mutants, one representative each of the sup-
pressed and enhanced bri/-30! transgenic
plants containing the 35S-BIN2 transgene.
Using a full-length BIN2 cDNA as a probe,
we observed a ~50-fold accumulation of
BIN2 transcripts in the enhanced bril-301
line compared with the wild-type control
(Fig. 3D). However, no difference in hybrid-
ization signal was observed between the sup-
pressed line and the other three tested plants,
most likely due to cross-hybridization of the
full-length BIN2 probe with other Arabidop-
sis GSK3/SHAGGY-like genes. To see if the
suppressed bril-301 line accumulated fewer
BIN2 messages, we used a gene-specific
probe corresponding to the 3'-untranslated
region of the BIN2 cDNA that was not in-
cluded in the 35S-BIN2 transgene. As shown
in Fig. 3D, the suppressed line accumulated
~20% of the amount of BIN2 transcripts in
the wild-type control. Because such a cosup-
pressed line is equivalent to a reduction-of-
function bin2 mutant, this result provides a
further support for BIN2 being a negative
regulator in a BRIl-mediated BR signaling
pathway.

Our results indicate that a GSK/SHAG-
GY-like kinase plays an important role in a
steroid signal transduction pathway. In an-
imals, GSK3/SHAGGY is a constitutively
active kinase that negatively regulates a
variety of substrates by phosphorylation,
and the inhibition of its kinase activity
constitutes a key event in many signal
transduction pathways (13). It is well es-
tablished that GSK3/SHAGGY kinase it-
self is negatively regulated by protein phos-
phorylation or protein-protein interaction in
response to a variety of stimuli (/3). If
BIN2 functions as a negative regulator in
BR signaling, a crucial step in this signal
transduction pathway would be to inhibit
the BIN2 kinase activity in response to BR
signals, which are thought to be perceived
by BRII, a leucine-rich-repeat-receptor—
like kinase (5—8). Thus, it is quite tempting
to speculate that BRI1 might be one of the
upstream kinases that could phosphorylate
and inactivate BIN2 to relieve its inhibitory
effect on downstream BR signaling compo-
nents. However, repeated experiments using
yeast two-hybrid analysis and in vitro protein
interaction assay failed to demonstrate a di-
rect physical interaction between BRIl and
BIN2, suggesting the existence of additional
regulators that are involved in suppressing
BIN2 activity. We hypothesize that, in the
absence of BRs, BIN2 is a constitutively
active kinase that can phosphorylate and in-
activate positive BR signaling proteins to
block BR signal transduction. The identifica-
tion of upstream regulators and downstream
targets of the BIN2 kinase is crucial to un-
derstand the molecular mechanisms of steroid
signaling in plants.
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Requirement of the
Activation-Induced Deaminase
(AID) Gene for Immunoglobulin

Gene Conversion
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Three phenotypically distinct processes—somatic hypermutation, gene con-
version, and switch recombination—remodel the functionally rearranged im-
munoglobulin (Ig) loci in B cells. Somatic hypermutation and switch recombi-
nation have recently been shown to depend on the activation-induced deami-
nase (A/D) gene product. Here, we show that the disruption of the AID gene in
the chicken B cell line DT40 completely blocks Ig gene conversion and that this
block can be complemented by reintroduction of the AID complementary DNA.
This demonstrates that the AID master gene controls all B cell-specific mod-

ifications of vertebrate Ig genes.

