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Construction of a General Human Chromosome 
Jumping Library, with Application to Cystic Fibrosis 

In many genetic disorders, the responsible gene and its protein product are unknown. 
The technique known as "reverse genetics," in which chromosomal map positions and 
genetically linked DNA markers are used to identify and clone such genes, is 
complicated by the fact that the molecular distances from the closest DNA markers to 
the gene itself are often too large to traverse by standard cloning techniques. To 
address this situation, a general human chromosome jumping library was constructed 
that allows the cloning of DNA sequences approximately 100 kilobases away from any 
starting point in genomic DNA. As an illustration of its usefulness, this library was 
searched for a jumping clone, starting at the met oncogene, which is a marker tightly 
linked to the cystic fibrosis gene that is located on human chromosome 7 .  Mapping of 
the new genomic fragment by pulsed field gel electrophoresis confirmed that it resides 
on chromosome 7 within 240 kilobases downstream of the met gene. The use of 
chromosome jumping should now be applicable to any genetic locus for which a closely 
linked DNA marker is available. 

T HE USE OF LINKAGE ANALYSIS ( I )  
and high-resolution cytogenetics has 
allowed chromosomal mapping in an 

increasing number of disorders of single 
human genes, even in situations where gene 
function is unknown. Recent examples in- 
clude Huntington disease (2 ) ,  adult polycys- 
tic kidney disease (3), cystic fibrosis ( 4 4 ,  
chronic granulomatous disease (8),  Du- 
chenne muscular dystrophy (9 ) ,  and familial 
retinoblastoma (10). In the last three of 
these disorders mapping has led directly to 
the cloning of a candidate gene, raising 
hopes that this "reverse genetics" (11) ap- 
proach may be widely successful for cloning 
disease-associated genes for which no pro- 
tein product is known. In general, however, 
the closest DNA markers to a disease gene 

are often hundreds of kilobases away. In 
cystic fibrosis (CF), for example, the gene 
has been localized to the long arm of chro- 
mosome 7 by the finding that it is closely 
linked to two molecular probes, the met 
oncogene (6) and the DNA fragment 
pJ3.11 (7), both of which are placed at less 
than 0.5 centimorgan from the CF gene by 
current linkage estimates (12). Because, on 
the average, 1 centimorgan is represented by 
about 1000 kilobases (13), cloning the CF 
locus or any other disease locus by reverse 
genetics is likely to require crossing hun- 
dreds of kilobases. To address the general 
problem of cloning over such large dis- 
tances, we have recently described a method 
of "chromosome jumping" (13, 14). In a 
model system we showed that this technique 

could be used to cross a distance of 45 kb 
(14). Lehrach and co-workers have indepen- 
dentlv described a similar scheme (1.5). To 

\ ,  

demonstrate the practical application of our 
technique, we have constructed a general 
jumping library and derived from it a cloned 
sequence of DNA that lies approximately 
100 kb downstream from the met oncogene. 

A human chromosome jumping library 
was constructed (16) from human lympho- 
blastoid cell DNA (see Fig. 1). In this 
instance, the distance of the jumps repre- 
sented in the libran: (the "hopsize") was 
chosen to be approximately 100 kb by size 
selection of genomic DNA molecules in the 
size range of 80 to 130 kb. The principle of 
the technique, as previously outlined (13- 
15), depends on the formation of large 
genomic circles from size-selected DNA, 
bringing together the genomic fragments 
that were originally 100 kb apart. Note that 
a light partial digestion with the restriction 
enzyme Mbo I, which cuts frequently in 
gnomic DNA, is performed prior to size 
selection, so that there is no significant bias 
for a particular sequence to occur at the 
iunctiin of the circles. In each clone, the 
position of the joining of the two genomic 
fragments is marked by a suppressor transfer 
FWA or supF gene (17), which allows selec- 
tion for these fragments after the circles are 
digested with Eco RI and ligated into a 
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phage vector. The efficiency of each step 
must be high, since only the DNA immedi- 
ately adjacent to the supF gene will be 
cloned. However, we found it possible to 
generate a library of approximately 2 million 
independent jumping clones from 4 kg of 
100-kb size-selected DNA. 

