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Unitary permeability of gap junction channels to
second messengers measured by FRET microscopy

Victor H Hernandez!>>, Mario Bortolozzi!®, Vanessa Pertegato!?, Martina Beltramello!, Michele Giarin,
Manuela Zaccolo?, Sergio Pantano!* & Fabio Mammano

Gap junction channels assembled from connexin protein subunits
mediate intercellular transfer of ions and metabolites. Impaired
channel function is implicated in several hereditary human
diseases. In particular, defective permeation of cAMP or inositol-
1,4,5-trisphosphate (InsP3) through connexin channels is
associated with peripheral neuropathies and deafness,
respectively. Here we present a method to estimate the
permeability of single gap junction channels to second
messengers. Using Hela cells that overexpressed wild-type
human connexin 26 (HCx26wt) as a model system, we combined
measurements of junctional conductance and fluorescence
resonance energy transfer (FRET) emission ratio of biosensors
selective for cAMP and InsP3. The unitary permeabilities to cAMP
(47 x 1073 + 15 x 1073 pm3/s) and InsP; (60 x 1073 + 12 x
1073 pm3/s) were similar, but substantially larger than the
unitary permeability to lucifer yellow (LY; 7 + 3 x 1073 pm3/s),
an exogenous tracer. This method permits quantification of
defects of metabolic coupling and can be used to investigate
interdependence of intercellular diffusion and cross-talk
between diverse signaling pathways.

In chordates, intercellular communication based on gap junctions
relies on channels formed by protein subunits of the connexin
family, whose members are named according to their molecular
mass!. Connexins have highly conserved sequences with four
transmembrane domains separating one cytoplasmic and two
extracellular loops, with cytoplasmic carboxy- and amino-terminal
ends. Each cell contributes a hexamer of connexins forming a
hemichannel, or connexon, which, in the narrow extracellular cleft,
interacts and aligns with another connexon from the adjacent cell.
Mutations in connexin genes are implicated in various hereditary
human diseases, including cardiovascular anomalies, peripheral
neuropathies, deafness, skin disorders and cataracts.

Several endogenous ions and low-molecular-weight species cross
gap junction channels, including all current-carrying anions and
cations, glycolytic intermediates, vitamins, amino acids and
nucleotides, as well as some of the more important second
messengers involved in cell signaling, such as InsP; and cAMP>.

3
1,3,4

InsP; (molecular mass, 414 Da; charge, —6) is the first and the
principal inositol phosphate that is formed by inositol lipid
hydrolysis resulting from G protein-linked receptor stimulation
of phospholipase C, and it is considered a global messenger
molecule*. InsP; molecules diffuse throughout the cell nearly
unbuffered, with diffusion coefficient D in cytoplasm on the
order of 280 pm?/s and a lifetime up to ~60 s (depending on
cell type); when they interact with specific receptors (InsPs;R)
present in the endoplasmic reticulum, Ca’" is liberated, raising
its concentration in the cytosol®.

Like InsP3, cAMP (molecular mass, 329 Da; charge, —1) is a
ubiquitous intracellular second messenger that affects cell physio-
logy by directly interacting with effector molecules, including
cAMP-dependent protein kinases (PKA), cyclic nucleotide-gated
ion channels (CNG channels), hyperpolarization-activated chan-
nels® and the guanine exchange factor EPAC’. cAMP is generated
exclusively at the plasma membrane, but its degradation can occur
throughout the cytoplasm, where its lifetime is ~60 s. The D of
cAMP has been estimated at 780 pum?/s in Aplysia sensory
neurons®, although this value is probably too high, as the D of
Ca?* (40 Da) is 790 pm?/s in water.

The intercellular transfer of ions and endogenous solutes
through gap junction channels serves a variety of specific functions.
The procedures that have gained wide acceptance in assaying the
molecular permeability of connexins, however, are dependent on
the introduction into living cells of exogenous markers, which are
then traced in their individual intercellular movements®. In an
‘exotic’ assay, the local UV uncaging of NPE-HCCC2 generates
fluorescent HCCC2 in one cell to visualize dye transfer to neigh-
boring coupled cells’. A more commonly used dye is LY (molecular
weight, 443 Da; charge, —2), whose high fluorescence efficiency
ensures its detection at minute levels. Studies based on LY and
other charged tracers, such as the Alexa series of fluorescent
probes, show clearly that the permeability profile of each connexin
channel is distinct®. As even modest selectivity at cellular junctions
could have a great effect on the strength, character and location
of the transmitted signal, the mechanisms of such discrimi-
nation are of acute biological and medical interest!. For
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similarly, for comparison. This approach

Figure 1 | Hela cell transfection and cell volume estimate. (a) Confocal fluorescence image of three Hela
cells transfected with EYFP-HCx26wt; note junctional plaques (arrows) and fluorescence puncta scattered
in the cytoplasm. Scale bar, 10 um. (b) Through-focus optical sections, taken at 0.3-um intervals, of Hela
cells cotransfected with HCx26wt and the cAMP biosensor H30; numbers on each frame are distance from
cell base in um. Scale bars, 10 um. (c) Cell area section derived from the analysis of the through-focus
sequence in b, plotted against distance from cell base. (d) Scatterplot of cell base area against estimated

cell volume for n = 17 cells in this study.

