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SUMMARY

V(D)J recombination is one of the most complex DNA transactions in biology. The RAG complex
makes double-strand breaks adjacent to signal sequences and creates hairpin coding ends. Here we
find that the kinase activity of the Artemis:DNA-PKcs complex can be activated by hairpin DNA
ends in cis, thereby allowing the hairpins to be nicked and then to undergo processing and joining
by nonhomologous DNA end joining. Based on these insights, we have reconstituted many aspects
of the antigen receptor diversification of VV(D)J recombination using 13 highly purified polypeptides,
thereby permitting variable domain exon assembly using this fully defined system in accord with the
12/23 rule for this process. The features of the recombination sites created by this system include all
of the features observed in vivo (nucleolytic resection, P nucleotides, and N nucleotide addition),
indicating that most, if not all, of the end modification enzymes have been identified.

INTRODUCTION

V(D)J recombination is the vertebrate gene rearrangement process for assembling the antigen
receptor genes, immunoglobulins and T cell receptors (Gellert, 1992; Jung et al., 2006). The
V, D and J coding segments must be assembled to form the variable domain exon, which
encodes the binding pocket for antigens. This process is essential for acquired immunity, and
without it, humans and other mammals have severe combined immune deficiency (SCID)
(Revy et al., 2005; Schwarz et al., 1996).

The RAGL1 and 2 genes evolved from transposons that can be found among invertebrates
(Chatterji et al., 2004; Kapitonov and Jurka, 2005). The lymphoid-specific RAG1, RAG2, and
the ubiquitous HMGB1 protein form a complex that binds to heptamer/nonamer recombination
signal sequences (RSSs) that can have either a 12-or a 23-bp spacer between the heptamer and
nonamer, and are therefore referred to as a 12-RSS and a 23-RSS (Gellert, 2002; Lieber,
2007; Schatz, 2004; Swanson, 2004). Each V, D, or J segment has a 12-or 23-RSS adjacent to
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it. One recombination reaction involves one 12-RSS and one 23-RSS, a requirement referred
to as the 12/23-rule. The RAG complex nicks at the 5' edge of the RSS, and the RAG complex
uses the 3'OH of the V, D, or J coding end to carry out a nucleophilic attack on the anti-parallel
strand to create a perfect hairpin at the coding end, thereby resulting in a blunt signal end that
has 5'P and 3'OH (Roth, 1993; Schlissel, 1993). The coding end formerly attached to the 12-
RSS can be called the 12-coding end, and the 23-coding end is named correspondingly.

The opening of the coding end hairpins requires Artemis and DNA-PKcs (Ma et al., 2002).
DNA-PKGcs is a serine/threonine protein kinase that must bind to DNA termini in order to
become active as a kinase (Anderson and Carter, 1996). Artemis and DNA-PKcs form a
complex within the cell (Ma et al., 2002). When DNA-PKcs encounters a DNA terminus, it
becomes active as a kinase, autophosphorylates itself, and thereby alters the conformation of
Artemis in a manner that permits Artemis to function as an endonuclease (Ma et al., 2002).
The endonucleolytic properties of Artemis permit it to nick hairpins, preferably 2 nt 3' of the
tip, and to nick 5' overhangs and 3' overhangs (Ma et al., 2002).

The activation of DNA-PKcs has been a point of particular uncertainty. It has been shown that
the signal ends are bound so tightly by the RAG complex after coding end hairpin formation,
the two signal ends cannot be ligated unless the DNA is deproteinized (Jones and Gellert,
2001). The 12-RSS is only 28 bp long, and DNA-PKcs plus Ku require 27 bp of naked DNA
for DNA-PKGcs to be stimulated (West et al., 1998). Hence, it is difficult to invoke the two
signal ends as being sufficiently exposed to activate DNA-PKcs. Each coding end is in a hairpin
conformation, and very nice work has demonstrated that hairpins do not activate DNA-PKcs
for phosphorylation of p53 peptide targets (Smider et al., 1998), though the results for
stimulation of autophosphorylation have been more complex (Soubeyrand et al., 2001). Hence,
it has been unclear if either the signal ends or the coding ends are capable of activating DNA-
PKcs. If neither can activate DNA-PKcs, then how is DNA-PKcs activated?

Once the hairpins are opened, polymerase mu or polymerase lambda can fill-in gaps or 5'
overhangs in a template-dependent manner (Ma et al., 2004; NickMcElhinny and Ramsden,
2003). TdT, and to a lesser extent pol mu, can add nucleotides in a template-independent
manner (Gu et al., 2007a). Artemis:DNA-PKcs can continue to resect flaps or to nick at gaps
(Maetal., 2005b). XLF:XRCC4:DNA ligase IV can carry out ligation, with XLF (also called
Cernunnos) stimulating incompatible DNA end ligation (Gu et al., 2007b; Tsai et al., 2007).

The joining phase of VV(D)J recombination illustrates several aspects of the flexibility of the
enzymes involved. Pol mu and pol lambda can slip on the template or mis-incorporate
nucleotides more frequently than high-fidelity polymerases (Ramadan et al., 2004). Pol mu
can add in a template-independent manner (Gu et al., 2007a; Ramadan et al., 2004). The ligase
complex can ligate the top strand independently from the bottom strand, can ligate incompatible
ends, and can ligate across gaps (Gu et al., 2007a). Once activated, the Artemis:DNA-PKcs
complex can not only act at 5' or 3' overhangs but can also nick at gaps; therefore, it can revise
junctions that are ligated on only one strand (Ma et al., 2005b).

In summary, the lymphoid-specific components that have been identified include RAG1,
RAG2 and TdT, whereas HMGB1, Ku70/86, Artemis, DNA-PKcs, pol mu, pol lambda, XLF,
XRCC4, and DNA ligase 1V are present in all vertebrate somatic cells. Despite identification
of these proteins, reconstitution using purified components has not been described. The closest
approach has been to describe some level of coding joint formation in crude extracts (Leu et
al., 1997; Ramsden et al., 1997; Weis-Garcia et al., 1997). However, crude extracts can be
misleading (especially for multi-step/multi-component processes) and led one group to infer
arole for DNA ligase I in V(D)J recombination (Ramsden et al., 1997), rather the genetically-
proven ligase IV (Grawunder et al., 1997; Schar et al., 1997; Teo and Jackson, 1997; Wilson
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etal., 1997). Once components are genetically-identified, reconstitution is an important aspect
in understanding any complex biochemical pathway (Aboussekhra et al., 1995; Kadyrov et al.,
2006; Klungland and Lindahl, 1997; Kubota et al., 1996).

