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Abstract

Site-directed mutagenesis allows the generation of mutant DNA sequences for downstream
functional analysis of genetic variants involved in human health and disease. Understanding the
mechanisms of different mutagenesis methods can help select the best approach for specific
needs. We compared three different approaches for in vivo site-directed DNA mutagenesis that
utilize a mutant single-stranded DNA oligonucleotide (sSODN) to target a wild type DNA
sequence in the host Escherichia coli (E. coli). The first method, Mandecki, uses restriction
nucleases to introduce a double stranded break (DSB) into a DNA sequence which needs to be
denatured prior to co-transformation. The second method, recombineering (recombination-
mediated genetic engineering), requires lambda red gene products and a mutant ssODN with
homology arms of at least 20 nucleotides. In a third method described here for the first time,
DNA gap repair, a mutant sSODN targets a DNA sequence containing a gap introduced by PCR.
Unlike recombineering, both DNA gap repair and Mandecki can utilize homology arms as short
as 10 nucleotides. DNA gap repair requires neither red gene products as recombineering nor
DNA denaturation or nucleases as Mandecki, and unlike other methods is background-free. We
conclude that Mandecki, recombineering, and DNA gap repair have at least partly different
mechanisms, and that DNA gap repair provides a new, straightforward approach for effective

site-directed mutagenesis.
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I ntroduction

Site-directed mutagenesis can be achieved by replacing a wild type DNA sequence with a
premade mutant DNA sequence, i.e., the targeting vector. Mutant single-stranded DNA
oligonucleotides (sSODNs) are the most useful targeting vectors because they are commercially
available and relatively inexpensive. For DNA-DNA recognition, two regions at the ends of the
targeting DNA (homology arms) need to be homological to the flanks of the site to be mutated in
wild type DNA (targeted DNA). The region of the targeting vector between the homology arms
contains the mutation(s) to be introduced into targeted DNA. The approach is called DNA
integration when the targeted DNA sequence is intact (Fig. 1). Due to significant background cell
contamination, a mutant isolation procedure is usually required in this approach. In DNA repair,
targeted DNA is discontinuous due to the introduction by site specific endonucleases of at least
one DSB between the homology arms. A gap is produced when a segment of the targeted DNA
is deleted by two or more DSBs (Fig. 1). In DNA integration, DNA-DNA recognition relies only
on homology arms, but in DNA repair there is also the need for site recognition by nucleases.
Thus, one might expect DNA integration to be not only easier to implement but also more
specific. Recombineering is a technique to manipulate DNA in E. coli that relies on short
homology sequences and requires bacteriophage lambda red gene products for its functionality.
This applies to both DNA integration and DNA repair*. Recombineering is particularly well
suited for single-copy, high capacity plasmids such as bacterial artificial chromosomes (BACs).
However, with high copy number plasmids only one copy is typically modified, and segregation
of mutants is challenging. In addition, induction of red genes can lead to the formation of high

molecular weight plasmids®.
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The Mandecki method utilizes denatured plasmid DNA linearized with restriction
endonucleases and a sSODN targeting vector (Fig. 2a), but does not require phage lambda
transgenes. There is no problem with mutant segregation because the E. coli host does not
contain wild type plasmid, and mutants are generated in cells transformed with linearized
plasmid and mutant ssODN. Thus, this approach seems better suited to mutate high-copy number
plasmids.

Here we studied a ‘pure’ DNA gap repair approach in E. coli in which the sequence to be
mutated is always pre-deleted from wild type targeted DNA. Upon DNA gap repair, the targeting
and targeted DNA form perfectly matched hetero-duplexes (Fig. 2b). To mutate a certain number
of nucleotides, at least the same number of nucleotides need to be deleted from targeted DNA.
With relatively short plasmids (<8 kb), this can be conveniently achieved by using the
polymerase chain reaction (PCR) to amplify only the DNA segment that is not undergoing
mutagenesis, thus generating a linear DNA construct with a gap (Fig. 3). Some important
features of recombineering and Mandecki that will be compared with DNA gap repair are

summarized in Table 1.


https://doi.org/10.1101/313155

bioRxiv preprint doi: https://doi.org/10.1101/313155; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

