Abstract
Pancor bo, Bruno Mar co. Functional studies of ferritin 3-fold axis: effects of mutations

near subunit interaction sites. (Under the direction of Dr. E. C. Theil)

Ferritin is an iron storage protein whose metabolic importance is reflected in its ubiquitousness in
living organisms. Ferritin is a multi-subunit protein (24 subunits) and one of its most interesting
featuresisits 3-dimensional structure: a sphere-like structure with a 4-3-2 symmetry that has a
hollow interior where iron is stored. This 3-dimensiona structure is highly conserved among
ferritins of different living organisms even when the homology of the primary structure of the
different ferritinsis aslow as 22%. Such a degree of structural conservation can only be

interpreted as the result of a near perfect balanced between ferritin’s structure and function.

Among the highly conserved residues are arginine 72 and aspartate 122 which form a salt bridge
near the 3-fold interface. To study the importance of these residues in ferritin function, site-
directed mutagenesis was used to disrupt and rescue this salt bridge. The properties of the

mutants were tested and compared with those of the parent proteins.

The greatest difference between mutants and parent proteins was seen in the amount of iron each
released. Mutants were found to release a greater percentage of their initial iron than the parents
released. Some mutants also showed an increased rate of iron release over the parent proteins, but
the effect of the mutation differed depending on the type of subunits used. Another finding was
that disruption of the salt bridge caused some of the ferritin subunits to have an increase in
volume which seems to correlate with the difference in iron uptake rates for the different ferritin

mutants.
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I ntroduction

Ferritin is the protein which concentrates and storesiron in living organisms. It is composed of
twenty-four subunits that form a sphere-like structure with a hollow core, 8 nm in diameter,
where theiron is stored [1-3] . Three different kinds of subunits have been found in nature: M
type, H type and L type. In terms of speed of iron uptake, M and H subunits form a class of fast
ferritin, and L types are considered to be slow in iron uptake. The difference in iron uptake rate is
more than one hundred fold. In vivo, animal ferritin is made by combining fast and dow subunits
to form the final sphere[1, 4]. Ratios of fast and slow ferritin subunits vary among species and
tissues, and the different ratios are thought to be the primary determining factor in the difference

of iron uptake rates by different ferritins[2].

All ferritins have similar secondary, tertiary and quaternary structure [5-9]. They form five apha
helices which are designated helix A to helix E; A-D are the canonical four helix bundle. These
helices are connected by short (about five amino acids) turns with the exception of the BC loop

which islonger (24 residues).

Ferritins have a unique quaternary structure coincident with function. Each subunit has about 175
amino acids. Since only nine residues are highly conserved in all the known ferritin amino acid
sequences, it is plausible that some of these conserved residues are important in ensuring the
proper folding, assembly and function of ferritin. Two of these conserved residues, arginine 72
and aspartate 122, are found close to the 3-fold interface of the assembled ferritin protein.

Although these two residues are far apart from each other as determined by the ferritin amino acid



sequence, closer inspection of the three dimensional structure of thisregion in protein crystals [5-
9] reveals that these residues are positioned close together and form an intra-subunit salt bridge in
all types of subunits. Because aspartate 122 is conserved in all ferritin sequences known to date

and arginine 72 is conserved in thirty-three of the thirty-four known sequences, the importance of

this putative salt bridge in the assembly and function of ferritin was studied.

Experimental Procedure

Mutagenesis

Site directed mutagenesis of frog ferritin H subunits and M subunits were performed using the
Chameleon double-stranded site directed mutagenesis kit (Promega). The oligonucleotides H
R72D (5GGACAATGCGACCCCCATCTTTGTTCTGATCCS'), H R72DD122R

(5CCAAGAAGTCACACAGATGGGGGCGAACCTTGTCAGATCCS3), M R72D

(5GGACAACACGTCCCCCATCCTTGTTTTGATATTTCATG3) and M R72DD122R
(5GGAAATCACACAGATGGGGGCGAACTTTGTCCGTGGCCS) were used as mutagenic
primers. For the double mutants, the mutagenic primers were used sequentially to obtain the
desired mutation. The pET 9a (Novagen) plasmid that confers kanamycin resistance was used to
subclone the sequences of H-wt, H R72D and H R72DD122R, and the pET3a (Novagen) that
confers ampicillin resistance was used for M-wt and M R72D. E. coli (BL21D(e3) ) was used as
the expression system. Due to low expression of H R72D and H 72DD122R ferritins, transformed
cells were co-transfection with pET 3a because earlier findingsin our lab showed that the
expression of some ferritin mutants is improved by the use of multiple antibiotics during

incubation. M R72D was also co-transfected with pET9ato increase protein expression.



