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ABSTRACT

During V(D)J recombination, the RAG1/2 recom-
binase is thought to play an active role in
transferring newly excised recombination ends
from the RAG post-cleavage complex (PCC) to
the non-homologous end joining (NHEJ) machinery
to promote appropriate antigen receptor gene
assembly. However, this transfer mechanism is
poorly understood, partly because of the technical
difficulty in revealing weak association of coding
ends (CEs) with one of the PCCs, coding end
complex (CEC). Using fluorescence resonance
energy transfer (FRET) and anisotropy measure-
ment, we present here real-time monitoring of the
RAG1/2-catalyzed cleavage reaction, and provide
unequivocal evidence that CEs are retained within
the CEC in the presence of Mg?*. By examining the
dynamic fluorescence changes during the cleavage
reaction, we compared the stability of CEC
assembled with core RAG1 paired with full-length
RAG2, core RAG2 or a frameshift RAG2 mutant
that was speculated to destabilize the PCC,
leading to increased aberrant joining. While the
latter two CECs exhibit similar stability, the
full-length RAG2 renders a less stable CEC unless
H3K4me3 peptides are added. Interestingly, the
RAG2 mutant appears to modulate the structure of
the RAG-12RSS pre-cleavage complex. Thus, the
fluorescence-based detection offers a sensitive,
quantitative and continuous assessment of
pre-cleavage complex assembly and CEC stability.

INTRODUCTION

V(D)J recombination is a genetic process critical to
forming the adaptive immune system by assembling the
antigen receptor genes that encode immunoglobulins and
T cell receptors. This recombination process proceeds
through two steps: site-specific DNA cleavage at recom-
bination signal sequences (RSSs) followed by rejoining of
broken DNA ends (1,2). The DNA excision is catalyzed
by the lymphocyte-specific recombinase, encoded by
recombination activation genes 1 and 2 (RAGI1 and
RAG?2) (3-5), to generate blunt-ended signal ends (SEs)
and covalently sealed hairpin coding ends (HP-CEs) (6,7).
These recombination intermediates are resolved primarily
by non-homologous end joining (NHEJ) proteins, which
are ubiquitously expressed in all eukaryotic cells (8.9).
V(D)J recombination is tightly regulated in developing
lymphocytes to ensure the fidelity of rearranged genes
and to minimize genome instability (10).

The RAG recombinase (hereafter termed ‘RAG’) is
thought to closely collaborate with the NHEJ machinery
to enable access of these factors to the DNA ends to
mediate repair, while simultaneously protecting the ends
from nuclease attack. For example, the study of mutated
versions of several proteins involved in double-stranded
DNA break (DSB) detection or repair, such as ATM,
DNA-PKcs, Artemis and Ku70/80, provides important
insights into the role of these proteins in protecting the
integrity of newly generated recombination ends, and
maintaining chromosome stability (11-16). On the other
hand, the recombination products mediated by several
RAGI1 and RAG2 mutants have features that resemble
joints made by cells defective in NHEJ (17-19), like junc-
tions with excessive nucleotide deletions and/or increased
frequency of microhomologies (8). These studies imply
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that depending on the composition of RAG1 and RAG2
proteins, the RAG post-cleavage complex (PCC) may co-
ordinate with either classical NHEJ or alternative NHEJ
machineries for end resolution. In addition, the inter-
action between PCC and recombination intermediates
can also influence other strand transfer reactions,
leading to non-standard joining products, such as trans-
position, or hybrid and open—shut joints (20-24). Thus, an
appropriate level of PCC stability is thought to be an im-
portant factor in ensuring proper resolution of the ends
without compromising genome stability: if the PCC is
overly unstable, DNA ends may be prematurely released
and shunted into an alternative NHEJ pathway for repair
(17); by contrast, if the PCC is excessively stable, the
recombination ends may be blocked from interactions
with the NHEJ pathway for proper resolution (25). Both
of these extremes may lead to genome instability.

Many factors can influence PCC stability. In addition to
the structural differences in RAG1/RAG2 composition,
sequence variations of the RSS and coding flanks have
also been found to modulate PCC stability
(17-19,21,26,27). Among the forms of the PCCs studied,
a PCC containing only the SEs, known as the signal end
complex (SEC), has been studied the most. The SEC has
been shown to be very stable, and capable of protecting
SEs from degradation both in vitro and in vivo (28-31),
which likely explains the persistent accumulation and
delayed resolution of some SEs in cells (32-34). In
contrast, as reported by several groups, CEs are only tran-
siently associated with the PCC in vitro (28-30,35). This
type of PCC is named here as coding end complex (CEC)
to highlight its association with CEs although it holds SEs
as well. The extremely weak interaction between CEs and
the CEC has made analyzing its structure and function
challenging. Characterization of several joining-deficient
RAG mutants has shed some light on the role of the
RAG-CEC in subsequent coding end resolution
(17,36-39). For example, the S723A- or S723C RAGI
mutants, identified by Tsai et al. (17), were found to de-
stabilize the CEC, causing more dissociation of CEs from
the CEC than wild-type RAG, which partly explains the
defect in coding joint formation and enhanced genome
instability observed in S723C RAGI1 knock-in mice (26).
On the other hand, some other joining-deficient RAG
mutants, identified primarily by Roth’s group, display a
propensity to engage the alternative NHEJ pathway or
homologous recombination for resolving recombination
intermediates (18,37,39). However, the reasons why these
mutants prefer alternative end joining still remain elusive.
One possibility is that some of these RAG mutants exhibit
weaker retention of CEs than their wild-type counterparts,
like the S723C RAGI1 mutant. One of these mutants,
K980A RAGI, was actually tested in vitro for its associ-
ation with CEs, but the results were difficult to interpret
because its cleavage activity was somewhat compromised
(40). Alternatively, these mutants may result in a very
stable SEC or CEC, preventing SE and/or HP-CEs from
interacting with the DSB repair machinery for their proper
resolution, but increasing the chances for transposition or
hybrid joint formation. A third possibility, put forward by
Lu et al. (35), questions the role of RAG in coding end
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resolution in vitro, and argues that the assembly and sta-
bility of the CEC primarily depends on RAG interactions
with chromatin (35). Determining the likelihood of these
scenarios requires a sensitive, quantitative and continuous
measurement of RAG association with DNA over the
course of the cleavage reaction. Such measurements will
then allow meaningful comparisons of CE interactions
with CEC among various conditions.

Here, we report the application of two complementary
fluorescence techniques to monitor RAG-mediated RSS
binding and cleavage in real time, revealing not only the
RAG-12RSS interaction at the pre-cleavage stage, but
also the subsequent dissociation kinetics of hairpin CEs
(HP-CEs) from RAG-mediated CEC. In particular, we
present the first characterization of the relative stability
of HP-CEs held by the CEC in the presence of Mg”",
under conditions where the RAGs bind and cleave a
single RSS [coding end complex on single RSS
(CEC-SR)], or where the RAGs undergo synapsis and
coupled cleavage of paired 12/23 RSSs (CEC-PR). The
sensitivity of the assay provides us with the confidence
to assess many parameters in modulating CEC stability.
In particular, we examined the role of different RAG2
proteins, including core RAG2 (cRAG?2), frameshift
RAG2 mutant (fSRAG2) (20) and full-length RAG2
(IRAG?2), over the course of the cleavage reaction from
pre-cleavage RAG interactions with the recombination
substrates to post-cleavage RAG association with
HP-CEs. In addition to demonstrating the role of the
non-core region of the IRAG2 protein in modulating
CEC association with HP-CEs, we also revealed a
unique feature of the fSRAG?2 in altering the assembly
of the pre-cleavage complex.

