
CMLS, Cell. Mol. Life Sci. 54 (1998) 880–891
1420-682X/98/080880-12 $ 1.50+0.20/0
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The V(D)J recombination activating protein RAG2 consists
of a six-bladed propeller and a PHD fingerlike domain, as
revealed by sequence analysis
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Abstract. The RAG1 and RAG2 proteins play a crucial stranded twisted antiparallel b sheet, is arranged in a
circular formation like blades of a propeller or turbine.role in V(D)J recombination by cooperating to make

specific double-stranded DNA breaks at a pair of re- Given the known properties of the b-propeller fold in
combination signal sequences (RSSs). However, the ex- mediating protein-protein interactions, it is proposed

that this six-laded propeller structure of the RAG2act function they perform has heretofore remained
active core would play a crucial role in the tight com-elusive. Using a combination of sensitive methods of

sequence analysis, we show here that the active core plex formed by the RAG1 and RAG2 proteins and
RSSs. Moreover, the presence of a plant homeodomainregion of the RAG2 protein, confined to the first three

quarters of its sequence, is in fact composed of a six- finger-like motif in the last quarter of the RAG2 se-
fold repeat of a 50-residue motif which is related to the quence suggests a potential interaction of this domain
kelch/mipp motif. This motif, which forms a four- with chromatin components.

Key words. RAG2; V(D)J recombination; kelch motif; b-propeller; PHD motif; zinc binding; hydrophobic cluster
analysis.

V(D)J recombination is the fundamental process by
which the antigen receptor genes (immunoglobulins and
T-cell receptors) are assembled from multiple coding
segments (reviewed in refs 1–3). It is mediated through
conserved recombination signal sequences (RSS) that
flank coding segments and consist of conserved hep-
tamer and nonamer sequences separated by a non-
conserved spacer of either 12 or 23 bp. Efficient recom-

bination is restricted to pairs of signals with dissimilar
spacer length, obeying the ‘12/23’ rule [4].
The process is initiated by the introduction of double-
strand DNA breaks at the border between each RSS
and the coding segment. The products of the cleavage
are, on the one hand, blunt 5%-phosphorylated signal
ends (SEs) [5] which undergo head-to-head ligation to
form a precise signal joint and, on the other hand,
covalently closed hairpin-coding ends (CEs) [6–8]
which are joined to form an imprecise coding joint after
additional and extensive processing.* Corresponding author.
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The lymphoid-specific proteins RAG-1 and RAG-2
(r6 ecombination-a6 ctivating g6 enes) [9, 10] are involved in
the initial steps of the V(D)J recombination process by
performing coordinated cleavage on pairs of recombi-
nation signals [11, 12]. The RAG-mediated cleavage
occurs through the introduction of a nick at the hep-
tamer/coding segment border followed by attack of the
free 3%-hydroxyl on the other strand to generate a blunt
5%-phosphorylated SE and a hairpin CE [13]. This latter
step occurs via a direct transesterification reaction, sug-
gesting a mechanistic link between V(D)J recombina-
tion, transposition and retroviral integration [14].
Specific and stable cleavage-competent complexes con-
taining only RAG-1, RAG-2 and an RSS can be
formed in vitro in the presence of a divalent metal ion,
with completion of both steps of cleavage requiring the
presence of Mn2+ [15]. These complexes require the
conserved heptamer and nonamer motifs of the RSS as
well as both the RAG1 and RAG2 proteins. Other
studies on RAG complex-binding specificity have re-
vealed that RAG1 by itself is capable of sequence-spe-
cific recognition of 12 to 23 signals via the nonamer,
while localization of RAG2 to the signal is RAG1-de-
pendent, with a more efficient recruitment at 12 signals
than 23 signals [16, 17]. The DNA-bending proteins
HMG1 and HMG2 stimulate RAG binding and cleav-
age at the 23-bp signals, suggesting that a similar array
of RAG proteins may accomodate a signal with 12- or
23-bp spacers and that the much more severe bending
required in the longer spacer can be stabilized by these
chromatin proteins [18, 19]. The RAG complexes ap-
pear to contain three to five molecules of RAG2 for
each molecule of RAG1, as shown by coimmunoprecip-
itation studies [20, 21]. Although RAG2 appears dis-
pensable for sequence-specific DNA binding [16, 17],
RAG1 is unable to cleave DNA in its absence and
stable cleavage complexes are not formed [15, 19],
raising the possibility either that an RAG2-induced
conformational change of RAG1 is needed to activate
an active site in RAG1 or, alternatively, that RAG2
may directly contribute to the enzymatic site by inter-
acting with the DNA near the heptamer-coding end
border [16]. The RAG proteins also appear to play a
role in the later steps of V(D)J recombination for effi-
cient joining of coding ends [22]. Moreover, they form
stable postcleavage complexes between synapsed recom-
bination signals [19].
Although substantial progress has been made in under-
standing the V(D)J recombination machinery in which
the RAG proteins are directly involved, the exact bio-
chemical role of these two proteins remains unclear.
Mutagenesis procedures have been used in order to
define the minimum core regions capable of recombina-
tion of plasmid substrates [23–26]. The C-terminal half
of RAG1 as well as the N-terminal three quarters of

