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The denitrifying strain T1 is able to grow with toluene serving as its sole carbon source. Two mutants which
have defects in this toluene utilization pathway have been characterized. A clone has been isolated, and
subclones which contain futD and tutE, two genes in the T1 toluene metabolic pathway, have been generated.
The tutD gene codes for an 864-amino-acid protein with a calculated molecular mass of 97,600 Da. The futE
gene codes for a 375-amino-acid protein with a calculated molecular mass of 41,300 Da. Two additional small
open reading frames have been identified, but their role is not known. The TutE protein has homology to
pyruvate formate-lyase activating enzymes. The TutD protein has homology to pyruvate formate-lyase enzymes,
including a conserved cysteine residue at the active site and a conserved glycine residue that is activated to a
free radical in this enzyme. Site-directed mutagenesis of these two conserved amino acids shows that they are

also essential for the function of TutD.

The aromatic hydrocarbon toluene is a hazardous substance
that poses health risks to humans, particularly to the central
nervous system. Individuals with long-term exposures may ex-
hibit memory loss, attention and concentration deficiencies,
and poor abstracting abilities (17, 21). Toluene has also been
shown to serve as the sole carbon source for a number of
denitrifying (12, 14, 19, 33, 34), sulfate-reducing (3, 30), and
iron-reducing (24) microorganisms. Recently, the mechanism
of toluene metabolism under anaerobic conditions has at-
tracted much interest. The mechanism is expected to be dif-
ferent from the aerobic pathways (which all require oxygen for
metabolism) and may shed light on the anaerobic metabolism
of other aromatic compounds.

A number of novel mechanisms have been proposed for the
anaerobic degradation of toluene. All of the suggested path-
ways have benzoyl-coenzyme A (CoA) serving as a key inter-
mediate, although the initial steps that generate this compound
vary in the different proposals (2, 5, 9, 13, 20, 24). Initial
reactions proposed include hydroxylation of the aromatic ring
to form p-cresol (20, 24, 35), oxidation of the methyl group to
form benzyl alcohol (20), attack of the methyl group by fuma-
rate to form benzylsuccinate (2, 5), and attack of the methyl
group by acetyl-CoA to form phenylpropionyl-CoA (hydrocin-
namoyl-CoA) (9, 13). These proposals have been based pri-
marily on the observation of intermediates or side reaction
products appearing in the culture media. Biochemical evidence
in strain T and Thauera aromatica K172 (both denitrifying
strains) have strongly suggested that a fumarate attack to form
benzylsuccinate occurs (2, 5).

Based on the observation that strain T1 accumulates the
presumed side reaction products initially identified as benzyl-
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succinic acid and benzylfumaric acid, Evans et al. (13) have
proposed a toluene metabolic pathway for the denitrifying
strain T1 (tentatively identified as a Thauera sp.). This pathway
proposes that the side reaction products benzylsuccinic acid
and benzylfumaric acid are produced by a succinyl-CoA attack
on the methyl group of toluene, while productive metabolism
occurs via an acetyl-CoA attack on the methyl group to form
phenylpropionyl-CoA. In an effort to definitively elucidate the
toluene utilization pathway of strain T1, we have undertaken a
combined genetic and molecular approach as an alternative to
the more biochemical and physiological approaches reported
thus far. Previously, we isolated mutants of strain T1 that were
unable to grow with toluene serving as the sole carbon source
(11). Characterization of one of these mutants led to the iden-
tification and cloning of two putative regulatory genes involved
in the toluene metabolism of T1 (11).

In the current study, we report the characterization of two
additional toluene utilization mutants that are blocked early in
the metabolic pathway and the cloning, nucleotide sequences,
and predicted protein sequences of a total of four genes. The
predicted futE gene product has homology to pyruvate for-
mate-lyase-activating enzymes (which require iron for func-
tion) and ferredoxins, suggesting that iron binding is needed
for function of TutE. The predicted tutD gene product has
homology to pyruvate formate-lyases (acetyl-CoA—formate C-
acetyltransferase [EC 2.3.1.54]) and contains conserved amino
acid residues that have been shown to be necessary for function
in Escherichia coli pyruvate formate-lyase (29, 31, 36). Site-
directed mutagenesis of TutD shows that these residues are
also essential for function of this enzyme in the toluene utili-
zation pathway.

