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Abstract

Microgene Polymerization Reaction (MPR) is used as an experimental system to artificially simulate evolution of short, non-repetitive
homo-duplex DNA into multiply-repetitive products that can code for functional proteins. Blunt-end ligation by DNA polymerase is
crucial in expansion of homo-duplexes (HDs) into head-to-tail multiple repeats in MPR. The propagation mechanism is known, but for-
mation of the initial doublet (ID) by juxtaposing two HDs and polymerization through the gap has been ambiguous. Initiation events
with pairs of HDs using Real-Time PCR were more frequent at higher HD concentrations and slightly below the melting temperature. A
process molecularity of about 3.1, calculated from the amplification efficiency and the difference in PCR cycles at which propagation was
detected at varying HD concentrations, led to a simple mechanism for ID formation: the gap between two HDs is bridged by a third.
Considering thermodynamic aspects of the presumed intermediate ‘‘nucleation complex” can predict relative propensity for the process
with other HDs.
� 2008 Elsevier Inc. All rights reserved.
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Generation of head-to-tail tandem repeats in PCR from
a pair of oligonucleotides with a complementary region
(homo-duplexes containing overhangs) was originally
described a decade ago [1] and termed Microgene Poly-
merization Reaction (MPR). Expansion of DNA repeats
is of great scientific interest because it is associated with
a variety of neurological diseases [2–4] and presumably
with the mechanism for gene evolution [5–7]. MPR is
composed of two stages: initiation (Fig. 1A), forming an
initial doublet (ID) of the homo-duplex (HD) (Fig. 1B),
and propagation (Fig. 1C), leading to expansion of the
ID into multiple head-to-tail repeats. The proposed mech-
anism [8] for the propagation stage involves staggered re-
annealing of the repeat-containing DNA duplex, leading
to overhangs that are replicated by the DNA polymerase
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(Fig. 1C). Propagation is more effective at temperatures
closer to the melting point of the starting repeat-contain-
ing duplex [8]. The maximal end fraying and bulge form-
ing at this temperature allow transient intermolecular base
pairing (and sliding) between different sized duplexes in
solution and their effective propagation. This process has
thoroughly been studied under isothermal conditions [8–
11] but it is analogous to PCR-related behaviour. The ini-
tiation stage implies existence of a most intriguing ‘‘illegit-
imate” activity of DNA polymerase allowing it to skip the
gap between two discontinuous templates. To explain the
initiation process, Shiba et al. [1] postulated that a mole-
cule of DNA polymerase juxtaposes such templates and
proceeds over the gap, either by itself or assisting another
molecule to skip. DNA polymerases without proofreading
such as Klenow fragment and Taq polymerase indeed
serve as juxtaposing proteins themselves [12,13] and others
replicate even across non-DNA segments [14], but the
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Fig. 1. A model for initial doublet generation from homo-duplex and
propagation of repeats in MPR. (A) Initiation; (B) initial doublet; (C)
propagation to long repeats in heat/cool cycles.
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mechanism of initiation through such a bridge is still
enigmatic.

Various homo-duplexes (HDs) demonstrate MPR abil-
ity with different efficiencies under long PCR conditions
(at least 65 cycles; data not shown). Head-to-tail tandem
repeats have recently been formed using the Quick Change
protocol [15] with pairs of complementary oligonucleotides
that do not contain any repeated motif [16]. MPR in this
system has never been reported before, to the best of our
knowledge, but when occasionally observed (unpublished
data), it usually is ignored, and the ‘‘undesired” outcome
is discarded. Here, such HDs were used as a system for
consistent study of the MPR. Using Real-Time PCR with
several HDs to follow the repeat propagation led us to
unravel a simple mechanism for an ID formation in which
juxtaposition of two discontinuous templates is accom-
plished not by DNA polymerase but rather by a DNA-HD.
Table 1
The homo-duplexes used

Name Sequencea

EVNA

NOMU

a Bold type letters indicate differences in primer composition between EVNA
b Derived from Fig. 3C.
Materials and methods

End-point detection PCR. A 25-ll reaction mixture contained 4–
280 pmol of the HD-forming complementary strands (primers; Table 1)
and either (a) 100–500 lM of each dNTP, ThermoPol buffer with 8 mM
MgSO4 and 1 U of Vent DNA polymerase, or (b) 100–1000 lM of each
dNTP, Super-Therm Polymerase buffer with 8 mM MgCl2 and 2.5 U of
Taq DNA polymerase. The following conditions for T-Gradient Ther-
moblock cycler (Biotron, Germany) were employed: 10 min at 94 �C and
10 min at 72 �C, then 65 cycles of 94 �C for 10 s and 72 �C for 4 min.
Amplicons obtained with 140 and 280 pmol primer were purified by
Amersham kit, A-tailed by Taq DNA polymerase in the presence of
0.2 mM dATP at 70 �C during 30 min, and cloned for sequencing to
pGEM-T easy vector (Promega).