MATERIALS AND METHODS
Protein purification

Maltose-binding protein (MBP) tagged core RAGI
(residues 384-1008) and core RAG2 (residues 1-387)
proteins were co-expressed in 293T cells using the Plus/
Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA).
Other MBP-fused RAG proteins were also prepared,
including a catalytically inactive RAG1 mutant D600A
(dRAGI1, 384-1008) (41), a gain-of-function RAGI
mutant E649A (eRAGI1, 384-1008) (42), IRAG2 (43)
and fsSRAG2, in which the C-terminal 22 amino acids of
core RAG2 is replaced by another 27 novel amino acids
(18). Various combinations of wild-type or mutant RAGI
and RAG2 were co-expressed in 293T cells, which are
listed in Table 1, along with the nomenclatures of these
proteins and various PCCs. The expressed proteins were
purified following the procedure described by Bergeron
et al. (43). The protein concentration was measured
with the Nanodrop Spectrophotometer (Thermo
SCIENTIFIC, Wilmington, DE, USA) and verified by
SDS-PAGE, in which no bands other than RAGI and
RAG2 were visible (Supplementary Figure S1). The
same amount of RAG proteins was used in the binding
or cleavage reactions unless described otherwise.
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Table 1. Protein nomenclature

Category Name Protein description
RAGI cRAGI core RAG1 (384-1008)
eRAGI E649A core RAGI mutant (384-1008)
dRAGI D600A core RAG1 mutant (384-1008)
RAG2 cRAG2 core RAG2 (1-387)
fsRAG2 Frame-shift core RAG2 mutant
fIRAG2 Full-length RAG2 (1-527)
RAGI-RAG2 ¢/cRAG  cRAGI/cRAG2
¢/cRAG  eRAGI/cRAG2
d/cRAG  dRAGI1/cRAG2
c¢/fsRAG  cRAGI/fSRAG2
e/fsSRAG  eRAGI/fsSRAG2
c/IRAG  cRAGI/IRAG2
SC SCl1 RAG-RSS shifted complex-1 (lower
mobility)
SC2 RAG-RSS shifted complex-2 (higher
mobility)
PCC Post-cleavage complex
SEC Signal end complex
CEC-SR  Coding end complex on a single 12RSS
CEC-PR  Coding end complex on paired 12/23

RSSs

DNA substrates

The sequence of the DNA substrate used in this study is
shown below: 12RSS Top: 5-TATCAGCTGATAGCTA
ACACAGTGCTACAGACTGGAACAAAAACCCTG
CT-3; 12RSS bottom: 5-AGCAGGGTTTTTGTTCCA
GTCTGTAGCACTGTGTTAGCTATCAGCTGATC
-3’; 23RSS top: 5" ATCGAAGTACCAGTAGCACAG
TGGTAGTACGCGTCTGTCTGGCTGT-ACAAAA
ACCATGGATCCT-3’; 23RSS bottom: 5-AGGATCC
ATGGTTTTTGTACAGCCA-GACAGACGCGTAC
TACCACTGTGCTACTGGTACTTCGAT-3". The
12RSS top strand was labeled with TAMRA, either at
5’-end, or internally at the third nucleotides (T) 5" to the
heptamer. The 12RSS bottom strand was labeled with
ATTO647N (hereafter referred to as ATTO) at the
spacer region, sixth nucleotides (T) 3’ to the nonamer.
The fluorescence-labeled DNA nucleotides were obtained
from IBA BioTAGnology (Go6ttingen, Germany) and the
unlabeled ones from Integrated DNA Technologies Inc.
(Coralville, TA, USA). 12RSS top strand with the
internal-labeled TAMRA was annealed to the ATTO-
labeled bottom strand and were purified by native poly-
acrylamide gel electrophoresis to remove any residual
single-stranded DNA. The dually labeled 12RSS oligo-
nucleotide substrates were examined in the fluorescence res-
onance energy transfer (FRET) experiments while the 5
end-TAMRA-labeled 12RSS substrates were analyzed by
the fluorescence anisotropy. As controls for analyzing
fluorescence quenching effect, the singly labeled substrates
were obtained by annealing the internal-labeled TAMRA
strand to the unlabeled bottom strand or the unlabeled top
strand to the ATTO-labeled bottom strand.

In vitro cleavage assay

The cleavage reaction of the fluorescence-labeled 12RSS
(20nM) was catalyzed by RAG proteins (65nM) in 10 pl

reaction containing 10mM Tris—-HCI [pH 7.5], 50 mM
NaCl and 100 pg/ul BSA in Mn*" (0.2mM) and Mg**
(2.5mM). The reaction inactive for cleavage was also
included as a control, i.e. the same probe incubated in
the same reaction buffer, except with Ca*" (2.5mM) or
using the catalysis-defective RAGI1 mutant (dRAGI1)
paired with cRAG?2. For the coupled cleavage reactions,
HMGBI protein (30 ng/ul, Sigma-Aldrich) and 23RSS
(150nM) were included. In the experiment described in
Figure 7, some modifications were made, including
addition of DMSO (5%) and/or trimethylated H3
peptides (H3K4Me3). The reaction mixture was incubated
at 37°C for various times as indicated in the figures, and
stopped by adding 10 ul denaturing loading dye contain-
ing 90% formamide for denaturation at 95°C and quick
chill on ice before being loaded onto a 16% Tris—Borate—
EDTA-7M urea-polyacrylamide gel. After electrophor-
esis, the gel was imaged on a Typhoon scanner (GE
Healthcare) with laser excitation at 532 nm and emission
filter of 580 nm to detect TAMRA fluorescence.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was per-
formed to analyze the interactions between RAG
proteins and RSS. Samples were prepared as described
for the in vitro cleavage assay. The reaction was stopped
by adding 5 pul 100% glycerol for every 10 pl reaction, and
the sample was immediately loaded onto a discontinuous
native polyacrylamide gel (top half 4% and bottom half
16%, with 19:1 acrylamide: bisacrylamide). Samples were
subjected to electrophoresis at 200V, 4°C for 2.5h. The
resulting gel was imaged on the Typhoon scanner (GE
Healthcare).

Fluorescence resonance energy transfer

A Photon Technology International QuantaMaster-4/
2005SE Spectrofluorometer was used for all fluorescence
experiments. A 3mmx 3 mm quartz micro-cuvette with a
50 pl-sample chamber was used in all measurements, and
temperature was controlled by a circulating water bath set
at 37°C except where noted. Samples were excited at
510nm, except in the control experiments with
ATTO-only RSS, where the excitation wavelength was
set at 600nm. Sample reactions were assembled as
described for the in vitro cleavage assay, except that
sample components were scaled up 5-fold so that the
final concentration of all the components was the same
as used in the in vitro cleavage reaction. The FRET effi-
ciency of the TAMRA-ATTO-labeled 12RSS probe was
measured before and after adding the purified RAG
proteins. Emission scans were recorded every 10min
during the first hour and then every 20 min for another
2h. The ratio L ccepior/laonor Was calculated from the peak
intensities of the acceptor and donor, and used as a
measure of the FRET efficiency. Note that this ratio
does not represent the true FRET efficiency, as we do
not attempt to analyze the FRET efficiency in terms of
the actual donor—acceptor distances, but rather as a
measure for their relative position. Thus, the ratio
Tocceptor/ldonor Was used instead for its simplicity.



For the experiment involving the step-wise addition
of cations, the cleavage reaction was initiated by
¢/cRAG in Mg®>" for 2h and then continued after
the addition of different cations to the desired final con-
centrations (Mn?" =02mM, Mg*" =25mM and
Ca’" =2.5mM). A mock treatment without the cation
addition was also included as a control. These reactions
were monitored by FRET and analyzed by denaturing
gel electrophroresis for the production of HP-CEs. The
experiment involving a temperature ramp was conducted
on the cleavage reaction initiated by e/cRAG or
¢/fsSRAG in Mg>" at 37°C for 1h followed by a tem-
perature increase to 55°C over 15min. The emission
intensities of TAMRA and ATTO were monitored
over the temperature-ramp every 2°C, and then every
20 min over the next 1h.