Estimated volume (um?)
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1,000 vides fast and reliable estimates of connexin
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< and permits the study of their role in the
§ 600 physiology and pathology of cell-cell
5 communication. The method can readily
§ 400 be combined with multispectral imaging of
200 other fluorescent reporters to investigate
cross-talk among signaling pathways!8.
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cells transfected with HCx26wt (Fig. 1a).
All compounds of interest were delivered
intracellularly by passive diffusion out of
patch pipettes under whole-cell recording
conditions. We monitored molecular trans-
fer between cell pairs coupled by homo-
meric HCx26wt channels with a wide-field

instance, defective permeation of cAMP through gap junctions
between adjacent cytoplasmic loops of myelinating Schwann
cells is thought to underlie certain forms of X-linked Charcot-
Marie-Tooth disease'!. However, extrapolations from dye
permeation studies present major difficulties because of the
different shapes, flexibilities, charges and charge distributions
of these molecules'®. Thus, how exactly these measurements
relate to the selective permeability of endogenous solutes
remains obscure.

Measurement of endogenous messengers’ transit has been
so far problematic mostly owing to lack of direct reporters.
For example, to compare the transfer rate of cAMP through
gap junction channels formed by different connexins, CFTR-
mediated chloride currents!?, Ca?* currents through CNG
channels and Ca’?" imaging'® are used as sensors for cAMP.
The transfer of InsP; also is usually detected indirectly'®. Using
Ca’" imaging as the readout for InsP; dynamics, we recently
demonstrated that InsP; permeability is altered in a deafness
mutant of Cx26 (ref. 15).

Here, in an effort to develop direct, quantitative and reprodu-
cible means to monitor the flux of cAMP or InsP; through
recombinant gap junction channels, we used novel ratiometric
fluorescent biosensors that exploit the phenomenon of FRET for
the quantitative monitoring of second-messenger concentrations in
single living cells in real time!®!7. Measurement of junctional
conductance, g, by the dual whole-cell patch-clamp technique,
combined with knowledge of the unitary conductance, y, of
homotypic channels formed by HCx26wt, allowed estimation of
the number of active gap junction channels, allowing the determi-
nation of the unitary—that is, single-pore—permeability coeffi-
cient, p,, for InsP; and cAMP. The flux of LY was quantified
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fluorescence microscope, directly measur-
ing cell volume, V; by digital optical section-
ing!® (Fig. 1b—d). Unless otherwise stated,
results are expressed as mean * s.e.m. and n is the number of
transfected cell pairs studied.

Unitary permeability to LY

The estimate of unitary permeability p, (see Supplementary
Methods) requires measurement of the junctional transfer rate
across the plaque (Fig. 2):

- dCz/dt

a—Q

ki

(with units of s7'). In the expression above, ¢; and ¢, indicate
intracellular concentrations in cell 1 and cell 2 after delivery of LY to
cell 1 (WCy; see Fig. 2a). Concentration has been shown to be
directly related to LY fluorescence emission intensity, spatially
integrated and divided by V (ref. 19), over a range of ~0-2 mM
(ref. 20). This range easily accommodates the values reached in cell
1 and cell 2 as a result of the pipette concentration of 440 uM used
for the LY experiments. Therefore, we drew separate regions of
interest (ROIs) on the fluorescence images along the contours of
each cell at its base, then computed ¢; and ¢, by summing the
background-subtracted intensity (gray) levels, F, of all image pixels
within each ROI and dividing the result by the volume of the
corresponding cell:

- (ZF)M/VL2

(with units of gray level per um?), where the subscript 1,2 denotes
that there are two equations of this form, one for ¢; and one for c,.
After a suitable delay, the whole-cell configuration was achieved in
the coupled cell as well (WC,; Fig. 2a), which permitted the
measurement of junctional conductance:
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@by dual whole-cell current recording (see Methods). Here, Al is

change in current elicited in cell 2 owing a voltage step A® | in cell 1
(Fig. 2b). In separate control experiments, g was stable for time
intervals that exceeded the duration of these measurements. Thus,
the microscopic parameter p (with units of pm3/s), which quan-
tifies the diffusive flow through a single channel, was computed as

pu = Vaki/(g/7)

(see Supplementary Methods), where y = 115 pS is unitary
conductance of HCx26wt channels (Fig. 2e). In the expression
above, gi/y serves as an estimate for Npqr., the number of open gap
junction channels in the plaque (see Methods). The unitary

Figure 3 | Estimate of HCx26wt permeability to cAMP in pairs of transfected
Hela cells. (a) Concentration-response curve for the cAMP biosensor H30

(n = 5 cells at each concentration). Ordinates are background-subtracted
FRET emission ratio changes AR measured from prestimulus ratio R.

(b) Average FRET ratio traces (n = 5) obtained by delivery of 120 uM cAMP to
cell 1 under whole-cell recording conditions (WC;), followed by delivery to cell
2 (WG,). (c) Intercellular conductance g; measured after achieving the whole-
cell configuration in cell 2 (filled symbols) and back-extrapolated to the
WC;-WCG, interval (open symbols). (d) Estimated unitary permeability to cAMP.

