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Biodegradation Gene Expression”
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Previous genetic studies in Sphingomonas macrogolitabida
strain TFA have established that expression of genes involved
in tetralin biodegradation (¢4 genes) requires the function of
the LysR type activator ThnR and also ThnY. Sequence com-
parison indicated that ThnY is homologous to bacterial oxy-
genase-coupled NAD(P)H-dependent ferredoxin reductases.
However, ThnY showed substitutions in highly conserved po-
sitions of the pyridine nucleotide binding domain of these
ferredoxin reductases. ThnY expression is co-regulated with
all other genes required for tetralin biodegradation, and pre-
sumably thnY is part of the thnCA3A4RY operon. ThnY has
been purified, and its biochemical and functional properties
were characterized. ThnY was found to be a monomeric or-
ange-brown iron-sulfur flavoprotein (estimated mass of 37,000
Da) containing one non-covalently attached flavin adenine
dinucleotide and one plant type ferredoxin 2Fe-2S cluster. It
can be efficiently reduced by dithionite, but reduction by pyri-
dine nucleotides was very poor. Consistently, ThnY-dependent
reduction of cytochrome c, ferricyanide, or 2,6-dichloropheno-
lindophenol using NAD(P)H as the electron donor was unde-
tectable or very weak. The addition of ThnY to electrophoretic
mobility shift assays containing ThnR and a probe bearing two
thn divergent promoters resulted in a 3-fold increase in pro-
tein-DNA complex formation affinity, which indicates that
ThnY directly promotes thn transcription activation by ThnR.

Tetralin (1,2,3,4-tetrahydronaphthalene) is a bicyclic mole-
cule composed of an aromatic and an alicyclic moiety, which
is found at low concentrations in different crude oils, and it is
also industrially produced for its use as an organic solvent.
Biodegradation of tetralin has been characterized most exten-
sively in Sphingomonas macrogolitabida strain TFA. The
genes required for tetralin biodegradation (thn genes) have
been sequenced, and the functions of the encoded proteins
have been characterized to elucidate the biodegradation path-
way (1-4) that yields pyruvate and pimelate, which is subse-
quently metabolized via B-oxidation (5). Rieske type oxygen-
ases are multicomponent enzymes known to initiate the
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oxidative biodegradation of various environmentally hazard-
ous aromatic compounds in bacteria, such as crude oil com-
ponents, polycyclic aromatic hydrocarbons, and heterocyclic
aromatic compounds, in a reaction requiring oxygen and an
external electron supply (6). In this reaction, the electrons are
transferred from NAD(P)H via flavin and [2Fe-2S] redox cen-
ters to the terminal oxygenase component that has the cata-
lytic active site. Tetralin dioxygenase is encoded by the thnAl
and thnA2 genes, whereas the ferredoxin and the ferredoxin
reductase components of the electron transfer system are en-
coded by thnA3 and thnA4, respectively. According to the
number of components and the nature of the redox centers of
the electron transport chain, bacterial oxygenases have been
classified into three main classes, classes I, II, and III (7-9).
The tetralin dioxygenase system belongs to class III (4).

The thn genes involved in utilization of tetralin as a carbon
and energy source by Sphingomonas macrogolitabida strain
TFA cluster together and are arranged into three closely
linked operons, two of which contain internal promoters (Fig.
1). With the exception of the weak constitutive thnR pro-
moter, transcription from the thn promoters is co-regulated
at a transcriptional level in a complex regulatory manner.
First, thn expression is specifically induced in the presence of
tetralin but prevented if other preferential carbon sources are
available, implying that additional signals, such as the physio-
logical status of the cell or catabolite repression, might be in-
tegrated into the regulatory system (5, 10). Second, oxidation
and reduction of the ferredoxin component ThnA3 appar-
ently act as a molecular switch to control thn gene expression.
This conclusion is based on the observation that under cir-
cumstances where the transfer of electrons from the ferre-
doxin to the tetralin dioxygenase is blocked (i.e. in the ab-
sence of a suitable substrate for the dioxygenase or in a
mutant lacking tetralin dioxygenase), reduced ThnA3 would
accumulate, and thn gene expression would be prevented. It
has been proposed that this system will avoid gratuitous in-
duction by potential inducers that are not substrates of the
terminal oxygenase (11).

Transcription from the regulated thn promoters requires a
positive control by regulatory proteins. Previous genetic anal-
ysis showed that S. macrogolitabida mutant strains defective
in either thnR or thnY were unable to activate thn gene tran-
scription (5, 10). ThnR is a LysR type of transcriptional activa-
tor whose regulatory mechanism starts to emerge. Several

JOURNAL OF BIOLOGICAL CHEMISTRY 1709



ThnY Functions as a Regulator of thn Gene Expression

TABLE 1
Bacterial strains and plasmids used in this work

Bacterial strains and plasmids Relevant characteristics Reference/Source
Strains
E. coli DH5« F~ ¢80d lacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17 (v, m, ) supE44 thi-1 gyrA relAl ~ Ref. 49
E. coli NCM631 hsdS gal ADE3:lacl lacUV5:genl(T7 RNA-polymerase) Alac linked to Tn10 Ref. 50
S. macrogolitabida TEA Wild type. Str* Ref. 15
S. macrogolitabida T601 thnY:mini-Tn5Km, inserted in Pstl, codon 140. Str*, K * Ref. 10
S. macrogolitabida T601-1002 T601 with a thnC-lacZ translational fusion into the chromosome. Str*, Ap", K * Ref. 10
S. macrogolitabida T1032 780-bp thuR in-frame deletion. Str* Ref. 12
S. macrogolitabida T1032-1002  T1032 with thnC-lacZ translational fusion into the chromosome. Str*, Ap* Ref. 12
Plasmids
pET23b Expression vector. Ap” Novagen
plz227 pACYC184 containing lacl” and the pLysE. Cm" Ref. 50
pMPO759 Expression vector containing thnY in pET23b, for overproduction of ThnY-His,. Ap® This work
pIZ1020 pT7-thnR, with His, tag fused in frame to C terminus. AUG initiation codon. Ap* Ref. 12
plZ1016 pBBRMCS-5 broad host range vector derivative, with the tac promoter and lacl?. Gm" Ref. 10
pIZ698 thnY in pIZ1016. Gm* Ref. 10
pMPO750 thnY in pIZ1016. Gm" This work
pMPO761 ThnY-His, expressed from the ptac promoter in pIZ1016. Gm" This work
pMPO513 269-bp fragment in pBluescript II SK™, bearing the wild type thnB-thnC intergenic region. Ap* Ref. 12

lines of evidence, including semiquantitative and quantitative
expression analysis by RT-PCR of several thn genes, footprint
analysis, and DNA binding assays, have shown that transcrip-
tion from the P, P, P,,, and P,, promoters is positively regu-
lated by ThnR in response to tetralin (5, 12). It has recently
been shown that ThnR binds to palindromic sites present at
each of the four thn promoter regions in order to activate
transcription. Like most LysR type activators, ThnR appar-
ently binds as a tetramer to contiguous high affinity and low
affinity sites in each promoter region. Additionally, a mecha-
nism of co-regulation of the transcription from the closely
located divergent thnB and thnC promoters has been re-
ported, which involves the formation of a DNA loop and a
higher order structure maintained by interaction between
ThnR molecules bound to each promoter region (12), thus
generating an octameric protein structure. As shown in Fig. 1,
thuR is located downstream of the structural thnC, thnA3,
and thnA4 genes. Expression analysis by quantitative RT-PCR
has shown that ¢t#nR has a low constitutive transcription level
from its own promoter, but its transcription is also induced by
tetralin from the thnC promoter (12).

