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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  ]k in diameter. Recombinant amphibian red cell M 
ferritin crystallizes in ,,~2M (NH4)2SO4 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 2+ 
derivative, and simulations were used to determine that 
the unit-cell dimensions are a =  b=  169.6, c = 4 8 1 . 2 A ,  
¢~ =/3 = 3' = 90 ° and the space group is P41212 or P43212. 
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/~. 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 & Theft, 1996). H and 

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 II to Fe III (Levi et al., 1988); H 
and M ferritins oxidize Fe 11 rapidly, while L ferritins 
oxidize Fe 11 slowly. Various experimental approaches, 
including crystallography (Lawson et al., 1991), site- 
directed mutagenesis (Lawson et al., 1989), M6ssbauer 
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 NdeI site downstream from a 
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T4 polymerase promoter which allows proteins transla- 
tion to begin at the initiator AUG codon. The host cell, 
E. coli BL21 (DE3), encodes the T7 polymerase under 
the control of a lac operator. Induction with isopropyl- 
thiogalactoside leads to the synthesis of large amounts of 
M subunit protein [20-30 mg (liter of culture) -1 ] in the 
soluble cell fraction. Ferritin was purified by (NH4)2SO4 
precipitation and fast protein liquid chromatography on 
a Mono Q column (Pharmacia) as previously described 
(Waldo et al., 1993). 

2.2. Crystallization of M ferritin and preparation of 
heavy-metal derivatives 

Crystals were obtained at room temperature by the 
hanging-drop method by mixing 2 ~1 of M ferritin 
protein stock solution at a protein concentration of 
17 mg m1-1 in 100mM NaMOPS, pH 7.0 with 2 ~tl of 
crystallization buffer. The sparse-matrix crystallization 
conditions of Jancarik & Kim (1991) and a gradient 
of sodium tartrate from 0.2 to 1.0M were used in 
the initial search. When small crystals were obtained, 
generally after several days, a complete factorial search 
(Carter, 1992) in the vicinity of the initial conditions 
was carried out. The best crystals were obtained 
with a crystallization buffer of 100mM MgCI2, 25% 
(NH4)2804 and 0.1 M sodium acetate at pH 4.6. Most 
crystals were rod-like with the longest dimension 
-,~ 1 mm (Fig. 1) and diffracted beyond 2.8/~. 

Heavy-atom derivatives were prepared by washing 
crystals with the mother liquor and transferring them to 
solutions of the mother liquor containing a heavy-metal 
salt at various concentrations. Three heavy-metal deriva- 
tives were obtained [UOz(NO3)2, HgCI2 and Sm(Ac)3]; 
of these, UOz(NO3)2 produced the largest change in 
intensities and hence was the one pursued. Cocrystal- 

. . . .  r i m  

lization was also attempted by adding heavy-metal salts 
directly to the buffer before mixing it with the protein 
solution; however, with the exception of Sm(Ac)3 at 
concentrations <1 mM, the heavy-metal salts caused the 
protein to precipitate. 

2.3. Precession photography 

10 ° precession photographs were obtained with a 
Huber precession camera mounted on a Rigaku RU-200 
rotating-anode generator operating at 45 kV and 200 mA. 
Cu K/3 radiation was eliminated with a nickel filter. The 
camera distance was 75 mm and the exposure time was 
20 h per film. 

2.4. Electron microscopic imaging of the crystal lattice 

A drop of 1% UO2(Ac)2 in H20 was added to a drop 
of a suspension of M ferritin microcrystals in the mother 
liquor on a carbon-coated grid and blotted immediately 
with filter paper. Specimens were examined in a Philips 
CM 12 electron microscope using an accelerating voltage 
of 100kV with an objective aperture of 4 0 g m  and 
condenser aperture of 1001.tm. The raw images were 
digitized and the optical diffraction patterns of the lattice 
calculated using a program written by E. Egelman (Uni- 
versity of Minnesota). After the reciprocal lattice had 
been determined, it was used to filter the raw diffraction 
pattern and averaged images were obtained by reverse 
Fourier transform. 

