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residues of the Ncd neck by our definition (5)
and NcdKHC6 lacks four residues of the
KHC neck according to the dimer KHC crys-
tal structure in which the coiled coil begins
four residues COOH-terminal to the start of
the heptad repeats (8). The hybrid proteins
also differ in that NcdKHC6 has the Necd
stalk at the NH,-terminus of the motor,
joined to the Ncd neck, whereas ncd-Nkin
has the KHC stalk at the COOH-terminus,
joined to the KHC neck (Fig. 1). Strikingly,
NcdKHC6 is a minus-end motor and ncd-
Nkin is a plus-end motor (2). Thus an intact
neck, or the attachment of the neck to the
stalk, may be important for motor polarity
rather than simply the neck and neck-motor
junction.

The NcdKHC1 motor was slow compared
with Ncd (Table 1), suggesting that the neck-
motor junction, or another aspect of the cou-
pling of the motor to the stalk and neck, is
imperfect. NcdKHC2 and NcdKHCS5 were
even slower than NcdKHCI, suggesting that
the Ncd neck or neck-motor junction may affect
motor velocity. The neck of myosin, a molec-
ular motor with structural similarity to kinesin
and Ncd (4), has been shown to contribute to
motor velocity (/4),-although the effects of the
myosin and Necd necks on motor velocity may
differ. Our results indicate that polarity deter-
minants, residues or regions that contribute to
the direction of motor movement, are present in
the Ncd neck and the KHC motor core. Neck
residues immediately adjacent to the conserved
motor core are critical for Ncd minus-end
movement and attachment to the stalk may also
be important.
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Characterization of an
Ammonium Transport Protein
from the Peribacteroid
Membrane of Soybean Nodules

Brent N. Kaiser, Patrick M. Finnegan, Stephen D. Tyerman,
Lynne F. Whitehead, Fraser }. Bergersen, David A. Day,*
Michael K. Udvardi

Nitrogen-fixing bacteroids in legume root nodules are surrounded by the plant-
derived peribacteroid membrane, which controls nutrient transfer between the
symbionts. A nodule complementary DNA (GmSATT) encoding an ammonium
transporter has been isolated from soybean. GmSAT1 is preferentially tran-
scribed in nodules and immunoblotting indicates that GmSAT1 is located on the
peribacteroid membrane. ['*C]methylammonium uptake and patch-clamp
analysis of yeast expressing GmSAT1 demonstrated that it shares properties
with a soybean peribacteroid membrane NH,™ channel described elsewhere.
GmSAT1 is likely to be involved in the transfer of fixed nitrogen from the

bacteroid to the host.

Many legumes form a symbiotic relationship
with N,-fixing bacteria called rhizobia, which
enables the plants to grow on soils depleted of
combined nitrogen. Differentiated rhizobia,
called bacteroids, are housed in specialized or-
gans (nodules) on the legume roots. Within the
infected cells of nodules, N,-fixing bacteroids
are enclosed by the plant-derived peribacteroid
membrane (PBM), which segregates the bacte-

roids from the plant cytosol and controls nutri-
ent exchange between the symbionts. The or-
ganelle-like structure consisting of PBM, bac-
teroid, and the intervening peribacteroid space
(PBS) is known as the symbiosome (/). In
soybean, NH, " is probably the main form of
nitrogen exported from the symbiosome (2) and
analysis of PBM isolated from soybean and pea
has identified a monovalent cation channel with
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100 mM MA
0.1 % L-Proline

0.5 mM (NH,),S0,

Fig. 1. Growth of mutant 26972c yeast cells
transformed with either pBK1 or pYES3 and
wild-type strain %1278b (4). Growth on mlni-
mal medium (9) containing 1 mM NH,* and
galactose at 10 mg ml™" (A); 1 mM NH and
glucose at 10 mg ml~" (B); 100 mM MA 0.1%
L-proline, and galactose at 10 mg ml™! (C) and
100 mM MA, 0.1% L-proline, and glucose at 10
mg ml~" (D).

a preference for NH,* (3). This channel is
likely to be the main route for NH,* flux to the
plant.