Fluorescence anisotropy

The steady-state fluorescence anisotropy, (r), was
measured using polarizers in the excitation and the
emission paths and calculated as (r) = (Iyv — Glyp)/
(Iyy + 2IyuG), where the subscripts ¥ and H refer to the
orientation of the excitation and emission polarizers, re-
spectively (vertical or horizontal). The factor G is defined
as  Igv/lyp, and is used to correct for
polarization-dependent effects in detection sensitivity.
The excitation and the emission wavelengths were set at
510 and 580nm, and data was acquired every 10s.
Background correction was applied to all the measure-
ments. The anisotropy of the 5-TAMRA-labeled 12RSS
in the appropriate buffer (with cations indicated in the
figures) was measured before and after the addition of
RAG proteins. The temperature was maintained at 37°C
for the duration of the experiment (~3h). The final con-
centration of all the components was the same as used in
the in vitro cleavage reactions. At the end of cleavage
reactions, SDS and proteinase K was added to liberate
DNA from protein association, where the anisotropy of
free HP-CEs is lower than the free probe or DNA with a
nick.

Data fitting

Kinetic traces of FRET and fluorescence anisotropy ex-
periments were fitted in OriginPro8 to a mono-exponential
decay [lucceptor/ldonor = Aexp(—t/t)+ A] or to a sum of
two exponentials [Lycceptor/Ldonor = A1 exp(—t/t1)+ 4>
exp(—t/t,) + A,] whenever the use of a single exponential
term did not produce a satisfactory fit (non-random re-
siduals). In these equations, T represents the lifetimes, and
Ao represents the lyccepior/ldonor Tatio at t— oo. Because
some of the lifetimes are longer than the 3-h acquisition
time, the parameter A, was determined in independent
experiments by either adding a denaturing agent (SDS/
Proteinase K) at the end of the experiment to dissociate
all hairpins, or by increasing the temperature to 55°C.
Both methods yield the same value, which was used as a
fixed parameter in the fitting procedures.
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RESULTS

Real-time analysis of RAG interactions with the 12RSS
using fluorescence-based detection

Two fluorescence techniques were used to investigate in
real time the interactions between the ¢/cRAG proteins
and oligonucleotide substrates containing a 12RSS. The
first, FRET, relies on the distance dependence of the
excited-state  interactions between two  different
fluorophores, and is widely used as a ‘spectroscopic
ruler’ to investigate the structure and dynamics of
nucleic acids and proteins (44,45). The second,
steady-state fluorescence anisotropy, relies on the meas-
urement of the polarization state of the fluorescence
emission and has been previously employed to character-
ize the interaction between cRAGI and oligonucleotide
RSS substrates (46,47).

FRET measurements were carried out using 12RSS
oligonucleotide substrates labeled at specific locations
with a donor—acceptor pair as illustrated in Figure 1A.
The donor (TAMRA) was excited selectively so that no
emission from the acceptor (ATTO 647N, henceforth
referred to as ATTO) is expected unless the distance
between the two fluorophores is sufficiently short for effi-
cient energy transfer (<~7nm). The donor—acceptor
distance in the intact 12RSS is ~5.4nm, and therefore a
fraction of the energy absorbed by TAMRA is transferred
to ATTO resulting in a decrease in TAMRA fluorescence
and the simultaneous appearance of an additional fluor-
escence band at ~670nm. Processes that increase this
distance (e.g. RSS cleavage and subsequent HP-CE dis-
sociation) are expected to increase the TAMRA emission
and reduce ATTO emission, while processes that decrease
this distance (e.g. DNA bending) are expected to produce
the opposite result. Thus, the ratio of the emission
intensities of ATTO and TAMRA is a direct measure of
the distance between the dyes, and can be used to monitor
in real-time the interactions of 12RSS or its recombination
intermediates with RAG in both the single cleavage and
coupled excision reactions.

As a proof-of-concept, we first investigated the
RAG-mediated cleavage of the 12RSS substrate alone in
the presence of Mn”", which is considered a permissive
cation because it supports uncoupled cleavage and rapid
HP-CE dissociation from the CEC-SR (Table 1). Indeed,
as shown in Figure 1B, we saw a rapid decay in the
acceptor/donor ratio, lycceptor/ldonor that is due to a
decrease in the ATTO signal and a corresponding
increase in TAMRA fluorescence intensity. The /,cceptor/
Tonor ratio can be fitted with a simple exponential decay
with a lifetime (t) of 120 min, which primarily reflects the
dissociation kinetics of newly cleaved HP-CEs from the
SEs or the SEC, defined as typ.r (Table 2). Albeit with
a delay, the HP-CE dissociation parallels the kinetics of
accumulation of HP-CEs, observed by denaturing gel elec-
trophoresis with T of 60 min, denoted as typ_p (Figure 2B).
As expected, the same reaction performed in the presence
of Mg*" shows no changes in FRET over time
(Figure 1B), which is consistent with only nicking but no
HP-CE formation under this reaction condition. Lack of
changes in FRET was also found in reactions containing
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Figure 1. Real-time analysis of RAG-RSS interactions using fluorescence-based techniques. (A). Schematic representation of the FRET changes that
result from RAG-mediated interactions with the TAMRA-ATTO doubly labeled 12RSS. The FRET signal remains unchanged during nicking (left)
and hairpin formation (middle), as long as the HP-CEs are kept within the coding end complex (CEC) at close proximity with signal ends (SEs). The
release of the HP-CEs from the CEC (right) results in an increase in donor (TAMRA), and a reduction in acceptor (ATTO), producing a reduction
in FRET efficiency. (B) ¢/cRAG mediated single cleavage reactions in the presence of different cations revealed by FRET. The ratio of acceptor to
donor (Zycceptor/Idonor) 18 compared among the cleavage reactions in the presence of Ca®" (blue), which does not support cleavage, Mg>" (black),
which causes nicking only, or Mn>" (red), which allows the uncoupled cleavage. The results are presented as an average of three replicates with
the SD. (C) Schematic illustration of the expected changes in fluorescence anisotropy due to interactions between RAG and the 5-TAMRA
labeled 12RSS. The anisotropy signal increases once the RAG protein binds to the 12RSS. The elevated anisotropy signals are maintained
after RAG-mediated nicking or excision, as long as the HP-CEs remain in the CEC. The release of HP-CEs from the CEC results in the reduc-
tion of the anisotropy signal. (D) Cation-dependent changes in fluorescence anisotropy during RAG-RSS interactions. The anisotropy groﬁles of ¢/
cRé+G interactions with the TAMRA-labeled 12RSS are affected by the cation present in the cleavage reaction, i.e. Ca>" (blue), Mg*" (black) or
Mn~" (red).

Table 2. Kinetics of the production and release of HP-CEs

Cleavage reaction RAG Cation Typ.p (Min) Thp.r” (min)
Single ¢/cRAG Mn?* 60 £ 5 120 + 6
¢/cRAG Mn?" 10+£2 T 12 + 3; 15, = 370 + 30°
¢/cRAG Mg** 60 + 4 400 + 14
Coupled c/cRAG Mn>* ND¢ 186 + 10
¢/cRAG Mg>* ND >600
¢/cRAG Mn** ND T 12 4+ 2; 1, = 380 + 25°
¢/cRAG Mg>* ND >600
¢/cRAG® Mg>* 60 + 4 231 + 4.7
¢/fIRAG® Mg** 62+3 198 + 8.1
¢/fIRAG + peptide® Mg** 52+4 255 + 4.8

“Lifetime of HP-CE production, a measure of the rate of HP-CE production. The number given was calculated from the kinetic analysis of
HP-CE production, as exemplified in Figures 2A and 7.

°Lifetime obtained from FRET or anisotropy, a measure of the rate of HP-CE release, as exemplified in Figures 2A and 7.