2.5. Data collection 

X-ray diffraction data were collected to 2.8 ]~ reso- 
lution with a Siemens area detector, with the detector 
distance set to 24 cm and 20 = 18 °. CuKoL radiation 
was generated with a graphite crystal monochromator 
mounted on a Rigaku RU-200 rotating-anode generator 
operating at 45 kV and 200 mA. The step size between 
frames was 0.25°; the collection time for each frame 
was fixed for each run but adjusted between different 
runs depending on the crystal size, so that 2 to 3 million 
counts were acquired for each frame. Most crystals 
were mounted with the c* axis parallel to the incident 
X-ray beam. The software package ASTRO (Siemens 
Energy & Automation, Inc., 1995a) was used to design 
the collection strategy, which varied depending on the 
orientation of the a* and b* axes relative to the incident 
beam. In general, a ~ scan of 100 ° starting from the 
angle at which the c* axis is tangent to the Ewald sphere, 
plus an ~ scan of 50 ° to fill in the missing region around 
the a* axis, samples 99% of the unique reciprocal space 
from 10 to 3 ~. There was no apparent radiation damage 
to either native or derivative crystals in 40 h of data 
collection. 

Fig. 1. A typical bullfrog M subunit recombinant ferritin crystal. Insert, 
the final packing model. Each monomer is represented by a cylinder 
--,9 A in diameter and ,-,50 A in length. (a) View of the (001) plane, 
(b) view of the (010) plane. 

2.6. Data processing 

Data frames were indexed, integrated, sorted and 
scaled with the software package SADIE/SAINT 
(Siemens Energy & Automation, Inc., 1995b). Data 



YA HA, ELIZABETH C. THEIL AND NORMA. M. ALLEWELL 515 

Table 1. Data statistics 

The derivative was obtained by soaking M ferritin crystals in 8 mM 
UO2 2+ in the crystallization medium. 

Native Derivative 

Space group P41212 Same 
Cell dimensions (A) a = b = 169.6, a = b = 170.1, 

c = 481.2 c = 480.8 
Molecules per unit cell 8 Same 
Metal ions NA UO2(2+ ) 
Resolution (A) 2.8 3.0 
Number of reflections 151517 153795 
Number of unique 98989 76649 

reflections 
(I /a)  7.4 6.3 
Rsy m (%)* 9.5 13.0 
Ris o (%)~" NA 21.4 
Number of reflections 23483 20816 

after filtering ('-~3.5 .~) 

* Rsym(%):  lOO × ~_,hkl ~'~i llhu -- (Ihkl)l/ ~-~hkl ~-~ilhkl. lhk I is the 
recorded intensity and (Ihkl) is the averaged intensity of the symmetry 
and Friedel equivalents, t Riso(%)= 100 x ~hkt [F~l - -F~ l l /  
)'-~hkl Fhkl. Fhkl is the native structure factor and F~I is the isomorphous 
derivative structure factor. 

statistics are summarized in Table 1. Reflections along 
the c* axis were not well resolved because of the size 
of the unit cell, crystal mosaicity and the limited camera 
distance. There are many weak reflections adjacent to 
strong reflections along this axis and strong reflections 
spill over into weak reflections during integration 
because of lack of resolution. When the crystal packing 
had been determined, the Fourier transform of the 
packing function was calculated and a filtering process 
was used to eliminate weak reflections which fell below 
a defined threshold, as discussed below. 

3. Results 

3.1. Precession photography 

hkO, Okl and hhl sections of the reciprocal lattice 
are shown in Fig. 2. The unit-cell dimensions indicate 
that the crystals are tetragonal with minimum unit-cell 
dimensions of a = b = 170 and c = 240/~. (As discussed 
below, the length of the c axis could not be determined 
with certainty at this stage.) The hk0 section has 4/mm 
symmetry while both Okl and hhl sections have mm 
symmetry. Thus, the Laue symmetry is uniquely deter- 
mined to be 4/mmm. All reflections on the a*, b* and c* 
axes have even indices, consistent with the space group 
P42212. 

In the Okl and hhl sections, there is a pattern of 
very weak or missing reflections in certain regions of 
reciprocal space. This pattern proved crucial in estab- 
lishing the correct molecular packing. In the Okl section, 
alternating sets of columns of reflections along the l 
axis have l = 2n or 2n + 1 indices (,-~7 columns per set), 
while several columns of reflections between these sets 
appear streaky at this camera distance. Similarly, several 
columns of reflections in the hhl section have only l = 2n 

indices and the reflections between these columns also 
appear streaky. These streaky reflections were originally 
attributed to crystal disorder; however, it later became 
apparent that they were simply poorly resolved as a 

(a) 

c* 

(b) 

(c) 
Fig. 2. 10 ° precession photographs. (a) Okl, (b) hhl and (c) hk0 

sections. Reciprocal axes a*, b* and c* are marked. 
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result of crystal mosaicity, their close spacing and the 
camera distance. Reflections in the hk0 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 t~ = 180, 120 and 90 ° are shown in Fig. 3. These 
results indicate that one of the molecular fourfold axes 
is parallel to the crystallographic 42 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 42 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), B (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. 