Expression and purification of wild type and recombinant ferritin proteins

Bacterial cultures were grown as described in previously [10-12] with the following modifications
for H R72D, H R72DD122R and M R72D: standard 500 ml medium in 2L flask cultures gave
very little soluble protein as determined by SDS-PAGE, therefore, smaller culture volumes of 100
ml medium in 250 ml flask were used to increase the yield of soluble protein expressed. The
cultures were grown at 26 °C because it had been shown in earlier experiments that incubation at
this temperature increased the expression of soluble ferritin protein. Growth time was 26 hours.
For al of the proteins, induction time with 0.4 M PTG was limited to 2.5 hours to minimize

inclusion body formation.

Cell cultures were then spunin 1L bottles for 40 minutes at 5000 rpm at 4 °C. Pellets were then
collected and washed with 20 mM Bis-Tris Propane, 1M NaCl, 1mM Betaine pH 7.6 twice at a
ratio of 6 ml wash solution per gram of cellsin 50 ml Oakridge tubes. Cell were spun at 8000 rpm
(SA Sorbal) following the first wash and at 13000 rpm (SA Sorbal) following the second wash.
Resulting pellets were then sonicated 3 times for a period of 30 seconds with 1 minute intervals
between sonication steps. The sonicated solution was then spun at 13000 rpm (SA Sorbal) for 10
minutes, and the supernatant was then heated to 75 °C for 15 minutes and spun at 13000 rpm (SA
Sorbal) for 10 minutes. The supernatant was then collected and mixed with ammonium sulfate
(0.45gm/ml) until it was completely dissolved. Following an incubation period of at least 2 hours
at 4 °C, the solution was spun at 16000 rpm (SA Sorbal) for 40 minutes. The supernatant was

discarded and the pellet resuspended in 20 mM Bis Tris Propane, 0.09 M NaCl, 1mM Betaine pH



7.6 and dialyzed against the same buffer overnight. Following dialysis, the solution was filter
sterilized (0.2) and applied to an ion exchange column (Q-Sepharose Pharmacia (c)). The
fractions were analyzed by SDS-PAGE and absorption at 280 nm. Pooled fractions were then
mixed with ammonium sulfate (0.45g/ml) and incubated at 4 °C overnight. The protein was
sedimented by centrifugation at 16000 rpm (SA rotor) for 40 minutes, and the pellet was
resuspended in 50 mM MOPS, 0,2M NaCl, pH7.6 and dialyzed twice against three hundred
volumes of the same buffer. The first dialysis was overnight, and the second was for a period of 4

hours.

The R72DD122R mutation was made in the M subunit as well. However, this protein could not

be successfully purified due to inclusion bodies.

Gdl filtration experiments

A sephacryl S300 (Pharmacia) gel filtration anaytical column was used for al the gel filtration
experiments. The column was attached to a perfusion chromatography system (BioCAD Sprint),
and the temperature of the column was controlled using awater pump. To ensure proper
temperature stabilization of the column, water was run over the column at the desired temperature
overnight. The column was equilibrated with 2 column volumes of 50 mM MOPS, 0.2M NaCl pH
7.6. The flow rate was 0.8 ml/min throughout, and 0.5 ml of sample were injected. In genera, the
amount of protein applied to the column was 1.4 mg. Elution times were determined using the

BioCAD Sprint system software and absorbance at 280 nm.



Iron uptake - initial peroxidiferric complex (A 650 nm)

Ferritin samples stored in 0.2 M NaCl, 0.05M MOPS pH 7.0 were mixed with 1M MOPS pH7.0,
2M NaCl and H,0 to afina concentration of 2.0 mg/ml ferritin, 0.2M MOPS pH 7.0 and 0.2M
NaCl. To test the formation of the peroxidiferric complex using the stop flow spectrophotometer,
one ml of the protein sample was placed in the left chamber and 1 ml of a solution made by mixing
1482 pl of 0.2 M NaCl, ImM HCI with 18.8 yl of 16 mM FeSO4 7H ,0, 0.2 M NaCl, 1 mM HCI
was placed in the right chamber. Final Fe/ferritin ratio after mixing was 48. The formation of the
peroxidiferric complex was followed by measuring the absorption of the sample at 650 nm. The
peroxidiferric formation rates were calculated from the slope of the formation curves by linear

regression.