MATERIALS AND METHODS

Strains and plasmids. Isolation and characterization of strain T1, a gram-
negative peritrichously flagellated denitrifying organism, have been described
previously (14). The E. coli strains HB101 (8), XL-1 Kan Blue (Stratagene,
LaJolla, Calif.), and XL-1 Blue (Stratagene), which were used to propagate and
transfer DNA, were transformed by the calcium chloride technique (25, 26) or
were purchased from the company as competent cells. Strain HB101(pRK2013)
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(Kan") (16) contains a helper plasmid that permitted mobilization of cosmids and
plasmids into the T1 strain background.

Plasmids used in this study include pRK415 (23) for construction of subclones
and matings and the pBluescript vector (Stratagene) for sequencing, subcloning,
and preparation of DNA fragments.

Media. Strain T1 and all strains derived from T1 were grown on either brain
heart Infusion (BHI; Difco Laboratories, Detroit, Mich.) medium or a mineral
salts medium (15) (vitamins and yeast extract omitted). Unless otherwise spec-
ified, toluene (0.3 to 0.5 mM) or pyruvic acid (5 mM) was used as the carbon
source to supplement the minimal medium. Nitrate was supplied at a concen-
tration of 10 to 20 mM unless otherwise specified. The plates always contained
2% Agar Noble (Difco Laboratories). Liquid medium was prepared and placed
in serum bottles, which were then tightly stoppered with Teflon-coated butyl
rubber and aluminum crimp seals. Anaerobic conditions were generated by
evacuation and subsequent filling of the bottles with argon. This process was
performed a total of four times. E. coli was grown in Luria-Bertani agar or broth
(LB) (4) or on BHI agar plates.

The antibiotics kanamycin (used at 50 pg/ml) and tetracycline (used at 25
ng/ml) were supplied to solid or liquid medium when needed. A 12.5-mg/ml
stock of tetracycline was made in ethanol. Upon addition to liquid minimal
medium, the tetracycline served to select for the cosmid, while the ethanol (final
concentration of approximately 17 mM) served as the carbon source for the
transconjugant strains.

DNA preparation. In general, DNA plasmid minipreps were performed by the
boiling method of Holmes and Quigley (22) or the QIAprep spin miniprep kit
(Qiagen, Santa Clarita, Calif.). When larger-scale preparations were needed,
Qiagen maxipreps were carried out according to the manufacturer’s instructions.

Restriction mapping and subcloning. DNA manipulations were carried out as
described by Maniatis et al. (26). All enzymes were obtained from New England
Biolabs (Beverly, Mass.).

Restriction mapping was carried out with fragments inserted into the pBlue-
script vector to facilitate identification of restriction sites and to help place the
sites on a restriction map. Digests were run on various percentages of agarose
gels with size standards to estimate the sizes of the fragments and to locate
restriction sites. Fragments were also subcloned into pRK415 to transfer via
triparental mating into the mutant strains. Plasmid pPWC4-C; Sac was con-
structed by inserting the 4.9-kb Sacl/Sacll fragment of cosmid clone 13-6-4 (11)
into the Sacl site of pRK415 (see Fig. 1). Plasmids pPWC4-C; NSac and pPWC4-
C; N were constructed by inserting the 1.3-kb Ncol/Sacll fragment and the 3.0-kb
Ncol fragment (respectively) of pPPWC4-C; Sac into the Kpn/Sacl site of pRK415
(see Fig. 1). Plasmid pPWC3-uC; ASacll was constructed by inserting the ap-
proximately 9-kb Clal fragment of cosmid 13-6-4 into the Clal site of the pBlue-
script vector (Stratagene) and then deleting the DNA between the SaclI sites.
The resulting plasmid contains all of the DNA from the Clal site to the Sacll site
as shown in Fig. 1.