Real-Time (RT) PCR. DNA obtained during RT-PCR with each of the
primers (Table 1) was quantified in ABI Prism 7000 Sequence Detection
System (Applied Biosystems), using Absolute QPCR SYBR Green ROX
Mix (ABgene, Surrey, UK) in a 96-wells optical plate. Reaction mixture, in
duplicates, consisted of 10 ll of the ‘‘Absolute Mix” with 100 lM of each
dNTP and 10 ll of the appropriate primer (0.8–6.4 pmol). The following
thermal cycling conditions were employed: 2 min at 50 �C, 15 min at 95 �C,
followed by 65 rounds of 15 s at 95 �C and 3 min at 72 �C. DNA was
detected by FRET with a SYBR Green fluorophore. The PCR products
were verified with ethidium bromide-stained 0.8% and 2.5% agarose gels
(SeaKemR LE Agarose; FMC BioProducts, Rockland, ME). HDs’ Tm

were determined using a dissociation protocol of the RT-PCR cycler.

Results

Concentration-dependence of MPR

When PCR was performed with EVNA primers (HD-
forming complementary strands) (Table 1) using Vent
DNA polymerase, a smear was obtained, reflecting hetero-
geneous amplicon sizes. Increased initial primer concentra-
tion led to decrease of the mean product size: much longer
DNA than 10 kb at 0.16 lM, and shorter than 500 bp at
11.2 lM (Fig. 2A). The smear was resolved on 2.5% aga-
rose gel to DNA bands with discrete lengths of �42 bp-
multiples (Fig. 2B). Similar results, albeit with bands that
were less sharp, were obtained with Taq DNA polymerase
(not shown). Higher primer concentration seems to pro-
mote more frequent generation of initial doublets, IDs
(Fig. 1A and B), propagation of which is restricted by sup-
ply of dNTPs. The inverse dependence of the chain length
on the initiation frequency, well known in polymer chemis-
try [17], is reflected here by the limited repeat-expansion
due to a low [dNTP] to [HD] ratio. This was confirmed
by performing MPR at different [dNTP]: as total
GC (%) Tm (�C)b

38.1 73.7

33.3 70.8

and NOMU dimers.
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Fig. 2. Concentration-dependence of MPR with EVNA homo-duplex. Change of product length with concentrations of EVNA with Vent (A and B) and
of dNTP (C with Taq, D with Vent) on 0.8% (A and C) and 2.5% (B and D) agarose gels. (A and B) Lanes 1–7 correspond to 10.4, 5.2, 2.6, 1.3, 0.64, 0.32,
0.16 lM, respectively, of EVNA. Lane 8, DNA ladder. (C and D) The following concentrations of each dNTP were used (in lM): lane 1 – 100; lane 2 –
200; lane 3 – 300; lane 4 – 400; lane 5 – 500; lane 6 – 600; lane 7 – 700; lane 8 – 800; lane 9 – 900; lane 10 – 1000. Concentration of the EVNA homo-duplex,
5.6 lM. (E) Relative total MPR products generated by RT-PCR with the following initial EVNA homo-duplex concentrations (in lM): closed circles,
0.32; open circles, 0.16; closed squares, 0.08; open squares, 0.04.
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concentration increased from 100 to 1000 lM with Taq
polymerase (Fig. 2C) and from 200 to 500 lM with Vent
polymerase (Fig. 2D), the repetitive DNA lengthened. It
is noteworthy that Vent polymerase is inactive at dNTP
concentrations higher than 500 lM (data not shown).

