4842 Biochemistry 1983, 22, 4842-4845

Matsuda, M., & Takeuchi, E. (1967) J. Biochem. (Tokyo)
61, 523-526.

Matsuoka, Y., & Norden, B. (1983) Biopolymers 22, 601-604.

Minchenkova, L. E., Belykh, R. A., Dobrov, E. N., & Ivanov,
V. L. (1969) Mol. Biol. (Moscow) 3, 348-353.

Nandi, U. S., Wang, J. C., & Davidson, N. (1965) Biochem-
istry 4, 1687-1696.

Poletaev, A. I., Ivanov, V. I., Minchenkova, L. E., &
Shchelkina, A. K. (1969) Mol. Biol. (Moscow) 3, 283-244.

Putterman, D. G. (1983) Ph.D. Dissertation, New York
University.

Shin, Y. A., & Eichhorn, G. L. (1980) Biopolymers 19,
539-556.

Simpson, R. B. (1964) J. Am. Chem. Soc. 86, 2059.

Simpson, R. T., & Sober, H. A. (1970) Biochemistry 9,
3103-3109.

Thomas, G. J., Jr., Prescott, B., & Day, L. A, (1983) J. Mol.
Biol. 165, 321-356.

Tinoco, 1., Bustamante, C., & Maestre, M. F. (1981) Annu.
Rev. Biophys. Bioeng. 9, 107-141.

Walter, A., & Luck, G. (1977) Nucleic Acids Res. 4, 539-550.

Walter, A., & Luck, G. (1978) Stud. Biophys. 68, 1-10.

Williams, N. M., & Crothers, D. M. (1975) Biochemistry 14,
1944-1950.

Yamamoto, K. R., Alberts, B. M., Benzinger, R., Lawhorne,
L., & Treiber, G. (1970) Virology 40, 734-744.

Yamane, T., & Davidson, N. (1961) J. Am. Chem. Soc. 83,
2599-2607.

Yamane, T., & Davidson, N. (1962) Biochim. Biophys. Acta
55, 609-621.

Young, P. R, Nandi, U. S., & Kallenbach, N. R. (1982)
Biochemistry 21, 62-66.

High-Resolution Proton Nuclear Magnetic Resonance Analysis of Solution
Structures and Conformational Properties of Mugineic Acid and Its Metal

Complexes'

Takashi Iwashita, Yoshiki Mino, Hideo Naoki, Yukio Sugiura, and Kyosuke Nomoto*

ABSTRACT: Proton nuclear magnetic resonance (!\H NMR)
spectral studies at 360 MHz have been conducted on mugineic
acid and its Zn(1I) and Co(III) complexes. Resonance as-
signments are presented for all the CH protons of mugineic
acid on the basis of homonuclear spin decoupling and the
J-resolved two-dimensional spectroscopic experiments. The
conformational analysis using chemical shifts and vicinal
coupling constants showed that (1) mugineic acid coordinates

Mugineic acid, (28,2'S,3'S,3”S)-N-[3-carboxy-3-[(3-
carboxy-3-hydroxypropyl)amino]-2-hydroxypropyl]azetidine-
2-carboxylic acid, is a unique phytosiderophore that is excreted
from the roots of barley (Takagi, 1976; Takemoto et al., 1978).
Recent experiments demonstrated that (1) the **Fe uptake in
the rice root is remarkably stimulated by mugineic acid and
(2) the addition of mugineic acid to the medium of water-
cultured rice at pH 7.0 increases the chlorophyll content (Mino
et al., 1983). Other graminaceous plants such as wheat and
oats have also produced novel amino acids similar to mugineic
acid from their roots in order to effectively absorb iron under
the condition of iron deficiency (Nomoto et al., 1979; Fushiya
et al., 1980). The coordination chemistry of this novel amino
acid is essential to elucidate the mechanism of iron uptake and
transport in graminaceous plants and/or the iron chlorosis
induced by transition metals such as Cu(II) and Zn(II) ions
(Hunter & Vergano, 1953). Although we previously clarified
the X-ray crystal structures for the Cu(II) and Co(III) com-
plexes of mugineic acid (Mino et al., 1981, 1983), the solution
chemistry of mugineic acid and its metal complexes is un-
certain. Proton nuclear magnetic resonance has proven to be
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to Zn(II) and Co(III) ions in hexadentate fashion by the six
functional groups and (2) the C1'-C2’, C1”7-C2”, and C2/-
C3” bonds change from mixtures of rotamer populations in
free mugineic acid to predominantely gauche-gauche popu-
lations in the metal complexes. The structural conformation
of the mugineic acid—Co(III) complex in agueous solution
corresponds well to that of its crystal structure determined by
X-ray diffraction technique.

