
Methods
Nogo recombinant proteins

To express Amino-Nogo, the human Nogo-A cDNA for residues 1±1,040 was ligated into
pcDNA3.1MycHis (Invitrogen, Burlingame, California) with an in-frame Myc-His tag.
We transfected this plasmid into HEK293T cells and Amino-Nogo was puri®ed with a Ni2+

resin10. The human Nogo-66 sequence was ligated into pcAP-5 (ref. 10) in frame with the
signal sequence, 6 ´ His tag and placental AP coding region. This plasmid was transfected
into HEK293 cells, and secreted AP±Nogo was puri®ed by Ni2+ af®nity chromatography.
GST±Nogo-66 has been described1.

Nogo-66 receptor binding assays and expression cloning

To detect AP±Nogo binding, cultures were washed with Hanks balanced salt solution
containing 20 mM sodium HEPES, pH 7.05, and 1 mg ml-1 bovine serum albumin (BSA)
(HBH). The plates were then incubated with AP±Nogo in HBH for 2 h at 23 8C. We
detected and quanti®ed bound AP±Nogo as for AP±Sema3A11. For saturation analysis of
AP±Nogo bound to COS-7 cells, bound AP±Nogo protein was eluted with 1% Triton X-
100. After heat inactivation of endogenous AP, we measured AP±Nogo using p-nitro-
phenyl phosphate as substrate.

For expression cloning of a Nogo-66 receptor, pools of 5,000 arrayed clones from a
mouse adult-brain cDNA library (Origene Technologies, Rockville, Maryland) were
transfected into COS-7 cells, and AP±Nogo binding was assessed. We isolated single NgR
cDNA clones by sib selection and sequenced them. A Myc±NgR vector was created in
pSecTag2-Hygro (Invitrogen) using the signal peptide of pSecTag2 fused to Myc and
residues 27±473 of NgR. Human NgR cDNA was predicted from a human genomic
cosmid sequence (AC007663). Oligonucleotide primers based on the predicted human
cDNA ampli®ed the cDNA from a human adult-brain cDNA library (Origene
Technologies).

To assess binding of Myc±NgR to the cell membrane, particulate fractions were treated
with or without 5 U PI-PLC (Sigma, St. Louis, MO) per mg of HEK293T cell protein for
1 h at 30 8C in HBH. After centrifugation at 100,000g for 1 h, we analysed equal
proportions of the soluble and particulate fractions. To assess the physical interaction of
NgR with Nogo-66, we incubated the PI-PLC extract (50 mg total protein) with 10 mg
GST±Nogo-66 or buffer, or 10 mg GST for 1 h at 23 8C. We added glutathione-coupled
agarose to bind GST and associated proteins. We analysed bound proteins by anti-Myc
immunoblot.

RNA analysis

For northern blots, 1 mg poly(A)+ RNA from each adult mouse tissue on a nylon
membrane (Origene Technologies) was hybridized with a full-length 32P-labelled probe1,12.
We used digoxegenin-labelled riboprobes (nucleotides 1±1,222) and adult mouse brain
sections1,12 for in situ hybridization. The sense probe produced no signal.

Nogo-66 receptor antibodies

A GST±NgR (residues 27±447) fusion protein was puri®ed from Escherichia coli and used
to immunize rabbits. We diluted immune serum 3,000-fold for immunoblots and 1,000-
fold for immunohistology on tissue-culture samples that had been ®xed by formalin.
Staining of tissue was totally abolished by addition of 5 mg ml-1 GST±NgR.

Cell spreading, neurite outgrowth and viral infection

To measure spreading rates, subcon¯uent NIH 3T3 ®broblasts or COS-7 cells were plated
for 1 h in serum-containing medium before ®xation and staining with rhodamine-
phalloidin. Glass coverslips were precoated with 100 mg ml-1 poly-L-lysine, washed, and
then 3 ml drops of PBS containing 15 pmol Amino-Nogo, 15 pmol GST±Nogo-66,
15 pmol poly-Asp (Mr 35 K, Sigma), or no protein were spotted and dried. We added
soluble Nogo protein preparations (100 nM) at the time of plating. Amino-Nogo was
added alone or after a pre-incubation with a twofold molar excess of anti-Myc 9E10
antibody, or with a twofold excess of anti-Myc plus a twofold excess of puri®ed goat
anti-mouse IgG.

