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ABSTRACT

The method of synthesizing acyclonucleoside iron chelators is both convenient and
cost effective compared to that of synthesizing ribonucleoside iron chelators. The
X-ray crystal structural analysis shows that the 2-hydroxyethoxymethyl group does
not affect the geometry of the iron chelating sites. Therefore, the iron binding and
removal properties of the acyclonucleoside iron chelators should remain similar to the
ribonucleoside iron chelators, which is confirmed by the titration and competition
reaction of the acyclonucleoside chelators with iron and ferritin, respectively. The
acyclonucleoside iron chelators are more lipophilic with measured n-octanol and Tris
buffer distribution coefficients than ribonucleoside iron chelators.
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INTRODUCTION

A milestone in iron chelation therapy was the development of desferrioxamine
(DFO), a hexadentate iron chelator, to treat iron overload diseases which affect millions
of people worldwide.'"! DFO results in significant iron excretion and leads to great
improvement in both the quality of life and the life span of iron overload patients.
Unfortunately, DFO has a number of drawbacks. It is not orally absorbed and requires
extended subcutaneous administration, which leads to poor patient compliance. It is
also expensive. These factors limit its widespread use.'”’ Another iron chelator in
clinical use outside the US is 1,2-dimethyl-3-hydroxy-4-pyridinone (L1). Although L1
is orally effective and shows high iron chelation efficacy, it has toxic side effects that
have hampered its clinical application.”] There is, moreover, some controversy
regarding its efficacy in reducing tissue iron stores in iron-overload patients.'*!
Therefore, there is a great need to develop new orally effective, low toxicity and
inexpensive iron chelators that can be used for the clinical treatment of hereditary and
transfusion iron overload diseases. Furthermore, because iron plays an important role in
the regulation of many cellular functions, manipulating iron levels in particular
biological compartments can have a profound effect on certain disease processes.
Therefore, the search for new iron chelators with different biological properties may
lead to efficient drugs for use against some other diseases,”>~”! including some cancers,
malaria, and free radical-mediated injury.

Increasing the lipophilic nature of chelators is often utilized to improve oral bio-
availability and other biological properties. However, this often increases the toxicity of
the chelators.®! Keeping the optimal balance of oral activity and low toxicity by
adjusting the lipophilicity of chelators is very difficult in iron chelator design. There-
fore, exploration of other strategies is indicated.

Recently, we developed a new class of ribonucleoside iron chelators® '’ (Figure 1,
Ia,b) which is potentially orally active with reduced toxicity. The riboside groups
decreased the lipophilic nature that may be the cause of chelator toxicity. Moreover,
this decrement may not affect the oral activity and cell membrane penetration because,
as a functional group, the riboside plays a role in carrying the chelation moiety across
the cell membrane through sugar-transport systems. However, when dealing with
ribosides, the multiple synthetic steps and the cost of materials are a problem because
efficient synthesis and affordable price are very important if a drug is to be for
worldwide patient use. To overcome these drawbacks and retain the biological
activities of the ribonucleoside iron chelators as well as to investigate other possible

Ia IIa 1Ib
& [
| |
HO— N oN | |
HO_\/O\I
HO OH HO OH

Figure 1. Chemical structures of ribonucleoside (Ia,b) and acyclonucleoside (Ila,b) iron chelators.
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functional groups for facilitating transmembrane shuttles, we have designed and
synthesized so called acyclonucleoside analogues in which the ribosides were replaced
by a (2-hydroxyethoxy)methyl group (Figure 1, ITa,b). Our motivation was the evidence
that acyclonucleosides with the replacement of (2-hydroxyethoxy)methyl group may
still retain some biological properties of the parent ribonucleosides.!''! Also, the
synthetic method is simplified and the cost is reduced. Obviously, it is very desirable
that the biological and pharmacological properties and the molecular structure of
acyclonucleoside iron chelators are examined and compared with those of ribonucle-
oside iron chelators and established iron chelators. This will provide insights into
acyclonucleoside iron chelators as orally active, low toxicity, and inexpensive iron
chelation agents, and into the design of new iron chelators of ribonucleoside and
acyclonucleoside analogues with optimal biological and pharmacological properties.

