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size and wall thickness and would emerge 
from the heart in close proximity to the iden- 
tified arch. It is not possible to deduce the 
embryologic origin of the single aorta, to 
verify whether its development paralleled 
that of birds or mammals (13, 14). The ra- 
diographic topology of the aorta is essentially 
identical in adults of both groups (IS). The 
estimated weight of the heart, based on axial 
and transverse measurements, a 20% com-
pression effect on a conic volume, and a 
tissue density of 1 gm/cm3, ranges between 
1.6 and 1.9 kg, which is quite consistent with 
predictions (1.5 to 1.8 kg) from regressions 
based on body weight (16). We do not pos- 
sess evidence that would allow us to reli- 
ably identify other structures within the 
pericardial region. However, the preserva- 
tion of heartlike structures within an un- 
crushed thoracic cavity of one small dino- 
saur suggests that well-preserved vertebrate 
skeletons should routinely be examined for 
traces of non-osseous tissues. 

In general terms, dinosaurs appear to have 
been morphologically intermediate between 
modem crocodiles and birds. This has led to 
the inference that the heart of ancestral dino- 
saurs might have resembled that of crocodiles 
(I), in which left and right systemic aortas are 
present and are linked by a foramen of Pan- 
izza. This foramen can allow either right-to- 
left or left-to-right shunting of blood, depend- 
ing on the phase of the cardiac cycle and a -
variety of physiological variables, including 
the activity level of the animal, that affect 
heart contractility and vascular resistance 
(17). Reid (I)  has suggested that in dinosaurs 
the foramen of Panizza was closed, and the 
blood from the left ventricle flowed into a 
single (right) systemic aorta, as in birds. The 
basis for his speculation is the need to gen- 
erate pressure sufficient to circulate blood 
throughout the body of a large erect animal. 
We suggest that the primary advantage of this 
adaptation was to improve systemic oxygen- 
ation, thereby supporting higher metabolic 
rates. It is hypothesized that physiologically 
controlled right-to-left shunting confers ad- 
vantages on animals with low metabolic rates 
by, among other things, reducing cardiac en- 
ergy requirements (la), although this has re- 
cently been questioned (1 7 ) .  In birds and 
mammals, shunting is clearly detrimental. It 
diminishes an animal's tolerance for sus-
tained exercise by reducing the efficiency of 
systemic oxygen delivery to tissues with a 
generally much higher oxygen demand than 
those of living ectotherms. A four-chambered 
cardiovascular system with a single systemic 
aorta communicating with the left ventricle 
greatly reduces the risk of shunting and can be 
considered a means of more efficiently sup- 
porting prolonged periods of high activity. 

Of the many clades of dinosaurs (4), in at 
least one (hypsilophodontids) there is now 
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Susceptibility t o  murine and human insulin-dependent diabetes mellitus cor- 

relates strongly with major histocompatibility complex (MHC) class II I-A or 

HLA-DQ alleles that lack an aspartic acid at  position P57. I-M7lacks this 

aspartate and is the only class II allele expressed by the nonobese diabetic 

mouse. The crystal structure of I-M7was determined at 2.6 angstrom resolution 

as a complex w i th  a high-affinity peptide from the autoantigen glutamic acid 

decarboxylase (CAD) 65. I -M7 has a substantially wider peptide-binding groove 

around (357, which accounts for distinct peptide preferences compared wi th  

other MMC class IIalleles. Loss of AspP57leads t o  an oxyanion hole in I-M7that 

can be filled by peptide carboxyl residues or, perhaps, through interaction wi th  

the T cell receptor. 


MHC genes have been linked with suscepti- is correlated with IDDM resistance, while 

bility in almost all autoimmune diseases (1). neutral residues Ser, Ala, or Val are linked to 

In the case of insulin-dependent diabetes mel- disease susceptibility (2, 3). 

litus (IDDM), a role for particular murine I-A The nonobese diabetic (NOD) mouse pro- 

alleles and their human homologs, HLA-DQ, vides a model system for the study of IDDM. 

has been inferred from numerous studies. I-Ag7 is the only MHC class I1 molecule 

Sequence analysis of these alleles has high- expressed in NOD mice and is strongly 

lighted the importance of a key residue, P57; linked to disease susceptibility. I-Ag7 shares 

an Asp at position 57 of the class I1 P-chain the same a chain as the non-IDDM-linked 
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allele I-Ad (4), but contains a unique P 
chain that differs by 17 residues (2) and, 
hence, defines the diabetogenic character- 
istics of I-As7. Two polymorphic residues, 
HisP5, and SerP57, play a pivotal role in 
linking I-Ag7 with IDDM; reintroduction by 
trangenesis of either Prop5, (5) or AspPS7 
(6) into I-As7 reduces markedly the inci- 
dence of diabetes in NOD mice. The effec- 
tor mechanisms linking variation at posi- 
tion P57 with IDDM susceptibility remain 
unclear; however, acquisition of an acidic 
residue at position 9 (P9) in the bound 
peptide may compensate for the lost charge 
on the class I1 molecule (7, 8). On the other 
hand, most I-AIHLA-DQ molecules do not 
display a clear peptide-binding motif, such 
as described for MHC class I and for other 
class I1 I-EIHLA-DR molecules, suggesting 
greater promiscuity in peptide binding (7). 

