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Transitions in Distinct Histone 

H3 Methylation Patterns at  the 


Heterochromatin Domain 

Boundaries 


Ken-ichi Noma,' C. David Allis,' Shiv I. S. Crewal1* 

Eukaryotic genomes are organized into discrete structural and functional chro- 
matin domains. Here, we show that distinct site-specific histone H3 methyl- 
ation patterns define euchromatic and heterochromatic chromosomal domains 
within a 47-kilobase region of the mating-type locus in fission yeast. H3 
methylated at lysine 9 (H3 Lysg), and its interacting Swi6 protein, are strictly 
localized to a 20-kilobase silent heterochromatic interval. In contrast, H3 meth- 
ylated at lysine 4 (H3 Lys4) is specific to the surrounding euchromatic regions. 
Two inverted repeats flanking the silent interval serve as boundary elements 
to mark the borders between heterochromatin and euchromatin. Deletions of 
these boundary elements lead to spreading of H3 Lysg methylation and Swi6 
into neighboring sequences. Furthermore, the H3 Lysg methylation and cor- 
responding heterochromatin-associated complexes prevent H3 Lys4 methyl- 
ation in the silent domain. 

In eukaryotes. chromosomes are partitioned 
into structi~rally and fi~nctionally distinct re- 
gions that help to separate independently reg- 
ulated parts of the genome ( 1 , -7). Specialized 
DNA elements, kn0u.n as insulators or 
boundary elements. have been suggested to 

mark the borders between adjacent chromatin 
domains and to act as barriers against the 
effects of enhancer and silencer elements 
from neighboring regions (3-5).  The best 
characterized example of such long-range 
chromatin effects comes from studies of po-
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sition effect variegation, where chromosomal aries between heterochromatin and euchro- differences in loading or the variance in am-
rearrangements of heterochromatin near or matin within this region are unknown (14). plification by -different.primer sets, we used 
into areas of euchromatin result in the stable Recent in vivo evidence shows that the enzy- multiplex PCR to normalize the relative en-
epigenetic silencing of these regions (6-8). matic methylation of Lys9 of histone H3 by richment of the mat sequences to the act1 
The mechanism that prevents the spreading Clr4 is required for localization of Swi6, a PCR product ('Fig. 1). 
of heterochromatin into euchromatin in a nat- homolog of Drosophila HPl, and plays a The data show that H3 Lys9 methylation 
ural chromosomal context is not well under-
stood, but recent studies suggest that bound-
ary elements may be involved (9, 10). 

In fission yeast, the mating-type region 
contains three linked loci called matl, mat2, 
and mat3 (Fig. 1). In contrast to the transcrip-
tionally active mat1 locus, which determines 
themating type of the cell, the mat2 and mat3 
loci and the interval between them, known as 
the K-region, are subject to heterochromatin-
mediated silencing and recombinational sup-
pression (11-13). Although silencing is 
thought to extend into the L-region, the inter-

critical and highly conserved role in hetero-
chromatin assembly (15, 16). 

To determine the exact locations of het-
erochromatin within the mat locus and to 
address whether boundary elements flank the 
silent domain, we created a 47-kb high-reso-
lution map by means of chromatin immuno-
precipitation (ChIP) (17)with the polymerase 
chain reaction (PCR). We designed primers 
to amplify overlapping fragments of -0.5 to 
0.65 kb from the entire mat region. To am-
plify a part of the K-region well known to 
exhibit homology to centromeric repeats ( II )  

and Swi6 were both preferentially enriched 
throughout a 20-kb region of DNA that in-
cluded and extended past the mat2/3 interval 
(Figs. 1A and 2). Unexpectedly, we observed 
a marked decrease in H3 Lys9 methylation 
and Swi6 localization on both sides of the 
mat2/3 interval, which coincided precisely 
with two 2-kb identical inverted repeats 
unique to the mat locus (named IR-L and 
IR-R, respectively, for inverted repeat left 
and right) (Figs. 1A and 2). Interestingly, H3 
Lys9 methylation and Swi6 were enriched at 
IR-L and IR-R but were not detected outside 

val between matl and mat2, the exact bound- (Fig. lA), we selected primers from areas these repeats in surrounding euchromatic re-
containing segmental insertions or substitu- gions. Consistent with these results, expres-
tions, and we confirmed their 'specificity by sion of the marker genes inserted outside the 

