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Intrinsic structural disorder is a prevalent feature of proteins
with chaperone activity. Using a complementary set of tech-
niques, we have structurally characterized LjIDP1 (intrinsically
disordered protein 1) from the model legume Lotus japonicus,
and our results provide the first structural characterization of a
member of the Lea5 protein family (PF03242). Contrary to in
silico predictions, we show that LjIDP1 is intrinsically disor-
dered and probably exists as an ensemble of conformations with
limited residual -sheet, turn/loop, and polyproline II second-
ary structure. Furthermore, we show that LjIDP1 has an inher-
ent propensity to undergo alarge conformational shift, adopting
a largely a-helical structure when it is dehydrated and in the
presence of different detergents and alcohols. This is consistent
with an overrepresentation of order-promoting residues in
LjIDP1 compared with the average of intrinsically disordered
proteins. In line with functioning as a chaperone, we show that
LjIDP1 effectively prevents inactivation of two model enzymes
under conditions that promote protein misfolding and aggrega-
tion. The Ljldpl gene is expressed in all L. japonicus tissues
tested. A higher expression level was found in the root tip prox-
imal zone, in roots inoculated with compatible endosymbiotic
M. loti, and in functional nitrogen-fixing root nodules. We sug-
gest that the ability of LjIDP1 to prevent protein misfolding and
aggregation may play a significant role in tissues, such as symbi-
otic root nodules, which are characterized by high metabolic
activity.

Intrinsically disordered (or natively unfolded) proteins
(IDPs)° that are disordered along the entire amino acid chain or
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contain long disordered regions have recently attracted atten-
tion due to their role in important human diseases and their
distinct functional features (1). In plants, a loosely defined
group of stress-related proteins known as the late embryogen-
esis-abundant (LEA) proteins are characterized by being almost
exclusively intrinsically disordered (reviewed by Tunnacliffe
and Wise (2)). Several lines of evidence suggest a role of LEA
proteins in the protection against damage caused by different
types of stress, in particular desiccation, salt, and cold stress.
The exact protection mechanism is unknown; however, the
demonstrated ability of some (and probably most) LEA pro-
teins to adopt a more well ordered conformation upon the addi-
tion of structure perturbing chemicals and when dried may
contribute (2). Such structural plasticity is also known from
other IDPs, which undergo disorder-to-order transitions upon
ligand binding (3). However, specific ligand interactions have
not been described for any LEA protein, and the mechanism by
which LEA proteins assert their functions remains elusive.

We report here the biochemical characterization of the
LjIDP1 protein encoded by the LjldpI gene that is up-regulated
during nodule development and in functional nitrogen-fixing
nodules of the model legume Lotus japonicus. Leguminous
plants are unique in their ability to engage in symbiosis with
Rhizobium and allied bacteria. This interaction triggers the
development of a new plant organ, the root nodule that hosts
the nitrogen fixing rhizobia in intracellular organelle-like sym-
biosomes. In contrast to most root tissues, nodules are highly
metabolically active, and hundreds of genes involved in meta-
bolic processes have higher expression levels in nodules com-
pared with roots (4). A high respiration rate of nodules is
needed to provide the large energy input required for nitrogen
fixation, and it was estimated that up to 70% of total root respi-
ration is associated with nitrogen fixation (5). The high respi-
ration rate of nodules inevitably leads to a large production of
reactive oxygen species (ROS) that have been detected in asso-
ciation with both cellular and functional processes in rhizobi-
um-legume interaction and symbiosis (see Pauly et al. (6) for a
review). Several studies have documented increased ROS pro-
duction during symbiosis and suggest that ROS may influence
development and function of symbiotic root nodules. Roles in
signal transduction, in hypersensitive responses controlling the
infection process, in cross-linking of proteins in the infection
thread matrix, and in senescence have been suggested (7-9).

Using real time PCR and microarray analysis, we show that
Ljldpl mRNA levels are high in nodules and propose that
LjIDP1 may play a role in oxidative stress tolerance. We show
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that LjIDP1 has chaperone-like activity and protects two model
enzymes subjected to stresses that are known to destabilize pro-
tein structure and promote misfolding. The molecular charac-
terization of LjIDP1 presented here provides new information
on the hitherto largely uncharacterized Lea5 protein family and
focuses attention to the role of intrinsic structural disorder in
protein chaperones.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Recombinant LjIDP1—
LjIDP1 was expressed with an N-terminal extension (MAHH-
HHHHVDDDDK = His, tag + enterokinase (Ek) cleavage
site). The following primers were used to PCR-amplify the cod-
ing sequence of Ljldp1 flanked by LIC overhangs (underlined):
LjIdp1-LIC-forward, 5'-GACGACGACAAGATGGCTCGC-
TCTTTCACCACCATCAAG-3'; Ljldpl-LIC-stop-reverse,
5'-GAGGAGAAGCCCGGTTCAATTTTTTCCCAGAACCG-
CAGATCG-3'.

The fragment was subsequently cloned into pRSF-2 Ek-
LIC according to the manufacturer’s protocol (Novagen;
user protocol TB163 Rev.F 0904). Plasmid identity was con-
firmed by sequencing. The resulting vector, pRSF:LjIdp1,
was transformed into Escherichia coli BI21(DE3). A single
BL21(DE3)::LjIDP1 colony was inoculated in 50 ml of LB
medium containing 50 pwg/ml kanamycin and grown over-
night at 37 °C. 10 ml was inoculated in 500 ml of Terrific
Broth medium containing 50 wg/ml kanamycin in 5-liter
baffled Erlenmeyer flasks at 37 °C. At A, , = 0.8, expression
of recombinant LjIDP1 was induced by adding isopropyl
B-p-1-thiogalactopyranoside to a final concentration of 1
mM, and after 4 h at A, = 1.55, cells were harvested and
washed in 0.9% (w/v) NaCl and subsequently frozen at
—20°C.

