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Abstract

Diversity-generating retroelements (DGRs) create vast amounts of targeted,
functional diversity by facilitating the rapid evolution of ligand-binding pro-
tein domains. Thousands of DGRs have been identified in bacteria, archaea,
and their respective viruses. They are broadly distributed throughout the
microbial world, with enrichment observed in certain taxa and environ-
ments. The diversification machinery works through a novel mechanism
termed mutagenic retrohoming, whereby nucleotide sequence information
is copied from an invariant DNA template repeat (TR) into an RNA in-
termediate, selectively mutagenized at TR adenines during cDNA synthe-
sis by a DGR-encoded reverse transcriptase, and transferred to a variable
repeat (VR) region within a variable-protein gene (54). This unidirectional
flow of information leaves TR-DNA sequences unmodified, allowing for re-
peated rounds of mutagenic retrohoming to optimize variable-protein func-
tion. DGR target genes are often modular and can encode one or more
of a wide variety of discrete functional domains appended to a diversifi-
able ligand-binding motif. Bacterial variable proteins often localize to cell
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surfaces, although a subset appear to be cytoplasmic, while phage-encoded DGRs commonly di-
versify tail fiber—associated receptor-binding proteins. Here, we provide a comprehensive review
of the mechanism and consequences of accelerated protein evolution by these unique and benefi-
cial genetic elements.

Contents
INTRODUCTION ...ttt ettt ettt et e 390
ECOLOGY AND EVOLUTION OF DGRS . ... e eviiiiiieiiii e 391
Tropism Switching in Bordetella Bacteriophage ..., 391
DGR Reverse Transcriptases and the Global Distribution of DGRs ............... 393
Ecology of DGRS. ....ooiiii i 394
Horizontal Transfer of DGRS ........ .o i 395
MUTAGENIC RETROHOMING. . ...ttt 396
TR-RNA Is the Template for Information Transfer.......................o.. ... 396
cDNA Synthesis Is Template-Primed .............ccoooiiiiiiiiii ... 397
In Vitro Reconstitution of Mutagenic cDNA Synthesis .............c..coooen.... 399
Avd Targets Reverse Transcription to TR-RNA ..., 399
DGR Reverse Transcriptases Are Remarkably Promiscuous....................... 400
Mutagenic Retrohoming Is Reiterative. ..., 400
VARIABLE PROTEIN STRUCTURE AND FUNCTION..............coueen.. 401
Coevolution Between TR Sequence and Variable Protein Structure ............... 401
C-Type Lectin Folds Can Display Prodigious Amounts of Functional Diversity.... 403
Mutagenic Retrohoming Evolves Avidity-Driven Interactions..................... 404
DGR Variable Proteins Can Have Widely Diverse Functions ..................... 404
QUESTIONS AND APPLICATIONS . ...oii it 406
INTRODUCTION

Genetic variation arises within populations over successive generations through distinct processes
that include mutation, recombination, migration of alleles, and drift (32). Natural selection acts on
this existing genetic variation to modulate diversity (70). Mutational effects on fitness range from
beneficial to deleterious; however, most mutations appear to be either neutral or harmful (57).
Efficient maintenance of genomic stability (i.e., preservation of genomic material) can enhance
reproductive success, particularly in stable environments for which an organism is well-suited.
Conversely, under nonoptimal conditions commonly observed in dynamic environments, muta-
tions can promote adaptation. Therein lies the double-edged nature of mutagenesis: Beneficial
variability must be tightly balanced with the potential for loss of fitness (26).

Mutations are generally assumed to arise independently of their potential fitness effects (91),
and therefore, mutation rates can largely influence the timescale of adaptation (26). To this end,
numerous strategies have evolved to promote rapid and targeted functional diversification. In ver-
tebrates, these diversification mechanisms range from large-scale rearrangements such as chro-
matin diminution (71) and genome remodeling (43) to site-specific mechanisms such as V(D)]
recombination (19) and somatic hypermutation in vertebrates (79). In bacteria these strategies
include integron-mediated recombination (65) and DNA inversions that mediate phase variation
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(94). Creating hot spots maximizes the likelihood of acquiring mutations that confer a selective
advantage while minimizing the potential costs of hypermutation.

As one of the more vivid examples of targeted functional diversification, diversity-generating
retroelements (DGRs) are capable of accelerating evolution by rapidly mutagenizing protein-
encoding target genes (25, 54). DGRs were originally discovered in a Bordetella phage (54), and
nearly 60,000 of them have now been uncovered in bacteria, archaea, and their viruses (81, 86, 97).
In a subset of organisms longitudinally sampled in their natural environments, DGRs were respon-
sible for more than 10% of all genomic amino acid changes (86). DGRs operate through a unique,
unidirectional, copy-and-replace mechanism termed mutagenic retrohoming, which requires at
least three components to operate: a target gene containing a variable repeat (VR) thatis the recip-
ient of mutagenesis, an invariant (usually intergenic) template repeat (TR) that is nearly identical
to the VR, and a DGR-encoded reverse transcriptase (RT) (Figure 14). Protein diversity is created
through a site-specific mechanism in which VR residues that correspond to adenine-containing
codons in TR are selectively mutagenized (54) (Figure 15). During this diversification process, a
TR-derived RNA intermediate serves as a template for cDNA synthesis by an error-prone, DGR-
encoded RT in which adenine residues are disproportionately mismatched, resulting in random
incorporation of any of the four dNTPs into cDNA at those positions (34) (Figure 1a,b). The
resulting adenine-mutagenized cDNA then replaces the VR sequence within the target gene, pro-
ducing a variable protein that is diversified at specified sites in a specific domain. Because the TR
is unaltered in this process, the VR can undergo repeated rounds of retrohoming and selection to
evolve protein function.

The magnitude of diversity a DGR can generate is determined by the number and position of
adenines in the TR. For example, a DGR found in Elizabethkingia anophbeles harbors a TR with 56
adenines, providing the capacity to produce a VR with 4°¢ (~10**) unique DNA sequences, which
corresponds to ~10°° unique protein sequences (97). This diversification capability is many orders
of magnitude greater than the number of unique immunoglobulins that can be produced by the
vertebrate adaptive immune system (~10'¢, not including somatic hypermutation) (72). Of all the
natural diversification systems known, DGRs have among the highest mutagenic capability; and
remarkably, the machinery responsible for this staggering capacity is contained within a genetic
footprint that usually spans about 3 kb. In this review, we delve deeper into these extraordinary
retroelements, including their widespread prevalence in the microbial world and recent develop-
ments in our understanding of their unique diversification mechanism.

