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1. Summary

Many secreted proteins require the correct formation of one or more disulfide bonds for the

proper folding into their native 3-D structure. Disulfide bonds are often crucial in stabilizing

the folded state of such proteins. In gram-negative bacteria, the periplasm, which spans the

space between the inner and the outer membrane, is the compartment where disulfide bond

formation occurs. The periplasm is a highly oxidizing environment, which favors the oxidation

of cysteine residues. It is therefore analogous to the endoplasmic reticulum of eukaryotes.

In prokaryotes, a family of Dsb (disulfide bond) proteins catalyzes the formation and

isomerization of disulfide bonds in the periplasm. A key catalyst making the periplasm such

an oxidizing environment is a 21 kDa protein called DsbA. This was concluded from the

observation that dsbA null mutants exhibit a strong defect in the formation of disulfide bonds.

DsbA contains a highly reactive disulfide bond in its active site, which is rapidly transferred to

folding proteins. This leads to the oxidation of the target protein leaving DsbA in a reduced

state. In order to act catalytically, DsbA’s active site disulfide bond has to be reoxidized. This

is accomplished by the inner membrane protein DsbB, which is directly involved in the

reoxidation of DsbA. Apparently, DsbB is the major source of oxidizing equivalents for

oxidative protein folding in the periplasm.

When this work was initiated little was known about the mechanism of DsbB action

and nothing was known about its terminal electron acceptor. Attempts to identify other

components that were involved in the DsbA-DsbB pathway using genetic techniques had not

lead to a clear picture of how DsbB drives disulfide bond formation. I attempted to solve these

problems by reconstituting the DsbA-DsbB system in vitro. During my pre-doctoral work I

had already developed an assay for DsbB activity, which allowed me to follow the reaction

between DsbA and DsbB in the test tube. Using this assay, DsbB activity could be detected in

crude membrane extracts. In this work, I asked if additional cofactors were required for the

reaction between DsbA and DsbB. DsbB was therefore purified from crude membrane

extracts. Using the DsbB assay, I showed that 97 % pure DsbB exhibits nearly the same

activity as it does in crude membranes. Interestingly, activity disappeared upon further

purification, but could be restored by the addition of a membrane extract prepared from dsbB

null mutant strains. This suggested that an additional component, which stimulated the activity
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of DsbB, was present in these membranes. I purified this component from dsbB null

membranes by following its ability to reactivate highly purified and thus inactive DsbB. After

the purification procedure, this component was found to be identical with E. coli cytochrome

bd oxidase. Cytochrome bd oxidase is an inner membrane complex that acts as a terminal step

in the E. coli electron transport chain by transferring electrons from ubiquinone to molecular

oxygen. This let me conclude that DsbB interacts with the electron transport chain and thus

couples the reoxidation of DsbA to the electron transport system.

Interestingly, membranes prepared from a cytochrome bd oxidase deficient strain were

still able to reactivate DsbB. It was therefore concluded that a second component other than

cytochrome bd oxidase was present in these membranes allowing DsbB to catalyze the

reoxidation of DsbA. This component was purified and identified as cytochrome bo oxidase.

Cytochrome bo oxidase is the second major terminal oxidase catalyzing electron transport

from ubiquinone to molecular oxygen. This was taken as further evidence that DsbB passes

off electrons to the electron transport chain and thus drives disulfide bond formation in the

periplasm.

The finding that both, cytochrome bd and bo oxidase could restore DsbB activity, led

me to propose that ubiquinones serve as a common intermediates between DsbB and the two

cytochrome oxidases. This was indeed the case as ubiquinones serve as a high affinity

substrates for DsbB and are reduced in the course of the reaction. Thus electrons flow from

DsbA via DsbB to ubiquinone and further on to terminal cytochrome oxidase complexes,

which finally transfer electrons to molecular oxygen. By tracking down the flow of electrons

from DsbB to its electron acceptor a long-standing mystery was solved. The source of

oxidative power for disulfide bond formation was found to originate in the electron transport

system.

What happens under anaerobic conditions? While growing anaerobically, E. coli

replaces ubiquinones by menaquinones, which then act as mobile electron carriers between

anaerobic respiratory complexes in the inner membrane. Here, I provide biochemical evidence

that DsbB directly interacts with menaquinones suggesting a mechanism whereby DsbB drives

disulfide bond formation under anaerobic conditions. This mechanism is further supported by

genetic results that I present in this work. A double mutant lacking the genes for cytochrome

bo and bd oxidase was found to form disulfide bonds under anaerobic growth in minimal
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media without any alternate electron acceptor present in the media. However, fumarate, which

is synthesized as part of the Krebs cycle, might provide an electron acceptor for disulfide bond

formation. I therefore proposed that a fumarate reductase null mutant grown anaerobically on

glucose should display very little electron transport and thus have a disulfide bond formation

defect. It does, allowing me to conclude that DsbB uses different electron acceptors under

aerobic and anaerobic growth. This ability of DsbB to utilize alternative electron acceptors

such as ubiquinones and menaquinones ensures efficient disulfide bond formation over a wide

variety of growth conditions.

DsbA is a strong but non-specific oxidant leading to the complete but often incorrect

oxidation of proteins. In E. coli, a second pathway ensures the isomerization of incorrect

disulfide bonds. This pathway consists of two disulfide isomerases, DsbC and DsbG, and the

inner membrane protein DsbD. In order to function as disulfide isomerases, DsbC and DsbG

have to be kept in their reduced states in vivo. DsbD is directly involved in the reduction of

DsbC and DsbG by providing a link to the reducing power of the cytosol. It is puzzling how

this reducing pathway can coexist with the oxidizing DsbA-DsbB system without going

through futile cycles of mutual oxidation and reduction. Here, I provide genetic evidence that

the two pathways do not interfere with each other. For instance, wild type DsbC fails to rescue

the phenotypes associated with a dsbA null mutant suggesting that the activities of DsbA and

DsbC do not overlap. To further investigate the reasons behind this separation, I attempted to

convert DsbC to an oxidase. This was done by selection for dsbC mutants that are able to

complement a dsbA null mutant in vivo. A number of mutants were obtained which rescue a

dsbA null mutant. These mutant proteins failed to dimerize and were reoxidized by DsbB in

vivo and in vitro. Monomeric DsbC proteins are thus able to join the oxidative pathway.

Accordingly, DsbC seems to be protected from DsbB mediated oxidation only when present as

a dimer. This is an important molecular barrier that allows the coexistence of an isomerization

and oxidation pathway in the periplasm, thus securing the proper formation of disulfide bonds.

In summary, this work resolves the fundamental question of what the source of

oxidizing equivalents for disulfide bond formation is. It also addresses the basic problem of

how the oxidative and the isomerization pathway are kept separated. A broad picture of the

electron pathways is now available for the prokaryotic system.



Summary4

2. Zusammenfassung

Viele Proteine, die an die Zelloberfläche sezerniert werden, benötigen die Ausbildung einer

oder mehrerer Disulfidbrücken, um in ihre korrekte dreidimensionale Struktur zu falten. In der

Zelle geschieht dies allerdings nicht von selbst, sondern erfordert die Anwesenheit von

Enzymen, die die Oxidation von Cysteinresten zu Disulfidbrücken katalysieren. Da dieser

Prozeß mit der Faltung von Proteinen gekoppelt ist, spricht man auch von oxidativer

Proteinfaltung. In gram-negativen Bakterien wird die Ausbildung von Disulfidbrücken im

Periplasma katalysiert, dem Kompartment zwischen der inneren und äußeren Bakterien-

membran. Eine wesentliche Voraussetzung für diese Reaktion ist die katalytische Aktivität des

21 kDa Proteins DsbA, in dessen aktiven Zentrum sich eine reaktive Disulfidbrücke befindet,

die auf sich faltende Proteine übertragen wird. Dies führt zur Reduktion von DsbA, das

daraufhin wieder reoxidiert werden muß, um einen weiteren katalytischen Zyklus durchlaufen

zu können. Die Reoxidation von DsbA wird durch die Anwesenheit des Membranproteins

DsbB gewährleistet, das dadurch Oxidationsäquivalente für die oxidative Faltung von

Proteinen zur Verfügung stellt.

Zu Beginn dieser Arbeit war nur wenig darüber bekannt wie DsbB die Ausbildung von

Disulfidbrücken im Periplasma antreibt. Versuche mehrerer Gruppen mit genetischen

Methoden den kompletten Weg des Elektronentransfers von DsbA über DsbB zu seinem

terminalen Akzeptor aufzuklären, waren erfolglos geblieben. In dieser Arbeit wurde daher der

Versuch unternommen, zunächst Proteine zu isolieren, die für das DsbA-DsbB System

essentiell sind. Bereits während meiner Diplomarbeit gelang es mir, ein in vitro Testsystem zu

entwickeln, mit dem es möglich ist, die enzymatische Aktivität von DsbB bei der Reoxidation

von DsbA zu bestimmen. Mithilfe dieses Tests konnte weiter gezeigt werden, daß Sauerstoff

als terminaler Elektronenakzeptor für DsbB notwendig ist. Dies führte zur Frage wie

Elektronen von DsbB zu Sauerstoff übertragen werden. Um dem nachzugehen, wurde DsbB

aus Membranen extrahiert und aufgereinigt. Es zeigte sich, daß zu >97% homogen gereinigtes

DsbB eine ähnliche Aktivität wie in Membranen aufwies, nach weiterer Aufreinigung jedoch

sämtliche Aktivität verlor. Der Aktivitätsverlust von DsbB war reversibel und konnte durch

Zugabe eines Membranextrakts einer dsbB Nullmutante rückgängig gemacht werden. Diese

Beobachtung implizierte, daß noch mindestens eine weitere Komponente für die Aktivität von
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DsbB essentiell ist. Diese Komponente konnte daraufhin aus dsbB negativen Membranen

isoliert werden und eindeutig als Cytochrom bd Oxidase identifiziert werden. Cytochrom bd

Oxidase ist ein wesentlicher Bestandteil der E. coli Atmungskette und katalysiert den Transfer

von Elektronen von Ubiquinon zu molekularem Sauerstoff. Dieser Befund lieferte daher den

ersten Nachweis, daß DsbB direkt mit der Atmungskette wechselwirkt. Interessanterweise sind

Membranextrakte einer Cytochrom bd Oxidase Nullmutante jedoch noch in der Lage, DsbB

zu reaktivieren. Dies gab Anlaß zur Vermutung, daß ein weiteres Protein die Reoxidation von

DsbB übernehmen könne. Dieses Protein wurde als die Cytochrom bo Oxidase identifiziert,

die einen zweiten terminalen Komplex der aeroben Atmungskette bildet. Somit konnte

eindeutig gezeigt werden, daß DsbB Oxidationsaquivalente für DsbA und damit für die

oxidative Proteinfaltung aus der Atmungskette bezieht.

Beide Cytochrom Oxidasen sind Membrankomplexe, die Elektronen vom

Ubiquinonpool auf Sauerstoff übertragen. Es war daher naheliegend zu postulieren, daß

Ubiquinon als gemeinsames Intermediat zwischen den Cytochrom Oxidasen und DsbB

auftritt. Biochemische Untersuchungen zeigten, daß Ubiquinon tatsächlich ein äußerst

effektives Substrat für DsbB ist und während der Reaktion mit DsbA reduziert wird. Demnach

werden Elektronen von DsbA über DsbB zu Ubiquinon und von dort durch die beiden

terminalen Komplexe zu molekularem Sauerstoff übertragen. Es konnte jedoch auch gezeigt

werden, daß sich Disulfidbrücken im Periplasma in Abwesenheit von Sauerstoff bilden

können. Dies führte zur Frage mit welchem Elektronenakzeptor DsbB bei anaerobem

Wachstum wechselwirken würde. Als potentielle Kandidaten dafür kamen Menaquinone in

Frage, die unter anaeroben Bedingungen vermehrt synthetisiert werden und als lipidlösliche

Carrier den Elektronentransport zu terminalen Komplexen wie Fumarat- oder Nitratreduktasen

gewährleisten. Zunächst konnte gezeigt werden, daß Menaquinon tatsächlich ein spezifisches

Substrat für DsbB ist, woraus geschlossen wurde, daß DsbB auch mit dem anaerobem

Elektronentransport System wechselwirken kann. Dennoch zeigt E. coli unter  fermentativen

Bedingungen, also unter Bedingungen ohne offensichtlichen Elektronentransport, keinen

Defekt bei der Ausbildung von Disulfidbrücken. Es wurde daher postuliert, daß Fumarat, das

im Zitratzyklus synthetisiert wird, als terminaler Elektronenakzeptor für DsbB dienen kann.

Genetische Untersuchungen machten deutlich, daß dies auch der Fall ist, da eine Nullmutante

im Gen für Fumaratreduktase unter diesen Bedingungen einen signifikanten Defekt bei der
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Ausbildung von Disulfidbrücken aufweist. Aus diesen Beobachtungen konnte geschlossen

werden, daß Elektronen von DsbB zu Menaquinon und weiter über Fumaratreduktase zum

terminalen Akzeptor Fumarat transportiert werden. Aus diesen Ergebnissen ist ersichtlich, daß

DsbB ein äußerst flexibles und zentrales Enzym ist, das unter verschiedenen

Wachstumsbedingungen den effizienten Elektronenfluß von DsbA zum Quinonpool der

aeroben wie auch der anaeroben Atmungskette katalysiert.

Die relativ unspezifische Oxidaseaktivität von DsbA führt oft zur Bildung nicht-nativer

Disulfidbrücken während der Faltung von Proteinen. In E. coli ist das Protein DsbC für die

Isomerisierung solcher Disulfidbrücken notwendig. DsbC ist DsbA sehr ähnlich. Beide

Proteine besitzen eine gemeinsame Faltungsdomäne, in deren aktivem Zentrum eine

hochreaktive Disulfidbrücke liegt. Im Gegensatz zu DsbA bildet DsbC jedoch ein

Homodimer, das in der Zelle im reduzierten Zustand vorliegt; eine wichtige Voraussetzung für

die Isomeraseaktivität von DsbC. Die Reduktion von DsbC erfolgt durch das Membranprotein

DsbD, das das Periplasma mit Reduktionsäquivalenten aus dem Cytoplasma versorgt. Dies ist

ein zunächst überraschender Befund, da die Umgebung des Periplasmas stark oxidierend ist.

Es mußten daher Mechanismen postuliert werden, die das DsbA-DsbB System von DsbC und

DsbD isolieren. Andernfalls würden sich die beiden Systeme durch gegenseitige Oxidation

und Reduktion blockieren. Dies scheint aber nicht der Fall zu sein, da DsbC nicht in der Lage

ist, den Defekt einer dsbA Nullmutante bei der Ausbildung von Disulfidbrücken rückgängig zu

machen. Von dieser Beobachtung ausgehend konnten die DsbC Mutanten G49E und G49R

selektioniert werden, die eine dsbA Nullmutante komplementieren. Offensichtlich übernehmen

diese Mutanten eine ähnliche Funktion wie DsbA und katalysieren die Ausbildung von

Disulfidbrücken im Periplasma. Interessanterweise sind diese Mutanten nicht mehr in der

Lage, funktionelle Dimere auszubilden und werden von DsbB in vivo reoxidiert. Da Wildtyp

DsbC von DsbB nicht reoxidiert wird, konnte geschlossen werden, dass das aktive Zentrum im

Dimer vor der Oxidation durch DsbB geschützt ist. Auf diese Weise bleibt gewährleistet, daß

DsbC mithilfe von DsbD im reduzierten Zustand vorliegt und als Isomerase aktiv ist.

Zusammenfassend läßt sich bemerken, daß in dieser Arbeit die fundamentale Frage

nach dem Ursprung des Oxidationsmittels bei der oxidativen Proteinfaltung beantwortet

werden konnte. Weiter konnte gezeigt werden, wie die beiden Systeme für Oxidation und

Isomerisierung koexisitieren können, ohne sich gegenseitig zu inaktivieren. Wir besitzen nun
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ein detailliertes Verständnis von den verschiedenen Redoxwegen bei der oxidativen

Proteinfaltung in E. coli
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3. Introduction: Oxidative Protein Folding in Bacteria and Eukaryotes

3.1. Catalysis of oxidative protein folding

The folding of proteins into their three dimensional structure is essential for their biological

function. For proteins that contain disulfide bonds, formation of these bonds is often an

important step in the folding reaction. The presence of one or more disulfide bonds is crucial

to the maintenance of the folded state of many secretory proteins. In contrast, cytosolic

proteins form disulfide bonds only as part of their catalytic cycle, and are not stabilized by

these bonds.

The classic experiments conducted by Anfinsen and coworkers proved that all the

information for the three dimensional structure of a protein is encoded by its amino acid

sequence (Anfinsen, 1973). Bovine pancreatic RNAse A, a 124 residue protein that contains 4

disulfide bonds in its native state, was used as a model protein (Sela et al., 1959; White, 1961).

RNase A readily denatures and its disulfide bonds are reduced by incubation in urea and ß-

mercaptoethanol. After removal of urea and ß-mercaptoethanol by dialysis, a very slow but

nearly complete recovery of catalytic activity is observed. Thus, Anfinsen concluded that it is

possible to refold denatured proteins into their active state in the test tube. Based on this

observation, he further noted that “the information for the assumption of the native secondary

and tertiary structure is contained in the amino acid sequence itself”(Anfinsen et al., 1961).

Native RNase A contains four disulfide bonds and the correct formation of these bonds

is a key step during refolding of the protein (Anfinsen et al., 1961). Accordingly, if fully

denatured and reduced RNase A is allowed to form disulfide bonds under denaturing

conditions, e.g. in the presence of 8 M urea, a mixture of randomly oxidized RNase A

molecules, called scrambled RNase, is obtained. Further, upon removal of the denaturant,

scrambled RNase is basically inactive suggesting that incorrect disulfide bonds had ‘locked’

the enzyme in numerous misfolded conformations. However, if scrambled RNase A is

dialyzed against a buffer that contains a small amount of the reductant ß-mercaptoethanol,

enzymatic activity is restored. This provided first evidence that a low molecular weight

reductant could reduce non-native disulfide bonds and allow reformation of native disulfide
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bonds. Nevertheless, the ten hours needed for full restoration of RNase A activity under these

conditions, seemed much too long for efficient disulfide bond formation in vivo. It takes only

two minutes for the cell to synthesize RNase A, and its folding is complete within minutes, not

hours. This discrepancy lead Anfinsen and coworkers to postulate and later to identify an

enzymatic activity that greatly accelerates reactivation of RNase A in liver microsomes

(Goldberger et al., 1963, Givol, 1964). The protein associated with this activity, protein

disulfide isomerase (PDI), was the first protein folding catalyst found.

Recently, significant advances have been made in understanding how proteins fold in a

cellular environment and a large number of other proteins have been identified, which assist

the proper folding of proteins inside the cell. These proteins fall into two classes. First, there

are true catalysts, like PDI, which accelerate rate-limiting steps during protein folding. Such

rate-limiting steps include the correct formation of disulfide bonds and the isomerization of

proline residues in proteins. A second class of proteins that assist the folding process are

molecular chaperones, which prevent non-productive reactions such as aggregation or

premature folding of proteins. Chaperones also promote the folding and unfolding of proteins.

The mechanisms of chaperone action will not be further discussed here, but excellent reviews

are available in the literature (Beissinger and Buchner, 1998). This thesis deals with folding

catalysts, and in particular with catalysts that are essential for formation of disulfide bonds in

proteins. Nevertheless, some of these catalysts contain chaperone activity, which demonstrates

that these two activities are sometimes found within the same protein molecule

3.2 De novo formation of disulfide bonds in E. coli: the discovery of DsbA

In 1991, Bardwell and coworkers reported the identification of DsbA, which they found to be

involved in the formation of disulfide bonds in vivo (Bardwell et al., 1991). Mutants in dsbA

exhibit a severe defect in the oxidative folding of several E. coli proteins. Prior to the

discovery of DsbA, it was widely believed that the formation of disulfide bonds occurred

spontaneously. However, the isolation of DsbA showed that disulfide bond formation in the

cell depends on the presence of a catalyst. Using DsbA as a model catalyst, many crucial

questions concerning disulfide bond formation were answered. Some advantages of DsbA

making it a good model protein are its small size, 21 kDa, and a single function, the oxidation
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of disulfide bonds, in contrast to the multifunctional, multidomain 57 kDa PDI. For these

reasons, rapid progress has been made in analyzing how oxidative folding of proteins is

catalyzed within the cell.

DsbA was identified by the use of a disulfide indicator protein, MalF-ß-galactosidase

(Bardwell et al., 1991). This fusion protein lacks ß-galactosidase activity when present in a

wild type E. coli background that is competent in forming disulfides. The dsbA null mutant

was isolated by selecting for a Lac+ phenotype in a cell that expressed the gene for the fusion

protein but lacked the wild type lacZ gene. The restoration of ß-galactosidase activity in the

dsbA null mutant is most likely due to reduction of cysteine residues of ß-galactosidase. ß-

galactosidase is a cytosolic protein that does not normally contain disulfide bonds. It was

suggested that upon fusion with the inner membrane protein MalF, a portion of ß-

galactosidase is exported into the periplasm. This part of the enzyme then becomes sensitive to

thiol oxidation which leads to inactivation of ß-galactosidase in a wild type strain background.

However, in a strain such as a dsbA null mutant where disulfides fail to form, ß-galactosidase

remains reduced and active.

Loss of DsbA causes a severe defect in the formation of disulfide bonds in many

secretory proteins including OmpA, alkaline phosphatase, and ß-lactamase (Bardwell et al.,

1991). Since the absence of DsbA causes a general lack of disulfide bonds in periplasmic

proteins, it was concluded that DsbA is the major catalyst of disulfide bond formation in the

periplasm. This key role of DsbA also explains why dsbA null mutants exhibit pleiotropic

phenotypes. Commonly observed phenotypes of dsbA null mutants are loss of motility, and

increased sensitivity to DTT, benzyl-penicillin and metal ions like Hg2+ and Cd2+ (Dailey and

Berg, 1993; Missiakas et al., 1993; Rensing et al., 1997; Stafford et al., 1999). These

phenotypes are due to the loss of the oxidase activity of DsbA, which results in a failure to

form disulfide bonds in many periplasmic proteins. For instance, the loss of motility is due to

the absence of a disulfide bond in the P ring protein (FlgI) of flagella (Dailey and Berg, 1993).

Another phenotype of dsbA null mutants in pathogenic bacteria is attenuated virulence. Since

so many virulence factors contain disulfide bonds, DsbA is important for the disease causing

properties of enteropathogenic and uropathogenic E. coli, Vibrio cholera and Shigella flexneri

(Donnenberg et al., 1997; Jacob-Dubuisson et al., 1994; Peek and Taylor, 1992; Watarai et al.,

1995; Yu, 1998).



Introduction 11

3.3. DsbA is the most oxidizing disulfide catalyst

The 2.0 Å crystal structure revealed that DsbA contains a thioredoxin-like fold (Martin et al.,

1993). The thioredoxin fold includes a central β-sheet formed by four anti-parallel ß-strands.

The central ß-sheet is flanked by a perpendicular helix and two helices on the opposite side

(Martin, 1995). Compared to thioredoxin, DsbA contains an additional β-strand in the central

β-sheet and the insertion of a 65 residue helical domain (Figure 1). Such insertions are

commonly observed within the thioredoxin family (Martin, 1995; McCarthy et al., 2000).

Most members of the thioredoxin superfamily are involved in disulfide exchange reactions,

and contain a redox active CXXC motif in their active site. The CXXC motif participates in

disulfide exchange reactions by going through reversible cycles of oxidation and reduction. In

this motif, the N-terminal cysteine is solvent exposed making it the reactive species in

disulfide exchange reactions.

Figure 1. The crystal structure of DsbA. DsbA contains a thioredoxin-like fold including the insertion of an α-

helical domain. The arrow indicates the location of the active site disulfide bond.

αααα-helical domain

thioredoxin domain

active site CXXC
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Despite their common structures, thioredoxin and DsbA fulfil different functions and exist in

different cellular compartments. While thioredoxin acts as a reductant of disulfide bonds in the

cytosol (for review see Rietsch and Beckwith, 1998), DsbA introduces disulfide bonds into

newly synthesized proteins during their translocation to the periplasm. Why does DsbA act as

a donor of disulfide bonds? The disulfide bond formed by the CXXC motif of DsbA is highly

reactive. Thus, oxidized DsbA will react rapidly with thiols, resulting in their oxidation. For

example, DsbA reacts about a 1000 fold faster with reduced glutathione (GSH) than does a

normal protein disulfide (Zapun et al., 1993). The extremely oxidizing nature of DsbA

becomes evident from its equilibrium constant with glutathione (Kox), which is very small, 0.1

mM, indicating that it will strongly tend to oxidize thiols. Kox is given by the following

equation (Wunderlich and Glockshuber, 1993; Zapun et al., 1993).

From the equilibrium constant with glutathione and the standard redox potential of the

GSSG/GSH pair, the redox potential of DsbA can be calculated. The redox potential of DsbA

is -120 mV, making it the most oxidizing disulfide bond known. For comparison the redox

potential of thioredoxin is –270 mV and therefore much more reducing.

The small equilibrium constant of DsbA with glutathione demonstrates that the

disulfide bond formed by DsbA is highly unstable. The stability of a particular disulfide bond

corresponds to the extent to which a protein is stabilized by this bond. In other words, the

more stable the disulfide bond, the more stable the protein conformation. In the case of DsbA,

its unstable disulfide bond should therefore destabilize the protein conformation. This is

indeed observed since the reduction of DsbA’s disulfide bond leads to stabilization of its

folded conformation by 4.5 kcal/mol (Zapun et al., 1993). This is unusual since disulfide

bonds normally stabilize proteins. Yet, it is in agreement with the in vivo function of DsbA as

a donor of disulfide bonds. What causes the reduced form of DsbA to be more stable than its

oxidized form? In the CXXC motif of DsbA, the N-terminal cysteine 30 is solvent exposed

and has the very low pKa of about 3.5, in contrast to a pKa of ~9.0 for cysteines commonly

found in proteins (Nelson and Creighton, 1994). The pKa is the pH at which the group is half

ionized. Consequently, at physiologic pH, cysteine 30 of DsbA is fully deprotonated and

[GSH]2 [DsbAox]
[GSSG][DsbAred]

Kox=



Introduction 13

found as a thiolate anion carrying a negative charge. It is the stabilization of this negative

charge that accounts for the difference in stability between the reduced and the oxidized form

of DsbA (Grauschopf et al., 1995; Nelson and Creighton, 1994). This stabilization effect

makes the reduction of DsbA very favorable and drives the reaction between oxidized DsbA

and reduced substrate proteins.

