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ABSTRACT Anaerobic phenylalanine (Phe) degradation in the betaproteobacte-
rium Aromatoleum aromaticum involves transamination and decarboxylation to
phenylacetaldehyde, followed by oxidation to phenylacetate. The latter reaction
is catalyzed simultaneously by two enzymes, a highly specific phenylacetalde-
hyde dehydrogenase (PDH) and a rather unspecific tungsten-dependent aldehyde oxi-
doreductase (AOR). Attempting to establish increased synthesis of AOR, we constructed
a mutant lacking the gene for PDH. This mutant still grew on phenylalanine, exhibiting
increased AOR activities on medium containing tungstate. In the absence of tungstate,
the mutant showed initially severe growth deficiency, but it resumed growth on Phe af-
ter longer incubation times. Moreover, the growth rates of the mutant increased
during several reinoculation cycles on either tungstate-proficient or -deficient
media, reaching the same values as recorded in wild-type strains. We confirmed
AOR as the major alternative enzyme serving Phe degradation under tungstate-
supplied conditions and identified and characterized the alternative NAD-dependent al-
dehyde dehydrogenase AldB taking over the function under tungstate-deficient condi-
tions. Sequence analysis of the respective genes from adapted cultures under either
growth condition revealed a mutation in the upstream region of the aor operon and a
mutation within the coding region of aldB, which are likely involved in the observed ad-
aptation of the deletion mutant to regain fast growth on Phe.

IMPORTANCE The betaproteobacterium Aromatoleum aromaticum degrades many
aromatic compounds under denitrifying conditions. One of the steps of phenyl-
alanine degradation is catalyzed by two simultaneously induced enzymes, a
NAD(P)-dependent phenylacetaldehyde dehydrogenase and a W-containing alde-
hyde oxidoreductase. We report here that the latter fully complements a constructed
deletion mutant lacking the gene for phenylacetaldehyde dehydrogenase and is over-
produced after several reinoculations. Moreover, an alternative NAD-dependent de-
hydrogenase is recruited to resume growth in tungstate-free medium, which does
not allow the production of aldehyde oxidoreductase. This alternative enzyme is
overproduced and seems to have acquired a point mutation in the active center.
Our research illustrates the flexibility of environmentally important bacteria in adapt-
ing their metabolic pathways to new challenges within only a few generations.
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he denitrifying betaproteobacterium Aromatoleum aromaticum is known to de-

grade many toxic aromatic compounds such as the common environmental pol-
lutants toluene, ethylbenzene or phenol, and others like the aromatic amino acid
phenylalanine (Phe) (1-3). The anaerobic Phe metabolism has been well studied in
bacteria of the Azoarcus/Thauera cluster (4-6), following a similar pathway in the
hyperthermophilic archaeon Ferroglobus placidus (7), whereas a different pathway has
been reported for the sulfate-reducing bacterium Desulfobacula toluolica (8). Anaerobic
Phe degradation in A. aromaticum or the related species Thauera aromatica is initiated
by transamination to phenylpyruvate, which is then decarboxylated to phenylacetal-
dehyde (PAId) (4, 5, 9). The latter is oxidized to phenylacetate (PA), which is activated
to the coenzyme A (CoA) thioester and further degraded via phenylglyoxylate and
benzoyl-CoA along a well-characterized pathway (9-11).

PAId oxidation to PA in A. aromaticum appears to be mainly catalyzed by a
specifically induced phenylacetaldehyde dehydrogenase (PDH) coupled to either NAD
or NADP but partially also by a simultaneously induced aldehyde:ferredoxin oxi-
doreductase (AOR) (12). Under these growth conditions, A. aromaticum synthesizes the
W-dependent AOR and the Mo-containing enzymes phenylacetyl-CoA:acceptor oxi-
doreductase (13) and nitrate reductase (NAR) (2, 14) at the same time and needs to be
able to discriminate the respective metals needed for cofactor synthesis and incorpo-
ration (12).

Tungsten-containing enzymes are abundant among many Archaea, especially mem-
bers of the anaerobic and hyperthermophilic genera Thermococcus and Pyrococcus.
They belong to a class of enzymes containing at least five families of aldehyde-oxidizing
enzymes, which are represented by the isoenzymes present in P. furiosus. These include
the “prototype” AOR isoenzymes (15, 16), glyceraldehyde-3-phosphate oxidoreductases
(17) involved in a modified glycolytic pathway, formaldehyde oxidoreductases (18), and
two further W-containing oxidoreductases of unknown function (WOR4 and WOR5)
(19-21). A W-containing AOR-type enzyme was also reported from the thermophilic
fermentative bacterium Moorella thermoacetica (22). Very recently, another family of
W-enzymes affiliated with the same class was discovered in strictly anaerobic aromatic-
degrading bacteria, which were identified as catalytic subunits of a very large enzyme
complex reducing the aromatic ring of benzoyl-CoA (type 2 benzoyl-CoA reductases),
key enzymes of anaerobic aromatic metabolism (23).

Archaeal AOR-type enzymes are present in various activities under all growth
conditions and catalyze the reversible ferredoxin-dependent oxidation of various alde-
hydes to the respective acids (19, 21, 24). Their main function is assumed to detoxify
aldehyde side products that are produced during the fermentative degradation of
amino acids (25, 26). Archaeal AORs are dimeric enzymes that contain a W-bis-
molybdopterin cofactor, one Fe,S, cluster per subunit, and another mononuclear Fe2+
ion bridging the two subunits (15, 27). In addition to the previously known AOR of
Moorella thermoacetica (22), a W-containing bacterial AOR was also discovered recently
in denitrifying Phe-degrading cells of A. aromaticum strain EbN1 (5, 12). However, a
clearly defined metabolic role in Phe metabolism could not be assigned because the
same cells contained a highly substrate-specific PDH that appears to play the major role
in metabolic conversion of PAld. AOR is present simultaneously with PDH but appears
not to be essential for Phe metabolism and normal growth on Phe. Instead, AOR
exhibits a very broad substrate spectrum, as examined in EbN1 cell extracts, oxidizing
various aromatic and aliphatic aldehydes to the corresponding carbonic acids (12).
Therefore, it has been suggested that AOR is primarily involved in aldehyde detoxifi-
cation, as previously proposed for archaeal AORs (12, 25, 26).

This study aims to find out more about the presence of AOR under various growth
conditions and its function for cellular metabolism. We also investigate whether AOR or
other enzymes can replace PDH for anaerobic growth on phenylalanine. To achieve this,
a loss-of-function strain lacking PDH was constructed by deleting the pdh gene and
investigated for growth on phenylalanine and the presence of relevant enzyme activ-
ities in tungsten-supplemented and -depleted media.
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TABLE 1 Activities of AOR, phenylglyoxylate oxidoreductase (PGOR) and PDH (NAD and NADP) in cell extracts of A. aromaticum grown
anaerobically on various aromatic compounds?