Figure 2 | Estimate of HCx26wt permeability to LY in pairs of transfected
Hela cells. (a) Average fluorescence traces (n = 3) obtained by illuminating
the field at e = 425 nm to observe LY spread (emission wavelength Aep =
540 nm). LY (0.44 mM) was delivered to cell 1 under whole-cell recording
conditions (WCy). Ordinates are LY concentration. (b) Top trace, voltage steps,
A®,, applied to cell 1; middle trace, current changes, AI,, evoked in cell 2
while holding it at a constant potential to measure junctional current

I; = -Al; bottom trace, average intercellular conductance g; = ~AI/A®;
measured after achieving the whole-cell configuration in cell 2 (WC;).

(c) Estimated unitary permeability to LY. (d) Blockade of junctional current
by CO,. (e) Conductance changes (top trace) owing to gating of a single
channel, formed by HCx26wt, after application of a transjunctional potential
difference @; = -90 mV (bottom trace); estimated unitary conductance

y = 115 pS (arrow).

permeability p, estimated from the above formula was constant
for the greatest part (interval #;—t,) of the interval between the WC,
and WG, events ( ~ 2 min), indicating that the method is internally
consistent (Fig. 2¢). In separate control experiments, LY fluores-
cence in cell 1 reached a steady state within 10 min of the WC; event
(data not shown).

We routinely applied CO, (Fig. 2d) to prove that solute
transfer occurred through gap junction channels and that
cytoplasmic bridges were not responsible for the observed fluores-
cence changes in the coupled cell’’. Throughout this study, we
retained for analysis only data sets where complete electrical
uncoupling by CO, was demonstrated at the end of data acquisi-
tion. For LY, this procedure yielded an average p, = (7 £ 3) x
1073 um?/s (n = 3).

It could be argued that binding to cytoplasmic and/or nuclear
elements?! might contribute to underestimation of permeability to
LY. Indeed, if tracer binding is appreciable and approximately the
same in both cells, the time course of this process is indistinguish-
able from free diffusion with a slower junctional transfer rate.
However, our control experiments, performed with a two-photon
microscope (see Supplementary Methods), confine excess LY
fluorescence to no more than 10% (8 * 1%, n = 3; data not
shown). This is a consequence of binding (prevalently) nuclear
structures; excluding the nucleus from the cell volume in the
computation of the p, for LY yielded a result that overlapped,
within the experimental error, that reported above.
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Figure 4 | Estimate of HCx26wt permeability to InsP; in pairs of transfected
Hela cells. (a) Concentration-response curve for the InsP; biosensor, LIBRA
(n = 5 cells at each concentration). Ordinates are background-subtracted
FRET emission ratio changes AR measured from prestimulus ratio R.

(b) Average FRET ratio traces (n = 4) obtained by delivery of 5 uM InsP; to
cell 1 under whole-cell recording conditions (WC;), followed by delivery to cell
2 (WCy). (c) Intercellular conductance g; measured after achieving the whole-
cell configuration in cell 2 (filled symbols) and back-extrapolated to the
WC,-WC; interval (open symbols). (d) Estimated unitary permeability to InsPs.

Fluorescence resonance energy transfer assay

The approach highlighted above can be adapted, in principle, to
any solute whose concentration change can be traced back to a
fluorescence measurement. To monitor optically the transfer of
cAMP (Fig. 3), we cotransfected HeLa cells with HCx26wt and a
selective ratiometric FRET biosensor, here named H30 (ref. 16). To
construct the H30 dose-response curve for cAMP, we patch-
clamped transfected cells with various concentrations of cAMP in
the pipette. We used ratiometric FRET microscopy (Supplemen-
tary Methods) to measure the steady-state levels of the back-
ground-subtracted FRET ratio signals, which were averaged and
plotted against the corresponding pipette concentration. The ECs
for cAMP in these cells, 20 pM, is close to the previously reported
value!'®, The results (Fig. 3a) also indicate that the FRET emission
ratio of the H30 biosensor accurately traced cAMP concentration in
the range from ~8 pM to ~60 uM. To monitor cAMP transfer
through HCx26wt channels, we patch-clamped HeLa cell pairs with
pipettes containing 120 pM of this messenger. To quantify p,, we
estimated the junctional transfer rate k; as

_ dRy/dt

- R1 — Rz

within a subinterval (¢;—t;) during which the ratiometric FRET
signals R, , evoked by delivery of cAMP to cell 1 (WC;; Fig. 3b)
were approximately proportional to the corresponding cAMP
concentrations ¢; 5. We then delivered the same intracellular solu-
tion to cell 2 (WC,; Fig. 3b) through a second patch-clamp pipette,
with the double purpose of appraising the sensitivity of cell 2 to
cAMP and measuring the junctional conductance g; (Fig. 3c).