Iron uptake - polynuclear iron (A 350 nm)

Ferritin samples stored in 0.2 M NaCl, 0.05M MOPS pH 7.0 were mixed with 1M MOPS pH
7.0, 2M NaCl and H,0 to afinal concentration of 1.1 mg/ml ferritin, 0.2M MOPS pH 7.0 and
0.2M NaCl (solution A). Nine hundred pl of this sample was used as the blank. Formation of the
iron core was monitored by following the absorption at 350 nm after the sample was mixed with
solution B . Solution B was prepared immediately before use by mixing 27.5 mg of FeSO, with
800 W of 2.5 M NaCl, 100 i of 0.1 M HCI and enough H ,O to achieve afinal volume of 10 ml.
After mixing, the Fe to iron ratio was 480 Fe/ ferritin molecule.

Iron release - iron reduction (A 522 nm)

Ferritin samples stored in 0.2 M NaCl, 0.05M MOPS pH 7.0 were mixed with 1M MOPS pH7.0,

2M NaCl and H,0 to afina concentration of 1.1 mg/ml ferritin, 0.2M MOPS pH 7.0 and 0.2M



NaCl. Four hundred and eighty Fe/ferritin cores were made by mixing 0.9 ml of a1.1 mg/ml
ferritin, 0.2M MOPS pH 7.0 and 0.2M NaCl sample with 0.1 ml of 9.6 mM FeSO,H,O (in 1 mM
HCI, 0.2M NaCl) and incubated at room temperature for 2 hours and then at 4 °C overnight. A
solution was made by mixing 100 pl 25 mM NADH, 100 pl of 25 mM FMN, 100 yl 1M MOPS
pH 7.0, 100 pl 2M NaCl and 500 Wl of H,O inaplastic 1 ml cuvette. The NADH and FMN
solutions were prepared immediately before use. To induce iron release, 100 pl of the protein

solution was quicky mixed with the solution in the cuvette to start the reaction.

Iron release was measured by the formation of a bypiridyl-Fe(l1) complex which was followed by
the change in absorption at 522 nm using an HP diode array spectrophotometer. Absorbance
measurements were taken every 5 seconds for the first minute, every 30 seconds for the next 5
minutes and then every 5 minutes until the end of the experiment, usually 90 minutes. The iron
release rates were determined by calculating the slope of the curve for absorbance during the first

40 seconds of the reaction.

Results

Effects of mutations on iron uptake rates

Mutation at the 3-fold interface had different effects on the rate of iron uptake depending on the

sequence of the ferritin subunit (Fig. 3.) Mutation in the frog H subunit showed a decrease in the
iron uptake rate. The biggest difference was produced by the H R72D mutant that showed a 3.7

fold decrease (0.77 +/- 0.34 AAu/seC) initsiron uptake rate compared to that of the wild type H

(2.9 +/- 1.4 AAu/sec). The double mutant, H R72DD122R, also showed a decrease in itsiron



uptake rate (1.24 +/- 0.44 AAu/sec), but this decrease was less than that off H R72D. In contrast,
mutations in the M ferritin subunits did not cause any significantly different results in iron uptake

rate for the M-wt (1.68 +/- 0.38 AAu/sec) and M R72D (2.0 +/- 0.5 AAu/sec.)

Effects of mutations on the iron release rates

Disruption of the putative salt bridge had different effects in the iron release rates depending on
the type of ferritin subunit studied. The different iron release rates for the wild type and mutant
ferritins are shown in figure 4. The largest change on the iron rel ease rate was seen in the double
mutant, H R72DD122R, which showed a 4.3-fold increase in itsiron release rate (6.75 10°3)
compared to the iron release rate of the wild type H (1.57 10°3). The single mutant, H R72D, aso
showed an increase of 2.2 fold (3.69 10°3) over the wild type protein. In contrast, the M R72D
mutant showed a very small decrease in itsiron release rate compared to that of the wild type M

(1.30 103 and 1.76 10°3, respectively.)

Effects of mutations on amount of iron released

Asfigure 5 shows, disruption of the putative salt bridge caused an increase in the amount of iron
released in both H and M types of ferritin. Both H mutants, H R72D and H R2DD122R, exhibited
an increase of more than 58% in the amount of iron released after 10 minutes. After thistime H
R72D released 77.3% while H R72DD122R released 77.4% of itsinitial iron atoms, and the H-wt
released only 48.8 %. Thisincrease is not transient and causes these two mutants to reach higher
iron release percentage than the wild type even after longer incubation times. Figure 5B depicts

the percentage of iron released after 40 minutes. At this time these mutants and the wild type



showed avery small increase in the percentage of iron atoms released, but the differencesin iron
released by the H mutants and H-wt was still high. After 40 minutes, the H R72D released 82%
while H R72DD122 released 81% of itstotal iron content compared to only 60 % for the wild

type H.