Several hypotheses suggest that I-Ag7 
could bear unusual structural features that 
could translate at the T cell level into high 
autoreactivity, poor thymic tolerance, and in- 
efficacious peripheral tolerance (9, 10). Al- 
ternatively, I-Ag7 may bind and present a 
unique set of peptides that are not usually 
presented by other MHC haplotypes (11). 

We explored the structural link between 
I-Ag7 and autoimmunity by expressing I-Ag7 
and I-Ad in Drosophila melanogaster cells 
as ."functionally" empty molecules and as 
peptide-MHC (pMHC) complexes. Empty 
molecules were used for peptide-binding 
studies with synthetic peptides and phage- 
displayed peptide libraries, while single 
pMHC complexes were crystallized for x- 
ray structure analysis. Both MHC mole- 
cules were expressed by attaching comple- 
mentary acidic and basic leucine zippers to 
the a- and the P-chain COOH-termini (12). 
A single pMHC was expressed by covalently 
tethering the peptide sequence to the NH,- 
terminus of the p chain, as described (12, 
13). Removal of the leucine zipper by 
thrombin digestion did not destabilize the 
I-Ag7 dimer, as tested by gel filtration (14). 
The recombinant soluble I-Ad and I-Ag7 
molecules did not exhibit a tendency to 
aggregate or to bind peptides poorly; how- 
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ever, both were similarly SDS-unstable. 
Our previously determined crystal struc- 

ture of I-Ad with two different peptides (15) 
showed that relatively small hydrophobic 
side chains were generally used to insert into 
the P4, P6, and P9 pockets. We have con- 
firmed the absence of a highly restricted mo- 
tif for I-Ad by selecting a 12-amino acid 
random peptide phage library against empty 
I-Ad (16). The selection (panning) of the 
same library against empty I-As7 again did 
not reveal an obvious binding motif, but re- 
sulted in an increase in the frequency of 
acidic residues (Glu and Asp) within the last 
four residues of the peptide compared with 
the naYve and the I-Ad-selected library. Bind- 
ing of an I 1-amino acid polyalanine peptide 
to both I-Ad and I-Ag7 (1 7) confirmed pro- 
miscuity in peptide binding, as this peptide 
displayed median inhibitory concentrations 
(IC,,'s) of 1.5 and 0.1 1 p.M, respectively 
(Fig. 1A). However, substitution of AlaP9 by 
GluP9 resulted in a loss of binding for I-Ad, 
but a 10-fold increase for I-Ag7 (Fig. 1A). A 
nested series of 15-amino acid peptides 
(overlapping by three residues), encompass- 
ing all but the last six residues of GAD65, 

showed that of the 48 peptides, only one was 
a strong I-Ad binder [four others were medi- 
um binders (Fig. lB)], whereas for I-As7, 
there were five strong, five medium, and 
three poor binders (Fig. 1B). These peptide 
data suggest increased promiscuity of I-Ag7 
relative to I-Ad. 

To identify self peptides for I-Ag7, we con- 
structed a 45- to 75-nucleotide random gene 
fragment phage display library from the cDNA 
of murine GAD65, an autoantigen that has been 
implicated in the early pathogenesis of diabetes 
(18). Selection of the library against empty 
I-Ag7 resulted in the multiple identification of 
two main GAD sequences, residues 207 to 217 
and 105 to 1 19. GAD,,,,,, represents one of 
the major epitopes recognized by NOD mice, in 
vivo, after GAD65 immunization (19,20). Both 
peptides bound strongly to I-Ag7 in an in vitro 
binding assay, with (YEIAPVFV- 
LLEWT) being the better binder (IC,, = 0.08 
FM). Binding of by I-Ag7 was 
entirely lost when GI%,, (equivalent to P9) 
was replaced by glutamine. 

