for the three V, products that can be
identified with the available antibodies, but
it is likely to reflect a general property of af
T cells (16). Thus, our findings, together
with the recent report that two TCRy
alleles can be expressed on the same y3 T
cell (17), show that the “one cell, one
receptor” rule is not valid for a portion of
both af and v3 T cells.

What are the implications of the dual a
TCR subset? First, it may be more frequently
involved in alloreactivity because (i) it has
two TCRs rather than one (although each at
a lower concentration) and (ii) the non—
positively selected receptor may be more
prone to see peptides bound to allogeneic
MHC molecules (although admittedly self
restricted antigen recognition and alloreac-
tivity can be mediated by the same receptor)
(4, 18). Second, although the presence of
two TCRs on T cells is compatible with
central (thymic) tolerance, it could pose a
problem for peripheral tolerance when this is
based on the inability of tissue cells to
stimulate naive T cells (19). Thus, once a
dual receptor T cell is activated by a foreign
antigen recognized by the first TCR, it may
become competent to utilize the second
(non—positively selected) TCR to attack the
self antigen. This type of cross-reactivity
would not be based on structural similarities
between foreign and self antigens, but rather
on the particular somatic combination of
two distinct TCRs.
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Altered Fluid Transport Across Airway Epithelium
in Cystic Fibrosis

Canwen Jiang, Walter E. Finkbeiner, Jonathan H. Widdicombe,
Paul B. McCray Jr., Sheldon S. Miller*

In cystic fibrosis (CF), absence or dysfunction of a phosphorylation-regulated chloride
channel [CF transmembrane conductance regulator (CFTR)] leads to the loss or reduction
of chloride secretion into the airways. Active sodium absorption is also increased in CF,
and both of these ion transport changes could alter fluid transport across the airways. Under
baseline conditions, cultured human airway epithelia from normal individuals absorbed
fluid, and this absorption was increased in epithelia from patients with CF. In normal and
CF epithelial cultures fluid absorption was inhibited by amiloride. Adenosine 3’,5’-mono-
phosphate stimulated fluid secretion in normal epithelial cultures but not in cultures from
individuals with CF. In contrast, fluid secretion induced by nucleotide triphosphates (uridine
triphosphate or adenosine triphosphate) was unaltered in cultures of epithelia from patients
with CF, suggesting an approach to the treatment of CF.

The surface of the airway epithelium is
covered by a 5-wm layer of fluid (sol) and a
blanket of mucus (gel) that are produced by
various surface and submucosal gland cells.
Cilia on the cells’ apical membranes beat
within the sol and contact the underside of
the mucus blanket, thereby clearing it to-
gether with entrapped particulate matter
from the lungs. It is believed that in CF this
mucociliary clearance is impaired because
alterations in CFTR lead to Cl~ imperme-
ability of the luminal membrane, thereby
reducing fluid secretion and dehydrating
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the sol and gel layers (I, 2). In human
airways, Na* absorption is increased in
patients with CF (3-5), and this may also
dehydrate the airway surface and contribute
to the pathology.

To directly test whether airway fluid
transport is altered in CF, we have made
continuous measurements of active ion—
linked fluid movement across cultured hu-
man airway epithelia. We used primary
cultures of nasal (HNE) and tracheal
(HTE) epithelia, which have ion transport
properties that closely resemble those of




native tissue (5). Fluid transport (J,) mea-
surements with a signal-to-noise ratio (un-
der baseline conditions) of =10/1 were
obtained with a double-sided capacitance
probe technique that has an accuracy of 1
nl min~! (6-8). Other investigators have
measured J, in animal airways with various
techniques (9-12) that were insensitive to
small rates of fluid transport and subject to
baseline drift, making the measurements
difficult to interpret. Measurements of J,
across normal cultured HNE have been
made with a technique different from ours
with different quantitative results (13).

We measured J, and bioelectrical re-
sponses from normal HNE cells that were
bathed in HCO,; -buffered physiological
saline (8) and then treated sequentially
with amiloride and adenosine 3',5'-mono-
phosphate (cAMP) analogs or nucleotide
triphosphates  [adenosine  triphosphate
(ATP) or uridine triphosphate (UTP)]
(Fig. 1). During the control period, ~1.6
pl cm™2 hour™! (12.5 nl min™!) of fluid
was absorbed across the cells, from the
luminal to basal side. In vivo, in the ab-
sence of other forces affecting fluid move-
ment, this rate of absorption would com-
pletely remove the 5-pm sol layer of fluid in
the respiratory tract within 20 min. Chang-
ing to fresh Ringer solution, which required
removing the probes, did not appreciably
alter J, transepithelial potential (TEP), or
resistance (R,).

