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Single-molecule FRET (smFRET) and single-molecule colocalization
(smCL) assays have allowed us to observe the recombination-acti-
vating gene (RAG) complex reaction mechanism in real time. Our
smFRET data have revealed distinct bending modes at recombina-
tion signal sequence (RSS)-conserved regions before nicking and
synapsis. We show that high mobility group box 1 (HMGB1) acts as
a cofactor in stabilizing conformational changes at the 12RSS hep-
tamer and increasing RAG1/2 binding affinity for 23RSS. Using
smCL analysis, we have quantitatively measured RAG1/2 dwell
time on 12RSS, 23RSS, and non-RSS DNA, confirming a strict RSS
molecular specificity that was enhanced in the presence of a part-
ner RSS in solution. Our studies also provide single-molecule de-
termination of rate constants that were previously only possible
by indirect methods, allowing us to conclude that RAG binding,
bending, and synapsis precede catalysis. Our real-time analysis
offers insight into the requirements for RSS-RSS pairing, architec-
ture of the synaptic complex, and dynamics of the paired RSS
substrates. We show that the synaptic complex is extremely stable
and that heptamer regions of the 12RSS and 23RSS substrates in
the synaptic complex are closely associated in a stable conforma-
tional state, whereas nonamer regions are perpendicular. Our data
provide an enhanced and comprehensive mechanistic description
of the structural dynamics and associated enzyme kinetics of vari-
able, diversity, and joining [V(D)J] recombination.

V(D)J recombination | recombination-activating gene |
single-molecule FRET | immunoglobulin | antigen receptor gene

Variable, diversity, and joining [V(D)J] recombination is es-
sential for Ig and T-cell receptor (TCR) formation and occurs
by rearrangement of variable exon regions during lymphocyte de-
velopment. Complete exons are assembled from (V), (D), and (J)
segments at the Ig and TCR loci. Cutting, rearranging, and
recombining the few hundred preexisting (V), (D), and (J) seg-
ments can lead to millions of permutations and a highly diverse
repertoire of antigen receptors and antibodies (1-4).

The recombination-activating genes 1 and 2 (RAG1/2) are
lymphocyte-specific proteins that mediate recognition and
splicing of (V), (D), and (J) segments. The RAG complex, which
consists of RAG1/2 and the cofactor high mobility group box 1
(HMGBI1), creates DNA double-strand breaks at recombination
signal sequences (RSSs) that flank (V), (D), and (J) segments.
All RSSs have conserved heptamer and nonamer regions sepa-
rated by either 12 or 23 bp (12RSS or 23RSS) and act as specific
targets for RAG1/2-mediated catalytic activity. It is thought that
catalytic activity and initiation of the V(D)J pathway consists of
three distinct steps. First, the RAG complex binds and nicks a
single RSS substrate to create a single RSS complex (SC). Next,
two partner RSSs, generally a 12RSS and 23RSS, synapse to form a
paired complex (PC). Finally, RAG1/2 cleaves both RSSs through
a transesterification reaction, resulting in hair pinned coding ends
that are repaired by nonhomologous end joining (5-12). Whether

