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Thermus thermophilus diffracting to 3.8 A resolution
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Abstract The ba;-type cytochrome-c oxidase from Thermus
thermophilus has been crystallized in its native form. Crystalliza-
tion was achieved by the batch and the vapour diffusion sitting
drop methods using polyethylene glycol monomethyl ether 2000
as precipitating agent in the presence of octyl-f-p-thioglucoside
as detergent. The crystals diffract to 3.8 A, belong to the space
group P2 or P2, and have unit cell dimensions of 4 = 80.7 A;

=116.0 A; ¢ = 156.9 A and B =104.4°, The asymmetric unit
contalns two ba;-type oxidase molecules.
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1. Introduction

Cytochrome-c¢ oxidase (EC 1.9.3.1) is the terminal respira-
tory enzyme of prokaryotic and eukaryotic organisms. It trans-
fers electrons from cytochrome-¢ to O, and functions as an
electrogenic H*-pump according to the equation:

4Cyt > +8H;+0,=4Cyt " +4 H,+2H,0

where H; and H, represent protons at the inner (i) and outer
(0) side of the membrane respectively (reviews [1]). In some
aerobic bacteria homologous terminal enzymes using quinol as
substrate (quinol oxidases) have been described (review [2]). All
members of this superfamily of terminal oxidases represent
integral membrane protein complexes composed of 2 to 13
subunits.

Although many structural and functional aspects have been
elucidated in recent years, mechanisms of e -transfer and cou-
pled proton translocation are not yet understood. Several at-
tempts have been made to obtain three-dimensional crystals of
this membrane protein [3-8], but so far only weakly diffracting
species and a resolution insufficient for structure determination
have been published.

Well-ordered membrane protein crystals sufficient for high-
resolution X-ray analysis and structure determination have so
far only been obtained from the reaction centres of Rhodopseu-
domonas viridis [9,10] and Rhodobacter sphaeroides [11-13],
from the porins from Escherichia coli and Rhodobacter capsula-
tus [14,15], and from the prostaglandin H-synthase from sheep
[16].

We have analysed the terminal oxidases from the thermo-
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philic eubacterium Thermus thermophilus HB8 (ATCC 27634).
Depending on the fermentation conditions and the Q,-supplies,
this organism expresses two different oxidases known as caay-
and ba,-types according to the hemes bound [17]. A detailed
protein chemical description of these enzymes will be presented
elsewhere (Bresser, Soulimane, Steffens and Buse, in prepara-
tion). The ba;-oxidase was originally described as a single-
subunit enzyme [18]. However, a new preparation protocol and
detailed protein chemical investigation showed it to be a two-
subunit complex [19], containing a subunit I with the O,-acti-
vating heme a,Cuy center, heme b instead of heme @, and a
subunit IT with the electron accepting Cu,-center, recently rec-
ognized as a homodinuclear copper site [20].

2. Materials and methods

2.1. Chemicals

Detergents and buffers were purchased from BIOMOL (Hamburg,
Germany). Polyethylene glycol monomethyl ether 2000(PEG-2000) was
obtained from Merck (Darmstadt, Germany). All chemicals were of the
highest available purity.

2.2. Isolation and characterization of cytochrome-c oxidase

The bas-type cytochrome-c oxidase of Thermus thermophilus was
isolated and purified according to Bresser and Buse [19).

Heme A concentration was obtained spectrophotometrically from
the reduced-minus-oxidized spectrum at 613 nm with a molar absorp-
tion coefficient of 6300 M™! cm™ [18].

Protein concentration was determined by amino acid analysis, per-
formed on a Biotronik LC 5001 equipped with fluorescence monitor for
detection of o-phtalaldehyde-derivatives.

Purity of the enzyme was checked by SDS--polyacrylamide gel elec-
trophoresis according to Lammli [21] and N-terminal sequence analysis
[22] on a Knauer 816 protein sequencer with autoconversion and online
HPLC identification of the phenylthiohydantoin amino acids.

2.3. Crystallization

The crystallization experiments were performed at 20°C using the
sitting drop vapour diffusion in MVD/24 crystal growth chambers
(Charles Supper Co., USA) and batch methods [23]. In total, ten
nonionic detergents were tried in these crystallization experiments.
Crystals, which had been grown in octyl-8-p-glucoside and in N-lauryl-
N, N-dimethyl-amine-N-oxide diffracted at low resolution. However,
with crystals grown in octyl-#-D-thioglucoside, we achieved the results
reported.