“Bi-phasic kinetics, in which 7, is relevant to HP-CE release whereas 1, may be caused by the generation of additional band as it is not correlated
with typ_p, i.e. HP-CE production rate (see Figure 2A).

9Not determined.

°The cleavage reaction was conducted in the presence of 5% DMSO, which was found to cause reduction in typ.p, as compared to the other listed
reactions that were conducted in the absence of DMSO.



A e/cRAG + Mn?*

B c/cRAG + Mn?*

C e/cRAG + Mg?

=

0 5

min

1.4

10 20 30 60 90 120 200

-
w
1

Iaccep!or’ Idonor
-
[}
1 n

—=— dIcRAG+Mn”"
—e—elcRAG+Ca™"

1.1

e = Gl

T v T T T v T T
0 50 100 150
Time (min)

T
200

Nucleic Acids Research, 2012, Vol. 40, No. 13 6087

6.0x10*

~=—TAMRA
—e—ATTO T

5.5x10" o
4 -—I"-—-_. L

LS o=
-

ity (A.U)
.

£ 5.0x10° -

4.5x10° o ./

2 4.0x10' T——T——7—— T

6.0x10"

ity (A.U)

5.5x10"

£ 5.0x10*

4.5x10°

1
T

: ]
2 4.0x10' ——T—— 77—

6.0x10"

ity (A.U)

» 5.5x10" —
£ 5.0x10° o

4.5x10° o

4.0x10' ——F————7—
100 150 200

Time (min)

14

-
N
1

acceptorndonor
-
o
1

= 0.8 4 —a—clcRAG+Mn> -
| —o—elcRAG+Mn*" L
b ¢/cRAG+Mg?"
0.6 - i T T T T
0 50 100 150 200
Time (min)

Figure 2. Time-course assessment of cleavage reactions with different cations by both denaturing gel electrophoresis and FRET analysis. Left:
Examination of the recombination intermediates, nicked ends and HP-CEs by denaturing gel electrophoresis, which are generated by (A) ¢/cRAG in
Mn?", (B) ¢/cRAG in Mn*", (C) ¢/cRAG in Mg*". Asterisk denotes a non-specific band. Right: Results of FRET experiments under the same
conditions as in the Left, showing the emission intensities of TAMRA (red) and ATTO (green) as a function of time. (D) FRET signals (Zycceptor/
Lyonor) In reactions containing the catalytic inactive d/cRAG mutant in Mn?* (gray line) or the gain-of-function ¢/cRAG in Ca®" (red line). (E) FRET
signals (Zyceeptor/ldonor) Obtained from the cleavage reactions shown in (A-C): ¢/cRAG in Mn?" (magenta), ¢/cRAG in Mn*" (black) and ¢/cRAG in

Mg*" (blue).

Ca”" (Figure 1B) or a catalytically inactive RAG complex,
i.e. d/cRAG (see Table 1), that supports RAG-RSS
binding but not cleavage (Figure 2D). These results illus-
trate the suitability of FRET to investigate the
RAGe-catalyzed cleavage reaction in real time. In particu-
lar, FRET provides a novel sensitive approach by which
the kinetics of dissociation of the hairpin from the
CEC-SR can be quantified directly.

Fluorescence anisotropy, on the other hand, offers a
complementary technique to directly monitor DNA-
protein interactions in both the pre- and post-cleavage
complex. This strategy is illustrated in Figure 1C, which
shows the measured fluorescence anisotropy (r) of an
end-labeled RSS substrate before and after the addition

of ¢/cRAG. The increase in (r) upon addition of protein
reflects the slower tumbling time of the RSS-RAG
complex as compared to the DNA, and is a direct
measure of RSS-RAG association whereas a reduction
in (r) indicates an enhanced freedom of the labeled
probe, presumably resulting from DNA excision and dis-
sociation from ¢/cRAG (Figure 1C). As expected, except
for the initial increase due to ¢/cRAG binding, (r) remains
fairly constant in the presence of Ca®" and Mg>", but de-
creases significantly over time in the presence of Mn*" due
to the generation of HP-CEs that are subsequently
released from the ¢/cRAG complex (Figure 1D). The
rate of anisotropy decrease due to hairpin release under
Mn?" is in excellent agreement with the rate obtained from
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the FRET measurements described earlier (Figure 1B),
providing further evidence that both methods monitor
the same kinetics of the cleavage process.

The initial value of (r) is a measure of the binding
activity of the intact RSS with the RAG proteins. The
higher anisotropy in Mn”>" than in Mg®>" or Ca®"
shown in Figure 1D indicates a higher binding affinity
under this condition. This was further confirmed in a
concentration-dependent anisotropy analysis of the
initial binding at 37°C (Supplementary Figure S2A), in
which K4 was determined as 3.9 + 3, 14.5+ 24 and
13.5 4+ 2.3nM for Mn*", Mg?" and Ca®", respectively.
This analysis indicates that Mn*" promotes higher
affinity binding by c¢/cRAG to 12RSS than the other
cations. This finding is compatible with the better reten-
tion of the 12RSS—c/cRAG complex at 37°C in Mn*" as
revealed by the EMSA. As shown in Supplementary
Figure S2B, the 12RSS-¢/cRAG complexes in Mn”"
were retained despite a reduction of intact 12RSS, due
to continuing HP-CE production.

Mg?*-dependent stabilization of RAG-CEC in both
single- and coupled-cleavage reactions

Mg”" is considered the physiologically relevant cation for
initiating V(D)J recombination because it supports
RAG-mediated synapsis and cleavage that obeys the 12/
23 rule, whereas Mn>" uncouples this reaction by allowing
cleavage at a single site in the absence of synapsis (48).
This distinction caused us to question whether the rapid
HP-CE release from CEC-SR in Mn>", as observed in
Figure 1, is attributed to an uncou&oled reaction or is
instead an intrinsic property of Mn". To address this
issue, we sought to directly compare RAG cleavage
levels in either single or coupled reactions in the
presence of Mn>' or Mg>" to assess their effect on
HP-CE release. However, such a comparison is precluded
by the lack of HP-CE formation in Mg®" in the ¢/
cRAG-mediated single cleavage reaction. To overcome
this limitation, we took advantage of a gain-of-function
RAGI1 mutant E649A (eRAGI1), which was shown by
Swanson’s group to possess excessive cleavage activity,
and therefore permits uncoupled cleavage in Mg>" (42).
This mutant was found to closely resemble the wild-type
cRAGTI in end resolution, since both led to comparable
levels of coding and signal joints on 12/23 paired sub-
strates in cell culture assays of V(D)J recombination,
and in vitro transposition and disintegration events (42).
Therefore, we investigated CEC-SR stability in the single
cleavage reaction in Mg”>" because this mutant bypasses
the requirement of partner 23RSS and HMGBI for
cleavage.

In agreement with the observation reported previously
(42), in Mn”>" the RAG complex containing eRAG1 and
cRAG?2 (hereafter called e/cRAG, see Table 1) displayed
faster kinetics of HP-CE production (typ.r = 10 min)
than complexes containing either ¢/cRAG in Mn”>" or
¢/cRAG in Mg?, whereas the latter two showed similar
HP-CE production kinetics with a tgpp of 60min
(Figure 2B and C; Table 2). Despite the different
kinetics of HP-CE production, the cleavage reaction

catalyzed by either ¢/cRAG or ¢/cRAG in Mn”" resulted
in a similar pattern of FRET reduction, i.e. a rapid
increase in TAMRA and corresponding decrease in
ATTO (Figure 2A and B), reflecting dissociation of
newly generated HP-CEs from the CEC-SR. However,
the FRET decay in ¢/cRAG/Mn*" shows two-different
phases, an initial rapid drop with t; = 12min followed
by a much slower decay with 1, = 370 min. Interestingly,
in this cleavage reaction, we also noted an unknown band
at a position higher than the expected HP-CEs, which
might be attributed to an unknown excision product
made near the ATTO site (Figure 2B, denoted with aster-
isk) since this product was not produced when the 12RSS
containing no ATTO was tested for cleavage (data not
shown). It is possible that the second slow decay may be
caused by or associated with generation of this unknown
product. Regardless of the nature of this band, the first
phase of the rapid reduction in FRET was attributed pri-
marily to the generation and dissociation of HP-CEs from
the PCC. Clearly, the fluorescence profile of TAMRA and
ATTO in the ¢/cRAG reaction in Mg®" showed a very
different pattern than in Mn*" (Figure 2C), even though
the level and kinetics of HP-CE production in this reaction
was similar to those made by c/cRAG in Mn*"
(Figure 2B). In the reaction with Mg2+, the Iycceptor/
lyonor ratio remains fairly constant during the first
50min of the reaction, and shows much slower decay
with a lifetime typ.g of 400 = 14 min (Figure 2E). This
indicates that with similar levels of HP-CEs generated
from the single cleavage reaction in Mg”" or Mn”", the
binding of HP-CEs in the RAG-mediated CEC-SR is
much stronger in the presence of Mg”>" than of Mn?>".

