The prokaryotic enzyme DsbB may share key
structural features with eukaryotic disulfide bond
forming oxidoreductases
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Abstract

Three different classes of thiol-oxidoreductases that facilitate the formation of protein disulfide bonds
have been identified. They are the Erol and SOX/ALR family members in eukaryotic cells, and the
DsbB family members in prokaryotic cells. These enzymes transfer oxidizing potential to the proteins
PDI or DsbA, which are responsible for directly introducing disulfide bonds into substrate proteins
during oxidative protein folding in eukaryotes and prokaryotes, respectively. A comparison of the
recent X-ray crystal structure of Erol with the previously solved structure of the SOX/ALR family
member Erv2 reveals that, despite a lack of primary sequence homology between Erol and Erv2, the
core catalytic domains of these two proteins share a remarkable structural similarity. Our search of
the DsbB protein sequence for features found in the Erol and Erv2 structures leads us to propose
that, in a fascinating example of structural convergence, the catalytic core of this integral membrane
protein may resemble the soluble catalytic domain of Erol and Erv2. Our analysis of DsbB also
identified two new groups of DsbB proteins that, based on sequence homology, may also possess a
catalytic core similar in structure to the catalytic domains of Erol and Erv2.
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Extracellular proteins and exoplasmic domains of mem-
brane proteins often contain disulfide bonds, which
stabilize native protein structures relative to their unfolded
states. The pathways for disulfide bond formation in the
lumen of the endoplasmic reticulum (ER) in eukaryotic
cells or the periplasmic space of prokaryotic cells are
similar in general outline. In both cases, disulfide bonds
are introduced into folding proteins by transfer from a
disulfide bond carrier that is a member of the thioredoxin
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family of proteins. In eukaryotic cells the major disulfide
bond carrier is protein disulfide isomerase (PDI), a soluble
protein of the ER lumen, whereas in bacteria the major
disulfide bond carrier is the soluble periplasmic protein
DsbA. The disulfide carrier proteins, in turn, receive dis-
ulfide bonds from a second class of protein thiol-oxidor-
eductases that couple intracellular biochemical reactions
that can provide oxidizing potential to the formation of
protein disulfide bonds (for recent reviews, see Collet and
Bardwell 2002; Fassio and Sitia 2002; Sevier and Kaiser
2002; Thorpe et al. 2002; Kadokura et al. 2003).

Three different classes of protein thiol-oxidoreductases
are known to facilitate the oxidation of PDI or DsbA;
these include members of the Erol and SOX/ALR
families in eukaryotic cells and the DsbB family in
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prokaryotic cells. Erol, a flavoprotein bound to the lume-
nal surface of the ER membrane, uses oxygen as a term-
inal electron acceptor for the generation of a disulfide
bond within itself, which can then be transferred to PDI
(Frand and Kaiser 1998, 1999; Pollard et al. 1998; Cabibbo
et al. 2000; Tu et al. 2000; Mezghrani et al. 2001; Tu
and Weissman 2002). Enzymes of the SOX/ALR family
are also flavoenzymes that generate disulfide bonds using
oxygen as an electron acceptor (Hoober et al. 1999; Lee
et al. 2000; Gerber et al. 2001; Lisowsky et al. 2001; Sevier
et al. 2001). Members of the SOX/ALR family operate in
a variety of different cellular compartments. For example,
in yeast cells a SOX/ALR protein known as Erv2 partici-
pates in disulfide bond formation in the ER (Sevier et al.
2001), whereas in metazoan cells a family member known
as quiescin, which contains both a flavoenzyme domain
and a thioredoxin-like domain, is thought to have a role
in the formation of disulfide bonds in the extracellular
matrix (Hoober et al. 1999; Coppock et al. 2000). The
prokaryotic protein DsbB, which generates disulfide
bonds for transfer to DsbA (Guilhot et al. 1995;
Kishigami et al. 1995a,b), is an integral membrane pro-
tein with four transmembrane segments (Jander et al.
1994). Rather than using a flavin cofactor to mediate
the reaction with oxygen, DsbB uses a membrane-
bound quinone as an electron acceptor (Bader et al.
1999, 2000). The quinone (ubiquinone in aerobic condi-
tions or menaquinone in anaerobic conditions) in turn
acts as a mobile electron carrier for electron transfer to
electron transport chains in the cytoplasmic membrane,
ultimately transferring electrons to molecular oxygen or
an anaerobic acceptor, such as nitrate or fumarate
(Kobayashi et al. 1997, Bader et al. 1999, 2000;
Kobayashi and Ito 1999).

We recently obtained by X-ray crystallography the
structure of an enzymatically active portion of Erol
(Gross et al. 2004), allowing a comparison to the
previously solved structure of the SOX/ALR family
member Erv2 (Gross et al. 2002). Despite the fact
that Erv2 and Erol do not share obvious sequence
similarity, the core catalytic domains of the two pro-
teins display a remarkable structural similarity. Both
proteins hold the FAD cofactor within a bundle of four
antiparallel a-helices. The redox active isoalloxazine
moiety of the FAD is close to a pair of cysteines
localized to a tight turn between two of the «-helices.
Presumably electrons are transferred directly from the
cysteine pair of Erv2 or Erol (with the concomitant
formation of a disulfide bond) to the isoalloxazine ring
via a charge-transfer intermediate. Except for some of
the residues in proximity to the isoalloxazine ring,
which are described below, there is no detectable
sequence similarity between the corresponding
a-helices in Erv2 and Erol. Although there is not yet

a structure for DsbB, we were struck by the fact that
DsbB also has the potential to form a bundle of anti-
parallel a-helices, in this case comprising four hydro-
phobic transmembrane segments. We therefore sought
to examine the DsbB sequence for features that may
indicate structural resemblance to Erv2 and Erol. Our
sequence analysis of DsbB unexpectedly revealed two
uncharacterized groups of DsbB-like proteins that were
also analyzed for structural features.