ECOLOGY AND EVOLUTION OF DGRs
Tropism Switching in Bordetella Bacteriophage

Bordetelln pertussis and related species alternate between virulent (Bvg*) and nonvirulent (Bvg™)
phases in response to environmental signals transduced through the BvgAS phosphorelay (9, 67)
(Figure 1¢). Uniquely in the Bvg® state, Bordetella express adhesins, toxins, and other factors that
facilitate colonization of the respiratory tract, including an autotransporter protein called per-
tactin (59). While investigating ligand-receptor interactions between pertactin and a Bordetelln
phage that preferentially infects Bvg™ phase cells, called BPP-1 (Bvg-plus phage 1), Liu and col-
leagues (54) made a seminal observation: While the majority of BPP-1 progeny infected Bvg™ cells
as expected, a small number acquired the ability to efficiently infect Bvg™ phase cells (termed BMP,
or Bvg-minus phage), indicating that a tropism switch had occurred. They consistently detected
these phages at a much higher frequency than would be expected if they arose through sponta-
neous mutation alone, suggesting there was an underlying mechanism at play (Figure 1d). It was
soon realized that underpinning this tropism-switching capability was a unique genetic element,
a diversity-generating retroelement, that operated through mutagenic retrohoming to diversify
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Figure 1

Overview of the BPP-1 DGR. (#) Components of the bacteriophage BPP-1 DGR and an outline of mutagenic retrohoming. BPP-1
DGR loci include mtd, which encodes the diversified receptor-binding protein that determines ligand specificity for infection; avd,
which encodes a small, basic protein that forms a pentamer required for processive cDNA synthesis; the TR, which is partly
homologous to VR sequences in 72¢d and is included in the TR-RNA intermediate used for cDNA synthesis; and brt, which encodes the
BPP-1 DGR RT. Steps in mutagenic retrohoming include (D) production of the TR-RNA intermediate; () binding of TR-RNA to
the Avd-RT complex to initiate cDNA synthesis via the error-prone DGR RT, which produces cDNA copies that are selectively
mutagenized at adenines; and () integration and replacement of the parental VR allele with newly synthesized adenine-mutagenized
¢DNA. Gray bars in the VR (top) indicate sites corresponding to TR adenines that are subject to mutagenesis. (#)) Comparison of BPP-1
VR and TR nucleotide sequences. Differences between VR and TR sequences occur exclusively at TR adenines (red). () DGR-mediated
tropism switching by Bordetella phage BPP-1. In response to environmental signals, the Bordetella BvgAS phosphorelay mediates a
transition between the Bvg™ (virulent) (pink) and Bvg™ (avirulent) (b/ue) phases, which is accompanied by major changes in expression
of secreted and cell surface factors (67). Phage variants are shown with BPP (pink) or BMP (blue) tail fiber—associated Mtd molecules,
indicating tropism for ligands specific to the Bvg™ or Bvg™ phase, respectively. (d) Phage tropism switching. Bordetella lysogens carrying
integrated BPP-1 or BMP-1 prophage genomes, or mutant derivatives with deletions in b7t (Abrt) or TR (ATR), were induced with
mitomycin C. After a single round of replication of the induced phage populations on their original hosts (Bvg™ phase Bordetella for
BPP-1, Bvg™ phase Bordetella for BMIP-1), relative plaquing efficiencies were determined on Bvg™t or Bvg™ phase Bordetella (54).
Tropism switching requires both mutagenic retrohoming and the ability to generate Mtd variants capable of recognizing novel ligands
in a functional manner. Since diversification is relatively rare following prophage induction, the majority of DGR-diversified genomes
are packaged in phage particles with the parental Mtd specificity. Reinfection of the parental strain is required to detect phages that
contain diversified genomes and the functional Mtd variants they encode. Abbreviations: Avd, accessory variability determinant; BMP,
Bvg-minus phage; BPP, Bvg-plus phage; DGR, diversity-generating retroelement; Mtd, major tropism determinant; RT, reverse
transcriptase; TR, template repeat; VR, variable repeat. Figure adapted from images created with BioRender.com.

392 Macadangdang o Makanani o Miller



the phage receptor-binding protein, Mtd (major tropism determinant), and accelerate the evolu-
tion of its ligand-binding domain (25, 54). Many observations made using the prototypical BPP-1
DGR as a model system have formed the foundation for core concepts that are now thought to
be intrinsic to DGRs in general.

DGR Reverse Transcriptases and the Global Distribution of DGRs

DGR RT5 are most closely related to RTs encoded by group II introns and other retrons (82,
93), but they differ structurally due to some unique features. On average, DGR RT5 are approx-
imately 350 amino acids in length (interquartile range 327-394 amino acids) (86) and exhibit a
conserved domain organization consisting of the palm and finger domains formed by RT mo-
tifs 1-7 (97). Like the RTs found in group II introns and non-long terminal repeat (non-L'TR)
retrotransposons, DGR RTs contain an extra motif, 2a (60), but they differ from those RTs in that
they lack an upstream motif 0 (11). Notably, DGR RTs are devoid of RNase H domains that are
typically present in other RTs and that hydrolyze RNA present in DNA/RNA hybrids (88, 97).
As a result of their unique structure, DGR RTs cluster into a distinct, well-demarcated phyloge-
netic lineage that separates them from other RTs (25, 81, 86) (Figure 24). This also forms the
basis for identifying new DGR RTs from genomic or metagenomic datasets using phylogenetic
clustering (25), BLAST (basic local alignment search tool) (81), or hidden Markov model profiles
(86). DNA sequences surrounding DGR RT hits are then scanned for near-identical repeats cor-
responding to VR/TR pairs. Using this strategy, an early study by Doulatov et al. (25) identified
a subgroup of RTs in sequenced bacterial genomes that phylogenetically clustered on the same
branch as the BPP-1 RT and were encoded adjacent to VR/TR pairs that differed at positions
corresponding to TR adenines. From these analyses, the first homologous, non-phage-associated
DGRs were discovered in genomes of distantly related bacteria, including Bifidobacterium longum,
Bacteroides thetaiotaomicron, Treponema denticola, and several cyanobacterial species, in addition to
bacteriophage genomes.

Having been discovered in bacteria and bacteriophages, DGRs initially appeared to be con-
fined to the bacterial domain of life (7, 52). A subsequent sequencing study of subsurface sedi-
ments from a methane seep in the Santa Monica Basin, however, identified the first intact DGR in
avirus predicted to infect archaea, and in two uncultivated nanoarchaea that each appeared to har-
bor multiple DGRs (80). Expanding on this effort, Paul et al. (81) analyzed a large metagenomic
dataset derived from groundwater organisms isolated from an aquifer on the banks of the Colorado
River, using serial filtration to collect cells of progressively smaller sizes (6, 13, 18). Previous re-
construction of the sampled genomes revealed that many of these small organisms belonged to the
Candidate Phyla Radiation (CPR), a recently discovered branch that now accounts for 15% of the
known diversity of the bacterial domain (13, 41), and to the archaeal superphylum consisting of
“Candidatus Diapherotrites,” “Candidatus Parvarchaeota,” “ Candidatus Aenigmarchaeota,” “ Candi-
datus Nanoarchaeota,” and “Candidatus Nanohaloarchaeota” (DPANN) (80, 81). Along with ex-
tremely small cell sizes, many of these organisms have correspondingly small genomes and are
missing genes involved in vital biosynthesis pathways, suggesting a requirement to form symbi-
otic relationships with larger hosts (31, 75). Within the CPR and DPANN groups, the presence of
DGRs was highly correlated with smaller genome sizes (81) (Figure 25), prompting speculation
that DGR-mediated diversification could be particularly advantageous for organisms in which
selective pressures favor reduced genome size.