To alleviate the complication of bi-phasic FRET decay
observed in the e/cRAG/Mn”" reaction, we conducted the
cleavage reaction with step-wise addition of cations.
Specifically, we incubated ¢/cRAG and 12RSS substrate
with Mg®>" for 2h, a time long enough for a sufficient
amount of HP-CEs to be generated (Figure 2C), and
then added Mg**, Mn?" or Ca" to focus on the influence
of these cations in CEC-SR stability. A mock addition was
also included as a control for possible artifacts arising
from the pipetting procedure. As shown in Figure 3A,
the addition of Mg®>" or Ca®' resulted in a FRET
decrease similar to that obtained with the mock-treatment.
However, the addition of Mn”" resulted in a significant
reduction in FRET, causing the dissociation of additional
HP-CEs that would otherwise be bound to the protein in
the presence of Mg®". It is important to note that adding
Mn*" after the 2-h incubation in Mg>" did not result in
any further hairpin generation, nor the generation of the
unknown band seen in ¢/cRAG/Mn?" (compare
Figure 2A with Figure 3B), demonstrating that the reduc-
tion in FRET is due to hairpin release from the
destabilized CEC-SR induced by Mn*". These results sub-
stantiate our notion that the CEC-SR formed in Mg”" is
more stable than the one in Mn>*, and that adding Mn>*
disrupts this complex and causes the premature release of
HP-CEs.

The CEC-PR formed during the coupled reaction is
expected to have a higher stability than the CEC-SR
created during the single cleavage reaction (28,49).
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Figure 3. The influence of HP-CE release by different cations.
(A) FRET changes over the course of cation addition. The reaction
was initiated with ¢/cRAG in Mg2+ and incubated for 2h, after
which Mg®" (black), Ca®" (magenta) or Mn>" (blue) were added. A
mock treatment is shown in cyan. (B). Denaturing gel electrophroresis
analysis of HP-CE production after the step-wise addition of different
cations. The different bands (from top to bottom) represent the intact
RSS, hairpin and nicked DNA. All reactions were initiated by ¢/cRAG
in Mg?" and incubated for 2h, after which the different cations
described in the figure were added to the reaction. The times represent
the incubation time after cation addition.

We extended our FRET analysis to the coupled cleavage
reaction catalyzed by either ¢/cCRAG or ¢/cRAG in the
presence of unlabeled partner 23RSS and HMGBI. The
initial increase in FRET observed in many reactions indi-
cates a significant conformational change that may reflect
DNA bending (Supplementary Figure S3), which will be
discussed in detail in the next section. Interestingly,
HP-CEs generated from the coupled reaction with e/
cRAG in Mn*" dissociated at a rate of typ.r = 12min,
identical to the rate observed in the single reaction
(Supplementary Figure S3 and Figure 2). In addition, for
the reaction catalyzed by ¢/cRAG in Mn?*, typ.r of the
single and coupled reactions are in the same range, i.e. 120
and 186min, respectively (Table 2), indicating that the
RAG-mediated CEC fails to effectively retain HP-CEs
after the cleavage in Mn?", regardless of whether they are
produced during a single or coupled reaction. In contrast,
for the reactions catalyzed by e¢/cRAG in Mg>", the
Lycceptor/ldonor Tatio remains higher at various time points
during the coupled reaction than is observed in the single
reaction (Supplementary Figure S3 and Figure 2). The
HP-CE dissociation appears slower from CEC-PR than
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from CEC-SR (Table 2), whereas the level of HP-CE
produced by e¢/cRAG at 12RSS in single versus coupled
reactions was shown previously to be comparable (42).

Evidence for a unique conformation of 12RSS-RAG
complexes containing the fSRAG2 mutant

The results described in the preceding section demonstrate
the unequivocal role of the metal ion cofactor in
modulating the stability of the RAG CEC-SR or
CEC-PR in HP-CE retention. Conceivably, their stability
can also be affected by many other factors, e.g. the RAG
proteins themselves. Several RAG1 and RAG2 mutants
have been suggested to alter PCC stability (17,36-39). In
particular, CEC instability has been postulated as the
possible explanation for why the frame-shift RAG2
mutant FS361 (henceforth referred to as fsRAG?2)
increased the shunting of recombination ends to the alter-
native NHEJ pathway (19). Here, we applied FRET to
directly test the stability of the PCC containing this
fSRAG?2 mutant. Given our prior results on the stability
of CEC-SR and CEC-PR formed by ¢/cRAG in Mg*", we
compared the FRET patterns between e/cRAG and
¢/fSRAG in the presence of Mg®". As shown in
Figure 3A, the two presented very different patterns at
early time points (discussed below), but the FRET signal
decreases at the same rate for fSRAG2 and cRAG2 in
both the single and the coupled reactions (Figures 4A
and 6), suggesting that the stability of PCC-SR or
PCC-PR is not affected by the frame-shift mutation. To
further test this idea, we conducted a temperature-
dependent release assay (Figure 4B) following the
strategy described by Roth’s group, which was designed
to further characterize and delineate the stability of the
SEC formed by various RAG mutants (39). If the stability
of CEC-SR formed with ¢/cRAG differed from that with
¢/fsRAG, the pattern of HP-CE release would be different
between these two types of CEC-SR over this temperature
increase. The reaction was first incubated at 37°C in the
presence of Mg”>" with either ¢/cRAG or ¢/fsRAG for 1 h
to produce a significant amount of HP-CEs. After this
incubation period, the temperature was ramped up to
55°C over a period of 15min. The rapid drop in FRET
with both ¢/cRAG and e/fsSRAG reflected the total release
of newly generated HP-CEs (Figure 4B), and occurred at
practically the same temperature in both cases. A slight
increase in FRET over this period was also observed in the
control experiment using the free probe, indicating an in-
trinsic feature of the probe in response to the temperature
increase. A lower CEC-SR stability would be reflected in a
FRET drop at a lower temperature during the 15-min
temperature shift, which was not what we observed.
Instead, over the course of the temperature shift, the dis-
sociation profiles of HP-CEs from these two types of CEC
were found to be indistinguishable (Figure 4B). Thus, we
argue that the CEC containing fSRAG?2 is as stable as the
one containing cRAG2 in holding HP-CEs.

