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A biochemical and i ! I study has a new formate dehydrogenase isoenzyme in Escherichia coli. The enzyme is
an i of the v formate d (FDH-N) which forms part cf the formate to nitrate respiratory pathway
found in the organisms when itis grown anaerobically in the presence of nitrate. The new enzyme, termed FDH-Z, cross reacts
with antibodies raised to FDH-N and possesses a similar polypeptide composition to FDH-N. FDH-Z catalyses the phenazine

linked formate dehyd activity present in the aerobically-grown bacterium. FDH Z and FDH-N exhibit
distinct regulation. Like formate dehyd N, formate dehyd Zisa t by lybd Wuth
nitrate reductase it can catalyse electron transfer between formate and nitrate. Qui are d for the pt

electron transfer to nitrate. It scems likely that like FDH-N, FDH-Z functions physiologically as a formate : quinone oxidoreduc-

tase.

Introduction

Escherichia coli has two p for the anaerobic
mclabollsm of formate. The respxratory pathway, for-

t d 1,

nitrate is for

formate oxidation. The a- and B-subunits occupy
transmembranous positions in the cytoplasmic mem-
brane and the heme is thought to be associated with
the y-subumt [4,5] FDH-N has been characterized as a
fors hosulfate oxidored

reducuon of nitrate to nitrite via quinones and cy-
tochromes b [1,2]. This pathway involves two mem-

brane-bound multisubunit formate dehydro-

The three subunits of FDH-N are encoded by the
fdn GHI operon at 32 min on the E. coli genetic map.
ion of a ¢(fdnG'-lacZ) operon fusion was in-

genase N (FDH-N) and nitrate reductase. Both en-
zymes are induced by nitrate during anaerobic growth.
The i y pathway the formate-depen-
dent reduction of nitrate to nitrite coupled to proton
location with the of ATP by oxidati
phosphorylation [3]. Purified formate dehydrogenase N
consists of three subunits (¢, B and y) of relative
moiecular mass 110000 32000 and 20000 respectively.
The b bably binds
the lyhd f: and the site of

Correspondence to: G. Giordano, Laboratoire de Chimie Bacteri-
enne, CNRS, BPT71, 31 Chemin Joseph Aiguier, 13277 Marseille
Cedex 09, France.

FDH-N, ph linked formate de-

hydrogenase.
Enzymes: formate dehydrogenase (EC 1.2.2.1); nitrate reductase (EC
1.7.99.4),

duced by anaerobiosis and nitrate. This induction re-
quired the functional products of fir and narL, two
regulatory genes which are also required for the anaer-
obic nitrate-dependent induction of the nitrate reduc-
tase structural operon, narGHII [6].

The second pathway of formate metabohsm, for-
mate-hydrog lyasc, p ically iz the ab-
sence of nitrate, d posing formate to hydrogen and
carbon dioxide [7,8]. This pathway involves two en-
zymes, formme dehydrogenase H (FDH-H) and an
hydrogenase [3]. The expression of FDH-H is elevated
by formate but repressed by oxygen, nitrate, nitrite and
other respiratory electron acceptors. Formate can over-
come the repression by nitrate but not by oxygen [9,10).
The fdhF gene, which encodes the FDH-H 90 kDa
polypeptide, is located at 92.4 min on the chromosomal
map. Transcription of FDH-H requires both NTRA,
an alternative sigma factor which directs RNA poly-
merase to specific promoters. The FNR protein, a
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positive transcriptional regulator of many anaerobic
respiratory genes is not required for FDH-H expres-
sion [11-14]. Active FDH-H has been purified re-
cently, characterised as a benzyl viologen oxidoreduc-
tase and as formate dehydrogenase N, is a selenopro-
tein [15].

Two nitrate red nitrate red A and
nitrate reductase Z, exist in E. coli {16,17}. Both en-
zymes are composed of three subunits «, 8 and v,
encoded by the narG /narZ, narH /narY and narl /
narV genes, respectively. Nucleotide sequence apalysis
shows that the structural genes of both enzymes are
very similar and are organized in a similar manner
[18,19). The narZYWV and narGHII operons have
probably descended from a common ancestor [18,19].
The two nitrate reductases are very similar with respect
to relative molecular mass, subunit composition and
specificity for electron donors and acceptors. An im-
munological study demonstrated epitopes common to
both The ion of both is, how-
ever, distinct [16,20].