The finding that cysteine 30 of DsbA has such a low pKa requires that its deprotonated

form is stabilized by residues in the vicinity. For instance, histidine 32, which lies within the

CXXC motif, plays an important role in determining the redox properties of DsbA

(Grauschopf et al., 1995). Mutation of histidine 32 leads to a dramatic decrease of redox

potential making DsbA a less potent donor of disulfide bonds. Three crystal structures of

DsbA histidine 32 mutants have been solved (Guddat et al., 1997a). The structures of these

mutant proteins do not show any significant change in the overall fold, although their

equilibrium constants with glutathione (Kox) are up to 1000 fold less oxidizing than wild type

DsbA. Apparently, these large differences in Kox cannot be explained by significant structural

changes between the individual proteins. It was therefore suggested that electrostatic

interactions, which are absent in the mutant proteins, stabilize the thiolate anion of cysteine

30, thus causing its extremely low pKa. Support for this model comes from comparison of the

crystal structures of reduced and oxidized DsbA (Guddat et al., 1998). According to this study,

the structure of reduced DsbA reveals potential hydrogen bonds between residues around

cysteine 30, which are absent in the oxidized structure. This hydrogen bonding network

includes the backbone amide of histidine 32, cysteine 33, and the side chains of cysteine 33.

Further, histidine 32 moves toward cysteine 30 upon the reduction of DsbA bringing this

residue within hydrogen bond distance. Since cysteine 30 is located at the N-terminus of an α-

helix, the thiolate of cysteine 30 is also stabilized by favorable interactions with the partial

positive charge of the helix dipole. These data, taken together, suggest that DsbA’s highly

oxidizing nature arises from a few electrostatic interactions that favor the very low pKa of

cysteine 30.

Further insights into how DsbA’s redox properties are determined comes from

comparison between DsbA and thioredoxin. The redox potential of thioredoxin is -270 mV as

compared to -120 mV for DsbA. This makes thioredoxin a much more reducing catalyst than

DsbA, and appears to suit the in vivo function of thioredoxin as a reductant of disulfide bonds
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in the cytosol. Like in DsbA, the residues that lie within the CXXC motif of thioredoxin

strongly influence the redox potential of the catalyst. For instance, if the active site of

thioredoxin (CGPC) is changed to match the sequence of DsbA (CPHC), the redox potential

of the mutant thioredoxin increases to –200 mV making it more oxidizing (Jonda et al., 1999).

More support for the importance of central residues of CXXC motifs in determining the redox

properties of the catalyst comes from in vivo studies with thioredoxin. Debarbieux and

Beckwith fused an export signal to the N-terminus of thioredoxin, causing its export to the

periplasm (Debarbieux and Beckwith, 1998). Such a construct only partially promotes the

formation of disulfide bonds of OmpA and alkaline phosphatase in a dsbA null background.

However, if the active site of this thioredoxin construct is mutated to resemble the active site

of DsbA, thus making it more oxidizing, the folding yields of OmpA and alkaline phosphatase

are nearly indistinguishable from a DsbA+ strain (Debarbieux and Beckwith, 2000). Thus,

thioredoxin can be turned into a DsbA-like catalyst by simply exchanging the two residues

within its CXXC motif.

As the major oxidant in the periplasm, DsbA introduces disulfide bonds into newly

translocated proteins. The folding of these proteins competes with DsbA mediated formation

of their disulfide bonds. Consequently, premature folding would mask cysteine residues that

are normally involved in forming disulfide bonds and therefore prevent their oxidation by

DsbA. Thus, DsbA has to interact rapidly with proteins while they are still unfolded or only

partially folded in order to gain access to cysteine residues before they get buried upon

folding. It is therefore reasonable to propose that DsbA specifically interacts non-covalently

with unfolded substrate proteins. Indeed, there is good experimental evidence that it does so.

(1) DsbA reacts about 10-25 fold times faster with unfolded hirudin than it does with DTT

(Wunderlich et al., 1993). (2) Disulfide exchange between DsbA and a peptide, derived from

residues 4-31 of BPTI, occurs up to a 1000 fold faster than between glutathione and DsbA

(Darby and Creighton, 1995a). (3) Further, disulfide exchange between the model peptide and

DsbA occurs via a mixed disulfide between the peptide and DsbA. This mixed disulfide bond

is more stable than the disulfide bond between DsbA and glutathione indicating the presence

of additional stabilizing interactions with the peptide. (4) Moreover, a study by Frech et al.

reported the isolation of a mixed disulfide complex between a DsbA variant lacking the

second cysteine and a ribonuclease T1 variant (Frech et al., 1996). These authors showed that
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the conformation of DsbA is stabilized by 4.7 kJ/mol in the mixed disulfide complex. This

strongly suggests that DsbA interacts non-covalently with substrate proteins.

A potential substrate binding site of DsbA has been deduced from its crystal structure

(Guddat et al., 1997b), however, no structure of a complex between DsbA and a peptide has

been solved to date. DsbA exhibits a potential hydrophobic peptide binding groove below the

active site disulfide, which was modeled according to the NMR structure of a mixed disulfide

complex of thioredoxin and a target peptide (Qin et al., 1995). According to this model,

conserved uncharged residues around the active site of DsbA are involved in peptide binding.

Another very recent approach to study the interaction of DsbA with peptides was carried out

with a model peptide containing a bromine substituted alanine (Couprie et al., 2000). DsbA

was specifically cross-linked to this peptide via its reactive cysteine. Preliminary calorimetric

and NMR analysis revealed stabilization of DsbA due to peptide binding, which further

supports the importance of non-covalent interactions between DsbA and substrate proteins.

 3.4. DsbB provides the periplasm with oxidizing power

Following the transfer of disulfide bonds from DsbA to substrate proteins, the active site of

DsbA has to be reoxidized in order to go through another catalytic cycle. This is accomplished

by the inner membrane protein DsbB, which is responsible for keeping the disulfide bond of

DsbA in an oxidized state. The dsbB gene was originally identified by using the same

selection that was used to isolate DsbA (Bardwell et al., 1993). Like dsbA mutants, dsbB

mutants show a strong defect in the formation of disulfide bonds in periplasmic proteins such

as OmpA, ß-lactamase and alkaline phosphatase. In an independent approach, the dsbB gene

was isolated by a genetic screen for multicopy suppressors of DTT sensitivity (Missiakas et

al., 1993). The rational behind this latter screen is that a protein participating in an oxidative

pathway should confer resistance to the reductant DTT. Such screens have been used by the

same authors to isolate more genes belonging to the Dsb family (see below).

Early genetic evidence suggested that DsbA and DsbB participate in the same pathway

(Bardwell et al., 1993), and that DsbB is responsible for the reoxidation of DsbA’s active site

disulfide bond. For instance, dsbB null mutants accumulate DsbA in a reduced state in the
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periplasm, while DsbA is found in a mostly oxidized form in a wild type background. This

finding implies an important function for DsbB in reoxidizing DsbA. Evidence that DsbA and

DsbB may interact directly comes from the isolation of a dsbA mutant that lacks cysteine 33

and therefore contains only the reactive cysteine 30 of its CXXC motif (Guilhot et al., 1995;

Kishigami et al., 1995). This mutant dsbA, C33Y, was identified by screening a library of

randomly mutagenized DsbA expression plasmids for a disulfide negative phenotype in a

DsbA+ strain background. When overexpressed, dsbA C33Y displays a dominant negative

phenotype causing a severe defect in the formation of disulfide bonds. The dominant negative

phenotype is suppressed when DsbB is co-overexpressed. This suggests that DsbA C33Y

titrates out all the cellular DsbB, thus causing the disulfide negative phenotype. This was

further supported by the isolation of a complex between DsbA C33Y and DsbB. Apparently,

the reactive cysteine 30 of DsbA crosslinks to DsbB, thus leading to the formation of a mixed

disulfide complex between the two proteins. The complex cannot resolve due to the lack of

cysteine 33 in DsbA C33Y, and, as a consequence, DsbA C33Y inhibits DsbB activity.

Based on its sequence, DsbB was predicted to be an inner membrane protein, which

was confirmed using the alkaline phosphatase fusion approach (Jander et al., 1994). DsbB was

shown to contain four transmembrane domains, which are connected by two periplasmic loops

(Figure 2). Further, DsbB possesses four highly conserved cysteines, which are essential for its

activity in reoxidizing DsbA. One pair of cysteines is found as a CXXC motif in the first

periplasmic loop of DsbB. Apart from this motif, DsbB has no other similarity to thioredoxin

making it rather unlikely that DsbB belongs to the thioredoxin superfamily. The most

important criteria for a protein to be a member of this family is the presence of a common

fold, rather than a CXXC motif (Martin, 1995).
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Figure 2. Membrane topology of DsbB. The model is based on computer prediction and alkaline phosphatase

mapping (Jander et al., 1994). DsbB contains two pairs of highly conserved cysteine residues, which are essential

for DsbB activity. These cysteines are drawn in bold.

The location of DsbB in the inner membrane led to the speculation that DsbB donates

electrons generated by disulfide bond formation to the respiratory chain (Bardwell, 1994).

Consistent with this, heme or quinone depleted cells accumulate DsbA and the CXXC motif of

DsbB motif in a reduced state (Kobayashi and Ito, 1999; Kobayashi et al., 1997).

Nevertheless, the ultimate source of oxidizing power for oxidative protein folding remained

unclear, as did the mechanism whereby DsbB transfers oxidizing power onto DsbA. In my

pre-doctoral work, I developed an enzymatic assay for DsbB activity in membrane

preparations (Bader et al., 1998). Using this assay, we demonstrated that oxygen can serve as

the final electron acceptor for DsbB in membranes. Figure 3 summarizes what was known

about DsbB’s function when my Ph.D. work was initiated. In this thesis, I report genetic and

biochemical evidence that DsbB links the oxidation of DsbA to the quinone pool of the inner

membrane and thus to the electron transport chain. The elucidation of the mechanisms driving

oxidative folding of proteins under aerobic and anaerobic conditions is one accomplishment of

this thesis.
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Figure 3. The DsbA-DsbB pathway. DsbA is the immediate donor of disulfide bonds in the periplasm and

cycles between its oxidized and reduced state. DsbB is directly involved in the reoxidation of DsbB. Therefore,

electrons flow from DsbA to DsbB. Oxygen can serve as a final electron acceptor for DsbB in vitro (Bader et al.,

1998). But how does DsbB transfer electrons to molecular oxygen? The mechanisms whereby DsbB drives

disulfide bond formation in the periplasm are described in this thesis.

3.5. Correcting wrong disulfide bonds in the periplasm: disulfide bond

isomerization by DsbC

By screening for E. coli mutants that display a DTT hypersensitive phenotype, Missiakas and

co-workers identified another three additional Dsb proteins, DsbC, DsbD, and DsbG

(Missiakas et al., 1994; Missiakas et al., 1995). DsbC was also isolated from a multi-copy

plasmid library by its ability to confer resistance to high levels of DTT. Unlike dsbA and dsbB

mutants, the effect of a dsbC null mutant on the growth of E. coli is not very strong (Rietsch et

al., 1996). There is, however, good evidence that DsbC acts to isomerize incorrectly formed

disulfide bonds. This becomes evident when eukaryotic proteins that contain multiple disulfide

bonds are targeted to the E. coli periplasm (Rietsch et al., 1996). For instance, the yield of
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native urokinase, a protein containing 12 disulfide bonds, is undetectable in a dsbC null

mutant. On the other hand, the folding yield of the E. coli alkaline phosphatase, which

contains only two disulfide bonds, is lowered by a mere 15% in a dsbC null background. Most

periplasmic E. coli proteins contain only one or two disulfide bonds, perhaps explaining why

disulfide isomerization appears less important for prokaryotes than it is in eukaryotes.

The crystal structure of DsbC, which has been solved to a resolution of 1.9 Å (McCarthy et

al., 2000), shows DsbC to be a homodimer consisting of two separate domains, an N-terminal

dimerization domain and a C-terminal thioredoxin domain (Figure 4). In the dimer, two β-

strands from each N-terminal domain interact with the corresponding strands of the opposite

molecule to form an overall V-shaped structure. The two C-terminal thioredoxin-like domains

form the bulk of the arms of the V and include two redox active CXXC motifs facing the

inside of the V. Like in DsbA, the N-terminal cysteine residue of the CXXC motif is solvent

exposed making it the reactive species in disulfide exchange reactions. In addition, the

disulfide bond formed by DsbC displays an equilibrium constant with glutathione (Kox) of

0.12 mM making DsbC highly reactive, and only slightly less oxidizing than DsbA.

Figure 4. The crystal structure of DsbC. DsbC forms a V-shaped homodimer. The monomer consists of a C-

terminal thioredoxin domain and an N-terminal dimerization domain. The two domains are joined via a linker

helix. The monomers interact via two consecutive β-strands, which form two extended β-sheets in the dimer.

C-terminal thioredoxin domains with active site CXXC

linker helix

N-terminal
dimerization
domain
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DsbC isomerizes disulfide bonds in vivo more efficiently than does DsbA (Sone et al., 1997).

During its catalytic cycle, DsbC forms a mixed disulfide bond with its substrate protein thus

freeing it from an incorrect disulfide bond (Figure 5). This mixed disulfide complex will

resolve once a more stable and therefore more native-like disulfide bond is ‘found’ in the

target protein. DsbA rapidly oxidizes proteins, on the other hand, which does not necessarily

result in the formation of correct disulfide bonds. In contrast to DsbA, no net formation of

disulfide bonds occurs during the catalytic cycle of DsbC. This is because the second active

site cysteine 101 does not directly participate in the isomerization mechanism drawn in Figure

5. Therefore, cysteine 101 might only be important for the resolution of kinetically trapped

complexes between DsbC and target proteins. Indeed, such off-pathway intermediates seem to

occur since mutations that alter cysteine 101 lead to a dramatic decrease of the folding yield of

urokinase (Rietsch et al., 1996). The attack of cysteine 101 on such a trapped mixed disulfide

leads to the oxidation of the CXXC motif of DsbC. In any case, only reduced DsbC is capable

of attacking incorrect disulfide bonds. Therefore, there is a need to keep DsbC in a reduced

state in vivo. This is accomplished by the inner membrane protein DsbD, which ensures a

steady-state level of reduced DsbC in the cell (see below).

The mechanisms of DsbA and DsbC action are consistent with the observation that a

mixed disulfide bond between DsbC and the model peptide BPTI 4-31 is 40-100 fold more

stable than the corresponding complex between the model peptide and DsbA (Darby et al.,

1998b). The higher stability of DsbC in complex with peptides might explain why DsbC acts

as an isomerase, but DsbA does not. As an isomerase DsbC has to scan through many possible

disulfide intermediates until a more native disulfide bond is formed in the substrate protein. It

is therefore necessary that the mixed disulfide bond between DsbC and its substrate protein is

more stable than the DsbA-protein complex. The latter has to be resolved rapidly to free DsbA

for another cycle of disulfide bond formation after its oxidation by DsbB.

The higher stability of a mixed disulfide complex between peptide and DsbC is likely

to result from enhanced peptide binding by DsbC. The inside of the V-like structure of DsbC

is covered with uncharged and hydrophobic residues forming a potential substrate binding

surface (McCarthy et al., 2000). Further support for the hypothesis that the interior of DsbC is

responsible for peptide binding by DsbC, comes from the observation that the dimeric nature

of DsbC is essential for its function as an isomerase in vitro (Sun and Wang, 2000). In contrast
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to wild type DsbC, monomeric DsbC also lacks chaperone activity in vitro. Chaperones often

interact non-specifically with hydrophobic regions of a protein in order to prevent aggregation.

Therefore, the loss of chaperone activity of the monomer is likely to be due to the destruction

of the extended uncharged surface area of DsbC upon monomerization.

A second disulfide isomerase called DsbG exists in the periplasm. DsbG was identified

by employing the same DTT hypersensitivity screen used to identify DsbC (Andersen et al.,

1997). In an independent approach, DsbG was identified by homology to DsbC (Bessette et

al., 1999). Like DsbC, DsbG is a dimer and is kept in a reduced state in vivo. It is not clear

what the substrate specificities for DsbC and DsbG are. Do the two isomerases act on the same

set of misoxidized protein substrates or do they act on different, non-overlapping sets of

substrates? The redundancy of two isomerases in E. coli is surprising since most secreted E.

coli proteins possess only one or two disulfide bonds. On the other hand, the two proteins also

act as chaperones in vitro and this activity might be an important part of their in vivo roles

(Chen et al., 1999; Shao et al., 2000).
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Figure 5. Different mechanisms of DsbA and DsbC.

(A) DsbA randomly oxidizes cysteine residues resulting in the net formation of disulfide bonds. The presence of

three or more cysteines in a substrate protein may cause formation of incorrect disulfide bonds upon DsbA

mediated oxidation.

(B) DsbC functions as an isomerase. DsbC has to be in its reduced state in order to attack incorrect disulfide

bonds. Note that this cycle does not lead to the net formation of a disulfide bond.
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3.6. DsbD provides reducing equivalents in a highly oxidizing environment

It is important for the cell to keep the two isomerases DsbC and DsbG in a reduced state since

only their reduced forms are able to attack incorrect disulfide bonds. Reduction of DsbC and

DsbG is carried out by an inner membrane protein called DsbD (Figure 6) (Missiakas et al.,

1995; Rietsch et al., 1996). Accordingly, a dsbD null mutant accumulates DsbC and DsbG in

their oxidized forms, while the two isomerases are mainly found in their reduced forms in a

wildtype background. The finding that DsbC and DsbG are kept reduced in the overall

oxidizing environment of the periplasm requires the constant flow of reducing equivalents to

the periplasm. Genetic evidence suggests that reducing equivalents originate from the

cytosolic thioredoxin system and are transferred across the membrane via DsbD (Chung et al.,

2000; Stewart et al., 1999). DsbD was shown to consists of three domains, an N-terminal 16

kDa domain (α), a transmembrane domain (β), and the N-terminal thioredoxin domain (γ)

(Figure 6). Recently, a possible mechanism whereby DsbD transfers electrons through the

membrane has been proposed. This mechanism includes consecutive disulfide exchange

between six conserved cysteines, two of which are found in each domain of DsbD (Katzen and

Beckwith, 2000). According to these authors, electrons are transferred from cytosolic

thioredoxin via the transmembrane domain (β) of DsbD to the γ-domain and further on to the

α-domain. From there, electrons are finally passed on to DsbC, which was concluded from the

isolation of a mixed disulfide complex between DsbC and the α-domain. Taken together these

data suggest that DsbD allows electron passage from the cytosol to the periplasm, thus

keeping  DsbC and DsbG in their reduced states, a prerequisite for their isomerase activities.

3.7. Dsb proteins and cytochrome c maturation

By transferring reducing equivalents to the periplasm, DsbD also plays a role distinct from

disulfide bond isomerization. Mutants in dsbD, previously named dipZ, were shown to display

a defect in the maturation of c-type cytochromes (Crooke and Cole, 1995). During anaerobic

growth, E. coli synthesizes one or more of five different c-type cytochromes depending on the

available electron acceptor. An important step during the maturation of c-type cytochromes is
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the attachment of a covalently bound heme moiety to the apoprotein via two thioether

linkages. The cysteine residues that participate in such thioether bonds have to be reduced

before heme attachment can occur (Fabianek et al., 2000). This poses a fundamental problem

since cysteines in periplasmic proteins are efficiently oxdized to disulfides by DsbA. To

reverse the DsbA mediated oxidation of cysteine residues involved in heme binding,

DsbD/DipZ provides reducing power to the periplasm. Reduction of c-type cytochromes

requires the presence of yet another Dsb protein, which is called DsbE/CcmG and acts in the

same pathway with DsbD (Fabianek et al., 1998; Chung et al., 2000). Accordingly, the CXXC

motif of DsbE is kept in a reduced state by DsbD. It is likely that DsbE is the direct reductant

of c-type cytochromes, thus keeping their cysteines in a reduced state before heme attachment

can occur (Fabianek et al., 2000).

3.8. Disulfide bond formation does not interfere with disulfide isomerization

DsbD is central in providing the periplasm with reducing power from the cytosol, which is

important for such different cellular processes as cytochrome c biogenesis and disulfide

isomerization. In the periplasm, the isomerization pathway, which includes DsbC, DsbG, and

DsbD (Figure 6) reduces non-native disulfide bonds that were formed by the DsbA-DsbB

pathways. How are these two systems separated from each other? Any crosstalk between them

would be destructive and result in futile cycles of mutual reduction and oxidation. Indeed,

recent genetic evidence suggests that the isomerization pathway does not interfere with the

oxidation pathway. This line of evidence is connected to the methods used in the isolation of

the dsbD gene. DsbD mutants were identified by their ability to partially suppress the

phenotypes associated with a dsbA null mutation (Missiakas et al., 1995). The suppression

depends on the presence of the dsbC gene (Rietsch et al., 1996). Thus, in the dsbA dsbD null

mutant, DsbC accumulates in its oxidized state and can therefore serve as a net donor of

disulfide bonds by rescuing some of the phenotypes associated with a dsbA null mutant.

Although DsbC seems to play a role similar to DsbA in a dsbA dsbD null background, it is

important to note that its reoxidation under such conditions does not depend on the presence of

DsbB, but rather on the oxidant cystine present in rich media. Based on this observation,
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Rietsch et al., 1997, concluded that DsbB is unable to reoxidize DsbC in vivo, and thus

discriminates DsbC from DsbA. As a consequence, the two pathways do not interfere with

each other allowing them to carry out their opposite functions of oxidizing and reducing

disulfide bonds.

The molecular basis for the separation of the DsbA-DsbB system from the DsbC-DsbD

pathway forms the second part of this Ph.D. thesis. We forced DsbC to become part of the

oxidative pathway by selecting for mutants that could restore the phenotypes of a dsbA null

mutant. This selection was possible because wild type DsbC does not complement a dsbA null

mutant in the absence of cystines in the growth media. By employing our selection, DsbC

mutants could be identified that complement a dsbA null mutant. Interestingly, mutant DsbC

proteins fail to form stable dimers and are recognized by DsbB in vitro and in vivo, thus

converting to the oxidative pathway. This provides evidence on the molecular level, that the

DsbA-DsbB system is kept separated from the DsbC-DsbD system by the dimerization of

DsbC.

Figure 6. The E. coli isomerization pathway. DsbC and DsbG are kept in a reduced state in vivo by the inner

membrane protein DsbD. DsbD provides reducing equivalents in the periplasm by transferring electrons from the

cytosol across the membrane.
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3.9. Disulfide bond formation in eukaryotic cells: protein disulfide isomerase

Protein disulfide isomerase (PDI) was originally discovered as an activity in liver microsomes,

which significantly accelerates the reactivation of bovine RNase A in vitro (Goldberger et al.,

1963). Thus, PDI has long been known to engage in disulfide exchange reactions with

substrate proteins in the endoplasmic reticulum. Like DsbA, PDI is a member of the

thioredoxin superfamily, but in contrast to monomeric DsbA, PDI consists of four adjacent

thioredoxin domains (Darby et al., 1998a; Darby et al., 1999). Only two of these domains

contain a redox active disulfide bond present in a CXXC motif (Figure 7), but four domains

are necessary for high catalytic activity (Darby et al., 1998a). Like in DsbA, the two CXXC

motifs of PDI form a highly unstable disulfide bond, which participates in disulfide exchange

reactions with substrate proteins (Darby and Creighton, 1995b; Darby and Creighton, 1995c).

PDI is a multi domain protein and the NMR structures of two of these domains (a, a’) from

human PDI are now available (Kemmink et al., 1996; Kemmink et al., 1997; Kemmink et al.,

1999). However, no structural information about the full-length protein is available to date and

we can thus only speculate about how the four thioredoxin domains are joined together in the

native protein. For instance, the recently solved crystal structures of a PDI from the

thermophile Pyrococcus furiosus and of E. coli DsbC exhibit two different ways of joining

thioredoxin domains in the native protein (McCarthy et al., 2000; Ren et al., 1998). (1) The

thioredoxin domains of DsbC are linked via an additional N-terminal domain causing the V-

shaped structure of DsbC (Figure 4). (2) In the thermophilic PDI, on the other hand, two

thioredoxin domains interact via their two central β-sheets forming an extended β-sheet

consisting of 2 x 5 strands. It will be interesting to see whether eukaryotic PDI adopts a similar

a b b´ a´ c

4 219 350 352 462120115 217

N C

Figure 7. Domain structure of PDI. PDI consists of four adjacent thioredoxin domains (a, b, b’, a’). Only two

of these domains contain a redox active disulfide bond (a, a’). The c domain is a highly acidic, putative Ca2+

binding domain and not required to catalyze disulfide bond formation (Darby et al., 1998a).
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extended conformation joining its four thioredoxin domains or if a more V-like structure like

in DsbC is formed.