However, unlike ThnR, ThnY does not show homology to
any reported transcriptional regulator. In fact, ThnY shows a
clear homology to oxidoreductases that participate as electron
transfer components to terminal oxygenases. Apart from its
essential requirement for in vivo thn gene transcription, noth-
ing is known about the role and the physiological partners of
ThnY. It would be interesting to know why and how a protein
similar to ferredoxin reductases is essential for thn gene tran-
scription. In this report, we have begun to investigate the
function of ThnY. We present here the purification of ThnY
and some of its molecular, biochemical, and functional prop-
erties and propose a regulatory role of ThnY as modulator of
the activity of the transcriptional activator ThnR.

EXPERIMENTAL PROCEDURES

Media and Growth Conditions—Escherichia coli strains
were routinely grown in Luria-Bertani (LB) medium at 37 °C
(13). S. macrogolitabida strains were grown at 30 °C in min-
eral medium plus 2 g of tryptone liter " and 1 g of yeast ex-
tract liter—! (MML)-rich medium (2) or MM medium (14)
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supplemented with either 8 or 40 mm B-hydroxybutyrate
(BHB)? as the carbon source. When required, tetralin was
provided in the gas phase (15). Antibiotics were used, when
required, at the following concentrations: ampicillin (100
pg/ml or 5 ug/ml for E. coli or S. macrogolitabida strains, re-
spectively), kanamycin (20 ug/ml), gentamicin (10 pg/ml),
and chloramphenicol (15 pg/ml).

Construction of Strains and Plasmids—Bacterial strains and
plasmids used in this work are listed in Table 1.

Plasmid pMPO750 harboring the thnY gene was obtained
by insertion of a 0.97-kb BamHI-Eagl DNA fragment from
pIZ698 into the broad host range expression vector pIZ1016
digested in the same way, resulting in thnY gene expression
from the tac promoter. The ThnY-His,-overproducing plas-
mid pMPO759 was constructed amplifying thnY by PCR with
primers Ndel-thnY (5'-GGCATATGGAAATCACCCT-
CATC-3’) and thnY-Xhol (5'-GGCTCGAGCGAAACA-
GAAAAATG-3'), using pMPO750 as the template. The PCR
product was cleaved with Ndel and Xhol and cloned into
pET23b digested with the same enzymes. To test the func-
tionality of the ThnY-His,, the plasmid pMPO761 carrying
that gene expressed from a tac promoter was constructed by
insertion of a Bpu11021 (Klenow)-Xbal DNA fragment from
pMPO759 into the broad host range expression vector
pIZ1016 digested with SacI (Klenow) plus Xbal. For comple-
mentation analysis, plasmids pMPO750 and pMPO761 were
transferred into recipient strains T601-1002, and transconju-
gant colonies were selected on MML agar plates by using re-
sistance to gentamicin, ampicillin, kanamycin, and
streptomycin.

E. coli DH5a was used as a host in all cloning procedures.
All DNA manipulations were performed according to stand-
ard procedures (13). Plasmid DNA was transferred to E. coli
and S. macrogolitabida strains by transformation or by tripa-
rental mating, respectively.

Induction Assays—Induction assays with tetralin were per-
formed as described previously (10); briefly, S. macrogolita-
bida TFA-1002 (wild type) and T601-1002 (¢2nY miniTn5km)

2 The abbreviations used are: BHB, B-hydroxybutyrate; DCPIP, 2,6-dichloro-
phenolindophenol; FNR, ferredoxin:NAD(P) * reductase.
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strains and the same strains complemented with the indicated
plasmids were grown at 30 °C in MM medium containing 40
mM BHB as the only carbon and energy source to the expo-
nential phase (optical density at 600 nm of 0.8) and the corre-
sponding antibiotics. Then cells were washed to remove the
carbon source and diluted to a final A, of about 0.1 in MM
medium with antibiotics, supplemented with 8 mm BHB in
the absence or presence of the tetralin. Tetralin was supplied
in the gas phase. Cultures were grown at 30 °C for 22 h, and
B-galactosidase activity was assayed as described by Miller
(16).

Western Blotting—Crude cell extracts of different S. macro-
golitabida TFA strains were prepared from cells grown under
carbon-rich (40 mm BHB) or carbon-limited (8 mm SBHB)
conditions either in the presence or absence of tetralin as in-
dicated above. Proteins were run on 12% (w/v) SDS-PAGE.
For Western blotting, polyclonal antiserum against S. macro-
golitabida ThnY raised in rabbit were used, and the antibody-
antigen reaction was visualized using the chemiluminescent
method (Thermo Scientific) as recommended by the
manufacturer.

Expression and Purification of Recombinant ThnY-His.—
Cultures of E. coli NCM631 harboring the plasmid pIZ227
and the ferredoxin reductase thnY expression plasmid
pMPO759 were grown in LB medium containing 100 ug/ml
ampicillin and 15 pg/ml chloramphenicol overnight. They
were used to inoculate 1 liter of Terrific Broth medium (13)
plus the corresponding antibiotics and incubated at 37 °C un-
til Ago reached 0.3. At this point, cells were incubated for 30
min at 30 °C. Expression from the ¢10 promoter from the T7
phage was induced by adding 0.5 mM isopropyl B-p-thiogalac-
topyranoside. Extra iron and sulfur sources (0.1 mg/ml ferric
ammonium citrate, 0.1 mg/ml ferric citrate, 0.1 mg/ml iron
sulfate heptahydrate, 0.1 X ferrous sulfate/chelate solution,
and 1 mM cysteine) were added to the culture medium. The
incubation was continued for 15 h at 16 °C. Cells were har-
vested by centrifugation at 4000 X g for 20 min at 4 °C, and
the cell pellet was stored at —80 °C until further use.

