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The FSO [4Fe-4S] cluster of the catalytic subunit (DmsA) of
Escherichia coli dimethyl sulfoxide reductase (DmsABC) plays a
key role in the electron transfer relay. We have now established
an additional role for the cluster in directing molybdenum
cofactor assembly during enzyme maturation. EPR spectros-
copy indicates that FSO has a high spin ground state (S = 32) in its
reduced form, resulting in an EPR spectrum with a peak at g ~
5.0. The cluster is predicted to be in close proximity to the
molybdo-bis(pyranopterin guanine dinucleotide) (Mo-bisPGD)
cofactor, which provides the site of dimethyl sulfoxide reduc-
tion. Comparison with nitrate reductase A (NarGHI) indicates
that a sequence of residues (**CTVNC??) plays a role in both FSO
and Mo-bisPGD coordination. A DmsA*™?! mutant prevented
Mo-bisPGD binding and resulted in a degenerate [3Fe-4S] clus-
ter form of FSO being assembled. DmsA belongs to the Type II
subclass of Mo-bisPGD-containing catalytic subunits that is dis-
tinguished from the Type I subclass by having three rather than
two residues between the first two Cys residues coordinating
FSO and a conserved Arg residue rather than a Lys residue fol-
lowing the fourth cluster coordinating Cys. We introduced a
Type I Cys group into DmsA in two stages. We changed its
sequence from '8C, TVNCzGSRC.P* to 18C, TYC,GVGC G>*
(similar to that of formate dehydrogenase (FdnG)) and demon-
strated that this eliminated both Mo-bisPGD binding and EPR-
detectable FS0. We then combined this change with a DmsAR®!K
mutation and demonstrated that this additional change par-
tially rescued Mo-bisPGD insertion.

Escherichia coli is a facultative anaerobe able to respire with
oxygen or alternative respiratory oxidants such as nitrate,
nitrite, fumarate, and dimethyl sulfoxide (1, 2). Dimethyl sulf-
oxide reductase (DmsABC) is a terminal reductase that reduces
dimethyl sulfoxide to dimethyl sulfide (3). It is a member of the
bacterial CISM (complex iron-sulfur molybdoenzyme) family
that includes E. coli formate dehydrogenases (FAnGHI and
FdoGHI) (2, 4, 5), E. coli nitrate reductases (NarGHI and Nar-
ZYV) (6, 7), Salmonella typhimurium thiosulfate reductase
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(PhsABC) (8), and the Wolinella succinogenes and Thermus
thermophilus (PsrABC) polysulfide reductases (9, 10). This
family of enzymes contributes to the broad metabolic diversity
that permits bacterial growth utilizing a wide range of respira-
tory substrates. Each structurally characterized enzyme of this
family consists of a catalytic subunit with a molybdo-bis(pyr-
anopterin guanine dinucleotide) (Mo-bisPGD)? cofactor and
an FSO [4Fe-4S] cluster, an electron transfer subunit containing
four [Fe-S] clusters, and a membrane anchor subunit contain-
ing a quinol/quinone-binding site (Q-site). Each enzyme cata-
lyzes an overall reaction that involves transferring two elec-
trons, through an electron transfer relay connecting the Q-site
and the Mo-bisPGD cofactor, and reduction (or oxidation) of
substrate at the catalytic molybdenum active site of the enzyme
(see Fig. 1A4). Although DmsABC does not contribute to the
transmembrane proton electrochemical potential, it can sup-
port anaerobic growth with dimethyl sulfoxide as respiratory
oxidant when coupled with an appropriate proton-translocat-
ing dehydrogenase (11). DmsABC couples the oxidation of
menaquinol within the hydrophobic membrane milieu to the
reduction of water-soluble dimethyl sulfoxide in the mem-
brane-extrinsic periplasmic domain of the enzyme (1, 12).

In E. coli DmsABC, it is the DmsA catalytic subunit that
contains the Mo-bisPGD cofactor and an FSO [4Fe-4S]
cluster. The FSO cluster is the last stepping stone of the elec-
tron transfer relay and transfers electrons from FS1 in DmsB
to the cofactor in the active site of DmsA (see Fig. 14). The
N-terminal sequence of DmsA contains four highly con-
served Cys residues, which form a ferredoxin-like Cys motif
that, as we show below, coordinates FSO. In the CISM
enzymes, the Cys group has the following consensus sequence:
(CA/H )X, 3CeX3CX,, 5,CoX(K/R) (1, 2). Sequences with
two residues between C, and Cy are classified as Type I
sequences and typically have a Lys residue located after C, (13,
14). DmsA is classified as a Type II sequence because it has
three residues between C, and Cy and an Arg residue after Cp,.
The third residue after C, in DmsA is an Asn, which is highly
conserved in DmsABC-type dimethyl sulfoxide reductases and
NarGHI-type nitrate reductases across bacterial species (2).
The interplay between the Type I and II sequences and molyb-
doenzyme assembly and function remains poorly understood.

