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Abstract—Nanocolonies (other names molecular colonies or polonies) are formed upon template nanomolecule (DNA or
RNA) amplification in immobilized medium with efficient pore size in the nanometer range. This work deals with the prin-
ciple, invention, development, and diverse nanocolony applications based on their unique abilities to compartmentalize
amplification and expression of individual DNA and RNA molecules, including studying reactions between single mole-
cules, digital molecular diagnostics, in vitro gene cloning and expression, as well as identification of the molecular cis-ele-
ments including DNA sequencing, analysis of single-nucleotide polymorphism, and alternative splicing investigation.
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Molecular colonies are formed when template
nucleic acids (DNA and RNA) are amplified using tem-
plate-dependent polymerases not in a liquid medium as
usual but in an immobilized medium like a gel, etc.
Dimensions of polynucleotide molecules that form
colonies are in the nanometer range, i.e. RNA and DNA
are nanomolecules. Moreover, the gel matrix forms a
three-dimensional network with the pore size also in the
nanometer range. These two facts allow us to call molec-
ular colonies nanomolecular colonies or nanocolonies.

The use of an immobilized medium is the key element
because the gel matrix prevents convection of the medium
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energy transfer; GFP, green fluorescent protein; HBV, hepatitis
B virus; HIV, human immune deficiency virus; PCR, poly-
merase chain reaction; QP replicase, RNA-dependent RNA
polymerase of Q3 bacteriophages; RCA, rolling circle amplifi-
cation; RQ RNA, a special class of RNA exponentially ampli-
fied by Qp replicase; RT-PCR, reverse transcription followed
by polymerase chain reaction; SNP, single nucleotide polymor-
phism; Taq DNA polymerase, DNA-dependent DNA poly-
merase of Thermus aquaticus; Tth DNA polymerase, DNA-
dependent DNA polymerase of Thermus thermophilus.
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and retards diffusion of nanomolecules. As a result, the
progeny of each initial nanomolecule is not spread over the
whole reaction volume and concentrates in a limited zone
around the parental molecule, i.e., it forms a colony. On
the other side, the template network does not influence
diffusion of smaller molecules—the reaction substrates
(nucleoside triphosphates, oligonucleotide primers) and
buffer components. Owing to this, reaction within the gel
does not suppress amplification of nucleic acids.

In the case of a thin layer gel, nanocolonies are
arranged in one focal plane, which facilitates their obser-
vation and screening. The number of molecules in a
colony depends on the efficiency of the amplification
enzyme system and reaction time (the number of ampli-
fication cycles), whereas the colony size and density of
nanomolecule packing in it are defined by the size of
amplified molecules and gel density (pore size).
Regulation of these parameters always makes possible to
amplify an individual template nanomolecule to amounts
detectable by the used recording device. Large nano-
colonies become visible by a naked eye after special treat-
ment. Small nanocolonies enable screening of numerous
template nanomolecules on a small gel surface, but the
use of a microscope is necessary in this case.

Since practically each nanocolony originates from a
single template molecule, the use of this method makes
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possible detection, counting, and identification of single
DNA or RNA molecules. Besides, since nanocolonies are
descendants of individual template molecules (molecular
clones) they make possible cloning pure genetic material
and direct clone screening. The amplified DNA or RNA
may serve as templates for synthesis of other nanomole-
cules, proteins, whose properties can be investigated
directly in colonies that, unlike cells, are not surrounded
by the membrane.

The method of obtaining nanocolonies was first pub-
lished in 1991 in our article on the nature of “sponta-
neous” RNA synthesis [1]. We showed that it is possible to
grow RNA colonies and used them for detection in the air
of single replicating RNA molecules. Simultaneously, we
suggested growing DNA colonies and the use of nucleic
acid colonies for studying chemical reactions between
single molecules, molecular diagnostics, and in vitro gene
cloning and expression. These trends are described in our
patents for nanocolonies, which were obtained in Russia
and the USA [2-7].

In subsequent works, we named our method MCT
(Molecular Colony Techniques).

For 10 years, beginning from 1989, this method was
developed owing to efforts of members of our laboratory.
The situation changed when G. Church of Harvard
University (Boston, USA) began to use it in his laboratory.
In 1999, R. Mitra and G. Church published it without ref-
erence to our works as a method of “polonies” (i.e. poly-
merase colonies), where PCR (polymerase chain reaction)
in DNA colonies [10], almost word for word, reproduced
our method described in patent pendings [2-7] applied for
as early as 1992. They introduced just a single insignificant
modification using an acrydite group to immobilize a
primer on polyacrylamide matrix. Now molecular
colonies are used under the name of “polonies” at Harvard
and other universities of USA for analysis of gene expres-
sion and single-nucleotide polymorphism (SNP), highly
efficient DNA sequencing, investigation of alternative
splicing, determination of allelic gene variations, gene
mapping, and determination of their copy number.

Until recently, our method appeared under the name
“molecular colonies” in most of our articles. The new
name “nanocolonies” more precisely accounts for the
nature of this event, because the question concerns not
any molecules, but just nanomolecules.

Results of our and foreign laboratories obtained
using nanocolonies are summarized in this review.

INVENTION OF THE NANOCOLONY
TECHNIQUE

The principle of obtaining nanocolonies is the same
as that proposed by Robert Koch in 1881 for growing bac-
terial colonies [11]: amplification is carried out in an
immobilized medium owing to which the progeny (bacte-
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ria in works by Koch, template nanomolecules in our
case) is localized in a certain limited space.

Bacterial colonies are grown on a solid nutrient
medium prepared from agar or gelatin. Viral colonies,
forming lysed zones (“plaques”) in a confluent cell
monolayer, are obtained in a similar way. Each colony
represents the progeny of a unique bacterial cell or virus
particle localized in the place where this parental cell or
particle was “seeded”. Koch’s method allows one to iden-
tify the pathogen by the appearance and properties of
formed colonies and also makes possible titer determina-
tion by direct counting the pathogen colonies; all this
makes microbiological analysis simpler, quicker, and
cheaper, and the result is more precise. In the case of suf-
ficient dilution of seeded material, colonies are spatially
separated and individual cells or virus particles do not
interfere with propagation of each other. Owing to this, it
is possible to detect the pathogen and determine its pre-
cise titer even during investigation of complex mixtures of
microorganisms in which the sought pathogen is present
in trace amounts or is non-competitive towards the rapid-
ly growing species.

To obtain nanocolonies, individual DNA or RNA
molecules are multiplied in a solid hydrated medium (like
gel). Unlike cells, nucleic acids multiply not on the sur-
face, but rather within (in a liquid phase) a gel containing
an appropriate polymerase, nucleoside triphosphates,
and, if necessary, primers. Therefore, propagation is car-
ried out in a thin gel layer to dispose nanocolonies in the
same plane.

In principle, any system of nucleic acid amplifica-
tion can be used to grow nanocolonies. To make a nano-
colony visible to the naked eye, it should contain up to
one billion copies of the initial molecule. Such number of
copies can be obtained in a reasonable period of time only
using an exponential amplification system that enables
doubling the amount of template nanomolecules in each
cycle. The examples of exponential systems are PCR [12],
3SR (or SSSR, self-sustained sequence replication) [13],
NASBA (nucleic acid sequence-based amplification)
[14], SDA (strand displacement amplification) [15], LCR
(ligase chain reaction) [16, 17], and RCA (rolling circle
amplification) [18].

We obtained the first nanocolonies (colonies of repli-
cating RNA) in January 1989 using Q replicase (RNA-
dependent RNA polymerase of bacteriophage Qf), a
unique enzyme able to amplify RNA in vitro at a record
rate, producing up to 10'° copies of template RNA in a
10 min incubation [19, 20]. RNA colonies were obtained
in an agarose layer containing Qf replicase, ribonucleo-
side triphosphates (rNTP), and an appropriate buffer.
After incubation for 1 h at 37°C, the agarose was stained
with ethidium bromide. Since RNA forms an intensively
fluorescing complex with ethidium bromide, bright fluo-
rescent spots visible under UV irradiation appeared at the
locations of RNA colonies [21].
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First Application of Nanocolonies

Not all RNA can be amplified by Qf replicase, but
only genomic RNA of Qf bacteriophages and a very lim-
ited class of relatively short (from several tens to several
hundreds of nucleotides) templates named RQ RNA
(from Replicable by Qf replicase) [19, 20]. In nature, RQ
RNA are satellites of QP phage [1]. The probability that
the randomly chosen RNA of 50-70 nucleotides (nt) will
be RQ RNA is about 10712 [22].

In 1975, M. Eigen et al. published a sensational
report on the possibility of “spontaneous” generation of
RQ RNA (in the absence of added template) in an incu-
bation mixture containing a highly purified Qf replicase
and all four rNTP [23]. This experiment served as the
basis for a concept concerning the RQ RNA self-genera-
tion, i.e. by “de mnovo” synthesis due to disordered
nucleotide condensation and evolution of replication-
capable polyribonucleotides to efficiently replicating
molecules [24, 25]. The authors of the concept consid-
ered spontaneous synthesis of RQ RNA by Qf3 replicase
as a “basic” experimental model for investigation of
emergence of genetic information by evolution at the
molecular level [26]. This concept dominated until we
used nanocolonies to discover the real source of replicat-
ing RNA.

We paid attention to the fact that the set of the spon-
taneous synthesis products was defined by the room used
for the experiment. This suggested that synthesis could be
caused by RQ RNA molecules caught by reaction mixture
from the air. To check this possibility, the QB-replicase
reaction was carried out as previously in agarose poured
into Petri dishes. However, two layers of agarose were used
to keep track of RNA molecule coming from the air. The
lower layer contained rNTP, while the upper, poured after
solidification of the lower one, contained Q3 replicase
(Fig. 1a). Due to separation of rNTP and polymerase,
RNA amplification could take place only after pouring
the enzyme layer at the interface between layers. Before
that, dishes with the substrate layer were kept for 1 h on
the table, and one dish was closed while the other was
open. After pouring the upper enzyme layer dishes were
incubated on ice till agarose hardening and then for 1 h at
25°C. The agarose staining by ethidium bromide showed
that more RNA colonies are formed in the dish that was
open. The least number of colonies appeared in the case
when all procedures were carried out in a room in which
no work with RQ RNA was done before [1, 27]. These
experiments have shown that RQ RNA molecules are
present in the laboratory air and can infect reaction mix-
ture, thus giving the impression of spontaneous synthesis.
Thus, it became unnecessary to take advantage of the “de
novo” synthesis concept; a number of “mystic” features
of spontaneous synthesis such as almost complete identi-
ty of RQ RNA produced in different “spontaneous” reac-
tions got a rational explanation; finally, the central dogma
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Fig. 1. Replication of RQ RNA in immobilized medium (a) and
in liquid (b). a) Progeny of each molecule, amplified in immobi-
lized medium (agarose), forms a separate colony and therefore
does not compete with progeny of other molecules. Agarose gels
containing a complete set of reaction components are stained by
ethidium bromide either before (/) or after (2) incubation for 1 h
at 25°C. b) Competition of RQ RNA, observed upon their ampli-
fication in liquid, results in non-reproducibility of synthesis prod-
ucts: /-4) RQ RNA synthesized by Qf replicase in four different
tubes using the same RQ RNA preparation as template (T). An
electrophoregram of synthesis products is shown; the gel was
stained with ethidium bromide.

of molecular biology managed to stand this [28], because
it was not necessary any more to postulate “creation of
genetic information by protein enzyme [29]”.

Main Properties of Nanocolonies

The RQ RNA colonies grown in agarose are quite
diffuse. It was possible to overcome this problem by
replacement of the agarose substrate layer by a nylon
membrane filter, moistened with tNTP solution, which
was applied on agarose containing Qp replicase [8]. The
nylon membrane reversibly binds nucleic acids and thus
prevents their diffusion. Besides, since some of the RNA
molecules bind the membrane during amplification, it
can be used for detection of nanocolonies by incorpora-
tion of labeled substrates or by hybridization with labeled
probes. At the same time, since a significant part of RNA
remains in agarose, replicas of nanocolonies can be pre-
pared using new membranes.

When the o-*’P-labeled rNTP are used, RNA
colonies can be registered by the label incorporation
within first 10 min of incubation at room temperature.
Based on the substrate specific radioactivities, time of X-
ray film exposure, and the RQ RNA size, it can be con-
cluded that, on the average, about 0.02 pmol or 10'° mol-
ecules of RQ RNA are formed in each colony. Since
almost every nanocolony originates from a single mole-
cule, this means that about 30 replication cycles are car-
ried out in 10 min and as a result, the time of RQ RNA
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duplication is about 20 sec. Thus, the rate of RQ RNA
amplification in agarose is not lower than in liquid media,
where duplication time at the exponential growth stage
was estimated as 30 sec [30, 31].

If known amounts of replicating RNA are seeded on
agarose, the number of RNA colonies increases over
spontaneous level and in this case the increment is pro-
portional and close to the number of seeded molecules
[8]. The proportion of nanocolonies to the number of
seeded RQ RNA molecules is comparable with the frac-
tion of viable (plaque-forming) particles (10%) in prepa-
rations of the wild-type phage Qp [32].

Seeding a mixture containing various species of RQ
RNA and following colony analysis by hybridization with
appropriate labeled probes have shown that different
colonies contain different RQ RNA [8]. Thus, RNA
colonies are identical to seeded RQ RNA molecules. This
showed that each colony represents the progeny of a sin-
gle RQ RNA molecule, i.e. a molecular clone.