lColdSpring Harbor Post Office Box 100, using genomic DNA from a strain IR-L toward matl was unaffected, but severe
Cold Spring Harbor, NY 11724, USA. ZDepartmentof 
Biochemistry and Molecular University, of mat213 region deletion. These primer sets repression was observed on the other side (7, 
Virginia Health Science Center. Charlottesville.VA were used in quantitative PCR on DNA pre- 14) (see also Fig. 1A). Together, these data 
22k8, USA. pared either from immunoprecipitated chro- suggest that the IR-L and IR-R repeats may 
* T ~,,,,horn correspondenceshould be addressed.E- matin fractions or from whole-cell crude ex- serve as boundaries of the silent heterochro-
mail: grewal@cshl.org tracts used as an input control. To account for matin domain at the mat2/3 interval.. 

Fig. 1. High-resolution mapping 
of Swi6 protein levels at the A 
mating-type region of stable M 
and P strains. (A) A physicalmap 
of the mating-tv~eregion is 

''-Won_ -*+---- ,r.Iee!o!- ---* ,----
IR-L mat2P mat3M IR-R 

cate location of marker gene in-
sertions showing repressed or c - n n r . h r . ~ : ~ ~ ~ ~ t t ~ ~ x ~ ~ ~ ~ x x f i ~ x x ~ ~ n ~ ~ x ~ x x : ~ a ~ ~ : : ~ : : x ~ a a s a x ~ x ~ a a a a a a ~ a . s x e ~ r r s ~ e ~ e ~ s  

-,------.-------- --- - ~ ~ X ~ e z : z : : +expressed state, respectively 5 CMPII=-:?~~~~--;-_-----I-,,,,-------s-- - ---- --

shown (top). k-['and lk-Rin- L-A-A ~-~-n-u-u-n-~-a-a-~-~-a-a-a-~z-a-fi-~-~-g-~-~-~-~-~-B-=-U-~-Q-~-~-S-~-Q-D-Z-~-
verted repeats residing on both a 4  8 i a i a i 4 i e i 1 1 ) ~ ~ 1 a m ~ ~ 1 n n e u u ~ a m uI a r r r u r r r n u r r 4 n n m  

sides of the mat2/3 interval are 

(77, 73, 74). ChlP analyses with 3 I I 

antibody to  Swi6 (7) were used = WCE ====:=::,=-===IZ-Z:Z:=~:+=-=-:~::=::=:=:::::~--======~-.::-::;===:=:-==~:::=:=~= 
to  measure Swi6 levels through-

shown as black arrows. The 

greenthe K-region,box representsten/-/, sharinga partho-of af 5 5 
mology to  centromeric repeats. 

out'the mat locus. DNA isolared ~ ~ ~ ~ ~ ~ ~ ~ : L r 2 S E f P t L X E P 8 X I X f i X X X ~ I 8 X I X R X X S F ~ 8 t S : 8 ~ 8 8 B O O P O 8 t 8 8 8 ~ 8 E I ~ I C ~ 8 t * f E ! C ~ ~ ~ C : L L S  

from immuno~reci~itatedchro- $ W / : ~ ; = ~ ~ : ~ = = ~ ~ ~ ~ , : : E : ~ = : ~ ~ : : ~ : = ~ : ~ ~ ~ : ~ ~ ~ ~ : ~ ~ J ~ ) = ~ = ~ : : = = ~ ~
matin fChlP1or whole-cell crude .. - %I$ 

la----- M+trsin- .................................. ----- .................... 
" 7 7................................. - - -- -- - --- - --------

C 

extrack ("'1 was subjected:wcE/;nm=r,:~L~=~=zm=3=~~S3=.=~=~=r=:~:~~~~f~ ~ z z ~ ~ I t z 1 3 ~ 2 = ~ q f = z ~ I I - : : ~ ~ : ~ ~
to  multiplex PCR to  amplify 