Triparental mating. Triparental matings were carried out essentially as de-
scribed previously (10). Mutants of strain T1 were grown for 3 days in minimal
medium containing nitrate and pyruvic acid. HB101 (or XL-1 Kan Blue) carrying
the donor cosmid or plasmid was grown in LB-tetracycline overnight.
HB101(pRK2013) was grown in LB-kanamycin overnight. One milliliter of each
culture was centrifuged, and the pellet was resuspended in 1 ml of 100 mM
phosphate buffer (pH 7). Ten microliters of each culture was spotted (one on top
of the other) onto a BHI-nitrate plate. After a 3-day incubation at 30°C in an
anoxic environment, the resulting growth was scraped off the plate; resuspended
in phosphate buffer; spotted onto a minimal agar plate containing pyruvic acid,
nitrate, ethanol, and tetracycline to select for transconjugants; and incubated for
an additional 3 days at 30°C in an anoxic environment. Cells from the resultant
growth were streaked onto the same medium and again incubated in the absence
of oxygen. After 3 more days, single transconjugant colonies were isolated from
these plates and tested for complementation.

Testing for complementation. Cosmid clones and subclones constructed in
pLAFR3 or plasmid subclones constructed in pRK415 were mated into the
mutant backgrounds via the triparental mating technique. The resultant
transconjugant strain was tested to determine if the subclone complements the
mutation. First, the transconjugants were streaked onto minimal medium con-
taining nitrate in which toluene was supplied in the vapor phase (14). After 5 to
7 days of anaerobic incubation (30°C), the subclones were scored for the ability
to restore growth on toluene to the mutants. The transconjugants were also
grown in sealed 50-ml serum bottles of liquid minimal medium containing nitrate
(10 mM), pyruvic acid (1 mM), and toluene (0.4 mM) with an argon headspace.
After 3 to 4 days of incubation (30°C), samples were withdrawn and assayed for
toluene utilization and for production of benzylsuccinic acid and a monounsat-
urated derivative (see below). If the subclone restored the ability of the mutant
to grow on toluene, restored the ability to utilize toluene (in the presence of
pyruvate) in liquid culture, and restored the ability to produce wild-type levels of
benzylsuccinic acid and a monounsaturated derivative, the subclone was consid-
ered to complement the mutation.

Analysis of toluene utilization and production of benzylsuccinic acid and a
monounsaturated derivative. Samples of the culture were withdrawn anaerobi-
cally with a sterile syringe flushed with argon. The samples were centrifuged (10
min in a Microfuge), and the supernatant was filtered through a 0.45-pm-pore-
size filter (Millipore, Bedford, Mass.) into a sample vial. For analysis of benzyl-
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succinic acid and a monounsaturated derivative, samples were analyzed by high-
pressure liquid chromatography (HPLC) with a System Gold HPLC (Beckman,
Fullerton, Calif.) equipped with an autosampler and a C18 column (250 by 4.6
mm; particle size, 5 wm; Beckman) with UV detection at 260 nm. The mobile
phase was methanol-water-acetic acid (30:68:2) (18) (vol/vol) at a flow rate of 1
ml/min. Peaks were identified by comparison to the external standards benzyl-
maleic acid and benzylsuccinic acid (13). The cultures consistently produced less
benzylsuccinic acid than the monounsaturated derivative, as judged by HPLC
peak height. For toluene analysis, samples were analyzed in the same manner
with the exception that UV detection was at 254 nm and the mobile phase was
acetonitrile-water (55:45 [vol/vol]) at a flow rate of 1 ml/min. Toluene was used
as the external standard for peak identification.