PDH
AOR PGOR NAD NADP

Compound?® (nmol min—! mg—") (nmol min—! mg—") (nmol min—" mg—") (nmol min—' mg—") NAD/NADP m (h=")c

Phenylalanine* 18 211 108 192 0.56 0.04-0.08
Phenylacetate 16 138 15 54 0.28 0.07-0.11
Phenylglyoxylate 45 192 20 18 1.1 0.06-0.10
Benzoate* 11 4 3 4 0.75 0.16-0.18
Ethylbenzene 9 <2 8 1 0.73 0.09-0.12
Benzaldehyde 20 10 21 32 0.66 0.04-0.06
Benzyl alcohol 27 15 54 70 0.77 0.06-0.10

aStandard deviations of the values from Phe cultures are given in Fig. 2b; those from other cultures amounted to <20% of the respective activity values.

b*, values for these compounds were averaged from three independent cultures.

“Within the ranges of observed growth rates (w), the upper limits represent growth under optimal conditions, whereas imbalanced refeeding of the cultures or other
handling problems resulted in lowered w values within the indicated ranges.

RESULTS

PDH and AOR activities in cells grown under different conditions. To find out
more about the function of AOR of A. aromaticum and the conditions under which it is
produced, denitrifying cultures were grown anaerobically on various aromatic sub-
strates, either intermediates of the Phe metabolic pathway or unrelated compounds
like benzoate and ethylbenzene. The respective cell extracts were analyzed for the
activities of the aldehyde oxidizing enzymes AOR and PDH as well as phenylglyoxylate
oxidoreductase (PGOR) (28, 29) as indicator enzyme of the induced phenylacetate
(PA)-metabolic pathway (Table 1). Cells of A. aromaticum grown on aromatic substrates
that are not metabolized via the Phe or PA pathways (e.g., benzoate, benzaldehyde,
benzyl alcohol, or ethylbenzene) showed no or very low levels of PGOR activity,
whereas cells grown on Phe, PA, or other intermediates feeding into the PA-metabolic
pathway (e.g., phenylpyruvate or phenylglyoxylate) exhibited specific PGOR activities
larger than 80 nmol min~" mg~" in cell extracts. These measured activities are
consistent with the minimum requirement to explain the observed growth rates on the
respective substrates (30 nmol min—" mg~" protein equals a growth rate of 0.08 h—").
Typical activities and the observed growth rates on different substrates are listed in
Table 1.

In contrast to PGOR, AOR activity was observed in almost all cell batches grown on
any of the substrates tested, exhibiting rather variable values in different batches of A.
aromaticum cells grown on the same substrate. Specific AOR activities of cell extracts
of Phe-degrading cultures could be as low as 1.5 nmol min=" mg~" (12) and reached
up to 30 nmol min~" mg~". Cultures grown on other intermediates of Phe degradation
such as PA, as well as control cells from cultures degrading benzoate, ethylbenzene,
benzaldehyde, or benzyl alcohol, generally exhibited lower specific AOR activities,
whereas the highest specific AOR activities with more than 45 nmol min=" mg—" were
recorded in cells grown on phenylglyoxylate (see Table 1 and Fig. 1 for additional
details).

Since phenylacetaldehyde dehydrogenase (PDH) was found to be highly specific for
PAIld, it is appropriate that the pdh gene is expressed when PAId is produced, e.g., as
intermediate of Phe degradation but not in cells grown on intermediates further
downstream, such as PA or phenylglyoxylate. Indeed, the highest PAld-oxidizing activ-
ities were found in Phe-grown cells and can be attributed to PDH based on the
characteristic ratio of NAD and NADP-coupling of 0.56 (Table 1) (12). In cells grown on
any other aromatic substrates, the PAld oxidizing activities were lower, and the derived
NAD/NADP activity ratios suggest the presence of other enzymes than PDH, which
couple either to NAD or NADP. Elevated levels of PAld oxidizing activities recorded in
cells grown on benzaldehyde or benzyl alcohol are probably due to unspecific turnover
by a distinct benzaldehyde dehydrogenase, which has been proposed to be the
product of the gene ebA5642 (ald), based on proteomic data (5). Only low-level
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FIG 1 Anaerobic degradation pathways of phenylalanine and benzyl alcohol in A. aromaticum. The
enzymes and corresponding genes (in parentheses) are as follows: Pat, phenylalanine aminotransferase
(ebA596); Pdc, phenylpyruvate decarboxylase (ebA6545); AOR, phenylacetaldehyde:ferredoxin oxi-
doreductase (ebA5005); PDH, phenylacetaldehyde dehydrogenase (ebA4954); PadJ, phenylacetate-CoA
ligase (ebA5402); PadBCD, phenylacetyl-CoA:acceptor oxidoreductase (ebA5393, ebA5395, and ebA5396);
PadEFGHI, phenylglyoxylate:acceptor oxidoreductase (ebA5397, ebB191, and ebA5399 to ebA5401); Adh,
benzyl alcohol dehydrogenase (ebA3118 or ebA4623); Ald, benzaldehyde dehydrogenase (ebA5642); BclA,
benzoate-CoA ligase (ebA5307). The double arrow indicates further degradation of benzoyl-CoA via
aromatic ring reduction and p-oxidation.

activities of PAld oxidation were measured in cells grown on benzoate and ethylben-
zene which are metabolized without aldehyde intermediates.

Effects of deleting the pdh gene on Phe metabolism. We further investigated the
relative roles of PDH and AOR in oxidizing PAld by constructing a pdh deletion strain
from the streptomycin-resistant (Sm") A. aromaticum strain SR7 (30). We first confirmed
the wild-type character of strain SR7 with regard to Phe metabolism by establishing
identical growth behavior with the wild-type strain EbN1 on the relevant substrates Phe
and benzoate, respectively (data not shown) and by identifying the mutation leading
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FIG 2 (a) Growth of A. aromaticum SR7 (black) and the Apdh strain in minimal medium on Phe in the
presence (diamonds) and absence of tungstate (—W) (circles). Nonadapted cultures (first inoculation on
Phe-containing medium) are shown with green, and adapted cultures are shown with red. The growth
curves of the adapted strains were recorded after 10 and 9 cycles of reinoculation, respectively. Calculated
initial growth rates (u) of the respective cultures: strain SR7, 0.08 h—; Apdh strain (nonadapted), 0.04 h—;
Apdh strain (adapted), 0.05 h—'; Apdh —W strain (nonadapted), 0.02 h—"; and Apdh —W strain (adapted),
0.06 h—'. The average optimal growth rates for wild-type cultures were 0.077 h—' (*£0.018) for adapted
cultures of the Apdh strain in the presence or absence of tungstate 0.074 (£0.016) h—" and 0.069 (+£0.012)
h=1, respectively (each calculated from six cultures). (b) Specific enzyme activities of AOR (red), phenylg-
lyoxylate oxidoreductase (PGOR) (green), and PAld dehydrogenases coupled to NAD (dark blue) or NADP
(light blue) in different cultures grown anaerobically on Phe. A. aromaticum wild-type cells (Wt) were grown
in standard medium, cells of the Apdh strain in standard medium (Apdh) and medium lacking tungstate
(Apdh —W). The activities shown reflect the average values and standard deviations of at least three
independent cultures. The values of the Apdh strain reflect those of the respective adapted strains after
>20 reinoculation cycles on W-containing or W-free medium, respectively.

to streptomycin-resistance as a single base substitution in the rpsL gene. This changes
Lys., (AAG) to Arg,, (AGG) in ribosomal protein S12, representing a previously known
mutation leading to high resistance without interfering in metabolic reactions (31, 32).