We have used functional complementa-
tion of the Saccharomyces cerevisiae NH,*
transport mutant 26972c (mepl mep2 ura3)
to isolate a cDNA encoding a PBM NH,™*
transporter. This yeast mutant lacks the high-
affinity plasma membrane NH, ™ transporters
Meplp and Mep2p and exhibits slow growth
relative to the wild type in the presence of
limiting (2 mM) NH,* (4). This mutant has
been used to isolate cDNAs encoding high-
affinity NH,* transporters from both S. cer-
evisiae (5) and Arabidopsis thaliana (6). Mu-
tant 26972c was transformed with a cDNA
library synthesized from 6-week-old soybean
nodules (7). The cDNA was ligated in the
sense orientation downstream of the- galac-
tose-inducible yeast GALI promoter in the
URA3-containing Escherichia coli yeast shut-
tle vector pYES3 (8). Transformants (URA ™)
were initially screened for increased growth
rate on medium containing 2 mM NH, " plus
galactose and for the slow-growth phenotype
of the mutant in the presence of glucose, a
repressor of the GALI promoter (9). This
strategy enabled the isolation of a plasmid
(pBK1) containing a 1.7-kb cDNA that, when
reintroduced into mutant 26972c, once again
allowed growth on limiting NH,* (Fig. 1).

The cDNA insert in pBK1 was sequenced
(10) and found to encode a 348 —amino acid
protein with a predicted mass of 39,153 dal-
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M R S S HMOQTI Hydrophobic
TCATOANTCAGAGGCTACC TGARCTSGGGATARTAGAGGATCCTARCTICCTCCATCAGTSGCAGTTA 2 2 H
1 PELGTITIE Q QL L "
MCI‘CTAmATACMCTAGCﬂMAABGTGCTGCmGATAmMAAGCAC‘I‘CA’H‘CTCT i (\
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EMACPK DN N A IS QG T L G 100 200 300
AATCAAAACTM‘ATTTTCAAGGCTAGCCAAGAGACCAAMAGATTAAAACACGTCCTAMCH'FCTCM Amino Acid Position
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CCIY‘AM‘A(‘{‘A(‘ \TA NAGCCAACGGTTCA’FPGCTCTANT H 4
QDHIIAERKRREKL Q R I AL S Flg.Z.(A)Nucleotldeandde-
GCYCTTGTYCCGGGCCTAA AAAGCTTCGGTTC

TGAAG
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CAAATGCAAGA AGAACA TGTGGTA
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ATTG TCA CGAAGACTCTTCT ATTTGTC
I V K K S Q LS SDAEDSSSETGGTFV
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TGTTAGGCATTTTTTGGCAGGAAGTTGGAAAGTTCAACTACCTGTTTTCCATCTATTTCTTACCTAAAT
CCTGACAGNCAGGCCmmemAﬁANmmMmmN&GﬂAC

duced amino acid sequence of
GmSAT1 (GenBank accession
number, AF069738). An in-
frame stop codon upstream of
the putative start codon is ital-
icized and the COOH-terminal
transmembrane helical region
is boxed. Helical analysis (22)
of the transmembrane-span-
ning region: polar amino acids
are boldface. Sequence motifs

1472 AACAAAATATGC'

\TAATCGTACT

1541 TTﬂTATATC ﬂm‘GTATATGCNGACATGTTGCATGGCCKMCATGATATI‘CMMGCATTMT
"ARARAARARAAAAAAAAARAAAA

TAAGCTT!

