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ABSTRACT: During V(D)J recombination, site specific DNA excision is dictated by the binding of RAG1/2
proteins to the conserved recombination signal sequence (RSS) within the genome. The interaction between
RAG1/2 and RSS is thought to involve a large DNA distortion that is permissive for DNA cleavage. In
this study, using atomic force microscopy imaging (AFM), we analyzed individual RAG—RSS complexes,
in which the bending angle of RAG-associated RSS substrates could be visualized and quantified. We
provided the quantitative measurement on the conformations of specific RAG—12RSS complexes. Previous
data indicating the necessity of RAG2 for recombination implies a structural role in the RAG—RSS complex.
Surprisingly, however, no significant difference was observed in conformational bending with AFM between
RAGI1—12RSS and RAG1/2—12RSS. RAG1 was found sufficient to induce DNA bending, and the addition
of RAG2 did not change the bending profile. In addition, a prenicked 12RSS bound by RAG1/2 proteins
displayed a conformation similar to the one observed with the intact 12RSS, implying that no greater
DNA bending occurs after the nicking step in the signal complex. Taken together, the quantitative AFM
results on the components of the recombinase emphasize a tightly held complex with a bend angle value
near 60°, which may be a prerequisite step for the site-specific nicking by the V(D)J recombinase.

Immunoglobulin and T-cell receptor genes are created
through the assembly of gene segments by the process of
V(D)J recombination. This process is initiated at the RSS
sequences, which contain a conserved heptamer (5’-CA-
CAGTG) and nonamer (5'-ACAAAAACC) separated by
spacer sequences of either 12 (12RSS) or 23 (23RSS) base
pairs (bp). V(D)J recombination is restricted by the 12/23
rule, which requires that gene segments must be flanked by
signals of different spacer lengths for efficient cleavage. The
RAG1/2 proteins, known as V(D)J recombinase, bind to RSS
sites and make a single strand nick at the border between
the heptamer and coding segment. The newly liberated 3’-
hydroxyl group then acts as a nucleophile in a transesterfi-
cation reaction and targets the bottom strand, resulting in a
closed hairpin coding end and a blunt signal end. In the
physiological reaction, the hairpin-forming step is primarily
restricted to the paired complex of 12RSS and 23RSS held
by RAG proteins (I—3). After DNA' cleavage, joining of
coding and signal ends requires both RAG proteins and the
nonhomologous end-joining (NHEJ) proteins.

Many in vitro studies of RAG—DNA interactions largely
utilize core regions of RAG1 and RAG2, which contain large
deletions but retain enzymatic activity of DNA cleavage in
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vivo (4, 5). Although both RAG1 and RAG2 proteins are
necessary for efficient binding and cleavage, DNA recogni-
tion is largely the function of RAG1 (6, 7). RAG2 is believed
to increase the specificity and stability of the complex (8, 9),
and yet its exact function remains elusive. While RAG1
contains a nonamer binding region (NBR), it binds to the
heptamer with limited specificity via its central domain (/2).
Interestingly, this domain has greater binding specificity for
single stranded (ss) heptamer than its double stranded
counterpart or nonspecific DNA (/0, 11). Although the role
of ss DNA binding by intact core RAG1 during V(D)J
recombination is still in question, the likelihood of ss DNA
configuration is increased when there is local helix distortion
or unwinding. As such, evidence of RAG-induced helix
distortion is suggested from results of various interference
and footprinting assays (/2—15). DNA distortion near the
cleavage site may favor unwinding, which is necessary for
the direct in-line attack required for the transesterfication of
the hairpin formation step (16, 17).

The ability of RAG1/2 to bend 12RSS DNA has been
proposed on the basis of circular-permutation assays.
RAG—DNA bending of a 23RSS is assisted by the high-
mobility-group proteins, HMGB1 and HMGB2, whereas
these proteins exert less bending effect on the RAG—12RSS
interaction (/7). Although RAG-mediated DNA distortion
has been implied by these previous studies, much remains
to be defined in the quantitative analyses of the RAG1/
2—RSS complex, in terms of bending position, bending
angle, as well as possible connection of DNA bending to
ultimate excision. To address these issues, we utilized atomic

