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3 Zusammenfassung

ZUSAMMENFASSUNG

Im Gegensatz zu Escherichia coli kann Klebsiella pneumoniae unter anaeroben

Bedingungen mit Citrat als einziger Kohlenstoff- und Energiequelle leben. Unter

diesen Bedingungen werden einige spezifische Enzyme exprimiert: ein Natrium

abhängiger Citrat Transporter, eine Citrat Lyase und eine Oxalacetat Decarboxylase

Natriumpumpe. Das als letztes genannte Enzym nutzt die frei werdende

Decarboxylierungs-Energie direkt zum Aufbau eines elektrochemischen Na+-

Gradienten. Das Enzym besteht aus drei verschiedenen Untereinheiten. Die periphere

a-Untereinheit mit der prostetischen Gruppe Biotin ist durch die Zink enthaltende 7-

Untereinheit an die membrangebundene ß-Untereinheit gebunden. Letztere ist für die

Natrium-Translokation verantwortlich. Die Topologie der ß-Untereinheit wurde mit

verschiedenen, sich ergänzenden Analysemethoden bestimmt. Viele für die

Ionentranslokation wichtige Aminosäurereste wurden via zielgerichteter Mutagenese

identifiziert. Die ß-Untereinheit katalysiert die Decarboxylierung von Carboxybiotin,

welches von der Carboxyltransferase auf der a-Untereinheit gebildet wird. Die

Decarboxylierung ist direkt mit dem Transport von 2 Natriumionen in das Periplasma

gekoppelt. Dabei wird aus dem Periplasma ein Proton verbraucht, welches die

Membran in die entgegengesetzte Richtung durchquert.

Im ersten Teil dieser Arbeit wurden die Interaktion zwischen den zwei Domänen der

a-Untereinheit und zwischen den Domänen der a-Untereinheit und der 7-Untereinheit

untersucht. Die zwei Domänen der a-Untereinheit haben keine ausgeprägte Affinität

zueinander und können darum nicht mittels Avidin-Sepharose als eine Einheit

gereinigt werden. Trotzdem arbeiten die zwei Domänen zusammen, indem sie den

Carboxyltransfer von Oxalacetat zum Protein gebundenen Biotin katalysieren. Diese

Reaktion verläuft in Anwesenheit der Zink enthaltenden 7-Untereinheit sechs Mal

schneller. Experimente mit modifizierten Enzymen zeigten, dass die C-terminale,

biotinhaltige Domäne, und nicht die N-terminale Carboxyltransferase Domäne der a-

Untereinheit, einen Komplex mit der 7-Untereinheit bildet. Die Mutante, bei der das

Histidin an Stelle 78 in der 7-Untereinheit gegen ein Alanin ausgetauscht wurde,
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verlor die Affinität zur a-Untereinheit. Dies zeigte, dass diese Aminosäure für die

Bildung des ganzen Oxalacetat Decarboxylase Komplexes wichtig sein könnte.

Mittels Punkt- und Deletionsmutagenese wurden die Aminosäurereste identifiziert,

welche für die Bindung des Zink-Ions wichtig sind. Der Zinkgehalt der 7D62A und

7H77A Mutanten sank auf 35 %bzw. 10 %im Vergleich zum Wild-typ Enzym. Nur

noch 5 %Zink des Wild-typ Enzyms wurde in der Mutante gefunden, bei der die zwei

letzten Aminosäuren am C-Terminus (H82 und P83) deletiert wurden. Entsprechend

dem Zinkgehalt der Mutanten waren korrelierend dazu auch die Oxalacetat

Decarboxylase Aktivitäten verringert. Diese Resultate zeigten, dass das Aspartat 62,

das Histidin 77 und das Histidin 82 der 7-Untereinheit Liganden für das katalytisch

wichtige Zink sind.

Sequenzvergleiche von ß-Untereinheiten mehrerer Mitglieder der Natrium¬

pumpenden Decarboxylase-Familie zeigten in vielen Segmenten grosse

Ähnlichkeiten. Fusionsproteine, bei denen der C-terminale Teil der ß-Untereinheit der

Oxalacetat Decarboxylase durch äquivalente Proteinfragmente anderer

Natriumpumpen ersetzt wurden, konnten aber nie als vollständige Komplexe gereinigt

werden. Nach Affinitätschromatographie konnte immer nur ein a7-Subkomplex

detektiert werden. Fusionsproteine mit dem C-terminalen Teil der ß-Untereinheit der

Malonat Decarboxylase aus M. rubra waren für E. coli letal. Dies steht in Einklang

mit der Tatsache, dass die ganze Malonat Decarboxylase oder auch nur deren

vollständige ß-Untereinheit aus M. rubra nicht in E.coli exprimiert werden konnte.

Diese Resultate deuten darauf hin, dass der C-terminale Bereich der ß-Untereinheit

der Oxalacetat Decarboxylase für die Faltung sehr wichtig ist und dass die

verwandten Enzyme nicht so ähnlich sind, dass man diesen Teil ersetzen könnte.

Zielgerichtete Mutagenese an der ß-Untereinheit führte in früheren Studien zur

Identifizierung hochkonservierer Reste, die für Bindung und Translokation von

Natrium und Protonen essentiell sind. Daraus folgte auch ein Modell für den

Mechanismus zur Kopplung zwischen Ionentranslokation und Oxalacetat

Decarboxylierung. Sorgfältige Kinetikstudien an bereits vorhandenden Mutanten in

dieser Arbeit führte zu einem tieferen Verständnis für den Mechanismus dieser

Natriumpumpe und zu einem neuen, sehr durchdachten Kopplungsmechanismus für



5 Zusammenfassung

die Natrium pumpende Carboxybiotin Decarboxylase. Asp203 in der Region lila und

Asn373 in der Helix VIII bilden das Zentrum I, und Tyr229 auf der Helix IV und

Ser382 in Helix VIII das Zentrum II. Während einem Katalysenzyklus bindet das

erste Natrium Ion leicht an das Zentrum I mit einem deprotonierten Aspartat und das

zweite Natrium ersetzt das Proton von Tyr229 im Zentrum II und leitet so den

Decarboxylierungsschritt ein. Früher dachte man, das Ser382 werde deprotoniert.

Doch auf Grund von verschiedenen Hinweisen ist es viel wahrscheinlicher, dass das

Tyr229 diese Rolle übernimmt. Die Mutante S382A kann bei sehr hohen Natrium

Konzentrationen Oxalacetat ziemlich schnell decarboxylieren. Dies spricht sehr stark

dagegen, dass diese Aminosäure während einem Katalysenzyklus deprotoniert wird.

Auf Grund der Daten dieser Arbeit denken wir, dass das Ser382 seine

Hydroxylgruppe dafür braucht, das Natrium in der Bindungstasche zu koordinieren

und dass das Tyr229 deprotoniert/protoniert wird und zusätzlich an der

Natriumbindung beteiligt ist. Zusätzlich wurde das Arg389 als wichtiger Rest für die

Decarboxylierung von Carboxybiotin identifiziert.
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SUMMARY

Klebsiella pneumoniae is able to grow anaerobically on citrate as sole carbon and

energy source. Under these conditions it synthesizes a set of specific enzymes, i.e. a

Na+ dependent citrate carrier, a citrate lyase and an oxaloacetate decarboxylase Na+

pump. The latter membrane bound enzyme utilizes the resulting free energy of

decarboxylation to generate an electrochemical Na+ gradient over the membrane. The

oxaloacetate decarboxylase consists of three subunits: a, ß, and 7. The peripheral a-

subunit harboring the biotin prosthetic group is attached via the Zn2+ containing 7-

subunit to the membrane bound ß-subunit. The topology of the ß-subunit has been

elucidated by different methods, and amino acids important for ion translocation have

been identified by site-directed mutagenesis studies. The ß-subunit catalyzes the

decarboxylation of carboxybiotin, which was formed by the carboxyltransferase

reaction on the a-subunit. The decarboxylation is coupled to the transport of 2 Na+

ions into the periplasm, and one periplasmic proton, which crosses the membrane in

the opposite direction is consumed at the cytoplasmic side in the decarboxylation

event.

In this work, we probed interactions between the two domains of the a-subunit and

between a-subunit domains and the 7-subunit. The two a-subunit domains had no

distinct affinity towards each other and could therefore not be purified as a unit on

avidin-Sepharose. The two domains reacted together catalytically, however,

performing the carboxyltransfer from oxaloacetate to protein-bound biotin. This

reaction was enhanced up to 6-fold in the presence of the Zn2+ containing 7-subunit.

Based on copurification with different tagged proteins, the C-terminal biotin domain

but not the N-terminal carboxyltransferase domain of the a-subunit formed a strong

complex with the 7-subunit. Upon mutating 7His78 to alanine the binding affinity to

subunit a was lost indicating that this amino acid may be essential for formation of

the oxaloacetate decarboxylase enzyme complex. The binding residues for the Zn2+

metal ion were identified by site-directed and deletion mutagenesis. In the 7D62A or

7H77A mutant, the Zn2+ content of the decarboxylase decreased to 35% or 10% of the



7 Summary

wild-type enzyme, respectively. Less than 5% of the Zn
+

present in the wild-type

enzyme was found if the two C-terminal 7-subunit residues H82 and P83 were

deleted. Corresponding with the reduced Zn2+ contents in these mutants, the

oxaloacetate decarboxylase activities were diminished. These results indicate that

aspartate 62, histidine 77 and histidine 82 of the 7-subunit are ligands for the

catalytically important Zn2+ metal ion.

Sequence alignments of ß-subunits of different members of the Na+ pumping

decarboxylases revealed striking similarities. Fusion proteins composed of the N-

terminal part of the ß-subunit of the oxaloacetate decarboxylase and C-termini of

other decarboxylase sodium pumps could not be purified as a whole complex. After

purification by monomeric avidin-Sepharose chromatography, only a7-subcomplexes

could be detected by SDS-PAGE analysis. Chimeras containing the C-terminal

domain of the ß-subunit of M. rubra were lethal for E. coli. This is in agreement with

the observation that neither the entire malonate decarboxylase nor the ß-subunit of M.

rubra cauld be synthesized in E. coli. These results showed the importance of the C-

terminal region of the ß-subunit of the oxaloacetate decarboxylase for intact protein

folding and that this region cannot be substituted by regions from homologous

proteins.

Conserved amino acids in the ß-subunit of the oxalacetate decarboxylase that are

important for binding and translocation of sodium ions and protons through the

membrane have been identified. From these and other results, a model for the

coupling mechanism between ion translocation and oxaloacetate decarboxylation was

proposed. In this study, careful kinetic analyses with existing mutants resulted in

deeper understanding of the mechanism of this sodium pump and revealed a highly

sophisticated coupling mechanism for the carboxybiotin decarboxylase Na+ pump

OadB. D203 in region Ilia and N373 on helix VIII are forming center I, and Y229 in

helix IV and S382 in helix VIII center II. In a catalytic cycle, the first Na+ binds

readily to center I with the unprotonated D203. The second Na+ easily displaces the

proton from Y229 on center II and thus initiates the decarboxylation step. Previously,

S3 82 was thought to dissociate, but in view of a number of new considerations, Y229

is the more likely candidate. The observation that the S382A enzyme is still capable
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of decarboxylation of oxaloacetate at reasonable rates, albeit at very high Na+

concentrations, makes this residue an unlikely candidate for H+ donation. Based on

the data obtained in this work, we propose that S3 82 is providing its hydroxyl group

to coordinate Na+ in the binding pocket and that Y229 is involved in the

protonation/deprotonation and the Na+ binding cycle. Additionally, R389 has been

identified as an important residue for the decarboxylation of the carboxybiotin.
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CHAPTER1

General Introduction

1.1. Different types of enzyme-catalyzed decarboxylation reactions

Decarboxylases catalyze the cleavage of carbon-carbon bonds, whereby one

partner of the reaction is either bicarbonate or carbon dioxide. Most of the enzymes

catalyzing these reactions are listed in "Enzyme Nomenclature" (1992) as "carboxy

lyases" (EC 4.1.1.) (Webb, 1992). The decarboxylation reaction can be specified

generally as the conversion of a carboxylate anion attached to an sp3 center of an

organic compound into CO2 and an sp2 center. This can be achieved by different

mechanisms. They differ in the stabilization of the negative charge at the sp center,

the further fate of the sp2 center and, if applicable, by the formation of the sp3 center

before the decarboxylation step.

1.1.1. Decarboxylation by ß-elimination

In decarboxylation by ß-elimination, the negative charge is removed by the

elimination of a leaving group in the ß-position. One example is the mevalonate

pyrophosphate decarboxylase (EC 4.1.1.33) in the cholesterol biosynthesis pathway,

which decarboxylates (/?)-5-diphosphomevalonate-3-phosphate to inorganic

phosphate and isopentenyldiphosphate.

coo

CH2

I
HO—C —CH3

CH2

CH2

0P206H2

ATP ADP

i* .

Mn2

\ S>

coo

A
( CH2

HO^PO—C—CH,

CH2

CH2

OP206H2

C02, HPO42

J-,

CH2

C—CH3

CH2

CH2

OP206tf

V J

Figure 1: Decarboxylation of 5-pyrophosphomevalonate to isopentenylpyrophosphate
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1.1.2. Decarboxylation of ß-keto acids

In decarboxylation reactions of ß-keto acids, the negative charge is attracted

by a carbonyl in the ß-position. In case of the phosphoenolpyruvate carboxykinase

(EC 4.1.1.32/49), oxaloacetate is decarboxylated and the resulting enolate

subsequently stabilized by phosphorylation. However, mostly the enolate is

protonated to a ketone. Frequent substrates of known decarboxylases are ß-keto acids

and derivatives thereof. In some enzymes the decarboxylation is facilitated by the

condensation of the ß-keto acid with a primary amine, e.g. a lysine residue of the

enzyme, to form a Schiffs base or ß-imino acid, which in the protonated form

neutralizes the developing negative charge. The acetoacetate decarboxylase contains a

specific lysine residue with the unusual low pK of 5 which is involved in a

condensation reaction (Schmidt and Westheimer, 1971).

o

N

H3C CH2—C02H+ RNH2 *=* || + H20

H3C CH2—COO"

H^+^R H R

/> N

^11
N

R

N O

H,0

-C

+ cq, *= II *•

-- i ^\ H,C—C= CH2
..

„^L
-C-

+ RNH2

H3C' Œ2-COO*
^-c-^»2

HjC- -CH2 h,C CH3

Figure 2: Decarboxylation of acetoacetate to acetone via a Schiffs base

Instead of an amine, many decarboxylations of ß-keto acids require divalent metal

ions like Mg2+, Mn2+ or Zn2+, which co-ordinate to the carbonyl oxygen and act as

electron withdrawing Lewis acids like in different oxaloacetate decarboxylases. In the

case of crotonase (enoyl-CoA hydratase, EC 4.1.2.17), the negative charge of the

enolate is stabilized by strong hydrogen bonds with two backbone NHgroups (Haller

et al, 2000).

The sodium ion-translocating decarboxylases described in the next chapter also

belong to these group 2 enzymes. They differ, however, from most decarboxylases,

since prior to the actual Na+ dependent decarboxylation, the carboxylate is transferred

to biotin in a Na+ independent manner.
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1.1.3. Decarboxylation by conversions to ß-keto acid-like structures

Oxalyl-CoA as well as a-keto acids are converted to pseudo ß-imino acids by

reversible addition to thiamine diphosphate prior to decarboxylation. Pyridoxal-5'-

phosphate or a pyruvoyl residue of the protein transiently isomerize a-amino acids to

ß-imino acids, which decarboxylate the amines. ß-Hydroxy acids are oxidized into ß-

keto acids and the consecutive decarboxylation leads to a ketone. An example is the

oxidative decarboxylation of malate with NAD+to pyruvate by the "malic enzymes"

(EC 1.1.1.38/39)

M< Ç NAD(P)+

H—C—H

I
COO

L-malate

Mnf
„

Ç
X » A I NAD(P)H C02

o=c __£.
BH * |

H-f-C—H

COO

oxaloacetate

Mn'

C^

I

c
"CH2

'HA

enol-pyruvate

Mnz

•°^°

O^ CH3

A

pyruvate

Figure 3: A possible catalytic mechanism for malic enzymes. B represents the general base and HA

the general acid which participate in this mechanism (Yang et al., 2000)

Alternatively, the ketone is reduced again by the same enzyme, which requires also

NAD+as cofactor, e.g. UDP-D-glucuronate decarboxylase leading to UDP-D-xylose

(EC 4.1.1.35).

1.1.4. Decarboxylation of aromatic acids

Only aromatic carboxylic acids, which contain a hydroxyl group in the ortho-

or para-position, are decarboxylated. This is due to the fact, that a sp center with the

attached carboxyl group has to be protonated in order to obtain the required Reenter.

An example is 6-methylsalicylate, which is able to tautomerize to the ß-keto acid.

Rearomatisation by decarboxylation and protonation by the 6-methylsalicylate

decarboxylase (EC 4.1.1.52) leads to m-cresol.

CH3 CH3
^

J^C0°
CH3

OH
kAç H+

CO,

Figure 4: Decarboxylation of 6-methylsalicylate to m-cresol
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1.1.5. Unusual decarboxylations

Anaerobic bacteria are able to decarboxylate "difficult" substrates as p-

hydroxyphenylacetate to p-cresol (D'Ari and Barker, 1985) or phenylacetate to

toluene (Pons et al., 1984). These reactions cannot be described by the mechanisic

schemes described above. It has been proposed that the electron donating phenolate

anion of p-hydroxyphenylacetate requires a reversion of polarity by transient

oxidation to an electron attracting phenoxy radical. It is not known yet whether the

enzyme contains FADand ion-sulfur clusters. Decarboxylation of this radical species

yields the ketyl radical anion, which is protonated and reduced to the p-cresolate

anion (Buckel and Golding, 1999).

COO

~N
H+

OH

p-Hydroxyphenylacetate

COO

rr.
FAD FAD | C02

O" o*

COO

FAD FAD H+

u.

Figure 5: Proposed mechanism of the decarboxylation of/7-hydroxyphenylacetate

1.2. Membrane bound Na+ translocating decarboxylases

In a special subgroup of group 2 decarboxylases mentioned above, the

decarboxylation reaction is coupled to sodium-ion extrusion across the membrane.

The created electrochemical sodium gradient is used for energy-consuming reactions,

either directly or after conversion into a H+ gradient.

The free energy of a decarboxylation reaction is rather low (AG = -17 to -25 kJ/mol)

and makes up only approximatly one third of the energy required for the synthesis of
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ATP under physiological conditions (ÀG°= +50 to +75 kJ/mol). Therefore,

stoichiometric formation of ATP cannot proceed via substrate-level phosphorylation

from decarboxylation energy during fermentation of dicarboxylic acids (Thauer et al.,

1977). However, decarboxylation energy can be converted into an electrochemical

potential, which then can serve as energy source for ATP synthesis in a process

known as decarboxylation phosphorylation (Dimroth and Schink, 1998).

Currently, four different members of this family have been described from different

organisms: methylmalonyl-CoA decarboxylase from Veillonella parvula (Huder and

Dimroth, 1993) and Propionigenium modestum (Bott et al, 1997), glutaconyl-CoA

decarboxylase from Acidaminococcus fermentans (Buckel and Semmler, 1983) and

Pelospora glutarica (Matthies and Schink, 1992a), malonate decarboxylase from

Malonomonas rubra (Hilbi et al., 1992) and Rhodobacter capsulatus, and

oxaloacetate decarboxylase from Klebsiella pneumoniae (Stern, 1967), Salmonella

typhimurium (Wifling and Dimroth, 1989), Treponema pallidum (Fraser et al., 1998)

and Archaeoglobus fulgidus (Klenk et al, 1997). AU these enzymes have similar

characteristics: they are localized in the cytoplasmic membrane, are stimulated by

sodium ions, contain biotin as prosthetic group and are inhibited by avidin.

Furthermore, except the malonate decarboxylase, they have similar subunit

compositions, catalytic mechanisms and have been demonstrated to generate a A//Na+.

1.2.1. Methylmalonyl-CoA decarboxylase

Well characterized biotin dependent decarboxylases are the methylmalonyl-

CoA decarboxylases from Veillonella parvula (Huder and Dimroth, 1993) and

Propionigenium modestum (Bott et al, 1997). During succinate fermentation in P.

modestum, the sodium translocating decarboxylase primary pump is the energy-

conserving enzyme. Activation of succinate involves CoA transfer from propionyl-

CoA to succinate, followed by rearrangement of the carbon chain to (R)-

methylmalonyl-CoA and further to (S)-methylmalonyl-CoA, in order to bring the

thioester moiety into ß-position of the carboxylate. (S)-methylmalonyl-CoA is

decarboxylated to propionyl-CoA and propionate is released (Fig. 6). The key enzyme

for energy conservation in this pathway is the membrane-associated methylmalonyl-

CoA decarboxylase, which acts as a primary sodium pump by a direct coupling

mechanism (Hilpert and Dimroth, 1984). Notably, the Na+ gradient established by the

decarboxylase is used in P. modestum directly for ATP synthesis by a Na+ dependent
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ATP synthase (Laubinger and Dimroth, 1988). Hence, in P. modestum the exergonic

decarboxylation reaction and the endergonic ATP synthesis are directly linked by a

Na+ cycle.

The catalyzed reaction of the methylmalonyl-CoA decarboxylase comprizes the

transfer of the carboxyl group from the substrate methylmalonyl-CoA to the biotin

prosthetic group, whereupon cleavage of the carboxybiotin directly generates a

A//Na+. The genes encoding the methylmalonyl-CoA decarboxylases have been

sequenced. In the case of P. modestum, four genes (mmdA-mmdD)encoding subunits

a, ß, y and ô* were identified (Bott et al, 1997), whereas in V. parvula, an additional

gene (rnmdE) encoding the e-subunit has been found (Huder and Dimroth, 1993).

Na+

Figure 6: Succinate metabolism and sodium ion cycle in Propionigenium modestum. The enzymes

involved are: (1) Propionyl-CoA:succinate CoA transferase; (2) Methylmalonyl-CoA mutase; (3)

Methylmalonyl-CoA isomerase; (4) Methylmalonyl-CoA decarboxylase Na+ pump; (5) Na+

translocating ATP synthase; The sodium flux through the membrane is indicated in dashed arrows.

The soluble a-subunit catalyzes the transfer of the carboxyl group of methylmalonyl-

CoA to biotin (Hoffmann et al, 1989). This protein shows a profound sequence

identity to carboxyltransferases of other biotin enzymes with the same substrate

specificity (Huder and Dimroth, 1993; Samols et al, 1988), e.g. the 12 S subunit of
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transcarboxylase from Propionibacterium shermanii (Kraus et al, 1986) or the ß-

subunit of propionyl-CoA carboxylases of various organisms (51-60% identical amino

acids) including from rat liver (Kraus et al, 1986).

