CME review article

This feature is supported by an unrestricted educational grant from AstraZeneca LP

The DDE recombinases: diverse roles in
acquired and innate immunity

David H. Dreyfus, MD, PhD

Background: The RAG proteins required for V(D)J recombination of immunoglobulin and T-cell receptor genes in the
acquired immune response contain a magnesium ion—binding site termed a DDE site, composed of D (aspartic acid) and E
(glutamic acid) amino acids. A similar DDE-like magnesium binding site also is present in transposases, retroviral integrases, and
the innate antiviral response enzymes RNAse H and RNA-induced silencing complex (RISC).

Objective: To help clinicians understand immunodeficiency that results from deficiencies of RAG protein functions, such as
severe combined immunodeficiency disorders, Omenn syndrome, and ataxia telangiectasia, and to be familiar with the diverse

roles of other DDE enzymes.

Methods: Literature published in peer-reviewed journals during the past 2 decades that identified and characterized DDE
enzymes, including RAG proteins, RISC and RNA silencing, RNAse H, retroviral integrases, transposases, and a putative DDE
recombinase required for herpes virus replication, was selectively reviewed and summarized by the author.

Results: DDE enzymes play a critical role in acquired immunity through RAG-mediated immunoglobulin and T-cell receptor
V(D)J recombination in innate immunity through RISC and RNAse H. Paradoxically, DDE enzymes are critical components of
pathogen-specific enzymes such as retroviral integrase and other pathogen-encoded proteins.

Conclusion: Because of their critical role in acquired and innate immunity, the DDE recombinases are attractive targets for
novel pharmacologic therapies. Currently, retroviral integrase inhibitors in clinical trial for human immunodeficiency virus
infection appear to be safe and effective and could provide a paradigm for inactivating DDE sites in other viral pathogens, as

well as RAG and RISC.
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INTRODUCTION

The discovery that immunoglobulin genes recombine in the
genome of developing lymphocytes was an important ad-
vance in immunology.' Genes termed V(D)J that encode B-
and T-lymphocyte receptors recombine in developing lym-
phocytes using a conserved recombination signal sequence
(RSS) shared with the termini of mobile DNA sequences
termed transposons.~* The identification of 2 closely linked
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genes termed RAG-1 and RAG-2 (recombination activating
genes 1 and 2)*° permitted detailed molecular analysis of the
process of immunoglobulin and T-cell receptor recombina-
tion and the eventual proof that RAG-/ and RAG-2 form a
recombinase similar to the recombinase of transposons and
retroviral integrases as reviewed in detail elsewhere.” This
article reviews the mechanism of V(D)J recombination and
similar recombination pathways in acquired and innate im-
munity, with particular emphasis on the clinical importance
of this mechanism as a target for new pharmacologic agents.

Both the RAG proteins!®~!? and transposons and retroviral
integrases'>!* use a magnesium ion (Mg++) binding site
composed of D (aspartate) and E (glutamate) acidic amino
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acids to break and rejoin DNA. Like transposons and retro-
viral integrases, the RAG proteins can both insert and remove
DNA from target sites.'>!® These functional similarities sug-
gest that all DDE enzymes may be descendants of a primor-
dial DDE recombinase that splices together and cuts nucleic
acids at specific signal sequences.>* Alternatively, a similar
recombination mechanism may have arisen independently
rather than through descent from a common primordial en-
zyme. In either case, because the recombination mechanism
of V(D)J recombination is mechanistically similar to retrovi-
ral insertion and DNA breaks caused by transposable ele-
ments, it is possible that similar pharmacologic agents could
affect all of these pathways. Thus, new immunosuppressive
drugs that block the RAG proteins and V(D)J recombination
might be adapted from existing drugs that target the retroviral
integrases, or conversely pharmacologic agents that increase
retroviral integration could be used to restore RAG function
in the case of hereditary immunodeficiency that results from
RAG mutations.

DIVERSE ROLES OF RAG AND RELATED DDE
RECOMBINASES

The RAG proteins are required for immunoglobulin and
T-cell receptor recombination, which generates the diversity
of the acquired immune response, and their absence results in
a phenotype of severe combined immunodeficiency (SCID)
in both humans and knockout animals.>®!'7!8 Partial defi-
ciency of the RAG recombination enzymes results in the
Omenn syndrome of immunodeficiency and atopic dermati-
tis.!?22 Other unusual presentations of selective immunode-
ficiency due to partial RAG function have been described.?

RAG proteins required for V(D)J recombination share a
common recombination mechanism with diverse proteins im-
portant in innate immunity, including RNA-induced silencing
complex (RISC) and RNAse H, as well as viral recombinases
(Fig 1).24-26 RISC encodes a DDE nuclease denoted “slicer”
that can be programmed to cut and inactivate messenger RNA
(mRNA) with short complementary RNA sequences termed
RNAi.Y For example, the RISC DDE enzyme can be pro-
grammed to destroy mRNA encoded by human immunode-
ficiency virus (HIV) or other viral pathogens.?®

Paradoxically, the enzyme family that recombines immu-
noglobulin and T-cell receptor genes to form an immune
repertoire against viral pathogens, including retroviruses such
as HIV, is related to enzymes required for the same pathogens
to replicate (Fig 1). Thus, retroviral gene vectors that encode
a DDE enzyme RAG for therapy of RAG deficiency are also
inserted into the genome using a DDE enzyme, the retroviral
integrase.”? Additional members of the same family of DDE
enzymes may also be required for the recombination of
herpes viruses,*® and infection with some pathogens, such as
Epstein-Barr virus, activate expression of the RAG genes in
lymphocytes.?!