Site-directed mutagenesis. The QuickChange site-directed mutagenesis kit
(Stratagene) was used to make mutations in the futD gene. To change the glycine
at position 828 to an alanine, primers G828AF (GTGCGCGTTTCCGCCTAC
AGCGCTC) and G828AR (GAGCGCTGTAGGCGGAAACGCGCAC) were
synthesized and used as directed. Plasmid pPWC3-CASacll (see restriction
mapping and subcloning, above) served as the target for mutagenesis. The
resulting plasmids were sequenced to identify those containing the desired mu-
tation. The 4.9-kb Sacl/Sacll fragments of three plasmids with the correct change
were subcloned into plasmid pRK415 and used to test for complementation of
the mtD17 mutation. To change the cysteine at position 492 to an alanine,
primers C492AF (CAACGTGCTGGCCATGTCGCCCGGCATCC) and
C492AR (GGATGCCGGGCGACATGCCCAGCACGTTG) were synthesized
and used in the manner described above.

DNA sequence analysis. DNA was sequenced (both strands) by the dideoxy
method of Sanger et al. (32) with a-3°S-dATP serving as the label. Sequenase
enzyme (modified T7 polymerase) and reagents were obtained in a Sequenase kit
from U.S. Biochemicals (Cleveland, Ohio). The Bluescript vector and some
primers used for sequence analysis were obtained from Stratagene. An Erase-
a-Base System (Promega, Madison, Wis.) was used to generate deletions of the
cloned DNA inserted in the Bluescript vector for sequence analysis. Synthetic
oligonucleotide primers were also purchased so that sequence data could be
obtained to fill in gaps not covered by the deletions.

Computer analysis. Searches for protein sequence similarity were carried out
against the nonredundant GenBank protein database using the BLAST 2.0.2
program (1). The Motif program (28) was used to identify patterns in the protein
sequences that could have a functional role. Multiple sequence alignments were
performed with the Lasergene software package from DNASTAR (Madison,
Wis.).

Nucleotide sequence accession number. The nucleotide sequence reported
here has been submitted to the GenBank data base and assigned accession no.
AF036765.

RESULTS

Identification and cloning of the futD and tutE genes. The
isolation of a number of nitrosoguanidine-generated mutants
of strain T1 which are deficient in their ability to metabolize
toluene has previously been reported (11). One class of mu-
tants, the tutB class, was unable to grow with toluene serving as
the sole carbon source but was able to grow when provided
with benzoate. These mutants were also unable to metabolize
(at wild-type levels) toluene when provided with pyruvate and
were unable to produce (at wild-type levels) benzylsuccinic
acid and a monounsaturated derivative (13) from toluene in
liquid media. Hence, it was determined that this class of mu-
tants was blocked early in the toluene utilization pathway. A
cosmid with a genomic insert of approximately 20 kb (cosmid
13-6-4) was isolated for its ability to complement the tutB16
mutation (11). This original cosmid clone, along with a number
of subclones generated in the characterization of the tutB gene,
were tested for their abilities to complement the mutations
referred to as tutB17 and tutB21, which have phenotypes sim-
ilar to the futBI16 mutation (11). The original cosmid comple-
mented both the rutB17 and tutB21 mutations, while a number
of subclones that complemented futBI16 did not (data not
shown). Hence, these mutations were placed in new comple-
mentation groups and designated utDI7 and tutE2] (see be-
low).

In an effort to determine where on the cosmid the fragments
that complement the D17 and futE2] mutations were lo-
cated, a series of subclones were constructed. Subclones were
made in plasmid pRK415, a broad-host-range tetracycline-re-
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FIG. 1. Restriction map of the cosmid clone 13-6-4 (A) and a more detailed map of the region that contains the futD and tutE genes (B). Four open reading frames
contained in the SacIl/EcoRI region are indicated by arrows. Subclones tested for complementation are included. The abilities of cosmid clone 13-6-4 and the subclones
to complement the tutD17 and tutE2] mutations are also indicated: +, full complementation; —, no complementation. Abbreviations: B, BamHI; C, Clal; H, HindIII;
N, Ncol; P, Pstl; R, EcoRI; Sa, Sacll; Sc, Sacl. Not all sites are shown in panel A. Sites blocked by methylation are omitted. X, the site is lost in the construct.