On the other hand, we were very much intrigued by the
drastic reduction in FRET observed right at the initiation
of the cleavage reaction. This initial reduction was only
found in the RAG-12RSS interactions containing the


http://nar.oxfordjournals.org/cgi/content/full/gks255/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks255/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks255/DC1

6090 Nucleic Acids Research, 2012, Vol. 40, No. 13

A
= =
c
S i
_'U
—
§ -
Q.
2 i
3
- —s—e/cRAG B
1 —e—elfsRAG i
06 ———T———T T
0 50 100 150 200
B __ e —FC
1.4 - =

-
N
]

N

acceptor donor
—
o
|

—s—e/cRAG
| ——elfsRAG
—4—12RSS only
T J T
0 50 100 150

o
o
|

o©
o

L l L]

Time (min)

Figure 4. Unique FRET profiles conferred by the presence of fsSRAG2.
(A) FRET profiles of E-RAG (red) and egstAG (black) in single
cleavage reactions in the presence of Mg~". (B) The retention of
HP-CEs in CEC under different temperatures. ¢/cRAG (red) or e/
fSRAG (black) was initially incubated in Mg>* at 37°C for 1h. The
temperature was then ramped up to 55°C over a period of 15min, and
then kept constant at 55°C for 1 h. A control with 12RSS only (blue)
was used to rule out possible temperature-dependent changes in FRET
due to changes in the fluorescence efficiencies of the dyes.

fsRAG2 mutant, when it was paired either with cRAG1 or
eRAGI1 (Supplementary Figure S4 and Figure 4A,
respectively). After the initial reduction, the FRET
remained at this level in the reaction catalyzed by c/
fSRAG in the presence of Mg>" (Supplementary Figure
S4A), which only nicks, but produces no HP-CEs.
Interestingly, this similar pattern was also observed in
the reaction with ¢/fSRAG in Ca*" (Figure 5A), indicating
that the reduced FRET was not caused by an actual
cleavage, but rather induced by RAG-12RSS interactions.
To ensure that the observed reductions in Zcceptor/Zdonor
were true changes of FRET, rather than the result of
RAG-induced differential quenching of the fluorophores,
we measured the fluorescence changes of single-labeled
probes over time under the same reaction condition as
shown in Figure 3A (Supplementary Figure S5). The
fluorescence intensity of the singly labeled probes dis-
played a rather constant profile over time, and did not
exhibit the initial changes noticed in the doubly labeled
probe (Supplementary Figure S5). Thus, the reduction of
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Figure 5. Characteristics of RAG-RSS interactions induced by
fsRAG2. (A) FRET profile of RAG-12RSS interactions induced by
¢/fsSRAG in Ca’". (B) Fluorescence anisotropy of TAMRA-12RSS
before and after the addition of e¢/cRAG (red) or ¢/fsRAG. (black).
(C) Gel mobility shift assay (EMSA) analysis of the TAMRA-12RSS
with various RAG combinations in the presence of Ca>" or Mg®". The
various reactions, after being assembled at 37°C for 0.5-1min, were
immediately analyzed by EMSA, in which only the shifted DNA—
protein complexes, but not the free probe, are shown here. The

arrows point to SCI and SC2 RAG-RSS complexes, as well as some
slower mobility complexes denoted by asterisk.

ATTO in the dually-labeled probe was indeed caused by a
reduction in energy transfer efficiency. Our data suggest
that the fsSRAG2 mutant promotes a conformational
change in the RAG-12RSS complex that is strikingly dif-
ferent from the one produced by cRAG?2.

To further characterize the interaction of 12RSS sub-
strates with the fSRAG2-containing RAG-complex, we
examined this interaction using both fluorescence anisot-
ropy and EMSA (Figure 5B and C; Supplementary Figure
S4B). Specifically, we wanted to determine whether the
RAG-12RSS complex formed by c/fSRAG and ¢/fsRAG
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Figure 6. FRET profiles of the coupled cleavage reactions initiated by
c/cRAG (black), e/cRAG (red), c/fsSRAG (blue) and e/fSRAG
(magenta) in the presence of unlabeled 23RSS, HMGBI and Mg>".

exhibits structural features that are distinct from those
formed by c/cRAG and e¢/cRAG. Indeed, we observed a
higher level of anisotropy using ¢/fSRAG than ¢/cRAG
(Figure 5B). This finding was correlated with a higher
level of 12RSS-RAG shifted bands (primarily SC1) and
appearance of some bands with much slower mobility
revealed by EMSA (Figure 5C and Supplementary
Figure S4B), reflecting more and larger 12RSS-RAG
complexes formed when fsSRAG?2 is present either under
cRAGI1 or eRAGI. On the other hand, the level of SC2
that contains fSRAG2 was lower than the one observed
with cRAG?2. Nevertheless, although we did observe fluc-
tuations in the amount of SC2 when using different prep-
arations of ¢/cRAG proteins, which has been reported to
be influenced by RAG purification procedures (43), we
never found the initial FRET drop with these c/cRAG
proteins under any circumstances (data not shown). On
the other hand, similar to ¢/cRAG., in the presence of the
partner 23RSS and HMGBI, c¢/fsSRAG can form a
synaptic complex onto the labeled 12RSS, revealed by
the upper shifted bands in EMSA (Supplementary
Figure S4B). Furthermore, based on the anisotropy
analysis, ¢/fSRAG appears to interact with the 12RSS
with a higher binding affinity than the c¢/cRAG
(Supplementary Data). Thus, fSRAG2 stabilizes the
binding of RAG1-RAG?2 to the 12RSS substrate.

The rapid FRET reduction mediated by a RAG
complex containing fSRAG?2 contrasts with the enhanced
FRET caused by the synaptic RAG-RSS complex that
consists of cCRAG2 during the coupled reaction (Figure 5
and Supplementary Figure S3) although in both condi-
tions an increased level of DNA-protein interactions
was revealed by fluorescence anisotropy and EMSA
(Figure 5B and C; Supplementary Figures S4B and S6).
In the case of coupled cleavage reactions, the two
fluorophores are likely brought closer by both RAG and
HMGBI, causing DNA-bending. Again, the observed
increase in Jycceptor/ldonor 18 indeed the result of a FRET
change, and not due to different effects of RAG-complex
on the two fluorophores, as experiments with single probes
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did not show equivalent changes (Supplementary
Figure S7). However, the FRET increase induced by
DNA-bending seen with ¢/cRAG or ¢/cRAG in the
coupled reactions (Figure 6) was delayed in the reaction
containing fSRAG2, as an initial drop in FRET preceded
the gradual increase (possibly DNA bending) and subse-
quent decrease (generation and release of HP-CEs)
(Figure 6). Again, this pattern was observed only when
fsSRAG2 was present, pairing either with ¢cRAGI1 or
eRAGI (Figure 6). Thus, our data imply that fSRAG2
may affect the assembly of the pre-cleavage synaptic
DNA complex, but it does not seem to destabilize either
the CEC-SR or CEC-PR.

Comparison between IRAG2 and cRAG2 on CEC
retention of CEs

The lack of destabilization by fSRAG2 on the CEC asso-
ciation with the HP-CEs (shown in Figure 6) may reflect
an already unstable CEC composed of cRAG?2. In a recent
report, fIRAG2 was found to confer a more stable SEC
than cRAG2 in sequestering SEs (50). This finding
prompted us to ask whether the fIRAG2 also renders a
stable CEC in retaining HP-CEs. To test this, we focused
our analyses on the coupled cleavage reactions to reflect
physiological recombination conditions. Specifically, we
conducted the cleavage experiment with either ¢/cRAG
or ¢c/fIRAG to compare the generation of HP-CEs and
their association with CEC-PR.