We similarly assayed diffusion of InsP; through HCx26wt
channels using a recently described FRET-based molecular biosen-
sor named LIBRA!7 (Fig. 4), which showed submicromolar sensi-
tivity to InsP3, with ECs( of 0.64 pM. This estimate agrees with the

ki
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previously reported ECsq value!” and is consistent with the sensi-
tivity of the InsP3-binding domain of rat type 3 InsP; receptor?2.
According to the LIBRA dose-response curve to InsP; (Fig. 4a), the
FRET emission ratio accurately traced InsP; concentration in the
range from ~0.2 uM to ~ 1.2 pM. To monitor second-messenger
transfer through HCx26wt channels, we delivered InsP; from patch
pipettes at a concentration of 5 uM (Fig. 4b).

In these and other preliminary experiments, in which dual patch-
clamp recording conditions were maintained for >3 min, g; tended
to decline over time (Fig. 3c and Fig. 4c). Progressive closure of gap
junction channels (chemical gating??) is not surprising and can be
ascribed to metabolic state alterations resulting from the intra-
cellular solutions used in these experiments (see Methods). There-
fore, in each cell pair stimulated with cAMP or InsP;, the values of
g were back-extrapolated and, for internal consistency, p, was
estimated from the stationary values of V; k; / (gi/y) within the t,—t,
interval (starred points in Fig. 3d and Fig. 4d). Results for LY,
cAMP and InsP3 are summarized in Table 1.

DISCUSSION

Differences in LY permeability among different connexins have
been amply documented, yet the analysis is complicated by the fact
that selectivity of gap junction channels formed by different
connexins does not correlate with channel conductance>!°. Indeed,
LY has great difficulties traversing channels formed by HCx30wt,
despite the main state unitary conductance of the latter (y = 160
pS) being larger than the 7 of the closely related HCx26wt'>. The
first quantitative study of LY transfer in HeLa transfectants expres-
sing Cx43 channels (main unitary conductance y = 55 pS) set p, at
1.246 x 107 pm?/s, corresponding to the flux across a single
channel, Jpore = pulcr = ¢), of 0.75 molecule per channel per
second, driven by a concentration difference ¢; — ¢; = 1 uM;
consequently, the dye was placed in the category of relatively
impermeable?, More recent assays have reported p, values scat-
tered in a wide range, from 1.28 x 107> um?/s to 34 x 107> um?/s
(ref. 19). The reason for the data spread is unclear, but (yet
unknown) regulatory mechanisms have been proposed to affect
affinities and/or partitioning of permeant molecules into the pore.
However, the published mean permeability of Cx43 to LY, p, =
6.2 x 1072 um?/s (ref. 19), is close to our estimate for the HCx26wt
channel (Table 1), which predicts the transit of 4.2 dye molecules
per channel per second for ¢; — ¢, = 1 pM.

Table 1 | Properties of LY, cAMP and InsP; related to permeation
through HCx26wt pores

LY cAMP InsPs

Formula C13H9N509$2 C10H12N505P C6H9015P3
Charge -2 -1 -6

Molecular mass (Da) 443 329 414
Bulk diffusion coefficient (um?/s) 200° 780° 283¢
Minor crystallographic diameter (A) 8.5¢ 5.2 7.2
Volume of receiving cell, V, (um?) 1,917 + 217 1,610 + 215 2,208 + 280
Junctional conductance, g; (nS) 399 87 + 8¢ 54 + 18¢
Junctional transfer rate, k; (103 s7!) 1.1+ 0.4 23+ 12 1345
Unitary permeability, p, (1073 pm3/s) 7 + 3d 47£15¢ 60+ 124

n 3 5 4

Reference 21. PReference 8. “Reference 5. 9This work. ®Back-extrapolated, as in Figure 3c and
Figure 4c.
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On the basis of analysis of LY transit, it has been suggested that
the selectivity properties of Cx43 channels might exclude the rapid
transit of specific solutes such as cAMP and InsP; (ref. 20). In this
vein, studies of mechanically induced calcium waves in rat osteo-
sarcoma cell lines have suggested that gap junction communication
mediated by either Cx43 or Cx45 does not allow enough passage of
InsP; to elicit release of intracellular calcium stores in neighboring
cells!?. This conclusion has been challenged, for instance, by an
analysis of Ca’" wave propagation in cultures of HeLa cells
transfected with Cx43, Cx32 and Cx26, which were reported to
have similar permeabilities to the diffusing messenger®*.

Our results show substantially higher p,, for InsP3 or cAMP than
for LY in channels formed by HCx26wt (Table 1), with mean
permeability ratios >6 for both cAMP/LY and InsP5/LY. On the
basis of the direct estimate of LY accumulation within the cells, we
excluded binding to cytosolic and/or nuclear elements as a con-
founding factor in our estimate of p,. Likewise, the LY leak across
the plasma membrane in HeLa cells is less than 3% over a 15-min
interval?®; therefore, the nonjunctional permeability of LY was
insignificant in our experiments.

