
The promoter and signal sequence of staphylococcal 
enterotoxin B [C. L. Jones and S. A. Khan, J. Bacte- 
rial. 166, 29 (1 986)] were amplified from the chromo- 
somal DNA of S. aureus S6 with oligonucleotides 
5'-AAGAATTCGTATATAAGTTTAGGTGATGT-3' 
and 5'-AAGGTACCGGTTGACTCTCTGCTAAAA- 
3'. The following genes were digested with the 
indicated restriction enzymes: seb, Eco R and Kpn 
I; malE, Kpn I and Hind Ill; and spa, H~nd Ill and Bam 
HI. The resulting DNA fragments were cloned be- 
tween the Eco RI and Bam HI sites of pOSl (8). The 
recombinant plasmid pSebsp-MalE-Cws was 
transformed lnto S. aureus OS2 (7) and ma~ntained 
by chloramphen~col selection. The hybr~d protein 
consists of the first 33 res~dues of Seb, which in- 
cludes the signal peptide and six residues of the 
mature sequence fused to the NH,-terminal lysine 
of mature MalE. The sorting signal and 13 up- 
stream residues of proteln A are fused to the 
COOH-terminal lysine of MalE with a leucine linker 
preceding GIu4// of protein A. The open reading 
frame of MalE-Cws was sequenced, revealing a 
single point mutation that changed Gly306 to aspar- 
tic acid (G998A transition). 
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Acad. Sci. U.S.A. 51, 41 4 (1964). 
15. For a typical purif~cation 10" colony-forming units of 

an exponential S. aureus 0 5 2  (pSebsp-MalE-Cws) 
culture were harvested by 10,000g centrifugation 
from 4 liters of tryptic soy broth. Cells were resus- 
pended in 200 m of water and extracted with 200 ml 
of ice-cold acetone:ethanol ( I  : I )  for 15 min [R. P. 
Novick, Methods Enzymol. 204, 587 (1991)l. After 
the addition of another 400 ml of water, the cells 
were washed in 800 ml of STM buffer (0.5 M su- 
crose, 50 mM tris-HCI, pH 8.0, and 10 mM MgCI,), 
resuspended In 140 m of prewarmed STM, and 
digested with 10 mg of lysostaphin (Appl~ed Micro- 
biology) for 2 hours at 37°C. Protoplasts were col- 
lected by 20,000g centrifugat~on for 30 min, and the 
supernatant (cell wall digest) was filtered, dialyzed 
against TSM buffer (20 mM tris-HCI, pH 7.5, 200 mM 
NaCI, and 10 mM mercaptoethanol), and loaded 
onto 10 m of amyose resln r. Ferenci and U. Klotz, 
FEES Lett. 94, 213 (1 978)] (New England Biolabs). 
The column was washed with 200 ml of TSM, and 
MalE-Cws was f~nally eluted with 10 m of 10 mM 
maltose in TSM. The eluate was dialyzed against 50 
mM NH,HCO,, concentrated by filtration on cen- 
triprep-30/centricon-30 membranes (Amikon), and 
the protein concentration determined by compari- 
son with a standard (MBP-2**, New England Bio- 
labs). A typical purification yielded 0.1 mg of pure 
MaE-Cws. Purified MalE-Cws (1 pg) was separated 
on a 10% SDS-PAGE, electroblotted onto Trans- 
Blot membrane (Bio-Rad), stained (0.25% Brilliant 
Blue R-250 in 40% methanol), and the excised band 
subjected to Edman degradation. The NH,-terminal 
sequence ESQPVPKI was determined, and reac- 
tions were stopped after eight cycles. For rpHPLC 
pur~ficatlon, 0.3 mg of purified protein was injected 
(3X 250 p1 in 50 mM NH4HC0,, 20% glacial acetic 
acid) onto a rpHPLC column [2.1 mm by 250 mm 
Shandon Hypersil butyl, 5-pm particle size, eluted 
with an increas~ng concentration of acetonitrile, 1 % 
per minute in 0.1 % trifluoroacet~c acid TFA)]. MalE- 
Cws eluted at 56% acetonitrile, 0.1 % TFA; the cor- 
responding fract~on was dried under vacuum and 
solubillzed in 50 kl of 50% acetonitrile 0.1 % formic 
acid, and 5 (LI (100 pmol) were Injected into the Ion 
source of an electrospray mass spectrometer (Sciex 
API Ill R) and scanned at m/z 1000 to 1800. About 40 
scans were averaged, and signals were mass mea- 
sured by means of the multiply charged ion series 
from the separate introduction of polypropylene gy- 
col for calibration. Deconvolution of the series of mu- 
tiply charged ions and calculation of protein molec- 
ular weight were achieved with the Hypermass com- 
puter program. Under standard conditions the accu- 
racy of these mass measurements is 0.01 % of the 
molecular weight. For muramidase digestion, the ac- 
etone-ethanol extracted cells were resuspended in 
STM buffer, pH 6.8, and digested with 10,000 units 
of rnutanolysln [K. Yokogawa, S. Kawata, S. Nish- 
imura, Y. Ikeda, Y. Yoshimura, Antimicrob. Agents 

Chemother. 6, 156 (1 974)] and I 0 0  mg of egg white 
ysozyme (Sigma) for 12 hours at 37°C. Mutanoysin 
(Sigma) contains a substantial protease contamina- 
t~on which was inhibited with 2 mM phenylmethysu- 
fonyl fluor~de (PMSF, Slgma) 5 min before the addi- 
tion of the enzyme to the cells. 

