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ABSTRACT

The molecular mechanism of immunoglobulin switch
recombination is poorly understood. Switch recom-
bination occurs between pairs of switch regions
located upstream of the constant heavy chain genes.
Previously we showed that switch recombination
breakpoints cluster to a defined subregion in the S V3,
Syl and Sy2b tandem repeats. We have developed a
strategy for direct amplification of S W/Sy3 composite
fragments as wellas S p and Sy3 regions by PCR. This
assay has been used to analyze the organization of S,
Sy3 and a series of S WSy3 recombination breakpoints
from hybridomas and normal mitogen-activated
splenic B cells. DNA sequence analysis of the switch
fragments showed direct joining of S pand Sy3 without
deletions or duplications. Mutations were found in two
switch junctions on both sides of the crossover point,
suggesting that template switching is the most likely
model for the mechanism of switch recombination.
Statistical analysis of the positions of the recombina-
tion breakpointsinthe S  y3 tandem repeat indicates the
presence of two sub-clusters, suggesting non-random
usage of DNA substrate in the recombination reaction.

INTRODUCTION

chromosome while the intervening genomic material is looped
out and excised as a circle, confirming the importance of switch
regions in the recombination processi(l).

Sequence analyses of the switch recombination joints of
switched IgH genes from normal B cells and switch circles have
revealed that for both theuSdonor) and acceptor S region
breakpoints fall within the tandem repeatsl(0,12). No obvious
consensus recombination signal sequences have been identified,
though the pentamers GAGCT, GGGGT and GGTGG, components
of all the switch regions, are often found at or close to
recombination jointsg,12). Sequence comparison of S DNAs has
shown that while all are highly repetitive, there has been significant
sequence divergence between thén Several views on the
mechanism of switch recombination have been articulated, which
include switch-specific recombination, homologous recombination,
illegitimate priming, template switching and illegitimate recom-
bination (L2-18). It is currently unclear which of these models
best describes the mechanism of switch recombination.

Multiple proteins bind specific sites in the DNA and are
required for alignment of DNA recombination regions in highly
ordered structuresl §,20). We have identified a DNA binding
protein complex, SNUP, which specifically recognizes a site in
the St tandem repea?(l), and two DNA binding proteins, SNIP
and SNAP, which specifically interact with motifs within the S
tandem repeat2®p). SNIP is indistinguishable from NkB p50
homodimer, a member of the rel family of transcription factors,

Immunoglobulin (Ig) variable regions are encoded by germlinghile SNAP contains epitopes in common with E47, a helix—

gene segments V, D and J, which are assembled during earlyjoBp—helix transcription factor2¢,23). Recombination break-

cell development by the process of V(D)J joinifiy The VDJ  points cluster in the region spanning the SNIP and SNAP
portion of the Ig protein is responsible for antigen binding whil&ecognition motifs £2,24,25). Since this correlation is based on
the constant (C) region is involved in biological effector functiona statistical analysis, we sought to expand the sample size of
The VDJ region is initially expressed with thet @egion to  available $/Sy3 recombination junctions to more fully analyze
produce IgM. The murine Ig heavy (IgH) locus is composed dhe recombination breakpoint distribution y8SWe report here
eight constant region (¥ genes which are arrayed as follows:a PCR method which permits direct amplification i3
5'-VDJ-Cu-Cd-Cy3-Cy1-Cy2b-C2a-CG-Ca-3' (2). When B cells composite molecules from genomic DNA without the necessity
are stimulated by antigen and the appropriate lymphokines thefusing nested primers. Using this method we have derived nine
produce new isotypes while maintaining the same antigemew S4/Sy3 recombination junction sequences from hybridomas
binding specificity. This phenomenon, the IgH chain class switctand normal lipopolysaccharide (LPS)-activated splenic B cells.
permits expression of a variable region with new constant regiofatistical analysis of the positions ofy3Srecombination
(3-5). The recombination event focuses on the switch (S) DNAyreakpoints in the tandem repeat confirms the correlation of
regions of repetitive sequence upstream of eaale@e (withthe clustered breakpoints with the region spanning the SNIP and
exception of @) and produces a new hybrid DNA combination,SNAP motifs and identifies two statistically significant subclusters
Sp-Sx. The hybrid 8-Sx DNA configuration is formed on the of switch junctions. Based on these findings a new model
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describing the initiating cleavage steps in the recombinatiodb01% gelatin, 0.2 mg/ml BSA, 10 pmol each PCR primer,
reaction is proposed. The presence of mutations surrounding &-0.5ug genomic template DNA, 2.5 U AmpliTag DNA
switch junctions is one of the most striking features of switcipolymerase (Boehringer Mannheim, Indianapolis, IN) in gl50
recombination. The illegitimate priming and the template switchingolume under 5@l mineral oil. The reaction was first heated to
models have been proposed to accommodate the presence@%fC for 3 min and cycled in a Perkin-Elmer/Cetus DNA thermal
mutations in switchingl(3,14). The illegitimate priming model cycler for 30 cycles each consisting of 1 min &®5 s at 64C
predicts that mutations will be found on only one side of theand 2 min at 72C. After the final cycle the reaction was
switch junction while the template switching model predicts théncubated at 72C for 5 min. Alternatively, Vent polymerase
presence of mutations on both sides of the crossover site. We fifidew England Biolabs, Beverly, MA) was substituted for Taq
that mutations occur on both sides of the crossover site in severdiere indicated and the buffer used was according to the
switch junctions newly described here. These findings support theanufacturer’s instructions.

