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ABSTRACT
A new class of synthetic DNA duplexes containing repea-

ting oligonucleotide sequences,double-helical concatemers, is
chracterized. The UV-absorption and circular dichroism of a
concatemer formed in self-association of d(T-G-C-A-C-A-T-G)
have been studied. The thermodynamical parameters of complex
formation are the following: AHO = -9*210.3 kcal/mol,ASo-
* -27:1 e.u. The data obtained show that pseudopolymeric dup-
lexes having structures that are similar to DNA-B-type helices
are formed in solutions of d(T-G-C-.AC-A-T-G). Polymerization
of 35P-d(pT-G-C-A-C-A-T-G) induced by water-soluble carbodiimi-
de has been carried out under the conditions of concatemer
stability. The yield of the dimer, a 16-member oligonucleotide,
was 13%.

INTRODUCTION
The present communication describes a new class of syn-

thetic DNA-like duplexes containing repeating oligonucleotide
sequences (concatemer duplexes). lThe duplexes are built from
one or several synthetic single-stranded oligodeoxyribonucleo-
tides whose primary structures are such that the initial dup-
lex has cohesive ends that make concatemers grow. The three
simplest examples given below illustrate formation of the dup-
lexes from one or two oligodeoxyribonucleotides (symbol d is
omitted).

1) From one oligonucleotide, e.g. octanucleotide:
T-G-C-A-C-A-T-G - T-G-C-A-C-A-T-G -

* * * 0

G-T-A-C-A-C-G-T1
(5 '') - - - T-G-C-A-C-A-T-GI T-G-C-A-C-A-T-G - - -

(31'-5) - - - A-C-GT - - - -

I
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2) From two oligonucleotides,

a) e.g. two decanucleotides:

T-G-C-A-T-T-T-T-T-T + T-G-C-A-A-A-A-A-A-A

T-G-C-A-T-T-T-T-T-T
A-A-A-A-A-A-A-C-G-T

(5'-3') --!T-G-C-A-T-T-T-T-T-T'T-G-C-A-T-T-T-T-T-T; --

(3,-5I) ---A-C-G-T A-A-A-A-A-A-A-C-G-T tA-A-A-A-A-A ---

IIa

b) e.g. deca- and dodecanucleotides:

T-G-C-A-T-T-T-T-T-T + G-A-A-T-T-C-A-A-A-A-A-A

IT-G-C-A-T-T-T-T-T-TIG-A-A-T-T-C-A-A-A-A-A-AI

\ G-A-A-T-T-C-A-A-A-A-A-AIT-G-C-A-T-T-T-T-T-TI
T-T-T-T-T-T-A-CO-G-*Tt*A-A-AO-AO-A-A*-C-T-T-A-A-Gt

(5'-3') --T-G-C-A-i T-G-C-A-x T-G-C-A-P4-
(5'-3') ---A-C-G-T I-A-C-G-T X-A-C-G-T x

IIb l

where x is a self-complementary sequence, T-T-T-T-T-T G-A-A-T-
-T-C-A-A-A-A-A-A, containing a single interruption between T
and G.

Complex I is formed of an oligonucleotide comprising two
self-complementary sequences of an arbitrary length (four, six,
eight, etc. nucleotide units):

d (T-G-C-A-C-A-T-G), d (A-A-G-C-T-T-G-G-C-C) et al.

Formation of complex II requires the starting oligonucleo-
tides to contain complementary sequences of equal length atta-
ched to self-complementary sequences of identical (IIa) or dif-
ferent (IIb) length and primary structure. The self-complemen-
tary sequences must be at the same (5'- or 3'-)end of the chain.
Complexes comprising three or more oligonucleotides may be buit
likewise.
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The resultant DNA-like duplexes with repetitions offer
much promise for the study of nucleic acid-protein interactions,
in particular for the study of the mechanism of the action of
enzymes that recognize duplexes of a certain primary structure
(restriction endonucleases, processing enzymes, etc.). They
may also prove useful in preparation of substrates for affinity
chromatography of these enzymes, for activity assays and for
genetic engineering. Duplexes that are built from a limited
number of synthetic oligonucleotides are excellent model sys-
tems for the study of various template-guided reactions inclu-
ding "chemical ligation" (template-guided chemical Joining)1' 2

