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The reported human genome sequence includes about 400 gaps of unknown sequence that were not found in the
bacterial artificial chromosome (BAC) and cosmid libraries used for sequencing of the genome. These missing
sequences correspond to ∼1% of euchromatic regions of the human genome. Gap filling is a laborious process
because it relies on analysis of random clones of numerous genomic BAC or cosmid libraries. In this work we
demonstrate that closing the gaps can be accelerated by a selective recombinational capture of missing chromosomal
segments in yeast. The use of both methodologies allowed us to close the four remaining gaps on the human
chromosome 19. Analysis of the gap sequences revealed that they contain several abnormalities that could result in
instability of the sequences in microbe hosts, including large blocks of micro- and minisatellites and a high density of
Alu repeats. Sequencing of the gap regions, in both BAC and YAC forms, allowed us to generate a complete
sequence of four genes, including the neuronal cell signaling gene SCK1/SLI. The SCK1/SLI gene contains a record
number of minisatellites, most of which are polymorphic and transmitted through meiosis following a Mendelian
inheritance. In conclusion, the use of the alternative recombinational cloning system in yeast may greatly accelerate
work on closing the remaining gaps in the human genome (as well as in other complex genomes) to achieve the goal
of annotation of all human genes.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to DDBJ under accession nos. AC140008, AY207046, and AY345879.]

The International Human Genome Sequencing Consortium re-
cently reported that ∼99% of the gene-rich euchromatic portion
of the genome has been sequenced and assembled. Each base pair
of this 99% was sequenced five times on average, ensuring an
error rate of less than one base in 50,000. The finished sequence
now has an N50 contig size of 27 Mb, and the number of gaps has
been reduced from 80,000 in the draft to ∼400. These 400 gaps
represent genome sequences not found in the screened genomic
bacterial artificial chromosome (BAC), P1-derived artificial chro-
mosome (PAC), or other fosmid and cosmid libraries. Most of
these gaps represent the type 3 gaps that are the most difficult to
evaluate, because the genome sequence flanking these gaps is
often not precisely aligned with the fingerprinted clones. The
gaps represent ∼30 Mb or 1.0% of the human genome (Grim-
wood and Schmutz 2003). Although almost the whole genome is
considered “finished” and offers a wealth of information, clon-
ing and sequencing the tough leftovers of the human genome is
essential. Without these sequences, we will not know what we
are missing. Each missed sequence can potentially contain a

gene, and each missed gene is potentially a missed drug target.
Even gene-poor areas might be critical for gene regulation.

A traditional method of filling gaps includes screening ad-
ditional BAC and cosmid libraries. However, this approach is
time-consuming and may be not applicable to some gap regions
with unusual DNA structures. For example, it is well documented
that long inverted repeats, AT-rich sequences, and sequences
with structures such as Z-DNA are extremely unstable in Esch-
erichia coli (Hagan and Warren 1982; Schroth and Ho 1995; Kang
and Cox 1996; Razin et al. 2001). These sequences may be un-
derrepresented or even lost when cloned in E. coli.

The introduction of alternative cloning systems and hosts,
allowing isolation of genomic segments that are poorly clonable
in E. coli cells, may assist the effort to close the gaps. Such a
system is yeast artificial chromosome (YAC) cloning in yeast.
Several recent reports demonstrate that genomic segments that
are unstable in E. coli vectors can be accurately recovered as YACs
in yeast (Bigger et al. 2000; Gardner et al. 2002; Kouprina et al.
2003). In some cases (Dictyostelium discoideum), YACs may repre-
sent the only viable method for the construction of large insert
libraries (Glockner et al. 2002). An additional advantage of using
yeast is the opportunity to directly isolate a desired genomic
region by transformation-associated recombination (TAR) clon-
ing (Kouprina and Larionov 2003). Two main TAR cloning
schemes were developed and applied for isolation of dozens of
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full-size mammalian genes. When DNA se-
quence information is available from the 3�-
and 5�-flanking regions of the gene of inter-
est, the region is isolated using a vector with
two unique targeting sequences (hooks;
Larionov et al. 1997). Another version of
TAR cloning, called radial TAR cloning, uses
a vector with one hook that is a unique se-
quence from the chromosomal region of in-
terest and the other hook that is a repeated
sequence occurring frequently and randomly
in the genomic DNA (i.e., Alu repeats; Koup-
rina et al. 1998a).

For the purpose of gap closure, the ra-
dial TAR cloning is the most suitable, be-
cause sequences of the flanking clones may
be deleted or rearranged, making the devel-
opment of two specific targeting hooks dif-
ficult. In the present study, the TAR cloning
approach and screening of additional ge-
nomic libraries were used to close gaps on
human chromosome 19. A subsequent analysis of the gap se-
quences allowed us to annotate four human genes and shed light
on the nature of poorly clonable chromosome segments.