of limited value for the study of mugineic acid—Fe(III) and
~Cu(II) complexes because of their paramagnetic effects.
However, the conformational changes of mugineic acid re-
sulting from metal coordination can be studied by using Zn(II)
and Co(III), since mugineic acid forms a tightly bound com-
plex with these diamagnetic ions. Using the chemical shifts
and coupling constants highly resolved by 360-MHz proton
nuclear magnetic resonance ('H NMR) spectra, in this paper,
we have demonstrated the tertiary structure of mugineic acid
and the conformational changes associated with metal binding
in aqueous solution. The solution structure of the mugineic
acid—Co(III) complex has also been compared with the
structures determined by X-ray crystallographic analysis. The
present information is prerequisite to understanding the con-
formation of biologically important mugineic acid—Fe(III)
complex in aqueous medium and the mechanism of heavy
metal induced iron chlorosis.

Experimental Procedures

Materials. Mugineic acid was isolated and purified ac-
cording to our previously reported procedures (Takemoto et
al., 1978) and then was checked by field-desorption (FD) mass
and NMR ('H and 13C) spectra. All other reagents were the
highest quality available.

NMR Measurements. '"H NMR spectra were obtained at
360 MHz on a Nicolet NT-360 NMR spectrometer equipped
with a computer-controlled homonuclear decoupling accessory.

© 1983 American Chemical Society
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FIGURE 1: 360-MHz FT 'H NMR spectra of 1:1 mugineic acid-
Co(II1) complex (A), 1:1 mugineic acid-Zn(II) complex (B), 2:1
mugineic acid-Zn(II) complex (C), and ligand only (D) at pD 4.5.
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Quadrature detection was employed, and 32 K Fourier
transform was obtained with a spectral width of 2074.68 Hz.
The 1:1 mugineic acid—Zn(II) complex was prepared by ad-
dition of zinc sulfate (50 mM) dissolved in 99.9% D,0 to the
solution of mugineic acid (50 mM) in 99.9% D,0. The 1:1
mugineic acid—Co(III) complex was synthesized by the method
previously reported (Mino et al., 1983) and was dissolved in
99.9% D,O. The pD of the resulting solution was adjusted
to the indicated values with either D,SO,4 or NaOD. Standard
electrode correction has been employed: pD = pH meter
reading + 0.4. The internal standard sodium 3-(trimethyl-
silyl)[2,2,3,3-2H ] propionate (TSP) was used.

Results and Discussion

Assignments. Figure 1 shows the 'H NMR spectra of
metal-free mugineic acid and its complexes with zinc(II) and
cobalt(III) ions at pD 4.5. The Zn(II) and Co(III) complexes
of mugineic acid exhibited sharp and numerous proton signals,
indicating the presence of the diamagnetic ion (S = 0) in both
the metal complexes. The resonance in mugineic acid and its
metal complexes were assigned on the basis of the homonuclear
spin decoupling and the J-resolved two-dimensional spectro-
scopic experiments. Mugineic acid and these metal complexes
have independent three-spin systems in their proton spin

TableI: Chemical Shifts

mugineic Zn(ID) Co(IlI)

acid complex complex

C2H 4.88 3.88 4.40
C3H, « 2.71 2.55 2.73
8 2.57 2.07 2.31

C4H, « 4.03 3.56 3.57
8 4.09 3.81 3.89
Cl'H, « 3.54¢9 3.00 2.88
B8 3.42 2.80 2.88

C2'H 4.44 4.10 4.37
C3'H 3.84 3.36 3.23
Cl'H, « 3.20¢ 2.59 2.53
B8 3.28 1.71 2.91
C2"H, « 2.04¢9 2.02 1.97
B8 2.18 2,22 1.97

C3"H 4.18 4.52 3.10

% The configuration is uncertain.

networks, namely, a set of four-proton system and two sets
of a five-proton system. The five-proton systems are distin-
guishable from each other because the azetidine ring moiety
shows the five-proton spin system, which has a characteristic
triplet signal due to the proton at C2 of the rigid ring. The
chemical shifts for the resonances in mugineic acid and its
metal complexes are summarized in Table I. In the 'H NMR
spectrum of mugineic acid, the characteristic triplet signal of
the C2 methine proton is observed at 4.88 ppm (J = 9.7). This
proton signal is coupled with the methylene protons of coupling
patterns of dddd at 2.51 and 2.71 ppm, respectively. The
methylene protons are further spin coupled to the methylene
proton (ddd) at 4.03 and 4.09 ppm. The configurations of each
proton on the azetidine ring of mugineic acid are inferred by
the comparison of the corresponding coupling patterns in
azetidine-2-carboxylic acid benzyl ester, the signal assignments
of which have been confirmed by nuclear Overhauser effect
(NOE) measurements. The coupling constants of the azetidine
ring protons of mugineic acid are very similar to those
(C2H-C3He, J = 9.6 Hz; C2H-C3HB, J = 8.0 Hz; C3Ho—
C4He, J = 9.6 Hz; C3Ha—C4HB, J = 6.4 Hz; C3HB-C4Hq,
J = 9.6 Hz; C3HB-C4HgB, J = 9.9 Hz) of the corresponding
protons of azetidine-2-carboxylic acid benzyl ester (see Table
IT). Therefore, the signals at 4.88, 2.71, 2.57, 4.03, and 4.09
ppm are assigned to C2H, C3He, C3HG, C4He, and C4HSB,
respectively. Another five-proton system, (3-hydroxy-3-
carboxypropyl)amino (C1”-C3”) moiety, is assigned as shown
in Table I. The configurations of both methylene protons at
C1” and C2” are not clear, however, because the carbon
skeleton of mugineic acid is not rigid. The remaining four-
proton system, 3-carboxy-2-hydroxypropyl (C1’—C4’) moiety,
is easily assigned except for the configuration of the methylene
protons at C1’.