The formation of a large antigen receptor
repertoire by DNA rearrangement and hyper-
mutation is unique to the immune system.
Early lymphocytes first assemble their anti-
gen receptor genes from different V, D, and J
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segments by site-specific V(D)J recombina-
tion. B cells then further modify the rear-
ranged V segments by untemplated hypermu-
tation (/) or pseudogene templated gene con-
version (2). Some species (such as sheep)
exclusively use somatic hypermutation for V
segment diversification, whereas others (such
as chickens, rabbits, cattle, and pigs) rely
predominantly on Ig gene conversion (3).
Concomitant with antigen stimulation, the Ig
heavy chain locus is further reshuffled by
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Fig. 1. Sequence A cytidine deaminase motif
conservation and ex-

NP IR VA I S I 105 L RKHF L Y[IF KNIMRWAK GRRETYL CYVVKRRDSATS CSLDFGYLRNKIIGCHV EMILFLRY ISEMDLDPGRCY RMTW
chicken AMD gene. ‘m AID MDSLLMKAKKFLY[HFKNVRWAKGRAETY L CYVVKRRDSATSCSLDFGHILRNKGCHVEL LFLRYISDWDLDPGRCYRY THNEEL)
7N PTGt e E S L < LR B E Ll NV RWAKCRRET YL CY VU KRRDSATSS LDECYL RN CHYE LLELRYTSDUDL D CROVRY TV I

chicken (Gd), mouse

(1) I 0T =TTy M NS (N - TS W S P CYDCARHVADFLRINPNLIILRIFTARLYFCEDRKAEPEGLRRLHRAGIOTATMTFKDIEFY CWNTFVENRE4T F K I
ETAT B VL1 T (= S N OB 7S WS PCYDCARHVAMRFLRNPNLSLRIFTARLYFCEDRKAEPEGLRRLHRAGYOTIMIMTFKDYFY CWNTFVENRERT FK I
(LSO F00 T ) NY-Y/o B0 N A VIR - TSV S P CY DCARHVADFLRIENPNLSLRIFTARLYF CEDRKAEPEGLRRLHRAGVOTATMTEKDYEY CWNTEY ENGIERT F K I

amino acid sequenc-

* £ * E .
es. The conserved cy- ¢4 51p WEGLHENSVLSRLRRILLPLYEVDDLRDAF TLGL 198
LT T oYM S S A G L HENSVRLIIROLRRILLPLYEVDDLRDAFRYL GIE 198
LRSI N U TP NV B A W E G L HENSVRISROLRRILLPLYEVDDLRDAFRTLGL 198
Asterisks denote con-
served leucine resi- B
dues in the COOH-terminal region. (B) AID . . _
expression analyzed by semiquantitative RT- DT40Cre1 bursa spleen thymus liver brain testis
PCR_ AID Specific transcripts were ampllﬁed as cDNA template 1 143 1410 1 18 1410 1 18 140 1 18 1410 1 18 110 1 18 140 1 13 110
described in (77, 78) with dilutions of total
cDNA as indicated on top of the lanes. Ampli-
fications of B-actin transcripts served as con-
trols (78).
AID -
» Hind 1
oX Hae I
DT40Cre1 bursa spleen thymus Iiver brain testis
cDNA template 1 13 1/10 13 1410 18 110 1 13 110 13 110 1 18 110 1 18 1H0
A.H\ndHI
$X Hae lll
A B AID status
probe e = e
T }‘ s % +_,'+ f_
AID genomic locus LW - -l o FADI<ADY
6 kb )
— wild type
: Ty ; . — targeted
pAidBsr fx X Xx —marker excised
-«BSR
pBluescript L. bsr oxP| LE
! 45 kb
. 2. Hind 11
pAidPuro B S X
: ol | }%L—":: ¢ AlD status
RBluescrpt loxP RE .. PuoR loxP LE ++ +- -IE =R
; 4.5 kb
.. X X X
AlD-disrupted : | - |
(drug-resistance marker excised) o mt:’_xp —
RE+LE
4 kb
e BRDE X: Xbal

Fig. 2. Disruption of the chicken AID gene (20, 27). (A) A physical map of the AID locus, the two knockout
constructs, and the targeted loci. Open boxes represent transcribed 5 and 3’ untranslated regjons. Solid
boxes represent coding regions. The positions of primers for RT-PCR and the identification of targeted
integration events are indicated by arrowheads. (B) Southern blot analysis of wild-type and transfected
clones using theprobe shown in (A) after Xba | digestion. The wild-type locus hybridizes as a 6-kb fragment,
whereas the targeted locus hybridizes as a 4.5-kb fragment and a 4-kb fragment before and after removal of the drug resistance marker cassettes,
respectively. (C) AID expression. Transcripts of AID were amplified by RT-PCR (77, 78) to verify the gene disruptions and the complementation.

