and PTP1BP"4, even in cells stimulated for 30 min
with EGF or PDGF (Fig. 2C).

The data above indicated that after growth
factor stimulation, PTP1B interacts with inter-
nalized RTKs [Fig. 2; Web fig. 2 (3)]. To
determine whether RTK-PTPIB interactions
occur within the punctate structures we ob-
served in the ER, we generated a high-resolution
3D image of the sites of RTK-PTP1B interac-
tion in cells. We monitored localization of these
molecules by confocal microscopy (Fig. 3A)
and their interactions by FRET using the accep-
tor photobleaching approach (Fig. 3B), which
measures the increased intensity of a donor flu-
orophore that follows photobleaching of the ac-
ceptor (24). After 30 min of growth factor stim-
ulation, high FRET efficiencies were observed
exclusively on the punctate structures {Fig. 3B;
Web fig. 3 and movies 1 and 2 (/3)], where
PTP1B and the RTKs colocalize [Fig. 3A; Web
fig. 3 and movies 1 and 2 (13)].

Thus, RTK interactions with the catalytic
center of PTP1B—and, by inference, RTK de-
phosphorylation by PTP1B—require receptor
endocytosis, occur at specific times after
growth factor activation, and take place in dis-
crete spatial locations within the cell. ER-an-
chored PTP1B specifically dephosphorylates
endocytosed RTKSs, thereby contributing to
RTK signal termination. Other PTPs may func-
tion at the plasma membrane to prevent gratu-
itous RTK activation or activation by sub-
threshold levels of growth factor. Ligand-in-
duced RTK activation overcomes these local
PTPs, possibly by promoting the production of
reactive oxygen species that can transiently ox-
idize the essential catalytic cysteinyl residue in
PTPs (25). Receptor endocytosis also may play
an important role in potentiating RTK activa-
tion, by promoting separation between RTKs
and plasma membrane—proximal PTPs. Al-
though PTPs play a critical role in RTK signal
modulation, specific seryl phosphorylation
events (26) and RTK targeting to lysosomes, a
process that involves RTK ubiquitination (27,
28), also are important RTK-inactivation mech-
anisms. From our FLIM data, we estimate that
about 20% of all the EGFR-GFP molecules in a
cell exhibit FRET with PTP1B (at 30 min after
EGF stimulation). About 35% of total EGFR-
GFP molecules are active under similar condi-
tions (/8). Taken together, these data imply that
a high percentage of activated RTKs become
associated with PTP1B™A. Therefore, consis-
tent with a recent study showing that EGFR
inactivation precedes degradation (29), our data
show that most, if not all, incoming RTKs transit
a “dephosphorylation compartment” before tar-
geting to the lysosome or recycling to the plasma
membrane. Functional imaging techniques such
as those presented here should permit further
elucidation of the spatiotemporal organization of
PTP function and help us to understand how,
where, and when these other negative regulatory
processes function within the cell.
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Discrete Microdomains with
High Concentration of cAMP in
Stimulated Rat Neonatal
Cardiac Myocytes

Manuela Zaccolo* and Tullio Pozzan

The second messenger cydlic adenosine monophosphate (cAMP) is the most important
modulator of sympathetic control over cardiac contractility. In cardiac myocytes and
many other cell types, however, cAMP transduces the signal generated upon stimu-
lation of various receptors and activates different cellular functions, raising the issue of
how specificity can be achieved. In the general field of signal transduction, the view is
emerging that specificity is guaranteed by tight localization of signaling events. Here,
we show that in neonatal rat cardiac myocytes, 3-adrenergic stimulation generates
multiple microdomains with increased concentration of cAMP in correspondence with
the region of the transverse tubule/junctional sarcoplasmic reticulum membrane. The
restricted pools of cAMP show a range of action as small as approximately 1 micro-
meter, and free diffusion of the second messenger is limited by the activity of phos-
phodiesterases. Furthermore, we demonstrate that such gradients of cAMP spedifically
activate a subset of protein kinase A molecules anchored in proximity to the T tubule.