16. The optimal temperature and enzyme-to-substrate 
ratio for tryptic digestion of MalE-Cws were estab- 
lished: 0.3 mg of affin~ty-purified MalE-Cws was 
digested with 11 k g  of sequencing-grade modified 
trypsin (Promega) at 25°C for 2 hours in 500 p of 
50 mM NH,HCO,. The digestion was stopped by 
the add~tion of 120 p of glacial acetic acid, and 
portions (2 pg) were removed for SDS-PAGE anal- 
ysis. After electroblotting of the SDS-PAGE and 
staining with Brilliant Blue, the bands were excised 
and analyzed by NH2-terminal sequencing which 
yielded the sequence EEGKLV. The remainder of 
the trypsln digest was subjected to rpHPLC (15). 
The large MaE-Cws cleavage product eiuted at 
58% acetonitrile. The corresponding fraction was 
dr~ed under vacuum, soubiized, and mass mea- 
sured (15). 

17. W. W. Navarre and 0. Schneewind, Mol. Microbiol. 
14, 11 5 (1 994). 
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and 21 to 25 of the rpHPLC run of trypsin-digested 
MalE-Cws (76) were pooled, dried under vacuum, 
and resuspended in 50 1*,l of 0.1 % TFA. Samples (5 pl 
each) were injected onto rpHPLC column (Keystone 
Scientliic Betasil C18, 1 mm by I 0 0  mm, 5-km par- 
ticle size,, 100 A pore size, linear gradient of acetoni- 
trile 1 % per minute in 0.1 % TFA), and the effluent was 
passed directly into the electrospray mass spectrom- 
eter. The NH,- and COOH-terminal peptides with 
mass 784.3 and 900.5, respectively, were identified in 
the pooled fractions 1 to 5 and eluted at 25% (NH,- 
term~nal peptide) or 26% (COOH-terminal peptide) 
acetonitrile. The remainder of pooled fraction 1 (45 pl) 
was subjected to rpHPLC (2 mm by 250 mm Shan- 
don Hypersil ODs, 3-pm particle size, linear gradient 
of acetonltrile 1% per minute in 0.1 % TFA); the pep- 
tides of interest eluted at 24% (NH2-terminal peptide) 

and 27% acetonitrile (COOH-terminal peptide). 
19. As determined with a Porton 2090E sequencer, the 

amounts of amino acids recovered after Edman deg- 
radation of the COOH-terminal peptide were 714 
prno (A), 584 pmol (Q), 430 pmol (A), 262 pmol (L), 
104 pmol (P), 91 pmol (E), 33 pmol 0, 27 pmol (G), 
27 pmol (G), and 23 pmol (G). The yield of amino 
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peptide AQALPETGGG], presumably because the 
remaining peptides were retained with decreased 
efficacy on the sequencing filter. 
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An tigen-specific Development of Primary and 
Memory T Cells in Vivo 

Michael G. McHeyzer-Williams and Mark M. Davis 

The expansion and contraction of specific helper T cells in the draining lymph nodes of 
normal mice after injection with antigen was followed. T cell receptors from purified 
primary and memory responder cells had highly restricted junctional regions, indicating 
antigen-driven selection. Selection for homogeneity in the length of the third comple- 
mentarity-determining region (CDR3) occurs before selection for some of the character- 
istic amino acids, indicating the importance of this parameter in Tcell receptor recognition. 
Ultimately, particular T cell receptor sequences come to predominate in the secondary 
response and others disappear, showing the selective preservation or expansion of 
specific T cell clones. 

Antigen-specific primary and memory 
helper T cell responses are central to the 
establishment of protective immunity (1). 
Tracking the fate of these antigen-specific 
helper T cells in vivo has been a significant 
technical problem, mainly because of their 

M. G. McHeyzer-W~lliams, Department of Microbiology 
and Immunology, Stanford Un~vers~ty School of Medl- 
clne, Stanford, CA 94305, USA. 
M. M. Davis, Department of M~crobiology and Immunol- 
ogy and Howard Hughes Medical Institute, Stanford Unl- 
versity School of Medicine, Stanford, CA 94305, USA. 

very low frequencies in normal animals. 
Whereas ligand binding can be monitored 
directly in the B cell compartment (Z), this 
has not been possible for T cells because of 
their relatively low affinities (3). T o  over- 
come this problem, we used the mouse T 
cell antigen pigeon cytochrome c (PCC), 
which is restricted by I-Ek (4). T cells that 
respond to this antigen express a uniform 
type of a@ T cell receptor (TCR) het- 
erodimer (V,11Vp3) (5). By staining cells 
with antibodies specific for these V regions 
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(6) as well as for markers of T cell activa- 
tion (7) ,  we can directly identify, purify, 
and characterize the very small fraction 
(less than 0.1%) of responsive T cells. 

After the first injection with antigen, a 
population of helper T cells accumulated 
expressing Val  1Vp3, low levels of L selec- 
tin, and high levels of CD44 (Fig. 1) .  A t  the 
height of the primary response (day 6) ,  
there were 5.0 X lo4 activated V,11V 3 
helper T cells in the draining lymph noSes 
(either L selectin'" or CD44h'; 0.4 r 0.1% 
of total helper T cells) (Fig. 1). This repre- 
sents an increase of 27 times the back- 
ground levels of activated Val  1V 3 helper 
T cells before injection (Fig. 1). f he se  val- 
ues are dependent on the presence of anti- 
gen, because adjuvant alone elicited only a 
modest increase (1.5 times the background) 
(Fig. 1). We  also monitored the activated 
V,11+Vp3- or V,1lPVp3+ helper cells 
over the same time course and found no  
significant increase versus the overall cell 
number. By day 14, only 25% of the anti- 
gen-activated subset remained, and after. 8 
weeks the number of activated cells was less 
than two times that found in the back- 
ground (Fig. 1) .  

