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Transmembrane Helical Interactions and the 
Assembly of the T Cell Receptor Complex 

no acid residues of TCR-a and TCR-$ 
transmembrane domains Med to allow re- 
constitution of surface expression of the 
TCR in a- or B-deficient  cells (a. It has 
txen proposeri that these charg2 amino NICHOLAS MANOLIOS, JUAN S. BONIPACINO, RICHARD D. KUUSNER 
acids mry bc involved in subunit assemblv. 
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~ h e s e  observations dong with the high di- 
Studies of thc subunit interactions of the multiunnponent T cell antigen raoeptot gree of sequence conservation of these do- 
F R )  revealed that spacific pairs of chains have the a b i i  to assemble after mains between mouse and human suggest 
tramfedon into fibroblasts. For one such pair, TCRs and CD3-6, their ability to more specific structural information resides 
assemble was encoded by their transmembrane domains. The qxdiaty  of this in the membrane-spanning regions than 
interaction suggests that well-dc6ned hclical interactions in the membrane can explain merely the ability to sit in a lipid environ- 
the assembly of some multichain membrane complexes. ment. That the transmembrane domain of 

TCR-a contains specific sequence and struc- 

M ANY MEMBRANE PROTEINS BXIST brane and negotiate the hydrophobic lipid turd information is supported by the recent 
as part of multicomponent com- bilayer. The transmembrane domains of identification of this region as containing 
plexes (1). These range in com- each of the TCR subunits have the unusual information that causes targeting for rapid 

plexity fiom the homodirneric transfenin characteristic of possessing single (or in the degradation in the endoplasmic reticulum 
receptor to the T cell antigen receptor case of TCR-a, two) charged amino acids (7). In this study we demonstrate that the 
(TCR), which is comprised of at least seven (2). Mutation of the positively charged ami- transmembrane domains of the TCR-a and 
transmembrane subunits encoded by six dif- 
ferent genes (2). These complexes may be 

together either covalent (didde) Fig. 1. Assembly of TCR-a (a) NEPHGE - 
bonds or noncovalent interactions. Correct with CD~-6 (6). ~ 0 s - 1  =lls were Antlbody to TCR-a 

assembly is most likely required for h c -  couansfected (12) with expression H* O H -  H* O H -  

tion. To prevent the cell surface expression plasmids e n c w :  (A) full-length 
TCR-a and CD3-6; (B) full-length unassembled Or phly, 
TCR* TCR-( (J); (C) -- 68. bled complexes, the cell imposes an effective cated xR-, ladring 41 car- 

43. set of mechanisms that prevent the transport boxyl-terminal amino acid midues 
or survival or both of all but completely and full-length CD3-6; and (Dl 
assembled complexes (3). Transmembrane TCR-a with a nuncad 29. 

CD3-6 lacking 41 carboxyl-td- proteins can conveniently be divided into rial amino acid midm (6,) (13) .  m In- three domains; extracellular, membrane- ~t 48 hours after -fhon, cells p 

- k: 

U.V r~ I =., Oa 
spanning, and intracellular. For proteins were treated for 16 hours with 5 
that cross the membrane once, these do- m M ~ ~ b u t y n * a n d m ~ b o l i -  

cally labeled for 2 hours at 37% mains are as seg- (14). were m o v e d  from the 
ments along the primary sequence. * - 

plans, solubilized with lysis buffer 
This is the situation for the seven chains containing 0.5% Triton X-100, and 

