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ABSTRACT OF THE DISSERTATION

Contribution of Cis-acting Elements and Trans-acting Host Factors in DGR-Mediated

Mutagenic Homing

by

Elizabeth Czornyj

Doctor of Philosophy in Microbiology, Immunology and Molecular Genetics

University of California, Los Angeles, 2017

Professor Jeffery Floyd Miller, Chair

Diversity-generating retroelements (DGRs) are family of retroelements that introduce
nucleotide variability within defined protein-encoding DNA sequences. Sequence
variation is site specific and occurs through a unique reverse transcriptase mediated
process called mutagenic homing. DGRs were originally identified in the Bordetella
phage BPP-1 and have since been identified in plasmids, bacteriophage and bacterial
genomes. Moreover, DGRs were recently identified in Archaea and their viruses.
Although DGRs are wide spread in nature and protein diversification has been

demonstrated in both phage and bacterial systems, the precise mechanism of DGR



mutagenic homing remains to be elucidated. We have demonstrated that mutagenic
homing requires specific nucleotide sequence and structural elements, including target
site recognition sequences, which include a DNA stem-loop/cruciform structure. We
recently demonstrated that in addition to base pairing interactions in the stem, the
specific sequence and length of the 4nt loop are critical for DGR function. /n vitro and in
vivo analyses of the stem-loop structure indicate that the loop nucleotide composition
has a major effect on stem-loop/cruciform formation and stability, and is thus critical for
DGR function. In addition to influencing structure stability, we demonstrate that the
orientation of the loop nucleotide sequence determines target site recognition during
mutagenic homing. Stem-loops have been identified in most DGRs and our analysis of
similar elements from disparate species indicates that these conserved elements are
functionally interchangeable and fundamental to target site recognition. We propose that
the stem-loop/cruciform structure serves as a recognition element for DNA processing
events that culminate in cDNA synthesis, diversification, then integration. Since
bioinformatic and functional analysis of DGRs reveals the lack of sequences predicted
to encode enzymes involved in DNA or RNA processing events, we postulated host-
encoded trans-acting factors play a pivotal role in mutagenic homing. To identify host-
encoded factors that directly or indirectly influence the Bordetella phage BPP-1 DGR
homing, a random transposon-insertion library was created. Individual transposon
mutants were screened for insertions that had a significant effect on DGR homing as
measured by a quantitative Km resistance assay. As an alternative approach to identify
host factors, we performed targeted mutagenesis of candidate genes involved in DNA-

and RNA-processing activities, including but not limited to ssDNA-specific exonuclease,



ATP-dependent DNA helicase, RNase H, RNase E, and other putative
endoribonucleases. Mutants were screened for their ability to support mutagenic
homing using phage tropism switching assays and we identified a subset of mutations in
genes encoding DNA- and RNA-processing enzymes that decreased tropism switching.
Taken together, our findings indicate that mutagenic homing involves both DGR-
encoded and host-encoded factors that play a role in the diversification of target

proteins, providing insight into a highly conserved mechanism for DNA editing.
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CHAPTER 1. Introduction to Diversity Generating Retroelements



Retroelements (REs) are mobile genetic elements that are broadly distributed in
prokaryotic and eukaryotic organisms [1]. REs are a class of transposable elements that
encode a reverse transcriptase which functions during replicative transposition through
an RNA intermediate and disseminate within the host genome by a “ copy and paste”
mechanism [1]. REs are divided into two major groups based on the presence or
absence of long terminal repeats (LTRs). LTR-containing retroelements comprise ~8%
of the human genome, and include LTR retrotransposons, tyrosine recombinase
retrotransposons, and endogenous retroviruses [1]. The second group is known as non-
LTR retroelements and includes long interspersed nuclear elements (LINEs), short
interspersed nuclear elements (SINEs) and processed pseudogenes. Non-LTR
retroelements are proposed to have derived from group Il introns [2, 3] and both

systems appear to have a similar mechanism of action [1-4].

