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The plant growth-repressing DELLA proteins (DELLAs) are
known to represent a convergence point in integration of
multiple developmental and environmental signals in planta,
one of which is hormone gibberellic acid (GA). Binding of the
liganded GA receptor (GID1/GA) to the N-terminal domain of
DELLAs is required for GA-induced degradation of DELLAs
via the ubiquitin-proteasome pathway, thus derepressing plant
growth. However, the conformational changes of DELLAs upon
binding to GID1/GA, which are the key to understanding the
precise mechanism of GID1/GA-mediated degradation of
DELLAs, remain unclear. Using biophysical, biochemical, and
bioinformatics approaches, we demonstrated for the first time
that the unbound N-terminal domains of DELLAs are intrinsi-
cally unstructured proteins under physiological conditions.
Within the intrinsically disordered N-terminal domain of DELLAs,
we have identified several molecular recognition features,
sequences known to undergo disorder-to-order transitions
upon binding to interacting proteins in intrinsically unstruc-
tured proteins. In accordance with the molecular recognition
feature analyses, we have observed the binding-induced folding
of N-terminal domains of DELLAs upon interaction with
AtGID1/GA. Our results also indicate that DELLA proteins can
be divided into two subgroups in terms of their molecular com-
pactness and their interactions with monoclonal antibodies.

DELLA proteins (DELLAs),? named after a highly conserved
DELLA amino acid motifin their N-terminal domains, function
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as negative regulators to repress gibberellin (GA)-responsive
plant growth and are the key regulatory targets in the GA sig-
naling pathway (1). The Arabidopsis thaliana genome encodes
five DELLAs: AtGAIL AtRGA, AtRGL1, AtRGL2, and AtRGL3.
Monocot plants, such as rice, wheat, and barley, have each a
single DELLA protein, SLR1, RHT1, and SLN1, respectively.
The functions of DELLAs in repressing GA responses are highly
conserved between dicots and monocots (2). DELLAs have a
unique N-terminal domain that is the receiver of GA signal and
contains conserved DELLA and VHYNP motifs. DELLAs also
have a highly conserved C-terminal domain that includes sev-
eral conserved motifs. The features of these motifs as well as
genetic evidence have led to the proposal that DELLAs are
putative transcriptional repressors regulating GA responses
(1-3). DELLAs have been demonstrated recently to act as co-
repressors or co-activators by interacting with other transcrip-
tion factors to regulate GA-responsive gene expression (4, 5).
Other important components of the GA signaling pathway
are the rice GA receptor GID1 (6) and its three homologous
genes in A. thaliana (AtGIDl1a, AtGIDI1b, and AtGIDIc) (7).
Crystal structure has revealed that the bioactive GA;- or GA,-
bound AtGID1a provides a binding interface required for spe-
cific interactions with the DELLA and VHYNP motifs in the
N-terminal domain of AtGAI (8). The GA signal modulates
plant growth by causing degradation or deactivation of
DELLAs, thereby derepressing GA-regulated genes (9). An
F-box protein, referred to as GID2 (GA INSENSITIVE?2) in rice
and SLY1 (SLEEPY1) in A. thaliana, binds to the C-terminal
domain of DELLAs once they have perceived the GA signal.
This GA-dependent interaction confers specificity of the
SCFS!P2/SLY1 (Skp1/cullin/F-box) E3 ubiquitin ligase complex
toward DELLAs, which promotes the addition of a polyubiq-
uitin chain, thereby targeting DELLAs for their subsequent
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degradation by the 26 S proteasome complex in response to
GAs (10). It was shown that the interaction between the C-ter-
minal domain of AtRGA and SLY1 is enhanced by AtGID1/
GA; binding to the N-terminal domain of AtRGA. Hence, a
hypothesized conformational change within the DELLA pro-
tein may occur during protein interactions (11).

DELLAs are not only the repressors of plant growth in
response to GAs but also serve as integrators of signals from
other growth-regulatory inputs. Multiple phytohormone and
environmental signals regulate plant processes by affecting
the GA-dependent degradation of DELLAs (12, 13). Global
microarray analysis has shown that DELLAs control the
expression of many genes during seed germination and floral
development, including genes involved in stress and disease
responses (14, 15).

In recent years, intrinsically unstructured proteins (IUPs)
have been found to carry out a variety of important biological
functions under physiological conditions, such as signaling and
molecular recognition (16, 17, 63). Bioinformatics studies have
predicted that about 23% of 28,564 sequences from the A. thali-
ana genome are mostly disordered, and more than 50% of
eukaryotic proteins and 70% of signaling proteins contain long
disordered regions (18-20). Most well studied IUPs are
involved in molecular recognition during signaling events.
Molecular recognition features (MoRFs) are short fragments
within IUPs, which are responsible for molecular recognition.
MoRFs undergo disorder-to-order transitions upon binding to
their interacting partners (21-25). Although the crystal struc-
ture of the AtGIDla-AtGAIn complex has shown that the
DELLA and VHYNP motifs are ordered in the bound form (8),
no data are available for the DELLAs in the unbound (free)
form. Thus, there remains a gap in understanding the putative
conformational changes that occur during DELLA-GID1
interactions.

Using biophysical, biochemical, and bioinformatic analyses,
we have observed, from experiments on DELLAs in both
unbound and bound form, that unbound N-domains of
DELLAs are IUPs under physiological conditions and that the
conserved DELLA and VHYNP motifs in the N-domains of
DELLAs act as MoRFs in seeding the DELLA-AtGID1 interac-
tions. Our work provides the key insight into the structure of
unbound N-domains of DELLAs and the mechanism by which
DELLAs bind to liganded GA receptors.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Recombinant N-do-
mains of DELLA Proteins, AtGIDl1a, and AtGID1a-AtRGL2n
Complex—The N-domains of DELLA proteins were prepared
as described previously (26). Recombinant AtGID1la with a
C-terminal His tag was prepared using the same protocol. To
make a AtGIDla-AtRGL2n complex, the purified maltose-
binding protein-fused AtGIDla was incubated with equal
molar AtRGL2n in Tris buffer containing 0.1 mm GA; for 8 h at
4. °C before adding recombinant tobacco etch virus protease
(1:100 w/w). The mixture was shaken overnight to cleave mal-
tose-binding protein fusion tag and centrifuged for 15 min at
30,000 X g to remove aggregated uncomplexed AtGID1a. The
supernatant was subjected to maltose-binding protein affinity
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(MBPTrap HP, GE Healthcare), His tag (HiTrap Chelating HP,
GE Healthcare), anion exchange (HiTrap DEAE FF, GE Health-
care) and gel filtration (Superdex75 16/60, Amersham Bio-
sciences) chromatography. The Tris buffer used for various
separations contained 0.1 mm GA;. The purified proteins were
analyzed on both 10% native and 12.5% SDS-polyacrylamide
gels that were stained with Coomassie Brilliant Blue R to mon-
itor protein bands. LAS MC3000 (Fuji) was used to digitize
images of protein gels.

Plant Extracts from A.thaliana gal-3 and Quadruple-
DELLA Mutants—The inflorescence tissues of A. thaliana
gal-3 mutant (GA-deficient with increased DELLA accumula-
tion) (27) and A. thaliana quadruple-DELLA mutant (QUAD)
(lacking GAI, RGA, RGL1, and RGL2) (28) were extracted in
buffer (1 g of tissue/3 ml; 50 mm phosphate, pH 7.5, containing
400 mMm sodium chloride, 50 um GA;, 1 mm EDTA, 20 uM pro-
teasome inhibitor MG132, and Roche Complete protease
inhibitors). Extracts were centrifuged for 30 min at 40,000 X g
to sediment the particulate material, and the supernatant was
stored on ice.

Production and Specificities of Monoclonal Antibodies—Re-
combinant N-domains of DELLAs (26) were used to immunize
BALB/c PN mice. Splenocytes from immunized mice were
hybridized to myeloma cell line NS1 using electroporation and
cloned by limiting dilution to monoclonality. Monoclonal anti-
bodies (mAbs) were prepared as ascitic tumors and purified by
ammonium sulfate fractionation, followed by immunoaffinity
chromatography on Protein A-Sepharose (Repligen Corp.).
mAb BC9 reacted with all DELLA proteins, whereas mAb AD7
reacted with AtRGL1n, AtRGL2n, and AtRGL3n but not with
AtRGAn and AtGAIn and the DELLAs from monocots, such as
SLR1n. mAbs ABS8, BB7, and AF2 react specifically with
AtRGL1n, AtRGL2n, and AtGAln, respectively, and none of
these bind in the vicinity of either the DELLA motif or VHYNP
motif. Therefore, mAbs AB8, BB7, and AF2 were used as cap-
ture antibodies, and biotin-labeled mAbs BC9 and AD7 were
used as detection antibodies in double antibody sandwich
immunoassays.

