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Abstract

The catalytic efficiency in peptide bond formation of various clays was tested by reactions of glycine (gly), diglycine
(gly,), glycine + alanine (ala), gly, + ala. The main effects of clay structure and composition resulted as following: (1) Clay
composition influences the activation of reactant molecules at clay particle edges. (2) Acidity (basicity) of the clay surface
can change on the state of the reactant. (3) The clay structure is related to suspension stability and thus accessibility of clay
catalytic sites. Mg-rich trioctahedral clays hectorite (smectite) and talc are the most efficient catalysts. Oligomerization of
gly and gly, proceeds on all clays, whereas oligopeptides including aa units are formed with much lower yields and only on
the most efficient catalysts. Besides dipeptides and other linear peptides, also cyclic anhydride (diketopiperazine) is formed
with relatively high yields from diglycine. Cyclic anhydrides can directly act in the formation of the linear oligopeptides by
ring opening molecular rearrangement and addition of another amino acid (oligopeptide). © 1999 Elsevier Science B.V. All
rights reserved.
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are partially substituted by trivalent atoms (Al,
Fe). Each of three ‘basa’ oxygen atoms are
shared by two connected tetrahedra, the fourth
one is linked to the octahedral sheet. Octahedra
(MO,(OH),, M =Al, Mg, Fe) are connected
laterally by sharing octahedral edges. There are
two types of octahedral sheets: (1) Al-oc-
tahedral sheet is called dioctahedral sheet and
its structure is similar to that of y-Al(OH),. Al

1. Introduction
1.1. Clay structure

Studies on the structure of the clay minerals
have been summarized in several monographs
[1,2]. Clay mineras are phyllosilicates, mostly
composed of small or microscopic layered parti-
cles, and the layers consist of linked sheets of

tetrahedra and octahedra. The tetrahedral sheets
are formed by SIO7~ tetrahedra, where Si atoms

* Corresponding author. Department of Material Science, Cor-
nell University, Bard Hall, Ithaca, NY 14853, USA

atoms occupy only two of three possible central
positions of the octahedra. (2) Trioctahedral
sheets, of brucite (Mg(OH),)-like structure,
contain mostly Mg centra atoms. Clay layers
can be formed from one tetrahedral sheet linked
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to one octahedral sheet—1:1 layer type
(kaolinite; serpentine) or one octahedral sheet
between two tetrahedral sheets—2:1 layer type
(smectites, micas, vermiculite, chlorites, Fig. 1).
According to the composition of the octahedral
sheet there are di- or trioctahedral smectites,
micas, chlorites, etc. Fibrous clays, attapulgite
and sepiolite are a specia case from the struc-
tural point of view. They are composed from
layer bands linked in opposite direction by the
tetrahedral oxygen atoms forming ‘inverted lay-
ers. The surface of fibrous clays is character-
ized by the channels parallel to the chains.

Unequivalent isomorphous substitutions (e.g.,
Al for Si(1V), Mg(ll) for Al(I1)) cause net
negative layer charges, which are compensated
in the interlayer spaces by hydrated cations
(smectites, vermiculites), potassium cations
(mica), or positively charged Mg(OH), layer
(chlorite). The layer charge of some clays is
very small, approaching almost zero (kaolinite,
pyrophyllite, talc).

1.2. Catalysis of amino acid condensation

Clays are known as minerals with particular
suitability for adsorption and catalytic pro-
cesses. They were probably present on the prim-
itive earth crust after the formation of an early
hydrosphere as the weathering products of vol-
canic rocks [3]. Clay minerals could, therefore,
have played a crucia role in the molecular
evolution of bio-organic compounds (amino

1:1 layer 2:1 layer

o 0

® OH

e Si, Al

o Al, Mg, Fe

Fig. 1. 1:1 Layer and 2:1 layer type formed by linked tetrahedral
and octahedral sheets.