5

Materialsand Methods

The approximately 8,500 base pair (bp) wild type construct contained 714 bp wild type genomic
sequence of the mouse Tnnt2 gene cloned in our compact P1 phage-based vector®. The insert
was obtained by PCR using primers fPhoTnT2BAC_ 30679 and rPHOTNnT2BAC_31392 (Table
2) and template RP23-389C7 BAC DNA. The insert sequence corresponds chromosome 1,
assembly GRCm38.p4 with the coordinates: 135847355-135848068 (NCBI Reference Sequence:
NC_000067.6). The insert was blunt-end ligated to an approximately 7,800 bp PCR product of
the vector DNA generated with primers f -TkRV_8976 and r_-TkRV_7573 (Table 2). Targeted
DNA was obtained from the wild type construct described above and primers
fMAMCon8070PAG and r91TnTCon7950PAG (Table 2). The 21-nucleotide gap
TGCCACCCAAGATCCCCGATG representing a part of the wild type construct, which was not
amplified, was formed by the 5’-end boundaries of the primers. All targeting sSODNs with the
sequences showed in Table 2 inserted the first nucleotide of the gap, i.e., T (showed in capital
case). All ssODNs were ordered from Thermo/Life Sciences and were desalted except

fMAMCon8070PAG, r91TnTCon7950PAG and 2x30+1 which were PAAG purified.

Chemicals and enzymes
Chemicals were purchased from BioBasic (Markham, Ontario, Canada) or ThermoFisher
(Waltham, MA). PrimeSTAR GXL polymerase was purchased from Takara Bio USA (Mountain

View, CA).

Plasmids

Wild-type Tnnt2 BAC, 209.7 kb RP23-389C7 BAC clone (http://bacpac.chori.org/).
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DNA isolation and purification

Plasmid DNA was extracted as previously described®, but the composition of the non-ionic
detergent isolation buffer was changed for large scale plasmid DNA extraction as follows: 1.75
M NH,CI, 50 mM EDTA, and 0.15% IGEPAL CA-630, RNase A, and lysozyme. Some DNA
sequencing samples were PCR products prepared with a new express method (Lyozin and

Brunelli, unpublished observation).

DNA sequencing

DNA sequencing was performed at the University of Nebraska Medical Center DNA Sequencing
Core Facility using the ABI BigDye Terminator Cycle Sequencing Kit v3.1 according to the
manufacturer's instructions on an Applied Biosystems 9800 Fast Thermal Cycler. The sequence
fragments were detected on an ABI 3730 DNA Analyzer. Samples were then analyzed and base-
called by Applied Biosystems DNA Sequencing Analysis Software V5.2 (Applied Biosystems,

Foster City, CA).

Bacterial transformation

Electro-competent cells were prepared as described previously®. DNA was electroporated at
17,000-18,000 V/cm at time constant 7.5 msec using BioRad Gene Pulser Xcell into 10 pl
competent cells. Native targeted DNA before electroporation was concentrated and desalted
using Amicon Ultracel-100K filter units (Millipore Sigma, Burlington, MA). 2 ul electroporated
DNA contained 50 ng of the native targeting DNA and 10 pms ssSODN. Denatured DNA was

prepared as described by Mandecki, and concentrated and desalted as described above. 2-3 ul
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DNA electroporated contained 50 ng of thermally denatured DNA and additional 20 pms ssSODN
added after ultrafiltration.

Alkali to denature DNA was in a solution of 0.2 M NaOH, 5 mM EDTA, 100 mM NacCl.
After denaturing DNA was precipitated with EtOH and washed with 70% EtOH, the DNA pellet
was dissolved in electroporation buffer®. The alkali denatured DNA concentration was measured
with DeNovix which clearly detected the hyperchromic shift due to DNA denaturation. The
denatured DNA was stored at 4 °C and used for transformation without delay. CaCl,
transformation of JM83 cells obtained from Addgene with thermally denatured targeted DNA
and ssODN was performed as described by Mandecki except for using SOC media instead of 2x
YT for Amp" marker expression. Mix&Go transformation reagents and Mix&Go JM108
chemically competent cells were obtained from Zymo Research (Irvine, CA) and used according
to the manufacturer’s instructions. Sterile 10 mM MgCl; solution was used for bacterial culture

dilution.

Recombineering
Mini-A provided by Dr. Shyam K. Sharan (NCI-Frederick) was introduced in DH10B T1

resistant cells obtained from New England Biolabs (Ipswich, MA) as described previously’.