© 2008 American Chemical Society

Published on Web 10/03/2008



Quantitative Analyses of RAG—RSS Interactions

DNA Substrates for AFM Imaging
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FIGURE 1: DNA substrates for AFM analysis of RAG—DNA
interactions. The DNA fragments 12RSS(7 + 9) (A) and 23RSS
(E) contain 12RSS and 23RSS, respectively (see Experimental
Procedures). Flanking DNA lengths were designed for identification
of specific protein—DNA complexes. 12RSS(7 + 9) contains DNA
arms of 3X and 4X. The 23RSS has DNA arms flanking the RSS
at lengths of 2X and 1X. Generation of 12RSS(mt7 + 9) (B),
12RSS(mt7+mt9) (C), and 12RSS(nik7 + 9) (D), where mt
indicates scrambled sequence and nik indicates prenicked, are
explained in Experimental Procedures. These three altered DNA
substrates all contain relative flanking arms of 3X and 4X.

force microscopy (AFM) to directly reveal structural changes
imposed by RAG binding to RSS at the single molecular
level and to determine whether DNA bending acts as a
possible mechanism for RSS recognition and subsequent
nicking. Using AFM, we observed the formation of
RAG—RSS DNA complexes and their conformational
changes. Our findings provide important insight into the
potential mechanism of DNA bending to ensure RSS
specificity and as a prerequisite for cleavage.

EXPERIMENTAL PROCEDURES

DNA Substrates for AFM. DNA substrates containing a
12RSS or 23RSS sequence were created by PCR amplifica-
tion of plasmid pUC19-5.2, which is a modified recombina-
tion construct of R-bex, kindly provided by Dr. Gerstein
(University of Massachusetts). These DNA substrates with
designed lengths of DNA arms upstream and downstream
of the RSS are shown in Figure 1. The 366 bp fragment
23RSS was PCR-amplified by using the primers P1 (5-CGC
ATC AGG AGC CAT TC) and P2 (5-CCC TGA GCA
AAG ACC CCA) (Figure 1E). The 791 bp fragment
12RSS(7 + 9) (Figure 1A), where 7 and 9 indicate heptamer
and nonamer sequences, respectively, was generated by PCR
using the primers P3 (5-GCT CCT GGA CGT AGC CTT
C) and P4 (5-GCA ACG CGG CCT TTT TAC G). The
two 12RSS-mutated 774 bp fragments, having a mutated
heptamer sequence and mutation at both heptamer and
nonamer, designated as 12RSS(mt7 +9) and 12RSS(mt7+mt9),
respectively (Figure 1B and C), were created by ligating three
strands (left, middle, and right) using the following proce-
dure. For the left and right flank (present in the two mutated
RSS substrates), the 12RSS(7 + 9) DNA fragment was
digested with PstI and Xbal and the 297 and 420 bp
fragments were purified. To assemble the 57 bp middle
fragment for both 12RSS(mt7 + 9) and 12RSS(mt7+mt9),
two complementary oligos (top and bottom strands) were
annealed and purified for each. For the 12RSS(mt7 + 9),
5’-phosphate-CTA GAA GCT ACG GTA GTA GCT ACG
CTC TGT CTC GAG ACT GGA ACA AAA ACC CTG
CA and 5’-phosphate-GGG TTT TTG TTC CAG TCT CGA
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GAC AGA GCG TAG CTA CTA CCG TAG CTT were
used. For the 12RSS(mt7+mt9), 5’-phosphate-CTA GAA
GCT ACG GTA GTA GCT ACG CTC TGT CTC GAG
ACT GGA CGT TCG GAG CTG CA and 5’-phosphate-
GCT CCG AAC GTC CAG TCT CGA GAC AGA GCG
TAG CTA CTA CCG TAG CTT were used. These frag-
ments contain sticky ends capable of ligation to the Pst/ and
Xbal digested left and right flanks. The middle fragments
were subsequently ligated to the left (297 bp) and right (420
bp) flanks to create 12RSS(mt7 + 9) and 12RSS(mt7+mt9).
To create the middle fragment for the prenicked 12RSS DNA
substrate, 12RSS(nik7 + 9) (Figure 1D), three complemen-
tary oligos (two top strands, one bottom strand) were
annealed and purified. These included 5’-phosphate-CTA
GAA GCT ACG GTA GTA GCT AC, 5'-CACAGTG CTC
GAG ACT GGA ACA AAA ACC CTG CA, and 5'-
phosphate-GGG TTT TTG TTC CAG TCT CGA GCA CTG
TGG TAG CTA CTA CCG TAG. This DNA fragment was
subsequently ligated to the left (297 bp) and right (420 bp)
flanks to create 12RSS(nik7 + 9). All DNA fragments were
analyzed by sequencing to confirm their accuracy.