The complex molecule of metal-mugineic acid is so rigid
that the configuration was determined by using W-type
long-range coupling and NOE as shown in Table I. The
overlapped signals were also successfully separated by using
the two-dimensional J-resolved method to make clear the
coupling pattern.

DH Studies. Figure 2 shows the pD-dependent shift for all
proton resonances of mugineic acid. The protonation at pD
3.5 clearly affects only the chemical shift of the C3”” methine
proton, while the protonation of ca. pD 2.5 influences both the
chemical shifts of the C2 and C3’ methine protons. The data
are consistent with the result of potentiometric pH titration
[pK,(COOH) = 2.39, pK,(COOH) = 2.76, pK;(COOH) =
3.40, pK,(>N*H-) = 7.78, and pKs(-N*H,-) = 9.55]
(Sugiura et al., 1981). Although the proton chemical shifts



4844 BIOCHEMISTRY

IWASHITA ET AL.

Table II: Coupling Constants

mugineic acid

Zn(IT) complex Co(III) complex

Hz rotamer pop. ¢ Hz rotamer pop. b Hz rotamer pop. b
C2H-C3H, « Jvic 9.7 9.7 9.7
8 9.7 9.7 9.7
Jgem 11.8 12.7 11.7
C3H,-C4H, a— Jvie 9.7 9.7 9.7
a-f 4.5 3.8 4.7
B-a 9.7 9.7 9.7
8-8 9.7 9.7 9.7
Jgem 9.7 9.7 9.7
’ i 4 ) c
CI'H,-CIH . Tuic 24 <10% gg 26 >90% gg 24 >90% gg
Jgem 13.4 14.4 d
C2'H-C3'H Jvie 3.2 <10% trans 5.0 20% trans 4.8 20% trans
C1"H,C2"H, a—a Jvic 6.6¢ 3.8
a-f 7.7 4.4
B 78 25% trans 13.2 >90% gg e
' 8-8 6.3 3.2
C1"H, Jgem 12.6 13.2 e
C2"H, Jgem 22.0 17.1 e
C2'H,-C3"H « Jui 4.6°¢ 3.8 3.2
2 p vie 73 20% gg 38 >90% gg 35 >90% gg

¢ Rota.mer populations were calculated by using the parameter Jyane = 11 Hz and Jgg,,che = 2.5 Hz; gg designates the gauche-gauche rota-
mer. ® Rotamer populations were calculated by using the parameter Jyrang = 11 Hz and Jggycpe = 3.5 Hz.  © The configuration is uncertain.
4 Not observed. € The protons on C2'' are very close. So, it is very difficult to find out the coupling constants in first order.
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FIGURE 2: pD dependence of proton chemical shifts in mugineic acid.

adjacent to two amino groups were largely changed in the pD
range 7-11, the pK, assignment of the two amino groups was
unable to be ascertained by the present 'H NMR study only.
On the other hand, the pD changes did not cause any con-
comitantly large changes in the coupling constants, indicating
that the protonations occur without major alterations in the
molecular conformation.

Table I compares the proton chemical shlfts of mugineic
acid, the Zn(II) complex, and the Co(III) complex at pD 4.5.
Upon metal complexation, the large changes of the chemical
shifts are evidently observed in the proton resonances adjacent
to the six functional groups (two amino, three carboxyl, and
terminal hydroxyl groups). Indeed, it is known that these

groups coordinate octahedrally with the Co(Ill) ion in the
crystal structure (Mino et al., 1983; Sugiura et al., 1981). The
direction of these changes was almost upfield, although the
binding of Zn(II) to a heterocoordination atom usually induces
downfield shift of the adjacent proton resonance. Therefore,
this strong shielded resonance indicates that the metal binding
causes the juxataposition of the affected protons with aniso-
tropic environment arising from sources such as carbonyls and
heteroatoms. pH-titration studies for both of the metal com-
plexes were also carried out. All of the proton resonances of
the complex with Zn(II), as well as Co(11I), were not changed
in the pD range 4-10, clearly indicating that in this pD range
stable complex is formed and the complex molecule undergoes
no significant structural alteration. This result corresponds
well to the report by Takagi (1976) that mugineic acid~Fe(III)
complex is stable in the pH range 4-9. The formation of stable
single species is also supported by the fact that the '"H NMR
spectrum of the 2:1 mugineic acid—Zn(II) solution is super-
imposed on the joint spectra of mugineic acid and its 1:1
complex (see Figure 1).

