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Supplementary Figure Legends

Figure S1. B and T cell development in D708A transgenic mice, Relates to Figures 1-4

(A and B) Flow cytometry analysis of bone marrow of young adult mice of the indicated
genotyes with B220 (y-axis) and CD43 (x-axis) antibodies. In (A), note the large reduction of
B2207/CD43 cells in Ragl-deficient (R1-/-) and D708A transgenic Ragl-deficient (D708A-R1-/-
) mice relative to WT, indicating a block in B cell development at the pro-B cell stage. In (B),
note the large reduction in B220"/CD43 mature B cells in Ragl-deficient B1-8i heavy chain
knockin (R1-/-H) and D708A transgenic Ragl-deficient B1-8i heavy chain knockin (D708A-R1-/-
H) mice relative to WT, indicating a block in B cell development at the pre-B cell stage. No
IgM" B cells could be detected in the spleens of D708A-R1-/-H mice (data not shown),
indicating the absence of mature B cells in these mice.

(C and D) Flow cytometry analysis of thymocytes of young adult mice of the indicated genotyes
with CD8 (y-axis) and CD4 (x-axis) antibodies. In (C), note the large reduction of CD4'CD8"
cells in Ragl-deficient (R1-/-) and D708A transgenic Ragl-deficient (D708A-R1-/-) mice relative
to WT, indicating a block in T cell development at the pro-T (CD4 CD8) cell stage. In (D), note
the large reduction in CD4"CD8 and CD4CD8' thymocytes in Ragl-deficient 2B4 Tcrf
transgenic (R1-/-B) and D708A transgenic Ragl-deficient 2B4 Tcrf transgenic (D708A-R1-/-B)
mice relative to WT, indicating a block in T cell development at the pre-T (CD4"/CD8") cell
stage.

Figure S2. RAG protein expression and Igkx and Tcra gene rearrangements in D708A
transgenic mice, Relates to Figure 1

(A, B) Western blots of RAG1 and RAG2 expression in thymocytes (lanes 1-3) or CD19" bone
marrow B lineage cells (lanes 4-7) from mice of the genotypes indicated above the lanes. Ku80
was used as a loading control. WT, wild type.

(C) PCR assay for Igx recombination. Purified CD19" bone marrow B-lineage cells from mice
of the indicated genotypes were assayed for V-Jk recombination by PCR (33 cycles) using a
reverse primer downstream of Jk2 and a degenerate forward primer that recognizes a large
fraction of Vk gene segments (Schlissel and Baltimore, 1989). Rearrangements are
undetectable in D708A-R1-/-H mice, as is also the case in R1-/-H and Rag2-deficient B1-8i
heavy chain knockin (R2-/-H) mice, indicating that the D708A RAGL1 protein is inactive for V(D)J
recombination. PCR for a-actin sequences was used as a control for DNA integrity.

(D) D708A Ragl does not support Tcra locus recombination. DNA from thymocytes of the
indicated genotypes was assayed by PCR for joining of TRAV12 family gene segments to five
different Ja gene segments, as indicated. PCR for a-actin sequences was used as a control for
DNA integrity.

Figure S3. RAG binding to Igx in WT pre-B cells and lineage specificity of RAG binding,
Relates to Figures 1-4
(A-C) Binding of RAG1 (A) or RAG2 (B), or levels of H3 acetylation (C) were assessed by ChIP
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in WT B220°CD43IgM™ FACS purified primary pre-B cells at the gene segments or regions
indicated. The pattern of RAG binding resembles that observed in primary pre-B cells
expressing D708A RAG1 and RAG2, with the exception of weak binding at Jk1. This is likely
the result of the extensive V-Jk recombination that has occurred in these cells. Recombination
events involving Jkl disrupt the Jk1 PCR reaction (the region amplified spans the Jk1 RSS),
rendering recombined alleles invisible to the assay. Consistent with this, amplification of the
Jkl region was weak in the input DNA (data not shown). Furthermore, primary recombination
events involving Vk and downstream Jk gene segments will move Jkl either onto an
extrachromosomal circle (in the case of deletional recombination) or far from its original location
and far from the Igk enhancer elements (in the case of inversional recombination). The weak
RAG binding we observe at Jk1 suggests that in either of these two cases, the RAG proteins do
not bind efficiently to Jk1. Weak signals for input and binding at Jh1l were also observed (not
shown); presumably this reflects contaminating pro-B cells as well as detection of
extrachromosomal circles created by recombination of Dh with downstream Jh gene segments.
These considerations highlight the advantages of analyzing RAG binding in mice expressing
D708A RAG1. Data are the average of 2 independent experiments and are presented as in
Fig. 1.

