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ABSTRACT Sequences hybridizing to several human gene
probes have been recovered as cloned inserts in yeast artificial
chromosomes (YACs). Among 2300 YACs made from human
leukocyte DNA (totaling about 0.1 genomic equivalent of
human DNA) we have found two, 200 and 780 kilobases (kb),
containing sequences of V,¢I immunoglobulin (V = variable);
one, 240 kb, with class I HLA; and 11, 200-800 kb, with 5S
rRNA-encoding DNA (rDNA). Fifty human YACs from a
hamster-human cell hybrid with only the Xq24-Xq28 portion
of the X chromosome include one that contains two anonymous
probe sequences, DX13 and St14, previously inferred by
indirect means to lie within about 70 kb of one another in Xq28.
The YACs specific for human DNA arise at a frequency
equivalent to the fraction of cellular DNA that is human-
specific. Furthermore, the human YACs, formed in a 280-fold
excess of hamster DNA, do not hybridize to a hamster DNA
probe, indicating that individual YACs do not contain a
combination of human and hamster DNA. To confirm that
sequences are not scrambled, the YACs containing Vj or DX13
and St14 sequences were shown to produce restriction frag-
ments identical in mobility to fragments detected by the same
probes in total human DNA digested with the same enzymes.
YACs may therefore provide large clones to bridge gene
mapping at the chromosome level to molecular analyses of
small fragments of genomic DNA.

Restriction fragment length polymorphism (RFLP) analysis
has abetted formal genetic analysis to produce chromosomal
alignments of human genes with a resolving power of 1-10
million base pairs (Mbp) (1, 2). Most laboratories, however,
work with small cloned segments of DNA up to 0.05 Mbp
(3)-i.e., on a much smaller scale. Fitting together numbers
of the small pieces into a more extensive map (by "walking"
from one to another) is very difficult. Pulsed-field gel elec-
trophoresis (PFGE), which can fractionate DNA molecules
up to the Mbp range, has helped to elucidate some features
of the organization of larger DNA fragments (4-6). Analyses
on this scale are difficult, however, and even then the larger
fragments have remained unavailable in cloned form.

In addition to helping in genome mapping, large cloned
fragments ofDNA would permit many studies of the expres-
sion ofgenes with aDNA complement too large to fit into the
50-kilobase (kb) maximum content ofcosmid cloning vectors.
There has therefore been considerable interest in possible
ways to clone large segments of DNA.
One potential route is provided by the use of yeast artificial

chromosomes (YACs) as cloning vectors (7, 8). The initial
vectors reported have been shown to accept DNA inserts of
up to 1 Mbp. This permits the formulation of a systematic

approach to complex genome analysis, in which YACs could
provide continuity between total organismal DNA and es-
tablished cloning and sequencing technology. This would
facilitate the isolation of complete genes and their alignment
in proper context.
To apply YAC technology to the human genome, libraries

must be organized and screened. For general goals, a library
ofYACs containing inserts oftotal human DNA is useful. But
for many purposes, a delimited region of a chromosome is of
interest, and specialized libraries are desired. One route to
such libraries starts from a somatic cell hybrid in which the
only human DNA is derived from the chromosomal region of
interest. We have used one library constructed from total
human DNA and another from a hybrid cell that contains the
distal portion of the long arm ofthe X chromosome as its only
human DNA content.

Initial screening efforts have started to test the quality of
the libraries, asking (i) whether a YAC is a pure clone of one
piece ofDNA (or whether it might instead contain cocloned
pieces of DNA from different chromosomal locations); and
(ii) whether DNA is cloned into YACs at comparable fre-
quencies from different portions of the genome. The results
of screening with several probes indicate that YAC clones
contain inserts of single fragments of human DNA; further-
more, test sequences are detected in specific clones at
frequencies consistent with their representation in human
DNA. In these cases, restriction fragment lengths in genomic
DNA are preserved in YACs. In one of them, two RFLPs of
the order of 70 kb apart in the genome have been isolated in
a single cloned DNA fragment.

MATERIALS AND METHODS
Cells. The yeast strains used are described in Burke et al.

