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ABSTRACT: We report the biochemical and biophysical characterization of YedYZ, a sulfite oxidase
homologue fromEscherichia coli. YedY is a soluble catalytic subunit with a twin arginine leader sequence
for export to the periplasm by the Tat translocation system. YedY is the only molybdoenzyme so far
isolated fromE. coli with the Mo-MPT form of the molybdenum cofactor. The electron paramagnetic
resonance (EPR) signal of the YedY molybdenum is similar to that of known Mo-MPT containing enzymes,
with the exception that only the Mo(IV)f Mo(V) transition is observed, with a midpoint potential of
132 mV. YedZ is a membrane-intrinsic cytochromeb with six putative transmembrane helices. The single
hemeb of YedZ has a midpoint potential of-8 mV, determined by EPR spectroscopy of YedZ-enriched
membrane preparations. YedY does not associate strongly with YedZ on the cytoplasmic membrane.
However, mutation of the YedY active site Cys102 to Ser results in very efficient targeting of YedY to
YedZ in the membrane, demonstrating a clear role for YedZ as the membrane anchor for YedY. Together,
YedYZ comprise a well-conserved bacterial heme-molybdoenzyme found in a variety of bacteria that can
be assigned to the sulfite oxidase class of enzyme.

The facultative anaerobeEscherichia coliis capable of
anaerobic respiratory growth using terminal electron accep-
tors such as fumarate, nitrate, and dimethyl sulfoxide
(DMSO).1 The terminal reductases required for growth on
these acceptors are fumarate reductase (FrdABCD) (1-3),
nitrate reductase (NarGHI) (4), and DMSO reductase
(DmsABC) (5), respectively. These enzymes are membrane-
associated multisubunit oxidoreductases with several redox
active cofactors including heme, flavins, iron-sulfur clusters,
and molybdo-bis(molybdopterin guanine dinucleotide)
(Mo-bisMGD).

Molybdenum-containing oxidoreductases are found through-
out nature, and in all cases, with the exception of nitrogenase,
the molybdenum atom is coordinated in the protein by
molybdopterin (MPT) (6, 7), which is typically found in its
tricyclic pyranopterin form (8, 9). Eukaryotic molybdo-
enzymes provide molybdenum atom coordination via the two

dithiolene sulfurs of a single MPT. Additional coordination
can be provided by a protein-molybdenum ligand, such as
a Cys residue, and by oxo, hydroxyl, and sulfido groups. In
prokaryotes, most molybdoenzymes studied to date provide
coordination via four dithiolene sulfurs from a total of two
MPT moieties. This bis-MPT coordination is complicated
by the covalent addition of a nucleotide (guanine or cytidine)
to each MPT moiety via a phosphodiester bond. Additional
molybdenum ligands are provided by amino acid side chains
(Ser, Cys, or Asp) and oxo and hydroxyl groups (8-10).

The determination of theE. coli genome sequence (11)
led to the recognition of a large number of genes of unknown
function. We have examined theE. coli genome for potential
novel molybdoenzymes. One unknown open reading frame
identified in this search wasyedY(Blattner number b1971),
which is part of the putativeyedYZoperon. The genes for
this operon were cloned fromE. coli HB101 chromosomal
DNA, and the YedY and YedZ proteins were investigated.
We have recently reported the purification and structural
determination of YedY (12). YedY is the soluble periplasmic
catalytic subunit of the oxidoreductase and contains a
Mo-MPT cofactor, and as such, it is the first Mo-MPT
enzyme isolated fromE. coli. YedY is a member of the
sulfite oxidase class of molybdoenzyme (9), which is able
to catalyze the reduction of S- andN-oxides (12). In this
study, we further examine the biochemical and biophysical
characteristics of YedY and describe the characterization of
the heme-containing intrinsic membrane subunit YedZ.
Together, these two proteins form a well-conserved bacterial
oxidoreductase.
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EXPERIMENTAL PROCEDURES

Materials.Molecular biology reagents including restriction
endonucleases, T4 DNA ligase, andTaq DNA polymerase
were purchased from Invitrogen.Pfu DNA polymerase was
purchased from Stratagene. Anti-pentaHis antibody was
supplied by Qiagen, and Western immunoblot horseradish
peroxidase reagents were supplied by Pierce. Oligonucleo-
tides were obtained from the DNA Core Facility, Department
of Biochemistry, University of Alberta, Canada. All other
reagents were of the highest purity commercially available.

Methods.Preparation of bacterial growth media, molecular
biology procedures (plasmid DNA isolation, restriction
enzyme digestions, polymerase chain reaction, etc.), sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and Western immunoblotting were performed
by standard procedures (13). Protein concentrations were
determined by a modification of the Lowry method (14).

List of Strains.The E. coli bacterial strains used in this
study are shown in Table 1.

Cloning of yedYZ Operon.TheyedYZgenes were cloned
into plasmids in different combinations using the oligonucleo-
tide primers shown in Table 2.

