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Abstract

The different behaviour of two isozymes (IsoA and IsoB) of catechol 1,2-dioxygenase (C1,2O) from Acinetobacter
radioresistens S13 on a hydrophobic interaction, Phenyl-Sepharose chromatographic column, prompted us to
investigate the role of superficial hydrophobicity on structural-functional aspects for such class of enzymes. The
interaction of 8-anilino-1-naphtalenesulphonate (ANS), a fluorescent probe known to bind to hydrophobic sites
in proteins, revealed that the two isoenzymes have a markedly different hydrophobicity degree although a similar
number of hydrophobic superficial sites were estimated (2.65 for IsoA and 2.18 for IsoB). ANS is easily displaced
by adding the substrates catechol or 3-methylcatechol to the adduct, suggesting that the binding sites are in the near
surroundings of the catalytic clefts. The analysis of the hydropathy profiles and the possible superficial cavities
allowed to recognize the most feasible region for ANS binding.

The lower hydrophobicity detected in the near surroundings of the catalytic pocket of IsoB supports its pecu-
liarity to lose the catalytic metal ions more easily than IsoA. As previously suggested for other metalloenzymes,
the presence of more hydrophilic and/or smaller residues near to the active site of IsoB is expected to increase
the metal ligands mobility thus increasing the metal ion dissociation rate constants, estimated to be 0.078 h−1 and
0.670 h−1 for IsoA and IsoB respectively.

Abbreviations: C1,2O – catechol dioxygenase; ANS – 8-anilino-1-naphthalenesulphonate; PHO – phenol
hydroxylase oxygenase

Introduction

Catechol 1,2 dioxygenase (EC 1.13.11.1) is a key-
enzyme of the beta-ketoadipate pathway, the route
used by most microorganisms to convert toxic aro-
matic compounds into intermediates of the TCA cycle
(Ornston & Stanier 1966). It catalyzes the conver-
sion of catechols, generated from different aromatic
molecules, to cis,cis-muconates. Its catalytic pocket
contains a mononuclear ferric iron coordinated to two

tyrosine and two histidine residues (Briganti et al.
1998). Until now, different isoenzymatic forms of cat-
echol 1,2-dioxygenase have been described: the two
isoforms present in Frateuria sp. ANA-18 (Aoki et al.
1984), the three isozymes αα, ββ, αβ found in P. ar-
villa C-1 (Nakai et al. 1990), the two isozymes CDI1
and CDI2 from A. lwoffii K24 (Kim & Ha 1997),
the four isozymes from Arthrobacter sp. BA-5-17
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(Murakami et al. 1998) and the two isozymes from
Burkholderia (Suzuki et al. 2002).

In previous papers (Briganti et al. 2000, Pess-
ione et al. 2001) we reported the purification and the
biochemical characterization of the two C1,2O isoen-
zymes from A. radioresistens S13. The two proteins,
IsoA and IsoB, showed different molecular masses and
amino-terminal sequences but very similar catalytic
behaviours including Km and Kcat, substrate specificit-
ies and intra/extra ratios against 3-methylcatechol.
Their different genetic determinants (Pessione et al.
2001, Caposio et al. 2002) and the G+C % gene
contents (unpublished results) suggest that the two
isoenzymes found in A. radioresistens S13 should not
be genetically related.

Although the ‘in vitro’ catalytic properties of the
two isoenzymes are very similar, various differences
in terms of structural parameters (temperature, pI and
pH stability, amino acid sequence) suggested us to fur-
ther investigate the possible effects of these features on
enzymes functionality (Briganti et al. 2000, Pessione
et al. 2001). In particular, we analyzed the differences
in superficial hydrophobicity by studying the interac-
tions with the fluorescent probe ANS and their effects
on the kinetics of catalytic iron ion removal and up-
take, evidencing structural and functional divergences
between the two isoenzymes.

Materials and methods

Bacterial strain, culture conditions, enzymes
purification and identification

The Acinetobacter radioresistens S13 strain was main-
tained and cultured as previously referred (Briganti
et al. 1997) and the isoenzymes were purified as
described by Briganti et al. (2000).