Recently Sawers ei al. [21] have discovered that E.
coli possesses a third selenoprotein, different from
formate dehydrogenase H and formate dehydrogenase
N. Its expression is similar during beth aerobic and
anaerobic growth with nitrate. In their work several
points argue in favour of a 110 kDa protein being a
subunit of a third formate dehydrogenase isoenzyme.

In this report we describe immunological experi-
ments which reveal a third formate dehydrogenase
isoenzyme in E. coli. The enzyme appears to be closcly
related to formate dehydrogenase N.

Materiols and Methods

Bacterial strains. The Escherichia coli strains used
and their genotypes are listed in Table 1. The narG
and narZ mutations were introduced into the strains
of interest, by bacteriophage P1-mediated transduction
using ihe kananycin or spectinomycin resistance mark-
ers. Plasmid pLCB14 (18.9 kb) is a p2R322 derivative
carrying the narZYWV operon [17].

Media and growth conditions. The strains were grown
in L-broth medium supplemented with glucose (0.2%,
w/v), sodium selenite (2 xM) and ammonium molyb-
date (2 uM) [26]. When indicated, potassium nitrate
(1%, w/v) or sodium tungstate (10 mM) were added.
Anaerobic growth was accomplished at 37°C in non-
agitated closed vessels filled almost to the top with
medium. Strains carrying plasmid pLCB14 were grown
in media containing ampicillin (50 kg/ml).

Preparation of subcellular fractions. The cells were
harvested during the exponential phase of growth, sus-
pended in 50 mM Tris-HCl, 1 mM benzamidine-HCI
(pH 7.6) and ruptured in a French Press. The crude
extract was centrifuged at 18000 X g for 15 min. The

TABLE |

E. coli strains used in this work

Strain Genotype Refer-
ence
MC4100  araD139A (LiclPOZYA-argF) rpsL, thi 22
LCB79 MC4100 with ¢79 (nar-lac) 17
LCB320  shi-1, thr-1, lew-6, lucYl, Sup E44, rpsL 175 23
LCB32  LCB320 with Anar25 (nar G-H’, Km') 23
LCB2048  LCB333 with narZ :: 0 (spc") 23
RKS5278  MC4100 with gyr4 219 non9 narl.
215::Tnl0 6
LCB22 thrl, teus, lacYl, rpsL175, anal, fur (nirR22) 20
Fd17 fdnD1 25
AN387 thi, str® 24
AN384 AN387 with ubid 420 men A401 24
AN385S  AN327 with ubid 420 24
AN386  AN387 with mend 401 24
AN385,  AN385 with Anar25 (narG-H’, Km"),
nerZ:: 92 (spef) this
work
AN386,  AN386 with Anar25 (narG-H', Km")
narZ:: 2 (spc”) this
work
AN384;  AN384 with Anar25 (narG-H', Km")
narZ :: £ (spe’) this
work

supernatant fraction was further centrifuged at 170000
X g for 90 min, and the soluble and membrane frac-
tions recovered. Al procedures were performed at 4°C.

Enzyme assays. Nitrate reductase activity was meas-
ured spectrophotometrically at 30°C following at 600
nm, the oxidation of reduced benzyl viologen by nitrate
[27). One unit of nitrate reductase activity is that
amount catalysing the production of 1 pmole
nitrite /min.

Formate dehydrogenase activity was assayed spec-
trophotometrically at 30°C by monitoring the formate-
dependent, i hosul (PMS)-mediated
reduction of 2,6-dichlorophenolindophenol (DCPIP) as
described by Lester and DeMoss [28].

Formate-dependent nitrate r~duction was measured
in whole cells with formate added as electron donor
{29]. The reaction was stoppr:d by addition of acetone.
After centrifugation, nitrite was determined in an
aliquot of the supernatant by the method of Rider and
Mellon [30].

The concentration of protein was determined by the
technique of Lowry et al. [31].

Polyacrylamide gel electroph
clectrophoresis was carried out in 7.5% (w/v) poly-
acrylamide gels at pH 8.8, Direct localization of activity
was achieved by the method of Scott and DeMoss [32].
The two active bands obtained (Ry = 0.22, R =0.14)
were cut out from the native gels, electroeluted and
loaded on a SDS-polyacrylamide gel {33] for analysis by
the Western immunoblot method. SDS-polyacrylamide

, .
N ing




gel electrophoresis was done as described by Laemmli
[33).

lmmunalogtcal analyszs Antiserum to purified E.
coli ph hate-linke:: formate dehyd
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TABLE I

Formate dehydroger. ase activity in crude extracts of parental strain and
far and narL nuacats

genase N [34] was raised in rabbits immunized with
enzyme purified as desmbed by Enoch and Lester [4].

