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Background: The RAG1-RAG?2 interaction is critical for V(D)J recombination but is poorly understood.

Results: The RAG1-RAG2 interaction has a binding constant of ~0.4 uM and requires only a small portion of RAG1.
Conclusion: RAG1 and RAG2 interact with modest affinity using regions of RAGI flanking the RAGI catalytic region.
Significance: Inefficient association of RAG1 with RAG2 could help limit damage to the genome.

The RAG endonuclease consists of RAG1, which contains the
active site for DNA cleavage, and RAG2, an accessory factor
whose interaction with RAGL is critical for catalytic function.
How RAG?2 activates RAG1 is not understood. Here, we used
biolayer interferometry and pulldown assays to identify regions
of RAG1 necessary for interaction with RAG2 and to measure
the RAG1-RAG2 binding affinity (K, ~0.4 um) (where RAG1
and RAG2 are recombination activating genes 1 or 2). Using the
Hermes transposase as a guide, we constructed a 36-kDa “mini”
RAGI capable of interacting robustly with RAG2. Mini-RAG1
consists primarily of the catalytic center and the residues N-ter-
minal to it, but it lacks a zinc finger region in RAG1 previously
implicated in binding RAG2. The ability of Mini-RAG1 to inter-
act with RAG2 depends on a predicted a-helix (amino acids
997-1008) near the RAG1 C terminus and a region of RAG1
from amino acids 479 to 559. Two adjacent acidic amino acids in
this region (Asp-546 and Glu-547) are important for both the
RAG1-RAG2 interaction and recombination activity, with Asp-
546 of particular importance. Structural modeling of Mini-
RAG1 suggests that Asp-546/Glu-547 lie near the predicted
997-1008 a-helix and components of the active site, raising
the possibility that RAG2 binding alters the structure of the
RAGL1 active site. Quantitative Western blotting allowed us to
estimate that mouse thymocytes contain on average ~1,800
monomers of RAG1 and ~15,000 molecules of RAG2, imply-
ing that nuclear concentrations of RAG1 and RAG2 are below
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the K, value for their interaction, which could help limit off-
target RAG activity.

RAG1 and RAG2 (known collectively as RAG; where RAG1
and RAG2 are the proteins encoded by the recombination acti-
vating genes 1 or 2) are the critical lymphocyte-specific proteins
required for V(D)J recombination, which assembles the vari-
able regions of immunoglobulin and T cell receptor genes in
developing B and T lymphocytes. The RAG1-RAG2 complex,
together with an architectural DNA binding/bending factor
HMGBI1 (or HMGB2; where HMGB1 and -2 are high mobility
group proteins Bl and B2), initiates V(D)] recombination by
binding to a DNA recognition motif known as the recombina-
tion signal sequence (RSS).? The RSS is composed of conserved
heptamer and nonamer motifs separated by a poorly conserved
spacer whose length is 12 or 23 bp, resulting in two forms of the
RSS known as the 12RSS and 23RSS. Efficient V(D)] recombi-
nation takes place only between a 12RSS and a 23RSS, a restric-
tion known as the 12/23 rule. After binding to one RSS, the
RAG-HMGBI complex captures a 12/23 appropriate partner
RSS to form the paired complex, within which RAG catalyzes
the formation of DNA double strand breaks immediately adja-
cent to the heptamers of the RSSs. DNA cleavage occurs in two
steps, with one strand nicked to create a 3’-hydroxyl group,
which then attacks the opposite strand to create a hairpin
sealed flank and a blunt RSS end. The reaction is completed by
the action of ubiquitously expressed DNA repair proteins
(1-3).

RAG] is the major player in DNA binding and cleavage. Its
“core” region (the minimal portion required for activity;
defined as aa 384 —1008 of the 1040-aa protein (4)) contains a
tightly dimeric nonamer binding domain (NBD), a central

3 The abbreviations used are: RSS, recombination signal sequence; ZFB, zinc
finger B; aa, amino acid; NBD, nonamer binding domain; FPLC, fast protein
liquid chromatography; MBP, maltose-binding protein; R1c, RAG1 core;
R2¢, RAG2 core; HIV, human immunodeficiency virus; RNHd, RNase H
domain.
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region containing two critical active site residues (Asp-600 and
Asp-708), and a large C-terminal region that contributes the
third essential active site residue (Glu-962) (Fig. 14). In addi-
tion to making direct contact with the nonamer, the RAGI1 core
is responsible for heptamer recognition, interaction with
RAG?2, and is likely to contain the entire active site (2, 5). None-
theless, it displays no catalytic activity in vitro in the absence of
RAG2, and RAG2-deficient mice display a complete absence of
V(D)] recombination activity (6). RAG2 is thus a vital accessory
factor, with a core region (aa 1-383 of the 527 aa protein; Fig.
1A) whose primary function appears to interact with RAG1,
thereby activating RAG1 endonuclease function. This interac-
tion has also been demonstrated to enhance RSS recognition,
particularly in the vicinity of the heptamer, and to decrease
nonspecific DNA binding by RAG1 (7, 8). The mechanism by
which the RAG2 core alters the DNA binding and catalytic
functions of RAGI core is not known, although it is widely
speculated to be the result of a RAG2-induced conformational
change in RAG1. The non-core regions of RAG1 and RAG2,
although not required for catalytic activity or V(D)] recombi-
nation, play important roles in vivo and contain multiple regu-
latory domains, some of which mediate chromatin interactions
(9).

The only high resolution structural information available for
either RAG core region is for the RAG1 NBD in complex with
the nonamer (10). Sequence analysis, modeling, and mutagen-
esis suggest that the RAG2 core adopts a six-bladed 3-propeller
structure (11, 12). The minimal functional RAG complex is
likely to be a heterotetramer consisting of a tight RAG1 dimer
bound to two monomers of RAG2 (2, 5).

RAG exhibits striking functional similarities with cut and
paste transposases such as those encoded by Tn5, Tnl10, Tran-
sib, and Hermes. The similarities include a nick-hairpin mech-
anism of DNA cleavage, a similar active site architecture
(resembling the RNase H fold) containing a glutamate and two
aspartate catalytic residues, and the ability of the RAG core
proteins to mediate transposition efficiently in vitro (13). The
Transib and Hermes transposases are of particular interest
because they cleave DNA with a similar polarity to RAG (leav-
ing hairpins on the flanking DNA rather than on the terminal
inverted repeat ends of the transposon) (14, 15) and, like RAG,
have an extended region of amino acids (the insertion domain)
separating the active site glutamate from the second active site
aspartate (Fig. 14). The structure of Hermes transposase has
been determined alone (16) and in complex with DNA (17), and
it provides potential structural parallels with the RAG1 core.

The region of RAG1 responsible for interacting with RAG2
was initially mapped to a large portion of the RAG1 core (aa
504—1008) (18). Subsequent studies implicated the RAGI cen-
tral core domain (aa 528 -760) (19) or a putative zinc finger in
RAG]1 (zinc finger B, or ZFB; aa 727-750) (20) as sufficient for
the interaction, although in both cases the interaction appeared
less efficient than with the entire RAG1 core. The importance
of ZFB was subsequently questioned by a large scale mutagen-
esis analysis of RAG1 (21). Finally, several acidic residues in the
region from aa 546 to 560 of RAG1 were shown to be important
for binding to RAG2 (22). A limitation of these studies was the
use of qualitative co-immunoprecipitation or pulldown meth-
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ods to assess the RAG1-RAG2 interaction. The use of more
quantitative biochemical approaches has not been reported,
likely because of the difficulty in obtaining sufficient amounts
of purified RAG2 for study. As a result, many basic parameters
of the interaction remain uncharacterized, including the bind-
ing affinity.