Even more striking results are seen in the M mutants. Although the M subunit does not normally
reach iron release amounts higher than 30 % when incubated with 480 Fefferriting, MR72D
mutants attained an iron release amount closer to that of the H wild type after 10 minutes and
even higher after 40 minutes. As figure 5A shows, after 10 minutes, M R72D had released about
42.8 % of itsiron content compared to only 24 % iron released by the wild type M. Thisis more
that a 1.7 fold increase in iron release over the wild type M. Asin the case of the H mutants this
increase is not transient and continues to increase over time. After 40 minutes the M R72D
released amost 79 % percent of itstotal iron while M-wt released 30 %. This increase in amount

of iron released by the M R72D is 2.3-fold higher than the amount of iron released by M-wit.

Effect of mutations on gel filtration elution times

Because ferritin is a twenty-fourmer, mutation in one of the subunits will be amplified in the
assembled protein. To anayze the possible effect on the volume of the proteins due to the
mutations at the 3-fold interface, gel filtration experiments were performed using an analytica

grade gel filtration column (Table 1).



Mutation in the H subunits revealed marked differences in the elution time of the protein. Table 3
shows a summary of the elution times at different temperatures. The largest difference from wild
type was observed in the elution time of H R72D with a mean elution time of 64.30 +/- 0.28 min
at 23 °C. H R72DD122R had an mean elution time of 66.75 +/- 0.07, and the H-wt had a mean
elution time of 67.75 +/- 0.07 min. In contrast, mutations in the M class of subunits did not show
any significant difference between the mutant and wild type (65.40 +/- 0.51 for the M R72D and
65.70 +/- 0.29 for M-wt). At 10 °C avery small difference in elution time was observed for
MR72D and the wild type M. At 10 °C and 45.5 °C all the elution times changed as expected,
decreasing and increasing as the protein volumes condensed and expanded respectively. The
difference in the elution time of the wild type and the mutant proteins decreased dlightly asthe

temperature was increased.

Discussion

Mutations at the 3-fold interface and the effects on protein volume

From the results of the gel filtration experiments, it is clear that the R72D and R72DD122R
mutations in the H ferritins showed an increase in volume compared to the volume of the wild
type protein (Fig. 7 A, B, C.) Asdetermined by the elution times of the different mutants, the
larger increase in volume was seen in the single mutant, H R72D, followed by the double mutant,
H R72DD122R. In contrast to these results, the R72D mutation in the M subunit did not cause a
marked difference from the wild type M in regards to volume. The greatest difference in elution

times between mutants and wild type subunits was seen at 10 °C. However, at this temperature



the difference in the elution times of M R72D and M-wt is only 0.6 % which isjust above its

standard deviation value (0.247).

It is difficult to determine the possible reason(s) for the difference in behavior of the mutants from
the three dimensional structure because the tertiary and quaternary structures of H and M ferritins
are identical [7, 8]. However, the number of interactions between the 3-fold terminus of the AB
helix bundle and the terminus of the CD helix may not be the same in both the H and M subunits.
Whilein the H ferritins it seems that the primary interaction between these two bundlesis through
the R72-D122 sdlt bridge, in the M ferritin subunits there is an additiona hydrophaobic interaction
between tyrosine 68 and phenylaanine 128 (Fig. 8.) The stacking of the aromatic rings of these
residues might serve as an additional lock to secure the bundles in place in the M subunit. While
most ferritins have atyrosine or aleucine at position 68 (as is the case of human H ferritin), frog
H ferritin has an aspartate and thus lacks the extra stability imparted by the hydrophobic
interaction between Y 68-F128. Additionally, using the program ProCam [13] designed to identify
intra-subunits hydrophobic interactions, it is possible to determine the difference in the number of
hydrophobic interactions found in 3 different ferritin subunits: frog M and L ferritin and human H
ferritin. Figure 9 shows the different hydrophobic interactions for human H and frog M ferritin.
This program requires the use of the 3 dimensional structure of the protein. This datais not
available for frog H ferritin at this time, so the human H ferritin sequence was used for this
comparison [14]. Although the sequence homology between the human H ferritin sequence and
frog H ferritin is lower (86 % ) than the sequence homology between frog H ferritin and frog M

ferritin (93 %), the homology at the residues directly involved in the hydrophobic interactionsis

10



higher between the human H and frog H ferritins (72 %) compared to that of the frog H and frog
M ferritins (63 %) Therefore, the probable number of hydrophobic interactionsin frog H ferritin
can be extrapolated from analysis of the human H ferritin. The number of interactions for human

H, frog M and frog L ferritin is summarized in Table 3.

