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ABSTRACT

Despite recent advances in sequencing, complete

finishing of large genomes and analysis of novel

proteins they encode typically require cloning of

specific regions. However, many of these fragments

are extremely difficult to clone in current vectors.

Superhelical stress in circular plasmids can

generate secondary structures that are substrates

for deletion, particularly in regions that contain

numerous tandem or inverted repeats. Common

vectors also induce transcription and translation

of inserted fragments, which can select against

recombinant clones containing open reading

frames or repetitive DNA. Conversely, transcription

from cloned promoters can interfere with plasmid

stability. We have therefore developed a novel

Escherichia coli cloning vector (termed ‘pJAZZ’

vector) that is maintained as a linear plasmid.

Further, it contains transcriptional terminators on

both sides of the cloning site to minimize trans-

criptional interference between vector and insert.

We show that this vector stably maintains a variety

of inserts that were unclonable in conventional

plasmids. These targets include short nucleotide

repeats, such as those of the expanded Fragile X

locus, and large AT—rich inserts, such as 20-kb

segments of genomic DNA from Pneumocystis,

Plasmodium, Oxytricha or Tetrahymena. The

pJAZZ vector shows decreased size bias in

cloning, allowing more uniform representation of

larger fragments in libraries.

INTRODUCTION

Nearly complete genomic sequence is available for over
1300 eukaryotic and 4400 prokaryotic organisms
(1) (http://www.genomesonline.org/). ‘Next-generation’
sequencing technologies are rapidly expanding this
database, without the need to construct genomic DNA
libraries (2). However, cloning and library construction
are still critical for de novo assembly of novel genomes
and for gap closure of larger genomes (3). Accurate
cloning is also essential for functional analysis of
entirely novel genes.
Unfortunately, many of the sequenced coding regions as

well as gaps in the assemblies are difficult to capture in
conventional circular plasmids. For example, the ‘finished’
human genome contained at least 241 gaps within the
euchromatic sequence, which were not detected in BAC,
phage P1, fosmid or cosmid libraries (4,5). Many of the
uncloned regions were also missing from ‘next-generation’
sequence assemblies, presumably due to their highly
repetitive nature (5–7). Significantly, rapidly evolving
genes specific to humans can be found in some of these
regions (8,9). Skewed sequence composition also can
impede cloning in E. coli. Very AT—rich genomes are
notoriously difficult to clone, such as that of the slime
mold Dictyostelium discoideum (10), the malaria parasite
Plasmodium (11–13) (80–85% AT) and the fungal
pathogen Pneumocystis carinii (75% AT) (http://pgp
.cchmc.org/html/genome_pro_clonelib.html). Similar
difficulties are likely for the genomes of other parasitic
organisms, as they are often AT—rich (14,15).
Difficulties in cloning consequently prevent in vitro

expression and functional analysis of newly discovered
Open Reading Frames. The Mammalian Gene Collection
(MGC) was a high-throughput endeavor by the National
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Institutes of Health to clone and express �22 000 putative
protein-coding cDNAs from the human genome (16)
(http://mgc.nci.nih.gov/, 2009). Years of effort yielded
�18 000 unique clones. The remaining genes were specifi-
cally targeted by PCR or gene synthesis, yet nearly 1600 of
the genes were never recovered (16). Included among these
are genes for over 100G protein-coupled receptors, a
family of proteins that are involved in a wide range of
cell signal transduction processes. Possible explanations
for the inability to capture the cDNAs are that they were
toxic to bacteria, contained repetitive sequences or were
longer than 4–6 kb (17).
Instability of cloned fragments is exacerbated by

features of typical cloning vectors (18). Transcription of
the cloned DNA may result in selection against open
reading frames encoding toxic proteins or it may cause
rearrangement or deletion of repetitive sequences, such
as di- or tri-nucleotide repeats or poly-T tracts (19–21).
In addition, active promoters within the insert can tran-
scribe into the vector backbone, interfering with plasmid
replication or expression of the selectable marker (20,22).
High copy number of the vector can reduce the ability to
clone large fragments (e.g. >8 kb) or regions with strong
secondary structure (23,24). Plasmid supercoiling can
induce cruciforms and other secondary structures,
favoring deletions or rearrangements (25,26).
To circumvent some of these issues, the first generation

linear vectors ‘pG591’ and ‘pN15L’ were constructed
(27,28). These vectors were based upon the coliphage
N15, which has a linear, dsDNA genome. Upon infection,

the N15 phage DNA normally becomes circularized via its
cohesive ends. A unique phage enzyme termed protel-
omerase (TelN) cuts at a specific site, telRL, linearizing
the phage DNA. TelN subsequently seals each newly cut
end, generating covalently closed ‘hairpin’ ends (29).