The yedYZoperon was amplified fromE. coli HB101
genomic DNA by polymerase chain reaction (PCR), using
the oligonucleotides SB3 and SB4. The amplified DNA
fragment was cleaved withBamHI andXhoI and ligated into
a modified pMS119EH plasmid (15), which contained a
previously engineered hexahistidine tag sequence (16). The

resulting plasmid, pMSYZH6, containedyedYandyedZwith
expression controlled by theptacpromoter of pMS119. YedZ
also contains the extra amino acid residues LEHHHHHH
after the C-terminal Val residue. Histidine-taggedyedYwas
also cloned withoutyedZ into pMS119 using the primers
SB3 and SB5 to yield the plasmid pMSYH6. TheyedYZ
genes were amplified by PCR from HB101 DNA using the
primers SB6 and SB7 and cloned into theNdeI and PstI
restriction sites of the expression plasmid pT7-7, to obtain
plasmid pYEDT7 with the untaggedyedYZgenes controlled
by the T7 promoter. The smallSphI/PstI fragment of
pYEDT7, containing the a 3′ portion ofyedYand a 5′ portion
of yedZ, was “swapped” by ligation with the analogous
fragment of pMSYZH6 to obtain pMSYZ, which contained
the nativeyedYZgenes under the control of theptacpromoter
of pMS119.

A BglII restriction site was constructed within theyedY
gene near the 3′ end in the plasmid pMSYZ, using the
primers SB8 and SB9, by the QuikChange site-directed
mutagenesis method (Stratagene, La Jolla, CA). The resulting
plasmid obtained was pMSYZB. The smallerNcoI/BglII
fragment, containing a 3′ portion ofyedY, was excised from
pMSYZB and replaced with the similarNcoI/BglII fragment
from pMSYH6 to create the pMSYZ3 plasmid, containing
a His6-tagged YedY and a native YedZ in the pMS119
vector.

Site-Directed Mutagenesis of YedY.TheSstI/XhoI fragment
of pMSYZ3, containingyedYwas subcloned into pT7Blue-3
(Novagen) to create plasmid pYED5 for mutagenesis and
sequencing. The Cys102Ser mutant of YedY was constructed
with the primers DN3 and M13 Reverse in the plasmid
pYED5 using the QuikChange site-directed mutagenesis
method, except that the two primers were not complementary.
The mutated DNA fragment, confirmed by sequencing, was
then replaced back into pMSYZ3 to create pMSYZ3(C102S).

Creation of Mutant E. coli Strains.A stableyedYZdeletion
of E. coli MC4100, SJB12, was constructed by replacing
the operon with the chloramphenicol resistance (CAT)
cartridge, by the protocol of Datsenko and Wanner (17),
using the oligonucleotides SB1 and SB2 as primers. The
deletion was confirmed by PCR.

The mobA- E. coli strain TP1000 was a kind gift from
Dr. Tracey Palmer. The∆mobA::kan gene fragment was
transferred from TP1000 toE. coli TG1 by P1 transduction
(18) to create the strain SJB20. ThemobA- phenotype was
confirmed by the ability of this strain to grow anaerobically
on glycerol fumarate medium (19) but not on glycerol-
nitrate medium, because nitrate reductase requires themobA
gene product for MGD biosynthesis (20).

Amplified Expression and Purification of YedY and YedZ.
HB101 or SJB20 cells, transformed with the pMSYZ3
plasmid, were grown in Terrific Broth (13) with the addition
of 0.003% (w/v) metal ions mixture (19), except the
ammonium molybdate was replaced with 1 mM Na2MoO4.
They were grown in 2 L media in 6 L flasks, with shaking
at 200 rpm, at 30°C until OD600 ∼ 0.8. Then isopropyl-â-
D-thiogalactoside (IPTG) was added to 0.1 mM, and the cells
were incubated for a further 12 h before harvesting. The cell
pellet was washed in 100 mM MOPS and 5 mM EDTA,
pH 7.0, and a periplasmic fraction, containing soluble,
processed YedYHis6, was obtained by the cold osmotic shock
procedure (13). Briefly, the cells were suspended in 30 mM

Table 1: List ofE. coli Strains

E. coli strain genotype reference

MG1655 F- λ- ilVG rfb50 rph1 laboratory collection
HB101 supE44 hsdS20(rB

- mB
-)

recA13 ara-14 proA2 lacY1
galK2 rpsL20 xyl-5 mtl-1 thr-1
leuB6∆(proA2) sbcC201 tsx-33
sbcB15

laboratory collection

TG1 ∆(lac-pro)supE thi
hsd15/F′ traD36proAB
lacIq lacZDM15

laboratory collection

DSS640 as TG1;∆tatABCD
(∆mttA1A2BC)::cat

16

MC4100 F- araD139∆(argF-lac)U169
rpsL150 relA1 ftB3501 deoC1
ptsF25 rbsR

laboratory collection

TP1000 as MC4100;∆mobAB::kan(KnR) 38
SJB12 as MC4100;∆yedYZ::cat (CmR) this study
SJB20 as TG1;∆mobAB::kan(KnR) this study

