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Successive macroscopic pK, values have been determined potentiometrically for the
conjugate acids of spermidine (4-azaoctane-1,8-diamine), spermine (4,9-diazadode-
cane-1,12-diamine) and some acylic diamines at various ionic strengths in the absence
and presence of tetrasodium pyrophosphate. The stability of the amine/pyrophos-
phate adducts have been estimated on the basis of effects of the pyrophosphate ion on
the apparent acidity constants of the amines. Stoichiometry and thermodynamics of
adduct formation have been elucidated from microcalorimetric measurements.

Inorganic pyrophosphatase (EC 3.6.1.1) is an enzyme that
catalyzes the hydrolysis of pyrophosphate ion (PPy") to
orthophosphate ions. The structural and kinetic properties
of various microbial pyrophosphatases have been well es-
tablished."® The catalytic activity of inorganic pyrophos-
phatase of Streptococcus faecalis, for example, exhibits an
absolute requirement for Mg?* ion,® which is necessary for
the formation of substrate complexes, [Mg(PP;)]*~ and
[Mg,(PP;)]. Moreover, Mg?* ion acts as an allosteric activa-
tor.”1® Recently, significant catalysis was observed by the
acyclic tri- and tetra-amines, spermidine (4-azaoctane-1,8-
diamine, 1) and spermine (4,9-diazadodecane-1,12-dia-
mine, 2) even in the absence of divalent metal ions.!! This
suggests that protonated polyamines are able to complex
with the pyrophosphate ion. Application of resin competi-
tion methodology'? at pH 7.5 gave values of 6.4x10? and
2.7x10° dm® mol~! for the apparent stability constants of
the 1:1 adducts of 1 and 2 with PP,.!! This paper is aimed at
elucidating the nature and strength of these interactions.

Results and discussion

Table 1 records the successive macroscopic pK, values of
the conjugate acids of spermidine (1), spermine (2), pro-
pane-1,3-diamine (3), butane-1,4-diamine (4), and pen-
tane-1,5-diamine (5). The pK, values were determined po-
tentiometrically at various ionic strengths adjusted with

H,N(CH,);NH(CH,),NH,
H,N(CH,);NH(CH,) NH(CH,),NH,
H,N(CH,),;NH,
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tetramethylammonium chloride. All the pK, values in-
crease with increasing ionic strength, the increment being
more marked with polyprotonated than with monoprot-
onated species; the pK, values of mono-, di-, tri- and tetra-
cations are increased by 0.2, 0.4, 0.7 and 0.8 units, respec-
tively, when the ionic strength was increased from 0.1 to 1
mol dm 3. The effect of added sodium nitrate was observed
to be slightly larger. Apparently, an ionic environment
stabilizes the fully protonated molecule relative to less
charged species. As seen in Table 1, the values are compat-
ible with those reported in the literature.

The observed pK, values of mono- and di-hydrogen py-
rophosphate ions are presented in Table 2. These values are
rather insensitive to the concentration of tetramethylam-
monium chloride. Thus, interactions between pyrophos-
phate and tetramethylammonium ions appear to be negli-
gible. In comparison, the pK, value of monohydrogen py-
rophosphate ion was observed to decrease by more than
one unit on going from I = 0.1 moldm™3to I = 1 mol dm™3,
when the ionic strength was adjusted with sodium nitrate
instead of tetramethylammonium chloride. This enhanced
acidity probably results from complexation of the sodium
ion with the pyrophosphate tetraanion. For the 1:1 com-
plex a logarithmic stability constant of 0.8 has been re-
ported.”