There are no reported data on the properties of concate-
mer oligonucleotide complexes, except for a short note on pos-
sible formation of triple helices containing overlapping se-
quences from oligo(A) and oligo(U) 3. Be.i et ale 4 dealt with
linkers containing cohesive ends and Dobrynin et al. 5 with
concatemer complexes in their works on the synthesis of oligo-
deoxyribonucleotide duplexes containing sites recognized by
restriction endonucleases. Oligonucleotide complexes with bro-
ken sugar-phosphate chains (both concatemer-type and complexes
formed by complementary oligonucleotides of different length)
have been studied insufficiently. Such complexes were first
prepared in Khorana's laboratory in the course of gene synthe-
±is 6. Recently, the physico-chemical properties of this type

of systems have been studied 7. However, quite a number of
points, e.g. self-assembly, enzymatic and chemical joining,
etc., remain to be elucidated.

We began the study of the physico-chemical properties of
the concatemers and the development of the "chemical ligation"
method using complexes of type I which are comparatively easy
of access. This work deals with concatemers made of synthetic
oligonucleotide d(T-G-C-A-C-A-T-G):

(53'3') --T-G-C-A-C-A-T-G T-G-C-A-C_A_T_GI
(31'-5') --A-C-GT tG-T-A-C-A-C-G-T G-T-A-C
The octanucleotide sequence rules out the possibility of

formation of hairpin structures and duplexes lacking cohesive
ends.
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MTERIAS AND METHODS
General. Octanucleotide d(T-G-C-A-C-A-T-G) was synthesized

by the triester method as previously described Snake venom
phosphodiesterase and bacterial alkaline posphatase were pur-
chased from Worthington Biochemical Corp.; CIEC 9 and MES, from
Merck. The smple of 32P-d(pT-G-C-A-C-A-T-G) was prepared by
Dr. P.M. Rubtsov (Institute of Molecular Biology, Academy of
Sciences of the USSR) by phosphorylation of d(T-G-C-A-C-A-T-G)
with ' -32P-ATP and T4 polynucleotide kinase 6.

To prepare the concatemer complex, d(T-G-C-A-C-A-T-G) was
purified by paper chromatography in n-propanol- cono. NH3-H20
(35 : 10: 55 v/v), dissolved in 0.004 Y phosphate buffer
(pH 7.3), 0.2 U NaCl, 0.075 M MgC12 (nucleotide concentration
per monomer, Co, was 104 to 102 M), and stored at -50C. The
molar extinction coefficient, 8 260' of d(T-G-C-A-C-A-T-G) de-
termined after hydrolyzing octanucleotide with snake venom phos-
phodiesterase was 9350 571*-cm 1.

02tical measurements. UV absorption spectra were recorded
in a Cary-15 spectrophotometer. CD spectra were obtained in a
Roussel-Jouan II dichrograph. To determine temperature-depen-
dent changes in the absorbance and CD, thermostatted quartz
cells of 10, 1 and 0.1 mm path lengths were used. Temperature
was measured with a copper-constantan thermocouple. The cell
compartments were blown throug with dry nitrogen. Hypochromi-
city, h, due to complex formation was calculated by equation:

h A450 -2A20
A450

where A450 and A are the absorbances of the octanucleotide
solutions at 450 and- -2C ( A 258 nm).

32Chemical Polymerization of P-d(PT-G-C-A-C-A-T-G) as a
concatemer constituent. A solution of terminally labelled with
32p octanucleotide (10"3M per monomer) in 0.05 M MES (pH 6.0),
0.02 M MgCl2, was made 0.1 M in CMEC at room temperature and
allowed to stand at 0°C. The condensation products were re-
solved by polyacrylamide gel electrophoresis as follows. 10 to
20)11 of a solution of marker dyes (0.025% xylene cyanol,
0.025% bromphenol blue, 80% formamide) was added to 2 to 3ju1
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of the reaction mixture. The samples were then heated on a wa-

ter bath at 900 for 15 to 30 sec, loaded on 40 x 20 x 0,15 cm
20% acrylamide, 0.66% N,N'-methylenebisacrylamide, 7 K urea,
50 mM tris-borate (pH 8.3), 0.1 ml EDA slab gel and electro-
phoresed at a constant voltage of 20 V/cm. Prephoresis was car-
ried out at constant voltage of 20 V/cm for two hr. After
electrophoresis, the gel was exposed against an X-ray film.
The products were eluted as recommended in Ref. 10.