A consequence of the interrelated DDE enzymes is that
therapies designed to inactivate one form of DDE recombi-
nase, for example, retroviral integrase inhibitors,*>-* can in-
terfere with the RAG proteins required to generate the im-
mune repertoire.*® Theoretically, the retroviral integrase itself
could bind to and interfere with the RAG proteins through a
hybrid bimolecular DDE site, and retroviral integrase inhib-
itors might also be effective against other pathogens, such as
herpes viruses.*¢

DDE* Recombination Superfamily:

DDE
precursoe

Virall

extrachromosal

RMNAse/

endogenous
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Nucleic Acid Recombination

Catalyzed by magnesium or divalent cation
Binding conserved aspartate (D) and glutamate (E) residues

Figure 1. Enzymes with a DDE-like magnesium-binding site include the RAG proteins required for generation of the acquired immune repertoire,
recombinases and integrases encoded by various viral pathogens and transposons, and the RNA-induced silencing complex (RISC) complex and RNAse H
required for innate immunity to viral pathogens. These diverse DDE enzymes may have descended from a DDE-precursor enzyme able to cleave and recombine
nucleic acids. HIV rt indicates human immunodeficiency virus reverse transcriptase.
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ESSENTIAL ROLE OF RAG PROTEINS IN
GENERATION OF THE IMMUNE REPERTOIRE
When the RAG-encoded proteins were first identified
through reverse genetics,>® it was not clear whether RAG
proteins were transcription factors that activated a cellular
recombinase that subsequently recombined immunoglobulin
genes or were the recombinase that recombined the immu-
noglobulin genes. The work of several laboratories was re-
quired to demonstrate that the RAG proteins are recombi-
nases that splice together multiple sections termed V and J in
the case of the T-cell receptor and immunoglobulin light
chain genes and V, D, and J in the case of the immunoglob-
ulin heavy chain (Fig 2). The sites of immunoglobulin re-
combination by RAG proteins are termed V(D)J recombina-
tion signal sequences (RSS) to indicate that these specific
sequences are required for site-specific joining of immuno-
globulin V, D, and J regions (Fig 2).

Other host factors are required for efficient V(D)J recom-
bination in vitro and in vivo, including host factors such as
the ubiquitous Ku protein and DNA bending proteins.?” A
host protein denoted Artemis opens the hairpin ends gener-
ated by RAG.?%% After processing by Artemis, the free DNA
ends at the splice joint are then repaired by several additional
host DNA repair enzymes regulated by the DNA-dependent
protein kinase (DNAPK), which is recruited to free DNA
ends by Ku.*’ Deficiency of any of these enzymes, either the
RAG proteins or the host-encoded DNA repair proteins such
as Artemis*®*® or DNAPK (required for phosphorylation-
dependent activation of DNA repair enzymes), can thus result
in a complete lack of both T and B lymphocytes and a SCID
phenotype clinically similar to RAG deficiency.*

Defects in DNAPK or another important kinase-sensing
damaged DNA termed ATM kinase (ataxia-telangiectasia

Mechanism of V(D)J recombination

Germ Line V, D, J segments:
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Figure 2. RAG proteins RAG-1 and RAG-2 form a DDE enzyme that cuts
tandemly repeated germline immunoglobulin genes V, D, and J segments and
recombines them to form specific immunoglobulin and T-cell receptor
(TCR) genes in hematopoietic cells. Joining of V and J segments (illustrated
in colored typeface) to form a mature immunoglobulin chain is shown in
more detail in the lower portion of the figure. Noncoding sequences are
removed from the transcribed messenger RNA by posttranscriptional splic-
ing as shown.

mutated)*'=* can also result in partial immunodeficiency with
a radiation sensitive phenotype due to defective DNA repair
in such disorders as ataxia-telangiectasia, because these host
proteins are also involved in repair of free DNA ends (Fig 3).
Diversity of immunoglobulin and T-cell receptors results
from the largely random joining of different V, D, and J
segments, the random insertion of nucleotides at the joints,*
and the RAG-independent processes of immunoglobulin so-
matic mutation and class switching reviewed elsewhere. 40
Because rearranged genes express many more immunoglob-
ulin and T-cell receptors than could be encoded by the orig-
inal gene segments, altering the activity of proteins in the
V(D)J recombination pathway such as RAG might thus be
useful either in increasing or decreasing the generation of the
immune repertoire.

REGULATION OF RAG PROTEIN EXPRESSION
AND V(D)J RECOMBINATION

Defects in immune repertoire development may also be re-
lated to defective control of expression of V(D)J recombina-
tion rather than the absence of V(D)J recombination. RAG
protein expression is a dynamic process.*’! Through RAG
reactivation termed receptor editing, novel immunoglobulin
or T-cell receptor genes can be generated to replace autore-
active or nonreactive B cells. Dual receptor T cells in which
2 T-cell receptors of different specificities are expressed on
the cell surface of a single T cell can result from V(D)J
recombination. A number of models have been suggested
regarding the regulation and role of receptor editing in auto-
immunity or other abnormalities.*--7

Regulatory mechanisms limit the powerful RAG recombi-
nation only to recombine genes of immunoglobulin and T-
cell receptors and the process does not normally target other
genes.®* First, immunoglobulin and T-cell receptor genes
recombine during a portion of the cell cycle termed GO/G1
(growth 0 and 1) at which other time other genes and DNA
are not replicating or accessible to recombination.”®*® Subse-
quently, when other genes are replicating and recombining
during the synthesis phase of the cell cycle, the RAG recom-
binase is inactivated by phosphorylation and degradation of
the RAG-2 protein.’

