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Nicotianamine (NA) occurs in all plants and chelates metal cat-
ions, including Fe", but reportedly not Fe''. However, a comparison
of the Fe'" and Zn" affinity constants of NA and various Fe''-
chelating aminocarboxylates suggested that NA should chelate Fe'"'.
High-voltage electrophoresis of the FeNA complex formed in the
presence of Fe'"' showed that the complex had a net charge of 0,
consistent with the hexadentate chelation of Fe'". Measurement of
the affinity constant for Fe'"' yielded a value of 10%°-°, which is
greater than that for the association of NA with Fe" (10"*). How-
ever, capillary electrophoresis showed that in the presence of Fe"
and Fe'', NA preferentially chelates Fe", indicating that the Fe""NA
complex is kinetically stable under aerobic conditions. Further-
more, Fe complexes of NA are relatively poor Fenton reagents, as
measured by their ability to mediate H,0,-dependent oxidation of
deoxyribose. This suggests that NA will have an important role in
scavenging Fe and protecting the cell from oxidative damage. The
pH dependence of metal ion chelation by NA and a typical phyto-
siderophore, 2’-deoxymugineic acid, indicated that although both
have the ability to chelate Fe, when both are present, 2'-
deoxymugineic acid dominates the chelation process at acidic pH
values, whereas NA dominates at alkaline pH values. The conse-
quences for the role of NA in the long-distance transport of metals
in the xylem and phloem are discussed.

NA, 2(5),3'(S),3"(S)-N-[N-(3-amino-3-carboxypropyl)-3-
amino-3-carboxypropyl]-azetidine-2-carboxylic acid (Fig.
1, structure I), and MA, 2(5),2'(S),3'(S),3"(S)-N-[3-carboxy-
(8-carboxy-3-hydroxypropylamino)-2-hydroxypropyl]-aze-
tidine-2-carboxylic acid (structure II a) are two structurally
similar molecules synthesized by plants. Although both
compounds have roles in the acquisition and transport of
Fe, their species distribution and physiological functions
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are distinct. MA and some closely related compounds,
termed PS, are made only by graminaceous monocotyle-
donous plants and are secreted from the roots of Fe-
deficient grasses to mobilize Fe from insoluble sources
(Takagi, 1976, Sugiura and Nomoto, 1984). These com-
pounds chelate Fe'"" (Sugiura and Nomoto, 1984), and the
Fe'"'PS complex is probably the form in which Fe is taken
up by the roots of grasses (Romheld and Marschner, 1986;
von Wirén et al., 1995).

By contrast, NA is made by all plants and is present in
various plant organs (Stephan et al., 1994; Walter et al.,
1995) but is not secreted. Instead, it is thought to have a role
in the internal transport of Fe and other metals (Stephan et
al., 1994, 1996; Pich and Scholz, 1996). Evidence in support
of this role is that the concentrations of NA in the phloem
correlate with those of Fe and other metals, and the NA-
synthesis-defective tomato mutant chloronerva has a pheno-
type indicative of Fe deficiency (Pich and Scholz, 1996;
Stephan et al., 1996). Despite its structural similarity to MA
and other PS, NA is proposed to fulfill its physiological
role in Fe trafficking by chelating Fe" and not Fe'" (Stephan
and Scholz, 1993). Although Fe™NA has been demon-
strated by electron-spin-resonance spectroscopy (Sugiura
and Nomoto, 1984), K for the formation of this complex has
not been successfully measured and so it has been assumed
to be physiologically unimportant. In contrast, K of NA for
Fe'' has been successfully measured (Bene§ et al., 1983;
Anderegg and Ripperger, 1989). Thus, it has been con-
cluded that the Fe™ complex is the only significant one in
biological systems, despite the electron-spin-resonance spec-
troscopy evidence for the formation of an Fe"'NA complex.

