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Abstract

.Activation.ofthecoenzymeThDPwasstudiedbymeasuringthekineticsofdeprotonationattheC2carbonof.thiam~n
,dIphosphateIntheenzymespyruvatedecarboxylase,transketolase,pyruvatedehydrogenasecomplex,pyruvateoXIdase,In
site-specificmutantenzymesandinenzymecomplexescontainingcoenzymeanaloguesbyproton/deuteriumexchange
detectedby1H-NMRspectroscopy.Therespectivedeprotonationrateconstantisabovethecatalyticconstantinallenzymes
investigated.Thefastdeprotonationrequiresthepresenceofanactivatorinpyruvatedecarboxylasefromyeast,showingthe

,allostericregulationofthisenzymetobeaccomplishedbyanincreaseintheC2-Hdissociationrateoftheenzyme-bound
thiamindiphosphate.ThedataofthethiamindiphosphateanaloguesandofthemutantenzymesshowtheNI'atomandthe

'4'-NH2grouptobeessentialfortheactivationofthecoenzymeandaconservedglutamateinvolvedintheprotonabstraction
mechanismoftheenzyme-boundthiamindiphosphate.©1998ElsevierScienceB.V.Allrightsreserved.
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phate;Transketolase

Contents

1.Introduction222

thors0

leofthl__-

2.Materialsandmethods.
2.1.Proteinpreparation.
2.2.Coenzymeanalogues.
2.3.NMRexperiments.

222
222
223
223

Abbreviations:DAThDP,4'-desamino-ThDP;5-dFAD,5-carba-5-deaza-FAD;DTE,dithioerythreitol;N3ThDP,Nl'-Csubstituted
ThDP;PDC,pyruvatedecarboxylase(EC4.1.1.1);PDHc,E.colipyruvatedehydrogenasemultienzymecomplex,consistingofEI,E2
andE3proteins;POX,pyruvateoxidasefromL.plantarum(EC1.2.3.3);ThDP,thiamindiphosphate;TK,transketolase(EC2.2.1.1)

___I*Correspondingauthor.Fax:+49(345)5527011;E-mail:huebner@biochem.tech.uni-halle.de
998/$19.0IDedicatedtoProf.Dr.AlfredSchellenbergeronhis70thbirthday. ,

0167-4838/98/$19.00©1998ElsevierScienceB.Y.Allrightsreserved.
PlI:SOl67-4838(98)00070-3

I

.1 ELSEVIER Biochimica et Biophysica Acta 1385 (1998) 221-228

Review

Activation of thiamin diphosphate in enzymes1

BIOCHIMICA ET BIOPHYSICA ACfA

BB~

1
Gerhard Hübner a,*, Kai Tittmann a, Margrit Killenberg-Jabs a, Jörg Schäffner a,

Michael Spinka a, Holger Neef a, Dorothee Kern b, Gunther Kern b, Gunter Schneider c,

Christer Wikner d, Sandro Ghisla e

a Institut für Biochemie, Martin-Luther-Universität Halle- Wittenberg, Kurt Mothes Str. 3, D-06120 Halle, Germany
b Department of Chemistry and Department of Molecular and Cellular Biology, University of California, Berkeley, CA 74720, USA

c Karolinska Institutet, Department of Medical Biochemistry and Biophysics, S-17177 Stockholm, Sweden
d Pharmacia Stockholm, Sweden

e Fakultät Biologie, Universität Konstanz, D-78434 Konstanz, Germany

Received 6 January 1998; revised 2 March 1998; accepted 2 March 1998

!
Abstract

Activation of the coenzyme ThDP was studied by measuring the kinetics of deprotonation at the C2 carbon of thiamin
diphosphate in the enzymes pyruvate decarboxylase, transketolase, pyruvate dehydrogenase complex, pyruvate oxidase, in
site-specific mutant enzymes and in enzyme complexes containing coenzyme analogues by proton/deuterium exchange
detected by I H-NMR spectroscopy. The respective deprotonation rate constant is above the catalytic constant in all enzymes
investigated. The fast deprotonation requires the presence of an activator in pyruvate decarboxylase from yeast, showing the
allosteric regulation of this enzyme to be accomplished by an increase in the C2-H dissociation rate of the enzyme-bound
thiamin diphosphate. The data of the thiamin diphosphate analogues and of the mutant enzymes show the NI' atom and the
4'-NH2 group to be essential for the activation of the coenzyme and a conserved glutamate involved in the proton abstraction
mechanism of the enzyme-bound thiamin diphosphate. © 1998 Elsevier Science B.V. All rights reserved.
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1.Introduction

ThedeprotonationoftheC2atomofthiamindi­
phosphate(ThDP)isthekeyreactioninallThDP
dependentenzymes.Forthereactionwithdifferent
substrates,theC2-RofThDP,showingapKaof17­
20[1-5],mustbeactivatedbytheenzymeenviron­
ment.Differentmodelshavebeendiscussedforthis
activation.Inafirstmodel,astabilizationoftheC2­
carbanionintheenzyme-boundstatewasproposed
[2].Incontrast,afastdissociationoftheC2proton
intheenzyme-boundstateofThDPcouldalsoex­
plaintherateoftheenzymemediatedreaction[6,7].
Inathirdmodel,aconcertedpathwayfortheaddi­
tionstepofthesubstratehasbeendiscussed[8,9].
13C-NMRinvestigationsonpyruvatedecarboxylase
(PDC)containing13C2labeledThDPexcludethe
existenceofaC2-carbanionofThDPindetectable
amounts[10].Therefore,intheenzymecatalyzedre­
action,theadditionofthecarbonylgroupofthe
substratetotheC2ofThDPrequireseitherafast
dissociationoftheC2protonoraconcertedmecha­
nism.

Inordertoaddressthisquestion,thekineticsof
thedeprotonationofC2ofThDPintheenzymes
PDC,transketolase(TK),pyruvateoxidase(POX)
andinthepyruvatedehydrogenasemultienzyme
complex(PDRc)havebeenanalyzedby1R-NMR
spectroscopy.

2.Materialsandmethods

2.1.Proteinpreparation

YeastPDCwaspurifiedaccordingtothemethod
ofLuetal.[11].Mutagenesisandexpressionofthe
PDCE51Qmutantwasperformedaccordingtothe
methodofKillenberg-Jabsetal.[12].

