 420 nm, measured

at pH 8.5 after fast-mixing of phosphoketolase and F6P, did not display the kinetic overshooting

as observed under standard assay conditions at pH 7.2 (Figure 27C). Consequently, no kinetic
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information could be derived for a potential tautomerization between the postulated enolate-

and keto-form of AcThDP. The apparent rate constants kobs_3 associated to AcThDP depletion

through reaction with inorganic phosphate show linear dependence on the phosphate concentration

at pH 8.5 in the observed concentration range. They are assumed to follow hyperbolic kinetics,

but due to the parallel presence of Mg2+ ions in the reaction mix, phosphate concentrations could

not be increased further, preventing substrate saturation of the reaction. However, the apparent

rate constant at 50mM phosphate shows a 30 fold reduction in kobs_3 from 471 ± 27 s−1 at

pH 7.2 to 15.9 ± 1.5 s−1 at pH 8.5, indicating that the reaction between phosphoketolase

bound AcThDP and inorganic phosphate is distinctly slowed down under alkaline conditions.

Furthermore, it was noticed that the lifespan of the absorbance signal at 420 nm was increased

at pH 8.5. Even at low F6P concentrations of 1.25mM no complete depletion of the signal was

observed in the measurement time of 500 s (Figure 26D). This indicates that not only the reaction

with phosphate but also hydrolysis of AcThDP to acetate seems to be impaired at a higher pH.

This observation was rather surprising, as hydrolysis of free AcThDP is assumed to be OH−

catalyzed and was shown to proceed faster under alkaline conditions82.

Overall, an increase in pH leads to a decrease in phosphoketolase activity. Regarding the individual

reaction steps, especially depletion of AcThDP by phosphorolytic or hydrolytic cleavage seems

to be impaired at a higher pH. Based on spectral changes in the absorbance band of AcThDP

during pH-titration it was speculated whether an increase in pH goes along with an increased

concentration of enolate-AcThDP. A higher share of enolate-AcThDP would explain a lower rate

of hydrolytic- and phosphorolytic cleavage, as the enolate species would be less prone to react

with water or phosphate. However, these considerations are highly speculative and whether the

mentioned effects are caused by changes in the protonation state of active site residues, of the

respective acyl-acceptor substrate or by changes in the chemical state of the post-dehydration

intermediate itself can not be assessed at this point.

3.4 Histidine 553 as catalyst for the tautomerization reaction?

All functional and structural studies on phosphoketolase agree that attack of the nucleophilic

acceptor phosphate leading to product formation occurs on the keto- form of AcThDP. However,

the underlying mechanism of the preceding tautomerization remains unclear and the active site

residues mediating its catalysis have not been identified yet. The transient-kinetic observation of

AcThDP formation in combination with the computational results from Mata and colleagues
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acting as acid-base catalyst for the tautomerization from enol- to keto-AcThDP in the phosphoketolase
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absorbance spectrum of XFPKH553A after mixing with 20mM F6P is missing the AcThDP absorbance
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indicate tautomerization of the post-dehydration enol-intermediate to keto-AcThDP to proceed

via the formation of enolate-AcThDP, as has been proposed before75. The active site residue

His553 lies in hydrogen-bonding distance of the AcThDP’s hydroxy/carbonyl group (Figure 28A)

and was proposed as likely candidate for an acid-base catalyst in the conversion of enol- to

keto-AcThDP, but its involvement was not yet confirmed by experimental data4,75.

To investigate the potential role of His553 in the tautomerization step of the phosphoketolase

reaction, the phosphoketolase variant XFPKH553A was recombinantly expressed, purified and

examined for its ability to catalyze the phosphoketolase reaction or parts thereof. The variant was

subjected to the CD spectroscopy-based steady-state assay, but did not display enzymatic activity

in form of E4P release, even at high protein concentrations of up to 10mg/mL. Also, no absorbance

signal was detected after addition of F6P to XFPKH553A, as shown in a time-resolved absorbance

spectrum recorded by photodiode array detection in a stopped-flow spectrophotometer (Figure

28B), indicating failure of the enzyme variant to form the AcThDP intermediate. These results are

consistent with observations by Suzuki et al. who reported inactivity of the XFPKH553A variant in

the hydroxamate-assay and failed to trap AcThDP in crystallo after soaking XFPKH553A crystals

with F6P73. Most likely, His553 is involved in catalytic steps preceding AcThDP formation.

Additional to its putative role in mediation of the keto-enol-tautomerization, His553 is believed



3 Results 75

to play a role in stabilization and/or protonation of the ThDP-F6P-adduct prior to C-C bond

cleavage and release of E4P73,75. Such an involvement would explain the deficiency of the

enzyme to form E4P as observed in the steady-state assay. Furthermore, His553 was proposed as

potential acid-base catalyst for the dehydration of DHEThDP73. Unfortunately, inactivity of the

XFPKH553A variant prevents experimental evaluation of the residue’s role in the conversion from

enol- to keto-AcThDP.

In their computational investigations on B. longum phosphoketolase, Zhang and Liu calculated

relative energies of intermediates and transition states occurring on the enzymes reaction pathway.

For the putative proton transfer from His553 to the C1 atom of enol-AcThDP their calculations

yield an energy barrier of over 100 kJ/mol75. This unusually high barrier provokes to think about

an additional or alternative mechanism that could play a role in the tautomerization reaction.

3.5 Carboligation side reactions in phosphoketolase

3.5.1 Reaction of AcThDP with electrophilic acceptor substrates

ThDP-dependent enzymes are known for their ability to catalyze carbon-carbon ligation reactions,

either as their main physiological activity or in form of off-pathway side reactions. This ability is

based on the formation of reactive intermediates on their catalytic pathway and has been exploited

for a number of biocatalytic applications. So far, all known carboligation reactions catalyzed

by ThDP-dependent enzymes are emerging from the central α-carbanion/enamine intermediate.

Next to the α-carbanion/enamine intermediate DHEThDP, the phosphoketolase reaction pathway

presumably harbors a second reactive intermediate bearing potential as substrate for carboligation

reactions.
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Figure 29: Schematic representation of a potential ligation recation between enolate-
AcThDP and an aldehyde acceptor. Addition of the ketose-susbtrate F6P to the activated cofactor,
followed by liberation of E4P and dehydration leaves enolate-AcThDP at the phosphoketolase active site.
Potential reaction of the nucleophilic intermediate with an aldehyde acceptor would yield a 3-hydroxy
carbonacid as ligation product. (R1 = H, CH3, etc.)
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From detailed spectroscopic and kinetic investigations of the phosphoketolase reaction mechanism,

supported by computational calculations, evidence was collected that the necessary tautomeriza-

tion from enol- to keto-AcThDP at the phosphoketolase active site proceeds via the formation of

an enolate intermediate. Furthermore, our results suggest the that both enolate-AcThDP and its

corresponding keto-form are present when the post-dehydration intermediate accumulates in the

absence of the acyl-acceptor substrate phosphate. Enolate anions are strong nucleophiles that

react with carbon-electrophiles in C-C bond forming reactions. If the presumption of an enolate-

intermediate on the phosphoketolase reaction pathway is correct, addition of a carbon-electrophile

as acceptor substrate to the phosphoketolase reaction could potentially lead to adduct formation

between enolate-AcThDP and the electrophilic acceptor under the formation of a new C-C bond

(Figure 29). Suitable candidates for electrophilic acceptors would presumably be small aldehydes

such as formaldehyde or acetaldehyde.

In order to test for a potential reaction between AcThDP and the aldehyde acceptors, formaldehyde

or acetaldehyde were added to the reaction of phosphoketolase with F6P. UV-Vis spectra were

recorded with and without the addition of an aldehyde acceptor to check for changes in the AcThDP

absorbance band that might indicate a reaction between phosphoketolase intermediate and

aldehyde acceptor. Whereas absorbance at 420 nm was not altered after addition of acetaldehyde,

a small decrease in the spectral signal was visible when the reaction was supplemented with

formaldehyde. Decrease of the absorbance band after formaldeyhde addition was more distinct

wavelength [nm]

350 400 450 500 550 600

ab
so

rb
an

ce

0.00

0.01

0.02

0.03

0.04

0.05

0.06

wavelength [nm]

350 400 450 500 550 600

ab
so

rb
an

ce

0.00

0.01

0.02

0.03

0.04

0.05

0.06    - acceptor
+ formaldehyde
+ acetaldehyde

pH 7 pH 8.5

A B
   - acceptor

+ formaldehyde
+ acetaldehyde
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(A) pH 7 or (B) pH 8.5. After addition of formaldehyde, signal decrease can be observed.
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at increased pH (Figure 30). The drop in absorbance might indicate a decrease in AcThDP

concentration and as such a potential addition of formaldehyde to the reaction intermediate.

Depletion of the absorbance band was also monitored in a stopped-flow sequential mixing

experiment. Phosphoketolase was premixed with F6P to populate AcThDP at the enzyme’s

active site. After an aging period of 5 s, the reaction mix was rapid-mixed with different

formaldehyde concentrations, and depletion of the absorbance at 420 nm was recorded over time

(Figure 59, Appendix). The signal decrease appeared concentration dependent, however recovery

of the signal after depletion of the acceptor substrate could not be observed, indicating inactivation

of the enzyme by formaldehyde. Whether the decrease in absorbance is simply a result of an

inactivation process or whether a ligation reaction between enolate-AcThDP and formaldehyde

contributes to the signal depletion could not be judged in the employed experimental setup.

Hence, further analytical methods needed to be applied to test for a potential ligation product of

the phosphoketolase post-dehydration intermediate and formaldehyde.

3.5.2 Analysis of ligation products by GC-MS

Observation of a decrease in the AcThDP absorbance band after addition of formaldehyde initiated

the idea of a potential carboligation side reaction between the post-dehydration intermediate

and the aldehyde. To follow up on this hypothesis, product analysis of the ligation reaction was

carried out by gas chromatography-mass spectrometry. Phosphoketolase was incubated with F6P

as donor-ketose and formaldehyde as acceptor for 1 - 16 h at 25 ◦C. Reaction products were

extracted and derivatized as described in section 2.6 and subjected to GC-MS analysis.

The resulting chromatogram showed two small peaks with a retention time of 9.2 min and

12.7 min that did not appear in the control reactions without enzyme, without formaldehyde or

without F6P, suggesting they represent ligation products between a product or intermediate of

the phosphoketolase reaction and formaldehyde (Figure 32A and 33A, data for control without

F6P not shown). Analysis of the corresponding mass spectrum by comparison against the

NSTI mass spectrometry database indicated that the peak at 9.2 min likely originates from

3-hydroxypropionic acid, the product of the predicted C-C ligation reaction between enolate-

AcThDP and formaldehyde (Figure 31). This was confirmed by GC-MS analysis of commercially

available 3-hydroxypropionic acid as reference substance, which exhibited a very similar retention

time and fragmentation pattern (Figure 32C+D).
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To verify that the detected 3-hydroxypropionic acid actually originates from a ligation reaction

between the phosphoketolase enolate-intermediate and formaldehyde, the experiment was repeated

with 13C-labeled F6P as donor-substrate and 13C-labeled formaldehyde as acceptor in individual

experiments. Ligation between enolate-AcThDP and formaldehyde using 13C-F6P as donor should

result in incorporation of two isotope-labeled carbon atoms, yielding [1,2-13C]-3-hydroxypropionic

acid. Incorporation of one 13C-atom to [3-13C]-3-hydroxypropionic acid is expected in cased

labeled formaldehyde is used as acceptor (see chemical formulas in Figure 34B+C). The respective

mass spectra are shown in Figure 34. The signature peak at m/z = 219 detectable for the reference

substance (Figure 32D) and in the reaction with unlabeled substrates (Figure 34A) is shifted to

m/z = 221 in the reaction with labeled F6P (Figure 34B) and to m/z = 220 when isotope-labeled

formaldehyde was used (Figure 34C). This indicates mass increase by two, respectively one, as

would be expected after incorporation of two respectively one 13C-labeled carbon atom into the

ligation product. Also the peak with an m/z = 116 shows increase by one when using either of the

labeled substrates, suggesting it is associated to a fragment containing one carbon atom of donor

and acceptor each. Those results strongly suggest formation of the aforementioned 13C-labeled

3-hydroxypropionic acid products with 13C-F6P as donor as well as with labeled formaldehyde
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Figure 32: Detection of 3-hydroxypropionic acid by GC-MS. (A) Chromatogram of product
analysis by GC-MS after reaction of 24µM XFPK with 20mM F6P and 100mM formaldehyde (red)
shows presence of additional product peak (indicated by arrow), compared to control reactions(dark gray
= without formaldehyde, light gray = without XFPK). (B) Mass-spectrum corresponding to additional
product peak shown in diagram A. Resemblance in retention time and mass-fragmentation pattern strongly
suggests additional product peak to correspond to 3-hydroxypropionic acid. (C) Chromatogram and (D)
mass spectrum of pure 3-hydroxypropionic acid.

as acceptor, confirming the predicted reaction between phosphoketolase-bound enolate-AcThDP

intermediate and formaldehyde.