Results and Discussion

Four-helix bundle

To compare the helical structure of DsbB to that of Erv2
and Erol itis useful to develop a standard description of the
four o-helices in the conserved structure. We will
designate the two antiparallel a-helices that carry the active
site cysteine pair on the short connecting loop between
them as helices A and B (in Fig. 1 helices A and B
are labeled yellow and green, respectively). To complete
the bundle of four antiparallel helices, the a-helix with
its C terminus oriented towards the end of the bundle with
the cysteine pair is designated helix C (Fig. 1, labeled red)
and the a-helix oriented with its N terminus towards
the cysteine pair is designated helix D (Fig. 1, labeled
blue). Note that in the structures of Erv2 and Erol these
structurally defined helices occur in a different order
in the primary sequence: for Erv2 the order of helices is
C-A-B-D, whereas for Erol the order is C-D-A-B.

Using previous predictions of the DsbB transmem-
brane spans (for example, see Bardwell et al. 1993;
Jander et al. 1994) and the secondary structure predic-
tion program PSIPRED (Jones 1999; McGuffin et al.
2000), we modeled the potential secondary structure and
topology of Escherichia coli K12 DsbB, the first identi-
fied and best characterized of the DsbB homologs. Our
predictions place the active site cysteine pair (Cys41 and
Cys44) on a tight turn connecting two hydrophobic
a-helical transmembrane spans (Fig. 1). Notably, the
position of this cysteine pair relative to the predicted
a-helices is strikingly similar to the position of the active
site Cys-x-x-Cys motif at the end of helix B in the Erv2
and Erol structures (Fig. 1, orange circles). Therefore
we propose the first two transmembrane helices of DsbB
correspond to helices A and B in the Erv2 and Erol
structures. Based on their orientation across the
membrane, the third and fourth helices of DsbB are
predicted to correspond to helices D and C, respectively,
of Erv2 and Erol. Thus, the four helices in DsbB are
predicted to occur in order A-B-D-C, which is different
from the order of helices in either the Erv2 or Erol
proteins (Fig. 1).
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Figure 1. Primary sequence and secondary structure of the four-helix core of Erv2, Erol, and DsbB. (4) Boxes highlight residues forming a-helices
in the three-dimensional structures of Erv2 (PDB files 1JR8 and 1JRA) and Erol (1RP4 and 1RQ1) or predicted to form a-helices in DsbB by the
PSIPRED program (Jones 1999; McGuffin et al. 2000). The helices of Erv2 and Erol are colored according to their position in the three-
dimensional structure. The helices of DsbB are colored on the basis of conserved features, including the Cys-x-x-Cys active site (marked with solid
orange circles) and the relative orientation of the helices across the membrane. Conserved histidine and aromatic amino acid residues in the
transmembrane helices are highlighted in yellow. The transmembrane domains of DsbB are positioned in the membrane based on the predictions
outlined previously (for example, see Bardwell et al. 1993; Jander et al. 1994). (B) End-on view of the four-helix bundle of Erv2, Erol, and DsbB
represented as seen in the structures of Erv2 and Erol, or as postulated for DsbB. An orange circle with the letter C marks the location of the
Cys-x-x-Cys active site residues. The dotted line between Erol helices D and A represents the 92 residue segment connecting the two helices, which

includes three a-helices that are not part of the core domain.

Cofactor binding

The coordination of FAD by the four helices of Erv2
and Erol differs from the mode of FAD binding in
other known flavoprotein structures, both in the con-
formation of the FAD molecule itself and in the precise
manner in which the FAD interacts with planar amino
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acid side chains in the protein. FAD binds between
helices C and D of Erv2 or Erol, and is oriented with
the flavin isoalloxazine ring proximal to the Cys-x-x-Cys
active site present on helix B (Fig. 2; Gross et al. 2002,
2004). The orientation of the FAD backbone positions
the planar flavin isoalloxazine and adenine rings in a
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Figure 2. Conserved histidine and tryptophan residues bind the cofactor through planar stacking. Ball-and-stick format reveals the conserved
geometry of the FAD cofactor (yellow), histidine (blue), tryptophan (red), and the Cys-x-x-Cys active site (orange) in the flavin binding sites of (4)
Erv2 and (B) Erol. The four core a-helices are colored to match the diagrams in Fig. 1. (C) An erol-1 strain was transformed with the control
plasmid pRS315, with ERO1-myc, or with ERO1-myc containing Trp200 or His231 mutations. Strains were incubated at 30°C for 2 d on media
with the indicated amounts of dithiothreitol (DTT). The ability to confer resistance to the reducing agent DTT was used to evaluate the relative

oxidoreductase activity of the His or Trp mutants.

roughly parallel arrangement. A conserved tryptophan
on helix C packs against the isoalloxazine ring system,
which functions as the electron acceptor in FAD, and is
in a position to hydrogen bond with the hydrocarbon
tail, while a conserved histidine from helix D occupies
the space between the typtophan and adenine rings of
the flavin, forming a hydrogen bond with the AMP
phosphate of the flavin (Fig. 2). The planar stacking of
the tryptophan and histidine side chains between the
FAD rings results in a structure reminiscent of base
stacking in polynucleotides.

