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Abstract—Adenosine-5-phosphates (ATP, ADP, AMP) are adsorbed by clay minerals at very low concen-

trations (<2 mg/liter). In contrast to quartz, the clay

minerals exhibit a strong preference for ATP over

AMP. The experimental data are expressed as recovery rates (adenosine-phosphate in solution to total
nucleotide added). For example, the recovery rates of ATP, ADP, and AMP in the presence of sodium
montmorillonite are 0, 17, and 100%; in the presence of quartz 95, 100, and 99%. The recovery rate of AMP
on clays is markedly decreased by the presence of ATP, that is, ATP increases the adsorption of AMP by

cooperative interactions.

A part of ATP not recovered in the equilibrium solution is dephosphorylated to ADP. For example, 45%
of ATP not recovered in equilibrium solution with calcium montmorillonite is recovered as ADP; with

sodium montmorillonite only ADP can be recovered

in solution.
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INTRODUCTION

The bonding of anions by clay minerals involves dif-
ferent mechanisms more complex than cation-exchange
reactions. Besides exchange of anions in the double
layers on the crystal edges, specific anion adsorption
is very pronounced. A well-established example is the
substitution of lattice OH~ ions by F~ anions on crystal
edges and, in the case of kaolinite, on basal planes
(Weiss et al., 1956).

A particularly relevant problem encountered by soil
scientists and biologists is that of the reaction of phos-
phate ions which are irreversibly bound at low cover-
ages (Muljadi et al., 1966a, 1966b). A study of adsorp-
tion and desorption of more complex anions, such as
adenosine-5-phosphates (ATP, ADP, AMP) (Figure 1),
is a prerequisite for biologists who wish to extract nu-
cleotides from sediments during ecophysiological stud-
ies.

A large proportion of ATP (in comparison with ADP
and AMP) is the basic requirement for cell growth
(Chapman et al., 1971). Ernst (1970) measured the
ATP-content in marine sediments as an estimate of the
microbial biomass. ATP was extracted from the sedi-
ment with solutions of ““Tris’” {= tris(thydroxy-
methyl)aminomethane], a buffer reported to be very
effective. However, complete desorption of ATP was

! Contribution 255 of joint research program 95 ‘Interaction
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not achieved. This was attributed to the presence of
clay minerals (Conklin and MacGregor, 1972; Ander-
son and Davies, 1973), but a relationship between
clay content and recovery rate could not be estab-
lished (Ferguson and Murdoch, 1975).

A first insight into the interactions of adenosine-5-
phosphates with clay minerals and silica may be ob-
tained by determination of the recovery rates of ATP,
ADP, and AMP in the presence of different clays and
silica. The recovery rate is the ratio of the amount of
a nucleotide in solution to the total amount of this nu-
cleotide added to the clay or silica suspension. The re-
covery rate is representative for the system at low nu-
cleotide concentrations. Representation of the
experimental data by recovery rates was chosen be-
cause recovery rates can be directly deduced from the
measurements. Representation by adsorption data re-
quires the knowledge of dephosphorylation of the nu-
cleotides at the clay surface (see below).

MATERIALS AND METHODS
Determination of recovery rates

The procedure used corresponds to ATP-determi-
nations employed by biologists (Holmsen et al., 1966;
Karl and Larock, 1975). The adsorption of the nucleo-
tides was studied at very low concentration, and the
desorption was measured after dilution not only with
water but also with buffer solutions, e.g., solutions of
“Tris”” at 100° and 0°C. (A boiling buffer is required for
decomposition of the cells in biological experiments.)
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Figure 1. Adenosine-5-phosphates, n = 1: adenosine-5-

monophosphate (AMP), n = 2: adenosine-5-diphosphate
(ADP), n = 3: adenosine-5-triphosphate (ATP).