The DNA ends generated by action of the RAG proteins
are also held in a nucleoprotein complex, including the RAG
proteins, where they cannot recombine with other genes.’
Another checkpoint, the tumor suppressor p53 family of
proteins regulating cell growth and apoptosis,® detects any
free DNA ends present in the cell. Free DNA ends activate
DNAPK and ATM kinase, which in turn phosphorylate a
repressor protein mdm?2 and cause mdm?2 to release p53 to the
cell nucleus and stop cell division until the free ends are
repaired (Fig 3). Loss of these checkpoints in hereditary
disorders such as ataxia-telangiectasia due to mutation of the
pS3-activating ATM kinase leads to both defective generation
of the immune repertoire and elevated rates of cancer in
hematopoietic cells and radiation sensitivity.*'-*+! Since at
least some human cancers appear to result from incorrect
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Mechanism of V(D)J recombination
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Figure 3. The process of RAG-mediated recombination of the V(D)J recombination signal sequence. Initial cleavage of V and J segments (Fig 2) by RAG
proteins and DNA-binding protein such as Ku and high-mobility group (HMG) proteins generates blunt-ended DNA breaks termed hairpins. Artemis and other
DNA repair proteins form a protein complex that can open and join hairpin DNA ends generated by RAG cleavage to form the variable coding joint required
for immunoglobulin and T-cell receptor repertoire development. Proteins that detect DNA damage, such as DNA-dependent protein kinase (DNAPK) and
ataxia-telangiectasia mutated (ATM) kinase, are also involved in the recombination process by activating repair factors and arresting cell division until broken
DNA ends are repaired. If free DNA ends are not repaired correctly, the tumor suppressor p53 is activated by inactivation of the repressor mdm protein, causing

cell death by apoptosis.

joining of V(D)J-like sequences to immunoglobulin or T-cell
receptor genes, there remains the possibility that occasional
failures of the RAG checkpoints may play a role in cancer
mutations.$4

The RAG proteins also participate in targeted recombina-
tion events in generation of the gamma-delta®>®* T-cell rep-
ertoires in which only a limited repertoire results from regu-
lated nonrandom targeting of the recombinase. A highly
restricted T-cell receptor repertoire is also typical of the NK
T-cell lineage that plays a critical role in immune regulation
and defense against some viral pathogens such as Epstein-
Barr virus.**% Thus, the RAG proteins generate highly di-
verse repertoires typical of immunoglobulin and «f T-cell
receptors, as well as receptors with more limited binding
specificities. Since some defects related to RAG recombina-
tion, such as loss of ATM kinase and DNAPK, result in
neurologic abnormalities and defective brain development,
the possibility remains that RAG or related genes may play
some role in the development of the nervous system, for
example, in generation of neuronal diversity via control of
neuronal apoptosis or receptor expression,*>#466-68

ORIGINS OF THE RAG PROTEINS FROM
SIMPLER DDE RECOMBINATION PROTEINS IN
INVERTEBRATES

Functional similarities are evident between the mechanisms
and products of retroviral integration and RAG V(D)J recom-
bination such as the formation of covalently closed circular
recombination products (Fig 4). As noted herein, the active
site of both the RAG proteins and retroviral integrase binds
an Mg+ + or similar divalent cation required for DNA cleav-

age and rejoining. The active site of all of these recombinases
is formed by D (aspartic acid) and E (glutamic acid) residues.
These acidic residues bind the positively charged magnesium
ion, termed a DDE site. In the case of the RAG proteins and
transposons or mobile elements, similarities are evident not
only in the shared DDE magnesium-binding site these en-
zymes use to cut and rejoin nucleic acid target sequences but
also in the sequences of the target sequences recognized (Fig
5).% Did all of these DDE enzymes result from descent from
a common precursor molecule (as suggested in Fig 1) or
rather did DDE enzymes arise from a number of different
pathways converging to a common recombination mecha-
nism?

In contrast to retroviral integrases and transposon trans-
posases, which are relatively small molecules of approxi-
mately 300 to 400 amino acids, the RAG-1 protein is much
larger, almost 1,000 amino acids. The RAG-2 protein may be
a completely unrelated protein to RAG-1 and serves to sta-
bilize the DDE site in RAG-1.7° Some insights into the
origins of RAG proteins have been provided recently through
the study of nonvertebrate organisms such as sea urchins that
lack RAG proteins and V(D)J recombination but have trans-
posons with some similarity to RAG-1 and structural analysis
of the RAG proteins.®~7" Invertebrate genomes such as the
sea urchin and fruit flies lack V(D)J recombination but con-
tain transib transposons with a carboxyl terminus similar to
the RAG-1 carboxyl terminus, including a DDE-like site but
lack the RAG-1 amino terminus of approximately 300 amino
acids.® Some transib transposons in the sea urchin seem to
have fused at their amino terminus with another apparently
unrelated sea urchin protein, leading to a larger protein sim-
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Figure 4. An inverse functional relationship is evident between the process of retroviral integration, which inserts reverse transcribed proviral DNA into the
genome and also forms covalently closed extrachromosomal circles of the viral genome (top), and V(D)J recombination, which removes covalently closed
extrachromosomal circles of V(D)J excision products and leaves behind variable coding joints. HIV indicates human immunodeficiency virus; cDNA,

complementary DNA; RSS, recombination signal sequence.

DDE Recombination Signals

¢ Tcl: CAGTGCTGGCCAAAAGATATCCACTTTTG
¢ Tc3: CAGTGTGGGAAAGTTCTATAGGACCCCCC
* EBV: CACAGGCAACCCTGACAAAGGCCCCCCAGGAAAGA

*+ H3Ub: CACACCCCCCGGGGGTCGCGCGCGGCGCCCTTTAARAG
¢ HSUc: CACGCCGCCCGGACCGCCGCCCGCCTTTITTTG

« Rl12:
« RZ3:

CACAGTGCTACAGACTGGARCARAARCC
CACAGTGGTAGTACTCCACTGTCTGGCTGTACAARAAAC

¢+ TSib: CACAGTGGGCAATTGGCCGAATTTTTTTGGAAAAMAGCAA

Figure 5. Known signal sequences for DDE recombinases all have a
terminal CA dinucleotide (C = cytidine, A = adenine, G = guanine, and
T = thymidine in this figure) and tracts of multiple A and T bases associated
with DNA bending. Sequences shown include the termini of DNA trans-
posons, such as Tcl and Tc3, and the transib family, which most closely
resemble the V(D)J recombination signal sequence (RSS). The V(D)J RSS
shown as consensus sequences denoted R12 and R23, since the RSS may
have either 12 or 23 nucleotides between the terminal CA dinucleotide and
the A/T-rich sequences termed nonamers. Recombining regions of herpes
viruses, such as Epstein-Barr virus (EBV) and herpes simplex virus, may also
recombine by a DDE mechanism, since they have sequences that resemble
known DDE signals as shown and also may encode a conserved DDE like
protein (see text and cited references, Dreyfus et al).