After reinjection of antigen, the number 
of antigen-activated T cells in the draining 
nodes rose more rapidly, peaking at day 4 
(Fig. 1). The response to adjuvant alone was 

Fig. 1. Flow cytometric analy- 
sis of primary and memory 
helper T cells that react with 
PCC (28). All profiles show 
data on cells expressing 
V,l 1 +Vp3+ that are negative 
for B220, CDl 1 b, CD8, and 
propidium iodide staining (to 
exclude dead cells). More 
than 95 to 98% of these cells 
expressed CD4 at all stages of 
the response. Shown are 
changes in either L selectin (A) 
or CD44 (B) expression versus 
forward light scatter after PCC 
immunization. The total num- 
ber of Val 1 +V,3+ B220-, 
CDll b-, and 'CD8 cells in 
the draining lymph nodes are 
shown that expressed either 
low levels of L selectin (C) or 
high levels of CD44 (D); geo- 
metric means 2 SD are pre- 
sented for each time point [n 
= 5 for days 0 and 6 and n = 

3 for days 2, 4, and 14, and 
day 6 adjuvant (Adj.) only for 
both primary and memory 
cells]. Units shown in (C) and 
(D) are logarithms of the ac- 
tual values measured. 

consistently higher than that seen after the 
first injection but was still only 20% of the 
response seen with antigen (Fig. 1). The 
total number of resting and activated helper 
T cells also increased by a factor of 3 to 4 
over this time span, as it did with the pri- 
mary response. By day 14, only 30% of the 
antigen-activated cells remained (Fig. 1). 

To  assess the degree of antigen selection 
and cell purity, we sorted 500 to 1000 cells 
from selected categories into reaction tubes - 
and synthesized complementary DNA 
(cDNA) from V,3 mRNA, amplified them 

by the polymerase chain reaction (PCR), 
and then subcloned and seauenced them 
(Fig. 2). In the primary response, the junc- 
tional diversitv in the TCRB chain of acti- 
vated T cells ;as highly restricted and ex- 
hibited many of the molecular hallmarks 
associated with PCC specificity in T cell 
lines and hybridomas (5, 8). In particular, 
70% (21 out of 30) of the sequences from the 
primary activated population expressed the 
highly conserved asparagine at P l O O  togeth- 
er with Jp1.2, versus 3 out of 53 clones from 
naVve animals and 3 out of 44 clones from 

Table 1. Expansion of Val 1 +Vp3+ helper T cells expressing an N(N/S)At TCR junctional sequence after 
primary and secondary injection with PCC (29, 32). Cell populations were sorted according to the 
phenotype of activation markers described and amplified V83 DNA screened specifically for the N(N/S)A 
motif either by sequence analysis or by blots of Vp3+ DNA or Vp3+ colonies. The total number of 
N(N/S)At cells in the original populations was calculated by use of the frequency obtained by the colony 
screen. 

Proportion of the N(N/S)A CDR3 loop motif 
Cells in 

Sorted population lymph 
(Val 1 +V,3+) 

Total V83 (%) 
node Total 

cells 
04) Sequence ~ o t  blot Colonies (n ) 

Na'ive 2.7 <2.0 <1 . O  0.05 14 
Day 6 primary-unactivated 7.5 5.0 <1 . O  .0.2 150 
Day 6 primary-activated 4.9 63.0 44.0 34.0 17,000 
8 weeks post-primary 2.0 8.0 2.5 2.6 520 
Day 6 memory-unactivated 4.6 <4.0 6.3 9.5 4,400 
Day 6 memory-activated 4.8 80.0 75.0 69.0 33,000 
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the nonactivated fraction. Another 20% of 
the clones expressed a threonine or serine 
residue at this nosition, indicatine an alter- - 
native motif that has not been described 
previously. There was also a strong selection 
for alanine or glycine, two amino acids 
COOH-terminal to the asparagine (Fig. 2). 
We also observed a selection for a comple- 
mentarity-determining region 3 (CDR3) 
loop of nine amino acids in length (100% of 
the sequences) (Fig. 2),  confirming and ex- 
tending the work of researchers who found a 
preponderance of Vp3 transcripts of this size 
in unfractionated T cells after repeated im- 
munization (9). 

In the memory response, all but 2 of 41 
sequences had asparagine at p100. All 
clones expressed an alanine or glycine at 
p102 and almost all had a CDR3 loop of 
nine amino acids and used J,1.2 (Fig. 2) .  

Primary-unactivated 
(n = 44) 

A S T Q G A E V  
AGUCT-AGAAGTC (1.1) 

S L Q G A G N S D Y  
AGTCT-ACTCCGACTAC ( 1 .2  ) 
S L R G V E N T L  

AGTCT-TACGCTC ( 1 . 3 )  
S L T V S N E R L  

AGTCT-TTCCAACGAAAGATTA ( 1  . 4 )  

Q N Y V E Q  
m -TTGAGCAG ( 2 . 1 )  

a S P G Q S N T G Q L  8 AGTCWEourrCAAACACCGGGCAGCTC ( 2 . 2 )  
S L T Y Q N T L  

AGTCTC&WATCAAUCACCTTG ( 2 . 4 )  
S L N R G Q D T Q  

AGTCT-AAGACACCCAG ( 2  . 5 )  

S L S W G R E Q  
AGTCTG-GZAACAG ( 2 . 7 )  
S L P G E G E Q  

AGTCT-TGAACAG ( 2 . 7 )  

The sequences in the primary response hav- 
ing a threonine or serine at position PlOO 
were completely absent from this popula- 
tion. A series of 15 seuuences from individ- 
ual memory-activated cells displayed the 
same degree of restriction and a similar 
pattern of junctional sequence as found in 
the population analysis (Fig. 2) .  Control 
sequences from helper T cells that ex- 
pressed Val  1VB3, isolated before either the 
first or second iniection of PCC or from 
cells lacking the activated phenotype after 
injection, showed no evidence of selection 
and had a relatively random J p  usage and 
distribution of CDR3 lengths. 