This type of library should contain se- 
quences from the entire genome. A different 
variety of jumping library, generated by 
circularizing complete genomic digests with 
a restriction enzyme that cuts rarely (such as 
Not I), has also been proposed (13, 15). In 
such a library the DNA is not size-selected 
and many fewer clones are required to repre- 
sent all hossible junction fragments. 1t-has 
the disadvantage, however, of not being 
usable unless one is starting at one of these 
rare restriction sites. 

One million clones from our library were 
screened with the metG probe (18-20), 
which is a 2.2-kb Pst I genomic fragment 
near the 3' end of the Let oncogene (19). 
Four positive A phage were plaque-purified, 
DNA was prepared, and the phage inserts 
were restriction-mapped. All four of the 
positive clones contained part or all of the 
metG sequence, one or two supF genes, and 
another fragment of DNA. One clone had a 
jumping fragment too small to be useful 

lymphoblastoid cells 

4 Prepare DNA In agarose blocks - 
i Partial Mbo I digest 

Size select 80-130 kb molecules 
by pulsed fleld gel electrophoresis 

Add supF+ 
Dilute, ligate 

Eco RI 
Ligate into hCh3AAlac 
Plate on sup- host 

Library of 100 kb hopping clones 

]screen with met probes 

Fig. 1. Scheme for chromosome jumping. Circu- 
larization of genomic DNA is used to generate a 
jumping library (16). Each phage clone includes 
two genomic fragments that were originally locat- 
ed at opposite ends of an approximately 100-kb 
genomic fragment (14). One of the four clones 
obtained by screening 1 million phage from the 
primary library with meffi is shown at the bot- 
tom. The heavy bar represents the meffi sequence, 
the sawtooth mark represents the two supF genes 
with their internal Ava I sites that facilitate restric- 
tion mapping and subcloning, and the open bars 
are the phage arms. The 0.7-kb genomic fragment 
denoted CF63 should be located approximately 
100 kb downstream from the 3' end of metG. 

(< 100 bp). Two other jumping fragments 
contained repetitive sequences. The fourth, 
denoted CF63 (Fig. l ) ,  consisted of 0.7 kb 
of single-copy sequence and was chosen for 
further studv. 

By noting the orientation of the metG 
sequence in this clone (Fig. 1) and consider- 
ing the topology of circle formation, we 
concluded that CF63 was located down- 
stream to the 3' end of the met transcription 
unit. Since the DNA size selection in prepar- 
ing the library was rather broad, we could 
not specif) the exact distance of CF63 from 
metG, but it should be between 80 and 130 
kb. A major concern about the jumping 
approach is that if tandem ligation of unre- 
lated DNA molecules occurs along with 
circle formation, this will give rise to junc- 
tion fragments in which the two genomic 
sequences are completely unrelated. Al- 
though the ligation was performed at low 
DNA concentration to reduce this possibili- 
ty, any damage to the DNA ends would 
have increased the likelihood of meaningless 
fragments. We therefore mapped the CF63 
sequence using Southern blotting with a 
somatic cell hybrid that contains human 
chromosome 7 on a mouse background. 
CF63 was found to map to human chromo- 
some 7, with no hybridization observed 
from mouse DNA (Fig. 2). Characterization 
of this jumping library with other probes 
indicated that the majority of clones have 
the desired properties; for example, of ten 
that have been mapped, nine have both the 
starting point and the end point of the jump 
on the same chromosome (21 ) . 

To further establish the validity of CF63, 
we used pulsed field gel ele&ophoresis 
(PFGE) techniques (13, 22-27). PFGE is 
capable of separating DNA molecules up to 
2000 kb in size. and thus can be used in 
conjunction with Southern blotting to map 
relatively large regions of the genome. Fig- 
ure 3A shows restriction digests of human 
DNA samples with the enzymes Not I and 
Sfi I. Each enzyme generates a wide distri- 
bution of DNA fragments from less than 50 
kb to well above 1000 kb. The DNA frag- 
ments were transferred to a nylon mem- 
brane and hybridized, first with the CF63 
probe (Fig. 3B), and subsequently (after 
stripping of the CF63 probe) with metG 
(Fig. 3C). The sizes of the hybridizing 
bands can be estimated by comparison to 
the A phage size markers. For Not I digests 
probed with metG, there is a 550-kb band in 
lane 2, and a much larger fragment (>800 
kb, in the nonresolving region of the gel) in 
lanes 1 to 4. This variation apparently repre- 
sents a Not I restriction fragment length 
polymorphism (RFLP), and has been noted 
by others with this probe (28). The possibil- 
ity that this is a partial digest or a methyl- 