Notably, in the presence of a point mutation in the second
transmembrane helix, M2, of HCx26wt (valine to leucine at
position 84, V84L), both the unitary conductance and the perme-
ability to LY remain basically unaffected, whereas permeability to
InsP; decreases greatly!®. In fact, the permeant molecules studied
here have linear dimensions close to the diameter of the channel
pore, estimated from an all-atom model of the HCx26wt connexon
(see Supplementary Discussion and Supplementary Fig. 1
online), suggesting the possibility of specific interactions with
pore-lining residues. Not withstanding the obvious coarseness of
our theoretical structure, this approach has been successfully
applied to the analysis of a mutant Cx26 with threonine substituted
for methionine at position 34 (M34T)%,

It is also noteworthy that, on the basis of its size and bulk
diffusion coefficients alone, one would expect a lower p, for InsP;
than for cAMP, whereas the actual difference is not statistically
significant (Table 1). However, the maximal percentage ratio
change AR/R; recorded with LIBRA is about fourfold smaller
than that recorded with H30. Therefore, this estimate might still
be considerably improved by use of a cytosolic InsP5 sensor with
low InsP; binding affinity and increased signal-to-noise ratio®®.

It is straightforward to extend these measurements to FRET
reporters selective for cGMP?. In combination with multispectral
imaging of Ca®* fluorescent reporters, this could permit explora-
tion of the mechanisms that regulate local and intercellular diffu-
sion. Ca?*, cAMP, cGMP and InsP; fluctuations could also be
quantified in networks of coupled cells and tissues subject to
different stimuli, and under conditions where the diffusion of the
second messenger is manipulated or altered by genetic defects.

METHODS

Cell culture and transfection. We cultured a clone of HeLa cells
that was essentially devoid of connexins (see Acknowledgments)
according to standard procedures, as described?®. We transfected
cells 24 h after plating, using the Lipofectamine transfection
protocol (Gibco, Invitrogen), with a previously described EYFP-
HCx26wt fusion construct?®, to visualize gap junction plaques
(Fig. 1a). We then used this construct in experiments involving
intracellular delivery of LY, as well as in the measurement of

unitary Cx26 conductance, y, as described below. For intracellular
delivery of InsP3 and cAMP (see below), we cotransfected cells
with the pcDNA3.1 expression vector carrying the coding
region of (untagged) HCx26wt (see Acknowledgments) and an
additional expression vector carrying either the InsP; reporter
LIBRA!'” (see Acknowledgments) or the cAMP reporter CFP—
Epac(dDEP-CD)-YFP!¢ (here called H30 for brevity; see Acknow-
ledgments). Experiments were done at room temperature 24 h
after transfection.

Electrophysiology. We transferred HeLa cell cultures transfected
with HCx26wt to an experimental chamber mounted on the stage
of an upright wide-field fluorescence microscope (BX51, Olympus
Optical Corporation) equipped with an infinity-corrected water-
immersion objective (60x, 0.90 NA, LUMPlanFl, Olympus). We
continuously superfused cells at 2 ml/min in a standard extra-
cellular solution (ECS), which contained 150 mM NaCl, 5 mM
KCl, 1 mM MgCl,, 10 mM HEPES, 2 mM CaCl,, 2 mM pyruvate
and 5 mM glucose (pH 7.4). Patch pipettes were filled with an
intracellular solution (ICS) containing 120 mM potassium aspar-
tate, 10 mM tetraethylammonium chloride, 1 mM MgCl,, 10 mM
HEPES, 10 mM CsCl, 0.3 mM GTP-sodium and 3 mM
ATP-potassium (adjusted to pH 7.2 with KOH), and filtered
through 0.22-um pores (Millipore). Pipette resistances were
3-5 MQ when immersed in the bath.

To measure junctional conductance gj, we maintained each cell
of an isolated pair under whole-cell patch-clamp conditions with
one of two List EPC-7 amplifiers and kept the two at the same
holding potential, @y,. By stepping the voltage in one cell (cell 1)
while keeping the potential of cell 2 at @y, thus establishing a
15-mV transient transjunctional voltage @; = @1 — @, = Ad;, we
measured junctional current, [, directly as a change in current in
the unstepped cell (I; = -AI,) (Fig. 2b).

To detect single—gap junction channel events and thus measure
the unitary conductance, y, we transiently switched the super-
fusion medium to ECS saturated with 100% CO, to produce
carbonic acid (H,COj;). In its undissociated form, H,COj; is
membrane permeant and causes a rapid closure of the gap
junction channels (Fig. 2d). We detected the current flowing
through single gap junction channels owing to a @; of —80 to
—100 mV as discrete step-like events while the cells recovered from
cytoplasm acidification during washout of the CO, (Fig. 2e).

Intracellular delivery of permeant molecules. For molecular
transfer assays, we dissolved LY in ICS at a concentration of
440 pM. We added cAMP (120 pM, Sigma-Aldrich) to ICS
together with IBMX (100 uM, Sigma-Aldrich), a phosphodiesterase
inhibitor; dideoxyadenosine (1 uM, Calbiochem), a noncompeti-
tive adenylate cyclase inhibitor; and thapsigargin (1 pM, Sigma-
Aldrich), a blocker of the SERCA pumps. We added InsP; (5 UM,
Calbiochem) to ICS together with diphosphoglyceric acid
(3.5 mM, Sigma-Aldrich), a competitive inhibitor of InsP; phos-
phomonoesterases?® that convert InsP; into InsP,; and InsPs-
kinase inhibitor (20 uM, Calbiochem), a competitive inhibitor
of the InsP; kinase that catalyzes the conversion of InsP3 to InsP,.
All solutions were adjusted to pH 7.2 with KOH and filtered
through 0.22-pum pores.

