
Introduction
Conventional methods used to scan unknown

point mutation rely on either the preparation of
cDNAor the isolation of each exon of a gene in-
dividually from genomic DNA. For genes that
have several exons, often spread over large dis-
tances in genomic DNA, preparation of cDNA
or fragments of each exon can be a tedious
process. In some cases, original tissue is not

available; leaving genomic DNA as the source
of genetic material as the most convenient
choice for most diagnostic molecular genetic
laboratories.

The sheer number of tests involved in scan-
ning whole genes for unknown point mutations
means that the more sensitive, labor-intensive
methods have severe constraints on throughput.
A variety of approaches are possible, some
widely used mutation detection methods such
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Abstract
Background: Many disease susceptibility genes are large and consist of many ex-

ons in which point mutations are scattered throughout. Scanning each exon individual-
ly represents a tedious task which can be time consuming and expensive. There has
been increasing demand for rapid and accurate methods for full scanning of unknown
point mutations in large multi-exon genes. Gene Assembling is a new method for creat-
ing chimeric DNA molecules using a modified PCR reaction that allows maximizing
the length of sequence that can be scanned by sensitive downstream technique.

Methods:  In the present study assembling of exons 2, 20, 23 and 24 of the BRCA1
gene and their subsequent analysis by direct sequencing is demonstrated. The BRCA1
exons 2 and 20 are hot spot regions that are known to harbor particularly deleterious
mutations. In order to avoid missing any mutation in these two exons, the four exons
previously mentioned were assembled in the following order of preferences: 23, 20, 2
and 24. However, the order of fragments can be predetermined by primer design. 

Results: The order and sequence of the component exons in the gene-assembled
products were characterized by direct sequencing as predicted. Gene-assembled prod-
ucts from three previously ascertained heterozygotes for BRCA1 mutations were di-
rectly sequenced and gave the same sequence patterns.

Conclusion: This experience suggests that Gene Assembling technique could be ap-
plied as a highly sensitive and cost-effective method in identifying mutation in com-
plex genes such as BRCA and ColA1/2 helping clinical molecular diagnostic laborato-
ries, to fulfill the demand for scanning complex genetic diseases at a lower cost.
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as single strand conformation polymorphism
(SSCP) and heteroduplex analysis (HA) are
technically simple but are only capable of scan-
ning small DNA fragments with variable sensi-
tivity [1,2], and protein truncation test (PTT) is
capable of locating nonsense mutations in DNA
fragments much larger than the average exon
[3].

Recently, a new approach has emerged that
involves pre-screening of any abnormalities. It
is called capillary heteroduplex analysis, dH-
PLC [4] that may couple with DNAsequencing.

Complex genes such as BRCA1/2, APC and
ColA1/2 are multi-exon genes, in which point

mutations are scattered throughout. Identifying
unknown point mutations in these genes re-
quires exploiting different techniques but
which consume time and resources.

Combining several individual exons together
into a single DNA fragment can thus increase
throughput by reducing downstream process-
ing and analytical steps.

Thus, we applied an alternative strategy to
get rid of pre-screening step and directly se-
quence the whole region of interest in which led
to development of a technique named Gene
Assembling (GA). 

GA uses genomic DNA as its substrate and

Gene assembling...
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Fig. 1. Schematic representations of the gene assembling reaction amplification and assembly of two exons 23 and 20.

Fig. 2.  Assembling of four exons.

For clarity, amplification and assem-
bly of two exons (23 and 20) are illus-
trated. Primers P1-P4 are represented
as rectangles; the genomic specific
portions of each primer are indicated
by blackly shaded areas; the linker
specific segments of the internal
primers P2 and P3 are represented as
open areas; the position and function
of the adenine (A) spacer nucleotide
(incorporated between the genomic
and linker segment of P2 and P3 to
accommodate the 3' addition of ade-
nine residues by Taq polymerase) is
also shown.

The complementary linker-
specific segments of each
primer pair are represented
by the L1- L3.
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increases the throughput of direct sequencing
when exon size is small. This technique was
originally described by Wallace et al [5] and
called Meta-PCR. 

In the study we have used GAmethod coupled
with direct sequencing to show chimerization
of four segments of BRCA1 gene [6], exons 2,
20, 23 and 24. 

Methods
Gene Assembling is a method of creating a

synthetic DNA molecule comprising any com-
bination of PCR amplifiable DNA in any order.
It consists of two separate steps of PCR reaction
in which small PCR amplicons are assembled
into a single large chimeric DNA molecule in
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Primers 2 through to 7 are all internal to the respective assembled PCR product and contained one of three pairs of complementary 5' termini, which are highlighted in
bold italics. The extra adenine nucleotide incorporated to accommodate the 3' terminal adenine residue added by Taq polymerase to the nascent strand is underlined in
bold upper-case letter. The melting temperature (Tm) of the respective genomic or linker portions of each of the primers is also indicated.