STUDYING RNA RECOMBINATION

The next application of nanocolonies was the inves-
tigation of RNA recombinations, rare events resulting in
emergence of new molecules consisting of covalently
bound fragments of parental RNAs.

For the first time RNA recombination was reported
at the beginning of 1960s by Hirst and Ledinko, who
studied the exchange by genetic markers between related
strains of RNA-containing poliomyelitis virus (polio-
virus) [33, 34]. In 1980 it was shown in the laboratory of
V. 1. Agol that recombination in poliovirus results in for-
mation of a chimeric polyprotein, i.e. it is really associat-
ed with rearrangement of primary structure of the viral
genomic RNA; in 1982 formation of recombinant viral
RNA was detected by direct sequencing in the laboratory
of A. King [35-37]. It was assumed that RNA recombina-
tion is the prerogative of viruses of higher organisms, ani-
mals and plants, until we isolated from bacterial lysates
two types of recombinant RQ RNA (RQ120 and RQ135)
(the number shows the length of nucleotide sequence)
consisting of fragments of known sequences [38, 39].

However, since all studied recombinant RNA
emerged in living cells or in crude cell lysates, in no case
the possibility of reverse transcription was excluded, and
as a result there always existed the probability that recom-
bination involves not RNA molecules, but their DNA
copies, while recombinant RNA are the result of tran-
scription of recombinant cDNA [9, 40, 41].

The situation developed by the beginning of our
investigations of RNA recombination can be character-
ized as follows. Recombinant RNAs were found in prac-
tically all RNA-containing viruses. Recombinant RNA
could be both homologous and not homologous to
parental molecules at crossover site. In this case, homol-
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ogous recombination was considered as a rule (“legal”)
and non-homologous was considered as an exclusion
(“illegal”) [42]. The template switch mechanism was
considered as the only possible and proved one [43, 44].
However, all evidence for both the mechanism and occur-
rence of recombination at the level of RNA were indirect.
Therefore, there was the urgent need for a pure cell-free
system of RNA recombination [44].

RNA Recombination in a Cell-Free System

Direct recombination between RNA molecules is pos-
sible. Nanocolonies obtained using QP replicase made
possible investigation of reaction between RNA mole-
cules in a pure system, free of DNA, dNTP, reverse tran-
scriptases, DNA-dependent RNA polymerases, and
enzymes responsible for DNA recombination, and as a
result the possibility of recombinant RNA formation via
DNA intermediates is excluded. We used as recombina-
tion substrates mutually supplementing 5’ and 3’ frag-
ments of the RQ135 RNA minus strand [RQ135(—)
RNA] supplied with foreign extensions (Fig. 2a) [9].
Since there predominated the idea that recombinant
RNA always results from template switch [43, 44], foreign
extensions were purposely made homologous in order to
increase the probability of such an event. Separate frag-
ments of RQ135 RNA are incapable of replication, but
their combination in a covalently continuous molecule
with restoration of correct mutual orientation could result
in formation of recombinant RQ RNA replicable by Qf3
replicase. This provided for positive selection of recombi-
nant molecules, as it happens with selective multiplica-
tion of viable recombinant viruses.

Recombinant molecules were detected by growing
RQ RNA colonies [8]. The mixture of fragments was
seeded on the QP replicase-containing agarose layer
which was then covered by a nylon membrane, moistened
by rNTP solution, incubated at 22°C for 60 min, after
which the membrane was hybridized with the ?P-labeled
probe. The RQ135(—) RNA 5’ fragment or an oligode-
oxyribonucleotide homologous to the foreign extensions
was used as a probe. Each such probe is able to hybridize
with (+)-strand of an expected recombination product,
which is synthesized during exponential amplification
along with (—)-strand. The emergence of recombinants
was judged by formation of RQ RNA colonies that
hybridized with the probe, and the number of such
colonies was indicative of recombination frequency.

It appeared that the RNA colonies are really formed,
and then and only then, when a mixture of 5" and 3’ frag-
ments, but not each fragment was seeded on agarose sep-
arately (Fig. 2b). This was the first evidence showing the
possibility of direct recombination between RNA mole-
cules. The recombination frequency is very low but it
increases if fragments are not simply incubated but
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Fig. 2. RNA recombination in vitro. a) A scheme of recombina-
tion between non-replicable RQ135(—) RNA fragments. The
result of recombination is formation of RNA replicated by Qf
replicase. b) Recombination between RQ135(—) RNA fragments
carried out by Qp replicase. RNA colonies grown after seeding
onto the Qp replicase containing gel of an annealed mixture con-
taining 5’ and 3’ fragment, 10° molecules of each. c) Spontaneous
RNA recombination. Prior to seeding onto the gel, RNA was
incubated for 64 h at 37°C without or in the presence of 9 mM
Mg?*. Intermolecular recombination in a mixture containing 5’
and 3' fragments of RQ135(—) RNA, 10'° molecules of each, is
shown to the left; intramolecular recombination (the sample con-
tained 10'° molecules of non-replicated RQ mRNA) is shown to
the right.

annealed before seeding; in this case, fragments associate,
probably due to Watson—Crick interactions between
complementary regions [9].

It should be noted that in the absence of nano-
colonies it would be practically impossible to detect and
isolate recombinant molecules and especially to study the
mechanism of recombination due to very low recombina-
tion frequency and competition from “spontaneous” syn-
thesis. In the case of amplification in liquid of even natu-
ral RQ RNA, selected on the basis of high replication effi-
ciency, the set of products is not reproduced: molecules of
different types dominate in different tubes (Fig. 1b). The
situation is even much worse with amplification of
recombinant RNA. Even if recombination results in
emergence of replicating molecules, most of them will be
faulty (only if recombination did not result in exact
restoration of a natural sequence) and will not be able to
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compete with contaminant natural RQ RNA. On the
contrary, in the case of amplification in gel different RQ
RNA molecules are in different nanocolonies and do not
interfere with amplification of each other (Fig. 1a). This
makes possible amplification and counting of even poor-
ly replicating molecules against the background of effi-
ciently replicating RNA.

Mechanism of RNA recombination may differ from
template switch. Recombinant RQ RNA extracted from
colonies was cloned as cDNA within a plasmid vector and
sequenced (Fig. 3a). All recombinants contained a com-
plete 5’ fragment and a complete or shortened from 5’ end
3’ fragment. Despite the presence of homologous exten-
sions, in all cases recombination of fragments involved
non-homologous regions, i.e. all recombinants were non-
homologous.

In accordance with the hypothesis of template
switch, which at that time was the only discussed model
of RNA recombination, at the beginning a complementa-
ry copy (or a part of it) of the first template (in our case it
is 3’ fragment) is synthesized, which then serves as a
primer for copying the second template (5’ fragment).
The existence of such a mechanism was proved for the
retroviral RNA-dependent DNA polymerases [45]. In
fact, incubation of the same mixture of RNA fragments in
the presence of reverse transcriptase of avian myeloblas-
tosis virus (AMV) and its substrates (ANTP) resulted in
formation of a homologous recombinant (Fig. 3d) [9].
This means that fragments used in our experiments are
able to be substrates for homologous recombination, but
QP replicase does not use this possibility. Moreover, fre-
quency of recombination in the presence of Qf replicase
did not change if extensions of 5’ and 3’ fragments were
changed for non-homologous ones. Moreover, all recom-
binants were structurally identical to those originated
from the fragments with homologous extensions, i.c. they
contained the whole 5’ fragment and a part of the 3’ frag-
ment [46].

Conditions (pH, temperature, salt and Mg?* con-
centrations) at which recombination is observed fully cor-
respond to intracellular ones, therefore similar intracellu-
lar recombination can be also expected. Extrapolation to
the QB-RNA concentration in infected E. coli cells
(107> M according to Weissmann [47]) suggests that the
similar intracellular process should have the frequency of
107*-107° per nucleotide per hour (which is approximate-
ly equal to the duration of infection cycle). This agrees
with the observed frequency of non-homologous recom-
bination in RNA-containing bacteriophages in vivo and
shows indirectly that within cells recombinant molecules
are formed in reactions between RNA molecules without
involvement of DNA intermediates [21].

Role of 3'-terminal hydroxyls in RNA recombination.
Taking into account that the whole 5’ fragment is incor-
porated in the recombinant, we have supposed that
recombinants can be formed in a trans-esterification
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a 5’ fragment
5' pV[clefeib[elefeS]N CUGCAGGUCGACUCUAGAGGAUC

GGCGCUGCAGCUCGAGUCUAGAGGAUC(Eefer:\eleler.\U[U]U[cT.XeT 0 3'
3’ fragment

b 5’ fragment

743 nt

pvelelc|v).(e.NeT.Xelu[u]V)Xe[elerNe[e7\V/ CCCAGCUGCUUAAAGACGGU
3’ fragment

d
5' pALclelel (el R CTGCAGCTCGAGTCTAGAGGATCyXelelXelelcr.N N EcT.XeT g 3

Fig. 3. Nucleotide sequences of recombination products. The
RQ135 RNA sequence is shown in part (white letters against black
background). Foreign extensions (a, b, d) or an insert (c) are des-
ignated by black letters: homologous sites are shown against gray
background. Straight lines join nucleotides that appeared to be
neighbors in recombinant molecules. a) Recombination between
5" and 3' fragments of RQ135(—) RNA carried out by Qf repli-
case. b) Spontaneous recombination between 5’ and 3’ fragments
of RQ135(—) RNA. c¢) Intramolecular spontaneous recombina-
tion resulting in deletion of the mRNA insert from RQ mRNA
encoding chloramphenicol acetyltransferase. d) A homologous
recombinant formed during reverse transcription of a mixture of
the RQ135(—) RNA 5 and 3’ fragments (reaction product is
recombinant cDNA).

reaction in which free hydroxyl of 3’ end of 5’ fragment
attacks internal phosphate of the 3’ fragment.

Further investigations have shown that the observed
recombination really requires the presence of free
hydroxyl groups at the 3’ end of the 5’ fragment: it is com-
pletely inhibited if the 5’ fragment is oxidized by perio-
date, which results in oxidation of 2',3'-cis-glycol group
at the RNA 3’ end with the ribose ring rupture and dialde-
hyde formation, or if its terminal 3’ hydroxyl is blocked by
a phosphate group. The removal of this phosphate group
using alkaline phosphatases restores recombination up to
the initial level. A similar modification of 3’ end of 3’ frag-
ment does not significantly influence the recombination
efficiency [9].

Spontaneous RNA Recombination

Separation of stages of recombination and recombi-
nant amplification. The use of 5’ fragment oxidation for
recombination inhibition in the presence of Qf replicase
made it possible to separate recombination by itself (for-
mation of recombinants) from amplification of recombi-
nation products in the form of nanocolonies. To achieve
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this, the mixture of RNA fragments was first incubated
under the chosen conditions, then, before seeding on
agarose, it was oxidized by periodate and melted after
preliminary chelation of all free Mg?" by EDTA [48].
Melting helped in lowering the level of residual recombi-
nation, caused by incomplete RNA oxidation, due to
destruction of noncovalent interfragment complexes.
Such treatment practically completely prevented further
recombination and at the same time it did not interfere
with colony growth, if a ready recombinant was present in
the sample. Therefore, RNA colonies could be formed
only if recombination happened before oxidation and
melting of the fragment mixture.

Such an approach, i.e. recombination suppression
during colony growth, makes it possible to determine
whether recombination is possible in the absence of Qf3
replicase, and it also allows investigation of the role of
replicase and other enzymes in RNA recombination.

Intermolecular recombination. RNA fragments are
also capable of recombination in the absence of Qf repli-
case and rNTP due to formation of replicating molecules.
The unique but obligatory condition is the presence of
bivalent magnesium cations (Fig. 2c, on the left).
However, frequency of such “spontaneous” recombina-
tion is several orders of magnitude below that in the pres-
ence of replicase: it is possible to detect spontaneous
recombination only after incubation of the fragment mix-
ture in the presence of Mg?* at 37°C for 16-64 h. The
mechanism of spontaneous recombination is also differ-
ent: it does not require the presence of free hydroxyl
groups, because it is equally efficient with any modifica-
tion of 3’ end of 5’ fragment [48].

Sequencing the RNA isolated from colonies has
shown that recombination involves internal regions of
fragments with partial loss of the sequence of both the 3’
and 5’ fragments (Fig. 3b). Recombination does not
require sequence homologies because the recombination
efficiency is the same for fragments with homologous and
non-homologous extensions and all recombinants are
non-homologous. Finally, recombination sites are more
or less randomly distributed along the nucleotide
sequence of the 5 and 3' fragments within +10-20
nucleotides from the stacking sites of RQ135 RNA and
foreign extension sequences [48]. (Evidently, the absence
of recombination beyond these sites is the result of selec-
tion: QP replicase poorly replicates both the recombi-
nants with badly damaged initial structure of RQI135
RNA and recombinants carrying inserts that are too
long.) This suggests that neither proteins nor any
ribozyme-like structures are responsible for the observed
recombination. In other words, the capability of recombi-
nations is an integral feature of polyribonucleotides
themselves.

Intramolecular recombination. Similar experiments
already not with fragments but with long derivatives of
RQ RNA (650-930 nt) with preliminarily inserted differ-
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ent mRNA sequences have shown that intramolecular
spontaneous recombination is also possible. Such RQ
mRNA cannot be replicated by QP replicase [49], but “in
cis” recombinations take place during incubation in the
presence of Mg?", which result, as shown by sequencing,
in deletion of inserts with formation of replicating mole-
cules revealed by nanocolonies (Figs. 2c and 3c¢).

