TRA suggests that the conditions that favor
parasitism of other species are unlikely to be
simple elaborations of the conditions select-
ing for parasitism of conspecifics.

One line of evidence used to promote this
hypothesis has been refuted by the cowbird
phylogeny presented herein. Payne (2) sug-
gested that INTRA followed by the devel-
opment of INTER explained the parasite-
host relationship between M. rufoaxillaris
and M. badius. However, Payne assumed
that these two species were closely related.
This assumption now appears invalid.

The apparent distance between M. rufoax-
illaris and M. badius is of added interest in
light of their plumage morphologies. Al-
though adult plumages are distinctive (M.
rufoaxcillaris is predominantly black and M.
badius is predominantly light gray) the nes-
tling plumages are nearly indistinguishable
(1, 16, 17). Hudson (16) and Friedmann (1)
concluded that this similarity reflected re-
cency of common descent rather than any
form of mimicry on the part of the parasite.
They supported this argument with the ob-
servation that other brood parasites are quite
successful at parasitizing hosts morphologi-
cally dissimilar.from themselves without em-
ploying any form of nestling mimicry. How-
ever, the results presented herein refute the
hypothesis that these two taxa are sister taxa.
Even if M. badius is the sister taxon to the
remaining cowbirds (the current data are
uninformative about this question), these re-
sults suggest that these two taxa have not
shared a common ancestor for a considerable
period of time. Therefore, the similarity in
nestling plumage patterns, whether due to
convergence or parallelism, suggests that
there is an advantage derived by M. rufoaxil-
laris as a result of the close resemblance of its
young to those of the host species.

The lack of data uniting M. badius with the
remaining cowbirds has an additional conse-
quence for our understanding of the evolu-
tion of INTER. Molothrus badius is a nest
parasite but rears its own young [a behavior
found in many other bird species (2)]. If this
species is the sister taxon to the parasitic
cowbirds as has been assumed on behavioral
grounds, then nest parasitism may be the
preliminary step in the transformation series
from nest building to generalized brood par-
asitism. Conversely, if any of the other nest-
building blackbirds is the true sister taxon of
the brood-parasitic cowbirds, then brood par-
asitism presumably evolved independently of
the nest parasitism exhibited by M. badius.
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Activation of T Cells by a Tyrosine Kinase Activation
Domain in the Cytoplasmic Tail of CD3 e

FRANCOIS LETOURNEUR AND RICHARD D. KLAUSNER

The multichain T cell antigen receptor functions by interacting with and activating one
or more nonreceptor tyrosine kinases. The cytoplasmic tail of the { chain can activate
T cells independently of the rest of the receptor complex. The function of the
remaining invariant CD3 chains remains unknown. A 22-amino acid region of the
cytoplasmic tail of CD3 € was also able to independently activate T cells. Stimulation
of T cells by means of the cytoplasmic tails of either { or CD3 e resulted in
quantitatively distinct patterns of tyrosine phosphorylation, suggesting activation of

different biochemical pathways.

HE ABILITY OF ANTIGEN RECEPTORS

to transduce signals to multiple bio-

chemical cascades is the central event
of immune cell activation. For the T cell
antigen receptor (TCR), one or more Tyr
kinases likely have a proximal and essential
participation in T cell activation (7). Exactly
how the receptor couples to its activation
pathways is not clear. Evidence that the
receptor complex associates with the Fyn
Tyr kinase suggests that Fyn may be one

Cell Biology and Metabolism Branch, National Institute
of Child Health and Human Development, National
Institutes of Health, Bethesda, MD 20892.

potential mediator of early biochemical
events (2). The receptor is an eight-chain
transmembrane complex composed of four
dimers (3). The clonotypic chains (generally
a and B) provide the ligand specificity (4).
The invariant dimers, including CD3 e-v,
CD3 €-3, and {-¢ (3, 5, 6), are probably
essential for signal transduction, as demon-
strated by mutational analysis of the cyto-
plasmic tail of { (7). This domain of { can
mediate the signaling events associated with
TCR-mediated activation when expressed in
a chimeric transmembrane protein (8-10).
Two observations, however, suggest that {
alone does not account for all of the func-
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Fig. 1. (A) Schematic A
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tion number (for exam-

