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We describe the identification of two Escherichia coli
genes required for the export of cofactor-containing
periplasmic proteins, synthesized with signal peptides
containing a twin arginine motif. Both gene products
are homologous to the maize HCF106 protein required
for the translocation of a subset of lumenal proteins
across the thylakoid membrane. Disruption of either
gene affects the export of a range of such proteins,
and a complete block is observed when both genes
are inactivated. The Sec protein export pathway was
unaffected, indicating the involvement of the gene
products in a novel export system. The accumulation
of active cofactor-containing proteins in the cytoplasm
of the mutant strains suggests a role for the gene
products in the translocation of folded proteins. One
of the two HCF106 homologues is encoded by the first
gene of a four cistron operontatABCD, and the second
by an unlinked gene, tatE. A mutation previously
assigned to the hcfl06 homologue encoded at the
tatABCD locus, mttA, lies instead in thetatB gene.
Keywords hydrogenases/molybdoenzymes/periplasm/
Sec-independent protein export/twin arginine transfer
peptide

Introduction

synthesized with N-terminal signal sequences which are
removed at a late stage in the export process by a signal
peptidase whose active site is on the periplasmic face
of the membrane. These signal peptides lack sequence
similarity but share overall physical-chemical properties
(von Heijne, 1985; Izard and Kendall, 1994). Recently it
was noted that a subset of unusually long signal sequences
contain a consensus S/T-R-R-x-F-L-K motif in which the
arginine residues are invariant (Berks, 1996). Such ‘twin
arginine’ signal peptides are particularly associated with
periplasmic proteins that bind certain redox cofactors.
There is experimental evidence that these proteins acquire
their cofactors in the cytosol, and are thus folded, prior
to export (Berks, 1996; Santimt al., 1998). Export of
folded proteins would require a mechanism fundamentally
different from that of the Sec apparatus, and it was
therefore suggested that twin arginine signal peptides
mediate the export of folded proteins by a novel, Sec-
independent translocation system. Consistent with this
proposal, it has been demonstrated recently that the
export of trimethylamineN-oxide (TMAO) reductase, a
periplasmic molybdopterin cofactor-containing enzyme
with a twin arginine signal sequence, is Sec independent
in Escherichia coli(Santiniet al., 1998).

The use of twin arginine signal peptides for the targeting
of these bacterial proteins was viewed as potentially
important for a second reason: plant thylakoids have
already been shown to possess a Sec-independent import
pathway in which protein transport is driven by the
transmembranépH (reviewed by Robinson and Mant,
1997). The substrates for this pathway are synthesized
with cleavable targeting signals (termed ‘transfer pep-
tides’) with an essential twin arginine motif (Chaddock
et al., 1995), and there is evidence that the pathway may
be capable of transporting folded proteins (Creighton
et al, 1995; Roffey and Theg, 1996; Clark and Theg,
1997). For these reasons, it was suggested that bacteria
may possess a Sec-independent exporter that is structurally
and mechanistically related to the thylakdigH-depend-

A large proportion of newly synthesized proteins require ent transporter (Berks, 1996).

translocation across cellular membranes before they reach Recently, the genelcf106has been identified that codes
their sites of function. In prokaryotes, proteins that are for a component of thépH-dependent thylakoid import
targeted to the periplasm and outer cell membrane arepathway of maize (Voelker and Barkan, 1995; Settles
normally transferred across the cytoplasmic membraneet al, 1997). If the suggested correspondence between
by the Sec system (Pugsley, 1993). The Sec apparatughe thylakoid and bacterial Sec-independent transport
comprises a membrane-embedded translocation complexprocesses holds, then one would expect bacteria to encode
consisting minimally of SecY, SecE and SecG, together HCF106 homologues. Such proteins are indeed encoded
with a peripheral SecA subunit. Protein export through in bacterial genomes (Settlesal, 1997), and a correlation
the membrane complex is by a threading mechanism andwith the bacterial Sec-independent export pathway is
is driven by SecA-catalysed ATP hydrolysis. The threading strengthened by the observation that genes encoding
mechanism precludes the transfer of substrate polypeptidedHCF106 homologues are found in the complete genome
with significant tertiary structure (Pugsley, 1993; Schatz sequences of all prokaryotes (including the Archaeaon
and Dobberstein, 1996). Archaeoglobus fulgidysn which proteins are targeted to
Proteins destined for export by the Sec pathway are the periplasm or cell exterior by twin arginine signal
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peptides. On the other hand, such genes are absen A

from the genomes of organisms (mycoplasnistrelia YigQRS ‘y"i“ oD U'igC“’ 0‘"? ofall

f . . tat, tat, tat tat,
burgdorferi methanogens) wh|ch lack suph proteins. Fur-  _ _ > m— > > >
ther, aPseudomonas stutzegene cluster involved in the . 1750 bp

maturation of nitrous oxide reductase, a copper-containing T T T T
periplasmic enzyme with a twin arginine signal peptide
(Dreuschet al., 1997), codes for an HCF106 homologue | |
(orf57; Glockner and Zumft, 1996). Thus an HCF106-like vt © @
protein is implicated in the post-translational processing PFAT6S |—f — - — — — ——— — — ]

of a twin arginine signal peptide-dependent enzyme.

Weineret al. (1998) have recently examined this issue PRATG7  |— === 3
using anE.coli mutant that was found to be defective in seates | =
the export of a predicted substrate for this pathway, ' ‘
dimethyl sulfoxide (DMSO) reductase. The mutation was L1 =s00buepains
found to lie in a previously unassigned gene, designated
mttA (for membrane targeting and translocation). TilteA B
gene product exhibited apparent homology to HCF106,
andmttAwas predicted to form an operon with two further
unassigned genes; this operon was designatABC In
this report, we have tested directly the hypothesis that
HCF106 homologues are involved in a novel export
system by disrupting the two genes encoding HCF106
homologues irE.coli. One of the genes does indeed lie
in the operon studied by Weineat al. (1998), but we 45.0 —
show that this operon contains not three but four distinct — —D
genes, due to the presence of a stop codon in the gene 30.0 — W B
identified by Weinetet al. (1998) asmttA The first gene \ D
product in this operon is homologous to HCF106, whereas - — - C
the gene affected in the study of Weingral. (1998) is 172 — A
a separate gene in the operon which would encode a 12.3
protein unrelated to HCF106. In this study, we describe
the effects of disrupting both the authenticf106 homo-
logue in this operon and a second, unlinked, homologous
gene that previously was designatgdeC We show 1 2 3 4 5
that the export of several cofactor-containing periplasmic _ o , _
proteins is adversely affected when the genes e isruptedd, & T at ocus andn o yhest of 1 D) &t
singly, and is completely blocked in the double mutant. aser pNA sequence correction. Plasmid pFAT65 carries 2.5 kb
The data indicate a central role for the gene products in coveringtatABCDcloned distal to the phage T@0 promoter of

Sec-independent export, and suggest overlapping functionsplasmid pT7.5 as described in the text. The regions of deleted DNA in
for the two proteins. plasmids pFAT66—pFAT68 are indicated in the figure. Restriction site
abbreviations are: EzcoRl; H, Hindlll; N, Nrul; R, EcaRV; X, Xbd.
(B) In vivo synthesis of theat gene products from plasmids pFAT65—

kDa Gene product

Results pFAT68. Autoradiograph of a 12.5% gel after SDS—PAGE. Total
proteins were prepared from K38/pGP1-2 containing the following
Organization of the genes encoding HCF106 plasmids: lane 1, pT7.5; lane 2, pFAT65; lane 3, pFAT66; lane 4,

homologues in E.coli PFATG7; lane 5, pFATE8.