Some modification was made to the cleavage reaction,
i.e. adding DMSO to a final concentration of 5%, to
optimize the level of excision by both ¢/cRAG and c/
fRAG. As shown in Figure 7, the cleavage activity was
slightly higher with ¢/cRAG than with ¢/fiARAG (Figure 7,
left panel and Supplementary Figure S8A). The observa-
tion of a lower cleavage activity with c/fiIRAG is similar to
the one reported by Liu ef al. (51), but differs from other
studies (52-54), which may be attributed to differences in
the constructs and purification procedure of RAG
proteins or variations in the experimental condition of
cleavage reactions. We examined CEC-PR association
with HP-CEs by fluorescence anisotropy. The changes in
anisotropy during the cleavage reaction were expressed as
A(r), which is defined by subtracting (r) of free probe
from the actual (r) over the course of cleavage reaction.
Although RAG binding to intact or nicked 12RSS can
cause an increase in A(r) over the free probe
(i.e. A{r) = 0), the free HP-CEs, released by SDS/protein-
ase K treatment, should result in reduction in anisotropy
below the control (i.e. negative A(r)), because of their
smaller size than the non-cleaved or nicked 12RSS sub-
strates. Thus, a higher value of A(r) above the free
HP-CEs (i.e. SDS/ProK) reflects better HP-CEs associ-
ation by the CEC-PR, which is estimated by typ.r. As
shown in Figure 7 (in right panel), we were surprised to
find that the decay of the anisotropy observed in the
CEC-PR is faster with ¢c/fiIRAG than for ¢c/cRAG, suggest-
ing that the CEC-PR containing fIRAG?2 is less stable, and
releases HP-CEs more rapidly than the CEC-PR contain-
ing cRAG2.
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Figure 7. Assessment of HP-CE production and association with CEC-PR composed of ¢/c RAG or ¢/fIRAG in the coupled cleavage reactions with
Mg>" and HMGBI. (A) Cleavage reactions catalyzed by ¢/cRAG; (B) Cleavage reactions catalyzed by ¢/IRAG and (C) Coupled reaction mediated
by ¢/flIRAG in the presence of H3K4me4. Left panel: time-course analysis of cleavage intermediates, including nicked and hairpin products, revealed
by denaturing gel electrophoresis. Right panel: real-time monitoring of cleavage reactions by fluorescence anisotropy. Results of anisotropy are
displayed as changes of A(r) over a function of time. A(r) is obtained by subtracting the (r) of free probe (A and B) or free probe plus peptide (C)
from the (r) upon RAG and HMGBI addition. After monitoring fluorescence anisotropy for 3 h, SDS/ProK was added into the reaction mixture to
disrupt the protein-DNA complex and liberate the DNA. Lifetime of hairpin-CEs release (tHP-R) shown on each graph is an average of three
independent experiments, following the calculation described in ‘Materials and methods’ section.

Given that trimethylated H3 peptides (H3K4Me3) were
reported to promote RAG-mediated RSS cleavage and
render greater PCC stability by interacting with the
plant homeodomain (PHD) of the IRAG2 (51,53-55),
we reasoned that this peptide would enhance HP-CEs
retention with the CEC-PR. Indeed, when H3K4Me3
peptide was present in the reaction catalyzed by ¢/
fIRAG, but not ¢/cRAG (Figure 7 and Supplementary
Figure S8B), we found a significant increase in the initial
fluorescence anisotropy with an overall longer lifetime
(Figure 7). This finding clearly indicates that the
PHD-binding H3K4Me3 can significantly enhance the
HP-CE retention by the fIRAG2-containing CEC-PR.
Also in line with the previous finding (53,54), formation
of more c/fIRAG-12RSS complexes was induced by the
trimethylated peptide as well, since an enhancement in
the initial anisotropy was found upon addition of c/
fIRAG to the reaction containing the peptide (Figure 7).
Thus, the H3K4me3 peptide can stabilize both
pre-cleavage and post-cleavage RAG complexes.

DISCUSSION

The notion of a transient HP-CE retention by the
post-cleavage synaptic complex has long been recognized,
and was derived primarily from gel electrophoresis
analysis or isolation of PCCs containing both HP-CEs
and SEs (28-30,35). The transient association of these
ends makes it technically difficult to examine the fate of
the newly cleaved HP-CEs generated in situ. By combining
FRET and fluorescence anisotropy, we present the first
real-time analysis of the kinetics of HP-CE formation
and release. Our quantitative comparison of the inter-
action between HP-CEs and RAG-mediated CEC at
various stages and under different conditions reveals
that the composition of divalent cation and the RAG2
C-terminus influences HP-CE retention in the CEC.
These analyses pave the way for future mechanistic eluci-
dation on the transfer and fate of HP-CEs from the
RAG-mediated CEC to different end resolution
pathways, classical NHEJ, alternative NHEJ or
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transposition, where the latter two can lead to chromo-
somal abnormalities.

Real-time monitoring of the RAG-catalyzed cleavage
reaction and the kinetics of HP-CE release

By combining denaturing gel electrophoresis and
FRET-based analysis, we were able to monitor the gener-
ation of HP-CEs and their dissociation from RAG-
mediated CEC, respectively. To interpret the kinetic
data of these two events, we considered the following
simplified mechanism, in which the first step represents
the production of HP-CE and the second step represents
its release from the CEC to form SEC.

12RSS+RAG 2 HP — CE/CEC 53 HP — CE+SEC

Denaturing gel electrophoresis provides a direct way for
quantifying hairpin production, and therefore can be used
to calculate the rate of the first step (k). Because FRET
measures the concentration of released HP-CEs, the rate
determined in this experiment is in principle a combin-
ation of k; and k,. Three situations can be distinguished
based on the relative values of ky and k. If k» >> ky, i.c.
the rate limiting step is hairpin production, the rates
measured by FRET and denaturing electrophoresis will
be the same, as the hairpin is released as soon as it is
formed (typ.p = Tup.r). This seems to be the situation
observed in DNA cleavage reactions catalyzed by several
restriction endonucleases, where the cleaved products
quickly dissociate from the enzyme (56). The rapid
FRET reduction in the initial phase of the cleavage
reaction catalyzed by ¢/cRAG in Mn®" seems to fit into
this category, where typ.r approaches typ.p (12 versus
10 min; see Table 2). Thus, e¢/cRAG fails to hold
HP-CEs in the presence of Mn>". On the other hand, if
k1 = k», i.e. the two rates are comparable, the observed
Typ-r should be somewhat slower than typ.p,, but the two
lifetimes should be of the same order of magnitude.
Clearly, the ¢c/cRAG-catalyzed excision in Mn*" fits into
this profile (Table 2). However, if the rate-limiting step is
the release of the hairpin, the lifetime measured by FRET
is expected to be much slower than the one measured by
electrophoresis (Typ.p << Typ.r)- This appears to be the
case in the cleavage reactions catalyzed by e/cRAG in
Mg2+, where Typ.r 1s at least six times slower than typ.p
(Table 2).

Although divalent cations are known to differentially
affect the RAG cleavage reaction, their role in modulating
the retention of DNA ends within the RAG-CEC is poorly
defined. In this study, by analyzing the kinetics of FRET
decay in comparison to the HP-CE accumulation, we
focused on examining the role of Mg>" versus Mn>" in
maintaining the association of HP-CEs by the CEC, and
their action in the context of other parameters, cRAGI
versus eRAGI1, and single versus coupled cleavage reac-
tions, as summarized in Table 2.

Our real-time analysis of the association of ¢/cRAG
with newly cleaved HP-CEs in Mg®" underscores an
important role of Mg®" in maintaining CEC stability
and promoting HP-CE retention. This is true for both
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¢/cRAG and ¢/cRAG in both single and coupled reac-
tions, as long as HP-CEs generated. This observation con-
trasts with the comparable stability of the SEC formed
after RSS cleavage in Mg>" (28,49) or Mn*" (31). It is
possible that the intrinsic high binding activity of
SEs with SEC may be less influenced by the type of
cations than the weak association of HP-CEs with CEC.
Nevertheless, the sensitive measurement with fluorescence-
based measurements may offer a larger dynamic range to
detect different levels of association between the RAGs
and recombination intermediates, which will then help
evaluate the effect of various factors on the stability of
these associations in situ.