The crystal structure of I-Ag7 covalently 
linked to residues 207 to 220 of murine 
GAD65 was determined at 2.6 A resolution 
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Fig. 1. Comparison of peptide binding t o  I-A~ and I-Ag7. (A) Percentage of binding of biotinylated ROI 
peptide in the presence of increasing concentrations of test peptide (77). An 1 I-amino acid pol alanine l (pAla) peptide binds t o  both MHC molecules in a similar manner t o  ROI. Substitution of AlaP by Glu 
(pAla AP9 +E) increases binding t o  I-Ag7, but abolishes binding t o  I-Ad. Both alleles bind t o  the positive 
control peptide ROI but not t o  MM67-79 (negative control). (B) At the level of a sin le protein, such 8 as GAD65, I-Ag7 binds more peptide fragments than I-Ad. The binding of I-Ag7 and I-A , t o  a collection 
of 48 15-amino acid peptides encompassing all but the last six residues of GAD65, was tested by using 
an inhibition assay (77). The schematic indicates the approximate IC,, of peptide binding for each 
nested peptide and is based on an average of two independent experiments. The IC,, of the control 
peptide, ROI, is 0.5 yM. Peptides used for this analysis were synthesized in a 96-well format with FMOC 
(9-fluorenyl methoxycarbonyl) chemistry with a multiple pin synthesizer (Chiron Technologies, San 
Diego, CA). The purity of peptides exceeded 80%. The starting position of each 15-amino acid peptide, 
relative t o  GAD65, is displayed underneath each block. 
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(Table 1). The electron density identified res- between I-Ag7 and the peptide as a result of P9 pocket that is substantially wider than deep 
idues 209 to 217 as the PI to P9 core of the the substitutions at P56 and P57 (Fig. 3A). and allows the P9 side chain to have a greater 
bound peptide (Table 1 and Fig. 2A); all 14 The displacement of residue P57 away from degree of lateral freedom than in other class I1 
residues of the GAD peptide had interpret- the peptide-binding groove results in a shallow molecules (Fig. 2D). Thus, two orientations are 
able main-chain density and occupied the 
P-2 to P12 register [Web table 1 (241. The 
PI, P4, and P6 pockets contained the hydro- 
phobic residues Ile-209, Val-212, and Val- 
214, respectively, whereas the P9 pocket was 
occupied by Glu-2 17. A C,, superimposition 
(22) of I-Ag7 onto I-A" (15, 23) and I-Ak 
(24) gave low root mean square (rms) de- 
viations of 0.26 and 0.3 1 A, respectively, as 
expected from their high sequence identity. 
The antiparallel P sheet that forms the floor 
of the peptide groove and the long a helix 
of the a ,  domain overlayed well in all three 
structures (Fig. 2B). However, the a-helical 
segments of the p ,  domain diverged pro- 
gressively from the H2b to the H2a and HI 
helical segments; the H 1 segment contain- 
ing residue P57 of the I-Ag7 helix exhibited 
a noticeable displacement away from the 
binding groove (25) that was partly caused 
by the polymorphic residues His@' and 
TyrP"' (Fig. 2, B and C). TyrP"' appears to 
play the major role here as it is unique to 
I-Ag7 (Trp in I-A" and I-Ak), whereas Hi@' 
is also found in I-Ak [Val in I-Ad (26)l. 

Most murine and human MHC I1 mole- 
cules contain a highly conserved interdomain 
salt bridge between residues Arga7' and 
AspPS7. Absence of this salt bridge in I-Ag7, 
owing to the presence of Seres7, has been 
proposed to cause interdomain instability and 
loose fitting of the peptide COOH-terminus 
(27). Our results do not support this view, 
because the COOH-terminal residues of the 
aeatide are well defined in the electron den- . . 
sity until P12 (28). There is some rearrange- 
ment of the hydrogen-bonding network, in- 
volving COOH-terminal peptide residues P7 
to P9, as a result of MHC polymorphic dif- 
ferences in this region; however, the total 
number of main-chain hydrogen bonds re- 
mains unchanged compared with I-Ad [Fig. 3, 
A to D (29)l. 

The absence of the salt bridge between 
residues Are7"  and Seres7 does not in itself 
significantly alter the location of the 
Arga7" side chain (Fig. 2C). However, the 
Arga7" side chain shifts slightly to optimize 
hydrogen bonds with the carbonyl oxygen 
of Leuw3 and the side-chain hydroxyl of 
Seres7. Additional compensation for the 
lost Arga7"-Aspw7 salt bridge is provided 
by formation of a new electrostatic interac- 
tion between the P9 carboxyl of Glu-2 17 
and Arga7" (30). The Glu-217 carboxyl 
also forms a hydrogen bond with the sub- 
stituted Sere57 [Web table 1 (21)l. Thus, 
Glu-217 appears to accomplish two roles: 
(i) It complements the charge of ArgW7", 
and (ii) owing to movement of the PI-chain 
H1 helix, it fills a new cavity that arises 

