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T cell receptor induced intracellular redistribution of type I protein kinase A
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SUMMARY

The productive activation of CD4* T lymphocytes, leading to proliferation and cytokine
secretion, requires precise temporal regulation of intracellular cyclic AMP concentrations. The
major effector molecule activated by cyclic AMP in mammalian cells is the cyclic AMP-
dependent protein kinase A (PKA). The type I PKA isozyme mediates the inhibitory effects of
cyclic AMP on T-cell activation. Using laser scanning confocal microscopy, we demonstrated
that the regulation of PKA type I activity involves spatial redistribution of PKA type I mole-
cules following T-cell receptor (TCR) stimulation. In resting T cells, PKA type I was located in
membrane proximal regions and distributed equally across the cell. Shortly after antigen
engagement, T cells and antigen-presenting cells formed an area of intense contact, known as
the immunological synapse. TCR concentrated at the synapse, whereas PKA type I molecules
redistributed to the opposite cell pole within 10 min after T-cell stimulation. Type I PKA
redistribution was solely dependent on TCR signalling, because we observed the same temporal
and spatial distribution after antibody-mediated cross-linking of the TCR-associated CD3
complex. Segregation of TCR and PKA type I molecules was maintained for at least 20 min.
Thirty minutes after stimulation, PKA type I partially colocalized with the TCR. After 60 min,
PKA type I distribution again approached the resting state. Considering that initial TCR signals
lead to increases in intracellular cyclic AMP, PKA type I molecules may be targeted towards
localized cyclic AMP accumulations or transported away from these areas, depending on the
requirements of the cellular response.
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INTRODUCTION

In mammalian cells, the major effector activated by cyclic
adenosine monophosphate (CAMP) is the cAMP-dependent
protein kinase A, PKA."? In the absence of cAMP, PKA is
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an enzymatically inactive, tetrameric holoenzyme consisting
of two catalytic (C) subunits and two regulatory (R) sub-
units. The co-operative binding of four cAMP molecules to
two sites on each R subunit** drastically decreases the
binding affinity between R and C subunits® and induces
dissociation into dimeric R and two monomeric C subunits.
Monomeric C subunits possess serine/threonine kinase
activity. &7

T cells express two isozymes of PKA; PKA type I
(PKA I) and PKA II, which differ in their regulatory sub-
units, termed RI and RII. These two isozymes also have
different subcellular localizations. PKA I is soluble and
preferentially cytosolic in fibroblasts® but in lymphocytes it
has also been reported as being associated with the plasma
membrane.®'® In contrast, PKA II resides in various sub-
cellular compartments including the nucleus, centrosome,
the Golgi bodies, mitochondria and endoplasmic reticu-
lum.'™?  Compartmentalization of PKA is mediated
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through binding of the R subunits to A-kinase-anchoring
proteins (AKAPs) located within subcellular compart-
ments.'*'°

PKA I, but not PKA II, mediates the inhibitory
effects of cAMP on T-cell proliferation and cytokine
production following T-cell receptor (TCR) signal-
ling.'*'® PKA I antagonizes T-cell activation at multiple
levels. For example, PKA I activates the C-terminal Src
kinase, Csk, which inhibits p56°“." PKA I may also
phosphorylate Ser 43 of Rafl, blocking the MAP kinase
pathway.?® In the nucleus, stable protein-DNA interac-
tions at the NF-xB, NFAT and AP1 binding sites of the
interleukin-2 enhancer are prevented by activation of
PKA 12! In addition, PKA I inhibits cyclin D3 expres-
sion and induces the cyclin-dependent kinase inhibitor
p27*#1 22 Synthesis of D-type cyclins, including cyclin
D3, during the G; phase of the cell cycle is required for
progression of T cells from G, into S phase.’*** The
D-type cyclins bind cyclin-dependent kinase (Cdk),
forming an active kinase complex that phosphorylates
and inactivates retinoblastoma protein (pRb).?>*¢ Inacti-
vation of pRb allows cells to pass through the Ilate
G -phase restriction point and enter the S phase. How-
ever, cyclin D/Cdk complexes can associate with the Cdk
inhibitor, p27°%! leading to their inactivation.’”*® In
addition to cyclin D induction, T-cell proliferation
requires p27°%! down-regulation.’**”?® Thus, PKA I-
mediated inhibition of cyclin D3 expression and induc-
tion of p27¥%! block T-cell cycle progression.

