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Cloning of Large Segments of Exogenous 
DNA into Yeast bv Means of 

Artificial ~hromosGrne Vectors 

Fragments of exogenous DNA that range in size up to which clones can be generated is high enough to allow the 
several hundred kilobase pairs have been cloned into yeast construction of comprehensive libraries from the ge- 
by ligating them to vector sequences that allow their nomes of higher organisms. By offering a tenfold increase 
propagation as linear artificial chromosomes. Individual in the size of the DNA molecules that can be cloned into a 
clones of yeast and human DNA that have been analyzed microbial host, this system addresses a major gap in 
by pulsed-field gel electrophoresis appear to represent existing experimental methods for analyzing complex 
faithful replicas of the source DNA. The efficiency with DNA sources. 

S TANDARD RECOMBINANT DNA TECHNIQUES INVOLVE THE 

in vitro construction of small plasmid and viral chromosomes 
that can be transformed into host cells and clonally propagat- 

ed. These cloning systems, whose capacities for exogenous DNA 
range up to 50 kilobase pairs (kb), are well suited to the analysis and 
manipulation of genes and small gene clusters from organisms in 
which the genetic information is tightly packed. It is increasingly 
apparent, however, that many of the functional genetic units in 
higher organisms span enormous tracts of DNA. For example, the 

bithorax locus in D~osqphzla, which participates in the regulation of 
the development of the fly's segmentation pattern, encompasses 
approximately 320 kb (1). The factor VIII gene in the human, 
which encodes the blood-clotting factor deficient in hemophilia A, 
spans at least 190 kb (2). Recent estimates of the size of the gene 
that is defective in Duchenne's muscular dystrophy suggest that this 

The authors are in the De artment of Genetics, Washington University School of 
Medicine, St. Louis, MO 6j110. 
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Fig. 1. Yeast artificial chromosome (YAC) cloning system. In the dagram of A R S ~  
the vector pYAC2, pBR322-derived sequences are shown as a thin line. A:rTa srna 1,cIoning site 

SUP4, Wl, HIS3, and URA3 are yeast genes: SUP4 is an ochre- Source DNA 
suppressing allele of a tyrosine transfer RNA gene that is interrupted when SUP 4 Sfi IINot I 

exogenous DNA is cloned into the vector; TRPI and URA3 are present in 
the artificial chromosomes and allow selection for molecules that have pYAC2 
acquired both chromosome arms from the vector; HIS3 is discarded during Xho I 
the cloning process. ARSl and CEN4 are sequences that are naturally TEL 
adjacent to TRPI on yeast's chromosome IV: ARSl is an autonomous- B,, HI 
replication sequence while CEN4 provides centromere function. The TEL 
sequences are derived from the termini of the Tetrabymena macronuclear HIS3 BamHI TEL Restriction 
ribosomal DNA (rDNA) molecules. The vector was constructed as follows. 

I w".,w,w 
endonuclease 

The Sma I site in the URA3 gene of YIp5 (36) was deleted by digestion with 
Barn HI Sma I 

- 
IUIC(XI 

1 - 
Ava I followed by religation (37); the resultant plasmid was cleaved at the 

phosphatase - _ L -  - 
sinale P~TI  11 and Eco RI sites ~resent in its ~BR322-derived seauences (38) - - 
an; the Eco RI end was filfed in with ;he Klenow fragmek of DNA 
polymerase I to produce a blunt-ended 3.2-kb fragment. This fragment was 
ligated to a 5.5-kb fragment, containing TWl, ARSI, and CEN4, which was 
produced by Pvu I1 cleavage of YCpl9, a plasmid derived by Mann and 
Davis by cloning a Bam HI-Eco RI fragment from Sc4137 into the 
pBR322-derived sequences of YRp17 (39). The resultant plasmid, pPM662, 
contains the regenerated Pvu I1 site of pBR322 and its adjacent replication 
origin and ampicillin-resistance genes, the m l - A R S I - C E N 4  region of 
YCpl9, and the URA3 gene of YIp5. The SUP4-o gene was cloned into the 
filled-in Bam H I  site of pPM662 on a 262-bp Alu I fragment derived from 
pSU4-A (40) by way of synthetic Sfi I-Not I linkers whose sequence was 
GCGGCCGCXGCGGCCGC (X is a mixture of G and C); the resultant 
plasmid was named pPM664. A short portion of the CEN4 region of 
pPM664, containing an unwanted Xho I site, was deleted by digesting the 
plasmid at the nearby sites for Eco RI and Kpn I; the Klenow fragment of 
DNA polymerase I was used to create blunt ends by filling in the 5' 
extension left by Eco RI and degrading the 3' extension left by Kpn I, and 
then religating. This procedure regenerated an unwanted, new Eco RI site 

single genetic locus, whose protein-coding function could be ful- 
filled by as little as 15 kb of DNA, actually covers more than a 
million base pairs (3). 

