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• Solution structure of two C23O enzymes
of different origin has been studied.

• Both C23Os present an impressive simi-
larity in overall shape and functionality.

• Thermophilic C23O solution scattering
is reproducedwell from its crystal struc-
ture.

• Mesophilic C23O has a slightly extended
shape in solution compared to crystal.

• Both C23Os have dramatically different
thermostability and low sequence iden-
tity.
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We have investigated the structure of recombinant catechol 2, 3-dioxygenase (C23O) purified from two species
inwhich the enzyme has evolved to function at different temperature. The two species aremesophilic bacterium
Pseudomonas putida strain mt-2 and thermophilic archaea Sulfolobus acidocaldarius DSM639. Using the primary
sequence analysis, we show that both C23Os have only 30% identity and 48% similarity but contain conserved
amino acid residues forming an active site area around the iron ion. The corresponding differences in homology,
but structural similarity in active area residues, appear to provide completely different responses to heating the
two enzymes.We confirm this by small angle X-ray scattering and demonstrate that the overall structure of C23O
from P. putida is slightly different from its crystalline form whereas the solution scattering of C23O from S.
acidocaldarius at temperatures between 4 and 85 °C ideally fits the calculated scattering from the single crystal
structure. The thermostability of C23O from S. acidocaldarius correlateswell with conformation in solution during
thermal treatment. The similarity of the two enzymes in primary and tertiary structure may be taken as a confir-
mation that two enzymes have evolved from a common ancestor.
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1. Introduction

Extradiol type-dioxygenases (e.g. catechol 2,3 dioxygenase or C23O)
are found in a variety of bacteria and are involved in the aromatic ring
fission at the meta position of dihydroxylated aromatics [1]. These sys-
tems are of interest from an evolutionary, geochemical and ecological
perspective due to their potential application in environmental protec-
tion [2–5]. Manymicroorganisms are able to utilise xenobiotic aromatic
compounds as the sole carbon and energy source for growth. Various
effects have been made to improve their capabilities for environmental
pollutant degradation and bioremediation [6].

We present here a study of two C23O enzymes of different origin:
from (i) mesophilic bacteria Pseudomonas putida and (ii) thermophilic
archaea Sulfolobus acidocaldarius. The two enzymes, from separate origin,
present an impressive similarity in overall shape and functionality despite
having dramatically different thermostability and distinguishable
primary sequences. As comprehensively shown in [7], proteins
adapt to higher temperatures by adoptingmutations yielding increased
structural stability.

P. putida is a gram-negative rod-shaped saprotrophic soil bacte-
rium. S. acidocaldarius strain DSM639 belongs to the aerobic
crenarchaeon and was the first hyper-thermoacidophile to be
characterised from terrestrial solfataras by Brock et al. [8]. It
grows optimally at 75 °C to 80 °C, at pH 2 to 3, utilising complex organic
substrates. Various species can be found throughout the world in areas
of volcanic or geothermal activity, such as geological formations called
mud pots (or solfatare).

There are studies dedicated to determination of amino acids respon-
sible for the thermostability of the C23O enzymes, e.g. [9,10] but the
conclusions proposed there do not extend to all members of the C23O
family, cf. [11]. The phylogenetic analysis of 35 extradiol dioxygenase
sequences presented in [11] has revealed the evolutionary history of
the enzymes. In addition, it provided a classification system and enabled
conserved residues to be defined. C23O from P. putida is included into
the set described in [11], but the sequence of C23O from S. acidocaldarius
has not been considered. The protein sequence identity between the
mesophilic and thermophilic enzymes is 31%, which is very low for
making structural predictions; therefore, we determined a sequence
alignment based upon the three-dimensional structural alignment of
the crystal structures of the distinct C23Os reported, which represent
eight different bacterial species (Table 1).

The structure of C23O from P. putida (Fig. 1), is one of the two struc-
tures under our investigation available at 2.8 Å resolution (PDB:1MPY,
structure of catechol 2,3-dioxygenase (metapyrocatechase) from P.
putida, [3]).