PCR

PCR mix to generate the targeted DNA with a gap contained 0.1 uM primers; 0.2 mM dNTP; 5%
DMSO, 2.5% glycerol, 0.5 ng/ml vector template DNA and 10 U PrimeSTAR GXL polymerase.
Because the primers are long, PCR included 35 two-step cycles at 96°C for 15” and at 70°C for

9°30”. The PCR products were treated with Dpnl as previously described®, then precipitated with
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iISOPrOH and washed with 70% EtOH. The PCR mix is very efficient and specific and no further

purification for DNA gap repair experiments was required.


https://doi.org/10.1101/313155

bioRxiv preprint doi: https://doi.org/10.1101/313155; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

9

Results and Discussion

DNA gap repair requires highly efficient DNA intracellular delivery

In most recombineering applications, targeted DNA resides in the E. coli host, and thus only
targeting DNA needs to be delivered into E. coli for recombination. However, in the Mandecki
approach both targeting and targeted DNA need to be delivered into the E. coli host. This method
is therefore expected to be less efficient, and requiring cells highly competent for DNA uptake.
In agreement with this, we were unable to detect any colonies with the co-electroporation of
targeted DNA and ssODN with an efficiency of <108 colony forming units (CFUS) per g

pUC18 plasmid DNA. Details on efficiency are provided in Fig. 4, legend.

DNA gap repair is driven by endogenous pathways independent of red genes

DNA integration requires recombineering genes products, while the minimal size of the
homology arms is probably ~22 nucleotides® °. To determine whether recombineering genes
products are required for DNA gap repair, we co-electroporated lambda phage lysogens with a
targeting ssODN with homology arm length of either 10, 15 or 30 nucleotides to insert, as in the
Mandecki report®, one nucleotide in the gap (indicated in Fig. 4 and 5 as 2x10+1, 2x15+1, and
2x30+1, respectively) (Table 2). We then counted the number of colonies with or without de-
repression of lambda genes (leading to rapid intracellular accumulation of recombineering gene
products). As shown in Fig. 4, increasing homology arm length led to higher colony numbers in
both repressed and de-repressed conditions. Importantly, with 10 and 15 nucleotide homology
arms, colony counts in both conditions were similar. With 30 nucleotide homology arms, the
expression of recombineering genes led to doubling of the number of colonies. These results

indicate that at least one of the three red genes promotes DNA gap repair when homology arm
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length is >15-30 nucleotides. Importantly, the expression of recombineering genes does not

affect DNA gap repair using homology arms of 10 to 15 nucleotides.

DNA denaturation is not required for DNA gap repair

Mandecki’s buffer for DNA thermal denaturation contains salts, precluding the use of denatured
DNA solutions in electroporation because of their high conductivity. We used membrane
ultrafiltration for desalting DNA solutions prior to electroporation. Due to partial renaturation,
the structure of denatured DNA could change during this about 15-minute procedure compared
to denatured DNA stored at 4 °C until transformation as in the Mandecki method. However,
partial DNA renaturation could not be excluded in the Mandecki method because DNA
transformation involves a three-minute incubation at 37 °C in the presence of 50-100 mM CacCl,.
Although structural DNA changes in these types of experiments can proceed to varying degrees,
we tested thermally denatured DNA in our experiments because some fraction of particular
recombination-active structures could persist after thermal denaturation and DNA desalting. As
shown in Fig. 4, DNA denaturation significantly decreased colony counts in both
recombineering-induced and non-induced cells when the gap was repaired with 10-nucleotide
homology arm ssODN, but there was no difference with 20 and 30-nucleotide homology arm
ssSODNSs. Denatured targeted DNA might be less active in DNA gap repair and increasing
homology arm length might restore activity by promoting DNA renaturation. In agreement with
this, co-transformation of commercial chemically-competent cells (DNA desalting is not
required) with 40-nucleotide homology arm ssODNs and denatured DNA followed by
ultrafiltration produced twice more colonies compared to experiments done without

ultrafiltration. In similar experiments, no colonies were produced when DNA was denatured with
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alkali (see Materials and Methods). Alkali-denatured DNA did not produce any colony in
electroporation experiments as well (data not shown). This evidence supports the conclusion that
DNA denatured according to the Mandecki method changed its structure during ultrafiltration,

and denatured DNA is not active in DNA gap repair.

