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The site-specific DNA rearrangement process, called V(D)J recombination, creates much of the diversity of
immune receptor molecules in the adaptive immune system. Central to this reaction is the organization of the
protein-DNA complex containing the proteins RAG1 and RAG2 and their DNA targets. A long-term goal is to
appreciate the three-dimensional relationships between the proteins and DNA that allow the assembly of the
appropriate reaction intermediates, resulting in concerted cleavage and directed rejoining of the DNA ends.
Previous cross-linking approaches have mapped RAG1 contacts on the DNA. RAG1 protein contacts the DNA
at the conserved heptamer and nonamer sequences as well as at the coding DNA adjacent to the heptamer.
Here we subject RAG1, covalently cross-linked to DNA substrates, to partial cyanogen bromide degradation or
trypsin proteolysis in order to map contacts on the protein. We find that coding-sequence contacts occur near
the C terminus of RAG1, while contacts made within the recombination signal sequence occur nearer the N
terminus of the core region of RAG1. A deletion protein lacking the C-terminal DNA-contacting region is still
capable of making the N-terminal contacts. This suggests that the two binding interactions may exist on two
separate domains of the protein. A trypsin cleavage pattern of the native protein supports this conclusion. A
two-domain model for RAG1 is evaluated with respect to the larger recombination complex.

The adaptive immune system in all vertebrates uses a site-
specific rearrangement of DNA to assemble functional T-cell
receptor and immunoglobulin genes from the arrays of inactive
segments inherited in the germ line. In the process, termed
V(D)J recombination, each of the various coding segments,
named V, D, and J, is targeted for rearrangement by an adja-
cent recombination signal sequence (RSS) (reviewed in refer-
ences 13, 15, and 22). An RSS is composed of a conserved
heptamer (CACAGTG) and nonamer (ACAAAAACC) motif,
separated by a spacer of either 12 or 23 bp in length. The two
sequences of differing length are called the 12RSS and 23RSS,
respectively. Within a chromosomal locus, similar segments
generally carry RSSs of the same length. A productive rear-
rangement in cells always occurs between pairs of DNA seg-
ments bordered by RSS elements of the two different spacer
lengths (the 12/23 rule; 43). Owing to the 12/23 rule, this
organization permits a V segment (for example) to join to a D
segment but not to a second V segment. The recombination
mechanism introduces (in several steps) a double-strand break
into the DNA precisely between the RSS and its associated
coding region. This process is coordinated at two segments, so
the two cleavage events yield an intermediate stage with four
available DNA ends. Commonly, pairs of these ends are sub-
sequently joined in a directed manner. The two DNA ends
belonging to coding regions are joined to each other to form
the coding junction. The two RSS-containing ends are also
joined to each other to form the signal junction. These DNA
molecules are shepherded through the reaction in large part
through the action of proteins which contact the DNA within
the RSSs and also at the adjacent coding regions. The assembly

of a protein-DNA complex and cleavage of the DNA can be
performed in vitro (25, 45) and is dependent primarily on the
two proteins RAG1 and RAG2 (31, 37). In addition, the cleav-
age reaction is aided by DNA bending proteins. Either HMG1
(20, 44) or HMG2 (36) functions in this capacity. Cross-linking
strategies indicate that RAG1 makes close contacts at both the
nonamer and heptamer in the RSS (28, 41) and additionally to
the coding DNA (11, 27). So far the cross-linking approach has
been used to map the positions on the DNA where the proteins
make contact. In principle, the same strategy can also reveal
the contact sites on the protein, as has been demonstrated in
other systems (26, 30). In this study we use partial cyanogen
bromide degradation and trypsin proteolysis of RAG1 cross-
linked to labeled DNA substrates to demonstrate that the
coding-end contacts occur near the C terminus of RAG1 while
contacts made by the RSS to RAG1 occur nearer the N ter-
minus of the core region. The two contacts appear to be inde-
pendent of each other in that a deletion protein lacking the
C-terminal binding region is still capable of making the N-
terminal contacts. This suggests that the two binding interac-
tions may exist on two separate domains of the protein. A
trypsin cleavage pattern of the native protein supports this
conclusion. A two-domain model for RAG1 is evaluated with
respect to the larger recombination complex.

MATERIALS AND METHODS

Proteins. Baculovirus stocks for MR1 and MR2 (25) were obtained from
Martin Gellert (National Institutes of Health). MR1 and MR2 are fusion pro-
teins, each containing an N-terminal maltose binding protein (MBP) followed by
the functional core region of mouse RAG1 (residues 384 to 1008) or RAG2
(residues 1 to 387) of the mouse protein sequence, respectively. The C termini
carry a polyhistidine tag followed by three tandem copies of the c-myc epitope
tag as used previously (34). In this study, MR1 or the deletion construct R1
D34–38 were expressed using the baculovirus system. R1 D34–38 was constructed
by deletion of the coding region in the RAG1 core between the SalI sites
introduced into constructs pMS134 and pMS138 (34) and then subcloning into a

* Corresponding author. Mailing address: Medical College of Geor-
gia, Institute of Molecular Medicine and Genetics, CB-2803, Augusta,
GA 30912. Phone: (706) 721-8761. Fax: (706) 721-8752. E-mail: moshe
@immag.mcg.edu.

2038



baculovirus expression vector. Amino acid residues 735 to 963 of the mouse
protein are thereby deleted from the core. This protein is expressed without the
MBP fusion partner.

