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Abstract

Connexins form the gap junctional channels that mediate cell-to-cell communication, and also form hemichannels present
at the plasma membrane. Hemichannels are permeable to small hydrophilic compounds, including molecules involved in
autocrine and paracrine signaling. An abnormal hemichannel opening causes or contributes to cell damage in common
human disorders (e.g., cardiac infarct, cerebrovascular accidents, deafness, skin diseases, and cataracts) and is therefore a
potential pharmacological target. The discovery of useful hemichannels inhibitors has been hampered in part by the lack
of suitable high-throughput functional assays. Here, we developed and characterized an assay useful to assess the function
of hemichannels formed by human connexins expressed in a genetically modified Escherichia coli strain. The LB2003 cells,
devoid of three key K* uptake transport mechanisms, cannot grow in low-[K*] medium, but expression of Cx26, Cx43, or
Cx46 rescues their growth defect (growth complementation). We developed a protocol for a simple, inexpensive, easily
scalable, reproducible, and sensitive assay that should be useful for the discovery of new and better hemichannel inhibitors
based on the analysis of small-compound libraries.
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Introduction to study HC properties, but are not readily amenable to screen
large chemical libraries due to their complexity and cost.

We recently reported that human connexin 26 (Cx26)
HCs can be functionally expressed in Escherichia coli and

& b of g 1Is. dock head to head to f made a preliminary report of a novel growth complementa-
om each o two adjacent Se s, dock head to head to form a tion assay using the E. coli strain LB2003 as host.'* LB2003
gap junction channel (GJC)'. HCs and GJCs are permeable to

small hydrophilic molecules.' HCs are involved in physiologi-
cal processes such as autocrine and paracrine signaling, pro-
viding a pathway for efflux from cells of molecules such as
ATP, NAD', glutamate, and prostaglandins.** HCs are also
important in the pathophysiology of important disorders (e.g.,

There are 21 human connexin isoforms that belong to the fam-
ily of gap junction—forming channels.' Six connexin subunits
oligomerize to form a hemichannel (HC), and two HCs, one

cells are devoid of three K" uptake systems, Kdp, Kup, and
Trk, and as a result cannot grow in low-[K ] medium.'*"
The inability of LB2003 to grow in low-[K'] medium can
be rescued by supplementing the medium with [K'] or by
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Figure 1. Properties of the host cells used for the growth complementation assay. (A) Schematic representation of the LB2003
cells. Their lost growth phenotype in low-[K"] medium and rescue by K* or expression of K*-selective channels. (B) Dependence of

LB2003 growth on [K']. OD,,

medium supplemented with K" as indicated, and OD

absorbance measured at 600 nm. The calculated EC,; was 21 | mM. Cells were grown in Na" liquid
was measured after 18 h incubation at 37 °C. At lower temperatures, 25 and

30 °C, the cells did not grow at [K*] of up to 15 mM. Data are means = SEM from three independent experiments.

transforming the cells with K'-selective ion channels (see
Fig. 1A)."'""® In our brief report, we showed that expres-
sion of human Cx26 can also complement the lost-growth
phenotype in low-[K'] medium." Here, we evaluated the
HC E. coli-based functional assay in detail and show that it
can be applied to three different connexin isoforms (Cx26,
Cx43, and Cx46) and has the potential for HTS.

Materials and Methods

Molecular Biology

The human Cx26, Cx43, and Cx46 DNAs were synthesized
by GenScript (Piscataway, NJ). The experiments were car-
ried out in accordance with the Texas Tech University
Health Sciences Center (TTUHSC)-approved guidelines,
and the experimental protocols were approved by the
TTUHSC Recombinant DNA Biosafety Committee. The
plasmid for expression of Cx26 was described recently.'
Basically, we used a partially optimized DNA coding for
wild-type human Cx26 fused to a poly-His tag (six His) at
the C-terminal end. The tag was preceded by a TEV prote-
ase cleavage sequence. This DNA, subcloned into the
Ncol/HindlII sites of pQE60 (Qiagen), was used for all the
experiments shown here, and is referred to as Cx26 (pQE-
Cx26 plasmid; see Supplementary Information). The pQE-
Cx26 plasmid was used to drive expression of Cx26, from
which we purified active HCs.'"* The G45E and D50N
mutants were generated from pQE-Cx26 by site-directed
mutagenesis. The human Cx43 and Cx46 DNAs with a
C-terminal poly-His tag were also cloned into the
Ncol/HindlII sites of pQE60. The human Cx43 and Cx46

DNAs used were optimized for E. coli expression (see
Supplementary Information), but pilot results also showed
complementation with the original Cx43 human sequence.
As positive control for the growth complementation assay,
we used the plasmid pJ404 containing the DNA of a
Methanocaldococcus janaschii voltage-gated potassium
channel (MVP) with a poly-His tag (Mj0139-PJ404)."

