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dynamics associated with the neutral I atom
have not been considered.

We close by comparing our results to Brad-
forth’s experiments (//) on CTTS excitation of
I” in liquid water, because these are the liquid-
phase experiments most analogous to ours. In
his experiments, transient absorption at 800 nm
was monitored after excitation at 255 nm. Brad-
forth observed a short-lived (~50 fs) transient
assigned to the initially excited CTTS state,
followed by an increasing absorption with a rise
time of 200 fs associated with formation of the
solvated electron; this then decayed biexponen-
tially with time constants of 9 and 60 ps. This
interpretation suggests several parallels with the
n = 5 and n = 6 FPES results presented here;
namely that the CTTS state in the bulk is anal-
ogous to the short-lived dipole-bound state seen
in our experiments, and that the bulk solvation
on a 200-fs time scale corresponds to the
isomerization and solvation dynamics in our
experiments. There are, however, important dif-
ferences. Simulations of CTTS excitation show
that solvation is accompanied by the electron
moving away from the halogen species (/2
13), which is a reasonable result for an infinite
number of water molecules but may not occur
in a small cluster. Also, in liquid water, the
longer time decay of the solvated electron sig-
nal occurs by recombination with neutral I at-
oms. Although this may be responsible for the
long time decay in the clusters, a likelier mech-
anism is thermionic emission, which generally
does not occur in liquids.
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Requirement for Tec Kinases
Rlk and Itk in T Cell Receptor
Signaling and Immunity
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T cell receptor (TCR) signaling requires activation of Zap-70 and Src family
tyrosine kinases, but requirements for other tyrosine kinases are less clear.
Combined deletion in mice of two Tec kinases, Rlk and Itk, caused marked
defects in TCR responses including proliferation, cytokine production, and
apoptosis in vitro and adaptive immune responses to Toxoplasma gondii in
vivo. Molecular events immediately downstream from the TCR were intact
in rtk=/~itk=/~ cells, but intermediate events including inositol trisphos-
phate production, calcium mobilization, and mitogen-activated protein ki-
nase activation were impaired, establishing Tec kinases as critical regulators
of TCR signaling required for phospholipase C—y activation.

Stimulation of T lymphocytes through the TCR
elicits broad responses required for proper im-
mune function, including cell proliferation, cy-
tokine production, and apoptosis. Key compo-
nents of TCR signaling are nonreceptor ty-
rosine kinases, and cells lacking Lck or Zap-70
are essentially unresponsive to antigen (/, 2).
The Tec kinases, exemplified by BTK, are a
distinct family with members specifically ex-
pressed in lymphoid lineages (3, 4). BTK mu-
tations cause severe immunodeficiencies, with
defective B cell development and function (4).
No disease is yet associated with the loss of Tec
kinases in T lymphocytes, which express Itk,
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RIk, and Tec (3). Itk-deficient mice have only
mildly impaired responses to infection (3), sug-
gesting functional redundancy between these
kinases.

Rik (also called Txk) is a Tec kinase ex-
pressed in developing and mature T Iympho-
cytes (6). Rlk resembles other Tec kinases in
that it lacks the COOH-terminal regulatory ty-
rosine and myristoylation sequences of Src ki-
nases, has a proline-rich region that binds SH3
domains, and is activated by phosphorylation
by Src kinases. However, Rlk lacks the phos-
phatidylinositol phosphate—binding pleckstrin
homology domain common to other Tec ki-
nases and is activated independently of phos-
phoinositide 3-kinase (PI3K) activity. Instead,
Rlk has a palmitoylated cysteine-string motif,
required for subcellular localization (7). To bet-
ter understand the contribution of Tec kinases
to T cell signaling, we analyzed mice mutated
in RIk, Itk, or both kinases.