His-tagged ThnY was purified using the commercial cobalt
affinity chromatography IMAC column (TALON™™ resin
(Clontech)) according to the manufacturer’s specifications.
All of the following procedures were carried out at 4 °C. Cell
pellets were resuspended in the lysis buffer (50 mm Tris-HCl
buffer, pH 7.4, containing 250 mm NaCl, 10% glycerol) and 1
mM phenylmethylsulfonyl fluoride and disrupted by sonica-
tion. Broken cells were ultracentrifuged at 90,000 X g for 30
min, and the supernatant was loaded onto an IMAC column
pre-equilibrated with the lysis buffer containing 10 mm imid-
azole. The column was washed extensively with the lysis
buffer, and bound proteins were eluted with an increasing
imidazole gradient. Fractions containing the protein were
collected and concentrated. Size exclusion chromatography
was performed with a Superdex 75 pg column (10/60) using
the lysis buffer with a constant flow rate of 0.2 ml/min. Suita-
ble fractions were collected, concentrated, and stored at
—80 °C. The apparent molecular mass of ThnY was deter-
mined by calibrating the column with a commercial filtration
calibration kit for low molecular weight proteins (GE Health-
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care) according to the manufacturer’s specifications. Protein
concentration was calculated using the BC assay kit (Uptima/
Interchim) according to the manufacturer’s protocol, and pu-
rity was estimated visually by SDS-PAGE to be about 95%.

ThnR-His, Purification—ThnR purification was performed
as described previously with some modifications (12). Cells
were chilled, harvested by centrifugation, and mechanically
lysed using Grinder (6870 Freezer/Mill). Cells were broken
with five cycles using the following program: 10-min precool,
2-min run, 2-min cool (14 counts/s). Broken cells were resus-
pended in 150 ml of chilled purification buffer (20 mm sodium
phosphate, pH 7.4, 500 mm NaCl, 10 mm imidazole, 5% glyc-
erol) and ultracentifuged at 90,000 X g, and the supernatant
was collected to ThnR purification. Imidazole (75 mm) was
used to elute the protein, which was subsequently stored at
80 °C.

UV-visible Spectroscopy—UV and visible absorption spectra
of the protein from 250 to 800 nm were measured using a Shi-
madzu UVPC-1603 double beam spectrophotometer. Time
course measurements of the reduction of ThnY were per-
formed in the lysis buffer by adding an excess of either dithio-
nite (0.6 mm) or NAD(P)H (20 mm) as reducing agents in
comparison with the protein concentration (35 uM). Anaero-
bic reduction was performed in an anaerobic chamber, and
the spectrophotometric measurements were carried out keep-
ing the anaerobic conditions. All of the buffers were flushed
with argon for more than 2 h to remove all of the oxygen. UV-
visible spectra of the oxidized or reduced forms of ThnY were
recorded in 50 mMm Tris-HCl buffer, pH 7.4, containing 250
mm NaCl, 10% glycerol.

Flavin Determination—Purified ThnY was boiled in the
dark for 10 min and centrifuged to remove the denatured pro-
tein. The cofactor of the protein was visualized by resolving
the supernatant at room temperature and in the dark by TLC
on silica sheets Alugram SilG (20 X 20 cm, thickness 0.20
mm) plates. The mobile phase was a solution of butanol/ace-
tic acid/water (12:3:5). Determination of flavin TLC spots was
done by exposing the TLC plate under UV light (17). A solu-
tion of commercial FAD (50 uMm) and FMN (50 um) was used
as a standard. After identification of the flavin as FAD, its
concentration was quantified spectrophotometrically using
the extinction coefficient €, ., = 11,300 M ' cm ™.

EPR Spectroscopy—EPR spectra were recorded on a Bruker
ESP300 spectrometer (X-band, 9.5 GHz) equipped with a
continuous flow helium cryostat ESR 900 and an ITC 4 tem-
perature controller (Oxford Instruments) to allow measure-
ments down to 5 K. Parameters were as follows: modulation
frequency, 100 kHz; microwave power, 2 milliwatts; modula-
tion amplitude, 5 G; time constant, 20 ms, temperature, 20 K.
The microwave frequency was measured by an HP 53508 fre-
quency counter. Because flavins can only be detected in EPR
in the semiquinone form and also [2Fe-2S] clusters are EPR-
silent in the oxidized state, the ThnY samples (150 um) were
reduced with either dithionite (0.6 mm) or NADPH (20 mm)
before they were transferred into EPR quartz tubes and frozen
in liquid nitrogen. To obtain absorption spectra of the re-
duced [2Fe-2S] centers, the samples (150 wm) in oxidized
form or after reduction with dithionite (0.6 mm) or NAD(P)H
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FIGURE 1. Transcriptional organization of the thn genes. thn genes are organized in a 14.3-kb cluster. Genes are marked by boxes, with the direction of
the arrowheads indicating the direction of transcription. The arrows below the genes indicate the three main transcriptional units. The bent arrows indicate
the identified transcription initiation sites and the direction of transcription. Internal promoters are marked with dashed arrows. Transcription from the
weak P, promoter is constitutive, whereas transcription from the others is regulated by tetralin.

(20 mm) were transferred in EPR quartz tubes and frozen in
liquid nitrogen.

Enzymatic Assays—Enzymatic activity of ThnY was mea-
sured by reduction of cytochrome ¢ (€55 1, = 21 MM~
cm "), ferricyanide (€,50 ., = 1.02mM ™' cm ™), and 2,6-
dichlorophenolindophenol (DCPIP), sodium salt (€550 pm =
21 mM~ ' em ™). Cytochrome c reduction assays were per-
formed at 25 °C in 50 mm phosphate buffer, pH 7.4, contain-
ing 200 uM horse heart cytochrome ¢ and different concentra-
tions of ThnY. The reaction was initiated by the addition of
NAD(P)H (200 um), and the increase in A, was followed
spectrophotometrically over 10 min. Potassium ferricyanide
and DCPIP reduction assays were performed in the same way
except that 100 um K;Fe(CN), or 100 um DCPIP was used in
place of cytochrome c. The reaction was monitored spectro-
photometrically recording absorbance at 420 or 620 nm, re-
spectively. One unit of activity was defined as the amount of
the enzyme required to reduce 1 wmol of electron acceptor/
min mg protein.

EMSAs—DNA probes of the thnB-thnC intergenic region
(269 bp) containing both putative ThnR binding sites were
obtained as Sall-EcoRV fragments of pMPO513. The probes
were [a-**P]dCTP-labeled by Klenow filling of the 3’ recessed
ends. EMSAs were performed as described previously (18).
ThnR-DNA complexes were generated in 15 ul of reactions
containing 2 fmol of each probe, 100 ng of salmon sperm
DNA, 5 mg of BSA, and different amounts of purified ThnR-
His, and ThnY-His,. Gels were dried and exposed on a radio-
sensitive screen. Bands were visualized with a Typhoon 9410
scanner and analyzed using the ImageQuant software (GE
Healthcare). The apparent dissociation constant (K ;) was cal-
culated as the concentration of protein at which 50% of the
probe was in the complex (19).