 Hind 111l
X Hae Iil

1302 15 FEBRUARY 2002 VOL 295 SCIENCE www.sciencemag.org



switch recombination to yield different Ig
isotypes (4).

It was reported recently that mutations of
the so-called AID gene, which is induced by
B cell stimulation and is homologous to the
cytidine deaminase APOBEC-1 gene (J),
abolish switch recombination and severely
reduce somatic hypermutation in mice (6)
and humans (7). It is speculated that the AID
protein acts by sequence-specific mRNA ed-
iting in a manner similar to that of the APO-
BEC-1 protein. The AID mutant phenotypes
raise the question whether 4/D might regu-
late Ig gene conversion as well. The best
characterized model for Ig gene conversion is
the chicken Ig light chain locus, for which all

REPORTS

V pseudogenes have been sequenced (2).
To investigate the role of 4ID in Ig gene
conversion, we cloned the chicken AID ho-
molog and disrupted it in the bursal B cell
DTA40 cell line, where light chain gene con-
version is preserved (8). An expressed se-
quence tag (EST) (rikenl_1b7rl) of the likely
5’ end of the chicken AID ¢cDNA was iden-
tified in the bursal EST database (9) and
extended by primer walk. The corresponding
c¢DNA insert contains an open reading frame
of 198 amino acids with over 85% identity to
the murine and human AID sequence (Fig.
1A). Expression of this bonafide chicken AID
homolog was analyzed by semiquantitative
reverse transcription—polymerase chain reac-

tion (RT-PCR) in different cell types (Fig.
IB). AID is highly expressed in the bursa of
Fabricius and DT40 cells; weakly expressed
in the spleen, thymus, and testis; but no ex-
pression is detected in the liver or brain.
Because the bursa of Fabricius is the main
site of Ig gene conversion, this expression
pattern is compatible with a role for AID in
this process. Two AID knockout constructs
(pAidBsr and pAidPuro) were made by clon-
ing genomic fragments from the 5' end and
the 3’ untranslated region of the AID locus
upstream and downstream of loxP-flanked
drug-resistance markers (Fig. 2A). Targeted
integration of these constructs deletes the
AID coding region from the third codon to the

end, resulting in an 4/D null mutation.
Ig gene conversion rates can be measured
easily by quantifying cell surface(s) IgM re-

Table 1. Percentages of events falling into the sigM(+) gates for individual subclones.

