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Crystal Structure of the p Chain of a 
T Cell Antigen Receptor 

Graham A. Bentley,* Ginette Boulot, Klaus Karjalainen, 
Roy A. Mariuzza* 

The crystal structure of the extracellular portion of the p chain of a murine T cell antigen 
receptor (TCR), determined at a resolution of 1.7 angstroms, shows structural homology 
to immunoglobulins. The structure of the first and second hypervariable loops suggested 
that, in general, they adopt more restricted sets of conformations in TCR p chains than 
those found in immunoglobulins; the third hypervariable loop had certain structural char- 
acteristics in common with those of immunoglobulin heavy chain variable domains. The 
variable and constant domains were in close contact, presumably restricting the flexibility 
of the p chain. This may facilitate signal transduction from the TCR to the associated CD3 
molecules in the TCR-CD3 complex. 

Ant igen  recognition by T lymphocytes is 
mediated by (highly diverse cell-surface gly- 
co~roteins known as T cell receDtors. These 
disulfide-linked heterodimers are composed 
of a and p (or y and 6) chains consisting of 
variable (V) and constant (C)  regions ho- 
moloeous to those of antibodies (1. 2 ). Al- " . .  . 
though antibodies generally recognize anti- 
gens in their native form, a p  TCRs recog- 
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nize antigens as peptides bound to mole- 
cules of the major histocompatibility 
complex (MHC) (3). In addition, TCRs 
interact with a class of molecules known as 
superantigens, which stimulate T cells bear- 
ing particular Vp elements (4). W e  now 
report the crystal structure at 1.7 A resolu- 
tion of the extracellular portion of the P 
chain (Vp8.2Jp2.1Cpl) of a TCR (designat- 
ed 14.3.d) specific for a hemagglutinin pep- 
tide of influenza virus [HA(110-120)] pre- 
sented by the MHC class I1 I-Ed molecule 
(5). Production ( 6 ) ,  crystallization (7), and 
structure determination (8) of the recombi- 
nant p chain are described below. 

The  TCR P chain is divided into V and 
C domains structurally homologous to the 

V and C domains of immunoglobulins (Fig. 
1, A and B). The root-mean-square (rms] 
difference in a carbon positions is 1.4 A 
with respect to  VL (compared with frame- 
work residues fzom nine murine VL do- 
mains) and 1.9 A with respect to V, (com- 
pared with framework residues from nine 
murine VH domains). The framework struc- 
ture of Vp is therefore closer to that of VL. 
For Cp,  the structural difference with im- 
munoglobulin homologs is greater. Se- 
quence alignment by structural homology 
(Table 1 )  gdves rms differences between 
2.3 and 3.0 A for the a carbon positions of 
matched residues. The  Cp domain con- 
tains a large, solvent-exposed insertion 
with respect to other immunoglobulin C 
domains between residues 219 to 232 (in- 
clusive) (Fig. 1) .  Sequence comparisons 
suggest that this insertion also occurs in 
C, domains from mice and humans. Thus, 
the number of amino acids between the 
last intrachain disulfide bridge and the 
interchain bridge is 34 for mouse Cp,  32 
for human C, form 1 (9) ,  31 for mouse 
C,1, and 26 for C,2; for the immunoglob- 
ulin C, and C,1 domains, these are 18 
and 19 residues long, respectively (10). 