RESULTS AND DISCUSSION

1. Pbysico-chenical =roperties

UV absorption. Complementary interactions of d(T-G-C-A-C-
-A-T-G) were studied in 0.004 M phosphate buffer (pH 7.3), 0.2M

NaCl, 0.075 M I(gCl2. UV absorbance va. temperature curves
for octanucleotide solutions of C0 = 1O4, 1013 and 10i2x are
depicted in Fig. 1. The shape of the melting curves, the consi-
derable hypochromicity and concentration dependence of melting
temperature (Tm) suggest formation of an intermolecular complex

2
0.15

2/4

0.1 /

/ / p3.4005 /
,/ / ~~~4~3.3

0 10 20 30 40 50
t,°C

Fiz. 1. Melting profile of d(T-G-C-A-C-A-T-G) at various con-
centration: 10- X (I), 1o-3m (2) and 10-2M (3). Insert:
plot of 1/Tm against logarithm of nucleotide concentra-
tion (per monomer).
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in octanucleotide solutions at reduced temperatures. The magni-
tude of the hypochromicity due to the complex formation was
equal to 16.8, 19.1 and 20.4% for 1O 4, 103, and 10O2M solu-
tions, respectively. Decrease of the oligonucleotide concentra-
tion to 104M thus results in reduction of the hypochromicity
of the complex. This is likely to be due to incomplete comple-
zation at Co below 1031M rather than to concatemer chain length
variations with nucleotide concentration.

The optical data are insufficient to determine the length
of the double helix formed. This was estimated from indirect
evidence, i.e. from analysis of the products of enzymatic
joining of octanucleotides (see below). The enzymatic reaction
was found to give polymer products containing several hundred
mononucleotide units.
_. Concatemer ther-

mal stability increases with octanucleotide concentration, the
1/Tm vs. lnCoplot being a straight line (Fig. 1)* Using the
"all-or-none" model which describes the build-up of oligomer
complexes to a reasonably good approximation 11-13 the conca-
temer formation may be written in a simplified form as follows:

K
nA An,

where n is the number of molecules involved. The oligomer con-
centration (per monomer) will be denoted as C0, and the equi-
librium concentration of the free oligomer and complex compri-
sing n oligonucleotide molecules CA and CAn, respectively, so
that

CO = MCA + mnCAn,
where m is the number of monomer uinits in the initial oligomer
(m = 8 in our case). Using notation mnC½/Co = f for the frac-
tion of monomer units participating in the complex formation,
the equation for the equilibrium constant may be written as

CAn f mn-1

(CA) n(l1f)n*C n- 1
0

With f of 1/2, n-=
m n.C0
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equation -RTlnK = AHO - T A S0
then gives

(n - 1)(lnC0 -ln2m) +lnn m (2)0 ~~~RTm R

Thei/Tm vse lnCo straight line slope thus gives NHO/n-1
which is equal to -37.0±1.2 kcal/mol in our case. With n equal
to unity, no complex is formed. The enthalpy of the reaction
between two oligonucleotide molecules (n = 2) is -37.0±1.2
kcal/mol (four complementary base pairs are formed in the pro-
cess). When n is 3, which corresponds to the formation of eight
nucleotide pairs, A HO is -74.0±2.4 kcal/mol, etc. The entropy
of complex formation is equal to -108±4 e.u. (n = 2), -216!8
e.u. (n = 3), etc. Assuming that the thermodynamic parameters
of the formation of duplex base pairs, AHO1 and A SOJ, are
the same, the mean values Of AHO1 and AS01 are -9.2±0.3
kcal/mol and -27±1 e.u., respectively. These values are close
tothe base pair formation parameters in oligomeric complexes
with the same GC content though free of internal interrup-
tions 12. The enthalpy, AHR1, determined by direct calorimet-
ric measurements of heat of denaturation of DNA containing 34%
of G-C pairs, is equal to +9.65 kcal/mol 14*

Complex formation following the "all-or-none" model is
known to occur when the chain growth stability constant, S, is
sufficiently high,, S > 10 (ref. 15). In our case, S decreases
rapidly as the concatemer chain length increases, i.e. S is
equal to 82 (210C) at n=2, 20 (2100) at n=4,etc. (S was calcu-
lated by formla: 16 K = A SN , where N is the number of nucleo-
tide pairs in the duplex, A3 is the nucleation parameter set
equal to 10 4m1, ref. 17). It thus follows that the "all-or-
none" model can hardly be applied to describe the formation
of sufficiently long concatemers. The process may be treated
in terms of oligonucleotide interactions with a polymer temp-
late. To calculate the enthalpy of concatemer formation, the
"all-or-none" model developed to handle oligomer-polymer sys-
tem may be applied. With the latter approach, the polymer
template chain length is unimportant. Following Damle 18, we
calculated the NA HO value, where N is the number of monomer1