A further purification step was added: a Phenyl-
Sepharose-FPLC (Pharmacia Biotech) chromato-
graphy, previously equilibrated with 0.050 M
Hepes/NaOH pH 7 + 0.5 M Na2SO4. An ionic
strength decreasing gradient was applied in the range
0.5–0 M Na2SO4.

The identification of the two isoenzymes was per-
formed determining the first 20 aminoacids using
an Applied Biosystems 470A gas-phase sequencer
(USA), equipped with an on-line model 120A phenyl-
thiohydantoin (PHT) derivatives analyzer. The electro-
phoretic band corresponding to C1,2O was blotted into
an Immobilon P membrane (Millipore) and then cut
for use in the analyzer.

Protein determination and enzyme assay

The protein concentration and the enzymes activity
were determined using a DU70 spectrophotometer
(Beckman). The previously determined molar extinc-
tion coefficients at 280 nm and 430 nm were utilized
for protein and metal content estimations (Briganti
et al. 2000).

The ionic strength effect on catalysis was evalu-
ated incubating the proteins (1·10−2 µM for each test)
for 5 min in a Hepes/NaOH pH 7 buffer in the con-
centration range 0.010–0.50 M (corresponding to an
ionic strength range 0.004-0.2 M) and then measuring
the activity. The C1,2O activity was spectrophotomet-
rically monitored (DU70, Beckman), following the
formation of cis,cis-muconic acid at 260 nm (ε260 =
16 000 M−1 cm−1).

Spectrofluorimetric measurement

Protein superficial hydrophobicity was investigated
using a spectrofluorimetric assay with 1-anilinona-
phtalene-8-sulphonate (ANS) as a probe for hydro-
phobic sites. The estimation of hydrophobic pock-
ets number was made by the method described by
Cardamone and Puri (1992).

The ANS-proteins interaction was analysed using
a LS50 B-Perkin Elmer fluorescence spectrophoto-
meter. The excitation wavelength was 388 nm and
the emission spectrum was recorded between 400 and
700 nm. The spectral bandwidth used was 2 nm and
the scan speed was 150 nm/min. Each spectrum was
the result of 3 accumulation scans.

A calibration factor for our proteins was determ-
ined in order to relate the maximal change in fluores-
cence intensity per ANS (µM) bound to the protein.
A fixed quantity of ANS (3 µM) was incubated with
increasing concentrations of C1,2Os ranging from 0.3
to 30 µM. A double-reciprocal plot of fluorescence
intensity versus protein concentration allowed to cal-
culate the calibration factor from the intercept on
the ordinate axis extrapolation, corrected for the pro-
tein concentration according to Cardamone and Puri
(1992):

1/F = a/c + 1/�Fmax

�Fmax = calibration factor · c

where F is the fluorescence intensity (arbitrary units),
a is the slope, c is the concentration of the protein,
�Fmax is the maximal fluorescence increase observed,
due to the saturation of all ANS binding sites.
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A fixed quantity of each isozyme (3 µM) was
incubated with increasing concentrations of ANS ran-
ging from 3 to 100 µM, in a quartz optical cell and in
a total volume of 3 ml (path-length 10 mm). Fluor-
escence measurement was recorded at 25 ◦C after
1 min; the delay was necessary to obtain a constant
fluorescence signal. ANS concentrations lower than
50 µM were used because at higher concentrations the
fluorescence signal was quenched.

The contribution of ANS to the fluorescence spec-
tra was subtracted and data were elaborated by stand-
ard non-linear regression method using Microcal ORI-
GIN Software.

A Scatchard analysis was performed to calculate
the binding constants kb and the number of ANS-
binding sites n:

B/F = −1/kbB + n/kb

where B is the concentration of bound ANS, and
F the concentration of free ANS. Catechol and 3-
methylcatechol, in a concentration range 0.5–100 µM,
were used for ANS displacement experiments.

Sequence and structure analysis

Multiple sequence alignments were performed using
the ClustalX program available on the NCBI server
(Thompson et al. 1994) and the hydropathy profiles
were determined using the method described by Black
and Mould (1991).

