
efficiency or because of direct inhibitory 
effects of high thoracic temperatures on the 
flight musculature. Force production by 
tethered honeybees decreases by 45% as 
thoracic temperature rises frorn 39" to 45°C 
116), similar to the decrease in metabolic 
rate we observed over the same thoracic 
temperature range (Figs. 2 and 3A). 

Variation in heat production may explain 
thermal stability during flight in other endo- 
thermic insects and potentially could contrib- 
ute to thermoregulation in birds (17). Al- 
though heat production does not vary with air 
temperature in moths or bumblebees, which 
can shunt heat to the abdomen to increase 
heat loss (1.): many endothermic insects lack 
the capacity to modulate heat transfer be- 
tween thorax and abdomen (1, 2). Wing-beat 
frequencies and flight metabolic rates have 
also been reported to decrease with air tem- 
perature in bees of the genus Centns (18, 19). 
Wing-beat frequencies and inferred heat pro- 
duction decline at higher ,air temperatures in 
the dragonfly Anax junius (20), suggesting 
that the role of varying heat production in 
achieving thermal stability during flight may 
deserve a general reevaluat~on for large endo- 
thermic insects. Fgr insects in which flight 
metabolic rate varies with air temperature, it 
will be important to reexamine energetic 
models of migration, foraging, and mating for 
temperature sensitivity. 
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A Cellular Homolog of Hepatitis Delta Antigen: 
Implications for Viral Replication and Evolution 

Robert Brazas and Don Ganem* 

Hepatitis delta virus (HDV) is a pathogenic human virus whose RNA genome and repli- 
cation cycle resemble those of plant viroids. However, viroid genomes contain no open 
reading frames, whereas HDV RNA encodes a single protein, hepatitis delta antigen 
(HDAg), which is required for viral replication. A cellular gene whose product interacts with 
HDAg has now been identified, and this interaction was found to affect viral genomic 
replication in intact cells. DNA sequence analysis revealed that this protein, termed delta- 
interacting protein A (DIPA), is a cellular homolog of HDAg. These observations demon- 
strate that a host gene product can modulate HDV replication and suggest that HDV may 
have evolved from a primitive viroidlike RNA through capture of a cellular transcript. 

HDV was originally discovered as a cause of 
severe liver injury in individuals already in- 
fected with hepatitis B virus (HBV) (1). The 
clinical association between these two viruses 
results from the fact that HDV does not en- 
code an envelope protein; instead, its genome 
is enveloped by HBV surface glycoproteins 
during virus assembly (2). The HDV genome 
comprises a 1700-nucleotide (nt)  single- 
stranded circular RNA that is -70% self- 
complementary and, as a result, forms a highly 
base-paired rodlike structure (3). This genome 
encodes only one known viral protein, 
HDAg, a nuclear phosphoprotein (4) capable 
of specifrc binding to HDV RNA ( 5 ) .  HDAg 
is absolutely required for HDV genomic rep- 
lication (6), but the mechanism by which it 
influences RNA synthesis is unknown. 

The HDV genome strongly resembles 
those of viroids, small naked infectious RNA 
molecules that produce epidemic disease in 
many varieties of plants (7).  Like HDV, 
viroid genomes are covalently closed, single- 
stranded circular RNAs with extensive self- 
complementarity. As in HDV, these viroid 
RNAs form highly base-paired RNA rods. 
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Viroid RNAs possess ribozyrne activlties that 
catalyze RNA self-cleavage and self-ligation 
(a ) ,  and similar catalytic activities have been 
detected in HDV RNA (9). However, viroid 
RNAs are much smaller (<400 nt)  and have 
no open reading frames. 