Western Blotting of A.thaliana gal-3 Mutant Proteins,
AtRGL2n, AtGID1a-AtRGL2n complex, and AtGAIn—Plant
extracts (20 ul/lane), recombinant AtRGL2n, and AtGAIn (10
ng) were separated on a 7.5% native polyacrylamide gel, and
AtGIDla-AtRGL2n complex (~12 ng) was separated on both
10% native and 12.5% SDS-polyacrylamide gels. The protein
gels were then transferred to polyvinylidene difluoride mem-
brane (Pall) overnight. The membrane was blocked with 0.5%
I-block (PerkinElmer Life Sciences) in phosphate-buffered
saline, pH 7.5, containing 0.1% Tween 20 (Sigma). Western
blotting of the native form of recombinant AtGAIn, AtRGL2n,
and DELLA proteins in the A. thaliana gal-3 mutants was
developed by incubation (2 h) with mAb AF2, BB7, AD7, and
BC9. Both the native and SDS-denatured forms of the
AtGID1a-AtRGL2n complex were developed by incubation (2
h) with mAb BB7 and rabbit polyclonal anti-AtGID1 antibody.
The DELLA proteins and AtGID1a-AtRGL2n complex were
detected by further incubation (1 h) with peroxidase-conju-
gated anti-mouse IgG Fc-specific antibody (Sigma; 1:50,000
dilution) for mAbs or peroxidase-conjugated goat anti-rabbit
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IgG (Sigma; 1:50,000 dilution) for the polyclonal antibody. Pro-
teins were visualized using chemiluminescence reagent ECL
Advance (GE Healthcare) and imaged using a LAS MC3000
imager (Fuji). Protein concentration was determined using the
Qubit fluorometer as per the instrument manual (Invitrogen).

Epitope Mapping of mAb BC9 and AD7—Epitope mapping
for mAb BC9 and AD7 was carried out in an ELISA format.
Biotinylated peptides covering part of the DELLA motif
(DELLAVLGYKVR-biotinylated K) and the VHYNP motif
(SVHYNPSDLSNWVESMLSE-biotinylated K) were synthe-
sized with replacement of each of the amino acids of the
sequence with a single alanine (Mimotopes). Each biotinylated
peptide was incubated (1 h) with streptavidin (10 ul/ml)-coated
96-microwell plates. mAb BC9 and AD7 (10 ug/ml phosphate-
buffered saline containing 0.1% Tween 20 (PBST) plus 2%
bovine serum albumin; 100 ul/well) were incubated (2 h) at
room temperature. Antibody binding was detected using per-
oxidase goat anti-mouse IgG (Sigma) and o-phenylene diamine
substrate (see below). Amino acids that formed part of the
epitope for BC9 and AD7 were identified by observing no reac-
tion or reduced reaction with the alanine-substituted peptides.

ELISAs of QUAD Extract and the N-domain of DELLA
Proteins—All ELISA assays were carried out at 37 °C. The
immunoassay plates were washed six times with wash buffer
(PBST, 50 um GA,;, 20 pum proteasome inhibitor MG132
(Sigma), and Roche Complete protease inhibitors) between the
additions of reagents. Reagent buffer was 2% bovine serum
albumin in wash buffer. The peroxidase substrate used was
phosphate citrate buffer, pH 5.0, containing o-phenylene di-
amine (40 mg) and 30% hydrogen peroxide (40 ul) per 100 ml.
Peroxidase activity was stopped by the addition of 50 ul of 4 m
sulfuric acid. Wells of 96-well immunoplates (Nunc; Maxisorb)
were incubated (3 h) with AtRGLI1n-specific mAb ABS,
AtRGL2n-specific mAb BB7, and AtGAIn-specific mAb AF2
(30 wg/ml in phosphate-buffered saline; 100 ul/well) and were
further blocked by incubation with 2% bovine serum albumin
(Sigma) in phosphate-buffered saline. Serial dilutions of the
recombinant N-domain of DELLAs in either extraction buffer
or QUAD extracts (containing AtGID1 receptors) were incu-
bated (1 h) on ice before addition to the wells. The recombinant
N-domains of DELLAs, captured by their specific mAbs, were
further developed by the addition of either biotinylated mAb
BC9 or AD7 and detected by the addition of peroxidase-labeled
streptavidin (Amersham Biosciences) and the addition of the
substrate. A rabbit polyclonal anti-AtGID1 antibody (1:5000
dilution) was used to verify that the AtGID1 receptors com-
plexed with recombinant N-domains of DELLAs had been cap-
tured by their specific mAbs. The rabbit anti-AtGID1 antibody
was detected by incubation with peroxidase-labeled goat anti-
rabbit antibody (Sigma) followed by the addition of peroxidase
substrate. Absorbance was measured at 492 nm using a Dynal
5000 microplate absorption reader.

Hydrodynamic Analyses of N-domains of DELLA Proteins
and AtGID1a-AtRGL2n Complex—Six natively folded globular
proteins (IgG; (158 kDa), bovine serum albumin (67 kDa),
ovalbumin (43 kDa), carbonic anhydrase (30 kDa), myoglobin
(17 kDa), and cytochrome ¢ (12.3 kDa)) were used as standards
to calibrate the Superdex 75-16/60 column. Both calibration
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and elution of DELLAs and the AtGID1a-AtRGL2n complex
were run under the same flow rate (0.2 ml/min) and column
buffer (50 mm Na,HPO4/NaH,PO,, pH 7.4, 0.5 mm EDTA,
containing 0.1 mMm GA; in the case of the AtGID1a-AtRGL2n
complex). Theoretical Stokes radii for natively folded standard
proteins (RJSF) were calculated from the equation (62),
log(RNF) = 0.369 log(M, ™) — 0.254, where M,™° repre-
sents theoretical molecular weight). The experimentally deter-
mined migration rate (1000/V,,,,) of each standard protein
was plotted against theoretical Stokes radius and theoretical
molecular weight. These plots were used to determine the
experimental Stokes radius (R) and apparent molecular
weight (M, *PP) of DELLAs and the complex. The theoretical
Stokes radii of DELLAs and the complex in various folding
states were derived from their theoretical molecular weight
using the appropriate equations (24).

Far-UV CD Spectroscopy—The CD spectra were obtained
using a J-720 spectrometer (Jasco). The spectra of the protein
samples were measured in a 0.5-mm cell. The samples in buffer
(50 mm Na,HPO4/NaH,PO,, pH 7.4, 0.5 mm EDTA) were
scanned with 1 nm bandwidth, and the average of 25 scans was
recorded. The resultant machine unit 0 values (#:°) were con-
verted to the mean residue ellipticity [6] using the formula,
[0] = 0.1 X 6 X MRW/P X C, where 0 is the machine-assigned
m®, MRW is the mean residue weight (protein molecular
weight/number of residues), P is path length of the cell, and Cis
the protein concentration (mg/ml). 2,2,2-Trifluoroethanol
(TFE; >99.5% NMR grade; Sigma) was used to measure the CD
spectra of TFE-induced folding. TFE was added to protein sam-
ples to give a final concentration of 10-50% (v/v). CD spectra
were recorded over the temperature range 20-80 °C. The
a-helical content was estimated using the equation (29),
percentage of a-helix = (—[6],,, .., T 3000)/39,000, where
[0]555 nm is the mean residue ellipticity at 222 nm.