acids, peptides, sugars, nucleosides, nucleatides,
nucleic acids) in chemical evolution [3—7]. The
catalytic activity of some clays to promote
oligomerization of the precursors of peptides
[8—14] and nucleic acids [15,16] was confirmed
in numerous experiments. Recent papers[17—22]
showed, that clay catalysed peptide formation is
a rather complex combination of various reac-
tions (amino acid dimerization, cyclic anhydride
formation and peptide chain elongation) differ-
ent in their mechanism and dependence on reac-
tion conditions. The majority of published data
refers to experiments using model reactions of
the simplest amino acid gly catalysed by mont-
morillonite or kaolinite [8,9,17—22]. Studies on
smectite catalysed glycine and gly, oligomeriza-
tion showed, how the cataytic efficiency de-
pends on the smectite composition, the layer
charge location and the type of exchangeable
cations [17,18]. The objective of this work was
to investigate experimentally the catalytic effi-
ciency of various clays of different structure.

2. Experimental
2.1. Materials

Pyrophyllite and talc were obtained from the
collection of the Department of Hydrosilicates
(Institute of Inorganic Chemistry, Slovak
Academy of Sciences, Bratisava). Montmoril-
lonite SAz-2, hectorite SHCa-1, kaolinite KGa-
1, vermiculite VTx-1, chlorite (corrensite)
CorWa1l, sepiolite SepNev-1 and attapulgite
PFI-1 were purchased from the Source Clays
Depository of the Clay Mineral Society. Clays
were ground and purified by sedimentation of
water dispersions, according to the procedures
given by the Source Clay Depository. The 2-um
fractions were Ca?* saturated, washed free of
excess ions, dried at 50°C, ground to pass 0.2
mm sieve and used as catalysts.

Gly, aa and their oligopeptides of analytic
grade purity were obtained from Sigma Chemi-
cal and used without further purification. Ala
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and oligopeptides containing ala unit(s) were
L-isomers.

2.2. Reaction system

Four reactions were carried out for testing the
catalytic efficiency of clays, starting with gly,
gly,, gly +ada and gly,+ ala, respectively.
0.01 g clay was mixed with 1 ml 10 mM
reactant solution in 2-ml glass vials. In case of
reactions with two reactants the concentration of
both was 5 mM. The vias with suspensions
were then heated in a heating box at 80 + 1°C
to complete evaporation within 24 h (one cycle).
The residue was then taken up with 1 ml dis-
tilled water and subjected to the next cycle,
until five cycles were completed. Five parallel
experiments were carried out for each system.
After the fifth cycle 1 ml CaCl, solution was
added to the solids to release al formed
oligopeptides and the liquid phase was taken for
analysis. Control experiments with solution in
vials without any catalyst were also carried out.

2.3. Analytical methods

All samples were analyzed by a Hewlett-
Packard HP-1090M HPLC apparatus using a
Shannon Hypersil (ODS 5 wm/200.2.1 mm)
column. The mobile phase was a solution of 10
mM sodium hexanesulphonate, adjusted to pH
2.5 by H;PO,. Before analysis each solution
was diluted with mobile phase (1:1). Injection
volume was 25 or 20 pl. Mobile phase flow

Table 1
The formation of gly, and DKP from gly on various clays

rate was 0.35 ml /min and column temperature
was 40°C. Detection was performed with a diode
array detector at 195 nm. Peptides were identi-
fied by retention times of authentic reference
substances and UV -VIS spectra. Linear
oligopeptides and cyclic anhydrides were char-
acterized by the light absorption at 195 nm. On
the other hand, the spectra of some other un-
known products (probably formed by a decom-
position and an oxidation) were identified also
by the bands at higher wavelengths. Details of
the anaytic methods and retention times of
analysed compounds have been published else-
where [19]. The reaction yields were determined
as percentage of the reactant converted into the
reaction product.

3. Results and discussion

3.1. Glycine reaction

Gly is the simplest amino acid and in many
aspects the most reactive one. Two main prod-
ucts emerging from gly, were detected: gly, and
diketopiperazine (DKP), the cyclic anhydride of
gly,. The reaction yields of these products
formed with the respective clay catalysts are
summarized in Table 1 and were higher than
those of blank experiments (about 0.15% of the
sum of gly, and DKP yields). Whereas the gly,
yield was aways very low (below 1%), DKP
yield was mostly higher than that of gly,, hav-
ing reached several percent in some cases (talc,