1610 ‘GCTACCAATT
AAAA

for N-myristoylation (solid un-
derline) and N-glycosylation
(dotted underline) sites are in-

dicated. (B) Hydropathy plot (77) of GmSATT using a sliding amino acid window size of 19 residues.
Horizontal bar indicates putative helical membrane-spanning region.

tons (Fig. 2). The gene encoding this protein
has been named GmSAT! (Glycine max sym-
biotic ammonium transport protein). Search-
es of databases for related gene or protein
sequences failed to find significant extended
sequence similarity between GmSATI1 and
other known proteins. Analysis of the Gm-
SATI sequence for specific motifs revealed
two potential sites for N-myristoylation and
three potential sites for N-glycosylation (Fig.
2A). Secondary structure analysis suggested
that residues 178 to 217 encode a helix-loop-
helix motif (Fig. 2A). Hydropathy analysis

~ (11) identified one putative membrane-span-

ning helical region at the COOH-terminus
(Fig. 2). Northern blot analysis of polyade-
nylated [poly(A)*] RNA isolated from soy-
bean tissues (/2) indicated that the GmSATI
transcript is present at much greater levels in
nodules than in any other organ of the plant
(Fig. 3). Some GmSATI mRNA was also
detected in inoculated roots from which the
nodules had been removed (Fig. 3, lane 2),
suggesting that GmSAT] expression is trig-
gered by a signal that diffuses from the nod-
ule into root tissues. No transcript was detect-
ed in uninoculated roots (Fig. 3, lane 3),
indicating that GmSAT] is symbiosis specif-
ic. Southern blot analysis of leaf DNA indi-
cated that GmSAT! may be a member of a
multigene family in soybean (/3).

A truncated GmSAT]1 protein, containing
only the hydrophilic portion, was His-tagged
and overexpressed in E. coli (14). After af-
finity purification, a polyclonal antiserum
against the protein was raised in rabbit (15).
The antiserum was used to probe immuno-
blots of total soluble and purified plasma
membrane fractions prepared (/6) from yeast
mutant 26972c¢ transformed with pYES3 or
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pBK1. A single 43-kD protein localized ex-
clusively in the plasma membrane of pBK1-
containing cells was detected (Fig. 4A). Like-
wise, immunoblots of proteins extracted from
soybean nodules and roots (/6) revealed an
immunoreactive protein of 43 kD associated
only with the PBM (Fig. 4B). The basis for
the small discrepancy in size between the
detected protein and the 39-kD polypeptide
predicted from the cDNA sequence is un-
known, but it could involve posttranslational
modification (for example, by glycosylation).
No such protein was identified in roots from
which the nodules had been removed or in
uninoculated roots (Fig. 4B). A protein of 50
kD was detected by the antiserum to Gm-
SAT1 in total membranes from these roots
but not in the PBM fraction. Because Gm-
SAT1 mRNA was detected in nodules but not
in uninfected roots (Fig. 3), the 50-kD protein
probably is not encoded by GmSATI.

Yeast 26972c cells containing pBKI
showed enhanced uptake of ['*C]methylammo-
nium (MA; an ammonium analog) compared
with control cells transformed with pYES3 vec-
tor alone (Fig. 5A). This is consistent with the

Fig. 3. Northem blot (kb)) 1 2 3 4 5
analysis (72) of 3 ug of 9.0 0
poly(A)* RNA from nod- 16.88

ulated and nonnodulated

soybean tissues probed
with antisense RNA syn-
thesized from the full-length GmSATT cDNA.
Nodule (lane 1), roots after nodules were re-
moved (lane 2), stem (lane 4), and leaf (lane 5)
tissues were from nodulated plants; root tissue
(tane 3) was from noninoculated nonnodulated
NH_NO, grown plants. Molecular size standards
are indicated on the left. Results are representa-
tive of three independent determinations.

