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Béatrice Amigues,⊥ Raphae¨l Guerois,⊥ Geoffrey R. Moore,§ Ken Shirasu,|,# and Colin Kleanthous*,‡

Department of Biology, UniVersity of York, Post Office Box 373, York, YO10 5YW, United Kingdom, School of Chemical
Sciences and Pharmacy, UniVersity of East Anglia, Norwich, NR4 7TJ, United Kingdom, The Sainsbury Laboratory, The John
Innes Centre, Colney Lane, Norwich, NR4 7UH, United Kingdom, and SerVice de Biophysique des Fonctions Membranaires,

CEA/Saclay, F-91191 Gif-sur-YVette, France

ReceiVed October 19, 2006; ReVised Manuscript ReceiVed NoVember 24, 2006

ABSTRACT: Disease resistance in plants requires the activation of defense signaling pathways to prevent
the spread of infection. The protein Required for Mla12 Resistance (RAR1) is a component of such
pathways, which contains cysteine- and histidine-rich domains (CHORDs) that bind zinc. CHORDs are
60 amino acid domains, usually arranged in tandem, found in almost all eukaryotes, where they are involved
in processes ranging from pressure sensing in the heart to maintenance of diploidy in fungi, and exhibit
distinct protein-protein interaction specificity. In the case of RAR1, CHORD-I is known to interact with
heat-shock protein 90 (HSP90) and CHORD-II is known to interact with the Suppressor of the G2 allele
of Skp1 (SGT1). The focus of this work on RAR1 from barley andArabidopsiswas to address the paucity
of biochemical information on RAR1 and its constituent CHORDs, particularly the role of the metal ion.
Sedimentation experiments indicated RAR1 to be an extended monomer in solution with few intramolecular
interactions. This was reinforced by denaturation experiments, where little difference between the stability
of the individual domains and intact RAR1 could be detected by intrinsic tryptophan fluorescence.
Electrospray ionization-mass spectrometry and atomic absorption showed that, contrary to previous reports,
RAR1 binds five zinc ions; each CHORD binds two, and the plant-specific, 20 amino acid cysteine- and
histidine-containing motif (CCCH motif) located between the two CHORDs binds the fifth. Fluorescence,
ultraviolet circular dichroism (UV CD), and nuclear magnetic resonance (NMR) spectroscopy further
demonstrated that zinc ions are essential for maintaining CHORD structure. Finally, we used isothermal
titratrion colarimetry to show that zinc is essential for the specific binding interactions of CHORD-II
with SGT1. Our study provides the first biochemical and biophysical data on the zinc metalloprotein
RAR1, defines its metal stoichiometry and that of its constituent CHORDs, and reveals that the metal
ions are essential for structural integrity and specific protein-protein associations.

Plants are susceptible to pathogen attack and respond by
activating localized cell death through the accumulation of
reactive oxygen species to prevent pathogen spread, known
as the hypersensitivity response (1, 2). Investigations into
the molecular mechanisms of disease resistance have identi-
fied the protein Required for Mla12 Resistance (RAR1)1 as

a common component in the signaling pathways triggered
by many resistance (R) proteins (3-7). Initial characteriza-
tion of RAR1 showed it to be a 25 kDa protein containing
two homologous 60 amino acid cysteine- and histidine-rich
domains (CHORDs) (4), the structure of which remain
unknown. CHORD-containing proteins have been found in
all eukaryotic genomes, with the exception of yeast, and are
usually found in tandem. Sequence alignments of CHORD-
containing proteins show two distinct subclasses, the N-
terminal CHORD-I and the C-terminal CHORD-II, intimat-
ing that each subclass of CHORD carries out a different
function (4). Each CHORD contains six cysteine and two
histidine residues, all of which are conserved and are
arranged as two motifs that resemble Cys3His metal-binding
sites (Figure 1). This domain contains two adjacent cysteine
residues in the amino acid sequence, which may coordinate
zinc as previously seen in the zinc-binding domain from
Bruton’s tyrosine kinase (8). Initial metal analysis, however,
indicated that RAR1 bound only two zinc ions, one in each
CHORD (4).
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The CHORDs of RAR1 are separated by approximately
60 amino acids, which, in plants, contains a conserved 20
amino acid motif designated as the cysteine- and histidine-
containing motif (CCCH motif), whose function is unknown
(4). The diverse distribution of CHORD-containing proteins
in biological systems suggests the domains have important
functional roles: RAR1 is involved in plant disease resis-
tance; melusin is a pressure sensor in murine cardiac tissue
(9); CHP-A maintains diploidy inAspergillus nidulans(10);
and in Caenorhabditis elegans, CHP controls germline
developmental and embryogenesis (4). In addition, mam-
malian Chp-1, also a RAR1 homologue, was recently
identified as a target for transcriptional activation by heat-
shock factor 1 (HSF1) (11).