The maizeHcf106 gene encodes a protein of 243 amino

acids with a predicted N-terminal transmembrane helix E.coli locus, we resequenced the functionally unassigned
followed by an amphipathia-helix and an acidic stromal  chromosomal region around th&f106 homologue. This
domain (Settleset al., 1997). Escherichia coliencodes 2.5 kb area, originally assigned to the ORkgTUVW is

two proteins with sequence similarity to the predicted bounded byo546 (formerly yigQRS, the final ORF in a
transmembrane and amphipathic helices of HCF106. Onecluster of genes involved in ubiquinone biosynthesis
homologue is coded by the previously unassiggbdC (Macingaet al,, 1998), andfaH which encodes a transcrip-
gene located in the 14 minute region of the chromosome. tional regulator (Baileyet al., 1997). Our modified
The ybeC gene appears to comprise a monocistronic sequence has been submitted to the DDBJ/EMBL/Gen-
transcriptional unit. The second HCF106 homologue is Bank database and will appear under the accession
encoded in thgigT region at 86 minutes on the chromo- No. AJ005830. A revised ORF map for this region is
some. TheyigT locus has seen substantial sequence given in Figure 1A.

revisions in successive database releases (Dagieds, The major area of sequence discrepancy between the
1992; Blattneret al., 1997), yet, surprisingly, the open results obtained here and those reported by Eheoli
reading frame (ORF) assignment still varies from that of genome project and by Weinest al (1998) lies in
apparently analogous gene clusters found in the closelythe area encompassing the HCF106 homologue-coding
related organismidaemophilus influenzadAzotobacter sequence and the region directlyt8 this. The resequen-
chroococcum To clarify the gene assignments at the cing carried out here results in the assignment of two
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ORFs to this region. The first ORF codes for the HCF106
homologue and, on the basis of results presented below,
is designatedatA for twin arginine_translocation. Assum-
ing the second possible methionine codon is the initiation Gene  Predicted size from DNA Estimated nfasktat product
site (because of favourable adjacent Shine—Dalgarno and sequence (kDa) (kDa)

promoter sequences), TatA is an 89 amino acid protein
with 53% identity to YbeC, which is hereafter redesignated

Table I. Apparent and predicted molecular massesath—D gene
'products

tatA 9.6 or 11.8 17.7

. —_— tatB  18.4 29.6
TatE. The second ORF, designatedB, initiates 3 bp tZtc 28.9 26.4
after the stop codon dfatA and terminates 2 bp before tatb 295 33.8

the start oftatC. The tatB gene is predicted to encode a
protein of 171 amino acids. TatB is homologous to the
products of possibleH.influenzaeand A.chroococcum
ORFs that lie between genes coding for TatA and TatC
homologues. The TatB proteins are predicted to have auntouched (lane 5), but removes ~7 kDa from the 33.8 kDa
structure in which an N-terminal transmembrane helix is band. ThetatB gene product migrates with an apparent
followed by a cytoplasmic domain including a possible mol. wt of 29.6 kDa, and th&tC product with an apparent
amphipathic helical region. The curreBtcoli genome mass of 26.4 kDa. These results confirm the veracity of
project database release (DDBJ/EMBL/GenBank acces-our sequence-derived reading frame assignments. The
sion No. AE000459), while identifyingatA (0103, substi- TatA and -B proteins fail to migrate close to their expected
tutes two fragmentary, overlapping OREd{3ando145 molecular masses (Table 1). This is probably a reflection
for tatB. In Weineret al. (1998),tatAandtatBare assigned  of the integral membrane character of these proteins as
to a single ORF rattd). As the mutation identified by  highly hydrophobic polypeptides may migrate anomal-
Weiner and co-workers (Weineat al., 1998) lies in the  ously in SDS—PAGE. It is notable thtdtA expression in
tatB coding region, their paper describes the phenotype these experiments is considerably higher than that of the
of a tatB strain rather than a strain with a defect in the othertat genes (Figure 1B).

HCF106 homologue TatA.

The third gene at the locugatC (formerly 0258 Construction and growth phenotype of mutants
formerly yigU andyigV), encodes a protein of 258 amino In order to test the function of thd.coli HCF106
acids. TatC is predicted to be an integral membrane homologues, chromosomal in-frame deletion mutations
protein composed of six transmembrane helices with the were constructed in thatAandtatE genes, both singularly
polypeptide N-terminus in the cytoplasm. TatC homo- and in combination. The mutant strains grew as well as
logues (Prosite UPF0032 family) are found in the genomes the parental strain under aerobic respiratory or anaerobic
of many prokaryotes and of some chloroplasts and mito- fermentative growth conditions. IrE.coli, most peri-
chondria. plasmic proteins with twin arginine signal sequences are

The tatD gene (formerly 0206 and 0113 formerly involved in anaerobic respiratory pathways. TatAand
yigW) encodes a protein of 264 amino acids which has AtatE single mutant strains grew on the non-fermentable
homologues in many organisms (Prosite UPF0006 family) carbon source glycerol with any of nitrate, fumarate,
including the products of the two further functionally TMAO or DMSO as the sole electron acceptor. However,
unassigned.coli ORFs,yjjV andycfH. TatD is predicted = TMAO or DMSO would not support growth of the
to be a water-soluble, cytoplasmically-located protein. The AtatAAtatE double mutant, indicating a defect in respira-
tatCD intergenic gap is 29 bp anthtD shares a 2 bp tion involving these oxidants.
overlap with therfaH gene transcribed in the opposite
direction. ThetatD gene has been assigned experimentally TMAO reductase activity is mis-localized in the
to thetat transcriptional unit by Weineet al. (1998). AtatAAtatE mutant strain

It was important to corroborate the revised ORF assign- TMAO reductase is a soluble periplasmic enzyme which
ment experimentally given the conflict with previously catalyses the reduction of the terminal electron acceptor
published interpretations. Expression studies were carriedTMAO to trimethylamine (Barrett and Kwan, 1985). The
out to analyse the polypeptides coded by this region. DNA enzyme, which habis(molybdopterin guanine dinucleot-
covering theatABCDregion was placed under the control ide)molybdenum (MGD) at its active site, is synthesized
of the phage T7 promoter on plasmid pT7.5 (Tabor and with a twin arginine signal peptide (Neanet al., 1994)
Richardson, 1985) (Figure 1A). The resultant construct and exported by a Sec-independent mechanism (Santini
directed expression of the expected four polypeptides et al., 1998). The cellular localization of TMAO reductase
(Figure 1B) of estimated molecular masses 17.7, 26.4, activity was assessed in cells cultured on a fermentable
29.6 and 33.8 kDa, respectively (Table I). Deletion between carbon source supplemented with TMAO to induce expres-
the EcaRV sites shown in Figure 1A removes DNA from sion of the reductase (Pasalal., 1984). In the parental
the fourth codon oftatB to the seventh codon dhatD. strain, TMAO reductase activity is located almost exclus-
From Figure 1B, lane 2, it is apparent that only two ively in the periplasmic compartment (Table Il). Strains
peptides are now synthesized, one correspondingtto deleted for either théatA or tatE gene show an ~5-fold
and the second to a protein fusion comprising three amino decrease in periplasmic TMAO reductase activity, and an
acids of TatB, and all but seven amino acids of TatD. accumulation of activity within the cytoplasm, suggesting
Clearly the protein with an apparent mass of 17.7 kDa is that export of the enzyme is impaired. Deletion of both
the product of thgatA gene, since in-frame deletion of genes results in an almost complete absence of TMAO
tatD between theNrul sites leaves the 17.7 kDa band reductase activity in the periplasmic fraction. The very

