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An organic chemistry approach to the mechanistic elucidation of iron acquisition in graminaceous 
plants is introduced here. To elucidate this detailed mechanism using phytosiderophores, the efficient syn-
thesis of 2′-deoxymugineic acid (DMA), a phytosiderophore of rice, was established. The synthetic DMA 
was confirmed to have similar iron transport activity to that of natural mugineic acid (MA). It was also 
revealed that the addition of synthetic DMA, along with iron, to a rice hydroponic solution enabled the rice 
to grow well even under an alkaline condition, and DMA clearly showed its high potential as a fertilizer to 
improve food production. On the other hand, the 2′-hydroxy group of MA was confirmed to serve as a point 
of introduction for labeling, allowing the synthesis of various mugineic acid derivatives as molecular probes. 
The incorporation of fluorescent mugineic acid into cells allowed them to be clearly observed by fluorescence 
confocal analysis, and this provided the first direct experimental evidence of transporter-mediated internal-
ization of mugineic acid into cells.
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1. INTRODUCTION

Infertile soils, unfavorable for agricultural use, cover two-
thirds of world’s land mass, more than half of which is catego-
rized as alkaline soil.1,2) In alkaline soils, plants are exposed to 
iron deficiency stress due to the poor solubility of iron(III) salt 
such as iron(III) hydroxide, even though high concentrations 
of iron are contained on the surface of the earth. As iron is an 
essential element for plant growth processes, such as chloro-
phyll biosynthesis, plants struggle to grow under the condition 
of low availability of iron ions in alkaline soils. To overcome 
this problem, graminaceous plants have developed a unique 
adaptive strategy characterized by the synthesis and secretion 
of an iron-chelator phytosiderophore, and the uptake of iron 
through a specific transporter3) (Fig. 1). Mugineic acid (MA) 
was first identified as a phytosiderophore in barley by Take-
moto et al.4) Since the initial disclosure of MA, various ana-
logues of MA have been isolated and identified from gramina-
ceous species and cultivars5); they all form water-soluble 1 : 1 
complexes with iron(III). Due to their important role in plant 
physiology, the iron uptake system of graminaceous plants 
through the phytosiderophore–iron(III) complex has been 
intensively studied over the past 40 years.6) For example, al-
though the stereostructure of mugineic acid–iron(III) complex 
is still unknown, its cobalt and copper complexes have been 
elucidated by X-ray analysis to suggest the proposed structure 
of an iron(III) complex.7) The biosynthetic pathway of mugi-
neic acids has also been revealed.8,9) However, mechanistic 
details of this iron uptake have not yet been fully elucidated. 
Thus, we focused our attention on this characteristic system 

of graminaceous plants, considering that elucidation of the 
detailed molecular mechanism of their iron acquisition would 
help to improve food production in alkaline soils.
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Fig. 1. Model of the Specific Uptake System for Iron(Fe(III))–Mugineic 
Acid (MA) Complexes in Barley.

When barley is exposed to iron deficiency stress, MA is biosynthesized from me-
thionine in plants and is secreted from the roots. The released MA forms a complex 
with insoluble trivalent iron salts such as Fe(OH)3, and the resulting iron complex 
is incorporated into cells through a specific transporter, HvYS1. (Color figure can 
be accessed in the online version.)
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2. IDENTIFICATION OF THE MA–Fe(III) TRANS-
PORTER GENE HvYS1