Pst 1 Bgl II 
' A  0 C 0 '  5 - F T - z  

14.0 kb- 

Fig. 2. Mapping of CF63 to chromosome 7. 
Southern blots digested with the enzymes Pst I 
and Bgl I1 are shown. In each panel, lane A is 
mouse DNA; lane B, a somatic cell hybrid con- 
taining parts of human chromosomes 4 and 5; 
lane C, a hybrid containing only human chromo- 
some 7 on a tetraploid mouse background 
(HDm20s); and lane D, human leukocyte DNA. 
Equal amounts (6 fig) of DNA were loaded in 
each lane except for lane C in the Bgl I1 digest, 
where 25 fig of DNA was loaded in order to 
bring out the human chromosome 7 signal in this 
hybrid. Genomic DNA was digested with restric- 
tion enzymes according to the supplier's (New 
England Biolabs) recommendations and then 
subjected to electrophoresis in a 1% agarose gel, 
with Hind III-cut X phage DNA being used as a 
size marker. DNA was transferred to Genescreen 
Plus (New England Nuclear) and hybridized ac- 
cording to the manufacturer's recommendations. 
Probes were labeled by random hexanucleotide 
priming (38), and final washing of the blot was in 
0.1 x standard saline citrate (SSC) at 68°C for 15 
minutes. 

ation difference has not been excluded, but 
probing the Not I lanes with an unrelated 
probe did not result in partial digest pat- 
terns. 

The Not I pattern detected by CF63 was 
the same as that detected by metG, both in 
the size of the fragments and the presence of 
two fragments in lane 2. This provides 
strong evidence that CF63 and metG reside 
within 550 kb of each other in the human 
genome. The Sfi I patterns, however, were 
different for the two probes: metG detected 
a 160-kb band and CF63 detected a 40-kb 
band. Restriction digests of met genomic 
clones (18-20) indicate that the next Sfi I 
site 3' to metG is at least 20 kb away. 
Furthermore, from the two pamal digests in 
lanes 6 and 7 it does not appear that the 
160-kb and 40-kb Sfi I fragments are imme- 
diately adjacent, since one would expect to 
see a partial digest band of 200 kb with both 
probes if this were so. In fact, the major 
bands in lanes 6 and 7 show a doublet of 
approximately 20-kb spacing with both 
probes, suggesting that at least one addi- 
tional Sfi I fragment of about 20 kb may lie 
in between metG and CF63. It is not possi- 
ble to be certain of a complete Sfi I map 
with these data, however. 

For the Southern blot with BssH I1 
shown in Fig. 4, we used the field inversion 
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Rg. 3. PFGE mapping of 4 and CF63. Samples of DNA from four 
humans were digested with Not I (lanes 1 to 4), and from five humans with 
Sfi I (lanes 5 to 9). (A) PFGE gel stained with ethidium bromide. A ladder of 
annealed A phage DNA (A) constructed from a 45-kb phage was uxd to 
estimate sizcs. These bands are drawn onto (B) and (C) for clarity. (B and C) 
Southern blots of the bands in (A) with the CF63 (B) and mttG (C) probes. 
The CF63 probe is the 0.7-kb Ava I-Eco RI fragment shown in Fig. 1. This 
also contains part of the supF gene, but hybridization with supF alone docs 
not give detectable Southern blot signals. The larger Not I band in lanes 1 to 
4 is in the part of the gel (>800 kb) where resolution breaks down, as in the 
ethidium-stained pattern. Lanes 6 and 7 are partial Sfi I digests. Sizcs of the 
Sfi I framents can be estimated from this blot. but more exact estimates 
require hucing the amount of genomic repr per lane, because sizes are 
overestimated by PFGE if more than 2 to 3 pg per lane is used. The DNA 
was prepared in LMT agarose (16,24), with 2 x lo6 cells (13 pg of DNA) 
being used per 80-pl block. Digestions were performed for 5 hours on half- 
blocks (6.5 pg), in a volume of 300 4; the enzyme (80 units, New England 
Biolabs) was used in the recommended buffer at a temperature of 37°C 
(Not I) or 50°C (Sfi I). The PFGE apparatus was constructed according to 
the OFAGE modification described by Carle and Olson (U), and electro- 
phoresis was carried out at 14°C and 280 V for 20 hours, with a pulse time 