Because the activation of Csk by PKA I inhibits
P56/ ,1929 PK A T blocks T-cell activation at an early stage.
This suggests that productive T-cell activation requires the
inhibition of PKA I activity. However, PKA I phospho-
transferase activity increases within 5 min of T-cell activa-
tion, returning to the resting level after 60 min.*° In
addition, an early, transient increase in intracellular cAMP
is required for the successful activation of T cells.3!"*
Therefore, PKA T activity must be stringently regulated.

Following initial TCR stimulation, an area of intense
contact forms between the T cell and the antigen-presenting
cell (APC), termed the immunological synapse.’*** A
possible mechanism for the control of PKA I activation
independent of the cAMP concentration in the vicinity of
the immunological synapse could involve the physical
separation between TCR/CD3 complexes and PKA I.
Using laser scanning confocal microscopy, we tested this
hypothesis.

MATERIALS AND METHODS

Cell lines and antibodies

All media and supplements were from Life Technologies
(Gaithersburg, MD) and reagents were from Sigma
(St Louis, MO) unless otherwise stated. Murine fibroblast
L cells transfected with ¢cDNAs encoding wild-type or
mutant Ag, wild-type AZ, intercellular adhesion molecule
type 1 (ICAM-1), and B7-1 were cultured in complete
Dulbecco’s modified Eagle’s minimum essential medium®
and used as APC.

Monoclonal antibodies (mAbs) against mouse CD3
[clone 145-2C11; hamster immunoglobulin G (IgG)] were
purified from hybridoma supernatants by protein
G-Sepharose chromatography (Sigma). Monoclonal anti-
bodies against PKA Rlx and PKA C subunits (clone 18
and 5B, respectively; mouse IgG2b) and PKA Rll« (clone
45, mouse IgGl) were purchased from BD Biosciences
(Franklin Lakes, NJ). Goat anti-mouse IgG2b-Alexa
Fluor® 488, IgG1-Alexa Fluor® 488, and goat anti-hamster
IgG-Alexa Fluor® 633 were obtained from Molecular
Probes (Eugene, OR).

Immunofluorescence and confocal microscopy
For stimulation with antigen, APCs were first plated on
coverslips to form a monolayer and were pulsed with
0-16 um of peptide 323-339 from chicken ovalbumin
(Ova323) for 2 hr. CD4™ T cells were prepared from the
lymph nodes of DO.11.10 mice as described elsewhere®® and
resuspended in phosphate-buffered saline (PBS) at
1 x 107 cells/ml. One hundred microlitres of the T-cell sus-
pension was added to APCs, and incubated at 37° for the
indicated lengths of time. The incubation was stopped by
adding 3 ml ice-cold PBS. Coverslips were washed and
stained with 70 ul of 10 ug/ml 145-2C11 for 30 min on ice.
After four washes with PBS containing 0-5% bovine serum
albumin (BSA), coverslips were stained with 70 ul of
6 pug/ml goat anti-hamster IgG-Alexa Fluor® 633 for
30 min on ice. After four washes with PBS containing 0-5%
BSA, cells were fixed on coverslips with 100 ul parafor-
maldehyde in PBS pH 7-5 for 15 min at room temperature
followed by incubation with 1-5 ml PBS containing 0-1 M
glycine for 20 min at room temperature. Cells were then
permeabilized in 100 ul PBS containing 0-1% Triton-X-100
for 10 min at room temperature followed by incubation with
15 ml PBS containing 0-5% BSA for 30 min at room tem-
perature. Coverslips were stained with 70 ul of 1 pg/ml
PKA Rlx or PKA C subunit mAb for 30 min on ice. After
four washes with PBS containing 0-5% BSA, coverslips were
stained with 70 pl of 6 pg/ml goat anti-mouse IgG2b-Alexa
Fluor® 488 for 30 min on ice. After four washes with PBS
containing 0-5% BSA, coverslips were allowed to dry com-
pletely before being mounted on glass slides and covered
with a small drop of VECTASHIELD (Vector Laboratories,
Burlingame, CA). Staining for PKA RIlx was performed
under identical conditions using the appropriate antibodies.