cAMP has been regarded as a freely diffus-
ible second messenger (/) that mediates the
action of a number of different receptors and
modulates many cellular functions, as diverse
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as movement, growth, metabolism, and syn-
aptic plasticity. In the heart, cAMP generated
upon B-adrenergic receptor (B-AR) stimula-
tion controls strength, duration, and frequen-
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Fig. 1. Schematic illustration of the genetically
encoded cAMP probe. The probe was generated
by fusing R and C subunits of PKA to CFP and
YFP, respectively, and takes advantage of the
phenomenon of FRET. In conditions of low
cAMP, the GFP-tagged PKA is found in its inac-
tive holotetrameric conformation CFP-R,C,-
YFP and FRET is maximal; upon excitation of
the donor CFP at its proper excitation wave-
length (440 nm), part of its excited-state ener-
gy is transferred to the acceptor YFP that then
emits at its own wavelength (545 nm). When
cAMP rises, the second messenger binds to R,
inducing a conformational change that releases
active C; CFP and YFP diffuse apart and FRET is
abolished. FRET can be conveniently measured
as the ratio of donor {480 nm) over acceptor
emission (545 nm) intensities when cells are
excited at the donor excitation wavelength
(440 nm). Changes in fluorescence ratio (480
nm/545 nm) are directly correlated to changes
in C and R subunit association and thus to
cAMP level. The R and C subunits of PKA are
shown in black and gray, respectively. Black
straight arrows represent excitation; yellow and
cyan arrows represent YFP and CFP emission,
respectively. Peak excitation and emission in-
tensities are also indicated.

480nm

cy of contraction. However, there are other
receptors that transduce the signal via cAMP
but generate functional effects that signifi-
cantly differ from those elicited by B-AR
(2—4). Thus, it remains to be clarified how
stimulation of different receptors that act via
the same second messenger can elicit the
appropriate functional response.

An emerging view is that the spatial and
temporal dynamics of the changes in concen-
tration of the second messenger are part of
the code that confers specificity (5, 6). The
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o-actinin RII-CFP

Fig. 2. Neonatal cardiac myocytes transfected with
RII-CFP (A) and C-YFP (B). The colocalization of the
two fluorescent PKA subunits is shown in (C). Cardiac
myocytes cotransfected with RII-CFP (E) and C-YFP
(not shown) and decorated with a monoclonal anti-
body specific for a-actinin (Sigma) (D). In (F), the
images of (E) and (D) are superimposed; the yellow
color indicates regions of overlapping signal. In (E),
only the central cell is transfected. Cardiac myocytes
cotransfected with RII-CFP [detail shown in (G)] and

overlay

RII-CFP C-YFP

RII-CFP

C-YFP

C-YFP (H) and treated with the myristoylated peptide

Ht31 show the complete mobilization and diffusion in the cytosol of both PKA subunits [(I) and (J)].
Cardiac myocytes cotransfected with the cAMP sensor treated with 100 wM IBMX show the
complete mobilization from striations and uniform distribution in the cytosol of C-YFP (N),
whereas the addition of the PDE inhibitor has no effect on the segregation of RII-CFP (M). The same
cell before IBMX addition is shown in (K) and (L). Bars = 10 pM.