the template switching model of switch recombination.

Cloning, screening and DNA sequence analysis of PCR

products
MATERIALS AND METHODS

PCR amplification products were purified using the QIAquick
Cell lines and culture conditions Spin PCR Purification Kit (Qiagen, Chatsworth, CA) according

to the manufacturer’s instructions. The purified fragments were
Single cell suspensions prepared from the spleens of 8—12-weeen cloned into plasmid pCR3.1 (Invitrogen Corp., San Diego,
old female BALB/cnunu mice were stimulated in culture with CA). Alternatively, PCR product ends were polished using T4
LPS as previously describe@d. The BALB/c nunu mice  DNA polymerase (Promega, Madison, WI) and cloned into the
contain a T cell deficiency, thus T cell depletion to obtain B cellsma site of pBlueScript KS and then transformed into STBL2
is unnecessary. Cells were maintained in RPMI-1640 (Gibc@Gibco BRL, Gaithersberg, MD) or DidScompetent cells. The
BRL Life Technologies Inc., Grand Island, NY) supplementedlones that contained inserts were verified by minipreparation,
with 10% heat-inactivated fetal bovine serum (FBS) (Hycloneligestion withEcaRl and the inserts visualized by gel electro-
Laboratories, Logan, UT), 100 U/ml penicillin, 1Q@/ml  phoresis. Clones containing inserts were randomly chosen for
streptomycin and 4 mM glutamine in 5% &€& 37C. The cell  further analysis by DNA sequencing. DNA sequencing reactions
lines 8A5.4A5.11.88 27), TIB 114 and HB 7048) were grown  were performed using Sequenase sequencing kits (US Biochemical
in RPMI-1640 supplemented with 10% heat-inactivated FBSorp., Cleveland, OH) according to the manufacturer’s instructions
100 U/ml penicillin, 100pg/ml streptomycin and 4 mM and/or by automated DNA sequence analysis (Genetic Engineering
glutamine. 8A5.4A5.11.88 was suppplemented with B  Facility, University of lllinois, Urbana, IL). Cloned p#sy3
B mercaptoethanol and 1 mM sodium pyruvate and TIB 114 witftagments from TIB 114 and HB70 were sequenced from
50 uM B mercaptoethanol. The cells were maintained in culturindependent isolates derived from two individual PCR reactions
at densities of 0.5-2.0 10° cells/ml. The TIB 114 and HB 70 or PCR products were directly sequenced (US Biochemical Corp.,
hybridomas were obtained from the American Type Cultur€leveland, OH) according to the manufacturer’s instructions. The

Collection. genomic §3 region from Balb/c spleen DNA was PCR amplified

) o using the $ locus-specific primerg3-1 andy3-2, described
PCR primers and amplification of 1, §/3 and J/Sy3 above. PCR was performed using Vent polymerase (New England
switch fragments Biolabs, Beverly, MA) for 30 cycles. Each cycle consisted of 1

. . , ) , . min denaturation at 9%, 45 s annealing at 66 and 2 min
Primers were designed using Amplify 1.0 software (University ofjongation at 72C. The amplified PCR fragment was gel purified
Wisconsin) with the default settings. Once primers which fit thesgq electroeluted from the agarose using Gene Capsule (Midwest
criteria were identified they were further tested for cross-hybridscientific. St Louis, MO) and blunt end cloned into the
ization with their own switch region and all other switch regio”?}Bluescript KS cloning vector (Stratgene, La Jolla, CA); this is
in the IgH locus. Only primers which did not or only weaklyeferred to as pB. The 5 and 3-ends were submitted to DNA

hybridized to other sites in S DNA were chosen for use. Primelguence analysis and the resulting sequence was found to matct
u-1 (8-CTCTACTGCCTACATGGACTGTTC-3, located 50f  he published sequence folBYMUSIGHANA) (29).

