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We have identified the organic component of the molybdenum cofactor in Escherichia coli dimethyl sulfoxide
reductase (DmsABC) to be molybdopterin (MPT) guanine dinucleotide (MGD) and have studied the effects of
tungstate and a mob mutation on cofactor (Mo-MGD) insertion. Tungstate severely inhibits anaerobic growth
of E. coli on a glycerol-dimethyl sulfoxide minimal medium, and this inhibition is partially overcome by
overexpression of DmsABC. Isolation and characterization of an oxidized derivative of MGD (form A) from
DmsABC overexpressed in cells grown in the presence of molybdate or tungstate indicate that tungstate
inhibits insertion of Mo-MGD. No electron paramagnetic resonance evidence for the assembly of tungsten into
DmsABC was found between E,, = —450 mV and E, = +200 mV. The E. coli mob locus is responsible for the
addition of a guanine nucleotide to molybdo-MPT (Mo-MPT) to form Mo-MGD. DmsABC does not bind
Mo-MPT or Mo-MGD in a mob mutant, indicating that nucleotide addition must precede cofactor insertion.
No electron paramagnetic resonance evidence for the assembly of molybdenum into DmsABC in a mob mutant
was found between E,, = —450 mV and E,, = +200 mV. These data support a model for Mo-MGD biosynthesis
and assembly into DmsABC in which both metal chelation and nucleotide addition to MPT precede cofactor

insertion.

Escherichia coli, when grown anaerobically on glycerol with
dimethyl sulfoxide (DMSO) as a respiratory oxidant, develops
a respiratory chain terminated by a menaquinol:DMSO oxi-
doreductase (DMSO reductase; DmsABC) (35). This enzyme
is a heterotrimeric complex iron-sulfur molybdoenzyme com-
prising a molybdenum cofactor-containing catalytic subunit
(DmsA; 87.4 kDa), an [Fe-S] cluster-containing electron-trans-
fer subunit (DmsB; 23.1 kDa), and an integral membrane an-
chor subunit (DmsC; 30.8 kDa) (3). DmsABC is an excellent
example of a recently identified group of bacterial complex
iron-sulfur molybdoenzymes, which includes E. coli nitrate re-
ductases A and Z (NarGHI and NarZYV) (6, 7), formate
dehydrogenase N (FdnGHI) (2), and Wolinella succinogenes
polysulfide reductase (PstABC) (18). Sequence comparisons
between DmsA and a large number of bacterial molybdoen-
zymes indicate that this subunit binds the molybdenum cofac-
tor and is the site of DMSO reduction (3, 33, 35).

Significant advances in the elucidation of molybdenum co-
factor biosynthesis and insertion into bacterial molybdoen-
zymes have recently been made (12, 22, 23, 27, 31). The final
step of cofactor biosynthesis in E. coli appears to be the addi-
tion of a guanine nucleotide to molybdo-molybdopterin (Mo-
MPT), resulting in the formation of Mo-MPT guanine dinu-
cleotide (Mo-MGD), which is the form of the cofactor found in
the mature E. coli molybdoenzymes (15, 23). The gene product
responsible for this addition is encoded by the mob locus (15).
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DmsABC does not support anaerobic growth on DMSO in a
mob mutant (4), suggesting that the cofactor present is Mo-
MGD not Mo-MPT. It has been proposed that, at least in the
case of NarGHI, nucleotide addition occurs after Mo-MPT
insertion (27), suggesting that in a mob mutant, inactive mo-
lybdoenzymes may be present with bound Mo-MPT. It is not
clear why this proposed form of NarGHI has no detectable
nitrate reductase activity. It would be interesting to determine
if DmsABC contains Mo-MPT in a mob mutant.

The molybdenum cofactor is also able to provide ligands to
tungsten instead of molybdenum in a number of enzymes (16,
29, 30). In the hypothermophilic Archaebacteria, tungsten is the
preferred metal in aldehyde:ferredoxin oxidoreductase and
formaldehyde:ferredoxin oxidoreductase (16). In the methano-
gen Methanobacterium wolfei, the cofactor of formylmethano-
furan dehydrogenase is able to ligate either tungsten or mo-
lybdenum, and in both cases, the enzyme retains activity (29,
30). The formate dehydrogenase of Clostridium thermoaceti-
cum also assembles a tungsten-containing cofactor to form an
active enzyme (11). In E. coli, growth in the presence of tung-
state results in the synthesis of an empty cofactor (MPT) which
accumulates in the cytoplasm (1). This MPT is able to recon-
stitute Neurospora crassa nitrate reductase activity in the nit-1
assay in the presence of added molybdate, but it is unable to
reconstitute E. coli nitrate reductase activity (28). It is not clear
whether MPT or MGD (metal-free cofactor) is inserted into
DmsABC or into E. coli molybdoenzymes in general.