(D, E) Binding of RAG1 (red bars) and RAG2 (blue bars) was assessed by ChIP in WT
B220°CD431gM™ FACS purified primary pre-B cells (D) or in WT CD4'CD8" FACS purified
primary pre-T cells (E) at the gene segments or regions indicated. Data are the average of two
independent experiments and are presented as in Fig. 1.

Figure S4. H3K4me3, RNA polymerase Il, and H3 acetylation at the Igx locus in pre-B cells,
Relates to Figure 1

(A-C) Levels of H3K4me3 (A), RNAP Il (B) or H3 acetylation (H3-Ac) (C) were assessed by
ChIP in primary CD19" bone marrow B-lineage cells from Ragl"' B1-8i Igh knockin (R1-/-H),
D708A transgene-positive Ragl™ B1-8i Igh knockin (D708A-R1-/-H), and Rag2” B1-8i Igh
knockin (R2-/-H) mice at the gene segments or regions indicated. Data are the average of 2
independent experiments and are presented as in Fig. 1.

Figure S5. Persistent RAG binding to Igh in pre-B cells and Tcrg in pre-T cells, Relates to
Figures 2 and 4

(A, B) Binding of RAG1 (A) or RAG2 (B) were assessed by ChIP in primary CD19+ bone
marrow B-lineage cells from Ragl"' B1-8i Igh knockin (R1-/-H), D708A transgene-positive
Ragl”' B1-8i Igh knockin (D708A-R1-/-H), and Rag2” B1-8i Igh knockin (R2-/-H) mice at the
gene segments or regions indicated. Data are the average of 2 independent experiments and
are presented as in Fig. 1. Note that DQ52 and Jh1-4 have been deleted on the B1-8i Igh
knockin allele, so that only one Igh allele is assessed at these gene segments in these
experiments.

(C, D) Binding of RAG1 (C) or RAG2 (D) were assessed by ChIP in primary thymocytes from
Ragl”' 2B4 Tcrpg transgenic (R1-/-B), D708A transgene-positive Ragl"' 2B4 Tcrg transgenic
(D708A-R1-/-B), and Rag2"' 2B4 Tcrp transgenic (R2-/-B) mice at the gene segments or
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regions indicated. Data are the average of three independent experiments and are presented
as in Fig. 1. TRBJ2-5 and TRBJ2-7 were not analyzed because they are contained in the 2B4
Ter'] transgene.

Figure S6. RAG and recombination substrate expression in D345 cells infected with the pINV-
12/23 or pINV-0 substrates, Relates to Figure 5

(A) Western blots of RAG1 and RAG2 expression before (0 hours) or 20 hours after induction
with 3 uM STI-571 in D345 cells infected with pINV-12/23 or pINV-0, as indicated above the
lanes. A single membrane was sequentially incubated with RAG1 monoclonal antibody #14.1,
RAG2 monoclonal antibody #8, and anti Ku80 antibodies. RAG1 and RAG2 were induced at
least as well in pINV-0 infected cells as in pINV-12/23 infected cells.

(B) Expression of human CD4 (hCD4). Expression of pINV-12/23 and pINV-0 from the 5' LTR
promoter was monitored by staining infected uninduced (blue lines) and induced (red lines)
D345 cells with anti-human CD4-PE, which measures expression of the hCD4 gene contained
downstream of the IRES in the substrates (see Fig. 5A, B). Staining intensity is plotted against
relative cell number. 10,000 cells were analyzed for each condition. Average expression of
hCD4 is at least as high in pINV-0 infected cells as in pINV-12/23 infected cells.

(C) H3K4me3 levels were assessed by ChIP in the D345 v-abl transformed cell line infected
with pINV-12/23 (gray and red bars) or pINV-0 (white and blue bars) either prior to RAG
induction (Ohr) or after 20 hours of RAG induction (20hr) at the gene segments or regions
indicated. Data are the average of two independent experiments and are presented as in Fig. 1.
These data were derived from the same cells as used in the experiment of Fig. 5C, D.