In our initial research to elucidate the mechanism of acquir-
ing iron at the molecular level, we identified and characterized 
the MA-Fe(III) transporter, HvYS1, in barley, which is the 
graminaceous species most tolerant to iron deficiency.10) The 
cDNA of HvYS1 is 2430 bp long, and its putative polypeptide 
contains 678 amino acids. The HvYS1 gene is predicted to en-
code a plasma membrane protein, and a BLAST search shows 
that HvYS1 belongs to the oligopeptide transporter (OPT) 
family, which is reported based on the study of several organ-
isms, including bacteria, archaea, fungi and plants.11) HvYS1 
shows high homology with ZmYS1, which is the first protein 
to have been identified as a phytosiderophore (PS)–iron(III) 
transporter in maize,12) with 72.7% identity and 95.0% similar-
ity (Fig. 2). In particular, all predicted transmembrane regions 
of the two proteins have high similarities. The expression 
pattern of the HvYS1 gene in barley showed that this gene 
was mainly expressed in the roots.10) Furthermore, the expres-
sion was enhanced 50-fold in Fe-deficient roots compared 
to Fe-sufficient roots. These results suggest that HvYS1 is a 
transporter involved primarily in iron acquisition from soil in 
barley roots. Having identified and obtained the HvYS1 gene, 
various experiments such as the evaluation of transport activ-
ity, the development of transgenic plants, and the functional 
analysis of iron transport became possible.

3. PRACTICAL RESEARCH USING MUGINEIC 
ACIDS

Although barley has excellent alkaline tolerance, not all 
graminaceous plants have an equivalent ability. For example, 
rice and corn can hardly grow in alkaline soils. This is attrib-
uted to the fact that the secretion ability of 2′-deoxymugineic 
acid (DMA), a phytosiderophore of rice, is much lower than 
that of barley (Fig. 3 left). Therefore, Professor Nishizawa 
and colleagues reported that by introducing the mugineic acid 
biosynthesis gene of barley into rice, rice obtained an MA 
secretory capacity and exhibited excellent alkaline tolerance, 
equivalent to that of barley.13) Inspired by this pioneering re-
port, we considered that an external addition of DMA–Fe(III) 
complex as a fertilizer may enable rice and corn to grow even 

in alkaline soil. (Fig. 3, right) In addition, it is expected that 
an alkaline tolerance exceeding that of barley can be obtained 
by adjusting the amount of DMA–Fe(III) added. Since this ap-
proach utilizes inherent transporters of graminaceous plants, it 
does not require gene recombination; it is possible to conduct 
this investigation using ordinary plants. However, MA has 
not been commercially available, and DMA is very expensive 
($ 2000/2.5 mg). Thus, it was impractical to consider the ap-
plication of DMA as fertilizer, or even to affordably supply 
the minimum amount necessary for mechanistic studies. In 
response to this problem, we attempted to establish a stable 
method for supplying mugineic acids by chemical synthesis.

MA and DMA are characterized by a structure in which L-
azetidine-2-carboxylic acid, aspartic acid, and malic acid unit 
are reductively connected, respectively. Although many syn-
thetic studies of MA and DMA have been reported so far,14,15) 
we have developed the following practical synthetic method 
of DMA production based on a concept that limits 1) the use 
of amino acid protecting groups as far as possible, and 2) the 
isolation and purification of each synthetic intermediate.

The synthesis began with commercially available N-tert-
butoxycarbonyl(Boc)-L-allylglycine 1. After ozone oxidation 
of 1 in methanol leading to 2, the reaction mixture was di-
rectly treated with unprotected L-azetidine-2-carboxylic acid 3 
and NaBH3CN to afford 4. Evaporation of methanol, followed 

Fig. 2. Comparison of Amino Acids Sequences of HvYS1 and ZmYS1
The fourteen transmembrane regions of HvYS1 (Gene Accession No. AB214183) or ZmYS1 (Gene Accession No. AF186234) predicted by TMHMM Ver. 2 (http://www.

cbs.dtu.dk/services/TMHMM/) are shown by blue lines. The yellow box indicates the chimera region for HvYS1-ZmYS1 chimera transport activity. (Color figure can be 
accessed in the online version.)