www.pnas.org/cgi/doi/10.1073/pnas.1606721113

nicking occurs before or after synapsis is unclear, as is the stability
of the synaptic complex (PC). Kinetic studies favor synapsis for-
mation before nicking and a very high stability of the synaptic
complex, once formed, but these concepts are based on bulk so-
lution (ensemble) studies, and the specific steps of the reaction
mechanism are uncertain due to inevitable averaging (13).
Recently, crystallography and electron microscopy techniques
have been used to resolve the structures of the SC and PC (14, 15).
Although these studies provide new insights into the mechanism of
the RAG complex and its structural functionality, the explicit
steps, related conformational dynamics, and molecular choreog-
raphy involved in this intricate process remain undefined. Here we
apply single-molecule fluorescence resonance energy transfer
(smFRET) and single-molecule colocalization (smCL) microscopy
techniques to determine the real-time activity of the RAG complex
in V(D)J recombination (see SI Introduction). Single-molecule
approaches are particularly advantageous in resolving important
molecular features that are otherwise masked due to averaging in
ensemble-based assays (16). We therefore probed the conforma-
tional dynamics of RSS DNA induced by the binding of RAG1/2
and HMGBI using smFRET and revealed distinct bending modes
of the RSS substrates at their conserved regions. The binding ki-
netics of fluorescently labeled RAG1/2 was derived from smCL
assays, showing that binding stability is enhanced in the presence of
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a second RSS. Finally, using smFRET capture assays, we charac-
terized 12/23RSS synapsis and the internal dynamics of the PC.
This showed a tight heptamer-heptamer association accompanied
by RSS bending, thus placing the nonamers at a nearly perpen-
dicular orientation. We find that RAG binding, bending, and
synapsis precede catalysis and that the synaptic complex is very
stable. Together, our findings provide a comprehensive mecha-
nistic depiction of the structural dynamics and associated enzyme
kinetics of RAG complex-mediated V(D)J recombination.

Results

RAG Complex Induces Conformational Changes in 12RSS and 23RSS
DNA. To probe RSS conformational changes associated with the
binding of RAG complex to RSS sites (called single RSS com-
plexes or SC formation), FRET probes were designed with donor
(Cy3) and acceptor (Cy5) molecules flanking the heptamer region
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Fig. 1. RSS conformational changes in the SC. (A and B) lllustrations of RSS
DNA FRET substrates are located above their respective histograms. Both
12RSS and 23RSS substrates display a clear shift to high FRET upon addition
of 50 nM HMGB1, 50 nM RAG1/2, and 50 nM RAG-HMGB1 complex in the
presence of Mg?*. Histograms were generated after subtracting the zero
FRET values and truncating photobleached portions of FRET trajectories. A
minimum of 75 smFRET trajectories were used to generate each histogram.
(C and D) Calculated FWHM values for RSS substrates using Gaussian fit:
(C) 12RSS displayed an increase in FWHM upon addition of 50 nM RAG1/2,
indicating more dynamic trajectories. The peak is narrowed upon addition of
50 nM RAG-HMGB1 complex, implying HMGB1 stabilization of the high-
FRET conformation. (D) 23RSS substrate maintained broad histograms upon
addition of 50 nM RAG1/2 and 50 nM RAG-HMGB1 complex, indicating a
lack of HMGB1-stabilization of the RAG complex at the heptamer and dif-
ferent binding modes for the 12RSS and 23RSS substrates. (E) lllustration of
RAG-HMGB1 complex-mediated bending of RSS substrates.
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(Fig. 1 A and B). The placement of the donor and acceptor mol-
ecules in this configuration resulted in a FRET efficiency of ~0.45
(DNA only) (Fig. S14). Upon addition of 50 nM HMGBI, both
the 12RSS and 23RSS substrates showed substantial increases in
their FRET distribution, with a mean FRET value of ~0.75. This
transition to high FRET reflects the DNA bending capability in-
duced by HMGBI even in the absence of RAG1/2 (17). Bending
was not limited to RSS substrates and was also observed with
dsDNA substrates that lacked heptamer and nonamer regions,
highlighting the nonspecific nature of HMGBI-induced DNA
bending (Fig. S1 C-E). We note that the dsSDNA bending referred
to throughout this study is broadly defined and consists of the
coupled twisting and bending of the double helix, which would
result in a change in FRET (18).

