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We report the cloning, expression, purification, and
molecular characterization of a cytochrome P450
(CYP119) from the thermophilic archaea Sulfolobus
solfataricus. This protein displays an absorption spec-
tra in the reduced, oxidized, and carbonyl adduct
analogous to those of other P450 enzymes. We demon-
strate that P450 (CYP119) exhibits remarkable
thermo- and pressure stability, with a melting temper-
ature 40° higher than that of the extensively studied
cytochrome P450cam (CYP101) and an optical spectra
completely resistant to the formation of the inactive
P420 by hydrostatic pressure up to 2 kbar. CO flash
photolysis experiments, as well as construction of a
CYP119 homology model, suggest an open active site
with greater solvent access than P450 (CYP101) and
similar to that of P450 (CYP102). This communication
represents the first molecular characterization of an
extremophilic cytochrome P450. © 1998 Academic Press

Cytochromes P450 are a superfamily of enzymes
which perform many important biological oxidations.
These enzymes contain a iron protoporphyrin IX pros-
thetic group which catalyzes the cleavage of bound
molecular oxygen and formation of an oxygenated
product. It is this specialized functionality that makes
the P450s unique amongst the cytochromes. P450s are
found in a broad range of species including bacteria,
plants, fungi, insects and mammals. Numerous types
of reactions are carried out by P450s including very
selective regio- and stereo-specific hydroxylations (1)
resulting in commercially relevant products such as
pesticide resistant plants and drug precursors. Unfor-
tunately the stability of many of these P450 enzymes
does not allow for the construction of an efficient bio-
reactor. The understanding of the structural elements
that make a protein thermostable is still very limited
so that predicting what types of mutations are needed
in an enzyme to make it more stable is problematic.

Recently a gene in archaebacteria Sulfolobus solfa-
taricus (Ss) has been identified which encoded for a
P450, the first known in the Archea philogenetic do-
main (2). Sulfolobus solfataricus is an acidothermo-
philic archaea which has an optimum growth temper-
ature of 85°C. Several proteins have already been
characterized from Ss such as beta glucosidase and
ribonuclease P2 (3, 4). Some of the enzymes from this
bacteria have shown extreme stability towards ele-
vated hydrostatic pressure in addition to the high ther-
mostability exhibited. For example, ribonuclease P2 is
an extremely pressure/themostable protein from Ss
which does not unfold until pressures are greater than
14 kbar and temperatures .360 K (4). Interestingly
enough, a single point mutation (Phe31Ala) in the hy-
drophobic core of ribonuclease P2 lowers the midpoint
of the denaturation curve to 4 kbar. Phe 31 lies in an
aromatic cluster in the center of the protein. Disrup-
tion of this interaction leads to a dramatic decrease in
pressure stability while the Phe31Tyr mutant shows
stability similar to wild type enzyme (4). This impli-
cates an important role for aromatic stacking clusters
contributing to pressure stabilization.

Characterization of other Ss proteins has offered
additional possibilities for the origin of their stability.
Ss contains an iron superoxide dismutase (SOD) which
is stable, with a half life of 2 h, at 100°C (5). The
peptide sequence of Ss SOD contains a higher average
hydrophobic content and molecular weight compared
to the non-thermophilic SODs which has been sug-
gested to be linked to thermostability. A comparison of
b-glycosidase isolated from almond to that found in Ss
also corroborates the existence of increased hydropho-
bicity as well as increased rigidity as a source for
thermostability (6). Another idea suggested by some
studies is that thermostability and barostability may
be linked. In a study of carboxypeptidase from Ss it is
noted that at elevated pressures the thermostability of
this enzyme increases whereas similar carboxypepti-
dases from non-thermophilic organisms do not display
this behavior (7).1 To whom correspondence should be addressed.
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Since cytochromes P450 carry out many important,
and possibly commercially relevant, chemical reactions it
is critical to understand what structural features convey
thermo- and barostability. To this end we have cloned
and isolated the first thermo/barostable P450 from Sul-
folobus solfataricus. We have used sequence alignments
to P450s of known structures to generate a homology
model from which we discuss the possible stabilizing
factors. Several aspects of this model of the P450 (CYP119)
structure are verified by physical measurement.