The ß-subunits of methylmalonyl-CoA-, glutaconyl-CoA-, malonate-, and

oxaloacetate decarboxylase comprise long stretches of conserved amino acids which

are predicted membrane spanning regions (Jockei et al, 1999). This high conservation

of the membrane domains may imply the presence of structural constraints which are

essential for Na+ translocation. The ß-subunit of the oxaloacetate decarboxylase is

well studied and will be discussed below as an example.

The y-subunit is the separate biotin-carrier protein. The alignment of the amino acid

sequences of biotin-carrier proteins from Na+ translocating decarboxylases with e.g.

the biotin carrier protein from Streptococcus mutans (Wang et al, 1993) or the 1.3 S

subunit of transcarboxylase from Propionibacterium shermanii (Maloy et al, 1979)

shows strong similarities. As in most biotin carrier proteins, the biotin-binding lysine

is located 35 residues before the C-terminus within a strongly conserved region

(LEAMKM) (Samols etal, 1988).

The small membrane bound ö-subunit has a function in the assembly of the complex

(Bott et al, 1997). It is composed of an N-terminal membrane anchor, an

alanine/proline linker and a hydrophilic C-terminal domain (Huder and Dimroth,

1993). No homologous sequences were found between this and any other protein in

the protein databases, however, the secondary structures of the small membrane

bound 8-subunit of methylmalonyl-CoA decarboxylase and the y-subunit from

oxaloacetate decarboxylase are predicted to be quite similar (Huder and Dimroth,

1993).

Since the e-subunit found in the methylmalonyl-CoA decarboxylase complex is

missing in the enzyme from P. modestum, it is obviously not required for catalysis.

This was confirmed by deletion of the mmdEgene from the decarboxylase operon of

V. parvula (Huder and Dimroth, 1995). The e-less decarboxylase still shows wild-type

like activity, but appears less stable. It is assumed that the e-subunit structurally

stabilizes the complex. This observation is supported by the fact that the

methylmalonyl-CoA decarboxylase complex from P. modestum, which lacks the e-

subunit, readily dissociates (Bott etal, 1997).



General Introduction 16

1.2.2. Glutaconyl-CoA decarboxylase

Fermentation of glutarate as sole carbon and energy source is only reported

from the gram-negative Pelospora glutarica (Matthies and Schink, 1992b; Matthies et

al, 2000). Glutarate is activated by CoA-transfer from acetyl-CoA and subsequent

dehydrogenation to glutaconyl-CoA (Fig. 7). Glutaconyl-CoA, the vinylogue of

malonyl-CoA, is decarboxylated by a sodium-dependent, avidin-sensitive glutaconyl-

CoA decarboxylase to crotonyl-CoA, which is further metabolized to butyryl-CoA

and isobutyryl-CoA (Matthies and Schink, 1992a).

The obligatory anaerobic gram-negative bacterium Acidaminococcus fermentans uses

glutamate as the sole source of energy by fermentation via the 2-hydroxyglutarate

pathway (Buckel and Barker, 1974). The carbon skeleton of glutamate is maintained

until the intermediate glutaconyl-CoA is decarboxylated to crotonyl-CoA by a

glutaconyl-CoA decarboxylase which uses the free energy of decarboxylation in order

to translocate Na+ ions across the membrane to generate an electrochemical Na+

Figure 7: Glutarate metabolism in Pelospora glutarica. The enzymes are: (1) Acetyl-CoA:glutarate

CoA transferase; (2) Glutaryl-CoA dehydrogenase; (3) Glutaconyl-CoA decarboxylase Na+ pump; (4)

Butyryl-CoA dehydrogenase; (5) Butyryl-CoA:acetate CoA transferase; (6) Butyryl-CoA:isobutyryl-

CoA mutase; (7) Isobutyryl-CoA: acetate CoA transferase.
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gradient (Buckel and Semmler, 1982). The next steps are common to butyrate

fermentation, in which crotonyl-CoA disproportionates to acetate, butyrate and some

hydrogen. The glutaconyl-CoA decarboxylase from A. fermentans has been studied

genetically and biochemically (Braune et al, 1999; Buckel and Semmler, 1983). This

enzyme is composed of four subunits like the methylmalonyl-CoA decarboxylase

from P. modestum with separate proteins for the carboxyltransferase (a) and the

biotin carrier protein (y). The carboxyltransferase subunit exhibits a feature which

distinguishes it from the other decarboxylases. This protein not only accepts its

natural substrate, the biotin-protein (y), but also converts free biotin and biocytin (e-N-

biotinoyl-L-lysine) into the respective carboxybiotin. This property paved the way for

the first direct measurement of carboxybiotin by NMR-spectroscopy (Berger, 1996).

Very recently, the genetic organisation of the genes for glutaconyl-CoA

decarboxylase has been solved. Surprisingly, the genes are located in two different

Operons (Braune et al, 1999). In the case of Peptostreptococcus asaccharolyticus, it

has also been shown, that a glutaconyl-CoA decarboxylase sodium pump contributes

to energy conservation (Wohlfarth and Buckel, 1985).

1.2.3. Malonate decarboxylase

Malonate decarboxylase from the anaerobic, gram-negative, marine bacterium,

Malonomonas rubra, is similar to the other primary Na+ pump decarboxylases in

terms of coupling the decarboxylation of a carboxylated biotin prosthetic group to

sodium translocation through the membrane, thus conserving the decarboxylation

energy (Hilbi et al, 1992). However, the enzyme catalyzes an extended reaction

sequence (Fig. 8). Malonate is activated for decarboxylation by forming a thioester

with a protein-bound thiol cofactor (Hilbi et al, 1992). The inactive SH-form of the

enzyme is converted into the catalytically active acetyl-S-enzyme by post-

translational acetylation of the acyl carrier protein (ACP) subunit with a specific

ligase, and ATP and acetate as substrates (Berg et al, 1996; Hilbi et al, 1992). The

acetyl-S-ACP is then converted to malonyl-S-ACP by an acyl carrier protein

transferase. Subsequently, the free carboxyl group of the malonyl thioester with the

enzyme is transferred to a small biotin protein, thereby regenerating the acetyl-S-

ACP. The carboxybiotin protein is believed to diffuse to the membrane, where it is

decarboxylated by an integral membrane protein with homology to the membrane

bound ß-subunits of sodium ion translocating decarboxylases from V. parvula
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(methylmalonyl-CoA decarboxylase, 29% identical amino acids) and K. pneumoniae

(oxaloacetate decarboxylase, 28% identical amino acids, see below).

A//Na+

Acetate^^^-^ Malonyl-S-ACP ->. /^- Biotin-protein <<^^>

Malonate ~^_ Acetyl-S-ACP ^^>
(2)

(1)

(3)
C02~Biotin-protein

(4)

C02

H+

^
ATP + Acetate

HS-ACP

Figure 8: Reaction mechanism proposed for malonate decarboxylase of Malonomonas rubra. (1)

deacetyl acyl carrier protein:acetate ligase, (2) acetyl-S-acyl carrier protein:malonate acyl carrier

protein-SH transferase, (3) carboxyltransferase, (4) carboxybiotin decarboxylase, ACP: acyl carrier

protein (Berg etal, 1997).

The substrate activation mechanism, as described for the malonate decarboxylase of

M. rubra, is also used by the soluble, non-biotin-dependent malonate decarboxylase

of K. pneumoniae (Schmid et al, 1996). The latter enzyme also catalyzes the turnover

of malonate and acetate as enzyme bound thioesters, and the essential acetyl thioester

of the enzyme can be removed in a similar way.

1.2.4. Oxaloacetate decarboxylase

The oxaloacetate decarboxylase of Klebsiella pneumoniae (Stern, 1967),

although not involved in the anaerobic degradation of saturated dicarboxylic acids,

was the first discovered example of the Na+ transport decarboxylase family

demonstrated to act as a Na+ pump (Dimroth, 1982). It has been studied for over 20

years both with respect to structure and function and hence is now the best studied

member of this enzyme family. This enzyme is composed of three subunits; the

water-soluble a-subunit and the membrane bound ß and y subunits. The y-subunit

mediates the association of the peripheral a-subunit to the membrane bound ß-

subunit, and the system forms a stable complex at the membrane (Laussermair et al,
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1989; Schwarz and Oesterhelt, 1985; Schwarz et al, 1988). Its role in the citrate

fermentation pathway of K. pneumoniae will be discussed later.

A very similar oxaloacetate decarboxylase with regard to catalytic properties as well

as subunit composition was isolated from Salmonella typhimurium (Wifling and

Dimroth, 1989). The sequences of the genes encoding these enzymes are similar and a

comparison of the deduced amino acid sequence revealed 71-93% identical amino

acids, depending on the respective subunits (Woehlke et al, 1992).

During recent microbial genome projects, genes for oxaloacetate decarboxylases have

also been identified in the archaeon Archaeoglobus fulgidus (Klenk et al, 1997). In

this extremely thermophilic organism the carboxyltransferase and the biotin domain

of the a-subunit are synthesized as separate proteins. The corresponding genes have

been cloned and expressed in E. coll Both archae-proteins could be purified and have

been shown to catalyze the decarboxylation of oxaloacetate (P. Dahinden, personal

communication). Interestingly, no gene corresponding to that encoding the y-subunit

of the oxaloacetate decarboxylase of K. pneumoniae could be identified by database

searches based on sequence similarity. Genes encoding a Na+ pumping oxaloacetate

decarboxylase have also been identified in the causative agents of sexually

transmitted diseases as in the syphilis spirochete Treponema pallidum (Fraser et al,

1998), a microaerophilic obligate parasite of humans, and in Haemophilus ducreyi,

the cause for chancroid (T. H. Kawula, unpublished). In the case of T. pallidum,

genes for all three subunits were found. The a-subunit is, however, missing the

extended proline/alanine linker between the carboxyltransferase- and the biotin

binding-domain. Furthermore, the ß-subunit is about 80 amino acids longer at its N-

terminus in comparison to that of all other known Na+ pumping decarboxylases.

1.3. Oxaloacetate decarboxylase from K. pneumoniae and its role in

anaerobic citrate fermentation

The oxaloacetate decarboxylase from K. pneumoniae is induced only under

anaerobic conditions in the presence of citrate and sodium ions. This enzyme plays an

essential role in citrate fermentation by K. pneumoniae, which is dependent on Na+ for

anaerobic growth on this substrate (O'Brien, 1975; O'Brien and Stern, 1969). The
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anaerobic citrate fermentation pathway of K. pneumoniae including the generation of

A#Na+ ,
ATP and NAD(P)H+ is shown in figure 9.

1 to 2 Na+« rf

oxaloacetate decarboxylase

Na+/HH

citrate

citrate

carried
Na

citrate

CCv

pyruvate

CoA-\ I pyruvate : formate

lyase
oxaloacetate K^formate ^H

citrate 4 f formate:hydrogen
lyase^X acetyl-CoA |yase

Pj -Aphospho

acetate

acetate -4

Atransacetylase
acetate \wCoA NAD(P)H + H
kinase \ , A >^ ^^

ï C acetyl-®

NAD(P)i

ATP ADP

hydrogenase

Figure 9: Citrate fermentation pathway in K. pneumoniae.

Citrate is transported into the cell in symport with Na+ and H+ (Dimroth and Thomer,

1986; Dimroth and Thomer, 1990; Pos and Dimroth, 1996). Citrate lyase cleaves

citrate to acetate and oxaloacetate. The latter is decarboxylated by the oxaloacetate

decarboxylase Na+ pump to pyruvate and concomitantly A,2Na+ is generated, which

can be used for further citrate uptake. All these enzymes described so far are

specifically required for the anaerobic catabolism of citrate. The enzymes introduced

next are involved in the fermentation of citrate as well as any other substrate that leads

to pyruvate as an intermediate in enterobacteriae (Kessler, 1996). Pyruvate is

degraded by pyruvate formate lyase to formate and acetyl-CoA. The latter is

converted into acetyl-phosphate by phosphotransacetylase and subsequently to acetate

with ATP generation by acetate kinase. Formate is cleaved by the formate hydrogen

lyase into CO2 and H2. Since the fermentation of citrate to acetate does not involve

redox reactions that lead to the formation of reducing equivalents, K. pneumoniae

must use an alternative pathway to synthesize NADH, which includes a membrane
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bound hydrogenase (Steuber et al, 1999). H2 serves as electron donor for the

reduction of NAD(P)+ by a NAD(P)+-dependent membrane bound hydrogenase in a

process which is independent of A\|/, ApH, or ApNa (Steuber et al, 1999). Both

enzymes, formate hydrogen lyase and the NAD(P)+-dependent hydrogenase are

highly susceptible to oxidative inactivation and therefore strictly dependent on anoxic

conditions for proper function.

dapB ^qi^q^CSKSCSEI B53) @BSME£S)*flSS9M3& ltrA yaaF

a ß 7 7 a p

Dihydro- * Citrate- Ligase Citrate Oxaloacetate Sensor Response LysR-type ?

dipicolinate lyase transporter decarboxylase kinase regulator regulator

reductase

* involved in the biosynthesis of enzymatically active citrate lyase

Figure 10: Citrate fermentation genes of K. pneumoniae. The function of the genes is indicated as

far as known.

The genes encoding enzymes specifically needed for anaerobic citrate fermentation

are organized in a regulon on the K. pneumoniae genome (Fig. 10). Within this

regulon, the genes for the oxaloacetate decarboxylase are located consecutively in the

order oadGAB. Directly upstream of oadG, the gene for the citrate transporter, citS, is

located. In downstream direction, oadB is followed by citAB, which encode a two

component regulatory system with CitA being the sensor kinase and CitB the

response regulator (Bott et al, 1995). Also part of the citrate regulon are the genes for

the citrate lyase ligase {citC), the citrate lyase (citDEF) and CitG, which is involved in

the biosynthesis of enzymatically active citrate lyase. These genes are orientated in

the opposite direction at the 5'-end of citS. The expression of the enzymes for citrate

fermentation is induced by citrate, Na+ ions and anaerobic conditions (O'Brien, 1975)

and is regulated by the CitAB system (Bott et al, 1995).

Because of its unique role in energy conservation during citrate fermentation, the

oxaloacetate decarboxylase of Klebsiella pneumoniae is described in detail.
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1.4. The oxaloacetate decarboxylase Na+ pump of K. pneumoniae

The oxaloacetate decarboxylase of Klebsiella pneumoniae consists of three

different subunits, the membrane bound ß- and y-subunits of 44.9 and 8.9 kDa, to

which the peripheral a-subunit of 63.6 kDa is attached (Laussermair et al, 1989;

Schwarz et al, 1988; Woehlke et al, 1992) via the y-subunit, as shown schematically

in figure 11 (Di Berardino and Dimroth, 1995). The a-subunit contains two different

Figure 11: Model of oxaloacetate decarboxylase from Klebsiella pneumoniae (adopted from Di

Berardino and Dimroth, 1995). The location of the enzyme subunits, their interaction and the

catalytic mechanism is shown. B-H: biotin prosthetic group; B-C02 : carboxybiotin

domains, which are connected by an extended alanine/proline rich linker peptide. The

larger N-terminal domain (~ 51 kDa) harbors the carboxyltransferase activity, while

the biotin-binding site resides on the smaller C-terminal domain. The biotin prosthetic

group is attached via amide linkage to the e-group of a lysine residue of the C-

terminal domain. The biotinylated lysine residue is located within the conserved

tetrapeptide, A-M-K-M, 35 amino acid residues from the C-terminus apart. The

oxaloacetate decarboxylase y-subunit contains at its C-terminus a remarkable motif of

three {K. pneumoniae) or four (5. typhimurium) histidines in series, which could

provide a binding site for a Zn2+ metal ion in the case of the K. pneumoniae enzyme.



23 General Introduction

(Dimroth and Thomer, 1992). This 9 kDa subunit is anchored in the membrane by a

single a-helical domain and is responsible for the formation of the enzyme complex.

A catalytic reaction cycle starts with the carboxyltransfer from oxaloacetate to the

prosthetic biotin group. This reaction is catalyzed by the a-subunit alone at a low rate.

In presence of the Zn2+ containing y-subunit, the rate increases, because the zinc metal

ion probably polarizes the carbonyl oxygen bond of oxaloacetate, facilitating the

carboxyltransfer to the prosthetic biotin group (Di Berardino and Dimroth, 1995;

Dimroth and Thomer, 1992). The carboxybiotin moves from the carboxyltransfer site

at the a-subunit to the decarboxylase site at the ß-subunit. This movement is

facilitated by the extended alanine/proline linker in the region between the

carboxyltransferase domain and the biotin-binding domain in the a-subunit. The free

energy of the subsequent decarboxylation of the carboxybiotin is used to translocate

two Na+ ions across the membrane to the periplasm and one H+ into the opposite

direction. This proton is consumed during the release of CO2 from the biotin

carboxylate.

The topology of the ß-subunit (Fig. 12) was investigated by gene fusion analysis and

labeling experiments with a cysteine-directed fluorescent probe. Three membrane

spanning a-helices at the N-terminal part of the protein are followed by an extended

hydrophobic segment and another six membrane spanning a-helices at the C-terminal

part (Jockei et al, 1999). The hydrophobic linker (Ilia) was predicted not to traverse

the membrane completely, but to fold into four short a-helices, which reach from the

periplasm only to the middle of the membrane (Fig. 12). Similar short a-helices have

been detected in the crystal structure of the pore helices of the K+ channel from

Streptomyces lividans (Doyle et al, 1998).

Results from site specific mutagenesis in the ß-subunit and from the biochemical

characterizations of oxaloacetate decarboxylase have been combined in a working

model for the energy coupling mechanism which is shown in Fig. 13 (Di Berardino

and Dimroth, 1996; Jockei et al, 2000a; Jockei et al, 2000b). In this model, two

different Na+ binding sites on the ß-subunit are envisaged, one involving D203 and

the other involving S3 82. Region Ilia, helix IV and helix VIII are proposed to align

the channel for Na+ or for H+ moving in opposite direction across the membrane.

Further, two different conformations of the protein have been assumed, one with the
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Figure 12: Topological model of the oxaloacetate decarboxylase ß-subunit. The amino acid

residues, to which the signal-sequence-depleted alkaline phosphatase (AP) or ß-galactosidase was

fused, are marked by circles. Fusion sites, yielding clones with positive AP activities (> 5 units, blue

colonies), are shown in black, those with negative AP activities (< 5 units, white colonies) are shown in

white. Fusion sites, yielding clones with positive ß-galactosidase activities, are shown in grey (> 350

units), those with negative ß-galactosidase activities (< 50 units) are shown in white with grey outline.

The black circles with grey outline mean white with grey outline and black circles, e. g. negative LacZ

and positive PhoA fusion. The amino acid residues, which had been changed to cysteines, are marked

by squares. Cysteines, which are labeled from the cytoplasmic side, are shown in grey, those, which are

labeled from the periplasmic side, are shown in black and those which are not labeled from either side,

are shown in white (Jockei etal., 1999).

Na+ binding sites accessible from the cytoplasm and another one with the Na+ binding

sites accessible from the periplasm. The catalytic cycle starts with the carboxylation

of the biotin prosthetic group in the carboxyltransferase reaction on the a-subunit with

oxaloacetate as carboxyl donor. In panel A the carboxybiotin residue has switched to

the decarboxylase catalytic site on the ß-subunit. This binding may be facilitated by

R389 which is close to the cytoplasmic surface within transmembrane helix VIII and

may stabilize conformation 1 in which the two Na+ binding sites are accessible from

the cytoplasm and have a high affinity for the alkali ion. After the first Na+ has bound
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Figure 13: Model for coupling Na+ and H+ movements across the membrane to the

decarboxylation of carboxybiotin. The model shows the appropriate location of important residues of

helix IV, helix VIII and of region Ilia of the ß-subunit. Also shown is the participation of these residues

in the vectorial and chemical events of the Na+ pump. Panel A shows the empty binding site region

with enzyme bound carboxybiotin (B-COCT), exposing the Na+ binding sites toward the cytoplasm.

Panel B shows the situation, where the first Na+ binding site at the D203-N373 pair has been occupied

and the second Na+ enters the S382 site with simultaneous release of the proton from the hydroxyl side

chain. This displacement may lead to the rearrangement of hydrogen bonding in the network involving

S382, Y229, R389 and carboxybiotin with the result to deliver a proton to the carboxybiotin. This

catalyzes the immediate decarboxylation of this acid-labile compound, involving a conformation

change (B —> C) which exposes the Na+ binding sites toward the periplasm. The Na+ ions are

subsequently released into this reservoir, while a proton enters the periplasmic channel and restores the

hydroxyl group of S382. In panel D, the Na+ binding sites are empty and exposed toward the periplasm

and the biotin prosthetic group is not modified (B-H). Upon carboxylation of the biotin, the protein

switches back into the conformation where the Na+ binding sites are exposed toward the cytoplasm (D

-> A). Adapted from Dimroth (2001).
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to Asp203, the second Na+ approaches S382 (panel B) which is part of a proton

conducting network including Y229, R389, H2O and carboxybiotin. R389 and

carboxybiotin may have similar functions as the catalytic histidine and aspartate

residues in serine proteases, i.e. to reduce the pK of S382. It is conceivable, therefore

that Na+ approaching S382 through the cytoplasmic channel can displace the proton

from the hydroxyl side chain of S382, especially as the newly formed ion pair within

the hydrophobic environment of the membrane would be thermodynamically more

favorable than the presence of a Na+ ion with an unbalanced positive charge. This

displacement might induce the rearrangement of hydrogen bonding within the

network to ultimately deliver a proton to carboxybiotin to catalyze the immediate

decarboxylation of this acid-labile compound. The reaction is proposed to initiate a

change to conformation 2 by which the cytoplasmic channel closes and a periplasmic

channel opens (panel B —>panel C). Once open, the two Na+ ions bound to the D203

and S382-including sites could be released through this channel into the periplasmic

compartment. To displace the Na+ from S382, a periplasmic proton penetrating

through the channel must restore the hydroxyl group of S382, because an

uncompensated negative charge would not be tolerated near the center of the

membrane for electrostatic reasons. To reach this deeply embedded membrane

position, the proton could first bind to D203 near the periplasmic surface thereby

releasing the first Na+ ion, and could be subsequently transmitted to S382 with the

release of the second Na+ ion. An obligatory requirement of D203 and S382 in the

proton translocation pathway is compatible with the observation that the

decarboxylase activity is completely abolished if either of these residues is mutated

(Di Berardino and Dimroth, 1996; Jockei et al, 2000b). After these events,

carboxybiotin formed by OadA by carboxyltransfer with oxaloacetate binds to OadB

(step D to A). This stabilizes conformation 1, and a new reaction cycle begins.