Coupling Constants. Table II summarizes the coupling
constants for the resonances in mugineic acid and its Zn(II)
and Co(III) complexes. The calculated rotamer populations
are also listed in Table II. We used 12 and 3.5 Hz as esti-
mation for the values of the trans and gauche coupling con-
stants in the case of metal complex, respectively (Karplus,
1963; Blackburn, 1970; Lemieux & Lown, 1964).

On the basis of the present conformational analysis, free
mugineic acid molecules appear to favor an extended form
(N1---C3’, trans; C1’---N2, trans) because other confor-
mations can be ruled out by the steric hindrance between the
azetidine ring and intermediate carboxylate. This agrees with
the X-ray crystallographic result of mugineic acid by Tak-
emoto et al. (1978). The Zn(II) binding to mugineic acid
causes a large conformational change in the ligand molecule
except for the azetidine ring, as reflected by alterations in the
vicinal coupling constants. The C1’-C2’, C1”~C2”, and
C2""—C3” bonds change from mixtures of rotamer populations
in the free mugineic acid to predominantly (>90%) gauche—
gauche populations in the metal complex (see Figure 3). On
the other hand, the C2’—C3’ bond of the metal complex, as
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FIGURE 3: Predominant rotamer populations for mugineic acid and
its metal complexes.

well as free ligand, seems to adopt a gauche form as shown
in Figure 3. Two rotational isomers of the gauche form are
not distinguishable from each other on the basis of the con-
formational analysis, since only a single vicinal coupling
constant is available. However, the metal complex undoub-
tedly adopts one rotational isomer (hydroxylate- --carboxylate,
trans), while in the free-ligand molecule another isomer
(C1’---N2, trans) appears to predominate as mentioned above.
This conformation facilitates the simultaneous coordination
of two amines and intermediate carboxylate with metal ion,
resulting in the formation of two chelate rings, chair-form

six-membered ring metal-N1-C1’~-C2~C3’~N2 and nearly

planar five-membered ring metal-O3-C4’-C3'-N2. More
appropriate proof of this conformation is the observation of
a W-type long-range coupling between the « proton of C1’
methylene and C3’ methine proton. Similarly, the confor-
mation of the C1”7—C2”—C3"” chain represents an orientation
that is able to form another set of five- and six-membered
chelate rings, when the secondary amine and terminal hy-
droxylate and carboxylate are are involved in the metal co-
ordination.

The present 'H NMR studies confirmed that mugineic acid
coordinates with Zn(II) or Co(III) ion as a hexadentate
chelator, forming octahedral configuration just as that of the
crystal structure of its Co(III) complex (see Figure 4). Both
the Zn(II) and Co(III) complexes are structurally analogous
to each other as reflected by the similarity of vicinal coupling
constants. However, it should be noted that although the C1’
methylene protons, as well as the C2”” methylene protons, of
the mugineic acid—Co(III) complex give equivalent chemical
shifts, those of the Zn(II) complex have individual chemical
shifts. In addition, the chemical shifts of the C3” protons are
significantly different between the Co(III) and Zn(II) com-
plexes. These differences in the chemical shift between the
metal complexes can be mainly accounted for in the terms of
anisotropy on the basis of a temperature-independent para-
magnetism of Co(III) ion.

The crystal structure of the biological important mugineic
acid—-Fe(III) complex has not as yet been established by X-ray

FIGURE 4: A perspective drawing of mugineic acid—Co(III) complex
(Mino et al., 1983).

diffraction techniques, and its conformational analysis by 'H
NMR spectra has never been accomplished because of para-
magnetic effect. The present NMR study of the mugineic
acid—Co(III) complex provides valuable information for so-
lution structure and conformational property of biologically
important mugineic acid-Fe(III) complex, because of the
similarity in the coordination chemistries between Co(I1I) and
Fe(I1I). It is known that remarkable stimulation of iron uptake
is induced by Zn(II) stress in several plants (Ambler & Brown
1969; Warnock, 1970). The present information is also in-
dispensable for elucidating the relationship between iron uptake
and heavy metals, especially Zn(II).

Registry No. Mugineic acid, 69199-37-7; mugineic acid—Zn(II),
86727-43-7; mugineic acid-Co(III), 86782-60-7.
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