Although techniques exist for clcning large genes or gene clusters 
in many overlapping pieces, this process is laborious, prone to error, 
and poorly suited to functional studies of the cloned DNA. Further- 
more, there are a number of problems in molecular genetics that 
require the characterization of even more extensive tracts of DNA 
than those present in the largest known genes. For example, the 
regulated somatic DNA rearrangements that give rise to functional 
inlmunoglobulin genes and T cell receptor genes involve deletions 
of whole segments of chromosomes, while some of the genetic 
events that have been implicated in the induction or progression of 
malignant tumors involve the amplification or deletion of similarly 
large regions (4-6). In other instances, including efforts to define 
the primary defects in such genetic diseases as Huntington's chorea 
and cystic fibrosis, only the genetic linkage between the closest 
identified clones and the disease locus is known (7, 8); in typical 
cases, the search for the locus itself will require the analysis of 
megabase-pair regions of DNA. Finally, there is increasing interest 
in the global mapping of the DNA of intensively studied organisms 
(9, 10). Particularly in the case of the human, or other organisms 
with comparably complex genomes, such projects would require the 
ordering of hundreds of thousands of conventional clones. A 
cloning system that allowed the same objective to be achieved with 
many fewer clones would not only improve mapping efficiency but 
might also have dramatic effects on the reliability and continuity of 
the final map. 

We report here the development of a high-capacity cloning system 
that is based on the in vitro construction of linear DNA molecules 
that can be transformed into yeast, where they are maintained as 
artificial chromosomes. Several considerations favored this combi- 
nation of replicon and host. The basic functional units of yeast 
chrom~somes-centromeres, telomeres, and ARS's (autonomous- 
replication sequences, with properties expected of replication ori- 

TEL TRP 1 ARS1 CEN 4 Insert DNA URA3 TEL 

that was destroyed by cleavage with Eco RI, filling in, and religation to 
create pPM668. Finally, pYAC2 was created by inserting the TEL-H7S3- 
TEL-Xho I fragment of A240 p l  (provided by A. Murray) into the pBR322- 
derived Pvu I1 site of pPM668 by way of Xho I linkers; A240pl contains the 
same TEL-HIS3-TEL-module as the plasmids A252p6 (15) and A142pl 
(19). 

gins)-have all been defined (11-13). In each case, DNA segments 
that display h l l  functional activity in vivo are confined, at most, to a 
few hundred base pairs. When these elements are combined on 
artificial chromosomes that are approximately 50 kb or larger, the 
chromosomes display enough mitotic and meiotic stabilities to make 
their genetic manipulation straightforward (14, 15). Larger artificial 
chromosomes, consisting primarily of concatemers of bacteriophage 
lambda DNA, display increased mitotic stability as they increase in 
size, a conclusion that is reinforced by comparable studies on natural 
yeast chromosomes whose structures have been manipulated by 
homology-directed transformation experiments (1 6-1 9). 

These prior studies of yeast artificial chromosomes have been 
done on molecules that formed in vivo by recombination between 
very small linear plasmids and transforming DNA. Typically, the 
linear plasmid contained all sequences required for replication and 
segregation, while the transforming DNA contained a marker that 
can be used to select for the recombinant molecule. Although such 
svstems allow artificial chromosomes to be custom-tailored for 
genetic studies, they are poorly suited to cloning applications. In 
contrast, the system described here involves only the standard steps 
associated with conventional cloning protocols: in vitro ligation of 
vector and source-DNA fragments followed by transformation of 
the intact replicons into host cells. 

