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ABSTRACT: Infection of soybean roots by nitrogen-fixingBradyrhizobium japonicumleads to expression
of plant nodule-specific genes known as nodulins. Nodulin 26, a member of the major intrinsic protein/
aquaporin (AQP) channel family, is a major component of the soybean symbiosome membrane (SM) that
encloses the rhizobium bacteroid. To investigate the water and solute transport characteristics of nodulin
26, we purified the protein from SMs and reconstituted it into carboxyfluorescein-loaded liposomes for
transport studies using stopped-flow spectrofluorimetry. Liposomes containing nodulin 26 exhibited a
high osmotic permeability (Pf ) 0.012( 0.0013 cm/s), a value fivefold higher than that obtained with
control liposomes. Water flux through nodulin 26 showed a low activation energy (Ea) (4.07 kcal/mol)
and was reduced 70% upon addition of 1 mM HgCl2. Reconstituted nodulin 26 exhibited a single-channel
conductance of 3.8( 2.5 × 10-15 cm3/s (n ) 3), a value that is lower than other characterized AQPs.
Nodulin 26 proteoliposomes also facilitate glycerol transport, showing a 43-fold higher rate of glycerol
flux than control liposomes. This observation was supported by expression experiments inXenopusoocytes
that showed that nodulin 26 facilitated glycerol flux in a manner indistinguishable from theEscherichia
coli GlpF glycerol facilitator. Consistent with the results of water transport, glycerol transport was inhibited
by HgCl2 and showed a lowEa (4.43 kcal/mol). These results indicate that nodulin 26 is a multifunctional
AQP that confers water and glycerol transport to the SM, and likely plays a role in osmoregulation during
legume/rhizobia symbioses.

Plants of the Leguminosae family are infected by diazo-
trophic soil bacteria of the generaRhizobiumandBradyrhizo-
bium, leading to the establishment of a nitrogen-fixing
symbiosis. During infection, a developmental pathway is
triggered that leads to the formation of a novel plant root
organ, the nodule (1, 2). During nodule formation the
expression of plant-encoded, nodule-specific proteins known
as nodulins is induced (3; reviewed in refs1 and4). These
proteins are proposed to perform functions that are essential
for the establishment and maintenance of the symbiosis.

Several nodulins are targeted to the plant-derived sym-
biosome membrane (SM)1 (5, 6), which encloses the
bacteroid within the symbiotic organelle known as the
symbiosome (7). The SM serves to protect the bacteroid from
plant defense responses and mediates the exchange of

metabolites between the plant host and the endosymbiont
(8). Among the nodulins targeted to the soybean SM is
nodulin 26 (6, 9). Nodulin 26 is a major protein component
of the SM, constituting approximately 10% of the total
membrane protein (9, 10). From the deduced amino acid
sequence of nodulin 26 it is clear that it is a member of the
major intrinsic protein (MIP) family (11, 12), an ancient
membrane protein channel family that includes aquaporin
(AQP) water transporters, glycerol transporters, and various
other intrinsic membrane proteins (13-17).

In previous work we have characterized the water and
solute transport characteristics of isolated, purified SM
vesicles by using a stopped-flow fluorimetric assay (10). SM
vesicles exhibited a high, facilitated water flux rate that
showed low activation energy (EA), sensitivity to mercurials,
and a highPf/Pd, all characteristics of AQP-mediated water
transport (10). SM vesicles also showed a mercury-sensitive,
facilitated flux of uncharged solutes including glycerol and
formamide (10). To unequivocally test whether nodulin 26
possesses the water and solute transport activities of the SM,
and to rigorously quantify these activities, we have purified
and reconstituted native soybean nodulin 26 into liposomes
for water and solute flux studies. Further, we have investi-
gated its potential role as a solute transporter upon expression
in Xenopusoocytes. The results show that nodulin 26
facilitates water and glycerol fluxes at rates that account for
the permeability properties of the SM.
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MATERIALS AND METHODS