Figure S7. The PHD domain of RAG2 contributes to binding to non-antigen receptor loci
containing H3K4me3, Relates to Figure 6

(A, B) Binding of RAG2 (A) or levels of H3K4me3 were assessed in a R2-/- v-abl pre-B cell line
infected with a lentivirus expressing WT RAG2 (red bars) or W453A mutant RAG2 (blue bars)
and a linked GFP gene. After lentiviral infection, cells were expanded and enriched for GFP
expression by FACS (>80% GFP+ finally). Data were collected from cells 20 hours after
treatment with STI-571 at the promoters of the genes indicated and are the average of two
experiments derived from independent populations of infected cells. The 6430706D22Rik
(2Rik), D030013I16Rik (6Rik), Fahdl, and Mrsp5 genes were selected for analysis based on
ChiIP-seq experiments demonstrating that these genes are associated with high levels of
H3K4me3 in the B cell lineage (not shown). Data for Mrsp5 are shown on separate axes
because of the strong RAG2 ChlIP signal. No binding of RAG1 was detected by gPCR-ChIP at
the 6430706D22Rik, DO30013I16Rik, Fahdl, or Mrsp5 loci in WT RAG2 or W453A RAG2
expressing cells (not shown).

(C) Western blot of lentiviral infected R2-/- v-abl cells expressing WT RAG2 (lane 1) or W453A-
mutant RAG2 (lane 2) proteins. As controls, protein from total thymocytes from RagZ"' 2B4
Tcrp transgenic (R2-/-B) mice (lane 3) or D708A transgene-positive Ragl'/' 2B4 Tcrp transgenic
mice (which express WT RAG2) (lane 4). RAG2 monoclonal antibody #8 was used. The same
blot was probed for Ku80 to assess protein loading.
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Genotype of thymocytes

Antibody used for IP

Total sequencing reads

Uniquely aligned

Percentage aligned

passing quality filter sequencing reads reads
Wwild type RAG2 15,836,506 7,566,851 48%
RAG2-/- RAG2 15,066,878 7,140,058 47%
D708A-R1-/-B RAG2 15,369,687 8,417,638 55%
D708A-R1-/-B H3K4me3 14,838,753 12,130,218 82%
Wwild type H3K4me3 11,921,334 7,612,684 64%

Table S2. Sequencing data for ChlP-sequencing analysis of total thymocytes.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Generation of RAG1 D708A transgenic mice and mouse strains used

The D708A transgene was generated by altering the sequence of the Ragl open reading frame in the
HG bacterial artificial chromosome (BAC) (Yu et al.,, 1999). A 2 kb fragment of Ragl in which the
Asp708 codon GAT had been changed to GCG encoding alanine was inserted into the shuttle vector
pSV1-RecA and introduced into the HG BAC by homologous recombination as described previously
(Misulovin et al., 2001). The pattern of D708A BAC transgene expression in different founder lines was
assessed by flow cytometry using GFP as a marker (data not shown), as described previously (Yu et al.,
1999).

The following mouse strains were used: Ragl-deficient (Mombaerts et al., 1992), B1-8i Igh knockin
(Sonoda et al., 1997), 2B4 Tcrg transgenic (Berg et al., 1989) or Bcl2 transgenic (Tg(BCL2)36Wehi
(Strasser et al., 1991)) mice on a C57BL/6 background, and Rag2-deficient (Shinkai et al., 1992) mice

on a mixed 129-C57BL/6 background.
Recombination substrates and cell lines

pINV-12/23 was generated from pMX-RSS-GFP/IRES-hCD4 (Liang et al., 2002) by replacement of the
GFP cassette (EcoRI-Ncol fragment) with a fragment containing the mouse CD90 gene. pINV-0 was
derived from pINV-12/23 by digestion with Notl-EcoRI, blunting with Klenow DNA polymerase, and
recircularization to remove the 12RSS, and then digestion with Ncol-SnaBl, blunting with Klenow DNA
polymerase, and recircularization to remove the 23RSS.

The WT pre-B cell line A70 was generously provided by B. Sleckman (Bredemeyer et al., 2006).
Flow cytometry

Developing lymphocytes were analyzed or purified by flow cytometry using a Becton-Dickinson FACS
Caliber or FACS Aria. Cells were stained with one or more of the following antibodies from BD
Biosciences: anti-mouse CD43-PE (#553271), anti-mouse B220-CyChrome (#553091), anti-mouse
B220-CyChrome (#553091), anti-mouse IgM-APC (#550676), anti-mouse CD4-PE (#553653), anti-

mouse CD8-PE-Cy5 (#553034), and anti-human CD4-PE (#555347).
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RAG protein chromatin immunoprecipitation

A. Crosslinking and sonication of chromatin

Thirty million cells were resuspended in 9 ml RPMI/2% fetal bovine serum in a 15 ml conical tube and
0.25 ml of 37% formaldehyde (J. B. Baker #2106-10) were added and the tube rocked for 15 min at
room temperature (RT). Glycine (American Bioanalytical #56-40-6) was added to a final concentration of
0.125 M using a 1.25 M stock solution (pH 7.4) to terminate crosslinking. Cells were pelleted (3K, 3 min,
4°C) and washed twice with 10 ml cold PBS. Wash solutions contained 1 mM PMSF and 1 pg/ul
pepstatin A, which were included in all subsequent steps. After the second wash, cells were
resuspended in 1 ml PBS and transferred to a 1.5 ml microfuge tube, pelleted (3K, 3 min, 4°C), and the
supernatant removed. Unless used immediately, cell pellets were frozen on dry ice and stored at -80°C.