NMR Spectroscopy—260-ul samples of 0.2 mm AtRGL2n and
0.5 mM AtRGAn in buffer (50 mm sodium phosphate, pH 6.6,
0.5 mM EDTA, and 5% D,0O) were used for the NMR data col-
lection. Protein samples were placed into the susceptibility-
matched Shigemi NMR tubes (5 mm; Shigemi Inc. (Allison
Park, PA)). Both samples were labeled with *C and '°N. A '°N
HSQC and a 'H-"2C plane of a CBCA(CO)NH experiment were
recorded at 298 K for both proteins on a Bruker Avance 700-
MHz spectrometer (Fillanden, Switzerland) equipped with a
cryoprobe. For AtRGAn **N HSQC, 1024 complex points with
a sweep width of 11.3 kHz and 200 complex points with a sweep
width of 2.8 kHz were recorded in F2 and F1, respectively. For
AtRGL2n, the corresponding parameters were 1024 complex
points and a sweep width of 11.3 kHz in F1 and 128 complex
points and a sweep width of 2.3 kHz in F2. Broadband '°N
decoupling was applied during acquisition. The "H-'3C plane of
a CBCA(CO)NH experiment was acquired for each sample
using 1024 complex points with a sweep width of 8.1 kHz in F2
and 64 complex points with a sweep width of 10.2 kHz in F1.
Broadband '*C decoupling was applied during acquisition.
Spectra were processed with standard parameters using the
Topspin software package (Bruker BioSpin). All chemical shifts
were referenced to the residual water peak at 4.765 ppm.
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Primary Sequence Analysis and Disorder Prediction—
DELLA protein sequences were aligned using ClustalW2 with
default parameter settings. In addition, manual alignment was
applied to the N terminus and poly(S/T) regions. Amino acid
compositional analysis was carried out by comparing the aver-
age amino acid frequencies between N-domains of DELLAs,
the DisPro data base, and an ordered protein data base. The
mean net charge (R) of each DELLA protein was calculated as
the absolute value of the difference between the numbers of
positively charged and negatively charged amino acid residues
divided by the total number of amino acids. The hydrophobicity
of each amino acid residue was computed by the Kyte and
Doolittle approximation using tools from the EXPASY server,
with a window size of 5 and normalization on a scale from 0 to
1. The mean hydrophobicity (H) is defined as the sum of the
normalized hydrophobicities of all residues divided by the total
number of residues minus 4. The order/disorder of DELLAs
was predicted by the program PONDR (predictor of natural
disordered regions) VL-XT (available on the World Wide
Web). Access to PONDR® was provided by Molecular Kinetics
(Indianapolis, IN). A PONDR-based cumulative distribution
function (CDF) curve was plotted from the PONDR scores (20),
and the CDF charge-hydrophobicity (CH) plot was presented
as the distance of a DELLA protein from the order/disorder
boundary of CDF plot (x coordinate; negative for disorder) and
CH plot (y coordinate; positive for disorder). An a-helix-form-
ing molecular recognition feature predictor (a-MoRFs-II)
based on PONDR prediction and a large positive data set (30,
31) was used to identify potential a-MoRFs. The non-regular
secondary structure was predicted using the ROSTLAB
server (NORSp) at Columbia University (available on the
World Wide Web) with window size of 60 and structure
content cut-off of 25%. Secondary structure and solvent
accessibility were predicted using the Jpred method (32)
(available on the World Wide Web).

RESULTS

The N-terminal Domains of DELLA Proteins Are Intrinsically
Unstructured

To gain insight into the biophysical and biochemical proper-
ties of unbound N-domains of DELLAs, we have expressed and
purified the N-domains (n) of all five DELLAs of A. thaliana
(AtRGL1n, AtRGL2n, AtRGL3n, AtGAIn, and AtRGAn), the
N-domain of wheat DELLA protein (RHT1n). The domain
structure and sequence alignment of DELLAs together with the
conserved motifs and other sequence features are shown in Fig.
1. All of recombinant DELLA proteins expressed in E. coli are
soluble, entering a native polyacrylamide gel (Fig. 2A4). mAbs
BC9 and AD7, interacting with the DELLA and VHYNP motifs
(the GID1/GA, binding sites of DELLAs (8)) respectively, and
mAb BB7 have been used for native Western blotting (Fig. 2B).
All three different mAbs recognize both DELLAs extracted
from the gal-3 and recombinant AtRGL2n, but no signal was
detected with QUAD extract (a negative control), indicating
that the conformations of these three epitopes in recombinant
N-domains are similar to those of DELLAs extracted from plant
(see also Fig. 3 and Fig. 8 for further evidence).
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Experimental Evidence

Recombinant N-domains of DELLA Proteins Possess Hydro-
dynamic Dimensions Typical of Intrinsically Unstructured
Proteins—The hydrodynamic properties of the N-domains of
DELLAs were determined by size exclusion chromatography
(Fig. 3A). The resultant apparent molecular weight (M,*PP) and
Stokes radii (R") of N-domains of the analyzed DELLAs are
listed in Table 1. The M PP of each N-domain of DELLAs is
approximately 2—3 times larger than its M, ", indicating that
these proteins are not compatible with a monomeric, globular
protein structure. Rather, such a large value of M *PP can be
attributed to an extended conformation with low compactness
of the polypeptide chain typical of IUPs (24).

By analogy to a denatured globular protein existing in differ-
ent unfolded states, intrinsically disordered proteins can be
divided into three subclasses: molten globule (MG)-like, pre-
molten globule (PMG)-like, or random coil-like, depending
on their hydrodynamic characteristics. Whereas random coils
have extended hydrodynamic dimension and no or little
ordered secondary structure, premolten globules are relatively
more compact (but still less compact than native globules) and
possess some residual ordered secondary structure. Molten
globules possess a high degree of compactness and a very well
developed secondary structure (25). By comparing each exper-
imentally determined Stokes radius (R;") of a particular N-do-
main with various theoretical Stokes radii (R;NF, RME, RSFMS,
RS, and RV in Table 1) of the same protein, all of the
N-domains of the DELLAs analyzed have Stokes radii similar to
the expected values of PMG-like IUPs. In other words, the R;"”
values for all of N-domains are much larger than the R;NF and
RGM€ values but are within 1-4% of the values estimated for
each R;"ME (Table 1). RHT1n, AtGAIn, and AtRGAn exhibit
RP values that are 1-2% smaller than their respective Rg™¢
values, whereas AtRGL1n, AtRGL2n, and AtRGL3n exhibit R°
that are 2—4% larger than their respective R;"™ values, sug-
gesting that the latter have a tendency to be relatively more
flexible with less residual structures. Overall, the very small
deviations from the expected R;"€ values indicate that the
N-domains of DELLAs can be structurally classified as the pre-
molten globule (24).

To investigate the potential disorder-to-order transition of
N-domains of DELLAs upon binding to AtGID1, the hydrody-
namic properties of the AtGIDla-AtRGL2n complex were
determined under conditions identical to those used for cali-
bration of the Superdex 75 column and for unbound N-do-
mains of DELLAs (Fig. 34 and Table 1). The M,*PP of the com-
plex is almost equal to the M, ™, with its R® value
approximating the theoretical RS/"* value, indicating that both
proteins, AtRGL2n and AtGID1a/GA;, in the complex are in
natively folded states.

The AtGID1a-AtRGL2n complex, isolated from the gel fil-
tration, was analyzed using native PAGE and SDS-PAGE. The
complex appeared as a single band under native electrophoresis
conditions (Fig. 3B, lane 1) and split into two bands on SDS-
PAGE (Fig. 3B, lane 4) corresponding in size to recombinant
AtGIDIla (41.3 kDa) and AtRGL2n (18.2 kDa). Western blot-
ting using polyclonal anti-AtGID1 antibody and AtRGL2n-spe-
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SLN1 ATLADLEPFMLQPEGEEDPNEEPEVIAVNSVFEMHRLLAQPGALEKVLGTVRAVRPRIVTVVEQEANHNSGSFLDRFTESLHYYSTMFDSLEGGSSGG-PSEVSSGGAAP 514
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SLR1 GGGGGTDQVMSEVYLGRQICNVVACEGAERTERHETLGOWRNRLGRAGFEPVHLGSNAYRQASTLLALFAGGDGYRVEEKEGCLTLGWHTRPLIATSAWRVAAA--- 625
SLN1 AAAAGTDQVMSEVYLGRQICNVVACEGTERTERHETLGOWRNRLGNAGFETVHLGSNAYKQASTLLALFAGGDGYKVEEKEGCLTLGWHTRPLIATSAWRLAAP--- 618