Bacterial Strain

The strain of E. coli LB2003, used as host for the growth
complementation studies, was generously provided by Dr.
E. P. Bakker (Osnabriik University, Germany). LB2003
cells are devoid of three key K transporters (Atrk, Akup,
andAkdp strain).'>!'” They were transformed with pREP4, a
plasmid that confers kanamycin resistance, and were stored
as a 25% glycerol stock at —80 °C.

Growth Complementation Assay

Freshly prepared competent LB2003 containing the pREP4
plasmid were transformed with Mj0139-PJ404 (plasmid
carrying the coding sequence of the hyperpolarization-
activated K* channel MVP), pQE60 (empty plasmid [EP]),
PQE-Cx26 (human Cx26 DNA into pQE60), or pQE-Cx43
(human Cx43 into pQE60). These cells were grown over-
night in Luria-Bertani (LB) medium (Becton Dickinson,
Franklin Lakes, NJ) supplemented with 100 mM KCI and
0.4 mg/mL ampicillin (pQE-60 confers resistance to ampi-
cillin). The cells were grown overnight at 37 °C with shak-
ing at 250 rpm, and were harvested at ~16 h. Cell pellets
were washed four times in Na' liquid medium (NLM) to
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remove any residual potassium from the LB medium, and
diluted with the desired growth medium to an optical den-
sity measured at 600 nm (OD, ) of 0.2. For the growth
assays, we used two defined media, NLM and K" liquid
medium (KLM). NLM contained 46 mM Na,HPO,, 23 mM
NaH,PO,, 8 mM (NH,),SO,, 0.4 mM MgSO,, 0.012 mM
FeSO,, 1 mM sodium citrate, 44 mM glucose, and 0.006
mM thiamine hydrochloride, with 0.4 mg/mL ampicillin,
pH 7.0. KLM was identical to NLM except for the equimo-
lar replacement of Na* with K*. For growth complementa-
tion by Cx26 and Cx43 in low-[K '] medium, we used NLM
+ 4 mM KCl and NLM + 8 mM KCl, respectively. These
[K'] values gave the best assay signal-to-noise ratios.
LB2003 cells transformed with EP and MVP were used as
negative and positive controls, respectively. Expression of
Cx26 and MVP was induced with 0.5 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) at time zero (the time of dilu-
tionto OD, = 0.2). We found that growth complementation
by Cx43 expression worked better after induction with 10
uM IPTG. Transformed cells in the appropriate growth
medium were seeded in 24-well plates (931565-G-1X,
Thompson Scientific Co., Oceanside, CA) with 3 mL of
sample per well, and the plates were incubated at 30 °C,
with shaking at 250 rpm. The initial OD, = 0.2 was sub-
tracted for growth calculations. For the experiments with
96-well plates (Falcon 353072, Corning Inc., Corning, NY),
the conditions were similar, except that a volume of 200 pL/
well was used, and OD ) was measured on a plate reader
(Synergy 4, BioTek, Winooski, VT). In all cases, we used
84 wells for experiments, with the remaining wells filled
with culture medium alone as an internal control of path
length variability. KLM was used to assess the toxicity of
HC inhibitors in the host cells transformed with pREP4.

Assessment of Bacterial K™ Content

LB2003 cells transformed with PQE60 or pQE-Cx26 were
grown under the conditions of the complementation assay
described above (medium with 4 mM [K]) for 18 h. Then,
the cells were pelleted, resuspended to an OD; of 1.3 in
ice-cold NLM, and pelleted by centrifugation at 4 °C in pre-
weighted tubes. After determination of the wet weight, the
pellets were resuspended in 20 mL of a buffer containing
0.5 mg/mL lysozyme in 150 mM NaCl and 20 mM Tris/
HCI, pH 7.5. After 1 h incubation at room temperature with
gentle rotation, lysis was completed on a homogenizer
(EmulsiFlex-C3, Avestin, Ottawa, ON). The lysate was cen-
trifuged at 4 °C for 1 h at 100,000g, and [K '] in the super-
natant was measured with a K'-selective electrode.