Clay

K P T M H

\ Ch A S

gy, 025+002 027+001 046+0.01 0.46+0.04
DKP 012+0.03 040+0.07 461+005 210+0.23
Sum 037+0.05 067+008 507+005 256+0.27

0.69 + 0.07
4.45 + 0.36
514+ 0.32

040+010 057+015 066+001 0.72+0.03
021 +0.06 056+003 180+.0.28 1.68+ 0.05
061+009 113+013 245+028 240+ 0.09

Reaction yields are given in % of gly incorporated in the reaction product.
K—kaolinite, P—pyrophyllite, T—talc, M—montmorillonite, H—hectorite, V—vermiculite, Ch—chlorite, A—attapulgite, S—sepiolite.
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hectorite). The reaction mechanism explains the
easier formation of DKP: Gly dimerization pro-
ceeds as bimolecular reaction after the activa-
tion of one reactant species at a clay particle
edge [23,24] (Fig. 2a) and requires sufficient
reactant concentration and suitable orientation
of reacting entities. Apparently, DKP formation
from gly proceeds only viagly,, which isformed
from gly and can be easily activated in the same
way as gly (Fig. 2b). The subsequent cyclization
reaction of activated gly, is much easier from
kinetic points of view [25-28] than the dimer-
ization of gly (Fig. 2b). Such intramolecular
reaction does not need the reactant concentra-
tion, whereas the condensation reaction of two
amino acid molecules does. Therefore, cyclic
anhydrides are readily formed from amino acids
in other reaction systems as well, e.g., on silica
and alumina [19,29]. The sum of gly, and DKP
yields, therefore, reflects the real amount of gly
having taken part in oligomerization, rather than

O

the gly, yield alone. Hence, neglect of DKP
determination in some earlier works investigat-
ing clay catalysed gly oligomerization [8,9], has
led to underestimation of the catalytic efficiency
of clays for peptide bond formation. Conse-
quently, in this work the sum of yields was
chosen as measure for the catalytic efficiencies
of tested clays for gly dimerization.

The catalytic efficiency of clays varies con-
siderably. The highest yields (about 5%) were
achieved on trioctahedral clays, namely hec-
torite and talc. Twice lower yields resulted with
the dioctahedral smectite montmorillonite and
with the fibrous clays attapulgite and sepiolite.
The lowest catalytic efficiency was observed for
kaolinite (Table 1). The interpretation of these
results requires a consideration of the mecha
nisms of amino acid activation on clay surfaces.

There is some theoretical and experimental
(spectroscopic) evidence [23,24] that amino
acids (oligopeptides) are activated by the same

____OH

\

OH o

Fig. 2. (a) Scheme showing glycine activation at clay particle edge leading to diglycine formation. (b) Scheme showing the formation of

diketopiperazine from diglycine activated at clay particle edge.
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way as on a silica surface, i.e., via a condensa-
tion (esterification) reaction with Si—OH groups
(Fig. 2ab). A maor part of the clay surface
(basals) is inactive for the catalysis of peptide
bond formation, as amino acids are activated
only at clay particle edges [23,24] and possibly
at sites of structural defects, which, together, is
only a very small fraction of the total surface.
The extent of activation depends not only on the
reaction step itself, but also on the accessibility
of the catalytic sites. The accessibility of these
catalytic sites depends on the stability of clay
suspensions. For example, smectites as hectorite
and montmorillonite are characterized by inter-
lamelar swelling and formation of relatively
stable suspensions. The mobility of reactant
molecules in such a system would insure their
suitable distribution (if the reactant is present in
sufficient amount) over the whole active surface
of clay. In such a case (hectorite, montmoril-
lonite), a sufficient fraction of clay particle edges
is available for catalysis, and the yields are
relatively high (Table 1). The yield obtained on
the trioctahedral smectite hectorite is higher than
that on the dioctahedral montmorillonite, which
may be interpreted by different charge distribu-
tions on oxygen atoms in octahedral and tetra-
hedral sheets. Mg—O and Li—O bonds in hec-
torite octahedral sheets are very polar, more or
less ionic, whereas Al-O bonds in montmoril-
lonite are more covalent. Conseguently, the oc-
tahedral oxygen atoms in hectorite would be
more negatively charged, which would facilitate
a suitable amino acid zwitterion orientation for

the condensation reaction: positively charged
ammonium groups would associate mostly with
oxygen atoms in octahedral sheets, free Si—OH
groups could react with COO™ groups of the
amino acid [17]. The same would hold for an-
other trioctahedral clay talc.