Here, we use biolayer interferometry to identify the regions
of RAG1 necessary for interaction with RAG2, and Western
blotting to estimate the concentration of RAG1 and RAG2 in
mouse thymocytes. Our data yield a K, value of ~0.4 um for the
RAG1-RAG2 interaction and suggest that the nuclear concen-
trations of both RAG1 and RAG2 are below this value. Our
results also demonstrate that ZFB is not required for the RAG1-
RAG?2 interaction and lead to the definition of a truncated min-
imal RAG1 protein, lacking about half of the RAGI core, that is
sufficient for robust binding to RAG2. Residues of RAGI criti-
cal for the interaction are located in a region structurally differ-
ent from Hermes transposase, and modeling suggests that this
region lies near a portion of the RAG1 active site. Interaction
with RAG2 might therefore alter the conformation of this crit-
ical region of RAGL.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—RAG]1 core (aa 384 —
1008) and RAG1 mutants (as indicated in Table 1) were cloned
into pMHS6 (23), which provides an N-terminal MBP tag and
C-terminal His, tag, and expressed in Escherichia coli. Proteins
were purified through two affinity columns (nickel-nitrilotri-
acetic acid (NTA) and amylose) followed by size-exclusion
chromatography using a Superdex 200 10/300 GL column (GE
Healthcare) in buffer PB500 (25 mm Tris-HCI, pH 7.5, 500 mm
NaCl, 0.5% glycerol). MBP-tagged Mini-RAG1 and truncations
or mutations (subset shown in Table 2) were also cloned in
pMHS6 and purified in the same way but in a different buffer (25
mm Tris-HCI, pH 8.5, 200 mm NaCl, and 0.5% glycerol). C-ter-
minal His,-tagged Mini-RAG1 lacking MBP was prepared from
a modified pMH6 vector with a tobacco etch virus (TEV) pro-
tease cleavage site between MBP and the RAG1 open reading
frame. The MBP tag was removed by TEV protease cleavage
(4 °C overnight) followed by nickel-NTA and gel filtration col-
umn purification. MBP- and GST-tagged RAG2 core (aa
1-383) were expressed in HEK293T cells and purified as
described previously (24). His-tagged HMGB1 was expressed
and purified as described previously (25).

Pulldown Interaction Assays—In vitro GST pulldown assays
were performed by incubating 400 ng of GST-RAG2 core and 1
png of MBP-RAGI core or variants together with glutathione-
Sepharose 4B resin in interaction buffer (25 mm Tris, pH 8.0,
200 mMm NaCl, 1 mm DTT), with 1 mg/ml BSA added to decrease
nonspecific interactions, for 30 min at 4 °C. After three 3-min
washes, proteins were eluted with 10 mm glutathione and SDS-
PAGE sample buffer and analyzed by SDS-PAGE. Western
blots were developed with anti-GST (Santa Cruz Biotechnol-
ogy), anti-MBP (Cell Signaling), or anti-RAG2 monoclonal
antibody (mAb) number 39 (26).

For in vivo pulldown assays, 20 ug of RAG1 and RAG2 pEBB
expression vectors (27) were co-transfected into a 10-cm dish
of HEK293T cells using calcium phosphate. Forty eight h after

JOURNAL OF BIOLOGICAL CHEMISTRY 11803

0202 ‘ST JequanoN uo 1senb Aq /610 g mmmy//:dny wody papeojumoq


http://www.jbc.org/

Mapping and Quantitating the RAG1-RAG2 Interaction

transfection, cells were incubated with lysis buffer (50 mm Tris-
HCl, pH 7.5, 150 mm NaCl, 1 mm DTT, 1% Nonidet P-40, pro-
tease-inhibitor mixture (Roche Applied Science)) on ice for 30
min, and after centrifugation (15,000 rpm, 30 min), superna-
tants were incubated with glutathione-Sepharose 4B resin or
amylose resin at 4 °C for 1 h. After three 5-min washes, proteins
were eluted and analyzed as described above.

W(D)] Recombination Assay—The pSF-12con/23con sub-
strate plasmid contains consensus 12 and 23 RSSs separated by
405 bp and oriented so as to retain a signal joint on the plasmid.*
Three ug of each of three plasmids (pEBB-R1c or mutants,
pEBB-R2c, and pSF-12con/23con) were co-transfected into a
6-cm dish of HEK293T cell with Lipofectamine 2000 (Invitro-
gen). Cells were harvested 48 h post-transfection, and extrach-
romosomal plasmid DNA was purified with a Qiagen miniprep
kit. Recombination products were detected by PCR (34-35
cycles) or nested PCR (35 cycles followed by 35 cycles) followed
by agarose gel electrophoresis,* with some products confirmed
to be proper signal joints by DNA sequencing.

Biolayer Interferometry and K, Calculation—Measurements
were performed on a BLItz instrument (ForteBio). Prior to use,
biosensors were soaked in BLItz assay buffer (20 mm Tris-HCl,
pH 8.0, 150 mm KCI, 0.02% Tween 20, 2 mm DTT, 1 mg/ml
BSA) for at least 10 min. Biolayer interferometry assays con-
sisted of five steps, all performed in BLItz assay buffer: initial
base line (30 s), loading, base line (30 s), association and disso-
ciation. GST-R2c and MBP-R1c-His, were immobilized on
anti-GST or anti-His sensors separately. For the loading step,
protein concentrations were adjusted to yield a signal intensity
in the range of 1 to 2 nm, thereby ensuring that the sensors were
not saturated. Times and protein concentrations for the asso-
ciation and dissociation steps were as indicated in the figures
and legends. Control values, measured using empty (no protein
loaded) sensors, were subtracted from experimental values
before data processing. Initial experiments indicated that
empty sensors and sensors loaded with control GST protein
yielded similar values in binding experiments with MBP-R1c
(data not shown). Sensorgrams were fit globally to a 1:1 binding
model by BLItz Pro version 1.1.0.28, from which the equilib-
rium dissociation constant (K,) and association (k) and disso-
ciation (k) rate constants were calculated. RAG1 homodimers
were treated as a single molecule in calculations of protein
concentration.

Protein Thermal Stability Assay—A45 ul of a 5 um protein
solution (25 mm Tris-HCI, pH 8.5, 150 mm NaCl) was mixed
with 5 ul of SYPRO Orange (Invitrogen) protein dye (final dilu-
tion 1:2,000). The thermal stability curve was measured using a
CFX96 real time PCR machine (Bio-Rad). After an initial incu-
bation at 10 °C for 10 min, temperature was increased from 10
to 85 °Cin 0.5 °C increments (30 s per increment), with fluores-
cence measured at each increment. Data were analyzed by Bio-
Rad CFX Manager version 3.1, which generated the melting
curves and their first derivatives (which are plotted).

Size-exclusion Chromatography—A Superdex 200 10/300 GL
column was equilibrated in 25 mm Tris-HCI, pH 8.5, 200 mm

4G.Teng and D. G. Schatz, unpublished data.
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NaCl, 1 mm DTT; and MBP-Mini-RAG1 (8 ug) or Mini-RAG1
(2 ng) were fractionated separately, with absorbance monitored
at 280 nm. The profiles were compared with gel filtration stand-
ards from Bio-Rad. For MBP-R2c and GST-R2c¢, 0.5 ml of cell
lysate (from one 10-cm dish of HEK293T cells) was loaded after
being passed through a 0.2-um filter. Fractions were collected
and analyzed by Western blots with anit-RAG2 antibody.