To obtain MPR products with a small number of HD
repeats, Vent polymerase was used with a high concentra-
tion (about 10 lM) of HDs. Of the 19 amplicons (with
head-to-tail polymerized HDs) isolated under these condi-
Table 2
Experimentally obtained main MPR characteristics

HD nMa (1011 � molecules) Nth at products detection DN

320 (40) 26 ± 2
5

160 (20) 31 ± 2
3

80 (10) 34 ± 2
4

40 (5) 38 ± 2

a Initial concentration (number of molecules) of homo-duplexes.
b The difference between two Nth’s obtained with 2-fold-different initial HD
c Derived from Fig. 2E.
d Estimated from XN = ID � (1 + E)N using average E of 0.71, Nth value an
tions (two examples are shown in Fig. 4F and G), 5 were
composed of 2 HD repeats, 3 of 3 HDs, 7 of 4 HDs, 1 of
5 HDs, 2 of 6 HDs and 1 with 7 HDs. These 19 multi-
ply-repeated sequences thus contained total of 71 repeti-
tions and 52 junctions. Nine junctions (17%) were exact,
18 (35%) contained deletions of one nucleotide, 10 (19%)
contained deletions of two nucleotides and 15 (29%) con-
tained deletions of three nucleotides, identical in the latter
two cases. No additions were observed at the junctions.
thb Ec Number of ID molecules at N = 1d

0.8 ± 0.05 88 � 103–88 � 104

0.8 ± 0.04 6.0 � 103–6.0 � 104

0.68 ± 0.16 1.2 � 103–1.2 � 104

0.57 ± 0.087 0.14 � 103–0.14 � 104

.

d the total number of repeats at Nth (1011–1012).
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The initial concentration of primers C0 determines the
cycle number (the operative threshold cycle) Nth (in cycle
units N) at which the signal (the microgene expansion pro-
cess) was first detected. A 2-fold decrease in C0 delayed Nth
by approximately 4 cycles (i.e., DNth = 4; Fig. 2E, Table
2). Following the initiation process, total MPR products
(XN) are propagated exponentially, with an average ampli-
fication efficiency of about 0.7 (between 0.8 and 0.57; Table
2). The concentration of amplified molecules at cycle N

during the exponential MPR propagation XN was approx-
imated by XN = ID � (1 + E)N, where ID is the initial con-
centration of doublets (ID) and E is the amplification
efficiency per cycle.

Temperature-dependence of MPR

A slight change in primer sequence affected the MPR
efficiency: the five base changes in EVNA converting it to
NOMU HD (Table 1) drastically decreased the efficiency
of MPR (Fig. 3A and B). Microgene production with
NOMU was detected 12 cycles later than with EVNA in
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Fig. 3. Temperature-dependence of MPR. Relative total MPR products genera
homo-duplexes, both at 0.32 lM (closed and open symbols indicate corresp
concentrations of EVNA (E) and NOMU (N). Lanes E(N)1–E(N)7, homo
respectively. (D) The same respective concentrations of NOMU at 72 �C (lanes
EVNA (open circles) and NOMU (closed circles) (5.2 lM each) at different te
RT-PCR under identical conditions (Fig. 3A). Consis-
tently, repeats in end-point detection PCR could only be
generated with NOMU concentrations 8-fold higher than
with EVNA (Fig. 3B). This difference results most likely
from the small difference in melting temperatures (Tm)
between the homo-duplexes (as a consequence of their dif-
ferent GC contents; Table 1): 73.7 �C for EVNA, 70.8 �C
for NOMU (Fig. 3C). At 72 �C, the extent of pairing
between the complementary strands of NOMU was
approximately 30%, whereas that of EVNA was about
70% (Fig. 3C). Decreasing the annealing temperature of
NOMU to 69 �C allowed repeat generation by concentra-
tions 4-fold lower, comparable with EVNA at 72 �C (com-
pare Fig. 3B with Fig. 3D).

Discussion

The initiation process

The major hitherto unresolved question regarding the
MPR phenomenon is the mechanism of its initiation. The
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high MPR ability of EVNA [16] resulted from the fact that
its Tm (73.7 �C) is just about 2 �C above the elongation
temperature (72 �C) (Fig. 3C). On the other hand, the
lower melting temperature of NOMU (70.8 �C) does not
allow effective initiation of MPR at 72 �C (Fig. 3A and
B). Optimal initiation (as well as of propagation) [8] of a
multiply-repeated product is achieved at a temperature
slightly below its Tm (Fig. 3C and D).

