AL-3 and Al-4 intron could render other
target genes cold-sensitive as well. We have
inserted these cold-sensitive introns into the
Stu I site of the yeast URA3 gene (URA3-
AI3, URA3-Al4). As expected, the yeast
strain having either the URA3-AI3 or the
URA3-AI4 gene on a 2. plasmid showed a
cold-sensitive URA phenotype (Fig. 2C). It
is not likely that cold sensitivity is due to the
genetic background, since experiments with
another nonisogenic strain gave the same
results (14).

In this report we have described an ap-
proach to the control of gene expression by
an artificial cold-sensitive intron. This ap-
proach can be applied to foreign gene
expression driven by a strong promoter
whose expression is difficult to control. Fur-
ther modification of the artificial intron will
be necessary, however, to obtain optimal
expression in the induced state and no
expression at the low temperature.

This intron makes it possible for investi-
gators to disrupt gene function conditional-
ly, which will be helpful in studying the
function of essential genes and in isolating
mutants. For mutagenesis, it may be neces-
sary to mark the cold-sensitive intron with a
genetic marker.

In addition, the artificial intron can be
modified in many other ways. For example,
an operator sequence could be inserted to
control transcription of a target gene by
binding of a repressor. A native intron that
has self-regulated splicing can also be used.
Such a native intron cassette can be easily
obtained by amplifying only the intron se-
quence by polymerase chain reaction (PCR)
methods (22). This type of native intron
cassette as well as artificial introns would
allow us to control any gene in yeast in a
variety of ways.
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Isolation of Single-Copy Human Genes from a
Library of Yeast Artificial Chromosome Clones

BERNARD H. BROWNSTEIN,* GARY A. SILVERMAN, RANDALL D. LITTLE,
DaviD T. BURKE,T STANLEY J. KORSMEYER, DAVID SCHLESSINGER,

MAYNARD V. OLSON

A recently developed cloning system based on the propagation of large DNA molecules
as linear, artificial chromosomes in the yeast Saccharomyces cerevisiae provides a
potential method of cloning the entire human genome in segments of several hundred
kilobase pairs. Most applications of this system will require the ability to recover
specific sequences from libraries of yeast artificial chromosome clones and to propagate
these sequences in yeast without alterations. Two single-copy genes have now been
cloned from a library of yeast artificial chromosome clones that was prepared from
total human DNA. Multiple, independent isolates were obtained of the genes encoding
factor IX and plasminogen activator inhibitor type 2. The clones, which ranged in size
from 60 to 650 kilobases, were stable on prolonged propagation in yeast and appear to

contain faithful replicas of human DNA.

N APPLICATIONS THAT REQUIRE THE

analysis of large tracts of genomic

DNA, the yeast artificial chromosome
(YAC) cloning system has a number of
potential advantages over conventional
cloning methods (1). Its open-ended capa-
city for large inserts has allowed the cloning
of segments of human DNA that are ten
times larger than those that can be cloned in
cosmids (1, 2). As a eukaryotic host, yeast
provides a substantially different environ-
ment than Escherichia coli in which to propa-
gate the DNA of higher organisms. The ease
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A27D8

A24E4

from lysed colonics had been hybridized to a mixture of *
probes, including a probe specific for the PAI-2 gene. The arrow points
to PAI-2 clonec A27D8, and the four strong signals in the lower right
corner arise from positive control clones. (€) An autoradiogram of a
filter on which sets of six single-colony subisolates of two PAI-2
positives (A27D8 and A24E4), a

Fig. 1. Identification of

YAC clones containing

the PAI-2 gene by yeast

colony screening. (A) A

grid of yeast colonies

,’ grown on the surface of
; a nylon filter placed in

. contact with agar growth

medium. (B) An autora-

. diogram of a filter on

which DNA released
*P-labeled

s well as two unrelated clones (bottom

two rows), had been hybridized to the PAI-2 probe. The failure of one
of the A24E4 subisolates to hybridize is not unusual since the original
microtiter plate stocks from which these subisolates were obtained had
not been colony purified. Methods are described in (10).

with which chromosomal DNA can be ma-
nipulated by homology-directed recombina-
tion in yeast (3) offers the possibility of
making specific changes in large DNA mole-
cules cloned as YACs.