RAGI and RAG2 Protein Purification. Truncated RAG1
(residues 374—1008) and RAG?2 (residues 1—387) fused to
maltose binding protein (MBP) at its N-terminus was
expressed and purified individually from 293T cells trans-
fected with RAG1 and RAG2 plasmids, cMR1m and cMR2,
respectively (A kind gift from Patrick Swanson, Creighton
University) in a lipofectamine procedure. Briefly, 48 h after
transfection, cells were harvested and resuspended in buffer
A (10 mM sodium phosphate, 500 mM NaCl, and 0.2%
Tween-20) plus protease inhibitors. Cells were sonicated and
spun down for 1 h at 20,500 RPM at 4 °C. The supernatant
was diluted 1:1 (v/v) with buffer A without Tween-20 and
run on an amylose column pre-equilibrated with buffer A.
Proteins were eluted with buffer A plus 10 mM maltose and
protease inhibitors. Protein-containing samples were dialyzed
against buffer D (25 mM HEPES-KOH, 100 mM KCl, and
2 mM DTT). Coomassie-stained SDS—PAGE analysis
indicates MBP-RAG1 and MBP-RAG?2 to be at least 95%
pure (data not shown). Throughout the text, MBP-RAGI and
MBP-RAG?2 are referred to as RAG1 and RAG2. Human
HMGBI protein was obtained commercially (Sigma-Ald-
rich).

Gel-Mobility Shift Assay. Binding of RAG1 and RAG1/2
to a 1 nM *?P-labeled 53 bp 12RSS DNA substrate (top 5’-
CTA CGG TAG TAG CTA CCA CAG TGC TCG AGA
CTG GAA CAA AAA CCC TGC AGT CG; bottom 5'-
CGA CTG CAG GGT TTT TGT TCC AGT CTC GAG
CAC TGT GGT AGC TAC TAC CGT AG) was analyzed
by a range of RAGI concentrations (0—200nM). With 200
nM RAGI, binding was measured by a range of RAG2
concentrations in binding buffer (20 mM Hepes (pH 7.8),
50 mM NaCl, 3 mM CaCl,, | mM DTT, 100 nM 110 bp
cold nonspecific competitor, 0.1 mg/mL of bovine serum
albumin, and 5% glycerol). Samples were electrophoresed
on a 5% native polyacrylamide gel in a 0.5x Tris-Borate
(pH 8.3) under constant 50 V. Gels were dried and exposed
to film.

RAG1/2 Enzymatic Assay. A 53 bp double-stranded DNA
substrate (same as above), which contains a 12RSS, was top
strand 5’ labeled with 3P to examine RAG1/2-mediated
cleavage activity. The indicated proteins (200 nM) with or
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without complementary cold 23RSS were incubated with
radiolabeled DNA in cleavage buffer (20 mM Hepes (pH
7.8), 50 mM NaCl, I mM DTT, and 0.1 mg/mL of bovine
serum albumin) in the presence of 3 mM CaCl, or MnCl,.
Reactions were incubated for 30 min at 37 °C. Samples were
then stopped with loading solution (95% formamide, 10 mM
EDTA), heated to 95° for 3 min, run on a 15% polyacryla-
mide gel containing 7 M urea in TBE buffer, and exposed
to film overnight.

Assembly of RAG—DNA Complexes and AFM Imaging.
For RAG—DNA complex formation, 200 nM RAG1 or 100
nM RAGI1 and 100 nM RAG2, and 8 nM DNA in final
concentrations were incubated for 30 min at 37 °C in the
presence of buffer CA (20 mM Hepes, pH 7.8, 50 mM KClI,
2 mM CaCl,, and 2 mM DTT) in a total volume of 5 uL.
For experiments with HMGBI, the protein was added to
RAGI1/2 prior to binding DNA at 100 nM in the reaction.
Samples were fixed by the addition of a 1:1 ratio of buffer
CA containing glutaraldehyde (0.2% v/v) to stabilize the
RAG—RSS complex, as reported before (/4). After 5 min,
the reaction was stopped with the addition of 1 uL of 1 M
Tris-HCI at pH 7.8. The sample was then purified through a
Microcon YC100 column, and the filtrate was brought up to
10 uL with buffer CA. Typically, 2 uLL of sample was
deposited onto mica modified with 1-(3-aminopropyl)sila-
trane (APS-mica) (/9). After two minutes, the samples were
thoroughly rinsed with deionized water and dried under an
argon gas flow. AFM imaging in tapping mode was
performed on a Bioscope SPM Nanoscope III system (Veeco/
Digital Instruments, Santa Barbara, CA). OMCL-AC160TS
silicone probes (Olympus Optical Co., Tokyo, Japan) with
a spring constant of ~42 N/m and a resonance frequency of
~300 kHz were used for imaging.