When used together, MR1 and MR2 proteins were expressed simultaneously,
by coinfection of the SF9 insect cell line. Proteins were harvested after 66 h of
infection and purified on nitrilotriacetic acid-agarose (Qiagen) charged with
Ni21 as described previously (45). Fractions containing the fusion proteins were
pooled and loaded onto amylose resin (New England Biolabs). The column was
washed extensively with buffer A (20 mM Tris-HCl [pH 7.4], 500 mM NaCl, 10
mM 2-mercaptoethanol, 1 mM EDTA) containing 0.2% Tween 20, followed by
elution in buffer A plus 10 mM maltose. Protein-containing fractions were
pooled and dialyzed against buffer R (25 mM Tris-HCl [pH 8.0], 150 mM KCl,
2 mM dithiothreitol [DTT], 10% glycerol) for 3 h. Aliquots were stored at
280°C.

HMG1 protein was expressed and purified from an Escherichia coli plasmid,
pDVG83, constructed by Dik van Gent (Erasmus University, Rotterdam, The
Netherlands), as done previously (27). It encodes human HMG1 residues 1 to
163, which span the two HMG boxes, but replaces the acidic C-terminal tail with
an additional 13 amino acid residues at the C terminus from the vector.

Oligonucleotides and probe preparation. The probes used in these studies
were a subset of those used previously (27). Oligonucleotide probes were 59 end
labeled with [g-32P]ATP (NEN) using T4 polynucleotide kinase (Amersham
Pharmacia) on the strand carrying the phosphorothioate, annealed to the other
strands, and gel purified.

The resulting nicked double-stranded DNA was derivatized with the cross-
linker by first resuspending it in 50 ml of buffer TN (10 mM Tris-HCl [pH 7.0],
30 mM NaCl). To this was added 4 ml of 1 M Tris-HCl (pH 7.0), 36 ml of
methanol, and 12 ml of azido-phenacyl bromide (Sigma) (10 mM concentration
in methanol). The reaction was incubated in the dark for 3 h at room temper-
ature, and then the probe was purified from the reactants by passing it through
a G-50 Sepharose spin column (Eppendorf-5 Prime, Inc.) preequilibrated with
buffer TN in the dark.

DNA binding and UV cross-linking assays. Binding was scaled up 50-fold from
previous conditions (27) in 25 mM morpholinepropanesulfonic acid (pH 7.0), 5
mM MgCl2, 1 mM DTT, 50 mg of bovine serum albumin (BSA)/ml, and 50 mM
KCl. Nonspecific DNA pdIdC z pdIdC (Amersham Pharmacia) was added to a
50-mg/ml final concentration when it was used. RAG1 (and RAG2 when used)
protein was added in the range of 2.5 mg each per reaction. When used, HMG1
protein was added at 2.5 mg per reaction. Typically, binding reactions were
assembled and incubated in the binding buffer for 10 min on ice. UV exposure
for 1 min was performed using a 6-W UV lamp equipped with a 302-nm filter at
a distance of 3 cm from the sample. The sample was supplemented with 0.1
volume denaturation cocktail (1% sodium dodecyl sulfate [SDS], 1 M DTT, 10%
glycerol) and heated. SDS-polyacrylamide gel electrophoresis (PAGE) was per-
formed on continuous 6% acrylamide gels. The cross-linked protein was located
by autoradiography of the wet gel using a Molecular Dynamics PhosphorImager.
The desired band was excised and electroeluted using a Bio-Rad electroelution
apparatus (model 422).

Cyanogen bromide cleavage. Protein in SDS buffer following electroelution
was concentrated by precipitation with acetone (final concentration, 80%).
Cleavage was obtained following an existing protocol (17). The pellet was redis-
solved in a solution containing 100 ml of 1% SDS and 5 mM triethylamine HCl
(pH 9.0). The sample was heat denatured at 95°C for 5 min. Three microliters
each of 1 M HCl and 1 M CnBr in acetonitrile was added and incubated at room
temperature. This resulted in a final pH of 1.0 for the proteolysis, which is gentler
than the pH of 0 at which CnBr digestion is commonly performed when complete
digestion is desired. At intervals, 25-ml samples were mixed with stop solution
(5% 2-mercaptoethanol, 0.5 M triethylamine [pH 9.0], 0.1% bromphenol blue,
50% glycerol). The samples were analyzed by SDS-PAGE using either SDS-
glycine or SDS-tricine buffers as indicated.

Metal chelate chromatography. For samples analyzed by metal chelate chro-
matography following CnBr cleavage, the cleavage reaction was halted with an
alternate stop buffer lacking 2-mercaptoethanol. To this mixture was added 50
mg of BSA. The solution was precipitated with acetone added to an 80% final
concentration. The pellets were redissolved in 100 ml of buffer D (20 mM
Tris-HCl [pH 7.9], 0.5 M NaCl, 0.1% SDS, 10 mM imidazole) and heated to 95°C
for 5 min. One-half of the sample was bound to nitrilotriacetic acid agarose
(Qiagen) charged with Ni21 in a batch at room temperature for 1 h. The beads
were washed three times (10 min each) in buffer D and once in 6 M guanidine-
HCl for 5 min. Bound peptide was eluted with buffer D supplemented to a 200
mM concentration with imidazole.