RESULTS

Closing the Gaps on Human Chromosome 19
The first phase of the chromosome 19 mapping and sequencing
was based on chromosome 19-specific cosmid libraries con-
structed from flow-sorted chromosomes isolated from human-
hamster hybrid cell lines containing chromosome 19 as the only
human chromosome (Carrano et al. 1989). Cosmid contigs were
extended and merged by BAC libraries, that is, CTC, CTD, CTB,
and CIT from Caltech and RPC-11 (Osoegawa et al. 2001). This
approach has been extremely successful. However, as the Human
Genome Project drew to a close, there were four regions of chro-
mosome 19 that were not spanned by sequenced BAC or cosmid
clones. These regions, on 19p13.1, 19p13.2, 19p13.3, and
19q13.4, were referred to as clone gaps of type 3 (GAP1, GAP2,
GAP3, and GAP6) that required the collection of additional in-
formation for their closure.

Radial TAR cloning was successfully used to isolate genomic
fragments containing the GAP1, GAP2, GAP3, and GAP6 se-
quences in yeast. Figure 1 illustrates the scheme of the GAP6
closure between two flanking clones. All four gap regions were
selectively cloned as circular YACs using vectors carrying a GAP-
specific targeting hook and an Alu repeat as a second targeting
sequence (see Methods). Transformation experiments were car-
ried out with freshly prepared yeast spheroplasts and a linearized
TAR GAP-specific vector as described (see Methods). For each
GAP, from one to five clones positive for either one or both
flanking clones were identified (Table 1). The size of the positive
YACs was determined (see Methods). The results are summarized
in Table 1. Two approaches were taken to verify the integrity of
the YACs and their stability during propagation in yeast. In the
first approach, YAC DNA was isolated from four subclones of
each original GAP1, GAP2, GAP3, and GAP6 clones in plugs,
digested by NotI, separated by clamped homogeneous electrical
field (CHEF), and then hybridized with an Alu probe. Subclones
of each gap carried YACs of the same size, indicating that these
clones do not have detectable deletions in yeast. For the second
approach, the Alu profiles of four subclones of each clone were
determined and shown to be identical, indicating no detectable
rearrangements during propagation in yeast cells (Fig. 2A,B).

Thus, the YAC clones are relatively stable during propagation in
yeast. To evaluate the size of each GAP, the Alu ends of the YAC
clones positive for both flanking clones were rescued in E. coli
and sequenced (see Methods). The sequences were compared to
the draft sequence of chromosome 19 at NCBI and UCSC (build
29, April, 2002) using BLAST. Positions of YAC ends for GAP1,
GAP2, GAP3, and GAP6 TAR clones are shown in Table 1. With
knowledge of the size of the YACs, the positions of the YAC end
sequences, and the hooks in the clones towards the gaps, we
estimated their sizes: GAP1, ∼15 kb; GAP2, ∼20 kb; GAP3, ∼15 kb;
GAP6 ∼25 kb.

For further analysis, circular YACs were retrofitted into BACs
by homologous recombination in yeast, and transformed into E.
coli. Retrofitted YAC/BACs usually transform E. coli with high
efficiency: a 1-µL sample of a melted agarose plug usually pro-
duces 100–500 transformants. In contrast, the YAC/BACs with
GAP inserts transformed E. coli with an efficiency ∼10 times
lower. Most of the BACs rescued in E. coli underwent deletions,
suggesting that the inserts are intrinsically unstable in bacterial
cells. This observation was consistent with the absence of these
sequences in genomic libraries observed when this work was be-
gun. After screening the E. coli transformants, we succeeded in
finding BAC clones with no detectable rearrangements for two
gaps, GAP1 and GAP6, when transformation and subsequent
growth of E. coli cells was performed at 30°C (Fig. 3). Lack of
rearrangements in the BAC inserts was confirmed by Alu profile
comparison of original YAC isolates, retrofitted YAC/BACs, and
BACs with the size of insert not changed (data not shown). The
GAP1 and GAP6 BACs were chosen for further sequencing analy-
sis. For GAP2 and GAP3, circular YAC DNAs were isolated from
the yeast cells and used for sequencing. In addition, GAP2- and
GAP3-deleted BACs were also sequenced to determine whether
the deletion(s) occurred at the same region, which might suggest
the reason for the instability of these regions in bacterial cells.

In addition to the TAR cloning strategy, clones for three
gaps (GAP1, GAP2, and GAP6) were identified by screening two
new libraries (a BAC library, RP13 and an LLNL fosmid library,
XXfos), as well as by additional screening of RP11. No bacterial
clones linking the contigs that flank GAP3 were identified.

Analysis of GAP1, GAP2, GAP3, and GAP6 Sequences
To fill the gaps, 11 clones were sequenced. Because TAR isolates
and clones from additional libraries overlapped, only six se-
quences corresponding to the gaps were deposited into GenBank.