sistant vector that can be conjugatively transferred into the T1
background (see Materials and Methods). Figure 1A shows a
restriction map of cosmid 13-6-4 and a schematic representa-
tion of three of the subclones. Each subclone was tested for its
ability to complement the wmutDI7 and tutE2] mutations.
Complementation was assayed in three ways: (i) the ability to
grow with toluene serving as the sole carbon source on solid
media, (ii) the ability to metabolize toluene in the presence of
pyruvic acid in liquid media, and (iii) the ability to produce
benzylsuccinic acid and a monounsaturated derivative (13)
from toluene in liquid media. Restoration of the wild-type
phenotype in all three assays was required in order for the
subclones to be considered as complementing the mutation.

As shown in Fig. 1B, the tutD17 mutation and the tutE2]
mutation were complemented by mutually exclusive subclones.
The 3.0-kb Ncol fragment of 13-6-4 (pPWC4-C,; N) was able to
complement the futD17 mutation but not the tutE21 mutation.
Conversely, the adjacent 1.3-kb Ncol/Sacll fragment (pPWC4-
C; NSac) was able to complement the tutE2] mutation but not
the rutD17 mutation. We conclude from these results that the
3.0-kb Ncol fragment is sufficient to replace the missing activity
in the fmtD17 mutant strain and that the 1.3-kb Ncol/Sacll
fragment is sufficient to replace the missing activity in the
tutE2] mutant strain. Thus, the two mutations indeed belong
to different complementation groups.

Sequence analysis of the SacII/EcoRI region. The complete
nucleotide sequence of the 4,905-bp Sacll/EcoRI fragment of
cosmid 13-6-4 (containing the futD and tutE genes) was deter-
mined for both strands and has been deposited in the GenBank
database (accession no. AF036765). Analysis of this sequence
revealed the presence of four open reading frames on the same
strand of DNA. The first open reading frame, present between
the SacIl and Ncol sites (subclone pPWC4-C,; NSac) and cor-
responding to the tutE gene, is a sequence of 375 amino acids.
The TutE protein has a calculated molecular mass of 41,300
Da and a predicted pl of 6.8.

Two open reading frames were identified on the 3.0-kb Ncol
fragment immediately downstream of the futE gene (subclone
pPWC4-C, N). The first of these two open reading frames
(designated open reading frame 2) consists of a 60-amino-acid
sequence which would code for a protein with a calculated
molecular mass of 6,900 Da and a predicted pl of 5.2. The

translational start begins at the Ncol restriction site, and hence
no upstream transcriptional regulatory sites or ribosome bind-
ing sites for this open reading frame are included on this
fragment. Therefore, it is highly unlikely that this open reading
frame is responsible for the complementation of the wtDI17
mutation observed with this subclone. This observation, along
with evidence from the site-directed mutagenesis experiments
(see below), indicates that ORF2 is not the tutD gene. The
significance of this open reading frame is not known.

The second open reading frame in this fragment is 864
amino acids in length, with a calculated molecular mass of
97,600 Da. The predicted pI of this protein is 6.0. Results from
the site-directed mutagenesis clearly show that this open read-
ing frame corresponds to the futD gene (see below).

The fourth open reading frame (designated open reading
frame 4) identified in the Sacll/EcoRI fragment consists of a
sequence of 81 amino acids with a calculated molecular mass
of 9,300 Da and a predicted pI of 7.8. The pPWC4-C| N sub-
clone removes approximately 50% of the C-terminal end of
this protein. This result, in conjunction with the evidence pre-
sented regarding the third open reading frame, indicates that
this 81-amino-acid protein is not the tutD gene product. The
significance of this open reading frame is not known.