During lysogeny, the prophage replicates as a linear
dsDNA molecule, maintaining the covalently closed ends
(Figure 1) (27,30). Priming of N15 replication is carried
out by the N15 RepA protein (31) and the phage genome
is replicated by E. coli DNA polymerase. After replication
of the ends, TelN cleaves the duplicated palindromic site
created at each telomere. It again seals the cut ends to
recreate the characteristic closed hairpin structure (30).
pG591 and pN15L utilize the replication and partitioning
system of N15, but they lack the structural and lytic genes.

Here we describe a second-generation linear cloning
system, the ‘pJAZZ’ series of transcription-free, linear
cloning vectors. We have also generated a host cell
strain, E. coli ‘TSA’, that provides efficient transformation
with the pJAZZ vectors. We show that the pJAZZ vectors
in the E. coli TSA strain can stably maintain templates
that are difficult or impossible to clone in circular
vectors, including AT-rich inserts of up to 30 kb and
short tandem repeats of up to 2 kb.

MATERIALS AND METHODS

Construction of the E. coli TSA host strain

The telN gene from phage N15 was amplified by PCR and
cloned into the expression vector pGZ119EH (32),

Figure 1. Replication and structure of phage N15 and linear pJAZZ vectors. Left panel: Replication of phage N15 and the pJAZZ vectors requires
the phage proteins RepA and TelN. Bidirectional replication is initiated by RepA within the repA gene. TelN cleaves the newly replicated telomeres
to re-create the closed hairpin ends. Right panel: The lysis and structural genes of N15 were deleted to create pG591. The vector pJAZZ-KA was
derived from pG591 by insertion of a lacZ-alpha ‘stuffer’ fragment, situated between a pair of identical multiple cloning sites. A drug resistance gene
was added to the right arm. The vectors pJAZZ-OK, pJAZZ-OC and pJAZZ-OCmin were derived from the pJAZZ-KA vector. The lacZ-alpha
stuffer is removed before ligation to target DNAs. Transcription is indicated by arrows and transcriptional terminators by ‘T’. Dark balls represent
the hairpin telomeres; cB, regulator of replication; MCS, Multiple Cloning Site (SmaI, NotI, AflII . . .LacZ-alpha . . .AflII, NotI, SmaI).
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under control of isopropyl b-D-1-thiogalactopyranoside
(IPTG)-inducible Ptac promoter. The Ptac-telN
fragment was excised and subcloned into the
chromosome-integration vector pJW22 (33). A fragment
containing the sop operon of phage N15 under control of
its own promoter and the antA antirepressor gene under
control of the arabinose-inducible araPBAD promoter were
excised from the plasmid pCD31sop (34). The sop-antA
fragment was sub-cloned into the integration plasmid with
the Ptac-telN fragment.

The resulting plasmid was partially digested with NotI
to excise a fragment containing telN-sopAB-antA and the
vector’s b-lactamase gene (bla; ampR). The fragment
was purified by gel-electrophoresis, circularized by self-
ligation and transformed into E. cloni� 10G cells
(Lucigen, Middleton, WI, USA), which had been trans-
formed previously with the lambda integrase-producing
plasmid pJW289t (33). Colonies that contained an
integrated telN-sopAB-antA-bla fragment and which had
lost the integration plasmid, were selected. The resulting
ampicillin resistant strain is designated E. coli TSA.

Construction of the pJAZZ vectors

A cloning cassette was constructed containing the lacZ-
alpha coding region, bounded on each side by a
transcriptional terminator (phage T7 and E. coli rrnB ter-
minator on the left and right, respectively), a unique
primer binding site and a multiple cloning site. This
cassette was inserted into the NotI cloning site of pG591,
along with a b-lactamase gene (encoding ampicillin resis-
tance) followed by the TonB terminator. The resulting
linear plasmid is the pJAZZ-KA vector (Figure 1).