90.0 

/ 
J \ 

, t , o.o ( O 
\ 
\ / 

\ / 

-90.0 

h" ~ 9 0  ° 

0.0 

90.0 

/ 0 \ 

/ 
• ~ o.o 

• J 
-90.0 

h - =  120 ° 

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 ,--,130/~, 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. 

90.0 

180.0 0.0 

-90.0 

~ - =  180 ° 

Fig. 3. Self-rotation function with h = 90, 120 and 180 ° for structure 
factors in the 10-3.5/~ rcsolution range with amplitudcs between 
2 and 20. Patterson search vectors from 20 to 60 ~ were used in 

the calculation. 
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3.5. Native Patterson map 

There are three well resolved Patterson peaks near 
positions B, C and D, consistent with the assumption that 
molecules are stacked on top of each other along the c 
axis and there is one molecule positioned close to the 
center of ab plane. However, while the model predicts 
Patterson peaks at fractional coordinates (0.50, 0.50, 
0.00), (0.00, 0.00, 0.50), (0.50, 0.50, 0.50), the three 
peaks are at fractional coordinates (0.037, 0.037, 0.500), 
(0.500, 0.500, 0.036) and (0.463, 0.463, 0.464), ,,~8.9, 
8.6 and 12.4/~, respectively, from the special positions 
with 222 point-group symmetry. 

3.6. Heavy-atom derivative and difference Fourier maps 

At this point, we considered the possibility that the 
M ferritin structure might differ substantially from the 
starting model or that the molecular symmetry might 
be altered due to crystal packing. Since solving such a 
structure would require multiple isomorphous replace- 
ment, a UO22÷ derivative was prepared and data from the 
derivative were used to calculate difference Patterson 
and difference Fourier maps, with phases still based on 
the preliminary model. These maps revealed a metal 
binding site on the surface of the molecule at position 
A. In the second difference Fourier map based on 
SIR (single isomorphous replacement) phases calculated 
from the first site, four new sites were found on the 
surface of the molecule at position C in the preliminary 

model. These four sites, ,-,13/~ apart, are related by 
a local fourfold rotation axis parallel to the c axis, 
the center of which corresponds to the UO~ + site on 
molecule A (Fig. 5). Since there is neither local fourfold 
nor crystallographic fourfold axis at this point, the 
splitting into four sites can only be explained by an error 
in the original space-group assignment. 

3.7. Revised model 

At this point, we used the preliminary model to 
calculate the diffraction pattern and found that the sim- 
ulated pattern did not have the unusual features of the 
precession photographs. However, simulations in which 
one molecule along the c axis was offset relative to 
another molecule by a small translation vector had both 
the pattern of odd and even reflections and the streaks 
seen in the precession photographs (see below). The 
possibility of a 41 or 43 screw axis along the c axis was 
then considered. The smallest cell that will accommodate 
a 41 or 43 screw axis and ferritin molecules with 
reasonable contacts has to have a c axis twice as large 
as in the initial model. Hence, the data were reindexed 
as P41212 with a = b = 1 6 9 . 6 ,  c=481.2/~,  processed 
(see below), and used to recalculate the Patterson map. 
The highest peaks are listed in Table 2, from which 
the center of the ferritin molecule is calculated to be 
at fractional coordinates (0.036, 0.000, 0.384). Since 
4~ and 43 screw axes cannot be differentiated when 

(a) 

• " ":2" 4:::::::::" ":::::2 :::4~ + ' ~  ~ ; "  " ~ "  "~"  

:i~:~ :+ '~:::~:~:~:~ !i~i ....... .~ .+~ .~.o .+..+ ,~;. '.;.~ 

~ :~i~i~ :: '"~:::::i:: ::~::-":i:~; .-:k~ . ; r  ;';." ~:~.': 

(b) (c) 

i iiii!!!!~ S +" :7  - 

.................................... +i',++++':! 

(d) (e) ( f )  

b 

Fig. 4. Electron micrographs of  
crystals negatively stained 
with UO2(Ac)2 magnified 
125 0 0 0 x .  (a) Raw image of  
the (010) plane; insert, optical 
diffraction of  this image, (b) 
filtered image, (c) calculated 
projection of  the electron 
density on the (010) plane, (d) 
raw image of  the (001) plane; 
insert, optical diffraction of  
this image, (e) filtered image, 
(f) calculated projection of  the 
electron density on the (001) 
plane. 