Luminal application of amiloride, which
inhibits active Na* absorption by blocking
Na* conductance in the apical membrane
(14), decreased TEP and increased R, (Fig.
1A). In most monolayers (81%) amiloride
reduced fluid absorption. In the remaining
cases, it transiently induced small rates of
fluid secretion that recovered to steady-
state amounts similar to the other monolay-
ers treated with amiloride. In the presence
of amiloride, ATP, or 8-(4-chlorophe-
nylthio)-cAMP (CPT-cAMP) and 3-isobu-
tyl-1-methylxanthine (IBMX) increased
TEP and reduced R, [Fig. 1, A and B, (15)]
as expected from the activation of the
cAMP- or Ca?*-regulated Cl~ channels
that are located in the apical membrane of
these cells (16-19). Both secretagogues
caused ~1.0 pl cm™2 hour™! of fluid secre-
tion. In vivo, this secretory rate could
double the depth of the periciliary sol every
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30 min. In the absence of amiloride, the
effect of cAMP on J, was variable, but UTP
decreased fluid absorption (20).

We also measured fluid transport in CF
nasal epithelia that were homozygous or
heterozygous for AF508 (21). Amiloride
reduced J to about zero and ATP caused a
large transient secretion, but CPT-cAMP
and IBMX had no effect on J, (Fig. 2A).
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In five monolayers from three CF patients,
all with the AF508 mutation, cAMP had
no effecton ], TEP, or R, (22). In a series
of similar experiments, amiloride reduced
J, by ~75%, from 4.0 to 1.0 pl cm™
hour™!, and the subsequent addition of
UTP to the luminal side of the cells caused
a large transient secretion (~3 ul cm™2
hour™!), which declined after ~30 min to
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Fig. 1. Effects of amiloride, CPT-cAMP and IBMX, and ATP on J, (upper traces), TEP, and R, (lower
traces) across HNE cultures from normal individuals. (A) In the control period, J, (positive) was
absorbed across the monolayer, from the luminal to serosal side, at 1.6 wl cm~2 hour=". During the
control period the capacitance probes were elevated away from the fluid surface (solid bars). Both
sides of the tissue were then perfused with fresh control medium to verify that the solution changes
did not induce changes in J,, TEP (squares), or R, (triangles). Absorption of Na* was blocked by
the addition of amiloride (100 wM) to the luminal bath; TEP was reduced to —3 mV, R, rose by ~150
ohm - cm?, and J, leveled off near zero (t = 50 min) (75). At 65 min, a mixture of CPT-cAMP and
IBMX (each 100 uM) was added to the luminal bath in the continued presence of amiloride. This
caused a transient secretion of J, and the expected decrease in R, and increase in TEP (1, 2). After
2 hours, the apical bath was perfused with control medium; J, increased to 1 wl cm=2 hour~" and
TEP and R, also returned toward their control values. (B) In an epithelial culture from another
individual, amiloride again reduced J, to zero. ATP (100 uM) added to the'apical bath produced a
steady-state secretion of about —2.2 ul cm=2 hour~" and the expected electrical responses (19).

Fig. 2. Effects of amiloride, ATP (or UTP), and the
combination of CPT-cCAMP and IBMX on J, in
monolayers of cultured CF nasal epithelia. (A)
The starting J, was ~3 pl cm=2 hour~' and TEP
and R, were about 10 mV and 1000 ohm - cm?,
respectively. Addition of amiloride (100 pM) to
the apical bath reduced J, to 0.5 pl cm=2
hour="; TEP and R, changes were almost iden-
tical to those shown in Fig. 1A. Luminal addition
of ATP (100 uM) at t = 55 min caused secretion
at —3 pl cm~2 hour~'. The time course and
magnitude of this secretion and the electrical
changes were similar to those observed in nor-
mal HNE (Fig. 1B). J, returned to the baseline
observed in the presence of amiloride alone
after ATP was removed. In contrast, the applica-
tion of CPT-cAMP (100 pM) with 1IBMX (100 pM)
did not have any effect on J, (or TEP or R). In
four amiloride-treated CF HNE cultures, this mix-
ture of CPT-cAMP and IBMX was added before
the nucleotide and produced no changes in J,,
TEP, or R, (B) Summary of six experiments with
HNE cultures from four CF patients. Cultures
were treated with amiloride, which reduced fluid
absorption [*, P < 0.01 compared with control,
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analysis of variance (ANOVA)]; UTP (100 uM) was then added to the luminal bath and induced
secretion (#, P < 0.01 compared with amiloride alone, ANOVA). The mean steady-state values of
TEP and R, in control media and media containing amiloride alone or amiloride with UTP were —39.2
+9.5mV and 1210 + 219 ohm-cm? 2.4 = 1.8 mV and 1862 * 444 ohm - cm?, and —8.1 = 3.2

mV and 605 = 75 ohm - cm?, respectively.
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a steady-state value not significantly dif-
ferent from zero (Fig. 2B). These results
show that fluid secretion can still be acti-
vated by UTP and ATP in cultures from
CF patients, probably through the Ca?*-
activated Cl~ conductance, which is un-
impaired in CF (16, 17).