For purification of recombinant LjIDP1, we have employed
two different strategies. For strategy 1, cells were opened in ~5
ml of binding buffer (50 mm potassium phosphate, pH 7.6, 500
mM NaCl, 10 mm B-mercaptoethanol, 1 mm phenylmethane-
sulfonyl fluoride)/g using a high pressure homogenizer (Emusi-
Flex-05; Avestin). The crude extract was cleared by ultracen-
trifugation (75 min at 50,000 X g Beckman LB-70 M equipped
with a Type 60 Ti rotor) at 4 °C and filtered through a 45-um
filter before loading on a ~10-ml nickel-charged Fastflow che-
lating Sepharose (Amersham Biosciences) column pre-equili-
brated with washing buffer (50 mm potassium phosphate, pH
7.6, 500 mm NaCl, 0.1 mm phenylmethanesulfonyl fluoride, 45
mM imidazole), at a flow rate of 0.5 ml/min. The column was
washed with washing buffer until stable base line. Bound pro-
tein was eluted with a gradient of imidazole in washing buffer
going from 50 to 300 mm. Fractions containing LjIDP1 were
concentrated on a 2-ml Centricon 10 column (Millipore). The
concentrated samples were purified to homogeneity by gel fil-
tration chromatography on a Superdex 75 10/300 GL column
(GE Healthcare) in 50 mm HEPES, pH 6.5, 100 mm KCl, 5%
glycerol. Eluted fractions were analyzed by SDS-PAGE. For
strategy 2, cells (2 g) were resuspended in 30 ml of lysis buffer
(50 mm Hepes, pH 7.5, 250 mMm NaCl, 10 mm imidazole, 6 mm
B-mercaptoethanol, one tablet of complete protease inhibitor
mixture EDTA-free (Roche Applied Science)). The resus-
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pended cells were heated in a small glass flask for 5 min in a
boiling water bath and stirred continually using a small magnet.
The flask was subsequently cooled for 5 min in an ice-ethanol
bath and sonicated three times for 1 min each. Cell debris and
denatured proteins were pelleted by centrifugation, 20,000 rpm
for 15 min. The supernatant was loaded onto a 1-ml Histrap FF
Crude column (GE Healthcare) pre-equilibrated in wash buffer
(50 mm Hepes, 250 mm NaCl, 25 mMm imidazole), flow rate 0.5
ml/min. The column was washed in wash buffer until stable
base line. Bound proteins were eluted using elution buffer (50
mM Hepes, pH 7.5, 250 mm NaCl, 300 mm imidazole, 5% glyc-
erol) fraction size 0.5 ml. The purity of the eluted protein was
analyzed by SDS-PAGE.

Identification of Purified LjIDP1 by Mass Spectrometry—The
identity of the purified protein was confirmed by peptide mass
fingerprinting of peptides derived from an in-gel trypsin (Pro-
mega)-catalyzed proteolytic cleavage. Lyophilized gel pieces
were incubated for 45 min on ice with trypsin solution (12.5
ng/ul trypsin from porcine (Promega) in 50 mm NH,CO,). Any
remaining liquid was removed, and 60 ul of 50 mm NH,CO,
was added and incubated at 37 °C overnight.

The tryptic peptides were recovered by adsorption on a C
ZipTip (Millipore) and dispensed on the MALDI target plate in
1.5 pul of MALDI matrix solution (4 mg/ml a-cyano-4-hydroxy-
cinnamic acid in 70% acetonitrile, 30% 0.1% trifluoroacetic
acid). The recovered peptides were analyzed by MALDI-mass
spectrometry on a quadrupole/time-of-flight Ultima Global
mass spectrometer (Micromass).

Circular Dichroism Spectroscopy—All CD spectra were
recorded at the UV1 beamline at the Institute for Storage Ring
Facilities at Aarhus University, Denmark, using synchrotron
radiation provided by the ASTRID storage ring. Samples were
recorded in a closed 0.1-mm Suprasil quartz cell (Hellma,
GmbH). The sample and base-line spectra were acquired using
three consecutive scans, in 1-nm increments and a 2.5-s dwell
time. The temperature dependence of the CD signal was deter-
mined using spectra recorded from 20 to 80 °C in steps of 5 °C.
Samples were allowed to equilibrate at each temperature for 10
min before data acquisition. The spectra were averaged, base
line-subtracted, and mildly smoothed with a Savitzky-Golay fil-
ter using the CDtool software (10). For the dehydration exper-
iment, the sample cell containing ZjIDP1 was left open in the
cell chamber, which was continually purged with dry nitrogen
gas. Dehydration occurs from the top through the holes that are
used to fill the cell. All spectra were recorded in 10 mm potas-
sium phosphate (pH 7.0), 75 mm NaF except for the studies on
the dehydrated protein, which were done in 10 mMm potassium
phosphate (pH 7.0), 100 mm NaF. Concentration of each of the
protein samples was determined using a double quantitative
amino acid analysis or by measuring A4, on an ND-1000 spec-
trophotometer (NanoDrop). The average of five measurements
was used using (His-Ek-LjIDP1) AS5* = 0.854 as determined
using the ProtParam software on the ExPASy server (available
on the World Wide Web).

Quantification of Secondary Structure Content—The relative
content of secondary structure elements was determined from
the CD data using the program CDSSTR (11) and the SP175
(12) reference data set at the Dichroweb Server (12).
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Fourier Transform Infrared Spectroscopy—FTIR spectros-
copy was carried out using a Tensor 27 (Bruker) FTIR spectro-
photometer equipped with a DTGS Midinfrared detector and a
Golden Gate single reflection diamond attenuated total reflec-
tance cell (Specac). Approximately 6 ug of purified LjIDP1 was
dried on the crystal in a flow of dry nitrogen. LjIDP1 had been
lyophilized and reconstituted in D,O. Spectra were recorded
from 4000 to 1000 cm ™~ ' using a nominal resolution of 2 cm ™!
and 64 accumulations. Lorentzian curve fitting was done in the
OPUS 5.5 system (Bruker).

Analytical Gel Filtration Chromatography—Analytical gel
filtration chromatography was performed on a Superdex™™ 75
10/300 GL (GE Healthcare) using an Acta purifier. The column
was calibrated with bovine serum albumin (R, = 35.7 A, molec-
ular mass 66 kDa), carbonic anhydrase (R, 25.1 A, mass 29 kDa),
and cytochrome ¢ (R, 17.4 A, mass 12.4 kDa) included in (MW-
GF200) purchased from Sigma. All proteins were analyzed in
the same buffer (100 mm HEPES, pH 7, 250 mm NaCl, 20 mm
imidazole, 5% (v/v) glycerol) and a flow rate of 0.35 ml/min at
4°C.

NMR Spectroscopy of LiIDP1—One-dimensional '"H NMR
data were acquired on a Bruker Avance 700 WB spectrometer
with a TBI probe head at 293.2 K with 128 transients. The water
signal was suppressed by 3-9-19 WATERGATE. The concen-
tration of LjIDP1 was 0.4 mM. Urea was added to a concentra-
tion of 6 M, and the solution was concentrated back to a protein
concentration of 0.4 mm on a 500-ul Vivaspin column (Sarto-
rius) before repeating the NMR experiment.