Peptide loops homologous to the comple- 
mentarity-determining regions (CDRs) of 
immunoglobulins are disposed on the V do- 
main to form part of the expected antigen- 
binding site (Figs. 1 and 2). A significant 
difference with respect to immunoglobulins, 
however, occurs in CDRl of Vp8.2. In both 
VL and V, domains, CDRl is largely stabi- 
lized by the hydrophobic side chain of resi- 
due 29, which is positioned midway along 
this loop and oriented to intercalate between 
two P-pleated sheets in a nonpolar environ- 
ment. By contrast, HisZ9 of Vp8.2 is dis- 
 laced sideways relative to the immunoglob- 
ulin homolog and is ~artially exposed to the 
solvent (Fig. 3A). The volume occupied by 
residue 29 in immunoglobulin V domains is 
instead taken by GlnZ5 in Vp8.2. In this 
configuration, the amide group of GlnZ5 sta- 
bilizes CDRl by forming four hydrogen 
bonds to its main chain atoms. The CDRl 
sequences of many Vp domains are similar to 
that of Vp8.2 by virtue of their common 
length and the presence of Gln and a hydro- 
~ h i l i c  residue at positions 25 and 29, respec- 
tively. Thus, sequences listed by Kabat et al. 
(10) for the murine subgroup I1 of Vp have 
the same number of residues in CDRl in 
which GlnZ5 and HisZ9 are invariant resi- 
dues. Similarly, in subgroup 1. GlnZ5 occurs 
11 times and HisZg occurs 35 times in 37 
sequences, and all but one CDRl have the 
same length. The structure described here for 
Vp8.2 may therefore be common to many 
other Vp CDRl structures. 

Structural alignment of the Vp8.2 do- 
main with immunoglobulin V domains 
shows that the p chain CDR2 is equal in 
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Table 1. Alignment of the C, sequence with immunoglobulin constant domain sequences (CHI, C,2, 
CH3, and ~ j b a s e d  on struckral information. The a c&n skeletons were first optimally su&rimpos'ed. 
Seauences were then manuallv adiusted to minimize the number of ams while resmtina the structural 
sim/lanty. The rms differencesin &carbon positions between the 8Gmatched residues Gf C, and CHI, 
CH2, CH3, and C, are 3.0 A, 2.3 A, 2.3 A, and 2.7 A, respectively. Conserved amino acids are indicated 
by vertical bars. The insertion of C, residues 21 9 to 232 relative to immunoglobulin constant domains is 
underlined. Single-letter 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. 

Domains Sequence 

EDLRPVTPPlnrsLFEPSKAE-IWQKATLVCLARGFF--PDHVELSWWVNGKEV-ESGVSTDPQAY 

I I  I I I 
%I ASTTPPSVFPLAPGSA--AQTNSWVTLGCLVRGYF--PEPVTVTWN--SGSL-SSGVB~P-AV 

I I  I I I 
C ~ 2  P S W L F p P ~ W T L M I S R T P E V T C V W D V S B E D P Q ~ G V Q V B N A K T K P R - - E Q  

I I  I I I 
C ~ 3  PREPQVYTLPPSRE--RdTKNQVSLTCLVRGFY--PSDIAVEWESNGQPE--NNYKTTP-PV 

I I  I I I 
C~ RADAAPWSIFPPSSE--QLTSGGASWCFLNNFY--PWINVKWRIDGSm-QNGVLDS--WT 

length to the H chain CDRZ of the solved 
Fab structures NEW, HyHEL-10, D1.3, and 
AN02 ( 1 1, 12). Although these VH do- 
mains each form a three-residue loop within 
CDR2, that of Vp8.2 is seven residues long 
because each p strand forming the hairpin 
loop is reduced by two residues by compar- 
ison with that of VH. The seven-residue 
loop is stabilized by the side chain of Ser49, 
which forms hydrogen bonds to the main 
chain atoms (Fig. 3B). The Arg69 residue 
may also have an important influence on 
the conformation of CDR2; the guanidyl 
group forms a hydrogen bond to Oy of Ser49 
and its carbonyl oxygen forms a hydrogen 
bond to the main chain at residue 53. Be- 
cause CDRZ of subgroup I1 V is constant 
in length, and Ser9 and ~rgdb  are invari- 

ant, the conformation observed here may be 
common to these 0 chains. 