Rocket 7 Detection of formate
dehydrogenase antigen pre<ent in Triton X-100-disper-
sed membrane fractions was achieved by rocked immu-
noclectrophoretic anaiysis as described by Graham et
al. [35). The were electroph d at 2 mA
overnight in 4 X 4 ¢m (1%, w/v) agarose (1%, w/v)
plates buffered with 20 mM sodium barbital (pH 8.6)
containing Triton X-100 and sodium azide (0.05%,
w/v). Antiserum (180 1) was included in the agarose
medium.

Western i After elect
in 7.5% (w/v) SDS- polyacrylamlde gels, protein was

bl ysi

Strains Formate dehydrogenase activity *

anacrobiosis  aerobiosis

+KNO, TKNO, -KNO,
MC4100 052 017 0.15
MC4100® 0.04 0.02 0.02
LCB22 (fnr) 0.15 0.18 0.19
RKS278 (narl.:. 7il8) 017 0.16 Q.19
Fd\7 (fdhD1) < 0.001 <0.001 <0001

® Assayed a. phenazine methosulphate-linked formate dehydro-
genase and expressed as pmole formate oxidized per min per mg
of protein.

® 1n this case, growth medium contained 10 mM sodium tungstate,

quired for the observed aerobic expression of phenazine

elect ferred to a nitrocellulose sheet in metk

20% (w/v) containinz buffer [36). The blots were ex-
posed for 90 min at 37°C to Regilait milk (5%, w/v) in
10 mM Tris-HCl, 150 mM NaCl, Tween 20 (pH 8,
0.05% w/v). The blots were then incubated for 1 h at
room temperature with anti-formate dehydrogenase
serum (40 u!1/10 ml buffer). After several washes, the
immunoblots were incubated with anti-IgG second an-
tibodies conjugated with alkaiine phosphatase (Proto-
blot Western Blot AP-| Rabblt-l"romega) Sites of aml-

gen localization were r led by stail for
phosphatase activity.
Double i diffusion iysis. Double i -

methosulpl linked formate dehydrogenase activity.
Biochemical properties of aerobically-expressed formate
dehydi ogena e

(a) Subcellular localization. An analysis of the sub-
cellular distribution of this formate dehydrogenasc ac-
tivity in cells grown under aerobic conditions revealed
that more than 80% was found in the membrane
fraction even after two ive ultr
of the crude extract at 170000 X g.

(b) Effect of sodium tungstate. When E. coli is
grown in media containing sodium tungstate, a struc-

diffusion analyses were performed in agar (1%, w/v)
and Triton X-100 (0.05%, w/v) as described by
Ouchterlony [37].

Results

Formate dehydrogenase activity in aerobically grown E.
coli

Previous work has shown that phenazine metho-
sulphate-linked formate dehydrogenase activity (FDH-
N) is repressed by oxygen but induced by nitrate during
anaerobic growth [£,33], Crude extracts of acrobically
grown E. coli, howevei, possess a significant amount of
this activity (Table II). The level of the activity in crude
extracts of aerobically grown cells is about a third of
the fully induced anaerobic level, but is unaffected by
the presence of nitrate in the growth medium.

In a recent report, Berg and Stewart [6] demon-
strated that the structural operon ding the
bic enzyme (FDH-N) is expressed under the positive
control of two regulatory genes fir and narL. Our
data show that crude extracts of fir and narl mutants
display aerobic formate dehydrogenase activity at more
or less the same level as that of the parental strain
(Table 11). Neither of these genes are therefore re-

tural \{ of molybd: the activity of its molyb-
doenzyries is very low [28,38]. Under these conditions,
we obtained only 12% of normal phenazine metho-
sulphate linked formate dehydrogenase activity in the
crude axtract of aerobically grown cells (Table ID).
These observations strongly suggest that a molybdoen-

zyme is responsible for the bi d activ-
ity.