MATERIALS AND METHODS

Construction of pKS119. Sulfolobus solfataricus was purchased
from ATCC (Strain #35091) and cultures were grown in medium
1304 (ATCC) at 75°C. Chromosomal DNA was isolated by standard
procedures (8). The genomic DNA was digested with restriction
endonuclease EcoRI followed by PCR to amplify the CYP119 gene.
The oligonucleotide primers for PCR were synthesized at the Uni-
versity of Illinois Biotechnology center using the N-terminal primer
59-TATCTATTTAGAATTCCGTTCCAGGAGACAACAACAA-
TGTATGACTGGTTTAGTGAGATGAGAAAGAAAGACCCAGT-
GTATTATGAC-39 and C-terminal primer 59-GAGAAACCTC-
GGATCCTTATTCATTACTCTTCAACCTGACCACTAGTCTCTTA-
TAACCATTCA-39 sequences of the CYP119 gene. The 59 end of the
N-terminal primer contained additional bases to add a ribosome
binding site. The PCR product was digested with EcoRI and BamHI
and ligated into the polylinker region of puc18 behind the lac pro-
moter. The resulting product was transformed into E. coli TB-1 cells
and selected for ampicillin resistance.

Expression and purification of CYP119. Overnight cultures of E.
coli TB-1 harboring pKS119 were grown in 50 mL of LB (10 g
tryptone/5 g yeast extract/10 g NaCl per liter) containing 0.2 g/L
ampicillin at 37°C. 10 mL of this culture was used to inoculate a 1-L
starter culture using 23 YT media (16 g tryptone/10 g yeast extract/5
g NaCl per liter) containing 0.2 g/L ampicillin. The starter culture
was incubated at 37°C with shaking until it reached log phase (2–4
h). After reaching log phase 640 mL of the starter culture was used
to inoculate 64 L of 2 3YT media containing 0.2 g/mL ampicillin. The
growth was allowed to proceed at 37°C/200 RPM for 18–20 h. Cells
were harvested with a Beckman Instruments J2-21 centrifuge
equipped with a continuous flow rotor. The resulting cell paste was
weighed and then frozen at 270°C until use.

Total protein concentrations at each step in the purification were
determined by the BCA protein assay from Pierce Chemical (Rock-
ford, IL) according to manufacturer’s protocols. The visible extinction
coefficients were determined by extracting measuring the total
amount of heme present in a pure sample using the pyridine hemo-
chromagen assay (9) and comparing to the spectra obtained for the
intact protein. Errors for reported extinction coefficients are 610%
Total P450 concentrations were determined by the CO bound minus
oxidized UV-VIS spectra with e450–490 nm 5 91 mM21.

The E. coli cells were thawed and resuspended in 4 vol (4 mL/g cell
paste) of 50 mM Tris–HCl pH 8.0 1 mM EDTA, 4 mg/mL lysozyme,
16 units/mL DNase, and 4 units/mL RNase. The cells were allowed to
stir at 4°C for 4 h. to ensure complete lysis. Cell debris was removed
by centrifugation at 30,000 rpm for 20 min. The supernatant was
heated to 75°C for 15 min and then the unwanted denatured proteins
were removed by centrifugation at 8000 rpm for 30 min, retaining
the supernatant containing CYP119. An ammonium sulfate precip-
itation was performed first at 40% in which the CYP119 remains
soluble and then 60% where the protein precipitates. The ammonium
sulfate pellet was resuspended in a minimal volume of 10 mM Kpi,
pH 7.2. The protein sample was fractionated on a Bio-Rad P-100 gel
filtration column equilibrated in 10 mM Kpi, pH 7.2 and fractions
containing the highest A415 :A280 ratio were pooled. The pooled frac-

tions were injected onto a waters DEAE HPLC column and eluted
with a 10 to 100 mM KPi gradient at pH 7.0. Cytochrome P450cam
was purified as previously described (10).

UV–VIS spectroscopy. All spectra were recorded on a Hitachi
U3300 spectrophotometer with a spectral bandpass of 1 nm. The
spectra of the reduced protein was obtained by the addition of 103
molar ratio dithionite in an oxygen free environment and incubating
for 20 min. Excess dithionite was removed by passing the sample
over a G-25 column equilibrated in 100 mM Kpi, pH 7.0 all under
anaerobic conditions. The reduced CYP119 was then sealed in a
quartz cuvette with a Teflon stopper and placed in the spectropho-
tometer equilibrated at 4°C. A spectra of the reduced protein was
recorded. To obtain the oxy-bound spectra the sample was opened to
the air and a spectra was immediately recorded. The CO bound
spectra was obtained by passing CO gas through the sample for 5
min and then adding a small excess of dithionite.

Differential scanning calorimetry. The MCS DSC unit from Mi-
crocal (Northhampton, MA) was employed for all experiments.
CYP119 was exchanged into 100 mM Kpi, pH 7.0, by passage over a
Sephadex G-25 gel-filtration column. Substrate free cytochrome
P450cam was prepared by passage over a G-25 column equilibrated
in 100 mM Tris–HCl, pH 7.5. The sample was concentrated and then
passed over another G-25 column this time equilibrated in 100 mM
Kpi, pH 7.0. DSC scans were taken with a scan rate of 70°C/h from
25 to 100°C for CYP119 and 25 to 80°C for P450cam.