ilar to RAG-1.% Thus, RAG-1 seems to be 2 separate proteins
that are fused together, a carboxyl terminus with a DDE site
from a transib transposon and an amino terminus from an
unrelated protein of unknown function. Furthermore, at one
genomic site the sea urchin RAG-1 like protein appears to be

located next to a RAG-2 like protein just as it is in the
vertebrate genome.”' These observations support the hypoth-
esis that diverse DDE enzymes, including the RAG proteins,
retroviral integrases, and transposases, all have arisen from a
primordial transposase-like molecule encoded by a transpos-
able element or transposon.

STRUCTURE OF DDE SITES IN RETROVIRAL
INTEGRASES AND RNAse H

In contrast to the RAG proteins, DDE proteins, including the
retroviral integrases, have been crystallized and their struc-
tures solved, thus providing some important hints as to RAG
and DDE enzyme mechanisms of action. The crystal structure
of the retroviral integrase was the first of this family of
enzymes to be solved and showed a folded region of proteins
strands termed an RNAse H fold surrounding the DDE mag-
nesium site,'*!* suggesting that retroviral integrase was a
distant relative of RNase H (Fig 6). RNAse H, a much
simpler enzyme structure than the RAG-1 protein or retrovi-
ral integrase, plays a more limited role in degrading hybrids
between DNA and RNA that occur during viral and genomic
replication.””

Retroviruses encode their own copy of RNase H in addi-
tion to retroviral integrase; thus, a variety of small molecules,
including thioaptamers, aminoglycosides, neomycin, and N-
hydroxyimides,”-8! have been characterized that block
RNAse H rather than or in addition to retroviral integrase. As
in the retroviral integrase and RAG proteins, a DDE-bound
magnesium ion is responsible for the cleavage of the DNA/
RNA hybrid by RNAse H.7*7

Unlike RNAse H, RAG proteins and the retroviral inte-
grases can participate in both integration events in which
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Figure 6. The RNAse fold structure first identified in RNAse H is shown
from the crystal structure of human immunodeficiency virus 1 (HIV-1) inte-
grase. The RNAse fold contains amino acids that form a central plane of folded
B-pleated sheets flanked by flexible a-helixes forming a pocket that can position
a divalent magnesium ion (Mg++) in proximity to a DNA double-stranded
helix, causing breakage of the DNA strand. Reversal of the process results in
DNA joining. The reader is directed to additional references cited in the text for
a more detailed discussion of the mechanism of RNAse H and RAG protein
nucleic acid cleavage, for example, Nowotny et al.”®

DNA is inserted at a novel site, as well as disintegration
events in which the reverse occurs and DNA is removed from
sites in the genome. DDE enzymes must be able to hold onto
the separated ends of cut DNA in a stable complex to permit
rejoining. Because of the possibility of both integration and

disintegration by the same enzyme, it seems that retroviral
integrases could in principle also be used to disintegrate
retroviruses or other genetic material from the genome,
whereas the RAG proteins normally disintegrating V(D)J
RSS circles from between immunoglobulin genes (Fig 4)
could conversely be used to integrate genomic sequences into
the host chromosome if the mechanisms were fully under-
stood. The first generation of retroviral gene therapy vectors
insert randomly or at unpredictable preferred sites into the
genome.”” These obstacles may be overcome in the future
through a combination of new vectors that are more site
specific in their integration sites and also vectors that are less
likely to unpredictably activate nearby genes. A more imme-
diate benefit that results from the solution of the retroviral
integrase DDE site is the generation of retroviral integrase
inhibitors, some of which are currently in clinical trials,*-3+48
as well as other potential HIV therapies based on inactivation
of RNAse H.”-8!

THE RISC FAMILY OF DDE-LIKE ENZYMES
Another type of DDE-like enzyme is a related family of
proteins termed RISC. RISC is a component of innate immu-
nity to viral pathogens that operates on single- and double-
stranded RNA templates that are cut and inactivated (Fig
7).220 RISC has a function termed “slicer” that cuts double-
stranded RNA (Fig 8), whereas the RAG proteins and retro-
viral integrases are active on double-stranded DNA, which
they cut and rejoin (Figs 3 and 4). RISC is a site-specific
enzyme and can be used to specifically turn off genes,??
termed gene silencing or RNA interference.

Like the retroviral integrases (Fig 6) and RNAse H, the
RISC structure has been crystallized and solved.?>?® RISC has

‘aberrant’ ssRNA

exogenous viral transposon RN‘A synthesis
dsRNA  dsRNA  dsRNA? by RARP
v l l ~
SRS L dsRNA
| HICER
! DIC
P77 siRNA duplex
|
A
“““‘P active siRNA complex
T l 03 oo mRNA
== target recognition
L RISC
SO o 4 T AR T T T T
gty  RNA synthesis S8y target cleavage
by RdRP by endonuclease
! ¢
Lda, ] i E.’.‘.L.’P secondary siRNAs by DICER degraded RNA by exonucleases

A model for the molecular steps in RNA silencing.