In the currently accepted model of HDV 
replication, which is based on schemes origi- 
nally proposed for viroids ( lo ) ,  the incomlng 
HDV genome serves as a template for rolling 
circle replication, resulting in the production 
of complementary multimeric antigenomes. 
Nascent antigenomes use their intrinsic rr- 
bozyme activities to catalyze self-cleavage and 
self-ligation, producing circular monomeric 
antigenomic RNAs. Through a similar rolling 
circle mechanism, these antigenomes then 
serve as templates for the production of addi- 
tional HDV genomic RNAs. Although 
HDAg is required for replication, it has no 
known polymerase activity, implying that a 
host polymerase mediates replication. O n  the 
basis of the sensitivity of HDV RNA replica- 
tion to a-amanltin, the responsible host en- 
zyme has been suggested to be RNA polymer- 
ase 11 (1 1). 

Because HDV replication requires HDAg, 
we speculated that this viral protein rnight 
interact with one or more cellular  rotei ins 
(for example, basal or accessory transcription 
factors) to promote HDV replication. Accord- 
ingly, we used the yeast two-hybrid assay to 
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search for cellular factors that interact with 
HDAg. Yeast expressing a fusion protein com- 
prising the DNA binding domain of Gal4p 
and HDAg were transformed with a library of 
human cDNAs that were fused to the se- 
quence encoding the Gal4p activation do- 
main (12). Of -2 X lo6 independent trans- 
formants, 19 were selected on the basis of 
their ability to activate transcription of a 
HIS3 reporter gene under the control of mul- 
tiple Gal4p binding sites. From these 19 orig- 
inal His+ transformants, 12, each of which 
contained a fragment (800 to 900 nt) of the 
same cDNA sequence, were reproducibly pos- 
itive. We refer to the protein product of this 
cDNA as DIPA (delta-interacting protein A), 
and to the corresponding gene as DIPA. The 
size of the DIPA mRNA (1.1 kb) indicated 
that the DIPA cDNA clones isolated in the 
two-hybrid analysis were likely missing 100 to 
200 nt at their 5' termini (13). With a poly- 
merase chain reaction (PCR)-based approach 
(14), we were able to clone a cDNA corre- 
sponding to the 5' end of the transcript. A 
complete DIPA cDNA was then reconstruct- 
ed by combining this 5' PCR product with the 
previously identified DIPA cDNAs. 

Northern blot analysis with a DIPA-spe- 
cific probe revealed that DlPA mRNA is 
present in the human hepatic cell line HepG2 
and in most human tissues, including liver 
(Fig. 1). DIPA protein was also detected in 
uninfected HepG2 cells by immunoblot anal- 
ysis of immunoprecipitates prepared with an- 
tibodies to DIPA (15). Although HDV RNA 
in infected humans is present predominantly 
in liver (1, 2), this is likely the result of the 
restricted tissue tropism of its HBV helper. 
Transient transfection of cultured cells with 
HDV sequences has shown that nonhepatic 
cell types are permissive for HDV RNA rep- 
lication (6), and widespread replication of 
HDV is apparent in transgenic mice bearing 
viral DNA (1 6). 

Fig. 1. Northern blot analysis of DIPA expression. 
(A) Expression of DIPA in HepG2 cells. Total RNA 
(1 0 pg) and poly(A)+ RNA (0.5 pg) were analyzed 
by nonradioactive Northern blot analysis with a 
DIPA-specific riboprobe uniformly labeled with 
digoxigenin, which was subsequently detected 
with alkaline phosphatase-conjugated antibodies 
to digoxigenin (13). (B) Expression of DIPA in hu- 
man tissues. A multiple-tissue Northern blot was 
also hybridized with the DIPA-specific nboprobe 
(top row) and, subsequently, with an actin-specific 
riboprobe (bottom row). The positions of the 1.1 - 
kb DIPA mRNA and of actin mRNAs are indicated. 