In this paper, we describe the identification of the molybde-
num cofactor in DmsABC as Mo-MGD. We have investigated
the effect of a mob mutation and tungstate on the assembly of
Mo-MGD into DmsABC. We show that the effect of a mob
mutation on the assembly of cofactor into DmsABC appears to
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype

Source or references

E. coli strains

HB101 supE44 hsdS20 (rg~ mg~) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 Laboratory collection
RK5208 F~ araD139 lacU169 gyrA thi rpsL mob207::Mu cts 31, 32
Plasmids
pBR322 Amp" lacZ' Pharmacia
pDMS159 pBR322 Amp* (dmsABC)* 5
pDMS160 pBR322 Amp* (dmsABC)™" 25

be different from its reported effect on cofactor assembly into
NarGHI (27).

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strains and plasmids used in this
study are listed in Table 1. pPDMS159 (5) and pDMS160 (25) both contain the
entire dmsABC operon cloned into pBR322. pDMS160 lacks a noncoding 1.66-
kbp fragment 3’ to dmsC.

Growth of cells. Cells were grown anaerobically either on a glycerol-DMSO
(GD) minimal medium (4) or on a glycerol-fumarate (GF) minimal medium
(10). For biochemical and biophysical analyses, E. coli HB101 was grown at 37°C
for 48 h in 20-liter batch cultures on GF medium in the presence of either 5 uM
ammonium molybdate or 15 mM sodium tungstate. E. coli RK5208 was grown at
23°C for 72 h on GF minimal medium. Cell growth at 37°C on GD minimal
medium in the presence of tungstate was assessed with a Klett-Summerson
spectrophotometer equipped with a no. 66 filter, and the cultures were supple-
mented either with 20 pM ammonium molybdate or up to 100 mM sodium
tungstate.

Preparation of membrane vesicles. Cells were harvested and washed, and
membranes were prepared by French pressure cell lysis and differential centri-
fugation (25) in 50 mM MOPS (morpholinepropanesulfonic acid)-70 mM tri-
methylamine-N-oxide (TMAO)-5 mM EDTA (pH 7.0). The buffer used during
the French pressing step contained 0.2 mM phenylmethylsulfonyl fluoride. Prior
to biochemical and biophysical characterizations, the buffer was exchanged for
100 mM MOPS-5 mM EDTA (pH 7.0).

Purification of DmsABC. DmsABC was purified from membranes by deter-
gent extraction and ion-exchange chromatography on a DE-52 column as de-
scribed previously (9). The nonfluorescent detergent C,Eg was used in place of
Triton X-100.

Enzyme and protein assays. TMAO-dependent oxidation of reduced benzyl
viologen (BV - ) was determined as previously described (9). Protein concen-
trations were determined by the method of Lowry et al. (19), modified by the
inclusion of 1% (wt/vol) sodium dodecyl sulfate in the incubation mixture to
solubilize membrane proteins (20).

Identification of MGD. Purified DmsABC was desalted on a Sephadex G-25
column, and MGD was identified by conversion to dicarboxamidomethyl-MPT
(camMPT)-GMP and form A MPT-GMP (14, 15). Both products were degraded
with nucleotide pyrophosphatase to yield GMP and the corresponding pterin,
camMPT or form A MPT. Fluorescence and absorption spectra were compared
with standard spectra of GMP, form A MPT, and camMPT.

Fluorescence assay for form A MPT. The presence of molybdenum cofactor in
experimental samples was assayed by acid denaturation of membrane vesicles
followed by I, and KI oxidation (15). For assays of membrane-associated mo-
lybdenum cofactor, 20 mg of total membrane protein was used as starting ma-
terial. Prior to the recording of fluorescence spectra, small aliquots (100 to 200
wl) of the acid-denatured iodine-oxidized extracts were added to 3 ml of 1 M
ammonium hydroxide. Fluorescence spectra were recorded with a Perkin-Elmer
LS50 luminescence spectrometer. Excitation and emission wavelengths were as
described in the individual figure legends.