Fig. 2. Structure analysis of I-A~7-CAD207~220 and comparison with other murine MHC class I I  
alleles. (A) Cross-validated u,-weighted 2F, - F, electron density of the CAD,07~220 peptide. The 
map, contoured at lo ,  represents the final refined structure. Electron dens~ty for the peptide 
main-chain atoms is present for residues P-2 to P12; however, convincing side-chain density for 
Tyr-207 (P-2), Tyr-218 (PIO), and Thr-220 (P12) was absent (59). The side chains for these 
residues were therefore truncated back to C . Final coordinates are overlaid in the map. (B) Overlay 
of the murine MHC class I I  molecules I-Ag7 !red), I-Ad (yellow, green), and I - A ~  (blue). The C, trace 
(22) shows only the a, and P, domain of the respective MHC I I  molecule. The two I-Ad pMHC 
complexes are colored green (peptide OVA,,,-,,,; PDB code IIAO) and yellow (peptide 
PDB code ZIAD), respectively. The peptide COOH- and NH,-termini are respectively labeled N- and 
C-. The peptide core (PI to P9) overlays well in all four structures. (C) Key residues that differ in 
I-Ag7 around the P9 pocket, their effect on peptide presentation, and the position of HI and H2a 
segments of the PI-chain a helices. The polymorphic residues H i ~ e ~ ~ ,  Sere57, and Tyrp6' (HI) are 
found in I-Ag7, but not in other I-A alleles. The presence of Seres7, in place of the high1 conserved 2' A s ~ P ~ ~ ,  substantially alters the specificity of the P9 pocket. The orientation of the Tyra side chain 
plays a significant role in the displacement of the HI helical segment; the side-chain phenyl ring 
is almost perpendicular to that observed for the indole of the corresponding Trp residue in I - A ~ . ~ .  
Displacement of the P, HI helical segment allows the side chain of Tyre6l to be accommodated 
and dramatically alters the shape of the P9 pocket. (D) Unique character of the I - A ~ ~  P9 pocket. The 
presence of Sere57 in I-Ag7, coupled with displacement of the HI helix away from the peptide 
groove, increases the lateral freedom for the P9 peptide side chain, as clearly seen from a 
comparison of I-Ag7 (red) with I-Ad (cyan), I - A ~  (green), I-Ek (gold), HLA-DR1 (purple and blue), and 
HLA-DR3 (yellow). The P9 side chains for all except I-Ag7 point downward in a classical manner. 
Three other MHC class I I  molecules are not shown: HLA-DR1 [PDB code ISEB (60)] was built with 
a polyalanine peptide. HLA-DR2 is unusual in that the P9 side chain points toward the side of the 
peptide groove rather than downward in the classical manner. This orientation occurs as a result 
of an elevated COOH-terminus of the peptide and suboptimal occupancy of the P9 pocket, because 
the pocket itself is identical to that found in HLA-DR1 (67). HLA-DR4 [PDB code 2SEB (62)] has a 
glycine at P9. Stereo versions of Fig. 2, B and C, are available from Science Online as Web figure 
1 (27). 
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possible for the P9 side chain in I-Ag7; one unique sideways orientation (Fig. 2D) could right panels) shows that, in contrast to I-Ag7, an 
points downward into the peptide groove and accommodate medium to large side chains, al- acidic residue would be strongly disfavored 
the other points sideways. The shallowness of though the positively charged environment because of a combination of poor steric and 
the P9 pocket suggests that only small side would favor negatively charged residues. Mod- poor electrostatic complementarity. 
chains (Gly, Ala, and possibly Ser) can be eling of a Glu at P9 into either I-Ad, I-Ak, or I-Ek The class 11-associated invariant chain 
accommodated in a downward orientation. The (with the GAD,,,,,,,, peptide) (Fig. 3, B to D, CLIP peptide dissociates rapidly from I-Ag7 

primarily because of a poor fit of Met P9; 
substitution by an Asp greatly enhanced the 
stability of this complex (31). The I-Ag7 crys- 
tal structure suggests that the side chain of 
Met would have to point sideways, but it 
would not be favored in the polar P9 side 
pocket. For I-Ag7 peptides that do not have a 
negatively charged residue at P9, a nearby 
negatively charged residue, such as at P11, 
might substitute. Modeling of a peptide with 
a P11 Glu (or Asp) shows that the side chain 
could be positioned to provide electrostatic 
complementarity with ArgN7" after some 
main-chain rearrangements to P 10 and P11. 

His"" , the other key polymorphic resi- 
due, is positioned adjacent to the peptide 
groove and does not interact with the peptide 
directly. Its presence (and to a lesser extent 
that of SerV7) leads to a significant increase 
(-44%) in the exposed molecular surface 
area of the Argm7" side chain relative to I-Ad, 
I-Ak, and I-Ek [Fig. 2C (32)l; thus, these two 
substitutions in I-Ag7 make the P9 cavity 
more accessible and at the same time more 
attractive to oxyanions, such as carboxylates 
[Fig. 3, A to D (33)l. 

