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ABSTRACT

Extracellular ATP has been shown to induce apoptotic death of many cell types of hemato-
poietic origin. This action of ATP is mediated via activation of P2X; purinergic receptors, which show the
unusual property of time-dependent channel dilation to accept permeants as large as ethidium cation (314
Da). P2X; function, measured by area under the ATP-induced ethidium uptake curve, was 5-fold greater for
monocytes than lymphocytes, while polymorphs and platelets showed no ethidium uptake. Expression of
P2X; receptor, measured by the binding of a monoclonal antibody, was also 5-fold greater on monacytes
than lymphocytes. However, in some subjects, both normal and with chronic lymphocytic leukemia, the
P2X; receptor was nonfunctional despite good expression of P2X; protein. Three single nuclectide poly-
marphisms were found in the P2X; cDNA coding region, one of which correlated with P2X; functicn. Thus,
the homozygous substitution of alanine for glutamic acid at amino acid 496 led to complete loss of function
of the P2X; receptor, while the heterozygous polymorphism gave function half that of the germline P2X;

receptor. Drug Dev. Res, 53:72-76, 2001,

© 2001 Wiley-Liss, Inc.

Key words: P2X; receptor; non-functional P2X7; polymorphisms of P2X;; loss-of-function mutation

INTRODBUCTION

Extracellular ATP mediates many biological re-
sponses ranging from smooth muscle contraction to syn-
aptic transmission in the autonomic and central nervous
systems [Burnstock, 1996; Dubyak and el-Moatassim,
1993}, The biological effects of ATP are becoming better
defined in hematopoietic cells, where extracellular ATP
has been shown to induce cytotoxicity in thymocytes
[Nagy et al., 2000; Zheng et al.,, 1991}, dendritic cells
[Coutinho-Silva etal., 1999; Nihei et al., 2000}, B-lymph-
ocytes [Peng et al., 1998], and macrophages [Humphreys
et al., 2000]. Many features of this ATP-mediated cyto-
toxicity resemble that produced by exposure of these cells
to dexamethasone, namely, distinet morphological
changes and fragmentation of target cell DNA usually
associated with apoptosis [Wyllie, 1980]. These actions
of ATP are mediated by the interactions of this nucle-
oticle with P2X; purinergic receptors. The P2X receptor
family have two transmembrane domains with intracel-
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lular asmino and carboxyl texmini and an oligomeric struc-
ture in the plasma membrane based on trimeric or larger
complexes of identical subunits [Nicke et al., 1998]. The
genes for the rat, mouse, and human P2X; receptors have
now been cloned and show extensive homology (30—40%)
with the other members of the P2X receptor family, al-
though P2X; differs in having a long carboxyl terminus
of 240 amino acids from the inner membrane face
[Rassendren et al., 1997]. The genomic structure of P2X,;
consists of 13 exons with exon 12 and exon 13 coding for
the carboxy! termninal tail of this molecule. There is strong
evidence that this long carboxyl terminus is necessary
for the permeability properties of the P2X; receptor since
truncation of this tail abolishes ATP-induced uptake of
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the fluorescent dye Yo-Pro-1 [Surprenant et al., 1996].
The characteristics of the P2X; of monocyte-macroph-
ages or of lymphocytes as well as HEK-293 cells express-
ing the cDNA for F2X; have shown features which are
most unusual for a channel. These include the slow fu-
ther dilatation following channel opening [Virginio et al.,
1999; Wiley et al., 1888] and the activaton of various pro-
teases, including membrane metalloproteases [Gu et al.,
1998] and intracellular caspases [Ferrari et al., 1999;
Humphreys et al., 2000). The fully dilated state of the
P2X; pore accepts ethidium cation (314 Da) as a
permeant, although the larger propidium®* dye (414 Da)
does not enter the channel during short-term incubations
up to 60 min. The slow further increase in permeability
that develops after an initial opening of the P2X; receptor
channel has been studied by flow cytometric technique
{Fig. 1), which offers unique advantages for studying per-
meability increase of the P2X; ion channel [Wiley et al.,
1998]. Time-vesolved flow cytometry generates the mean
fluorescence intensity of 5,000 cells per 5-sec interval
and this technique allows a sensitive measurement of the
initial rates of ethidium uptake, which are essentiatly uni-
directional because of binding of permeant cation to
nucleic acids. An additional advantage of flow cytometry
is that monocyte and lymphocyte subsets can be identi-
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Fig. 1. A model for the P2X7 receptor in which agonists activate fmime-
diate opening of a cation-selective channel, followed by a slower transi-
tion to a permeability pathway (pore) that passes larger cations up to the
size of ethidium* and YO-PRO-1* cations. The rate of formation of the
larger “pore” is stow (kz << ki), so that the made! predicts the second
step (or series of steps} occurs at a rate {ky X P2ZXzopen) that is largely
determined by the abundance of the ligated (open) channels in the mem-
brane. Partial agonists such as ATP maintain a lower proportion of the
channels in the open conformation and thus show a time delay before
inducing ethidium uptake. The ethidium uptake Is measured as the mean
channel of cell-associated fluorescence intensity at each 5-sec interval.