A remarkable observation following the discovery of DGRs in organisms that span vast
phylogenetic distances, and two of the three domains of life, is that VRs differed from TRs
almost exclusively at positions corresponding to TR adenines, suggesting that the mechanism
of adenine-specific mutagenesis is highly conserved. Is this due to DGRs having originated
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from a single, ancient origin, or has adenine mutagenesis convergently evolved? With nearly
60,000 examples now reported (7, 10, 36, 69, 76, 80-82, 86, 87, 89, 97-99), all known DGR RTs
form a monophyletic clade separate from other RTs (80, 81, 86) and have a branching pattern

that mirrors that of the bacterial and archaeal domains (80, 81, 97). The accumulated evidence,

therefore, points toward a single, ancient evolutionary origin of DGRs.

Ecology of DGRs

In one of the largest surveys of DGRs published, Roux et al. (86) analyzed 81,404 genomes and

9,467 metagenomes from samples collected across 90 ecological niches, identifying 32,321 DGRs
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Figure 2 (Figure appears on preceding page)

Distribution of DGRs across diverse taxa and biomes. (#) Phylogenetic analysis of RTs: 32,321 DGR RTs identified from a diverse
dataset of genomic and metagenomic sequences were clustered, and a representative RT from each cluster along with a collection of
non-DGR RTs were used to build a phylogenetic tree (86). Each DGR RT cluster was classified by (D) organism type (viral, cellular),
(@) taxon, and ((3)) biome. (») Distribution of DGRs across organisms with small genomes (81). Bacterial and archaeal genomes were
reconstructed from organisms isolated by serial filtration of groundwater samples to collect progressively smaller cells. This dataset was
enriched for CPR and DPANN organisms. DGR prevalence (number of DGRs per megabase) was calculated for each genome and
binned according to genome size. (¢) Enrichment of DGRs across taxonomic groups. A list of single-copy marker genes was used to
estimate the number of genomes belonging to different taxa from the same collection of metagenomic assemblies as in panel 2. The
average frequency of DGRs was calculated for each taxonomic group, compared to the overall frequency of DGRs across the whole
dataset, and reported as logs enrichment ratios. All enrichments were statistically significant (chi-square test of independence corrected
p value < 10719), except for the case of Cyanophyceae. (d) Average number of DGRs across biomes. Using the same collection of
metagenomic assemblies as in panel 4, a linear regression was calculated for each biome between the number of genomes and the
number of DGRs in each metagenome assembly. The regression slope was then used to estimate the average number of DGRs present
per genome, with error bars corresponding to the standard error of the slope estimation. Each biome type is represented by a color:
aquatic, blue; engineered, brown; host-associated, orange; terrestrial, green. Abbreviations: CPR, Candidate Phyla Radiation; DGR,
diversity-generating retroelements; DPANN, “Candidatus Diapherotrites,” “Candidatus Parvarchaeota,” “Candidatus Aenigmarchaeota,”
“Candidatus Nanoarchaeota,” and “Candidatus Nanohaloarchaeota”; FCB, Flavobacteria (Cytophagia), Fibrobacteres (Fibrobacterota),
Chlorobi (Chlorobiota), and Bacteroidota; NA, not assigned; PVIC, Planctomycetes (Planctomycetota), Verrucomicrobia, and Chlamydiae; RT,
reverse transcriptase. Panels 4, ¢, and d adapted from Reference 86. Panel b adapted from Reference 81.

belonging to more than 1,500 bacterial and archaeal genera. In addition to CPR bacteria, phyla
that appear to be particularly enriched in these retroelements include Firmicutes and the Flavobac-
teria (Cytophagia), Fibrobacteres (Fibrobacterota), Chlorobi (Chlorobiota), and Bacteroidota (FCB) super-
group (Figure 2¢), which codominate the intestinal microbiome (77). In an evaluation of the popu-
lation diversity of DGR loci across taxa and ecosystems, single-nucleotide variants were identified
in a majority of VR sequences, with 50-75% of DGRs showing clear signs of active diversification
(86). The apparent lack of activity by the remaining elements is also interesting. It could be due
to purifying selection and the rapid loss of new variants; the presence of host- or retroelement-
encoded systems that control DGR activity; or mutations that disable the diversification machin-
ery, leading to fixation of a particularly successful variable protein that provides an advantage in a
stable niche.

DGRs have been identified in microbes that occupy terrestrial, subterrestrial, marine, fresh-
water, engineered, and host-associated environments (81, 86, 97). Besides the human gut, biomes
consisting of groundwater reservoirs, saline lakes, and landfills were found to be enriched in or-
ganisms containing DGRs, compared to samples from other ecological niches such as terrestrial
freshwater and soil (Figure 2d). Using phylogenetic logistic regression (42), where a binary out-
come (presence or absence of a DGR) can be predicted from ecological data taking into account
the strength of phylogenetic relationships, Roux and colleagues (86) found that both phylogeny
and ecology drive the distribution of DGRs observed in their dataset.

Horizontal Transfer of DGRs

With the recent establishment of large viral genome databases (16, 74), the distribution of phage-
associated DGRs is coming into focus. More than half of all known DGRs are predicted to be
of viral origin, either as free phage or prophage (10, 74, 86). The vast majority of these belong to
the Caudovirales order, which are tailed, double-stranded DNA (dsDNA) bacteriophages, while no
DGRs have been uncovered in single-stranded DNA (ssDNA) or RNA viruses (3, 61). Although
Caudovirales inhabit a range of environmental niches, they are particularly abundant in metage-
nomic samples from the human gut (74), raising the possibility that sampling bias contributes
to the current picture. Nonetheless, a prominent family of Caudovirales, namely the contractile
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tailed Myoviridae, includes a disproportionately large percentage of genomes (~84%) with DGR,
while other families contain few to none (74). Several features of the Caudovirales may make them
particularly suitable hosts for DGRs. For instance, Caudovirales carry their genetic information
on dsDNA and rely on high-fidelity polymerases to replicate their genomes. In contrast, faithful
replication of RNA viruses would likely be hindered by an error-prone DGR RT. Additionally,
members of the Caudovirales order typically have genome sizes that range between 45 and 155
kb, allowing them to accommodate accessory elements such as a 3-kb DGR (3). ssDNA viruses,
on the other hand, limit their genomes to 1-12 kb. This may decrease susceptibility to sponta-
neous nicks, which can destroy ssDNA viral genomes (17, 27), but it leaves little room to encode
additional fitness factors.