Addition of 50 nM RAG1/2 led to an increase in FRET distri-
bution to a mean value of ~0.75 for the 12RSS and 23RSS sub-
strates (Fig. 1 A and B and Fig. S2 4 and B). The transitions to high
FRET that occurred under noncatalytic conditions (Ca®*"), when
both nicking and halrpln formation are inhibited (5), prompted the
conclusion that Mg”* does not limit the bending step but rather
modulates subsequent catalytic activity (Fig. S2 A and B). Trans1—
tions to high FRET for substrates in the presence of Mg** are
consistent with RAG1/2-induced bending of both 12RSS and
23RSS substrates previously reported in ensemble (i.e., bulk solu-
tion) studies (Fig. 1 4 and B) (19, 20). The observed bending in-
duced by RAG1/2 differed from HMGBI activity in two distinct
ways: specificity and stability. Unlike HMGB1, RAG1/2 was unable
to bend dsDNA lacking an RSS as efficiently as RSS DNA, sug-
gesting an RSS-specific conformational change (Fig. S1C). Al-
though there were some FRET fluctuations upon addition of
50 nM RAG1/2 to dsDNA, the broad range of dynamics and lack
of distinct FRET peaks (other than the sustained DNA-only value)
indicate that any transitions visualized are most likely nonspecific
and minor interactions between RAG1/2 and non-RSS DNA.
Additionally, full width at half maximum (FWHM) analysis of
FRET histograms showed that RAG1/2 populations had a broader
FRET distribution than HMGBI1 populations, representing a less
stable conformational change and rapid bending fluctuations (Fig.
1 C and D). To determine HMGBL’s role as a cofactor, we con-
ducted experiments with both 50 nM RAG1/2 and 50 nM HMGB1
in solution. Previous studies have hypothesized roles for HMGBI1
in stabilizing the RAG1/2 nucleoprotein complex and increasing
RAG1/2 binding affinity for RSS substrates (21, 22). We found that
FRET distribution for the 12RSS substrate was narrowed in the
presence of RAG-HMGBI complex in comparison with RAG1/2-
only conditions (Fig. 1C). Narrowing of the high-FRET peak may
indicate less dynamic bending of the RSS heptamer region due to
HMGB1-induced stabilization of the bent conformation (Fig. 1E).
We note that changes in FRET distributions can also stem from a
change in the distribution of values stably displayed by individual
molecules. Our FRET value obtained for the 12RSS- and 23RSS-
SC is in broad agreement with recent cryo-EM structures (Fig. S1
G and H) (14).

To further characterize the RAG-HMGBI1 complex-induced
bending conformation of the RSS heptamer region, we focused
on features we observed in individual smFRET trajectories.
Representative trajectories for 12RSS (Fig. 24) and 23RSS (Fig.
2B) substrates were obtained in the presence of 50 nM HMGB,
50 nM RAG1/2 (Mg*"), or both (Fig. 2 A and B, Top, Middle,
and Bottom, respectively). The binding of HMGBI led to per-
sistent high FRET (Fig. 2 4 and B, Top), indicative of stable
bending of the heptamer region. In contrast, the presence of
RAG1/2 and RAG-HMGBI complex (RAG1/2+HMGBI) (Fig.
2 A and B, Middle and Bottom, respectively) resulted in rapid
changes in FRET value, characteristic of dynamic transitions
between bent and relaxed RSS conformations (Fig. 2C). Im-
portantly, these dynamics were also prevalent under noncatalytic
conditions in the presence of Ca®" and therefore stem from RAG1/2
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Fig. 2. Conformational dynamics of the SC and evaluation of HMGB1 sta-
bilization. (A and B) Representative smFRET trajectories for 12RSS (A) and
23RSS (B) substrates in the presence of 50 nM RAG1/2, 50 nM HMGB1, and
50 nM RAG-HMGB1 complex (M92+) shown in the Top, Middle, and Bottom
trajectories, respectively. For each smFRET trajectory, the top panel displays
donor (green) and acceptor (red) intensities and the bottom panel displays the
corresponding FRET efficiency (Egze7) in blue. HMM fit is in cyan. (C) lllustration
of RSS substrate transitioning between the low-FRET (relaxed) state and the
high-FRET (bent) state. (D and E) Calculated mean binding and dissociation
rates for 12RSS (D) and 23RSS (E) substrates with different proteins and ions in
solution (error bars, s.e.m.; n > 20 for all measurements).

binding to DNA rather than any catalysis that might occur in the
presence of Mg?* but not Ca®* (Fig. S2 A and B).