Consistent with the distinct sequence conservation of
individual CHORDs in eukaryotes, yeast two-hybrid screen-

ing and immunoprecipitation assays have shown that the
CHORDs of RAR1 interact with different binding partners;
CHORD-I binds the chaperone heat-shock protein 90 (HSP90)
(5, 12), whereas CHORD-II binds the Suppressor of the G2

allele of Skp1 (SGT1) (13). HSP90 is a highly abundant
molecular chaperone, whose role is to stabilize proteins, such
as the pre-activated oestrogen receptor or inherently unstable
proteins (14-16). HSP90 is a weak ATPase homodimer,
which requires the association of cochaperones to load,
stabilize, and release its client proteins (17-20). SGT1 is
also a highly conserved protein, originally identified as an
important cell-cycle and kinetochore assembly regulator in
yeast (21). In plants, it is essential for mediating the release
of reactive oxygen species in disease resistance as well as
binding the ubiquitinylation machinery of the cell (22-24).
SGT1 has a N-terminal tetratricopeptide repeat (TPR)

FIGURE 1: Domain architecture and sequence aligments of CHORDs from RAR1 homologues. (A) Cartoon of the domain architecture of
RAR1, showing CHORDs flanking the plant-specific CCCH motif. The length of the linker regions is shown over the line. (B) Sequence
alignments of CHORD-I and CHORD-II with consensus sequence. Conserved residues are shown by a single letter code; putative zinc-
binding residues are italicized; #, aromatic;-, negative residues; and+, positive residues. Hv, barley; At,Arabidopsis; Nb, tobacco; Tg,
toxoplasma; Ce,C. elegans; Mm, mouse; Hs, human; Dm, fruit fly; An,Asperillus. (C) Sequence alignments of the plant-specific CCCH
motif.

Characterization of RAR1 and Its CHORDs Biochemistry, Vol. 46, No. 6, 20071613



domain, a central CHORD-SGT1 motif (CS), which binds
CHORD-II, and a C-terminal SGT1-specific (SGS) motif (4,
13, 21). The CS domain of SGT1 has a similar structure to
the HSP90 cochaperone p23 and, similar to p23, is able to
bind HSP90 (5, 25-27). The TPR domain, usually associated
with HSP90 binding, binds poorly or not at all (5, 26, 28,
29), and the SGS domain has been shown to interact with
leucine-rich repeat (LRR) domains (30), as found in several
R proteins (31, 32).

The role of RAR1 in resistance signaling appears to be
that of interacting with both the protein-folding and degrada-
tion machinery. Genetic screens ofRAR1andSGT1mutants
in pathogen-challenged plants has led to the suggestion that
in planta they may be antagonists, with RAR1 acting as a
cochaperone stabilizing, HSP90-bound, pre-activated resis-
tance protein, rather than having a direct role in the signal
transduction pathway (33). SGT1 has been proposed to
promote the degradation of R proteins (13, 33), but more
recently, it has been suggested that SGT1 functions as a R
protein stabilizer (34). Interestingly, mouse Chp-1 interacts
with HSP90 during the formation of a NOD1-HSP90
complex (11). NOD1, a mammalian innate immune receptor,
is structurally similar to plant R proteins and also requires
HSP90 activity for its stabilization, suggesting a common
role for the RAR1 and Chp-1 homologues in disease
resistance in plants and mammals (11).

Despite extensive work on thein ViVo functional interac-
tions of RAR1, there is no biochemical or biophysical data
on the protein or indeed on any other CHORD-containing
protein. Because there are currently no straightforwardin
Vitro assays for RAR1 function, we have taken the route of
comparing the biophysical and biochemical properties of
RAR1 homologues from barley (Hordeum Vulgare) and
Arabidopsis thaliana, which share 67% sequence identity
(13). This has allowed us to determine the characteristic
features of RAR1, its individual CHORDs, and their binding
interactions.

EXPERIMENTAL PROCEDURES

Gene Constructs.To avoid potential confusion, theAra-
bidopsisgene nomenclature is used in this work regardless
of the origin of genes.A. thalianaand barleyRAR1have
previously been isolated (4, 13). Three DNA fragments
encoding AtRAR1 (full-lengthArabidopsisRAR1, amino
acids 1-226), AtCHORD-I-CCCH (amino acids 1-154),
and AtCHORD-II (amino acids 155-226) were cloned into
pGEX-6P-1 (Amersham Biosciences, U.K.) usingEcoRI/

XhoI to give a glutathione-S-transferase (GST) tag and
PreScission protease cleavage site N-terminal to the protein.
Full-length barleyRAR1(encoding HvRAR1, amino acids
7-232) andHVCHORD-I (amino acids 7-86) were cloned
into the pET15b vector (Novagen, U.K.) usingBamHI/NdeI
for HVRAR1and NdeI/HindIII for HVCHORD-I to give a
hexa-His tag and Tobacco Etch Virus (TEV) protease
cleavage site (35) N-terminal to the protein. The DNA
fragment of barley CHORD-II (HvCHORD-II, amino acids
149-232) was cloned into the pETM-30 vector (EMBL,
Heidelberg, Germany) usingNcoI/KpnI to give a N-terminal
hexa-His tag, GST tag, and TEV protease cleavage site.
Barley SGT1(HVSGT1) was also cloned into the pET15b
vector usingBamHI/NdeI, placing a hexa-His tag and TEV
protease cleavage site N-terminal to the protein. Wheat
HSP90(TaHSP90) was cloned into the pET15b vector using
BamHI/NdeI to add a N-terminal TEV cleavable His tag for
purification. A S-tag::thrombin::HvCHORDI::His-tag con-
struct was used to produce the proteins for nuclear magnetic
resonance (NMR) experiments. The protein was cleaved with
thrombin, giving a 123-residue protein comprising 107
residues of the HvRAR1 sequence.