3 The abbreviations used are: Mo-bisPGD, molybdo-bis(pyranopterin gua-
nine dinucleotide); HOQNO, 2-n-heptyl-4-hydroxyquinoline N-oxide; BV,
benzyl viologen; LPCH,, reduced lapachol.
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Previous studies on the FSO-binding motif of DmsA indi-
cated that mutating the second Cys residue to Ser or Ala results
in assembly of a [3Fe-4S] cluster into DmsA (13) at the FSO
position. Careful analysis of the Mo(V) EPR properties of the
Mo-bisPGD cofactor indicated that there is a spin-spin inter-
action between the molybdenum center and a paramagnetic
center with a midpoint potential of around —140 mV (15), but
in none of these studies was the EPR spectrum of wild-type
FSO observed. In the case of another Type II enzyme, E. coli
NarGH]I, the FSO spectrum was observed at low temperature at
g~ 5.0 (16, 17). Further studies revealed that FSO insertion was
closely linked to that of the Mo-bisPGD cofactor (18). An
important distinction between the Type II Cys group sequence
of DmsA and that of NarG is that there is a His in the C,
position of the latter and a Cys at this position in the former. It
was not known whether the observation of a high spin FSO EPR
spectrum is related to the presence of His at the C, position.

Maturation of the catalytically competent DmsABC requires
efficient cofactor insertion into DmsA (19), association of
DmsA and DmsB to form the DmsAB “catalytic dimer” (20),
translocation of DmsAB across the cytoplasmic membrane via
the tat translocon (3, 21, 22), and anchoring of DmsAB to the
membrane through association with DmsC (20). However,
assembly and targeting of the apoenzyme are not cofactor
insertion-dependent (19, 23). In the case of NarGHI, Nar] func-
tions as a system-specific chaperone participating in cofactor
insertion (24, 25). In the case of DmsABC, the system-specific
chaperone DmsD plays a role in targeting DmsAB to the tat
translocon and may have additional roles in maturation (26).
We have recently demonstrated by protein crystallography
that, in NarGHI, FSO assembly is a prerequisite for Mo-bisPGD
insertion (18). It is therefore of great interest to see if a similar
sequence of cluster assembly and cofactor insertion occurs in
the maturation of DmsABC.

In this study, we establish that DmsA contains a novel
[4Fe-4S] FSO cluster that has a high spin ground state (S = 32) in
its reduced form. By generating mutants of the DmsA N-termi-
nal Cys group, we show that there is critical interplay between
correct assembly of FSO and molybdenum cofactor insertion.
These results point toward a new paradigm for Mo-bisPGD
cofactor-containing subunit maturation in which FSO must be
assembled prior to cofactor insertion.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—E. coli strains DSS301 (20)
and TOPP2 were used in this study (Table 1). DSS301 was used
for the growth experiments. TOPP2 was used for enzyme
expression and spectroscopic studies, as we found that it was
optimal for DmsABC overexpression and assembly (27). The
plasmids (Table 1) used for cloning and expression included
pBR322, pDMS160 (28), and pATZ (EcoRI-EcoRV fragment of
pDMS160 (28) cloned into pTZ18R (Amp~lacZ’' (Pharmacia))
(laboratory collection)). The sequence alignment for the resi-
dues mutated in this study is shown in Fig. 2.

Design of Mutants—A model for the structure of DmsA was
generated using the ESyPred3D server (29) and the E. coli
NarGHI structure as template (Protein Data Bank code 1Q16)
(18). The PyMOL molecular graphics program (Version 1.2.r1,
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TABLE 1
Bacterial strains and plasmids
Description Source
Strain
DSS301 TG1, kan® AdmsABC Lab collection (20)
TOPP2 rif* (F, proAB, lacl"ZAM1S, Tnl0  Stratagene
(tet"))
Plasmid
pBR322 Tet® Amp® Pharmacia
pDMS160 dmsABC cloned into the EcoRI-Sall Lab collection (28)
fragment of pBR322, Amp"®
R61K pDMS160-dmsA*“*“BC This study
AN21 pDMS160-dmsA*N*'BC This study
Cs14 pDMS160-dmsA“*'BC This study
CS1 + R61K  pDMS160-dmsA“S! TR61XBC This study

“ For simplicity, this plasmid is named CS1. The actual mutations are V20Y,
AN21, 524V, R25G, and P43G (Fig. 1).

DeLano Scientific LLC) was used to generate the images pre-
sented in Fig. 1.

