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The role of clay minerak in the prebiotc synthess of nucleotide oligomers has received
consideral@ attention in recen years Scannilg force microscoy and matrix-assisté laser
desorption/ionizatio time-of-flight mas spectromef are usel to identify oligomess of adenylic
acid formed on the clay minerd Cu(ll)-exchangd hectorie in simulatel prebiotc cycling
experiments Electron-spn resonane ard x-ray diffraction dag indicae tha the monomer
(5'-phosphorimidazolid of adenosingor ImpA) penetrats into the intergalley regiors of the
minerd substrateard complexa the galletly Cu(ll) cations It is postulate tha polymerization of
the monome isinitiated in the clay intergalley regions producirg oligomers of adenylt acid up to
8 unitsin lengh or more © 199 American Institute of Physics [S0003-695099)01343-1

The role of naturd clay minerak in the prebiotic evolu-
tion of comple biologicd molecules is the subjed¢ of both
conjectue ard experiment. Clay minerak ad to selectively
adsob ard concentrag amiro acids and nucleotide$ ™ Clay
minerak may also provide amedium on which polymeriza-
tion of thee moleculs occurs® Recently studies hawe fo-
cusal on clay-processg RNA-like molecules which may
hawe formed on the primitive earh and subsequentlycon-
densé to form the first oligonucleotides For example a
mixture of an unblocked activatel monome (phosphorimi-
dazolice of adenosingor ImpA) and montmorillonie pro-
duce oligomess of adenylt acid up to 11 mer in length®’
Herg the extert of oligome formation is highly dependent
on the type of exchangealelmetd cation presenin the clay.
The oligomes producel contan a large majority of
3’,5'-phosphodiestebonds (over the 2,5’ linkage), render-
ing them amendal# to furthe chan elongatio by ri-
bozymes or template-directe replication®® The synthess of
polyadenylate up to 50 mer in lengh was recenty accom-
plished throuch the elongatim of the decanucleotide
[3?P]dA(pdA)gpA in the presene of Na™ montmorillonite
via periodic “feedings” of the activatel nucleotice ImpA.°

The role of clay minerak in the formation of viable bio-
molecules is many-fold Clay surface or intergalley regions
ad to adsob and/a concentra¢ arnd orde the reacting
specieg>!! The chemica natue of specifc sites on or
within the clay minerd (including sites where exchangeable
metd catiors are present may be sufficiert to initiate the
reactiors in which biomonomes are joined or biopolymers
are elongated2716 Catalytic properties of certan clay min-
erak relatal to their structue and locd chemic# properties
may ad to contrd the regiospecificiy of the reaction lead-
ing to more biologically viable molecules (the particular
phosphat activatirg groyp useal also controk the relative
percentag of 3',5' linkages.!” A role for clay minerak in
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the evolution of the genett code was recenty postulated?®

In this letter we focus on the interactiors of the activated
nucleotide ImpA with Ci?"-exchangd hectorite Previously,
scanniig force microscoly (SFM) of the amiro acid glycine
reactel with CU?" hectorie provided dired evidene of pep-
tide formation at surfa@ step edges and micropoe sites on
the clay!! Thes sites are wher the exchangd cation
(Cu?*) is directly accessit# to the monome or growing
chain Here the reactio of ImpA with Cl/?*-exchangd hec-
torite is studied using the techniqus of SFM, x-ray diffrac-
tion (XRD), electron-sm resonane spectroscop (ESR),
and matrix-assisté lase desorption/ionizatio mas spec-
tromety (MALDI).

Cw?"-exchangd hectorie was preparé by stirring the
Na'-exchangd hectorie (Rhex Corp) in a0.5 M solution
of CuSQ for at leag 24 h. The resultig materid was sub-
jected to a series of cycles in which the suspensio was cen-
trifuged and the centrifugaé resuspendgin distilled water.
This proces was continuel until the wate abo\e the centrif-
ugae testal negatiwe for sof;. ImpA solution (15 mM) was
prepare in 0.2 M Nad and 0.0 M MgCl,, adjustel to PH
8. Smal hectorie film sample were expose to the solution
until saturated ard then covered At 24 h intervals the
sample were resaturate with the ImpA solution At the end
of 72 h, the films were allowed to dry completely Small
sectiors of intact, reacta clay were mountel for SAM imag-
ing, XRD, ard ESR analysis The remainde of the clay
sample were mixed with 0.1 M ammoniun acetate vor-
texed and allowed to stard for 24 h. This mixture was cen-
trifuged and the supernatan removel for commercial
MALD | analysis.