Trypsin proteolysis. One-microgram samples of MR1 were treated with a
range of trypsin concentrations in 25 mM Tris (pH 8.0)–150 mM KCl–2 mM

DTT–10% glycerol at room temperature for 5 min. The products were precipi-
tated with an equal volume of 20% trichloroacetic acid on ice for 15 min,
centrifuged, washed twice with acidified cold acetone, and air dried. The sample
was resuspended in SDS sample buffer, boiled for 10 min, and analyzed by
SDS-PAGE. Silver staining or transfer to a polyvinylidene difluoride membrane
and immunoblotting were performed by standard protocols. Anti-MBP antibody
was purchased from New England Biolabs. Anti-c-myc monoclonal antibody was
prepared from 9E10 cells obtained from American Type Culture Collection.
Peptide sequencing was performed in the molecular biology core facility at the
Medical College of Georgia. Protein samples transferred to polyvinylidene di-
fluoride membranes were stained with Coomassie blue R-250 in 40% methanol
and 10% acetic acid. The membrane was destained and washed with 50% meth-
anol and air dried, and specific bands were excised and subjected to automated
Edman degradation.

Immunoprecipitation of tryptic fragments. Protein cross-linked to the radio-
active probe was digested with trypsin, denatured, and analyzed by SDS-PAGE
in Tris-glycine buffer. The radioactive bands were identified by PhosphorImager
(Molecular Dynamics), electroeluted as described above, and dialyzed overnight
at 4°C into IP buffer (20 mM Tris-HCl [pH 7.4], 0.5 M NaCl, 0.3% NP-40).
Mouse immunoglobulin G1 (IgG1) (Sigma) or monoclonal antibody prepared
from cell line 9E10 (ATCC) directed against the c-myc epitope tag was added
(2 mg) to 2 mg of protein G-agarose (Sigma) in IP buffer and incubated overnight
at 4°C. Beads were washed 3 times (10 min per wash) in IP buffer and then
combined with the soluble dialyzed protein in a volume of 0.5 ml. Binding con-
tinued for 4 hours at 4°C, followed by three washes as described above. The
beads were collected, and peptides were released by denaturation at 95°C in
0.1% SDS followed by SDS-PAGE and visualization by PhosphorImager (Mo-
lecular Dynamics).

RESULTS

RAG1 alone will bind DNA nonspecifically but forms a
more specific complex in the presence of RAG2 (4, 5, 28). The
specificity of this complex can be further increased by the
addition of HMG1 (3, 27), and previously we have mapped the
contacts formed by these three proteins on either 12- or 23RSS
probes (27). Within that complex, RAG1 is cross-linked effi-
ciently when the cross-linker is positioned in the nonamer,
heptamer, or 2 bp from the heptamer in the coding DNA. In
this study we used the same probes and strategy we used
previously to cross-link RAG1 to selected probes and then
purify the covalent RAG1-DNA product for further analysis.

The scheme is shown in Fig. 1. Panel A indicates that various
probes can be created containing a photoactivatable cross-
linker at one position at a time within the RSS or the coding
DNA. The three probes used in this report contain the cross-
linkers at the indicated positions and are a subset of those used
previously. These probes can be cross-linked to RAG1 under
either nonstringent binding conditions (RAG1 alone) or strin-
gent conditions (RAG1, RAG2, HMG1, and dIdC competi-
tor). Panel B shows the logic of a typical experiment. In these
experiments we use a fusion protein used previously (5, 25, 45)
called MR1. This molecule contains an MBP fusion partner at
the N terminus, the enzymatically active core region of RAG1
(residues 386 to 1008 of the mouse protein) and C-terminal
polyhistidine and c-myc epitope tags. Folded MR1 is shown
cross-linked to radioactively labeled DNA through interactions
at two different positions on the protein. These will be mapped
by denaturing the protein, cleaving it under partial cleavage
conditions, and calculating the position of the cross-link from
the sizes of the fragments. Some information can be deduced
from the total digests. Most informative are those peptides
which still carry the C-terminal peptide tags, since metal che-
late chromatography or immunoprecipitation can be used to
purify these peptides.
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Panel C illustrates the purity of our starting proteins. This
panel represents proteins analyzed by SDS-PAGE and stained
with Coomassie blue. A silver-stained gel of the MR1 protein
is also presented later (see Fig. 7).

We first wished to determine whether the cyanogen bromide
cleavage procedure (17) would provide a useful distribution of
fragments. Figure 2A shows a schematic map of the MR1
protein. The panel shows the positions of all the methionines
in the protein which are potential targets for cleavage by cy-
anogen bromide. Also shown is the region of mouse RAG1
(residues 735 to 963 of the mouse peptide) which is deleted in
a protein called R1 D34–38 (discussed later). Certain land-
marks are shown at the bottom of this panel. Mouse RAG1
residues 390 to 460 have been termed the nonamer-binding
domain since they are essential for this behavior (13, 39).

Residues 600, 708, and 962 of the mouse polypeptide have
been identified as essential for catalytic activity (19, 21) and
might therefore be expected to also represent close DNA con-
tacts. These are shown as vertical bars. The numbering in this
diagram benefits from the coincidence that the MBP protein
with its bridging linker (390 amino acids) almost precisely
compensates for the 385 amino acids truncated from the N
terminus of RAG1. Partial cleavage must generate a nested set
of peptides containing the C-terminal tags as well as a com-
plementary set of N-terminal peptides. Figure 2B shows an
immunoblot developed with an antibody specific for the c-myc
epitope tag. Denatured MR1 protein was allowed to react with
CnBr for increasing intervals. The resulting fragments were
precipitated, separated by SDS-PAGE, and blotted.