To date, little information about the high resolution structure of
C23Os from thermophilic hosts is available [10,12]. Jiang et al. [13]
state that the pheB gene encoding for thermostable C23O from Bacillus
stearothermophilus has been cloned and the corresponding protein has
been crystallized. The authors refer to the structural refinement and
the detailed analysis of the structure and function as being in progress
but, to our knowledge, the details are yet to have been published.
Table 1
The sequences and structures form the PDB used in the structure based alignment by PROMALS
delineated a clear natural boundary. The last entry, Q44048, was rejected due to producing an a

Uniprot sequence Representative PDB BLASTP identity Enz

Q4J6K0 Cat
P06622 1mpy 31% Me
Q45135 3eck 32% Hom
Q7WYF5 3hpy 30% Cat
Q0S9X1 3lm4 27% Cat
Q2GAG3 3b59 22% Gly
Q6REQ5 2wl9 22% Cat
P47228 1lgt 22% Bip
Q44048 1fiu 29% 3,4-
2. Materials and methods

2.1. Sample preparation

P. putidamt-2was kindly provided by Dr. David T. Gibson (University
of Iowa, USA). S. acidocaldarius DSM639 was purchased from the
Bioresource Collection and Research Center (Hsin-Chu, Taiwan). The
growth media and cultural conditions of these strains were according
to Evans et al. [14] and Brock et al. [8], respectively.

The amplified gene fragmentswere subcloned into the pET28a vector
(Novagen, Co.), to include N-terminal hexahistadine tags, and expressed
in Escherichia coli BL21 (DE3) (Novagen, Co.). The recombinant strains
were grown at 37 °C in Luria-Bertani medium containing kanamycin
(30 μg/ml). Isopropyl β-D-1-thiogalactopyranoside (1 mM) was added
to induce the expression of C23O genes.

2.1.1. Enzyme purification
The recombinant E. coli strains were harvested at late-log phase and

the cells disrupted by sonication on ice. Clarified lysates were obtained
by centrifugation at 100,000 ×g for 60 min at 4 °C. For protein purifica-
tion, all procedures were conducted at 4 °C. C23O enzymes were puri-
fied by HisTrap affinity column (5 ml; GE Healthcare) and then on a
Sephacryl S-200 HR column (145 ml, GE Healthcare) according to the
manufacturer's protocols. The enzyme assay is described in [15] and
the protein concentrations were determined by the Bradford method
[16]. Proteins were dissolved in 50 mM Tris pH 8.0 buffer with 10%
acetone used as a protein stabilizer [17,18].

2.2. Sequence alignment

The primary sequence of C23O from S. acidocaldarius, Uniprot:
Q4J6K0, was used to BLAST [19] the PDB [20], which produced a clear
set of eight cases of alignment to most of the sequence, with identity
scores of 22% to 32% (Table 1). Using PROMALS3D [21], the sequence
Q4J6K was then subjected to a structure based sequence alignment
against eight representative structures (one for each species), using the
A-chain for each structure. After rejecting one structure (PDB:1fiu) as a
relative outlier, the sequence alignment shown in Fig. 3 was obtained.

2.3. SAXS data collection and processing

Small angle X-ray scattering (SAXS) data were collected on a Bruker
Nanostar II SAXS camera. Protein and buffer solutions were measured
using a reusable 2 mm quartz capillary. The sample volume was ap-
proximately 40 μl. The range of momentum transfer s (s = 4πsinθ/λ,
where 2θ is the scattering angle and λ is wavelength = 1.54 Å using
Cu Kα)was 0.01 to 0.21 Å−1. Each data set was collected for 1 h. Sample
temperature was controlled with a nominal precision of 0.1 °C.