Purification of NatiVe Nodulin 26 from Soybean Root
Nodules. Soybean plants (Glycine maxcv Essex) were
infected withBradyrhizobium japonicumand were grown
as previously described (9, 10). SMs were isolated from 28-
to 35-day-old nodules as described by Weaver and Roberts
(18). SMs (5-6 mg total protein) were suspended in 20 mL
of 7.5 mM sodium phosphate, pH 7.5, 1.0 M KI, 1 mM
EDTA, 1 mM dithiothreitol (DTT), 1µM pepstatin A, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1µM leupeptin,
and were incubated at 4°C for 30 min with occasional gentle
mixing. The membranes were collected by centrifugation at
100 000g for 1 h at 4°C. The pellet was rinsed with two
5-mL portions of 10 mM Tris-HCl, pH 8.0, was suspended
in 10 mL of 10 mM Tris-HCl, pH 8.0, 1µM pepstatin A, 1
mM PMSF, and 1µM leupeptin, and was centrifuged at
100 000g for 1 h at 4°C. Nodulin 26 was solubilized in 10
mL of 10 mM Tris-HCl, pH 8.0, 2% (w/v)n-octyl â-D-
glucopyranoside (OG), 1µM pepstatin A, 1 mM PMSF, and
1 µM leupeptin and was purified by DEAE Fast Flow
chromatography on a Pharmacia FPLC system as previously
described (19) with the following modifications. After sample
application, the column (1.8 mL) was washed with 20 mL
of buffer A [10 mM Tris-HCl, pH 8.0, 1% (w/v) OG, 1µM
leupeptin], followed by 20 mL of buffer B [20 mM
2-morpholinoethanesulfonic acid (MES)-NaOH, pH 6.2, 1%
(w/v) OG, 1µM leupeptin]. The column was eluted with a
15-mL linear gradient of 0-0.2 M NaCl, followed by an
8.0-mL linear gradient of 0.2-0.4 M NaCl in buffer B.
Fractions containing purified nodulin 26 were concentrated
to 0.5-1.0 mg/mL using an Amicon Centricon-10 ultrafil-
tration device. The sample was dialyzed for 12 h at 4°C
against 100 mL of 20 mM Tris-HCl, pH 7.8, 0.9% (w/v)
OG, 0.1 mM 2-mercaptoethanol, and 1µM leupeptin, and
was stored at-80 °C.

Proteoliposome Reconstitution.Proteoliposome reconstitu-
tion was done by a rapid dilution protocol as previously
described (20, 21). Nodulin 26 (200-250µg) was combined
with 9 mg of bath-sonicatedEscherichia coliphospholipid
(acetone/ether-washedE. coli total lipids, Avanti Polar
Lipids) in 50 mM Tris-HCl, pH 7.5, and 1.25% (w/v) OG
in a final volume of 1.0 mL. Control liposomes were
prepared in a similar manner except nodulin 26 was omitted.
The mixture was incubated on ice for 30 min, and liposomes
were formed by rapidly injecting the sample into 25 mL of
50 mM 3-morpholinopropanesulfonic acid (MOPS), pH 7.5,
150 mMN-methyl-D-glucamine chloride (NMDG), 10 mM
carboxyfluorescein (CF), 1 mM DTT, and 0.5 mM PMSF
at room temperature (22-25 °C). The suspension was
incubated for 20 min and the liposomes were collected by
centrifugation at 120 000g for 1 h at 4°C. The liposome
pellet was washed in 8 mL of 50 mM MOPS, pH 7.5, and
150 mM NMDG and was centrifuged at 120 000g for 1 h at
4 °C. The washing step was repeated until CF was no longer
detected in the supernatant. The liposome pellet was resus-
pended in 300µL of 50 mM MOPS, pH 7.5, and 150 mM
NMDG and was stored at 4°C until analysis.

