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Abstract 

Previous studies have shown that treatment of guinea-pig isolated vas deferens with the affinity label periodate-oxidized ATP 
(2',3'-dialdehyde ATP), results in two irreversible effects on biphasic contractile responses to ATP, i.e., potentiation of the Pzx 
purinoceptor-mediated first phase and inhibition of the ecto-kinase-mediated second phase. The present experiments were 
designed to evaluate whether periodate-oxidized ADP, periodate-oxidized AMP, and periodate-oxidized adenosine, produce 
similar effects. Periodate-oxidized ATP and periodate-oxidized ADP (10 -2 M) elicited contraction of the vas deferens 
(periodate-oxidized ATP > periodate-oxidized ADP; periodate-oxidized AMP and periodate-oxidized adenosine had no agonist 
activity. After incubation of the preparations for 5 min with 10 -2 M periodate-oxidized ATP, periodate-oxidized ADP, 
periodate-oxidized AMP or periodate-oxidized adenosine, the first phase of contraction to submaximal ATP concentrations was 
potentiated. Simultaneously, periodate-oxidized ATP, periodate-oxidized ADP and periodate-oxidized AMP inhibited the 
second contractile phase, whereas periodate-oxidized adenosine did not. The results indicate that the requirement for 
5'-phosphate to produce potentiation and inhibition is different: 5'-phosphate is not needed to potentiate the first phase of 
contraction to ATP, but at least one 5'-phosphate is required to inhibit the second phase of contraction. 
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I. Introduct ion 

Contractile responses of the smooth muscle of the 
guinea-pig isolated vas deferens to adenine nucleotides 
involve activation of Pzx purinoceptors (Fedan et al., 
1982; Abbracchio and Burnstock, 1994), but several 
mechanisms appear  to be involved. In concentrations 
below ca. 10 -4 M, ATP and 5'-O-(3-thiotriphosphate) 
(ATPyS)  elicit fast, monophasic contractions. At con- 
centrations > 10 -4 M, the contractions acquire a sec- 
ond, longer-lasting phase. The second phase of con- 
traction to A T P y S  is greatly prolonged compared  to 
ATP (Fedan et al., 1982). 

The first phase of the contractile response of 
guinea-pig vas deferens to ATP  and ATPTS is medi- 
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ated by P2x purinoceptors.  This phase is inhibited 
selectively and covalently by the photoaffinity label 
antagonist, ANAPP 3 (Hogaboom et al., 1980; Fedan et 
al., 1982, 1985; Fedan and Lamport ,  1990; Lamport-  
Vrana et al., 1991). The second phase of response to 
ATP is associated with ecto-phosphorylation (or a 
longer-lasting ecto-thiophosphorylation in response to 
ATPyS)  within seconds of a ca. 21 kDa protein. This 
mechanism, probably involving an ecto-kinase, is inhib- 
ited selectively by the affinity label, periodate-oxidized 
ATP (2',3'-dialdehyde ATP; Fedan and Lamport ,  1990; 
Lampor t -Vrana  et al., 1991). Periodate-oxidized ATP 
incorporates covalently into several, non-21 kDa pro- 
teins (Lamport -Vrana et al., 1991). It  has subsequently 
been reported that a 21 kDa protein in endothelial 
cells also is phosphorylated in response to ATP, albeit 
more  slowly (Pirotton et al., 1992). More recently, 
periodate-oxidized ATP was reported to inhibit irre- 
versibly an initial P2z purinoceptor-mediated perme- 
abilization of macrophages  without affecting a sec- 
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ondary intracellular C a  2+ release mediated by P2Y 

purinoceptors (Murgia et al., 1993), i.e., periodate- 
oxidized ATP showed phase-selectivity in its inhibitory 
effects. 

Periodate-oxidized ATP has other interesting prop- 
erties in the guinea-pig isolated vas deferens (Fedan 
and Lamport,  1990). It is initially a contractile agonist. 
While treatment with periodate-oxidized ATP selec- 
tively inhibits the second phase of contraction to ATP 
as discussed above, periodate-oxidized ATP also po- 
tentiates the first phase of contraction to submaximal 

concentrations of ATP via a mechanism thought to 
involve inhibition of degradative ecto-ATPase activity 
(Fedan and Lamport,  1990). 