It appears that the tryptophan and histidine residues
in Erol aid in the binding and orientation of the FAD
molecule since amino acid substitutions in either Trp200 or
His231, or the nearby residue Gly229, result in decreased
Erol function (Fig. 2; erol-1 and erol-2 mutants described
in Frand and Kaiser 1998; Pollard et al. 1998). Not sur-
prisingly, the most dramatic loss of oxidoreductase activity
is exhibited when the residue closest to the FAD isoallox-
azine ring, Trp200, is replaced (Fig. 2). More flexibility
appears to be tolerated at the His231 position in Erol, as
proteins containing either alanine or glutamine at this
position retain wild-type activity (Fig. 2). This flexibility
is also evident among the Erol homologs: Erol proteins
from Cryptosporidium parvum, Encephalitozoon cuniculi,

Plasmodium falciparum, Plasmodium yoelii, and Yarrowia
lipolytica each contain a glutamine in place of histidine.
Like FAD, the redox-active part of quinone adopts a
planar ring structure. To explore the possibility that amino
acids with a planar ring structure in the transmembrane
helices of DsbB play a role in the interaction of DsbB with
its quinone cofactor, we acquired 112 DsbB-like sequences
from the nonredundant database at NCBI and searched
them for conserved amino acids (Table 1). A multiple
alignment of the DsbB homologs reveals few highly con-
served amino acids. The only completely conserved resi-
dues are two cysteines, Cys41 and Cys44, and an arginine,
Argd8, which is predicted to localize within the second
transmembrane domain (helix B), one helical turn below
Cys44, and has previously been implicated in the interac-
tion of DsbB with quinone (Kadokura et al. 2000). Unex-
pectedly, after the protein sequence encoding the second
transmembrane domain, the multiple alignment of the
DsbB proteins diverges into three distinct clusters:
(group I) proteins with an E. coli K12 DsbB topology
including four transmembrane domains and a conserved
cysteine pair present within an amino acid loop connect-
ing transmembrane domains three and four; (group II)
proteins containing five transmembrane domains ending
with a periplasmic domain containing two conserved
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Table 1. TTDsbB homologs

Organism Accesssion Number Lineage
Group I?
Agro rium tumefaciens str. C58 ° NP_357075 a-proteobacteria
Bartonella henselae str. Houston-1 YP_034167 a-proteobacteria
/I intan oulo YP_032700 a-proteobacteria
Bradyrhizobium japonicum USDA 11 NP_767980 a-proteobacteria
Brucella melitensis 16M NP_539301 a-proteobacteria
Brucella suis 1330 NP_698629 a-proteobacteria
Caulobacter 1 NP_420999 a~proteobacteria
Ehrlichia canis str. Jake ZP_00210733 a-proteobacteria
Magnetospirillum magnetotacticum ZP_00048412 a-proteobacteria

Magnetospirillum magnetotacticum
Mesorhizobium sp. BNC1

Mesorhizobium loti MAFF30.
Novosphingobium aromaticivorans DSM 12444
Rhodobacter sphaeroides
Rhodopseudomonas palustris CGA009
Rhodospirillum rubrum

Rickettsia prowazekii str. Madrid E

Rickettsia typhi str. Wilmington
Sinorhizobium meliloti 1021

Wolbachia endosymbiont of D. melanogaster
Bordetella parapertussis 12822

Bordetella pertussis Tohama |
Burkholderia cepacia R18194

Burkholderia cepacia R18194
Burkholderia fungorum LB400
Chromobacterium violaceum ATCC 12472
Neisseria meningtidis 22491
Nitrosomonas europaea ATCC 19718
Ralstonia metallidurans CH34
Ralstonia solanacearum GM1000
Rubrivivax gelatinosus PM1
Rubrivivax gelatinosus PM1
Geobacter metallireducens GS-15
Campyilol jejuni subsp. jejuni NCTC 11168
Acinetobacter caicoaceticus sp. ADP1
Actinobacillus pleuropneumoniae serovar 1 str. 4074
Azotobacter vinelandii
Candidatus Blochmannia floridanus
Coxiella burnetti RSA 493
Enterobacter amnigenus

inia caratovora subsp. atrosepti RI1
Escherichia coli K12
Escherichia coli CFT07.
Ei richia coli CFTO7.
Haemophilus ducreyi 35000HP
Haemophilus influenzae R2846
Haemophilus somnus 129PT
Microbulbifer degradans 2-40
P: rella multocida Pm7
Photobacterium profundum

rh luminescens . laumondii TTO1
P: mon. ruginosa PAO1
mon: in PAO1

Pseudomonas fluorescens PfO-1
Pseudomonas fluorescens PfO-1
Pseudomonas putida KT2440
Pseudomonas putida KT2440

Pseudomonas resinovorans
P mon ringae pv. tomato str. D
P morn ringae pv. fom tr. D