Spontaneous recombination probably follows the
mechanism including non-hydrolytic rupture of the RNA
sugar-phosphate backbone with formation of termini car-
rying 2',3'-cyclophosphate and 5’ hydroxyl with following
reversion of reaction with involvement of termini of dif-
ferent molecules (cross-ligation). Another possible
mechanism is an intermolecular attack of internucleotide
phosphate by 2’ hydroxyl resulting in a lariat (branched
molecule) formation. If replicase can copy such struc-
tures, then the lariat reading may result in formation of a
linear recombinant RNA. Since both these mechanisms
require the presence of 2’ hydroxyls, spontaneous recom-
bination is most likely a feature specific exclusively of
RNA and it should not take place between DNA mole-
cules [40].

Characteristics of spontaneous recombination. The
use of nanocolonies allowed qualitative and quantitative
characterization of features of RNA spontaneous recom-
bination [48]. It was found that the number of recombi-
nant molecules increased linearly: by 64 h of incubation,
their number exceeded that by 16 h by 4.0 &+ 1.8 times
(n=10). The RNA spontaneous recombination is a reac-
tion of pseudo-first order, i.e. it is independent of the
recombining fragment concentrations within the studied
interval of concentrations (5-500 nM). Both linearity of
kinetics and recombination independence of fragment
concentration are caused by the fact that the rate of non-
covalent association of RNA fragments under reaction
conditions significantly exceeds the rate of the chemical
reaction. The rate of recombination increases about three
times upon temperature increase by 10°C. Such value of
the Van’t Hoff coefficient is characteristic of non-cat-
alyzed (non-enzymatic) chemical reactions. The reaction
rate constant will be about 10~ h™' per phosphodiester
bond at 37°C.

Possible biological role of spontaneous RNA recombi-
nation. Since spontaneous recombination requires noth-
ing but RNA and Mg?", it must everywhere and continu-
ally happen in nature. Although in a “pure” (all compo-
nents of which are known, unlike lysates whose composi-
tion cannot be controlled) cell-free system the rate of
spontaneous recombination is far below that of non-
homologous recombination in viruses, it is high enough
to play a certain evolutionary role both in the prebiotic
“world of RNA” and in the present time. At first glance,
the rate of spontaneous recombination is extremely low.
In the absence of nanocolonies it is practically impossible
to register products of this reaction, especially against the
background of tremendous excess of fragments not
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involved in reaction. Nevertheless, spontaneous
rearrangements of RNA molecules may play an important
role in evolution of RNA- and DNA-genomes. Even if
spontaneous recombination is not promoted by cellular
RNA-binding proteins, it should result in emergence of a
novel recombinant RNA in a single eukaryotic cell once a
minute. This means that, for example, up to 10% such
events should happen during the life span of a human.

It is quite probable that enzymes encoded by genom-
ic mobile elements [50, 51] are able to copy recombinant
RNA and insert their cDNA copies into the chromosome.
This supposition is supported by detection in mammalian
genomes of pseudogenes that are chimeric DNA copies of
cellular RNA [52]. Integration into the genome even of a
very small fraction of formed recombinant sequences may
result in its significant alteration. Both the enzymic appa-
ratus of retrotransposons [52] and cellular DNA-depend-
ent DNA polymerases are able, to one extent or another,
to use RNA as template [53].

With the account for the above-mentioned possibili-
ties, self-recombination should be considered as an
important factor influencing genome variability and
probability of malignant transformation [54]. It is also
necessary to keep in mind that some cellular proteins,
especially RNA-binding ones, could nonspecifically
stimulate spontaneous RNA recombination similarly to
stimulation of activity of some ribozymes [55, 56].

Also, spontaneous RNA recombination could play
an important role in the formation and development of
the RNA world [21, 54, 57-59]. It should be also added
that the ability of self-recombination is another argument
in favor of the idea, first suggested by A. N. Belozersky in
1957 (see [58]), concerning the priority of RNA relative
to DNA.

Variety of mechanisms of non-replicative RNA recom-
bination. Spontaneous recombination is non-replicative
because it does not require RNA synthesis (replication)
and happens in the absence of replicase. After publication
of our first results on in vitro recombination between RQ
RNA fragments [9, 48] (Fig. 2), similar experiments with
fragments of viral RNA and their different modifications
were carried out in vivo. For this aim, RNA fragments
obtained by in vitro transcription were transfected into
cells. It was shown in the laboratory of V. I. Agol using
fragments of poliovirus genome and in the laboratory of P.
Becher using cattle diarrhea virus that intracellular RNA
recombination can be also non-replicative (in the absence
of active replicase) [60-62]. Sequencing of the formed
viable viruses revealed non-homologous and homologous
recombinants. Relatively high content of homologous
recombinants in this case (compared to in vitro experi-
ments) is, probably, the result of selection due to their
higher viability.

The frequency of intracellular non-replicative
recombination appeared to be several orders of magni-
tude higher than that of spontaneous recombination cat-
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alyzed by Mg** [41], which points to possible involve-
ment of cellular enzymes. In fact, hydrolytic enzymes,
cleaving RNA with formation of 5'-hydroxyl and 2',3'-
cyclophosphate, as well as RNA ligases, joining fragments
with such groups at their ends, are present in practically
all cell types [63]. Moreover, one and the same enzyme
can both fragment RNA and ligate fragments, as it was
shown for T1 ribonuclease [64]. A 2',3'-cyclophosphate,
necessary for ligation, can be formed from a 3’ terminal
phosphate group using cyclase [63]. The existence of
other mechanisms of RNA recombination is also quite
probable when it is also considered that there are many
intracellular enzymes capable of the nonspecific cleavage
and ligation of RNA [65].

Mechanisms of Replicative Recombination

An experimental approach that made possible the
demonstration of spontaneous recombinations (i.e. sepa-
ration of recombinant formation and amplification
stages) was also used to study the effect on recombination
of viral RNA-dependent RNA polymerases [66]. In this
case, before growing nanocolonies, incubation mixture
was not only oxidized, but was phenol extracted to
remove proteins.

Recombination in the presence of Qp replicase is
replicative. Experiments on incubation of the 5 and 3’
fragment mixture with addition of the replication mixture
components in various combinations have shown that it is
possible to increase significantly the rate of recombina-
tion compared to the spontaneous level only after addi-
tion of all components of the replication system, i.e. Qf
replicase, Mg?*, and all four INTP (ATP, CTP, GTP, and
UTP). In this case, the mechanism of recombination is
changed: it is inhibited by oxidation of the 5’ fragment
[66]. This suggested that RNA recombination detected by
us in the first work [9] was carried out by Qf replicase
itself and, evidentlyy, RNA synthesis is necessary for
recombination.

In experiments using cordycepin triphosphate (3'-
deoxy-ATP, terminator of RNA synthesis), it was shown
that not simply RNA synthesis is necessary for recombi-
nation, but synthesis of rather extended regions. Even
when 3'-deoxy-ATP was incorporated into the growing
chain along with ATP in a ratio of 1 : 5, the recombina-
tion was significantly inhibited [66]. In other words,
recombination carried out by Q replicase is replicative.

Variety of replicative RNA recombination mecha-
nisms. Poliovirus is a classical object for observation of in
vivo RNA recombination. To explain homologous
recombination just in this virus, in 1974 Cooper postulat-
ed for the first time the mechanism of template switch by
viral replicase (RNA-dependent RNA polymerase) [67].
After that, the template switch hypothesis was applied to
explain all cases of RNA recombination, although,
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unlike template switch in reverse transcription, it was not
proved experimentally. Moreover, the terms “template
switch” and “replicative recombination” were used as
synonyms.

After publication of our work on in vitro RNA
recombination in the presence of QP replicase, which
expressed our doubt concerning the template switch
mechanism, Perez Bercoff et al. [68] carried out the in
vitro experiment on cells, transfected with plasmid,
encoding the full-sized poliovirus genome. The plasmid
transcription produced RNA that governed synthesis of
active replicase but was incapable of replication due to
two point mutations in 5’ non-translated region [68]. In
the case of combined transfection with the poliovirus
RNA fragment carrying the intact 5’ non-translated
region, infectious virus was formed due to recombination.
At the same time, no recombination took place if the
RNA fragment carrying 5’ non-translated region had
cordycepin (3'-deoxyadenosine) at the 3’ end and thus
had no free 3’ hydroxyl. Thus, like in our in vitro experi-
ments [9], recombination in vivo also required the pres-
ence of 3’ hydroxyl on the 5’ substrate.

Since all recombinants were homologous and formed
in the presence of active replicase, the authors proposed a
mechanism of “primer alignment and extension” which
is in essence a component of the mechanism of replicative
template switch. According to the authors, real recombi-
nation substrates are the RNAs of opposite polarity, in the
case of our experimental scheme these are the 5’ fragment
and a complementary copy of the 3’ fragment. These
fragments are hybridized by complementary segments,
and then one fragment or both serve as primers for elon-
gation by the polymerase that uses the other fragment as
template [68]. Naturally, in this case a homologous
recombinant is obtained. Such recombination frequency
should depend on the hybrid stability and, as a result, on
the length of the primer and template complementary
sites.

Since our investigations have shown that RNA
recombination by Qf replicase is not homologous,
though replicative, it was important to compare directly
the effect of QP replicase and poliovirus replicase (protein
3D-pol) on RNA recombination under identical condi-
tions. The same recombination substrates and optimal
reaction conditions, that appeared to be similar, were pre-
sented to both replicases. The same system of recombi-
nant detection, i.e. the Qf replicase version of nano-
colonies, was used.

To make easier formation of recombinants by the
mechanism of “primer alignment and extension”, pairs of
RQ135 RNA fragments of opposite polarity including 5’
fragment and the complement of 3' fragment (“3'C-frag-
ment”) with extensions of different length were used as
recombination substrates. Extensions are complementary
within each pair (in pairs of the same polarity fragments
they are homologous), but since extensions have different
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Fig. 4. Comparative efficiencies of recombinations carried out by poliovirus polymerase (3D-pol) and Qf replicase (QB-rep). The
nucleotide sequence of recombination substrates is shown to the left. The RQ135 RNA sequence is shown in part (white letters against black
background). Foreign extensions are designated by black letters: homologous segments (fragments of the same polarity) or complementa-
ry segments (fragments of different polarity) are against gray background. Complementary pairs are shown by dots. 3'C is the complement
of the 3'-fragment. To the right there are RNA colonies grown after seeding of the annealed mixture of fragments onto the Qf replicase-
containing gel, either without incubations and treatments (recombination in the presence of Qf replicase (QB-rep)) or incubated for 30 min
in conditions, optimal for poliovirus polymerase, after treatment suppressing recombination during colony growth (recombination in the
presence of poliovirus polymerase — 3D-pol). Figures show the number of molecules of each pair of fragments in the seeded mixture.

length, the lengths of complementary regions are differ-
ent (Fig. 4, on the left).

Recombination between different polarity frag-
ments, carried out by poliovirus replicase, appeared to
be very efficient and completely correlated with the
“primer alignment and extension” mechanism: pairs of
fragments with longer complementary regions recom-
bine at higher frequency (Fig. 4, column “3D-pol”) and
all recombinants are homologous [66]. At the same time,
recombination between the same fragments carried out
by Qp replicase is 3-4 orders of magnitude less efficient,
there is no correlation between recombination frequen-
cy and the length of complementary regions (Fig. 4, col-
umn “Qp-rep”), and all recombinants are non-homolo-
gous [66].

Contrary to the “primer alignment and extension”
mechanism, recombination by Qf replicase between dif-
ferent polarity fragments is 2-3 orders of magnitude less
efficient compared to that between fragments of the same
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polarity (Fig. 4). Oxidation of the 5’ fragment is not
enough for its inhibition (as in reaction between frag-
ments of the same polarity), but in this case oxidation of
both fragments is necessary [66]. Unlike Qp replicase,
poliovirus RNA polymerase does not produce detectable
amounts of recombinants in reaction between fragments
of the same polarity (Fig. 4).

So, nanocolonies helped us to determine that differ-
ent RNA-dependent RNA polymerases use different
mechanisms for RNA recombination: poliovirus RNA
polymerase uses the “primer alignment and extension”
mechanism, while Qf replicase rejects it.

Possible mechanisms of RNA recombination by Qf
replicase. Recombinants obtained by recombination
between pairs of fragments, one of which was oxidized by
periodate, were sequenced. Almost all recombinants con-
tained both whole fragments with additional different
length inserts between fragments. The inserted sequences
depended on the oxidized fragment and were comple-
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mentary in part to segments of foreign extensions. Based
on these observations and taking into account that Qf
replicase can elongate RNA from 3’ end, thus forming
hairpins [69, 70], we supposed that the inserts are formed
by elongation of the fragment 3’ terminus and partial
copying the same fragment. Then, two ways of further
event development are possible: either 3’ hydroxyl of the
elongated 3'C fragment attacks internucleotide 5’ phos-
phate on the 5’ fragment copy (frans-esterification reac-
tion), or 3’C-fragment is further elongated using the 5’
fragment as template. In other words, the second mecha-
nism suggests elongation of a primer not hybridized to the
template. In accordance with a number of arguments, the
first mechanism seems more likely [66].