The I-Ag7 pockets P1, P4, and P6 are 
approximately the same size as those found in 

A I-,-"' 

Fig. 3. (A to  D) Composite highlighting the differences between I-Ag7 and other murine class II 
alleles. (Left) Changes in hydrogen bonding between I-Ag7 and the peptide P7 to  P9 positions 
compared with other alleles. Hydrogen bonds (dotted) were calculated with HBPLUS (63). In I-As7, 
the presence of the polymorphic residues Seres7, Tyrp6', and T y F 6  results in a substantial 
alteration of the hydrogen bonding pattern to  the peptide. Hydrogen bonds mediated by solvent 
are not shown. The backbone of the P chain is colored pink, the a chain is cyan, and the peptide 
is dark blue. The MHC side chains are colored yellow-green with oxygens in  red and nitrogens in 
blue. (Right) Altered surface shape and electrostatics of the I-Ag7 binding groove compared with 
other murine class II alleles. Molecular surfaces were calculated with a probe radius of 1.4 8, (64). 
Only the surface around the P9 pocket is shown. Electrostatics were calculated with the Delphi 
module within Insight 11 (47). Formal charges were assigned to  the protein coordinates. Positive 
charge is contoured blue, while negative charge is red (-5 to  +5 kT/e). For each allele, the CAD,,, 
peptide (green) is overlaid in each to  allow an equivalent spatial comparison. The "carboxyl" cavity, 
occupied by the side chain of Clu-217, next to  the P9 pocket of I-Ag7 is readily apparent; this 
oxyanion hole is absent in the other I-A and I-E alleles, as evidenced by the buried terminus of 
Clu-217. The P9 pocket of I-Ag7 is clearly positively charged unlike the other alleles, which range 
from neutral to  strongly negative. Stereo versions of both panels are available from Science Online 
as Web figures 2 and 3 (27). 

B I-A* 

P 

Fig. 4. Comparison of the peptide specificity 
pockets of (A) I - g 7  and (8) I - A ~  . Molecular 
surfaces were calculated with a probe radius of 
1.48, (64). The peptides are in spacefilling (CPK) 
representation (backbone, yellow; side chain, 
dark blue). Waters, rendered as spheres of one- 
half van der Waals (VDW) radii, are colored red. 
The PI, P4, and P6 pockets of I-H7 and I - A ~  (75) 
are about the same size, whereas the P9 pocket 
of I -A~ is larger but lacks the additional side 
cavity. I -g7 appears to  maintain some confor- 
mational flexibility in defining the shape of the 
PI pocket; repositioning of Leua3' and 
compared with the analogous residues in I-Ad, 
allows the PI pocket to  be occupied by the 
lle-209 side chain (and three water molecules). 
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I-Ad [Fig. 4, A and B (15)]. The P1 pocket of 
I-As7 is the largest and is only partially oc-
cupied by an Ile and three buried water mol- 
ecules (Fig. 4A). The surface of the P1 pocket 
is formed by hydrophilic residues Hisaz4, 
AsnPx2, ThrPS6, and Glupp7 and hydrophobic 
residues Tyra8, Leua3', Phea32, TI-^"^^, 
Ileas2, and Pheas4. This diverse set of resi- 
dues could permit a broad specificity in the 
type and size of the P1 residue. The P4 pocket 
is small, hydrophobic in character, and only 
partially occupied by a Val; the additional 
space could accommodate larger hydropho- 
bic residues, such as leucine or isoleucine. 
The P6 pocket, although formed mainly by 
hydrophobic residues, does have some polar 
character due to GIua6' and the backbone 
carbonyl of Asna62. This dual character could 
allow both small hydrophobic or small hy- 
drophilic residues. Thus, on the basis of pep- 
tide-binding studies and the crystal structure, 
we propose the following optimal peptide- 
binding motif for I-Ax7: PI,  degenerate; P4, 
small to medium hydrophobic residue; P6, 
small to medium hydrophobic or hydrophilic 
residue; and P9, negatively charged residue 
or Gly, Ala, or Ser. 

Most of the higher affinity peptides that 
bind to I-Ax7 can be aligned with this motif 
(Table 2). The CLIP ,,.,,,and GAD,,, .,,, 
sequences were fitted by allowing a nonopti- 
ma1 residue at P9. The inability to align a few 
peptides, such as human GAD,,,.,,, (34), 
with this motif is to be expected given its 
relatively low stringency. Our analysis of 
I-Ag7-binding peptides from the GAD65 15- 
amino acid library further supports this struc- 
tural motif, with only a few exceptions. Of 
the 13 peptides that bound to I-Ax7, 8 could 
clearly be aligned; a further 3 required a Phe 
or Tyr to be positioned in either P4 or P6. 
Also, the average IC,, of the peptides with a 
negatively charged residue at P9 is indeed 
lower (i.e., three good binders and one medi- 
um binder) than that of the other peptides. 

