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The recombination-activating gene 1 (RAG1) and RAG2 proteins initiate V(D)J recombination, the process

that assembles the B- and T-lymphocyte antigen receptor genes of jawed vertebrates. RAG1 and RAG2 are
thought to have arisen from a transposable element, but the origins of this element are not understood. We show that
two ancestral RAG1 proteins, Transib transposase and purple sea urchin RAG1-like, have a latent ability to initiate
V(D)J recombination when coexpressed with RAG2 and that in vitro transposition by Transib transposase is
stimulated by RAG2. Conversely, we report low levels of V(D)J recombination by RAG1 in the absence of RAG2.
Recombination by RAG1 alone differs from canonical V(D)J recombination in having lost the requirement

for asymmetric DNA substrates, implicating RAG2 in the origins of the “12/23 rule,” a fundamental regulatory
feature of the reaction. We propose that evolution of RAG1/RAG2 began with a Transib transposon whose
intrinsic recombination activity was enhanced by capture of an ancestral RAG2, allowing for the development

of adaptive immunity.

[Keywords: RAG; Transib; V(D)J] recombination; evolution; transposition)]

Supplemental material is available for this article.

Received January 26, 2016; revised version accepted March 9, 2016.

V(D])J recombination is the process by which the antigen
receptor genes of jawed vertebrates are assembled. By join-
ing different combinations of variable (V), diversity (D),
and joining (J) gene segments, V(D)] recombination can
generate a wide range of receptor specificities, providing
the molecular basis for adaptive immunity. The proteins
at the heart of this reaction are encoded by recombina-
tion-activating gene 1 (RAG1) and RAG2 (Schatz et al.
1989; Oettinger et al. 1990). The RAG1 and RAG2 pro-
teins bind to recombination signal sequences (RSSs) that
demarcate the gene segments of the antigen receptor
loci and target dsDNA cleavage by RAG. Subsequent re-
pair by the nonhomologous end-joining DNA repair path-
way joins the gene segments to form coding joints and the
cleaved RSSs to form signal joints (Rooney et al. 2004).
The RSS consists of three sequence elements: the non-
amer, the spacer, and the heptamer. While the nonamer
and the heptamer sequences are well conserved, the
length of the spacer, either 12 or 23 base pairs, is its defin-
ing characteristic (Ramsden et al. 1994). Therefore, two
types of RSS exist depending on spacer length, the
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12RSS and the 23RSS, and recombination is only efficient
when one 12RSS and one 23RSS are engaged by RAG, a re-
striction known as the 12/23 rule.

Because RAGI-deficient and RAG2-deficient mice and
humans exhibit identical phenotypes characterized by a
complete absence of V(D)J recombination and lympho-
cyte development (Mombaerts et al. 1992, Shinkai et al.
1992; Notarangelo et al. 1999), the two RAG proteins
are each presumed to be essential for V(D]J recombina-
tion. Despite this, RAG1 and RAG2 play vastly different
roles in the DNA cleavage reaction. RAG1 contains the
RNaseH fold catalytic domain and regions that make di-
rect contact with the RSS and is responsible for the enzy-
matic activity of the RAG complex (Schatz and Swanson
2011; Kim et al. 2015; Ru et al. 2015). In contrast, RAG2
interacts with and enhances the DNA-binding and cleav-
age functions of RAG1. RAG2 also contains a plant
homeodomain (PHD) that interacts with histone H3 in
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which Lys4 is trimethylated (H3K4me3) and is responsi-
ble for the promiscuous association of RAG2 with
transcriptionally active chromatin (Liu et al. 2007; Mat-
thews et al. 2007; Ji et al. 2010). Therefore, RAGI appears
to contain all of the essential domains and activities
needed to bind and cleave DNA, placing RAG2 in the
role of an accessory or regulatory factor. Why the enzy-
matic activity provided by RAG1 would require regula-
tion by an additional protein is not immediately
evident and is further complicated by RAG2’s contribu-
tion to the broad localization of RAGI in the genome
to sites where DNA cleavage would be detrimental
(Ji et al. 2010; Teng et al. 2015).