On this blot we do not see the cleavage products expected to
be generated from the three methionines closest to the C
terminus. These products are 10 kDa or less in size and, if
formed, were probably not retained on the membrane during

FIG. 1. (A) The sequences of the three probes used in this analysis
are shown, with the site of the cross-linker indicated by the numbers.
The region corresponding to the 12RSS is indicated by the triangle,
and the coding DNA corresponds to the rectangle. All three probes
have been shown in previous work to cross-link to RAG1. (B) The
logic of the CnBr mapping procedure. The contact site on the protein
can be mapped by partial cleavage and by identifying the shortest
peptide that contains both the C-terminal tags and the labeled DNA.
The thick line represents folded protein MR1 with the MBP fusion
partner at the N terminus. The double thin line is the DNA probe, and
the cross-link is the zigzag. (C) The proteins MR1 and MR2 used in
this analysis. This panel shows a Coomassie blue-stained SDS-PAGE gel
of the proteins. Lane 1 is the purified MR1. Lane 2 shows the copurified
MR1 plus MR2 after one column chromatography step, and lane 3 shows
them after two column chromatography steps. Lane M shows size
markers. This gel was a 4 to 20% gradient gel run in Tris-glycine buffer.

FIG. 2. (A) Schematic map of the MR1 protein showing the MBP
fusion partner, the RAG1 core region (amino acids 386 to 1008 of the
mouse sequence), and the C-terminal tags. Diamonds represent me-
thionines. Below the number line is a box indicating the sequence
deleted in the mutant R1 D34–38. Selected C-terminal fragments fol-
lowing CnBr cleavage are illustrated with their predicted masses.
Other landmarks indicated are the sequence identified as essential for
nonamer binding (NBD) and the three acidic residues proposed to
participate in formation of the enzymatic active site (mouse residues
600, 708, and 962). (B) Immunoblot of a CnBr digest of MR1 devel-
oped with anti-myc tag antibody. A time course of digestion is shown
from 0 to 60 min. The gel is 10% acrylamide in Tris-glycine-SDS buffer.
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transfer. The smallest visible band, at 20 kDa, is of the appro-
priate size for peptides generated by cleavage within the cluster
of methionines located at positions 850 to 900 on the map of
Fig. 1B. We cannot assign a distinct band to every potential
cleavage site. It is likely that cleavage efficiency is influenced by
surrounding peptide context and that under the limiting con-
ditions used, only the most favored sites are cleaved. It is
appreciated, for example, that methionine followed by either
serine or threonine is resistant to CnBr (17). We note that
under these reaction conditions, the full-length protein re-
mains prominent even at 60 min and smaller fragments in-
crease in abundance over the reaction interval. It is likely that
the peptides generated at only 10 min of digestion represent
products of single cleavages. If multiple cleavages were occur-
ring, then the smallest observed peptides should accumulate at
the expense of the bands of higher molecular mass at later time
points. This was not observed.

A cross-linker in the coding region contacts near the C
terminus of RAG1. The complex containing the MR1 protein
alone (nonstringent conditions) was cross-linked to a radioac-
tive probe (no. 18) in which the cross-linker is situated in the
coding region adjacent to a 12RSS. The complex was dena-
tured, and the MR1-DNA adduct was separated from the
other components by SDS-PAGE. Figure 3A shows one lane
of the preparative gel. The indicated band, which is the MR1
protein covalently linked to the DNA probe, was eluted and
subjected to partial CnBr cleavage under the conditions used
for Fig. 2B, which are expected to generate single cleavages.
This experimental reasoning has been used in other systems
(26, 30). The resulting products were resolved on a 10% acryl-
amide SDS-tricine gel, shown as Fig. 3B. A ladder of bands was
generated, with the fastest band appearing at about 25 kDa.
The size of this peptide already requires that this represent a
C-terminal contact in RAG1. If a peptide is only cleaved once,
all the products must represent either N-terminal or C-termi-
nal fragments. In the MR1 construct, cross-links within the
N-terminal portion of RAG1 would yield only peptides larger
than 45 kDa, since even the smallest N-terminal cleavage pep-
tides would carry the MBP fusion partner while C-terminal
peptides would contain large portions of RAG1. MBP by itself
does not form contacts with DNA (not shown). We note that
a complicated set of higher-molecular-mass peptides is also
present, which could represent cross-links to RAG1 at other
positions within the protein. We also tested the behavior of the
same probe in the context of an adjacent 23RSS with the same
result (not shown).

If our reasoning is correct, we anticipate that each of the
C-terminal bands would also contain the polyhistidine tag and
could be affinity purified using metal chelate chromatography.
One technical difficulty was the interfering effect of the SDS
already present in the peptide mixture, which would prevent
binding to the column. Total elimination of the SDS was likely
to render the peptides insoluble. We reduced this effect by
adding a large excess of BSA to the peptide mixture following
cleavage to provide a sink for most of the SDS. At moderate
efficiency, the resulting peptides were retained on the affinity
resin as shown in Fig. 3C. The bands present in the cleaved
sample at 25 and 35 kDa were retained on the affinity matrix
through four cycles of washing and eluted with imidazole (lane
labeled “Bound”), supporting their identification as C-terminal

peptides. This result, however, can only be evaluated qualita-
tively. An independent proof will be presented later.