DT40lgl™ DT40Cre1 AID*/ AID™® AID™™  version rates in the predominately sIgM(-)
0.06% 0.85% 0.26% 0.22% 4.22% CL}8 cell line (). Thls spontaneous DT40
0.09% 1.48% 0.20% 0.10% 2.14%  variant has a frameshift in its rearranged V
0.30% 1.95% 0.04% 0.14% 1.74%  segment, which can be repaired by homolo-
0.12% 36.54% 0.07% 0.13% 1.42% gous pseudogene sequences (Fig. 3A). Be-
0.18% 1.25% 0.09% 0.20% 3292%  cause CL18 shows rather low light chain
g??glj ?;SZ’Z g;ﬁ;’f’ gg;/z (1);3:,/2 conversion frequencies, a v-myb transfectant
01 492 33:07% 01 47: 0:1 3% 498% of CL18, wh}ch has five tlmes hlghEI" rates of
0.34% 10.35% 0.07% 0.12% 0.17% SIgM reversion (10), ?VaS used. This clone,
0.09% 367% 0.17% 0.21% 47.05% DT40Crel, also contains a transfected Mer-
0.04% 0.47% 0.12% 0.09% 1.06% CreMer recombinase gene, which can be in-
0.11% 0.25% 0.03% 0.10% 054%  duced to excise loxP-flanked cassettes (/7).
0.10% 3.98% 015:"’ 0.12% ”7:’{’ After transfection of pAidBsr into
3.1‘(1)22 3’3532 812;2 8132/{; g?g;: DT40Cre1, a heterozygous A.ID clone was
0.05% 5.65% 0.29% 0.33% 3.05% identified (DT40AID™/~) which was subse-
0.10% 0.36% 0.11% 0.06% 35.22% quently transfected by pAidPuro to produce a
0.07% 0.55% 0.03% 0.10% 2.49% homozygous  4ID  knockout  clone
0.07% 0.98% 0.34% 0.12% 1398%  (DT40AID'7) (Fig. 2A). Both the blastici-
0.12% 60.17% 0.07% 031% 18.58% din and the puromycin resistance markers
0.03% 10.44% 0.14% 0.10% 3.70% re then removed from DT40AID—'— b
0.06% 0.82% 0.05% 0.08% 5.43%  orc Tich femoy Y
0.05% 3.42% 0.05% 0.37% 0.43% tamO)flfen induction Of.‘ the MerCreMer re-
0.10% 2.72% 0.03% 0.10% 294%  combinase (I2), yielding the clone
031% 5.83% 0.12% 0.17% 3.09%  DT40AID™E. The disruption of AID in
0.13% 1.18% 0.30% 0.22% 1.20% DT40AID "~ and DT40AID/~, and the ex-
8(1)3;/;’ ?‘ﬁ://" 8;‘1132 ggg:’: 622322 cision of the resistance marker cassettes in
3 (] . (] g 8 B —/—E

0.06% 1.77% 0.17% 007% 4149  DT40AID™%, were confirmed by Southern
0.05% 21.51% 0.16% 0.07% 21.58% blot analysis (Fig. 2, A and B). To reconsti-
007% 165% 0.22% 0.24% 2769%  tute the AID disruption, DT40AID* was
0.07% 1.61% 0.10% 0.17% 2.78% transfected by an AID expression vector in
0.08% 13.05% 0.21% 0.04% 216%  which the AID ¢cDNA and the puromycin
8(1)3;/2 ‘:g%’z 81?;{; 8;13332 gl‘;?yi gene were under the control of thg B-actin
0.05% 462% 0.14% 0.12% 1383% promoter and were ﬂankt?d by !oxP sites. One
0.30% 197% 0.22% 031% 78.37% of eight stable puromycin resistant transfec-
0.08% 4.43% 0.16% 0.12% 268%  tants (DT40AID™®) expressed the AID
0.10% 5.64% 0.13% 0.14% 223%  cDNA (Fig. 2C).

0.12% 0.70% 0.13% 0.07% 2.84% To quantify the Ig gene conversion rates, 48
0.10% 1.35% 0.13% 0.07% 0.88% subclones of the wild-type positive control and
0.07% 285% 0.11% 0.11% 0.59% the AID mutant clones were analyzed for sigM
0.25% 0.08% 0.15% 0.11% 0.74% . ayz £
0.00% 5.81% 0.13% 0.14% 529y  expression by fluorescence-activated cell sort-
0.05% 7.27% 0.21% 0.07% 600%  ing (FACS) after 18 days of being cultured.
0.13% 0.15% 0.13% 0.88% Subclones of the stable sIgM(-) light chain
0.00% 1.75% 0.16% 297%  knockout DT40IgL~ were included as negative
0.09% 944% 0.02% controls. Representative FACS anti-IgM stain-
T 6.24% 037% 014% 0.43% ings of subclones are showq in Fig. 3B",.and the
(0.00%) (6.12%) (0.25%) (0.02%) (931%) average number of events in the positive gate

from the 48 subclones is displayed in Fig. 3C
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(the individual clone measurements are in Ta-
ble 1). This analysis indicates that the disrup-
tion of a single AID allele reduces the sIgM
reversion rate of DT40AID*/~ by more than 10