Vector system. The vector (Fig. 1) incorporates all necessary 
functions into a single plasmid that can replicate in Escherichia wli. 
This plasmid, called a "yeast artificial chromosome" (YAC) vector, 
supplies a cloning site within a gene whose interruption is pheno- 
typically visible (SUP4), an ARS (ARSI), a centromere (CEN4), 
sk~ectab~e markers on both sides of the centromere ('122PI and 
URA3), and two sequences that seed telomere formation in vivo 
(labeled TEL). As described by Murray et d., cleavage at the 
Bam H I  sites adjacent to the TEL sequences produces termini that 
heal into functional telomeres in vivo (17). 

The overall cloning protocol is shown schematically in Fig. 1. 
Double digestion of the particular YAC vector shown, pYAC2, with 
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Bam HI and Srna I yields three parts, which can be regarded as a left 
chromosome arm, including the centromere, a right chromosome 
arm, and a throwaway region that separates the two TEL sequences 
in the circular plasmid. The two arms are treated with alkaline 
phosphatase to prevent religation, and then ligated onto large insert 
molecules derived from the source DNA by partial or complete 
digestion with an enzyme that leaves Srna I-compatible (that is, 
blunt) ends. The ligation products are then transformed into yeast 
spherbplasts by standard methods, which involve embedding the 
transformed spheroplasts in agar on a selective medium. 

Primary transformants are selected for complementation of a ura? 
marker i& the host by the I%RA3 gene on the vector. The transfor- 
mants are screened for complementation of a host tip1 marker, 
which ensures that the artificial chromosomes have derived both 
their arms from the vector, and for loss of expression of the ochre 
suppressor SUP4, which is interrupted by insertion of exogenous 
DNA at the Srna I cloning site, a naturally occurring restriction site 
in the region coding for SUP4's tIZ.NATy' gene product. SUP4 is a 
particularly advantageous interruptible marker since, in an ruie2- 
ochre host, cells that are expressing the suppressor form white 
colonies and those in which the suppressor has been inactivated 
form red colonies (20). 

\ ,  

Pilot experiments. An initial test of the vector system involved 
cloning Srna I limit-digest fragments of yeast and human DNA into 
pYAC2. The limit-digest fragments produced by cleaving either of 
these DNA's with Srna I, which recognizes the sequence CCCGGG, 
are predominantly in the size range 20 to 200 kb. In the case of the 
human digest, the insert DNA was size-fractionated by velocity 
sedimentation to eliminate framents smaller than 40 kb. Because " 
we anticipated a low cloning efficiency, the ligation mixtures were 

carried out on a large scale (50 pg of vector plus 25 pg of insert in 
200 pl). 

The initial yeast-into-yeast experiment produced only a handful of 
transformants of the desired phenotype (Ura+, Trp+, Ade-, canR, 
red), but a high fraction of those obtained contained novel DNA 
molecules that behaved electrophoretically as though they were 
linear DNA molecules between 40 and 130 kb in size. Control 
experiments suggested that the main reason for the low efficiency 
was that the host strain transformed poorly, even with conventional 
Esch* wli-yeast shuttle vectors. For the cloning of human 
sequences into yeast, a new host strain, AB1380, was employed with 
dramatically improved results. When only half the ligation mixture 
was transformed into 5 x lo7 cells, 1 x lo4 Ura' transformants 
were obtained. In a sample of 48 randomly picked colonies, 28 had 
all the phenotypes expected for bona fide recombinants, while 16 
contained artificial chromosomes large enough to detect on ethidi- 
um bromide(EtBr)-stained pulsed-field gels (>40 kb). This sam- 
pling suggested that the experiment had an overall yield of 300 
usable clones per microgram of insert DNA. 

Structure of representative clones. A number of clones from the 
yeast-yeast and human-yeast pilot experiments were analyzed in 
more detail to determine whether or not the artificial chromosomes 
that had been produced had the expected structures (Fig. 2). The 
artificial chromosomes are visible on the EtBr-stained gel as 50- to 
130-kb molecules, migrating ahead of the smallest natural yeast 
chromosome (Fig. 2A). The DNA was transferred from this gel to 
nitrocellulose and assayed sequentially by DNA-DNA hybridization 
with 32P-labeled probes prepared from plasmid pBR322 (Fig. 2B) 
and total human genomic DNA (Fig. 2C). All five artificial chromo- 
somes hybridized to pBR322, by way of the pBR322 sequences 

Fig. 2. Characterization of five YAC clones by - - w - -  
* * t  

pulsed-field gel electrophoresis. YY1 (yeast-yeast t x r  
1) is a clone containing yeast DNA cloned into Q 