Here we have succeeded in achieving coding joint formation using the purified human proteins
described above. The coding joints generated by this system show the junctional features seen
for coding joints formed within lymphoid cells, including N-nucleotide addition due to TdT,
P-nucleotide addition due to hairpin opening by Artemis:DNA-PKGcs, and nucleolytic resection
due to Artemis:DNA-PKcs. The coding joint formation is abolished in the absence of RAGs,
Artemis, DNA-PKcs, or XRCC4:DNA ligase 1V. Using additional biochemical approaches,
we have documented that the Artemis:DNA-PKcs complex can indeed be activated by DNA
hairpins, that this activation is caused by the hairpin to which the complex is bound (cis
activation), and that this activation results in the nicking of the hairpins. Hence, the defined
system permits generation of junctional and combinatorial diversification of the vertebrate
immune system using purified human proteins.

Hairpin DNA Ends Can Activate Artemis:DNA-PKcs to Nick the Hairpins

Any effort to biochemically reconstitute VV(D)J recombination must first address the issue of
how DNA-PKcs becomes activated. This has been a point of particular uncertainty because,
after RAG cleavage, the signal ends are sequestered from DNA-PKcs by the RAG complex,
and the coding ends are in a hairpin configuration which has generally been considered a poor
substrate for DNA-PKcs activation (Jones and Gellert, 2001; Leu et al., 1997; Smider et al.,
1998; Soubeyrand et al., 2001). To examine this issue in more detail before attempting a
biochemical reconstitution of V(D)J recombination, we synthesized DNA substrates with
hairpins at both ends (referred to as double hairpin substrates; Fig. 1A) and tested for hairpin
opening by Artemis:DNA-PKcs. We found that the double hairpin substrate was able to activate
Artemis:DNA-PKcs, as demonstrated by the hairpin opening of the substrate (Fig. 1B, lane 3).
The strongest hairpin opening product was 32 nt long and resulted from hairpin opening at 2
nt 3* of the hairpin tip (the +2 position).

To confirm that hairpins could indeed stimulate the Artemis:DNA-PKcs complex to perform
hairpin opening, a longer double hairpin substrate was made (Fig. 1C). Upon incubation, we
found that the hairpin was cleaved by Artemis:DNA-PKcs in the absence of any stimulatory

linear or pseudo-Y DNA (Fig. 1E, lane 2). In fact, addition of linear duplex DNA reduced the
efficiency of hairpin opening (Fig. 1E, lane 3). Consistent with the 45 bp substrate study above,
this 86 bp hairpin was also nicked at the +2 position. In the kinase activity assay, the double

hairpin substrate stimulated DNA-PKcs in a manner proportional to its concentration (Fig. 1D,
lanes 4-7). Indeed, the double hairpin substrate stimulated the autophosphorylation of DNA-
PKcs to a greater extent than the pseudo-Y structure DNA (Fig. 1D, lanes 2 & 3 versus lanes
6 & 7). Artemis phosphorylation by DNA-PKcs was also observed, although with the double
hairpin substrate, this was slightly weaker than with the pseudo-Y structure DNA. Therefore,
DNA hairpin ends can efficiently stimulate DNA-PKcs autophosphorylation, and this activates
Artemis to nick the hairpins at the physiologic position.

Artemis:DNA-PKcs Can be Activated by the Hairpin DNA End to Which it is Bound

In order for coding joints to form, both coding end hairpins generated by a RAG complex would
need to be nicked by Artemis:DNA-PKcs. Both cis and trans autophosphorylation of DNA-
PKcs have been observed (Meek et al., 2007). Does the Artemis:DNA-PKcs complex bind to
the 23-coding end but phosphorylate and activate the Artemis:DNA-PKcs bound to the 12-
coding end (in trans)? Or is it activated by the same 23-coding end to which it is bound (in
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cis)? Again, to gain insight for the optimal design of a system for coding joint formation, we
examined these issues in more detail.

We immobilized DNA-PKGcs on protein G Sepharose beads using anti-DNA-PKcs antibodies
(Fig. 1F). The amount of protein bound to the Sepharose beads was less than 1% of the binding
capacity of the immunobeads, ensuring that molecules of DNA-PKGcs are physically well
separated. Soluble Artemis was mixed with the protein G-bound DNA-PKcs with constant
rotation. With both the 45 and 86 bp DNA substrates, the hairpins were opened efficiently (Fig.
1B, lane 8 and Fig. 1E, lane 7). Addition of pseudo-Y structure DNA or linear duplex DNA
was not needed to activate the Artemis:DNA-PKcs for the hairpin opening (Fig. 1B, lane 9 and
Fig. 1E, lane 8). In additional studies using soluble Artemis and soluble DNA-PKcs, double
hairpin substrate nicking was also observed as expected (data not shown). With immobilization
of DNA-PKGcs, the collision frequency of individual DNA-PKcs molecules with one another
is markedly reduced. But we find that the amount of hairpin opening is very similar to that of
free DNA-PKGcs (and to bead-bound Artemis) (Fig. 1B, lane 3 versus 8). The hairpin opening
by immobilized Artemis:DNA-PKcs complexes is most easily understood if Artemis:DNA-
PKcs complexes are activated and nick the hairpin ends to which they are bound. The relevance
of this for V(D)J recombination is that it indicates that the Artemis:DNA-PKcs complex bound
to a given hairpin DNA end can be activated by that hairpin and can open it.

The Known V(D)J recombination Factors in a Biochemically Defined System for Coding Joint

Formation

Having clarified the above points, we sought to reconstitute the coding joint formation of V
(D)J recombination. The thirteen known polypeptides for VV(D)J recombination are RAG1,
RAG2, HMGB1, Ku70, Ku86, DNA-PKcs, Artemis, polymerase mu, polymerase lambda,
TdT, XRCC4, DNA ligase IV and XLF. The mammalian proteins were purified and tested for
activity individually (Suppl. Table 1. & Suppl. Fig. 1). In the course of optimization of the
reaction conditions, we found that activated DNA-PKcs consistently improved the activity of
the RAG complex and the ligase complex, and the latter increased autophosphorylation of
DNA-PKcs (Suppl. Figs. 2 & 3). The DNA substrates for in vitro V(D)J recombination are
two 88 to 95 bp double-stranded linear molecules with a 3’ biotin group on each strand (one
at each end). Each duplex substrate contains a 12-or 23-RSS and 41 to 45 bp of DNA
corresponding to the coding segments (Fig. 2A). Streptavidin was added to the DNA substrates
to block their DNA ends.