Citrate Synthase (CS) Dehydration Assay—The effect of
dehydration on the activity of CS (EC 4.1.3.7) from porcine
heart (Sigma) was determined as follows. CS (250 ng/ml) was
dehydrated in the absence or presence of protectants (His,-Ek-
LjIDP1 in 10 mm HEPES, pH 7.5, bovine serum albumin (BSA)
(Sigma) in water or trehalose in water. CS and BSA had been
dialyzed against water overnight in 3X 100 ml of water. The
tested concentrations of His,-Ek-LjIDP1 and BSA were 200
png/ml, whereas for trehalose, it was 75.6 mg/ml (0.2 m). The
total volume was 30 ul (adjusted with distilled water). Dehydra-
tion was performed in a Speedvac 100 (SAVANT) equipped
with an Edwards E8M2 high vacuum pump (Edwards). The
dehydrated samples were rehydrated in 30 ul of distilled water
after the first round of dehydration in 28 ul after the second, 26
wl after the third, and so on. Aggregated protein was pelleted by
centrifugation for 3 min at 14,000 rpm, and the protein remain-
ing in solution was measured spectrophotometrically at 280 nm
on a ND-1000 spectrophotometer (NanoDrop).

CS Cryoprotection Assay—The effect of freezing on the activ-
ity of CS (250 wg/ml) was determined using the same concen-
trations and volumes as described for the CS dehydration assay.
Samples were flash frozen in liquid nitrogen for 1 min and sub-
sequently thawed at ambient temperature. Residual activity was
assayed as described below.

CS Activity Assay—The activity of CS was determined essen-
tially according to Srere (13). 2 ul of CS with or without pro-
tectant from the cryoprotection and dehydration assay was
added to 500 ul of Act buffer (50 mm Tris-HCI, pH 8.0, 2 mm
EDTA, 100 uMm oxaloacetic acid, 100 um 5,5’ -dithiobis-2-nitro-
benzoic acid, 95 um acetyl-CoA (disodium salt)). A,;, was
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measured every 0.5 s for 90 s in a UV-2101 PC spectropho-
tometer equipped with a thermostatically controlled CPS-
260 cell positioner (Shimadzu). Measurements were per-
formed at 25 °C.

LHD Dehydration Assay—The effect of dehydration on the
activity of lactate dehydrogenase (LDH) (from rabbit muscle;
Sigma; EC 1.1.1.27) was performed essentially as described for
CS, except the LDH concentration was 100 pg/ml.

LDH Cryoprotection Assay—The effect of freezing on the
activity of LDH (100 wg/ml) was determined as described for
CS.

LDH Activity Assay—To determine the LDH activity, 2 ul of
each sample were added to a 500-ul quartz cuvette containing
500 ul of sodium phosphate buffer (pH 6), 200 um NADH, and
2 mM pyruvate. Change in A,,, was monitored every 0.1 s for 1
min in a UV-2101 PC spectrophotometer equipped with a ther-
mostatically controlled CPS-260 cell positioner (Shimadzu).
Measurements were performed at 25 °C.

Bioinformatics on Ljldpl—The data set called “28IDP1”
comprising LjIDP1 and a set of 27 homologous proteins was
collected by BLAST searching the amino acid sequence of
LjIDP1 against the nonredundant uniref100 data base, and hits
with E-values less than 10~ 2 were selected. Amino acid profil-
ing was performed using the World Wide Web-based tool
Composition Profiler, taking advantage of the standard amino
acid data sets, Disprot 3.4 and Swissprot51, provided by the
program. For the prediction of intrinsic structural disorder in
LjIDP1 using PONDR (available on the World Wide Web), the
average of the VLXT, XL1_XT, CAN_XT, and VL3-BA was
used. The cumulative distribution function analysis of LjIDP1
PONDR VL-XT scores was also done using the PONDR soft-
ware (available on the World Wide Web).

Protease Sensitivity Assay—25 ug of Hisg-Ek-LjIDP1,
lysozyme (Sigma), and a-synuclein in 50 mm NH,CO, were
incubated at 37 °C for 1 h with decreasing amounts of trypsin
(Promega). The following ratios were tested ([His-LjIDP1/ly-
sozyme/a-synuclein]/[trypsin]): 1:1072, 1:107>. 1:10"%, and
1:107 . Total reaction volume was 32 ul. After incubation, 8 ul
of 6X SDS loading buffer were added to each digest, vortexed,
boiled 2 min, vortexed, boiled 2 min, and analyzed on a 10-20%
acrylamide gradient gel.

Real Time PCR Analysis of Ljldp1—Poly(A) " mRNA was iso-
lated using the Dynabeads® mRNA direct kit (Invitrogen)
according to the manufacturer’s instructions. DynaBeads RNA
samples were tested for DNA contamination by PCR using
primers specific for the untranscribed Nin gene promoter (5'-
GTTTTCAAGAATGGGAGGGG-3', 5-CTCCTCTGGTT-
TCATTGGTG-3'). Samples containing DNA were incubated
with DNase I, treated with phenol/chloroform, and retested for
contaminating DNA. First strand cDNA was synthesized using
reverse transcriptase (Roche Applied Science) and oligo(dT)
primer. Transcript levels were determined by semiquantitative
real time PCR on a Lightcycler (Roche Applied Science) using
the FastStart DNA master SYBR greenl kit (Roche Applied Sci-
ence). The relative quantification software (Roche Applied
Science) was used to determine the efficiency-corrected rel-
ative transcript concentration, normalized to a calibrator
sample (a pool of mRNA from the different tissues and con-
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FIGURE 1. Steady state level of Ljldp7 mRNA determined by microarray
analysis. Expression of Ljldp1 in different root tissues, inoculated roots, and
mature nodules. Ljldp1 is represented on the chip with two probe sets
(Ljldp1_1 and Ljldp1_2) with different efficiencies. Legend code example,
“Root 1d Rz" is roots 1 day postinoculation with Rhizobium. PP2A, protein
phosphatase 2A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

ditions). ATP synthase was used as a reference gene
(AW719841). Primer sequences and conditions were as fol-
lows: ATP synthase, annealing 60 °C, measurement 80 °C,
5'-CAATGTCGCCAAGGCCCATGGTG-3" and 5'-AACA-
CCACTCTCGATCATTTCTCTG-3'; Ljldpl, annealing 64 °C,
measurement 85 °C, 5'-GATGTCGCGGACCTGCG-3' and
5'-CCCATATATGTCCGAATCCCC-3'.