3 stimated by SDS-PAGE.
bTwo possible translation initiation sites fatA
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Table Il. A comparison of enzyme activities it mutants

Enzyme Fraction Activity (U/g of cells)
MC4100 parent strain ELV1AtatA J1M1 AtatE JARV15 AtatAAtatE
TMAO reductas@ periplasm 115 28 20 11
membrane 4.4 1.0 15 <0.01
cytoplasm 14 44 39 45
DMSO reductase periplasm 0.05 0.02 0.07 <0.01
membrane 15 0.18 0.90 0.14
cytoplasm <0.01 1.9 0.54 3.1
Nitrate reductase periplasm 3.0 3.5 4.1 2.0
membrane 36 59 56 55
cytoplasm 1.2 2.9 2.0 2.8
Fumarate reducta$e periplasm <0.01 <0.01 <0.01 <0.01
membrane 2.3 7.6 5.8 7.3
cytoplasm 0.18 1.2 2.0 14
B-Lactamas® total exported 0.99 0.99 nd 0.93
(pBR322) cytoplasm 0.04 0.02 nd <0.01
Acid phosphatase periplasm 5.8 5.9 5.0 43

Oxidoreductase activities are expressed as substrate-dependent benzyl viologen oxidations (umité afrdenzyl viologen oxidized per min).
B-Lactamase activities were determinedgasol of 7-(thienyl-2-acetamido)-3-[2-(B;N-dimethylaminophenylazo)pyridinium-methyl]-3-cephem-4
carboxylic acid (PADAC) hydrolysed per min. Acid phosphatase activities were determinedaf p-nitrophenyl phosphate hydrolysed per min.
Cells were grown anaerobically with 0.5% glycerol and 0. ZBMAO, PDMSO, Cnitrate, fumarate 0rf0.2% glucose with 0.4% nitrate.

fTotal exported’ combines activities from both periplasm and culture media.

nd = not determined.

low level of residual activity is probably due to low-level The subcellular localization of FDH-N in the parental
cytoplasmic contamination of the periplasmic fraction. andtatmutant strains was assessed by immunoelectrophor-
TMAO reductase activity again accumulates in the cyto- esis (Figure 2). In this technique, FDH-N is specifically
plasm. Thus, disruption of the genes coding for both immunoprecipitated by an antiserum raised against whole
HCF106 homologues abolishes periplasmic targeting of FDH-N. Enzymatically active immunoprecipitates are
TMAO reductase. detected by formate dehydrogenase activity staining. In
DMSO reductase is a membrane-bound multisubunit the parental strain, FDH-N activity is found almost exclus-
enzyme which supports anaerobic growth on DMSO ively in the membrane fraction (Figure 2B, lane 1), with
(Weiner et al, 1992). The MGD-bindinga-subunit is  only trace activity in the cytoplasmic fraction (Figure 2B,
synthesized with a twin arginine signal peptide (Bilous lane 5). Deletion ofatAresults in a greatly lowered level
et al, 1988; Berks, 1996). In agreement with the results Of active enzyme in the membrane fraction (Figure 2B,
obtained for the TMAO reductase, a combined deletion 1ane 2). While there is no detectable formate dehydro-
of the tatA andtatE genes leads to an almost total loss of 9enase activity in the cytoplasmic fraction, protein staining
DMSO reductase activity in the cytoplasmic membrane SNows that FDH-N-immunoreactive protein has accumu-
and the single mutations have an incomplete phenotype,atéd (Figure 2A and B, lane 6). Thus, in contrast to the
though in this case thatatA mutation has a more severe situation with DMSO and TMAO reductases, the FDH-N
effect on localization than thAtatE mutation (Table Il). ~ Protein that accumulates in the mutant strain is enzym-
As with TMAO reductase, the mutant strains accumulate atically inactive. Deletion ofatE has a less severe effect

: L on FDH-N assembly than th&tatA mutation, with only
enzymatic activity in the cytoplasm. No DMSO reductase ) L )
activity could be detected in the periplasm of any of a 2-fold reduction in the level of membrane-bound formate

the strains dehydrogenase activity (Figure 2B, lane 3). Again, an

: accumulation of inactive soluble enzyme is observed
(Figure 2A and B, lane 7). ThAtatAAtatE strain com-
pletely lacks membrane-associated formate dehydrogenase
activity (Figure 2B, lane 4). All of the FDH-N protein in
this strain is cytoplasmically located and enzymatically
inactive (Figure A and B, lanes 8). Note that the total
amount of FDH-N antigen present in each strain (active
membrane-bound plus enzymatically inactive cytoplasmic)
was approximately equivalent, suggesting that the
mutations have no gross effect on FDH-N polypeptide
r(_expression.

Formate dehydrogenase-N accumulates as an

inactive precursor in the cytoplasm of the mutant
strains

Escherichia colisynthesizes three distinct membrane-
bound formate dehydrogenase isozymes (Sawers, 1994)
The formate dehydrogenase-N (FDH-N) isoenzyme is
highly expressed during anoxic growth with nitrate as
terminal electron acceptor. The MGD- and iron—sulfur
cluster-binding FdnG subunit is located on the periplasmic
side of the cell membrane and is synthesized as a precurso
with a twin arginine signal peptide (Beret al, 1991; Hydrogenase 1 is found as an active soluble

Sawers, 1994; Berks, 1996; F.Sargent, N.R.Stanley, precursor in the mutant backgrounds

B.C.Berks, T.Palmer, J.Shi and V.Stewart, unpublished Three hydrogenase isoenzymes are synthesizes.dni
observations). (Sawers, 1994) and recent genetic evidence suggests
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A C mutation (Figure 2C, lane 3). An involvement of TatE in
hydrogenase 1 assembly can, however, be inferred from
the observation that combining thatatE and AtatA

A By | , H _ mutations completely eliminates membrane-bound hydro-
; l l genase 1 activity (Figure 2C, lane 4). In the mutant
| strains where hydrogenase 1 activity was lost from the
membranes, there was a corresponding accumulation of
active enzyme within the cytoplasm (Figure 2C, lanes 6
and 8). However, since activity staining is not quantitative,
12345678 123456738 these experiments cannot determine how the specific
activity of the cytoplasmic enzyme compares with the
B D mature membrane-bound enzyme. We therefore compared
the hydrogenase activities of hydrogenase 1 directly
immunoprecipitated from Triton X-100-solublilized cell-
N | free extracts. The hydrogen:benzyl viologen oxidoreduc-

tase activity of the parental anttatAAtatE strains was

i ‘ l s . 3.7 and 1.1pumol of benzyl viologen reduced/min/g
/ A A 6 AA cells, respectively, indicating that although the level of
hydrogenase 1 antigen is similar in the two strains

(Figure 2C), the enzyme in the mutant is only ~30%
1 23 4567 8 1 2345678 as active.