2.4. Microscopy and X-ray diffraction

Crystals were observed under polarized light.

X-Ray diffraction pattern of a single cytochrome-c oxidase crystal
was recorded on an imaging plate detector (Mar-Research) at the MPI
fiir Biochemie, Martinsried, Germany. Graphite monochromatized
CuK, radiation was used, delivered from an RU200 rotating anode
generator (Rigaku, Tokyo, Japan). The generator was operated at 5.4
kW with an apparent focal spot size of 0.4 x 0.4 mm?. Data were
recorded in frames of 1.0° and processed using IMSTILLS and REFIX
from the MOSFLM v5.23 program package [24].
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3. Results and discussion

The purified enzyme (12.4 nmol heme a/mg protein) — repre-
senting the smallest cytochrome-c oxidase known - was con-
centrated with Centricon-30 concentrators (Amicon) to 10 mg
protein/ml for the crystallization in batch and 4 mg protein/ml
for the sitting drop method. In both cases the buffer was 10 mM
Tris-HC] (pH 7.6) and the octyl-f-p-thioglucoside concentra-
tion was 0.55% (twice the CMC).

For the crystallization in batch 0.5 ml of the protein solution
was transfered into a 6 ml glass tube, adjusted to 16% polyeth-
ylene glycol monomethyl ether 2000 as precipitant and closed
with Parafilm (Laboratory film; Greenwich, CT, USA). After
20 h the solution became turbid and crystals appeared after five
days. Crystals were grown also by vapour diffusion in sitting
drops containing 8§ ul protein solution and 2 ul from the 1 ml
reservoir solution containing 14% polyethylene glycol monom-
ethyl ether 2000 as precipitant in 20 mM Bis-Tris-propane
buffer (pH 7.6) at 20°C (Fig. 1). Crystals were harvested after
one week, mounted in 1 mm glass capillaries and analysed using
X-ray rotation photography as described in Section 2. Both
crystallization methods lead to crystals of about equal quality,
however, differing in size and form (data not shown). The
largest crystals were 1 mm x 0.7 mm X 0.1 mm in size. The
investigated, brownish tetragonal and pentagonal crystals (0.5
mm x 0.3 mm x 0.1 mm) diffract to a resolution of about 3.8
A (Fig. 2). Autoindexing of the diffraction pattern revealed the
space group P2 or P2, with unit cell dimensions of a = 80.7 A;
b=1160A;:c=156.9 A; o0 =y = 90° and § = 104.4°. Assum-
ing a molecular mass of 80 561 Da for the two subunit mono-
mer and two monomers per asymmetric unit, the volume-to-
mass ratio turns out to be V,, = 4.56 A*/Da (Matthews’ coeffi-
cient [25]), which results in a solvent and detergent content of
73% of the crystal volume. This value is within the acceptable
range for membrane proteins as shown in several other cases,
e.g. V, = 4.9 A’/Da for the reaction center from Rhodopseudo-
monas viridis [9] and V,, = 4.69 A¥/Da for the porin from Esch-
erichia coli [14). Several crystals were collected, washed with the
reservoir solution, dissolved in 0.1 M Tris-HCI (pH 6.8) and 4%
SDS in the presence of 1% f-mercaptoethanol and applied to
the SDS-polyacrylamide gel: only two bands corresponding to

Fig. 1. Crystals from the bas-type Thermus thermophilus cytochrome-c
oxidase observed under polarized light. Scale bar = 0.1 mm.
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Fig. 2. X-Ray diffraction pattern of a ba,-type cytochrome-c oxidase
crystal. A 1.0° rotation image of an unaligned crystal is shown, with
a crystal to detector distance of 250 mm. Diffraction spots were ob-
tained to 3.8 A.

subunits I and II of the ba,-oxidase are observed (data not
shown).

Improvements of the crystal quality by variation of detergent
concentration and temperature, advanced data collection — like
cryo-crystallography and synchrotron radiation — are under
way.