Table 2: List of Oligonucleotide Primersa

primer name sequence

DN3 TATCGTATGCGATCGGTGGAAGCGTG
SB1 CGGCTCTTGCTGGCTAACGACAAAAAAGTGT

GATGGCTTGTGTAGGCTGGAGCTGCTTC
SB2 CCGGCAGGGATAACGCGTACTTTGTCGGCAA

TATGAAGCATATGAATATCCTCCTTAG
SB3 CGGGATCCAGGAGAGGATATCATGAAAAAGA

ATCAATTT
SB4 CTCCTCGAGTACAGATAATTTGTTG
SB5 CGCCTCGAGCAAATTCTCCCGCAA
SB6 CGCGGATCCGTGTGATGGCATATGAAAAAG
SB7 CGCGCCACATCCTGCAGGGATAAC
SB8 GTATCGTGGCCTAGATCTGCGGGAGAA
SB9 TTCTCCCGCAGATCTAGGCCACGATAC

a In all cases, the restriction sites found in the oligonucleotides are
in script font.
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Tris, pH 7.5, 1 mM EDTA, 0.2 mM phenylmethylsulfonyl
fluoride (PMSF), and 20% (w/v) sucrose and incubated at
room temperature with gentle shaking for 10 min. The cells
were pelleted by centrifugation, resuspended in ice-cold
1 mM MgSO4, and incubated on ice with gentle shaking for
15 min. The suspension was centrifuged, and the supernatant
represented the periplasmic fraction. To the periplasmic
fraction, MOPS buffer, pH 7.0, was added to 20 mM, and
NaCl was added to 0.5 M. This solution was applied to a
column containing 20 mL Chelating Sepharose resin
(Amersham-Pharmacia). The column was washed with
20 mM MOPS, 0.5 M NaCl, and 5 mM histidine (pH 7.0),
and YedYHis6 was eluted with the same buffer containing
40 mM histidine.

The cells (with or without periplasm) were resuspended
in 100 mM MOPS, 5 mM EDTA, and 0.2 mM PMSF and
ruptured by passage through a French Pressure cell at 12 000
psi. Supernatants and membranes were prepared by ultra-
centrifugation at 150 000g as previously described (21).
Membrane pellets, containing amplified YedZ, were dark red.
The membrane fraction was homogenized in the same buffer
without PMSF and layered on top of a 55% (w/v) sucrose
cushion as described (22). After ultracentrifugation for
1.5 h at 150 000g, the floating band containing enriched
cytoplasmic membrane was isolated, diluted in buffer, and
subjected to two further rounds of ultracentrifugation at
150 000g for 1.5 h to ensure complete removal of the sucrose.

Spectroscopy.Ultralow temperature (10-50 K) EPR
spectra ofE. coli membranes enriched in YedZ, as well as
the Mo(V) spectrum presented in Figure 4, were recorded
using a Bruker Elexys E500 spectrometer equipped with an
Oxford Instruments ESR-900 flowing helium cryostat. EPR
spectra of potentiometrically poised YedY were recorded
using a Bruker ESP300E spectrometer equipped with a
Bruker liquid nitrogen evaporating cryostat (Bruker ER4111
VT Variable Temperature Unit). Redox titrations were
carried out as previously described (22). UV-visible spec-
troscopy was performed using a Hewlett-Packard 8453 diode
array spectrophotometer.

Kinetic Analysis.Substrate-dependent oxidation of reduced
benzyl viologen (BVH‚+) was analyzed by an open cuvette
assay essentially as described (23, 24). Oxidized benzyl
viologen (0.2 mM) was reduced with the addition of sodium
dithionite (0.33 mM) in degassed 50 mM MOPS buffer,
pH7.0. Substrate-dependent oxidation of BVH‚+ (ε570 nm )
7.8 × 103 L mol-1 cm-1) was monitored using a Jenway
6300 spectrophotometer.

RESULTS

Bioinformatic Analysis of yedYZ.The yedY gene was
originally identified in a bioinformatics screen of theE. coli
genome for potential molybdenum-containing proteins.yedY
andyedZ(b1971 and b1972, respectively) form a putative
operon starting at 43.9 min (2037.5 kb) of theE. coli genome
(11), with theyedZORF overlapping theyedYORF by one
nucleotide.yedYencodes a 334 amino acid pre-protein with
a molecular weight of 37.4 kDa. YedY has a putative twin
arginine signal peptide for processing by the Tat/Mtt protein
translocation apparatus (25, 26). The twin arginine motif has
a sequence of KRRQVLK, which agrees with the consensus
sequence of (S/T)RRXFLK (27). The predicted cleavage site

is AAHA VDLL, resulting in a mature protein of 290 amino
acid residues and a molecular weight of 32.5 kDa, which
was confirmed by electrospray mass spectrometry and
N-terminal sequencing (12).

In this study,yedYwas cloned fromE. coli HB101, a
hybrid of K and B strains. We noted a discrepancy from the
publishedE. coli K12 MG1655 sequence ofyedY (11),
namely, a cytosine to adenosine substitution at position 1205,
resulting in a YedY protein with Asp in place of Ala at
residue 319 of the unprocessed protein. In otherE. coli
strains, YedY from K12 W3110 (28) has Ala at that residue,
but in the pathogenic strains O157:H7 (29, 30) and CFT073
(31), the residue is an Asp. It appears that the residue at this
position may be quite variable and not well-conserved, but
commonly a hydrophilic residue. A recent BLASTP search
(32) of the GenBank database showed that YedY has
homologues (g40% identical) of unknown function in more
than 40 bacterial genomes, mostly proteobacteria.

As revealed by the BLAST search, the proteins of known
function to which YedY is most homologous are sulfite
oxidases from the bacteriumStarkeya noVella (33) and higher
eukaryotes, including the chicken liver enzyme (10, 34) and
assimilatory nitrate reductases, such as that from spinach
(35). Identity of YedY to these oxidoreductases is ap-
proximately 20% over a span of about 170 amino acids. This
region encodes the domain responsible for binding a
molybdenum-molybdopterin (Mo-MPT) cofactor found in the
structure of sulfite oxidases from chicken mitochondria (10)
andArabidopsis thalianaperoxisomes (36) determined by
X-ray crystallography. As shown by the YedY crystal
structure (12), Cys146 or Cys102 in the mature protein
provides a sulfur ligand for the molybdenum atom of the
Mo-MPT cofactor in a manner analogous to active site
cysteines of the sulfite oxidases.