RAG2 maintain recombination activity. These ‘active
cores’ are necessary and sufficient to induce cleavage in
vitro [13, 27] and can reconstitute the 12/23 rule in
cleavage reactions in vitro [11, 12]. In contrast, the
C-terminal acidic region of RAG2 as well as the N-ter-
minal one-third of RAG1 have been found to be dis-
pensable for the recombinase activity. This latter
region, which contains a zinc-binding domain com-
posed of a zinc RING finger (C3HC4) and a C2H2 zinc
finger [28], is thought to be involved in RAG1 dimeriza-
tion [29]. The RAG1 active core has otherwise been
shown to be responsible for the interaction with RAG2
[30].
The C-terminal half of RAG1 has been reported to
share weak sequence similarities with the yeast topoiso-
merase-like protein HPR1 [31], but mutations of the
potential active tyrosines of RAG1 [23] which would
covalently bind to the DNA phosphodiester backbone
do not abolish recombination activity and thus do not
support a topoisomerase-like function for RAG1 [23,
26, 32]. On the other hand, the DNA-binding activity of
RAG1 has recently been located in the N-terminal
region of the RAG1 active core, sharing similarities
with bacterial invertases [16, 17].
In contrast to RAG1, the RAG2 protein has heretofore
been reported as sharing no detectable similarity with
any other protein in the data banks. In order to gain
more insight into the structural and functional features
of this protein, we used a combination of sensitive
methods, including hydrophobic cluster analysis (HCA)
([33], [34]) and gapped-BLAST (basic local alignment
search tool) [35]. HCA is a sensitive bidimensional
method of sequence analysis that is able to detect sig-
nificant similarities between proteins sharing low levels
of sequence identity (typically below 25% identity) [34].
Its sensitivity stems from its ability to efficiently com-
bine secondary structure detection with sequence com-
parison. A recent example of the effectiveness of such a
stategy is the detection of a widespread BRCT (BRCA1
C-terminus) module likely to play an important role in
mediating interactions between several nuclear proteins
involved in cell cycle control and response to DNA
damage ([36], see also ref. 37). The BRCT module is,
among other things, involved in DNA double-strand
break repair with which V(D)J recombination shares a
number of factors. Indeed, the XRCC4 protein, whose
absence causes nonhomologous end joining (NHEJ)
and V(D)J recombination defects, interacts functionally
with DNA ligase IV [38, 39] through the two BRCT
modules that this enzyme contains in its C-terminal end
[38]. The BRCT module is also found in terminal de-
oxynucleotidyl transferase (TdT), which is an accessory
factor for generating immune diversity by mediating
addition of nontemplated nucleotides into coding junc-
tions [2].
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Here, we show that the RAG2 active core is in fact
composed of a sixfold internal repeat related to the
kelch/mipp family. The kelch motif is a motif of ap-
proximately 50 residues, whose name comes from the
Drosophila egg-chamber regulatory protein in which it
was first identified [40, 41]. A variable number of copies
of this motif are found in diverse proteins such as the
mouse intracisternal A-particle (IAP)-promoted placen-
tal (mipp) protein [40], a- and b-scruin [42, 43] and in a
number of proteins from poxviruses [40]. It is known
from the experimental three-dimensional 3D structure
of the fungal galactose oxidase [44, 45], whose catalytic
unit contains seven kelch repeats [41], that this short
motif corresponds to a four-stranded antiparallel b

sheet which is arranged in a circular formation like
flower petals or the blades of a propeller (fig. 1). b-pro-
peller structures, also named superbarrels, can accomo-
date several symmetries, ranging from four (hemopexin)
[46] to eight (methanol dehydrogenase) [47]. The most
frequent arrangement, which would be the most en-
ergetically favourable [48], probably corresponds to the
sevenfold symmetry, like that observed in the b subunit
of the heterotrimeric G proteins [49–51], in the catalytic
subunit of galactose oxidase [44, 45], in methylamine
dehydrogenase [52] and in the recently solved structure
of the regulator of chromosome condensation (RCC1)
[53]. A sixfold symmetry, like that predicted here in the
RAG2 active core, is observed in viral neuraminidases
and bacterial sialidases [54, 55].
Although the repeats at the origin of the formation of b

propellers are involved in a wide variety of functions,

their obvious common denominator is their involve-
ment in mediating interaction between proteins but also
between proteins and DNA, as recently exemplified by
the RCC1 structure [53]. This ‘interactive’ scaffold
could therefore play a crucial role in the assembly and
in the function of the tight complex formed by the
RAG1 and RAG2 proteins with RSSs.