For antibody cross-linking experiments, T cells were first
incubated on coverslips for 20 min at 4° to allow adherence
to take place. The coverslips were incubated with 10 ug/ml
of 145-2C11 for 30 min on ice. After four washes with ice-
cold PBS containing 0-5% BSA, T cells were incubated with
6 pg/ml of goat anti-hamster IgG-Alexa Fluor® 633 for
20 min on ice. Then, coverslips were transferred to a 37°
incubator and kept there for the indicated lengths of time.
After four washes with ice-cold PBS containing 0-5% BSA,
T cells were fixed, permeabilized, stained for PKA, and
prepared for examination as described above.

The samples were observed on an Oz Video Rate Laser
Scanning Confocal Microscope made by Noran (Middle-
ton, WI) mounted on an inverted microscope (Nikon
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TE300) and controlled by the INTERVISION software package
running on a SILICON GRAPHICS (SGI) workstation. High-
resolution confocal images were obtained using a Nikon
x60 oil, 14 NA Plan-Apo objective. The Alexa Fluor®
488 label was detected using the 488-nm line of an
argon/krypton laser (excitation) and a 525/52 nm band-
pass filter (emission). The Alexa Fluor® 633 signal was
detected using the 633-nm line of a helium/neon laser in
combination with a 660 nm long-pass filter. With these
settings, no ‘bleed-through’ occurred between the two
fluorescent signals. In general, a non-confocal transmission
image was also obtained for each imaging field as a refer-
ence. All images were the result of 64 frame-averages. The
zoom factor was adjusted for optimal sampling rate con-
sidering the lateral resolution of the objective used. For
tri-dimensional studies, series of images were obtained at
regular intervals along the z-axis using a motorized focus
control.

For each slide, three or four areas containing CD3-
capped T cells were randomly chosen for examination.
Pseudo-colours were assigned to CD3 (green) and PKA
(red). The acquired images were converted to T1 format and
transferred to a PC for analysis using METAMORPH (version
4-67, Universal Imaging, Downingtown, PA).

RESULTS
Cellular distribution of PKA I after antigenic activation

We first examined the intracellular distribution of PKA I in
naive CD4" lymph node T cells from DO.11.10 TCR
transgenic mice. The isozymes PKA I and II differ only in
their regulatory subunits. Therefore, we initially used an
antibody against the PKA Rlo subunit to detect PKA I
localization. PKA RI appeared to be distributed through-
out the resting T cells (Fig. 1). Figure 1 also depicts spe-
cificity controls to demonstrate the specific staining of CD3
and PKA RlIa. Confocal image analysis was consistent with
plasma membrane association of PKA Rla (Figs 2b,c).
Importantly, at this stage, PKA RI was equally distributed
across the membrane proximal regions of the cell and was
not localized to specific areas (Figs 1 and 2b,c). The TCR-
associated CD3 complex was diffusely distributed on the
cell surface (Figs 2a,c).

The T cells from DO.11.10 mice are restricted by I-A¢
and specific for Ova323. To stimulate the DO.11.10 T cells
via the TCR, we plated APC onto microscope coverslips,
and incubated the cells with Ova323 for 2 hr. Stably
transfected fibroblasts that expressed I-AY, B7-1, and
ICAM-1 were used as APCs.*® Following stimulation by
APCs presenting Ova323, the distribution of CD3 and
PKA RI changed. The TCR-associated CD3 complex
rapidly formed a cap at the tight area of interaction
between the APC and the T cell, also known as the
immunological synapse. Fifteen minutes after combining
APCs and T cells, PKA RI was concentrated at the cell
pole opposite the synapse. This area may be identical to the
cell structure that has been termed the distal cell pole.>” The
concentrated distribution pattern of PKA RI persisted
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Transmission Anti-CD3 mAb plus Anti-PKAI plus
microscopy GAH IgG-Alexa 633 GAM IgG2b-Alexa 488