Protein sequence similarity. The protein sequence of the
tutD gene product was used to search the GenBank nonredun-
dant database for proteins with homology to TutD. The
BLAST program identified a number of similar proteins, all of
which are identified as either pyruvate formate-lyases (formate
acetyltransferases) or pyruvate formate-lyase homologs. Inter-
estingly, the sequences showing the highest degree of similarity
with TutD are the E. coli proteins f810 (27% identical to TutD
as calculated by the BLAST program) (7) and PfID (26%
identical to TutD) (6), both pyruvate formate-lyase homologs.
The sequence similarities between TutD and these two pro-
teins plus PAIB (22% identical to TutD), a pyruvate formate-
lyase from E. coli (31, 37), are shown in Fig. 2. As can be seen
in the figure, the most conserved region is in the carboxyl end
of these proteins. There is a highly conserved region around
the glycine residue at position 828 of TutD (marked with an
asterisk). In the E. coli pyruvate formate-lyase, this glycine has
been shown to form a free radical which is essential for enzy-
matic function (36). Additionally, in a less-conserved region,
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FIG. 2. Comparison of the predicted amino acid sequence of the TutD protein with the predicted sequences of the 810 protein of E. coli (7), the PAID protein of

E. coli (6), and the PfIB protein of E. coli

37). The conserved glycine residue that is proposed to form a free radical is indicated by an asterisk (position 828 of

>

31

TutD). The conserved cysteine residue that is proposed to form a transient covalent bond is indicated by a dagger (position 492 of TutD). Amino acids identical to

the tutD translation are shaded,

and conserved amino acids are boxed. Dashes indicate gaps introduced by the computer program to maximize the alignment score.

which is necessary for the transient formation of a covalent

bond between cysteine-492 and the compound (possibly ace-
tate or fumarate) that is being transferred to the methyl group

of toluene (or a toluene metabolite). This mechanism may
involve a transient cysteine radical at an undetermined location,

as proposed in the E. coli pyruvate formate

at position 492 of TutD (marked

with a dagger) that has been shown to transiently form a

there is a cysteine residue

covalent bond with the acetyl group that is being transferred,
an action which is also essential to enzyme function (29, 31).

The results of this protein sequence similarity analysis suggest

lyase system (37).

828 forms a free radical

a mechanism for TutD where glycine
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FIG. 3. Comparison of the predicted amino acid sequence of the TutE protein with the predicted sequences of the 308 protein of E. coli (7), the PIC protein of
E. coli (6), and the PflA protein of E. coli (31). The region defined as a radical-activating region is indicated by a line (positions 60 to 81 of TutE). The region defined
as a 4Fe-4S binding domain typical of ferredoxins is indicated by an open box (positions 98 to 109 of TutE). This motif was identified only in TutE. Amino acids identical
to the futE translation are shaded, and conserved amino acids are boxed. Dashes indicate gaps introduced by the computer program to maximize the alignment score.

A similar search was performed with the protein sequence of
the tutE gene product. The proteins with the highest degree of
homology were identified as pyruvate formate-lyase-activating
enzymes or pyruvate formate-lyase-activating enzyme ho-
mologs. The sequence similarities between TutE and f308
(34% identical to TutE as calculated by the BLAST program)
(7), PAIC (32% identical to TutE) (6), and PflA (28% identical
to TutE) (31) (all from E. coli) are shown in Fig. 3. In addition,
the BLAST search identified a number of ferredoxins with
weaker homology scores (data not shown). Subsequent subjec-
tion of the TutE protein sequence to a Motif analysis (28)
identified a radical activating region from amino acids 60 to 81
(Fig. 3). This region which contains potential Fe binding sites
(as identified by the Motif analysis) is conserved in the pyru-
vate formate-lyase activating enzymes. Additionally, the anal-
ysis revealed a 4Fe-4S binding domain typically found in ferre-
doxins (amino acids 98 to 109 [Fig. 3]). This region is not very
well conserved in the E. coli pyruvate formate-lyase activating
enzyme and homologs. PflA is missing this region, and both
£308 and PfIC have alterations to the spacing or sequence. The
results of this protein sequence similarity analysis are consis-
tent with the predicted role of TutE serving as the activator for
TutD and suggest that the activation may involve iron and/or
iron-sulfur binding.