The second product with a retention time of 12.7min was identified by library search and compar-

ison to a reference substance as dihydroxyacetone (Figure 33). A ligation reaction between the

α-carbanion/enamine of the phosphoketolase reaction DHEThDP would yield dihydroxyacetone

(Figure 31). Isotopic labeling with 13C-F6P led to a shift in the mass-charge ratio by two of

several peaks in the mass spectrum (Figure 34D+E), indicating incorporation of two labeled

carbon atoms into the product compound. Application of 13C-labeled formaldehyde resulted

in a mass increase by one for the same fragments (Figure 34F). This labeling pattern would

correspond to [1,2-13C]-1,3-dihydroxypropan-2-one and [3-13C]-1,3-dihydroxypropan-2-one (see

chemical formulas in Figure 34E+F), the theoretical ligation products derived by ligation of

DHEThDP with formaldehyde using 13C-labeled donor or acceptor substrate. The obtained
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Figure 33: Detection of dihydroxyacetone by GC-MS. (A) Chromatogram of product analysis by
GC-MS after reaction of 24µM XFPK with 20mM F6P and 100mM (red) shows presence of additional
product peak, compared to control reactions (dark gray = without formaldehyde, light gray = without
XFPK). (B) Mass spectrum corresponding to additional product peak shown in diagram A. Resemblance
in retention time and mass-fragmentation pattern strongly suggests additional product peak to correspond
to dihydroxyacetone. (C) Chromatogram and (D) mass spectrum of dihydroxyacetone.

data strongly suggest a reaction between the pre-dehydration intermediate DHEThDP and the

aldehyde acceptor indeed takes place.

It seems that phosphoketolase as many other ThDP-dependent decarboxylases and transferases

catalyzes a C-C ligation of the central carbanion/enamine intermediate with aldehyde acceptors

yielding 2-hydroxy ketones as side reaction. Moreover, phosphoketolase exhibits a second side

reactivity. The enzyme seems to catalyze a ligation between its covalent AcThDP intermediate

and an aldehyde acceptor. Observation of latter reaction strongly supports the assumption that

parts of AcThDP exist as stable enolate during the phosphoketolase reaction cycle.
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Figure 34: GC-MS anaylsis of 13C-labeled ligation products. Left column (A-C) shows mass
spectra assigned to the ligation product of enolate-AcThDP and formaldehyde after reaction of XFPK
with labled or non-labled F6P or formaldehyde. Chemical formulas of the predicted products are depicted
in the respective diagram. Peaks indicating mass increase of the observed compound are marked in gray
squares. Right column (D-F) shows mass spectra assigned to the ligation product of DHEThDP and
formaldehyde after reaction of XFPK with labled or non-labled F6P or formaldehyde. Chemical formulas
of the predicted products are depicted in the respective diagram (note that modification of functional
groups from derivatisation is not shown). Peaks indicating mass increase of the observed compound are
marked in gray squares. For details see text.
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3.5.3 Quantification of ligation products by GC-MS

Both ligation products appeared in very low quantities in the GC-MS analytics. In order to

determine product yields of the detected side reactions, quantification of the ligation products

3-hydroxypropionic acid and dihydroxyacetone was carried out by GC-MS. Quantification was

performed in close collaboration with Dr. Till Ischebeck, Department of Plant Biochemistry,

University of Göttingen, who was responsible for the experimental design and carried out data

analysis and evaluation. Calibration curves were prepared from pure 3-hydroxypropionic acid and

dihydroxyacetone, that allowed determination of absolute quantities of the ligation products in

the reaction mix against an internal standard. The calibration curves of both compounds exhibit

linear dependency of the signal in the considered analyte range (Figure 57, Appendix) . Control

reactions of phosphoketolase with F6P without addition of the aldehyde acceptor and F6P and

formaldehyde without enzyme were carried out to validate the applied quantification method.

As expected from the qualitative analysis, the total amount of ligation products detected after

incubation of phosphoketolase with 20mM F6P and 100mM formaldehyde was rather small.

Quantification yielded total amounts of 3.8 ± 0.3 nmol 3-hydroxypropionic acid and 12.8 ±

1.3 nmol dihydroxyacetone in the reaction mix. Related to the amount of F6P substrate of

2000 nmol, ligation of enolate-AcThDP and formaldehyde showed a product yield of only 0.2 %.

Approximately 0.6 % of the substrate sugar were converted in the reaction of DHEThDP and

the aldehyde acceptor to dihydroxyacetone. No ligation products were detected in the control

reactions.

Analyzing the overall turnover of F6P to E4P in the presence and absence of formaldehyde, it was

noticed that conversion is drastically decreased in the presence of the aldehyde acceptor. Absolute

quantification of the phosphosugar substrate and product could not be achieved with satisfying

accuracy yet, but comparison of GC-MS chromatograms in presence and absence of formaldehyde

revealed that only a low amount of E4P is formed in the reaction containing formaldehyde, while

Table 2: Total amounts of carboligation products. The total amounts of 3-hydroxypropionic acid
(3-HPA) and dihydroxyacetone (DHA) after reaction of 2.4 nmol XFPK with 2000 nmol F6P and 10µM
formaldehyde (FA) were determined by quantitative GC-MS. Overall yield in percent is given in brackets.

reaction 3-HPA [nmol] DHA [nmol]

XFPK + F6P + FA 3.8 ± 0.3 (0.2 %) 12.8 ± 1.3 (0.6 %)
XFPK + F6P 0 (0 %) 0 (0 %)
F6P + FA 0 (0 %) 0 (0 %)
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Figure 35: Analysis of F6P con-
version in presence of formalde-
hyde by GC-MS. The reaction of
24µM XFPK and 20mM F6P with or
without addition of 100mM formalde-
hyde was analyzed by GC-MS. The
excerpt shows the peaks correspond-
ing to ketose-substrate F6P and aldose-
product E4P. No F6P was detectable
in the control reaction (blue), indicat-
ing complete conversion to E4P. De-
tection of remaining F6P together with
very small E4P peak indicate impaired
enzymatic activity in presence of the
aldehyde acceptor (red).

there is still a lot of F6P detectable. In the control reaction of phosphoketolase with F6P alone,

the F6P peak has completely vanished and E4P is detected as only product (Figure 35). From

preliminary attempts to quantify F6P and E4P in the reaction mix, conversion of below 10 %

in the presence of formaldehyde was estimated. The strong reduction in enzymatic activity

after addition of the aldehyde acceptor is assumed to be caused by chemical modifications of

phosphoketolase through formaldehyde. Formaldehyde reacts with amino- and thiol groups of

several amino acid side chains, inducing different chemical modifications and cross-links that can

severely impair the enzymes functionality99. Results from the spectral analysis of phosphoketolase

reaction after formaldehyde addition also implied enzyme inactivation (section 3.5.1).

The very low yields observed for the carboligation side reactions are presumably a result of a

decrease in enzymatic activity caused by the employed aldehyde acceptor. Replacing formaldehyde

by electophilic acceptors that do not lead to enzyme modification and subsequent rate decline

should therefore significantly increase the product yield of both carboligation reactions.

3.5.4 Testing of alternative aldehyde acceptors

Analysis of substrates and products by GC-MS revealed that the conversion of F6P to E4P by

phosphoketolase is greatly impaired after the addition of formaldehyde as electrophilic acceptor

substrate, presumably due to chemical modifications of the enzyme. Thus, acetaldehyde, gly-

colaldehyde and trifluoracetaldehyde were tested as alternatives acceptors in the carboligation

reaction with the phosphoketolase reaction intermediates. The latter compound is significantly

bigger than formaldehyde or acetaldehyde, but should exhibit an increased electrophilicity at
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Figure 36: Potential acceptor substrates for phosphoketolase catalyzed carboligation re-
actions. Depicted compounds were tested as acceptor substrates for carboligation reactions with
phosphoketolase bound DHEThDP or enolate-AcThDP.

the carbonyl-carbon atom compared to acetaldehyde due to the negative inductive effect of the

substituents.

Analysis of the reaction containing 24µM phosphoketolase, 20mM F6P and 100mM of either

acetaldehyde, glycolaldehyde or trifluoracetaldehyde by GC-MS showed almost complete con-

version of F6P to E4P after 1 h (Figure 60, Appendix). Enzymatic activity of phophoketolase

seems largely unaffected by the presence of the different aldehydes. However, no ligation product

could be detected for the reaction of acetaldehyde with either DHEThDP or enolate-AcThDP by

GC-MS product analysis. Glycolaldehyde and trifluoroacetaldehyde too, did apparently not react

with any of the covalent ThDP adducts of the phosphoketolase reaction, as no ligation products

were detected.

From analysis of the active site structure, we assume that a potential tetrahedral adduct of

enolate-AcThDP with an aldehyde acceptor needs to be oriented similar to the substrate-cofactor

adduct (see Figure 11A). In the crystal structure of the trapped AcThDP intermediate, this

space is occupied by two water molecules, surrounded by several histidine and other rather

bulky side chains (Figure 37, left). Those partly enclose the intermediate (Figure 37, right) and

might interfere with binding or optimal orientation of larger aldehyde acceptors and thus prevent

adduct formation. One of the active site residues that potentially interferes with accommodation

of larger aldehyde acceptors is histidine 64. In order to increase space around the enolate-

AcThDP intermediate, aiming to reduce steric confinements for adduct formation, the active

site residue His64 was replaced by serine as less bulky side chain that should still be capable

of hydrogen bonding interactions with hydroxy groups of the covalent cofactor adducts. The

amino acid exchange was introduced into the phosphoketolase nucleotide sequence by site-directed

mutagenesis. The resulting recombinant XFPKH64S variant was tested for its phosphoketolase

activity using the CD spectroscopy-based steady-state assay. No formation of E4P was detected,

even when enzyme concentration was increased 10 fold to 50µM. Nevertheless, partial conversion
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Figure 37: Active site environment of AcThDP in phosphoketolase. The covalent cofactor
adduct is shown in green, water molecules in the immediate environment of the acyl-moiety are depicted
as red spheres. Display of the solvent-accessible surface area (right) shows enclosure of the intermediate
by catalytically important histidine residues.

of F6P to E4P was observed after 16 h in GC-MS (Figure 38), indicating residual activity of

the phosphoketolase variant. Subsequently, the variant was analyzed for potential C-C ligation

reactions with formaldehyde, acetaldehyde glycolaldehyde and trifluoroacetaldehyde as acceptors.

With dihydroxyacetone, only the reaction product of DHEThDP and formaldehyde was detected.

No indication was found for ligation reactions with other acceptors or with enolate-AcThDP as

donor. Although no formation of AcThDP was observed by UV-Vis analysis, detection of residual

phosphoketolase activity lets assume that the variant is capable of forming both the DHEThDP

and the enolate-AcThDP intermediate. Absence of the ligation product 3-hydroxypropionic acid

emerging from AcThDP seems therefore surprising at first sight, but due to the significantly

reduced reaction rate, inactivation of the enzyme by formaldehyde presumably occurs faster than

the ligation between enolate-AcThDP and the aldehyde acceptor.

Replacement of His64 by a less bulky side chain did not extend the spectrum for non-natural

acceptor substrates. The drastic decrease in enzymatic activity by the exchange of His64

demonstrates the important role of the active site residue in the phosphoketolase catalytic cycle.

It was assumed that His64 either acts as acid-base catalyst in the deprotonation of the 3-OH-group

prior to substrate cleavage, or alternatively aids to stabilize the negative charge resulting from

deprotonation4,73. In any case the function of His64 seems to be essential for the phosphoketolase

reaction. Other side chains that might restrict space for proper binding and orientation of an

acceptor substrate like His320, N549 and Y501 were also found to be crucial for phosphoketolase

activity.
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Figure 38: GC-MS product analysis
of XFPKH64S. The reaction of 48.5µM
XFPKH64S and 20mM F6P with (red) or without
addition of 100mM formaldehyde (blue) was ana-
lyzed by GC-MS. Substrate F6P is still detectable
after 16 h reaction time, indicating phosphoketolase
activity of XFPKH64S is markedly decreased com-
pared to the wild-type enzyme. Conversion is further
reduced after addition of formaldehyde. However,
detection of dihydroxyacetone (inset), the ligation
product of DHEThDP and formaldehyde implies
residual phosphoketolase activity.

By detection of 3-hydroxypropionic acid and dihdroxyacetone as ligation products of the phospho-

ketolase reaction intermediates DHEThDP and AcThDP with formaldehyde proof of principle

was provided for a carboligase side activity of phosphoketolase. However, observed conversion

rates are extremely low and C-C bond formation with aldehyde acceptors other than formaldehyde

could not be achieved. For a potential application of phosphoketolase in biosynthesis, conversion

rates would need to be greatly increased and the acceptor substrate spectrum broadened.