(c) N.m-denamrmg polyacrylamrde gel analysis. Tri-
ton X-160-di were exam-

ined followmg electrophoresis in 7.5% (w/v) polyacryl-
amidc gels for protein displaying formate dehydro-
genase activity. Direct localization of activity (see Ma-
terials and Methods) of the membrane-bound fraction
of cells grown bically in the p of nitrate
showed two active bands Rg =0.14 and Rg = 0.22. The
active band of Ry = 0.14 appeared to possess far more
activity than the band of Ry =0.22. When cells were
grown aerobically, only one active band was detected at
Ry = 0.22. Furthermore, in mutant strain LCB22 (car-
rying a mutated allele of far), in which the anaerobic
formate dehydrogenase-N (FDH-N) is not synthesized,
the band of Ry = 0.22 was the only band present under
all growth conditions examined (data not shown).
These results suggest that the enzyme responsible
for the aerobic phenazine methosulphate-linked for-
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mate dehydrogenase actiwvity is distinct from the en-
zyme characterized as catalysing this ~<tivity in anaer-
obically grown cells (FDH-N). The ae.obic enzyme
exhibits an electrophoretic, Rp, of 0.22 while the
anaerobic (FDH-M) enzyme migrates with an Ry of
0.14. We term the enzyme of Ry 022, formate
dehydrogenase 2% (FDH-Z).

Immunological study of formate dehydrogenase Z
reported that E. coli grown under
aerobic conditions where FDH-N is not synthesized,
possesses a protein which cross-reacts with antibodies
raised against the FDH-N enzyme. These results led us
to speculate that this protein may be a second FDH-N
lsoenzyme [39]. ln order to test this hypothesis, several

y logical approaches were per-
formcd using 2 serum raised against the purified FDH-
N enzyme. Since the putative second FDH isoenzy

the absence of nitrate, revealed a single large precip-
itin arc of low intensity. Examination of Fig. 1 shows
that formate dehydrogenase Z is also synthesized un-
der anaecobic conditions since, when tested in equiva-
lent amounts of total protein, the anaerobically ex-
pressed arc 2 was about the same size as the aerobic
arc.

We were able to detect immunoprecipitin arcs with
aph ine methosulfate-linked stain, prior to
staining for protein with Coomassie blue (data not
shown), This zymogram stain eliminates the possibility
that the second arc may be a non-specific protein band.
Taken together, these results reveal that E. coli con-
tains two different methosulfate-linked for-
mate dehydrogenase enzymes, one of which is poorly
recognized by the serum raised against FDH-N.

(b) Double immunodiffusion analysis. Triton X-100

may be weakly recognized by the antiserum directed
against FDH-N, six-fold higher concentrations than
usual were used in the analysis [25,34]. The possibility
that the preparation of FDH-N used to raise antibod-
i2s may have contained trace amounts of FDH-Z can-
not be excluded.

(a) Rocket i I horeti ) Rocket
immunoelectrophoresis of Tnton X-100-dispersed
membrane fractions of cells grown anaerobically with
nitrate revealed two precipitin arcs (Fig. 1) one of
which (arc 2) was not visible in our previous experi-
ments which employed lower serum concentrations
{25,34). This second precipitin arc (stained with
Coomassie blue) was less intense and far larger than
arc 1 (Fig. 1). Nevertheless, the height of both arcs was
proportional to the amount of total protein applied.

.A similar analysis, performed with the membrane
fraction of cells grown acrobically in the presence or in

456

horesis of the pt

b extracts of bically grown cells revealed
only a single precipitin arc when protein amounts
higher than 120 pg were used (Fig. 2, d, ). Under the
same conditions the membrane fraction of cells grown
anaerobically in the presence of nitrate gave a very
intense large arc which did not allow a proper assess-
ment of the presence of further precipitin arcs (data
not shown). However, a single precipitin arc appeared
when four times less protein (30 ug) was used (Fig. 2,
a, b, e). The absence of a second arc was expected
since no precipitin arc was di d in bically
grown cells with the lower amount (30 ng) of protem
All precipitin arcs were enzymatically active.