Fibrous clays as attapulgite and sepiolite do
not swell in water. On the other hand, a signifi-
cant part of their surface might be suitable for
amino acid activation. Similar to zeolites, the
channels inside the particles of these mineras
are free for the adsorption of water and small
molecules as amino acids. Active Si—OH groups
are supposed to be present also inside the chan-
nels of clay particles, due to imperfect connec-
tions of the bands of tetrahedral sheets.

Recently, a study of pH effect on gly
oligomerization in solution was reported [30]. A
significant increase of gly, yields was observed
in heated gly solutions for pH > 7. Higher pH
decreases the amount of zwitterions in favour of
amino acid anions, and since COO™~ groups of
anionic gly are still reactive enough and a higher
concentration of nucleophile (NH,- groups) re-
sults, higher yields of gly, are formed. This is
in accordance with a previous study investigat-
ing the pH effect on the clay catalyzed peptide
bond formation, in which an even dight acidifi-
cation of reactant solutions was found to de-
crease the peptide bond formation [21]. This pH
effect was pointed out to play an important part
aso in the reaction of amino acids on clay
minerals, carbonates, etc. The active sites at the
clay particle edges, namely those of Mg-trioc-

Table 2
The formation of DKP, gly; and gly, from gly, on various clays
Clay
K P T M \% Ch A S

DKP 218+014 161+003 350+014 336+0.20
gy; <005 <0.05 0.63+0.06 0.33+0.03

534+014 4654031 390+001 156+0.07 339+0.32
134+012 043+005 042+002 050+0.01 0.76+0.05

gy, 041+006 021+004 085+013 046+001 418+032 163+005 121+0.03 039+010 1.13+0.05

Sum 041+006 021+004 148+017 0.79+0.03

544+032 207+0.08 164+0.04 089+010 1.90+0.09

Reaction yields are given in % of gly, incorporated in the reaction product.
K—kaolinite, P—pyrophyllite, T—talc, M—montmorillonite, H—hectorite, V—vermiculite, Ch—chlorite, A—attapulgite, S—sepiolite.

Sum—sum of gly; and gly,.



134 J. Bujdak, B.M. Rode / Journal of Molecular Catalysis A: Chemical 144 (1999) 129-136

tahedral sheets may partially hydrolyze [31] and
thus enhance the suspension pH. In analogy to
gly formation in solution, a series of experi-
ments was performed, where water evaporation
was not allowed, thus keeping the volume of the
suspensions constant. These samples did not
produce any gly, and DKP, under otherwise
identical conditions. On the other hand, the
surface basicity of clays might be important for
reactions applying drying /wetting cycles. Re-
moval of the water from hydration shells of the
exchangeable cations causes strong polarization
effect of these cations on the remaining water
molecules. Cation hydrolysis and surface acid-
ification proceeds. In this case basic sites at clay
particle edges can play an important buffering
role and keep the surface pH suitable for pep-
tide formation reaction.

o
HN/Y
_ >
o

[0}
ey
4 o

\ ° (glys)
o + o

M NH\)J\ 0; "\/[L
H,N
H,N Y NHY + Hy o
o

(gly3)

3.2. Diglycine reaction

Heating of gly, with clays produces DKP,
triglycine (gly;) and tetraglycine (gly,) (Table
2). Clay catalyzed gly, reactions are much more
complicated, including various mechanisms of
peptide bond formation as well as hydrolysis of
reactant and reaction products (Fig. 3). For ex-
ample, gly; can be formed by the hydrolysis of
agly,, or by the oligomerization of gly (product
of hydrolyzed gly,) itself. DKP, formed with
the relatively highest yields, can directly act in
the formation of longer oligopeptides by ring-
opening and addition of another component,
forming gly; or gly, in its reactions with gly or
aly,, respectively (Fig. 3). Investigation of the
effects of clay composition or structure on gly,
oligomerization is, therefore, much more com-

(gly)

Fig. 3. Assumed main reaction paths in the experiments starting with diglycine.
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plicated, taking into account the possibility of
various catalytic efficiencies of the clays for the
various reaction steps. Nevertheless, there are
trends similar to the clays catalytic efficiency
for gly reaction. Hectorite produces the highest
yields of both linear oligopeptides and DKP.
The yields of linear peptides produced on other
clays were at least twice lower. The lowest
amounts of gly, and gly, were produced on
kaolinite and pyrophyllite. The low catalytic
efficiency of these clays could be explained by
the same reasons as discussed for gly reaction.