Nucleotide sequence analysis of the DlPA 
cDNA revealed that the gene encodes a 
polypeptide whose predicted primary se- 
quence is 24% identical to that of HDAg (Fig. 
2). If conservative substitutions are also taken 
into account, the sequence similarity between 
the two proteins increases to 56%. At 202 
amino acids, DIPA is similar in size to HDAg, 
and the DIPA-HDAg homology extends over 
the entire length of both proteins, including 
the distinctive proline- and glycine-rich re- 
gion of the HDAg COOH-terminus. In fact, 
the similarity extends beyond the UAG stop 
codon of the classical 24-kD HDAg. During 
HDV replication, some HDV RNAs undergo 
specific editing at this UAG codon that con- 
verts it to UGG and allows translation to 
continue to the next in-frame stop codon (2). 
This process results in the production of the 
so-called large HDAg, which contains an ad- 
ditional 19 amino acids at the COOH-termi- 
nus. The homology between DIPA and 
HDAg includes this COOH-terminal exten- 
sion. DIPA contains two leucine heptad re- 
peats with the potential to form coiled-coil 
protein-interaction domains. HDAg also con- 
tains such a domain (1 7, 18), which is respon- 
sible for the homomultimerization of the pro- 
tein. The central region of HDAg contains 
two arginine-rich motifs (ARMS) that are 
implicated in RNA binding (1 9); DIPA has 
retained at least one such motif, although it 

is not yet clear whether it serves a similar 
function. 

In addition to its homology to HDAg, 
the amino acid sequence of DIPA also 
shows similarity to the transcription factor 
FRAl and other FRA family members. The 
homology is limited to the FRA bZIP (basic 
region-leucine zipper) DNA binding and 
dimerization domain (amino acids 43 to 
180 of rat FRAl ), which is 35% identical to 
amino acids 19 to 147 of DIPA (20). Thus, 
the DIPA seauence is consistent with it 
being a nucleic acid-binding protein, pos- 
sibly even a transcription factor, although 
the role of the protein in uninfected cells 
remains to be determined. 

To verify that DIPA and HDAg interact 
in intact mammalian cells, we performed co- 
immunoprecipitation experiments. Human 
embryonic kidney 293T cells were transfected 
either singly or doubly with plasmid-based 
expression vectors for HDAg and DIPA, the 
latter bearing an epitope tag from influenza 
hemagglutinin (the encoded protein was des- 
ignated HA-DIPA). Immunoblot analysis of 
extracts of transfected cells with antibodies to 
either HDAg or DIPA (prepared against re- 
combinant DIPA motein) revealed that each 
protein was expressed in cells transfected with 
the appropriate vector (Fig. 3, A and B, lanes 
2,3, and 6). Each lysate was then subjected to 
immunoprecipitation with monoclonal anti- 

Fig. 2. Comparison of HDA WII&-WII domain 

amin~a~idsequen~esof L-HDAg i  M s R s E s a x N R c c L E i I r : Q w v A c R K K L E i s  
large HDAg (L-HDAg) Dl- 1  - - - - - M E  A  E  A Q L G J L  D E  E  M Q A  L  G I -  0 - 
and DIPA. Sequence 
alignment was per- H D A ~  coiI&.mil domain I 
formed with the GAP 
program (Wisconsin Ge- 
netics Computer Group) 
with a gap creation pen- 
alty of 3.0 and a gap ex- L-HDAg 55 K  G  I L  G  K K D K D G  E  G  A  P  P A  K  R  A  R  T D 0 M E V D 82 

tension penalty of 0.1. 1 42 R ~ R [ M Q E V N R Q L Q G H L G E  DlPA co~led-co~l domain I R E L K Q L N R R  1 
69 

After alianment with 
GAP, the-similarity was  ARM^ 
determined with the Seq- 

VU program and the GES DIPA coiledcoil domain I 

scales (23), with a simi- 
larity cutoff of 285% re- 
quiredforthesimilafity to L-HDAg 109 E  N  K K K Q  L  S  A  G  G  K  N  L  S  K  E  E  E  E  E  L  R  R  L  'I E  E 136 