The restricted conformational heteroge- 
neity of CDRl and CDRZ of the P chain 
suggested by the above analysis is compati- 
ble with models of peptide-MHC recogni- 
tion in which these CDRs are thought to 
contact primarily the a-helical regions of 
the MHC molecule (2. 13). which also . ,  ,, 

display rather limited structural diversity 
(14). However, the close juxtaposition of 
both CDRl and CDRZ to CDR3 (which is 
believed to interact mainly with bound pep- 
tide) in the putative peptide-MHC binding 
site probably precludes an exclusive assign- 
ment of particular functions to individual 
CDRs. 

Figure 2 shows the location of the p 

Fig. 1 The p chain 
(Ve8.2J$.1C,l). (A) An a carbon 7 skeleton of the p chain with V, 
(blue), C, (red), CDRl (green), 
CDR2 (violet), CDW (yellow), W4 
(orange), and the insertion resi- 
dues, 219 to 232, of C, (gray). (8) 
A space-filling model viewed from 
the same orientation and with the 
same color code as in (A). (C) A 
model for the a p  TCR heterodimer 
based on the p chain [colored as in 
@)I and V, (brown) and C, (pink) 
immunoglobulin chains viewed 
from the same orientation as in (A). 

chain CDRs relative to the so-called fourth 
hypervariable region (HV4), which has 
been implicated in superantigen binding 
(4). This region, comprising residues 69 to 
75 (15), forms a loop that folds toward 
CDRl and CDRZ like the homologous re- 
gion of VL domains. In VH domains, by 
contrast, this loop is almost always directed 
away toward the solvent. The continuous 
surface formed by the CDRs and HV4 in 
the crystal structure (Fig. 2) could explain 
the existence of mutational and genetic 
evidence that certain residues in CDRl and 
CDRZ of the P chain may modulate bind- 
ing to superantigens (16-18). Other resi- 
dues implicated in superantigen recogni- 
tion, including Vp8.2 (19), are also 
in close proximity to HV4 in our model. 
The possibility that HV4 of TCR V do- 
mains may be implicated in peptide-MHC 
recognition has already been raised (20). 
Because it folds toward CDRl and CDRZ in 
the crystal structure, it is indeed more fa- 
vorably placed to contact the MHC-peptide 
complex than if it were VH-like in confor- 
mation. Furthermore, the idiotopeanti- 
idiotope complex, FabD1.3-FabE225, offers 
an example where antibody-antigen con- 
tacts are mediated by the third framework 
region (FR3) residues of VL (21 ), which are 
equivalent by homology to residues of HV4 
in Vp. 

The hydrophobic surface of the Vp do- 
main that, by analogy to immunoglobulins, 
should form the interface with V, in the a p  
heterodimer does indeed contact the same 
surface of a neighboring P chain in the 
crystal lattice. Instead of forming an immu- 
noglobulin Fv-like structure, however, the 
two V domains pack head-to-tail such that 
their CDR loops appear on opposite sides of 
the dimeric aggregate. Several residues at 
this interface, however, are equivalent by 
homology to those involved in the VH-VL 
interaction. Dimerization of Vp domains to 
an Fv-like configuration is prevented, at 
least in part, by the conformation of CDR3. 
As observed with VH domains, this loop 
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folds away from the core of the domain, and 
thus away from CDRl and CDR2 (Fig. 2), 
so that steric encumbrance between adja- 
cent CDR3 loops of such a homodimer 
would indeed prevent its formation. To per- 
mit ap dimerization, the CDR3 loop of the 
a chain would have to fold back over the 
surface of the Va domain toward CDRl and 
CDR2, as found with VL domains. Consis- 
tent with this prediction, a recombinant 
TCR V, domain has been found to form 
stable homodimers in solution (22), in a 
manner reminiscent of that of L chain 
dimers (Bence-Jones proteins) (23). 