1 

of the TCR, which are all single membrane- sup"natanm were added to a d -  
body beads (15). The immunopre- spanning proteins with their amino termini dpitated TCR ctuins wrre resolved facing the external milieu (2). The extemal 
by pH 18. domains of the TCR-a and TCR-p subunits elmphoresis  (NEPHGE)ISDS- 

are responsible for antigen recognition (4) PAGE, as previously described (2, li: 

whereas the cytoplasmic domain of 5 has 16). Panels (A) through (D) show immunopmipitates with antibody to TCR-a. Insets in (A) and (C) 

directly implicated in signal transduc- show the amount of total CD3-6 e x p d  in the same cells as analyzed by direct immunoprecipitation 
with antibodies to CD3-6. The inset in (B) shows total TCR-J immunopmipitated with antibodies to 

tion (5)- The hydrophobic transmembrane TCR-2;. The itions of molecular weight (Mr) markers (kilodaltons) are indicated on the left. The 
domains of the TCR chains and other mem- positions of %Re, CD3-8, and TCR--( are indicated. In (B), the expected position of TCR-J is 
brane proteins anchor them in the mem- marked by the open arrow. In (C), the expected position of CD3-6 is shown by the open arrow. The 

r just below the arrowhead in (C) is not TCR-6, but a nonspedc band. A truncated TCR-a ladring 
and Bnnch, National e transmembrane and cytoplasmic domains (TCR-a,) failed to assemble with CD3-6 (C). However, a z"&%& d H- - -t, Na- truncated CD3-6 lacking the cytoplasmic domain assembled normally with full-length TCRa (D). 

I d n u .  of Hcab, Ecthcda, MD m%. Truncated CD3-6 could not be dimt ly  assessed by immunopnxipitation. 



CD3-6 subunits contain all of the informa- 
tion necessary for subunit assembly. 

The ability of individual pairs of TCR 
subunits to assemble with each other was 
tested by transfecting COS cells with com- 
plementaty DNAs (cDNAs) encoding each 
subunit. In this report we focus on the 
interaction of TCR-a with one of the invari- 
ant chains, CD3-6. When TCR-a plus CD3- 
6 cDNAs are cotransfected into COS cells, 
the association of these chains can be dem- 
onstrated by immunoprecipitation of CD3- 
6 with a clonotypic monoclonal antibody 
that recognizes the TCR-a chain (Fig. 1A). 
Likewise, TCR-a can be precipitated with a 
specific antibody against the cotransfected 
CD3-6 subunits. The absolute specificity of 
the antibodies was established by the failure 
to precipitate any TCR subunits when the 
target chains were not included in the trans- 
fection. In contrast, cotransfection of TCR- 
a with either TCR-6 (Fig. 1B) or CD3-y 
resulted in no association, despite high levels 
of expression of all of these chains. Antibod- 
ies to TCR-a could coprecipitate CD3-y 
and TCR-I; when the cDNAs encoding all 
six TCR genes were cotransfected. Thus, 
failure to assemble was not due to the failure 
to coexpress chains in the same cells in these 
transient transfections. 

We localized these interactions to specific 
domains of the subunits by examining the 
assembly of truncated TCR-a (a,) chain that 
lacked the transmembrane and cytoplasmic 
domains with CD3-6. This lumenal protein 
was not aggregated and could assemble with 
full-length TCR-P, but no interaction with 
CD3-6 could be detected (Fig. 1C). In 
contrast, when the CD3-6 cDNA was engi- 
neered to produce a protein whose cytoplas- 
mic tail was removed (CD3-st), it assembled 
well with full-length TCR-a (Fig. ID).  
These results suggested that the cytoplasmic 
tail of CD3-6 was not necessary for its 
interaction with TCR-a and that the extra- 
cellular domain of TCR-a did not contain 
sufficient information to mediate the assem- 
bly with CD3-6. One possible interpretation 
of this was that the transmembrane domain 
or short cytoplasmic tail or both of TCR-a 
were required for this assembly. T o  test this 
possibility chimeric proteins were construct- 
ed in which the extracellular domains of 
CD4 or the interleukin-2 receptor a chain 
(Tac antigen) were fused to the putative 
transmembrane domain and five-amino acid 
cytoplasmic tail of the TCR-a chain. When 
full-length, normal CD4 or Tac were co- 
transfected with CD3-6, little if any CD4 or 
Tac could be precipitated with antibodies to 
CD3-6, nor could antibodies against either 
CD4 or Tac coprecipitate CD3-6 (Figs. 2 
and 3). In contrast, when the chimeric pro- 
teins containing the transmembrane and cy- 

toplasmic domains of a were used, signifi- 
cant assembly was apparent (Figs. 2 and 3). 
Coprecipitation of CD3-6 with the chimeric 
proteins was readily detected with antibod- 
ies to CD3-6 or antibodies directed against 
either CD4 or Tac, as appropriate. 