1.0-
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Fig. 4. Localization of GmSAT1 to the plasma
membrane of yeast and the PBM of soybean
root nodules (76). Antisera to GmSAT1 were
used to probe SDS—polyacrylamide gel electro-
phoresis separated and electroblotted total sol-
uble proteins from pBKHIS1-transformed E. coli
(lane 1), soluble (lanes 2 and 3) and plasma
membrane (lanes 4 and 5) proteins from yeast
mutant 26972c transformed with either pYES3
(lanes 2 and 4) or pBK1 (lanes 3 and 5) (A),
total soluble protein fromi pBKHIS1-trans-
formed E. coli (lane 1), a total membrane frac-
tion from 3.5-week-old nonnodulated roots
(lane 2), and total soluble (lane 3) and PBM
(lane 4) fractions of nodules (B). Molecular size
markers are shown on the left. Fifteen micro-
grams of protein was loaded in each lane, ex-
cept for E. coli extracts where 1 p.g was loaded.

inability of pBK1-containing cells to grow in
the presence of the metabolic poison (Fig. 1C)
(17). The concentration dependence of
['*C]MA uptake by cells expressing GmSAT1
showed saturation kinetics with an apparent K|
of 5.6 mM (Fig. 5C). This value is similar to
that determined for the PBM NH,™ channels
from soybean and pea (3). In contrast, the
pYESS3 transformed cells displayed a slow, lin-
ear uptake over the same MA concentrations
(13). [**C]MA uptake was inhibited severely
by NH,* at equimolar concentrations (Fig.
5D), consistent with GmSAT]1 being an NH,*
transport protein. This was confirmed by exper-
iments in which yeast was incubated with
1>NH,*; only the cells under galactose induc-
tion and containing pBK1 showed substantial
accumulation of *N (Fig. 5B). ['*C]MA up-
take was inhibited by K* and Cs™ at higher
concentrations and also by Ca?* in both the
presence (13) and absence of Mg?* (Fig. 5D).

The transport properties of pBKI-trans-
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Fig. 5. Time course of [*C]MA (77) (A) and ("°NH,),SO, (B) uptake by mutant 26972c yeast cells
transformed with either pBK1 or pYES3. Values are means + SEM (n = 4). Uptake of ['“C]JMA was
measured by the filtration technique (6) and accumulation of ">°NH,* was estimated with a stable
isotope analyzer (77). (C) Concentration dependence of ['*CJMA uptake by pBK1-transformed
strain 26972c. Uptake rates of MA were determined over the first 2 min. The Michaelis-Menten
equation was fitted to the data (dotted line, R 2 = 0.97). Values are means *= SEM (n = 4). (D)
Inhibition of ["“C]MA uptake in pBK1-transformed cells by other cations. Competitor concentra-
tions were 0.5, 5.0, or 50 mM, whereas MA remained constant at 0.5 mM. Values are means * SEM
(n = 4). Each panel presents typical data from one of four independent experiments.

formed yeast were further investigated by the
patch-clamp method in the whole-cell config-
uration (/8). Spheroplasts expressing Gm-
SAT]1 showed an inward current when bathed
in 150 mM KClI with 175 mM KCl inside the
pipette tip (Fig. 6, B and G). This current was
not detected in wild-type yeast (/9) or in
26972c cells transformed with cloning vector
pYES3 (Fig. 6, C, D, and H). The reversal
potential of inward current indicated that the
current was carried by K* and not C1~ (20).
The inward currents had slow, time-depen-
dent activation in response to increasingly
negative voltage pulses (negative inside the
cell) (Fig. 6, B and G) and were inhibited by
the divalent cations Mg?* and Ca®* (Fig. 6,
A and G). Inhibition of the cation inward
currents by these divalent ions is consistent
with the results observed during the MA-
uptake experiments (Fig. SD) and resembles
the inhibition of NH,* transport observed
during patch-clamping of native PBM (3).
All patches of the yeast spheroplasts showed
a Ca?*-sensitive outward current that was
probably due to the action of the native yeast
potassium outward rectifier (/9) and not the
result of GmSATI1 expression. In the pres-
ence of low NH,* [1 mM, 2 mM (20), and 20
mM], currents were also measured across the
plasma membrane of the GmSATI-trans-
formed yeast (Fig. 6, E and F). This NH,*

transport was severely reduced in the pres-
ence of Ca2* (Fig. 6F) (replication of these
results was hindered by disruption of the
spheroplast membrane at this and higher
NH,* concentrations).