The accessible molecular surfaces from the PDB
structure of ADP1 (PDB code: 1DLT) were calculated
using the Surface Racer 1.2 software (Tsodikov et al.
2002).

Apoenzymes preparation and reactivation

Metal removal experiments were performed using a
cationic exchanger resin Amberlite IRC 50 function-
alized with carboxylic groups (Sigma). The resin was
washed in sequence with 3 volumes of 0.1 M EDTA,
0.1 M hydrochloric acid and milli-Q water. The resin
was then swollen in 0.050 M Tris-SO4 buffer pH 8.
The buffer solution was finally removed and the wet
resin stored at 4 ◦C.

To remove the active metal ions from the en-
zymes the incubation mixture (30 mg/ml of resin with
0.2 mg/ml enzyme, total volume 1 ml, in a buffer solu-
tion of 0.050 M Tris-SO4 pH 8.0) was continuously
stirred at 100 rpm, 4 ◦C up to 55–60 h and the activ-
ity was measured every 30 min. The apoenzyme was
recovered by centrifugation.

The results were fitted to the pseudo-first order
equation:

S = S.
0 e−kremt + b

where S is the specific activity, S0 represents the
difference between the initial specific activity and b,
where b is the residual specific activity, krem represents
the dissociation rate constant of the complex iron-
enzyme in the presence of the resin and t the time
(Ashmore 1979).

The apoenzymes were reactivated upon addition
of different amounts of (Fe)2(SO4)3 to estimate the
proper Fe(III)/protein ratio to obtain the maximal en-
zyme reactivation. The activity was monitored after
five minutes from the protein-catechol mixing to ex-
clude possible interferences at 260 nm due to free
iron-catechol complexes formation. The substrate was
added in a large excess (80 µM) to ensure the satura-
tion of enzyme catalytic sites.

Atomic absorption spectroscopy

The iron content was estimated during the metal re-
moval processes. Measurements were carried out by
electrothermal AAS using a Perkin Elmer 5000 spec-
trophotometer (electrically heated furnace: HGA 400,
sampler AS 40). Each enzyme solution was diluted
1:10 in a HNO3 0.2 % solution to obtain an iron con-
centration of about 20–30 ppb and then measured.
A calibration curve was prepared by diluting an iron
standard solution (Merck) to concentrations between
5 and 50 ppb in a 0.2% HNO3 solution and meas-
uring them in order to correlate the signal to iron
concentration.

Thermal denaturation spectrometry.

An Ultrospec 2000 (Pharmacia Biotech) spectropho-
tometer was used to detect changes in the typical
tyrosinate to iron charge transfer band (maximum at
430 nm) in the visible region during thermal denatura-
tion in the temperature range (17–60 ◦C). The enzyme
concentration was 30 µM.

Results and discussion

During the purification procedures IsoA and IsoB can
be easily separated using a Phenyl-Sepharose chro-
matography: IsoB is not retained by the column in
a Hepes 0.050 M pH 7 and 0.5 M Na2SO4 buf-
fer, whereas IsoA is released only in the absence of
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Figure 1. Phenyl-Sepharose chromatography pattern for an IsoA
and IsoB mixture. The Na2SO4 salt gradient is also shown.

Na2SO4, thus displaying a more hydrophobic nature
(Figure 1).

The comparison of their sequences (Caposio
et al. 2002) (access number on the NCBI server:
AF380158.1 for IsoA; AF182166.2 for IsoB) shows
that the identity of the two isozymes is 48.4%. In
particular the different proline (6.37% in IsoA and
3.92% in IsoB) and also asparagine (5.73% in IsoA
and 3.92% in IsoB) contents, two residues known
to destabilize the helix structure, suggest some di-
vergences in folding and conformation of the two
proteins. No significant differences are present in
the total hydrophobic aminoacid content (38.8% for
IsoA and 38.6% for IsoB) to explain the differential
behaviour of the two isozymes interacting with the
Phenyl-Sepharose resin. These are probably owed to a
dissimilar superficial polarity of the two C1,2Os also
supported by the observed effects of ionic strength
on the catalytic activities of IsoA and IsoB. Indeed
IsoA displays the highest activity at ionic strength of
0.012 M, whereas IsoB reaches its maximal activity
at 0.040 M suggesting a different degree and distri-
bution of electrostatic interactions with the substrate
molecules or differential conformations induced by
the changes in ionic strength.