Fig. 3. Application of DMA to the Cultivation of Rice in Alkaline Soil
The low tolerance of rice to an alkaline environment is due to their poor secre-

tion of DMA. Thus, the external addition of synthetic DMA is expected to allow 
rice to recover from iron deficiency stress. DMA, 2′-deoxymugineic acid. (Color 
figure can be accessed in the online version.)
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by treatment with dry HCl in EtOH, caused the removal of 
the Boc group and esterification of 2-carboxylic acid simul-
taneously to give 5. After the evaporation of HCl and EtOH, 
reductive amination of 5 with 6 in methanol gave a protected 
DMA 7. Since 7 becomes possible to extract with an organic 
solvent, major byproducts such as unprotected amino acids 
were readily separated at this stage. After purification by 
short-pass silica gel column chromatography, deprotection af-
forded DMA 2 in good yield16) (Chart 1).

Having prepared sufficient quantities of DMA, the actual 
addition of DMA to the rice medium became possible. Nor-
mal rice without genetic modification was grown in an acidic 
medium at pH 5.8 (left in Fig. 4). Although rice could not 
grow in the medium without iron ion (No. 1), it was found 
that rice grows well by adding iron ions to the medium (to 
No. 2 (3 µM) and to No. 3 (30 µM)). On the other hand, in an 
alkaline medium at pH 8 (right in Fig. 4), rice could not grow 
soley by adding iron ions (No. 2, 3). However, when synthetic 
DMA was added to the medium, together with iron ions, it 
was found that the DMA allows the rice to grow well, even in 
an alkaline medium (No. 5, 6). This result shows that ordinary 

rice can absorb iron ions even under alkaline conditions by 
the external addition of DMA–Fe(III) complex. In addition, 
we recently revealed that DMA plays a significant role in iron 
delivery inside plants, and in nitrogen fixation.17) Therefore, 
if mugineic acids can be supplied as fertilizer, farming in 
alkaline soil is expected to be realized as a simple approach 
without using genetically modified crops.

Toward a further practical synthesis of DMA, we are in-
vestigating the catalytic asymmetric synthesis of L-azetidine-
2-carboxylic acid 3, which is the most expensive starting ma-
terial, and also the development of an inexpensive derivative 
of DMA. In the catalytic asymmetric synthesis of 3, we have 
already succeeded in establishing a column-free route from a 
cheap starting material to 3 in high yield. In the near future, 
we plan to develop to a field experiment using DMA which we 
synthesized in large scale.

Chart 1. Practical Synthesis of DMA

Fig. 4. Effect of DMA Application and pH on the Growth of Rice Seedlings in Hydroponic Culture
The growth experiments were conducted in a water solution containing 0 or 30 µM DMA, with a variety of iron concentrations, for 18 d. The addition of DMA enabled 

rice seedlings to grow normally even under an alkaline condition (entry 5, 6 under pH 8.0). (Color figure can be accessed in the online version.)
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4. DEVELOPMENT OF MA DERIVATIVES AS MO-
LECULAR PROBES FOR THE MECHANISTIC ELUCI-
DATION OF IRON ACQUISITION IN BARLEY

As mentioned at the beginning, we succeeded in isolating 
and identifying the MA–Fe(III) complex transporter gene 
HvYS1 from iron deficient barley root. This transporter was 
found to selectively transport the mugineic acid iron com-
plex; however, the uptake of complexes with other metals was 
substantially reduced compared to that with iron.10) By using 
synthetic DMA and chimeric proteins, the amino acid se-
quence responsible for the substrate specificity of HvYS1 was 
elucidated. We determined that residues 350–392 in HvYS1, 
which include the variable regions in the seventh outer mem-
brane loops (Fig. 2), are essential and sufficient to define the 
transport specificity.18) However, the detailed mechanism of 
iron complex recognition remains unknown. We would like 
to determine how this outer membrane loop distinguishes the 
central metal of the complex. Therefore, in this study, we at-
tempted to develop mugineic acid derivatives as molecular 
probes for tracking the mugineic acid inside plants and thus 
elucidating the three-dimensional structure and dynamic be-
havior of the transporters.