Table 3 summarizes the equilibrium data obtained with
equimolar mixtures of pyrophosphate ion and organic
amines. It can clearly be seen that the presence of a fully
protonated amine significantly increases the apparent acid-
ity of mono- (HPP;*") and di-hydrogen (H,PP?") pyrophos-
phate ions, the effect on the pK, value of the former species
being more prominent. Simultaneously, the apparent acid-
ity of the protonated amines decreases, and the effect is
most pronounced for the polycharged species. The most
likely explanation for these changes in apparent pK, values
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Table 1. Macroscopic pK, values of the conjugate acids of spermidine (1), spermine (2), propane-1,3-diamine (3), butane-1,4-diamine
(4), and pentane-1,5-diamine (5) at various ionic strengths at 298.2 K.#

Compd. //mol dm~3 PKL(AH**) PK.(AH:*) PK(AH,2Y) PKL(AH™)
1° 0.10 8.15 9.74 10.24
0.50 8.77 10.24 10.88
1.00 8.93 10.30 10.86
2° 0.10 7.9 8.68 10.21 10.56
0.50 8.52 9.14 10.51 10.76
1.00 8.69 9.31 10.65 10.80
39 0.10 8.80 10.57
0.50 9.00 10.62
1.00 9.18 10.65
4° 0.10 9.45 10.77
0.50 9.67 10.90
1.00 9.77 10.95
5 0.10 9.85 11.00
0.50 10.05 11.07
1.00 10.10 11.14

4lonic strength adjusted with tetramethylammonium chloride. ®Lit. 8.34, 9.81, 10.89 (potent., / = 0.1 mol dm~3);"® 8.25, 9.71, 10.90
("*C NMR, / = 0);'* 8.51, 10.06, 11.16 (potent., / = 0.1 mol dm~3);'® 8.56, 9.98, 10.95 (potent., / = 0.15 mol dm~3).'¢ °Lit. 7.96, 8.85,
10.02, 10.80 (potent., / = 0.1 mol dm~3);"® 8.03, 9.04, 10.27, 10.57 (potent., / = 0.1 mol dm3);'> 7.97, 9.04, 10.12, 10.94 (potent., | =
0.15 mol dm3).7¢ 9Ljt. 8.85, 10.62 (potent., / = 0.1 mol dm~3)."7 °Lit. 9.61, 10.82 (potent., / = 0.1 mol dm=3, T = 293.2 K)."®

’Lit. 10.02, 10.96 (potent., / = 0.1 mol dm™3, T = 293.2 K)."®

is adduct formation between negatively charged pyrophos-
phate ions and positively charged protonated amines [eqn.
(1)]. The adduct may be expected to be more stable the

H, PP~ + AH,™ = AH,,, PP~ (1)
n

higher the charge of the interacting ions. Accordingly, the
ability of pyrophosphate ions to form adducts with fully
protonated amines, [the predominant ionic forms at pH <
pK,(HPP?>")], decreases in the order: PP;*~ > HPP?~ >
H,PP?*~ > H,PP;*. Since the product forms a more stable
adduct than the reactant, each of the consecutive deprot-
onation steps is enhanced. For the same reason the appar-
ent pK, value of HPP* is changed more than that of
H,PP?~. Analogously, the ability of protonated amines to
form adducts with PP*~, which prevails at pH > pK,
(AH,*"), decreases in the order: AH,"”* > AH,_,V. In
other words, the reactant in each dissociation step forms a

Table 2. Macroscopic pK, values of mono- and di-hydrogen
pyrophosphate ions at various ionic strengths at 298.2 K.#

moi dm™3 pK,(H,PPZ") PK.(HPP?")
0.10° 6.41 8.78
0.50 6.31 8.75
1.00 6.34 8.90

“The ionic strength was adjusted with tetramethylammonium
chloride. °Lit. 6.12, 8.93 (potent., / = 0.1 mol dm~2 with
Me,NCI)," 6.12, 8.95 (potent., / = 0.1 mol dm~2 with Me,NBr).2°
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more stable pyrophosphate adduct than does the product,
and hence the apparent acidity is reduced.