RESULTS

thnY Expression Pattern—As shown in Fig. 1, the thn genes,
whose products are involved in aerobic biodegradation of te-
tralin by S. macrogolitabida strain TFA, are clustered in 14.3
kb and transcribed from three main and two internal promot-
ers (5, 10, 12). Previous genetic analyses have demonstrated
that transcription of thn operons is specifically induced by
tetralin and repressed if other alternative carbon sources are
present in the medium. Furthermore, several lines of evi-
dence, including semiquantitative and quantitative expression
analysis by RT-PCR of several thn genes, footprint analysis,
and DNA binding assays, have shown that transcription from
the Py, P, Py, and P, promoters is positively regulated by
ThnR in response to tetralin (5, 12).

The thnY gene is located downstream of the thnC, thnA3,
thnA4, and thnR genes, which have recently been shown to be
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FIGURE 2. Western blot analysis showing levels of ThnY in crude cell
extracts of S. macrogolitabida wild type and mutant strains under dif-
ferent growth conditions. A, plus and minus signs indicate the presence or
absence of the inducer tetralin, respectively; +Cand —Cindicate carbon-
rich and carbon-limited conditions, respectively. Lane 1, purified ThnY; lane
2, thnY miniTn5-km grown with tetralin and 8 mm BHB (induction condi-
tions); lanes 3 and 4, WT strain grown on 8 mm BHB (carbon-limited condi-
tions); lanes 5 and 6, WT strain grown on 40 mm 3HB (catabolite repression
conditions); lanes 7 and 8, in frame AthnR mutant grown on 8 mm 3HB.

B, expression of thnC-lacZ translational fusions integrated into the chromo-
some of each strain measured as B-galactosidase activity in Miller units.

part of the same transcriptional unit (12). Moreover, the
translational start codon of ThnY is only 7 bp downstream of
the stop codon of the regulatory ThnR protein. These data
suggest that tinY may be part of the same transcriptional unit
that would then comprise five genes.

Because ThnY is indispensable for expression of the thn
genes and as a first step in understanding the role of ThnY, we
have determined the conditions necessary for synthesis of
ThnY. To do that, cell extracts of strain TFA grown with 8
mM B-hydroxybutyrate (carbon-limiting conditions) or 40 mm
B-hydroxybutyrate (carbon-rich conditions) with and without
tetralin were used for Western blot experiments using ThnY
antibodies as described under “Experimental Procedures.” Fig.
2A shows the levels of ThnY in the wild type and thnR mutant
strains under different growth conditions. As a control, thnC
expression, measured as the levels of 3-galactosidase activity
obtained from the thnC-lacZ gene fusions integrated into the
chromosomes of the wild type and mutant thnR strains grow-
ing under the same growth conditions, is also shown (Fig. 2B).
In the wild type strain, ThnY synthesis was induced under
carbon-limited conditions when tetralin was present in the
medium. However, under carbon-rich conditions, ThnY
could not be detected regardless of the presence of tetralin. As
mentioned above, transcription of the thn operons is under
the control of the transcriptional activator ThnR. ThnY produc-
tion is detectable but cannot be induced in the mutant strain
lacking the thnR regulatory gene even under inducing conditions
(Fig. 24, lanes 7 and 8). These results indicate that synthesis of
ThnY requires both tetralin and carbon-limited conditions and
that this specific induction is dependent on ThnR, like the ex-
pression pattern described for the other thn genes.
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Sequence Analysis of the S. macrogolitabida thnY Gene
Product—ThnY encodes a 324-amino acid polypeptide, and
its entire deduced amino acid sequence showed similarity to
ferredoxin reductase components of the electron transport
chain that transfer reducing equivalents from NAD(P)H to
the catalytic site of terminal oxygenases. Bacterial oxygenases
are enzymes that catalyze the insertion of molecular oxygen
into aromatic benzene rings and play an important role in the
degradation of aromatic compounds. Batie et al. (7) grouped
the multicomponent oxygenase systems into classes I-III
based on the number of protein components and on the na-
ture of the redox centers of the electron transport chain. Class
I is a two-component system that consists of a reductase and
a terminal dioxygenase. Class I reductase components con-
tains flavin (FMN in class IA and FAD in class IB) and a chlo-
roplast type [2Fe-2S] center. Class II enzymes are three-com-
ponent dioxygenase systems in which the flavin (FAD) and
the [2Fe-2S] center (IIA, chloroplast type; IIB, Rieske type) are
located on separate components. Class III comprises three-
component systems, whose reductases harbor both FAD and
a chloroplast type [2Fe-2S] cluster and transfer electrons to an
intermediary Rieske type ferredoxin rather than directly to
the oxygenase component. The overall degrees of sequence
identity and similarity of ThnY were 36 and 56% to ferredoxin
reductases of class III dioxygenase systems and 22 and 43% to
ferredoxin reductases of the class IB branch, respectively.

Classes IB and III share a common three-domain structure
with structural determinants for binding of three redox cofac-
tors. Fig. 3 shows the sequence alignment of the three ThnY
domains with those of some ferredoxin reductases represent-
ative of these classes of enzymes (i.e. the well characterized
BenC, the reductase for the benzoate 1,2-dioxygenase type IB
system from Acinetobacter sp. ADP1, whose crystal structure
has been reported (20), and the well known example of the
type III enzyme of the naphthalene dioxygenase complex
from Pseudomonas sp. NCIB 9816 —4 (NdoR) (21)). All mem-
bers of these reductases share an N-terminal ferredoxin do-
main containing the conserved residues Cys-X,-Cys-X,-Cys-
X50,30-Cys for plant type [2Fe-2S] cluster binding. The central
and C-terminal domains contain motifs that have been pro-
posed to be involved in flavin and NAD(P)H binding, respec-
tively, which closely resembles the plant and bacterial ferre-
doxin:NAD(P) " reductase (FNR) superfamily of flavoproteins
(22, 23). In fact, this two-domain module forms a unit often
referred as the “FNR-like module.” A pattern of conserved
residues located in the flavin and pyridine nucleotide-binding
region proposed to be the characteristic signature of the FNR
family (24) is shown in Fig. 3.