(7) and include AB972 (for chromosomal size markers),
AB1380 as a host for YAC transformation, and HY1 (7) as a
control strain with a human YAC. Mammalian cells used
include human-hamster cell hybrid X3000-11 (9), human
fibroblast cell line WSI (American Type Culture Collection),
Chinese hamster cell line CHO (American Type Culture
Collection), and circulating human leukocytes from a normal
donor.
DNAs. Cloned probes used for hybridizations include a VKI

probe (V = variable) (10), an HLA B7 probe (12), a 5S
rRNA-encoding DNA (rDNA) probe (13), the St14-1 probe
(DXS52) (14), and the DX13 probe (DXS15) (15), the latter
two from Xq28. All probes were purified as restriction
fragments and labeled using the random primer method of

Abbreviations: YAC, yeast artificial chromosome; Mbp, million base
pairs; rDNA, rRNA-encoding DNA; PFGE, pulsed-field gel elec-
trophoresis; RFLP, restriction fragment length polymorphism; V,
variable.
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Feinberg et al. (16). DNA from the cell line WSI was used as
a human genomic probe; DNA from CHO cells was used as
a hamster genomic probe. Genomic probes were nick-
translated (3) for use as hybridization probes.
High molecular weight DNA was extracted from yeast and

mammalian cells as described (5, 8). Yeast cells were em-
bedded and lysed in agarose as described using the protocol
of Carle and Olson (17). Ladders ofA DNA were prepared as
reported (6); these and HindIII digests ofA DNA and Hae III
digests of 4X174 DNA were used as size markers in gel
electrophoresis.
Gel Electrophoresis and Southern Analyses. High molecular

weight DNA was digested with restriction enzymes and
separated on conventional agarose gels as described (3).
Yeast chromosomes were separated on a CHEF gel appara-
tus (6) using switching regimes described in each figure
legend.

Unidirectional and bidirectional nitrocellulose blots and
hybridizations were done as suggested by the manufacturer
(Schleicher& Schuell). Blotting and hybridization conditions
for nylon membranes (Sureblot, Oncor) were also as de-
scribed by the manufacturer.
YAC Library Construction. The total human DNA YAC

library was prepared by D. Burke and is described in detail
elsewhere (8). Briefly, high molecular weight DNA was
partially digested with EcoRI and ligated to the vector,
pYAC4, to yield products with an average size of >200 kb.
The X3000-11 YAC library was constructed in essentially the
same manner. The resulting average size of artificial chro-
mosomes was 150 kb.

Yeast Colony Screening. Yeast colony screening was done
essentially as described in ref. 18 and an unpublished proto-
col kindly provided by R. Rothstein (Columbia University,
New York), with some modifications. Transformants were
picked from transformation plates and patched directly onto
synthetic yeast medium (18) lacking uracil and tryptophan in
arrays of 50 or 100 colonies and grown for 3-4 days at 300C.
These plates were either repatched or replicated onto a
nitrocellulose disc (Schleicher & Schuell, BA85) on YPD
medium (18). Colonies were grown overnight at 30'C. The
nitrocellulose discs were placed on Whatman 3 filter discs (in
square Petri plates) prewet with 3 ml of a solution of 1 M
sorbitol/0.1 M sodium citrate, pH 7.0/60 mM EDTA/150
mM mercaptoethanol/1 mg of yeast lytic enzyme per ml
(ICN). Plates were sealed in bags and incubated overnight at
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370C. To lyse the cells, the filters were successively treated
with 1 ml each of the following solutions (placed as a pool on
SaranWrap): 0.5M NaOH for 7 min; 0.5M Tris-HCl (pH 7.5),
2x SSC (SSC is 150 mM NaCl/15 mM sodium citrate) for 2
min; and twice with 2x SSC for 2 min each. The filters were
air dried and baked for 2 hr. Filters were prehybridized at
650C for 2 hr in 5x SSPE (3), 5x Denhardt's solution (3),
0.1% SDS, 0.05 mg of poly(A) per ml, and 0.05 mg of
denatured salmon sperm DNA per ml. This solution was
removed and replaced with fresh prewarmed solution. De-
natured probe was added to 1-2 x 106 cpm/ml. Hybridization
was overnight at 650C; washes were typically 2x SSC/0.1%
SDS twice for 15 min, lx SSC/0.1% SDS twice for 30 min,
and 0.2x SSC/0.1% SDS twice for 30 min, all at 650C. Filters
were dried and exposed to film.