3.6 Generation and analysis of a "transketolase-like" phosphoketolase variant

The related ThDP-dependent enzymes phosphoketolase and transketolase are very similar in

structure and function. Especially their active site architectures show striking similarity. Still,

both enzymes achieve different catalytic outcomes at crucial points in the reaction cycle. Up

to the formation of DHEThDP both reactions proceed more or less identical, but whereas

phosphoketolase catalyzes the dehydration of the DHEThDP intermediate, in transketolase the

2-carbon-moiety is transferred onto a ketose-acceptor. So far, no structural differences were

found that would account for such a different catalytic outcome. There are three evident amino

acid exchanges between the active sites of B. breve phosphoketolase and E. coli transketolase:

Glu437, Tyr501 and Asn549 in phosphoketolase are replaced by Leu382, Phe434 and Asp469

in transketolase. In order to determine the function of those side chain exchanges and to

evaluate their role in the different catalytic activities of phosphoketolase and transketolase, it was

aimed to replace the active site residues in phosphoketolase by their corresponding transketolase

counterparts. As the phosphoketolase variants XFPKY501F and XFPKE437Q variant were already

characterized in other studies73,89, the exchange of Asn549 to aspartic acid was taken as starting

point for the stepwise generation of a "transketolase-like" phosphoketolase variant.



3 Results 87

3.6.1 Characterization of XFPKN549D

The active site residue asparagine 549 in phosphoketolase replaces a strictly conserved and

catalytically important aspartic acid residue in transketolase100. Structural studies showed that

the side chain is part of the phosphate binding site and thus it was suggested that replacement of

the negatively charged aspartic acid serves to facilitate binding of the also negatively charged

phosphoketolase substrate phosphate4,72. In order to evaluate the role of asparagine 549, the ex-

change to aspartic acid was introduced by site directed mutagenesis and the resulting recombinant

enzyme variant analyzed for its catalytic abilities.

The UV-Vis spectrum of XFPKN549D with 20mM F6P shows the specific AcThDP absorbance

band at 420 nm that disappears after the addition of inorganic phosphate (Figure 39), demon-

strating that XFPKN549D exhibits phosphoketolase activity and is able to form and stabilize the

post-dehydration intermediate AcThDP. Consequently, the CD spectroscopy-based steady-state

assay was applied to determine kinetic constants for the phosphoketolase variant. In two separate

assays F6P and Na2HPO4 concentrations were varied to obtain KM values for both substrates.

Initial rate constants were determined from the increase of E4P concentration over time. They

showed hyperbolic dependency in both cases that was successfully analyzed using the Michelis-

Menten equation (Eq. 3) (Figure 40). The two independent assays yielded kcat values of 0.69

± 0.05 s−1 and 0.36 ± 0.06 s−1, showing that enzymatic turnover of the XFPKN549D variant

is reduced 20-40 fold compared to the wild-type enzyme. As expected, the apparent KM of the

variant for phosphate was increased from 3.8 ± 0.7mM to 7.9 ± 0.9mM. However, elevation of
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Figure 39: UV-Vis absorbance spectrum of
XFPKN549D after substrate addition. The
Absorbance spectrum of 24µM XFPKN549D and
20mM F6P exhibits the AcThDP absorbance
band at 420 nm. Additon of 50mM Na2HPO4

leads to depletion of the spectral signal.
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Figure 40: Steady-state kinetic analysis of XFPKN549D. Initial reaction rates depending on (A)
F6P or (B) Na2HPO4 concentration were determined under steady-state conditions by monitoring increase
in E4P concentration. Initial reaction rates were plotted against the applied substrate concentration and
fitted using the Michaelis-Menten equation (Eq.3, red line). Resulting kinetic parameters are indicated
in the respective diagram. The assay was carried out at a XFPKN549D concentration of 105µM. Initial
reaction rates were determined in single measurements.

KM was less pronounced than expected. The KM for F6P of 44.1 ± 8.7mM is slightly increased

compared to that of the wild-type enzyme (32.1 ± 2.3mM).

To complete kinetic characterization of the XFPKN549D variant, formation and depletion of the

post-dehydration intermediate AcThDP was analyzed by stopped-flow spectroscopy as described

for the wild-type enzyme. Analysis of AcThDP formation was performed based on progression of

absorbance at 420 nm over time after rapid-mixing of XFPKN549D with different concentrations

of F6P. In contrast to the wild-type enzyme, no kinetic overshooting was observed and progress

curves could be described by a single term exponential model (Figure 61, Appendix). Apparent

rate constants kobs_1, derived by fitting of the progress curves with Equation 8, were plotted

against the applied F6P concentrations. They showed hyperbolic dependency on the substrate

concentration (Figure 41A). kmax
obs_1 was determined by fitting data with Equation 7, yielding an

apparent maximum rate constant for AcThDP formation of 4.96 ± 0.09 s−1. Hence, introduction

of aspartic acid instead of asparagine at position 549 does not only seem to influence binding

of the acceptor substrate phosphate, but also interferes with steps leading up to the formation

of the post-dehydration intermediate, decreasing the corresponding apparent rate constant by a

factor of 15.

An even more drastic impact was observed on the reaction of AcThDP and phosphate. In order

to determine a rate constant for the depletion of the intermediate through nucleophilic attack
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Figure 41: Transient kinetic analysis of AcThDP formation and depletion in XFPKN549D.
(A) Apparent rate constants for AcThDP formation kobs_1 were determined by fitting progression of
absorbance at 420 nm after fast-mixing of 24µM XFPKN549D with different concentrations of F6P in a
stopped-flow device with a single-term exponential model (Eq.8). They were plotted against the applied
F6P concentration. Fitting with Equation 7 (red line) yielded the kinetic constants depicted in the
diagram. (B) Apparent rate constants for AcThDP depletion by reaction with phosphate kobs_3 were
determined in a double-jump stopped-flow experiment as described in section 2.5.2 and plotted against
the applied Na2HPO4 concentration. Apparent rate constant kmax

obs_3 and apparent Kapp
S were determined

by fitting data with Equation 9 (red line).

by phosphate, a double-jump stopped-flow experiment was carried out as described in sections

2.5.2 and 3.3.3. In brief, the post-dehydration intermediate AcThDP was accumulated in a

preceding mixing step and then fast-mixed with different concentrations of Na2HPO4. Depletion

of AcThDP was observed by recording decrease of its absorbance at 420 nm over time. Progress

curves were fitted with an exponential term (Eq. 8) and the resulting apparent rate constants

kobs_3 were plotted against the corresponding phosphate concentrations. Fitting with Equation 7

yielded an apparent rate constant kmax
obs_3 of 10.2 ± 0.5 s−1 and an apparent Kapp

S of 58 ± 11mM.

Although accuracy of those constants might be reduced by the low density of data points, they

clearly indicate that the reaction between AcThDP and phosphate in the XFPKN549D variant

occurs distinctly slower compared to wild-type phosphoketolase where the reaction happens with

> 1000 s−1.

Altogether, the phosphoketolase variant XFPKN549D has retained its phosphoketolase function,

however activity is reduced about 95%. Analysis of individual reaction steps revealed that the

formation of the post-dehydration intermediate AcThDP as well as its reaction with the acceptor

substrate phosphate is slowed down in the enzyme variant, indicating involvement of the residue in

multiple steps of the phosphoketolase reaction mechanism. As expected, replacement of asparagine

549 by aspartic acid reduces the affinity for the acyl acceptor phosphate as suggested by its
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increased KM. Although the increase in KM was less distinct than expected from mutagenesis

studies of other residues of the phosphate binding site, it seems to have a strong effect on the

reaction of AcThDP with phosphate.

3.6.2 Characterization of XFPKY501F/N549D and XFPKE437L/Y501F/N549D

Exchange of asparagine 549 to its transketolase counterpart aspartic acid slightly reduced phos-

phoketolase activity. Yet, the phosphoketolase variant XFPKN549D still catalyzes dehydration of

the carbanion/enamine intermediate DHEThDP quite efficiently. In order to evaluate whether

introduction of the two remaining "transketolase-like" mutations changes the phosphoketolases cat-

alytic characteristics, maybe even towards a possible transketolase activity, glutamic acid 437 and

tyrosine 501 were replaced by their transketolase equivalents. Recombinant XFPKY501F/N549D and

XFPKE437L/Y501F/N549D were derived by heterologous production in E. coli , after introduction

of the additional amino acid exchanges into the plasmid coding for XFPKN549D by site directed

mutagenesis one at a time. Both phosphoketolase variants behaved similar to wild-type protein

during purification. Structural integrity of the mutant enzymes was confirmed by secondary

structure analysis using CD spectroscopy (Figure 62, Appendix).

Both enzyme variants were analyzed for their ability to catalyze the phosphoketolase reaction. In

the E4P-detecting activity assay, residual enzymatic activity was observed for XFPKY501F/N549D at

very high protein and substrate concentrations of >100µM enzyme and 200mM F6P and

Na2HPO4 (Figure 63, Appendix). Activity was not sufficient to determine kinetic constants under

steady-state conditions. The triple variant XFPKE437L/Y501F/N549D did not exhibit detectable

phosphoketolase activity in form of conversion of F6P to E4P.

Furthermore, UV-Vis absorbance spectra of the variants were recorded to check for formation

of the absorbance band at 420 nm associated to the covalent AcThDP intermediate. In accor-

dance to the results from the activity assay, no change in absorbance was observed between

XFPKE437L/Y501F/N549D in its resting state and after addition of F6P as substrate that would

indicate formation of the post-dehydration intermediate (Figure 42B). Upon addition of 20mM

F6P to 24µM XFPKY501F/N549D the characteristic absorbance signal was observed with an am-

plitude comparable to that of wild-type phosphoketolase. However, the spectral signal did not

disappear after addition of Na2HPO4, but showed only a slight decrease (Figure 42A), suggesting

an impaired reaction between AcThDP and phosphate.
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Figure 42: UV-Vis absorbance spectra of XFPKY501F/N549D and XFPKE437L/Y501F/N549D.
(A) UV-Vis spectrum of 24µM XFPKY501F/N549D and 20mM F6P shows the AcThDP absorbance band
at 420 nm (red). Addition of 50mM Na2HPO4 leads to slight decrease in absorbance but does not deplete
the signal (blue). (B) UV-Vis spectrum of 105µM XFPKE437L/Y501F/N549D in resting state (gray) and
after addition of 100mM F6P (red). Absence of spectral signal at 420 nm indicates inability of the variant
to form the AcThDP intermediate.

To study formation and depletion of AcThDP in XFPKY501F/N549D in more detail, the variant was

subjected to stopped-flow spectroscopic analysis. In a first experiment, XFPKY501F/N549D was

fast-mixed with different concentrations of F6P to determine apparent rate constants of AcThDP

formation from progression of absorbance at 420 nm. As for the wild-type enzyme and XFPKN549D,

apparent rate constants exhibited hyperbolic dependence on the substrate concentration that

allowed determination of the apparent kinetic constants by fitting data with Equation 7. The

apparent maximum rate constant kmax
obs_1 of 1.26 ± 0.06 s−1 is further reduced compared to

XFPKN549D, but although formation of AcThDP occurs about 60 times distinctly slower than

in the wild-type enzyme, the double variant still catalyzes dehydration of DHEThDP as typical

catalytic feature of phosphoketolase.

The reaction of AcThDP with phosphate was analyzed in a sequential mixing experiment as

described before (Sections 2.5.2 and 3.3.3). Due to considerably slower formation of AcThDP,

aging time for accumulation of the post-dehydration after pre-mixing of XFPKY501F/N549D with

F6P was set to 30 s to ensure the steady-state phase was reached. Progress of the absorbance

at 420 nm was monitored after rapid-mixing with different concentrations of Na2HPO4 in a

second mixing step, progress curves are depicted in Figure 44 A. Fitting with a single-term

exponential Equation (Eq.8) yielded apparent rate constants kobs_3 . Surprisingly, they did not

exhibit dependence on the Na2HPO4 concentration (Figure 44B). With an average rate of about
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Figure 43: Transient kinetic analysis of
AcThDP formation in XFPKY501F/N549D. Ap-
parent rate constants kobs_1, were determined by
fitting progression of absorbance at 420 nm after fast-
mixing of 24µM XFPKY501F/N549D with different
concentrations of F6P in a stopped-flow device with
a single-term exponential model (Eq.8). Apparent
rate constants were plotted against the applied F6P
concentration. Fitting with Equation 7 yielded the
kinetic constants depicted in the diagram.

0.5 s−1 depletion of the absorbance signal occurs around 2000 times slower than in wild-type

phosphoketolase, suggesting a strong impact of the active site mutations on the reaction between

AcThDP and inorganic phosphate. In the crystal structure of phosphoketolase in complex with

inorganic phosphate, both Tyr 501 and asparagine 549 were identified as part of the phosphate

binding site73. Furthermore, the single mutants XFPKY501F and XFPKN549D show a reduced

KM for the acceptor substrate. Thus, disturbance of reaction steps including the acceptor

substrate seems a logical consequence.