The important feature of this experiment was that
the immunoprecipitin arc found with anaerobically
grown cells did not fuse completely with that obtained
from aerobically grown cells. This can be seen in Fig. 2
(a, f) where a spur extending from immunoprecipitin
ar: from anaerobically grown cells can be clearly distin-

Fig. 1. Analysis by rocket i
grown anaerobically and aerobically with nitrate. Rocket i

mediated formate dehydmgenase activity in various strains
in M ials and Methods. Each

was as
well received 6 ul membrane extract solubilized with Triton X-100 (60 pg protein). Each plate was poured with 3.3 ml 1% (w/v) agarose
ining 180 ul anti-f N serum. (A) (1) strain MC4100 grown anaerobically with nitrate, (2) aerobically with nitrate and
(3) acrobically, (4) mutant LCB22 ( fur) grown anaerobically with nitrate, (5) aerobically with nitrate and (6) aerabically. (B) (1) mutant RK5278
(narL::Tnl0) grown aerobically, (2) aerobically with nitrate, (3) mutant FD17 ( fdiD) grown uerobically, (4) acrobically with nitrate and (5)
LCB2048 grown aerobically with nitrate. Arrows i and 2 indicate FDH-N and FDH-Z immunoprecipitatcs, respectively.




gmshed These observauons demonstrate that the
FDH-N has common
epitopes \vnth the aerobic formate dehydrogenase Z.

These findings were confirmed when a membrane
extract of an fr from mutant (LCB22) which does not
synthesize the FDH-N enzyme was analysed. High
protein amounts (120 ng) were required for the detec-
tion of a single immunoprecipitin arc from the mutant
whether grown aerobically or anaerobically with ni-
trate. This arc fused perfectly with that from the aero-
bically grown parental strain (MC4100) whether in the
absence or presence of nitrate (Fig. 2, ¢, d). This
indicaies ihat formatc dehydrogenase activity in the
parental strain grown aerobncally and in the far mu-
tant, is due to formate dek Z. As d
a spur was formed between the precipitin arc of the
anaerobically induced FDH-N from the parental strain
and the formate dehydrogenase Z from the far strain
(Fig. 2, b, ¢). Similar resulis were obtained for a narL
mutant.

(c) Subunit of fe dehyd) Z.
In order to further characterize the aeroblcally synthe-
sized formate dehydrogenasc Z, we determined its
subunit composition and compared it with that of the
anaerobically inducible FDH-N. Fig. 3 shows that for-
mate dehydr ins two sut a and 8,
having relative melecular masses around 100000 and
32000, respectively. These values are similar to those
of the a and B subunits of FDH-N (110000 and
32000). The a-subunits of the isoenzymes are of clearly
different mobilities but the B-subunits could not be
distinguished. It is ible that the B-sut of the

are i ical. Our I were of insuffi-
cient resolution to reveal the y-subunit of FDH-N so

Fig. 2. O double i diffusion of ilized mem-
brane extracts of strains MC4100 and of mutant LCB22 ( fur). Triton
X-100-solubilized membrane extracts of various strains and anti-for-
mate dehydrogenase N serum (25 ul) was placed in wells as indi-
cated below. Diffusion was allowed st room temperature for 48 h.
Precipitin arcs were revealed by staining with Coomassie blue (a,b,e)
strain MC4100 grown in anaerobiosis with nitrate (30 pg}, (d,0) strain
MC4106 grown in acrobiosis with nitrate (120 xg) and (c) mutant
LCB22 ( fir) grown in aerobiosis with nitrate (120 pg).

123456 7

Fig. 3. Analysis by Western i of the subunit i
of formate dehydrogenase of parental strain and of mutant LCB22
(fnr) grown in anaernbiosi: and aerobiosis with nitrate. Both active
formate dehydwgenase hai ds (R =0.14, R =0.22), found in the
ide gel after is of the solu-
bilized membrane extract of strain MC4100, were cut out and the
enzymes electroeluted, These samples were electrephoresed as were
the solubilized membrane extracts (2 pg of protein) in SDS-poly-
acrylamide gels (7.5%, w/v) and immunoblotted as described in
Materials and Methods. 1, Active band of R = 0.22 from solubilized
membrane extract of strain MC4100 grown in anaerobiosis with
nitrate. 2, Active band of Rp=0.14 from solubilized membrane
extract of strain MC4100 grown in anaerobiosis with nitrate. 3,
Solubilized membrane extract of mutant LCB22 (fnr) grown in
aerobiosis with nitrate. 4, Solubilized membrane extract of mutant
LCB22 (fur) grown in anaerobiosis with nitrate. 5 and 7, Solubilized
membrane extract of parental strain MC4100 grown in anacrobiosis
with nitrate. 6, Solubilized membrane extract of parental strain
MC4100 grown aercbically. The arrows mdhcate the top of the gel
and the dye front.