Table 1. Primer sequences for amplification of BRCA1 exons 23, 20, 2 and 24 by Gene Assembling assay.

Fig. 3. Products under common reaction conditions of the
individual component from BRCA1 exon 23, 20, 2 and 24
that monitored on 15% page.

Fig. 4. The secondary PCR products (sizes = 850bp)
monitored on 1% agarose. BRCA1 exons 23, 20, 2 and
24.

The size of assembled fragments is smaller
than when those amplified individually
(850bp versus 998bp respectively), be-
cause the PCR products of each specific
DNA fragment includes hanging linker
specific segment either at the both tail or at
the one side.
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Fig. 5. Sequencing electropherograms from the 850-bp
BRCA1 exons 23, 20, 2 and 24 produced by Gene As-
sembling technique (full-length forward orientation using
primer 09).

Fig. 6. Sequencing electropherograms from the 850-bp
BRCA1 exons 23, 20, 2 and 24 produced by Gene As-
sembling technique (full-length reverse orientation using
primer 10).

The location of linker 1 and junction boundaries in reverse sequence direction is
not clear, however it was characterised with forward sequencing.
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Fig. 7.Sequencing electropherogram of the assembled  BRCA1 exon2 to exon24, PCR products from mutant heterozy-
gote of  BRCA1 exon2 (185-186 ins A).

Fig. 9. Sequencing electropherogram of the assembled  BRCA1 exon20 to exon2, PCR products from mutant heterozy-
gote of BRCA1, IVS20+48 [12bp duplication gtattccactcc].

Fig. 8. Sequencing electropherogram of the assembled  BRCA1 exon20 to exon2, PCR products from mutant heterozy-
gote of BRCA1 exon2 (185del AG).

Forward sequences show the mutant heterozygote of BRCA1 exon2 (185-186 ins A) within the assembled  BRCA1 exon2 to exon24 by Gene assembling technique. Ar-
row depicts the location of [A] insertion and frameshift sequence consequently. 

Forward electrophero-
gram shows the nu-
cleotide sequence of the
mutant heterozygote of
BRCA1 exon2 (185-
186 delAG) within the
assembled  BRCA1 ex-
on20 to exon2 by Gene
Assembling technique.
Arrow depicts the loca-
tion of [AG] deletion
and frameshift sequence
consequently. 

Forward electrophero-
gram shows the nu-
cleotide sequence of
the mutant heterozy-
gote of BRCA1, IVS
20+48 [12bp duplica-
tion  gtattccactcc] with-
in the assembled BR-
CA1 exon20 to exon2
by Gene Assembling
technique. Down brack-
ets depict the location
of 12bp duplication
gtattccactcc and frame-
shift sequence conse-
quently occurred.
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two coupled stages (Fig 1).
In the first step, it behaves like a multiplex

PCR reaction, which uses pairs of primers at
limiting concentrations (0.04μM each) that
have complementary 5' linkers attached via an
adenine base to specific 3' genomic sequences.
The extreme 5' and 3' primers of the GA com-
plex are a standard pair of primers without link-
er sequences (Fig 1). The complementary linkers
on the internal primers are all designed to have
no internal secondary structure, to share a com-
mon annealing temperature which slightly ex-
ceeds that of the genomic primers and to have
no significant homology with repetitive human
DNAsequences.

During the initial stages of the first step of
PCR individual fragments are solely amplified.
During this phase the complementary linkers
become incorporated into the fragments.

Towards the end of the first step the primers
become exhausted and overlap extension may
occur, thus producing small quantities of the
full length synthetic product (Fig 2). 

The second step of GA comprises a second
round of PCR amplification using a 1/10 vol-
ume of the first step PCR products as template.
A single pair of internally nested PCR primers
re-amplifies the small quantity of full length
linked products which has arisen at the end of
the primary reaction (Fig 2).

Primer design
In the work presented here, direct sequencing

approach as a downstream analysis was select-
ed in Gene Assembling assay. Choosing this ap-
proach, allows one to be flexible in the position-
ing of primers, and make it relatively easy to de-
termine the most suitable annealing tempera-
tures (Tm) which is critical for the assembly of
DNAfragments.

GA primers are divided into two segments, a
5' linker sequence separated from a 3' genomic
specific sequence by an adenine base. Asupple-
mentary unmatched adenine residue was used
to accommodate the 3' adenine overhangs

added by Taq polymerase to the nascent DNA
strand. Adding a supplementary unmatched
adenine (A) residue at the sense sequence caus-
es an insertion of a supplementary thymine (T)
residue at the 3' end in the antisense DNA frag-
ments assembled into PCR products.