Red or blue vertical arrows indi- ---

DNA fragments from the m a t  
locus, indicated by bars (1 to  B chip WCE c " P D man M P hno hso 
80), as well as an act7 fragment - ChlP WCE ChlP WCE M +  + + A 
serving as an internal amilifica-
tion control. PCR fragments 
were resolved on a polyacryl-
amide gel and then quantified 
tising a phosphoimager. (B) Rel-
ative precipitated enrichments 
of mat sequences were calculat-
ed: quantitation of these results a + 
is plotted in alignment with the 
map of the mat locus. (C) The 
levels of Swi6 at a centromeric 
(otr2) repeat in M and P cells. 
DNA fractions from ChlP analyses of Swi6 levels at matwere analyzed for Western blot analysis using antibody to  Swi6 (top panel) or antibody to  
enrichment of otr2 sequences using multiplex PCR. (D) Comparison of TAT1 for loading control (bottom panel) on whole-cell protein extracts 
Swi6 protein levels in different mating-type backgrounds, as assessed by from stable M, P, and switching-competent h90 cells or swi6A strain. 
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Silencing at the mating-type region in 
matl-P cells is less stringently controlled 
than in matl-M cells (14), which suggests 
that the P and M cells might differ in their 
chromatin organization at the mat .locus. 
Comparison between nonswitching matl-M 
and matl-P strains using ChIP analysis re-
vealed that P cells contain relatively lower 
levels of Swi6 throughout almost the entire 
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mat2/3 interval (Fig. 1A). The difference in 
Swi6 localizationappears to be limited to the 
mat locus, because no such differences in 
Swi6 leveis were observed at centromeric 
repeat sequences of M and P cells (Fig. 1C) 
and equal amounts of Swi6 protein were 
present in each cell type (Fig. ID).Interest-
ingly, ChIP analysis revealed no clear differ-
ence in H3 Lys9 methylation between the P 

and M mating-type cells (Fig. 2). This sug-
gested that additional factors, perhaps the 
information encoded by matl-M or -P loci, 
might account for these differences in Swi6 
localization. 

According to the histone code hypothesis, 
different posttranslational modifications of his-
tones may have distinct biological implications 
(18, 19). In contrast to H3 Lys9,methylation of 

Fig. 2. Distribution of H3 Lysg 
methylation across the mat lo-
cus. Results from the ChlP anal-
yses with an antibody to H3 
Lysg-methyl (75) are presented 
in alignment with the map of 
the mat locus. Quantitative 
measurementsof H3 Lysgmeth-
ylation levels throughout the 
mat locus were carried out as 
described in Fig. 1. 

- 7  IR-L mat2Ppmat3M IR-R 2.5kb 
--- --

~ n n r ~ c ~ ~ 2 ~ l ~ t t S ~ ? t l i C I R X 8 X k A I I 5 A I t I A k A I I O 5 ~ ~ ~ ~ $ S ~ $ S S ~ ~ ~ 8 ~ k S 8 S Z ~ ~ ~ U ~ k ~ 8 S ~ ~ C ~ S ~ ~ ~ ~ ~ S  
--1-- -

u 
(A - -- . ..-,,-,, -- -.,,,.., ---- - ,------ m8t 
g WCE::,:..-::..=-=.-;:-zr=~~z::;:~~=====:- - - - - - -------------------fad, 

~ ~ n ~ ~ ~ ~ L ~ ~ P f t t ~ L L R E D R ~ 8 A k 1 A ~ Z I U f I I ) f ; I ) I $ 5 I I ~ S S ~ S $ $ 8 Z ~ ~ S ~ S ~ S ~ $ Z U ~ ~ 8 8 $ ~ 8 8 ~ ~ C ~ ~ ~ ~ ~ C ~ Ss 
ChlP ..-..::I: L- - - --..--.__ .- -_--.. -

u ------;wc~I . - . .*- ---- . ..** - --,-,,-..-, -----a. ,-...---- - ..-,, ,--,--- - ------..-..,~-:----..,,n~,~-,,-~----------~--------------
~----- -..- . .-..- -........ .. .. . ........ . - . ~~ .. .~~ ~.~ -

mat1 2.5 kb 
IR-L matZP mat3M IR-R - Fig. 3. Analysis of H3 Lys4 

meth lation at the mat and cen 
loci. $I)Localization of ti3 Lys4 
methylation at the mat locus. 
The physical map of the mating-
type region indicating locations 
of the open reading frames 
(ORFs), including an essential 
let1+ gene, are indicated (top). 
Results from ChlP analysis with 
antibody to H3 Lys4-methyl 
(Upstate Biotechnology) are 
shown (bottom). Quantitation 

~ ~ ~ ~ ~ ~ L ~ ~ ~ Z P P S ~ ~ ~ ~ P ~ ~ U R I X D A ~ ~ A I ~ P I ~ ~ I L ~ I ~ S I I V S ~ ~ ~ ~ ~ R S U ~ S ~ ~ ~ S R ~ S U ~ X ~ S ~ S ~ C K ~ C S ~ ~ C C ~ S
of H3 L $ ~  methylation levels at 

.. . mat, relative to act1 locus, is 
ChlP " -- ".. " - -.-m a plotted. (I)Schematic represen-

tation of cenl and the corre-

urel+ insertions 
T YT 

OWL lmrd cntl I m r l ~  o M R  

cn~::um4* 1mr l~: :u td  otrlR::unl* 
Swi6 KO K4 WCE SwM KO K4 WCE Swl6 K9 M W C E  

. -~  
bra sponding ura4+ insertion sites............................. 