In vitro, PDI is able to catalyze the de novo formation or the isomerization of disulfide

bonds depending on the redox buffer used (Freedman et al., 1994). However, it was long

thought that the important in vivo function of PDI is solely the isomerization of disulfide

bonds. This seemed to be in agreement with numerous observations. (1) For instance, when a

redox buffer is adjusted to the conditions present in the ER (GSH2/GSSG=4mM), PDI

isomerizes disulfide bonds in vitro. This is because the active site cysteines of PDI are nearly

completely reduced under such conditions, thus permitting their attack of incorrectly formed

disulfide bonds. (Freedman et al., 1994) (2) Further support for the hypothesis that PDI acts as

an isomerase in vivo comes from complementation studies in yeast with an active site mutant

of PDI lacking its two C-terminal cysteines (PDI CXXS-CXXS). Expression of such a mutant

PDI could restore viability of PDI depleted cells (Holst et al., 1997). Consistent with the

proposed in vivo role for PDI, this mutant PDI CXXS-CXXS only functions as an isomerase in

vitro. (Laboissiere et al., 1995). (3) Additional support for PDI acting mainly as an isomerase

comes from the observation that overexpression of the PDI homologue EUG1 could rescue

viability of PDI depleted cells (Holst et al., 1997). EUG1 naturally lacks the second buried

cysteine of the CXXC motif and, in analogy to the PDI CXXS-CXXS mutant, was shown to

function only as an isomerase in vitro. Taken together, these observations provide strong

support that the isomerase activity of PDI plays an essential role in yeast viability. However, a

study by Holst et al., 1997, demonstrated that the restoration of viability by EUG1 did not

correlate with the formation of disulfide bonds. For example, carboxypeptidase, a protein

containing five disulfide bonds, accumulates in a reduced state in PDI depleted yeast cells

expressing EUG1. On the other hand, the disulfide bonds of carboxypeptidase are formed

properly if the CXXS motif of EUG1 is changed to CXXC. By introducing the second

cysteine, the EUG1 CXXC variant more closely resembles PDI and is now able to catalyze the

de novo formation of disulfide bonds in PDI depleted cells. It was therefore concluded that the

activity of PDI in generating new disulfide bonds is much more important than previously

postulated. Over the past three years, more experimental evidence accumulated, supporting the

view that PDI does indeed catalyze the net formation of disulfide bonds.
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3.10. Oxidizing power for the ER: the discovery of ERO1

The ultimate oxidative source of disulfide bonds in the ER has long been considered an almost

trivial question. Anfinsen and coworkers proposed that disulfide bonds form spontaneously

upon air oxidation and that the main function of PDI is to isomerize wrongly formed disulfide

bonds (Givol, 1964). For a long time this seemed to be consistent with in vitro and in vivo data

(see above). Further, the discovery of glutathione as a redox buffer in the ER, and especially

the high concentrations of its oxidized form (GSSG), provided a reasonable explanation for

the origin of oxidizing equivalents in vivo (Hwang et al., 1992). The model that glutathione is

a major donor of disulfide bonds in the ER has recently been challenged by the discovery of a

peripheral membrane protein called ERO1, which is highly conserved among eukaryotes

(Frand and Kaiser, 1998; Pollard et al., 1998).

ERO1 was discovered by selecting for yeast genes that confer increased tolerance to

DTT (Pollard et al., 1998). This is a similar approach as the one employed by Missiakas et al.

to identify dsb genes in E. coli. Using this approach, ERO1 could be isolated from a multi-

copy plasmid library since overexpression of ERO1 allows yeast cells to grow at relatively

high concentrations of DTT. These results suggested that ERO1 is part of an oxidative

pathway. In an independent approach, a temperature sensitive ERO1 mutant was isolated

(Frand and Kaiser, 1998). Under non-permissive conditions, this mutant displays a severe

defect in the processing of yeast carboxypeptidase, a protein containing five disulfide bonds.

On the other hand, the absence of ERO1 does not affect the proper folding and processing of

proteins without disulfide bonds indicating that ERO1 is specifically involved in the formation

of disulfide bonds of secretory proteins.

Apparently, ERO1 is the major source for disulfide bonds in the ER. Hinting to a role

of how ERO1 supplies the ER with oxidizing equivalents, PDI was found to accumulate in a

reduced state in ERO1 depleted cells, while in wild type cells, PDI is mainly found in its

oxidized state (Frand and Kaiser, 1999). Further, a mixed disulfide complex between PDI and

ERO1 could be isolated demonstrating that the two proteins interact in vivo. Based on these

observations, it was concluded that, in analogy to the prokaryotic DsbA-DsbB system, PDI is

the direct oxidant of folding proteins in the ER while ERO1 plays an important role in

reoxidizing PDI. Thus, a new pathway for disulfide bond formation in the endoplasmic
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reticulum has been proposed: oxidizing equivalents are transferred from ERO1 to PDI and

further on to folding proteins. According to this view, PDI is held mainly in its oxidized state

in vivo and does not seem to be in equilibrium with the ER buffer, whose redox potential

favors the reduction of PDI (see above). Consequently, this pathway shows PDI to function as

a net donor of disulfide bonds, but seems to contradict previous results, which have shown

PDI to function as an isomerase in vivo. Presumably, PDI exerts both oxidase and isomerase

activities in vivo, possibly explaining this apparent contradiction. While the oxidase activity of

PDI is clearly essential for the efficient oxidative folding of many secretory proteins, a small

population of reduced PDI might function as isomerase in vivo.

There is striking genetic evidence for ERO1 providing the ER with oxidizing

equivalents. But where does the ultimate source of oxidizing equivalents originate from?

Surprisingly, glutathione, a long suspect for such a driving force, is not essential for disulfide

bond formation (Cuozzo and Kaiser, 1999). This was concluded from the observation that a

null mutant in the GSH1 gene, which is part of the biosynthetic pathway of glutathione, shows

no defect in the formation of disulfide bonds of carboxypeptidase. Further, this mutation

relieves some of the phenotypes associated with the loss of ERO1 and disulfide bond

formation is restored in a GSH1 ERO1 double mutant. It was therefore suggested that

glutathione, instead of providing oxidizing power for the ER, acts as a load on disulfide bond

formation in the ER and might provide reducing equivalents needed for disulfide

isomerization. However, this made the source of oxidizing equivalents even more mysterious.

Only recently, almost 40 years after the discovery of PDI, it was shown how ERO1 might

deliver oxidizing equivalents to the ER (Tu et al., 2000). These authors report that disulfide

bonds are actively formed in heme or quinone depleted cells while a severe disulfide defect is

observed in flavin depleted cells. This provided first evidence for the involvement of flavin as

a co-factor for oxidative protein folding in the ER. Furthermore, Tu and co-workers

reconstituted oxidative protein folding in vitro with purified components. In this in vitro

system, reactivation of denatured and reduced RNase A depends on the presence of ERO1,

PDI, and oxidized flavin adenine dinucleotide (FAD). Thus, oxidizing equivalents appear to

flow from flavin through ERO1 to PDI and further onto RNase A. Taken together, these

results provide a satisfying explanation as to how ERO1 drives disulfide bond formation in the

ER.
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3.11. Conclusion

The past years have shown that disulfide bond formation is actively catalyzed in the cell. We

now have a very detailed understanding of the different electron pathways during oxidative

protein folding in prokaryotes. DsbB and DsbD are the central membrane components, which

provide the periplasm with oxidizing and reducing equivalents by linking disulfide bond

formation to cell metabolism. The soluble proteins DsbA, DsbC, and DsbG interact with target

proteins and function as disulfide catalysts. By interacting with DsbB, DsbA is part of the

oxidative pathway, which is responsible for the net introduction of disulfide bonds. On the

other hand, DsbC and DsbG isomerize incorrect disulfide bonds, and in order to do so, have to

be kept in a reduced state by DsbD. The coexistence of two distinct pathways in the periplasm

guarantees a redox environment that favors the correct formation of disulfide bonds.

Very recently, an oxidative pathway was found to operate within eukaryotic cells. The

ERO1-PDI system provides the endoplasmic reticulum with oxidizing equivalents. The

analogy between the DsbA-DsbB and the ERO1-PDI system is striking. On the other hand, it

is less clear how disulfide bonds are isomerized in the ER. There are potential candidates such

as reduced PDI, PDI homologues and reduced glutathione. But it remains to be seen how a

reductive pathway operates and how it is linked to cell metabolism.
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4. Results

4.1. DsbB links electron transport and oxidative protein folding

4.1.1. In vitro reconstitution of a disulfide catalytic machine

Disulfide bonds are directly introduced into folding proteins by the DsbA protein. DsbA is

then reoxidized by the inner membrane protein DsbB. We had previously shown that DsbB in

a total membrane fraction is catalytically active in reoxidizing a 3000 fold excess of DsbA in

an oxygen dependent reaction (Bader et al., 1998). This reoxidation reaction in vitro was

followed by monitoring the loss of fluorescence as DsbA is oxidized. Oxidized DsbA has a 3.4

fold lower tryptophane fluorescence than reduced DsbA (Zapun et al., 1993). Thus, oxidation

of DsbA by DsbB causes an easily measurable decline in fluorescence over time. We purified

DsbB to 97% homogeneity (see below) and found it to be fully active at oxygen

concentrations >30 µM.

Figure 8. Oxygen dependence of the DsbA-DsbB disulfide catalytic system. Progress curves of DsbA

oxidation catalyzed by DsbB at various O2 concentrations. Oxidized DsbA has a 3.4 fold lower fluorescence than

reduced DsbA. Relative fluorescence shown versus time. Reaction of 43.5 µM DsbA and 0.6 µM DsbB at 30 o C.
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At lower oxygen concentrations the reaction between DsbB and DsbA gradually slowed and

then stopped before reaching completion, verifying that oxygen was required in this reaction.

Under anaerobic conditions, achieved by the extensive use of oxygen scrubbing agents, no

reoxidation of DsbA occurred (Figure 8).

By plotting the initial slope of the reaction between DsbB and DsbA against the oxygen

concentration, we were able to estimate the apparent Km for oxygen of this reaction to be ~5

µM (Figure 9). This Km is about 50 fold lower than the concentration of oxygen in aqueous

solutions exposed to air (~240 µM). The very high affinity of this disulfide catalytic system

for oxygen implies that it should still be able to function under rather anaerobic conditions.

Figure 9. Rate of DsbA oxidation versus O2 concentration. This figure shows the initial rate of DsbA

oxidation from 20-50 seconds in the reaction of 43.5 µM DsbA catalyzed by 0.6 µM DsbB at 30 oC. The O2

concentration was determined by calculating the amount of DsbA that was oxidized by comparing the

fluorescence upon complete oxidation. The O2 concentration at 50% of the Vmax is taken to be the Km.

We wanted to determine if DsbA, DsbB and O2 are the only components required to catalyze

oxidative protein folding in prokaryotes. DsbB purified to ~97% homogeneity exhibited a

specific molar activity similar to DsbB present in total membrane fractions (Figures 10 and

11) hinting that no other components were necessary.
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Most cofactors that are involved in the transfer of electrons to oxygen, such as hemes or

flavins, absorb strongly in the range of 400-600 nm. To investigate if such cofactors were

bound to purified DsbB, we examined its visible absorption spectrum. Surprisingly, far too

little absorption was observed in this range to account for stoichiometric amounts of a bound

cofactor such as a heme or  a flavin. However, a very small amount of absorption at ~400 nm

could be detected (data not shown). This led us to consider the possibility that an amount of an

enzyme undetectable on gels, but capable of catalytically reoxidizing DsbB, might actually be

present in this 97% pure “photographically homogeneous” DsbB preparation.

Figure 10. Purification of DsbB. SDS-PAGE analysis of DsbB purified from the DsbB overexpression strain

WM76 (lane 1, uninduced cells; lane 2, induced cells). Membranes were prepared as described under

Experimental Procedures. DsbB was purified from n-Dodecyl-β-D-maltoside solubilized membranes (lane 3)

over nickel-affinity (lane 4) and a pH 4.5 dialysis (lane 5) followed by centrifugation. This DsbB was 97% pure.

If this presumptive DsbB reoxidant was as active in reoxidizing DsbB as DsbB was in

reoxidizing DsbA, a >99% pure DsbB preparation would be necessary to ascertain that

potential enzymatic reoxidants were purified away. In fact, additional purification of DsbB

over a hydroxyapatite column rendered DsbB incapable of catalytically oxidizing DsbA

(Figure 11, bar 4). Activity could be fully restored by addition of membranes prepared from

dsbB null mutants (Figure 11, bar 5). DsbB null mutant membranes in the absence of DsbB

MW 1 2 4 4 53

DsbB
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show no activity in reoxidizing DsbA (Bader et al., 1998). This clearly demonstrated that

DsbB had not been irreversibly inactivated, and strongly suggested that an additional factor

present in membranes was needed to complete this disulfide catalytic system. We called this

additional component DsbB activating factor.

Figure 11. DsbB´s activity was monitored (1) in membranes (2) after purification over nickel-NTA and (3) after

pH 4.5 dialysis. DsbB’s activity disappears (4) after a hydroxyapatite column. Inclusion of n-Dodecyl-β-D-

maltoside extracts from dsbB-null membranes (JCB819) (5) restores DsbB´s ability to oxidize DsbA. Detergent

solubilized membranes were present at a total protein concentration of 10 µg/ml and did not affect DsbA´s redox

state in the absence of DsbB (not shown). The assay mixture consisted of 50 mM sodium phosphate pH 6.0, 300

mM NaCl, 0.5mM EDTA and 10 µM of DsbAred. Activities were derived from the initial, linear fluorescence

decrease upon oxidation of DsbA. The concentration of DsbB in membranes was determined as described under

Experimental Procedures.

4.1.2. Purification and identification of the DsbB activating factor

To purify this additional component, we used highly purified and thus inactive DsbB. We

screened membrane fractions for their ability to activate DsbB. Our rapid fluorescence assay

(Bader et al., 1998) was used to measure stimulation of DsbB activity by the membrane

fractions. Membranes prepared from the dsbB::kan5 null mutant, JCB819, were used as a

source of the DsbB activating factor. The membrane fraction was resolved using a series of
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four steps (ammonium sulfate precipitation, Q-sepharose, hydroxyapatite and

chromatofocusing chromatography; see Table 1) to obtain a homogeneous sample that could

activate DsbB.

sample total

protein

(mg)

DsbB reactivation

(DsbB Activity/

µg Protein)

dsbB null membranes

dodecyl-maltoside extract

ammonium sulfate fraction

Q-Sepharose pool

hydroxyapatite pool

PBE-94 pool

352

304

41

6

0.5

0.2

2.9

5.6

14.5

40.8

90.6

127.1

Table 1. Purification of DsbB-Activating Factor #1. Fractions from each purification step were tested in the

fluorescence assay for their ability to reactivate DsbB that has been purified over both a nickel column and a

hydroxyapatite column. The total protein concentration of the pooled fractions was determined and used to

express DsbB’s reactivation (DsbB activity/µg protein). A 44-fold enrichment of the DsbB-activating protein

was accomplished by the established purification procedure.

After the final chromatographic step, only two proteins with apparent molecular weights of 30

kDa and 50 kDa were visible after SDS-PAGE (Figure 12A). The N-terminal sequence of the

30 kDa protein was found to correspond to the subunit II of the E. coli cytochrome bd terminal

oxidase. The 50 kDa protein gave the sequence VEL, with the V starting at position 5 of the

protein. Despite the fact that this sequence is very short, only a single E. coli protein has VEL

at the appropriate position: subunit I of the cytochrome bd oxidase. These results implicate

cytochrome bd oxidase as the missing factor required for DsbB’s activation in vitro.
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Figure 12. SDS-PAGE and spectral analysis of the DsbB activating factor.

A) Pooled fractions which reactivate DsbB in vitro were subjected to 14% SDS-PAGE. Lanes: (1) JCB 819

membrane extract, (2) n-Dodecyl-β-D-maltoside extract, (3) ammonium sulfate fraction, (4) q-sepharose pool,

(5) hydroxyapatite pool, (6) PBE-94 pool, (MW) Molecular weight standard (200, 116, 97, 66, 55, 37, 31, 22, 14

kDa). Two predominant bands can be identified in lane (6) corresponding to the apparent molecular weight of 50

kDa and 30 kDa.

B) The purified DsbB activating factor was reduced with sodium dithionite and the reduced minus oxidized

spectrum was recorded. The spectrum clearly identifies the presence of cytochrome bd oxidase with a significant

peak at 628 nm typical for heme d in the difference spectrum. The insert shows the identical difference spectrum

using an expanded absorbance scale.
Cytochrome
bd oxidase
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The spectral properties of the purified DsbB-activating complex strongly supported the

conclusion that the DsbB activating component is indeed cytochrome bd oxidase (Figure

12B). The difference spectrum of reduced versus oxidized cytochrome bd oxidase shows 5

distinct peaks at 429 nm, 532 nm, 560 nm, 594 nm and 628 nm (Miller and Gennis, 1983).

This was identical to the difference spectrum obtained for reduced versus oxidized DsbB

activating factor (Figure 12B). These peaks are characteristic for the heme b (560 nm, 532 nm,

594 nm) and the heme d (628 nm) prosthetic groups in cytochrome bd oxidase (Junemann et

al., 1995).

To prove that cytochrome bd oxidase indeed corresponds to the DsbB activating factor,

we purified cytochrome bd oxidase to >95% purity from an overproducing strain of E. coli

(GO105/pTK1) according to Kaysser et al., 1995. GO105/pTK1 contains a plasmid

overproducing cytochrome bd oxidase and a null mutation in the genes for cytochrome bo

oxidase. This mutation eliminates any potential contamination with the cytochrome bo

oxidase, the second terminal oxidase in E.  coli.  For the purification of cytochrome bd oxidase

we followed only the protein to heme ratio at 280/412 nm, not DsbB activating ability. The

activity of the purified cytochrome bd oxidase was then tested for its ability to reactivate

DsbB. The specific activity of cytochrome bd oxidase was found to be identical to the DsbB

activating factor that had been purified from dsbB null membranes. These results let us

conclude that cytochrome bd oxidase is indeed identical to the DsbB activating factor.

Cytochrome bd oxidase is one of two terminal oxidases in E. coli that catalyze the

transfer of electrons from ubiquinone to molecular oxygen (Kita et al., 1984; Puustinen et al.,

1991). We have previously shown that molecular oxygen is the final acceptor for electrons

that are generated in the oxidation of folding proteins (Bader et al., 1998). Since cytochrome

bd oxidase appears to be the DsbB activating factor, I propose that electrons flow from DsbB

to oxygen via this heme containing cytochrome bd oxidase. This also explains the puzzling

observation that purified DsbB apparently lacks the prosthetic groups that are often used in the

transfer of electrons to oxygen.
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4.1.3. Both E. coli terminal oxidases reactivate DsbB

As a genetic test to determine if cytochrome bd oxidase is the only protein component present

in E. coli membranes that can effect the reoxidation of DsbB, we tested membranes prepared

from DS187 ∆cyd::cam, for their ability to reoxidize DsbB. This strain contains a deletion in

the cytochrome bd oxidase operon. Surprisingly, membranes prepared from this cyd null

mutant strain were still able to reactivate highly purified, inactive DsbB (Figure 13A). These

results suggested that these membranes contain a second, alternate DsbB activating factor. As

a control we showed that reoxidation of DsbA was strictly dependent on the presence of both

DsbB and membranes; in the absence of DsbB these membranes were not able to directly

reoxidize DsbA. This second DsbB activating factor was purified using two chromatographic

steps from E. coli DS187 lysates by analyzing individual fractions for their ability to reactivate

DsbB.

E. coli contains two terminal oxidases, cytochrome bd oxidase and cytochrome bo

oxidase (Kita et al., 1984; Miller and Gennis, 1983). Since cytochrome bd oxidase was

capable of acting as a DsbB activating factor, we suspected that this second DsbB activating

factor was the alternate terminal oxidase, cytochrome bo oxidase. Cytochrome bo oxidase has

a diagnostic difference spectrum for the reduced minus the oxidized form with peaks at 530

and 562 nm. The second DsbB activating activity has a difference spectrum identical to that of

cytochrome bo oxidase suggesting that this second DsbB activating factor is indeed

cytochrome bo oxidase (Figure 13B).

When membranes prepared from a strain (DS253) containing null mutations in both the

cytochrome bo and bd oxidase genes were added to the assay, no DsbB reactivation was

observed. This implies that deletion of the two major terminal oxidases in E. coli is sufficient

to deplete cell membranes of DsbB activating factors (Figure 13A). This provided genetic

evidence that both terminal oxidases can reoxidize DsbB. In order to confirm that cytochrome

bo oxidase is able to serve as an acceptor for electrons generated by disulfide bond formation,

we purified this enzyme complex from an overexpressor strain of E. coli GO105/pJRHisA.

This strain carries a plasmid that encodes the four subunits of cytochrome bo oxidase with

subunit II fused to a histidine tag. Thus a simple purification of the intact holoenzyme can be

effected using nickel affinity chromatography (see Materials and Methods).



Results 39

Figure 13. Both, cytochrome bd and bo terminal oxidase restore DsbB´s activity in vitro.

A) The reoxidation of reduced DsbA (10 µM) was followed in the presence of 60 nM two column purified DsbB.

The ability of different membrane preparations (prepared from strains DS187, GL101 and DS253) to restore

DsbB’s catalytic activity was tested. DS187(∆cyd::cam) is a strain of E coli that lacks the genes for cytochrome

bd oxidase. GL101 (cyo::kan) is a strain that lacks the genes for cytochrome bo oxidase.  DS253 (∆cyd::cam

∆cyo::kan) is a strain that lacks both cytochrome bo and bd oxidases. Fluorescence measurements were

performed in the presence of cyd cyo null membranes (a), cyd null membranes (b), and cyo membranes (c).

While membranes containing either cytochrome bd or bo terminal oxidase are able to reactivate DsbB, no

reoxidation of DsbA can be detected if membranes from the double mutant (DS253) are added. The final

concentration of total membrane protein added was 10 µg/ml.

B) Reduced minus oxidized difference spectra of DsbB activating factor #2 which corresponds to cytochrome bo

terminal oxidase. The insert shows the absorbance from 500 to 650 nm using an expanded absorbance scale.
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The genetic background of the strain overexpressing cytochrome bo oxidase contains a

deletion of the cytochrome bd gene, cyd, ensuring that no cross-contamination with the bd

oxidase occurs during the cytochrome bo purification procedure. Cytochrome bo oxidase was

purified to >95% purity, and tested for its ability to restore DsbB activity.

4.1.4. Reconstitution of the disulfide catalytic machine with purified cytochrome bo and

bd oxidases: relative efficiencies of the two oxidases

The purified cytochrome oxidases were quantified by the reported absorption coefficients  for

their heme groups (Kita et al., 1984; Miller and Gennis, 1983) and used to reconstitute the in

vitro activity of DsbB. Figure 14 shows the data obtained from the fluorescence

measurements.  Cytochrome bo oxidase (6 pmoles) was capable of reoxidizing 49 µmoles

DsbA per µmol DsbB per min (Figure 14 trace b). Cytochrome bd oxidase (6 pmoles) could

catalyze the reoxidation of 82 µmoles DsbA per µmol DsbB per min (Figure 14 trace c). As a

control we also tested whether the two oxidases would reoxidize DsbA directly in the absence

of DsbB but no oxidation was observed (data not shown).

Figure 14. Reconstitution of the disulfide catalytic system with purified proteins. Cytochrome bo and bd

oxidase were purified from overexpressor strains GO103/pJRhisA and GO105/pTK1, respectively. The

concentration of cytochromes bo and bd were 10 nM while reduced DsbA was at 10 µM and DsbB at 20 nM.

Fluorescence measurements: (a) reduced DsbA, DsbB, (b) reduced DsbA, DsbB, cytochrome bo oxidase, (c)

reduced DsbA, DsbB, cytochrome bd oxidase.
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This shows that electrons flow from DsbA via DsbB to either cytochrome bd or bo oxidase

and then on to oxygen. Cytochrome bd and bo oxidases are the major terminal oxidases under

aerobic growth, catalyzing electron transport from the ubiquinone pool to molecular oxygen.

These observations establish a clear link between oxidative protein folding and components of

the electron transport system and strongly suggest that the protein folding process is driven by

electron transport in vivo.

The catalytic efficiency of these cytochrome oxidases provides an explanation of how 97%

pure DsbB could still be catalytically active. Cytochrome oxidases present as a 0.2%

contaminant in this “photographically homogeneous” DsbB protein preparation would be

sufficient to account for the observed DsbB activity. These results provide a stark reminder of

the need to be certain of protein purity when characterizing enzymatic systems.

4.1.5. Ubiquinone acts as an electron acceptor during DsbB reoxidation

Cytochrome bo and bd terminal oxidases are structurally unrelated proteins that both catalyze

the transfer of electrons from the ubiquinone pool to molecular oxygen (Kita et al., 1984;

Miller and Gennis, 1983). We found it somewhat surprising that DsbB would interact directly

with two unrelated proteins so we decided to investigate the possibility that it uses ubiquinone

as a the common intermediate. The fact that either purified cytochrome bo or bd oxidase seem

to be sufficient to reoxidize DsbB does not exclude the possibility that ubiquinone is involved,

since these oxidases purified by conventional means contain tightly bound ubiquinone

(Rumbley et al., 1997). It is also a possibility that DsbB binds ubiquinone. To test if

ubiquinone is involved in disulfide catalysis, we attempted to reoxidize DsbB directly with

ubiquinone-5 (coenzyme Q1) and decyl-ubiquinone. These ubiquinone variants are commonly

used as soluble analogues for ubiquinone-40 (coenzyme Q8), which is present in the E. coli

inner membrane. Ubiquinone-5 and decyl-ubiquinone (Q0C10) proved to be highly effective in

reoxidizing DsbB, much more effective than small molecule reoxidants tested such as

ferricyanide or oxygen alone (Table 2). As comparison the turnover number for PDI-catalyzed

disulfide isomerization is ~1 per min (Gilbert, 1997), making this eukaryotic enzyme about

400 fold slower than DsbB. It therefore appears that ubiquinone can serve as an effective
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electron acceptor in the reoxidation of DsbB. DsbB can thus be described as an enzyme

catalyzing a two substrate reaction between DsbA and ubiquinone.

+
SH

SH
DsbA DsbA

S

S MeMe

R RMeO

MeO MeOMeOMeOMeOMeOMeO

MeO

DsbB
+

O

O

OH

OH

(R=isoprenyl residue (C5)n , n=1-8)

In the absence of DsbB, almost no oxidation of DsbA occurred; the rate of this oxidation was

neither accelerated by the addition of ubiquinone nor DsbB alone. These important controls

show that ubiquinone cannot directly reoxidize DsbA. DsbB is required to catalyze the

reoxidiation of DsbA in vitro as it is in vivo. The redox potential of ubiquinones (+0.11 V)

seems to be perfectly suited to oxidize DsbA (-0.12 V).

reoxidant -DsbB

µmol DsbA/min

+DsbB

µmol DsbA/µmol DsbB/min

ubiquinone-5 <0.01 420

decyl-ubiquinone <0.01 372

menadione <0.01 67

oxygen <0.01 <0.01

ferricyanide <0.02 <0.02

Table 2. Ubiquinones serve as DsbB’s electron acceptor. Activities were measured by the fluorescence assay.

