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ABSTRACT
Genomic regions containing numerous cloned V genes (abbrevi-
ations in ref. 2) were investigated by pulsed-1ield gel electro-
phoresis. 31 and 32 genes were linked within 1.0 and 1.3 Mb NotI
fragments, respectively; the latter fragment includes also the
JKC gene segment. A 0.25 Mb NotI fragment comprises further 10
VK genes. Since the transcriptional polarities of the V genes
within the genomic regions are known the linking of the legions
allows us now to answer unequivocally some longstanding questions
concerning the mechanism of V -J rearrangement. The V genes of
the 1.3 Mb NotI fragment exgepf for the two JK proximal ones
(accompanying paper) are arranged in the same transcriptional
polarity as J C and therefore must rearrange by a deletion
mechanism. The KvK genes of the 1.0 Mb NotI fragment which has not
yet been linked to V J have identical polarity within the
fragment. They should YU arranged in opposite polarity to J C
since reciprocal recombination products derived from them irE
known to exist; such recombination products must have been formed
by inversion of oppositely oriented gene segments.

INTRODUCTION

The gene segments encoding the variable, joining and constant
regions of the immunoglobulin light chains of the K type (VK, JK'
CK; ref. 2) have been extensively studied (3,4). Current objec-
tives of such studies are to determine the size of the germline
VK gene repertoire and to contribute to the understanding of the
mechanisms of VK-JK recombination (5). The investigation of human
VK genes started with the work of Bentley and Rabbitts (ref. 6
and earlier work). Cloning of 80 VK genes in 1 Mb of DNA (7-9)
and the application of pulsed-field gel electrophoresis described
in the present paper allowed us now to delineate the structure of
the human K locus and to clarify the transcriptional polarities
of many VK genes relative to the one of JK-CK. Knowing the rela-

tive polarities one can answer the longstanding question about
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the role of deletion and/or inversion in the mechanisms of the

VK-JK rearrangement: certain specified VK genes rearrange by a

deletion and others by an inversion mechanism.

MATERIALS AND METHODS

The cell line PC-3 (ref. 10) was obtained from Flow Laboratories

GmbH, Meckenheim, and low melting point agarose from GIBCO BRL

GmbH, Eggenstein. Restriction nucleases were from Boehringer
Mannheim GmbH and New England BioLabs GmbH, Schwalbach. The

general techniques including the preparation of high molecular

weight DNA, pulsed-field gel electrophoresis and the calibration

of fragment sizes by multimers of lambda phage DNA and DNA of

Saccharomyces cerevisiae chromosomes are described in refs. 11-

13. Blotting and hybridization procedures followed ref. 14.

RESULTS

As illustrated in Fig. 1 most of the VK genes were found in

duplicated gene regions called Oa, Ob, Aa etc. (7-9). Just the B

region which contains the only VK gene of subgroup IV (15,16)
occurs in one copy. Recently the B region was linked to JK-CK by
chromosomal walking (17) and an 0 region was linked to an A

region (9).
The method of pulsed-field gel electrophoresis and the

availability of rarely cutting restriction nucleases have opened
a new dimension of genome analysis (11-13). The application of
the technique to the study of the human K locus was successful

mainly because we had a large number of VK gene probes and single
copy walking probes available which permitted us to identify by
blot hybridization (14) the fragments separated by PFG electro-

phoresis. The studies were carried out with DNA of the prostate

carcinoma cell line PC-3 (ref. 10) because it seems to contain
more unmethylated and therefore cleavable restriction sites than
DNAs from some other sources (18). In several cleavage and hybri-
dization experiments the K locus of PC-3 is indistinguishable
from the one in the DNA of placenta St (18) which most of our