Chick E5 spinal cord, chick E7±E13 DRG, chick E7 retina and mouse P4 cerebellar
neuron culture, growth-cone-collapse assays and neurite-outgrowth assays have been
described1,10±13. Here, outgrowth from dissociated neurons was assessed after 12±24 h. For
the substrate-bound experiments, glass chamber slides were coated with 100 mg ml-1 poly-
L-lysine, washed, and then 3 ml drops of PBS containing 15 pmol Amino-Nogo, 15 pmol
GST±Nogo-66, 15 pmol poly-Asp, or no protein were spotted and dried. After three PBS
washes, we coated slides with 10 mg ml-1 laminin. After aspiration of laminin, dissociated
neurons were added. For the soluble Nogo experiments, slides were coated with poly-L-
lysine and laminin in the same fashion, and then 100 nM Amino-Nogo, 100 nM clustered
Amino-Nogo, or 100 nM GST±Nogo-66 was added to the culture medium at the time of
plating. After 1 d in vitro, some DRG explants were treated for 30 min with 1 unit ml-1

PI-PLC (Sigma) before the growth-cone-collapse assay.
An HSV-Myc±NgR stock was prepared as described10. We infected E7 retinal explants

for 24 h. We stained some cultures infected with HSV-Myc±NgR with anti-Myc
antibody to verify protein expression. Error bars re¯ect the s.e.m. from 4±8
determinations.
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Frequently, crop plants do not take up adequate amounts of iron
from the soil, leading to chlorosis, poor yield and decreased
nutritional quality. Extremely limited soil bioavailability of iron
has led plants to evolve two distinct uptake strategies: chelation,
which is used by the world's principal grain crops1,2; and reduc-
tion, which is used by other plant groups3±5. The chelation strategy
involves extrusion of low-molecular-mass secondary amino acids
(mugineic acids) known as `phytosiderophores', which chelate
sparingly soluble iron6. The Fe(III)-phytosiderophore complex is
then taken up by an unknown transporter at the root surface7,8.
The maize yellow stripe1 (ys1) mutant is de®cient in Fe(III)-
phytosiderophore uptake7±10, therefore YS1 has been suggested
to be the Fe(III)-phytosiderophore transporter. Here we show that
ys1 is a membrane protein that mediates iron uptake. Expression
of YS1 in a yeast iron uptake mutant restores growth speci®cally
on Fe(III)-phytosiderophore media. Under iron-de®cient condi-
tions, ys1 messenger RNA levels increase in both roots and shoots.
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Cloning of ys1 is an important step in understanding iron uptake
in grasses, and has implications for mechanisms controlling iron
homeostasis in all plants.

We isolated a family that segregated ,25% of yellow striped
mutants (Fig. 1a) in a random Ac transposon mutagenesis
population11. Genomic blotting using Ac as a probe con®rmed co-
segregation of an Ac-containing Sal I restriction fragment of
9.5 kilobases (kb) with the yellow striped mutant phenotype in
this family (Fig. 1b). Complementation assays (data not shown)
were performed with the new yellow stripe mutation to show that it
is allelic to ys1, and so is designated ys1-m1::Ac. Linkage of ys1-
m1::Ac and pr1 on chromosome 5 was tested (see Methods), and
con®rmed that the new mutation is linked to pr1.