we are unable to assess the possible presence of a
y-subunit in FDH-Z. Similar difficulties in the detec-
tion of the y-subunits of the nitrate reductases have
been reported previously [16,20]. The subunit composi-
tion of the enzymes from the solubilized membrane
extract strains MC4100 and LCB22 (fnr) are m  agree-
ment with our i logical and bioch

reperied 2bove (Fig. 3, 3-7).

n,

of formate dehyd z
1t is known that FDH-N synthesns is mduced anaer-
obically in the of nitrate. Al
requires the frr global regulatory gene and nitrate
induction requires narL [6). We wished to examine
whether regulation of formate dehydrogenase Z was
comparable.

Rocket immunoelectrophoresis was used to monitor
the formate dehydrogenase Z content, since the height
of the immunoprecipitin arc was proportional to the
amount of protein applied as was the case for the
FDH-N enzyme (Fig. 1). Cur results show that parental
strain and fur or narL mutants, grown aerobically in
the presence or absence of nitrate, all gave enzymati-
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cally active precipitin arcs of similar size (Fig. 1). In
addition, similar sized immunoprecipitin arcs were
found for narL and fnr mutants regardless of growth
conditions. These findings are in good agreement with
the enzymatic activities reported in Table II. They
demonstrate that unlike FDH-N, formate dehydro-
genase Z is constitutively.

We recently identified two genes affecting FDH-N
activity in E. coli (fdhD and fdhE). Strains with fdhD
lesions lack FDH-N activity, but retain essentially nor-
mal levels of the protein [25]. Very similar results were
obtained with respect to formate dehydrogenase Z
which was observed in an equivalent amount to that
found in the parental stram regardless of the growth
conditions (Fig. 1). Pl Iphate-tinked
formate dehydrogenase activity was absent in these
mutants (Table I1).

Formate dehydrogenase Z and nitrate reductase Z can
participate in the transfer of electruns from formate 1o
nitrate

FDH-N and nitrate reductase A are specifically
induced under anaerobic conditions in the presence of
nitrate in E. coli. They, with quinones, catalyze elec-
tron transfer from formate to nitrate and constitute the
formate-nitrate respiratory chain.

‘We wished to know whether formate dehydrogenase
Z can participate in the electron flow from formate to
nitrate along with nitrate reductase Z. Experiments
were performed using strain LCB2048 (nard narZ)
W is toially devoid of the polypeptides of nitrate
reductases A and Z {23] into which a plasmid carrying
the structural genes of nitrate reductase Z could be
introduced as required. Cells were grown aerobically in
order to prevent synthesis of FDH-N. Since the for-

te-nitrate red pi y chain does not oper-
atc in the presence of oxygen due to organism’s prefer-
ence for oxygen as electron acceptor over nitrate. Prior
to assay the cells were shifted to anaeroblc conditions
(N, here) and chl icol was added to

TABLE 111

Formate dehydrogenase Z can participate in the formate to nitrate
pathway

stop further protein sy Rocket i 1
trophoresis confirmed that formate dehydrogenase Z
was present and active (Fig. 1) in untransformed strain
LCB2048. This strain lacked formate-to-nitrate reduc-
tase activity (Table III). This resuit was expected since
nitraie reductase activity is absent consistent with its
narA narZ genotype.

‘When plasmld pLCB14 carrying the narZYWV
operon g nitrate red Z was introd;
into strain LCB2048 formate-to-nitrate reductase ac-
tivity was restored to a level similar to that of a
wild-type strain grown anaerobically in the presence of
nitrate [16).

It appears, therefore, that f dehyd: z
with nitrate reductase Z can form an acuve formate-
nitrate pathway when cells are shifted from aerobic to
anaerobic conditions. This pathway is present before
formate dehydrogenase N and nitrate reductase A can
be induced and may allow the cell to rapidly rake
advan-age of the changed growth conditions. It appears
that ti:> level of nitrate reductase Z limits the rate of
formatc-dependent niiraic reduction under these con-
ditions.