The data in Table 3 allow the following conclusions to be
made. (i) The ApK, values decrease on going from an ionic
strength of 0.1 to 0.5 mol dm™3, and change only slightly
thereafter. This means that H,,PP“~™~/AH,"*-adducts are
destabilized by high electrolyte concentrations, which is
expected on the basis of the electrostatic nature of the
interaction. (ii) The ApK,(AH,**) value of spermidine (1),
and the ApK,(AH,**) and ApK,(AH;**) values of sper-
mine (2) are all markedly positive, in accordance with the
strong interaction of polycharged amines with PP;*~. (iii)
The dication of propane-1,3-diamine (3) interacts with
PP;*~ more strongly than those of the other diamines stud-
ied. This interaction with PP~ thus seems to become
weaker when the number of methylene groups between the
protonated nitrogen atoms is increased. It is interesting to
note that the dication of spermidine (1) appears to interact
with PP;*~ more strongly than does the dication of spermine
(2). In fact, the affinity of diprotonated spermidine for
PP~ is comparable to that of diprotonated propane-1,3-
diamine. For the protonation of the polyamines 1 and 2,
two different binding modes have been suggested. From
the *C NMR shift data of Kimberley and Goldstein,' and
the 2D 'H, *C NMR spectroscopic studies of Aikens ef al.
one can conclude that all the nitrogen atoms of 1 are
involved in dication formation. Protonation of the terminal
amino groups is only moderately favoured. In contrast, the
3C NMR spectroscopic results of Delfini e a/.” and the N
NMR spectroscopic results of Takeda et al.'® suggest a
different tautomeric structure for the dications of 1 and 2;
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Table 3. pK, values for pyrophosphoric acid and the conjugate acids of organic amines in their equimolar mixtures (0.01/0.01 mol
dm~3) at 298.2 K.2

A Imol dm™3 APK(H,PPZ)  ApK,HPP3)  ApK(AH,")  ApKi(AH) APK,(AH,2*) ApK,(AH*)
1 0.10 -06 -1.2 +1.3 +0.7 +0.1
0.50 -0.1 -0.8 +0.5 +0.4 0
1.00 -0.2 -0.6 +0.5 +0.3 0
2 0.10 -1.0 -1.4 +15 +13 0 0
0.50 -05 -1.0 +0.9 +0.6 +0.2 0
1.00 -0.4 -1.0 +0.9 +0.5 0 0
3 0.50 -05 -0.7 +0.5 +0.1
1.00 -0.3 -0.6 +0.5 +0.2
4 0.50 -0.4 -05 +0.3 +0.1
1.00 -0.2 -05 +0.2 +0.1
5 0.50 -0.4 -03 +0.2 +0.1
1.00 -03 -0.3 +0.1 +0.1

The ApK, values reported are the difference between the pK, vaiues observed in the presence and in the absence of the cosolute
(PP;/A). The ionic strength was adjusted with tetramethylammonium chloride.

only the terminal amino groups undergo protonation. The
relatively high affinity of diprotonated spermidine for PP;*~
may be accounted for by the former binding mode. In the
case of spermine, with two imino groups in addition to the
terminal amino groups, simultaneous protonation of the
two adjacent nitrogen atoms will be, statistically, less fa-
vourable. (iv) The pK, values of monoprotonated amines
are not markedly influenced by the presence of PP;*~, sug-
gesting that neutral and monocharged amines interact only
weakly with PP;*".

Calorimetric studies on the interaction of PP;*~ with fully

Table 4. Enthalpies of interaction of pyrophosphate tetraanion
with fully protonated spermidine (1) and spermine (2) in
aqueous solution at 298.2 K.2

[Amine}/mol dm—3 [PP]/mol dm—3 AHN
Spermidine

0.0067 0.0133 0.582
0.0133 0.0067 0.550
0.0067 0.0333 0.750
0.0333 0.0067 0.779
0.0067 0.0667 0.781
0.0667 0.0067 0.863
Spermine