To quantify the dynamics of these trajectories, we preformed
Hidden Markov Model (HMM) analysis, yielding the transition
rates between specific FRET states (23). Trajectories resulting
from HMM analysis could be superimposed onto smFRET tra-
jectories to demonstrate their correlation with the original trajec-
tories and to exemplify the existence of well-defined states (Fig. 2.4
and B and Fig. S2 A and B). Using the extracted frequency and
transition rates for each FRET state, we constructed 2D transition
density plots (TDPs) (Fig. S2 C and D). From these plots, we
derived the mean rates of transition from low-to-high and high-to-
low FRET states (termed bending and unbending, respectively) for
the 12RSS and 23RSS substrates (Fig. 2 D and E). Addition of
50 nM RAG-HMGBI complex in the presence of Mg>* significantly
decreased the rate of 12RSS unbending at the heptamer (Fig. 2D).
This highlights a longer dwell time in the high-FRET (bent) state
and confirms stabilization of the SC at the heptamer by HMGB1
under catalytic conditions. These changes were not observed at the
heptamer region of the 23RSS substrate, demonstrating that
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HMGBI1-bending stabilization of the heptamer is specific to 12RSS
(Fig. 2E). Moreover, we found that RAG1/2-induced conforma-
tional changes of the 12RSS were maintained in the presence of
23RSS, consistent with similar bending patterns in the SC and PC
(Fig. S1F).

We next sought to define the conformational changes occur-
ring in the nonamer region and between the conserved regions in the
presence of RAG complex proteins. To measure conformational
changes in the nonamer region and between nonamer and heptamer
regions, we used 12RSS DNA substrates with FRET pairs flanking
the nonamer region or FRET pairs positioned at both heptamer and
nonamer regions (Fig. S3 4 and D). Similar to the behavior observed
for the heptamer region (Figs. 1 and 2), the nonamer region dis-
played an increase in FRET or bending upon addition of RAG
complex proteins (Fig. S34). SmFRET trajectories confirmed that
nonamer bending was persistent for HMGBI1 but dynamic in the
presence of 50 nM RAGI1/2 and 50 nM RAG-HMGBI1 complex
(Fig. S3B). The combined effect of both HMGB1 and RAG1/2 at
the nonamer resulted not in the high-FRET bending modes ob-
served for either HMGB1 or RAG1/2 but rather in a high-FRET
bent mode as well as an intermediate (nonbent) FRET mode. This
result suggested that when RAG1/2 and HMGBI bind together,
their combined behavior may attribute to the reorganization of the
complex and destabilization of bending at the nonamer. Although
both the heptamer and nonamer are necessary for RAG1/2 bending
at the RSS heptamer (Fig. S1 D and E), destabilization of bending at
the nonamer by RAG-HMGBI1 complex would allow for HMGB1-
induced stabilization at the heptamer (Fig. S3C). HMGBI could act
as a cofactor by localizing RAG1/2 to its targeted nicking and
cleavage site, which is 5’ with respect to the heptamer region. We
conclude that the heptamer is the pivotal point of bending. We also
note that the combined bending induced by the RAG-HMGBI1
complex within the RSS region is substantial enough to bring non-
amer and heptamer regions within FRET range of each other (Fig.
S3D), which is in agreement with previous ensemble measurements
(19, 20).

Binding Kinetics of the RAG Complex. To monitor the kinetics of
RAG1/2 binding to DNA substrates in real time, we developed a
smCL assay using fluorescently labeled (Alexa Fluor 546)
RAG1/2 (Fig. S44). This enabled us to visualize both the RAG
complex and the Cy5-labeled DNA substrate to which it binds
(Figs. 3 and 4A4). Surface-tethered DNA was labeled with a Cy5
fluorophore marker to confirm that RAG1/273*® was binding to
RSS substrates and to avoid interference from nonspecific re-
actions. To prevent background noise due to nonspecific surface
binding of RAG1/2°F% lower concentrations of RAG1/2 and
HMGBI1 were used. These concentrations were shown to have
similar effects on the 12RSS substrate compared with the results of
higher concentrations (Fig. S4B). Due to the limited evanescent
field of total internal reflection fluorescence (TIRF) microscopy
and the diffusion rates of proteins in solution, green intensity was
only detected when RAG1/2*7% interacted with surface-tethered
DNA substrates. For these experiments, we monitored fluctuations
in green intensity due to RAG1/273* binding events rather than
FRET. Fig. 3B and Fig. S5C show representative single-molecule
trajectories, each with different proteins in solution, where both
binding and dissociation events are observed. Trajectories display
an increase in green intensity upon RAG1/24%% binding and a
drop back to baseline upon dissociation.

