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Crystallization and preliminary structural results of

catalase from human erythrocytes

Catalase (hydrogen peroxide:hydrogen peroxide oxidoreductase,
E.C. 1.11.1.6) is present in most aerobic prokaryotic and eukaryotic
cells. Despite a large number of studies on catalases, the only
mammalian catalase structure available is that from beef liver, in
which about 50% of the haem groups are degraded to bile pigments.
Three different crystal forms of human erythrocyte catalase were
obtained by the hanging-drop vapour-diffusion technique using PEG
as precipitant. Monoclinic crystals, with space group P2; and unit-cell
parameters a = 102.9, b = 140.0, ¢ = 173.6 A and B =103.2°, require
NADP(H) in the crystallization solution. Two types of hexagonal
packing, with unit-cell parameters of either a = b = 86.9, ¢ = 255.5 A
or a =b =900, ¢ = 5212 A, were obtained under identical
crystallization conditions in the absence of NADP(H). Only one
diffraction data set could be collected: this was obtained from the
hexagonal crystals with the smaller ¢ axis using synchrotron radiation,
with resolution to 2.65A. A molecular-replacement solution,
determined using a modified beef-liver catalase model as a search
structure, corresponds to space group P6,22 and contains a single
subunit in the asymmetric unit, with an estimated solvent volume of
about 50%. The packing determined suggests how minor rearrange-
ments might allow the transition between both hexagonal crystal
forms and provides an explanation for the anisotropic character of

Received 17 December 1998
Accepted 16 February 1999

the corresponding diffractions.

1. Introduction

Catalase (hydrogen peroxide:hydrogen
peroxide oxidoreductase, E.C. 1.11.1.6) is
present in most aerobic prokaryotic and
eukaryotic  cells. Catalase  decomposes
hydrogen peroxide (H,O,) to water and
oxygen either in a two-step catalatic reaction
with H,O, or in a peroxidatic reaction invol-
ving H,O, and electron donors such as reduced
pyridine nucleotides or ethanol. The catalatic
reaction predominates when the H,0,
concentration is equal to or higher than
10™* M, while the peroxidatic reaction is the
rule in the presence of an acceptable hydrogen
donor when the concentration of H,O, is
below 10~ M or when the substrate is an alkyl
peroxide (Deisseroth & Dounce, 1970). H,O,
is a dangerous form of active oxygen owing to
its high stability, its diffusion through lipid
bilayers and its capacity to form hydroxyl
radicals (Halliwell & Gutteridge, 1990;
Cadenas, 1989). On the other hand, recent
studies describe a role for H,O, in signal
transduction (Khan & Wilson, 1995; Suzuki et
al., 1997).

In mammals, the highest concentrations of
catalase are found in the liver and erythrocytes.
These contain a number of enzymatic systems

catalyzing oxidative degradations which are
expected to generate peroxides. In the
erythrocyte, both catalase and haemoglobin
are shielded from H,O, present in the blood-
stream by the red-cell membrane. When H,0,
penetrates this membrane, catalase activity and
its ability to decompose H,O, appear to be
deeply connected to the protection of haemo-
globin against oxidation. Catalase was consid-
ered to be the enzyme responsible for
disposing of all H,O, until glutathione perox-
idase (GPO) was shown to use glutathione
(GSH) to reduce H,O, to water (Mills, 1957).
The resulting oxidized gluthatione (GSSG) is
known to be returned to the reduced state by
glutathione reductase using nicotinamide
adenine dinucleotide phosphate (NADPH).
Cohen & Hochstein (1963) concluded that
glutathione peroxidase, linked to the hexose
shunt activity, was the major pathway for H,O,
metabolism in intact erythrocytes. This notion
arose from the susceptibility to peroxidative
damage of human erythrocytes which had a
limited ability to generate NADPH owing to a
genetic deficiency in glucose-6-phosphate
dehydrogenase (G6PD). Kirkman & Gaetani
(1984) demonstrated that mammalian catalase
binds NADPH, which in part prevents and
reverses the inactivation of the enzyme by its
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own substrate. Therefore, both the
mechanisms for disposal of H,O, are
NADPH dependent, thus compromising the
interpretation of the observation previously
reported. Furthermore, studies comparing
normal cells with acatalasemic erythrocytes
(Jacobs et al., 1965; Gaetani et al., 1989) and
with erythrocytes with inactivated catalase
(Gaetani et al., 1994) concluded that catalase
eliminates about half the H,O, generated in
those cells. More recent studies, carried out
with a mixture of catalase and GPO in a cell-
free system, concluded that catalase
accounts for more than 50% of the removal
of H,0, (Gaetani et al., 1996). A new assay,
which allows the determination of GPO and
catalase activity at physiological and non-
toxic levels of H,O, as well as at GSH
concentrations normally found in erythro-
cytes (Mueller et al., 1997a), has recently
shown that removal of H,O, in intact human
erythrocytes is almost exclusively accounted
for by catalase (Mueller et al., 1997b).
Despite a large number of studies on
catalases, the only mammalian catalase
structure available is that from beef liver
(Fita et al., 1986). Amino-acid sequences are
well preserved among mammalian catalases,
although post-translational modifications
can introduce significant differences, which