Efficiencies of Mandecki method and DNA gap repair

To correctly compare the efficiencies of different genetic engineering pathways in vivo, the
number of recombinants should be normalized to the number of cells penetrated by recombining
DNA (both targeting and targeted). However, these numbers are usually not available because
even transformation efficiencies and fraction of competent cells are known only for covalently
closed double stranded plasmid DNA™. Currently, efficiencies are calculated as the fraction of
mutant to the total number of cells, frequently ignoring important differences in DNA uptake
efficiency by cells. Mandecki used “efficiency of mutagenesis”, that is the fraction of mutant
colonies among the total number of colonies (mutants plus non-mutants) on agar plates.
However, this value does not provide information on how easily mutant colonies can be
generated from the total number of original cells (this is the true efficiency). This fraction varied
between 0.2% (2 mutants per 820 transformants) and 98% (1,330 mutants per 1,360
transformants). The latter was obtained with a 30 nucleotide homology arms ssODN inserting a
nucleotide into thermally denatured DNA.

To compare DNA gap repair and Mandecki method efficiencies, we determined that cells
surviving electroshock using a 30-nucleotide homology arms ssODN were 1.5 to 3.5 x 105,
These numbers were similar to the number of cells we prepared according to the Mandecki

method. With these numbers, DNA gap repair had similar efficiency to the Mandecki method,
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i.e., 10™-10"® (roughly 1,000 colonies per plating divided by 1.5-3.5 x 10°), if all colonies were
mutant. However, efficiencies could vary with ssODNs of different homology arm length. In the
Mandecki report, the number of mutant colonies using a 15-nucleotide homology arms sSODN
was about 10 times higher than a 10-nucleotide homology arms ssODN, and there was only an
about 2-fold increase when homology arm length increased from 15 to 30 nucleotides. In DNA
gap repair, there was an about 3.5-fold increase when homology arms increased from 10 to 15
nucleotides and about 7-fold increase when homology arms increased from 15 to 30 nucleotides.
Thus, significant homology arm size limitation for the Mandecki method occurred between 10

and 15 nucleotides whereas for DNA gap repair this occurred between 15 and 30 nucleotides.

Comparing background cell contamination in the Mandecki method and DNA gap repair

Linear double stranded DNA cannot transform E. coli cells due to lack of non-homologous end
joining (NHEJ) pathways and inability to replicate*™ *2. Due to incomplete digestion, the use of
endonucleases to introduce double stranded DNA breaks always leads to some DNA fraction
retaining transformation potential and thus contamination of mutants with background colonies.
There is also some dependence of the number of background colonies on the method of DNA
extraction. Plasmids extracted with non-ionic detergents have lower background colonies than
alkali probably because they are free of irreversibly denatured DNA> 3, which is resistant to
endonucleases but active in cell transformation. These background colonies are usually present at
a frequency of about 10-10"°in high efficiency electrocomptent cells (10°-10'° transformants
per 1 ug pUC plasmid DNA) at plasmid DNA saturating concentrations. Thus, with DNA gap
repair efficiency of 10, only 1 to 10% of colonies would be expected to be mutant if

endonucleases were used for the introduction of double stranded DNA breaks.
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PCR products treated with Dpnl to remove in vivo-derived plasmid DNA template are
linear and, as theoretically expected, can establish colonies only when the plasmid is re-
circularized as a result of recombination using short homology arms**. In Mandecki’s method,
restriction endonucleases are used for plasmid linearization, leading to significant background.
As shown in Figure 5 of Mandecki’s report, the number of background colonies was about 800.
We were unable to reproduce Mandecki’s results with our plasmids and ssODNSs, using both 50
and 100 mM CacCl, transformation of JM83 cells. Efficiency of transformation was only 5-10 x
10* transformants per 1 pg pUC plasmid DNA. We also failed to reproduce Mandecki’s results
with 10° per 1 pg pUC plasmid DNA JM83 competent cells prepared by Mix&Go protocol and
Mix&Go competent cells IM108 (Zymo Research). For all of these (chemically) competent cells
there were no colonies with or without a 30-nucleotide homology arm ssODN. In these
experiments, the average number of cells treated with DNA was similar to our electroporation
experiments, about 3-5 x 10°. Thus, for the Mandecki method the background cell frequency can
be 10°°-10°. In Fig. 4, the frequency of background cells can be determined directly from the
colony number formed with the electroporation of targeted DNA, about 10”". Overall, the main
feature of Mandecki’s method is that the fraction of mutant colonies is highly variable and
depends on experimental conditions (type and location of mutation, the size of targeting
ssSODNSs, and denatured or native targeted DNA).