We repeated this experiment under more stringent binding
conditions, with MR1 as well as a RAG2 derivative (MR2),
HMG1, and nonspecific competitor dIdC cross-linked to the
same labeled probe as above. The complex was denatured, and
the MR1-DNA adduct was separated from the other compo-
nents by SDS-PAGE (Fig. 4A). That band was eluted and
subjected to partial CnBr cleavage. The resulting products
were resolved on a 10% acrylamide SDS-tricine gel, shown as
Fig. 4B. The labeled cleavage products contain the same band
at 25 kDa as that seen in Fig. 3B but fewer bands higher in the
gel. We will comment on this point later. Cleaved products
from this analysis were also subjected to metal chelate affinity
chromatography as described above with the same qualitative
result. Several bands were retained at moderate efficiency on
the resin and eluted with imidazole (not shown).

Heptamer and nonamer probes cross-link near the N ter-
minus. The cross-linking to MR1 under stringent binding con-
ditions identical to those used for Fig. 4B was repeated with

FIG. 3. (A) Preparative SDS-PAGE gel of the MR1-DNA cross-
linked product bound to the coding-end probe (no. 18) under non-
stringent conditions (MR1 alone). The band indicated with the arrow
was excised and eluted. (B) Partial CnBr cleavage time course of the
cross-linked MR1-DNA from panel A. The gel is 10% acrylamide in
Tris-tricine-SDS buffer. The persistence of a high fraction of undi-
gested protein at the full length of 120 kDa supports the contention
that the cleavage products seen are the result of single cleavage events.
(C) Metal chelate chromatography indicates that the smaller peptides
shown in panel B carry the polyhistidine tag and are therefore cross-
linked near the C terminus of the protein. Cleaved products as in the
15-min time point were divided. Twenty percent was saved and loaded
directly in the lane marked Cleaved. The remainder was bound to the
metal chelate resin, washed four times, eluted, and loaded in the lane
marked Bound. Bands marked with arrowheads appear in both panels
B and C. The gel is 12% acrylamide in Tris-tricine-SDS buffer.
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additional probes containing the cross-linking moiety within
the heptamer or nonamer. Cross-linked MR1 was gel purified,
cleaved with CnBr, and analyzed as before. The result using
one of each of these probes (no. 2 and 11 in Fig. 1A) is shown
in Fig. 5. Other probes were also tested, with similar results
(not shown). The digestion products obtained with these two
probes appear similar to each other and different from the
pattern obtained with the previous coding region probe. The
smallest reliable band in each case appears at about 65 kDa.
This suggests that the heptamer and nonamer cross-linking
sites are close to each other along the protein primary se-
quence (within the low resolution of this analysis) and occur at
a different site in the protein from the contact made by the
coding region probe. This site could well be within the part of
the protein already considered a DNA binding region, the
nonamer binding domain. A second DNA contact site in the
protein would also be consistent with the differences at higher
masses shown between Fig. 3B and 4B. Under the less strin-
gent binding conditions, the probe seemed to be labeling two
different positions in RAG1, resulting in a greater number of

bands and the more complicated pattern of peptides shown in
Fig. 3B. Furthermore, the molecular mass of this band is also
consistent with a DNA binding site located nearer the N ter-
minus of the RAG1 core region. We have attempted (un-
successfully) to purify the 65-kDa bands using metal chelate
chromatography (not shown), suggesting that this band could
represent an N-terminal peptide no longer retaining the poly-
histidine tag. A 65-kDa peptide including the 42-kDa MBP
fusion would locate this RAG1 cross-link within the 20 kDa at
the N-terminal side of the core region.

Consistent with this interpretation is the behavior of the
RAG1 deletion construct called R1 D34–38 (Fig. 2A). The
C-terminal region spanning the contact to the coding DNA
(Fig. 3B and 4B) has been removed in this protein. Neverthe-
less, this protein is capable of binding DNA, which indicates
that the N-terminal DNA binding region is able to bind in the
absence of the C-terminal region. An electrophoretic mobility
shift assay (EMSA) and cross-linking data using the heptamer

FIG. 4. (A). Preparative SDS-PAGE gel of the MR1-DNA cross-
linked product bound to the coding-end probe (no. 18) formed under
stringent binding conditions using MR2, HMG1, and dIdC. The band
indicated with the arrow was excised and eluted. (B) Partial CnBr
cleavage time course of MR1 prepared for panel A. The size of the
fastest-migrating band is consistent only with a C-terminal contact site.
The gel is 10% acrylamide in Tris-tricine-SDS buffer.

FIG. 5. Time course of CnBr digestion of cross-linked MR1 to
probes with the cross-linker positioned in the heptamer (A) (probe 2)
or nonamer (B) (probe 11) under the same stringent binding condi-
tions of Fig. 4. The distribution of labeled peptides to only above 45
kDa indicates that cross-linking occurred nearer the N terminus of the
core region. The gels are 10% acrylamide in Tris-tricine-SDS buffer.
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or nonamer probe are presented in Fig. 6. The stability of the
complex under EMSA conditions is roughly comparable to that of
the MR1 protein, but additional experiments will be necessary
to characterize the behavior of the deletion mutant. Specificity
of binding is not addressed in this analysis, which was per-
formed under the nonstringent conditions used for Fig. 3.