189

PDYEPIRKGQRDLYSGLNQRAV
Mutation LLFLLLLLLLLLAFLL LLLL

Function ++-———+++++=+* ++++

ple, LA180). The effect of each individual point mutation on function was assessed as described in Fig.
3 by transient transfection. IL-2 production similar to that obtained with the native Tac-¢ chimera is
denoted with a plus (+) symbol, and a minus (—) corresponds to no detectable signal. For mutations
LA180 and SL182, the asterisk signifies an IL-2 secretion that is 88 and 69% of control, respectively,
after maximal stimulation. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; 1, 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.

tional capacity of the TCR complex. First, in
the absence of any { protein, the small
number of incomplete TCR complexes that
are transported to the cell surface can signal

2C11 7G7
I 11 1
2 R
<t oW oW «:rg oW W
SEEEE 28 EEE
200 —
- - -
97.4— 3
-
. L
46 —
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30—'
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Fig. 2. Immunoprecipitations of surface-iodi-
nated cells. Stable transfectants were obtained by
electroporation of an af-negative variant of BW
5147 (13) referred to as BW. Cells (2B4, BW,
TT{ clone 4, TTe clone 8, and TTe.178 clone 11)
(4 x 107) were labeled with 1 mCi of 2T by
lactoperoxidase-catalyzed iodination (6) and sol-
ubilized at 4°C in 0.5% Triton X-100 lysis buffer.
Lysates were incubated with protein A—Sepharose
(Gibco-BRL) bound either with MAb to CD3e
(2C11) (17) or MAb to Tac (7G7) (21). Im-
munoprecipitates were analyzed on 13% SDS-
polyacrylamide gels. The relative positions of the
molecular size standards are indicated at left in
kilodaltons.
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when externally cross-linked (11). Second,
extensive cytoplasmic tail deletions of ¢ could
reconstitute surface expression of functional
TCR complexes in a {-deficient thymoma,
even when the analogous { chimeric con-
structs were not active (12). We therefore
used the chimeric subunit approach to assess
the signaling and activation capacity of the
cytoplasmic tail of the CD3 € chain.

We constructed chimeric proteins by re-
placing the cytoplasmic tail of the human
interleukin-2 (IL-2) receptor a chain (the
Tac antigen) with the cytoplasmic tail of
murine { or CD3 e. These chimeras were
stably transfected into BW 5147 cells that
do not synthesize a, B, 8, and { or detectable
TCR components on the cell surface (13).
Cells stably expressing Tac-§ (TT{), Tac-e
(TTe), or Tac-€ with a stop codon at Arg!”®
(TTe.178) (Fig. 1) were cloned and exam-
ined for surface expression of the introduced
proteins by flow cytofluorometry (Table 1).
In addition, the cells were iodinated, and the
proteins were immunoprecipitated with
monoclonal antibodies (MAbs) to the exter-
nal domains of either CD3 e (MAb 2C11)
or Tac (MAb 7G7) (Fig. 2). MAb 2C11 did
not label or immunoprecipitate any specific
proteins from the transfectants or the paren-
tal BW cells. However, the TCR-positive
hybridoma 2B4 did react with MAb 2C11.
In contrast, MAb 7G7 precipitated a single
band of the predicted size for each of the
chimeric proteins. No coprecipitated CD3 €
or vy subunits were seen, even after overex-
posure of the autoradiograms. Flow cyto-
fluorometry revealed two- to threefold vari-

Table 1. Flow cytofluorometry of stable and
transient BW transfectants. The indicated cells
were labeled with MAbs to Tac (33B3.1)
(Amac, Westbrook, Maine), CD3 e (2Cl1)
(17), or Thy-1 (G7) (18) and then labeled with

in-conjugated rabbit antibody to rat
immunoglobulin  (Cappel). Samples were
analyzed with a FACScan (Becton Dickinson).
Transient transfectants are denoted by the name

of the transfected chimera.
Linear fluorescence  Chi-
Labeled (mean) “(‘;6“
cell .
i
2Cl11 33B3.1 G7 g;“c)
2B4 18.0 29 1674
BW 3.2 3.6 151.7
Stable transfectants
TT{ clone 4 2.8 230.1 220.1 100
TTY clone 7 3.2 6824 2452 100
TTe clone 5 3.0 517.0 172.3 100
TTe clone 8 2.9 257.0 208.4 100
TTe clone 9 28 117.1 231.2 100
TTe.178 clone 2 3.3 186.2 182.0 100
TTe.178 clone 11 3.2 3509 274.0 100
Transient transfectants
BW (untransfected) 44
TTe 70.2 54.9
Tie 63.6 47.8
TTe NL185 73.3 50.9
TTe GL183 754 59.1
TTe YL181 88.4 53.5
TTe YF181 68.9 50.2
TTe.Del 77.9 50.4
TT66/178 88.8 58.0
TT66/168 83.2 545

ations in expression by individual clones, so
multiple clones for each construct were eval-
uated. In addition, transient transfections
were done with other constructs (Fig. 1),
and flow cytofluorometry revealed compara-
ble cell surface expression (Table 1).