In the probe synthesis, it was important to determine which 

site among many polar functional groups of mugineic acid al-
lowed for the introduction of a labeling group. Actually, the 
introduction of labeling groups into mugineic acid have been 
studied, but no successful cases have been reported. The main 
reason is that the probes lost the ability to form a complex 
with iron due to structural changes caused by the introduction 
of the labeling group, making it difficult to pass through the 
transporter. By contrast, we focused on the hydroxyl group at 
the 2′-position as a potential site to introduce a labeling group. 
Therefore, MA and 2′-epi-mugineic acid 10 were also synthe-
sized, and we investigated their ability to transport an iron 
complex through the HvYS1 transporter expressed in oocytes, 
along with DMA. MA and 10 were prepared by converting 
N-benzyloxycarbonyl(Cbz)-L-allylglycine 8 to 9 by allylic 
oxidation, and then synthesizing it in a similar manner to the 
synthesis of DMA (Fig. 5a). Measurement of their activities 
showed that the synthetic MA, epi-MA (10), and DMA had 
the same iron transport activity as natural MA17) (Fig. 5b). It 
was revealed that the 2′-hydroxyl group is not involved in the 
activity, since neither its presence or absence, nor the opposite 
configuration of the 2′-hydroxyl group, affects the formation 
and uptake of the iron complex. Thus, we next investigate the 
establishment of a method for introducing a labeling group to 
the 2′-hydroxyl group.

The previously obtained 9 was converted into protected 
mugineic acid 11 with a free-hydroxyl group at the 2′-posi-
tion by the same method. Next, although various efforts were 
made to introduce a labeling group at the 2′-hydroxyl group 
of 11, it was difficult to directly incorporate a labeling group. 
Therefore, the introduction of various substituents was care-

Fig. 5. a) Synthesis of MA and epi-MA; b) Iron Transporting Activities 
of Synthetic MA–, 2′-epi-MA–, and DMA–Iron(III)

The activity was accessed by two-electrode voltage clamp analysis with Xenopus 
oocytes. Currents relative to natural MA–iron(III) are shown when the value of 
natural MA–iron(III) is taken as 100. Error bars: standard deviation (S.D.) (n=5–8).

THF, tetrahydrofuran; TFA, trifluoroacetic acid.

Chart 2. Comprehensive Synthesis of Labeled Mugineic Acids through 
Click Reaction

Fig. 6. Iron(III) Complex Transport Activities of Labeled Mugineic Acids
Fe(III)-complex transport activities of synthetic labeled mugineic acids were measured by two-electrode voltage-clamp analysis in Xenopus oocytes. Currents induced 

by Fe(III) complexes of the MA derivatives, DMA 13a, 13b, and 13c (each 50 µM) in oocytes, were injected with HvYS1 cRNA (black bars, n=5–11) or water (white bars, 
n=3–10). Significant differences between injection with HvYS1 cRNA and water, as determined by Tukey’s test, are indicated by an asterisk (*, p<0.01).
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fully examined, and it was found that only a small and reac-
tive propargyl group was introducible. Fortunately, the click 
reaction of the propargyl group of the resulting 12 proceeded 
smoothly. Thus, 12 was treated with copper(I) iodide and 
4-bromobenzyl azide in tetrahydrofuran (THF), followed by 
deprotection under an acidic condition, whereby the desired 
triazole mugineic acid 13a was obtained in quantitative yield. 
Similarly, photoaffinity labeled 13b and fluorescent labeled 
13c were also synthesized (Chart 2).

Having prepared various labeled mugineic acids, complex 
forming ability and iron transporting activity were measured. 
The complex formation of 13a–c with iron was confirmed by 
agreement with the theoretical value and the isotope pattern of 
trivalent iron in the MS spectrum, suggesting that the labelled 
mugineic acids 13a–c form a 1 : 1 complex with iron. Next, 
the transport activity of 13–iron complex was measured using 
oocytes that overexpressed the transporter (HvYS1), and it was 
revealed that all of the labeled compounds, 13a–c, retained 
transport activity (Fig. 6). Thus, we are the first to establish a 
method for introducing a labelling group into mugineic acid.