The left column corresponds to the spontaneous oxidation of DsbA in the absence of DsbB, while the second

column shows the rate in the presence of DsbB (1 nM), DsbA was at 10 µM, while the concentration of the

reoxidants was 20 µM except oxygen, which was present at ~240 µM

To investigate if the cysteine residues necessary for DsbB activity in vivo are also necessary in

the in vitro reconstitution system, we constructed a cysteine-less DsbB mutant, and purified
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the resulting protein. Concentrations of this cysteine-free DsbB <100 nM were totally inactive

in oxidizing DsbA in vitro, even in the presence of oxidized ubiquinone or cytochrome

oxidases. This assay is capable of detecting 0.1 nM wildtype DsbB. This means the cysteine

free DsbB is >1000 fold less active than wild type DsbB. We also constructed and purified

mutant proteins that contained either only the two active site cysteines present in the first

periplasmic domain (Cys41, Cys44) or only the two active site cyteines present in the second

domain (Cys104, Cys130). These mutant proteins were similarly inactive as the cysteine free

DsbB mutant protein. These results show that DsbB’s cysteines are required in the in vitro

reconstitution system as they are in vivo.

4.1.6. Components of the disulfide catalytic system

When this work was initiated it was known that DsbA helps to catalyze oxidative protein

folding reactions by providing a very reactive disulfide (Bardwell, 1994). DsbA is reoxidized

in a reaction that requires DsbB and molecular oxygen (Bader et al., 1998). The direct

reoxidant of DsbB was unknown. Now it appears that DsbB is directly reoxidized by oxidized

ubiquinone, ubiquinone is then reoxidized by cytochrome bo or bd terminal oxidases which

then are reoxidized by molecular oxygen (Figure 15). What then occurs under anaerobic

conditions? Previous reports indicated that the DsbA-DsbB system does seem to function in

vivo under anaerobic conditions. Disulfide bonds in acid phosphatase are formed efficiently

anaerobically in vivo in a reaction that requires DsbA and DsbB (Belin et al., 1994).
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Figure 15. DsbB links disulfide bond formation to electron transport. DsbB provides the periplasm with

oxidizing power by transferring electrons to either ubiquinone (UQ) or menaquinone (MK). Electrons are then

passed on to respiratory complexes and final electron acceptors.

4.1.7. Disulfide oxidation under anaerobic conditions

Membranes prepared from a double null mutant in cytochrome bd and bo oxidases (DS253)

are completely inactive in reoxidizing DsbB in vitro. The only final electron acceptor available

in this in vitro system is oxygen. To test the possibility that DsbB can use alternate electron

acceptors in vivo we examined disulfide bond formation in the cell under anaerobic conditions.

TEM β-lactamase served as an in vivo substrate for the formation of disulfides. This substrate

was chosen because it is stable in the absence of its disulfide, and once folded does not oxidize

(Bardwell et al., 1991). Thus, the ratio of oxidized to reduced β-lactamase present after

isolation from bacteria provides a sensitive indicator of the effectiveness of the disulfide

catalytic machinery present in vivo during the protein folding process. Since the affinity of

cytochrome bd oxidase for oxygen is very high (Km=20 nM-1 µM), the experiments were

carried out in strains containing null mutations in both cytochrome bd and bo oxidases to

avoid trace quantities of oxygen allowing the flow of electrons through cytochrome bd
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oxidase. These strains were grown anaerobically and did not show any defect in disulfide bond

formation, since β-lactamase migrates in the oxidized position (Figure 16).

This strongly suggests that alternate electron acceptors can be used by the disulfide

catalysts under anaerobic conditions in vivo. Menaquinone can substitute for ubiquinone as an

electron shuttle under anaerobic conditions (Wallace and Young, 1977). Menaquinone acts to

donate electrons to alternate final electron acceptors such as fumarate or nitrate. Thus, we

tested if oxidized menaquinone could substitute for ubiquinone in the in vitro DsbA-DsbB

system. It did so at about 16% of the rate of ubiquinone-5 (Table 2), suggesting that

menaquinone can be used as an alternate electron acceptor for DsbB. This result predicts that a

strain lacking both ubiquinone and menaquinone should show a strong defect in disulfide bond

formation. Ito and coworkers have indeed observed that ubiA, menA mutants, which make no

functional ubiquinone or menaquinone, do have a strong defect in disulfide bond formation

when starved for quinone precursors (Kobayashi et al., 1997). UbiA strains, and ubiD, ubiX

double mutant strains, defective only in ubiquinone synthesis, were found to have a moderate

but not complete disulfide defect (Kobayashi et al., 1997; Zeng et al., 1998). This suggests

that enough electrons flow through menaquinone, even under aerobic conditions, to partially

satisfy the disulfide bond formation needs of the cell. These results provide strong genetic

support for a model that links disulfide catalysis to the electron transport system.

As an independent genetic test of this model we reasoned that bacteria growing in a

purely fermentative manner, without electron transport, should show a defect in disulfide bond

formation. Thus, we tested if strains grown under conditions where very little electron

transport occurs would be compromised in forming disulfides. The fumarate reductase null

mutant MB21 was grown anaerobically on glucose containing medium that lacks known

alternate electron acceptors. This strain will derive almost its entire energy from the

fermentation of glucose. Its use of oxygen was limited to the level of anaerobiosis achievable

by the GasPak Anaerobic System (BBL). The strain cannot use any of the alternate electron

acceptors because they are absent from the media. It will generate fumarate as part of the TCA

cycle, but cannot use it as an electron acceptor because of the fumarate reductase null

mutation. Under these conditions, where very little electron transport occurs, the strain is

indeed compromised in its ability to form disulfide bonds. At least half of the β-lactamase
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migrates in the reduced position, similar to the effect of a DsbA null mutation (see Figure 16

and (Bardwell et al., 1991). This provides additional genetic support for our model.

Figure 16. In vivo examination of disulfide bond formation under anaerobic conditions. Western blot of total

cell protein of E. coli strains either wild type ZK126 (wt), or lacking either DsbB JCB819 (dsbB), the cytochrome

oxidases DS253 (cyd, cyo) or fumarate reductase MB21 (frd). The position of the disulfide bonded oxidized (ox)

and the nondisulfide bonded reduced (red) forms of ß-lactamase which are shown were detected with antibody.

In summary, DsbB links disulfide bond formation to electron transport (see Figure 15). Under

aerobic conditions DsbB donates its electrons to ubiquinone, which transfers its electrons to

either cytochrome bd or bo oxidases; these are reoxidized by molecular oxygen. Under strictly

anaerobic conditions menaquinone can be used as an alternate electron acceptor. These results

identify the sources of oxidative power used for protein folding and describe the path of

electron flow following disulfide bond formation.
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4.2. DsbB is a novel quinone reductase

4.2.1. Demonstration of a novel enzymatic activity: ubiquinone dependent disulfide bond

formation

The ultimate source of oxidizing equivalents for the introduction of disulfide bonds in the

prokaryote E. coli originates in the electron transport system. By reconstituting the DsbA-

DsbB system in vitro, we demonstrated that DsbB is reoxidized by quinones. The data

presented in this thesis suggest that ubiquinones function as electron acceptors for DsbB under

aerobic growth while under anaerobic conditions menaquinones reoxidize DsbB. Enzymatic

activity of DsbB can be measured by following the reoxidation of DsbA which results in a

decreased relative fluorescence of DsbA upon oxidation. Apparently, quinones serve as

DsbB´s second substrate and it can be predicted that quinones should get reduced during the

course of the reaction. To demonstrate this, we decided to monitor the reaction by simply

following the absorption change between ubiquinone and its corresponding ubiquinol

(∆ε275=12.25 mM-1). Figure 17 shows that DsbB efficiently reduces Q0C10 (decyl-ubiquinone)

as measured by the absorbance change at 275 nm. No reduction of ubiquinone is observed in

the absence of DsbB. Only if DsbB is added to the reaction mixture in catalytic amounts,

reduction of ubiquinone was observed. Enzymatic activities were derived from the initial

slopes of absorbance decrease. For ubiquinone reduction an activity of 278 nmoles ubiquinone

per nmole DsbB per min was observed. This activity agrees well with the activity derived

from the fluorescence assay measured under the same conditions (data not shown). Thus, this

new assay can be employed to determine DsbB’s activity.

In order to characterize DsbB´s ubiquinone reductase activity, we measured initial

velocities of ubiquinone reduction at various concentrations of Q0C10. The concentration of

DsbA was held constant at 20 µM while the concentration of the quinone was varied (Figure

18A). To obtain kinetic constants the curves were fit to the Michaelis-Menten equation. When

Q0C10 was used as a substrate the apparent Km was 2.0 µM while Vmax was 5.0 nmoles DsbA

per nmole DsbB per sec. The concentration of DsbA was at 20 µM (0.42 mg/ml) and a less

than 15 % increase in velocity was observed at 40 µM reduced DsbA (data not shown).
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Figure 17. DsbB is a novel quinone reductase. DsbB’s quinone reductase activity was monitored by following

the reduction of  Q0C10 at 275 nm. Reduced DsbA and Q0C10 were present at 20 µM in 50 mM sodium phosphate

pH 6.0, 300 mM NaCl, 0.1 % n-dodecyl-maltoside at 25 0C. No reaction was observed in the absence of DsbB.

After addition of DsbB to a final concentration of 2 nM, reduction of ubiquinone was observed resulting in a

linear decline in absorbance at 275nm. The initial velocity is linear over at least 5 min. From the slope in the

presence of DsbB, an activity of 278 nmole quinone per nmole DsbB per min was calculated.

This suggests that at a concentration of 20 µM the reduced DsbA is close to saturating

conditions. To further verify this, we measured the Km for DsbA under saturating

concentrations of Q0C10. The Km for DsbA was previously reported to be 10-13 µM (Bader et

al., 1998; Jonda et al., 1999). This value was derived from measurements of DsbB activity in

membranes. An apparent Km for the highly purified system was determined to be 3.1 µM

(Figure 18B). This value was measured under saturating concentrations of quinone (25 µM)

and in the presence of 0.1 % dodecyl-maltoside. The apparent kcat/Km values for ubiquinone is

3*106 M-1 s-1,  making quinones very specific substrates for DsbB. To my knowledge, DsbB

has a not yet described enzymatic activity: it catalyzes the formation of a disulfide bond by the

reduction of ubiquinone.
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Figure 18. DsbB’s kinetic properties determined by the quinone reduction assay.

A) Initial velocities of DsbB catalyzed quinone reduction were measured at 275 nm. The assay buffer consists of

50 mM sodium phosphate pH 6.0, 300 mM NaCl, 0.1 % n-dodecyl-maltoside and 20 µM reduced DsbA. Q0C10

was added to the indicated concentrations. To start the reaction, DsbB was added to a final concentration of 1

nM. The data were fit to a hyperbola using Sigma Plot (SSPS). An apparent Km(Q0C10)=2.0 µM and Vmax=5.0

nmole ubiquinone per nmole DsbB per sec were calculated from the fit.

B) Initial velocities of quinone reduction were determined under saturating concentrations of Q0C10 (25 µM).

Increasing amounts of reduced DsbA were added and the reaction was started by the addition of DsbB to 1 nM.

The apparent Km(DsbA) is 3.1 µM while Vmax is 5.0 nmole ubiquinone per nmole DsbB per sec.
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4.2.2. DsbB contains bound coenzyme Q-8 (ubiquinone-40) after purification

The observation that DsbB catalyzes the reduction of quinones led us to analyze the quinone

binding properties of DsbB. We first decided to test if DsbB contains a quinone bound after

purification. Oxidized quinones can be detected by a change in absorption at 275 nm upon

reduction by addition of sodium borohydride. Ubiquinones show an absorbance peak at 275

nm, which decreases upon reduction of the quinone to the quinol. Figure 19 shows the UV

spectra of purified DsbB before and after the addition of sodium borohydride (NaBH4). An

11% decrease was observed in the absorption at 275 nm, after NaBH4 has been added to the

cuvette. We attributed this change in absorbance to the reduction of a ubiquinone bound to

DsbB. The addition of the NaBH4 did not change the absorbance of the buffer blanked against

water or DsbA, which served as a control (data not shown). From this absorbance change and

given that the absorbance coefficient of coenzyme Q-8 is 12.25, it was calculated that the

purified DsbB contains 0.5 molar equivalents of bound quinone.

Figure 19. The UV spectra of DsbB suggest that DsbB contains bound ubiquinone. The UV spectrum of

DsbB was recorded from 240 to 340 nm in 50 mM sodium phosphate pH 6.0, 300 mM NaCl, 0.1 % n-dodecyl-

maltoside (upper trace). Solid sodium borohydride was added to the cuvette and the spectrum of the reduced

protein (lower trace) was recorded after 5 minutes incubation at room temperature. The inset shows the difference

spectra of oxidized minus reduced DsbB.
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In order to obtain additional proof for binding of ubiquinone to DsbB, DsbB was extracted

with hexane, which should denature the protein and extract any bound quinones. The extract

was analyzed by HPLC. The comparison of the elution profile of the DsbB extract (Figure 20

panel A) with the elution profiles from known quinone standards (panel C, D) indicates that

the sample extracted from DsbB contains coenzyme Q-8. Mixtures of the DsbB extract and

purified coenzyme Q-8 migrate as a single peak (Figure 20 panel B). The identification of

coenzyme Q-8 as the DsbB bound quinone agrees very well with the fact that this quinone is

the predominant quinone species present in E. coli membranes under aerobic growth

conditions (Wallace and Young, 1977). From the peak area a molar ratio of 0.6 moles

coenzyme Q-8 (ubiquinone Q0C40) bound per mole of DsbB was calculated, consistent with

the value derived from the difference spectra shown in Figure 19.

We wanted to investigate how many high affinity quinone binding sites were present in DsbB.

Quinone binding sites in proteins can be titrated by addition of external quinone, with the

binding being followed by an absorbance change of the quinone upon binding to the protein

(Shenoy et al., 1999). Figure 21 demonstrates that the presence of DsbB strongly affects the

spectral properties of externally added Q0C10Br. Q0C10Br has been shown to be a better Q

analogue for the study of protein-quinone-interaction (Yu and Yu, 1982). The different

spectral properties of Q0C10Br in the presence of DsbB indicate the transfer of Q0C10Br from

an aqueous to a more hydrophobic environment. We attribute this absorbance change to the

binding of ubiquinone to DsbB. The absorbance change of Q0C10Br upon interaction with

DsbB reaches a saturation level. After addition of 20 µM, Q0C10Br showed the spectral

properties that are typically observed for ubiquinone in the aqueous buffer control (open

circles). The DsbB concentration was 22 µM. Taking into account that the protein contained

0.3 moles of bound ubiquinone after the detergent exchange, the titration with external

quinone provides evidence that DsbB’s quinone site can be titrated to a 1:1 molar ratio. This

demonstrates that DsbB possesses a single, highly specific quinone binding site.
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Figure 20. Identification that the quinone bound to DsbB is ubiquinone Q-8 by HPLC analysis. DsbB was

extracted with organic solvents as described under Experimental Procedures. The DsbB extract was dissolved in

ethanol, mixed with various purified quinones and loaded onto a reverse phase C8-HPLC column. Coenzymes Q-

1, Q-2, Q-8, and Q-10 served as standards. Profile (a) consists of Q-1, Q-2, DsbB extract and Q-10. Profile (b)

consists of Q-1, Q-2, DsbB extract + added Q-8, and Q-10. Profile (c) consists of Q-1, Q-2, and Q-10. Profile (d)

is only purified Q-8. The DsbB extract was judged to contain Q-8 based on the observations that the retention

time for the DsbB extracted sample is the same as for the Q-8 standard (panel a and d) and because a single,

enhanced peak at the Q-8 position results when a mixture of the DsbB extract and Q-8 was applied (panel b).

From the peak area of the known Q-8 standard a molar ratio of bound quinone to DsbB of 0.6 was calculated.
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Figure 21. Titration of DsbB’s quinone binding site, shows that DsbB has a single high affinity quinone

binding site. DsbB was washed extensively with 50 mM sodium phosphate, 1 % sodium cholate. After this

procedure the amount of bound ubiquinone was 0.3 moles (not shown). The titration was performed in the same

buffer by adding Q0C10Br in 1 µl increments from a 5 mM stock solution. After each addition, the sample was

incubated for 5 min and the change in absorbance at 280 nm was recorded. A change in absorption greater than

that show for the buffer control indicates the burial of ubiquinone in a protein environment. The cuvette

containing DsbB at 22 µM (solid circles) shows a greater change in absorbance than the buffer controls (open

circles) after quinone additions of up to 20 µM Q0C10Br. The DsbB contained 0.3 mole quinone per mole DsbB

(7 µM of quinone bound) prior to any additions. Therefore, ~27 µM quinone is bound at saturation to 22 µM

DsbB, a ~1:1 ratio.

4.2.3. Reconstitution of the entire oxidative protein folding pathway in vitro

DsbA is a rather nonspecific, but powerful oxidant, capable of acting on many folding

proteins, including eukaryotic proteins expressed in E. coli. DsbB presumably has a much

more limited substrate specificity. It functions to reoxidize DsbA in vitro and in vivo. The

severe disulfide defect present in strains that lack DsbA is good evidence that DsbB is

incapable of directly oxidizing folding proteins in vivo (Bardwell et al., 1993). The ability to

directly measure DsbB activity by its ubiquinone reductase activity, now allows us to directly

test the rate at which DsbB can oxidize unfolded proteins and small molecule thiol containing

compounds. RNase A, which contains four disulfide bonds in its native state, was chosen as a

potential substrate for DsbB. The oxidative refolding of RNase has been well studied making
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this protein an excellent model substrate for our in vitro system (Lyles and Gilbert, 1991). We

tested if catalytic quantities of DsbB (0.1µM) were capable of quinone reduction after the

addition of 10 µM denatured, reduced RNase A. However, no DsbB catalyzed quinone

reduction could be detected in the absence of DsbA (Table 3). Only after addition of a

catalytic amount of oxidized DsbA (0.1 µM) a decrease in absorbance at 275 nm was observed

(Figure 22). This provides good biochemical evidence that DsbB is not capable of directly

oxidizing RNase A under conditions where DsbA can function. This is further evidence that

DsbA acts as the direct donor of disulfides during protein refolding. Reduced DsbA generated

from the oxidation of RNase serves as DsbB´s substrate, which in turn reduces quinone. The

reduction of quinones was measured as a decrease in absorbance at 275 nm. This absorbance

change was followed until the reaction was complete in order to determine the stoichiometry

of the reaction (Figure 22). The total amount of reduced ubiquinone was determined and

plotted against the initial concentration of ubiquinone. The titration curve shows that the

reduction of 40 µM quinones is necessary to completely oxidize 10 µM RNase A. Since

RNase A contains 4 disulfides, it appears that one quinone gets reduced for every disulfide

bond formed. That RNase A was completely oxidized was verified by AMS trapping and non-

reducing SDS-PAGE (data not shown).

potential DsbB

substrate

concentration

µM

ubiquinone

µM

activity

drRNase 10 20 <0.5

GSH 100 20 <0.5

DsbC, reduced 10 20 <0.5

DsbA, reduced 10 20 243
Table 3. DsbB specifically reoxidizes DsbA. No DsbB activity was detected with drRNase, GSH, and reduced

DsbC as substrates at DsbB concentrations up to 250 nM. The lower limit of detection of DsbB activity is 0.5 nM

DsbB under standard assay conditions. Thus, reduced DsbA is oxidized at a rate at least 500-fold faster than the

other three substrates tested.
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Figure 22. One ubiquinone is reduced per disulfide bond formed by DsbB. The assay buffer contained 50

mM sodium phosphate pH 6.0, 300 mM NaCl, 0.1 % n-dodecyl-maltoside. Oxidized DsbA was present at a

concentration of 1 µM while DsbB was at 0.1 µM. Note that both DsbA and DsbB are present in catalytic

amounts in respect to RNase A, which served as a model substrate protein. Denatured and reduced RNase A was

added to a final concentration of 10 µM, which corresponds to 80 µM of free thiols. The reduction of ubiquinone

was followed at 275 nm until completion in order to determine the total amount of ubiquinone used up by the

DsbA-DsbB system. Up to a concentration of 40 µM ubiquinone, the amount of ubiquinone that becomes

reduced is directly proportional to the ubiquinone concentration. Above 40 µM, no additional reduction of

ubiquinone is observed suggesting that 40 µM of ubiquinone and the presence of the DsbA-DsbB system is

sufficient to completely oxidize 40 µM of disulfides in RNase A.

DsbA is regarded as a powerful but rather nonspecific oxidant, that is not necessarily capable

of directing correct disulfide formation  (Darby et al., 1998b; Rietsch et al., 1996). Others

have shown that in the presence of glutathione redox buffers DsbA acts as a disulfide

oxidoreductase, capable of refolding denatured and reduced proteins in vitro (Akiyama et al.,

1992). Although widely used in DsbA catalyzed folding reactions, glutathione is a non-

physiological reoxidant. Because of its periplasmic location, DsbA is unlikely to encounter

glutathione or any other small molecule disulfides, unless they are present in the media. Our in

vitro system may more closely mimic the in vivo situation since DsbA is reoxidized by its

physiological reoxidant, DsbB, which in turn is reoxidized by its in vivo reoxidant,

ubiquinone. This in vitro reconstitution of the disulfide catalytic machinery, provides a

suitable platform to test if DsbA is capable of correctly oxidizing a protein that contains
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multiple disulfides. To determine if the RNase A, which had been reoxidized by the in vitro

disulfide catalytic system, had been properly refolded, we measured how much RNase activity

was regained. Native RNase catalyses the hydrolysis of cCMP which can be measured by an

increase in absorbance at 296 nm. After RNase A has been incubated with the DsbA-DsbB

system, RNase activity was determined in the presence of cCMP. Figure 23 shows that RNase

A, which has been reoxidized by the DsbB-DsbA system, shows only low activity indicating

that the bulk of the RNase A had not been refolded properly, presumably due to misoxidation

of thiols yielding nonnative disulfide bonds.

This shows that DsbA does not have sufficient isomerase activity to properly oxidize proteins.

DsbC shows significant disulfide isomerase activity and is thought be the prokaryotic

equivalent of eukaryotic Protein disulfide isomerase. To test if DsbC could isomerize this

misoxidized RNase to generate active RNase, DsbC was added to the reaction. When 10 µM

of reduced DsbC was added to the DsbA-DsbB system, the reactivation yield of RNase

increased to 90 % suggesting that RNase A which had been oxidized by DsbA contained non-

native disulfide bonds (Figure 23). DsbC was added in a reduced form so it could attack

wrongly formed disulfides. No increase in the reactivation of RNase A was observed, when

oxidized DsbC was added to the reactivation mixture. This clearly demonstrates that DsbC

functions as a disulfide isomerase, and excludes the possibility that DsbC’s chaperone activity

is responsible for the observed RNase reactivation. We recently showed that the DsbC

homologue DsbG is a chaperone and that the chaperone activity is independent of its redox

state (Shao et al., 2000).

It is an interesting question of how the cell keeps its oxidative DsbA-DsbB pathway

kinetically isolated from the isomerization/reduction DsbC-DsbD pathway. DsbA is mainly in

the oxidized form in vivo, while DsbC is in the reduced form, suggesting that the cell has

managed to avoid the futile cycle of DsbA oxidizing DsbC. DsbC is only very slowly oxidized

by DsbA in vitro, suggesting that it is kinetically isolated (Zapun et al., 1995). We also predict

that DsbB should  not be capable of rapidly oxidizing DsbC. We reasoned that DsbC is not

oxidized by DsbB directly, as DsbC would not be capable of catalyzing disulfide

rearrangement in our in vitro system.
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Figure 23. Reactivation of RNase A depends on the presence of the disulfide isomerase DsbC. The

reactivation of RNase A was followed by measuring its cCMP hydrolyzing activity at 296 nm. The fraction of

refolded and correctly oxidized RNase A was determined by comparing activities to the native protein. Each

sample was incubated for 2 hrs at 25 0C in 50 mM sodium phosphate, 300 mM NaCl, 0.1 % n-dodecyl-maltoside

followed by 1:10 dilution into the same buffer containing 5 mM cCMP. (a) 10 µM native RNase A, (b) 10 µM

drRNase, 0.1 µM DsbA, 50 µM Q0C10, (c) 10 µM drRNase, 0.1 µM DsbA, 50 µM Q0C10, 0.1 µM DsbB, (d) 10

µM drRNase, 0.1 µM DsbA, 50 µM Q0C10, 0.1 µM DsbB, 10 µM reduced DsbC, (e) 10 µM drRNase, 0.1 µM

DsbA, 50 µM Q0C10, 0.1 µM DsbB, 10 µM oxidized DsbC. This experiment was performed 3 times, a typical

result is shown.

In order to obtain direct evidence that DsbB does not oxidize DsbC, 10 µM reduced DsbC was

incubated with 0.1 µM DsbB in the presence of quinone. Table 3 shows that DsbB does not

reoxidize reduced DsbC in a quinone dependent manner. This shows that the DsbC dependent

isomerization pathway is separated from the oxidative DsbA-DsbB pathway.

DsbB does not seem to catalyze the quinone dependent oxidation of either RNase A or

reduced DsbC. To obtain further evidence that DsbB acts specifically on DsbA, the tripeptide

glutathione (GSH) was chosen as a potential substrate for DsbB. As in the case with RNase A

and DsbC, no quinone dependent oxidation of GSH was observed at a DsbB concentration of

0.25 µM. As the detection limit of DsbB activity in the quinone reduction assay is about 0.5

nM, all three substrates tested, drRNase, reduced DsbC, and GSH are reoxidized at least a

500-fold more slowly by DsbB than is DsbA.