These and other applications of YAC
cloning will require the ability to recover
specific cloned sequences from diverse li-
braries of YAC clones. We describe here the
cloning of single-copy genes from a YAC
library prepared from total human DNA.
Two independent clones are described for
the factor IX gene (4) (mutations in which
cause hemophilia B), and three independent
clones are described for the gene encoding
plasminogen activator inhibitor type 2
(PAI-2) (5). Evidence is presented that these
clones, which range in size up to 650 kb, are
authentic replicas of human genomic DNA.
It is also shown that they can be propagated
extensively in yeast without detectable
changes. Together with recent reports of
YAC cloning of DNA from the nematode
Caenorhabditis elegans (6) and from a rodent-
human hybrid cell line (7), these results
demonstrate the basic practicality of using
YAC:s to subdivide complex genomes.

The human genomic library was prepared
by ligating human DNA that had been
partially digested with Eco RI to vector
arms prepared from pYAC4 (1, 8). This
procedure produces acrocentric chromo-
somes that terminate in short telomere-
proximal vector sequences. All but 9 kb of
the length of an artificial chromosome is
insert DNA. The clones described here were
identified in an expanding library that con-
tained 13,000 clones at the time of the PAI-
2 screen and 14,000 at the time of the factor
IX screen. The average insert size in the
library was approximately 225 kb. The
clones had been picked individually from
transformation plates, grown in small liquid
cultures, and stored in the wells of 96-well
microtiter plates.
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The clones were screened with 3?P-labeled
DNA-DNA hybridization probes by colo-
ny-screening procedures adapted for yeast.
Colonies were grown on nylon filters placed
on the surface of an agar growth medium.
The filters were inoculated by means of a
96-prong replicating device, which allowed
all the clones from one microtiter plate to be
stamped onto a filter in a single step. Four
offset stampings were carried out to produce
microtiter plate—sized filters, each contain-
ing 384 clones (Fig. 1A). After cell lysis and
binding of the released DNA to the filter,
hybridization was carried out with pools of
up to five **P-labeled probes. An autoradio-
gram of a filter containing a clone that was
positive for the PAI-2 probe is shown in
Fig. 1B. Each potentially positive clone was
colony purified on a medium that selects for
maintenance of the YAC, and six subisolates
were retested with all the probes used in the
primary screening. Two clones in which
most or all of the colonies picked for second-
ary screening were positive with the PAI-2
probe are shown in Fig. 1C. Similar signals
were obtained for a third PAI-2 clone and
three factor IX clones.

The intact artificial chromosomes in
clones that continued to give strong signals
through the secondary colony screening
were analyzed by pulsed-field gel electro-
phoresis. When high molecular weight
DNA from these strains is separated on
pulsed-field gels, the artificial chromosomes
can usually be visualized against the back-
ground of natural yeast chromosomes by
ethidium bromide staining. After the stained
gels were photographed, the DNA was
transferred to nylon, and DNA-DNA hy-
bridization was carried out with the appro-
priate-gene-specific probe. Data are shown in
Fig. 2 for the three factor IX and the three
PAI-2 clones that were positive through the
primary and secondary screening.

The next level of analysis involved com-
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Fig. 2. Analysis of factor IX and PAI-2 YAC

clones by pulsed-field gel electrophoresis. (A) A
pulsed-field gel showing the separation of natural
and artificial chromosomes present in three clones
that showed strong hybridization to the factor IX
probe (lanes 2 to 4) and an unrelated YAC clone
(lane 1). In the left panel, the DNA molecules are
visualized by fluorescent staining with ethidium
bromide; in the right panel, an autoradiogram is
shown of the results obtained when the DNA was
transferred to a nitrocellulose membrane and hy-
bridized to the factor IX probe. LL, lambda
ladder. (B) Analysis of the three clones that
showed strong hybridization to the PAI-2 probe
(lanes 2 to 4) and an unrelated YAC clone (lane 1)
on a pulsed-field gel. Sizes are in kilobases. Meth-
ods are described in (11).