Figure 7. RNA silencing by the RNA-induced silencing complex was discovered initially during studies of DNA transposons but is a general form of innate
antiviral immunity in vertebrates, invertebrates, and plants. siRNA indicates double-stranded silencing RNA (also termed RNA{) bound to RISC; ss, single
stranded; ds, double stranded. Amplification of silencing RNA by RNA-dependent RNA polymerase (RARP), an amplification of siRNA by host polymerases

shown in this figure, does not occur in vertebrates.
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Figure 8. The structure of the RNA-induced silencing complex (RISC) determined by x-ray crystallography demonstrates that subunits PAZ (top of left
structure model) and PIWI (bottom of left structure model) form a groove that binds double-stranded RNA analogous to the binding of double-stranded DNA
by the retroviral integrases (Fig 6). As in the retroviral integrases which cleave nucleic acids by a magnesium binding DDE site, cleavage of the double-stranded
nucleic acid by RISC occurs by a magnesium ion bound in a DDE-like pocket formed by an RNAse H-like fold in the PIWI region of RISC. siRNA indicates
double-stranded silencing RNA.

an amino terminal sequence (PAZ) that binds single-stranded
RNA guide sequences and a carboxyl RNAse H-like domain
termed PIWI that contains a DDE-like site (Fig 8). In contrast
to other described DDE sites, the RISC magnesium-binding
site may contain a histidine (H) amino acid at one of the
magnesium-binding positions instead of a D or E, an obser-
vation of unknown significance.

A single-stranded RNA guide sequence bound to PAZ can
then bind to a complementary target mRNA and cut the target
using the DDE-like site present in another portion of the
enzyme, PIWI. The result is that the target mRNA is de-
stroyed and released from the RISC, which then binds and
inactivates more mRNA, binding the guide sequence.’*?
Because this is a catalytic process, a single RNA guide
sequence complementary to a target RNA can potentially
destroy hundreds or thousands of target mRNA, resulting in
gene silencing. The RISC complex also seems to compose a
multigene family in vertebrates with multiple roles in both
antiviral response and gene expression and development.

CONCLUSION

Clinicians practicing in clinical immunology should be aware
of both the function of RAG proteins and the recent discovery
that RAG proteins share a common recombination mecha-
nism with a much larger family of proteins termed DDE
recombinases (Figs 1 to 5). Any combined T- and B-cell
immunodeficiency or immunodeficiency with atopic features
should be considered as a possible defect in the RAG proteins
or V(D)J recombination (Figs 2 and 3) for further genetic
counseling and gene therapy should that option be available
in the future.”

Members of the DDE family of enzymes whose structures
have been solved all contain a common structure termed an
RNAse H fold and a bound Mg+ + ion or ions at a DDE-like
site (Figs 6 to 8). Thus, a similar enzymatic reaction may
serve multiple and even opposing roles in immunity and

infection. Possibly, all of these enzymes are descended from
a common precursor recombinase capable of cutting and
rejoining nucleic acids at a bound Mg+ + ion (Fig 1). It is
interesting to speculate that drugs developed to target one
form of DDE enzyme, for example, retroviral integration or
RNAse H, may also with some modification be effective in
suppressing or activating other forms of DDE enzymes.
DDE-blocking molecules that bind and inactivate RNAse H
or the retroviral integrases such as thioaptamers, aminogly-
cosides, neomycin, and N-hydroxyimides thus might be mod-
ified to bind and either block or stimulate RAG or RISC
protein functions. Alternatively, RAG activation could stim-
ulate immune responses or correct immunodeficiency such as
SCID or Omenn syndrome related to loss of RAG function,
whereas RISC activation could augment antiviral or antican-
cer responses.

Targeted inactivation of V(D)J recombination could also
be used to prevent generation of novel T- and B-cell receptors
without affecting existing T- and B-cell repertoires, for ex-
ample, in tissue transplantation. Other gene silencing— or
RNA interference—based therapies that use RISC and other
endogenous RNA processing pathways (Figs 7 and 8) are
anticipated for immunological diseases and other chronic
diseases if technical obstacles, such as delivery to specific
tissues® and drug-related toxic effects,’® can be overcome.
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of existing therapies targeting DDE recombination, such as the
retroviral integrase for therapy of other specific disease, and this
possibility is discussed only as a theoretical consideration for
future nonclinical basic research.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tonegawa S. Somatic generation of antibody diversity. Nature.
1983;302:575-581.

Dreyfus DH. Evidence suggesting an evolutionary relationship
between transposable elements and immune system recombina-
tion sequences. Mol Immunol. 1992;29:807-810.

. Spanopoulou E, Zaitseva F, Wang FH, Santagata S, Baltimore

D, Panayotou G. The homeodomain region of Rag-1 reveals the
parallel mechanisms of bacterial and V(D)J recombination.
Cell. 1996;87:263-276.

. Dreyfus DH, Gelfand EW. Comparative analysis of invertebrate

Tc6 sequences that resemble the vertebrate V(D)J recombina-
tion signal sequences (RSS). Mol Immunol. 1999;36:481-488.

. Schatz DG, Oettinger MA, Baltimore D. The V(D)J recombi-

nation activating gene, RAG-1. Cell. 1989;59:1035-1048.

. Oettinger MA, Schatz DG, Gorka C, Baltimore D. RAG-1 and

RAG-2, adjacent genes that synergistically activate V(D)J re-
combination. Science. 1990;248:1517-1523.

. Fugmann SD, Lee Al, Shockett PE, Villey 1J, Schatz DG. The

RAG proteins and V(D)J recombination: complexes, ends, and
transposition. Annu Rev Immunol. 2000;18:495-527.

. Oettinger MA. How to keep V(D)J recombination under con-

trol. Immunol Rev. 2004;200:165-181.

. Jones JM, Gellert M. The taming of a transposon: V(D)J re-

combination and the immune system. Immunol Rev. 2004;200:
233-248.

Landree MA, Wibbenmeyer JA, Roth DB. Mutational analysis
of RAGI1 and RAG?2 identifies three catalytic amino acids in
RAGT critical for both cleavage steps of V(D)J recombination.
Genes Dev. 1999;13:3059-3069.

Kim DR, Dai Y, Mundy CL, Yang W, Oettinger MA. Mutations
of acidic residues in RAGI define the active site of the V(D)J
recombinase. Genes Dev. 1999;13:3070-3080.