To derive RAG complex-binding kinetics, we measured the
dwell times, f,,, and ¢, in individual trajectories and generated
dwell time histograms for 12RSS and 23RSS substrates (Fig. S4
C-F). Histograms were fitted with exponential decay curves,
which enabled the determination of k,,, and k4 rates (Fig. 3 D
and E). For the 23RSS substrate, there was an increase in
RAG1/2 dwell time in the presence of the HMGBI1 cofactor
(Fig. S5 E and F), which highlights HMGB1’s role in stimulating
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events. (C) ko rates for the 12RSS substrate in the presence of RAG complex
proteins using the inverse of RAG1/227>*¢ dwell time (1/t,,). Addition of
10 nM HMGB1 did not substantially change the dwell time for the 12RSS
substrate, whereas addition of the 23RSS substrate to the solution decreased
kotr. (D) kon and ko rates for 12RSS, 23RSS, and dsDNA substrates in the
presence of 50 nM RAG-HMGB1 complex and 1 nM RSS (Mg?*).

RAGI1/2 binding (5). This may also be reflected in their kinetics
where kz transitioned from 0.20 + 0.01 s™' for RAG1/2-only
conditions to 0.18 + 0.02 s~' upon addition of RAG-HMGBI
complex proteins. Reflecting the trend observed in trajectories,
there was also a clear increase in dwell time when both 12RSS
and 23RSS were included in solution with RAG-HMGBI1
complex (Mg2+). This change was more drastic under catalytic
conditions than in the presence of Ca** (Fig. S4C). Overall, a
decrease in k¢ highlighted an increase in RAG1/2 binding sta-
bility upon PC formation (Fig. 3C). This increase in stability was
observed when either a 12RSS or 23RSS was in solution with the
surface-bound 12RSS, implying an attempt at synapsis despite
the 12/23 pair rule. From our data, we experimentally de-
termined that the k- of RAG1/2 is 0.14 + 0.02 s™! and the k,,, is
0.09 +0.02 nM~"-s™" (Fig. 3D and Fig. S5 A4 and B). This provides
an experimental Kp, of 1.52 + 0.31 nM, which is close to previous
kinetic models of RAG1/2 enzyme binding (4.7 + 0.8 nM) (Fig.
S5E) (13). The metrics were also similar to the k¢ and k,,, rates
measured for synapsis reactions with surface-tethered 23RSS
and 12RSS in solution, which yielded the following: k.5 = 0.12 +
0.02 s and k,,= 0.17 + 0.02 nM~".s™! (Fig. 3D and Fig. S5 A
and B). Additionally, RAG1/2 showed high substrate specificity.
RAG1/2 had fleeting interactions with dsDNA lacking an RSS
with a measured kg of >0.50 + 0.06 s~ and &, of 0.04 + 0.02nM s~
(Fig. 3D and Fig. S5D). These are in agreement with previous
studies showing that RAG1/2 has a decreased affinity for non-
RSS substrates (24).