With the additional introduction of the Glu437Leu mutation, phosphoketolase activity is lost

completely. The triple variant did not show activity in form of E4P formation, neither could

accumulation of AcThDP be detected, indicating one or more catalytic steps leading up to the

formation of the post-dehydration intermediate being severely affected by the additional amino

acid exchange.

In addition, XFPKY501F/N549D and XFPKE437L/Y501F/N549D were tested for potential transketo-

lase activity. Therefore, both variants were incubated with F6P as donor and R5P as acceptor

substrate for 16 hours and analyzed for formation of sedoheptulose 7-phosphate, the product of

a potential transketolase reaction. For XFPKY501F/N549D, partly conversion from F6P to E4P

was observed, whereas no E4P was detected in the reaction of F6P with XFPKE437L/Y501F/N549D,

confirming phosphoketolase inactivity of the triple variant as predicted by the spectroscopic assays.

S7P was detected in neither of the samples. The transketolase reaction is characterized by its

reversibility. To shift the equilibrium towards product formation, the transketolase reaction can

be coupled to two further enzymatic reactions as shown in Figure 15. G3P resulting from cleavage

of X5P is used as substrate for triosephosphatisomerase (TIM) that catalyzes its conversion
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Figure 44: Transient kinetic analysis of AcThDP depletion in XFPKY501F/N549D. (A) Pro-
gression of absorbance at 420 nm after sequential mixing of 24µM XFPKY501F/N549D with 20mM F6P
and different concentrations of Na2HPO4. Applied phosphate concentrations are listed in the legend. (B)
Apparent rate constants kobs_3 determined by fitting of progress curves with Equation 8 were plotted
against the applied Na2HPO4 concentrations. They do not display substrate dependency.

to dihydroxyacetone phosphate, which is in turn irreversibly reduced by α-glycerolphosphate

dehydrogenase (GDH) to α-glycerolphosphate. Thus, G3P is pulled out of the reaction preventing

the transketolase back reaction. To test whether transketolase activity of XFPKY501F/N549D and

XFPKE437L/Y501F/N549D might be observable under conditions favoring the forward reaction,

the variants were incubated with X5P as donor sugar and E4P or R5P as acceptor together

with enzymes, coenzymes and substrates of the auxiliary reactions. Again, formation of prod-

ucts resulting from transketolase reactivity was analyzed by GC-MS, but also in this exper-

imental setup no transketolase products were detected, excluding that XFPKY501F/N549D or

XFPKE437L/Y501F/N549D exhibit transketolase activity.

Overall, replacement of tyrosine 501 and asparagine 549 by their transketolase equivalents reduces

the phosphoketolase turnover, mainly but not exclusively affecting catalytic steps involving the

acyl-acceptor substrate phosphate. Nevertheless, the main catalytic feature of phosphoketolase,

the dehydration of AcThDP, can still be observed. Thus, those residues seem not to be direct

determinants for the catalytic differences between phosphoketolase and transketolase. Intro-

duction of the third amino acid exchange resulting in the "transketolase-like" triple variant

XFPKE437L/Y501F/N549D disrupts the phosphoketolase activity completely. Neither of the variants

did display potential transketolase activity.
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4 Discussion

4.1 New insights into the catalytic mechanism of phosphoketolase reveal

coupling of tautomerization and acetyl-transfer by substrate-assisted

catalysis

Recent kinetic, structural and computational studies on phosphoketolase from different bifidobac-

teria and lactobacillus species shed light on its molecular mode of action and led to the proposal

of a detailed reaction mechanism71,73,75. However, the catalytic mechanism of phosphoketolase

is far from being understood as well as that of other ThDP-dependent enzymes such as the

closely related transketolase. Especially the chemical state of the post-dehydration intermediate

AcThDP and the mechanism behind enol- to keto-tautomerization of the intermediate, have

been subject of debate4,75. Hence, a combined approach of different spectroscopic and kinetic

methods was applied to characterize the putative AcThDP intermediate and further elucidate

the tautomerization step within the reaction cycle of B. breve phosphoketolase.

The main characteristic of ThDP catalyzed enzymatic reactions is the formation of covalent,

cofactor-derived reaction intermediates28. In a first step towards a better understanding of

the phosphoketolase catalytic mechanism, the phosphoketolase reaction was analyzed for the

formation of covalent ThDP reaction intermediates by two complementary spectroscopic methods.

In a combination of acid-quench isolation of cofactor derivatives and their subsequent analysis

by 1H-NMR45, the distribution of ThDP intermediates during the phosphoketolase reaction in

absence and presence of the acceptor substrate phosphate was investigated. In agreement with the

proposed reaction mechanism, the covalent adducts DHEThDP and AcThDP were detected next

to unsubstituted cofactor. In the absence of phosphate as acetyl-group acceptor, AcThDP occurred

as predominant intermediate together with a small fraction of the carbanion/enamine intermediate

DHEThDP. AcThDP was not detected when inorganic phosphate was present as substrate next

to F6P (Figure 17C). The 1H-NMR results agree with observations from a crystallographic study,

that reported trapping of DHEThDP and AcThDP after soaking of phosphoketolase crystals with

F6P under phosphate free conditions73, confirming the ThDP derivatives as true intermediates

of the phosphoketolase reaction. Furthermore, detection of the pre- and the post-dehydration

intermediate in the absence of phosphate supports the finding of Yevenes and Frey that the

phosphoketolase reaction follows a ping-pong catalytic mechanism, in which substrate cleavage and

dehydration of the carbanion/enamine intermediate occur independently of phosphate binding71.
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In parallel to the intermediate analysis by acid-quench/1H-NMR, the phosphoketolase reaction

was investigated by UV-Vis spectroscopy. Spectral analysis confirmed a distinct absorbance band

with a maximum at 420 nm that was detected during the reaction of phosphoketolase with F6P,

but not with both substrates F6P and Na2HPO4 (Figure 16). Time-resolved monitoring of the

spectral signal revealed maximum absorbance after around 60ms and a lifetime of 300 s and longer

(Figure 17A+B and Figure 58). In a prior study on B. breve phosphoketolase, it was suggested

that the absorbance signal is associated with the post-dehydration intermediate AcThDP in its

enol-configuration89. The complementary approach of UV-Vis and 1H-NMR spectroscopy applied

in the present study enabled an unambiguous assignment of the observed UV-Vis absorbance

band to AcThDP. During the reaction of phosphoketolase with F6P, leading to formation

of the absorbance band, DHEThDP and AcThDP were detected in the acid-quench/1H-NMR

analysis, whereas the reaction with both substrates only produced DHEThDP as detectable

intermediate. Under the latter reaction conditions, the specific absorbance band at 420 nm

was absent. Hence, DHEThDP can be excluded as its source, leaving AcThDP as intermediate

responsible for the observed absorbance band. The prolonged life time of the spectral signal

coincides with the presumption that AcThDP is accumulated in absence of an acceptor substrate

and slowly degraded by hydrolysis to acetate and free cofactor. Abrupt depletion of the signal

after addition of inorganic phosphate supports the assumption of a fast reaction between AcThDP

and the acyl-acceptor.

With a λmax of 420 nm the absorbance band of AcThDP occurs at a wavelength much longer

than anticipated by the length of its conjugated system. Moreover, the keto-form of chemically

synthesized AcThDP in aqueous solution shows absorbance at 310 nm81. This significant red shift

of the observed signal compared to the published absorbance band has initiated the analysis of

possible electronic excitations in the phosphoketolase intermediate AcThDP by computational

methods, carried out by Prof. Ricardo Mata and Mirko Paulikat, Department of Compu-

tational Chemistry and Biochemistry, University of Göttingen. As the chemical state of AcThDP

stabilized at the phosphoketolase active site in the absence of phosphate is not clear yet, the

theoretical examinations were performed for enol-, enolate- and keto-AcThDP. Their results

predict charge transfer transitions for all three tautomers with transition energies between 340

and 431 nm. The transition energies of enolate-AcThDP (413 nm) and keto-AcThDP (431 nm)

are close to λmax of the observed absorbance band. Hence, Mata and colleagues proposed that

both tautomers contribute to the spectral signal.
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The group of Frank Jordan examined the spectral properties of AcThDP as intermediate

in the E1 component of the E. coli pyruvate dehydrogenase complex, generated by the use of

the non-natural substrate fluoropyruvate. They could assign a broad positive CD band at 390 -

395 nm to the intermediate, which they assume to represent a charge transfer transition84. The

transition energies between 340 and 431 nm for AcThDP in phosphoketolase calculated by Mata

and colleagues are in good accordance with observations from the aforementioned publication

by Patel et al., agreeing with their hypothesis that the absorbance bands of enzyme bound

AcThDP with λmax around 400 nm result from charge transfer transitions. A similar band was

also observed for an acryloyl-ThDP adduct in N2-(2-carboxyethyl)arginine synthase (CEAS)

(λmax = 433 nm), an enzyme of the clavulanic acid biosynthetic pathway101.

Recent results from a computational study on the absorbance spectra of ThDP in pyruvate

decarboxylase demonstrated that changes in the conformation of the cofactor contribute to the

distinct differences in the absorbance spectra of free ThDP or its adducts to those observed for

their enzyme bound equivalents, as a result of changes in the charged transfer between pyrimidine-

and thiazolium-ring102. It can be presumed that the different conformations adopted by keto-

AcThDP in solution (S-conformation) and AcThDP bound to phosphoketolase (V-conformation)

at least partly account for their discrepancy in absorbance. Altogether, assignment of the 420 nm

absorbance band to the AcThDP intermediate in phosphoketolase nicely fits in with the data

obtained from equivalent intermediates in other ThDP-dependent enzymes.

Identification of an absorbance signal for the phosphoketolase post-dehydration intermediate

AcThDP provided the framework for further analysis of the phosphoketolase reaction by kinetic

methods. Time resolved monitoring of the spectral signal over time allowed determination of

rate constants for AcThDP-formation and -depletion during the phosphoketolase reaction cycle.

This enabled a dissection of the catalytic mechanism into individual observable reaction steps,

allowing a detailed kinetic description of the phosphoketolase reaction.

Transient kinetic observation of AcThDP formation via its absorbance signal allowed the deter-

mination of an apparent rate constant of 75.2 ± 2.5 s−1 that summarizes all steps leading to the

formation of the post-dehydration intermediate. Moreover, progression of AcThDP absorbance

permitted further insight into the necessary conversion of the dehydration product enol-AcThDP

to its keto-tautomer which serves as a substrate for the final reaction step with phosphate.

Progress curves at F6P concentrations >3mM exhibited a pronounced kinetic overshooting in

the pre-steady-state of the reaction, best described by two exponential terms, followed by a
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long steady-state phase with constant AcThDP concentration (Figure 22A+B). According to the

model developed in this study, the first phase represents formation of enolate-AcThDP while

the second phase, showing a rate constant of 4.7 ± 0.6 s−1 that is not depended on substrate

concentration, likely represents tautomerization from enolate- to keto-AcThDP. As the apparent

rate constant kobs_2 of the tautomerization is smaller than that of enolate formation kobs_1,

enolate-AcThDP is formed in excess at the beginning of the reaction, accounting for the observed

peak in absorbance, before an equilibrium between enolate-AcThDP formation, tautomerization

and hydrolysis of keto-AcThDP is reached, that leads to a steady ratio between enolate- and

keto-AcThDP and hence a constant absorbance signal (section 3.3.2).

This model is in accordance with the computational data on the electronic excitations in the

different AcThDP tautomers and seems reasonable in terms of the phosphoketolase reaction

mechanism. The calculations by Mata and Paulikat suggested contribution of enolate- and

keto-AcThDP to the observed absorbance band at 420 nm. Furthermore, their computed excitation

energy showed a larger oscillator strength for the enolate-ThDP adduct compared to the keto-

tautomer, correlating with the stronger absorbance in the initial phase of the reaction. An

attempt to further increase the difference between the theoretical transition energies of keto- and

enolate-AcThDP by single amino acid exchanges in the environment of the intermediate to enable

individual monitoring of the tautomers was unfortunately not successful (section 3.2).

Dehydration of DHEThDP yields enol-AcThDP that needs to undergo tautomerization to keto-

AcThDP before nucleophilic attack of phosphate can take place. The exact catalytic mechanism

behind the tautomerization has not been resolved yet, but a computational study on phosphoke-

tolase from B. longum proposed conversion of enol- to keto-AcThDP proceeds via the formation

of an enolate-intermediate75, coinciding with data of the present study.