Figure 1 Scheme of the GAP6 closing between two flanking clones on chromosome 19 by TAR
cloning. Radial TAR cloning with a TAR vector containing a unique targeting sequence and an Alu
repeat was used to close the gap between contigs AC020922 and AC008735.7. Yeast spheroplasts
were transformed with genomic DNA containing human chromosome 19 along with a linearized
TAR cloning vector (see Methods). Recombination between the sequences in the vector and
genomic fragment containing the GAP6 sequence led to the establishment of circular YACs that
extend from the unique sequence to various Alu positions. In the present scheme, only YACs that
are positive by diagnostic primers for both contigs (DG1 and DG2) are shown. Orientation of
contigs towards centromere and telomere are indicated.
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For GAP6, the sequence information obtained from the bac-
terial clone found in the BAC library (AC135592) was confirmed
by the sequence information obtained from the TAR isolate
(AY207046). Analysis of the sequences revealed the presence of
two blocks of telomeric repeats and minisatellites that are known
to be unstable in E coli. Such a sequence is presumably a cause of
inefficient recovery of the gap in E. coli.

For other gaps, discrepancies were observed between inserts
propagated in E. coli and yeast cells. For GAP1, a fosmid clone
and the TAR isolate in a BAC form were sequenced. Comparison
of the two sequences revealed a great difference in one of the
minisatellite regions. This minisatellite is located in intron 8 of
the gene SCK1/SLI, spanning GAP1. The size of the minisatellite
in the fosmid clone is ∼500 bp (positions 19218–19716 in
AC138433), versus 1.2 kb in the TAR BAC clone. PCR analysis of
the minisatellite in the original TAR YAC isolate, using the prim-
ers flanking this region (TR6, Suppl. Table A1), revealed a frag-
ment 4.2 kb in size, indicating that this region is unstable in E.
coli. Analysis of 103 unrelated individuals showed that the mini-
satellite is nonpolymorphic (see below). This block of minisatel-
lites was completely sequenced using a PCR product generated
from a YAC TAR isolate, and a complete sequence of GAP1 was
deposited into GenBank (AY345879). Other minor differences
between the fosmid clone and the TAR isolate are due to the
presence of variable repeat sequences (VNTRs) in the region. De-
tailed analysis of the VNTR polymorphism within the SCK1/SLI
gene is described below.

For GAP2, two clones were also sequenced. One of the
clones was identified in a BAC library. Another clone was isolated
by TAR and retrofitted into BAC. Because transfer of the ret-
rofitted YAC/BAC into E. coli resulted in deletions, three sub-
clones of the BAC were shotgun-sequenced. Comparison of se-
quences of these subclones revealed that each clone has overlap-
ping deletions in the same region (Fig. 4) and is highly enriched
by Alu repeats (33 Alu copies per 11-kb sequence). The gap se-
quence was reconstructed using the sequences of the deleted
BACs. The sequence obtained matched the sequence present in
the BAC clone AC136469, identified by screening the BAC li-
brary.

Because no clones with GAP3 sequence were identified by
screening the additional BAC libraries, the only clones used for
closing the gap were the yeast YAC clones obtained by TAR clon-
ing (AC140008). Similar to clones with GAP1 and GAP2 se-
quences, GAP3 TAR isolates revealed instability during transfer to
E. coli cells. For this reason, three BAC subclones of the GAP3
isolate were shotgun-sequenced. The sequencing showed that
the GAP3 BAC clones were rearranged in multiple configurations
during growth, prohibiting the development of a sequence con-
tig. Most rearrangements are presumably due to a large block of
TGG repeats that is known to be unstable in E. coli cells (Pan and
Leach 2000). Failure to complete the gap sequence using BAC
sequence information encouraged us to sequence it in a YAC
form. Our analysis of gap sequences is summarized in Table 2.

All of the Gap Sequences Are a Part
of Gene-Encoding Regions
It is noteworthy that all gap sequences analyzed span gene-
encoding regions. Analysis of the GAP2 region revealed the pres-
ence of EST (BG705726) encoding the hypothetical protein
(HSPC240) expressed in CD34+ hematopoietic stem/progenitor
cells. The EMR3 gene, encoding human EFG-like module-
containing mucin-like receptor (Stacey et al. 2001), has sequence
within GAP3. The first seven exons and part of exon 8 of this
gene match sequence of the flanking clone AC0022149. Another
part of exon 8 lies within the gap sequence. Analysis of the GAP6
sequence revealed the presence of EST (AK094959) correspond-
ing to a hypothetical isochorismatase hydrolase family-
containing protein. Analysis of the GAP1 sequence revealed the
presence of exon 9 and exon 10 of the SCK1/SLI gene (Kojima et
al. 2001). Eleven other exons are located within two flanking
clones, AC006124 and AC008988. The gene, the genomic copy of
which is 46 kb in size, was originally identified by low-stringency
hybridization of brain cDNA libraries. We analyzed this gene
more carefully because of the significance of this gene in neuro-
nal cell signaling (Kojima et al. 2001) and the presence of an
unusual polymorphism that may affect gene expression.