Results58

4.3. Turning a disulfide isomerase into an oxidase

4.3.1. Identification of dsbC mutants that complement dsbA

In the periplasm of E. coli, DsbA is the net donor of disulfide bonds while DsbC functions as a

disulfide isomerase that corrects wrongly formed disulfide bonds (Bardwell et al., 1991;

Rietsch et al., 1996). To avoid inactivation of the isomerization pathway by the oxidative

pathway, the two must be kept isolated. To gain insight into what makes each pathway so

specific for oxidation or isomerization, we decided to convert DsbC into a net donor of

disulfide bonds; in effect, allowing DsbC to act like DsbA. DsbA null strains are completely

non-motile, while DsbA+ strains are motile (Dailey and Berg, 1993). Based on this phenotype,

we devised a powerful genetic selection allowing us to identify DsbC variants that could

complement a dsbA null mutant. Since the basis of the separation of the two pathways was

unknown, we decided to randomly mutate dsbC and select for mutants that could restore

motility in a dsbA null mutant strain.

As described in the Methods section, a plasmid library of random mutations in the

dsbC gene (in which the expression of DsbC was under arabinose control) was created and

transformed into a dsbA null strain. After incubation, 28 motile colonies were observed in

which motility was dependent on the presence of arabinose. Figure 24 shows the motile

phenotype. Plasmid DNA was prepared from these strains and used to retransform a dsbA null

mutant strain. After retransformation, 26 of the 28 plasmids conferred motility to the

previously immobile dsbA strain, confirming that, for these 26 plasmids, the motile phenotype

was conferred by the plasmid.  Sequencing of the 26 motile mutants revealed two different

mutations, both of which altered the glycine 49 residue in DsbC. A single base substitution

from GGG to AGG was found in 17 clones.  This resulted in a glycine 49 to arginine

substitution. In 9 clones a glycine 49 to glutamic acid substitution was found. The

complementation strictly depends on the presence of arabinose, which induces expression of

DsbC from the pBAD33a derived plasmids (not shown). Wild type dsbC, present as a

chromosomal copy or introduced on pMB69, is not able to rescue the dsbA null phenotype

under the conditions employed (Figure 24). To prove that these mutations by themselves were

sufficient to complement the dsbA null mutation, the two mutations were introduced into the
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dsbC gene by site-directed mutagenesis. After transformation into the dsbA null mutant strain

JCB817 the mutant plasmids coding for DsbC G49R or G49E showed the same phenotype as

the plasmids isolated by the selection.  This confirms that the motile phenotype is due to the

mutations G49R or G49E.
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protein that was present in all motile mutants and absent in both disulfide negative strains

(JCB817, JCB817 pMB69). The first 10 N-terminal amino acid residues of this band were

sequenced and match exactly with the first 10 residues of the E. coli alkaline phosphatase

(RTPEMPVLEN). Alkaline phosphatase contains two disulfide bonds necessary for correct

folding. If the disulfide bonds are not formed, the protein does not fold correctly and is

degraded (Bardwell et al., 1991). This result provides additional evidence that the DsbC

variants G49R and G49E are efficiently forming disulfide bonds in the absence of the

periplasm’s native donor of disulfide bonds, DsbA.

4.3.2. DsbC G49R mutant is a monomer

We isolated two mutants that are able to replace the function of DsbA. We conclude that both

DsbC G49R and DsbC G49E are functionally more similar to DsbA than to wild type DsbC.

What distinguishes DsbC from DsbA? Although both, DsbA and DsbC contain a thioredoxin

fold, DsbC possesses an additional N-terminal domain which causes DsbC to form a

homodimer (McCarthy et al., 2000; Zapun et al., 1995). The N-terminal domain has also

proven to be essential for DsbC’s activity as an isomerase in vitro (Sun and Wang, 2000). G49

is located in the N-terminal dimerization domain of DsbC, and is a very well conserved

residue. Figure 25A shows a sequence alignment of 15 different DsbC N-terminal domains.

G49 is present in 14 out of 15 DsbC proteins. It is even found in the related disulfide

isomerase, DsbG (not shown). This high degree of conservation suggests that G49 is a very

important residue.  In the recently solved crystal structure of DsbC, G49 is located between

two consecutive β-strands (Figure 25B). These two strands are the core of the dimerization

interface and they form an extended β-sheet with the corresponding monomer.



Results 61

A
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*

   1 -MKKGFMLFTLLAAFSGFAQADDAAIQQTLAKMGIKSSDIQPAPVAGMKT
   1 -----------------------ARLEKTYSAQDLKVLSVSETPVKGIYE
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  50 VLTNSG-VLYITDDGKHIIQGPMYDVSG-------TAPVNVTNKMLLKQL
  28 VVVSGRQIIYTDAEGGYMFVGELINIDTR-----KNLTEERAADLNKIDF
  47 EVQIGTDLLYTDEKVTWVMEGPLIDALTR-----RDVTRERQEKLSSVPF
  51 VLTHSG-VLYVTDDGKHIIQGPMYDVSG-------AHPVNVTNKLLMSQL
  30 VLTDSG-VLYVTDDGKHIIQGPMYDVSG-------AQPVNVTNQLLLGKL
  51 VLTENG-VLYITEDGKHLLQGPLYDVSG-------KTPVNVTNHILNERL
  51 VMTESG-VLYISADGKHLLQGPLYDVSG-------DQPINVTNQALLKKL
  48 AVTDQG-ILYVSEDGKYLFEGKLYELTN-------NGPVDVAGKILVDKL
  49 VVSDQG-IFYASEDGEYLLQGKIYKLTD-------KGISNVTNKVLLDKL
  41 AVTDNG-IFYITEDAKYILDGKLYALSE-------KGLRDVSSSLLLDKL
  41 AMTNRG-VLYISRDGSKMFHGNLYDLDKG----MKNLTEAALAGPRLAMM
  33 VQTSGG-VLFSSPDGEHFIAGTLYALDGNG--GYVDVLAKRQAPLNAKKI
  30 VVVSGQ-ILYVSDNGRYLIQAQPYDIQNK----KFAVSEGLLSYRRTQLA
  50 VQLKGGRVLYASADGQFVMQGYLYQVKDGK--PVNLTEKAESQAIAKAIN
  38 TLQGHPTVAFATADGRYLVAGPVLNKQGEDEAHTAMVKLGLIPKPASAGA
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Figure 25

(A) G49 is highly conserved. A blast search was performed with the entire DsbC protein sequence at the NCBI

database of finished and unfinished bacterial genomes. 15 microbial sequences were aligned with CLUSTALW

(Thompson et al., 1994). Only the N-terminal dimerization domain of DsbC is shown. The mutations isolated

mapped to Glycine 49 (indicated by the star) and changed this residue to either arginine or glutamate. Identical

and similar residues which are found in at least 60% of the aligned sequences are shaded in black and gray,

respectively. Arrows indicate residues that were targeted by site-directed mutagenesis (see text for details).

(B) G49 is at the center of the DsbC dimerization domain. The N-terminal dimerization interface is shown.

The monomers interact via two consecutive β-strands from each monomer. Two extended β-sheets are formed

which consist of two strands from one monomer and four strands from the other. Two DsbC mutants which were

found to complement a dsbA null mutant were mapped to glycine 49 (drawn as a green ball) which lies in

between the interacting β-strands. These mutations replace G49 with either arginine or glutamate. An additional

five residues, which were predicted to provide crucial interactions in the dimerization interface, are also shown.

The high conservation of the small residue glycine 49 led us to propose that the substitution of

glycine 49 with large charged residues, such as arginine or glutamate in the isolated mutants,

will act to disrupt the dimer. We therefore predict that G49 is essential for the dimerization of

DsbC. Indeed, we had independently constructed the same arginine substitution at exactly the

same glycine in an effort to disrupt the dimerization by rational design (see below). This

represents an astonishing congruence between the in vivo genetic selection approach and

rational design.

In order to investigate the biochemical properties of the mutant protein, DsbC G49R was

overexpressed and purified from strain BL21. The purified protein was analyzed by Sephadex-

200 gel filtration. Figure 26 shows that DsbC G49R has a significantly altered retention time

as compared to wild type DsbC. A standard curve was generated with proteins of known

molecular weight. The observed retention time for DsbC G49R corresponds to an apparent

molecular weight of 31.6 kDa while wild type DsbC runs with an apparent molecular weight

of 51.4 kDa. This indicates that DsbC G49R is monomeric. Surprisingly, the loss of functional

dimerization leads to a different function. The mutant protein acts as an in vivo donor of

disulfide bonds rather than an isomerase.
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Figure 26. DsbC G49R is a monomer. The DsbC mutant G49R was purified and analyzed by analytical

gelfiltration. DsbC G49R shows a clear difference in migration on a Sephadex 200 column as compared to wild

type DsbC. The inset shows a standard curve generated with proteins of known molecular weight (open circles):

BSA (66kDa), carbonic anhydrase (29 kDa), cytochrome c (12.4 kDa), apoprotinin (6.5 kDa). The apparent

molecular weights of wild type DsbC and DsbC G49R (filled triangles) were determined according to this curve.

An apparent molecular weight of 31.6 kDa was calculated for DsbC G49R. Wild type DsbC runs with an

apparent MW of 51.4 kDa. This suggests that G49R is monomeric.

4.3.3. Rational design of dsbC mutants that complement a dsbA null mutation

The results presented here provide evidence that the dimerization of DsbC is essential for the

separation of disulfide bond formation and isomerization. DsbC can be converted into a

functional donor of disulfide bonds by two different in vivo selected mutations that disrupt its

dimerization properties. We wanted to ascertain if the disruption of the dimerization interface

is what allows these mutants to function as oxidases. We reasoned that a rational design of

mutants in the dimerization interface should reveal more DsbC variants that are able to rescue

DsbC. Substantial disruptions of the dimerization interfaces should lead to a disulfide positive

phenotype in a dsbA null mutant background. To design possible disrupting mutations, we

focused on the interactions involving 5 residues in the interface. Figure 27 provides a view of
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Figure 27. Rational design of mutants in the dimerization domain.

(A) Surface Potential of DsbC’s dimerization interface. Only one monomer is shown. Values range from +7kT

(blue) to 0 (white) to –7kT (red).  M27, V54, and I47 were mutated to lysines. H45 forms a salt bridge with

Asp53 on the other monomer (compare with Figure 25 B), and was mutated to an aspartate.

(B) Same as (A), except that the green color highlights conserved residues. Conserved residues were mapped

according to the sequence alignment shown in Figure 25A.

(C) Molecular surface of the dimerization domain showing residues involved in dimer formation. Note that most

of the residues involved in dimerization are conserved.
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the residues at the dimerization interface. The residues shown in Figure 27 are mostly

hydrophobic and highly conserved (27A, 27B). The surface area buried upon dimer formation

is 1727 Å2 or 15% of the total monomer surface (27C). Residues 8, 11, 12, 23 to 25, 27, 40, 43

to 55, and 59 of each molecule are buried in the dimer interface. There are hydrophobic

interactions between isoleucine 47 from molecule "a" of DsbC (abbreviated I47a) with I47b,

V54a with I46b, M27a with M27b (not shown). In addition there is a potential salt bridge

between H45a and D53b. To disrupt these interactions, residues I47, V54, or M27 were

mutated to lysine. We reasoned that the charged lysine should be very unfavorable in the

hydrophobic environment provided by the residues shown in Figure 27. Residue H45 was

mutated to aspartate. This was hypothesized to lead to decreased affinity of the DsbC

monomers for each other since this mutation destroys a vital salt bridge that links the two

monomers in the crystal structure. All the designed mutations, which we predicted to disrupt

the dimer interface, are able to rescue the nonmotile phenotype of the dsbA null mutant (not

shown).

To confirm and to quantify the extent of the rescue, alkaline phosphatase assays were

performed. Alkaline phosphatase is a periplasmic protein that requires two disulfide bonds for

activity. The amount of alkaline phosphatase activity in a cell is often used as a measure of the

extent of disulfide defect. We observed nearly full restoration of alkaline phosphatase activity

in all of the mutants that were designed to disrupt the dimerization interface (Figure 28A). The

simplest explanation for these results is that dimerization acts to shield DsbC from the

reoxidant DsbB. This explanation makes two predictions: that the dimerization domain should

be dispensable for the observed complementation, and that complementation should be DsbB

dependent. To test the first prediction a DsbC variant was constructed in which the entire

dimerization domain had been deleted by site specific mutagenesis. This variant expressing

only the thioredoxin domain of DsbC is able to complement the dsbA null phenotype for both

motility and alkaline phosphatase activity (Figure 28A).
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Figure 28.

(A) All mutant DsbC proteins promote folding of alkaline phosphatase in vivo. Plasmids encoding DsbC

proteins (indicated by the arrow, from left to right wild type, G49R, G49E, M27K, V54K, I47K, H45D, ∆1-76),

respectively, were transformed into JCB817 (dsbA-). The strains were grown in M63 media supplemented with

0.4% glycerol as carbon source and 0.2% arabinose to induce expression from the pBAD33 derived plasmids.

The activity of alkaline phosphatase was determined by a standard assay described under Experimental

Procedures. JCB816 (wild type) served as a positive control. The different plasmids are listed in Table 5.

(B) The rescue of the dsbA null phenotype strongly depends on the presence of DsbB. Conditions were

essentially as under (A) except that JCB818 (dsbA-, dsbB-) served as a strain background.
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4.3.4. Complementation depends on the presence of DsbB

We have isolated and rationally designed mutants in the disulfide isomerase DsbC which act

like the oxidase DsbA. We speculated that for these mutants to be efficient disulfide oxidases

they have to be reoxidized by DsbB. We therefore tested whether the mutant DsbC protein

was still able to complement a disulfide negative phenotype in a dsbA dsbB null strain. Figure

28B shows that none of the mutants can complement dsbA deficiency in the absence of dsbB.

This strongly suggests that we have been able to get DsbC to switch allegiance from being part

of the isomerization pathway to becoming part to the DsbB dependent oxidative pathway.

4.3.5. Monomeric DsbC is reoxidized by DsbB in vitro

The genetic results presented here suggest that DsbB reoxidizes DsbC proteins containing

either of the mutations G49E, G49R, H45D, I47K, V54K, or M27K in the dimerization

domain. DsbB provides the oxidative power for the periplasm by reducing ubiquinone, thus

linking disulfide bond formation and electron transport. To obtain more direct evidence for

interaction between a mutant DsbC protein and DsbB, an enzymatic assay for DsbB’s quinone

reductase activity was employed. The DsbC mutant H45D was purified and its active site

disulfide was reduced. Analytical gel-filtration using a Sephadex-200 column was performed.

DsbC H45D runs with a retention time of 16.90 min as compared to 15.17 min for wild type

DsbC. This corresponds to a change in apparent molecular weight from 51.4 kDa to 37.4 kD

suggesting that the H45D mutant is monomeric. The change is not due to degradation since the

protein runs as a single band on SDS-PAGE of the same molecular weight as wild type DsbC

(data not shown). This result agrees with the prediction from the in vivo data for this mutant

(see Figure 28B) and further supports our model. Figure 29 shows that DsbB efficiently

oxidizes DsbC H45D in vitro, but cannot oxidize wild-type DsbC. This suggests that

monomerizing DsbC forces it to become a specific substrate for DsbB. The finding that DsbB

oxidizes monomeric DsbC in vitro agrees well with the in vivo observation of dsbB

dependency.
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Figure 29. DsbB reoxidizes monomeric DsbC in vitro. DsbB’s ability to re

was measured by its ubiquinone reductase activity (filled circles). The assay b

phosphate pH 6.0, 0.1% Dodecyl-maltoside, 20 µM ubiquinone, 1 µM DsbB.  

H45D was steadily increased up to 50 µM. DsbB’s activity was plotted as qu

wild-type DsbC served as a control (filled triangles), and a vanishingly u
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5. Discussion

5.1. The ultimate source of oxidizing equivalents for the periplasm

Disulfide bond formation is catalyzed in the periplasm of prokaryotes by the DsbA-DsbB

oxidative system. Although much was known about DsbA when this work was initiated, it

remained unclear how oxidative protein folding is linked to the metabolism of the cell.

Genetic approaches established that DsbB is essential for the reoxidation of DsbA (Bardwell

et al., 1993), but were unable to resolve the complete pathway of disulfide bond formation.

Therefore, the direct reoxidant of DsbB and its final electron acceptor under different growth

conditions were unknown.

The development of a specific assay for DsbB enabled me to reconstitute the DsbA-

DsbB system in vitro (Bader et al., 1998). DsbA displays a 3-fold higher fluorescence upon

reduction of its active site disulfide bond. This makes it quite convenient to follow its redox

state over time. In the presence of membranes containing DsbB, reoxidation of DsbA was

observed in vitro, while no such reaction was detected in the absence of DsbB. This provided

the first biochemical evidence that DsbB is the direct reoxidant of DsbA. Further, under truly

anaerobic conditions, DsbB activity disappeared. This proved that oxygen could serve as a

final electron acceptor in the in vitro reconstituted system.

Using the fluorescence assay, the activity of DsbB was monitored during purification

from membrane preparations. Highly purified DsbB was unable to reoxidize DsbA in vitro.

This suggested that a component responsible for DsbB activity was lost during the purification

process. The addition of membranes prepared from a dsbB null mutant could restore activity

of highly purified DsbB suggesting that DsbB had not been irreversibly inactivated during the

purification procedure. By fractionating and purifying proteins from dsbB null membranes that

restore DsbB activity, it was demonstrated that either cytochrome bd or bo oxidases can

function to reoxidize the DsbA-DsbB system. These oxidases are the two major terminal

oxidases of the electron transport chain in E. coli (Miller and Gennis, 1983). Their role in

electron transport is to shuttle electrons from ubiquinone to oxygen (Kita et al., 1984;

Puustinen et al., 1991). This work also shows that oxidized ubiquinone can effectively drive

the DsbA-DsbB system, suggesting that ubiquinone is an intermediate in this pathway. Under
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anaerobic conditions menaquinone was found to be able to function as an alternate electron

acceptor. This branching of the disulfide catalytic pathway at DsbB ensures that disulfide bond

formation will proceed whether the cell grows under aerobic or anaerobic conditions. This

redundancy demonstrates how important it is to the cell that the disulfide bond formation

reaction in the protein folding pathway takes place.

Cytochrome bo and cytochrome bd oxidases differ in their expression pattern and

affinity for oxygen. Cytochrome bo oxidase is abundant under aerobic conditions, but is

repressed up to 140 fold during anaerobic growth (Cotter et al., 1990). Cytochrome bd oxidase

is maximally expressed in response to limiting oxygen concentrations (<7 % air saturation)

(Cotter et al., 1990; Tseng et al., 1996). The low apparent Km for oxygen (20 nM-1 µM) of

cytochrome bd oxidase agrees with its function being the major oxidase under conditions of

low aeration (Junemann et al., 1995). The very high affinity of cytochrome bd oxidase for

oxygen, reflected by its extremely low apparent Km, may allow it to scavenge enough oxygen

to allow disulfide bond formation to proceed efficiently even under conditions many would

consider anaerobic.

DsbB’s choice of quinones as an electron acceptors allows various pathways for

electron flow to support disulfide bond formation. The route should go via cytochrome bo

oxidase under aerobic conditions. The cell will switch to using cytochrome bd oxidase under

conditions of low oxygen concentration. Under truly anaerobic conditions, flow can occur via

menaquinone to alternate final electron acceptors such as fumarate, nitrate or DMSO. The

multiple branching of the electron transport pathway at DsbB also helps to explain why

selections for mutations severely defective in disulfide bond formation yielded only dsbA and

dsbB (Bardwell et al., 1993). Individual mutations in either cytochrome bo or bd oxidase do

not show a severe defect in the ability to maintain DsbB’s activity because these oxidases can

substitute for each other. Even a double mutant that eliminates both oxidases will not show a

defect in disulfide bond formation, because DsbB can use the alternate electron acceptor

menaquinone. I would predict that to stop disulfide bond formation one would need to remove

both menaquinone and ubiquinone from the cell. Unfortunately a ubiA, menA double mutant is

not viable unless supplied with quinone analogues. Ito and colleagues washed a ubiA, menA

double mutant free from quinone analogues, and found that a defect in disulfide bond

formation develops in the dying cells (Kobayashi and Ito, 1999; Kobayashi et al., 1997).
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These in vivo experiments are very strongly suggestive of a relationship between disulfide

bond formation and electron transport. My results show how disulfide bond formation is

linked to electron transport and imply that oxidative protein folding is driven by electron

transport. They also help resolve a long-standing mystery: the source of oxidative power used

for protein folding and how these oxidizing equivalents flow within the cell. Recently, it was

shown that an analogous system provides the endoplasmic reticulum of eukaryotes with

oxidizing equivalents. Protein disulfide isomerase (PDI) plays a role somewhat similar to

DsbA and is kept in an oxidized state in the cell due to the action of the peripheral membrane

protein ERO1. Like DsbB, ERO1 provides the major oxidative source for disulfide bond

formation. Yet, ERO1 is reoxidized by flavins and not directly linked to the electron transport

chain.

5.2. DsbB is a novel quinone reductase

In E. coli, quinones play a central part in the electron transport chain by linking primary

dehydrogenases to terminal enzyme complexes, which in turn catalyze the transfer of electrons

onto final acceptors such as oxygen, nitrate or fumarate (Wallace and Young, 1977). Highly

purified cytochrome bd and bo oxidases, both of which catalyze the final step of electron

transport onto oxygen, are able to reoxidize DsbB in vitro. How does DsbB interact with two

different protein complexes, cytochrome bd and bo oxidases? These oxidases, despite their

similar name, are actually rather different proteins sharing no homology, but sharing a quinone

as a common substrate. I reasoned that it is more economical to postulate a single quinone

binding site on DsbB than two distinct binding sites, one for cytochrome bd oxidase and one

for cytochrome bo oxidase. This was supported by the observation, that it is possible to

replace either of the oxidases by adding stoichiometric amounts of Q0C10 or menadione to the

assay system.

Purified DsbB contains approximately 0.6 moles of bound quinone per mole protein.

Since the DsbB purification protocol involves multiple columns and extensive dialysis, this

implies that the quinone is rather tightly bound. The species of quinone bound to DsbB was

determined to be coenzyme Q-8, the most abundant quinone found in the E. coli inner
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membrane under aerobic conditions. The ubiquinone binding site can be titrated with

externally added quinone to yield a 1:1 ratio. This demonstrates that DsbB possesses a single,

highly specific quinone binding site.

In biological systems, most of the disulfide chemistry studied is the chemistry of

disulfide exchange. Little information is available describing their ultimate source. In cell free

systems, one common source is metal catalyzed formation of disulfides directly from oxygen.

This is unlikely to be important in vivo, because of its slow rate and because free

concentrations of metal in vivo are vanishingly small. DsbB possesses a novel catalytic

activity, which has not yet been described. It catalyzes the oxidation of a disulfide using

oxidized quinones as an electron acceptor. DsbB is apparently the major source of disulfides

in prokaryotes and mutations in dsbB have severe defects in disulfide bond formation. The

other Dsb proteins have important roles in disulfide exchange, but none seems to actually

create disulfides de novo. I did not observe spontaneous reaction of DsbA and ubiquinone

under our assay conditions. The reaction between thiols and quinones is rather complex as the

redox reaction competes with arylation of the thiol groups. DsbB is capable of accelerating the

redox reaction specifically and very efficiently. The apparent kcat/Km, a measure for the

catalytic efficiency of a particular enzyme, for the DsbB catalyzed reaction between quinone

and reduced DsbA is 4*106 M-1s-1.

DsbB is a unique enzyme in that it uses the oxidizing power of one ubiquinone

molecule in order to generate a single disulfide bond. In contrast, most ubiquinone reductases

identified so far are components of the electron transport system which help to shuttle

electrons from ubiquinone to downstream electron acceptors. The location of DsbB in the

inner membrane makes possible the participation of DsbB in electron transport, and links it to

oxidative protein folding in the periplasm.

5.3.  Interaction of DsbB with quinones

DsbB specifically interacts with ubiquinones. This finding combines two cellular pathways:

electron transport and oxidative protein folding. Although we now understand how electrons

flow through these pathways under aerobic and anaerobic conditions, the exact reaction
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mechanism of DsbB has not been analyzed in molecular detail. How does DsbB interact with

its immediate electron acceptor ubiquinone? Except for its membrane topology, no structural

information about DsbB is available, yet. The crystal structure of DsbB will certainly help to

reveal DsbB’s ubiquinone binding site. In our attempts to crystallize DsbB, crystals of up to

0.1 mm x 0.05 mm x 0.5 mm have been observed. Optimization of the crystallization

conditions is currently being performed.

Some information about the ubiquinone binding properties of DsbB comes from two E.

coli mutants, which were identified by screening for a disulfide negative phenotype (Kadokura

et al., 2000). A mutation in the dsbB gene, which changes residue arginine 48 to either

histidine or cysteine, was identified. Interestingly, these two mutants display a disulfide

negative phenotype exclusively under anaerobic conditions. This agrees with our observation

that menaquinone does not serve as an in vitro substrate for the DsbB variant R48H.

Menaquinone is the predominant species in the E. coli membrane under anaerobic conditions.

With ubiquinone as a substrate, on the other hand, the DsbB variant R48H displays 10% of the

wild type quinone reductase activity. During aerobic growth, ubiquinone serves as an electron

acceptor, and ubiquinone usage by DsbB R48H might still be efficient enough to account for

the disulfide positive phenotype under these conditions. These results provide evidence that

R48 is crucial for DsbB’s choice of a terminal electron acceptor. Therefore, R48 is most likely

part of a common quinone binding site. It is, however, less clear whether the binding site for

menaquinone matches exactly the site for ubiquinone binding. Menaquinone is a less efficient

substrate for wild type DsbB, but still efficient enough to promote disulfide bond formation

under the reduced growth rates of E. coli that occur under anaerobic conditions. There are

bacteria, which do not synthesize ubiquinones as part of their electron transport chains, and

solely rely on menaquinones as mobile electron carriers. For instance, two DsbB homologues

have been identified in the gram-positive Bacillus subtilis, an organism that does not

synthesize ubiquinones (Bolhuis et al., 1999). Thus, the B. subtilis DsbB proteins probably

evolved to use menaquinones instead of ubiquinones, since these enzymes were only exposed

to one of these quinone species in the course of their evolution. On the other hand, E. coli

DsbB had to find a compromise in quinone recognition to promote disulfide bond formation

under both aerobic and anaerobic growth conditions. Sequence comparison of DsbB proteins

from organisms, which only use menaquinones, and E. coli DsbB might reveal residues that
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are specific for menaquinone binding. These residues can then be targeted for mutagenesis.