Cloning and Site-directed Mutagenesis—Construction of
the site-directed mutants was carried out following the
QuikChange method (Stratagene) (27) using pATZ as the tem-
plate for mutagenesis. Mutants were verified by DNA sequenc-
ing carried out by the Department of Biochemistry DNA Core
Facility at the University of Alberta. The EcoRI-EcoRV frag-
ments of DmsA containing the mutations were cloned back
into the pDMS160 expression vector (30). The mutant plasmids
were then transformed into E. coli DSS301 and TOPP2.

Growth of Bacteria in Glycerol/Dimethyl Sulfoxide Minimum
Medium—The ability of the mutant DmsABC enzymes de-
scribed herein to support respiratory growth on dimethyl sulf-
oxide was evaluated as follows. Appropriate plasmids were
transformed into E. coli DSS301, and anaerobic growth was
evaluated in sealed Klett flasks at 37 °C using glycerol/dimethyl
sulfoxide minimum medium (27, 31). Culture turbidity was
monitored using a Klett-Summerson spectrophotometer
equipped with a No. 66 filter (31).

Growth of Bacteria and Membrane Preparation—Wild-type
and mutant plasmids were transformed into TOPP2 cells. The
cells were then allowed to grow anaerobically for 24 h in 10 or
19 liters of glycerol/fumarate medium (28). Cells were har-
vested by centrifugation, washed, and resuspended in buffer
containing 100 mM MOPS and 5 mm EDTA (pH 7). Membranes
were prepared by cell lysis using an Avestin microfluidizer and
differential centrifugation. PMSF (2 mw final concentration)
was added to the cell suspension prior to cell lysis. Membranes
were washed, pelleted by ultracentrifugation, resuspended in
100 mMm MOPS and 5 mm EDTA (pH 7), and flash-frozen with
liquid N, before being stored at —70 °C prior to use (27).

Lowry Protein Assay—Protein concentrations of the mem-
brane preparations were determined with the Lowry assay (32)
modified by including 1% (w/v) SDS (33).

SDS-PAGE—45 pg of each protein was analyzed on a 12%
SDS-polyacrylamide slab gel (34). 30 ug of purified DmsABC
was loaded as a standard. Gel electrophoresis was run at 200 V
for 45 min, and the gel was stained with Coomassie Brilliant
Blue.

Measurement of DmsABC Enzyme Concentration by 2-n-
Heptyl-4-hydroxyquinoline N-Oxide (HOQNO) Fluorescence
Quench Titration—HOQNO is a menaquinol analog that binds
to the DmsC quinol-binding site of DmsABC with 1:1 stoichi-
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ometry (35). The assay is based on the method of van Ark and
Berden (36) and can be used to estimate the concentration of
overexpressed DmsABC in membrane samples (27). Fluores-
cence was monitored at an excitation wavelength of 341 nm and
an emission wavelength of 479 nm as aliquots (2 ul) of 0.1 mm
HOQNO were added to a membrane sample with final protein
concentrations of 0.25, 0.5, 0.75, and 1.0 mg/ml in a total vol-
ume of 3.5 ml. Fluorescence readings were taken using a
PerkinElmer LS 50B luminescence spectrophotometer. The
concentration of enzyme was estimated as the concentration at
which HOQNO fluorescence became detectable in the sample
cuvette (27).

Purification of DmsABC—Proteins were extracted from the
membrane with 1% n-dodecyl B-p-maltoside and 0.5 mm DTT
in 100 mm MOPS, 5 mMm EDTA, 10% glycerol, and 160 um PMSF
(pH 7.0) for 1.5 h with gentle shaking on ice. The extraction
mixture was then centrifuged at 40,000 rpm for 1.5 h to remove
insoluble material, and DmsABC was separated from other
proteins in the supernatant by FPLC using a Mono Q HR 10/10
anion exchange column and a GE Healthcare AKTA FPLC sys-
tem. DmsABC was eluted from the column with a linear salt
gradient (0—400 mm KCI) in 50 mm MOPS, 0.5 mm EDTA, 10%
glycerol, 0.05% n-dodecyl B-p-maltoside, and 0.5 mm DTT.
Protein samples were concentrated by ultrafiltration.

Benzyl Viologen (BV)/Trimethylamine N-Oxide Oxidoreduc-
tase Activity Assay—The specific activities of the wild-type and
mutant enzymes were measured as the rate of trimethylamine
N-oxide-dependent oxidation of dithionite reduced BV by fol-
lowing the decrease in BV absorption at 570 nm (37). Enzyme
activity is expressed as micromoles of BV oxidized per min/mg
of total protein. The final concentration of trimethylamine
N-oxide was 72 mm in 50 mm MOPS and 5 mm EDTA. The
extinction coefficient for BV is 7.4 mm™ ' cm™ .