Membrane Permeability Measurements on Liposomes.
Water (Pf) and glycerol (Pglycerol) permeability coefficients
of reconstituted liposomes were determined by using a
stopped-flow fluorimetric approach as previously described

(10, 21-24). Fluorimetry measurements were done with an
excitation wavelength of 490 nm with the emission filtered
with a 515-nm cutoff filter. Experiments were performed on
a Bio-Logic Model SFM-3 with a MPS-51 power supply
fitted with a TC-100/10 cuvette, 15-mL syringes, and a HDS
mixer, running at a total flow rate of 3 mL/s (80µL/injection)
with a measured dead time of 7 ms. The fluorimeter was
controlled by Bio-Kine Software V3.20. Fluorescence data
were collected (1000 points) at time intervals of 0.1 ms and
0.5 ms for water permeability measurements and at intervals
of 2.0 ms and 10 ms for glycerol permeability measurements.
At least 10 individual traces were averaged to reduce the
signal-to-noise ratio, and were fitted to a single exponential
by using the SigmaPlot software (Jandel Scientific).

Before permeability measurements, anti-CF antibody was
added to liposome preparations to quench any residual
extravesicular CF fluorescence (21-23, 25). Liposomes in
50 mM MOPS, pH 7.5, and 150 mM NMDG (300 mOsm/
kg) with entrapped CF (10 mM) were rapidly injected into
an identical buffer adjusted to 900 mOsm/kg with sucrose.
After mixing, the extravesicular osmolarity (Cout ) 600
mOsm/kg) was double that of the intravesicular osmolarity
(Cin ) 300 mOsm/kg), resulting in water efflux and the time-
dependent quenching of the fluorescence signal as the
intravesicular concentration of CF increased.Pf was calcu-
lated from the time course of relative fluorescence by
comparing single-exponential time constants fitted to simu-
lated curves wherePf was varied as previously described
(10). Simulated curves were calculated using the MathCad
software from the osmotic permeability equation (eq 1).

V(t) is the relative volume of the vesicles at timet, Pf is
the osmotic water permeability, SAV is the vesicle surface
area-to-volume ratio, MVW is the molar volume of water
(18 cm3/mol), andCin andCout are the total osmolarity inside
and outside the liposomes, respectively.

Parameters from the exponential fit (amplitude and end-
point) are used to normalize the fluorescence data using the
assumption that the relative volume att ) 0 will be 1 and
will decrease over time until an equilibrium is reached at a
relative volume of 0.5 at the end of the experiment (21-
24).

The single-channel conductance of nodulin 26 was cal-
culated by determining the nodulin 26 content per unit
surface area of proteoliposomes by the approach described
previously (21). The total surface area (SA) of the liposomes
was calculated from the SAV calculated from the vesicle
diameter and the total internal vesicle volume. The diameter
of the liposomes was measured by negative staining with
1% (w/v) uranyl acetate followed by visualization with a
transmission electron microscope (Hitachi H-800, 100 kV).
The diameters of 30-100 liposomes from each preparation
were measured and an average was calculated. The SAV
was calculated from the following ratio: 4πr2/(4/3πr3) )
3/r, wherer is the vesicular radius. The total intravesicular
volume was determined spectrofluorimetrically as previously
described (10).

The nodulin 26 concentration was quantified by sodium
dodecyul sulfate-polyacrylamide gel electrophoresis of the
proteoliposome preparation followed by Coomassie Blue

dV(t)/dt ) (Pf)(SAV)(MVW){[Cin/V(t)] - Cout} (1)
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staining and densitometry (BioRad Model GS-670 Imaging
Densitometer). The density value of the nodulin 26 band was
compared with a standard curve obtained with purified
nodulin 26 standards from the same gel. The unit conduc-
tance (pf) was calculated with eq 2.

Pf is the calculated osmotic water permeability in cm/s at
20 °C, and SuD is the number of nodulin 26 molecules/cm2.