Quantitative RAG Western Blot Analysis—Thymuses from
5-week-old male C57BL/6 mice were mashed through a cell
strainer in 2—3 ml of cold PBS, pelleted (800 X g, 4 °C, 5 min),
resuspended in 1 ml of red blood cell lysis buffer (10 mm
KHCO,, 150 mm NH,Cl, 0.1 mm EDTA, 5% fetal bovine serum)
for 5 min at room temperature, and re-pelleted as above. Cells
were resuspended in 10 ml of cold PBS and counted manually
with a hemocytometer. After pelleting, cells were lysed with at
least 2 pellet volumes of 20 mm Tris, pH 7.4, 20 mm B-glycerol
phosphate, 10 mm Na;VO,, 10% glycerol, 0.5 mm EDTA, 0.5
mm MgCl,, 400 mm NaCl, 0.5% Triton X-100, 1 mm DTT, and
100 mm PMSF or protease inhibitor mixture (leupeptin/pepst-
atin/aprotinin (Sigma)) on ice for 10 min. Samples were ali-
quoted; and an equal volume of loading buffer containing 4%
SDS, DTT, and loading dyes was added and then frozen at
—80 °C. RAG protein standards were either MBP-RAG1 core
and GST-RAG2 core, purified individually as described above
(concentrations determined by mass spectrometry; Keck Bio-
technology Resource Laboratory, Yale University), or MBP-
RAGI core and MBP-RAG2 core that were co-expressed and
co-purified from HEK293T cells as described previously (24)
(quantitated by SDS-PAGE followed by SYPRO Orange (Invit-
rogen) staining and comparison to BSA standards).

A known number of cell equivalents of thymocyte whole cell
extract was analyzed by Western blotting together with a dilu-
tion series of one of the RAG protein standards. Standards were
mixed with an appropriate amount of whole cell extract from
M12 (a RAG-negative mature B cell line) prior to SDS-PAGE so
as to create samples similar in composition to the thymocyte
extracts. Samples in loading buffer (2% SDS) were heated to
95 °C for 20 min, spun at 14,000 rpm for 5 min, fractionated by
SDS-PAGE (8% acrylamide; 100 V, 1.5 h), and transferred to
polyvinylidene difluoride membranes (Bio-Rad) by electro-
blotting (120 V, 0.5 h). Membranes were incubated with either
anti-RAG2 mAb number 39 or anti-RAG1 mAb number 23
(26), diluted 1:500 in PBS overnight at 4 °C, washed, and incu-
bated with secondary antibody (goat anti-rabbit IgG (H+L)
alkaline phosphatase, Jackson ImmunoResearch) diluted
1:1,000 in PBS for 1 h. Signals were detected using ECF chemi-
luminescent detection substrate (GE Healthcare). Membranes
were imaged by Pharos Fx Plus (Bio-Rad); bands were quanti-
tated using Image Lab version 4.1 (Bio-Rad), and local back-
ground (determined from a region of membrane just above
each band) was subtracted to yield the signal for each fluores-
cent band. The signals from the protein standards were fit with
a linear equation, which was used to determine the amount of
RAG protein in the thymocyte sample. Similar experiments
were performed with thymocyte whole cell extract and a puri-
fied fragment of the Ikaros protein containing the DNA binding
domain (quantitated by mass spectrometry at the Yale Keck
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facility) and anti-Ikaros antibody recognizing that domain,
both kindly provided by Sarah Wadsworth and Steve Smale.

Modeling of the RAGI RNase H Fold—A RAGI consensus
secondary structural prediction was built using the output of
HNN (28), SOPMA (29), JPRED3 (30), SSPRO (31), and
ITASSER (32). Accessibility, charge, and hydropathy profiles
were generated with ACCpro (31) and tools from the analysis
and modeling package SLIDE (33). Fold recognition methods
such as PHYRE (34), RAPTORX (35), and ITASSER were
unable to identify any global template for RAG1. Hence, by
using remote homology techniques, it was possible to recon-
struct by modeling only the region comprising the RAG1 RNase
H domain (RNHd) and two adjacent extensions corresponding
in sequence to aa 538 =732 and 960 —1010. The resulting model,
comprising RNHd and extensions, was built starting from pro-
teins, including Hermes transposase and HIV-1, HIV-2, and
prototype foamy virus integrases, all known to containing
RNHd, which consists of nine secondary structural elements in
the following order: B1-B2-B3-al-B4-a2-B5-a3-a4. All of
these RNHd regions exhibited less than 5 A root mean square
deviation from each other. The RNHd in RAG1, corresponding
to the regions aa 594-732 and 960-996, exhibited remote
homology with all templates in the RNase H group. However,
the architecture of the RAG1 insertion domain was predicted to
be significantly different from that of Hermes.

Remote homology modeling of the RNHd of RAG1 involved
refining the alignment with information from secondary struc-
tural predictions and locking of critical active site amino acids
(Asp-600, Asp-708, and Glu-962 in mouse RAG1). The RAG1
RNHd has longer insertions between the secondary structure
elements than its closest template the Hermes transposase (Pro-
tein Data Bank code 4D1Q) (17% identity and 26% similarity),
and the RAG1 RNHd has longer insertions between the second-
ary structural elements. These loops were generated ab initio by
taking into account the properties of surrounding amino acids.
In addition, based on homology and secondary structural pre-
dictions, it was possible to extend the RNHd model with 56 aa
toward the N terminus (aa 538 —593) and 14 aa toward the C
terminus. Within the N terminus, aa 552-579 showed high
homology with a corresponding helix in Hermes transposase
(a0), whereas the rest had to be modeled ab initio. Here, a
predicted helix containing aa 538 —547 was modeled to satisfy
both the hydrophobic pattern and “knobs into holes” packing
constraints with respect to helix @0 and helix a4 within RNHd.
The C terminus was modeled starting from a homologous
stretch from HIV-1 integrase (Protein Data Bank code 4OVL).

The model was generated using INSIGHT II from Accelrys
and further refined with a molecular dynamics procedure
involving a Generalized Born simulated annealing using
NAMD (36) on a 14 X HP BL280c G6 high performance com-
puting cluster. The simulation used the CHARMMS36 force
field and was performed in implicit solvent for 10 ns with har-
monic position restraints on the backbone of the protein in
regions of secondary structure, whereas the loops were left to
move freely so as to eliminate steric conflicts and bring the
model to a lower energy minimum. The model was validated
using the QA Recombinel T method for quality assessment (37).
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Identifying RAGI Residues for Mutagenesis—T o select candi-
dates for mutagenesis within RAG1 R2BD-B and the 997-1008
helix, we identified possible interacting residues such as aro-
matic and charged aa and designed mild point mutations
intended to alter the interaction potential of the surface with
minimal perturbation of the local structure. Mutants were
screened for their ability to preserve the local sequence propen-
sities and structure using SLIDE and the prediction programs
noted above.

Calculation of Free and Bound RAG in Thymocytes—In the
first scenario, a dimer of RAG1 was assumed to bind in two
steps to two monomers of RAG2 according to Reaction 1,

[Az] + [B] < [A;B]

Ko

[A,B] + [B] < [AB,]

Koz

REACTION 1

where A, and B represent the RAG1 dimer and RAG2, respec-
tively, and the equilibrium binding constants are K, ; and
K, ,. We assumed K, ; = K, , = 0.4 uM as determined by
BLItz using Rlc and MBP-R2c. Setting [A,B,] and [A,B] as
variables x and y, then [A,] = (A,-x-y) and [B] = (By-2x-y),
where A, and B, are the total concentrations of RAG1 dimer
and RAG2 monomer, respectively, in mouse thymocytes, deter-
mined from quantitative Western blotting using a value of 6 um
as the approximate diameter of the thymocyte nucleus (38).
Reaction 1 then yields two equilibrium equations in two
unknowns that were solved to yield values for x and y using the
computational engine Wolfram alpha.