Lapachol/Trimethylamine N-Oxide Oxidoreductase Activity
Assay—Quinol-dependent enzyme activity was determined as
the rate of trimethylamine N-oxide-dependent anaerobic oxi-
dation of reduced lapachol (LPCH,) (38). Lapachol was reduced
by zinc in hydrochloric acid to form LPCH,, which was added
to degassed 100 mm MOPS buffer containing 5 mm EDTA and
70 mM trimethylamine N-oxide in a closed cuvette. The reac-
tion was initiated by the addition of enzyme. Lapachol absorb-
ance at 481 nm was monitored and used to calculate the activity
as micromoles of LPCH, oxidized per min/mg of total protein.
The extinction coefficient of lapachol is 2.66 mm ™~ ' cm ™! (38).

Form A Fluorescence—The Form A fluorescence assay was
used to estimate the relative amount of Mo-bisPGD in each
DmsA enzyme preparation (23, 39). Form A molybdopterin
derivatives were prepared by acidification of membrane prepa-
rations (10 mg/sample) with HCI and oxidation by boiling with
2% potassium iodide and 4% iodine (w/v). 200 ul of the acid-
denatured iodine-oxidized extracts was added to 3.5 ml of 1 M
NH,OH to measure the fluorescence (23). Excitation spectra
were recorded at 240 —420 nm (emission at 448 nm), and the
emission spectra were recorded at 410-520 nm (excitation at
397 nm) using a PerkinElmer LS 50 luminescence spectrome-
ter. Fluorescence spectra were corrected by subtraction of the
spectrum of 1 M ammonium hydroxide as well as the spectrum
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FIGURE 1. Electron transfer relay architecture and predicted DmsA struc-
ture around FSO0. A, predicted electron transfer relay in DmsABC connecting
a menaquinol-binding site in the DmsC subunit with the Mo-bisPGD cofactor
in the DmsA subunit. In this model, note that DmsC is predicted to be mem-
brane-intrinsic and anchors to DmsA and DmsB to the periplasmic side of the
E. coli cytoplasmic membrane (2). B, a structural model of DmsA was gener-
ated using the ESyPred3D server (29) with the structure of the NarG subunit of
NarGHl as a template (Protein Data Bank code 1Q16) (40). The predicted posi-
tion of the "®CTVNC?? loop is shown. The distances shown are arbitrary but
indicate a possible H-bonding interaction between Asn-21 and one dithio-
lene sulfur from each pterin. C, the predicted position of Arg-61 between FSO
and the proximal pterin (PPT-P).

of a membrane preparation of E.coli harboring only the
pBR322 vector.

EPR Spectroscopy—Reduced samples were prepared by
anaerobic incubation of purified DmsABC or membrane sam-
ples enriched in DmsABC with 6 mM sodium dithionite for 5
min at room temperature. All samples were prepared in 3-mm
internal diameter quartz EPR tubes, rapidly frozen in liquid
nitrogen-chilled ethanol, and stored in liquid nitrogen until
used. For analysis of [Fe-S] clusters, EPR spectra were recorded
using a Bruker ELEXSYS E500 spectrometer equipped with a
Bruker SHQE cavity and an Oxford Instruments ESR900 flow-
ing helium cryostat.

RESULTS AND DISCUSSION

Structural Relationship between FSO and the Mo-bisPGD
Cofactor—The catalytic subunit (NarG) of E. coli NarGHI is
currently the best characterized Type II molybdoenzyme sub-
unit (2, 16, 18, 40, 41). We used its structure (Protein Data Bank
code 1Q16) to generate a model of DmsA in the FSO region (Fig.
1, Band C). The segment comprising three residues between C,
and Cg, "TVN?!, is predicted to place the side chain of Asn-21
in close proximity to one dithiolene sulfur from each pyranop-
terin (Fig. 1B). The Arg residue that follows Cj in the FSO-
coordinating motif (Arg-61) is predicted to be located between
the proximal pterin and FSO (Fig. 1C). Site-directed mutagene-
sis has demonstrated that this residue plays a critical role in
electron transfer and intercenter interactions in E. coli DmsA
(14, 15), and similar results have been obtained for the structur-
ally characterized E. coli NarGHI (18) and Ralstonia eutropha
NapA (42). We exploited our structural model to investigate
the interplay between the FSO [4Fe-4S] cluster and the Mo-
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18 22 26 59

.

DmsA E.coli CTVNCGSRCPLR .. ACLRG
R61K CTVNCGSRCPLR .. ACLKG
AN21 CTV-CGSRCPLR .. ACLRG
Cs1 CTY-CGVGCGLR .. ACLRG
R61K+CS1 CTY-CGVGCGLR .. ACLKG
FdnG E.coli CTY-CSVGCLLM ... LCPKG
NarG E.coli HGVNCTGSCSWK .. GCPRG

FIGURE 2. Sequences of DmsA mutants in comparison with Cys group
sequences of FAnG and NarG. Numbers indicate the positions of four con-
served Cys residues in the mature protein sequence. The amino acid residues
that were mutated for this study are underlined. In the sequences of the
mutants, the resultant residues of mutation are shown in boldface. The
sequences of E. coli FAnG, a typical Type | enzyme, and E. coli NarG, a typical
Type Il enzyme, are also shown for comparison.

bisPGD cofactor during the final stages of DmsABC
maturation.