Sy and which anneals to positions 5269-5293 (MUSIGCDOQ7) on

the germlingu sequence, and primgr2 (S-CTGGCTCACT-  Preparation of genomic DNA and probes for Southern
TAGCCTAATTGATTCTTGG-3), located 3of Su and which  plot analysis

anneals to positions 1058-1086 (MUSIGCDQ09) on the germline

M sequence, were used to amplify gions. Primen3-1  High molecular weight genomic DNA was prepared from splenic
(5-CAGGCTAAGATGGATGCTACAGGGA-3), located 50f B cells and from the cell lines using the QlAamp Tissue Kit
Sy3 and which anneals to positions 403—428 (MUSIGHANA) or{Qiagen, Germany). 3 described above and pM2-20 (a gift
the germliney3 sequence, and primgs-2 (8-TACCCTGAC- from K.Marcu; 30) were used as the sources of probes for
CCAGGAGCTGCATAAC-3), located 3 of Sy3 and which hybridization with genomic Y8 and $ respectively. The
anneals to positions 2603-2627 on the germfsequence, plasmids were digested with appropriate restriction enzymes and
were used to amplifyyB regions. The combination of primers the resulting DNA fragments were separated by gel electrophoresis.
p-1 andy3-2 was used to amplifyBSy3 hybrid fragments. The The S§3 and $ fragments were isolated from the gel and
PCR reactions for amplification ofuSS/3 and $/Sy3 hybrid  prepared as probes for Southern blot hybridization using a
fragments from genomic Balb/c DNA contained 200 each  random primers kit (New England BiolLabs, Beverly, MA) as
dNTP, 50 mM KCI, 1.5 mM MgGl 10 mM Tris—HCI, pH 8.3, recommended by the manufacturer.
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RESULTS Sac | digestion B. Xba | digestion

Southern blot hybridization analysis ofp heavy chain- -

and IgG3-producing B cell lines _*“‘i’“ & &
Probe: & & &gy ‘323 Prove

The 8A5.4A5.11.88 cell line is @ heavy (H) chain-producing

pre-B cell line while TIB 114 and HB 70 are 1gG3-producing -5yl

hybridomas; all these cell lines are derived from BALB/c mice . et
(27,28). Southern analysis was carried out to determine the “36
organization of the $and §3 regions in these cell lines. There -
may be four or more chromosomes containing the IgH locus in the BER
hybridomas, making analysis of the switch DNA complex. “
Nonetheless, in DNA from TIB 114 digested w@hd or with ;
Xba (data not shown) thepSassociated restriction fragments 1234
differ from the comparable fragment from BALB/c liver,
indicating that these loci have undergone rearrangement4&ig. LHik
lanes 1 and 3). In DNA from HB 70 digested witd all of the
Sp-associated restriction fragments are smaller than the 6.0 kb~ Su
germline $t fragment 81), indicating that in HB 70 thepSoci X Exeg s hs . 0 x s
have undergone rearrangement. Southern analysis of genomigenomic sy ' =
DNA from 8A5.4A5.11.88 cells digested witkba or with Sad Eu Cu
(data not shown) demonstrates thatXbd fragment spanning T it s wsw  x s
the Su region is 3.4 kb, as compared with the 6.0 kb fragment 8A54AS-11.88
from BALB/c liver DNA (Fig.1B; 31). This finding implies that
the Su region in 8A5.4A5.11.88 contains an internal deletion. Swsy8

When $1 - Sy3 switch recombination occurs a new composite oo . o B X
switch region is formed such thah &nd §3 sequence will be
located on a new restriction fragment (F2g.Southern analysis HB70.2 X BXBo s ws
indicates that in TIB 114 the/$-associated restriction fragments ) w
have rearranged as compared with the germly3ef&@ind in
BALB/c liver DNA (Fig. 1A, lanes 2 and 4). Moreover, the 3.6  TiB114.1
and 2.3 kb fragments (which do not photograph well) hybridize
with both the § and §3 probes. Similarly, in DNA from HB 70  mig114.2
the 4.9 and 4.2 kb fragments cross-hybridize with tharfsl §3
probes (Fig.1B, lanes 3 and 4). When analyzed by genomic s
Southern blot, co-migration of two switch regions is suggestive -
of a switch event. In contrast, thg83egion in DNA derived from Genomic $8 1
8Ab5.4A5.11.88 cells did not co-migrate with the Sequence and c3
was slightly smaller than the expected size of 4.0 kb for germline
Sy3 (Fig.1B; 29). These findings suggest that the rearrangements Tk
which resulted in a shorteneql $egion in 8A5.4A5.11.88 cells
did not affect the & r_eg'on' The restriction maps of the Figure 1. Organization of § and §3 DNA in p heavy chain- and IgG3-
rearranged (pand §3 regions in 8A5.4A5.11.88, HB 70 and TIB producing cell lines and hybridomag. &ndB) Southern blot analysis of the
114 have been compared with that of the germline BALI/c S Sp and §3 regions derived from the cell lines and BALB/c liver DNA. High

and $3 genes (FiglC). molecular weight DNA was extracted and digestedi@vith eitherSad
(A) or Xbd (B), fractionated on a 0.8% agarose gel, transferred to a
- P . nitrocellulose filter and assayed for the presenc@ of /3 sequences by filter
Direct PCR amp“flcathn of S, Sy3 and JU/Sy3 switch hybridization using the |Sfragment from pM2-20 (30) or they® fragment
fragments from B cell lines from pS3 (see Materials and Methods) as probe. Sizes of selected restriction