DIPA 66 R Q W Q L F G T Q A S R A V R E D L G G C W Q K ~ A ~ L ~ ~ ~  
be noted. Identical resi- I 
dues are boxed, and 
Similar are iden- L-HDA~ 1, D E  R  R  E - - - - R  R  V G  P P  V  G  G  V N P  L  E  G  G  S  R  160 
tified by shading The DIPA 1% E cQQ[r L L R E N L L K E L c L A L G EQwQ p Q l s l  
~redicted coiled-coil re- DIPA co~led-coil domain 2 

gions of DlPA were iden- 
tified with the C01LS2 L-HDA~ 161 G  A  P G  G  G  F V  P  N L  Q  G  V  I' E S  P F S  R  T 
program (24) and are in- DIPA 152 i c n s i A  G c s G A G P A ~ L  A L P P c 
dicated with labeled 
boxes. The start of each 
predicted coiled-coil do- L-HDA~ 189 R G N Q G F P w D I L F P A D P P F s P Q s c R P Q 214 

main of ,,PA corre. P A  7  D  L  G  D G  S  S  S  T G  S  V G  s D Q  L L  A D  D m 2  

sponds to the "a" posi- 
tion of the predicted heptad repeats "a" through "g." The coiled-coil domain and the first arginine-rich 
RNA binding motif (ARMl) of HDAg are also indicated. Residue numbers are shown at the ends of each 
line for both sequences. 
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bodies to HA (21), and the immunoprecipi- DIPA-expressing cells (Fig. 3C, lanes 3 and 
tates were examined by immunoblot analysis 6). In contrast, H D A g  was detected only in 
w i th  antibodies to D IPA or to  H D A g  (Fig. 3, the ant i-HA immunoprecipitates prepared 
C and D). As expected, HA-DIPA was de- from cells co-expressing H D A g  and H A -  
tected in al l  precipitates prepared from HA- DIPA (Fig. 3D, lanes 2 and 6). Thus, the 

Anti-HA 
Lysates immunoprec~pitates 

Fig. 3. Interaction of DlPA and HDAg in Anti-HA 
rnarnrnal~an cells and the role of the coiled- Lysates immunoprec~pitates 

coil domains. (A) lmmunoblot analysis with - HA-DIPA '+++' 
+ + + HDAg 

ant~bodies to DlPA (anti-DIPA) of cell ly- \NT ccA ARMA WT ccA ARMA 
sates containing HDAg and either wild-type 
(WT) or coiled-coil mutant (rnl and rn2) Anti-DIPA ,. 
forms of HA-DIPA. 293T cells were trans- 
fected with plasrnids pCMV only (lanes I), 
pCMV and pCMV-HDAg (lanes 2), pCMV e m  
and DCMV-HA-DIPA (lanes 3), DCMV and Anti-HDAg Anti-HDAg 

' - - WT m l  m2 WT m l  m2' HA-DI~A ' - - W ml  m2 WT m l  m2' 
- + - - .  + + +  HDAg - + -  - -  + + +  