518 AMPHIBIAN RED CELL M FERRITIN 

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 
P41212. 

Table 2. Major  peaks  in native Patterson, calculated 
with reflections within the resolution range 10 .0-3 .5 ,1  

Peak index x (fractional) y (fractional) z (fractional) 

3.8. Simulations 1 
2 

Since the combination of the molecular fourfold and 3 

twofold rotation axes with parallel crystallographic 41 4 

and twofold rotation axes produces a pure translation 5 
6 

symmetry element, the packing can be treated as a 7 

Peak height 
(,r) 

0.1300 0.000 0.000 364 
0.500 0.500 0.018 180 
0.000 0.073 0.500 77 
0.037 0.037 0.250 70 
0.428 0.500 0.482 27 
0.464 0.464 0.232 27 
0.463 0.463 0.268 26 

X 

o s  " ~ ~/~ "-" ./,# ~ . ' -  ~ ~ ' 

, Y /  ' ' o I ! 
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Fig. 5. Difference Fourier map calculated with SIR phases. (a) Thc 
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). 

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(/). 
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-6i).  

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 

F w = exp(2rcihx) + exp[2rri(kx + l/4)] 

+ exp[2rci(-hx + I/2)] + exp[2rri(-k.x + 3l/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, 

Fok t = 1 + exp[2rri(kx + l/4)] + exp(bri) 

+ exp[27ri(-kx + 3//4)] 

-- 2 + exp(27rikx) + exp(-27rikx) 

-- 2 + 2cos27rkx (l 

= 2 - 2cos27rkx (l 

= 2sin27rkx (l 

For reflections with l indices 
imum intensity is four times the 
with l indices 4n+  1 or 4n+ 3. 

-- 4n) 

= 4n + 2) 

- - 4 n +  1, 4 n + 3 )  

4n or 4n + 2, the max- 
intensity of reflections 
The periodicity along 

the k 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 I 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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streakiness since the reflections are more closely spaced 
and weaker than those in regions where either 4n or 
4n + 2 reflections dominate (Fig. 7a). 

In the hhl section, 

Fhh l = exp(2~rihx) + exp[2zri(hx + l/4)] 

+ exp[2rci(-hx + l/2)] + exp[27ri(-hx + 31/4)] 

= 4cos27rhx (l = 4n) 

= 2sin27rhx(-1 + i) (l - 4n + 1) 

= 0 (l = 4n + 2) 

- 2sin27rhx (1 + i) (l = 4n + 3). 

Again, the dominant feature in this section is that the 
4n reflections are twice as strong as those with l = 4n + 1 
and 4n + 3 and all 4n + 2 reflections have zero intensity. 
The 4n and 4n + 1 or 4n + 3 reflections also produce a 
pattern of streakiness similar to that of the Okl section. 
The periodicity of the 4n reflections is 1/2x. The band of 
discrete strong reflections is about 1.4 times wider than 
in the Okl section (Fig. 7b). 

From the above analysis, it is apparent that the 
position of each molecule relative to the 4] screw axis 
(fractional coordinate x) can be estimated independently 
by inspecting the pattern of strong reflections in Okl or 
hhl precession photographs. Observing where the strong 

reflections change from indices 4n to 4n + 2 in the Okl 
section and where the 4n + 1 and 4n + 3 reflections merge 
in both Okl and hhl sections (streaky reflections) in a 
series of simulations in which x is varied yields the same 
value for x as that obtained by Patterson map analysis 
or the translation function discussed below. 

3.10. Data filtering 

The close spacing of reflections along the l axis 
(,,~0.2 °) creates an artifact in the area detector data that 
can be demonstrated by comparing the reconstruction 
of the weighted reciprocal lattice with the actual image 
recorded on the precession photographs. As shown, in 
the reconstructed reciprocal lattice in Fig. 8(a), there 
appear to be consecutive 'strong reflections' along the 
l axis. However, the Okl section of the precession pho- 
tograph shows that only reflections with l -- 4n + 2 are 
strong in this region. This inconsistency is the result 
of attempts to integrate reflections in a data frame that 
has limited resolution at this camera distance. Since 
many strong reflections are separated by several weak 
reflections along the l axis as a result of the molecular 
packing, a reasonable data set can still be obtained 
from the raw intensities by filtering out the instrumental 
artifacts. 