Tryptic digests support a two-domain architecture of RAG1.
The fact that the N-terminal region of the RAG1 core can bind
DNA in the absence of the C-terminal contact region suggests
that these may function as independent protein domains. We
tested whether the native MR1 protein could be divided into
domains by limited cleavage with trypsin under physiologic
conditions. Figure 7A shows the resulting pattern of cleavage
products in an experiment with increasing amounts of diges-
tion. The starting protein is shown in lane 6, and four major
bands are detected in this silver-stained gel even at the lowest
concentration of trypsin (lane 1). The identities of the bands
are resolved by the immunoblot results shown in panel B. A
diagrammatic representation of the protein with two predom-
inant trypsin cleavage sites that explains the data is shown in
panel C. At 120 kDa (band A) is the full-length MR1 protein.
At about 78 kDa is actually a cluster of products, one of which
(band C) represents the removal of the MBP protein which is
expected to fold into a separate domain. The cleaved MBP
protein itself is detected at about 45 kDa (bands marked B) in
the silver stain and in the immunoblot of panel B visualized
with antiserum specific for MBP. The 40-kDa band (labeled E)
is a C-terminal peptide which contains the c-myc epitope as
confirmed in the immunoblot of panel B (left panel). We
isolated this bottom band in a sufficient quantity for peptide
sequence determination by means of Edman degradation. The
six N-terminal residues of this peptide were EVEGLE, and
they correctly follow an arginine residue (amino acid 713 of

the mouse RAG1 protein) as expected for a tryptic cleavage
product. Cleavage of MR1 at this site is expected to yield a
40.5-kDa C-terminal peptide. If the starting protein had
been cleaved only at this site, one would expect to find the
N-terminal peptide (D) as an 80-kDa product which still re-
tains the MBP fusion partner. This is also present in the blot
shown in panel B (right panel). Additional characterization of
the domain architecture is in progress.

Since we were able to cause the native MR1 protein to be
digested into N-terminal and C-terminal fragments with tryp-
sin, we repeated the cross-linking experiment using enzymatic
proteolysis rather than CnBr cleavage to demonstrate the spe-
cific cross-linking to the C-terminal peptide. Figure 8 shows the
results of two experiments that differ in their binding condi-
tions. For panel A, MR1 protein alone was bound and cross-
linked to the coding-end probe as for Fig. 3. The protein was
digested with increasing quantities of trypsin under physiologic
conditions. The labeled products were resolved by SDS-

FIG. 6. Behavior of RAG1 deletion construct R1 D34–38. (A)
EMSA showing the deleted RAG1 protein alone binding under native
conditions to the heptamer and nonamer probes (lanes 1 and 2, re-
spectively). (B) Following cross-linking, the resulting covalent complex
was resolved on this 8% acrylamide Tris-glycine-SDS gel.

FIG. 7. Limited tryptic digest of native MR1 suggests a two-domain
architecture. (A) Increasing amounts of trypsin were used to digest 1
mg of MR1 protein for 5 min at room temperature. Lane 6 shows the
undigested protein. The gel was a 4 to 20% gradient Tris-glycine-SDS-
polyacrylamide gel. Other bands indicated by letters are labeled con-
sistently in the other panels. The full-length protein is the top band.
The arrow indicates the band for which the N-terminal sequence was
determined. (B) Immunoblots of an MR1 digestion time course using
a trypsin concentration of 10 ng per mg of MR1. The left panel was
developed with the antibody directed against the C-terminal myc
epitope tag. The right panel was developed with the anti-MBP anti-
serum which detects the N-terminal fusion partner. (C) Schematic
representation indicating how two preferred cleavage sites produce the
digestion pattern. Cleavage products seen in rows A and B are the
result of single cleavages at either of these sites.
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PAGE. We confirmed that the small peptide represented the C
terminus of the protein by eluting that product and demon-
strating (panel B) that it could be specifically immunoprecipi-
tated with the antibody directed against the myc tag. Under

these nonstringent binding conditions, cross-linking to the N-
terminal domain was also observed.

A parallel experiment was conducted employing the strin-
gent binding conditions previously used for Fig. 4. Cross-link-
ing in the presence of the MR2 and HMG1 proteins prior to
trypsin digestion reduced the fraction of the coding-end probe
that remained associated with the N-terminal domain (panel
C). Again, the identity of the small product was confirmed as
a C-terminal peptide by elution and specific immunoprecipita-
tion by the antibody directed towards the myc tag.