Models for the evolution of adaptive immunity and V
(D)J recombination have long postulated the origin of
the RAGs as components of a transposable element (TE)
(Thompson 1995; Fugmann 2010). The RSSs have a func-
tion similar to that of the terminal inverted repeats (TIRs)
of cut and paste transposons, and RAG cleaves DNA by a
nick-hairpin mechanism very similar to that used by sev-
eral transposases (Jones and Gellert 2004). The link be-
tween RAG and transposases was strengthened by the
demonstration that RAG is able to perform cut and paste
DNA transposition in vitro (Agrawal et al. 1998; Hiom
et al. 1998), a finding that added impetus to the search
for the origin of the RAGs. Of particular interest among
TEs is the widely dispersed Transib family (Kapitonov
and Jurka 2005), whose TIRs resemble the RSS, particular-
ly the heptamer, and whose transposase shares sequence
similarity with RAGI and cleaves DNA by a nick-hairpin
reaction mechanism similar to that of RAG (Hencken
et al. 2012). However, while this provides a candidate an-
cestral protein for RAGI, it does not account for RAG2, as
Transib elements contain no RAG2-like entity. Discern-
ing the origin of the RAGs has been further complicated
by the identification of RAG-like genes in the genomes
of animals that predate jawed vertebrates (Kapitonov and
Jurka 2005; Fugmann et al. 2006; Fugmann 2010; Zhang
et al. 2014; Kapitonov and Koonin 2015). In most instanc-
es, a RAG2-like gene has been identified alongside its
RAG1-like partner, but in no such case has any catalytic
or transposase activity been demonstrated. Therefore,
the origin of RAG2 remains elusive.

Here, we propose that RAG2 played a critical role in the
establishment and evolution of V(D)J] recombination. We
show that RAG1 can mediate low levels of recombination
in the absence of RAG2 and that this activity is less depen-
dent on the 12/23 rule than the activity mediated by
RAGI1 and RAG2. We report the first functional character-
ization of V(D)J recombination mediated by two proposed
ancient RAGI relatives and note that they exhibit activity
only when paired with a vertebrate RAG2. Furthermore,
we show that while Transib transposase is capable of me-
diating transposition by itself, its activity on its own TIRs
and on RSSs is enhanced by RAG2. These findings provide
the basis for a model in which RAG1 originated from a TE
of the Transib family, which acquired a RAG2-like ele-
ment, thereby providing functional advantages that al-
lowed for the evolution of the adaptive immune system
of jawed vertebrates.
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Results

RAG1 mediates V(D)] recombination in the absence
of RAG2

The ability of RAGI to bind and cleave DNA, along with
the existence of TEs with homology with RAG1 but with-
out a RAG2-like counterpart (Kapitonov and Jurka 2005)
and a previous report that suggested RAG2-independent
activity (Montaudouin et al. 2010), led us to postulate
that RAG1 functioned alone at some point in its evolu-
tionary history and might still retain some of this activity.
To test this, a previously reported sensitive assay for V(D)J
recombination (Schatz and Baltimore 1988) was estab-
lished in 3T3 fibroblast lines. The integrated inversional
recombination substrate ZGR consists of the xanthine-
guanine phosphoribosyltransferase (GPT) gene in an ori-
entation inverse to transcription driven by the long termi-
nal repeat (LTR) and flanked by a V segment with its
endogenous 12RSS on one side and two copies of a | seg-
ment with their endogenous 23RSSs on the other side,
providing two potential partners for the 12RSS (Fig. 1A).
Due to the relative orientation of the RSSs, the interven-
ing sequence is inverted upon successful recombination,
allowing for expression of GPT and thereby conferring
mycophenolic acid (MPA) resistance on the cell. Wild-
type or RAG2~/~ fibroblast lines containing this substrate
were transduced to express RAG1, RAG2, or both or with
a control empty vector and, after allowing time for recom-
bination to occur, were placed in MPA selection. The min-
imal portion of each RAG that can mediate substantial
levels of V(D] recombination has been defined as the
“core” and has been used extensively in the biochemical
characterization of these proteins (Swanson 2004). How-
ever, because these truncation mutants are less active in
vivo than the full-length proteins (Schatz and Swanson
2011), both core and full-length versions were tested for
activity.