With our DNA gap repair approach, the wild type sequence is physically removed and
PCR preps can be used as targeted DNA for the introduction of different mutations. Thus, very
rare intramolecular recombinants of the targeted DNA are the only possible background that can
be found both with and without ssODN electroporation. To check this, we sequenced DNA

from colonies obtained after co-electroporating native targeted DNA and targeting ssODN into
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cells with repressed recombineering genes (no heat shock) (Fig. 5). Colony numbers in
background and 2x10+1 experiments were similar, and as expected only 14% of colonies were
mutant. However, the fraction of mutant colonies increased rapidly for 15-nucleotide homology
arms ssODNs, reaching 71%, and becoming 100% for 30-nucleotide homology arms sSODNs
(Fig. 5). Out of 11 non-mutant colonies sequenced, all structures were unique except structure 3
(Table 3) which was present in two independent clones. Non-mutant structures were not direct
gap end-joining products (structure 0; Table 3). In fact, all of them had gap extension at either
the 5’ (structures 3, 5, 8) or 3’ (structures 1-7) gap ends or both (structures 3, 5). Thus, these
“non- mutants” were actually mutants with unexpected structures preferentially originating from
recombination of one intact end with an internal site located in the other end of the targeting
DNA. Among them, there were some produced by recombination of targeted DNA ends with
obvious homology (structures 2-5). Others however had no obvious homology between ends
(structures 1, 6-8). Interestingly, most of the mutants retained intact 5’-ends terminating in GG
(structures 1, 2, 4, 6, 7), and three of them contained deletion of the (GA), dinucleotide repeat at
the 3’-end (structures 3, 6, 7). These findings suggest that homology, repeats, and probably GC-
rich stretches should be avoided in the ends of the gap to reduce the rate of unexpected mutants.
As shown in Fig. 5, with this precaution and increasing the homology arm length of the targeting
sSODN, virtually 100% of mutant clones can be produced without contamination of mutants with
any other structure. Unlike the Mandecki method, the fraction of both mutants and unexpected
mutants are the same for all possible mutations introduced through DNA gap repair because they

depend on homology arms and the structure of the ends of targeted DNA.

Additional Considerations
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With the introduction of site specific designer nucleases (ZFN, TALEN, and especially Cas9),
DNA repair applications have become standard in DNA engineering partly due to high
efficiency, avoiding the need for mutant isolation procedures. Although CRISPR/Cas9 has been
successfully used in E. coli®®, its potential application for site-directed mutagenesis appears
complex for such a simple model system compared with the relatively straightforward DNA
integration approach coupled with selection, our recently described markerless method for the

isolation of rare mutants* ®, or our newly described DNA gap repair approach.

Conclusion

Here we demonstrate that DNA gap repair is independent on lambda red gene product; it does
not require targeted DNA denaturation; it functions with targeting DNA homology arms of at
least 10 nucleotides and it is potentially background-free. These features are different from
recombineering and the Mandecki approach (Table 1), thereby suggesting that these three

genetic engineering pathways have at least partly different mechanisms.
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Figures

Fig. 1 Different ways of engineering DNA. With DNA integration, targeted DNA remains intact
between the homology arms (hArms). With DNA (gap) repair, there is one or more DSBs,

forming a gap in the DNA sequence between the homology arms.

Fig. 2 Two possible localizations of a mutation in DNA repair. A. The mutation is not located in
the DSB(s), but it is in the homology arms where it forms a mismatched heteroduplex with the
targeted DNA. B. The mutation is located within the gap. The homology arms of the targeting
DNA perfectly match the targeted DNA. Only the strand of targeted DNA complementary to

ssODN is shown.

Fig. 3 Site-directed mutagenesis mediated by DNA repair in a gap introduced by PCR. A.
Original DNA construct containing wild type insert cloned in a vector. B. Amplification by PCR
of the DNA construct which “deletes” the sequence between the 5’ primer ends of the insert. C.
The gap formed between the upper break point (UBP) and lower break point (LBP) is repaired
by a mutant sSODN. D. DNA repair of the gap with the mutant sSODN leads to the insertion of

the mutation in the construct.