Visualizing RAG1/2-Mediated RSS Pairing and Synapsis in Real Time.
To investigate the requirements for synapsis and to monitor PCs
in real time, we established a smFRET capture assay (Fig. 44).
This assay used an acceptor-labeled RSS substrate tethered to
the surface and a donor-labeled RSS substrate with RAG com-
plex proteins in solution. Because only donor molecules were
being excited, no signal was produced until donor- and acceptor-
labeled substrates synapsed. By positioning donor and acceptor
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molecules near the heptamer region of the synapsed RSS sub-
strates, we were able to visualize the heptamer—heptamer dy-
namics of the PC. To visualize a substantial number of molecules
despite low synapsis efficiency, proteins were incubated for
90 min for all reactions (Fig. S64). To ensure that the selected
molecules exhibited comparable conformational changes at
20-min and 90-min time points, we compared their smFRET
histograms. Similar peaks confirmed that we were not visualizing
highly stable complexes that were unable to undergo hairpin
formation but were rather visualizing highly stable complexes
that were very similar populations despite the time difference
(Fig. S6 B and C). By quantifying the number of PCs formed on
the surface (Fig. S6D), we obtained the efficiency of synapsis as a
function of DNA substrate and added proteins. This revealed
that both HMGB1 and Mg*" are important in increasing synapse
efficiency (Fig. 4B). Although there was 12/23RSS synapsis in the
presence of Ca>*, it occurred with lower efficiency than in the
presence of Mg?*. Adding HMGBI to the solution increased 12/
23RSS synapsis by over threefold. Conversely, both dsDNA/
23RSS and 12/12RSS reactions led to unsuccessful PC forma-
tion, confirming the 12/23 pair rule (25).

To determine the position and dynamics of the conserved
regions within the 12/23RSS PC, we carried out synapsis exper-
iments with 12/23RSS DNA substrates, probing different por-
tions of RSS substrates (Fig. 5 A-D and Fig. STE). These
substrates enabled us to monitor FRET changes between the
heptamer-heptamer, nonamer—-nonamer, and heptamer—non-
amer regions within the paired 12/23RSS complex. The FRET
histograms for these substrates revealed substantial high and
medium FRET populations for the 12/23RSS heptamer regions
(Fig. 5 A and B), indicating a close association between them.
The PC also showed distinctive medium—low FRET interaction
between the 23RSS nonamer and 12RSS heptamer regions (Fig.
5C), but little to no FRET was observed between nonamer re-
gions (Fig. 5D). We note that these findings are consistent with
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Fig. 4. Synapsis requirements and visualization of the PC. (A) lllustration of
smFRET capture assay for RSS/RSS synapsis. (B) Capture efficiency was measured
as the average number of smFRET pairs per imaged area (error bars, s.e.m.; n > 3).
The RSS listed directly below the graph represents the RSS tethered to the surface,
and those in the subsection represent RSSs in solution.
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Fig. 5. Analysis of the internal organization and conformational dynamics

of the PC. (A-D) Illustrations of RSS substrates used are located above their
respective histograms. The 12RSS (A) and a12RSS (B) substrates differ in the
location of the acceptor molecule. FRET histograms for both 12RSS and
a12RSS displayed broad FRET distributions corresponding to multiple FRET
states. This indicates internal dynamics within the PC. To emphasize the
different states, histograms were fit with multiple-peak Gaussian fits.
(C) FRET histogram for 12RSS"P and 23RSS™°" substrates displayed broad
FRET distribution corresponding to multiple intermediate-low FRET states.
This indicates that bending of 23RSS brings its nonamer region within FRET
distance of the 12RSS heptamer region. (D) Unlike at the heptamer—hep-
tamer and nonamer-heptamer regions, there is little to no FRET between
nonamer regions within the PC. A minimum of 75 smFRET trajectories were
used to generate each histogram.

the recently published PC structure (14) and the coordination of
the conserved regions within it (Fig. S7F). The observed FRET
populations indicate that PCs retained not a single state but
rather multiple conformations. This is evident in the smFRET
trajectories of individual 12/23RSS synaptic complexes where
transitions between different conformational states in the hep-
tamer—heptamer (Fig. S6 E and F) and nonamer—heptamer (Fig.
S6G) regions can be observed. HMM analysis was used to resolve
their internal dynamics and extract their transition rates (Fig. S7 B—
D). Importantly, the obtained rates are within the range of the
bending rates of the conserved regions and likely correspond to the
respective bending of the heptamers within the PCs. Despite being
a dynamic process, the stability of PCs increased over time. After
20 min, 54% of 12/23RSS complexes displayed FRET behavior for
the entire trajectory, and after 90 min, 73% of complexes displayed
FRET behavior for the entire trajectory (Fig. S74). Our data
confirm increased stability and decreased dissociation of RSS
substrates upon PC formation (13). Taken together, our analysis
reveals that the PC is stabilized in a conformation where the
heptamer regions are in close association, which would be an op-
timal configuration for cleavage (Fig. S8).

