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ABSTRACT: V(D)J recombination assembles functional antigen receptor genes during lymphocyte
development. Formation of the recombination complex containing the recombination activating pro-
teins, RAG1 and RAG2, is essential for the site-specific DNA cleavage steps in V(D)J recombination.
However, little is known concerning how complex formation leads to a catalytically-active complex.
Here, we combined limited proteolysis and mass spectrometry methods to identify regions of RAG1
that are sequestered upon association with RAG2. These results show that RAG2 bridges an interdo-
main boundary in the catalytic region of RAG1. In a second approach, mutation of RAG1 residues within
the interdomain boundary were tested for disruption of RAG1:RAG2 complex formation using
fluorescence-based pull down assays. The core RAG1 mutants demonstrated varying effects on com-
plex formation with RAG2. Interestingly, two mutants showed opposing results for the ability to interact
with core versus full length RAG2, indicating that the non-core region of RAG2 participates in binding to
core RAG1. Significantly, all of the RAG1 interdomain mutants demonstrated altered stoichiometries of
the RAG complexes, with an increased number of RAG2 per RAG1 subunit compared to the wild type
complex. Based on our results, we propose that interaction of RAG2 with RAG1 induces cooperative
interactions of multiple binding sites, induced through conformational changes at the RAG1 interdo-
main boundary, and resulting in formation of the DNA cleavage active site.
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Introduction

The foundation for the adaptive immune system is the

ability of immunoglobulins and T cell receptors to rec-

ognize a large array of foreign antigens. The large rep-

ertoires of these antigen-binding proteins are produced

at the genetic level during lymphocyte development by

V(D)J recombination, which assembles the antigen

receptor genes from constituent V, J, and sometimes, D

gene (coding) segments.1 Defects in V(D)J recombina-

tion results in a block in lymphocyte development and

fatal immunodeficiency diseases. Conversely, aberrant

V(D)J recombination activity may result in genetic

instability contributing to lymphomagenesis.1

In the first stage of V(D)J recombination, the

DNA is cleaved between each selected coding segment

and its flanking recombination signal sequence (RSS)

by the lymphoid specific proteins, RAG1 and RAG2,

which together constitute the V(D)J recombinase.1

The RSS consists of a conserved heptamer and non-

amer separated by either 12 or 23 base pairs, termed

the 12-RSS and 23-RSS. Recombination is restricted

between two coding segments that are flanked by

RSSs of differing spacer lengths. The initial site-

specific interaction of the RAG proteins with the

RSSs is crucial for the V(D)J recombination process,

as aberrant activity may arise from mis-assembly of

the RAG proteins with non-RSS DNA.2–5

The RAG proteins are relatively large in size,

with 1040 and 527 residues in murine RAG1 and

RAG2, respectively. Both proteins consist of a core

region, which is the minimal region required for

double-stranded DNA cleavage activity.1 The core

regions are sufficient for tight association of the RAG

proteins, RSS binding, and DNA cleavage activity.1,6

The noncore regions of the RAG proteins may serve to

enhance or regulate the catalytic activity.7

Core RAG1 (residues 384–1008) contains both the

RSS heptamer and nonamer binding domains, as well

as a DDE active site motif consisting of residues D600,

D708, and E962.1,6 The RSS nonamer-binding domain

(NBD) is located at the N-terminal region of core RAG1

and includes residues 3842460.8 The DDE active site

in RAG1 is encompassed by two structural domains.6,9

The central domain (residues 5282760) selectively

binds the RSS heptamer,9,10 and contains a putative

C2H2 zinc finger, termed ZFB.11 The C-terminal

domain (residues 7612980) binds DNA nonspecifically,

and is proposed to contact coding segments flanking

the RSS heptamer in RAG-RSS complexes.9,12,13

The core region of RAG2 consists of six kelch-

like repeats, and is predicted to assume a six-bladed

beta propeller fold.14 Mutation of specific residues

throughout core RAG2 has been shown to reduce

DNA cleavage activity, illustrating its essential role

in V(D)J recombination.15–18

An active RAG1-RAG2 complex has been shown

to consist of a heterotetramer,19,20 although other

stoichiometries of higher oligomers have been

detected.21,22 It is likely that the binding of RAG2

induces conformational changes in RAG1 that facili-

tates DNA cleavage activity, as well as promoting

sequence-specific interactions with the RSS over

nonsequence specific DNA.23,24 While a peptide that

contained the ZFB was shown to be sufficient for

binding RAG2,25 regions outside this motif appear to

affect complex formation as well.26,27 Altogether, our

knowledge of the RAG1-RAG2 interface, and how

complex formation promotes DNA cleavage activity,

is limited.

To identify regions of the RAG proteins that are

critical for mediating complex formation, we com-

bined limited proteolysis and mass spectrometry

assays to gain insight into formation of the RAG1-

RAG2 complex. We determined that regions of core

RAG1 sequestered upon complex formation with

RAG2 bordered the interdomain boundary between

the central and C-terminal domains (residues

7352775), which includes the ZFB. Mutation of resi-

dues at this interdomain boundary of core RAG1 led

to defects in the interaction with RAG2, as well as

formation of complexes with altered RAG1:RAG2

stoichiometries compared with the wild type RAG

complex, as measured by fluorescence-based pull

down assays. Another region of core RAG1, contain-

ing the active site residue E962, was partially

sequestered from proteolysis upon addition of RAG2.

From the combination of these results, we propose a

model for RAG1-RAG2 complex formation that

requires cooperative interactions mediated through

the central/C-terminal interdomain boundary of

RAG1, which yields formation of the catalytically

competent active site.