1.5. Scope of the thesis

In comparison to the ß-subunit, the role of the y-subunit has been less well

defined in the past. The aim of the work described in chapter 2 was to identify the

binding site of the tightly bound Zn2+ ion. Candidates of binding residues reside in a

prominent motif of four histidines near the C-terminus of the y-subunit. The
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involvement of the Zn
+

ion itself in catalysis in cooperation with the different

domains of the a-subunit was also of interest. Evidence indicates that the ß- and y-

subunits form a subcomplex to which the a-subunit is attached, but which

proteins/domains are interacting to form the three subunit complex was unknown.

Sequence alignments and comparative hydropathy plots of the different ß-subunits of

members of the sodium ion transport decarboxylase family revealed a considerable

degree of similarity. It was of special interest whether the ß-subunits of these related

enzymes are as equivalent as the C-terminal segment of OadB could be replaced by

the tantamount parts of these enzymes. During these studies depicted in chapter 3,

cloning and expression of the entire malonate decarboxylase complex of M. rubra or

at least its ß-subunit in E.coli was also probed.

Mutational and kinetic analyses of the oxaloacetate decarboxylase are described in

chapter 4. Some evidence has been provided that the residues D203, Y229, N373,

G377, S382 and R389 of the ß-subunit are possibly involved in the transport

processes of Na+ and H+ through the ß-subunit and hence across the membrane.

Careful kinetic analysis should elucidate the distinct role of the different residues in

the ion translocation step to elaborate an improved model for the direct coupling of

chemical and vectorial reactions of the oxaloacetate decarboxylase.
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2.1. Abstract

The oxaloacetate decarboxylase Na+ pump of Klebsiella pneumoniae is an

enzyme complex composed of the peripheral a-subunit and the two integral

membrane bound subunits ß and y. The a-subunit consists of the N-terminal

carboxyltransferase domain and the C-terminal biotin domain, which are connected by

a flexible proline/alanine rich linker peptide. To probe interactions between the two

domains of the a-subunit and between a-subunit domains and the y-subunit, the

relevant polypeptides were synthesized in Escherichia coli and subjected to

copurification studies. The two a-subunit domains had no distinct affinity towards

each other and could therefore not be purified as a unit on avidin-Sepharose. The two

domains reacted together catalytically, however, performing the carboxyltransfer from

oxaloacetate to protein-bound biotin. This reaction was enhanced up to 6-fold in the

presence of the Zn2+ containing y-subunit. Based on copurification with different

tagged proteins, the C-terminal biotin domain but not the N-terminal

carboxyltransferase domain of the a-subunit formed a strong complex with the y-

subunit. Upon mutating yH78 to alanine the binding affinity to subunit a was lost

indicating that this amino acid may be essential for formation of the oxaloacetate

decarboxylase enzyme complex. The binding residues for the Zn2+ metal ion were

identified by site-directed and deletion mutagenesis. In the yD62A or yH77A mutant,

the Zn2+ content of the decarboxylase decreased to 35% or 10% of the wild-type

enzyme, respectively. Less than 5% of the Zn2+ present in the wild-type enzyme was

found if the two C-terminal y-subunit residues H82 and P83 were deleted.

Corresponding with the reduced Zn2+ contents in these mutants, the oxaloacetate

decarboxylase activities were diminished. These results indicate that aspartate 62,

histidine 77 and histidine 82 of the y-subunit are ligands for the catalytically important

Zn2+ metal ion.

Abbrevations: IPTG, isopropyl-ß-D-thiogalactopyranoside; LB, Luria Bertani;

LDAO, lauryldimethylamine oxide; MBP, maltose binding protein; NTA,

nitrilotriacetic acid; OAD, oxaloacetate decarboxylase; OadA, oxaloacetate

decarboxylase a-subunit; OadB, oxaloacetate decarboxylase ß-subunit; OadG,

oxaloacetate decarboxylase y-subunit; PCR, polymerase chain reaction; SDS-PAGE,
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sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis; Tris, tris-

(hydroxymethyl)-aminomethane

2.2. Introduction

Members of the sodium ion transport decarboxylase family of enzymes

include oxaloacetate decarboxylase, methylmalonyl-CoA decarboxylase, malonate

decarboxylase and glutaconyl-CoA decarboxylase from various anaerobic bacteria.

These enzymes use the free energy of decarboxylation to pump Na+ ions across the

membrane. The generated A//Na+can be used to energize the accumulation of

2Na +

Figure 1: Cartoon showing the overall geometry of the oxaloacetate decarboxylase and features

of the catalytic events. B-H, biotin; B-C02, carboxybiotin; Lys, biotin-binding lysine residue. The

oxaloacetate decarboxylase complex is formed by an interaction of the y-subunit with the ß-subunit and

with the C-terminal biotin-binding domain of the a-subunit (aC). The N-terminal domain of the

a-subunit (aN) which harbors the carboxyltransferase catalytic site is kept in the assembly via a

proline/alanine linker peptide bound to aC. A catalytic cycle includes the transfer of the carboxyl group

of oxaloacetate to enzyme bound biotin catalyzed by aN. As this step is accelerated by the Zn2+

containing y-subunit, the Zn2+ must be near the catalytic site. The carboxybiotin residue switches to the

decarboxylase site on the ß-subunit where it is decarboxylated consuming a periplasmically derived

proton and pumping 2 Na+ ions from the cytoplasm to the periplasm.
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nutrients or the synthesis of ATP (for reviews see (Buckel, 2001; Dimroth, 1997;

Dimroth, 2001; Dimroth and Schink, 1998)).

The oxaloacetate decarboxylase of Klebsiella pneumoniae has been studied

particularly well. This enzyme is composed of three different subunits (a, ß, and y),

with molecular masses of 63.5 kDa, 44.9 kDa, and 8.9 kDa, respectively (Dimroth,

1997). A cartoon summarizing structure and function of this enzyme is shown in

Figure 1. The peripheral a-subunit consists of the N-terminal carboxyltransferase

domain and the C-terminal biotin domain which are connected by a flexible

proline/alanine-rich linker peptide (Schwarz et al, 1988). The ß-subunit (OadB) is a

highly hydrophobic integral membrane protein with nine transmembrane helices

(Jockei et al, 1999). It catalyzes the decarboxylation of carboxybiotin which has been

formed by the carboxyltransfer reaction on the a-subunit. The decarboxylation is

coupled to the transport of 2 Na+ ions into the periplasm. One periplasmic proton

which crosses the membrane in the opposite direction is consumed at the cytoplasmic

side in the decarboxylation event (Di Berardino and Dimroth, 1996). Based on

extensive mutational studies a coupling mechanism of this pump was envisaged in

which the membrane integral residues D203, Y229 and S382 perform a prominent

role in the vectorial processes of Na+ and H+ translocation (Dimroth, 2001; Jockei et

al, 2000a; Jockei et al, 2000b).

The role of the y-subunit has been less well defined in the past. It is anchored in the

membrane with a single N-terminal a-helix. This is followed by a proline/alanine

linker at the cytoplasmic surface and a short hydrophilic domain with a prominent

motif of four histidines near the C-terminus (Woehlke et al, 1992). Evidence

indicates that the ß- and y-subunits form a subcomplex to which the a-subunit is

attached (Di Berardino and Dimroth, 1995; Dimroth and Thomer, 1983; Dimroth and

Thomer, 1988), but it was unknown which proteins/domains are interacting to form

the three subunit complex. We show here that the y-subunit is of essence for the

formation of a stable oxaloacetate decarboxylase complex interacting specifically with

the biotin-binding C-terminal domain of the a-subunit.

Another interesting feature of the y-subunit is the presence of a tightly bound Zn2+

metal ion (Di Berardino and Dimroth, 1995; Dimroth and Thomer, 1992) which was

proposed to play an essential role as a Lewis acid in polarizing the carbonyl oxygen

bond of oxaloacetate thereby accelerating the carboxyltransfer reaction. In accord
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with this notion is the observation that the velocity of the carboxyltransfer reaction as

catalyzed by the a-subunit is increased by at least three orders of magnitude in the

additional presence of the Zn2+ containing y-subunit (Di Berardino and Dimroth,

1995). Furthermore, decarboxylases acting on substrates like methylmalonyl-CoA or

glutaconyl-CoA which do not contain a carbonyl oxygen were not reported to contain

Zn2+ (Braune et al, 1999). Interestingly, the y-subunits from several oxaloacetate

decarboxylases contained a polyhistidine motif near the C-terminus which was

missing in the methylmalonyl-CoA or glutaconyl-CoA decarboxylases. These

histidine residues or part of them could therefore provide the ligands for Zn2+ binding

to the oxaloacetate decarboxylase y-subunit.

To investigate this possibility, multiple mutants were generated within the C-terminal

region of the y-subunit which contains the polyhistidine motif. The Zn2+ content of the

oxaloacetate decarboxylase was drastically reduced in the mutants yD62A, yH77A

and the C-terminal deletion of yH82 and yP83, identifying yD62A, yH77A and yH82

as Zn2+ binding ligands. The prominent role of the Zn2+ ion in catalysis was confirmed

by the decrease of the catalytic rate of the enzyme in parallel to the decrease of its

Zn2+ content.

2.3. Experimental Procedures

Bacterial strains and plasmids

The bacterial strains used in this study are Escherichia coli DH5a (Bethesda

Research Laboratories), Escherichia coli BL21(DE3) (Novagen) and Escherichia coli

C43(DE3) (Miroux and Walker, 1996). All strains transformed with pBluescript

derivatives were routinely grown at 37°C in Luria Bertani (LB) medium (Sambrook,

1989). For the synthesis of the C-terminal domain of OadA, LB medium was

supplemented with 10 pM biotin (final concentration). Strains transformed with pET

or pMal-c derivatives were inoculated with 1% of an overnight culture, grown under

aerobic conditions at 37°C until OD600 of 0.5-0.7 before induction with 0.5 mM

IPTG (final concentration). Cells were grown for another 4-7 h at 30°C before

harvest. Plasmid-containing strains were supplemented with the selective antibiotics

ampicillin (100 ug/ml) or kanamycin (50 ug/ml).
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Recombinant DNAtechniques

Standard recombinant DNA techniques were performed essentially as

described by Sambrook et al (Sambrook, 1989). Oligonucleotides used for

mutagenesis were custom-synthesized by Microsynth (Balgach, Switzerland). All

inserts derived from polymerase chain reaction (PCR) and ligation sites were checked

by DNA sequencing according to the dideoxynucleotide chain-termination method

(Sanger et al, 1977) using a Taq Dye-Dideoxy Terminator Cycle Sequencing Kit and

the ABI PRISM 310 genetic analyzer from Applied Biosystems.

Construction of deletion mutants and site-directed mutagenesis of the y-subunit

Primers used for site-directed mutagenesis are listed in Table 1. For

convenient cloning of the deletion mutants of the y-subunit, the EcoRI restriction site

located in the multiple cloning site of pSKGAB(Di Berardino and Dimroth, 1995)

was removed as follows: pSKGABwas digested with CMand the resulting 6822 bp

vector-containing fragment was isolated and religated to obtain the desired plasmid

pSKGABAEcoRI.

Primer Sequence (5'-3') Restriction sites/comments

D62Afor CCGTCGCGCCCGCCGCGGATTT

CGCCCGCC

D62Arev GGCGGGCGAAATCÇGCGGCGG

GCGCGACGG

D63A/br CGCGCCCGCCGACGCGTTCGCC

CGCCTGAAGCC

D63Arev GGCTTCAGGCGGGCGAAÇGCGT

CGGCGGGCGCG

H76A/or GTCGCCGCCATTGCGCACCATC

GCCGTCTTCACC

H76Arev CGGCGATGGTGCGCAATGGCGG

CGACAATCG

Wllkfor CGCCGCCATTCACGCGCATCGC

CGTCTTCACCC

HllArev GGGTGAAGACGGCGATGCGCGT

GAATGGCGGCG

H78A/or CGCCGCCATTCACCACGCGCGC

CGTCTTCACCC

mutation underlined

mutation underlined

mutation underlined

mutation underlined

mutation underlined

mutation underlined

mutation underlined

mutation underlined

mutation underlined
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H78Arev GGGTGAAGACGGCGCGCGTGGTmutation underlined

GAATGGCGGCG

oadACfor CGGAATTCCATATGGCAGAAAEcoRl site in bold

AACCTGCCGCC Ndel site bold and underlined

oadACrev CGGGATCCAAGCTTACGCCAGBamHl site in bold

GGTCATCAG Hindlll site bold and underlined

oadAN/w CGGAATTCCATATGACCGTTGCEcoRl site in bold

CATTACCG Ndel site bold and underlined

oadANrev CGGGATCCAAGCTTAGGCGGCBamHl site in bold

AGGTTTTTCTGC Hindlll site bold and underlined

oadGCfor GCGATATCCGGGGAATGTCCCTEcoRV site in bold

C

oadGCrev CGGGAAGCTTAAGGGTGAAGAHindlll site in bold

CGGCGA

prgMut+ GGAAACAGCTATGACCATGATT

AC

prgMut- CGTACCCTGGGCGTGGGCGC

gUENde GTCGCGGCATATGACTGACAATNdel site in bold

GCCGTCCTCTGTTA

T7 TAATACGACTCACTATAGGG

oadBamHI- CGGGATCCATTAAGGGTGAAGBamHl site in bold

ACGGC

Table 1. Primers used for mutagenesis

For the construction of deletion mutants yAH76, yAH78 or yAH82, the respective

coding region of OadG was amplified from plasmid pSKGAB using primers

pskNotl+ and pskgAH76, pskgAH78, or pskgAH82 respectively. PCRfragments were

digested with Notl and EcoRl and cloned into pSKGABAEcoRI treated with the same

enzymes, yielding the plasmids pSKGABAH76-P83, pSKGABAH78-P83 and

pSKGABAH82P83.

Site-directed mutants of the y-subunit were obtained as follows: the PCRfragments

containing the mutations were constructed in a two step protocol. For the 5' part of

the PCRfragments of the y-subunit, primer prgMut+ and primers with the affix rev

were used. For the corresponding 3' part of the PCR, primer prgMut- and primers

with the affix for were used. In both reactions, pSKGAB(Di Berardino and Dimroth,

1995) served as template. The purified mutagenic PCR fragments were used as

template for the subsequent PCR reaction with primers prgMut+ and prgMut-.

Resulting PCRproducts were digested with Spel and Rsrll and cloned into pSKGAB
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digested wih the same restriction enzymes. To construct the yH77A site-directed

mutant, a new plasmid (pET derivative) encoding the whole oxaloacetate

decarboxylase was created. For this, the coding region of OadGwas amplified using

plasmid pSKGABas template and primers gUENde (introduces a Ndel restriction site

at the initiation codon (CATATG)) and prgMut-. The resulting PCR product was

digested with Ndel and EcoRl and cloned into the expression vector pET24b digested

with the same enzymes, yielding the plasmid pEToadG. The plasmid pSKGABwas

digested with BstlXQll, treated with T4 DNApolymerase and digested with EcoRl.

The 3290 base pair long insert was ligated into pEToadG (digested with EcoRl and

Bpu 11021), to yield plasmid pETGAB. This plasmid was subsequently used as

template for the two step PCRprotocol as described above. For the 5' part of the PCR

fragment, the T7 primer and primer HllArev and for the corresponding 3
'

part of the

PCRproduct, primer prgMut- and primer HllAfor were used. The purified mutagenic

PCRfragments were used as template for the subsequent PCRreaction using primers

T7 and prgMut-. PCRproducts were digested with Ndel and Rsrll and cloned into

Ndel I Rsrll digested pETGAB.

Construction of single domain expression plasmids

In order to obtain a plasmid coding for the y-subunit with an N-terminal Hisio-

tag, the coding region of OadG was amplified from plasmid pETGABusing the T7

primer and primer poadBam- that introduced a new BamHl restriction site

downstream of the stop codon. The obtained PCRfragment was digested with Ndel I

BamHl and ligated into the cloning vector pET16b treated with the same enzymes,

yielding plasmid pET16by. For the construction of a plasmid coding only for the

cytoplasmic domain of OadG fused to maltose binding protein (MBP), the coding

region of the cytoplasmic part of OadG (R34 to P83) was amplified from plasmid

pETGAB using primers OadGCfor introducing an EcoRV restriction site and

OadGCrev introducing a Hindlll site. After digestion of the PCRproduct with EcoRV

and Hindlll, this DNAfragment was introduced into Stul/Hindlll digested vector

pMal-c to yield plasmid pMalcyC.
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Construction of expression plasmids encoding the N-terminal transferase domain

or C-terminal biotin carrier domain of the a-subunit (OadA)

To obtain expression plasmids encoding the N-terminal or the C-terminal

domain of OadA, we amplified the respective regions using primers that introduced an

EcoRl and a Ndel restriction site comprising the initiation codon and a Hindlll and

BamHl site downstream of the stop codon. The region encoding the C-terminal

domain was amplified using primers oadACfor and oadACrev. This PCRproduct was

digested with Ndel I BamHl and cloned into the expression vectors pET24b and

pET16b to yield the plasmids pET24baC and pET16baC or digested with EcoRl I

Hindlll and cloned into the vector pMal-c yielding pMalcaC. The same strategy

was used to clone the DNA fragment encoding the N-terminal domain of the a-

subunit, using primers oadANfor and oadANrev resulting in plasmids pET16baN,

pET24baN and pMalcaN.

Purification of oxaloacetate decarboxylase mutants and enzyme assays

Oxaloacetate decarboxylase and mutant derivatives were purified by affinity

chromatography of solubilized membrane extract on a SoftLink monomeric avidin-

Sepharose column (Promega) (Dimroth, 1986). Large-scale purification was

performed according to Di Berardino & Dimroth (Di Berardino and Dimroth, 1996).

The decarboxylation activity was determined with the simple spectrophotometric

assay at 265 nmas described (Dimroth, 1986).

Purification of Hisio-y by Ni2+-NTA chromatography

Hisio-y was synthesized by expression of plasmid pET16by in E. coli

C43(DE3). The cell extract was centrifuged at 200'000 g for 1.5 h and the membrane

pellet resuspended in 3 ml wash buffer (20 mMTris/HCl, 500 mMNaCl, 0.05%

LDAO, pH 7.9). The recombinant protein was solubilized from the membrane with

2%LDAO(final concentration) and stirring for 15 min at 25 °C. After centrifugation

(30 min at 70'000 x g) the supernatant was diluted ten-fold with wash buffer and

applied twice onto a column of Ni2+-NTA Agarose (2 ml) (Qiagen), pre-equilibrated

with 10 ml of wash buffer. The column was washed with 10 volumes wash buffer

each containing 5, 60 and 100 mMimidazole. Hisio-y was then eluted with 10 ml

wash buffer containing 400 mMimidazole.
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Purification of the N-terminal domain of OadA by Ni +-NTA chromatography

The N-terminal domain of the a-subunit was synthesized by expression of

plasmid pET16baN in E. coli BL21(DE3). The cytoplasm was applied twice onto a

column containing 2 ml of bed volume of Ni2+-NTA Agarose (Qiagen), pre-

equilibrated with 10 ml of wash buffer (20 mMTris/HCl, 500 mMNaCl, pH 7.9).

The column was washed with 30 ml of wash buffer containing 5 mMimidazole and

subsequently with wash buffer containing 60 mMimidazole. Pure protein was eluted

with 10 ml wash buffer containing 150 mMimidazole.

Purification of the C-terminal domain of OadA

The C-terminal domain of the a-subunit was synthesized by expression of

plasmid pET24baC in E. coli BL21(DE3). The protein was purified from the

cytoplasm by affinity chromatography on a SoftLink monomeric avidin-sepharose

column (Promega) (Dimroth, 1986) equilibrated with buffer A (20 mMTris/HCl, 50

mMKCl, pH 8.0). After application of the cytoplasm onto the column and washing

with 6 volumes buffer A, pure protein was eluted with 2 volumes buffer A containing

5 mMbiotin.

Purification of domains fused to Maltose Binding Protein (MBP)

Cytoplasm containing MBP-fusion-proteins was loaded onto a 5 ml amylose

column, pre-equilibrated with TK buffer (50 mMTris/HCl, 200 mMKCl, pH 7.5)

The column was washed with 20 ml TK buffer and pure protein was eluted with 10 ml

of TK buffer containing 10 mMmaltose.

Determination of Zn2+ content in oxaloacetate decarboxylase mutants

The Zn2+ content of different mutants in the y-subunit of oxaloacetate

decarboxylase was measured as described (Di Berardino and Dimroth, 1996). As we

purified all the mutants with Chelex water, there was no need to dialyze the samples

prior to the measurements. The buffer alone contained < 0.05 uMZn2+.
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Labeling of the C-terminal domain of OadAwith 14C02 from [4-14C]oxaloacetate

[4-l4C]oxaloacetate, prepared from [4-14C]L-aspartate and a-ketoglutarate

with glutamate:oxaloacetate transaminase was used to measure the transfer of the

radioactive carboxyl residue to biotin bound to the C-terminal domain of OadA (Di

Berardino and Dimroth, 1995). The radiolabeled protein was separated from excess

substrates by Sephadex G-25 column chromatography in 100 mMTris/HCl buffer,

pH 8.0. Fractions of 400 pi were collected and the radioactivity was determined by

liquid scintillation counting.

Analytical procedures

The protein content of samples was determined according to Bradford

(Bradford, 1979) or using the BCAprotein assay (Pierce) with bovine serum albumin

as protein standard.

2.4. Results

The assembly of the oxaloacetate decarboxylase complex

Recent reports (Di Berardino and Dimroth, 1996) indicated that a subcomplex

of oxaloacetate decarboxylase consisting of the biotin containing a-subunit and the

y-subunit was sufficiently stable for its isolation by avidin-Sepharose affinity

chromatography. To keep this intersubunit assembly together, the y-subunit could be

bound to the N-terminal carboxyltransferase domain or to the C-terminal biotin-

domain of the a-subunit. To discriminate between these possibilities the N-terminal

and the C-terminal domains of the a-subunit were separately synthesized in E. coli as

maltose binding protein fusions (aN-MBP and aC-MBP, respectively). Cells from

either clone were mixed with E. coli cells synthesizing the y-subunit and the MBP-

tagged polypeptides were purified by amylose affinity chromatography. The results of

Fig. 2 show that the y-subunit was copurified with aC-MBP but not with aN-MBP

which indicates that the binding of the y-subunit to the a-subunit occurs via its C-

terminal biotin-domain. These results were confirmed by complementary
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Figure 2: Specific binding of the y-subunit to the C-terminal domain of the a-subunit of

oxaloacetate decarboxylase. Recombinant E. coli cells synthesizing the y-subunit were grown and

mixed with E. coli cells synthesising the C-terminal domain of the a-subunit fused to maltose binding

protein (aC-MBP, lane 1 ) or with cells synthesizing the N-terminal domain of the a-subunit (aN-MBP,

lane 2). Membranes were isolated from these cell mixtures and solubilized with Triton X-100. The

maltose binding protein conjugates were subsequently affinity purified on amylose columns and

subjected to SDS-PAGE. The gel was stained with silver.

copurification experiments with alternate affinity tags: Using Ni2+-NTA-

chromatography, Hisio-y was copurified with aC but not with aN (both without tags)

and using avidin-Sepharose chromatography the biotin containing aC domain was

purified as a complex with the y-subunit. In contrast, the interaction between aC and

aN was too weak to isolate a complex of these two domains by avidin-Sepharose

chromatography.