Iiij 

• : : , j  [ i  

(a) (b) (c) 

(g) 

(e) 

(h) 

(f)  

(i) 

Fig. 6. Sections (a-c): Fourier 
transforms of the packing delta 
function as discussed in the 
text; (a) Okl section, (b) hhl 
section, (c) hk0 section. Sec- 
tions (d-y3: Fourier transforms 
of the M ferritin model in a 
P1 cell; (d) Okl section, (e) 
hhl section, (3') hk0 section. 
Sections (g-i): the products of 
the Fourier transforms of the 
delta function and M ferritin 
model, (g) Okl section, (h) hhl 
section, (i) hk0 section. Note 
the similarity of (g)-(i) to 
the corresponding sections in 
Fig. 2. 
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As discussed above, the structure factor is the product 
of the transform of the molecule and that of a packing 
delta function, and the amplitudes of most reflections 
should be low where the amplitudes of the transform 
of the packing function are low. The Fourier transform 
of this delta function can therefore be used to filter 
out weak reflections which have significant contributions 
in the original data set from nearby strong reflections. 

4 n  
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As shown in Figs. 8(b)-8(c), the filtering procedure 
improves the consistency between the area-detector data 
and the film. 

3.11. Molecular replacement 

To confirm the results obtained so far, cross-rotation 
and translation functions as implemented in X-PLOR 
(Brtinger, 1992) were calculated with a model of M 
ferritin based on tadpole L ferritin (Trikha et al., 1994) 
and rotated 45 ° around the c axis (Table 3). The three 
highest cross-rotation peaks are related by the molecular 
threefold rotation axis and correspond to the orientation 
obtained by the self-rotation function. This orientation 
was optimized by Patterson correlation rigid-body refine- 
ment (Brtinger, 1990) and the refined model was then 
used for a translation search. The translation function 
is shown in Fig. 9 and the highest peaks are listed in 
Table 4. They correspond to positions -,~6.4/~ from the 
crystallographic 4v screw axis and ,-,4.3 ,h, from the 21 

screw axis, respectively, and confirm the conclusions 
drawn from the Patterson peak analysis and simulations 
described above. When the model was subjected to rigid- 
body refinement, the electron-density map was clearly 
interpretable (Fig. 10). 

3.12. Molecular contacts 

The ferritin molecules in this space group interact 
with each other through residues in the loops between 
D and E helices at the fourfold molecular axis (Fig. 11). 
The offset of ferritin molecules along the fourfold axis 
by 9/~ allows one of the four loops of one molecule to fit 
into the fourfold channel of the adjacent molecule. Left- 
and right-handed screw axes cannot be distinguished by 
pure inspection of the chemical contact, since the loops 
are symmetrically related. 

4. Discussion 

The quaternary structures of ferritins are well conserved, 
[Clegg, Stansfield, Bourne & Harrison, 1980; Thomas 
et al., 1988; Lawson et al., 1991; Trikha et al., 1994; 
Frolow, Kalb (Gilboa) & Yariv, 1994] and ferritins 

(b) 
Fig. 7. The dependence of intensities of the Fourier transforms of the  frequently crystallize in the space group F432 with unit- 

packing delta function on the k index with x -- 0.036 in (a) Okl  cell dimensions of a - b - c _~ 183/~, one monomer per 
section; (b) h h l  section, asymmetric unit and the crystallographic 432 symmetry 

[ 
tion intensity from area- 

t0,-13,5o) detector data before and 

| • P ~ ~ O | after 'filtering'. The filtering 
process improves the agree- 

:O (O,.laAS) ment between the final data set 
O t ~ and precession photographs. 
:~  W D ~ ~ e ~ ~ l l r 1  (a) Unfiltered data, (b) filtered 

data, (c) the corresponding 
(0,-15,42) (0,.la,42~ region recorded by precession 

(a) (b) (c) photography. 
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Table 3. Cross-rotation function 

The M ferritin model was based on bullfrog L ferritin PDB 
coordinates (Trikha et al.,  1994) with a rotation of 45 ° around the c 
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 01 ('~) 02 (°) 03 (°) RF value* 

1 0 . 0 0  0 . 0 0  0 . 0 0  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 2+ or Ca 2÷, 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 P4212 with 
a = b =  147 and c= 153~  and two ferritin molecules 
per cell, each incorporating the crystallographic fourfold 
rotation axis into the molecular symmetry (Granier, Gal- 
lois, Dautant, Langlois d'Estaintot & Pr6cigoux, 1996). 
The other molecular fourfold forms an angle of ~23 ° 

320 

315 

310 

305 

300 

295 

290 

<:• --, 0.. < ~  < 

70 75 80 85 90 95 1 O0 

Fig. 9. Section of the translation function is shown for 70 < v < 100 ,~ 
and 290 < z < 320 A. The four highest peaks are about 8/~ away 
from the special position (0.0, 0.5, 0.625). 