SAXS from both C23O proteins were measured at three concentra-
tions (9, 3 and 1.5 mg/ml) at temperatures from 4 °C to 85 °C in steps
of 5 °C. At every change of the temperature, the sample was incubated
for approximately half an hourwith theX-ray beamoff. Sample dilutions
3D. Subsequent BLASTP hits were a match to less than 50% of the length of the protein, and
lignment with significant insertions and deletions unlike any of the others.

yme name Species

echol 2,3-dioxygenase Sulfolobus acidocaldarius
tapyrocatechase Pseudomonas putida
oprotocatechuate 2,3-dioxygenase Brevibacterium fuscum

echol 2,3-dioxygenase Pseudomonas alkylphenolia
echol 2,3-dioxygenase Rhodococcus sp. (strainRHA1)
oxalase/bleomycin resistance Novosphingobium aromaticivorans
echol 2,3-dioxygenase Rhodococcus sp. DK17
henyl-2,3-diol 1,2-dioxygenase Burkholderia xenovorans
Dihydroxyphenylacetate 2,3-dioxygenase Arthrobacter globiformis

wb-strain:DSM639
wb-strain:DSM639
uniprotkb:Q4J6K0
uniprotkb:Q44048
uniprotkb:Q4J6K0
uniprotkb:P06622
pdb:1mpy
uniprotkb:Q45135
pdb:3eck
uniprotkb:Q7WYF5
pdb:3hpy
uniprotkb:Q0S9X1
pdb:3lm4
uniprotkb:Q2GAG3
pdb:3b59
uniprotkb:Q6REQ5
pdb:2wl9
uniprotkb:P47228
pdb:1lgt
uniprotkb:Q44048
pdb:1fiu


Fig. 1.Crystal structure of C23O from Pseudomonas putida, strainmt2. Right panel is theprotein structure rotatedby90° around the horizontal axis. Thequaternary structure is composedof
four identical monomers.

Fig. 2. Selected scattering patterns and corresponding Guinier regions shown on insets.
(a) Data from C23O (P. putida) solution at 37 °C and from two samples dilute 3-fold and
6-fold; (b) data from C23O (S. acidocaldarius) collected at 37 °C, 55 °C and 85 °C and
the same solution at the same temperatures diluted 3-fold.
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were measured at every temperature to allow verification that the scat-
tering curve, Rg and I(0)/c were independent of concentration. Mea-
surements were repeated prior to, and following, each 1 h run to
detect possible protein damage and progressive aggregation. The scat-
tering data were considered acceptable if there were no changes ob-
served during 1 hour of data collection. It is important to note that,
upon heating, monodisperse solutions may become polydisperse due
to the protein's aggregation and denaturation. However, to demon-
strate that the observed sample changes were caused only by heating
and not by the variation of protein concentration or radiation damage,
several solutions at different concentrations were studied. Samples
were demonstrated to be stable at temperatures below 37 °C in prelim-
inary experiments, exhibiting no changes in scattering with the time of
incubation. Scattering from pure buffer wasmeasured at the same tem-
peratures as the proteins. Scattering data from commercially available
bovine serum albumin (BSA) dissolved in HEPES at pH7.5 following
the standard protocol ensuring monodispersity of the final solution,
and verification of the correct Rg, these data were used as an intensity
standard to define molecular weight (MW) of the C23Os. In addition,
the MW for the species in solution has been estimated using the exper-
imental value of their excluded volume V directly calculated from SAXS
data. V can be determined [22] using the Porod Eq. (1) [23], where ρ is
the scattering density distribution within the single particle, S is its sur-
face area,Q is the Porod invariant and K4 is a constant determined to en-
sure that the asymptotical intensity decay is proportional to s

-4 at higher
angles.

lim
s→∞

I sð Þ ¼ 2π
s4

ρ2S; V ¼ 2π2I 0ð Þ
Q

; Q ¼
Z∞
0

I sð Þ−K4½ �s2ds ð1Þ

The forward scattering I(0), maximum dimension D
max
, distance dis-

tribution functions p(r) (Eq. (2)), and radii of gyration Rgwere evaluated
with the indirect transform package GNOM [24].

p rð Þ ¼ 1
2π2

ZDmax

s¼0

I sð Þ � sin srð Þ
sr

ds ð2Þ

image of Fig.�2


Fig. 3. Top line: catechol 2,3-dioxygenase from Pseudomonas putida (PDB:1MPY). Second line: catechol 2,3-dioxygenase from Sulfolobus acidocaldarius β-sheet indicated in blue;α-helix indi-
cated in red. The active site Fe(II) ligands are indicated with an “*”.
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To verify the data quality and consistency of the obtained results, Rg
were also estimated independently using the Guinier approximation
(3) using the software PRIMUS [25].