Western Blots

Recombinant protein expression was assessed from Western
blots of cell lysates (MVP) or membranes (Cx26 and Cx43)
using antibodies against the His tag (anti-Hexa-His,

GenScript). Cx26 purified from insect cells'* was used as a
control to assess levels of expression of Cx26 and Cx43 in
bacteria. An Odyssey Infrared Imager (Li-Cor Biosciences,
Lincoln, NE) was used for the detection of the secondary
antibody goat-anti-mouseAlexa Fluor 680 (Life Technologies,
Grand Island, NY).

Statistics

Data shown are means = SEM or SD, as indicated.
Statistically significant differences were calculated by the
Student ¢ test for unpaired data or one-way analysis of vari-
ance (ANOVA), as appropriate. The Z' factor was calcu-
lated to assess the potential for scalability of the Cx26
complementation assay for high throughput. The Z' factor
can take into account the day-to-day and well-to-well vari-
ability of the sample (e.g., Cx26) and control (e.g., EP) and
is frequently used to test the quality of the assay.”’ Z’ was
calculated as Z' =1 — (30, + 306 )/|u, — p |, where 6 _and o,
are the standard deviations and p_ and p _ are the means of
sample (s) and control (c), respectively. Unless stated other-
wise, data correspond to three independent experiments
(three repeats per experiments).

Results

Growth Complementation by Cx26 and Cx43

It is well established that LB2003 cells do not grow in
media with low [K'],"'"?' but before assessing growth
complementation we needed to determine the [K'] growth
dependence in NLM supplemented with K. NLM is a nom-
inally K'-free defined medium. Figure 1B illustrates such
dependence, and shows that there is essentially no growth at
[K'] values of 10 mM or lower, with 50% of the maximal
growth at 21 mM [K'].

We recently demonstrated growth complementation in
LB2003 cells by expression of Cx26.'* Here, we aimed at
optimizing the protocol and determining whether the growth
complementation assay also works for other connexin iso-
forms. For the Cx26 studies, we found that NLM supple-
mented with 4 mM K" and 0.5 mM IPTG worked very well
because under these conditions, LB2003 cells that were not
transformed (growth relative to Cx26 = 0.06 + 0.02) or were
transformed with the EP did not grow (Fig. 2A, open cir-
cles). Figure 2A shows the time dependence of the growth
measured at 30 °C in cells expressing Cx26 (filled circles).
Cx26 and Cx43 are among the most dissimilar connexins,'
and accordingly, we needed to optimize the Cx43 assay.
Early studies showed erratic results when the IPTG concen-
tration used for induction was the same as that used for the
Cx26 growth complementation (0.5 mM). Analyses of
experiments at different IPTG concentrations indicated that
the assay worked better using 10 uM IPTG. Although we
did not study the reason for the reduced growth at higher
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Figure 2. Growth complementation by connexins. (A) Time course of the growth complementation by Cx26. LB2003 cells were grown
at 30 °C in NLM + 4 mM K" and 0.5 mM IPTG. No Cx26, cells transformed with the empty pQE60 plasmid; Cx26, cells transformed

with pQE-Cx26; OD

oo absorbance measured at 600 nm. (B) Time course of the growth complementation by Cx43. LB2003 cells were

grown at 30 °C in NLM + 8 mM K" and 10 pM IPTG. No Cx43, cells transformed with the EP; Cx43, cells transformed with pQE-Cx43.
(C) Growth complementation in cells transformed with the EP or the plasmids containing sequences coding for the K* channel MVP

or Cx26. Growth was normalized to the value measured in Cx26-expressing cells grown at 30 °C. (D) Connexin expression. Western
blots probed with an anti-His tag antibody. Blot on the left: Lysate of cells transformed with the EP pJ404 (EP) or Mj0139-P}404 (MVP).
The arrows on the right point to the MVP monomer and tetramer. Blot on the right: Membranes from cells transformed with the EP
pQE60 (EP; 46 g), pQE-Cx26 (Cx26; 46 pig), or pQE-Cx43 (Cx43; 60 pg). Pur Cx26, recombinant Cx26 purified from insect cells”
(1:0.4 pg; 2:0.6 pg). The arrows on the right point to the Cx26 monomer and oligomers. The numbers on the left correspond to selected
molecular weight markers. For all panels, data are means £ SEM from three independent experiments.