Protein Purification.All GST-Arabidopsisconstructs, His-
GST-HvCHORD-II and His-HvSGT1 constructs were over-
expressed inEscherichia coli BL21 DE3, while His-
HvRAR1 and His-HvCHORD-I were expressed inE. coli
BL21 DE3 containing pLysS and pSBET plasmids (4).
Bacteria were grown on LB media at 37°C for all constructs,
except His-GST-HvCHORD-II, which was grown at 30°C.
Bacteria were induced with 1 mM final isopropyl-â-D-
thiogalactopyranoside (IPTG) (Melford Labs, U.K.) at mid-
log phase, and media were supplemented with 50µM ZnCl2
at the same time. Cells were harvested by centrifugation after
2 h of induction.

His-HvRAR1, His-GST-CHORD-II, and His-HvSGT1
expressing cells were resuspended in 30 mL of buffer A (50
mM Tris-HCl, 150 mM NaCl, 5 mM imidazole, and 50µM
ZnCl2 at pH 7.5) with 1 mM PMSF (Sigma, U.K.) and frozen
at -80 °C. Bacteria expressing all of the other GST-fused
proteins were resuspended in 30 mL buffer B (10 mM Na2-
HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, 150 mM NaCl, and
5 mM dithiothreitol (DTT) at pH 7.3) and stored at-80 °C.
Frozen pellets were defrosted and sonicated intermittently
for 6 min in a Sonicator 3000 (Misonix, Farmingdale, NY)
on an ice slurry and clarified in a Beckman JA25.50
centrifuge rotor (Beckman, Fullerton, CA) at 20 000 rpm for
30 min at 4°C.

Table 1: Zinc Stoichiometry by Native ESI-MS and Atomic Absorption Spectroscopya

observed apoprotein
mass (Da)

observed native
mass (Da)

number of Zn2+

(expected native mass)
atomic absorption spectroscopy

(zinc/protein ratio)

HvRAR1 24 597.7( 1.1 24 914.4( 0.7 5 (24 914.7) 4.16( 0.06
HvCHORD-I 8635.6( 0.6 8762.8 2 (8762.8) nd
HvCHORD-II 9784.3( 1.1 9912.2 2 (9911.8) nd
AtRAR1 25 745.6( 1.3 26 062.3( 1.2 5 (26 062.6) 4.61( 0.05
AtCHORDI-CCCH 17 490.1( 0.7 17 681.2( 0.5 3 (17 680.3) 2.67( 0.27
AtCHORD-II 9713.4( 0.3 9840.6( 0.1 2 (9840.2) 1.57( 0.43
a RAR1 and domain constructs were analyzed for bound metal by ESI-MS in 25 mM ammonium acetate at pH 6.5 as described in the Experimental

Procedures. The expected average mass of calculated metal-bound protein [apoprotein+ nZn2+ - n2H+, where Zn) 65.4 (46)]. Native ESI-MS
of metal-depleted proteins by EDTA gave identical masses for apoproteins to those obtained under denaturing conditions (0.1% formic acid),
confirming that all metal had been removed. The protein concentration data for atomic absorption spectroscopy were obtained by the colorimetric
assay. All experiments were carried out at least 3 times.
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For purification of the His-tagged proteins, the cell extract
was loaded onto a 5 mLnitrilotriacetic acid (NTA)-affinity
column (Novagen, Madison, WI), precharged with 5 column
volumes (CV) of 50 mM ZnCl2, and pre-equilibrated with 5
CV of buffer A. The column was then washed with 5 CV of
buffer A, and the protein was eluted with 10 mL of 50 mM
Tris-HCl at pH 7.5, 150 mM NaCl, and 750 mM imidazole.
DTT was added to a final concentration of 1 mM after elution
from the zinc column, and 500 units of TEV protease was
added for incubation at 30°C overnight while dialyzed into
buffer C (50 mM Tris-HCl, 150 mM NaCl, 5 mM DTT,
and 50µM ZnCl2 at pH 7.5).

For the purification of the GST-tagged proteins, the
clarified supernatant was mixed overnight at 4°C with 5
mL of 50% slurry of Hi-trap GST Sepharose 4B affinity
beads (Amersham Biosciences, U.K.), prewashed in buffer
B. Beads were collected by centrifugation (5000 rpm, Sigma
19777 rotor) at 4°C for 5 min and washed with 20 mL of
cold buffer C. The tagged protein was eluted from the beads
with 10 mL of cold buffer C containing 10 mM glutathione
(Sigma, U.K.). For AtRAR1, AtCHORD-I-CCCH, and
AtCHORD-II, the GST tag was removed by the addition of
50 units of PreScisson protease, while the protein was
dialyzed against fresh buffer C overnight at 4°C. For His-
GST-HvCHORD-II, the GST tag was removed by the
addition of 500 units of TEV protease and dialyzed against
fresh buffer C overnight at 30°C.

After the removal of the purification tag, proteins were
gel-filtered on a Superdex 200 gel-filtration column (Am-
ersham Pharmacia, U.K.), equilibrated in buffer C. The eluted
protein was then dialyzed into buffer D (20 mM Tris-HCl
at pH 7.5, 5 mM DTT, and 50µM ZnCl2) at 4°C overnight
and subsequently loaded onto a MonoQ 5/5HR column
(Amersham Pharmacia, U.K.). The protein was eluted in
buffer D with a 0.05-0.15 M NaCl gradient. Clean fractions
as determined on reducing 16% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel (36)
were pooled and dialyzed into appropriate buffers for use.
RAR1 and CHORDs yielded 1-2 mg L-1 pure protein,
whereas SGT1 gave>15 mg L-1 pure protein. Purified
proteins were kept at pH 7.5, unless stated otherwise, because
they were found to be pH-sensitive, causing aggregation at
high pH or unfolding at low pH.