gel electrophoresis (FIGE) technique (26). 
The hybridization of mttG and CF63 to the 
same 240-kb BssH I1 fragment further con- 
firms the validity of the jumping clone and 
indicates it cannot be further away from 
metG than 240 kb. The additional identity 
of the partial digest pattern in Fig. 4 is 
helpll in exduding the ppssibility of coinci- 
dental hybridization to BssH I1 fragments of 
similar size. 

This mapping analysis indicates that the 
jumping f&nin t  ~ ~ 6 3  does in fact reside 
approximately 50 to 240 kb 3' to the met 
gene, as expected on the basis of the plan of 
construction of this general human jumping 
library. Present evidence indicates that this is 
probably the correct direction to travel from 
met to reach the CF gene: hkage data favor 
the gene order ma-CF-pJ3.11 (12), and 
chromosome-mediated gene transfer hy- 
brids (29), prepared from a chromosome 
that has undergone a translocation within 
the met gene, suggest that pJ3.11 is on the 
3' side of met. This evidence is indirect, 
however, and the translocation may be a 
more complex rearrangement (30). By locat- 
ing RFLPs with CF63 it will be possible to 
test individuals with recombinations be- 
tween met and CF. If any of these are 
nonrecombinant between CF63 and CF, 
thii would indicate definitively that CF is on 
the 3' side of met. 

Although we have not identified the exact 
region of the CF gene, this study demon- 
strates the feasibility of constructing a gener- 
al human chromosome jumping library to 
locate such a gene. The preparation of these 
libraries is arduous, but once constructed 
they can be amplified and used repeatedly to 
jump tiom any starting point in the human 
genome. To cross a distance of 100 kb 
would require on the average five steps-in a 
cosrnid chromosome walk. Other creative 
schemes have been proposed to &te this 
labor-intensive walking (31, 32), but the 

Not I Stl l 
h1234A56789A 

Not l Sfi I 
A1234A56789A 

Not l Sfi I 
A 1  234356709) 

* -- 

met G A PFGE B CF63 c 
of 60 seconds. The DNA was then nicked by exposure to 254 nrn of 
ultraviolet light for 2 minutes, transferred in 0.4N NaOH to GeneScreen 
Plus (New England Nuclear), and hybridized according to the manufsctur- 
cr's recommendations. Probes were labeled by random hexanucleotide 
priming (38). The final washing of the blots was in 0.1 x SSC at 68°C for 15 
minutes. Autoradiography was at -70°C against Kodak XAR-5 film with 
two intens+g screens for 1 to 4 days. 

procedures can be slowed or halted at any 
point by recombiogenic sequences (33). 
Jumping allows one to hop over such trou- 
blesome sequences; however, the DNA 
hgments obtained with the procedure de- 
scribed here are small and may need to be 
expanded to obtain d c i e n t  surrounding 
DNA to search for a transcript or to repeat 
the jumping process. In many situations, 

:63 met G 

Rg. 4. Mapping of 4 and CF63 to the same 
BssH I1 fiqment. Partial (lane 1) and complete 
(lane 2) BssH I1 digests of human genomic DNA 
were subjected to electrophoresis in a field inver- 
sion gel apparatus (26), transferred to a nylon 
membrane, and probed with CF63. The blot was 
then stripped and reprobed with 4. A 240-kb 
BssH II fragment is seen with both probes in the 
complete digest, and the partial digest patterns are 
identical. DNA preparation, electrophoresis, 
transfer, and hybridization were as in the legend 
to Fig. 3 except that 3 pg of DNA per lane was 
used and electrophoresis was in a field inversion 
apparatus (26). The forward time interval was 9 
to 60 seconds, and the backward interval was 3 to 
20 seconds, ramped linearly over a 22-hour run. 

jumps even larger than the present 100-kb 
are desirable, and larger distances can be 
achieved without any fundamental changes 
in the procedure (13, 14). Thus chromo- 
some jumping should be ud id  in the ongo- 
ing effort to done genes for human diseases 
by reverse genetics. 