We prepared a genomic library from the DNA of a mutant plant,
and a clone containing the co-segregating 9.5-kb Sal I insert was
identi®ed using Ac sequences as a probe (Fig. 1d). A ¯anking probe
containing sequences adjacent to the Ac element (YS1-XX; see
Fig. 1d) was prepared and used on a second genomic blot of the
original family segregating for the yellow stripe mutation (Fig. 1b).
Each mutant individual contained the 9.5-kb Sal I fragment, as did
heterozygous wild-type plants. One mutant plant contained a 5.2-
kb Sal I fragment, which is the expected size of a fragment after
transposition of Ac from the 9.5-kb fragment. Notably, neither
heterozygous nor homozygous wild-type plants showed the
expected 5.2-kb Sal I fragment. The lack of the 5.2-kb fragment is
probably due to cytosine methylation of the Sal I sites in the wild-
type Ys1 allele. To con®rm the co-segregation analysis, we prepared
DNA from a second family that segregated the yellow stripe
mutation, so that co-segregation in a new set of individuals could
be tested. The DNA was digested with EcoRV, an enzyme that is
insensitive to methylation (Fig. 1c). On these blots, the smaller
fragment (lacking Ac) co-segregated with the wild-type phenotype,
as expected.

The YS1-XX probe was used to screen a complementary DNA
library prepared from roots of iron-de®cient maize plants12. Three
full-length or nearly full-length ys1 cDNAs were recovered.

Although the precise sizes of the three cDNAs differed because of
alternative polyadenylation sites and sizes of 59 untranslated regions
(UTRs), they all encoded identical proteins. The sequence of these
cDNAs indicates that the YS1 protein is 682 amino-acids long and
contains 12 putative transmembrane domains (Fig. 2a), thus YS1 is
likely to be localized to a membrane and has a structure consistent
with its being a transporter protein.

The amino-acid sequence predicted from the ys1 cDNA does not
show strong similarity to any protein of known function in the
various sequence databases, but it does show strong similarity to
many expressed sequence tag (EST) clones in diverse plant species
including both monocots and dicots, gymnosperms and mosses.
The amino-acid sequence of YS1 also shows strong, full-length
similarity to eight predicted Arabidopsis proteins (which we have
designated YELLOW STRIPE1-LIKE (YSL) 1±8) of unknown
function: YSL1 (491/665 residues 73% similarity; GenBank acces-
sion no. ATAC002343; PID no. AAB63613.1), YSL2 (511/658
residues 77% similarity; GenBank accession no. AB016884), YSL3
(516/668 residues 76% similarity; GenBank accession no.
AB015476), YSL4 (452/644 residues 69% similarity; GenBank
accession no. AB010072), YSL5 (460/680 residues 67% similarity;
GenBank accession no. AB022219), YSL6 (430/604 residues 70%
similarity; GenBank accession no. AB026649), YSL7 (472/674
residues 69% similarity; GenBank accession no. AC007234), and
YSL8 (454/672 residues 67% similarity; GenBank accession no.
AC007932; PID no. AAD49762.1).

YS1 also belongs to a gene family in maize, as there are three
related maize ESTs present in GenBank. YS1 shows weak but
signi®cant similarity to a hypothetical yeast protein, YGL114
(36% similarity), belonging to the major facilitator superfamily
(MFS; reviewed in ref. 13), which includes single-polypeptide
secondary carriers that typically transport small solutes in response
to chemiosmotic ion gradients, and to the EspB gene of Myxococcus
xanthus (39% similarity). Notably, the 50 amino-terminal amino
acids of YS1 contain 48% of the glutamic-acid residues of the
protein (11/23). Some of these are in the sequence REKELELELER,

W
1

W
2

W
3

W
4

M
1

M
2

M
3

P
1

P
2

W
1

W
2

W
3

W
4

M
1

M
2

M
3

P
1

P
2

M M M W W W W W

M M M W W W W W

Ac probe

Ac probeYS1-XXprobe

YS1-XXprobe

Insertion in ys1:ref

Ac insertion in ys1-m1:Ac

Probe: YS1-XX

EcoRV Hindll Bglll Xhol Xbal S
al

l

S
al

l

a b c

d

Figure 1 The Ac-induced yellow stripe mutation. a, Phenotype of homozygous mutant