Materials and methods

Guidelines to the use of HCA have been published
elsewhere [34]. Briefly, protein sequences are displayed
on a duplicated a-helical net with amino acids indicated
above. The contours of the hydrophobic residues are
automatically drawn. They form clusters which mainly
correspond to the internal faces of regular secondary
structures. Four symbols are used in the plots, relating
to the specific structural behaviour of the amino acids
they represent (see inset in fig. 2).
The statistical significance of the alignments is assessed
computation of Z-scores. Pairwise Z-score (pZ-scores)
represent the difference between the alignment score
under consideration and the mean score of a distribu-
tion computed for the alignment of sequence 1 vs. a
large number (10,000) of randomly shuffled versions of
sequence 2 [34]. These differences are expressed relative
to the standard deviation of the random distribution
(s), with values exceeding 3 s strongly indicative of
genuine relationships for small domains (e.g. ref. 36).
The Z-scores are calculated for identity, similarity (us-
ing BLOSUM-62 [56]) and HCA (% of hydrophobic

Figure 1. Molscript2 ribbon diagram of the seven-bladed propeller of Dactylium dendroı̈des galactose oxidase (pdb identifier: 1GOF)
whose sequence repeats belong to the kelch family. The b propeller is viewed along (A) or perpendicular to (B) the central shaft. b
strands are labelled 1 (inner strand) to 4 (outer strand). The blades are numbered I to VII along the sequence. Loops 1–2 and 3–4
(connecting b1 to b2 and b3 to b4, respectively) protrude on one side of the propeller (B, top) whereas the much longer loops 2–3
and 4–1 (connecting b2 to b3 and b4 to b1, respectively) are found on the other side (B, bottom). Loops 4–1 connect the different
b-sheet blades to each other.
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Figure 2. (A) HCA representation of the RAG2 sequence (RAG2–HUMAN). Globular regions are boxed, and the hinge separating them is underlined. Symbols used and the manner in
which the 1D sequence and the 2D structuration are presented are indicated in the inset. Repeated motifs (A and B) are shaded with highly conserved amino acids in white on a black
background. The cysteine and histidine of the C-terminal globular domain which are conserved among species are also highlighted. (B) 1D alignment of the RAG2 C-terminal domain with
the PHD/TTC/LAP domains of ALL-1, the human homologue of the Drosophila trithorax protein (sw:TRX–HUMAN), the retinoblastoma-binding protein RBP2 (sw:RBB2–HUMAN)
and the putative chromatin associated acetylase MOZ (sw:MOZ–HUMAN). The position of the motifs in the protein sequences is indicated. Conserved amino acids of the PHD/TTC/LAP
family are boxed, and identical amino acids between the RAG2 sequences and PHD/TTC/LAP domains are shaded. The RAG2 PHD/TTC/LAP-like domain matches most of the consensus
sequence described by Aasland et al. [60] and Koken et al. [61] [F, aromatic amino acids, c and $, highly and semiconserved hydrophobic amino acids (VILMFYW)]. The missing cysteine
(?) could be functionally replaced either by the conserved cysteine or by the conserved histidine (shown with the symbol !).



I. Callebaut and J.-P. Mornon V(D)J recombination activating protein RAG2884

matching) scores. Reliability indexes (RI) are also calcu-
lated to assess relationships: these are obtained by di-
viding the product of the three observed Z-scores
defined above (observed Z3) by the best product of the
three Z-scores obtained in the random comparison pro-
cess (best random Z3).
The sensitivity of the statistical analysis for assessing
distant relationships can be greatly enhanced in a ‘pro-
filelike’ manner by comparing sequences to a large set
of sequences representative of a family, instead of only
to a single one. This procedure distinguishes positions
which are highly conserved in the family from the much
more variable ones, which can be substituted by a wide
variety of amino acids. Scores are computed between an
n×m matrix (where n and m are the number of se-
quences in the family and the alignment length, respec-
tively) and the sequence supposed to belong to the
family (query) (I. Callebaut et al., unpublished data).
Multiple Z-scores (mZ) are calculated by comparing
observed scores with the distribution of scores obtained
after randomization of the query sequence.
Database screening using a multiple iterative strategy
was performed with the gapped-BLAST program [35],
running at the National Center of Biological Informa-
tion (NCBI).
3D visualization and manipulations of 3D structures
were performed using InsightII (Molecular Simulation).