From thistable, isit clear that the number of hydrophobic interactions within the frog M subunits
is much larger than that in the frog L and human H subunits. Of the residues predicted to be
involved in the hydrophobic interactions in human H ferritin all are identical to the corresponding
residuesin frog H ferritin except at 2 positions. Human H ferritin has a glutamine at position 19
while frog H ferritin has a methionine at this position. In addition, human H ferritin has aleucine
at position 68 while frog H ferritin has an aspartate at this position. Thisincrease in stability due
to the higher number of hydrophobic interactionsin the frog M ferritin could explain the

differential effect in size due to the R72D mutation in the H and M subunits.

Iron release and the 3-fold interface

Although there has been extensive research into the mechanism of iron uptake by ferritin, current
understanding of the mechanism of iron release by ferritin is limited. First indications are that the
3-fold axisisinvolved. From experiments by Takagi et al [15] it was shown that there was an
increase in the iron release rate which correlates with the disruption of the end of the C helix and
the beginning of the D helix which was caused by the substitution of a conserved leucine residue
by aproline. How these changes in the 3-fold interface of ferritin affect iron release is not known.

In asimilar fashion, disruption of the salt bridge between arginine 72 and aspartate 122 by the

11



R72D and R72DD122 mutations increases their iron release rate. A closer ook at the position of
this salt bridge with respect to the L134P mutation can be seen in figure 6. While the L134P
mutation disrupts the C terminus of the C apha helix and the N terminus of the D apha helix,
disruption of the R72-D122 salt bridge would remove an anchor that connects the 3-fold end of
the AB alpha helix bundle to the CD alpha helix bundle. The end result of both mutations, L134P
and R72D, could be very similar from a structural point view, increased flexibility at the 3-fold
interface. While direct determination of the structure of the H R72D mutant is not yet available,
gel filtration studies show that an increase in the volume of the protein can be achieved by
disruption of the R72D salt bridge in the H type of subunits, supporting the hypothesis of increase

flexibility.

As stated earlier the double mutant, H R72DD122R, shows an even higher increase in itsiron
release rate compared to that of the H R72 mutant. From this result and from its other properties,

it is clear that the double mutant did not fully rescue the salt bridge as predicted.

In contrast, the M R72D mutation did not show a significant increase in iron release rate in the M
subunits. This result seems strange due to the fact that the M R72D mutant releases more iron
than the wild type M after 10 and 40 minutes. The cause of this result is not known, but an
explanation for the difference observed in iron release amount and the difference in volume
observed in the gel filtration studies of the H and M proteins could be due to a specific property
of the arginine 72. As stated earlier, the difference in volume was seen only in the H mutants but

not in the M mutant. At the same time, there is alarge difference in the percentage of iron

12



released by the mutants, especialy by MR72D. If the R72 residue is involved directly in the iron
release pathway, its absence would directly affect the iron release process asis seen in both the H

mutants and the M mutant.

Iron uptake and the 3-fold interface

Iron is believed to enter ferritin through the 3-fold interface [16-18]. There is a considerable
amount of information on the effect that mutations in the 3-fold interface [19-26] have on the iron
uptake rate of ferritin. There is solid evidence that several residues in the center of the double
helix bundle of the ferritin subunit, E23, E58, H61, E103 and Q 137 which together compose the
ferroxidase center, participate in the initial steps of the iron uptake [3, 27-29] , but the direct
importance of the 3-fold interface in the iron uptake mechanism is not known. Even though the
salt bridge between R72 and D122 is as far away from the center of the subunits as possible
(about 24 A), its disruption affects the iron uptake rates of H subunits but produces only a very
small difference in the iron uptake rate of the mutant M subunit (Figure 3.) One explanation for
the differential effect of the R72D mutation on H and M subunits could be explained by a
difference in the microenviroment of the ferroxidase center. Frog H (and also human H) have only
one ExxH motif (E58 H61) which works in conjunction with E23, E 103 and Q137. In contrast,
frog M ferritin has this same binding motif but also has an additional binding motif formed by
Q137xxD140 which gives this protein different reaction kinetics from the H ferritin subunits. The
additional QxxD motif in the frog M subunits is thought to increase stabilization of the initial

diferric complex which is a precursor of mineralization [7] and might have some biological

13



relevance [30]. Thisincrease in stability found in the M subunits could be the reason for the

different iron uptake properties seenin M R72D and H R72D.