pCMV-HA-DIPA m l  (lanes 4), ~ C M V  and 
pCMV-HA-DIPA rn2 (lanes 5), pCMV- 

A 

HDAg and pCMV-HA-DIPA (lanes 6). 
pCMV-HDAg and pCMV-HA-DIPA m l  (lanes 7), or pCMV-HDAg and pCMV-HA-DIPA m2 (lanes 8). A 
portion (1 %) of soluble lysate of transfected cells was fractionated by SDS-polyacrylarnide gel electro- 
phoresis (1 2.5% gel), transferred toa membrane, and subjected to immunoblot analysis with anti-DIPA. (6) 
lrnmunoblot analysis as in (A) with anti-HDAg. The reduced amount of HDAg in lane 2 compared with lane 
6 suggests that HDAg is stabilized by co-expression of DIPA. (C) lmmunoblot analysis with anti-DIPA of 
anti-HA irnrnunoprecipitates. Lysates from (A) and (B) were subjected to irnrnunoprecipitation with HA- 
specific antibodies, and one-third of the resulting precipitates was subjected to imrnunoblot analysis with 
anti-DIPA. (D) lmmunoblot analysis with anti-HDAg of anti-HA irnmunoprecipitates. The remaining two- 
thirds of the anti-HA immunoprecipitates from (C) were subjected to irnmunoblot analysis with anti-HDAg. 
(E through H) The role of coiled-co~l domains in the interaction of DlPA and HDAg. 293T cells were 
transfected with plasmids pCMV-HA-DIPA and pCMV-HDAg (lanes I ) ,  pCMV-MA-DIPA and pCMV- 
HDAg ccA (deletion of amino acids 19 to 31 of HDAg coiled-coil domain) (lanes 2), or pCMV-HA-DIPA and 
pCMV-HDAg ARMA (deletion of amino acids 89 to 145 of HDAg containing the two'ARMs) (lanes 3). 
Lysates (E and F) and anti-HA imrnunoprecipitates (G and H) were prepared and subjected to lmmunoblot 
analysis with anti-DIPA (E and G) or anti-HDAg (F and H) as described for (A) through (D). 

C 

Fig. 4. Effect of overexpression of DlPA on HDV A HA-DIPA replication. (A) 293T cells were transfected with , 2781 
FRAl 

3 pg  of pSVL-D3 (HDV genomic trimer RNA ex- o 1 3 92781 -, 
pression vector) and threefold increasing + dmer 

amounts of pCMV-HA-DIPA expression vector mom ' -%%%F ' + -morn-- 
shown above each lane, where 1 corresponds to 
0.1 1 pg  of the HA-DIPA expression plasmid. As c 
a negative control, cells in lane C were trans- 

D 
HA-DIPA m l  HA-DIPA m2 

fected with 3 pg  of pSVL (the parent vector of 
27 81 

. . 
0 1 3 9 2781 

pSVL-D3 lacking HDV sequences). Two days 
-1 

after transfection, the cells were plated in medi- 
-Y%=?=-- * 

,mm-rn- um containing hygromycin (200 pg/ml). (The mmmm +%%EF 
pCMV vectors encode resistance to hygromy- 
cin.) The medium was changed approximately every 3 days. Nine days after transfection, total RNA 
was isolated from the transfected cells, and 3 pg  from each sample were subjected to nonradioactive 
Northern blot analysis with an HDV antigenome-specific riboprobe uniformly labeled with digoxige- 
nin. (B) Effect of overexpression of FRAl, a protein with sequence similarity to DlPA (20), on HDV 
replication. The same experiment as in (A) was performed with the exception that pCMV-FRAl was 
substituted for pCMV-HA-DIPA. (C and D) Effects of HA-DIPA coiled-coil mutants m l  and m2 on 
HDV replication. The same experiment as in (A) was performed with the exception that pCMV-HA- 
DlPA m l  (C) or pCMV-HA-DIPA m2 (D) was substituted for pCMV-HA-DIPA. The positions of 
antigenomic dimers and monomers are indicated. 

interaction between H D A g  and DIPA occurs 
in mammalian cells as well as in yeast, and 
was not due to  the use of artificial Gal4p 
fusion constructs. 