The S-tag::thrombin::HvCHORD-I::His-tag construct was
overexpressed usingE. coli cells containing pLysS and
pSBET on M9 media supplemented with15N-labeled NH4-
Cl and glucose. Bacteria were grown at 30°C and induced
at mid-log phase with a solution of IPTG (final concentration
of 1 mM). To test whether Zn2+ ions were required for the
folding of HvCHORD-I, some flasks were supplemented,
while others were not. The protein was purified as described
above, and the S tag was cleaved using thrombin overnight
at 4°C in thrombin cleavage buffer. The HvCHORD-I::His-
tag construct was subsequently cleaned using gel-filtration
chromatography on a Superdex 75 column equilibrated in
20 mM Tris at pH 7.5, 400 mM NaCl, and 5 mM DTT.

Protein Concentration Determination.The protein con-
centration was generally determined by the Bradford assay
(BioRad, U.K.). Protein concentrations were also measured
by absorbance at 280 nm using calculated extinction coef-
ficients: AtRAR1, 16 500 (M cm)-1; AtCHORD-II, 11 000
(M cm)-1; and HvSGT1, 43 240 (M cm)-1 (us.expasy.org).

Spectroscopic Analysis of the Protein Structure.Far-
ultraviolet circular dichroism (UV CD) spectra were mea-
sured taking 10 scans from 260 to 190 nm in a J-810
spectropolarimeter (Jasco, U.K.). For determination of protein
secondary and tertiary structures, the protein was dialyzed
into 10 mM Na2HPO4 and 0.5 mM tris(2-carboxyethyl)
phosphine (TCEP) (Fisher, U.K.) at pH 7 overnight at 4°C
containing either 50µM Zn2+ ions or 1 mM ethylenedi-
aminetetraacetic acid (EDTA). The comparison of spectra
of RAR1 with varying metal occupancy was carried out in
25 mM ammonium acetate and 1 mM DTT at pH 4.0-6.5
after overnight dialysis at 4°C. Near-UV CD spectra were
measured taking 10 scans from 350 to 250 nm in a J-810
spectropolarimeter (Jasco, U.K.); the protein was dialyzed
overnight in 20 mM N-2-hydroxyethylpiperazine-N′-2-
ethanesulfonic acid (HEPES)-NaOH at pH 7.5 and 1 mM
DTT with or without 1 mM EDTA. Fluorescence spectra
were measured with a Fluoromax-3 spectrofluorimeter (Jobin
Yvon, Edison, NJ) at 25°C. Excitation wavelengths of 280
or 295 nm were used, with the averaged emission spectra of
5 (denaturation experiments) or 10 scans from 300 to 450
nm measured, using a bandwidth of 3 nm for excitation and
emission slits. For thermal denaturation experiments, the
cuvette was heated to the desired temperature (20-85 °C)
and incubated for 5 min prior to taking measurements. For
chemical denaturation with guanidine, the protein in 20 mM
HEPES-NaOH and 1 mM DTT at pH 7.5 was mixed with
6.6 M guanidine in 20 mM HEPES-NaOH and 1 mM DTT
at pH 7.5 to give 5µM protein in 0-6 M final guanidine at
0.25 M intervals and incubated for 2 h atroom temperature
prior to measuring spectra. Denaturation by pH was carried
out in 25 mM ammonium acetate at pH 3.5-8.0 after 2 h of
incubation at room temperature. All spectra were run against
a relevant buffer blank.

Proteolytic Stability of the Protein.Resistance to 0.01%
trypsin (w/w) over a 3 htime course at 37°C was carried
out with 8µM HvRAR1, predialyzed overnight at 4°C into

FIGURE 2: Purity of expressed RAR1 and CHORD constructs.
Coomassie-stained SDS-PAGE gels (16%, reducing) of purified
E. coli expressed RAR1 constructs from barley (Hv) andArabi-
dopsis(At) after Mono Q column. The identity of purified proteins
was confirmed by ESI-MS (see Table 1).
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10 mM NaPi and 0.5 mM TCEP at pH 7.5 with 50µM zinc
acetate or 1 mM EDTA. Reactions were stopped by boiling
for 3 min in SDS-PAGE sample buffer containing 1.4 M
â-mercaptoethanol, run on 16% SDS-PAGE gel (36), and
visualized by Coomassie Blue staining.

Determination of the Protein Mass and Metal Content.
Molecular masses were determined by electrospray ionization
(ESI) using a Qstar tandem mass spectrometer (ABI Sciex,
Foster City, CA), calibrated with cesium iodide and Bachem
peptide H-9985. For masses determined using denaturing
mass spectrometry (MS), proteins were diluted to 1µM using
50% acetonitrile and 0.1% formic acid and infused via the
ionspray source at a capillary voltage of 4700 V, with a flow
rate between 9 and 3µL min-1. All constructs gave the
expected mass determined from their peptide sequence within
the specified 1:10 000 Da accuracy of the instrument (Table