paring the sequence organization of YAC
DNA with that of human genomic DNA by
means of restriction enzymes with 4- or 6-
bp recognition sites. Gene-specific probes
derived from factor IX and PAI-2 cDNA
clones were used to analyze the regions of
the YACs containing the exons for these
genes. In a typical analysis (Fig. 3A), the
factor IX probe was used to detect hybridiz-
ing Eco RI restriction fragments in digests
of human genomic DNA and yeast DNA
from the 60- and 650-kb factor IX YAC
clones. In addition to the pure human and
yeast samples, mixtures containing human
DNA and a molar excess of yeast DNA were
also analyzed to demonstrate that small dif-
ferences in the mobilities of corresponding
fragments in the human and yeast lanes were
due to differences in the amounts of DNA
loaded (9). All four of the fragments detect-
ed in human genomic DNA were also found
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Fig. 3. Comparison of the¢ sizes, in kilobases, of
the exon-containing restriction fragments present
in total human DNA and the factor IX and PAI-2
YAC clones. (A) An autoradiogram showing the
hybridization of Eco RI and Taq I digests of
human and yeast DNA with the factor IX cDNA
probe. The fragments in these digests were sepa-
rated by size on an agarose gel (9) and transferred
to a nylon membrane for hybridization. In both
panels, lane 1 contains digests of total human
DNA prepared from the lymgt(l)oblastoid cell line
CGM-1, which was derived from the same indi-
vidual whose DNA was used to prepare the YAC
library. The remaining lanes contain either yeast
DNA from a factor IX YAC clone (lanes 3 and 5)
or mixtures of total human DNA, in the same
amount used in lane 1, with an approximately
threefold molar excess of DNA from a factor IX
YAC clone (lanes 2 and 4). Clone A32G5, 650
kb; clone C8B7, 60 kb. (B) Eco RI digests
hybridized with the PAI-2 ¢cDNA probe. The
layout of the gel is the same as in (A).

in the 650-kb YAC. In contrast, the 60-kb
YAC contained only the 5.5-kb Eco RI
fragment, to which the last two exons at the
3’ end of the factor IX gene have been
mapped (4).

Comparable analyses of the factor IX
clones with Taq I again show that the 650-
kb YAC contains all the hybridizing frag-
ments present in human genomic DNA,
whereas the 60-kb YAC contains only one
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Fig. 4. Stability of the
650-kb factor IX clone
during prolonged propa-
gation in yeast. (A) Flu-
orescent staining pattern
of a pulsed-ﬁcE‘l gel
showing the separated
natural and artificial
chromosomes from ten
subisolates of the 650-kb
factor IX clone A32G5
(lanes 2 to 6 and 8 to
12) and an unrelated

YAC (lane 1, YY212). The subisolates of A32G5 had been separately cultured for 60 generations in
cither the rich medium YPD (lanes 2 to 6) or the ura™ trp~—selective medium AHC™ (lanes 8 to 12).
(Lane 7 is lambda ladder.) Electrophoretic conditions were as described for Fig. 3A. (B) Hybridization
of the 650-kb YAC in the ten subisolates of A32GS5 to the factor IX probe after transfer of the DNAtoa
nylon membrane. The weak hybridization of the YY212 negative control to the factor IX probe is
mlt\)ably due to minor contamination of the factor IX probe with pBR322 sequences that are present

in the factor IX cDNA clone from which the probe was prepared and the YAC vectors. Methods

are as those described for Fig. 2.

of the fragments (Fig. 3A). In contrast, the
90-kb YAC that hybridized to the factor IX
probe (Fig. 2A) gave grossly discordant
results in this test. The origins of this clone
and the source of its hybridization to the
factor IX probe remain uncertain, but pre-
liminary data with other enzymes and
probes indicate that its restriction map has
little in common with the 60- and 650-kb
clones.

The three PAI-2 clones were also analyzed
with Eco RI, Hind III, and Bam HI. Prob-
ings of Eco RI digests of the 215- and 310-
kb PAI-2 clones, as well as of human geno-
mic DNA, with a PAI-2 cDNA probe are
shown in Fig. 3B. Both clones contain all
the Eco RI fragments that the probe recog-
nizes in human genomic DNA. The results
for these two clones with Hind III and Bam
HI also indicate that both clones contain
complete copies of the PAI-2 gene. The
results for the 75-kb PAI-2 YAC showed
that, like the 60-kb factor IX clone, it breaks
in the middle of the gene. Taken together,
these data indicate that two of the factor IX
YAC:s and all three PAI-2 YACs are free of
detectable rearrangements in the regions of
the exons. Comparable analysis on a coarser
scale with restriction enzymes that cleave
human DNA infrequently is difficult be-
cause most or all of these enzymes are
sensitive to the methylation of their recogni-
tion sites. All the sites for these enzymes are
expected to be cleavable in yeast, which has
no known cytosine methylation, whereas
only a subset of the sites are cleavable in
mammalian genomic DNA.

To test another aspect of YAC fidelity, we
evaluated the stability of the clones during
prolonged propagation in yeast. Sets of sub-
clones of the 60- and 650-kb factor IX
clones were grown independently for 60
generations. The experiment started with
ten single-colony isolates of each clone.
These subclones were grown en masse for

35 generations, taken through a second
single-cell isolation step, and then grown for
another 25 generations. High molecular
weight DNA prepared from the cells pro-
duced during the second growth phase was
analyzed by pulsed-field gel electrophoresis.
As shown for the 650-kb factor IX clone
(Fig. 4), none of the subclones changed
detectably during this procedure. Identical
results were obtained for the 60-kb factor IX
clone.