REPORTS

times, although the reversion is not completely
blocked, because at least 2 of the 48
DT40AID™/~ subclones showed distinct
sIgM(+) populations. The disruption of both

AID alleles in DT40AID~F reduces the rever-
sion frequency by at least 100 times. Reexpres-
sion of the AID gene in DT40AID™-® increases
the frequency of sIgM reversion above that

DT40Cre1 c
PV rearranged V-J ségrs(f)
9.43%
100% e %
frameshift ot}
8.0% .
repair of frameshift mutation 6. 24%
in Ig gene by gene conversion (6.12%
6.0% |
4.0% . - =
PV rearranged V-J
2.0% .
| 0.12% 0.87%
\__/.' | oy (0 25%) (0 02
gene conversion 0.0% | s
DT40lgL” DT4OCre1 A|D+r ArD-’E AID4R
B
DT40lgL" DT40Cre1 AID+- - AID-E AID-+R
= 8 e (= 2
’ o N @ o ] L)
25 E] L. = 9] . 2
E EN 3 p= 3 & Ty .:E 3 =
o z"] . Efi’! ks B :je"! : dié
o g o 2 °{ @ 21 g - 2
QO-; ; “o 3 : % ﬁ‘ % 3 )
) 000 0 00 0 10 0 1000 0 1000
FSC-H FSCH FSC-H FSC-H FSCH
Fig. 3. Ig gene conversion quantified by sigM
expression. (A) Principle of the Ig reversion D
assay. The predominantly sigM(-) DT40Cre1
clone contains a frameshift in its rearranged V 21 22 23 24 25 26 27 28
segments, which can be repaired by pseudo- o ___©GoR: e - o
gene templated conversion events. The rate of germline TCC GGG GAT AGC AGC TAC ... ... ... ... ... TAT GGC
Ig gene conversion can be measured in sub- &
clones by FAC$ analysis after staif‘ling for sigM. D140 Gred TCC GGG GGT GGC AGC TAC'GCT GGA AGT TAC TAT TAT GGC number of
(B) FACS profiles of representative subclones slgM (-) sequences
(22). (C) Average percentages of events falling
into the sigM(+) gates. Forty-eight subclones gl:gkcc’::"e T “"M'A' SR KGRI TS pom SEceTE TR SR e =
of each clone were analyzed (22). The measure- ¥
ments for individual subclones are shown in sooibes SR oE- ben Sl s Sed slelions el dus eee 14
Table 1. The percentages in brackets are the w¥e
values after subtraction of the background. (D) _ N o SEHAT s moome s 5
Sequences of the CDR1 regions from the rear- e
ranged V segments of DT40 Cre1 and AID™-F
clones 6 weeks after subcloning (23). Dashes m=rmmm ==Cide= PAT AG~ | l e=z oz 2
indicate nucleotides identical to the sequence w14
of DT40 Cre1 slgM(-), and brackets mark the —em mm e =T ——— AG-[ ] AG— -=C ——— ——— 2
borders of deletions. Gene conversion tracts are Yvs
underlined and annotated with the name of the e e e B - GG- [ e e 1
likely pseudogene donor. Wiz
-GC TCC GGG GGT
——— mm— o ——— ——— ——-'AGC A-T G-C -GT GG- --- --—- 1
Yviz
total 54
AID™* =
GWORKCHTIIND. | wonn e tmm svmmm st i o i i S i i 80
total 80
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measured for the parental DT40Crel clone.
This strongly suggests that 4ID expression is
essential for Ig gene conversion. To increase the
sensitivity of the assay, we cultured 24
DT40AIDF subclones for 6 weeks in parallel
with DT40Crel subclones. Whereas, on aver-
age, more than 60% of DT40Cre1 cells scored
sIgM(+), no sigM(+) populations were detect-
able in the DT40AID~E subclones.