As expected (Oettinger et al. 1990), cells expressing
both mouse RAG1 and RAG2, either full-length or core,
yielded hundreds to thousands of recombination events
per million cells screened (Fig. 1B). Strikingly, wild-type
3T3 cells expressing core or full-length mouse RAGI
also yielded a small but consistent number of recombina-
tion events (Fig. 1B). Similar results were obtained in a
RAG27~/~ 3T3 line, thereby ruling out any contribution
from endogenous RAG2 (Fig. 1C). The identity of these
events was verified through PCR assays that detect the
coding and signal joints generated in the inversional re-
combination reaction (Supplemental Fig. S1A). Sequenc-
ing of the PCR products revealed normal signal joints
and coding joints that, while normal in most regards, ex-
hibited some alterations in the levels of insertions and de-
letions relative to coding joints formed in the presence
of RAG2 (Supplemental Fig. S2A,B; Supplemental Table
S1A,B). Importantly, expression of core or full-length
RAGI containing a D708A active site mutation (Rlc
D708A and R1FL D708A, respectively) did not yield any
MPA-resistant colonies (Fig. 1C), and events were not de-
tected in cells transduced with the empty vector or a vec-
tor expressing RAG2 (Fig. 1B,C). Hence, the rare events
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Figure 1. V(D]J recombination mediated by
RAG] in the absence of RAG2. (A) Schematic
of the ZGR recombination substrate. The
GPT gene is inverted by recombination be-
tween the Vi 12RSS (white) and one of the
Jk 23RSSs (black), yielding a signal joint (SJ)
and coding joint (CJ) and allowing for GPT ex-
pression from the 5’ LTR and MPA resistance.
(hygro) Hygromycin resistance gene; (small
black arrows) coding joint and signal joint
PCR primer-bindingsites. (B,C) Quantitation
of recombination in 3T3 fibroblast lines. Re-
combination efficiency for cells expressing
the indicated protein or proteins plotted as
the number of MPA-resistant colonies per
K million cells plated, with each dot indicating
an independent experiment and the bar
height indicating the mean. (Mock) Empty
vector control; (c) core RAG proteins; (FL)
full-length RAG proteins; (R1cD) D708A ac-
WT - tive site mutant of the RAGI1 core; (R1fID)

D708A active site mutant of RAGI1 full
— 1 length. (B) Wild-type 3T3 line. (C) RAG2™/~
3T3 line. (D) Substrate recombination in
v-abl cells. (Top) Schematic of a simplified
12/23 inversional substrate. (Bottom) PCR as-
—Jk1  says for coding or signal joints in genomic

DNA from RAG1™~ or RAG2™/~ v-abl cells

incubated with STI-571 and expressing
3 4 RAGI (in RAG27/7) or RAG2 (in RAGI™)
from retroviral vectors, representative of at
least three experiments. (Plasmid) Reaction

— Jk2

—Jk2

spiked with positive control template DNA. (E) Igk locus recombination in v-abl cells. (Top) Schematic of the Igk locus. (Bottom) Represen-
tative PCR assays for V-to-Jxl and V-to-Jx2 recombination in RAG1~/~ or RAG2™/~ cells (expressing retroviral RAG2 or RAGI, respectively)
or wild-type cells incubated with ST1-571. (Lane 4) No template control. Expected product sizes for V to Jx1 or V to Jk2 are indicated.

detected require RAGI and its active site and are indepen-
dent of RAG2.

As RAGI1 and RAG2 are present in all jawed verte-
brates, it was possible that species that branched off at
different times during gnathostome evolution could
have retained a RAGI protein that was less dependent
on RAG2 than mouse RAGI. However, RAG1 from
five different vertebrates showed levels of activity simi-
lar to mouse RAGI, suggesting that dependence on
RAG2 was acquired as an early event in the evolution
of the jawed vertebrate immune system (Supplemental
Fig. S1B).

The events observed in the absence of RAG2 in fibro-
blasts were recapitulated in the more physiological con-
text of Abelson kinase transformed pre-B-cell lines (v-
abl) with a similar recombination substrate (Fig. 1D) by
combining the v-abl kinase inhibitor STI-571, which in-
duces RAG expression, with constitutive retroviral ex-
pression of RAGl in RAG27~ cells and RAG2 in
RAGI17/~ cells (Supplemental Fig. S1C). Treatment with
STI-571 also leads to recombination of the endogenous
Igx locus in v-abl cells, with Vk-Jk recombination being
readily detectable in STI-571-treated RAG2~/~ cells con-
stitutively expressing retroviral RAGI (Fig. 1E) using a
PCR assay that detects recombination between roughly
a third of the Vk segments (Schlissel and Baltimore

1989) and either Jx1 or Jk2. The joints generated by
RAGI alone in v-abl cells were generally similar in struc-
ture to those generated by RAG1 and RAG2 together
(Supplemental Table S1C-E; Supplemental Fig. S2C-F),
although some differences were noted in the frequency
of insertions at the joints (Supplemental Fig. S2D). Fur-
thermore, the distribution of Vk gene segments used in
the recombination events mediated by RAGI alone was
similar to that used in RAGI/RAG2 recombination
events (Supplemental Fig. S2G). Hence, RAGI1 is capable
of mediating recombination of an integrated substrate
and an endogenous antigen receptor locus in the absence
of RAG2.