To further define the specificity of this 
interaction, a series of chimeric proteins 
were constructed that included variable 
amounts of the transmembrane region or 
cytoplasmic tail or both of TCR-a placed in 
the context of the Tac protein (Fig. 4). 
Assembly of most of the chimeric proteins 
was analyzed with an immunoblotting pro- 
tocol that affords a more rapid and quantita- 
tive assay than the two-dimensional (2-D) 
gels used to initially demonstrate interac- 
tions. Cells were transiently transfected with 
these chimeras along with the cDNA encod- 
ing full-length CD3-6. Cell lysates were 
subjected to immunoprecipitation with ei- 
ther antibodies to CD3-6 or Tac covalently 
bound to Sepharose, and the precipitates 
were immunoblotted with antibody to 
CD3-6 after resolution on 1-D SDS gels 
(Fig. 4). The chimeric protein containing 
the transmembrane and cytoplasmic do- 
mains of TCR-a (Tac-TCR-a,) assembled 
well with CD3-6 (30% of the total CD3-6 
could be precipitated with antibody to Tac). 
Deletion of the five carboxyl-terminal resi- 
dues of TCR-a and replacement with the 

cytoplasmic sequences of Tac (Tac-TCR- 
a2)  had little effect on the level of associa- 
tion. When the five amino acids at the 
amino-terminal portion of the TCR-a trans- 
membrane domain were replaced with the 
corresponding sequence of Tac (Tac-TCR- 
a3), assembly was observed, although it 
occurred to a lesser extent. In this switch 
only three of the five TCR-a amino acids are 
altered. However, when the next eight resi- 
dues of the transmembrane domain of 
TCR-a, including the two transmembrane- 
charged amino acid residues were replaced, 
essentially all assembly was lost (Tac-TCR- 
ad, Fig. 4). The cytoplasmic tail of TCR-a 
(Tac-TCR-a5) was insufficient to transfer 
the ability to assemble with CD3-6 (Fig. 4). 
Differences in the level of assembly could 
not be explained as a consequence of varying 
levels of Tac expression as assessed by direct 
precipitation and quantitative immunoblot- 
ting of the Tac protein. To further localize 
the region responsible for assembly, a con- 
struct (see dotted box in Fig. 4), containing 
only eight amino acids of the TCR-a trans- 
membrane domain (L-R-I-L-L-L-K-V) (8), 
was tested (Tac-TCR-a6). As shown in Fig. 
3, E and F, this limited region was still 
capable of mediating assembly with CD3-6. 
As previously suggested (Z), the positive 
charges in TCR-a and negative charges in 
the transmembrane domains of TCR invari- 

Antibody to CD4 Antlbody to CD3 - 6 

I cna/n+6 Fi' r n r  i..+A I< 
Fig. 2. Assembly of CD3-6 with a 
chimeric CD4 containing substimt- - - 
ed TCR-a transmembrane and cy- . - - 
toplasmic regions (CD41a) ( 17). 
COS cells were transfected with - . . CD4-TCR-a plus CD3-6 (A and 0 
B), full-length CD4 plus CD3-6 (C 
and D) or CD3-6 alone (E). Lysates 
were subjected to immunoprecip- 
itation with either antibody to CD4 
(OKT4a, Ortho Pharmaceutical) 

rnr .6  t9 c.n.r.6 (A. C. and E) or antibodv to CD3- 
I3 

6 ' (B and ' D). ~mkuno~reci -  
pitates were analyzed by 2-D 
NEPHGEISDS-PAGE. The posi- 
tions of M, markers (kilodaltons) 
are indicated on the left. CD4 con- 
taining TCR-a transmembrane do- 
main assembled with CD3-6 (A 
and B). In contrast, normal full- 
length CD4 did not assemble with 
CD3-6 (C and D) .  Open arrows 
point t o  the expected location o f  
CD3-6 (C and E) or CD4 (D) .  '"1 6 on!" 
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Yr 
Antlbody tolac Antibody to CD3-b 