I 
yeast; the HY (human-yeast) clones contain hu- k b 

man DNA cloned into yeast. (A) An EtBr-stained 
. . . -  

pulsed-field gel of the transformants, in which the "I - 

artificial chromosomes are visible as faint bands vl - 
migrating ahead of chromosome 1, which at 260 
kb is the smallest natural yeast chromosome (33, 

- 

34,41). The separation was made on a modified T4 - , 
OFAGE apparatus (34) with a pulse time of 20 
seconds; samples were prepared in agarose plugs, T5 - 
as described (33, 41). (B) An autoradiogram - 
showing hybridization of all five clones to "P- - 
labeled pBR322 by way of vector-derived se- 
quences. For this experiment, the DNA in the gel 
shown in (A) was transferred to a nitrocellulose 
sheet as described bv Southern (42): the  robe 
was labeled by the h<~amer-~rim&~ kethod (43). EtBr-stalned gel 
(C) An autoradiogram showin h bridization of 
only the four HY clones to "l&abekd total- 
human DNA. The radioactivity associated with the pBR322 hybridization 
was stripped off the filter before rehybridization with the total human DNA 
probe. AU the clones were produced by ligating pYAC2-derived "arms" to 
source DNA that had been digested to completion with Srna I and 
transforming the ligation mixtures into AB1154 [used for Wl; MATa Jr+ 
ura3 hpl adc2-1 canl-100 1'2-1 met4-1 tyrl; d 2 - 1 ,  canl-100, 1'2-1, and 
&-I are ochre alleles, suppressible by SUP4-o; Jr+ is a cytoplasmic 
determinant that enhances suppression (44, 45)] or AB1380 (used for HY 
clones; MATa Jr+ uru3 hpl &2-1 canl-100 Iys2-1 his5). The yeast DNA, 
which was derived from strain AB972, was prepared as described (34); the 
human DNA, which was derived from the neuroblastoma cell line NLF, was 
provided by G. Brodeur. Both DNA samples had been prepared as liquid 
solutions; nonetheless, the average size of the fragments present before 
cleavage exceeded 500 kb. After Srna I digestion, the human sample was size- 
fractionated on a sucrose gradient. Fractions larger than 40 kb were pooled. 
For the Srna I digests, 25 pg of source DNA was digested to completion, 
gently extracted first with phenol and then with chloroform, dialyzed against 

pBR322 probe Total human probe 

TE8 (10 mM tris-HCI, 1 mM EDTA, pH 8), and concentrated in a 
collodion bag concentrator (Schleicher & Schuell UH 10011). Vector DNA 
was prepared by digesting 50 pg of pYAC2 DNA to completion with Srna I 
and Barn HI, treating with an excess of calf-intestinal alkaline phosphatase 
(Boehringer Mannheim, molecular biology grade), extracting with phenol 
and then chloroform, and concentrating by ethanol precipitation; the 
throwaway Bam HI fragment containing the NIS3 gene was not separated 
from the other two vector fragments. The ligation reaction was carried out 
for 12 hours at 15°C in a volume of 200 pl with 50 units of T4 ligase 
(Boehringer Mannheim) in 50 mM tris-HC1, 10 mM MgCI,, 1 mM 
adenosine triphosphate, pH 7.5; after ligation, the reaction mixture was 
subjected to sequential extractions with phenol and chloroform and dialyzed 
against TE8. Half the ligation mixture was transformed into 5 x 10' cells, 
which had been converted to spheroplasts with lyticase, and plated onto four 
100-mm petri plates with the use of a synthetic spheroplast-regeneration 
medium lacking uracil (46); the transformation protocol was as described 
(47). 
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Fig. 3. The insert in the human-yeast clone HY1 
is a single large Sma I fragment. (A) An EtBr- 
stained gel on which uncleaved and Sma I- A 
cleaved DNA from the transformed yeast strain 
has been fractionated along with size markers (M) 
in two identical sets of lanes. The high back- 
ground and absence of intaa chromosomes larger 
than IX (460 kb) in the uncleaved DNA is 
accounted for by the use of liquid DNA samples 
(34) in this experiment. (B) An autoradio am F showing that, in the uncleaved sample, ' P-la- 
beled pBR322 hybridizes to intaa HY1; but in 
the Srna I digest it hybridizes only to the 5.6- and Vl - 
3.6-kb arms contributed by pYAC2. The left side 
of the gel shown in (A) was used in this experi- 1 

ment; methods were similar to those described for 
Fig. 2. (C) An autoradiogram showing that in 
both the uncleaved and Sma I-cleaved samples, 
total human DNA hybridizes to DNA molecules 
of similar size; in the cleaved sample, the band 
corresponds to the single human Sma I fragment 
present as an insert in HYI. The right side of the 
gel shown in (A) was used in this experiment. 

