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INTRODUCTION

The study of metallic nutrients in plants is important for botticatjure and human health.
Fe and Zn micro-nutrient deficiencies are the most prevalent preble human nutrition.
Understanding the absorption and transport of metals in plants @vilh garoducing crops that
accumulate high levels of Fe and Zn. NA and the mugineic acidlyfahytosiderophores (MAS)
are chelators of metals in plants and play important rolelseiruptake and transport of metals.
DMA is the only MA produced by rice. Secreted MAs chelate ahabdize rhizospheric Fe(lll).
The MA-Fe(lll) complex is then absorbed by the root via the ZmYS1 trarespartd the
YS1-like (YSL) transporters, HvYS1 and OsYSL15. This mechanism atsxy function in the
uptake of other metals, because MAs also strongly chelateG#*, Mn?*, Zr**, Ni**, and Ca".
NA and DMA are also important in the transport of metals, asetinees of plants that lack NA
and/or DMA are chlorotic. NA and MA-metal complexes may also be involved in long-distance
transport, although the manner in which these components and their trassgonieion
cooperatively in metal transport requires additional studies. Howswel, studies are hindered
by the fact that HPLC-based quantification of NA and DMA requigdatively large sample
amounts, making the analysis of NA and DMA in rare samglgs fransgenic plants) especially
difficult. We previously reported a highly sensitive quantificatioetmd for NA (Wada et al.
2007). Our objective in this study was to refine this method to mebiguasad DMA at the same
time from small samples, with fewer sample preparation step$he
fluorenylmethoxycarbonylation of DMA and NA enabled highly sensijuantification using
LC-ESI-TOF-MS. As a first step, xylem sap from rice imated under Fe-deficient and
Fe-sufficient conditions was analyzed. Here, we report thedatgction of the intermediate in
the conversion of NA to DMA, "3keto acid.
MATERIALSAND METHODS

Derivatizing reaction. NA and DMA were derivatized using 9-fluorenyl methoxycarboxyl
chloride (FMOC-CI) to facilitate separation on a C18 columnull®f samples were directly
derivatized adding 1@l of 1 M borate buffer, 1Qu of 50 mM EDTA, and 4Qul of 50 mM
FMOC-CI. Reactions for quantification analyses were carriecabptH 8.0 and 60°C, and were
allowed to proceed for 15 min. To stop reaction, formic acid was added and adjusted pH to 4.0.

LC-MS condition. HPLC was carried out by Agilent 1100 series system. Colurad uw&s
C-18 reversed phase column, Synergi Hydro RP column (4 m, 80 A, 150 x 2.0 mm; Phenomenex,
Torrance, California, USA). Elution solution was mixture of acetibaitwater, and formic acid,
with ratio of 63.5 : 36 : 0.5. A JSM-T100LC Accu-TOF (JEOL, Tokymds used for MS
detection in ESI+ mode with desolvent temperatureGP&SI needle voltage 2,000 V, orifice
voltage 80 V, and ring guide voltage 2,500 V. MS signal from 200 to 1,000 was collected.



[3-keto acid-FMOC][H] Fe quantification. Ferrous Fe was

8000
1 iz 529) determined using bathophenanthrolinedisulfonic

> ] acid (BPDS) to detect BPDS#evia UV

é 1 [D“?Q}?AE—S%][H] absorption (533 nm) using a NanoDrop

éﬂ spectrophotometer (NanoDrop, Wilmington, DE,

? USA). Total Fe content was quantified after
+HwMmas adding ascorbate to samples. Concentration of
+HwNAAT  ferric Fe was calculated as a difference between

