Acta Cryst. (1997). D53, 513-523

513

Preliminary Analysis of Amphibian Red Cell M Ferritin in a Novel Tetragonal Unit Cell
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Abstract

The ferritins are a multigene family of proteins that con-
centrate and store iron in all prokaryotic and eukaryotic
cells. 24 monomeric subunits which fold as four-helix
bundles assemble to form a protein shell with 432 cubic
symmetry and an external diameter of ~130 A. The iron
is stored inside the protein shell as a mineralized core
~80 A in diameter. Recombinant amphibian red cell M
ferritin crystallizes in ~2M (NH4),SO,4 at pH 4.6 in
a space group that has not been reported previously.
Electron microscopy, precession photography, Patterson
and Fourier maps of the native protein and a UO%*
derivative, and simulations were used to determine that
the unit-cell dimensions are a=b=169.6, c=481.2A,
= 3=+ =90° and the space group is P4,2,2 or P4;2,2.
A preliminary model of the structure was obtained by
molecular replacement, with amphibian red cell L fer-
ritin as the model. In contrast to previously determined
ferritin crystal structures which have intermolecular con-
tacts at the twofold and threefold molecular axes, M
ferritin crystals have a novel intermolecular interaction
mediated by interdigitation of the DE loops of two
molecules at the fourfold molecular axes.

1. Introduction

The ferritins are a family of proteins that sequester and
concentrate iron in all cells as a mineralized core within
a hollow protein shell that has an external diameter of
~130 A. The shell has 432 symmetry and is formed by
24 monomeric protein subunits, each of which folds as
a four-helix bundle (Theil, 1987, 1990; Harrison et al.,
1991). Regulation of iron storage capacity in eukaryotic
cells of different organs and at different developmen-
tal stages depends on precise control at the levels of
transcription, translation and protein function. Amphibia
provide a convenient developmental system for studying
this regulation and for investigating structure—function
relationships.

At least three ferritin subunits are expressed in bull-
frog red cells: H, M and L. All three have been cloned,
sequenced, expressed in E. coli and purified, and are be-
ing characterized in terms of the kinetics of iron uptake,
oxidation and mineralization by Theil and colleagues
(for a recent review, see Waldo & Theil, 1996). H and

© 1997 International Union of Crystallography
Printed in Greal Britain — all rights reserved

M ferritins have a high degree of sequence identity
(84% in bullfrog red blood cells) and similar functional
properties, while L ferritin is more divergent in terms of
both primary sequence and function. The sequence dif-
ferences between H, M and L ferritin subunits are likely
to be physiologically relevant, since their expression is
tissue specific; for example, in bullfrog liver the ratio of
H to M is 1:2, while in red cells the ratio of H, M and
L is 6:3:1 (Dickey et al., 1987).

One of the most striking functional differences be-
tween H and M ferritins and L ferritin is the rate
of oxidation of Fe to Fe'' (Levi et al., 1988); H
and M ferritins oxidize Fe!! rapidly, while L ferritins
oxidize Fe'l slowly. Various experimental approaches,
including crystallography (Lawson et al., 1991), site-
directed mutagenesis (Lawson et al., 1989), Mossbauer
spectroscopy (Yang, Meagher, Huynh, Sayers & Theil,
1987; Bauminger, Harrison, Hechel, Nowik & Treffry,
1991), ultraviolet—visible spectroscopy and resonance
Raman spectroscopy (Waldo, Ling, Sanders-Loehr &
Theil, 1993; Waldo & Theil, 1993) have been used to
gain insight into the chemical mechanism of this process.

We have previously determined the structures of re-
combinant amphibian red cell L ferritin and two mutants
under two sets of crystallizing conditions (Trikha et al.;
1994, Trikha, Theil & Allewell, 1995) and identified
a set of mobile side chains that may be involved in
ferritin function. Amphibian red cell H and M ferritins
crystallize in a different space group. Since the crys-
tals of H ferritin are more fragile, we have initially
emphasized the analysis of the M ferritin crystals. The
unit cell is very large, with many weak reflections,
making determination of the space group challenging.
We have carried out a preliminary analysis of the crystal
structure through a combination of electron microscopy,
use of a single heavy-atom derivative, simulation of
the diffraction pattern and molecular replacement. Our
strategy is presented below.

2. Methods
2.1. Cloning, expression and protein purification

M ferritin cDNA (Dickey et al., 1987) was subcloned
into a PET 3 vector at the Ndel site downstream from a
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result of crystal mosaicity, their close spacing and the
camera distance. Reflections in the hkQ section are all
well resolved.