Note &d in pm$ Poustka ct al. (34) 
have just reported the construction of a 
human Not I jumping library. 
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Solution of a Protein 
Obtained from NMR 

Crystal Structure with a Model 
Interproton Distance Restraints 

Model calculations were performed to test the possibility of solving crystal structures 
of proteins by Patterson search techniques with three-dimensional structures obtained 
from nuclear magnetic resonance (NMR) interproton distance restraints. Structures 
for crambin obtained from simulated NMR data were used as the test system; the root- 
mean-square deviations of the NMR structures from the x-ray structure were 1.5 to 
2.2 A for backbone atoms and 2.0 to 2.8 A for side-chain atoms. Patterson searches 
were made to determine the orientation and position of the NMR structures in the 
unit cell. The correct solution was obtained by comparing the rotation function results 
of several of the NMR structures and the average structure derived from them. 
Conventional refinement techniques reduced the R factor from 0.43 at 4 A resolution 
to 0.27 at 2 resolution without inclusion of water molecules. The partially refined 
structure has root-mean-square backbone and side-chain atom deviations from the x- 
ray structure of 0.5 and 1.3 A, respectively. 
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initial determination of phases by multi- 
ple isomorphous replacement may be 

difficult because heavy-atom derivatives of 
the crystal are not available. If the structure 
of a similar or homologous molecule is 
known, the "molecular replacement meth- 
od" (1-3) can be tried for the initial phasing. 
It involves the rotation and translation of 
the known structure in the unit cell of the 
target crystal to obtain the best match be- 
tween the Patterson function calculated 
from the model and that from the observed 
diffraction data. The optimally oriented and 
translated model structure is used to begin 
conventional x-ray crystallographic refine- 
ment; this approach maj7 or may not succeed 
(1-3). Criteria for determining when the 

molecular replacement method should work 
are available only for specific cases (3). 

With the use of nuclear magnetic reso- 
nance (NMR) techniques (4, 5 )  a large 
number of approximate interproton dis- 
tances for certain proteins (up to 80 resi- 
dues) can be obtained (6, 7) and used to 
build three-dimensional structural models. 
Because of the limitations on the number 
and the range (only < 5  A) of these dis- 
tances, the NMR data must be complement- 
ed with information about covalent struc- 
ture (derived from bond lengths, bond an- 
gles, and dihedral angles) and internal pack- 
ing requirements (derived from van der 
Waals repulsions). Restrained molecular 
dynamics, in which the energy function is 
augmented by effective potentials obtained 
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from interproton distances (&lo), can add 
sufficient information to determine the solu- 
t i - ~ n  structure of a protein. The method has 
been shown to yield converged structures 
with root-mean-square (rms) deviations 
from the x-ray structure of 1.5 to 3.0 A (9, 
10). Similar results have been obtained with 
distance geometry algorithms (11, 12). Re- 
cently the structure of the a-amylase inhibi- 
tor tendamistat has been solved indepen- 
dently by x-ray crystallography and NMR 
spectroscopy (13, 14); a comparison of the 
nvo structures indicates reasonable agree- 
ment. 

We show in this report that structures 
obtained for a protein in solution with 
NMR data can be used to solve the crystal 
structure of the same protein by molecular 
replacement (1-3). As a test we use crambin 
(15), a protein of 46 residues, for which 
NMR structures with simulated data have 
been obtained (9, 10). We shonl that the 
individual NMR structures are not suffi- 
ciently accurate to solve the rotation and 
translation functions uniquely. Use of the 
refined x-ray structure itself as a model 
demonstrates that crambin is a difficult case 
for the molecular replacement method. We 
obtained the correct solution when nTe av- 
eraged over an ensemble of NMR structures 
or used the average structure derived from 
them. We demonstrate that the averaged 
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