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V(D)J recombination, the rearrangement of gene segments to
assemble Ig and T cell receptor coding regions, is vital to B and T
lymphocyte development. Here, we demonstrate that the V(D)J
recombinase protein RAG1 undergoes ubiquitylation in cells. In
vitro, the RING finger domain of RAG1 acts as a ubiquitin ligase that
mediates its own ubiquitylation at a highly conserved K residue in
the RAG1 amino-terminal region. Ubiquitylation is best supported
by a specific ubiquitin-conjugating enzyme, UbcH3�CDC34, and
requires an intact RAG1 RING finger motif. Disruption of the RING
finger and certain RAG1 N-terminal truncations are associated with
immunodeficiency in human patients, suggesting that RAG1’s
ubiquitin ligase is required for its biological role in lymphocyte
development.

The development of B and T cells depends on the rearrange-
ment of variable (V), diversity (D), and joining (J) gene

segments to produce mature Ig and T cell receptor coding
regions (1). This rearrangement process, known as V(D)J re-
combination, must occur only in the correct lymphoid lineages
and at the appropriate loci and developmental stages to mini-
mize extraneous damage to the genome. Many factors are known
to contribute to regulation of V(D)J recombination, and new
evidence suggests that ubiquitin conjugation may also play an
important role (2, 3).

V(D)J recombination is initiated by the RAG1 and RAG2
gene products (4, 5). Together these proteins act as a recombi-
nase that introduces double-stranded DNA breaks at recombi-
nation signal sequences (RSSs) flanking the coding DNA (6, 7).
The breaks are then repaired by the nonhomologous DNA
end-joining machinery, resulting in fusions between pairs of
coding gene segments and pairs of RSSs. Deletion analysis has
defined minimal ‘‘core’’ regions of RAG1 and RAG2 (amino
acids 384-1008 of 1,040 in RAG1 and 1–383 of 527 in RAG2)
(8–11). A recombinase composed of core RAG1 and RAG2
retains DNA binding and cleavage activity in vitro and supports
recombination of extrachromosomal V(D)J substrates (8, 9,
12–14), although with some differences from the full-length
recombinase (15–18). In vitro, core RAG1 and RAG2 are more
active than their full-length counterparts in DNA transposition
(15, 18), a potentially damaging reaction that could lead to RSS
ends attacking other regions of the genome. The RAG2 core also
displays a fundamental defect in recombination of the Ig heavy
chain locus in the cell (19), apparently because of an inability to
gain access to certain regions of the locus.

Mutations of the ‘‘dispensable’’ regions of RAG1 also affect
its activity. The RAG1 core can support D to J rearrangement
at the Ig heavy chain locus in RAG1�/� pro-B cells at a
somewhat reduced level relative to the full-length protein, but
deletions of smaller regions within the N terminus reduce
chromosomal recombination considerably more (16). A natu-
rally occurring RAG1 mutation that disrupts the conserved
RING finger motif (C328Y) and two N-terminal truncation
mutants have been found to be defective in B cell development
while supporting limited T cell development (20–22), resulting in
a fatal primary immunodeficiency called Omenn’s syndrome.
The core proteins lack many conserved regions, and these data

indicate that the missing regions contribute to V(D)J recombi-
nation of the chromosomal loci, perhaps performing a regulatory
function.

Modification of proteins by ubiquitin conjugation (ubiquity-
lation) plays a central regulatory role in all eukaryotic cells (23).
Ubiquitin is a highly conserved 76-aa protein that can be
covalently attached by its C terminus to various target proteins
(24). Conjugation is initiated by the ubiquitin-activating enzyme
(E1), which becomes linked to a ubiquitin moiety through a
high-energy thiol-ester bond. The activated ubiquitin is then
transferred to the active-site cysteine residue on one of several
ubiquitin carrier proteins (E2s). With the help of a third class of
proteins, ubiquitin ligases (E3s), an E2 recognizes its ubiquity-
lation target and transfers the activated ubiquitin to an internal
lysine (K) residue therein (24). Ubiquitin can also be self-
conjugated on internal K residues, most often K48. Through
multiple iterations of this cascade, proteins become attached to
long polyubiquitin chains, usually leading to their degradation by
the 26S proteasome (23, 25). For other target proteins, monou-
biquitylation or polyubiquitylation, sometimes at multiple sites,
has been shown to regulate protein activity independent of
degradation (26–28). Ubiquitin conjugation is already known to
play at least one important role in V(D)J recombination. RAG2
undergoes ubiquitylation (2), which may be linked to its cell
cycle-dependent destruction (29). However, the E2 and E3
proteins that target RAG2 for ubiquitylation have not been
identified.