cAMP target enzyme, protein kinase A
(PKA), is largely compartmentalized within
the three-dimensional matrix of the cell via
anchoring to A-kinase anchoring proteins
(AKAPs) (7) and thus appears ideally suited
to modulate cellular functions in response to
local cAMP pools. In particular, in cardiac
myocytes, the discrete distribution through-
out the T tubular system of G, heterotet-
rameric guanine nucleotide—binding proteins
(8), adenylyl cyclases (ACs) (8, 9), AKAP-
anchored PKA (/0), and L-type Ca?* chan-
nels (9), as well as the recent finding that
phosphodiesterases (PDEs) can localize to
specific subcellular domains via binding to
AKAPs (11), provide a potential anatomical
basis for the generation of cAMP compart-
ments. Indeed, local generation of cAMP has
been described (/2, 13) and the range of
action of the second messenger has been
reported to be on the order of tens to hun-
dreds of micrometers. The data presented
here demonstrate that B-AR stimulation in
cardiac myocytes generates multiple mi-

crodomains with a high concentration of
cAMP with a range of action as small as ~1
pm. Such gradients selectively activate a
pool of PKA molecules anchored to the T
tubule membrane through AKAPs, thus pro-
viding a mechanism for B-AR selectivity.
We used a new version (/4) of a previ-
ously described cAMP probe (15) (Fig. 1).
With such a probe we can monitor PKA
regulatory (R) and catalytic (C) subunit dis-
sociation due to a rise in the intracellular
cAMP concentration, [CAMP],, by measuring
changes in fluorescence resonance energy
transfer (FRET) between the cyan (CFP) and
yellow (YFP) variants of green fluorescent
protein (GFP). Primary cultures of ventricu-
lar cardiac myocytes from neonatal rats (16)
transfected with both RII-CFP and C-YFP
show, in addition to a diffuse distribution of
the probe in the cytosol, a strong signal lo-
calized in thin parallel striations (/7). Both
R-CFP and C-YFP localized along these lines
(Fig. 2, A through C). Cells transfected with
CFP and YFP did not show such striated
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Fig. 3. (A) Kinetics of fluorescence ratio changes (480 nm/545 nm)
recorded in neonatal cardiac myocytes cotransfected with RII-CFP and
C-YFP and challenged with 10 wM NE (we tested increasing concen-
trations of NE on the same cell and found 10 M to be a supramaximal
dose). The graph shows three different responses recorded on indepen-
dent cells. (B) Kinetics of fluorescence ratio changes recorded on cells
that were either stimulated with 10 wM NE and subsequently with 100
M IBMX and then forskolin (circles) or with 100 M IBMX first and
subsequently with 10 wM NE and then forskolin (squares). Gray and
black bars represent first and second stimulus, respectively. White bar
indicates addition of 25 wM forskolin. Figures in (A) and (B) are the
mean of the intensity values calculated over the total area of a cell. The
480 nm/545 nm ratio in unstimulated cells varied in different experi-
ments between 1 and 1.3 probably reflecting slight variations in the
expression level of either subunit. To better compare different exper-
iments, the basal ratio in {A) and (B) was therefore normalized to 1. (C)
Kinetics of 480 nm/545 nm ratio changes (squares) and of C-YFP
mobilization from striations (circles) recorded upon addition of 10 uM
NE in one representative cell. Figures are the mean value calculated
over six striations of this same cell. Bars indicate standard errors.
Identical results were found in nine different cells. C-YFP mobilization
was measured by exciting YFP at 500 nm and recording the emission
fluorescence at 545 nm over the striation of interest. (D) Plot of FRET
response versus C-YFP mobilization calculated as percent of the max-
imum recorded upon further addition of 100 wM IBMX. Circles repre-
sent independent cells.

patterns. The morphology and the distance
(about 2 pwm) between striations suggest that
they might correspond to sarcomeric Z lines.
Indeed, cardiac myocytes transfected with
both RII-CFP and C-YFP and labeled with a
monoclonal antibody to the Z line—specific
protein a-actinin showed that the distribution
of R-CFP [and C-YFP (18)] corresponded to
that of a-actinin (Fig. 2, D through F). In
adult cardiac myocytes, AKAPs are also
present along T tubules (/0), where they an-
chor PKA via binding to the RII subunit. In
order to investigate if the GFP-tagged PKA
was indeed anchored to AKAPs, we treated
cells transfected with R-CFP and C-YFP with
the membrane-permeable, PKA-anchoring
inhibitor peptide Ht31 (/9). After incubation

of transfected cells with 150 pg/ml Ht31 for
30 min, the striated pattern disappeared and
both PKA subunits were uniformly distribut-
ed in the cytosol (Fig. 2, G through J).