IPTG concentrations, it is conceivable that high expression
of Cx43 HCs (nonselective large channels) with higher
IPTG concentrations can have toxic effects that result in
reduced cell growth. Figure 2B shows the time course of
the growth complementation by Cx43 in NLM supple-
mented with 8 mM K" and 10 uM IPTG. As was the case for
Cx26, growth reached a plateau at ~18 h (Fig. 2B, closed
circles). Since one of our aims was to simplify the assay for
eventual scaling up to an HTS format, based on the data in
Figure 2A B, we decided on 18 h incubation for the single-
point assay. The 18 h data in Figure 2C show growth com-
plementation by Cx26 and the hyperpolarization-activated
K" channel MVP (the positive control). The growth in cells
transformed with pQE60 (EP; negative control) was mini-
mal, if any. The Western blots showing anti-His antibody

reactive bands (Fig. 2D) confirmed the expression of MVP,
Cx26, and Cx43, as expected, and consistent with our previ-
ous report on human Cx26 expressed in bacteria."* The
major Cx26 and Cx43 bands ran at the expected sizes for
the monomers (oligomers are also evident, especially for
Cx26; pointed at by arrows), whereas the positive control
MVP ran as a monomer and tetramer.'® Expression of Cx43
was higher than that of Cx26, which is consistent with the
increased growth complementation (Fig. 2B vs. Fig. 2A).
There were no immunoreactive MVP, Cx26, and Cx43
bands in the samples of LB2003 cells transformed with EP
(Fig. 2D).

From the results in this section, we decided on the fol-
lowing conditions for the Cx26-mediated growth comple-
mentation assay: single measurement 18 h after the cells
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Figure 3. Increased K* content in LB2003 cells expressing
Cx26. LB2003 cells grown at 30°C in NLM + 4 mM K" and

0.5 mM IPTG were harvested, resuspended in NLM, and

lysed. The [K'] in the lysate was measured with a K’-selective
electrode, and the data are presented as K* content per gram
of wet weight (mean + SEM, n = 3 independent experiments).
EP, cells transformed with the empty pQE60 plasmid; Cx26,
cells transformed with pQE-Cx26; A, difference between Cx26
and EP. The difference between the Cx26 and EP values was
statistically significant (p < 0.01).

were grown at 30 °C in NLM supplemented with 4 mM
KCl, 0.4 mg/mL ampicillin, and 0.5 mM IPTG, with shak-
ing at 250 rpm. For the Cx43 assay, the conditions were
similar, except that [KCI] was 8 mM and IPTG was 10 pM.
Although we did not optimize the assay for Cx46, LB2003
cells transformed with Cx46 DNA grew after 18 h to an
0D, of 1.18 £ 0.06 (n = 3; p < 0.001 vs. cells transformed
with the EP). These results suggest that the basic protocol
can be easily adapted to probe HCs formed by different con-
nexin isoforms.

The growth complementation of connexin-expressing
LB2003 cells grown in low-[K'] medium is likely the result
of K" influx through HCs. This seems to indeed be the case
because the K* content of LB2003 cells expressing Cx26 was
higher than that of cells transformed with the EP (Fig. 3).
Assuming an intracellular water volume of 0.45 mL/g wet
weight,” the increased K content corresponds to a differ-
ence in intracellular [K'] of 26 = 3 mM.

Effects of HC Inhibitors and Cx26 Mutations
on the Growth Complementation Elicited by
Connexin Expression in LB2003 Cells

The studies in the previous section strongly suggest that the
growth in low-[K'] medium of LB2003 cells expressing
connexins is the result of K" influx through HCs. To
strengthen this notion, we tested the effects of known HC
inhibitors and Cx26 mutations that display abnormal regu-
lation by Ca*". Figure 4A shows that the HC inhibitors

2-aminoethoxydiphenyl borate (2-APB) and 1-octanol and
divalent cations commonly used to inhibit connexin HCs*
reduced the grow complementation elicited by Cx26. At the
concentrations used (see legend to Fig. 4A), none of the
inhibitors displayed toxicity, as demonstrated by the
absence of an appreciable effect in the growth of LB2003
cells in high-[K'] medium. Growth as a percentage of the
control value in the absence of 2-APB, octanol, or divalent
cation addition was: 50 uM 2-APB =92 + 1%, 1 mM 1-octa-
nol =96 + 1%, 1 mM Ca®" =100 = 1%, 20 mM Mg”" = 104
+ 1%, and 100 uM Zn*" = 99 + 1% (n = 3 independent
experiments for each condition).

