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Animal SGT1 is a component of Skpl-Cullin-F-box protein (SCF) ubiquitin 
ligases that target regulatory proteins for degradation. Mutations in one 
(SGT1b) of two highly homologous Arabidopsis SGT1 genes disable early plant 
defenses conferred by multiple resistance (R) genes. Loss of SGTlb function in 
resistance is not compensated for by SGT1a. R genes differ in their requirements 
for SGTlb and a second resistance signaling gene, RAR1, that was previously 
implicated as an SGT1 interactor. Moreover, SGT1b and RAR1 contribute ad- 
ditively to RPP5-mediated pathogen recognition. These data imply both op- 
erationally distinct and cooperative functions of SGT1 and RAR1 in plant disease 
resistance. 

In plants, a major form of resistance to dis- 
ease caused by microbial pathogens is by 
expression of complementary gene pairs in 
the plant and pathogen, known respectively 
as resistance (R) and avirulence (avr) genes 
(1). Direct or indirect interaction of their 
products activates cellular defenses that pre- 
vent pathogen colonization of the plant. Fail- 

ure to express either component results in 
disease susceptibility. The predominant class 
of R gene in a diverse range of species en- 
codes cytoplasmic proteins that resemble 
Nod proteins involved in animal innate im- 
munity (1, 2). Plant Nod-like proteins possess 
a central nucleotide-binding (NB)/apoptotic 
adenosine triphosphatase-homologous do- 

main, COOH-terminal leucine-rich repeats 
(LRRs), and NH2-terminal portions that ei- 
ther resemble the cytoplasmic domains of 
Drosophila and human Toll-like receptors 
[Toll-interleukin- 1-resistance (TIR) do- 
mains] or contain a coiled-coil (CC) motif. 
Resistance conditioned by NB-LRR proteins 
is commonly associated with rapid, localized 
programmed cell death known as the hyper- 
sensitive response (HR) and an oxidative 
burst producing reactive oxygen intermedi- 
ates (ROI) (3). 

The RPP5 gene in Arabidopsis accession 
Landsberg erecta (Ler) encodes a TIR-NB- 
LRR protein conferring resistance to the 
downy mildew pathogen Peronospora para- 
sitica (4). We undertook mutational screens 
to identify other essential genes in RPP5 
resistance and have identified multiple, inde- 
pendent recessive mutations at four loci (5). 
Two of these, EDS! and PAD4, encode 
lipase-like proteins that are engaged by TIR- 
NB-LRR type proteins but are dispensible in 
resistance conditioned by CC-NB-LRR pro- 
teins (6-9). The third gene is the single Ara- 
bidopsis ortholog of barley RAR1 (10), a 
necessary component of R gene-mediated re- 
sistance to the powdery mildew fungus (11). 
RARI encodes a 25-kD cytoplasmic protein 
with two zinc-binding CHORDs (cysteine- 
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and histidine-rich domains) that are con- 
served in sequence and tandem organization 
among all eukaryotic phyla examined (12). 
Metazoan CHORD proteins possess a motif 
(the CS domain) that is exclusively shared 
with SGT1 (12), an essential component of 
cell cycle progression via SKP 1-mediated ac- 
tivation of the kinetochore complex CBF3 in 
yeast (13). Yeast SGT1 also associates with 
the SCF ubiquitin ligase complex by interac- 
tion with SKP1 and is required for SCF- 
mediated protein ubiquitylation in vitro (13). 

We identified the fourth locus essential for 
Arabidopsis RPP5 resistance as one (SGTlb) of 
two SGT1 homologs (14). Although the pre- 
dicted Afrabidopsis SGTla and SGTlb proteins 
are highly sequence related, only mutations in 
SGTlb were isolated in screens for components 
of RPP5 resistance (Fig. 1, A and B). The 
conserved intron/exon structures of SGTla and 
SGTlb (14), coupled with higher sequence re- 
latedness between them than with other plant 
SGT1 homologs (15), suggest that they have 
arisen by recent gene duplication (16). A com- 
bination of RNA gel blot (Fig. 1C) and RNA 
quantification using Taqman chemistry (5) re- 
vealed defects in SGTlb but not SGTla tran- 
scripts in the sgtlb mutants. Thus, SGTlb is a 
necessary and nonredundant component of 
RPP5-mediated resistance. 