Figure 1 shows a negative-im MALD| spectrim from
the reactel sample This spectrim was acquirel using a 355
nm ultraviolet lase with atotd of 10 shots The matrix used
was 3-hydroxypicolint acid (3-HPA). The presene of dou-
bly chargel polyadenylate up to 8 units in length is clearly
demonstratedwith longe oligomess (9, 10, etc) possibly
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FIG. 1. Negative-imn MALD | spectrun from the reactel sample This spec-
trum was acquirel using a 355 nm ultraviolet laser with a totd of 10 shots.
The matrix used was 3-hydroxypicolint acid (3-HPA). The presene of

doubly chargel polyadenylate up to 8 in lengh is cleary demonstrated,

with longe oligomess (9, 10, etc) possiby present.

present This resut is consisten with the resuls of
Ferris®"12 on similar samples The use of MALDI as an
analyticd tod for the detectio (and possibé sequencingof
nucleotict oligomers has receivel muah attention in the past
few years While the analyss of long proteirs usirng the
MALD | technige is well establishedprecis information on
the structue of nucleotice oligomess via MALD| analysis
remairs somewhaelusive MALD | specta of nucleotick oli-
gomes are strongly dependenon bas composition choice
of matrix, amd choiee of positive or negative-ion
detection'®?! Base fragmentatio ard multiple chargirg can
malke analyss of all but the simples$ oligonucleotids very
difficult. The use of 3-HPA as a matrix in the analyss of
oligonucleotids has lessend the effect of fragmentatio for
certan species but at the sane time greatly enhance the
multiple chargirg of the oligonucleotids being analyzed-*2!
In Fig. 2, a noncontat 0.55umXx0.55um SFM image
of the hectorit surfa® reacte with ImpA is shown We note

3001

04

2001

1004 02

04 02 0
Hm

FIG. 2. Noncontat SAM image of the hectorie surfa® reactel with ImpA.
The dimensiors of this image are 0.55.mXx 0.55um.
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tha thes clay samples were gently washel with ultrapure
wate prior to imaging in orde to eliminak the presene of

ary salss on the surface Most of the topmog surfa® regions
imagel using SAM appeard to be free of any nucleotide
oligomers including step edges and micropoe sites Certain
regions however exhibiting large concentratios of surface
defecs sud as cracks and faults, contan numerows apparent
nucleotick oligomers In Fig. 2, two large fault regiors run-

ning the length of the image from top to bottam are present
nea the left side of the image Thes faults or cracks are
extensivewith heighs correspondig to severélayers of the

clay structure SAM images of contrd sample (prepare and

processe identically, but no initial ImpA exposurg showed
no evidene of this type of surfa@ moiety.

The mary polyadenyla¢ oligomers presen do not ap-
pea to be attache or adsorbd to the fault edgesin contrast
to peptice oligomers imagel on similar hectorie surfaces?
Approximatey 75% of the observe oligomers are concen-
trated in surfae regiors exhibiting thes structuré features.
It has been proposé tha for oligonucleotids to form in
aqueos solution in the presene of certan clay minerals the
nitrogen-containig activatian grougs of the monome must
contan eithe a positively chargel nitrogen attache to the
phosphoros or a nitrogen tha is sufficiently bast so tha it
is protonate by acidic sites on the clay!’ The positive
charge binds the activatel nucleotick to locd negatie sites
on the clay. Protonatd ImpA does not bind as strongly to
negatie sites on the clay as othe positively charged
nitrogen-containig activatirg groupst’ We mug also con-
side the role of the exchangealel cation in the polymeriza-
tion reaction The exchangealel Cu(ll) catiors presen in
hectorite are firmly locatel in the intergalley regiors of the
clay layers Only a smal fraction of thes catiors may be
presen on the topmos clay surface With the presene of
extensie craclks or faults in the clay surface however some
catiors may wash onto the clay surfa@ where they might
initiate polymerization of bourd ImpA.

