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Alder (Alnus glutinosa) and more than 200 angiosperms that encompass 24 genera are collectively called actinorhizal plants.
These plants form a symbiotic relationship with the nitrogen-fixing actinomycete Frankia strain HFPArI3. The plants provide
the bacteria with carbon sources in exchange for fixed nitrogen, but this metabolite exchange in actinorhizal nodules has not
been well defined. We isolated an alder cDNA from a nodule cDNA library by differential screening with nodule versus root
c¢DNA and found that it encoded a transporter of the PTR (peptide transporter) family, AGQDCATI. AQDCATI mRNA was
detected only in the nodules and not in other plant organs. Immunolocalization analysis showed that AgDCAT1 protein is
localized at the symbiotic interface. The AgDCAT1 substrate was determined by its heterologous expression in two systems.
Xenopus laevis oocytes injected with AGDCAT1 cRNA showed an outward current when perfused with malate or succinate,
and AgDCAT1 was able to complement a dicarboxylate uptake-deficient Escherichia coli mutant. Using the E. coli system,
AgDCAT1 was shown to be a dicarboxylate transporter with a K, of 70 um for malate. It also transported succinate,
fumarate, and oxaloacetate. To our knowledge, AgDCATI1 is the first dicarboxylate transporter to be isolated from the
nodules of symbiotic plants, and we suggest that it may supply the intracellular bacteria with dicarboxylates as carbon

sources.

Some plants and microorganisms engage in recip-
rocal symbiosis for the purpose of exchanging nutri-
ents. For example, in nitrogen-fixing nodules, the
intracellular bacteria supply the host plant with com-
bined nitrogen and are in turn provided with carbon
sources (Mylona et al., 1995). There are two types of
nodule symbioses between nitrogen-fixing soil bac-
teria and higher plants, namely, the symbiosis be-
tween legumes and rhizobia, and the actinorhizal
symbiosis between actinomycetes of the genus
Frankia and a diverse group of angiosperms collec-
tively called actinorhizal plants. In both cases, nutri-
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ent exchange between the host and its microsymbiont
is controlled by the plant plasma membrane-derived
interface enclosing the microsymbiont. In most le-
gume symbioses, where the bacteria are taken up into
the plant cells in a complete endocytotic process
(Verma, 1992), this interface is the peribacteroid
membrane (PBM). In primitive legume symbioses (de
Faria et al., 1987) and the actinorhizal symbioses
(Mylona et al., 1995), the interface is reported to be
the invaginated and incompletely enclosed plasma
membrane of the infected cell.

The nutrient exchange between the symbiotic part-
ners requires transporters of the carbon sources and
trace elements that flow from the plant to the mi-
crosymbiont along with the transporters of the prod-
ucts of bacterial nitrogen fixation that flow from the
microsymbiont to the plant (Pawlowski and Bissel-
ing, 1996). Soybean (Glycine max) nodules, which rep-
resent legume symbioses, show evidence of the phys-
iological or biochemical activities of transporters of
ammonium, which is the product of bacterial nitro-
gen fixation (Tyerman et al., 1995), and of transport-
ers of dicarboxylates, the form of the carbon source
that is supplied to the nitrogen-fixing microorgan-
isms (Streeter, 1995). However, the genetic identities
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of these transporters remain unclear. It was initially
suggested that nodulin-26 in the PBM of soybean nod-
ules mediates the transport of dicarboxylates (Ou
Yang et al., 1991), but it was later revealed that this
molecule is an aquaporin that probably participates in
osmoregulation (Rivers et al., 1997; Dean et al., 1999).

Dicarboxylates also appear to be the carbon source
that actinorhizal plants provide to their Frankia sp.
microsymbionts as suggested by studies on the en-
zymatic activities of Frankia sp. isolated from alder
(Alnus glutinosa) nodules (Huss-Danell, 1997). Here,
we identify a dicarboxylate transporter that is local-
ized in the nitrogen-fixing nodules of alder. The
nodule-specific expression and substrate specificity
of this transporter support the notion that it partici-
pates in the flow of carbon sources from the plant
cytoplasm to the symbiotic bacteria.

RESULTS

Isolation and Characterization of cDNAs Encoding a
Nodule-Specific Transporter from Alder