Fig. 4 Colony numbers with DNA gap repair. DH10B cells with repressed (recombineering-) and
de-repressed (recombineering+) lambda red genes were co-electroporated with 50 ng of either
native targeted DNA (native construct DNA) or thermally denatured DNA (denatured construct

DNA) and 10 pms ssODNs with different homology arms: 10 nt (2x10+1); 15 nt (2x15+1); and


https://doi.org/10.1101/313155

bioRxiv preprint doi: https://doi.org/10.1101/313155; this version posted May 2, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

17

30 nt (2x30+1). All ssODNs were designed to insert T in the 21 bp gap of targeted DNA. The
columns with error bars represent average colony numbers per plating. Background colony
numbers were determined through the electroporation of native construct DNA. Electroporation
efficiency of the cells were determined from triplicates and were equal to 3.3x10° for repressed

cells (recombineering-) and 2.2x10° for de-repressed cells (recombineering+).

Fig. 5 Fractions of mutant colonies with three targeting sSODNs with different homology arms:
10 nt (2x10+1); 15 nt (2x15=1); and 30 nt (2x30+1). A number of colonies indicated in the
denominator were sequenced, and the numbers of mutants confirmed by DNA sequencing

represent the numerator of the fraction.
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Table Legends

Table 1 Features of recombineering and Mandecki approaches

Table 2 PCR primers and targeting ssODNs used in experiments

Table 3 DNA structure of some unexpected mutants from the experiment with native construct
DNA/recombineering- and 2x10+1 targeting sSODN reported in Fig. 4. Structure O with correct
gap boundary sequences are highlighted in green throughout the table. Incorrect gap boundary
sequences are highlighted in red. Subscript numbers represent the position of a terminal
nucleotide in the wild type sequence (1-714 nucleotides). Sequences in lower case are
homological to the other end, presumably causing targeting DNA rearrangements and their

deletion from the corresponding structure (second column: sequence of the structure).
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Fig. 4
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Table 1

Phage lambd genes

Minimal size of hArms

Denatured DNA

Background colonies

Recombineering

YES

20-22

NO

YES

Mandecki

NO

7-8

YES

YES
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Table 2 ID Sequence

Primers for targeted DNA construction

fPhoTnT2BAC | GTATCCTGGAGCATCTTCTTTTAG

_ 30679

rPHOTNT2BA | CTTCCTCCTTCTTCCTGTTCTC

C_31392

f_-TkRV_8976 | CTCAAGCGAAAGGAAACAATG

r -TKRV_7573 | GGTCTTGCCTGCTTTATCAGTA

fMAMCon8070 | GAGAGAGAGTGGACTTTGATGTGAGTGGTGGCTCTGGGTGGAGC

PAG GAGCCAGGCTGGGGTGGTGACCAGAGCTTTCATACAAGTGACAG

AGTTCCTGATC

r91TnTCon795 | ccaagttgggcatgaagagcctgctgcagagaggaatggagagtcaggggtcaccagagcaactgggg

OPAG acatgagggactatgcgttcctg

Single stranded oligonucleotide targeting DNA

2x10+1 cccaacttggTgagagagagt

2x15+1 tcatgcccaacttggTgagagagagtggact

2x30+1 tctgcagcaggctcttcatgcccaacttgg Tgagagagagtggactttgatgtgagtggtg
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Table 3

ID Structure interpretation

No Sequence of the structure 5’ gap border sequence 3’ gap border sequence

0 TCTTCATGCCCAACTTGG TCTTCATGCCCAACTTGG, ;, 12sGAGAGAGAGTGG
GAGAGAGAGT

1 TCTTCATGCCCAACTTGG TCTTCATGCCCAACTTGG,, e =
AGTGGTGGCTCT

2 GCCCAACTTGG TCTTCATGCCCAACTTGG,, tee, JOCICOOIGIOE =
TGGTGGCTCTGG

3 GAGCAAGTGAG CAGERAGIEAS . <t2c2cattestets .:GTGGACTTTGATGTG |
GTGGACTTTGATGTG

2 TCATGCCCAACTTGG TCTTCATGCCCAACTTGG, teg, NCIMCMIGIGA |
ACTTTGATGTG

5 TGCTCTGGTGACC TGCTCTGGTGACC tggteacc, ONGOINGAN |
AGAGCTTTCATAC

6 CCCAACTTGG TCTTCATGCCCAACTTGG,, «AGAGTGGACTTT |
AGAGTGGACTTTG

7 ATGCCCAACTTGG TCTTCATGCCCAACTTGG, ;, GTGGACTTTGAT |
GTGGACTTTGA

8 TCTTCATGCCCAACTT TCTTCATGCCCAACT Ty 1sGAGAGAGAGTGG |

GAGAGAGAGT
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