RHT1 PAAAGTDQVMSEVYLGRQICNVVACEGAERTERHETLGQWRNRLGNAGFETVHLGSNAYKQASTLLALFAGGDGYKVEEKEGCLTLGWHTRPLIATSAWRLAGP--- 623
Motif
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FIGURE 1. Sequence alignment and domain structures of DELLA proteins. The identical and similar amino acids are shaded in light gray. Conserved motifs
are marked in the square under the sequences. Predicted common secondary structures (JP_SS) are presented as a solid line (loop), cylinder (a-helix), and block
arrow (B-strand). The dotted cylinder indicates an extra a-helix predicted for AtGAI, AtRGA, SLR1, SLN1, and RHT1. Solvent accessibility (JP_ACC) of AtRGA is
shown with a Bfor solvent accessibility less than 25% (buried) or a short line for solvent accessibility more than 25% (exposed). Predicted non-regular secondary
structure (NORS) is marked with an N. The amino acids predicted as a-MoRFs are shaded in black. The epitopes of mAbs BC9 and AD7 are marked with asterisks.
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Bind-induced Folding of Natively Disordered DELLA

cific mAb BB7 as probes, confirmed that the complex contains CD Spectra of N-domains of DELLA Proteins—The far-UV
AtGID1a and AtRGL2n (Fig. 3B, lanes 2, 3, 5, and 6). The for-  CD spectra of the N-domains of DELLAs display a large nega-
mation of the AtGIDla-AtRGL2n complex indicates that tive ellipticity at ~200 nm and low ellipticity at 190 nm (Fig.

recombinant AtRGL2n is functional in binding to AtGID1. 4A), characteristic of proteins in a largely disordered confor-
mation (33). The negative ellipticity at 222 nm is typical of
T T e R T B B o PMG-like IUPs, whereas negative ellipticity at 200 nm is

typical of random coil-like IUPs (25) (Fig. 4A, inset table).
Furthermore, the ellipticity at 222 nm shows that AtGAIn,
AtRGAn, and RHT1n may contain slightly more residual
a-helicity than AtRGL1n, AtRGL2n, and AtRGL3n.
Although this difference is marginal, it is consistent with
differences in the Stokes radii derived from the size exclu-
sion chromatography.

TFE-induced Folding of the N-domain of AtRGL2—The sol-
vent TFE mimics the hydrophobic environment experienced by
protein-protein interactions and has therefore been widely
B 2 3 'an'5 67 8, 9 used as a probe for the propensity of IUPs to undergo an

induced folding upon target binding (23). To test the potential

binding-induced folding of N-domains of DELLAs, far-UV CD

spectra of AtRGL2n were recorded in the presence of increas-

' ~ . ing concentrations of TFE (Fig. 4B). AtRGL2n showed an
' increased a-helicity upon the addition of TFE, as indicated by
the characteristic maximum at 192 nm and double minima at

' povy . 208 and 222 nm. Most of the unfolding-to-a-helix transition

takes place in the presence of 30% TFE, at which point the

a-helical content estimated from the ellipticity at 222 nm

reached 51.5%. The transition slows down dramatically after

FIGURE 2. Native PAGE and Western blotting of DELLA proteins. A, 10%  309% TFE (Fig. 4B, inset). The TFE results reveal a potential of
native polyacrylamide gel electrophoresis. Lane 1, AtRGL1n; lane 2, AtRGL2n; AtRGL2 f heli bindi o .
lane 3, AtRGL3n; lane 4, AtRGAN; lane 5, RHT1n; lane 6, AtGAIn. B, native West- t n to form a-helices upon binding to its interacting

ern blotting of proteins extracted from A. thaliana mutants gal-3 and QUAD  partners.

and of recombinant AtRGL2n. Lanes 1, 4, and 7, proteins extracted from - . -
gal-3;lanes 2, 5,and 8, proteins from QUAD extract; lanes 3, 6,and 9, proteins Tempemture Eﬂects on the N-domain 0fAtRGL2 The effect

from QUAD extract spiked with 10 ng of recombinant AtRGL2n. Lanes 1-3  of temperature on CD spectra of AtRGL2n is shown in Fig. 4C.
were developed with mAb AD7 (reactive to the VHYNP motif of AtRGLTn,  \With increasing temperature, the CD spectra showed a modest

AtRGL2n, and AtRGL3n), lanes 4—-6 were developed with mAb BB7 (specific . . R . .
for AtRGL2n only), and lanes 7-9 were developed with mAb BC9 (reactive to but discernible heat-induced folding. The significant spectral

the DELLA motif of all DELLAS). changes occurred during temperature increase in the range
A B

200 4 24 - 20 1 2 3 4 56
. N AtRGL2n e o B
=] = a
E 150 . ™ 5 F) : 100 ;
=150 ¢ . 4 - : bt 75
35 E:i y £ bé“ AtGID1a
5 s § X 508
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FIGURE 3. Hydrodynamic properties of N-domains of DELLA proteins and AtGID1a-AtRGL2n complex. A, size exclusion chromatography. Six natively
folded globular proteins (IgG, (158 kDa) (1), bovine serum albumin (67 kDa) (2), ovalbumin (43 kDa) (3), carbonic anhydrase (30 kDa) (4), myoglobin (17 kDa) (5),
and cytochrome ¢ (12.3 kDa) (6)), corresponding to numbered peaks of the hatched line, were used as standards to calibrate the Superdex 75-16/60 column. The
resultant migration rate (1000/V,,o.) plotted against the Stokes radius (left inset) and molecular weight (right inset) were used to determine the R;° and M,*PP
of DELLAs and the complex. As examples, the peaks of AtRGL2n and AtGID1a-AtRGL2n complex are shown in solid and dotted lines, respectively. B, PAGE and
Western blotting of the AtGID1a-AtRGL2n complex. Lane 1, native polyacrylamide gel stained with Coomassie Blue dye; lane 2, Western blotting of the native
gel developed with rabbit polyclonal anti-AtGID1 antibody; lane 3, as for lane 2 but developed with AtRGL2n-specific mAb BB7; lane 4, SDS-polyacrylamide gel
stained with Coomassie blue dye; lane 5, Western blotting of the SDS gel developed with rabbit polyclonal anti-AtGID1 antibody; lane 6, Western blotting of the
SDS gel developed with AtRGL2n-specific mAb BB7.
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TABLE 1

Bind-induced Folding of Natively Disordered DELLA

Determined apparent molecular weight and Stokes radius of DELLA proteins

Based on Uversky (24, 62), a protein molecule can exist in NF, MG, PMG, native coil, and completely unfolded states and is characterized by the following relationships of
its Ryand M,™: natively folded state (log R;NF = 0.369 X log(M,™*°) — 0.254); molten globule state (log Rs™S = 0.334 X log(M,™"*°) — 0.053); native premolten globule
(log R"™C = 0.403 X log(M, ™) — 0.239); native coil (log R,“°" = 0.493 X log(M,™°) — 0.551); complete unfolded random coil state in urea (log Ry”*** = 0.521 X

log(M,™°) — 0.649). M,*?? and R" are apparent molecular weight and Stokes radius determined using the migration rate values obtained from size exclusion chroma-
tography (Fig. 3A).
Proteins MrTheQ MrApp RSD RSNP RSMG RSPMG RSCOil RSUurea RSD/RSPMG
kDa kDa A A A A A A A

AtRGL2n 18.2 48.4 31.3 20.8 23.5 30.1 35.5 37.2 1.04
AtRGL1n 15.3 39.0 28.9 19.5 22.1 28.0 325 34.0 1.03
AtRGL3n 15.7 38.3 28.7 19.7 223 28.3 329 34.4 1.02
RHT1n 25.0 60.3 337 23.4 26.1 34.2 41.4 43.9 0.98
AtRGAn 22.0 52.1 32.1 22.3 25.0 32,5 38.9 41.1 0.99
AtGAIn 15.8 34.8 27.7 19.7 22.4 284 33.0 34.5 0.98
AtGIDla-AtRGL2n 59.4 58.9 33.4 322 34.8 48.4 63.5 68.9 0.69

20 -40 °C; further heating up to 80 °C resulted in continuous
but much less pronounced heat-induced folding (Fig. 4C,
inset). At 80 °C, the a-helical content reached 26.9%. These
changes of CD spectra with temperature are completely
reversible. The effect of heat-induced folding may be attrib-
uted to the increased strength of hydrophobic interactions at
higher temperature and therefore a stronger hydrophobic
driving force for folding (24). Contrary to globular proteins
that become more unfolded during thermal denaturation,
the heat-induced folding has also been observed in other
IUPs (34).