EPR spectroscopy. Electron paramagnetic resonance (EPR) spectra were re-
corded with a Bruker Spectrospin ESP300 spectrometer equipped with an Ox-
ford Instruments ESR-900 flowing helium cryostat. Samples were prepared in
calibrated 3-mm-internal-diameter quartz tubes as described in the individual
figure legends. Redox-poised samples were prepared as described by Cammack
and Weiner (9), and the following mediators were used at a concentration of 50
wM: quinhydrone (midpoint E,, [E,, ;] = +286 mV), 2,6-dichlorophenolindo-
phenol (E,,; = +217 mV), thionine (E,, ; = +60 mV), phenazine ethosulfate
(E7 = +55 mV), duroquinone (E,, ; = +7 mV), methylene blue (E,,; = —11
mV), resorufin (E,,; = —50 mV), indigodisulfonate (E,,; = —125 mV), an-
thraquinone-2-sulfonic acid (E,, ; = —225 mV), phenosafranine (E,, ; = —255
mV), BV (E,,; = —360 mV), and methyl viologen (E,,; = —440 mV). The
redox potential was measured with a platinum measuring electrode with a cal-
omel reference electrode, and the potential was adjusted with small additions of
sodium dithionite and potassium ferricyanide solutions. After redox equilibra-

tion, samples were transferred to quartz EPR tubes and rapidly frozen in liquid
nitrogen.

RESULTS

Identification of MGD in DmsABC. The mob locus is known
to be responsible for the addition of GMP to Mo-MPT in E.
coli (15). Earlier studies indicated that mob was required for
DmsABC function, suggesting that Mo-MGD is the cofactor
present in the enzyme (4). The cofactor in DmsABC was con-
firmed to be Mo-MGD by extraction and conversion to the
stable derivatives camMPT-GMP and form A MPT-GMP. The
UV absorption maxima of camMPT-GMP are at 250 and 277
nm (Fig. 1). The absorption maximum at 250 nm is character-
istic of a guanine nucleotide attached to MPT (14). The form
A MPT-GMP showed the expected 10-fold increase in fluo-
rescence after treatment with nucleotide pyrophosphatase (15)
(data not shown). The amount of MGD per mole of DmsA was
quantitated by extracting equivalent amounts of form A MPT
from DmsABC and the DMSO reductase of Rhodobacter spha-
eroides. On a molar basis, purified DmsABC contains 0.26 mol
of MGD per mol of enzyme. However, we have shown by mass
spectroscopy and EPR that the molybdenum concentration of
membranes containing overexpressed DmsABC is stoichio-
metric with the concentration of enzyme determined by EPR
spin quantitations of the DmsB [4Fe-4S] clusters (see Discus-
sion) (25a).

Effect of tungstate on respiratory growth on DMSO. Figure
2 shows the effect of tungstate on respiratory growth on GD
minimal medium of E. coli HB101 cells transformed with
pBR322 and pDMS160. HB101/pBR322 cells readily grow on
a GD minimal medium in the presence of 20 M molybdate.

Absorbance (mAU)

750 300 350 00 50
Wavelength (nm)

FIG. 1. Absorption spectrum of oxidized camMPT-GMP prepared from pu-
rified DmsABC in 50 mM ammonium acetate (pH 6.8). mAU, milli-absorbance
units.
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FIG. 2. Effect of tungstate on anaerobic growth on GD minimal medium. A,
HB101/pBR322 grown on molybdate-supplemented medium (20 pM); O,
HB101/pBR322 grown in the absence of molybdate and in the presence of 10
mM tungstate; O, HB101/pBR322 grown in the absence of molybdate and in the
presence of 100 mM tungstate; A, HB101/pDMS160 grown in the absence of
molybdate and in the presence of 10 mM tungstate; m, HB101/pDMS160 grown
in the absence of molybdate and in the presence of 100 mM tungstate.