Because alternate translation initiation
generates at least two Rlk isoforms, a full-
length protein and a shorter species lacking
the cysteine string (7), we introduced a tar-
geted mutation downstream of the second
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initiation codon of r/k into mouse embryonic
stem (ES) cells (Fig. 1, A and B). Heterozy-
gous F, offspring of chimeric mice were
interbred and generated normal numbers of
homozygous rlk mutants with no evidence of
kinase-active Rlk or truncated Rlk protein
species in lymphoid cell extracts (Fig. 1C).
Preliminary analyses of these mice suggested
that all thymocyte and mature T cell popula-
tions were present with no major defects in T
cell functional responses in vitro (see below).
Northern blot analyses of RNA from lym-
phoid organs of #/k~'~ mice showed slightly
increased amounts of ik mRNA (8). Thus,
up-regulation of related Tec kinases may par-
tially compensate for the lack of Rlk. To ad-
dress this possibility, we generated k™'~
itk~'~ mice by interbreeding. Itk-deficient mice
have reduced numbers of mature T cells, par-
ticularly CD4™ cells, causing a decreased CD4:
CD8 ratio (9). ¥lk~/~itk~'~ mutants, however,
had normal total T cell numbers (Fig. 15). Both
CD4" and CD8™ cell numbers are increased
relative to itk™’~ mice; therefore, rik™' "itk™'~
animals still have a decreased CD4:CD8 ratio
(Fig. 1D), suggesting altered regulation of lym-
phoid development and homeostasis (/0).
Although rlk~/~itk™’~ mice have mature T
cells, these cells failed to respond to TCR acti-
vation as measured by proliferation of spleno-
cytes stimulated with antibody to CD3e (anti-
CD3¢) (Fig. 2A) or concanavalin A (Con A)
(8). This defect was confirmed with purified T
cells in the presence of irradiated wild-type
antigen-presenting cells and in mixed lympho-
cyte reactions (8). In contrast to irk~'~ cells,
which have only variable defects in CD4* cell
proliferation (9), rik~'~itk~'~ cells had prolif-
erative defects in both CD4* and CD8™ T cell
populations (8). Treatment with phorbol myris-
tate acid (PMA) and the calcium ionophore
ionomycin induced proliferation equivalent to
that of wild-type cells, suggesting that defects
in these cells lie proximal to Ca?>* mobilization
and protein kinase C (PKC) activation.
Splenocytes from #/k~'~ animals stimulated
in vitro with either anti-CD3e or anti-Con A
secreted half the interleukin 2 (IL-2) produced
by wild-type animals, whereas itk cells had
more severe reductions in IL-2 production, as
previously reported (9, 11). However, deficien-
cy of both kinases further reduced IL-2 and
interferon-y (IFN-y) production to undetectable
levels (Fig. 2B). Furthermore, proliferation of
rlk~'~itk™'~ cells was only partially restored
by exogenous IL-2 (Fig. 2A), probably as a
result of defective up-regulation of IL-2 recep-
tor-a chain (CD25) (Fig. 2C), even in the pres-
ence of exogenous IL-2 (&). We also observed
decreased TCR-driven apoptosis, an important
component of T cell homeostasis (Fig. 2D)
(12), suggesting one mechanism for increased T
cell numbers in r/k~'~itk™'~ mice relative to
itk animals.
To investigate biochemical defects in
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rlk='~itk™'~ T cells, we examined signaling
events downstream of the TCR. Patterns of
CD3-mediated tyrosine phosphorylation were
not grossly altered, and the most proximal
consequences of T cell activation, including
phosphorylation of TCR zeta chains and Zap-
70 (1), were intact in all genotypes (Fig. 3A).

In contrast, Ca?* mobilization upon T cell
activation (Fig. 3B) was reduced in itk™'~ cells
(/1) and substantially worsened by deficiency
of both Itk and Rlk. Ca?* mobilization in T
cells is initiated by membrane association and
activation of phospholipase C—y (PLC-vy),
which catalyzes the breakdown of phosphati-
dylinositol-4,5-bisphosphate ~ into  inositol
trisphosphate (IP,), a stimulant for Ca?* mo-

bilization, and diacylglycerol (DG), an acti-
vator of PKC (/3). Within 2 min of TCR
stimulation, tyrosine phosphorylation of
PLC-y was observed in wild-type cells, but
not in #lk~'"itk™'~ or itk™'~ T cells (Fig.
3C). However, 5 min after stimulation,
PLC-y was phosphorylated in both wild-type
and mutant cells, with only a fewfold reduc-
tion in rlk™'~itk~'~ cells. Wild-type cells also
showed maximal IP; levels at 2 to 3 min after
stimulation, consistent with rapid phosphoryl-
ation of PLC-vy and peak Ca®* mobilization. In
contrast, double knockout cells produced virtu-
ally no IP;, even at time points when PLC-y
phosphorylation was observed (Fig. 3D). Our
results suggest that only early PLC-y tyrosine
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phosphorylation correlates with IP; production
and that this defect may be the major cause of
altered Ca?™ mobilization in Ik~ ~itk™'~ cells.