The mechanism proposed from transient kinetic observation of the AcThDP absorbance signal

implies coexistence of enolate- and keto-AcThDP when the post-dehydration intermediate is

accumulated at the phosphoketolase active site in absence of a suitable acyl-acceptor. Evidence

for a dynamic equilibrium of the AcThDP tautomers in phosphoketolase was provided based on

an H/D-exchange experiment. By 1H-NMR analysis of acetate, the product of the hydrolytic side

reaction, Schneider could show almost complete exchange of the acetate’s methyl-protons to

deuterium after only 10 minutes, when the phosphoketolase side reaction with F6P was carried

out in D2O89. According to Halkides et al.103, the proton exchange at the methyl-group of

keto-AcThDP in solution occurs with 6 x 10−5 s−1. Hence, the observed H/D-exchange has to
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be the result of dynamic changing of the AcThDP intermediate between its enol/enolate- and

keto-form. Although no ultimate conclusion about the chemical state of the post-dehydration

intermediate can be drawn from those experiments, it seems that rather than accumulation of keto-

AcThDP, an equilibrium between the AcThDP tautomers is maintained at the phosphoketolase

active site in absence of phosphate. Presence of enol- or enolate-AcThDP seems contradictory at

first, due to the general higher thermodynamic stability of ketones and the resulting negligible

amount of the enol(ate)-species present in solution. However, stabilization of AcThDP in its

enol- or enolate form would prevent off-pathway hydrolysis of the post-dehydration intermediate.

Putative presence of a similar enol(ate) intermediate has been proposed for the ThDP-dependent

N2-(2-carboxyethyl)arginine synthase (CEAS) based on X-ray crystallographic data104. How

phosphoketolase prevents spontaneous tautomerization of enol- or enolate-AcThDP to the keto-

form is unclear.

Irrespective of the chemical state of the post-dehydration intermediate, the extended life time

and slow depletion of the AcThDP absorbance signal confirms that hydrolysis of the AcThDP

intermediate in the absence of phosphate is slow compared to its formation, coinciding with

accumulation of the post-dehydration intermediate in the absence of phosphate, as observed in our

NMR based intermediate analysis (Figure 17C) and in crystallo73. Presumably, the off-pathway

hydrolysis of AcThDP is the rate limiting step of the phosphoketolase reaction in absence of

an acyl-acceptor substrate. Addition of phosphate however leads to a rapid decline in AcThDP

absorbance. In a sequential-mixing stopped-flow experiment, an apparent rate constant of 1057 ±

95 s−1 could be determined for the reaction between AcThDP and phosphate (Figure 24). The

reaction proceeds at a much higher rate than AcThDP formation, explaining why the AcThDP

intermediate is not detected in the reaction of phosphoketolase with both substrates F6P and

phosphate in NMR- or UV-Vis spectroscopy.

For completion of the kinetic characterization of the phosphoketolase reaction, a steady-state

assay was established that allowed monitoring of the phosphoketolase catalyzed conversion of F6P

and phosphate to E4P and acetyl phosphate as well as the hydrolytic side reaction. The assay

proved suitable for studying steady-state kinetics of the phosphoketolase reaction (section 3.3.1).

It demonstrated a low enzymatic activity also in the absence of phosphate, yielding a turnover of

0.83 ± 0.02 s−1 for the hydrolytic side reaction. The kinetic parameters for the reaction with

both substrates (kcat= 14.3 ± 0.3 s−1, KM(F6P) = 32 ± 2mM and KM(phosphate) = 3.8 ± 0.7mM)

slightly differ to those published by Suzuki et al. for B. breve phosphoketolase (kcat= 26 ±
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kcat  (F6P + Pi) 

kobs_3 

kcat  (F6P + H2O)

kobs_1 kobs_2 khydr

kcat [s-1] kobs_3 [s-1] kcat [s-1] kobs_1 [s-1] kobs_2 [s-1] khydr [s-1] 
F6P + Pi -> E4P +AcP AcThDP + Pi F6P + H2O -> E4P + Ac AcThDP formation tautomerization AcThDP + H2O 

14.3 +/- 0.3  1057 +/- 95 0.83 +/- 0.02 75.2 +/- 2.5 4.7 +/- 0.6   
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Figure 45: Kinetic parameters of the phosphoketolase reaction. Kinetic constants were deter-
mined for the overall phosphoketolase reaction and for individual catalytic steps in presence of absence of
the acceptor substrate phosphate. Kinetic constants determined in presence of phosphate are represented
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rate for depletion of AcThDP by off-pathway hydrolysis khydr is presumably identical to the respective
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1 s−1, KM(F6P) = 9.7 ± 0.3mM, KM(phosphate) = 1.2 ± 0.2mM). Those were obtained at different

pH and temperature, though. For phosphoketolase from other bifidobacteria and lactobacillus

species KM values for F6P of 12 - 29mM and 2.9 - 4.3mM for phosphate were reported71,74,105

which are in good accordance with our data.

Determination of the steady-state kinetic parameters completed the kinetic overview of the

phosphoketolase reaction that is summarized in Figure 45. The apparent rate constants for

AcThDP formation (approx. 75 s−1) and the reaction of AcThDP with phosphate (>1000 s−1)

are considerably higher than the overall turnover (approx. 14 s−1). Thus, none of the reaction

steps leading up to AcThDP formation (generation of substrate-ThDP complex, substrate-

cleavage and dehydration of DHEThDP) seems to be rate-limiting. The very high apparent rate

constant derived by monitoring depletion of AcThDP absorbance predicts fast formation of the

AcThDP-phosphate adduct and the preceding tautomerization step in presence of the acceptor
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substrate phosphate. This leaves the release of the final product acetyl phosphate as probable

rate-determining step of the phosphoketolase reaction.

The experimental setup did not allow a determination of a first order rate constant for AcThDP

hydrolysis, but the observed accumulation of AcThDP means that the hydrolytic cleavage

presumably is the slowest step in the catalytic cycle. In this case, the rate of hydrolysis should

be equal to the overall turnover of the reaction in absence of phosphate which is about 0.8 s−1.

Free AcThDP is hydrolyzed at rate of 0.1 s−1 under comparable conditions (pH 7, 24 ◦C)81,82.

The slightly higher hydrolysis rate of the enzyme-bound intermediate is most likely due to an

activating effect of the enzymatic environment.

Altogether, transient and steady-state kinetic data indicate that the reaction of AcThDP and

phosphate is favored over the hydrolysis of the post-dehydration intermediate. Similar obser-

vations were made for pyruvate oxidase from Lactobacillus plantarum (LpPOX). In a series of

three publications, Tittmann and coworkers elegantly demonstrated a coupling of AcThDP

phosphorolysis to an electron transfer step in the reaction of LpPOX that ensures efficient acetyl-

transfer from the cofactor adduct to the nucleophilic acceptor41,83,86. In a prior study on the

reaction mechanism of phosphoketolase, it was hypothesized that phosphate might accelerate the

phosphoketolase reaction by substrate-assisted catalysis89. So far, no experimental proof for an

active participation of phosphate in mediation of any catalytical sub-steps of the phosphoketolase

reaction was provided. Nevertheless, such an involvement could be the basis for coupling phos-

phorolytic cleavage to another reaction step of the phosphoketolases catalytic cycle, similar as

observed in LpPOX. Tittmann suggested chemical coupling of AcThDP tautomerization and

phosphorolysis as a possible option for an efficient acetyl transfer4.

The detailed kinetic analysis of the phosphoketolase reaction undertaken in the present study

revealed a discrepancy in the kinetic parameters of the phosphoketolase reaction that strongly

supports this hypothesis. Spectrophotometric monitoring of AcThDP formation at the phos-

phoketolase active site in absence of phosphate revealed two phases in the pre-steady-state

of intermediate formation. The second, non-substrate dependent phase was assigned to the

tautomerization from enolate- to keto-AcThDP with an apparent rate constant of about 4.7 s−1

(3.3.2). Whereas this is in agreement with the turnover of the hydrolytic side reaction of 0.8 s−1,

it is slower than the kcat of 14 s−1 determined for the phosphoketolase catalyzed conversion

of F6P and phosphate to E4P and acetyl phosphate, apparently lacking competence for this

reaction. However, transient kinetic examination of the reaction between AcThDP and phos-
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phate and chemical-quench/1H-NMR intermediate analysis demonstrated that in presence of

the acceptor substrate this step is not relevant for rate limitation (3.1 and 3.3.2). Since all

steps from tautomerization to the formation of the AcThDP-phosphate adduct happen very fast

with a rate constant of > 1000 s−1, several magnitudes higher than kcat, no accumulation of

AcThDP could be observed. Consequently, the reaction rate of tautomerization must be enhanced

in the presence of the acyl-acceptor phosphate. This rate enhancement could either be the

result of a conformational change in the active site that facilitates tautomerization from enol- to

keto-AcThDP induced by phosphate binding or it is caused by participation of the phosphate’s

functional groups itself in the tautomerization reaction.

Overlay of the X-ray crystal structures of B. breve phosphoketolase in its resting state and in

complex with phosphate showed very little difference between the two structures (Figure 46A).

Thus, a phosphate induced conformational change seems an unlikely option. Therefore, the

phosphate molecule is assumed to act as a catalyst for the conversion from enol- to keto-AcThDP

itself. The position of phosphate relative to the AcThDP adduct was estimated by superimposition

of the phosphoketolase structures in complex with AcThDP and with phosphate. Illustration of

the phosphate molecule within the structure of the phosphoketolase AcThDP complex shows that

the acyl-acceptor’s functional groups are in reasonable distance for proton transfer to and from

the intermediates hydroxy- and methyl-group, fulfilling the requirements to act as a substrate

catalyst in the enol- keto-tautomerization of AcThDP (Figure 46B).

Structural data on B. breve phosphoketolase in complex with AcThDP did not provide clear

mechanistic information on the enol-keto tautomerization, but the active site residue His553

in hydrogen-bonding distance of the AcThDP, hydroxy-/carbonly-group was proposed as pos-

sible mediator for this reaction step4,75. Enzymatic inactivity and failure of the recombinant

XFPKH553A phosphoketolase variant to form the AcThDP intermediate prevented experimental

evaluation of the His553 side chain’s role in the conversion from enol- to keto-AcThDP (section

3.4). In a computational model of the phosphoketolase reaction by Zhang and Liu, a high

energy barrier was assigned to the proton-transfer step from His553 to enolate-AcThDP yielding

keto-AcThDP75. Consequently, an alternative mechanism of phosphate directly taking part in

AcThDP tautomerization seems likely.

Another observation supporting the idea of phosphate acting as direct catalyst in the phosphoke-

tolase reaction stems from the pH-dependent kinetic analysis of the phosphoketolase reaction.

Enzymatic activity, as determined by the E4P detecting CD spectroscopy assay was highest be-
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Figure 46: Active site of B. breve phosphoketolase in complex with phosphate.
(A) Superposition of XFPK in resting state (purple) and in complex with phosphate (green) shows little
difference in the conformation of the ThDP cofactor or catalytically relevant residues. (B) Putative
interactions of phosphate with AcThDP and selected active site residues. Structures of phosphoketolase
in complex with AcThDP and with phosphate were superimposed and the phosphate molecule displayed
in the structure of XFPK-AcThDP. The overlay suggests positioning of the phosphate’s hydroxy groups
in hydrogen bonding distance of the acetyl-moiety. Figure was prepared based on pdb files 3AHC, 3AHD
and 3AHF (Suzuki et al.73).

tween pH 6 and 7. A clear drop in activity was observed between pH 7 and 7.5 with further decrease

in kcat towards more alkaline conditions (Figure 26). From MD-simulations, dihydrogen-phosphate

was assumed to be the catalytically relevant species (M. Paulikat, personal communication).

The second pKa of phosphoric acid is 7.21, coinciding with the observed drop in activity. Assuming

dihydrogen-phosphate to be involved in catalysis of tautomerization from enol- to keto-AcThDP,

the reduction in enzymatic activity could be explained by the decreasing amount of the single-

deprotonated species with increasing pH. The effect was even more pronounced in the double-jump

stopped-flow experiment, monitoring the reaction of AcThDP with phosphate. The apparent

rate constant of this reaction step at 50mM phosphate shows a 30 fold reduction in kobs_3 to

around 15 s−1 at pH 8.5 compared to 471 ± 27 s−1 at pH 7.2. Thus, reduced concentration of

dihydrogen-phosphate could play a role for rate reduction under alkaline conditions. However,

influence of the H+-concentration on the phosphoketolase reaction seems more complex than that,

since formation of AcThDP is also affected by an increased pH (Figure 27A). Influence of the pH

on the chemical state of the AcThDP has also to be considered due to changes in the spectral

and kinetic behavior of the intermediate (section 3.2 and 3.3.4).