RESULTS
Screening of 2300 YACs Containing Human DNA Inserts.

The first requirement for a convenient analysis of the repre-
sentation of sequences in a YAC library is an adequate
screening technique. In general, we have found that positive
signals can be obtained without significant background by an
adaptation of hybridization of labeled probes to DNA from
yeast transformants lysed on filters (see Materials and
Methods). As earlier observed with A phage (19), the pres-
ence of a human DNA insert in a colony of yeast can be
confirmed by its hybridization to a probe of radiolabeled
human DNA. In this case, the signal comes largely from
highly repetitive sequences, the dispersion distance of which
is about 10 kb, much smaller than a YAC. Greater than 95%
of the transformants are conveniently detected in this way.
The signal in some cases may result from hybridization to
more than one repetitive element, since some clones detected
by labeled total human DNA do not hybridize with anAlu (20)
probe (data not shown). The presence of the insert in a YAC
can be confirmed by Southern ahalysis (3) of chromosomes
separated by pulsed-field gel electrophoresis (4-6).
The same screening technique can be extended to the use

ofgene-specific probes as illustrated in Fig. 1. First (Fig. LA),
a filter bearingDNA from 50 yeast transformants individually
streaked out has been hybridized with a nick-translated probe
of a class I HLA B7 DNA fragment (12). A single positive
clone is clearly visible. This was the only positive clone found
in the library of 2300 clones. Since the library contains
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FIG. 1. YACs containing HLA and Vj probe sequences. (A) One of 50 streaked YAC transformants hybridizes to a radioactive HLA type
I probe. (B) PFGE (switching time, 60 sec for 23 hr) of chromosomes from the transformant containing the HLA probe sequence (lanes 1 and
2 and 4 and 5) and from a different YAC-containing strain (lanes 3 and 6). (C) DNA was extracted from two transformants containing a VKI
sequence (lanes 1 and 2 and 4 and 5) and from lymphocytes (lanes 3 and 6), digested with Bgl II (lanes 1-3) or BamHI (lanes 4-6), and then
electrophoresed in agarose gels, transferred to nitrocellulose membranes, and probed with labeled VKI DNA. All sizes are in kb.
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enough DNA to cover 10% of the human genome, and there
are on the order of 20 copies of the probe sequence in total
human DNA, one would expect on the order of one positive
clone (21). Next (Fig. 1B), single colonies of yeast purified
from the positive patch in Fig. LA were grown in culture,
immobilized, and lysed in agarose blocks (17). The chromo-
somes were then fractionated by pulsed-field gel electropho-
resis (Fig. 1B, lanes 1 and 2). Ethidium bromide staining of
the gel detects an extra chromosome of about 240 kb in the
transformants compared to the DNA from another yeast
strain containing a different small YAC (Fig. 1B, lane 3).
Lanes 4-6 (Fig. 1B) show the corresponding autoradiogram
obtained when the DNA in the gel was transferred to a
nitrocellulose membrane and hybridized to the radioactive
HLA probe DNA. As expected, the YAC in the transfor-
mants gave a signal absent from yeast DNA.
Comparable screening of the library with a VKI immuno-

globulin probe (10) produced two clones: one of 200 kb,
another of 780 kb. In this case, the exact number of possible
loci of genes and pseudogenes is unknown, but it can be
estimated at about 100 (11). Thus, the finding of two positive
clones in a library large enough to contain 10% of a genomic
equivalent is consistent with the expectation for random
cloning. The two YACs were analyzed further. To begin to
compare the nature of their VK sequences to that in total
DNA, DNA was extracted (8) from lymphocytes of the donor
ofthe library and from each ofthe two YAC clones. The DNA
preparations were digested to completion with either of two
restriction enzymes (Bgl II and BamHI) and fractionated by
conventional agarose gel electrophoresis (ref. 3; Fig. 1C), and
the DNA was transferred to nitrocellulose. The VKI probe
then detected a single characteristic fragment from each YAC
after digestion with each enzyme. The probe detected a band
of the same size in total human DNA in each case. This
suggests that the YACs contain segments ofDNA that retain
the sequence of the probe and its immediate vicinity, since
scrambling of the DNA would be expected to alter the
relative positions of restriction sites in the neighborhood.