To test whether the two isolated domains were still catalytically active, we measured

the carboxyltransfer from [4-14C]oxaloacetate to the biotin prosthetic group present in

aC. The results of Fig. 3 show that the protein-bound radioactivity increased with

time to reach a final level after about 40 min if both a-subunit domains were present,

whereas no incorporation of radioactivity was found with either domain alone. If in

the carboxyltransfer assay aC was replaced by an equivalent amount of the purified

aN-MBP

aC-MBP
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aC-y subcomplex, the initial rate was accelerated more than six-fold. Labeling was

complete after less than two minutes in this case. The same final level of labeling was

obtained with aC or aC-y, as expected from the equivalent amounts supplied in both

cases. These results indicate that the isolated aN-domain is a catalytically active

t 1 1 1 1 1 r

0 10 20 30 40 50 60

time (min)

Figure 3: Kinetics of the carboxyltransfer reaction with [4-l4C]oxaloacetate and the C-terminal

biotin domain of the oxaloacetate decarboxylase a-subunit (aC) (7.3 ug) as substrates as catalyzed by

1.1 ug of the N-terminal domain of the a-subunit (aN) (•). The kinetics were accelerated if the biotin-

domain substrate was replaced by a biotin-domain-y-complex (aCy) (12.6 ug) which was isolated by

avidin-Sepharose chromatography (O). Also shown are controls without the biotin-domain of the

a-subunit (T) or without the N-terminal carboxyltransferase domain (V).

carboxyltransferase. The isolated aC-domain acts as acceptor for the carboxyl groups

stemming from oxaloacetate and the y-subunit, which forms a strong complex with

aC, accelerates this reaction significantly. Weobserved in other experiments that this

rate acceleration did not require the entire y-subunit but only the soluble C-terminal

domain. The N-terminal hydrophobic domain of the y-subunit, therefore, anchors the

y-subunit in the membrane, but has no catalytic function.
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The role of the C-terminal portion of the y-subunit for the assembly of a stable

oxaloacetate decarboxylase complex was investigated by deletion mutagenesis.

Oxaloacetate decarboxylases with C-terminal deletions of the y-subunit of 2 (yAH82),

6 (yAH78) or 8 (yAH76) residues were synthesized in E. coli and purified by avidin-

Sepharose chromatography as usual. The a-, ß- and the trimmed y-subunit were

synthesized in all three cases, but a stable oxaloacetate decarboxylase complex could
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Figure 4: Stability of oxaloacetate decarboxylase complexes with mutations in OadG.

Oxaloacetate decarboxylases with the indicated mutations in OadG were synthesized in E. coli and

purified by avidin-Sepharose chromatography. The proteins specifically eluted with biotin were

analyzed by SDS-PAGE. 10% Polyacrylamide gels were used in the left box and 13% Polyacrylamide

gels were used in the right box. Also shown are the wild-type enzyme and the mobilities of marker

proteins. The gels were stained with silver.

only be isolated from the y-subunit mutant with two deleted amino acids (Fig. 4). The

y-subunits with deletions of 6 or 8 amino acids were on the other hand unable to

associate properly to a complex with the a-subunit and therefore this biotin containing

protein was isolated alone on the avidin-Sepharose column. These results indicated

that the 4 amino acids at position 78-81 of the y-subunit play a significant role in the

complex formation with the a-subunit. These results were corroborated by point

mutations: Stable complexes were isolated after mutating yH76 or yH77 to A, but
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after mutating yH78 to A, the complex was unstable and subunit a was purified alone

on the affinity column. Hence, yH78 appears to be crucial for the formation of a stable

oxaloacetate decarboxylase complex. This is in remarkable agreement with the

previous hypothesis that protonation or deprotonation of a histidine probably promote

dissociation or assembly of the complex (Dimroth and Thomer, 1988).

Identification of putative zinc-binding residues on the oxalacetate decarboxylase

y-subunit

Results described above and elsewhere (Dimroth, 2001) clearly show a dual

role of the y-subunit, i.e. in the assembly of the oxaloacetate decarboxylase complex

and in accelerating the carboxyltransfer reaction. The catalytic function of subunit y

has been attributed to the presence of a tightly bound Zn2+ metal ion that cannot be

removed with EDTAor 1,10-phenanthroline (data not shown). This Zn2+ is assumed

to act as a Lewis acid to polarize the carbonyl oxygen bond of oxaloacetate (Dimroth,

2001). A literature search of Zn2+ containing enzymes with known structure revealed

that cysteine, histidine, aspartate or glutamate are most frequently involved in the

coordination of a single, catalytic Zn2+ ion (Alberts et al, 1998; McCall et al, 2000;

Vallée and Auld, 1990). Based on this knowledge, the C-terminal water-soluble part

of the y-subunit contains 6 potential candidates for Zn2+ coordination: D62, D63, H76,

H77, H78 and H82. To investigate the role of these residues as ligands for Zn
+

binding, we substituted each of these residues with alanine using site-directed

mutagenesis. Mutant decarboxylases were synthesized in E. coli and purified by

avidin-Sepharose chromatography. The results of Fig. 4 show that stable three-subunit

complexes were obtained for the mutants yD62A, yD63A, yH76A, yH77A and the

yAHis82 deletion mutant where P83 and H82 were deleted from the C-terminus.The

results of Fig. 5 show the specific oxaloacetate decarboxylase activities and the Zn
+

contents of the purified mutant enzymes. Similar values as for the wild-type enzyme

were obtained for the yD63A and yH76A muants, indicating, that these two residues

are not involved in Zn2+ binding. In contrast, dramatic losses of oxaloacetate

decarboxylase activities to 5-35% of the wild-type enzyme were observed for the

yD62A, yH77A and the C-terminal deletion mutant yAHis82. The results of Fig. 5 also

show a very good quantitative correlation between the activity drop and the loss of

Zn2+ binding to the enzyme. As from the yH78A mutant and from the deletion
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mutants yAHis78 and yAHis76 only the a-subunit was isolated on the affinity column

2+

(Fig. 4), neither oxaloacetate decarboxylase activity nor Zn was found in these

2+

samples (Fig. 5). In summary, these results indicate that for the binding of Zn
,

the y-

.2+
subunit residues D62, H77 and H82 are required and that the bound Zn ion is

essential for the oxaloacetate decarboxylase activity.
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Figure 5: Correlation between specific oxaloacetate decarboxylase activities (open bars) and Zn

content (filled bars) in the wild-type enzyme (wt) and various mutants in OadG(indicated at the

bottom line). The mutant enzymes were synthesized in E. coli and purified to apparent homogeneity

by avidin-Sepharose chromatography. The data recorded for the mutants represent percentages of

specific oxaloacetate decarboxylase activities and Zn2+content with respect to the wild-type (=100%).

The wild-type enzyme contains 1 mol Zn2+ per mol enzyme and has a specific activity of ~26 U/mg

protein. Each bar represents the mean ± S.D. of at least 9 measurements.

2.5. Discussion

The Na+ transport decarboxylase family of enzymes shares a number of

common features with respect to structure and mechanism. These are multisubunit

membrane bound complexes usually composed of a water soluble carboxyltransferase

of about 60 kDa (a), a membrane intrinsic caboxybiotin decarboxylase of about

40 kDa (ß), an additional membrane bound subunit of about 10-15 kDa (y) and a

water-soluble biotin carboxyl carrier protein subunit of about 10-20 kDa (Ô).
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Oxaloacetate decarboxylase of Klebsiella pneumoniae consists of three subunits only

because the carboxyltransferase and the biotin carboxyl carrier protein subunits are

fused via a proline/alanine-rich linker peptide (Buckel, 2001; Dimroth, 1997;

Dimroth, 2001; Dimroth and Schink, 1998).

There are clear phylogenetic relationships between carboxyltransferase

subunits/domains of decarboxylases and other biotin enzymes acting on the same

substrate, e.g. the N-terminal domain of the a-subunit of oxaloacetate decarboxylase

and the 5S subunit of transcarboxylase from Propionibacterium shermanii (Xie et al,

1993). Profound sequence identities are also found among all membrane bound ß-

subunits of the various Na+ translocating decarboxylases (Buckel, 2001) and the

biotin-carrier proteins of decarboxylases are related with those of other biotin

enzymes (Schwarz et al, 1988). From sequence alone, a similar relationship is not

apparent among the y-subunits from the various decarboxylases, but all of them share

a similar domain structure (Buckel, 2001; Dimroth, 1997; Dimroth, 2001; Dimroth

and Schink, 1998). It consists of a very hydrophobic N-terminal domain which

probably folds into an a-helix by which the protein is anchored within the membrane.

This anchor is followed by a short sequence motif with a flexible proline/alanine

linker and a more extended hydrophilic C-terminal portion. Based on this domain

structure, the y-subunit appears to be well suited as a mediator between hydrophilic

and hydrophobic subunits thus keeping the multisubunit assemblies together. The a-

and ß-subunits were in fact unable to stick to each other, whereas ay- and ßy-

subcomplexes have been described (Di Berardino and Dimroth, 1995; Dimroth and

Thomer, 1988; Dimroth and Thomer, 1993). This role of the y-subunit in the assembly

of the complex is supported by features of the Na+ translocating malonate

decarboxylase of Malonomonas rubra (Hilbi et al, 1992). Unlike the other Na+

translocating decarboxylases, this enzyme does not form a stable multisubunit

complex. This can be attributed to the absence of a y-subunit like protein since a y-

subunit encoding gene has not been found within the malonate decarboxylase gene

cluster (Berg et al, 1997).

In this communication we show that the oxaloacetate decarboxylase y-subunit forms a

strong complex with the C-terminal biotin-binding domain of the a-subunit but not

with its N-terminal counterpart. There is also clear evidence from deletion

mutagenesis that the C-terminal portion of the y-subunit is important for the complex
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formation with the aC-domain and based on the yH78A point mutation which

produces an assembly negative phenotype one may conclude that yH78 is a crucial

residue for the assembly with aC. These results may be related to earlier dissociation

and reconstitution experiments performed with oxaloacetate decarboxylase. A sharp

decrease in dissociation and increase in reconstitution above pH 6.5 was described

"indicating that a single ionisable group with a pK of about 6.5 (probably provided by

a histidine residue) is involved in these processes" (Dimroth and Thomer, 1988).

Besides its central role in the assembly of the oxaloacetate decarboxylase complex the

y-subunit also plays a profound role in the catalysis of the carboxyltransferase reaction

in which its tightly bound Zn2+ metal ion is directly involved. Hence, localisation of

this metal site would provide hints which part of the y-subunit interacts with the

carboxyltransferase catalytic site. In most zinc metalloenzymes whose structures are

solved, the binding geometry is slightly distorted tetrahedral with the metal ion

coordinated by three or four protein side chains (McCall et al, 2000). In catalytic

sites, the zinc ion is usually exposed and bound to a water or substrate molecule, and

over 70% of the metal ligands are His, >10% Glu, > 5%Asp and < 5%Cys (Alberts

et al, 1998). We reasoned that the C-terminal part of the y-subunit with its four

histidine residues could contribute the Zn+ binding ligands and therefore subjected

this portion of the molecule to site specific and deletion mutagenesis. The results of

these analyses indicated severe reductions of the Zn2+ content in parallel with

reductions of specific oxaloacetate decarboxylase activities if yH82, yH77 or yD62

were mutated indicating that these residues are probably Zn2+ binding ligands. The

fourth zinc ligand of the oxaloacetate decarboxylase may be a water molecule, as

found in 92% of all Zn2+ containing catalytic sites from which structural data have

been obtained (Alberts etal, 1998).

A common feature of catalytic zinc sites is the specific arrangement of the ligands.

Usually, a short spacer of only a few amino acids connects the first two ligands

providing a zinc-binding nucleus. The third ligand, separated from the second ligand

by a spacer of ~20 to ~120 amino acids, completes the coordination sphere. This long

polypeptide loop further aligns protein residues around the zinc-binding site and

therefore affects interactions with the substrate (Vallée and Auld, 1990). This

characteristic alignment of the ligands is present in the oxaloacetate decarboxylase y-

subunit as well. The first ligand His82 is four amino acids apart from the second
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ligand His77 and the third ligand, Asp62, is separated from the second ligand His77

by 14 amino acids. Replacement of either of the two histidine residues affects the

zinc-binding site to a greater extend than the replacement of Asp62, indicating that the

histidine residues 77 and 82 forming the zinc-binding nucleus are more essential for

the binding of the metal ion than the more distantly located Asp62 ligand.

In zinc proteases (Christianson et al, 1989) and carbonic anhydrases (Eriksson et al,

1988), zinc ions serve as a powerful electrophilic catalyst by providing: (i) an

activated water molecule for nucleophilic attack, (ii) polarization of the carbonyl of

the scissile bond and (iii) stabilization of the negative charge in the transition state

(McCall et al, 2000). In oxaloacetate decarboxylase, the Zn2+ ion is specifically

required for the carboxyltransfer from oxaloacetate to protein-bound biotin. It appears

that in this case the enhancement of the reaction rate by Zn2+ results from the third

possibility, i.e. stabilization of the negative charge in the transition state. A model

highlighting the role of Zn2+ in this catalysis is shown in Fig. 6. It is anticipated that

three regions of the protein contribute to the catalytic site for the carboxyl transfer

reaction: the C-terminal Zn2+ binding region of the y-subunit, the biotin residue on the

C-terminal domain of the a-subunit and amino acid residues on the N-terminal

domain of the a-subunit involved in oxaloacetate binding. As a strong binary complex

is formed only between the y-subunit and the C-terminal domain of the a-subunit, the

ternary complex which includes the N-terminal domain of the a-subunit may exist

only transiently during catalysis. Weassume that oxaloacetate is bound to this site

with its carbonyl oxygen atom contacting the Zn2+ metal ion which probably involves

the replacement of H2O as the fourth ligand from the Zn2+ ion. Once bound in this

way, electrons are withdrawn from the carbonyl oxygen bond of oxaloacetate leading

to the decarboxylation of this ß-ketoacid. The CO2reacts immediately with the biotin

liberating a proton while the enolate form of pyruvate is transiently stabilized by the

Zn2+ until a proton adds and transforms it into pyruvate. This is subsequently released

from the Zn2+ site by replacement with H2O. Our proposal for the role of the tightly-

bound Zn2+ ion in polarizing the carbonyl oxygen bond of oxaloacetate rests primarily

on the following observations: (i) oxaloacetate decarboxylase is the only Zn
+

containing Na+ translocating decarboxylase known (Dimroth, 1997); (ii) the Zn2+ is

specifically required for the carboxyltransfer reaction; (iii) carboxyltransferases of
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Figure 6: Model of the participation of the Zn2+ site in the carboxyltransferase mechanism. The

Zn2f metal ion is bound to the y-subunit with Asp62, His77, His82 and a H20 molecule as ligands. In

the first step (1) oxaloacetate with its carbonyl oxygen replaces the water ligand. As a Lewis acid, the

Zn2+ withdraws electrons from the carbonyl oxygen bond which facilitates the carboxyltransfer from

position 4 of oxaloacetate to biotin (2). The resulting enolpyruvate intermediate picks up a proton and

pyruvate is released (3). Simultaneously the fourth coordination site of the Zn2+ is filled again with a

water molecule. Note that the carboxyltransfer reaction additionally requires the N-terminal domain of

the a-subunit.

other biotin enzymes with oxaloacetate as substrate or product such as the 5S subunit

of transcarboxylase or pyruvate carboxylase are phylogenetically related to the

carboxyltransferase domain of oxaloacetate decarboxylase and are Zn2+ containing

(Scrutton et al, 1970) or other divalent metal ion containing enzymes (Scrutton et al,
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1972; Xie et al, 1993) as well, whereas carboxyltransferases with thioester

carboxylates are not. Instead of a metal ion, these carboxyltransferases may use two

peptidic NHgroups to stabilize the oxoanion intermediate, as was proposed recently

for glutaconyl-CoA decarboxylase (Buckel, 2001). The Zn2+ is apparently not

required for polarizing the carbonyl oxygen bond of biotin in the carboxyltransferase

reaction because many of these enzymes operate without Zn2+ or another metal ion.

Instead, amino acids have been reported to stabilize the enolate anion of biotin

(Jitrapakdee and Wallace, 1999; Waldrop etal, 1994).
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3.1. Abstract

The membrane bound ß-subunit of the oxaloacetate decarboxylase (Kp-OadB)

from Klebsiella pneumoniae catalyzes the decarboxylation of carboxybiotin which is

coupled to Na+ translocation consuming a periplasmically derived proton. The protein

folds within the membrane by a block of three N-terminal transmembrane segments

and another one by six C-terminal transmembrane segments, connected by a mostly

hydrophobic linker. Sequence alignments and comparative hydropathy plots of OadB

from K. pneumoniae and related membrane embedded ß-subunits of the Na+ pumping

malonate decarboxylase from M. rubra (Mr-MadB) and the methylmalonyl-CoA

decarboxylases from P. modestum (Pm-MmdB) and V. parvula (Vp-MmdB) revealed

in addition to functional also structural similarities. Based on this information, the six

C-terminal transmembrane helices following the essential amino acid aspartate 203

were substituted by the equivalent C-terminal segments of Mr-MadB, Pm-MmdBand

Vp-MmdB. The hybrid ß-subunit decarboxylases were expressed in E. coli and

subsequently isolated via monomeric avidin-Sepharose chromatography. From the

Kp-OadB - Pm-MmdBand Kp-OadB - Vp-MmdB hybrids, only a cty-subcomplex

could be purified, whereas replacement of the C-terminal Kp-OadB segment with the

C-terminal Mr-MmdB segment appeared to be lethal for E.coli. This is in accordance

with the fact that from a M. rubra cosmid bank or with a "shotgun cloning" approach

in E. coli, a functional malonate decarboxylase from M. rubra could not be identified.

A further chimera constructed of six N-terminal transmembrane segments from Kp-

OadB and 3 C-terminal transmembrane segments from Vp-Mmdb showed no

oxaloacetate decarboxylase activity. This indicates the importance of the C-terminal

domain for an intact oxaloacetate decarboxylase and revealed, that all these related

enzymes are indeed not equivalent enough that parts of them could be replaced.

3.2. Introduction

Oxaloacetate decarboxylase of Klebsiella pneumoniae consists of three

different subunits, a, ß, and y with molecular masses of 63.5, 44.9 and 8.9 kDa,

respectively (Dimroth, 2001; Laussermair et al, 1989; Schwarz et al, 1988). The

overall geometry and function are shown in Figure 1. The cytoplasmic biotin



57 Construction of ß-Subunit Chimeras

containing a-subunit is bound to the membrane embedded ß-and y-subunits, which

were shown to be closely associated (Di Berardino and Dimroth, 1995; Dimroth and

Thomer, 1983; Dimroth and Thomer, 1988). This enzyme is the paradigm for the

sodium translocating decarboxylases, an enzyme family that also includes

2Na +

Figure 1: Model of oxaloacetate decarboxylase from Klebsiella pneumoniae. B-H: biotin prosthetic

group; B-C02 : carboxybiotin.

methylmalonyl-CoA decarboxylase, glutaconyl-CoA decarboxylase and malonate

decarboxylase (Buckel, 2001). All members of this family contain in addition to a

biotin moiety, a carboxyltransferase, a small subunit (8-15 kDa) serving as a

membrane anchor for the a-subunit and a very hydrophobic ß-subunit (39-45 kDa),

whose amino acid sequences share 50-80% identity. Up to 11 transmembrane helices

were predicted by hydropathy plot analysis (Braune et al, 1999; Huder and Dimroth,

1993; Woehlke et al, 1992). A careful topological analysis of the ß-subunit of

oxaloacetate decarboxylase revealed a somewhat different picture (Jockei et al,

1999). The results of fusions with alkaline phosphatase and ß-galactosidase confirmed

three of the predicted a-helices at the N-terminal part and six a-helices at the

C-terminal part. Modification of genetically engineered cysteine residues by a

membrane impermeable fluorescent reagent corroborated the new model with nine a-

helices. Between the helices III and IV, a hydrophobic linker (Ilia) was predicted not

to traverse the membrane fully, but to fold into four short a-helices, which reach from
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the periplasm only to the center of the membrane (Figure 2). Similar short a-helices

have been detected in the pore helices of the K+ channel from Streptomyces lividans

whose crystal structure has been determined (Doyle et al, 1998).

IV V VI VII VIII IX

Figure 2: Topology model of the ß-subunit of the oxaloacetate decarboxylase. Functionally

important amino acids are indicated.

The most highly conserved portions of OadB are region Ilia in the vicinity of the

invariable D203 residue and transmembrane helix VIII. Mutational analysis indicated

that D203 (segment Ilia), Y229 (helix IV) and helix VIII residues, N373, G377, S382

and R389, are essential for Na+ translocation and the oppositely oriented translocation

of H+ across the membrane to facilitate the decarboxylation of carboxybiotin (Di

Berardino and Dimroth, 1996; Dimroth, 2001; Jockei et al, 2000a; Jockei et al,

2000b).

3.3. Material and Methods

Bacterial strains and plasmids

The bacterial strain Escherichia coli DH5a (Bethesda Research Laboratories)

was used in this study for cloning and expression purposes. Cells were grown at 37°C

in Luria Bertani (LB) medium (Sambrook, 1989). Plasmid containing strains were
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supplemented with 100 mg/1 ampicillin. E. coli XLl-Blue MRF' (Stratagene) was

used to construct the cosmid library of Malonomonas rubra. The cosmid vector

Supercosl and packaging extracts derived from Stratagene. M. rubra DSM9788 and

Propionigenium modestum DSM2376 were obtained fom Deutsche Sammlung für

Mikroorganismen und Zellkulturen GmbH(Braunschweig, FRG).

Recombinant DNAtechniques

Standard recombinant DNA techniques were performed essentially as

described by Sambrook et al (Sambrook, 1989). Oligonucleotides used for

mutagenesis were custom-synthesized by Microsynth (Balgach, Switzerland). All

inserts derived from polymerase chain reactions (PCR) performed using Vent-DNA-

Polymerase from New England Biolabs (Beverly, MA) and ligation sites were

checked by DNAsequencing according to the dideoxynucleotide chain-termination

method (Sanger et al, 1977) using a Taq Dye-Dideoxy Terminator Cycle Sequencing

Kit and the ABI PRISM 310 genetic analyzer from Applied Biosystems.

Construction of recombinant OadB plasmids

Primers used for mutagenesis are listed in Table 1. To obtain a plasmid for

cloning the genes for all the OadB fusion proteins, pSK-GAB was digested with

Kpn2l I BspllOl and replaced by the PCRproduct resulting from primer Kpn2Ifor and

primer +Bspl20Irev with pSK-GAB as template yielding plasmid pSK-GABA+Bsp.