GAH IgG-Alexa 633 GAM lgG2b-Alexa 488

Figure 1. Distribution of PKA Rlx in resting CD4" T cells and
specificity controls. The left panels show transmission micrographs
of the same cells as depicted in the middle and right panels. The
cells in the upper panels were incubated with anti-CD3 mAb 145-
2C11 followed by secondary antibody [goat anti-hamster (GAH)
IgG-Alexa Fluor® 633]. The cells were then permeabilized and
incubated with anti-PKA I mAb and secondary antibody [goat
anti-mouse (GAM) IgG2b-Alexa Fluor® 488]. The incubations
were performed at 4° to prevent the activation of the cells. The
upper right panel shows distribution of PKA Rlo throughout the
cell. The cells in the lower panels were incubated with irrelevant
control mAbs followed by secondary antibody.

(a) (b) (c)

Figure 2. Distribution of PKA Rla in unstimulated CD4 " T cells.
Cells were incubated on ice with antibodies against CD3 (green)
and PKA Rlu (red). (a) CD3 staining indicates diffuse distribution
of TCR/CD3 complexes on the cell surface. (b) Images taken from
sections through the centre of the cell reveal equal distribution of
PKA Rlo beneath the plasma membrane. (c) Combined staining of
CD3 and PKA RlIa. A confocal image reconstruction from 0-5-um
sections showing simultaneously the distribution of CD3 and
PKA Rl can be seen in Figure 3. The images are representative of
multiple cells from five independently performed experiments.

until, at 30 min, the PKA RI partially colocalized with the
TCR/CD3 complex. After 60 min, PKA RI was again
distributed equally across membrane proximal regions
(Fig. 3). As a control, APCs were incubated under identical
conditions with a peptide the composition of which was
identical to that of Ova323 in scrambled sequence.® Thus,
during early T-cell stimulation, the cellular distribution of
PKA RI changed from an equal distribution across the
membrane proximal regions of the cell to a concentration at
the distal cell pole, followed by partial colocalization with
the TCR at the immunological synapse and again equal
distribution across membrane proximal regions.
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30 min after activation _ 60 min after activation
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Figure 3. Distribution of PKA Rlo in antigen-activated T cells.
CD4" lymph node T cells from TCR transgenic DO.11.10 mice
were incubated with APC loaded with Ova323 for the indicated
lengths of time. The first panel shows an unstimulated T cell. After
incubation, cells were stained for CD3 (green) and PKA Rlu (red).
During confocal microscopical examination, three or four fields
containing CD3-capped T cells were randomly chosen for each
slide. Image analyses were performed only on CD3-capped T cells.
Confocal image reconstructions from 0-5-um sections from one
representative experiment of three independently performed
experiments are shown.

To determine whether the redistribution of PKA RI
depended on the engagement of CD4 by major histocom-
patibility complex (MHC) class II molecules, we compared
temporal redistribution events of PKA RI in DO.11.10 T
cells that were stimulated with Ova323 presented by APC
expressing either wild-type I-AY or a mutant I-AY form
incapable of interacting with CD4. The mutation lies in the
I-A¢ B-chain, and substitutes alanine for glutamic acid at
position 137 and valine at position 142. This mutation
eliminates the ability of the I-AY &8 heterodimer to engage
CD4, but does not affect peptide binding or the interaction
with the TCR.*® Antigen presented by wild-type and
mutant MHC class II-expressing APC induced identical
redistribution of TCR and PKA RI in DO.11.10 T cells
(data not shown).

Control of cellular PKA I distribution by TCR stimulation

Because the cellular redistribution of PKA RI following
antigenic stimulation of DO.11.10 T cells was independent

6 min after CD3 crosslinking 10 min after CD3 crosslinking

9 um

15 min after CD3 crosslinking

20 min after CD3 crosslinking

9 um 7.5 um

30 min after CD3 crosslinking 60 min after CD3 crosslinking

8.5 um 9 um

= . [

Figure 4. Distribution of PKA Rla in CD3-cross-linked T cells.
CD4™ lymph node T cells from TCR transgenic DO.11.10 mice
were either left untreated or cross-linked with anti-CD3 antibody
plus goat anti-hamster secondary antibody (green) for the indicated
length of time. Then, T cells were stained for PKA Rlua (red).
During confocal microscopical examination, three or four fields
containing CD3-capped T cells were randomly chosen for each
slide. Image analyses were performed only on CD3-capped T cells.
The images are from one representative experiment of four inde-
pendently performed experiments in which two to three slides per
time point were analysed.

of CD4 engagement by MHC class II, we investigated
whether TCR/CD3 signals alone induced PKA RI move-
ment, or whether other cellular interactions between APC
and T cells contributed. To address this question, we
examined the distribution of PKA RI in T cells that were
stimulated by antibody-mediated CD3 cross-linking.