It is still not clear what the role of RNA synthesis in
recombination of the same polarity fragments is when
both substrates are ready for recombination from the very
beginning. One possibility is that the frans-esterification
reaction requires Qp replicase in active conformation
that can be acquired only during synthesis. It should be
noted in this connection that the supposed trans-esterifi-
cation reaction, consisting in the attack of internu-
cleotide phosphate of one RNA by the 3'-terminal
hydroxyl of the other, is chemically analogous to the
attack of a-phosphate of the nucleotide to be joined by
the 3'-hydroxyl of growing chain, i.e. it is analogous to
the reaction that is the main function of all polymerases
[53].

Application of Nanocolonies
in Chemistry of Single Molecules

The use of a pure cell-free system of RNA recombi-
nation, created on the basis of nanocolonies, produced
the following main results. It is proved that recombina-
tion takes place at the level of RNA without involvement
of DNA intermediates. The RNA recombination is sig-
nificantly more diverse concerning molecular mecha-
nisms than it seemed previously. It can be both replicative
and non-replicative. RNA is capable of self-recombina-
tion under physiological conditions at a biologically sig-
nificant rate, without involvement of proteins and
ribozymes. Different polymerases employ different
mechanisms of RNA recombination. Contrary to previ-
ous concepts, RNA recombination is possible without
template switch.

The experiments have shown that nanocolonies can
be used to study chemical reactions between single RNA
molecules. In principle, nanocolonies can also be used in
investigation of different rare chemical reactions or rare
reaction intermediates. It is only necessary that the reac-
tion products or intermediates have a sufficiently complex
surface to form at least two high affinity-binding regions,
as discussed in the section “Detection of Molecules of
Non-nucleic Nature”.
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DEVELOPMENT OF THE NANOCOLONY
TECHNIQUE

Limitations of the QB Replicase Nanocolony Version

The demonstration of the ability of Q replicase to
amplify foreign sequences within RQ RNA [31, 71] gave
rise to the hope that it will be possible to use RNA
colonies for diagnostics as well as for cloning foreign
genetic material such as mRNA by its incorporation into
a natural replicating molecule.

This became the basis for schemes proposed in the
laboratory of F. Kramer for a diagnostic use of Qp repli-
case. In the original variant [72], a nucleotide sequence
complementary to the region of DNA or RNA to be
assayed (target) was incorporated into RQ RNA and such
artificial recombinant RNA was mixed with the analyzed
sample. Then the sample was treated with magnetic par-
ticles with immobilized oligonucleotide probe comple-
mentary to another region of the target. If the sample
contained target molecules, they were captured by the
magnetic particles and carried along with the recombi-
nant RNA that was then amplified by Qp replicase. The
presence and amount of the target in the sample was
determined from the kinetics of RNA synthesis: the more
target molecules there were in the sample, the earlier syn-
thesis was registered. However, due to unspecific sorp-
tion, up to 10,000 recombinant RNA molecules were
caught by magnetic particles even in the absence of a tar-
get, which made the method extremely insensitive.

In the improved scheme [73] the whole recombinant
RNA was replaced by its supplementary fragments extend-
ed at the truncated ends with nucleotide sequences com-
plementary to adjacent regions of the target, and the sam-
ple was additionally incubated with phage T4 DNA ligase
that is able of end-to-end joining the hybridized RNA frag-
ments. Thus, the replicating recombinant RNA was
formed directly in the sample, depending on the presence
of the target in the latter. According to the authors, in this
case sensitivity of the method was ~40 target molecules.

We have tried to use RNA colonies for diagnostics of
viral infections by the above-described scheme.
Unfortunately, it was found that the applicability of this
approach is quite limited. First, foreign inserts, even short
ones, often inhibit replication of natural replicase tem-
plates [20, 74] and as a result such approach is not uni-
versal. Second, RNA recombination, especially in the
presence of replicase (see above), results in emergence of
replicating molecules and subsequent appearance of
numerous nanocolonies independently of the presence in
the sample of the target under study.

The use of this approach for mRNA cloning was fully
hopeless, because RQ mRNA are incapable of exponen-
tial amplification [49], and spontaneous deletions of
mRNA inserts result in formation of efficiently replicat-
ing RQ RNA [48].
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DNA Colonies

Unlike Qp replicase, PCR is more suitable for diag-
nostics and cloning because it allows amplification of any
sequence using a pair of oligonucleotide primers.
However, PCR cannot be carried out in agarose gel,
because the reaction medium requires periodic heating
up to ~100°C.

We have elaborated a method for PCR in a ther-
mostable polyacrylamide gel. This method allows one to
obtain DNA colonies [2-7, 75, 76]. RNA may also serve
as initial template that should be first converted to the
cDNA form using RNA-dependent DNA polymerase
(reverse transcriptase). The gel is prepared in a suitable
container such as a well on a microscopic slide.

Initially the gel was polymerized in the presence of
all PCR components including DNA polymerase [2-7],
and this method was reproduced in the laboratory of G.
Church at Harvard University [10]. However, it appeared
that another approach gave better results: the gel is first
polymerized, then it is soaked in water to remove all sol-
uble substances, autoclaved and dried, and immediately
before experiment it is impregnated with a complete reac-
tion mixture including dNTP, oligonucleotide primers,
thermostable DNA-dependent DNA polymerase, and
the sample. In this case, DNA polymerase completely
retains its activity, while DNA molecules that could get
into the gel during its preparation are eliminated. During
impregnation by reaction medium the gel completely
regains its initial volume and mechanical properties. The
volume of the gel prepared in a well 14 mm in diameter
and 0.4 mm in depth is 65 pl (i.e. consumption of
reagents is almost the same as in a standard PCR of 50 pl).

For PCR the gel is sealed and placed in the DNA
amplifier with a flat heating element (such DNA amplifi-
er is usually used for in situ PCR). Then the reaction is
carried out in approximately the same temperature con-
ditions as in standard PCR in tubes, with only annealing
time increase to 10-20 sec.

Methods of Nanocolony Detection

Nanocolonies grown in the gel are invisible to a
naked eye, but they can be detected in different ways. For
example, when amplification is over, the gel can be stained
with intercalating dyes like ethidium bromide [1, 8] or
SYBR Green I [10]. However, in this case both specific
nanocolonies (products of the analyzed target amplifica-
tion) and nonspecific ones, formed by primer “dimers”
(products of primer elongation due to hybridization with
each other) are stained, as well as those formed by prod-
ucts of foreign DNA amplification due to erroneous
primer hybridization with foreign templates.

Specific nanocolonies can be revealed by hybridiza-
tion to a probe complementary to the internal part of the
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amplified target, after transferring them onto a mem-
brane filter by blotting the gel. In the first experiments, we
used radiolabeled probes for detection of nanocolonies
[8, 9, 48]. Disadvantages of such probes are the necessity
of using harmful radiolabeled substances (**P, **P, or *°S),
which in addition have a short half-life, and duration of
the procedure of obtaining an autoradiograph often takes
more than 24 h.

In another known method, using target-specific
probes, nanocolonies are hybridized in situ (in the gel
where they were grown) with fluorescent probes or with
unlabeled oligonucleotide probes that are then labeled by
terminal incorporation of fluorescent nucleotides [77].
Owing to the use of fluorescent labels, it becomes unnec-
essary to use radioactive materials and the time necessary
to obtain a picture is reduced to several minutes.
However, gel hybridization makes the procedure signifi-
cantly more complicated and expensive, because covalent
immobilization of amplified nucleic acids on the gel
matrix is necessary (to achieve this, one of the oligonu-
cleotide primers used for amplification is immobilized).
Moreover, it is necessary to remove from the gel one of the
amplified target complementary strands using a reversibly
crosslinked gel. Amplification is followed by partial
uncrosslinking the gel to make diffusion of nucleic acids
easier, and then electrophoresis is used to increase the
rate of removal of the non-immobilized strand. Besides,
upon hybridization in the gel targets appear to be less
accessible for probes, and removal of unbound probes
from the gel proceeds at a lower rate compared to that in
the case of hybridization on the membrane.

Detection of nanocolonies by hybridization with fluo-
rescent probes on the membranes. Hybridization with flu-
orescent probes on nylon membranes could become a
solution of the problem, but it followed from the literature
that this is unlikely due to the extremely low content of
nucleic acids in a colony and too high level of the mem-
brane background fluorescence. As it has been shown in
different laboratories, about 10® DNA molecules are pres-
ent in a single colony of 0.2-0.5 mm in diameter formed by
PCR in gel [10, 75]. About 10% is transferred onto the
membrane by blotting [78], i.e. 10’ molecules or ~10 amol
DNA. It has been repeatedly stated that it is impossible to
detect such amounts of nucleic acids immobilized on
nylon membrane by hybridization with fluorescent probes
due to the high intrinsic fluorescence of nylon [79-83].

Nevertheless, we managed to develop nanocolony
hybridization with fluorescent probes on a membrane,
total duration of which (from colony fixation to obtaining
scanning result) takes less than 1 h [84, 85].

Nanocolony hybridization with fluorescent probes
on a membrane allows quick detection of single mole-
cules and determination of target DNA and RNA titers.
Since the number of colonies coincides within the limit of
statistical data scattering with the number of DNA mole-
cules introduced into the gel before beginning PCR, it
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can be concluded that all DNA colonies are detected.
Moreover, the membrane can be hybridized with a mix-
ture of fluorescent probes and information concerning
hybridization of each probe can be obtained separately if
spectral characteristics of the labels differ enough to pro-
vide for selective recording of fluorescence of each of
them, like that observed for fluorophores Cy3 and Cy5. A
mixture of probes labeled by these fluorophores was used
for detection of different parts of chimeric cDNA mole-
cule AMLI-ETO consisting of parts of the AML1 and
ETO genes (chimeric mRNA AMLI1-ETO is a marker of
a frequent form of leukemia [86]): the Cy5-labeled probe
is specific to the AML part, whereas the Cy3-labeled
probe is specific to the ETO part of the AMLI-ETO
sequence (Fig. 5, a and c¢). Hybridization of both probes
with the same nanocolony shows that the latter is formed
by chimeric molecules. This makes it possible to enhance
the specificity of diagnostics by discrimination against
nanocolonies formed by non-chimeric molecules present
in normal leucocytes.

Simultaneous hybridization with several fluorescent
probes of different base composition and fluorophores

a »d

v
Ag‘ Probe Cy5-AML
AATCACAGTGGATGGGCCCCGAGAA
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can be used in other aspects, such as separate determina-
tion of several targets at once or for determination of
sequence variants in the same target, in particular, for
determination of so-called single-nucleotide polymor-
phism (SNP).

Detection of nanocolonies under real time conditions.
We have shown that growing nanocolonies can be
observed under real time conditions [87, 88] using differ-
ent homogeneous detection systems (allowing DNA
detection without removal of unbound fluorophore) using
intercalating dyes, hybridization probes, or their various
combinations. To observe growing DNA colonies, PCR
was carried out as usual in the same polyacrylamide gel
prepared in the slide wells and covered by coverslip. To
provide for the gel fluorescence recording, the coverslip
was sealed by sticky foil with a hole equal to the well size.
The use of homogeneous systems allows detection of
nanocolonies without opening the gel and colony transfer
onto the membrane and does not require a special
hybridization stage when PCR is over.

It appeared that any presently known principle of
homogeneous fluorescent detection [89, 90] can be used

VDAV

Ag% Probe Cy3-ETO
ACCGTACTGAGAAGCACTCCACAAT

cRannvciiciferNelegyXelofelciciclcieg N e/ N[N TGGCATGACTCTTCGTGAGGTGTTACGG-5'
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Gene ETO
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% @

d 31 33 35 37 39

Fig. 5. Detection of nanocolonies using fluorescent probes. a, b) Sites of fluorescent probe hybridization with the amplified fragment of
chimeric cDNA AMLI-ETO: a) probes used for hybridization on the membrane; b) a pair of FRET probes. Probes are complementary to the
strand synthesized during reverse transcription. The Cy5-AML probe and the donor of the FRET probe pair are hybridized with the AMLI1
part of cDNA, while the Cy3-ETO and acceptor of the FRET probe pair are hybridized with its ETO part. A short distance (2 nucleotides)
between donor (FAM) and acceptor (Cy5) provides for efficient resonance energy transfer between them when these probes are hybridized
with the product of the chimeric cDNA amplification. ¢) The AML1-ETO cDNA colonies revealed by hybridization with fluorescent probes
on the membrane. After PCR in gel, DNA was transferred by blotting onto nylon membrane that was hybridized with a mixture of
oligodeoxynucleotides Cy5S-AML and Cy3-ETO, and the Cy5 and Cy3 fluorescence was registered, respectively. d) Detection of molecular
colonies in real time. The AML1-ETO ¢cDNA colonies were obtained by asymmetrical PCR in the presence of FRET probes (FAM/CyS5).
Figures show the number of the PCR cycle after which the gel was scanned using a blue laser (488 nm) and a red emission filter (670 nm). The
amplified PCR product was 260 bp long (upper row) or 395 bp (lower row).
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for detection of nanocolonies. The highest detection sensi-
tivity was obtained using a pair of adjacent hybridized
probes having at their proximal termini fluorophores fluo-
rescein (FAM) and cyanine-5 (Cy5), between which
FRET (fluorescent resonance energy transfer) is possible
(Fig. 5, b and d). Amplification of longer fragment results
in a later appearance of colonies, but they become smaller,
which makes it possible to increase the resolution (Fig. 5d).