(top). Levels of Swi6 and Lys4 
(K4) or Lysg(Kg) methylation of 
H3 at the three insertion sites 

were determined by ChlP analyses (bottom). DNA from ChlP 
or WCE was analyzed using a competitive PCR strategy, 
whereby one set of primers amplifies different-sized products 
from the ura#+ marker gene at cen1 and the control ura#DS/E 
minigene at the endogenous euchromatic location, respective-
ly. The ratios of ura4+ and control ura#DS/E signals present in 
ChlP and WCE were used to calculate relative enrichment, 
shown beneath each lane. 

W.6 M2 0.W - lid+enrichment 
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H3 Lys4 is associated with transcriptionally matic domains. Indeed, ChIP analysis showed histone H4 (22). Together, these results further 
active regions in Tetrahymena (20). To com- that H3 Lys4 methylation was absent at the suggest that the IR-L and IR-R repeats define 
pare these two sites, we next sought to map at ura4+ marker inserted within the transcription- the borders between euchromatin and hetero-
high resolutionthe H3 Lys4methylation pattern ally repressed centromeric(otr and imr) repeats, chromatin, and that distinctive patterns of H3 
across the same locus. ChIP analysis revealed 
that H3 Lys4 methylation was enriched at tran-
scriptionallycompetentregions surroundingthe 
inverted meats. as well as at the act1 locus. but 
no enrich;nent 'was observed throughout' the 
heterochromaticregion flanked by the IR-L and 
IR-R elements (Fig. 3A). The levels of H3 Lys4 
methylation are higher in the regions containing 
genes than in intergenic regions (Fig. 3A). 
These findings suggest that H3 Lys4 methyl-
ation is associatedwith the euchromaticregions 
of the genome but is lacking at the heterochro-

but was enriched at the ura4DS/E endogenous 
euchromatic location (Fig. 3B). The lack of H3 
Lys4 methylation at the otr and imr locations 
coincides with the presence of H3 Lys9 meth-
ylation and Swi6 (Fig. 3B). As expected, H3 
Lys4methylation was not detected at the central 
core (cnt) region, where the histone H3 variant 
CENP-A is localized (21). Although the biolog-
ical significance of H3 Lys4 methylation is not 
yet clear, it is possible that this histone modifi-
cation may serve to recruit transcriptional co-
activators, similar to arginine methylation of 

IRR Ap7.l 

methylation exist on opposite sides of these 
putative boundary elements. 

If IR-L and IR-R repeats are bona fide 
boundary elements, deletions of either repeat 
should result in the spreading of heterochro-
matin into neighboring regions. For this pur-
pose, strains containing a deletion of either 
IR-L or IR-R were constructed (23). Because 
spreading of heterochromatin is stochastic 
and depends on dosage of chromatin proteins, 
we used strains canying three copies of swi6+, 
which is known to enhance silencing at the mat 

Fig. 4. Deletion of IR-L or IR-R 
2.5 kb causes spreading of heterochro-- matin into flanking regions.

I 1 Three strains (WT, TR-LA: and 

K Z Z  Fi IR-RA) were used. Results from 
ChlP analvses with antibodies to 
Swi6, H; Lysg-methyl, or H3 
Lys4-methyl are shown aligned 
with the map of the mat2/3 in-
terval and surrounding regions. 
Numbered bars below the map 
indicate PCR fragments ana-
lyzed in each ChlP assay. Thick 
arrows indicate direction and 
distance of heterochromatin 
spreading that was caused by 
IR-LA or IR-RA. 