3.2. Self-rotation function

To determine the orientation of the molecular axes,
the self rotation function (Rossmann & Blow, 1962)
was calculated, using the program POLARRFN written
by W. Kabsch as implemented in the CCP4 package
(Collaborative Computational Project, Number 4, 1994).
Sections « = 180, 120 and 90° are shown in Fig. 3. These
results indicate that one of the molecular fourfold axes
is parallel to the crystallographic 4, screw axis while
the other two molecular fourfold axes lie on the face

diagonals of the ab plane. The angular relationship of

the molecular fourfold, threefold and twofold rotation
axes is consistent with the molecular 432 symmetry of
ferritins.

3.3. Preliminary model

Given the twofold rotation axis generated by the crys-
tallographic 4, screw axis, the fact that there is only one
molecular fourfold axis in this direction, and the relative
sizes of the ferritin molecule and the unit cell, the
crystallographic twofold axis and the molecular fourfold
axis must coincide. One possible packing of molecules
in this unit cell is with the centers of the molecules
at special positions A (0.00, 0.00, 0.00), 8 (0.50, 0.50,
0.00), C (0.00, 0.00, 0.50) and D (0.50, 0.50, 0.50),
with each molecule incorporating the crystallographic
222 symmetry into its molecular 432 symmetry. In the
initial model, molecules of tadpole L ferritin (Trikha et
al., 1994) were placed at each of these positions.

3.4. Electron microscopy

Two negatively stained electron micrographs of the
crystal lattice are shown in Fig. 4. Also shown are
comparable projections of the electron density calculated
from the preliminary model. Figs. 4(a)-4(c) show the
(010) plane, a view corresponding to the projection of
the electron density along the y axis. There is a clear
repeating distance of ~120 A along z. Since the diameter
of other ferritin molecules is ~130A, this distance
is slightly smaller than expected. Individual molecules
cannot be resolved along the x axis because they overlap
at this projection angle. However, the optical diffraction
pattern indicates a repeating distance of ~85 A along
the x axis. Figs. 4(d)-4(f) show the (001) plane, a view
corresponding to the projection of the structure down the
z axis. In the micrograph, individual molecules can be
seen to pack tightly with a repeating distance of 120 A,
in good agreement with the model. While the resolution
of the electron micrographs limits further analysis, it is
apparent that there are no packing defects and that the
molecules are tightly packed in all three dimensions.
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Fig. 3. Self-rotation function with x = 90, 120 and 180° for structure
factors in the 10-3.5 A resolution range with amplitudes between
2 and 20. Patterson search vectors from 20 to 60 A were used in
the calculation.
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the non-crystallographic fourfold axis is parallel to the
crystallographic fourfold screw axis (Ha & Allewell,
1997), we arbitrarily based our model on the space group
P4,2,2.

3.8. Simulations

Since the combination of the molecular fourfold and
twofold rotation axes with parallel crystallographic 4,
and twofold rotation axes produces a pure translation
symmetry element, the packing can be treated as a
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Fig. 5. Difference Fourier map calculated with SIR phases. (a) The
first site, with fractional coordinates (0.061, 0.150, 0.160); (b) Four
additional sites, with fractional coordinates (0.186, 0.026, 0.340),
(0.186, 0.097, 0.340), (0.115, 0.026. 0.340) and (0.115. 0.097,
0.340), and their center at (0.151, 0.061, 0.340).

AMPHIBIAN RED CELL M FERRITIN

Table 2. Major peaks in native Patterson, calculated
with reflections within the resolution range 10.0-3.5A

Peak height
Peak index x (fractional) y (fractional) z (fractional) (o)
1 0.000 0.000 0.000 364
2 0.500 0.500 0.018 180
3 0.000 0.073 0.500 77
4 0.037 0.037 0.250 70
5 0.428 0.500 0.482 27
6 0.464 0.464 0.232 27
7 0.463 0.463 0.268 26

convolution of one ferritin molecule with a delta function
that defines the origin of each molecule. The Fourier
transform of a model of the M ferritin molecule in a
unit cell with P1 symmetry is shown in Figs. 6(d)-6(f).
The Fourier transform of the delta function (Figs. 6a—6c¢)
with non-zero values at the centers of the molecules in
the unit cell defined above produces a diffraction pattern
with the distinctive pattern of odd and even reflections
and streaks observed in the experimental data. When the
molecular transform is multiplied by the transform of
this delta function, these features are preserved and the
result is almost identical to that recorded by precession
photography (Figs. 6g—61).

3.9. Packing transforms
The observed diffraction pattern can be predicted
mathematically. In a simpler case, P4,, the transform
of the delta function can be written as
Foiy = expQrihx) + exp[2mi(kx + 1/4)]
+ expl[2mi(—hx + 1/2)] + exp[2ri(—kx + 31/4)],

where the delta function assumes non-zero value only at
fractional coordinates (x, 0, 0), (0, x, 1/4), (—x, 0, 1/2)

and (0, —x, 3/4).