Another explanation for the difference in iron uptake by the R72D mutation in H and M frog
ferritins can be the result of the differential effect of the disruption of the salt bridgein H and M
ferritins. From the gel filtration experiments it was shown that the H ferritins increase in volume
due to the disruption of the salt bridge but that the M subunits do not. A relationship between iron
uptake rate and gel filtration elution time can be seen in figure 10. If we think of the two alpha
helix bundles as two separate units that are connected by inter-bundle interactions, disruption of
the salt bridge in the H subunits will cause these 2 bundles to have much more flexibility which
will be manifested by a separation and lateral movement of the two helix bundles with respect to
one another. This movement would result in a separation of the center residues found in both
bundles thereby decreasing their optimal distance needed for iron uptake. Thus a separation of the
AB and CD bundles would result in adecrease in iron uptake properties of the protein. This
increased flexibility and separation of the AB and CD bundle caused by disruption of the salt
bridge would not be expected to be as dramatic in the M subunit since it is locked more securely
in place by additional hydrophobic interactions not present in the H subunits. This would explain
the differential effect on iron uptake rate that is produced by the disruption of the R72-D122 salt
bridge. Another piece of information that supports this theory is the findings of research done on
an L134P mutation in the frog H subunit. Just like the H R72D mutant, the iron uptake rate of H
L134P is considerably decreased compared to that of the wild type. While the H R72D mutant

directly disrupts the salt bridge, one of the anchors between the AB and CD bundle, the L134P

14



mutation disrupts alarge apha helix segment, from L 110 to L 134. Because the electron density
map [15] in the region of the D122 residue is very disorganized, it islikely that the L134P
mutation also disrupts the R72-D122 salt bridge as well, thus producing an effect smilar to that

of the H R72D mutation.

15



Conclusions

It is clear that disruption of the salt-bridge between R72 and D122 had different effects depending
on the type of ferritin subunit used. Although the 3-dimensiona structure of H and M ferritinis
very similar, the microenviroment of these proteins can be quite different. These differencesin
microenviroment give the ferritin subunits different properties which no doubt nature has used to
its advantage. The effects of the disruption of the salt bridge are influenced by the different
microenvironments of the H and M subunits, therefore, the net effects are different for the two

types of subunits.

Other properties affected by the disruption of the salt-bridge are the iron uptake rate, iron release
rate and amount of iron released. These changes in ferritin protein function due to the mutation of
only one residue emphasize the importance of the salt bridge which was inferred from the

conservation seen in the protein sequence.

While it is difficult to give concrete reason for the various changes in ferritin properties due to the
disruption of the salt-bridge, there seemed to be two possible explanations for the differences.
Firgt, the increase in volume seen in the H ferritin could be directly related to the difference iniron
uptake rates. Thisincrease in volume could be due to the change in the optimal distance of the
residues directly involved in the iron oxidation pathway. This ideais aso supported by the fact
that the M ferritin subunits do not show significant differences in their iron uptake properties nor

in their volume. Another explanation for this difference is the fact the M subunits have an
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additional iron binding motif not found in H subunits that increases the stability of theinitia

iron/ferritin binding.

Second, the R72 residue or the whole salt bridge could be directly involved somehow in the iron
release pathway. This conclusion is supported by the fact al the R72D mutantsin H and M frog
ferritin show an increase in the amount of iron released irrespective of changesin volume of the
protein. This observation is also partially supported by the changes in the L134P mutant in which

the R72 residue is present but in a state of high disorganization.
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Table 1. Initial iron uptake rates

Protein Rate @ 350 nm (Au/sec 102)
H-wt 29+/-1.4

H R72D 0.77 +/- 0.34

H R72DD122R 1.24+/- 0.44

M-wt 1.68 +/- 0.38

M R72D 2.0+/-05

Table 1. Iron uptake rate (formation of polynuclear iron clusters) for different recombinant
apoferritins (initial Fefferritin concentration less than 15 Fefferritin). Initial iron uptake rates were
determined by mixing 1mg/ml ferritin solution with aferrous sulfate solution to aratio of 480
Fe/ferritin. Absorbance measurements at 350 nm were made every 5 seconds for 5 minutes, and
the iron uptake rate was determined by calculating the slope of the curve for the first 30 seconds.
Shown rates are the average of at least 3 different protein batches of each ferritin protein. Errors

for the initial rates are the standard deviation of the mean.
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Table 2. Iron release rates

Protein Rate @ 522 nm (Au/sec 10°3)
H-wt 1.57 +/- 0.26
H R72D 3.69 +/- 0.61
H R72DD122R 6.75 +/- 0.89
M-wt 1.76 +/- 0.32
M R72D 1.30 +/- 0.62.