Results

The surface topology of core RAG1

The surface topology of core RAG1, in the absence

and presence of RAG2, was probed using proteomic

methods. The core regions of the RAG proteins fused

to either MBP (MBP-core RAG1) or GST (GST-core

RAG2) were used in these experiments, as the fusion

proteins are soluble and readily purified to homoge-

neity (Supporting Information Figure S1). In addi-

tion, DNA cleavage activity and assembly of these

fusion proteins have been extensively reported.1,6

To show regions of the protein that are solvent-

exposed and likely more conformationally disor-

dered, we performed limited tryptic proteolysis of

core RAG1 in conjunction with mass spectrometry.

The rationale for this approach is that the limited

proteolysis will initially cleave the polypeptide back-

bone of native proteins at the most accessible

regions.28 Additionally, conformationally disordered

regions of folded proteins tend to be targeted, as
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these unstructured regions are more easily accom-

modated in the protease active sites.28

We first performed an exhaustive digestion of

MBP-core RAG1, followed by analysis of the cleav-

age products by MALDI-TOF mass spectrometry.

This showed that �94% of the core RAG1 sequence

(corresponding to fragments from enzymatic diges-

tion) was assigned to peaks in the 0.5-5 kDa m/z

region of the mass spectrum (Supporting Informa-

tion Figure S2A). Thus, proteolyic cleavage of the

core RAG1 was efficient throughout all regions of

the protein.

For the limited proteolysis experiments, samples

were maintained at 4�C in 0.2 M NaCl, conditions

where MBP-core RAG1 is dimeric with little detecta-

ble aggregation.29 The MBP-core RAG1 was sub-

jected to proteolysis at a protease:RAG1 ratio of 1:50

(w/w). Trypsin initially cleaved between the MBP

and the core RAG1 portions of the fusion protein, as

judged by SDS-PAGE (not shown). Significant detec-

tion of peaks by MALDI-TOF mass spectrometry

(predominantly in the m/z range of <5 kDa) was

evident following 1 hr of proteolysis with the num-

ber of peaks remaining relatively constant for up to

4 h. Digestion times from 4 to 16 h yielded increased

number of peaks, as limiting digestion conditions

were exceeded.

A representative spectrum from a limited tryptic

digestion that was 3 h in duration is shown in Figure

1(A), and the combined results from all spectra are

summarized in Figure 1(C). These data show the pro-

duction of several trypsin-generated peptides from

MBP-core RAG1. Assignment of peaks in the mass

spectra to MBP-core RAG1 peptides was based on

Figure 1. Resolution of RAG2-interacting regions of core RAG1 by MALDI-TOF mass spectrometry of limited proteolysis prod-

ucts. Spectra of MBP-core RAG1 alone (A) and MBP-core RAG1 with GST-core RAG2 (B) measured following treatment of

samples with trypsin. Peaks due to MBP peptides are labeled Ctl-1 or Ctl-2, with Ctl-1 serving as an internal standard. (C)

Regions of MBP-core RAG1 assigned to spectra peaks in (A) are illustrated. Brackets indicate the locations of both the central

and C-terminal domains. NBD and ZFB refer to the nonamer binding domain and zinc finger B, respectively. CC and HH refer

to zinc-binding regions in the C-terminal domain.42 The active site residues (D600, D708, and E962) are depicted with black tri-

angles. Proteolytic peptides of core RAG1 generated by trypsin are represented by bars beneath the core RAG1 schematic,

and are labeled a, b, c1, c2, d, e, f and R1-Nbd, as described in the text. The shaded bars denote regions within 1/- 25 resi-

dues of the central and C-terminal domain boundaries. (D) Quantitative analysis of the limited proteolysis experiments. In each

MALDI-TOF mass spectrum, the ratio of the peak area for assigned peaks over the peak area for the Ctl-1 peak was deter-

mined, and is referred to as normalized peak areas. Plotted on the Y axis is the ratio of the normalized peak areas for the

RAG1 only compared to the RAG1:RAG2 samples that were prepared and analyzed in parallel by mass spectrometry (n 5 3

experiments). The labels on the X-axis correspond to the peak labels in panels A and B. *R1-Nbd is a peptide in the NBD of

RAG1 (at m/z 5 1360), as described in the text. *, P < 0.05; **, P < 0.01 determined by student’s t test. (E) Posited sites of

core RAG1 that contact with core RAG2. The trypsin-generated core RAG1 peptides (labeled a-f) are represented as bars

below their respective positions in the core RAG1 schematic. The thickest black bars represent core RAG1 peptides (d and e)

that were substantially decreased in abundance upon trypsin digestion in the presence of RAG2. Peptide f (represented as a

thick black bar bordered by solid black circles) was also decreased in the presence of RAG2. The relative abundances of pep-

tides R1-Nbd, a, b, c1, and c2 (shown as light gray bars) were not decreased in presence of RAG2.
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matching the m/z value of peaks with predicted

monoisotopic mass values (for the 11 ion) for pep-

tides in the MBP-core RAG1 protein sequence

[labeled a-f in Fig. 1(C)]. Significantly, the majority of

the trypsin-generated peptides are clustered within

�25 residues of either the central or C-terminal

domain boundaries of core RAG1.9 Similar results

were obtained using either chymotrypsin or

endoproteinase-GluC, indicating that sequence speci-

ficity of the protease did not skew the results (Sup-

porting Information Figure S3). Given these results,

we used 3 h trypsin digestions in the remaining lim-

ited proteolysis experiments in this study.

Assignment of peaks a and d in the limited

tryptic digestion of MBP-core RAG1 was clear based

on identified m/z values of the peptide fragments.