Since small amounts of dispersed clay disturb the
photometric ATP-determination, the clays were sus-
pended in sodium chloride solution with a concentra-
tion high enough to ensure complete coagulation of the
particles (cf. Frey and Lagaly, 1979). Thus, 20-30 mg
of clay or 50-100 mg of quartz was suspended in 0.2 ml
of 0.1 M solution of sodium chloride (pH 5-6) and
stored for about 18 hr in a refrigerator. One tenth mil-
liliter of nucleotide solution was added with cooling in
an icebath, and the samples were shaken for a few sec-
onds on a vortex mixer. After 5 min the solution was
diluted with water or boiling buffer [0.02 M
tris(hydroxymethyl)aminomethane, adjusted to pH =
7.8 with HCI] and stored again at 0°C. After centrifu-
gation at 3400 rpm below 5°C the amount of nucleotide
was determined in the supernatant. The contact time
of clay with nucleotide was 25 min; longer times (1-2
hr) did not affect the results. The contact time could not
markedly be increased because of the instability of the
nucleotide solutions.

Determination of ATP

From 20 to 250 uml of the ATP solution was added
to 1.5 ml of a solution of *‘Tris’” and magnesium sulfate
(20 mmoles ““Tris,”” pH = 7.8, and 7.6 mmoles mag-
nesium sulfate per liter) and made up with water to 2
ml in a scintillation vial. The vial was then inserted into
a JRB ATP-photometer, and 0.5 ml of FLE-solution?)
(diluted 2:5 with water) was injected with an automatic
dispenser. A green-yellow emission (McElroy, 1947)
whose intensity was proportional to the ATP concen-
tration (Chase, 1960), was produced by reaction of the
ATP with luciferine—luciferase. The signal was record-
ed on a millivolt recorder and the peak-height mea-
sured. The detection limit is about 0.5 picomoles (=0.2
ng) of ATP. All values reported are averages from at
least 5 experiments.

2 FLE = firefly-lanterne extract, luciferine-luciferase ex-
tract from Photinus pyralis.
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Figure 2. Adsorbed amounts of ATP (x) and recovery rate
(®) (ATP in solution to total ATP added) vs. total ATP added
(20 mg sodium montmorillonite, 500-2000 ng ATP in 0.3 ml of
NaCl solution, diluted with 1.5 ml of boiling solution of
“Tris.”’
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Figure 3. Recovery rates vs. dilution after adsorption (500

ng ATP added to 20 mg sodium montmorillonite in 0.3 ml of
NaCl solution, then diluted with x ml of ““Tris>’ at 0°C and
100°C. Recovery rate is the ratio of ATP now in solution to the
total of ATP added).
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Figure 4. Recovery rates of adenosine-5-phosphates in the
presence of clay minerals, quartz, and ‘‘quarzsilit’’ (2000 ng
ATP, ADP, or AMP per 20 mg adsorbents in 0.3 ml of NaCl
solution, diluted with 6 ml of boiling solution of “‘Tris’*). Dyp
refers to the dephosphorylation of ATP to ADP under influ-
ence of the solid surface. It is the recovery of ATP after con-
version of the solution ADP into ATP. The same for ADP/
AMP (Dp)).
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Enzymatic conversion

For determination of ADP and AMP, the nucleotides
were converted to ATP by the enzymes pyruvatkinase
and myokinase (Witzel, 1979). The conversion was ini-
tiated by the addition of 330 picomoles ATP.

Materials

Beidellite (Unterrupsroth, Rhon, Germany) and
montmorillonite (bentonite from Geisenheim, Ger-
many) were treated with dithionite solutions to remove
the iron oxides and with H,0, to destroy organic ma-
terials. The <1-um fraction was separated by sedimen-
tation. Homoionic sodium and calcium forms were pre-
pared by reaction with NaCl and CaCl, solutions.
Kaolin (Georgia Hydrite, without industrial process-
ing), illite (from Fuzeradvany, Hungary), quartz (1-
3.16-um fraction), and synthetic carborundum SiC
(“‘Quarzsilit,”” Firma Kick, Schnaittenbach) were em-
ployed as received.
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Luciferine-luciferase (‘*°FLE-250"") was supplied by
SIGMA Chamicals, Munich, Germany; pyruvatkinase,
myokinase, phosphorenolpyruvate, and nucleotides by
Boehringer, Mannheim, Germany; and tris(hydroxy-
methyl)aminomethane (HOCH,),CNH, (‘‘Tris"’) from
Merck, Darmstadt, Germany.