Quir are required for the fc dehyd Z-
and nitrate red: Z- fc itrate path

In to other microc E coli pro-
duces ubiqui and i the

growth conditions [24], It has been shown previously
that aerobic respuatory chains require ublqumone
while the for trate system, p
of formate dehyd.osmasv N and nitrate reductase A,
uses almost exclusively menaquinone. We constructed
mutant strains carrying insertion mutations in the ni-
trate reductase A and Z structural operons and specific
ions in the ubiqui and/or bio-
synthetic pathways: AN385, (ubi narA narZ), AN386,
(men narA narZ) and AN384, (ubi men narA narZ).
| nitrate Z was introduced into
these strains by transformation with pLCB14 which
carries the narZYWV structural operon. Formate-de-
nitrate 1 activity following aerobic
growth should not therefore be limited by the level of
nitrate reductase Z activity (see above). These con-
structions allowed us to show that formate-nitrate re-

ductase consisting of nitrate reductase Z and formate

Strain Relavant Formate ® Nitrate®  Formate © lehvd Z, can op with either
genotype debydro-  reductase  nitrate or ublqmnone (Table V). Indeed, resting cells from

genase reductase L.
T a—— o 55 = y grown AN385, (ubi) and AN386,
LCB20M8  nard narZ 018 <001 <1 {men) carrying plasmid pLCB14, produced formate-
LCB2048/ ) ) nitrate reductase activity. This activity was at a rela-
pLCBI4  narA/narZ* 015 025 100 tively high level, representing 80% of that of the
- - | strain AN387 wnh plasmld pLCB 14 (Table
® Phenazine linked formate ex-

pressed as gmole formate oxidized per min per mg of protein.
b Expressed as umole of nitrate reduccd per min per mg of protein.
© Expressed as a percentage.

V). In fori d activity of
the double quinone (men ubl) mutant AN384, with
pLCB14 was dramatically reduced (Table IV). This




TABLE IV

Quinone for formate
tase Z-formate-nitrate pathway
All strains were grown aerobically. AN385,, AN386, and AN384,

are mutated in the chromosome in both #arGHII and narZYWV
operons. pLCB 14 carriec a functional narZYWV.

Z- and nitrate reduc-

31

bound molybdoenzyrre which i is able to pamclpate in
the electron p ion and
nitrate reduction. Its activity with phenazine metho-
sulfate and its subunit ition closely

that of FDH-N. These observations allow us to elimi-
nate the possibility that formate dehydrogenase Z is
part of the formate hydrogenlyase pathway.

Strain Relevant Formate ® Nitrate®  Formate ¢

genotype dehydro-  reductase nitrate an agam"’t purified

genase reductase FDH'N, We that fi

AN387/pLCBI4 015 030 100 Z also is recognized weakly by this antiserum. This
AN38S, /pLCB14  ubi 0.14 022 80 immunological study shows that the two enzymes pos-
AN386, /pLCB14  men 013 030 75 sess a set of similar epitopes. Moreover, the subunit
AN384, /pLCB14 ubimen 0.3 022 8 itions of the two enzymes are similar. Alto-
 Phenazine linked formate dehyd: ex- gether, these results suggest that the two respiratory

pressed as pmole formate oxidized per min per mg of protein.
b Expressed as uwmole of nitrate reduced per min per mg of protein.
© Expressed as a percentage.

shows that the formate nitrate pathway in aerobic cells
has a non-specific requirement for guinone.

When grown aerobically in the presence of nitrate,
E. coli ples its y chain p ially to
oxygen, in line with the relative redox potentials of the
nitrate and oxygen couples. As mutant AN38S, (ubi
narA narZ) harbouring pLCB14 lacks ubiquinone, the
aerobic respiratory chain cannot work efficiently. We
found however that, in such a case, nitrite was pro-
duced (50 nmole per mg dry weight) during aerobic
growth with nitrate, indicating that E. coli may use
formatc dchydrogenase Z and nitrate reductase Z to
mediate electron flow from formate to nitrate, even
under aerobic conditions.

formate dehydrogenase isoenzymes contain similar
peptlde domains. We suggest that both E‘ col(
i methosulph linked

have evolved from a by
duplication. Such a situation has already been substan-
tiated for the two nitrate reductases A and Z which
share a level of amino acid identity higher than 70%
{18,19].