As population studies may have biases in 
terms of sequence representation, it would 
be useful to characterize a and p chains 
from single T cells. This would extend the 
analysis discussed above to give information 

Primary-activated 
(n  = 30) 

O S L N N A N S D Y  
AGTCTWPrZUoCRAACTCCGACTAC ( 1 .2) 
S S L N N A N S D Y  

AGTCT-MCTCCGACTAC ( 1 .2) 

' S L N N A N S D Y  
AGTCTGAUA&PXAAkCTCCGACTAC ( 1 . 2 )  

S L N S A N S D Y  
AGTCT-WCTCCGACTAC (1 .2) 
S L N R G H S D Y  

AGTCTT-ACTCCGACTAC (1 .2) 

S L N R G G S D Y  
AGTCT-CCGACTAC (1.2) 
S L Y N A N S D Y  
AGTCTGTACWTWAAACTCCGACTAC ( 1 .2) 
S L T W G A E T L  

AGTCT-TGCAGMCGCTG ( 2 . 3 )  
S L S W G T E T L  

AGTCTGT-AGAAkCGCTG ( 2 . 3 )  

S L S Y G Q D T Q  
AGTCT-CA4GACACCCAG ( 2 . 5 )  

on the complete heterodimer being select- 
ed. We therefore sorted individual T cells 
into tubes and amplified them by a "nested" 
PCR strategy (Fig. 3). We were able to 
sequence both TCR chains from 85% of 
single cells. Amplification of cDNA from 
single cells also avoids possible artifacts that 
are a result of PCR recombination (10). 
Our results (Fig. 3 )  show that the junctional 
diversity of T C R a  chains from activated 
Va11Vp3 helper T cells are also highly 
restricted and have residues associated with 
PCC specificity in T cell lines and hybri- 
domas (5). In particular, the glutamate res- 
idue at position a 9 3  at the beginning of the 
CDR3 loop is thought to contact an ex- 
posed lysine of the cytochrome peptide (8). 
In the primary response, 70% of the T cells 
retain this residue, whereas in the memory 
response all responder cells with an eight- 

8 weeks post-primary Memory -activated 
(n = 24) (n = 41) 

O S L N N A N S D Y  O S L N N A N S D Y  
A G T C T S ~ W C T C C G A C T A C  ( 1 . 2 )  A G T C T ~ A W C T C C G A C T A C  (1.2) 
S R R G N S D Y  * S L N N A N S D Y  

A G T C W C T C C G A C T A C  (1 .2)  A G T C T ~ A W C T C C G A C T A C  ( 1 . 2 )  

S L R G A G N T L  ' S L N N A N S D Y  
AGTCTraEEEEEoCTGGAAkTACGCTC (1.3) AGTCTG1YfLVDCAWCTCCGACTAC (1 .2)  
S L P G Q N E R L  O S L N N A N S D Y  

AGTCT-CGMGATTA ( 1 . 4 )  AGTCTT-TDCAARCTCCGACTAC ( 1 . 2 )  
S R Q Y N Y A E Q  O S L N N A N S D Y  

A G C C ~ Z k T A 4 C T A T G C T G A G C A G  ( 2 . 1 )  AGTCT-AWCTCCGACTAC ( 1 . 2 )  

S L L G G N T G Q L  S L N N A H S D Y  
AGTC-CACCGGGCAGCTC ( 2 . 2 )  AGTCT-ACTCCGACTAC ( 1 .2) 
S L G G A E T L  S L N Q G G S D Y  

AGTCT-U2WCGCTG ( 2 .  3) AGTCT-TCCGACTAC ( 1 . 2 )  

S Q Q G N T L  S P G Q G N T G Q L  
AGT-CACCTTG (2. 4 )  A G T C ~ C A A C A C C G G G C A G C T C  ( 2 . 2 )  
S G T G G A Q D T Q  S Q N W G Q D T Q  

A G ~ C ! X A G A C A C C C A G  (2.5) AGTC-A4GACACCCAG ( 2 . 5 )  

S L G N E Q  S L N R G Y D T Q  
AGTCT-TGAACAG (2.7) A G T C T ~ A C G A C A C C C A G  (2.5) 

L) CDR3 length (no. of aa) 

100 100 100 

80 80 80 

60 60 60 

40 40 40 

20 20 20 

O 1 1 1 2 1 3 1 4 1 5 1 6 2 1 2 2 2 3 2 4 2 5 2 7  O 1 1 1 2 1 3 1 4 1 5 1 6 2 1 2 2 2 3 2 4 2 5 2 7  O 1 1 1 2  1 3 1 4 1 5 1 6 2 1 2 2 2 9 2 4 2 5 2 7  

L) Jp usage 

Fig. 2. V,3 junctional dlverslty profile of helper T cells ind~cates ant~gen-drlven 
selection (29, 30). (A) A representative set of nucleot~de and predicted ammo 
acid sequences for the CDR3 loop of the Vp3 gene from each sorted cell 
population. In each nucleot~de sequence the most 5' base pars In pla~n text 
belong to the germline V region; then the next bold text represents N se- 
quence additions flanklng the germline Dg segments that are also bold but 
underlined; finally, the plain text that follows indicates base pairs from the 
germline Jp segment (in parentheses at the end of each sequence). The amino 

acld resldues in bold lndlcate P chain position 100 and 102. The asterlsk 
ind~cates an amlno acid sequence Identical to that of the PCC-speclfic clone 
5C.C7. Val 1Vp3 cells selected before injection w~th a restlng phenotype (n = 

53) expressed the same junctional proflies as the unact~vated population. (6) 
Dlstributlon of sequences from each population that express different lengths 
of the CDR3 loop as deflned above; aa, amino acids. (C) Distribution of 
sequences from each population that express different Jp gene segments in 
association with Vp3. 
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amino acid junction (12 out of 13) retain it. 
There is also a strong selection for serine (or 
the similar alanine, glycine, or threonine 
residue) at position ( ~ 9 5 .  Furthermore, 
CDR3 length homogeneity is also evident, 
with a length of eight amino acids predom- 
inating in both the primary and memory 
responses (21 out of 24 clones) (Fig. 3). 
Both primary and memory responders use 
four of the same J, segments (TCRAJ 12,  
21, 22, and 34),  a significant degree of 
restriction because 50 J, gene segments ex- 
ist (1 1). Almost half of the cells in  the 
memory response favored TCRAJ 17  seg- 
ments (6 out of 13 clones), whereas this J, 
segment was not seen in any of the primary 
sequences. 