To create a vector with only a single drug-resistance
marker, the kanamycin resistance gene was deleted,
leaving the origin of replication as a selectable marker
for the left arm. The ampicillin resistance gene was
replaced by chloramphenicol resistance to select for the
right arm. The resulting vector is pJAZZ-OC. Replacing
the chloramphenicol resistance gene with the kanamycin
resistance gene generated the pJAZZ-OK vector.

The pJAZZ-KA, -OC and -OK vectors contain several
N15 genes that are not essential in cis. To construct a
minimal linear vector, telN and several genes of the
antirepressor operon (N15 genes 30–32) were deleted
from the vector. The minimal vector backbone was
excised from the pJAZZ-OC vector as an 8.2-kb AgeI –
BglII fragment, comprising the repA gene and origin of
replication, the cloning region and the chloramphenicol
resistance gene. It was ligated to a 0.4-kb PCR product
containing the telRL region of N15, which was amplified
from the N15 phage genome with primers tosLOC (50-GA
GAGATCTCTATCTCTTCCGTCTC) and tosROC-2
(50-TCTACCGGTGTCTCTGGATATCGTAACAC).
The circular ligation products were transformed into the
E. coli TSA strain. In vivo cutting at the telRL site by TelN
produced the 8.6-kb linear plasmid, pJAZZ-OCmin
(Figure 1). TelN is provided by inducing expression of
the chromosomally integrated copy of the gene in the
E. coli TSA cells.

The GenBank Accession numbers of the linear vectors
are as follows: pJAZZ-KA (DQ391279); pJAZZ-OC
(EF583812); pJAZZ-OK (FJ160465) and pJAZZ-OCmin
(GQ469986).

Construction of libraries in the pJAZZ vectors

The pJAZZ vectors were digested with SmaI (blunt) or
AhdI (3’C overhang) to excise the lacZ-alpha stuffer
fragment, which separates the vector arms. The digests
were dephosphorylated using calf intestinal alkaline phos-
phatase (Promega, Madison, WI, USA) and purified with
Qiaquick� PCR Cleanup columns (Qiagen, Valencia,
CA, USA).
Genomic DNA was mechanically sheared to the desired

size range (HydroShear� device, Genomic Solutions,
Ann Arbor, MI, USA) and end-repaired with the
DNATerminator� Kit (Lucigen, Middleton, WI, USA).
The DNA was size fractionated by electrophoresis,
excised, purified (Gel Extraction Kit, Qiagen) and
ligated to a SmaI digest of a pJAZZ vector. Alternately,
a single 3’G tail was added to the blunt DNA with
PyroPhageTM 3173 DNA polymerase (Lucigen). G-tailed
DNA was ligated to an AhdI digest of a pJAZZ vector.
Ligation reactions were performed with the

CloneDirect� ligation kit (Lucigen), using 50–100 ng
of digested linear vector and 100–300 ng of prepared
insert DNA. After heat inactivation, ligation reactions
were electroporated into TSA cells. Recombinants
were selected on YT agar plates containing X-GAL
(Amresco, Solon, OH, USA) plus the appropriate antibi-
otic (12.5 mg/ml chloramphenicol for pJAZZ-OC; 30 mg/ml
kanamycin for pJAZZ-OK; 100 mg/ml carbenicillin plus
20 mg/ml kanamycin for pJAZZ-KA).
Ligations were also carried out in parallel with the circu-

lar high copy plasmids pUC19 and the transcription-free
vector pSMART�-HCKan, which contains transcrip-
tional terminators on each side of the cloning site; the
low—copy circular vector pSMART-LCKan, which is
transcription-free and maintained at �15–20 copies per
cell and a single-copy, transcription-free vector
(pSMART-BAC, Lucigen) (18).
Single colonies were grown in TB medium containing

the appropriate antibiotic. L-arabinose was added
to 0.01% (w/v) at the time of inoculation to induce
the copy number. Cultures of 1.5ml typically yielded
�5–20 mg of linear plasmid DNA, using standard
alkaline lysis methods. Miniprep DNA was digested with
NotI to excise inserts for gel analysis. Dye terminator
cycle sequencing was performed using 150–250 ng of
miniprep DNA, according to the manufacturer’s instruc-
tions (Amersham, Piscataway, NJ, USA; or Applied
Biosystems, Inc., Foster City, CA, USA).