ThnY contains the iron-sulfur cluster domain and the fla-
vin binding domain with the same features and arrangements
conserved in both classes of reductases, including the consen-
sus sequence for binding of isoalloxazine and phosphate
groups of the FAD, respectively. However, all attempts to re-
veal a proper NAD binding domain failed. Although the align-
ments showed that some conserved features of NAD binding
domains can still be recognized in ThnY, the highly conserved
glycine signature (GGXGXXP) is not present because the two
first glycines are replaced by two asparagines and the con-
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A. 2Fe-2S center

35 40 43 68
DntAa III SEMSGREGTERCRVIAGHLRD----NGPETGRPQAGKGAYVLACQ 74
NbzAa III SEMSGREGTERCRVIAGHLRD----NGSETGRPQAGKGAYVLACQ 74
NdoR III SELSGREGTERCRVIDGSVID----SGAENGQSNLTDKQYVLACQ 74
ThnyY SCRDGREGLEKCSFSVQGLT- ===~~~ PERGTS--IEMSPVLACQ 69
BenC IB  DEREGEEGTCRAFCESGNYDMPEDNYIEDALTPEEAQQGYVLACQ 85
CbdC 1IB DECRNGVEGTCKGFCEHGEYDG--GDYIEDALSADEAREGFVLPCQ 82
OxoR IB  QCRSGSESTEIAQLTEGEAHT--RAGASSTLLASEYASGQRLLCL 84

* * k * * *

B. Flavin binding domain
139
DntAa III PECVRPYSMAGLPSDA-EMEFQIRAVPGGHVSNYV 171
NbzAa III PECVRPYSMAGLPSDA-EMEFQIRAVPGGHVSNYV 171
NdoR III PEHARPYSMAGLPDDQ-EMEFHIRKVPGGRVTEYV 171
ThnY PDITRMYSAAGLPTDP-TLVFDIQLHNLGRASEHV 166
BenC 1IB FTETRSYSFSSQPGNR-LTGFVVRNVPQGKMSEYL 185
CbdC 1IB FLPGRAYSYSSMPGSS-HVTFLVRDVPNGKMSGYL 181
OxoR IB FRPGRSYSPSSTTADVPKMEFLIRLLPGGAMSSYL 185
* k% * *
Consensus: rXYs GXXS(T)
C. NAD(P)H binding domain
200

DntAa III PMLCVGGGTGLAPVLSIVRGALE 221
NbzAa III PMLCVGGGTGLARPVLSIVRGALE 221
NdoR III PMLCVGGGTGLARPVLSIVRGALK 221
ThnY PILCISNNTGLGSLLGFLRGIAK 216
BenC 1IB PVLMLAGGTGIAPFLSMLQVLE- 233
CbdC 1IB PILMLAGGTGLAPFLSMLQYMAG 230
OxoR IB PHIFVAGGTGLAPILSMIDSLRQ 236

* * k% *
Consensus: GGXGXXP

288
DntAa III AYLCGAPAMVEALNLLVARLGIVPGHIHADAFYPSGV- 328
NbzAa III AYLCGAPAMVEALNLLVARLGIVPGHIHADAFYPSGV- 328
NdoR III AYLCGAPAMVEALCTVTKHLGISPEHIYADAFYPGGI- 328
ThnY VYAFGSPHAIDVTSRLLRNKGVAPDRLHSEPYHFSVS- 324
BenC 1IB VYLCGPVPMVEAVRSWLDTQGIQPANFLFEKFSAN--- 338
CbdC 1IB IYVCGPPPMVEAVRSWLAAEKLNPVNEFYFEKFAPTVGN 339
OxoR IB AYLCGPQPMIDAATKRLIELGVNPANIFAEQFVASH-- 342
* * *

Consensus: yXCGp

FIGURE 3. ThnY sequence alignment. Amino acid sequence alignment of
the three cofactor binding motifs of class IB and Il reductases of ring hy-
droxylating oxygenases is shown. The class designation is based according
to the system of Batie et al. (7). The asterisks indicate residues conserved in
the six sequences, whereas dots indicate residues conserved in at least four
sequences. A, ferredoxin domain; conserved cysteines for the plant type
[2Fe-2S] cluster are shaded and in boldface type. B, FAD binding domain;
conserved residues for binding of isoalloxazine and phosphate groups of
the FAD, respectively, are shown in boldface type. C, NAD(P)H binding do-
main; glycine fingerprints that are highly conserved among all members of
the plant/bacterial type FNRs and are involved NAD(P)H binding are shaded,
and other conserved amino acids and the aromatic residue involved in the
interaction with the adenine moiety of FAD are also indicated in boldface
type. DntAa, 2,4-dinitrotoluene dioxygenase reductase from Burkholderia
sp.; NbzAa, nitrobenzene dioxygenase reductase from Comamonas sp.; NdoR,
naphthalene dioxygenase reductase from Pseudomonas sp.; BenC, benzoate
1,2-dioxygenase reductase from Acinetobacter sp.; CbdC, 2-halobenzoate 1,2-
dioxygenase reductase from Pseudomonas cepacia; OxoR, 2-oxo-1,2-dihidro-
quinoline 8-monooxygenase reductive from Pseudomonas putida.

served proline is replaced by serine. Furthermore, the con-
served cysteine corresponding to the consensus motif
(yXCGp, where lowercase residues are less well conserved)
proposed to be involved in binding of the nicotinamide group
is also replaced by a phenylalanine. This residue and the pro-
line from the sequence GGXGXXP have been proposed to
contact the bound nicotinamide in the model of phathalate
dioxygenase reductase complexed with NADH (25). Thus,
sequence analysis indicated that ThnY might be involved in
redox reactions but should not be reduced directly by pyri-
dine nucleotides.
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TABLE 2

Expression of the thnC-lacZ translational fusion in a thnY mutant
strain and complementation with the His-tagged thnY gene

All of the strains were grown in mineral medium containing 8 mm
B-hydroxybutyrate (carbon-limited conditions) as described under
“Experimental Procedures.”

B-Galactosidase activity

Strain Without tetralin With tetralin
Miller units
TFA-1002 (wild type) 42 £ 10 4844 *+ 581
TFA-1002 (pIZ1016) 37+ 10 3397 = 969
T601-1002 (thnY miniTn5km) 29+ 5 30x5
T601-1002/pMPO750 (Ptac-thnY) 26+ 6 2758 * 343
T601-1002/pMPO761 (Ptac-thnY-Hiss) 27 *7 2661 * 466

In Vivo Properties and Purification of ThnY-His,—In order
to purify the protein in substantial amounts, ThnY was modi-
fied by the addition of six histidine residues at the C terminus.
Prior to the purification, we considered the possibility that the
addition of the His residues had some effect on the folding
and on the activity of the protein. Thus, we first tested
whether the His-tagged version of the protein is as active in
vivo as the wild type protein (Table 2). As previously reported
(10), ThnY is strictly required for expression of tetralin bio-
degradation genes, so a mutant lacking ThnY (T601), was un-
able to grow with tetralin as a sole source of carbon and en-
ergy. The mutant T601, which bears a thnC:lacZ translational
fusion into the chromosome as a reporter of thn gene expres-
sion, was transformed with the isopropyl B-p-thiogalactopyr-
anoside-inducible expression vectors pMPO750, bearing
thnY, and pMPO761, bearing thnY-His,. Both plasmids com-
plemented the thnY mutation because they allowed the mu-
tant strain to grow on tetralin as the only carbon and energy
source and restored the levels of thn expression to the wild
type levels when tetralin was added into the medium (Table
2). A similar pattern of expression was obtained when isopro-
pyl B-p-thiogalactopyranoside was added to the cultures (data
not shown), which indicated that basal expression levels from
these plasmids are enough to produce an amount of ThnY
sufficient to complement the chromosomal mutation. Thus,
there was no apparent difference in physiological activity be-
tween both forms of ThnY, and therefore ThnY-His, can be
used for subsequent in vitro studies.