Like YedY, homologues of YedZ of unknown function
are found in many bacterial species, as part of an analogous
yedYZoperon. The conservation in YedZ, approximately
30%, is less than that of YedY. YedZ is a 24.1 kDa protein
with six transmembrane helices as predicted by the
program TmPred (http://www.ch.embnet.org/software/
TMPRED_form.html), with the N- and C-termini predicted
to face the cytoplasm (Figure 1). This topology has also been
confirmed by PhoA and GFP fusion protein analysis (37).
YedZ has a theoretical isoelectric point (pI) of 10.8, with
several conserved histidine and arginine residues, features
which are characteristic of an integral membrane cytochrome.
There are three histidine residues which are conserved in
YedZ and its bacterial orthologs, histidines 91, 151, and 164
of YedZ. It is very likely that His91 in transmembrane
segment 3 and either His151 or His164, both of which are
predicted to be in transmembrane segment 5, serve as
histidine ligands for a heme moiety. The presence of a heme
subunit is not surprising; theS. noVella sulfite oxidase has
a solublec-type cytochrome (SorB) as part of the SorAB
enzyme, while other sulfite oxidases and assimilatory nitrate
reductases have a hemeb domain in the single subunit
oxidoreductase. In all cases, direct electron transfer between
the heme and the molybdenum cofactor is observed.

Cloning and Expression of yedYZ.TheyedYZgenes were
cloned fromE. coli HB101 chromosomal DNA as described
in the Experimental Procedures. Plasmid pMSYZ3, with a
histidine-tagged YedY and a native YedZ in the IPTG-
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inducible pMS119 vector, was used for expression-testing
in a number of common laboratory strains.E. coli HB101
had the highest expression levels of YedY and YedZ;
however, a large amount of YedY formed inclusion bodies,
even though YedZ appeared properly folded and inserted in
the membrane (results not shown).E. coli TG1 showed
slightly lower overall YedY expression, but a higher yield
of mature processed YedY (Figure 2) with fewer inclusion
bodies. The YedYHis6 protein in inclusion bodies is almost
exclusively unprocessed, as observed by Western immuno-
blot (Figure 2). Therefore, HB101 was used for studies of

amplified YedZ in cytoplasmic membrane vesicles, while
YedY was purified from a derivative of TG1 (see following
text). Regardless of strain, we noted that YedY was found
predominantly in the periplasm and did not exist as a stable
membrane-associated complex with YedZ in equimolar
amounts.

Purification of YedYHis6. In an attempt to increase the
yield of mature active YedYHis6, we examined expression
of YedYHis6 in E. coli SJB20/pMSYZ3, amobAderivative
of TG1. The SJB20 strain produces the MPT form of the
molybdenum cofactor but not the MGD form (38). Better
expression inmobAstrains has been observed with the cloned
molybdenum domains from human sulfite oxidase (39) and
spinach nitrate reductase (40) presumably due to the higher
concentration of MPT in amobAstrain versus a wild-type
strain. YedYHis6 was amplified inE. coli SJB20 and purified
from the periplasm by nickel affinity chromatography (Figure
2), as described in Experimental Procedures. Approximately
20 mg purified mature YedYHis6 was obtained from∼30 g
of cell paste.

Physiological Role of YedYZ.We used several methods
to search for a potential substrate or physiological role of
YedYZ. An E. coli yedYZ deletion strain, SJB12, was
constructed by theλred recombinase method (17). The
phenotypes of SJB12 and its parent strain, MC4100, were
identical in all studies, including growth in minimal media
with various carbon, nitrogen, sulfur, or phosphorus sources,
done by Biolog phenotype microtiter array (41), anaerobic
growth using various terminal electron acceptors such as
DMSO, trimethylamine-N-oxide (TMAO), and nitrate, and
susceptibility to growth inhibitors such as heavy metals or
oxidizing agents. We also attempted to identify a potential
substrate for YedY(Z) by screeningE. coli crude extracts
containing overexpressed YedYZ in oxidoreductase assays,
including established assays for sulfite oxidase (42), nitrate
reductase (23, 24), aldehyde dehydrogenase (43), and a
variety of other substrates and artificial electron acceptors
or donors. These assays were not successful (results not
shown). However, when purified YedYHis6 was subjected
to the same screening procedures, the enzyme was able to
catalyze the reduction of DMSO and TMAO using reduced
benzyl viologen (BV) as an electron donor (12, 23, 24).
YedYHis6 was also able to catalyze the reduction of
phenylmethyl sulfoxide, methionine sulfoxide, and tetra-
methylene sulfoxide (tetrahydrothiophene 1-oxide). However,
YedYHis6 showed no significant activity for various pyridine
N-oxides, adenosineN-oxide, chlorate, or hydroxylamine as
substrates.