HB101/pBR322 cells grow at an equivalent rate in the absence
of added molybdate (data not shown) (4), indicating that they
are able to scavenge sufficient molybdate from the minimal
medium to support respiratory growth on DMSO. In the pres-
ence of 10 and 100 mM tungstate, very little growth is detected,
consistent with tungsten acting as a molybdenum antagonist.
This contrasts with our previous study (4), in which 10 mM
tungstate increased the length of the lag phase and significantly
decreased the growth rate. This discrepancy is most likely due
to the higher levels of molybdate in the minimal medium used
in the earlier study. We have found that as little as 20 pM
molybdate is sufficient to reverse the inhibitory effect of 10 mM
tungstate (data not shown). A strain bearing the dms operon
on a multicopy plasmid, HB101/pDMS160, is still able to grow
slowly in the presence of 10 and 100 mM tungstate (Fig. 2),
indicating that overexpression of DmsABC is able to partially
overcome the inhibition of growth caused by high concentra-
tions of tungstate.

Effect of tungstate on enzyme activity. Membranes contain-
ing overexpressed DmsABC from cells (HB101/pDMS160)
grown in the presence and absence of tungstate (15 mM) have
specific BV - ":TMAOQ oxidoreductase activities of 80.6 and 8.1
(wmol of BV-* oxidized) (mg of membrane protein) !
min~'. The effect of tungstate therefore appears to be to re-
duce the specific activity of DmsABC in membranes to approx-
imately 10% of that found in cells grown in the presence of
molybdate. The activity in membranes from cells with normal
(chromosomal) expression of DmsABC (HB101/pBR322)
grown in the presence of tungstate is 2.4 (pmol of BV -~
oxidized) (mg of membrane protein) ' min~'. EPR spectra of
the iron-sulfur clusters present in membranes containing over-
expressed DmsABC from cells grown in the presence of mo-
lybdate and tungstate indicate that tungstate has little or no
effect on the concentration of DmsABC accumulated in the
cytoplasmic membrane (see below).

Effect of tungstate on Mo-MGD assembly into DmsABC.
Molybdenum cofactor was released from E. coli membranes
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FIG. 3. Fluorescence spectra of form A MPT extracts from membranes con-
taining DmsABC overexpressed in the presence of molybdate (a and c) and
tungstate (b and d). Membrane protein (20 mg) was acid denatured and iodine
oxidized. Excitation spectra (a and b) were recorded between 240 and 420 nm
with an emission wavelength of 455 nm. Emission spectra (c and d) were re-
corded between 400 and 520 nm with an excitation wavelength of 380 nm.
Spectra of membranes from HB101/pBR322 grown on GF minimal medium in
the presence of 15 mM tungstate were used as baselines.

containing overexpressed DmsABC by acid hydrolysis followed
by I, and KI oxidation and fluorescence assay of the form A
MPT derivative (15). Figure 3 shows the effect of tungstate on
the fluorescence spectra of acid-treated and iodine-oxidized
membrane samples from HB101/pDMS160. Noticeable in the
spectra of the form A extract of the molybdate-grown mem-
branes are an excitation maximum at 390 nm and an emission
maximum at 450 nm. These features are consistent with the
presence of the form A MPT derivative in extracts from mo-
lybdate-grown membranes containing overexpressed DmsABC
(15). The spectra of tungstate-grown membranes containing
overexpressed DmsABC contain features similar to those
found in the molybdate-grown membranes, but their intensities
are approximately 14 to 16% of those of the molybdate-grown
membranes.

EPR spectroscopy of membranes containing overexpressed
DmsABC from cells grown in the presence of molybdate and
tungstate. Figure 4 shows EPR spectra, recorded at 12 K, of
membranes containing overexpressed DmsABC from cells
grown in the presence of tungstate. The EPR spectrum of
dithionite-reduced membranes (Fig. 4a) is essentially identical
to that of membranes from HB101/pDMS160 cells grown in
the presence of molybdate (not shown) and the previously
reported spectrum of membrane-bound DmsABC (9, 25). This
spectrum arises from the four [4Fe-4S] clusters ligated by four
ferredoxin-like Cys groups in the sequence of DmsB. Double
integrations of EPR spectra recorded under nonsaturating
conditions show that the presence of tungstate has a negligible
effect on the assembly of overexpressed DmsABC into the
cytoplasmic membrane.