) o ) ) ) fragments are shown in kilobases, indicated by the numbers along the sides. In
Switch recombination is a deletional process in which‘Hem8  (A) DNA samples in each lane are: lanes 1 and 2, liver; lanes 3 and 4, TIB 114.

of the S1 region and the'3nd of the targeted S region join In(B) DNA samplesineach lane are: lanes 1 and 2, 8A5.4A5.11.88 (8A5); lanes

; ; ; 3 and 4, HB 70. The fragments which cross-hybridize wigiiglude § and
together to form a new hybrid S region (Fly.When composite Syb and are indicatedC] Restriction maps of thepySand §3 regions in

SWSy3 regions are formed by recombination, the distancesa p/cliver, 8A5.4A5.11.88, TIB 114 and HB 70 are shown. The organization

between the PCR primers, locatedfBu and 30f S3,isgreatly  ofthe germline §and $3 DNA were previously derived (2,29,30). Restriction

shortened, permitting amplification of the hybrid switch DNA. sites are indicate@gll, Bg; Bglll, Bgl; EccRl, E;Hindlll, H; Sad, S;Xbd, X.

The use of PCR to directly amplify germline and rearrangecﬁ'aSh marks indicate a deletion relative to the germline configuration.

switch regions provides an opportunity to confirm the organization

of the S, Sy3 and $VSy3 fragments in specific cell lines and to

characterize the switch/switch recombination junction sites bgegions by amplification using primeusl andy3-2 (Figs2 and

nucleotide sequence analysis. 3). Amplification of DNA from HB 70 and TIB 114 cells
Genomic DNA from 8A5.4A5.11.88, TIB 114, HB 70 and reproducibly gave rise to one or twp/Sy3 fragments respectively

spleen cells was tested for the presencqeu\8 hybrid switch  (Fig. 3, lanes 6 and 9). TwauESy3 co-migrating fragments were
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A.

B. wou } Il ce  snen
Su Sy3 — 123456 78 9101112131415
C. VDJE SuSy3 Cy@3  SyiCyl P Figure 3. Direct PCR amplification of genomiquSSy3 and hybrid §/Sy3
fragments.A) Agarose gel electrophoresis of PCR products. Aliquots of DNA
ey (300 ng) derived from 8A5.4A5.11.88 (lanes 1-3), TIB 114 (lanes 4-6), HB 70
5138k (lane 7-9), spleen cells (lanes 10-12) and splenic B cells activated with LPS for

92 h (lanes 12-14) were amplified with locus-specific primefs,u-2, y3-1
andy3-2. The $ region is amplified with the primers1 andp-2, which are
indicated ag/pl. The §3 region is amplified with the primey8-1 andy3-2,

. . . ) L which are indicated 38/y3. The $V/Sy3 hybrid fragment is amplified witlr-1
Figure 2. The deletion—looping out model of switch recombination and strategy gnq y3-2, which are indicated ag3/3. Resultant PCR fragments were

for direct PCR amplification of |§ S/8 and rearranged p85/3 hybrid subjected to 1.0% agarose gel electrophoresis. Sizes of selected DNA fragments
fragments. A) A partial schematic map of the IgH locus following V(D) 5re shown in kilobases.

joining and prior to switch recombination. The&hd §3 regions are intact and
separated byb0 kb (2). The numbered arrows indicate position and orientation

of the PCR primers. Primefs1 andp-2 amplify genomic § DNA while ; inati
primersy-1 andy-2 amplify /3 DNA. In each case the primers are positioned cells have not undergone switch recombination and that the

either just upstream or downstream of tandem repeagsan®§3 DNAs and priming sites for the |0CUS-SpeCIfI_C primers are intact. NodB
are shown relative to tf&ad (S) andHindlll (H) sites in these switch regions.  Sy3-specific fragmer)ts were obtained using DNA fr(?m TIB 114,
(B) During switch recombination thgi@ind §3 regions are broughtintoclose  HB 70 or LPS-activated B cells (Fig®), confirming that

apposition, causing the intervening DNA to form a lodp) Following rearrangements had occurred which involve these switch regions.
recombination, a hybrid S/S region is formed on the chromosome with the

configuration 5Su/Sy3-3 while the intervening DNA is excised as a circle. ]
Primerp-1, located at the'®nd of $1, and primey-2, located at the'@nd of Sequence analysis of | 8Sy3 fragments from