The stably transfected clones were tested
for IL-2 secretion in response to cross-
linking with a MAb to Tac (33B3.1) (Fig.
3A). BW cells alone or transfected with
TTe.178 produced no IL-2 in response to
this treatment. Clones of each chimeric con-
struct, despite three- to fourfold differences -
in surface expression of the chimeric protein,
had equivalent IL-2 production when stim-
ulated, demonstrating that the surface recep-
tor levels, over this range, are not limiting
for responsiveness. Tac-{ was most effective
at IL-2 production, but at sufficient doses of
MADb 33B3.1 Tac-¢€ produced as much IL-2
as Tac-{. In contrast, the Tac-e¢ deletion
mutant gave no detectable IL-2 at any dose
of MAb 33B3.1 tested. All clones produced
relatively similar concentrations of IL-2 in
response to the pharmacologic activators
phorbol 12-myristate 13-acetate and calci-
um ionophore.

We tested, whether further mutational
analysis could isolate the region of the e tail
critical for cell activation. A variety of mu-
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tants were constructed (Fig. 1A) and tested
for IL-2 secretion after cross-linking of tran-
siently transfected BW cells (Fig. 3, B and
C). The cytoplasmic tail of e contains 55
amino acids. Removal of the terminal 12— or
22-amino acid residues (TTe.l78 and
TTe.168) abrogates IL-2 production. In
contrast, an internal deletion of 12 amino
acids (TTe.Del) had no effect on IL-2 pro-
duction. To test whether the terminal se-
quences of € can confer activation capacity
on an unrelated and inactive cytoplasmic tail
sequence, we fused the COOH-terminal
12— or 22-amino acid residues to the con-

104
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107 §

100 3

102 10" 10° 10" 102

IL-2 (units/ml)
2,
%

10!

100

<101
102

10° 101
MAD to Tac (ng/ml)
Flg 3.(A)IL-2 producnon of stable transfectants

107 100 10" 107

in response to Cross-| with antibody to Tac.
Transfectants (10° cells) were cultured in dupli-
cate in 96-well plates coated with the indicated
concentrations of 33B3.1 (10). Supernatants were
harvested after 24 hours of culture, and IL-2
content was determined (22). Closed circles, TT{
clone 4; closed squares, TT{ clone 7,
squares, TI‘ecloncS open circles, TI‘edoneS
open es, TTe clone 9; closed tmnglu
TTe.178 clone 2; andopcnsquamwnthdmgoml
line, TTe.178 clone 11. (B and C) IL-2 produc-
tion of BW cells transiently transfected with Tac-€
mutants. BW cells (10”) were transfected with the
"DEAE-dextran method (23). After 24 hours of
culture, cells were stimulated with MADb to Tac as
described above. Results were reproduced at least
twice for each mutant without significant varia-
tions. We biochemically examined the proteins
made by the transfectants to ensure the correct
size. Symbols in (B) denote the following: open
circles, TTe; closed circles, Tie, Tac with { trans-
fectant and an e cytoplasmic tail; open tri
NL185; closed triangles, GL183; and
squares, YL181. Symbols in (C) denote the fol-
lowing: open circles, TTe; closed circles, YF181;

tmngla, 'ITeDel, closed triangles, 'IT66/

168 and open squares, TT66/178.
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struct called TT66 (and produced TT66/178
and TT66/168, respectively). TT66 contains
the membrane-proximal 14-amino acid resi-
dues of the cytoplasmic tail of ¢, which has no
ability to signal (10). TT66/178 results in no
IL-2 production, whereas TT66/168 results in
high IL-2 production. Thus, the terminal 22—
amino acid residues of e contain independent
in the COOH-terminal half of this region are
essential for activity, the terminal amino 12—
acid residues alone are insufficient for coupling.