1 '  . IL. 
Fig. 3. Interaction between CD3-6 
with a chimeric Tac containing 
TCR-a transmernbrane and cyto- 
plasmic amino acid sequences 
(Tacla,) (7). The antibody used to 
immunoprecipitate Tac was 7G7 
(18). The positions of M, markers 
(kilodaltons) are indicated on the 
left. When the Tac transmembrane 
region was replaced with TCR-a 
transmembrane and cytoplasmic 
amino acid sequence, antibody to 
Tac (A) and antibody to CD3-6 
(B) were able to coprecipitate 
CD3-6 and Tac, respectively. In 
contrast, CD3-6 cotransfected with 
I11-length Tac could not be copre- 
cipitated by antibody to Tac (C) 
nor could full-length Tac be copre- 
cipitated by antibody to CD3-6 
(D). Chimeric construct Tac- 
TCR-a6 (Tach6), containing only 
eight amino acids of the TCR-a 
transmernbrane domain (shown as 
dotted box in Fig. 4) assembled 
with CD3-6 (E). This was evi- 
denced by coprecipitation of CD3- 
6 by antibody to Tac (E). Similarly, 
Tac-TCR-a6 was coprecipitated by 
antibody to CD3-6 (F). The open 
arrow in (F) shows the focused 
Tac-TCR-a6 protein. Note that 
the Tac proteins in general were 
poorly focused in this gel system. 

complex has led t o  the suggestion that these 
residues may be involved in subunit interac- 
tions. Indeed, mutation of  the transmem- 
brane positively charged residues of the a 
and p chains o f  T C R  t o  a variety of  other 
amino acids abrogated the ability of  trans- 
fected chains t o  reconstitute surface expres- 
sion of  a- or  p-negative T cells (6). One 
recent example where protein-protein inter- 
action has been similarly pinpointed t o  a 
transmembrane domain is in the dimeriza- 
tion of glycophorin A (9). In this study 
peptides corresponding t o  the transmem- 
brane region of  this protein specifically 
bound t o  glycophorin A in detergent mi- 
celles and artificial bilayers. Peptides corre- 
sponding t o  the transmembrane domains of  
two other proteins were inactive. Another 
recent study has suggested that specific se- 
quences of  the transmembrane domain of  
membrane-bound immunoglobulin M 
(IgM) are required for retention of  this 
protein in the endoplasmic reticulum of  
plasma cells (10). Sequence-specific interac- 
tions between transmembrane domains have 
multiple implications for the biology and 
study of  membrane proteins. There is good 
experimental and theoretical evidence that 
these domains are a helical (11). Thus our 
ability t o  understand the molecular basis of  
these interactions will be greatly aided by 
this structural constraint. The localization of  
assembly between membrane proteins t o  
this limited region will allow us t o  describe, 
in detail, the basis of  specific assembly inter- 
actions. At these sites of  interaction become 
even more refined, the possibility of  design- 
ing peptides that could specifically compete 
for assembly or  induce disassembly may 
provide powerful tools for probing and per- 
turbing membrane proteins. 