It is important to establish whether the Fe""NA complex
exists under physiological conditions because it could fun-
damentally affect the conclusions about the forms in which
Fe and other metal ions are transported within plants. If
NA functions only as an Fe™ chelator, Fe taken up by

Abbreviations: CE, capillary electrophoresis; DFO, desferriox-
amine; DMA, deoxymugineic acid; DTPA, diethylenetriaminepen-
taacetic acid; HEDTA, N-hydroxyethylethylenediaminetriacetic
acid; K, affinity constant(s); MA, mugineic acid; NA, nicotiana-
mine; pM, —log;, free metal ion concentration; PS, phytosider-
ophore(s).
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Figure 1. The structures of the aminocarboxylate ligands used in the
study and of DFO.

grasses as Fe''PS complexes will need to be reduced before
formation of the Fe"™NA complex for subsequent internal
transport to other parts of the plant. However, if NA che-
lates Fe'™, then it may be possible for the Fe to be donated
directly to it by the Fe'PS complex. In addition, if NA
binds Fe' more tightly than Fe" and other divalent metal
ions, this will affect the relative abundance of different
NA-metal complexes, possibly altering conclusions about
the role of NA in the internal trafficking of these metals
(Stephan et al., 1996). Here we provide evidence that NA
does indeed form an Fe™ complex under physiological
conditions, but we also show that the Fe"'NA complex has
an unexpected kinetic stability. The role of NA in protect-
ing cells from oxidative damage through scavenging of Fe
and in metal trafficking are considered in relation to these
properties.

MATERIALS AND METHODS
Chemicals

NA (structure I), MA (structure II a), and DMA (struc-
ture II b) were chemically synthesized as previously de-
scribed and were at least 95% pure as judged by 'H-NMR
(Shioiri et al., 1995). EDTA (structure III a, >99%), HEDTA
(structure III b, >98%), and DTPA (structure IV, >98%)
were purchased from Sigma. DFO (structure V, >90%) was
a gift from Novartis (Basel, Switzerland). All other chemi-
cals were from Aldrich. For the preparation of labeled
chelates an aliquot of 10 mm Fe(NOs); containing 20 kBq
59FeCl, (Amersham) was added to 10 uL of 12 mm chelator
solution and adjusted to pH 7.0 with 100 mm Mops-KOH.
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High-Voltage Electrophoresis

A sheet of filter paper (grade 1F, Munktell, Stockholm,
Sweden) was placed on a cooling plate covered by acetate
foil in an electrophoresis cuvette (Multiphor II, Pharmacia).
The filter paper was positioned so that both ends dipped in
buffer solution (0.1 M Mops-KOH, pH 7.0) and the paper
was pre-run at 400 V for 20 min. Small pieces of filter paper
(10 X 4 mm) were loaded with approximately 10 wL of 1
mu “’Fe-chelate solution (2 kBq) and were then placed on
a start line in the middle of the paper sheet. Separation was
achieved in the dark at a constant 400 V at 10°C. After 60
min, electrophoresis was stopped, and the paper sheet was
immediately dried with a hair drier and cut into 8-mm-
wide strips parallel to the start line. The amount of radio-
activity on the paper strips and on the deposit paper was
determined in a y-counter (LKB, Bromma, Sweden) by dry
Cerenkov counting. For a comparison of migration dis-
tances, results were expressed in counts per minute per
strip. The net charge was calculated from the migration
distances using the **Fe' and ®°Zn" complexes of EDTA,
HEDTA, and DTPA as the standards.

pK, Determination

Equilibrium constants of protonated ligands were deter-
mined using an automated, computerized system capable
of simultaneously analyzing spectrophotometric and po-
tentiometric measurements. A blank titration of 0.1 m KCl
was performed to determine the electrode zero using
Gran’s plot method (Gran, 1952). A combined pH electrode
(Sirius Analytical Instruments Ltd., Forest Row, East Sus-
sex, UK) was used to calibrate the electrode zero. The
solution (0.1 m KCl, 25 mL), contained in a jacketed titra-
tion cell to maintain the temperature at 25°C = 0.5°C, was
under an argon atmosphere and was acidified with 0.15 mL
of 0.2 m HCL. Titrations were carried out against 0.2 M KOH
added in 0.01-mL increments dispensed from a Metrohm
665 dosimat (Metrohm Ltd., Buckingham, UK). The titra-
tion was repeated in the presence of ligand. The data
obtained from the titrations were analyzed by the TITRFIT
program, a modified version of NONLIN (Taylor et al.,
1988).