In the second scenario, a dimer of RAG1 was assumed to bind
a RAG2 dimer (Reaction 2).

[A2] + [B,] & [A;B,]

Ko

REACTION 2

where B, is the RAG2 dimer and the equilibrium constant
K,' = 0.04 um as determined by BLItz using GST-R2c and R1c.
Setting [A,B,] as variable x, then [A,] = (A,x) and [B,] =
(By-x), and the equilibrium equation was then solved for x as
above.

RESULTS

Zinc Finger B Is Not Required for the RAGI-RAG2
Interaction—We created a panel of MBP-RAG1 core (Rlc)
deletion mutants (Fig. 1B and Table 1) to test the conclusion of
Aidinis ez al. (20) that the RAG1 ZFB region is critical for bind-
ing RAG2. Strikingly, in vitro GST pulldown experiments
revealed that complete deletion of ZFB (R1cA721-760, in
which ZFB was replaced with a flexible linker of five glycine-
serine (5XGS) repeats) had little effect on the amount of RAG1
protein pulled down with GST-RAG2 core (GST-R2c) (Fig. 1C,
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FIGURE 1. Zinc finger B is not required for the RAG1-RAG2 interaction. A, schematic diagram of RAG1 and RAG2 proteins. RING+ZFA, RING finger plus zinc
finger A; NBD, nonamer binding domain; ZFB, zinc finger B; PHD, plant homeodomain. Numbers refer to aa in the mouse RAG proteins. B, diagram of
MBP-tagged R1c proteins usedin in vivo and in vitro GST pulldown experiments. 5GS, five repeats of Gly-Ser. C, in vitro GST pulldown experiment. GST or GST-R2c
was used to pull down MBP-tagged R1c proteins as indicated below the lanes, with the results revealed by Western blotting with the indicated antibodies. Data
arerepresentative of two experiments. D, in vivo GST pulldown experiment. GST or GST-R2c was used to pull down MBP-tagged R1c proteins as indicated below
the lanes from whole cell extracts of transfected HEK293T cells, with the results revealed by Western blotting with the indicated antibodies. Data are repre-
sentative of four experiments. E, biolayer interferometry (BLItz) sensorgrams obtained using GST-R2c-loaded biosensors and a 20 um solution of WT or
ZFB-deleted R1c proteins, with red dotted lines indicating the start of the binding (left) and dissociation (right) phases. F, sensorgrams obtained using biosensors
loaded with MBP-tagged WT and ZFB-double cysteine mutant (Cys-M) R1c proteins, incubated with different concentrations of MBP-R2c, as indicated, were
used as analysts and generated a series of sensorgrams. Binding curves were fit globally to a 1:1 binding model to yield equilibrium dissociation constant (K,,),
and association (k,) and dissociation (k) rate constants. G, in vivo V(D)J recombination assay of R1c and Cys-M. Diagram of the starting and recombined
substrates is shown with RSSs (triangles), coding flanks (rectangles), and PCR primers (arrows) indicated. The upper (755 bp) and lower (350 bp) bands in the
agarose gel analysis are the products from the unrecombined and recombined substrates, respectively. FLRT and FLR2, full-length RAG1 and RAG2, respec-

tively. Data are representative of four experiments.

lanes 6 and 7). In addition, truncation mutants that removed
large portions of the N- or N- and C-terminal portions of Rlc
but left ZFB intact were pulled down less efficiently (Fig. 1C,
compare lanes 8 and 9). Pulldown of R1¢528 —777 was barely
above that observed in the GST control (Fig. 1C, compare lanes
4 and 9). When we analyzed the same panel of mutants using an
invivo GST pulldown approach (as in the study of Aidinis et al.
(20)), we found that again the deletion of ZFB had no discerni-
ble effect on the RAG1-RAG?2 interaction (Fig. 1D, lanes 5 and
6), although the other deletion mutants were pulled down less
efficiently (lanes 7 and 8). We conclude that ZFB can be deleted
from RAGI without disrupting the RAG1-RAG2 interaction.
Assessment of the RAGI-RAG2 Interaction by Biolayer
Interferometry—Although active RAG1 core dimer can be puri-
fied in large quantities from bacteria (23), it has proven much
more difficult to obtain substantial quantities of active, purified
RAG2 core. Like many in the field (39), we routinely prepare
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RAG?2 core (fused at its N terminus to GST or MBP) from tran-
siently transfected 293T cells, which yields microgram quanti-
ties of active protein. To analyze the RAG1-RAG2 interaction,
we took advantage of biolayer interferometry (40, 41) as imple-
mented in the BLItz™ instrument, which allows kinetic anal-
ysis of macromolecular interactions using small amounts of
material. In a typical experiment, an anti-GST biosensor (the
tip of which is coated with anti-GST antibodies) is loaded with
GST-R2c, washed in buffer, immersed in a solution of MBP-
R1c, and the association kinetics monitored. The biosensor is
then immersed in buffer, and the dissociation kinetics are mon-
itored, resulting in a kinetic binding sensorgram from which
association and dissociation rate constants (k, and k) and the
equilibrium binding constant (K,,) can be determined (see
under “Experimental Procedures”).

We first analyzed binding to GST-R2c by WT and mutant
Rlc proteins from which ZFB or portions of ZFB had been
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TABLE 1
Expression and binding of RAG1 core variants
R1 variants® Protein yield® RAG2 binding®

1 384-1008 ++ ++
2 528-777 + -

3 528-1008 ++ -

4 761-980 +++ —

5 761-1008 - ND“
6 A721-760 +++ ++
7 A464-512 + —

8 499-508A° - ND
9 477-493A° — ND
10 A512-528 — ND
11 384-555~983-1008 - ND
12 464-555~983-1008 — ND
13 384-518~960-1008 + -
14 383-732~960-1008 ++ ++
15 384-585~960-1008 — ND
16 464-732~960-1008 ++++ ++
17 384-732 + -
18 528-732~960-1008 +++ -
19 479-732~960-1008 ++++ ++
20 508-732~960-1008 +++ +
21 508-732~960-997 +++ -

“ All variants were N-terminal MBP- and C-terminal His,-tagged.

? Protein yield and quality were evaluated by FPLC. ++, expression typical for MBP-
Rlc; ++++, expression typical for MBP-Mini-RAG1, which is ~5-fold greater
than that of MBP-R1c; +, expression reduced at least 2-fold from MBP-R1c.

¢ Ability to bind to GST-RAG2 core was tested by BLItz and GST pulldown. ++,
binding as seen between R2c and either R1c or Mini-RAG1; +, binding reduced
3-20 fold; —, little or no binding detected.

“ND means not done.

¢ The indicated residues were substituted by alanine.

deleted. The binding sensorgrams of the WT and mutant pro-
teins were similar, again suggesting that ZFB was not required
for the interaction with RAG2 (Fig. 1E). We then performed a
more detailed analysis using a R1c mutant (Cys-M) in which the
two cysteine residues of ZFB predicted to coordinate zinc (Cys-
727 and Cys-730) were mutated to alanine, which should pre-
vent zinc binding and disrupt the function of the zinc finger
(42). R1c and Cys-M (both fused to MBP at their N termini and
His, at their C termini) were coupled to anti-polyhistidine bio-
sensors, and binding was measured using a range of MBP-R2c
concentrations. The sensorgrams of the WT and Cys-M
mutant proteins were similar in appearance and yielded com-
parable K, values of 0.38 and 0.35 uM, respectively (Fig. 1F).
The Cys-M mutant was, however, inactive for V(D)] recombi-
nation in a transient transfection plasmid-based assay (Fig. 1G),
consistent with previous analyses of mutations within ZFB (4,
21). We conclude that ZFB is important for the function of
RAG1 but s not critical for the interaction of RAG1 with RAG2.