These observations prompted us to investigate the
surface hydrophobicity using spectrofluorimetric ex-
periments with the fluorescent probe ANS since its
quantum yield is known to considerably increase upon
binding to superficial hydrophobic pockets of proteins
(Brand & Gohlke 1972). The fluorescence intensities
of different concentrations of ANS, in the absence and
in the presence of the two C1,2O isozymes, were de-
termined. The fluorescence increase was larger when
IsoA was added to ANS (Figure 2a). Since the ANS

Figure 2. (a) ANS fluorescence intensity in the absence (�) or in
the presence of IsoA (�) and IsoB (�). b) Ratios of bound [ANS]
per [C1,2O] as a function of total [ANS] obtained by the normalized
curves of ANS fluorescence in the presence of IsoA (�) and IsoB
(�) as reported in Materials and methods.

fluorescence yield is inversely proportional to the pres-
ence of water molecules, it was possible to realize
that IsoA possesses either a larger number of ANS-
binding sites or more hydrophobic sites than IsoB.
The calibration factor, which represents the maximal
fluorescence increase due to the interaction of 1 µM
ANS with 1 µM enzyme was determined to quantify
the number of ANS bound hydrophobic sites for the
two proteins. The results obtained were 19.5 ± 1.2
arbitrary units/µM for IsoA and 10.8 ± 0.9 arbitrary
units/µM for IsoB. The binding curves were nor-
malized to the calibration factor and to the protein
concentration, then a hyperbolic fitting was performed
(Figure 2b). On the basis of the Scatchard analysis,
the binding constants for the enzyme-ANS complex
were estimated to be 16.6 ± 1.2 µM−1 for IsoA
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and 25.9 ± 2.6 µM−1 for IsoB and the deduced
ANS-binding sites were 2.65 ± 0.07 for IsoA and
2.18 ± 0.11 for IsoB. These results suggest that the
different ANS fluorescence yields are not due to a
substantial difference in ANS-binding sites number,
but rather to their diverse hydrophobicity degree. This
conclusion is also supported by the different blue shift
in the maximal emission wavelength observed when
the two isoenzymes are incubated with the probe: a
larger blue shift has been observed for IsoA (from
515 nm to 478 nm) than for IsoB (from 515 nm to
487 nm).

When catechol (the physiological substrate) or 3-
methylcatechol were added to the IsoA-ANS or IsoB-
ANS adducts under saturating concentrations a sudden
decrease of fluorescence, back to the original value
of unbound ANS, was observed. This observation in-
dicates that the ANS molecules are displaced by the
substrates from their binding sites and that these sites
are in the near surroundings of the active cavites (ANS
is too bulky to enter the catalytic cavity itself). Such
observation is also supported by kinetics studies on the
inhibitory effects of ANS on both isoenzymes. IsoA
and IsoB showed activity decreases of 31.4 ± 4.1%,
and 36.8 ± 2.3% respectively on the activity of the two
C1,2Os when ANS was added to the reaction mixture,
at the same concentration of catechol (20 µM). A titra-
tion experiment performed by changing the substrate
concentration to monitor the fluorescence changes was
not feasible because the substrate was quickly conver-
ted by the enzyme allowing the ANS to bind again.
The observed decrease of fluorescence signal back to
the value of ANS-protein complex formation proves
such deduction. A possible effect of fluorescence
quenching, due to a conformational change of the pro-
teins interacting with the substrate, was excluded since
it is known that no conformational changes occur upon
substrate binding to catechol dioxygenases (Vetting &
Ohlendorf 2000).