If the postulated substrate-assisted catalysis of the tautomerization step in the phosphoketolase

reaction applies as general principle, other nucleophiles should be able to replace phosphate as

acceptor-substrate and catalyst. Testing of different phosphate analogues identified arsenate

as alternative reaction partner for AcThDP (section 3.3.3). Due to its similar physiochemical
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Figure 47: Suggested mechanism for enol-keto tautomerization of AcThDP in phosphoketo-
lase. (A) In absence of phosphate, enol-keto tautomerization is mediated by His553. Abstraction of
the hydroxy proton by His553 yields the enolate. A high free energy barrier for reprotonation of the
ene-moiety by His553 is assumed. Accordingly, formation of keto-AcThDP occurs slow. (B) In presence
of phosphate enol-AcThDP is deprotonated by His553, followed by fast protonation of the ene-moiety by
dihydrogen-phosphate that yields keto-AcThDP.

properties, arsenate was shown to readily replace inorganic phosphate in several enzymatic

reactions, for example in L-aspartate-β-semialdehyde dehydrogenase106,107 or purine nucleoside

phosphorylase108,109. Early publications on phosphoketolase also reported enzymatic activity in

the presence of arsenate instead of phosphate66–68. The apparent rate constant of 822 ± 179 s−1

for the reaction between AcThDP and arsenate is only slightly reduced compared to phosphate

(1057 ± 95 s−1) (Figure 25), indicating that arsenate does not only replace phosphate as acceptor

substrate but can also take over its putative catalytic function. The remaining tested oxonium

anions phosphite, sulfate and vanadate failed to replace phosphate. This was less surprising for

phosphite and sulfate since they show distinct differences in geometry (phosphite) or pKa profile

(sulfuric acid). Vanadate however was described as substrate alternative for phosphate similar

to arsenate98. Nevertheless, substrate-assisted catalysis seems not to be restricted to phosphate

itself, but can be taken over by other nucleophiles, provided their chemical properties match

those of the original acceptor substrate.

The assumption of substrate-assisted catalysis by phosphate is also supported by computational

data on the tautomerization step of the phosphoketolase reaction pathway provided by Mata

and Paulikat, Department of Physical Chemistry, University of Göttingen. They performed

molecular dynamic simulations to identify interactions in the phosphoketolase active site that
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would possibly be involved in keto- enol-tautomerization of AcThDP. Their results propose

hydrogen bond-interactions of His553 and dihydrogen-phosphate with the enol-group of AcThDP.

Based on this observation they calculated free energies of intermediates and transition states

for three possible pathways of the tautomerization reaction. Those calculations revealed a free

energy barrier of 77.1 kJ/mol for the transition from enolate- to keto-AcThDP in case His553 acts

as proton donor and acceptor in the absence of phosphate in this step of the reaction. This is in

good agreement with the rate constant of about 4 s−1 that was ascribed to the same reaction

step based on the transient kinetic data which would correspond to a barrier of 70 kJ/mol. This

reaction barrier is considerably reduced to 45 kJ/mol in case phosphate is assumed as proton donor

to the ene-moiety, provided proton abstraction from the enol-AcThDP is still carried out by

His553. In accordance with the kinetic data, the tautomerization step would then no longer be

rate determining for the reaction. For a scenario where His553 acts as proton donor and acceptor

when phosphate is present at the active site their calculations yielded a much higher barrier of

around 120 kJ/mol, a value in the same range as calculated by Zhang and Liu75. Considering the

results from the alternative pathways, this scenario seems highly unlikely, strongly supporting

the conclusions drawn from the kinetic studies that phosphate acts as substrate catalyst in the

tautomerization step of the phosphoketolase reaction.

Together, experimental and computational results strongly indicate active participation of the

acceptor substrate phosphate in the enol-keto tautomerization of AcThDP, implying the following

model for the phosphoketolase reaction: In absence of the second substrate, the conversion from

enol- to keto-AcThDP is mediated by His553. Due to a high energy barrier for proton transfer

from His553 to the ene-moiety of enolate-AcThDP, this step proceeds slow resulting in presence of

enolate- and keto-AcThDP in this phase of the reaction and a slow overall tautomerization (Figure

47A). In case phosphate is bound at the active site, it provides the proton for this reaction step,

which significantly enhances the rate of enol-keto conversion, enabling efficient acetyl-transfer for

product formation (Figure 47B).

Substrate-assisted catalytic processes, in which a functional group of the substrate contributes to

the catalytic mechanism were described for a number of enzymes, including some examples where

a phosphate group acts as acid/base catalyst110. In the GTPase Ras p21, the γ-phosphate of

the substrate was proposed to act as a general base for GTP hydrolysis111. Furthermore, proton

donor/acceptor catalytic function of substrate phosphate groups were reported for aminoacyl

tRNA synthetases112,113 and restriction endonucleases114. However, the here described model
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would be the first example for substrate-assisted catalysis in a ThDP-dependent enzyme and for

a catalytic role of inorganic phosphate.

Participation of phosphate in the enol-keto tautomerization of AcThDP provides chemical coupling

of the tautomerization step in the phosphoketolase reaction cycle to the subsequent acetyl-transfer

from the keto-intermediate to the acceptor substrate. This way, the hydrolysis susceptible keto-

intermediate is preferentially formed when the acceptor substrate is already bound to the active

site, ensuring preference of the acetyl-transfer over the competing hydrolysis reaction. As already

mentioned above, in LpPOX formation of the reactive keto-AcThDP intermediate is circumvented

by coupling of AcThDP phosphorolysis to another step of the catalytic cycle, although by a very

different molecular mechanism that involves single electron transfer reactions and the formation

of radical ThDP adduct41,83. A similar coupling of oxidation-reduction and acyl-group transfer

to the acceptor substrate coenzyme A is assumed to contribute to the reaction mechanism of

the ThDP-dependent pyruvate:ferredoxin oxidoreductase (PFOR)87,88. Despite the mechanistic

differences between the two latter enzymes and phosphoketolase, the principle by which efficient

product formation is achieved over the competing hydrolysis, namely by linkage of the final

acyl-transfer to the presence of the acceptor substrate, bears certain similarities.

Overall, new insights into the molecular mechanisms of phosphoketolase catalysis, obtained

by spectroscopic and kinetic techniques supported by computational data, confirm AcThDP

as intermediate of the phosphoketolase reaction and suggest a mechanism in which acyl-group

transfer and enol-keto tautomerization of AcThDP is coupled by phosphate acting as acceptor

substrate and acid/base catalyst for tautomerization.

4.2 Phosphoketolase exhibits carboligase activity

The stereo-selective formation of new carbon-carbon bonds is of extreme importance and an

everlasting challenge in organic synthesis. Known for their distinguished ability to catalyze

C-C bond formations in natural processes, ThDP-dependent enzymes were investigated for their

synthetic potential and found well suited for biocatalytic applications. They catalyze a wide

range of carboligation reactions with natural and non-natural carbonyl donor- and acceptor

substrates, such as (crossed) acyloin/benzoin-condensations or 1,2- and 1,4- additions to α, β-

unsaturated aldehydesMueller2009a, 59,60,65. Origin of those ligation reactions is without exception

the nucleophilic character of the central C2α-carbanion/enamine intermediate.



106 4 Discussion

Due to the assumed transient character of its C2α-carbanion/enamine intermediate DHEThDP73,

phosphoketolase was so far not considered as candidate for chemoenzymatic synthesis, but data

from this thesis predict presence of a second reactive nucleophile intermediate. Enolate-AcThDP,

as the carbanion/enamine intermediate, should be capable to react with carbon electrophiles

under formation of a new C-C bond. Consequently, phosphoketolase was analyzed for its ability

to catalyze carboligation side reactions emerging from its reactive on-pathway intermediates.

In a model reaction with formaldehyde as acceptor, two ligation products dihydroxyacetone and

3-hydroxypropionic acid were observed whose origin from phosphoketolase bound DHEThDP

and AcThDP could be verified by isotope-labeling experiments (section 3.5.2). Even though

both products were obtained with only a very low yield, they provide proof of principle for a

promiscuous carboligase activity of phosphoketolase.

Although commonly observed as native or promiscuous activity in a number of ThDP-dependent

enzymes, the carboligation side reaction between the phosphoketolase carbanion/enamine inter-

mediate DHEThDP and the aldehyde acceptor was a rather unexpected finding. The branching

point in the reactions of phosphoketolase and transketolase lies in the fate of the DHEThDP

adduct. Whereas it is dehydrated in phosphoketolase, it is donor for a ligation with an aldose

phosphate sugar in transketolase. Since phosphoketolase does not show detectable transketolase

activity, it was assumed that the DHEThDP in phosphoketolase is in general not accessible for

ligation reactions, presumably due to fast and irreversible dehydration of the intermediate. Indeed,

kinetic data obtained in this thesis indicate that dehydration of the carbanion/enamine proceeds

with a rate of 75 s−1 at least, relatively fast compared to the overall turnover of about 14 s−1. On

the other hand, DHEThDP was detected in the intermediate analysis in presence of phosphate

and during the slower hydrolytic site reaction. Regarding the presence of the pre-dehydration

intermediate under steady-state conditions, we considered a reversibility of the dehydration

reaction as a possibility, contrary to earlier studies71. This idea was addressed experimentally

by performing the ligation reaction in 18O-labeled water, but results from the experiment were

ambiguous and did neither confirm nor exclude a possible rehydration of AcThDP. Whether

enabled by a reversible dehydration or not, results from this work show that DHEThDP in

phosphoketolase can be captured with an aldehyde acceptor. Hence, it can in principle undergo

ligation reactions like in transketolase.

The even bigger discovery was however the detection of 3-hydroxypropionic acid as ligation

product emerging from the post-dehydration intermediate AcThDP. The reaction between the
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phosphoketolase bound AcThDP and formaldehyde as acceptor substrate clearly confirms the

assumption that AcThDP exists (at least partially) as enolate-intermediate during the phospho-

ketolase reaction cycle, since only the nucleophilic enolate-species would undergo the observed

aldol-reaction with formaldehyde, but not the keto-intermediate. Presence of the proposed

enolate-AcThDP in turn strongly supports the mechanism for the enol-keto-tautomerization of

AcThDP in phosphoketolase as suggested in the previous chapter of this thesis.

Furthermore does the observed reaction of the enolate-AcThDP intermediate represent a novel

promiscuous activity among the ThDP enzyme family. All carboligase main- or side activities

reported for ThDP-dependent enzymes emerge from the C2α-carbanion/enamine intermediate

and lead in most cases to the formation of α-hydroxy-ketones or derivatives thereof. In the ligation

reaction originating from enolate-AcThDP described here, an aldol addition between the ThDP-

bound acetyl-group and an aldehyde acceptor yields a β-hydroxy carbon acid. Aldol reactions in

biological processes are mostly carried out by aldolases which catalyze the reversible formation of

β-hydroxyl carbonyl products from dihydroxyacetone(phosphate), pyruvate or acetaldehyde and

a wide range of acceptor substrates. Aldol additon or cleavage in aldolases proceeds either via the

formation of an Schiff-base intermediate between the donor substrate and an active site lysine

residue (type I aldolases) or via an enediolate stabilized by an bivalent cation cofactor (type

II aldolases)115 (Figure 49). Hence, the ThDP-catalyzed aldol side reaction of phosphoketolase
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not only expands the already versatile reaction range of ThDP-dependent enzymes by a new

C-C bond forming reaction, but also represents a mechanistically new type of a biocatalyzed

aldol-addition.

Naturally, aldolases are the first choice for biosynthetic purposes that include aldol couplings or

condensations. Their application in stereoselective synthesis is investigated extensively with the

result that wild-type and engineered aldolases are today used for the synthesis of natural and

unnatural monosaccharides, deoxy-, thio- and iminosugars, β-hydroxyaminoacids or precursors

for pharmaceutically important compounds54,116. However, enzymes that catalyze aldol additions

as promiscuous activity, and hence via a different molecular mechanism, might be a valuable

complementary tool offering for example different substrate range or enatioselectivity or irreversible

product formation. Some enzymes that catalyze aldol additions as promiscous activity such as

lipases, proteases and tautomerases were described117,118, but the promiscuous aldol-reactivity of

phosphoketolase is the first that involves a ThDP-dependent mechanism.

Next to aldol-reactions with aldehyde or ketone acceptors, the enolate-AcThDP intermediate could

potentially also act as reaction partner in other biocatalyzed reactions important in natural product

synthesis like Claisen-condensations, Mannich-reactions or even [4+2] cycloadditions, as they

have been achieved with N-heterocyclic carbene catalysts119 (Figure 50). The β-hydroxy carbon
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acids 3-hydroxypropionic acid and 3-hydroxybutyric acid as possible ligation products of enolate-

AcThDP with formaldehyde and acetaldehyde are building blocks for polyhydroxyalkanoate

polymers that have been explored as biodegradable plastics120.

Potential applications for carboligations emerging from the enolate-AcThDP intermediate, al-

though attractive, are not practical yet. So far, the reaction between phosphoketolase bound

enolate-AcThDP and an aldehyde acceptor was only achieved as minor side reaction with ex-

tremely low yields (Table 2). The main obstacle towards an increased conversion rate is the limited

acceptance of the enzyme for aldehyde acceptor substrates. Only the reaction with formaldehyde

as acceptor resulted in detectable amounts of ligation products emerging from DHEThDP or

enolate-AcThDP, but formaldehyde led to a fast inactivation of phosphoketolase that was not

observed in the presence of other aldehyde substrates (sections 3.5.2 and 3.5.4). Why no reaction

between the phosphoketolase intermediates and the other tested aldehydes acetaldehyde, glyco-

laldehyde or trifluoroacetaldehyde was observed is unclear. Of all the tested aldehyde acceptors,

formaldehyde is the smallest and most reactive. One could speculated whether a reaction with the

larger aldehydes, especially glycolaldehyde and trifluoroacetaldehyde, is hindered by the geometry

of the active site. According to the Bürgi-Dunnitz trajectory, the ideal angle for a nucleophilic

attack on a sp2 electrophile is 100 to 110 ◦ between the nucleophile and the plane defined by

the carbonyl group121,122. Possibly, the architecture of the active site prohibits ideal orientation

of the aldehyde substrates for adduct formation with the phosphoketolase bound intermediate.