We noted that dissociation of R1c from sensor-bound GST-
R2c (Fig. 1E) was considerably slower than dissociation of
MBP-R2c¢ from sensor-bound R1c (Fig. 1F). Because GST forms
a tight dimer with a K}, in the nanomolar range (43), the differ-
ent dissociation kinetics might be due to different association
states of the RAG2 proteins used. As expected, GST-R2c
behaved as a dimer, whereas MBP-R2c behaved as a monomer
in gel filtration (Fig. 24). Effects of dimerization on the binding
and rate constants are addressed below.

Identification of a Minimal RAGI Protein Able to Bind
RAG2—We reasoned that comparison of RAG1 (which is
dependent on RAG2) with Hermes transposase (which func-
tions autonomously) might provide insights into the regions of
RAG] needed for interaction with RAG2. Comparison of the
known secondary structural elements of Hermes transposase
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with the predicted elements of Rlc revealed striking overall
similarity, as noted previously (Fig. 34) (16). Each is composed
of three major regions as follows: an N-terminal DNA binding
domain (Fig. 34, red), an RNase H fold catalytic domain (purple
and green), and a large a-helical insertion domain (yellow) that
splits the catalytic domain between its main portion (purple)
and C-terminal helices (green) containing the third active site
residue. The C-terminal two-helix bundle of the RNHd in
Hermes transposase lies across the face of the catalytic domain
B-sheet so as to bring the three catalytic residues into close
proximity (Fig. 3B).

In contrast, the regions lying N- and C-terminal to the pre-
dicted RNHd of RAGI differed in sequence propensities from
those in Hermes transposase (see “Experimental Procedures”),
leading us to focus our attention on a region between the NBD
and the central catalytic core, and a final C-terminal predicted
a-helix (within the orange-shaded rectangle in Fig. 3A). We
hypothesized that these regions (aa 479 —559 and 997-1008) of
Rlc were important for binding to RAG2. Analysis of various
truncation mutants suggested that these short regions were not
stable by themselves but required the presence of the catalytic
central core region to produce a stable protein (Table 1 and data
not shown).

Based on these considerations, we created a deletion mutant
lacking the NBD, most of ZFB, and the insertion domain, and
containing only two portions of Rlc, aa 479-732 and 960—
1008, linked together with a flexible 5X GS linker (Fig. 3C). This
protein, hereafter referred to as Mini-RAG1, was soluble, read-
ily purified in large amounts from bacteria, and behaved as a
monomer by gel filtration (Fig. 2B). Importantly, Mini-RAG1
interacted robustly with biosensors coated with GST-R2c (Fig.
3D, dark blue trace).

Analysis of deletion mutants of Mini-RAG1 (Fig. 3C)
revealed that it was not possible to delete substantial portions of
its N or C termini without affecting the interaction with RAG2.
Deletion of aa 479 507 yielded a protein with reduced RAG2
binding capacity (K, ~6 uM, sensorgrams not shown; see below
for comparison with K, for Mini-RAG1), and a larger N-termi-
nal deletion to aa 527, or C-terminal deletions of aa 998 —~1008
or 9601008 strongly compromised the interaction (Fig. 3D).
These mutants appeared to be well folded based on a compar-
ison of their melting curves to that of Mini-RAG1 (Fig. 3E; the
curve minima define the melting temperature). We noted, how-
ever, that the melting curve for Mini-RAGI1 contained a shoul-
der (Fig. 3E, arrow) not seen in the mutants, which we speculate
arises from an interaction of the N- and C-terminal portions of
Mini-RAG]1 (see below). We conclude that Mini-RAG1 repre-
sents a small, likely minimal, portion of RAG1 capable of inter-
acting strongly with RAG2.

Quantitation of the RAGI-RAG?2 Interaction—To determine
the affinity of the interaction between Mini-RAG1 and RAG2,
and to investigate the influence of stoichiometry on the inter-
action, sensorgrams were collected for several RAG1 proteins
(Fig. 4A) using biosensors loaded with GST-R2c¢ (a dimer).
Dimeric MBP-R1c (Fig. 4B) dissociated considerably more
slowly than monomeric Mini-RAG1, with (Fig. 4C) or without
(Fig. 4D), an MBP tag. The effects of stoichiometry were con-
firmed using biosensors loaded with MBP-Rlc (a dimer);
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FIGURE 2. RAG2 core and Mini-RAG1 are monomers. A, Western blot analysis using anti-RAG2 antibody of fractions from size-exclusion chromatography of
whole cell extracts containing GST-R2c (upper) or MBP-R2c (lower), with lanes aligned with the fraction from which they are derived. At the top is shown the
elution profile of molecular mass standards. B, size-exclusion chromatography profiles of purified Mini-RAG1 (blue), MBP-tagged Mini-RAGT1 (red), and molec-
ular mass standards (black). C, sensorgrams obtained using biosensors loaded with MBP-R1c, incubated with 3.8 um MBP-R2C or GST-R2C. D, schematic
diagram of RAG protein combinations analyzed by biolayer interferometry. mAU, milliabsorbance units at 280 nm.

dimeric GST-R2c¢ dissociated much more slowly than did
monomeric MBP-R2c (Fig. 2C).

Analysis of the sensorgrams of Fig. 4, B-D, yielded a K, of
0.04 um for the interaction of MBP-R1c with GST-R2c, but
values 10-fold higher (0.48 —0.66 um) were for the interaction
of Mini-RAG1 with GST-R2c (Fig. 4E). As expected, the differ-
ence in K, was driven primarily by differences in the dissocia-
tion rate constants (Fig. 4E). Importantly, the K, value for the
Mini-RAG1 interaction with GST-R2c was close to that
obtained for the interaction of R1c with MBP-R2c (0.375 um;
Fig. 1F). Finally, we measured the K}, value for the interaction of
Mini-R1 with MBP-R2c (~0.7 uMm; Fig. 4F), demonstrating that
a similar affinity is observed even when both proteins are
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monomers. The different arrangements of proteins analyzed by
biolayer interferometry and the resulting K, values are summa-
rized in Fig. 2D. We conclude that Mini-RAG1 recapitulates
most of the RAG2 binding capacity of R1lc. Furthermore, the
data indicate that if both RAG1 and RAG2 are in dimeric form,
they interact with one another with a 10-fold higher avidity
than if one or both are monomeric.