RESULTS AND DISCUSSION

The acyclonucleoside iron chelators were synthesized using the procedure as
described in the experimental section and in detail as previously reported.”'?! In
Scheme 1, the alkyl-3-benzyloxyl-4-pyridinone was prepared according to the method
in Ref. [13] with a minor modification; the mixture of 2-alkyl-3-benzyloxyl-4-pyranone
and aqueous ammonia was stirred at room temperature for 48 h instead of refluxing
for 18 h to avoid the violent evaporation of ammonia by heating. In step d of Scheme 1,
benzyloxyethoxymethylchloride!" " could be replaced by (2-acetoxyethoxy)methyl bro-
mide!' and SnCl, could be used as catalyst instead of trimethylsilyl trifluoromethane-
sulfonate, but these changes resulted in separation difficulties and low yields. In the last
step, both of the protection benzyl groups were simultaneously removed by hydro-
genation in the presence of Pd/C in aqueous ethanol. In contrast, in the synthesis of
ribonucleoside iron chelators, two deprotection steps, one by hydrogenation and another
by basic hydrolysis with ammonia, have to be used to remove the different protection
groups of the benzyl group on the pyridinone ring and acetyl or benzoyl groups on the
riboside ring, respectively."

The reason for using a (2-hydroxyethoxy)methyl group to replace the ribosides for
the preparation of these kinds of chelators is that it involves fewer synthetic steps with

o] ﬁ o]
OH OCH,Ph OCH,Ph
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H OCH,Ph OCH,Ph OH
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T N PhCH,0— O\T R HO—\/O\IN
SiMe
Scheme 1. R = Me, Et. a: PhCH,C1l/NaOH/refluxing/6 h. b: NH4OH/r.t./48 h. c¢: Hexamethyldi-

silazane, chlorotrimethylsilane. d: Benzyloxyethoxymethylchloride, trimethylsilyl trifluorometh-
anesulfonate in 1,2-dichloroethane. e: H,, Pd/C, AcOH in 95% EtOH.
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Figure 2. ORTEDP stereoview of chelator IIb.

less expensive starting materials. Moreover, this substitution may retain the biological
properties of the parent ribonucleoside iron chelators presumably because of the su-
perposition of the conformations of acyclonucleosides and ribonucleosides with respect
to the positions of C-1', ether oxygen, C-4', C-5', and the 5'-OH."" ' Of interest are studies
which, in some cases, show that this replacement decreased the toxicity of original nu-
cleosides.'">~'"1 Furthermore, the terminal hydroxyl group in the (2-hydroxyethoxy)-
methyl side chain plays a role in preventing the chelators from entering the brain,!'® hence
lowering the neurotoxicity.

X-ray crystallographic analysis was performed in this study to determine the
molecular and crystal structures of IIb. An ORTEP stereoview of the molecular
structure of IIb is depicted in Figure 2. This analysis provided important information
about iron binding sites and some pharmacological properties of this class of chelators.

The X-ray crystallographic analysis showed that the C3-01, C4-02, and C3-C4
bond distances of iron binding site in IIb are 1.302 (3) A, 1.350 (3) A, and 1.418 (4) A,
respectively. In comparison with the corresponding bond distances of 1.333 (2) A,
1.346 (2) A, and 1.406 (2) A in CP94 (1,2-diethyl-3-hydroxyl-4-pyridinone),'"*! it is
apparent that the C3-0O1 carbonyl bond distance is about 0.029 A shorter. But in
contrast, the corresponding bond distances in 1,2-dimethyl substituted congener, L1 are
1.271 A, 1.364 A, and 1.438 A;!" the C3-01 carbonyl bond distance is about 0.031 A
longer. The ribonucleoside iron chelator of Ib has similar bond lengths of C3-0l1,
C4-02, and C3-C4 (1.269 (6) A, 1.361 (6) A, and 1.428 (7) A)!'"! to the corresponding
bond lengths in L1. These phenomena can be explained with electronic effects of the
substitution groups on the 1 and 2 positions of the pyridinone ring. The ethyl group is a
stronger electron donor group than the methyl group. There are two ethyl groups in
CP9%, one in IIb, and none in L1 and Ib. The methyl, riboside, and (2-hy-
droxyethoxy)methyl groups may have the similar electronic effects. The carbonyl group
is an electron withdrawing group. The more electronic density on the pyridinone ring
(CP9%4 > IIb > L1 and Ib), the longer the carbonyl bond length should be (1.333 (2) A