Using the an active site variant XFPKH64S, that was designed to decrease steric restriction, this

problem could not be solved (section 3.5.4).
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In order to use phosphoketolase in the biological synthesis of chemical compounds, substrate

scope and product yield of the desired ligation clearly need to be increased tremendously.

The use of acceptor aldehydes other than formaldehyde would also inform about a potential

stereospecificity of the C-C bond formation. Also, steering between the ligation reactions emerging

from phosphoketolase bound DHEThDP and enolate-AcThDP would be a desirable option. For

several ThDP-dependent enzymes, new substrate specificities, changes of catalytic properties

or alteration and optimization of enentioselectivity could be created by rational re-design of

the enzymes active site. For example, pyruvate decarboxylase from Zymomonas mobilis was

converted into an efficient carboligase by exchange of a single active site glutamic acid residue to

glutamine123. Westphal et. al combined active site properties of pyruvate decarboxylase from

Acetobacter pasteurianus and benzaldehyde lyase from Pseudomonas fluorescens to achieve benzoin

condensation of two aromatic aldehydes with (S )-selectivity124. Unfortunately, phosphoketolase

appears to be a less well suited candidate for rational design approaches. All active site variants

analyzed in this thesis show no (His553Ala) or drastically decreased (His64Ser, Glu156Gln,

Asn549Asp) catalytic activity. Especially, the conserved histidine network seems extremely

susceptible to any disturbances as shown in mutagenesis studies by Suzuki et al.73. In this regard,

high-throughput methods and directed evolution approaches might be a promising options to

optimize carboligase activity and acceptor substrate range in phosphoketolase. The advantage (and

drawback at the same time) of directed evolution based enzyme (re)-design or optimization is that

a complete understanding of the relationship between enzyme sequence/structure and function is

not necessary. Hence, these approaches often identify mutations outside of the active site that

are beneficial for the desired function, as they slightly alter geometry, dynamics or electrostatic

interactions in the active site125. Directed evolution has proven especially useful in enhancing and

fine-tuning already existing promiscous activities and for broadening the substrate range126,127.

In transketolase, high-throughput screening in combination with saturation mutagenesis was

successfully used to expand the substrate range towards non-phosphorylated acceptors, non-α-

hydroxylated aldehydes or aromatic substrates60.

Although phosphoketolase is far away from being an efficient carboligase, the detection of

carboligase side activity emerging from its reactive intermediates serves as proof of principle and

shows again the catalytic variety of ThDP-dependent enzymes. Furthermore, successful trapping

of enolate-AcThDP with formaldehyde confirms presence of the predicted enolate species in the

catalytic cycle of phosphoketolase, supporting the molecular mechanism that was proposed for
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the enol-keto tautomerization based on kinetic and spectroscopic data. The reaction between

enolate-AcThDP and formaldehyde adds a new type of C-C bond forming reactions to the

catalytic portfolio of ThDP-dependent enzymes.

4.3 Amino-acid exchanges between the active sites of phosphoketolase and

transketolase do not account directly for their different catalytic activities

The ThDP-dependent enzymes phosphoketolase and transketolase closely resemble each other in

substrate specificity, cofactor requirements and even partly in their catalytic mechanism. The

extraordinary structural resemblance of the two enzymes that was revealed upon determination

of the phosphoketolase structure was therefore not completely unexpected. Despite these striking

similarities, the catalytic outcomes of phosphoketolase and transketolase are quite different.

Whereas phosphoketolase catalyzes the irreversible cleavage of its ketose-phosphate substrates to

provide the high-energy metabolite acetyl phosphate as part of a catabolic pathway, transketolase

catalyzes the reversible interconversion of phosphate sugars by transfer of a C2 fragment in

different metabolic contexts.

Mechanistically, these different catalytic activities originate in the diverging reactivity of the α-

carbanion/enamine intermediate DHEThDP that adds onto an acceptor substrate in transketolase

but undergoes dehydration to AcThDP in phosphoketolase. It is assumed that dehydration is

the result of a phosphoketolase specific acid/base catalyst responsible for protonation of the

O1-hydroxy group prior to water elimination4. However, the active site environment of the

intermediate is almost identical in the two enzymes and a specific acid/base catalyst or other

factors that would explain why dehydration exclusively occurs in phosphoketolase could not be

identified based on X-ray crystallographic data of phosphoketolase and transketolase in complex

with DHEThDP. The only apparent difference between the active sites of phosphoketolase and

transketolase can be found at the phosphoketolase positions Glu437, Y501, and Asn549 that

are replaced in transketolase by a leucine, phenylalanine and aspartic acid residues respectively.

Although it is unlikely that any of these residues is directly involved in the dehydration mechanism,

in a step-wise approach a "transketolase-like" phosphoketolase variant was generated in which

these residues were replaced by their transketolase counterparts to determine how they contribute

to phosphoketolase’s catalytic characteristic.

Of special interest was the examination of Asn549. In transketolase, this position is occupied

by a strictly conserved aspartic acid residue (Asp469 in E. coli transketolase, Asp477 in Sac-
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charomyces cerevisiae transketolase). The crucial role of this side chain in the transketolase

catalytic mechanism was confirmed by a mutagenesis study that showed a reduction in kcat/KM

for an aspartate to alanine variant of Saccharomyces cerevisiae transketolase by three orders of

magnitude128. The side chain lies in hydrogen bonding distance to the substrate-ThDP adduct

and is assumed to be part of a proton shuttle that leads to ionization of the 3-OH group in

course of C2-C3 donor substrate bond cleavage4. Furthermore, it determines specificity for the

donor substrate and is therefore essential for enantioselctivity of the transketolase reaction128.

Whereas the latter function is not of importance in the phosphoketolase reaction, its role in C2-C3

bond cleavage must be compensated by other active site residues in phosphoketolase. It was

assumed that the asparagine-aspartic acid exchange between phosphoketolase and transketolase

mostly accounts for the necessity to accommodate the additional charge of the phosphoketolase

acceptor substrate phosphate4,72. Indeed, the XFPKN549D phosphoketolase variant showed a

slight increase in KM for phosphate (3.8 ± 0.7mM in XFPKWT to 7.9 ± 0.9mM in XFPKN549D)

(Figure 40). Moreover, the apparent maximum rate constant for the reaction of phosphate and

AcThDP was reduced 60 fold compared to the wild-type enzyme (Figure 41B). Although the effect

of the amino acid exchange on phosphate binding/affinity appears only moderate, the reaction of

acceptor substrate and the AcThDP intermediate is significantly impaired. Presumably, electro-

static repulsion between the introduced negatively charged aspartate side chain and the acceptor

substrate prohibits correct orientation of phosphate for the nucleophilic attack and, considering

its proposed role as substrate catalyst (section 4.1), for protonation of the AcThDP intermediate

during enol-keto tautomerization. Activity of XFPKN549D for the overall phosphoketolase reaction

was reduced about 95%, in accordance with the results for the equivalent enzyme variant from

Bifidobacterium longum72.

The double variant XFPKY501F/N549D still catalyzes dehydration of DHEThDP as characteristic

step of the phosphoketolase reaction, but the interaction between AcThDP and phosphate seems

further impaired, resulting in only residual phosphoketolase activity of the enzyme variant. The

hydrogen bond between the Tyr501 hydroxy-group and phosphate appears to play a major role

in binding, proper orientation or reactivity of the acceptor substrate. For the single variant

XFPKY501F a twentyfold increase in KM for phosphate was reported73. Furthermore, the addi-

tional introduction of the Tyr501Phe mutation into XFPKN549D led to considerable changes in

the behavior of the enzyme in the double-jump stopped-flow experiment that analyzes reaction of

AcThDP with phosphate. Addition of phosphate still leads to decrease in AcThDP absorbance
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tween phosphate and AcThDP. Glu437 does
not directly interact with phosphate or poten-
tial ThDP-C2-adducts. Figure was prepared
based on pdb file 3AHF (Suzuki et al.73).

that increases in amplitude towards higher phosphate concentrations, indicating the reaction

between AcThDP and phosphate, although distinctly slowed down, still occurs faster than for-

mation of the post-dehydration intermediate. However, the rate of signal decrease was constant,

independently of the applied phosphate concentration, suggesting that it is not determined by

substrate binding but by some uni-molecular reaction step. Although it is not possible to give a

precise mechanistic explanation for this observations at this point, it is clear that the exchange of

Tyr501 and Asn549 to their transketolase equivalents severely disturbs the molecular mechanism

of the reaction between the acceptor substrate and AcThDP, as was expected from their location

of the active site residues in the phosphate binding site (Figure 51).

Nevertheless, impact of the mutations is not restricted to the second-half reaction with phosphate.

Formation of the AcThDP intermediate occurs about 15 fold slower in XFPKN549D than in

wild-type phosphoketolase and is further slowed down in the double variant, indicating additional

function of both residues in steps leading to formation of the post-dehydration intermediate.

Asn549 is located in the substrate channel of phosphoketolase, presumably interacting with the

hydroxy-groups of the substrate-ThDP adduct73, which would suggest a role in substrate binding

or recognition. Disturbance of the interaction by introduction of the equivalent transketolase

residue suggests slight differences in the hydrogen-bonding network of phosphoketolase and

transketolase.

Further introduction of the Glu437Leu mutation caused complete loss of phosphoketolase activity.

The role of Glu437 in phosphoketolase is somewhat unclear. It is conserved in phosphoketolase73,

in transketolase the position is, with exception of the human enzyme (threonin), always occupied

by a hydrophobic leucine residue, suggesting Glu437 is necessary for electrostatic interactions
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or acid-base catalysis in phosphoketolase. A Glu437Gln single variant gave contradictory ex-

perimental results. It was reported to be inactive and not to exhibit the AcThDP spectral

signal upon F6P addition in accordance with the results that were obtained for the triple mu-

tant XFPKE437L/Y501F/N549D in this thesis, but trapping of the post-dehydration intermediate

could be achieved after soaking XFPKE437Q with F6P89. From the crystallographic data, the

author assumed a role for Glu437 in coordinating the Tyr501 side chain and as such acting

indirectly on phosphate binding and/or coordination89. Whatever the precise function of Glu437

in phosphoketolase is, it is absolutely essential for the reaction mechanism.

The "transketolase-like" phosphoketolase variant XFPKE437L/Y501F/N549D showed complete loss

of phosphoketolase catalytic activity. As judged by spectroscopic detection, the triple mutant

no longer catalyzes formation of the AcThDP intermediate. Thus, it seems no longer able to

catalyze the characteristic dehydration. Whether it still catalyzes substrate binding and cleavage

has to be analyzed by chemical quench/1H-NMR intermediate analysis. No new information

on the mechanism of DHEThDP dehydration was derived from the mutagenesis study. Also,

exchange of Glu437, Tyr501 and Asn549 to their transketolase counterparts did not lead to gain

of transketolase activity.

Similar to the absence of the dehydration step in transketolase, no transketolase activity in form

of ligation between phosphoketolase bound DHEThDP and a transketolase acceptor substrate

can be detected in phosphoketolase. Prevention of a possible re-ligation between DHEThDP and

the cleavage products G3P or E4P is absolutely essential for phosphoketolase’s biological function

in energy provision. It was assumed that this necessary irreversibility of the phosphoketolase

reaction is achieved by very fast and irreversible dehydration of DHEThDP. In this thesis it

was shown that there is after all DHEThDP present under steady-state reaction conditions that

could even be trapped in a carboligation reaction with formaldehyde, demonstrating that a

ligation reaction emerging from phosphoketolase bound DHEThDP as required for transketolase

activity is possible in principle. Hence, there might be another or additional mechanistic feature

that prohibits (re-)ligation with E4P or similar acceptor substrates. It has been discussed

whether stabilization of the DHEThDP intermediate in different chemical states could account

for their differing reactivities of the intermediate in transketolase and phosphoketolase. Whereas

DHEThDP in transketolase adapts a planar conformation with predominant enamine character90,

X-ray crystallographic data on the phosphoketolase-DHEThDP complex indicated potential

sp3 character of the DHEThDP C2-atom, implying a protonated state of the α-carbanion73.
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Figure 52: Different orientation of a sub-
strate channel loop in phosphoketolase
and transketolase. Superposition of B. breve
phosphoketolase in complex with DHEThDP
(green) and E. coli transketolase in complex
with the substrate cofactor adduct F6P-ThDP
(purple). The loops containing the phosphoke-
tolase residue 540 - 557 or the transketolase
residues 460 - 477 (displayed in color) show a
slightly different orientation. Structure align-
ment based on pdb files 2R8P (Asztalos et al.,
200743) and 3AHE (Suzuki et al., 201073).