(c)

Figure 1

in liver catalases result in about 50% of the
haem groups being degraded to bile
pigments and a shortened C-terminus (Fita
& Rossmann, 1985). The crystallization and
preliminary structure determination of a
human erythrocyte catalase is reported in
this work. Structures determined from these
crystals should allow the investigation of
intriguing features of catalases such as the
haem group alterations, the NADPH
binding and its possible correlation with the
C-terminus conformation.

2. Results and discussion

Samples of human erythrocyte catalase
(HEC) from Calbiochem, at initial concen-
trations of 8 mg ml~! in 50 mM TRIS pH 8,
were used in extensive crystallization
screenings using vapour-diffusion methods.
Four different crystal morphologies were
obtained (Fig. 1): (a) plate-like crystals, (b)
crystals with poorly defined morphology, (c)
hexagonal bipyramidal crystals and (d)
hexagonal needles. The plate-like crystals
appeared within 3d in 16% PEG 10000,
75 mM KCl, 100 mM Tris pH 9, and required
NAPD(H) added to the protein sample
solution at ten times the protein concentra-
tion. These crystals belong to the monoclinic

(b)

(d)

Different crystal morphologies obtained from human erythrocyte catalase. (a) Plate-like crystals which appeared
when NADPH was added to the protein solution. (b) Crystals with poorly defined morphology which gave the
best diffraction (Fig. 2). (c) Crystals with approximately bipyramidal morphology which presented a long c axis of
521.2 A (Fig. 2). (d) No diffraction was observed from the needle-like crystals, which grew to longer than 1 mm

and often presented ridged faces.

space group P2; (unit-cell parameters
a=1029, b=140.0, c=173.6 A, f = 103.2°)
and diffracted beyond 3 A resolution on a
Rigaku rotating-anode X-ray source running
at 40kV and 100 mA using a graphite
monochromator. A cryo-protectant buffer
was not found and the crystals decayed
rapidly when exposed to radiation. It has not
been possible to reproduce these crystals, so
they could not be investigated with
synchrotron radiation. The crystals with
poorly defined morphologies and the bipyr-
amidal crystals were obtained with 13-16%
PEG 10000 and 50-250 mM KCl, adding
0.1 M of glutaric acid. Both crystal forms,
analyzed using synchrotron radiation,
showed diffraction symmetry 6/mmm and
unit-cell parameters a = b = 86.9, ¢ =255.5 A
and a = b = 90.0, c = 5212 A, respectively.
The best-looking crystals, with needle-like
morphologies, grew to longer than 1 mm and
appeared in a few days at 7% PEG 6000,
0.5 M NaCl and 100 mM Tris pH 9 and also
at 10% PEG 3350, 0.25 M KCl and 100 mM
Tris pH 9. Despite their promising appear-
ance, the faces of these crystals were often
ridged and no diffraction was obtained from
them even when using synchrotron radia-
tion. The critical role played by the NADPH
during crystallization of HEC might be
related to the heterogeneity arising from
partial occupancy of the cofactor. NADPH,
with a high affinity for HEC (K < 1078 M),
is expected to remain bound even in those
crystals where the cofactor had not been
explicitly added. A similar situation had
already been found for beef-liver catalase
(BLGC; Kirkman & Gaetani, 1984).

For the hexagonal crystals with the
smaller unit cell, a diffraction data set was
collected on beamline X11 at DESY (EMBL
Outstation, Hamburg) from a single flash-
cooled shapeless crystal, using a cryo-
protectant buffer of 30% PEG 10000,
100 mM KCl, 100 mM Tris pH 9 and 5%
ethyleneglycol. These data, processed and
scaled with MOSFLM (Leslie, 1990) and
SCALA (Evans, 1997), respectively, gave an
overall completeness of 99% to 2.65 A with
19516 independent reflections and an
overall Ry,c.qe of 7.8% (completeness and I/o
in the resolution shell 2.79-2.65 were 99.3%
and 1.7, respectively). Systematic absences
in the 00/ reflections suggested the space
group to be P6,22 (or its enantiomorph
P6,22). Consideration of the crystal density
indicated the most likely presence of only
one catalase subunit in the crystal asym-
metric unit, which would correspond to a
specific  volume (V,,) of 23 A*Da™!
(Matthews, 1968). Therefore, assuming that
the erythrocyte catalase molecule is a
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Table 1

Summary of the crystals forms obtained, with corresponding crystallization conditions and unit-cell parameters.