On the basis of their diversified target genes, phage DGRs generally fall into two groups. The
majority appear to diversify tail fiber proteins involved in host recognition, as was shown for the
Bordetella phage variable protein, Mtd (86) (see the section titled Variable Protein Structure and
Function). Mutagenic retrohoming provides an efficient means for expanding the ligand speci-
ficity of a viral infection apparatus, promoting adaptation to dynamic host cells and the possibility
for niche expansion. In contrast, a smaller subset of viral DGRs appear to diversify genes to the
potential benefit of their bacterial or archaeal hosts (86). This places them within a class of viral
accessory loci that are sometimes referred to as morons (because they add “more on” the phage
genome) (45, 92). By definition, these genes are not primarily involved in phage functions but in-
stead confer phenotypes such as antimicrobial resistance, toxin production, adhesin expression, or
other traits that increase host fitness. Although the functional roles of moron DGRs have yet to be
explored, their selective advantage is made possible by the ability to form lysogens, with prophage
genomes maintained as chromosomally integrated elements or episomes that replicate in concert
with host cells (12, 15, 21).

Not surprisingly, DGRs are also encoded by transposons, plasmids, integrons, and integrative
and conjugative elements (ICEs) (28, 90). The best-characterized so far is a DGR carried on a
64-kb ICE in Legionella pneumophila strain Corby, a serogroup 1 clinical isolate from a patient with
legionellosis (7, 51). With an estimated repertoire of 10 unique polypeptides, the DGR diversifies
a variable lipoprotein anchored in the outer leaflet of the outer membrane, with its C-terminal
variable region surface exposed. Related DGRs were identified in other L. preumophila clinical
isolates, suggesting general utility for the surface display of such rapidly evolvable ligand-binding
capabilities. On a global level, the distribution pattern of DGRs in nature is partly explained by
the horizontal transfer of DGRs between organisms, both phylogenetically related and distinct,
with selective retention in new hosts that can support and benefit from mutagenic retrohoming.

MUTAGENIC RETROHOMING

DGR-mediated diversification of target genes employs a mechanism of mutagenic retrohoming
with features that are, in some cases, unlike anything else described. Our understanding of this
process derives primarily from observations with Bordetella phage BPP-1, which has provided a
tractable platform for mechanistic studies that apply broadly to DGRs in bacterial, archaeal, and
phage genomes.

TR-RNA Is the Template for Information Transfer

The central roles of the TR element and the DGR-encoded RT in mutagenic retrohoming were
first identified in mutagenesis studies reported by Liu et al. (54). Precise deletion of BPP-1 TR
resulted in phages that remained fully infectious toward their original hosts but had lost the
ability to switch tropism (Figure 1d). Deletion of the 7z locus, or mutations in the RT catalytic
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center, resulted in an identical phenotype—full infectivity but a loss of VR variability. These
results, and the realization that variant VR sequences always differed at positions corresponding
to TR adenines, while TR sequences remained constant, prompted the hypothesis that infor-
mation is transferred from TR to VR in an RT-dependent manner that is somehow coupled to
adenine-specific mutagenesis.

Unidirectional transfer of sequence information was first demonstrated by incorporating nu-
cleotide substitutions into TR that were designed to create silent mutations if transferred to VR
(25, 54). Subsequent selection for phage tropism variants revealed diversified VR sequences with
synonymous mutations derived from TR, flanked by characteristic patterns of adenine mutagene-
sis. The observation of an essential role of the BPP-1 RT in DGR activity immediately suggested
the involvement of an RNA intermediate, most likely derived from TR (54). Indeed, when a self-
splicing group I intron from bacteriophage T4 (¢ intron) was introduced into the BPP-1 TR
sequence, only precisely spliced exons were transferred to VR, accompanied by adenine muta-
genesis (34). Since group I intron splicing only occurs at the RNA level (40, 49), these results
provided genetic proof that DGRs operate through a mutagenetic retrotransposition process that
uses TR-RINA as the template for reverse transcription.

cDNA Synthesis Is Template-Primed

The essential priming step for RNA-templated cDNA synthesis can occur through multiple path-
ways (Figure 3). During target-primed reverse transcription (TPRT), used by mobile retroele-
ments ranging from group Il introns in bacteria to non-LTR long interspersed elements (LINEs)
in humans, homing and mobility occur through endonuclease cleavage at the target site, which
generates a 3'-OH primer for initiating cDNA synthesis (20, 58, 101, 102) (Figure 35). As DGR
RTs are most closely related to RTs of group II introns (Figure 2a), it was initially assumed that
DGR retrotransposition was similarly target-primed (33, 34). However, unlike RTs encoded by
retroelements that use TPRT, DGR RTs lack recognizable nuclease domains, as do other con-
served DGR-encoded proteins. This suggested that DGR-mediated cDNA synthesis (#) recruits
host factors for target site cleavage, (b) uses a novel DGR-encoded endonuclease activity that had
escaped detection, or (c) is primed by an entirely different mechanism (Figure 3c¢).

A simple yet key prediction of the target-priming model is that cDNA synthesis requires the
presence of target sequences. To test this, Naorem et al. constructed a self-replicating plasmid
with inducible expression of BPP-1 DGR loci encoding Avd (accessory variability determinant),
an accessory protein described below; RT; and TR tagged with a self-splicing Gpl intron (73).
Surprisingly, after induction of plasmid expression in a Bordetella strain that otherwise lacks BPP-1
prophage sequences, including the VR target sequence, cDNA products derived from spliced TR-
RINA templates were readily observed. Both Avd and a catalytically active RT were essential for the
synthesis of cDNA, which was shown to contain adenine-specific mutations. This demonstrated
that DGR-directed cDNA synthesis can occur through a mechanism that does not require target
sequences for priming.

To determine how cDNA synthesis was initiated in the absence of VR target sequences, 5’
RACE (rapid amplification of cDNA ends) and nested PCR were used to extend and amplify
DGR RT-dependent cDNA products, which were cloned and sequenced (73, 84). Intriguingly,
this analysis revealed the presence of chimeric RNA-cDNA molecules in which TR-derived,
adenine-mutagenized cDNA sequences were fused to RNA sequences from the 140-nucleotide
spacer region (sp) located between the TR and 7%, but in reverse orientation (Figure 3c). This
suggested that spacer sequences in TR-RNA molecules had folded back upon themselves to
initiate cDNA synthesis. Subsequent mutagenesis studies identified the priming nucleotide to be
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Mechanistic features of mutagenic retrohoming. (#) The DGR locus of phage BPP-1 is shown as in Figure 14, with the addition of
IMH at the 3’ end of VR and the related, but not identical, IMH* sequence at the 3" end of TR, which determine the directionality of
information flow. DNA stem-loop structures flanking the 3’ end of 7:td are also shown. (b) Target-primed reverse transcription. An
endonuclease cleaves the antisense strand of the target gene, generating a 3’-OH for the initiation of cDNA synthesis. Hypothetically,
the TR-RINA would then hybridize with target sequences and serve as a template for error-prone reverse transcription by the Avd-Brt
polymerase complex. Experimental evidence showing that adenine-mutagenized cDNA synthesis occurs independently of the presence
or absence of target sequences argues against a requirement for target priming during mutagenic retrohoming (73). () Template-
primed reverse transcription. TR-RINA (b/ue) folds back upon itself and is stabilized by a region of complementarity between IMH* and
sequences from the spacer region located between TR and &7z. This confirmation positions spA56 (spacer adenine 56 nucleotides
downstream from TR) to prime cDNA synthesis using its available 2’-OH, or a 3'-OH released by removal of the 3’ TR-RINA tail.
Avd-Brt binding to a recognition sequence in the TR-RNA spacer region is required for processive polymerization. The resulting
adenine-mutagenized cDNA (red) integrates and replaces the VR parental allele through an unknown mechanism. Experimental
evidence to date is consistent with template priming as the mechanism responsible for the initiation of cDNA synthesis during
mutagenic retrohoming (37, 73). Abbreviations: Avd, accessory variability determinant; BPP-1, Bvg-plus phage 1; Brt, BPP-1 DGR RT;
DGR, diversity-generating retroelements; IMH, initiation of mutagenic homing; ¢d, major tropism determinant; RT, reverse
transcriptase; TR, template repeat; VR, variable repeat. Figure adapted from images created with BioRender.com.
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spAS56: an adenine residue located 56 nucleotides downstream from the end of VR/TR homology.
A short region of internal complementarity in TR-RNA, between the IMH* sequence at the end
of the TR and downstream spacer sequences, positions spA56 for priming (73) (Figure 3c¢). Two
possibilities can be imagined for the priming reaction itself. Naorem et al. (73) presented evidence
that the TR-RNA template was cleaved at spAS56, in what appeared to be an RT-dependent man-
ner, to generate a 3'-OH to prime cDNA synthesis. An alternative possibility, supported by studies
from an in vitro reconstituted system described below (37), is that cDNA synthesis is initiated at
the 2’-OH of spA56, resulting in a branched RNA-cDNA structure that may be subject to further
processing. Although additional work is needed to resolve these and other details, the available
evidence clearly supports a target-DNA-independent, template-RNA-primed mechanism for the
initiation of cDNA synthesis by the BPP-1 DGR.