An alder nodule cDNA library was screened dif-
ferentially using nodule versus root cDNA. Seven
clones representing nodule-specific genes were iden-
tified and characterized. By sequencing the ends of
the inserts, three were found to contain full-size
cDNAs of the same gene, which was later termed
AgDCAT1 (Alnus glutinosa dicarboxylate transporter
1) as the data we will describe in this paper indicate
that it transports dicarboxylates. The insert of the
three clones was sequenced completely (EMBL acces-
sion no. AGL488290). When we searched the Gen-
Bank database, we found that the protein encoded by
the cloned cDNAs is a novel member of the PTR
(peptide transporter) family (Fig. 1) because it con-
tains 12 putative transmembrane-spanning domains
with a large hydrophilic loop between transmem-
brane domains VI and VII and the signature motif for
the PTR family, F-Y-x-x-I-N-x-G-5-L, within trans-
membrane domain V. Furthermore, the central loop
of AgDCAT1 contains the protein kinase C recogni-
tion motif (T-x-R/K) that is also conserved in the PTR
family transporters (Steiner et al., 1995). When com-
pared with the members of the PTR family that have
been characterized already, it had the highest homol-
ogy to CHLI, the nitrate transporter of Arabidopsis
(Tsay et al., 1993; Frommer et al., 1994). DNA gel-blot
analysis indicated that the corresponding gene is en-
coded by a small gene family (Fig. 2A). RNA gel-blot
analysis showed expression of this gene only in nod-
ules and not in roots, shoot tips, flowers, or develop-
ing fruits (Fig. 2B; data not shown for flowers and
developing fruits).

AgDCAT1-Specific Antisera Recognize Two Bands in a
Western Blot

Antisera were raised against two different peptides
of AgDCAT1 (TGM13 and CED15; see “Materials and

970

Methods”) and used for hybridization with blots con-
taining plasma membrane proteins from alder nod-
ules. In a dilution of 1:500, both the anti-TGM13 and
anti-CED15 antisera hybridized with the same two
bands that correspond to polypeptides with an ap-
parent molecular masses of 54 and 61 kD (Fig. 2C).
Peptide competition experiments were performed to
test antibody specificity. The pre-incubation of anti-
TGM13 with the immunizing peptide used to raise it
prevented the appearance of both hybridizing bands
in western blots (data not shown). The calculated
molecular mass of AgDCAT1 is 64 kD. Hence, the
54-kD band might result from proteolysis of
AgDCAT1. However, it should be noted that the
estimation of the molecular mass of hydrophobic
polypeptides on SDS-PAGE gels can be imprecise
because they tend to run faster than typical standard
proteins of similar molecular mass (Takagi, 1991). At
any rate, both bands could correspond to AgDCAT1
and probably result from posttranslational modifica-
tion of the original AgDCAT1 protein or its pro-
cessed form. Glycosylation, for example, can change
the apparent molecular mass of a transporter by up
to 30 kD (Arima et al., 2002). Phosphorylation can
also change the apparent molecular mass of a protein
by several kilodaltons (Husain et al., 1996).

Immunolocalization of AgDCAT1 in Infected Alder
Nodule Cells

When Frankia sp.-infected alder root nodule sec-
tions were incubated with anti-TGM13 antiserum,
the immunoreactant was found to be localized at the
infected cells (Fig. 3, A, B, D, and E) and, more
specifically, at the interface between the plant cell
and the bacteria (Fig. 3, G and H). Together with our
western-blot experiment that showed the presence of
the protein in the plasma membrane-enriched frac-
tion of the nodules (Fig. 2C), these images strongly
support the notion that AgDCAT1 is localized at the
plant plasma membrane-derived interface that en-
closes the microsymbiont. In contrast, hardly any
fluorescence (except for the autofluorescence from
the xylem cell wall) was visible from a negative con-
trol section from which the primary antiserum was
omitted at the first incubation step (Fig. 3, C and F).

Functional Expression of AgDCAT1 in
Xenopus laevis Oocytes

Members of the PTR family transport diverse sub-
strates, namely, nitrate, amino acids or oligopeptides
and their substrate specificities have been well char-
acterized by their functional expression in X. laevis
oocytes (Williams and Miller, 2001). Therefore, we
used the X. laevis oocyte system to identify the sub-
strate of AgDCAT1. Oocytes injected with AGDCAT1
cRNA did not respond to allantoin, citrulline, ammo-
nia, dipeptides, or Glu (n = 13-18). However, when
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the injected oocytes were perfused with 10 mm
malate (pH 5.5), an outward current was generated
(Fig. 4A, left; n = 23), as would be expected because
of the influx of a negatively charged substrate. Suc-
cinate mimicked malate (Fig. 4A, middle; n = 10), but
Cl™ or SO,™ failed to generate similar outward cur-
rents (n = 10; data not shown). Noninjected oocytes
or water-injected oocytes did not respond to either
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Figure 1. AgDCAT1 sequence analysis. A,
Comparison of the amino acid sequences of
AgDCATI1, the Arabidopsis nitrate transporter
CHL1 (Tsay et al.,, 1993; AtCHLTA), and the
Arabidopsis peptide transporter PTR2-B (From-
mer et al., 1994; AtPTR2B). Gaps to optimize
the alignment were introduced by using the Pro-
gram ClustalW (EMBL), and the editor GeneDoc
was used to present the alignment (Nicholas et
al., 1997). Identical amino acids at conserved
positions are labeled by inverse print, whereas
chemically similar amino acids are shaded in
gray. A signature motif of the PTR family within
transmembrane domain V, F-Y-x-x-I-N-x-G-S-L,
is shown in bold letters (amino acids 194-203).
The protein kinase C recognition motif (T-x-R) in
the central loop is shown in italics (amino acids
239-241). B, Hydropathy profile of AgDCATT.
Hydrophilicity was determined by the method
of Kyte and Doolittle using a window of 19
amino acid residues. The numbers | to XII refer
to the putative membrane-spanning segments.