By contrast with that of Vp, the surface of 
the Cp domain implicated in heterodimer 
formation is completely exposed to solvent. 
This surface has a constellation of charged 
residues (carrying a net positive charge) that 
cannot be neutralized by a complementary 
matching of the same surface of a neighbor- 
ing C domain. This contrasts with immu- 
noglotulin C domains, where the dimer- 
forming surface is very hydrophobic and car- 
ries no charged residues except at the periph- 
ery. We note in addition that the predicted 
dimer-forming surface of the Ca domain is 
also rather ~o l a r  and should cam a net 
negative charge (I) .  Polar residues may 
therefore be d i s m d  such that charges are w 

neutralized by salt-bridge fonnation across 
the Ca-Cp interface in the heterodimer. 
Similar considerations should apply to the 
interaction between pre-TCRa (24) and Cp 
in the pre-TCR complex. 

The Vp and Cp domains are in intimate 
contact in the crystal structure (Fig. 1). In 
all, 18 residues together with three bridging 
solvent molecules contribute toward con- 
tacts between the surfaces of the two do- 
mains. Although this total includes those 
residues [Val12, Thr115, Va1116* (lo), 
Phe153, and Pro154] predicted by extrapola- 
tion from immunoglobulin H chain struc- 
tures (2, 25), these do not appear to make 
the most important contacts in the case of 
the p chain. Rather, these are made by Jp  
residues Arg113 and Thr115 and Cp residues 
Glu15' and His156. Thus, Arg113 is involved 
in numerous nonpolar interactions across 
the Vp-C interface and forms a salt bridge 
to ~1ul~'that could help maintain the P 
chain in a restricted quaternary configura- 
tion. Several van der Waals contacts are 
also established between His156 and residues 
from the V domain, including a hydrogen 
bond between N E ~  and Oy of Thrl 15. It is 
noteworthy that murine Jp  genes code for 
Arg [present in five out of six sequences 
(lo)] or for Lys at position 113 and that 
residue 115 is also relativelv conserved. 
with Thr (four sequences), Ser, or Leu ap- 
pearing at this position. A similar situation 
arises in human J s uences ( 10). These e9 
additional and more sienificant interactions - 
are correlated with a larger surface of inter- 
action between the Vp and Cp domains 
than is found in immunoglobulin H chains. 
The combined surface area between the two 
domains that is inaccessible by solvent is 

Fig. 2. A stereo view of the a carbon skeleton of Vg showing the framework regions (blue), CDRl (green), 
CDRP @ink), CDR3 (yellow), and HV4 (orange). 

Fig. 3. Hypervariable regions of the p chain. (A) CDR1, residues 25 to 33. (8) CDRP, residues 48 to 56. 
Residue A@, which interacts with CDRl and CDR2, is shown in violet. 
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833 A2 (the contribution of residues 116A 
and 117 at the transition between the two 
domains was not included). Corresponding 
areas between immunoglobulin VH and 
CHI domains vary between about 200 A2 
and 350 A2, depending on the elbow angle. 

In the absence of the a chain, an impor- 
tant question posed by the crystal structure 
concerns whether the arrangement of the 
Vp and Cp domains described above is com- 
patible with an Fab-like quaternary struc- 
ture for an ap heterodimer. To examine 
this possibility, we superimposed the VH 
domain of a VH-VL dimer onto the Vp 
domain and the CHI domain of a CHI-% 
dimer onto the Cp domain to determine if 
the resulting positions of the V, and C,- 
domains would be disposed to form a plau- 
sible model for the a chain in an aB het- 
erodimer. The superposition placed $ and 
C, in a configuration consistent with a 
contiguous polypeptide for the a chain in 
which steric encumbrance between the two 
domains was negligible (Fig. 1C). The mod- 
el of the complete ap heterodimer thus 
obtained closely resembled an Fab fragment 
with an elbow angle of about 154", well 
within the bounds of those angles observed w 