The pdh gene was completely deleted and replaced by a gentamicin resistance gene
in two selection steps based on the sacB counterselection system, yielding the Apdh
deletion strain (see Materials and Methods). The accurate replacement of pdh was
verified by specific PCR assays as described in methods. The deletion strain was
originally designed to enforce the usage of AOR for metabolizing Phe but also proved
useful to assess the contributions of PDH and AOR to Phe metabolism by comparing its
properties to those of the corresponding wild-type variant, strain SR7. The Apdh strain
still grew anaerobically under denitrifying conditions on Phe as sole source of carbon
and energy in tungstate-supplemented media, initially at a slightly lower growth rate
compared to the wild-type strain (Fig. 2a). No activities of either NAD or NADP-coupled
PDH isoenzymes were detected in any of the cell batches recovered from these
cultures, confirming the identity of the mutant but also suggesting that the PDH
correlated with Phe metabolism in A. aromaticum is not replaced by other dehydro-
genases using PAld as the substrate. In contrast, specific activities of AOR were
significantly and reproducibly higher than those found in the wild-type strain, which
never exceeded 30 nmol min=' mg~'. In comparison, specific AOR activities were
already increased in the first Phe-degrading cell batch (46 nmol min=' mg~") and
further increased to about 150 nmol min~™" mg~" in cell batches after 10 rounds of
reinoculation (all cultures were grown to an optical density at 578 nm [ODsg] of >1).
Over a cultivation period of more than 18 months, no significant PAld dehydrogenase
activities coupled to NAD or NADP were detected in Phe cultures, whereas AOR
activities remained on a high level (in average 140 nmol min—' mg~") (Fig. 2b), and
optimal growth rates matched with those for the wild-type strain on Phe (Fig. 2a).

In order to find out whether the increased aor expression levels in the adapted
culture of the Apdh strain are caused by a mutation, the aor genes, including their
upstream regions (>350 bp), were amplified and sequenced using primer pair 13 and
14 (see Table 4). Indeed, a specific single-base-pair exchange (G—T) was identified 139
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bp upstream of the start codon of the first gene of the aor operon in the adapted
culture of the Apdh strain, whereas no mutation was observed in nonadapted cells. This
mutation may affect a potential operator sequence correlated to an apparent o°4-
dependent promoter site 71 bp upstream of the first translational start codon (see Fig.
6). In contrast to some related species and strains, A. aromaticum does not contain a
closely linked gene for a potential regulator in the vicinity of the aor genes, which may
be predicted to be involved in their regulation (see below).

Growth and enzyme activities in tungstate-free medium. The observed increased
specific activities of AOR in cells of the Apdh strain grown on Phe suggest that AOR
compensates for the missing PDH activity. Because AOR activity of A. aromaticum
depends on a sufficient supply of tungstate in the growth medium (12), the require-
ment of AOR for Phe metabolism in the Apdh strain was tested by growth studies in
tungstate-depleted medium. Surprisingly, the cells still grew with Phe as the sole
carbon source in these tests, albeit at severely reduced growth rates and with a long lag
phase (Fig. 2a). This effect is not shared with the wild-type strain, which shows the same
growth parameters on Phe in the presence or absence of tungstate (12). Growth rates
(n) of 0.02 to 0.03 h—' were determined for freshly established cultures of the Apdh
strain, compared to 0.05 to 0.08 h~ in regular medium. This clearly corroborated the
importance of AOR for Phe metabolism in the pdh deletion strain, but suggested yet
another possible way to complement the loss of the pdh gene. When the Apdh strain
was continuously reinoculated under the same conditions, we again observed adap-
tation to faster growth. After nine cycles of reinoculation, growth rates and biomass
yields reached an apparently stable optimum state, which closely approximated the
values of wild-type cells (Fig. 2a).

The specific activities of PDH and AOR isoenzymes were tested in the cell extracts of
several cultures of the Apdh strain during the adaptation to tungstate-independent
growth on Phe. No PAId oxidizing activity coupled to either benzylviologen or NADP
was detected in any cell extract, verifying the absence of AOR (due to W-depletion) and
PDH (due to pdh gene deletion) and indicating that yet another enzyme must support
growth. Indeed, increasing activity of an NAD-linked PAld dehydrogenase was detected
over the course of the reinoculation series, reaching specific activities of 20 to 60 nmol
min—' mg~" in cell extracts after nine reinoculations and persisting at this level over 20
or more reinoculations (Fig. 2b). Because NADP was not reduced as alternative electron
acceptor, PDH has apparently been replaced by an alternative aldehyde dehydroge-
nase, which also needed higher PAId concentrations for optimal activity in the enzyme
assays than applicable for PDH (see methods). Although lower than the original PDH or
AOR activities, the measured activities of NAD-linked PAId oxidation were still consis-
tent with the observed growth rates. Moreover, specific phenylglyoxylate oxidoreduc-
tase (PGOR) activities reached the same level in adapted cultures as those from
wild-type cells, indicating effective ongoing PA degradation (Fig. 3).

Broad-range aldehyde dehydrogenase compensating for the absence of PDH
and AOR. To identify the aldehyde dehydrogenase compensating for PDH and AOR,
the Phe-adapted Apdh strain was grown anaerobically on Phe without tungstate. The
harvested cells (18 g [wet mass]) were lysed, and NAD-linked PAld dehydrogenase was
chromatographically enriched in two steps (see Materials and Methods). The measured
PAId dehydrogenase activities eluted as single peaks from both columns, indicating the
presence of only one major enzyme in the extract, and we obtained a 7-fold enrichment
of the enzyme at 24% yield (Table 2). Analysis of the fractions via SDS-PAGE demon-
strated a reasonable purity of the preparation, which represented a highly enriched
protein of 55 kDa but still contained several minor bands of contaminations (Fig. 3a).
A strongly induced protein comigrating with the enriched subunit was already ob-
served in the extract of Phe-adapted cells of the Apdh strain in the absence of
tungstate, compared to those grown with tungstate (Fig. 3a). To identify the newly
induced enzyme, the band containing the enriched subunit was cut from a polyacryl-
amide gel and analyzed by mass spectrometry of tryptic fragments. The majority of the
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FIG 3 (a) Enrichment of NAD-coupled PAld dehydrogenase activity from the Apdh strain grown in the absence of
tungstate. Proteins were electrophoretically separated on a 12% (wt/vol) SDS-PAGE gel and stained with Coomassie
brilliant blue. Each lane except lane 6 contained 30 ug of protein. Lanes: 1 and 7, molecular mass marker; 2, cell
extract of strain SR7; 3, cell extract of the Apdh strain grown in standard medium; 4: cell extract of the Apdh strain
grown without W; 5, active fraction from DEAE-Sepharose; and 6, active fraction from CHT-I (15 ng). Arrows 1 and
2 mark the two highly expressed proteins AldB* and AdhB in the Apdh strain in the absence of W. (b) Enzyme
kinetics of AldB* with acetaldehyde (red), glutardialdehyde (magenta), propionaldehyde (blue), and PAId (green).
The kinetic parameters are listed in Table 3.