1). Native-state MS for measuring bound metal was carried
out in 25 mM ammonium acetate at pH 6.5-4.0. Proteins
were dialyzed into 25 mM ammonium acetate at pH 7.5 and
1 mM DTT overnight at 4°C prior to dilution in ammonium
acetate buffer at the required pH, such that a 10 or 5µM
sample was sprayed at a flow rate of 10-7 µL min-1. The
capillary voltage was set at 4800 V. The analysis of bound
metal was also determined using atomic absorption spec-
troscopy to identify and quantify the metal bound to RAR1.
Protein samples were diluted to 5µM, as determined by
bovine serum albumin (Sigma, U.K.) calibration using the
Bradford assay (BioRad, U.K.), in 0.5 mL buffer, made up
to 1 mL with concentrated HCl, and incubated for 30 min at
room temperature before making up to 5 mL with MilliQ
double-deionized water at 18 MΩ and loading into a Ciros
Vision (Spectro, Germany). Zinc concentrations were de-

FIGURE 3: Removal of metal ions results in structural changes in AtRAR1. (A) Comparison of zinc-bound AtRAR1 (s, minimum of 205
nm) and EDTA-treated AtRAR1 (- - -, minimum of 197 nm) in 10 mM sodium phosphate at pH 7.5 by far-UV CD, showing that AtRAR1
has no discernibleR-helical content. (B) Change in near-UV CD spectra of AtRAR1 in 20 mM HEPES-NaOH and 1 mM DTT at pH 7.5
with zinc-bound (s) or EDTA-treated (- - -) AtRAR1. (C) Trypsin treatment of HvRAR1 over a 0-3 h time course shows how zinc (left
panel) protects the protein against proteolytic degradation relative to the apoprotein (right panel).
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termined against a standard curve of Zn(aq) (Sigma-Aldrich,
U.K.) at 0, 5, 10, and 20µM in 5 mL of MilliQ water.

NMR Spectroscopy.Spectra were measured on a VARIAN
Unity plus spectrometer operating at 499.856 MHz for1H.
Heteronuclear single-quantum coherence (HSQC) spectra
were acquired using 1024 points in the1H dimension and
64 increments in the15N dimension with 8 transients.
Samples were 0.5 mM HvCHORD-I in 20 mM Tris at pH
7.5, 100 mM NaCl, and 5 mM DTT.

Analytical Size-Exclusion Chromatography.The gel filtra-
tion was carried out using a Superdex 75 30/10 column
(Amersham Pharmacia, U.K.) in 50 mM Tris-HCl at pH 7.5,
5 mM DTT, and 150 mM NaCl with either 50µM ZnCl2
for Zn2+ bound or 5 mM EDTA for metal free. Proteins were
predialyzed into the appropriate buffer before loading onto
the column, which had been calibrated using the LMW gel-

filtration calibration kit (Amersham Biosciences, U.K.) in
50 mM Tris-HCl at pH 7.5, 150 mM NaCl, and 50µM
ZnCl2.

Analytical Ultracentrifugation.Velocity and equilibrium
sedimentation was carried out using a Beckman XL-I
centrifuge with an AN60Ti rotor (Beckman, Fullerton, CA)
at 10°C. Protein sedimentation was followed by absorbance
at 280 nm. All protein samples were measured against a
buffer blank of 10 mM Na2HPO4 and 2.5 mM TCEP at pH
7.5. For sedimentation velocity runs, the protein was diluted
to give anA280 ) 0.8 (1.25 mg mL-1 AtRAR1) and samples
were spun at 45 000 rpm, constantly scanning until plateau
regions were lost in the scan. For equilibrium runs, proteins
were diluted toA280 ) 0.4 (0.62 mg mL-1 AtRAR1) and
serially diluted 1:2 twice to give three concentrations for
analysis at 16 000 and 23 000 rpm; readings were taken every

FIGURE 4: Folded structure of RAR1 is dependent upon the presence of zinc. AtRAR1 fluorescence spectra were measured in 20 mM
HEPES-NaOH and 1 mM DTT at pH 7.5. (A) Fluorescence spectra of AtRAR1 with zinc-bound (s) and EDTA-treated (- - -) AtRAR1
show signal quenching and red shifting ofλmax from 345 to 354 nm. (B) Guanidine denaturation curves of AtRAR1 with zinc-bound (1)
or EDTA-treated (9) AtRAR1 determined by changes in tryptophan fluorescenceλmax. (C) 1H-15N HSQC spectra of HvCHORD-I in the
absence (left panel) and presence (right panel) of zinc, showing the importance of metal ions for spectral dispersion and hence the structure
of the domain.
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4 h until equilibrium was reached. Data were analyzed using
SEDFIT (37) software with densities and viscosities esti-
mated by SEDNTERP (38).

Isothermal Titration Calorimetry (ITC).ITC measurements
were performed using a MicroCal VP-ITC thermostated at
25°C. HvSGT1 and AtCHORD-II were extensively dialyzed
against 50 mM Tris-HCl and 1 mM TCEP at pH 7.5.
HvSGT1 at 38.5µM was loaded into the cell, and AtCHORD-
II at 565.8µM was loaded into the syringe. Heats of binding
at 25°C were measured from 30 injections of 10µL each.
ForEDTA-treatedAtCHORD-II,bothHvSGT1andAtCHORD-
II were extensively dialyzed into 50 mM Tris-HCl and 1
mM TCEP at pH 7.5 with initially 5 mM EDTA and then 1
mM EDTA. HvSGT1 in the syringe at 640.7µM was
injected into 37.7µM AtCHORD-II, and the heat of binding
at 20°C was measured. The heats of dilution (AtCHORD-
II against buffer) were subtracted from the binding data, and
binding parameters were determined using Origin software.