In this biochemical system, the 12- and 23-RSS substrates are incubated with the V(D)J
recombination factors (Fig. 2A). Cleavage at the signals by the RAG complex results in four
DNA ends: two blunt signal ends that are tightly bound to the RAG complex, and two hairpin
coding ends (Suppl. Fig. 2 & data not shown). The hairpins are opened by Artemis:DNA-PKcs
and may undergo further deletion due to Artemis exo-and endonuclease activity (Ma et al.,
2002). Polymerases and ligases complete the joining. For detection of coding joints, 30 cycles
of PCR are done using primers specific to the coding ends. The PCR products are then resolved
by denaturing PAGE.

We found that a subset of the enzymes (the RAG/HMGB1 complex, Artemis, DNA-PKcs, and
XRCC4:DNA ligase IV) were able to carry out V(D)J recombination and generate coding joints
(Fig. 2B, lane 6). Low amounts of endogenous Ku70/Ku86 commonly copurify with the RAG
complex (data not shown and (Raval et al., 2008)), but joining in reactions with stringently
purified RAGs showed no dependence on added purified Ku (see Suppl. Figs. 4 & 5 and
Discussion). HMGB1 facilitates DNA binding and cleavage by the RAG complex, and
consistently, omission of HMGB1 diminished the coding joint products about 10-fold (Fig.
2B, lane 1). Importantly, omitting the RAG complex, DNA-PKcs, Artemis or XRCC4:DNA
ligase IV reduced coding joint formation to background levels (Fig. 2B, lane 2-5). The low
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level of molecules responsible for the background signal in reactions without the RAG
complex, Artemis, or XRCC4:DNA ligase 1V were sequenced and were PCR products from
nonspecific annealing of the substrates (data not shown). Full-length (FL) RAG1/core RAG2
and core RAG1/FL RAG2 showed comparable coding joint efficiency to core RAG1/core
RAG2, and the pattern of coding joint products was also indistinguishable (Fig. 2D, lane 1
versus lanes 3 & 4). A catalytically inactive mutant RAG1 D600A abolished coding joint
formation (Fig. 2D, lane 2). With the relatively high concentration of XRCC4:DNA ligase IV
necessary for the reactions, there was little dependence on XLF (Suppl. Fig. 4). Polymerases
mu, lambda and TdT are preferred for the purpose of V(D)J recombination (addition of the
Klenow fragment of E. coli polymerase | to the reaction resulted in coding joints that are shorter
than those found in vivo (Suppl. Fig. 6)), and the system showed specificity for XRCC4:DNA
ligase IV (Fig. 3C) (Tomkinson et al., 2006). And very importantly, the coding joint formation
conforms to the 12/23 rule (Suppl. Fig. 7B, panel D).

The coding end microhomology (depicted to the left of the gel in Fig. 2B) influenced the nature
of the coding joint that was formed. The primary hairpin opening position by Artemis:DNA-
PKcs is 2 nt 3’ to the hairpin tip, resulting in two 4 nt overhangs that are fully compatible (Lu
etal., 2007b). Ligation of this pair of compatible ends by XRCC4:DNA ligase IV is extremely
efficient (Gu et al., 2007a;Ma et al., 2004). The major product has no deletion or addition (Fig.
2B, lane 6), and this 'precise' coding joint, was confirmed by sequencing of the product (Fig.
4A). This constraint of diversity by terminal microhomology corresponds to in vivo V(D)J
recombination (Bertocci et al., 2006;Feeney, 1992;Gerstein and Lieber, 1993b). Addition of
polymerases reduced the amount of precise coding joint product, but increased the diversity
of the coding joints that have shorter or longer lengths, as manifested by the range of darker
bands above and below the primary joining product (Fig. 2B, lane 7 and Fig. 2C). This increase
in diversification upon addition of polymerases is similar to what is seen in vivo (Bertocci et
al., 2006). These diverse coding joint sequences included short deletions of up to 14 nt (sum
of nts resected from the two ends) and nucleotide additions of up to 16 nt. P nucleotides were
present at 25% of the junctions (see the coding joint sequences in Fig. 4A).

For in vivo V(D)J recombination junctions that have junctional additions, some portions of
some of the additions are direct or inverted repeats of the sequence of one coding end (these
have sometimes been called T nucleotides) (Gauss and Lieber, 1996; Jaeger et al., 2000; Lieber
etal., 1988; Ma et al., 2005a). In the biochemical system with different substrates, we find
several examples of junctional additions that include direct or inverted repeats of 4 bp or longer,
from either of the two coding ends (Fig. 4, underlined sequences). For the 4 bp microhomology
substrate, one of these is 8 nt long. With respect to this feature, the junctions are
indistinguishable from those that have been described at coding joints formed in vivo (Gauss
and Lieber, 1996; Jaeger et al., 2000; Lieber et al., 1988; Ma et al., 2005a).

Coding Joint Diversity is Influenced by Coding End Microhomology

For in vivo V(D)J recombination, small variations in coding end sequence can cause marked
changes in coding joint diversity, and it is difficult to dissect the mechanistic basis for these
changes using in vivo approaches (Gerstein and Lieber, 1993a). To assess coding joint diversity
in vitro, substrates with less coding end homology than the ones described above were tested.
The last two base pairs of the substrates were varied such that after hairpin opening at the 2 nt
position 3’ to the hairpin tip, the possible microhomology at the end would be 3, 2 or 1 bp (Fig.
3A). The RAG complex (with Ku), HMGB1, Artemis:DNA-PKcs were included in all
reactions. Specified reactions additionally contained XRCC4:DNA ligase IV and the
polymerases mu, lambda and TdT. As the homology decreased from 4 bp to 1 bp, the precise
coding joint product became much weaker, and the major products shifted to higher positions,
indicating gap filling by the polymerases (Fig. 3A, lanes 2, 4, 7, and 10). Similar to in vivo V
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(D)J recombination, the diversity of the products also increased, as shown by the difference in
the length distribution of coding joints (Fig. 3B). When polymerases were omitted, the amount
and diversity of coding joints was greatly reduced (Fig. 3A, lanes 5, 8 and 11), illustrating the
requirement for fill-in synthesis by either pol mu or pol lambda.