For InsP;, we obtained recordings from cells superfused in
ECS (see above) supplemented with 200 pM suramin, a
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broad-spectrum P2Y receptor antagonist, to inhibit paracrine
amplification of InsP; signals. We tested the efficacy of suramin
in control experiments by exposing HeLa transfectants, loaded
with fura-2, to ATP (50 pM). No detectable Ca®* signals were
evoked under these conditions. Methods used for these controls
have been described previously'.

In all permeability assays, both cells were approached by pipettes
containing identical intracellular solutions and maintained in the
cell-attach configuration. A few seconds after the onset of the
recording, we ruptured the patch of membrane under the pipette
sealed to cell 1 while leaving the seal intact (whole-cell recording
conditions for cell 1, WC,), allowing the compound of interest to
fill the cell by passive diffusion from the patch pipette. To monitor
access and membrane resistance and to synchronize image acqui-
sition to electrical recordings, we used the 5-V pulse (FVAL) that
signals active exposure of the charge-coupled device (CCD)
camera used to observe the preparation. The FVAL signal was
scaled down to 15 mV and fed to the patch-clamp amplifier
connected to cell 1 (ref. 30). By the end of the recording interval,
we also established whole-cell recording conditions for cell 2
(WGC,), which permitted an assay of its reaction to direct delivery
of the compound (Fig. 2a) and measurement of g; in response to
scaled FVAL pulses (Fig. 2b,c). We then applied CO, to prove that
transfer occurred through gap junction channels. Only cell pairs
that showed complete uncoupling by the CO, (Fig. 2d) were
retained for the analysis.

In separate control experiments, we monitored g for time
intervals up to 3 min, corresponding to the duration of a
standard permeability assay. With LY in the patch pipettes,
g was constant over this time span; we therefore estimated
the number of open channels N, = gj/y in the interval between
the WC; and WC, events from the average of g in a 1-min
interval after the WC, event (excluding transients owing to
incomplete seal openings). In contrast, similar control experiments
revealed a progressive decline of g that was more pronounced
for cAMP (average rate of loss 0.37 £ 0.04 nS/s, n = 10) than
for InsP; (0.07  0.03 nS/s, n = 8). Therefore, g values collected
in a 1-min interval after the WC, event (excluding transients)
were used to extrapolate back to the WC,—-WC, interval (Fig. 3¢
and Fig. 4c).

Additional methods. A description of the theoretical framework
for the permeability assays, fluorescence imaging, measurement of
cell volumes, estimation of permeant molecule concentration and
estimation of transfer rate and unitary permeability is available in
the Supplementary Methods.

Note: Supplementary information is available on the Nature Methods website.
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SUPPLEMENTARY METHODS

Theoretical framework for the permeability assays
Let dmdenote the net molar amount of solute transferred during a time interval dt from
cell 1 to cell 2 through a gap junction plague, treated as a porous membrane of

thicknessh, pierced by small cylindrical openings (“pores’). Conservation of mass

requires that
dm
E = Npore Jpore
Equation 1

where Npore IS the number of open gap junction channels in the plague and Jyore (Mol/s) is
the net flux of solute through a single pore. According to Fick’sfirst law >2, it isequal to

Jc
J .=-A D —
pore Abore e ax

Equation 2

Where Apore IS pore section area (um?), De is the effective diffusion coefficient (um%s), ¢

is solute concentration (mol/um?®) and x (um) is spatial coordinate along the pore axis.

Assuming that
od_ ¢-¢
oX h,
Equation 3

where ¢, is concentration in cell 1 and ¢, < c; is concentration in cell 2 (ref. 2) we can re-

write Eq.2 as
‘]pore =P, (Cl _CZ)
Equation 4

where the proportionality constant is the unitary permeability, i.e. the permeability of the

single pore (in pm3/s)
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pu = Abore De/hm '
Equation 5

This is the critical parameter we sought to derive from the experiments by monitoring
optically the time course of the fluorescence changes in the injected cell (cell 1) and
recipient cell (cell 2). Due to influx through the gap junction channels, the concentration

incdl 2 increases at arate

dc, _ 1 dm
d. VvV, dt
Equation 6

where V, isthe volume of cell 2. By combining the above equations and solving for p, we
obtain

V, dc,/dt
Npe G —C, |

P, =

Equation 7

Thus the estimate of p, based on Equation 7 requires the measurement of Nyore, Vo, €1 and
C2. The methods used to perform these measurements are described hereafter.