There remained the possibility that the
lack of sIgM(+) cells in the 4ID negative
clones was not due to a block of Ig gene
conversion but was caused by a lack of Ig
light or heavy chain transcription. We there-
fore confirmed by RT-PCR that the light and
heavy chain Ig mRNA was present in the
DT40AID '~ cells (10). To rule out the pos-
sibility that the lack of AID expression indi-
rectly affects sIgM expression, we removed
the loxP-flanked A4ID expression cassette
from a predominantly sigM(+) DT40AID
—R subclone by tamoxifen induction. FACS
analysis confirmed that the level of sigM
expression in the resulting 41D/~ subclones
was identical to the level of sIgM in wild-
type DT40Crel sIgM(+) cells. Together,
these results indicate that AID™'~ sIgM(+)
cells are viable and that the lack of sIgM
reversion in AI[D-negative clones is not
caused by a defect in sIgM expression but by
inhibition of Ig gene conversion. To confirm
by sequence analysis that AID disruption pre-
vents gene conversion, we compared the light
chain genes of DT40Crel and AID™/F
clones 6 weeks after subcloning. The CL18
frameshift was replaced by gene conversion
tracts in the majority of wild-type cells, but
no evidence for a gene conversion event was
found in 80 light chain sequences from 4ID-
negative cells (Fig. 3D).

The AID disruption in DT40 produces a
complete block of Ig gene conversion. We
have tested a number of DNA repair and
recombination candidate genes over the
years, but these mutants either maintain Ig
gene conversion at wild-type levels [RAG-2

Table 2. Oligonucleotide primer sequences.
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(13), MSH4, MSH3, MSH6, and POL\
(10)} or show a modest reduction, most
likely due to defects in general homologous
recombination [RAD54 (i4) and RADS5?2
(10)]. The abolition of all detectable frame-
shift repair in the AID~'~ DT40 mutant is
remarkable, because a low level of gene
conversion can be easily detected in non-B
cell lines if an appropriately designed trans-
gene with a donor and recipient sequence is
provided (/5). The dependence on AID ex-
pression strongly supports the notion that
the repair of the V segment frameshift in
DT40 reflects B cell-specific Ig gene con-
version. The reduction of Ig gene conver-
sion in the heterozygous clone suggests that
AID acts in a dose-dependent manner. No
clear reduction in somatic hypermutation or
switch recombination was reported for the
AID*'~ heterozygous mice (6) and human
carriers (7), although the results of trans-
fection experiments with the CHI12F3-2
cell line also suggest a dose-dependent
stimulation of switch recombination (6).

The AID~'~ phenotype links Ig gene con-
version to the other two AID-regulated pro-
cesses: somatic hypermutation and switch re-
combination. Although it had been speculat-
ed for a long time that Ig gene conversion and
somatic hypermutation are related and possi-
bly initiated by the same lesion, the DT40
AID mutant provides direct genetic evidence
for such a relationship. Because somatic hy-
permutation and switch recombination can be
dissociated in certain cell types, and because
DT40 does not seem to undergo switch re-
combination (/0), events downstream of the
AID action must determine which of the three
processes are executed. The recent finding
that mutations in the RADS5! homologs
XRCC2 and XRCC3 activate somatic hyper-
mutation in DT40 (/6) suggests that the de-
cision between [g gene conversion and so-
matic hypermutation is influenced by the
availability of a specific homologous recom-
bination pathway.