The obtained mutant DsbB proteins could be tested for their ability to promote disulfide bond

formation under different growth conditions.

In order to identify more residues of DsbB that are specifically involved in quinone

binding, we have targeted highly conserved residues by site-directed mutagenesis (Lu, Y.,

Bader, M., Bardwell, J.C., unpublished). Our in vitro system allows us to test whether the

kinetic properties of DsbB are affected by a particular mutation. Using this assay, we found

that the DsbB variant Q95A has a 10 fold higher Km for ubiquinone than does wild type DsbB,

while the Km for DsbA is unaffected by the mutation. This shows that the mutation specifically

affects the interaction of DsbB with ubiquinone. In addition, when histidine 91 was changed to

an alanine, we observed a 10 fold lower activity of ubiquinone reduction. Based on these

results, we concluded that residues glutamate 95 and histidine 91 are either directly involved

in quinone binding or in the catalytic mechanism of quinone reduction.

The analysis of the dsbB mutants R48, H91, and Q95, strongly suggests that these

residues are part of the ubiquinone binding pocket. Ubiquinone binding sites are generally

difficult to detect if only sequence information, but no structural and biochemical data are

available. Nevertheless, a thorough inspection of the ubiquinone binding site of cytochrome bo

oxidase (Abramson et al., 2000), reveals striking similarities to the residues that we predicted

to be part of the ubiquinone binding site of DsbB. For instance, the same kind of amino acid

residues are found in the ubiquinone binding site of cytochrome bo oxidase. The

corresponding residues of cytochrome bo oxidase are R71, H98, and Q101, which are all

located close to the membrane-solvent interface. These residues form hydrogen bonds with the

carboxy groups of ubiquinone. According to the membrane topology of DsbB, residues R48,

H91, and Q95 are also located in close proximity to the membrane-solvent interface. A general

feature of ubiquinone binding sites is their location at the membrane-solvent interface (Rich

and Fisher, 1999), since the ubiquinone molecule contains a long membrane soluble

isoprenoid tail and a hydrophilic, reactive head-group. The head-group of ubiquinone, a

benzoquinone ring, was detected in an overall hydrophilic environment in all out of eight

available crystal structures of ubiquinone binding sites (Rich and Fisher, 1999). The carboxy

groups of the benzoquinone ring are extensively hydrogen-bonded with amino acid residues in
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their vicinity. These structures of quinone binding sites also revealed additional hydrophobic

stacking interactions between the ubiquinone ring and aromatic amino acids of the protein.

As an additional approach to identify residues of DsbB that are specifically involved in

quinone binding, we performed affinity labeling experiments in collaboration with Dr. Yu’s

group at Oklahoma State University (Xie, Bader, Bardwell, Yu, unpublished). We could

specifically crosslink a photoreactive and radioactive quinone analogue, 3H-azido-ubiquinone,

to DsbB leading to inhibition of its quinone reductase activity. After affinity labeling DsbB

with this ubiquinone analogue, and HPLC analysis of proteolytic digests of labeled DsbB, a

peptide that contains the bulk of the radioactivity has been identified. The sequence of this

peptide is ATCDFMVRFPE and corresponds to a short stretch of DsbB’s second periplasmic

loop. It is not clear which residue directly crosslinks to the azido group of the ubiquinone

analogue. Nevertheless, two conserved residues, cysteine 104 and phenylalanine 110, are

found in this peptide. Cysteine 104 is essential for DsbB activity and might be involved in

electron transfer from DsbB to DsbA (see below). It is therefore possible that cysteine 104 is

located somewhat close to the quinone binding site. Phenylalanine 110, on the other hand, is a

potential candidate for binding to the quinone ring via hydrophobic stacking. This residue can

now be targeted for mutagenesis and might reveal an additional residue, which is part of the

quinone binding site of DsbB.

5.4. Electron flow within DsbB

There is in vivo evidence that the electron transport chain reoxidizes the CXXC motif of DsbB

(Kobayashi and Ito, 1999), which is present in the first periplasmic loop of DsbB. In quinone

depleted cells, this CXXC motif accumulates in a reduced form while it is kept oxidized in a

wild type background. Owing to the fact that ubiquinones directly reoxidize DsbB, I suggest

that these two cysteines (Cys41, Cys44) must be in close proximity to the ubiquinone binding

site and participate in electron transfer to ubiquinone. In DsbB, one of the two cysteines could

form a hydrogen bond with bound ubiquinone. The redox reaction probably involves the

transfer of a hydride anion from a thiol to the bound quinone. To identify the reactive cysteine

of the CXXC motif, the use of specific inhibitors may turn out to be a powerful tool. The
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ubiquinone reductase activity of DsbB is severely inhibited by bromine substituted

benzoquinones which compete for binding to the quinone site (Xie T., personal

communication). It is tempting to speculate that a reactive cysteine in DsbB, which is in close

proximity to the bound inhibitor, nucleophilically attacks the bromine substituted

benzoquinone. Thiol addition to a benzoquinone ring is a commonly observed mechanism

competing with the redox mechanism. This competition should not occur with native

ubiquinones since these quinones are substituted with two dimethoxy, one methyl and one

isoprenoid side chain. All of these functional groups are less potent leaving groups than

bromine and will therefore favor the electron transfer from the CXXC motif to ubiquinone.

DsbB mutants containing only one of the cysteines of the CXXC motif can be generated to

identify the reactive cysteine, which cross-links to bromine substituted quinones. Such a cross-

link between DsbB and quinone analogues could serve as an additional affinity label and

might further increase our knowledge about the interaction of DsbB with quinones.

The identification of the cysteines involved in ubiquinone reduction will help to

elucidate electron transfer within DsbB. A model of how oxidizing equivalents flow through

DsbB has been proposed (Figure 30). According to this model, the CXXC motif reoxidizes the

Cys104-Cys130 disulfide bond of DsbB, which is present in the second periplasmic loop. The

Cys104-Cys130 disulfide bond is then transferred to DsbA. This model is based on the in vivo

observation of a mixed disulfide bond between the DsbA C33S variant and cysteine 104

(Kishigami et al., 1995). The DsbA C33S variant lacks the second active site cysteine, which

is responsible for the resolution of mixed disulfide complexes. It is therefore likely that such a

mixed disulfide complex between DsbA and DsbB represents an intermediate in the reaction

mechanism of the two proteins. However, there is no experimental evidence for such a model

to occur during the catalytic cycle of DsbB. The mixed disulfide complex between DsbA and

DsbB could represent the rearrangement of the real and presumably very unstable reaction

intermediate to a more stable off-pathway product. In order to determine the actual path of

electrons within DsbB, we constructed mutants that contain only one pair of cysteines in each

periplasmic domain. Using these mutants it should be possible to identify the pair of cysteines

that interacts with ubiquinone or DsbA. The reaction between the two DsbB variants and

DsbA can be studied by fluorescence spectroscopy using stop-flow techniques. These studies

will help to elucidate the reaction mechanism of DsB, and clarify whether the disulfide bond
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Cys104-Cys130 is indeed involved in the reaction mechanism as was concluded from the in

vivo data. Further, the measurement of the stability of the two disulfide bonds of DsbB will

reveal their ability to participate in disulfide exchange reactions. In general, structural

disulfide bonds are too stable to engage in such reactions. As DsbA has the most oxidizing

disulfide bond described so far, one might expect the disulfide bonds of DsbB to be even more

oxidizing, supposing they both participate in the reoxidation of DsbA. On the other hand,

these disulfide bonds do not necessarily have to be more oxidizing than the disulfide bond

formed by DsbA. The presence of a DsbB bound quinone, which cycles between an oxidized

and reduced state could drive the reaction. The difference in redoxpotentials between

ubiquinone, 0.1 V, and DsbA, -0.1 V, seems to be perfectly suited to drive the DsbB catalyzed

reaction. Indeed, in vivo trapping of DsbB’s oxidation state demonstrated that the disulfide

bonds of DsbB are continuously kept in an oxidized form under steady-state conditions

(Kobayashi and Ito, 1999).

Figure 30. Model for the flow of oxidizing equivalents within DsbB. Quinones (Q) reoxidize the CXXC motif

of DsbB, which is found in the first periplasmic loop (I). This results in the formation of a disulfide bond, which

is then transferred to the second pair of essential cysteines, Cys104-Cys130 (II). The disulfide bond formed by

Cys104-Cys130 reoxidizes the active site of DsbA (III). The location of ubiquinone was drawn according to

mutational and affinity labeling analysis of DsbB (indicated by black dots, see text for details).

HS SH

I

Q
SH

SH

S S

II

Q
SH

SH

HS SH

III

Q
S

S

DsbA



Discussion78

5.6. In vivo separation of disulfide bond formation and isomerization

Two distinct pathways assist the proper formation of disulfide bonds within folding proteins in

the periplasm (Bardwell et al., 1993; Rietsch et al., 1996). The DsbA-DsbB system drives the

net introduction of disulfide bonds by providing a link to the oxidative power of the electron

transport chain. DsbA is a strong oxidant that has the potential of introducing wrong disulfide

bonds not normally found in the native structure of proteins (Rietsch et al., 1996; Sone et al.,

1997). Efficient folding of proteins containing multiple disulfide bonds requires an enzyme

that shuffles incorrectly formed disulfide bonds toward the ones found in the native state of

the protein. DsbC is a disulfide isomerase that is thought to correct wrongly formed disulfide

bonds by rearrangement towards the native ones. DsbC is part of the reductive pathway that is

linked, via DsbD, to the thioredoxin system of the cytosol (Rietsch et al., 1997).

The isomerization activity of DsbC is vital for the correct folding of eukaryotic

proteins containing multiple disulfide bonds, which are expressed in the periplasm of E. coli.

For instance, very little properly folded urokinase is observed in the absence of DsbC (Rietsch

et al., 1996). In vitro, we have shown that after exposure of denatured and reduced RNase A to

the DsbA-DsbB system almost no RNase A activity is regained. In the presence of DsbC,

however, RNase A gains up to 90% activity, indicating that only in the presence of DsbC does

the protein properly refold under our conditions. For RNase A there are numerous possible

disulfide intermediates only one of which represents the native state of the protein. The fact

that after addition of reduced DsbC catalytic activity of RNase A was regained, emphasizes

that it is not sufficient to provide only oxidizing equivalents for disulfide bond formation with

multiple disulfide bonds. Particularly for proteins with multiple disulfide bonds, isomerization

of these bonds is an essential requirement for their correct folding.

Although we have learned much about the flow of electrons through the two pathways,

little was known about how they are able to coexist. My work now shows that there is good in

vivo evidence that the two pathways do not interfere with each other: (1) DsbA is the only

substrate of DsbB, and DsbB does not act on the DsbC reductive pathway. (2) Wild type DsbC

does not complement a dsbA null mutant in vivo. However, wildtype DsbC can be converted

into a net donor of disulfide bonds in vivo by a single mutation at residue glycine 49. Both

DsbC G49E and G49R are able to rescue the dsbA null phenotype. These mutants are able to



Discussion 79

restore motility as well as alkaline phosphatase activity in vivo. Both alkaline phosphatase and

the P ring of the flagellar motor need to be oxidized to be active (Bardwell et al., 1991; Dailey

and Berg, 1993). Restoration of these two activities indicates that the mutant DsbC proteins

are capable of restoring oxidative power to the periplasm. The G49 residue is located in the

core of the dimerization domain, and shows the highest degree of conservation of any of the

amino acids in DsbC, except for the active site cysteines. Substitution of glycine 49 for

arginine disrupts the ability of DsbC to form a stable dimer. This loss of function is

accompanied by the gain of a new function; monomeric DsbC acts as a donor of disulfide

bonds in vivo.

The finding that different dsbC mutants were able to rescue the dsbA null phenotype

raised the question of how these mutant proteins are reoxidized. Mutant DsbC proteins do not

rescue in the absence of a functional DsbB in vivo. This finding suggests that the mutant DsbC

proteins are reoxidized in vivo by DsbB, while wild-type DsbC is not. We tested this

observation in vitro and found that monomeric DsbC is reoxidized enzymatically by DsbB,

whereas wild type DsbC is not. We conclude, that the failure to form a functional dimer turns

DsbC into a substrate for DsbB. Hence, monomeric DsbC becomes part of the oxidative

pathway. These results demonstrate how the delicate balance between the oxidative and

reductive pathway is controlled by the dimerization of DsbC. It explains how DsbA and DsbC

exhibit rather different redox activities in the same cellular compartment without interfering

with each other.

5.7. DsbB recognizes the thioredoxin-fold, but does not oxidize periplasmic

proteins in general

It has been reported that thioredoxin or PDI, when exported to the periplasm, are able to

rescue a dsbA null phenotype (Debarbieux and Beckwith, 2000; Jonda et al., 1999). These

authors report that the observed rescue depends on the presence of the dsbB gene, suggesting

that thioredoxin and PDI get reoxidized by DsbB. According to our results, DsbB also

reoxidizes the thioredoxin fold of monomeric DsbC. The mutations that we selected map to

the N-terminal dimerization domain of DsbC and leave the thioredoxin domain unaffected.
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Further, the thioredoxin domain of DsbC alone is sufficient to rescue a dsbA mutant in a dsbB

dependent fashion. Thus, DsbB seems to be rather promiscuous in recognizing the thioredoxin

folds of DsbA, monomeric DsbC, thioredoxin and PDI. However, this promiscuity does not

interfere with disulfide bond isomerization in wild type cells because the thioredoxin fold of

wild type DsbC does not get oxidized by DsbB. It is very likely that DsbC evolved from

thioredoxin and that evolutionary pressure forced DsbC to find a mechanism whereby its

active site gets protected from DsbB. Apparently, this was achieved by the dimerization of the

thioredoxin domains of DsbC thus allowing DsbC to function as an isomerase despite the

presence of DsbB. It is reasonable to propose that evolution further selected DsbB for optimal

interaction with the thioredoxin fold of its native substrate DsbA. A more systematic study

will be necessary to determine precisely how DsbB recognizes thioredoxin folds and if there

are special features on DsbA which promote additional specificity. The crystal structures of

DsbA, DsbC, thioredoxin and the NMR structure of two PDI domains are available. A

structural alignment between these proteins could reveal conserved residues that are specific

for DsbA. Further, members of the thioredoxin superfamily often contain major insertions into

the thioredoxin fold. For instance in DsbA, the inserted sequence folds into an overall α-

helical domain whose function is not at all clear. This domain could be targeted by site-

directed mutagenesis to determine its role in the interaction between DsbA and DsbB. Site-

directed mutagenesis will also be a powerful tool to identify residues on DsbB, which interact

with DsbA. We have already obtained two DsbB mutants, which show a 6-10 fold higher Km

for DsbA as a substrate suggesting their involvement in DsbA recognition (Lu, Y., Bader,

M.W., Bardwell, J.C., unpublished). These mutants, Q33A and Y46F, do not show a

significantly altered Km for ubiquinone. We therefore conclude that Q33A and Y46F play a

specific role in the interaction with DsbA. The residues Y46 and Q33 have been targeted

because they are highly conserved. By choosing conservation as an important criteria for the

function of a particular residue, these studies can now be extended and will certainly lead to a

better understanding how DsbB recognizes its native substrate DsbA.

Early genetic results suggested that DsbB specifically reoxidizes DsbA, but fails to

directly oxidize periplasmic proteins in general (Bardwell et al., 1993). If it did oxidize

periplasmic proteins, a dsbA null mutant would not have such a severe defect in disulfide bond

formation. The identification of all the components required for the reoxidation of DsbA
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allowed us to link this enzymatic system to the oxidative folding of a protein substrate in vitro.

We decided to couple the DsbA-DsbB-quinone system with reduced RNase A as a protein

substrate. RNase A contains four disulfide bonds in its native state. When present in catalytic

amounts, DsbB did not catalyze the formation of disulfide bonds in denatured and reduced

RNase A as measured by its quinone reductase activity. Only in the presence of catalytic

amounts of DsbA, RNase A became oxidized. This clarifies the direction of disulfide and

electron flow during oxidative protein folding: DsbA is the immediate donor of disulfides

while DsbB does not act on folding proteins in our assay system. This agrees very well with

the in vivo situation as dsbA null mutants show a severe defect in disulfide bond formation

even if DsbB is overexpressed (Bardwell et al., 1993).

5.8. Remaining problems concerning disulfide bond isomerization in the

periplasm

In the periplasm, DsbC is kept in a reduced state by DsbD. In order to do so, DsbD must

distinguish between DsbC and DsbA since any cross-talk between DsbD and DsbA would

lead to the inactivation of the oxidative pathway. This is very similar to the problem of how

the cell avoids inactivation of the isomerization pathway due to DsbB. Further, DsbD also

contains a thioredoxin fold, which has to be protected from DsbB mediated oxidation. Once

again, it is quite puzzling how the thioredoxin folds of the various players of these systems,

despite their structural similarity, seem to be protected from destructive cycles of oxidation

and reduction. Very little is known about the actual mechanisms of how the isomerization

pathway operates. It is therefore likely that additional barriers exist between the two pathways,

which haven’t been identified yet.

Another very urgent problem concerning the isomerization pathway is how DsbD

transfers electrons across the membrane in order to keep DsbC in a reduced state. Electrons for

the reduction of DsbC originate from the cytosol. This was demonstrated by the observation

that null mutants in the genes for thioredoxin and thioredoxin reductase accumulate oxidized

DsbC (Rietsch et al., 1996). Thioredoxin is very likely to directly supply DsbD with reducing

power as has been concluded from the isolation of a mixed disulfide complex between
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thioredoxin and DsbD (Katzen and Beckwith, 2000). These authors also proposed that DsbD

mediated electron transfer occurs by disulfide exchange involving numerous cysteines of

DsbD. Although it is tempting to speculate that electrons are transferred via disulfide

exchange between the cysteines of DsbD, there is no actual proof for such a mechanism to

occur. There might be other yet unidentified cofactors such as quinones or metals, which bind

to DsbD and assist in electron transfer from the cytosol to the periplasm.

To investigate the mechanisms underlying the function of DsbD, it was necessary to

develop an assay for its catalytic activity. We therefore reconstituted the reductive pathway in

vitro with all the components needed in vivo (Riemer, J., Bader, M., Bardwell J., unpublished).

DsbD was purified from membranes to ~90% purity. We found that the reduction of

stoichiometric amounts of DsbC depends on the presence of catalytic amounts of purified

DsbD. Thioredoxin, thioredoxin reductase and NADPH are also present in our in vitro system

(Figure 31).
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now be employed. Purification of DsbD to homogeneity might answer if DsbD alone is

sufficient to drive electron transfer across the membrane or if additional cofactors are required.

Another problem concerning disulfide isomerization is the mechanism underlying the

action of DsbC in vivo. Our understanding of how DsbC interacts with substrate proteins is

very limited. To date, no E. coli protein that interacts with DsbC in vivo has been identified. In

E. coli, the DsbC homologue DsbG has been identified. It is quite puzzling why two

isomerases exist in the periplasm. The need for disulfide bond isomerization is less urgent in

E. coli since most proteins contain only one or two disulfide bonds. Therefore, DsbC and

DsbG might fulfil important functions distinct from their roles as isomerases. We have shown

that DsbG acts as a chaperone in vitro (Shao et al., 2000). In vitro chaperone activity has also

been reported for DsbC (Chen et al., 1999). It is, however, not clear whether the chaperone

activities of DsbC and DsbG are important for the efficient folding of periplasmic proteins.

Compared to the cytosol, the periplasm seems to lack general chaperones. Most periplasmic

chaperones, which have been identified, act specifically on a subset of proteins. For example,

pilus subunits are stabilized by the Pap chaperone pathway, and outer membrane protein

maturation is assisted by the periplasmic chaperone Skp (Missiakas and Raina, 1997). In most

cellular compartments, Hsp60 and Hsp70 homologues await the translocated polypeptide

chain in order to prevent mis-folding and aggregation (Beissinger and Buchner, 1998). No

such general chaperones have been identified in the periplasm. This is where DsbC and DsbG

could perform an important function by recognizing translocated proteins independent of

whether they contain disulfide bonds or not. Consistent with their roles as molecular

chaperones, the expression of DsbC and DsbG is up-regulated during the periplasmic unfolded

protein response. The latter is induced under conditions that promote the unfolding and

aggregation of proteins; conditions that are known to require increased levels of molecular

chaperones in the cell (Missiakas and Raina, 1997).
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5.9. Conclusion

This thesis answers some fundamental questions about the mechanisms that drive oxidative

protein folding in E. coli. The ultimate source of oxidizing equivalents for disulfide bond

formation was demonstrated to arise from the electron transport system, under both aerobic

and anaerobic conditions. This driving force for oxidative protein folding has long remained

mysterious, for a now obvious reason. E. coli possess a highly flexible electron transport

chain, which permits the reoxidation of DsbB under nearly all growth conditions. This

flexibility prevented the isolation of mutants different from dsbA or dsbB, which display a

defect in disulfide bond formation. It was therefore necessary to employ a biochemical

approach by reconstituting the whole oxidative pathway in vitro. This in vitro reconstitution

further led to the identification of a novel enzymatic activity displayed by DsbB, which allows

the reduction of quinones in conjunction with the formation of disulfide bonds. By reducing

quinones, DsbB thus provides a direct link between the reoxidation of DsbA and the quinone

pool of the inner membrane.

This work further offers a reasonable explanation how two distinct pathways, one for

disulfide bond formation and one for disulfide isomerization, are able to coexist without

interfering with each other. The molecular mechanism for this coexistence was shown to

originate from the dimerization of DsbC. If present as a monomer, DsbC becomes a substrate

for DsbB and thus converts to the oxidative pathway. This finding let us reveal an important

molecular barrier between the two pathways, which is due to the dimerization of DsbC.

Further barriers might exist between DsbD and the oxidative pathway in order to avoid

leakage of electrons from the cytosol through DsbD to the DsbA-DsbB system.

Although we now possess a broad picture of the distinct electron pathways during

oxidative protein folding, it remains to be seen how exactly electrons are passed through the

central membrane proteins DsbB and DsbD. It is therefore necessary to analyze the

mechanism of these two proteins in vitro. The mode of interaction between DsbB and its

immediate electron acceptor ubiquinone will certainly increase our understanding of how

DsbB passes off electrons to the electron transport chain. On the other hand, the mechanism of

how DsbD shuttles electrons through the membrane is less clear. Our in vitro approach with
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the DsbC-DsbD system, might reveal additional cofactors that play a role in electron transfer

from the cytosol to the periplasm.

Future work on the two disulfide isomerases DsbC and DsbG might show how these

proteins interact with their native substrate proteins. It is of great interest to identify particular

in vivo substrates for these catalysts. The interaction of DsbC and DsbG with their native

substrates can then be studied in vivo and in vitro, and in conjunction with structural

information, might lead to a better understanding of the mechanisms that drive disulfide

isomerization.

Ten years after the discovery of the first Dsb protein, there is still a lot to learn about

the Dsb protein family. Multiple genetic, biochemical and structural approaches will be

required to solve the remaining puzzles of this fascinating system.
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6. Experimental Procedures

6.1 Materials & Methods for Chapter 4.1

6.1.2. Construction of a DsbB mutant lacking the non-essential cysteines

A dsbB mutant that lacks the two nonessential cysteines C8A, C49V was constructed by PCR

mutagenesis using the following primers: CB8 (5’-CCCCCGCATGCTGCGATTTTTGA

ACC-3’), CB9 (5’-GGAAGATCTGCGACCGAACAGATCACG-3’), WM4 (5’-GCCG

AATAACGCCGACGCGTTCATAATTA-3’) and WM3 (5’-TGAACGCGTCGGGTTATT

CGGCGTTCTG-3’). This mutation was cloned into the expression plasmid pQE70 (Qiagen).

The entire sequence of the dsbB coding region was verified. These cysteines were changed to

alanines because it prevents the disulfide linked aggregation behavior, which the wild type

DsbB protein is susceptible to. These cysteines are not conserved, and substituting them by

mutation has no deleterious effect on function either in vivo or in vitro. The C8A, C49V DsbB

protein is referred to in this thesis simply as DsbB. Construction of expression plasmids for

DsbB mutants lacking various essential cysteines was performed by cloning mutations

previously constructed by Jander (Jander et al., 1994) into pQE70. Additional mutagenesis

was performed on these plasmids using primer WM7 (5’AGGAGAAATTAAGCA

TGCTGCGATTTTTGAACCAATGTTCACAAGGCCG-3’) and the primers described above,

to generate three mutant dsbB genes: one that contained no cysteines whatsoever, one that

contained only C40 and C44, and one that contained only C104 and C130.

6.1.2. Growth of strains

The strains used for this study are shown in Table 4. The DsbB overproducing strain WM76

was grown to OD600 = 1.0 in one liter of LB containing 100 µg/ml ampicillin in 5 liter baffled

shaker flasks, induced with 15 µM IPTG, and harvested 4 hrs after induction. JCB819 and

GL101 were grown in LB and harvested after cells had reached stationary phase. DS187 was

grown in LB into mid-log phase. DS253, which lacks both the terminal oxidases, was grown
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under anaerobic conditions. LB (500 ml) was inoculated from a single colony and grown for at

least 24 hrs in sealed containers containing an atmosphere of H2 and CO2 (GasPak Anaerobic

System, BBL Microbiology Systems) without shaking at 30 °C.

GO103/pJRhisA and GO105/pTK1 were generous gifts from Dr. Robert Gennis,

University of Illinois. These strains overexpress cytochrome bo and cytochrome bd terminal

oxidase, respectively, and were grown essentially as described before (Kaysser et al., 1995;

Rumbley et al., 1997).