Sequence analysis of the entire SCK1/SLI gene allowed the

Table 1. TAR Isolates Containing Gap Sequences

GAP
Size of
YACs

Positions of rescued YAC end
in flanking clone

Accession
number

GAP1
clone 1 90 kb NC AY345879

GAP2
clone 1a 180 kb nd
clone 2 100 kb 11500–11970 (AC092300.2)b
clone 3 50 kb NC
clone 4 80 kb NC

GAP3
clone 1 40 kb 24749–25023 (AC022149)
clone 2 120 kb 53173–52505 (AC090427) AC140008
clone 3 180 k NC

GAP6
clone 1 70 kb nd
clone 2 70 kb 14233–14865 (AC016625.6)
clone 3 90 kb 98504–98946 (AC020922) AY207046
clone 4 90 kb 98504–99035 (AC020922)
clone 5 100 kb 91140–91657 (AC020922)

aTAR clone obtained from total genomic DNA.
bFlanking clone.
NC-end positions are uncertain because the end contains a repeat sequence.
In bold are the TAR clones that were sequenced.
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determination of 12 blocks of tandem repeats (Fig. 5). The degree
of polymorphism of these minisatellites was examined using di-
agnostic PCR primers (Suppl. Table A1) in human DNA samples
isolated from 103 unrelated individuals as well as in the TAR YAC
clone and DNA isolated from the hybrid cell line containing a
single human chromosome 19. The results revealed 10 blocks of
variable minisatellites (VNTRs) and two blocks that contained
nonpolymorphic minisatellites (TR6 and TR7; Table 3; Suppl. Fig.
A1). For the VNTR1 minisatellite in intron 10 of SCK1/SLI, nine
alleles ranging in size from 130 bp to 615 bp in length, corre-
sponding to two to 11 copies of the repeat, and a degree of het-
erozygosity of 0.746 were recovered. The most common allele
had 10 repeats. VNTR2, VNTR3, and VNTR4 are located within
intron 9 of SCK1/SLI. For the VNTR2 minisatellite, seven alleles
ranging in size from 400 bp to 680 bp in length, corresponding to
10–18 copies of the repeat and a degree of heterozygosity of
0.717, were recovered. The most common allele had 16 repeats.
Five alleles of VNTR3 range from 13 to 19 repeats. The most
common allele had 19 repeats and a degree of heterozygosity of
0.671. Four alleles of VNTR4 ranging from 50 to 63 repeats, with
51 repeats for the most common allele and a corresponding de-
gree of heterozygosity of 0.186, were found. SCK1/SLI includes

six additional variable minisatellites, that is, VNTR5 located in
intron 8 and VNTR8, VNTR9, VNTR10, VNTR11, and VNTR12
located in intron 1. VNTR5 has 27 alleles with 51 repeats for the
most common 3.0 kb allele and a degree of heterozygosity of
0.94. VNTR8 has two alleles with 17 repeats most common.
VNTR9 has three alleles with 8 repeats most common, VNTR10
has four alleles with 12 repeats most common. VNTR11 has four
alleles with 45 repeats most common, and VNTR12 has three
alleles with 17 repeats most common (Table 3; Suppl. Fig. A1).
The degree of heterozygosity was 0.1, 0.279, 0.351, 0.076, and
0.039, respectively (Suppl. Table A2). The repeats within one
VNTR diverge by ∼20%. No polymorphism was found for the
minisatellite TR6 located in intron 8 or TR7 located in intron 4.
For TR6, the number of repeats was 293, giving a PCR product of
4.2 kb, and for TR7 the number of repeats was 24, giving PCR
products of 410 bp for all 103 individuals (data not shown).

Eleven families were selected for segregation analysis of
VNTRs in the SCK1/SLI gene. Blood was collected from grandpar-
ents, parents, and one to three children from each family. He-
reditary segregation of 10 VNTRs was traced for two generations
in nine families and three generations in two families. In most
cases, alleles of VNTR1, VNTR2, VNTR3, VNTR4, VNTR5, VNTR8,
VNTR9, VNTR10, VNTR11, and VNTR12 could be identified and
their transmission traced from parent to child. The results
showed that these VNTRs are subject to Mendelian inheritance
(i.e., children carried one VNTR allele from each parent). New
VNTRs were not observed during this analysis (Suppl. Table A2).
Thus, these 10 VNTRs in the SCK1/SLI gene are meiotically stable
and could potentially be used as DNA typing markers to follow
meiotic segregation of SCK1/SLI alleles.

The individual differences in minisatellite lengths of the
SCK1/SLI gene may result in differences in expression pattern.
Sequence analysis of the SCK1/SLI gene revealed that the mini-
satellites contain specific cis-regulatory elements/domains that
may interact with transcription factor proteins such as HRE1,
ZF87, XPB1, GATA3, KE1, REX, NF-KB, uE4, and ETS, which are
involved in region-specific expression. It is also possible that
changes in DNA conformation due to the repetitive nature of the
minisatellites might influence gene transcription. It should be
also noted that, although the most striking individual differences
are in the length of minisatellites, there may be also differences
in their sequence, such as single-base mutations, which could
also contribute to the variability in expression.