Linker sequences are designed to all have
closely matched melting temperatures (Tms),
have little or no internal secondary structure
and show no homology with repetitive human
DNA sequences. In this study three linkers
(each 13bp) were used to produce a chimeric
DNA molecule from BRCA1 exons 2, 20, 23
and 24 (Fig.2). Two nested primers were de-
signed to produce sufficient products for direct
sequencing analysis and prime few residues up-
stream and downstream of external primers
(Table 1). 

The main modification in our strategy since
the original paper by Wallace et al. was pub-
lished is related to the design of linkers which
consists of a new sequence and size which differs
from those initially employed Wallace et al
(1999). In the original paper mean size of linkers
was about 23bp, whilst our modification dimin-
ished their size to 13bp. Using shorter linker has
a significant effect on improvement of product
yield.

Exons 2 and 20 are hot spot regions that are
known to harbor particularly deleterious muta-
tions. In order to avoid missing any mutation in
these two exons, the above four exons were as-
sembled in the following order of preferences:
23, 20, 2 and 24. However, the order of frag-
ments can be predetermined by primer design;
no limitation in order of preferences of segments
was found. The genomic specific segments
were selected to have closely equivalent Tm
values for the positioning of the primers. 

Table 1 shows sequences and Tm values of
the 10 primers used in BRCA1 exons 2, 20, 23,
24 order of the exons.

Gene assembling...
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PCR amplification
Genomic DNA was used as a template for

amplification. Primers were synthesized on a
0.2μM scale and were purified by high per-
formance liquid chromatography (HPLC) at
Oswel Ltd (Southampton-UK).

The first and second steps of PCR amplifica-
tions are best carried out in different amplifica-
tion buffers. The first step of amplification is
carried out in a high Mg2+ buffer suited to multi-
plexing whereas the secondary reactions are
carried out in a low Mg

2+
low salt buffer leading

to high specificity.
The first step PCR reactions performed in

20μl volumes using 100ng of genomic DNA,
primers (40nM/L) (Table 1), a mixture of dNTP
(5mM), Mg2+ (35mM), 10x PCR Buffer B
[20mM Tris-HCl (pH 8.0 at 25°C), 100mM
KCl, 0.1mM EDTA, 1mM DTT, 50% glycerol,
0.5% Tweenâ 20 and 0.5% Nonidetâ-P40], 1μl
Taq DNApolymerase (Promega, Southampton,
UK; catalogue no. M1665) in accordance with
manufacturer’s recommendations, and distilled
water up to a final volume.

Amplification was carried out on an Applied
Biosystems DNA thermal cycler 9700, (Ap-
plera Europe BV, Cheshire, UK) using the fol-
lowing parameters; initial denaturation 94°C (3
min), 30 cycles of 94°C (1 min), 60°C (1 min),
72°C (2 min) followed by a final synthesis of
72°C (10 min).

The secondary PCR was performed in sepa-
rate 20ml volumes using 3-5ml of the primary
PCR products, internal (nested) primers
(5mM/L), a mixture of dNTP (2.5mM), Mg2+

(25mM),10x PCR Buffer B (as above), lμl Taq
DNA polymerase (Promega, Southampton,
UK; Catalogue No. M1665) in accordance with
manufacturer’s recommendations, and distilled
water up to a final volume. 

The buffers as custom mastermixes are now
commercially available from ABgene Company
(part no. for the first step PCR is ‘CM129’ and
that for the secondary PCR is ‘CM130’).

The thermal cycling conditions were identi-

cal to those used for the primary amplification.
On completion of the secondary PCR, a 3ml
portion of the PCR products were checked on
1% agarose gel to confirm the presence of the
expected 850bp fragments (Fig. 3).

Post PCR purification
The secondary assembled PCR products

were recovered from agarose gel slices using a
Jetsorba gel extraction kit (Genomed Inc.) ac-
cording to the manufacturer’s instruction. Atotal
of 60-80ng of recovered PCR products were se-
quenced in both orientations using only two
primers (table 1, primers numbers 09 and 10) to
characterize the entire chimeric DNA molecule
in two sequencing reactions instead of applying
eight primers to analyse individual segments
separately (Table 1, primers numbers 01- 08).

Applied Biosystems sequencer machine
(model 377) and BigDye terminator cycle se-
quencing kit (Applied Biosystems) were used.
The manufacturer’s instruction were followed
with the exception that the annealing tempera-
ture for the cycle sequencing reaction was in-
creased from 50°C to 55°C to reflect the high
Tm of internal primers. 