Table 2. Iron release rates for different recombinant apoferritins. Ferritins were

preincubated with aferrous sulfate solution so the final iron to protein ratio was 480. Reduced

iron was trapped by the formation of a bipyridyl complex whose formation was followed at 522

nm. Absorption measurements were taken every 5 second for the first 2 minutes, and the iron

release rates were determined by calculating the slope of the curve for the first 50 second of the

reaction.
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Table 3. Elution times as a function of temperature

Protein Temperature (°C)

10 23 45
H Wt 66.47 +/- 0.13 67.75 +/- 0.07 69.45 +/- 0.10
H R72D 63.15 +/- 0.07 64.30 +/- 0.28 66.30 +/- 0.57
H R72DD122R 64.87 +/- 0.14 66.75 +/- 0.07 68.21 +/- 0.30
M Wt 64.29 +/- 0.24 65.70 +/- 0.29 67.52 +/- 0.26
M R72D 63.93 +/- 0.22. 65.40 +/- 0.51 67.47 +/- 0.13

Table 3. Gd filtration elution times at different temperatures for several recombinant

apoferritins. Error of the elution time (min) is the standard deviation of the mean.
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Table 4. Hydrophaobic interaction in the 3-fold end terminus of the AB-CD ferritin helix bundle

Ferritin Proteins

FrogM
C12-V16-L113-L125
V16-F65-Y 68-L125
Y8-V16-Y68-L125
V16-L133-L125-1.129
V16-F65-L125-1.129
V16-F65-L113-L.129
V16-M19-F65-L113
M19-F65-L113-L 129
M19-L110-L113-L 129
M19-F65-L110-L129
F65-L110-L129-Y 133
M19-F65-L110-Y 133

Human H

Y 8-116-L68-L125
116-L68-L125-F128
116-L113-L125-1129
116-L65-L68-F128
116-L65-L113-1129

Frog L
F8-L16-Y68-M125
C12-L16-L113-M125
L16-L113-M125-L.129
L16-Y68-M125-F128
L16-L65-L113-L129
L16-L65-Y 68-F128
L65-L110-L129-Y 133

Table 4. Intra-subunit hydrophobic interactions at the 3-fold terminus of the AB-CD alpha

helix bundle in recombinant frog M and human H ferritins. The hydrophobic interactions were

determined using the program ProCam (1998 Stephen A. Cammer, Charles Carter, losif Vaisman,

Alex Tropsha: UNC Chapel Hill.)
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Supramolecular Ferritin Structure

Fig 1. Frog M ferritin 24 subunits in a432 symmetry viewed down the 3-fold axis. Purple

ribbon shows the packing of 3 ferritin subunits to form the 3-fold interface. In gray is shown an &-

Carbon trace drawing of the other 21 subunits. (Drawing produced by Rasmol.)
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Salt-bridge between R72-D122 in the 3-fold interface of frog M

ferritin

Figure 2. Trace drawing of frog ferritin 3-fold axis and the salt bridge between R72 and
D122. Trimer interface showing the position on the inter-subunits salt bridge between arginine 72

and aspartate 122. (Drawing produced by Rasmol.)
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Fig 3. Iron uptake rates for various recombinant apoferritins. The error of theinitial rates

(AAu/sec) is the standard deviation of the mean. H-wt, 2.9 +/- 1.16; H R72D, 0.77 +/- 0.22 ; H

R72DD122R, 1.24 +/- 0.303; M-wt, 1.68 +/- 0.34; M R72D 2.0 +/- 0.53.
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lron release rates
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Fig 4. Iron release rates (AAu/sec) of various recombinant apoferritins. The error of the

initial rates (A Au/sec) is the standard deviation of the mean. Initial iron ratio of 480Fe/ferritin: H-

wt, 1.570 +/- 0.26; H R72D, 3.69 +/- 0.61, H R72DD122R, 6.75 +/- 0.89; M-wt, 1.76 +/- 0.32;