I sð Þ ¼ I 0ð Þe−
s2R2g
3 ð3Þ

Additionally, to get further confirmation of MW values, we have
used a new method recently described in [26]. In short, MW is defined
by empirical equation:

MW ¼

I 0ð Þ=
Z∞
0

s � I sð Þds

1
CCCCCCCA

2

�0:1231

=
Rg :

0
BBBBBBB@

ð4Þ

Fig. 2 shows representative sets of scattering from both proteins in
non-aggregated, non-denatured conditions. Panel (a) is a concentration
series, from C23O from P. putida at the 37 °C with the Guinier regions
shown in the inset. Points at very low q have been truncated, removing
sharpupright in thedata. Based onDLSdata,we believe that the amount
of aggregation was very small, involving very large aggregate parti-
cles, and their effect on the data was confined to very low Q (up to
0.02 Å−1). Panel (b) shows three dilution pairs for S. acidocaldarius
at three temperatures, and the inset presents Guinier regions for
the data. Rg and I(0) within the concentration series are consistent,
confirming stability of the samples. To confirm the monodispersity of
the samples (in other words, to confirm that patterns are equivalent),
Singular Value Decomposition methodology (SVD) [25] has been
implemented. For both enzymes, SVD gave only one component
presented in the series of scattering data.The scattering intensity from
prokaryotic C23O was computed using CRYSOL [27].

It is known [28,29] that the presence of His-tags can potentially
change the scattering profile of the protein to which they are at-
tached. The effect, however, is dependent on the relative size of the
His-tag. The addition of a six amino acid His-tag would have little ef-
fect on the proteins in the current study given their N300 amino acid
structure; nonetheless, for completeness, we modelled the influence
of attaching His-tag to the C23O from P. putida molecule and deter-
mined the associated scattering structure using MASSHA [30] and
CRYSOL [27]. It is evident that the His-tag addition has no significant
effect on the overall scattering.
2.4. Shape reconstruction by simulated annealing

The shape of C23O from P. putida was restored from the scattering
from amonodisperse solution of the protein using an ab initio shape de-
termination method implemented in the program DAMMIF [22]. The
method searches for a compact interconnected configuration of
dummy atoms, the scattering which minimizes the discrepancy χ2 be-
tween the calculated and the experimental curves:

χ2 ¼ 1
N−1

X
j

I s j
� �

−I exp s j
� �

σ s j
� �

2
4

3
5
2

ð5Þ

whereN is the number of experimental points, andI exp s j
� �

andσ s j
� �

are
the experimental intensity and its standard deviation measured at
the momentum transfer s j , respectively, and I s j

� �
is the scattering in-

tensity from the model.

2.5. Shape reconstruction by rigid body modelling

A rigid body modelling technique was used to build the tentative
model of C23O from P. putida. The program, SASREF [31], which per-
forms quaternary structure modelling of a complex formed by subunits
with known structure against the SAXS data set, was implemented. The
program uses partial scattering amplitudes of the subunits pre-
computed by the program CRYSOL [27].

3. Results and discussion

3.1. Primary sequence alignment

To check if the findings in [10] are applicable to the C23O from
S. acidocaldarius, the sequence alignment for the two proteins in the
current study has been determined. Despite a low sequence identity
of 31%, an excellent alignment of secondary structure elements is evi-
dent (Table 1 and Fig. 3). The active site residues are completely con-
served amongst the selected structures.

3.2. Structure of C23O from P. putida strain mt2

Three typical scattering patternsmeasured at 37 °C, 55 °C and 85 °C
are shown in Fig. 4(a). The profile of scattering at 37 °C illustrates the
behaviour dictated by Porod's law (1), i.e. dependence of I(s) from s−4

is virtually flat. Such behaviour indicates that particles in solution have
a smooth and sharp interface with solvent. Upon heating, the overall
parameters of the particle increase up to Rg = 125 ± 5 Å and D

max
=

400 ± 20 Å for 85 °C (Table 2). The signature of denaturation should

image of Fig.�3


Fig. 4. (a)Measured scattering profiles for C23O, Pseudomonas putida, strainmt2, at 37 °C,
55 °C and 85 °C and corresponding Kratky plots; (b) experimental SAXS profile for prokary-
otic C23Ofitted by intensity calculatedbyCRYSOL from its crystal structure 1MPYandKratky
plot; (c) p(r) functions for prokaryotic C23O in crystal (green pattern) and in solution and for
the protein heated up to 37 °C, 55 °C and 85 °C.