fied within the one population using two-color analysis
with appropriate flucrescein-conjugated monocionals
(green 525 nm channel) nsed together with ethidium,
whose uptake is measured on the red 570 am channel.
Figure 1 shows that the rapidly activated P2X; channiel is
initially impermeable to ethidium cation, but within the
first 1 min after addition of ATP a steady increase in
ethidium influx was observed. This delay in the rate of
ethidium cation uptake confrasts with the immediate (<1
sec) fluxes of inorganic cations observed following ATP
addition [Nuttle and Dubyak, 1994; Tatham and Lindau,
1990]. The area under the ATP-induced ethidium uptake
curve is often nsed as a convenient measure of P2X; re-
ceptor function.

P2X,; EXPRESSION AND FUNCTION IN LEUCOCYTES

When ATP-induced uptake of ethidium was. mea-
sured into mononuclear cells of peripheral blood, a 5-
fold greater uptake was seen into monocytes than into
Iymphocytes (Fig. 2) while there were no significant dif-
ferences hetween the three major lymphocyte subsets
(T, B-, or NK- lymphacytes). ATP-induced uptake of
ethidium into resting neuntrophils or platelets was negli-
gible. Addition of a monoclonal antibody known to inhibit
the function of the P2X; receptor;, reduced ATP-induced
ethidiun uptakealmost to the basal level, confirming that
ethidium permeates via the P2X; pathway. The surface
expression of P2X; was measured by flow cytometry of
normal white cells stained with directly conjugated P2X;
monoclonal antibodies. Monocytes showed the highest
expression of surface P2X; receptors, which was 4-5-fold
higher than P2X; values for normal lymphoeytes [Gu et
al., 2000]. Polymorphonuclear neutrophils showed weak
expression for P2X; when gated to exclude those cells
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Fig. 2. ATP-induced ethidium uptake by monocytes, lymphocytes, and
pelymorphonuclear neutrophils from a normal subject. Mononuclear
preparations {2 x10%mL) prelabeled with cell type specific antibodies
were suspended in HEPES-buffered isotonic KCI medium at 37°C,
Ethidium was added folfowed 40 sec later by 1.0 mM ATP. Mean chan-
nel of cell-associated fluorescence intensity was measured for each gated
population at 5-sec intervals.
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that expressed CD41 as a result of platelet adhesion.
Large amounts of P2X; protein were found in an intrac-
elludar Iocation in monocytes and lymphocytes of alt sub-
types and the intracellular expression was approximately
an order of magnitude greater than expression on the cell
surface. When expression of P2X; receptors on the sur-
face of normal leukocyte subsets was compared with the
ATP-induced uptake of ethidium, a close correlation was
found [Gu et al., 2000].

NONFUNCTIONAL P2X; IN SOME SUBJECTS

We also studied the P2X; expression and function
on B-lymphocytes from patients with chronic lympho-
cytic leukemia (CLL), a clonat disease in which mature
B-lymphacytes accumulate in blood and bone marrow.
In most patients, the lenkemic cells express surface P2X;
receptors at about the same level as ohserved for normal
B-lymphocytes. Generally, these P2X; receptors on leu-
kemic B-lymphocytes were fully functional as judged by
ATP-induced ethidinm uptake. However B-lymphocytes
from three patients failed to take up ethidium in the pres-
ence of ATP. This absence of P2X; function was not due
to lack of surface P2X; expression since the binding of
fluorescein-conjugated P2X; monoclonal antibodies was
no different to that found for normal B-lymphocytes. One
possible explanation was that a circulating inhibitory fac-
tor, possibly a cytokine, may have inhibited the function
of the P2X5 receptor in these three patients. Incubation
for 24 h of lymphocytes from patients with functional P2X,
in buffered medium containing 80% plasma from patients
with nonfunctional P2X; failed to inhibit the P2X; re-
sponse (Fig. 3). Buell et al. [1996] showed that ambient
ATP released during incubation of HL-80 cells produced
a sustained desensitization of P2X, receptors. However,
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Fig. 3. ATP-induced ethidium uptake by B-lymphocytes from a P2X;
functional subject incubated with 80% plasma from a P2X; nenfunctional
subject for 0 and 24 h. Ethidium was added followed 40 sec later by 1.0

mM ATP. Mean channel of cell-associated fluorescence intensity was
measured for the gated CD19" lymphocyte population at 5-secintervals.

addition of apyrase (5 U/ml) during incubation of B-CLL
lymphocytes failed to reactivate the functionally inactive
P2X; in these cells.