Much of the specificity of the ubiquitin cascade is provided by
the E3 family (30). E3 activity is being recognized in an
increasing number of proteins, often with very diverse functions
outside of their role as E3s. Many of these proteins themselves
become monoubiquitylated or polyubiquitylated with resultant
modulation of their various functions (31–33). E3s can be
grouped into two classes, the so-called HECT domain proteins
and proteins including zinc binding domains of the RING finger
configuration (C3HC4 or C3H2C2) (34, 35). The primary Zn
binding region of RAG1 (amino acids 264–389) includes a
C3HC4 RING finger motif closely associated with an adjacent
C2H2 Zn finger (36, 37). Although the Zn binding domain lies
mostly outside the RAG1 core, mutation of conserved residues
within the RING finger in the context of an otherwise intact N
terminus has been shown to severely reduce rearrangement of
extrachromosomal V(D)J substrates (8, 16) and can cause
immunodeficiency in humans (22).

Here, we demonstrate that RAG1 undergoes ubiquitylation in
intact cells and that the RAG1 Zn binding domain possesses E3
activity that promotes autoubiquitylation in an upstream basic
region. This modification occurs at a single highly conserved K
residue and is best promoted by a specific E2 enzyme, UbcH3�
CDC34. E3 activity of RAG1 has also been shown by Yurchenko
et al. (3), although with some significant differences from the
work presented here, as discussed later. In addition to promoting
autoubiquitylation, RAG1’s E3 activity may potentially target
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proteins such as RAG2. This activity could help to regulate DNA
cleavage by RAG1�2 and other aspects of V(D)J recombination.

Methods
Plasmids and Proteins. Plasmids expressing murine RAG1 resi-
dues 218–389 (pJMJ029) and 264–389 (pJMJ030) were con-
structed by PCR using the pTrc-His-TOPO-TA vector (Invitro-
gen). Coding segments were amplified by PCR of pJH548 (8) by
using the following primer pairs: 218–389, JMJ 056-TTAC-
CCTTTATTGATATGCACCAAAGTCTC and JMJ057-
CGGGGACTCAAGAGGAAGAGACATCAG; 264 –389,
JMJ042-TCCAACTGCAGTAAGATTCATCTCAGTACC
and JMJ056. This resulted in bacterial expression constructs
linked to six-histidine tags and Xpress epitopes on their N
termini. Mutations were introduced into pJMJ029 by using the
QuikChange mutagenesis kit (Stratagene). Subcloning and mu-
tations were confirmed by sequencing. Numbering is for murine
RAG1.

Histidine-tagged PK-ubiquitin was expressed in bacteria from
the plasmid pPK-HA-Ub, the kind gift of Yue Xiong
(Lineberger Comprehensive Cancer Center, University of North
Carolina, Chapel Hill) (38). PK-ubiquitin was labeled by using
cAMP-dependent kinase (Sigma) and [�-32P]ATP (DuPont�
NEN).

For bacterial expression, plasmids were transformed into
BL21- or STBL-competent Escherichia coli, which were grown at
37°C to midlog phase, then induced for 2 h by using 0.5 mM
isopropyl �-D-thiogalactoside. Cell pellets were resuspended in
lysis buffer [20 mM Tris, pH 7.4�0.5 M NaCl�10 mM 2-mer-
captoethanol�0.1% Nonidet P-40�0.05 mM ZnCl2�10% glycerol
for RAG1 constructs or 20 mM Tris, pH 7.4�0.25 M NaCl�10
mM 2-mercaptoethanol�0.1% Nonidet P-40�10% glycerol for
ubiquitin] and incubated on ice for 30 min in the presence of 1
mg�ml lysozyme. Cell debris were collected by high-speed
centrifugation, and histidine-tagged proteins in the soluble frac-
tion were purified on Ni-NTA Superflow resin (Qiagen, Chats-
worth, CA) by using standard techniques. Purified proteins were
dialyzed overnight at 0°C into storage buffer (20 mM Tris, pH
7.4�0.15 M KCl�1 mM DTT�10% glycerol, plus 0.05 mM ZnCl2
for the RAG1 constructs) and stored at �80°C in small aliquots.
To remove the Zn from RAG1-B�RING, the protein was
dialyzed for 18 h at 0°C, with three buffer changes, against
storage buffer (without Zn) supplemented with 5 mM diethyl-
enetriaminepenta-acetic acid.