PDCfromZymomonasmobiliswaspurifiedfrom
EscherichiacoliSG13009prep4containingtheplas­
midofZ.mobilisPDC[13].Thecellsweredisinte­
gratedin50mMMESlNaOR,pR6.5usinga
FrenchPress(SLMInstruments).Thebuffercon­
tained0.1mMThDPand5mMMgS04forenzyme
stabilization.Thecrudeextractwascentrifugedina
BeckmanL8-60Mcentrifugeat125000Xgfor45'
minat5°C.A4-foldexcessofdisintegrationbuffer
wasaddedtothesupernatantandasubsequentfrac­
tionatedprecipitationwithammoniumsulfateinthe
rangeof30%(w/v)and42%(w/v)wasperformed.
Afterwards,thesolutionwascentrifugedat
125000Xgand5°C.Thepelletofthesecondstep
ofprecipitationwasresuspendedin10mlofdeion­
izedwateranddialyzedagainst10mMMES/NaOR,
pR6.5,containing1mMMgS04,0.2mMThDP
and1mMDTE.Anion-exchangechromatography
usingaFPLCsystem(Pharmacia)wascarriedout
onaTMAE{S)(Merck)column(2.6cmX10cm),
equilibratedwith10mMMES/NaOR,pR6.5,con­
taining1mMMgS04,0.1mMThDPand1mM
DTE.Thedialysatewasloadedonthecolumnata
flowrateof1ml/min.Theenzyme(120V/mg)was
elutedbyastepwiseincreaseinammoniumsulfate
concentrationupto40mM.
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1. Introduction

The deprotonation of the C2 atom of thiamin di­
phosphate (ThDP) is the key reaction in all ThDP
dependent enzymes. For the reaction with different
substrates, the C2-H of ThDP, showing a pKa of 17­
20 [1-5], must be activated by the enzyme environ­
ment. Different models have been discussed for this
activation. In a first model, a stabilization of the C2­
carbanion in the enzyme-bound state was proposed
[2]. In contrast, a fast dissociation of the C2 proton
in the enzyme-bound state of ThDP could also ex­
plain the rate of the enzyme mediated reaction [6,7].
In a third model, a concerted pathway for the addi­
tion step of the substrate has been discussed [8,9].
13C-NMR investigations on pyruvate decarboxylase
(PDC) containing 13C2 labeled ThDP exclude the
existence of a C2-carbanion of ThDP in detectable
amounts [10]. Therefore, in the enzyme catalyzed re­
action, the addition of the carbonyl group of the
substrate to the C2 of ThDP requires either a fast
dissociation of the C2 proton or a concerted mecha­
nlsm.

In order to address this question, the kinetics of
the deprotonation of C2 of ThDP in the enzymes
PDC, transketolase (TK), pyruvate oxidase (POX)
and in the pyruvate dehydrogenase multienzyme
complex (PDHc) have been analyzed by 1H-NMR
spectroscopy.

2. Materials and methods

2.1. Protein preparation

Yeast PDC was purified according to the method
of Lu et al. [11]. Mutagenesis and expression of the
PDC E51Q mutant was performed according to the
method of Killenberg-Jabs et al. [12].

PDC from Zymomonas mobilis was purified from
Escherichia coli SG 13009 prep 4 containing the plas­
mid of Z. mobilis PDC [13]. The cells were disinte­
grated in 50 mM MES/NaOH, pH 6.5 using a
French Press (SLM Instruments). The buffer con­
tained 0.1 mM ThDP and 5 mM MgS04 for enzyme
stabilization. The crude extract was centrifuged in a
Beckman L8-60M centrifuge at 125000 Xg for 45
min at 5°C. A 4-fold excess of disintegration buffer
was added to the supernatant and a subsequent frac­
tionated precipitation with ammonium sulfate in the
range of 30% (w/v) and 420/0 (w/v) was performed.
Afterwards, the solution was centrifuged at
125 000 X g and 5°C. The pellet of the second step
of precipitation was resuspended in 10 ml of deion­
ized water and dialyzed against 10 mM MES/NaOH,
pH 6.5, containing 1 mM MgS04 , 0.2 mM ThDP
and 1 mM DTE. Anion-exchange chromatography
using a FPLC system (Pharmacia) was carried out
on a TMAE(S) (Merck) column (2.6 cm X 10 cm),
equilibrated with 10 mM MES/NaOH, pH 6.5, con­
taining 1 mM MgS04 , 0.1 mM ThDP and 1 mM
DTE. The dialysate was loaded on the column at a
flow rate of 1 ml/min. The enzyme (120 V/mg) was
eluted by a stepwise increase in ammonium sulfate
concentration up to 40 mM.

(~
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Fig.1.KineticsofH/DexchangeofThDPC2-HinTK.The1H-NMRspectraareexpansionsshowingtheThDPsignalsC2-H(9.68
ppm)andC6'-H(8.01ppm),thelaUerservingasanon-exchangingstandardforquantification.Inset:fitofthedecayinintegralin­
tensityoftheC2-Hsignaltoapseudo-first-orderreaction,whereA2tistheintegralofthesignaloftheC2protonattimet,A20eis
thatoftheC2protonaftercompleteexchange,andA6'isthatoftheC6'proton.

n

TKwaspurifiedaccordingtothemethodofKönig
etal.[14].MutagenesisandexpressionoftheTK
H418AandH481Amutantswerecarriedoutasde-­
scribed[15].

HighlypurifiedPOXfromL.plantarumwasagift
fromBoehringerMannheim.Apo-POXwaspre­
paredaccordingtoamethodestablishedbyStritt­
matter[16]andSedewitz[17].Thebinaryapo­
ThDPcomplexwaspreparedbyincubationofapo­
POX(5mg/mI)withThDPinastoichiometricratio
in0.2Mpotassiumphosphatebuffer,20%glycerol,
pH6.0,1mMMnS04for1hat10°C.

PDHcwasisolatedfromthewildtypestrainYmel
ofE.coliK12andpllrifiedasdescribed[18].

2.2.Coenzymeanalogues

4'-Desamino-ThDP(DAThDP)wassynthesized
accordingtotflemethodofNeefetal.[19],N1'-C
substitutedThDP(N3ThDP)accordingtothemeth­
odofSchellenbergeretal.[20]and5-carba-5-deaza­
FAD(5-dFAD)accordingtothemethodsofSpencer
etal.[21]andMansteinetal.[22].

2.3.NMRexperiments

ThekineticsoftheH/DexchangeoftheC2-Hof
ThDPweremeasuredbyIH-NMRasdescribedre­
cently[10].Inordertoobtaintheexchangerate,the
relativedecayintheintegralintensityoftheC2-H
signalat9.68ppmwasfittedtoapseudo-first-order
reaction(Fig.1).ThesignaloftheC6'protonat8.01
ppmwasusedasanon-exchanginginternalstand­
ard.Thesesignalsdonotinterferewiththesignalsof
FADinPOXandPDHcasshowninFig.2.