WCE z=====,:~:==-z=:=-===;t==p=,:::zr,r-~t;=e= =:=:r=,::-==,=::r,===m 
- -- - -

ad1 
IRLA WT IRR A 
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locus (7). Remarkably, the IR-L deletion result- 
ed in the spreading of both H3 Lys9 methyl- 
ation and Swi6 localization to more than 8 kb of 
the adjoining L-region, whereas no spreading 
was observed in IR-L+ cells (Fig. 4). Further- 
more, the spreading of heterochrornatin was 
associated with a decrease in H3 Lys4 methyl- 
ation levels in the Lregion. The IR-L deletion 
also caused growth defects, most likely due to 
the spreading of heterochrornatin into the essen- 
tial letl+ gene. Spreading of H3 Lys9 methyl- 
ation and Swi6, and a concomitant decrease in 
H3 Lys4 methylation, was also observed in the 
IR-R deletion strain (Fig. 4), indicating that 
these repeats are indeed boundary elements that 
function to prevent heterochromatic spreading 

R E P O R T S  

into neighboring euchromatic regions. 
Recently, it was suggested that insulators 

may pair in cis to form chromatin loops 
within the nucleus (24-26). Therefore, it was 
of interest to determine whether deletion of 
IR-L would affect IR-R boundary function, 
or vice versa. Although it remains a formal 
possibility that the IR-R or IR-L elements 
may interact with each other, we found that 
these repeat elements can operate indepen- 
dently of each other in preventing the spread- 
ing of Swi6 and H3 Lys9 methylation to 
adjacent sequences on their respective sides 
(Fig. 4). That is, IR-LA did not affect IR-R 
boundary activity, and vice versa. 

The results presented above indicate that 
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IR-L m g 2 3  mat3M - IR-R 
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% 
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Fig. 5. (A) Effect of H3 Lysg methylation and heterochrornatin on H3 Lys4 methylation at  
mat2/3 region. The physical map of the mating-type locus indicates the KintZ::ura4+ insertion 
site (top). ChlP with competitive PCR analyses, as described in Fig. 3, was used to measure the 
effect of mutations in swi6 (swi6-7 75) or clr4 (Aclr4) on Lys4 (K4) or Lysg (Kg) methylation of 
H3 and Swi6 at KintZ::ura4+. Serial dilutions of indicated cultures were plated onto nonse- 
lective (NIS), medium lacking uracil (URA-), or 5-fluoroorotic acid (FOA) medium to assay 
ura4+ expression (bottom). (B) Schematic model showing a proposed higher order chromatin 
organization at the mat locus. The IR-L and IR-R boundary elements (blue arrows) prohibit the 
spreading of Swi6 and H3 Lysg methylation to the flanking euchromatic regions. In addition, 
we hypothesize that these elements might also tether the mat locus to nuclear periphery, 
thereby creating a specialized domain. 

the presence of repressive heterochromatin 
complexes at the mat2/3 interval may prevent 
H3 Lys4 methylation or, alternatively, that 
H3 Lys9 methylation may directly inhibit H3 
Lys4 methylation. To test this, we performed 
ChIP analysis on the Kint2::ura4+ marker 
gene inserted at the K-region (Fig. 5A). In a 
swi6-115 mutant strain, which results in de- 
fects in Swi6 localization and loss of silenc- 
ing, H3 Lys9 methylation was unchanged; 
however, there was an observed increase in 
H3 Lys4 methylation relative to wild-type 
background cells. Deletion of clr4, the his- 
tone methyltransferase responsible for H3 
Lys9 methylation, resulted in a marked de- 
crease of both H3 Lys9 methylation and Swi6 
localization but a much more pronounced 
increase in H3 Lys4 methylation relative to 
the wild type and swi6-115 strains. Taken 
together, these data indicate that H3 Lys9 
methylation, in combination with heterochro- 
matin-associated proteins such as Swi6, pre- 
vents H3 Lys4 methylation at the mat2/3 
region. 