Table I. Comparison of the affinity constants of EDTA, HEDTA,
DPTA, MA, DMA, and NA for Zn", Fe", and Fe'"

Log K for Metal lon

Chelator

Zn" Fe" Fe'" Zn"/Fe" Fe''/Fe!
EDTA? 16.0 14.3 25.1 1.12 1.76
HEDTA? 14.6 12.2 19.8 1.20 1.62
DTPA? 18.3 16.4 28.0 1.12 1.71
MAP 12.7 10.1 17.7 1.26 1.75
DMAP 12.8 10.4 18.4 1.23 1.77
NA® 15.4 12.8 n.r.d 1.20 n.r.

2 Data are from Smith and Martell (1989). b Data are from
Murakami et al. (1989). ¢ Data are from Anderegg and Ripperger
(1989). 9'n.r., Not reported in the literature.
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Figure 2. Computer-generated models of the Fe"' complexes of NA

and DMA. The coordinates are based on the Co™ complex of MA
(Sugiura et al., 1981) and the ionization state demonstrated by the
high-voltage electrophoresis data in Figure 3.

Determination of K

The K for the Fe'"-ligand interaction was determined by
a spectrophotometric competition study of ligand-Fe'-
maltol using the automated system described above. The
Fe™ complexes of the ligand were prepared in a 10:1
ligand:Fe molar ratio (total Fe concentration = 4.4 X 107> m)
in 0.1 m Mops-KOH buffer, pH 7.4. This solution was then
titrated against maltol (3-hydroxy-2-methylpyran-4-one),
resulting in the dissociation of Fe™NA and the formation
of the orange Fe™maltol complex. The resulting spectro-
photometric data were inserted into the COMPT1 program
(H. Khodr, unpublished data) to evaluate K of the complex.
Speciation and pM plots were obtained by running the
program SPECIAZ1 (H. Khodr, unpublished data). These
programs require concentrations of metal and ligand,
K(Fe'™) values of complexes, K values for Fe™-OH interac-
tions, and pK, values of the ligand. Between pH 1.0 and
9.0, the dominant Fe™-OH species are [Fe"(OH)]*",
[Fe"™(OH),]", [Fe"(OH);], and [Fe"(OH),] .

CE

Separations were performed at 25°C in fused silica cap-
illaries (37 cm long x 75 pum i.d.; Metal Services Ltd.,
Worcester, UK) on a PACE 5510 apparatus (Beckman)
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Figure 3. Net charge of Fe"' complexes of NA (@) and MA (O) as
determined by high-voltage paper electrophoresis at pH 7.0 under
aerobic conditions in the dark.
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Figure 4. Spectrophotometric titration against maltol of a 43.5 um
solution of Fe""NA complex. Fe""NA dissociates with increasing con-
centrations of maltol, leading to the formation of the orange Fe'"'mal-
tol complex. The concentrations of maltol used are indicated.

equipped with a photodiode array detector and using Nou-
veau Gold software (Beckman) for data acquisition. The
capillary was rinsed with 0.1 mm NaOH and then with
water for 5 min before equilibration for 20 min with the
carrier electrolyte. These procedures were repeated but for
only 2 min each between each separation. The solutes were
injected in the hydrodynamic mode by overpressure (3.45
kPa). Electroosmotic flow was evaluated from the migra-
tion time of formamide. For the separation of NA-metal
complexes, the concentration of NA was 2.5 mm and that of
the metal ion was 3 mm. Borate buffer (50 mm, pH 9.2) was
the carrier electrolyte and separation was for 12 s at 667 V
cm . For the competition studies between NA and citrate,
the conditions were the same, except 25 mm Na citrate was
added and the carrier electrolyte was 50 mm phosphate
buffer, pH 5.5.

Measurement of Fenton Activity of FeNA complexes

Fenton activity was determined in the presence of 1.5
mMm H,0, and 2.8 mMm deoxyribose by incubation of various
FeNA complexes (total Fe concentration = 20 uM, total NA
concentration = 100 uM) in 50 mM phosphate buffer, pH
7.4, at 37°C. (Halliwell et al., 1987). The formation of thio-
barbituric acid-reactive substances from deoxyribose was
quantified by measurement of As;, (Halliwell and Gut-
teridge, 1981). Results are the mean of five determinations
and are corrected for absorbance in the absence of deoxyri-
bose. When present, ascorbic acid was used at 100 um.