In Vitro Reconstitution of Mutagenic cDNA Synthesis

Adenine-specific mutagenesis of target DNA sequences is a unique and conserved hallmark of
mutagenic retrohoming. To understand the biochemistry of this process, Handa et al. (37, 39)
developed an in vitro system using purified, reconstituted BPP-1 DGR components that faithfully
recapitulates DGR-mediated cDNA synthesis in vitro. This provides an outstanding opportunity
to probe requirements for cDNA synthesis and the biochemical basis for selective infidelity during
reverse transcription.

In addition to RT and TR-RNA, BPP-1 DGR activity requires a small basic protein called Avd,
which is encoded directly upstream of TR (4, 34, 37, 54, 73) (Figures 1 and 34). Avd forms a
positively charged pentameric barrel that interacts with RT in a manner that is critical for function
(4), and it is one of several accessory factors that are differentially conserved among subsets of
DGRs (97). To reconstitute reverse transcription in vitro, Handa and colleagues (37) combined
Avd-RT complexes coexpressed and purified from Escherichia coli with RNA transcripts containing
the TR and adjacent sequences. In the presence of ANTPs, these components were necessary and
sufficient to generate template-primed, covalently linked RNA-cDNA molecules that initiated
cDNA synthesis at precisely the same nucleotide, spA56, as occurs in vivo (73) (Figure 3c¢). Just
as remarkably, cDNAs were mutagenized at positions corresponding to TR adenines, with about
50% of adenines substituted per cDNA molecule, similar to what is observed in Bordetella (25, 73).
"This lends in vitro support for the template-primed model of DGR retrotransposition and shows
that adenine-specific mutagenesis is an intrinsic property of the Avd-RT complex.

Avd Targets Reverse Transcription to TR-RINA

Deletion mutations in #vd eliminate mutagenic retrohoming by the BPP-1 phage DGR (4, 25),
and structure-guided point mutations that disrupt Avd-RT complex formation confer DGR-null
phenotypes in vivo (4). The requirement of Avd for DGR activity is best understood in light of
recent evidence that it is responsible for targeting mutagenic reverse transcription specifically to
TR-RNA templates (37).

When presented with a heterologous (non-DGR) RNA transcript in vitro, Avd-RT is incapable
of cDNA synthesis in the absence of a DNA primer. When a DNA primer is added, only short
c¢DNA products are produced, indicating a lack of processivity of the polymerase complex. The
mechanism for restricting processive, template-primed cDNA synthesis to TR-RNA became clear
through a combination of RNase protection and mutagenesis studies showing that a 26-nucleotide
sequence in the spacer region forms an Avd-binding site that targets the Avd-RT complex to TR-
RNA and positions it to initiate cDNA synthesis at the correct position (37) (Figure 3¢). In addi-
tion to increasing the efficiency of self-priming, targeting DGR RT activity to the correct RNA
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template may also protect the host genome from damage. Reverse transcription of cellular mRINAs
can lead to pseudogene formation following incorporation of cDNA products into host genomes,
as documented for retrotransposons including LINEs and Ty elements (24, 30). Considering the
mutagenic activity of DGR-directed reverse transcription, the consequences of such events could
be particularly damaging to host genes.

DGR Reverse Transcriptases Are Remarkably Promiscuous

The extraordinary promiscuity of DGR RTs is orders of magnitude greater than that of any other
characterized RNA- or DNA-dependent DNA polymerase. In relation to enzymes commonly
used in the laboratory, the BPP-1 RT is about 1,000,000 times more error prone than Q5 poly-
merase (83). Compared to the error rate of HIV-1 RT, which is well known for promiscuity leading
to escape from immunosurveillance and drug resistance, the error rate of DGR RT is approxi-
mately 10,000 times higher (2). Although error-prone DNA synthesis is well described, the exact
mechanism of selective infidelity at adenines displayed by DGR RT is perhaps the most intriguing
unanswered question regarding their function.

Using single dN'TP primer extension assays, the catalytic efficiency (ke,/K:) of the Avd-RT
complex was measured in vitro (39). Like most polymerases, BPP-1 RT has a low catalytic ef-
ficiency for misincorporation, with the lowest efficiency observed at template adenines. Unlike
high-fidelity enzymes, which have a greatly (~10°-fold) improved efficiency for correct versus
incorrect incorporation, Avd-RT has only a slightly higher catalytic efficiency for correct incor-
poration than it does for misincorporation, with the smallest difference (~20-fold) observed at
template adenines. The adenine specificity of misincorporation by Avd-RT was probed in vitro
using nucleobase analogs at either the N1, C2, or C6 positions of the purine ring, which differ
between guanine, which is faithfully copied, and adenine, which promotes promiscuity. Of these
positions, C6 had the greatest effect on fidelity. The presence of a carbonyl group, as occurs in
guanine, significantly decreased misincorporation, but when an amine was present at C6, as in
adenine, misincorporation occurred at a similar rate as when there is no side group at all. In mu-
tagenesis studies aimed at identifying BPP-1 RT residues that modulate infidelity, Arg-74 and
Ile-181 were found to promote adenine mutagenesis (39). These amino acids are predicted by in
silico modeling to have counterparts in HIV RT that nonspecifically stabilize incoming dNTPs.
Although the analysis is still at an early stage, the picture that emerges is that the unusually low
catalytic efficiency of the BPP-1 DGR RT, in combination with structural features of the active
site, is intimately tied to the ability to carry out adenine-selective mutagenesis. The availability of
high-resolution atomic structures of the Avd-RT-TR-RNA riboprotein complex in the presence
and absence of ANTPs will be essential for understanding the biophysical basis of this unique
enzymatic behavior.