Fig. 4. Localizing the segment of the TCR-a 
transmembrane domain responsible for CD3-6 
assembly. In the schematic representation of the 
sequence of either Tac or Tacla chimerae around 
the transmembrane region (19) (top), the boxed 
sequences represent those derived from the TCR- 
a chain. Each of these chimerae were cotransfect- 
ed into COS cells along with the cDNA encoding 
CD3-6. Lysates were subject to immune precipi- 
tation with either antibodies to CD3-6 or Tac 
(bottom). Those immune precipitates were re- 
solved by SDS-PAGE and analyzed by immuno- 
blotting with an antibody to CD3-6 (20) anti- 
peptide antibody. The autoradiograms demon- 
strate the total amount of CD3-6 (left lane) and 
the amount of CD3-6 precipitated with the anti- 
body to Tac (right lane) for each of the chimerae 
shown. The position of the M, markers (lulodal- 
tons) are indicated on the left. 
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The Structure of a Complex of Recombinant 
Hirudin and Human a-Thrombin 

The crystallographic structure of a recombinant hirudin-thrombin complex has been 
solved at 2.3 angstrom (A) resolution. Hirudin consists of an NH2-terminal globular 
domain and a long (39 A) COOH-terminal extended domain. Residues Ilel to Ty$ of 
hirudin form a parallel P-strand with Se314 to Glu2" of thrombin with the nitrogen 
atom of Ilel making a hydrogen bond with Ser19' Oy atom of the catalytic site, but the 
specificity pocket of thrombin is not involved in the interaction. The COOH-terminal 
segment makes numerous electrostatic interactions with an anion-binding exosite of 
thrombin, whereas the last five residues are in a helical loop that forms many 
hydrophobic contacts. In  all, 27 of the 65 residues of hirudin have contacts less than 
4.0 A with thrombin (10 ion pairs and 23 hydrogen bonds). Such abundant 
interactions may account for the high af3kity and specificity of hirudin. 

T HROMBIN (E.C. 3.4.21.5) IS A GLY- 

coprotein that functions as a serine 
proteinase when it is generated in the 

final events of blood coagulation (1). a -  
Thrombin converts fibrinogen into clottable 
fibrin by exhibiting specificity largely attrib- 
uted to an anion binding exosite distinct 
from the catalytic site (2). The molecule 
consists of two peptide chains of 36 and 259 
residues linked by a disulfide bond ( 3 ) .  The 
crystallographic structure of human a -  
thrombin inactivated with D-Phe-Pro-Arg- 
chloromethyl ketone (PPACK) at 1.9 A 
resolution (4) shows structural similarity to 
trypsin-like proteases but with insertions 
(loops at Leu6' and Thr'49) ( 5 )  that pro- 
trude around the active site and narrow the 
substrate binding cleft. 

The principal inhibitor of thrombin in 
blood is antithrombin 111; however, the 
most potent natural inhibitor is hirudin 
from the European medicinal leech Hivudo 
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medicinalis (6),  which consists of a compact 
NH2-terminal head and a long polypeptide 
COOH-terminal tail (Fig. 1). The structures 
of two recombinant hirudins have been de- 
termined in solution by nuclear magnetic 
resonance (NMR) (7). The NH2-terminal 
head along with the first 10 residues of the 
COOH-terminal tail were resolved but the 
remaining 16 residues and residues 31 to 36 
were disordered. We report the crystallo- 
graphic structure determination of a recom- 
binant hirudin a-thrombin complex at 2.3 A 
resolution (8) in which the COOH-terminal 
tail of hirudin is ordered. 

The structure of hirudin in the complex is 
composed of two domains (Figs. 2 and 3). 
The folding of the NH2-terminal domain 
appears to be intimately related to the pres- 
ence of a three-disulfide core. Residues 
h-Cys6-Cys14 and h - ~ y s ' ~ - ~ y s ~ ~  orient nearly 
perpendicular at a distance of 4.7 A between 
the midpoints of the bridges. Conversely, 
~ - C ~ S ' ~ - C ~ S ~ ~  and h - C y ~ ~ ~ - C y s ~ ~  are nearly 
parallel with a comparable distance (5.3 A) 
(9). The Cys interactions cause the loop 
segments B, C, and D (Fig. l ) ,  which form 
the double-loop structure of hirudin, to fold 
into three different three-dimensional loops, 
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