Sequence
AID1 GTTTCTGTGCACCAGAGGGCTGAACAGTCA
AID2 CTACCGCATCACATGGTTCACCTCCTGGAG
AID3 CCCAGATCTTGCTTGTGAAGTCTTCTTATTGCTG
AlID4 CTCCTTTCTTGGCTGGGTGAGAGGTCCATA
AID5 GGGCTCGAGGTCATCTGAGAGAGAGAACCCAGCTGACATGG
AID6 GGGGGATCCGCTTCACAACTTAACAGAGGTAGGTTTCA
AID7 GGGGGATCCGTGAGAGTACTGAACTGAGTCCTGGACAG
AID8 GGGACTAGTCAGTCAACATCAGGCAGGAAGATCTGGTTT
AID9 CCCGCTAGCGCTGACATGGACAGCCTCTTGATGA
ACTIN1 CCCCAAGCTTACTCCCACAGCCAGCCATGG
ACTIN2 GGCTCTAGATAGTCCGTCAGGTCACGGCCA
BSR CGATTGAAGAACTCATTCCACTCAAATATACCC
PURO CAGCGCCCGACCGAAAGGAGCGCACGACC
VA1 GGGAAGCTTTGGGAAATACTGGTGATAGGTGGAT
c2 CCTCCATTTCTAGACAGCACTTACCTGGACAGCTG
v3 CCTCTCTCCTCTCCCTCTCCAGGTTC
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after Xho I-Sca | digestion. This produced a plas-
mid with a unique Bam HI site between the AID
target sequences into which the ploxBsr and the
pLoxPuro marker cassettes (77) were inserted. The
resulting two knockout constructs, pAidBsr and
pAidPuro, were linearized by Not | before transfec-
tion. The AID coding sequence was amplified by
primers AID9/AID3 (77) using high-fidelity Pfu-
Turbo polymerase (Stratagene). This PCR fragment
was digested by Nhe | and Bgl Il and cloned into
the Nhe | and Bgl Il sites of pExpress (7). The AID
coding sequence was verified by sequencing. The Spe
| cassette of the pAidExpress plasmid was then cloned
into the Nhe | site of pLoxPuro, resulting in the AID
expression vector pAidExpressPuro. pAidExpressPuro
was linearized by Sca | before transfection.
Quantification of slgM expression was done as
follows: Forty-eight subclones were obtained from
each of the DT40lgL~, DT40Cre1, DT40AID*/—,
DT40AID~/~F, and DT40AID~/~R clones by limit-
ing dilution. Eighteen days after subcloning, all the
subclones were stained first with a monoclonal
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antibody to chicken Cp (M1) (Southern Biotechnology
Associates, Birmingham, AL} and then with polyclonal
fluorescein isothiocyanate—conjugated goat antibodies
to mouse 1gG (Fab), (Sigma). Predominantly sigM(+)
subclones were excluded from the analysis, because
they most likely originated from cells that were already
slgM(+) at the time of subcloning.

23. For Ig light chain sequencing, PCR amplification
and sequencing of the rearranged light chain V
segments were performed as previously described

REPORTS

(79), except that high-fidelity PfuTurbo polymer-
ase (Stratagene) was used with primer pair VA1/
VA2 for PCR, and primer VA3 was used for se-
quencing (77). Only one nucleotide change, which
most likely reflects a PCR-introduced artifact, was
noticed in the V-J-3’ intron region in a total of 80
0.5-kb-long sequences from AID~/~E cells.
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Capturing Chromosome
Conformation

Job Dekker,'* Karsten Rippe,? Martijn Dekker,?> Nancy Kleckner'

We describe an approach to detect the frequency of interaction between any
two genomic loci. Generation of a matrix of interaction frequencies between
sites on the same or different chromosomes reveals their relative spatial
disposition and provides information about the physical properties of the
chromatin fiber. This methodology can be applied to the spatial organization
of entire genomes in organisms from bacteria to human. Using the yeast
Saccharomyces cerevisiae, we could confirm known qualitative features of
chromosome organization within the nucleus and dynamic changes in that
organization during meiosis. We also analyzed yeast chromosome Ill at the G,
stage of the cell cycle. We found that chromatin is highly flexible throughout.
Furthermore, functionally distinct AT- and GC-rich domains were found to
exhibit different conformations, and a population-average 3D model of chro-
mosome lll could be determined. Chromosome lll emerges as a contorted ring.