Sy3, amplify /Sy3 hybrid fragments. The priming sites for the downstream |gG3-producing hybridomas
Sy primer, u-2, and the upstreamy® primer,y-1, have been deleted as a

consequence of recombination. The three composite f&Sy3 switch fragments which were
reproducibly amplified from DNA of TIB 114 and HB 70 cells
were purified and cloned. Independent clones from two separate

detected by Southern analysis of genomic DNA from HB 70 cellBCR reactions were analyzed and/or PCR amplification products

(Fig. 1), whereas a singlep#sy3 fragment resulted from PCR were directly sequenced. The clones TIB 114.1 (1.2 kb), TIB

amplification. This difference may be due to loss of one or morgl4.2 (1.8 kb) and HB 70.1 (2.0 kb) share th&bsequence

priming sites for this fragment. Noufsy3 fragments were starting from position 5268 of the germlinqu $equence

observed following amplification of DNA derived from either (MUSIGCDOQ7). TIB 114.1 was sequenced from both thard

8A5.4A5.11.88 or spleen cells (Fi@®, lanes 3 and 12). These 3'-ends and confirmed to containuSand §3 sequence.

results suggest that hybriquSy3 regions can be specifically Restriction mapping of TIB 114.1 helped identify the region in

amplified from genomic DNA using locus-specific primers.  which the crossover occurred and tpgSy3 crossover point was

To directly determine whethep®ind §3 regions are intactin located at position 2133 in genomig3NA (MUSIGHANA)

spleen and 8A5.4A5.11.88 cells these S regions were directlyy automated DNA sequence analysis (BjgThree sequences,

amplified with locus-specific primers (Fig). Amplification of  germline $1, germline $3 and the recombinedufsy3 region,

the S1 and §3 DNA regions from 8A5.4A5.11.88 cells yields a are shown in the area surrounding the breakpoint4Biy.TIB

0.3 and a 2.2 kb fragment respectively (Bidanes 1 and 2). The 114.1 contained a total of 735 bp @f BNA and 480 bp of {8

0.3 kb amplification product hybridizes withuSsequence, DNA. Itis not possible to identify the actual genomic position of

confirming the origin of this DNA fragment (data not shown), andhe S1 breakpoint in TIB 114.1 since the sequence available for

is consistant with the size of thg §enomic restriction fragment genomic § in this region contains many internal deletions.

observed by Southern blot analysis (). The 2.2 kb 8  However, a good match for the sequence immediately upstream

fragment from DNA obtained from 8A5.4A5.11.88 cells wasof the crossover point, located at position 588, was found

identical in size to they8 fragment amplified from spleen DNA (MUSIGCDO09). In clone TIB 114.2, 118 bp of DNA sequence

(Fig. 3, compare lanes 2 and 10). To verify the specificity of thevere determined starting at theehid; the 8 crossover point is

Sy3 locus-specific primers, the 2.2 kb fragment from th@ S located at position 5351 (MUSIGCDO07) in genomjic/ile the

region of Balb/c spleen DNA was cloned and the DNA sequenc®/3 breakpoint is located at position 1025 in genom&ENA

for the 3- and 3-ends (data not shown) was found to corresponéFig. 4). There is a direct joining ofiBwith Sy3 DNA in these

to that previously reported fory® DNA (29). These findings cloned fragments around theUSy3 junctions (Fig4). At the

confirm that the § and §3 regions in spleen and 8A5.4A5.11.88 Su/Sy3 junction of the TIB 114.1 and TIB 114.2 clones, no
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849

|
G CTGAGCTGAGCTGGGGTGAGCTGAGCTGAGCTGAGCT

GGGTGAC
HEB 701 Sp O
HB70.1 GGGTGAGCTGAGCTGA AGGCTGGACAG
sy3 NIRRT HI\III\IIHH\HIIIHHIIIIH
TGTGGTGTGTGGGTGT
1682
588
|
su AGCTGAGCTGAGCTGGGGTGAGCTGAGCTGAGCTGAGCTG
TIB114.1 i AL T
s [l HIHHIHIHHII\HH HIHII!
GGGAGTGT:
|
2123
5351
|
S| CTATGCTACGCTGTGTTGGGGTGAGCTGATCTGAAATGAG
TiB114.2 in.2 LT T
. TT GCTGA" GCT
sp3 HH ..... mmmumu IIHIHHHH

|
1025

Figure 4. Analysis of the §/Sy3 switch junctions derived from IgG3-producing hybridomas. Thpgg\3 switch fragments originating from TIB 114 and HB 70