M R72D, 1.30 +/- 0.62.
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Fig5 A . Percentage of iron released after 10 minutes for H, M wild type and mutants.
Recombinant apoferritins mineralized in vitro by mixing with ferrous sulfate at aratio of 480
Fe/ferritinin 0.1 MOPS (pH 7.0), 0.2 M NaCl and incubated at room temperature for 2 hours and
then at 4 °C overnight were added to a mixture of 25 M FNM, 25 M NADH and 25 M
Bipyridyl. Reduced iron was trapped as a Fe(l1)-bipyridyl complex monitored at 522 nm. The
percentage of iron released was calculated by determining the amount of iron released at 10
minutes and extrapolating a percentage amount from 480 Fe atoms as 100%. The error of the
percentage of iron released (%) is the standard deviation of the mean. H-wt, 47.85+/-9.04; H
R72D, 77.30+/-8.95; H R72DD122R, 77.37 +/- 8.77, M-wt 24.87 +/- 1.46; M R72D, 42.80 +/-
4.66.
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Percentage of iron released after 40 minutes
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Fig 5B. Percentage of iron released after 40 minutes. H-wt, 60.282 +/-14.90; H

R72D,83.96+/-6.48; H R72DD122R, 82.10+/-10.639; M-wt, 30.21 +/-2.30; M R72D,70.08 +/-
7.66.
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Three fold interface with salt-bridge and area disrupted by the

L 134P mutation

R72 i

D122

v/ /“" ‘

Fig 6. Three fold interface of frog M ferritin. Figure shows the position of the alpha helix
disrupted by the L134P mutation (gray ribbon) and the position of the salt bridge between R72
and D122. Prediction of the disrupted C and D helix terminus from Takagi et al 1999. (Drawing

produced by Rasmol.)
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Fig 7A. Gdl filtration elution times at 10 °C (A), 23 °C (B) and 45.5 °C (C) for severd

recombinant apoferritins. Ferritin samples (1.4 mg or less) were injected in a Sepahcryl S-300

(Pharmacia) gd filtration analytical column, and the elution time for the different proteins was

determined by measuring the absorption of eluted fractions at 280 nm. The error of the elution

times (min) is the standard deviation of the mean. (A) H-wt, 66.47 +/- 0.13; H R72D, 63.15 +/-

0.07; H R72DD122R, 64.87 +/- 0.14; M-wt, 64.29 +/- 0.24; M R72D, 63.93 +/- 0.22.
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Elution time at 23 °C
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Fig7B. Gel filtration elution times at 23 °C. H-wt, 67.75 +/- 0.07; H R72D, 64.30 +/-

0.28; H R72DD122R, 66.75 +/-0.07; M-wt, 65.70 +/- 0.29; M R72D, 65.40 +/- 0.51.



Elution time at 45.5 °C
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Fig 7C. Gl filtration elution times at 45.5 °C. H-wt, 69.45 +/- 0.10; H R72D, 66.30 +/-

0.57; H R72DD122R, 68.21 +/- 0.30; M-wt, 67.52 +/- 0.26; M R72D, 67.47 +/- 0.13.
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| nteractions between the A-B and C-D helix bundle in Frog M

ferritin

Fig 8. Alpha-Carbon trace drawing of frog M ferritin showing the 3-fold end terminus of
the AB-CD helix bundle. Also depicted is the hydrophobic interaction between Y 68 and P128
found in frog M ferritin but not in frog H ferritin where the tyrosine 68 residue is replaced by an
aspartate. Thisinteraction could provide additional stability to the region in the absence of the
R72-D122 sdlt bridge. (Drawing produced by Rasmol.)
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I nter-subunit hydrophobic interactions in human H and frog M

ferritin

Figure 9. Inter-subunit hydrophobic interactions in human H (A) and frog M (B) ferritin
single subunit based on the program ProCam [13]. Red dots represent the interaction center
between 4 hydrophobic amino acids. Red lines show the position of the amino acid responsible for
the interaction. Specific residuesinvolved in the interaction are not shown for clarity, but the

residues involved in the 3-fold terminus of the AB-CD helix bundle are shown in table 4.
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Elution time vs Iron uptake rate
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Fig 10. Elution time vs iron uptake rates for severa recombinant apoferritins. Elution
times at 23 °C for several recombinant apoferritins were plotted against their iron uptake rate
(measured at 350 nm). Standard deviation of the mean of the iron uptake shown by bars. Not
shown are the standard deviation in minutes for the elution time of H-wt (0.07), H R72D (0.28),

H R72DD122R (0.07), M-wt (0.29), and MR72D (0.51).
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