In additional screening experiments, a probe of 5S rDNA
200 base pairs (bp) long (13) detected 15 positive clones in the
2300 colonies, again with no background seen in any other
clones. Fig. 2 shows the corresponding electrophoretic pat-
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FIG. 2. PFGE analysis of 15 YACs that hybridize to human 5S
rDNA. Each transformant was grown in liquid culture and its DNA
was extracted and fractionated in aCHEF apparatus (switching time,
40 sec for 22 hr). (Upper) Ethidium bromide-stained gel showing the
yeast chromosomes and candidate YAC chromosomes. (Lower)
Autoradiogram of the DNA transferred to nitrocellulose and hybrid-
ized to nick-translated 5S rDNA. Control samples include HY1 (lane
1) and AB1380 (lane 17). Sizes are in kb.

tern of yeast chromosomes from minipreps of the 15 candi-
dates and the confirmatory Southern hybridization ofa single
YAC in at least 11 of the 15 with the 5S probe. In preliminary
work, 4 of these 15 candidates have been tested and con-
firmed by restriction mapping to contain single tracts of 5S
sequence. Since 5S rDNA comprises about 0.1% of total
human DNA, this frequency of positive signals is not sur-
prising for a library with random representation of genomic
DNA; but no detailed probability calculation is possible,
since the 5S sequences are partly clustered and partly
dispersed (13, 22).

Screening of an Xq24-Xq28 Library. One way to assess the
usefulness of YAC clones as a mapping tool is to focus on a
defined portion of the genome for which many probes are
available. For this purpose, for example, a specialized library
can be made from a somatic cell hybrid containing a portion
of human DNA in a rodent background. We started from a
human-hamster hybrid that is reported to contain Xq24-Xq28
as its total complement of human DNA (9). The hybrid cell
was made by fusing Chinese hamster cells and human
fibroblasts. As in other cases, human chromosomes are
discarded during subsequent growth and treatments of the
hybrid cells; the tip of the human X chromosome was
retained by selection for a gene in Xq26 during the "re-
duction" of the hybrid.
The library was designed to have an average insert size of

150-200 kb; in that case, about 200 clones of human-specific
DNA would be sufficient to include one equivalent of the
DNAfrom that region. One advantage of this approach is that
because of the biological prefractionation, all clones contain-
ing human DNA will presumptively contain DNA from the
chromosomal region of interest. Furthermore, large numbers
of probes from that region of chromosomal DNA are not
required to find the initial bank of candidates for mapping
purposes: total human DNA can be used as a probe.
YAC transformants were streaked out as in Fig. 1A and

replica-plated onto membrane filters. Replicate filters were
then hybridized with probes of nick-translated total human or
total hamster DNA. As expected, most of the transformants
hybridized to the hamster DNA. In contrast, a few transfor-
mants hybridized little or not at all with hamster DNA but
hybridized strongly with the human DNA. Control experi-
ments with the YAC library of total human DNA described
above showed that, in agreement with earlier studies (19),
>95% of the colonies containing human DNA inserts were

easily and selectively recognized by the human DNA.
It is evident that human clones must be recovered over a

background of large numbers of hamster YACs. Another
disadvantage of this approach is that each transformant is
initially embedded in agar, so that the work of isolating/re-
purifying and finding human-positive clones is greater than it
would be with A or other conventional vehicles. Neverthe-
less, it is possible to screen thousands of transformants per
week.
Among the first 14,000 colonies screened, 50 human-