Glycerol permeability of liposomes was determined as
previously described (10). Liposomes were preincubated in
50 mM MOPS, pH 7.5, 150 mM NMDG, and 0.6 M glycerol
(900 mOsm/kg) for 15 min at room temperature (22-25 °C).
Samples were then rapidly injected into an isoosmotic buffer
consisting of 50 mM MOPS, pH 7.5, 150 mM NMDG, and
600 mM sucrose (an impermeant solute). Thus, after mixing,
Cin ) 600 mOsm/kg glycerol and 300 mOsm/kg impermeant
solute andCout ) 300 mOsm/kg glycerol and 600 mOsm/kg
impermeant solute. The permeant test solute effluxes out of
the liposomes, driven by the solute concentration gradient,
and water follows, leading to liposome shrinkage and CF
self-quenching. The equation for determining glycerol flux
was derived as described in ref23 and as shown below for
our conditions. The general formula for solute flux across a
membrane is given as follows:

where Jz is the flux of a permeant solute “z”,Pz is the
permeability coefficient for solute z, SA is the surface area
of the vesicle, and∆C is the concentration gradient across
the vesicle membrane. If

whereVo is the initial volume of the vesicle andVrel andV(t)

are the relative and absolute volumes, respectively, at time
t, then for our conditions of glycerol flux upon mixing:

From this the following equation was derived and used to
calculate glycerol permeabilities (Pglycerol) using the parameter
from the single-exponential fit and the MathCad program.

Glycerol Permeability Measurements inXenopusOocytes.
The coding regions for nodulin 26 (10), glpF (26; a kind
gift of Dr. Christophe Maurel, CNRS, Gif-sur-Yvette,
France), and AQP1 (27; obtained from the American Type
Culture Collection) were cloned into the pXâG-ev1 expres-
sion plasmid (27). Capped cRNA was prepared by in vitro
transcription of each construct, and was injected (40 to 50
ng cRNA/oocyte) into defolliculated, stage VIXenopus laeVis
oocytes as previously described (10). Oocytes were cultured
for 72 h at 16°C in Ringer’s solution (96 mM NaCl, 2 mM
KCl, 5 mM MgCl2, 600 µM CaCl2, 5 mM N-(2-hydroxy-
ethyl)piperazine-N′-ethanesulfonic acid (HEPES)-NaOH,
pH7.6, 100 ug/mL penicillin-streptomycin, 205 mOsm/kg).
The culture medium was changed daily.

Glycerol uptake experiments were done by a modification
of an isotopic glycerol uptake assay (28). Oocytes were
incubated in borosilicate culture tubes in assay medium (20
µL/oocyte). Assay medium contained 2 mM KCl, 5 mM
MgCl2, 600 µM CaCl2, 5 mM HEPES-NaOH pH 7.6, 60
µCi/mL 3H-glycerol (80 Ci/mmol, NEN, Boston, MA), and
various concentrations of unlabeled glycerol. The osmolarity
of the assay medium was adjusted with NaCl to maintain
isoosmotic conditions (205-215 mOsm/kg). Standard assays
were carried out at 20°C for 10 min. Oocytes were lysed
overnight in 2% (w/v) SDS at room temperature and isotopic
uptake was determined by liquid scintillation counting.

For Ea measurements, assay temperatures were varied
between 10°C to 30°C. For mercury inhibition experiments,
oocytes were preincubated in Ringer’s solution containing
1 mM HgCl2 (200 µL/oocyte) for 10 min at 22°C. The
sample was rinsed gently with 2 mL of Ringer’s solution
(200 µL/oocyte) and the standard uptake assay was per-
formed. To test reversibility, the mercury-treated oocytes
were incubated with 2 mL of Ringer’s solution with 10 mM
2-mercaptoethanol for 10 min before assay.

General Analytical Methods.Protein concentrations were
determined using the BCA method (Pierce Biochemicals)
with bovine serum albumin used as a protein standard. SDS-
polyacrylamide gel electrophoresis (PAGE) was performed
by the method of Laemmli (29) on 15% (w/v) polyacryl-
amide gels. Osmolarities of all solutions were determined
by freezing-point depression by using an Osmette A Os-
mometer (Precision Instruments).