Full-length RAG1 and RAG2 tagged with nine-histidine and
FLAG epitopes were expressed from vaccinia virus vectors, the
kind gift of Marjorie Oettinger (Massachusetts General Hospi-
tal, Boston) (15). WT mammalian ubiquitin, CH3-ubiquitin,
ubiquitin [K48R], leporine E1, and human E2 enzymes were
purchased from Boston Biochem (Cambridge, MA). UbcH2,
H5a, H5b, and H5c were tagged with glutathione-S-transferase,
and UbcH3, H6, and H10 were tagged with six histidine residues.
Apyrase was purchased from Sigma.

In Vitro Ubiquitylation Assay. E1 (45 nM), E2 (0.3 �M UbcH3,
unless otherwise indicated), PK-ubiquitin (500 �M), and RAG1
(8 �M as dimer, unless otherwise indicated) were combined in
reaction buffer (50 mM Tris, pH 7.4�0.001% Brij�2 mM Mg-
ATP�50 mM NaCl�60 mM KCl�0.4 mM DTT�0.02 mM ZnCl2)
and incubated for 1 h at 37°C. Reaction products were separated
on 4–12% NuPAGE gels (Invitrogen). When radiolabeled PK-
ubiquitin was used, gels were dried, exposed to phosphor-storage
autoradiography, and analyzed on a Typhoon 8600 (Amersham
Pharmacia Biotech) by using IMAGEQUANT software (Amersham
Pharmacia Biotech). When unlabeled ubiquitin was used, pro-
teins were transferred to nitrocellulose and subjected to Western
blot by using anti-Xpress antibody (Invitrogen) conjugated to
horseradish peroxidase and SuperSignal West Dura Extended

Duration Substrate (Pierce). Alternatively, unconjugated pri-
mary antibody was detected with Alexa 488-conjugated second-
ary antibody (Molecular Probes), and bands were analyzed on a
Typhoon 8600 (Amersham Pharmacia Biotech) by using IMAGE-
QUANT software (Amersham Pharmacia Biotech).

Pull-Down Assays. HeLa cells were grown to 80% confluence and
infected at a multiplicity of infection of 3 with vaccinia viruses
expressing T7 RNA polymerase plus RAG1 or RAG1 and
RAG2. After 16 h, clasto-lactacystin-�-lactone (2 �M; Boston
Biochem) was added to plates as indicated, and incubation was
continued for 8 h. Cells (5 � 106) were washed twice with PBS,
then lifted with a scraper and collected by centrifugation. Cell
pellets were resuspended in 1 ml of urea buffer (20 mM Tris, pH
8.0�0.5 M NaCl�6 M urea) and sonicated extensively to shear
DNA. Lysate (0.2 ml) was combined with 20 �l of Ni-NTA
Superflow resin (Qiagen) and incubated overnight at 4°C. Beads
were collected in spin filters (Sigma) and washed four times with
0.7 ml of urea buffer (pH 7.4) and three times with 0.7 ml of the
same buffer plus 50 mM imidazole. Proteins were eluted from
the beads with 50 �l of urea buffer (pH 7.4) plus 0.3 M imidazole.
Samples (10 �l) were separated on 4–12% NuPAGE gels
(Invitrogen), and proteins were transferred to nitrocellulose.
Blots were probed with antiubiquitin protein conjugate antibody
(1:500; Affiniti Research Products, Exeter, U.K.) and secondary
anti-rabbit-horseradish peroxidase conjugate (1:2,000; Vector
Laboratories) and detected as described above. Blots were
stripped overnight at room temperature with Restore buffer
(Pierce), then reprobed with anti-FLAG M2 peroxidase conju-
gate (1:20,000; Sigma).