2419



Nucleic Acids Research

units in the oligomer bound with the polymer template, from
the slope of the l/Tm vs. lnCm straight line (Cm is the free
oligomer concentration at Tm). This was found to be equal to
-37 kcal/mol, i.e. near the NHO (nm2) value obtained above
for the formation of four nucleotide pairs. In terms of this
model, the apparent oligomer chain length is thus equal to 4
monomer nits, Porechke and Eggers 19 suggested a thermodyna-
mic model, which we have used for a more adequate description
of concatemer formation. In terms of this model, the complex
formation of octanucleotide d(T-G-C-A-C-A-T.-G) results in
a set of complexes ranging from dimer to very long polymers:

1 2 3

Scheme

Let us assume that CA1, CA2' CA3 .,. are equilibrium concentra-
tions of a free oligomer and the complexes formed by two,three
etc. molecules of the octamer, Ca is the concentration of the
oligonucleotide chains, and Cm is the total concentration of
all the complexes present in the solution. Then

Ca CA + 2CA2 + 3CA3 + 4CA4+ (3)

Cm CA + CA + CA + CA + (4)
1 2 C3+CA

The parametre of the UV absorption of the concatemer system

CA CA + 2CA + 3CA
h- 2 34+*h*+

o (5)

+ Zc(CA + CA + CA ..**)
2 3 4

where C and Eh are the molar extinction coefficients of free
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octamer and octamer in a double-stranded complexes, respecti-
vely.

It is obvious from equations (3), (4) and (5) that

&CA 0 eC0m + 6h (Ca ` Cm)

and Cm h -E

ca h ' EC

With Cm 1/2 (6)
a

E=C +h , which corresponds to the value of the UV
2

absorption at the melting point of the concatemer.
According to Pgrschke and Eggers 19, if condition (6) is

fulfilled, K =.T , where K is the equilibrium constant of
a

the process at TmE Prom the slope of the ln vs. 1/Tm straight
line we find the enthalpy of the formation of four nucleotide
pairs of the complex (this is the number of pairs that is for-
med on consecutive addition of the molecules of the octanucleo-
tide), which is equal to 37.0±1.2 kcal/mole. The value of AHR
is exactly the same as that obtained with the help of less so-
phisticated models (see above).

CD studies. The CD spectra of double-helical polydeoxyri-
bonucleotides are believed to depend on the kind of mononucleo-
tide units and first neighbour frequencies, provided the spe-
cies compared have geometrically identical helical structu-
res 20,21 Arnott 22 has proposed that it is the frequency of
nucleotide triplet sequences that determines the CD characteris-
tics of DNA duplexes. Some of authors 23 attribute the diffe-
rences in the CD spectra of various DNA's to the differences
in their double helix geometries. Collation of the literature
data 23-25 shows that the CD spectra of double-helical polynuc-
leotides containing repeating di(tri)nucleotide sequences and
bearing mixed purines and pyrimidines on each chain provide a
better fit to the CD spectra of DNA (characterized by approxi-
mately the same G*C content) than the CD spectra of polymers
with all purines on one chain and all pyrimidines on the other.
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Apparently, the best DNA models are synthetic nucleotide sequ-
ences that resemble most the statistical DNA sequences, e.g.
concatemer complexes of a heterogeneous composition. Actually,
Fig. 2 shows that the conservative CD spectrum of the concate-
mer complex in the range of 230-290 nm with positive maximum
near 270 nm resembles the CD spectrum of DNA-B form with 50%
GOC content 21 The differences in the CD spectra of the conca-
temer and quasi random sequence DNA (Pig. 2) are, probably,
due to the fact that the synthetic complex has a regular struc-
ture and its CD spectrum should therefore bear a stronger re-
semblance to the spectra of satellite DNA's whose frequencies
of hydrogen-bonded dimer pairs differ strongly from the random
values 21 The CD data are in accord with the suggestion that
the concatemer complex has DNA-B-type helix. Such a structure
appears to predominate in synthetic polydeoxyribo-- and oligo-
deoxyribonucleotide 2 duplexes in solution.-1~~~~ 4. 2 ^