Results and discussion

Identification of kelch-like repeats in the RAG2 active
core. Examination of the RAG2 sequence using HCA
highlighted the presence of two distinct globular do-
mains separated by a hinge region of approximately 60
amino acids (fig. 2A). Globular regions are character-
ized by a typical ‘texture’ of hydrophobic clusters (these
regions contain approximately 1/3 of strong hydropho-
bic amino acids) constrasting with hinge regions which
only contain scattered hydrophobic amino acids. The
limits of the first domain (aa 1–355) correspond to the
limits of the RAG2 active core, therefore supporting the
functional independence of this region relative to the
protein as a whole. Further examination of the RAG2
HCA plot led to identification of a repeated motif
(motif A in fig. 2A), including two consecutive glycines
(shown white on a black background), which are pre-
ceded by a vertical cluster containing four contiguous
hydrophobic amino acids (shaded gray), strongly pre-
dicted to statistically correspond to a b strand (at least
75%, data not shown). Slight variations on this consen-
sus (underlined) were observed in the three first and in
the last copies of the motif (A1: VFFFGQ6 , A2:
YIIH6 GG, A3: G6 VLFGG, A6: T6 VFLGI6 ). Note that
amino acids such as H (A2) and T (A6) are frequently
found to substitute aromatic (FY) and strong hydro-

phobic (VILMFYW) amino acids, respectively. Down-
stream from this conserved pattern, another conserved
motif (motif B) can also be observed, centred on a
typical cluster (shaded gray) which would also corre-
spond to a b strand and which generally contains a
conserved aromatic amino acid (shown white on a black
background). These features were also found in the
conserved RAG2 core sequences of different species
(sequence identities with the human sequence range
from 90 (rabbit) to 49% (Xenopus). This observation
suggests that the active core of RAG2 consists of a
sixfold repeated module of approximately 50 amino
acids (the mean distance separating two consecutive
conserved motifs).
The screening of sequence databases provided further
support of this hypothesis. Indeed, we detected in sev-
eral proteins short regions of sequence similarity, typi-
cally over a 50-amino acid length, in which the
above-described motif A is highly conserved. These
regions are found, sometimes in several places, in vari-
ous proteins including the protein encoded by the gene
LZTR-1, which is deleted in DiGeorge syndrome [57];
calicin, a major basic protein of the mammalian sperm
head cytoskeleton [58]; tea1, a fission yeast protein
which acts as an end marker directing the growth ma-
chinery to the cell poles [59]; and several hypothetical
proteins from yeast (Swiss-prot identifier YG52–yeast),
Arabidopsis thaliana (F21B7.27) and C. elegans
(C55A1.11). A careful HCA-based examination of the
sequences of these proteins showed that the regions
matching the RAG2 repeats always correspond to inter-
nal repeats which are known to belong, in calicin and
tea1p, to the ‘kelch’ family. Even though the E statisti-
cal values associated with each individual BLAST
match are not significant in themselves, the relationship
between the RAG2 repeats and the kelch motif is fur-
ther supported by the following observations. First, in
each case the similarity is concentrated around motif A,
which, interestingly, corresponds to the most conserved
positions of the kelch pattern (fig. 3). The glycines
contained in this motif can satisfy f and c angles that
are not allowed for other amino acids and would be
located in positions where there is no room to accom-
modate side chains, as observed in the galactose oxidase
structure. Furthermore, the similarity region initially
retained by BLAST can often be extended through
HCA. The conserved aromatic amino acid of the RAG2
motif B is also found highly conserved in the kelch
pattern, at a similar distance relative to motif A. The
two motifs A and B participate in the two internal b