The LB2003 cells that we used are kanamycin resistant
because of their transformation with the pREP4 plasmid (see
Materials and Methods); kanamycin A had no effect on
LB2003 cells grown in KLM; growth in 150 uM kanamycin
A was 105 £ 3% of the value in the absence of the aminogly-
coside (n = 3; no significant difference). Since it has been
recently shown that aminoglycosides inhibit connexin
HCs,*** we tested for inhibition of growth complementa-
tion by Cx26 and Cx43 by kanamycin A. As expected for an
effect mediated by HCs, kanamycin A inhibited growth
complementation by Cx26 and Cx43 (Fig. 4B). The calcu-
lated IC,, for cells expressing Cx26 was 7.2 & 0.4 uM (Hill
coefficient of 1.0 + 0.2), and for cells expressing Cx43 was
49 + 3 uM (Hill coefficient of 1.9 = 0.2). Kanamycin A (150
uM) had no effect on MVP-dependent growth complemen-
tation; growth in cells expressing MVP was 105 + 3% of the
value in the absence of the aminoglycoside (n = 3; no signifi-
cant difference).

Since in most experiments we used human Cx26 fol-
lowed by a His tag preceded by a cleavage sequence for the
TEV protease (catalytic domain of the nuclear inclusion a
protein of the tobacco etch virus), we performed control
experiments using a plasmid with the Cx26 sequence with-
out any tags. Transformation with this plasmid produced
growth complementation equivalent to that by our tagged
Cx26, with an IC, | for inhibition by kanamycin A of 7.2 +
2.2 uM, indistinguishable from that in cells expressing our
tagged Cx26 (see above). Overall, these results demon-
strate that our assay can be used to screen for HC inhibi-
tors, and that it has sufficient sensitivity and reproducibility
for concentration—response studies.

We also studied the growth complementation by two
Cx26 mutants, G45E and D50N. These mutants display low
sensitivity to Ca®" inhibition.?*** Addition of 0.35 mM or 1
mM CaCl, to the nominally Ca*'-free medium in cells that
express Cx26 reduced growth complementation by ~60%
and 90%, respectively (Fig. 4C). In cells expressing the
G45E mutant the effect of Ca’" was absent (Fig. 4C),
whereas in those expressing the DSON mutant, 0.35 mM
Ca’" had no effect and 1 mM Ca’’ reduced growth comple-
mentation by only ~40% (Fig. 4C). In summary, mutations
known to form functional HCs with low response to extra-
cellular Ca** produced growth complementation with low
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Figure 4. Effects of connexin HC inhibitors on Cx26-dependent growth complementation. (A) Reduction in growth
complementation by connexin HC inhibitors in LB2003 cells expressing Cx26. Cells were grown in NLM + 4 mM K" at 30 °C without
any additions (), or in medium supplemented with 50 uM 2-aminoethoxydiphenyl borate (APB), | mM I-octanol (Oc), | mM Ca**
(Ca), 20 mM Mg?* (Mg), or 100 uM Zn®* (Zn). All inhibitor values were statistically different from control (p < 0.003). (B) Inhibition
of connexin-dependent complementation by kanamycin A. Lines are the fits of the Hill equation to the data (see values in the text).
(€) Reduced inhibition by Ca®* in cells expressing Cx26 mutants. The effects of 0.35 and | mM CaCl, were tested in cells expressing
Cx26 or the Cx26 mutant G45E or D50N. The effect of Ca®* in the mutants was significantly smaller from that in cells expressing
Cx26 (0.35 mM Ca®*, p < 0.001 vs. Cx26 for G45E and D50N; | mM Ca**, p < 0.04 and p < 0.001 vs. Cx26 for G45E and D50N,
respectively). For all panels, growth was normalized to the average value in Cx26-expressing cells under control conditions, and data

are means * SEM (n = 3 independent experiments).

sensitivity to Ca®"; that is, the mutants elicit growth comple-
mentation with the response to Ca”" that is expected from
their known properties in eukaryotic cells.”**