240 260 280 300
)L7HM

Fig. 2. The CD spectra of d(T-G-C-A-C-A-T-G) at different tem-
peraturs and concentrations, a: -4O (1) and 350 (2),
CO- 104 M; b:- 40 (1) and 370 (2)1, C0 - 1o03M; G:
- 20 (1) and 450 (2), CO - 1021L For comparison, the
CD spectrum of DNA from phage21A containing 50% of C.G
pairs (dotted line) is given
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The CD pattern remains practically the same within a
100-fold variation of the octamer concentration which therefore
has no effect on the structure of the double-helical complex.
Elevation of temperature causes a decrease in the absolute in-
tensity of the negative CD band of d(T-G-C-A-C-A-T-G). The tem-
perature dependence of aE 250 (Pig. 3), which is similar to
that of A258 (Pig. 1), reflects the cooperative process of the
melting of the complex. Temperature increase affects the shape
of the positive CD band (Fig. 2) in the same manner as denatu-
ration of the DNA double helix affects the respective feature
in its spectrum 20. Similarly to native DNA 27,28 the tempera-
ture dependence of E 280 (Pig. 3) does not afford data on

the helix-coil transition region. The dissimilarity in the
temperature dependences of aE280 between the concatemer and
DNA 28,29 near Tm may be due to difference between the helix-
coil transition temperatures in these systems and also diffe-
rences in the final "melted" products.

The concatemer thermodynamic and optical characteristics
suggest that association of d(T-G-C-A.C-.AT-G) leads to pseudo-
polymer DNA-like helices whose geometry resembles that of DNA-
B form.

4 Fig. 3. Temperature de-
pendence ofTandAE'"r& for

2 d(~~~28-dC.A-C-XA~-G) at
different oligonucleo-

4- tide concentrations:
A280HM

1O00 M (1 ), 1031lN (2)A28OHM and 10-2M (3).

I A250HM

-2-2~ 5
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2. Chemical polymerization of 32P-d(pT-G-C-A-C-AT-G) as
co teer contituent

The peculiar features of the aecondary structure of the
concatemer synthesized by us make them handy models for study-
ing template-guided reactions. As the first example, we chose
chemical self-condensation of concatemeric 32P-d(pT-G-C-A-C-A-
-T-G) induced by water-soluble carbodiimide (ClEC). CIEC was
used previously for template-guided joining of homogeneous oli-

gonucleotides 3032, Samples of 32P-d(pT-G-C-A-C-A-T-G) were

prepared by phosphorylation of d(T-G-C-A-C-A-T-G) with x - P-
ATP and polynuclootide kinase 6 and isolated by gel filtration
on Sephadex G-50. Polyacrylamide gel electrophoresis of the
preparations thus made showed that they we're practically free
of 32P-ATP, the yield amounting to 80%. The phosphorylation
product according to the electrophoresis data contained about
20% of nucleotide admixtures. Since the latter did not inter-
fere with further analysis of template-guided condensation pro-
ducts, no additional purification of the octanucleotide was
made. Condensation of 32P-d(pT-G-C-A,C-A-T-G) was carried out
in 0.05 M MES (pH 6.0), 0.02 I JgC12, 0.1 M ClEC, C0 - 10 MO

Tm of the concatemer under these conditions decreases to about
13oC. With this in mind, the reaction mixture was kept at 0°C.
The products of octanucleotide condensation were detected in
the reaction mixture 36 hr after addition of CIEC. The autora-
diogram of the slab gel after electrophoresis of the mixture
is shown in Fig. 4a. Together with the sample to be analyzed,
the gel was loaded with 32P-d(pT-G-C-A-C-A-T-G) treated withT4
polynucleotide ligase under the concatemer formation conditions,
Fig.4b and c (the latter reaction was carried out by Dr. P.M.
Rubtsov). The bands of the radioactive substances from CIEC-
induced condensation of the 32P-d(pT-G-C-A-C-A-T-G) (Pig. 4a)
and from ligase-linked octanucleotide (Fig. 4c) move close to-
gether. That proves identity of the chemical and enzymatic con-
densation products. In a reference experiment (in the absence
of CMEC or polynucleotide ligase), the autoradiogram of poly-

acrylamide gel showed no indications of the presence of higher
molecular weight products than the initial octanucleotide (data
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oclyn ErAucile c.. . ,_~~I
Fig, 4. Polyacrylamnide

gel electro-
phoresis of the reactio
mixture containing 10-3

.o X~~32?-d(pT-G_C-A-C-A_T-
-G), 0.1 MCOEC, 0.02 M
MgClp and 0.05 M MES
(pH 6.0) ( C). For
comparison, gel electro-
phoresis of the products
from ligase jorl 'ng of