RESULTS

Purification and Reconstitution of Nodulin 26 into Lipo-
somes.Nodulin 26 was solubilized from soybean SMs and
was purified to homogeneity by FPLC on DEAE-Fast Flow
(Figure 1A). The protein was reconstituted in liposomes by
rapid dilution of the purified protein/octylglucoside mixture
into E. coli phospholipids. Control liposomes were made in
a simlar fashion except protein was omitted. After ultracen-
trifugation, the lipid pellet was examined by uranyl acetate
negative staining and visualization using transmission elec-
tron microscopy. Both control and nodulin 26 liposomes
(Table 1) were present as a uniform population of ap-
proximately the same average diameter (119( 31 nm for

pf ) Pf/SuD (2)

Jz ) dz/dt ) (Pz)(SA)(∆C) (3)

Vrel ) V(t)/Vo (4)

d(glycerol)/dt ) -900(Vo)(dVrel/dt) (5)

∆C ) 1500-1200/Vrel (6)

dVrel/dt ) Pglycerol(SA/Vo)(1/900)(1200/Vrel - 1500) (7)

FIGURE 1: Purification and reconstitution of nodulin 26 (Nod26)
into liposomes. Nodulin 26 was purified from soybean SMs and
was reconstituted into liposomes as described in Materials and
Methods. Samples were resolved by SDS-PAGE on a 15% (w/v)
polyacrylamide gel and were visualized by Coomassie Blue staining.
(Panel A) 3 µg of purified nodulin 26; (panel B) nodulin 26
proteoliposomes, 1µg protein.
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nodulin 26 liposomes and 111( 23 nm for control
liposomes). Further, SDS-PAGE of the liposome preparation
(Figure 1B) verified the presence of nodulin 26 and allowed
quantification of the nodulin 26 content for the single channel
measurements listed below.

Osmotic Water Permeability of Nodulin 26 Liposomes.The
Pf of CF-loaded liposomes was measured after rapidly
doubling the extravesicular osmolarity by using stopped-flow
fluorimetry (Figure 2). Nodulin 26 proteoliposomes (Pf )
0.012( 0.0013 cm/s,n ) 5) show a four- to fivefold greater
rate of water efflux than control liposomes (Pf ) 0.0028(
0.001 cm/s,n ) 5) (Figure 2A). Further, consistent with
several other AQPs, the flux of water from nodulin 26
proteoliposomes was substantially inhibited (Pf ) 0.0036(
0.0008 cm/s,n ) 4) by incubation with 1 mM HgCl2 (Figure

2B). Nodulin 26 possesses two cysteine residues, C55 and
C172 (6, 11), within the first and fourth putative transmem-
brane regions, and presumably Hg2+ inhibition results from
the modification of either or both of these residues.

Examination of the water permeability of nodulin 26
proteoliposomes as a function of temperature was deter-
mined, and theEa was calculated from Arrhenius plots
(Figure 3). Nodulin 26 proteoliposomes transport water with
a low Ea (4.07 kcal/mol) compared with that of control
liposomes (14.8 kcal/mol). A high rate of water transport,
mercurial sensitivity, and a lowEa for the proteoliposomes
show that nodulin 26 is facilitating water flux as an AQP.

A measure of the intrinsic flux of water through an AQP
is provided by determining its single-channel conductance
(pf). This value is an estimation of the amount of water each
nodulin 26 channel can transport per unit time with the
assumption that, similar to AQP1 (30), each nodulin 26
subunit contains one aqueous pore. From the concentration
of nodulin 26 monomer within the proteoliposomes (which
averaged approximately 3µM) and the unit surface area of
the proteoliposome preparation, a unit conductance of 3.8
( 2.5 × 10-15 cm3/s (n ) 3) was determined. From water
permeability measurements of isolated SM vesicles and the

Table 1: Summary of Water and Glycerol Permeability Values of Nodulin 26 Proteoliposomes, Control Liposomes, and SM Vesicles

nodulin 26 proteoliposomes control liposomes SM vesiclesa

diameter (nm) 119( 31 (n ) 4)b 111( 23 (n ) 3) 228
Pf cm/s (20°C) 0.012( 0.0013 (n ) 5) 0.0028( 0.001 (n ) 5) 0.05
Pf cm/s (20°C) w/HgCl2 0.0036( 0.0008 (n ) 4) 0.0038
unit cond. (pf, cm3/s), 20°C 3.8( 2.5× 10-15 (n ) 3) 3.2× 10-15

