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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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Ser?1 of histone H3 participate directly in bind- 
ing to the chromodomain (9). 

The overall conformation and binding to- 
pology of the H3 peptide on the chromodomain 
is shown in Fig. 1B. The structures involving 
the Me2K9 and Me3K9 peptides are essentially 
superimposable, with an overall root-mean- 
square deviation (rmsd) of 0.35 A over all C" 
atoms. The histone tail binds to only one face of 
the chromodomain, confirming our preliminary 
data obtained by solution nuclear magnetic res- 
onance (NMR) spectroscopy (7). The insertion 
of the target peptide as a ( strand is reminiscent 
of interactions seen in the PTB and PDZ do- 
mains with their recognition targets (10). In 
addition to an amino-terminal chromodomain, 
HP1 has a related carboxy-terminal chromo 
shadow domain. A structural comparison of the 
complex with the free chromodomain and the 
chromo shadow domain of HP1 is shown in 
Fig. lB. NH2-terminal residues do not form a a 

strand in the free chromodomain (11), suggest- 
ing that this P strand is induced on contact with 
the H3 tail peptide. Moreover, the B structure of 
the H3 tail was unanticipated, as its lack of 
detection in the nucleosome core particle struc- 
ture suggested a disordered conformation (1, 2). 

It has been demonstrated that no combina- 
tion of the naturally occurring amino acids 
gives rise to a motif that interacts with the HP1 
chromodomain (12). This implies that the post 
translationally modified form of Lys9 is abso- 
lutely required, consistent with our finding that, 
when all the H3 tail residues are included but 
without the methylation mark, there is no de- 
tectable binding (7). Similarly, a free methyll- 
ysine amino acid does not bind appreciably. 
Therefore, in describing the structure, it is use- 
ful to regard two distinct features of recogni- 
tion: those involving the MeK and those involv- 
ing the surrounding histone tail sequence. The 
MeK recognition involves a conserved aromat- 
ic pocket (Fig. 2A), whereas interactions be- 
tween H3 tail and the chromodomain consist of 
a series of backbone hydrogen bonds and com- 
plementary surfaces formed between their side 
chains (Fig. 2B). 

The disposition of the Me2K and Me3K 
within their binding environments is shown in 
Fig. 2A. The aromatic residues Tyr24, Trp45, 
and Tyr48 form a three-walled cage into which 
the methylammonium group inserts. Methyl- 
ation of lysine changes two aspects of its chem- 
istry. First, there is an increased hydrophobic 
property imparted to an otherwise polar termi- 
nal group. This would favor the propensity of 
van der Waals and hydrophobic interactions 
with nonpolar groups. Second, lysine methyl- 
ation polarizes the C8-N bond, lending a more 
cationic character to the methylammonium 
group and leading to the stabilization of cat- 
ion-Tr interactions with the aromatic cage (13, 
14). 

Our calorimetry analyses (9) show that 
going from Me2K to Me3K produces a favor- 
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able gain of enthalpy (AAH = -0.4 kcal/mol) 
and entropy [A(TAS) = 0.2 kcal/mol] asso- 
ciated with chromodomain binding, consis- 
tent with improved interactions of a polar 
nature (i.e., cation-ir interaction), in addition 
to the van der Waals contacts. Consistent 
with van der Waals interactions, the distance 
between the carbon atoms of the methyl 
groups and the centroids of the aromatic side 
chains fall within the range of 3.1 to 4.1 A. In 
the structure of the dimethyllysine complex, 
there is an additional interaction with a water 
molecule 3.1 A away, which is further but- 
tressed by the side chain and backbone hy- 
drogen bonding with Glu52 (Fig. 2A). In the 
Me3K complex, the methylammonium group 
is no longer protonated, and the water mole- 
cule is displaced slightly away and out of 
hydrogen-bonding distance (3.8 A). The wa- 
ter oxygen may participate in further side- 
chain polarization of the Me2K, which is 
unnecessary in the Me3K. In both cases, the 
methylammonium group is seated equidistant 
from each individual aromatic ring and occu- 
pies the focal point of the rr-electron envi- 
ronment of the three aromatic residues. 