Mutagenic Retrohoming Is Reiterative

The V-J or V-D-J rearrangements that generate diversity in T cell receptor or antibody genes
can produce repertoires of approximately 10'® unique polypeptides, of which a small subset
experience antigen-driven selection, amplification, and further differentiation (72). Although the
amount of diversity this system can generate is impressive, the required genetic rearrangements
are irreversible, and consequently the mechanism can only operate once during the life span of a
lymphocyte. In contrast, DGR-mediated diversification differs in several ways. The first involves
efficiency—the genetic machinery required for mutagenic retrohoming is generally contained
within ~3 kb, compared to the ~950,000 kb size of the human heavy chain locus alone (64).
But despite their compact footprint, DGRs can generate far greater diversity, exceeding 10%
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polypeptide sequences in many cases (97). Second, and perhaps most importantly, mutagenic
retrohoming is reiterative, and this allows protein function to be optimized by repeated rounds
of diversification and selection.

The reiterative capacity of DGRs is ensured by two mechanistic features of mutagenic retro-
homing (Figure 3a,): () the strict unidirectionality of information flow, from TR to VR, leaves
the TR-DNA sequence unaltered, and (b) after successfully diversifying a VR, all essential cis-
acting sites and #runs-acting factors remain intact and available for subsequent rounds of retro-
homing. The directionality of information flow is maintained by sequences located directly down-
stream from the VR and TR (25, 35, 73). These include the IMH (initiation of mutagenic homing)
region, which in BPP-1 consists of a 21-bp sequence at the 3’ end of the VR that differs at five
positions from its corresponding TR sequence, the IMH* (Figure 3a,c). The difference between
the IMH and IMH* is essential for directionality—mutating the VR IMH to resemble the IMH*
extinguished retrohoming activity, while converting the TR IMH* sequence to IMH led to the
diversification of adenines in TR (25). Immediately downstream from the BPP-1 IMH element is
a 20-bp sequence that forms a hairpin or cruciform structure in DNA. Mutations that change the
four-nucleotide loop or disrupt the 8-bp stem significantly decrease the efficiency of retrohom-
ing, most likely by affecting the cDNA integration step that follows reverse transcription (35).
Although mechanistic requirements for assimilating newly synthesized cDNA into a VR have
yet to be defined, stem-loop structures are commonly observed to follow VR sequences in diverse
DGRs (97). Importantly, sequencing VRs that have undergone recent diversification events clearly
shows that IMH, IMH*, and stem-loop structures are precisely regenerated after every round of
mutagenic retrohoming (25, 54).

VARIABLE PROTEIN STRUCTURE AND FUNCTION

The selective advantage conferred by a DGR can only be appreciated in the context of the func-
tion of the diversified protein. Given the extensive heterogeneity of variable proteins, and the fact
that nearly 70% lack functionally informative annotations other than the presence of a diversi-
fied VR (56, 86, 97), the physiological roles of the great majority remain elusive. Nonetheless,
the assortment of motifs with predictable functions that have been identified in variable proteins
indicates that DGR-directed mutagenesis has broad utility in the microbial world.

The most extensively characterized DGR variable protein, and one of the few whose precise
function is known, is the BPP-1 tail fiber-associated receptor-binding protein, Mtd (23, 54, 55,
66, 68). Structural and functional studies of this prototypical DGR target reveal design principles
that are likely conserved across variable proteins in general (Figure 44). Mtd directs the binding
specificity of the phage, and diversification results from multiple nonsynonymous amino acid sub-
stitutions within its VR. These specifically occur at solvent-exposed residues within the binding
pocket of a C-type lectin (C-Lec) fold (66). Selective diversification of the residues that make up
the ligand-binding pocket drive the evolution of new Mtd specificities and can result in an expo-
nential amplification of the binding strengths of these residues by avidity across all six tail fibers
of the phage (68). Below, we discuss conserved structural features of Mtd and other characterized
variable proteins in more detail before delving into the numerous types of predicted DGR targets
that have been observed in microbial genomes.

Coevolution Between TR Sequence and Variable Protein Structure

Sequences that encode the TR-RNA template evolve to perform multiple functions. In BPP-1,
the TR-RNA includes the polymerase-binding site and the initiating nucleotide for cDNA syn-
thesis (37, 73). From a structural perspective, the positioning of adenines in a given TR coevolves
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with the location of codons in its cognate VR that encode amino acids that can participate in
ligand-binding interactions and are able to tolerate mutagenesis without disrupting protein struc-
ture (Figure 44,b). From a sequence perspective, adenines are distributed in TRs in a manner that
maximizes amino acid diversity. As initially shown for Mtd (Figure 15), TR adenines are most of-
ten positioned to diversify the first two nucleotides in VR codons, where random mutagenesis is
most likely to lead to amino acid changes (97). Confirmation of this mutagenesis pattern came
from longitudinally sampled human microbiomes where the diversity of individual DGR target
genes was tracked over time. In these samples, mutagenic retrohoming was far more likely to pro-
duce nonsynonymous mutations than synonymous mutations, in contrast to other genes where
synonymous mutations tended to dominate (86). One extraordinary TR sequence is the 5'-AAY-3’
motif, as adenine mutagenesis of cognate VR codons can generate a total of 15 amino acids that
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Figure 4 (Figure appears on preceding page)

Diverse functions of DGR-diversified variable proteins. (#) Crystal structure of the BPP-1 variable protein, Mtd. The pyramid-shaped
Mtd trimer (Jeff) contains three diversifiable VR regions located at the base of the complex, with two Mtd trimers located at the distal
ends of each of the six BPP-1 tail fibers. The Mtd monomer (middle) comprises N-terminal (B-prism), intermediate (B-sandwich), and
C-terminal (C-Lec) domains. On the right, solvent-exposed variable residues along the ligand-binding surface of Mtd are shown in red.
() Superimposed VR regions of BPP-1 Mtd (light orange) and Treponema denticola TvpA (blue) demonstrating conservation of the C-Lec
backbone structure across variable proteins that differ in primary sequence. Diversified residues are shown as spheres: 12 variable
residues for Mtd and 20 for TvpA. Variable sites in Mtd show a remarkable degree of spatial correspondence with variable positions in
TvpA, with additional diversified residues in TvpA interspersed between shared variable sites with minimal perturbation of the C-Lec
secondary structure. (¢) The 7. denticola ATCC 35405 genome incudes a chromosomal DGR that encodes the TvpA variable protein, an
accessory protein of unknown function (HDRC), and a DGR family reverse transcriptase. In addition to #vpA, six unlinked loci
distributed throughout the 7. denticola genome contain VR sequences at their 3" ends that are nearly identical, except at sites
corresponding to adenines in TR (52). This suggests that all seven genes are independently diversified by the same DGR-encoded
machinery. The seven variable proteins are likely paralogs, with 25-67% amino acid identity, and several are predicted to have
N-terminal lipoprotein localization signals that anchor them to the spirochete surface and position C-terminal variable residues for
ligand binding. (4) Maps of DGR target genes and their functional domains. Example organisms are listed to the right of each variable
protein. The modularity of DGR variable proteins is exemplified by similar C-Lec domains (#agenta) with diversified VR sequences
connected to a variety of N-terminal functional domains. With the exception of the first seven, all examples belong to the class
Cyanophyceae. Abbreviations: ARM, armadillo repeat; BPP-1, Bvg-plus phage 1; C-Lec, C-type lectin; DGR, diversity-generating
retroelement; GAF, cGMP-specific phosphodiesterase; LdtA, Legionella DGR target A; LPP, lipoprotein processing; Mtd, major
tropism determinant; RT, reverse transcriptase; SP, signal peptide; TAT, twin arginine translocation; TIR, Toll/interleukin receptor;
TM, transmembrane region; TR, template repeat; TvpA, Tieponema variable protein A; VR, variable repeat. Panel 4 adapted from
Reference 52. Panels ¢ and 4 adapted from images created with BioRender.com.