To obtain information on the structural determi- 
nants important to the various actions of periodate- 
oxidized ATP, the present study was designed to com- 
pare the periodate-oxidized analogs of ADP, AMP and 
adenosine against periodate-oxidized ATP for their 
ability to initiate contractile responses, to potentiate 
the first phase of response to ATP, and to inhibit the 
second phase of the response. 
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Fig. 1. Effects of (a) periodate-oxidized ATP (P-ATP), (b) periodate-oxidized ADP (P-ADP), (c) periodate-oxidized AMP (P-AMP), and (d) 
periodate-oxidized adenosine (P-ADO) on guinea-pig isolated vas deferens. The upper  row shows responses from control preparations, which 
received saline, while the bot tom row shows the initial responses to the periodate-oxidized compounds,  if any, and the effects of the compounds 
(10 2 M for 5 min) on the first and second phases of contraction to ATP. The concentrations of the periodate-oxidized analogs and ATP are 
indicated as - l o g  molar (in parentheses) .  Responses  to three ATP concentrations are shown which illustrate purely first-phase monophasic 
twitches (3 × 10 -5 M ATP is '4.5'), responses in which the second phase has appeared (3 x 10 -4  M ATP is '3.5'), and responses in which the 
second phase is fully developed (10 2 M ATP is '2'). The results are representative of 4 separate experiments with each periodate-oxidized 
compound.  The horizontal calibration bar (30 s) applies to all responses; the vertical calibration bar (2 g) applies to the labelled panel and the 
one above. 
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2. Materials and methods 2.5. 120 mM KCl 

2.1. Preparation of guinea-pig isolated vasa deferentia 
for contraction studies 

English short-hair guinea pigs (450-500 g; Har lan 
Sprague Dawley, Indianapolis,  IN, USA) were killed by 
a blow to the head, exsanguination and thoracotomy. 
The vasa deferentia were removed, the seminal fluid 
rinsed from the lumen with 1 ml of modified Krebs- 
Henseleit  (MKH) solution (composition below), and 
the tissues were cleaned of connective tissue. Each vas 
deferens was attached to a holder, placed in a 1-ml 
organ bath containing M K H  solution at 37°C and at- 
tached to a force-displacement t ransducer for the mea- 
surement  of isometric contractions. A preload of 0.2-  
0.4 g was applied, and the preparat ions were equili- 
brated for 1 h with renewal of M K H  solution at 15-min 
intervals before experimental  procedures  were initi- 
ated. 

M K H  solution contained (mM): NaC1, 113.0; KCI, 
4.8; CaCI2, 2.5; KH2PO4, 1.2; MgSO4,  1.2; NaHCO3,  
25.0; glucose 5.7 (pH 7.4, 37°C); it was gassed with 95% 
0 2"j- 5% C O  2. 

2.2. Treatment with periodate-oxidized analogs 

One tissue of a pair  was incubated in the organ bath 
with periodate-oxidized ATP, periodate-oxidized ADP,  
periodate-oxidized AMP or periodate-oxidized adeno- 
sine (in concentrations of  10 -2 M) for 5 min, followed 
by two washes at 5-min intervals with fresh M K H  
solution. The contralateral,  control preparat ion re- 
ceived a volume equivalent of saline. 

2.3. Concentration-response curves 

Stepwise-increasing, non-cumulative ATP concen- 
trat ion-response curves were obtained using a 13-min 
addition cycle. The prepara t ion was exposed to a given 
concentration of ATP  for 3 min. The ATP was then 
removed from the bath with two washes with M K H  
solution at 5-min intervals before the next higher con- 
centration of ATP  was added. 

2.4. Repetitive challenge with A T P  

Three  control responses to 10 -2 M ATP (13-min 
addition cycle) were obtained, by which time the re- 
sponses were constant. One preparat ion of a pair was 
incubated with periodate-oxidized analogs as described 
above, while the contralateral  control vas deferens 
received saline. After  t reatment,  the preparat ions were 
challenged repetitively with 10 -2 M ATP using the 
13-min addition cycle. 

At the conclusion of nucleotide additions, the vasa 
deferentia  were contracted with 120 mM KC1 to pro- 
vide an internal reference response against which re- 
sponses to ATP  were normalized. 

2.6. Statistical analysis 

Each vas deferens was used to obtain only one 
concentrat ion-response curve, or for one ATP repeti- 
tive challenge experiment.  The results are presented as 
mean + S.E.M.; n is the number  of separate  experi- 
ments. The data were analyzed for differences using 
Student 's  t-test for paired samples. P < 0.05 was con- 
sidered significant. 