X

500

malate or succinate (Fig. 4B, left and middle; n = 18).
The responses of the injected oocytes to NO; ™ were
small and inconsistent (n 20; data not shown).
Upon perfusion with the buffer alone and changing
the pH from 7.4 to 5.5 (Fig. 4A, right), the injected
oocyte developed a small inward current. Although
this could result from an AgDCAT1-associated
change in leak conductance as has been found for a
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Figure 2. DNA, RNA, and protein gel-blot hybridization analysis. A,
DNA gel blot containing the total DNA of alder digested with EcoRI
(E), BamHI (B), and HindIll (H), respectively, was hybridized with the
32P-labeled insert of pAgDCAT1. The AgDCAT1 cDNA contains one
BamH]I site and two Hindlll sites (223 bp apart). The numbers indi-
cate the sizes of the marker fragments in kb. B, RNA gel blot
containing the total RNA of shoot tips, nodules, and roots of alder
was hybridized with the *?P-labeled insert of pAgDCAT1. Hybrid-
ization with a heterologous ubiquitin (ubi) probe (Kouchi and Hata,
1993) was used to quantify the amount of mRNA on the filter. C,
Western blots of plasma membrane proteins from alder nodules.
Plasma membrane proteins extracted from alder nodules were sep-
arated by SDS-PAGE, transferred to a nitrocellulose membrane, and
probed using the antisera specified. The numbers indicate protein
molecular mass standards. The molecular masses of the two bands
are approximately 54 and 61 kD. No signal was detected using
plasma membrane proteins from alder leaves (data not shown).

variety of other transporters (e.g. Sonders et al.,
1997), further study is required to clarify this phe-
nomenon. No distinct response was observed from
the noninjected oocyte (Fig. 4B, right). These results
suggest that AgDCAT1 is a dicarboxylate-specific
transporter, with a much higher preference for
malate and succinate than for the dicarboxylic amino
acid Glu or for dipeptides.

To test if the oocytes indeed took up malate via
AgDCAT1, we measured ['*C]malate accumulation
in AgDCATI-expressing oocytes. Thus, water- and
AgDCAT1-injected oocytes were incubated in a bath
containing 1 mM malate at pH 5.5 for 30 min. Al-
though the malate accumulation of three separate
batches of AgDCAT1-expressing oocytes was 205% =+
96% (sE) of that of water-injected oocytes, the differ-
ence between the two groups was not statistically
significant (P > 0.05, n = 18). Voltage clamping of the
oocytes at —60, —30, or 0 mV during the uptake
period did not sufficiently reduce the variability
among the oocytes; therefore, we were not able to
detect the significant accumulation of malate in
AgDCAT1-expressing oocytes under these experi-
mental conditions either (data not shown). This may
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be because of variability between the different oocyte
batches and/or an additional modulatory interaction
of the transporter with its own substrate malate, as
has been shown before for other transporters (Lin et
al., 1996; Sonders and Amara, 1996; Sonders et al.,
1997).

AgDCAT1 Mediates Malate Transport in Budding Yeast
(Saccharomyces cerevisiae) and an Escherichia coli dct
Mutant

For further functional analysis of AgDCATI, the
gene was introduced into a wild-type strain of bud-
ding yeast that lacks an active dicarboxylate trans-
porter (Camarasa et al.,, 2001) and into CBT315, a
dicarboxylate transport mutant (dctA) strain of E. coli
(Lo et al.,, 1972). Both systems showed enhanced
malate uptake when AgDCAT1 was introduced.
Yeast cells transformed with pFL61-AgDCAT1 took
up 2-fold more malate than those transformed with
empty vector (pFL61) when ['*C]malate uptake was
measured for 2 min with 1 mM malate (Fig. 5). Be-
cause E. coli showed more reproducible and higher
rates of malate uptake in comparable conditions (see
below), E. coli was chosen for further analysis. E. coli
has been used successfully for the functional charac-
terization of other plant transporters (Kim et al., 1998;
Uozumi, 2001).

To test the ability of AgDCAT1 to complement
CBT315, AgDCAT1 was cloned into the E. coli ex-
pression vector pKK223-3 under the control of the
tac promoter (Brosius and Holy, 1984), yielding
pAgDCATI1. The wild type that had been trans-
formed with the empty vector, K-12(pKK223-3), was
used as a positive control, and the empty vector
transformant of CBT315, CBT315(pKK223-3), was
used as a negative control. Because the tac promoter
in pKK223-3 confers a low level of expression even in
the absence of its inducer, isopropylthio-B-D-
thiogalactoside, the experiments were performed in
the absence of isopropylthio-B-D-thiogalactoside.
The growth of the three transformants on M9 me-
dium with 10 mM malate as the sole carbon source
was then compared. KI12(pKK223-3) and
CBT315(pAgDCAT1) were able to grow under these
conditions, whereas CBT315(pKK223-3) was not
(Fig. 6A). Thus, AgDCAT1 complements the dicar-
boxylate uptake deficiency of CBT315, even when it
is expressed at a very low level.