LOSS-OF-FUNCTION POLYMORPHISM

An alternative possibility is that genetic changes
may underlie the loss of function of the P2X; receptor in
certain subjects. For this reason the sequence of cDNA
for the coding region of the P2X; gene was analyzed both
in the three CLL patients and in alarge cohort of normal
subjects. Three single nucleotide substitutions were
found in several of the normal and CLL subjects at posi-
tion corresponding to amino acids 155, 348, and 496 (Fig.
4). One of these substitutions (C489T) has previously been
described by Buell et al. {1998]. All three substitutions
occurred at allele frequencies greater than 0.01 (1%) in
the population and could thus be defined as single nucle-
otide polymorphisms (Table 1). Single nucleotide poly-
morphisms are increasingly recognized as a source of
genetic variation and their densily may be as high as one
per kb of cDNA [Collins et al., 1999]. Most of these poly-
morphisms have a neutral effect on function, but some
contribute to loss of protein function.

Because the long carboxyl-terminal tait of the P2X;
receptor regulates its permeability properties [Surprenant
et al., 1996], the polymorphism at amino acid 496
(Glu496Ala) was of particular interest. Thus, a PCR prod-
uct was amplified directly from DNA between nucleotide
1425 and 1780 of the coding region of the P2X; gene and
the product was sequenced. In 9 of 45 subjects a het-
erozygous nucleotide substitution (adenine to cytosine)
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Fig. 4. Three single nucleatide polymorphisms found in P2X7 receptor:
His155Tyr in the extracellular domain, Ala348Thr in the end of second
transmembrane domain, and Glu496Ala in the long C-terminal tail.
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TABLE 1. Allele Frequencies of P2X7 Polymorphic Sites

Normal Nuclectide Allele
subjects polymaorphism Amino acid frequency
n=9 C489T Histidine (155) 0.44
Tyrosine {155) .56
n=5 G1068A Alanine (348) 0.4
Threonine (348) 0.6
n=45 A1513C Glutamic acid (496) 0.88
Alanine {496} 0.12

was found at position 1513, while in 1 out of 45 subjects
a homozygous A1513C substitution was observed (Table
1). Homozygosity for the mutation led to almost com-
plete loss of function of the receptor, while heterozygos-
ity for the mutation gave a function approximately half
that of the germline P2X; sequence (Fig. 5). Moreover,
one of the three patients with B-CLL and absent P2X;
function carmried the A1513C mutation in homozygous
dosage, confirming the strong association of this poly-
morphism with the function of the P2X; receptor.

CONCLUSIONS

Loss-of-function mutations can affect genes encod-
ing ion channel proteins [Lester and Karschin, 2000). For
example, three loss-of-function mutations have been iden-
tified in the human K 6.2 gene which encodes the two-
transmembiane protein subunit of the panereatic -cell
ATP sensitive K¥ channel [Sharma et al., 2000}, In this
study, a single nucleotide polymorphism changing glut-
amic acid to alanine at amino acid 496 of the human P2X;
receptor affected its function. Homozygosity (C/C) for
this polymorphic mutation led to almost complete loss of
P2X; function in leukocytes, while heterozygosity (A/C)
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Fig. 5. Typical ATP-induced ethidium uptake curve in B-lymphocytes
from normal subjects with germline, Glu496Ala heterozygous, and
Glu496Ala homozygous P2X; as indicated. Ethidium was added followed
40 sec later by 1.0 mM ATP. Mean channel of cell-associated fluores-
cence intensity was measured for the gated CD19* lymphocyte popula-
tion at 5-sec intervals.

gave a function which was half that of cells with the
germline P2X; sequence. There is good evidence that
activation of macrophage P2X; receptors by ATP can pro-
duce killing of intracelluku Mycobacteria tuberculosis by
these cells [Lammas et al., 1997), and it is possible that
the polymorphism described above may turn out to be a
susceptibility factor predisposing individuals to Myco-
bacterial ifections.
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