2. 7. Drugs 

ATP sodium (vanadate-free), periodate-oxidized 
ATP sodium, periodate-oxidized ADP sodium, perio- 
date-oxidized AMP free base and periodate-oxidized 
adenosine free base were from Sigma Chemical Co. 
(St. Louis, MO, USA). Each agent was dissolved freshly 
in saline for use. 

3. Results 

Periodate-oxidized ATP (10 -2 M) contracted (5.36 
+ 0.39 g) the vas deferens upon addition to the bath 
(Fig. la). Periodate-oxidized ADP (10 -2 M) evoked a 
contraction (2.52 + 0.28 g) which was smaller ( P  < 0.05) 
than that to periodate-oxidized ATP (Fig. lb); in some 
preparat ions (not shown), spontaneous contractions 
developed during incubation with periodate-oxidized 
ADP. Neither  periodate-oxidized AMP nor periodate-  
oxidized adenosine (10 -2 M) had agonist activity (Fig. 
lc  and d). However, a contraction occurred at the 
moment  of washout of periodate-oxidized adenosine 
(not shown). 

As illustrated in Fig. 1, in low ATP concentrations, 
the contractile responses consisted of rapidly develop- 
ing and transient monophasic twitches. With increasing 
ATP concentration, a second phase appeared in the 
response which ascended in magnitude in relation to 
the first phase. The peak force generated at maximal 
ATP concentrations was usually, but not always, at- 
tributable to the second contractile phase. 

Incubation with periodate-oxidized ATP, perio- 
date-oxidized ADP,  periodate-oxidized AMP and peri- 
odate-oxidized adenosine (10 -2 M for 5 min) resulted 
in potentiation of responses to ATP (Figs. 1 and 2). 
This potentiation generally occurred over the range of 
10 -6 to 10 -3 M ATP, and it reflected the effect of the 
affinity labels on the first phase of contraction. The 
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Fig. 2. Effects of incubation with (a) periodate-oxidized ATP (P- 
ATP), (b) periodate-oxidized ADP (P-ADP), (c) periodate-oxidized 
AMP (P-AMP) and (d) periodate-oxidized adenosine (P-ADO) on 
ATP concentration-response curves. The results are given as mean + 
S.E.M.; n = 4 separate experiments for each periodate-oxidized com- 
pound. * Significantly larger than saline-treated, contralateral control 
preparations. 

maximum response was not affected, except following 
periodate-oxidized adenosine exposure, in which case 
the first phase of contraction was potentiated. 

Concomitant with potentiation of the first contrac- 
tile phase, the second phase of response to ATP was 
inhibited following incubation with periodate-oxidized 
ATP, periodate-oxidized ADP and periodate-oxidized 
AMP (Fig. 1). This effect was not observed after perio- 
date-oxidized adenosine treatment. 

The effects of the periodate-oxidized analogs were 
irreversible in that, after washout, they persisted 
throughout the ca. 2.5-h period of concentration-re- 
sponse curve construction. In preparations repetitively 
challenged with ATP (10 -~ M), the second phase of 
contraction to ATP remained inhibited following incu- 
bation with periodate-oxidized ATP, periodate-oxidized 
ADP and periodate-oxidized AMP, in the manner 
shown in Fig. 1, during a ca. 1.5-h examination period. 
In contrast, periodate-oxidized adenosine treatment 
had no effect on the second phase of the responses 
(n = 4 separate experiments for each periodate- 
oxidized compound; data not shown). 

Under  no condit ion did incubation with a 
periodate-oxidized compound affect the contraction to 
120 mM KC1 (P  > 0.05). 

4. Discussion 

The present results have demonstrated that perio- 
date-oxidized ADP, periodate-oxidized AMP, and peri- 
odate-oxidized adenosine share with periodate-oxidized 
ATP the ability to potentiate the first phase of contrac- 
tion of the vas deferens to ATP after the smooth 
muscle is incubated with the compounds. The fact that 
this effect was produced by periodate-oxidized adeno- 
sine indicates that the potentiation did not require the 
presence or cleavage of 5'-phosphate. 