When the membranes of tungstate-grown cells are reduced
with dithionite and then oxidized with 25 mM DMSO (Fig. 4b),
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FIG. 4. EPR spectra of membranes containing overexpressed DmsABC from
tungstate-grown cells. (a) Reduced with 5 mM dithionite. (b) Reduced with 5
mM dithionite and then oxidized with 25 mM DMSO. (c¢) Reduced with 25 mM
dithionite and then oxidized in the presence of 0.2 mM HOQNO. Instrument
conditions: temperature, 12 K; microwave power, 2 mW; microwave frequency,
9.45 GHz; modulation amplitude, 10 G,,, at 100 KHz; protein concentration, 30
mg ml™!. Spectra are corrected for gain, tube calibrations, and protein concen-
trations.

the intensity of the EPR spectrum is reduced significantly com-
pared with the spectrum of the dithionite-reduced membranes
(Fig. 4a). This suggests that some oxidation of the DmsABC
[Fe-S] clusters is taking place in the presence of DMSO. This
result bears comparison with the enzyme activity data and
fluorescence data (Fig. 3), which suggest that the total popu-
lation of DmsABC from tungstate-grown cells has approxi-
mately 10% of the activity and 15% of the MGD concentration
of the population of DmsABC from molybdate-grown cells.
There are two possibilities to explain these results. (i) All of
the DmsABC from tungstate-grown cells has 10% of the ac-
tivity of DmsABC from molybdate-grown cells. (ii) Ten per-
cent of the DmsABC from tungstate-grown cells contains Mo-
MGD and is fully active. Because the [4Fe-4S] clusters of
Mo-MGD containing DmsABC are in equilibrium with both
menaquinol and DMSO (25, 33), this would result in DMSO-
dependent oxidation of all of the inactive DmsABC [4Fe-4S]
clusters via the menaquinol pool. In order to test this possibil-
ity, we studied the effect of DMSO oxidation on the oxidation
of the DmsABC [4Fe-4S] clusters in membranes from tung-
state-grown cells in the presence of 0.2 mM 2-n-heptyl-4-hy-
droxyquinoline-N-oxide (HOQNO), an inhibitor of menaqui-
nol oxidation by DmsABC (26). Figure 4c shows the EPR
spectrum of membranes (plus 0.2 mM HOQNO) containing
DmsABC from tungstate-grown cells reduced with dithionite
and then treated with 25 mM DMSO. In this spectrum, there
is only a minor diminution in the intensity of the [Fe-S] EPR
spectrum, indicating that approximately 10% of the DmsABC
from tungstate-grown cells is active and contains Mo-MGD.
Figure 5 shows redox-poised EPR spectra of membranes
containing DmsABC from molybdate- and tungstate-grown
cells recorded at 100 K. At a redox potential of around —60
mV, the spectrum of the Mo(V) reaches maximum intensity at
pH 7 (9). Figure 5a shows the spectrum of membranes from
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FIG. 5. EPR spectra of redox-poised membranes containing overexpressed
DmsABC grown in the presence of molybdate (a) and tungstate (b). Instrument
conditions: temperature, 100 K; microwave power, 20 mW; microwave fre-
quency, 9.45 GHz; modulation amplitude, 2 G, at 100 KHz; protein concen-
tration, 30 mg ml™'; E;, —64 mV (a) and —71 mV (b).

molybdate-grown cells which has major features at g = 1.98
and g = 1.96. This spectrum is identical to that previously
reported for the Mo(V) of DmsABC (9, 35). Figure 5b shows
the equivalent spectrum of membranes from tungstate-grown
cells. In this spectrum, the spectral features attributed to
Mo(V) have an intensity that is approximately 8% of those
found in the spectrum of molybdate-grown membranes. No
evidence for additional W(V) signals was obtained throughout
the redox range studied (—450 to +200 mV) in spectra re-
corded at both 12 and 100 K.

Characterization of DmsABC overexpressed in a mob mu-
tant. Figure 6 shows fluorescence spectra of form A MPT
extracts from membranes containing overexpressed DmsABC
from a mob™ strain (HB101/pDMS159 [Fig. 6a and c]) and a
mob mutant strain (RK5208/pDMS159 [Fig. 6b and d]). The
intensity of the emission and excitation maxima in spectra of
form A MPT extracts of membranes from the mob mutant are
much reduced compared with their intensities in the spectra of
wild-type membranes. The emission maximum of the mob mu-
tant spectrum is shifted to approximately 435 nm from approx-
imately 450 nm in the wild-type spectrum. These spectra sug-
gest that there is no Mo-MGD or Mo-MPT bound to DmsABC
overexpressed in a mob mutant.