Fugmann SD, Villey 1J, Ptaszek LM, Schatz DG. Identification of
two catalytic residues in RAG1 that define a single active site
within the RAG1/RAG2 protein complex. Mol Cell. 2000;5:
97-107.

Dyda F, Hickman AB, Jenkins TM, Engelman A, Craigie R,
Davies DR. Crystal structure of the catalytic domain of HIV-1
integrase: similarity to other polynucleotidyl transferases. Sci-
ence. 1994;266:1981-1986.

Goldgur Y, Dyda F, Hickman AB, Jenkins TM, Craigie R,
Davies DR. Three new structures of the core domain of HIV-1
integrase: an active site that binds magnesium. Proc Natl Acad
Sci U S A. 1998;95:9150-9154.

Shih IH, Melek M, Jayaratne ND, Gellert M. Inverse transpo-
sition by the RAG1 and RAG?2 proteins: role reversal of donor
and target DNA. EMBO J. 2002;21:6625-6633.

Swanson PC. A RAG-1/RAG-2 tetramer supports 12/23-
regulated synapsis, cleavage, and transposition of V(D)J recom-
bination signals. Mol Cell Biol. 2002;22:7790-7801.

Villa A, Sobacchi C, Notarangelo LD, et al. V(D)J recombina-
tion defects in lymphocytes due to RAG mutations: severe
immunodeficiency with a spectrum of clinical presentations.
Blood. 2001;97:81-88.

Tabori U, Mark Z, Amariglio N, et al. Detection of RAG

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

mutations and prenatal diagnosis in families presenting with
either T-B- severe combined immunodeficiency or Omenn’s
syndrome. Clin Genet. 2004;65:322-326.

Santagata S, Villa A, Sobacchi C, Cortes P, Vezzoni P. The
genetic and biochemical basis of Omenn syndrome. Immunol
Rev. 2000;178:64-74.

Corneo B, Moshous D, Gungor T, et al. Identical mutations in
RAG1 or RAG2 genes leading to defective V(D)J recombinase
activity can cause either T-B-severe combined immune defi-
ciency or Omenn syndrome. Blood. 2001;97:2772-2776.
Wada T, Toma T, Okamoto H, et al. Oligoclonal expansion of
T lymphocytes with multiple second-site mutations leads to
Omenn syndrome in a patient with RAG1-deficient severe com-
bined immunodeficiency. Blood. 2005;106:2099-2101.

Dalal I, Tabori U, Bielorai B, et al. Evolution of a T-B- SCID
into an Omenn syndrome phenotype following parainfluenza 3
virus infection. Clin Immunol. 2005;115:70-73.

de Villartay JP, Lim A, Al-Mousa H, et al. A novel immuno-
deficiency associated with hypomorphic RAG1 mutations and
CMV infection. J Clin Invest. 2005;115:3291-3299.

Song JJ, Joshua-Tor L. Argonaute and RNA-getting into the
groove. Curr Opin Struct Biol. 2006;16:5-11.

Liu J, Carmell MA, Rivas FV, et al. Argonaute?2 is the catalytic
engine of mammalian RNAI. Science. 2004;305:1437-1441.
Song JJ, Smith SK, Hannon GJ, Joshua-Tor L. Crystal structure
of Argonaute and its implications for RISC slicer activity.
Science. 2004;305:1434-143717.

Plasterk RH. RNA silencing: the genome’s immune system.
Science. 2002;296:1263-1265.

Capodici J, Kariko K, Weissman D. Inhibition of HIV-1 infec-
tion by small interfering RNA-mediated RNA interference.
J Immunol. 2002;169:5196-5201.

Lagresle-Peyrou C, Yates F, Malassis-Seris M, et al. Long-term
immune reconstitution in RAG-1-deficient mice treated by ret-
roviral gene therapy: a balance between efficiency and toxicity.
Blood. 2006;107:63-72.

Dreyfus DH, Kelleher CA, Jones JF, Gelfand EW. Epstein-Barr
virus infection of T cells: implications for altered T-lymphocyte
activation, repertoire development and autoimmunity. /mmunol
Rev. 1996;152:89-110.

Wagner HJ, Scott RS, Buchwald D, Sixbey JW. Peripheral
blood lymphocytes express recombination-activating genes 1
and 2 during Epstein-Barr virus-induced infectious mononucle-
osis. J Infect Dis. 2004;190:979-984.

Lee DJ, Robinson WEJ. Preliminary mapping of a putative
inhibitor-binding pocket for human immunodeficiency virus
type 1 integrase inhibitors. Antimicrob Agents Chemother.
2006;50:134-142.

Lee MC, Deng J, Briggs JM, Duan Y. Large-scale conforma-
tional dynamics of the HIV-1 integrase core domain and its
catalytic loop mutants. Biophys J. 2005;88:3133-3146.

Phan AT, Kuryavyi V, Ma JB, Faure A, Andreola ML, Patel DJ.
An interlocked dimeric parallel-stranded DNA quadruplex: a
potent inhibitor of HIV-1 integrase. Proc Natl Acad Sci U S A.
2005;102:634-639.

Melek M, Jones JM, O’Dea MH, et al. Effect of HIV integrase
inhibitors on the RAG1/2 recombinase. Proc Natl Acad Sci
USA. 2002;99:134-137.

Dreyfus DH, Jones JF, Gelfand EW. Asymmetric DDE (D35E)-
like sequences in the RAG proteins: implications for V(D)J
recombination and retroviral pathogenesis. Med Hypotheses.

574

ANNALS OF ALLERGY, ASTHMA & IMMUNOLOGY



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

1999;52:545-549.

Aidinis V, Bonaldi T, Beltrame M, Santagata S, Bianchi ME,
Spanopoulou E. The RAG1 homeodomain recruits HMG1 and
HMG?2 to facilitate recombination signal sequence binding and
to enhance the intrinsic DNA-bending activity of RAG1-RAG2.
Mol Cell Biol. 1999;19:6532—-6542.