AFM Data Analysis. Data analysis including image
processing, contour length measurements, end-to-end dis-
tances, angle, height, and cross-section was performed with
Femtoscan v1.6 (4.8) (Advanced Technology Center, Mos-
cow, Russia). The protein-induced DNA bend angle, o, of a
continuous piece of DNA interrupted with protein was
determined from the tangent method similar to the one
described before (20) and explained in Supporting Informa-
tion, Figures 1 and 2.

RESULTS

Size and Position of RAG—RSS Complexes Revealed by
AFM. The enzymatic activity of the RAG proteins in site-
specific binding and cutting of DNA was determined and
presented in Supporting Information, Figure 3. RAGI or
RAGT preincubated with RAG2 was incubated with various
DNA substrates in the presence of Ca?>* and deposited onto
APS-mica for AFM imaging. Sizes of proteins assembled
onto DNA were calculated from AFM volume measurements
(21). Volumes of RAG proteins (i.e., MBP-RAG fusion
proteins) bound to 12RSS or 23RSS are displayed in a
histogram in Figure 2, in which no apparent differences in
volumes were observed in these two different DNA substrates
(data not shown). The volume estimation was based on the
approximated peak value, where SD was given. To ap-
proximate the size of RAGI from the volume data, the
known volume and size of a MutSo. dimer (537 4= 18 nm’,
250 kDa) bound to DNA were used as a reference (Sup-
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FIGURE 2: Histograms of volume measurements of RAG1 (A) and
RAG1/2 (B) as determined from AFM analysis. Volumes were
calculated by estimating hemispheres from height measurements
and cross-sections of diameters at half-maximum heights of proteins
bound to 12RSS and 23RSS. To estimate the size of RAGI and
RAGI1/2, the volume and size of MutSo. bound to DNA was
calculated (537 nm?, 250 kDa). A dimer of RAG1 (214 kDa) should
approximately have a volume of 459 nm?, which corresponds
closely with the measured volume (463 nm?).

porting Information, Figure 4). A dimer of RAG1 (214 kDa)
should approximately have a volume of 459 nm?, corre-
sponding very closely with the measured RAG1 volume (463
nm?). If the RAG1 dimer size does not change upon the
addition of RAG2 (79 kDa, estimated size 170 nm?), the
measured volume of RAG1/2 (938 nm®) is between a
RAGI1/2 tetramer (2RAG1:2RAG?2, 459 + 340=799 nm?)
and pentamer (2RAG1:3RAG2, 968 nm?). Therefore, RAG1/2
is likely bound as a dimer of RAG1 with a dimer or trimer
of RAG?2, although other combinations of RAG1 to RAG2
cannot be ruled out, for example, IRAG1:4RAG2.

AFM analysis provides us with the capability to determine
the binding location of proteins along the DNA contour. Of
all the DNA samples with exactly one protein bound, RAG1
and RAG1/2 were found binding to DNA ends at frequencies
of about 17% and 30%, respectively. While this is an
interesting phenomenon, these binding events were excluded
from the binding position analysis. Only single DNA
fragments with one protein bound along the DNA contour
counted in our statistical analysis. AFM imaging allows us
to determine whether RAGI binds with a higher frequency
at a location of the known position of a 12RSS compared to
the rest of the DNA contour. Analysis of DNA sequence
specificity indicates that the RAG proteins bind at a position
consistent with the location of the 12RSS on the 12RSS(7
+ 9) fragment (see Figure 1A) from the identification of
flanking arms of 3X and 4X lengths (Figure 3A and B).
RAGTH binds the 12RSS (explained in Supporting Informa-
tion) with a specificity S = 377 £ 36 [Table 1; S is defined
as a relative frequency of a protein binding to a specific site
versus a nonspecific site (20)]. The addition of RAG2
increases binding specificity (S = 692 + 63) to 12RSS and
also to 23RSS (S = 556 + 88). In comparison, binding of
RAGI1 and RAG1/2 to the mutated 12RSS DNA substrate
[12RSS(mt7+mt9)] displayed no obvious position prefer-
ences in binding to the DNA substrates (Figure 3C and D).
Therefore, AFM results indicate that the RAG proteins bind
with high specificity to the RSS sites, as expected.