We generated mutants of residues predicted to surround the
FSO cluster of DmsA (i) to identify the EPR signature of FSO, (if)
to investigate the effect of converting the DmsA Cys group from
a Type Il to a Type I sequence, and (iii) to investigate the inter-
play between FSO assembly and Mo-bisPGD insertion. Fig. 2
shows the sequences of the mutant Cys groups generated
herein. Arg-61 was mutated to Lys to emulate this feature of the
Typelsequences. Asn-21 was deleted to investigate the effect of
decreasing the C,-Cj gap from three to two residues. Mutant
enzyme CS1 contains multiple changes (V20Y, AAsn-21, S25V,
and R25@G) to render the DmsA Cys group similar to that of
E. coli formate dehydrogenase N (FdnGHI) (43, 44). R61K and
CS1 complete the conversion of the DmsA Cys group from a
Type II to a Type I sequence.

Direct Spectroscopic Evidence for the Presence of a High Spin
[4Fe-4S] Cluster in DmsABC—EPR spectra recorded at g ~ 2.0
have provided no direct evidence for the existence of FSO in
DmsA (13, 15, 28, 37, 45). The emergence of a range of protein
structures of molybdoenzyme subunits with N-terminal Cys
groups allows us to predict that such a cluster must also exist in
DmsA. In the case of the Type I enzymes, EPR spectra for FSO
have been reported and demonstrate that, in its reduced form, it
hasan § = V2 ground state with well resolved EPR features at g ~
2.0 (46, 47). EPR evidence for an FSO cluster in DmsA is limited
to the discovery that the Mo(V) form of the Mo-bisPGD cofac-
tor is able to participate in a spin-spin interaction with an adja-
cent paramagnetic center during enzyme reduction (15).
NarGHI, which is also a Type II enzyme, has been demon-
strated to contain an FSO cluster, which in its reduced form has
a high spin ground state (S = 32) (16 —18). With the availability
of highly purified DmsABC coupled with improved EPR instru-
mentation, we reinvestigated the EPR spectrum of reduced
DmsABC with the aim of identifying additional spectral fea-
tures in the g = 5.0 region. Fig. 3 shows the spectrum at g ~ 5.0
of dithionite-reduced purified DmsABC. The spectrum of the
reduced enzyme has a distinct peak at g = 5.06, consistent with
it arising from a [4Fe-4S]™ cluster with an § = 32 ground state.
Spectra of other [4Fe-4S]™ systems with S = 34 ground states
typically exhibit two visible peaks, one at g ~ 5.0 corresponding
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FIGURE 3. Low field EPR spectrum of purified DmsABC and NarGHI. Sam-

ples were reduced by anaerobic incubation with 6 mm sodium dithionite for 5

min. EPR conditions were as follows: temperature, 9 K; microwave power, 100

milliwatts at 9.387 GHz; and modulation amplitude, 20 G,,, (EPR modulation

amplitude intensity, peak to peak, in units of Gauss) at 100 KHz.

6.0 5.5

toa AS = =4 transition and another at a slightly higher g value
corresponding to a AS = *3 transition (16, 17, 48, 49). The
existence of a single peak in EPR spectra of systems with an § =
% ground state is not unusual, as the optimum temperature for
the observation of the AS = %3 transition can be below those
reachable with commonly used cryostats. Examples of [4Fe-
4S]™ clusters with an S = 34 ground state that exhibit a single
peak in the g = 5.0 region include those of E. coli fumarase A
(50), component 1 from the iron-only nitrogenase of Rhodobac-
ter capsulatus (51), and the 8Fe form of ferredoxin III from
Desulfovibrio africanus (52). The intensity of the g = 5.06 fea-
ture of the DmsABC spectrum has a peak intensity at <4.5 K
and is almost undetectable at temperatures above ~20 K (data
not shown). Overall, the observation of a low temperature peak
at g ~ 5 in EPR spectra of reduced DmsABC is consistent with
the presence of a high spin form (S = % ground state) of FS0. To
confirm this, we studied the EPR properties of the range of
mutants described in Fig. 2.