I 
EtBr-stained gel pBR322 probe Total human probe 

present in pYAC2. As expected, only the four human-yeast chromo- 
somes hybridized to human DNA, under the hybridization condi- 
tions employed, the hybridization to total human DNA is expected 
to involve primarily dispersed repetitive human sequences present 
both in the probe and in the cloned segments of human DNA. The 
absence of minor bands in Fig. 2, even when the autoradiograms are 
overexposed, suggests that the yeast artificial chromosomes are 
propagated faithllly. 

Further analysis of two of the larger artificial chromosomes, HY 1 
and YY1, demonstrated that both clones have the structures expect- 
ed for molecules formed by the simple pathway shown in Fig. 1. For 
example, the data in Fig. 3 demonstrate that the insert in HY1 can 
be released from vector sequences as a single 120-kb fragment by 
Sma I digestion. In Fig. 3A, an EtBr-stained gel is shown on which 
two sets of samples of uncleaved and Sma I-cleaved yeast DNA 
from the transformant containing HY1 have been fractionated on 
two identical half-gels. The DNA was transferred to nitrocellulose; 
the samples on the left were assayed with a pBR322 probe (Fig. 3B) 
and those on the right were assayed using a total-human probe (Fig. 
3C). The pBR322 probe detects the intact artificial chromosome in 
the uncleaved sample but only the two short vector arms in the 
Sma I-cleaved sample. In contrast, while the total-human probe 
again detects the intact chromosome in the uncleaved sample, it 
detects a single large fragment in the Sma I-deaved sample, which is 
not significantly different in size from that of the intact chromosome 
(21). Similar results were obtained for YY1. 

Comparison of homologous cloned and genomic Srna I frag- 
mehts. AS a more stringent test of whether or not HY1 and YY1 
represent authentic clones, we also showed that the Sma I fragments 
cloned in these artificial chromosomes are the same size as homolo- 
gous fragments in the source DNA. This test required the isolation 
of DNA fragments from the YAC inserts that could be used to 
probe size-fractionated Srna I digests of genomic human and yeast 
DNA. We isolated these fragments by a plasmid-rescue technique 
that takes advantage of the presence of pBR322 sequences in the 

original YAC vector. Digestion of insert-containing artificial chro- 
mosomes with Xho I would be expected to produce an Xho I 
fragment starting adjacent to the left TEL sequence and extending 
into the insert to the first Xho I site in the cloned DNA (Fig. 1). 
Such a fiagment would contain the pBR322 origin of replication 
and ampicillin resistance gene (labeled ori and Amp in Fig. l) ,  
which are the only portions of the plasmid that are essential for 
replication and selection in E. wli. In practice, plasmid rescue is a 
three-step procedure: total yeast DNA from transformants is digest- 
ed with Xho I, ligated under conditions that favor formation of 
monomer circles, and transformed into E. wli with selection for 
ampicillin resistance. Plasmids with the expected structures were 
readily isolated by this method from both YY1 and HYl; for 
example, the YY1-derived plasmid was used to demonstrate that the 
large Srna I fragment cloned in this artificial chromosome has a 
counterpart in the source DNA (Fig. 4). When DNA was trans- 
ferred from the gel shown in Fig. 4A and assayed by hybridization 
with the E. wli plasmid that contained sequences rescued from YY1, 
the results confirmed that the Sma I fragment cloned into YY1 is of 
the same size in the clone and in genomic yeast DNA. In AB972, the 
probe hybridizes to a large chromosome in the uncleaved DNA 
(identified as XI1 in a separate experiment) and to a 120-kb 
fragment in the Sma I-cleaved DNA. In the sample containing 
undeaved DNA from the transformed strain (lane 3), it hybridizes 
both to the large natural chromosome and to the small artificial 
chromosome, wvhile in the sample containing cleaved DNA from the 
transformed strain (lane 4), it hybridizes only to the 120-kb Sma I 
fragment. In the latter sample, the band represents a direct superpo- 
sition of homologous Sma I fragments released from the natural and 
artificial chromosomes. Similar experiments were carried out with a 
probe rescued from HY1; the only discrete fragment to which this 
probe hybridized in Srna I digests of human DNA was of the correct 
size, but the probe also weakly cross-hybridized to a heterogeneous 
smear of smaller Srna I fragments. 