AFM Analyses of RAGI—12RSS Conformations. The DNA
contour visualized by AFM allows for the direct measure-
ment of DNA bending, providing information on DNA
conformations. Although naked DNA molecules show in-
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Table 1: Specificity of RAG Proteins for Various DNA Substrates

protein DNA substrate DNA site specificity (S)”
RAGI1 12RSS(7 + 9) 7+9 377 + 36
RAGI1/2 12RSS(7 + 9) 7+9 692 + 63
RAGI1/2 23RSS 23RSS 522 + 46
RAGI1/2 12RSS(nik7 +9)  (nik7 +9) 814 £ 67
RAG1/2 12RSS(mt7 +9)  (mt7 +9) 153 £ 11
RAG1/2-HMGB1  23RSS 23RSS 556 + 88
RAG1/2 12RSS(mt7+mt9)  (mt7+mt9) 1°

“ Specificity with standard error determined from Gaussian
distributions of binding locations (S = N * Agy/Aypt1) where N is the
number of binding sites, and A is the area under the Gaussian
distribution (see Supporting Information, Figure 2 and ref 217). ” Given
the lack of Gaussian peak in 12RSS(mt7+mt9), the Ay, is O; thus, the
specificity is approximately equal to 1.

FIGURE 3: Representative AFM images of RAG1—DNA complexes.
RAGT1 was incubated with 12RSS(7 + 9) (as illustrated in Figure
1, A and B) and 12RSS(mt7-+mt9) (Figure 1, C and D), which
contain a 12RSS and a scrambled 12RSS at the same location,
respectively. The protein (white egg shaped blobs) bound to a
location on the 12RSS(7 + 9) (yellow filaments), consistent with
the location of the 12RSS (also termed (7 + 9)), which contains
flanking DNA arms of 3X and 4X as shown in panels A and B,
denoted by arrows. RAG1 binding the scrambled 12RSS was diffuse
and did not bind at a consistent location, represented by arrow-
heads. The upper two images are RAGI bound to the (7 + 9),
whereas the bottom two images are RAG1 bound nonspecifically
to DNA. Noticeably, the protein induces a strong DNA bend in
the helix at the (7 + 9) (white arrows) compared to the non-12RSS
sequence (white arrowheads).

trinsic DNA bending, the bending profile displays no
differences among different DNA fragments, normal or
mutant RSS (unpublished observation). Thus, we focused
our DNA-bending analysis primarily on DNA—protein
complexes. As shown in Figure 3, RAG1—DNA complexes
exhibit a noticeable bend in the helix denoted by arrows
(Figures 3A and B), whereas the one formed on the mutated-
RSS fragments lacks obvious bending (Figure 3C and D).
The protein-induced bending angle at the RSS position (as
determined above) is considered RSS-specific bending. By
comparing RAG1—(7 + 9) complexes (RAG binding to the
location of the wild type 12RSS on the 12RSS(7 + 9)
substrate) with the protein binding at the same location of
mutated DNA sequence [RAG1—(mt7+mt9)] or non-RSS
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FIGURE 4: DNA bend angle profiles of RAGI—DNA complexes.
RAGT1 bound to (7 + 9) (A), (mt7+mt9) (B), or non-RSS sequence
DNA (C) was measured for DNA bend angle as described in
Experimental Procedures. Percentages near the top of each graph
indicate the proportion of molecules less or greater than 40°. When
RAGI1 bound to the (7 + 9), the percentage of molecules that are
bent greater than 40° is considerably higher than nonspecific sites.
The bend angle profile of specific RAG1I—DNA complexes
indicates at least two populations of conformations at 0 £ 4° and
66 £ 6°, whereas at nonspecific sites, the bend angle is very
shallow. Statistical analysis indicates that there is a significant
difference between bending at a (7 + 9) vs (mt7+mt9) (p = 0.005)
or non-RSS sequence (p < 0.001).