Assignment of the g = 5.06 Signal to FSO—Fig. 4A shows the
effects of the mutations generated herein on DmsABC expres-
sion and assembly into the E. coli inner membrane. Each of the
mutant enzymes was expressed to a level comparable with that
of the wild-type enzyme (cf. lane 4 with lanes 5- 8). Fig. 4B also
shows EPR spectra of the mutant enzymes in the g = 5 region,
providing evidence for assignment of the g = 5.06 peak to the
FSO cluster of DmsA. The R61K mutant retained a high spin
signal centered at ¢ = 5.11, indicating that, as is the case in
NarGHI (18), mutation of the conserved basic residue C-termi-
nal to the FSO-coordinating Cys group perturbs the FSO EPR
signal. Deletion of Asn-21 resulted in elimination of the signal,
as did both the CS1 multimutant and the CS1 plus R61K mutant
(Fig. 4B). Clearly, mutations of residues within the N-terminal
Cys group of DmsA have significant effects on the EPR spec-
trum of reduced enzyme at g ~ 5.0. The spectrum of DmsABC
in the ¢ = 2 region is complicated by spectral overlap and spin-
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FIGURE 4. A, SDS-polyacrylamide gel of DmsABC and its mutants. Lane 1, low
molecular weight markers; lane 2, membranes from the negative control
TOPP2/pBR322; lane 3, purified wild-type DmsABC; lane 4, TOPP2 membranes
containing overexpressed wild-type DmsABC; lane 5, DmsAR®'¥BC; lane 6,
DmsASS'BC; lane 7, DmsA*N2'BC; lane 8, DmsA>' *ROTKBC, Arrow A marks
DmsA (85.8 kDa), arrow B marks DmsB (22.7 kDa), and arrow C marks DmsC
(30.8 kDa). 45 g of total membrane protein was added per lane, except for
lane 3, in which 30 pg of purified enzyme was used. B, effect of mutations of
residues close to FSO or the proximal pterin on the low field DmsABC EPR
spectrum. EPR conditions were as described in the legend to Fig. 3, except
that spectra are of membrane samples normalized to a protein concentration
of 30 mg/ml.

spin interactions between the four [4Fe-4S] clusters of DmsB
(28, 37, 45), and for this reason, our analyses of the mutant
spectra did not reveal evidence for additional features corre-
sponding to a modified form of FSO with an S = % ground state
in its reduced form (data not shown). One of the mutants,
AAsn-21, assembled a [3Fe-4S] cluster at the FSO position (data
not shown), which exhibited a spectrum in its oxidized state
similar to those of the [3Fe-4S] clusters in mutants of DmsA
previously reported by Trieber et al. (13, 15). Overall, the EPR
properties of the mutant enzymes allowed us to assign the g =
5.06 signal of reduced wild-type DmsABC to the FSO cluster,
which has an § = % ground state in its reduced form.
Interplay between FSO and Mo-bisPGD Insertion during
DmsABC Maturation—A principal aim of this work was to
examine the interplay between assembly of FSO and insertion
of Mo-bisPGD during DmsABC maturation. In the case of
NarGHI, it is clear that Mo-bisPGD is not inserted in enzymes
thatlack FSO (18, 25), and it is therefore important to determine
whether this is an emerging paradigm for bacterial molybdoen-
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FIGURE 5. Mo-bisPGD cofactor occupancies and enzyme turnover rates.
A, Form Afluorescence spectra of extracts of membrane enriched in wild-type
or mutant DmsABC variants. The fluorescence of the TOPP2/pBR322 mem-
brane has been subtracted from each spectrum to eliminate the contribution
from chromosomal DmsABC. B, relative cofactor occupancies and enzyme
turnover rates. All values were normalized to the wild type, being 100. White
bars are relative Mo-bisPGD cofactor occupancies in mutant DmsA enzymes
calculated using DmsABC concentrations and relative Form A fluorescence.
Gray bars are relative enzyme turnover rates calculated using enzyme-specific
activities with LPCH, as the substrate and DmsABC concentrations. Black bars
arerelative enzyme turnover rates calculated using enzyme-specific activities
with reduced BV as the substrate and DmsABC concentrations.

zyme assembly. To address this question, we compared the rel-
ative amounts of Mo-bisPGD assayed using the Form A method
(23, 39, 53) with estimates of DmsABC concentration measured
by fluorescence quench titration (35, 45, 54, 55). The fluoro-
phore used in this second assay is HOQNO, the fluorescence of
which in free solution is completely quenched when bound to
the Q-site of DmsABC (35) and of other enzymes such as E. coli
fumarate reductase and NarGHI (54 —56).