recorded fragments correlated the enriched 55-kDa protein to the product of the aldB
gene (ebA4625 [open reading frame designation]) from the genome of A. aromaticum.
This protein has previously been annotated as an aldehyde dehydrogenase, showing
93% identity to an assumed acetaldehyde dehydrogenase of Thauera chlorobenzoica
(33, 34) or 80% amino acid identity to an NAD-dependent chloroacetaldehyde dehy-
drogenase of Xanthobacter autotrophicus (35). The aldB gene is part of an apparent
operon with a gene coding for a Fe-dependent alcohol dehydrogenase (adhB, ebA4623)
located immediately downstream. The adhB gene codes for a 39 kDa protein, which
matches the size of another prominent band induced in Phe-adapted cells of the Apdh
strain grown without tungstate (Fig. 3a, lane 4), and missing in cells supplied with
tungstate. The band was analyzed by mass spectrometry of tryptic fragments, identi-
fying it as gene product of adhB. The complete aldB gene, including 350 bp upstream
of its translation start codon, was amplified and sequenced using primer pair 15 and 16
(see Table 4) to analyze for potential mutations correlated with the observed adapta-
tion to growth on Phe. Using Phe-adapted cells of the Apdh strain grown in the absence
of tungstate after either 6 or 18 months of reinoculations, we detected a single-base-
pair exchange within the aldB coding region. Conversely, no mutations were recorded
in the aldB gene in control cells, either of Phe-adapted cultures of the same strain in the
presence of tungstate or of wild-type strain SR7. The mutation is localized at position
1379 of the aldB gene (A—G) and leads to a Y460C mutation in the amino acid
sequence, which may result in increasing the activity of AldB to oxidize PAld. The
structure of AldB was modeled by the Swiss-model server (https://swissmodel.expasy
.org), revealing a predicted position of the mutated Tyr,¢, residue directly adjacent to
the conserved catalytic cysteine residue of AldB (Cys,os) (Fig. 4). No mutations were
observed in the 5'-region of aldB, suggesting that the apparently increased aldB
expression may be caused by a mutation in a (as-yet-unknown) regulatory protein.

TABLE 2 Specific activities and enrichment of PAId oxidizing activity (NAD) from the A.
aromaticum EbN1 Apdh strain grown in tungstate-depleted medium on Phe

Protein  Activity Sp act (PAld)®
Step (mg) (V) Yield (%) (nmol min=" mg="') Enrichment
Soluble cell extract 1,050 21.6 100 21 1
DEAE-Sepharose 226 6.8 31 30 1.4
Hydroxyapatite (CHT-l) 37 52 24 143 7

aThat is, the maximum specific activity started with 400 uM PAId.
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FIG 4 Structural models of the active sites of AldB (a) and AldB* (b) showing the predicted locations of theY460C
mutation adjacent to the catalytic Cys,o, residue. The carbon atoms of Cys,,, are indicated in red, and those of

Tyr,e0 in AldB (a) or Cys,g, in AldB* (b) are indicated in green. Distances are given in angstroms (generated using
PyMOL v1.10).

Biochemical characterization of AldB. The enriched AldB-Y460C variant (here
designated AldB*) was used to establish the principal biochemical properties of the
enzyme. As indicated from the data from cell extracts, AldB* exclusively accepted NAD
as electron acceptor, whereas no activity was observed with NADP. An apparent K,,,
value of 280 uM (standard error [SE] = 93 uM) and an apparent V., of 90 mU mg~"
(SE = 8 mU mg~") was established for NAD, using 100 uM PAIld as the substrate.
Moreover, the enzyme exhibited a rather broad substrate spectrum, which included
aromatic aldehydes such as PAId or benzaldehyde, aliphatic aldehydes like acetalde-
hyde, propionaldehyde or crotonaldehyde, and dialdehydes like glutardialdehyde
(Table 3). The only tested aldehyde that was hardly converted by AldB* was formalde-
hyde. The enzyme exhibited pronounced lag phases after starting the reactions, which
differed for various substrates (less pronounced with aliphatic than with aromatic
aldehydes) and made assessment and comparison of the activities difficult. We finally
obtained reproducible and robust enzyme activity data by modifying the assays to
begin with an initial turnover of a low substrate concentration (10 M) to completion,
followed by restarting the enzyme assay with the intended concentrations of substrate.
The different substrates tested varied greatly in their turnover rates and catalytic or
inhibitory properties. AldB* showed the highest activities with small aliphatic substrates
(highest recorded activity with acetaldehyde), whereas the larger substrates showed
significantly lower activity values combined with substrate inhibition (Fig. 3b). However,

TABLE 3 Apparent kinetic parameters of the oxidation of different aldehydes by AldB* using NAD as the electron acceptor?

Substrate Vimax (MU mg—1) K., (uM) K; (uM) Keae (577) Keate/Kry (M~ s77) i
Acetaldehyde 360 (*£15) 96 (£13) 0.33 0.0034 0.970
Propionaldehyde 265 (*£15) 38 (+9) 0.243 0.0064 0916
Glutardialdehyde 265 (*+67) 79 (£43) 1,343 (=1,051) 0.243 0.0031 0.862
Phenylacetaldehyde 77 (£5) 6.9 (+1.9) 513 (£127) 0.071 0.0103 0.924
Crotonaldehyde 88 ND ND ND ND ND
Benzaldehyde 21 ND ND ND ND ND
Formaldehyde 4 ND ND ND ND ND

a\alues for k., are given per subunit of AldB* (55 kDa). The R? values indicate the respective fitting quality; ND, not determined; standard errors are indicated in
parentheses where applicable. The relatively bad fitting of the data with glutardialdehyde may be related to the simultaneous inactivation of the enzyme by
cross-linking.
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—
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FIG 5 Genomic arrangement of the genes coding for PDH (a), AOR (b), and AldB (c) with their respective putative >4
promoters in A. aromaticum and related species. Neighboring genes without apparent roles in the metabolic module are
shown in gray. nadC, nicotinate-nucleotide diphosphorylase gene; thrC, threonine synthase gene; pdh, phenylacetaldehyde
dehydrogenase gene; thrA, homoserine dehydrogenase gene; alaT, aminotransferase gene; arsB, gene for arsenate
resistance protein; hyp, gene for hypothetical protein; aorABCDE, putative aor operon; cyt ¢, cytochrome c.5, gene; aorR,
transcriptional regulator gene; eut, gene for ethanolamine utilization protein; aldR, transcriptional regulator gene; aldB,
aldehyde dehydrogenase gene; adhB, alcohol dehydrogenase gene; ALDH; aldehyde dehydrogenase family protein. *,

inserted genes or different genetic context in control strains.