ZP_00053750
ZP_00196151
NP_104569
ZP_00304619
ZP_00007235
NP_945894
ZP_00268458
NP_360141
NP_220753
YP_067319
NP_386740
NP_966820
NP_883813
NP_880158
ZP_00217319
ZP_00218187
ZP_00281087
NP_902863
NP_284610
NP_841232
ZP_00272508
NP_519494
ZP_00241808
ZP_00242181
ZP_00300850
NP_282026
YP_048012
ZP_00133941
ZP_00092299
NP_878724
NP_819904
Q9XDPO
YP_050457
P30018
NP_753538
AAA23711
NP_874096
ZP_00155430
ZP_00123295
ZP_00315369
NP_244983
CAG20989
NP_929800
NP_253943
NP_249229
ZP_00263939
ZP_00264841
NP_742359
NP_742970
NP_758722
NP_791151
NP_789991

a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
a-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
B-proteobacteria
p-proteobacteria
B-proteobacteria
p-proteobacteria
d-proteobacteria
e-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
y-proteobacteria
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Table 1. Continued

Organism

Accesssion Number

Lineage

Psychrobacter sp. 273-4

ZP_00146903

y-proteobacteria

Salmonella enterica subsp. enterica serovar Typhi str. CT18 NP_456314 y-protecbacteria
Imonella enterica subsp. enteri rovar Typhi str. CT1 NP_457585 y-proteobacteria
Shewanella onedensis MR-1 NP_718459 y-proteobacteria
hewanella oneidensis MR-1 NP_719402 y-proteobacteria
Shigelia flexneri 2a str. 2457T NP_836873 y-proteobacteria
Vibrio alginolyticus Q56578 y-protecbacteria
Vibrio choler. 1 bigvar eltor str. N16961 NP_231536 y-proteobacteria
Vibri rahaemolyticus RIMD 221 NP_798452 y-proteobacteria
Vibrio vulnificus YJO16 NP_934917 y-proteobacteria
Xanthomonas axon: is pv. citri str. NP_641345 y-proteobacteria
Xanthomon m ris pv. Cam, ris str. ATCC 33913 NP_636307 y-proteobacteria
Xvlella fastidiosa Temeculal NP_779899 y-protecbacteria
Yersinia pestis KIM NP_669489 y-proteobacteria
Bacillus anthracis str. A2012 NP_652961 low GC gram+
Bacillus anthracis str. A2012 NP_8654702 low GC gram+
Bacillus cereus ATCC 10987 NP_877147 low GC gram+
Bacillus cereus ATCC 10987 NP_982151 low GC gram+
Bacillus halodurans C-125 NP_242807 low GC gram+
Bacillus licheniformis NP_955637 low GC gram+
Bacill il ilis str. 1 NP_391227 low GC gram+
Bacill il . ilis str. 168 NP_390027 low GC gram+
Bacillus thuringiensis serovar konkukian str. 97-27 YP_035017 low GC gram+
Exiguobacterium sp. 255-15 ZP_00182977 low GC gram+
n illus il j 1 NP_692084 low GC gram+
Chlamydia muridarum NP_296825 chlamydiae
Chlamydia trachomatis D/UW-3/CX NP_219680 chlamydiae
Chlamydophila caviae GPIC NP_829451 chlamydiae
hlam hila pneumoni WLO2. NP_224436 chlamydiae
Chloroflexus aurantiacus ZP_00017459 chioroflexi
Deil radiodurans R1 NP_294478 deinococcus
Thenmus thermophilus HB27 YP_004042 deinococcus
uncultured bacterium AAQ18209 unclassified
Bacillus subtilis bacteriophage SPBc2 NP 046575 virus
Group Il
Bartonella henselae str. Houston-1 YP_034123 a-proteobacteria
Bartonella quintana str. Toulouse YP_032673 a-proteobacteria
Bartonella quintana str. Toulouse YP_032674 a-proteobacteria
Brucella melitensis 16M NP_541869 a-proteobacteria
Brucella suis 1 NP_699550 a-proteobacteria
Mesorhizobium sp. BNC1 ZP_00194343 a-proteobacteria
Ralstonii lan. rum GM1 NP_521760 B-proteobacteria
Desulfotale. hrophila L Sv54 YP_066166 8-proteobacteria
Francisella tularensis AAP97855 y-proteobacteria
Photorhabdus luminescens subsp. laumondii TTO1 NP_927602 y-proteobacteria
Salmonelia enterica subsp. enterica serovar Typhi str. CT18 NP_456367 y-proteobacteria
Prophionibacterium acnes KPA171202 YP_056220 high GC gram+
Group I
Bordetella parapertussis 12822 NP_88513 B-proteobacteria
Bordetella pertussis Tohama | NP_880260 B-proteobacteria
mpyl jejuni . Jejuni NCTC 111 NP_281239 e-proteobacteria
Helicobacter pylori J99 NP_223260 e-proteobacteria
Corynebacterium diphtheriae NCTC 13129 NP_940384 high GC gram+

® The predicted topologies of the group |, group Il, and group [l proteins are shown to the /eft in cartoon
form. Rectangles reflect a-helices predicted to span the cytoplasmic membrane, and circles depict
conserved cysteine residues (in orange) or conserved planar amino acids (in blue or red).

® Sequences from organisms with completely sequenced genomes are underlined.
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cysteines; and (group III) proteins that have five trans-
membrane spans and a C-terminal periplasmic tail, but
lack a conserved cysteine pair beyond the cysteines on
helix B. The group III sequences appear to contain two
subtypes: proteins with an extensive C-terminal periplas-
mic domain of ~300 amino acids (from Campylobacter
Jejuni, Helicobacter pylori, and Corynebacterium dipther-
iae), and proteins with a short ~5 amino acid C terminus
(from Bordetella parapertussi and Bordetella pertussis).
Strikingly, among the most conserved amino acids shared
between all the DsbB proteins are amino acids with
a planar ring structure predicted to lic within the third
and fourth membrane spanning helices (highlighted in
Fig. 3). The sequence conservation between the first four
transmembrane domains of the group I, 11, and III pro-
teins, including the Cys-x-x-Cys pair between the first two
transmembrane spans as well as planar residues on trans-
membrane domains three and four, suggests the core
domain in all the identified DsbB proteins is formed by
the first four transmembrane helices: A-B-D-C.