DISCUSSION

We report here several observations pertaining to the archi-
tecture of RAG1 and its association with DNA. Previous stud-
ies have used cross-linking strategies to map which nucleotides
formed close contacts with the proteins (11, 27, 28, 41). Our
own work has used two different cross-linking techniques. Io-
dine-substituted nucleotide analogs can cross-link to proteins
that make base contacts in the major groove. There are addi-
tional constraints using this strategy. Only direct base contacts
are detectable, since iodine has a van der Waals radius of 2.15
Å and preferentially forms cross-links only with aromatic
amino acids (48). In contrast, the azido-phenacyl cross-linker
used in this study and previously (27) is positioned on the
phosphate backbone and has a longer radius of 11 Å (7). This
adduct extends a distance equal to half the diameter of the
DNA helix and will cross-link any amino acid in its vicinity. We
find these techniques complementary in their advantages. Us-
ing these techniques we previously found close contacts to
RAG1 formed with cross-linkers positioned in the nonamer,
the heptamer, and the nearby coding DNA. In the present
study we turn the question around and ask where these con-
tacts occur on the protein. We find that these cross-linkers
show two distinct behaviors with respect to mapping their sites
of interaction with RAG1. The cross-linker located in the cod-
ing DNA bound under stringent conditions (in the presence of
a RAG2 derivative, an HMG1 derivative, and competitor
dIdC) primarily to a C-terminal location in RAG1 (Fig. 4B and
8C). The CnBr digestion pattern appears to locate this site
between the methionine residues 889 and 974. This region
includes the critical acidic residue E962 that has been pro-
posed to represent part of the enzymatic active site (19, 21).
Our data are consistent with this model in that a residue which
may contribute to the enzymatic active site would likely ap-
proach the cleavage site on the DNA.

In contrast, probes with the cross-linker positioned in the
heptamer or nonamer also cross-link to RAG1 but do so
nearer the N terminus of the core region (Fig. 5). These studies
are less resolving than those performed with the coding region
probe. We are not able at this time to determine precisely
where these contacts occur in the protein. However, we inter-
pret the 65-kDa band to be an N-terminal fragment of MR1,
since we were unable to purify it by metal chelate chromatog-
raphy. Based on this assumption and the size of the MBP
fusion partner (43 kDa), it appears that both the heptamer
probe and the nonamer probe make contacts within the N-
terminal 20 kDa of RAG1 protein in the construct. More than
one contact is possible, and the fact that we cannot distinguish
a difference in the pattern obtained with the nonamer probe

FIG. 8. Tryptic digest of MR1 cross-linked to the labeled coding-
DNA probe. (A) When bound and cross-linked under nonstringent
conditions, two peptides retain the label when digested to the greatest
degree. Lane 1 shows the full-length MR1 protein cross-linked to the
probe. Progressive digestion with trypsin generates two predominant
labeled products. The smaller peptide (arrow) was eluted. (B) The
eluted peptide (arrow) was immunoprecipitated using nonspecific
mouse IgG (lane 2) or antibody directed against the C-terminal myc
tag (lane 3). Only the specific antibody resulted in precipitation of
peptide cross-linked to the labeled probe. (C) Cross-linking was per-
formed using specific binding conditions, as for previous figures. The
trypsin cleavage products now show labeled DNA primarily on the
smaller peptide (arrow). (D) The indicated peptide from panel C
(arrow) was eluted and subjected to immunoprecipitation. Lane 1
shows a portion of the eluted peptide. Lane 3 is the precipitate with
nonspecific mouse IgG, and lane 2 is the last wash step prior to
collection of the precipitate. Lane 5 is the precipitate formed by anti-
body directed against the C-terminal myc tag. Lane 4 is the last wash
step prior to collection of the precipitate. As was done for panel B, the
peptide was immunoprecipitated only with the antibody directed
against the C-terminal myc tag.
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from that obtained with the heptamer probe does not prove
that these contacts form at identical sites. Nevertheless, both of
these probes make contact with the protein predominantly
near the N terminus of the core region within the resolution of
this assay. DNA binding has been previously associated with
this region (39), and deletion of most of the C-terminal half of
the core region in the protein designated R1 D34–38 (Fig. 2A)
still permits DNA binding by the remaining peptide (Fig. 6).

Our original intent was to use metal chelate chromatography
to purify the C-terminal peptides in a quantitative manner. We
had difficulty for at least two technical reasons, rendering this
analysis only qualitative. First, SDS was used during the CnBr
cleavage reaction and could not be completely removed prior
to chromatography. It is likely to interfere with binding to
some degree. We also came to appreciate that the divalent
heavy metal ions used in this chromatography procedure are
capable of severing the thiophosphate linkage that joins the
cross-linker to the DNA probe, thereby reducing the yield of
retained products. Mercury ions have specifically been used to
break the linkage with the phosphate, but most heavy metals
will act similarly (7). The validity of the chromatography re-
sults was confirmed by independent immunoprecipitation,
shown in Fig. 8.

Since two different contact sites were found on the protein,
we questioned whether these might reside on two separate
domains. A tryptic digestion of the native MR1 protein sup-
ports this contention. Our data from experiments using limited
proteolysis with trypsin (Fig. 7) and the successful peptide
sequencing by Edman degradation of the C-terminal tryptic
peptide demonstrate a solvent-accessible site at RAG1 residue
R713 (of the full-length mouse protein). We do not yet have
insight into the relationship of the C-terminal domain with the
rest of the protein. Efforts to extend these data by additional
studies of these potential domains are in progress. We also
note that this finding is made in the context of a functional but
engineered truncated derivative of RAG1. A model demon-
strating the simplest organization of RAG1 is presented as Fig.
9. The trypsin-accessible site is presented as a peptide loop.
RAG1 exists in solution as a dimer, and a simple representa-
tion of the RAG1 dimer bound to one DNA is shown (Fig. 9,
bottom). The key features in this model are the location of
binding by both the heptamer and the nonamer to the N-
terminal part of the RAG1 core, while the coding DNA con-
tact is associated with the C-terminal portion. There is no
evidence that these contacts occur within the same monomer
of RAG1. Other structures consistent with the data might have
one monomer of RAG1 contacting the nonamer while the
second binds the heptamer and binding to the coding end
independent of other interactions. Further interactions with
other proteins in the complex (notably RAG2) or the many
possible cis-trans configurations between the DNA and the
protein domains in a synaptic complex are not addressed here.
The loop that we illustrate in the spacer DNA within the RSS
is consistent with our previous cross-linking data, which
showed minimal contact between RAG1 or RAG2 and the
DNA within the spacer region (27, 28). In these studies the
23RSS showed additional internal binding by HMG1 in the
spacer, which suggests sharp DNA bends interpretable as a
loop. The loop would be larger in the 23RSS without disturb-
ing the interactions with the heptamer, nonamer, or coding