Indirect end-label mapping of YAC clones. With any primary 

I 5  MAY 1987 RESEARCH ARTICLES 809 



;stained gel YYI rescue probe 

Fig. 4. The large yeast Sma I fragment cloned into the yeast-yeast clone YYl 
is also present in the genome of the yeast strain AB972 from which the 
source DNA was extracted. (A) An EtBr-stained OFAGE (orthogonal field 
alternation gel electrophoresis) (34) gel on which both uncleaved and Srna I- 
cleaved DNA from AB972 and the transformed strain containing YY1 have 
been fractionated (lanes 1 to 4). The outside lanes on the gel contain size 
markers. (B) An autoradiogram showing hybridization of the samples 
described in (A) to a plasmid probe "rescued" from the insert of YY1. This 
probe hybridizes in lane 1 to sequences present at the normal chromosomal 
site of the cloned Sma I fragment in -972; the large hybridizing 
chromosome was identified as j(I1 in a separate experiment. ~n'lane 2, 
hvbridizes to a single large Sma I frament released from chromosome XI1 of 
h 9 7 2 .  In lane 3:it hyvbridizes b o g  to the transformation host's chromo- 
some XI1 and to the YYI itself. In lane 4, it hybridizes to the cornigrating 
Sma I fragments released from the transformation host's chromosome XI1 
and from W1. 

cloning system, it is essential to have relatively simple methods of 
surveying the restriction sites present in newly isolated clones. 
Because of their large sizes, YAC clones are difficult to map by 
standard techniques. They are, however, particularly well suited to 
indirect end-label mapping, a method that has been widely em- 
ployed for genomic sequencing and the mapping of hypersensitive 
sites in chromatin (22,23). For indirect end-label mapping, a partial 
digest of the chromosome is size-fractionated and then probed with 
an end-adjacent sequence, thereby revealing a ladder of bands, the 
sizes of which correspond to the distances from the end to the 
various cleavage sites for the restriction enzyme. YAC clones are 
particularly well suited to indirect end-label mapping because (i) 
they have natural ends, (ii) the pBR322-derived sequences adjacent 
to each telomere allow redundant mapping of all clones with just 
two universal probes; and (iii) the need to detect partial-digest 
fragments that are present in much less than single-copy amounts is 
facilitated by the low sequence complexity of yeast DNA (0.5 
percent of the mammalian case). 

All the sites throughout a 100-kb segment could be mapped with 
just the left-end probe, on a single high-resolution field-inversion 
gel (Fig. 5). Complementary data were obtained with a right-end 
probe, which allowed completion of the map and also provided 
confirmation of the whole central region of the map. Although 
separate gels were used in these experiments, the two probes could 
equally well have been used sequentially on the same filter. 

Improved vectors. The most serious limitation on pYAC2 as an 
all-purpose YAC vector is the inflexibility of the cloning site. Sma I 
produces blunt ends, which do not ligate as efficiently as "sticky" 

ends and also limit the range of ways in which the source DNA can 
be prepared for cloning. Although various methods exist for over- 
coming these limitations, they are all more complex than a simple 
sticky-end ligation and carry the attendant risk of reducing ;he 
cloning efficiency. In seeking to adapt YAC vectors to the cloning of 
fragments generated by a variety of restriction enzymes that leave 
cohesive ends. we were able to Dreserve the attractive features of 
SUP4 as an interruptible marker-while circumventing the idexi- 
bility of the coding-region Sma I site-by moving the cloning site 
into the gene's 14-bp intron. We expected that the need to maintain 
SUP4 Gct ion  in ;he vector wodd place few constraints on the 
intron's sequence or precise length, 6ut that the cloning of huge 
inserts irito the intron would still inactivate the gene. Site-directed 
mutagenesis was used to make a single: nucleotide change in the 
wild-be intron, creating a Sna BI site that occurs only once in the 
vector. In the process of reconstructing a vector that contained the 
Sna BI site, the Sfi I and Not I sites flanking the SUP4 gene in 
DYAC~ were eliminated in order to allow these enzvmes to be used 
more conveniently either in preparing source DNA for cloning or in 
the analysis of clones. In this way, a new series of vectors was 
constructed that offer the following cloning sites: the Sna BI site 
itself (pYAC3), an Eco RI site created by insertion of an Eco RI 
linker into the Sna BI site (pYAC4), and a similarly constructed new 
Not I site (pYAC5). In all cases, the cloning sites occur only once in 
the vector &d these manipulations SUP4 function. 