To better assess the contribution of the chro- 

B 

Fig. 1. Structure of the Drosophila HP1 chro- 
modomain in complex with MeK9 histone H3 
peptide. The PDB accession codes are 1kna 
(with Me2K7 H3) and 1Kne (with Me3K7 H3). 
(A) Stereodiagram of the IFo - Fcl "omit" 
map showing the electron density for the 
bound Me2K9 H3 peptide (magenta). The 
chromodomain is in blue. (B) Comparison of 
the chromodomain-H3 peptide complex 
(red) with the free chromodomain (black) 
(11) and the free chromo shadow domain 
(yellow) (20). 

modomain residues in Fig. 2A toward MeK 
recognition, we individually replaced these 
with alanine and measured the peptide binding 
affinity (Table 1 and Fig. 2C). Mutation of the 
aromatic cage residues, Tyr24, Trp45, and Tyr48, 
reduces affinity for Me3K9 H3 tail, dramatical- 
ly. In contrast, changing the polar residues 
Glu23 and Glu52 to alanines results in a drop in 
affinity to less than one-half. This suggests that 
the aromatic cage plays a far more significant 
role in MeK binding than the nonaromatic res- 
idues. We also tested whether other long or 
hydrophobic side chains could replace the 
MeK9 within the aromatic cage. A Trp, Met, 
Leu, or an acetyllysine, when substituted for 
MeK9, results in the complete inability of the 
H3 tail to bind. 

The bound portion of the H3 tail adopts a ( 
strand conformation that lies antiparallel and 
coplanar with two chromodomain 3 regions, 
completing a three-stranded 1 sheet and the 
overall 3-sandwich fold. Recognition of the 
MeK is only possible when presented in the 
correct context of the surrounding H3 sequence. 
Complementary surfaces stabilize the interac- 
tions between H3 tail and the chromodomain, 
burying a total of 1063 A2 of solvent-accessible 
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surface area on both molecules as shown in Fig. 
2B. This size compares favorably with other 
bona fide protein-protein interaction surfaces 
(15). Residues Gin5, Thr6, Ala7, and Arg8 of the 
H3 tail form P-sheet interactions with residues 
Glu23, Tyr24, Val26, Asn60, and Asp62 in the 
chromodomain. In addition, the side chains of 
Thr6 and Ala7 form complementary van der 
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Waals contacts, whereas Ser'? forms hydrogen- 
bonded interactions with the chromodomain. 

To better assess the contribution of each of 
the H3 tail residues shown in Fig. 2B toward 
chromodomain recognition, we prepared pep- 
tides with point mutations at each of these 
positions. The results are shown in Table 1 and 
Fig. 2D. The T6A mutation reduces the binding 

by a factor of 7 (16). This appears to be due to 
the partial loss of complementary interactions 
through the shortened side chain. It is notewor- 
thy that the histone H3 tail contains a second 
sequence motif (AARK27S versus TARK9S) 
around Lys27 (another known site of methyl- 
ation) that differs only by this same Thr to Ala 
alteration. Consistent with our T6A mutagene- 

Fig. 2. Specific interactions between the 
chromodomain and MeK9 H3 tail. (A) 
Stereodiagram showing the Me2K9 (yel- 
low) and Me3K9 (orange) H3 in complex 
with the chromodomain (blue and green, 
respectively). The van der Waals repre- 
sentation corresponds to the Me3K com- 
plex. (B) Backbone (left) and side-chain 
(right) interactions between Me2K9 H3 
and chromodomain. (C) Binding of chro- 
modomain mutants to Me3K9 H3 tail. (D) 
Binding of wild-type chromodomain to 
point mutants of Me3K9 H3 tail. 
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sis data, a peptide corresponding to H3 residues 
15 to 32 bearing a methylated Lys27 binds with 
an affinity one-seventh that of the methylated 
Lys9 H3 peptide (17). This is also consistent 
with our structural finding that only the three 
side chains preceding and the one side chain 
following methylated lysine contribute to HP1 
chromodomain binding specificity and suggests 
that the Lys27 region is a second recognition 
site for the HP1 chromodomain. 