In the Okl section,
Fou = 1 + exp[2mi(kx + 1/4)] + exp(Imi)
+ exp[2wi(—kx 4+ 31/4)]
= 2+ exp(2mikx) + exp(—2wikx)

= 2+ 2cos2mkx (I=4n)
= 2-2cos2mkx (l=4n+2)
= 2sin2mkx (I=4n+4+1,4n+3)

For reflections with [ indices 4n or 4n + 2, the max-
imum intensity is four times the intensity of reflections
with [ indices 4n+ 1 or 4n+ 3. The periodicity along
the & axis is 1/x for 4n or 4n+ 2 reflections, and 1/2x
for 4n+ 1 or 4n+ 3 reflections. Since the intensities of
the 4n and 4n + 2 reflections are out of phase by 180°, a
pattern of alternating indices along the / axis is produced.
For 4n+ 1 and 4n + 3 reflections, the maximum is at the
position when both 4n and 4n + 2 reflections are non-
zero and relatively weak. This produces the apparent
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Table 3. Cross-rotation function

The M ferritin model was based on bullfrog L ferritin PDB
coordinates (Trikha er al., 1994) with a rotation of 45° around the ¢
axis. Thus, the first peak corresponds to this orientation and is
consistent with the self-rotation function. Indices 10 and 13
correspond to 120° rotation about the molecular threefold axis.

Index 61 (%) 62 (%) 63 (°) RF value*
1 0.00 0.00 0.00 1.81
10 45.00 90.00 45.00 1.69
13 314.78 90.00 315.22 1.66
170 32.50 0.00 32.50 0.44
178 12.50 0.00 12.50 0.44
194 134.94 90.00 113.34 0.42

* RF value is defined as the product of rotated vectors of the model
Patterson map and the interpolated values of the observed Patterson
map.

incorporated into the molecular symmetry. The main
intermolecular interaction is through two divalent metal
ions, either Cd** or Ca®*, which are chelated by con-
served or engineered Asp and Gin residues at the twofold
molecular axis (Lawson et al., 1991). Native human H
ferritin, which has a sequence in this region similar to
that of bullfrog M ferritin (QDIKK), has not been crys-
tallized in the space group F432 (Lawson et al., 1991).
Several other crystal forms of horse-spleen ferritins have
been reported (Harrison, 1963; Hoy, Harrison & Hoare,
1974) and two of these structures have been solved.
The space group of one crystal form is P42,2 with
a=b=147 and c=153A and two ferritin molecules
per cell, each incorporating the crystallographic fourfold
rotation axis into the molecular symmetry (Granier, Gal-
lois, Dautant, Langlois d’Estaintot & Précigoux, 1996).
The other molecular fourfold forms an angle of ~23°
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Fig. 9. Section of the translation function is shown for 70 <y < 100 A
and 290 < z <320 A. The four highest pcaks are about 8 A away
from the special position (0.0. 0.5. 0.625).

521

Table 4. The highest peaks in the translation function

The mean of the T function is 0.157 with a o of 0.018. The four peaks
with magnitudes of ~ 5o differ only in the choice of origin.

x y z T-function
Index (fractional) (fractional) (fractional) value*
1 0.000 0.462 0.633 0.272
2 0.000 0.538 0.615 0.270
3 0.000 0.462 0.615 0.254
4 0.000 0.538 0.633 0.253

* The T-function value is defined as the correlation between E2, (hk!)
and EZ, (hkl).

with the crystallographic twofold axis. A salt bridge
involving a metal ion coordinated by a Thr and a
Glu of one molecule and a Glu and a Gln of another
forms the intermolecular contacts. The space group
of the second crystal form is P2,2,2 with a=182,
b=c=129A (Langlois d’Estaintot et al., 1996). It can be
considered to be derived from F432 by a ~6° rotation
around the ¢ axis, perhaps as a result of the presence
of Pt-mesoporphyrin IX. Intermolecular contacts are via
two metal ions coordinated by Asp and Gln on the
twofold molecular axis.

Several crystal forms have been reported for bacterio-
ferritins [Smith, Ford, Harrison, Yariv & Kalb (Gilboa),
1989] and one structure has been solved (Frolow et
al., 1994). The packing is approximately body cen-
tered 1432 with a=bh=c~ 147 A. The final structure
was solved in a slightly different form, P4,2,2, with
a=h~210, c~145A and a unit cell twice as large.

2, A

%

Fig. 10. A stereoview of the 2F, - F. map and the Ca trace corre-
sponding to a rcgion in the B helix. The map was calculated with a
M ferritin model generated from L ferritin coordinates and subjected
to rigid-body refinement and the map cutoff was set to lo.
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