To design the gene for a fusion of the N-terminal part of OadB and the C-terminal

part of the methylmalonylCoA-decarboxylase of Propionigenium modestum, genomic

DNAof P. modestum was prepared and used as template for a PCRreaction using

primers BspPmMmdBfor and BspPmMmdBrev. The 711 bp PCR-fragment was

digested with BspllOl and ligated to the linearized and dephosphorylated pSK-

GABA+Bsp yielding plasmid pSK-GAPmB. The C-terminal domain of the

methylmalonyl-CoA decarboxylase of Veillonella parvula was fused to the N-

terminal part of the oxaloacetate decarboxylae from K. pneumoniae. This was done by

cloning the PCRproduct with primers BspVpMmdBfor and BspVpMmdBrev using

plasmid pJH70 (Huder and Dimroth, 1995) as template after digestion with BspllOl

into the digested and dephosphorylated vector pSK-GABA+Bsp resulting in the
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Primer Sequence (5'-3')

Restriction

sites/comments

Kpn2Ifor

+Bspl20Irev

TCCAATATTCCGGAGGCCGGGC

ATCGCCGTGGGCCCGTCGGCGC

BspPmMmdBfor GAGCGGATGGGCCÇACAGCGAT

BspPmMmdBrev

BspMrMadBfor

BspMrMadBrev

BspVpMmdBfor

BspVpMmdBrev

H9VpMmdBfor

H9VpMmdBrev

Bstl0800rev

R250A/K251Afor

R250A/K251Arev

pMD4for

pMD4rev

CTCACATAGGGCCCTTATTACCC

GAATAGTGAAAGAAGT

GAGCCGATGGGCCCATGGTTCT

ATACGCTAGGGGCCCTCAGTTCA

GCAAAAAAAGTGTTGAG

GGTGCTGATGGGCCCACATCCAT

TGTAGCAAGGGCCCTTATTAGTG

GTTGGACAACATAGC

mutation underlined

BspllOl site in bold

mutation underlined

BspllOl site in bold

BspllOl site in bold

BspllOl

BspllOl

site

BspllOl site in bold

BspllOl site in bold

site

in bold

in bold

CCATCGGGATCCTTCTTTTAGGCTBamHl site in bold

TATTCGCATTT

Notl site in boldGCAGTCCTGAGCGGCCGCTTATT

AGTGGTTGGACAACATAG

GGCAAACCAGTGGGTGATTTTTC

G

GACCACGGATAAGGAGGCCGCCAmutation underlined

TCCGCATGGTGCAG

CTGCACCATGCGGATGGCGGCCT

CCTTATCCGTGGTC

TAAGGTTGATCCAGCGCT

GTCTAACAATTCCTGGCA

mutation underlined

Table 1: Primers used for mutagenesis

plasmid pSK-GAV/?B. The insert encoding the C-terminal part of the malonate

decarboxylase of Malonomonas rubra (C-MadB) was synthesized by PCR using

primers BspMrMadBfor / BspMrMadBrev and plasmid pMDl (Berg et al, 1997) as

template. After digestion with BspllOl, C-MadB was ligated into plasmid pSK-

GABA+Bsp. For replacing only the last three putative transmembrane helices of the

C-terminal part of OadB by the equivalent part of the methylmalonyl-CoA

decarboxylase of V. parvula, plasmid pKAB (Jockei et al, 1999) was digested with
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BamHl and Notl and subsequently dephosphorylated. To get the plasmid pKAB+Vp,

PCRusing primers H9VpMmdBvor and H9VpMmdBrev and pJH70 as template was

performed, digested with BamHl I Notl and cloned into digested pKAB.

Construction of the mutant R250A/K251A in the ß-subunit

The PCR fragment containing the two mutations R250A/K251A was

constructed in a two step protocol. For the N-terminal part of the PCR fragment,

primers Kpn2Ifor and R250A/K251Arev were used. For the corresponding C-terminal

part, primers Bstl0800rev and R250A/K251Afor were used. The plasmid pSK-GAB

(Di Berardino and Dimroth, 1995) served as template. After purification, these PCR

fragments were used as template for the second PCR using primers Kpn2Ifor and

Bstl0800rev. This fragment was subsequently digested with Kpnll and Bstl 1071 and

cloned into plasmid pSK-GAB digested with the same enzymes yielding plasmid

pSK-GABR250AK251A.

Synthesis and purification of recombinant oxaloacetate decarboxylase

Recombinant oxaloacetate decarboxylases were purified from overnight grown

DH5a/pSK-GAB variants by affinity chromatography of solubilized membrane

extract on a SoftLink monomeric avidin-Sepharose column (Promega) according to

Di Berardino and Dimroth (1995). E. coli cells carrying plasmid pKAB+Vp were

assayed for their ability to reconstitute the decarboxylation activity after incubation

with the missing aY-subunits. For this purpose, membrane vesicles of overnight

grown DH5a/pKAB+Vp were prepared, solubilized with 2% Triton X-100 and

incubated with isolated ay-complexes as described (Di Berardino and Dimroth, 1995).

The decarboxylation activity was subsequently determined (Dimroth, 1986).

Construction of a cosmid library of Malonomonas rubra genomic DNA

Three portions of each 38 pg of M. rubra genomic DNA(prepared according

to Berg et al (Berg et al, 1997)) were partially digested with 0.4 U Sau3A (25, 30

and 35 min, respectively, 37°C). 1 pg of each preparation was analyzed on a 0.3%

agarose gel to verify the level of digestion. The solutions were extracted with one

volume phenol, phenol/CHCl3 (1:1) and finally one volume CHCI3. The DNAwas

precipitated with ethanol and resolved in 50 pi Tris/EDTA buffer. After
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dephosphorylation of the DNA, the fragments were ligated without size fractionation

into SuperCosl cosmid vector, packed in vitro in bacteriophage A. and used to infect

E. coli XL1-Blue MRF' as described by the manufacturer. Single colonies were

picked and transferred into 150 pi Luria-Bertani medium, containing 15% glycerol

(w/v) and 50 pg/ml ampicillin in microtiter plates, incubated overnight at 37°C and

stored at -70°C.

Screening the cosmid library for malonate degrading clones

The cosmid clones were analyzed for growth on malonate by plating the

colonies grown in the microtiter plates on malonate broth (Ewing, 1957)

supplemented with 100 pg/ml ampicillin. Malonate degrading clones change the

medium color from green to blue. K. pneumoniae served as positive control.

Additionally, the colonies from the master plates (LB) were replicated by a velvet

stamp onto plates with malonate broth and we looked for spots on the plate changing

into a blue color after incubation at 37°C.

"Shotgun" cloning of the malonate decarboxylase genes of M. rubra

For cloning the whole malonate decarboxylase cluster, plasmid pACYC177

(New England Biolabs) and pNEB193 (New England Biolabs) were digested with

BamHl I Xmal and used as vectors. 170 pg of genomic DNAfrom M. rubra was

digested with 40 U Xmal (6h, 37° C) and subsequently with 100 U BamHl (15h,

37°C). The digested DNAfragments were separated by agarose gel electrophoresis

(0.7% agarose). For screening of the DNAfragment containing genes of the malonate

decarboxylase, a homologous probe was made. Two primers pMD4for and pMD4rev

were used to generate a PCRproduct of 415 bp, which was radiolabeled with [a-

32P]dATP using the Klenow fragment of E.coli DNApolymerase. The probe was

purified using a QIAquick PCRpurification column (Quiagen) and named MS1. The

agarose gel with the digested genomic DNAof M. rubra was subjected to Southern

blotting (Sambrook, 1989; Southern, 1975) and MSI was used as probe for

hybridization. A positive signal was detected with fragments of about 13 kb as

expected (M. Berg, personal communication). The plasmid pMD4(Berg et al, 1997)

was used as positive control. Fragments of 11-15 kb were isolated from the agarose
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gel according to the QIAEX procedure (Qiagen) and ligated into digested pACYC177

and pNEB193 vectors. A considerable number of clones were analyzed by colony

hybridization with the radiolabeled probe MS1. Plasmid DNAof positive clones was

purified and analyzed by restriction digestion and hybridization with radiolabeled

MSI. Positive clones were subsequently analyzed for growth on malonate as

described above.

3.4. Results

Identification of appropriate segments of ß-subunits from different Na+ pumping

decarboxylases for substitution in OadB

In order to find segments of different ß-subunits which could be interchanged,

we first consulted hydropathy plots of eligible ß-subunits (Figure 3) for the utmost

degree of similarity. The profiles seem to be well conserved. A very characteristic

feature is the extremely hydrophilic stretch of amino acids located between the

hydrophobic segments IV and V. At the C-terminal part downstream from this

outstanding feature, especially between segments VII and IX, some differences in

hydrophobicity can be observed. In this region, MmdBfrom P. modestum shows only

a slight difference in hydrophobicity compared to Kp-OadB, even though the Pm-

MmdBregion encompasses more hydrophilic amino acid residues. MmdBof V.

parvula reveals the most unpronounced hydrophilic segment in this area, and the

hydrophobicity of segment VIII is less outstanding. The plot shows a somewhat

different picture in the case of MadB of M. rubra. Whereas the hydrophilic part

between segments VII and VIII is missing, the part between segments VIII and IX

shows a much larger hydrophilic area. Despite these differences in the C-terminal part

of these enzymes, the plots clearly indicate that all four proteins show more variations

in hydrophobicity at the N-terminal part. Only the profile of MadB and Pm-MmdB

clearly show that stretch II is an additional hydrophobic domain that must be

considered as a membrane spanning segment. The less distinct hydrophobicity

apparent for OadB and MmdBin this region is due to the presence of either glutamate

or arginine in these sequences (Figure 4). The large hydrophilic loop between segment

II and III in OadB is partly missing in the other enzymes depicted in the sequence
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Figure 3: Comparative hydropathy plots of the ß-subunit of oxaloacetate decarboxylase from K.

pneumoniae (Kp-OadB), the related membrane subunits of the Na+ pumping malonate decarboxylase

from M. rubra (Mr-MadB) and the methylmalonyl-CoA decarboxylases from P. modestum (Pm-

MmdB)and V. parvula (Vp-MmdB) adopted from (Jockei et ai, 1999). Putative hydrophobic stretches

are indicated at the bottom in Romannumbers

predicted outside to inside helices with the program TMpred (ISREC)

predicted inside to outside helices with the program TMpred (ISREC)

alignment (Fig. 4). The shortest loop is present in MmdBof V. parvula. Segments III

and Ilia show in all proteins a very hydrophobic character. However, they are not as

similar as for instance segments at the C-terminal part of these proteins. It was

obvious, that replacement of the C-terminal part of OadB with equal parts of other

proteins might give the best chance to form an active hybrid decarboxylase. These

findings were reaffirmed by analyzing the sequence alignment of the different

proteins (Figure 4). The big gaps in the segment connecting the hydrophobic domains

II and III and between the two hydrophobic segments Ilia are very striking features.

The most similar regions of these proteins coincide in the ten hydrophobic stretches.

Next to segment Ilia, which contains the catalytically essential aspartic acid residue
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91 140
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AQEAAAIGII

GGADGPMVLF

GGADGPMVLF

GGADGPTAIY

GGADGPTAIY

GGADGPTTIY

GGADGPTAIF

GGADGPTSIY

** ******

ASLILAKDLF

GSLMMAKNLF

ISGKLAPELL

ISGKLAPELL

1TTILAPHLL

ISSKLAPHLM

IATKLAPHLL

189

MG LL

CG LT

LNYFGIISFT

LNYFGLISFT

FLGFT

SGL FT

LG FT

239

VPIAIIAYLY

VPISIIAYLY

GAIAVAAYSY

GAIAVAAYSY

AATAVAAYSY

GPIAVAAYSY

GAIAVAAYSY

LSLTYAGYPY

LSLTYAGYPY

MALVPLIQPP

MALVPLIQPP

MSLVPIIQPP

MALVPIIQPP

MSLVPLIQPP

240

LIKLLVPKKY

LVRWLIKEEH

IMKALTTDKE

IMKALTSETE

IIKALTSSRE

IMTALTSETE

VMKLFTTQKE

289

V
RGLEVEMDFPEVSQRSKFVF

RAIEVDYDFP DVTPQ2KFIF

RKIRMV.QLE TVSKEEKILF

RKIRMV.QLR TVSKREKILF

RKIKMR.QLR IVSKKEKILF

RKIKMS.QLR LVSKREKIIF

REIVME.QLR EVTRFEKIVF

288

SVLACMLLCL

TWAAGLLCL

PAVLLLLVAL

PVVLLMLVAL

PIATIIISGF

PIWTILVSL

PIVATIFISL

LLPVASPLIL

LLPVATPLIL

LLPDAAPLLG

LLPDAAPLLG

LAPKALPLVG

IVPPAATLVG

LLPSITSLLG

* *

SFFLGIAIKE

SFFLG^AIKE

MFCFGSLMRE

MFCFGNLMRE

MLMTGMLFRE

MLMLGNJLFRE

MLMLGflLFRE

AQI.EPFQNL

AEI.EPYQKF

SGWERLSDT

SGWERLSDT

SGVTDRLAKG

CGWGRLEDT

SGVTDRLSDT

VI

LETTLTYGST LFLGLLLGAL

LENTVTYAST LLLGLVLGTL

VQNALINIVT IFLGLSVGAK

VQNGLINIVT IFLGLSVGAK

ASEELMNIMT IILGLSVGST

AKNALINIIT IFLGVTVGAT

SQNALINTVT IFLATGTGLT

* * *

338

CEAKTILDPK

CEAGTLLDPQ

LVADKFLQPQ

LVADKFLQPQ

MRAESFLTQK

ATAEAFLKVE

MSAEHFLSLE
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VII VIII

mr-madb

rc-madb

kp-oadb

st-oadb

af-oadb

pm-mmdb
vp-mmdb

mr-madb

rc-madb

kp-oadb

st-oadb

af-oadb

pm-mmdb
vp-mmdb

323

ISLIWLGIT

VALLLILGIT

1LGILVLGVI

ILGILLLGVI

ILLVLALGVV

1LAILGLGIV

1IKIILLGLF

**

ALLISGIGGV

ALAVSALGGI

AFCVGTAAGV

AFGIGTAAGV

AFAAATAGGV

AFGIGTGSGV

AFICGTAGGV

* *

LGGWIVYWFS

GGGYLVWKLS

LMAKLMNVFS

LNAKLLNLCS

LIAKVMNLFL

LIAKFMNKLS

LFGKLMSLVD

KNKI

KEK

KEP

KGKFNPVIGI

KGNYNPVIGI

RHKINPLIGS

NPLIGS

KEKINPMIGA

INPLLGS

GGKTNPLIGS

** *

388

AGVSCLPTTA

AGVSCMPSTA

AGVSAVPMAA

AGVSAVPMAA

AGVSAVPMSA

AGVSAVPMAA

AGVSAVPMAA

389 IX
KIAQKTVTEE

KIAQKEAFEA

EVSNKVGLEA

RVSNKVGLES

RWQRLAIEE

RVSQWGQKA

RVSQWGAKA

NPYA/ILPLA

NPHA4IMPLA

DGQNFLLMHA

DAQNTLLMHA

DPHN3ILMHA

DPTNF'LLMHA

NPANJ'LLMHA

MGAGVCGLIV

MGASICGVIV

MGPNVAGVIG

MGPNVAGVIG

MGPNVAGVIG

MGPNVAGVIG

MGPNVAGVIG

SAIATGVFIS

SAIAVGVFAS

SAIAAGVMIK

SAIAAGVMIK

SAVAAGVLIQ

SAVSAGVLIS

TAVAAGTMIA

433

TLFLLN.

TIGLVN.

YVLAM..

YVLAM..

ILG....

LFG

MLSNH..

Figure 4. Sequence alignment of Mr-MadB with Rc-MadB (related subunit from Rhodobacter

capsulatus), Kp-OadB, St-OadB (related subunit from Salmonella typhimurium), Af-OadB (related

subunit from Archeoglobus fulgidus), Pm-MmdB, and Vp-MmdB (for other abbrevations see Figure 3).

The putative membrane domains are boxed and numbered like in Figure 3. Identical residues are

indicated by an asterisk, conservative exchanges by a dot. The sequence of Kp-OadB is in bold and

underlined.

at position 203 (Di Berardino and Dimroth, 1996), the most highly conserved portion

is segment VIII with the four essential residues, N373, G377, S382 and R389 (Jockei

et al, 2000b). We decided to replace the C-terminal part of OadB from the 8

conserved residues around the aspartate 203 (Figure 4) in the segment Ilia by the

appropriate parts of related enzymes. The exact change of the sequence from OadB to

that of the replaced protein is shown in Figure 5. This leads to

Kp-OadB ... AAAIGIIGGAD203GPTAI/FLSSKLAPH... Pm-MmdB,

Kp-OadB ...AAAIGIIGGAD203GPT/SIYLATKLAPH... Vp-MmdB

Kp-OadB ... AAAIGIIGGAD203GP/MVLFASLILAKD... Mr-MadB

Figure 5: Sequence of the different hybrid ß-subunits in the area of the transition. Replaced

residues in bold. The position of the aspartate residue is indicated. The transition of the sequences is

indicated by a slash (/). For abbreviations see Figure 3 and 4.
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hybrid ß-subunits with three N-terminal transmembrane a-helices and the bigger part

of segment Ilia of OadB and the bundle of six a-helices of the C-terminus of different

ß-subunits.

Another approach was to replace the last three C-terminal transmembrane segments

(VII-IX) of OadB by the equivalent part of MmdBof V. parvula (Fig. 6). This

ensures, that no charge was induced or removed into transmembrane segments. This

raised the chance, that the new constructed ß-subunit will insert in the membrane

properly, the precondition for a functional decarboxylase.

Kp-OadB .. .KFLQPQTL340GI/ILLGLFAFIC... Vp-MmdB

Figure 6: Sequence of a hybrid ß-subunit in the area of the transition. Replaced residues in bold.

The position of the leucine residue at the beginning of transmembrane segment VII is indicated. The

transition of the sequences is indicated by a slash (/). For abbreviations see Figure 3 and 4.

Cloning of hybrid ß-subunit genes and analysis of gene product synthesis

PCR products encoding hybrid ß-subunits were digested with BspllOl and

cloned into a BspllOl digested and dephosphorylated Bluescript vector. Plasmids

were analyzed for the appropriate orientation of the inserts by sequence analysis. In

the case of replacement of the C-terminal part of OadB by the equivalent part of

MmdBof V*. parvula (pSK-GAVpB) or P. modestum (pSK-GAPmB), we obtained a

statistically reasonable yield of the accurate plasmid. On the other hand, all the PCR

products from MadB of M. rubra inserted the wrong way. We analyzed 18 clones

with a backwards oriented insertion but no clone with the insert in frame. The C-

terminal part of MadB from M. rubra fused to the N-terminal part of OadB from K.

pneumoniae is most likely lethal for E. coli.

After expression of pSK-GAPraB and pSK-GAVpB, hybrid oxaloacetate

decarboxylases were purified by SoftLink monomeric avidin-Sepharose

chromatography from membranes solubilized with Triton X-100 and subsequently

concentrated by precipitation with ammonium sulfate (30% saturation). SDS-PAGE

analysis of the purified protein fractions manifested the presence of only two relevant

polypeptides (Fig. 7). It was obvious, that only an oy-subcomplex of the hybrid
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Figure 7: Purification of hybrid oxaloacetate decarboxylases from E.coli membranes of

DH5a/pSK-GAPmBand pSK-GAVpB, respectively. SDS-PAGEanalysis was performed in a 10%

gel and stained with silver. Lanes 1-3, fusion of the C-terminal part of MmdBof P. modestum into the

OADof K. pneumoniae, lanes 4-6, fusion of the C-terminal part of MmdBof V. parvula into the OAD

of K. pneumoniae. M, marker proteins with molecular masses shown (in kDa); Lanes 1 and 4,

membrane vesicles; lanes 2 and 5, Triton X-100 extract, lanes 3 and 6, hybridoxaloacetate

decarboxylase purified on a SoftLink monomeric avidin-Sepharose column and (NH4)2S04

precipitation (30% saturation), a, ß, y denotes the three subunits of oxaloacetate decarboxylase.

oxaloacetate decarboxylases was purified and hence, the ß-subunit was missing.

Analysis of the respective membrane fractions by SDS-PAGErevealed, that there was

also no hybrid ß-subunit present. The protein fractions did not show any oxaloacetate

decarboxylase activity while after incubation of the purified protein fractions with

Triton X-100 extract of DH5a/pKAB (containing ß-subunit) oxaloacetate

decarboxylase activity could be restored.

In order to insert no additional charge into the transmembrane segments, we replaced

the three C-terminal transmembrane segments of OadB by the equivalent part of

MmdBof V. parvula. This approach leads to the replacement of only 11 conservative

amino acids within the transmembrane segments: 7 in segment VII, 1 in VIII and 3 in

IX. Additionally 20 amino acids were replaced within the hydrophilic loops. The

hybrid ß-subunit was synthesized in E. coli and assayed for its ability to reconstitute

oxaloacetate decarboxylation activity after incubation with a purified ay-subcomplex.
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No oxaloacetate decarboxylase activity could be restored neither with reconstituted

crude cell free extracts, membrane vesicles nor with Triton X-100 extracts.

Additionally, SDS-PAGEanalysis of Triton X-100 extracts revealed the absence of

RKAA 12 3 M kDa

Figure 8: Purified double mutant R250A/K251A and Triton X-100 extracts from fi.coli

membranes of DH5a/pSK-GA2 (Di Berardino and Dimroth, 199S), pKAB (Jockei et al., 1999),

and pKAB+Vj», respectively. SDS-PAGE analysis was performed in a 10% gel and stained with

silver. Lane 1, Triton X-100 extract from DH5a/pSK-GA2; lane 2, Triton X-100 extract from

DH5ct/pKAB; lane 3, Triton X-100 extract from DH5ot/pKAB+Vp; M, marker proteins with molecular

masses shown (in kDa); a, ß, y denote the three subunits of oxaloacetate decarboxylase.

the ß-subunit in solubilized membranes of DH5a/pKAB+Vp running on SDS-PAGE

like the 31 kDa marker protein (Fig. 8). A hybrid ß-subunit was also absent in the

crude cell extract (data not shown). This chimeric protein was not inserted in the

membrane properly and therefore possibly digested by E. coli just after synthesis.