The cloning of single-copy genes that can
be stably propagated in yeast from a YAC
library prepared from total human DNA
establishes the basic feasibility of using
YACs for the initial partitioning of the
human genome. Only further experience
will indicate what fraction of the human
genome can be cloned in this way. Howev-
er, a preliminary comparison of the coverage
of the nematode genome obtained with
cosmids and YACs suggests that many sys-
tematic absences in the cosmid library in-
volved sequences that could be cloned in
YACs (6).

We detected the PAI-2 and factor IX
clones in a library of 13,000 to 14,000
clones with inserts averaging 225 kb in size,
prepared from male DNA. The expected
representation of an autosomal gene in this
library is 1.0, whereas that for an X-linked
gene is 0.5. The probability of finding a
particular autosomal gene triply represented
(as was observed for PAI-2) is calculated
from the Poisson distribution to be 0.06;
the probability of finding a specific X-linked
gene doubly represented (as was observed
for factor IX) is calculated to be 0.08.
Because we chose the PAI-2 and factor IX
clones for initial characterization after
screening the library with a total of 11
probes to single-copy genes, the detection of
two multiply represented genes is not unex-
pected. Most other probes appeared to give
one or zero positives, but the data are too
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preliminary to allow conclusive statistical
analysis.
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CI™ Channels in CF: Lack of Activation by Protein
Kinase C and cAMP-Dependent Protein Kinase

Tzyn-CHANG HwANG, Luo Lu, PAMELA L. ZEITLIN,
Di1eTER C. GRUENERT, RICHARD HUGANIR, WiLLIAM B. GUGGINO*

Secretory chloride channels can be activated by adenosine 3’,5’-monophosphate
(cAMP)—dependent protein kinase in normal airway epithelial cells but not in cells
from individuals with cystic fibrosis (CF). In excised, inside-out patches of apical
membrane of normal human airway cells and airway cells from three patients with CF,
the chloride channels exhibited a characteristic outwardly rectifying current-voltage
relation and depolarization-induced activation. Channels from normal tissues were
activated by both cAMP-dependent protein kinase and protein kinase C. However,
chloride channels from CF patients could not be activated by either kinase. Thus,
gating of normal epithelial chloride channels is regulated by both cAMP-dependent
protein kinase and protein kinase C, and regulation by both kinases is defective in CF.

HE APICAL CL~ CONDUCTANCE OF

airway epithelia controls transepithe-

lial Cl™ secretion. The magnitude of
Cl™ secretion, which is regulated by several
secretagogues, determines the quantity of
respiratory tract fluid (7). The apical CI™
conductance of epithelia from patients with
CF is abnormally low because of an inability
of B-adrenergic agonists to increase the
magnitude of the apical Cl” conductance
(2). This abnormality contributes to the
production of thick mucous in CF patients.

Fig. 1. Current-voltage relations (I-V) of Cl~ channels
activated by PKC in normal human fetal tracheal cells
and by depolarizing voltages both in adult normal and
CF airway cells. The number of channels in a patch varied
from one to four. Data were recorded by an EPC-7
patch-clamp amplifier (List Darmstadt, Federal Republic
of Germany), filtered at 1 kHz (Frequency Devices,
Haverhill, MA) digitized with a pulse-code modulator
(Japanese Victor Corporation), and stored on video
cassette recorder (Japanese Victor Corporation). Data
were analyzed on a PDP 11/23 computer (Digital Equip-
ment Corporation). The bath solution contained 150
mM NaCl, 2 mM MgCl,, 1 mM EGTA, 5 mM Hepes,
and 0.5 mM CaCl, (free Ca>* was 1.2 uM). The pipet
contained 150 mM NaCl, 2 mM CaCl,, and 5 mM
Hepes. The pH of both solutions was adjusted to 7.3

Airway epithelia contain outwardly recti-
fying CI™ channels that are activated
through cAMP-dependent pathways (3).
The purified catalytic subunit of cAMP-
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with tris base. With 300 mM Cl~ in the bath, the reversal potential (15 mV) was close to that expected
for the CI™ concentration gradient (16.7 mV). Graph was drawn by Sigmaplot Version 3.1 (Jandel
Scientific). @, human fetus; O, human adult; (J, human CF.
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