Important chromosomal activities have been
linked with both structural properties and
spatial conformations of chromosomes. Local
properties of the chromatin fiber influence
gene expression, origin firing, and DNA re-
pair [e.g., (/, 2)]. Higher order structural
features—such as formation of the 30-nm
fiber, chromatin loops and axes, and inter-
chromosomal connections—are important for
chromosome morphogenesis and also have
roles in gene expression and recombination.
Activities such as transcription and timing of
replication have been related to overall spa-
tial nuclear disposition of different regions
and their relationships to the nuclear enve-
lope [e.g., (3—6)]. At each of these levels,
chromosome organization is highly dynamic,
varying both during the cell cycle and among
different cell types.

Analysis of chromosome conformation is
complicated by technical limitations. Elec-
tron microscopy, while affording high reso-
lution, is laborious and not easily applicable
to studies of specific loci. Light microscopy
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affords a resolution of 100 to 200 nm at best,
which is insufficient to define chromosome
conformation. DNA binding proteins fused to
green fluorescent protein permit visualization
of individual loci, but only a few positions
can be examined simultaneously. Multiple
loci can be visualized with fluorescence in
situ hybridization (FISH), but this requires
severe treatment that may affect chromosome
organization.

We developed a high-throughput method-
ology, Chromosome Conformation Capture
(3C), which can be used to analyze the over-
all spatial organization of chromosomes and
to investigate their physical properties at high
resolution. The principle of our approach is
outlined in Fig. 1A (7). Intact nuclei are
isolated (&) and subjected to formaldehyde
fixation, which cross-links proteins to other
proteins and to DNA. The overall result is
cross-linking of physically touching seg-
ments throughout the genome via contacts
between their DNA-bound proteins. The rel-
ative frequencies with which different sites
have become cross-linked are then deter-
mined. Analysis of genome-wide interaction
frequencies provides information about gen-
eral nuclear organization as well as physical
properties and conformations of chromo-
somes. We have used intact yeast nuclei for
all experiments. Although the method can be
performed using intact cells, the signals are
considerably lower, making quantification
difficult (9). The general nuclear organization
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of purified nuclei is largely intact, as shown
below.

For quantification of cross-linking fre-
quencies, cross-linked DNA is digested with
a restriction enzyme and then subjected to
ligation at very low DNA concentration. Un-
der such conditions, ligation of cross-linked
fragments, which is intramolecular, is strong-
ly favored over ligation of random fragments,
which is intermolecular. Cross-linking is then
reversed and individual ligation products are
detected and quantified by the polymerase
chain reaction (PCR) using locus-specific
primers. Control template is generated in
which all possible ligation products are
present in equal abundance (7). The cross-
linking frequency (X) of two specific loci is
determined by quantitative PCR reactions us-
ing control and cross-linked templates, and X
is expressed as the ratio of the amount of
product obtained using the cross-linked tem-
plate to the amount of product obtained with
the control template (Fig. 1B). X should be
directly proportional to the frequency with
which the two corresponding genomic sites
interact (/0).

Control experiments show that formation
of ligation products is strictly dependent on
both ligation and cross-linking (Fig. 1C). In
general, X decreases with increasing separa-
tion distance in kb along chromosome Il
(“genomic site separation”). Cross-linking
frequencies for both the left telomere and the
centromere of chromosome IIl with each of
12 other positions along that same chromo-
some (Fig. 1, C and D) were determined
using nuclei isolated from exponentially
growing haploid cells. Interestingly, the two
telomeres of chromosome Il interact more
frequently than predicted from their genomic
site separation, which suggests that the chro-
mosome ends are in close spatial proximity.
This is expected because yeast telomeres are
known to occur in clusters (//, 12).

We next applied our method to an analysis
of centromeres and of homologous chromo-
somes (“homologs™) during meiosis in veast
(7). In mitotic and premeiotic cells, centro-
meres are clustered near the spindle pole
body (/3, /4) and homologous chromosomes
are loosely associated (/5—/7). These fea-
tures change markedly when cells enter mei-
osis (/3). The centromere cluster is rapidly
lost and is not restored until just before the
first meiotic division. Loose interactions be-
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