A secor possibility is that polymerization of the acti-
vated nucleotice is taking place within the intergalley re-
gions of the clay, ard the oligonucleotids thus formed have
simply washel out of thes regiors throuch cracks or faults
onto the clay surfa@ wher they are observe by SFM. Pre-
vious evidene for this secom scenam using montmorillo-
nites has been obtainel by “blocking’’ clay edge sites®® In
this study, the blocked stgp edges had minimd effed on the
formation of subsequerRNA oligomers Our XRD and ESR
data suppot this scenario Using XRD, we compare the
(001) spacing of samplea of Cu(ll)-exchangd hectorit thin
films. For a “dry’’ film of Cu(ll)-exchangd hectorie with
no ImpA exposureat an ambier humidity of 20%—-40%, the
XRD measurd bas# spacirg is 12.6-04A. For an identi-
cd film, exposé to the ImpA and subsequenyl analyzel by
XRD at the sane relative humidity levd +10%, the mea-
sured bas# spacirg increase to 14.9+ 04 A.

In the case of the unexposd film, the intergalley re-
gions contan the Cu(ll) catiors and watea molecules If all
of the intergalley wate were removed the bas4 spacimg for
this type of clay is 9.4-9.5 A. Incorporatia of the activated
nucleotick into the intergalley regiors of the hectorie films

invariably involves sone degre of replacemenof the water
eserved.
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FIG. 3. 110X 110 A SAV image containirg three adenylt acid oligomers.
The larges oligome measure approximatgf 35 A in length while the
smallg two are on the orde of 10-12 A in dimension The lengh of the
larges oligome suggest tha it consiss of at leas 8 monome units.

molecules present For this reason ther is a maximum
“available” spacig of abou 5.5 A to accommodat the in-

tercalatel nucleotice molecules Comparirg the dimensions
of an ImpA molecuk with thes spacing suggest that the

ring structure of the ImpA may be oriental in a variety of

conformatiors within the clay intergalley regions While the

(approximatet 10 A long) molecuk probaby canna “stand

on end” within thes regions the ring structure of the mol-

ecuk may be oriental from parallé to perpendiculato the

plana silica shees forming the galleries.

Information on the interaction of ImpA with the Cl/?*
ions in the interlaye can be obtainel using electron-spin
resonanceSampls of Cu?"-exchangd hectorie were ex-
posel to buffered ImpA and allowed to air dry. ESR of these
films at 77 K yield axially symmetrc magnett parameters
for CP*: A|=196G, g,=2.24 and g, =2.077 Axial sym-
metly was also observe in the ESR of untreated
CU'-exchangd hectorite howevey the magnett param-
etes (A,=164G, g,=2.337 and g, =2.076 differed sub-
stantially from the treatel material Both set of spectré pa-
rametes are consisteh with octahedrall coordinated
Cuw*".22 We al note tha the Cl?"-exchangd hectorite
treatel with imidazole adenine and adenie in HEPES
buffer solution yields substantiaif differert specta than
tho= films treatal with the full ImpA solution At present,
we do not know the preci® role of the Cl?*/ImpA complex
in the oligomerizatian reaction.

Large-ara SFAM scars of the reactel clay surfae (such
as Fig. 2) seen to shaw the adenylt acid oligomess to be in
a generaly “globular,”” or highly folded morphological
state High-resolution SAM images of thes oligomers how-
ever, indicake tha a smal percentag are in an elongated
stak on the hectorite surface We note tha thes smal elon-
gatal oligomers may hawe bee sectioné from larger mol-
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ecules during processingln Fig. 3, a110X 110A SAV im-
age containirg three oligomes is shown The largest
oligomea measure approximatg} 35 A in length while the
smalle two are on the orde of 10-12 A in dimension High-
resolutian scars of the globula oligomess do nat revead any
substructure.

DNA in its dehydratd state might be expecte to form
an A-type helicd structure whete the phosphat groups bind
fewer watea molecules than when the molecuk is in other
conformations In this A-type conformation the strard is
both wider ard shorte than when in the B-type helicd struc-
ture This effed may explan why mary of the surfae oli-
gomes appea to be in amore globula than elongate con-
formation For example an eight-unt oligome of adenylic
acid in an A-type helicd conformatian shoutl hawe a length
on the orde of 25 A. In the B-type helix, that sane molecule
would be expecte to hawe alengh of over 30 A. We note
that a Z-type helicd structue would be even more elongated
than the B-type helix, but adenire oligomess are nat expected
to adop this structure The interactio of the biologicd mol-
ecuk with the clay surfae itseff may affed the molecular
conformation however these effects are still largely un-
known.

This work was supportél by the Nationd Sciene Foun-
dation Grart No. DMR-9703840 The authos gratefully ac-
knowledg the donation of ImpA by Leslie Orgd ard co-
workers at the Sak Institute for Biologicd Studies XRD
data were obtainal by Rod Parnel at NAU.
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