DNA were analyzed by restriction mapping and DNA sequence analysReétriction sites are indicateBiglll, B; Hindlll, H; Hpall, Hp; Pvul, P; Sad, S. The

S regions are represented by the stippled and shaded boxes. DNA sequence analysis was carried out across the regydhéralicadd)) Automated DNA
sequence analysis was used to identify the crossover site which resulteduf@® 1®@combination. The DNA sequence was compared with germjine S
(MUSIGCDO07 and MUSIGCDO09) and/8 (MUSIGHANA) sequences. Recombination sites are indicated by the vertical lines. Nucleotide positions of the database
sequence corresponding to the breakpoint are also shown.

nucleotide addition is seen adjacent to the recombination site. ToESu with Sy3 DNA at the $/Sy3 junction and no homology of
Su-Sy3 homology of the germline sequence at the breakpoint wagrmline $t and §3 at the crossover site.
one base for TIB 114.1 and two bases for TIB 114.2.
Mutations are frequently found in the DNA flanking the switch
Junctlons (2-14). The S sequence in TIB.1 diverges from the
genomic § sequence at three positions (two of which are no
shown) and from the genomig&sequence at one position (Fy.
Although the mismatch located 14 bp upstream of the switdbPS is a specific B cell mitogen causing proliferation and
junction changes the sequence from the comnpopeBtameric  differentiation of murine splenic B cells from surface IgM-positive
repeat, it is still not possible to be sure that these changes are tedlyG-secreting cells33-35). B cells were activated with LPS
mutations since the genomic sequence in this region is incomplefier 92 h, DNA isolated and hybridp&Sy3 switch fragments
The sequence surrounding the crossover point in TIB.2 divergasplifed. Switch recombination can occur anywhere within the
from the genomic sequence at three positions, of which two aBp and §3 regions and produces a population @fS§3 switch
in the 1 and one in the\B sequences. These mutations werdragments which are mixed with respect to size and structure.
confirmed in three separate PCR products by direct sequencidgnplification of DNA from LPS-activated B cells gives rise to
The genomic § sequence was confirmed (unpublished data) bg complex mixture of PCR products, whereas no fragments were
direct sequencing of theu$CR product (Fig3). The genomic amplified from DNA isolated from unstimulated splenic B cells
Sy3 sequence surrounding the switch junction was independenglyig. 3). The PCR products derived from DNA of LPS-activated
confirmed by others9). Thus the mutations reported in TIB.2 B cells which fell in the size range 0.3-2.5 kb were purified and
clearly diverge from the genomic switch sequences and attoned. Twenty transformants containing inserts were randomly
located on both sides of the crossover site. chosen for further analysis. These clones were shown by partial
DNA sequence analysis of HB 70.1 from thedhd 3-ends DNA sequence analysis to contaiy8&nd $ DNA sequence.
confirmed the presence gfi&nd §3 sequence respectively. HB Restriction maps were deduced for six clones, (B-1-B-6)
70.1 was further analyzed by automated DNA sequencing aedntaining $/Sy3 fragments o&£500 bp (Fig.5A). These six
800 bp of § sequence were determined from thertd. There clones were taken for automated DNA sequence analysis. In all
were a humber of mismatches starting 65 bp upstream from tbéthese clones the switch junctions showed direct joiningiof S
crossover site in thgi$equence. However, since theggnomic  and §3 DNA without deletion, duplication or insertion at the
sequence is incomplete in this area it is difficult to confirm theecombination breakpoint (Fi®B). The $1-Sy3 homology of
authenticity of these mutations. The/Sy3 breakpoint was germline sequence at the breakpoint was one base for B-2, B-5
located at position 1682 in genomig3PNA (Fig.4). The HB  and B-6 and two bases for B-4. In clone B-6 y8-SSy3
70 sequence diverged from the genony8 S§equence in two of rearrangement was also found, which resulted from an internal
seven nucleotides at thq/Sy3 junction. The genomicy8  deletion in §3 downstream of the switch junction (Figd).
sequence at this site has been independently confirmed by othkhstations can be introduced as an artifact of PCR amplification.
(32). These transitions were unlikely to have arisen as a PCBnce the B-1-B-6 clones were obtained from a heterogeneous
artifact since two independent isolates of these clones from tvpmpulation of §/Sy3 recombinant molecules it is not possible to
separate PCR reactions were analyzed. There is a direct joiniagalyze them in independent PCR amplifications. Consequently,

PCR amplification of SW/Sy3 switch fragments from
LEPS activated normal splenic B cells
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Figure 5. PCR amplification of @Sy3 switch fragments from normal LPS-activated B cells. Splenic B cells from Balb{cmice were unstimulated or stimulated

with LPS for 92 h, DNA isolated and used as template (300 ng) for amplificatiqi®y3Sragments with tha-1 andy3-2 primers. ) Restriction maps of the six

SW/Sy3 composite fragments isolated. Restriction sites are indid&gét:B; Hindlll, H; Hpall, Hp; Pvdl, P; Sad, S. The S regions are represented by the stippled

and shaded boxes. DNA sequence analysis was carried out across the region indicated by the arrow(s). The S regiorntedigyréraetippled and hatched boxes.