Breakdown of the 12/23 rule in the absence of RAG2

The recombination activity of RAGI in the fibroblast and
lymphocyte lines supports the hypothesis that RAGI, at
some point in its evolutionary history, was capable of
functioning on its own. Our findings also provided an op-
portunity to gain insight into the evolutionary history of
the RSS by testing whether RAG1’s preferred substrate
is a 12/23RSS pair, as is the case for RAG1 and RAG2.
To test this, inversional substrates containing either
a pair of 12RSSs or a 12RSS and a 23RSS (Fig. 2A) were
introduced into RAG2™/~ 3T3 fibroblasts. As expected,
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A recombination substrates Figure 2. RAGI does not obey the 12/23 rule. (A)
12— 23 12 — 12 Simplified schematic of recombination substrates.
~HEE¢ The GPT gene is flanked by a pair of 12RSSs
B . (white; 12_12 substrate) or one 12RSS and one
159 . p=0.14 23RSS (black; 12_23 substrate). (B-D) Quantita-
P p=0.36 2.6x tion of recombination in RAG2~/~ 3T3 fibroblast
3 1.4x . lines. Recombination efficiency is plotted as in
? B Figure 1B. (B) Note the Y-axis scaling. (Left) Linear.
= (Right) Logarithmic. (C,D) Note the different
8.1 Y-axis scales for the two plots and that, in C, one
£ ., . data point with a value of 70 was outside the range
0% of the Y-axis, as indicated. (c) Core RAG proteins;
o (FL) full-length RAG proteins. One tailed t-test;
R1 R1 R1FL R1FL . e
127?2 127;3 1212 12 23 Rishz: Rizz  Rizm2  SRitR2 P-values are noted. (ns) Not significant.
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coexpressed RAG1 and RAG2 core or full length showed
high levels of activity with the 12/23RSS substrate, with
hundreds to thousands of events detected per million cells
screened, while the activity dropped dramatically with
the 12/12RSS substrate (~15 and 100 events per million
cells plated for core and full-length RAGs, respectively)
(Fig. 2B, right panel). This represents a 30-fold and
33-fold change in recombination activity for core and
full-length RAG, respectively. In contrast, RAG1 alone
did not exhibit a strong preference for the 12/23 substrate.
An average of about three and five events per million cells
were observed for core and full-length RAG1, respectively,
with the 12/23 substrate, and these numbers dropped only
modestly to about two events per million with the 12/12
substrate (Fig. 2B, left panel). This yields a fold change in
activity of 1.4 and 2.6 for core and full-length RAGI, re-
spectively—differences that are not statistically signifi-
cant. Several lines containing a 23/23RSS substrate were
also tested, but all exhibited such low levels of activity
with coexpressed RAG1 and RAG2 that they could not
be used to gather reliable data with RAGI1 alone (data
not shown).

Given the less strict spacer length requirements for
RAGI] activity, it was important to test whether the
conserved elements of the RSS—the heptamer and the
nonamer—were required for RAG1-mediated recombina-
tion. The heptamer specifies the site of cleavage, while
the nonamer plays a significant role in RAG binding to
the RSS, and mutations in the most conserved residues
of either element greatly decrease recombination activity
(Hesse et al. 1989). Wild-type 3T3 lines with substrates
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containing an intact 23RSS and a 12RSS with either a
scrambled heptamer or nonamer were generated and re-
vealed, as expected, poor activity using coexpressed
RAGI and RAG2, with only a few events observed per
million cells screened (Fig. 2C,D). RAGI1 alone showed
virtually no activity with either substrate, highlighting
the importance of both the heptamer and nonamer for
the RAG2-independent reaction. Together, our data sug-
gest an evolutionary role for RAG2 in helping to establish
the 12/23 rule.

Transib and purple sea urchin RAG1-like can mediate
V(D)] recombination with the help of RAG2

The ability of RAGI to mediate recombination in the ab-
sence of RAG2 suggests the possibility that RAG1 was
once an enzymatically independent protein, and several
candidate TEs that have a sole RAGI-like transposase
gene have been identified. Conversely, a number of
RAGI1-like genes with partner RAG2-like genes have
also been identified in species that predate jawed verte-
brates, although none have been demonstrated to have
catalytic activity. The transition of a putative RAGI pre-
decessor from transposase to recombinase and the arrival
of RAG2 remain little understood. To address these is-
sues, two candidate proteins related to RAG1 were ana-
lyzed for V(DJJ recombination activity. One, the protein
encoded by the Transib from Helicoverpa zea (Hztransib),
has been characterized as an active transposase with
mechanistic similarities to RAG (Hencken et al. 2012).
The other, a RAGI-like protein from Strongylocentrotus