However, additional mass spectrometry experiments

were necessary to unambiguously resolve the assign-

ments of the four remaining peptides (b, c, e, and f),

since their m/z values corresponded to two separate

and nonoverlapping theoretical trypsin-generated

MBP-core RAG1 peptides (Table 1.). Tandem mass

spectrometry using HPLC-MS-MS conclusively

showed that peptides b, e, and f accounted for the

peptides assigned to their respective peaks. Con-

versely, separate peptides consisting of residues

5592579 and 8072826 [labeled c1 and c2, Fig. 1(C)]

were found to account for the peak with an m/z

value of 2387 (Table 1.).

In addition to peaks from cleavage sites at the

central domain and C-terminal domain boundaries,

a peak was observed at an m/z of 1360 (not shown)

that corresponds to a peptide from tryptic cleavage

at residue 446 in the NBD of core RAG1. Residue

446 is highly exposed to solvent according to the

crystal structure of the isolated NBD.8 Finally, two

fragments from cleavage sites within the MBP

domain of the fusion protein were identified [Fig.

1(A)], which also occurred in tryptic digestion of iso-

lated MBP under limiting conditions (not shown).

These peptides arise from cleavage at basic residues

that are well-exposed in the crystal structure of

MBP.30

Whereas peaks a-f were visible at short times

following limited tryptic digestion of MBP-core

RAG1, very few peaks were detectable upon tryptic

digestion of GST-core RAG2 under the same condi-

tions. Following 3 h of tryptic digestion, only peaks

from GST fragments were detected (not shown).

This is likely due to the relative lack of Lys and Arg

residues throughout a large region of core RAG2

resulting in large polypeptides that are not readily

detected by MALDI-TOF (Supporting Information

Fig. S2B). The resistance of core RAG2 to limited

tryptic digestion is also consistent with the predicted

structure of core RAG2 being a compact structure

consisting of a six bladed propeller structure.14

Although this result did not permit analysis of the

surface topology of core RAG2 under these condi-

tions, an advantage was the ability to assess the

effect of core RAG2 on the trypsin accessible regions

of core RAG1 with little interference from the gener-

ation of RAG2 peptides (see below).

Identification of putative core RAG2 contact

sites on core RAG1
Next, we examined how complex formation with

RAG2 affected proteolytic susceptibility of RAG1.

Here, MBP-core RAG1 and GST-core RAG2 were

mixed under conditions that show strong interac-

tions by pull down assays, and which show distinct

complexes on binding the RSS.9,24 Both MBP-core

RAG1 and GST-core RAG2 are predominantly

dimeric (Supporting Information Figure S1). A lower

Table 1. Sequence assignment by tandem mass spectrometry of selected peaks generated from limited trypsin diges-
tion of MBP-core RAG1a

m/z Peptide Sequenceb,c Peptide

1730 1) 762-SNPYHESVEELRDR-775 e
2) 90-LYPFTWDAVRYNGK-103 (MBP)d –

2094 1) 950-DGSIGAWASEGNESGNKLFR-969 f
2) 622-FSFTVMRITIEHGSQNVK-639 –

2387e 1) 559-YDSALVSALMDMEEDILEGMR-579 c1
2) 807-IFQLEIGEVYKHPNASKEER-826 c2

2464 1) 509-VLLPGYHPFEWQPPLKNVSSR-529 b
2) 757-YEVWRSNPYHESVEELRDR-775 –

a The table lists the m/z value of each analyzed peak (first column), the sequences of two different theoretical trypsin-gen-
erated MBP-core RAG1 peptides (labeled 1 and 2) with m/z values within 6 1 D of the value in first column (second col-
umn), and the peptide labels b, c1, c2, e, and f consistent with the labels in Figure 1B (third column).
b The peptides in boldface indicate the sequences detected by tandem mass spectrometry. The sequences in light gray font
were not detected, resulting in unambiguous assignments for three of the peaks (peptides b, e, and f).
c The residue numbers are shown for the first and last peptide residue. The numbers for the core RAG1 peptides corre-
spond to that for the full length murine RAG1 protein.
d Corresponds to a peptide in the MBP portion of the fusion protein.
e The peak with an m/z value of 2387 consisted of a mixture of both of the peptides listed (labeled as c1 and c2).
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ratio of GST-core RAG2 to MBP-core RAG1 was

used to favor a 1:1 stoichiometry of complex forma-

tion. MBP-core RAG1:GST-core RAG2 mixtures were

digested for 3 h under identical conditions as MBP-

core RAG1 and analyzed by mass spectrometry [Fig.

1(B)]. The MBP-derived peak at an m/z of 2110

[labeled Ctl-1 in Fig. 1(A,B)] was used as the inter-

nal standard. In each spectrum, the ratio of each

peak area relative to that of Ctl-1 was determined,

and the values compared between samples with

GST-core RAG2 absent or present [Fig. 1(D)]. Serv-

ing as a separate control, the peak area ratio of a

second MBP peak [at m/z 5 3168; labeled Ctl-2 in

Fig. 1(A,B)] to the Ctl-1 peak is similar regardless of

the absence or presence of core RAG2 [Fig. 1(D)].

The combined results for the effect of limited

trypsin digestion on core RAG1 in the presence of

RAG2 is summarized in Figure 1(E). The addition of

GST-core RAG2 significantly decreased peaks d and

e, which correspond to peptides 7352748 (d) and

7622775 (e) in the ZFB and near the N-terminal

end of the C-terminal domain, respectively. While

the 7622775 fragment is adjacent to the ZFB

sequence, this region was not included in the ZFB

fragment shown to bind core RAG2.25 Production of

peptide 9502969 (peak f), which contains the active

site residue E962, was also decreased in the pres-

ence of core RAG2, although to a lesser extent than

the peptides at the interdomain boundary between

the central and C-terminal domains.