Two-dimensional *>N,’H HSQC and *3C CBCA(CON)H
Spectra of AtRGL2n and AtRGAn—To obtain further structural
insights, AtRGL2n and AtRGAn were compared by NMR spec-
troscopy. The recombinant N-domains were double-labeled
(**N and '3C) for collecting two-dimensional *N,"H HSQC
spectra and 'H-"3C planes from a CBCA(CO)NH experiment.
The narrow ranges of chemical shifts in the HSQC spectra for
AtRGL2n and AtRGAn are characteristic of unstructured pro-
teins (Fig. 5, A and B). The CBCA(CO)NH planes (Fig. 5, C and
D) correlate the amide proton chemical shift with the C,and Cg4
shifts of the previous residue. Horizontal rows of peaks at
chemical shifts typical of random coil structures can be seen.
For example, the row of peaks near 19 ppm arises almost cer-
tainly from alanine Cg resonances, whereas the row near 70
ppm is consistent with threonine C protons (Biological Mag-
netic Resonance Data Bank). Neither of these rows displays a
significant spread in '*C shift values, suggesting a nearly uni-
form and therefore disordered environment. Structured pro-
teins can display similar average chemical shifts as are observed
here, but the chemical shift dispersion as represented by the
S.E. value (approximately at =1.8 ppm) increases by nearly an
order of magnitude relative to disordered proteins (Biological
Magnetic Resonance Data Bank). Although the narrow range of
13C shifts seen here is consistent with disorder, the chemical
dispersion of AtRGAn (Fig. 5B) does appear to be slightly
higher than that of AtRGL2n (Fig. 54). Again this is a marginal
effect, but it is consistent with differences observed in the
Stokes radii and CD spectra.

Bioinformatic Analyses

Amino Acid Composition of the N-domains of DELLA
Proteins—It has been shown that most IUPs lack amino acids
Trp, Cys, Phe, Ile, Tyr, Val, Leu, His, Thr, and Asn (order-
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promoting residues) and are enriched in Lys, Glu, Pro, Ser, Gln,
Arg, Asp, and Met (disorder-promoting residues). Amino acids
Ala and Gly are neutral in regard to the order and disorder (35).
Fig. 6A illustrates the deviation of average amino acid frequen-
cies in N-domains of eight DELLAs (as in Fig. 1) in comparison
with the average frequencies found in the ordered globular pro-
teins from the Protein Data Bank. Similar to disordered pro-
teins from the DisProt data base (36), the N-domains of DEL-
LAs showed an overall lack of order-promoting residues and
enrichment in disorder-promoting residues, remarkably Ser,
Met, and Asp, a characteristic of IUPs. This feature of amino
acid composition also accounts for the propensity of an overall
low hydrophobicity and relatively high net charge of the N-do-
mains of DELLAS, as found in other IUPs. A special feature of
the N-domains of DELLAs is depletion of Lys, Gln, and Arg
residues. This may indicate that N-domains of DELLAs are a
special group of IUPs.

CH and CDF Analysis—Statistical analyses of both natively
ordered and disordered proteins utilize a plot of the net charge
of a protein against its mean hydropathy and show that ordered
and disordered proteins tend to occupy two different areas
within the charge-hydrophobicity phase space, separated by
an estimated boundary line (37). As shown in the charge-hy-
dropathy plot (Fig. 6B), AtGAIn, AtRGL1n, AtRGL2n, and
AtRGL3n fit well into the disordered area, whereas AtRGAn
and three non-redundant DELLAs of monocot plants (SLR1n,
SLN1n, and RHT1n) fall onto the right side of the boundary,
which hosts natively ordered proteins as well. According to
statistics (20), mean net charge and mean hydrophobicity of
natively disordered proteins are scattered over the charge-hy-
drophobicity phase space, sometimes crossing into the area of
ordered proteins. All of the N-domains of DELLAs fit into the
disordered area with a boundary margin for accuracy of the
estimation reaching up to 95% (Fig. 6B).

The CH plot is a linear disorder classifier that takes into
account only two parameters of the particular sequence, charge
and hydrophobicity, and is predisposed to discriminate pro-
teins with substantial amounts of extended disorder (random
coils and premolten globules) from proteins with globular con-
formations (molten globule-like and rigid well structured pro-
teins) (20). Alternatively, another binary disorder classifier,
CDF analysis, which is based on the output of PONDR, may
discriminate all disordered conformations, including random
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FIGURE 4. Far-UV CD spectra of N-domains of DELLA proteins. A, CD spec-
tra of AtRGL1n (blue), AtRGL2n (green), AtRGL3n (orange), AtRGAn (cyan),
RHT1n (black), and AtGAIn (purple). The ellipticity [6] at both 200 and 222 nm
are shown in the inset. B, 2,2,2-trifluoroethanol (TFE)-induced folding of
AtRGL2n with 2,2,2-trifluoroethanol percentage: 0% (blue), 10% (pink), 20%
(cyan), 30% (green), 40% (red), and 50% (black). The ellipticity [6] at 222 nm
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FIGURE 5.NMR spectra showing chemical shift dispersion of AtRGL2n and
AtRGAN.Aand B, 'H-">N HSQC of AtRGL2n and AtRGAN, respectively. Cand D,

'H-13C plane of a CBCA(CO)NH experiment for AtRGL2n and AtRGAn,
respectively.

coils, premolten globules, and molten globules from rigid well
folded proteins (20). Simultaneous CDF CH plot analysis of the
N-domains of DELLAs (Fig. 6C) shows that all N-domains of
DELLAs analyzed are predicted to be intrinsically disordered by
CDF.

Disorder Prediction Analysis—To investigate the degree of
disorder along the primary sequence of DELLAs, sequences of
the eight DELLAs studied above in the CDF CH plot, together
with AtGID1a, were further analyzed using PONDR (38) to
identify the intrinsically unstructured regions. The PONDR
score pattern of AtGID1la shows basically a folded structure
(Fig. 7, A and B). The resultant PONDR score patterns of all
DELLAs are similar to each other. As shown in Fig. 7C, the
C-domains of both AtGAI and AtRGL2 are dominated by pre-
dicted ordered structures, with most residues having PONDR
score below 0.5, the threshold for order/disorder states. In con-
trast, the N-domains of AtGAI and AtRGL?2 are clearly natively
disordered except for some short segments corresponding to
the DELLA, VHYNP, and L(K/R)XI motifs (Fig. 7C, indicated
by arrows).

An independent predictor of non-regular secondary struc-
ture (NORSp) that adopts different definitions of disorder to
distinguish unstructured loop regions from regular structured
loops was also used to predict disorder (39). The entire N-do-
main of each DELLA was predicted as an unstructured loop
region (Fig. 1, NORS marks), giving results that are consistent
with the predictions made by PONDR.

versus TFE percentage is shown in the inset. C, temperature effect on folding
of AtRGL2n at room temperature (purple), 40 °C (cyan), 60 °C (pink), 70 °C
(blue), and 80 °C (orange). The ellipticity [0] at 222 nm versus temperature is
shown in the inset.
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FIGURE 6. Primary sequence and disorder analyses. A, deviations of aver-
age amino acid frequencies of N-domains of DELLAs (black bars) and disor-
dered proteins of DisPro data base (gray bars) from average values of ordered
protein data base. The fractional difference was calculated as (Cy — Cg,qer)/
Corgerr Where C, is the content of a given amino acid in eight N-domains of
DELLAs studied or a set of well characterized IUPs from DisProt, and C, 4, is
the corresponding content in a set of ordered proteins. B, mean net charge
versus mean hydrophobicity plot of N-domains of DELLAs. The major bound-
ary line (solid) ((R) = 2.785(H) — 1.151) distinguishes natively disordered (left
side of the line) from ordered proteins (right side of the line). A boundary
margin of +0.045 (dotted) extends the disorder estimation accuracy to 95%.
C, combined CDF CH plot of N-domains of DELLAs. y axis, distance of each
DELLA protein from major boundary line in CH plot (positive for disordered,
negative for ordered or small number of disordered); x axis, distance of each
DELLA protein from boundary line in CDF plot (positive for ordered, negative
for disordered).

a-Helix-forming Molecular Recognition Feature (o-MoRF)
Prediction—Many long disordered regions contain a short
region or regions responsible for molecular recognition via a
disorder-to-order transition. The short regions, termed MoRFs
(40), are often detected in PONDR predictions as short down-
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ward spikes of predicted order within longer regions of pre-
dicted disorder. Such downward spikes appear in the N-do-
mains of DELLAs. Using the a-MoRFs-II predictor, which
defines a heuristic for binding-associated downward spikes and
removes false positive predictions (30, 31), several a-MoRFs
have been predicted in three regions of the DELLA sequences
(Fig. 1), at or near the N terminus, the DELLA motif, and the
L(K/R)XT motif. The latter two have corresponding a-MoRFs
predicted in the majority of DELLA sequences, which suggests
that, allowing for false negative predictions, a-MoRFs are a
conserved feature of these motifs. In contrast, the a-MoRFs at
the N terminus are only predicted in two of DELLA sequences,
indicating that these are likely to be false positive predictions.
There were no «-MoRFs predicted to coincide with the
VHYNP motif for any of the DELLAs.