RESULTS

Vector construction

The vector pG591 (Figure 1) is capable of cloning large
palindromes or regions with abnormal structures [(28) and
data not shown]. However, the digested vector prepara-
tions generated aberrant clones consisting of circular
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permutations or dimers of the left arm alone (data not
shown).
To create the pJAZZ vectors, the parental plasmid

pG591 was modified by addition of: (i) a multiple
cloning site, (ii) a lacZ-alpha ‘stuffer’ fragment in the
cloning site to allow blue/white screening against uncut
vector, (iii) transcriptional terminators on each side of the
cloning site to prevent transcription from the insert into the
vector, (iv) a transcriptional terminator in the vector
backbone to prevent transcription from the vector into
the insert and (v) a selectable marker on the right arm of
the vector to select for recombinants containing both arms
of the vector (Figure 1; ‘Materials and Methods’ section).
The first of the new series was the vector pJAZZ-KA,

which contains a kanamycin resistance marker on the left
arm and an ampicillin resistance marker on the right arm.
Selection for both arms ensures that only recombinants
with the correct structure are recovered. Subsequent
testing indicated that no antibiotic resistance gene was
required on the left arm of the vector, as the origin of
replication provides selection. We therefore created the
vectors pJAZZ—OK, which is resistant to kanamycin,
and pJAZZ-OC, encoding resistance to chloramphenicol
(Figure 1). Except for their drug resistance, they showed
the same behavior and functionality as the pJAZZ-KA
parent (data not shown).
A truncated version, pJAZZ—OCmin (Figure 1), lacks

telN and genes #30–32 of the N15 antirepressor operon.
The truncated vector is propagated in the same way as the
full-length version, with one notable exception. Upon
induction of the vector copy number, there appears to
be insufficient basal expression of TelN from the chromo-
somal gene driven by the lac promoter in TSA cells.
As a result, a small but detectable fraction of molecules
are not cleaved by the pro-telomerase, generating tail-to-
tail dimers (data not shown). This situation is remedied by
IPTG induction to increase expression TelN. Induction
of TelN is not needed for the full-length versions of the
pJAZZ vectors, which carry their own copy of the telN
gene, as its gene dosage is increased along with the
copy number of the vector. Efficient transformation with
the full-length vector nonetheless requires TSA cells,
which provide an endogenous supply of TelN prior to
transformation to protect the ends of the incoming
linear DNA.

Host strain construction

The pJAZZ vectors may be transformed into any labora-
tory strain of E. coli, but three problems must be
addressed. First, cellular nucleases of E. coli degrade the
hairpin telomeres of incoming linear molecules (35).
Transformation with pJAZZ vectors therefore is about
two orders of magnitude less efficient than with circular
DNA of the same size. Second, due to the absence of
a partitioning system, the low copy number vector is
spontaneously lost. Third, the low yield of DNA is incon-
venient for subsequent plasmid manipulation.

These problems were solved by incorporation of three
genetic elements of phage N15 (telN, sopAB and antA)
into the chromosome of the E. coli host strain. Degrada-
tion of incoming linear DNA is prevented by binding of
TelN to hairpin telomeres (35). The sopAB operon ensures
stable inheritance of plasmids containing the N15
centromere site, which lies within repA. The rate of loss
is <0.1% per generation (36). In addition, the copy
number of the plasmids can be elevated to �50/cell from
�5/cell by expression of the antirepressor AntA (31). The
efficiency of transformation of the resulting E. coli ‘TSA’
strain with linear pJAZZ DNA is about the same as with
circular DNA of the same size.

Utility of the linear cloning vector

Cloning AT-rich DNA. AT-rich inserts are often very
unstable in conventional circular vectors. Several lines of
evidence suggest that the instability is a function of both
the copy number of the vector and its level of transcrip-
tion. Circular plasmids were used to clone fragments of
various sizes from a number of AT—rich genomes,
including those of Lactobacillus helveticus (67% AT), the
ciliated protozoans Tetrahymena and Oxytricha (�75%
AT) and the fungal pathogen Pneumocystis carinii
(�75% AT). AT-rich inserts as small as 1–3 kb were
unstable in pUC19, which has a high copy number and
transcribes actively into the cloning site due to the blue/
white screen (Figure 2A). However, these inserts were
stable in the high-copy, transcription-free vector
pSMART-HCKan, which contains transcriptional
terminators on each side of the cloning site (18; data not
shown).