Fig. 2. FDH-N and hydrogenase 1 and 2 accumulate in the cytosol in .
strains deleted fotatA andtatE. Cells were grown on either glycerol The large and small subunits of hydrogenase 2 are

plus nitrate to induce expression of FDH-N, or glycerol plus fumarate ~Processed in str_ains_ deleted for tatA and tatE _ )
for maximal expression of the uptake hydrogenases (Sasteab, The cellular localization of hydrogenase 2 was also investi-
1985?f‘39f9 and Stewaftb 1990; BrODdStEOI' %f_‘lq Aé'un%' 19?(4)- Cells  gated using an antiserum raised against the purified enzyme
were fractionated, membrane proteins solubilized and rocket (Figure 2D). TheAtatE mutation alone showed an ~2-fold
immunoelectrophoresis performed as described in Materials and - .

methods. All plates are as follows: lane 1, MC4100 (parental strain), re(_juct|on in the level of membran?'bound hydmgena_se 2
membrane fraction; lane 2, ELV1&tatA), membrane fraction; lane 3,  (Figure 2D, lane 3). ThéAtatA mutation led to a dramatic
J1M1 (AtatE), membrane fraction; lane 4, JARV1At&tA AtatE), reduction in the amount of active hydrogenase 2 in the

membrane fraction; lane 5, MC4100, cytosolic fraction; lane 6, membrane. A strain deleted for bothtA and tatE dis-
ELV15, cytosolic fraction; lane 7, J1M1, cytosolic fraction; lane 8,

JARV15, cytosolic fraction. All the samples represent the same p'aye‘?' a similar phe”m)’pe to_ that of the SmglﬁA

proportion (0.2%) of total protein present in the two fractiors) ( mutation. However, even in strains deleted for both genes,
FDH-N, protein stained;§) FDH-N, activity stained; €) hydrogenase significant amounts of active enzyme were located in the
1, activity stained; andl) hydrogenase 2, activity stained. membrane (Figure 2D, lanes 2 and 4). Enzymatically active

immunoreactive protein accumulated in the cytoplasmic
there may be a fourth (Andrewet al, 1997). The core  fraction in the strains exhibiting a hydrogenase 2 localiz-
components of each enzyme are a large subunit thatation defect.
contains the Ni—Fe active site and a small subunit which  The processing of the hydrogenase 2 subunits in the
binds iron—sulfur clusters. The active sites of hydrogenasesmutant strains was investigated by immunoblotting follow-
1 and 2 are at the periplasmic face of the membrane,ing SDS—-PAGE. In agreement with the results of the
where they catalyse respiratory hydrogen oxidation (Gra- rocket immunoelectrophoresis experiments, analysis of
ham, 1981; Rodriguet al., 1996; Sargenét al., 1998). subcellular fractions of thé\tatAAtatE mutant showed
The hydrogenase 1 and 2 small subunit precursors havethat the majority of the large subunit of the enzyme was
twin arginine signal peptides (Menat al.,, 1990; Sargent  located in the cytoplasmic fraction (Figure 3A, lanes 5
et al, 1998), while the large subunits, despite their and 6). The mature C-terminally processed form of the
periplasmic location, lack export signals. Insertion of Ni hydrogenase 2 large subunit can be distinguished electro-
into the large subunit occurs in the cytoplasm and is phoretically from the precursor protein. This is demon-
accompanied by C-terminal processing of the subunit by strated in Figure 3A, lanes 1 and 2, where the

a specific protease (Menat al.,, 1993; Rossmanat al., electrophoretic mobility of the mature subunit is compared
1995). Export of the small subunit is prevented if Ni with that of the precursor protein found in strain DHP-B
insertion into the large subunit is blocked (Bernhatal., (AhypB which has a defect in Ni insertion into the large

1997; Sargenet al., 1998), suggesting that the large and subunit (Jacobét al., 1992; Sargendt al., 1998). Analysis
small subunits are assembled in a co-ordinated mannerof the cytoplasmically located hydrogenase 2 found in the
and that the twin arginine signal sequence of the small AtatAAtatE mutant (Figure 3B, lane 6) clearly shows that
subunit directs export of both proteins. the subunit has been processed, suggesting that, consistent
A polyclonal antiserum raised against purified hydro- with the positive activity stain of the corresponding immun-
genase 1 readily identifies the protein as an activity- oprecipitant rocket (Figure 2D, lane 8), the Ni—Fe active
staining band in the membranes of the parealoli site has been inserted. The small subunit of hydrogenase 2
strain after rocket immunoelectrophoresis (Figure 2C, lane is unstable in cell extracts and it proved impossible to ana-
1). The functional membrane localization of hydrogenase lyse this subunit by immunoblotting following subcellular
1 is severely compromised in tigatA strain (Figure 2C, fractionation. However, the subunit can be analysed if
lane 2) but is apparently unaffected by an isolafsatE freshly harvested whole cells are added directly to the
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A A
Control AtatA AtatAAtatE

62.5kDa precursor —— —-—' 61kDa mature (] Sp Sp+ 2 1030 2 10 30
1 2 3 4 5 6 '
TOrA/23K- s g ST s

B DI - w——
66.2kDa ——
— — large subunit
45.0kDa —
— small subunit
300kDa — B
AtatA,
i B wT AtatE

C +Az C +Az
Fig. 3. The hydrogenase 2 large and small subunits are processed in
JARV15. A) Western blot analysis of the large subunit. Lanes 1-3 are PR -proOmpA
total cell protein from ~251g of cells in each case: lane 1, MC4100 OmPpA- s
(parental strain); lane 2, DHP-R\ypB); lane 3, JARV15
(AtatAAtatE). Lanes 4-6 are cell fractions of JARV15, and each ) ) . .
represents the same fraction (0.25%) of the total protein present. Fig. 4. A TorA-23K fusion protein is not exported itat mutant
Lane 4, crude cell extract; lane 5, membrane fraction; lane 6, strains. f) Control panel: wild-type cells expressing a TorA-23K
cytoplasmic fraction. Precursor and mature forms of the large subunit fusion protein were pulsed witt¥{S]methionine for 1 min and chased
are indicated. §) Western blot analysis of the large and small subunits With cold methionine for 10 min, after which samples were

of total cell protein of: lane 1, JARV15; lane 2, MC4100. Each lane immunoprecipitated with 23K antiserum. Samples were an_alysed of
represents ~2§ig of cells in each case. Cross-reacting bands cglls (©), _sphaeroplasts (Sp) and sphaeroplast_s that were incubated
corresponding to the large and small subunits are indicated. with proteinase K (S). Lanes Sp and Sp received a loading

equivalent to twice that of lane C in order to enhance the signal of the

. . precursor band. The remaining panels show pulse—chase data using the
electr0ph0retlc Sample buffer (Flgure 35)- The small sub- indicated mutant strains in which total cell contents were analysed
unitis present in thAtatAAtatE mutant (Figure 3B, lane 1) after ghase times of 2, 10 and 30 min_as indicated above_the lanes.
although at lower levels than in the parental strain (Figure g‘?t)e‘r"’v'\'/ﬂ;glpga(r‘r’]‘glg :cv‘leéa}rﬁaet('; ast:f;'”lﬁq "n‘ﬁfogfe'}scfgtgfe&”lfghg
3B, lane 2)' Th_IS indicates that the small subunit mlght be_ antiserum to OmpA. Pulse—-chases were carried out under control
more unstable in the mutant background. The small subunit conditions (C) or in the presence of 1 mM sodium azide\t). The
has the same electrophoretic mobility in the two strains, mobilities of mature and pro-OmpA are indicated.
suggesting that the 5 kDa signal sequence has been removed

in the mutant. Attempts to confirm the site-specific pro- iron—sulfur clusters. The activities of these two enzymes

cessing ofthe hydrogenase 2 small subunit idMa¢AAtatE are not impaired in th&at mutants (Table I1). The activities
mutant by N-terminal sequence analysis of immunoprecipi- of the membrane-bound, but cytoplasmically-oriented,
tated isoenzyme were unsuccessful. FDH-H, which binds MGD and a [4Fe—4S] cluster, and
hydrogenase 3, which has the Ni—-Fe hydrogenase active
Export of Sec-dependent proteins and assembly of site cluster, are also unaffected in tte mutants (data
cytoplasmically located cofactor-containing not shown). Further, with the exception of FDH-N, the
proteins are unaffected in the mutant strains substrate proteins that accumulate in the cytoplasm of the