The likelihood of initiation thus depends on the concen-
tration of the homo-duplex C0 rather than of its compo-
nent primers: it is higher when the extent of pairing is
larger, at temperatures below the Tm of the homo-duplex
(Table 1 and Figs. 2E and 3), which precludes the alterna-
tive possibility. A third pair of primers with a higher Tm

(78 �C) confirmed this conclusion (data not shown). The
generation-rate of the initial doublet ID is assumed to be
proportional to the power m (molecularity) of the concen-
tration of the original homo-duplex HD (dID=dN / Cm

0 )
(Fig. 1A and B). The amplification efficiency during the
exponential propagation (0.71 per cycle) is much higher
than that of the initiation, and the consumption of HD
molecules in the initiation process is negligible compared
to that during the propagation stage. The initiation process
would therefore not affect C0, hence ID would be
/ N � Cm

0 . If the number of ID molecules is large, the
MPR initiation is reasonably assumed (see below) to occur
in all HD at the first cycle N = 1 (though the low sensitivity
of RT-PCR detects the products at a later stage, i.e., at the
Nth).

The experiments were performed with a series of 2-fold-
C0 values (Fig. 2E). The predicted ratio between ID of two
successive dilutions is thus

ID2

ID1

¼ ð2� C0Þm

Cm
0

¼ 2m ð1Þ

The exponential propagation of MPR total product (XN)
following generation of ID depends (as stated before) on
the number of cycles and amplification efficiency:
XN = ID � (1 + E)N. If E (derived from the slope in each
line of Fig. 2E) remains constant, the ratio between succes-
sive ID values in the RT-PCR experiments with 2-fold dif-
ferent initial concentrations of primers may be derived at
points with equal amount of XN, as for example the thresh-
old points (Fig. 2E) according to

ID2

ID1

¼ ð1þ EÞðN th1�N th2Þ ð2Þ

and the molecularity m of the reaction can be derived by
equating Eq. (1) with Eq. (2):

m ¼ ðN th1 � N th2Þ �
lnð1þ EÞ

ln 2
ð3Þ

The observed values of E (Table 2) however, do vary
slightly (0.8–0.6) between successive lines (Fig. 2E). A
molecularity of 3.1 (ranging between 2.6 and 3.4) for the
initiation process was estimated, using the average E value
(0.71). It can thus be concluded that three HDs must some-
how interact to initiate doublet formation in the MPR.

The assumption used to derive Eq. (2), that initiations
occur at N = 1 in all HD, is justified as follows. The
absolute number of HD molecules in the 20 ll mixtures
(with 40–320 nM) is 5–40 � 1011. This number deter-
mines background fluorescence intensity in the mixtures.
The value of Nth is determined by the cycle at which the
fluorescence of the total number of repeats in the MPR
products overgrows that of the background, which corre-
sponds to 1011–1012 repeats. Backwards extrapolations,
using average E of 0.71 and Nth values yield the number
of ID molecules at the first cycle (N = 1) in each case
(Table 2). The calculated numbers are at about 102–106

molecules.
The model, consequences and implications

We propose a simple mechanism for the generation of
ID: a rare and reversible association between three
homo-duplexes (HD) generates a nucleation complex
(NC), (Fig. 4A and C) which converts to ID according to
3HD$I NC!II

IDþHD, where I and II denote first (rate
limiting) and second (enzymatic) stage in the MPR initia-
tion process. One of these three HDs (labeled in gray)
aligns and bridges the other two, fixing them in the
required proximity for the DNA polymerase to skip the
inter-template gap (Fig. 1A). This bridging occurs through
occasional Watson–Crick bonds between aligning and
aligned homo-duplexes.

Additional Watson–Crick bonds between 30 end bases of
the aligned homo-duplexes may assist in the generation of
NC and in turn explain the deletion of 2 or 3 nucleotides at
EVNA primer junctions in MPR products (Fig. 4D–G).

The extent of pairing between the complementary
strands of EVNA (70%) was only about 2.5-fold higher
than that of NOMU (30%) (Fig. 3C). Such a small differ-
ence cannot per se explain the difference of 12 cycles in their
MPR threshold cycles Nths (Fig. 3A), yielding a ratio of
about 625 (�1.712) between EVNA and NOMU ID’s (after
substituting the average E in Eq. (2)). However, different
thermodynamic stabilities of the putative NCs (expressed
in DG0 [=�RTlnKeq] of NC formation) of EVNA and
NOMU HDs may underlie their different propensities to
initiate MPR. Since the dissociation rate of NC is much
faster than its rate of conversion to ID (due to low likeli-
hood of its formation), the limiting, first stage of the initi-
ation process is situated near its equilibrium. One can
derive the difference between the free energies of NC for-
mation from the ratio between equilibrium constants of
this stage in the EVNA and NOMU cases: Keq = [NC]/
[HD]3. Since [NC] is negligible compared to [HD], when
C0 of EVNA and NOMU is identical:

KeqðEVNAÞ

KeqðNOMUÞ
¼ ½NC�EVNA

½NC�NOMU

¼ ½ID�EVNA

½ID�NOMU

¼ 625; and hence



Fig. 4. Model for ID generation. Nucleation complexes of the primers EVNA (A) and NOMU (C), and an alternative (ineffective) structure of NOMU
(B). Symbols in gray font indicate the primers (that align the juxtaposed HDs in A and C) and the hydrogen bonds involved. Putative arrangements of the
juxtaposed EVNA within NC resulting in ID with 3 (D) and 2 (E) nucleotide deletions at the junctions are shown. Two examples of MPR products, with 5
(F) and 4 (G) repeats, obtained with EVNA (bottom sequences) and compared with head-to-tail EVNA primer repeats (top sequences). Gray font,
sequence of vector pGEM; underlined nucleotides correspond to deletions.
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DDG0 ¼ DG0
EVNA � DG0

NOMU ¼ �RT ln
½ID�EVNA

½ID�NOMU

¼ �4:4 kcal=mol

The two strands of a DNA molecule can generate the alter-
native partially complementary secondary structures with
varying free energies of formation [18]. The most stable,
fully complementary structures of EVNA and NOMU
are of �78 and �74 kcal mol-1, respectively (calculated
with Oligo Analyzer 1.1.2) [19]. The free energies of the sec-
ond-ranked structures are of, respectively, �4.68 and
�2.35 kcal mol�1. This EVNA structure (framed panel in
Fig. 4A) but not that of NOMU (framed panel in
Fig. 4B) can bridge a third HD to form an NC. The struc-
ture of NOMU that does allow such analogous NC
(framed panel in Fig. 4C) is of �0.62 kcal mol�1 only.
The difference between these free energies DDG0

(�4.68 + 0.62) is �4.06 kCal mol�1, which resembles the
value obtained from the experimental results and the con-
siderations of the model presented here.

The most abundant among three microgenic units in the
combinatorial polymers recently generated from an equi-
molar mixture [20] is the one with the lowest free energy
of formation of the NC-promoting second-ranked struc-
ture (analysis not shown), thus supporting the model pro-
posed and described here.

This model requires neither involvement of two mole-
cules of DNA polymerase to bridge the gap between two
HDs to form an ID (model (i)) [1] nor a ‘‘putative repair
mode of the enzyme” (model (ii)) [1]. It does propose a
mechanism by which ‘‘a 50-OH end of one template and a
30-OH end of another” [1] are juxtaposed without direct
involvement of the DNA polymerase (Fig. 4A and C).

A totally different observation, repair of chromosomal
double-strand breaks in yeast cells, has recently led Resnick
et al. to suggest that single-stranded oligo-deoxy-ribonu-
cleotides [21,22] as well as oligo-ribonucleotides [23] com-
plementary to the break-ends bridge the gap between the
ends and hence provide a template to restore their contigu-
ity. Kinetic analysis (not shown) of an analogous model, in
which holding together two HDs (break-ends in their case)
by one of its components (single-stranded oligo-deoxyribo-
nucleotide), leads to molecularity of 2.5 rather than 3
obtained here. It is therefore very unlikely that the in vitro

blunt-end ligation activity of DNA polymerase discovered
here is performed through a single-stranded bridge.

The MPR-based technique allows relatively simple and
fast creation of libraries of artificial genes coding for pro-
teins containing multiple tandem motifs and has been suc-
cessfully used to derive putative useful properties [24].
Mixing a number of microgene units in one reaction tube
significantly enlarges the diversity of these libraries owing
to differently shuffled peptide motifs encrypted in the prod-
ucts [20,25].

The numerous periodicities in genomic DNA, also
encrypted in the encoded proteins, suggest that they derive
from primordial oligomeric repeats [5–7]. MPR is used as
an experimental system to artificially simulate evolution
of short, non-repetitive homo-duplex DNA into multiply-
repetitive products [26] that can code for functional pro-
teins, which occasionally are the cause for certain diseases
[2–4].

These empirical MPR phenomena can now be
explained by the mechanism presented here for the essen-
tial, so far ambiguous event of this reaction, its initiation.
Our results present a systematic approach to understand
this event, culminating in a model that needs no accessory
proteins and allows prediction of the relative propensities
of different HDs to form an ID, essential for repeat prop-
agation in MPR. It allows, moreover, to design and syn-
thesize polypeptides with certain motifs multiplied within
the frame of a given protein, as has already been imple-
mented [16].
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