We examined the relative levels of SGTla 
and SGTlb proteins in soluble extracts from 
wild-type and sgtlb mutant plants (5). Prob- 
ing protein blots with antibodies raised 
against the conserved SGS domain of SGT1 
(15) showed that SGTlb was undetectable in 
all three sgtlb lines (Fig. 2A). SGTla was not 
depleted in the sgtlb mutants, indicating un- 
altered stability of SGTla in the absence of 
SGTlb (Fig. 2A). SGTlb was not detectable 
in sgtlb-1, sgtlb-2, and sgtlb-3 extracts 
probed with an SGTlb-specific antibody; 
hence, all of them may be null mutations 
(Fig. 2B). This conclusion is consistent with 
the observation that each sgtlb allele exhib- 
ited an equivalent loss of RPP5 resistance. 
We reasoned that the sgtlb phenotype is like- 
ly to be due to defects specifically in SGTlb. 

Levels of SGTlb were unaffected by mu- 
tations in each of the RPP5 resistance signal- 
ing components RAR1, EDSI, and PAD4 
(Fig. 2B). SGTlb expression also did not 
change after inoculation of wild-type leaves 
with pathogen isolate P. parasitica Noco2 
that is recognized by RPP5 (Fig. 2C). Similar 
results were obtained in tissues of rpp5 mu- 
tant plants that fail to recognize Noco2 and 
therefore allow pathogen colonization (Fig. 
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2C). PR1, a marker of downstream plant 
defenses, was induced in inoculated wild- 
type (RPPS) but not in control samples (Fig. 
2D), indicating that resistance was appropri- 
ately elicited in these experiments. Therefore, 
pathogen infection does not alter SGTlb ex- 
pression substantially, although we cannot 
rule out that changes in SGTlb abundance 
occur transiently or in a restricted number of 
cells at pathogen penetration sites. 

We compared the defects of sgtlb-l with 
other mutant lines that compromise RPP5 by 
measuring the extent of pathogen asexual 
sporulation and plant cell necrosis on infected 
leaves. Loss of RPP5 resistance in sgtlb was 
equivalent to that in a rarl null mutant but 
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was not as strong as in null ipp5 or edsl 
plants that exhibited, respectively, suscepti- 
bility and supersusceptibility (Fig. 3A) (4, 9). 
A double sgtlb/rarl mutant exhibited addi- 
tive disease susceptibility equivalent to rpp5 
(Fig. 3A), indicating that wild-type SGTlb 
and RAR1 operate genetically independently 
of each other in RPP5 resistance. Examina- 
tion of inoculated leaves under ultraviolet 
light revealed occasional plant cell death- 
associated autofluorescence in sgtlb and rarl 
but not in rpp5, edsl, or sgtlb/rarl (Fig. 3B). 
By microscopic analysis, we estimated that 
the HR was disabled in -95% of pathogen 
inoculation sites of sgtlb (Fig. 3C) and rarl 
(10), contrasting with a complete suppression 
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Fig. 2. Analysis of SGTla and SGT1b protein expression. Immunoblots of total protein extracts from 
wild-type Ler, sgtlb mutants, partial (rarl-14, rarl-15) and null (rar1-11) rar (10), edsl-2 (9), and 
pad4-2 (8) mutant lines were probed with antibody to SGS (a-SGS) (A) that detects SGTla and 
SGT1b (15) or with an antibody specific for SGT1b (a-SGT1b) (B) (5). (C) Blots of total protein 
extracted from Ler (RPPS) or Ler (rppS) (4) plants after inoculation with P. parasitica isolate Noco2 
were probed with antibody to SGT1b. (D) Expression of the defense marker PR1 in Noco2- 
inoculated or water-treated Ler (RPPS) plants was measured using Arabidopsis antibody to PR1 (24). 
Extract from cpr6, which constitutively expresses PR genes (25), was used as a positive control. To 
and T48 indicate time elapsed since treatment. In all panels, Rubisco (ribulose-1,5-bisphosphate 
carboxylase-oxygenase) was used as a protein loading control. 