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 3. Centrosymmetric dimeric ring structures of L1 and IIb.

in CP94 > 1.302 (3) A in IIb > 1.271 A in L1 and 1.269 (6) A in Ib). All of the four-
carbonyl bond lengths are significantly longer than a pure carbonyl bond (1.210 A3
which results in a partial negative charge on the oxygen atom and thus favors for
chelation. Interestingly, the carbonyl bond distance of IIb is the closest one to that of
the iron-L1 complex.”” In the complex the corresponding carbonyl bond length is
1.299(8) A. The C4-02 and C3—C4 bond lengths also compare very well with the
corresponding bond lengths of 1.342(7) A, and 1.408(7) A in the iron-L1 complex.?"!
These observations indicated that replacement of the 2-hydroxyethoxymethyl group
does not affect the iron binding geometry of the chelator and that the iron binding sites
of IIb may be more favorable for iron chelation than other chelators because of the
preorganization effect.?!’ The bond distances in the pyridinone ring of IIb are 1.351
4) A for C1-C2, 1.391 (4) A for C2-C3, 1.418 (4) A for C3-C4, 1.376 (4) A for
C4-C5, 1.353 (4) A for C1-N, and 1.369 (4) A for C5—N. These are comparable with
the corresponding bond lengths determined for iron-L1 complex (1.346 (10) A, 1.423
(8) A, 1.408 (7) A, 1.382 (9) A, 1.365 (7) A, and 1.364 (7) A).>"

Table 1. Bond lengths (/OX) and angles of IIb (°).

0(1)-C(3) 1.3023)  O2)-C(4) 1.3503)  O(3)-C(8) 1.393(4)
0(3)-C(9) 1.4284)  O@4)—-C(10) 1.388(4)  N(1)-C(1) 1.353(4)
N(1)-C(5) 1.369(4)  N(1)-C(8) 1.4934)  C(1)-C(2) 1.351(4)
C(2)-C(3) 1.3914)  C(3)-C@) 1.418(4)  C(4)-C(5) 1.376(4)
C(5)-C(6) 1.5004)  C(6)-C(7) 1.527(5)  C(9)-C(10)  1.487(4)
C(8)-0(3)-C(9) 11413)  C(1)-N(1)-C(5) 120.3(2)

C(1)=N(1)-C(8) 11773)  C(5)-N(1)-C(8) 122.0(3)
C(2)-C(1)=N(1) 12253)  C(1)-C(2)-C(3) 120.1(3)
0(1)-C(3)-C(2) 12392)  O(1)-C(3)-C(4) 119.3(2)
C(2)-C(3)-C(4) 116.7(2)  OQ2)-C(#)—-C(5) 117.5(2)
0(2)-C(4)-C(3) 12072)  C(5)-C(4)-C(3) 121.7(3)
N(1)-C(5)-C(4) 11852)  N(1)-C(5)-C(6) 121.7(2)
C(4)-C(5)-C(6) 11973)  C(5)-C(6)-C(7) 111.93)
0(3)-C(8)-N(1) 11252)  0(3)-C(9)-C(10)  110.1(3)
04)-C(10)-C(9)  109.3(3)
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Figure 4. Titration of Ila and IIb with iron.

It is also interesting to see that the crystal structure of IIb exhibits centrosymmetric
hydrogen bonded dimeric units, but it is unlike that known in most other
hydroxypyridinone chelators''* (Figure 3). The hydrogen (HI1A) of the hydroxyl
group on the pyridinone ring forms a hydrogen bond with the oxygen (O4) on the tail
of the side chain with a 1.94 (5) A bond length and a 164 (3) ° hydrogen bond angle,
resulting in a H-bonding linked ring (Figure 3). The rings formed a cylinder with the
ethyl groups inside and the free carbonyl groups and oxygen atoms outside. In each
unit cell there are two IIb and one-water molecules. Studies showed that water
incorporation into a solid form influenced the intermolecular interactions and the
crystalline disorder, hence altering the thermodynamic activity of the solid.”?*! All bond
lengths and angles of IIb were presented in Table 1.