purpuratus (spRAGIL), is accompanied by a partner
RAG?2-like protein, but no recombination or transposition
activity has yet been attributed to them (Fugmann et al.
2006). RAG1™/~ 3T3 cells containing the 12/23RSS inver-
sional substrate were transduced to express the candidate
proteins or controls. When either Hztransib or spRAGIL
was expressed in the fibroblasts, no recombination activi-
ty was detected. Strikingly, however, when either protein
was coexpressed with mouse full-length RAG2, an aver-
age of 10 and 15 events per million cells screened were de-
tected for the Transib and the RAGI-like protein,
respectively—a level of activity approximately threefold
lower than that observed for full-length RAG1 (Fig. 3A,
B). Importantly, mutation of predicted active site residues
in either protein abolished activity, demonstrating that
the recombination events detected were the result of the
action of the Hztransib and spRAGIL proteins (Fig. 3A,
B). The integrity of the coding and signal joints was veri-
fied by PCR (Fig. 3C), and sequencing revealed coding
and signal joints similar to those observed for coexpressed
RAGI1 and RAG2 (Supplemental Table S1F). Coexpression
of spRAGIL and spRAG2L did not yield any recombina-
tion activity (data not shown). These results demonstrate
that mouse RAG2 uncovers a latent ability in Hztransib
and spRAGIL to cleave two RSSs precisely at their hep-
tamer borders and thereby trigger inversional V(D] re-
combination, leading to normal coding and signal joints.

To begin to understand how RAG2 activates the
RSS cleavage activity of these enzymes, we tested for a
physical interaction between Hztransib and RAG2.
MBP-tagged Hztransib was coexpressed with GST-tagged
mouse or shark RAG2 followed by pull-down with a GST
affinity resin and blotting with anti-MBP antibodies.
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MBP-tagged mouse RAG1 core and GST served as positive
and negative controls, respectively. As expected, MBP-
RAGI core interacted well with mouse RAG2 and detect-
ably with shark RAG2 (Fig. 3D, lanes 6,8). An interaction
was also readily detected between Hztransib and both
RAG2 proteins (Fig. 3D, lanes 7,9). These results, together
with previous findings showing an interaction between
spRAGI1L and shark RAG2 (Fugmann et al. 2006), are con-
sistent with a model in which the capacity of an ancient
RAGI1-like protein to interact with RAG2 enhanced its
ability to perform recombination and highlight the poten-
tial importance of RAG2 for the transition of RAGI from
transposase to recombinase.

RAG2 enhances transposition by Hztransib

The RAG2-Hztransib interaction suggested that RAG2
might directly stimulate the RSS-mediated recombina-
tion activity of Hztransib by altering its biochemical prop-
erties. This in turn suggested that RAG2 might influence
the ability of Hztransib to integrate a TIR-flanked donor
DNA fragment into host DNA. To test this, we used an
in vitro transposition assay (Agrawal et al. 1998) involving
incubation of purified proteins with a target plasmid and a
donor DNA fragment terminating in 5’ phosphorylated
TIRs or RSSs that mimics a cleaved substrate prior to
the strand transfer step of transposition (Fig. 4A). Insertion
of the donor fragment harboring Tet® into the target plas-
mid containing Kan® generates a plasmid easily identified
after transformation into bacteria by selection on tetracy-
cline and kanamycin.

As expected (Hencken et al. 2012), Hztransib was capa-
ble of transposing a donor fragment flanked by TIRs (Fig.

Figure 3. Recombination mediated by
HzTransib and purple sea urchin RAGI-
like. (A,B) Quantitation of recombination
in RAG1~/~ 3T3 fibroblast lines. Recombi-
nation efficiency is plotted as in Figure
1B. Note that levels of recombination by
RAGI alone in this RAGI™~ line were
higher than in wild-type and RAG2~/~
lines. (Mock) Empty vector control; (HZ)
Hztransib; (SpR1L) spRAGIL; (HZm) active
site mutant of Hztransib; (SpR1Lm) active
site mutants of spRAGIL. (C) Representa-
tive PCR assays for coding or signal joints