Figure 2. Increased stability of AT-rich DNA in the transcription-free linear vectors. Left panel:Genomic DNA from L. helveticus was sheared to
1–3 kb and cloned into pUC19. Recombinants frequently were deleted, yielding clones smaller than the empty vector control (lane ‘V’). Uncut
plasmid DNAs are shown. Right panel: Genomic DNA from L. helveticus was sheared to 10–20 kb, end-repaired and cloned into the pJAZZ—KA
vector. Inserts were excised with NotI. Left arm of linear vector is 12 kb (asterisk); the 2-kb right arm ran off the gel. M, lambda/HindIII size
marker.
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Larger fragments could only be stably maintained
in plasmids with lower copy number. AT-rich inserts of
4–6 kb required the use of the lower—copy circular vector
pSMART-LCKan, which is transcription-free and main-
tained at �15–20 copies per cell. Fragments of 10–20 kb
from the Tetrahymena or Oxytricha genomes were only
recovered in the single-copy, transcription-free circular
vector (pSMART-BAC, Lucigen) (18). However, even in
the single-copy vectors the large insert libraries yielded
very few clones, and these clones typically grew poorly.

In contrast, 10–20 kb genomic DNA fragments from
these organisms were stably maintained in both
pJAZZ-OC and pJAZZ-KA. Ligation reactions contain-
ing 100–300 ng of prepared DNA typically yielded
�10 000 cfu. Recombinants grew well on plates and in
liquid culture, and inserts were stably maintained
(Figure 2B). To our knowledge, these are the only libraries
of Oxytricha or Tetrahymena DNA of >10 kb to be suc-
cessfully generated, despite numerous attempts in our lab
and in others using traditional cloning systems. The
pJAZZ-OC vector was also used for constructing a
genomic library from Bifidobacterium animalis (65%
GC). Stable inserts of up to 30 kb were obtained, confirm-
ing that this system is suitable for cloning GC-rich frag-
ments as well (data not shown).

Cloning repetitive DNA. cDNA fragments from a marine
mollusk were size-selected into two fractions of 0.3–0.7 kb
and 0.7–2.0 kb. The fractions were cloned into pUC19 and
into the transcription-free vectors pSMART-HCKan
or pSMART-LCKan (Lucigen Corp., Middleton, WI,
USA). All inserts recovered from these vectors were
<100 bp, and many were <10 bp (data not shown).
In contrast, cloning the same cDNA fractions into the
pJAZZ—OC linear vector resulted in clones that were
all within the expected size ranges (Figure 3A). Sequence
analysis confirmed that many of these clones consisted of
di-, tri- and tetra-nucleotide repeats (Figure 3B).
Equally improved stability was observed with a DNA

fragment containing 220 CGG�CCG repeats, representing
an allele that gives rise to Fragile X syndrome, a human
repeat expansion disorder. A PCR product containing
these repeats was generated from an expanded allele
from a Fragile X mouse model (37) and cloned into the lin-
ear or circular vectors. Full-length inserts were recovered
from approximately half the clones in the pJAZZ-OC
linear vector and in the transcription-free pSMART-
LCKan circular vector (Figure 3C). The remaining
clones in these vectors appeared to contain PCR artifacts
or primer dimers. The vector pUC19 yielded no clones
with intact inserts.

Figure 3. Cloning repetitive DNA in the pJAZZ vectors. Mollusk cDNA fractions of 0.3–0.7 kb and 0.7–2.0 kb were cloned into the pJAZZ-KA
vector. (A) DNA was isolated from randomly selected clones from each library and digested with NotI to excise the insert. Nine of the samples were
subject to copy number amplification during growth (indicated by ‘+’). All clones contained inserts of the expected sizes. (B) Chromatogram from
one of the recovered mollusk cDNA clones, showing repetitive sequence. (C) A PCR fragment containing �220 copies of the CGG repeat from the
Fragile X locus was cloned into the pJAZZ-OC linear vector or into circular vectors. DNA was isolated from randomly selected colonies and
digested to excise the insert from the vector. No intact CGG fragment was obtained in pUC19.
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Serial culturing showed that the CGG inserts were
stable in the pJAZZ vector, using conditions that were
designed to maximize the chance of rearrangements or
deletions. Subcultures were grown overnight to saturation
in 1000ml of medium at 37�C in the presence of arabinose,
which increases the plasmid copy number. The following
day they were diluted 1: 1000 into fresh medium and
re-grown overnight. After three rounds of subculturing,
the plasmid DNA was analyzed. No apparent change in
the fraction of intact CGG insert was detectable, although
in all cultures there appeared to be a fraction of vectors
lacking the insert (data not shown). In contrast, the inserts
were lost upon the first attempt to re-grow small cultures
of the pSMART—LCKan clones, confirming the instabil-
ity in supercoiled plasmids (data not shown).