3.Resultsanddiscussion

3.1.Deprotonationrate01theC201ThDP.in
pyruvatedecarboxylase

TheH/DexchangerateofC2-Hoftheenzyme­
boundThDPisacceleratedbythreeordersofmag­
nitudecomparedwiththatoffreeThDPunderthe
sameconditions(Table1).However,thisratecon­
stantisstilloneorderofmagnitudetoosmallto

I
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Fig. I. Kinetics of H/D exchange of ThDP C2-H in TK. The I H-NMR spectra are expansions showing the ThDP signals C2-H (9.68
ppm) and C6'-H (8.01 ppm), the latter serving as a non-exchanging standard for quantification. Inset: fit of the decay in integral in­
tensity of the C2-H signal to a pseudo-first-order reaction, where A2, is the integral of the signal of the C2 proton at time t, A2", is
that of the C2 proton after complete exchange, and A6' is that of the C6' proton.

TK was purified according to the method of König
et al. [14]. Mutagenesis and expression of the TK
H418A and H481A mutants were carried out as de­
scribed [15].

Highly purified POX from L. plantarum was a gift
from Boehringer Mannheim. Apo-POX was pre­
pared according to a method established by Stritt­
matter [16] and Sedewitz [17]. The binary apo­
ThDP complex was prepared by incubation of apo­
POX (5 mg/mI) with ThDP in a stoichiometric ratio
in 0.2 M potassium phosphate buffer, 20% glycerol,
pH 6.0, 1 mM MnS04 for 1 h at 10°C.

PDHc was isolated from the wild type strain Y mel
of E. coli K12 and purified as described [18].

2.2. Coenzyme analogues

4'-Desamino-ThDP (DAThDP) was synthesized
according to the method of Neef et al. [19], Nl'-C
substituted ThDP (N3ThDP) according to the meth­
od of Schellenberger et al. [20] and 5-carba-5-deaza­
FAD (5-dFAD) according to the methods of Spencer
et al. [21] and Manstein et al. [22].

2.3. NMR experiments

The kinetics of the H/D exchange of the C2-H of
ThDP were measured by 1H-NMR as described re­
cently [10]. In order to obtain the exchange rate, the
relative decay in the integral intensity of the C2-H
signal at 9.68 ppm was fitted to a pseudo-first-order
reaction (Fig. 1). The signal of the C6' proton at 8.01
ppm was used as a non-exchanging internal stand­
ard. These signals do not interfere with the signals of
FAD in POX and PDHc as shown in Fig. 2.

3. Results and discussion

3.1. Deprotonation rate 01 the C2 01 ThDP in
pyruvate decarboxylase

The H/D exchange rate of C2-H of the enzyme­
bound ThDP is accelerated by three orders of mag­
nitude compared with that of free ThDP under the
same conditions (Table 1). However, this rate con­
stant is still one order of magnitude too small to
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Fig.2.1H-NMRspectraforthedeterminationofexchangerates.Supernatantsobtaineduponcentrifugationofthesolutionsfromthe
quenched-flowexperimentscontained2mMThDP(A),6.5n1g/mlapo-POX-ThDPcomplex(B)or9mg/mIPOXholoenzyn1e(C),re­
spectively.Theexchangetimesusedwere5minforThDP(300/0exchange)andfortheapo-POX-ThDPcomplex(950/0exchange)and
50msforthePOXholoenzyme(1000/0exchange).

~

r

allowtheenzymecatalysistoproceedattheobserved
catalyticconstantof10S-lat4°Cforeachactive
site.WealsomeasuredthekineticsofH/Dexchange
forC2-HofThDPinthepyruvamideactivated
PDC,becausethiskcatvaluerepresentstheratecon­
stantintheactivatedstate.Theexchangereaction
hasalreadyfinishedwithintheshortestmixingtime
ofthequenched-flowdevice,resultinginadeproto-

nationrateatleastthreeordersofmagnitudehigher
thanthatofthenon-activatedenzyme(Table1).The
highexchangeratecannotbeattributedtoapyru­
vatecontaminationofpyruvamide,becausePDC
waspreincubatedwithpyruvamidebeforetheH/D
exchangewasstarted.ThisshowsthattheC2-Hdis­
sociationisnotratelimitinginactivatedyeastPDC.
Therefore,theactivationprocessinyeastPDCis

f4~

Table1

Pseudo-first-orderrateconstantsofdeprotonationofC2ofthiamindiphosphateinfreeandpyruvatedecarboxylase-boundcoenzyme
in50InMphosphatebuffer,pH6.0,at4°C

Sampie

Freethiamindiphosphate
Free4'-desamino-thiamindiphosphate
Yeastpyruvatedecarboxy~ase(wildtype)
Yeastpyruvatedecarboxylase(wildtype,pyruvamideactivated)
YeastpyruvatedecarboxylaseE51Qmutant
YeastpyruvatedecarboxylaseE51Q(pyruvamideactivated)
z.mobilispyruvatedecarboxylase
Yeastpyruvatedecarboxylaserecombinedwith4'-desamino-thiamindiphosphate

Rateconstant(s-l)

(9.5±0.4)X10-4

(1.2±0.1)X10-3

(9.7±0.9)X10-1

>6X102

(7.6±0.6)X10-2

1.7±0.2
(1.1±0.2)X102

(3.4±0.1)X10-5
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C2-H
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Fig. 2. ]H-NMR spectra for the determination of exchange rates. Supernatants obtained upon centrifugation of the solutions from the
quenched-flow experiments contained 2 mM ThDP (A), 6.5 mg/mI apo-POX-ThDP complex (B) or 9 mg/mI POX holoenzynle (C), re­
spectively. The exchange times used were 5 min for ThDP (300/0 exchange) and for the apo-POX-ThDP complex (950/0 exchange) and
50 ms for the POX holoenzyme (1000/0 exchange).

allow the enzyme catalysis to proceed at the observed
catalytic constant of 10 S-l at 4°C for each active
site. We also n1easured the kinetics of H/D exchange
for C2-H of ThDP in the pyruvamide activated
PDC, because this kcat value represents the rate con­
stant in the activated state. The exchange reaction
has already finished within the shortest mixing time
of the quenched-flow device, resulting in a deproto-

nation rate at least three orders of magnitude higher
than that of the non-activated enzyme (Table 1). The
high exchange rate cannot be attributed to a pyru­
vate contamination of pyruvamide, because PDC
was preincubated with pyruvamide before the H/D
exchange was started. This shows that the C2-H dis­
sociation is not rate limiting in activated yeast PDC.
Therefore, the activation process in yeast PDC is

Table 1
Pseudo-first-order rate constants of deprotonation of C2 of thiamin diphosphate in free and pyruvate decarboxylase-bound coenzyme
in 50 InM phosphate buffer, pH 6.0, at 4°C

Sampie

Free thiamin diphosphate
Free 4' -desamino-thiamin diphosphate
Yeast pyruvate decarboxy~ase (wild type)
Yeast pyruvate decarboxylase (wild type, pyruvamide activated)
Yeast pyruvate decarboxylase E51 Q mutant
Yeast pyruvate decarboxylase E51 Q (pyruvamide activated)
Z. mobilis pyruvate decarboxylase
Yeast pyruvate decarboxylase recombined with 4' -desamino-thiamin diphosphate

Rate constant (s-])

(9.5 ± 0.4) X 10-4

(1.2 ± 0.1) X 10-3

(9.7 ± 0.9) X 10-1

> 6 X 102

(7.6 ± 0.6) X 10-2

1.7 ± 0.2
(1.1 ± 0.2) X 102

(3.4±0.I)X 10-5
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accomplishedbyanincreaseintheH/Dexchange
rateofC2-Hoftheenzyme-boundThDP.Thismod­
elwassubstantiatedbymeasuringtheH/Dexchange
ofC2-HofThDPinPDCfromZ.mobilis,anen­
zymewithoutsubstrateactivation[23].Asexpected,
theH/DexchangerateinZ.mobilisPDCisaboveits
kcatof17S-lat4°Cforeachactivesite(Table1)and
isnotchangedinthepresenceofpyruvamide.