GST + mR2 sR2 +
HZ HZ SpRIL

Signal Joint
SpR1L SpRIL HZ - plasmid

-

aGST

i mR2 mR2 sR2 sR2

1 2 3 4 5 6 7 8 9

in genomic DNA from MPA-resistant cells
b ‘pfuﬁlw" expressing the indicated proteins. Each lane
is an independent clone. (Plasmid) Reaction
spiked with positive control template
DNA; (HZ) Hztransib; (SpR1L) spRAGIL.
(D) GST pull-down to detect interactions
between the indicated MBP- or GST-tagged
proteins. (R1¢) RAGI core; (Hz) HZTransib;
(mR2) mouse RAG2; (sR2) shark RAG2; (+)
GST alone. (Top) Glutathione pull-down.
(Middle and bottom) Starting material ly-
sate. Arrows indicate the expected posi-
tions of MBP-RAGI1 core and MBP-
Hztransib proteins.

lysate
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Figure 4. Transib transposition is enhanced by RAG2.
(A) Schematic of in vitro transposition assay. Transposi-
tion of a donor DNA fragment, a tetracycline resistance
gene (TetR) flanked by pair of TIRs or RSSs (black trian-
gles), into target plasmid with the kanamycin resistance
gene (KanR) generates double resistance plasmids. (B,D-
F) Quantitation of transposition activity as measured af-
ter bacterial transformation. The transposition efficiency
for the indicated protein or proteins is plotted as the
number of transposition events (Kan/Tet double-resis-
tant colonies) normalized to the total amount of plasmid
purified from each reaction (Kan-resistant colonies) and
multiplied by 10°, with each dot representing an inde-
pendent experiment and the bar height indicating the
mean. (Ctr.) No protein; (HZ) Hztransib; (HZm) Hztran-
sib active site mutant; (R2¢) RAG2 core. (B) TIR donor;
two-tailed t-test. (D,E) RSS donors. (sN) Scrambled non-
amer; (sH) scrambled heptamer. In mutant RSS sub-
strates, the heptamer or nonamer was scrambled in one
of the two RSSs, with the other RSS remaining intact.
(C) Alignment of Hztransib TIRs to consensus 12RSS
and 23RSS. (Boxed) Heptamer; (underlined) nonamer;
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4B), and, consistent with prior findings (Kapitonov and
Jurka 2005; Hencken et al. 2012), the target site duplica-
tions (TSDs) were invariably 5 base pairs in length
(Supplemental Table S1G) and slightly enriched for GC
base pairs (Supplemental Fig. S3D). Interestingly, coincu-
bation with RAG2 core yielded a strong trend toward in-
creased transposition activity by Hztransib (Fig. 4B),
with TSDs similar to those generated without RAG2
(Supplemental Fig. S3A).

Hztransib TIRs have clear sequence similarity to the
RSS heptamer but little or none to the RSS nonamer
(Fig. 4C). Given this and the recombination activity ob-
served on RSSs, Hztransib was tested for its ability to
transpose an RSS substrate. When a substrate containing
a 12/12RSS pair was used, transposition by Hztransib
was observed in the absence or presence of RAG2 (Fig.
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(highlighted) conserved positions of the heptamer crucial
for activity; (*) positions conserved between the RSS and
Transib TIR. (G) Model for the origin of the RAG proteins
and V(D])J recombination. We propose a two-step model
in which a Transib element acquired an ancestral
RAG?2 gene, leading to a “RAG transposon” containing
both RAG1 and RAG2, whose disassembled components
subsequently gave rise to split antigen receptor genes and
the RAG locus of jawed vertebrates, as proposed by
Thompson (1995).

4D), but activity was difficult to detect under either con-
dition using a 23/23RSS substrate (Fig. 4E). Notably,
when a 12/23RSS pair was used, transposition activity
was observed only in the presence of RAG2 (Fig. 4F).
These data suggest that Hztransib has more difficulty per-
forming transposition with a 23RSS than a 12RSS. Data
consistent with this idea were obtained using substrates
in which the nonamer of one RSS was scrambled: When
the 12RSS was left intact, Hztransib was active in the
presence and absence of RAG2 (Fig. 4F, substrate
sN23_12), but when the 23RSS was left intact, Hztransib
was active only when coincubated with RAG2 (Fig. 4F,
substrate sN12_23). Together, the data suggest that
RAG2 assists Hztransib to perform transposition of sub-
strates containing a 23RSS and that Hztransib is sensitive
to the presence and location of the nonamer despite
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lacking most of the region that corresponds to the verte-
brate RAG1 nonamer-binding domain (Supplemental
Fig. S3F). Consistent with the critical role played by the
invariant 5° CAC at the beginning of the heptamer for
RAG activity, Hztransib transposase activity was elimi-
nated by scrambling the heptamer of one RSS (Fig. 4F).
Also consistent with the importance of the heptamer, a
greater proportion of heptamer contact residues in
RAGI (Ru et al. 2015) are identical in Hztransib than res-
idues overall (44 % vs. 22.%) (Supplemental Fig. S3F). Char-
acterization of the target sites used by Hztransib with RSS
substrates revealed a tightly restricted distribution at sites
composed almost entirely of G and C (Supplemental Table
S1G; Supplemental Fig. S3B,C,E). Therefore, similar to the
role observed for RAG2 in helping establish the 12/23 rule
for V(D)J recombination, it appears that RAG2 plays a re-
lated role in helping Hztransib carry out the strand trans-
fer step of transposition with substrates containing a
23RSS. Hence, it is plausible that RAG2 reinforced the
preference for asymmetrical substrates by helping the an-
cestral Transib element accommodate the 23RSS.