range in charge, hydrophobicity, and size of their side chains but will never result in a stop codon
(66, 69). By favoring the generation of nonsynonymous mutations, mutagenic retrohoming effi-
ciently produces unique variable proteins and increases the likelihood of functionally diversifying
DGR targets.

C-Type Lectin Folds Can Display Prodigious Amounts of Functional Diversity

TvpA is a DGR-diversified, surface-exposed lipoprotein encoded by the human oral spirochete
T. denticola (25, 52). The discovery that TvpA displays variable residues using essentially the same
C-Lec fold as Mtd, despite having only 16% local amino acid identity, provided the first structural
evidence for the conservation of the C-Lec fold as a means to display massive sequence variation
(52) (Figure 4b). Although initially described as calcium-dependent carbohydrate-binding mo-
tifs, C-Lec folds are well-known to bind numerous different proteins, lipids, and small-molecule
ligands, in addition to carbohydrates and polysaccharides (14, 22, 96). Classification of the DGR
C-Lec fold can be difficult due to amino acid sequence heterogeneity and the lack of conserved
disulfide bond—forming cysteines, as seen in other C-Lec motifs (66). Assignment, therefore, is
most often based on homology comparisons through predicted three-dimensional structures (47).

For three DGR variable proteins with known structures, TvpA [Protein Data Bank (PDB)
2Y3C]; Mtd (PDB 1YUO); and a Thermus aquaticus variable protein, TaqVP (PDB 5VF4), diver-
sified residues are displayed within the C-Lec binding pocket, and they are all solvent exposed,
consistent with the hypothesis that DGRs generally function to evolve binding specificity (38, 52,
66, 68). Conversely, nondiversified amino acid side chains within the VR maintain the scaffold for
the C-Lec fold and are more conserved than predicted (38, 66, 86, 97). This organization leads
to a constrained and specific DGR diversification pattern where a subset of sites, tolerant of mu-
tagenesis, are modified to alter ligand interactions while leaving residues that provide structural
integrity to the C-Lec fold intact (Figure 4b). In a recent survey of 32,321 DGR variable proteins
predicted from diverse genomes and metagenomes, N-terminal domains varied widely, whereas
VR-encoded sequences were primarily associated with C-Lec folds (86).
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Mutagenic Retrohoming Evolves Avidity-Driven Interactions

Although the C-Lec fold motif directs binding specificity to particular ligands, avidity interactions
conferred by multivalency can exponentially amplify individual binding strengths. This amplifica-
tion relaxes the need for high affinity and optimal complementarity between interacting partners,
thereby expanding the range of potential ligands that can be recognized by DGR-diversified pro-
teins (66, 68). To illustrate the importance of avidity, we provide a vignette focused on tropism
switching in a Bordetella phage (Vignette 1).

Vignette 1: DGR-directed protein evolution exploits avidity. To gain a better understanding
of the receptor-ligand interactions driving infection by BPP-1, Miller et al. (68) cocrystalized the
phage tail fiber protein Mtd (Mtd-P1) with its preferred ligand, the Bordetella outer membrane
protein pertactin. Using surface plasmon resonance, these investigators found that the interaction
between trimeric Mtd-P1 and pertactin was surprisingly weak (K4 = 3.5 pM). After they selected
for a DGR-mediated tropism switch, they isolated a descendant phage that expressed a diversified
Mtd protein, Mtd-M1, that preferentially recognizes a Bvg™ phase ligand for infection. The Ky
value for trimeric Mtd-M1 and pertactin was estimated to be ~0.5 mM. While both Mtd variants
had weak affinity toward pertactin, only phages with the Mtd-P1 variant could infect Bordetelln
using pertactin as a ligand. To explain these observations, knowledge of how the phage recognizes
its target is required. Often measured between receptors and ligands, affinity is the strength of a
biomolecular interaction; in the case of either Mtd-P1 or Mtd-M1 plus pertactin, it is quite low.
Avidity, on the other hand, is measured by the accumulated strengths of all interactions within a
complex, which include the affinity of the individual receptors, the total number of interactions
(valency), and the structural rearrangements that occur to effectively position receptors (i.e., re-
duced dimensionality) (29). Each of the six BPP-1 tail fibers includes 2 Mtd trimers, giving 12
trimers or 36 Mtd monomers per phage (54, 55, 100). Binding interactions conferred by any of
the tail fibers position the others close to the cell surface, thereby increasing the chances of an
interaction with pertactin. Accordingly, the authors found that the strength of the binding in-
teraction between Mtd-P1 and pertactin was amplified ~10°-fold when measured in the context
of the entire bacteriophage, while the weaker Mtd-M1 interaction was only amplified by ~10°-
fold, which explains the difference in selectivity. Multivalency and the differential amplification of
binding strengths by avidity may relax the demand for optimal complementarity between Mtd and
pertactin while enhancing distinctions among binding events that provide selectivity. This under-
lying principle of selective recognition is shared with immunoreceptors in the vertebrate immune
system and is predicted to be a key feature of the evolution of variable protein repertoires by
DGRs (68, 95).

DGR Variable Proteins Can Have Widely Diverse Functions

The majority of DGR target genes are predicted to encode modular, multidomain proteins com-
posed of C-terminally positioned C-Lec folds that are diversified to evolve new ligand-binding
interactions, appended to N-terminal domains that provide functional specificity to the protein
(86, 95, 97). Although the majority lack informative annotations, several exceptions show that N-
terminal regions of variable proteins can include a diverse range of functional domains, including
peptidase, kinase, phosphodiesterase, hydrolase, and protein-protein interaction domains, among
many others (Figure 4d). This modular organization may promote rearrangements that swap
N-terminal sequences to create novel chimeric proteins with rapidly evolvable ligand-binding ca-
pabilities. Additional information such as cellular localization can sometimes be predicted by the
presence of transmembrane sequences, N-terminal lipobox motifs, or other secretion signals [e.g.,

Macadangdang « Makanani « Miller



Sec or twin arginine translocation (TAT)]. Indeed, the majority of bacterial DGR target genes that
are not associated with phage genomes are predicted to encode variable proteins that localize to
bacterial cell surfaces (86), as demonstrated in L. preumophila (7, 52) and T. denticola (7, 52), al-
though numerous exceptions exist (95). Finally, in addition to encoding at least one target gene
subject to diversification, many DGRs appear to diversify remote target genes that are also sub-
ject to mutagenic retrohoming. These and other characteristics of variable protein repertoires are
discussed in Vignette 2.