The production of other trypsin-generated core

RAG1 peptides was not significantly influenced by

the presence of core RAG2. For example, while the

production of peptide a (residues 5052529) trended

towards an increase in all trials, this was not a sig-

nificant change based on the student t test. Further-

more, the production of peptide b (residues

5092529), as well as a peptide to the N-terminal

side of peptide a (see next section), was independent

of the presence of RAG2. Other regions that were

not affected by the presence of RAG2 include pep-

tides 5592579 and 8072826 (c1 and c2, combined

in peak c), as well as a peptide at the C-terminal

end of the NBD [residues 4472458; R1-Nbd in Fig.

1(E)].

Isotope coding results confirm core RAG2
effects on core RAG1 surface topology

Isotope coding experiments were performed as an

alternate approach to test the effects of RAG2 on

the surface topology of RAG1 [Fig. 2(A)]. In this

approach, limited proteolysis assays for MBP-core

RAG1 alone and the MBP-core RAG1:GST-core

RAG2 mixture were performed in parallel as

described above. Following proteolytic cleavage, the

peptides in each sample were labeled at primary

amines with the acetylating reagent N-

acetoxysuccinimide (h3-NAS) or its d3-deuterated

analogue (d3-NAS). The RAG1-only sample was

labeled with nondeuterated NAS (to give the h3-Ac

form) and the RAG1:RAG2 sample labeled with deu-

terated NAS (to give the d3-Ac form). Subsequently,

the samples were combined and analyzed by

MALDI-TOF mass spectrometry. In the combined

mixture, the h3-Ac RAG1-only peptides are 3 a.m.u.

per labeled-amine less than the corresponding pep-

tide from the d3-Ac RAG1:RAG2 sample. This

allowed simultaneous analysis of the RAG1-only and

the RAG1:RAG2 samples.

As shown in Figure 2(B), we identified peaks

that corresponded to the singly acetylated RAG1

peptide consisting of residues 7622775 (peptide e).

The two peaks between the monoisotopic h3-Ac and

d3-Ac peaks in Figure 2(B) are the 11 and 12 iso-

tope peaks of the h3-Ac form. Note that the peak

Figure 2. Isotope coding experiment of core RAG1 binding

to RAG2. A: MBP-core RAG1 alone or MBP-core RAG1 com-

bined with GST-core RAG2 were labeled with either h3-NAS

or d3-NAS following limited tryptic proteolysis. The samples

were then combined and measured by MALDI-TOF mass

spectrometry. The difference in m/z value of an h3-Ac versus

d3-Ac labeled peptide is Dm 5 3n, where n is the number of

labeled amine groups in the peptide. B: The monoisotopic

peaks from MALDI-TOF mass spectrometry for peptide e

(core RAG1 residues 7622775) are indicated for the RAG1

only sample labeled with a single acetyl group (h3-Ac) and

for the RAG1:RAG2 sample labeled with a single d3-acetyl

group (d3-Ac). Assignments of the peaks are described in the

text. C: Same as in panel B, except that both the h3- and

d3-acetylated forms were RAG1 only samples.

Byrum et al. PROTEIN SCIENCE VOL 24:861—873 865



area of the monoisotopic d3-Ac peak also has contri-

butions from the 13 isotope peak of the h3-Ac form.

The 13 isotope peak is predicted to have a peak

area at 18.8% of the monoisotopic h3-Ac peak (http://

prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?-

form5msisotope). Thus, the peak area of the d3-Ac

monoisotopic peak was corrected by subtracting con-

tributions from the 13 isotope peak of the h3-Ac

form. The ratio of the corrected d3-Ac peak to the

h3-Ac peak was 0.56.

As a control, we also combined separate aliquots

of RAG1 only samples that were either in the h3-Ac

or the d3-Ac form to control for the efficiency of the

labeling reaction [Fig. 2(C)]. The h3-Ac and d3-Ac-

labeled RAG1 peptides should give peaks of equal

area if the labeling reaction is similarly efficient.

The peak area of the d3-Ac peak was corrected as

described above. The ratio of the corrected d3-Ac

peak to the h3-Ac peak was 0.85.

In addition to peptide e, we detected an acety-

lated peptide in both samples that originated from

the region between the NBD and the central domain

(residues 4942504) (Supporting Information Fig.

S4). Markedly, the area of the peak corresponding to

residues 4942504 did not change upon RAG2 addi-

tion (Supporting Information Fig. S4). This is con-

sistent with the lack of effect of RAG2 on the

production of peptide b [Fig. 1(D)], indicating that

the N-terminal border of the central domain does

not form extensive interactions with RAG2.

Altogether, the isotopic coding experiments con-

firm that peptide e is affected by complex formation

with RAG2, and that a major RAG1 site interacting

with RAG2 extends into the C-terminal domain.

These results suggest a larger interface with RAG2,

which bridges a domain boundary between the cen-

tral and C-terminal domains.

Effect of mutations in the central/C-terminal
domain boundary of RAG1 on complex

formation with RAG2

To determine if point mutations in the interdomain

boundary between the central and C-terminal

domains of RAG1 (encompassing peptides d and e)

affected RAG1-RAG2 complex formation, we tested

binding of the core RAG1 mutants C727,730A,

W760A,R761Q, and E767K to RAG2. C727,730A

removes two putative zinc-coordinating ligands in

the ZFB,11 W760A,R761Q alters residues at the bor-

der between the central and C-terminal domains,

and E767K alters the charge of a residue in the mid-

dle of peptide e. Each of the mutants was defective

in cellular recombination assays (Fig. 3).