T o  determine the roles o f  the coiled-coil 
domains o f  D IPA and H D A g  in this interac- 
tion, we tested the effects o f  mutations in 
these regions o n  HDAg-DIPA coprecipita- 
tion. D IPA mutant m l  contains a tweamino  
acid insertion at residue 67 o f  coiled-coil do- 
main 1, and mutant m2 contains a similar 
insertion at residue 127 of coiled-coil domain 
2. Each mutation markedly impaired the bind- 
ing o f  D I P A  to  HDAg, wi th  the m2 insertion 
showing the greatest effect (Fig. 3, C and D, 
lanes 6 to 8). W e  performed a similar analysis 
for an H D A g  mutant (ccA) wi th  a 13-amino 
acid deletion within the coiled-coil region 
(17, 18) (Fig. 3, E through H). This mutation 
completely prevented DIPA binding by 
H D A g  (Fig. 3, G and H, lanes 1 and 2). In 
contrast, deletion o f  57 amino acids from the 
central region o f  H D A g  (ARMA mutant) did 
not  eliminate D IPA binding (Fig. 3, G and H, 
lane 3). These data indicate that the interac- 
t ion between DIPA and H D A g  requires 
coiled-coil motifs o f  each partner. The larger 
effect o f  the H D A g  ccA mutation is likely due 
to  the greater disruption o f  the coiled-coil 
structure caused by this deletion. 

T o  determine whether the D IPA-HDAg 
interaction has consequences for viral repli- 
cation, we examined the effects o f  D I P A  
overexpression o n  HDV genomic RNA syn- 
thesis. 293T cells were transfected w i th  a 
fixed quantity o f  the plasmid pSVL-D3, 
which encodes HDV genomic multimers ca- 
pable o f  replication, and increasing amounts 
o f  either the wild-type H A - D I P A  expres- 
sion vector (pCMV-HA-DIPA) or a control 
FRA 1 expression vector (pCMV-FRA 1 ). A f -  
ter 9 days, total RNA was extracted and ex- 
amined by Northern blot analysis for the pres- 
ence o f  monomeric antigenomic HDV RNA, 
which can be produced only by authentic 
HDV replication. Overexpression o f  wild-type 
DIPA markedly inhibited HDV replication, 
whereas similar overexpression of FRAl had 
no  effect o n  HDV RNA synthesis (Fig. 4, A 
and B). The observed inhibition was not  due 
to  nonspecific toxicity o f  DIPA, because the 
expression of a cotransfected human growth 
hormone reporter construct in these cells was 
not  impaired (15). D IPA is a potent inhibitor 
of HDV replication; inhibition was apparent 
when as litt le as 0.1 p g  o f  pCMV-HA-DIPA 
was cotransfected wi th  3 p g  o f  pSVL-D3 (Fig. 
4A, lane 1). When DIPA mutants m l  and m2 
were similarly assayed (Fig. 4, C and D), the 
inhibition o f  HDV replication was markedly 
attenuated; inhibition o f  replication was ob- 
served at high concentrations o f  the mutant 
constructs (Fig. 4, C and D, lanes 27 and 81), 
consistent w i th  the observation that these 
mutations do not  completely abolish the in- 
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teraction with HDAg (Fig. 3). These results 
show that DIPA overexpression can specifi- 
cally down-regulate HDV RNA synthesis, 
and they raise the possibility that DIPA may 
be a negative regulator of HDV replication in 
vivo, in which case one function of HDAg in 
replication could be to relieve this inhibition 
by forming a complex with DIPA. Consistent 
with this model, HDAg overexpression re- 
versed the inhibition of HDV replication oh- 
sewed in cells overexpressing a fixed amount 
of DIPA (Fig. 5). The mechanism by which 
DIPA might exert this negative regulation is. 
not known; its elucidation will require a bet- 
ter understanding of the normal function of 
DIPA in uninfected cells. 

The relation between HDAg and DIPA 
also has implications for the evolution of 
HDV. Branch et al. (22) noted that the struc- 
tural and catalytic elements of HDV RNA 
that resemble those of viroids are clustered in 
one region of the RNA, separate from the 
HDAg coding region, and therefore speculat- 
ed that HDV might have evolved from a 
viroidlike RNA by capture of a cellular tran- 
script. Our identification of DIPA and its 
homology to HDAg support this idea. We 
propose that in nuclei infected with a primi- 
tive viroidlike RNA, a template transfer oc- 
curred from a replicative intermediate to the 
3' end of the evolutionary ancestor of DIPA 
mRNA. Because the most abundant growing 
RNA strands in infected cells are of genomic 
polarity, the most likely strand to be trans- 
ferred would be of this polarity. Transfer of 
this nascent genomic strand to a DIPA-like 
mRNA or precursor mRNA, followed by 
copying of this template, would result in the 
capture of DIPA sequences. We propose that, 
after copying to the 5' end of the DIPA 
template, a hairpin formed at the 3' end of the 