Figure 2 Integrity of TAR YAC isolates in yeast. (A) YAC DNA was iso-
lated from the original GAP6-#1 clone (lane 1), five of its subclones (lanes
2–6) and five transformants with YAC/BACs (lane 7–11), digested by
NotI, separated by CHEF, and then hybridized with an Alu probe. Clones
have the same size, indicating that these clones do not have detectable
deletions in yeast. (B) Alu profiles of the original TAR YAC clones contain-
ing the GAP6 sequence and their subclones. Total yeast DNA was isolated
from four independent gap-positive transformants and from four sub-
clones of each independent TAR isolate and digested to completion with
TaqI. Fragments were separated by gel electrophoresis, transferred to a
nylon membrane, and hybridized with an Alu probe. (Alu profile of iso-
lates differs slightly due to differences in the size of TAR isolates.) (a) Four
independent TAR isolates of GAP6-#1, -#2, -#3 and -#4. (b–e) correspond
to four subclones of each independent isolate, respectively.

Figure 3 Propagation of BACs with GAP6 sequence in E. coli at 37°C
and 30°C. BAC DNA was isolated from three E. coli subclones of the
clones #1, #2, #3, and #4 carrying GAP6, digested with NotI, and sepa-
rated by gel electrophoresis. Deleted/rearranged isolates of BACs grown
at 37°C were partially stabilized by growing at 30°C. M1, 1-kb ladder
marker; M2, 48-kb ladder marker.
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DISCUSSION
Chromosome 19 is among the smallest and gene-dense human
chromosomes, spanning 64 Mb and estimated to contain ∼1760
genes. Sequencing and assessment of the chromosome sequence
were performed by the Joint Genome Institute (JGI) and the Stan-
ford Human Genome Center and relied almost exclusively on
cosmid and BAC libraries. In general, this approach has been
extremely successful. However, as the Human Genome Project
drew to a close, there were four regions of the chromosome 19
that were not spanned by sequenced BAC clones. Because these
regions were not identified in five different BAC and cosmid
libraries, they were referred to as type 3 gaps.

In this work, we demonstrate that closing the gaps can be
achieved by a combination of two strategies, that is, screening of
new BAC and fosmid libraries and selective TAR cloning in yeast.
The opportunity to compare the clones isolated in different hosts
allowed us to determine the structure of the missing genomic
segments. Sequence analysis of the chromosome 19 gap isolates
revealed at least three types of sequences that could destabilize
the corresponding inserts during cloning in microbe hosts. Two
gap regions contained large blocks of micro- and/or minisatellite
repeats. Another gap region was highly enriched by Alu repeats.
In the fourth clone, a large block of TGG trinucleotide repeat was
detected. We showed previously that regions containing AT-rich
blocks are also unstable in BAC vectors (Kouprina et al. 2003).
Thus in each case the cause of instability of the genomic segment
in host cells may be different. This means that gap closure can be
most efficiently achieved by using both E. coli and yeast cloning
systems. For practical reasons, the use of direct TAR cloning in
yeast versus a library of random clones has some advantages. In
addition to a high selectivity, typically TAR cloning produces
multiple independent isolates, each of which is flanked by the

targeting sequences included in the TAR
vector. Therefore, even if a clone is deleted
or rearranged, the comparison of indepen-
dent isolates generates a discontinuous
DNA sequence. Sometimes sequencing of
the gap region may require nonconven-
tional approaches. Here, a TAR clone, con-
taining a DNA insert that was unstable in E.
coli, was sequenced in a YAC form. Another
clone containing numerous similar re-
peated sequences was retrofitted to a BAC
form and sequenced using a BAC direct-
sequencing strategy (Polushin et al. 2001).

The fact that some human DNA se-
quences, including unique genes, are un-
stable and even unclonable in E. coli (Kou-
prina et al. 2003 and results therein) raises

an important question. To what extent might the true sequence
of chromosome 19 and other chromosomes be altered or lost in
the sequence generated from BAC, PAC, cosmid, or fosmid
clones? To address this question, TAR cloning may be one of the
best available approaches. Human DNA can be selectively cloned
from human-rodent monochromosomal hybrid cell lines by a
TAR vector with Alu repeats as targeting sequences (Kouprina et
al. 1998b). This strategy has been used to construct a chromo-
some 19-specific YAC/BAC library (N. Kouprina, unpubl.). Com-
parison of the insert ends for ∼400 clones with the sequence of
chromosome 19 confirms a high-quality assembly. In the major-
ity of the clones (>98%), the predicted and determined distances
between insert ends coincided, and orientation of the ends was
correct. The same strategy can be applied for verification of other
chromosome sequences.