Table 4.  Strains and Plasmids
Strain/Plasmid Genotype Reference/Source

WM76 DH5α  pWM76 placIq -tet this work

JCB819 MC1000 dsbB::kan5 phoR malF-lacZ102

zih::Tn10

lab collection

ZK126 W3110 ∆lacU169 tna-2 Siegele, D., Texas A+ M

DS187 W3110 ∆lacU169 tna-2 ∆cyd::cam Siegele, D., Texas A+ M

DS253 ZK126 ∆cyd::cam ∆cyo::kan Siegele, D., Texas A+ M

GL101 ∆cyo::kan Gennis, R., U of Illinois

GO105/pTK1 ∆(cydAB’)455, z bg - 2200::KmR cyo, recA, srl-

300::Tn10 mcrA, F’ [lacIq∆(lac Z)M15, proAB+]

Gennis, R., U of Illinois

GO103/pJRhisA ∆cyd::kan Gennis, R., U of Illinois

MB21 ZK126 zjd::Tn10 ∆(frdABCD)18 this work

pWM76 dsbB C8A, C49V this work

pTK1 cydA+, cydB+ Gennis, R., U of Illinois

pJRhisA cyoA+, cyoB-histag+, cyoC+, cyoD+ Gennis, R., U of Illinois

6.1.3. Preparation of membranes

All steps were carried out at 4 °C. Cells were centrifuged for 20 min at 5000 x g and

resuspended in 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM PMSF. The suspension was

passed through a French pressure cell twice at 16,000 psi and centrifuged for 20 min at

10,000xg to remove cell debris. Membranes were prepared from the supernatant by

ultracentrifugation at 100,000 x g for 1.5 hrs in a Beckman type 50.2Ti rotor. The membrane
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pellet was resuspended in 50 mM sodium phosphate pH 8.0, 300 mM NaCl unless otherwise

noted.

6.1.4. Purification of proteins

DsbB protein

DsbB was purified over a Ni-NTA column (Qiagen) from an overexpressing strain as

described before (Bader et al., 1998). Minor contaminating proteins were removed either by

precipitating the protein at pH 4.5 or by hydroxyapatite chromatography. The pH 4.5

precipitation step involved simple dialysis overnight against 50 mM sodium citrate pH 4.5,

300 mM NaCl, followed by centrifugation 40,000 x g. The DsbB remained soluble at this pH

but contaminates were insoluble. The hydroxyapatite chromatographic step was performed as

follows: DsbB containing fractions from the Ni-NTA column were pooled and loaded directly

onto a 10 ml Hydroxyapatite (Biorad) column equilibrated with 50 mM sodium phosphate pH

8.0, 300 mM NaCl, 0.02 % n-Dodecyl-β-D-maltoside (Anatrace). The column was then

washed with 50 mM sodium phosphate pH 6.2, 100 mM NaCl, 0.02% n-Dodecyl-β-D-

maltoside and DsbB was eluted with a linear 120 ml gradient ranging from 50 mM to 500 mM

sodium phosphate pH 6.2, 0.02 % n-Dodecyl-β-D-maltoside. Contaminate-free fractions were

pooled, concentrated and dialyzed against 10 mM Hepes pH 7.5, 300 mM NaCl. DsbB was

stored at – 70 °C.

DsbB activating factor #1

The first DsbB activating factor was purified from membranes as follows: membranes isolated

from JCB819 (dsbB::kan5) were resuspended and solubilized in 50 mM sodium phosphate pH

8.0, 100 mM NaCl, 1 mM PMSF, 0.5 % n-Dodecyl-β-D-maltoside for 1.5 hrs at a protein

concentration of 5-10 mg/ml. The sample was then centrifuged at 100,000 x g. Solid

ammonium sulfate was added to 60 % saturation, stirred for 10 min and centrifuged at 13,000

x g.  The supernatant was collected and dialyzed over night versus 50 mM sodium phosphate

pH 8.0, 100 mM NaCl, 1 mM EDTA. The sample was loaded onto a 25 ml Q-Sepharose

column (Pharmacia) that has been equilibrated with the dialysis buffer containing 0.02 % n-
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Dodecyl-β-D-maltoside. The column was eluted with a 150 ml gradient from 100-250 mM

NaCl. Fractions were tested for their ability to reactivate DsbB, pooled and loaded onto a 10

ml hydroxyapatite. This column was equilibrated with 50 mM sodium phosphate pH 8.0, 100

mM NaCl, 0.02 % n-Dodecyl-β-D-maltoside. After loading of the sample, the column was

washed with 200 mM sodium phosphate pH 6.8, 0.02% n-Dodecyl-β-D-maltoside.  The DsbB

activating component was eluted with 500 mM sodium phosphate pH 6.8, 0.02 % n-Dodecyl-

β-D-maltoside and dialyzed o/n versus 25 mM Bis-Tris pH 6.4, 20 mM NaCl, 1 mM EDTA.

After dialysis it was further purified over a 10 ml PBE-94 chromatofocusing column

(Pharmacia) equilibrated with the same buffer plus 0.02 % n-Dodecyl-β-D-maltoside. The

column was washed with two column volumes of equilibration buffer and eluted with

PolybufferTM 74-HCl (1:8) pH 4.0. Fractions were tested in the fluorescence assay and those

who could reactivate DsbB were pooled, concentrated and dialyzed versus 25 mM sodium

phosphate pH 7.0, 100 mM NaCl. The sample was further analyzed by SDS-PAGE and

UV/Vis spectroscopy. To obtain spectra of a reduced sample a few grains of sodium dithionite

were added to the cuvette and the spectra was recorded. N-terminal sequencing was carried out

at the University of Michigan protein sequencing core.

DsbB activating factor #2

The second DsbB activating factor was purified from n-Dodecyl-β-D-maltoside extracted

membranes (DS187). The sample was loaded onto a DEAE column equilibrated with 20 mM

Tris-HCl pH 8.0, 20 mM NaCl, 0.02 % n-Dodecyl-β-D-maltoside. The second DsbB

activating factor eluted >200 mM NaCl and was loaded directly onto a hydroxyapatite column

equilibrated with 10 mM sodium phosphate pH 7.4, 20 mM NaCl, 0.02 % n-Dodecyl-β-D-

maltoside. The column was then washed with a 100 ml gradient from 10 to 400 mM sodium

phosphate pH 7.4, 0.02 % n-Dodecyl-β-D-maltoside. The DsbB activating factor was eluted

with 700 mM sodium phosphate pH 7.4, 0.02 % n-Dodecyl-β-D-maltoside.
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Cytochrome oxidases

The cytochrome bo terminal oxidase was purified from GO103/pJRhisA over Ni-NTA

according to a published procedure (Rumbley et al., 1997). For the purification of cytochrome

bd oxidase from GO105/PTK1 we followed the protocol described by (Kaysser et al., 1995),

except that n-Dodecyl-β-D-maltoside was used as a detergent.

DsbA

DsbA was purified essentially as described by (Wunderlich and Glockshuber, 1993).

All proteins purified from overexpression strains were >95 % pure as judged by SDS-PAGE.

6.1.5. Km determination for oxygen

To determine the Km value for oxygen as a substrate of the disulfide catalytic system, rapid

kinetic measurements under anaerobic and partially aerobic conditions were performed on a

Hi Tech Scientific Model SF-61 stopped flow flourospectrophotometer scrubbed to remove

any trace of oxygen (Bull and Ballou, 1981). To achieve different concentrations of oxygen as

substrate, two tonometers were used. One tonometer contained purified DsbB and the other

contained DsbA.  Initially each tonometer was rendered completely anaerobic by equilibration

with oxygen scrubbed argon exchanged 12 times over 25 minutes. The lack of oxygen was

verified by lack of DsbB catalyzed DsbA oxidation. Next, the tonometer containing DsbA was

equilibrated to various concentrations of oxygen ranging from 0.1% to 20 % O2 at 22.5oC.  It

was assumed that the resulting O2 concentration in each fast flow mixed reaction would  be

one half of the amount equilibrated into the single tonometer. Initial trials revealed virtually no

change in the rate of the initial reaction until a concentration of less than 40 µM oxygen was

present. Thus the Km value for oxygen was estimated to be <40 µM. To obtain various low

concentrations of oxygen ranging between 0 and 50 µΜ, the DsbA tonometer was equilibrated

with 5% oxygen and then mixed with known concentrations of protocatechuate (PCA) and

protocatechuate dioxygenase (PCD) to deplete a specific amount of the oxygen out of the

tonometer before being used in the DsbB/DsbA reaction. When reactions were carried out at

sub-stoichiometric levels of O2 the point in the reaction curve where oxygen was depleted was
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denoted by a sharp termination in the progress curve, which in itself also indicates a small Km

value for oxygen. In later trials it was discovered that the PCA/PCD was not necessary to

scrub the oxygen in the tonometer to a known value. When 5% or less O2 is introduced into an

extensively degassed tonometer the measurable oxygen concentration was observed to slowly

decline. This is probably because the Teflon™ washers in the prefire chamber are extracting

oxygen out of the solution.  Teflon is know to have a high affinity for oxygen. We exploited

this phenomenon to rapidly generate initial velocity measurements at a large number of low

oxygen tensions. By calculating the extent of DsbA oxidized via its fluorescence quench in the

completed reaction, we were able to determine the oxygen concentration actually present in

the reaction. From a plot of the initial reaction rate versus the observed oxygen concentration a

Km value for oxygen was calculated.

6.1.6. Activity assay

The activity of DsbB can be followed by monitoring the redox state of its in vivo substrate

DsbA using fluorescence spectroscopy (Bader et al., 1998). DsbA was reduced by incubation

with 10 mM DTT. DTT was removed by gel filtration using a PD-10 column and stored in

distilled water 0.1 mM EDTA at –70 °C. The reoxidation of DsbA in the presence of DsbB in

50 mM sodium phosphate pH 6.0, 300 mM NaCl, 0.5 mM EDTA at 30 °C was followed by

fluorescence change, using an excitation wavelength of 295 nm and an emission wavelength

of 330 nm. The assay volume was 600 µl. The quinone reaction used the same buffer plus

0.1% n-Dodecyl-β-D-maltoside. The rates expressed in terms of µmoles DsbA per µmoles

DsbB min-1 were derived from the initial linear fluorescence decrease by using a ratio of

fluorescence of reduced DsbA / oxidized DsbA = 3.4 at pH 6.0. Spontaneous air oxidation of

DsbA is negligible for this period of time.
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6.1.6. Determination of the periplasmic redox state in vivo

The isogenic strains ZK126, DS253 and MB21 were transformed with pUC18 in order to

introduce a source of ß-lactamase. JCB819 dsbB::kan5 transformed with the same plasmid

served as a disulfide defective control strain. An overnight culture grown in LB glucose was

used to dilute cells 1:500 into minimal media supplemented with 0.4 % glucose and 0.1 %

casamino acids. Anaerobic growth was carried out in sealed jars (GasPak Anaerobic System,

BBL Microbiology Systems) for 24 hrs.  Disulfide exchange was prevented by trapping with

0.1 M iodoacetamide in 50 mM Tris pH 8.5 for 10 min at 37 °C. Protein was precipitated with

8 % TCA and resuspended in 0.9 M Tris pH 8.5, 1 % SDS, 0.5 mM EDTA, 0.1 M

iodacetamide. The oxidized form of ß-lactamase was separated from its reduced form on 14 %

SDS-PAGE, blotted onto nitrocellulose and detected with anti-ß-lactamase antibody (5-prime-

3-prime Inc.).

6.1.7. Protein determination

Total membrane protein concentration was determined by Sigma Protein Kit, which is based

on the method of Lowry. The concentration of DsbB in membranes was determined as

described (Bader et al., 1998). An absorption coefficient of 47.9 mM-1cm-1 at 280 nm was

used to calculate the concentration of DsbB. The concentration of cytochrome bo and bd

oxidase was determined as described before (Kita et al., 1984; Miller and Gennis, 1983).
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6.2. Materials & Methods for Chapter 4.2

6.2.1. Purification of proteins

DsbA and DsbC were purified essentially as described before (Bader et al., 1998; Darby et al.,

1998b). DsbB was purified from membranes prepared from the DsbB overexpression strain

WM76. The membranes were solubilized in 1% n-dodecyl-maltoside. The his-tagged DsbB

was then bound to a nickel-NTA column, that had been equilibrated with 50 mM sodium

phosphate pH 8.0, 300 mM NaCl, 0.02 % n-dodecyl-maltoside, by passing the solubilized

membranes over the column at a flow rate of 0.2 ml/min. The column was washed with the

same buffer containing 50 mM imidazole. DsbB was eluted with a linear imidazole gradient

ranging from 50-300 mM. Fractions containing DsbB were pooled and loaded directly onto a

hydroxyapatite column equilibrated with 50 mM sodium phosphate pH 6.2, 100 mM NaCl,

and 0.1 % n-dodecyl-maltoside. DsbB was eluted from the column with a linear gradient in a

buffer that contained 300 mM NaCl, 0.1 % n-dodecyl-maltoside, and sodium phosphate

ranging in concentration from 50-500 mM. Fractions containing purified DsbB were

concentrated to 5 mg/ml and dialyzed versus 10 mM Hepes pH 7.5, 50 mM NaCl. The protein

was stored at – 70 °C without loss of activity for > 6 months. The DsbB concentration was

determined after reduction of protein bound quinone with NaBH4 using the extinction

coefficient of ε276= 46.5 mM-1.

DsbC and DsbA were reduced by incubation in 10 mM DTT for 20 min on ice. Proteins were

purified from DTT by PD-10 (Pharamacia) gel filtration in 20 mM Hepes pH 7.5, 0.5 mM

EDTA. The thiol content was measured with DTNB as described (Riddles et al., 1983). DsbA

and DsbC were >95 % reduced and stored at –70 °C until use.

6.2.2. Enzymatic Assay

DsbB activity was followed in 50 mM sodium phosphate pH 6.0, 300 mM NaCl, 0.1 % n-

dodecyl-maltoside at 25 °C. Reoxidation of DsbA was measured with a Hitachi fluorescence

spectrophotometer as described before (Bader et al., 1998). The reduction of ubiquinone
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analogues was measured photometrically (Beckman). Q0C10 reduction was followed at 275 nm

with an extinction coefficient of 12.25 mM-1. The reaction was started by the addition of a

small volume of DsbB. The concentration of DsbB was between 0.5-5 nM and was linear to

the initial velocity over this range of enzyme concentration.

For steady state kinetics, initial rates were derived from the linear decrease of either

fluorescence of DsbA or ubiquinone. The rates were transformed into nM DsbA per second or

nM quinone per second, and plotted against the concentration of substrate. The data were

fitted to a hyperbola, and Vmax and Km values were obtained from the fit.

6.2.3. Identification of ubiquinone bound to DsbB

Absorbance of DsbB was recorded from 240-390 nm in 50 mM sodium phosphate pH 6.0, 300

mM NaCl, 0.1 % n-dodecylmaltoside. Ubiquinones were reduced by adding few grains of

solid sodium borohydride to the cuvette and mixing thoroughly. After 5 min incubation at

room temperature, the reduced spectrum was recorded from 240-390 nm. Employing an

absorption coefficient of ∆ε275=12.25 mM-1, the amount of bound ubiquinone was calculated.

 The quinone species bound to DsbB was identified and quantified by high performance liquid

chromatography (HPLC). Methanol (-20 °C) was added to 1.4 ml DsbB (4.4 mg/ml) to yield a

final volume of 10 ml and vortexed immediately. Ubiquinone was extracted with 4 x 15 ml

hexane. The sample was dried by evaporation of the solvent and dissolved in 5 ml

diethylether. The sample was dried again, dissolved in 0.5 ml 95% ethanol, filtered through a

0.2 µm membrane, and loaded onto a Microsorb-MV  reverse phase column (C8, 5 µm).

Coenzymes Q1, Q2, Q8, and Q10 were used as standard quinone compounds for HPLC.

Coenzyme Q8 was extracted from E. coli membranes by following a published procedure

(Redfearn, 1967). Ubiquinones were eluted from the column with a linear gradient ranging

from 90% to 100% methanol (v/v). The flow rate was 0.8 ml/min. The ubiquinone species

bound to DsbB was identified and quantified based on the retention time and peak area of

known standard coenzyme Qs.
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6.2.4. Titration of DsbB’s ubiquinone binding site with external quinone

Purified DsbB was washed with 10 volumes of titration buffer containing 50 mM K+/Na+

phosphate pH 7.4, 1.0 % sodium cholate prior to quinone titration. This was done because

sodium cholate generally improves the signal obtained during quinone titrations over that

obtained in the presence of dodecyl-maltoside. Indeed no signal could be detected for DsbB in

the presence of 0.1% dodecyl-maltoside, but a good signal was detected in the sodium cholate

detergent. Titration experiments were performed in a total volume of 1 ml at a DsbB

concentration of 0.44 mg/ml (22 µM). 2,3-Dimethoxy-5-methyl-6-(10-bromo)-decyl-1,4-

benzoquinone (Q0C10Br) was added stepwise in 1 µl volumes from a 5 mM stock solution.

After the addition of 1 µl quinone solution, the sample was incubated for 15 min at room

temperature and the spectra was recorded from 240 nm to 340 nm. The absorbance change at

280 nm upon addition of Q0C10Br was plotted against the concentration of quinone added to

the cuvette. A titration experiment in the absence of DsbB was performed as a control and

showed basically the same change in absorbance for each µl of added quinone.

6.2.5. Preparation of denatured and reduced RNase A

RNase A was incubated in 6 M GdmCl, 120 mM DTT, 0.2 mM EDTA for 1.5 hrs at 37 °C.

The buffer was exchanged to 0.1% acetic acid by PD-10 gelfiltration. The column was

equilibrated in 0.1 % acetic acid. Reduced denatured RNase A was quantified by using

ε275.5=9.3 mM-1 while an absorbance coefficient of ε275.5=9.8 mM-1 was used for the native

protein. Oxidative refolding was initiated by dilution of  drRNase into DsbB assay buffer (50

mM sodium phosphate pH 6.0, 300 mM NaCl, 0.1 % n-dodecyl-maltoside). The buffer also

contains 0.1 µM DsbB, 50 µM Q-1 and 0.1-1.0 µM oxidized DsbA. The final concentration of

drRNase was 10 µM. Oxidative refolding was monitored by following the reduction of Q0C10

at 275 nm. Q0C10 reduction was dependent on the presence of catalytic quantities of oxidized

DsbA. To test whether RNase A gained catalytic activity after exposure to the DsbA-DsbB-

system, aliquots were taken and diluted 1:10 into the same buffer containing 5 mM cCMP.

Native RNase catalyses the hydrolysis of cCMP which can be monitored at 296 nm
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(∆ε296=0.19 mM-1). Activity was monitored in the presence or absence of the reduced disulfide

isomerase DsbC (10 µM final concentration). Native RNase served as a positive control under

the same assay conditions.
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6.3. Materials & Methods for Chapter 4.3

6.3.1. Bacterial strains and plasmid constructs

The strains and plasmids used in this study are shown in Tables 5 and 6. Mutations were

introduced into the dsbC gene using the Stratagene QuikChange Kit. The forward primers

used are listed in Table 6. A DsbC variant (pMB96) lacking the first 76 amino acids of the

native protein was constructed following the Stratagene Exsite Protocol with some

modifications. In brief, whole plasmid pMB69 was amplified by PCR using the

phosphorylated primers listed in Table 2. The linear PCR product was ligated in vitro, DpnI

digested and transformed into XL1-blue. Transformants were screened by the loss of a BsmI

site. All variants were confirmed by sequence analysis of the entire dsbC gene.

Table 5. Strains  and plasmids used in this study

strain genotype

MC1000 araD139, ∆[ara-leu]7679, galU, galK, ∆ [lac]174, rpsL, thi-1

JCB816 MC1000 phoR

JCB817 MC1000 phoR dsbA-

JCB818 MC1000 phoR dsbA-, dsbB-

BL21 (DE3) F¯ ompT hsdSB (rB¯mB¯) gal [dcm] [lon]

plasmid genotype

pMB69 pBAD33a with dsbC

pMB89 pBAD33a with dsbC G49R

pMB90 pBAD33a with dsbC G49E

pMB91 pBAD33a with dsbC M27K

pMB92 pBAD33a with dsbC I47K

pMB93 pBAD33a with dsbC V54K

pMB94 pBAD33a with dsbC H45D

pMB96 pBAD33a with dsbC ∆1-76

pMB66 pET22 with dsbC G49R

pMB78 pET28a with dsbC H45D
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Table 6. Primers used in this study

pMB89 5’-AAACATATCATTCAGAGGCCTAT GTATGACGTTAGTGGCACGGC

pMB90 5’-AAACATATCATTCAGGAGCCCATGTATGACGTTAGTGGCACGGC

pMB91 5’-CGCCTGTAGCTGGCAAGAAGACAGTGTTAACTAACAGCG

pMB92 5’-GATGATGGTAAACATATCAAGCAGGGCCCAATGTATGACGTTAG

pMB93 5’-GGGGCCAATGTATGACAAGAGTGGTACCGCTCCGGTCAATGTCACC

pMB94/pMB78 5’-CATCACCGATGATGGTAAAGATATCATTCAGGGGCC

pMB96 5’-P-GAGATGATCGTTTATAAAGCGCCG

5’-P-AGCCTGAGCAAAGCCTGAAAACG

pMB66 5’-AAACATATCATTCAGAGGCCTATGTATGACGTTAGTGGCACGGC

Random mutagenesis of the dsbC gene was carried out in the Stratagene XL-1 Red Epicurean

Coli mutator strain (Stratagene). Plasmid pMB69 containing wild type dsbC was transformed

into XL-1 Red. pMB69 is derived from pBAD33a (Guzman et al., 1995), and was obtained

from George Gergiou (University of Texas). The XL1-red strain lacks three key enzymes for

DNA repair, which leads to a 5000 fold increase in mutation rate. DNA extracted from about

1500 individual colonies was pooled and electroporated into the dsbA null mutant JCB817.

Mutant colonies that conferred a dsbA+ phenotype were selected by their ability to swim

through 0.3% agar minimal media plates motility plates. Transformants from each library were

pooled and serially diluted in 150 mM NaCl. 100 µl of these dilutions were added to 4 ml

cooling motility medium containing 0.05% arabinose and poured on top of a portion of pre-

poured motility plates. Plates were incubated at 370C until motile puffs arose that were

moving into the portion of the motility plates that had not been overlaid with the mutagenized

library (approximately 48 hours). Motile puffs were streaked out onto chloramphenicol plates.

Plasmids from these colonies were extracted and retransformed into JCB817. For all of these

strains motility depended upon the supplementation of the media with arabinose, suggesting

that expression of DsbC was necessary for their motility. Stabbing a single colony onto

minimal plates containing 0.3% agar assessed the motility of these colonies. The minimal

media contained  0.4 % glycerol, 0.2 % arabinose, 0.2% ammonium sulfate, 1 mM magnesium

sulfate, 0.1% casamino acids, 2 µg/ml biotin, 2 µg/ml nicotinamide, 0.2 µg/ml riboflavin, 2

µg/ml thiamin.
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6.3.2. Expression and purification of proteins

The DsbC variant G49E was purified over anion exchange chromatography as has been

described previously for wild type DsbC (Missiakas et al., 1994). His tagged wildtype DsbC

and the variant H45D were purified over HiTrap Chelating columns (Pharmacia) charged with

Nickel according to the manufacturer’s manual. DsbA and DsbC were reduced with 10 mM

DTT, excess DTT was removed by gel filtration on PD10 columns (Pharmacia). All proteins

were >95% pure after purification.

6.3.3. Biochemical assays

In vivo alkaline phosphatase activity was measured using cells prepared from 25 ml over night

cultures grown in the same minimal media as described above. The OD600 for each culture was

measured and 1 ml of each o/n (1:10) was trapped with 1 M iodacetamide for 20 min at 0 ˚C.

The cells were then washed with ice cold 67 mM MOPS, 83 mM sodium chloride, 13 mM

ammonium chloride, pH 7.3, supplemented with 10 mM magnesium chloride and 10 mM

iodacetamide. The washed cells were used in the assay previously described (Boyd et al.,

1993; San Millan et al., 1989). The substrate used was Sigma 104 (Sigma Diagnostics).

DsbB activity was determined by measuring its quinone reductase activity at 275 nm. In brief,

20 µM decyl-ubiquinone (Q0C10) was incubated with reduced DsbC H45D in 100 mM sodium

phosphate pH 6.0, 0.1 % Dodecyl-maltoside. The reaction was started by the addition of DsbB

to a final concentration of 1 µM. Such a high concentration of DsbB was necessary to observe

DsbB mediated oxidation of dimeric DsbC in vitro. As a control, quinone reduction was

determined in the presence of wild type DsbC.

Analytical gel filtration of DsbC variants was performed on Sephadex 200 (Pharmacia) in 10

mM Hepes pH 7.5, 300 mM NaCl. Wildtype DsbC served as a control. The presence of the

His-tag did not affect the retention time on this column as compared to the protein without a

His-tag. The Sigma low molecular weight gel filtration standard was used to generate a

standard curve in order to obtain apparent molecular weights for DsbC variants.



Experimental Procedures100

6.3.4. Structure analysis

Residues buried in the dimer interface area were calculated using CNS (Brunger et al., 1998).

The program O (Jones et al., 1991) was used to visualize the structure and to determine atom

distances. Molecular surface representations were generated by GRASP (Nicholls et al.,

1991). Coordinates for DsbC are available at the Protein Data Bank (accession code 1eej).



Literature 101

7. Literature

1. Abramson, J., Riistama, S., Larsson, G., Jasaitis, A., Svensson-Ek, M., Laakkonen, L.,

Puustinen, A., Iwata, S. and Wikstrom, M. (2000) The structure of the ubiquinol oxidase

from escherichia coli and its ubiquinone binding site. Nat. Struct. Biol., 7, 910-917.

2. Akiyama, Y., Kamitani, S., Kusukawa, N. and Ito, K. (1992) In vitro catalysis of

oxidative folding of disulfide-bonded proteins by the Escherichia coli dsbA (ppfA) gene

product. J. Biol. Chem., 267, 22440-22445.