NA total Fe and ferrous Fe.
04 : .
o B (o 2 RESULTS
Figure 1. Detection of 3"-keto acid. 3"-keto acid was sysihed Establishment of a quantifi cation method for

from NA, and DMA was synthesized from 3”-keto acid by HYNAAT

and HYDMAS, respectively. The peak of 3"-keto acid was detc NA and DMA. To determine the optimal
after the conversion of NA by HVYNAAT, but it does not detecattr

the following reaction by HYDMAS. conditions for derivatization, we tested the
reaction at several pH levels (7.0 to 11.0),
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at lower temperatures. Regarding reaction time,
Days after -fe treatment . .
Figure 2. Concentrations of NA and DMA in rice xylem sap afteraII reactions reached a plateau after 10 min, and

Fe-deficient treatment. Rice xylem sap from rice cultidatender the signal intensity of NL was highest at 5 min
Fe-sufficient and Fe-deficient conditions was collectst concen-

trations of NA and DMA were quantified. (n=3, me&&D) and gradually decreased after 10 min. When 10
14 ul of 50 uM NL, DMA, or NA were reacted and
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Days after -fe treatment and/or hydroxyl group can be detected in one

Figure 3. Concentrations of ferrous Fe and ferric Fe in xyap. fun with our method, as FMOC binds to all

Using the same sample of Figure 2, concentrations of ferffetend . . .
ferric Fe were quantified. (n=3, means +SD) amino acids and many other components with



amino or hydroxyl groups, in addition to NA and DMA. In additiorf;k8to acid, the
intermediate compound in the conversion of NA to DMA, was detectechéofirst time after
first being synthesizenh vitro from NA. 3’-keto acid was then detected a%-k&to acid-FMOC]
+ [H] (m/z 525) (Fig. 1). After the conversion of-Beto acid to DMA, only DMA peaks were
detected as [DMA-FMOg + [H] (m/z 749), and [DMA- FMOC] + [H] &z 527) (Fig. 1).

Quantification of NA and DMA in rice xylem sap. We quantified the concentrations of NA and
DMA in xylem sap from Fe-deficient rice plants. In Fe-deifintiplants, the concentration of NA
did not change significantly over time, whereas that of DMAdased markedly (Fig. 2). At day
7, the concentration of DMA was approximately 5-fold that on day O.

Quantification of Fe in rice xylem sap. The concentration of Fe in xylem sap was also
determined. In Fe-sufficient plants, the total amount of Fe inxgtam sap was 11.0M, with
about 75% ferrous Fe. In Fe-deficient plants, the concentration ofFetdecreased markedly
from days 0 (8.2:M) to 3 (1.8uM; Fig. 3). The concentration of ferric Fe did not change from
days 0 to 5 (2.utM), but began to decrease from days 5 (Vi to 7 (1.2uM).

Discussion

This method was approximately 1000-fold more sensitive than HPLC, sachale as small
as a rice seed embryo was sufficient to quantify NA and DWAIs, metal storage in seeds and
the mechanism of metal transport to plant tissues via NA or RBEAbe elucidated using this
method. Furthermore, this reaction could be performed in an aqueous solutioeasvbther
derivatizations for LC-ESI-TOF-MS, such as acylation or sikion, are commonly inhibited
by water. In Fe-sufficient plants, 75% of Fe in xylem sap was fefFeu$his was unexpected, as
the most common form of Fe in xylem sap was previously thought to be ferriceleeeFious Fe
is more harmful to plants, because it produces reactive oxygeresp®cevious studies to
determine Fe ligands in xylem sap have focused on those that hilecdRer Because it binds
strongly to ferrous Fe, NA may function as a ligand for ferrouis ikglem sap. The total amount
of Fe in rice xylem sap under Fe-sufficient conditions was M0 which was close to the
concentrations of NA (9.6M) and DMA (9.6uM). In Fe-deficient plants, the concentration of
ferrous Fe in xylem sap decreased rapidly, whereas the raosigen of ferric Fe remained
constant until day 5. At the same time, the DMA concentration inxyfem sap increased
markedly, suggesting that DMA may be able to solubilize apogpl&stideposited on cell and/or
xylem walls. In the Fe-deficient condition, rice plants produced nbivE\, increasing the
concentration of DMA in xylem and re-mobilizing Fe in this compartment.
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