In order to corroborate the fluorescence data obtained with
the mob mutant, EPR spectra of potentiometrically poised
membrane samples containing overexpressed DmsABC were
recorded (data not shown). Between —450 and +200 mV, no
spectral features attributable to Mo(V) could be detected,
indicating that the molybdenum is absent from and the four
[4Fe-4S] clusters are present in DmsABC overexpressed in a
mob mutant.

DISCUSSION

We have shown that the organic component of the molyb-
denum cofactor of E. coli DmsABC is MGD. This is in agree-
ment with earlier results (4) and results presented herein that
show that the mob gene product is required for assembly of
active enzyme into the cytoplasmic membrane. The identifica-
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FIG. 6. Fluorescence spectra of extracts from membranes containing
DmsABC overexpressed in a wild-type strain (a and c) and a mob strain (b and
d). Samples were prepared and spectra were recorded as described for Fig. 3,
except that no baseline spectrum was subtracted. Membranes were prepared
from HB101/pDMS159 (a) and RK5208/pDMS159 (b).

tion of mob-dependent assembly of Mo-MGD into DmsABC
supports a general model for molybdoenzyme assembly and
activation in which mob is responsible for Mo-MGD assembly
into a range of E. coli molybdoenzymes (15). The cofactor of
DmsABC is identical to that found in the soluble, periplasmic
DMSO reductase of R. sphaeroides (14). We have also shown
that there is very little assembly of Mo-MGD into DmsABC in
E. coli cells grown in the presence of tungstate and that the
assembly of the organic components and assembly of the in-
organic components of Mo-MGD into the enzyme appear to
take place simultaneously.

Purified DmsABC contains approximately 0.26 mol of MGD
per mol of enzyme. This compares with earlier mass spectros-
copy measurements of the concentration of molybdenum
present in purified preparations (0.34 mol of molybdenum per
mol of DmsABC) (34). The presence of roughly equivalent
concentrations of the organic and inorganic components of
Mo-MGD in purified preparations also supports a model for
MGD and metal insertion in which these events occur simul-
taneously (Mo-MGD being inserted as a single entity). The
less-than-stoichiometric concentration of Mo-MGD led us to
determine if the level of occupancy of Mo-MGD in DmsABC
in membranes is higher than that in purified preparations. We
measured the concentration of molybdenum in membranes
from HB101/pDMS160 cells by mass spectroscopy and found
that Mo is present stoichiometrically with the concentration of
DmsABC estimated by EPR spin quantitations of the DmsB
[Fe-S] signals (25a). Because DmsABC is the only major mo-
lybdenum-containing enzyme in membranes containing over-
expressed DmsABC, it appears that a major proportion of
Mo-MGD is either dissociated from the enzyme or is oxida-
tively destroyed during the enzyme purification procedure.

Inclusion of tungstate in GD minimal medium has been
previously reported to inhibit anaerobic respiratory growth of
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E. coli (4). Our results (Fig. 2) corroborate this earlier work
but add an interesting new dimension—that overexpression of
the dmsABC operon appears to partially overcome inhibition
by tungstate. Growth of E. coli HB101/pBR322 on GD mini-
mal medium is strongly inhibited by 10 mM tungstate, but
HB101/pDMS160 is able to grow at a tungstate concentration
of 100 mM. This relief from inhibition by tungstate is probably
the result of scavenging of the relatively small amounts of
molybdate present in the media by the Mo-MGD biosynthetic
pathway. The fluorescence, enzyme activity, and EPR data are
consistent with the presence of tungstate (in the GF minimal
medium) limiting the Mo-MGD occupancy of DmsABC to
approximately 10% of that obtained when the cells are grown
in the presence of molybdate. Because E. coli HB101/pDMS160
overexpresses DmsABC approximately 10-fold compared with
HB101/pBR322 (5, 25), the overexpressing strain should have
a concentration of active DmsABC approximately equivalent
to the concentration present in HB101/pBR322 grown in the
presence of molybdate. This concentration of active enzyme
appears to be sufficient to support a slow rate of anaerobic
growth of HB101/pDMS160 on glycerol-DMSO-tungstate me-
dium. However, it is not clear why HB101/pDMS160 in the
presence of 100 mM tungstate does not grow as well as HB101/
pBR322 in the presence of molybdate. It would be interesting
from the perspective of bacterial metal resistance to determine
if similar overexpression-resistance phenomena are observed
in other molybdoenzymes, such as E. coli NarGHI.