Itmustbenoticedthattheexchangeratereflects
notonlythedeprotonationratebutalsotherequired
exchangeofthebasewithasourceofsolventpro­
tons.Therefore,thefasterexchangeinpyruvalnide
activatedyeastPDCcouldbetheresultofeithera
higherC2-Hdissociationratecomparedtothatof
thenon-activatedyeastPDC,orabettersolventac­
cessibilityofthebaseinvolvedintheC2-Hproton
abstraction.

ThecrystalstructureofPDCfromyeast[24,25]
showsthatthesidechainofaglutamateiswithina
shortdistanceoftheNI'nitrogenofthepyrimidine
ringofThDP,indicatingtheformationofahydro­
genbond.

StudiesinvolvingThDPanaloguesinvarious
ThDPdependentenzymespointtoarequirement
01'theNI'atomand4'-NH2groupforthecatalytice,

activity[26-28].Onthebasisofthesefindings,ithas
beenproposedthattheNI'nitrogenenablesthe
4'-aminogrouptoreactinaprotontranslocation
step[27-33].

Inordertoaddressthishypothesis,firstthisglu­
tamateinPDCwasalteredtoglutamineand,addi­
tionally,the4'-aminogroupofthecoenzymewas

,._climinated.TheE51QmutantenzymebindsThDP
-asstronglyasthewildtypeenzyme,asshownby

characteristicchangesinthenearUVcirculardichro-

ism[12].Buttheresidualcatalyticactivityofthe
mutantwasonly0.040/0ofthatmeasuredforthe
wildtypeenzyme.Theslowdissociationrateofthe
C2-HofThDPintheyeastPDCE51Qmutant(Ta­
ble1)suggeststhisglutamatetobeindeedinvolved
intheprotonabstractionmechanismoftheenzyme­
boundThDP.Inaddition,acomparativelysmallin­
creaseinthedeprotonationratebypyruvamideacti­
vationinthemutantPDCemphasizesthatthe.signal
transferfromtheregulatorytotheactivesiteisprob­
ablymediatedbyE51.Thestructuraleventsrespon­
sibleforthisstepremaintobeclarified.

PDCwasrecombinedwithDAThDPtounravel
thefunctionofthe4'-aminogroupofthecoenzyme.
Thismodificationofthecoenzymeresultsinanin­
activeenzymeandinamarkedlydecreasedH/Dex­
changerateofC2-Hoftheanaloguecomparedwith
theenzymecontainingthenaturalcoenzyme(Table
1).Thisreferstoanessentialfunctionofthe4'-ami­
nogroupinthedeprotonationstep.

3.2.DeprotonationrateoftheC2ofThDPin
transketolasefromyeast~

Weinvestigatedwhetherthemechanismof·ThDP
activationisacommonphenomenoninotherThDP
dependentenzymes.H/Dexchangeexperimentswere
performedinTKthathasadifferentsubstrateand
reactionspecificity.AsobservedforPDC,mentioned
above,neithertheC2deprotonation(Table2)israte
limiting.ThecrystalstructureofTK[34,35]shows
t~atanimportantinteractionismadebytheNI'of
thepyrimidinering,whichishydrogenbondedtothe
sidechainofglutamate418.Themutationofthis
glutamatetoalanineresll1tsinanenzymewithonly

Table2
Pseudo-first-orderrateconstantofdeprotonation.ofC2ofthialnindiphosphateinfreeandtransketolase-boundcoenzymein50mM
phosphatebuffer,pH7.0,at4°C

Sanlple

Frecthianlindiphosphate
Free-t'-desamino-thiamindiphosphate
Fr~~I'C-substitutedthialnindiphosphate
Transketolase(wildtype)
TransketolaseE418Amutant
TransketolaseH481Amutant
Transketolaserecombinedwith4'-desamino-thiamindiphosphate
TransketolasereconlbinedwithNI'-C-substitutedthiamindiphosphate

Rateconstant(S-l)

(3.0±0.I)X10-3

(3.2±0.1)X10-3

(1.6±0.1)X10-4

61±2
(3.7±0.1)X10-1

61±2
(9.5±0.1)X10-5

(1.6±0.2)X10-4
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accomplished by an increase in the H/D exchange
rate of C2-H of the enzyme-bound ThDP. This mod­
el was substantiated by measuring the H/D exchange
of C2-H of ThDP in PDC from Z. mobilis, an en­
zyme without substrate activation [23]. As expected,
the H/D exchange rate in Z. mobilis PDC is above its
kcat of 17 S-l at 4°C for each active site (Table 1) and
is not changed in the presence of pyruvamide.

It must be noticed that the exchange rate reflects
not only the deprotonation rate but also the required
exchange of the base with a source of solvent pro­
tons. Therefore, the faster exchange in pyruvanlide
activated yeast PDC could be the result of either a
higher C2-H dissociation rate compared to that of
the non-activated yeast PDC, or a better solvent ac­
cessibility of the base involved in the C2-H proton
abstraction.

The crystal structure of PDC from yeast [24,25]
shows that the side chain of a glutamate is within a
short distance of the NI' nitrogen of the pyrimidine
ring of ThDP, indicating the formation of a hydro­
gen bond.

Studies involving ThDP analogues in various
ThDP dependent enzymes point to a requirement
01' the NI' atonl and 4' -NH2 group for the catalytic
activity [26-28]. On the basis of these findings, it has
been proposed that the NI' nitrogen enables the
4' -amino group to react in a proton translocation
step [27-33].