The function of AgDCATT1 in E. coli was analyzed
further by comparing the malate uptake of
CBT315(pKK223-3) and CBT315(pAgDCAT1). To
obtain the initial rate of malate transport, time-
dependent uptake was measured over 15 min
in the presence of 1 mm malate (Fig. 6B). In
CBT315(pAgDCAT1), malate uptake increased lin-
early during the first 10 min in the presence of 1 mm
malate. During this period, CBT315(pKK223-3) cells
accumulated only a background level of malate.

Plant Physiol. Vol. 134, 2004
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Figure 3. Immunolocalization of AgDCAT1 in Frankia sp.-infected alder nodules using anti-TGM13 antiserum. A, Bright-
field image of a section of a whole alder nodule. B, Fluorescence image corresponding to A. C, Negative control nodule
section from which the primary antiserum was omitted at the first incubation step. D, Enlarged image of a part of A enclosed
in a white frame. E, Enlarged image of a part of B enclosed in a white frame. F, Enlarged image of a part of C enclosed in
a white frame. G, Bright-field image of an infected cell filled with symbiotic vesicles. H, Fluorescence image corresponding
to G. Bars in A to C=500 um, in D to F = 50 um, and in G and H = 20 pm.

Based on this, all of the subsequent uptake assays
lasted 10 min (Fig. 6B). The concentration-dependent
malate uptake by CBT315(pAgDCAT1) showed sat-
uration kinetics (Fig. 6C) with an apparent K, of 70
uM according to the Lineweaver-Burk analysis (Fig.
6C, inset). This result indicates that AgDCAT1 medi-
ates intermediate affinity malate transport, although
it should be noted that the apparent K, value may
not reflect the true K, within living plants.

To determine the substrate specificity of
AgDCATI, competition assays were performed by
adding potential competing substrates in a 3-fold
molar excess to a reaction mixture containing 0.5 mm
malate. As shown in Figure 7, the addition of 1.5 mm
unlabeled malate to the reaction mixture decreased
the uptake of radiolabeled malate to about 25%. The
inhibitory effects of fumarate and succinate were at

Plant Physiol. Vol. 134, 2004

the same level as that of non-radiolabeled malate
(Student’s t test, P = 0.07 for succinate and 0.42 for
fumarate). Oxaloacetate and pyruvate also competed
with malate, reducing the uptake of radiolabeled
malate to approximately 44% and 63%, respectively.
Based on these results, and on the assumption of
classical competitive inhibition and the K, and V.,
determined from the kinetics of malate transport
(Fig. 6), the apparent binding constant (K;) of the
competing substrate was estimated in several trials
so as to produce the fraction of residual malate trans-
port as shown in Figure 7. Thus, the K; value ob-
tained was 145 and 315 um for oxaloacetate and
pyruvate, respectively. Other organic acids competed
with malate only weakly. For example, malonate, an
analog of L-malate, left 78% of the malate uptake
intact, and citrate and oxalate inhibited only 8% (as a
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A
malate succinate pH 55
200A |
B Bs
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Figure 4. Representative current traces from AgDCATI-injected or
noninjected oocytes perfused with a malate- or succinate-containing
solution. A, Outward currents were generated from an AgDCATI-
injected oocyte upon treatment with 10 mm malate (pH 5.5) or 10
mm succinate (pH 5.5). When only the pH of the perfusion solution
was changed from 7.4 to 5.5 (right), the injected oocyte developed a
small inward current. B, No distinct response was observed from a
noninjected oocyte. The oocytes were first perfused with 230 mm
mannitol, 0.3 mm CacCl,, and 10 mm MES/Tris (pH 7.4), and then
either with the same solution adjusted to pH 5.5 (right) or with 10 mm
malate or succinate plus 220 mm mannitol, 0.3 mm CaCl,, and 10
mm MES/Tris (pH 5.5; left and middle).