In order to identify residues that are critical
for function, we mutated each residue of the
terminal 22 amino acids of e. The mutated
Tac-e chimeras were then expressed and as-
sayed for IL-2 production. Effects of muta-
tion on residues Tyr'®!, Gly'®3, and Asn'®s
are shown Fig. 3. Complete analysis of each
mutation is compiled in Fig. 1B. Two critical
regions can be defined. The first region in-
cludes residues Tyr'”?, Glu'”*, Pro'”2, and
Ile'73. The second region includes residues
Asp'” and Tyr'®!. For both groups, any
tested mutation resulted in complete inactiva-
tion of the Tac-€ chimera. Residues Leu'®?
and Ser'®? showed partial IL-2 production
when changed Ala and Leu, respectively. All

Fig. 4. (A) Tac-{ chime- A BW

other residues (Fig. 1B) could be changed
with no effect on IL-2 production, although
deletion of two residues between the two
critical regions destroyed function.

We examined whether Tac-{ or Tac-e,
both of which contain cytoplasmic Tyr,
were phosphorylated on Tyr when cross-
linked by MAD to Tac (anti-Tac). This was
determined by immunoprecipitation of the
chimeric proteins from control and stimulat-
ed cells, followed by immunoblotting with
4G10, an antibody to phosphotyrosine.
Whereas Tac-{ was phosphorylated after ac-
tivation, little if any signal could be detected
for Tac-e (Fig. 4A), despite equivalent
amounts of chimeric proteins on the gel.
Phosphopeptide analysis of activated, 3*P-
labeled cells confirmed the absence of Tyr
phosphorylation of Tac-e chimera and the
presence of high Ser phosphorylation.

To examine Tyr kinase activity after chi-
mera cross-linking, we immunoprecipitated

- with MAb 4G10 (to phosphotyrosine) and

then immunoblotted with 4G10. Cross-
linking of both chimeras led to the Tyr
phosphorylation of multiple intracellular
substrates (Fig. 4B). Maximum doses of
anti-Tac were used, which resulted in equiv-

TTC TTe TTe.178

ra, in contrast to Tac-¢, [
is phosphorylated on —_—s 0 1
Tyr after anti-Tac cross-

linking by antibody to 200 =
Tac. (B) Stimulation of
both Tac-{ and Tac-e
chimeras results in Tyr
kinase substrate phos-
phorylation. Cells (BW,
TT¢ clone 4, TTe clone
8 and TTe.178 clone 11)
(2 % 107 per well) were
incubated for 30 min at
37°C with 5 pg of bio-
tinylated MAb to Tac
(IOT 14) (Amac). After B
centrifugal
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46 —
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tion, cells were

stimulated in 0:6 ml of !
serum-free medium con-

12 pg of avidin
(Sigma). After the incu-
bation times indicated at
the top of each lane, cells
were lysed in modified
RIPA buffer (1% NP-
40, 0.25% sodium de-
oxycholate, 150 mM
NaCl, and 50 mM tris,
pH 7.5) containing
phosphatase  inhibitors
(2 mM EDTA and 1
mM vanadate). Chime-
ras were immunoprecip-
itated with MAb 7G7
(A) or the MAD to phos-
photyrosine 4G10 (Up-

500 "
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state Biotechnology, Lake Placid, New York) (B), as described in Fig. 2. Beads were washed three times
in modified RIPA buffer, followed by one wash in TN buffer (50 mM tris, pH 7.5, and 150 mM NaCl).

Immunoprecipitates were analyzed on 10% SDS—pol

immunoblotted (14) with MAb 4G10, followed by 1

indicated at left in kilodaltons.

transfcrred to nitrocellulose, and

;51 labeled proﬁem A. Molecular size standards are
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alent amounts of IL-2 production from the
two chimeras. For both activated constructs,
multiple substrates are apparent; phospho-
rylation activity rose rapidly over 5 min and
then fell by 20 min. A reproducible differ-
ence in the substrate patterns for the two
constructs was observed. Whereas several of
the substrates were shared (for example, 120
and 36 kD), others are differentially phos-
phorylated. Tac-{ resulted in the more
prominent appearance of substrates at 140
and 65 kD (which represented the chimeric
protein), whereas Tac-e resulted in the
prominent appearance of substrates at 100,
72 to 75, 67, and 38 kD. The 100-kD Tac-e
substrate comigrates with a prominent sub-
strate seen in BW-fused T cell hybridomas
and in human peripheral blood lymphocytes
after stimulation of the intact TCR complex
(14, 15). These differences suggest that the
biochemical consequences of signaling
through the { and e tails are distinct. Wheth-
er this reflects the activation of different Tyr
kinases must be addressed; these results raise
the possibility that these two signaling-com-
petent cytoplasmic tails of the TCR may
provide distinct information to the cell.