The acyclonuleoside chelators of Ila,b reacted with iron (III) forming purple com-
plexes (Amax = 456 nm with € 4.6 x 10° for Ia and Ay, = 459 nm with £ 4.45 x 10°
for 1Ib) which have the chelator:iron stoichiometry of 3:1 (Figure 4). This was dem-
onstrated spectrophotometrically by titration of the chelators with iron in Tris buffer
(25 mM, pH 7.5, 22°C).[23] Also, the titration result revealed that the oxygen atoms of
hydroxyl and ether groups in the side chain are not involved with the iron complexation
under physiological conditions. It is consistent with ribonucleoside iron chelators that
the oxygen atoms on the riboside rings do not chelate iron. This study confirmed that
both the ribonucleoside and acyclonucleoside chelators formed non-charge complexes
with iron. The non-charge forms of the free chelators and iron-chelator complexes are
easily absorbed and excreted through the cell membrane.'®

The acyclonuleoside iron chelators of Ila,b, like the ribonucleoside iron chelators
of Ta,b,""% removed iron from ferritin in a slow reaction. Ferritin is an important protein
for iron storage under physiological conditions. The results of the reactions of the
chelators (Ila,b and DFO) with ferritin were monitored by the increase in absorbance of

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 5. Removal of iron from ferritin by the acyclonucleoside iron chelators and DFO. (View
this art in color at www.dekker.com.)

the iron-chelator complexes at the wavelength regions of the A, (Figure 5).[10’24] The
formation of iron-chelator complexes in all the reactions indicated a common kinetic
mobilization pattern that was characterized by an initial rapid iron removal, followed
by a slower iron removal rate and finally the end of the reaction as judged from stable
absorbance. Both the acyclonucleoside and ribonucleoside iron chelators'” were faster
and more effective at removing iron from ferritin than DFO. This difference may result
from the different sizes of the chelators or their iron complexes. The steric hindrances
due to the size of the chelators or their iron complexes compared with the size of the
iron mobile channels in ferritin may affect the effectiveness of iron removal. Thus
small iron chelators may be better able to remove iron from ferritin.**

The distribution coefficients (DC) of the acyclo and ribonucleoside iron chelators,
measured in n-octanol in a Tris buffer system?! showed that acyclonucleoside iron
chelators have higher DC than ribonucleoside iron chelators (Table 2). This was
expected because of the multihydroxyl groups in the ribonucleoside iron chelators.
However, the acyclonucleoside iron chelators were dissolved more easily in Tris buffer
than the ribonucleoside iron chelators. This is because the multiple hydroxyl groups in
the ribonucleoside iron chelators form intermolecular hydrogen bonds that crosslink the
molecules forming polymer clusters.'”’ This formation slowed the dissolution of
ribonucleoside iron chelators in aqueous solution. In contrast, the acyclonucleoside iron
chelators form centrosymmetric hydrogen bonded dimeric units which shield the
lipophilic ethyl group inside but leave the hydrophilic ketone part outside, resulting in

Table 2. Data of DCs for iron chelators.

Free chelator Ia Ib Ila IIb L1 CP9%4 (25)
DCs 0.05 0.04 0.10 0.26 0.21 0.85

MARCEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1}



10: 51 26 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

606 Liu et al.

good water solubility. Comparing the DC of the acyclonucleoside iron chelators of Ila
with L1 and IIb with CP94 (Table 2), the replacement of the 2-hydroxyethoxymethyl
group decreased the lipophilic nature of their parent chelators, respectively, which may
decrease their toxicity. Although the oral absorption and iron removal by L1 and CP94
are proportionately correlated with their DC, the good water solubility and appreciable
lipid solubility of acyclonucleoside iron chelators allow them to permeate through cell
membranes by both aqueous and non-aqueous routes. In this case, the (2-hydroxy-
ethoxy)methyl group serves as a carrier'>® > similar to the ribosides in ribonucleoside
iron chelators. Furthermore, the introduction of the terminal hydroxyl group of the side
chain in acyclonucleoside iron chelators may limit their penetration through the blood—
brain barrier, hence decreasing their neurotoxicity."'®! Also, this hydroxyl group may
limit the formation of non-chelating glucuronide metabolites (this impedes the efficacy
of iron chelation in vivo'*”!) because the glucuronide reaction may take place with the
terminal hydroxyl group hence leaving the hydroxyl group of iron binding site active
like ribonucleoside iron chelators.!'"}