ThnY-His, was overproduced in the E. coli strain NCM631
transformed with the plasmid pMPO759, which transcribes
thnY-His, from the ¢10 promoter from the T7 phage. Opti-
mal production of the enzyme was obtained by growing trans-
formed cells at 16 °C for 15 h after isopropyl B-p-thiogalacto-
pyranoside induction. After purification using a two-step
procedure, as described under “Experimental Procedures,”
inspection of a SDS-polyacrylamide gel showed a 95% pure
protein of ~37 kDa (Fig. 44). The molecular mass of the puri-
fied protein was confirmed to be 37 kDa by gel filtration chro-
matography. This experimentally determined value is in good
agreement with that of 35 kDa calculated from its coding se-
quence. Hence, ThnY seems to be a monomer and has an M,
almost identical to those its related counterparts.

ThnY Is an Iron-Sulfur Flavoprotein with a [2Fe-2S] Cluster
and FAD as the Prosthetic Group—Preparations for protein
purification and purified protein were orange-brown in color,
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FIGURE 4. Purified ThnY and UV-visible absorption spectra. A, SDS-PAGE
of purified ThnY; M, molecular weight marker; lane 1, purified ThnY after
cobalt affinity chromatography; lane 2, purified ThnY after gel filtration
chromatography. B, UV-visible absorption spectra; solid line, oxidized spec-
trum of ThnY as isolated; dashed line, spectrum after the addition of sodium
dithionite. The protein concentration was 35 um in 50 mm Tris-HCl buffer,
pH 7.4, containing 250 mm NaCl, 10% glycerol. The inset shows a detail of
the oxidized absorption spectrum between 310 and 610 nm.

indicative that some chromophores must be bound to the
protein. The UV-visible spectrum of ThnY-His (Fig. 4B, solid
lines; see inset for details) revealed absorption maxima at 270,
395, 420, and 453 nm and a shoulder at about 540 nm in the
air-oxidized state. This spectrum is consistent with the sum of
the spectra of bound oxidized flavin (maxima at about 370
and 450 nm) (26) and an oxidized [2Fe-2S] center (maxima at
about 320, 415, and 455 nm) (27). The nature of these centers
was therefore investigated and identified by biochemical
methods and spectroscopic analyses. Similar spectral features
have been reported for those reductases containing flavin and
a plant type [2Fe-2S] cluster that function in transferring elec-
trons from NAD(P)H to the dioxygenases systems and appear
to be structurally related (e.g. benzoate 1,2-dioxygenase re-
ductase shows absorption maxima at 273, 340, 402, and 467
nm (28), napthalene dioxygenase reductase at 278, 340, 420,
and 460 nm (shoulder at 540 nm) (29), 2-halobenzoate 1,2-
dioxygenase reductase at 272, 343, and 457 nm (30), and car-
bazole dioxygenase reductase at 278, 390, and 461 nm (31)).
The purified ThnY was bleached under aerobic conditions
upon the addition of an excess of sodium dithionite, as shown
by the general decrease in the absorbance over the visible
range (Fig. 4B, dashed lines), which clearly indicated that the
cofactors could be reduced.

In most flavoproteins, the cofactor is strongly but non-co-
valently bound. This seems to be the case for ThnY, because a
bright yellow compound was released from the purified pro-
tein after denaturation by boiling the sample for 10 min. The
absorption spectrum of this chromophore exhibited maxima
at 375 and 450 nm in the visible region, typical of flavin spe-
cies (Fig. 5A, curve 2). Moreover, the flavin was identified as
FAD by comparison of the sample with commercial FAD and
EMN using thin layer chromatography, as described under
“Experimental Procedures” (Fig. 5B). The amount of the FAD
in the purified protein was calculated by measuring the ex-
tinction at 450 nm. Based on the molar extinction coefficient
of FAD at 450 nm (e = 11,300 M~ ! cm %) and the calculated
extinction coefficient of the FAD of ThnY (19.318 v~ ' cm™ %),
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FIGURE 5. Identification of the redox centers of ThnY. A, curve 2 shows
the absorption spectra of the flavin extracted from ThnY compared with the
wild type protein (curve 7). B, Identification of the flavin as FAD by TLC. De-
termination of flavin TLC spots was done by exposing the TLC plate under
UV light as indicated under “Experimental Procedures.” Lane 1, a commer-
cial solution containing 50 um FMN and 50 um FAD that were used as stand-
ards; lane 2, supernatant obtained after heat treatment of ThnY; lane 3, a
sample of commercial FAD. C, EPR spectra of reduced ThnY. Purified ThnY
(150 wm) was reduced aerobically with an excess of sodium dithionite.
Measurement conditions were as follows: modulation frequency, 100 kHz;
microwave power, 2 milliwatts; modulation amplitude, 5 G; time constant,
20 ms; temperature, 20 K.

the molar ratios of FAD/protein determined from different
preparations were 1.05 * 0.15. These results suggest that 1
mol of ThnY contains 1 mol of FAD and that not much flavin
is lost during the course of purification. This is also in agree-
ment with the constant A,.,/A,, ratio found in the different
preparations despite reports of loss of the flavin cofactor in
similar proteins, such as the reductase component of naph-
thalene dioxygenase (29).

Although the UV-visible spectra of vertebrate type and
plant type ferredoxins are more or less identical, the two types
of 2Fe-2S clusters are easily distinguishable by EPR. There-
fore, we performed EPR measurements in order to further
characterize the 2Fe-2S center of ThnY. The dithionite-re-
duced ThnY displays a rhombic EPR spectrum (Fig. 5C), with
apparent g factors of g; = 2.04, g, = 1.95, and g, = 1.89. The
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FIGURE 6. Time course for the anaerobic reduction of ThnY with
NAD(P)H. The spectrum of ThnY (35 um) was recorded during 45-60 min
after the addition of 20 mm of NADH. The dashed line represents ThnY fully
reduced with dithionite. The insets show the percentage of oxidized ThnY,
measured as the decrease in absorbance at 450 nm, over time.

obtained values agree very well with those of typical plant
type ferredoxins, such as spinach ferredoxin (g, = 2.05, g, =
1.96, and g, = 1.89) or parsley ferredoxin (g, = 2.05, g, =
1.96, and g, = 1.90) (32). Thus, the preliminary classification
of the ThnY 2Fe-2S cluster as plant type on account of the
conserved motif Cys-X,-Cys-X,-Cys-X,4,50-Cys could be con-
clusively confirmed by EPR measurements. Hence, our prepa-
rations of purified ThnY contain all of the cofactors charac-
teristics expected from its deduced amino acid sequence.