All four chromosome 19 gaps are mapped to regions corre-
sponding to genes. The GAP1 region corresponds to the neuro-
nally expressed Shc adaptor homolog SCK1/SLI (Kojima et al.
2001). GAP3 sequence overlaps the gene EMR3, encoding an
EFG-like module-containing mucin-like receptor (Stacey et al.
2001). Two other gaps, GAP2 and GAP6, contain EST sequences
for two hypothetical proteins. Poorly clonable DNAs are present
in the intronic regions of these genes. The SCK1/SLI gene con-
tains a cluster of sequences (blocks of minisatellites) that are at
high risk for deletions/rearrangements in BACs. Twelve different
minisatellite sequences are located in 12 introns of the gene; 10
of them are highly polymorphic. Such a high density of mini-
satellite repeats is presumably due to the location of the gene
near a telomere, as was previously shown for other telomere-
linked genes (Leem et al. 2002; Kim et al. 2003). The role of
minisatellites in intronic regions is obscure. Recent data indicate
that, when present in first introns, minisatellites can affect gene
regulation (Lovejoy et al. 2003). It is worth noting that minisat-
ellites in SCK1/SLI contain multiple binding sites for transcrip-
tion factors, and therefore may be involved in gene regulation.

The fact that gaps in the human genome may correspond to
chromosomal regions encoding functional genes emphasizes the
importance of the final step of genome sequencing. There are still
∼400 gaps of unknown sequences in the human genome. Because
clones for these gaps were not found in the BAC, PAC, fosmid, or
cosmid libraries used for the genome sequencing, most of the gap
sequences presumably represent poorly clonable DNA segments
that cannot be easily covered by new genomic libraries. More-
over, it is also unlikely that these gaps may be recovered from the
sequencing of chimpanzee BAC clone libraries, which is now in
progress. Indeed, sequencing of chimpanzee chromosome 21,
which is syntenic to human chromosome 22, showed that both
chromosomes contain gaps in the same regions (Takamatsu et al.
2002; Y. Sakaki, pers. comm.). Thus, although some of the anno-

Table 2. Analysis of Gap Chromosome 19 Sequences

GAP Size

Position in
chromosome 19

sequencea
Reason of instability

in E. coli cells

GAP1 12.2 kb 364968–374586 High density of
minisatellites

GAP2 16 kb 8370894–8386410 Dense in Alu repeats
(58%)

GAP3 13.7 kb 14549278–14563445 TGG repeat block
GAP6 23.5 kb 60613898–60639940 High density of

minisatellites and
telomeric repeats

aBuild 33, April 2003.

Figure 4 Alignment of the RP11-886P16 BAC clone and three deleted BAC subclones obtained
during transferring of the GAP2 YAC/BAC TAR isolate from yeast into E. coli cells. BAC RP11-886P16
(AC136469) was identified by screening the genomic library; sequences of the deleted YAC/BACs,
3–17.1, 3–17.2, and 3.17.3, are in the Supplemental Material. Comparison of sequences revealed
that each clone has overlapping deletions in the same region that is highly enriched by Alu repeats.
The gap sequence was reconstructed using the sequences of the deleted BACs and additional PCR
amplification of the sequence from YAC TAR isolate. The sequence obtained matched the sequence
present in the BAC clone AC136469.
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tated gaps in the human genome may be closed by long-range
PCR and/or by screening new libraries, a large number of ge-
nomic regions should also be isolated in alternative cloning hosts
such as yeast, to be sure that sequence information is not lost
during cloning in E. coli. In this study, we demonstrate that TAR
cloning in yeast can facilitate the rapid collection of additional
clones for gap closure. The same strategy can be also applied for
closing the gaps in other complex genomes.

METHODS

Construction of the TAR Vectors and Cloning
by In Vivo Recombination in Yeast
The TAR circularizing vectors, pVC-GAP1, pVC-GAP2, pVC-
GAP3, and pVC-GAP6, containing one unique targeting se-
quence and an Alu repeat as the second targeting sequence were
constructed as follows. Either a 187-bp Alu XbaI-BamHI (for pVC-
GAP3) or ApaI-XhoI (for pVC-GAP1, pVC-GAP2, and pVC-

GAP6) fragment was inserted into a
polylinker site of pVC604 (CEN6-HIS3; Kou-
prina and Larionov 1999). For pVC-GAP1, a
390-bp SalI-EcoRI fragment corresponding
to a unique sequence from the clone
AC006124 was inserted into the polylinker
of pVC604. The targeting sequence corre-
sponds to positions 2391–2780 in the clone
(Suppl. Table A1). For pVC-GAP2, a 163-bp
SalI-EcoRI fragment corresponding to a
un ique s equence f r om the c l one
AC009007.4 was inserted into the
polylinker of pVC604. The targeting se-
quence corresponds to positions 26731–
26894 in the clone (Suppl. Table A1). The
TAR circularizing vector pVC-GAP3 was
constructed as follows. A 138-bp BamHI-
EcoRI fragment corresponding to a unique
sequence of the clone AC010527 was in-
serted into the polylinker of pVC604. The
targeting sequence corresponds to positions
9931–10068 in the clone (Suppl. Table A1).
The TAR circularizing vector pVC-GAP6 was
constructed as follows. A 160-bp SalI-EcoRI
fragment corresponding to a unique se-
quence from the clone AC008735.7 was in-
serted into the polylinker of pVC604. The
targeting sequence corresponds to positions
9736–9577 in the clone (Suppl. Table A1).
The vectors pVC-GAP1, pVC-GAP2, and
pVC-GAP6 were cut with SalI, and the vec-
tor pVC-GAP3 was cut with BamHI (the
sites were located between the Alu and
unique sequences) before yeast transforma-
tion. Transformation experiments were car-
ried out with freshly prepared yeast sphero-
plasts and a linearized TAR GAP-specific
vector as described (Kouprina and Larionov
1999). In each experiment ∼2 µg of genomic
DNA isolated from a human/hamster
monochromosomal somatic cell hybrid
UV5HL9-5B, 1 µg of vector, and 8 � 108