Fluor escence imaging

To monitor optically the transfer of the injected compound from cell 1 to cell 2 we used
fluorescence imaging in combination with patch clamp recordings. Image acquisition on
the BX51 microscope was performed using software developed in the laboratory *. For
LY, illumination was set at a wavelength of 425 nm by a fast switching monochromator
(Polychrome 1V, TILL Photonics, Martinsried, Germany) and directed onto the sample
through a dichromatic mirror (440dclp, Chroma, Rockingham, VT, USA). Fluorescence
emission was selected around 540 nm using a D540/40m filter (Chroma) to form
fluorescence images on a scientific grade CCD camera (SensCam, PCO Computer
Optics GmbH, Kelheim, Germany). Image sequences were stored on disk and processed
off-line using the Matlab 7.0 software package (The MathWorks, Inc., Natick, MA,
USA), as described below.
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To quantify the error dueto LY binding to cytosolic and-or nuclear elements, we
performed control experiments taking advantage of the intrinsic optical sectioning
capabilities of our two-photon microscope (Radiance 2100, Biorad/Carl Zeiss
Microlmaging GmbH, Gottingen, Germany) powered by a Tsunami pulsed laser (Spectra
Physics/Newport Corporation, Irvine, CA, USA). HelL a cells were loaded through patch
pipettes containing 440 UM LY in the presence of an equal concentration of the dye in
the bathing solution. After equilibration of the intracellular concentration (approximately
10 min), LY fluorescence emission, excited at 835 nm in athin optical dice (thickness <
1 um), was compared to fluorescence from the surrounding medium in the same focal
plane.

For InsP; or cAMP, Fluorescence Resonance Energy Transfer (FRET) images *
were acquired by interposing a custom-made image-forming beamsplitter between the
microscope output optical port and the CCD camera. The beamsplitter was equipped with
a dichromatic mirror (515dcrx, Chroma) and emission filters (d480/40 and hg535/30,
Chroma) for CFP-YFP emission separation, following CFP excitation a 430 nm.
Sequences of image pairs were acquired synchronoudly at the two emission wavelengths
and stored on disk for off-line processing.

In all fluorescence experiments, the effects of photobleaching were rendered
virtually negligible by carefully selecting the most appropriate inter-frame interval while
controlling illumination with a mechanical shutter triggered by the FVAL signal.

M easurement of cell volumes

Immediately after the end of each intracellular delivery experiment, a through-focus
sequence of fluorescence images of the patch-clamped cell pair was acquired by stepping
the objective along the optical (z) axis of the microscope with a resolution Az of 250 nm
or 300 nm. We obtained digital confocal sections by multi-neighbour deconvolution
using a direct estimate of the microscope point-spread function (PSF), as described in
ref.3. Cell section area A in the j-th deconvolved image was measured by identifying
boundaries with the Canny edge detection algorithm ° (Fig. 1b). Finally, we computed

cell volume as

V=Az) A
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(Fig. 1c). In the population sampled in this study, cell base area A, = 500+176 um? and
volume V = 2190+594 um® (mean + standard deviation, n=17 in both cases) were not
correlated (Fig. 1d).

Estimate of permeant molecule concentration

For LY, c» were estimated from the single-wavelength background-subtracted
fluorescence emission intensities (F). For each pixel of the 12-bit CCD camera used in
this study, F is an integer number comprised between 0 and 4095 (gray levels). Since F
signals collected through a wide field fluorescence microscope, and integrated over cell
volume, are proportional to the number of fluorescent molecules in each cell ©, pixel gray
values were summed within ROIs drawn on the fluorescence images along the contours
of each cell at its base. Division by cell volume then yielded an estimate of LY
concentration in units of gray levels/ um? (see Results and Fig.2a).

For cAMP (or InsPs) FRET images at the two emission wavelengths were divided
pixel-by-pixel to generate an emission ratio at each sampled point. A well known
advantage of dual-wavelength over single-wavelength imaging is that the rationing
operation cancels out most or al of the possible variability due to the instrument
efficiency and content of the fluorescent molecular sensor ‘. Thus the ratio of the
fluorescence emission images yields a non-linear function of the cAMP (or InsP;)
concentration within the cell. Average ratio values for the FRET signals were obtained by
encompassing the image of each cell within a ROI drawn along the contours of the cell
base, and averaging pixel ratios within each ROI. To calibrate these spatially averaged
ratio signals, R, known amounts of CAMP (or InsP;) were delivered to single transfected
Hel a cells through patch pipettes filled with the same solutions used for the permeability
assays. Dose-response curves (Fig. 3aand Fig. 4a) are shown as ratio changes,

AR=R-R
VS. pipette concentration. Here R, is pre-stimulus ratio, measured prior to achieving the
whole-cell configuration (1.11+0.01, n = 6 LIBRA transfectants; 0.81+0.05, n = 6 H30
transfectants). The steady-state R values used for the dose-response curves were obtained
by maintaining the whole-cell configuration for a time long enough to permit

equilibration with the pipette content by passive diffusion. This time varied between few
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minutes (at saturating concentrations) to more than 10 minutes (at the lowest
concentrations).  Throughout this process, cell viability was monitored
electrophysiologicaly by verifying that access resistance, membrane resistance, cell
capacitance and zero-current potential stayed within 10% of their initial values. Only
cells meeting these multiple criteria were retained for the analysis. Dose-response data at

each concentration are averages of n> 5 cells.