Fig. 5A shows fluorescence spectra of Form A preparations
derived from membrane samples containing overexpressed
wild-type and mutant DmsABC. The conservative mutation
R61K had little effect on Mo-bisPGD assembly as judged by
Form A preparation fluorescence levels. Membranes contain-
ing the multimutation CS1 enzyme yielded Form A prepara-
tions with only ~13% of the fluorescence levels of those from
membranes containing overexpressed wild-type enzyme. Inter-
estingly, when the CS1 multimutant was combined with the
R61K mutation, the Form A preparation fluorescence level
returned to ~44% of that of the wild-type enzyme. Finally,
removal of Asn-21 eliminated detectable Form A fluorescence
(Fig. 5A) but did not prevent enzyme assembly into the E. coli
inner membrane (Fig. 44). This latter observation is notable for
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TABLE 2

Enzyme and Mo-bisPGD cofactor quantifications and enzyme activ-
ities determined by in vitro reduction assays and in vivo growth
experiments

Specific
Mo-bisPGD __2<tVity’
Enzyme [DmsABC]*  content” BV LPCH, Growth?
nmol/mg

pBR322 0 0 11.8 0.44 None
DmsABC 0.94 100 141 7.72 High
R61K 0.99 90 125  2.63 High
AN21 0.57 0 591 0.07 None
CS1 0.62 13 522 0.14 None
CS1 + R61K  0.58 44 797 0.33 None

“ The concentrations of wild-type and mutant DmsABC in each membrane sam-
ple were determine by HOQNO fluorescence quench titration. pBR322 is an
empty vector, so no DmsABC could be detected.

® The Mo-bisPGD cofactor content determined by the Form A fluorescence is
qualitative and reported in terms of relative fluorescence intensities. The peak
emission fluorescence for wild-type DmsABC was normalized to 100, and the
relative fluorescence for the mutant enzymes was calculated using their peak
emission fluorescence. The relative cofactor occupancies were then calculated
using relative cofactor content and DmsABC concentrations and are shown in
Fig. 5B.

¢ Specific enzyme activities of wild-type and mutant DmsABC were assayed by
BV- or LPCH,-dependent reductions of trimethylamine N-oxide. Assays were
carried out in triplicate, and average enzyme specific activities are reported. The
specific enzyme activities are given in micromoles of BV or LPCH,/min/mg of
total protein. The turnover rates (s~ ') were then calculated using the specific
activities and DmsABC concentrations, and the relative rates with the wild type
normalized to 100 are reported in Fig. 5B.

4 DSS301 cells transformed with plasmid encoding wild-type DmsABC and its
variants were grown anaerobically on glycerol/dimethyl sulfoxide minimum
medium.

two reasons: (i) the CS1/R61K multimutant also has only two
residues between the C, and Cj positions yet is able to assem-
ble cofactor, and (ii) the AAsn-21 mutant assembles a [3Fe-4S]
cluster at the FSO position. Taken together, these observations
indicate that the side chain of Asn-21 plays a critical role in
facilitating Mo-bisPGD insertion into DmsA. These results
complement those recently reported by us for cofactor inser-
tion into NarG (18).

Table 2 summarizes the effects of the mutants studied herein
on enzyme assembly and Mo-bisPGD insertion. Of the mutants
studied, the AAsn-21 mutant had the most dramatic effect on
cofactor content, effectively eliminating detectable Form A
derivative while retaining ~50% of wild-type levels of assembly
into the cytoplasmic membrane (¢f. Figs. 44 and 5A4). Asn-21
is part of the loop connecting C, and Cy of the N-terminal
Cys group, and its side chain carboxamide nitrogen is pre-
dicted to be within H-bonding distance of dithiolene sulfurs
from the two pterins of the Mo-bisPGD cofactor (Fig. 1B). It
is therefore likely that Asn-21 side chain positioning is crit-
ical for Mo-bisPGD insertion.

Table 2 also summarizes the effects of the DmsA mutants on
enzyme activity. Two assays were used, the BV/trimethylamine
N-oxide oxidoreductase assay and the LPCH,/trimethylamine
N-oxide oxidoreductase assay. The BV assay addresses the abil-
ity of the enzyme to catalyze substrate reduction with a nonspe-
cific electron donor (BV), whereas the LPCH, assay addresses
the ability of the enzyme to catalyze electron transfer through
its electron transfer relay to the Mo-bisPGD cofactor. With the
exception of the R61K mutant, enzyme activity was essentially
eliminated in all of the mutants studied herein. In the case of
CS1 plus R61K, a small amount of activity was rescued, but this
did not correlate well with the amount of cofactor insertion
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detected in Form A fluorescence assays. A likely explanation for
this is that the H-bonding contacts between the Asn-21 carbox-
amide nitrogen and the Mo-bisPGD dithiolene sulfurs are also
critical in defining a catalytically competent molybdenum coor-
dination environment.

Role of FSO in DmsABC Maturation—As is the case for E. coli
NarGHI (18), it is clear that the N-terminal Cys group of DmsA
plays a critical role in controlling enzyme maturation by coor-
dinating FSO and Mo-bisPGD assembly. The results presented
herein point to an emerging paradigm for Type II molybdoen-
zyme maturation: FSO insertion is a prerequisite for enzyme
maturation but is not a prerequisite for final assembly of the
enzyme into the cytoplasmic membrane.