Vetting and Ohlendorf (2000) suggested that some
hydrophobic regions, found in C1,2O from Acineto-
bacter sp. ADP1, could be involved in the binding
to other enzymes of the same catabolic pathway, thus
accelerating the reaction by passing the product from
one enzyme to the next. IsoA, which is the only C1,2O
isozyme induced in the presence of phenol (Pessione
et al. 2001), often co-elutes, in the Phenyl-Sepharose
purification step, with phenol hydroxylase, the en-
zyme converting phenol into catechol, the catalytic
subunit of which (PHO) is strongly hydrophobic (Di-
vari et al. 2003). Therefore, the function of part of

the hydrophobic domains could be their interaction
with PHO, which is also a soluble protein (Giuffrida
et al. 2001, Pessione et al. 2002). The observed lar-
ger superficial hydrophobicity of IsoA substantiates its
tight association with phenol hydroxylase. In Figure 3
are reported the hydropathy profiles of IsoA and IsoB
compared to C1,2O from Acinetobacter calcoaceti-
cus sp. ADP1 (ADP1 hereafter). Their comparison
reveals an almost total superimposition between IsoA
and ADP1 whereas a few more hydrophilic regions
appear to be present in IsoB in the regions surrounding
residues 95, 130, 140-150, 240-250, 270-280 and 295-
310. This is in accordance to the different percentage
of sequence identities between IsoA and ADP1 (83%)
and IsoB and ADP1 (48%).

The program Surface Racer 1.2 was utilized to
calculate the accessible molecular surfaces and to ana-
lyze the superficial cavities in the crystal structure of
ADP1 (PDB code 1DLM) (Tsodikov et al., 2002). The
analysis revealed the presence of a few cavities suit-
able for ANS binding, but only the region surrounding
residue 305 showed hydrophilic substitutions capable
to support the observed lower ANS affinities for IsoB.
This corresponds to an external region on the side
edge of the long cleft surrounding the active cavity
composing the last C-terminal β-strand.

The fluorescence experiments performed in the
presence of enzyme substrates support this hypothesis.
From hydropathy profiles (Figure 2) it can also be
noted that some regions (residues 30-50 and 180-195)
are slightly more hydrophobic in IsoB than in IsoA
and ADP1. Nevertheless, these regions, corresponding
to α-helix 2 and β-sheet G respectively, are far-away
from the active site cleft.

The sequence alignment between IsoA and ADP1
(83% identity) indicates that the region of IsoA in-
cluding aminoacids 20-100 (the ‘helical zipper’ linker
domain), a strongly hydrophobic site which binds
phospholipids, is maintained in IsoA. In particular, the
residues 30, 33, 45, 55, 61, 62, 65, 74, 78, 80 and 221
(ADP1 numbering), known to directly interact with
the phospholipids in ADP1, are essentially conserved.
The sequence identity between IsoB and ADP1 is
lower (48%). Nevertheless most residues involved in
phospholipid binding are substituted with homologous
amino acids (Figure 3). For this reason the differ-
ent superficial hydrophobicity observed between IsoA
and IsoB cannot be attributable to differences in this
region.

The most probable consequence of a more hydro-
philic C-terminal in C1,2O is a higher mobility of its
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Figure 3. Hydropathy diagrams of ADP1 (solid line), IsoA (dotted line) and IsoB (dashed line) (Black& Mould, 1991) and aminoacid se-
quences alignment of the C1,2O from Acinetobacter calcoaceticus ADP1 (ADP1) and the two isozymes (IsoA and IsoB) from Acinetobacter
radioresistens S13.

backbone and side chains, which could strongly influ-
ence both the ANS surface binding and the metal ion
release from the active site.

Since it was previously observed that IsoB loses
the catalytic iron ions more easily than IsoA (Briganti
et al., 2000), experiments of metal ion removal from
the catalytic pockets of the two C1,2Os and reactiva-
tion of apo-enzymes by the addition of iron (III) were
performed in order to understand if the different hy-
drophobicity of the regions surrounding the catalytic
pockets could influence the metal ion-protein affinity.

Figure 4a shows that IsoA loses its activity very
slowly, whereas IsoB undergoes a rapid loss of activ-
ity during the first three hours. The atomic absorption
experiments demonstrate that the loss of activity is lin-
early proportional to the iron ion removal (Figure 4a).