The mechanism of potentiation was not investigated 
in this study, but its irreversibility suggests that it 
occurred following covalent interactions. In the first 
report on the effects of periodate-oxidized ATP on 
nucleotide-induced responses (Fedan and Lamport, 
1990), we speculated that the potentiation by perio- 
date-oxidized ATP could be due to inhibition of ecto- 
phosphohydrolase, i.e., ATPase, activity. This hypothe- 
sis remains very plausible in view of the recent report 
that periodate-oxidized ATP, an inhibitor of ATPases 
(Colman, 1982), inhibits ecto-ATPase activity in 
macrophages (Murgia et al., 1993). Other explanations 
can be considered, however. For example, incubation 
of vas deferens with AMP or adenosine 5'-monophos- 
phorothioate (AMPaS) results in a transient potentia- 
tion of ATP-induced contractions (Fedan, 1987). This 
particular potentiating effect has different structural 
determinants than the one produced by the periodate- 
oxidized analogs, i.e., it was not produced by ATP, 
ATPyS,  ADP or adenosine 5'-O-(2-thiodiphosphate) 
(ADP/3S), all of which contract the smooth muscle. 
Clearly, the periodate-oxidized analogs behaved differ- 
ently. 

These experiments also extended our earlier obser- 
vations with periodate-oxidized ATP (Fedan and Lam- 
port, 1990) and showed that periodate-oxidized ADP 
and periodate-oxidized AMP inhibited the second 
phase of contraction to ATP. The inhibitory effect of 
the three compounds was irreversible and indistin- 
guishable. On the other hand, periodate-oxidized 
adenosine did not inhibit the second phase of contrac- 
tion to ATP. [3H]Periodate-oxidized ATP covalently 
labels vas deferens proteins (Lamport-Vrana et al., 
1991) under the same conditions in which the second 
phase of contraction to ATP is irreversibly inhibited 
(Fedan and Lamport, 1990). The present findings sug- 
gest that the same sites may be affinity-labelled by 
periodate-oxidized ADP and periodate-oxidized AMP, 
with ecto-phosphoryl transfer and the second contrac- 
tile phase inhibited as a result. Inasmuch as periodate- 
oxidized adenosine was incapable of producing this 
effect, it may be concluded that at least one 5'-phos- 
phate needs to be present to inhibit this mechanism. 
This does not necessarily imply that cleavage of the 
5'-phosphate chain is obligatory for inhibition of the 
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second phase.  The  absence  of 5 ' -phosphate  could inter-  
fere with the b ind ing  of a 2 ' -3 ' -d ia ldehyde-subst i tu ted  
c o m p o u n d  to a regulatory site in or nea r  the ecto- 
kinase.  The  possibility that  per iodate-oxidized adeno-  
sine had no inhibi tory effect because  it had no  agonist  
activity is ruled out  by the observat ion that  per iodate-  
oxidized A M P  also did not  evoke contract ion;  however,  
per iodate-oxidized A M P  inhib i ted  the second phase.  
Our  results provide no  insight into whether  per iodate-  
oxidized A M P  formed from the degrada t ion  of perio-  
date-oxidized A T P  and  per iodate-oxidized A D P  is ac- 
tually the inhibi t ing ligand. 

None  of the observat ions  made  in this study were 
p roduced  following incuba t ion  of vas deferens  with 
A T P  (Fedan  and  Lampor t ,  1990). 

It is becoming  appa ren t  that  more  t han  one  trans-  
duct ion  mechan i sm may be involved in a cell 's mult i-  
phasic response  to extracel lular  ATP.  In  addi t ion,  the 
involvement  of one  or more  of the mechanisms  may 
d e p e n d  on the concen t ra t ion  of the nucleot ide .  For  
example,  mu l t i - componen t  responses  have been  de- 
scribed in mouse  vas deferens  (Von KiJgelgen et al., 
1990), thymocytes (Matk6 et al., 1991), parot id  acinar  
cells (McMil l ian  et al., 1993) and  macrophages  (Murgia  
et al., 1993). Three  pur inocep tors  are thought  to be 
involved in responses  of FRTL-5  (thyroid) cells (Sato 
et al., 1992) and  rat vas deferens  (Bi i l tmann  and  Starke, 
1994) to ATP.  Per iodate-oxidized analogs of A T P  and  
adenos ine  may be useful  for ident ifying mul t ip le  mech-  
anisms of response  to A T P  in other  cell types. 

In  summary,  our  exper iments  have demons t r a t ed  
that  per iodate-oxidized analogs of ATP ,  ADP,  A M P  
and  adenos ine  po ten t i a te  the first phase of cont rac t ion  
to ATP,  and,  except for per iodate-oxidized adenos ine ,  
inhibi t  the second phase of contract ion.  These  actions 
are irreversible,  and  are in t e rp re ted  to result  from 
covalent  inh ib i t ion  of ec to-phosphohydro lase  and  
ecto-phosphoryl  t ransfer ,  respectively. 
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