The mechanism of FSO and Mo-bisPGD assembly likely
involves [4Fe-4S] cluster insertion, generating a cofactor bind-
ing-competent conformation of DmsA. In the context of the
work presented herein, correctly assembled FSO dictates a cor-
rect conformation for the **CTVNC?? sequence, which allows
subsequent Mo-bisPGD binding.

An important distinction between the two most character-
ized Type Il enzymes is that whereas NarGH is anchored to the
inner surface of the cytoplasmic membrane by Narl, DmsAB is
translocated to the periplasm by the tat translocon and is
anchored to the outer surface of the cytoplasmic membrane by
DmsC (2, 22). In both cases, system-specific chaperones are
involved, Nar]J for NarGHI (24, 25) and DmsD for DmsABC (26,
57). It has been proposed in the case of NarGHI that Nar] is
essential for Mo-bisPGD and FSO insertion and binds to two
sites on NarG, the first being the 50-amino acid pseudo tat
leader atits N terminus (58, 59) and the second being elsewhere
in the protein. In the case of DmsABC, DmsD has been shown
to bind to the tat leader, directing the fully folded cofactor-
containing DmsAB dimer to the periplasm via the tat translo-
con without an obligatory role in cofactor insertion (21). The
apparently different roles of Nar] and DmsD have to be recon-
ciled with their similar structures. When Nar] from Archaeo-
globus fulgidus (60) is compared with DmsD from E. coli (61)
using the secondary structure matching server (62), 132 amino
acid residues align, corresponding to an overlap of 89% of
Nar] residues and 65% of DmsD residues. It is therefore notable
that Nar] appears to coordinate insertion of both FSO and Mo-
bisPGD (25), whereas DmsD has a more specific role in direct-
ing DmsAB to the periplasm (21). Chan et al. (63) recently dem-
onstrated a possible role of the tat translocon in enhancing the
targeting of NarGH to the cytoplasmic membrane. The matu-
ration of DmsABC is an example of one in which the apoen-
zyme can be translocated by the tat translocon across the cyto-
plasmic membrane and assembled into its correct location in
the absence of its Mo-bisPGD cofactor and/or its FSO [4Fe-4S]
cluster (19, 21, 23, 64). Further studies will be required to clarify
the role of DmsD in DmsABC maturation.

We investigated the N-terminal Cys group of NarG using a
combination of site-directed mutagenesis and protein crystal-
lography (18, 41). The C, residue of the NarG Cys group is in
fact a His residue (His-49), and when mutated to a Cys, FSO is
still assembled into the enzyme along with the Mo-bisPGD
cofactor without a detectable EPR signal in the g = 5 region.
However, the observed high spin form of FSO in DmsABC
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makes it clear that the presence of His at the C, position in
NarG is not the source of the EPR signal with an § = 3%
ground state. When His-49 is mutated to Ser, neither FSO
nor Mo-bisPGD is assembled. In the crystal structure of
this mutant, sequence *’SGVNCTG®® (equivalent to
8CTVNCGS** in DmsA) is unresolved, suggesting that the
correct positioning of this sequence is critical for
Mo-bisPGD cofactor insertion (18). In this study, disruption
of the DmsA Cys group by generating the CS1 multimutant
eliminated most of the Mo-bisPGD cofactor and prevented
detection of FSO by EPR. Combining this multimutant with an
R61K mutant to generate a Type I Cys group sequence rescued
Mo-bisPGD insertion (44% of the wild-type level) and a small
amount of enzyme activity (Fig. 5B and Table 2). The most
dramatic effect on cofactor insertion was elicited by the
AAsn-21 mutant. In this case, Mo-bisPGD insertion was com-
pletely eliminated, suggesting that the Asn-21 side chain plays a
critical role in facilitating Mo-bisPGD insertion.

Conclusions—Overall, we have used a combination of site-
directed mutagenesis and a range of assays to identify the FSO
EPR signature of DmsABC. We have clearly demonstrated that
sequence '*C,TVNC,G?® plays a critical role in facilitating
Mo-bisPGD binding, with deletion of Asn-21 having the most
catastrophic effects. When the wild-type sequence '°C,-
TVNC,GSRCP*” is converted to a sequence similar to that of
the FdnG subunit of E. coli formate dehydrogenase N (**C, TY-
CxGVGCG*), cofactor binding is almost completely elimi-
nated, but when the '8C ATYQBGVGQCG26 multimutant is
combined with an R61K mutant, generating a true Type I
sequence, cofactor insertion is rescued. These results shed
additional light on the maturation of members of the CISM
family of bacterial molybdoenzymes.
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