Assembly of genomic libraries

As a broad assessment of cloning bias, the pJAZZ-OC
vector was used to clone and sequence the genome
of Flavobacterium columnare (69% AT, 3.1Mb).
Genomic DNA was randomly sheared, end-repaired
and size-selected to 2–6 kb, 6–10 kb and 10–12 kb. The
fractions were cloned separately into three libraries in
the pJAZZ-KA vector. A total of 88Mb was cloned and
33Mb was sequenced (�10X coverage). Automated
assembly followed the expected Lander–Waterman curve
(Figure 4). Initial assembly after 8X genome cover-
age yielded 21 major contigs of >40 kb, 15 contigs of
2–40 kb, plus 21 small contigs or singletons. Importantly,
the gaps between contigs appeared to be short sequencing
gaps of <10 kb, rather than physical clone gaps.

Reduced size bias

Ligation of a fragment into a circular vector involves an
intermolecular ligation reaction to join one end of the
insert to the vector, followed by intramolecular ligation
of the recombinant molecule into a circular form. The
efficiency of circularization depends directly on the size
of the fragments, decreasing dramatically as the length
of the vector or insert is increased. The effect is evident
even among inserts in a relatively small size range, causing
the well-known bias against larger inserts. On the other
hand, formation of a viable linear plasmid from two
separate arms of the vector involves two independent
ligation events. Ligation of a vector arm to each end of
the target DNA is not affected by the size of the frag-
ments. The linear vector was therefore expected to show
minimal bias for cloning fragments of various sizes.
To test this notion, E. coli DNA was randomly sheared

to�8–20 kb, purified without size selection and cloned into
the pJAZZ-OC vector or into the circular vector pUC19.
Another aliquot of the DNA was run on a gel to visualize
the size range of the fragments. The size of the inserts in
the linear vector reflected the size range of the input DNA.
In contrast, the inserts in the circular vector were strongly
biased toward smaller clones. (Figure 5).

Full-length versus minimal pJAZZ vector

To determine the minimal construct needed for a func-
tional linear vector, several regions of the pJAZZ-OC

vector, including the telN gene, were removed to cre-
ate the vector pJAZZ-OCmin (8.3 kb; Figure 1).
The pJAZZ-OCmin vector was able to transform TSA
cells efficiently, and it was stably maintained in culture.

Several libraries were constructed in parallel using
the pJAZZ-OC and -OCmin vectors. Unexpectedly,
the truncated pJAZZ-OCmin vector consistently yielded
4–10-fold more colonies than the parental vector. The dif-
ference was observed with a variety of targets, but it was
most pronounced with large, AT-rich inserts, e.g. 10–20 kb
fragments from Tetrahymena (75% AT) (Figure 6).

Figure 5. Minimal size bias in the pJAZZ vector. HMW E. coli
genomic DNA was hydrodynamically sheared to �8–20 kb. One
aliquot was visualized on a gel (lane ‘E.c.’), along with a 1-kb size
marker (‘M’) and a HindIII digest of lambda DNA (‘�/H3’). Another
aliquot was cloned without size selection into the pJAZZ-OC vector or
pUC19. Clones from each library were randomly isolated for analysis
of insert size. The bar graph depicts the number of inserts of each size.
The size distribution of pJAZZ clones corresponds to that of the input
DNA.

Figure 4. Assembly of the Flavobacterium genome (69% AT) in the
pJAZZ vector. Fragments of 2–6 kb, 6–10 kb and 10–12 kb were
cloned into the pJAZZ-KA vector. Clones were end-sequenced to
provide �10X genomic coverage. Assembly of pJAZZ libraries of this
AT-rich genome closely approximated the predicted Lander–Waterman
curve.
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Size limit of inserts in the pJAZZ vectors

Although derived from the N15 phage genome, the
pJAZZ vectors are never packaged into phage particles.
Therefore, the size of recombinant molecules is not
constrained by packaging. To assess the maximum size
that can be cloned, several sources of large fragments
were ligated into the pJAZZ-OC vector. For example,
genomic DNA from the nematode Meloidogyne spp.
(68% AT) was randomly sheared, size selected to 30 kb
and cloned into the vector pJAZZ-OCmin. Approximately
1800 clones were recovered from 60 ng of input DNA.
Clones had inserts in the expected size range of 30 kb
(Figure 7). Additional sources of large fragments were
also tested, but inserts of >30 kb were not recovered.