Mapping of Residues Important for RAG2 Binding—Based on
secondary structural predictions, we divided the N-terminal
portion of Mini-RAG1 (hereafter referred to as the RAG2 bind-
ing domain, or R2BD) into regions A (aa 479-507) and B (aa
508 -559) (Fig. 5A4). Mutations were introduced into R2BD or
the C-terminal helix of Mini-RAG1 (hereafter referred to as
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FIGURE 3. Identification of a minimal RAG1 protein able to bind RAG2. A, comparison of secondary structures predicted for RAG1 core and observed for
Hermes transposase (rectangle, a-helix; arrow, B-strand). Colors indicate different domains or regions, as indicated. The portion of RAG1 core for which no
equivalent was found in Hermes transposase is shaded orange. B, crystal structure of a Hermes transposase monomer (Protein Data Bank code 2BW3) with
regions colored as in A. In the top view of the catalytic core, the DDE catalytic triad is shaded yellow. C, diagram of MBP-tagged Mini-RAG1 proteins analyzed by
BLltz. D, sensorgrams obtained using GST-R2c-loaded biosensors, incubated with 20 um of the indicated Mini-RAG1 proteins. E, protein thermal stability assay
of MBP-tagged Mini-RAG1 proteins, as indicated. The fluorescence changes caused by protein unfolding were monitored by quantitative PCR, and the
derivative melting curves (change in relative fluorescence per change in temperature) were plotted. Curve minima indicated the melting point, at which the
fluorescence was changing most rapidly. Arrows indicate a shoulder in the curve for Mini-RAG1 that is absent in the mutants.
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FIGURE 4. Quantitation of the RAG1-RAG2 interaction. A, diagram of RAG1 proteins used in affinity measurements. B-D, sensorgrams obtained using
GST-R2c-loaded biosensors, incubated with the indicated concentrations of MBP-R1¢, MBP-Mini-RAG1, and Mini-RAG1, respectively. E, sensorgrams were fit
globally to a 1:1 binding model, and the equilibrium dissociation constant (K,,) and kinetic constants (k, and k) were calculated. F, K, values obtained in
experiments with MBP-Mini-RAG1 loaded biosensors and MBP-R2c in solution. The results of three independent measurements are shown with the average in

parentheses.

helix 997-1008), and the mutant proteins were purified and
tested for their ability to interact with GST-R2c by biolayer
interferometry. The melting curve of each protein was also
determined (data not shown). The first set of mutations
changed two or more adjacent residues and yielded a clear clus-
tering of the mutations deleterious to the Mini-RAG1-RAG2
interaction (Fig. 5E, Mut-series 1; green text indicates poorly
expressed and hence uninformative mutants). Most of the
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informative mutations in region B substantially reduced bind-
ing to RAG2 (Fig. 5E, red text), although none of the mutations
in region A or the C-terminal helix did so (black text).

Based on this, single or double point mutations were intro-
duced into R2BD-B and helix 997-1008, focusing on residues
predicted to be surface-exposed and choosing mutations pre-
dicted to leave secondary structures intact (see “Experimental
Procedures”). The sensorgrams for the C-terminal helix
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FIGURE 5. Mapping of RAG1 residues important for RAG2 binding. A, diagram of domain-redefined architecture of RAG1 core and Mini-RAG1 showing the
two portions of the RAG2 binding domain (R2BD). B-D, sensorgrams obtained using GST-R2c-loaded biosensors, incubated with 20 um Mini-RAG1 or mutants
thereof, asindicated. £, diagram of Mini-RAG1 mutants analyzed. Below the RAG1 sequence is indicated the predicted secondary structure (PSIPRED), and above
itare indicated four series of mutants. Multiple aa changes contained in a single mutant are boxed. Green text indicates mutants that were poorly expressed and
could not be analyzed, and black, blue, and red text indicate mutants with no effect, a moderate effect, or a strong effect, respectively, on binding to GST-R2c.

mutants are shown in Fig. 5B, and those for the single and dou-
ble point mutations in R2BD-B are shown in Fig. 5, C and D,
respectively. The results are summarized in Fig. 5E and Table 2.
Charge-reversal mutations of Asp-531, Asp-551, and Lys-1001
had little effect on binding to GST-R2c, whereas K524D,
RT529/530NA, and L541N, reduced but did not abrogate bind-
ing. Mutation of K997E substantially reduced binding, while
K997Q had an even stronger effect. The most deleterious
effects were seen with mutation of Asp-546 and Glu-547, where
single charge neutralization (Fig. 5C), or double charge reversal
or charge neutralization mutations (Fig. 5D), eliminated detect-
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able binding. These results identify multiple residues in R2BD-
B, as well as Lys-997 in the C-terminal helix, that contribute to
the ability of Mini-RAG1 to bind to RAG2.

Finally, we determined the consequences of mutating Asp-
546, Glu-547, or Lys-997 in the context of R1c. Biolayer inter-
ferometry revealed that single mutation of Asp-546, or double
mutation of Asp-546 and Glu-547, eliminated detectable RAG2
binding, although some residual binding was seen with the
E547Q single mutant (Fig. 64). Notably, the K997Q mutation in
the context of R1c had only a modest effect on RAG2 binding
(Fig. 6A), in contrast to its strong effect in the context of Mini-
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TABLE 2
Single and double point mutations in the context of Mini-RAG1
Position and Amino Protein RAG2
mutation” acid® yield® binding®
1 524D Lys ++++ +
2 531K Asp +4+++ ++
3 541N Leu ++++ +
4 546N Asp ++++ —
5 547Q Gln ++++ -
6 551K Asp ++++ +4+
7 997Q Lys ++++ -
8 997E Lys +4+++ +
9 1001E Lys ++++ +4+
10 S517N/S519N Phe-Trp - ND¢
11 N529S/N530A Arg-Thr +4+++ +
12 Lys-546/Lys-547 Asp-Glu ++++ -
13 Asn-536/GIn-Q547 Asp-Glu ++++ —

“ All mutants were N-terminal MBP- and C-terminal His,-tagged.

? These are the residue(s) mutated.

¢ Protein yield and quality were evaluated by FPLC. ++++, expression typical for
MBP-Mini-RAG1, which is ~5-fold greater than that of MBP-R1c; —, no pro-
tein expression detected.

4 The ability to bind to GST-RAG2 core was tested by BLItz. ++, binding as seen
between R2c and either R1c or Mini-RAG1; +, binding reduced 3-20 fold; —,
little or no binding detected.

¢ ND means not done.

RAG]1 (Fig. 5B). Quantitation of RAG2 binding by R1¢c-K997Q
revealed a K, of 0.054 uM (Fig. 6B), just slightly higher than the
0.04 uMm value obtained for WT R1lc. When analyzed with an in
vitro GST pulldown assay, the D546N, E547Q, and D546N/
E547Q mutants all eliminated detectable interaction with GST-
R2c (Fig. 6C). However, the results of in vivo pulldown (Fig. 6D)
and recombination assays (Fig. 6E) were more nuanced, with
E547Q showing clear evidence of interaction with R2c and
recombination activity; D546N supporting small but detect-
able levels of activity in both assays, and the D546N/E547Q
double mutant having no detectable activity in either assay. The
K997Q RAGI core protein was as active as WT in all three
assays, consistent with its strong binding by biolayer interfer-
ometry. We conclude that Asp-546 and Glu-547 constitute a
small acidic region of RAG1 required for binding to RAG2 and
for recombination activity, with Asp-546 being a particularly
important residue. This is consistent with a previous study that
found that D546A and E547A R1c mutants exhibited defects in
invitro pulldown and cleavage assays, with the Asp-546 mutant
having a stronger phenotype (22).

Structural Modeling of Mini-RAGI1—Given the importance
of Asp-546/Glu-547 and helix 997-1008 for Mini-RAG1 to
interact with RAG2, we wondered whether these two regions of
the protein might be close to one another in the folded protein.
To investigate this, we used homology modeling, with the
Hermes transposase and retroviral integrases as starting tem-
plates, to create a structural model for a large portion of Mini-
RAGI1 (aa 538-732 linked to 960-1010), as described under
“Experimental Procedures.” Secondary structural analysis
demonstrated that the RAG1 RNHd shared a similar cadence of
structural elements with the RNase H folds of Hermes trans-
posase and HIV-1 integrase (Fig. 7), consistent with a previous
analysis (44). Furthermore, secondary structural similarity
could be detected N- and C-terminal to the RNHd by compar-
ison with Hermes and HIV-1 integrase, respectively (N-termi-
nal extension (Nex) and C-terminal extension (Cex) in Fig. 7).