EXPERIMENT

Materials and Instruments. Chemicals used in the experiment were of ana-
Iytical grade or better. Melting points of chelators were determined on a Fisher—Johns
apparatus without correction. The analyses of X-ray crystal and molecular structures of
chelators were performed on an Enraf-Nonius CAD-4 diffractometer. '"H-NMR spectra
were recorded at 200 MHz with an IBM NR 200 spectrometer. Mass spectra were
recorded on a VG ANALYTICAL 70-SEQ instrument. UV-vis spectra were recorded
on a Beckman DU-60. Thin layer chromatography was done on Sigma acid-washed
silica gel with a 254 nm fluorescent indicator on polyester plates. Column chromatography
was performed with Aldrich silica gel (70—230 mesh). Elemental analyses were carried
out by Desert Analytic Organic Microanalysis Inc (Tucson, Arizona).

Preparation of Ribonucleoside and Acyclonucleoside Iron Chelators. The
ribonucleoside and acyclonucleoside iron chelators were synthesized using the
procedure described in Refs. [9,12]. Briefly, to protect the hydroxyl group, 2-alkyl-3-
hydroxy-4-pyranone reacted with benzyl chloride in aqueous methanol solution
containing sodium hydroxide under refluxing for six hours to obtain 2-alkyl-3-
benzyloxyl-4-pyranone in 80% yield after recrystalization."*! Then, the mixture of 2-
alkyl-3-benzyloxyl-4-pyranone and aqueous ammonia was stirred at room temperature
for 48 h and yielded 2-alkyl-3-benzyloxyl-4-pyridinone (93% yield). A Hilbert—
Johnson type reaction modified by Niedballa and Vorbrueggen®® was used to link
the 2-alkyl-3-benzyloxyl-4-pyridinone moiety and the (2-hydroxyethoxy)methyl group
as well as ribosides. First, 2-alkyl-3-benzyloxyl-4-pyridinone was silylated in hexa-
methyldisilazane under refluxing for 2h and then alkylated by using benzyloxyethoxy-
methylchloride™!! or ribosides at room temperature for 4h with trimethylsilyl
trifluoromethanesulfonate as a catalyst. The yields were 95% and 89% for benzyloxy-
ethoxymethyl and riboside alkylation, respectively.””'?! SnCl, was also used as a
catalyst instead of trimethylsilyl trifluoromethanesulfonate in the alkylation reaction but
this resulted in separation difficulties and low yields, about 50 to 60%.!"?! Both of the
protection benzyl groups were simultaneously removed by hydrogenation in the

Copyright © Marcel Dekker, Inc. All rights reserved.
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presence of Pd/C in aqueous ethanol for the preparation of Ila, b, with 95% yields.
For the synthesis of Ia, b, in contrast, two deprotection steps, one by hydrogenation and
another one by basic hydrolysis with ammonia, have to be employed to remove the
different protection groups of the benzyl group on the pyridinone ring and acetyl or
benzoyl groups on the riboside ring, respectively.'”! The total yield was larger than 90%.
The chelators were characterized by '"H-NMR, MS, IR, UV and elemental analyses.

Single Crystal X-Ray Diffraction Analysis of IIb. The IIb was crystallized from
a solution of MeOH and ethyl acetate and formed colorless crystals. A piece of crystal
(0.33 x 0.33 x 0.11 mm) was used for X-ray measurement. All diffraction data were
taken on an Enraf-Nonius CAD-4 diffractometer equipped with a graphite monochromator
of Mo Ko (0.71073 A). The intensities were collected in the ®-20 (2.36° < 20 < 24.98°)
scan mode at 291 K. The structure of IIb was determined by the direct method using
SHELXS and refined by full-matrix least-squares minimization on F~. A summary of the
crystal data and final refinement results of IIb was presented in Table 3.

Determination of the Stoichiometry of Iron-Chelator Complexes. The stoichi-

ometry of iron-Ila and iron-IIb Complexes was determined spectrophotometrically by
titration of the chelators in 2.3 mL (0.474 mM) of Tris buffer (25 mM, pH 7.5) solution

Table 3. Crystal data and final refinement results for IIb.