We previously showed that DNA ligase | and Il have weaker ligation activity on incompatible
double-stranded DNA ends than XRCC4:DNA ligase IV. These ligases were tested in the
biochemically defined V(D)J recombination system here using the 1 bp microhomology
substrates described above, because they are more difficult to ligate. We find that DNA ligase
I and 11 yielded substantially less coding joint product than XRCC4:DNA ligase IV (Fig. 3C,
lane 2 vs. lanes 3-5). The 2 bp microhomology substrate was also tested and showed similar
results (data not shown). Therefore, DNA ligase IV supports the strongest ligation in the
biochemical system for coding joint formation here.

This biochemically defined system for coding joint formation recapitulates many features of
the cellular V(D)J recombination process: P nucleotides, N nucleotide addition,
microhomology usage, nucleolytic resection of the ends, and occasional direct or inverted
repeats within the junctional additions (see the 252 coding joint sequences in Fig. 4). Moreover,
the length and frequency of these features is within the range of that seen in vivo (Bertocci et
al., 2006;Gauss and Lieber, 1996). Coding joint formation was dependent on the RAG/HMGB1
complex, on Artemis, on DNA-PKcs, and on XRCC4:DNA ligase IV. Similar to the in vivo
situation, the joining did not require the Pol X polymerases mu, lambda or TdT, but the
junctional diversity was substantially increased by these polymerases (Bertocci et al.,
2006;Gilfillan, 1993;Komori, 1993). The similarity of the junctional sequences to those in vivo
suggests that many aspects of the coordination between the various protein factors is
recapitulated.

DISCUSSION
Which DNA Ends in V(D)J Recombination Activate Artemis:DNA-PKcs for Hairpin Opening?

In V(D)J recombination, the coding end hairpins generated by RAG cleavage must be nicked
open by Artemis:DNA-PKcs before any joining can occur. The source of activation of DNA-
PKcs has been a debated issue (Smider et al., 1998; Soubeyrand et al., 2001). The signal ends
are thought to be blocked by the tight binding of the RAG complex. The RAG binding to the
signals is sufficiently tight that it prevents any nucleolytic resection. Therefore, the exposed
length of naked DNA at the signal ends is unlikely to be adequate to stimulate DNA-PKGcs.
The coding ends are in a hairpin configuration, and the hairpin configuration has been thought
to be inadequate to activate DNA-PKcs (Smider et al., 1998). This latter inference was based
on differences in stimulation between hairpin and single-stranded DNA ends for p53 peptide
phosphorylation by DNA-PKcs. Whether DNA-PKcs autophosphorylation is stimulated by
hairpins has been less clear. Hence, the identity of the DNA ends that activate hairpin opening
has been one of the key remaining problems in the mechanism of V/(D)J recombination.

There are several points that our studies clarify. First, we have demonstrated
autophosphorylation of DNA-PKcs after stimulation by double hairpin DNA. We find that
Artemis:DNA-PKGcs is activated by hairpin ends to open those hairpins. Second, when
interaction between different molecules of DNA-PKcs is prevented by immobilization at dilute
concentration on the surface of rotated beads, the bound Artemis:DNA-PKcs complex
efficiently opens the hairpins. Because the DNA-PKcs molecules are immobilized, this is
compelling evidence that the hairpins are opened by the individual Artemis:DNA-PKcs
complex to which they bind. Third, each activated DNA-PKcs autophosphorylates itself in cis
under these circumstances because the DNA-PKcs molecules are unable to contact each other.
These points lead to a VV(D)J recombination model in which an Artemis:DNA-PKcs complex
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binds to either or both coding end hairpins, are activated by those ends in cis, and then nick
those hairpin ends. After hairpin opening, it is quite conceivable that additional steps during
coding end processing would involve additional cis and trans phosphorylation events.

DNA-PKGcs not only is essential for coding end hairpin opening by Artemis, but also stimulates
coding end ligation by XRCC4:DNA ligase 1V. DNA-PKcs may regulate and coordinate the
cleavage, coding end processing, and ligation (Fig. 5). The increase in DNA-PKcs
autophosphorylation by XRCC4:DNA ligase IV could either be positive feedback for
stimulation of DNA-PKGcs kinase activity, or it could be due to phosphorylation of additional
sites which may lead to DNA-PKcs dissociation from DNA ends.

The Known Enzymes of V(D)J Recombination are Sufficient for Coding Joint Formation in a
Biochemically Defined System

Despite some limitations of the system (see Supplementary text), this biochemically defined
system for coding joint formation recapitulates many features of the cellular V(D)J
recombination process: P nucleotides, N nucleotide addition, microhomology usage,
nucleolytic resection of the ends, and occasional direct or inverted repeats within the junctional
additions. Moreover, the length and frequency of these coding end or junctional changes is
within the range of that seen in vivo. Coding joint formation was dependent on the RAG/
HMGBL1 complex, on Artemis, on DNA-PKcs, and on XRCC4:DNA ligase IV. Very similar
to the in vivo situation, the joining did not require the Pol X polymerases mu, lambda or TdT,
but the junctional diversity was substantially modified by them. The similarity of the junctional
sequences to those in vivo suggests that the coordination between the protein factors is
recapitulated.

In the biochemically defined system, the efficiency of conversion from starting substrate to
final coding joints is estimated to be between 0.1% and 0.5% (Suppl. Fig. 9). This may seem
low, but the final yield of products from extrachromosomal substrates in the nucleus of pre-B
cell lines are often no higher than this (Lieber et al., 1987). It is likely that there are additional
protein factors that function in VV(D)J recombination. These factors could remodel the
chromatin structure, modify the enzymatic proteins, and regulate the expression as well as the
cellular localization of the components. The system here, with the known components, provides
a basis for incorporating these elements.

In vivo and in vitro, Ku improves the binding of the nuclease, polymerase and ligase activities
for NHEJ. However, the nuclease, polymerases, and ligase function even in the absence of Ku
on DNA ends, and the concentration of Ku relative to the concentration of DNA ends in an in
vitro system determines whether Ku stimulation is observable, as we have seen previously
(Gu et al., 2007a; Ma et al., 2004). Even for in vivo coding end combinations on
intrachromosomal substrates, the Ku-dependence for joining can be as small as 1.5- to 8.5-fold
(Schulte-Uentrop et al., 2008; Weinstock et al., 2007), illustrating that the nuclease,
polymerases, and ligase components can function in coding joint formation without Ku. In
vitro, Ku stimulation of ligation is only observed when their concentration is comparable to
that of the DNA ends (Gu et al., 2007a). We could lower the Ku concentration to a level equal
to that of the coding ends, but then we would need to lower the concentration of XRCC4:DNA
ligase IV in order to have any stimulatory effect, and this places the joining outside of the
measurable range. The much stronger Ku-dependence for primary pre-B and pre-T cell
differentiation is well-known (Gu et al., 1997; Zhu et al., 1996) and presumably reflects a
greater reliance on Ku for loading proteins in vivo and the multiple sequential steps of V(D)J
recombination on the two chains of the antigen receptors.