Secondary Structure Element Prediction—Predicted second-
ary structures are shown in Fig. 1. The C-domains of DELLAs
are predicted to contain highly conserved a-helix/B-sheet con-
formation with limited solvent accessibility, indicating their
natively folded state. In contrast, the N-domains of DELLAs are
largely dominated by loops with high solvent accessibility. Four
common residual a-helices (solid cylinders) are predicted in the
vicinity of DELLA and VHYNP motifs, and an extra short a-he-
lix (dotted cylinder) is predicted only for AtGAI, AtRGA, SLR1,
SLN1, and RHT1. All of these structural features are consistent
with PONDR prediction and commensurate with an open,
unstructured N-domain and a well ordered C-domain.

Interaction-triggered Conformational Change in the VHYNP
Motif of AtGAI

To gain insight into conformations of the unbound form of
DELLAs and their folding upon binding to the AtGID1
extracted from plant tissue, mAbs BC9 and AD7, binding to
DELLA and VHYNP motif, respectively, were used as probes in
the ELISAs. The epitopes of both mAbs have been determined
(Fig. 8A); the conserved V—Y-VR residues within the DEL-
LAVLGYKVR peptide comprise the epitope for mAb BC9, and
the conserved HYNPSD residues within the SVHYNPSDL-
SNWVESMLSE peptide are primary amino acids comprising
the epitope for mAb AD7 (Fig. 1, amino acids marked with
asterisks).

To verify that AtGID1 extracted from plant tissue binds to
immobilized N-domains of DELLAs, a rabbit polyclonal anti-
body raised against recombinant AtGID1c was first used in the
assays. The results showed that AtGID1 extracted from plant
tissue binds in vitro to recombinant AtGAIn, AtRGL1n, and
AtRGL2n (Fig. 8B). Detection of the AtGID1 in the ELISAs was
dependent on the existence of both recombinant DELLAs and
QUAD extract, indicating that the AtGID1 was specifically
interacting with the recombinant DELLAs.

The AtGID1/GA, in QUAD extract competes with mAb BC9
and AD?7 for binding to immobilized recombinant N-domains
of DELLAs. The competitive ELISAs were further carried out to
determine essentiality of conserved DELLA and VHYNP motifs
for interaction with plant AtGID1. The ELISAs showed that
AtGID1 blocks mAb BC9 from binding to AtGAIn, AtRGL1n,
and AtRGL2n (Fig. 8C) and vice versa (data not shown). Given
that mAb BC9 is a DELLA motif-specific, universal antibody to
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FIGURE 7. Comparison of the PONDR disorder predictions for AtGID1a, AtGAI, and AtRGL2 with the x-ray crystal structure of AtGAIn-AtGID1a/GA;
complex from A. thaliana (Protein Data Bank code 1ZSH). A, ribbon representation of the complex showing the AtGAIn (red ribbon), the N-terminal binding
pocket cap of AtGID1a (cyan ribbon), gibberellin receptor domain of AtGID1a (light blue ribbon), and gibberellin (green van der Waals surface). B, disorder
prediction for AtGID1a. C, disorder predictions for AtGAI (black line; its C-domain is shifted right to align with that of AtRGL2) and AtRGL2 (orange line). Disorder
predictions were made with PONDR VLXT, where a prediction of =0.5 indicates a propensity for disorder, and <0.5 indicates a propensity for order. The boxes
indicate the fragments of AtGAIn and AtGID1a crystallized in the complex, with the filled positions indicating the region of defined density in the crystal
structure. The ticks indicate residues that interact with the portion of the complex with the corresponding colors. Interacting residues were assessed as those
having a AASA of >10 A2 where AASA is the surface area buried in the interaction calculated as the difference in surface areas of the residue in the isolated
monomer and the interaction complex. Approximate positions of a-MoRFs predicted for most DELLA proteins are indicated by boxes labeled M (a-MoRF

predictions shown in Fig. 1).

the whole DELLA family, this mutual blocking between mAb
BC9 and AtGID1 is probably applicable to all DELLAs. AtGID1
only partially blocks mAb AD7 from binding to both AtRGL1n
and AtRGL2n (Fig. 8D, middle and right). On the other hand, in
a reverse experiment, mAb AD7 completely blocks AtGID1
from binding to both AtRGL1n and AtRGL2n (data not shown).

In contrast to mAb BC9, mAb AD7 does not bind unbound
AtGAIn. Interestingly, binding of AtGID1 to AtGAln renders
mADb AD?7 able to bind the AtGID1-AtGAIn complex (Fig. 8D,
left). This suggests that a conformational change in the VHYNP
motif of AtGAIn occurs upon formation of the AtGID1-At-
GAIn complex, resulting in at least the partial reconstitution of
AD7 epitope. As additional evidence of this conformational
change, the interactions between AtGID1, AtGAIn, and mAb
AD7 shown in the ELISA were reproduced by using the native
Western blotting approach (Fig. 8D, left, inset). It shows that
mAb AD7 does not bind AtGAIn in extraction buffer (lane 2)
but does in QUAD extract, appearing at a higher molecular
weight in the form of the AtGID1 complex (lane 3).

In summary, these results show that AtGID1 extracted
from plant tissue not only binds to recombinant DELLAs,
but it does so in a site-specific manner, which is in agreement
with previous studies (8, 11). Furthermore, binding of
AtGID1 to AtGAIn stimulates binding of mAb AD7, sug-
gesting that the VHYNP motif undergoes conformational
change upon complex formation.
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DISCUSSION

Recombinant N-domains of DELLA Proteins Are Function-
ally Active in Binding to Native and Recombinant AtGIDI
Receptors—Due to the low abundance of DELLAs in plants
tissues and hence the impracticality of purifying plant DELLAs
in sufficient quantities for protein characterization, recombi-
nant DELLAs from either E. coli or yeast (yeast two-hybrid sys-
tem) have been commonly used in previous studies of DELLAs
without validating the recombinant DELLAs as a substitute of
plant DELLAs. We have now compared E. coli expressed and
plant DELLAs using a set of monoclonal antibodies that recog-
nize amino acid conformation (epitope) of DELLAs. The native
Western blotting (Fig. 2B) has shown that three different mAbs,
binding to independent epitopes, recognize both recombinant
AtRGL2n and plant DELLAs (including AtRGL2) from
A. thaliana gal-3 extract under the same experimental condi-
tions. This implies that the conformation of three different
epitopes of recombinant AtRGL2n are similar to those of plant
DELLAs extracted from A. thaliana. AtGID1 from QUAD
extract has been shown to bind in vitro to recombinant
AtGAIn, AtRGL1n, and AtRGL2n (Fig. 8B). These results fur-
ther reveal that recombinant N-domains of DELLAs are func-
tionally active with regard to interactions with native AtGID1.
Moreover, recombinant AtRGL2n has also been shown to bind
in vitro to recombinant AtGID1a to form a folded complex

VOLUME 285-NUMBER 15+APRIL 9, 2010



Bind-induced Folding of Natively Disordered DELLA

A 2 100 . g
= Epitope of MAb BC9 2 100 .
g * 2 Epitope of MAb AD7
=
<
§ 80+ % 80
° >
o 60+ 2 god
o (=}
T £
£ b= *
& 40- * ~ 401
O a
@ <
o 20+ e 20
2 3 * %
£ O — £
& CDEULLAVLGYKVR B SVHYNPSDLSNWVESMLSE
Amino acid sequence of DELLA motif region Amino Acid sequence of VHYNP region of AtRGL2
B 0.4
n} A o)
0.4 e
/ 0.8+ O
£ 0.3 £ € O
= - c 0.3 / = /
~ o 0.3 S 0.6
g 0.2 D/ % A § 7
& ay ©
3 E\/ 8 0.2 A/ S 044 /
3 / 5 =
£ d 2 / 2 @
2 0.1 o o
8 2 0.1 /A 8 02 /
<< < A << /O
/
0.0 km-m—m———®m— . N 00jMA-A——A—— A — : A 0.0 a0 —0——@— ; o
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration of AtGAIn (ng/ml) Concentration of AtRGL1n (ng/ml) Concentration of AtRGL2n (ng/ml)
1.5+
C 3.0 ] L] ] 3.5 A
/ a—A—A U
] ] 1.2 /
c 2.5 [ | £ 3.0 £ ®
c / = 5 c /
N 2.04 N £.97 A N
o &0 2 2 0.9- o
- 9 ] ® 2.0 / ®
8 1% 8, 14 8
= S 2 5001 o
S1.01m £ 2 /
2 / S 1.0+ s ¢
Qo Qo o 0.34 /
< O.SLH < o5 < °
0.04Fn-8—"0 —— T E.] 0.0 RAA—4 : : : - O-O*Fmﬂ”:.f“ : ; T o
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration of AtGAIn (ng/ml) Concentration of AtRGL1n (ng/ml) Concentration of AtRGL2n (ng/ml)
D 0254
3.0 o.A—A A A 3.0 e @
o ak o—
e 0.20 / . £ 2.5
=
. o g g
8 0.15- / g 0] g20{ o
5 o 1 2 3 4 g 2
& 0.10 2 s 2 1.51
ot [
£ (e i £ A/A g 1.0 7
o [m] . o VA o 1.04
2 0.05- 2 & — ==—en0)
g / g10q 7 2 / oo °
o A 0.5@0"
0.00 {mm-m—m n u 05 i . i . i
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Concentration of AtGAIn (ng/ml) Concentration of AtRGL1n (ng/ml) Concentration of AtRGL2n (ng/ml)