Growth Complementation Assay for HTS

As mentioned in the introduction, there are no HC assays that
are easily amenable to HTS scaling. Since our assay has a
low cost and is simple and robust, we performed a basic anal-
ysis to determine its potential for HTS. We studied three con-
ditions: (1) LB2003 cells transformed with EP as negative
control (no growth), (2) LB2003 cells transformed with pQE-
Cx26 (Cx26; growth complementation by Cx26), and (3)
same as the previous condition, but in the presence of 10 uM
kanamycin A (Cx26 + kanamycin A; ~50% inhibition of
growth complementation by Cx26). For each condition, we
run a full plate (24 wells) simultaneously, three separate days
(Fig. 5A). The Z' factor is a commonly used statistical param-
eter to assess the quality of an HTS assay.” It is a dimension-
less parameter with a value between —o and < 1 that takes
into account the data variation of the sample (Cx26) and
background (EP). An assay with Z' > 0.5 is considered excel-
lent, values between 0 and 0.5 point to a marginal assay that
requires optimization, and assays with Z' < 0 are not suitable
for HTS.*” With a Z' of 0.8, our assay has great potential for
HTS. The Z' value calculated using the Cx26 + kanamycin A
sample (~50% inhibition) was 0.6, also an excellent value. It
is also important to note that DMSO, a common solvent of
small-compound libraries, did not inhibit growth complemen-
tation by Cx26. In fact, at the highest concentrations tested,
DMSO increased the signal-to-background ratio of the
HC-dependent complementation, suggesting that addition of

DMSO to our basic assay medium may have a beneficial
effect on the assay performance. The growth relative to
Cx26 was 1.00 + 0.02, 1.10 + 0.03, 1.30 + 0.04, and 1.68 +
0.07 in the presence of 0.1%, 0.5%, 1%, and 2% DMSO,
respectively (n =3 independent experiments for each condi-
tion). This lack of inhibition by DMSO should allow for
testing of high concentrations of compounds from small-
compound libraries. These results support the use of our
assay for HTS and also indicate that the assay can easily
detect compounds that elicit partial HC inhibition.

To test for scalability of the assay, we determine the Z'
factor from experiments in 96-well plates (Fig. SB). In two
experiments, one plate contained LB2003 cells transformed
with EP and the other plate cells transformed with pQE-
Cx26, whereas in a third experiment, half of the plate con-
tained LB2003 cells transformed with EP and the other half
cells transformed with pQE-Cx26. The calculated Z' factor
from the three independent experiments was 0.75, strongly
suggesting easy scalability of the assay.

Discussion

Abnormal opening of connexin HCs is implicated in many
disorders, which makes HCs an attractive target for therapy.
“Leaky” HCs have been proposed or demonstrated to have a
role in the pathophysiology of disorders of the heart (e.g.,
cardiac infarction and arrhythmias), nervous system (e.g.,
cerebrovascular accidents, oculodentodigital dysplasia, and
Charcot—Marie—Tooth disease), skin (e.g., forms of keratitis,
keratodermia, and ectodermal dysplasia), and the eye (cata-
racts).” Currently, dye uptake and electrophysiology are the
most commonly used methodologies to assess connexin HC



Krishnan et al.

141

2 Cx26

5 Cx26 +
kanamycin

o EP

0 6 12 18 24
well number (by column, then by row)

B
1.2 4 o . . .
SSRGS Toxe
_E 084 % .. * ° .
g o
O 0.4 -
0.0 - s EP

0 28 56 84
well number (by column, then by row)

Figure 5. Evaluation of assay performance. (A) Studies in
24-well plates. EP, cells transformed with the EP; Cx26, cells
transformed with pQE-Cx26; Cx26 + kanamycin, same as Cx26,
but in the presence of 10 pM kanamycin A. The calculated Z’
factors for Cx26 vs. EP and Cx26 + kanamycin A vs. EP were
0.8 and 0.6, respectively. (B) Studies in 96-well plates. The
calculated Z' factor for Cx26 vs. EP was 0.75. Experiments were
performed under the same conditions in each of the wells of

a plate. For each condition, the experiment was repeated in
different days (each experiment is shown in a different color). In
two sets of EP and Cx26 experiments in 96-well plates, values
from 84 wells were measured (red and blue), whereas values
from 36 wells were determined in the third experimental set
(yellow). The remaining wells were used for volume and path
length variability estimates. Growth was normalized to the mean
in Cx26-expressing cells under control conditions. The symbols
on the right denote means * SD; SDs smaller than the size of
the symbols are not shown.

function."" These methodologies pose barriers for HTS
because of their complexity and scaling-up cost. The assay
presented here is simple, inexpensive, and robust, and has
high potential as an HTS platform.