Nanocolonies can be also revealed using a “molecu-
lar beacon” (an oligonucleotide probe with the hairpin
structure carrying on the closely adjacent termini a fluo-
rophore and a group that quenches the fluorescence when
the probe is unbound, but stops quenching when the probe
is extended due to hybridization with the target) or a com-
bination of an intercalating fluorescent dye and a specific
probe carrying a fluorescent group whose excitation max-
imum coincides with that of the dye emission [87, 88].

Although detected nanocolonies are also formed
under conditions of usual (symmetrical) PCR, the detec-
tion sensitivity can be increased using conditions of
asymmetrical PCR at the primer concentrations favorable
for synthesis of strands complementary to fluorescent
probes. In the case of asymmetrical PCR, the intensity of
colony fluorescence is significantly higher because some
DNA nanocolonies remain single-stranded and thus are
more accessible for hybridization with probes [87, 88].

In the above-mentioned examples, fluorescent pic-
tures were obtained at constant (room) temperature after
finishing the elongation stage. Evidently, images can be
registered at different temperatures and at different stages
ofthe PCR cycle. Since hybridization temperature falls to
4-8°C in the case of even a single alteration of the target
and probe complementarity, analysis of hybridization
(melting) curve makes possible detection of point muta-
tions in the target if they emerged in the site of probe
hybridization [91]. Temperature variations at which
colony image appears or disappears can be used as an
instrument of SNP analysis.

It is probably possible to adapt methods using probe
degradation for fluorophore removal from its quencher
(the principle was used in the TagMan probe) for detec-
tion of nanocolonies by immobilization of the probe flu-
orescent group on the gel matrix in order to prevent its
diffusion in the gel. In such situation the gel matrix will
fluoresce when hydrolysis of the probe in the point, pre-
viously occupied by the colony, will be over, even when
amplification products diffused or were washed away from
the gel; therefore, such gels can be stored and used as a
documentary evidence of analysis [92].

MOLECULAR DIAGNOSTICS
The discovery of replicating RNA in the air, which

demonstrated that the “spontaneous” synthesis was tem-
plate-directed [1], actually became the first case of nano-
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colonies application to diagnostics. These experiments
have shown that “infectious” molecules can be detected
as nanocolonies and their number can be determined.
Carrying out PCR in nanocolonies and development of
non-radioactive methods for their detection has trans-
ferred the application of nanocolonies for diagnostics to
the practical level.

Diagnostic Procedure

In addition to the nanocolony growing and detec-
tion, the diagnostic procedure includes a number of con-
secutive operations, such as clinical material conserva-
tion, isolation of nucleic acids, and reverse transcription
(if RNA is the target).

We have elaborated methods providing for isolation
of nucleic acids from clinical samples including unfrac-
tionated whole blood, with almost 100% yield: a method
of DNA isolation [75] and a universal technique provid-
ing for simultaneous isolation of RNA and DNA [93]. It
was also shown that in the case of storage of whole blood
samples as lysates containing 4 M guanidine thiocyanate,
high-molecular-weight RNA and DNA are preserved for
3 days at room temperature, at least during two weeks
at 4°C, and for more than one year at —20°C [94, 95].
This method of conservation provides for sample storage
and transport at the environmental temperature and is
completely compatible with the procedure of subsequent
isolation of nucleic acids.

We have found in the course of reverse transcription
optimization that nucleic acids in high concentrations
inhibit the reverse transcriptase activity of Tth DNA poly-
merase, often used for RNA detection [96], and we have
shown that in the case of analysis of samples with a low
titer of RNA targets it is preferable to use for cDNA syn-
thesis reverse transcriptase of mouse leukemia virus (M-
MLYV) lacking RNase H activity [93].

Diagnostic Potential of Nanocolonies

Sensitivity of DNA and RNA detection. In the first
experiments we used the universal reaction mixture with
DNA polymerase of Thermus thermophilus (Tth DNA
polymerase) in order to have the possibility of detecting
both DNA and RNA molecules. In the presence of Mn?*,
this polymerase is able to use both DNA and RNA as
template and synthesizes cDNA [96]. Prior to PCR, the
gel impregnated by such reaction mixture was incubated
for 30 min at ~60°C providing for reverse transcription. In
such system the sensitivity of the target molecule detec-
tion was 98 *+ 21% for HBV DNA, 13 + 3% for HIV
RNA, and 15 + 3% for QP RNA [75]. The standard devi-
ation in this case is indicative of the error in serial dilu-
tions and the statistics of random distribution of a low
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number of molecules between samples rather than the
error of the nanocolony technique. DNA molecules are
detected with the same efficiency upon amplification
using Taq DNA polymerase in the presence of Mg?*
Thus, nanocolonies enable detection of about 100%
of DNA molecules. The lower percentage of RNA mole-
cule detection shows the yield of the stage of reverse tran-
scription. Nevertheless, the number of nanocolonies was
always proportional to that of seeded RNA molecules,
and as a result, in this case the method allows determina-
tion of exact titer of the target. In the next experiments,
we increased the yield of reverse transcription up to 50%
using the M-MLYV reverse transcriptase [93], which made
possible detection of each second RNA molecule.
Absence of competition between simultaneously
amplified molecules. Simultaneous detection of several
targets (multiplex PCR) is often used in clinical investiga-
tions. In order to determine to what extent nanocolonies
make it possible to escape competition between amplified
molecules, an experiment was carried out in which 300
molecules of HIV-1 RNA were amplified simultaneously
with HBV DNA, the initial number of which was changed
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Fig. 6. Diagnostic potential of nanocolonies. a) Absence of com-
petition between targets amplified in the same gel. DNA colonies
grown as a result of RT-PCR in polyacrylamide gel containing, in
addition to everything else, MnCl, and Tth DNA polymerase
(able in the presence of Mn?* to carry out both reverse transcrip-
tion and PCR), 300 molecules of the RNA fragment of human
immune deficiency virus (HIV-1), the indicated number of mole-
cules of the hepatitis B virus (HBV) DNA fragment, as well as
HIV-1- and HBV-specific primers. When PCR was over, mem-
branes were first hybridized with radiolabeled HIV-1-specific
probe (upper row) and then with the HBV-specific probe (lower
row). b) Simultaneous detection of HIV-1 RNA and HBV DNA
in human whole blood. Total nucleic acids were isolated from a
sample (100 pl) of donor blood to which the target was not added,
or 150 molecules of HIV-1 RNA and 50 molecules of HBV DNA
were added at the moment of lysis. The total preparation was used
for cDNA synthesis by M-MLV SuperScript™ II reverse tran-
scriptase and following PCR in gel using Tag DNA polymerase.
Nanocolonies were revealed by membrane hybridization with
radiolabeled probes, first with the HIV-1-specific (upper row) and
then with HBV-specific (lower row); 78 = 18 HIV-1 RNA mole-
cules and 53 = 11 HBV DNA molecules were revealed in the form
of nanocolonies in a series of seven experiments.
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from 0 to 1 billion molecules (Fig. 6a) [75]. After reac-
tion, the membrane was first hybridized with the probe
specific to the amplified fragment of the HIV-1 genome.
Then this probe was washed and the same membrane was
hybridized with a probe specific to amplified fragment of
HBV DNA. It is seen in the figure that the number and
size of colonies of one target (HIV-1) are independent of
simultaneous growth in the same gel of several million
times more abundant colonies of another target (HBV).

Although these targets use different primers, they use
the same DNA polymerase in an amount lower than that
of primers, which is a factor limiting DNA amplification.
The complete absence of competition between targets
shows that polyacrylamide gel has a very high resolving
ability. In the terms of “digital PCR” [97], the gel of
14 mm in diameter used in this work is equivalent in its
resolution power to a PCR plate with one billion wells.

Absence of interference from nonspecific synthesis.
Since in addition to the assayed target a clinical sample
usually contains a large number of different nucleic acids,
in the case of PCR in liquid there is a high probability of
interference from nonspecific (not caused by the target)
DNA synthesis. Nonspecific synthesis is the result of the
limited specificity of hybridization of oligonucleotides
used for target amplification, because at a certain proba-
bility the oligonucleotide hybridizes, instead of with tar-
get, with a not quite complementary sequence—another
oligonucleotide or foreign DNA. Although the probabili-
ty of a single event of such kind is low, it is almost always
realized during analysis of biological samples because the
concentration of oligonucleotides and foreign nucleic
acids in the analyzed sample is much higher than the con-
centration of the target. Thus, in the case of amplification
in liquid of 1000 molecules of HBV DNA, the amount of
specific product decreased and that of unspecific product
increased in the presence of 0.4 pg nucleic acids (isolated
from 15 pl whole blood), which corresponds to 10°-fold
excess of human nucleic acids over the target of 392 bp
[98]. At the same time, neither brightness nor the number
of specific DNA colonies were changed upon amplifica-
tion in gel of 50 molecules of the same target in the pres-
ence of 5 pg nucleic acids (isolated from 100 pl blood)
[75], which corresponds to 200 times higher (2-10'!-fold)
excess of human nucleic acids over the target.

Detection of single molecules of viral DNA and RNA
in whole blood. Model experiments simulating clinical
diagnostics in which HBVY DNA was added to 100 pl of
uninfected blood and then total DNA isolated from the
blood was analyzed have shown that the number of HBV-
specific nanocolonies was equal (within the limits of sta-
tistical data scattering) to the number of target molecules
added into the blood [75]. Thus, nanocolonies make it
possible to lower the detection limit of DNA-containing
viruses in blood to an absolute minimum of one mole-
cule, which is 500 times higher than the current sensitiv-
ity of PCR diagnostics [98].
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A similar result was obtained in the case of simulta-
neous detection of HIV-1 RNA and HBV DNA in human
whole blood (Fig. 6b). In this case, 106 = 20% DNA mol-
ecules and 50 £ 12% RNA molecules are detected in
100 pl of human blood (such sensitivity of RNA detection
reflects the yield of the stage of reverse transcription
using M-MLYV reverse transcriptase) [93]. In other words,
nanocolonies enable detection of one DNA molecule and
two RNA molecules. These results not only demonstrate
previously unattainable sensitivity of diagnostics, but they
show that our methods of nucleic acid isolation provide
for the yield close to 100% and practically complete elim-
ination of contaminants that inhibit reverse transcription
and PCR.

Determination of marker RNA in oncological dis-
eases. We have applied nanocolonies to detection of the
a-fetoprotein mRNA [99], a marker of hepatocellular
carcinoma and some tumors of the reproductive system
[100] as well as to revealing a chimeric transcript AMLI1-
ETO [84], a marker of the leukemia associated with
translocation t(8;21)(q22;q22) [86].

The developed diagnostic procedure was tested by
determination of absolute titer of the AMLI-ETO
mRNA in clinical samples obtained from patients with
this type of leukemia at different stages of the disease
[101]. It appeared that nanocolonies made possible
detection of a tumor-specific marker in the blood and
bone marrow of patients at the stage of remission, several
months prior to its titer outburst, which can be used for
the timely repeated course of chemotherapy.

The results obtained using nanocolonies were com-
pared with those for standard (liquid) PCR in real time. At
a high titer of RNA target in the blood or bone marrow of
patients, a satisfactory coincidence of results obtained by
these two methods was observed. However, at the stage of
remission when the titer of RNA target is low, the standard
PCR sensitivity is not always enough for detection of min-
imal residual disease. (The “minimal residual disease” is
called the state of a patient during remission when a small
number of leukemia cells still exist in the body. The
appearance of RNA marker or increase in its amount dur-
ing hematological remission is called the “molecular
relapse” and is the precedent of clinical relapse.)

An additional resource for increase in specificity is
the ability of our method to discriminate between DNA
colonies formed by chimeric RNA and non-chimeric
precursors present in normal cells. Chimeric colonies
have to hybridize with every probe specific of genes com-
posing the chimera (Fig. 5), whereas non-chimeric
colonies can hybridize with only one of them. A similar
effect could be achieved using probes that hybridize with
constituent portions of the chimeric template close to the
junction point and carry fluorophores capable of the res-
onance energy transfer (FRET). Since FRET is possible
only when fluorophores are in the immediate vicinity of
each other [102], the FRET-mediated fluorescence of
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nanocolonies proves that they consist of chimeric
sequences able to hybridize with both probes (Fig. 5).

Thus, the developed procedure for detection of min-
imal residual disease in the case of leukemia by revealing
the RNA marker using nanocolonies far exceeds by sensi-
tivity and reliability the existing methods, including real
time PCR.

Overcoming Problems of Liquid PCR Diagnostics

PCR is now the most sensitive instrument of diag-
nostics. However, for some reasons such as competition
from another amplified target and/or nonspecific synthe-
sis, deviation of the reaction kinetics from calculated
curves, and the possibility of false emergence of a target as
a result of recombination, this reaction in liquid can give
wrong results [76, 98]. The main problems of liquid PCR,
the competition between amplicons and the difficulty of
quantitative determination, are in principle the same as
those that in his time faced R. Koch: how to overcome the
competition between different microorganisms and how
to estimate their exact titer. Robert Koch solved this
problem by elaboration of a solid nutrient medium.

Nanocolonies allow one to overcome all problems of
liquid PCR (like of other liquid systems of exponential
amplification) and to make molecular diagnostics the
highly sensitive, quantitative, and reliable one. The obser-
vation of growing nanocolonies in real time enables per-
forming of a whole list of diagnostic applications devel-
oped for the PCR in real time [103] with the difference
that in this case much higher sensitivity and accuracy of
the results are ensured.