When compared with their nasal coun-

terparts, cultured HTE (Fig. 3) from normal
individuals or patients with CF showed a
very similar pattern of J, and electrical
(TEP, R,) responses to amiloride, cAMP,
and triphosphate nucleotides (23). In six
HTE cultures from patients with the AF508
mutation, CPT-cAMP plus IBMX (100 uM
each) had no effect on J, TEP, or R, (22).
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Fig. 3. Effects of amiloride and UTP or cAMP on

J,, TEP, and R, in normal and CF HTE cultures. C
(A) In this HTE culture from a normal individual,
J, was initially ~4.3 ul cm=2 hour=' and TEP t
and R, were about —14 mV and 860 ohm - cm?, 4 5
respectively. Amiloride (100 wM) was added to | TP s
the apical side of the cells; TEPwas reduced to r + 2
—3mV and R, elevated to 1494 ohm - cm?. We A?E)IL%E)UE 1
then applied UTP (100 wM) to the luminal bath;
TEPincreased to —31 mV and R, decreased to
865 ohm - cm?2. After removal of UTP, CPT-
CcAMP and IBMX (100 uM each) were added to
the apical bath; TEPincreased by 23 mV and R,
decreased by 300 ohm-cm?. The effects of 5]
amiloride on J,, TEP, and R, are not fully revers- J
ible. In six normal HTE cultures, the starting J,

was 4.4 = 0.6 pl cm~2 hour~' and was reduced to 1.2 = 0.5 wl cm~2 hour~" by apical amiloride
(100 puM). Application of CPT-cAMP plus IBMX (100 wM each) caused a significant transient
secretion of —0.8 + 0.1 wl cm=2 hour~". In another group of six HTE cultures, the starting J, was
4.3 £ 0.5 pl cm=2 hour~" and was reduced to 1.0 + 0.4 wl cm~2 hour~" by apical amiloride. UTP
caused a significant transient secretion of —1.8 + 0.4 ul cm~2 hour~". (B) In this CF culture, the
starting J, was ~7 pl cm™2 hour~', and TEP and R, were ~—24 mV and 1700 ohm - cm?,
respectively. J, was slightly altered (14%) by a change to fresh medium, but there was no effect on
TEP or R,. When amiloride (100 nM) was applied to the apical side of the cells, TEP was reduced
to =5 mV and R, was elevated to 3400 ohm - cm?. Addition of UTP (100 uM) to the apical bath
caused a transient secretion of ~1 ul cm? hour=". (C) Summary of six experiments with HTE cultures
from three CF patients. Cultures were treated with amiloride, which reduced fluid absorption (*, P <
0.01 compared with control, ANOVA); UTP (100 pM) was then added to the luminal bath and
induced secretion (#, P < 0.01 compared with amiloride alone, ANOVA). The mean TEP and R,
values are given in Fig. 4.
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Fig. 4. (A) Comparison of baseline unstimulated A B

J, for both HNE and HTE from individuals with or 8 . 8]

without CF. For HNE: 6 cultures from 4 CF _ 1 g

patients and 20 cultures from 11 normal individ- g 8 * § 2 .
uals. For HTE: six cultures from three CF patients 2 1 =% ] .

and eight cultures from four normal individuals. % 4 §§ 4

Data are expressed as mean = SEM and aster- 2 ] EE

isks indicate P. < 0.05 between normal and CF :>2' Ee 2

(unpaired Student's t test). Black bars, CF; white 0' = 0‘

bars, normal. The mean TEP and R, for CF HNE ©HNE HTE HNE HTE
in a slightly larger set of cultures (n = 9, six

patients) were —42.4 = 6.8 mV and 1140 + 131 ohm - cm?, respectively; in comparison, the TEP
and A, in 20 cultures from 11 normal individuals were —24.9 = 4.3 mV and 1072 = 259 ohm - cm?.
In eight HTE cultures from four CF patients the TEP and R, were —52.5 += 6.9 mV and 1240 + 265
ohm - cm?, and in eight cultures from four normal individuals the corresponding values were —30.8
+ 7.2mV and 1123 = 406 ohm - cm?. In both HNE and HTE, TEP was significantly greater in CF
compared with normal (*, P < 0.05) as previously reported (3, 4). (B) Comparison of the
amiloride-induced decrease in J, in HNE and HTE cultures from individuals with or without CF (n =
6 to 14, *, P < 0.05 between normal and CF, unpaired Student's ¢ test).
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In HTE cultures from CF patients, luminal
amiloride inhibited fluid absorption by
~85%; the subsequent addition of UTP
caused a significant (P < 0.01) transient
secretion that returned to a steady-state
value near zero after ~30 min (Fig. 3C).