strands (b2 and b3) of the four-stranded b sheet, as
observed in the structure of galactose oxidase (figs 1
and 3). Finally, the RAG2 repeated modules and kelch
repeats share approximately the same length (�50
residues). Other striking sequence stretches, particularly
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those located in the b4–b1 loop (linking two different
blades), are also found to be conserved between RAG2
repeats and some kelch repeats [e.g. PxPRYGH, in
which the arginine is highly conserved in several mem-
bers of the kelch family (fig. 3)]. All these observations
strongly suggest that the RAG2-repeated module prob-
ably corresponds to a kelch motif. Variations relative to
canonical kelch repeats are principally observed in the
region including the inner and outer strands, namely b1
and b4, whose corresponding sequences are otherwise
also less conserved in the kelch family. In particular, the
tryptophan of the strand b4 is always missing in the
RAG2 kelch-like repeats.
The statistical significance of the alignment of the kelch-
like repeats of RAG2 relative to each other (pairwise
comparisons) and relative to well-established kelch re-
peats (multiple comparisons) was assessed through the
calculation of Z-scores (fig. 3). Taking into account the
small length of the repeats, pairwise Z-scores calculated
for the comparison of the kelch-like repeats of RAG2
are not very high but indicative of a potential relation-
ship (mean pZ-scores for identity, similarity and HCA
scores are 1.5, 1.4 and 2.8, respectively) and similar to
values obtained for well-established kelch repeats (e.g.
for the CEF53E4 sequence, mean mZ-scores for iden-
tity, similarity and HCA scores are 2.0, 1.3 and 1.3,
respectively). In contrast, the multiple Z-scores and
corresponding RIs calculated between each RAG2 re-
peat and a set of representative sequences of the kelch
family (fig. 3) are consistent with a genuine relationship
at low level of sequence identity for small domains and
clearly connect the RAG2-repeated sequences to the
kelch family [mean mZ-scores for identity, similarity
and HCA scores are 7.0 (s 1.3), 6.6 (s 1.0) and 4.2 (s
0.5), respectively, with a good mean RI of 9.5].
It is worth noting that in RAG2, as in other members of
the kelch family and in other b-propeller structures, the
sequence repeats do not coincide with the structural
repeat. Indeed, as the N-terminal strand corresponds to
the last strand (b4) of the sheet formed by the three
C-terminal b strands (b1-b2-b3) (as in galactose oxi-
dase, fig. 1), the sequence repeat b4-b1-b2-b3 is shifted
relative to the structural repeat b1-b2-b3-b4. The cir-
cular closure of the RAG2 propeller would be achieved,
as in galactose oxidase [44, 45] or the b subunit of the
heterotrimeric G proteins [49–51], by a 1+3 combina-
tion of b strands from the N- (b4) and C-terminal
(b1-b2-b3) ends. Note that different combinations are
found in the kelch family (fig. 3; e.g. the 2+2 or 3+1
combination like that observed in RCC1 [53] and
methylamine dehydrogenase [52], respectively). This ar-
rangement, like a molecular clasp and common to many
propeller structures, seems to be necessary to stabilize
the circular formation.

Conserved sequence motifs in different repeats forming
b-propeller structures. The lack of immediate sequence
similarity between the different families of b-propeller
repeats has suggested that they do not share a common
ancestor and that the b-propeller fold is a source of
convergent evolution associated with its particular
structural stability [45].
However, by searching the conserved sequence motifs
(A and B) characterizing the core structure of each
blade of the kelch motif (b2 and b3), we found striking
similarities in similar positions in the WD repeat family.
This finding is strengthened by comparison of the su-
perimposed structures of the blades of galactose oxidase
(kelch repeat family) and of the b subunit of the hetero-
trimeric protein G (WD repeat family) (fig. 4). Indeed,
the consensus sequence associated with the strand b2 in
Gb (three hydrophobic amino acids, alanine, serine,
threonine or cysteine and two small amino acids, the
first one often being G) is strikingly similar and has
good structural correspondence to motif A of the kelch
strand b2 (four hydrophobic amino acids followed by
two glycines). A conserved glycine two amino acids
before the first hydrophobic residue is observed in both
families. Moreover, the highly conserved aromatic
amino acid of the kelch motif B is found to correspond
to the highly conserved aromatic amino acid of the WD
motif. These aromatic residues are preceded in the two
cases by a hydrophobic amino acid. The sequences
linking these two conserved structural elements differ
notably in the two families, limited to tight turns in the
WD family and allowing large insertions in the kelch
family.
This sequence-associated structural conservation was
also found to a lower extent in the recently published
structure of the regulator of chromosome condensation
RCC1 [53]. In this case, four strong amino acids fol-
lowed by one small amino acid are associated with
strand b2, whereas an aromatic amino acid is also
found at the end of strand b3 (the WG fingerprint).
This observation contributes further data to the debate
concerning the evolution of b-propeller proteins, raising
the possibility that these proteins share a remote ances-
tor despite sequence divergence to the point where their
heritage is not readily apparent, as already suggested by
Bork and Doolittle [41] and Sondek and co-workers
[50]. This hypothesis is further supported by theoretical
structural investigations which demonstrate the absence
of strong sequence constraints on this particular fold
[48], a situation allowing high sequence divergence.
Identification of a PHD/TTC/LAP-like domain in the
RAG2 C-terminal domain. Although the RAG2 C-ter-
minal quarter appears not to be required for recombi-
nation, it is strongly conserved among species. It
contains a very acidic region (hinge in fig. 2A) followed
by a globular domain. The second globular domain of
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RAG2 which ends the protein contains an unusual
proportion of cysteine and histidine which are con-
served among species (six cysteines, three histidines,
highlighted in white in fig. 2A), suggesting that these
residues could be involved in zinc binding. A search in
the sequence databanks using this domain as a probe
strengthened this hypothesis. Indeed, interesting
matches including most of the cysteine and histidine
residues of RAG2 were found with zinc-binding regions
of ALL-1, the human homologue of the Drosophila
trithorax protein, as well as with those of the putative
chromatin-associated acetylase MOZ and the retino-
blastoma-binding protein RBP2 (fig. 2B). The regions
of similarity in these proteins correspond to C4HC3
zinc-finger domains, also named PHD (p6 lant
h6 omeod6 omain) [60], TTC (t6 rit6 horax c6 onsensus) [61] or
LAP (l6 eukaemia-a6 ssociated-p6 rotein) [62] domains. This
motif has a unique C4HC3 pattern spanning 50–80
residues and enriched by several additional conserved
positions. It is clearly distinct from other zinc-binding
domains such as the RING finger (C3HC4) and LIM
domain (C2HC5) [60–62]. The PHD/TTC/LAP domain
has been identified in a series of chromatin-associated
proteins, including the Pc-G protein Polycomb-like and
the transcriptional adaptors P300/CBP, and is believed
to correspond to a protein-protein interaction domain
[60–62].
The RAG2 sequences differ slightly from the PHD/
TTC/LAP consensus, as the fourth and seventh cys-
teines are missing. However, the last position is always
occupied by a histidine residue which can functionally
substitute cysteine. On the other hand, the glycine or
aspartic acid found at the position of the fourth cysteine
(? in fig. 2B) suggests that another spatially proximal