FIGURE 8. Epitope mapping for mAbs and interaction of AtGID1 receptors from A. thaliana QUAD with recombinant DELLA proteins using antibody
sandwich immunoassays. AtGAIn, AtRGL1n, and AtRGL2n were incubated with either extraction buffer (solid symbols) or QUAD extract containing AtGID1
receptors (open symbols) for 1 h. DELLA proteins or their complexes with AtGID1 receptors were captured by specific mAb AF2, AB8, and BB7 for AtGAIn,
AtRGL1n, and AtRGL2n, respectively. All assays were carried out for AtGAIn (L), AtRGL1n (A), and AtRGL2n (O) mixed with QUAD extract and AtGAIn (M),
AtRGL1n (A), and AtRGL2n (@) mixed with extraction buffer. A, the epitopes of mAb BC9 (reactive to the DELLA motif of all DELLAs) and AD7 (reactive to the
VHYNP motif of AtRGL1n, AtRGL2n, and AtRGL3n) were identified by synthesizing the respective peptides with replacement of each individual amino acid with
alanine. The amino acids marked with asterisks are involved in interactions with AtGID1a. B, the AtGID1 receptors in QUAD extracts bind to recombinant DELLA
proteins. The AtGID1 in resultant complexes was detected with rabbit polyclonal anti-AtGID1c antibody and peroxidase-labeled goat anti-rabbit secondary
antibody. G, the interaction of AtGID1 receptors with DELLA proteins inhibits the binding of biotin-labeled mAb BC9, which recognizes the DELLA motif of all
DELLAs examined. mAb BC9 was detected by peroxidase-labeled streptavidin. D, the interaction of AtGID1 receptors with AtRGL1n and AtRGL2n reduces the
binding of biotin-labeled mAb AD7, which recognizes the VHYNP motif of AtRGL1n and AtRGL2n. mAb AD7 does not recognize the VHYNP motif of AtGAIn
except after binding of AtGID1 receptors to AtGAIn. mAb AD7 was detected by peroxidase-labeled streptavidin. The native Western blotting confirmed the
ELISA result (inset in the left panel); AtGAIn incubated with extraction buffer (lanes 1 and 2), AtGAIn incubated with QUAD extract (lane 3), and QUAD extract
control (lane 4) were separated on a 7.5% native polyacrylamide gel and then transferred to polyvinylidene difluoride membrane. An AtGAIn (band marked
with asterisk in lane 1) was detected with AtGAIn-specific mAb AF2; the AtGID1-AtGAIn complex (band marked with # in lane 3) was detected with mAb AD7;
and mAb AD7 did not detect AtGAIn incubated with extraction buffer (lane 2) or any corresponding components in QUAD extract control (lane 4).
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(Fig. 3, A and B), indicating again that the recombinant N-do-
mains of DELLASs are functionally active.

In addition to the yeast two-hybrid system, glutathione
S-transferase- or thioredoxin-fused DELLA proteins have
often been used in previous studies to examine iz vitro bind-
ing between GID1 receptors and DELLAs. The use of a yeast
two-hybrid system to elucidate protein-protein interactions
frequently produces false positive results (41). The potential
of fusion tags to interfere with the protein interactions in the
in vitro binding studies has also been noticed (42). The use of
mAbs of known epitope sites has enabled us to approach
these studies in a different way by investigating the effect of
the interactions between the recombinant N-domains of
DELLAs and native GID1 receptors extracted from plant
tissue. These types of methods would increase the reliability
of the deductions that have been made based on protein-
protein interactions.

Functional Implications of IUP Characteristics of the
Unbound DELLA Proteins—Functional, nonfibrous proteins
have been proposed to exist in one of four states: namely
ordered globule, molten globule-like, premolten globule-
like, and random coil-like forms (21, 25). Any of these four
distinct forms or transitions between them can be the “native
state” of a protein and specify the protein’s functions. It was
proposed (24) that the premolten globule state arises as a
result of water being a poor solvent for certain proteins.
Recent studies on polar but uncharged polypeptides have
given further support to the idea that these molecules exist
as collapsed random coils due to water being a poor solvent
for the peptide backbone and for polar but uncharged side
chains (43, 44).

Using multiple lines of evidence, we have demonstrated
that under physiological conditions, the unbound N-do-
mains of DELLAs are essentially premolten-like IUPs with a
few regions likely to form transient a-helices. In contrast,
the C-domains are well ordered with a regular a-helix/gB-
sheet structure. We believe that this is a common structural
feature shared by the whole family of DELLAS, given their
similar domain structure and highly conserved sequences in
both the entire C-domain and the essential motifs in the
N-domain. In an independent study (45), the N-domain of
rice DELLA (SLR1) has also been found to have large hydro-
dynamic dimensions with its apparent molecular weight 2.1
times (in Trx-His-tagged form) and 3.1 times (without tag)
larger than its theoretical molecular weight. This matches
our results obtained from six other DELLAs (Table 1). All of
the N-domains of DELLAs we have analyzed migrate into the
native gel as a single band (Fig. 2A4), with no indication of
multiple bands that would be typical for the multimeric pro-
teins. Thus, the large apparent molecular weight of SLR1 is
probably attributable to its being an extended monomer
rather than a globular dimer or trimer.

Both experimental and bioinformatics analyses indicate that
IUPs are overrepresented in the cell nucleus and overwhelm-
ingly prevalent in cell signaling and transcription regulation.
For example, over 90% of transcription factors were predicted
to contain extended intrinsic disordered regions (46, 47). An
intrinsically disordered region enables an IUP to be folded dif-
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ferently to recognize and bind different partners at various
binding interfaces (48, 49). Such multiple binding activities are
expected for DELLAs, given that they not only regulate plant
growth in response to GA signal but also cross-talk with many
other signal pathways to maintain GA homeostasis and adapt to
environmental changes (12, 13). In order to perceive multiple
signals, the N-domains of DELLAs are functionally required to
accommodate different partners involved in different signal
transduction events. Thus, the intrinsically unstructured fea-
ture of the N-domain of DELLAs fits very well with their poten-
tial role of a convergence point in integration of multiple devel-
opmental and environmental signals, acting like hub proteins
(49).

A recent study (50, 51) revealed that most IUPs are tightly
regulated in cells to increase fidelity in signaling and recogni-
tion and are often reused in multiple signaling pathways to pro-
duce different physiological outcomes. This study further
revealed that IUPs were highly targeted by many different
kinases, the levels of which were themselves modulated in
response to cell division cycle or were activated upon exposure
to specific stimuli or stress. The function and availability of
IUPs can be finely tuned by post-translational modifications
through phosphorylation and interactions with other proteins
under different conditions. In a similar situation, DELLAs
not only respond to the GA signal but also to ethylene,
abscisic acid, auxin, and environmental signals, such as light
and salt stress (12, 13). In addition to GA-induced degrada-
tion, other mechanisms probably exist that regulate GA sig-
naling through interactions between DELLAs and regulatory
proteins from other pathways (52), a characteristic of the
tight regulation of IUPs. It has been shown that the O-linked
N-acetylglucosamine transferase SPY (SPINDLY) activated
the repressive function of DELLAs possibly by GlcNAc mod-
ification (53). The phosphorylation and dephosphorylation
of DELLAs were also correlated to their stability, plant
growth-repressive activity, and GA-induced degradation
(54, 55). Although these studies have not been able to define
the exact interacting sites between DELLAs and SPY or
kinases, it seems very likely that GIcNAc modification and
phosphorylation can be used in the GA signaling for fine-
tuning the availability and function of DELLAs. These inter-
actions may also reflect how DELLASs perceive environmen-
tal stress and multiple phytohormone signals.