Mutations of the other residues within the 
bound pentapeptide sequence further indicate 
their importance. Ala7 makes intimate and 
complementary contacts with Val26 of the 
chromodomain. The A7M mutation, which 
extends the size of the side chain and pre- 
sumably leads to a steric clash, results in a 
reduction in binding by a factor of -25. It is 
interesting that Val26 of the chromodomain 
when mutated to a Met would similarly dis- 
turb the same interaction. We previously 
showed that V26M also results in the com- 
plete inability to support H3 binding (7). An 
R8A mutation in the peptide reduces the 
binding affinity by a factor of --20. Finally, 
S1OA mutation, which removes only an OH 

Table 1. Effect of point mutations (16) in the 
chromodomain and in the Me3K9 H3 peptide. Data 
were obtained in 50 mM sodium phosphate (pH 
8), 25 mM NaCI, and 2 mM dithiothreitol buffer at 
15?C (7). 

Chromo- 
Cdomain KD (>M) H3 peptide KD (IM) 

Wild type 4 ? 1.0 K9M >500 
Mutants K9W >500 

E23A 6.9 ? 0.9 K9L >500 
Y24A >75 AcK9 >500 
W45L >500 R8A >85 
W45A >500 A7M >110 
Y48A >290 T6A 27 ? 4 
E52A 6.5 ? 0.9 T6A/R8A >500 

S10A 11.6 ?3.5 
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moiety, results in a drop in binding affinity by 
a factor of -3. The examination of the crystal 
structures suggests a role for Ser'l in forming 
a hydrogen bond interaction with Glu56 of the 
chromodomain. HP1 chromodomain does not 
bind histone H3 containing methyllysine 4 
(7), a posttranslational modification associat- 
ed with transcriptional activation (18), be- 
cause the sequence context of the Lys4 
(ARTK4Q) is not shared with Lys9. 

A structure-based sequence alignment 
of chromodomains from diverse chromatin 
regulating factors is shown in Fig. 3, which 
indicates that MeK9 H3 binding is likely to 
be mediated by only a subset of the chro- 
modomains. Category A shows chromodo- 
mains that contain the essential aromatic 
cage residues which in HP1 were observed 
to form the recognition pocket for MeK9. 
In addition, the majority of the chromodo- 
mains in subset A have most of the residues 
that in HP1 are responsible for H3 tail 
(Thr6-Ser'0) sequence specificity. Dro- 
sophila PC and human SUV39H1 proteins 
have already been shown to interact with 
MeK9 H3 through pull-down assays (5). 
Sequences shown in category B have nei- 
ther the complete aromatic cage nor the 
H3-discriminating residues of the HP1 
chromodomain. These are likely to specify 
binding interactions with other target se- 
quences and/or posttranslational modifica- 
tion. Consistent with this idea, we previ- 
ously showed that the Esal chromodomain 
did not have specificity for MeK9 H3 tail 
(7). Moreover, the MOF chromodomain 
may bind to RNA rather than a protein (19). 
Finally, the chromo shadow domain of 
HP1, shown in category C, binds to the 
pentapeptide motif [PL][WRY]V[MIL][MLV] 
that does not share the H3 tail sequence or 
require MeK, but has been seen in nonhis- 
tone proteins that interact with HP1 (12, 
20). This would be consistent with the lack 
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- dmHPl ,YA'EKIIDR RVRKGK--- --VEYYLKWK GYPETENTWE PE-NNLD-CQ DLIQQYEASR 
hSUV39H1 PFEUiEYLCDY KKIREQ---- --EYYLVKWR GYPDSESTWE PR-QNLK-CV RILKQFHKDL 
spCLR4 E.YEV,ERIVDE KLDRNG---- AVKLYRIRWL NYSSRSDTWE PP-ENLSGCS AVLAEWKRRK 

tPdd3p EYEVEKIIKT KYDDQL---- RTNLYLVKWK GYADHLNTWE PE-WNLENSK EILNDFKKKN 
hCDY EFEVEAIVDK RQDKNG---- NTQ-YLVRWK GYDKQDDTWE PE-QHLMNCE KCVHDFNRRQ 