3. Andersen, C.L., Matthey-Dupraz, A., Missiakas, D. and Raina, S. (1997) A new

Escherichia coli gene, dsbG, encodes a periplasmic protein involved in disulphide bond

formation, required for recycling DsbA/DsbB and DsbC redox proteins. Mol. Microbiol.,

26, 121-132.

4. Anfinsen, C.B. (1973) Principles that govern the folding of protein chains. Science, 181,

223-229.

5. Anfinsen, C.B., Haber, E., Sela, M. and White, F.H. (1961) The kinetics of formation of

native ribonuclease during oxidation of the reduced polypeptide chain. Proc. Natl. Acad.

Sci. U S A, 47, 1309-1314.

6. Bader, M., Muse, W., Zander, T. and Bardwell, J. (1998) Reconstitution of a protein

disulfide catalytic system. J. Biol. Chem., 273, 10302-10307.

7. Bardwell, J.C. (1994) Building bridges: disulphide bond formation in the cell. Mol.

Microbiol., 14, 199-205.

8. Bardwell, J.C., Lee, J.O., Jander, G., Martin, N., Belin, D. and Beckwith, J. (1993) A

pathway for disulfide bond formation in vivo. Proc. Natl. Acad. Sci. U S A, 90, 1038-

1042.

9. Bardwell, J.C., McGovern, K. and Beckwith, J. (1991) Identification of a protein

required for disulfide bond formation in vivo. Cell, 67, 581-589.

10. Beissinger, M. and Buchner, J. (1998)  How chaperones fold proteins. Biol. Chem., 379,

245-259

11. Belin, P., Quemeneur, E. and Boquet, P.L. (1994) A pleiotropic acid phosphatase-

deficient mutant of Escherichia coli shows premature termination in the dsbA gene. Use



Literature102

of dsbA::phoA fusions to localize a structurally important domain in DsbA. Mol. Gen.

Genet., 242, 23-32.

12. Bessette, P.H., Cotto, J.J., Gilbert, H.F. and Georgiou, G. (1999) In vivo and in vitro

function of the Escherichia coli periplasmic cysteine oxidoreductase DsbG. J. Biol.

Chem., 274, 7784-7792.

13. Bolhuis, A., Venema, G., Quax, W.J., Bron, S. and van Dijl, J.M. (1999) Functional

Analysis of paralogous thiol-disulfide oxidoreductases in Bacillus subtilis. J. Biol.

Chem., 274, 24531-24538.

14. Boyd, D., Traxler, B. and Beckwith, J. (1993) Analysis of the topology of a membrane

protein by using a minimum number of alkaline phosphatase fusions. J. Bacteriol., 175,

553-556.

15. Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P., Grosse-Kunstleve,

R.W., Jiang, J.S., Kuszewski, J., Nilges, M., Pannu, N.S., Read, R.J., Rice, L.M.,

Simonson, T. and Warren, G.L. (1998) Crystallography & NMR system: A new software

suite for macromolecular structure determination. Acta Crystallogr., 54, 905-921.

16. Bull, C. and Ballou, D.P. (1981) Purification and properties of protocatechuate 3,4-

dioxygenase from Pseudomonas putida. A new iron to subunit stoichiometry. J. Biol.

Chem., 256, 12673-12680.

17. Chen, J., Song, J.L., Zhang, S., Wang, Y., Cui, D.F. and Wang, C.C. (1999) Chaperone

activity of DsbC. J. Biol. Chem., 274, 19601-19605.

18. Chung, J., Chen, T. and Missiakas, D. (2000) Transfer of electrons across the

cytoplasmic membrane by DsbD, a membrane protein involved in thiol-disulphide

exchange and protein folding in the bacterial periplasm. Mol. Microbiol., 35, 1099-1109.

19. Cotter, P.A., Chepuri, V., Gennis, R.B. and Gunsalus, R.P. (1990) Cytochrome o

(cyoABCDE) and d (cydAB) oxidase gene expression in Escherichia coli is regulated by

oxygen, pH, and the fnr gene product. J. Bacteriol., 172, 6333-6338.

20. Couprie, J., Vinci, F., Dugave, C., Quemeneur, E. and Moutiez, M. (2000) Investigation

of the DsbA mechanism through the synthesis and analysis of an irreversible enzyme-

ligand complex. Biochemistry, 39, 6732-6742.



Literature 103

21. Crooke, H. and Cole, J. (1995) The biogenesis of c-type cytochromes in Escherichia coli

requires a membrane-bound protein, DipZ, with a protein disulfide isomerase-like

domain. Mol. Microbiol., 15, 1139-1150.

22. Cuozzo, J.W. and Kaiser, C.A. (1999) Competition between glutathione and protein

thiols for disulphide-bond formation [see comments]. Nat. Cell Biol., 1, 130-135.

23. Dailey, F.E. and Berg, H.C. (1993) Mutants in disulfide bond formation that disrupt

flagellar assembly in Escherichia coli. Proc. Natl. Acad. Sci. U S A, 90, 1043-1047.

24. Darby, N.J. and Creighton, T.E. (1995a) Catalytic mechanism of DsbA and its

comparison with that of protein disulfide isomerase. Biochemistry, 34, 3576-3587.

25. Darby, N.J. and Creighton, T.E. (1995b) Characterization of the active site cysteine

residues of the thioredoxin-like domains of protein disulfide isomerase. Biochemistry,

34, 16770-16780.

26. Darby, N.J. and Creighton, T.E. (1995c) Functional properties of the individual

thioredoxin-like domains of protein disulfide isomerase. Biochemistry, 34, 11725-11735.

27. Darby, N.J., Penka, E. and Vincentelli, R. (1998a) The multi-domain structure of protein

disulfide isomerase is essential for high catalytic efficiency. J. Mol. Biol., 276, 239-247.

28. Darby, N.J., Raina, S. and Creighton, T.E. (1998b) Contributions of substrate binding to

the catalytic activity of DsbC. Biochemistry, 37, 783-791.

29. Darby, N.J., van Straaten, M., Penka, E., Vincentelli, R. and Kemmink, J. (1999)

Identifying and characterizing a second structural domain of protein disulfide isomerase.

FEBS Lett., 448, 167-172.

30. Debarbieux, L. and Beckwith, J. (1998) The reductive enzyme thioredoxin 1 acts as an

oxidant when it is exported to the Escherichia coli periplasm. Proc. Natl. Acad. Sci. U S

A, 95, 10751-10756.

31. Debarbieux, L. and Beckwith, J. (2000) On the functional interchangeability, oxidant

versus reductant, of members of the thioredoxin superfamily. J. Bacteriol., 182, 723-727.

32. Donnenberg, M.S., Zhang, H.Z. and Stone, K.D. (1997) Biogenesis of the bundle-

forming pilus of enteropathogenic Escherichia coli: reconstitution of fimbriae in

recombinant E. coli and role of DsbA in pilin stability--a review. Gene, 192, 33-38.



Literature104

33. Fabianek, R.A., Hennecke, H. and Thony-Meyer, L. (1998) The active-site cysteines of

the periplasmic thioredoxin-like protein CcmG of Escherichia coli are important but not

essential for cytochrome c maturation in vivo. J. Bacteriol., 180, 1947-1950.

34. Fabianek, R.A., Hennecke, H. and Thony-Meyer, L. (2000) Periplasmic protein

thiol:disulfide oxidoreductases of Escherichia coli. FEMS Microbiol. Rev., 24, 303-316.

35. Frand, A.R. and Kaiser, C.A. (1998) The ERO1 gene of yeast is required for oxidation of

protein dithiols in the endoplasmic reticulum. Mol. Cell, 1, 161-170.

36. Frand, A.R. and Kaiser, C.A. (1999) Ero1p oxidizes protein disulfide isomerase in a

pathway for disulfide bond formation in the endoplasmic reticulum. Mol. Cell, 4, 469-

477.

37. Frech, C., Wunderlich, M., Glockshuber, R. and Schmid, F.X. (1996) Preferential

binding of an unfolded protein to DsbA. Embo J., 15, 392-398.

38. Freedman, R.B., Hirst, T.R. and Tuite, M.F. (1994) Protein disulphide isomerase:

building bridges in protein folding. Trends Biochem. Sci., 19, 331-336.

39. Gilbert, H.F. (1997) Protein disulfide isomerase and assisted protein folding. J. Biol.

Chem., 272, 29399-29402.

40. Givol, D. (1964) Oxidation and disulfide interchange of reduced ribonuclease. J. Biol.

Chem., 239, PC3114-PC3116.

41. Goldberger, R.F., Epstein, C.J. and Anfinsen, C.B. (1963) Acceleration of reactivation of

reduced bovine pancreatic ribonuclease by a microsomal system from rat liver. J. Biol.

Chem., 238, 628-635.

42. Grauschopf, U., Winther, J.R., Korber, P., Zander, T., Dallinger, P. and Bardwell, J.C.

(1995) Why is DsbA such an oxidizing disulfide catalyst? Cell, 83, 947-955.

43. Guddat, L.W., Bardwell, J.C., Glockshuber, R., Huber-Wunderlich, M., Zander, T. and

Martin, J.L. (1997a) Structural analysis of three His32 mutants of DsbA: support for an

electrostatic role of His32 in DsbA stability. Protein Sci., 6, 1893-1900.

44. Guddat, L.W., Bardwell, J.C. and Martin, J.L. (1998) Crystal structures of reduced and

oxidized DsbA: investigation of domain motion and thiolate stabilization. Structure, 6,

757-767.



Literature 105

45. Guddat, L.W., Bardwell, J.C., Zander, T. and Martin, J.L. (1997b) The uncharged surface

features surrounding the active site of Escherichia coli DsbA are conserved and are

implicated in peptide binding. Protein Sci., 6, 1148-1156.

46. Guilhot, C., Jander, G., Martin, N.L. and Beckwith, J. (1995) Evidence that the pathway

of disulfide bond formation in Escherichia coli involves interactions between the

cysteines of DsbB and DsbA. Proc. Natl. Acad. Sci. U S A, 92, 9895-9899.

47. Guzman, L.M., Belin, D., Carson, M.J. and Beckwith, J. (1995) Tight regulation,

modulation, and high-level expression by vectors containing the arabinose PBAD

promoter. J. Bacteriol., 177, 4121-4130.

48. Holst, B., Tachibana, C. and Winther, J.R. (1997) Active site mutations in yeast protein

disulfide isomerase cause dithiothreitol sensitivity and a reduced rate of protein folding

in the endoplasmic reticulum. J. Cell Biology, 138, 1229-1238.

49. Hwang, C., Sinskey, A.J. and Lodish, H.F. (1992) Oxidized redox state of glutathione in

the endoplasmic reticulum. Science, 257, 1496-1502.

50. Jacob-Dubuisson, F., Pinkner, J., Xu, Z., Striker, R., Padmanhaban, A. and Hultgren, S.J.

(1994) PapD chaperone function in pilus biogenesis depends on oxidant and chaperone-

like activities of DsbA. Proc. Natl. Acad. Sci. U S A, 91, 11552-11556.

51. Jander, G., Martin, N.L. and Beckwith, J. (1994) Two cysteines in each periplasmic

domain of the membrane protein DsbB are required for its function in protein disulfide

bond formation. Embo J., 13, 5121-5127.

52. Jonda, S., Huber-Wunderlich, M., Glockshuber, R. and Mossner, E. (1999)

Complementation of DsbA deficiency with secreted thioredoxin variants reveals the

crucial role of an efficient dithiol oxidant for catalyzed protein folding in the bacterial

periplasm. Embo J., 18, 3271-3281.

53. Jones, T.A., Zou, J.Y., Cowan, S.W. and Kjeldgaard. (1991) Improved methods for

binding protein models in electron density maps and the location of errors in these

models. Acta Crystallogr., 47, 110-119.

54. Junemann, S., Butterworth, P.J. and Wrigglesworth, J.M. (1995) A suggested mechanism

for the catalytic cycle of cytochrome bd terminal oxidase based on kinetic analysis.

Biochemistry, 34, 14861-14867.



Literature106

55. Kadokura, H., Bader, M., Tian, H., Bardwell, J.C. and Beckwith, J. (2000) Roles of a

conserved arginine residue of DsbB in linking protein disulfide-bond-formation pathway

to the respiratory chain of escherichia coli Proc. Natl. Acad. Sci. U S A, 97, 10884-

10889.

56. Katzen, F. and Beckwith, J. (2000) Transmembrane electron transfer by the membrane

protein DsbD occurs via a disulfide bond cascade. Cell, 103.

57. Kaysser, T.M., Ghaim, J.B., Georgiou, C. and Gennis, R.B. (1995) Methionine-393 is an

axial ligand of the heme b558 component of the cytochrome bd ubiquinol oxidase from

Escherichia coli. Biochemistry, 34, 13491-13501.

58. Kemmink, J., Darby, N.J., Dijkstra, K., Nilges, M. and Creighton, T.E. (1996) Structure

determination of the N-terminal thioredoxin-like domain of protein disulfide isomerase

using multidimensional heteronuclear 13C/15N NMR spectroscopy. Biochemistry, 35,

7684-7691.

59. Kemmink, J., Darby, N.J., Dijkstra, K., Nilges, M. and Creighton, T.E. (1997) The

folding catalyst protein disulfide isomerase is constructed of active and inactive

thioredoxin modules. Curr. Biol., 7, 239-245.

60. Kemmink, J., Dijkstra, K., Mariani, M., Scheek, R.M., Penka, E., Nilges, M. and Darby,

N.J. (1999) The structure in solution of the b domain of protein disulfide isomerase. J.

Biomol. NMR, 13, 357-368.

61. Kishigami, S., Kanaya, E., Kikuchi, M. and Ito, K. (1995) DsbA-DsbB interaction

through their active site cysteines. Evidence from an odd cysteine mutant of DsbA. J.

Biol. Chem., 270, 17072-17074.

62. Kita, K., Konishi, K. and Anraku, Y. (1984) Terminal oxidases of Escherichia coli

aerobic respiratory chain. I. Purification and properties of cytochrome b562-o complex

from cells in the early exponential phase of aerobic growth. J. Biol. Chem., 259, 3368-

3374.

63. Kobayashi, T. and Ito, K. (1999) Respiratory chain strongly oxidizes the CXXC motif of

DsbB in the Escherichia coli disulfide bond formation pathway. Embo J., 18, 1192-1198.

64. Kobayashi, T., Kishigami, S., Sone, M., Inokuchi, H., Mogi, T. and Ito, K. (1997)

Respiratory chain is required to maintain oxidized states of the DsbA- DsbB disulfide



Literature 107

bond formation system in aerobically growing Escherichia coli cells. Proc. Natl. Acad.

Sci. U S A, 94, 11857-11862.

65. Laboissiere, M.C.A., Sturley, S.L. and Raines, R.T. (1995) The essential function of

protein disulfide isomerase is to unscramble non-native disulfide bonds. J. Biol. Chem.,

270, 28006-28009.

66. Lyles, M.M. and Gilbert, H.F. (1991) Catalysis of the oxidative folding of ribonuclease A

by protein disulfide isomerase: dependence of the rate on the composition of the redox

buffer. Biochemistry, 30, 613-619.

67. Martin, J.L. (1995) Thioredoxin--a fold for all reasons. Structure, 3, 245-250.

68. Martin, J.L., Bardwell, J.C. and Kuriyan, J. (1993) Crystal structure of the DsbA protein

required for disulphide bond formation in vivo. Nature, 365, 464-468.

69. McCarthy, A.A., Haebel, P.W., Torronen, A., Rybin, V., Baker, E.N. and Metcalf, P.

(2000) Crystal structure of the protein disulfide bond isomerase, DsbC, from Escherichia

coli. Nat. Struct. Biol., 7, 196-199.

70. Miller, M.J. and Gennis, R.B. (1983) The purification and characterization of the

cytochrome d terminal oxidase complex of the Escherichia coli aerobic respiratory chain.

J. Biol. Chem., 258, 9159-9165.

71. Missiakas, D., Georgopoulos, C. and Raina, S. (1993) Identification and characterization

of the Escherichia coli gene dsbB, whose product is involved in the formation of

disulfide bonds in vivo. Proc. Natl. Acad. Sci. U S A, 90, 7084-7088.

72. Missiakas, D., Georgopoulos, C. and Raina, S. (1994) The Escherichia coli dsbC (xprA)

gene encodes a periplasmic protein involved in disulfide bond formation. Embo J., 13,

2013-2020.

73. Missiakas, D. and Raina, S. (1997) Protein folding in the bacterial periplasm. J.

Bacteriol., 179, 2465-2471.

74. Missiakas, D., Schwager, F. and Raina, S. (1995) Identification and characterization of a

new disulfide isomerase-like protein (DsbD) in Escherichia coli. Embo J., 14, 3415-

3424.

75. Nelson, J.W. and Creighton, T.E. (1994) Reactivity and ionization of the active site

cysteine residues of DsbA, a protein required for disulfide bond formation in vivo.

Biochemistry, 33, 5974-5983.



Literature108

76. Nicholls, A., Sharp, K.A. and Honig, B. (1991) Protein folding and association: insights

from the interfacial and thermodynamic properties of hydrocarbons. Proteins, 11, 281-

296.

77. Peek, J.A. and Taylor, R.K. (1992) Characterization of a periplasmic thiol:disulfide

interchange protein required for the functional maturation of secreted virulence factors of

Vibrio cholerae. Proc. Natl. Acad. Sci. U S A, 89, 6210-6214.

78. Pollard, M.G., Travers, K.J. and Weissman, J.S. (1998) Ero1p: a novel and ubiquitous

protein with an essential role in oxidative protein folding in the endoplasmic reticulum.

Mol. Cell, 1, 171-182.

79. Puustinen, A., Finel, M., Haltia, T., Gennis, R.B. and Wikstrom, M. (1991) Properties of

the two terminal oxidases of Escherichia coli. Biochemistry, 30, 3936-3942.

80. Qin, J., Clore, G.M., Kennedy, W.M., Huth, J.R. and Gronenborn, A.M. (1995) Solution

structure of human thioredoxin in a mixed disulfide intermediate complex with its target

peptide from the transcription factor NF kappa B. Structure, 3, 289-297.

81. Redfearn, E.R. (1967) Methods Enzymol., 10, 381-384.

82. Ren, B., Tibbelin, G., de Pascale, D., Rossi, M., Bartolucci, S. and Ladenstein, R. (1998)

A protein disulfide oxidoreductase from the archaeon Pyrococcus furiosus contains two

thioredoxin fold units Nat. Struct. Biol., 5, 602-611.

83. Rensing, C., Mitra, B. and Rosen, B.P. (1997) Insertional inactivation of dsbA produces

sensitivity to cadmium and zinc in Escherichia coli. J. Bacteriol., 179, 2769-2771.

84. Rich, P. and Fisher, N. (1999) Generic features of quinone-binding sites. Biochem. Soc.

Trans., 27, 561-565.

85. Riddles, P.W., Blakeley, R.L. and Zerner, B. (1983) Reassessment of Ellman's reagent.

Methods Enzymol., 91, 49-60.

86. Rietsch, A. and Beckwith, J. (1998) The genetics of disulfide bond metabolism. Annu.

Rev. Genet., 32, 163-184.

87. Rietsch, A., Belin, D., Martin, N. and Beckwith, J. (1996) An in vivo pathway for

disulfide bond isomerization in Escherichia coli. Proc. Natl. Acad. Sci. U S A, 93, 13048-

13053.



Literature 109

88. Rietsch, A., Bessette, P., Georgiou, G. and Beckwith, J. (1997) Reduction of the

periplasmic disulfide bond isomerase, DsbC, occurs by passage of electrons from

cytoplasmic thioredoxin. J. Bacteriol., 179, 6602-6608.

89. Rumbley, J.N., Furlong Nickels, E. and Gennis, R.B. (1997) One-step purification of

histidine-tagged cytochrome bo3 from Escherichia coli and demonstration that

associated quinone is not required for the structural integrity of the oxidase. Biochim.

Biophys. Acta, 1340, 131-142.

90. San Millan, J.L., Boyd, D., Dalbey, R., Wickner, W. and Beckwith, J. (1989) Use of

phoA fusions to study the topology of the Escherichia coli inner membrane protein

leader peptidase. J. Bacteriol., 171, 5536-5541.

91. Sela, M., White, F.H. and Anfinsen, C.B. (1959) The reductive cleavage of disulfide

bonds and its application to problems of protein structure. Biochim. Biophys. Acta, 31,

417-426.

92. Shao, F., Bader, M.W., Jakob, U. and Bardwell, J.C. (2000) DsbG, a protein disulfide

isomerase with chaperone activity. J. Biol. Chem., 275, 13349-13352.

93. Shenoy, S.K., Yu, L. and Yu, C. (1999) Identification of quinone-binding and heme-

ligating residues of the smallest membrane-anchoring subunit (QPs3) of bovine heart

mitochondrial succinate:ubiquinone reductase. J. Biol. Chem., 274, 8717-8722.

94. Sone, M., Akiyama, Y. and Ito, K. (1997) Differential in vivo roles played by DsbA and

DsbC in the formation of protein disulfide bonds. J. Biol. Chem., 272, 10349-10352.

95. Stafford, S.J., Humphreys, D.P. and Lund, P.A. (1999) Mutations in dsbA and dsbB, but

not dsbC, lead to an enhanced sensitivity of Escherichia coli to Hg2+ and Cd2+. FEMS

Microbiol. Lett., 174, 179-184.

96. Stewart, E.J., Katzen, F. and Beckwith, J. (1999) Six conserved cysteines of the

membrane protein DsbD are required for the transfer of electrons from the cytoplasm to

the periplasm of Escherichia coli. Embo J., 18, 5963-5971.

97. Sun, X.X. and Wang, C.C. (2000) The N-terminal sequence (residues 1-65) is essential

for dimerization, activities, and peptide binding of Escherichia coli DsbC. J. Biol. Chem.,

275, 22743-22749.

98. Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence weighting,



Literature110

position-specific gap penalties and weight matrix choice. Nucleic Acids Res., 22, 4673-

4680.

99. Tseng, C.P., Albrecht, J. and Gunsalus, R.P. (1996) Effect of microaerophilic cell growth

conditions on expression of the aerobic (cyoABCDE and cydAB) and anaerobic

(narGHJI, frdABCD, and dmsABC) respiratory pathway genes in Escherichia coli. J.

Bacteriol., 178, 1094-1098.

100. Tu, B.P., Ho-Schleyer, S.C., Travers, K.J. and Weissman, J.S. (2000) Biochemical basis

of oxidative protein folding in the endoplasmic reticulum. Science, 290, 1571-1574.

101. Wallace, B.J. and Young, I.G. (1977) Role of quinones in electron transport to oxygen

and nitrate in Escherichia coli. Studies with a ubiA- menA- double quinone mutant.

Biochim. Biophys. Acta, 461, 84-100.

102. Watarai, M., Tobe, T., Yoshikawa, M. and Sasakawa, C. (1995) Disulfide oxidoreductase

activity of Shigella flexneri is required for release of Ipa proteins and invasion of

epithelial cells. Proc. Natl. Acad. Sci. U S A, 92, 4927-4931.

103. White, F.H. (1961) Regeneration of native secondary and tertiary structures by air

oxidation of reduced ribonuclease. J. Biol. Chem., 236, 1353-1359.

104. Wunderlich, M. and Glockshuber, R. (1993) Redox properties of protein disulfide

isomerase (DsbA) from Escherichia coli. Protein Sci., 2, 717-726.

105. Wunderlich, M., Otto, A., Seckler, R. and Glockshuber, R. (1993) Bacterial protein

disulfide isomerase: efficient catalysis of oxidative protein folding at acidic pH.

Biochemistry, 32, 12251-12256.

106. Yu, C.A. and Yu, L. (1982) Specific interaction between protein and ubiquinone in

succinate- ubiquinone reductase. J. Biol. Chem., 257, 6127-6131.

107. Yu, J. (1998) Inactivation of DsbA, but not DsbC and DsbD, affects the intracellular

survival and virulence of Shigella flexneri. Infect. Immun., 66, 3909-3917.

108. Zapun, A., Bardwell, J.C. and Creighton, T.E. (1993) The reactive and destabilizing

disulfide bond of DsbA, a protein required for protein disulfide bond formation in vivo.

Biochemistry, 32, 5083-5092.

109. Zapun, A., Missiakas, D., Raina, S. and Creighton, T.E. (1995) Structural and functional

characterization of DsbC, a protein involved in disulfide bond formation in Escherichia

coli. Biochemistry, 34, 5075-5089.



Literature 111

110. Zeng, H., Snavely, I., Zamorano, P. and Javor, G.T. (1998) Low ubiquinone content in

Escherichia coli causes thiol hypersensitivity. J. Bacteriol., 180, 3681-3685.



Acknowledgments112

8. Acknowledgments

There are many people whom I would like to thank. Without their continuous help,

encouragement and support, this work would not have been possible.

I feel deeply appreciative to Jim Bardwell, in whose lab this work was conducted. Thanks Jim

for your excitement about this project, your opinions, suggestions (“hype it up!”) and guidance

over the past five years.

I would like to thank Winfried Boos for his interest in my project, and for supervising this

work at the University of Konstanz.

I am very grateful to Hans Bügl, Philipp Korber, Ursula Jakob, and Bill Muse for their daily

enthusiasm and many stimulating thoughts about this project, and life in general. Thank you

for being such good friends!

A big thank you to everybody in the Bardwell group: Thomas Zander, Feng Shao, Hiroshi

Kadokura, Bart Staker, Markus Eser, Christian Gassner, Connie Wong, Tina Kelley, Mike

Kelly, Joe DeVooght, Ying Lu, Annie Hiniker, Jim Regeimbal, Jan Riemer, Jacqueline Tan,

Jutta Hager and Jörg Hoffmann.

Thank you for creating such an extraordinary atmosphere in the lab.

I am indebted to Chang-An Yu and Tong Xie (University of Oaklahoma), Peter Metcalf, Peter

Haebel, and David Goldstein (University of Auckland, New Zealand) for their hospitality,

great interest in my project and their collaborative efforts.

I am very grateful to my beloved Simone, and very much appreciate the support from all my

friends and my family.