Binding-induced Folding Is Involved in DELLA-AtGIDI
Interactions—1It is known that a large decrease in conforma-
tional entropy due to folding of disordered regions in the
disorder-to-order transition can uncouple specificity from
binding strength. With such a high specificity/low affinity,
the regulatory interaction between an IUP and its partner is
both highly specific and easily dispersed; activating and ter-
minating a signal are equally important (22). An IUP has
been suggested to contain a “conformational preference” for
the structure it will take upon binding (56). This preferred
conformation could be a-helix (a-MoRFs) (30, 31), B-strand
(B-MoRFs), or an irregular structure (v-MoRFs) (40, 57). TFE
is a powerful tool to define a correspondence between
induced structure and the nascent structure of proteins (58).
AtRGL2n exhibits TFE- and temperature-induced folding
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(Fig. 4, B and C), forming transient a-helices. As shown in
Fig. 3 and Table 1, unbound AtRGL2n is an IUP with a pre-
molten globule-like conformation, and the AtGIDla-
AtRGL2n complex becomes natively folded. Given that
AtGID1a/GA; possesses a folded structure (Fig. 7, A and B),
AtRGL2n must have a folding transition during the com-
plexing of AtGID1a/GA; and AtRGL2n. These lines of evi-
dence suggest that DELLA proteins, in view of the whole
N-domain, undergo disorder-to-order transitions upon
binding to their GID1 receptors.

The ELISAs with mAbs of known epitope enabled us to
gain insight into interactions between AtGID1 and DELLAs
and therefore any potential conformational changes in view
of local motifs. The DELLA motif was proposed as one of the
GID1 binding sites of AtGAI, AtRGA, and SLR1 (11, 45, 59),
which was recently confirmed by the crystal structure of
AtGID1a-AtGAIn complex (8). We have shown that the
DELLA motif-specific mAb BC9 and AtGID1 from QUAD
extract completely blocked each other from binding to
AtGAIn, AtRGL1n, and AtRGL2n (Fig. 8C), suggesting that
the DELLA motif of these three DELLA proteins is a binding
site for AtGID1. The amino acids comprising the epitope of
mADb BC9 overlap with those shown by the crystal structure
of the AtGIDla-AtGAIn complex (8) to interact with
AtGID1. The DELLA motifs are predicted to be a-MoRFs for
most DELLAs analyzed (black-shaded amino acids in Fig. 1).
In agreement with these experiments, a-MoRF predictions
assign the DELLA motif to a binding site in all DELLAs and
propose that the DELLA motif undergoes disorder-to-a-he-
lix transition upon binding to GID1 receptors. The forma-
tion of this a-helix has been confirmed and shown as a-helix
A and a-helix B (Fig. 7A) in the crystal structure of AtGID1a-
AtGAIn complex (8).

mAb AD7, specific to VHYNP motif, does not bind
AtGAIn, AtRGAn, and SLR1n but does bind AtRGLI1n,
AtRGL2n, and AtRGL3n. Given that conformations of
epitopes are recognized by antibodies, this implies the dif-
ferent conformations of the VHYNP motif between these
two groups in their unbound form. Based on the AD7 epitope
and the crystal structure of the AtGID1la-AtGAIn complex,
mADb AD?7 epitope sits on the VHYNPSD loop in which the
side chains of all of the residues point outward from the
AtGID1la-AtGAln interacting interface and therefore are
accessible to AD7, except for the proline and valine that
point inward to sandwich the aromatic ring of a tyrosine
from AtGID1a. This proline plays a key role in the interac-
tion with AtGID1 but is less important in the interaction
with AD7 due to the availability of five other stronger
epitope residues (HYNSD). This is compatible with our
ELISA findings (Fig. 8D, middle and right) that AD7 com-
pletely blocks AtGID1 binding but AtGID1 only partially
blocks AD7 from binding to AtRGL1n and AtRGL2n. This
result also suggests that the VHYNPSD loop in AtRGL1n and
AtRGL2n undergoes no significant conformational changes
during binding to AtGID1 receptors. In contrast, AtGID1
binding to AtGAIn allows the complex to interact with AD7
(Fig. 8D, left), indicating that the VHYNPSD loop in the
unbound AtGAIn undergoes conformational changes in-
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duced by AtGID1 binding. This result was further confirmed
by the native Western blotting (Fig. 8D, inset) in which
AtGAln, in the form of a complex with AtGIDI, is recog-
nized by mAb AD7. Based on the reactivity of mAb AD7 to
DELLAs, we believe that a similar conformational change
would occur in AtRGAn and non-redundant DELLAs of
monocot plants, such as SLR1n. Although the VHYNP motif
appears as a large downward spike in the PONDR score pat-
tern (Fig. 7C), which is consistent with its binding function,
it was not identified in our a-MoRFs prediction for any of the
DELLAs. We now understand that the irregular VHYNPSD
loop (:-MoRFs rather than a-MoRFs) is involved in the bind-
ing-induced folding, at least for AtGAIn. The prediction of
1-MoRFs is under development. Both mAb BC9 and AD7
alone blocked AtGID1 from binding to both AtRGL1n and
AtRGL2n, indicating that DELLAs need a synergistic action
between the DELLA and VHYNP motif during folding and
binding to AtGID1 receptors. This is consistent with the
results from yeast two-hybrid assays (11, 45).

Interestingly, the L(K/R)XI motif was also identified in our
a-MoRF prediction for most DELLAs analyzed (Figs. 1 and 7C).
Itis possibly a potential binding site of DELLAs for an unknown
component in the signaling pathway because this motif was not
involved in interactions with GID1 receptors. A three-dimen-
sional structural data base search showed that fragments con-
taining the L(K/R)XI motif mostly exist in the a-helix confor-
mation (data not shown), which is in agreement with «-MoRFs
forming a transient a-helix that is stabilized upon binding to its
partner. Verification of the L(K/R)XI motif as a potential new
binding site of DELLAs will require further investigations, such
as pull-down experiments.

DELLA Proteins May Be Divided into Two Subgroups Based
on Their Biophysical Properties and Interactions with Mono-
clonal Antibodies— Although the individual lines of biophysical
evidence show only marginal differences between two
groups of DELLAs, the experimentally determined Stokes
radii (R;") and CD and NMR spectra collectively suggest that
DELLAs, in terms of their compactness and residual struc-
tures, can be divided into two subgroups; AtGAIn, AtRGAn,
and non-redundant DELLAs of monocot plants, such as
SLR1nand RHT1n (AtRGA group), may contain more resid-
ual structure and are less flexible than AtRGL1n, AtRGL2n,
and AtRGL3n (AtRGL group). Consistent with the suggested
two grouping of DELLAS, an extra short a-helix immediately
before the VHYNP motif (Fig. 1, dotted cylinder) was pre-
dicted for the AtRGA group but not for the AtRGL group.
Correspondingly, the CH-plot (Fig. 6B) also supports this
two grouping of DELLAs in terms of average hydrophobicity
and net charge, with an exception for AtGAIn. Over the
entire sequence, AtRGA and AtGAI are 82% identical, but
both share about 60% identity with members of the AtRGL
group. Sequence alignments among the N-domains give the
same trend that AtRGAn and AtGAIn are 61% identical, but
both share lower than 42% identity with members of the
AtRGL group. Biologically, AtRGA and AtGAI have partially
redundant functions, and both transcripts were detected in
all plant tissues, and AtRGA functions in a manner similar to
SLR1 (60, 61).
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Furthermore, mAb AD7 distinguishes AtRGL group from
the AtRGA group with respect to the conformation of the
VHYNP motif of the unbound DELLAs. Upon binding to
AtGID1, AtGAIn and possibly the other members of the
AtRGA group undergo conformational changes in the region of
the HYNPSD loop to partially release the epitope of mAb AD7.
In contrast, the mAb AD?7 epitope is available for binding to the
AtRGL group, and these DELLAs all display a similar dose-de-
pendent decrease in mAb avidity during AtGID1 interactions.
Both biophysical properties measured for the whole N-domain
of DELLAs and monoclonal antibody reactivity in regard to the
local HYNPSD region show differences between these two
subgroups.
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