Acknowledgements: We thank G.C.M. Steffens for reading the manu-
script, H. Michel, Frankfurt, for sending us a manuscript entitled ‘F,
Fragment-Enforced Crystallization of a Membrane Protein Complex:
Bacterial Cytochrome ¢ Oxidase’, and M. Tatarek-Nossol for excellent
technical assistance. Fermentation of Thermus thermophilus has been
performed at the Gesellschaft fiir Biotechnologische Forschung (GBF)
Braunschweig. This work was supported by the Deutsche
Forschungsgemeinschaft (Bu 463), the European Union (E.C.Contract
n0.SC1*-CT91-0698 to R.Huber and G.Buse) and the Max-Planck
Gesellschaft,

References

[1] Capaldi, R.A. (1990) Annu. Rev. Biochem. 59, 569-596.
[2] Garcia-Horsman, J.A., Barquera, B. Rumbley, J. and Gennis,
R.B. (1994) J. Bact. 176, 5587-5600.
[3] Yonetani, T. (1961) J. Biol. Chem. 236, 1680-1688.
[4] Ozawa, T., Suzuki, H. and Tanaka, M. (1980) Proc. Nati. Acad.
Sci. USA 77, 928-930.
[5] Ozawa, T., Tanaka, M. and Wakabayashi, T. (1982) Proc. Natl.
Acad. Sci. USA 79, 7175-7179.
[6) Yoshikawa, S., Tera, T., Takahashi, Y., Tsukihara, T. and
Caughey, W.S. (1988) Proc. Natl. Acad. Sci. USA 85, 1354-1358.
[71 Zamudio, 1., Kornblatt, J., Nicholls, P, Li, Y. and Cygler, M.
(1990) Biochem. Biophys. Res. Commun. 169, 1105-1110.
[8] Soulimane, T. and Buse, G. (1995) Eur. J. Biochem. 227, 588-595.
[9] Michel, H. (1982) J. Mol. Biol. 158, 567-572.
[10] Deisenhofer, J., Epp, O., Mikki, K., Huber, R. and Michel, H.
(1985) Nature 318, 618-624.
[11] Allen, J.P. and Feher, G. (1984) Proc. Natl. Acad. Sci. USA 81,
4795-4799.
[12} Chang, C.-H., Schiffer, M., Tiede, D., Smith, U. and Norris, J.
(1985) J. Mol. Biol. 186, 201-203.
{13] Buchanan, S.K., Fritzsch, G., Ermler, U. and Michel, H. (1993)
J. Mol. Biol. 230, 1311-1314.
[14]} Garavito, R.M., Jenkins, J., Jansonius, J.N., Karlsson, R. and
Rosenbusch, J.P. (1983) J. Mol. Biol. 164, 313-327.
[15] Kreusch, A., Weiss, M.S., Welte, W., Weckesser, J. and Schulz,
G.E. (1991) J. Mol. Biol. 217, 9-10.



134

[16] Picot, D. and Garavito, R.M. (1989) in cytochrome P450: Bio-
chemistry and Biophysics (I. Schult, Ed.), Taylor and Francis,
pp. 29-36.

[17] Fee, J.A., Kuila, D., Mather, M.W. and Yoshida T. (1986) Bio-
chim. Biophys. Acta 853, 153-185.

[18] Zimmermann, B.H., Nitsche, C.I., Fee, J.A., Rusnak, F. and
Munck, E. (1988) Proc. Natl. Acad. Sci. USA 85, 5779-5783.

[19] Bresser, A. (1995) PhD-thesis, RWTH, Aachen.

[20] Antholine, W.E., Kastrau, D.H.W., Steffens, G.C.M., Buse, G.,
Zumft, W.G. and Kroneck, PM.H. (1992) Eur. J. Biochem. 209,
875-881.

T. Soulimane et al. | FEBS Letters 368 (1995) 132-134

[21] Lammli, U.K. (1970) Nature 227, 680-685.

[22] Edman, P. and Begg, G. (1967) Eur. J. Biochem. 1, 80-91.

[23] Ducruix, A. and Giegé, R. (1992) in: Crystallization of nucleic
acids and proteins. A practical approach (Ducruix, A. and Giegé,
R., eds.), pp. 73-98. IRL press, Oxford, New York, Tokyo.

[24] Leslie, A.G.W. (1991) CCp4 and ESF-EACMB newsletter on pro-
tein crystallography. Avaible from the libarian, SERC laboratory,
Daresbury, Warrington WA4 4AD, UK.

[25] Matthews, B.W. (1968) J. Mol. Biol. 33, 491-497.