The use of nanocolonies in quite a number of param-
eters exceeds methods based on nucleic acid amplifica-
tion in solution. Spatial separation of nanocolonies sig-
nificantly decreases the competition between targets upon
simultaneous detection of several of them, and at the
same time interference from unspecific synthesis caused
by the primer mishybridization with foreign DNA and
RNA also becomes significantly lower. Nanocolonies
make possible detection of nucleic acids with absolute
sensitivity: they reveal one molecule of target DNA even
against the background of enormous excess of non-target
nucleic acids. Counting the number of nanocolonies
makes possible direct determination of the number of tar-
get molecules, thus turning molecular diagnostics to a
digital technique, significantly enhancing its reliability.
The plateau effect, nonreproducibility of reaction condi-
tions, different rates of different target amplification in
multiplex PCR, influencing the size of colonies, do not
change their number. For reliable diagnostics, it is simply
necessary to register the nanocolony (to obtain answer
“yes” or “no”) without measuring the signal intensity.

Amplification in different nanocolonies excludes
inter-template recombination that is often observed in
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liquid PCR [104-107]. This prevents the emergence of
artifact sequences and thus enhances the diagnostics reli-
ability. Although there are ways to lower this recombina-
tion (sparing denaturation conditions, increased time of
elongation [105, 108]), the complete elimination of
recombination under the liquid PCR conditions is impos-
sible because recombination may not only be the result of
annealing and subsequent elongation incomplete strands
[109] (similarly to the “primer alignment and extension”
mechanism for RNA recombination), but also the result
of template switch at the stage of elongation [110].

It is especially important to consider the possibility
of DNA recombination during PCR in situations when
the aim is revealing the differences between homologous
sequences. Such problem emerges upon analysis of a sin-
gle gene alleles or mRNA corresponding to these alleles
[109] as well as during analysis of partially degraded DNA
(like DNA from archeological specimens) [106, 111].
Moreover, amplification of partially fragmented DNA
results in insertions of single nucleotides [106], which
causes a shift in the reading frame in coding sequences
and makes impossible reconstruction of amino acid
sequence and following synthesis of a correct protein
upon analysis of gene expression.

The nanocolony technique is just a little more com-
plicated than standard PCR: the only difference is that
reaction mixture is placed not in a tube but in a well with
a film of dry polyacrylamide gel. It is also important that
PCR in nanocolonies is not more expensive than standard
PCR: the gel volume in the described experiments was
only 65 pl, i.e. consumption of reagents is almost the
same as in standard PCR of 50 pl. In fact, the nanocolony
technology is even cheaper, because it allows many times
decrease in the number of samples necessary for analysis.

Distinctions from Solid-Phase Amplification

It is stated in a series of articles that DNA colonies
can be obtained by so-called “solid-phase amplification”
(SPA) [112-114]. These “colonies” differ in principle
from nanocolonies, because in the case of SPA the PCR
components are not in an immobilized medium, but in
liquid, and only primers are immobilized by covalent
bonding to the slide surface. Although in SPA technique
both primers and, as a result, the PCR products are cova-
lently bound to the glass surface, a significant fraction of
amplification products migrate from parental template
due to instability of this bond. And the template itself also
migrates. Despite significant enhancement of the bond
stability compared to the original variant of the tech-
nique, the “leakage” of primers during PCR still reaches
up to 60% [115]. Authors of the SPA technique note that
the bond instability results in lowering the PCR yield and
mixing the colony content (as a result, these colonies are
already not molecular clones) [115]. After all, the method
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is deprived of advantages over liquid PCR. In particular, it
becomes impossible to estimate the target titer, because
due to migration of templates and amplification products,
the number of colonies increases during development
without any control.

CELL-FREE GENE CLONING AND EXPRESSION

As mentioned above, each nanocolony is a molecu-
lar clone, i.e. it is a genetically homogeneous progeny of
a single parental molecule. Recently we have used PCR
and realized in nanocolonies the idea of gene cloning
(more exactly, cloning of protein-encoding DNA
sequences surrounded by all elements necessary for tran-
scription and translation), their expression in nano-
colonies, and in situ clone screening by the encoded pro-
tein functions [78, 116, 117]. In other words, it was pos-
sible to carry out real molecular cloning, that unlike tra-
ditional gene cloning is called “molecular cloning” but in
reality it is not cloning of molecules, but cloning of cells
or viruses propagated in these cells.

Genes of bioluminescent proteins were used as mod-
els for cloning and expression in nanocolonies. The
advantage of these proteins is their easy detection on the
basis of functional activity: by chemiluminescence (like
obelin from hydroid polyp Obelia longissima [118] and
luciferase of the firefly Luciola mingrelica [119]) or by flu-
orescence (GFP, green fluorescent protein from the
medusa Aequorea victoria) [120].

Gene Amplification in the Form of Nanocolonies

Although amplification of a relatively short fragment
is sufficient for detection of a specific sequence, as in
diagnostics of different diseases, gene cloning requires
amplification of long sequences. It was logical to suppose
(and it was really so) that in a less dense medium PCR
and gene expression reactions (transcription and transla-
tion) will be more efficient. At the same time, the gel
should exhibit sufficient density in order the colonies
remain compact. A 5% acrylamide with the acryl-
amide/methylene-bis-acrylamide ratio 100 : 1 appeared
to be optimal [78]. The use in PCR of thermostable DNA
polymerases of Thermus aquaticus (Taq DNA poly-
merase) and of the hyperthermophile Pyrococcus woesei
(Pwo DNA polymerase) also resulted in a noticeable
increase of the product in colonies. Carrying out PCR
during gene amplification in the presence of Pwo DNA
polymerase is also useful due to the presence in this poly-
merase of 3'—5'-correcting activity: gene amplification
appears to be more exact, with fewer mistakes [121].

As a result, nanocolonies containing up to 10® and
more gene copies were obtained. The number of colonies
in this case coincides, within the limits of statistical scat-
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Fig. 7. Gene cloning and expression in nanocolonies. a)
Amplification of the GFP gene (the 1570 bp long DNA includes
the protein-encoding sequence and the elements necessary for
gene expression) in the form of nanocolonies. DNA colonies
grown during PCR in polyacrylamide gel were revealed by
hybridization on a membrane with radiolabeled probe. b) GFP
gene expression within nanocolonies. When PCR was over, the gel
was washed successively with ethanol—saline solution and 50%
ethanol to remove PCR components, dried, impregnated with
components of the cell-free transcription—translation system, and
incubated for 30 min at 25°C. “GFP” are colonies of green fluo-
rescent protein. Protein fluorescence was registered directly in the
gel using a blue laser (488 nm) and a green emission filter
(508 nm). The “GFP gene” are DNA colonies with GFP gene in
the same gel. An autoradiograph of the membrane hybridized with
the labeled probe is shown.

tering, with the number of seeded DNA molecules (Fig.
7a), which allows cloning and testing up to 100% ele-
ments of a genetic library (compared to 0.0001-0.01% in
intracellular cloning [122]).

Cell-Free Cloning of cDNA from Biological Material

The applicability of the method for cloning cDNA up
to 2-10° bp in length from natural biological material was
shown on an example of mRNA for luciferase of Luciola
mingrelica. In this case it could be isolated without prelim-
inary amplification of genetic material from a portion of
total RNA corresponding to a single cell, which is practi-
cally impossible with traditional cloning techniques.

The clones obtained were expressed in situ. To carry
out transcription, the PCR gel was simply dried and
impregnated with solution containing transcription
buffer, DNA-dependent RNA polymerase, and rNTP.
Incubation of the gel for 2 h at 37°C resulted in synthesis
in colonies of at least 10 RNA copies up to 1700 nt per
each DNA copy [78]. This variant enables cloning and
direct selection of RNA molecules as ribozymes and
aptamers.

Gene Expression in Nanocolonies

It was necessary to modify the procedure for protein
synthesis in nanocolonies because it appeared that PCR
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components (especially buffer solution with relatively
high pH) inhibit translation. The problem could be over-
come by soaking the gel in the alcohol—saline solution
that was first used by us for extraction of the reverse tran-
scriptase and PCR inhibitors from alcohol precipitates
during nucleic acid isolation from clinical samples [75].
Such treatment resulted in washing out of translation
inhibitors from the gel, but DNA colonies were com-
pletely retained in this case. Then the gel was dried and
impregnated with a mixture containing all components
for combined transcription—translation.

Expression in nanocolonies of the green fluorescent
protein (GFP) gene of Aequorea victoria resulted in syn-
thesis of a functionally active (and thus correctly folded)
polypeptide (Fig. 7b, on the left). Fluorescence of GFP
synthesized in nanocolonies can be observed in real time.
The colonies become detectable in 30 min and their fluo-
rescence reaches maximum in 2 h after start of the com-
bined transcription—translation. The rate of the fluores-
cent GFP accumulation is defined both by the rate of
polypeptide synthesis and by the rate of protein matura-
tion, including the chromophore formation [123]. It fol-
lows from comparison of the rates of these processes in
liquid and in gel that the immobilized medium does not
inhibit either translation or protein maturation [78].

The number of fluorescent spots correlates with the
number of GFP gene molecules introduces into the gel
before PCR. Moreover, the arrangement of fluorescent
spots practically coincides with the arrangement of GFP-
specific DNA colonies detected in the same gel by
hybridization with the radiolabeled probe (Fig. 7b, on the
right). On the average, about 10° protein molecules are
synthesized, which is enough for its detection in situ,
including that by binding to antibodies or ligands as well
as by enzyme activity.

Advantages of Cloning in Nanocolonies

A classic and generally accepted method of gene
cloning is cloning in vivo, including gene insertion into a
vector molecule, transformation of bacterial or eukary-
otic cells by the obtained genetic construct (like a plas-
mid), and growing the transformed cell colonies
(clones) on a solid medium (like agar in a Petri dish)
[121]. Besides the gene under study, such clones contain
cell components that make necessary isolation of plas-
mid DNA. Moreover, in the course of cloning the gene
under study inevitably undergoes natural selection. And
finally, one of the most significant limitations is the effi-
ciency of gene insertion into the vector and transforma-
tion. Only 0.0001-0.01% of the initial DNA preparation
(the gene library content) give rise to individual clones
[122].

Gene cloning in nanocolonies has a number of
advantages over cloning in vivo. First, gene cloning and
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expression in nanocolonies are possible without natural
selection and in the presence of unnatural nucleotides
and amino acids. Second, nanocolonies make possible
direct gene screening by properties of their expression
products, because there are no cell walls and membranes.
Third, conditions for analysis of properties of the nano-
colony expression products may differ from conditions of
transcription—translation: the composition of reaction
medium can be easily changed by gel impregnation with
an appropriate solution. Fourth, a nanocolony is geneti-
cally pure DNA that can be immediately used for genetic
manipulations, omitting the stage of isolation. Finally,
nanocolonies link the gene to the product of expression
and thus provides for molecular display. Unlike the phage
and other forms of genetic display, in this case linking of
a protein to its gene does not require protein modification
by the tag-sequence or “fusion” with another protein,
which may influence the structure and function of the
sought protein. This means that cloning in nanocolonies
is able to do the same as traditional cloning and even
much more.

Gene cloning in nanocolonies has a number of
advantages over cell-free cloning in liquid [21]. A variety
of methods have been proposed for molecule cloning by
DNA amplification in liquid, which in principle could be
helpful in obtaining individual clones. These approaches
are based on exhausting dilution of template solutions so
that just single molecules could get into the amplification
reaction. A tube or a plate well [97, 124], a microchip ele-
ment [125], microsphere [126], or a drop of water—oil
emulsion [127, 128] can be used as reaction compart-
ments.

Although each of these methods may result in clone
isolation, the clone purity of obtained preparation is not
assured and should be determined by independent tech-
niques. It follows from the Poisson distribution that if the
template is diluted so that on the average there is one
molecule per one reaction compartment (like a well),
then 36.8% wells will be empty, 36.8% will contain one
molecule each, and 26.4% wells will contain two and
more molecules [21]. The acceptable probability of the
pure clone isolation (99.5%) is expected in the case of
mean well population no higher than 0.01 (i.e. at tem-
plate dilution to one molecule per 100 wells).

In the case of nanocolonies there are no discrete
compartments. Of course, if more than a single molecule
is seeded onto a gel, some colonies may overlap. With
colony diameter ~0.5 mm and gel diameter 14 mm (Fig.
7) the probability that the isolated DNA is not a clone is
equal to 0.02% when two molecules and 0.5% when 25
molecules are seeded [21]. In this case it should be kept in
mind that the increase in the gel density and the length of
amplified fragment may allow reducing the diameter of
nanocolonies to 10 um and less [10]. This allows resolu-
tion of tens of thousands clones on a gel 14 mm in diam-
eter.
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STUDIES ON GENES AND THEIR EXPRESSION
Sequencing in Nanocolonies

Sequencing by synthesis. In 2003 G. Church et al.
[129] demonstrated the possibility of direct DNA
sequencing in nanocolonies. To this end, they created a
library of short DNA fragments flanked by the primer-
binding sites and amplified these fragments in nano-
colonies using PCR. One primer was covalently “cross-
linked” to the gel, owing to which its elongation resulted
in immobilization on the gel matrix of one strand of syn-
thesized DNA. After PCR, DNA was denatured in form-
amide and the not cross-linked complementary strand
was removed by electrophoresis.