Collectively, these results suggest that 
methylation of H3 at Lys4 or Lys9 is recip- 
rocally associated with euchromatic and het- 
erochromatic regions, respectively. We also 
provide direct evidence that the boundary 
elements that define the borders between eu- 
chromatin and heterochrornatin protect 
against the encroachment of heterochromatin 
signals into neighboring euchromatic regions. 
Boundary or insulator sequences have been 
suggested to govern subnuclear organization 
of DNA (24). In this regard, we find that the 
mat locus is localized near the nuclear periph- 
ery (27). We hypothesize that the higher or- 
der chromatin organization at the mat2/3 in- 
terval involves (i) the methylation of H3 
Lys9 and the subsequent localization of 
heterochromatin-associated proteins to es- 
tablish a primary level of organization, and 
(ii) the binding of specialized proteins to 
boundary elements that then tether the mat 
locus to the nuclear periphery (Fig. 5B). This 
specialized chromatin organization results in 
silencing and recombination suppression, and 
is likely to promote long-range interaction 
between mat1 and the opposite mating-type 
donor locus, which is required for efficient 
switching (11, 28). Further characterization 
of the boundary elements and their role in 
preserving distinct chromatin configurations 
will help us better understand the higher or- 
der organization of chromosomes. 
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We present the crystal structure at 2.7 angstrom resolution of the human 
antibody lgC l  b l2 .  Antibody b l 2  recognizes the CD4-binding site of human 
immunodeficiency virus-I (HIV-1) gp l20  and is one of only two known an- 
tibodies against gpl2O capable of broad and potent neutralization of primary 
HIV-1 isolates. A key feature of the antibody-combining site is the protruding, 
finger-like long CDR H3 that can penetrate the recessed CD4-binding site of 
gp120. A docking model of b l 2  and gp120 reveals severe structural constraints 
that explain the extraordinary challenge in eliciting effective neutralizing an- 
tibodies similar t o  b l2 .  The structure, together wi th  mutagenesis studies, 
provides a rationale for the extensive cross-reactivity of b l 2  and a valuable 
framework for the design of HIV-1 vaccines capable of eliciting b12-like activity. 

HIV-1 vaccine development is greatly hin- 
dered by the extreme difficulty in eliciting a 
neutralizing antibody response to the virus 
(1-3). However, three human monoclonal an- 
tibodies have been identified that can effi- 
ciently neutralize a broad array of primary 
isolates of HIV-1 in vitro ( 4 )  and can protect 
against viral challenge in vivo (5-9). Anti-
body 2F5 (10) reacts with gp41, whereas 
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2G12 (11) and b12 (12) react with indepen- 
dent epitopes on gp120. Elucidation of the 
epitopes recognized by these antibodies may 
offer valuable insights into the design of an- 
tigens capable of eliciting a protective anti- 
body response. 

Antibody b12 was identified from a com- 
binatorial phage display library developed 
from bone marrow donated by a 31-year-old 
homosexual male who had been seropositive. 
but without symptoms, for 6 years (12). This 
antibody recognizes a highly conserved 
epitope overlapping the CD4-binding region 
of gp120, which accounts for its broad rec- 
ognition of different HIV- I isolates. Anti-
body b12 neutralizes about 75% of clade B 
primary viruses and a similar, or somewhat 
lesser, proportion of other clades (12. 13). In 

site of integration was gel-purified and used for trans- 
formation to construct IR-RI\ and IR-U strains. PCR and 
Southern analyses were used to confirm replacements. 
Genetic crosses were used to obtain swi6+ derivatives 
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addition, b12 can protect hu-PBL-SCID mice 
( 5 )  and macaques ( 7 ) from viral challenge. 
This combination of potency and broad spec- 
ificity suggests that the b12 epitope on gp120 
may be a particularly effective target for vac- 
cine design. 

The b12 1 g G l ~  was expressed in CHO 
cells, purified, and crystallized as previously 
described (14).  The crystal structure of the 
intact IgGI was determined at 2.7 A resolu-
tion through an exhaustive molecular replace- 
ment (MR) search using more than 100 indi- 
vidual Fc and Fab search models (14). The 
highly mobile hinge regions connecting the 
Fabs to the Fc domains were interpretable 
after extensive rebuilding, refinement, and 
density modification (Table 1). Only three 
residues of the upper hinge of one heavy 
chain, seven residues of a frequently disor- 
dered surface loop of one Fab CHI domain 
(residues 128 to 135). and three COOH-ter- 
minal residues from one Fc are disordered. 

The IgG structure is highly asymmetric 
(Fig. 1 )  and can be considered a "snapshot" 
of the broad range of conformations available 
in solution. The overall shape is between a Y 
and a T, with a 143" angle between the major 
axes of the two Fabs (15). The IgG spans 171 
A from the apex of one antigen-binding site 
to the other. The Fc region is twisted nearly 
perpendicularly to the planes of the Fabs and 
shifted some 32 A from the central dyad 
relating the two Fabs, so that it packs into the 
space beneath only one of the Fabs (Fig. 1). 

The hinge regions form extended structures 
with some conformational variation in torsion 
angles between the two chains, reflecting the 
different relative placement and environment of 
the two Fabs relative to the Fc domain. One 
upper hinge forms a spiral arrangement similar 
to a partially unwound helix; the other forms an 
extended turn as the polypeptide chain reverses 
direction to connect the Fab to the Fc. The core 
hinge region contains two adjacent pairs of 
cysteine residues, but only one disulfide is ob- 
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