Reduction of ThnY by NAD(P)H—TIt is clear from these re-
sults that ThnY carries two redox centers that can be reduced
with sodium dithionite. Ferredoxin reductases that are in-
volved in electron transfer from NAD(P)H to terminal
oxygenases are known to have NAD(P)H-dependent diapho-
rase activity and cytochrome ¢ reductase activity; in these re-
actions, electrons are transferred from NAD(P)H to various
artificial electron acceptors, such as DCPIP, ferricyanide, and
cytochrome c. The activity of these enzymes varies according
to the specificity they have for both coenzymes, NADH and
NAD(P)H. ThnY did not support measurable cytochrome ¢
reduction with either NADH or NADPH as reductant, and
when we used DCPIP as an external electron acceptor, the
levels of activity were extremely low, 7 X 10~* umol/min/mg
of protein, regardless of the coenzyme used.

Given that ThnY does not contain a proper binding domain
for these physiological reductants, as shown in the alignment
of Fig. 3, we wondered whether ThnY could be reduced when
NADH or NAD(P)H were used as electron donor. To do that,
we have analyzed by UV-visible spectroscopy the overall proc-
ess of ThnY reduction by an excess of NADH or NAD(P)H
over time under anaerobic conditions (Fig. 6). The inset of
Fig. 6 shows the percentage of oxidized protein over the time
measured as a decrease in the absorbance observed at 450 nm
and considering as 100% reduced ThnY the value obtained in
the presence of sodium dithionite. These results indicate that
although ThnY can apparently be reduced by pyridine nucleo-
tides, this reduction is poor because it required at least 45 min
to 1 h to achieve about 80% of the protein in its reduced form,
using either NADH or NADPH. Similar results were obtained
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when the experiments were carried out under aerobic condi-
tions (data not shown). This extremely slow reaction clearly
indicated that neither NADH nor NADPH was effective as an
electron donor for ThnY, as suspected from the poor conser-
vation of the pyridine nucleotide binding domain shown by
sequence comparison (Fig. 3C).

Fig. 6 also indicates that reoxidation of the FAD prosthetic
group was not observed under the anaerobic conditions used
in the experiment. Moreover, when air was admitted to the
cuvette, the spectrum of the oxidized form of the protein was
not regenerated until 30 min after the oxygen was present
(data not shown), thus indicating that ThnY was not revers-
ibly autoxidized and that reduction of molecular oxygen by
the enzyme was very slow. The flavin can adopt three differ-
ent redox forms: the oxidized quinone form (FAD), the one-
electron reduced semiquinone radical form (FADH"), and the
fully reduced quinol form (FADH?2) (33). The semiquinone
form of the flavin was not detected at all during the course of
reduction by either NADH or NADPH. This is in absolute
agreement with our findings of the EPR measurement, where
we could not detect any signal in the NADPH-treated sample
(data not shown) but only found a clear signal resulting from
the 2Fe-2S cluster in the protein sample fully reduced by di-
thionite (Fig. 5C). Thus, the one-electron reduced form of
FAD is not stabilized in the enzyme.

Role of ThnY in Transcription Activation—The regulatory
system of tetralin biodegradation genes does not work in
E. coli in vivo, and we have been unable to reproduce an in
vitro transcription system from the thn promoters using the
E. coli RNA polymerase. Nevertheless, the initial step in tran-
scription activation (i.e. binding of the transcriptional activa-
tor ThnR to a probe containing the thnB-thnC divergent pro-
moters) can be studied in vitro by EMSA and DNase I
footprinting (12).

In order to detect any change in binding affinity or mobility
of the protein-DNA complexes, purified ThnY-His, was
added to binding assays using a DNA probe comprising the
thnB-thnC divergent promoter region. As shown previously
(12), ThnR binds to two sites in this probe with different af-
finity. When increasing ThnR concentrations, ThnR initially
binds to site C, forming the defined complex I, and subse-
quently binds to site B at higher concentrations to form dif-
fused higher order complexes, labeled as II in Fig. 7A. In the
presence of ThnY, unbound DNA disappears at lower ThnR
concentrations. Quantification of the binding assays indicated
that binding affinity increased 3.4-fold (Fig. 7B). Additionally,
the diffused complexes II are substituted by a defined higher
order complex III that migrates more slowly.

These results clearly indicate that ThnY affects binding
affinity of ThnR and also the structure of the protein-DNA
complex. In order to characterize these changes, DNase [
footprinting assays of ThnR were performed with or without
ThnY. In the absence of ThnY, ThnR showed a complex pat-
tern of protection indicating binding to different subsites and
DNA looping of the intergenic region, as previously published
(12). The addition of ThnY to the footprinting assay did not
change at all the ThnR protection pattern in this region (data
not shown). Thus, although ThnY may increase ThnR affinity
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FIGURE 7. Binding of ThnR to thnB-thnC promoters region. A, electro-
phoretic mobility shift assays of ThnR binding to the wild type thnB-thnC
promoter region in the absence (/eft) or presence of 1.6 um ThnY (right). The
black triangles represent increasing ThnR-Hisg concentrations: 0, 50, 100,
200, 400, 800, and 1200 nm ThnR tetramer. Free probes are indicated by an
arrow, and the protein-DNA complexes are marked as /, /I, and /ll. Binding
was efficiently titrated out by an unlabeled wild type thnB-thnC promoter
region probe. B, binding affinities of ThnR to the thnB-thnC promoter region
in the presence or absence of ThnY, calculated as a percentage of the re-
maining unbound probe. Error bars, S.D.

and reduce mobility of the complex, ThnY does not alter the
intimate interaction of ThnR with its binding sites. This also
suggests that the ThnY function in activating transcription
from the thnB and thnC promoters is exerted through pro-
tein-protein interactions with the activator ThnR.

DISCUSSION

Previous mutational analyses had shown that the product
encoded by thnY was essential for tetralin biodegradation ca-
pacity in S. macrogolitabida strain TFA. Interestingly, al-
though its sequence resembled those of ferredoxin reductases
involved in the first step of the catabolic pathway, its role is
not catalytic but regulatory. ThnY is essential for expressing
the tetralin biodegradation capability, particularly for tran-
scription from the four promoters that are induced in the
presence of tetraline (5, 10, 12). In an effort to understand the
role of ThnY in regulating tetralin biodegradation genes, we
have analyzed its expression pattern and purified and ana-
lyzed a number of biochemical and functional characteristics
of a His-tagged version of this protein.

Antibodies against ThnY that were obtained using ThnY-
His, as the antigen allowed us to make semiquantitative esti-
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mations of the in vivo ThnY concentration under different
conditions. The results (Fig. 2) were fully concordant with the
expression pattern exhibited by the thnR regulatory gene (12)
and indicated that there was a low but detectable basal ex-
pression under non-inducing conditions, which increased in a
ThnR-dependent manner when cells grew under inducing
conditions. Given the close proximity of thnY to thnR, whose
reading frames are separated by 7 bp, and their expression
pattern, we conclude that thnR and thnY are cotranscribed.
Thus, under non-inducing conditions, both regulatory genes
are constitutively transcribed from P, in a short transcrip-
tional unit comprising just thnRY, which would allow the pro-
duction of sufficient amounts of the regulatory proteins to
initiate the induction process in the presence of tetralin. Un-
der inducing conditions, ThnR and ThnY would activate tran-
scription from the highest affinity promoter, P, which in
turn results in autoactivation of thnRY by transcriptional
read-through. The increase in the in vivo ThnR and ThnY
concentrations would allow full activation of transcription of
the remaining genes from the lower affinity promoters Py, P,,,
and P,, (12).