In the p chains, we again saw the prev- 
alence of asparagine at p100, the alanine or 
glycine at p102, the nine-amino acid 
length CDR3, and restricted J p  usage in 
both responses. Jp1.2 usage was not as dom- 
inant as in the primary response, and J,1.4 
usage appeared in conjunction witha-the 
B lOO asuaraeine. This latter motif was not . - 
seen in the memory response. Overall, this 
single cell analysis corresponds well with 
the population analysis and further indi- 

cates the narrowing of TCR iunctional di- 
u 

versity over the course of the response. 
The  predominant usage of a particular 

junctional amino acid sequence, N(N/S)A 
(where N is Asn, S is Ser, and A is Ala) 
(Fig. 2) (9,  12), allows us to quantitate the 
expansion and contraction of this PCC- 
responsive compartment of cells in a unique 
way. Using an oligonucleotide probe for the 
N(N/S)A iunctional motif. we estimated ~ . ,  

the abundance of this sequence as a per- 
centage of total Vp3 DNA (dot blot) and as 
a frequency of total VP3+ molecules (with 
the use of colony screens) (Table 1). Al- 
though T C R  mRNA levels may change 
uuon activation, the resting and activated 
cills are isolated independYently and thus 
the ratios obtained by colony hybridization 
can be used as an indicator of the mRNA 
distribution in the original populations. 
Where comparable, there is a good correla- 
tion between the "dot blot" and colony 
screen analyses, and both of these corre- 
spond to the N(N/S)A+ frequencies ob- 
tained by sequencing (Table 1). Our esti- 
mate for PCC-specific T cell precursors in  
na'ive and "8 weeks ~ost-urimarv" animals 

L .  

(Table 1 )  assumes the  presence of a n  ap- 

C A S S L N S A N S D Y  T F G  1 TGTGCCAGC AGTCTG2ACAGTGZAmTCCGACTAC ACCTTCGGC 1 9 1 1 . 2  

A CDR3 
Clone V CDR3 loop J (aa) J 

C A A  E A A N T N K V  V F  G a TGTGCTGCT GAGGCCGCCAATACCAAC~AGTC 

G F E  I : I 34 
I C A S  S L N N A N S D Y  

' 0 * TGTGCCAGC A G T C T ~ T G C A A A C T C C G A C T A C  TTJTTCGGT 1 . 2  

C A A  a TGTGCTGCT 
C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S P TGTGCCAGC 

5  
c 
$ 

E A L S N Y N V L  
GAGGCTTTGTCTAATTACAACGTGCTT 
S L S R A N E R L  

8 

9 

C A A  E A S N T N K V  V F G  
a TGTGCTGCT GAGGCTTCCAATACCAACAAAGTC GTCTTTGGA 

C A S  S L N N A N S D Y  T F G  p TGTGCCAGC AGTCT-TGCAAACTCCGACTAC ACCTTCGGC 

- ~- 

A G T C T C W G A A C G A A A G A T T A  

34 

1  . 2  

G S S G S W Q L  
GGGTCTTCTGGCAGCTGGCAACTC 

S L N F S N E R L  
AGTCTWLBETTTTCCAACGAAAGATTA 

A G G Y N Q G K L  
GCCGGSGGTTATAACCAGGGGAAGCTT 

S G G R G T E T L  
AGTEGGCCXZGCGGGXAGAAACGCTG 

E A A G G Y K V  
GAGGCGGCTGGAGGCTATAAAGTG 

S L N R G Q D T Q  
AGTCT-CCAAGACACCCAG 

E P S S G Q K L  
GAGCCTTCARGTGGCCAGAAGCTG 

S L N R G K D T Q  
AGTCTG-AGACACCCAG 

E T S S G Q K L  
GAGACTTCAAGTGGCCAGAAGCTG 

S L N R G Q D T Q  
AGTCTCAXUGGGCCAAGACACCCAG 

Y F G  
TACTTCGGA 

F F G 
TTTTTCGGT 

I F G  
ATCTTTGGA 

F F G  
TTTTTCGGT 

I F G  
ATCTTTGGA 

Y F G  
TATTTTGGC 

V F G  
GTCTTTGGA 

Y F G  
TACTTTGGG 

V F G  
GTTTTTGGC 

Y F G  
TACTTTGGG 

V F G  
GTTTTTGGC 

Y F G  
TACTTTGGG 

C A A  E M S N Y N V L  Y F G  
P.10 a TGTGCTGCT GAGATGTCTAATTACAACGTGCTT 

S L N W G Q D T Q  ' l1 1 T.G;CA~ AGTCTG-CCAAGACACCCAG TACTTTGGG 2 . 5  

C A A  E P S G S W Q L  I F G 
TGTGCTGCT GAGCCTTCTGGCAGCTGGCAACTC ATCTTTGGA 

"121a C A S S L N R G Q D T Q  Y F G  P TGTGCCAGC AGTCTCAXUGGGCCAAGACACCCAG TACTTTGGG 

Fig. 3. Single-cell PCR analysis of primary and memory T cells (30, 31). Veil 
and V,3 junctional diversity profiles of individually sorted Val 1 +Vp3+ L select- 
inh1 and CD44I0 cells from day 6 of the primary (A) or day 6 of the memory 
response (B). J, gene segment assignment follows the nomenclature of Koop 
eta/.  (1 1). N sequence additions at the V,J,, VpDp, and D,J, borders are in 

propriate V,1 1 chain and thus may be a n  
overestimate. In any case, these data indi- 
cate that the total number of V,11Vp3 
helper T cells expressing a n  N(N/S)A 
junctional motif increases by a factor of a t  
least 1200 over the first 6 days of the 
primary response (Table 1).  T h e  frequency 
of this clonotype rose from 4.0 X lop5 to 
1.5 x of total helper T cells in  the 
draining lymph nodes ( the  total number of 
helper T cells increased by a factor of 2.4 
over the same period). Eight weeks later, 
only 3% of these cells remained, repre- 
senting a 40-fold expansion compared to 
that seen in the nanve cells. W i t h  the  
second injection of PCC, there was anoth- 
er 60-fold increase and 70% of the mem- 
ory response clones expressed this motif 
compared t o  35% of the  primary clones 
(Table 1).  