for immunoglobulin structures. 
For several reasons, we believe the close 

association between Vp and Cp found in 
the crystal structure may represent a biolog- 
ically relevant conformation of the f! chain 
and is not a result of the absence of an a 
chain or its particular packing in the crystal 
lattice. First, the relatively compact struc- 
ture is consistent with the resistance of the 
p chain to a variety of proteases, whether or 
not it is paired with an a chain (26). Sec- 
ond, nearly all the contacts between the Vp 
and Cp domains are mediated by V region 
residues that are highly conserved across 
different Vp families. Third, modeling stud- 
ies indicate that an immunonlobulin L 
chain may be paired with the p ihain with- 
out altering the latter's conformation. 
Fourth, the close association of Vp and Cp 
domains is consistent with the results of 
V-C shuffling experiments, which suggest 
that ap TCR V and C domains are not 
structurally autonomous units (27), in con- 
trast to antibody V and C domains (28). 

Should the quaternary arrangement of 
the p chain reported here be preserved in 
the ap heterodimer, we would anticipate a 
rigid structure largely devoid of flexibility in 
the region homologous to the elbow of an 
Fab fragment, given the extensive interac- 
tion between the Vp and Cp domains. This, 
in turn, may have important implications 
for signal transduction, because a rigid con- 
formation could facilitate the transmission 
of any structural changes, which may occur 
in the TCR upon binding the peptide- 
MHC complex, to associated CD3 mole- 
cules in the TCR-CD3 complex (29). In 



the case of antibodies, by contrast, the 
structural independence of V and C do- 
mains (28), together with the much larger 
separation expected between the V do- 
mains and putative signal-transducing mol- 
ecules on  the cell surface (30), effectively 
rules out an allosteric mechanism to account 
for B cell activation. In this respect, the 
large protruding loop on the external face of 
the Cp domain (and possibly of the C, 
domain), comprising residues 219 to 232 
(Fig. I ) ,  could be particularly important in 
contacting the extracellular portions of CD3 
molecules, thereby helping to couple the 
antigen recognition and signal transduction 
functions of the TCR-CD3 complex. 
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Regional Forest Fragmentation and the 
Nesting Success of Migratory Birds 

Scott K. Robinson,* Frank R. Thompson Ill, 
Therese M. Donovan, Donald R. Whitehead, John Faaborg 

Forest fragm-entation, the disruption in the continuity of forest habitat, is hypothesized to 
be a major cause of population decline for some species of forest birds because frag- 
mentation reduces nesting (reproductive) success. Nest predation and parasitism by 
cowbirds increased with forest fragmentation in nine midwestern (United States) land- 
scapes that varied from 6 to 95 percent forest cover within a 10-kilometer radius of the 
study areas. Observed reproductive rates were low enough for some species in the most 
fragmented landscapes to suggest that their populations are sinks that depend for 
perpetuation on immigration from reproductive source populations in landscapes with 
more extensive forest cover. Conservation strategies should consider preservation and 
restoration of large, unfragmented "core" areas in each region. 

T h e  conservation of neotro~ical  migrant 
bird species, which breed in North America 
and winter in the tropics, has attracted 
attention even though most are not yet 
endangered (1,  2). Many neotropical mi- 
grants, however, are suffering population 
declines. the causes for which mav include 
the loss 'of breeding, wintering, akd migra- 
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tion stODover habitats (3). A freauentlv , , 

hypothesized cause for declines in p~pu l a -  
tions of migrant birds is the negative impact 
of habitat fragmentation (4) on breeding 
success (5 ) .  Habitat fraementation mav al- . , 

low higher rates of byood parasitism by 
brown-headed cowbirds (Molothrus ater) 
and nest predation (6, 7). Cowbirds lay 
their eggs in the nests of other "host" spe- 
cies, which then raise cowbirds at the ex- 
pense of their own young (8). 

Populations of cowbirds and many nest 
predators are higher in fragmented land- 
scapes where there is a mixture of feeding 
habitats (agricultural and suburban) and 
breeding habitats (forests and grasslands) 
(8-10). In landscapes fragmented by agri- 
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