Our functional and structural analyses 
therefore do not support the hypothesis of a 
greater instability for I-Ag7. First, our re- 
combinant I-Ax7 molecules do not exhibit a 
tendency to dissociate into monomers or to 
bind peptide to any lesser extent than I-Ad. 
Second, the crystal structure of I-Ag7 is 
remarkably similar to that of other class I1 
molecules, particularly I-Ad (15) and I-Ak 
(24). The peptide promiscuity of I-Ax7 (and 
I-Ad) arises from a structural motif that is 
skewed toward selection of small alternat- 
ing residues, be they hydrophobic or hydro- 
philic; this motif is commonly found in 
globular proteins. The motif's low strin- 
gency is further accentuated by a redundant 
PI pocket (35, 36) and, for I-Ag7, by a P9 
pocket with broader specificity. Promiscu- 
ous binding by a class I1 MHC, like I-Ax7, 
can be a double-edged sword because it 

potentially allows the host to respond more I-As'. NOD mice develop IDDM, whereas 
efficiently to antigen challenge, and yet Biozzi mice develop high responses to all T 
simultaneously increases the susceptibility cell-dependent antigens (38). 
toward developing an autoimmune re- Structural differences between I-Ag7 and 
sponse. The actual response will depend, to the non-IDDM-associated I-A alleles I-Ad 
a large extent, on the host's genetic back- and I-Ak center around the P, a-helix and 
ground; this is clearly seen for the NOD the P9 pocket. The P9 pocket is probably 
and the Biozzi (H-2dq') ABiH mouse (37), directly linked to the biology and pathology 
which both express only the class I1 MHC of I-Ax7 because it affects peptide reper- 

Table 1. Data collection and refinement statistics. For crystallization, acidic and basic leucine zippers were 
removed from I-Ag7 by thrombin digestion, and the residual COOH-terminal spacer sequences were 
digested with carboxypeptidase B. Covalent I-Ag7-peptide complexes of CAD,,,.,,, and CAD,,,.,,, were 
concentrated t o  10 m g  ml- '  in 20 mM Hepes, 25 mM NaCl (pH 7.5) and screened for crystallization. 
Small crystals were obtained for I-Ag7-CAD,,,.,,, and enlarged by streak seeding (42). Crystals were then 
grown in 16 t o  18% polyethylene glycol 4000, 0.2 M LiCl (pH 6.6), 1% 2-methyl-2,4-pentanediol and 
flash-cooled t o  96 K with glycerol as a cryoprotectant (through a sequential soak in 1, 5, 10, and 15% 
glycerol). A single crystal was used t o  collect data at beamline 7-1 of the SSRL. Data were integrated in 
space group C222, (a = 95.1 A, b = 110.1 A, c = 96.1 A) with DENZO (version 1.9.1) and reduced with 
SCALEPACK [version 1.9.0 (43)]. Crystal mosaicity was refined in batches and ranged from 1.0 t o  1.3". A 
single I-Ag7 was assumed t o  be present in the asymmetric unit based on the calculated Matthew's 
coefficient [V, - 2.9 A3/~al ton,  -57.0% solvent (44)]. Molecular replacement was carried out with 
CCP4's version of AMoRE (45, 46) and the MHC class II search model I-Ak [PDB code l iak (24)], in which 
the peptide, carbohydrate, and waters had been omitted. Clear rotation (one peak greater than 50% 
maximum peak height, resolution 8.0 t o  3.5 A, sphere radius 22.5 A) and translation solutions (correct 
solution was 6 . 7 ~  above the next highest peak, resolution 8.0 t o  3.5 A) were found. After rigid body fitting 
within AMoRE (resolution 20.0 t o  2.7 A), the correlation coefficient was 68.7% and the R, ,,was 41.5%. 
Further rigid body refinement was carried out with CNS [version 0.9 (47)] by using three &mains a,lP,, 
a,, and p,. The B,,,,, for all atoms was then reset t o  20 A'. Cross-validated 0,-weighted 2F0 - F, and 
F, - F, electron density maps (48) were used throughout in order t o  rebuild and were viewed with the 
graphics program 0 (49). Density was observed for the peptide at this stage, but not refined until later. 
Because density for the helix region Cly P54 t o  Cln P64 was ambiguous, its occupancy was set t o  zero 
for the next refinement cycle (positional and torsion angle dynamics refinement, resolution 10.0 t o  2.7 
A, with a starting temperature for the dynamics determined with the slow cool protocol of 4000 K). 
Density for the helix was noticeably improved and was gradually rebuilt over the next few cycles. R,,,, 
(50) (-10% of the reflections) was used from the outset t o  monitor the course of the refinement. Waters 
were picked toward the end of the refinement, with an F, - F, map and a 3.5 t o  4 . 0 ~  cutoff. Waters were 
rejected after refinement if they failed t o  appear in both 2F0 - F, and F, - F, maps, were not within 
hydrogen bonding distance of another protein atom or water molecule, or if their BvaIue exceeded 50 A'. 
All data from 40 t o  2.6 A were used in the last few refinement cycles, and an anisotropic B correction was 
applied along with a bulk solvent correction t o  give the final structure (57). 