Results
RAG1 Is Ubiquitylated in Cells. We used nickel (Ni) pull-down
assays to examine ubiquitylation of RAG1. Full-length RAG1,
tagged with nine histidines and a FLAG epitope, or RAG1 plus
similarly tagged full-length RAG2 were expressed from vaccinia
virus vectors in HeLa cells (15). In some cases, cells were treated
with clasto-lactacystin-�-lactone to inhibit 26S proteasome ac-
tivity. Expression of RAG1 and RAG2 was confirmed by
Western blot with anti-FLAG antibody (Fig. 1a). Bands corre-
sponding to full-length RAG1 (Fig. 1a, lanes 2–5) and full-length
RAG2 (Fig. 1a, lanes 4–5) and some lower molecular weight
bands were present in the appropriate cell lysates but were absent
when virus expressing only T7 RNA polymerase was used (Fig.
1a, lane 1). The RAG1 and RAG2 bands were precipitated with
Ni resin (Fig. 1a, lanes 7–10). Western blots with antiubiquitin

Fig. 1. Full-length RAG1 is ubiquitylated in intact cells. Full-length RAG1 (R1;
lanes 2–5 and 7–10) and RAG2 (R2; lanes 4, 5, 9, and 10) were expressed in HeLa
cells, and pull-down assays were performed as described in Methods. Products
were analyzed by Western blot probed with anti-FLAG antibody (a) and
antiubiquitin protein conjugate (b).
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protein conjugate antibody indicated that many ubiquitylated
species were present in the lysate fractions regardless of the
presence of RAG1 or RAG2 (Fig. 1b, lanes 1–5), but in the
absence of RAG1 and RAG2, no ubiquitylated species were
precipitated with Ni resin (Fig. 1b, lane 6). When RAG1 was
present, a smear of ubiquitylated species of higher molecular
weight than RAG1 was precipitated (Fig. 1b, lanes 7–10). When
RAG2 was also present, an additional smear of ubiquitylated
species of higher molecular weight than RAG2 was observed
(Fig. 1b, lanes 9 and 10). These data indicate that full-length
RAG1 can undergo ubiquitylation in intact cells, and that this
reaction does not require nor is it inhibited by RAG2. Bands
corresponding to ubiquitylated RAG1 and RAG2 were only
barely detectable with the anti-FLAG antibody (Fig. 1a and data
not shown), suggesting that only a small fraction of RAG1 and
RAG2 was ubiquitylated under these conditions. The presence
of proteasome inhibitor did not have a strong impact on the
quantity of ubiquitylated species.

The RAG1 Zn Binding Domain Acts as a Ubiquitin Ligase. To test for
E3 activity of the RAG1 N terminus, a fragment of murine
RAG1 spanning the RING finger, adjoining zinc finger, and
conserved upstream basic regions (amino acids 218–389, hence-
forth called RAG1-B�RING) was combined with leporine E1
enzyme, radiolabeled ubiquitin tagged with a protein kinase
motif (PK-ubiquitin), and one of several recombinant human E2
enzymes. UbcH3 was the only E2 species that consistently
supported robust RAG1-B�RING-dependent uptake of PK-
ubiquitin. (Fig. 2a, compare lanes 4 and 5), although bands
corresponding to autoubiquitylation of the E2 enzymes were
present in many samples regardless of the presence of RAG1
(Fig. 2a, lanes 2–9, 12, 13, 16, and 17). For the E2 proteins tagged
with glutathione-S-tranferase (UbcH2, H5a, H5b, and H5c),
these products could be eliminated by pull-down with glutathi-
one-agarose (data not shown). RAG1-independent bands rep-
resenting diubiquitin and triubiquitin were also generated (Fig.
2a, lanes 2–7, 12, 13, 16, and 17). RAG1-B�RING-dependent
products were present at very low levels in reactions including
UbcH2 and H5a (e.g., Fig. 2a, lanes 3 and 7, and data not shown).
Quantification of radiolabeled ubiquitin moieties incorporated
into RAG1-B�RING-dependent bands demonstrated that the
RAG1-B�RING fragment possessed a 5- to 10-fold preference
for UbcH3 (Table 1).