Results
PCR amplification of each exon under com-

mon amplification conditions produces a single
fragment of the expected size, confirming the
integrity of the primer syntheses and the com-
patibility of the primer pairs (Fig. 3). 

The secondary PCR products
The products of secondary PCR assays con-

sistently yielded fragments of the expected size
when was performed on a range of genomic
DNA samples. The reaction yields were gener-
ally high with low backgrounds. For down-
stream analysis by direct sequencing the sec-
ondary PCR products were monitored on a 1%
agarose gel confirming the integrity of the PCR
products (Fig. 4). 

VR. Yassaee et al.
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Determination of the nucleotide sequence of
wild type -PCR products 

Direct sequencing confirmed that assembled
PCR products comprised the expected exons in
the correct orientation.

Figures 5 and 6 depict the full length of wild
type assembled PCR products sequenced from
both termini in single reaction. No degradation
of sequence was observed across the transitions
from one component to the next.

Detection of three previously ascertained
heterozygous BRCA1 mutations from PCR
products

To test the capability of the gene assembling
technique in identifying mutant samples, three
previously determined heterozygous BRCA1
mutations in exon 2 and exon 20 [7], were di-
rectly sequenced to confirm that the genotype
present in genomic DNA was correctly repre-
sented in the assembled PCR products. The
three mutant heterozygotes were BRCA1; 185-
186 insA, 185 delAG and a 12bp duplication
[BRCA1, IVS20+48]. These were clearly visi-
ble in the heterozygotes in figures 7-9.

Conclusion
Some genetic disorders/cancers, osteogene-

sis imperfecta and breast cancer for instance
display heterogeneity that can be caused by mu-
tation(s) scattered throughout almost randomly
in the essential known predisposing genes.
Gene Assembling could be particularly useful
for genetic diseases with several mutational hot
spots in more than one gene such as BRCA
genes thereby allowing a rapid, targeted muta-
tion scanning strategy.

The advantages to diagnostic laboratories al-
ready using techniques like DGGE, CSGE dH-
PLC, or PTT of coupling Gene Assembling to
their mutation scanning method is considerable
time and cost saving over other methods. For
instance, dHPLC is generating increasing inter-
est in clinical genetics as a reliable tool for the

analysis of genetic alterations. The technique
requires extensive optimization of conditions
for each exon/PCR fragment and a high initial
investment for the machine. Although the
analyses are done sequentially, throughput is
very high and fully automated (96 well format).
Sensitivity also approaches 100% and all kinds
of sequence variants are detected. Gene Assem-
bling could be applied in combination.

Moreover, advances in sequencing technolo-
gies are making read lengths of over 1000 bases
possible [8] even mutation scanning by direct
sequencing could benefit from a Gene Assem-
bling strategy. In direct sequencing approach,
using shorter linker specific primer with higher
GC content caused a further improvement in
product yield. Notably, combination of two or
more different downstream analysis methods
may necessitate for scanning the entire target
gene. Gene structure, splice site sequences (AT
rich regions), nature of mutations, presence of
multi small and large coding region, etc. are the
factors that may influence in the selection of
downstream analysis technique.

Do the size and/or the segment numbers matter?
In our experiments, four, three and six seg-

ments have been assembled with different ap-
proaches direct sequencing and PTT respec-
tively. To date, up to five PCR amplifiable frag-
ments can be combined to form a single linear
amplicon [5]. Increasing the number of assem-
bled segments would be an advantageous. Al-
though assembling of more segments may re-
quire further PCR optimisation. 

Limitation in readability of DNA sequenc-
ing, may exclude some exons to have benefit by
GA approach including exon 11 in BRCA1/2
gene.

Success in assembling the segments critical-
ly depend on, designing the linker specific
primer, choosing the right buffer composition,
limiting of cross-contamination, and the purity
of synthesized primers are the most significant
parameters, which should not be overlooked.

Gene assembling...
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However the size and/or number limit for seg-
ment assembly as the major question still re-
mains.

Although this work should be valuable for
laboratories wishing to replicate our system,
component parts (e.g. primer sequences and
other methods) may also be useful to laborato-
ries who are implementing other strategies. 

In summary Gene Assembling is a technique
that can be practical for construction of a new
gene for many purposes and mutation detection
is one of its applications. 

It is a simple, versatile and powerful method
for creating chimeric DNA molecules for the
analysis of multi-exon genes using a combina-
tion of sensitive techniques. It should find
widespread applications in molecular genetics
and should increase the productivity of muta-
tion scanning methods, permitting many of
them to fully realize their potential to analyze
several small exons including hot spots in het-
erogeneous diseases. 
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