0 1 3 9 2781C  , Antigenomic 
dimer . , Antigenomic 

monomer 

Fig. 5. Effect of overexpression of HDAg on the 
inhibition of HDV replication by DlPA overexpres- 
sion. 293T cells were transfected with 3 pg of 
pSVL-D3 (HDV genomic trimer RNA expression 
vector), 3 pg of pCMV-HA-DIPA, and threefold 
increasing amounts of pCMV-HDAg expression 
vector shown above each lane, where 1 corre- 
sponds to 0.1 1 pg of the HDAg expression plas- 
mid. A s  a positive control for HDV replication, cells 
in lane C were transfected with 3 pg of pSVL-D3 
and 13 pg of pCMV vector only. Two days after 
transfection, the cells were plated into medium 
containing hygromycin (200 pg/ml). The medium 
was changed approximately every 3 days. Nine 
days after transfection, total RNA was isolated 
from the transfected cells, and 3 pg from each 
sample were subjected to nonradioactive North- 
ern blot analysis with an HDV antigenome-spe- 
cific riboprobe uniformly labeled with digoxigenin. 

newly synthesized RNA would allow synthesis 
to continue to complete the newly formed 
HDV genome. Further evolution would allow 
the opposite halves of the genome to diverge 
to the level of 70% complementarity that now 
exists. The final structure of the fusion RNA 
would have genomic viroid sequences linked 
to the complement of the DIPA coding se- - 
quences: exactly the polarity of modem-day 
HDV. 
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Phenotypic Analysis of Antigen-Specific Multimeric peptlde-MHC complexes 
should be able to hind Inore than one T cell 

T Lymphocytes receptor (TCR) on a specific T cell, and 

John D. Altman, Paul A. H. Moss, Philip J. R. Goulder, 
thus have correspo~ldingly slower dissocia- 
tion rates, lnakillg the com~lexes nore  suit- 

Dan H. Barouch, Michael G. ~ c ~ e ~ z e r - ~ i i l i a m s , *  John I. Bell, able for use as alI immuniogical stain. T o  

Andrew J. McMichael, Mark M. Davis? engineer tetra~neric peptide-MHC com- 
plexes, we first added a 15-amino acid sub- 
strate peptide for BirA-dependent biotin- 

Identification and characterization of antigen-specific T lymphocytes during the course ylatio~l (10) to the COOH-ter inin~~s of the 
of an immune response is tedious and indirect. To address this problem, the peptide- human lymphocyte antigen (HLA)-A2 
major histocompatability complex (MHC) ligand for a given population of T cells was heavy chain. After folding the heavy-chain 
multimerized to make soluble peptide-MHC tetramers. Tetramers of human lymphocyte f ~ ~ s i o n  protein in vitro in the presence of 
antigen A2 that were complexed with two different human immunodeficiency virus 6,-microglobulin (6,M) and a specific pep- 
(HIV)-derived peptides or with a peptide derived from influenza A matrix protein bound tide ligand (1 I ) ,  the purified MHC-peptide 
to peptide-specific cytotoxic T cells in vitro and to T cells from the blood of HIV-infected complex was biotinylated efficiently (70 to 
individuals. In general, tetramer binding correlated well with cytotoxicity assays. This 100%) on a single lysine within the BirA 
approach should be useful in the analysis of Tcells specific for infectious agents, tumors, substrate peptide (BSP) (12). Biotinylation 
and autoantigens. at the COOH-ter inin~~s of the heavy chain 

also served to correctly orient the MHC 
molecule, as the site recognized hy the TCR 
involves the NH,-terminal dolnains (13). 