RESULTS

Ljldp1 Is Highly Transcribed in Inoculated Roots and Mature
Root Nodules—Taking advantage of the newly available 61K
Lotus japonicus GeneChip from Affymetrix, expression of the
Ljldp1 gene was profiled at various time points postinoculation
and in different organs and tissues.® Expression of Ljldpl was
up-regulated in roots upon inoculation with the Lotus
microsymbiont Mesorhizobium loti. After only 24 h postinocu-
lation, expression had increased and reached a maximum in
mature nodules, where Ljldp1 transcript levels were ~8—-16-
fold higher than in uninoculated roots (Fig. 1). Interestingly, in
uninoculated roots, significantly higher Ljldpl mRNA levels
were detected in the root tip proximal zone encompassing the
invasion zone where legume roots are competent for rhizobial
infection (~1-cm segment of the root located just above the
root tip). Furthermore, the expression is increased in the root
tip proximal zone upon inoculation with M. loti. Since the tis-
sue sample “root” includes the “root tip proximal zone,” the

®N. Jorgensen, S. Radutoiu, L. Krusell, V. Voroshilova, M. Hannah, N.
Goffard, D. Sanchez, F. Lippold, M. Udvardi, T. Ott, S. Sato, S. Tabata, P.
Liboriussen, G. Vestergaard, L. Schauser, and J. Stougaard, manuscript
in preparation.
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FIGURE 2. Relative expression level of Ljldp 1 in different plant organs and
roots 2 days post inoculation with Rhizobium as determined by real time
PCR. Error bars, S.D. values.

observed increase in Ljldpl mRNA levels in the root 24 h after
inoculation could at least partly originate from increased Ljldp 1
mRNA levels in the root tip proximal zone. To confirm and
further characterize the expression pattern of Ljldpl, the
expression profile was analyzed by quantitative PCR. Real time
PCR analysis revealed high LjIdpl mRNA levels in roots 2 days
postinoculation with M. loti and in mature nodules (Fig. 2).
Intermediate levels were found in leaves and uninoculated
roots, whereas low levels were found in pods and flowers.

LjIDP1 Is Intrinsically Disordered—To gain information
about the conformation and physiochemical properties of
LjIDP1, the protein was expressed with an N-terminal, 14-res-
idue extension containing a polyhistidine tag suitable for affin-
ity purification and an enterokinase protease site. Pure (>95%
homogeneity) recombinant LjIDP1 protein was purified from
E. coli BL21(DE3) extracts using a combination of either immo-
bilized metal ion affinity chromatography (IMAC) followed by
size exclusion chromatography or IMAC combined with an ini-
tial heating step. Neither the presence of the N-terminal exten-
sion nor the purification procedure had any influence on the
structure as determined by far UV CD spectroscopy, and there-
fore His-tagged LjIDP1 was used (not shown). The secondary
structure content of recombinant LjIDP1 was analyzed by syn-
chrotron radiation CD spectroscopy (SR-CD) (Fig. 3A). The
high light intensity of the synchrotron beam allows recording of
CD spectra down to 180 nm, which makes subsequent quanti-
fication of the relative secondary structure content more reli-
able (14). Like unfolded polypeptides, the CD spectrum of
LjIDP1 shows a large negative peak at ~200 nm (Fig. 34). How-
ever, the small negative ellipticity at ~220 nm (unlike the zero
or positive values shown by unfolded polypeptides (15)) indi-
cates the presence of some -sheet structure. This was sup-
ported by secondary structure quantification of the CD spectra,
estimating the B-sheet content of LjIDP1 to be ~25% (Fig. 3D).
The predicted high fraction of distorted B-sheet indicates the
presence of many short B-strands or alternatively that the
B-sheet fraction is transient and fluctuating in nature. The anal-
ysis also indicates the presence of ~15% turn structures. Note
that LjIDP1 was predicted to be essentially devoid of a-helical
structure.

To test whether the 3-sheet content in LjIDP1 is only of local
character or is sufficiently well organized to lead to cooperative
unfolding transitions; we investigated the thermal stability of
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FIGURE 3. SR-CD spectroscopy of LjIDP1. A, the SR-CD spectra of LjIDP1 showing the effect of temperature on
the secondary structure. The spectrum of LjIDP1 has a large negative peak at ~200 nm typical for an unfolded
polypeptide and a small negative ellipticity at ~220 nm due to B-sheet. Heating the sample from 20 to 80 °C
has little effect on the CD spectrum. Note the small intensity and shape of the difference spectrum A(20-80 °C)
thatis similar to the CD spectrum of PPII. B, 70 consecutive SR-CD scans of LjIDP1 undergoing dehydration were
collected. Virtually no changes were observed during the first 18 scans, so these were averaged and denoted
“wet state.” All major structural changes occurred after 39 scans; therefore, spectra 40-70 were averaged and
denoted “dry state.” The spectrum of LjIDP1 in the dry state is characterized by a positive peak at ~190 nm and
negative ellipticity at ~208 nm and ~222 nm typical for a-helix. C, SR-CD spectroscopy of LjIDP1 in the
presence of different detergents and alcohols. Intriguingly, all agents tested induced a-helix at the expense of
the B-sheet and disordered fractions. D, the table shows the quantified relative amounts of secondary structure

elements.
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FIGURE 4. Aliphatic/methyl region of one-dimensional NMR spectra of
LjIDP1 in buffer (a) and in buffer plus 6 m urea (b). The low dispersion in a
indicates that LjIDP1 lacks well defined structure, and the high similarity
between the two spectra indicates that no significant structural rearrange-
ments have occurred.

LjIDP1 by SR-CD. Remarkably, the small changes in the CD
spectrum resulting from a temperature increase of 20— 80 °C, in
combination with the absence of a clear isodichroic point in the
spectra, strongly suggest that LjIDP1 lacks any well defined
structure (Fig. 3A). The difference spectrum A(20-80 °C) is
positive above 210 nm and has a negative peak at ~200 nm and
crosses zero at ~210 nm (Fig. 3A). This shape is similar to the
CD spectrum of polyproline II secondary structure, which indi-
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supports the notion that LjIDP1 is
intrinsically disordered (Fig. 4).

The different protein conforma-
tional classes (native, premolten
globule, molten globule, urea- and
GdmCl-unfolded) have characteris-
tic dependences of the hydrody-
namic dimensions, on molecular
weight, and we analyzed this aspect
of LjIDP1 by analytical gel filtration
(16). The His,-tagged LjIDP1 prep-
aration (molecular mass ~11.6 kDa) has an elution volume that
is similar to a globular protein of ~28 kDa, which in turn cor-
responds to a Stokes radius of 24.52 A. As seen in Fig. 5, this
combination of molecular mass and Stokes radius suggests that
LjIDP1 is in the so-called premolten globule state, which is a
state characterized by moderate secondary structure and lack
of well defined tertiary structure. This shows that LjIDP1 is a
highly disordered and elongated protein that belongs to the
“native premolten globule” class of IDPs.