A-_ aCMT1 EFEVEKFLGI MFGDPQGTGE KTLQLMVRWK GYNSSYDTWE PY-SGLJGNCK EKLKEYVIDG 
hTIP60 IWP"ARIT.SV KDISGR---- --KLFYVHYI DFNKRLDEWV TH-ERLDL-K KIQFPKKEAK 
tPddlp QYE%EKILDS RFNPKT---- KQKEYLVKWE NWPIEDSTWE PY-EiIISNVK EIVQAFEKKQ 
dmPC VYAAEKIIQK RVKKGV--- --VEYRVKWK GWNQRYNTWE PE-VNIL-DR RLIDIYEQTN 
hRBP1 IY-EASIKST EIDDGE--- --VLYLVHYY GWNVSYDEWV KA-DR'IWPL DKGGPKKKQK 

- dmMSL3 LY-TSKVLNV FERRNE---- ----HGLRFY EYKIHFQGWR PSYDRCVRAT VLLKDTEENR 
- hCDYL ALQ,ERIVDK RKNKKG---- KTE-YLVRWK GYDSEDDTWE PE-QHLVNCE EYIHDFNRRH 

scESAl .R-3AEILSI NTRKAP--- --PKFYVHYV NYNKRLDEWI TT-DRINLDK EVLYPKLKAT 
B- scEAF3 QKGEDESIPE EIINGK--- ---CFFIHYQ GWKSSWDEWV GY-DiiRAYN EENIAMKKRL 

dmMi2-2 WLI:QRVINH RTARDG--- -STMYLVKWR ELPYDKSTWE EEGDDXQGLR QAIDYYQDLR 
- dmMOF TVHRGQVLQS RTTENAA--- APDEYYVHYV GLNRRLDGWV GR-HRSDNA DDLGGITVLP 

C - dmHPlcsd GLEAEKILGA SDNNGR--- --LTFLIQFK GVDQ--AEMV PSSVANEKIP RMVIHFYEER 

Fig. 3. Structure-based sequence alignment and organization of the chromodomains. Abbreviations 
are dm for Drosophila, h for human, sp for Schizosaccharomyces pombe, t for Tetrahymena, a for 
Arabidopsis, and sc for Saccharomyces cerevisiae. Aromatic cage residues that recognize MeK9 are 
in red. Conserved residues that form a complementary surface responsible for H3 peptide 
recognition are highlighted in green; arrows indicate P strands. 

of sequence conservation in the cage and 
the peptide binding sites with respect to the 
chromodomain of HP1. Together, these 
analyses suggest that considerable diversity 
of recognition could be generated within 
the chromodomain family through relative- 
ly few amino acid substitutions at the aro- 
matic cage or the peptide-binding sites. 

The structure of the chromodomain com- 
plex presented here illustrates for the first 
time two features likely to be shared by other 
MeK recognition factors. The first is a dis- 
tinct aromatic cage environment for the rec- 
ognition of the cationic and hydrophobic 
methylammonium functionality. The second 
is an extended surface groove that distin- 
guishes the sequence context of the MeK by 
forming additional interactions with the adja- 
cent residues of the histone tail. HP1 ho- 
modimerizes solely through the chromo shad- 
ow domain, which does not interact with the 
chromodomain (7, 20). Therefore, it would 
appear likely that one dimeric HP1 binds to 
Lys9 and Lys27 regions of a single H3 tail 
using its two monomeric chromodomains. 
Alternatively, a dimeric HP1 may bind to 
Lys9 on two adjacent H3 tails. These and 
other hypotheses remain to be tested through 
additional biochemical and structural studies. 
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