Sequencing was carried out simultaneously in all
colonies using “sequencing by synthesis” elaborated pre-
viously by Affimetrix company for detection of single
nucleotide substitutions [130]. The immobilized DNA
was hybridized with a primer, complementary to the
flanking region of a known sequence, and then the primer
was elongated by DNA polymerase using a fluorescently
labeled nucleotide. After that, the gel was washed free of
the non-incorporated nucleotide and scanned. This made
it possible to identify a colony with the newly-incorporat-
ed nucleotide and to determine the template nucleotide
opposite to the incorporated one. Nucleotides with free
3’-hydroxyl group were used for strand elongation (“read-
ing through” more than one base). In order that the fluo-
rescent label from the preceding cycle did not interfere
with detection of nucleotides introduced during following
cycles, the fluorophore was cross-linked to the nucleotide
by a cleavable bond, disulfide [131] or photolabile [132],
and scanning the fluorophore was removed by mercap-
toethanol treatment or UV radiation. Then the elonga-
tion—scanning—cleavage cycle was repeated with another
fluorescently-labeled nucleotide.

In theory, the cycles can be repeated as long as nec-
essary, to complete detection of the immobilized DNA
sequence upstream from the hybridized primer in each
colony. The single cycle yield is 99.8%, which allows
reading up to 150 nucleotides. In practice, the procedure
was limited to 10-14 cycles due to the detachment of the
gel from the glass. However, this is just a technical prob-
lem that can be solved in different ways. Thus, sequencing
is possible on nylon membrane after the nanocolony con-
tent is transferred onto it [84]. Since single-stranded
DNA after denaturing (in alkali) can be immobilized on
the membrane, it is not necessary to immobilize one of
primers on the gel matrix and to remove not immobilized
DNA strands from the gel by electrophoresis.

Another problem is associated with homonucleotide
tracts, reading of which may result in primer elongation
for several nucleotides during one cycle. Measurement of
the colony fluorescence intensity does not allow exact
determination of the number of simultaneously incorpo-
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rated nucleotides. A solution of this problem is the use of
fluorescent nucleotides with reversibly blocked 3'-
hydroxyl functioning as elongation terminator [133]. In
this case, independently of the length of homonucleotide
tract, only a single nucleotide can be added in each cycle.

Sequencing of nanocolonies both in a gel and on a
membrane can be enhanced by primer elongation by a
mixture of deoxynucleotides where individual fluo-
rophore color corresponds to each base type (Fig. 8).
Such method is already elaborated for sequencing on
DNA chips [134], and there are no contraindications to
its application to nanocolony sequencing.

The transfer of the nanocolony material into a capil-
lary by electrophoresis and following sequencing using
traditional capillary electrophoresis can be an alternative
approach [135].

Sequencing by oligonucleotide ligation. The adjacent
template sequence can be determined by primer ligation
with all possible fluorescently labeled complementary
oligonucleotides instead of multiple successive elonga-
tions of immobilized primer. Recently [136] the feasibili-
ty of such approach has been shown on an example of
sequencing DNA fragments amplified by the RCA tech-
nique and immobilized on microgranules introduced into
the layer of polyacrylamide gel. The primer was ligated
with a set of fluorescently labeled up to 9-nt long oligonu-
cleotides, degenerate in one of nine positions. In each
mixture, the fluorophore color corresponded to one of
four possible bases in the degenerate position.

One sequencing cycle included hybridization of
DNA strands, immobilized on microgranules, with one of
nine mixtures of labeled oligonucleotides, ligation, wash-
ing off not incorporated labeled oligonucleotides, gel
scanning at four wavelengths, and removal of ligation
products. The next cycle was carried out with a mixture of
labeled oligonucleotides degenerate in another position.

Sequencing cycle

5'AGTCACGT 5'AGTCACGTA 5'AGTCACGTAC
3'..TCAGTGCATG...5' 3'..TCAGTGCATG...5' 3'...TCAGTGCATG...5'

5'AGTCACG
3'..TCAGTGCATG...5'

Nucleotide and corresponding fluorescent label: A-e, C-o, G-0, T-0O

Fig. 8. Principle of sequencing by synthesis. Gel pictures with
nanocolonies are shown after the first four cycles. A mixture of all
four rNTP labeled by different color fluorophores are used for
primer elongation (letters against the gray background). The
colony color shows what nucleotide was incorporated into the
growing strand by DNA polymerase. The nucleotide incorporated
during the given cycle into the colony, marked by an arrow, is
underlined under each gel picture on the scheme; the read-
through template sequence is shown in bold.
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It appeared that the template can be so read through at a
distance of 6-7 nucleotides from the site of ligation with
primer.

The E. coli genome was re-sequenced using the
described method. Since sequenced fragments were
obtained by random cleavage of the E. coli genome, these
fragments were overlapped, which made it possible to
reconstruct the complete genome. Several distinctions
from the E. coli genome sequence kept in GeneBank were
found.

Since tens of thousands of nanocolonies can be
resolved in a single gel [10, 137], this approach is poten-
tially able to enhance significantly the sequencing output
and lower its cost. Since relatively short sequences are
read through, sequencing in nanocolonies is the best suit-
ed for re-sequencing of already known genomes for
improvement and detection of individual differences.

Analysis of Single-Nucleotide Polymorphism

Individual peculiarities of different human genomes,
like of any other biological species, often are single-
nucleotide substitutions (SNP). The SNP-mapping is
important for identification of genes associated with
genetic diseases, for detection of diagnostic markers, and
prediction of drug resistance and infectious pathogens
[130].

Haplotype determination. Recent investigations have
shown that in many cases SNP exhibit a cis-effect, i.e.
they influence gene expression or function of encoded
protein only if a certain combination of several SNP is
present in one and the same DNA molecule [138]. The
set of SNP in one chromosome is called haplotype. As a
rule, SNP are inherited in large haplotypic blocks of over
100,000 bp (the mean gene size), and a limited number of
each block variants circulate in the population [139-141].
It was found that the haplotypic block structure is con-
served among mammals [142]. The haplotype determina-
tion has diagnostic and prognostic significance, but it is a
complicated technical problem, first of all due to the dif-
ficulties in separation of sister chromosomes of the
diploid genome. The first human haplotypic map with
detailed SNP structure of ten 500,000 bp regions has been
recently designed by efforts of a large international con-
sortium [143]. The cost of this project was 100 million US
dollars [144].

G. Church et al. were the first who demonstrated
that the use of nanocolonies enables easy and quick hap-
lotype determination without separation of sister chro-
mosomes [77]. This is possible because amplification in
gel of cis-elements (of two or more segments of the same
DNA molecule, for example, loci of the same chromo-
some) results in emergence of a mixed nanocolony. At the
same time, separate nanocolonies are formed upon
amplification of sites of different molecules (for example,
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of different chromosomes). Belonging of two or more
SNP to the same colony can be detected by sequencing by
synthesis or by ligation (see above), or by colony
hybridization with oligonucleotide probes under condi-
tions when a single mutation results in significant hybrid
destabilization.

Recently G. Church et al. have mapped SNP on a
153-10° bp long segment of the seventh human chromo-
some [145]. To do this, they introduced condensed chro-
mosomes (smaller than 1 pm) into polyacrylamide gel,
then proteins were removed by proteinase K and chromo-
somal DNA was degraded to relatively short fragments by
freezing—thawing of the gel. DNA fragmentation resulted
in increased yield of PCR product in colonies, but in this
case connection between SNP belonging to the same
chromosome was not broken, because fragments were
immobilized in the gel. The use of nanocolonies in the
same gel allowed distinguishing the SNP groups belong-
ing to 414 different chromosomes, and exact haplotype
identification during analysis of a heterogeneous mixture
of chromosomes of several tens of people.

The authors state that it is possible to determine in
one gel the 14-locus haplotypes of 50 humans, which
replace 2600 allele-specific liquid PCR, thus increasing
the efficiency of analysis by three orders of magnitude.
According to the authors, such remote haplotyping makes
possible detection and characterization of recombina-
tions occurring in single cells at meiosis, and even more
rare recombinations occurring at mitosis, as well as chro-
mosomal translocations resulting in malignant transfor-
mation of normal cells.

Determination of viral drug resistance. Another
example of nanocolony applications is the search for SNP
causing drug resistance in a population of human
immune deficiency virus (HIV) in a particular patient
[137]. The work was carried out at Duke University
(USA). It was shown that the nanocolony single-step
sequencing by synthesis (see above) enables detection of
minor variants of the virus exhibiting multiple drug resist-
ance even if they make up 0.01% of the total population.
This exceeds by three orders of magnitude the sensitivity
achieved by direct sequencing of viral RNA (20%).
Revealing the drug resistant viral variants makes it possi-
ble to choose the most adequate scheme of therapy for the
particular patient. Among advantages of such approach
over other existing methods, the authors point to the
absence of false-positive results due to recombinations in
liquid PCR.

A similar approach was used for quantitative deter-
mination of known drug resistance mutations in the fused
(chimeric) gene of tyrosine kinase BCR-ABL that is
expressed in a type of chronic myeloid leukemia [146].
Nine mutations in the kinase domain of chimeric gene
BCR-ABL define over 90% cases of resistance to the
kinase inhibitor imanitib that is widely used for
chemotherapy [147]. Nanocolonies enable detection of a
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single imanitib-resistant cell among 10* sensitive ones
[148].

Nanocolonies obtained using isothermal DNA
amplification by the RCA technique were used for quan-
titative analysis of gene P16 methylation in stomach
tumor cells [149]. Preliminary treatment of the DNA
with bisulfite results in the conversion of unmodified
cytosine to uracil without affecting methylated cytosines.
The C— U substitutions formed after such treatment were
detected by nanocolony hybridization with fluorescent
probes.

Studying Alternative Splicing

Similarly to detection of SNP cis-combinations on
the same chromosome, the search and quantitative esti-
mation of different splicing variants are possible, because
exons belonging to one mRNA molecule will be present
in one nanocolony.

There can be many alternative splicing variants of the
same transcript. If the presence or absence of one exon
produces only two variants of mRNA, 10 exons are able to
form up to 2'° or 1024 combinations either containing the
given exon or not. In standard analysis of alternative
splicing using liquid RT-PCR, minor variants can remain
undetected and the labor-consuming analysis is required
to reveal all variants and estimate their proportion.
Besides, in the case of analysis in liquid the emergence of
false splicing variants is possible due to recombinations
during reverse transcription and PCR.

G. Church et al. [150] have shown that nanocolonies
can be used to overcome these problems (Fig. 9). After
reverse transcription and following PCR in gel with a pair
of primers, corresponding to the terminal constant exons
and allowing amplification of all mRNA variants, nano-
colonies were detected by hybridization with exon-specif-
ic probes. As a result, it was found for each colony which
exons were present in it and which were absent. This
made it possible to detect in one gel all variants of splic-
ing and estimate exact number of copies of each variant.
In this work, to identify exon in nanocolonies, the latter
were hybridized with unlabeled oligonucleotide probes
that were then labeled in sifu by a single fluorescent
nucleotide (see above). However, the same information
could be obtained easier and more rapidly by nanocolony
hybridization with preliminarily labeled fluorescent
probes on nylon membrane. Such membrane can be
repeatedly used for successive hybridization with different
probes (or with different sets of probes) [84].

The efficiency of nanocolonies in investigation of
alternative splicing was demonstrated with the example of
the primary gene transcript of mouse CD44 [150], a gly-
coprotein exposed on the cell surface and involved in
intercellular interactions. All 10 exons encoding the
extracellular part of this protein are variable. Analysis of
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Fig. 9. Detection and quantitative determination of alternative
splicing variants using nanocolonies. a) Possible exon combina-
tions. The RNA sequence beyond variable exons is shown by a
black line; three variable exons are designated by black, gray, and
white rectangles; arrows point to the annealing sites of PCR
primers. b) The nanocolony hybridization with the probes,
marked by the same colors as exons, means that all these exons are
present in the molecule that gave rise to this nanocolony.

~9000 nanocolonies revealed 69 mRNA species with dif-
ferent exon composition that more than twice exceeded
the number of isoforms found previously. Comparison of
exon composition of mRNA in normal and transformed
cells has shown that malignant transformation results in
extremely reliable alterations in splicing profile
(P < 107'%, which could serve as a diagnostic feature.
Changes in the content of minor forms and just by sever-
al times are observed. It would be impossible to detect
such changes by non-digital methods of analysis such as
liquid RT-PCR. These results confirm that isoforms of
alternative splicing can serve as markers of oncological
diseases, but only if a digital method is used for their
quantitative determination.

Another group of researchers applied nanocolonies
for determination of a relative level of two products of K-
ras oncogene alternative splicing, K-RAS2A and K-
RAS2B [151]. Nanocolonies made possible the reliable
detection of alterations in exon composition of mRNA of
T protein, playing an important role in neuron morpholo-
gy and associated with Alzheimer’s disease, although
these alterations are not revealed in liquid PCR [152].
Nanocolonies also showed the linkage of a certain SNP
cis-combination with a variant of alternative splicing of
the survival motor neuron (SMN) gene mRNA in spinal
muscular atrophy [150].

Determination of Allele and mRNA Copy Numbers

Since direct counting nanocolonies is possible, they
enable exact determination of individual DNA and RNA
copy numbers using a procedure elaborated by us for
determination of virus and tumor-specific marker titers.
In this case, any convenient method, including hybridiza-
tion on membrane or in gel (using homogeneous detec-
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tion systems) as well as primer elongation by a labeled
nucleotide can be used for detection of nanocolonies.