Table 1. Different Arabidopsis R gene requirements for SGT1b and RAR1. Disease resistance (R), 
susceptibility (S), or partial susceptibility [(S)] was scored on the basis of asexual sporulation levels of P. 
parasitica isolates or bacterial growth of P. syringae strains (5). All R genes tested were expressed in the 
Ler background except RPP2 and RPP4 in accession Columbia and RPP1A in Wassileskija that were 
individually combined with sgtlb-1 or rar7-10 in segregating F2 populations (5, 10). TIR and CC domains 
of cloned NB-LRR genes are indicated (5). 

Mutant phenotype 
Pathogen Isolate/strain R gene prot 

proten ~ sgtlb rar? 

Peronospora Noco2 RPPS TIR S S 
parasitica Cala2 RPP2 TIR S R 

Emwal RPP4 TIR S S 
Cala2 RPP1A TIR R R 
Emco5 RPP8 CC R R 
Maks9 RPP21 ? (S) (S) 

P. s. pv. avrRps4 RPS4 TIR R S 
tomato avrRpt2 RPS2 CC R S 
DC3000 avrRpml RPM1 CC R S 
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of HR in rpp5 (Fig. 3C). Substantially de- 
layed plant cell death in sgtlb was evident 
later in infection by appearance of necrotic 
plant cells trailing the pathogen (Fig. 3C). 
Whole-cell ROI accumulation was undetect- 
able at most pathogen inoculation sites of 
sgtlb and raral but was occasionally observed 
in cells at later stages of colonization (17). 
These data reveal cooperation between SGT1 
and RAR1 in the regulation of RPPS-trig- 
gered cell death and the oxidative burst. 

In Arabidopsis, RARI is essential for re- 
sistance conferred by multiple R genes rec- 
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ognizing distinct avirulent P. parasitica or 
Pseudoimonas syringae pv. tomato isolates 
(10). We found that these R genes have either 
common or separate genetic requirements for 
RAR1 and SGTlb (Fig. 3D and Table 1). 
These findings provide evidence that SGTlb 
and RAR1 have overlapping but nonidentical 
roles in resistance triggered by different R 
genes. Usage of RAR1 and/or SGTlb was not 
restricted to a particular NB-LRR structural 
type (Table 1), whereas EDSI and PAD4 are 
specifically required by TIR-NB-LRR pro- 
teins (6, 9). 
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In yeast, the cellular roles of SGT1 are 
closely linked to its association with SKP1, 
an integral ubiquitin ligase protein (13). A 
mouse homolog of SGT1 was also identified 
by mass spectrometry as an SCF interactor 
(18). The sequence relatedness of Arabidop- 
sis SGTla and SGTlb (Fig. 1B), coupled 
with the ability of both genes to complement 
two yeast temperature-sensitive sgtl mutant 
alleles (15), suggests that fundamental cellu- 
lar function(s) of yeast SGT1 in SCF-mediat- 
ed protein ubiquitylation (13, 19, 20) are 
retained by both Arabidopsis SGT1 ho- 
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Fig. 3. Pathogen colonization of sgtlb and rarl 
mutants. (A) Asexual sporulation levels of P. para- 
sitica isolate Noco2 7 days after inoculation of 
wild-type (Ler) and different RPP5 signaling mutants 
(5). Sporulation on sgtlb-1 and rarl-10 was signif- 
icantly different (Student's t test, *P = 0.05) from 
that measured on sgtlb-1/rarl-10. (B) Noco2-in- 
fected leaves viewed under ultraviolet light exhibit- 
ing cell death-associated fluorescence in rarl-10 
and sgtlb-1 5 days after inoculation. (C) Leaves of 
Ler (RPP5), sgtlb-1, and rpp5 were stained with 
lactophenol trypan blue at 3 and 6 days post- 
inoculation (dpi) with Noco2 to reveal necrotic 
plant cells and pathogen structures (26). HR, hyper- 
sensitive response; M, mycelium; TN, trailing plant 
cell necrosis; S, pathogen sporangiophore. (D) 
Growth of P. syringae pv. tomato strain DC3000 
expressing avrRpm 7, avrRps4, or containing an emp- 
ty vector (DC3000) was measured in different plant 
lines (5): U, rarl-10; A, edsl-2; x, sgtlb-1; *, Ler. 
Each data point represents the average of three 
replicates. 
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mologs. We present evidence that SGTlb has 
evolved a distinct capability in certain R 
gene-specified responses that is not compen- 
sated for by SGTla. Nonredundant functions 
of Arabidopsis SGTla and SGTlb in plant 
defense may reflect preferential interactions 
with different subsets of SCF complexes. 
Representation of at least 19 SKP1 orthologs 
and >300 F-box-containing proteins in the 
Arabidopsis genome creates the potential for 
considerable flexibility in SCF composition 
and regulatory function (16, 21-23). 