RESULTS AND DISCUSSION

Both NA and MA have six ligands for Fe complexation,
and the distances between the groups facilitate octahedral
coordination of Fe and the formation of three 5-membered
and two 6-membered chelate rings (Ripperger and Schre-
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Table 1. Measured and published pK, values and K for Fe"" complexes of NA, DMA, and EDTA
Published values (where available) are in parentheses: Smith and Martell (1989) (DMA), Murakami
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et al. (1989) (NA), and Anderegg and Ripperger (1989) (EDTA).

Chelator pK; pK, pK; pK,4 Kl
EDTA 9.85 (10.17) 6.01 (6.11) 2.93 (2.68) 2.24 (2.00) 25.2 (25.0)
DMA 9.55 (10.00) 7.78(8.25) 3.40(3.19) 2.72 18.1(18.38)
NA 10.09 (10.17) 9.14 (9.14) 6.92 (7.01) 2.86 (2.20) 20.6

iber, 1982). The only differences between NA and MA are
the hydroxyl/amino substitution on C3” and the presence
of a hydroxyl group on C2' of MA (Fig. 1). Two observa-
tions led us to query the conclusion that there is no inter-
action of NA with Fe™™.

The first was a comparison of NA’s K for Fe'" and Zn"
(Anderegg and Ripperger, 1989) with those of a closely
related group of oligodentate aminocarboxylate ligands,
including MA and DMA, which are known to chelate Fe""".
The ratios of the affinities of these ligands for Zn" and Fe"'
are similar to that for NA and all fall into a tight range, 1.12
to 1.26 (Table I). The value of this ratio for NA (1.20) is close
to the mean for the group (1.19). Similarly, the ratios of
affinities for Fe' and Fe" fall between 1.62 and 1.77. Using
these ratios to predict the K for the interaction between Fe'!
and NA suggests a value that falls in the range of 10* to
10*%. This estimated value is much higher than that re-
ported for the Fe'-NA interaction (10'*'-10'*%; Bene§ et
al., 1983; Anderegg and Ripperger, 1989) or for the
Fe'-MA interaction (10'®? Sugiura and Nomoto, 1984).
Furthermore, molecular modeling of a putative Fe''NA
complex and comparison with that for Fe'"DMA showed
that the two structures are very similar, with no obvious
strain in the Fe™NA complex (Fig. 2).

Second, using high-voltage electrophoresis of NA and
MA in the presence of **Fe™ at pH 7.0 under aerobic
conditions in the dark (so Fe" would not be present), we
measured net charges of 0 and —1.0 for the FeNA and
FeMA complexes, respectively (Fig. 3). These values are
entirely consistent with a hexadentate structure for both
molecules chelating Fe™ (Fig. 2). The lack of charge on the
NA complex is due to the compensation of the negative
charges of the carboxylate groups by the Fe'"’. In the case of
MA, the extra negative charge is associated with the de-
protonation of the terminal OH function in the presence of
Fe'™ (Sugiura et al., 1981). These net charges specifically
exclude pentadentate (terminal amino function not in-
volved in coordination) and tetradentate (a-amino acid

Table I1l. The redox potentials of the Fe"

MA, NA, and DFO

complexes of EDTA,

Complex Redox Potential
V versus NHE?
Fe"EDTA +0.12°
Fe'"MA -0.10¢
Fe'"NA -0.18¢
Fe'"DFO —0.474

# NHE, Normal hydrogen electrode. " Data are from Smith and
Martell (1989). ¢ Data are from Sugiura and Nomoto (1984).
d Data are from Anderegg et al. (1963).

functions not involved in coordination) structures, which
for NA would both have net charges of +1. The Fe™
complex of DMA also possesses a net charge of —1.0 at pH
7.0 (data not shown).