end. However, ethylation protection data (11, 41, 42) suggest
that the spacer region is not solvent accessible along one face.
Further analysis may reconcile these observations. Evidence
for distortion of the DNA helix and bending near the heptamer
has been presented in several studies (3, 8, 27, 32, 42).

A similarity in structure between the RAG proteins and
bacterial transposases is a plausible expectation based on the
similarity of enzymology. The common features of three acid
residues forming an essential metal binding motif have been
found. In this regard, it is worth noting that the crystal struc-
ture of the Tn5 transposase on DNA has recently been re-
ported (9). In this determination, each monomer of the trans-
posase makes both N- and C-terminal contacts with DNA.

In considering the normal pathway of V(D)J recombination,
one must appreciate the high degree of control that RAG
proteins exert over several stages in the reaction. They provide
the specificity to recognize the two types of RSS (12RSS and

FIG. 9. Renditions of a RAG1 core region monomer and dimer
bound to a DNA molecule, accounting for the observation presented
here. The monomer (top) is drawn with a trypsin-accessible site as a
protein loop dividing the protein into two domains. The dimer (bot-
tom) is configured in one of many possible relationships. The model
with one DNA indicates that the coding DNA interacts with the C-
terminal domain of RAG1, while the heptamer and nonamer interact
with the N-terminal domain. These contacts need not be limited to cis
configurations on one monomer, as drawn purely for simplicity. The
relationships with other proteins present in a bound complex are also
unknown.
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23RSS) and yet can distinguish between them to enforce the
12/23 rule (though exactly how is not yet understood) (10, 20,
46, 47). They cleave the two DNA targets very precisely adja-
cent to the heptamer (25, 45) and seem to also open the
hairpin intermediates that exist transiently on the coding ends
formed by the cleavage reaction (6, 38). The RAG proteins
persist in their association with the various DNA ends and
seem essential for the joining reactions (2, 18, 28, 33). It seems
important that the RAG proteins retain their hold on all the
DNA ends, else these ends might diffuse from the proximity of
their future partner. In fact, it is the case that all four DNA
ends must be fairly close in space. Occasional “open and shut”
reactions can be detected in which a coding end is rejoined to
the same signal end from which it had been recently cleaved
and hybrid junctions occur in which a coding end is joined to
the opposite signal end (23, 24). Commonly, however, the two
coding ends are joined to each other and similarly for the two
signal ends. How might the recombination reaction bias the
choice of partners for the joining reaction? It seems likely that
a persistent complex associated with these ends undergoes a
spatial change in configuration or isomerization while never
releasing hold of the DNA. Preceding the isomerization, a
cleaved coding end would be immediately adjacent to the RSS
from which it has just been liberated. After isomerization, we
propose that the two coding ends are rotated to favor their
eventual coupling and to disfavor joining to either signal end.
Similarly, the two signal ends would come to occupy positions
that favor their joining to each other. Critical to this progres-
sion is the ability of the RAG proteins to contact not only the
RSS but also the coding DNA in order to maintain the com-
plex after cleavage. In addition, the contacts cannot be in the
context of a single rigid DNA binding site. Flexibility is re-
quired for this isomerization proposal. We have previously
recognized that a tetramer composed of two RAG1 plus two
RAG2 molecules forms a functional unit that can form prior to
any interaction with DNA (5). We speculated that the synaptic
complex could be comprised of one or two of these units. If a
single binding site existed per the RAG1 molecule, it might not
be possible to satisfy the constraints of separate binding to
coding ends and signal ends for both cleavage sites within a
single tetramer. This question remains open at this time. How-
ever, the finding of this report that a single RAG1 molecule is
capable of making DNA contacts at two separate sites within
the protein, and that these may be associated with separate
functional protein domains, would remove one constraint from
the single-tetramer model. It is also attractive that the coding
end may be bound in a separate functional domain from the
RSS. This could more easily accommodate the structural re-
organization required by the proposed isomerization step.

The architecture of the assembled constituents may affect
the efficiency with which the biologically important coding
junctions are assembled. Literature exists demonstrating that
the sequence of the coding end can alter the efficiency of the
recombination reaction (16). Two mechanisms may contribute
to this observation. The terminal dinucleotide of the coding
end adjacent to the heptamer contacts RAG1 (27) and has
been shown to influence the efficiency of recombination using
RAG1 mutants (35). One effect could be upon the stability of
the bound complex. Some evidence exists, however, that the
two steps of the cleavage reaction may be separately influenced

by sequence context (49). In addition, coding-end sequence
may also influence the efficiency of the subsequent processing
of the hairpin (1, 29) and the joining steps (12, 14, 40).
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