consequence, their calculated K; values were 0.66 mm
for malonate and 2 mwm for citrate and oxalate). Sub-
strates of other members of the PTR family, namely,
nitrate, and di-Gly, did not compete, nor did nitrog-
enous compounds such as Glu or allantoin. It is
interesting that Glu, a dicarboxylate, did not compete
with malate. We speculate that the transport of this
large dicarboxylic acid may be abrogated by its
charged amino group. Thus, our results can be sum-
marized as follows: In addition to malate, AgDCAT1
transports (or at least binds competitively at the
transport-relevant  site) several other C4-
dicarboxylates, namely, succinate and fumarate with
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Figure 5. Enhanced malate uptake by AgDCATI-transformed yeast.
DTY165 cells were transformed with pFL61-AgDCAT1 (AgDCAT1)
or pFL61 (control), and ['*C]malate uptake was measured for 2 min
with T mm malate. Average values of two independent tests in
triplicates are shown. Error bars = sg; n = 6.
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Figure 6. Expression and characterization of AgDCATT by using an
E. coli dct mutant. A, Complementation test on M9 media with
t-malic acid as a sole carbon source. The E. coli wild-type
K-12(pKK223-3) and its dct mutant strain CBT315 that harbored
pAgDCAT1 grew on this medium, but CBT315(pKK223-3) did not. B,
Time dependence of malate uptake at T mm malate (pH 5.9). Black
circles, AgDCAT1-expressing CBT315(pAgDCATT1) cells; white cir-
cles, CBT315(pKK223-3) negative control. C, Rate of malate uptake
over 10 min. Lineweaver-Burk plot analysis of the concentration-
dependent uptake data revealed the K, and V,,,, values to be 70 um
and 6.3 nmol min™" mg™" protein, respectively (inset). Black circles,
AgDCATI1-expressing CBT315(pAgDCAT1) cells; white circles,
CBT315(pKK223-3) negative control. Assays were performed in trip-
licate and repeated four times. Error bars = sg; n = 12.

the same affinity, oxaloacetate with a 2-fold lower
affinity, and malonate and oxalate with a 10- to 30-
fold lower affinity.

Plant Physiol. Vol. 134, 2004
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Figure 7. Substrate specificity of AgDCAT1 in E. coli. ['*C]Malate
uptake in CBT315(pAgDCAT1) was measured with 0.5 mm malate
(pH 5.9) in the presence of a 3-fold molar excess of non-labeled
competing substrates. Mean values of three independent experiments
in triplicate are shown. Error bars = sg; n = 9.

Malate Transport via AgDCAT1 Is Dependent on
Membrane Potential

In the case of barley (Hordeum vulgare) mesophyll
vacuoles (Martinoia et al., 1991), malate transport
depends on the membrane potential. Thus, to de-
termine whether the membrane potential could
promote the AgDCATI-mediated malate flux,
CBT315(pAgDCATT1) cells were treated with the K*
ionophore valinomycin in the presence of different
concentrations of extracellular K*. This method of
altering the membrane potential is well established in
E. coli (Ahmed and Booth, 1983; Li and Pajor, 2001).
Malate uptake by CBT315(pAgDCAT1) in the pres-
ence of valinomycin was significantly lower at 5 mm
of external K", which should hyperpolarize the
membrane potential, than at 50 or 100 mm external
K™, which should depolarize the membrane potential
(Fig. 8). A control experiment in which the osmolar-
ity of the external solutions had been adjusted
yielded similar results (data not shown). These data
indicate that a depolarized membrane potential pro-
motes dicarboxylate uptake via AgDCATI.

DISCUSSION

In this paper, we have characterized AgDCATI, a
nodule-specific gene from alder that encodes a mem-
ber of the PTR family of plasma membrane transport-
ers. Its expression in E. coli showed that AgDCAT1
mediates the transport of dicarboxylates, including
malate, succinate, fumarate, and oxaloacetate. Dicar-
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boxylates have been suggested previously to be the
carbon sources for Frankia sp. in the infected cells of
alder nodules (Huss-Danell, 1997). We found that
AgDCAT1 is specifically expressed in the alder nod-
ules and that the protein product of the gene is
localized at the symbiotic interface. Thus, AgDCATI
appears to participate in the supply of carbon sources
from alder to its nitrogen-fixing microsymbiont.

AgDCAT1 has similarities and differences to the
dicarboxylate transporters found in the PBM of soy-
bean symbiosomes. They both transport many differ-
ent dicarboxylates and are energized by depolarized
membrane potential, which suggests that they trans-
port anionic forms of dicarboxylates. However, they
differ somewhat in their substrate preference and in
their affinity for various substrates. AgDCAT1 shows
a similar affinity for malate, fumarate, and succinate.
In contrast, the dicarboxylate transporter of PBM
prefers malate and oxaloacetate over succinate and
fumarate, and its affinity for the dicarboxylates is
much lower than that of AgDCAT1 (Ou Yang et al.,
1990). It would be very interesting to compare the
structures of the dicarboxylate transporters of these
different symbiotic systems when the dicarboxylate
transporter of the soybean PBM is identified.