RAG1-B�RING E3 activity completely depended on the
presence of E1 and E2 enzymes (Fig. 2b, lanes 1–5). In addition,
an intact RING finger was necessary for RAG1 E3 activity. To
test this requirement, a mutation was introduced at one of the
conserved cysteine residues (C325) that coordinates Zn ions in
the RING domain. The RAG1 RING finger has a high degree
of homology to the BRCA1 RING finger, which also possesses
E3 activity (32, 39). Mutation of the equivalent cysteine in
BRCA1 (C61) to glycine abolishes ubiquitylation activity and has
been associated with tumor predisposition (32, 39). As expected,
RAG1-B�RING[C325G] lacked E3 activity (Fig. 2b, lane 6).
Removal of Zn from WT RAG1-B�RING by extensive dialysis
against diethylenetriaminepenta-acetic acid also abolished ubiq-
uitylation (Fig. 2b, lane 7).

ATP was required for charging of the E1 enzyme, but not for
subsequent steps in the reaction. When apyrase was added
before the E1 and E2 components to deplete ATP from the
solution, ubiquitylation was abolished (Fig. 2c, compare lanes 3
and 5). However, incubation of E1 and E2 with ATP for 5 min
before the addition of apyrase resulted in some ubiquitylation
activity, even though RAG1-B�RING was not added until after
the apyrase (Fig. 2c, compare lanes 5 and 7).

RAG1 Mediates Autoubiquitylation. The apparent size of the
radiolabeled RAG1-B�RING-dependent ubiquitylated prod-

ucts suggested that the RAG1 fragment itself was becoming
ubiquitylated, but this result was complicated by the similar
mobilities of monoubiquitylated RAG1-B�RING and triubiq-
uitin. Autoubiquitylation of RAG1 was confirmed by Western
blot. Products from ubiquitylation reactions including RAG1-
B�RING, E1, UbcH3, and unlabeled PK-ubiquitin were probed
with an antibody specific for the RAG1 construct. In the
complete reaction, higher molecular weight species correspond-
ing in size to monoubiquitylation and diubiquitylation products
of the RAG1-B�RING protein were present in addition to the
unmodified protein (Fig. 3a, lanes 2 and 8). These products were
absent when RAG1, E1, UbcH3, or PK-ubiquitin was omitted
(Fig. 3a, lanes 3–6). For quantification of ubiquitylation, a
fluorescent-conjugated antibody system was used. Approxi-
mately one-quarter of the RAG1-B�RING fragments had be-

Fig. 2. RAG1-B�RING exhibits E3 activity. (a) In vitro ubiquitylation assays
were performed as described in Methods with E1 enzyme, radiolabeled
PK-ubiquitin (Ubi*), E2 enzymes (0.3 �M), and RAG1-B�RING as indicated. (b)
In vitro ubiquitylation assays were performed as described with the complete
(Comp) reaction including Ubi*, RAG1-B�RING (R1), E1, UbcH3 (E2). Compo-
nents were omitted as indicated (lanes 3–5). In lanes 6 and 7, WT RAG1-B�RING
was replaced with the C325G mutant form or with RAG1-B�RING from which
Zn had been removed with diethylenetriaminepenta-acetic acid (DTPA).
RAG1-B�RING-dependent products are indicated by arrows. (c) In vitro ubiq-
uitylation assays including apyrase (0.1 mg�ml) were staged, with components
added at the times (in min) indicated. Buffer components and Ubi* were
present from time 0. Reactions were incubated for an additional 2 h after the
addition of R1. RAG1-B�RING-dependent products are indicated by arrows.

Table 1. RAG1-B�RING ubiquitylation activity

E2 enzyme* Ubiquitin incorporation† Relative activity‡

UbcH2 13 � 6 0.1
UbcH3 114 � 51 1
UbcH5a 28 � 17 0.2

*RAG1-B�RING-dependent ubiquitylation activity supported by UbcH5b, H5c,
H6, H7, and H10 was below the level of detectability (Fig. 2a).

†Results represent three independent trials with two different preparations of
E2 enzymes.