Vignette 2: Multiple remote DGR target genes encode variable cell surface lipoproteins
in Treponema denticola and putative signaling proteins in cyanobacteria. A consequence of
the mechanism of information flow during mutagenic retrohoming is that the TR and VR do not
need to be in close proximity. As shown for BPP-1 phage (34) and a DGR carried on an ICE in L.
preumophila strain Corby (7), loci encoding a TR, an RT, and accessory proteins like Avd are able
to efficiently diversify cognate VR sequences when expressed in truns on a replicating plasmid.
Ilustrating this mechanistic flexibility, the periodontal pathogen T. denticola appears capable of
expressing multiple variable lipoproteins on its surface, a subset of which are encoded by unlinked
genes distributed throughout the genome that are independently diversified by the same cognate
TR (52) (Figure 4c).

To imagine the benefits 7. denticols might gain by encoding a variable surface protein array,
it helps to consider the ecological context. The oral microbiota comprises hundreds of bacte-
rial species and is thought to partly rely on coaggregation, or specific recognition of genetically
distinct cells, to properly form (1, 50, 62, 63). Coaggregation is mediated through specific ligand-
receptor binding interactions between distinct organisms that occur in a successive fashion (48,
85). Early colonizers of the oral cavity, which are usually dominated by gram-positive cocci such as
Streptococcus mitis and Streptrococcus oralis (53, 78) but can also include diverse members of the Acti-
nomyces, Gemella, Granulicatella, Neisseria, Prevotella, Rothia, and Veillonella genera, bind to the tooth
surface pellicle and to each other. Next, additional rounds of oral bacteria, eventually including
T. denticola, bind to surface molecules displayed by earlier colonizers and to each other as they form
complex microbial communities. Since the availability of potential ligands for 7. denticola binding
may vary greatly depending on community composition, which is highly dynamic (62), the ability
to rapidly evolve ligand binding specificities of surface-displayed variable proteins could facilitate
colonization (52). A potential advantage of expressing multiple variable protein genes that are in-
dependently diversified is that new biding specificities can evolve without the necessary loss of all
previously existing interactions.

In contrast to surface-displayed variable proteins in 1. denticola, L. pneumophila, and other bac-
teria, many DGR targets in diverse cyanobacterial species lack recognizable secretion signals and
are predicted to be intracellular, while others have both extracellular and intracellular domains
(95). A wide array of motifs, with predicted activities that range from protein-protein interactions
to protease, hydrolase, NTPase, kinase, and other enzymatic functions, are appended to diversified
C-terminal domains (Figure 4b). Serine/threonine kinase (STK) motifs are particularly well rep-
resented among cyanobacterial variable proteins (95), and as in T. denticola they are often encoded
at remote genomic sites distant from the cognate DGR.

STKS control complex processes in cyanobacteria, including developmental programs, adapta-
tions to stress, and pathogenicity (95). Speculating on the possible selective advantages of variabil-
ity, if diversified C-terminal domains exert control over kinase activity, through autoinhibition for
example, mutagenic retrohoming could change the nature of signals that induce or repress activ-
ity. Alternatively, C-terminal domains could determine substrate specificity through direct bind-
ing interactions, or occupancy in distinct signaling complexes. Functional assessments challenging
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these and other hypotheses are eagerly awaited. DGR-mediated diversification of ligand-binding
domains of STKSs could confer a level of plasticity to signal transduction networks that has yet to
be explored.

QUESTIONS AND APPLICATIONS

Much has been learned since DGRs were first discovered, yet many key features of these unique
retroelements remain mysterious, and in some cases perplexingly so. From a mechanistic perspec-
tive, perhaps the greatest mystery is how, exactly, selective infidelity is achieved by DGR RTs. The
advantage of this capability is obvious, as it allows diversified amino acids to be strategically placed
within an otherwise stable scaffold for functional display, but the underlying biophysical mecha-
nism is anything but obvious. The fact that adenines are universally associated with sites of muta-
genesis suggests their recognition may somehow trigger a temporary relaxation of fidelity during
reverse transcription (39), but the nature of the fidelity switch is unknown. A second gap is under-
standing how the resulting cDNA integrates into the VR and replaces the parental allele with an
adenine-mutagenized copy. cis-Acting signals that flank VR sequences in target genes play an im-
portant role (35, 73), but little information is available beyond that. If integration involves strand
displacement, the question of how assimilation of cDNA with such a high density of mismatches
interfaces with host encoded DNA repair systems becomes relevant. Host factors may also be im-
portant for other events, including the integration step itself, but their identities, their functions,
and the extent to which they determine DGR host range or control activity are undefined.

Accelerated evolution may benefit organisms that are far from their phenotypic optima, but
unchecked mutagenesis can also increase the potential for loss of fitness, especially in stable envi-
ronments. Since adenine mutagenesis is stochastic and loss-of-function mutations likely predom-
inate over adaptive ones (25), it seems reasonable to predict that mutagenic retrohoming will be
subject to regulation in many cases. In support of this hypothesis, DGR activity varies considerably
across different environments (86). Under laboratory conditions, or in bioreactors where nutrients
are abundant and cells are relatively unstressed, DGR activity is often low. Conversely, in compet-
itive environments such as the intestinal microbiota, DGR-mediated diversification is prevalent.
The benefits of uncovering regulatory mechanisms that modulate mutagenic retrohoming activity
include a better understanding of not only the biology of DGRs but also the ability to effectively
harness their activities.

Given the number of phylogenetically distant organisms with DGRs and the diversity of the
elements themselves, there is much to be discovered regarding the functions of variable proteins
and variable protein repertoires. Identifying preferred ligands and determining the consequences
of ligand binding will be key. For variable proteins displayed on cell surfaces, ligand binding could
facilitate nutrient acquisition, interactions with hosts or host products, colonization of environ-
mental surfaces, or numerous other phenotypes. For cytosolic variable proteins, it will be inter-
esting to understand how ligand binding to VR sequences affects the activities of N-terminal
enzymatic or binding motifs. Bioinformatic comparisons will become increasingly useful for pre-
dicting potential functions (8, 46, 82), but they are unlikely to substitute for direct assessments in
appropriate experimental systems.

Finally, DGR-directed mutagenesis is programmable and site specific, and it occurs in the ab-
sence of the kind of external manipulations required for phage-based or other protein display
methods (5, 44). Because the TR is unmodified during mutagenic retrohoming, diversification
can be repeated ad infinitum. DGRs can be engineered to diversify heterologous sequences, as
was demonstrated using a reporter assay that restores kanamycin resistance through mutagenic
retrohoming (73). As DGRs become better characterized, they will provide an increasingly useful
tool kit for a range of bioengineering applications.
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