Temporary protonation of the α-carbanion would prevent religation with the G3P or E4P product4,

but bears the risk of off-pathway aldehyde formation and does contradict our observation that

phosphoketolase-bound DHEThDP can in principle undergo a ligation with an electrophilic

acceptor. However, for a reliable determination of the chemical state of DHEThDP in both

phosphoketolase and transketolase X-ray crystallographic structures of higher resolution than

currently available would be necessary. Furthermore, dynamic processes should be considered. A

reorganization of the active site after substrate cleavage could for example promote liberation of

the aldose product or prevent the back reaction otherwise. In this regard, an active site loop in the

substrate binding channel (residues 540 - 557 in B. breve PK and residues 460 - 477 in E. coli TK)

might play a role. It contains the catalytically important residues Asn549 and His553 (Asp469

and His437 in TK) and shows a slightly different orientation in the two enzymes (Figure 52).

Introduction of the "transketolase-like" mutations did not induce a change in the carboligase

abilities of phosphoketolase, as neither XFPKY501F/N549D nor XFPKE437L/Y501F/N549D showed a

reaction with the transketolase acceptor substrates.

Although highly important for the catalytic mechanism of phosphoketolase, the analyzed active site

residues Glu437, Tyr501 and N549 are no direct determinants for phosphoketolase or transketolase

activity of the enzyme. The differences to the transketolase active site mainly, but not exclusively

account for accommodation of the phosphoketolase acceptor substrate phosphate. Hence, the

molecular mechanism behind the different catalytic activities of phosphoketolase and transketolase

and the identity of the putative acid/base catalyst that mediates dehydration of DHEThDP

remains elusive. Presumably, it is a complex interplay of subtle differences in (or even outside)

the active sites of both enzymes that causes differences in the hydrogen bonding network or
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acid/base properties of side chains, which in the end lead to the individual catalytic outcomes.

The present case demonstrates once again the complexity of enzymatic systems that can not

always be rationalized purely based on obvious structural differences.

4.4 Conclusion and outlook

One major goal in enzyme research is to find and understand fundamental mechanistic principles

and strategies of enzymatic catalysis that can be applied in the synthesis of organic molecules or

for the design of novel biocatalysts. Results from the present study propose a catalytic mechanism

for the enol-keto tautomerization of AcThDP in phosphoketolase in which tautomerization is

linked to the final product forming acyl-transfer from the intermediate onto the nucleophilic

acceptor substrate phosphate. This coupling avoids formation of the hydrolysis susceptible

keto-AcThDP intermediate in the absence of an acceptor substrate and subsequent uncoupling

of the reaction by off-pathway hydrolysis. Linkage of the final acyl-transfer to the presence

of the acceptor substrate seems to be a general strategy in ThDP dependent enzymes whose

catalytic pathways involve formation of an AcThDP intermediate, as a similar principles can be

found in LpPOX or PFOR. In this regard it would be interesting to examine whether similar

mechanisms exist in further ThDP-dependent enzymes such as the E1 component of the E. coli

pyruvate dehydrogenase complex. Anyway, it provides an elegant example of how to protect

reactive reaction intermediates that could be applied as strategy in engineered enzymatic reactions.

Confirmation of the underlying molecular mechanism that involves substrate-assisted catalysis by

the acceptor substrate phosphate and the tautomerization via a (stabilized) enolate-intermediate

might be provided by X-ray crystal structures of phosphoketolase in complex with AcThDP at

resolutions close to 1Å that would allow determination of the chemical state of the intermediate.

Moreover, structural information of the enzyme in complex AcThDP and one of the non-reactive

phosphate analogues could allow further insight into the interactions between post-dehydration

intermediate and acceptor substrate.

Furthermore, the enzymatic system studied in this thesis is an excellent example of promiscuous

enzymatic activity emerging from reactive reaction intermediates. Evidence could be provided for

carboligation reactions of the nucleophilic phosphoketolase reaction intermediates DHEThDP

and enolate-AcThDP with an aldehyde acceptor. Especially the latter non-natural reaction was

of great interest as it confirms the presence of the putative enolate-intermediate and represents a

novel ThDP-catalyzed C-C bond forming reaction. To make use of this reaction in biocatalytic
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synthesis, the so far minor carboligase activity of phosphoketolase has to be greatly improved

towards a broader acceptor substrate range and higher yields by enzyme engineering approaches.

In this regard, the application of high throughput methods should be considered.

No mechanistic explanation could be found for the catalytic differences between the related ThDP-

dependent enzymes phosphoketolase and transketolase. In a stepwise mutagenesis approach a

"transketolase like" phosphoketolase variant was generated which demonstrated the importance of

the three phosphoketolase specific active site-residues for the phosphoketolase reaction mechanism,

but did not lead to identification of the phosphoketolase specific acid/base catalyst which mediates

dehydration of the AcThDP intermediate or gain of transketolase activity. Although the three

active site residues seem not to be direct determinants of phosphoketolase or transketolase activity,

analysis of the reverse "phosphoketolase-like" transketolase variant might be informative. Also,

rather than just replacing single residues one could exchange larger secondary structure elements

like the substrate channel loop shown in Figure 52. Moreover, it would be interesting to see

how "phosphoketolase-transketolase hybrid" variants that contain a phosphoketolase PYR and a

transketolase PP domain, or vice versa, would behave catalytically. With the new opportunity to

analyze the ability of phosphoketolase variants to catalyze dehydration of DHEThDP fast and easy

by spectroscopic detection of the post-dehydration intermediate AcThDP, it might also be worth

to revisit some of the active site mutants that were generated to identify the phosphoketolase

active site residue that mediates acid/base catalysis in the dehydration of DHEThDP, like the

His97 or His142 variants.

Taken together, this thesis provides a mechanistic update on AcThDP tautomerization within

the catalytic cycle of the ThDP-dependent enzyme phosphoketolase that involves substrate-

assisted catalysis by the acceptor substrate phosphate and the formation of an enolate-AcThDP

intermediate. Presence of the enolate-AcThDP could be confirmed by trapping the intermediate

in a reaction with an aldehyde acceptor substrate. At the same time, this ligation reaction

represents a novel thiamine diphosphate-catalyzed C-C bond forming reaction.



118 Appendix

Appendix

HHHHHHSSGL VPRGSHMTN  
 
        10         20         30         40         50         60  
MTNPVIGTPW QKLDRPVSEE AIEGMDKYWR VTNYMSIGQI YLRSNPLMKE PFTRDDVKHR  
 
        70         80         90        100        110        120  
LVGHWGTTPG LNFLLAHINR LIADHQQNTV FIMGPGHGGP AGTSQSYVDG TYTEYYPNIT  
 
       130        140        150        160        170        180  
KDEAGLQKFF RQFSYPGGIP SHFAPETPGS IHEGGELGYA LSHAYGAVMN NPSLFVPCII  
 
       190        200        210        220        230        240  
GDGEAETGPL ATGWQSNKLV NPRTDGIVLP ILHLNGYKIA NPTILARISD EELHDFFRGM  
 
       250        260        270        280        290        300  
GYHPYEFVAG FDNEDHMSIH RRFAELFETI FDEICDIKAA AQTDDMTRPF YPMLIFRTPK  
 
       310        320        330        340        350        360  
GWTCPKFIDG KKTEGSWRAH QVPLASARDT EEHFEVLKGW MESYKPEELF NADGSIKDDV  
 
       370        380        390        400        410        420  
TAFMPKGELR IGANPNANGG VIREDLKLPE LDQYEVTGVK EYGHGWGQVE APRALGAYCR  
 
       430        440        450        460        470        480  
DIIKNNPDSF RIFGPDETAS NRLNATYEVT DKQWDNGYLS GLVDEHMAVT GQVTEQLSEH  
 
       490        500        510        520        530        540  
QCEGFLEAYL LTGRHGIWSS YESFVHVIDS MLNQHAKWLE ATVREIPWRK PISSVNLLVS  
 
       550        560        570        580        590        600  
SHVWRQDHNG FSHQDPGVTS LLINKTFNND HVTNIYFATD ANMLLAISEK CFKSTNKINA  
 
       610        620        630        640        650        660  
IFAGKQPAPT WVTLDEARAE LEAGAAEWKW ASNAENNDEV QVVLASAGDV PTQELMAASD  
 
       670        680        690        700        710        720  
ALNKMGIKFK VVNVVDLLKL QSRENNDEAL TDEEFTELFT ADKPVLFAYH SYAQDVRGLI  
 
       730        740        750        760        770        780  
YDRPNHDNFH VVGYKEQGST TTPFDMVRVN DMDRYALQAA ALKLIDADKY ADKIDELNAF  
 
       790        800        810        820  
RKKAFQFAVD NGYDIPEFTD WVYPDVKVDE TQMLSATAAT AGDNE 

LinkerHis6-tag

molecular weight: 94837.13 Da

Figure 53: Aminoacid sequence of the recombinant B. breve phosphoketolase. Amino acid
sequence of the recombinant B. breve phosphoketolase construct including the N-terminal His6-tag and
linker. Amino acid residues are color-coded according to the respective domain PP = green, PYR =
purple, C-terminal = grey. The residues analyzed in this thesis by mutagenesis are marked in red. The
molecular weight was determined by the ExPASy ProtParam tool.
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Figure 54: SDS-PAGE analysis of purified XFPKWT and variants. Recombinant XFPKWT or
variants were obtained in milligram amounts, purified up to 95% homogeneity.
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Figure 55: UV-Vis absorbance spectra of phosphoketolase with alternative substrates. Spec-
tra of 25µM phosphoketolase with 100mM β-hydroxypyruvate (red) or 200mM glycolaldehyde (blue) after
subtraction of the respective substrate spectrum are shown. Comparison to the resting state spectrum
(gray) shows formation of absorbance band with λmax at 420 nm after substrate addition as observed for
the natural substrate F6P.
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Figure 56: Erythrose 4-phosphate calibration curve. (A) CD spectra were recorded for different
E4P concentrations. (B) Molar ellipticity at 300 nm was plotted against the applied respective E4P
concentration and fitted with a linear term (red line) that allowed conversion of initial changes in CD
signal measured in the CD steady state assay into initial reaction rates.
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Figure 57: Calibration curves for quantification of carboligation products. Reference samples
containing defined amounts of (A) 3-hydroxypropionic acid (3-HPA) or (B) dihydroxyacetone (DHA) and
an internal standard (allo-inositol) were analyzed in GC-MS. Integrated peak areas of selected masses
were related to those of the internal standard and plotted against the respective amount of reference
substance and fitted with a linear term (red lines).
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Figure 58: Progression of AcThDP absorbance over time. XFPK (24µM) was fast-mixed with
different concentrations of F6P in stopped-flow mixing device. Absorbance at 420 nm was recorded over
time. Already at low substrate concentrations signal depletion requires > 300 s.
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Figure 59: Depletion of the AcThDP absorbance after mixing with formaldehyde. XFPK
(24µM) was fast-mixed with 20mM F6P in a stopped-flow mixing device set to sequential mixing mode.
The reaction mix was aged for 5 s to ensure population of the AcThDP intermediate. In a second mixing
step the aged solution was fast-mixed with different concentrations of formaldehyde, depletion of AcThDP
was detected via decrease of absorbance at 420 nm over time. Applied concentrations of formaldehyde are
listed in the legend.
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Figure 60: Analysis of F6P con-
version by GC-MS. GC-MS chro-
matograms after reaction of XFPK with
F6P and (A) 100mM acetaldehyde, (B)
100mM glycolaldehyde or (C) 100mM
triflouracetaldehyde are shown in red.
GC-MS chromatograms of respective
control reactions without enzyme are
shown in blue. In all cases complete
conversion of F6P to E4P was observed.
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Figure 61: Exemplary progress curve of AcThDP formation in XFPKN549D. Progression of
absorbance at 420 nm after rapid-mixing of 24µM XFPKN549D with 10mM F6P is shown as red line.
Progress curves did not exhibit kinetic overshooting and were fitted with a single term exponential equation
(Eq. 7) (blue line) to determine first order rate constants. Deviation of the applied fit from the represented
data is shown as residuals plot.
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Figure 62: Far-UV CD spectra of phosphoketolase wild type and "transketolase-like" vari-
ants. CD spectra between 180 - 260 nm were recorded for XFPKWT, XFPKY501F/N549D and triple. CD
spectra of both variants are similar to the spectrum of XFPKWT, indicating introduction of the active
site mutations did not cause a change in secondary structure.
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Figure 63: Phosphoketolase activity of XFPKY501F/N549D. Increase of the negative E4P CD signal
at 300 nm over time after mixing of 105µM XFPKY501F/N549D with 200mM F6P (red curve) or 200mM
F6P and 200mM Na2HPO4 (blue curve) shows residual phosphoketolase activity of XFPKY501F/N549D.
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