These results are in agreement with the impossibility of reconstitution the

oxaloacetate decarboxylase activity by incubating the hybrid ß-subunit with an ay-

subcomplex, because the desired chimera ß-subunit protein was most probably absent.
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Synthesis, purification and analysis of double mutant R250A/K251A in

Escherichia coli

In order to test whether the amino acids R250 and K251 of the ß-subunit of

oxaloacetate decarboxylase are involved in carboxybiotin binding, the double mutant

R250A/K251A was expressed in E. coli and purified by avidin-Sepharose

chromatography. The synthesis of the three polypeptide chains of the decarboxylase

complex was verified by SDS-PAGEas depicted in Fig. 8 on the left side. Purified

double mutant oxaloacetate decarboxylase showed specific activity of 41.8 U/mg, a

value like wild-type oxaloacetate decarboxylase activity.

Efforts of cloning the madYZBAECDHKFLMNgene cluster encoding the whole

malonate decarboxylase of Malonomonas rubra and construction of a cosmid

bank

The first approach to obtain the entire mad gene cluster encoding the whole

malonate decarboxylase of M. rubra was done by "shotgun cloning" technique. A

Xmal restriction site is situated just upstream of the gene encoding MadY of the

malonate decarboxylase gene cluster (M. Berg, personal communication). Digestion

of genomic DNAwith BamHl lead to a DNA-fragment of 16 kb length revealing a

positive signal after Southern blotting and hybridization with a homologous probe (M.

Berg, personal communication). Therefore we digested genomic DNAfrom M. rubra

with these two restriction enzymes, Xmal and BamHl. We isolated appropriate

fragments of 13 kb length for cloning into different vectors. Wetested an enormous

amount of clones by colony hybridization. Additionally, all the colonies were tested

for growth on malonate by plating on malonate broth. Unfortunately, we found neither

a clone with a plasmid comprising the whole gene cluster for the malonate

decarboxylase nor one which was able to grow on malonate broth.

Furthermore, we constructed a cosmid library of M. rubra DNA. We obtained two

cosmid libraries with 700 clones and 3500 clones, respectively. Despite every location

of genomic DNAof M. rubra should reside statistically more than twenty times none

of the clones was able to degrade malonate which could be detected by the change of

the color of the malonate broth from green to blue.
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3.4. Discussion

Extensive topological analysis of the ß-subunit of oxaloacetate decarboxylase

by fusions with alkaline phosphatase and ß-galactosidase and cysteine scanning

methods revealed a new model (Figure 2) with nine a-helices and a hydrophobic

linker between helix III and IV which was predicted not to traverse the membrane

completely, but to fold into four short a-helices, which reach from the periplasm only

to the middle of the membrane (Jockei et al, 1999). Sequence alignments (Figure 4)

and hydropathy plots (Figure 3) of ß-subunits from different sodium pumping

decarboxylases predicted a close relationship to the oxaloacetate decarboxylase of K.

pneumoniae. We intended to investigate, whether the ß-subunits of these sodium

pumps are related enough that we could exchange the bundle of six transmembrane a-

helices at the C-terminus from the invariant aspartate 203 residue of OadB with the

equivalent parts of the methylmalonyl-CoA decarboxylases of P. modestum or V.

parvula or the malonate decarboxylase of M. rubra with preservation of the activity.

This would lead to more information about the relationship between structure and

function of this interesting part of these enzymes. Replacement of the C-terminal part

of OadB by the equivalent parts of MmdBfrom P. modestum or V. parvula resulted in

a aY-subcomplex after affinity chromatography purification, the hybrid ß-subunit was

absent. The purified ay-subcomplex was indeed intact, as we could restore

oxaloacetate decarboxylase activity after addition of separately synthesized ß-subunit.

Thus the mutant ß-subunit was probably not properly inserted into the membrane and

therefore digested just after synthesis. This could be due to introduction or removal of

charged amino acids in the transmembrane segments provoked by the replacement of

the C-terminal part of the enzyme. Moreover, major amino acid changes in the

hydrophilic loops were generated, which could assist the false integration into the

membrane. To avoid introduction of additional charges into the transmembrane parts,

replacement of the last three C-terminal a-helical segments of OadB by the

appropriate part of Vp-MmdB was performed, but no integrated hybrid ß-subunit was

detected. Only 11 conservative replacements within the transmembrane helices were

introduced and the alteration of 20 amino acids in the hydrophilic loops matching

theoretically better to the "positive-inside-rule" (von Heijne, 1992). Hence only little

changes within the primary structure of the transmembrane segments at the C-

terminus of the ß-subunit of the oxaloacetate decarboxylase from K. pneumoniae most
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likely change the spatial structure to an extent that the protein will not insert into the

membrane in the correct way.

Wealso tried to replace the six C-terminal transmembrane segments of OadB by the

comparable part of the malonate decarboxylase from M. rubra. Due to the cloning

strategy (see Material and Methods), it was possible for the PCR-product to insert in

frame or vice versa. Weobtained 18 clones out of 18 comprising the insert in the

opposite translational direction. We hypothesize that a construct with the insert in

frame might be lethal for E. coli. It has been reported several times, that E. coli cells

expressing a sodium pumping decarboxylase or only its ß-subunit are reduced in

growth. Additionally no E. coli harboring a plasmid encoding the whole malonate

decarboxylase of M. rubra was obtained from a gene bank where statistically every

gene should reside at least twenty times or by a "shotgun cloning" approach. Efforts

were necessary for cloning parts of the gene cluster encoding components of the

malonate decarboxylase of M. rubra in E.coli (Berg et al, 1997). It could be shown

that this is not due to the decarboxylation of all the malonate in the cells, because

cloning and expression of a functionally active, soluble malonate decarboxylase from

K. pneumoniae was achieved in our laboratory (Hoenke et al, 1997). The membrane

associated subunits turned out to be the bottleneck in case of the malonate

decarboxylase from M. rubra. The genes of the operon were finally obtained with a

plasmid encoding for half the ß-subunit merely. Many different trials expressing the

ß-subunit in different vectors also were unsuccessful. Additionally, a plasmid with the

minimum of genes encoding functional malonate decarboxylase, i.e. MadB, MadC/D

(the carboxyltransferase subunits) (Berg et al, 1997) and Mad F (the biotin protein)

(Berg and Dimroth, 1998), could never be obtained (M. Berg, personal

communication). All these results indicate, that functionally active sodium pumping

decarboxylases interfere with growth of E.coli mainly because of their membrane

spanning ß-subunits. These results support our conclusion, that E. coli degrades

imperfect ß-subunits created by mutational work or that growth with the hybrid ß-

subunit is impossible.

Wealso wanted to determine the region of the ß-subunit, where carboxybiotin binding

occurs during catalysis. Four loops of this subunit are protruding into the cytoplasmic

compartment. The first big loop between segments II and III is missing in most of the

related sodium pumps and therefore it is not likely to be a candidate for the

carboxybiotin binding region. For the other three loops, we analyzed the sequence
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alignments

(Fig. 4) for conserved, positively charged amino acids. Only one arginine is conserved

among all aligned sodium pumps and additionally a nearly conserved lysine residue

resides just next to it. Additionally, this loop between segments IV and V contains the

most amino acids with positively charged side chains and therefore became the best

candidate for the carboxybiotin binding region. Thus, we decided to replace both

R250 and K251 by alanines to investigate, whether these positive amino acids are

important to bind the negatively charged carboxybiotin to the ß-subunit. As this

mutant showed wild-type properties, it is unlikely, that the residues R250 and K251

are involved in carboxybiotin binding. Due to these results, we can not know

definitely, whether this loop between segments IV and V is involved in carboxybiotin

binding, but it is more likely, the binding site is located elsewhere.
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4.1. Abstract

The membrane bound ß-subunit of the oxaloacetate decarboxylase Na+ pump

catalyzes the decarboxylation of enzyme bound biotin. This event is coupled to the

transport of 2 Na+ ions into the periplasm and consumes a periplasmically derived

proton. Connecting fragment Ilia and transmembrane helices IV and VIII of the ß-

subunit are highly conserved, harboring residues D203, Y229, N373, G377, S382, and

R389 which play a profound role in catalysis. Wereport here detailed kinetic analyses

of the wild-type enzyme and the ß-subunit mutants N373D, N373L, S382A, S382D,

S382T, R389A, and R389D.

In these studies, pH-profiles, Na+ binding affinities, Hill coefficients, Vmax values and

inhibition by Na+ were determined. A prominent result is the complete lack of

oxaloacetate decarboxylase activity of the S382A mutant at Na+ concentrations up to

20 mMand recovery of significant activities at elevated Na+ concentrations (KNa ~400

mMat pH 6.0), where the wild-type enzyme is almost completely inhibited. These

results indicate impaired Na+ binding to the S382 including site in the S382A mutant.

Oxaloacetate decarboxylation by the S382A mutant at high Na+ concentrations is

uncoupled from the vectorial events of Na+ or H+ translocation across the membrane.

Based on all data with the mutant enzymes we propose a coupling mechanism which

includes Na+ binding to center I contributed by D203 (region Ilia) and N373 (helix

VIII) and center II contributed by Y229 (helix IV) and S382 (helix VIII). These

centers are exposed to the cytoplasmic surface in the carboxybiotin bound state of the

ß-subunit and become exposed to the periplasmic surface after decarboxylation of this

compound. During the countertransport of 2 Na+ and 1 H+ Y229 of center II switches

between the protonated and deprotonated Na+ bound state.

Keywords: oxaloacetate decarboxylase; Na+ pump; kinetics; coupling mechanism.

Abbreviations: IPTG, isopropyl-ß-D-thiogalactopyranoside; LB, Luria Bertani; MES,

2-(N-Morpholino)ethanesulfonic acid; MOPS, 3-(N-Morpholino)propanesulfonic

acid; Oad, oxaloacetate decarboxylase; OadA, oxaloacetate decarboxylase a-subunit;

OadB, oxaloacetate decarboxylase ß-subunit; OadG, oxaloacetate decarboxylase y-

subunit; PCR, polymerase chain reaction; SDS-PAGE, sodium-dodecyl-sulfate-

polyacrylamide-gel-electrophoresis; Tris, tris-(hydroxymethyl)-aminomethane.
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4.2. Introduction

Oxaloacetate decarboxylase of Klebsiella pneumoniae is a particularly well

characterized member of the sodium ion transport decarboxylase family of enzymes,

which also includes methylmalonyl-CoA decarboxylase, malonate decarboxylase and

glutaconyl-CoA decarboxylase from various anaerobic bacteria (for reviews see

(Buckel, 2001; Dimroth, 1997; Dimroth, 2001; Dimroth and Schink, 1998)).

Oxaloacetate decarboxylase is composed of three different subunits a, ß, and y in a

1:1:1 stoichiometry (Dimroth and Thomer, 1983; Dimroth and Thomer, 1988). The

peripheral a-subunit (63.5 kDa) harbors the carboxyltransferase site in its N-terminal

domain and the biotin prosthetic group in its C-terminal domain (Schwarz et al,

1988). The ß-subunit (44.9 kDa) is a highly hydrophobic integral membrane protein

which catalyzes Na+ transport coupled to the decarboxylation of carboxybiotin

(Woehlke et al, 1992). The y-subunit (8.9 kDa) is anchored in the membrane with an

N-terminal a-helix. It has a hydrophilic C-terminal domain which binds Zn2+ and

accelerates the carboxyltransfer reaction (Di Berardino and Dimroth, 1995; Dimroth

and Thomer, 1992).

The reaction cycle is initiated with the Na+ independent transfer of the carboxyl

moiety from position 4 of oxaloacetate to the prosthetic biotin group with the

participation of the a- and the y-subunit (eq 1). Subsequently, the carboxybiotin

moiety switches to the decarboxylase site on the ß-subunit and is decarboxylated

under consumption of a periplasmically derived proton and translocation of two Na+

ions into this compartment across the membrane (eq 2) (Di Berardino and Dimroth,

1996).

Oxaloacetate2" + £-biotin <—> £'-biotin-C02 + Pyruvate" (1)

£-biotin-C02" + H+out + 2 Na+in <-» £-biotin + C02 + 2Na+0Ut (2)

Insights into the coupling mechanism require structural information of the ß-subunit

and identification of the essential amino acid residues. A topological model based on

fusion analyses with alkaline phosphatase and ß-galactosidase as well as cysteine

accessibility studies is shown in Fig 1 (Jockei et al, 1999). The protein is proposed to

fold into an N-terminal block of three membrane spanning a-helices and a C-terminal

block of six membrane spanning a-helices. The fragment (Ilia) connecting the two
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blocks of helices contains mostly hydrophobic residues. It is proposed to insert into

the membrane from the periplasm but without emerging from it into the cytoplasmic

reservoir. The connecting fragment (Ilia) and transmembrane helices IV and VIII

comprise the most highly conserved areas of the molecule, and within these areas

D203, Y229, N373, G377, S382 and R389 have a profound functional role (Jockei et

al, 2000a; Jockei et al, 2000b). A model has been envisaged where these residues,

except G377, constitute a network of ionizable groups promoting the translocation of

Na+ ions and the oppositely oriented translocation of H+ across the membrane

(Dimroth, 2001; Jockei et al, 2000a; Jockei et al, 2000b). An essential feature in the

proposed mechanism is the binding of 2 Na+ ions from the cytoplasm at D203 and

S382 including sites and their delivery into the periplasm as a proton enters the

channel from this site and passes through it towards carboxybiotin where it is

consumed in the decarboxylation of this acid labile compound.

IV V VI VII VIII IX

Figure 1. Topology model of the ß-subunit emphasizing functionally important amino acid

residues

In this communication we performed detailed kinetic analyzes of various mutants in

OadB, allowing us to propose that S382 acts as a Na+ binding ligand but is not

involved in the proton pathway through the membrane. For proton translocation the

phenolic hydroxyl of Y229 appears to switch between the protonated and the

deprotonated state.
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4.3. Experimental Procedures

Bacterial strains and plasmids

Escherichia coli DH5a (Bethesda Research Laboratories) and Escherichia coli

BL21(DE3) (Novagen) were routinely grown at 37°C in Luria Bertani (LB) medium

(Sambrook, 1989). Strains transformed with the plasmid pET-GAB (Schmid et al,

2002) were inoculated with 1 %of an overnight culture and aerated on a rotary shaker

at 37°C until ODöoo reached 0.6. IPTG was then added to a final concentration of 0.5

mMand cells were grown for another 4 h at 30°C before harvest. E. coli EP432

(Pinner et al, 1993) was grown as described (Jockei et al, 2000b). The antibiotics

ampicillin and kanamycin were used at a concentration of 100 pg/ml and 50 pg/ml,

respectively.

Recombinant DNAtechniques

Standard recombinant DNA techniques were performed essentially as

described by Sambrook et al (Sambrook, 1989). Polymerase chain reactions (PCRs)

were performed using Vent-DNA-Polymerase from New England Biolabs (Beverly,

MA). Oligonucleotides used for mutagenesis were custom-synthesized by Microsynth

(Balgach, Switzerland). All inserts derived from polymerase chain reaction (PCR) and

ligation sites were checked by DNAsequencing according to the dideoxynucleotide

chain-termination method (Sanger et al, 1977) using a Taq Dye-Dideoxy Terminator

Cycle Sequencing Kit and the ABI PRISM 310 genetic analyzer from Applied

Biosystems.

Construction of mutant N373D and double mutant N373D/D203N in the ß-

subunit

The PCRfragment containing the mutation N373D was constructed in a two

step protocol. For the PCRfragment encoding the N-terminal part of the ß-subunit,

primers Kpn2Ifor (5'-GCTTCGGCGGCCTGCTCTCC-3') and N373Drev (5'-

AGCCGATCAGCGGATCGATTTTGTGCCGG-3')were used. For the PCR

fragment encoding the corresponding C-terminal part, primers Bstrev 10800 (5'-

GGCAAACCAGTGGGTGATTTTTCG-3') and N373Dfor (5'-

CCGGCACAAAATCGATCCGCTGATCGGCT-3')were used. For the single

mutant N373D and double mutant D203N/N373D, pSK-GAB (Di Berardino and
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Dimroth, 1995) and pSK-GABD203N (Di Berardino and Dimroth, 1996) served as

template, respectively. The purified PCR fragments were used as template for a

second PCRusing primers Kpn2Ifor and Bstrev 10800. The resulting fragment was

subsequently digested with Kpn2l and Bstl 1071 and cloned into plasmid pSK-GAB,

digested with the same enzymes, yielding plasmids pSK-GABN373D and pSK-

GABD203NN373D.

Purification of oxaloacetate decarboxylase mutants

Oxaloacetate decarboxylase mutants were purified by affinity

chromatography of a solubilized membrane extract on a SoftLink monomeric avidin-

Sepharose column (Promega). Large scale purification was performed according to

Dimroth (1986) but using 20 mMTris/HCl pH 8.0, 50 mMKCl as buffer A and

adding 20% glycerol to all buffers used following sedimentation of membrane

vesicles.

Determination of oxaloacetate decarboxylase activity at various Na+

concentrations and pH values

The decarboxylase activities of wild-type (E. coli BL21(DE3)/pET-GAB) and

mutant oxaloacetate decarboxylases were measured at pH values ranging between pH

4.5 and 11 in a 20 mMMES/MOPS/Tris buffer system, containing variable Na+

concentrations. Aliquots of the enzymes used for kinetic measurements were frozen

once in liquid nitrogen and thawed on ice shortly before starting the measurements.

The pH dependence of oxaloacetate decarboxylase activity was determined first. If the

amount of enzyme derived from one purification batch was not sufficient for all

measurements within the kinetic datasets, we used different enzyme preparations,

which resulted in slight deviations in the Vmax(U/mg) values measured. The coupled

spectrophotometric assay with lactate dehydrogenase was used to measure

oxaloacetate decarboxylase activity as described (Dimroth, 1986). Routinely, three

kinetic datasets were collected for each mutant (below, around and above the pH

optimum determined from the initial pH screening measurement described above).

Experimental data were fitted to the Michaelis-Menten equation representing

hyperbolic substrate dependence of the initial velocity:

v0=VmdX[S]/([S] + Km)

Cooperative kinetic behavior with sigmoid substrate dependence is described by the



Role of Conserved Residues within Helices IV and VIII of the ß-Subunit 82

Hill equation without substrate inhibition:

v0 = Vmax[S]n/([S]n+Kn)

vo represents the initial velocity, Vmax the maximal velocity, [S] the tested Na+

concentration, Km the Michaelis-Menten constant, K the Na+ concentration required

for half-maximal velocity and n the Hill coefficient describing the dimension of

cooperativity. Experimental data for the inhibitory effect of Na+ were fitted to an

exponential decay.

Effect of Na+ on tryptic hydrolysis of the oxaloacetate decarboxylase ß-subunit

Protection from proteolytic digestion of the ß-subunit by Na+ ions was

determined for the mutants N373D, N373L and S382A as described previously

(Jockei et al, 2000b). The NaCl and KCl concentrations used for mutant N373D were

40 mM, for N373L 300 mMand for S382A 600 mM.

Labeling of oxaloacetate decarboxylase and mutant enzymes with 14C02 from

[4- 14Cjoxaloacetate

[4-14C]oxaloacetate, prepared from [4-14C]L-aspartate and 2-oxoglutarate with

glutamate:oxaloacetate transaminase, was used to measure the transfer of the

radioactive carboxyl residue from [4-14C]oxaloacetate to the biotin located on the a-

subunit as described (Jockei et al, 2000b).

Reconstitution of wild-type and ßS382A oxaloacetate decarboxylase into

liposomes and [14C]acetate uptake measurements

Reconstitution of oxaloacetate decarboxylase was performed as described (Di

Berardino and Dimroth, 1996), but with 10 mMTris/HCl pH 7.2, 5 mMMgCl2 as

reconstitution buffer. The decarboxylation reaction was started by addition of 2 mM

oxaloacetate, and samples were removed after 20 minutes, filtered and analyzed by

liquid scintillation counting.

In vivo screening of mutant oxaloacetate decarboxylases for Na+ pump activity

E. coli EP432 was transformed with plasmids harboring mutant oxaloacetate

decarboxylase genes and plated on glucose minimal medium containing 360 mM

NaCl as described previously (Jockei et al, 2000b). As a negative control, E. coli

EP432 harboring pSK was used. The synthesis of an active oxaloacetate
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decarboxylase Na+ pump resulted in the formation of colonies, whereas E. coli EP432

harboring pSK could not sustain growth.

Analytical procedures

The protein content of samples was determined according to the bicinchoninic

acid method (Smith etal, 1985) with bovine serum albumin as standard.

4.4. Results

Synthesis, purification and analysis of wild-type and mutant oxaloacetate

decarboxylases in E. coli

To synthesize mutant oxaloacetate decarboxylases, mutated DNA fragments were

cloned into pSK-GAB (Di Berardino and Dimroth, 1995) and used to transform E.

coli DH5a as described in Experimental Procedures. For the expression of wild-type
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Figure 2. SDS-PAGEanalysis of a selection of mutant oxaloacetate decarboxylases synthesized in

E. coli and purified by avidin-Sepharose chromatography. Mutations in OadB are indicated. WT:

wild-type enzyme; M: marker proteins with molecular masses shown (in kilodaltons). a, ß and y denote

the three subunits of oxaloacetate decarboxylase.
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oxaloacetate decarboxylase genes, pET-GAB (Schmid et al, 2002) was used to

transform E. coli BL21(DE3). There were no differences detectable in wild-type

enzyme characteristics derived from recombinant E. coli or from K. pneumoniae

grown anaerobically on citrate (data not shown). The synthesis of stable

decarboxylase complexes containing the three subunits a, ß and y was verified for all

mutants after affinity purification by SDS-PAGE. A selection of these analyses is

shown in Fig. 2.

Kinetic analysis of the wild-type enzyme

We have reported recently that the initial velocity of oxaloacetate

decarboxylation has sigmoidal dependence on Na+ concentration at pH 5.5 (nH=1.8).

These results have now been confirmed and extended by measuring the kinetics at

different pH values (Table 1 and Fig. 3). The pH optimum of the enzyme was between

pH 6.3 and 6.9. Interestingly, the affinity of the enzyme for Na+ increased

approximately twofold on increasing the pH from 5.6 to 6.9 or 8.3 and simultaneously

the Hill coefficient dropped from 1.7 to 1.1. At Na+ concentrations > 100 mM, the

enzyme is markedly inhibited. The inhibition was most pronounced at pH 8.3, where

87 mMNa+ reduced the activity to one half, whereas approximately twice this Na+

concentration is required to elicit the same effect at pH 6.8 or 5.6, respectively.

Kinetic analysis of N373 mutants

Asparagine 373 is located in helix VIII close to the periplasmic surface

(Fig. 1). Its previously proposed role as a Na+ binding ligand has now been analyzed

by kinetic studies with the N373D and N373L mutants. The pH profile of both

mutants resembles that of the wild-type enzyme (Fig. 3). The N373D mutant has

about 20-30% of the wild-type activity and requires 7-20 times higher Na+

concentrations for half maximal saturation.