positive clones were detected, or 1/250, the same percentage
expected for the amount of human X chromosome DNA in
the hybrid cell. This suggests that at least there is no relative
bias against human DNA, and cloning may very well be
random. Furthermore, in the same sample, the hamsterDNA
probe showed no hybridization with any of the clones
containing human DNA. Fig. 3 includes a further analysis of
9 clones to demonstrate the specificity of the hybridization at
the level ofindividual chromosomes. ACHEF gel analysis (6)
is shown stained with ethidium bromide (Fig. 3 Left). The
YACs are evident. The DNA in the gel was then transferred
to two membranes in a sandwich blot, and the replicate filters
were probed with the total human DNA probe (Fig. 3 Center)
or hamster DNA (Fig. 3 Right). The seven candidates with
human YAC chromosomes all showed hybridization only
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FIG. 3. PFGE of chromosomes from seven transformants containing human Xq24-Xq28 DNA sequences (lanes 1-3 and 5-9) and two
transformants containing hamster DNA sequences (lanes 4 and 10). The switching regime was ramped from 25 sec to 50 sec for 20 hr. (Left)
Gel stained with ethidium bromide. (Center) DNA transferred to nitrocellulose and probed with labeled total human DNA. (Right) Replicate
membrane probed with total hamster DNA. Sizes are in kb.

with the human probe; only the two YACs containing
hamster DNA showed a strong signal with hamster DNA as
probe (Fig. 3 Right). The inserts vary in size up to 370 kb,
with an average in the range of 150 kb.
These results indicate that there are no chimeras present-

i.e., the clones seem to contain either human or hamster
DNA. Thus, multiple cloning events during the formation of
YACs may be rare, since such events in the presence of a
250-fold excess of hamster DNA would have been expected
to yield clones with hamster DNA whenever human DNA
was incorporated.
One clone, XY58, has been analyzed in some further detail.

The DNA in transformed colonies and the isolated 150-kb
YAC both hybridize to two RFLP probes, DX13 (15, 23) and
Stl4 (14, 24). Other human YACs tested showed no hybrid-
ization to either probe. The inclusion of both probe se-
quences in a single YAC of 150 kb is consistent with PFGE
analysis of restriction digests of human DNA (23). Those
studies implied that the two segments of DNA are on the
order of 70 kb apart in the genome.

Fig. 4 shows a Southern analysis ofcontrolDNA and XY58
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FIG. 4. XY58, a YAC containing Stl4 and DX13 segments of
Xq28. (A) Total human DNA (lane 1), hamster DNA (lane 2), or
hamster-human hybrid DNA (lane 3) was digested with Taq I,

separated by agarose gel electrophoresis, transferred to a nylon
membrane, and probed with Stl4 DNA. The comparable analysis
was of YAC XY58 DNA, mixed with hamster-human hybird DNA
(lane 4) or digested by itself (lane 5). (B) Electrophoretic analysis of
DNAs digested with EcoRI. The order of samples was as in A. DNA
was transferred to a nylon membrane and probed with radiolabeled
DX13 DNA. Size markers (in kb) were HindIll-digested ADNA and
Hae III-digested 4X174 DNA.

DNA probed with DX13 or Stl4 after digestion with restric-
tion enzymes. Comparably digested total human DNA, DNA
from the hamster-human hybrid cell, and the YAC show the
same hybridization pattern for DX13: EcoRI fragments of
2.2, 1.9, 1.7, and 1.3 kb (Fig. 4B).
The pattern with Stl4 is more complex, as is expected for

a locus that contains a number of sequences that hybridize to
the probe (24). Fig. 4A (lanes 1-3) shows results with control
DNAs digested with the enzyme Taq I. DNA from hamster
cells (lane 2) shows only one weak signal, which is also seen
in the hamster-human hybrid cell DNA (lane 3). In contrast,
DNA from normal human lymphocytes (lane 1) shows a
characteristic set of fragments that hybridize to the St14
probe. DNA from the hamster-human hybrid cell (lane 3)
contains the "constant" 3.8-, 2.2-, and 1.7-kb bands seen in
all human DNAs (14), but, as expected for human DNA from
a different parental cell, several other bands (4.3, 3.6, and 1.0
kb) differ from those in the human DNA, presumably because
of the presence of different polymorphic sites. XY58 DNA
mixed with hybrid cell DNA (lane 4) or tested by itself (lane
5) clearly contains two of the constant DNA fragments seen
in the hybrid DNA from which it was derived (3.8 and 1.7 kb;
Fig. 4A, lanes 4 and 5). Thus, the DNA region containing the
multiple sequences complementary to Stl4 is apparently only
partially included in XY58 (see Discussion).