The well-conserved amino acids with a planar ring
structure on the fourth transmembrane domain, helix C,
include a tryptophan and phenylalanine in the group I
proteins, and a cluster of residues including a phenyl-
alanine, histidine and tryptophan in the group II and III
proteins (Fig. 3). The most highly conserved of these
residues is His91 from the third transmembrane domain
of DsbB, helix D, which is present as a histidine or glut-
amine in all but one of the 112 analyzed sequences (Fig. 3).
As described above, an identical amino acid variation is
observed at the His231 position in helix D of Erol. The
predicted positions of the conserved amino acids in DsbB
on helices D and C raise the possibility that these residues
participate in the binding of the quinone cofactor in a
manner analogous to the stacking interactions that bind
flavin to Erv2 and Erol. Interestingly, a photoactivatable
ubiquinone derivative can be cross-linked to a peptide
containing His91 when purified DsbB is illuminated with
UV light in the presence of this quinone analog, also
suggesting His91 is located near the quinone binding site
(Xie et al. 2002).

To test the importance of the three conserved planar
amino acid residues within the predicted helices D and C
(His91, Trpl145, Phel50) in the function of DsbB, nine
amino acid substitutions (H91A, HY1W, HIO1Y, W145A,
WI145H, W145Y, F150A, F150Y, FI150L) were made,
introduced into a Hisg-Myc-tagged derivative of DsbB
on a plasmid, and the mutant proteins expressed in a
AdsbB strain. The functionality of the mutant proteins
was investigated by determining the in vivo redox state
of the mutant proteins themselves and their substrate,
DsbA. To assess the oxidation status of DsbA and
DsbB, cellular proteins were first treated with acid to
inhibit thiol-disulfide reactivity and the free cysteines

1636 Protein Science, vol. 14

were alkylated with 4-acetamido-4'-maleimidylstilbene-
2,2’ -disulfonic acid (AMS). This modification retards the
mobility of the reduced proteins on gels. The plasmid
coding for the wild-type DsbB maintained DsbA almost
completely in the oxidized form in a AdshB strain
(Fig. 4A). However, all of the plasmids coding for DsbB
His91 mutants (H91A, H91W, H91Y) caused the accu-
mulation of a band of an apparent molecular mass of
36 kDa (Fig. 4A) in addition to the oxidized form of
DsbA. This band, which disappeared when samples were
treated with reductant (data not shown), was also recog-
nized by antibody to DsbB (Fig. 4B). Thus, it represents
an intermediate in DsbA reoxidation by DsbB, the mixed-
disulfide complex between DsbA and DsbB (Kadokura
and Beckwith 2002; Grauschopf et al. 2003; Inaba et al.
2004). Accumulation of substantial amounts of the reac-
tion intermediate in all of the mutants with an alteration
at this residue indicates that His91 plays a particularly
important role in the function of this enzyme.

We previously reported that Arg48 of DsbB is impor-
tant for the interaction of DsbB with quinone (Kadokura
et al. 2000). The R48H mutant, which showed reduced
affinity for ubiquinone in vitro, accumulated the DsbA—
DsbB complex in vivo, which led us to propose that the
interaction of DsbB with quinone is required for the
resolution of the intermediate complex (Kadokura et al.
2000). All of the following findings are consistent with our
proposal that His91 may participate in the interaction of
DsbB with quinone. First, like the R48H mutant, His91
mutants accumulate the DsbA-DsbB complex. Secondly,
the H9IW and H91Y mutants, as well as the R48H
mutant, accumulate a small fraction of DsbB in their
reduced form aerobically (Fig. 4B), suggesting inefficient
transfer of electrons from DsbB to quinones. Anaerobi-
cally, H91A mutant also accumulated a small fraction of
DsbB in its reduced form (data not shown). Finally, sub-
stitutions that increase the size of the side chain (HO1W
and H91Y) caused stronger defects than a substitution
that decreases the size of the side chain (H91A), a property
that is often observed with substitutions at an enzyme—
substrate interface.

We were unable to detect specific defects with the
Trpl45 or Phel50 mutants by these assays. Since slight
defects in mutants are often difficult to detect (Haebel et al.
2002), it could be that His91 acts as one of the primary sites
for the interaction with quinone and Trpl45 or Phel50
serves as a secondary site. Notably, not all substitutions at
Erol residues His231 and Trp200 substantially altered the
oxidoreductase activity of Erol in our assay despite the
observed stacking of these two amino acids with the flavin
ring in the X-ray structure (Fig. 2).