spheroplasts were used (Leem et al. 2003).
Between 500 and 1000 His+ transformants
were then screened by diagnostic primers
(Suppl. Table A1) to identify transformants
positive for one or both flanking clones.
The diagnostic primers were developed
based on draft sequence of chromosome 19
(build 29, April 2002) and rescued YAC end
sequences. Transformants were first com-
bined into pools and examined by diagnos-
tic primers. Then, individual colonies con-

taining the GAP1, GAP2, GAP3, or GAP6 sequences were isolated
from each positive pool by a second round of PCR screening. The
PCR products were sequenced to verify that they match the pre-
dicted sequences of chromosome 19 and map to one of the gap
flanking clones. One clone containing the sequence of GAP2 was
isolated from total genomic DNA and turned out to be a chimera.

Yeast and Mammalian Cell Culture
The highly transformable S. cerevisiae strain VL6-48 was used for
TAR cloning (Kouprina and Larionov 1999). Agarose plugs con-
taining high-molecular-weight genomic DNA and DNA in solu-
tion were prepared from normal human/hamster monochromo-
somal somatic cell hybrid UV5HL9-5B, containing human chro-
mosome 19 (LLNL), and used for TAR cloning experiments.

Isolation and Physical Analysis of YAC and BAC Clones
Isolation of the circular YAC DNA from yeast for sequencing was
carried out as described (Devenish and Newlon 1982). To esti-
mate the size of circular YACs, chromosomal size DNA from yeast
transformants was prepared in plugs, then digested with NotI

Figure 5 Minisatellites in SCK1/SLI. (A) A schematic diagram of the sequence spanning the
SCK1/SLI gene. Exons are represented by boxes either above (top strand) or below (bottom strand)
the line. Thirteen putative exons, coding for the Sck protein, were identified by BLAST analysis. The
approximate positions of minisatellites, detected by the Tandem Repeats Finder Program (Benson
1999), are indicated by *. At the top, a blown-up portion of the insert shows the relative positions
within introns of the 12 minisatellites. (B) The sequences of 12 minisatellite repeat units. Minisat-
ellites 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, and 12 are polymorphic, whereas minisatellites 6 and 7 are
monomorphic in the population sample studies.
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before analysis by CHEF gel electrophoresis and visualized
by blot-hybridization with an Alu-probe. YAC ends were rescued
as follows. Yeast genomic DNA from YAC-containing clones
was digested with a restriction endonuclease, ligated, and
transformed into E. coli. For GAP2 and GAP6, either EcoRI or
HindIII was used, and for GAP3 EcoRI was used. Transformants
were selected on media containing ampicillin (50 µg/mL).
Plasmids with rescued YAC ends were isolated using a standard
protocol, and the insert was sequenced using T3 and T7 primers.
To identify fragments containing Alu sequences (Alu profiles),
yeast DNA was digested to completion with TaqI. Samples were
separated by gel electrophoresis, transferred to a nylon mem-
brane, and hybridized with an Alu probe. Retrofitting of YACs
into BACs, electroporation of YAC/BACs into E. coli cells,
and BAC DNA isolation were carried out as described (Kouprina
and Larionov 1999), except that electroporation and the bacterial
culture growth was carried out at 30°C for 10 h to stabilize
the human insert. The size of BAC DNA was determined after
digestion with NotI and further analysis by CHEF gel electro-
phoresis.

Genomic Libraries Used to Recover Gap Sequences
Bacterial clones spanning the gap regions were identified by
screening BAC libraries RP13 and RP11 (Osoegawa et al. 2001)

and a fosmid XXfos library constructed at the Lawrence Liver-
more National Laboratory (LLNL).

Sequencing
The ends of the insert for each YAC/BAC clone were sequenced
using standard vector-specific primers M13F/M13R. The se-
quences were compared to the draft human genome sequence of
chromosome 19 at NCBI (http://www.ncbi.nlm.nih.gov/
genome/guide/) and UCSC (http://genome.ucsc.edu/
goldenPath/apr2001Traks.html; Build 30, April 2003) using
BLAST genome analysis software (http://www.ncbi.nlm.nih.gov/
BLAST/blast_databases.html). For shotgun sequencing, the DNA
from BACs or DNA from circular YACs containing GAP2, GAP3,
and GAP6 were purified at 30°C, sonicated to 2-kb or 10-kb frag-
ments, and cloned into an M13 vector. The GAP1 region was
directly sequenced from BAC DNA (Polushin et al. 2001) by Fi-
delity Systems Inc. Unstable minisatellite segments from GAP1
were PCR-amplified from a YAC TAR isolate or genomic DNA,
cloned into a TA vector and sequenced by a standard method.
Sequencing of the clones containing GAP2, GAP3, and GAP6
were carried out at the JGI. Loci annotation and submission to
GenBank were done using Sequin. Accession numbers are
AC138433, AC136469, AY345879, AC140008, AC135592, and