Having confirmed the transport activity of coumarin-
labelled 13c, fluorescence observation was conducted to ex-
amine the cell uptake of 13c. An oocyte overexpressing the 
transporter (HvYS1) and a control cell were treated with a 
50 µM aqueous solution of 13c–iron complex, and after 15 min 
the oocytes were washed with water. When each cell was ob-
served with a fluorescence microscope, the inside of HvYS1-
expressed oocyte cell was clearly visualized in fluorescence 
mode (Fig. 7d), whereas the inside of the control oocytes was 
not (Fig. 7b). This experiment indicated that the iron complex 
of the fluorescent labelled mugineic acid 13c was incorporated 
through the HvYS1 transporter. Therefore, it was experimen-
tally proved that the MA–iron(III) complex is internalized 
through the transporter (HvYS1).19)

5. CONCLUSION

In this review, our recent efforts to elucidate the mecha-
nism of iron acquisition in graminaceous plant have been 
introduced. Our initial research for the isolation and identifica-
tion of a MA–Fe(III) transporter gene advanced the various 

studies on mugineic acids, and now we have contributed to 
the organic chemistry approach by introducing a method for 
evaluating the transport activity of mugineic acid derivatives. 
The developed mugineic acid derivatives as fluorescent probes 
and photoaffinity probes will allow us to elucidate the fate 
of mugineic acid inside a plant and determine the dynamic 
function of the transporter, respectively, in the near future. 
Specific labeling of transporters using mugineic acid probes 
has already been successful, and analysis of the dynamic be-
havior of transporters in living plants is currently underway 
in our laboratory. In addition, practical synthesis of DMA was 
developed for mechanistic studies of the transporter HvYS1, 
which expands the possibility of DMA as a fertilizer. It was 
demonstrated that the addition of DMA enables the cultivation 
of rice, even under alkaline conditions. The world population 
is estimated to reach 9.8 billion by 2050.20) The Food and Ag-
riculture Organization of the United Nations (FAO) suggests 
that food production must increase up to 1.5 times to feed the 
growing world population.21) Thus, agriculture using DMA in 
alkaline soils would present a practical solution to efficiently 
increase global food production, without severe environmental 
destruction, in order to avoid a pending food crisis.

Acknowledgments We thank professors Shoichi Kusumo-
to (Suntory Foundation for Life Sciences), Mugio Nishizawa 
(Tokushima Bunri University), Keiji Tanino (Hokkaido Uni-
versity), and Yasufumi Ohfune (Osaka City University) for 
their support of this research and valuable discussion. This 
work was partially supported by JSPS KAKENHI, Grant 
Numbers JP16H01156 in Middle Molecular Strategy, and 
JP16H03292. K.N. is grateful to the Naito Foundation, the 
Yamada Foundation, the Kurata Foundation, and the Uehara 
Memorial Foundation for support through research funds.

Conflict of Interest The authors declare no conflict of 
interest.

REFERENCES

 1) Wallace A, Lunt OR. Proc. Am. Soc. Hort. Sci., 75, 819–841 (1960).
 2) Vose PB. Iron nutrition in plants: A world overview. J. Plant Nutr., 

Fig. 7. Observation of Fluorescence-Labeled MA 13c as Its Fe(III) Complex in Xenopus Oocytes
Oocytes injected with a, b) water as a control, or c, d) HvYS1 cRNA were incubated in ND96 buffer containing 13c–Fe(III) (50 µM) for 15 min at 16°C. Uptake of fluores-

cence-labeled MA–Fe(III) was monitored using a laser scanning confocal imaging system (Olympus FluoView 1000) in a differential interference contrast (DIC) mode (a 
and c) or in a laser fluorescence mode (b and d). Scale bar: 200 µm (a–d).

http://dx.doi.org/10.1080/01904168209362954


Vol. 41, No. 10 (2018) 1507Biol. Pharm. Bull.

5, 233–249 (1982).
 3) Takagi S. Naturally occurring iron-chelating compounds in oat- and 

rice-root washings. Soil Sci. Plant Nutr., 22, 423–433 (1976).
 4) Takemoto T, Nomoto K, Fushiya S, Ouchi R, Kusano H, Hikino 

H, Takagi S, Matsuura Y, Kakudo M. Structure of mugineic acid, 
a new amino acid possessing an iron-chelating activity from roots 
washings of water-cultured hordeum vulgare L. Proc. Jpn. Acad., 
54, 469–473 (1978).