Binding of a quinone to DsbB most likely involves
burying the isoprenoid chain of the quinone molecule
within the membrane bilayer, leaving the redox-reactive
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Figure 3. The DsbB homologs contain conserved histidine and aromatic amino acid residues in the third and fourth transmembrane domains.
Sequence alignment of third and fourth transmembrane domains of the DsbB sequences from (4) group I and (B) groups II and III. Colored boxes
shade the residues predicted to form a-helices. Highly conserved histidine and aromatic amino acid residues are highlighted in dark blue and red,
respectively. The conserved glutamine, often present instead of histidine, in helix D is highlighted in green.
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Figure 4. Characteristics of the dsbB mutants. HK320 (AdsbB) (Kado-
kura and Beckwith 2002) carrying a plasmid, pAM238 (empty vector),
pHKS517 (wild-type DsbB-Hisg-c-Myc; DsbB), or pHK 517 derivatives
with the indicated substitution mutations were grown at 30°C in M63
minimal Glc medium. Proteins from the exponential culture were
alkylated with AMS, and separated by SDS-PAGE. Redox state of
DsbA and DsbB in the mutants was visualized by western analysis
with antibody to DsbA (A4) or c-Myc (B), respectively. Open arrow-
heads, nonspecific bands; closed arrowheads, reduced DsbB. The posi-
tions of marker proteins are indicated on the /eft in kDa.

quinone ring near the periplasmic membrane surface in
a position favorable for withdrawal of electrons from
the Cys-x-x-Cys active site. In both the Erv2 and Erol
structures the second cysteine of the Cys-x-x-Cys active
site is in contact with the isoalloxazine ring of FAD
(Gross et al. 2002, 2004). A similar relationship between
the active site cysteines and the quinone cofactor
appears to hold true for DsbB, since a recent spectro-
scopic analysis of a charge transfer complex between
DsbB and its ubiquinone cofactor demonstrated that
the Cys44 thiol of the Cys41-Cys44 pair reacts directly
with ubiquinone or menaquinone (Inaba et al. 2004;
Takahashi et al. 2004). The transmembrane helices of
DsbB containing Arg48 and His91 may form a pocket
to hold the quinone ring in a proper orientation with
respect to the Cys-x-x-Cys active site, in a structure
analogous to the flavin binding site and Cys-x-x-Cys
active site in Erv2 and Erol. Whether Trpl45 and
Phel50 play a similar role is unclear.

Dynamic catalytic mechanism

In addition to the active site Cys-x-x-Cys motif described
above, Erv2, Erol, and E. coli K12 DsbB each contain a
second pair of cysteine residues that is required for activity
(Jander et al. 1994; Frand and Kaiser 2000; Gross et al.
2002). The spacing between the cysteines in the second
pair differs among the enzymes: Erv2, Erol, and DsbB
contain Cys-x-Cys, Cys-x4-Cys, or Cys-x,5-Cys motifs,
respectively (Figs. 5, 6, pink cysteine pair). A common
mechanism has been proposed for all three
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oxidoreductases wherein the cysteine pair arranged in a
variable motif directly oxidizes the soluble thioredoxin-
like partner protein (PDI for Erv2 and Erol; DsbA for
DsbB), and this second cysteine pair is reoxidized by the
internal transfer of electrons to the conserved active site
Cys-x-x-Cys pair (Guilhot et al. 1995; Kishigami and Ito
1996; Kobayashi and Ito 1999; Frand and Kaiser 2000;
Gross et al. 2002; Inaba and Ito 2002; Kadokura and
Beckwith 2002; Grauschopf et al. 2003).

As described above, in both the Erv2 and Erol pro-
teins, the active site Cys-x-x-Cys pair is situated close to
the FAD cofactor, at the beginning of one of the four
helices forming the structurally conserved four-helix
bundle. However, the location of the second cysteine
pair is quite different in the two proteins. In Erv2, the
second pair of cysteines is located at the C terminus of
the protein in a flexible tail (Gross et al. 2002), whereas
in Erol the second pair of cysteines are part of a flexible
loop lying across the surface of the protein (Gross et al.
2004). Despite these differences, the regions of Erv2 and
Erol that contain the second cysteine pair have features
in common. The second pair of cysteines in Erv2 and
Erol are both located in a region of sequence that is
devoid of significant a-helical or B-sheet content and
can adopt at least two different conformations in the
crystalline state (Gross et al. 2002, 2004). In one con-
formation, the second cysteine pair is close to the Cys-x-
x-Cys active site, suggesting a direct disulfide transfer
between the two pairs of cysteine residues. In the second
conformation, the second cysteine pair is located further
away from the protein core and the Cys-x-x-Cys cysteine
pair. The apparent flexibility of the region of protein
containing the second cysteine pair may explain how
these cysteines gain access to the Cys-x-x-Cys active
site as well as the soluble partner protein PDI. It is
tempting to speculate that the lack of secondary struc-
ture in these flexible sections of protein common to both
structures may facilitate the interaction with PDI.

The second cysteine pair in E. coli K12 DsbB, and the
other group I proteins, is located within a loop of
sequence between transmembrane helices D and C,
reminiscent of the loop surrounding the second cysteine
pair in the Erol protein (Fig. 5). Interestingly, the sec-
ond cysteine pair in the newly identified group II DsbB
proteins is positioned within a periplasmic C-terminal
tail, similar to the location of the second cysteine pair in
Erv2 (Fig. 5). Both regions of DsbB sequence containing
the second pair of cysteines are predicted by PSIPRED
(Jones 1999; McGuffin et al. 2000) to lack extensive
secondary structure (Fig. 6). In experiments designed
to study the role of the second pair of cysteines in
E. coli DsbB, it was observed that when reduced DsbA
and a mutant DsbB protein with Cys104 and Cys130
replaced with serine residues are mixed together in vitro,
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Figure 5. Structures of the catalytic cores of (4) Erv2 and (B) Erol show the similar relationship between the two pairs of cysteine residues. The
four core helices of Erv2 and Erol are colored as in Fig. 1. Ball-and-stick representation shows the position of the flavin cofactor (yellow), the
active site cysteine pair (orange), and the second conserved cysteine pair and its flanking sequence (pink). Note the lack of secondary structure in

the pink segments surrounding the second cysteine pair.