In all cases the protein concentration was 8 mg ml™, the precipitant was added to a 1:1 ratio and the volume of the
reservoir was 1 ml. All crystals were grown at room temperature.

Type of crystal  Crystallization conditions NADPH  Space group Cell parameters (;\, °)
Plate-like 16% PEG 10000, 75 mM KClI, Yes P2, a =102.9, b = 140.0,
0.1 M Tris pH 9 c=173.6, =103.2
Needles 7% PEG 6000, 0.5 M NaCl, 0.1 M Tris pH9  No No diffraction
Bipyramidal 13-16% PEG 10000, 50-250 mM KCl, No P6522 a=b=900,
0.1 M Tris pH 9, 0.1 M glutaric acid c=5212
Poorly defined  13-16% PEG 10000, 50-250 mM KCI, No P6,22 a=Db=869,
0.1 M Tris pH 9, 0.1 M glutaric acid c=12555

tetramer with 222 point-group symmetry, the
three perpendicular molecular binary axes
had to coincide with crystallographic dyad
axes. In each of the two possible space
groups, two different positions in the asym-
metric unit obey this condition. In every
position, six molecular orientations,
resulting from permutations of the mole-
cular axes had to be considered. A clear
solution was determined (R factor of 47.8%
and intensities correlation of 48.3% for data
to 3.5 A) by molecular replacement using
the program AMoRe (Navaza, 1994). The
search model used corresponded to a
modified BLC subunit in which the
N-terminal 74 residues were omitted and a

number of other smaller changes were made
to allow for the HEC peculiarities. The
solution found for space group P6,22 with
the molecular centre situated in position
1,1,1) was among the 24 possibilities
referred to previously. The crystal packing

e TS .
e o
Figure 2

Diffraction images from the bipyramidal crystals and from the
crystals with poor morphology (left and right sides of the figure,
respectively). A long c axis of 521.2 A can be appreciated in the
enlarged left insert. This long ¢ axis is about twice the length of the
¢ axis in the diffraction shown on the right, which clearly extends
beyond the detector edge corresponding to a 2.6 A resolution. For
both crystals, diffraction decays more rapidly in the directions

perpendicular to the longest axis.

obtained does not leave empty spaces large
enough to contain another catalase subunit
and gives an approximate solvent volume
content of 50%.

Strong packing forces would be expected
to originate from the large contact areas
between the helical C-terminal domains of
neighbouring catalase molecules along the
sixfold crystal axis. However, only a limited
number of interactions appear to stabilize
the crystal in the directions perpendicular to
the ¢ axis. Thus, optimization of the domi-
nant packing forces might be achieved
simply by relaxing the restraint imposed by
the coincidence of the molecular dyad and
the crystallographic dyad axes parallel to c.
Retaining all the other symmetry elements
would then result in packing according to
space group P6s22, a maximal non-
isomorphic subgroup of P6,22 found in the
molecular-replacement solution, with the
new c axis approximately doubled in length.
This observation might explain,
at least in part, the presence of
the two hexagonal crystal forms
in the same crystallization
conditions with similar a (and b)
unit-cell dimensions but values
of 2555 and 5212 A, respec-
tively, for the c-axis length. The
larger unit-cell crystal would
contain two catalase subunits in
the asymmetric unit with only
one of the binary molecular dyad
axes coincident with a crystal
symmetry. The anisotropic char-
acter of the forces stabilizing the
two hexagonal packings also
appears to be reflected in their
diffraction, which attenuates
more rapidly in the direction
perpendicular to ¢* (Fig. 2). In
fact, anisotropic scaling
performed  with REFMAC
(Murshudov et al, 1997) coin-
cides with values for overall
temperature  factors  along
different directions of the
reflection data (Hendrickson &

Sheriff, 1987), indicating that the diffraction
decay is not a peculiar feature of the mole-
cular structure, but mostly a consequence of
the anisotropy of the packing.

Crystals reported in this work should
allow structural characterization of the
peculiarities of catalase in erythrocytes,
particularly with respect to mammalian liver
catalases. The human origin of the catalase
analyzed adds specific interest to the accu-
rate determination of the corresponding
molecular structures.
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