Another well established technique to probe the flexibility of
a protein is to investigate the sensitivity to proteolytic degrada-
tion (17, 18). Consequently, LjIDP1 was incubated with
decreasing amounts of the serine protease trypsin that predom-
inantly cleaves proteins after basic lysine and arginine residues.
Undigested LjIDP1 was visualized by SDS-PAGE. Fig. 6 shows
that LjIDP1 protease sensitivity is comparable with the intrin-
sically disordered a-synuclein, whereas the globular protein
lysozyme remains intact under the same conditions. This sug-
gests that the amino acid backbone of LjIDP1 is largely accessi-
ble to proteolytic attack and in combination with the spectro-
scopic data unequivocally shows that LjIDP1 is largely
disordered along the entire length.

LjIDP1 Is Prone to Adopt an a-Helix—Many IDPs undergo
large conformational changes toward a more ordered confor-
mation upon interaction with other biological components (3,
15, 19-21). If LjIDP1 undergoes such a functionally relevant
disorder-to-order transition, the ordered state might be pro-
moted upon the addition of structure-inducing agents. This
hypothesis was tested using a number of additives, some of
which are known to induce structure (trifluoroethanol (TFE),
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SDS, and methanol (MeOH)) and some that are not generally
known to induce structure (CHAPS, deoxycholate, and cetylt-
rimethylammoniumbromide (CTAB)) (22-27). Interestingly,
all of the tested compounds promoted formation of SR-CD-
measurable a-helix structures in LjIDP1. In particular, the
detergent CTAB and TFE were effective; both induced ~40%
a-helical structure in LjIDP1 (Fig. 3C). A comparison of the
near UV CD spectrum of LjIDP1 in PBS buffer with the spec-
trum in the presence of CTAB (5 mMm) or TFE (30%) revealed
only minute differences in the spectra, suggesting that there
was very little organized tertiary structure to lose/gain, just as
one would expect from a fluctuating structure (not shown).
We further probed the structural propensities of LjIDP1 by
analyzing the structure of the dehydrated protein. By dehydrat-
ing a protein, the hydrophobic driving force, which is depend-
ent on the presence of bulk water, is lost, and this is expected to
destabilize globular proteins. However, at the same time, the
major destabilizing force, namely the entropic cost of folding, is
expected to decrease, because conformational freedom of the
polypeptide chain decreases as water is lost. These two effects
of dehydration counteract each other. Since IDPs lack a well
defined hydrophobic core, they are only affected by the
decrease in the entropic cost of folding, which promotes the
formation of a folded structure. Furthermore, most, if not all,
backbone polar groups (CO and NH groups) form either
intrapeptide hydrogen bonds (between polar groups in the pro-
tein) or interpeptide hydrogen bonds (between backbone
CO/NH groups and solvent water). IDPs have many interpep-
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FIGURE 5. Size exclusion chromatography suggests that LjIDP1 belongs
to the native premolten globule class of IDPs. The Stokes radius (R;) of
LjIDP1 was determined by gelfiltration chromatography on a Superdex 75 HR
10/300 GL column. LjIDP1 elutes at 11.3 ml, which corresponds to a Stokes
radius of 24.5 A. The empirical equations (trend lines) representing the depen-
dences of the hydrodynamic radii (R,) on the molecular mass for different
protein conformational states is from Uversky (16).

tide hydrogen bonds, and dehydration drives the equilibrium
between intra- and intermolecular hydrogen bonds toward
intramolecular hydrogen bonds as found in «-helix and
B-sheets. We monitored structural rearrangements occurring
in LjIDP1 during dehydration by leaving the sample cell open in
the dry nitrogen-purged sample chamber while continuously
collecting CD spectra. Fig. 3B shows the CD spectra of a dehy-
dration experiment of LjIDP1. It is clear that large structural
rearrangements occur during dehydration and that the initial
spectra are typical of an unfolded peptide, whereas the later
spectra resemble that of an a-helical protein. As dehydration
proceeds, the concentration of protein and buffer in the
remaining liquid will gradually increase. In the experimental
setup used, the sample cell is in a vertical position, and because
evaporation occurs from the top, most protein will end up in the
lower part of the cell (below the “beam window” where the CD
signal is measured), which explains the gradual decrease in the
intensity (amplitude) of the spectra. The data obtained are qual-
itative. Quantification of the structural changes is not possible,
since the protein concentration in the sample cell changes dur-
ing the experiment. The presence and shape of the intermediate
spectra (spectra 19—39) could be taken as evidence of a gradual
folding event between the disordered (wet) state and the
ordered (dry) state. However, this is unlikely. From the high
voltage signal, we can see that the period from spectrum ~19 to
~39 corresponds to the period where the liquid front passes the
“beam window” (not shown). This means that any spectrum
obtained within this time span includes contributions from
both the dry and the wet state.

To exclude the possibility that the changes observed are
caused by a systematic alignment of the protein during dehy-
dration, which could influence the CD signal, the linear dichro-
ism spectrum of the sample was collected between each CD
scan. Linear dichroism is the difference in absorbance of light
polarized parallel and perpendicular to the alignment axis.
Thus, the greater the alignment of the sample, the greater the
linear dichroism signal. The small magnitude of the linear
dichroism signal (AAbs in the range of 10~ *) spectra point
toward a limited alignment of the dehydrated sample, and the
effect on the CD signal is therefore unlikely to be significant.
Similar results were obtained by FTIR spectroscopy of dry
LjIDP1 (Fig. 7). Interestingly, the demonstrated propensity of
LjIDP1 to adopt a-helical structure is supported by a good cor-
relation between in silico secondary structure predictions and
the experimentally determined secondary structure content.
Using two different predictors of secondary structure content,

PSIpred and Predictprotein, it is

Lysozyme estimated that LjIDP1 contains
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between 30 and 40% o-helix and
between 4 and 15% 3-sheet, which is
in the same range as the experimen-
tally derived values in the presence
of CTAB and TFE (28, 29). Obvi-
ously, CTAB and TFE are not phys-
iological compounds, but they may
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FIGURE 6. Protease sensitivity assay. LjIDP1, a-synuclein, and lysozyme were incubated with decreasing
concentrations of trypsin for 1 h at 37 °Cand analyzed by SDS-PAGE on a 10-20% polyacrylamide gradient gel.

The numbers on the gels represent the relative fraction of trypsin (w/w).