Discussion

In the work reported here, we used single-molecule assays to
define the steps and dynamics of the RAG1/2 reaction mechanism
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in real time. SmFRET analysis of the RAG complex as it binds to
its target (RSS) DNA site revealed that bending occurs at the
heptamer, even under noncatalytic conditions (Fig. 1 and Fig. S2).
This bending is substantial and comparable to conformational
changes in the synaptic complex (Fig. S1). Additionally, our assays
allowed us to determine HMGB1’s role as a cofactor and how this
protein stabilizes RAG1/2-induced bending at the 12RSS heptamer
(Fig. 2). HMGBL1 also destabilizes RAG1/2-induced bending at the
nonamer, highlighting different functionalities of the conserved re-
gions in binding, bending, and catalytic activity (Fig. S3). Using smCL
assays, we have derived the DNA binding kinetics of individual
RAG1/2-12RSS, -23RSS, and -non-RSS substrates, values that
were previously based on inferential assays (Fig. 3). Our data
revealed that HMGBI stimulates RAG1/2 binding to 23RSS and
that RAG1/2 dwell time is longer upon synaptic complex forma-
tion. We have also derived the k,, and kg values of RAG1/2 on
dsDNA, showing exceedingly short dwell times and highlighting
RAG1/2 substrate specificity. The internal conformational dy-
namics and architecture of the conserved regions within the syn-
aptic complex were characterized with smFRET capture assays,
resolving stable association of the heptamer regions and extreme
bending of the 23RSS substrate in the 12/23RSS synaptic complex.
These assays also revealed that 12/23RSS synapsis can occur before
catalytic activity (i.e., nicking) and that the stability of the synaptic
complex increases over time (Figs. 4 and 5). Our results provide an
integrated structural and kinetic description of RAG1/2 complex
activity and the formation and coordination of the synaptic com-
plex in initiation of V(D)J recombination (SI Discussion).

The effect of RAG1/2 complex binding to RSS DNA was
previously addressed using biochemical and biophysical tech-
niques (19, 20, 22, 26) and more recently visualized within the PC
in structural analysis (see SI Discussion) (14). These studies in-
dicated that binding of HMGB1 and RAG1/2 induced bending in
both the 12RSS and 23RSS DNA substrates as well as in each
substrate within the PC. To examine these, we used smFRET
analysis and monitored the bending and conformational dy-
namics of the heptamer and nonamer regions within the RSS
substrate. Our measurements revealed that HMGBI1 induces
persistent bending of DNA substrates that is not RSS sequence-
specific, whereas binding of RAG1/2 to DNA substrates results
in dynamic bending that is specific for the RSS sequence (Figs. 1
and 2 and Fig. S1). These bending modes were observed around
the nonamer and heptamer regions in both the 12RSS and
23RSS substrates (Fig. S3). Additionally, we found that in the
presence of HMGB1, RAG1/2-induced transient bending is
stabilized at the heptamer but destabilized at the nonamer for
the 12RSS substrate (Figs. 1 and 2 and Fig. S3). For the 23RSS
substrate, we did not find any change in stabilization by HMGB1
at the heptamer but rather did find an increased RAG1/2 dwell
time in the presence of its cofactor. Together our findings
demonstrate that the RAG1/2 complex induces dynamic bending
within the RSS substrates but with distinctive bending modes
exhibited within the 12RSS and 23RSS in the PC.