(above) and wild-type (below) maize leaves. b, Genomic blots of individuals from the

original family segregating phenotypically wild-type (W1±W5) and mutant (M1±M3)

individuals. DNA from the parental strains, P-VV (P1; the Ac-donor locus) and r-m3 (P2)

are also shown. All samples were digested with the restriction enzyme Sal I. The Ac probe

was the internal HindIII fragment of Ac. The YS1-XX probe is indicated in d. Arrows

indicate the positions of the fragments hybridizing to the YS1-XX probe. c, Genomic blot

analysis of individuals from a second family segregating phenotypically wild-type (W) and

mutant (M) individuals. All samples were digested with the restriction enzyme EcoRV. The

blot was ®rst probed with YS1-XX (above), and was then stripped and re-probed with the

Ac probe (below). Arrows indicate the positions of the fragments hybridizing to the YS1-XX

probe. d, Map of the ys1 gene. Exons are indicated by black boxes. The positions of the Ac

element in the ys1-m1::Ac allele and the retrotransposon element in the ys1:ref allele are

indicated above and below. The probe fragment YS1-XX is also shown.
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which is reminiscent of the REGLE sequence involved in Fe(III)
transport14. This abundance of glutamic-acid residues at the amino
terminus is conserved among six of the eight Arabidopsis YSL
orthologues (data not shown).

We determined the sequence of the ys1-m1::Ac genomic clone
lYS31. Ac is inserted in the coding region at amino-acid position
649 relative to the presumed start of translation (Fig. 2b). The Ys1
wild-type and ys1-ref alleles were ampli®ed from genomic DNA
using primers selected on the basis of the cDNA sequence. Genomic
blot analysis (data not shown) combined with polymerase chain
reaction (PCR) of the corresponding genomic region indicates that
the ys1-ref allele has a large insertion at amino-acid position 472
relative to the start of translation (Fig. 2b). Analysis of the ends of
the inserted sequence indicates that it is a long-terminal repeat
retrotransposon (data not shown). Two additional ys1 mutant
alleles, ys1:74-1924-1 and ys1:5344, were ampli®ed and sequenced
(Fig. 2c). The ys1:74-1924-1 mutation corresponds to a single
nucleotide insertion that causes a frameshift altering the carboxy-
terminal third of the protein sequence. The ys1:5344 allele has a
slightly more complicated mutation involving a 16-base-pair (bp)
deletion accompanied by a 2-bp insertion that causes a frameshift
starting in the last transmembrane domain of the protein. The
sequence disruption in these additional ys1 mutant alleles provides
the ®nal con®rmation that we have cloned the ys1 gene.

Saccharomyces cerevisiae double mutant fet3fet4 (strain
DEY1453) is defective in both low- and high-af®nity iron(II)

uptake systems, cannot grow on iron-limited medium3, and
cannot use iron complexed with the maize phytosiderophore
deoxymugineic acid (Fe-DMA) for growth12. To investigate the
function of YS1 in iron transport, we tested whether expression of
a ys1 cDNA could restore growth of the fet3fet4 mutant on medium
containing Fe-DMA as the sole iron source. The ys1 cDNA and the
Arabidopsis IRT1 cDNA, which encodes an Arabidopsis thaliana iron
transporter protein capable of supporting growth of the DEY1453
strain on iron citrate3 were individually transformed into the
DEY1453 strain. We then performed a differential growth test
using two different sources of iron in the medium, Fe-citrate or
Fe-DMA, both at a low concentration (5 mM), to determine the
substrate speci®city, if any, of YS1 (Fig. 3a, b). Expression of IRT1
restored growth of fet3fet4 when Fe-citrate was provided as sole iron
source, as expected, whereas expression of YS1 did not (Fig. 3a). In
the presence of 5 mM Fe-DMA, both YS1 and IRT1 expression
allowed growth of fet3fet4 mutant, possibly owing to small amounts
of residual un-chelated Fe(II) present in the medium. To clarify this,
the Fe-DMA medium was supplemented with 5 mM 4,7-biphenyl-
1,10-phenanthroline-disulphonic acid (BPDS), a strong Fe(II) che-
lator, to remove any residual Fe(II) from the Fe-DMA medium.
Addition of BPDS eliminated complementation by IRT1, without
affecting complementation by YS1 (Fig. 3c). The ability of YS1 to
allow growth on Fe-DMA in the presence of BPDS strongly suggests
that YS1 is a transporter of phytosiderophore-bound Fe(III).