position could provide an appropriate amino acid for
zinc binding. Two potential candidates for this role are
the conserved cysteine which is found one amino acid
before the first cysteine of the PHD/TTC/LAP consen-
sus and the conserved histidine three amino acids before
the consensus histidine (! in fig. 2B). Additional con-
served positions of the PHD/TTC/LAP motif are well
conserved in the RAG2 sequence, suggesting that this
domain in RAG2 indeed belongs to this family. Multi-
ple Z-scores and corresponding RIs further assess this
relationship. Indeed, mZ-scores calculated for the iden-
tity, similarity and HCA scores between the X. lae6is
RAG2 sequence and the set of representative members
of the PHD/TTC/LAP family shown in figure 3, are 8.3,
7.9 and 4.1, respectively, with an RI of 17.9. It is worth
noting that the RAG2 PHD/TTC/LAP-like domain ap-
pears more closely related to the third PHD/TTC/LAP
domain of the ALL-1 protein, since both domains share
a highly conserved hydrophobic cluster (included be-
tween C5 and C6) that appears to be unique to the
PHD/TTC/LAP family. Pairwise Z-scores, calculated
between these two domains (using the X. lae6is RAG2
sequence) – which share 33.3% sequence identity – are
8.7, 5.8 and 3.5 for the identity, similarity and HCA
scores, respectively, with a reliability index of 10.2.
Functional implications. b propeller structures can be
viewed as a general scaffold that is used to display
variable sequences (the loops linking the b strands)
around the faces of its compact and symmetrical struc-
ture. As a result, they are widely involved in mediating
protein-protein interactions through the relatively flat
surfaces they present on both sides of the structural
core. The interactive properties of b propellers from
two different sequence families, which both bind GTP-