We compared the mean values for base-
line J, data from primary cultures of HNE
and HTE from individuals with or without
CF (Fig. 4A). The bioelectric data for all
experiments are summarized-in Fig. 4. Epi-
thelia from patients with CF show hyperab-
sorption of fluid and loss of secretion com-
pared with epithelia from normal individu-
als. This provides direct support for the
hypothesis from bioelectric data (I-5) that
the clinical pathology associated with CF
stems in part from a reduction in the fluid
lining the respiratory tract. The amiloride-
induced decrease in J was significantly
greater in CF HNE and HTE cultures (P <
0.05), suggesting that the hyperabsorption
of fluid in CF is mediated by apical mem-
brane Na* channels (Fig. 4B).

The increase in Na™ absorption in CF
supports the notion that CFTR may regu-
late the Na* transport pathway, perhaps
by modulating the activity of the appro-
priate channel and pump proteins
or by regulating their delivery to the
apical and basolateral membranes (24).
Finally, our results indicate that fluid se-
cretion can be induced across CF airway
epithelia, a finding that could have ther-
apeutic implications.
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Structure-Function Analysis of the lon Channel
Selectivity Filter in Human Annexin V

Robert Berendes, Dieter Voges, Pascal Demange,
Robert Huber,* Alexander Burger

Electrophysiology and structural studies were performed on an annexin V variant con-
taining a mutation of glutamic acid-95 to serine in the center of the pore region. The
mutation resulted in a lower single channel conductance for calcium and a strongly
increased conductance for sodium and potassium, indicating that glutamic acid-95 is a
crucial constituent of the ion selectivity filter. There were only minor differencesin the crystal
structures of mutant and wild-type annexin V around the mutation site; however, the mutant
showed structural differences elsewhere, including the presence of a calcium binding site
in domain Il unrelated to the mutation. Analysis of the membrane-bound form of annexin
V by electron microscopy revealed no differences between the wild type and mutant.

Annexin V belongs to a family of calcium-
and phospholipid-binding proteins (1) and
forms voltage-dependent calcium channels
in planar lipid bilayers (2). Our analysis of
human annexin V by x-ray crystallography
(3) revealed a hydrophilic pore in the cen-
ter of the protein that is filled with a chain
of water molecules and that we tentatively
identified as the ion-conduction pathway
(3). We introduced a Glu—Ser mutation at
amino acid 95, which is located within the
pore, and have analyzed the mutant protein
for both functional (ion selectivity) and
structural changes.

We prepared phospholipid bilayers from
liposomes (4) in the inside-out configura-
tion of the patch-clamp technique (5).
Annexin V was added to the bath solution
and bound to the bilayers at the tip of the
patch pipette. We recorded single channel
currents through wild-type annexin V and
the Glu—>Ser” mutant channels at differ-
ent pipette potentials with Ca?" in the
pipette and Na* in the bath solution (Fig.
1, A and B). Although the mutation caused
only a slight decrease in Ca?* currents
through the protein, the Na* currents were
strongly increased. In addition, the voltage
dependence of the gating kinetics differed
for the two channels (6).

We next quantified the single channel
conductances and the ion selectivity. For
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the wild-type and Glu—Ser®® annexins,
respectively, the Ca?™ conductances were
29.5 + 1.6 pS and 22.0 + 2.2 pS, the Na™
conductances were 24.7 * 1.2 pS and
132.5 = 4.5 pS, and the reversal potentials
were —21.0 = 1.8 mVand +5.9 + 1.0 mV
(Fig. 1C). The calculated permeability ra-
tio (Ps,/Pyn.) was 3.75 for the wild-type
annexin and 0.71 for the mutant, indicat-
ing that the mutant channel had lost selec-
tivity for Ca?* versus Na*t ions. Similar
changes were observed for K*: For the
wild-type and the Glu—Ser® annexins, the
K* conductances increased from 21.2 =+
1.9 pS to 96 = 12 pS and the reversal
potential shifted from —23.2 = 1.9 mV to
+2.1 mV. )

Comparison of the crystal structures of
wild-type annexin (3) and the Glu—>Ser®
mutant (7) revealed only small differences
around the mutated residue (Fig. 2A). In the
wild-type molecule, Glu®> was hydrogen-
bonded across the pore to Arg?”! and His?¢”
(3) located in module 1 (consisting of do-
mains I and IV), interactions that are absent
in the Glu—>Ser”® mutant. In contrast, the
mutated residue Ser” interacted only with
Tyr®! in module 2 (consisting of domains II
and III). That limitation may diminish the
steric hindrance for an ion passing through
the pore. Both residues are involved in
hydrogen bonds to water molecules.

When the Na-Ca gradient in the single
channel measurements was reversed, the
inward rectification of the ion currents (Fig.
1C) changed to an outward rectification of
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