The distribution of the GFP-tagged PKA
subunits showed a dynamic response to
[cAMP]; increases. Double imaging of RII-
CFP and C-YFP shows that addition of
isobutyl-methyl-xanthine (IBMX) (100
pM), a broad spectrum PDE inhibitor, in-
duced complete dissociation of C-YFP from
RII-CFP at the striation whereas it had no
effect on the localization of RII-CFP (Fig. 2,
K through N). This effect was slowly revers-
ible after removal of IBMX (/8). The same
complete and reversible dissociation of C-
YFP was induced by 25 pM forskolin (/8).

We analyzed fluctuations in [cAMP]; by
measuring the kinetics of FRET changes in
cells treated with agents that increase
[cAMP]; (20). In 54 cells stimulated with 10
M NE, about 10% showed no change in
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Fig. 4. Localized increases
of cAMP. Cells were co-
transfected with RII-CFP
and C-YFP. (A) distribu-
tion pattern of C-YFP. The
distribution of RII-CFP
was identical. Bar = 10
M. (B through D) the ra-
tio image (480 nm/545
nm) of the same cell is
presented in pseudocol-
ors. The color scale is
shown on the right. (E)
filled squares indicate the
kinetics of 480 nm/545
nm changes calculated on
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a striation [red box in (A)] and open squares indicate the kinetics of 480 nm/545 nm changes in a
corresponding area between striations [blue box in (A)]. (F) Kinetics of 480 nm/545 nm changes
calculated over a striation (filled squares) and between striations (open squares) in a representative
cell stimulated with 5 wM IBMX and, subsequently, 100 wMIBMX.

FRET whereas in the remaining 90%, we
recorded a rise in FRET with a time for half
maximal response (t,,,) of 11.02 s * 6.0

(£SD, n
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54). In 70% of the responding

cells, the FRET change was transient (back to
basal within 100 to 300 s), the time to reach
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the maximal response (t,, ) being 45 s *
5.7; the remaining 30% of responding cells
showed a sustained increase of FRET for at
least 5 min. Fig. 3A shows representative
examples of different kinetics recorded on
three independent cells stimulated with 10
M NE. The complete reversibility of the
response indicates that the GFP-tagged PKA
subunits reassociate when [cAMP]; decreas-
es. The value of the basal ratio after the
transient response to NE is thus not affected
by reassociation of GFP-tagged PKA sub-
units with the endogenous ones. The ampli-
tude of the FRET response to NE was also
variable (Fig. 3, A and D), ranging from 5 to
90% of the maximal response generated by
the combined stimulation with NE and 100
uM IBMX (see for a typical example Fig.
3B); under the latter condition, further addi-
tion of 25 wM forskolin had no effect (Fig.
3B). This marked cell-to-cell variability
could have not been revealed by previously
available methodologies based on cell popu-
lation analysis. The increase in the intensity
ratio observed upon B-adrenergic stimulation
was paralleled by dissociation of C-YFP from
RII-CFP at striations. Figure 3C shows, in
one representative cell of nine analyzed, that
the kinetics of FRET changes elicited by 10

REPORTS

pM NE are indistinguishable from the kinet-
ics of C-YFP dissociation and, independently
of the absolute efficacy of the stimulus (from
5 to 70% of maximal), the dissociation of
C-YFP from striations varied proportionally
to FRET (Fig. 3D).

When the cells were stimulated first with
100 pM IBMX, the change in FRET was
only slightly slower than in cells stimulated
with NE (t,,, = 17.98 s, SD £9.7, n = 31)
and was maximal (that is, no further increase
was observed after subsequent addition of 10
M NE and forskolin) (Fig. 3B). These re-
sults indicate that AC has a sustained consti-
tutive activity and that the basal concentra-
tion of cAMP is maintained low through the
activity of PDE. In fact, PDE inhibition by
itself generates a rise in cAMP higher than
that induced by maximal stimulation of
B-AR.