In view of these strong indications that NA can bind
Fe™™, a spectrophotometric titration procedure was used
to determine directly both the pK, values and the K for
FeNA by measuring the ability of NA to compete with
maltol for Fe'"". Titration data for NA are shown in Figure
4. Maltol is a powerful Fe™ chelator that generates an
orangecolor on complexation with Fe'™ (Hider and Hall,
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Figure 5. The influence of pH on pFe** (A) and pFe?* (B) values for
hydroxide, NA, DMA, EDTA, and DFO. The total Fe concentration
was 1 um and the total ligand concentration was 10 um. The higher
the pM value, the more effective the ligand.
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1991). This method avoids the difficulty of Fe(OH), precip-
itation reported by Benes et al. (1983). To verify the accu-
racy of the method, pK, and Fe™ K were measured for
DMA and EDTA. The measured values agreed well with
those from the literature (Table II). The method gave a
value of 10%%° for the K for the interaction of NA with Fe™
(Table II). This is in agreement with the predictions from
the data from Table I, providing a ratio for the K for Fe™
and Fe' of 1.61, and indicates that, contrary to current
dogma, NA binds Fe' with an affinity 10® times greater
than that with which it binds Fe". This finding also offers
an explanation for the reported redox potentials of the Fe
complexes of MA and NA (Table III; Sugiura and Nomoto,
1984). More negative redox potentials indicate selecti-
vity for Fe'™ over Fe! as exemplified by DFO, a highly
specific Fe''-chelating bacterial trishydroxamate sidero-
phore (Kgon = 30.6, Kgi = 7.2; Anderegg et al., 1963). The
redox potential of DFO is significantly more negative than
that of NA or MA, consistent with DFO’s relative inability
to chelate Fe'.

The efficiency of chelation by different ligands is best
compared using pM values, which provide a measure of
the free metal ion concentration in the presence of ligand
(Hider, 1995). The higher the pM value, the more powerful
the chelator. The influence of pH on the pFe®* values for
NA, DMA, EDTA, and DFO is presented in Figure 5A. It is
clear that NA and DMA are both markedly weaker chela-
tors of Fe'"" than either EDTA or DFO. They are just able to
compete with the hydroxide anion over the pH range of 3.0

ITI

Table IV. Fenton activities of Fe complexes of NA in comparison
with those of Fe-EDTA and Fe-phosphate

Values are means = st of five separate determinations.

Fenton Activity of Salt or Complex
Fe Oxidation State

Phosphate EDTA NA
absorbance
Fe' 0.11 £ 0.02 0.24 = 0.02 0.13 = 0.03
Fe'" + ascorbic 0.29 + 0.01 0.39 = 0.01 0.18 = 0.03
acid

2.0

30

to 8.0. In contrast, although the K values of the Fe com-
plexes of NA and DMA are much lower than those of the
corresponding Fe'™ complexes (Tables I and II), the pFe**
values indicate that NA is capable of efficiently competing
with hydroxide at pH values greater than 6.5 (Fig. 5B).
DMA is an inferior ligand for Fe', only beginning to com-
pete effectively with the hydroxide anion at pH values
greater than 7.0. The plot also indicates the relative inabil-
ity of DFO to complex Fe'". In summary, in aqueous solu-
tion NA binds Fe'" over the pH range of 4.0 to 9.0 and
binds Fe" over the pH range of 6.0 to 9.0, whereas in
general, DMA and PS bind Fe'™ over the pH range of 2.5 to
8.5 and bind Fe' over the pH range of 7.5 to 9.0.
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Figure 7. Computer simulations of the pH dependence of the Fe
complexes of NA and DMA. A, Fe"" and NA; B, Fe"' and DMA; C,
competition for Fe"' between NA and DMA; D, Fe'" and NA. In all
cases, the total Fe concentration is 1 uM, and NA or DMA is present
at 10 pMm.
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A Linn, 1997) and protecting the cell from Fe-induced oxida-
10 - E 10 B — — tive damage.
081 08
§ osf 5 o Physiological Implications
£ oal E o4 To determine the possible physiological consequences of
é - these observations for metal trafficking in plants, we used
02p 02 the pK, and measured K of NA to calculate the concentra-
ool S N 00 tions of different complexes under different conditions and
1z SH &7 8 T2 4887 88 compared these with other physiologically important Fe''
P pH chelators, such as PS and citrate. First, we examined the
c effect of pH on the relative abilities of NA and DMA to
chelate Fe™ to determine whether the hydroxyl/amino
1o P — substitution at C3” has any major significance that could
08l explain the different physiological roles that these mole-
< c cules play in Fe acquisition and trafficking (see the intro-
5 08r E duction). Although both compounds chelate Fe'"" over a
L ol i broad pH range, Fe"'NA is more acid labile than DMA and,
3 s conversely, is more stable at alkaline pH values (Fig. 7, A
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Figure 8. Computer simulations of the pH dependence of the Zn and 09
Cu complexes of NA and MA. A, Zn" and NA; B, Cu" and NA; C, osl
competition for Zn" between NA and DMA; D, competition for Cu'" I
between NA and DMA. The total concentration of Zn" or Cu" is 1 07t
uM, and NA or DMA is present at 10 um. S osl
3
Although EDTA forms a complex with Fe', this rapidly @« oor
autoxidizes in air and thus the Fe™ complex always dom- 2 o4}
inates under aerobic conditions (Zang and van Eldik, 1990). o3k canci Fell.NA
By virtue of the high affinity of NA for Fe'™, the Fe''NA H il
complex would be expected to behave similarly, which o2
would mean that the complex would be unlikely to have a 01
transport function in aerobic plant tissues. Therefore, the 00 ) , O ) L
stability of the Fe™NA complex was investigated using CE. 2 3 4 s & 7 8 9
Unlike the Fe' complexes of EDTA and DTPA, the Fe™NA pH
complex was found to be quite stable, possessing a running
time similar to that of Cu"'NA and quite distinct from that B
of the Fe""NA complex (Fig. 6). There was no evidence of or
autoxidation of the Fe"'NA complex, even when O, was 09
bubbled through the solution. This is surprising in view of 08
the values of the stability constants of the Fe™ and Fe™ '
complexes (see above) and indicates that, once formed, the o7
Fe'"™NA complex is kinetically stable. To test this, equimolar S os
amounts of Fe'" and Fe' were added to NA at pH 7.0 (final g o FelNA
ratio of total Fe:NA was 2:1) and the complexes separated |
by CE. Only the Fe complex was detected (not shown). S o4l
Thus, at pH 7.0, NA will preferentially scavenge Fe™ even o3l
in the presence of Fe'™, and the Fe”"NA complex will persist :
by virtue of its kinetic stability. Consistent with this find- ozr
ing, measurements of the potency of FeNA complexes as 01}
Fenton reagents, determined from their ability to mediate S \
t 2 3 4 5 6 7 & 9