Thus. antibodies to the cell surface 
markers of activation together with those 
specific for the dominant T C R  V, and Vp 
gene segments allow the direct quantifica- 
tion of very rare populations of antigen- 
activated cells. The  subsequent molecular 
analvsis indicates that virtuallv all of these 
T cells have been selected for antigen 

C A A  E H S A G N K L  T F G  
M.2 a TGTGCTGCT GAGCACAGTGCAGGGAACAAGCTA ACTTTTGGA I C A S  S L N N A N S D Y  T F G  
M' P * TGTGCCAGC AGTCTGBACAATGCAAACTCCGACTRC ACCTTCGGC 

B CDR3 
Clone V CDR3 loop J (aa) J 

C A A E N S A G N K L  T F G  
M. a TGTGCTGCT GAG~CAGTGCAGGGAACAAGCTA ACTTTTGGA 1 C I S  S L N N A N S D Y  T F G  
M. 6 P * TGTGCCAGC AGTCTCABCBBTGCAAACTCCGACTAC ACCTTCGGC 

M. 1  

E P S N Y N V L  
GAGCCGTCTAATTACAACGTGCTT 

S L N S A N S D Y  
AGTCTGWTGCAAACTCCGACTRC 

8 

9 

C A A  E A S A G N K L  T F G  
a TGTGCTGCT GAGGCAAGTGCAGGGAACAAGCTA ACTTTTGGA 

C A S  S L N N A N S D Y  T F G  P* TGTGCCAGC AGTCTWLBUVLTOCAAACTCCGACTAC ACCTTCGGC 

' 

E S S G S W Q L  
GAGTCTTCTGGCAGCTGGCAACTC 

S L N S A N S D Y  

17 

1  . 2  

C A A  
a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  
a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  a TGTGCTGCT 

C A S  P TGTGCCAGC 

C A A  
a TGTGCTGCT 

AGTCTGWTGCAAACTCCGACTAC 

E V S G Y N K L  
GAGOECTCGGGATACAACAAACTC 

S L N W G Q D T Q  
A G T C T G W A A G A C A C C C A G  

E A A G G Y K V  
GAGGCGGCTGGAGGCTATAAAGTG 

S Q N R G Q D T Q  
AGCC-CAAGACACCCAG 

E A T S N N R I  
GAGGCGACTAGCAATARCAGAATC 

S P N R G Q D T Q  
AGTCC?AXUZ5WCAAGACACCCAG 

S N T N K V  
TCCAATACCAACAAAGTC 

Y F G  
TACTTCGGA 

T F G  
ACCTTCGGC 

I F G 
ATCTTTGGA 

T F G  
ACCTTCGGC 

T F G  
ATCTTTGGA 

Y F G  
TACTTTGGG 

V F G  
GTCTTTGGA 

Y F G  
TACTTTGGG 

F F G  
TTCTTTGGT 

Y F G  
TACTTTGGG 

V F G  
GTCTTTGGA 

bold. All sequences are V,3 (the asterisk indicates a V,3 sequence with the 
5C.C7 amino acid sequence) and Val I . I  (except cell M.l l ,  which is Val 1.2). 
Some a sequences contain no N sequence and imprecise V,J, joints (the 
germline 3' V, sequence is TGTGCTGCTGAG). CDR3 length in amino acids 
and J, and J, assignment are also listed. 
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specificity. This degree of purity has not 
been achieved with any previously used 
immunohistochemical (13) or flow cyto
metric approaches {14). The extent of 
clonal expansion seen in this primary re
sponse is far greater than suggested by 
either bulk culture or limiting dilution 
analyses of other helper T cell responses to 
protein (15). It also exceeds that seen in 
the adoptive transfer model of Jenkins and 
colleagues (16), where the initial frequen
cy of TCR transgenic T cells is at least 100 
times greater than our estimate for PCC-
specific T cell precursors in the normal 
animal. The expansion and contraction in 
activated cells is consistent with the rapid 
increase and decline of an effector T cell 
population seen in in vitro assays (15) and 
in the adoptive transfer model (16) and 
reiterates the kinetics of many CD8 + T 
cell responses (17). The rapid decline in 
responsive cells is probably a result of both 
programmed cell death and outward mi
gration (18). Furthermore, the retention 
of an increased number of antigen-specific 
T cells is compatible with the establish
ment of a long-lived memory compart
ment (19) that responds more quickly to a 
secondary challenge with antigen (20). 

The fact that homogeneity in CDR3 
length precedes sequence homogeneity in 
both TCR chains may relate to the strong 
influence that loop length has on the 
overall shape and packing of these struc
tures on the basis of analyses of antibodies 
(21). Restriction of CDR3 length has also 
been noted in the selection of antigen-
specific B cell memory (10). This CDR3 
length homogeneity preceded diversifica
tion by somatic hypermutation (10). This 
CDR3 length homogeneity in TCRs may 
also provide a useful clue to the identifi
cation of specific responder cells to other 
antigens. Similarly, others (22) have re
cently identified CDR3 length and se
quence restrictions in TCRp chains from 
CD8 T cells responsive to human immu
nodeficiency virus. 