Ea (kcal/mol) 4.07( 1.53 (n ) 4) 14.8( 3.4 (n ) 4) 3.3
Pgly × 10-5 cm/s (20°C) 0.87( 0.32 (n ) 3) 0.020( 0.007 (n ) 3) 3.2
Pgly × 10-5 cm/s (20°C) with HgCl2 0.058( 0.025 (n ) 3) 0.5
Pf/Pgly 1380 1560

a Data from ref10. b (SD.

FIGURE 2: Time course of water efflux from nodulin 26 proteoli-
posomes and control liposomes. Water efflux from CF-loaded
liposomes was monitored at 20°C as the time course of CF self-
quenching. Shown are representative average traces of (A) nodulin
26 proteoliposomes and control liposomes and (B) nodulin 26
proteoliposomes both in the presence and absence of 1.0 mM HgCl2.
The fit of the data to a single exponential is shown.

FIGURE 3: Arrhenius plots of water efflux from nodulin 26
proteoliposomes and control liposomes. ArrheniusEa plots for
nodulin 26 proteoliposomes (b) and pure lipid control liposomes
(9) are shown. ln K represents the natural log of the rate constant
determined from the single-exponential fit of the permeability data
similar to that shown in Figure 2. The inverse of temperature (10,
15, 20, and 25°C) is plotted as degrees kelvin (×1000). Values
are the average of three determinations with error bars showing
the S. D.
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endogenous concentration of nodulin 26 on this membrane,
a single-channel conductance of 3.2× 10-15 cm3/s is
predicted (Table 1). The findings show that the water
transport properties of nodulin 26 are sufficient to account
for the facilitated water transport observed across the SM.

Glycerol Permeability of the Nodulin 26 Channel.To test
whether nodulin 26 possesses solute as well as water
transport capabilities, its glycerol transport capabilities were
investigated inXenopusoocytes as well as in the reconsti-
tuted proteoliposomes.Xenopusoocytes expressing nodulin
26 showed a concentration-dependent glycerol uptake activity
that is comparable with uptake rates observed in oocytes
expressing theE. coli glycerol facilitator GlpF (Figure 4).
The peak uptake rate observed by nodulin 26-expressing
oocytes is 12-fold over negative control oocytes injected with
sterile water or oocytes expressing the water-specific AQP1
(Figure 4). Preincubation of both GlpF and nodulin 26
oocytes with 1 mM HgCl2 resulted in 50% inhibition of
glycerol transport activity (Figure 4B), which was reversible
by transfer of oocytes to 2-mercaptoethanol (data not shown).
Mercury showed no effect on glycerol transport in negative
control oocytes (Figure 4B). Further, calculation ofEa from
Arrhenius plots indicates that glycerol transport by oocytes
expressing GlpF (Ea ) 3.61 kcal/mol) and nodulin 26 (Ea )
4.43 kcal/mol) is facilitated, whereas negative control oocytes

possessed a highEa (11.8 kcal/mol) characteristic of diffusion
through a lipid bilayer.

Further evidence that nodulin 26 can facilitate glycerol
flux was obtained with proteoliposomes by using the stopped-
flow fluorimetric method (Figure 5). Glycerol efflux from
nodulin 26 proteoliposomes was rapid, showing a 43-fold
higher rate (Pglycerol ) 0.868( 0.322× 10-5 cm/s,n ) 3 at
20 °C) than negative control pure lipid liposomes (Pglycerol

) 0.020( 0.007× 10-5 cm/s,n ) 3), (Figure 5A). Similar
to the results with oocytes, glycerol transport in nodulin 26
proteoliposomes was inhibited by incubation with 1 mM
HgCl2 (Pglycerol ) 0.058( 0.025× 10-5 cm/s,n ) 3), (Figure
5B). Although nodulin 26 proteoliposomes show a high
glycerol flux, the smaller solute urea was not transported
(data not shown). This explains the poor permeability of the
SM to urea (10), and suggests a pore selectivity of nodulin
26 for the type of solute transported that is independent of
size.