Our data show that at least two subunits of
the eight-chain TCR complex are indepen-
dently capable of signal transduction, leading
to both Tyr kinase activation and the produc-
tion of IL-2. The ability of CD3 ¢, in addition
to {, to signal resolves the dilemma raised by
the findings that the cytoplasmic tail of {
alone can mimic TCR-mediated activation
(8-10), yet partial TCR complexes lacking
any { chain can activate hybridoma cells to
produce IL-2 (11). The presence of two
proteins in a single receptor complex inde-
pendently able to transduce signals raises sev-
eral questions about the functioning of the
intact receptor. Are the cytoplasmic tails of {
and CD3 e redundant? Do they cooperate in
the activation of the same signaling path-
ways? Do they couple to similar but distinct
signaling pathways? Some support for the last
possibility is suggested by the difference in
substrate phosphorylation patterns produced
by the Tac-{ and Tac-e chimeras. Thus, the
multichain TCR complex may not generate
signals through a single subunit. The 22-
amino acid functional motif of CD3 e de-
scribed here can be aligned to a consensus
sequence present in the COOH-terminal do-
mains of subunits of various receptors (16).
Whether this represents an identical coupling
motif or variations on a general theme, per-
haps for preferential coupling to different Src
family kinases, can now be addressed.
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Torsional Rigidity of Positively and Negatively

Supercoiled DNA

PauL R. SELvIN,* DAvID N. Cook, NING G. PoN, WiLLIAM R. BAUER,

MEeLvIN P. KLEIN, JoHN E. HEARST

Time-correlated single-photon counting of intercalated ethidium bromide was used to
measure the torsion constants of positively supercoiled, relaxed, and negatively
supercoiled pBR322 DNA, which range in superhelix density from +0.042 to —0.123.
DNA behaves as coupled, nonlinear torsional pendulums under superhelical stress, and
the anharmonic term in the Hamiltonian is approximately 15 percent for root-mean-
square fluctuations in twist at room temperature. At the level of secondary structure,
positively supercoiled DNA is significantly more flexible than negatively supercoiled
DNA. These results exclude certain models that account for differential binding affinity
of proteins to positively and negatively supercoiled DNA.

HE MOTIVATION FOR STUDYING
I the torsional rigidity of supercoiled
DNA is threefold. First, such study
provides a stringent test of current theoret-
ical models of DNA that assume that the
twisting (and bending) internal forces are
harmonic and isotropic (1, 2). Second, the
twisting rigidity of DNA is an important
determinant of the energetics of formation
of complicated nucleoprotein structures (3).
Third, although the torsion constant has
been extensively studied for linear DNA
(4-8), its dependence on superhelicity under
physiological conditions has not been sys-
tematically measured.
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We obtained torsion constants by fitting
the fluorescence anisotropy decay of ethid-
ium bromide intercalated in various super-
coiled topoisomers of pBR322 to the theory
of Barkley and Zimm with the use of a
Marquardt-based algorithm (2, 9). The an-
isotropy decay arises from the reorientation
of excited-state ethidium bromide due to the
twisting (and bending) of the DNA helix,
and it was detected by time-correlated sin-
gle-photon counting. The Barkley-Zimm
theory, which models DNA as a uniform
elastic rod that bends and twists in a viscous
medium, is a harmonic approximation. The
fitted value of the torsion constant depends
weakly on the bending rigidity chosen,
which we assume is constant and indepen-
dent of superhelicity. Because of the weak
dependence on bending and the fact that
DNA is not severely bent in a plectonemic
superhelix (10), this assumption is justified.

We chose a bending constant that yields a
persistence length of 525 A. We also ana-
lyzed the data with the exclusion of the effect
of bending’ (infinite bending constant),
which yields a lower limit to the torsion
constant. In this limit, the Allison-Schurr
and Barkley-Zimm models of DNA dynam-
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