the disulfide transfer between the two proteins is greatly
attenuated relative to the transfer seen between reduced
DsbA and wild-type DsbB, suggesting steric hindrance
of disulfide exchange between DsbA and the remaining
Cys41-Cys44 active site disulfide pair (Regeimbal and
Bardwell 2002; Grauschopf et al. 2003). An analysis of
the opposite reaction, the disulfide transfer between
oxidized DsbA and a Cys104—Cys130 mutant of DsbB,
also points to the inaccessibility of the Cys-x-x-Cys pair
to DsbA as the strong oxidant DsbA was unable to
oxidize the Cys41-Cys44 pair (Regeimbal and Bardwell
2002). It is an attractive possibility that the peptide loop
or tail in DsbB containing the second cysteine pair can
adopt multiple conformations to facilitate shuttling of
disulfide bonds from the otherwise inaccessible active
site Cys-x-x-Cys pair to DsbA.

A unique group of DsbB homologs includes proteins
with a five transmembrane domain topology and a lone
Cys-x-x-Cys active site localized to the turn between
helices A and B (see Table 1, group III). The group III
proteins may utilize a different mechanism than the DsbB
proteins from group I and II to oxidize substrate proteins.
Group III DsbB proteins may have a cysteine-containing
partner protein that mediates the transfer of oxidizing
equivalents from the buried Cys-x-x-Cys pair to substrate
proteins. The viral Erv2 homolog, E10R, utilizes the
cysteines in a second viral protein A2.5L to transfer oxi-
dizing equivalents from its lone Cys-x-x-Cys active site to
the thioredoxin-like viral protein G4L (Senkevich et al.
2002). A function of the extensive C-terminal domain in
the C. jejuni, H. pylori, and C. diptheriae group III pro-
teins could be to facilitate the interaction with its partner.
The relationship between the group III and the group |

and II DsbB proteins parallels the relationship between
two other redox-active microbial proteins Rhodobacter
capsulatus CcdA and its functional homolog E. coli
DsbD: CcdA contains a cysteine pair in a DsbD-like
transmembrane core, but lacks the two redox-active
cysteine pairs that are present in the periplasmic domains
of DsbD. CcdA can transfer electrons to a limited set
of DsbD’s substrates: CemG/HelX but not DsbC (Katzen
et al. 2002). Consistent with CcdA’s inability to oxidize
DsbC, DsbC proteins have not been identified in organ-
isms containing CcdA and lacking a DsbD protein
(Katzen et al. 2002). Interestingly, the two organisms
exclusively encoding a group III DsbB homolog (H. pylori
and C. diphtheriae) appear to lack a DsbA homolog,
suggesting that the group III DsbB proteins transfer oxidi-
zing equivalents to a yet uncharacterized protein. Consid-
ering the functional and mechanistic similarities between
the enzymes that catalyze the oxidation of PDI or DsbA
and the distinct enzymatic mechanism and unique sub-
strates that may be used by the group III proteins, the
group III proteins may merit a different name to distin-
guish them from the classical DsbB proteins.

Conclusions

Over the past few years, biochemical and genetic studies
have uncovered striking parallels between the prokaryotic
and eukaryotic cellular disulfide bond formation path-
ways. Considering the functional and mechanistic simi-
larities between the thiol-oxidoreductases that catalyze the
formation of disulfide bonds, it was puzzling that these
proteins do not display the type of sequence similarities
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Figure 6. (4) Diagram of the proposed active site of the group I (left)
and group II (right) DsbB proteins. The transmembrane helices of
DsbB are drawn as colored circles. The Cys-x-x-Cys active site and
the second conserved cysteine pair are represented as an orange or
pink “S-S,” respectively, and a yellow ring labeled Q represents the
quinone cofactor. (B) DsbB amino acid sequence connecting helices D
and C in the group I proteins, or forming the C-terminal domain of the
group II proteins. The E. coli and B. henselae DsbB proteins were
arbitrarily chosen as representative of the group I and group II pro-
teins, respectively. Cysteines are represented in pink text, while purple
rectangles highlight residues predicted to form helices by the
PSIPRED program (Jones 1999; McGuffin et al. 2000). The nonhigh-
lighted sequence is predicted to adopt a conformation differing from
canonical secondary structures (a-helix and B-sheet).

shared by the disulfide carrier proteins, which are all
members of the thioredoxin superfamily. However, the
recent elucidation of the crystal structures of Erv2 and
Erol revealed a remarkable conservation of the active
sites of these enzymes at the structural level, leading us
to speculate that the prokaryotic enzyme DsbB may share
the same core structure.

Examination of the DsbB sequence revealed several key
features conserved with Erv2 and Erol. These include: (1)
four predicted anti-parallel a-helices; (2) a conserved Cys-
x-x-Cys pair located at the end of one of the four helices,
with the second cysteine in close proximity to the redox
cofactor; (3) conserved amino acid residues with a planar
ring structure that may interact with the cofactor ring; and
(4) a second essential cysteine pair located in a region
lacking significant a-helical or B-sheet content. The pro-
posed relationship between DsbB and the eukaryotic
thiol-oxidoreductases may represent a remarkable exam-
ple of convergent evolution in which a membrane-
embedded helical bundle in DsbB forms a site to hold
the hydrophobic quinone cofactor in proximity to a
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Cys-x-x-Cys active site with a similar geometry as the
binding site for the hydrophilic cofactor FAD formed by
the hydrophilic helical bundles in Erv2 and Erol.