Upon addition of NE, the changes in ratio
were compartmentalized within discrete subcel-
lular regions, a much higher change being ob-
served in regions corresponding to the striations
and a much smaller effect in areas delimited by
striations (Fig. 4, C and E); further addition of
IBMX (100 nM) induced a rather uniform rise
of the ratio (Fig. 4, D and E). In cells stimulated
with 5 pM IBMX alone, the change in ratio
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Fig. 5. Neonatal cardiac myocytes cotransfected with (A) ARII-
CFP and (B) C-YFP. Bar = 10 pM. (C) Kinetics of 480 nm/545 nm
changes in response to 10 uM NE in Cos-7 cells cotransfected
either with ARII-CFP and C-YFP (circles) or RII-CFP and C-YFP
(squares). Inset: Dose-response curve recorded in Cos-7 cells
transfected with ARII-CFP and C-YFP (circles) or RII-CFP and
C-YFP (squares) and treated with increasing amounts of forskolin. 20
Response values are calculated as 480 nm/545 nm changes and
are expressed as percent of maximal change (100% is the re-
sponse induced by 10 pM NE + 100 pM IBMX ). Figures are the
mean calculated over five different cells in five independent
+SD. (D) Representative kinetic of 480

experiments; bars =

Cells (%)
) 5 & &
|

0-4 529 30-90
Response (% of maximal)

nm/545 nm emission intensity changes in a cardiac myocyte

cotransfected with ARII-CFP and C-YFP upon stimulation with 10 .M NE and subsequent addition
of 100 uM IBMX. (E) Comparison between the fluorescence ratio change in response to 10 .M NE
recorded in cells cotransfected with RII-CFP and C-YFP (black bars, n = 40) or ARII-CFP and C-YFP
(white bars, n = 42). The response is expressed as percent of the maximal response, as recorded
after further addition of 100 uM IBMX. n = number of independent cells analyzed.

observed appeared indistinguishable in the two
areas (Fig. 4F). A similar uniform change in
ratio was observed upon addition of 25 uM
foskolin. In 63 cells analyzed, we found that
when the cells were stimulated with 100 uM
IBMX (» = 31) the FRET change between
striations (measured at the peak of the response)
was 98% =+ 3 (SD) of that measured on stria-
tions. When the cells were stimulated with 5
pM IBMX (r = 7), the FRET change between
striations was 101% = 5 (SD) of that on stria-
tions. On the contrary, when the cells were
stimulated with 10 pM NE (n = 25) the re-
sponse in areas between striations was only
33% = 6 (SD) of that on the striations. We
conclude that, in neonatal cardiac myocytes, the
activation of the B-AR generates locally a high-
er rise of cAMP in areas corresponding to T
tubules/junctional SR membrane compared to
the deeper cytosol. Diffusion of cAMP and
equilibration of its concentration within the cy-
tosol is prevented by the activity of PDEs;
indeed, their inhibition dissipates the cAMP
gradients and allows generalized activation of
PKA.