work is done on. Some essential features of the evolving struc-
ture were confirmed in experiments with DNA from peripheral lym-
phocytes of several individuals.
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Fig. 1. Human V gene regions and the J -C gene region. The
regions are drawn Eo scale. Genes are shoKnas dots. Subgroup
assignment by hybridization is in italics, by sequence analysis
in straight type. Regions: 0, ref. 8 and W. Pargent, unpubl.; A,
ref. 9; L, ref. 7 and E. Huber, unpubl.; B-J -C , refs. 15,17,23,
33. W, ref. 8 and F.-J. Zimmer, unpubl. Unpu§li§hed sequence data
were contributed by C. Huber, E. Huber, H.-G. Klobeck, A. Meindl,
K. Schable, H. Smola, R. Thiebe. Not shown are a few unlinked
clones whose VK genes are located on chromosome 2 and the VK gene
regions which are transposed to other chromosomes (19). The
numerals refer to the following hybridization probes: 1, 2, 12,
m217-1, m143-1, m167-1, ref. 8; 3, 4, 6, m142-2, m163-1, m656-1,
ref. 9; 5, m659-2, W. L., unpubl.; 7, m21-1, ref. 7; 8, m127-2,
E. Huber, unpubl.; 9, mlll-7, ref. 23; 10, pC-2, ref. 33; 11,
m654-1, ref. 8. The transcriptional orientation of the gene
region is from left to right; an inverted repeat in Wb and the
opposite polarity of the B region genes are indicated by dashed
arrows.

A prominent feature of the PFG blots are the 1.0 and 1.3 Mb

NotI bands which appear with VK gene probes (Fig. 2A and B) and

with single copy probes of the 0, A and L regions. The gene

probes detect also smaller NotI fragments which in further ex-

periments could be assigned to the W regions and to the VK gene
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Fig. 2. Pulsed-field gel analysis of restriction nuclease
digests of DNA from PC-3 cells (10). Three examples of PFG
experiments are shown. In panels A-C and D the so-called OFAGE
(12) and CHEF (13) techniques were used, respectively. Panels
A,B: ethidium bromide stained gel and autoradiography of the
corresponding blot hybridized with the V II gene probe m607V-3
(ref. 34). The gel was run for 40 h at a 100-s pulse interval
(6.5 V/cm). The sizes attributed to fragments in 0.6-1.3 Mb range
hold only for a certain range of amounts of DNA applied per track
and for the given electrophoresis conditions. Hybridization
signals in the range above 1.5 Mb appear to be due to a
compression zone. A very similar blot picture is seen with a V I
gene probe. Panels C and D: the gels were run for 37 and 35 h it
40- and 30-s pulse intervals, respectively (6 V/cm); blot
hybridizations with probes 9 and 8 (Fig. 1), respectively.
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Fig. 3. Maps of three parts of the human K locus. The maps were
constructed on the basis of numerous PFG blots most of which were
hybridized consecutively with different probes in order to find
out whether certain fragments are recognized by more than one
probe. Only those cleavage sites, fragments and probes which are
required for the construction of the maps are shown. The desig-
nation of the probes 1-12 is as in Fig. 1. Restriction sites in
the cloned regions of the map were also identified in the respec-
tive cosmids. The interruptions in the cloned O-A regions (Fig.
1) are neglected in the drawings. The question whether the W
regions are part of the K locus is discussed in the text; it can-
not be decided yet whether both, Wa and Wb, are located on one
0.25 Mb NotI fragment or on two fragments of similar sizes; two
NotI fragments of 0.4 and 0.6 Mb which contain Wb related sequen-
ces are not shown. The terminal regions of the maps without known
restriction sites are shortened ( P'-).Pairs of wavy lines (c-)
mean that the stretches of DNA in between can be shifted to the
left or to the right. The SfiI site(s) at the 3' side of La were
mapped from upstream and downstream and it is uncertain whether
there are one or two of them.

Bottom panel: a simplified scheme of the K locus emphasizing
the transcriptional polarities (horizontal arrows; see text). The
localization of the W region(s) in between the two large NotI
fragments and the orientation of the W region(s) are hypothe-
tical. For the opposite polarity within the Wb region see ref. 8.
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regions which had been transposed to other chromosomes (19). When

the NotI fragments were isolated on a micropreparative scale, re-

cleaved with nucleases distinguishing between the a and b copies

of the regions (7-9) and hybridized with the respective probes it

turned out that Ob-Ab and La can be assigned to the 1.3 Mb NotI

fragment, Oa-Aa and Lb to the 1.0 Mb one and Wa and Wb to a 0.25

Mb NotI fragment. B and CK region specific probes hybridize only

to the 1.3 Mb fragment. In Fig. 2C-D other cleavage patterns are

shown which are crucial to the construction of the map of the K

locus (Fig. 3).
The Leu2/T8 gene was reported to be closely linked to the K

locus (20). Probes of the gene region were found to hybridize to

other fragments than those hybridizing to the K locus probes,

implying that the Leu2/T8 gene lies outside of the present map of

the K locus.