In vivo, the prevailing conditions favor malate ef-
flux from the plant cell because malate concentra-
tions are higher in the cell than in the apoplast, and
the membrane potential is negative in the cyto-
plasmic side. So far, however, we have shown that
AgDCAT1 participates in the uptake of malate into
cells. To be able to use our findings to understand the
physiologically relevant function of AgDCAT1, we
need to postulate that AgDCAT1 is capable of the
bidirectional transport of malate. Supporting this is
that many transporters are not mechanically fixed in
the direction of transport; rather, they are capable of
bidirectional transport depending on the prevailing
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Figure 8. Effect of membrane potential on the malate transport of
AgDCAT1 in E. coli. CBT315(pAgDCAT1) cells were pretreated for 2
min with 50 um valinomycin (Val) in the presence of 5, 50, or 100
mm external K*, and then the ["*C]malate solution was added to a
final malate concentration of 1 mm (pH 5.9). The assays were re-
peated three times in triplicate, and mean values were compared
with the control ([K*] = 50 mm, without valinomycin) are shown.
Error bars = sg; n = 9.
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conditions (Yu and Choi, 1997, Sensi et al., 1997;
Schwartz et al., 2002). To test if AgDCAT1 can export
malate, we assayed malate efflux via AgDCAT1 from
malate-preloaded E. coli and yeast. However, we
could not detect any AgDCAT1-mediated efflux from
these cells (data not shown), perhaps because these
cells metabolize malate too efficiently. Thus, further
experiments are necessary to determine whether
AgDCAT1 is capable of exporting dicarboxylates. The
heterologous expression of a zinc transporter from
soybean nodules has resulted in a similar topological
problem. When it was expressed in yeast, it catalyzed
the uptake of Zn%", but when it was in the PBM, it
catalyzed the export of Zn from the cytoplasm (Mo-
reau et al., 2002). It was suggested that this Zn trans-
porter is capable of bidirectional transport and that the
direction of the transport is determined by the mem-
brane potential and the concentration gradient of the
substrate. This may also be true for AgDCATIL. The
negative membrane potential of the plasma mem-
brane of the infected cell, which is the interface be-
tween the host and the actinorhizal symbiont, should
inhibit malate uptake into the infected cell and should
instead promote malate efflux from the cell to the
microsymbiont. Consistent with this explanation is
our experiment using valinomycin in combination
with low external K, which showed that hyperpolar-
ization of the membrane potential decreased malate
uptake via AgDCAT1 (Fig. 8). In addition, the concen-
tration gradient of dicarboxylates, which is established
by the uptake of malate by the microsymbiont, should
promote the malate efflux from the cell.

Because AgDCAT]I is expressed specifically in nod-
ules, the question arises whether it evolved from a
gene for a transporter with different substrate spec-
ificity or whether it represents a nodule-specific du-
plication product of a malate transporter gene ex-
pressed elsewhere. AQDCATI is not homologous to
any known dicarboxylate transporter, including a
plant mitochondrial di- and tricarboxylate trans-
porter (Grobler et al., 1995; Fiermonte et al., 1999;
Palmieri et al., 2000; Janausch et al., 2002; Picault et
al., 2002). Because other PTR family dicarboxylate
transporters have not been identified to date, we
suggest that AgDCAT1 may have evolved from a
PTR transporter with another substrate specificity to
accommodate the need for a dicarboxylate trans-
porter in nodule symbiosis.

To our knowledge, AgDCAT1, a nodule-specific
transporter from alder, is the first plasma membrane
dicarboxylate transporter that has been characterized
in higher plants. Although the molecular details of
the dicarboxylate transport via AgDCAT1 remain to
be understood, the present data suggest that
AgDCATI1 is the first transporter to be identified that
is likely to be responsible for supplying an intracel-
lular nitrogen-fixing microsymbiont with carbon
sources. Thus, our study improves the understand-
ing of the nutrient exchange that takes place during
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root nodule symbioses and sheds new light on the
diversity of substrates that are transported by mem-
bers of the PTR family.

MATERIALS AND METHODS
Plant Material

Alder (Alnus glutinosa) seeds were collected from a local source (Weer-
ribben, The Netherlands). The plants were grown in a greenhouse at 25°C
under cycles of 16 h of light and 8 h of dark. Seeds were germinated in trays
containing sterile gravel that were wetted with sterile tap water. After 3
weeks, the seedlings were transferred to sterile gravel that had been wetted
with one-quarter-strength Hoagland solution (Hoagland and Arnon, 1938),
and each plantlet was infected with 1 mL of a 1:5 diluted dispersed culture
of Frankia sp. HFPArI3 (Berry and Torrey, 1979) that had been grown in
phosphorus medium without nitrogen (Meesters et al., 1985). The nodules
were harvested 6 to 8 weeks after infection. For control experiments, roots
were harvested from noninoculated seedlings 2 to 3 weeks after
germination.

Isolation of Nucleic Acids, Cloning, and
Sequencing Procedures

DNA and RNA isolation from alder were performed as described previ-
ously (Ribeiro et al.,, 1995). DNA manipulations were carried out as de-
scribed by Sambrook et al. (1989). Nucleotide sequences were determined
using an automatic sequencer (model 373A, Applied Biosystems, Foster
City, CA). Sequence data were analyzed using the programs of the Wiscon-
sin Genetics Computer Group (Devereux et al., 1984). Database searches
were performed by using the BLAST algorithm (Altschul et al., 1990) on the
nucleotide sequence databases of the National Center of Biotechnology
Information, National Library of Medicine, National Institutes of Health
(Bethesda, MD).