High pressure spectroscopy. Spectra of the carbon monoxide
bound forms CYP119 and P450cam using a Cary 3 spectropho-
tometer equipped with a pressure bomb previously described (11).
Spectra were recorded from ambient pressure to 2.0 kbar at 0.5-kbar
intervals.

CO flash photolysis. CO flash photolysis was performed as de-
scribed elsewhere (12) with the following modifications. A logarith-
mic time base was used to collect data. This was achieved by utilizing
two digital oscilloscopes each acquiring 25,000 points. The first
records the data from 1 nanosecond to 2 ms while the second records
data from 2 ms to 20 ms. The data are then binned using the following
equation which results in a log time base with 40 points/decade: ti 5
t0 3 100.025 I where i 5 1 to 320 (8 decades, 40 points each) (13).

Homology modeling. The CYP119 sequence was aligned to the
four P450 sequences with known crystal structures (CYP 107A, CYP
108, CYP101 and CYP102) (14-17) using the program Clustal W (18)
and applying constraints imposed by the known structural informa-
tion to obtain a multiple sequence alignment. Of the four known
structures, CYP119 is most homologous to CYP 107A and CYP 108
(29 and 24% sequence identity and 48 and 39% similarity, respec-
tively), therefore they were used as templates to build the molecular
model. The homology model was then generated using the program
MODELER (19) and the QUANTA/CHARMm package (Molecular
Simulations Inc). The heme was docked into the model based on the
coordinates of CYP 107A and then energy minimized using
CHARMm to alleviate steric clashes. The structure was evaluated by
several methods to determine the validity of the model. The model
was checked with PROCHECK (20) to evaluate the stereochemical
quality of the model. Residue packing and environments were exam-
ined using Whatif Quality Control (21). The surfaces and volumes of
the structure were evaluated using SURVOL (22).

The volumes of the active site cavities were calculated using the
program VOIDOO (23) for CYP119, CYP101 and CYP102. The sub-
strate free structure of CYP101 was used (16) and averages were
taken for the two substrate free structures of CYP102 (17, 24).
CYP102 crystallized with two molecules in the asymmetric unit, and
hence for these calculations the two molecule 1 structures were
averaged (open conformation) and the two molecule 2 structures
were averaged (closed conformation) separately. The volumes were
calculated using a probe radius of 1.4 Å.
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RESULTS

The thermostability of CYP119 allows for a heat
denaturation step in which .50% of the E. coli proteins
present denature. Following this with an ammonium
sulfate precipitation (30–50%), a size exclusion col-
umn, and an HPLC anion exchange column gives rise
to protein which purifies to homogeneity.

The UV-VIS optical spectra are presented in Fig. 1.
The substrate free oxidized form of the protein shows a
Soret maximum at 415 nm (e 5 104 mM21) similar to
that of P450 (CYP101) (417 nm) and visible bands at
533 (e 5 10.8 mM21) and 566 nm (e 5 12.0 mM21). In
the reduced form the Soret band blue shifts to 410 nm
which is identical to other known P450s and the visible
band is located at 540 nm. After oxygenation of the
reduced form results in a Soret band near 416 nm, but
it is hard to distinguish the exact location since au-
tooxidation proceeds too quickly to form a clean oxi-
dized spectra. The CO bound form of the enzyme dis-
plays a characteristic Soret maximum of 450 nm with
a visible band at 550 nm.

Figure 2 shows the DSC scans for substrate free
cytochrome P450 CYP101 and CYP119. The Tm for
CYP101 is centered at 54°C while that of CYP119 is
centered at 91°C. Both transitions are irreversible
mainly due to the loss of the heme moiety.

The stability of CYP119 toward hydrostatic pressure
is shown in Fig. 3. It is seen that up to 2 kbar there is
little change in the amount of P450 present while in
the case of P450 CYP101 at 2 kbar there is little or no
native P450 left.

In order to probe the active site we compared the CO
flash photolysis geminate yields of CYP119, CYP101,

and CYP102 in the substrate free form. Previous stud-
ies have shown that active site volume can be corre-
lated with the geminate yield which is operationally
defined as the fraction of photolyzed CO remaining in
the active site prior to rebinding. A typical trace for
CYP119 is shown in Fig. 4. The geminate yields and

FIG. 1. UV/Visible spectra for CYP119 in the ferric low spin (—), reduced (- - -), and oxy bound (– –) states. The insert shows the
characteristic CO bound 450 spectra.

FIG. 2. 2 DSC scans for CYP119 (—) and CYP102 (– –). Scans
were taken with a scan rate of 70°C/hr from 25 to 100°C for CYP119
and 25 to 80°C for CYP102.
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active site volumes as calculated by VOIDOO are listed
in Table 1 and display a trend in which the fraction of
CO exiting the pocket increases as active site volume
increases. Calculations of the active site cavity of the
more open molecule in the asymmetric unit of the
crystal structure of CYP102 were impossible because
the cavity opened into the solvent exposed surface.