Site-directed mutagenesis of the TutD protein. In an effort
to determine if the conserved glycine and cysteine residues of
TutD play an essential role in the enzymatic function of the
protein, as has been shown for PfIB (29, 31, 36), both amino
acids were individually changed to an alanine as described in
Materials and Methods. Three independent isolates of the re-
sulting plasmids (pPWC4-C; Sac-G828A and pPWC4-C, Sac-
C492A) were mated into the strain carrying the rurD17 muta-
tion, and the resulting transconjugants were then tested for
their abilities to complement the mutation. The plasmid car-
rying the unaltered clone (pPWC4-C, Sac) fully complements

the rutD17 mutation (utilizes 100% of the toluene provided in
the presence of pyruvate and produces wild-type levels of ben-
zylsuccinic acid and a monounsaturated derivative). Neither of
the altered plasmids pPWC4-C, Sac-G828A and pPWC4-
C, Sac-C492A was able to fully complement the furD17 muta-
tion (Table 1). Both of these strains utilized about the same
amount of toluene as that utilized by the mutant carrying
plasmid pRK415, the vector alone. Likewise, they produced
significantly less benzylsuccinic acid and a monounsaturated
derivative than the futD17 mutant strain carrying the unaltered
plasmid pPWC4-C, Sac. The mutant carrying plasmid pPWC4-
C; Sac-C492A produced about the same amount of these com-
pounds as the mutant carrying plasmid pRK415, while the
strain carrying plasmid pPWC4-C; Sac-G828A showed higher
levels of these compounds than the vector alone but levels
much lower than those observed with the unaltered plasmid.
Since the E. coli pyruvate formate-lyase is known to be a
homodimer which requires the formation of only one glycine
free radical (37), the small amount of activity observed in the

TABLE 1. Complementation of the futD17 mutation by the
site-directed mutations constructed in the futD gene.

% Monounsaturated,

% Toluene benzylsuccinic acid-

Plasmid utilized derived, compound
produced®
pPWC4-C, Sac” 100 100
pRK415° 235+ 6.4 1.3+0.1
pPWC4-C, Sac-G828A 342 €97 13.0 = 3.8
pPWC4-C, Sac-C492A 17.7 =54 1.8 0.1

“The plasmid carrying the unaltered clone, serving as a positive control.
® The vector alone, serving as a negative control.
¢ Normalized to 100% for pPWC4-C; Sac, the positive control.
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mutant carrying plasmid pPWC4-C, Sac-G828A may be due to
mixed dimers in which the free radical forms on the defective
chomosomally encoded TutD protein. The results in Table 1
clearly demonstrate that glycine 828 and cysteine 492 are es-
sential for function of the TutD protein. Thus, the role of a
glycine free radical and a covalent substrate-cysteine bond are
proposed to be key mechanistic features of the TutD protein in
its role in toluene metabolism by strain T1.

DISCUSSION

We have isolated two mutants defective in an early step of
toluene degradation and cloned the region of DNA that com-
plements both mutations. Analysis of the complementing re-
gion indicates that these mutations lie in two different comple-
mentation groups and hence two different genes. Sequence
analysis of this region has revealed four open reading frames,
two of which correspond to the two mutated genes (see re-
sults). The open reading frame corresponding to the gene
named futD has sequence similarity to pyruvate formate-lyase
and pyruvate formate-lyase homologs. Correspondingly, the
tutE gene product has sequence similarity to pyruvate formate-
lyase-activating enzymes and their homologs as well as to ferre-
doxins.