In light of the structural convergence and functional
parallels between DsbB, Erv2, and Erol, it is interesting
to speculate about additional implied similarities between
the three proteins. The two different conformations
observed in X-ray crystallography for the region of Erv2
or Erol containing the second essential cysteine pair sug-
gest a highly dynamic protein segment. The loop of
sequence between helices C and D, or the periplasmic
tail, with the second cysteine pair of DsbB may have
similar properties. An appealing possibility is that the
flexible domain has evolved to direct the flow of disulfides
along specific pathways. The second cysteine pair on a
flexible peptide may serve as a substrate selectivity filter in
two ways: (1) by partially occluding the Cys-x-x-Cys pair,
keeping the redox active cysteine pair from nonselectively
oxidizing small molecules or proteins that would other-
wise have access the active site, and (2) by specifically
relaying disulfides from the partially buried Cys-x-x-Cys
active site directly to a thioredoxin-like disulfide carrier
protein. Perhaps the unstructured nature of these flexible
regions facilitates an association with the thioredoxin-
like partner proteins by mimicking unfolded nascent
polypeptide chains, which are known to be substrates for
PDI and DsbA.

Materials and methods

DsbB sequences

To identify homologs of DsbB, the nonredundant (nr) database
at NCBI was searched with the E. coli K12 DsbB protein
sequence (accession no. P30018) using the PSI-BLAST algo-
rithm (http://www.ncbi.nih.gov/BLAST/) (Altschul et al. 1997).
Searching was terminated after five iterations when no addi-
tional sequences were returned above the default inclusion
threshold of 0.005. Five of the nine sequences with e values
closest to the threshold (1 X 1077 to 2 X 10~%) did not contain
a Cys-x-x-Cys motif and were not included in our final dataset.
When sequence data was available from multiple strains, one set
of sequence data was chosen to be representative of that organ-
ism. An exception was made for E. coli where data from E. coli
K12 and E. coli CFT073 are both included in our dataset. In
order to obtain additional homologs, the most divergent
sequence from the PSI-BLAST dataset, a hypothetical protein
from Bartonella quintana (accession no. YP_032674), was used
to search the nr database using the PSI-BLAST algorithm for
nine iterations, which returned six new sequences. One of the six
sequences, a Legionella pneumophila protein sequence, does not
represent a completely translated open reading frame and was
not used in our alignments. A search of the nr database with the
most divergent of the six new sequences, a putative membrane
protein  from  Bordetella  parapertussis  (accession  no.
NP_883513), failed to identify any new protein sequences out-
side our compiled dataset. The accession numbers for the com-
plete DsbB homologs dataset are displayed in Table 1.



Thiol-oxidoreductase structural convergence

Secondary structure predictions of the DsbB homologs
were obtained using the program PSIPRED version 2.4 (http://
bioinf.cs.ucl.ac.uk/psipred/) (Jones 1999; McGuffin et al. 2000).
The PSIPRED program was chosen based on its ability to
accurately predict, within a few amino acids, the four a-helices
determined by X-ray crystallography to form the catalytic core
of Erol and Erv2 (Gross et al. 2002). Notably, additional sec-
ondary structure prediction programs including JPRED (Cuff
and Barton 2000), PHD (Rost and Sander 1993, 1994), POR-
TER (Pollastri and McLysaght 2004), PROF (Ouali and King
2000), SOPMA (Geourjon and Deleage 1994), SSpro (Pollastri
et al. 2002), and Target99 (Karplus et al. 1998) also placed the
active site cysteines of DsbB, Cys41 and Cys44, at the N-terminal
end of an a-helix predicted by other methods to form the second
transmembrane domain (see Bardwell et al. 1993; Jander et al.
1994). The secondary structure output between the programs did
vary in the predicted lengths for the DsbB «a-helices, especially
the third and forth transmembrane spanning helices.

Erol Trp200 and His231 mutants

Amino acid replacements were created by site-directed muta-
genesis with the QuikChange site-directed mutagenesis kit
(Stratagene) using EROI-myc in a LEU2-marked, CEN plas-
mid as a template. The mutated plasmids were verified by
sequencing. Plasmids containing wild-type or mutant ERO1-
myc were transformed into the yeast strain CKY598 (MATa
GAL2 ura2-52 leu2-3,112 erol-1). After overnight growth in
synthetic minimal media (SMM) minus leucine with 2% (w/v)
glucose, strains were plated onto rich YPD plates containing
the indicated amounts of dithiothreitol (DTT). Strains were
grown for 2 d at the semipermissive temperature of 30°C.

DsbB mutants

The mutant DsbB expression plasmids were constructed by
introducing substitution mutations into the DsbB-Hisg-c-Myc
gene of pHKS17 (pAM238 carrying DsbB-Hisg-c-Myc)
(Kadokura and Beckwith 2002) using QuikChange site-directed
mutagenesis (Stratagene). In the Results and Discussion section,
we call the DsbB-Hisg-c-Myc polypeptide simply DsbB. To
analyze the in vivo redox state of proteins, the free cysteine
residues of proteins were acid trapped and alkylated with
AMS (4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid)
as described (Kadokura et al. 2000). The alkylated proteins
were separated by SDS-PAGE, and subjected to immuno-
blotting with anti-Myc (Santa Cruz Biotechnology, Inc.) and
anti-DsbA (Bardwell et al. 1993).
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