Discussion

Based on our findings, we propose a model for the evolution
of V(DJJ recombination in which a Transib transposase
gene was the evolutionary precursor of RAGI, and acquisi-
tion of an ancestral RAG2 by a Transib element gave rise to
the RAGI-RAG2 transposon (Fig. 4G). The origins of
RAG2 remain unclear, with no candidate RAG2 precursor
having yet been identified independent of a flanking
RAG1-like gene. Itis plausible, however, that the ancestral
RAG2 was a host factor already encoded in the genome of
the organism in which the RAG transposon first arose (per-
haps an early deuterostome). We propose that acquisition
of RAG2 provided functional advantages to the ancestral
Transib while also increasing the range of activities avail-
able to it. Close partnership with RAG2 not only might
have enhanced the transposition activity of Transib, but
the novel capacity of the RAGI-RAG2 gene pair to medi-
ate recombination could have allowed for its positive selec-
tion and evolution into the recombinase required to
assemble a split antigen receptor gene.

In addition, RAG2 might have played a role in establish-
ing the 12/23 rule, first by helping the ancient Transib ac-
commodate a 23RSS for transposition and later in helping
maintain the preference for an asymmetrical pair of RSSs
during the recombination reaction. As the 12/23 rule im-
poses order on the V(D)J recombination process and helps
ensure the inclusion of certain gene segments, its benefits
could have been selected for during the evolution of this
system. The contribution of RAG2 to establishing this
rule would have provided yet another selective pressure
for maintaining this second protein in the ancient re-
combinase complex. The mechanism by which RAG2 fa-
cilitates the 12/23 rule is not known, but a recent
structural study (Ru et al. 2015) provided potentially rele-
vant insights, most notably that RSS binding induces con-
formational changes in the RAG complex. These changes
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include new RAG1-RAG2 interactions important for the
formation of a “closed” RAG-RSS synaptic complex, pre-
sumed to be the fully active conformation. The stabiliza-
tion imparted by RAG2 to the complex and the additional
DNA contacts that it provides might have played a role in
limiting the ability of the RAG complex to accommodate
a symmetrical pair of RSSs.

It was extremely difficult to detect V(DJJ recombination
in STI-571-induced RAG2~/~ v-abl pre-B-cell lines unless
exogenous RAGI was also provided from a retroviral vec-
tor (Fig. 1E; data not shown). Because the increase in
RAGTI expression attributable to the retrovirus was more
apparent prior to than after induction (Supplemental Fig.
S1C), we cannot determine whether the strong enhance-
ment in recombination linked to retrovirally derived
RAG1 was due to post-induction overexpression of
RAGI or the higher expression levels in the uninduced
cells. Our results and those from many studies of
RAG27/~ mice (e.g., Shinkai et al. 1992) argue that RAG1
levels are sufficiently low in developing lymphocytes
that RAG1-only recombination is exceedingly rare. A re-
cent study estimated that mouse thymocytes contain, on
average, only ~1000 RAGI dimers (Zhang et al. 2015).

It is possible that recombination mediated by RAGI1 in
the absence of RAG2 is only detectable with a powerful
selection, as was the case in our experiments and in a
study involving transfer of RAG2-deficient T cells into al-
logeneic RAG2~/~ hosts, which identified transferred cells
that no longer expressed the expected transgenic T-cell re-
ceptor (TCR) but instead expressed a different TCR specif-
icity (Montaudouin et al. 2010). The low frequency of
recombination in the absence of RAG2 along with the
strong stimulatory effect of ectopic RAGI expression
helps reconcile our findings with the lack of reports of re-
combination events in developing lymphocytes from un-
manipulated RAG2™/~ mice. Nevertheless, we cannot
exclude the possibility that “RAG1-only” recombination
in cultured cells and mice is due to a host factor that weak-
ly compensates for the absence of RAG2.