DNA, one can determine whether the observed DNA bending
is RSS-specific. Specific RAG1—(7 + 9), RAG1—(mt7+mt9),
and RAGI bound to non-RSS sites [any location along the
contour of 12RSS(S+S)] were analyzed and compared for
the magnitude of the DNA bending angle. The RAG1—
(mt7+mt9) complexes display a diffuse pattern with a very
shallow angle (Figure 4B). The majority of DNA bend angles
(57%) are less than 40°, suggesting a large ensemble of
various conformations. In contrast, the DNA bending profile
of specific RAG1—(7 + 9) associations displays a distinct
bimodal distribution with two major populations (Figure 4A).
One population characterized by bending less than 40° (peak
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FIGURE 5: AFM images of RAG1/2—RSS complexes. Preformed
RAG1/2 complexes were incubated with 12RSS(7 + 9). RAG1/2
bound to the location of the (7 + 9) as shown by the lengths of
DNA arms as either 3X or 4X. Panel A displays two complexes
with bend angles of 73° (white arrow) and 68° (white arrowhead).
Two representatives of RAG1/2-(7 + 9) complexes are shown in
B (~60°) and C (~0°). AFM images of RAG1/2 binding to and
bending of 23RSS DNA substrate (displayed by DNA arms of 1X
and 2X) are shown in D and E. The protein bending a 23RSS at
various angles is shown in the left complex (51°), middle complex
(20°), and right complex (71°) in the D panel. Panel E shows the
action of both HMGB1 and RAGI1/2 on 23RSS, displaying
complexes bent at 51° (left complex) and 62° (right complex). A
scale bar of 100 nm is a size marker for panels A, B, and C, while
the scale bar of 50 nm shown in D is for panels D and E.

at 0 & 4°) and the other with a bend angle value near 66 +
6°. Thus, using AFM, we provided the quantitative measure-
ment on the conformational changes of RAG—12RSS
complexes, in terms of bending angles and distribution of
bending complexes. The RAG1—(mt7+mt9) substrate has
no sequence resembling an RSS, such that RAG1 binding
anywhere on the DNA is indicative of RAGI—non-RSS
interactions. When RAG1 bound to any location along the
non-RSS molecule (Figure 4C), the DNA bending profile is
similar to that of the RAG1—(mt7+mt9) complexes (Figure
4B), reflecting the level of DNA distortion caused by
nonspecific interactions of RAG1 with DNA. In comparing
RAGTI bending at the (7 + 9) versus that at (mt7-+mt9) or
non-RSS, the profiles of the two are statistically different (p
= 0.009 and p < 0.0001, respectively).

The DNA bending profile of RAGI—12RSS complexes
indicates that RAG1 bends the 12RSS substrates with a
distinct pattern. Since RAG?2 associates with RAG1, which
in turn binds to RSS sequences with a higher specificity
[Table 1 and ref /4], we investigated the role of RAG2 in
DNA bending. Representative AFM images of RAGI/
2—12RSS(7 + 9), RAGI1/2—23RSS, and RAGI/2-
HMGB1—23RSS complexes are shown in Figure 5. Specific
complexes were measured for bend angle values. Similar to
RAG1—DNA complexes, RAG1/2 also displays a strong
bend of the helix. Interestingly, RAG1/2 bound to (7 + 9)
displays a DNA bending pattern similar to the one observed
in RAGI—(7 + 9) with a major peak at 62 + 5° (Figure
6A). Also, 66% of the complexes are bent greater than 40°,
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comparable to the complexes formed with RAG1 alone
(71%). This finding indicates that RAG?2 apparently does not
alter the DNA bending profile of RAG1—(7 + 9). However,
RAG1/2 bound to the (mt7+mt9) site still displayed a diffuse
pattern of DNA bending with the majority of complexes with
a very shallow DNA bend angle (Figure 6B), similar to
RAGI1—(mt7+mt9) complexes (Figure 4B). Taken together,
our data suggests that RAG2 exerts little effect on DNA
bending during the interaction between RAG and 12RSS.

By using a circular permutation assay, Aidinis et al.
reported that RAG1/2-induced DNA bends at 12RSS sub-
strates, but not at 23RSS unless the addition of HMGB1 takes
place (/8). We wanted to determine whether this differential
DNA bending can be revealed by AFM. RAG1/2 bound to
the 23RSS DNA fragment was deposited to APS-mica and
visualized with AFM (Figure 5D), and the RAG1/2—23RSS
complexes were analyzed. Indeed, we observed significant
differences in RAG1/2-induced DNA bend angle profile at
the 12RSS versus the 23RSS (p = 0.027). Unlike the RAG-
induced DNA bending at the specific 12RSS(7 + 9)
substrates (Figure 6A), the 23RSS-bending profile is lower
in magnitude (45 £ 6°). This indicates RAG1/2 deflects the
DNA helix to a lesser extent on 23RSS than on 12RSS.
However, the addition of HMGBI1 to the binding reaction
results in more apparent DNA bending at the 23RSS than
with RAG1/2 alone (77% versus 51%, compare Figure 6D
with C). The DNA bend angle profile presents a major peak
angle value at 65 % 8°, which is near the bent conformation,
62 + 5°, of RAG1/2—12RSS.