RESULTS
Recovery rate

Part of the ATP added to the clay or quartz suspen-
sion was adsorbed (Figure 2). Dilution of the equilib-
rium solution with water or buffer increased the amount
of ATP in solution to a limiting value (Figure 3), dem-
onstrating irreversible adsorption of a certain amount
of ATP. Since the adsorption isotherm is linear in the
concentration range studied, the limiting recovery rate
(total amount of ATP in solution to total amount of ATP
added) remained independent of ATP-concentration
(Figure 2). (Exception: with sodium beidellite the re-
covery rate decreased from 37% at 100 ug total ATP/g
beidellite to 0% at 50 ug/g.) Extraction with boiling
buffer resulted in a significant lower desorption (lower
recovery) (Figure 3). Increased adsorption with rising
temperature was observed for phosphate adsorption by
kaolinite (Muljadi et al., 1966a, 1966b).

ATP, ADP, and AMP

In suspensions of quartz and ‘‘quarzsilit” the recov-
ery rates of ATP, ADP, and AMP were nearly identi-
cal—90% for *‘quarzsilit’’ and 50-60% for quartz. The
clay minerals differentiate between ATP, ADP, and
AMP (Figure 4). The recovery rate is especially high
for AMP (55-85%) depending on the clay mineral. The
specificity is most pronounced for kaolin and mont-
morillonite; only 14% of the ATP can be recovered in
contrast to 75 and 65% of the AMP. The recovery of
ATP increases from 14% for calcium montmorillonite,
to 46% for calcium beidellite, to 64% for illite. ADP
reacts differentially, i.e., smectites show a slight pref-
erence for ATP over ADP; for illite and kaolinite, this
is not the case.

Adsorption at such low levels as used may be caused
by impurities, especially quartz or amorphous silica
which were not removed during the preparation of the
homoionic forms of the clays. Figures 4 and 5, how-
ever, make evident that quartz and also amorphous sil-
ica do not reveal any specificity for nucleotide adsorp-
tron.

Influence of .*‘Tris”’

Although biologists start such extractions with boil-
ing solutions of “‘Tris,”” the present results clearly in-
dicate that this does not promote desorption but instead
leads to an increase in the amount of irreversibly fixed
nucleotides. This is especially true for AMP, ADP, and
ATP on quartz and ‘‘quarzsilit’” and for AMP on clay
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Figure 5. Recovery of ATP without dilution with ““Tris”’

(experimental data as in Figure 3, but solutions not diluted
with buffer).

minerals. The nucleotides are completely desorbed by
dilution with water (recovery rate 100%, Figure 5), but
not by dilution with *“Tris.”* The recovery of ADP on
clays is only slightly affected. ATP is completely fixed
by sodium montmorillonite in aqueous solution and
partially fixed in the presence of ‘‘Tris’’ (the recovery
rate increased from O to 63%).

Influence of sodium diphosphate

Sodium diphosphate Na,P,0, is generally used as
peptizing agent for smectites. Clay minerals treated’
with Na,P,0, prior to the adsorption of nucleotides had
remarkably higher recovery rates, indicating a decrease
in the amount of adsorption. For kaolinite, the recovery
increased from 10 to 88%; for sodium montmorillonite
(in the absence of ‘‘Tris"), from 0 to 38%.