RESULTS AND DISCUSSION

Expression and Purification of Barley and Arabidopsis
RAR1 and Their DeriVatiVes. In this study, we have used
intact and domain constructs of barley (Hv) andArabidopsis
(At) RAR1 (Figure 1), with hexa-His or GST purification
tags. Using two homologues of RAR1 purified by different
strategies has allowed for a comparison of their physical
properties from which a consensus could be reached about
native RAR1. Proteins were purified using Zn2+-NTA- or
glutathione-affinity chromatography for His- or GST-tagged
proteins, respectively. The tags were then removed using
TEV or PreScission proteases as described in the Experi-
mental Procedures. Aggregates and impurities were removed
subsequently by size-exclusion and ion-exchange chroma-
tography. AtRAR1, AtCHORD-I-CCCH, AtCHORD-II,
HvRAR1, HvCHORD-I, and HvCHORD-II were visualized
on reducing 16% SDS-PAGE and shown to be>95% pure
(Figure 2). The mass of each protein was confirmed by
denaturing ESI-MS, with observed masses within 1-2 Da
of the calculated values (Table 1).

Role of Zinc in Maintaining RAR1 and CHORD Stability.
Previous work showed that RAR1 is a zinc metalloprotein,
containing two zinc-binding CHORDs believed to have a
novel fold (4). Using the two plant RAR1 homologues
purified in zinc-containing buffers, we investigated the
structure of intact RAR1. Secondary-structure determination
using far-UV CD spectra of metal-bound AtRAR1 showed
little apparent R-helical content because no significant
minimum at∼220 nm was seen (Figure 3A). Both barley
and ArabidopsisRAR1 gave very similar spectra, with a
single minimum at 205 nm, suggesting that the spectra are
common to both homologues and represent the native RAR1
structure (Figure 3A and data not shown). Deconvolution
of the spectra using CDNN software (Martin-Luther-
University, Halle-Wittenberg, Germany) suggested little
apparent structure in these purified proteins, however, with
their spectra more similar to those of unfolded polypeptides
(which generally have a minimum∼ 197 nm). An alternative
explanation is that RAR1 is rich inâ structure because these
often display far-UV CD spectra with single minima close
to 200 nm [for example, soybean trypsin inhibitor and
elastase (39)]. This led us to investigate whether our purified

RAR1 preparations from barley andArabidopsis were
unfolded.

To assess whether RAR1 was folded, we measured the
far-UV CD spectrum of EDTA-treated protein to investigate
if there are structural changes on chelation of bound metal.
The removal of metal led to a decrease in the minimum from
205 to 197 nm for both AtRAR1 and HvRAR1 (Figure 3A,
data not shown). To ascertain whether this change was due
to secondary-structure rearrangement or unfolding, the
tertiary structure of AtRAR1 was probed using near-UV CD
(Figure 3B). The loss of signal from the 3 tryptophan and
15 phenylalanine residues of AtRAR1 between the metal-

FIGURE 5: AtRAR1 is a monomer in solution as determined by
equilibrium sedimentation. AtRAR1 in 20 mM Tris-HCl at pH 7.5
and 2 mM TCEP was centrifuged at 23 000 rpm. (A) Experimental
data (O) plotted with a theoretical single fit for a 26 kDa species
(s) with residuals shown above,C(r) ) C(r0) exp[(w2/2RT)M(1
- VbarF)(r2 - r0

2)]. (B) Plot of the apparent molecular weight against
the concentration from three runs shows RAR1 to be monomeric
in solution with an apparent mass of∼26 kDa.
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bound and EDTA-treated material shows that the aromatic
residues in the zinc-depleted samples experience an increase
in side-chain mobility, suggesting that AtRAR1 unfolds upon
the loss of zinc. Tryptic digests of RAR1 in the presence
and absence of metal further supported the findings that
RAR1 is destabilized in the absence of metal because zinc
confers resistance to proteolytic degradation (Figure 3C).

Additional evidence that our purified RAR1 preparations
were folded came from intrinsic tryptophan fluorescence
spectroscopy (Figure 4A). Excitation at 295 nm ofArabi-
dopsisRAR1 (and barley, data not shown) confirmed that
the metal-bound form is folded. AtRAR1 shows a fluores-
cence maximum of 344 nm, which red-shifts (and quenches)
to 356 nm upon treatment with EDTA, consistent with the
environment of the aromatic residues changing from nonpolar
to polar when bound metal is removed. The role of zinc was
further investigated by chemical denaturation using tryp-
tophan fluorescence. Metal-bound or EDTA-treated AtRAR1
were mixed with increasing concentrations of guanidine
hydrochloride (Figure 4B). Zinc-bound RAR1 exhibits a
complex unfolding behavior consistent with a multidomain
protein, with half-maximal unfolding at 2.39( 0.07 M
guanidine-HCl. In contrast, metal-free protein showed little
change inλmax with an increasing denaturant, consistent