Table 2
Structural and fitting parameters for C23O (P. putida) and C23O (S. Acidocaldarius).

C23O
P. putida

C23O
S. acidocaldarius

1MPY

37 °C 55 °C 85 °C

DLS: fractions at
Rh = 30 ± 5 Å

96 ± 2% (by intensity) 96 ± 2%
(by intensity)

–

Rg (Å) 35 ± 2 75 ± 5 125 ± 5 33 ± 1 32 ± 1
D

max
(Å) 110 ± 5 250 ± 10 400 ± 20 97 ± 3 94 ± 2

MW (kDa),
calculated
by I(0) analysis

150 ± 20 150 ± 20 –

MW (kDa),
calculated from
excluded volume
analysis

130 ± 10 135 ± 10 –

χ, CRYSOL fit 1.6 1.1 –

χ, rigid body fit 1.1 – –
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be reflected in the scattering in the limit of low angles. For denatured
proteins, Kratky's law plot (6):

lim
s→∞

s2 � I ¼ 2
R2
g

1− 1
s2R2

g

 !
ð6Þ

i.e. I(s)∙s2, should be effectively smoothwithout pronounced peaks. Data
collected from heated solutions show some evidence of protein dena-
turation but at the same time still presents a clear peak at higher s on
a Kratky plot (Fig. 4). p(r) functions also show the presence of compact
globular particles in solution.

These data show that C23O from P. putida mt2 is stable at tempera-
tures up to ~40 °C. At these conditions, Rg and D

max
, calculated from

experimental data, are larger than the values calculated from the crystal
structure (Table 2). At higher temperatures, the shape of the SAXS pat-
terns dramatically differs.

Monodispersity of the P. putida in solution cannot bemaintained upon
heating, so ab initio models could not be generated for this mesophilic
protein at temperatures higher than 37 °C. To analyse the tendency of
an increase of the particle's size in solution upon heating, Fourier analysis
(2) was implemented. Effective values of Rg andDmax have been calculat-
ed to quantitatively characterise the changes. Fig. 4(c) shows a continu-
ous change of p(r) with heating for scattering data shown in Fig. 4(a).
Observed behaviour indicates that the protein either aggregated, or ag-
gregated and partially denatured. Non-reversible clouding of the sample
was observed at temperatures above 80 °C.

Recently [15], small angle neutron scattering has been employed to
investigate the temperature-dependent solution structure of C23O
from P. putida, strain SH1 up to 80 °C. There is 94% identity of C23O
from strain SH1 compared to that from strain mt2. The authors show
that the native enzyme from strain SH1 in solution has the same size
as the crystal structure of C23O from P. putida. The authors also report
non-reversible enlargement of the protein shape at temperatures higher
than 50 °C, and proposed that at these higher temperatures, the protein
dissociates into dimers and further denatures.

In contrast, we show here using SAXS that there is no evidence for
such dissociation. Statistical noise at high angles limitsmore detailed as-
sessment of conformational changes. Kratky plots for scattering data
measured at 37 °C, 55 °C and 85 °C shown in Fig. 4(a) indicate that
the protein becomes slightly less compact at higher temperatures, but
still is compact and retain their shape.