‡Activity with the most active E2 (UbcH3) was arbitrarily set to 1.
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come conjugated to one or more ubiquitin moieties within the
first 5 min of the reaction (Fig. 3b, lane 2), and by 30 min, nearly
half of the RAG1-B�RING was ubiquitylated (Fig. 3b, lane 5).
Products continued to accumulate over the course of a 3-h
incubation (Fig. 3b). The primary products were monoubiqui-
tylation and diubiquitylation species, but chains of up to seven
ubiquitins conjugated to RAG1-B�RING were observed at later
time points (Fig. 3b, lanes 7–9). The increased sensitivity of this
system also revealed that a small amount of RAG1-B�RING
(�1%) remained as a dimer even under the denaturing condi-
tions of the gel (Fig. 3b, lane 1).

RAG1 Is Autoubiquitylated Primarily at K233 and Can Form Ubiquitin
Chains with Residues Other Than K48. The presence of multiubiq-
uitylated products raises the possibility that RAG1-B�RING is
ubiquitylated at several sites. Polyubiquitylation at one site can
be distinguished from monoubiquitylation at multiple sites by
using ubiquitin whose K residues have been blocked by meth-
ylation (CH3-ubiquitin). CH3-ubiquitin can be covalently at-
tached to the K residues on target proteins through its carboxyl

terminus, but it is unable to form polyubiquitin chains. When
RAG1-B�RING was ubiquitylated in a reaction including WT,
untagged ubiquitin, both monoubiquitylation and polyubiquity-
lation products were present (Fig. 3c, lane 4; these products are
smaller than those generated by ubiquitylation with the 11.3-kDa
PK-ubiquitin). Ubiquitylation with CH3-ubiquitin produced only
monoubiquitylated products (Fig. 3c, lane 2), indicating that
RAG1-B�RING was ubiquitylated primarily on one K residue.
Polyubiquitylation most often occurs through ubiquitylation of
ubiquitin K48 but can also occur through other K resides.
RAG1-B�RING could be polyubiquitylated with a ubiquitin
K48R mutant (Fig. 3, lane 3), indicating that it does not depend
on K48 to form polyubiquitin chains.

The basic region upstream of the RING finger motif was
required for autoubiquitylation. The RING finger and adjoining
Zn finger form a single domain (36, 37). A fragment spanning
only this domain, RAG1[264–389], did not demonstrate ubiq-
uitylation activity in an assay with radiolabeled PK-ubiquitin
(Fig. 4a, compare lanes 2–5 to 6–9), and no species consistent
with autoubiquitylated RAG1[264–389] were observed when
products were analyzed by Western blot (Fig. 4b, compare lanes
2 and 4).

McMahan et al. (40) found that highly conserved basic regions
contributed to rearrangement of extrachromosomal V(D)J sub-
strates. Within these domains, we examined two K residues
(K221 and K233 in murine RAG1) that are conserved in all

Fig. 3. RAG1-B�RING undergoes autoubiquitylation. (a) In vitro ubiquityla-
tion assays were performed as described in Methods with the complete
reaction including E1, E2, RAG1-B�RING (R1), and unlabeled PK-ubiquitin
(PK-Ubi). Components were omitted as indicated (lanes 3–6). RAG1-B�RING
was detected by using anti-Xpress epitope antibody conjugated to horserad-
ish peroxidase; lanes 7 and 8 are a longer exposure of lanes 1 and 2. (b) In vitro
ubiquitylation assays were performed as described in Methods for the incu-
bation times indicated. RAG1-B�RING was detected as in a except that uncon-
jugated anti-Xpress antibody was detected with secondary antibody conju-
gated to Alexa 488 fluorescent probe. (c) In vitro ubiquitylation assays were
performed by using PK-Ubi, untagged, reductively methylated ubiquitin (CH3-
Ubi), ubiquitin K48R, or WT ubiquitin.