The ability of RAGI to generate coding and signal joints
similar in most respects to those generated in the presence
of RAG2 has several implications. First, the presence of
joints with intact coding and signal ends reveals the abil-
ity of RAGI to cut DNA precisely at the border between
the RSS heptamer and the coding segment DNA, the
same location that is cut in the presence of RAG2. In
this regard, it is notable that the recently reported struc-
ture of RAG bound to DNA reveals that all direct contacts
with the RSS are made by RAG1, while RAG2 makes a
small number of contacts with flanking coding segment
DNA (Ru et al. 2015). Second, it can be inferred from the
presence of P nucleotides in the coding joints generated
by RAGI that the cleavage reaction proceeds through a
nick-hairpin mechanism, as has been documented for
RAGI1 with RAG2. Third, the relatively normal structure
of coding and signal joints implies that, in the absence of
RAG2, the cut DNA ends can be repaired by the nonho-
mologous end-joining machinery, albeit with increased
activity of TdT at coding and signal ends. Finally, detec-
tion of recombination strongly implies that RAGI is
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capable of making breaks at the two RSSs sufficiently
close in time to allow for the formation of recombinants.
Thus far, it has not been possible to detect RAG1-mediat-
ed DNA cleavage in vitro, which would be necessary for a
more detailed mechanistic analysis of DNA cleavage in
the absence of RAG2.

The evolutionary timing of the appearance of the RAG
transposon remains uncertain. Our discovery that
spRAGIL, a putative RAGI relative in echinoderms, pos-
sesses catalytic activity with functional parallels to RAG1
from jawed vertebrates provides important support for the
hypothesis that a RAG TE was present in the common an-
cestor of deuterostomes (Fugmann et al. 2006; Fugmann
2010), an idea that received additional support from a re-
cent analysis of several new echinoderm genome assem-
blies (Kapitonov and Koonin 2015). Such a model
implies vertical transfer of a RAGI/RAG2 gene pair in
deuterostomes with its loss from lineages in which no
RAG-like genes can be found (e.g., agnathans) (Hirano
et al. 2011), although the occurrence of several indepen-
dent horizontal transfer events cannot be ruled out. By
providing clear functional evidence for a relationship be-
tween RAG and its proposed transposase predecessors,
our results argue against convergent evolution of verte-
brate RAG1 and purple sea urchin RAG1-like and support
a two step model for the evolution of the RAG recombi-
nase (Fig. 4G).

Materials and methods

DNA substrates and inversional recombination assay

Retroviral recombination substrates were integrated into 3T3 or
v-abl lines (for details, see the Supplemental Material), and cells
were selected and subcloned to obtain clonal populations for sub-
sequent transductions with protein expression vectors. After se-
lection for cells containing protein expression vectors, 3T3 cells
were plated in MPA-containing medium as previously described
(Schatz and Baltimore 1988). After 12 d in selection, MPA-resis-
tant clones were expanded for further analysis and/or counted af-
ter Crystal Violet staining. The 12/12 and 12/23 retroviral
recombination substrates were constructed as described in the
Supplemental Material.

PCR assays for coding and signal joints

For 3T3 lines, genomic DNA was harvested from individual
clones or bulk populations of MPA-resistant cells. v-abl cell geno-
mic DNA was harvested after 72 h of incubation with STI-571. Ei-
ther a single round of PCR (signal joints from the ZGR substrate)
or nested PCR (all other joints) was performed using the primers
and amplification conditions described in the Supplemental
Material and Supplemental Table STH. PCR products were gel-
extracted or TOPO-TA-cloned for sequencing.

GST pull-downs and immunoblotting

RAGI, RAG2, and Transib pEBB expression vectors were trans-
fected into 293T cells using calcium phosphate. Lysates were pre-
pared, and pull-downs were performed as previously described
(Zhang et al. 2015). Immunoblots were developed with anti-GST
(Cell Signaling) and anti-MBP (New England Biolabs) antibodies.
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Protein purification

RAGI core, RAG2 core, and Hztransib were cloned into pTT5
(Durocher et al. 2002), which provides an N-terminal MBP fusion
tag, and were expressed in expi293 cells (ThermoFisher) using the
company’s protocol. All proteins were purified on amylose affin-
ity columns and dialyzed in storage buffer (20 mM Tris at pH 8,
150 mM KCl, 2 mM DTT). HMGBI1 was purified as previously de-
scribed (Eastman et al. 1999).

In vitro transposition assay

Transposition reactions were performed essentially as previous-
ly described (Agrawal et al. 1998). For modifications, see the
Supplemental Material. Donor fragments were generated with
5" phosphorylated primers.
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