Nucleic Acid Hybridization Methods

Total RNA was denatured in dimethyl sulfoxide (DMSO)/glyoxal and
electrophoresed on 1.2% (w/v) agarose gels (Sambrook et al., 1989). DNA
was separated on 0.8% (w/v) agarose gels (Sambrook et al., 1989). Nucleic
acids were transferred to GeneScreen (New England Nuclear, Boston) filters
(RNA) or to Amersham Hybond N (Amersham, Little Chalfont, UK) filters
(DNA). RNA-blot hybridizations were performed in buffer containing 50%
(w/v) formamide at 42°C (Sambrook et al., 1989). DNA-blot hybridizations
were performed according to the protocol provided by the manufacturer for
Amersham Hybond N™. Filters were washed at 65°C with decreasing salt
concentrations down to 0.5X SSC and 0.1% (w/v) SDS.

Western Blot of AgDCAT1

Two anti-AgDCAT1 antisera were produced by Peptron (Taejun, South
Korea) by immunizing rabbits with peptides corresponding to the C termi-
nus of AgDCAT1 (CEDAHQKINGKEEKYV, denoted as CED15) or the loop
between transmembrane domains 6 and 7 (TGMDRGADGLTIS, denoted as
TGM13). Plasma membrane proteins were isolated from 10 g of alder
nodules using a two-phase system according to Robinson and Hinz (2001),
concentrated using 72% (w/v) tricholoroacetic acid, and separated on SDS-
polyacrylamide gels. Protein transfer and immunodetection were per-
formed as described by Sambrook et al. (1989).

Immunolocalization of AgDCAT1 in Alder Nodule

The fixation of nodules was carried out according to Stadler et al. (1995).
Parts of nodules were briefly degassed in 3 mL of fixative (3:1 [v/v]
ethanol:acetic acid), and the tissues were fixed at room temperature for 1 h.
After three 30-min washes in 70% (v/v) ethanol containing 1 mm dithio-
threitol (DTT and one overnight washing step, the tissues were dehydrated
on ice with 80%, 85%, 90%, and 95% (v/v) ethanol containing 1 mm DTT for
20 min with each solution and finally incubated twice for 20 min in 99.8%
(v/v) ethanol containing 10 mm DTT. The tissue was infiltrated with
methacrylate in three sequential incubations at 4°C using a methacrylate
mix (75% [v/v] butyl methacrylate, 25% [v/v] methyl methacrylate, 0.5%
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[w/v] benzoine ethyl ether, and 10 mm DTT) at increasing methacrylate mix
to ethanol ratios (first incubation, overnight, 1:2 [v/v]; second incubation,
6 h, 1:1 [w/v]; and third incubation, overnight, 2:1 [w/v]). After one
additional incubation for 6 h and two final overnight incubations at 4°C, all
in 100% (w/v) methacrylate mix, the samples were transferred to ultrathin
PCR tubes. The methacrylate was polymerized by incubation at 4°C for 15 h
under UV light (310 nm) in 100% (v/v) methacrylate mix. Semithin sections
(2 wm) were cut with an ultramicrotome (Ultracut R, Leica, Bensheim,
Germany) and placed on poly-L-Lys-coated slides.

To remove the methacrylate from the semithin sections, the coverslips
were incubated for 2 min in 100% (v/v) acetone. Rehydration involved
incubations with an ethanol series (100%, 70%, and 30% [v/v]) for 30 s each.
The coverslips were then washed with Tris-buffered saline buffer (50 mm
Tris-HCl [pH 7.5] and 150 mm NaCl) for 30 s and incubated in blocking
buffer (1% [w/v] nonfat milk powder in Tris-buffered saline) for 45 min.
After an overnight incubation with anti-TGM13 antiserum (diluted 1:100 or
1:500 [v/v] in blocking buffer), the coverslips were washed three times with
blocking buffer and incubated for 1 h with the anti-rabbit IgG-fluorescein
isothiocyanate isomer 1 conjugate (Sigma, St. Louis; diluted 1:300 [v/v] in
blocking buffer). After five final 5-min washes with blocking buffer, the
coverslips were rinsed with water and mounted with the 10-uL ProLong-
Antifade Kit (Molecular Probes, Leiden, Netherlands). Photographs were
taken with a fluorescence microscope (Carl Zeiss, Axioskope 2, Zeiss, Got-
tingen, Germany) equipped with filter blocks for excitation at 455 to 495 nm
and emission at 505 to 555 nm.