The observations above show that TatA and TatE aretat mutants with defects in export are enzymatically
required for correct localization of precursor proteins active and therefore must contain bound cofactors. Taken
bearing twin arginine transfer peptides. The involvement together, these measurements indicate thatatmutants
of TatA and TatE in the export of proteins by the Sec have no generalized defect in redox protein assembly.
pathway was tested by determining the effect of thie
mutations on localization of periplasmic acid phosphatase Kinetics of a pre-TorA-23K fusion protein export in
and B-lactamase activities. The overall activities and mutants with defects in TatA and/or TatE
subcellular location of these enzymes, which are synthe- The observations so far presented have shownAteA
sized with standard Sec pathway signal peptides, wereandAtatE mutations affect correct localization of multiple
unaffected in the mutants (Table Il). Thus, themutations enzymes whose precursors bear twin arginine transfer
do not disrupt export via the Sec pathway. peptides. In order to demonstrate directly that the mutations
It was conceivable that the export defect observed in affect export of such precursor proteins, and to assess the
the tat mutants was due to a general lesion in cofactor effects of the mutations on the kinetics of export and
biosynthesis or insertion rather than to protein export. processing, we undertook the pulse—chase experiments
This possibility was tested by measuring the activities of shown in Figure 4. The twin arginine transfer peptide-
cytoplasmically-located proteins with the same cofactor associated proteins analysed above are not highly suitable
types as the twin arginine transfer peptide-dependentfor such experiments as they are either membrane-bound,
periplasmic enzymes analysed above. Membrane-boundwhich complicates the analysis of export, or are relatively
nitrate reductase A has cytoplasmically-located subunits large proteins, for which it is difficult to detect signal
containing iron—sulfur clusters and the catalytic site MGD peptide processing by changes in electrophoretic mobility.
cofactor. The subunits of fumarate reductase that lie on Further, the kinetics of cofactor insertion would be difficult
the cytoplasmic side of the cell membrane bind FAD and to separate from the kinetics of the transport process. To
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overcome these difficulties, the pulse—chase experimentsTatA and TatE is completely unable to export five different
utilized a simplified model precursor in which the twin proteins that between them bind a variety of redox
arginine transfer peptide &.coliTMAO reductase (TorA) cofactors, clearly indicating a central role for TatA/TatE
is fused in-frame to the mature 23 kDa protein (23K) in Sec-independent protein export in bacteria. Furthermore,
of the plant thylakoid photosystem Il oxygen-evolving the data provide strong support for the proposition that
complex. 23K is a relatively small, water-soluble protein chloroplasts and bacteria contain Sec-independent protein
that does not bind a cofactor. 23K is imported into translocases that are related in both structural and mechan-
thylakoids exclusively by thé\pH pathway (Creighton istic terms. It is of interest, however, that neither protein
et al, 1995; Bogsclet al, 1997) so was thought likely is by itself essential, because neither @atA nor the

to be tolerated as a passenger protein by the apparentlyAtatE single mutant is completely defective in the export
analogous bacterial export system. of any of the proteins analysed in this study. It is also of

When expressed ik&.coli from an inducible promoter, interest that the severity of the export defect in the single
the TorA-23K fusion protein undergoes time-dependent knockouts appears to vary depending on the enzyme
processing. Thus, after pulse-labelling followed by a studied. Some enzymes are apparently unaffected in a
10 min chase, ~90% of the TorA—23K is processed to a given strain, whereas other enzymes (e.g. TMAO reduc-
smaller form of a size consistent with transfer peptide tase) are almost equally affected in each of the single
removal (Figure 4A). This mature form could be shown mutants. However, we should stress that the enzyme
to be located in the periplasm, as the mature form but not activity measurements may be misleading in the sense
the precursor is sensitive to externally added proteasethat they provide no information on export kinetics, and
following sphaeroplast formation. Thus, the TorA transfer it remains possible that all of these proteins may be
peptide is capable of mediating export of the plant 23K exported at a significantly slower rate in both th&tA
protein from the bacterial cytoplasm. andAtatE single mutants.

The kinetics of the 23K export were next examined in  Although comprehensive kinetic studies remain to be
the AtatA and AtatAAtatE mutants. In contrast to the performed, the enzyme activity/localization data do indi-
parental strain, no detectable processing of TorA—23K cate quite clearly that TatA plays a more important role
occurred in the mutant strains even after a 30 min than TatE in this Sec-independent export process, at
chase. Protease accessibility experiments (data not shown)east in E.coli. The AtatE strain is significantly less
confirmed the cytoplasmic location of the precursor in compromised than thAtatA strain in the localization of
these strains. Thus, both thatatA and AtatAAtatE DMSO reductase, FDH-N, and hydrogenases 1 and 2, all
mutations severely retard the rate of export of a protein of which are severely mis-localized in thfgatA strain.
with a twin arginine transfer peptide. As 23K does not Nevertheless, TatE is clearly involved in the translocation
bind a cofactor, these experiments also indicate that theprocess because some enzymes (e.g. TMAO reductase)
AtatA and AtatE mutations do not act solely at the level are mis-localized to a notable extent in th&atE strain,
of cofactor insertion. We have also attempted to analyse and the residual levels of export of TMAO reductase,
the AtatE strain, but have failed to detect the labelled DMSO reductase, FDH-N and hydrogenase 1 inAtetA
TorA-23K protein using immunoprecipitation (data not strain are completely abolished in the double mutant.
shown); the protein may thus be unstable in this strain. These findings raise an important question concerning