with the protein being already unfolded. Analysis of the
zinc-bound AtRAR1 constructs, AtCHORD-I-CCCH and
AtCHORD-II, gave values for half-maximal unfolding of
1.74( 0.02 and 2.20( 0.03 M guanidine-HCl, respectively
(data not shown). Zinc-bound HvCHORD-I and HvCHORD-
II were found to be slightly more resistant to unfolding at
2.53( 0.08 and 2.91( 0.05 M guanidine, respectively (data
not shown). Each expressed CHORD, just like full-length
RAR1, exhibited zinc dependence for guanidine-induced
denaturation and appeared unfolded upon the removal of
metal. The fact that the removal of the metal ion unfolds
these domains was reinforced by heteronuclear NMR experi-
ments on15N-labeled HvCHORD-I and1H-15N HSQC
spectra, which are exquisitely sensitive to protein fold (40).
The collapse of the amide HSQC peaks of the zinc-free
protein indicates the unfolding of the CHORD-I (Figure 4C),
supporting the previous spectroscopic data that implicate zinc
as essential for maintaining the RAR1 structure. It is
interesting to note that the presence of amide peaks in the
region of 8.8-10 ppm is suggestive of CHORD containing
at least someâ-sheet structure.

The half-maximal guanidine-HCl denaturation of the full-
length AtRAR1 was similar to that of the isolated domains
AtCHORD-I-CCCH and AtCHORD-II, suggesting that there

FIGURE 6: RAR1 and CHORD zinc stoichiometry determined by native-state ESI-MS. The protein was injected into a Qstar mass spectrometer
(ABI Sciex, Foster City, CA) in 25 mM ammonium acetate at pH 6.5. Plots ofm/z against the intensity show main charge species in
parenthesis for each distribution. Inserts are plots of reconstructed masses against the intensity of species present. (A) HvRAR1, peak at
24 915 Da; (B) HvRAR1 with prior EDTA treatment, peaks at 24 599 and 24 662 Da; (C) AtCHORD-I-CCCH, peak at 17 679 Da; and (D)
AtCHORD-II, peak at 9840 Da. RAR1 binds five Zn2+ ions, with each CHORD binding two Zn2+ ions and the CCCH motif binding one.
EDTA treatment of all proteins leads to the loss of bound zinc. All protein masses( zinc are presented in Table 1.
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may be little interaction between the two CHORDs within
RAR1. A comparison of AtRAR1 and AtCHORD-II by
thermal denaturation also gave similarTm values: 62°C for
AtRAR1 and 56°C for AtCHORD-II. Similarly, unfolding
for zinc-bound protein using decreasing pH gave half-
maximal unfolding at pH 5.35 for AtRAR1, pH 5.28( 0.01
for AtCHORD-I-CCCH, and pH 5.58( 0.02 for AtCHORD-
II. These findings suggest the CHORDs act as autonomous
units having few intramolecular connections. In summary,
the spectroscopic analysis of AtRAR1 and HvRAR1 has
revealed that they have similar properties; the proteins and
their component CHORDs are folded, nonhelical proteins
that are dependent upon zinc for structural integrity.

Analytical Ultracentrifugation Analysis of RAR1.RAR1
elutes from gel-filtration columns with an apparent molecular
weight of 50 kDa (data not shown), suggesting that the
protein is either a dimer or a monomer that elutes anoma-
lously. Sedimentation equilibrium runs of AtRAR1 showed
the protein to have a concentration-independent average
molecular weight of∼26 kDa (Figure 5), while sedimenta-
tion velocity experiments yielded a sedimentation coefficient
of 1.6 S at 10°C (S20,w ) 2.20 S) and a frictional ratio (f/f0)
of 1.69 ( 0.06. When these data are taken together, they
show that RAR1 is a monomer with an extended, nonspheri-
cal conformation, consistent with the lack of interdomain
interactions implied from the earlier denaturation data.

FIGURE 7: Progressive removal of zinc ions induces the loss of
HvRAR1 secondary structure. Far-UV CD spectra of HvRAR1 in
25 mM ammonium acetate with a decreasing pH shows the
minimum decreasing from 203 nm at pH 6.5 to 199 nm below pH
4.0 with a concurrent increase in negative ellipticity. ESI-MS
spectra were taken at each pH (6.5, 5.5, 5, 4, and 3.1) that showed
a diminution of bound metal ion: predominantly five at the higher
pH values (6.5 and 5.5), a variable number at pH 5, and no bound
zinc at low pH values (4 and 3.1).