We have shown that formate dehydrogenase Z is
synthesized under all culture conditions tested and is
not controlled by either the fir or narL gene products.
A similar situation has already been described for
nitrate reductase Z which is expressed constitutively
[16,20). In contrast, when tested in an fdhD mutant,
both formate dehyd N and Z proteins were
present in normal amounts, although they were devoid
of formate dehydrogenase activity. Since the two dehy-
drogenase isoenzymes appear to be differentially regu-
lated, these findings argue against a role of fdhD in
formate dehyd is and are in ag!

Discussion with the suggestion [40] that the fdhD gene product
acts post-translationally to control formate dehydro-

We have ly d ted the exi of a genase assembly or maturation.
second nitrate red YA Nmate Aand Z The simultaneous existence in E. coli of formate
isoenzymes share several bioch | and i dehyd Z, an i of FDH-N, and nitrate
logical properties while having a distinct )} d Z, an i of nitrate red A, is

[16,17,20.

In this communication, we show that a similar situa-
tion exists for the FDH-N enzyme. A second phenazine
hosulphate-linked formate dehyd, has been
identified, formate dehydrogenase Z, whose behaviour
is similar to that of nitrate reductase Z with respect to
nitrate reductase A.

surprising. We show that formate dehydmgenase z

and nitrate red Z can l

dent mtrate reduction followmg aerobic growth. These
ty may allow E. coli to

rapidly ndapt in relation to changes in the environ-

ment. Thus, when a sudden shift from aerobiosis to

anaew‘--osn in the presence of mtrate occurs, the

During fermentative growth conditions (in the ab- p d formate deh z and
sence of nitrate), E. coli syntheslzes another category nitrate red YA could function to
of formate dehyd: y H, 1 from formate to nitrate, prior to the
which belongs to the i hyd; I hesis of FDH-N and nitrate reductase A.

hway. This enzyme has Iy been purified [15],
Although both FDH-N and FDH-H are molybd,

Fuﬂher evidence for this hypothesis comes from the

zymes, biochemical studies reported so far do not
indicate any further relatlonslnps Like the FDH-N

Zisa -

bot o defective in ubi "
tion. Our results also demonstrale that qulnoncs are
ired for the jological transfer of el to

nitrate via formate dehydrogenase Z and nitrate reduc-
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tase Z. However, in contrast to their anaerobic isoen-
zymes, formate dehydrogenase Z and nitrate reductase
Z can act with either ubi or

This peculiarity could be taken to indicate a non-
specific ancestral system has been maintained by the
bacterium in order to assist the electron transfer to
nitrate during anaerobic-aerobic transition. From these
data, we conclude that formate dehydrogenase Z and
nitrate reductase Z are less specific with respect to
quinones than FDH-N and nitrate reductase A, respec-
tively, which only recognize menaquinone.

We show here, using a ubi strain, where the elec-
tron transfer to oxygen is impaired, that formate dehy-
drogenase Z and nitrate reductase Z can catalyze dur-
ing aerobic growth nitrate reduction, as evidenced by
nitrite accumulation in the growth medium. In the light
of the existence of an aerobic formate dehydrogenase
Z in E. coli, our previous observations showing that
ubi mutants are sensitive to chlorate under aerobic
conditions in contrast to the wild-type strain [41] can
be explained. Both niirate reductascs A and Z have
chlorate reductase activity [20). An aerobic formate-
nitrate reductase system would be able to reduce chlo-
rate to chlorite, which is highly toxic to the bacterium.
Since aerobic respiration does not function in ubi

the for -nitrate redi system could
provide a pathway for aerobic chlorate reduction.

This secondary forma(e-mtrate pathway, composed

of diffe iall is not unique in
Similar fi have been described
in E t iaceae for and DMSO

reductases belonging to distinct pathways, but using
identical substrates [42,42).

In a recent communication [21], Sawers and co-
workers have identified a third selenopolypeptide in E.
coli (apart from FDH-N and FDH-H), which is synthe-
sized both acrobically and anacrobically in the pres-
ence of nitrate and which correlates strongly with the
formate oxidase activity previously described by Pin-
sent [44]. Its pattern of synthesis and its constitutive
expressmn suggest that the second phenazine metho-

hate-linked formate dehyd (FDH Z) de-
scribed in this report is likely to be the third se-
lenopolypeptide. We are currently working on the iso-
lation of the structural genes encoding formate dehy-
drogenase Z. Analysis of the gene sequence sihould be
of great interest, particularly if it exhibits homology to
that of the FDH-N selenopolypeptide.
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