YedYH6 Spectroscopic Analysis.As prepared, purified
YedYHis6 has a slightly pink color. Its optical absorbance
spectrum shows a peak centered at approximately 360 nm
and a broad peak centered at 503 nm (Figure 3). The pink
color was abolished upon addition of an excess amount of
sodium dithionite (∼2 mM), and this is reflected by the loss
of the 503 nm absorption band, and likely bleaching of the
peak at 360 nm as well, although the spectrum is complicated
by the strong absorbance of dithionite in this region. It is
notable that EPR spectra reveal that the as-prepared spectrum
of YedYHis6 in Figure 3 corresponds to the spectrum of the
protein exclusively containing the Mo(V) redox state of the
Mo-MPT (see following text).

FIGURE 1: Membrane topology of YedZ. Topology was predicted
using the program TmPred (http://www.ch.embnet.org/software/
TMPRED_form.html), and the tubes represent putative trans-
membrane helices. Circled letters indicate amino acid residues
which are conserved in a ClustalW alignment of YedZ and
homologues from other bacteria. Conserved histidine residues,
which may coordinate a heme, are numbered.

FIGURE 2: SDS-PAGE and Western immunoblot analysis of
YedYHis6 and YedZ. (a) SDS polyacrylamide gel of YedYZ
amplification and purification. A composite of two gels is shown.
Lane 1, SJB20-pMSYZ3 whole cells; lane 2, periplasm fraction;
lane 3, purified YedYHis6; lane 4, French press extract; lane 5,
cytoplasmic membrane fraction. Positions of molecular weight
markers, YedZ, and processed YedYHis6 are indicated. (b) Western
immunoblot of YedYHis6 in whole cells and cell fractions of
E. coli strains containing pMSYZ3 plasmid. Lanes 1-4: TG1 cells.
Lane 1, whole cells; lane 2, 8000g pellet after French Press lysis
of cells (indicates inclusion bodies); lane 3, cytoplasmic membrane
preparation; lane 4, 150 000g supernatant. Lane 5, DSS640 (TG1
∆tatABCD) whole cells. Positions of uncleaved and processed
YedYHis6 are indicated.
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The molybdenum cofactor within purified YedYHis6 was
examined by EPR. Figure 4 shows the EPR spectrum of the
as-isolated YedYHis6 recorded at 50 K. Essentially similar
spectra were recorded at 150 K (data not shown). The
spectral features can be interpreted as arising from an axial
Mo(V) species withg1 ) 2.031 andg2,3 ) 1.976. In the low-
field region of the spectrum, a hyperfine splitting of theg1

feature is due to the interaction between the unpaired electron
of the Mo(V) and the nuclear spin (I ) 5/2) of the95Mo and
97Mo isotopes with a hyperfine splitting constant of ap-
proximately 54 G. The hyperfine splitting of the other two
g-tensors is too complex to be resolved directly from the
spectra presented in Figure 4. Curiously, the EPR spectral
features of the as-isolated YedYHis6 did not diminish
following incubation with excess potassium ferricyanide,
indicating theEm of the Mo(V) f Mo(VI) transition is
unusually high. To further investigate this issue, we analyzed
the EPR properties of YedYHis6 by potentiometric analysis.
Figure 4 shows a representative plot of theg2,3 signal
intensity versusEh with samples being taken from a titration
carried out in the oxidizing direction. Inspection of the data
reveals that oxidation of the Mo(V) species to Mo(VI) was
not possible, even when samples were potentiometrically
poised at potentials greater than 350 mV for extended
periods. Oxidative and reductive redox titrations result in
midpoint potential (Em,7) estimates of 130( 9 mV (n ) 1.3
( 0.09; three determinations) and 134( 6 mV (n ) 1.63(
0.05; four determinations), respectively. The consistent
observation of ann-value greater than 1.0 is consistent with
the Mo(IV) f Mo(V) transition being weakly coupled to a
2-electron redox transition occurring in close proximity to
the Mo atom. Possible candidates for this transition include
redox interconversions of the pyranopterin (44, 45), a redox
interconversion of a tightly bound substrate, or an intercon-
version of an amino acid side chain.

In an attempt to shed further light on the behavior of the
Mo-MPT cofactor, we performed redox titrations at pH 6
(in MES buffer) and at pH 8 (in Tricine buffer), resulting in
estimates of theEm of the Mo(IV) f Mo(V) transition of
145 and 128 mV, respectively. In neither case was a Mo(V)

f Mo(VI) transition observed. Also, no evidence for a tightly
coupled proton was observed at pH 6.

Tungsten-Substituted YedYHis6. YedYHis6 was also ampli-
fied and purified from cells ofE. coli SJB20/pMSYZ3 grown
in the presence of 10 mM Na2WO4 rather than 1 mM Na2-
MoO4. The yield of soluble tungsten-substituted YedYHis6,
approximately 5 mg from 30 g of cell paste, was lower than
that of the molybdenum form. The preparation was colorless
and had no observable absorption bands in the 350-700 nm
range (result not shown). The protein was inactive with
benzyl viologen as an electron donor, usingS- or N-oxides
as substrates. No activity was observed in an “oxidase” assay
using trimethylamine or methionine as electron donors and
oxidized dichlorophenolindolphenol as an electron acceptor
dye, as has been used for assay of dimethyl sulfide
dehydrogenase (46).

No W(V) EPR signal was observed in the as-isolated
tungsten-substituted form of the enzyme. However, the
recently determined crystal structure of tungsto-YedY (12)
is essentially identical to that of the molybdo form, including
the presence of the W-MPT cofactor.