Figure 3. HCA-deduced 1D alignment of the six RAG2 kelch-like repeats relative to representative members of the kelch family. The
alignment has been constructed on the basis of the structural alignment of the seven blades of the Dactylium dendroı̈des galactose
oxidase propeller in which only the strands (b1–b4) are perfectly superimposable (fig. 4). The positions of these strands define four
conserved blocks (blocks 1–4), linked by loops (4–1, 1–2, 2–3 and 3–4; in parentheses) which are much more variable and sometimes
completely different (and therefore not alignable). The sequences of these loops are shown, however, because of the presence of
conserved motifs in some kelch repeats which help the alignment procedure. Sequences have been aligned by an iterative strategy using
automatic pairwise and multiple alignment procedures combined with HCA [34]. Note that the kelch repeats in the LZTR-1 sequence
[57] were identified in this study, as well as the last three kelch repeats of calicin, which was previously reported to contain only three
[58]. The Swiss-Prot (sw) or GenBank (gb) accession numbers are given for each protein as well as the positions of the N-terminal end
of each sequence. Secondary structure positions, as deduced from the experimental structure of D. dendroı̈des galactose oxidase (fig. 1),
are shown underlined below its sequence. Residues which are highly conserved in the family are coloured (green, purple and red for
strong hydrophobic (VILMFWY), aromatic (FY) and other amino acids, respectively). The position of the two highly conserved
glycines is boxed yellow. Amino acids which can substitute these classes of residues in a position-specific manner are also coloured [e.g.
T for strong hydrophobic amino acids, H for aromatic amino acids, small amino acids (S, A) or turn residues (e.g. N or D) for G]. An
example of an initial BLAST match is shown boxed (between RAG2 and LZTR-1). As the limits of the sequence repeats differ
according to the strand combination adopted by each protein to constitute the circular closure of the propeller [e.g. the sequence
repeats of galactose oxidase and RAG2 beginning at strand b4 (1+3 combination) are shifted relative to those of the kelch protein,
which start at strand b2 (3+1 combination)], we adopted the limits of the structural repeats to perform the statistical analysis. To this
end, the sequence corresponding to the first structural repeat (always designated 1) was built from the combination of N-terminal and
C-terminal ends [e.g. in RAG2, the first structural repeat is made from the combination of an N-terminal b4 strand (rag2-1 in fig. 3)
and the C-terminal sequence including b1 to b3 (rag2-1%)]. This figure was made using the ESPript Software (P. Gouet et al.,
unpublished data).
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Figure 4. Sequence and 3D structure similarities between two families of repeated sequences forming b propellers (WD and kelch
repeats). Primary and secondary structure alignment (A) and corresponding 3D superimposition (B) of the seven propeller blades of the
b subunit of the heterotrimeric G protein (sw identifier, GBB1–HUMAN; pdb identifier, 1TBG – green) and of galactose oxidase (sw
identifier, GAOA–DACDE, pdb identifier, 1GOF – orange). The conserved amino acids belonging to strands b2 and b3 are
highlighted and numbered along the sequence. (C) 3D superimposition of the Ca trace of the third blades of both structures (1TBG,
green; 1GOF, red). The corresponding superimposed 21 Ca belonging to b1-b2-b3 and b4 strands are boxed in (A) and result in an
rms of 1.89 Å.

binding proteins, have been well described on the struc-
tural level. The first one, corresponding to the seven-
bladed propeller of the b subunit of heterotrimeric G

proteins and belonging to the WD family, makes con-
tacts through its 2–3/1–4 side with the switch regions
of the Ga subunit, whereas its other side (the 1–2/3–4
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side) interacts with the g subunit [49, 51]. The second
b-propeller structure corresponds to the seven-bladed
propeller of the regulator of chromosome condensa-
tion RCC1, which is a guanine-nucleotide exchange
factor (GEF) for the nuclear Ras homologue Ran
[53]. Although the structure of the RCC1 complex
with Ran has not yet been determined, an alanine
scan of invariant charged residues has provided evi-
dence that a specific side of the propeller (the 1–2/3–4
side) constitutes the site of inter-action with the small
G protein. Interestingly, the side opposite to the Ran-
binding site (the 2–3/1–4 side) is thought to be in-
volved in DNA binding. According to these
observations, it is tempting to hypothesize that the b

propeller of RAG2 may serve as a binding scaffold
for RAG1 at one side and perhaps for DNA at the
other side. Consistent with this hypothesis is the ob-
servation that the flat 2–3/1–4 surface of the WD-re-
peat propeller of the yeast Tup1, a protein which
represses the transcription of a large number of genes,
is used to contact a2, and probably various proteins
bound to DNA sequences found upstream of target
genes [63]. Such protein-DNA complexes could be
compared with the assembly of RAG-RSS, in which
RAG1 has been proposed to bind nonamer sequences
distant to the cleavage site [16, 17]. Propellers of the
WD family also participate in the formation of RNA-
protein complexes, termed spliceo-somes, in the U4/
U6 small nuclear ribonucleoprotein (snRNP) particle.
Indeed, the U4/U6-associated splicing factors Prp4
and Prp3, which together play a critical role in RNA
splicing, interact strongly with each other ([64], Ayadi
et al., unpublished data) through the WD-repeats of
Prp4 (L. Ayadi et al., unpublished data). Besides the
common involvment of Prp3/Prp4 and RAG1/RAG2
complexes in nucleic acid processing, it is interesting
to note that the b propeller of Prp4, lying C-terminal,
is essential for splicing and cell growth, whereas the
N-terminal is not [65], a situation reminiscent of the
essential character of the RAG2 propeller for V(D)J
recombination.
In the kelch family, to which the RAG2 sequence is
related, several proteins are known or suspected to
bind actin [40, 43, 58, 59, 66, 67], and several lines of
evidence indicate that loops at the side of the pro-
pellers are also directly involved in this interaction.
For example, the cysteine C837 of b-scruin, included
in a blade-linking loop 4–1, would be directly in-
volved in actin binding (e.g. ref. 68). However, b pro-
pellers of the kelch family are not limited to actin
binding. For example, the kelch motif of the cellular
host cell factor (HCF) is known to bind to the herpes
simplex virus (HSV) regulatory protein VP16 [69].
This complex could be particularly relevant to the
present RAG2 analysis, as the HCF b propeller has