In order to address this hypothesis, first this glu­
tamate in PDC was altered to glutamine and, addi­
tionally, the 4' -amino group of the coenzyme was

.,. _ eliminated. The E51Q mutant enzyme binds ThDP
., as strongly as the wild type enzyme, as shown by

characteristic changes in the near UV circular dichro-

ism [12]. But the residual catalytic actlvlty of the
n1utant was only 0.040/0 of that n1easured for the
wild type enzyme. The slow dissociation rate of the
C2-H of ThDP in the yeast PDC E51Q mutant (Ta­
ble 1) suggests this glutamate to be indeed involved
in the proton abstraction mechanism of the enzyme­
bound ThDP. In addition, a comparatively sn1all in­
crease in the deprotonation rate by pyruvamide acti­
vation in the mutant PDC emphasizes that the. signal
transfer from the regulatory to the active site is prob­
ably mediated by E51. The structural events respon­
sible for this step ren1ain to be clarified.

PDC was recombined with DAThDP to unravel
the function of the 4' -amino group of the coenzyn1e.
This modification of the coenzyme results in an in­
active enzyme and in a markedly decreased H/D ex­
change rate of C2-H of the analogue compared with
the enzyme containing the natural coenzyme (Table
1). This refers to an essential function of the 4' -ami­
no group in the deprotonation step.

3.2. Deprotonation rate 01 the C2 01 ThDP in
transketolase Irom yeast

We investigated whether the mechanism of ThDP
activation is a common phenomenon in other ThDP
dependent enzymes. H/D exchange experiments were
performed in TK that has a different substrate and
reaction specificity. As observed for PDC, mentioned
above, neither the C2 deprotonation (Table 2) is rate
limiting. The crystal structure of TK [34,35] shows
t~at an important interaction is made by the NI' of
the pyrimidine ring, which is hydrogen bonded to the
side chain of glutamate 418. The mutation of this
glutamate to alanine results in an enzyme with only

Table 2
P~udo-first-order rate constant of deprotonation of C2 of thialnin diphosphate in free and transketolase-bound coenzyme in 50 mM
phosphate buifer, pH 7.0, at 4°C

~nlple

Fr~~ thian1in diphosphate
f ree -l' -desamino-thiamin diphosphate
Free ~ I 'C-substituted thialnin diphosphate
Transketolase (wild type)
Transketolase E418A mutant
Transketolase H481A mutant
Transketolase recolnbined with 4'-desan1Ü10-thiamin diphosphate
T ransketolase reconlbined with NI' -C-substituted thiamin diphosphate

Rate constant (S-1)

(3.0±0.I)X 10-3

(3.2 ± 0.1) X 10-3

(1.6 ± 0.1) X 10-4

61 ±2
(3.7 ±0.1) X 10-1

61 ±2
(9.5 ± 0.1) X 10-5

(1.6 ± 0.2) X 10-4
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0.1%oftheactivitymeasuredforthewildtypeen­
zymeandaslowH/Dexchangerate(Table2).In
ordertounravelthefunctionofboththe4'-amino
groupandtheNI'ofthecoenzymeinTK,the
apoenzymewasrecombinedwitheitherthe
DAThDPortheN3ThDPanalogue.Bothmodifica­
tionsofThDPresultininactiveenzymesandina
markedlydecreasedH/DexchangerateofC2-H
comparedwiththeenzymecontainingthenatural
coenzyme(Table2).Structuralchangesofthecorre­
spondingholoenzymecomplexescontainingtheana­
logueswerenotdetectablebyX-raycrystallography
[36].Thisestablishestheessentialfunctionofboth
the4'-aminogroupandtheNI'inthedeprotonation
step.Ithasbeenarguedthatneithertheglutamate­
NI'interaction,northe4'-aminogroupcontribute
significantlytotheactivationofThDP,butrathera
baseintheactivesitedeprotonatestheC2[8,9].The
mutationoftheclosestbasetoC2ofThDPinTK,
H481A,doesnotaltertherateofdeprotonation(Ta­
ble2).Therefore,amechanismassuminghistidine
481asthebaseforC2protonabstraction[34]can
beruledout.

Identicalcoenzymebindingandnostructural
changesoftheprotein,componentaredetectable
forthemutantenzymesandthecomplexesofTK
withthecoenzymeanaloguesbyX-raycrystallogra­
phy[36,37].Therefore,inthecaseofTKitcanbe
ruledoutsofarthatthedifferencesintheH/Dex­
changeratesarearesultofadifferentsolventacces­
sibilityofabaseinvolvedintheprotonabstraction
mechanismofThDP.

3.3.Deprotonationrate01theC201ThDPinthe
pyruvatedehydrogenasemultienzymecomplex
IromE.coli

InthePDHc,theThDPcontainingEIcomponent

catalyzestheratelimitingstepoftheoverallreaction
[38,39]and,therefore,presentsanidealtargetfor
regulation.TheH/Dexchangeexperimentswerecar-~

riedoutataproteinconcentrationof20mgPDHcl
mlandinthepresenceofequimolaramountsof
ThDP(100~M)becauseofthereversiblebinding
ofThDPtothecomplex.Asmallamountoffree
ThDPwithaveryslowexchangerate(3X10-3s-l
atpH7.0and4°C)existsinthereactionmixture
undertheseconditions.Therefore,theratioofthe
integralintensitiesoftheC2-HsignalandtheC6'-
HsignalaftercompletionoftheexchangeatC2of
theenzyme-boundThDPinD20/H20ata1:1ratio
differsfromtheexpectedvalueof1:2.Thisdifference
wasconsideredinthecalculationofthepseudo-first­
order~ateconstantoftheC2-H~eproton~tionof(~

ThDPInthePDHc(16±5s-l).ThlSvalueISabove
thecatalyticconstantof2S-latpH7.0and4°Cfor
eachactivesite.oftheEIcomponent.

3.4.Deprotonationrate01theC201ThDPinthe
phosphatedependentpyruvateoxidaseIrom
L.plantarum

ThePOXholoenzymecatalyzestheoxidativede­
carboxylationofpyruvateunderformationofacetyl­
phosphate,CO2andH202inthepresenceofoxygen
andphosphate[40-42].Eachsubunitofthehomote­
tramericPOXbindsoneFADandoneThDPinthe
presenceofMn2+orMg2+.Inthepresenceofthese
ions,eitherFADorThDPcanformbinarycom­
plexeswiththeapoenzyme[43].Thebinarycom­
plexes,however,areenzymaticallyinactiveinthena-
tiveoveralloxidationreaction.Thedeprotonationof(~
theC2-HofThDPisanin1portantcatalyticstepin
thePOXreaction.ThedeprotonationoftheC2-Hof
ThDPinthePOXholoenzymeasweIlasinthebi-
naryapo-ThDPcomplexwasinvestigatedtostudy

Table3
Pseudo-first-orderrateconstantofdeprotonationofC2ofthiamindiphosphateinfreeandpyruvateoxidase-boundcoenzymeatpH
6.0and4°C