We also , see evidence for progressive 
clonal selection (23) during the evolution 
of antigen-specific T cell help in vivo. In 
particular, many T cells in the primary 
response have a small side-chain amino 
acid (glycine or alanine) at a93 (Fig. 3). A 
T cell hybridoma having a glycine at a93 
was found to be broadly cross-reactive to 
most substitutions at position 99 of cyto
chrome c (8, 24). This suggests that the 
change in the repertoire seen here may 
represent a selection for T cells expressing 
a receptor with greater specificity for the 
antigen-major histocompatibility com
plex (25). In contrast to Zheng et al. (26), 
we see no evidence for somatic hypermu
tation in the TCRa chain. Our data on 
V a l l sequences derive from single activat

ed T cells, all with productively rear
ranged and expressed TCRa chains paired 
with a TCR(3 chain and expressing motifs 
associated with antigen specificity. There
fore, if somatic hypermutation occurs, it 
does not seem to affect either the cells 
studied here or the many hybridoma and 
cell lines reported previously (12, 27). 
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CD8~. The cells from animals 6 days after injection 
were costained for L selectin (biotin-conjugated and 
stained with avidin-Texas Red; Pharmingen) and 
CD44 (phycoerythrin conjugate; Pharmingen) to
gether with antibodies to Va11 and Vp3 and selected 
as activated if they expressed both low levels of L 
selectin and high levels of CD44; unactivated popu
lations expressed high levels of L selectin and low 
levels of CD44; CDR3 loop length was counted two 
amino acids downstream from the conserved cys
teine in the V region to two amino acids upstream 
from the conserved GXG motif (where G is Gly and X 
is any amino acid) in the J region as described [E. P. 
Rock, P. R. Sibbald, M. M. Davis, Y.-H. Chien, J. 
Exp. Med. 179, 323 (1994)]. Gated cells (500 to 
1000) (in one experiment four memory-activated 
cells per tube; n = 15) were sorted directly into tubes 
containing 25 |xl of cDNA synthesis reaction mixture 
as described [H. Chang etal., J. Immunol. 143, 315 
(1989)], using oligonucleotide primers specific for Cp 

(TTACCGTTCCTCCAGGTGTC) (Cp.1) and Ca 

(GTTTTGTCAGTGATGAACGT) (Ca.1). Five micro
liters of the cDNA reaction was used for 35 cycles of 
a 20-|xl PCR reaction with standard buffer conditions 
and 2 mM final Mg2+ concentration, with 30 s of 
melting at 92°C, 45 s of annealing at 55°C, and 90 s 
of extension at 70°C; for this, we used primers spe
cific for the Vp3 leader. 1 sequence (CTGGGTGCAA-
GAATTTTG) (Vp3.L1) and the same Cp.1 primer as 
above. Two microliters of the first-round PCR reac
tion was re-amplified for 35 more cycles under the 
same conditions with the use of a "nested" pair of 
primers for the Cp (AAGAAGGGACTGGTGCAC) 
(Cp.2) and Vp3 leader (ATGGCTACAAGGCTCTG-
GTA) (Vp3.L2). One microliter of second-round PCR 
product was ligated into pGEM-T as recommended 
(Promega, Madison, Wl). Two microliters of the liga-
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tion reaction was used to transform Escherichia coli 
[C. L. Hseihetal , Mol. Cell. Biol. 11,3972 (1991)) by 
electroporation, the bacteria were grown overnight 
on agar plates containing ampicillin (1 00 pg/ml; Sig- 
ma). Colonies were expanded for plasmld DNA iso- 
lation and double-stranded DNA sequencing with 
the use of PRISM Ready Reaction Dyedeoxy Termi- 
nator Cycle sequencing reactions as recommended 
by the supplier (Applied Biosystems, Foster City, CA) 
with a V,,3 primer (CTCTGCTGAGTGTCCTTCN 
(V,3 2); b e  then performed gel electrophoresis 
with detection and analysis of the fluorescent prod- 
uct using the Applied Biosystems model 373A DNA 
sequencing system No repeat sequences were 
found in either the naive resting group or the unac- 
tivated populations; one of 24 sequences was re- 
peated in the 8 weeks post-primary group [and this 
bore the typical NNA motif (where N is Asn and A is 
Ala) of PCC reactivity]. Many repeats were found in 
both activated groups In the primary-activated 
group, 11 unique sequences were found among 
the 30 clones; of these sequences, four were re- 
peated 12. 6, 3, and 2 times In the memory-acti- 
vated group, there were eight unique sequences of 
the 26 clones from the population analysis; of 
these, four were repeated 12, 5, 3, and 2 times. Of 
the 15 slngle cells, there were 10 unique sequenc- 
es, two of which were repeated 5 and 2 times. 

30 Abbreviations for the amino acid residues are 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 

31. Immunization, staining for flow cytometry, cell sorting, 
cDNA synthesis, PCR, "nested" PCR, and DNA se- 
quencing were undertaken as described (29) with 
variations as follows, Individual cells were sorted into 
tubes containing 5 ~1 of cDNA reaction mix with the 
use of oligo(dT) for priming (Becton Dickinson Lab- 
ware, Bedford, MA) All 5 pI of the cDNA reaction 
was used for the first 35 cycles of PCR with P chain- 
specific primers C,.2 and V 3.L.2 (29) together with a 
C,-specific primer (GTTT~GTCAGTGATGMCGT) 
(C,.l) and Val 1 leader-specific primer (ATGCAGAG- 
GAACCTGGGAGC) (V,1 1 .L1). For the second 35 
cycles of PCR, "nested" primers for each chain were 
used in separate reactions: C -specific (AATCTG- 
CAGCACGAGGGTAGCCTTT~G) (C,.3) and V 3- 
specific (AATCTGCAGAATTCAAAAGTCATTC~G) 
(V,3.1) for the TCRP chain and C,-speclfic (AATCT- 
GCAGCGGCACATTGATTTGGGA)(CCC2) and Vml 1 
leader-specific (AATCTGCAGTGGGTGCAGATTT- 
GCTGG) (Vml  .12) for the TCRa chain. The primer 
V,3.2 (29) and one specific for Cm (GGCGTCGTC- 
GACGAACAGGCAGAGGGTGCTGTCCTGAG) 
(C,.3) were used for direct sequencing of the PCR 
product after column separation of PCR product from 
primers. 