NOVEMBER 7, 2008 +VOLUME 283 +NUMBER 45

mimic the structural changes
induced by binding to naturally
occurring ligands. The credibility of
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this approach is supported by a recent study of 24 IDPs charac-
terized by undergoing a disorder-to-order transition upon
functioning, in which the authors found a good correlation
between the in silico predicted secondary structure content and
the structure of the ordered state (30).

The demonstrated ability of LjIDP1 to readily undergo large
structural rearrangements in part reflects the highly malleable
nature of IDPs. However, the high propensity to adopt a-helix
under various conditions suggests that this is an inherent and
functionally relevant conformation of LjIDP1.

LjIDP1 Has an Unusual Amino Acid Profile—IDPs, com-
pared with globular proteins, have distinct sequence profiles as
evidenced by the existence of several programs that can suc-
cessfully predict intrinsic disorder based on amino acid
sequence. Having revealed a high «-helical propensity of
LjIDP1, we analyzed whether this is reflected in a higher fre-
quency of “order-promoting residues” in a data set called
28IDP1 containing LjIDP1 and 27 homologous proteins
(BLAST search against uniref100 with a 1072 cut-off) com-
pared with an unbiased data set of IDPs called “Disprot 3.4,”
containing 460 verified IDP entries and 1103 verified disor-
dered regions from the Disprot data base (31). Order-promot-
ing residues are here defined as residues overrepresented in
IDPs, whereas residues underrepresented in IDPs are defined as
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FIGURE 7. FTIR spectrum of dehydrated LjIDP1. Curve fitting with five
Lorentzian peaks produced an excellent fit. Curve 3 (1657 cm ™~ ') was assigned
to a-helix, curve 2 (1634 cm ') to B-sheet, and curve 4 (1681 cm ™ ') to turns.
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“disorder-promoting residues.” An initial comparison of the
amino acid composition of Disprot 3.4 with a data set,
“Swissprot 51,” which has an amino acid distribution resem-
bling that found in nature, was used to classify residues as either
disorder- or order-promoting (Fig. 8B, first panel). The analysis
was done using the World Wide Web-based tool “Composition
Profiler,” which provides the Disprot 3.4 and Swissprot 51 data
sets (32). This analysis revealed that disorder-promoting resi-
dues are mainly hydrophilic, whereas order-promoting resi-
dues are mainly hydrophobic. We then compared the sequence
profile of 28IDP1 with Disprot 3.4 and discovered that all but
four amino acids had significantly different representations in
the two data sets. Out of the eight amino acids significantly
depleted in 28IDP1, five (Gln, Glu, Pro, Asp, and Lys) are dis-
order-promoting (of which Lys, Gln, Glu, and Pro are the top
disorder-promoting residues), two (Cys and His) are order-pro-
moting, and one (Thr) is neutral. Among amino acids significantly
enriched in 28IDP1, only one (Ser) is disorder-promoting, five
(Val, Tyr, Met, Trp, and Arg) are classified as order-promoting,
and one (Ala) is neutral. Furthermore, 28IDP1 is depleted in pro-
line residues compared with Disprot 3.4. It is worth noting that the
only three proline residues found in ZjIDP1 are located in a short
conserved proline-rich domain **WVPDPVTGYYRP’® that also
contains three residues (Thr, Tyr, and Tyr) capable of being phos-
phorylated. Proline is often found in regions engaging in transient
protein-protein interactions, regulated by phosphorylation, and is
known to prevent protein aggregation (33, 34).

As mentioned, IDPs have distinct sequence profiles and are
generally characterized by a high net charge and a high hydro-
philicity compared with globular proteins (35, 36). We elabo-
rated our sequence characterization by evaluating these aspects
of the individual members of 28IDP1. For this purpose, the
mean average hydrophobicity (R) was plotted against the mean
net charge (H) for all 28 protein sequences in 28IDP1. Fig. 84
shows that members of 28IDP1 have very similar hydrophobic-
ity and mean net charge, indicating that these parameters are
structurally and/or functionally important. Interestingly, all
members of 28IDP1 are found below the boundary line sepa-
rating IDPs (above the boundary) from small globular proteins
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FIGURE 8. Composition profiling of LjIDP1 and homologous proteins (28IDP1). A, plot of mean hydrophobicity (H) against mean net charge (R) of 281DP1
(LjIDP1 (gray circle) and 27 homologous proteins). This group has very similar R and H values, and interestingly, all are located below the boundary line
separating small globular proteins (below the line) from IDPs (above the line). The boundary line satisfies the equation, H = (R + 1.157)/2.785. B, amino acid
composition profiles of Disprot 3.4 versus Swissprot (first table) and 28IDP1 versus Disprot 3.4 (second table). Residues overrepresented in Disprot 3.4 compared
with Swissprot 51 are defined as disorder-promoting, and residues underrepresented are defined as order-promoting. It is evident that disorder-promoting
residues are mainly hydrophilic, whereas order-promoting residues are mainly hydrophobic. The subsequent profiling of 28IDP1 versus Disprot 3.4 reveals that
all except five residues occur with significantly different frequencies in these data sets and that 28IDP1 has less disorder-promoting and more order-promoting

residues than DisProt 3.4.
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(below the boundary) as determined by Uversky et al. (36) (Fig.
8A). This result is consistent with predictions from two differ-
ent predictors of protein disorder, Foldindex and PONDR,
which predict LjIDP1 to be ~60% ordered and ~40% disor-
dered, respectively (37—39). Proteins with R/H values below the
boundary line can be either well ordered rigid structures or
molten globules with substantial secondary structure and lim-
ited tertiary structure. Cumulative distribution function analy-
sis of PONDR VL-XT scores in combination with R/H analysis
has previously been used to distinguish these alternatives (40,
41). As seen in Fig. 9, the cumulative distribution function curve
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FIGURE 9. The cumulative distribution function curve of LjIDP1 PONDR

VL-XT scores superimposes on the boundary line separating ordered
proteins (above) from disordered proteins (below).

of LjIDP1 nearly superimposes on the boundary line separating
ordered proteins (above) from disordered proteins (below),
indicating that LjIDP1 is well ordered and flexible without fall-
ing into either of the archetypical classes.

In conclusion, the amino acid profiling shows that members
of 28IDP1 have an unusual amino acid composition compared
with the average of IDPs with more order-promoting residues
and less disorder-promoting residues. Furthermore, all mem-
bers of 28IDP1 cluster in a small region of the R/H space that
overlaps not with IDPs but with small globular proteins. The
high frequency of order-promoting residues in 28IDP1 is con-
sistent with its experimentally determined inherent propensity
to adopt a largely a-helical conformation.