0.0067 0.0133 0.753
0.0133 0.0067 0.659
0.0067 0.0333 0.988
0.0333 0.0067 0.848
0.0067 0.0667 1.054
0.0667 0.0067 0.987

“The concentrations reported are total concentrations after
mixing. The enthalpy values refer to a final volume of 6.0 cm®.
No background electrolyte was employed.

protonated amines, 1 and 2, aid the elucidation of the
stoichiometry of the adduct formation. Table 4 summarizes
the enthalpies of interaction determined by mixing so-
lutions of tetrasodium pyrophosphate and solutions of sper-
midine trihydrochloride and spermine tetrahydrochloride
at different concentration ratios. The data show that the
enthalpy at [Na,PP;J/[AH,Cl,] = ris nearly equal to that at
[Na,PP,J/[AH,C],] = 1/r, provided that the total concentra-
tion, [Na,PP;] + [AH,Cl,], remains constant. This suggests
that the adducts contain PP~ and AH,"* in a 1:1 ratio.
Although the contributions of intermolecular proton trans-
fer reactions from AH,”* to PP} cannot be strictly ex-
cluded, they are presumably of minor importance. As seen
from Tables 1-3, the apparent pK, values of AH,"* and
HPP;*~ differ in their mixtures by more than 1 unit.

aH/)

1

1
0.05 0.10 015
[PP;1/mol dm™3

Fig. 1. Enthalpies of interaction of PP;*~ with fully protonated
spermidine (O) and spermine (@) in excess PP/~ at 298.2 K.
The concentration of the protonated amine was 6.7x 103 mol
dm~2 and the final volume of the reaction mixture was 6.0 cm?.
No background electrolyte was employed.
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Fig. 1 shows the enthalpy of interaction vs. the concen-
tration of PP,;*~, when the latter species was in excess. With
both spermidine trihydrochloride and spermine tetrahydro-
chloride the enthalpy is independent of the pyrophosphate
concentration when PP;*~ > 0.05 mol dm~>. This indicates
that 1 and 2, under these conditions, are entirely converted
into pyrophosphate adducts. Since the ratio of these PP;*"-
independent enthalpy values for 1 and 2 is almost exactly
3:4, the nitrogen atoms are most probably equally involved
in the adduct formation. The standard molar enthalpies for
the formation of PP;*~-adducts of fully protonated spermi-
dine and spermine are 19.7 and 26.5 kJ mol ™', respectively.

Bearing in mind the results of the calorimetric measure-
ments, the stability constants of the AH,"*/PP;*~ adducts
may be calculated from the ApK, values of protonated
amines determined in excess PP/*". As discussed above,
interactions of PP;*~ with neutral amines may be neglected.
When 1:1 adduct formation is assumed, the apparent for-
mation constant, §,,, (AH,""), for protonated amine,
AH,"*, in the presence of PP;*" may be expressed by eqn.
(2). Interactions of AH,"* with HPP?~, H,PP?", and

[AH,] + [AH, PP
[A] [H]"

Bapp (AH,™) = @

H,PP,~ have been neglected. The mole fractions of these
species are very low at pH =~ pK,(AH,"*), and additionally,
these species are expected to form less stable adducts than
PP;*-. Substitution of eqn. (3) into eqn. (2) gives eqn. (4),
where B(AH,"") is the formation constant of AH,"* in the

[AH,PP¢“™"]

K(AH,PP{™7) = [AH,"] [PP]

3)
Bapp (AHn'H) = B(AH,,"+) {K(AHnPPi(‘_")_) [PPi“-] + 1} (4)
Table 5. Alog B(AH,™) values for the conjugate acids of organic

amines in a fivefold excess (0.05 ml dm~3) of pyrophosphate
ion.?