3.3. Reactions including alanine

Experiments starting with ala + gly
(gly,) /clay suspensions confirmed the signifi-
cantly lower reactivity of ala, compared to gly.
Dialanine was not detected after the reactions
on any of the clays investigated.

Ala+ gly reaction on hectorite yielded 0.25
+ 0.03% of ada—gly and only trace amounts
(< 0.05%) of gly—ala. Ala—gly was aso de-
tected on talc. The other clays formed only gly,
and DKP, any oligopeptides containing ala unit
were not found.

Both hectorite and talc are clays containing
Mg-trioctahedral sheets in their layered parti-
cles. These clays were the most efficient cata-
lysts also for gly oligomerization. In order to
find whether basicity of these minerals plays an
important role in ala oligomerization with gly,
the pH effect was studied in separate series of
experiments. Ala+ gly solutions of varying pH
(4-9) were used in reaction systems without
catalyst (as blank) and with montmorillonite and
hectorite. If pH played a dominant role in clay
catalysed formation of ala—gly, this compound
should be found also in the experiment starting
with high pH. Phosphate buffers could not have
been used, since they are known to catalyse
peptide bond formation themselves [32]. More-
over, some preliminary experiments have indi-
cated adsorption of phosphate ions to clay parti-
cle edges, resulting in a blockage of these cat-
alytic sites [33,34]. Consequently, the systems

of clays together with phosphate buffers pro-
duced much lower yields of gly, and DKP than
either clays or phosphates alone. Therefore, pH
was adjusted by HCl or KOH, respectively.
Indeed, higher pH (8-9) ala+ gly solutions
yield more gly, and DKP in blank experiments
(about 1% at pH 9), but no formation of dimers
containing ala was observed. On the other hand,
there was no significant effect of pH on the
reaction yields in the experiments with hectorite
and montmorillonite. Only a slight decrease of
gly, and DKP yields was observed in the reac-
tion systems with pH 4. Base cataysed gly
oligomerization, recently observed in aqueous
solution [30], likely plays a role in peptide bond
formation on clays, as already shown in the gly
and gly, experiments. However, it is not the
only mechanism taking place on clays. Higher
pH increases the amount of available NH,-
nucleophilic groups, which enhance the proba-
bility of the reaction with another amino acid
molecule activated at a clay particle edge.

The experiments of aa+ gly, reactions
proved the relatively higher reactivity of gly,.
Ala—gly—gly was formed as a main product,
which is in accordance with previously pub-
lished works [19,22]. Only traces of gly—gly—ala
were detected, likely produced by ring-opening
of DKP and aa addition [19-21,32,35]. Hec-
torite produced the highest yields: 0.43% aa—
gly—gly and 0.18% gly—gly—aa The yields
formed by other clays are lower at least by a
factor of two and decreased in the order: hec-
orite > talc = sepiolite > montmorillonite = atta-
ulgite. Chlorite and vermiculite formed only
traces of ala—gly—gly, and none of the tripep-
tides was detected in the reactions with kaolinite
and pyrophyllite. Hence the order of catalytic
efficiencies of clays is very similar to that ob-
served in gly and gly, experiments.

4, Conclusion

Testing various clays in model reactions for
peptide bond formation confirmed the effect of
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clay structure and composition on the efficiency
of these catalysts. Trioctahedral clays of rather
basic surface, such as hectorite and talc, are the
most efficient ones for this purpose. Besides
mineral surface basicity, aso other parameters
can be supposed to play a significant role, such
as structural effects related to the activation of
reactant molecules and the accessibility of the
catalytic sites.
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