H,O,-dependent oxidation of deoxyribose, showed that
they are not highly active Fenton reagents (Table IV) and
do not redox cycle efficiently. These physicochemical prop-
erties will allow NA to scavenge Fe', preventing Fe'-
mediated production of hydroxyl radicals from H,O, via
the Fenton reaction (Guerinot and Yi, 1994; Henle and

pH

Figure 9. Computer simulations of the competition between citrate
and NA for Fe"' (A) and Fe" (B). Metal and ligand concentrations are
those estimated for the xylem: total Fe = 40 um, citrate (Cit) = 150
uM, and NA = 20 um.
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Figure 10. Competition for Fe" between NA and citrate at pH 5.5, as
monitored by CE. Citrate was added at 0 min and the amount of
Fe"NA was measured by CE at the times indicated. The inset shows
traces from the CE at 2 min (A) and 12 min (B). In each trace, the left
peak is NA and the right peak is Fe"NA.

and B). As a result, in an equilibrium mixture Fe™DMA
will dominate at pH 3.0 to 6.0 and Fe™NA at pH 7.0 to 9.0
(Fig. 7C); this agrees with the data presented in Figure 5A.
The Fe'"NA complex is also acid labile (Fig. 7D; Stephan et
al., 1996). These observations are consistent with the pro-
posed physiological roles of NA and PS. In graminaceous
plants PS need to be able to chelate Fe™ over a wide pH
range, from alkaline values in calcareous soils where Fe
deficiency is most common (Guerinot and Yi, 1994) to
slightly acidic values in the root apoplast where the Fe'"PS
complex is transported across the root plasma membrane.
This behavior is supported by the observation that PS can
mobilize Fe and mediate its uptake over this pH range
(Romheld and Marschner, 1986; Treeby et al., 1989). Once
the Fe™PS complex has been absorbed, the greater relative
stability of the NA complex at cytosolic pH values (7.2-7.5)
means that NA will more efficiently chelate Fe in this
compartment. Any metabolism or reduction of the Fe'"PS
complex that occurs to enhance Fe release will facilitate the
rate of transfer, and the ability of NA to chelate both Fe™
and Fe" will result in Fe being scavenged rapidly irrespec-
tive of which form becomes available.