Our data show that RAR1 and SGTlb each 
contribute quantitatively to RPP5-dependent 
resistance and are thus operationally distinct. 
It is noteworthy that Azevedo et al. (15) show 
conserved molecular association between 
plant SGT1 and RAR1, including Arabidop- 
sis SGTla and SGTlb. In barley extracts, 
SGT1 exists in two pools, one containing 
RAR1, the other engaging SCF components. 
The combined genetic and molecular data 
imply that SGT1-RAR1 and SGT1-SCF com- 
plexes have at least partially distinct roles in 
disease resistance. In one scenario, mutations 
in RAR1 but not SGTla or SGTlb might 
disable SGT1-RAR1 function, whereas mu- 
tations in SGTlb might compromise a subset 
of SCF complexes that are preferentially used 
in R gene-triggered responses. Such a model 
would account for the exclusive genetic re- 
quirements of certain R genes for either RAR1 
or SGTlb, directing signals through one or 
the other mechanism to trigger plant defense. 
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Although the structure of the nucleosome core 
particle is known, the histone tails, which pro- 
trude from the nucleosome core and undergo 
posttranslational modifications, have not been 
observed (1, 2). A "histone code" hypothesis 
suggests that covalent modification of these 
tails, such as acetylation, phosphorylation, and 
methylation, creates a favorable docking sur- 
face for protein modules that interact with chro- 
matin in a manner that may extend the genetic 
code (3). The sites of lysine methylation on 
histone tails have been known for 30 years, but 
direct evidence linking them to gene activity 
has only appeared recently. On histone H3, 
methylation at Lys9 (MeK9 H3) produces a site 
for HP1 (heterochromatin-associated protein 1) 
binding, and is associated with epigenetic si- 
lencing in organisms as diverse as fission yeast 
and mammals (4-8). We recently showed that 
the chromodomain of Drosophila HP1 is suffi- 
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cient for specific interactions with the histone 
H3 tail, in a manner that depends on the meth- 
ylation of Lys9 (7). Here, we show the struc- 
tural and energetic determinants of this interac- 
tion to further elucidate the mechanism of 
methyllysine recognition, as well as histone H3 
tail recognition by the chromodomain. 

We used a pair of synthetic peptides corre- 
sponding to residues 1 to 15 of histone H3, 
which included dimethyllysine (Me2K) and 
also trimethyllysine (Me3K) at residue 9 (9). 
We used isothermal titration calorimetry to 
measure the affinity of the HP1 chromodomain 
for both Me2K- and Me3K-bearing peptides, 
and found these to be 7 and 2.5 FLM, respec- 
tively (9). To visualize the chromodomain in- 
teraction with the H3 tail, we formed its com- 
plexes with these peptides and obtained crystals 
for x-ray diffraction studies. The structures 
were solved at 2.1 and 2.4 A resolutions, re- 
spectively (9). Analysis of the 12Fo - Fcl and 
IFo -FcI difference maps clearly indicated elec- 
tron density for the bound position of the H3 
peptide in both complexes (Fig. 1A). We did 
not see residues 1 to 4 or 11 to 15 of the 
peptides, suggesting that only residues Gin`- 
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Structure of HP1 

Chromodomain Bound to a 

Lysine 9-Methyated Histone 

H3 Tail 
Steven A. Jacobs and Sepideh Khorasanizadeh* 

The chromodomain of the HP1 family of proteins recognizes histone tails with 
specifically methylated lysines. Here, we present structural, energetic, and 
mutational analyses of the complex between the Drosophila HP1 chromodo- 
main and the histone H3 tail with a methyllysine at residue 9, a modification 
associated with epigenetic silencing. The histone tail inserts as a 3 strand, 
completing the 3-sandwich architecture of the chromodomain. The methyl- 
ammonium group is caged by three aromatic side chains, whereas adjacent 
residues form discerning contacts with one face of the chromodomain. Com- 
parison of dimethyl- and trimethyllysine-containing complexes suggests a role 
for cation-7r and van der Waals interactions, with trimethylation slightly im- 
proving the binding affinity. 
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