XLF is stimulatory in vivo (Buck et al., 2006) and in vitro (Gu et al., 2007b; Tsai et al.,
2007).; however, substantial levels of VV(D)J recombination are observed in humans that are
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mutant for XLF (Buck et al., 2006). Mice which are knocked out for XLF show near-normal
levels of V(D)J recombination (F. Alt, personal communication). Therefore, biochemical
findings of V(D)J recombination coding joint formation in our defined system are consistent
with these genetic studies. Among its functions, XLF, and the S. cerevisiae homologue, NEJ1,
may participate in nuclear localization of the XRCC4:DNA ligase IV ligase complex, which
would not be as relevant to all aspects of the end joining monitored in our assay system here
(Lu et al., 2007a; Valencia et al., 2001).

Post-Cleavage Retention of the Coding Ends is Not Required for the Basic Enzymatic
Processes of Coding Joint Formation and May Involve Additional Factors or Chromatin

Post-cleavage retention of the coding ends by the RAG complex has been suggested to have
animportant role in VV(D)J recombination. The post-cleavage retention of the coding ends could
conceivably occur primarily at the chromatin level or could be due to coding end DNA binding
by the RAG complex (Leu etal., 1997). Binding of the RAG complex to the signal ends is very
strong (Jones and Gellert, 2001), but the binding to the coding ends is thought to be exceedingly
weak (Jones and Gellert, 2001; Tsai et al., 2002), and we have confirmed this (NS and ML,
unpublished). We tested this issue functionally in our VV(D)J recombination assay. The core
RAG complex was pulled out from the reaction after cleavage occurred, and before addition
of all of the other VV(D)J recombination factors; however, we found that coding joint production
was not affected (data not shown). We tested for coding end holding by the core RAG complex
more formally in two additional experimental designs. In one, we did the same type of
experiment as in Figure 2, but we assayed for the joining of two 12-coding ends rather than of
the 12-coding end with the 23-coding end. We used a mixture of two 12-substrates (with
different coding ends) and a 23-substrate. Without the addition of a 23-substrate, we observe
no joining between the two 12-coding ends, in accord with the 12/23 rule (Suppl. Fig. 7B, panel
D). With the 23-RSS present, 12-12 coding end joining was within two-fold of 12-23 coding
end joining (Suppl. Fig. 7B, panel A vs. B). Therefore, there was no indication that the coding
ends were being held by the RAG complex after cleavage. In the second type of experiment,
the substrates had a 12-RSS and a 23-RSS on the same 235 bp duplex (Suppl. Fig. 8). A second
substrate (237 bp) also had a 12-RSS and a 23-RSS on the same duplex, but the coding ends
of the 237 bp substrate were different from those of the 235 bp substrate. The 235 bp and the
237 bp substrates were incubated separately, with the RAG complex, HMGBL1, Artemis:DNA-
PKcs for 90 min. Then two reactions were pooled and DNA ligase 1V:XRCC4 were added to
permit ligation for only 20 min. We then assayed for coding joint formation by coding ends
from the same duplex versus from the two different duplexes. We found that the coding ends
could freely join between the two different substrates in the reaction mixture (Suppl. Fig. 8).
Therefore, we see no evidence that the core RAG complex can hold onto naked DNA coding
ends. We also see no evidence of full-length RAG holding of coding ends (Suppl. Fig. 7C),
and this finding is consistent with the fact that we have not observed joining efficiency
differences for these different forms of RAGs (Fig. 2D). Lack of tight holding of naked coding
end DNA by the RAG complex may make evolutionary sense. Tight holding of the naked
coding ends by the RAG complex might preclude rounds of enzymatic modification by the
Artemis:DNA-PKcs complex, pol mu, pol lambda, TdT, and the DNA ligase IV complex.

Since the RAG complex does not appear to bind to naked coding ends strongly, the post-
cleavage complex may largely be stabilized at the chromatin level. Recent studies have
suggested binding between full-length RAG2 and trimethylated K4 of histone H3 (Liu et al.,
2007; Matthews et al., 2007). This interaction could mediate the coding end holding within the
post-cleavage complex. Coding end holding by RAGs via the nearest nucleosome at each
coding end would permit access by the various hairpin opening and NHEJ enzymatic activities
without releasing the coding ends from the RAG complex. To demonstrate the effect of such
post-cleavage complex, the naked DNA substrates for the V(D)J recombination assay need to
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be replaced with reconstituted nucleosomes, and the system described here will facilitate such
efforts in the field over the next several years.

Signal Joint Formation Requires Removal of the RAG Complex

In this defined VV(D)J recombination system, we were unable to detect any signal joint product
using the known protein factors. Similar attempts with either crude extracts or partial NHEJ
systems also failed to detect signal joints (Jones and Gellert, 2001; Leu et al., 1997; Weis-
Garciaetal., 1997). In fact, signal end ligation could only be detected when the RAG cleavage
products were deproteinated before ligation. This is generally agreed to be due to the tight
binding of the RAG complex to the signal ends. The N-terminal noncore region of full-length
RAGL1 contains an E3 ubiquitin ligase domain and ubiquitination of the RAG complex has
been observed in vivo. We suspect that the RAG complex must be degraded to release the
signal ends for ligation. Full-length RAG1/core RAG2 complex was tested for signal joint
formation in our biochemically defined system, with the addition of ubiquitination components
with or without a proteasome fraction. However, no signal joint formation was detected, even
though coding joint formation remained unaltered by adding these additional proteins late in
the reaction (data not shown). For the signal ends to be released, ubiquitination of RAG may
not be the essential step, because core RAG1L/core RAG2 is capable of mediating signal joint
formation in cellular V(D)J recombination assays. There could be a factor that mediates the
dissociation of the RAG complex from the signal ends. Further studies are required to reveal
the mechanism of signal end release by the RAG complex.