To gain insight into the potential phys-
iological role of local compartments of
high cAMP, we generated a variant of the
cAMP sensor not anchored to AKAPs. The
modified sensor results from the deletion of
the NH,-terminal domain of RII, which
includes the AKAP-binding domain (21).
Ventricular myocytes transfected with the
deleted GFP-tagged PKA showed no selec-
tive localization of the probe (Fig. 5, A and
B). To directly verify that the deletion does
not grossly alter the affinity for cAMP, we
transfected Cos-7 cells with C-YFP and
either ARII-CFP or the full-length RII-CFP
subunit. The two probes were similarly dis-
tributed, and upon stimulation with NE the
kinetics and the amplitude of response were
comparable (Fig. 5C). Similarly, the re-
sponse in terms of FRET changes to in-
creasing amounts of forskolin was similar
(Fig. 5C, inset). On the contrary, when
cardiac myocytes were transfected with the
deleted probe, the change in emission ratio
in response to NE was reduced compared to
controls transfected with the full-length
probe (Fig. 5D). Further addition of IBMX
resulted in a maximal FRET change, com-
parable to that obtained with the anchored
cAMP sensor (Fig. 5D). For the 40 cells
transfected with full-length GFP-tagged
PKA that we analyzed for this set of exper-
iments, the response to 10 uM NE was
below 5% of the maximal response in 12%
of the cells and ranged between 30 and 90%
of maximum in 83% of the cells (Fig. SE).
On the contrary, 70% of the 42 myocytes
transfected with C-YFP and ARII-CFP
gave a response to NE below 5% of maxi-
mum, whereas the remaining 30% showed a
response ranging from 5 to 30% of maxi-
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mum. None of the cells expressing ARII-
CFP responded with increased [cAMP],
above 30% of the maximum (Fig. 5E).
These results indicate that only the GFP-
tagged PKA anchored to AKAPs can effi-
ciently sense the localized change in
[cAMP]; induced by B-AR stimulation.

The hypothesis of compartments of high
[cAMPY]; in cardiac myocytes was formulated
more than 20 years ago (4, 22), and restricted
pools of cAMP appear to function in cat-
echolamines-mediated control of cardiac
Ca?* channels (/3). Our data provide direct
evidence of microdomains of high cAMP and
demonstrate that cAMP can act with a short
range of about 1 pm.
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Structural Basis of Gating by
the Outer Membrane
Transporter FecA

Andrew D. Ferguson,? Ranjan Chakraborty,>? Barbara S. Smith,’
Lothar Esser,’* Dick van der Helm,%5 Johann Deisenhofer'*

Siderophore-mediated acquisition systems facilitate iron uptake. We present
the crystallographic structure of the integral outer membrane receptor FecA
from Escherichia coli with and without ferric citrate at 2.5 and 2.0 angstrom
resolution. FecA is composed of three distinct domains: the barrel, plug, and
NH,-terminal extension. Binding of ferric citrate triggers a conformational
change of the extracellular loops that close the external pocket of FecA. Ligand-
induced allosteric transitions are propagated through the outer membrane by
the plug domain, signaling the occupancy of the receptor in the periplasm. These
data establish the structural basis of gating for receptors dependent on the
cytoplasmic membrane protein TonB. By compiling available data for this family
of receptors, we propose a mechanism for the energy-dependent transport of

siderophores.

Despite its relative abundance in Earth’s
crust, iron is biologically unavailable in an
oxidizing atmosphere because of the insolu-
bility of ferric oxyhydroxide. In response to
iron deficiency, most microbes secrete organ-
ic chelators called siderophores, which are
designed to sequester ferric iron. The ability
to acquire this metal is an important determi-
nant of bacterial virulence. Most bacteria ex-
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press a sophisticated repertoire of parallel
iron acquisition systems (), which under-
scores their biological importance and the
clinical potential to exploit these pathways
for combating multi—drug-resistant bacterial
strains (2).

Regulatory mechanisms, responsive to
both the internal and external iron concentra-
tion, control the transcription of genes in-
volved in iron uptake (3). The ferric citrate
uptake (fec) genes are responsible for the
transport of ferric citrate from the external
medium into the cytoplasm (4-7). Proteins
required for each phase of these energy-de-
pendent transport processes have defined
functions and are localized to specific cell
envelope compartments. Embedded within
the outer membrane is FecA, which performs
two mutually independent functions: It binds
and transports ferric citrate, and it is required
to initiate transcription of the fecABCDE
transport operon but not the regulatory fecIR
genes (4—7). Both siderophore transport and
the initiation of transcription require the
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