Fig. 4. Conserved basic domains are required for RAG1-B�RING E3 activity.
In vitro ubiquitylation assays were performed as described in Methods with
radiolabeled PK-ubiquitin (a) or unlabeled PK-ubiquitin (b) and RAG1 B�RING
(218–389) or RING (264–389) at the concentration indicated (a) or 8 �M (b). (a)
Radiolabeled products were detected by phosphor-storage autoradiography.
(b) RAG1 218–389 or 264–389 was detected by using anti-Xpress epitope
antibody.
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species examined from a wide variety of vertebrate classes (Fig.
5a). Mutation of K221 to methionine had no effect on RAG1-
B�RING ubiquitylation activity (Fig. 5b, compare lanes 2 and 4),
although this mutation did increase the amount of dimer present
on the denaturing gel (Fig. 5b, lane 3). Mutation of K233
abolished autoubiquitylation (Fig. 5b, lane 6), suggesting that
this residue was the primary position of ubiquitylation. This was
also true for the lower level of RAG1-B�RING autoubiquity-
lation supported by the E2 enzymes UbcH2 and UbcH5a (data
not shown). RAG1-B�RING[K233M] mildly stimulated forma-
tion of triubiquitin relative to no E3 (Fig. 5c, compare lanes 1 to
2 and 3), suggesting that mutation of K233 does not disrupt
RAG1 interaction with ubiquitin or UbcH3. After long incuba-
tion (�12 h), a very low level of ubiquitylation of RAG1-B�
RING[K233M] was observed (data not shown), suggesting that
other K residues can act as ubiquitin acceptors, but very ineffi-
ciently. These data indicate that K233 is the primary position of
autoubiquitylation and that it is not generally required for
RAG1-B�RING E3 activity. It is possible that full-length RAG1
may be modified at additional K residues.

Discussion
Ubiquitin conjugation plays vital regulatory roles in a wide
variety of cellular processes. The previous finding that RAG2 is
ubiquitylated before its destruction suggests that ubiquitin con-
jugation participates in regulation of V(D)J recombination (2).
We find that the Zn binding domain of RAG1 and upstream
basic region (amino acids 218–389) with the assistance of
UbcH3�CDC34 can promote ubiquitylation at a single highly
conserved RAG1 K residue, K233, with as much as 70% of
RAG1 undergoing modification in vitro. In addition, full-length
RAG1 undergoes polyubiquitylation in intact cells. RAG1’s
ability to act as an E3 protein, described here and elsewhere (3),
suggests that promotion of ubiquitin conjugation is intimately
linked to the other biochemical activities of the recombinase.

The structure of the RAG1 RING finger is unusual in several
respects. Typical RING fingers such as cCBL and BRCA1
coordinate two Zn ions in a so-called cross-brace motif (41, 42).

The RAG1 RING also adopts the cross-brace structure but
binds three Zn ions, with two included in a binuclear cluster
coordinated in part by additional cysteines and histidines up-
stream of the canonical RING finger residues (36). RING
proteins like Rbx1 also exhibit an atypical RING structure
including coordination sites for a third zinc ion (43), and this
family of RING proteins is frequently associated with UbcH3�
CDC34 or its homologues. However, in Rbx1 the additional
coordination sites are contributed by an extra loop within the
canonical RING domain instead of by residues upstream, sug-
gesting that the RAG1 RING is not closely related evolutionarily
to Rbx1. Unlike other RING proteins, the RAG1 RING motif
forms a single, integrated domain with a downstream C2H2 Zn
finger, which coordinates a fourth Zn ion (36, 37). Finally, the
shallow groove within the cross-brace that has been demon-
strated to play an important role in other RING-E2 interactions
(42) is nearly absent in RAG1 (36), being completely filled by
amino acid side chains. Additional study will be necessary to
determine how these factors influence RAG1-promoted ubiq-
uitylation.

Yurchenko et al. (3) reported that the N-terminal region of
RAG1 (amino acids 1–383) attached to a short S-peptide linker
possesses weak E3 monoubiquitylation activity directed toward
S protein bound to the linker. This activity was supported by the
E2 enzymes UbcH4 and UbcH10 but by no other E2s. This group
also found low levels of substrate-independent ubiquitin poly-
merization by the E2s UbcH5b and UbcH5c in the presence of
the RAG1 RING alone (amino acids 250–350) without the
attached Zn finger (3). The robust autoubiquitylation activity of
the RAG1-B�RING (amino acids 218–389) presented here was
best promoted by UbcH3�CDC34, but was also observed to a
lesser extent with UbcH2�Rad6 and UbcH5a. The different
RAG1 constructs used by the two laboratories (see above) are
likely to have contributed to the different observations. It is also
possible that RAG1 is active with different E2 enzymes in the
cell under various circumstances.