 5) Ma JF, Nomoto K. Effective regulation of iron acquisition in grami-
naceous plants. The role of mugineic acids as phytosiderophores. 
Physiol. Plant., 97, 609–617 (1996).

 6) Ma JF. Plant root responses to three abundant soil minerals: silicon, 
aluminium and iron. Crit. Rev. Plant Sci., 24, 267–281 (2005).

 7) Mino Y, Ishida T, Ota N, Inoue M, Nomoto K, Takemoto T, Tanaka 
H, Sugiura Y. Mugineic acid–iron(III) complex and its structurally 
analogous cobalt(III) complex: characterization and implications for 
absorption and transport of iron in gramineous plants. J. Am. Chem. 
Soc., 105, 4671–4676 (1983).

 8) Ma JF, Shinada T, Matsuda C, Nomoto K. Biosynthesis of phyto-
siderophores, mugineic acids, associated with methionine cycling. J. 
Biol. Chem., 270, 16549–16554 (1995).

 9) Mori S. Iron acquisition by plants. Curr. Opin. Plant Biol., 2, 250–
253 (1999).

10) Murata Y, Ma JF, Yamaji N, Ueno D, Nomoto K, Iwashita T. A 
specific transporter for iron(III)–phytosiderophore in barley roots. 
Plant J., 46, 563–572 (2006).

11) Yen MR, Tseng YH, Saier MH Jr. Maize yellow stripe I, an iron-
phytosiderophore uptake transporter, is a member of the oligopep-
tide transporter (OPT) family. Microbiology, 147, 2881–2883 (2001).

12) Curie C, Panaviene Z, Loulergue C, Dellaporta SL, Briat JF, Walk-
er EL. Maize yellow stripe 1 encodes a membrane protein directly 
involved in Fe(III) uptake. Nature, 409, 346–349 (2001).

13) Takahashi M, Nakanishi H, Kawasaki S, Nishizawa NK, Mori S. 
Enhanced tolerance of rice to low iron availability in alkaline soils 
using barley nicotianamine aminotransferase genes. Nat. Biotech-
nol., 19, 466–469 (2001).

14) Singh S, Crossley G, Ghosal S, Lefievre Y, Pennington MW. For 
DMA synthesis; Singh S, Crossley G, Ghosal S, Lefievre Y, Pen-
nington MW. A short practical synthesis of 2′-deoxymugineic acid. 
Tetrahedron Lett., 46, 1419–1421 (2005), and references therein.

15) Matsuura F, Hamada Y, Shioiri T. For MA synthesis; Matsuura F, 
Hamada Y, Shioiri T. Total synthesis of mugineic acid. Efficient 
use of the phenyl group as the carboxyl synthon. Tetrahedron, 49, 
8211–8222 (1993), and references therein.

16) Namba K, Murata Y, Horikawa M, Iwashita T, Kusumoto S. A 
practical synthesis of a phytosiderophore 2-deoxymugineic acid. A 
key to the mechanistic study of iron acquisition by graminaceous 
plants. Angew. Chem. Int. Ed., 46, 7060–7063 (2007).

17) Araki R, Kousaka K, Namba K, Murata Y, Murata J. 2′-Deoxy-
mugineic acid promotes growth of rice (Oryza sativa L.) by orches-
trating iron and nitrate uptake processes under high pH conditions. 
Plant J., 81, 233–246 (2015).

18) Harada E, Sugase K, Namba K, Murata Y. Structural element re-
sponsible for the Fe(III). FEBS Lett., 590, 4617–4627 (2016).

19) Namba K, Kobayashi K, Murata Y, Hirakawa H, Yamagaki A, 
Iwashita T, Nishizawa M, Kusumoto S, Tanino K. Mugineic acid 
derivatives as molecular probes for the mechanistic elucidation of 
iron acquisition in barley. Angew. Chem. Int. Ed., 49, 9956–9959 
(2010).