Data collection 
Resolution range (A) 40.0-2.6 
Unique reflections 15,754 (1 545)* 
Total number of reflections 66,107 (6531) 
Completeness (%) 99.3 (99.6) 
W0(l)) 15.7 (4.2) 
Rsym 6.8 (35.3) 

Refinement statistics 
Resolution range (A) 40.0-2.6 
Anisotropic correction (A2) B,, = 8.0, B,, = -

Rcrystt 0.210 (0.276) 
'free$ 0.258 (0.344) 

rmsd from ideality 
Bond length (A) 0.006 
Bond angle (") 1.3 
Dihedrals (") 26.0 
lmpropers (") 0.8 

I - M ~  
Average B,*,", (A2) 

36.4 
Peptide CAD,,,^,,, 35.4 
Waters 28.5 

Ramachandran plot11 
Favord (%) 90.2 
Allowed (%) 9.2 
Generous (%) 0.0 
Disallowed (%) 0.6 

*Data for the highest resolution shell (2.69 to 2.60 A). tR,,, = 100 X [IhZ,ll,(h) - (I(h))l/Z,l(h)],where l ,(h) is 
the i t h  measurement of the h reflection and (I(h)) is the average value of the reflection's intensity. :Rcryst = 
ZllF I-IF l I I F  1 ,  where F, and F, are the observed and calculated structure factor amplitudes within the set of 
refl&tioris usea for refinement. $R,,,, = ZlF,1 - 1F,l/ZF,l calculated for a randomly selected set of structure 
factors (-10%) throughout the resolution range and not used in refinement. ]]The Ramachandran plot was 
generated with PROCHECK (52). 
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toire selection and, potentially, the nature occupied, but by a glutamate side chain from a cific binding. The crystal structure of I-Ag7 
of the interaction with the T cell receptor. symmetry-related molecule. Alternatively, 0th- should aid in the future design of novel 
The ability of I-Ag7, compared with other er acidic residues present in the COOH-termi- high-affinity ligands for I-Ag7. 
I-A alleles, to select for a novel subset of nal extensions (PI0 to P12) of the peptide itself 
peptides has been demonstrated by a com- could fill the oxyanion hole and hence lead to 
parison of peptide binding to an I-Ag7 kinked conformations of the peptide that would References and Notes 
where the P56 and P57 positions are appear very different to the T cell receptor. I. T. J. Vyse and J. A.  odd. Cell 85. 311 (1996). 

changed back to the I-Ad sequence Thus, the crystal structure of I-As7 now H. Acha-Orbea and H. O. McDevitt* Natl. 
Sci. U.S.A. 84, 2435 (1987). 

and A s ~ P ~ ~ ,  I-Ag7.PD); I-Ag7 preferentially provides a structural framework for unrav- 3, J. A, Todd, J, I. Bell, H, O, McDevitt, Nature 329, 599 
binds ~ e ~ t i d e s  with an acidic P9 residue. elinn the link between a class I1 molecule (1987). - 
unlike its mutated counterpart I-Ag7.PD and a tissue-specific autoimmune process. 
(19). The high number of peripheral autoreactive 

I-Ag7 peptide complexes that have small T cells present in NOD mice may be linked 
nonacidic P9 residues, such as GlyJAla, will with poor central tolerance or may be the 
leave an unfilled "oxyanion" hole. These com- consequence of promiscuous or altered 
plexes could conceivably bind a set of comple- peptide binding of a class I1 MHC, in this 
mentary T cell receptors that can contribute a case I-Ag7. In terms of therapeutic intervenl 
negatively charged residue to the oxyanion cav- tion at the level of MHC, the idea of 
ity and provide additional stability. In support "blocking peptides" has long been envis- 
of this hypothesis, the recently determined aged and tested exhaustively. Previous fail- 
I-Ag7- GAD221-235 structure (39) has a Gly at ures have probably arisen from their short 
the peptide P9 position; yet the P9 cavity is still half-lives, low bioavailability, and low spe- 

Table 2. Alignment of peptides with the canonical PI, P4, P6, and P9 pockets of the I-Ag7 peptide-binding 
groove. Alignment of most of these peptides, within the I-Ag7 peptide-binding groove, can be achieved 
with the optimal motif; the average affinity of these peptides should presumably be higher compared 
with peptides that bind using nonoptimal residues. Some of the peptides can adopt different registers, as 
has been observed for peptides that bind to  I-Ad (15). ~oteht ia l  anchor residues at PI, P4, P6, and P9 are 
indicated in bold. Acidic P9 residues are colored red, whereas GlyIAla or Ser at P9 are colored blue. 
Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln: R, Arg: S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