Therefore, in addition to confirming the earlier report on
differential DNA bending at 12 versus 23RSS for RAG1/2,
AFM imaging provides quantitative measurement of con-
formational changes of various RAG—RSS complexes.
Taken together, this analysis reveals a novel feature of the
recombinase, that RAG1 with or without RAG2 induces
significant DNA bending at 12RSS.

RAG1/2-Induced DNA Bending on Prenicked 12RSS.
Given the apparent DNA-bending at 12RSS, it is of question
whether nicking at the 12RSS heptamer, the step preceding
hairpin formation, causes the RAG1/2—RSS complex to
adopt a different conformation. To directly address this
question, RAG1/2 was incubated with a prenicked 12RSS
DNA substrate, 12RSS(nik7 + 9), shown in Figure 1 (listed
as D). RAG1/2 bound to the location of the prenicked 12RSS,
displaying a binding specificity (S = 814 £ 67, Table 1)
higher than that of the intact 12RSS (S = 692 4 63, Table
1). By comparing the DNA bending profile of RAG1/2 on
prenicked 12RSS and intact 12RSS, we can assess DNA
conformation before and after nicking. In the absence of
RAG, the prenicked 12RSS shows no obvious bending (data
not shown). Upon incubation with RAGI1/2, the DNA
bending profile presents a bimodal distribution with peaks
at 0 £+ 11° and 58 + 2° (Figure 7A), similar to the peaks
seen for the intact substrate (compare with Figure 6A).
Furthermore, the proportion of RAG1/2—(7 + 9) complexes
that were bent greater than 40° was 63%, again at the range
observed with the intact substrate (66%). This data indicates
that RAG1/2-mediated DNA bending and/or distortion is
comparable before and after nicking.

Since helix destabilization at the heptamer-coding border
has been implicated in the recombination reaction, we
wondered whether the heptamer sequence (5'-CACAGTG)
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FIGURE 7: Bend angle histograms for various RAG1/2-bound
substrates. The RAG1/2 association with nicked 12-RSS [also
termed (7nik+9)] and mutated heptamer substrate [i.e., (mt7 + 9)]
is presented in A and B, respectively. A significant difference was
observed in comparing the bending at (7 + 9) vs (mt7 + 9) (p =
0.012).

dictates the distinct DNA bending pattern. For this, RAG1/2
was incubated with a DNA substrate that contains a mutated
heptamer sequence while retaining the nonamer sequence,
that is, 12RSS(mt7 + 9) (Figure 1, listed as B). RAG1/2
bound the (mt7 + 9) with nearly 5-fold less specificity (S =
153 £ 11) than the wild type 12RSS(7 + 9) (S = 692 +
63) (Table 1), similar to the finding reported by Akamatsu
and Oettinger (/4). The specific complexes were analyzed
for DNA bend angle. The DNA bending pattern (Figure 7B)
displays a diffuse arrangement similar to that of RAG1/2
bound to (mt7+mt9) (Figure 6B). Thus, the DNA bend angle
profiles of RAG1/2—DNA complexes at (7 + 9) and (mt7
+ 9) display a significant difference (p = 0.012). This finding
indicates that the combination of both the nonamer and
heptamer is required for the conformation seen in 12RSS,
which is not unexpected as the binding specificity was
significantly compromised with this mutant substrate (Table

D).
DISCUSSION

Using AFM, we provide the visual demonstration of the
interaction and conformation of RAG—RSS complexes. In
addition, the AFM analysis makes it possible for quantitative
comparisons of RAG-mediated conformational changes at
various recombination substrates and therefore determines
the structural composition of both recombinases and sub-
strates required for such changes.