LjIDP1 Protects Enzymes from Desiccation-induced
Inactivation—Structural disorder has been related to chaper-
one function and cellular protection against damage induced by
various stresses, including heat, freezing, dehydration, salt, and
osmotic and oxidative stress. When intrinsically disordered
regions engage in interaction with ligands/partners, there is a
large entropic cost, which lowers the binding affinity and makes
IDPs suitable for transient interactions. Two elegant models
have been proposed to explain the chaperone action of IDDPs,
whose salient feature is multiple rounds of transient interac-
tions between the misfolded region and the IDP (42, 43). A
common consequence of the above-mentioned stressors is pro-
tein misfolding leading to inactivation and aggregation.

For this reason, we tested the abil-
ity of LjIDP1 to prevent the loss of
enzymatic activity of two well estab-
lished test enzymes, LDH and CS,
subjected to freezing and dehydra-
tion stress, which is known to
induce the formation of insoluble
protein aggregates. When CS alone
was subjected to repeated cycles of
dehydration and rehydration, it
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formed insoluble aggregates accom-
panied by the loss of enzyme activity
(Fig. 10A). After one round, less
than a third of the original activity
remained, and after three rounds,
virtually no activity could be meas-
ured. As controls, the effect of well
known cryoprotective agents and
widely used additives bovine serum
albumin (BSA) and trehalose was
measured (44-46). Interestingly,
the addition of 200 ug/ml LjIDP1
effectively prevented dehydration-
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FIGURE 10.LjIDP1 prevents dehydration- and freezing-induced enzyme inactivation. A, residual activity of
CS (250 ng/ml) before and after repeated cycles of dehydration/rehydration either alone of in the presence of
stabilizing agents. C, similar experiment with LDH (100 ng/ml). LjIDP1 effectively prevents inactivation of CS
and LDH even after four cycles of dehydration/rehydration. B, residual activity of CS (250 ug/ml) before and
after repeated cycles of freezing/thawing, either alone or in the presence of stabilizing agents. D, similar
experiment with LDH 100 pg/ml. CS alone is only slightly affected by freezing, and after eight cycles of freez-
ing/thawing, it retains ~60% activity. In contrast, LDH alone quickly loses activity upon freezing, but adding
LjIDP1 effectively prevents this. Numbers on the x axis refer to the number of cycles. The activity at the start
(cycle 0) of the experiments is set to 100%. Error bars, 95% confidence intervals.
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induced inactivation of CS, and
even after four cycles of dehydra-
tion/rehydration, the activity was
retained. In contrast, at the same
concentration, BSA had only a lim-
ited ability to protect CS activity.
Protein concentrations were meas-
ured before and after the experi-
ment, and as expected, in samples
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devoid of activity, the protein concentration was very low,
whereas in samples with full activity, the initial concentra-
tion was retained, confirming that LjIDP1 prevented CS
inactivation by preventing the formation of dehydration-in-
duced insoluble protein aggregates (not shown).

In order to investigate if the ability of LjIDP1 to prevent dehy-
dration-induced aggregation is a general feature, the same
experiment was performed with LDH. As seen in Fig. 10C, LDH
activity decreased upon dehydration although less pro-
nouncedly than CS. This inactivation was almost completely
abolished by the addition of 200 wg/ml LjIDP1, which was sim-
ilar to the effect of adding high concentrations (0.2 M) of
trehalose.

LjIDP1 Protects Enzymes against Freeze-induced Inactivation—
Freezing is another type of stress that can induce protein mis-
folding and aggregation (46). In order to further characterize
the ability of LjIDP1 to prevent stress induced inactivation, we
tested the effect of LjIDP1 in preventing inactivation of LDH
and CS undergoing repeated cycles of freezing and thawing. Fig.
10D shows that LDH alone quickly loses activity upon freezing,
having only ~10% residual activity after four freeze/thaw
cycles. However, the addition of 200 ug/ml LjIDP1 efficiently
prevents inactivation better than BSA.

The effect of freezing on the activity of CS is limited, and after
eight freeze/thaw cycles, the activity is nearly 60% (Fig. 10B).
The addition of LjIDP1 at a low concentration (40 ng/ml) offers
protection against inactivation to an extent similar to BSA and
slightly less than trehalose at high concentration.

DISCUSSION

The structural investigations presented here show that
LjIDP1 is largely disordered and lacks any cooperatively folded
regions, thereby placing LjIDP1 in the subgroup of IDPs that
are disordered along the entire polypeptide chain. This is in
agreement with LjIDP1 existing as an ensemble of ill defined,
largely unordered conformers with limited fluctuating
B-strand, turn/loop, and polyproline II structure.

It is noteworthy that in silico structure predictions of LjIDP1
are consistent with the experimentally determined structure of
LjIDP1 in the induced folded state rather than the native
unfolded state. A similar correlation between the in silico pre-
dictions and structure of the folded ligand-bound state opposed
to the native disordered state was found for 24 IDPs (30). Fur-
thermore, Prilusky et al. (37) compared the efficacy of four pre-
dictors and found Foldindex and PONDR to have a prediction
efficiency of 77 and 72%, respectively, for IDPs and 88 and 93%,
respectively, for folded proteins. The different efficiency in pre-
dicting IDPs and folded proteins is in part a consequence of
these algorithms being optimized to minimize the rate of false
prediction of disordered residues (48). The conservative esti-
mates of disorder content by Foldindex and PONDR in combi-
nation with our results, which show that LjIDP1 is enriched in
order-promoting and depleted in disorder-promoting residues
compared with the average of IDPs, provide a possible explana-
tion to the inaccurate prediction of the folding status of LjIDP1.
Together, these studies uncover a need for modifications of the
bioinformatics tools designed for predicting intrinsic structural
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disorder, possibly through a careful selection of the protein
sequences used to train algorithms like PONDR VL-XT.

It is interesting to speculate about the role of the high
a-helical propensity of LjIDP1. One possibility is that it may
be mechanistically important, since it is well known that
many IDPs undergo a disorder-to-order transition upon
ligand binding.

Alternatively, being intrinsically disordered, LjIDP1 is pre-
disposed to aggregate, and it is possible that the high a-helical
propensity of LjIDP1 evolved to prevent aggregation, which is
consistent with Chiti ez al. (49) demonstrating an inverse cor-
relation between a-helix propensity and aggregation propen-
sity. Similarly, it is worth noting that other natively disordered
LEA proteins with chaperone-like activities also display high
a-helical propensities (50 —54).