PAId seems to be still better converted than benzaldehyde. The measured catalytic
parameters of AldB* for some selected substrates are summarized in Table 3. Data
obtained for glutardialdehyde fitted best to a substrate inhibition model but still
yielded relatively high standard error values.

Cross-linking experiments with AldB* treated with either glutardialdehyde or di-
methyl suberimidate revealed the occurrence of additional bands on SDS-PAGE, which
fitted to the expected sizes of the dimer, trimer, and tetramer (data not shown),
suggesting a homotetrameric structure of AldB* as usual for the protein family (36). The
closely related chloroacetaldehyde dehydrogenase of Xanthobacter autotrophicus was
also reported to be a tetramer (35).

Conservation of genes involved in PAld oxidation in related species. From a
bioinformatic analysis of the sequenced genomes of Rhodocyclaceae species closely
related to A. aromaticum, it can be stated that only two strains, Azoarcus sp. strain PAO1
and Azoarcus sp. strain KH32C, carry genes coding for potential orthologues of PDH (88
to 97% protein sequence identity). However, only the gene of strain PAOT is located in
an identical genomic context (Fig. 5a), whereas strain KH32C carries two almost
identical copies of the gene at different positions on its chromosome and a large
plasmid, respectively. All other sequenced strains contain multiple genes for aldehyde
dehydrogenases, but the low sequence conservation (<50% protein sequence identity)
precludes any close relation to the biochemical properties of PDH. Interestingly, all
potential pdh genes from A. aromaticum and the two Azoarcus strains contain the
typical —24/—12 boxes of a potential o>4-promoter in their 5’-regions (see Fig. 6).

The aor operons are present in identical arrangements in almost all sequenced
members of the Rhodocyclaceae and other bacteria. Therefore, we propose to name
these genes aorABCDE, with aorB coding for the W-containing subunit similar to
archaeal AOR. However, the 5'-flanking sequences of the aor operons share significant
similarities only within small groups of related species. The most similar sequence to
that of A. aromaticum (and the only one with a conserved genomic context) is again
from Azoarcus sp. strain PAO1 (Fig. 5b). A closer analysis indicates that both strains may
again employ a potential o># promoter for expression of the aor genes, although the
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a pdh
EbN1 ggatgggtteggeatceeetggttgegagt] gcacgtatcctgckgttgcaaatafgct/117/atg
PAO1 gatggagtcgccggtcgegggecgegeggggcacegetectgefgteccgagegligeg/117/atg
-24 -12 +1 start
b aor (without regulator gene)
*
EbN1 cc@gtgctactttcgggaaagcaa/ 32/cpgaccgcteggege :aggcagtcgalagcc/54 /atg
PAO1 ccggtgctacttteaggaacgcaaaagecggatcggcgaacge haacgcccgcaffccgg/73/atg
-24 -12 +1 start

aor (with regulator gene aorR)

Tamino tatcgcaageteggeeg/39/ccgegggcalggtatgacttatyge ttgtacttgcalaggt/7l /atg
Tphen taccgeaagetgggacg/42/ccgccaactggtacgacttatyc ttatatttgcalaggt/ 69/atg
KH32 tatagaaagctgggeeg/33/agtggtettjggcatgatgtttge tgttgcaaagalttgt/36/g
Atoluc tatcgcaaacteggecy/32/attgtcacgggcatggtatttgcktaaagtggtcligttg/37/atg
CIB tac_cgcaaactgg_gcaa/ 33/atggtcagtiggcatgatatttge atctgcgacalgttg/35 /atg
-24 -12 +1 start

C aldB (with regulator gene aldR)

EbN1 tgctgegtigeacgatgcgtygctagetpgcacgttecgtyge ttgtgtcctglgcat/32 /atg

Tchl tgttgggetgeaggaggctgggeggct gcacggtccatgcattgtcttgtclacat/32 /atg

Cama tgetggeatgeagtatgggtggegget gcacgccgettgchetgtggegtgfitcce/35/atg
possible operator -24 -12 +1 start

FIG 6 Putative promoter regions of pdh (a), aor (b), and aldB (c) compared between A. aromaticum and
related bacteria. Where intervening sequences have been shortened, the number of omitted bases is
indicated between slashes. The putative (—12/—24) promoters are indicated by boxes, the expected
transcriptional starts are highlighted in dark gray, and possible conserved operator regions are indicated
in light gray. The asterisk in panel b indicates the site of the observed mutation (G—T) within the aor
upstream region in the adapted Apdh strain. Arrows indicate potential dyad symmetries. Strains: EbN1,
A. aromaticum; PAO1, Azoarcus sp. strain PAO1; Tamino, Thauera aminoaromatica; Tphen, Thauera
phenylacetica; KH32, Azoarcus sp. strain KH32C; Atoluc, Azoarcus toluclasticus; CIB, Azoarcus sp. strain CIB;
Tchl, Thauera chlorobenzoica; Cama, Chromobacterium amazonense. Unfortunately, the similarity of the
respective DNA sequences of A. aromaticum and strain PAO1 is too high to reasonably predict other
conserved elements beyond the promoter boxes.

locations of the —24/—12 boxes are not conserved between the two strains (Fig. 6). The
observed potential operator mutation in the adapted mutant is located upstream of the
predicted promoter box in a region sharing significant similarity between the two
strains, although their spacing to the respective predicted promoter boxes is different
(Fig. 6). Remarkably, the genomes of a number of additional related species (Thauera
aminoaromatica, T. phenylacetica, Azoarcus sp. strain CIB, A. toluclasticus, and A. tolu-
lyticus) reveal a different consensus sequence in the 5’ flanks of their aor operons,
revealing conserved o>4-promoter boxes and the presence of an adjacent gene for a
highly conserved o>*-related regulator, for which we propose the name aorR (Fig. 5b).
It is probable that this regulator is involved in regulation of the aor operon in these
species, but no gene for an orthologous regulator is present in A. aromaticum (closest
paralogue at 40% protein sequence identity), leaving it an open question which
regulator is responsible for induction of the aor operon in this bacterium.