The export of the Sec pathway substrate pro-OmpA in the structure and substrate specificity of the twin arginine
the mutant strains was also analysed by pulse—chasdranslocase: does this translocation system contain copies
experiments. In each of the mutant strains, we observeof both TatA and TatE, or do variants exist in which
correct export of OmpA, even after very short chase individual translocase complexes contain either TatA or
periods; the control lanes (C) in Figure 4B show only TatE? This point remains to be clarified; however, the
mature size OmpA in both wild-type cells and the evidence favours the former explanation at present, for
AtatAAtatE double mutant, and identical results were the following reason. Each of the individual mutations
obtained using the other strains (data not shown). Mature has a very severe effect on the export of some proteins,
OmpA was sensitive to protease digestion following an example being TMAO reductase, most of which (~80—
sphaeroplast formation (data not shown), which confirmed 85%) is found predominantly in the cytoplasm in both the
that the protein had been exported. The bands are con-AtatA andAtatE strains. This 5-fold mis-localization must
firmed as mature size by the inclusion of azide during the reflect an even greater level of inhibition in terms of
pulse—chase experiments analysed on the adjacent lanesxport kinetics, and this is indeed found in pulse—chase
(+Az); azide inhibits SecA-dependent ATP hydrolysis experiments using the TorA-23K construct, where essen-
(Oliver et al,, 1990) and leads to the accumulation of pro- tially no export is apparent in thAtatA mutant over a
OmpA in both the wild-type and mutant strains. These 30 min chase period. The logical interpretation of these
experiments provide additional evidence that Sec-depend-data is that the rate of export is lowered by a considerable
ent export is not impaired to any detectable extent by loss factor in the single mutants (probably several orders of
of TatA or TatE function. magnitude), but that the block is not complete and a small
proportion of protein is therefore exported during the
extended time scale of the growth period. These findings
are not consistent with a model in which translocase
We have shown here that two homologues of the molecules contain either TatA or TatE, because removal
thylakoidal ApH pathway component HCF106 are of even one component has such a drastic effect on the
involved in the export of bacterial proteins bearing twin export of TMAO reductase. Instead, the data suggest an
arginine signal peptides. AR&.coli mutant lacking both involvement of both TatA and TatE in the translocation

Discussion
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apparatus, and our results suggest instead that TatA isglycerol with either TMAO or DMSO as electron acceptor
simply more important than TatE in the translocation while the AtatA strain described here has no significant
process. Our present hypothesis is that these proteinsgrowth defect on such media. Further, while Weigaeal.
have overlapping functions such that each can partially (1998) report no active TMAOQO reductase in the periplasm
substitute for the other. of their mutant strain, TMAO reductase activity is still

It is notable that for one enzyme system, hydrogenase 2,present, though at a low level, in thgatA strain. The
the AtatAAtatE double mutation does not completely work of Weineret al. (1998) is thus a demonstration that
abolish membrane targeting. Several interpretations areE.coli tatB is a third component of the twin arginine
possible. If this membrane-associated activity representsexport pathway.
exported protein this would imply that TatA and TatE do It was suggested originally that the thylakolspH
not form the transporter itself, but regulate access to the pathway may have originated in photosynthetic eukaryotes,
transporter in some manner. Alternatively, the membranouson the basis that the substrates for the pathway are not
activity might represent enzyme bound to a receptor site found in the cyanobacterial ancestors of the chloroplast.
on the cytoplasmic side of the membrane but that cannot However, the possibility that an analogous pathway was
be exported because the TatA- and TatE-containing trans-present in prokaryotes was raised by the observations that
porter is defective. In either case, the implication is that a subset of the precursors of bacterial extracytoplasmic
the twin arginine export system involves components other proteins have signal peptides resembling the thylakoid
than TatA and TatE, prime candidates for which are the twin arginine transfer peptides (Berks, 1996) and that
products of thetatBCD genes that, together wittatA, homologues of the HCF106 component of the plapH
appear to constitute an operon. Weietrl (1998) have pathway are coded by many prokaryote genomes (Settles
shown that the gene immediately followingtA (termed et al, 1997). In this work, it has been confirmed experi-
mttAin that study, but which we designatB) is required mentally that the HCF106 homologues &.coli are
for export by this system, and future studies should help involved in export of the bacterial twin arginine transfer
to define the remaining elements of the system. peptide-dependent proteins. This suggests that an export

It is also noteworthy that for all the enzyme systems system structurally, and presumably mechanistically, sim-
tested, a localization defect leads to a correspondingilarto the thylakoid\pH pathway is very widely distributed
accumulation of the substrate protein in the cytoplasmic in, and therefore probably originated in, prokaryotes. It is
compartment and that, in all but one case (FDH-N), this not advisable at this stage to assign the designafiphi*
cytoplasmic form of the enzyme has enzymatic activity to the prokaryotic export pathway, as the energetics of the
demonstrating that cofactor has been inserted. Thesesystem have not been defined and Apd component of
observations support the view that proteins with twin the transmembrane protonmotive force in bacteria is
arginine transit peptides receive their cofactors in the usually negligible. Instead, the designation ‘twin arginine’,
cytoplasm prior to export (reviewed by Berks, 1996; reflecting the distinctive feature of the substrate, is pre-
Santiniet al., 1998). The lack of activity of the cytoplasmic ferred.
form of FDH-N could be taken as an indication that  Weiner and co-workers (1998) have proposed the altern-
this enzyme has not received cofactor. However, it was ative designationmtt (membrane targeting and transport)
observed that the activity of the cytoplasmic form of for genes in thetat operon. Thetat (twin arginine
hydrogenase 2 was far more labile than that of the maturetranslocation) designation is to be preferred because the
membrane-bound enzyme (data not shown), and it is membrane targeting function assigned by Weigeral.
therefore possible that the failure to detect enzymatic (1998) is based on an unusual interpretation of their data.
activity in the cytoplasmic FDH-N could be explained by Essentially, Weineret al. (1998) believe that DmsA,
a gross instability of this species. the peripheral membrane catalytic subunit of DMSO

Weineret al. (1998) previously have assigned a single reductase, despite having a processed twin arginine transfer
reading framemttA to approximately the chromosomal peptide, is located at the cytoplasmic face of the membrane.
region here assigned to the two reading frante® and If this is the case, then the cytoplasmic accumulation of
tatB. The assignment in the current work is indisputably DmsA in thetatB mutation must indicate that the protein
the correct one. The presence of a stop codon at the ends, uniquely, not subject to an export event and that a twin
of tatA has been confirmed by resequencing and is in arginine transfer peptide and TatB can have the sole
agreement with the curreBtcoligenome project database physiological function of targeting a substrate protein to
entry for this region. The protein expression experiments the membrane. The evidence for a cytoplasmic rather
described here definitively demonstrate that this region of than periplasmic location for DmsA is not unequivocal,
the chromosome encodes two, rather than one polypeptidereflecting the difficulty in determining the topological
The mutation described by Weinet al. (1998) would lie organization of a membrane protein if the applicability of
in the reading framéatB rather than in the gene encoding marker fusion approaches is suspect [for a more detailed
the HCF106-homologous TatA protein. A direct compar- discussion of the DmsA topology problem, see Berks
ison of the phenotype of thettA mutant (Weineret al., (1996) and references therein]. Berks (1996) proposed
1998) with thetatA mutant described here is difficult that the topological organization of DmsA could be
because, in the main, different enzymes systems wereassigned definitively if the membrane anchor subunit of
investigated. Where a comparison is possible, AtetA the enzyme was genetically removed and the location of the
and mttA mutant strains are quite distinct, and this is now water-soluble DmsA assessed following subcellular
most consistent with the lesions being in different genes. fractionation. Weiner and co-workers (1998) have carried
Specifically, themttA mutant strain (Weineet al,, 1998) out this experiment and find that the soluble DmsA is
fails to grow on the non-fermentable carbon source located in the periplasm. This observation is rationalized
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most readily by proposing that DmsA normally is trans- CGGTACCGGATCGTCGTCTGGATATTCTGAC-3, digested with