We assessed binding of core RAG1 to both full

length and core RAG2 using an RFP-trap fluores-

cence pull down assay. This approach is based on the

binding of mCherry-labeled RAG2 to beads contain-

ing antibody specific to RFP, which recognizes

mCherry. Binding consisted of incubating the RFP

trap beads with lysate from cells transiently express-

ing RAG2 (either full length or core) fused at its

N-terminus to mCherry (Ch-FL-RAG2 or Ch-core

RAG2), and core RAG1 with GFP fused at its

N-terminus (GFP-core RAG1). The wild type (WT)

RAG proteins fused to fluorescent proteins were func-

tional in cellular recombination assays (Fig. 3). GFP-

core RAG1 binding to Ch-FL-RAG2 or Ch-core RAG2

was subsequently analyzed by flow cytometry. A major

advantage of this approach is rapid quantification of

protein-protein interactions through direct measure-

ment of emission from the fluorescent proteins.31

To first test the specificity of the RFP-trap pull

down assay, RFP-trap beads were incubated with

Ch-FL-RAG2, Ch-core RAG2, or GFP-core RAG1

alone. This showed efficient binding by the Cherry-

tagged RAG2 proteins, but no binding by GFP-core

RAG1 [Fig. 4(A)]. Thus, binding was specific to

expression of Cherry-fused RAG2. Importantly, both

the red and green channels showed significant sig-

nal when beads were incubated with lysate of cells

co-expressing GFP-core RAG1 with either Ch-core

RAG2 or Ch-FL-RAG2 [Fig. 4(B,C), left dot plots],

with >90% of beads double-labeled in each

Figure 3. Mutant RAG1 constructs show deficient V(D)J

recombination activity. A: Cellular recombination assays were

performed using the plasmid substrate pSF200. V(D)J recom-

bination of this substrate removes a transcription terminator

allowing transcription of the CAT gene in bacterial cells.43

Precise signal formation introduces a new ApaLI restriction

site in the recombined plasmid. B: Recombination activity

was determined as described in Materials and Methods. In

the first 5 lanes (n 5 2 experiments), pSF200 was combined

with GFP-core RAG1-expressing and GST-core RAG2-

expressing constructs. In the last lane, Ch-FL-RAG2 was

used in place of GST-core RAG2 to confirm that the cherry

fusion does not impede RAG2 function.
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experiment. The double labeling was due to interac-

tion between the RAG proteins, since co-expression

of either GFP with Cherry-tagged RAG2, or WT

GFP-core RAG1 with mCherry, did not double-label

the beads (Supporting Information Figure S6A).

Next, we measured the binding of the core RAG1

mutants to RAG2. The GFP-core RAG1 mutants

showed similar levels of expression as the WT pro-

tein, as detected by fluorescence microscopy (Sup-

porting Information Fig. S5), and by measurement of

GFP fluorescence intensities in cell lysates (not

shown). In addition, the GFP fusion proteins showed

negligible degradation (Supporting Information Fig.

S6B). First, the RFP-trap pull down assay was used

to test binding between core RAG1 mutants and Ch-

core RAG2. Core RAG2 bound effectively to the

W760A,R761 and E767K mutant RAG1 proteins [Fig.

4(B) and Supporting Information S6C], but showed

severe defects in binding to the C727,730A mutant

with less than 5% of beads double-labeled [Fig. 4(B)].

Second, the assays were repeated using Ch-FL-

RAG2. In comparison to Ch-core RAG2, pull down

assays using Ch-FL-RAG2 as bait yielded contrasting

results. Namely, Ch-FL-RAG2 showed effective bind-

ing (>90% beads double-labeled) to the C727,730A

and E767K mutants [Fig. 4(C) and Supporting Infor-

mation S6C], and moderate defects in complex forma-

tion (�35% of beads double-labeled) with the

W760A,R761Q mutant [Fig. 4(C)]. These results sug-

gest that the non-core region of RAG2 can compen-

sate for the deficiency of core RAG2 in binding to the

C727,730A RAG1 mutant. Moreover, FL RAG2 may

modulate the binding surface with core RAG1, given

the moderate defects in binding to the W760A,R761Q

mutant, although in a manner that is not yet clear.

These findings are consistent with a previous study,

which indicated that the non-core region of RAG2

could enhance complex formation with the core

region of RAG1.32 The enhancement in binding may

occur through direct interactions of the non-core

Figure 4. Assessment of WT and mutant core RAG1 binding to RAG2 using a fluorescent RFP-trap pull down assay. A: Repre-

sentative flow cytometry of RFP-trap beads incubated with cell lysates containing either Ch-core-RAG2 (left plot), Ch-FL-RAG2

(middle plot), or WT GFP-core RAG1 (right plot). B: RFP-trap assay results using cell lysates containing Ch-core-RAG2 coex-

pressed with either WT, C727,730A, or W760A,R761Q GFP-core RAG1 as indicated. Bar graph (at left) plotting the relative

amount of complexes containing GFP-core RAG1 (cR1) and Ch-core-RAG2 (cR2) as detected by the RFP-trap assay. The y-

axis is the fraction of beads in the upper right quadrant of the flow cytometry dot plots, normalized to sample containing WT

GFP-core RAG1. n 5 2. C: Same as in panel B, except cell lysates contained Ch-FL-RAG2 coexpressed with the indicated

GFP-core RAG1 fusion proteins. Bar graph (at left) is as described above in panel B, but with samples containing Ch-FL-RAG2

(FLR2). n 5 3.
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region of RAG2 with RAG1, or via an indirect effect.

It has been previously proposed that an in cis inter-

action occurs between the non-core and core regions

of RAG2,33 which may in turn affect binding interac-

tions with RAG1.