A cell pellet was resuspended in 600 ul RIPA buffer (10 mM Tris pH 7.4, 1 mM EDTA, 1%
TritonX100, 0.1% sodium deoxycholate, 0.1% SDS) containing 0.8 M NaCl and incubated for 10 min on
ice. Chromatin was sheared using a water bath sonicator (Diagenode) (4 x 5 min, high power) resulting
in DNA of 300 to 500 bp. Samples were centrifuged (14K, 10 min, 4°C) and the supernatant transferred
to a new microfuge tube. If not used immediately, 0.1 vol 50% glycerol was added and the sheared
chromatin was stored at -80°C. Chromatin derived from 3-5 million cells was used for one ChIP
experiment (one IP with a single antibody).

B. Pre-clearing of chromatin with Protein A beads

To create sufficient Protein A beads loaded with rabbit Ig to pre-clear the chromatin from 20 million cells,
the following were mixed: 40 pl (bed volume) of Protein A agarose beads (Millipore #16-157), 40 ul
normal rabbit serum (Invitrogen, #16120-099), and 40 ul PBS. The mixture was rocked for 15 min at
RT, spun (3K, 1 min), the pellet washed twice with 1 ml RIPA (0.8 M NaCl), and the buffer removed.

The chromatin was then added to the rabbit Ig-loaded beads and rocked 1 hr at 4°C. Beads were
spun down (3K, 2 min, 4°C) and the supernatant transferred to a new tube which contained a second
batch of rabbit Ig-loaded beads, and rocked 1 hr at 4°C. Beads were spun out (3K, 2 min, 4°C) and the
supernatant transferred to new tube. Any residual beads were spun out (14K, 10 min, 4°C) and the
supernatant (precleared chromatin) carefully transferred to a new tube. The precleared chromatin was
stored at -80°C in aliquots if not used immediately. An amount of chromatin equal to 10% of what would

be used in a single IP was set aside for later use as the "input” sample.
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C. Immunoprecipitation with anti-RAG antibody

Precleared chromatin was mixed with salmon sperm DNA (Stratagene, #201190-81) (final concentration
1.5 pg/ul), BSA (final concentration 0.5 pg/pl), and 5 ug anti-RAG1, anti-RAG2 or 5 ug normal rabbit 19G
(Millipore #12-370) and rocked at 4°C overnight. The binding reaction was centrifuged to remove any
particulate matter (14K, 10 min, 4°C) and the supernatant transferred to a new tube containing 5 ul (bed
volume) protein A beads (preblocked with 2% BSA for 1 hr at RT). This mixture was rocked for 3 hr at
4°C, centrifuged (7K, 2 min, 4°C), and the beads washed three times (10 min, 4°C) with 1 ml RIPA (0.8
M NacCl) containing 1 mM DDT, 100 mM PMSF, then once (10 min, 4°C) with 1 ml RIPA (0.3 M NacCl)
containing 1 mM DDT, 100 mM PMSF, then once (10 min, 4°C) with 1 ml RIPA containing 1 mM DDT,
100 mM PMSF, and finally once (10 min, 4°C) with 1 ml TE (10 mM Tris-HCI (pH 7.4), 1 mM EDTA).
Beads were resuspended in 100 ul TE containing 50 ug Proteinase K and 0.25% SDS, and incubated at
60°C overnight. The "input" chromatin was treated identically. Proteinase K digests were extracted with
100 ul phenol/chloroform and after transferring the aqueous phase to a new tube, the organic phase was
back extracted with 100 ul of water, and the aqueous phases were pooled. The aqueous material was
extracted with 200 ul chloroform and after transferring the aqueous phase to a new tube, the organic
phase was back extracted with 200 ul of water, and the aqueous phases were pooled. NaCl was added
to a final concentration of 0.2 M and DNA precipitated with 20 ug glycogen and 1 ml ethanol. The DNA
pellet was washed with 70% ethanol and resuspended in 50 ul water. The "input" sample was diluted
10-fold prior to PCR, so that input and IP samples would give = equal PCR signals if the IP had pulled

down 1% of the locus under consideration.
PCR primers for quantitative PCR analysis