32. Animals were immunized and populations sorted by 
phenotype as described (29). "Sequence" in Table 1 
shows a summary from data presented in Fig. 2. 
"Dot blot" shows the results from screening PCR 
products containing V,3-amplified DNA from the 
sorted populations as descrlbed (29). These prod- 
ucts were tltrated onto Hybond N (Amersham, Ar- 
llngton Heights, IL) nylon filters and probed with "P 
kinase-labeled oligonucleotide specific for the N(N/ 
S)A sequence and three nucleotides in each of V,3 
and J 1 2 (CTGAACAATGCAAAC) and subsequent- 
ly wit\ an oligonucleotide specific for all V,3 se- 
quences (primer: Vp3.2)(29) under conditions where 
only 2 base pairs of mlsmatch was tolerated, with 
hybridization at 54°C and washing at 58°C in 3 M 
tetramethylammonium chloride solution as de- 
scribed [R. P. Dong et al., Tissue Antigens 39, 106 
(1992)l. Filters were exposed to a phosphor screen 
and quantified on a Molecular Dynamics Phospho- 
Imager with ImageQuant software (Molecular Dy- 
namics, Sunnyvale, CA). "Colonies" in Table 1 
shows the results after subcloning PCR products 
from the sorted populations (29). The colonles were 
then transferred onto Hybond Nand probed with the 
same labeled oligonucleotide in 30% formamide 
containing 3 x  SSPE hybridization solution at 42°C 
for 5 hours, and washed finally in 0.2% SSPE at 
30°C. Overall, thls mode of analysis greatly in- 
creased the slze of sample screened from each pop- 

ulation (500 to 4000 Vp3+ colonies screened) and 
gave similar results from two independent screens of 
clones derived from separate ligation reactions. We 
estimated the total cell counts by extrapolating the 
frequency obtained by the colony lift assay to the 
total cell counts estimated by flow cytometric analy- 
sis (as described in Fig, 1) for cells with the appropri- 
ate phenotype 
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Processing of Complex Sounds in the Macaque 
Nonprimary Auditory Cortex 

Josef P. Rauschecker,*t Biao Tian,t Marc Hauser 

Neurons in the superior temporal gyrus of anesthetized rhesus monkeys were exposed 
to complex acoustic stimuli. Bandpassed noise bursts with defined center frequencies 
evoked responses that were greatly enhanced over those evoked by pure tones. This 
finding led to the discovery of at least one new cochleotopic area in the lateral belt of the 
nonprimary auditory cortex. The best center frequencies of neurons varied along a ros- 
trocaudal axis, and the best bandwidths of the noise bursts varied along a mediolateral 
axis. When digitized monkey calls were used as stimuli, many neurons showed a pref- 
erence for some calls over others. Manipulation of the calls' frequency structure and 
playback of separate components revealed different types of spectral integration. The 
lateral areas of the monkey auditory cortex appear to be part of a hierarchical sequence 
in which neurons prefer increasingly complex stimuli and may form an important stage 
in the preprocessing of communication sounds. 

I n  1973, Merzenich and Brugge descrlbed 
several auditory areas on  the supratemporal 
nlane (STP) of the macaaue brain, sur- . . 
iounding primary auditory cortex AI ( 1 ) .  
One  of these areas, which they termed L, 
extends laterallv alongside A1 and onto the - 
exposed lateral surface of the superior tem- 
poral gyrus (STG). Anatomically, several 
areas have been identified in this region on 
the basis of cyto-, myelo-, and chemoarchi- 
tecture (2-4). In particular, the term "belt" 
has been introduced to characterize the cor- 
tical region that adioins the koniocortical - 
primary area laterally (2).  Little is known 
about the functional urouerties of neurons 

& 

in any nonprimary auditory cortical areas of 
the monkey, because these neurons tend to 
respond poorly and inconsistently to con- 
ventional pure-tone (PT) stimuli (5). 

Neurons in the nonnrimarv visual cortex 
similarly do not respoAd well to small sta- 
tionary spots of light. Extrastriate neurons 
have larger receptive fields and prefer more 
complex stimuli than do neurons in the 
striate cortex (6) because they integrate 
visual information spatially over a larger 
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range. By the same token, audltory neurons 
that are higher up in the processing path- 
way might be expected to integrate infor- 
mation over a larger range of frequencies. 
We therefore used one set of auditory stimuli 
that consisted of bandpassed noise (BPN) 
bursts with variable bandwidth around a 
given center frequency. This type of stimu- 
lus is directly analogous to a bar or spot of 
light with variable size at a given receptive 
field position in the visual system. Thus, our 
experiments were designed to test for the 
existence of neurons that prefer a certain 
bandwidth of BPN bursts, just as neurons in 
the extrastriate cortex prefer a certain slze of 
visual stimulus (7). 

We selected a second type of auditory 
stimulus on the basis of the followine con- " 
siderations. In humans, the lateral surface of 
the STG includes areas 42 and 22 of Brod- 
mann, which correspond to areas TB and 
T A ,  respectively, of von Economo (8). Le- 
sions in these areas, especially in their pos- 
terior parts, cause deficits in speech percep- 
tion but have relatively little effect on gen- 
eral auditory discrimination (9). Hence, 
from an evolutionarv and comnarative neu- 
roanatomical perspective, it was of interest 
to include species-specific communication 
calls as another type of wide-band signal. 
Previous nonhuman primate studles of this 
type have been performed only with squirrel 
monkeys (10). 

Electrode penetrations were made along 
both sides of the lateral fissure into the 
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