DISCUSSION

A minimal estimate of the size of the K locus is 1.5 Mb. This

figure is based on the assumptions that the 1.0 and 1.3 Mb NotI

fragments are contiguous and that within these fragments the

mapped regions are arranged in maximal proximity (Fig. 3). The

figure does not include the W regions since it is still unclear

whether they can be counted as parts of the K locus; they are

located on chromosome 2, but at an unknown distance from the

other regions and all six of the nine VK genes of W which have

been sequenced turned out to be pseudogenes (8; C. Huber, un-

publ.). If the W regions are part of the K locus and if there

are considerable distances between the mapped NotI fragments the

actual size of the locus may be much larger than the minimal

estimate. This does not mean that the number of VK genes in the

locus has to be much higher than 80 which is the number of genes

we have isolated up to now. It is in fact suggested on the basis

of a systematic comparison of blot hybridization patterns of di-

gested genomic and cosmid clone DNAs that the final number may be

somewhat but not much higher than 80 (A. Meindl, unpubl.).
On the basis of the PFG data some features of the mechanism

of the VK- K rearrangement can be established. All VK genes of
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the 0, A and L regions are arranged within the regions in the

same transcriptional polarities (7-9). The Ob-Ab and La regions

were now linked by PFG to each other and to JK-CK and found to

have overall identical polarity. Their VK-JK rearrangement there-

fore occurs by deletion of the stretch of DNA between the respec-

tive VK and JK gene segments. The assignment of polarities rests

on the mapping especially of the MluI and XhoI sites in the 1.3

Mb NotI fragment. On the basis of the map it cannot be excluded

that within the 1.3 Mb NotI fragment the Ob-Ab and La regions are

located on the 3' side of CK but this is highly unlikely since no

signals were found in blot and in in situ hybridizations with

probes from VK gene regions on the part of chromosome 2 which in

a t(2;8) translocation (21) extends from the JK region to the

telomer (17,22; S. Adolph and H. Hameister, unpubl.).
The distance between the JK proximal VKIV gene of the B

region and JK1 is 23 kb and the transcriptional orientation of

this gene and the neighbouring VKIII gene is opposite to the one

of JK-CK (Fig. 1; refs. 17,23). The VK JK rearrangement of these

two JK proximal VK genes can therefore not occur by a deletion

but should take place by an inversion mechanism. In accordance

with such a mechanism a recombination product of the 3' flank of

the VKIII gene and the 5' flank of JK1 was identified in lymphoid

cell lines (24,25). Both, inversion (26) and sister chromatid

exchange (27,28) mechanisms explain the fact that in some VK-JK
rearrangements reciprocal recombination products of the VK and JK

flanks, called f fragments, are found in addition to VK-JK joints

(29). Also excision of the DNA between VK and JKg circularization

and reinsertion into the genome can be invoked to account for the

occurrence of f fragments but this is made unlikely by the loca-

lization of an f fragment on chromosome 2 by in situ hybridi-

zation (S. Adolph and H. Hameister, unpubl.). Sister chromatid

exchange mechanisms are very unlikely since rearranged VK genes

and their cognate f fragments were found in the same cells (30;
H.-G. Klobeck, unpubl.). Inversion is therefore the only mecha-

nism which explains the joining of VK and JK gene segments of

opposite polarity and is compatible with the present data,
although complicated alternatives are hard to exclude. VK-JK
inversions have also been shown to take place in model systems
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(26,31) and an inversion was found in the T cell receptor B locus

(32).
The transcriptional polarity of the VK genes of the Oa-Aa

and Lb regions is uniform within the 1.0 Mb NotI fragment accord-

ing to the results of the cloning (7-9) and the PFG work (Fig.3).
Since no VK genes were found on the 3' side of CK (17) the 1.0 Mb

NotI fragment should be located on the 5' side of the 1.3 Mb

fragment. Furthermore, since we found f fragments with flanks of

cloned VK genes which are located on the 1.0 Mb NotI fragment

(24; H.-G. Klobeck, unpubl.) we can turn the above argument

around: f fragments are formed by an inversion mechanism and

joining by inversion takes place only if VK and JK-CK have oppo-

site polarity. We therefore conclude that the VK genes of the 1.0

Mb NotI fragments are arranged in opposite polarity to the O-A, L

and JK-CK genes of the 1.3 Mb fragment. The opposite polarity of

the duplicated VK gene regions which was postulated before (7) is

not yet proven by linking of the two NotI fragments but it is

considered to be highly likely for mechanistic reasons.
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