PCR primers for antigen receptor gene segments were designed to amplify a region adjacent to or
spanning the RSS and were obtained from Invitrogen. Hydrolysis probes for gPCR were obtained from
Biosearch Technologies. Table S1 provides primer and probe sequences as well as the distance from
the relevant RSS in cases where the primers do not span the RSS. The Vk(degen) and V«220 primers
have been described previously (Curry et al., 2005). The primers and probes used to detect non-antigen
receptor genes are also list in Table S1 and are located relative to the transcription start site of these

genes as follows: a-actin, +3 to +61; B-actin, +77 to +144; B-globin, +147-+215; y-actin, -571 to —494;
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Elp4, +584 to +716; Rars2, +487 to +636. Elp4 and Rars2 were selected for analysis based on
previously published data demonstrating that these genes have high levels of H3K4me3 near their
transcription start sites in human T cells (Barski et al., 2007).

Tcra rearrangements were detected by PCR (32 cycles) with primers for the TRAV12 gene

segment family and various Ja. gene segments as described previously (Abarrategui and Krangel, 2006).
ChIP analysis of mutant RAG proteins

For RAG1 expression, pMSCV2.2*EGFP (Fugmann et al., 2004) was altered by replacement of the
EGFP gene with the gene for blastocydin resistance (Bsr), followed by insertion into the Notl and Bglll
sites of the full length murine RAG1 cDNA containing the D708A mutation or the D708A RAG1 cDNA
containing mutations of three amino acids in the nonamer binding domain (NBD) (R391A, R393A,
R402A). Retrovirus was prepared as described previously (Fugmann et al., 2004) and used to infect a
R1-/- v-abl pre-B cell line (11-3-4) containing a single copy integration of pINV-12/23. Individual Bsr-
resistant clones were selected and induced with STI-571 for 20h and binding of RAG1 was assessed by
ChIP. RAGL protein levels were assessed using anti-RAG1 polyclonal antibodies.

A R2-/- v-abl pre-B cell line (17-3-1) was infected with lentiviral vectors expressing WT RAG2 or RAG2
WA453A kindly provided by S. Desiderio, R. Sen, and R. Subrahmanyam (Liu et al., 2007). Infected cells
were subject to two rounds of sorting for GFP+ cells, resulting in a purity of greater than 80%. Cells
were induced with STI-571 for 24 hours and RAG2 binding and H3K4me3 were assessed by ChlIP.

RAG2 protein levels were assessed using anti-RAG2 monoclonal antibody #8.
ChIP-Seq analysis

Immunoprecipitation of RAG2- or H3K4me3-bound DNA was performed as described above and
following a published procedure (Barski et al., 2007) with the following changes: 2% fish skin gelatin
(Sigma G7756) (Kolodziej et al., 2009) and 0.5 mg/ml heparin (Sigma H6279) were used in place of
salmon sperm DNA as blocking agents and pull downs were performed using 25 ul protein G magnetic
beads (Invitrogen #100-03D) and a magnet instead of Protein A agarose beads. For the RAG2
antibody, three immunoprecipitations (each using chromatin from 30 x 10° cells) were pooled to obtain
sufficient DNA for sequencing.

The ChIP DNA ends were repaired using polynucleotide kinase and Klenow enzymes, followed by
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treatment with Taq polymerase to generate a protruding 3' A base used for Illumina adaptor ligation.
ChIP DNA was then amplified using adaptor primers for 17 cycles and fragments of approximately 200
bp (mononucleosome + adaptors) were isolated using an agarose gel. The purified DNA was used
directly for cluster generation and sequencing analysis using the Solexa 1G Genome Analyzer following
manufacturer protocols.

Sequence tags were mapped to the mouse genome (July 2007 assembly) using the Solexa
Analysis Pipeline. To eliminate background noise signals, 200 bp tag “islands” for RAG2 and H3K4me3
were defined. An island was defined for each sample by first finding all summary windows that have
more than one tag and then grouping consecutive windows above this threshold and allowing a distance
of one window of empty signal. The output was then converted to browser extensible data (BED) files,
which were uploaded into the UCSC genome browser (genome.ucsc.edu/) for visual analysis.

Sequence tag parameters for the five ChiP-seq experiments performed are provided in Table S2.
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Supplemental Figure 4
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Supplemental Figure 5
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Applemental Figure 6
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Supplemental Figure 7
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