Estimate of transfer rate and unitary permeability

Knowledge of the dose-response curves permits to estimate the unitary permeability p, by
converting FRET ratios Ry, to the corresponding concentrations ¢;, of Equation 7.
Mathematically, thisis equivalent to inverting the dose-response function, but in practice
this operation is subjected to controllable errors only in alimited range near the inflection
point, where approximate proportionality between ¢ and R occurs. Thus unitary

permeability was computed as
P, :V2kj/gj/7
where k; indicates the junctional transfer rate that was estimated as

K = dr, /dt
" R-R,
Since p, is a constant, internal consistency implies that the only data which ought to be

retained for the analysis are those acquired during a sub-interval (t, t2) of the recording

period in which the time derivative of
v,k /9;/7
approaches zero (starred pointsin Fig. 3d and Fig. 4d).
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SUPPLEMENTARY DISCUSSION

Structural models of HCx26wt and per meant molecules
To gain further insight into the permeation mechanism, we constructed an atomic model
of the transs-membrane portion of the HCx26wt connexon (Supplementary Figure 1)
starting from the Co. model of mouse Cx32 *. Molecular dynamics (MD) simulations
were used to achieve structural relaxation of the model, in which the tilting of the pore-
lining o helices is responsible for the narrowing of the pore at the boundary with the
extracellular gap (Supplementary Figure 1, b), with amajor diameter 2a~ 17.5A.
Diffusion through porous membranes can been modelled by an equation due to
Renkin 2, which predicts

2 2 3 5
p,=D”2 (1—ij -{1— 2.1(1j+2.09[1j —0.95(% }
AX a a a a

Herer is molecular radius, D is diffusion coefficient in the bulk (see Table 1, main text)

and Ax is pore length (9 nm in our model, based on Ref. 3). The above equation has been
tested experimentally for r/a values in the range from ~0.05 to ~0.32 *. The minor
crystallographic diameter of CAMP, 2r =~ 5.2 A (Supplementary Figure 1, ¢), is such that
rla = 0.3 and the prediction is p, = 44.1x10° pm®/s, close to our experimental estimate
(47+15 x10° um*/s). We refrained from extending these considerations to InsP; or LY,
for which r/a= 0.41 and 0.49, respectively.

Computational details

The atomic model of the trans-membrane (TM) portion of HCx26wt connexon was
constructed on the basis of the Co. model of mouse Cx32 reported by Fleishman et al. *
(PDB entry code 1TXH). The sequence of HCx26wt was aligned to that of the Cx32
using T-COFFEE ° and the coordinates of the matching Co. atoms were mapped.
Additionally, charged residues next to the TM segments were added to consider
electrostatic interactions that may potentially modify the conformation of the molecule.
The fina TM fragments in the HCx26wt subunits corresponded to: Serl9 to Glu42
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(TM1), Arg75to Ala96 (TM2), Leul32 to Va153 (TM3) and Glul87 to Leu209 (TM4).
After Co. mapping from Cx32 to HCx26wt, all the atoms of the amino acids were added
using their canonical conformation with the XLEAP module of the AMBER 8.0 software
suite (http://amber.scripps.edu/). All chains were capped with N-methyl and acetyl
groups, respectively, in order to avoid the spurious effects of terminal zwitterionic
charges. This protocol yielded an atomic model with alarge number of steric clashes and
internal tensions that were relaxed using energy minimization (EM) and MD. Simulations
were performed in the presence of implicit solvent with the Generalized Born approach °
as implemented in AMBER 8.0 using the Amber94 force field ’. A cutoff distance of 18
A, a st concentration of 0.15 M and a dielectric constant of 78 were adopted. The
simulations used the Amber94 force field keeping the temperature at 100 K using
Langevin dynamics with a collision frequency of 2 ps™. The shake algorithm was used to
constraint all the chemical bonds. After full EM, the system underwent 50 ps MD with
harmonic constraints applied on the Co. carbons. During this time interval, the positional
constraints were decreased from 1 [kcal/mol-A?] to 0. Subsequently, 450 ps of free MD
were performed. The stabilization of the root mean square deviations (RMSD) from the
initial positions measured on the Co atoms was taken as a criterion for structural
relaxation of the model. RMSD reached stabilization after 250 ps, thereafter oscillating
around a value of about 3 A 8 The diameter of the pore (17.5 A) was measured on a
structure averaged over the last 100 ps and fully minimized.

The molecular structures of InsP; and cAMP (in its anti conformation), were
obtained from the PDB structures 1N4K ° and 1Q50 *°, respectively. Since the structure
of LY has not yet been solved by experimental techniques, structural models were
constructed using WebLab ViewerPro (Accelerys). Molecular graphics and measures

were performed with VMD .
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SUPPLEMENTARY FIGURE 1

Supplementary Figure 1 Structural models of

the HCx26wt connexon and permeant
molecules. (a) Extracellular view of the
atomistic model of the transmembrane part of
the HCx26wt connexon. The differently
colored ribbons indicate the diverse connexin
proteins forming the connexon. Only heavy
atoms are shown for visual clarity in line
representation. Residues Met151 and Tyr152
that determine the maximum constriction belt

are depicted with thick lines. The white dashed
line indicates the dissection surface of the cross
section of the model, shown in (b). (c)
Molecular structures of LY, InsP; and cAMP
(from top to bottom). The structures of the
protein complex and permeating molecules are
presented at the same scale to provide a
comparative view. Minimal dimension are
shown beside each molecule.