(B) Automated DNA sequence analysis was used to define the prp8y8 finctions. To identify the precise recombination site the sequence was compared with
germline $1 (MUSIGCDO09) and 88 (MUSIGHANA) sequences. Recombination sites are indicated by the vertical lines. Nucleotide positions of the database sequent
corresponding to the breakpoint are also shown.

it is difficult to conclude that the apparent mutations reported ibe significantly non-random, with= 0.005 byx?2 analysis (Fig6).
Figure5 arose during the process of switching. The subclustering of breakpoints in the SNAP métif(0.001)
. L . .. has been previously observeé@)and is confirmed here (Fif).
Anzlyss of the $U/Sy3 recombination breakpoint position A statistically robust subcluster of@breakpoints in the SNIP
in the Sy3 region motif (P = 0.001) is also now observed (F8Yy. The two secondary

Examination of published switch recombination crossover sitecceptor $3 breakpoints formed 8- y3 rearrangements were

in Sy3 revealed a non-random distribution of breakpoints whickxcluded from this calculation since they tend to cluster in the
focused on the region spanning the SNIP and SNAP recogniti#®Ng spacer4s). These findings confirm and extend our previous
motifs (22,24,25). The SNIP binding site is an 11 bp recognitionres'ults.regardmg the biased distribution of recombination break-
motif separated from the 15 bp SNAP binding site by a shoRoints in the §3 tandem repea??,24,25).

spacer of 4 bp (Fig). The §3 germline sequence surrounding

the nine newly derived 8Sy3 recombination breakpoints and p|SCUSSION

one §3/Sy3 event from hybridomas and normal LPS-activated

splenic B cells is shown (Tablg. These new switch junctions To study the mechanism of class switching we have sought to
have been compiled together with a larger group of previouskxamine the distribution of switch recombination junctiongy® S
described breakpoints. The nine newSy3 junctions (Tabld)  tandem repeats followinguS, Sy3 rearrangement. Southern blot
have been compiled together with the 21 (primary acceptor aghalysis of DNA from the 1IgG3-producing hybridomas TIB 114
secondary donor) breakpoints previously analyZ&P{) to  and HB 70 demonstrates that theg®d §3 regions co-migrate,
make statistical analysis feasible (Fay. The distribution of 31  suggesting that these regions are now structured as composite
breakpoints in the region spanning the SNIP and SNABWSy3 fragments. In contrast, thet@nd §3 regions do not
recognition motifs from a total of 33/ breakpoints is shown to co-migrate in DNA frormu heavy chain-producing 8A5.4A5.11.88
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Table 1.
Sy3 Germline Sequence with Breakpoints ( ) Clone Cell Type Switch Repeat No.
SNIP-mofi SNAP-motif
v

GGGGACCAAGC  TGGG CAGCTCTGGGGGAGC — TGGGGTAGGTTCAAGTAT B-1 B Cell Sp/Sy3

AGGATATTAAGC TGAG CAGCI"ACAGGTGAGC TGGGGTAGGAGGGAGTGT B-2 B Cell Sp/Sy3

AGGAGCAGGC TGGA CAGCTC;GGAGGGAGC TAGGATAAGTGAGGATGT B-3 B Cell S/Sy3 31

GGGGZCCAGGC TGGG CAGCTCTGGGGGAGC  TGGGGAGGTGGAGCTGT B-4 B Cell Su/Sy3 36

GGGGACTAACC  TGGG CAGCTCTGGGZ;CAGC TAGGGTAGGTGGAAGCAT B-5 B Cell S/sSy3

GGGGACCAAGC  TGGG CAGCTCTGGGGGAGC TGGGGTAGGTTCAAG:‘AT B-6.1 B Cell Su/Sy3 32

AGGGACCAGAC  TGGG CAGCTCTGGGG'GAGC TAGGGTAGGTGGAAGCAT B-6.2 B Cell Sy3/Sy3 donor 34

GGGGACCAGGC  TGGG CAGCTCTCAGGGAGC TGGGGAGGTGZ;AGCTGT B-6.3 B Cell SY3/Sy3 acceptor 36

AGG:;ACCAGAC TGGG CAGCTCTGGGGGAGC — TAGGGTAGGTGGAAGCAT TIB114.1 Hybridoma SWS3 34
vGGGGGCCAGGC TGGA CGGCTCTGGGGGTAGC TAGGGTAAGTGAGGATGT TIB114.2 Hybridoma Su/sy3 ik