Dephosphorylation of ATP

During adsorption of ATP some molecules were hy-
drolyzed to ADP by loss of the terminal phosphate
group. Table 1 shows the extent of ATP-hydrolysis un-
der the influence of different solid surfaces.

Thus, only a fraction of the unrecovered ATP was
really adsorbed, the rest was transformed to ADP. The
recovery of ATP with calcium montmerillonite, for ex-
ample, was 14%:; i.e., 86% of the ATP added could not
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Table 1. Transformation of ATP to ADP.
ATP transformed

Sample into ADP?
Sodium montmorillonite 100%
Calcium montmorillonite 45%
Sodium beidellite 2%
Calcium beidellite 24%
Illite 14%
Kaolin 21%
Quartz 41%

2000 ng total ATP, 20 mg clay or quartz, extraction with
“Tris’’ at 100°C.
t Percentage of ATP not recovered as ATP in solution.

be recovered as ATP in solution. About 45% of this
amount was recovered in solution as ADP. The de-
phosphorylation of ATP was especially high on the sur-
faces of sodium smectites and of quartz in the presence
of ““Tris.”” Dephosphorylation of ADP into AMP was
also observed with sodium montmorillonite and beidel-
lite (Figure 6).

Cooperative reactions

In the presence of ATP the recovery of AMP in clay
suspensions was drastically reduced. For illite, it was
decreased to half of its value; for the other clay miner-
als it dropped to 5-10%: AMP was almost completely
adsorbed. The recovery of ATP itself remained un-
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Figure 6. Recovery rates of adenosine-5-phosphates of cal-
cium and sodium smectites after dilution with boiling buffer
(experimental data as in Figure 3).
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Recovery of AMP in presence of ATP.

Recovery rate (%)
in absence of ATP

Recovery rate (%)
in absence of AMP

Recovery rate (%)
in presence of ATP

Adsorbents AMP AMP ATP! ATP
Sodium montmorillonite 60 + 13 9+ 4 60 63 +3
Calcium montmorillonite 66 + 3 4+3 10 14+24
Sodium beidellite 505 7+2 0-2 37 £ 9.6
Calcium beidellite 56 +3 117 26 46 = 5.3
Hlite 85+4 43 7 50 64 + 8.3
Kaolin 75+ 4 11 =7 8 9+ 4
Quartz 59 +5 57 + 15 60 60 = 6

2000 ng AMP, 2000 ng ATP, 20 mg clay or 50 mg quartz, dilution with ‘‘Tris’’ at 100°C.
! Limits of error not given because of three parallel measurements only.

changed by the addition of AMP; only in the presence
of beidellite was it markedly decreased (Table 2). No
mutual influence was observed on quartz.

DISCUSSION

Oxides and clay minerals adsorb phosphate anions
by exchange of OH-groups, as described extensively
for alumina and kaolinites by Muljadi et al. (1966) and
for TiO, surfaces by Flaig-Baumann et al. (1970) and
Cornejo et al. (1978). In general, anions of medium-
strong or weak oxo-acids are tightly bound on oxide
surfaces. Phosphate anions are especially strongly ad-
sorbed, and are only slowly removed by extensive
washing with water and incompletely displaced by oth-
er anions. Anion exchange also governs the sorption of
polyphosphate anions (Lyons, 1964; Joyce and Worall,
1970; Balzer and Lange, 1979). Lyons (1964) estimated
the number of adsorption sites of kaolinite for tripoly-
phosphate anions to be 0.1 mmole/100 g. A comparable
value (VM = 0.7 mmole/100 g) was deduced from phos-
phate adsorption on kaolinite (Muljadi ef al., 1966). It
is likely that sorption of adenosine-5-phosphates pro-
ceeds by similar exchange mechanisms. The highest
amounts of ATP adsorbed in the concentration range
studied were about 0.02 mmole/100 g.