Mini-RAG1 consists of the RAG1 core with the NBD, part of
ZFB, and insertion domain excised (Fig. 84). The modeling
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revealed that the RAG1 RNHd could indeed be modeled as an
RNase H fold, consisting of a five-stranded B-sheet on which
lies a two-helix bundle (3 and a4) from the C-terminal region,
the first of which contributes Glu-962 (modeled in yellow) to
the active site (Fig. 8B). The Mini-RAG1 model exhibits sub-
stantial overlap with Hermes transposase (Fig. 8C), as expected
given that the Hermes structure provided a template for model
construction. Notably, the three-dimensional disposition of the
structural elements places the predicted Asp-546/Glu-547
helix (blue), helix 997-1008 (which makes up most of the C
terminus; dark green), and the a3/a4 bundle (light green), on
the same face of the structure (Fig. 8B). Neither the helix
containing Asp-546/Glu-547 nor helix 997—1008 corresponds to
the Hermes transposase template (Fig. 8C). This juxtaposition
of structural elements in the model leads us to speculate that
interaction of RAG2 with the Asp-546/Glu-547 helix could
influence the structure of the C-terminal helices of the RAG1
core and thereby alter the geometry of the RAG1 active site.

Quantitation of RAGI and RAG2 Protein in Thymocytes—
How does the K, value for the RAG1-RAG2 interaction (~0.4
uM) compare with the concentration of RAG1 and RAG2 in the
nucleus of developing lymphocytes? It was previously esti-
mated that the average thymocyte contains 10*~10° molecules
of RAG1 and RAG2, with RAG2 clearly in excess over RAG1
(45). The methodology used (immunoprecipitation followed by
SDS-PAGE/silver staining) was crude and required assump-
tions that were difficult to validate. In an attempt to improve on
this, we performed quantitative Western blotting of whole cell
extracts prepared from total mouse thymus and compared the
RAGI and RAG2 signal intensities to those obtained from puri-
fied RAG protein preparations whose concentrations were
determined either by mass spectrometry or SDS-PAGE fol-
lowed by staining (see “Experimental Procedures”). The results
(Fig. 9, A-D, for sample blots; tabulated in Fig. 9E) revealed an
average value for RAG1 of 1,800 molecules (monomer) per cell
(range, 900-2,200), and for RAG2, 15,300 molecules per cell
(range, 6,800-23,300). To test for methodological error, we
measured the number of molecules of the transcription factor
Ikaros in total thymocytes using identical methods and a
recombinant Ikaros protein standard (see “Experimental Pro-
cedures”). Two determinations yielded values of ~150,000 and
~250,000 Ikaros molecules per thymocyte (Western blots not
shown), similar to the previously determined value of ~250,000
(46).

Assuming the nuclear diameter of a thymocyte is 6 um, it
yields nuclear concentrations of ~0.013 and ~0.22 um for
RAG1 dimers and RAG2, respectively. Although there are a
number of assumptions and limitations associated with these
values (see “Discussion”), they indicate that the concentration
of RAG1 is below that of RAG2 and well below the K, value for
the RAG1-RAG?2 interaction.

DISCUSSION

This study provides several important insights. First, Mini-
RAG1 was found to be a stable, well expressed protein that
constitutes the key RAG2-binding components of the RAG1
core. Second, Mini-RAG1 could be modeled as an RNase H
fold, allowing identification of a putative RAG2-interaction
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FIGURE 6. Functional analysis of RAG1 core mutants. A, sensorgrams obtained using GST-R2c-loaded biosensors, incubated with 20 um WT or mutant
MBP-R1c proteins, as indicated. B, sensorgrams obtained using GST-R2c-loaded biosensors, incubated with the indicated concentrations of MBP-R1c K997Q,
with the calculated K, shown. G, in vitro GST pulldown experiments were performed as described in Fig. 1C with WT or mutant MBP-R1c proteins, as indicated.
Data representative of two experiments. D, in vivo MBP-pulldown experiments were performed as described in Fig. 1D with WT or mutant MBP-R1c proteins,
as indicated. Data are representative of two experiments. £, V(D)J recombination assay using WT and mutant RAG1 core proteins, as indicated, as described in
Fig. 1G, with confirmation by nested PCR to increase the sensitivity (arrowhead indicates expected recombined product). Data are representative of three

experiments.

surface. Third, we determined the K, value of the RAG1-RAG2
interaction, which to our knowledge has not previously been
reported. The K, value for Mini-RAG1 interaction with GST-
R2c¢ (0.5-0.6 wMm) or with MBP-R2¢ (~0.7 uM) was somewhat
higher than that for the interaction between MBP-R2c and the
full RAG1 core (0.4 um), suggesting that Mini-RAG1 does not
recapitulate all of the interactions that occur between the two
RAG core proteins. Hence, it is possible that ZFB, the NBD, or
the insertion domain contribute to the interaction with RAG2.

Our findings regarding ZFB conflict with those of Aidinis et
al. (20). We suspect that the reason for the discrepancy lies in
this previous study’s reliance on a qualitative approach (GST
pulldown) that might have allowed detection of weak interac-
tions. We demonstrate that mutation of two zinc-coordinating
residues of ZFB had no quantitative effect on binding of RAG1
core to RAG2 core (Fig. 1F), leading us to conclude that neither
the presence nor the structural integrity of ZFB is required for
binding of RAG1 to RAG2. However, as noted above, we cannot
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rule out the possibility that ZFB makes some contribution to
the RAG1-RAG?2 interaction.

Our data are in good agreement with other analyses of the
RAG1-RAG?2 interaction. McMahan et al. (18) observed that
N- or C-terminal deletions from RAG1 aa 504 —1008 substan-
tially interfered with RAG2 binding, consistent with our find-
ings regarding the importance of R2BD-B and helix 997-1008.
Our findings also parallel those of Arbuckle et al. (19), who
detected a weak interaction between RAG1 aa 528-760 and
RAG?2, similar to our results with RAG1 aa 528 -777 (Fig. 1, C
and D). Finally, our findings regarding the importance of Asp-
546 and Glu-547 for the RAG1-RAG2 interaction and for V(D)]
recombination agree with previous biochemical studies (22,
47).

Given the strong phenotype associated with mutation of
Asp-546 and to a lesser extent Glu-547, it is plausible that these
residues make direct contact with RAG2. However, we cannot
rule out the possibility that they contribute indirectly to the
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FIGURE 7. Secondary structural alignment of a portion of RAG1 core, Hermes transposase, and HIV-1 integrase. Secondary structure (ss) is indicated by
H (a-helix), E (B-strand), and C (random coil) and represents the consensus prediction for RAG1. Identity and similarity between RAG1 and Hermes are indicated
with green and yellow shading, respectively. Underlining and bold underline indicate similarity and identity, respectively, between RAG1 and HIV-1 integrase. The
active site residues are shaded red. The N-terminal extension (Nex), RNHd (RNase H fold domain), C-terminal extension (Cex), and the location of the insertion
domain are indicated.
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FIGURE 8. Model of RAG1 catalytic and RAG2-binding regions. A, schematic of RAG1 core secondary structural elements separating the RAG2-binding
region (center) from the non-RAG2-binding portions (dashed red lines). Regions important for RAG2 interaction are shaded orange, and the boundaries between
different subsections are marked by black arrows with aa number. Color scheme as in Fig. 3A. B, remote homology model of the RNase H fold of the RAG1 core
created by molecular dynamics modeling. DDE motif residues, yellow; N-terminal extension (538-593, Nex), dark pink or blue for the very N-terminal helix
containing Asp-546 and Glu-547 (red); major part of catalytic domain (552-732), pink; C-terminal region (960-1010), green or dark green for the C-terminal
extension (Cex). G, superposition of RAGT model (colored as in B) and Hermes transposase catalytic core (gray). The root mean square deviation between the
a-carbons in the two structures is 3.9 A, with the best superposition located in secondary structural elements, although loops, where RAG1 has more insertions
compared with Hermes, are significantly different.
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cells (millions): 9.7 9.5