; ; ; Clal and Kpnl and cloned into pFAT42 to give plasmid pFAT43. The
ported to the perlplasm and binds to the portion of the DNA covering the in-frame deletion dbtE was excised by digestion

integral membrane subunit _exposed to the periplasmic i xpa and Kpnl and again cloned into the polylinker of pMAK705,
face of the membrane. Weiner and co-workers (1998), to give the construct pFAT44. The mutant alleletafE was transferred
however, suggest that, in the absence of the DMSO to the chromosome of MC4100 to give ti¢atE strain JIM1, and to
reductase integral membrane subunit, the transfer peptidéhe chromosome of ELV15 to give thitatA AtatE strain JARV15 as

- f _described above. Mutant strains were verified by PCR using the primers
functions to direct export of DmsA, but when the mem TATE1 and TATE4, and chromosomal PCR products were sequenced

brane subunit is present this binds DmsA on the cyto- 55 pefore.
plasmic face of the membrane and export is prevented. For expression of theatABCD genes, chromosomal DNA was
The application of ‘Occam’s razor’, as well as consistency amplified from 13 nucleotides upstream of the first potential start site

; ; g imina’ _ of tatA to 14 nucleotides downstream of ttetD stop codon using the
with the behaviour of other ‘twin arginine’ enzyme sys primers  TATA5  (3-GCGCGAATTCCGTGTAACGTATAATGCG-3)

tems, suggest that the explanation of Weiegal (1998) 55 "TATD1 (3-GCGCTCTAGACGATGGTGAGGCTCGCTCCR

is highly unlikely and that it would be inadvisable to digested withEcaRl and Xba and cloned into the polylinker of pT7.5
name the twin arginine transporter system on the basis of (Tabor and Richardson, 1985) to give plasmid pFAT65. Plasmid pFAT66
such a model. was constructed by digestion of pFAT65 wiitoRV, followed by gel

- . purification of the 3.6 kb fragment and religation. Plasmid pFAT67 was
Fincheret al. (1998) have proposed that the thylak0|d constructed by digestion of pFAT65 wittindlll, gel purification of the

HCF_106 prot_ein functions to target twin arginine transfer 3g kb fragment and religation. Plasmid pFAT68 was constructed by
peptide-bearing precursors to the Sec translocon. Althoughdigestion of pFAT65 wittNrul, isolation of the 4.7 kb band and religation.
the experiments described here do not exclude the possibil- ThetatABCD sequence was obtained using the pFAT65 insert as the
ity that Sec components are involved in the twin arginine sequencing template. Where the sequence differed from that deposited

L by the E.coli genome project, the sequence changes were confirmed by
transport pathway, Santiret al. (1998) have shown that sequencing-independent PCR amplifications of the region of interest.

export of the twin arginine transfer peptide-dependent The revised DNA sequence for this region has been deposited in the
enzymeE.coli TMAO reductase is independent of the DDBJEMBL/GenBank database under the accession No. AJO05830.

core SecY, SecE and SecA components. Thus, the twin Construction of the TorA signal sequence—23K fusion was as follows:
! y a 176 bp fragment of chromosomal DNA was amplified with primers

arginine transport system is completely distinct from the 1,/\ss1 (5 GCGGAATTCAAGAAGGAAGAAAAATAATG-3) and
Sec pathway. It is proposed that the designation ‘(twin torass2  (3-GCGGAATTCGGTACCGTCAGTCGCCGCTTGZR
arginine) transfer peptide’ be used for the signal peptides This covered DNA from 17 bases upstream of the TorA start codon to
of the twin arginine pathway substrate proteins to emphas- the sixth codon of the mature TorA sequence. The product was digested

ize the functional distinction from Sec pathway signal "ith ECRI and cloned into the polylinker of pBluescript (Stratagene).
tid dtob istent with th lat | d A clone with the insert in the correct orientation was determined by
pepudes and 1o be consistent wi € nomenclature alrea ydigestion withKpnl, and designated pMW11. The gene encoding the

adopted for substrates of the plant twin arginine pathway. mature region of the spinach 23 kDa oxygen-evolving complex was
excised from plasmid pOEC23mp (Clausmegeal., 1993) by digestion
with Avill and Sal, end-filled with Klenow DNA polymerase, and cloned

Materials and methods into EcoRV-digested pMW11 to give plasmid pMW18. The DNA
covering the TorA-23K fusion was excised by digestion v8téxd and
Bacterial strains, plasmids and growth conditions Sal and cloned into pDHB5700 (kindly provided by G.von Heijne) to

Escherichia colistrain MC4100 (FAlacU169 araD139 rpsL150 relAl give pMW23. All clones constructed from PCR-amplified DNA were
ptsF rbs floB5301Casadaban and Cohen, 1979), a K-12 derivative, was sequenced to ensure that no mismatches had been introduced during
the parental strain used. ELV15 (MC41@®atA) was constructed as amplification.

follows: a 534 bp fragment covering the upstream region and the second  During all genetic manipulationg.coli strains were grown aerobically
possible start codon ofatA (see text) was amplified by PCR using in Luria—Bertani medium. Antibiotics were added as required to final
primers TATA1 (B-GCGCTCTAGAGGAAGTGCAGCCGCAACTGG-} concentrations: ampicillin, 125g/ml; chloramphenicol, 1fag/ml; rifam-

and TATA2 (3-GCGCGGATCCCATACATGTTCCTCTGTGG-3 with picin, 200 pg/ml; kanamycin, 40ug/ml. Growth phenotypes were
MC4100 chromosomal DNA as template. The resulting product was determined by growth on M9 minimal medium (Sambroek al.,
digested withXba and BanHl and cloned into the polylinker of 1989). Biochemical characterizations were carried out on cultures grown
pBluescript (Stratagene) to give plasmid pFAT4. A 520 bp fragment routinely in a medium based on that of Cohen and Rickenberg (1956)
covering the last two codons t#tA and downstream DNA was amplified containing bactopeptone (0.5% wi/v), casamino acids (0.1% w/v), thiam-
using primers TATA3 (5GCGCATCGATGTGTAATCCGTGTTTG- ine (0.001% wi/v), 1uM ammonium molybdate and iM potassium
ATATCG-3') and TATA4 (8-GCGCGGTACCCTTCTACAGACA- selenite. For aerobic growth and anaerobic fermentations, glucose was
TGTTTACGG-3), digested withClal and Kpnl and cloned into pFAT4 added to a final concentration of 0.4% (w/v). For anaerobic respiration,
to give plasmid pFAT8. The deletion construct, pFAT8, would therefore glycerol (0.5% wi/v) or glucose (0.2% w/v) were added as carbon source,
encode a protein of 16 amino acids, of which the N- and C-terminal and TMAO, DMSO, sodium nitrate or sodium fumarate (all 0.4% w/v)
residues are derived from TatA, and the remainder specified by were added as electron acceptors where indicated.