In the presence of tungstate, neither the organic component
of Mo-MGD nor the metal is detected in DmsABC. The most
likely explanation for this result is that MPT or MGD cannot
be inserted into DmsABC. However, we cannot eliminate the
possibility that metal-free or tungsten-containing cofactor is
inserted into the apoenzyme in an unstable form which rapidly
dissociates from the complex. However, the simplest explana-
tion of the data is that the insertions of the organic and metal
components of Mo-MGD appear to be very closely linked and
probably occur at the same time. This result bears interesting
comparison with those from studies of molybdoenzymes from
bacteria which are able to ligate either molybdenum or tung-
sten (11, 29, 30) and studies of the hyperthermophilic archae-
abacteria, in which the molybdenum cofactor-containing en-
zymes ligate tungsten in preference to molybdenum (16).

Mutations in the mob locus appear to prevent both nucle-
otide addition to Mo-MPT and Mo-MPT insertion into
DmsABC. The mob locus has been shown to be responsible for
guanine nucleotide attachment to Mo-MPT in E. coli molyb-
doenzymes (15). Santini et al. (27) proposed that in the case of
NarGHI, Mo-MPT insertion precedes nucleotide addition.
Our results with DmsABC indicate that the mob gene product
is responsible for nucleotide addition prior to cofactor inser-
tion. It is not clear why NarGHI with Mo-MPT bound is
inactive in a mob mutant. It would be interesting to systemat-
ically study the effect of the mob locus on all of the E. coli
molybdoenzymes to determine if they fall into two classes with
respect to the effect of mob mutants: those which bind Mo-
MPT prior to nucleotide addition (NarGHI) and those which
bind Mo-MGD but not Mo-MPT (DmsABC).

Figure 7 shows a model for the assembly of the molybdenum
cofactor into DmsABC. In Fig. 7, MPT is converted to Mo-
MPT by the addition of molybdenum. It has been suggested
that molybdenum is transported into E. coli as molybdate by
the gene products of the modABCD operon (13). The mog
locus has been implicated in the binding of molybdate to MPT
(12, 17). The data presented herein show that the presence of
tungsten prevents both molybdenum ligation to MPT and in-
sertion of the organic component of the cofactor into
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MPT
ModA, ModB, ModC, ModD Mo
Mog
w
Mo-MPT
Mob (Protein FA) l/_ GTP
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Active DmsABC Inactive DmsABC

FIG. 7. Model for the final stages of Mo-MGD biosynthesis and insertion
into DmsABC incorporating the results of this study. The accumulation and
assembly of molybdate appear to be dependent on the mod operon (13, 24) and
the poorly characterized mog locus (12, 17). Nucleotide attachment is dependent
on the mob gene product (15, 21). Final activation of DmsABC may also involve
a gene product equivalent to NarJ (8).

DmsABC. Previous studies of the effect of tungstate on E. coli
NarGHI activation suggest that it causes the molybdenum co-
factor to accumulate in either a tungsten-ligating form or as an
empty cofactor (MPT) (1). We have shown that neither of
these two potential forms of the cofactor is assembled into
DmsABC. Our results with a mob mutant also indicate that in
the case of DmsABC, nucleotide attachment must precede
cofactor insertion, in contrast with what has been suggested for
NarGHI (27). However, in the case of NarGHI, the enzyme
studied was the soluble cytoplasmic NarGH dimer rather than
the membrane-bound holoenzyme. It is possible in the case of
the soluble DmsAB dimer (9) that cofactor insertion may also
be possible prior to nucleotide addition. The DmsAB dimer is
extremely labile, and we have been unable to generate a prep-
aration stable enough to test this hypothesis (31a).

Overall, the data presented herein show that the molybde-
num cofactor is present in E. coli DmsABC as Mo-MGD.
Inclusion of tungstate in anaerobic growth media results in the
assembly of DmsABC in which there appears to be a normal
[4Fe-4S] cluster composition but no MGD, MPT, molybde-
num, or tungsten. A mutation in the mob locus prevents co-
factor assembly into DmsABC, suggesting that guanine nucle-
otide addition precedes cofactor insertion in the assembly
pathway. The results have implications for the assembly and
activation pathways of a large group of complex [Fe-S] molyb-
doenzymes which share the same overall molecular architec-
ture as E. coli DmsABC (35).
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