been shown to stabilize VP16-induced complex assem-
bly with Oct-1, another cellular factor, and DNA, and
to activate transcription in vivo [69]. Interestingly, a
proline residue (P134) is found to be mutated to serine
in a temperature-sensitive hamster cell line with cell
proliferation deficiency [70]. This missense mutation,
preventing association between HCF and VP16, is lo-
cated in a 4–1 loop and corresponds to the second
proline of the conserved motif P-x-P-R-x-G-H of the
kelch family (fig. 3). This motif is well conserved in
two loops linking blades in the RAG2 active core.
Thus, from all these data, it is reasonable to hypothe-
size that the RAG2 kelch repeats could stabilize a
protein-DNA complex by association with RAG1
through a b-propeller structure in which the surface
formed by loops 2–3 and 1–4 could play a direct
role. It is interesting to note that the interactions me-
diated by propellers from various families often in-
volve the same structural interface, namely the
2–3/1–4 side, which generally includes loops of more
variable lengths (as exemplified in fig. 1). A particular
mutation identified in the RAG2 sequence further sup-
ports such a hypothesis. This mutation is one of of
the mutations associated with the RAG sequences of
patients with human severe combined immunodefi-
ciency lacking B lymphocytes (B−SCID) [71]. All but
two of these mutations involve amino acids of the
RAG1 sequence and only one, associated with a
RAG1 mutation, has been found in the RAG2 active
core sequence (Arg229�Gln). This mutation was
nonetheless shown to be sufficient in itself to signifi-
cantly reduce V(D)J recombination activity. It is par-
ticularly interesting as it is located at the end of the
exposed 2–3 loop in the fifth blade of the propeller,
suggesting a functional role on the interacting surface
rather than an effect on protein structure and
stability.
On the other hand, b-propeller folds also seem to be
well suited for totally or partly contributing active
sites for enzymatic activities as exemplified in neu-
raminidase/sialidase [54, 55], methylamine dehydroge-
nase [52], methanol dehydrogenase [47] and galactose
oxidase [44, 45]. Interestingly, the enzymatic sites also
involve residues located on the sides of the propellers.
In light of these observations, it can also be hypothe-
sized that the b-propeller structure of RAG2 could
provide a structural scaffold for displaying enzymatic
activity after binding DNA near the heptamer-coding
end border.
Although the active cores of RAG proteins are suffi-
cient for recombination of plasmid substrates, recom-
bination of the endogenous antigen receptor loci is
thought to be more complex, especially as it is a care-
fully regulated developmental process. In this regard,
the recombination machinery would be able to sense
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aspects of chromatin structure. The identification, adja-
cent to the active core of RAG2, of a PHD-like domain,
a motif known to bind chromatin components, may
provide some insight for further understanding V(D)J
recombination regulation.

Note added in proof. After submission of this paper, Villa and
co-workers (Cell (1998) 93: 885–896) reported on mutations in the
Rag-1 and Rag-2 genes beared by patients with a rare autosomal
recessive genetic disorder known as the Omenn syndrome. Interest-
ingly, the two mutations which are found in the RAG2 sequence
(C41W and M285R) are located on the same side of the propeller
(both at the end of the 2-3 loop; see our figure 3) and are associated
with a reduced interaction with RAG1. This observation provides
evidence of the predicted interactive potential of the RAG2
propeller and strengthens the hypothesis that its 2-3�4-1 side may
indeed directly participate to the RAG1 interaction. Our study also
shows that, contrary to the Villa and coworkers hypothesis, these
two mutations belong to a same domain which appears not to be
related to topoisomerase II, as evidenced by further HCA analysis
(data not shown). Indeed, the reported local similarity between
RAG2 and topoisomerase II (41% identity on a 29 amino acid
length) could not be extended to the whole considered domains
and is likely due to chance. A similar conclusion was drawn for a
similar local similarity (�50% identity on a 20 amino acid length)
observed between the same sequence segment of RAG2 and the
first BRCT domain of XRCC1 (ref. 36).
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