The effect of Fe starvation on ys1 gene expression was analysed
using northern blot hybridization (Fig. 4). Expression of ys1 was
detected in roots of young maize seedlings, as early as 1 day after
germination (Fig. 4a, 1+). ys1 mRNA abundance increased several-
fold when plants were grown in absence of iron (Fig. 4a, 1-). The
same induction was observed at 5, 7 and 10 days after germination
(Fig. 4a, b), showing that steady-state levels of ys1 mRNA are
increased by iron starvation in maize roots. This result agrees well
with physiological studies in which maize plants grown under iron-
suf®cient conditions show a low, basal level of iron uptake, and

a
MDLARRGGAAGADDEGEIERHEPAPEDMESDPAAAREKELELERVQSWREQVTLRGVVAA

LLIGFMYSVIVMKIALTTGLVPTLNVSAALMAFLALRGWTRVLERLGVAHRPFTRQENCV

IETCAVACYTIAFGGGFGSTLLGLDKKTYELAGASPANVPGSYKDPGFGWMAGFVAAISF

AGLLSLIPL RKVLVIDYKLTYPSGTATAVLINGFHTKQGDKNARMQVRGFLKYFGLSFVW

SFFQWFYTGGEVCGFVQFPTFGLKAWKQTFFFDFSLTYVGAGMICSHLVNISTLLGAILS

WGILWPLISKQKGEWYPANIPESSMKSLYGYKAFLCIALIMGDGTYHFFKVFGVTVKSLH

QRLSRKRATNRVANGGDEMAALDDLQRDEIFSDGSFPAWAAYAGYAALTVVSAVIIPHMF

RQVKWYYVIVAYVLAPLLGFANSYGTGLTDINMAYNYGKIALFIFAAWAGRDNGVIAGLA
                                           ys1:ref  ***** ***** *****
GGTLVKQLVMASADLMHDFKTGHLTMTSPRSLLVAQFIGTAMGCVVAPLTFLLFYNAFDI
                                            ys1:74-1924-1 *
GNPTGYWKAPYGLIYRNMAILGVEGFSVLPRHCLALSAGFFAFAFVFSVARDVLPRKYAR

FVPLPMAMAVPFLVGGSFAIDMCVGSLAVFVWEKVNRKEAVFMVPAVASGLICGDGIWTF
                                    ys1-m1::Ac  ***
                                          ys1:5344 *
PSSILA LAKIKPPICMKFTPGS  682

b
ys1-m1::Ac :
TGCGGTTGCGTCCGGTTAGGGATGAAAA<Ac>CTTTCATCCCTGCGTCCGGTTTGATCTG

ys1:ref :
CGGCAGGGACAACGGCTGTTGGAACCGG<  >GGTTTATTCCTAACAACGGCGTCATCGC

c
Ys1            CTCACGTTCCTGCTCTTCTACAACGCGTTCGACATCGGGAACCCC
               L  T  F  L  L  F  Y  N  A  F  D  I  G  N  P …

ys1:74-1924-1   CTCACGTTCCTGCTCTTCTTACAACGCGTTCGACATCGGGAACCC
               L  T  F  L  L  F  l  q  r  v  r  h  r  e  p …

Ys1            ATGGTGCCTGCGGTTGCGTCCGGTTTGATCTGTGGAGACGGCATA
               M  V  P  A  V  A  S  G  L  I  C  G  D  G  I …

ys1:5344       ATGGTGCCTGCGGTTGCGTCCGGTGTGCATATGGACC
               M  V  P  A  V  A  S  G  v  h  m  d …

Figure 2 ys1 sequence analysis. a, The predicted amino-acid sequence of YS1. The 12

putative membrane-spanning domains predicted using the SOSUI program are shown

boxed22. The location of mutations in the ys1:ref and ys1-m1::Ac are shown below the

sequence by asterisks and open asterisks, respectively. b, Genomic sequences of the

ys1:ref and ys1-m1::Ac insertion sites. Target site duplications are underlined. c, Genomic

sequences and predicted translation of non-insertion ys1 mutations, ys1:74-1924-1 and

ys1:5344. Wild-type Ys1 is shown for comparison.
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Figure 4 Regulation of ys1 mRNA levels by iron availability in young maize plantlets. A 39
UTR ys1 probe, obtained by PCR, was hybridized to a northern blot containing 10 mg total