LB2003 is an E. coli strain with deletion of three K
uptake systems (Kdp, Kup, and Trk)."*'"> As a result,
LB2003 cells do not grow in low-[K ] medium, but grow in
high-[K"] medium, or in low-[K'] medium if the cells are
transformed for expression of recombinant K'-selective
channels (growth complementation).'>'” K" is necessary for
E. coli growth because of its involvement in maintaining
turgor pressure, activation of enzymes, and intracellular pH
regulation. Our previous data strongly suggested that human
HCs expressed in LB2003 cells are able to complement cell

growth, as the K "-selective channels do.'* This was expected
because they provide a pathway for K' influx, although it
was not obvious because these “large” and poorly selective
channels can also have deleterious effects on the cells (e.g.,
depolarization and alterations in metabolite homeostasis).
Because of the presence of a favorable electrochemical
driving force and the permeability of HCs to K', it is rea-
sonable to assume that growth complementation is the
result of K" influx. This notion is supported by the increased
K" content of Cx26-expressing LB2003 cells grown in 4
mM [K'] compared with cells that do not express Cx26.

The results presented here confirmed our previous obser-
vation of growth complementation by expression of Cx26,
and added the following: (1) Demonstration of growth com-
plementation by Cx43 and Cx46. This is a very important
addition because Cx26 and Cx43/Cx46 are some of the
most dissimilar connexin isoforms.! Therefore, it seems
likely that our growth complementation assay can be
used to assess the function of HCs formed by most or all
connexin isoforms. (2) Demonstration that the connexin-
dependent growth complementation is the result of the
expression of functional HCs. Two lines of evidence sup-
port this conclusion. The first line is the effects of known
HC inhibitors. Growth complementation was sensitive to
known HC inhibitors: the poorly selective divalent cations
(they also affect the function of many other proteins),’
2-APB and 1-octanol,” and the more selective aminoglyco-
sides.”*?> The second line of evidence is the alterations in
growth complementation by Cx26 mutants. Cx26 mutants
that display specific regulatory alterations show growth
complementation that has the corresponding properties.
The Cx26 mutants G45E and D5ON form functional HCs
that display low Ca®" sensitivity.”**® The expression of
G45E and D50N in LB2003 confers growth complementa-
tion, as expected from the formation of functional HCs by
these mutants,”**® but its sensitivity to Ca®>" was altered. In
cells expressing wild-type Cx26, the decrease in growth
complementation was ~60% and ~90% in response to 0.35
and 1 mM CaCl,, respectively, whereas the reduction was
absent (LB2003 cells expressing G45E) or reduced (absent
in cells expressing D50N at 0.35 mM Ca”" and ~40% at 1
mM Ca®") in cells expressing the mutants.

It is important to keep in mind that the assay presented
here is simple, inexpensive, and can be scaled up for HTS,
but is not designed to study HC function in detail. The read-
out of the assay is based on a measurement of a phenome-
non (bacteria growth) that depends on HC function, but is
not a direct function of it (as opposed to HC currents and
solute transport). The functional HCs allow K influx,
which is required for cell growth, but we do not know the
degree of HC inhibition needed to reduce K" sufficiently to
inhibit growth. We expect that our assay will be useful for
HTS, but that does not mean that it will not miss potential
inhibitors for a variety of reasons, such as limited access to
the periplasmic space because of the presence of a cell wall,
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incompatibility with growth medium, indirect effects that
need proteins present in mammalian cells that are absent in
bacteria, and HC inhibition that is insufficient to lower intra-
cellular K to the level needed to reduce cell growth. The HC
function assay presented here can be used as a low- to
medium-throughput assay for studies of functional effects of
mutations or to analyze the effects of HC inhibitors. It can be
used to determine whether specific mutations produce func-
tional HCs or whether compounds inhibit HCs formed by a
specific isoform. The new assay complements more com-
plex assays that provide far more detailed mechanistic infor-
mation, such as permeability assays and electrophysiological
studies. A major drive to develop the growth complementa-
tion assay was the possibility of having an assay that can be
scaled up for HTS. Our analysis clearly shows that the assay
has excellent potential in this area. It should be useful for the
discovery of new and better HC inhibitors (and probably
GJC inhibitors) because of its simplicity, low cost, easy scal-
ability, reproducibility, and sensitivity.
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