PS also facilitate both the mobilization of Zn?" and Cu?"
(Treeby et al., 1989) and the uptake of Zn>" (von Wirén et
al., 1996), and NA is proposed to traffic these metals within
the plant (Stephan et al., 1996). Thus, considerations similar
to those mentioned above occur in relation to the relative
stability of the PS and NA complexes of these metals. As
with Fe, the NA complexes with Zn" and Cu" are acid
labile, with the Cu" complex being stable to slightly lower
pH values than the Zn" complex (Fig. 8, A and B; Stephan
et al, 1996). However, when DMA is also present, the
equilibrium metal distribution is different for the two met-
als. For Zn", the NA complex dominates virtually over the
entire physiologically relevant pH range (Fig. 8C), whereas
the DMA complex dominates for Cu" (Fig. 8D).

The major role that has been proposed for NA is as a
facilitator of the long-distance transport of a number of
metals in the phloem (Stephan and Scholz, 1993; Schmidke
and Stephan, 1995; Stephan et al., 1996) and of Cu" in the
xylem (Pich et al., 1994; Pich and Scholz, 1996). Some of
these conclusions have been based on the assumption that
NA chelates Fe'" but not Fe'™, and so it is important to
consider whether these general conclusions would change
with the knowledge that NA binds Fe™ with high affinity.
Therefore, we calculated the equilibrium concentrations of
different metal complexes in conditions approximating
those in the xylem and phloem. Calculations for the xylem
(NA = 20 pwm, citrate = 150 um, Fe = 40 um, Zn = 5 um,
and Cu = 5 um, pH 5.5; Pich and Scholz, 1996; A. Pich,
personal communication) showed that all Fe is complexed
with citrate. This is expected on the basis of the speciation
plots, which show that for both Fe'"" and Fe", citrate com-
plexes totally dominate at pH 5.5 (Fig. 9). However, unlike
Fe''™NA, the Fe''citrate complex rapidly autoxidizes (Harris
and Aisen, 1973). We have confirmed with CE that citrate
removes Fe from Fe"NA at pH 5.5 (Fig. 10). Under these
conditions Fe is removed from NA with an estimated half-
life of less than 5 min and thus must be converted to
Fe'"'citrate; hence, this complex will dominate even if Fe' is
the major form in which Fe is loaded into the xylem. As
there are reports of citrate concentrations much higher than
150 uM in the xylem (e.g. up to 1700 uMm; Tiffin, 1996, White
et al., 1981), the speciation plots were also calculated with
a citrate concentration of 1500 um. This made no difference
to the conclusions about the complexation of Fe at pH 5.5
but slightly increased the preponderance of Fe citrate com-
plexes at alkaline pH values (not shown). In contrast to Fe,
NA was found to be more important than citrate in the
chelation of both Zn'" and Cu". With the metal and ligand
concentrations given above and with citrate at 150 um, the
calculations showed that NA chelates 50% of the Zn' and
all of the Cu'™

Calculations for the phloem (NA = 130 uwm, citrate =
1500 puM, Fe = 45 um, Zn = 30 um, and Cu = 15 um, pH 8.0;
Schmidke and Stephan, 1995; value for citrate from Jeschke
et al., 1986) indicated that all of the metal ions are present
as their NA complexes; citrate complexes are predicted to
play no role in this pathway. Whether Fe"™NA or Fe'NA is
the major Fe complex in the phloem is unclear, but if Fe is
loaded into the phloem as either Fe"'NA or Fe", then the
kinetic stability of the Fe"NA complex will probably en-
sure that this complex dominates.

CONCLUSIONS

It is now clear that studies of the physiological role of
NA in plants have wrongly assumed that NA does not
chelate Fe'"". The studies in this paper show that NA is an
effective chelator of Fe', with an K appreciably higher
than that of the chemically related PS, which are estab-
lished Fe' chelators (Sugiura and Nomoto, 1984). How-
ever, the Fe"NA complex possesses an unusual kinetic
stability and does not rapidly autoxidize to Fe'"NA at
physiological pH values. Clearly this is an important prop-
erty of the complex governing the evolution of this mole-
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cule as an Fe chelator in plants; the significance of this
property requires further investigation. By demonstrating
the existence of the Fe™NA complex and analyzing the pH
dependence of metal-NA complexes, this study has pro-
vided a firmer physicochemical basis for further physio-
logical investigations of the role of NA in chelation of Fe
and other metals in plants. It has also shown that scaveng-
ing of Fe by NA may be important in protecting the cell
from oxidative damage resulting from the Fenton reaction.
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