Finally, the aldB gene product is highly conserved only in the related species T.
chlorobenzoica (93% identity). These two strains exhibit a o>4-promoter structure with
a conserved —24/—12 box (Fig. 6) and contain a directly adjacent gene coding for a
conserved o>*-related regulator, proposed to be named aldR (Fig. 5¢). The closest
aldehyde dehydrogenase paralogues from either A. aromaticum itself (ebA2242 gene
product) or other strains of the Rhodocyclaceae show <75% protein sequence identity
to AldB and probably represent other isoenzymes. The aldB operon is disrupting an
ethanolamine utilization gene cluster of A. aromaticum (Fig. 5¢) which shares high
similarity to orthologous genes in Azoarcus strain PAO1 (94% identical gene products),
which are located at a different genomic locus.

DISCUSSION

Aldehyde:ferredoxin oxidoreductase (AOR) from A. aromaticum EbN1 has originally
been proposed to catalyze the oxidation of PAld and to be involved in anaerobic Phe
metabolism based on proteomic data (5). Later on, it was found to be not essential for
Phe metabolism due to the simultaneous presence of a PAld-specific PDH (12). Based
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on these observations, PDH has been proposed to represent the main functional
enzyme of the pathway, whereas AOR acts in preventing the accumulation of reactive
aldehydes (25, 26). Still, analysis of the genomes of closely related strains affiliated to
the genera Thauera and Azoarcus indicates that AOR is evolutionary important, because
most of these strains contain an identically composed aor operon, whereas only very
few contain genes for orthologues of PDH or the alternative enzyme AldB.

Our experiments confirmed the hypothesis that AOR is mainly involved in aldehyde
detoxification, whereas PDH is the major physiological enzyme used for Phe degrada-
tion. Various levels of AOR activities were found in cells grown on different interme-
diates of Phe catabolism or on various other aromatic substrates unrelated to the Phe
metabolic pathway, while PDH was only present in Phe-degrading cells and already
absent in those grown on PA (or any of the other tested substrates). The control assays
for PGOR confirmed its presence in cells grown on Phe or any further intermediates of
the PA metabolic pathway, suggesting independent regulatory systems involved in
inducing expression of pdh, the agor genes or the PA metabolic genes. The observed
AOR activities correlate with the probability of generating potentially toxic aldehyde
intermediates in the respective metabolic pathways, for example as side reactions of
2-oxoacid oxidoreductase like PGOR (26) or as an intermediate in benzyl alcohol
degradation (Fig. 1), which is supposed to be converted to benzoate by a separate
pathway catalyzed by a specific benzyl alcohol dehydrogenase and a benzaldehyde
dehydrogenase. From proteomic studies, these enzymes are most likely correlated to
the genes ebA3718 and ebA5642, respectively (2, 3, 5). Interestingly, a second induced
alcohol dehydrogenase in benzyl alcohol-grown cells was identified as a gene product
of ebA4623 (adhB), which forms an apparent operon with aldB and has also been found
as highly overproduced protein in our study. The low activities of PAld dehydroge-
nase(s) detected under various other growth conditions appear to be correlated to low
pressure for aldehyde detoxification and may be attributed to other aldehyde dehy-
drogenases than PDH, based on the deviating activity ratios measured with NAD and
NADP. Potential candidates for these enzymes are the products of at least 17 additional
genes coding for aldehyde dehydrogenases in the genome of A. aromaticum (2).

In conclusion, our observations suggest that AOR is normally produced in very small
amounts sufficient for aldehyde detoxification, which strongly impairs efforts to purify
and characterize the enzyme (12). However, we were able to construct a mutant strain
of A. aromaticum using AOR as the exclusive metabolic enzyme for anaerobic Phe
degradation by deleting the pdh gene. This strain underwent an apparent genetic
adaptation to produce 5-fold more AOR, which may be caused by a single-base
mutation in a putative operator element. This mutation may affect the binding sites of
an activator protein required for o°4-dependent transcription initiation (upstream
activating sequence, though unusually close to the promoter), of a DNA-bending
protein like integration host factor, or of an additional repressor protein involved in
regulation of the aor operon (37). Some related Thauera and Azoarcus strains indeed
contain a gene coding for a o>*-related activator (gorR) adjacent to their aor operons
which is probably involved in their regulation, but A. aromaticum does not carry an
orthologous gene and therefore must regulate aor expression differently. Regarding
the broad substrate range of AOR, its synthesis may be expected to be induced with
many substrates generating aldehyde intermediates during their degradation pathways
(e.g., p-cresol, alcohols, or amines).

The surprising retention of growth on Phe of the pdh deletion mutant without either
PDH or AOR activities in tungstate-depleted medium and its adaptation to regain high
growth rates was caused by a vastly increased amount of an NAD-dependent aldehyde
dehydrogenase, the aldB gene product. Notably, aldB forms an apparent operon with
the coinduced adhB gene coding for a Fe-type alcohol dehydrogenase, which has
previously been reported as a protein induced in benzyl alcohol-grown cells (3, 5), but
the actual metabolic tasks of AldB or AdhB still remain to be determined (38). The
apparent absence of a coinduced aldB gene product in benzyl alcohol-grown cells
suggests the presence of an internal promoter in the operon, which induces only adhB
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expression, whereas the expression of both aldB and adhB appears to be induced under
the conditions reported here (Fig. 3a). The detected Y460C mutation in AldB of the
adapted culture suggests a modulation of the catalytic properties of the enzyme to act
as suitable catalyst for PAld oxidation. This is supported by the predicted location of
Y460 directly adjacent to the C299 of the active site in a structural model of AldB (Fig.
4), suggesting that the mutation may help in creating the space required to accom-
modate the aromatic ring of PAId into the substrate-binding site of AldB. The enriched
mutant variant AldB* indeed revealed a very broad substrate range from short aliphatic
aldehydes to large aromatic aldehydes. The activities and K,,, values for acetaldehyde
and propionaldehyde were similar to those of the closely related chloroacetaldehyde
dehydrogenase from Xanthobacter autotrophicus (35), whereas the activity with PAld
was rather low and affected by substrate inhibition.

The relatively low activity of AldB* with PAId is probably compensated by the
observed high expression of the aldB and adhB genes to obtain sufficient enzyme
activity for the observed growth rate, as evident from the relatively low specific
activities in cell extracts which were close to the calculated minimum at the observed
growth rates. A similar effect of high expression compensating for low affinity has
previously been recorded by the similar chloroacetaldehyde dehydrogenase from X.
autotrophicus growing on 2-chloroacetaldehyde (35). Like pdh and the aor operon, aldB
appears to be expressed from a 054-type promoter, and a gene for a putative correlated
activator protein (aldR) is localized directly adjacent to the aldB gene in the opposite
direction (Fig. 5).