The RFP-trap binding assay used different RAG

fusion proteins (mCherry and GFP) than the limited

proteolysis experiments (MBP and GST). Neverthe-

less, in Figure 3 we show that the recombination

activity is similar for GFP-core RAG1 when combined

with RAG2 tagged with either GST or Cherry. Thus,

the N-terminal tag did not affect formation of recom-

bination products in the plasmid substrate, and likely

did not affect the outcome of the limited proteolysis

experiments. Our results are in line with previous

studies, which have shown the RAG proteins main-

tain catalytic activity regardless of the presence or

the identity of an N-terminal fusion tag.1,16,24,34,35

Mutant core RAG1 proteins bind with altered

stoichiometry to RAG2

Although mutation of RAG1 residues within the

putative RAG2 interaction region showed varying

effects in apparent affinity for RAG2, the relative

fluorescent signals in the flow cytometry results con-

sistently differed for all of the mutants as compared

with the wild type complexes (Fig. 5). We interpret

these differences as indicating an altered stoichiome-

try for RAG1:RAG2 complexes containing the

mutant core RAG1 proteins versus the WT core

RAG1 protein. The stoichiometric differences occur

with complexes containing either core or full length

RAG2 (Fig. 5), indicating that the non-core region of

RAG2 does not impact the stoichiometry of the

RAG1:RAG2 complex. For example, flow cytometry

plots for WT GFP-core RAG1 bound to either FL or

core RAG2 yielded similar relative intensities of

Figure 5. Stoichiometric differences in RAG1 to RAG2 in V(D)J recombinase complexes containing mutant versus WT core

RAG1. A: Overlay of the flow cytometry data where RFP-trap beads were incubated with cell lysates coexpressing WT GFP-core

RAG1 with either Ch-core-RAG2 (blue dots) or Ch-FL-RAG2 (red dots). B: Overlay of RFP-trap flow cytometry data comparing

Ch-core RAG2 co-expressed with either WT (red dots) or E767K (blue dots) GFP-core RAG1. C: Relative stoichiometries of

Ch-fused RAG2 to GFP-core RAG1 from representative RFP-trap flow cytometry experiments. Each point is the Cherry fluores-

cence signal (normalized to the Cherry signal from the coexpressed Ch-FL-RAG2:WT GFP-core RAG1 experiment) at selected

GFP fluorescence signals, as illustrated in Figure S7B. Solid and dashed lines are from experiments using Ch-FL RAG2 and

Ch-core-RAG2, respectively. Experiments using the different GFP-core RAG1 proteins are represented with the following

symbols: WT (circles), C727,730A (diamonds), W760A,R761Q (triangles), and E767K (squares). Results from an RFP-trap experi-

ment using co-expressed Ch-core RAG2 and GFP-core RAG1 (C727,730A) was not shown due to weak complex formation.
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green versus red channels, as demonstrated by the

overlay in Figure 5(A). However, double-labeled

beads containing RAG2 complexed with mutant core

RAG1 proteins produced greater signals in the

mCherry channel by RFP-trap than beads contain-

ing WT core RAG1 [Fig. 5(B), Supporting Informa-

tion Fig. S7A]. This is plotted in Figure 5(C), which

was generated by measuring the mean Cherry fluo-

rescence signal at specific GFP fluorescence inten-

sities (as illustrated in Supporting Information Fig.

S7B). In summary, the mutants show 2-3 times

more Ch-RAG2 signal per GFP-core RAG1.

As further evidence for the altered stoichiometry

of complexes containing mutant RAG1 proteins with

RAG2, a reverse pull down assay using GFP-trap

beads was performed. The flow cytometry plots

revealed an increase in the mCherry signal for the

mutant RAG1 complexes in comparison to WT core

RAG1 when bound to either FL or core RAG2 (Sup-

porting Information Figure S7C). Although the GFP-

trap pull down was less effective than the RFP-trap

assay in binding the RAG1:RAG2 complex (with

<10% of the beads double-labeled for any combina-

tion of proteins used), the results consistently

showed that the mutant RAG1 proteins bound two

to three times more RAG2 subunits. Altogether the

combined results from the RFP-trap and GFP-trap

assays are consistent with an increased number of

RAG2 subunits bound in the mutant versus the WT

RAG1:RAG2 complexes, but inconsistent with other

explanations, such as differing amounts of

RAG1:RAG2 complexes versus uncomplexed RAG

proteins on the respective beads for the mutant ver-

sus WT complexes.

Discussion

In this study we employed limited proteolysis com-

bined with isotope coding methods to map the sur-

face topology of core RAG1, and subsequently the

regions of core RAG1 that lie in the RAG1-RAG2

interface. The limited proteolysis approach is feasi-

ble since it is understood that regions of protein

interaction can become inaccessible to digest, such

as we have shown here for the RAG1 core as its

binds RAG2. Importantly, this approach provides

information regarding regions of protein interaction

without modification of proteins through labeling or

mutagenesis, and with the protein complex in solu-

tion at approximately physiological ionic strengths.

We identified regions near or bordering the cen-

tral/C-terminal domain boundary of RAG1 that are

sequestered upon interaction with RAG2. In addi-

tion, we identified an additional region in core

RAG1, located near the E962 active site residue in

the C-terminal domain that either directly contacts

RAG2, or is conformationally affected by interaction

with RAG2. Previous mutagenesis studies suggested

additional regions of RAG1 that are important for

interactions with RAG2,18,27 these being D546,

E547, and D560. However, mutation of each of these

residues did not completely eliminate RSS cleavage

activity, suggesting that complex formation remains.

RAG1 residue R558 (R561 in human RAG1) has also

been implicated in RAG2 interactions, although

these results are disputed.27 Our assay could not

determine changes in accessibility of these residues

since peptide c1, which contained or was adjacent to

these residues, was poorly resolved from peptide c2,

a separate and unrelated peptide (Table 1.).