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 2 E obs ( hkl) 
and 2 E~ahc(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 Gin of another 
forms the intermolecular contacts. The space group 
of the second crystal form is P21212 with a =  182, 
b = c = 129 ]k (Langlois d'Estaintot etal., 1996). It can be 
considered to be derived from F432 by a ~ 6  ° rotation 
around the c axis, perhaps as a result of the presence 
of Pt-mesoporphyrin IX. Intermolecular contacts are via 
two metal ions coordinated by Asp and Gin 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 I432 with a =  b = c  ~_ 147 A. The final structure 
was solved in a slightly different form, P42212, with 
a =  b ~ 210, c_~ 145 A and a unit cell twice as large. 

Fig. 10. A stcreoview of the 2F,,-  F,. map and thc C~ tracc corre- 
sponding to a rcgion in thc B hclix. The map was calculated with a 
M ferritin model generated from L fcrritin coordinates and subjected 
to rigid-body refinement and the map cutoff was set to lcr. 
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(a) (b) 

Fig. 11. Ribbon diagram of the 
crystal contact region along 
the fourfold screw axis. (a) A 
single molecule; (b) the same 
molecule in contact with a 
second molecule. 

The crystal contact region is at the threefold molec- 
ular axis. In this report, we have described another 
crystal form of ferritin in the tetragonal space group 
P41212. To a first approximation, the packing is simply 
P432 with a = b = c _~ 120/~ with one molecule per cell 
and each ferritin molecule making contacts with other 
molecules through the fourfold molecular axis. However, 
the unit cell is distorted at every molecular contact 
to generate screw axes along every fourfold axis. The 
screw axis may result from steric constraints, van der 
Waals, ionic interactions, and global electrostatic effects 
(Takeda, Yoshimura, Endo, Takahashi & Nagayama, 
1995). Since the sequence of human H ferritin in the 
DE loop (GAPESG) is similar to that of bullfrog M 
ferritin (GLPENG) and the human H K86Q mutant 
favors the F432 crystal form, it seems likely that the 
crystal contacts in the space group P41212 are weaker 
than those produced by the double salt bridge. However, 
in the absence of the divalent metal ion mediated salt 
bridge, H and M ferritins stack at the fourfold axes to 
adopt a sterically favored docking position, which then 
favors a slight offset of molecular symmetry axes from 
the crystallographic symmetry axes. 

H and M amphibian ferritins crystallize under a wide 
variety of solution conditions, with various precipitating 
reagents (ammonium sulfate, sodium tartrate, sodium 
formate, lithium sulfate, polyethylene glycols with a 
range of molecular weights), with various divalent metal 
ions, e.g. Mg 2÷ and Cd 2÷, and at different pHs from 
4 to 8. These crystals have similar morphologies and 
several have been shown to have very similar diffraction 
patterns, suggesting that they have crystallized in the 
same space group with identical crystal contacts. Thus, 
interactions along the fourfold molecular axis represent a 
general mode of interaction between different molecules 
of amphibian H and M ferritins, which may have im- 
plications for intermolecular 'communication' in vivo. 
To solve this packing problem, we have separated the 
packing term from the molecular term using convolution 
and transform theory. This approach may be useful in 
other cases when the molecule of interest has high 
symmetry and different molecules in the unit cell are 

related by translation elements. In our study of M ferritin 
crystals, the unique features of the diffraction pattern 
in low-resolution precession photographs provided us 
with crucial information about the molecular packing. 
We are currently refining the M ferritin model with the 
filtered data; we are also investigating the possibility of 
obtaining higher quality data through the use of focusing 
mirrors or a synchrotron beamline and a longer crystal- 
to-detector distance. However, the quality of the data 
may be ultimately limited by the mosaicity of the crystal, 
since the angular separation of individual reflections 
from these crystals is only 0.2 ° . Regardless of the data 
used in the refinement, we expect the refined structure 
to provide new information about the intermolecular 
contacts, structural differences between M ferritin and 
other ferritins and the relationship of these differences 
to ferritin function. 
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