A comparison of the three enzyme systems involved in PAld oxidation in A.
aromaticum and several closely related species of the Thauera/Azoarcus cluster revealed
that only the aor operon is generally conserved. This also applies to many other
bacterial species affiliated to the Betaproteobacteria or Firmicutes. All of these species
show a similar composition of the operon, consisting of three genes for putative
subunits or electron transfer components of AOR (aorABC), a gene for a small protein
paralogous to the molybdopterin synthesis protein MoaD, which is potentially involved
in AOR maturation (aorD), and a gene for a conserved small hypothetical protein (aorE).
Several members of the Rhodocyclaceae contain highly conserved o>4-type promoters
upstream of their aor operons and also carry a directly adjacent gene for a o>*-related
regulator, AorR (Fig. 5 and 6). However, A. aromaticum and several other Rhodocycla-
ceae species have apparently lost the gene for this regulator, along with the associated
conserved o°4type promoter, and have instead developed new potential o>*-type
promoter sites within a distance of 100 bp (Fig. 6). This hypothetical scenario gains
particular credibility from comparing the highly similar upstream sequences of the aor
operons of A. aromaticum EbN1 and Azoarcus sp. strain PAO1. Both strains lack the aorR
gene, and the genome context of their aor operon is different than in aorR-containing
strains but conserved between the two strains. In both strains, the former consensus
o>4-type promoter is still recognizable in a sequence alignment but has been inacti-
vated by deletion of one base between the —24 and —12 boxes (data not shown), while
each of the two strains has apparently evolved a new a>*-type promoter in the adjacent
sequence (Fig. 6). In spite of the high similarity of the DNA sequences between strains
EbN1 and PAO1, the new promoter sequences differ and are located at different
distances from the translational start of the first genes (Fig. 5 and 6). Therefore, we
assume that A. aromaticum has recently lost its dedicated regulatory system for aor
expression and remodeled the aor upstream region to respond to a different, but still
unknown o>4-type regulator. In addition to the activation process mediated by o>*-type
regulator, the operon may be controlled by an additional repressor protein as known
for other operons (e.g., ArcAB and Fnr affecting the cydAB operon of Escherichia coli
[39D).

Remarkably, the pdh gene, as well as the aldB-adhB operon, also seems to be
regulated by o°#linked regulation systems, judging from the presence of o>*-type
promoters in front of both transcriptional units and the presence of a gene for a
o>4-related regulator (aldR) in front of the aldB-adhB operon. Unfortunately, these
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TABLE 4 Oligonucleotides used in this study for the construction of the pdh deletion strain, its verification by PCR, and control
sequencing of rpsL, the aor operon, and aldB

No. Primer Sequence (5'-3')@

1 rpsL_for TGGGGCGCCTCGGTATAATGG

2 rpsL_rev TTAAGCTTTCTTCGGGCGCTTCGCG

3 pdh_ur_for AATCTAGAGACACCGCTTTCACGATGTCC

4 pdh_ur_rev GTGCCTTCATCCGTTTCCACGGTGTGCGTCCATCTCGTCTCCTTCACGCTTGCATTGAAG

5 pdh_dr_for TTTGATATCGACCCAAGTACCGCCACCTAACGGGGCTCCGCGGCTGGCCGGATGGAGGTG
6 pdh_dr_rev AATCTAGAAACTTCATCCTGTCGGAGATG

7 pdh_GAT_for CTTCAATGCAAGCGTGAAGGAGACGAGATGGACGCACACCGTGGAAACGGATGAAGGCAC
8 pdh_GAT_rev CACCTCCATCCGGCCAGCCGCGGAGCCCCGTTAGGTGGCGGTACTTGGGTCGATATCAAA
9 control_pdh-up_f GAAGAACTCGTCGAGCACG

10 control_pdh-dn_r CGAAGGAACTGGTGCTGGC

1 control_pdh_f ATCCAGCGACAGGGGAAGTGTTCG

12 control_pdh_r GTGTATTCCTCGAGCCCGTAGCG

13 aorP_for GCATAGTTTCGCCGCTGC

14 aorP_rev GGCGGGGTCAATGTGAAGC

15 aldB-up_f AGGATCGATTCAGGCACGCTGC

16 aldB-dn_r GTTCGATTTCCTTTGGATGCGGG

aUnderlining indicates incorporated restriction sites or inverse complementary sequences.

genes are only conserved in very few strains, indicating that many different aldehyde
dehydrogenase isoenzymes may be recruited for Phe metabolism even in highly related
strains. However, some potential common properties involved in their regulatory
systems may already be envisaged: it appears that o>4-type regulatory systems are very
prominently used for that purpose, but it will take much more research efforts to
correlate the individual genes with their corresponding regulators. The genome of A.
aromaticum alone contains nine genes for o°4type regulators (2) that could be
involved in regulating pdh, aor, or the aldB-adhB operon.

MATERIALS AND METHODS

Growth of bacteria. Aromatoleum aromaticum strain EbN1 was grown anaerobically on carbonate-
buffered minimal medium using Phe or other aromatic substrates as sole carbon source and nitrate as
an electron acceptor, as described previously (40). Substrate (except benzoate) and nitrate were supplied
at concentrations of 1 and 4 mM, respectively, cultures on benzoate were carried out at concentrations
of 4 and 10 mM. Cultures were discontinuously refed with the same concentrations and incubated at
28°C in stoppered glass bottles without continuous shaking (volume, 0.1 to 2 liters). Growth was
monitored by determining the increase in the OD,,; and the consumption of nitrate (Quantofix;
Macherey-Nagel, Diiren, Germany). The standard culture medium for A. aromaticum contained 150 nM
Na,MoO, and 18 nM Na,WO, of the highest purities available (99.9 and 99.995%, respectively).
Tungstate-free medium was prepared in bottles with ultrapure water (conductivity < 0.05 uS/cm).

E. coli strain DH5a was used for plasmid construction and was grown aerobically with continuous
shaking at 37°C on Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 0.8% NaCl). Plasmids were
transferred by transformation into chemically competent E. coli cells (41). Antibiotics were added at the
following final concentrations: streptomycin, 50 g ml~'; kanamycin, 30 ug ml~7; and gentamicin, 20 ug
ml—1.

In this study, we used a spontaneous Sm" mutant of A. aromaticum (strain SR7) (30) for conjugation
experiments and as a wild-type control strain. Strain SR7 grows in mineral salt medium containing up to
1,000 ug ml—" streptomycin sulfate. The rpsL gene encoding the ribosomal protein S12 was amplified
and sequenced using the primer pair 1 and 2 (Table 4). For conjugational plasmid transfer, strain SR7 was
grown in phosphate-buffered mineral salt medium (30), solidified with 1.5% (wt/vol) agar, if required. As
a donor strain for conjugational plasmid transfer, the diaminopimelate (DAP) auxotrophic E. coli strain
WM3064, a derivative of strain 2155 (42), was used and grown on LB medium containing DAP (50
ng/ml).