We tested whether selected point mutations in

peptide d (C727,730A), peptide e (E767K), and the

border of the two RAG1 domains (W760A,R671Q)

impacted RAG1-RAG2 interactions. In comparison to

WT RAG1, all three mutants showed significantly

decreased V(D)J recombination activity (Fig. 3). A

fluorescence-based pull down assay was used to test

if the decreased recombination activity observed

with each RAG1 mutant was due to defects in com-

plex formation with RAG2. The most deleterious

effect in complex formation was with the inability of

the GFP-core RAG1 C727,730A mutant to bind Ch-

core RAG2, which is consistent with the mass spec-

trometry results showing that peptide d was seques-

tered in the protein complex.

Most notably, all three interdomain mutants

showed an increased ratio of Cherry to GFP signals

in the fluorescent pull down assays as compared

with WT RAG1, consistent with an increased num-

ber of RAG2 subunits bound to each mutant RAG1

subunit. To account for these results, we propose

that RAG2 induces conformational changes in the

interdomain boundary of each RAG1 subunit, thus

facilitating cooperative interactions of multiple bind-

ing sites in RAG1 with a single subunit of RAG2

[Fig. 6(A)]. Mutation of residues within the interdo-

main boundary eliminates the cooperative interac-

tions resulting in individual RAG1 binding sites

complexing with separate RAG2 subunits. Analo-

gously, it has been proposed that multiple binding

sites for RAG1 exist on RAG2,16 which would also be

a necessary component of our proposed model [Fig.

6(A)].

Overall, we have determined that the interdo-

main border between the RAG1 central and C-

terminal domains is highly accessible in unbound

RAG1, and is a major interaction site with RAG2.

Significantly, the structural integrity of the ZFB is

essential to form the catalytically active complex.

We postulate that association of RAG2 with RAG1

through cooperative interactions forms a complex

that is optimized for catalytic activity [Fig. 6(A)].

Cooperative interactions mediated by multiple

domains in the formation of functional protein-

protein complexes have been increasingly docu-

mented in recent years.36,37 Future determination of
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how the region of RAG1 encompassing this interdo-

main boundary, including the ZFB and flanking C-

terminal residues [Fig. 6(B)], is folded in the absence

and presence of RAG2 will shed significant insight

into formation of the catalytically competent V(D)J

recombinase.

Materials and Methods

Plasmid constructs

Plasmids encoding for MBP fused to core RAG1

(MBP-core RAG1),38 GST fused to core RAG2 (GST-

core RAG2),39 and GFP fused to core RAG1 (GFP-core

RAG1)40 have been previously reported. GFP-core

RAG1 point mutants, C727,730A, W760A,R761Q, and

E767K, were generated using the QuikChange site-

directed mutagenesis kit (Stratagene) according to

the manufacturer’s protocol. The entire region of the

gene corresponding to the RAG1 coding sequence was

examined by DNA sequencing to confirm that only

the residue(s) of interest was modified in each

mutant. The plasmid encoding for Cherry fluorescent

protein fused to full length (FL) RAG2 (Ch-FL-RAG2)

was constructed as follows. The gene encoding for

murine FL RAG2 was amplified by polymerase chain

reaction (pcr) using primers that introduced an EcoRI

site at the 50 end of the product and a BamHI site fol-

lowing the stop codon at the 30 end of the product. A

gene encoding Ch-FL-RAG2 fusion protein was cre-

ated by inserting the EcoRI and BamHI digested pcr

product into the corresponding restriction sites of the

pmCherry-C1 vector (Clontech). The sequence of the

RAG2 gene was confirmed by DNA sequencing. Plas-

mids used for expression of GFP and mCherry in con-

trol experiments were pWay541 and pmCherry-C1

(Clontech).

Protein purification

MBP-core RAG1 was transformed into Escherichia

coli BL21 cells, and expressed and purified as previ-

ously described.9 GST-core RAG2, was expressed

transiently in 293T cells and purified as previously

described,39 with the exception that the detergent

NP40 was not included in the final purification step.

Concentrations of the purified proteins were deter-

mined as previously described.3

Limited proteolysis experiments and Isotope
coding experiments

MBP-core RAG1 (1lg) was incubated with porcine

pancreatic trypsin, bovine pancreatic chymotrypsin,

and Staphylococcus aureus endoproteinase Glu-C at

4
�
C for 3 h at a ratio of 1:50 (w/w) protease to MBP-

core RAG1. The trypsin and endoproteinase Glu-C

digestions were performed in 20 mM Tris, pH 8.0,

200 mM NaCl, 50 lM ZnCl2, and 5 mM b-

mercaptoethanol, and the chymotrypsin digestion was

in 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, and 10 mM

CaCl2. All proteases were mass spectrometry grade

reagents (Sigma). The digested products were desalted

and purified by a C18 ZipTip (Millipore) and the pep-

tides subsequently eluted in 50% acetonitrile and 0.1%

TFA for analysis by MALDI-TOF mass spectrometry.

For limited proteolysis experiments on

RAG1:RAG2 samples, purified MBP-core RAG1 (0.8

lM) and GST-core RAG2 (0.4 lM) were incubated

10 min at 4�C, which are at stoichiometries previously

used for investigating specific RSS binding activity.24

Subsequently, samples were incubated with trypsin

(at 16 nM) as above. Samples were prepared for

MALDI-TOF mass spectrometry as described above.

Isotope coding experiments were conducted as

follows. Following limited proteolysis as described

above, the purified peptides generated from RAG1

alone and RAG1:RAG2 together were subjected to

labeling by h-N-Acetoxy-succinimide (h3-NAS) and/

or d3-N-Acetoxy-succinimide (d3-NAS) [NAS

reagents generously provided by the Oklahoma Cen-

ter for Medical Glycobiology (OCMG)] as follows.