E Standard 1 Standard 2
Avg Thy1 Thy2 Thy3 Thy4 Thy5 Thy6
RAG1 | 1,800 | 1,900 900 1,400 2,200 2,200 1,900
RAG2 | 15,300 | 6,800 | 10,600 | 14,000 | 18,600 | 19,000 | 23,300
#molecules/cell

FIGURE 9. Quantitation of RAG protein levels in mouse thymocytes. Rep-
resentative Western blots probing for RAG1 (A and B) and RAG2 (Cand D) with
standards derived from individually expressed MBP-RAG1 (A) and GST-RAG2c
(C) or co-expressed MBP-RAG1¢/MBP-RAG2c (B and D) are shown. Whole cell
extracts (WCE) from M12 cells (which do not express RAG) and thymocytes
were loaded as indicated, with the number of cell equivalents loaded indi-
cated below the lanes for thymus. The amount of protein standard loaded in
each lane (in femtomoles) is indicated. E, table listing the results of six inde-
pendent measurements of RAG1 and RAG2 protein levels (in monomers per
cell), and the average of these determinations.

interaction. Similarly, we cannot determine which portion or
portions of R2BD or helix 997-1008 might make direct con-
tacts with RAG2. Lys-997, which lies at the beginning of helix
997-1008 (Fig. 8B), remains enigmatic; mutation of Lys-997
to Gln had a much stronger effect on RAG2 binding in the
context of Mini-RAG1 than in the context of RAG1 core.
Previous analysis of K997A RAGI1 core did not reveal a
strong defect in V(D)] recombination (21). It is possible that
Lys-997 is more important for stabilizing local protein struc-
ture in the context of Mini-RAG1 than when the rest of the
RAG]1 core is present.

Notably, a number of mutations found in RAG1 in human
severe combined immunodeficient and Omenn syndrome
patients map within or close to the borders of R2BD-B as fol-
lows: G513A, W519C, D536V, R556S, and R558H/R558C (aa
numbers from mouse RAGI1; human aa numbers are three
larger). Such mutations could destabilize the interaction with
RAG2. In our analysis, mutation of clusters of aa encompassing
Trp-519, Asp-536, or Arg-556/Arg-558 greatly decreased the
yield of Mini-RAGL1 (Fig. 5E), suggesting that they are impor-
tant for protein stability.

Our estimates of the average number of RAG1 (~1,800) and
RAG2 (~15,000) molecules per thymocyte have some limita-
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tions and likely underestimate the actual values in at least some
cell populations, particularly for RAG1. Thymocytes are hetero-
geneous, with ~20% being mature CD4 or CD8 single-positive
cells that do not express RAG and ~5% being CD4/CD8 dou-
ble-negative cells that express lower levels of RAG mRNA than
do CD4/CD8 double-positive thymocytes.” During extract
preparation, the RAG proteins might not be quantitatively
extracted from the cells; a portion of RAG1 is known to be
difficult to extract from the nuclei (45). RAG1 Western blot
signals are weaker and more difficult to quantitate accurately
than those of RAG2 (Fig. 9). The values obtained depend heavi-
ly on how accurately the concentrations of the standards were
determined. The fact that two different sets of RAG protein
standards, quantitated by different methods, gave comparable
results (within a factor of 1.5), provides some confidence in this
regard. It is likely that double-positive thymocytes, which con-
stitute about 75% of thymocytes, have higher levels of RAG1
and RAG2 than our estimates indicate. Our finding that RAG2
is in considerable excess over RAGL is fully consistent with our
previous study (45).

Determination of the K, value for RAG1-RAG2 binding
(~0.4 um) provides a fundamental parameter useful for under-
standing the properties of RAG and potential mechanisms for
regulating RAG function. Even if our value for the number of
RAG1 molecules per thymocyte is a 4-fold underestimate, then
the concentration of RAG1 in the thymocyte nucleus is still well
below the K}, value. Applying the K, and RAG concentration
values determined here to a simple model of a dimer of RAG1
binding sequentially to two RAG2 monomers (see “Experimen-
tal Procedures”) yields the result that, at equilibrium, only 16%
of RAG1 dimers are predicted to be bound to two molecules of
RAG2, with 29 and 55% having one or no bound RAG2, respec-
tively. Under the (implausible) assumption that all RAG2 mol-
ecules are dimers (and the corresponding 10-fold drop in the
K},), a much higher percentage of RAG1 dimers (72%) is now
predicted to be bound to RAG2. In all scenarios, a high percent-
age of RAG2 is predicted to remain free of RAG1, consistent
with a recent finding that much of RAG2 is readily extracted
from thymocyte nuclei under mild detergent conditions (48).

Our study does not address the possibility that the non-core
portions of the RAG proteins influence the affinity with which
the RAG1 and RAG2 core regions interact, and our calculations
of RAG protein concentrations are based on simplistic assump-
tions that do not take into account molecular crowding or other
physical parameters that might alter their effective nuclear con-
centrations. There are numerous ways in which the RAG1-
RAG?2 interaction, and hence catalytic activity, might be regu-
lated, including RAG post-translational modifications, binding
of RAG to DNA or chromatin, and the influence of other bind-
ing partners. The K, and RAG concentrations derived here
raise the possibility that the majority of RAG1 in the nucleus is
in a configuration incompatible with coupled cleavage. This
provides an appealing means of limiting genome damage
caused by off-target RAG-mediated cleavage, which might be of
particular importance given that RAG1 binding can be detected
at many off-target sites in the developing lymphocyte genome.*

> M. Krangel, personal communication.
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Our findings indicate that areas of high local RAG2 concen-
tration (particularly if RAG2 molecules are held in close prox-
imity as in the GST-RAG2 core dimer) should favor interac-
tions with RAG1. Interestingly, RAG2 displays a punctate
staining pattern in thymocytes (48) and in pro-B and pre-B
cells,® indicating that the protein is not uniformly distributed in
the nucleus. The basis for this is unknown and does not seem to
be a direct consequence of the ability of RAG2 to interact with
methylated histone 3 (48). It will now be important to deter-
mine whether there are regulatory mechanisms that modulate
the RAG1-RAG?2 interaction in vivo.

While this work was under revision, Gellert and co-workers
(49) reported the crystal structure of the RAG1 core-RAG2 core
complex. This demonstrated that indeed the RAG1 catalytic
center adopts an RNase H fold and identified an extensive
RAG1-RAG2 interface, much of which is contained in Mini-
RAGL. Residues in R2BD-B constitute a major part of the inter-
action surface, and interestingly, Asp-546 lies on an extended
loop that projects into RAG2 where it forms a salt bridge with
Arg-229 of RAG2. Also of note is that the ZFB region does not
itself constitute a zinc finger but instead Cys-727 and Cys-730
coordinate a zinc ion together with His-937 and His-942 (49).
Residues in the ZFB region are located at the interface with
RAG2, but our deletion and mutation data argue that they are
not a major contributor to the RAG1-RAG2 interaction.
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