Sequence analysis indicated that ThnY is most similar to
ferredoxin reductases of class 11, according to the biochemi-
cal classification proposed by Batie et al. (7). Enzymes of this
class are components of the electron transfer system of ring-
hydroxylating dioxygenases that catalyze the initial dioxygen-
ation reaction of the aromatic benzene rings and play an im-
portant role in the degradation of various environmental
pollutants. They all contain a plant type [2Fe-2S] cluster and
FAD as prosthetic groups. Electrons are transferred from the
pyridine nucleotides, through the FAD and the [2Fe-2S] clus-
ter, to an intermediary Rieske type ferredoxin, which in turn
transfers the electron to the dioxygenase. Purified ThnY is an
orange-brown protein and contains flavin and a plant type
iron-sulfur cluster as redox centers, as indicated by its distinc-
tive visible absorbance (Fig. 4B) and EPR spectrum (Fig. 5C).
The flavin, which is non-covalently bound, was identified as
flavin adenine dinucleotide by using thin layer chromatogra-
phy (Fig. 5B) and estimated to be in equimolecular concentra-
tion with the protein (Fig. 54).

Both cofactors seem to be functional in ThnY because both
can be readily reduced in the presence of an excess of dithio-
nite (Figs. 4B and 5C). Of course, the observed reduction is
artificial because the dithionite is fully reducing all of the re-
ducible centers at the same time. However, because ThnY can
be reduced, it is tempting to speculate that its redox state may
influence its regulatory function. Regulation of gene expres-
sion mediated by transcriptional factors or modulatory pro-
teins that function as redox-sensitive switches has been re-
ported in different systems (34). These include essential
processes, such as photosynthesis in purple and non-purple
phototrophic bacteria (35, 36), response to oxidative stress
(37), nitrogen fixation in free living organisms through NifL
(38, 39), or anaerobic metabolism through FNR (40). The
common feature in these regulators is that they control gene
expression in response to the presence of oxygen or oxidative
stress, and the function of some of them, like FNR, is directly
regulated by oxygen. However, in the case of ThnY, oxygen
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(or its absence) cannot be a triggering signal because thn
genes are similarly regulated in aerobiosis or in anaerobiosis.

Unlike the typical ferredoxin reductases, which show activ-
ity in the presence of either NADH or NADPH and which are
able to deliver electrons from these reductants to artificial
electron acceptors, such as cytochrome ¢, DCPIP, or ferricya-
nide, purified ThnY was unable to reduce cytochrome c or
ferricyanide and showed barely detectable diaphorase activity
using DCPIP as the electron acceptor. The lack of these activ-
ities may be explained by the very inefficient reduction of
ThnY when using any of the pyridine nucleotides as the elec-
tron donor (Fig. 6). As a ferredoxin reductase of the dioxygen-
ase systems, ThnY should receive electrons from pyridine
nucleotides. However, the ThnY amino acid sequence showed
that the fingerprint sequence GGXGXXP in the C-terminal
domain, which is proposed to be involved in the binding of
the adenosine-5’-phosphate groups of NADH or 2’-phospho-
AMP of NADPH, is not conserved in ThnY (22). In addition,
where structures are available, the conserved Pro from the
former signature and the Cys residue from the conserved mo-
tif (yXCGp) are shown to contact the bound nicotinamide
moiety. A mutant form of a ferredoxin-NADP™* reductase
with the Cys changed to Ser displayed decreased rates of fla-
vin reduction by NADPH and lower yields of intermediate
pyridine nucleotide:flavin charge transfer species (41). In
ThnY, Phe substitutes Cys. These substitutions in the con-
served NAD(P)H binding domain of ThnY may have an effect
on the precise mode in which the pyridine nucleotide is
bound, thus preventing ThnY from efficiently accepting elec-
trons from it. These substitutions may actually be important
for the correct function of ThnY to prevent it from being
readily reduced under non-appropriate conditions if the
NAD(P)H pool is sufficiently high. Thus, if the function of
ThnY depends on its redox state, signals affecting thn expres-
sion can be transduced to ThnY by accumulating a so far un-
known physiological ThnY reductant.

Inclusion of ThnY in the EMSAs (Fig. 7) had weak but very
important effects on ThnR binding to the thnB-thnC inter-
genic region. In first place, protein-DNA complexes were
formed with significantly higher affinity in the presence of
ThnY. Second, the diffused higher order complexes observed
in the absence of ThnY, which are indicative of unstable com-
plexes (12), were substituted by a more defined band in its
presence, which suggests that ThnY stabilizes the ThnR-pro-
moter complex at this region. These effects clearly indicated a
direct positive role of oxidized ThnY in regulating thn gene
transcription. Given the characteristics of ThnY, its presumed
function is to modulate the function of the LysR type tran-
scriptional activator ThnR. Because the oxidized form of
ThnY is active (Fig. 7), its maximum effect is observed when
the ratio of ThnY monomer to ThnR tetramer is at least 2
(data not shown), and it does not change the footprint pro-
duced by ThnR by itself, we propose that its regulatory func-
tion is not catalytic but involves formation of a transcription-
ally competent ThnR-ThnY complex through protein-protein

3 F. Reyes-Ramirez and E. Santero, unpublished data.
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interactions. Although most LysR type regulators directly
sense the environmental signals to which they respond, a
number of examples have been reported in which auxiliary
proteins are also required to regulate transcription (18, 42—
45); such a two-component composition allows the regulatory
system to respond to additional signals. In the case of the thn
genes, transcription is subjected to carbon catabolite repres-
sion and is also responding to a modulation system exerted by
the reduced form of the ferredoxin ThnA3, which prevents
thn gene induction if the inducer molecule cannot be effi-
ciently metabolized by the tetralin biodegradation pathway,
thus preventing gratuitous induction (11). These additional
signals may be integrated in the regulatory system by affecting
the functional state of ThnY, presumably by modifying its
redox state.

In the last few years, a number of metabolic enzymes have
been reported to have a direct role in regulation of both pro-
karyotic and eukaryotic gene expression in addition to its en-
zymatic activity. This principle of a dual function of one pro-
tein is envisioned as a way of linking cellular metabolism to
gene expression (46 —48). ThnY represents the first example
of an electron transport component that has evolved to lose
its capacity of accepting electrons from pyridine nucleotides
and instead has been recruited to play a direct role in regulat-
ing transcription from target promoters.
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