Purified CD4 " lymph node T cells from DO.11.10 TCR
transgenic mice or BALB/c mice were allowed to adhere to
coverslips. Lymphocytes were then incubated with a limit-
ing concentration of anti-CD3 antibody (i.e. a concentra-
tion that induced CD3 capping in only a fraction of the
T cells) followed by incubation with a secondary antibody.
The initial CD3 cross-linking was performed at 4°. The
T cells were then transferred to 37° for various lengths of
time.

Six minutes after CD3 cross-linking, PKA RI redis-
tributed to the distal cell pole opposite the CD3 cap (Fig. 4
and Table 1). Concentration of PKA RI at the distal cell
pole and separation from CD3 persisted at least until
10 min after CD3 cross-linking. Fifteen minutes after CD3
cross-linking, PKA RI redistributed again, and 30 min
after cross-linking, PKA RI colocalized with CD3 at the
immunological synapse. After 60 min, the cellular distri-
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Table 1. Relationship between CD3 capping and PKA type I subunit distribution 6 min after CD3 cross-linking

CD4™" T cells with
CD3 cap (percentage
of all CD4™ T cells)

Total CD4" T cells analysed
for PKA RlIo or PKA C

% CD3-capped T cells
with PKA I condensed
on the opposite cell pole

% Non-capped T cells
with PKA T condensed

PKA RIa: 191
PKA C: 89

33 (17-3%)
19 (21:3%)

69-7% 1:9%
73% 0%

bution of PKA RI was similar to that in resting T cells
(Fig. 4). We did not observe differences in the temporal
distribution of CD3 or PKA RI between DO.11.10 and
BALB/c mice (data not shown), indicating that PKA RI
redistribution during T-cell activation is a general process
rather than unique to a specific TCR.

Because PKA Tis activated via dissociation of regulatory
subunits from catalytic subunits, the movement of PKA Rlo
away from the TCR could be the result of either the move-
ment of the PKA I holoenzyme, or the movement of regu-
latory subunits dissociated from catalytic subunits. If the
PKA I holoenzyme translocated to the distal cell pole,
TCR/CD3 complexes and PKA I would be physically
separated. Therefore, PKA I activity would not affect sig-
nalling events that occurred near the immunological synapse.
On the other hand, if regulatory subunits were translocated
separately from catalytic subunits, PKA T activity might be
temporarily increased during early T-cell activation. To
determine whether the PKA I holoenzyme, or only the
regulatory subunit relocated to areas of the cell distant from
the TCR/CD3 cap, we examined the distribution of PKA C
following antibody-mediated CD3 cross-linking. Confocal
microscopy of cells after 6 min of cross-linking revealed that
PKA C condensed at the distal cell pole, showing a similar
distribution to PKA Rlw (Table 1). Compared to PKA Rlq,
however, a diffuse background distribution of PKA C
staining remained visible throughout the experimental time—
course. The remaining, diffusely distributed PKA C was
presumably the result of staining of PK A II because staining
of the cells with anti-PKA RIla antibody showed the same
diffuse cellular distribution throughout the whole course of
the experiment (not shown). Staining of PKA RIlo remained
unaffected by TCR/CD3 signalling.

DISCUSSION

The distribution of PKA I in activated T cells during acti-
vation with antigen indicated that TCR-mediated signals
trigger movement of PKA I regulatory subunits. In resting
T cells, PKA I was equally distributed throughout the
membrane proximal regions of the cell. Shortly (6-15 min)
after engagement of TCR/CD3, PKA I condensed at the
distal cell pole opposite the CD3 cap. Later, PKA I colo-
calized with CD3 (30 min). Sixty minutes after activation,
PKA I distribution was approaching that of the resting
state (Fig. 5).