Chemical formula C;0H{7NOs
Formula weight 231.25
Crystal system Triclinic
Space group P-1
Unit cell dimensions
a, A 7.626 (2)
b, A 8.607 (3)
¢, A 8.802 (3)
Alpha, ° 88.36 (3)
Beta’ ° 101.46 (3)
Gamma, ° 93.55 (3)
Volume, A* 565.0 (3)
Z 2
Density, g/cm® 1.359
Absorption coeff, mm ™' 0.109
F (000) 248
Index ranges hO to 9
K—10 to 10
[—10 to 10
Data/Restraints/Parameters 1978/0/149
Reflections collected 2144

Independent reflections
Goodness-of-fit on F>

1978 [R(int) = 0.0534]
1.052

Final R indices [I > 2sigma (I)] R; =0.0585
wR, = 0.1584

R indices [all data] R, =0.0732
wR, = 0.1725
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with freshly prepared iron solution (15.1 mM) at room temperature according to
Ref. [23]. The iron solution was added gradually (5 pL increments). The change in
absorbance of the iron-chelator complex was monitored by UV-vis spectrophotometer
at the wavelength of the A, of the iron-chelator complex (A of ITa: 456 nm, A«
of IIb: 459 nm) after the chelating reaction reached equilibrium. The effect of dilution
in titration'*®! was considered in constructing the graph in Figure 4.

Studies of Iron Mobilization from Ferritin by Chelators. The removal of iron
from ferritin was studied by incubation of horse spleen ferritin (Sigma, 100 mg/mL) with
chelators in Tris buffer (25 mM, pH 7.5). Each chelator in 2.3 mL Tris buffer (0.474 mM
for Ila,b and 0.187mM for DFO) was mixed with 9.2 pL ferritin, respectively. The
mixtures were incubated at 37°C. The changes in absorbance of the iron-chelator
complexes were measured spectrophotometrically at different time intervals. The
concentration of the iron-chelator complex was estimated from g,,,, values (iron-Ila:
£456nm = 4.6 x 107, iron-IIb: €459 nm = 4.5 x 10, iron-DFO: £428 nm = 2.8 x 10°)
at the wavelength of the A, of the iron-chelator complex according to Ref. [24].
The kinetics of iron release were investigated for periods up to 72 h.

Determination of Distribution Coefficients. DCs were determined as the ratio
of the concentration of chelators between n-octanol and Tris buffer (25 mM, pH 7.5) at
room temperature using a shake-flask method similar to that described in Ref. [25]. The
n-octanol and Tris buffer were preequilibrated together overnight before use. The
systems were mixed by gently shaking for 2 h to reach equilibrium and then permitted
to stand at room temperature for 6 h. After separation of the two phases, the con-
centrations of the chelators were measured spectrophotometrically from €., values
(see above and Ref. [10]) of the chelators. Each sample was assayed in duplicate.

CONCLUSION

Compared to ribonucleoside iron chelators, the synthesis of acyclonucleoside
iron chelators is convenient and cost effective. The replacement of the ribosides by the
(2-hydroxyethoxy)methyl group did not change the iron binding and iron removal
properties, which were demonstrated by single crystal X-ray diffraction analysis and the
reactions of acyclonucleoside iron chelators with iron and an iron-containing protein.
Both of the ribonucleoside and acyclonucleoside iron chelators possessed lower
lipophilic nature than their parent chelators of L1 and CP94 did and hence, potentially
lowered the toxicity. Although the lipophilicity proportionately correlated with the oral
absorption and iron removal abilities of the parent chelators, these abilities of the
ribonucleoside and acyclonucleoside iron chelators may not be affected by their
decreased lipophilicity. This is because the ribonucleoside iron chelators may use the
sugar-transport systems across the cell membrane while the acyclonucleoside iron
chelators with good water solubility and appreciable lipid solubility allow them to
permeate through cell membranes by both aqueous and non-aqueous routes. Moreover,
the introduced hydroxyl groups in the side chain of ribonucleoside and acyclonucleo-
side iron chelators may prevent the chelators from converting to non-chelating
metabolites. From these advantages the ribonucleoside and acyclonucleoside iron
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chelators have good therapeutic potential for iron overload disease and perhaps other
iron mediated diseases.
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