The dissociation rate constants for the iron-enzyme
complex in the presence of the chelator resin (krem)

were estimated to be 0.078 ± 0.008 h−1 for IsoA and

0.670 ± 0.097 h−1 for IsoB, revealing that the cata-
lytic metal ion is more strongly retained by the IsoA
enzyme. The observed differences in metal dissoci-
ation constants cannot be related to differences in the
metal ligands since the residues involved in the iron
ion coordination to the proteins are conserved among
the C1,2O family (Figure 3). They are Tyr168, Tyr204,
His228 and His230 for IsoA; Tyr162, Tyr196, His220
and His222 for IsoB.

Both apoforms were immediately reactivated after
the addition of iron(III) as sulphate salt (Figure 4b).
The maximal activity was obtained in both cases by
adding Fe(III) in a molar ratio Fe/protein of 20:1. Un-
der these conditions IsoB was reactivated up to 80% of
the original activity, whereas the activity of IsoA could
be restored to only about 50%. These data suggest a
different behaviour and ability of the two apoenzymes
to uptake the iron ion. The longer time necessary to
obtain the apoform of IsoA, compared to the IsoB apo-
form, could be due to a more buried and rigid iron ion
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Figure 4. (a) Residual activity versus time of IsoA (� solid line)
and IsoB (� dotted line) during metal displacement. The white
symbols (� for IsoA and � for IsoB) represent the iron content
% of the enzymes. (b) Activity during the apoenzymes reactiva-
tion processes. Each point represents the average of five different
experiments.

environment resulting in a larger and possibly irrevers-
ible loss of the IsoA structure upon metal ion removal.
Further experiments need to be performed to under-
stand the process and try to optimize the reactivation
of apo-enzyme IsoA.

Nevertheless the differences in the iron ion release
rates from the catalytic pockets are consistent with
the different degree of hydrophobicity observed: IsoB
loses its catalytic iron ion more easily than IsoA be-
cause its active sites regions are more exposed to the
solvent environment than those of IsoA. On the other
hand the higher superficial hydrophobicity of IsoA
could have structural relations with its ability to bind
the iron(III) stronger than IsoB. As previously repor-
ted, in the case of site directed mutagenesis experi-
ments on Zn(II) containing human carbonic anhydrase

II, the metal ion dissociation rate constants increase
when smaller and/or more hydrophilic residues are
substituted in the near surroundings of the metal lig-
ands. Such substitutions produce an increase in the
mobility of metal ions ligands facilitating their ex-
change with the solvent (Hunt et al. 1999). For IsoB
it can be observed that Ala223 flanking the His224
ligand is substituted with a more hydrophilic Serine
and Phe163 is changed into Asparagine. These substi-
tutions could justify the observed differences in metal
ion dissociation rate constants.

Further evidences supporting these observations
come from thermal denaturation experiments followed
monitoring the changes of the visible spectra absorb-
ance maximum at about 430 nm (charge transfer trans-
ition tyrosine ligands → iron (III)) of both C1,2Os,
in the temperature range 17–60 ◦C. Although the cata-
lytic pockets of the two C1,2O isozymes show good
stabilities at high temperature, appreciable changes re-
garding the active sites take place above 42 ◦C for IsoB
and above 47 ◦C for IsoA accompanied by a consistent
loss of activity for both isozymes. The higher lability
of IsoB could be justified by a more solvent exposed
conformation of its active site regions as suggested
above.

It has been observed that the structural differences
regarding the active cavity domains of the two C1,2Os
have no effects on the catalytic parameters and sub-
strate specificity (Briganti et al. 2000), but the ‘in
vivo’ functionality of the two isozymes could sens-
ibly differ since the present study demonstrates that it
is strongly modulated by temperature, ionic strength,
and hydrophobic interactions.

Experiments of crystallization to solve the molecu-
lar structure of IsoB, the primary sequence identity
of which is only 48% of that of ADP1, are currently
undergoing to definitely prove these observations.
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