FIGURE 8: CHORD-II interaction with SGT1 is zinc-dependent and weak. (A) ITC isotherm for HvSGT1 binding zinc-loaded AtCHORD-
II. Data, which were fitted to a single-binding-site model, indicate that binding is weak. The equilibrium dissociation constant (Kd) was
determined to be 6.7( 0.4µM (stoichiometryn ) 1.1( 0.3) from two independent measurements in 50 mM Tris containing 1 mM TCEP
at pH 7.5. (B) ITC isotherm for HvSGT1 binding to zinc-depeleted AtCHORD-II shows no interaction occurs upon mixing.
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RAR1 and CHORD Zinc-Binding Analysis.Sequence
analysis of RAR1 shows it to have five potential metal-
binding sites. Four of these sites are located within the two
CHORDs and are all conserved residues, with the fifth
potential site in the plant-specific CCCH motif (Figure 1).
Initial metal analysis reported RAR1 to bind two zinc ions,
one in each CHORD (4). As we have shown zinc to play a
significant role in maintaining the structure of RAR1 and
its CHORDs, we reinvestigated the metal stoichiometry to
see whether the structural integrity of each CHORD was
dependent upon a single zinc ion. To determine the metal
content of RAR1 and the individual CHORDs, ESI-MS and
atomic absorption spectroscopy were used. ESI-MS was
used as a qualitative method to determine the mass of the
proteins under native (metal-bound) and denaturing (metal-
free) conditions, whereas atomic absorption spectroscopy was
used to quantitatively determine the metal content. Under
native conditions, RAR1 proteins from both barley (Figure
6A) and Arabidopsis were 316.7 Da heavier than their
denatured states (Table 1), an increase in the mass equivalent
to five Zn2+ ions: (65.4- 2H+)5 ) 317. Furthermore, the
individual CHORDs shared a difference in mass of between
127.2 and 127.9 Da, equivalent to two Zn2+ ions: (65.4-
2H+)2 ) 126.8 (Figure 6C). The CHORD-I-CCCH truncate
under native conditions had a mass increase of 191.1 Da,
equivalent to three Zn2+ ions: (65.4 - 2H+)3 ) 190.2
(Figure 6D). Atomic absorption spectroscopy confirmed the
identity of the metal ion as zinc and corroborated the
stoichiometries for all of theArabidopsisconstructs and
barley RAR1 (Table 1). If the ligand is noncovalently bound
zinc, then the treatment of RAR1 with EDTA prior to running
native-state ESI-MS should just yield the calculated mass
of RAR1. A comparison of parts A and B of Figure 6 shows
that the mass for the apo form of RAR1 was obtained by
the addition of EDTA, indicating that zinc is specifically
co-ordinated to RAR1. Treatment with EDTA usually gave
both apoprotein and protein bound to one zinc ion as seen
in Figure 6B. Our analysis of the individual CHORDs from
barley andArabidopsisshow that each CHORD binds two
zinc ions. The remaining zinc binds to the CCCH motif,
establishing for the first time a zinc-binding role for the motif.

We next investigated whether the change in structure
observed by far-UV CD that results from a decreasing pH
(see above) could correspond to the sequential loss of zinc
(Figure 7). We found using ESI-MS that as the pH was
reduced the number of zinc ions co-ordinated by RAR1
reduced from five at pH 6.5 to none at pH 4.0 (data not
shown). Moreover, at intermediate pH values, a mixture of
species were seen corresponding to four-, three-, two-, and
one-bound zinc. Thus, there is a correlation between the
extent of protein unfolding by pH and the number of metal
ions lost from the protein, confirming that the interaction
between zinc and RAR1 is specific and functional with
respect to the protein structure. We conclude that RAR1 is
a zinc-metalloprotein able to coordinate five zinc ions and
not two as previously described. Moreover, these metal ions
are essential for stabilizing and maintaining the folded
conformation of the intact protein and its CHORDs.

Metal-Dependent Binding Interaction.RAR1 has been
shown to interact with SGT1 through CHORD-II and HSP90
through CHORD-I by yeast two-hybrid analysis and immu-
noprecipitation (13). The majority of the previously reported

interactions has relied on cell extracts orin Vitro transcription
and translation (12, 13). In the present study, we used ITC
to define more precisely the conditions for the interaction
between AtRAR1 and barley SGT1 (HvSGT1). Binding
between zinc-bound and EDTA-treated AtCHORD-II (no
bound metal) with HvSGT1 was invesigated (Figure 8). Only
zinc-bound AtCHORD-II was able to bind HvSGT1, which
was stoichiometric and weak (Kd ∼ 7 µM), with near
identical data obtained for intact RAR1 (data not shown).
This interaction is weaker by an order of magnitude than
the protein-protein interaction mediated by the zinc-binding
RING domain of the corepressor KAP-1, when binding the
KRAB transcription repression domain of KOX-1,Kd ) 142
nM (41). This result also confirms that the interaction
between RAR1 and SGT1 is through CHORD-II and that
the association is conserved between monocotyledonous and
dicotyledonous plants, as previously reported (13). Whether
binding between barley CHORD-II and barley SGT1 would
result in a stronger interaction is unclear, becausein ViVo
interactions have been readily detectible between barley
RAR1 andArabidopsisSGT1,ArabidopsisRAR1 and barley
SGT1, and even barley HSP90 andArabidopsisRAR1 or
SGT1 (5, 13).

CONCLUSIONS

Characterization of RAR1 and its CHORDs, with respect
to their structural stability and interactions with the binding
partner SGT1, has led to the identification of zinc playing
an important role. The biophysical analysis of RAR1 shows
that the maintenance of both the secondary and tertiary
structure is strictly dependent upon the presence of bound
zinc ions. CHORDs require two zinc ions to stabilize their
structure for mediating protein-protein interactions, because
the loss of zinc from RAR1 or CHORD-II prevented SGT1
binding. Furthermore, the CCCH motif linking the CHORDs
of RAR1 also binds zinc, furnishing RAR1 with five zinc-
binding sites, rather than two as first reported (4). The
sensitivity of RAR1 to pH denaturation with half-maximal
denaturation at pH 5.35 suggests that at least one of the zinc
ligands, in one or more of the metal-binding sites, is likely
to be a histidine residue, consistent with the two conserved
Cys3His motifs in each CHORD. RAR1 adopts an elongated
conformation with little or no interaction between each
separate CHORD. The intervening zinc-binding plant-specific
CCCH motif may simply be a bridge or spacer between the
two functional CHORDs of RAR1. The absence of any
significant helical structure in the CHORD suggests that this
module does not belong to classicalââR or RING domain
classes of zinc-finger proteins (42-45).
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