DISCUSSION
Single-copy human DNA probes give strong signals in
screening assays of YACs with little or no interfering back-
ground (Fig. 1). This is because the complexity of yeast DNA
(2 x 107 bp per genome) is two orders of magnitude less than
that of human DNA. Thus, even with only a single copy of
each YAC per cell, much less than high copy number
conventional bacterial plasmids, the screening techniques
and libraries are clearly adequate to yield YACs containing
sequences that hybridize to specific probes. This permits one
to begin more definitive testing of the potential of YACs in
human genome analysis.

Since the human DNA clones occur in proportion to their
DNA content in the somatic cell hybrid, cloning seems to be
generally random-or in any case, bias in the cloning of
Xq24-Xq28 human DNA is the same as that for total DNA.
The frequencies with which clones containing probe se-
quences are found in the partial library of total human DNA
are also not inconsistent with their representation in the total
genome (though there is only limited information about the
number of pseudogenes to be expected for each probe).
The failure to find chimeras of human and hamster DNA

strongly supports the idea that a YAC tends to arise by the
ligation ofa single fragment ofrestricted DNA into the vector
arms. This reduces the possibilities ofany rearrangements or
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recombination with extraneous DNA during the formation
and recovery of clones.
The results with XY58 (Fig. 4) show that in this case two

RFLP probes have been found to hybridize to the same YAC.
Some Stl4 and DX13 sequences have been thought to reside
within 70 kb of one another on the X chromosome (23), and
the YAC system provides clones large enough to bridge a
distance that great.
As in the case of VK, the fragments of total DNA that

hybridize with probe DX13 are apparently preserved over the
range of at least some kilobases, and the cocloning of DX13
and Stl4 suggests that long-term order may also be pre-
served. For St14, several standard fragments are absent, but
the probe sequence is repeated a number of times over about
60 kb (14) Ind is highly polymorphic in a region that contains
repetitive elements (24). Thus, the simplest possibility is that
the human DNA insert in the YAC ends in the middle of the
Stl4 region. Alternatively, it is still possible that DNA in the
YAC insert has been partially rearranged in this region.

Detailed tests of the fidelity of such human YACs to
genomic DNA are necessary, but there is already some
additional relevant information. The initial report on the
vectors used here (7) showed that the first YAC studied
(HY1) contained a 120-kb Sma I fragment that was also
detected in restriction digests of total human DNA. In our
own further studies, YACs including the entire genes encod-
ing factor IX and glucose 6-phosphate dehydrogenase have
been shown to have all of the exon-containing restriction
fragments expected after digestion with several enzymes
(R.D.L., unpublished data). Other recent studies with YAC
libraries from complex lower eukaryotic organisms also
suggest that YACs consist of cloned representative DNA
segments, each from a piece of contiguous DNA. For
example, for Caenorhabditis elegans, YACs have been
recovered that bridge a number ofgaps in a map inferred from
saturation cloning and analysis of cosmids (25). And in the
case of Drosophila melanogaster, a number of YACs have
been mapped by in situ hybridization to specific bands on
polytene chromosomes (D. Garza and D. Hartl, personal
communication).
These results show that libraries of total human DNA and

of DNA from a selected portion of the genome can be
organized by current protocols and can be analyzed for the
representation and fidelity of clones of single and multicopy
genes. The results increase the circumstantial evidence that
YAC vectors may indeed provide a bridge between pedigree/
pulsed-field gel mapping and conventional technology for
subcloning and sequencing.
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