AGGGAGCAGGC  TGGA CAGCTCTGAGGGGAAGC TAGAGTAAGTGTGGGTZ:T HB70.12 Hybridoma Su/Sy3 25

GGGGACCAAGC TGGG CAGCTCTGGGGGAGC TGGGGTAGGTTCAAGTAT Sy3 Consensus 49-merb

a8Seqguences were aligned with genomi@ @1USIGHANA) to evaluate the sequences flanking the SNIP and SNAP binding
sites. In all cases single perfect matches were found. In six of piBg%reakpoints evaluated here there was limited
homology between|Band §3, of one or two bases, at the site of crossover. In clone B-6 a§3heSg3 crossover site

there was a six nucleotide homology. The homology between donor and acceptor DNA caused ambiguity in the assignment
of the brelpoint location. In three of these cases the breakpoint could be positioned within the region of homology without
changing the statistical analysis shown in Figure 6. For example, the TIB.1 breakpoint could be placed at either of two G
residues but would still remain a SNIP site breakpoint. There is one case where the homology spans different subsites in
the §3 tandem repeat. In all cases where homology betweam& §3 at the crossover junction causes ambiguity with

regard to the precise breakpoint site the breakpoints were positioned at thé possttie location.

bThe concensusyS tandem repeat is based on the analysis of Gritzmacher (6).

cells. Using the direct PCR method, threg/S§3 hybrid
I 84% _[p=0.005] | fragments were amplified and analyzed from TIB 114 and HB 70.
35% [p=0.001]  45% [Pp<0.001] The size of these [8Sy3 fragments was consistent with the
organization of the rearranged genomic loci as observed by
Southern blot analysis. DNA sequence analysis confirmed the

primary acceptors/

secondary donors origin of the $YSy3 fragments and located the switch break-
points. Using locus-specific primers we found that thear®1 §3
secondary acceptors loci could be amplified in DNA fronp heavy chain-producing

8A5.4A5.11.88 cells and in splenic B cells but not from TIB 114
and HB 70, which had undergone isotype switching. Taken
together, the absence qgi 8nd §3 regions and the presence of

Figure 6. Summary of switch recombination breakpoints 8 &nd their ne\.N JSy3 co_mp(_)sne fragment_s provides direct evidence fqr
positions with respect to the SNIP and SNAP binding sites. A schematic 49 by WItCh recombination events. This PCR method was then applied
repeat is shown in which the binding sites for SNIP and SNAP are boxed. Thé0 DNA derived from normal LPS-activated B cells. Twenty
Sy3 recombination breakpoints are indicated by the arrows. y@er8akpoint  Su/Sy3 fragments were analyzed by partial sequence analysis and

sequences derived in this report are indicated by the open circles and are showynfirmed to contain |$ and §3 DNA. Six of the §/Sy3
in Table 1. Other ¥ breakpoints indicated by the arrows without circles were : ot
previously described (22,24). The levels of significance of breakpoint fragments were funher characterized and the. recombination
clustering are shown in the brackets, as determingd aalysis. Distinctions _junctions defined. This _PCR'based methOd provides a means to
in switch DNA substrate use are found when primary ¥3) and secondary  Study low frequency switch events with small numbers of normal

(\BaX)b switch hrecombinatiorll evenrtls are Considzred- In phrimary S\kl)vitch B cells. The selection of primers based on their high specificity
recombination they8 DNA is always the acceptor substrate in the recombina- ; ; ; lthﬂﬁ
tion reaction and the breakpoints focus on the region spanning the SNIP ang)r sites prOX|maI or distal of the tandem repeats of 38

SNAP binding sites (25). In secondary recombination events/&BI$A can re_glons allows dlre,Ct ampll_flcatlon of hybrldlM fragments
function as either donor or acceptor substrate. The donor breakpoints focus avithout the necessity of using nested primers.

the region spanning the SNIP and SNAP recognition motifs, whereas the Our studies previously demonstrated thgtr&ombination
secondary acceptor breakpoints cluster in the long spacer (25). The armowgregkpoints were non-randomly distributed in thet@&hdem
above the line indicate the breakpoints which were involved in the recombinatio . PSP :
reaction as primary acceptors and secondary donor sites. The arrows below t%?peat. 22’24'25)' Given that the .Slgmflcance of brealgpomt
line indicate breakpoints involved in the recombination reaction as secondarflUstering is dependent on statistical analyses, we wished to
acceptor sites. further examine this phenomenom using a larger sample pool of
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