Muljadi et al. (1966) suggested that the exchangeable
OH-groups of clay minerals are OH~ ions linked to alu-
minum ions at the crystal edges. Surface OH-groups
bound to silicon ions are more difficult to exchange
which explains the high recovery of nucleotides in the
presence of silica and ‘‘quarzsilit’’ reported in the pres-
ent work.

Specific interactions were observed with clay min-
erals: AMP was not adsorbed or was adsorbed only to
a small extent in contrast to the strong adsorption of
ADP and ATP. The bulky adenosine group in AMP ap-
parently affected the anion exchange by sterically hin-
dering close contacts between exchangeable sites and
the phosphate group. If the terminal phosphate group -
is farther from the adenosine group, as in ADP and
ATP, the probability of displacing OH~ ions from alu-
minum ions would be larger.
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In all experiments the clays were used in a coagulated
state. The structure of the coagulate may influence the
number of bonding sites which are accessible to the
nucleotides, and, therefore, may affect the recovery.
Edge-edge and edge-face contacts in the ‘‘Kartenhaus™
structure can blockade sites for the bonding of phos-
phate anions. In sodium smectite suspensions, the
“‘Kartenhaus’’ is built up by single silicate layers or by
a few (up to 6) almost parallel silicate layers. In the
presence of calcium ions,? larger aggregates are formed
by face-to-face contacts, and new adsorption sites for
anions are created by equimolar bound calcium ions
(Weiss, 1958)

ACEX™ + ATP™ —— 2Ca®” ATP™ + X~

AR

Z
é
/

Figure 6 shows that the effect of calcium ions was most
pronounced for montmorillonite and less for beidellite.
The different behavior of both clays requires further
studies.

Adsorption of diphosphate anions prior to adsorption
of nucleotides increased the negative charge at the clay
edges and hindered the adsorption of adenosine phos-
phate; the recovery rates were increased.

AMP was not adsorbed by clays. The marked ad-
sorption which occurred in the presence of ATP hints
at cooperative phenomena. It may be that ATP mole-
cules enlarge the edge-edge and edge-face distances
and create new sites for AMP adsorption or that AMP
molecules surrounding the adsorbed ATP adopt a con-
formation which favors exchange of lattice OH™ ions.

The effect of “‘Tris’’ requires further studies. Since
““Tris”’ increases the pH from 5 to 7.8, a decreased ad-
sorption would be expected analogous to phosphate
adsorption. The increased adsorption of AMP may
have resulted from changes of the ionic charge and/or
conformation. A more probable explanation is that

3 In the experiments with calcium smectites the ratio mval
Ca?*/mval Na* was about 1.
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AMP is bounded via trithydroxymethyl)aminomethane
molecules on the surface.

A fraction of the ATP anions were hydrolyzed to
ADP under the influence of the mineral surface. Evi-
dently, the terminal phosphate group was anchored on
the surface by anion exchange and the activation en-
ergy for breaking the P-O-Pbond between the terminal
and second phosphate group was decreased. This cor-
responds to Lyons’ (1964) experimental results from
studies of hydrolysis of tripolyphosphate on kaolinite.
Lyons estimated an activation energy under the influ-
ence of the kaolinite surface of about 63 kJ mole com-
pared with 117 kJ mole in free solution.
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Pestome—ApenounH-5-dpocdar (ATII, AIII, AMII) apcopOupYIOTCA TTIHHUCTHIMH MHHEpPAJaMH NpH
OYeHb HH3KHAX KOHHEHTpaIMsx (<2 mr/nutp). B npoTHBOMONOXHOCTH KBaply, IJIMHHCTbIE MHHEpPAJILI
MPOSBJISIIOT CUNbHOE NpeanodTeHre K ATII no cpaBHeHnio ¢ AMIIL. DxcnepameHTaNbHbIE JaHHBIE BbIpa-
JKaJHCh B BHJIe CTeneHM pereHepaumu (afeHonuH-ochaThl B pacTBOpe K oOWEMY HOGABICHHOMY HMX
kosmyecTBy). Hampumep, crenensimu pereHepamun ATII, ANII, v AMII B nprCyTCTBHM HATpHEBOIO
MOHTMOpHLTOHUT2 ABsiioTes 0, 17, n 100%; B npucyTcTBMH KBapua 95, 100, u 99%. CrenieHn percHe-
paumu AMIT Ha rniuuax 3aMeTHO ymeHbiuaeTcs B npucytcTeun ATIL, To ects, ATII yBeAnunBaeT agcop6-
uuo AMII B pe3yjibTaTe KOONEPATHBHOrO B3aHMOACHCTBHA.