Sampie

Freethiamindiphosphatein50mMphosphatebuffer
Pyruvateoxidaseholoenzymein50mMphosphate.buffer
PyruvateoxidaseholoenzymeinbufferfreesolutionatpH6.0andsameionicstrength
Pyruvateoxidaseholoenzymerecombinedwith5-carba-5-deaza-FADin50mMphosphatebuffer
Apo-thiamindiphosphatecomplexin50mMphosphatebuffer

Rateconstant(s-l)

(9.5±0.4)X10-4

314±12'"
20±0.8
8±0.3

(1±0.05)X10-2
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0.1% of the activity measured for the wild type en­
zyme and a slow H/D exchange rate (Table 2). In
order to unravel the function of both the 4' -amino
group and the NI' of the coenzyme in TK, the
apoenzyme was recombined with either the
DAThDP or the N3ThDP analogue. Both modifica­
tions of ThDP result in inactive enzymes and in a
markedly decreased H/D exchange rate of C2-H
compared with the enzyme containing the natural
coenzyme (Table 2). Structural changes of the corre­
sponding holoenzyme complexes containing the ana­
logues were not detectable by X-ray crystallography
[36]. This establishes the essential function of both
the 4' -amino group and the NI' in the deprotonation
step. It has been argued that neither the glutamate­
NI' interaction, nor the 4'-amino group contribute
significantly to the activation of ThDP, but rather a
base in the active site deprotonates the C2 [8,9]. The
mutation of the closest base to C2 of ThDP in TK,
H481A, does not alter the rate of deprotonation (Ta­
ble 2). Therefore, a mechanism assuming histidine
481 as the base for C2 proton abstraction [34] can
be ruled out.

Identical coenzyme binding and no structural
changes of the protein con1ponent are detectable
for the mutant enzymes and the complexes of TK
with the coenzyme analogues by X-ray crystallogra­
phy [36,37]. Therefore, in the case of TK it can be
ruled out so far that the differences in the H/D ex­
change rates are a result of a different solvent acces­
sibility of a base involved in the proton abstraction
n1echanism of ThDP.

3.3. Deprotonation rate 0/ the C2 0/ ThDP in the
pyruvate dehydrogenase multienzyme complex
/rom E. coli

In the PDHc, the ThDP containing EI component

catalyzes the rate limiting step of the overall reaction
[38,39] and, therefore, presents an ideal target for
regulation. The H/D exchange experiments were car-
ried out at a protein concentration of 20 mg PDHcl
ml and in the presence of eqllin10lar amounts of
ThDP (100 ~M) because of the reversible binding
of ThDP to the con1plex. A small amount of free
ThDP with a very slow exchange rate (3 X 10-3 s-l
at pH 7.0 and 4°C) exists in the reaction mixture
under these conditions. Therefore, the ratio of the
integral intensities of the C2-H signal and the C6'-
H signal after completion of the exchange at C2 of
the enzyme-bound ThDP in D20/H20 at a 1: 1 ratio
differs from the expected value of 1:2. This difference
was considered in the calculation of the pseudo-first­
order rate constant of the C2-H deprotonation of (I
ThDP in the PDHc (16±5 s-l). This value is above
the catalytic constant of 2 S-l at pH 7.0 and 4°C for
each active site of the EI component.

3.4. Deprotonation rate 0/ the C2 0/ ThDP in the
phosphate dependent pyruvate oxidase /rom
L. plantarum

The POX holoenzyme catalyzes the oxidative de­
carboxylation of pyruvate under formation of acetyl­
phosphate, CO2 and H20 2 in the presence of oxygen
and phosphate [40-42]. Each subunit of the homote­
trameric POX binds one FAD and one ThDP in the
presence of Mn2+ or Mg2+. In the presence of these
ions, either FAD or ThDP can form binary com­
plexes with the apoenzyme [43]. The binary com­
plexes, however, are enzymatically inactive in the na-
tive overall oxidation reaction. The deprotonation of (~
the C2-H of ThDP is an Ü11portant catalytic step in
the POX reaction. The deprotonation of the C2-H of
ThDP in the POX holoenzyme as weIl as in the bi­
nary apo-ThDP complex was investigated to study

Table 3
Pseudo-first-order rate constant of deprotonation of C2 of thiamin diphosphate in free and pyruvate oxidase-bound coenzyme at pH
6.0 and 4°C

SampIe

Free thiamin diphosphate in 50 mM phosphate buffer
Pyruvate oxidase holoenzyme in 50 mM phosphate buffer
Pyruvate oxidase holoenzyme in buffer free solution at pH 6.0 and same ionic strength
Pyruvate oxidase holoenzyme recombined with 5-carba-5-deaza-FAD in 50 mM phosphate buffer
Apo-thiamin diphosphate complex in 50 mM phosphate buffer

Rate constant (s-l)

(9.5 ±0.4) X 10-4

314±12 ,
20 ±0.8

8±0.3
(1 ± 0.05) X 10-2
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theroleofbothcoenzymesinthisreaction.APOX
holoenzymewherenativeFADwassubstitutedby
theanalogue5-dFAD,incapableofcarryingoutrap­
idredoxreactionswasalsoinvestigated.

AsshowninTable3,theH/Dexchangerateofthe
C2-HofThDPinthebinaryapo-ThDPcomplexis
veryslowandwouldnotallowacatalysisatthe
observedrate.FADbindingtothisbinarycomplex
acceleratesthisratebyfourordersofmagnitude
comparedtothatoffreeThDP(Table3).Itexceeds)
thecatalyticconstantof2S-lat4°Cofthisenzyme.
ThisfastH/Dexchangeinthenativeholoenzyme
doesnotappeartobemediatedbyadirectinterac­
tionoftheFADwiththeC2-Hoftheenzyme-bound
ThDP,butratherbyinteractionswithfunctional
groupsoftheproteinthatareoperativeonlyinthe
POX-FAD-ThDPternarycomplex.Inthecrystal
structure,thedistanceoftheclosestFADatomto
C2-HofThDPis11A[44,45].Basedonthestruc­
turalhomologyoftheThDPbindingsitetoother
ThDPenzymes,itmaybeassulnedthatglutalnate
59istheresiduemediatingthisactivationinPOX
byinteractingwiththeNI'ofThDP.Thiswould
beinanalogytoPDCandTK,wherethesame
typeofinteractionoccurs.Thisinterpretationiscon­
sistentwiththeobservationthatintheternarycom­
plexwith5-dFADtherateofH/Dexchangeof
ThDPisonlymarginallyreducedcomparedtothe
nativeholoenzyme(Table3).

Interestingly,thesecondsubstratephosphatein­
creasestherateoftheH/DexchangeofThDPin
theholoenzymebyfurther16-foldcomparedto
thatmeasuredinaphosphatefreebuffer(Table3).
Thissubstantialincreaseinrateobservedinthepres­
\,.:lceofphosphatecannotbeinterpretedinmolecular
detailsatpresent.