DISCUSSION

We have successfully cloned and isolated CYP119
from Sulfolobus solfataricus. This P450 exhibits ex-
treme stability to both temperature (Tm 5 91°C) and
pressure (.2 kbar). The characteristic UV-VIS optical
and EPR (data not shown) spectra confirm that the
polypeptide sequence is indeed a cytochrome P450,
thus confirming the presence of cytochrome P450s in
the archaea phylogenetic domain.

The substrate of CYP119 remains elusive, however
some insights about the appearance of its active sight
can be drawn from the results of the homology model-
ing in conjunction with CO flash photolysis experi-
ments. General inspection of the homology model
shows that the heme binding region is in tact with the
heme ligated to the Cys 317. The active site contains
the conserved acid-threonine pair shown on the left
side of Fig. 5. From the model, the active site appears
to have a more hydrophobic region and a region that
appears more polar, suggesting that the substrate may
be a hydrophobic substrate with a polar substituent
localized to one portion of the ligand.

Further characterization of the active site is pro-
vided from the results of the flash photolysis experi-
ments which suggest that the active site pocket may be
more open and solvent accessible. Previous work has
shown that the geminate yield can be correlated with
the active site volume by the decreased geminate yield

as the active site becomes more accessible to the sur-
face with a correspondingly greater chance for the CO
to escape (12).

Obviously an important goal of this work is to un-
derstand the differences between CYP119 and the
other known P450s which convey overall stability to
thermal or pressure perturbations. As described in the
introduction of this manuscript, there have been many
suggestions as to the origins of thermo- and barosta-
bility. Each of these has been examined for CYP119
and, although none of them seem to be able to com-
pletely explain the observed stability, several correla-
tions can be noted.

One factor shown to contribute to protein thermosta-
bility is increased percentage of hydrophobic residues,
presumably corresponding to an increased buried core
of the protein. While it appears that there may be
regions of CYP119 which may be more enriched in
hydrophobic residues, the overall percent of hydropho-
bic residues is in the range with that of other P450’s.

Another type of interaction which may contribute to
the stability is the aromatic stacking. Inspection of the
homology model shows clustering of hydrophobic resi-
dues similar to the cluster found in the P2 protein (4),
centering around Trp 281 (Fig. 6). Increased hydro-

FIG. 4. CO rebinding transient for CYP119 after flash photoly-
sis. A Spectra Physics GCR 150 Nd:YAG laser which produces a
200-mJ pulse with a duration of 7 ns at 532 nm was used for
photolysis.

TABLE 1

Fraction CO leaving
pocket

Active site volume
(Å3)

CYP 102 70%a 343
CYP 119 64% 223
CYP 101 10%b 79

a Ref. 11.
b Ref. 24.

FIG. 3. The fraction of native P450 versus pressure for CYP119
(F) and CYP101 (Œ) are shown as calculated by the absorbance at
450 nm in the ferrous carbonyl adduct relative to that at ambient
pressure.
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static pressure favors the aromatic stacking interac-
tions due to their smaller volumes. While it is impos-
sible to quantitate the effect of this interaction,
qualitatively the aromatic residues appear to cluster
more in CYP119 than the four other known P450 struc-
tures. This interaction may have important contribu-
tions to the thermo- and/or barostability.

While other suggestions such as an increased num-
ber of salt bridges and higher percentage of buried
residues versus solvent accessible residues has been
suggested, none of these seem to play a clear role
when examining the modeled CYP119 structure. It

may be that there are several subtle differences
which additively comprise the large stability in-
crease for CYP119. It is clear that more investiga-
tions, including studies with site directed mutants
will be necessary to obtain a more accurate picture of
the interactions essential for conveying the extreme
thermo- and barostability.

CONCLUSION

We have cloned and isolated a cytochrome P450
(CYP119) from the thermophilic archaea Sulfolobus

FIG. 5. The active site of the modeled CYP119 displaying all of the residues surrounding the open heme pocket. The charged residues
are yellow, the polar residues are blue, the nonpolar residues are light green and the heme is red.
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solfataricus. This enzyme exhibits thermo- and baro-
stability unprecedented in the P450 family of enzymes.
Homology modeling suggest that the active site is sim-
ilar to known P450s and that the pocket may be char-
acterized as more open and somewhat more polar. Al-
though the function of this enzyme is not yet known,
the features of its stability may give insight into gen-
erating other highly stable P450s with desired activi-
ties (25). Experiments are currently in progress to pro-
vide a complete thermodynamic characterization as
well as the search (25) for its redox partners.
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