In the N373L mutant the specific oxaloacetate decarboxylase activity is dramatically

reduced to about 1-3% of the wild-type enzyme, and the Na+ concentration required

for half maximal saturation increases approximately 200-fold. This behavior is clearly

compatible with the function of N373 as a Na+ binding ligand. Sodium ions may still

bind to the N373L mutant through coordination to the other ligands of the binding site

(center I), but the binding becomes much weaker as emphasized by the dramatic



85 Role of Conserved Residues within Helices IV and VIII of the ß-Subunit

mutant pH-optimum hill coefficient nH K[Na] Vmax(U/mg) [Na] Vmax/2

wild-type 6.25-6.75

pH5.6 1.67±0.13 1.1210.06 8.210.2 142.8*

pH6.9 1.06±0.06 0.5010.04 15.610.5 196.0

pH8.3 1.17±0.07 0.4610.03 8.810.3 87

N373D 6.5

pH5.6 1.20±0.04 7.8510.35 3.3210.08 350

pH6.55 1.38±0.05 4.0510.15 3.0610.04 231

pH8.17 1.53±0.15 10.111.0 2.1710.13 289*

N373L 6.5-7.5

pH 6.25 1.26±0.11 208131 0.2510.02 770

pH7.2 1.84±0.25 123111 0.2210.01 693

pH8.15 1.74±0.14 83.516.0 0.0910.01 365&

S382A 6.3-7.8

pH 5.95 1.13±0.11 4241115 1.8410.27 n.d.

pH 7.25 1.37±0.07 240142 0.8410.10 990

pH8.4 1.51 ±0.07 91.613.7 0.9910.02 n.d.

S382D 5.8-7.4

pH5.5 1.3310.08 2.2110.12 1.1310.03 224

pH6.4 1.2410.03 0.9510.02 1.4710.01 210

pH8.5 1.3510.08 0.7110.04 0.6710.01 66£

S382T 6.8-8.0

pH5.6 1.5610.11 5.0210.26 0.2510.01 630

pH7.3 1.1910.08 3.0010.22 0.1610.01 462

pH8.3 1.2610.07 1.9410.11 0.3910.01 198

pH9.0 1.5610.19 1.2710.10 0.1910.01 88

R389A 9.2

pH8.2 1.1510.06 17.711.4 0.4210.01 693

pH9.1 1.0910.03 5.810.37 1.0710.02 231

pH9.7 1.0910.07 2.310.2 0.8110.03 105

R389D 6.3

pH5.6 1.1110.10 13.911.3 0.07 1155

pH6.3 1.0210.09 18.312.1 0.23 2310

pH7.2 1.2310.06 15.910.7 0.12 2310

Table 1. Effects of OadB mutations on Na+ binding characteristics, inhibition characteristics and

pH profiles. K[Na+]: sodium concentration (mM) required for halfmaximal activation;

*: pH 5.4; #: pH 8.24; &: pH 8.2: £: pH 8.6.
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increase of the Na+ ion concentration required to saturate the enzyme. Both mutant

decarboxylases were inhibited by Na+, and the concentrations required for inhibition

increased in parallel to the Na+ concentrations required to saturate the enzyme. A

change in Na+ binding characteristics of the mutants became also apparent from

tryptic digestion experiments. Whereas the half time for the proteolysis of wild-type

OadB was 12 h in the absence and > 24 h in the presence of 50 mMNaCl, the

digestion half time for the N373D and N373L mutants decreased to less than lh

without any protection by up to 300 mMNaCl.
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Figure 3. Dependence of oxaloacetate decarboxylase activity on pH. The different mutants are

indicated in the box on the top right. The scale for the velocity of the mutants is indicated on the left

side and that for the wild-type enzyme on the right side.

To test for Na+ pumping activities, the mutant plasmids were transformed into E. coli

EP432. Without an active Na+ pumping decarboxylase, this strain is unable to grow in

presence of 360 mMNaCl because both Na+/H+ antiporters are lacking (Jockei et al,

2000b). After transformation of E. coli EP432 with either of the mutant plasmids,
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growth in the presence of 360 mMNaCl was observed, demonstrating the Na+

pumping activity of oxaloacetate decarboxylases with N373D or N373L mutations in

the ß-subunit.

As D203 and N373 have been implicated to contribute Na+ binding ligands to the

center I site, a D203N/N373D double mutant was constructed. No oxaloacetate

decarboxylase activity was found in this mutant and no Na+ pumping activity was

detectable in vivo with the complementation assay with E. coli EP432. Consequently,

the [14C]carboxybiotin enzyme intermediate was accumulated upon incubation with

[4-14C]oxaloacetate (not shown). The mutant enzyme, therefore, contained an intact

carboxyltransferase and an impaired carboxybiotin decarboxylase activity.

Kinetic analyses of S382 mutants

It has been shown before, that the S382T and S382D mutants are catalytically

active oxaloacetate decarboxylase Na+pumps (Jockei et al, 2000b). These mutations,

therefore do not affect the basic catalytic mechanism of the Na+ pump, but they result

in 10-20 fold lower oxaloacetate decarboxylase activities compared to the wild-type

enzyme (Table 1). The affinities for Na+are also reduced compared to the wild-type.

Increasing Na+ affinities at increasing pH and decreasing Na+ concentrations for half

maximal inhibition with increasing pH indicates improved Na+ binding at elevated pH

values. The S382D mutant has a similar pH optimum as the wild-type, whereas that of

the S382T mutant is shifted by about 1 unit towards the alkaline range, and both

mutants have Hill coefficients above 1.

The S382A mutant has been described to possess no oxaloacetate decarboxylase

activity based on measurements at pH 7.5 and 20 mMNaCl (Jockei et al, 2000b).

While these results could be fully confirmed, we found significant oxaloacetate

decarboxylase activities for this mutant at very high Na+ concentrations. The enzyme

became half saturated at about 400 mMNaCl at pH 6.0, at 240 mMNaCl at pH 7.3

and at 92 mMNaCl at pH 8.4, respectively. The specific activity was 1.8 U/mg

protein at pH 6.0 and dropped to about half at higher pH values. Hence, the enzyme

with the S382A mutation in OadB is about as active as that with the S382D mutation

but requires approximately 200 times higher Na+ concentrations for this activity. The

decarboxylase with the S382A mutation retained positive cooperativity with respect to

Na+ with Hill coefficients increasing from 1.1 at pH 6.0 to 1.5 at pH 8.4, and molar

Na+concentrations were inhibitory. These results implicate that the Na+binding of the
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decarboxylase (Km~lmM) was dramatically affected by the S382A mutation. Wealso

investigated the stability of OadB with the S382A mutation in the presence of trypsin.

This mutant enzyme was degraded by trypsin with a half time of <1 h without or with

up to 600 mMNaCl present, indicating that by this mutation OadB adopts a

conformation that is more susceptible to proteolysis than the wild-type.

To investigate whether the Na+ pumping activity was retained in the S382A mutant,

E. coli EP432 was transformed with plasmid pSK-GABS382A. The transformants

were unable to grow at 360 mMNaCl, indicating that no active Na+ pump was

synthesized in these cells. These results therefore suggested that the S382A mutation

created an uncoupled phenotype. Direct measurements of Na+ uptake were not

possible at the high Na+ concentrations required for the activity of the enzyme, but as

the coupled enzyme catalyzes the countertransport of 2 Na+ against 1 H+, we

measured H+ extrusion from proteoliposomes containing the mutant decarboxylase by

[1-14C]acetate uptake (Di Berardino and Dimroth, 1996). The proteoliposomes

catalyzed oxaloacetate decarboxylation in the presence of 200 mMNaCl but no

accumulation of [l-l4C]acetate in the interior compartment and hence no proton

transport from the inside of the proteoliposomes to the outside. Accumulation of [1-

14C]acetate, however, was found in controls with the wild-type enzyme. These results

thus indicate that the S382A mutation severely affects the Na+ binding affinity so that

very high Na+ concentrations are required to activate the enzyme and furthermore that

the oxaloacetate decarboxylase activity becomes uncoupled from the vectorial Na+

and H+ transport across the membrane.

Mutants R389A and R389D

Arginine 389 is located in helix VIII near the cytoplasmic surface (Fig. 1)

where it might be involved in proton transfer to carboxybiotin, thereby initiating the

decarboxylation of this acid labile compound. Here, we analyzed the mutants R389A

and R389D kinetically. Both mutants performed oxaloacetate decarboxylation, albeit

with considerably lower activities than the wild-type enzyme. Decarboxylation was

coupled to Na+ transport across the membrane, as indicated by the growth of

appropriately transformed E. coli EP432 in the presence of 360 mMNaCl. The most

dramatic effect of the R389A mutant is a shift of the pH optimum by more than 2.5

pH units to the alkaline compared to the wild-type. This shift in the pH optimum is

accompanied by a drastic 35-fold decrease of the Na+ affinity (at pH 8.2-8.3) and a 8-
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fold increase of the Na+ concentration required for half maximal inhibition. Upon

further increasing the pH, the Na+ affinity of the mutant decarboxylase increases and

the Na+ concentration causing half maximal inhibition decreases. The R389D mutant

has the same pH optimum as the wild-type but requires more than 10 times higher Na+

concentrations for activating or inhibiting the enzyme. A pronounced cooperativity

with respect to Na+binding is not observed for the R389A or R389D mutants.

Mutants Y229F, Y229A, and D203N

The unexpected oxaloacetate decarboxylase activity of the S382A mutant at

high Na+ concentrations (>100 mM, see above) prompted us to investigate whether

the mutants Y229F and D203N, which are inactive in the presence of 20 mMNaCl,

exhibited activities at elevated Na+ concentrations. However, no activity was found

for these mutants up to 600 mMNaCl and at various pH values. Hence, Y229 and

D203 are crucial residues for the decarboxylase activity of the enzyme. Traces of

oxaloacetate decarboxylase activity (0.02 U/mg at pH 7.5, 20 mMNaCl) have

recently been reported for the Y229A mutant (Jockei et al, 2000a). This activity was

apparently not sufficient to support growth of appropriately transformed E. coli

EP432 in the presence of 360 mMNaCl in liquid culture. However, if these bacteria

were used to inoculate agar plates containing 360 mMNaCl, growth in colonies was

observed indicating that this mutant decarboxylase retains coupling to Na+

translocation albeit at a very low rate.

4.5. Discussion

In the mechanistic model shown in Fig. 4, we propose that carboxybiotin

formed at the carboxyltransferase site of the enzyme switches to the decarboxylase

site on OadB where it forms a stable complex, possibly with the side chain of R389 at

the cytoplasmic surface of helix VIII. This would be reasonable since helix VIII

seems to align the Na+ and H+ conducting channel (see below) and since H+ moving

through this channel must reach the carboxybiotin to catalyze decarboxylation. In the

initial step of our model (Fig. 4A) the Na+ channel is open to the cytoplasm giving
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Figure 4. Model for coupling Na+ and H+ movements across the membrane to the

decarboxylation of carboxybiotin. The model shows the approximate location of important residues

of helix IV, helix VIII and of region Ilia of the ß subunit. Also shown is the participation of these

residues in the vectorial and chemical events of the Na+ pump. Panel A shows the empty binding site

region with enzyme bound carboxybiotin (B-COO), exposing the Na+ binding sites toward the

cytoplasm. Panel B shows the situation where the first Na+ binding site at the D203/N373 pair (center

I) has been occupied and the second Na+ enters the Y229/S382 site (center II) with the simultaneous

release of the proton from the hydroxyl side chain of tyrosine 229. This displacement may lead to the

rearrangement of hydrogen bonding in the network involving R389 and carboxybiotin with the result

that a proton is delivered to the carboxybiotin. This catalyzes the immediate decarboxylation of this

acid labile compound, involving a conformation change (B—>C) which exposes the Na+ binding sites

towards the periplasm and simultaneously decreases their Na+ binding affinities. The Na+ ions are

subsequently released into this reservoir, while a proton enters the periplasmic channel and restores the

hydroxyl group of Y229. In panel D, the Na+ binding sites are empty and exposed towards the

periplasm and the biotin prosthetic group is not modified (B-H). Upon carboxylation of the biotin, the

protein switches back into the conformation where the Na+ binding sites are exposed towards the

cytoplasm (D-^A).
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access to the two different sites which in this conformation are of high affinity (K ^ 1

mM). The first Na+ is thought to bind at a site near the periplasmic surface (center I),

which includes D203 and probably also N373. This is implicated from our present

mutagenesis studies in which the N373D mutant has still reasonable oxaloacetate

decarboxylase activity at 10-fold reduced Na+ binding affinity. The more drastic

change of asparagine at position 373 into a leucine, however, reduces the activity to

1% of the wild-type level and decreases Na+ binding approximately 200-fold.

Although these mutagenesis studies cannot proof that N373 is a Na+ binding ligand,

they are clearly supportive for this option.

As the next step, we envisage binding of the second Na+ ion to the Y229 and S382

including site (center II). As these residues are within the hydrophobic core of the

membrane the electroneutrality principle applies, which was developed for electron

transport complexes (Rich et al, 1995). Adopting this principle implies that a Na+ion

would only be tolerated at this position after charge balancing, requiring in this case

the dissociation of a proton and removal from the site. Previously, S382 was thought

to dissociate, but in view of a number of new considerations, Y229 is the more likely

candidate for this function: (i) a phenol hydroxyl is a much better acid than an

aliphatic alcohol; (ii) the hydroxyl of Y229 is absolutely essential because

replacement by F knocks the activity out completely; (iii) except for lower specific

activities, the S382D mutant has a similar pH profile and similar kinetic

characteristics as the wild-type; given the tremendous pK difference between a serine -

hydroxyl and an aspartic acid, these experiments argue strongly against an acidic

function of the serine hydroxyl; (iiii) upon replacing serine by alanine the enzyme

remains reasonably active but only at approximately 400 times higher Na+

concentrations than the wild-type. At these Na+ concentrations, the wild-type enzyme

would be completely inhibited. From these results it appears quite reasonable to

attribute Y229 and S382 to center II. If Na+ approaches this site, the phenolic proton

of Y229 dissociates, generating a dipole, which is energetically more favorable at this

hydrophobic membrane position than an isolated positive charge.

The dissociated proton is supposed to induce a concerted mechanism of proton

movement: transfer from R389 to carboxybiotin initiates the decarboxylation of this

compound, and simultaneously R389 now becomes a base that quickly picks up the

proton liberated from Y229. This role of R389 in the proton pathway is in accord with

properties of R389A and R389D mutants. Both mutants require more than 30-times
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higher Na+concentrations for half maximal activation and have 20- or more than 100-

fold reduced oxaloacetate decarboxylase activities. A dramatic effect is the shift of the

pH optimum from near neutral in the wild-type to pH 9.2 in the R389A mutant, which

possibly reflects an increase in the pK of Y229 in the less polar environment of A

compared to R. The Na+ concentrations causing half maximal activation or half

maximal inhibition of the enzyme both decrease about 7-fold in going from pH 8.2 to

9.7. Such an effect would be expected if Na+ and H+ compete for binding to the

phenolate group of Y229. The low activity of the R389D mutant could result from

poor binding of carboxybiotin near the negatively charged aspartate, unfavorable

proton transfer from Y229 to carboxybiotin, or slow Na+ movement through the

channel to its binding site.

Following the decarboxylation of carboxybiotin in the reaction cycle (Fig. 4B/C), the

biotin prosthetic group leaves the site and OadB changes its conformation so that the

channel closes at the cytoplasmic and opens at the periplasmic side. Simultaneously,

the Na+ binding ligands are probably rearranged into a geometry, which is less

favourable for Na+ binding. The binding of Na+ to free OadB (without carboxybiotin

bound) with an affinity of 20 - 50 mMhas in fact been described (Buckel, 2001;

Dimroth, 2001). Subsequently, Na+ bound to center I dissociates readily and the one

at center II is easily replaced by an incoming proton.

The reaction cycle ends with a new carboxylation of the biotin group and binding of

the carboxybiotin to the OadB site. This step (Fig. 4 D/A) is supposed to restore the

original conformation with the channel opening to the cytoplasmic surface and with

the D203/N373 and Y229/S382 pairs in proper geometries for binding of Na+ions.

Decarboxylation apparently only works by Na+ binding to both centers since all

substitutions of D203 and the Y229F mutation are inactive and since the N373L and

S382A mutations require very high Na+ concentrations for activation. The S382A

mutation is of special interest because it neither pumps Na+ ions nor are the consumed

protons moving across the membrane. The Na+ concentrations producing half

maximal activation (240 mMat pH 7.3) are approximately 500 times higher than

those required for the wild-type enzyme. At these Na+ concentrations the wild-type

would be inhibited almost completely. Taking these data into account, the following

scenario may take place: carboxybiotin binds to OadB and opens the channel from the

cytoplasmic surface. The first Na+ binds to the intact center I with high affinity.

Center II is severely damaged by the missing S382 ligand and therefore, the second
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Na+ can only bind to Y229 and replace the proton at very high Na+ concentrations.

The proton passes through the relay system to carboxybiotin and is consumed in the

decarboxylation event. This opens the channel to the other side, but due to the high

Na+ concentrations present, Na+ from center II is not replaced fast enough by a proton

from the periplasm. Rather, binding of a newly formed carboxybiotin will force again

the opening of the channel towards the cytoplasmic surface. In this conformation,

replacement of the weakly bound Na+ at center II of the S382A mutant by a

cytoplasmatically derived proton restores the phenolate group of Y229, which

subsequently can be replaced by a Na+ ion again, initiating the decarboxylation of the

carboxybiotin. This interpretation can explain why in the S382A mutant

decarboxylation requires very high Na+ concentrations and is uncoupled from Na+ and

H+ movements across the membrane. The pathway presented above only operates

with the S382A mutant. In the wild-type enzyme, however, Na+ binding to center II is

so strong that it cannot be replaced by a cytoplasmically derived H+ (Figure 4,

conformation B). Hence, wild-type decarboxylase is inhibited by high Na+

concentrations.
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CHAPTER5

General Discussion

5.1. Changes of conformation alter the accessibility of binding sites

in different cation transporters

5.1.1. Occlusion of cations is a basic feature for cation pumps

In some, but not all mechanical pumps, the material being transported is

occluded within the pump during part of each working cycle. "Occluded" (from the

Latin occludere: to shut up) means, that the material can be released from the pump

only after a change in the pump machinery that represents a step (or steps) in the

working cycle. In this first part of the discussion, the role of occlusion in cation

pumps, the enzymes or enzyme systems responsible for the thermodynamically uphill

movements of cations across biological membranes is considered. The mechanism of

such pumps must include a site or a group of sites, which have alternate access to the

two sides of the membrane across which pumping takes place; access may be direct,

or there may be selective channels allowing access to sites deep within the membrane.

Membrane located pumps have been divided into two classes: those in which the sites

having alternate access are borne on mobile carriers that can move between the two

membrane surfaces (generally lipid soluble carriers, which can diffuse in the

membrane lipid), and those in which the sites are fixed, and alternate access to the two

surfaces is achieved by the opening and closing of mobile barriers or gates in the

access channels. The distinction between mobile carrier and mobile barrier

mechanism becomes blurred, however, where, as it is usually the case, the cation is

transported through a protein that itself spans the lipid bilayer. In this situation, the

changes in conformation of the protein that open and close barriers may move the

positions of binding sites, and these can occur deeply within the enzyme during cation

transport.

Ions bound to a carrier located in the lipid bilayer cannot escape, and thus, according

to the definition, are occluded. The extent to which occlusion of ions occurs in mobile
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barrier mechanisms depends on the degree of asynchrony of the movements of the

barriers in the access channels to the two surfaces. Both barriers cannot remain open

at the same time, since that would allow a downhill leak, but there may or may not be

an interval between the closing of the barrier on one side and the opening of the

barrier on the other side. The early mobile barrier models proposed by Mitchell

(1957) and by Jardetzky (1966) assume that the change of access is brought about by

a single change in conformation of the pump protein, so that the loss of access from

one surface and the gain of access to the other are virtually simultaneous. In a pump

working this way, occlusion of the transported ions would be too transient to be

detectable. In transport systems not involving mobile lipid soluble carriers, the

detection of more or less stable states containing occluded ions therefore implies that,

in those states, the cycle has been arrested after the closing of the barrier at one side

and before the opening of the barrier at the other site. Investigations of the conditions

that lead to the occlusion and subsequent release of ions therefore provide an

approach to the elucidation of crucial steps in the pump machinery.

Examples of enzymes where our knowledge of the steps that trap and release the

transported ions is considerable, are the calcium pump (Ca-ATPase) found in the

sarcoplasmatic reticulum, the sodium-potassium pump (Na,K-ATPase) found in cell

membranes and the gastric H,K-ATPase. All these three ATPases fall into the class

referred to as P-type ATPases, because the working cycle involves phosphorylation of

the enzyme by ATP. Other kind of cation pumps are known, which are not discussed

here: redox pumps (for a reviews, see Hayashi et al, 2001 or Steuber et al, 2000),

light-driven pumps (see e.g. Sasaki and Spudich, 2000), FiFo ATPases (reviewed

recently by Dimroth, 2000 and Kaim, 2001), V-type ATPases (recently reviewed

Murata et al, 2001) and a methyltransferase complex from methanogenic archaea (see

Gottschalk and Thauer, 2001).

5.1.2. Most of the working cycle of sarcoplasmatic Ca-ATPase is understood

due to a high resolution structure

Ca2+ pumps, together with Ca2+ release channels, form ubiquitous Ca2+

regulatory systems in muscle and non-muscle cells. The sarco(endo)plasmic reticulum

Ca-ATPase (SERCA) and the plasma membrane Ca-ATPase have highest affinity for

Ca2+ removal from the cytoplasm and, together, determine resting cytoplasmic Ca
+

concentrations.
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SERCA enzymes are typical of the class of P-Type ATPases, which form a

phosphoprotein intermediate and undergo conformational changes during the course

of ATP hydrolysis (de Meis and Vianna, 1979; Jencks, 1992). Some of the

conformational states can be stabilized, either by adjustment of reaction conditions or

through mutagenesis, and characterized as intermediates in the overall reaction cycle.

The phosphorylated intermediate EiP(Ca)2 can phosphorylate ADP, whereas E2P can

2H+,
out

2Ca out

(2H+)

E2

ATP ADP

(2Ca2+)
- Ei~P

2H+i
in

V
2Ca

2+

in

2H+

E2~P

Figure 1: Intermediates of Ca2+ transport by the sarcoplasmic Ca-ATPase. A basic Albers-Post

scheme describing the reaction cycle of SERCAis shown. Occluded Ca2+ ions are shown in brackets.

Ca2+in and Ca2+out refer to Ca2+ ions in the sarcoplasmic reticulum and in the cytoplasm, respectively.

Modified from Glynn and Karlish (1990).

,2+
only react with water. The formation of EiP requires two high affinity Ca binding

sites being occupied. The enzyme is then phosphorylated by ATP and, concomitantly,

the two Ca2+ ions are occluded and can no longer exchange with cytoplasmic Ca2+.