·tConclusions

Thedatapresentedinthisworkprovideaconsis­
....:ntmodelfortheactivationofThDPinThDPde­
pendentenzymes.ThedirectlydeterminedhighH/D
exchangeratesoftheenzyme-boundThDPinthe
....,>~nceofthesubstratesshowthataconcerted
mechanism[8]doesnothavetobeassumedtoex­
plainThDPcatalysis.Inaddition,thedatashowthat
u.~:\1'atomandthe4'-aminogroupofThDPare

essentialfortheactivationofThDP.Afastdeproto­
nationofC2requiresaninteractionofaconserved
acidicgroupwiththeNI'atomofthepyrimidine
ringofThDP,leadingtotautomerizationofthe4'­
aminogroup,therebyenhancingthebasicityofthe
aminonitrogen.
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the role of both coenzymes in this reaction. A POX
holoenzyme where native FAD was substituted by
the analogue 5-dFAD, incapable of carrying out rap­
id redox reactions was also investigated.

As shown in Table 3, the H/D exchange rate of the
C2-H of ThDP in the binary apo-ThDP complex is
very slow and would not allow a catalysis at the
observed rate. FAD binding to this binary complex
accelerates this rate by four orders of magnitude
compared to that of free ThDP (Table 3). It exceeds
the catalytic constant of 2 S-l at 4°C of this enzyme.
This fast H/D exchange in the native holoenzyme
does not appear to be mediated by a direct interac­
tion ofthe FAD with the C2-H ofthe enzyme-bound
ThDP, but rather by interactions with functional
groups of the protein that are operative only in the
POX-FAD-ThDP ternary complex. In the crystal
structure, the distance of the closest FAD atom to
C2-H of ThDP is 11 A [44,45]. Based on the struc­
tural homology of the ThDP binding site to other
ThDP enzymes, it nlay be assumed that glutalnate
59 is the residue mediating this activation in POX
by interacting with the NI' of ThDP. This would
be in analogy to PDC and TK, where the same
type of interaction occurs. This interpretation is con­
sistent with the observation that in the ternary com­
plex with 5-dFAD the rate of H/D exchange of
ThDP is only marginally reduced compared to the
native holoenzyme (Table 3).

Interestingly, the second substrate phosphate in­
creases the rate of the H/D exchange of ThDP in
the holoenzyme by further 16-fold compared to
that measured in a phosphate free buffer (Table 3).
This substantial increase in rate observed in the pres­
\,. :lce of phosphate cannot be interpreted in molecular
details at present.

·t Conclusions

The data presented in this work provide a consis­
...:nt model for the activation of ThDP in ThDP de­
pendent enzymes. The directly determined high H/D
exchange rates of the enzyme-bound ThDP in the
.... , -,,~nce of the substrates show that a concerted
mechanism [8] does not have to be assumed to ex­
plain ThDP catalysis. In addition, the data show that
~~ :\1' atom and the 4'-amino group of ThDP are

essential for the activation of ThDP. A fast deproto­
nation of C2 requires an interaction of a conserved
acidic group with the NI' atom of the pyrimidine
ring of ThDP, leading to tautomerization of the 4'­
amino group, thereby enhancing the basicity of the
amino nitrogen.

Acknowledgements

We thank St. König for help in enzyme prepara­
tion, J. Brauer and B. Seliger for technical assistance.
This work was supported by the Deutsche For­
schungsgemeinschaft and the Fonds der chemischen
Industrie.

References

[1] R. Breslow, Ann. NY Acad. Sci. 98 (1962) 445-452.
[2] J. Crosby, G.E. Lienhard, J. Am. Chern. Soc. 92 (1970)

5707-5716.
[3] D.S. Kemp, J.T. O'Brien, J. Am. Chern. Soc. 92 (1970)

2554-2555.
[4] R. Kluger, Chern. Rev. 87 (1987) 863-876.
[5] M.W. Washabaugh, W.P. Jencks, Biochernistry 27 (1988)

5044-5053.
[6] A. Schellenberger, Angew. Chern. lnt. Ed. Engl. 6 (1967)

1024-1035.
[7] D.R. Petzold, Stud. Biophys. 54 (1976) 159-162.
[8] E.J. Crane, J.A. Vaccaro, M.W. Washabaugh, J. Am. Chern.

Soc. 115 (1993) 8912-8917.
[9] T.K. Harris, M.W. Washabaugh, Biochernistry 34 (1995)

13994-14000; ibid. 14001-14011.
[10] D. Kern, G. Kern, H. Neef, K. TittInann, M. Killenberg­

Jabs, Ch. Wikner, G. Schneider, G. Hübner, Science 275
(1997) 67-70.

[11] G. Lu, D. Dobritzsch, St. König, G. Schneider, FEBS Lett.
403 (1997) 249-253.

[12] M. Killenberg-Jabs, St. König, l. Eberhardt, St. Hohrnann,
G. Hübner, Biochernistry 36 (1997) 1900-1905.

[13] M. Reynen, H. Sahrn, J. Bacteriol. 170 (1988) 3310-3313.
[14] St. König, A. Schellenberger, H. Neef, G. Schneider, J. Biol.

Chern. 269 (1994) 10879-10882.
[15] C. Wikner, Thesis, Karolinska lnsitutet, Stockholm, 1997.
[16] P. Strittmatter, J. Biol. Chern. 236 (1961) 2329-2335.
[17] B. Sedewitz, K.H. Schleifer, F. Götz, J. Bacteriol. 160 (1984)

273-278.
[18] H. Bisswanger, J. Biol. Chern. 256 (1981) 815-822.
[19] H. Neef, K.D. Kohnert, A. Schellenberger, J. Pract. Chern.

315 (1973) 701-710.
[20] A. Schellenberger, K. Wendler, P. Creutzburg, G. Hübner,

Hoppe Seyler's Z. Physiol. Chern. 348 (1967) 501-505.



2280:.Hübneretal./BiochimicaetBiophysicaActa1385(1998)221-228

[21]R.Spencer,J.Fisher,C.Walsh,Biochemistry15(1976)
1043-1053.'

[22]D.J.Manstein,E.Pai,L.M.Schopfer,V.Massey,Biochern­
istry25(1986)6807-6816.

[23]S.Bringer-Meyer,K.L.Schrniz,H.Sahrn,Arch.Microbiol.
146(1986)105-110.

[24]F.Dyda,W.Furey,S.Swarninathan,M.Sax,B.Farren­
kopf,F.Jordan,Biochernistry32(1993)6165-6170.

[25]P.Arjunan,T.Umland,F.Dyda,S.Swalninathan,W.
Furey,M.Sax,B.Farrenkopf,Y.Gao,D.Zhang,F.Jor­
dan,J.Mol.Biol.256(1996)590-600.