Although suggestive, the sequence similarities do not by
themselves provide sufficient evidence for the mechanism for
the TutD and TutE proteins. However, for the E. coli pyruvate
formate-lyase, several key amino acids which are essential for
function have been identified. The results from the site-di-
rected mutagenesis studies of the TutD protein indicate that
the conserved glycine residue at position 828 is essential for
protein function, suggesting that TutD may form a free radical
necessary for enzymatic function. Similarly, the cysteine resi-
due at position 492 of TutD is also essential for protein func-
tion, as shown in the site-directed mutagenesis studies. These
results suggest a mechanism for TutD whereby glycine-828
forms a stable free radical which is necessary for the transient
covalent attachment to cysteine-492 of the compound that is
being transferred to the methyl group of toluene (or a toluene
metabolite). This mechanism may involve a transient cysteine
radical at an undetermined location, as proposed in the E. coli
pyruvate formate-lyase system (37).

Based on sequence similarity, we also propose that the tol-
uene utilization protein TutE functions in a manner similar to
that of the pyruvate formate-lyase activator proteins such that
the TutE protein is necessary for the formation of the glycine
free radical at position 828 of TutD. This mechanism may
require the putative radical activation domain found in TutE.
However, since no single amino acid has yet been determined
to be essential for the pyruvate formate-lyase activator pro-
teins, the site-directed mutagenesis experiments of futE are
less straightforward. It is interesting to note that the TutE
protein also has a ferredoxin-like domain which is not found in
any of the pyruvate formate-lyase activator/pyruvate formate-
lyase activator homologs (as identified by the Motif search).
The glycine free radical activation domain is believed to bind
iron which would be necessary to form the free radical. Ferre-
doxins also bind iron via a 4Fe-4S binding domain. The pres-
ence of this 4Fe-4S binding domain in TutE may indicate that
both regions are necessary to form the free radical in TutD.

Although the toluene utilization enzymes of strain T1 may
have mechanistic similarities to the pyruvate formate-lyases, it
must be kept in mind that the compounds being metabolized
are structurally different. Clearly the tutD gene product is not
required for anaerobic pyruvate metabolism, since strains car-
rying the futD17 mutation are able to grow as well as the wild
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type under anaerobic conditions with pyruvate as the sole car-
bon source. This suggests that the TutD protein is unlikely to
be a pyruvate formate-lyase per se but has a similar catalytic
mechanism. Indeed, an examination of Fig. 2 shows that there
is little sequence similarity between TutD and the pyruvate
formate-lyases over the amino-terminal half of the protein.
This would suggest that although there appear to be mecha-
nistic similarities between the proteins, there are significant
differences, perhaps because of the need to bind different sub-
strates. Additionally, the TutD protein must act early in tolu-
ene metabolism, since benzoic acid metabolism is not affected
in the futD17 mutant strain (11).

The isolation of mutants demonstrates that the futD and futEf
genes are necessary for the toluene utilization of strain T1, but
other enzymes are undoubtedly involved in this pathway as
well. For example, it is not known what role, if any, the two
open reading frames flanking the futD gene play in this me-
tabolism. The protein products could possibly play a direct
enzymatic role or could be part of a protein complex involved
in toluene metabolism. Alternatively, they could have a regu-
latory role or no metabolic role at all. By obtaining mutations
in these genes, it could be determined if these putative proteins
have a function in toluene metabolism. Additionally, another
mutant unable to grow on toluene was isolated in the previ-
ously reported screen that generated turD17 and tutE21 (11).
This gene product appears to be necessary for toluene utiliza-
tion, since the mutant strain is also unable to grow with toluene
serving as the sole carbon source. However, this mutation is
not complemented by the cosmid clone 13-6-4. Cloning and
characterization of this gene will lead to further insights into
the toluene utilization pathway of strain T1. Continued molec-
ular characterization of the fut genes and use of these genes for
biochemical studies should more clearly define the mechanistic
steps involved in the toluene utilization pathway of strain T1.
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