Concluding Comments

Our findings lead to a V(D)J recombination model in which an Artemis:DNA-PKcs complex
binds to either or both coding end hairpins, are activated by those ends in cis, and then nick
those hairpin ends in cis (Fig. 5). We have shown that the proteins in a biochemically defined
system are capable of recapitulating the key coding joint formation features of V(D)J
recombination, including P nucleotide formation, nucleotide end resection, and junctional
addition. This system will permit incorporation of additional components when and if any are
identified. In our system, core or full-length RAG protein holding of naked coding ends was
inefficient, suggesting that RAG contacts with nucleosomes might be critical for coding end
holding in a post-synaptic complex H3 (Liu et al., 2007;Matthews et al., 2007). Functional
testing for this can now be done by building upon this defined system. Furthermore, the system
will be useful for testing inhibitors that would be of therapeutic value in RAG-positive acute
lymphoblastic lymphomas (Bories et al., 1991), where interruption of V(D)J recombination
would create double-strand breaks.

EXPERIMENTAL PROCEDURES

Double Hairpin Substrates and Substrates for V(D)J Recombination

The 45 bp double hairpin substrate was ligated after allowing a 90 nt long oligonucleotide
HL-157 to self-anneal. 50 pmol HL-157 was kinased with 1 uM [gamma-P32] ATP and 25
units of T4 polynucleotide kinase (PNK) (New England Biolabs) in 50 ul NEB buffer 4 with
5% PEG at 37°C for 40 min, and then 1 nmol ATP was added and the reaction was incubated
at 37°C for another 20 min. T4 PNK was heat denatured at 72°C for 20 min, and the reaction
mixture was desalted using a microspin G25 column (GE). For 40 pmol of kinased HL-157,
10x T4 DNA ligase buffer was added to a final concentration of 1x, heated at 100°C for 5 min,
chilled on ice, and 800 units of T4 DNA ligase (New England Biolab) was added. The ligation
reaction was incubated at 16°C for 20 hr. Then an 15 additional 800 units of T4 DNA ligase
were added and ligated at 20°C for 2 hr. The ligation products were resolved on 40%
formamide-6 M urea-6% PAGE. The gel piece with ligated monomer product was cut out and
crushed, extracted at 37°C overnight in TE with 500 mM NacCl, followed by freeze and thaw
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at —80°C. In the end, DNA was precipitated from the supernatant. The purity of the ligated
DNA was >99%, as judged by denaturing PAGE and restriction digestion (data not shown).

The 86 bp double hairpin substrate was ligated from three oligonucleotides HL-150, HL-151
and HL-152. For the radioactive substrate, HL-150 was kinased with 1 uM [gamma- P32] ATP
the same way as HL-157. 1 nmol of HL-151, HL-152 and HL-150 were separately kinased
with 0.1 mM ATP and 50 units T4 PNK in 200 ul of NEB buffer 4 at 37°C for 1 hr and phenol/
chloroform extracted and precipitated by ethanol. 40 pmol of radioactively labeled HL-150,
with 5’ phosphorylated HL-151 and HL-152 were ligated in the same way as for HL-157. To
make unlabeled double hairpin substrate, 0.96 nmol of 5* phosphorylated HL-150, HL-151
and HL-152 were resuspended in 1x T4 DNA ligase buffer, heated and cooled to anneal, and
then 2,000 units of T4 DNA ligase were added. After ligation, the radioactively labeled and
unlabeled ligation products were purified the same way as for the 45 bp substrate. The purity
of the ligated 86 bp double hairpin substrate was above 95%, as assessed by denaturing PAGE
and exonuclease treatment (data not shown).

The 4 bp homology substrates for VV(D)J recombination (the 4 bp substrate) consisted of a 12-
substrate that was annealed from HL-133 and HL-134, and a 23-substrate that was annealed
from HL-135 and HL-136. The 3 bp, 2 bp and 1 bp substrates have the same sequences as the
4 bp substrate except for the last two base pairs of the coding ends, as illustrated in Figure 3A.
All DNA oligonucleotides have covalently linked 3’ biotin TEG. The primers for coding joint
PCR were HL-66 and HL-68. The HL-66 primer was radioactively labeled at the 5* end with
[gamma-P32] ATP and T4 PNK.

The pseudo-Y DNA for the hairpin opening assay has been described (Lu et al., 2007b), as has
the ligation substrate (Lu et al., 2007a). The sequences of the oligonucleotides are shown in
the Supplementary Methods.

Protein Purification

Expression and purification of proteins are summarized in Supplementary Table 1. Core RAG1
consists of aa 384-1040, and core RAG2 consists of aa 1-383. GST-core RAG1/2, HMGBL,
Ku70/Ku86, Artemis, DNA-PKcs, XRCC4:DNA ligase 1V, XLF, polymerase mu and lambda
are purified as described in the references listed in Suppl. Table 1 (Bergeron et al., 2006; Chan
et al., 1996; Dominguez et al., 2000; Lu et al., 2007a; Ma et al., 2002; NickMcElhinny et al.,
2000; Shimazaki et al., 2002; Yanevaetal., 1997; Yuetal., 2002). Human TdT was a gift from
Dr. Fred Bollum and Dr. Lucy Chang (Chang et al., 1988). Artemis-His baculovirus was
generously provided by Drs. John Harrington and Steve Murphy at Arthersys Inc. (Cleveland,
OH). Sf21 insect cells infected with the Artemis-His baculovirus was lysed in lysis buffer (50
mM NaH,PO4(pH 7.8), 0.5 M NaCl, 2 mM 2-mercaptoethanol, 10% glycerol, 0.1% Triton
X-100, 20 mM imidazole, 0.1 mM phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin, pepstatin
A, and leupeptin). And the cell extracted was purified using Ni-NTA agarose (Qiagen).
Fractions containing Artemis were dialyzed against Mono Q buffer (50 mM Tris-HCI (pH 7.5),
10% glycerol, 2 mM EDTA, 1 mM DTT, and 0.02% NP-40, containing 0.1 M NacCl), loaded
onto a Mono Q column (Amersham Biosciences), and eluted with a linear gradient of 0.1-0.5
M NacCl. Fractions containing Artemis were dialyzed against storage buffer (50 mM Tris-HCI
(pH 7.5), 20% glycerol, 1 mM DTT, and 0.1 M KCI) and stored at —80 °C.