The RAG peptides were combined with a 3-fold

Figure 6. A: Model of the RAG1-RAG2 complex. The upper

schematic shows the three domains in core RAG1 (NBD,

central, and C-terminal domains). The ZFB is denoted as an

oval, and the three active site residues (D600, D708, and

E962) labeled and indicated with asterisks. The pentagon

adjacent to the ZFB represents a region of charged residues

in the central domain that upon mutation were previously

shown to disrupt complex formation with RAG2.18,27 For sim-

plicity, only a monomer of core RAG1 is represented. The

lower schematic depicts RAG2 bridging the central and C-

terminal domains, resulting in a closer juxtaposition of D600

and D708 with E962. B: The sequence of RAG1 that showed

decreased susceptibility to proteases in the presence of

RAG2. The border between the central and C-terminal

domains is marked with an arrow. The sequence of the puta-

tive ZFB is bracketed, and likely Cys and His zinc-

coordinating residues are denoted in a larger gray font. The

helix denotes the region at the C-terminal end of this peptide

predicted to be alpha helical. The core RAG1 mutants are

indicated above the sequence, and the corresponding resi-

dues within the sequence that were mutated are underlined.
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molar excess of either h3-NAS or d3-NAS at pH 7.5,

and incubated for 3 h at room temperature. Samples

were desalted and purified as above. Resulting pep-

tides labeled with h3-Ac and d3-Ac were combined

as appropriate prior to analysis by mass

spectrometry.

Mass spectrometry
MALDI-TOF mass spectrometry: Peptide samples

were spotted on a grid with an equal volume of a-

cyano-4-hydroxycinnamic acid. MALDI-TOF mass

spectrometry experiments were performed in the

OCMG on an Ultraflex II (Bruker Daltonics, Billerica,

MA). The instrument was operated in reflectron posi-

tive ion mode with an accelerating voltage of 25 kV.

Mass spectra were analyzed using flexAnalysis

(Bruker Daltonics). The peaks in the spectrum were

identified based on matching m/z values with the

predicted monoisotopic masses of protease (trypsin,

chymotrypsin, or endoproteinase Glu-C) generated

peptides from the MBP-core RAG1 sequence with 0-3

missed cleavage sites. Tandem mass spectrometry:

Peak m/z values that corresponded to two separate

MBP-core RAG1 peptides were assigned by HPLC-

MS-MS using a Dionex UltiMate 3000 and ABI MDS

Sciex Qstar Elite in the Laboratory for Molecular

Biology and Cytometry Research core facility at the

University of Oklahoma Health Sciences Center.

Cellular V(D)J recombination assay

The transient cellular V(D)J recombination assay

was performed using a slightly modified protocol as

that previously described.16 Briefly, 4 lg of the

recombination substrate pSF200 (generously pro-

vided by S. Fugmann) was combined with 8 lg each

of constructs encoding GFP-core RAG1 and either

GST-core RAG2 or Ch-FL-RAG2. The plasmids were

transfected into HEK 293T cells grown at �80% con-

fluency on 10 cm dishes using Fugene 6. Following

48 hrs, plasmid DNA was purified by alkaline lysis

methods, treated with DpnI, and subsequently

transformed into DH5a cells. Equal aliquots of the

transformed cells were plated on LB agar plates con-

taining 25 lg/ml kanamycin only or 25 lg/ml each of

kanamycin and chloramphenicol. Colonies were

counted following incubation at 37�C for 16 hours.

Recombination activity was derived from the ratio of

(Kan 1 Chl)R to KanR colonies, as previously

described.16 Signal joint formation of purified plas-

mids recombined by WT GFP-core RAG1 combined

with either GST-core RAG2 or Ch-FL-RAG2 were

confirmed by ApaLI restriction digests (not shown).

Flow cytometry protein-interaction assay

Plasmids encoding GFP-core RAG1 (WT or mutant)

and Ch-FL-RAG2 were transfected separately or

together (2 lg of plasmid DNA total) into 293T cells

at 80% confluency in 6-well plates using Fugene X-

tremeGENE 9 (Roche). Following 24 h, cells were

washed with cold PBS containing 100 mM PMSF,

and lysed in buffer containing 20 mM Tris pH 7.6,

200 mM NaCl, 2 mM MgCl2, 0.5 mM DTT, 0.5% NP-

40, 5% glycerol, and DNAse I (to 2 U/ml) for 10 min

at 4
�
C. To ensure nuclear lysis, samples were sub-

jected to sonication (15 s pulses, 5 s rests for 1.5 min

at 20% power). Lysates were centrifuged to clear

debris, and fluorescence intensities of supernatants

were measured using the POLARstar Omega plate

reader (BMG Labtech). Aliquots of lysates containing

equivalent amounts of Ch-FL-RAG2 (based on read-

out from the fluorescence microplate reader) were

incubated overnight at 4�C with 10 lL magnetic

beads that were linked by camelidae antibody spe-

cific to red fluorescence protein, referred to as RFP-

trap magnetic beads (Chromotek). Beads were

blocked with 1 mg/mL BSA for 1 h prior to incubation

with cell lysates. Following incubation with cell

lysates, the beads were washed and resuspended in

300 lL of buffer containing 125 mM Tris, 150 mM

NaCl, pH 8.0. In control experiments, beads were

also incubated with lysates from 293T cells that were

either untransfected or transfected with constructs

encoding (1) GFP-core RAG1 only, (2) mCherry and

WT GFP-core RAG1, and (3) Ch-FL-RAG2 and GFP.

Flow cytometry measurements were performed

using a LSR II Flow Cytometer (BD Biosciences),

where GFP and Cherry fluorophores were excited

using 488 nm and 561 nm lasers, respectively. Post

acquisition analysis was performed using FlowJo

software (Tree Star, OR).
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