These data, together with those shown in
Fig. 5, indicate that the expressed GmSAT]1
protein catalyzes transport of monovalent cat-
ions, including NH,*, across the yeast plas-
ma membrane. On the basis of the transport
properties of GmSAT] when expressed in
yeast, and its localization on the PBM, we
conclude that GmSATI is the previously
identified PBM NH,* channel (3). The lack
of homology between the deduced amino
acid sequence of GmSAT1 and known trans-
port proteins in the databases is consistent
with the unique properties of the PBM chan-
nel (3).

GmSAT] has an unusual structure for a
transport protein. The possibility of a single
membrane-spanning helix may indicate that it
forms homooligomers in the membrane to con-
stitute an ion channel, as suggested for viral
proteins with cation channel activity (27). In
this context, the transmembrane helical region
of GmSATI contains groups of polar amino
acids that could be involved in pore formation
in a homooligomer (22). Moreover, the helix-
loop-helix motif could mediate dimerization.
However, the overall structure of GmSATI
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Fig. 6. K* currents across whole-cell 60
patches of 26972c spheroplasts
transformed with pBK1 (A and B) 20
and pYES3 (C and D) in the presence
[(A) and (C)] and absence [(B) and
(D)] of Mg?* and Ca?*. NH,* cur-
rents (E and F) in whole-cell patches

REPORTS

C

of 26972c spheroplasts transformed
with pBK1 in the presence of Mg?™
alone (E) or both Mg?* and Ca?* (F).
Spheroplasts were made (78) accord-
ing to a modification of (79). Bathing
solutions: 150 mM KCl, 10 mM CaCl,,

5 mM MgCl,, galactose at 10 mg
ml~", 5 mM tris-MES (pH 7.5); 20 mM
NH,Cl, 10 mM CaCl,, 1 mM MgCL,,
galactose at 10 mg ml™", 5 mM
Hepes-tris. (pH 7.0). Pipette solution:
175 mM KCl, 4 mM K,ATP, 0.1 mM
CaCl,, 5 mM MgCl,, 1 mM EGTA (pH

7). All solutions were made up to 350
mosM with mannitol. Seal capacitanc-
es of whole-cell patches were be-
tween 3 and 6 pF. Currents were re- G
corded from a series of voltage steps
from +60 to —120 mV at 20-mV
intervals. Currents were' filtered at
100 Hz and digitized at 200 Hz. Cur-
rent-voltage curves of K* currents (G
and H) in whole-cell patches of
26972c  spheroplasts transformed
with pBK1 (G) or pYES3 (H) in the
presence (open symbols) and absence
(closed symbols) of divalent cations
(10 mM Ca?* and 5 mM Mg?*). Val-
ues are means * SEM (n = 8 or 9).
Two-way analysis of variance showed
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that there was a significant difference in the behavior of inward K* currents of yeast transformed with
pBK1 and pYES3 in the presence and absence of divalent cations (P = 0.05).

also resembles that of the cation channel Bcl-2,
and in this protein it is the hydrophilic portion
that confers channel activity (23). Elucidation
of the mechanism of action of GmSAT! will
have implications for ion transport across mem-
branes in general as well as for symbiotic ni-
trogen fixation.

The expression pattern of GmSAT! in soy-
bean indicates that GmSAT1 plays a special-
ized role in symbiotic nitrogen fixation. In
view of the biochemical, biophysical, and
immunolocalization data presented here, we
propose that this role is to transport NH,* 9
from the PBS to the cytoplasm of the infected
plant cell.
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