Analysis of YedZ.Cytoplasmic membrane vesicles con-
taining amplified YedZ were prepared fromE. coli HB101/
pMSYZ3 as described in the Experimental Procedures. The
membranes were dark red, indicating the presence of heme.
The visible absorbance spectrum of dithionite-reducedminus
oxidized membrane spectra showed a Soret band at 428 nm,
an R-band at 559 nm, and aâ-band at 530 nm (Figure 3).
These features are characteristic for the presence of ab-type
heme in YedZ. Under anaerobic conditions, the YedZ heme
was also reduced by menadiol, a menaquinol analogue, as
well as by other menaquinol and ubiquinol analogues (not
shown). Thus, in vivo YedZ may interact with the quinol
pool in the cytoplasmic membrane and play a role in shuttling
electrons to or from other membrane-associated oxidoreduc-
tases.

Cytoplasmic membrane vesicles containing amplified
YedZ were also analyzed by EPR (Figure 5). The heme of
YedZ has an EPR spectrum with a single peak corresponding
to thegz of a HALS (highly anisotropiclow spin) heme with

FIGURE 3: Visible absorption spectra of YedY and YedZ. (a) Spectra of 0.5 mg/mL (∼15 µM) YedYHis6 after reduction with 2 mM
sodium dithionite (i) or as-purified (ii). (b) Spectra of cytoplasmic membrane preparations at a protein concentration of 1.0 mg/mL. (i),
dithionite reduced minus air-oxidized spectrum of HB101-pMS119 (negative control) membranes; (ii), dithionite reduced minus oxidized
spectrum of HB101-pMSYZ3 (YedZ-amplified) membranes; (iii), spectrum of HB101-pMSYZ3 membranes reduced anaerobically with
0.5 mM menadiol minus oxidized membranes. In panel b, the spectrum lines have been offset by arbitrary values to aid in presentation.
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bishistidine protein coordination (47). As expected for this
type of heme, the other twog-tensors (gx andgy) were not
observed (48). Figure 5a shows spectra of redox-poised
membranes recorded at 12 K, and Figure 5b shows a plot of
the intensity of theg ) 3.63 feature versusEh. The heme of
YedZ titrates as ann ) 1.0 species with anEm,7 of -8 (
16 mV (three determinations). Careful EPR examination of
the membrane preparations at 50 K did indicate a signal
attributable to the molybdenum of YedY (data not shown);
however, this signal was of very low intensity. Similarly,
we found very little YedY on the membrane as determined
by SDS-polyacrylamide gel electrophoresis and Western
immunoblotting of SJB20-pMSYZ3 membrane preparations
(Figure 2).

Cys102Ser YedY and Interaction with YedZ.The active
site Cys102 of YedY was changed to serine, and the
properties of the resulting protein were examined. As shown
by the Western immunoblot in Figure 6, Cys102Ser YedY
remained almost exclusively in the cytoplasmic membrane
fraction, unlike wild-type YedY which was found in the
periplasm. To determine whether the membrane association

of C102S YedY required the presence of YedZ, C102S YedY
was amplified from the plasmid pMSYH6, which did not
contain theyedZ gene. In this case, the C102S YedY
remained soluble in the periplasm (Figure 6), indicating that
indeed C102S YedY associates specifically with YedZ in
the cytoplasmic membrane. Purified C102S YedY has no
detectable enzyme activity but appears to assemble the MPT

FIGURE 4: EPR characterization of the Mo-MPT of YedY-His6.
(a) Mo(V) EPR spectrum of as-isolated YedY. The spectrum was
recorded at 50 K using 2 mW microwave power at 9.382 GHz and
a modulation amplitude of 4 Gpp. The sample contains 2.2 mg/mL
purified YedYHis6. (b) Redox titration of the YedYHis6 Mo(V)
EPR spectrum. Shown is a representative redox titration in the
oxidizing of the intensity of theg2,3 peak-trough of the YedY
Mo(V) EPR spectrum (theg ) 1.976 peak-trough). Data were fit
to a singlen ) 1.25 species with anEm value of+128 mV. Samples
were redox-poised for at least 5 min at 25°C at pH 7 in 100 mM
MOPS and 5 mM EDTA prior to rapid freezing in liquid nitrogen-
chilled ethanol. EPR spectra were recorded at 150 K.

FIGURE 5: Potentiometric titration of HB101 membrane enriched
in YedZ. EPR spectrum of YedZ in cytoplasmic membrane vesicles.
(a) EPR spectra of potentiometrically poised samples at the potential
(Eh) indicated in mV. Spectra were recorded under the following
conditions: temperature, 12 K; microwave power, 100 mW at
9.47 GHz; modulation amplitude, 10 Gpp at 100 kHz. In each case,
three scans were accumulated. The potentiometric titration was
carried out at approximately 30 mg/mL protein at pH 7.0 in
100 mM MOPS and 5 mM EDTA. (b) Plot of the intensity of the
g ) 3.63 peak versusEh. The peak intensity was derived from a
three-point drop line analysis of spectra such as those in panel a.
The solid line represents ann ) 1 fit to the Nernst equation with
an Em,7 of -5 mV.

FIGURE 6: Subcellular localization of wild-type and Cys102Ser
YedYHis6. Anti-His tag Western immunoblot shows unprocessed
and mature forms of YedYHis6 (top and bottom major bands,
respectively). SJB20 cells were used and samples prepared as
indicated in the Experimental Procedures. Samples: 1,
pMSYZ4(WT), containing wild-type YedYHis6 and YedZ; 2,
pMSYZ4(C102S) containing Cys102Ser YedYHis6 and YedZ; 3,
pMSYH6(WT) containing wild-type YedYHis6 alone; 4,
pMSYH6(C102S) containing Cys102Ser YedYHis6 alone.
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cofactor, as indicated by assay of the fluorescent “Form A”
derivative of the cofactor (49) (results not shown).