DISCUSSION

Nodulin 26 reconstituted into liposomes facilitates water
flux in a HgCl2-sensitive manner with a lowEa and with a
single-channel conductance that accounts for thePf of SMs
(Table 1). Additionally, nodulin 26 is multifunctional and
also facilitates the transport of glycerol at a rate that accounts

FIGURE 4: Glycerol uptake inXenopusoocytes expressing nodulin
26. cRNA from nodulin 26, GlpF, and AQP1 or a sterile water
control were microinjected intoXenopusoocytes and3H-glycerol
uptake was performed as described in the Materials and Methods.
(A) Concentration-dependent uptake of glycerol by oocytes injected
with sterile water (b) or cRNAs encoding nodulin 26 (1), GlpF
(3), or AQP1 (O). (B) Effects of preincubation of oocytes with 1
mM HgCl2 before glycerol transport analysis. The values represent
the average of four to six determinations( S. E.

FIGURE 5: Time course of glycerol efflux from nodulin 26
proteoliposomes and control liposomes. Glycerol efflux from CF-
loaded liposomes was monitored at 20°C as the time course of CF
self-quenching as described in Materials and Methods. Shown are
representative average traces of (A) nodulin 26 proteoliposomes
and control liposomes; (B) nodulin 26 proteoliposomes in the
presence or absence of 1.0 mM HgCl2. The fit of the data to a
single exponential is shown.
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for the permeability of the SM to this solute (Table 1). Thus,
the present study establishes nodulin 26 as a unique AQP
that is specifically expressed in nodules, and is targeted to
the SM, where it confers a high permeability to water and
uncharged solutes such as glycerol.

Nodulin 26 As An Aquaglyceroporin.Although AQPs are
a structurally and functionally homologous class of proteins,
it is becoming clear that differences exist between their
intrinsic water transport rates and transport selectivities.
Analysis of various mammalian AQPs by functional recon-
stitution of purified proteins (21) or upon expression in
Xenopusoocytes (31, 32) show a range of single-channel
conductance values, with lens MIP (AQP0) showing a water
transport activity at least one order of magnitude less than
the other AQPs (31-34). The present study shows that,
similar to MIP (AQP0), nodulin 26 shows a low single-
channel conductance that is 10- to 50-fold lower than
AQP1-5 (31-34). These differences in intrinsic water
transport rates are intriguing, and suggest that one reason
for the diversity of AQP isotypes may be to control the rate
of water flux by the type of AQP inserted in a membrane.
The structural differences that account for these differences
in intrinsic transport activity remain unknown. On the basis
of comparisons ofPf/Pd ratios, the length of the nodulin 26
channel is proposed to be longer than that of AQP1 (10).
Structural analyses of nodulin 26, and comparison with the
well-characterized AQP1 structure (35, 36) might provide
clues to differences that could account for this functional
disparity.

The present study shows that nodulin 26 also transports
glycerol. Glycerol transport has been reported for selected
MIP family members such as the bacterial glycerol facilitator
GlpF (26, 28, 37), mammalian AQP3 (32, 38-40) and AQP7
(41), and the yeast FPS1 protein (42). These proteins
represent a functional subclass, referred to as aquaglycero-
porins (17), that possess the ability to transport uncharged
solutes. However, even among these proteins, there are
functional distinctions. For example, whereas the GlpF is
selective for glycerol (26), AQP3 and 7 and nodulin 26
transport both water and glycerol. Further, nodulin 26 is
distinct from AQP3 (32, 38) because it has a lower single-
channel conductance, and does not flux urea. These findings
further underscore the functional diversity of this membrane
protein family, and the complexity of AQP pore selectivity.