Preparation of cell extracts. All steps performed with cells or extracts of A. aromaticum were carried
out under anoxic conditions. Cells were harvested in the late-exponential growth phase before reaching
the stationary phase at OD,,, values between 1 and 1.5 by centrifugation at 17,000 X g and 4°C for 20
min (0.1- to 2-liter scale cultures). Sedimented cells were immediately frozen and stored at —80°C. For
the preparation of extracts, cells were suspended in one volume of 50 mM 4-(2-hydroxyethyl)piperazine-
1-propanesulfonic acid (HEPPS)-KOH buffer (pH 8.0) or in the respective buffer for subsequent chro-
matographic enzyme enrichment (see below) containing 10% glycerol and 0.05 mg of DNase | per ml.
Cell suspensions were disrupted by sonication (volumes < 5 ml) or passed twice through a French
pressure cell press. Cell debris and membranes were removed by ultracentrifugation at 100,000 X g and
4°C for 1 h. Supernatants were stored in sealed glass vessels with 10% (vol/vol) glycerol at —80°C until
use.
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Enzyme activity assays. Enzyme activities involved in anaerobic degradation of phenylalanine were
assayed photometrically in extracts of A. aromaticum cells. These enzymes were phenylacetaldehyde:
ferredoxin oxidoreductase (AOR), phenylacetaldehyde dehydrogenase (PDH), and phenylglyoxylate:
acceptor oxidoreductase (PGOR). All assays were carried out with 100,000 X g extracts at 25°C and were
repeated at least twice.

AOR. The benzylviologen-dependent oxidation of PAld (AOR activity) was assayed under anaerobic
conditions as described previously (25), but using 100 mM Tris-HCI buffer (pH 8.4). The reaction was
started by the addition of PAld (2 mM) and monitored at 600 nm to record reduction of benzylviologen
(e = 7,400 M—" cm~7).

PDH. The NAD or NADP-dependent oxidation of PAld was measured as described previously (4), but
modified as follows: the enzyme was assayed in HEPPS-KOH buffer (pH 8.5) containing 1 mM NAD or
NADP, and the reaction was started by addition of a low concentration of the substrate PAId (25 uM),
because of the observed inhibition of PDH by higher concentrations of PAld (12). The absorbance was
monitored at 365 nm (¢ = 3,400 M—' cm~1).

NAD-dependent aldehyde oxidation by AldB* was measured in the same buffer with NAD (1.5 mM)
and differing aldehyde concentrations, 100 uM in the standard assay. The activity assay showed lag
phases of various extents after adding the substrate but produced suitable results if the enzyme was first
exposed to small substrate concentration of 10 uM. The assay was restarted with the intended substrate
concentrations immediately after the initial phase had to run to completion, yielding reproducible
activity values within the first 2 min after restart.

Phenylglyoxylate:acceptor oxidoreductase (PadEFGHI). Benzylviologen- and coenzyme A-dependent
oxidation of phenylglyoxylate was assayed under anaerobic conditions as described previously (28).
The reaction was monitored photometrically by determining the increase of absorbance of reduced
benzylviologen at a wavelength of 600 nm.

Construction of a chromosomal pdh deletion mutant. The pdh gene was replaced by a gentamicin
resistance gene by homologous recombination as reported previously (30). Two flanking regions of 1 kb
upstream and downstream of the pdh gene were amplified by PCR using the primer pairs 13 and 4 and
5 and 6, respectively (Table 4), and a gentamicin resistance gene from plasmid pBBR1TMCS-5 (43) was
amplified by primer pair 7 and 8. The flanking regions of pdh were fused to the gentamicin resistance
cassette by overlapping fusion PCR using primer pair 3 and 6. The resulting PCR product was cloned into
the suicide vector pK19mobsacB (44) using an Xbal restriction site to get plasmid pK19mobsacB-Apdh.
The vector was transferred into A. aromaticum EbN1 by conjugational plasmid transfer as described
previously (30), taking E. coli WM3064 (auxotrophic for DAP) as the donor strain (45). Transconjugants
were obtained after incubation of the mixtures on minimal medium agar plates (40, 46) containing 5 mM
benzoate as sole carbon source, 10 mM nitrate, and 50 wg/ml kanamycin in an anaerobic chamber (N,
atmosphere) at 28°C for at least 7 days. Colonies were purified by replating on new agar plates, and the
obtained clones were checked for the absence of E. coli donor cells by plating on LB agar containing DAP
and sequencing the 16S rRNA genes as negative controls. The resulting insertion mutant, A. aromaticum
SR7(pK19mobsacB-Apdh), was then cultivated over two transfers in liquid culture without antibiotics and
plated on NM agar containing benzoate and 5% sucrose to select for loss of the plasmid. The obtained
deletion strain, A. aromaticum SR7_Apdh, was tested to be gentamicin resistant and kanamycin sensitive
and was verified by specific PCRs using primer pairs 9 and 10 (Table 4) (Apdh strain, 3.298-kb product;
wild type, 3.931 kb) and 11 and 12 (Apdh strain, no product; wild type, 1.32 kb), respectively.

Enrichment of AldB from the Apdh strain. A PAId oxidizing dehydrogenase activity (NAD) was
enriched from the A. aromaticum Apdh strain grown anaerobically on Phe in tungstate-free minimal
medium. Cells from a 5-liter culture were harvested, dissolved in buffer A (100 mM Tris-HCI [pH 8.0], 10%
glycerol), and disrupted with a French pressure cell press. Using the cell extract after ultracentrifugation
(1 h, 100,000 X g), an enrichment of the NAD-coupled PAld oxidizing activity was performed by two
separation steps on an Akta Pure FPLC system. Cell extract was first loaded to an anion exchange
column (DEAE-Sepharose_26/12) equilibrated with buffer A and developed by a linear gradient of
increasing NaCl concentration (buffer B is buffer A plus 1 M NaCl). The PAId oxidizing activity eluted
at approximately 200 mM NaCl. The most active fractions were combined, rebuffered to pH 6.8
(buffer C is 5 mM MES-KOH [pH 6.8] plus 1 mM CaCl,) using a HiPrep_26/10 desalting column (GE
Healthcare), and applied to a hydroxyapatite column (CHT-I) equilibrated with buffer C. The column
was developed with a linear gradient of increasing potassium phosphate concentrations (employing
buffer D [5 mM MES-KOH plus 400 mM potassium phosphate; pH 6.8]), and the enzyme eluted at 170
mM potassium phosphate. Active fractions were supplied with 10% glycerol and frozen at —80°C
until further use. The enrichment was documented on a 12% (wt/vol) SDS-polyacrylamide gel
stained with Coomassie brilliant blue.

Other methods. Chromosomal DNA was prepared as described previously (47). The protein con-
centration was determined according to Bradford (48) using bovine serum albumin as a standard.
Proteins were separated by discontinuous SDS-PAGE (49). Cross-linking of AldB was performed as
described previously (50) by incubating with either dimethyl suberimidate or glutardialdehyde as
cross-linking agents at pH 8.5 (200 mM triethanolamine) and room temperature. The cross-linked
polypeptides were analyzed by SDS-PAGE. The identities of proteins separated by SDS-PAGE were
determined by mass spectrometry of tryptic fragments using a 4800 Proteomics Analyzer (MDS Sciex,
Concord, Ontario, Canada). MS data were evaluated against an in-house database using Mascot embed-
ded into GPS explorer software (MDS Sciex).
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