DISCUSSION

We report the cloning, amplification, and purification of
a molybdenum-containing sulfite oxidase homologue from
E. coli, YedYZ. YedY was identified as the soluble peri-
plasmic catalytic subunit of the oxidoreductase and contains
a molybdo-molybdopterin form of the molybdenum cofactor.

Purified YedYHis6 presents some novel spectroscopic
features. EPR experiments reveal that the Mo(VI) redox state
appears to be inaccessible, even following incubation at high
Eh-values. One consequence of this is that the optical
spectrum of Figure 3a corresponds to the Mo(V) form of
the enzyme (absorption bands at approximately 360 and
503 nm). Optical spectra of sulfite oxidase are often
complicated by the presence of its heme-binding domain.
However, the Mo-MPT binding domain of human sulfite
oxidase can be prepared by heterologous expression. Its
oxidized spectrum exhibits absorption bands at approximately
360 and 480 nm (50). The oxidized spectrum of the
Mo-MPT binding domain of rat liver sulfite oxidase has an
almost identical spectrum (51). The plant sulfite oxidase from
A. thalianalacks the heme domain and also has absorption
bands at approximately 360 and 480 nm. Thus, the appear-
ance of an absorption band at 503 nm in purified YedYHis6

may be a result of the Mo(V) redox state of its cofactor (52).
Interpretation of the coordination sphere of the molybde-

num of Mo-MPT-containing enzymes on the basis of EPR
data alone is not straightforward. However, the recent
availability of several protein structures has made qualitative
comparisons insightful. Theg1,2,3-values of the Mo(V) species
of YedYHis6 are approximately 2.031, 1.976, and 1.976,
respectively, with agav of 1.994. Also, there is no evidence
in our data suggesting the presence of coupled proton at low-
pH values. Of the Mo(V) EPR spectra published for a range
of enzyme systems, that of YedYHis6 most closely resembles
that of the hydroxymethylpurine adduct to xanthine dehydro-
genase (53, 54) (corresponding to the “very rapid” reaction
intermediate). This has Mo(V) coordinated by the two
dithiolene sulfurs (from the pyranopterin), an oxo group, a
sulfido group, and an oxygen from the substrate. The
structure of YedY (12) reveals that the most likely coordina-
tion sphere of the Mo(V) involves two dithiolene sulfurs, a
sulfur from the protein-Mo ligand (C102), and two oxygens.

Given the structural similarity between YedYHis6 and
sulfite oxidase (12), some similarity would also be expected
between the EPR properties of the two enzymes. The Mo-
(V) spectrum of YedYHis6 is somewhat similar to that of
the low-pH form of sulfite oxidase recorded in D2O in which
the proton hyperfine coupling has been eliminated
(g1,2,3 values of 2.007, 1.974, 1.968;gav ) 1.983) (55). A
number of model compounds have been synthesized to mimic
molybdoenzyme Mo coordination environments, some of
which have EPR spectra similar to that of YedYHis6.
One of these, a six-coordinate compound containing a
dithiolate coordinated to a [L -Mo(V)O]2+ unit (L )
hydrotris(3,5-dimethyl-1-pyrazolyl)borate), has a similar EPR
spectrum to that of YedYHis6 with g1,2,3 values of 2.022,
1.960, and 1.932 (gav ) 1.971) (55). This compound
coordinates the Mo(V) via three nitrogen atoms, one oxo

oxygen, and two sulfur atoms. However, this coordination
environment is at odds with that observed for YedYHis6

which comprises two dithiolene sulfurs, an oxo group, and
a sulfur from Cys102, with an additional oxygen ligand being
provided by an unidentified moiety located at the bottom of
the substrate binding funnel (12). Another oxomolybdenum
complex, [MoO(V)(SPh)4]-, has an EPR spectrum withg1,2,3

values of 2.017, 1.979, and 1.979 (gav ) 1.990) (56). In this
case, coordination is provided by four sulfurs and one oxo
group. Thus, neither of the model compounds discussed
above provide Mo coordination that is completely consistent
with the structure of YedYHis6 determined by X-ray crystal-
lography. A complete understanding of the Mo(V) coordina-
tion environment of YedYHis6 will thus require identification
of the electron density observed in the substate binding site
by Loschi et al. (12). We are currently using a combination
of X-ray crystallography and spectroscopy to pursue this
objective.

The Mo-MPT cofactor of YedY exhibits unusual potentio-
metric behavior. In most molybdenum enzymes, the IV, V,
and VI redox states are readily accessible. In YedY, only
the IV and V states are attainable under the conditions
reported herein. In this respect, it is similar to a site-directed
mutant of the protein-Mo ligand of the membrane-bound
DMSO reductase ofE. coli (DmsABC). In this mutant
(DmsA-Ser205Ala), the Mo(VI) state also appears to be
unattainable in potentiometric titrations (57). In the case of
YedY, the apparent inability to achieve the Mo(VI) redox
state has implications for the catalytic mechanism of the
enzyme. Specifically, if the Mo is the only redox active
component present, it is likely that two-electron substrate
reduction/oxidation would have to be carried out in discreet
one-electron steps. Further complications arise if YedY is
indeed soluble and has to dock with YedZ to pick up or
donate electrons singly. Overall, the apparent one-electron
capacity of YedY may explain the relatively low turnover
number calculated for its reduction of DMSO and TMAO
substrates, approximately 5 and 19 s-1, respectively (12).
Intriguingly, we have obtained some evidence that YedY
increases its apparent electron availability by coupling its
Mo(IV) f Mo(V) transition with ann > 1 redox transition,
possibly involving redox chemistry of the pyranopterin
(44, 45).