Yacts ATII, He pereHepupoBaHHAasi B pABHOBECHOM pacTBope, fiedpocdopupyercs 8 AJII. Hanpumep,
45% ATII HepereHHpoBaHHBIE B PaBHOBECHOM pacTBOpE C KajMEBbIM MOHTMOPHJUIOHHTOM pErcHEpH-
pytorcs kak AJITT; B IpUcyTCTBUM HATPHEBOTO MOHTMOPHIIIOHHTA ToNbko AJIII MoxkeT ObITH pereHepu-
poBaHa B pactBope. [N. R.]
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Resiime—Adenosin-5-phosphationen (ATP, ADP, AMP) werden von Tonmineralen bereits bei sehr kleinen
Konzentrationen <2 mg/litre) adsorbiert. Im Gegensatz zu Quarz binden die Tonminerale ATP bevor-
zugt vor AMP. Die experimentellen Daten werden durch die Wiederfundraten ausgedriickt, die angeben,
welcher Anteil des einer Suspension zugesetzten Nucleotids in der Gleichgewichtslosung zuriickbleibt.
Zum Beispiel werden in Natriummontmorillonit-Suspensionen 0, 17, und 100% des zugesetzten ATP, ADP,
und AMP wiedergefunden, wihrend bei Quarz keine Adsorption erfolgt (Wiederfundraten 95, 100, und
99%). Die Wiederfundrate von AMP an Tonmineralen sinkt stark ab, wenn gleichzeitig ATP anwesend ist:
die Adsorption des AMP wird durch kooperative Wechselwirkungen mit ATP beglinstigt.

Die Abnahme des ATP-Gehaltes der Suspension geht nicht nur auf die Adsorption des ATP zurtick; ein
Teil des ATP wird an der Festkorperoberfliche in ADP hydrolysiert. So finden sich z.B. in Calcium-
montmorillonit-Suspensionen 45% des ATP als ADP wieder, bezogen auf die Differenz: zugesetztes ATP—
ATP in der Gleichgewichtslésung. Bei Natriummontmorillonit wird sogar nur ADP in der Losung gefunden.

Résumé—L es phosphates-adenosine-5 (ATP, ADP, AMP) sont adsorbés par des minéraux argileux a de
trés basses concentrations (22 mg/litre). Contrairement au quartz, les minéraux argileux montrent une
forte préférence pour I’ATP par rapport a I’AMP. Les données expérimentales sont exprimées en taux de
récupération (I’adénosine phosphate en solution par rapport au nucléotide total ajouté). Les taux de récu-
pération d’ATP, ADP, et AMP en présence de montmorillonite sodium par exemple, sont 0, 17, et 100%;
en présence de quartz, 95, 100, et 99%. Le taux de récupération d’ AMP sur les argiles est remarquablement
amoindri en présence d’ATP, c’est a dire, I’ ATP accroit 'adsorption ¢’ AMP par interaction cooperative.
Une partie d’ATP non récupéré dans la solution d’équilibre est déphosphorilaté en ADP. Par exemple,
45% d’ATP, non récupéré dans la solution d’équilibre avec la montmorillonite calcium sont récupérés
comme ADP, avec la montmorillonite sodium, seul I’ADP peut étre récupéré en solution. [D. J.]
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