RNA prepared from either roots (R) or leaves (L). a, RNA from roots of 1-, 5-, 7-day-old

plantlets; b, RNA from roots and shoots of 10-day-old plantlets. The blot was stripped and

hybridized to a NADPH-ferric reductase (NRF) cDNA encoding a rice cytochrome b5

reductase23 as a loading control. Ethidium-bromide-stained rRNAs are also shown.
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show a 2.8-fold increase in the rate of iron uptake in conditions of
iron de®ciency8.

Expression of ys1 in leaves was investigated in 10-day-old plants
grown in presence (+) or in absence (-) of iron (Fig. 4b). No ys1
mRNA was detected in leaves of iron-suf®cient plants, but a high
level of accumulation was detected in leaves of iron-de®cient plants.
It is possible that DMA serves as an iron carrier that transports iron
from cell to cell inside the plant. Indeed, DMA has been detected in
leaves of rice plants15. Alternatively, nicotianamine, a Fe(II) and
Fe(III) chelator structurally related to DMA16, might be a substrate
for transport by YS1 in tissues other than the root. Nicotianamine is
found in all plant species, not just grasses, and has been proposed to
be involved in long distance Fe(II) transport in the phloem sap16±18.
In that regard, we note that the YSL genes of Arabidopsis, a species
which produces nicotianamine but not mugineic acids, might have
a transport role similar to that of YS1. M

Methods
Linkage analysis

The ys1 locus is located on chromosome 5 of maize, 8 map units distal to the pr1 locus.
Heterozygous Ys1 pr1 /ys1-m1::Ac Pr1 plants were self-pollinated. Red ( pr1/pr1) and
purple (Pr1/-) progeny were selected, and their yellow stripe phenotype was observed. The
red coloured progeny were predominantly wild type with respect to yellow stripe showing
that there is a clear linkage between ys1-m1::Ac and pr1, as expected. Among the purple
progeny, roughly one-third of the individuals were yellow striped, again showing a clear
linkage between ys1-m1::Ac and pr1.

Yeast functional complementation

Three plasmids were individually introduced into the DEY1453 (fet3fet4) strain: the ys1
cDNA cloned in the expression vector pYPGE15, the Arabidopsis IRT1 cDNA cloned in the
pFL61 vector19 (both expressed under the control of the strong PGK promoter12) and, as a
control, the empty pYPGE15 vector. Minimal medium/Ura was supplemented with 5 mM
Fe-citrate, 5 mM Fe-DMA, or 5 mM Fe-DMA and 5 mM BPDS. Three dilutions of the
culture (of optical density at 600 nm of 0.2, 0.02, and 0.002) were spotted onto the plates.
Growth was carried out for 4 days at 30 8C. The Fe-DMA complex was prepared a
described20.

Plant growth

Plants were grown hydroponically in presence (+) or in absence (-) of iron, for 1, 5, 7 or
10 days after germination, as described21.

RNA extraction and northern analysis

RNA extraction and RNA blot analysis was performed as described12. Hybridization
signals were revealed after 3 days exposure, using a PhosphorImager (Storm 480,
Molecular Dynamics).
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The regulation of tyrosine phosphorylation and associated signal-
ling through antigen, growth-factor and cytokine receptors is
mediated by the reciprocal activities of protein tyrosine kinases
and protein tyrosine phosphatases (PTPases)1. The transmem-
brane PTPase CD45 is a key regulator of antigen receptor signal-
ling in T and B cells2,3. Src-family kinases have been identi®ed as
primary molecular targets for CD45 (ref. 4). However, CD45 is
highly expressed in all haematopoietic lineages at all stages of
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