The most extensively tested of the new vectors is pYAC4, which 
allows the direct cloning of inserts produced by Eco RI partial 
digestion. We tested this vector on a population of Eco RI partial- 
digest hgments prepared from the DNA of circulating human 
leukocytes. The uncleaved source DNA had an average size of more 
than 1000 kb, while the partial-digest fragments, which were not 
size-hctionated, were p&domiddy in the size range 50 to 700 
kb. In this experiment, the cloning efliciency was similar to that 
reported above for pYAC2 cloning (several hundred clones per 
dcrogram of source DNA), but the proportion of the primary 
transformants that had all the phenotypes expected of bona fide 
recombinants was much higher (>90 percent); fiuthermore, nearly 
all such colonies contained a single artificial chromosome that 
hybridized to human DNA. For example, when DNA was prepared 
from ten clones that were picked at random all ten clones proved to 
contain human DNA in artificial chromosomes ranging in size up to 
more than 400 kb (Fig. 6). 

Future prospects. The above data suggest that the generation of 
yeast artificial chromosomes with YAC vectors may provide a 
general method of cloning exogenous DNA fragments o f  several 
hundred kilobase pairs. Although only "anonymous" clones have 
been analyzed, these test cases appear to be propagated as faithful 
co~ies  of the source DNA. The efficiencv with which clones can be 

I 

generated is ample to allow generation of multi-hit comprehensive 
libraries of the genomes of higher organisms, particularly in applica- 
tions in which the availability of source DNA is not limiting. In such 
situations, the number of clones that can be obtained per petri plate 
afier transformation is the most relevant measure of practicality; the 
present procedures with YAC vectors allow the recovery of thou- 
sands ofclones per plate, a numbei that compares favorably with the 
need for 2 x lo4 clones with 150-kb inserts to obtain single-hit 
coverage of a mammalian genome. 

Further progress toward characterizing the YAC cloning system 
and applying it to specific biological objectives requires the develop- 
ment of eflicient methods of screening libraries for sequences that 
are present in a single copy in the source DNA. Colony screening 
methods have been described for yeast (24,25), and the screening of 
YAC libraries should not pose fundamental difficulties. There are, 
however, several practical issues that are likely to make the process 

SCIENCE, VOL. 236 



- lncreaslng Bam HI enzyme- 
k b 

(120) rCI - 
Large 

mot. size - Icu 

Len-end 

Lefland probe . I probe 

Fig. 5. Indirect end-label mapping of YY1 with Bam HI. DNA prepared 
from the transformant containing the artificial chromosome YY1 was 
subjected to partial digestion with increasing concentrations of Barn HI. The 
samples were fractionated by field-inversion gel electrophoresis under condi- 
tions that maximize resolution in the size range 50 to 110 kb. The DNA was 
transferred to nitrocellulose and assayed by hybridization with a probe 
consisting of vector sequences present at the left end, as defined in Fig. 1, of 
all YAC clones. The composite map shows the interpretation of the bands in 
the autoradiogram in terms of Bam HI sites in YY1. The correlation between 
bands and sites requires careful size calibration of the gel since gels of this 
type show a complex relation between size and mobility: there is a substantial 
compression in the range 15 to 30 kb and a short double-valued region at the 
top of the gel (molecules of 120 kb have minimal mobility while a 
h;erogeneoG population of larger molecules cornigrate at a sligl;tly higher 
mobility; there is some nonspecific hvbridization to the large accumulation 
of yeas; DNA migrating in &is high holecular weight banq. Sites near the 
right end were mapped in an experiment identical to that shown, except that 
a probe specific for the right end of YAC clones was employed. The DNA 
used in these experiments was a liquid sample prepared as previously 
described (34). The electrophoresis conditions involved a field strength of 
10.5 V/m (measured in the gel), a forward pulse time of 2 seconds, a reverse 
pulse time of 0.667 second, and a total running time of 12 hours; other 
conditions were as described (35). The left-end probe was the larger, and the 
right-end probe the smaller, of the two fragments produced by double- 
digestion of pBR322 with Pvu I1 and Bam HI; both fragments were gel- 
purified before labeling. 