MIPs are widely distributed in plants, and several have
been shown to have AQP activities (reviewed in ref16). In
a recent study, the plant MIP gene family was characteized
in Arabidopsisand 23 members were identified (43). Gene
products were catagorized into three classes, the plasma
membrane AQP (PIPs), the tonoplast membrane AQPs
(TIPs), and a third, smaller category containing the AQP At-
NLM 1. Nodulin 26 appears to be part of this third group
(43). Interestingly, TIP and PIP proteins show a high
selectivity for water and do not exhibit any detectable flux
of glycerol (26, 44, 45). Thus, nodulin 26 is the first plant
AQP to be shown to have both water and glycerol transport
activities. It will be interesting to investigate other members
of the nodulin 26/At-NLM 1 subclass to determine whether
this functional property is shared. Also, single-channel
measurements of various plant AQPs should be investigated
to determine whether, similar to their mammalian counter-
parts, a range of water transport rates occur. This is especially

important because thePf values of different plant membranes
vary over a range of three orders of magnitude (16).

Function of Nodulin 26 in the Symbiosome.Because
nodulin 26 is among the nodulins that are targeted to the
SM (5, 6), a transport role that supports the rhizobia-legume
symbiosis has been argued. The SM mediates the metabolite
exchange process, which is the crux of the symbiosis: the
transport of dicarboxylates into the symbiosome for utiliza-
tion by the rhizobia bacteroids, and the efflux of fixed
ammonium ions for assimilation by the plant (8). A role for
nodulin 26 as an ion-conducting pore that might facilitate
the flux of dicarboxylates was proposed on the basis of
reconstitution experiments in planar lipid bilayers (19) and
similarities to MIP (46). Further, an increased rate of malate
transport across the SM that is correlated with the in vitro
phosphorylation of nodulin 26 has been observed (47).
However, neither MIP (33, 34) nor nodulin 26 (Chandy,
Roberts, and Hall, unpublished) shows ion conductance upon
expression inXenopus, and it remains uncertain whether this
activity occurs in vivo.

In contrast, the data from native SM vesicles (10), nodulin
26-expressing oocytes, and reconstituted proteoliposomes
provide compelling evidence that nodulin 26 fluxes water
and uncharged solutes. Thus, a potential osmoregulatory role
for nodulin 26 can be proposed. For example, as ions and
metabolites cross the SM (generating an osmotic gradient),
rapid facilitated water flow through nodulin 26 would
mediate an osmotic adjustment to maintain an equilibrium
between the symbiosome space and the plant cell cytosol.
In addition, the regulation of osmotic pressure gradients
across the SM could affect the growth and physiology of
the bacteroid (48).

Additionally, symbiosomes occupy a considerable amount
of the intracellular space of the infected cell (8). Thus, similar
to models of the vacuole in osmoregulation in other plant
cells (16), the reversible uptake and efflux of water from
the symbiosome could contribute to control of the volume
of the infected cell, as well as cytosol volume homeostasis
and the extracellular space. Finally, several plant AQPs are
regulated by osmotic stresses such as drought and high
salinity (43, 49, 50; reviewed in refs16 and44), suggesting
that the control of these proteins may help adaptation to
conditions of water limitation. Nodules also show a high
sensitivity to osmotic stress (51), and the modulation of the
expression or activity of nodulin 26 could affect water
relations within the infected cell during stress.

The glycerol transport activity of nodulin 26 argues that
it functions as more than an AQP on the SM. Glycerol
transport by AQP analogues has been implicated in metabolic
as well as osmoregulatory roles. For example, the bacterial
GlpF protein aids in the uptake and utilization of glycerol
(28, 37, 52). On the other hand, glycerol is accumulated as
an osmolyte in yeast, fungi, algae, and certain higher plant
species where it serves as an osmoprotectant (53-55) or as
a mechanism for turgor generation (56). The FPS1 protein
of yeast facilitates glycerol transport, and genetic analyses
show that it plays an essential osmoregulatory role in the
uptake or release of this solute (42, 57). Nodules, like other
plant tissues, accumulate osmoprotectant compounds in
response to osmotic stresses (58). However, whether glycerol
is among the compatible solutes accumulated in nodules, and
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whether nodulin 26 has a role in the transport of these,
remains to be determined.
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