Anisotropy and FRET analysis yielded similar rates of
dissociation of HP-CEs from the CEC in Mn*" (Figure 1).
In addition, the anisotropy analysis also reveals some new
variables that appear to influence the affinity of RAG—
RSS interactions, e.g. temperature and composition of
RAG. We found that c¢/cRAG displayed a higher
binding affinity to 12RSS in Mn*" (K4 of 3.9nM) than
in Ca”" or Mg®" (13.5-14.5nM). This high affinity may
partially explain the robust cleavage activity of RAG
under Mn*". The Kj calculated here for RAG-RSS inter-
actions in Mg*"and Ca®" is lower than the Ky estimated
for cRAGI-12RSS interactions in two different anisot-
ropy analyses, i.e. 41 and 28 nM reported by Ciubotaru
et al. (47) and Zhao et al. (46), respectively, indicating that
the presence of cRAG2 increases the binding affinity of
the RAG complex. Similar results have been obtained by
EMSA, ie. from K4 ~ 123nM in the RAGI-RSS inter-
action compared to Ky~ 25nM in the RAGI/RAG2-
RSS interaction, although the affinity determined here
by anisotropy is slightly higher than the one obtained by
EMSA. This is expected, given that the EMSA relies on an
actual separation of RAG-bound 12RSS, which can lead
to an overestimation of Ky values, as reported before on
cRAGI1-12RSS interactions, i.e. 28 nM by anisotropy and
125nM by EMSA (46,47). Our affinity estimate is at a
range 2- to 3-fold less than the one reported recently by
Shimazaki et al. (57), who analyzed the nicking kinetics to
derive the Ky of the enzymatic active RAG complex,
whereas the Ky values in this study represent all RSS-
RAG complexes formed. In addition, we also observed a
higher binding affinity if fSRAG2 mutant was paired with
cRAGI1 (K4 ~ 3.9nM), which is further discussed in the
last section.

Role of the fIRAG?2 in modulating HP-CE association
with CEC-PR

The appropriate time window and strength of HP-CE
association with the CEC may be a key for optimal reso-
lution of newly generated HP-CEs, although the structural
basis of this association and its functional connection to
ultimate end resolution pathways remains to be defined.
Using the fluorescence-based detection, we found that
HP-CEs were retained more poorly within the CEC-PR
that contains IRAG2 than the one with cRAG2. This
finding seems to draw a contrast with the comparison on
the SEC stability made between fIRAG2 and cRAG2
proteins (50). As reported by Deriano et al. (50), a more



6094 Nucleic Acids Research, 2012, Vol. 40, No. 13

stable SEC was formed with fIRAG2 than with cRAG2.
Thus, based on these previous findings and our current
results, c/fIRAG seems to confer a more stable SEC, but
a less stable CEC than the one made of ¢/cRAG. The core
RAG, especially consisting of cRAG?2, has been shown to
catalyze transposition in vitro and to inflict genome abnor-
mality in vivo (21-23,50). The stable SEC conferred by ¢/
fIRAG has been speculated to ensure genome integrity
during in vivo receptor gene rearrangement (50). Then,
what is the function of a relatively labile CEC made of
the same ¢/fIRAG in this rearrangement? How is a less
stable CEC related to the role of fIRAG?2 in suppressing
transposition, as reported by many groups (21-23)?
Interestingly, our finding of a labile c/fiIRAG-CEC does
not support the argument that the fIRAG2 inhibits trans-
position by forming a stable CEC that holds HP-CEs and
blocks the capture of target DNA (22). Instead, a less
stable ¢/fIRAG-CEC may be somehow inhibitory to trans-
position. It is possible that the initial PCC containing
fIRAG2 may undergo rapid transition from CEC to
SEC to promptly release HP-CEs, in which the binding
pocket for HP-CEs may no longer exist. While the
released HP-CEs could be readily processed and joined
by NHEJ proteins, the ¢c/IRAG-mediated SEC without
the binding pocket for HP-CEs may also prevent the
capture of target DNA or HP-CEs for transposition or
hybrid joint (open-shut joint) formation. This speculation
is consistent with several reports showing that ¢/
fIRAG-SEC displayed much less activity in DNA
capture for transposition (21,23,54). Thus, a stable SEC
without a DNA-targeting capability may be more desir-
able for limiting RAG-mediated transposition events.
However, this speculation seems incoherent with our sub-
sequent observation on the enhanced stability of ¢/
fIRAG-CEC by H3K4me3 peptide (Figure 7C).
Although this finding is consistent with the peptide-
mediated increase in the strand transfer for transposition,
as reported by Grundy et al. (54), the implication of the
H3K4me3-stabilized CEC in enhancing transposition does
not corroborate the in vivo behavior of the ¢c/fiIRAG re-
combination machinery on chromosomal DNA, which
displays a high fidelity without apparent genome abnor-
mality (50). To reconcile these apparent contradictions, we
postulate that the ¢c/fiIRAG-CEC stabilized by HeK4me3
may present a structure fundamentally different from the
c/cRAG-mediated CEC, such that the former may exclude
its access to genomic DNA for potential transposition. Of
course, additional in vivo mechanisms may also exist to
constrain this potential. Finally, we cannot rule out the
possibility that the observed differences in the stability of
¢/fIRAG-CEC and ¢/cRAG-CEC may not exert a signifi-
cant impact to the antigen receptor gene assembly in vivo.
Future studies are needed to test these different
possibilities.

Influence of fSRAG2 on the stability of pre- and
post-cleavage complex

In light of the aforementioned discussion on CEC stabil-
ity, to some extent, a labile CEC, as long as it is not
excessively unstable, does not enhance, but may rather

reduce, abnormal rearrangement. In line with this
argument, an unstable CEC may not necessarily account
for the robust alternative NHEJ pathway seen in fsRAG2-
containing cells, as previously speculated (18,19). Here, we
provided the direct evidence that the stability of
¢/flsSRAG-CEC is indistinguishable from the one of
¢/cRAG-CEC (Figures 4 and 6). Instead, the aberrant
end resolution associated with fSRAG2 may result from
a destabilized SEC, like the one seen in c¢/cRAG-SEC.
This scenario is currently under investigation.

We are very much intrigued by the initial drastic
reduction in FRET that was found only with fsSRAG2-
containing RAG (Figure 5A). This reduction could be
explained by an increase in the distance between
TAMRA and ATTO in the fluorogenic 12RSS substrates
and/or a change in the relative orientation of the donor
and acceptor transition dipoles. Although it is difficult to
delineate the contributions of these two scenarios to the
observed FRET reduction, the nucleotides that are either
attached or adjacent to the fluorophores may undergo
some structural/conformational changes upon binding
to ¢/fSRAG or ¢/fsSRAG to affect the rotation and orien-
tation of TAMRA and ATTO, which flank 5 and 3’ of
the coding-heptamer junction, respectively (Figure 1A).
Since cRAG2 is known to interact with cRAGI to
enhance c¢/cCRAG contacts at the coding-heptamer
junction (58), the position of these fluorophores is
likely to be sensitive to the effect imposed by the
presence of fSRAG2. The changes, however, do not
seem to impact the subsequent cleavage reaction or the
stability of CEC in HP-CE retention as the HP-CE pro-
duction and HP-CE dissociation profiles are comparable
to the reactions containing c¢/fSRAG or ¢/fsRAG
(Figures 3 and 5). Although it is not clear how the
unique structure of the pre-cleavage complex containing
fsSRAG?2 is associated with its error-prone recombination
outcome, this structure may influence how the PCC
interacts and collaborates with the NHEJ or the alterna-
tive NHEJ machineries. Regardless of its functional im-
plications, the striking reduction in FRET associated
with fSRAG?2 offers a marker for further characterization
of various RAG mutants, and potentially serves as a
parameter for identifying and categorizing new RAG
mutations.

In conclusion, the combination of FRET and fluores-
cence anisotropy provides us with sensitive, quantitative
and continuous measurements to examine both the forma-
tion of RAG-RSS pre-cleavage complexes and the reten-
tion of HP-CEs with the CEC, as well as the effect of any
perturbations on these two events. These analyses may
shed light on mechanisms underlying the transfer of
HP-CEs from the RAG-CEC to the DSB repair machin-
ery for processing and ultimate joining.
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