Ege M, Ma Y, Manfras B, et al. Omenn syndrome due to
ARTEMIS mutations. Blood. 2005;105:4179-4186.

Le Deist F, Poinsignon C, Moshous D, Fischer A, de Villartay
JP. Artemis sheds new light on V(D)J recombination. Immunol
Rev. 2004;200:142-155.

Gellert M. V(D)J recombination: RAG proteins, repair factors,
and regulation. Annu Rev Biochem. 2002;71:101-132.

Barlow C, Brown KD, Deng CX, Tagle DA, Wynshaw-Boris A.
Atm selectively regulates distinct pS53-dependent cell-cycle
checkpoint and apoptotic pathways. Nat Genet. 1997;17:
453-456.

Liao MJ, Van Dyke T. Critical role for Atm in suppressing
V(D)J recombination-driven thymic lymphoma. Genes Dev.
1999;13:1246-1250.

Piret B, Schoonbroodt S, Piette J. The ATM protein is required
for sustained activation of NF-kappaB following DNA damage.
Oncogene. 1999;18:2261-2271.

Xu Y, Ashley T, Brainerd EE, Bronson RT, Meyn MS, Balti-
more D. Targeted disruption of ATM leads to growth retarda-
tion, chromosomal fragmentation during meiosis, immune de-
fects, and thymic lymphoma. Genes Dev. 1996;10:2411-2422.
Zheng B, Han S, Spanopoulou E, Kelsoe G. Immunoglobulin
gene hypermutation in germinal centers is independent of the
RAG-1 V(D)J recombinase. Immunol Rev. 1998;162:133-141.
Fugmann SD, Schatz DG. RNA AIDS DNA. Nat Immunol.
2003;4:429-430.

Finkel TH, Kubo RT, Cambier JC. T-cell development and
transmembrane signaling: changing biological responses
through an unchanging receptor. Immunol Today. 1991;12:
79-85.

Han S, Zheng B, Schatz DG, Spanopoulou E, Kelsoe G. Neo-
teny in lymphocytes: Ragl and Rag2 expression in germinal
center B cells. Science. 1996;274:2094-2097.

Verkoczy LK, Martensson AS, Nemazee D. The scope of re-
ceptor editing and its association with autoimmunity. Curr Opin
Immunol. 2004;16:808-14.

Verkoczy L, Ait-Azzouzene D, Skog P, et al. A role for nuclear
factor kappa B/rel transcription factors in the regulation of the
recombinase activator genes. Immunity. 2005;22:519-31.
Ohmori H, Magari M, Nakayama Y, Kanayama N, Hikida M.
Role for complement receptors (CD21/CD35) in the regulation
of recombination activating gene expression in murine periph-
eral B cells. Immunol Lett. 2002;83:95-99.

Gladow M, Uckert W, Blankenstein T. Dual T cell receptor T
cells with two defined specificities mediate tumor suppression
via both receptors. Eur J Immunol. 2004;34:1882—1891.
Girschick HJ, Grammer AC, Nanki T, Vazquez E, Lipsky PE.
Expression of recombination activating genes 1 and 2 in periph-
eral B cells of patients with systemic lupus erythematosus.
Arthritis Rheum. 2002;46:1255-1263.

Wagner DHJ, Newell E, Sanderson RJ, Freed JH, Newell MK.
Increased expression of CD40 on thymocytes and peripheral T
cells in autoimmunity: a mechanism for acquiring changes in
the peripheral T cell receptor repertoire. Int J Mol Med. 1999;
4:231-242.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Vaitaitis GM, Poulin M, Sanderson RJ, Haskins K, Wagner
DHJ. Cutting edge: CD40-induced expression of recombination
activating gene (RAG) 1 and RAG2: a mechanism for the
generation of autoaggressive T cells in the periphery. J Immu-
nol. 2003;170:3455-9.

Hah C, Kim M, Kim K. Induction of peripheral tolerance in dual
TCR T cells: an evidence for non-dominant signaling by one
TCR. J Biochem Mol Biol. 2005;38:334-342.

Warmflash A, Weigert M, Dinner AR. Control of genotypic
allelic inclusion through TCR surface expression. J Immunol.
2005;175:6412-6419.

Jiang H, Chang FC, Ross AE, Lee J, Nakayama K, Desiderio S.
Ubiquitylation of RAG-2 by Skp2-SCF links destruction of the
V(D)J recombinase to the cell cycle. Mol Cell. 2005;18:
699-709.

Turka LA, Schatz DG, Oettinger MA, et al. Thymocyte expres-
sion of RAG-1 and RAG-2: termination by T cell receptor
cross-linking. Science. 1991;253:778-781.

Dreyfus DH, Nagasawa M, Gelfand EW, Ghoda LY. Modula-
tion of p53 activity by lkappaBalpha: evidence suggesting a
common phylogeny between NF-kappaB and p53 transcription
factors. BMC Immunol. 2005;6:12.

Petiniot LK, Weaver Z, Vacchio M, et al. RAG-mediated V(D)J
recombination is not essential for tumorigenesis in Atm-
deficient mice. Mol Cell Biol. 2002;22:3174-3177.

Hayday AC, Saito H, Gillies SD, et al. Structure, organization,
and somatic rearrangement of T cell gamma genes. Cell. 1985;
40:259-269.

Ehl S, Schwarz K, Enders A, et al. A variant of SCID with
specific immune responses and predominance of gamma delta T
cells. J Clin Invest. 2005;115:3140-3148.

Pasquier B, Yin L, Fondaneche MC, et al. Defective NKT cell
development in mice and humans lacking the adapter SAP, the
X-linked lymphoproliferative syndrome gene product. J Exp
Med. 2005;201:695-701.

Nichols KE, Hom J, Gong SY, et al. Regulation of NKT cell
development by SAP, the protein defective in XLP. Nar Med.
2005;11:340-345.