Quantitative analyses of antigen-specific T tide-MHC complexes have an inherently Tetralners were produced hy inixing the 
cell populations have provided important in- fast dissociation rate from the T cell antigen biotinylated peptide-MHC complex with 
forination on the natural course of immune receptor (9). phycoerythrin-labeled deglycosylated avi- 
responses (1-3). Currently, the standard 
method for deriving frequency inforlnation is ~ i ~ ,  1, staining by M H C . ~ ~ ~ .  
liiniting dilution analysis (LDA) (3). How- tide tetramers correlates with 
ever, this technique inay significantly under- pept~de-dependent cytotox- 
estimate the number of specific T cells be- city Flow cyiometric analysis 

40 
cause it cannot detect cells that have no (78) of CD8+ T cells (77, 20, POI 

clone 
proliferative potential (4-6). Although flow 30) from (A) clone 20 stained 

cytoinetry provides a fast and direct method With A2-Po (sol id  ' I n e )  and 20 

A2-Gag (dotted line) tetram- for enumerating cells expressing a particular ers, (C) HV-Gag-speclfc CTL 
antigen on their surface, detection of low- 868 stained with A2-Gag l o 0  10' 10' 103 104 0.5:l 1.1 2 .5~1 

frequency populations of antigen-specific (solid I n e )  and A2.Po (dotted Effector:target 

lyinphocytes by staining with their cognate line) tetramers, and (E) an 
antigen has only been deinonstrated for B HLA-Ap-restr~cted influenza 
lymphocytes, making use of the high affinity matrlx peptide CTL Ilne (PG- , 

Antigen-specific T cells from normal, iinmu- ramers and sofled into A2- 
for antigen that Inany of these cells have (7). 001), stained with A2-MP tet- 

'ji 40 Gag 
nized mice have been identified and ana- MPf and popuia- = line 

lyzecl in a few systems, with T cell receptor V ~ ~ n ~ ; ~ ~ y ~ $ ~ i ' ~ p ~ o ~ , " " ; " ~  "90 

region antibodies as surrogate markers for showed specific kllng of au- 
antigen specificity (1,  B ) ,  but the inore gen- tologous Epstein-Barr virus- l o 0  10' l o 2  103 104 4 : l  8 : l  12:l 18: l  

era1 approach of staining specific T cells with transformed B c e l l s  pulsed 
Effector:target 

their ligand has failed because soluble pep- with pol peptlde (closed 

J. D Altman and M. G. McHeyzer-WIIams, Department 
squares u n o  t a r e  c e s  

of Microbiology and Immunology, Stanford University without added peptide 
School of Medcne, Stanford, CA 94305-5428, USA. (closed circles). (Dl The 868 30 
P. A. H. Moss, P. J. R. Goulder, D. H. Barouch, J. I. Bell, Gag-specific CTL Ilne kllled Influenza 
A. J. McMchael, Institute for Molecular Medicine, John cells pulsed with the Gag 20 H MP line 
Radciffe Hosp~tal, Headington, Oxford OX3 9DU, UK. peptide (closed squares) but 10 

10 
M. M. Davis, The Howard Hughes Medical Institute, De- 
partment of Microb~ology and Immunology, Beckman target cel l s  without add- j A2-MP- 

Center, Room B221, Stanford Univers~ty, Stanford, CA ed peptide jcIosed '100 10' 10' 103 104 
94305-5428, USA. (F) The sorted populations A2-MP- A2-MP+ 

A2-peptide Sorted population 
*Present address: Department of Immunology, Duke Uni- ram were assayed for 
versity Medcal Center, Durham, NC 27707, USA. ng of MP-pulsed target cells at an effector:target ratio of 1 : 1 .  At the same ratio, in cells not treated with 
1To whom correspondence should be addressed. peptide, no killing of target cells was seen 
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