Functional Characterization of AGDCAT1 in
Xenopus laevis Oocytes

AgDCAT1 was functionally expressed in oocytes and was performed as
described by Tsay et al. (1993). Female X. laevis were obtained from Xenopus
I (Merkle Road, Dexter, MI). The AQDCAT1 coding region from the original
cDNA clone was subcloned in the EcoRI site of the X. laevis oocyte expres-
sion vector pPGEMHE (Liman et al., 1992). pPGEMHE-AgDCAT1 was linear-
ized with Nhel, and capped cRNA was transcribed in vitro using the T7
RNA transcription kit (Ambion, Austin, TX). Fifty nanoliters of the cRNA (1
pg nL 1) were injected into collagenase-digested oocytes. Current measure-
ments were performed 2 to 3 d after injection.

The conventional two-electrode voltage clamp technique was performed
using a TEV200A amplifier (Dagan, Minneapolis). Oocytes were incubated
in a solution containing 230 mM mannitol, 0.3 mm CaCl,, and 10 mm
MES/Tris (pH 7.4), then perfused with 10 mm malate or another substrate
plus 220 mm mannitol, 0.3 mm CaCl,, and 10 mm MES/Tris (pH 5.5 or 7.4).
The oocytes were held at —60 mV, and the currents were recorded and
measured using Axotape (Axon Instruments, Inc., Union City, CA).

Expression and ['*C]Malate Transport in Yeast

AgDCAT1 was cloned into the NotI site of pFL61 (Minet et al., 1992) to
produce pFL61-AgDCATI, and this was introduced into yeast (Saccharomy-
ces cerevisiae) strain DTY165 using the lithium acetate method (Schiestl and
Gietz, 1989). As a negative control, pFL61 vector alone was transformed into
the same strain. DTY165 cells expressing AQDCAT1 or vector alone were
cultured in SD-ura broth and harvested at mid-log phase. The cells were
then washed twice with 100 mMm potassium phosphate buffer (pH 5.9),
resuspended in the same buffer to a final concentration of 1 mg protein
mL ™!, and kept on ice until the uptake assays. ['*C]Malate transport assays
were performed according to Camarasa et al. (2001), with modifications.
Thus, the cell suspensions were pre-incubated at 28°C for 2 min; then,
uptake was initiated by adding r-[1,4(2,3)-'*C] malic acid (Amersham)
diluted with 1 mm cold malate to a specific activity of 0.1 uCi nmol ~*. After
2 min, the reaction was stopped by adding ice-cold 100 mm LiCl. The
samples were immediately filtered through 0.45-um nitrocellulose mem-
brane filters, washed with 4 mL of ice-cold 100 mm LiCl, and incubated in
scintillation cocktail solution (Research Products International Corp., Mount
Prospect, IL). The radioactivity was measured by using a liquid scintillation
counter (Tri-CARB2100TR, Packard Bioscience Co., Meriden, CT).

Complementation of Escherichia coli

E. coli K-12 (DCT) and its dicarboxylate transport mutant strain CBT315
(CGSC5269) were obtained from the E. coli Genetic Stock Center (Yale
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University, New Haven, CT). AQDCAT1 cDNA was cloned into the EcoRI
site of the pKK223-3 vector, yielding pAgDCAT1, and CBT315 then was
transformed with pAgDCAT1. The pKK223-3 vector alone was transformed
into CBT315 as a negative control and into K-12 as a positive control. The
phenotypes were compared on M9 medium (Sambrook et al., 1989) with
malate as the sole carbon source.

[**C]Malate Transport Assays in E. coli

[**C]Malate transport assays were performed as described (Labarre et al.,

1996) with modifications. CBT315(pKK223-3) and CBT315(pAgDCATT1) cells
were cultured to mid-log phase in Luria-Bertani medium, washed twice
with 50 mm potassium phosphate buffer (pH 5.9), and 0.75 mg protein mL ™!
was resuspended in the same buffer for the assays. After pre-incubation for
3 min at 30°C, uptake was initiated by adding r-[1,4(2,3)-['"*C] malate]
diluted with the appropriate concentration of cold malate to a specific
activity of 0.05 to 0.1 uCi nmol~'. Further steps were performed as de-
scribed in the assays in yeast.
The K, and V., values for malate were determined according to the
Lineweaver-Burk plot based on AgDCATI1-mediated malate uptake at ex-
ternal concentrations of 0.025 to 10 mm. To test the effect of membrane
potential on malate uptake via AgDCATI1, membrane potential was
clamped at different levels using valinomycin at different concentrations of
extracellular K*. After the pre-incubation step, the cells were treated with
valinomycin in different concentrations of potassium phosphate buffer (pH
5.9) for 2 min; then, uptake was initiated as described above. Valinomycin
was dissolved to a final concentration of 50 um in 0.1% (v/v) DMSO. This
concentration is in the range used for experiments with bacteria (Lee et al.,
1999; Fischer et al., 2000). DMSO (0.1% [v/v]) alone did not have any effect
on malate uptake. Cell viability was tested by the BacLight bacteria kit
(Molecular Probes, Eugene, OR), and it did not differ between control cells
and cells treated with valinomycin.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third party owners of all or
parts of the material. Obtaining any permissions will be the responsibility of
the requestor.
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