Fig. 6. Sizing of the artificial chro- 1 2 3 4 5 6 7 6 9  10 
mosomes present in ten transfor- 
mants generated by cloning Eco RI kb 

partial digest fragments of human 
DNA into the Eco RI vector 560 - 
pYAC4. DNA from the transfor- 
mants was prepared in agarose 
blocks, subjected to electrophoresis 
at a pulse time of 30 seconds on a 460 - . - 
pulsed-field gel apparatus that pro- 
duces uniform, transverse fields in- 370 - 
terseaing at 120' (48), transferred 290 - .e- . 
to nitrocellulose, and assayed by -= - 
hybridization with 32P-labeled hu- 
man DNA. The human DNA for 
the Eco RI partial digestion was 
prepared from circulating leuko- 
cytes by a liquid sample method Total human probe 
whose application to yeast has been 
described (34). The average size of 
the DNA before partial digestion with Eco RI was approximately 1000 kb; 
digestion of 40 kg of this sample was carried out with 0.001 unit of Eco RI 
for 15 minutes at 25°C. Ligation and transformation conditions were as 
described for Fig. 1. The transformation host was AB1380. 

more difficult than conventional colony screening (for example, 
both the number of the cloned molecules w r  cell and the number of 
cells per colony are much lower in YAC cloning than in plasmid or 
cosmid cloning in E. wli); the need to regenerate transformants in 
agar also precludes direct screening of primary transformants. 

Further experience with the YAC cloning system will be required 
to assess such issues as the stability of clones, the extent to which the 
source DNA is randomly sampled, and the biological activity of the 
cloned DNA. Nonetheless, there are grounds for optimism that 
YAC vectors could even offer important advantages over standard 
cloning systems in these areas. In particular, there is reason to expect 
the yeast DNA-replication system to be more compatible with the 
sequence organization of typical eukaryotic DNA's than is the E. wli 
system. Essentially all sources of eukaryotic DNA that have been 
tested contain sequences that can function in yeast as ARS's at a 
spacing that is similar to that found in yeast itself (13). This 
observation suggests that the existence of a single ARS from the 
vector will rarely limit the amount of passenger DNA that can be 
accommodated. Also, the ubiquity of ARS's in eukaryotic DNA and 
their apparent lack in E. wli (26) may hint at a basic functional 
homology among the replication systems of eukaryotic organisms. 
Finally, although yeast has relatively little repetitive DNA compared 
to higher organisms, it has all fhe qualitative types of repeated 
sequence that have been described in these systems-for example, 
dispersed repetitive sequences (23,  scrambled clusters of repeats 
(23, alternating purine-pyrimidine tracts (28), perfect palindromes 
(27,29), long tandem arrays (30), and satellite-like simple sequences 
(28). Consequently, while these sequences are often difficult to clone 
in E. wli (31), they may pose no special problems in yeast. However, 
present experience suggests that few genomic sequences h m  higher 
organisms will be functionally expressed in yeast (32), thereby 
limiting the likelihood that particular sequences will be selected 
against because of their genetic content. 

Whether or not the YAC system proves to be broadly usell, the 
demonstration of the basic feasibility of generating large recombi- 
nant DNA's in vitro and transforming them into easily manipulated 
host cells may stimulate experimentation with other combinations of 
replicons and hosts. There is a strong incentive to develop such 
systems since they are directed toward the major remaining gap in 
our ability to dissect the genomes of higher organisms. The 
resolution of both cytogenetic analysis and linkage mapping is of the 
order of a few megabase pairs of DNA, while cloning techniques 
have been limited to a size range of tens of kilobase pairs. These two 
levels of analysis, with their 100-fold difference in inherent resolu- 
tion, are now bridged only by pulsed-field gel electrophoresis (33- 
35). The ability to isolate and amplify large DNA molecules in a 
simple genetic background would complement this powerful analyt- 
ical technique and set the stage for expanded structural and func- 
tional studies of complex DNA sources. 
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