The DNA substrate specificity of the RAG complex is fun-
damental to the V(D)J recombination process, uniquely desig-
nating the role of RSS regions (5, 6). This specificity, along with
the 12/23 rule, has been the subject of several ensemble studies
as well as a recent single-molecule study (22). Although these
data provided important characteristics of RAG1/2 DNA bind-
ing activity, they were mostly derived from inferential assays.
Here, we used smCL assays to directly monitor the binding ki-
netics and substrate specificity of fluorescently labeled RAG1/2
in real time. Our measurements reveal that RAG1/2 binding to
RSS is specific and dramatically increases in the presence of
both 12RSS and 23RSS and Mg~ (Fig. 3). The binding kinetics
derived from our experiments provide a basis for a description
of the progression of the different steps in the recombination
process, including RAG1/2-mediated binding, nicking, and
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synapsis, as recently outlined in molecular models (13). Lower
boundaries that were predicted for k,,, and k. for 12RSS binding
(designated a;, and by,, respectively, in supplemental table 1 of ref.
13) are reasonably close to our measured values here. Specifi-
cally, their Ii)redicted lower boundary is a;, = 1.55 nM™:min™" or
0.0258 nM~"'s™', and our measured k., here is 0.09 + 0.02nM ™",
Their predicted lower boundary is by, = 6.9 min~! or 0.115 s, and
our measured kyg is 0.14 + 0.02 s~\. Given the kog and k,,
values, we conclude that RAG1/2 binds to each RSS substrate
sequentially before any catalytic reactions (nicking or hair-
pinning). Subsequently, RAG1/2 will nick both RSSs in the PC
before proceeding to hairpin formation. This kinetic model is
illustrated in Fig. S8A4.

Beyond the conformation of the RSS substrate and RAG
complex binding kinetics, we also determined the efficiency of
pairing and the architecture and association of the substrates
within the 12/23RSS synaptic complex (Figs. 4 and 5). Consistent
with recent cryo-EM studies of the 12/23RSS RAG1/2 synaptic
complex (14), our data show a stable and close association be-
tween the heptamer regions (Fig. S8B), whereas the nonamer
regions are perpendicular (crossed or X conformation), such that
the RSS nonamer ends are positioned further away from each
other (Fig. S7F). Additionally, the extreme bending (~120°) of
the 23RSS substrate brings its nonamer region within FRET
distance of the heptamer region in the 12RSS substrate. The
observed bending dynamics of the RSS substrates (Figs. 1 and 2)
are also evident within the synaptic complex (Fig. 5), where the
rates of FRET transitions measured between opposing heptamer
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regions are within the range of bending transitions (Fig. S7D).
Although the heptamer regions have minor variations in FRET
value, the large dynamics at locations farther away from the site
of cleavage could be associated with the flexible nonamer-bind-
ing domain (NBD) (14, 27).

Overall, the unique single-molecule assays we developed in the
course of this work provide a powerful platform for probing
RAG1/2-mediated V(D)J recombination. The assays we describe
provide a basis for the future determination of the role of RAG
complex in disease and how these proteins are modulated by
other factors. For example, experiments with RSS-like motifs of
cryptic RSSs (cRSSs) and mutated RAG1/2 would offer an op-
portunity to decipher faulty molecular mechanisms and potential
targets for therapeutic intervention.

Methods

Protein Expression and Purification. Detailed protein production, purification,
and labeling protocols are provided in S/ Methods. Murine RAG1 (core re-
gion: amino acids 384-1008) or RAG2 (full-length: amino acids 1-527, or core
region: amino acids 1-383) vectors were designed as previously described
(28). Fluorescently labeled RAG proteins carried a SNAP tag. Proteins were
purified as described in ref. 29. Mouse recombinant C-terminal truncated
HMGB1 was expressed in bacteria and purified as previously described
(30, 31).

SmFRET. A full description of the DNA preparation and smFRET and smCL
assays is provided in S/ Methods. All oligonucleotides (Table S1) were pur-
chased from Integrated DNA Technology (IDT). SmFRET experiments were
carried out as previously described (32, 33).
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