To define the shape of the enzyme in solution at temperatures below
or equal to 37 °C, attempts were made to fit the SAXS from C23O
from P. putida mt2 by the profile calculated for crystal structure
PDB:1MPY; however this fit was poor (Fig. 4(b)). To confirm the
mismatch of experimental and calculated structures, p(r) functions
extracted from both patterns are shown in Fig. 4(c). The application of

image of Fig.�4
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ab initio reconstruction to scattering from monodisperse solutions at
T ≤ 37 °C gave a structure shown in Fig. 5 (left panel). Relaxation of
the symmetry during the use of rigid body modelling yielded the struc-
ture shown in Fig. 5 (right panel). These reconstructions are presented
as illustrations of conformation and confirmation of the fact that
mesophilic structure ismuch less compact compared to its thermophilic
analogue. Rg of the protein in solution increases with heating from 35 Å
to 125 Å. Restoration (use of ab initio and rigid body approaches) of the
protein's shape at higher temperatures is impossible because of lack of
information about the oligomeric composition of the solutions of
C23O from P. putidamt2.
3.3. Structure of C23O from S. acidocaldarius strain DSM639

The structure of thermophilic C23O remains unchanged up to tem-
peratures of 85 °C. The crystal structure of this protein is unavailable
therefore the crystal structure PDB:1mpywas used as a basis for model-
ling the enzyme despite significant differences in primary sequence. As
shown in Fig. 6, SAXS from thermophilic C23O is extremely well fitted
by the calculated profile from crystal structure 1MPY with the thermo-
philic protein having a shape in solution identical to bacterial C23O in
the crystal. Indeed, the DaRa algorithm identifies molecule 1MPY.pdb
to be its closest structural homologue [32]. The overall parameters of
the two proteins match very well (Table 2).

The observed constancy of the C23O (S. acidocaldarius) structure
over a wide range of temperatures and its overall structural identity to
the crystallised homologue C23O (P. putida) (cf. Table 1) leads us to pos-
tulate that thermostability is associated with more compact structures
that are more typical of a crystal structure.

We propose that the clearly pronounced difference between the
subunit arrangement in solution and in the crystal is caused by inter-
molecular mobility. Such discrepancy has been reported in numerous
studies [33] and can be attributed to the influence of the crystal packing
forces on the arrangement of monomers within complex structures.
4. Conclusions

We have investigated the structure of two C23O enzymes, one from
mesophilic bacteria and another from thermophilic archaea as a func-
tion of temperature.
Fig. 5. Left panel: dummy atom model (grey) and 1MPY structure (green); right pan
At a fundamental level, this study demonstrates the role of enhanced
stability as a function of temperature with respect to the corresponding
host-preferred temperature. It is well accepted in the literature [for ex-
ample, 34] that thermophiles have enhanced stability in terms of struc-
tural globularity. It is shown that temperature increase above the host-
preferred temperature leads to unfolding of the protein. It is confirmed
by molecular dynamics methods that thermophilic proteins are more
rigid in comparison to their mesophilic homologues. It has been found
that the local networks of salt bridges and hydrogen bonds in thermo-
philes render their structure more stable with respect to fluctuations
of individual contacts.

We find that the solution shape of C23O from the mesophilic bacte-
rium is larger than that of its corresponding crystal form. In contrast, the
shape of thermophilic C23O is reproduced well by the shape of crystal-
line C23O from P. putida. The explanatory interpretation is that the
mesophile protein is enlarged in solution due to greater flexibility at
ambient towarm temperatures, while the thermophile protein remains
compact, as if cold, at sub-thermophilic temperatures [35].

We also find that the observed stability of the C23O from
S. acidocaldarius can be explained by the presence of a set of residues
surrounding the active center of the enzymes. A structure-based se-
quence alignment of extradiol-type dioxygenases reveals that catalyti-
cally and structurally important amino acid residues of the enzymes
were conserved during evolution. A sequence comparison of catechol
2, 3-dioxygenase with other extradiol-type dioxygenases leads to the
identification of evolutionally conserved amino acid residues whose
possible catalytic roles have been proposed [36]. In light of the evolu-
tionary relationship between mesophilic and thermophilic C23O
enzymes whose catalytic mechanisms are conserved; unravelling such
structural differences between these two representatives of bacterial
and archaea hosts will provide a better understanding of enzyme
evolution.
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Fig. 6. Experimental SAXS profile for thermophilic C23O fitted by intensity calculated by CRYSOL from the crystal structure PDB:1MPY and corresponding Kratky plot.
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