Table 3. Polymorphic Alleles in SCK1/SL1 VNTRs

# Repeats Size (bp) N = 206 Frequency # Repeats Size (kb) N = 206 Frequency

VNTR1 1.7 130 bp 2 0.010 VNTR5 29.0 1.65 kb 6 0.029
2.7 190 bp 34 0.165* 30.0 1.70 kb 9 0.044
3.7 250 bp 59 0.286 31.0 1.75 kb 5 0.024
4.7 310 bp 35 0.170 33.0 1.95 kb 4 0.019
5.7 370 bp 2 0.010 35.5 2.10 kb 2 0.010
6.7 420 bp 1 0.005 37.3 2.20 kb* 16 0.078
8.7 540 bp 2 0.010 38.3 2.25 kb 4 0.019
9.7 615 bp 70 0.340 39.3 2.30 kb 4 0.019

11.0 720 bp 1 0.005 41.0 2.40 kb 4 0.019
42.0 2.45 kb 3 0.015
43.0 2.50 kb 4 0.019

VNTR2 9.7 400 bp 4 0.019 44.9 2.55 kb 5 0.024
12.7 500 bp 43 0.209 46.7 2.65 kb 21 0.102
13.7 540 bp 12 0.058 47.7 2.80 kb 7 0.034
14.7 570 bp 60 0.291 49.5 2.90 kb 5 0.024
15.7 600 bp 80 0.388* 51.3 3.00 kb 17 0.083
16.7 640 bp 4 0.019 53.0 3.10 kb 10 0.049
17.7 680 bp 3 0.015 55.0 3.20 kb 4 0.019

57.0 3.30 kb 6 0.029
58.0 3.35 kb 4 0.019

VNTR3 12.9 370 bp 3 0.015 65.0 3.75 kb 2 0.010
13.9 400 bp 59 0.286 69.0 4.00 kb 5 0.024
14.9 430 bp 54 0.262 75.0 4.30 kb 25 0.121
15.9 460 bp 3 0.015 77.0 4.40 kb 17 0.083
18.9 560 bp 87 0.422* 83.0 4.70 kb 11 0.053

85.0 4.80 kb 4 0.019
87.0 4.90 kb 2 0.010

VNTR4 50.3 1.79 kb 3 0.015
51.3 1.85 bp 185 0.898*
60.3 2.30 kb 17 0.083 VNTR8 15.7 680 bp 11 0.053*
63.3 2.45 kb 1 0.005 16.7 720 bp 195 0.947

VNTR9 4.7 420 bp 23 0.112 VNTR11 41.7 1.03 kb 2 0.010
6.7 550 bp 10 0.049* 42.7 1.06 kb 2 0.010
7.7 620 bp 173 0.840 43.7 1.08 kb 4 0.019

44.7 1.10 kb 198 0.961*
VNTR10 11.0 750 bp 6 0.029

11.7 800 bp 162 0.786* VNTR12 16.8 670 bp 202 0.980*
12.7 860 bp 2 0.010 18.8 730 bp 3 0.015
16.0 1070 bp 36 0.175 19.8 760 bp 1 0.005

In bold are minisatellite alleles identified in a fosmid clone.
Asterisks show minisatellite alleles in a TAR isolate.
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AY207046. The Tandem Repeats Finder software (Benson 1999)
was used to detect VNTRs and other repeated regions.

Analysis of Polymorphism in the SCK1/SLI
Gene Minisatellites
The primers used to analyze the gene polymorphism are based on
the SCK1/SLI genomic sequence (Table 1). Yeast genomic DNA
isolated from the transformants of GAP1, containing the SCK1/
SLI gene, was amplified using these primers under standard PCR
conditions: 50 mM KCl, 10 mM Tris-HCl, pH 9.0, 3.0 mMMgCl2,
0.2 mM dTTP, dCTP, dGTP, and dATP in a final volume of 50 µL.
Thermocycling conditions were as follows: one cycle of 2 min of
initial denaturation at 94°C, 30 cycles of 30 sec at 94°C, and 1
min at 68°C (1 min per 1 kb of DNA), followed by a 10-min
extension at 72°C in a 9700 Thermocycler (Perkin-Elmer). To
assess the degree of polymorphism of SCK1/SLI minisatellites,
DNA was analyzed from 103 healthy unrelated individuals. DNA
was isolated from peripheral blood lymphocytes using standard
methods. PCR analysis of human DNA samples was performed
using Takara Ex Taq polymerase (Takara) with 100 ng genomic
DNA. PCR products were analyzed by gel electrophoresis (1 volt/
cm) in 1�TAE buffer through a 1.2% agarose gel.
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