A //moldm= Alog B(AH,**) Alog B(AH>*) Alog B(AH,2*)

1 050 1.1 0.4
1.00 1.3 0.2

2 050 20 0.9 0
1.00 21 0.7 0

3 050 1.1
1.00 1.2

4 050 0.8
1.00 0.7

5 050 0.6
1.00 0.5

apifference between the logarithmic formation constant of the
protonated species in the presence and in the absence of
pyrophosphate ion. log B(AH*) < 0.2.
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absence of PP". Table 5 summarizes the values of Alog
B(AH,"™) = log B, (AH,") — log B(AH,™) when a
fivefold excess of PP/~ is employed. Table 6 contains the
corresponding stability constants, K(AH,PP,*""), calcu-
lated from the data in Table 5. The values are compatible
with those obtained previously!! with a resin-distribution
method. The standard Gibbs energy for the formation of
the PP*"-adducts of fully protonated spermidine and sper-
mine are —15.4 and —20.0 kJ mol™!, respectively. Com-
bined with the results from calorimetric measurements,
values of 120 J K~! mol™! (spermidine) and 160 J K~! mol ™!
(spermine) are obtained for the entropy of interaction. The
thermodynamics of the adduct formation seem to exhibit
features known to be typical for ion association:* the en-
thalpy change is unfavourable for adduct formation, but
the relatively large positive entropy change causes the AG®
values to be negative.

Experimental

Materials. Spermidine trihydrochloride, spermine tetrahy-
drochloride, propane-1,3-diamine, butane-1,4-diamine,
pentane-1,5-diamine and tetrasodium pyrophosphate were
all commercial products from Sigma. Tetramethylammo-
nium chloride was a product supplied by Fluka. All com-
pounds were used as received. Solutions of tetramethylam-
monium hydroxide were prepared by dilution of a commer-
cial stock solution (40 %, Aldrich). The concentrations
were determined with a hydrogen chloride solution pre-
pared from standard ampoules (Baker).

Potentiometric titrations. Glass and Ag/AgCl electrodes
from Radelkis were used in the potentiometric titrations.
Carbon dioxide was excluded by maintaining a stream of
nitrogen through the solutions. The observed emf values
were transformed into hydrogen-ion concentrations by
means of eqn. (5), in which jy and joy are fitting param-

E = E° + Clog[H*] + ju[H*] + jou(KJ/[H']) %)
Table 6. Potentiometrically obtained stability constants for the

1:1 adducts of protonated amines with pyrophosphate
tetraanion.

A I/mol dm~2 log K(AH,PP) log K(AH,PP") log K(AH,PP2")

1 050 2.5 1.6
1.0 2.7 1.2
2 050 34 2.2
1.0 35 20
3 0.50 2.5
1.0 26
4 050 2.1
1.0 2.0
5 050 19
1.0 1.7




eters, adjusted with the aid of calibration titrations of aque-
ous hydrogen chloride with tetramethylammonium hydrox-
ide. E, and C are the constants of the Nernst equation,
while K, is the ionic product of water under the experi-
mental conditions.” A Gauss-Newton fitting method ap-
plied to calculate the dependence of E on [H*]. The succes-
sive acidity constants were obtained by the Bjerrum com-
plex formation function using the Davidson—Fletcher—
Powell minimization method.” The pK, values reported
are mean values of 3-5 experiments. The reproducibility
was better than 0.05 for pK < 10 and better than 0.1 above
this limit.

Calorimetric measurements. The calorimetric measure-
ments were performed with a LKB 10700-2 Batch Microca-
lorimeter. The compartments of the reaction cell were
loaded with aqueous solutions of tetrasodium pyrophos-
phate and spermidine trihydrochloride or spermine tetra-
hydrochloride. When the enthalpies of dilution were mea-
sured one of the solutions was replaced with distilled water.
The compartments of the reference cell were filled with
distilled water. The enthalpies of interaction between prot-
onated polyamine and the pyrophosphate tetraanion were
obtained by subtracting the enthalpies of dilution of the
reactants from the enthalpy of mixing. No background
electrolyte was used in the measurments.
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