Kinase Assay and Hairpin Opening Assay

The kinase assay for DNA-PKcs has been described (Ma and Lieber, 2002). The hairpin
opening assay by Artemis:DNA-PKcs was modified from the one described by increasing the
KCI concentration to 60 mM. After hairpin opening, the reactions were heated at 65°C for 20
min to inactivate Artemis:DNA-PKcs. Then an equal volume (10 ul) of NEB buffer for
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restriction digestion was added, followed by the addition of restriction enzymes. Hairpin
opening products by mung bean nuclease were extracted with phenol/chloroform, precipitated
and dissolved in the restriction buffer with enzyme. The digestions were incubated at 37 °C
for 2 hr for Aval and 1 hr for Xhol, and the products were resolved using 7 M urea-10% PAGE
(for Fig. 1E, lanes 6-8, samples were resolved on a 7 M urea-12% PAGE gel). For
immobilization of DNA-PKcs to anti-DNA-PKcs immunobeads, 2.4 pmol of DNA-PKcs
protein was mixed with a total of 5 pmol of monoclonal anti-DNA-PKcs antibodies (clone 42—
27, 25-4, and 18-2) in a total volume of 30 ul with a buffer composition of 25 mM HEPES-
KOH (pH 7.5), 30 mM KCI, 10 mM MgCl,, 5% glycerol, 1 mM DTT and 0.1 mg/ml of BSA
and incubated for 2 hours. Then, 10 ul of protein G beads, which have 100-fold more binding
capacity of antibodies to the amount of antibodies used here, were mixed in and rotated for 1
hour. The beads were washed three times with same buffer without BSA and then washed two
times with 1xnuclease assay buffer. More than 65 % of DNA-PKcs was estimated to be
captured on anti-DNA-PKcs immunobeads by SDS-PAGE and coomassie staining and a
quarter of the reaction containing at least 0.4 pmol of DNA-PKcs was used in each nuclease
assay.

V(D)J Recombination Assay

Various molar ratios of streptavidin to biotin-DNA ends were tested and a 2.4:1 ratio was
needed for maximum binding to the biotin-DNA ends. Streptavidin is a tetramer, and multiple
DNA end binding to the same molecule of streptavidin could hinder proper alignment of the
12 and 23-RSS for synapsis. Therefore, an even higher ratio of 12:1 streptavidin to biotin-DNA
ends was used. Each double-stranded substrate (9 pmol) was first incubated with 9.6 ug
streptavidin (Sigma) in 10 mM Tris, pH 8.0, 70 mM NaCl at room temperature for 40 min.
Then 10 ul streptavidin MagneSphere paramagnetic particles (Promega) were added for 10
min to bind any biotin-DNA that was not bound by streptavidin, and the supernatant was
collected. 0.3 pmol each of the 12-and 23-substrate was incubated with 2 pmol GST-core
RAG1/2 (with low amount of Ku), 5 pmol of HMGB1, 1 pmol of Artemis and 0.3 pmol of
DNA-PKcs in a total volume of 10 ul of reaction buffer (25 mM HEPES, pH 7.5, 60 mM KClI,
5 mM MgCl,, 250 uM ATP, 1 mM DTT, 5% PEG (Mr = 8000)). 3 pmol each of polymerase
mu, lambda and TdT are added where indicated. The reaction was incubated at 37°C for 20
min before addition of XRCC4:DNA ligase IV. 2 pmol total of XRCC4:DNA ligase IV was
added every 30 min for a total of three additions. The total incubation time at 37°C is 2 hr.
Then 0.5 ul of each reaction product is used as a template for coding joint PCR (94°C, 45 sec,
59°C, 25 sec, and 72°C, 30 sec; 30 cycles). The PCR products were resolved by 7 M urea-10%
PAGE. The gel was dried, exposed in a Phosphorlmager cassette, and the screen was scanned
using a Phosphorimager S1445 (Amersham Biosciences, Piscataway, NJ).

Sequencing of Coding Joint PCR Products

After the gel image was obtained, bands of desired size range were excised from the dried gel
and eluted by TE (10 mM Tris, 1 mM EDTA, and [pH 8.0]). The coding joint sequences were
derived from products ranging from 71-85 nts of Figure 2B and Figure 3A. The eluted DNA
was amplified in a second round of PCR (10 cycles) with unlabeled primers, and then cloned
into the Topo TA cloning vector pCR2.1 (Invitrogen) according to the manufacturer’s
recommendation. Individual clones were then sequenced on a Li-Cor sequencer (Li-Cor)
following the manufacturer’s instructions.

Oligonucleotides

See Supplementary Material.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Artemis:DNA-PKcs Can be Activated by Hairpin DNA Ends in Cis to Nick the Hairpin

Structure

(A) Hairpin opening (HPO) of the 45 bp double hairpin substrate results in a nick on one or
both ends. Only the left hairpin with the radiolabeled phosphate is detected after Xhol digestion.
Hairpin opening at the +2 position (2 nt 3’ to the hairpin tip) yields a product of 32 nt.

(B) The intact 45 bp double-hairpin DNA substrate migrates slightly slower than the 50 nt
marker, and Xhol digestion of the substrate yielded a 56 nt (24 bp) half hairpin that is below
the 50 nt marker. The DNA structures were depicted on the right corresponding to each band.
The Artemis:DNA-PKcs complex (with either the Artemis or the DNA-PKcs immobilized as
shown in panel F) nicked the hairpin of the 45 bp double hairpin substrate efficiently. The
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strongest product was from hairpin opening at the +2 position (32 nt long based on a single
nucleotide ladder), and the 5* exonuclease activity of Artemis yielded the weak shorter
products. Mung bean nuclease (MB) served as a control.

(C) Hairpin opening of the 86 bp double hairpin substrate is followed by Aval digestion. The
47 nt product indicates hairpin opening at the +2 position.

(D) DNA-PKcs with or without Artemis was incubated with the illustrated DNA (for kinase
activation) in the presence of [y-P32] ATP to allow detection of protein phosphorylation. The
pseudo-Y DNA contains a 20 bp double-stranded portion, and two single stranded portions
that are 30 nt and 40 nt long. DNA-PKcs autophosphorylation and Artemis phosphorylation
are detected with both the pseudo-Y DNA and the double hairpin substrate.