DG, the other product of PLC-v, activates
mitogen-activated protein (MAP) kinases
ERK1 and ERK2 through PKC stimulation of
the Ras/Raf pathway (/4). Decreases in phos-
phorylated (active) ERK1 and ERK2 were
also observed after anti-CD3 stimulation of T
cells from both itk™'~ and rlk~'~itk™'~ mice
(Fig. 3E) (15). To specifically examine DG-
mediated MAP kinase activation, we stimu-
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lated cells with anti-CD3 and low concentra-
tions of PMA, a phorbol ester that directly
activates PKC. Anti-CD3 plus PMA rescued
proliferation in ¥lk~'~itk~'~ cells (Fig. 3F)
and normalized activation of ERKI1 and
ERK2 (8). Hence, the defective MAP kinase
activation in rlk~'~itk™'~ cells probably re-
sults from defects in DG-PKC-mediated
pathways (/6). Similarly, ionomycin also
partially bypasses rlk~'"itk™'~ defects in
CD3-driven proliferation (8). Thus, Tec fam-
ily kinases are critical in TCR signaling for

B o — — —
A WT ik ith 3
Time(min) 0 2 510150 2 5 1015 ¢ =
BIOL: 4G 10 s i A S s S S . . — g
IP: anti-TCRZ, -3
]
WT ik itk «
Time (min) 0 2 5 10 ]
Blot: 4G10 W =
IP: anti-Zap 70
= 1= WT
D g“ zg_ ® rik+itk
c wT rik itk < 1l
Time(min) 0 2 5 10 0 2 5 10 £ 1.0
Blot: 4G10 S & & -pLCy = 054
Blot: anti- PLCy s - p| Cy 2 00 —
IP: PLCy Time (min)
+ PMA (10ng/ml)
F E 6O WT
E 8 g lm itk
wWT rlk -+ itk + 2 | kit
. . ~ 4
Time(min) 0 2 5 10 0 2 5 10 - 2.
Blot: anti-Phospho B e i Bl — 1 £
MAPK b —ERK2 Eo2
Blot: anti-ERK1,2 |5 i e — ——"—— :EEE}_ =
x R |1 NN
=00 03 0T 01003 01
anti-CD3 (ug/ml)

Fig. 3. Ca®" and MAP kinase pathways in rtk~/~itk/~mice. (A) Tyrosine phosphorylation of TCR
zeta chain and Zap-70 in response to TCR stimulation (23). (B) Calcium flux in response to TCR
stimulation (26). First arrow designates addition of biotinylated 2C11 and second arrow denotes
cross-linking with streptavidin. (C) PLC-y phosphorylation. Lysates from 2C11-stimulated purified
T cells (5 X 10° ) were immunoprecipitated with anti~PLC-y (Upstate), immunoblotted with
anti-phosphotyrosine, and then reprobed with anti~PLC-y. (D) IP, production (27). (E) MAP kinase
(MAPK) activation. Total cell lysates were resolved by SDS-PAGE (4 to 20% gradient) and probed
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full activation of PLC-y and both arms of its
downstream effector pathways.

To assess whether these in vitro defects
translate into immunodeficiency in vivo, we
challenged the Tec kinase—deficient mice with
the intracellular pathogen Toxoplasma gondii.
Mice of all mutant genotypes survived early
infection, which requires natural killer (NK)
cell activity, suggesting normal innate immuni-
ty (Fig. 4A) (17). However, 30 days after in-
fection, r/k~'~itk™'~ mice appeared visibly ill
and had a mean survival time (MST) of 41
days. Itk-deficient animals died with an MST of
69 days, whereas only half of #/k~'~ animals
had succumbed by 102 days. In these experi-
ments, 80% of wild-type animals in the same
genetic background survived over 18 weeks
(126 days; Fig. 4A). These results suggest a
graded resistance to 7. gondii that correlates
with expression of Tec family kinases.

Correspondingly, serum IFN-vy concentra-
tions 5 days after infection were normal in
mice of all genotypes, suggesting unimpaired
NK cell function (Fig. 4B). In contrast,
splenocytes from rlk—'~itk™'~ mice 30 days
after infection cultured with Con A or low-
dose soluble tachyzoite antigen (STAg) pro-
duced decreased IFN-y (Fig. 4B), indicating
a deficit in adaptive antigen-driven respons-
es, consistent with decreased cytokine pro-
duction in naive rlk™'"itk™'~ T cells (see
Fig. 2B). Itk-deficient splenocytes had near
normal IFN-y production in response to these
stimuli, thereby demonstrating increased re-
sponsiveness of itk~'~ cells after in vivo
challenge (see Fig. 2B). Finally, 30 days after
infection, r/k~'~itk—'~ mice had increased
brain cyst numbers, indicating decreased
ability to limit infection at this T cell-depen-
dent stage (Fig. 4C). Thus, the enhanced sus-
ceptibility of vlk~'~itk~'~ mice to T. gondii
demonstrates the physiologic importance in
vivo of the marked defects observed in vitro.