The rate limiting transition to E2P is accompanied by loss of Ca2+ into the lumen, the

affinity having fallen by 3 orders of magnitude. Hydrolysis of E2P and regeneration of

the high affinity Ca2+ binding sites (Ei(Ca)2) complete the reversible cycle (Figure 1).

Recently, the structure of the sarcoplasmic reticulum Ca-ATPase at a resolution to 2.6

À was published (Toyoshima et al, 2000). The crystal structure shows the presence of

ten transmembrane a-helices, with three clear globular domains on the cytoplasmic

side of the membrane and with small loops on the lumenal side (Figure 2). At the
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center of the cytoplasmic headpiece is the P domain containing the residue of

phosphorylation (Asp 351). The P domain is made up of two parts, widely separated

in the amino acid sequence: an N-terminal region from about Asn220 to Asn359 and a

Figure 2: Structure of the Ca-ATPase. The three cytoplasmic domains A, N and P are labeled. The

four transmembrane helices involved in binding Ca2+ at the high affinity pair of sites are depicted

brightei, these aie M4, M5, M6 and M8. Of the two bound Ca2+ ions, only one is visible in this view.

Tip residues are shown in ball-and-stick representation. Charged residues in helix Ml are shown in

space-fill representation (Lee and East, 2001) adapted from Toyoshima et al. (2000).

larger C-terminal region from Lys605 to Asp737. These two parts are assembled

together forming a typical Rossman fold. The N domain is the largest of the three

cytoplasmic domains, running roughly from Gln360 to Arg604. It is inserted into the

sequence between the two components making up the P-domain and has been

identified as the nucleotide binding domain. This domain is mobile in the presence of

Ca2+ but fixed in its absence. Domain A is the smallest of the three domains and

comprises roughly 110 residues between M2 and M3 and 40 residues of the N-

terminal part of the enzyme. Biochemical data suggest that this domain moves
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substantially during active transport and works as an actuator or an anchor for the

movement of domain N (Juul et al, 1995).

The membrane integrated region consists of ten transmembrane a-helices. Two Ca2+

ions are bound in the transmembrane region between helices M4, M5, M6 and M8

o

(Figure 2). They are located side by side, 5.7 A apart, both at almost the same distance

from the membrane surface. Site I contains oxygen ligands from M5, M6 and M8,

whereas site II contains oxygen ligands predominantly from M4. The two sites are

bridged by Asp800 in M6, which contributes a carboxyl oxygen to both sites. Co¬

ordination at site I is provided by side chain oxygens of Asn768 and Glu771 from M5,

Thr799 and Asp800 from M6, and Glu908 from M8. Disruption of the helical

structure of M6 around Asp800 and Gly801 is required to allow both Thr799 and

Asp800 to contribute with this side. The oxygen atoms are roughly arranged in a

plane, except for the two carboxyl oxygens of Glu771, which are located beneath the

plane (on the lumenal side). Site II is markedly different, with a much more uniform

distribution of oxygen ligands around the Ca2+ ion and with contributions from both

side chain and backbone oxygens. Main side chain oxygen providers are Asn796 and

Asp800 from M6 and Glu309 from M4, and backbone oxygens are contributed by

Val304, Ala305 and Ile307 from M4. Again, this pattern of co-ordination requires that

the helix contributing most ligands in the site (M4) is unwound between Ile307 and

Gly310. The unwound region of M4contains a PEGL(Pro-Glu-Gly-Leu) motif found

in all P-type ATPases, whereas the Glu residue is replaced by Cys or His in ATPases

that transport heavy metals (Moller et al, 1996). The two Ca2+ binding sites are linked

by Asp800, which co-ordinates both Ca2+ ions, and also by a hydrogen bond between

Asn768 at site I and Ala306 in the Val304-Glu309 loop that is important in co¬

ordinating Ca2+ at site II. Extensive hydrogen bonding networks link the residues at

both sites to residues in neighbouring helices. This is obviously important for the

stabilization of the unwound helices within the environment of the lipid bilayer, since

the energetic cost of losing a hydrogen bond in a hydrophobic environment is very

high (White and Wimley, 1999). The role of Glu58 of Ml located close to the Ca2+

ion bound to site II (Fig. 3) is probably able to "sense" whether site II is occupied by

Ca
+

or not. Upon binding of Ca2+ this Ml region conducts a conformational change.

This could be important, since the ATPase has not only to provide a pathway for entry

9-1-
of Ca to the high affinity pair of sites, but it must also be possible to block this
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pathway following phosphorylation in such a way that Ca
+

cannot be released to the

cytoplasm while the ATPase is still phosphorylated.

Figure 3: Two high affinity Ca
+

binding sites on the Ca-ATPase. Residues contributing to the

binding sites are shown. Also shown is Glu58 on transmembrane a-helix Ml.

The ATPase contains no immediately obvious channel leading from the cytoplasmic

surface to the pair of high affinity binding sites. In this respect the Ca-ATPase is very

unlike the porins (Cowan, 1993) and ion channels such as the potassium channel

KcsA (Doyle et al, 1998), where the pathway across the membrane can be deduced

from the structure. Identification of the entry and exit pathways for Ca2+ in the Ca-

ATPase is made more difficult since the structure of the Ca2+ binding sites most likely

will differ in the absence of Ca2+ because of charge repulsion between the four

carboxy groups. Transport of the two bound Ca2+ ions across the membrane must

involve a significant change in the packing of the transmembrane a-helices. It is this

requirement for a significant conformational change that results in a rate of ion

movement for Ca-ATPase that is very much lower than the rate of movement through

a ion channel.

5.1.3. The Na,K-ATPase is similar to the calcium pump

The Na,K-ATPase transforms the chemical energy of ATP to osmotic work

and maintains an electrochemical gradient of Na+ and K+ across cell membranes. In

mammals, Na,K-ATPases use 20-30% of the current ATP pool for active Na+ and K+

transport in kidney, the central nervous system, and other cells of the body where Na+
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and K+ gradients are required for maintaining membrane potential and cell volume.

The Na,K-ATPase minimally consists of the two subunits a and ß, but renal [alßly]

Na,K-ATPase consists of three subunits, a-subunit, ß-subunit, and y-subunit with

1016, 302 and 55 amino acids, respectively (Fig. 7), and is the largest protein complex

known in the family of cation pump proteins (Arystarkhova et al, 1999; Jorgensen

and Andersen, 1988). The y subunit lowers the affinity for Na+ and K+ ions in the

kidney (Arystarkhova et al, 1999). The a-subunit has about 30 % amino acid

sequence homology to the Ca-ATPase of sarcoplasmic reticulum discussed above.

Moreover, the structural organisation of these two proteins is similar, and they also

show high homology in selective regions near sites for ATP binding, phosphorylation,

Mg2+ binding and in transmembrane segments (Jorgensen and Andersen, 1988). As

the structure of the sarcoplasmic reticulum Ca-ATPase is known (Toyoshima et al,

2000), its general architecture can be used to construct an adequate provisional model

for the a-subunit of Na,K-ATPase.

The working cycle of the Na,K-ATPase is shown in Figure 4. The Na,K-pump

couples ATP hydrolysis to the active transport of three Na+ ions out of and two K+

ions into the cell in a ping-pong type reaction sequence while alternating between two

ATP

out

out

Figure 4: Scheme of ErE2 reaction cycle of the Na,K-pump with ping-pong sequential cation

translocation. Occluded Na+ and K+ ions are shown in brackets. Na+in and Na+out refer to Na+ ions in

the cytoplasm and the cell exterior, respectively (the same for the K+ ions). Modified from (Glynn and

Karlish, 1990).
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cation complexes EiP(3Na) and E2(2K) (Jorgensen and Andersen, 1988). Relatively

large E1-E2 conformational changes in the a-subunit mediate long range interactions

between the ATP site and the cation sites in the membrane domain. In the initial step,

binding of ATP with low apparent affinity (Ä:m~0.2-0.4 mM) to the E2(2K)

conformation accelerates the E2(2K)-Ei2K transition with release of K+ at the

cytoplasmic surface. ATP is bound with high affinity in the Ei conformation (Ko~30-

100 nM) (Norby and Jensen, 1988) and the increase in binding energy of ATP

associated with the E2(2K)-E]2K conformational transition constitutes the driving

force for transport of K+ across the membrane. The next energy transducing steps are

the Na+ dependent transfer of y-phosphate of ATP to an acyl bond at Asp369 of the a-

subunit and isomerization between the occluded EiP(3Na)-E2P(2Na) phosphor-forms

with reorientation of cation sites and release of Na+ ions at the extracellular surface.

Na,K-ATPase is unique among cation pumps in its ability to bind either one molecule

of free ATP or two K+ ions per alßl unit with high affinity in the absence of other

ligands (Jorgensen and Pedersen, 2001; Norby and Jensen, 1988).

5.1.4. The gastric H, K-ATPase is also a member of the P-type ATPase family

The gastric H,K-ATPase is responsible for gastric acid secretion. In contrast to

the monomeric H-ATPase of yeast (Morsomme et al, 2000) and other fungi and to

the Ca- or Mg-ATPase, the gastric ATPase is composed of two subunits, the a-

subunit (1033 amino acid residues) and the ß-subunit (291 amino acid residues),

which contains six or seven N-linked glycosylation sites. As such, it is a

representative of a subfamily of P2-ATPases that have two subunits, namely the Na,K

P-ATPase (except the 3-subunit renal Na,K-ATPase; see above) and the colonic and

skin K-ATPase subfamily (Asano et al, 1998). The function of the ß-subunit is not

clear, but it appears to be required at least for the assembly of the catalytic a-subunit

(Geering, 1991). Nevertheless, chemical alteration of the ß-subunit has been shown to

affect ATPase activity as well (Chow et al, 1992). Interestingly, pumps that have a ß-

subunit are counter-transport pumps transporting K+ or its surrogates inwards. It has

been speculated that the ß-subunit has a function in maintaining the structure of the a-

subunit to enable effective binding of the counter-cation to the outside face in the

region of M8, where there is strong association between the ß- and a-subunits (Hasler

et al, 1998). The enzyme undergoes during catalysis a cycle of phosphorylation and
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dephosphorylation steps coupled to the outward movement of H+ and in the inward

movement of K+ in a net electroneutral fashion (see Figure 5). The mechanism is

Cytoplasmic
ATP _AI>P

Membrane

occlusion

Hl jêêf w** wik

Mg.E,-P

Mg£(-P[0]
t

Extracytoplasmic

Figure 5: The Post-Albers scheme for transport catalysis coupling as applied to the gastric H,K-

ATPase. This enzyme probably transports H30+ (not H+, since Na+ can substitute at high pH, Polvani

et al., 1989), which is moved out of the cell as shown on the right hand of this figure. After release of

H30*, K+ can bind and be transported inward via the occluded, dephosphorylated state as shown on the

left hand side of the figure. E,, inward ion binding state; E2, outward ion binding state; Pi; inorganic

phosphate. Adapted from Munson et al. (2000).

similar to the Ca2+-pump and the Na,K-ATPase. As the phosphorylation of an

aspartate at position 386 occurs, the inward facing ion binding site with high affinity

is altered to form an outward facing ion binding site of lower affinity. This transition

is referred to as the Ei to E2 transition.

5.1.5 The oxaloacetate decarboxylase is also subject to conformational changes

during a pump cycle

As discussed above, P-type ATPases undergo conformational changes from

the Ei to the E2 state during cation pumping cycle triggered by a

phosphorylation/dephosphorylation step. Phosphorylation of an aspartyl residue alters

the high affinity ion binding site facing the cytoplasm to an outward facing ion

binding site with lower affinity and vice versa. Wepostulate a quite similar reaction
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cycle for the pump cycle of the oxaloacetate decarboxylase Na+ pump of K.

pneumoniae. Figure 6 shows a possible pump cycle with respect of the postulated Na+

binding sites with high and low affinity emerging during catalysis. The cycle starts by

the decarboxylation of oxaloacetate to pyruvate and the simultaneous carboxyltransfer

to the prosthetic biotin group on the a-subunit yielding the carboxybiotin enzyme.

The carboxybiotin residue switches to the decarboxylase catalytic site on the ß-

subunit (species E=(H+)~C02). This leads to an enzyme with Na+ binding sites

exposed to the cytoplasm with high affinity. Binding of two Na+ ions from the

cytoplasm to these sites liberates a proton from Y229 which is subsequently

consumed in the decarboxylation of the carboxybiotin. The latter step is coupled to a

conformational change of the protein, with the Na+ occupied sites becoming exposed

to the periplasm. Simultaneously, the Na+ binding affinities of these sites are reduced

(species E=(2Na+0Ut))- The Na+ ions are released to the periplasmic reservoir, while a

proton enters the channel from this side to restore the hydroxyl group of Y229. The

unloaded form of the enzyme E=(H+) can undergo a conformational change to expose

the Na+ binding sites again toward the cytoplasmic surface, restoring the initial

conformation at the beginning of the cycle.

As with the Ei-E2 reaction cycle of the P-type ATPases (see above), the Na+/H+

movements through the membrane are also reversible. The reaction scheme shown in

Figure 6 can explain the reversibility of the pump shown experimentally (Dimroth and

Hilpert, 1984). In short, a proteoliposomal system harboring both oxaloacetate

decarboxylase and methylmalonyl-CoA decarboxylase was used to show that upon

decarboxylation of malonyl-CoA to acetyl-CoA, pyruvate was carboxylated to

oxaloacetate and vice versa. These transcarboxylations are mediated by a Na+ circuit

since dissipation of the Na+ gradient with monesin abolished the transcarboxylation

reactions. Both Na+ pumps act therefore as reversible vectorial catalysts either by

creating electrochemical Na+ gradients upon decarboxylation or by CO2 fixation

yielding carboxylic acids at the expense of the electrochemical Na+ gradient (Dimroth

and Hilpert, 1984). At a high Na+ concentration on the outside and a low Na+

concentration on the inside, the enzyme would convert from E=(H+) via E=(2Na+0Ut) to

E=(H+)~C02 ,
where the downhill movement of two Na+ ions drives the carboxylation

of biotin. The carboxyl group of carboxybiotin will subsequently be transferred to

pyruvate to yield oxaloacetate.
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Direct determination of decarboxylase activity can be measured with a simple

spectrophotometric assay at 265 nm and revealed Na+ concentrations required for

halfmaximal activation of less than 1 mM(Dimroth and Thomer, 1986; Schmid et al,

2002). The presence of low affinity Na+ binding sites in the free enzyme was

Access of

binding sites

E=(H+) ~ C02" from/to inside

(cytoplasm)

2Na+
in

co2
* __„_vl

E=(H+) < ^ ^
—E= (2Na+)

f >
2Na out H out

from/to outside

(periplasm)

Figure 6: Hypothetical pump cycle of the oxaloacetate decarboxylase Na+ pump. E"(H+) denotes

the enzyme with ß-D203 deprotonated and ß-Y229 protonated and E" symbolizes the enzyme with ß-

D203 and ß-Y229 deprotonated. E"(H+)~C02 is the carboxybiotin enzyme with ß-Y229 protonated.

Bound Na+ ions are indicated in brackets. OAA2", oxaloacetate; Pyr", pyruvate. The whole cycle is

reversible, but for simplicity, reactions are only shown in the forward direction. Enzyme specimens

shown at the top of the figure have their Na+ binding sites exposed toward the cytoplasm, and those

shown at the bottom have their Na+ binding sites exposed towards the periplasm.

postulated based on the observation that Na+ concentrations of 20-50 mMprotected

the ß-subunit of the oxaloacetate decarboxylase from tryptic hydrolysis or from

denaturation by organic solvents (Buckel and Liedtke, 1986; Dimroth and Thomer,

1983). Two different Na+ binding sites were therefore envisaged, one with high

affinity reflected by the halfmaximal activation by less than 1 mMand one with an

approximately 2 order of magnitude lower binding affinity (Braune et al, 1999; Di

Berardino and Dimroth, 1996; Jockei et al, 2000). Occupation of these sites with Na+

apparently results in a conformational change of OadB, which makes the protein more

resistant to tryptic hydrolysis.
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The reaction scheme is also in accord with the finding that elevated Na+

concentrations inhibit oxaloacetate decarboxylation. This proceeds especially at high

pH (Di Berardino and Dimroth, 1996; Schmid et al, 2002) where conditions are

unfavorable for the H+-dependent release of the two Na+ ions from the E=(2Na+out)

specimen and this reaction therefore becomes rate limiting.

Another astounding observation is the catalysis of a Na+in/Na+out exchange in the

absence of oxaloacetate or pyruvate. Proteoliposomes reconstituted with purified

oxaloacetate decarboxylase and loaded with Na2S04 catalyzed an uptake of 22Na+ in

the presence of KHCO3. The Na+in/22Na+0Ut exchange was strictly dependent on the

presence of bicarbonate. This reaction was completely inhibited by avidin and was not

catalyzed if the biotin containing a-subunit was dissociated from the ßy-subcomplex

(Dimroth and Thomer, 1993). These results indicate a strict coupling of the

Na+in/Na+out exchange with the carboxylation/decarboxylation of the biotin prosthetic

group without requirement for the oxaloacetate/pyruvate interconversion. The

conversion E=(2Na+out) + C02 <-» E=(H+)~C02" + 2Na+in (Figure 6, right side)

describes this fact.

5.1.6. The overall functionality and structural composition of the oxaloacetate

decarboxylase and the P-type ATPases is quite similar

The P-type ATPases and the oxaloacetate decarboxylase are subject to large

conformational changes with alteration of the affinity of the cation binding sites

during catalysis and cation pumping. In the case of P-type ATPases, this large change

occurs by forming a phosphoprotein intermediate as the y-phosphate of ATP is

transferred to the acyl bond of an aspartate residue. This formation of the EiP state

requires the high affinity binding sites at the cytoplasmic site being occupied with the

respective cation(s). Concomitantly to the phosphorylation, the cations are occluded.

The rate limiting transition to E2P is then accompanied by the release of the cation(s)

to the extracellular compartment (see above).

A similar cycle can be predicted for the oxaloacetate decarboxylase. The working

model of the decarboxylase discussed above shows that in this case, a carboxylation

instead of a phosphorylation is required for conformational changes. Upon

decarboxylation of oxaloacetate, the biotin prosthetic group on the a-subunit is

carboxylated and switches to the decarboxylase catalytic site on the ß-subunit



107 General Discussion

stabilizing a conformation with the high affinity cation binding sites exposed to the

cytoplasm. Binding of cations from the cytoplasm to these sites leads to

decarboxylation of the biotin moiety coupled to a conformational change of the

protein with the concomitant release of the cations to the periplasm.

It seems to be a common feature in cation pump enzyme systems, that chemical

modification of the enzyme and occupation of the high affinity cation binding sites

accessible from the cytoplasm lead to a conformational change that makes the release

of the cations to the extracellular compartment possible. Reversal of the modification

and transport of the antipodal cation into the cytoplasm leads to the condition to make

a new cycle feasible.

Comparison of the structural composition of the subunits and their function of e.g. the

Ca-ATPase, the Na,K-ATPase and the oxaloacetate decarboxylase reveals also

fascinating similarities. In Figure 7, the overall structure of the renal Na,K-ATPase

with its a-subunit similar to the Ca-ATPase is depicted. Besides the transmembrane

Figure 7: The topological model of renal [alßlYl] Na,K-ATPase (Jorgensen and Pedersen, 2001).

The 10 transmembrane segments of the a-subunit with M4,M5 and M6comprising important residues

for cation translocation and the three domains A, P and N protruding into the cytoplasm are depicted.

helices M4, M5 and M6which were shown to harbor important amino acids for cation

transport (see above), the cytoplasmic region consists mainly of three well separated

domains which were named A, P and N (Toyoshima et al, 2000). Domain A is

important for conformational transitions and may work as an anchor for domain N,

which binds nucleotides. Domain P contains the important aspartate residue which is

phosphorylated/dephosphorylated during the working cycle and includes a segment
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which is important for Mg
+

binding in the E, state and for hydrolysis of the acyl

phosphate bond in the E2 condition. The nucleotide binding domain N has to be very

flexible to come close-by to the domain P which is necessary for phosphorylation of

the aspartate residue (see also 5.1.2.).

The oxaloacetate decarboxylase (Fig. 8) comprises also three separated subdomains

protruding into the cytoplasm: the C-terminal domain of OadA (aC) containing the

biotin prosthetic group which is carboxylated/decarboxylated during the working

cycle, the N-terminal domain of OadA (aN) revealing the carboxyl transferase

Figure 8: The overall geometry of the oxaloacetate decarboxylase. B-H, biotin; Lys, biotin binding

lysine residue; aC, C-terminal subdomain of OadA; aN, N-terminal subdomain of OadA.

activity and the cytoplasmic domain of OadG containing a Zn
+

ion at its C-terminus

which is catalytically important. Like the A domain of the Na,K-ATPase, the y-

subunit serves as an anchor for aC and therefore for the whole a-subunit and as an

activator of the whole biotin carboxylation step. Domain P can be compared to the aC

subdomain as both include the important residue which is modified during catalysis.

The mobile domain N with the nucleotide binding site can be compared with

subdomain aN, which binds oxaloacetate and mediates the carboxyl transferase

reaction. As aC and aN are connected by a large proline/alanine linker, these

domains display a certain flexibility towards each other like the P-type ATPases.

Additionally, in parallel to the y-domain of the renal Na,K-ATPase, the cytoplasmic

domain of OadG is also connected to a single transmembrane helix by a rather

flexible proline/alanine segment. All these findings lead to the conclusion, that these
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two rather distinct cation pumping enzyme systems use basically resembling forms of

catalysis.

5.2. Outlook

After more than 20 years of research on the oxaloacetate decarboxylase of K.

pneumoniae, our knowledge about this fascinating enzyme is enormous and helps to

understand the mechanism of ion translocation through bacterial membranes. Wenow

understand the basic functions of every subunit, got insights into the assembly of the

whole complex and worked out a model for the chemical reaction of oxaloacetate

decarboxylation/biotin carboxylation coupled to the Na+ and H+ movements across the

membrane. Despite this progress, a lot of questions remain. One of these is the

position of the carboxybiotin binding site on the ß-subunit. Another important

question is the location of the whole ion channel of the ß-subunit. This can be

investigated by cysteine scanning methods by testing the accessibility of genetically

engineered cysteine residues for thiol specific reagents e.g. different

methanethiosulfonate (MTSX) compounds. Efforts should be promoted to get a well-

suited expression and purification system for the ß-subunit and the ßy-subcomplex,

since the ß-subunit is still recalcitrant against production and purification efforts.

With parts of the enzyme or with the whole complex, 2-D and 3-D crystallisation

trials can be undertaken. The structural information received from 2-D or 3-D crystals

would provide a tremendous amount of detailed information and in combination with

the 20+ years of information already obtained would likely result in a fairly complete

picture of the structure and function of the oxaloacetate decarboxylase Na+ pump.
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