pBluescript polylinker DNA. The DNA covering the in-frame deletion

of tatA was excised by digestion witkba and Kpnl and cloned into Preparation of subcellular fractions

the polylinker of pMAK705 (Hamiltoret al., 1989), to give the construct Cultures were harvested by sedimentation at 7§®r 15 min at 4°C,
pFAT12. The mutant allele datA was transferred to the chromosome and washed twice in cold 50 mM Tris-HCI pH 7.6. Cells were
as described (Hamiltoet al., 1989). The mutant strain, ELV15, obtained  resuspended in a volume of 1 ml of the above buffer per gram (wet
from this procedure was verified by PCR using primers TATAL1 and weight) of cells, and the periplasmic fraction was prepared by the
TATA4, and the chromosomal PCR product was sequenced to ensurelysozyme/EDTA method of Osboret al. (1972). The resulting sphaero-

that no mismatched bases had been introduced. plasts were lysed by passage through a French pressure cell and separated
The tatE gene was deleted in a similar manner. A 715 bp fragment into membrane and cytosolic fractions as described (Ballantine and
covering the upstream region and first three codonat&fwas amplified Boxer, 1985). Fractionation efficiency was monitored by acid phosphatase
using the primers TATE1 (5GCGCTCTAGAGAAAGTAAAC- and pB-lactamase as periplasmic marker enzymes (Atleh@l, 1989;
GTAACATGATGACG-3) and TATE2 (3-GCCGGATCCCTCAC- Niviereet al., 1992). Glucose-6-phosphate dehydrogenase was assayed as
CCATAGATACCTTCTTGAC-3), digested withXba and BarrHI and a cytoplasmic marker by monitoring the glucose-6-phosphate-dependent

cloned into the polylinker of pBluescript to give plasmid pFAT42. A reduction of NADP at 340 nm. The assay was performed at 37°C in a
545 bp fragment covering the last two codongatE and downstream buffer of 50 mM Tris—HCI pH 7.5, containing 25aM NADP*. The
DNA was likewise amplified using primers TATE3 '(&CGCATCG- reaction was initiated by addition of 12.5 mM glucose-6-phosphate.
ATGAGTGACGTGGCGAGCAGGACGCTC-3 and TATE4 (3-GCG- Membrane vesicles were dispersed by the method of Ballantine and
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Boxer (1985). Protein concentration was determined by the Lowry  encoding a putative proton-translocating formate hydrogenlyase

method (Lowryet al., 1951). system.Microbiology, 143 3633-3647.
Atlung,T., Nielson,A. and Hansen,F.G. (1989) Isolation, characterisation
Enzyme assays and activity stains and nucleotide sequence appY a regulatory gene for growth-phase

Nitrate reductase, TMAO reductase, DMSO reductase and fumarate dependent gene expression Escherichia coli J. Bacteriol, 171,
reductase were assayed spectrophotometrically at 600 nm as the substrate- 1683-1691.

dependent oxidation of reduced benzyl viologen, as previously described Bailey,M.J.A., Hughes,C. and Koronakis,V. (1997) RfaH and dps
(Jones and Garland, 1977; Bilous and Weiner, 1985; Silvestral, element, components of a novel system controlling bacterial
1988; Kalman and Gunsalus, 1989). Activity stains ofimmunoprecipitates  transcriptional elongatiorMol. Microbiol., 26, 845-851.

of FDH-N and hydrogenases 1 and 2 after rocket immunoelectrophoresis Ballantine,S.P. and Boxer,D.H. (1985) Nickel-containing hydrogenase
were based on those described (Enoch and Lester, 1975; Ballantine and isoenzymes from anaerobically growischerichia coli K-12.

Boxer, 1985). J. Bacteriol, 163 454-459.

Barrett,E.L. and Kwan,H.S. (1985) Bacterial reduction of trimethylamine
Expression of the tatABCD gene products oxide. Annu. Rev. Biochem39, 131-149.
Expression of thetatABCD gene products from plasmids pFAT65—- Berg,B.L. and Stewart,V. (1990) Structural genes for nitrate-inducible
pFAT68 was under control of the phage X0 promoter. Plasmids were formate dehydrogenase i&scherichia coliK-12. Genetics 125
transformed into the strain K38 (Hfr@hoA4 pit-10, tonA22 ompF627 691-702.

relAl, A*) (Lyons and Zinder, 1972) which carries the compatible Berg,B.L., Li,J., Heider,J. and Stewart,V. (1991) Nitrate-inducible
plasmid pGP1-2 coding for the T7 RNA polymerase (Tabor and formate dehydrogenase i&scherichia coli K-12. I. Nucleotide
Richardson, 1985). Synthesis of plasmid-encoded gene products was sequence of thiElnGHI operon and evidence that opal (UGA) encodes
induced by a temperature shift from 30 to 42°C and followed by labelling selenocysteinel. Biol. Chem.266, 22380-22385.

with [3°S]methionine according to the procedure described by Tabor and Berks,B.C. (1996) A common export pathway for proteins binding

Richardson (1985). complex redox cofactorsivlol. Microbiol., 22, 393-404.

Bernhard,M., Benelli,B., Hochkoeppler,A., Zannoni,D. and Friedrich,B.
Pulse-chase experiments (1997) Functional and structural role of the cytochromsubunit of
Escherichia colistrains freshly transformed with pMW23 were grown the membrane-bound hydrogenase compleRlogligenes eutrophus

aerobically overnight in Luria—Bertani medium. The cultures were then H16. Eur. J. Biochem.248 179-186.

diluted 1:75 in CR medium supplemented with 0.4% glucose and 40 mM Bilous,P.T., Cole,S.T., Anderson,W.F. and Weiner,J.H. (1988) Nucleotide
sodium nitrate in 7 ml bijou bottles filled to the top, and grown sequence of theimsABCoperon encoding the anaerobic dimethyl
anaerobically at 37°C until they reached mid-log phase. Cells were then  sulfoxide reductase dEscherichia coli Mol. Microbiol., 2, 785-795.
harvested and resuspended in CR medium lacking peptone and casamindilous,P.T. and Weiner,J.H. (1985) Dimethyl sulfoxide reductase activity
acids but supplemented with a methionine-free amino acid mixture by anaerobically growrkEscherichia coliHB101. J. Bacteriol, 162

(0.2 mg/ml each amino acid). Cultures were grown anaerobically for ~ 1151-1155.

1 h, after which expression of TorA-23K was induced by the addition Blattner,F.Retal (1997) The complete genome sequencEsatherichia

of isopropylf3-p-galactopyranoside (IPTG; 0.04 mM) for 30 min. Ali- coli K-12. Science277, 1453-1462.

quots (5 ml) of the culture were then incubated with BCi of Bogsch,E., Brink,S. and Robinson,C. (1997) Pathway specificity for a
[33S]methionine for 1 min, after which cold methionine was added to a ~ ApH-dependent precursor thylakoid lumen protein is governed by a
concentration of 0.5 mg/ml. Where appropriate, sphaeroplasts were ‘Sec-avoidance’ motif in the transfer peptide and a ‘Sec-incompatible’
formed after centrifugation at 14 000 r.p.m. for 2 min, resuspension in  mature proteinEMBO J, 16, 3851-3859.

ice-cold buffer (40% w/v sucrose, 33 mM Tris pH 8.0) and incubation Brondsted,L. and Atlung,T. (1994) Anaerobic regulation of the
with lysozyme (5pg/ml in 1 mM EDTA) for 15 min on ice. Aliquots hydrogenase 1hfyg) operon ofEscherichia coli J. Bacteriol, 176,

of the sphaeroplasts were incubated on ice for 1 h in either the presence 5423-5428.

or absence of 0.3 mg/ml proteinase K. At the end of this period, Casadaban,M.J. and Cohen,S.N. (1979) Lactose genes fused to exogenous
phenylmethylsulfonyl fluoride (PMSF) was added (final concentration promoters in one step using Mu-lac bacteriophagein vivo probe
0.33 mg/ml) and the samples were precipitated with trichloroacetic acid  for transcriptional control sequencé2oc. Natl Acad. Sci. USA6,
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2% SDS and immunoprecipitated with antisera to OmpA (kindly provided Clark,S.A. and Theg,S.M. (1997) A folded protein can be transported
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