PKA I, but not PKA II, mediates the inhibitory role of
cAMP on T-cell proliferation that is induced by TCR sig-
nalling.'®!7 PKA I antagonizes T-cell activation at multiple
levels,'”* one of which is to activate the protein tyrosine
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Figure 5. Model for the kinetics of the movement of PKA I in
antigen-activated T cells.

kinase Csk.'” Csk inhibits Lck activity.***° By inhibiting
Lck, PKA I can diminish T-cell activation at the initiation
stage. This suggests that during T-cell activation, PKA 1
activity must be tightly regulated. We have recently repor-
ted that TCR-independent signals induced via CD4 regu-
late cCAMP levels in activated T cells.*> The CD4-mediated
signals activate cAMP phosphodiesterases and inhibit
adenylyl cyclase to counteract the initial rise in intracellular
cAMP that is induced by TCR/CD3 stimulation.*> The
TCR-induced redistribution of PKA I in combination with
the CD4-mediated regulation of cAMP levels in the vicinity
of the emerging signal transduction complex may represent
a powerful mechanism with which to fine-tune the effects of
this important second messenger system.

Previously, very little was known about the distribution
of PKA I in activated T cells. Skallheg and colleagues
demonstrated colocalization of the PKA I holoenzyme with
the TCR/CD3 complex in human peripheral blood T cells
after cross-linking with anti-CD3 mAb for 30 min.'® We
also observed colocalization of PKA I and CD3 30 min
after activation of T cells with either antigen/APCs or anti-
CD3 mAb cross-linking. However, a more dynamic distri-
bution pattern of PKA I was revealed by our study.
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In neutrophils, cAMP accumulates at signal initiation
sites during phagocytosis, implying that cAMP is involved
in the regulation of phagocytosis.*! In both neutrophils and
monocytes, PKA accumulates at nascent phagosomes.*?
PKA may phosphorylate the proteins associated with
pseudopod formation and phagosome internalization.
Thus, depending on the requirements of the cellular
response to signals induced by cell surface receptors, cAMP
effector molecules may be targeted towards localized cAMP
accumulations, or transported away from these areas.

Activation of T cells induces the recruitment of many
membrane proteins such as TCR/CD3, CD2, CD4 and
CD28 to the immunological synapse.**** Large membrane
proteins, such as CD43, are excluded from the immunolo-
gical synapse and aggregate at the distal cell pole.’”*
However, the movement of soluble, cytoplasmic signalling
proteins is less well understood. The PKC isozyme, PKC-0,
translocates to the c-SMAC region of the immunological
synapse, where it colocalizes with the TCR/CD3 com-
plex.*** The relocation of PKA I reported here provides
an example of the intracellular movement of soluble sig-
nalling proteins involved in T-cell activation, and empha-
sizes the importance of microcompartmentalization for the
regulation of signalling pathways. To our knowledge, this is
the first report demonstrating the exclusion of soluble
inhibitors of TCR signalling from the vicinity of the
immunological synapse. The kinetics of PKA I redistribu-
tion, and its transient concentration at the cell pole
opposite the immunological synapse are reminiscent of the
formation of the distal pole complex, a structure that forms
after TCR engagement and includes CD43.3744

PKA II is targeted to different subcellular compart-
ments including the nucleus, the Golgi, and mitochondria.
This distribution is mediated through binding of PKA II
regulatory subunits to AKAPs located within the subcel-
lular compartments. The regulation of PKA I distribution
in the cytoplasm may also depend on AKAPs.*® However,
no PKA I-binding AKAPs have been identified in
lymphocytes.*” Our results indicate that TCR/CD3 sig-
nalling may control PKA I-specific AKAPs. Furthermore,
the movement of PKA I regulatory subunits occurred
within minutes after TCR/CD3 engagement. This suggests
that proximal signals induced by TCR engagement, poss-
ibly protein phosphorylation, are responsible for the con-
trol of PKA I-specific AKAPs. Depending on the
requirements of the cellular response to signals induced by
the TCR, PKA I molecules may be targeted towards
localized cAMP accumulations or transported away from
these areas.
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