-3 -2 - 1  1 2 3 

R P T L  
Y E I A P  

L K K M R E  

K M R E l  I 

K K G A A A  

K K G A  
P L Q C S A  

P L Q C S  
P P S L R T  

S R L S K V  
I S N P  

I S N P A A  

Peptide register 

4 5 6 7 8 9 1 0 I 1 1 2 1 3  

A P L Q D V M N I L  

V F V L L E Y V T  
I I G W P C G S G  

G W P G G S G  
L G I G T D S V I  
A A L G I G T D S V  
L L V R E E G L M  

A L L V R E E G L M  

L E D N E E R M S R  

A P V I K A R M M E  
A A T H Q D I D F L  

T H Q D I o F L l  

14 Ref. 

L 

09.20) 
(19.20) 

S H L V E A L Y L V C G E R G  (JI,54) 

L E D A R R L K A I Y E K K K  (53) 
H N Y V T A I R N Q Q E G  (831.35) 

V V M R D P A S K R S R G F C F  (8) 

K A T A E Q L K T V M D D  (8,31) 
V H A A H A V H A A H A V H A  

G C A L L R C I P A L D S L T  (31.55) 

P A L D S L T P A N E D  
P A L D S L T P A N E D  

C L k l m  V S Q M R M A T P L L M R P  (31.35) 

h 2 . a  E A Q C A L A N I A V D K  (B56) 
E A Q G A L A N I A V D K  

mk.27' A M K R H G L D N Y R C Y S L G N  (40. 57) 

PLP5610 D Y R Y L I N V I H A F Q Y V  (5s) 

'All sequences are murine based, unless specified otherwise. town  observations. $This peptide cannot be 
clearly aligned into the I-As7 peptide groove with the aforementioned motif. The current alignment, although favorable 
for the pockets PI, P4, and P6, places a valine in the P9 pocket. Shifting this alignment by one residue to the right would 
place an Asp into the P9 pocket: however, this register would result in a Phe occupying the P6 pocket. §Sequence 
length is an average representation. Refer to references for specific details. I(Only residues within the designated 
register are shown. TChicken. #A REP, bacteriophage A repressor; hnRNP, heterogeneous nuclear ribonuclear 
particles; MSA, murine serum albumin: HSP, heat shock protein: PLP, proteolipid protein. "Synthetic peptide. 
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The Eye Injury of King Philip II 
and the Skeletal Evidence from 
the Royal Tomb II at Vergina 

Antonis Bartsiokas 

The Royal Tomb II was discovered in Vergina, Greece, in 1977. It contained a 
male skeleton and a rich array of grave goods. Evidence of trauma supposedly 
in the orbital bones of the skull has been thought to correspond to an eye injury 
that King Philip II is historically known to have suffered. However, reexami- 
nation of the orbital morphology showed no evidence of such pathology. 
Therefore, the skeleton does not belong to Philip II. New skeletal evidence shows 
that the skeleton belongs to King Philip Ill Arrhidaeus. In this case, the tomb may 
well contain some of the paraphernalia of Alexander the Great. 

A tomb designated Royal Tomb I1 was dis- 
covered at Vergina by Andronicos in 1977 
(I). It was divided into two chambers. The 
main chamber contained a marble sarcopha- 
gus inside of which a golden chest (or lamax) 
bearing the Macedonian star burst was dis- 
covered. The chest contained the almost com- 
plete cremated skeleton of a man. Within the 
antechamber, a similar sarcophagus and chest 
were discovered, containing the cremated 
skeleton of a woman. The richness of the 
grave goods was astonishing. Among them, 
two small ivory heads have been identified as 
those of King Philip I1 and Alexander the 
Great (1). There were also a gilded silver 
diadem, a gold-sheathed sceptre, an iron and 
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gold cuirass, an iron helmet, and an elaborate 
ceremonial shield (1). Considerable interest 
has been focused on the identification of the 
male occupant of the tomb. Andronicos, on 
the basis of archaeological evidence that 
pointed to a date around 336 B.C., identified 
the tomb as that of King Philip I1 of Macedon 
(I), father of Alexander the Great. However, 
mounting archaeological evidence (2, 3) that 
points to a date around 317 B.C. suggests that 
the tomb belongs to King Philip 111 Arrhi- 
daeus, son of Philip I1 and half-brother of 
Alexander the Great. As a result, the anthro- 
pological evidence became crucial to test the 
archaeological hypotheses. 

The aim here is to study the paleopathol- 
ogy of the male skeleton using macropho- 
tography, because no close-up pictures of his 
injuries had ever been obtained to study the 
microstructure of the wounds. Macropho-
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