4.;;* octanucleotide (b nd
C ) is shown;( b)

and C C ) correspond
to different enzyme

*x C specimens. The arrows
indicate the positions
of the octanucleotide
and the products of its
chemi6al joining. The
positions of marker
dyes, xylene cyanol and
bromphenol blue, are

*.*:~-:indicated.

oct,arle-ucti-e ei d P bbC

c b ai

not shown). Unlike the enzymatic reaction, which gives almost

quantitative yields of polymeric products, "chemical ligation"
produces mostly a dimer, a 16-membered oligonucleotide. A 13%
yield of the latter was obtained after 6 days. The low effici-
ency of chemical joining is, probably, the result of insuffi-
cient concatemer stability under the reaction conditions and

low reactivity of the 3'-OH group (according to Popov and Sha-

2425



Nucleic Acids Research

movsky 32, the yield of the products of template-guided conden-
sations increases greately if the primary alcohol 5'-hydroxyl
group acts as acceptor of an activated phosphate group).

After the product of chemical condensation, the dimer, was
eluted from gel, it was subjected to a more detailed analysis.
The isolated hexadecanucleotide was treated with bacterial alka-
line phosphtase and analyzed by electrophoresis in polyacryl-
amide gel together with a reference ample of the reaction mix-
ture not treated with the enzyme. As seen from Fig. 5, the two
samples showed different mobilities. The data obtained are in-
dicative of, firstly, covalent joining of octamers (as follows
from label retention after treatment with the enzyme), and, se-

20
19
18
17
16
15
4
13
12
I1
10
9
8

Pig. 5. Polyacrylamide
gel electropho-

resis of the reactiQ
mixture contanin 9ep_
d(pT-G-C-A-C-A-T-G) ,0. M1
CMEC, 0.02 l IkgCl2 a-d
0.05 lMES Cpf 6.0)
(a) and of the major
product of chemical
joining, hexadecanucle-
otide, treated with bao-
terial alkaline phos-
phatase (b). Length
markers were obtained
by degradation of DNA
fragment according1Maxam and Gilbert lv:
A>G (C ) and C + T
( d ). Chain lengths
of the DNA fragents
are indicated with num-
bers (e.g. 10 corres-
ponds to decanucleoti-
de). The position of
marker dyes, xylene
cyanol and bromphenol
blue, are shown.

d

i

XC -

_.. ...

AM.

4.m

bb

c
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condly, the presence of a terminal phosphate group in the hexa-
decanucleotide synthesized (i.e. the "chemical ligation" pro-
duct contains a natural 3'-5' phosphodiester bond).

The chain lenths of the oligonucleotides thesized and
their mobilities in polyacrylamide gel were estimated by compa-
rison with reference oligonucleotides. A mixture of reference
oligonucleotides differing by one mononucleotide residue was
obtained by chemical degradation of a native DNA fragment ac-
cording to Maxam and Gilbert lo. A DNA fragment was treated in
two separate reactions, with the sequence being cleaved at A> G
(Fig. 5c) and C + T (Pig. 5d).The mobilities of both the chemi-
cal ligation (Pig. 5) and enzymatic ligation products in poly-
acrylamide gel were different from those of the reference 16-,
24-, etc. membered oligonucleotides that should be formed in
consecutive addition of octamers. The ligase joining products
migrate at an interval of four monomer units (the band posi-
tions in Pig. 4 were compared with those of chain length mar-
kers). A similar tendency is observed for the products of the
chemical ligation (Fig. 5). This phenomena may be due to inter-
molecular aggregation of the octanucleotide condensation pro-
ducts. Although gel was 7 M in urea and was not cooled, the
possibility that the secondary structure was formed could not
be ruled out 33* Each ligation product in the concatemer system,
e.g. hexadecanucleotide, may be thought to form a number of
different intermolecular aggregates showing different mobili-
ties in electrophoresis. The specific feature of these comple-
mentary aggregates is the presence of identical cohesive ends
and consecutive elongation of the double-helical fragent by
four nucleotide pairs, similarly to the structures shown in
the scheme.

Thi physico-chemical properties of the concatemer descri-
bed and the data on the chemical and enzymatic linking of oc-
tanucleotides given above indicate that the use of these sys-
tems for template-guided reactions is very promising. Approa-
ches involving synthetic concatemer complexes are being deve-
loped in this laboratory.
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