Interactions between RAG and RSS: Role of RAG2. Our
AFM analyses directly reveal structural composition and
conformations of RAG—RSS complexes. We show here that
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RAGTI alone induces DNA bending at the 12RSS (Figure
4A) into a characteristic peak near 60°. Surprisingly, the
addition of RAG2 does not change the conformation revealed
by AFM (Figure 6A). Thus, RAG2 does not seem to further
augment the strength of bending, even though it increases
the size and binding specificity of RAG—RSS complex, as
shown in Figure 2 and Table 1, respectively. Therefore, the
conformation observed at the 12RSS is largely mediated by
RAGI.

The indifference of RAG2 in the observed complex is
somewhat unexpected because of a synergistic role of RAG2
in enhancing RAG1-medicated RSS recognition, which has
been reported by many groups (8, 9, 13, 14, 22) and also
confirmed in our AFM analysis (Table 1). Therefore, RAG2
is likely to increase the specificity and stability of the
complex by a mechanism other than bending. RAG2 may
exert its action through two possible scenarios that are not
mutually exclusive. First, RAG2 may interact with the DNA
directly through association with RAG1. After DNA bending
occurs upon RAG1/2—12RSS binding, RAG2 may interact
with the DNA and stabilize or further alter the distorted DNA
conformation, although this may not be apparent in AFM.
Another scenario is that RAG2 may act through a confor-
mational change of RAGI, which may change the DNA
binding properties of RAG1/2 relative to RAGI alone. A
conformational change as a result of RAG1/2 interactions
prior to DNA binding is also consistent with the demonstra-
tion of poor recombination cleavage activity on the preas-
sembled RSS-bound RAG]1, to which RAG2 was added later
(8.

RAG1/2-DNA Bending Independent of Nicking. The AFM
analysis here has shed light on important structural aspects
of RAG—RSS recognition and behavior. We showed that
the degree of RAG-induced DNA bending is comparable
whether the DNA is nicked or not, suggesting that bending
at the cleavage site is not necessarily dependent on the
nicking step. Similarly, because of the inherent flexibility
imparted by nicked DNA and the lack of conformational
change observed in RAG1/2—(nik7 + 9) versus RAG1/
2—12RSS, we conclude that the complex is likely a tightly
organized structure associated with the nicked site. Therefore,
the conformation characterized by a DNA-bend angle of
~60° revealed by AFM is likely the structure that is
proficient in heptamer nicking and downstream reactions.

In contrast, our AFM analysis shows quantitatively less
DNA bending at the RAG—23RSS complex. By directly
revealing conformation structure and quantifying the bending
angles of the RAG—23RSS complex before and after
HMGBI1 addition (Figure 6), we show here that the bending
angle of RAG—23RSS can be increased from 45 + 6° to 65
+ 8° by HMGBI, at a level comparable to the one observed
in the RAG—12RSS complex, 62 £ 5°, which may be an
optimal structure for RAG1/2-mediated recombination nick-
ing. Thus, our AFM data provides additional evidence to
support the speculation of preferential recombination cleav-
age initiated at the 12RSS over the 23RSS in the absence of
HMGBI, as implied by various studies (27, 28). This
speculation is also compatible with the capture model for
synapsis, where a RAG—DNA complex (likely a 12RSS) is
able to capture a 23RSS, inferred from data regarding the
order that components are added (29). Since capturing a
23RSS by RAG—12RSS is more efficient than the reverse,
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it is likely that there are specific protein conformational
changes, which are defined by a 12- or 23RSS signal.
Furthermore, the arrangement of the paired complex of
RAG—synapsis may be assisted by strong DNA bends. This
arrangement is also concluded from recent FRET data, which
indicates a nonplanar configuration for the PC where both
of the RSSs are bent similarly and crossed (30).

Although the RSS sequence is most important for DNA
recognition by RAG, it is feasible that the spacer composition
provides an indirect read-out and may be necessary for a
favorable fit (37). Like the V(D)J recombinase, a partial
preference for certain spacer sequences has been implicated
in the type IIF endonuclease Sfil, which also synapses two
DNA strands prior to cleavage (32). The palindromic Sfil
recognition site contains a 5 bp spacer of nonspecific
sequence, which may play a role in DNA binding stability
depending on its composition (33). Since smooth DNA
bending is observed in the crystal structure at each of the
DNA strands (34), the flexibility of the spacer DNA may
heavily influence DNA recognition. Here, simultaneous
binding of the nonamer and heptamer by RAG1/2 create the
bending, which may be aided by the spacer composition.
Likewise, the lack of inherent flexibility imparted by the
nicked 12RSS opposed to its intact counterpart argues that
DNA bending may take place away from the cleavage site,
possibly inside the RSS.
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