In one of the first works of this kind, nanocolonies
were used for determination of the ratio of individual
yeast strains upon their competitive growth. In this exper-
iment, eight strains carrying plasmids encoding different
phosphoglycerate kinase mutants were mixed and grown
together. The change in the ratio of individual strains dur-
ing their combined growth was determined by counting
the number of colonies grown upon seeding onto a gel of
total plasmid DNA and containing appropriate SNP
[153]. The same approach was used later for quantitative
analysis of competition between 54 yeast strains produc-
ing different mutant forms of human glucose-6-phos-
phate dehydrogenase [154].

In another work, nanocolonies were used to detect
deletions resulting in the loss of heterozygosity (LOH)
[155]. If LOH occurs within a gene-suppressor of tumor
growth and the remaining gene copy is inactive (for
example, due to point mutation), the cell may undergo
malignant transformation. Owing to this, LOH of cancer
gene suppressors are used as a diagnostic feature. The
authors used nanocolonies for analysis of a pancreatic cell
line (Panc-1) and found that the number of the K-ras2
colonies was almost doubled compared to the number of
gene p53 colonies, which is indicative of the role of LOH
relative gene p53.

One promising application of nanocolonies is digital
monitoring of gene expression by counting the transcript
copy number in individual cells or in a group of cells at a
given moment. Such approach makes it possible to detect
with a high sensitivity low but statistically reliable and
biologically significant alterations of gene expression.
The potential of nanocolonies was demonstrated in meas-
urement of expression of 14 genes involved in galactose
metabolism in yeast Saccharomyces cerevisiae cells grown
in a medium minimal in glucose or galactose [156]. The
authors concluded that nanocolonies present unlimited
possibilities for functional genomics, because such
method of the gene expression estimation is digital in its
nature and therefore is the most precise among all exist-
ing techniques. They have also noted that the method of
nanocolonies has a wider dynamic range compared to
other methods of studying gene expression profiles: it
allows measurement with identical accuracy of expression
levels of the least and most active genes.

In a recent work, copy numbers of some mRNA have
been measured using nanocolonies in a limited number of
embryonic stem cells [157]. The amount of RNA isolated
from 1/5 of a single blastocyte appeared to be enough for
statistically reliable determination in one gel of titers of
three different mRNA, the content of which differed by
one order of magnitude.

Finally, nanocolonies enable exact measurement of
relative expression levels of different alleles of the same
gene. Allele variants of mRNA were detected as in the
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SNP analysis: by nanocolony hybridization with an unla-
beled primer, labeled in sifu by the fluorescent nucleotide
incorporation. The ratio of allele activities was deter-
mined precisely by simple counting of the colonies
labeled by different fluorophores. This approach was test-
ed on measurements of a relative level of proteinase D2
expression in eight heterozygous patients with SNP
4208G/A [158]. The ratio of alleles determined tobe 1 : 1
served as a control. The authors point out that nano-
colonies allow estimation of absolute levels of allele
expression, whereas in other methods the results are nor-
malized to the averaged ratio of allele expression which is
assumedtobe 1: 1.

PERSPECTIVES OF NANOCOLONIES

The use of nanocolonies makes it possible to deter-
mine the level of gene expression in single cells, to deter-
mine the amounts of individual DNA and RNA in many
cells simultaneously, to carry out gene selection according
to various properties of encoded RNA or proteins, to
study functional interactions of proteins, and to detect
nanomolecules of non-nucleic nature.

Studying gene expression in single cells. The sensitive
and quantitative assays with nanocolony technique make
it possible to analyze with high accuracy the contents of a
single cell and, moreover, to analyze nucleic acids upon
taking material by a manipulator from different single cell
compartments (nucleus, organelles, different zones of the
cytoplasm). Such approach should allow one to study
gene expression and distribution of template and other
RNA within cells during differentiation, at different
stages of the cell cycle, in various pathologies, and in
response to external factors.

Quantitative in situ assay. We recently proposed a
quantitative in situ assay (QISA) [88, 92] using nano-
colonies and allowing quantitative determination of the
nucleic acid content in each of numerous cells embedded
within a single gel.

When colony growth is monitored in real time, virtu-
ally all colonies become visible simultaneously (Fig. 4).
This happens because each nanocolony is produced by a
single molecule. However, if a nanocolony is produced by
a cluster of molecules, it becomes visible at earlier PCR
cycles [88, 92]. Strictly speaking, such a colony is not a
molecular clone, because it represents a mixed progeny of
different molecules. The initial number of molecules in
each colony can be determined similarly to how it is done
in a usual quantitative PCR in liquid for determination of
the target amount in the tube, by noting the number of
the cycle in which the fluorescent signal reaches a certain
threshold level.

For QISA, individual cells or cell groups (like tissue
slices) are introduced into the gel during its preparation.
The cells are lysed also in gel (for example, by soaking the
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gel with solution of SDS or guanidine thiocyanate), then
lysing reagents and most of cell components are washed
away with ethanol—saline mixture, causing precipitation
of high-molecular-weight RNA and DNA at the location
occupied by the cell before lysis. After salt removal with
ethanol and drying, PCR is carried out in the gel. In the
case of RNA determination, it is preceded by reverse
transcription [88, 92].

At first glance, QISA resembles the well-known
method of in situ PCR [159, 160], but these two methods
differ in several principal ways. In traditional in situ PCR
amplification is carried out in liquid, cells in this case are
either suspended in solution, or attached to a solid sur-
face. The main problem of this method is how to deliver
reaction components (ANTP, primers, polymerase) into a
cell and to prevent the leakage of nucleic acids (DNA- or
RNA-target and PCR products) from the cells. In prac-
tice, this problem has no satisfactory solution. The treat-
ment of the cell makes its membrane permeable for added
PCR components, but the same treatment results in leak-
age of nucleic acids from the cell and their migration into
other cells. Therefore, neither precise localization of the
target under study nor its quantitative determination is
possible.

QISA includes full lysis of cells immobilized in the
gel, which provides for complete accessibility of cellular
polynucleotides to the components of the amplification
reaction. Owing to the medium immobilization, both cel-
lular polynucleotides and their amplification products
remain at the location where the cell was present, and the
monitoring nanocolonies in real time allows simultane-
ous measurement of the target amount in each cell.

QISA is applicable for detection and determination of
titers of microbial pathogens in clinical samples such as
blood or feces. QISA can be used for cancer diagnostics,
for example, for detection of cells among normal leuko-
cytes that produce chimeric AML1-ETO mRNA [86], and
for estimation of the chimeric gene expression level in
individual leukemia cells. It is possible to use QISA for
determination of mRNA localization and local concentra-
tion in tissue slices. Analysis of a series of successive slices
would allow reconstruction of a three-dimensional map of
expression of a certain gene or a group of genes in a tissue,
organ, and even in a whole organism such as an embryo.

Gene selection by functions of encoded RNA and pro-
teins. Nanocolonies are a kind of genetic display, because
they combine in the space the gene and its expression
product. This makes it possible to isolate from genetic
library those genes or their variants whose expression
products (RNA and protein) exhibit required functions.

Transcription of nanocolonies can be used for direct
selection of RNA molecules with desired properties, such
as ribozymes or aptamers. Since a nanocolony already
contains a DNA clone encoding the selected RNA,
reverse transcription of this RNA and cloning its cDNA
in vivo become unnecessary.
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We have shown by the example of GFP that a func-
tionally active protein can be obtained upon gene expres-
sion in nanocolonies. In the same way it is possible to
carry out screening of the library of GFP and other fluo-
rescent protein variants, selecting nanocolonies by the
fluorescence color and intensity. Nanocolonies can also
be selected by the ability of produced proteins or peptides
to bind particular ligands, antibodies, and cellular recep-
tors or to catalyze certain chemical reactions. In the last
case, it is convenient to carry out screening if an intense-
ly stained or fluorescent product is formed.

The use of translation systems composed of purified
components opens additional possibilities. Such a system
has been recently designed in the laboratory of T. Ueda
from translation components of FEscherichia coli. It
includes purified ribosomes, translation factors, all
aminoacyl-tRNA-synthases, and all tRNAs [161]. The
advantages of a pure cell-free translation system are its
higher efficiency with PCR product as template (in par-
ticular, due to the absence of nucleases) and the possibil-
ity to control the composition of the reaction mixture.
The use of chemically modified aminoacyl-tRNAs allows
one to introduce amino acid derivatives into the transla-
tion product, to carry out translation in the absence of
some components (like termination factors, which makes
it possible to fix the synthesized protein on the template),
or on the contrary, in the presence of some additional
substances.

The use of a pure cell-free transcription—translation
system will make it possible to expand the set of features
suitable for selection of a protein synthesized in nano-
colonies. Screening of nanocolonies is impossible with
usual transcription—translation systems prepared on the
basis of a crude cell extracts if the extract itself contains
the enzyme or any other activity used for selection. The
use of cell extract can also preclude nanocolony screening
by binding to certain ligands or antibodies due to high
unspecific background. The pure cell-free expression sys-
tem is free of these disadvantages.

Investigation of protein functional interactions.
Another possibility for the use of gene expression in
nanocolonies is the study of functional interactions of
proteins. In fact, expression of nanocolonies enables pro-
duction of protein microchips. The treatment of a gel or
its replica (membrane) with the labeled protein, polynu-
cleotide, or a low-molecular-weight ligand will also label
nanocolonies if they synthesize proteins exhibiting affini-
ty to the labeled substance. To prevent diffusion of the
synthesized protein, it is possible to immobilize it on the
gel matrix, for example, by furnishing the synthesized
proteins with oligohistidine tags and gel matrix with the
groups chelating zinc or nickel ions.

Detection of molecules of non-nucleic nature.
Nanocolonies can be potentially used for detection of
single molecules of substances other than DNA and
RNA. It is possible to detect a protein capable of simulta-
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neous binding to two ligands like two different antibodies
[162]. To this end, ligands are linked to two DNA frag-
ments. As a result of ligand binding to the protein, these
fragments come to close proximity, which makes possible
their combination in one molecule with the help of DNA
ligase. The amplification in gel of a combined DNA mol-
ecule, a substitute of the original target, will result in for-
mation of a nanocolony. In addition to antibodies, DNA-
or RNA-aptamers as well as such ligands as substrate
analogs or enzyme cofactors can play the role of protein-
specific reagents. Evidently, such approach can be used
for detection of single molecules of any substance having
sufficiently complex surface to form two or more high-
affinity binding sites. Such approach can be used both for
diagnostics (as for detection of single drug or doping mol-
ecules) and for detection of rare products or intermedi-
ates of chemical reactions.

Various applications of nanocolonies are based on
their unique ability to separate in space (compartmental-
ize) the amplification and expression of individual DNA
or RNA molecules. Three groups of applications, already
used now, immediately follow from this basic ability: (i)
cloning template nanomolecules; (ii) detection and
quantitative determination of individual molecules; (iii)
identification of cis-elements of complex molecules, i.e.
the elements covalently bound to each other as the result
of belonging to the same molecule.

Cloning is the most natural application of nano-
colonies, because, by its origin, each individual colony is
a molecular clone (i.e. copies of a single DNA or RNA
molecule). Cloning in nanocolonies is incomparably
more efficient than methods based on exhausting tem-
plate dilution. In the case of combination with expression
in situ, cloning in nanocolonies can be used for detection
of interrelationship between gene and encoded function
(carried out by a protein and/or RNA), for identification
of gene groups encoding interacting proteins and/or
RNA, for revealing regulatory networks, as well as a uni-
versal instrument for creation of new proteins, design of
aptamers, and drug discovery.

The ability to detect and quantify individual molecules
makes nanocolonies a powerful tool for a variety of ana-
Iytical applications. The examples include detection of
the rare chemical reaction products, absolute quantitative
determination of individual gene copies, their alleles, any
RNAs, including those in single cells, and undoubtedly,
any kind of quantitative molecular diagnostics (diagnos-
tics of infectious and oncological diseases, environmental
monitoring, solution of forensic problems, and detection
of trace amounts of genetically modified organisms).

Unlike standard methods based on nucleic acid
amplification in liquid, the diagnostics using nano-
colonies does not require measurement of signal intensi-
ty, only the presence or absence of a detectable colony is
important independently of the number of constituent
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molecules. This means that the method of nanocolonies
is digital by nature and thus more reliable compared to
the analog methods based on signal intensity measure-
ments.

Another important peculiarity of nanocolonies is
spatial separation of amplification of individual DNA or
RNA molecules present in the sample. This practically
excludes the competition between simultaneously ampli-
fying templates in multiplex analysis as well as interfer-
ence from nonspecific synthesis, which, in the case of
amplification in liquid, is a factor limiting the sensitivity
of target detection in clinical samples. As a result, the
method of nanocolonies exhibits enormous sensitivity
allowing detection of one DNA and two RNA molecules
in the presence of trillion-fold excess of foreign nucleic
acids.

Finally, the ability to identify cis-elements forming
mixed colonies makes nanocolonies a unique instrument
for gene mapping and haplotype determination, elucida-
tion of the RNA exon composition, and sequencing in
situ.

Thus, the use of nanocolonies can be quite useful for
different fields of fundamental science, biotechnology,
and medicine, such as chemistry of single molecules,
cell-free gene cloning and screening, sequencing, and
molecular diagnostics. In each of these directions, nano-
colonies exhibit outstanding results. This shows that the
method has become a developed technology with unique
abilities and a high potential for solution of scientific and
applied problems.

The authors are grateful to our colleagues participat-
ed in development of nanocolony technologies in
Russia—T. R. Samatov, M. V. Falaleeva, V. 1. Ugarov, and
A. V. Kravchenko.
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