Chun JJ, Schatz DG, Oettinger MA, Jaenisch R, Baltimore D. The
recombination activating gene-1 (RAG-1) transcript is present in
the murine central nervous system. Cell. 1991;64:189-200.
Chechlacz M, Vemuri MC, Naegele JR. Role of DNA-
dependent protein kinase in neuronal survival. J Neurochem.
2001;78:141-54.

Kuljis RO, Xu Y, Aguila MC, Baltimore D. Degeneration of
neurons, synapses, and neuropil and glial activation in a murine
Atm knockout model of ataxia-telangiectasia. Proc Natl Acad
Sci U S A. 1997;94:12688-12693.

Kapitonov VV, Jurka J. RAGI core and V(D)J recombination
signal sequences were derived from Transib transposons. PLoS
Biol. 2005;3:e181.

Gomez CA, Ptaszek LM, Villa A, et al. Mutations in conserved
regions of the predicted RAG2 kelch repeats block initiation of
V(D)J recombination and result in primary immunodeficiencies.
Mol Cell Biol. 2000;20:5653-5664.

Fugmann SD, Messier C, Novack LA, Cameron RA, Rast JP.
An ancient evolutionary origin of the Ragl/2 gene locus. Proc
Natl Acad Sci U S A. 2006;103:3728-3733.

Sledz CA, Holko M, de Veer MJ, Silverman RH, Williams BR.
Activation of the interferon system by short-interfering RNAs.
Nat Cell Biol. 2003;5:834—839.

VOLUME 97, NOVEMBER, 2006

575



73. Yang W, Hendrickson WA, Crouch RJ, Satow Y. Structure of 9732-9742.
ribonuclease H phased at 2 A resolution by MAD analysis of the 80. Hang JQ, Rajendran S, Yang Y, et al. Activity of the isolated
selenomethionyl protein. Science. 1990;249:1398 -1405. HIV RNase H domain and specific inhibition by N-hydroxyim-
74. Crouch RJ Ribonuclease H. from discovery to 3D structure. ides. Biochem Biophys Res Commun. 2004;317:321-329.
New Biologist. 1990;2:771-779. 81. Ferguson MR, Rojo DR, Somasunderam. A Delivery of double-
75. Yang W, Steitz TA. Recombining the structures of HIV inte- stranded DNA thioaptamers into HIV-1 infected cells for anti-
grase, RuvC and RNase H. Structure. 1995;3:131-134. viral activity. Biochem Biophys Res Commun. 2006;344:
76. Nowotny M, Gaidamakov SA, Yang W. Crystal structures of 792-797.
RNase H bound to an RNA/DNA hybrid: substrate specificity 82. Dreyfus DH, Matczuk A, Fuleihan R. An RNA external guide
and metal-dependent catalysis. Cell. 2005;121:1005-1016. sequence ribozyme targeting human interleukin-4 receptor al-
77. Barbieri CM, Li TK, Guo S, et al. Aminoglycoside complex- pha mRNA. Int Immunopharmacol. 2004;4:1015-1027.

ation with a DNA.RNA hybrid duplex: the thermodynamics of 83. Marsden PA. RNA interference as potential therapy: not so fast.
recognition and inhibition of RNA processing enzymes. J Am N Engl J Med. 2006;355:953-954.
Chem Soc. 2003;125:6469—-6477.

78. Klumpp K, Hang J, Rajendran S, et al. Two-metal ion mecha-

nism of RNA cleavage by HIV RNase H and mechanism-based Requests for reprints should be addressed to:
design of selective HIV RNase H inhibitors. Nucleic Acids Res. David H. Dreyfus, MD, PhD
2003;31:6852—-6859. Department of Pediatrics

79. Li TK, Barbieri CM, Lin HC, et al. Drug targeting of HIV-1 Yale School of Medicine
RNA.DNA hybrid structures: thermodynamics of recognition 488 Norton Pkwy
and impact on reverse transcriptase-mediated ribonuclease H New Haven, CT 06511
activity and viral replication. Biochemistry. 2004;43: E-mail: dhdreyfus@pol.net

Objectives: After reading this article, participants should be able to demonstrate an increased understanding of their knowledge of allergy/asthma/
immunology clinical treatment and how this new information can be applied to their own practices.

Participants: This program is designed for physicians who are involved in providing patient care and who wish to advance their current knowledge in the
field of allergy/asthma/immunology.
Credits: ACAAI designates each Annals CME Review Article for a maximum of 2 category 1 credits toward the AMA Physician’s Recognition Award. Each

physician should claim only those credits that he/she actually spent in the activity. The American College of Allergy, Asthma and Immunology is accredited
by the Accreditation Council for Continuing Medical Education to sponsor continuing medical education for physicians.
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CME Test Questions a. RAG-mediated V(D)J recombination results in abnor-
1. Substrates for DDE recombinases include: mal joints

a. double-stranded RNA b. RAG genes are mutated

b. double-stranded DNA c. DNA has abnormal sensitivity to radiation damage

c. DNA/RNA hybrids d. tumor suppressor p53 is not activated correctly

d. amino acids e. Neurologic defects are present

e. all except D 5. The active site of RNA-induced silencing complex binds
2. Mutations in the following can lead to severe combined magnesium ion and is termed

immunodeficiency: a. Artemis

a. Artemis b. dicer

b. RAG-1 c. slicer

¢. RAG2 N d. Zap-70

d. DNA protein kinase and DNA-dependent protein ki- . SLAM

nase-activated DNA repair proteins 6. Inhibitors of RNAase H required for human immunodefi-

e. all of the above . . L

3. Omenn svndrome consists of all excent: ciency virus replication include all except:
y P :

a. immunodeficiency a. thl(')aptamers'

b. abnormal teeth b. ammoglycogdes

c. eczema c. cephalo§p0r1ns

d. limited T-cell repertoire d. neomycin o

e. abnormal function of RAG proteins e. N-hydroxyimide
4. True statements about ataxia-telangiectasia include all ex-

cept: Answers on page 602.
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