There are numerous potential roles for RAG1-promoted
ubiquitylation in V(D)J recombination. The RING finger lies
outside of the core domain, which includes the minimal residues
necessary for DNA cleavage. However, the conservation of the
RING and the upstream basic domains among RAG1 sequences
from many species suggests that they play some important role.
In addition, mutation of the RING finger and truncations of the
N terminus are associated with a fatal immunodeficiency syn-
drome (20–22), indicating that this region is essential for normal
lymphocyte development in humans. Deletion of more than a
third of the protein to form the core may remove multiple
positive and negative regulatory regions, making it difficult to
assess their true roles in normal RAG1 biology by examining
activity of the core alone. In addition, if the role of the RING
finger is to down-regulate RAG1 activity, this may not be
apparent in the extrachromosomal V(D)J recombination assays
typically used to determine mutant activity, particularly if RAG1
is not the limiting factor. Nevertheless, there is some genetic data
that these domains do influence RAG1 activity and expression
(8, 16, 17, 40). RAG1 has a short half-life (8), and various
truncations of the N terminus lead to higher steady-state levels
of RAG1 expression (40). Moreover, mutation of the basic
region including K233 increases RAG1 expression to a greater
extent than mutation of other nearby basic domains (40).
Deletion of the RING finger in the context of an otherwise
full-length N terminus can also increase expression of the protein
(17, 40). These data suggest that one function of the RAG1
RING may be to modulate its own turnover, potentially through
autoubiquitylation of K233.

Other data suggest that the RING motif plays a role specif-
ically in promoting signal joint formation. Mutation of the RING
region drastically reduces signal joint formation on extrachro-

Fig. 5. RAG1-B�RING autoubiquitylation occurs primarily on K233. (a) Align-
ments of RAG1 segments from various species were conducted by using the
National Center for Biotechnology Information BLAST resource. (b) In vitro
ubiquitylation assays were carried out as described in Methods with unlabeled
PK-ubiquitin and B�RING WT, K221M, or K233M. RAG1 B�RING was detected
by using anti-Xpress epitope antibody. (c) In vitro ubiquitylation assays were
carried out by using radiolabeled PK-ubiquitin and RAG1-B�RING WT or
K233M.
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mosomal V(D)J recombination substrates (8, 16). Likewise, the
RAG1 core is associated with an increase in overall levels of
cleaved signal ends along with a decrease in signal joints, with
coding joint levels remaining relatively unaffected (17). After
cleavage, the RAG1�2 recombinase remains tightly bound to the
recombination signal sequence ends and sequesters them from
the repair machinery (44, 45). The ends are joined together to
form signal joints at the G1�S transition (46), and it has been
hypothesized that specific factors remodel or disassemble the
complex at that time, allowing joining to proceed. The E2
enzyme with which we find RAG1 to be most active, UbcH3�
CDC34, enables the transition from G1 to S phase by promoting
degradation of p27KIP (47). UbcH3�CDC34-promoted RAG1
E3 activity occurring at the G1�S transition could also assist in
remodeling of the postcleavage complex through ubiquitylation
of RAG1, RAG2, or another target. The small percentage of
RAG1 that was ubiquitylated in our unsynchronized, nearly
confluent cell sample relative to the robust ubiquitylation we
observed in vitro may be explained by RAG1 ubiquitylation
occurring in only a fraction of the cells. This would be consistent
with a cell-cycle dependent process.

RAG1 belongs to a family of proteins that includes many
recombinases, integrases, and transposases characterized by a

conserved trio of acidic amino acids, the so-called DDE motif
(48–50). Several of these proteins, such as HIV integrase and
RAG1, include traditional C2H2 zinc fingers, but to our knowl-
edge RAG1 is the only DDE motif protein that also includes a
RING finger and E3 activity. The RAG1�2 recombinase is
hypothesized to have evolved from an ancient transposon that
entered the genome at the level of the common ancestor to all
jawed vertebrates (51). The absence of E3 activity in all other
known transposases suggests that either (i) possession of this
activity made it especially well suited to ‘‘domestication’’ by the
immune system or (ii) RAG1 acquired this activity after entering
the vertebrate genome as it was adapted for use by the cell. Thus,
further research into the role of RAG1’s E3 activity could
well shed light on the evolution of the diversified immune
system as a whole, in addition to answering vital questions
regarding regulation of this developmentally important DNA
rearrangement.
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