(E) The intact 86 bp double-hairpin-end DNA substate migrates slightly faster than the 100 nt
marker, and Aval digestion yielded a 90 nt (43 bp) half hairpin. Similar to panel B, both forms
of Artemis:DNA-PKcs complex efficiently nicked the hairpin of the 86 bp double hairpin
substrate. The major hairpin opening product is 47 nt. In reactions 7 and 8, Artemis was not
inactivated prior to digestion (it is inactivated in all other reactions). The bands indicated by
white arrowheads are due to Artemis cleavage of the 5 overhangs that resulted from the Aval
digestion.

(F) A diagram showing hairpin opening by immobilized Artemis:DNA-PKcs in cis. Upper
panel: Artemis is purified using protein G sepharose with anti-myc monoclonal (MAD)
antibody, and the small tail on the Artemis symbol represents the C-terminal myc-his tag.
Lower panel: purified DNA-PKcs is immunoprecipated by anti-DNA-PKcs MAb on protein
G sepharose.
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Figure 2. Coding Joint Formation Dependence on V(D)J Recombination Enzymes
(A\) In this coding joint formation assay, two PCR primers (the * indicates the P32 phosphate
at the 5’ end) specifically amplify the coding joints. Uncleaved substrates also become

amplified by primer extension.

(B) Without polymerases, the V(D)J recombination system yielded a strong precise coding
joint (lane 6, black arrowhead). A very low amount of Ku copurified with the RAG complex
(estimated molar ratio less than 1 Ku :1000 RAG complexes). Leaving out HMGB1, greatly
reduced coding joint efficiency, whereas omitting the RAG complex, Artemis, DNA-PKcs or
XRCC4:DNA ligase 1V abolished coding joint formation. Addition of polymerases (pol mu,
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pol lambda, and TdT, lane 7) resulted in a broader range of coding joint products, seen as the
slightly darker range of bands above and below the primary joining product.

(C) From the gel in panel B, the bands in lanes 6 and 7 corresponding to the positions of precise
coding joint —6 ~ +6 nt are individually quantified and the density was plotted as the fraction
of the precise coding joint in lane 6. Addition of polymerases reduced the precise coding joints
but increased the diversity of coding joint length.

(D) MBP-tagged core RAG1/core RAG2, full-length RAG1/core RAG2 and core RAG1/full
length RAG2 are adjusted to have the same amount of RAG1, and compared for coding joint
formation. All other VV(D)J recombination proteins (as in panel B lane 7) are included in each
reaction. An inactive mutant RAG1 D600A abolished coding joint formation.
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Figure 3. Coding Ends with Different Extents of Microhomology Show Different Extents of Coding
Joint Diversity
(A) The last two base pairs of the coding end sequences from the four different sets of substrates
are displayed. The strongest hairpin opening product at the +2 position is depicted on the top.
The microhomologies at the coding ends are 4 bp, 3 bp, 2 bp and 1 bp, respectively. All V(D)
J recombination reactions contain the RAG complex (with Ku), HMGBL1, and Artemis:DNA-
PKcs. XRCC4:DNA ligase IV and the polymerases (pol mu, pol lambda and TdT) are added
where indicated. The shift towards longer coding joints and higher diversity indicates stronger
polymerase action on the low homology substrates.
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(B) The coding joints in lanes 2, 4, 7 and 10 of panel A (reactions with ligase and polymerases)
between the length of the precise coding joint + 6 nt are individually quantified. The density
is plotted as a fraction of the precise coding joint from the 4 bp substrate in lane 2. Coding
joints from the 4 bp homology substrate are shown in open bars, whereas the dark gray bars
indicate coding joints from the 3 bp substrate, light gray bars from the 2 bp substrate, and black
bars from the 1 bp substrate. As the homology is reduced, the diversity of the coding joints
increases.

(C) T4 DNA ligase, DNA ligase I and 111 are adjusted to have the same nick ligation activity,
and then used in place of XRCC4:DNA ligase IV for the V(D)J recombination reactions.
Coding joint ligation by XRCC4:DNA ligase IV in lane 2 showed the most efficient coding
joint formation for the 1 bp homology substrates.
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Figure 4. Coding Joint Sequences

(A) Coding joint sequences from the 4 bp homology substrate. The coding end sequences
flanking the 12- and 23- signals are shown on the top in bold and capitalized. The first group
of sequences is from Figure 2B lane 6 with ligase but no polymerases, and the rest are from
Figure 2B lane 7. The coding joints are divided into three regions according to the size of the
bands: full length +1 nt, full length +2 ~ +6 nt and full length —2 ~ —6 nt. The number of
molecules sequenced is shown in the last column on the right. Deletions are shown in numbers
next to the coding ends. The P nucleotides are shown adjacent to the coding ends in lower case.
N nucleotides are shown in the middle, with the direct and indirect repeats underlined. The
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sequences in italic indicate microhomology usage. The total nucleotide gain and loss and the
net change compared to precise coding joint are shown on the right of the sequences.

(B) Coding joint sequences from the 3 bp homology substrate. The first group of sequences is
from Figure 3A, lane 5 with ligase but no polymerases, and the rest are from Figure 3A lane
4. The coding joints are divided into three regions according to the size of the bands: full length
—1 ~ +2 nt, full length +3 ~ +7 nt and full length —2 ~ —6 nt.

(C) Coding joint sequences from the 2 bp homology substrate. The first group of sequences is
from Figure 3A, lane 8 with ligase but no polymerases, and the rest are from Figure 3A lane
7. The coding joints are divided into two regions according to the size of the bands: full length
—1 ~ +4 nt and full length =2 ~ -6 nt.

(D) Coding joint sequences from the 1 bp homology substrate. The first group of sequences is
from Figure 3A, lane 11 with ligase but no polymerases, and the rest are from Figure 3A lane
10. The coding joints are divided into three regions according to the size of the bands: full
length —1 ~ +2 nt, full length +3 ~ +7 nt and full length —2 ~ —6 nt.
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Figure 5. The Role of Cis Artemis:DNA-PKcs Activation by Hairpin DNA Ends in the VV(D)J
Recombination System

Each hairpin coding end can activate the Artemis:DNA-PKcs complex to which it is bound
and can be nicked by the same complex in cis. Activated DNA-PKcs enhances the activity of
DNA ligase IV:XRCC4. XRCC4:DNA ligase IV also stimulates the autophosphorylation of
DNA-PKcs, thereby regulating the activity of DNA-PKcs. The dashed line on each side of the
DNA represents DNA flanking the coding ends and signal ends. Arrows with “+” represent
stimulation. Arrows with a letter “P” in a circle indicate phosphorylation.

Coding joint ligation
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