20) “World population projected to reach 9.8 billion in 2050, and 11.2 
billion in 2100.”: ‹https://www.un.org/development/desa/en/news/
population/world-population-prospects-2017.html›

21) “The State of Food Security and Nutrition in the World 2017.”: 
‹http://www.fao.org/state-of-food-security-nutrition/en/›

http://dx.doi.org/10.1080/01904168209362954
http://dx.doi.org/10.1080/00380768.1976.10433004
http://dx.doi.org/10.1080/00380768.1976.10433004
http://dx.doi.org/10.2183/pjab.54.469
http://dx.doi.org/10.2183/pjab.54.469
http://dx.doi.org/10.2183/pjab.54.469
http://dx.doi.org/10.2183/pjab.54.469
http://dx.doi.org/10.2183/pjab.54.469
http://dx.doi.org/10.1111/j.1399-3054.1996.tb00522.x
http://dx.doi.org/10.1111/j.1399-3054.1996.tb00522.x
http://dx.doi.org/10.1111/j.1399-3054.1996.tb00522.x
http://dx.doi.org/10.1080/07352680500196017
http://dx.doi.org/10.1080/07352680500196017
http://dx.doi.org/10.1021/ja00352a024
http://dx.doi.org/10.1021/ja00352a024
http://dx.doi.org/10.1021/ja00352a024
http://dx.doi.org/10.1021/ja00352a024
http://dx.doi.org/10.1021/ja00352a024
http://dx.doi.org/10.1074/jbc.270.28.16549
http://dx.doi.org/10.1074/jbc.270.28.16549
http://dx.doi.org/10.1074/jbc.270.28.16549
http://dx.doi.org/10.1016/S1369-5266(99)80043-0
http://dx.doi.org/10.1016/S1369-5266(99)80043-0
http://dx.doi.org/10.1111/j.1365-313X.2006.02714.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02714.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02714.x
http://dx.doi.org/10.1099/00221287-147-11-2881
http://dx.doi.org/10.1099/00221287-147-11-2881
http://dx.doi.org/10.1099/00221287-147-11-2881
http://dx.doi.org/10.1038/35053080
http://dx.doi.org/10.1038/35053080
http://dx.doi.org/10.1038/35053080
http://dx.doi.org/10.1038/88143
http://dx.doi.org/10.1038/88143
http://dx.doi.org/10.1038/88143
http://dx.doi.org/10.1038/88143
http://dx.doi.org/10.1016/j.tetlet.2005.01.030
http://dx.doi.org/10.1016/j.tetlet.2005.01.030
http://dx.doi.org/10.1016/j.tetlet.2005.01.030
http://dx.doi.org/10.1016/j.tetlet.2005.01.030
http://dx.doi.org/10.1016/S0040-4020(01)88039-X
http://dx.doi.org/10.1016/S0040-4020(01)88039-X
http://dx.doi.org/10.1016/S0040-4020(01)88039-X
http://dx.doi.org/10.1016/S0040-4020(01)88039-X
http://dx.doi.org/10.1002/anie.200702403
http://dx.doi.org/10.1002/anie.200702403
http://dx.doi.org/10.1002/anie.200702403
http://dx.doi.org/10.1002/anie.200702403
http://dx.doi.org/10.1111/tpj.12722
http://dx.doi.org/10.1111/tpj.12722
http://dx.doi.org/10.1111/tpj.12722
http://dx.doi.org/10.1111/tpj.12722
http://dx.doi.org/10.1002/1873-3468.12482
http://dx.doi.org/10.1002/1873-3468.12482
http://dx.doi.org/10.1002/anie.201004853
http://dx.doi.org/10.1002/anie.201004853
http://dx.doi.org/10.1002/anie.201004853
http://dx.doi.org/10.1002/anie.201004853
http://dx.doi.org/10.1002/anie.201004853