DISCUSSION

While most DNA fragments can be cloned successfully
into supercoiled circular vectors, there has been no satis-
factory system for cloning regions whose biological
properties or encoded proteins make them prone to
deletion and rearrangement. Instability is often regarded
as an intrinsic property of the DNA being cloned, whereas
the effect of the cloning vector itself has received relatively
little scrutiny.

We have previously shown that the stability of inserts
in circular vectors can be increased by the use of
transcriptional terminators to block transcription into
and out of the cloning region (18). We show here that
many types of DNA sequences can be more stably
propagated by cloning into a linear vector that is also
transcription-free. The most notable examples were
provided by AT—rich inserts of >10 kb and repetitive
DNAs of up to 2 kb.

CGG�CCG-repeats as well as other short tandem
repeats are notoriously unstable in bacteria (21).

Our previous efforts to clone fragments with <100 CGG
repeats into circular vectors were successful only when
cells were grown for short periods, at low temperatures,
at low densities (avoiding saturation), and in specific
E. coli strains; even then deletions were common.
However, with the linear plasmid, CGG inserts more
than twice this size were reproducibly cloned and stably
maintained with standard protocols.
To our knowledge, this is the first report of the success-

ful stable cloning of such a large number of CGG repeats.
Significantly, tracts of expanded CGG-repeats are respon-
sible for a number of human genetic diseases, including
the Fragile X-related disorders (38). The ability to stably
propagate constructs with large numbers of repeats may
be useful for generating cell lines and animals for study-
ing this disorder and others belonging to the Repeat
Expansion Disease family. In the past, the generation of
suitable animal and cell culture models for these diseases
has been limited by the elaborate, inefficient and
time-consuming procedures required to generate long
repeat tracts in vitro (37,39,40).
The pJAZZ system currently is the only method of

cloning and maintaining DNAs exclusively as linear
plasmid molecules in E. coli. Although bacteriophage
lambda vectors are ligated into linear concatamers for
packaging, the molecule is re-circularized for replication.
The instability caused by supercoiling is therefore likely to
affect inserts in lambda clones.
The linear cloning system has other applications as well.

The ability of the pJAZZ vectors to maintain fragments
of 30–40 kb, even if they are rich in repetitive DNA, may
be useful to close genome gaps resulting from Sanger
or ‘next-generation’ sequencing. The pJAZZ system also
can be used as a simple alternative to fosmid cloning,
without the packaging restrictions on the insert size. The
structure or topology does not seem to limit the size of

Figure 6. AT-rich libraries in the pJAZZ-OCmin vector. Tetrahymena
genomic DNA was sheared to �10–20 kb, end-repaired, and cloned
into the pJAZZ-OCmin or pJAZZ-OC vectors. DNA inserts from
randomly selected clones were excised by digestion with NotI. The
minimal vector yielded �10-fold more clones than the parental vector
and all clones analyzed had inserts of >10. The arms of each vector are
marked with arrows.

Figure 7. The 30-kb inserts of Nematode DNA. HMW genomic DNA
from nematodes was randomly sheared to 30 kb, end-repaired and
cloned into the pJAZZ-OCmin vector. Inserts were excised by NotI
digestion. Average insert size is 30 kb. Size markers ‘M’: HindIII
digest of phage lambda DNA plus full-length concatamers.
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linear molecules, as shown by the stability of a linear BAC
of 100 kb with N15 telomeres (41). In fact, the E. coli
chromosome itself has been linearized through the
addition N15 telomeres, yielding viable clones with
stable, linear genomes (42). Whether there is an upper
limit on insert size in the pJAZZ vectors remains unclear.
The absence of transcriptional interference allows

cloning of large cDNAs or operons. Further, the linear
vector can be transfected efficiently into mammalian cells
(data not shown). Future plans include addition of a
mammalian expression signals to the pJAZZ constructs.
These linear shuttle vectors will allow the mammalian
expression and analysis of genes that cannot be readily
cloned in conventional plasmids.
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