[26]A.ScheHenberger,Chern.Ber.123(1990)1489-1494.
[27]R.Golbik,H.Neef,G.Hübner,St.König,L.Meshalkina,

G.A.Kochetov,A.ScheHenberger,Bioorg.Chern.19(1991)
10-17.

[28]A.ScheHenberger,G.Hübner,H.Neef,MethodsEnzyrnol.
279(1997)131-146.

[29]A.ScheHenberger,G.Hübner,Biochern.Educ.13(1985)
160--163.

[30]G.Schneider,Y.Lindqvist,Bioorg.Chern.21(1993)109­
117.

[31]F.Jordan,Y.H.Mariam,J.Am.Chern.Soc.100(1978)
2534-2541.

[32]F.Jordan,G.Chen,S.Nishikawa,B.S.Wu,Ann.NYAcad.
Sci378(1982)14-31.

[33]J.Koga,Biochim.Biophys.Acta1249(1995)1-13.

[34]Y.Lindqvist,G.Schneider,U.Errnler,M.Sundström,
EMBOJ.11(1992)2373-2379.

[35]M.Nikkola,Y.Lindqvist,G.Schneider,J.Mol.Biol.238
(1994)387--404.

[36]St.König,A.Schellenberger,H.Neef,G.Schneider,J.Biol.
Chern.269(1994)10879-10882.

[37]Ch.Wikner,L.Meshalkina,U.Nilsson,Y.Lindqvist,M.
Sundström,G.Schneider,J.Biol.Chern.269(1994)32144­
32150.

[38]D.L.Bates,M.J.Danson,G.HaIe,E.A.Hooper,R.N.Per­
harn,Nature268(1977)313-316.

[39]S.K.Akiyarna,G.G.Hammes,Biochemistry19(1980)4208­
4213.

[40]B.Sedewitz,K.H.Schleifer,F.Götz,J.Bacteriol.160(1984)
273-278.

[41]B.Sedewitz,K.H.Schleifer,F.Götz,J.Bacteriol.160(1984)
462--465.

[42]F.Götz,B.Sedewitz,in:H.Bisswanger,J.Ullrich(Eds.),
BiochernistryandPhysiologyofThiaminDiphosphateEn-f zyrnes,VerlagVCH,Weinheim,1991,pp.286--293.

[43]B.Risse,G.Sternpfer,R.Rudolph,H._Möllering,R.Jae­
nicke,ProteinSci.1(1992)1699-1709.

[44]Y.A.MuHer,G.E.Schulz,Science259(1993)965-967.
[45]Y.A.MuHer,G.Schurnacher,R.Rudolph,G.E.Schulz,

J.Mol.Biol.237(1994)315-333.

-~

228 0.. Hübner et al.l Biochimica et Biophysica Acta 1385 (1998) 221-228

[21] R. Spencer, J. Fisher, C. Walsh, Biochemistry 15 (1976)
1043-1053.

[22] DJ. Manstein, E. Pai, L.M. Schopfer, V. Massey, Biochern­
istry 25 (1986) 6807-6816.

[23] S. Bringer-Meyer, K.L. Schrniz, H. Sahrn, Arch. Microbiol.
146 (1986) 105-110.

[24] F. Dyda, W. Furey, S. Swarninathan, M. Sax, B. Farren­
kopf, F. Jordan, Biochernistry 32 (1993) 6165-6170.

[25] P. Arjunan, T. Umland, F. Dyda, S. Swarninathan, W.
Furey, M. Sax, B. Farrenkopf, Y. Gao, D. Zhang, F. Jor­
dan, J. Mol. Biol. 256 (1996) 590-600.

[26] A. Schellenberger, Chern. Ber. 123 (1990) 1489-1494.
[27] R. Golbik, H. Neef, G. Hübner, St. König, L. Meshalkina,

G.A. Kochetov, A. Schellenberger, Bioorg. Chern. 19 (1991)
10-17.

[28] A. Schellenberger, G. Hübner, H. Neef, Methods Enzyrnol.
279 (1997) 131-146.

[29] A. Schellenberger, G. Hübner, Biochern. Educ. 13 (1985)
160-163.

[30] G. Schneider, Y. Lindqvist, Bioorg. Chern. 21 (1993) 109­
117.

[31] F. Jordan, Y.H. Mariam, J. Am. Chern. Soc. 100 (1978)
2534--2541.

[32] F. Jordan, G. Chen, S. Nishikawa, B.S. Wu, Ann. NY Acad.
Sci 378 (1982) 14--31.

[33] J. Koga, Biochirn. Biophys. Acta 1249 (1995) 1-13.

[34] Y. Lindqvist, G. Schneider, U. Errnler, M. Sundström,
EMBO J. 11 (1992) 2373-2379.

[35] M. Nikkola, Y. Lindqvist, G. Schneider, J. Mol. Biol. 238
(1994) 387--404.

[36] St. König, A. Schellenberger, H. Neef, G. Schneider, J. Biol.
Chern. 269 (1994) 10879-10882.

[37] Ch. Wikner, L. Meshalkina, U. Nilsson, Y. Lindqvist, M.
Sundström, G. Schneider, J. Biol. Chern. 269 (1994) 32144­
32150.

[38] D.L. Bates, M.J. Danson, G. Haie, E.A. Hooper, R.N. Per­
harn, Nature 268 (1977) 313-316.

[39] S.K. Akiyarna, G.G. Hammes, Biochemistry 19 (1980) 4208­
4213.

[40] B. Sedewitz, K.H. Schleifer, F. Götz, J. Bacteriol. 160 (1984)
273-278.

[41] B. Sedewitz, K.H. Schleifer, F. Götz, J. Bacteriol. 160 (1984)
462--465.

[42] F. Götz, B. Sedewitz, in: H. Bisswanger, J. Ullrich (Eds.),
Biochernistry and Physiology of Thiamin Diphosphate En- f
zyrnes, Verlag VCH, Weinheim, 1991, pp. 286--293.

[43] B. Risse, G. Sternpfer, R. Rudolph, H. Möllering, R. Jae­
nicke, Protein Sci. 1 (1992) 1699-1709.

[44] Y.A. Muller, G.E. Schulz, Science 259 (1993) 965-967.
[45] Y.A. Muller, G. Schurnacher, R. Rudolph, G.E. Schulz,

J. Mol. Biol. 237 (1994) 315-333.


	Text1: 
	Text2: 
	Text3: 
	Text4: 
	Text5: 
	Text6: 
	Text7: 
	Text8: 
	Text9: 
	Text10: 
	Text11: First publ. in: Biochimica et Biophysica Acta / Protein Structure and Molecular Enzymology, 1385 (1998), 2, pp. 221-228
	Text12: Konstanzer Online-Publikations-System (KOPS)
URL: http://www.ub.uni-konstanz.de/kops/volltexte/2008/5283/
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-52833
	Text14: 