We have demonstrated that LjIDP1 effectively protects two
model enzymes against stress-induced inactivation and aggre-
gation. Similar chaperone-like activities have been reported for
other IDPs a-synuclein, Tau, a- and 3-casein, minichaperones
(catalytically active fragments of larger chaperones), and a
number of LEA proteins from different protein families (51,
55-60). Tompa and Csermely (42) presented an elegant mech-
anistic model, “the entropy transfer model,” which intimately
relates intrinsic disorder to protein and RNA chaperone activ-
ities. This model includes several mechanistic elements that
may apply to the protein-stabilizing effect of ZjIDP1 and possi-
bly other LEA proteins. One of the suggested mechanisms and
the hallmark of this model is that transient interactions
between the misfolded region and the IDP result in unfolding of
the misfolded region, allowing it to retain the native conforma-
tion. The unfolding reaction is driven by an entropy transfer
event, in which the loss of conformational entropy in the IDP
upon interaction with the substrate can pay the thermody-
namic cost of breaking the nonnative contacts in the misfolded
region.

Alternatively, Lj/IDP1 might stabilize proteins by a mecha-
nism involving transient hydrophobic interactions, a mecha-
nism that was recently suggested to explain the effect of “small
cageless chaperones” exemplified by a-casein and mini-GroEL,
by two different groups using molecular dynamics simulations
(43, 61). The “small cageless chaperones” were found to
increase the folding yields of a model substrate through a com-
bination of shielding misfolded aggregation prone surfaces and
an increased refolding rate. Interestingly both the molecular
dynamics studies and the “entropy transfer model” support a
model for LjIDP1 action, which is dependent on rapid and tran-
sient interactions. A peculiar feature of LjIDP1 is that it con-
tains only three proline residues, which is in contrast to the
observation that IDPs in general are highly enriched in proline
residues. It is noteworthy that these three residues are found in
a conserved 12-amino acid domain. The biophysical properties
of proline make it suitable for transient interactions in protein-
protein interaction interfaces, and it is possible that this
domain is implicated in the transient interactions that are a
hallmark of the mechanistic models presented above (33, 62). It
follows that it would be obvious to investigate the protein-sta-
bilizing effect of a truncated LjIDP1 lacking the conserved
domain and to analyze the protein-stabilizing effect, including

VOLUME 283 -NUMBER 45+NOVEMBER 7, 2008



An Intrinsically Disordered Protein Expressed in Root Nodules

the ability to prevent fibrillation, of this domain alone. Two
short peptides, iAb11 (RDLPFFPVPID) and YiAbll (RDLP-
FYPVPID), have been shown to effectively inhibit A fibrilla-
tion (implicated in Alzheimer disease), and interestingly these
peptides share sequence similarities with the proline-rich
(°**WVPDPVTGYYRP”®) domain of LjIDP1 (63). Potentially, a
small peptide, like the 12-residue conserved domain from
LjIDP1, that effectively prevents fibrillation of, for example,
a-synuclein (implicated in Parkinson and Alzheimer disease)
could be of therapeutic value.

Based on the results presented here, we suggest that LjIDP1
functions as an integral member of the complement of factors
dedicated to maintain cellular integrity. These results focus
attention to the role of intrinsic disorder for the function of
chaperones, and we suggest that “disordered chaperone-like
proteins” exemplified by LjIDP1 could provide several advan-
tages compared with classical chaperones. 1) Disordered chap-
erone-like proteins do not require an energy input in the form
of ATP for functioning. 2) By functioning as molecular shields,
disordered chaperone-like proteins can prevent aggregation of
misfolded proteins. 3) Disordered chaperone-like proteins are
much smaller than classical chaperones, thereby providing an
energetic advantage in terms of cost of synthesis and contrib-
uting less to molecular crowding.

The LjIDP1 protein together with the Lea5 family belongs to
a larger group of stress-related proteins, known as the LEA
proteins, functionally implicated in the acquisition of tolerance
to abiotic stresses (e.g. freezing, desiccation, and oxidative
stress). Little is known about Lea5 members, but their expres-
sion can for the most part be correlated with high levels of ROS.
The most well characterized Lea5 gene is A. thaliana AtLea5,
which is induced by drought, by application of the stress hor-
mone abscisic acid, by oxidative agents, and in senescent leaves
of A. thaliana. This gene was recently identified in a screen for
genes involved in oxidative stress tolerance and has been sug-
gested to play a role in the controlled degradation of the pho-
tosynthetic apparatus in the dark and under stress conditions
(64—-66). Another study showed that transgenic Nicotiana
tabacum overexpressing a Lea5 member from the shrub Tama-
rix androssowii had increased tolerance against desiccation and
clear indications of reduced oxidative stress (67). Interestingly,
two Lea5 members from poplar were recently shown to be up-
regulated in rust (fungus)-infected leaves, which are known to
elicit the ROS-associated hypersensitive plant defense response
(68). Other Lea5 genes can be implicated with water (69) or
water, salt, and heat stress (70), which are stressors usually
accompanied by oxidative stress.

With this in mind, one may speculate whether LjIDP1 func-
tions as a chaperone in protecting against ROS-induced protein
destabilization. Moreover, we have compared the oxidant rad-
ical absorbance capacity of ZjIDP1 with BSA and found LjIDP1
to perform ~40% better than BSA (not shown). This suggests
that LjIDP1, in addition to the putative function as a protein
chaperone, may function as an antioxidant in vivo. Interest-
ingly, the phenomenon of multiple functions of one protein,
also known as “moonlighting,” is predicted to be a feature of
IDPs (71).
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The expression analysis of Ljldp1 presented here shows that
Ljldpl mRNA levels are high in the root tip proximal zone,
inoculated roots, and mature nodules. The root tip proximal
zone encompasses tissues undergoing large physiological
changes involving differentiation and elongation of root cells
and root hairs, which can be expected to be accompanied by a
high respiration rate and concomitant high ROS production.
Consistently, Ramu et al. (72) found constitutive high superox-
ide levels in the root tip proximal zone and an increased zone of
superoxide production upon inoculation with Rhizobium.

Interestingly, a recent study showed that a Medicago trunca-
tula homolog of Ljldpl is highly expressed during nodule
senescence along with catalase (antioxidant) and two proteases.
Nodule senescence leading to death of both nodule cells and
bacteroids is characterized by a general degradation of cellular
constituents and probably involves ROS generation (47, 73).

Hence, the expression pattern of Ljldpl presented here
could correlate well with high ROS levels, produced either as
a consequence of high respiration rates in the root tip prox-
imal zone and nodules and possibly as part of the nodule
autoregulation mechanism and nodule senescence. How-
ever, it is worth noting that Ljldpl mRNA was found in all
tissue types tested, albeit at different levels, indicating that
the function is not nodulation-specific.
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