EPR spectroscopy reveals that YedZ contains a HALS-
type low-spin heme with anEm,7 value of -8 mV. This
suggests a thermodynamically “downhill” transfer of elec-
trons to the Mo-MPT of YedY, consistent with YedYZ
comprising a quinol oxidizing and reductase system in
E. coli. HALS-type EPR spectra are commonly associated
with hydrophobic cytochromesb, which play a role in quinol
oxidation, the most prominent example being that of the
hemes of the cytochromeb subunit of mitochondrial complex
III ( 58, 59). Little structural information is available for YedZ
beyond its predicted topology and orientation within the
cytoplasmic membrane (Figure 1). Future studies will focus
on identifying its quinol-binding site, its quinol preference
(menaquinol versus ubiquinol), and characterization of its
heme iron coordination by site-directed mutagenesis.

The X-ray crystal structure of YedYHis6 (12) shows that,
despite weak sequence similarity, it has a fold similar to the
structures of the Mo-MPT-containing domains of sulfite
oxidases from chicken andA. thaliana, with root-mean-
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square deviations of 1.7 and 2.2 Å, respectively. The active
site of YedY bears some similarity to the sulfite oxidases,
notably with the involvement of a molybdenum-coordinating
Cys residue (Cys102). However, other residues in the active
site are much different, which might explain the differences
in kinetic parameters between YedY and other sulfite oxidase
family members. Data in this report, as well as the crystal
structure, indicate that YedY and its many orthologs represent
a new but well-represented branch of the sulfite oxidase
family of molybdoenzyme, a family previously thought to
be almost exclusively found in eukaryotes.

We have found that YedY is able to catalyze the reduction
of S- andN-oxides but were unable to demonstrate oxidation
of substrates such as sulfite and TMA. To our knowledge,
no members of the sulfite oxidase family have been shown
to catalyzeS- andN-oxide reduction. OtherS- andN-oxide
reductases exist inE. coli, namely, DmsABC (23, 60),
YnfEFGH (61), TorCAD (62), and TorYZ (63), and these
enzymes have been well-characterized. It appears that YedYZ
does not function as a respiratoryS- andN-oxide reductase
asdmsABCanddmsABC/torA gene knockouts fail to grow
anaerobically with DMSO or TMAO as terminal electron
acceptors, respectively (24, 64). Complementation of the
dmsABCknockout strain with pMSYZ3 did not allow for
growth (results not shown). This is again in agreement with
the kinetic data (12), in that YedY is able to catalyze these
reactions with much lowerkcat than the Dms or Tor systems.

The tungsten-substituted form of YedY was also prepared
in this study, and the crystal structure of the protein has been
determined (12). The structures of the tungsten and molyb-
denum forms of YedY are virtually identical, including the
MPT cofactor. However, the tungsten-substituted YedY was
inactive in enzyme assays. This is in contrast to the Mo-
bisMGD-containing enzymes DorA DMSO reductase from
Rhodobacter capsulatus(65) and TorA TMAO reductase
from E. coli (66), both of which retain activity in the
tungsten-substituted form, although with altered kinetic
properties. However, the tungsten-substituted sulfite oxidase
from rat liver retains its MPT cofactor but is inactive (67).

Well-knownE. coli molybdenum-containing oxidoreduc-
tases with integral membrane subunits, such as NarGHI
nitrate reductase and DmsABC DMSO reductase, form stable
membrane-bound complexes. YedYZ differs from these
enzymes; the results presented herein show that processed
wild-type YedYHis6 did not associate with YedZ in ap-
preciable amounts but instead remained in the periplasm. This
finding led us to doubt whether YedY and YedZ actually
formed a complex at all. However, mutation of the YedY
active site residue Cys102 to Ser resulted in a dramatically
different location of the YedY subunit; processed Cys102Ser
YedYHis6 targeted very efficiently to the cytoplasmic
membrane, and specifically to YedZ (Figure 6). The reason
for such a dramatic change in subcellular localization remains
unclear. The change cannot simply be due to an absence of
catalytic turnover in the C102S mutant, as the tungsten-
substituted YedYHis6, which is also inactive, was purified
from the periplasm. There may be direct structural changes
associated with the Cys102Ser mutation, although C102S
YedY still retains its Mo-MPT cofactor. Nevertheless, a
specific interaction between YedY and YedZ has been
demonstrated, and the two subunits are likely coupled during
catalysis in vivo.

The optimal substrate or precise physiological role for
YedYZ in E. coli and its well-conserved orthologs in other
bacteria remains unknown. The existence within theE. coli
and other genomes of genes encoding such highly conserved
enzyme systems of unknown function is likely to reflect a
previously unforseen metabolic diversity. Careful scrutiny
of such diversity may reveal the existence of unanticipated
and potentially biotechnologically relevant interconversions
within the E. coli metabolome.
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