Together, the above biological and bio-
chemical evidence demonstrates that Tec
family kinases are essential components of
TCR signaling required to mount a successful
immune response. Although defects in either
T cell-specific Tec kinase, Itk or RIk, have
only mild to moderate effects on T cell func-
tion, elimination of both kinases resulted in a
profound loss of mature T cell function in
vitro and in vivo. Our data show that nonre-
ceptor tyrosine kinases are important not only
for initiation of antigen-driven responses but
also for downstream propagation of these
signals. The biochemical defects reported
here resemble those observed in Slp-76—de-
ficient cells (/8), suggesting that Tec kinases
and Slp-76 are part of a complex that acti-
vates PLC-y. The requirement for multiple
Tec kinases in TCR signaling is also intrigu-
ing, particularly given differential sensitivi-
ties of Rlk and Itk activation to PI3K inhibi-
tion (7). Products of PI3K are required for
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Btk activation of sustained Ca?* mobiliza-
tion in response to secretory immunoglobulin
M (19). Thus, RIk, a distinct Tec kinase that
functions independently of PI3K, may pro-
vide a second level of regulation to antigen
receptor signaling pathways in T cells.

Current models suggest that immune re-
sponses in lymphocytes are exquisitely con-
trolled, requiring multiple finely tuned levels
of activation (20). Thus, the Tec kinases,
unlike the more proximally acting Lck and
Zap-70, may not serve as primary triggers of
the immune response but instead may further
refine the strength of lymphocyte signaling
by acting as critical modulators of PLC-y and
downstream effectors.
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Efficient Persistence of
Extrachromosomal KSHV DNA
Mediated by Latency-Associated
Nuclear Antigen

Méry E. Ballestas,” Pamela A. Chatis,>> Kenneth M. Kaye'*

Primary effusion lymphoma (PEL) cells harbor Kaposi's sarcoma-associated
herpesvirus (KSHV) episomes and express a KSHV-encoded latency-associated
nuclear antigen (LANA). In PEL cells, LANA and KSHV DNA colocalized in dots
in interphase nuclei and along mitotic chromosomes. In the absence of KSHV
DNA, LANA was diffusely distributed in the nucleus or on mitotic chromosomes.
In lymphoblasts, LANA was necessary and sufficient for the persistence of
episomes containing a specific KSHV DNA fragment. Furthermore, LANA co-
localized with the artificial KSHV DNA episomes in nuclei and along mitotic
chromosomes. These results support a model in which LANA tethers KSHV DNA
to chromosomes during mitosis to enable the efficient segregation of KSHV

episomes to progeny cells.

Kaposi’s sarcoma (KS)—associated herpesvi-
rus or human herpesvirus—38 likely plays an
important role in KS pathogenesis because
KSHYV seropositivity precedes KS-and KSHV
DNA is found in almost all KS lesions,
whether or not there is a coexisting human
immunodeficiency virus infection (/). KSHV
is also associated with lymphoproliferative
disorders, including PELs and multicentric
Castleman’s disease (2, 3).

Similar to the gamma-1 herpesvirus Ep-
stein-Barr virus (EBV), KSHYV infection in tu-
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mor tissue or in lymphoma-derived cell lines is
predominantly latent. Latently infected cells
have multiple copies of circularized KSHV
DNA maintained as episomes (2—4). The EBV
nuclear antigen—1 (EBNAI) protein mediates
efficient episome persistence through a cis-act-
ing 1.8-kb EBV DNA sequence, which is
termed the origin of plasmid replication (oriP)
(5, 6). Herpesvirus saimiri (HVS) also has a
cis-acting sequence that enables the efficient
persistence of episomes in HVS-infected cells
(7). However, KSHV has no obvious homolo-
gy to the EBV or HVS cis-acting DNA, and a
trans-acting EBNA1 homolog or analog has not
been identified in HVS or in other gamma-2
herpesviruses.

KSHYV open reading frame (ORF) 73 en-
codes the latency-associated nuclear antigen
(LANA, LNA, or LNA1), which is predicted to
be 1162 amino acids, and lacks a known func-
tion (1, 8 9). A homologous ORF exists in
other gamma-2 herpesviruses (/0). LANA is
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