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EDITORIALS: CELL CYCLE FEATURES

Molecular targeting of mutagenic
AID and APOBEC deaminases
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Purposeful genomic mutation mediates
critical aspects of both adaptive and innate
immunity. A physiological role for pur-
poseful mutation is best illustrated by the
AID/APOBEC family of enzymes, which
can deaminate cytosine to introduce
rogue uracil bases into DNA.! In adaptive
immunity, introduction of unnatural ura-
cil into the immunoglobulin locus by acti-
vation-induced deaminase (AID) seeds
the process of antibody diversification and
maturation via somatic hypermutation
(SHM) and class-switch recombination
(CSR). In innate immunity, deaminases
from the APOBEC3 subfamily can pur-
posefully mutate foreign viral genomic
intermediates to promote their degrada-
tion, prevent viral integration, or garble
the coding sequences of the pathogens.

While critical to proper physiological
immune function, purposeful genomic
mutation is also fraught with risk, and a
pathologic role for cytosine deamination
is emerging in oncogenesis. It has long
been known that off-target deamination
by AID contributes to B-cell malignancy
by generating mutations in oncogenes or
driving aberrant chromosomal transloca-
tions.> More recently, deamination from
ectopically expressed APOBEC3 family
members, pathologically targeting the
human genome over foreign genomes,
has emerged as a source of mutations in
breast and other cancers.*® This observed
pattern of mutagenesis involves clustered
regions of hypermutation within the
genome, known as kataegis. A notable fea-
ture of these mutations is their sequence
specificity, where cytosine is preferentially
mutated in certain sequence contexts over
others, leaving a mutational signature
characteristic of particular APOBEC fam-
ily members.

To understand the roles of the AID/
APOBEC family in immunity and can-
cer more thoroughly, it is critical to elu-
cidate how these enzymes target cytosine
for mutagenic deamination. Targeting
is achieved across many levels (Fig. 1),
beginning with regulation of tissue-spe-
cific expression, and being further refined
by both cellular localization and interac-
tions with protein partners. The regula-
tory influences at these higher levels that
help promote purposeful over pathologic
mutation are starting to come to light. At
a more molecular level, our understand-
ing of targeting of particular genomic
hotspots by AID/APOBEC enzymes is
also rapidly evolving. Previous studies
have demonstrated a “hotspot recogni-
tion” loop within the AID/APOBEC
family that targets the enzymes to partic-
ular trinucleotide DNA patches spanning
the target cytosine and the 2 upstream
>¢ Remarkably, this small protein
loop can be grafted from a donor family

bases.

member to change the mutational signa-
ture of an acceptor AID/APOBEC fam-
ily member. More recent studies have also
pointed to steric determinants, which may
explain differential targeting of canonical
cytosine base versus cytosine bases modi-
fied at the 5-position,” with implications
for DNA demethylation and epigenetic
mechanisms linked to cancer.

Focusing further on the molecular
aspects of targeting, we recently sought
to address a longstanding point of uncer-
tainty: the mechanism of AID’s selective
deamination of DNA over RNA.® AID/
APOBEC family members are known
to be inhibited by tightly bound RNA,
suggesting a common nucleic acid bind-
ing pocket, yet AID and its APOBEC3
homologs show selectivity for DNA
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deamination. Focusing on the B-cell
mutator AID, we created an RNA-like
substrate and sequentially introduced
increasingly longer patches of DNA at the
target cytosine and surrounding residues.
Notably, in agreement with prior studies
examining hotspot targeting with AID,
we found that, in a sequence that other-
wise mimics RNA, the minimal DNA
patch necessary for efficient deamination
spans the target cytosine and 2 nucleotides
upstream. Thus, the major determinants
for recognition of DNA over RNA and of
the specific hotspot sequence within DNA
appear to be largely confined to this trinu-
cleotide region of the substrate. Focusing
specifically on the contribution of nucleo-
tide sugar toward targeting, we found that,
within a substrate that is otherwise entirely
composed of DNA, the introduction of a
single ribocytidine at the target site, rather
than deoxyribocytidine, was sufficient to
disrupt deamination by at least 500-fold.
A series of chimeric substrates containing
alternative substitutions at the 2’ position
of the ribosyl sugar suggested a mechanis-
tic basis for this preference: ultimately, the
target nucleotide’s rotational conforma-
tion, also known as sugar pucker, facili-
tates productive interactions between the
enzyme and substrate that promote DNA
over RNA deamination.

Mutation by AID/APOBEC enzymes
is a double-edged sword. In vitro stud-
ies that reveal the molecular basis for
targeting are key to understanding how
purposeful mutation is achieved over
pathologic mutation in vivo. The defining
molecular signatures of AID/APOBEC
enzymes—including the sequence con-
texts for mutation, clustering, and local-
ization—are likely intricately linked to the
biochemical attributes of the deaminases.
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Figure 1. Levels of targeting of AID/APOBEC deaminases. Physiological targeting of the purpose-
ful mutator AID/APOBEC enzymes occurs at many levels. Expression of AID is generally confined
to the activated B cell, while APOBEC3 family restriction factors are largely expressed in myeloid
and lymphoid lineages and, in certain settings, may be induced by inflammation or cytokine sig-
naling. Beyond tissue-specific localization, cellular localization is critical for protecting genomic
DNA from deaminases, and protein partners may be involved in engaging with genomic targets.
At the molecular level, the enzymes preferentially engage with single-stranded DNA. Each family
member shows a distinctive sequence preference that can span several residues surrounding the
target base (-2 to 0 positions shown). The mutational signatures are conferred via the enzyme's
“hotspot recognition” loop that engages the target sequence. The active site, depicted with bound
zinc (Zn) and the active site acid-base residue (Glu), engages with the cytosine base. The enzyme
shows discrimination against 5-position modified cytosines (shown with an X). The deoxyribosyl
sugar is a key determinant of proper targeting of DNA over RNA, facilitating a conformation which
permits targeting of cytosine for deamination. These multiple levels of targeting govern the proper
physiological engagement of substrate and perturbations at any of these levels may contribute to
pathological pro-oncogenic mutation by AID/APOBEC enzymes.
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Consolidating our findings with other
biochemical studies on molecular target-
ing, we envision a mechanistic model in
which AID/APOBEC3 enzymes use the
“hotspot recognition” loop to engage
with target DNA preferentially, and that
the sugar pucker of the target nucleotides
mediates important interactions that facil-
itate cytosine entering the active site for
efficient deamination. Engagement of the
DNA backbone is also likely to contrib-
ute to the mutational clustering through
processive scanning of the target genome.
While biochemical studies to date provide
a foundation for understanding molecular
targeting, structural insights into a deam-
inase bound to nucleic acid would likely
aid in uncovering additional enzymatic
and nucleic acid determinants for target-
ing. Beyond insights at a molecular level,
the many higher layers of targeting—cel-
lular expression, localization, and genomic
targeting—remain important areas for
continued study.
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