Group Il introns are found in chloroplast and mitochondrial genomes of fungi and plants
and are common in both gram-negative and gram-positive bacteria [2]. Group Il introns
consist of a catalytically active intron RNA and an intron-encoded protein (IEP), which
has reverse transcriptase activity [2, 3]. Mobility of group Il introns occurs by a target
DNA-primed reverse transcription (TRTP) mechanism in which the intron RNA reverse
splices directly into a DNA target site and is then reverse transcribed into cDNA by the
IEP [2, 3].

Diversity-generating retroelements (DGRs) are a recently discovered class of

retroelements that appear to have been derived from group Il introns [1, 5].



Diversity Generating Retroelements

DGRs are a family of retroelements capable of generating variability within protein-
encoding DNA sequences [6, 7]. DGRs are unique among retroelements due to their
potential to confer selective advantages by dramatically accelerating the evolution of
adaptive traits through a distinct reverse transcriptase mediated process called
mutagenic homing [6-8]. DGRs are composed of highly conserved components such as
a dedicated reverse transcriptase (RT), an accessory gene (avd or HRDC), a template
repeat (TR), a variable repeat (VR) and a unique target gene that is subject to
diversification. DGRs function through a template-dependent, reverse transcriptase
(RT)-mediated process which introduces nucleotide substitutions at defined sites within
protein-encoding DNA sequences [6, 7]. Mechanistic studies of the prototype DGR,
BPP-1, have provided insights into the mechanism by which diversification of target

proteins occur and will be discussed below.

Discovery of the Bordetella phage DGR

The prototypic DGR was discovered in the bacteriophage BPP-1, which infects
the mammalian respiratory pathogen Bordetella bronchiseptica (Bb) [6]. The infectious
cycle of Bb is regulated by the two-component system, BvgAS, which alternates
between active (Bvg®) and inactive states (Bvg’) to modulate expression of cell surface
molecules in order to mediate respiratory infection or ex vivo survival, respectively [9].
The BPP-1 (Bvg plus-tropic phage 1) preferentially infects Bvg™ cells through the
receptor pertactin (Prn), an outer membrane transporter protein only expressed in the

Bvg® phase [6]. However, at a frequency of ~10°, BPP-1 forms normal size plaques on



Bvg" phase Bordetella [6]. Since plaque formation requires multiple rounds of phage
infection and multiplication, the observation that BPP-1 was capable of infecting Bvg’
phase cells suggested that a tropism switch had occurred [6]. In fact, two types of tropic
variants were identified. The first was designated BMP (Bvg minus-tropic phage) and
preferentially infects Bvg™ phase cells. The second was designated BIP (Bvg
indiscriminant phage) and infects both Bvg” and Bvg™ phase cells with nearly equal
efficiencies [6]. The observation that BPP-1 could generate tropic variants that
recognized distinct cell surface molecules led to the discovery that tropism switching, or
altered ligand for infection, is mediated by the phage-encoded DGR.

The BPP-1 DGR facilitates tropism switching by introducing nucleotide
substitutions in a gene that specifies a host cell-binding protein, Mtd (major tropism
determinant), positioned at the distal tips of phage tail fibers that facilitate binding to cell
surface molecules [6, 10, 11]. Nucleotide substitutions in Mtd results in tail fibers with
distinct receptor specificity, allowing BPP-1 adaptation to the dynamic changes in cell

surface molecules that occur during the host infectious cycle [10, 12].

Genetic mechanism of DGR mutagenic homing

Using the BPP-1 DGR as an archetype, a mechanism for DGR mutagenic homing has
been proposed (Figure 1). BPP-1 tropism switching is mediated by nucleotide
substitutions in a 134 base pair (bp) variable repeat (VR) located at the 3’ end of the
target gene, mtd (Figure 1). Mtd is a trimeric tail fiber protein that mediates phage
binding to Bordetella surface molecules and changes in its coding sequence result in

new ligand specificities [10]. Sites of nucleotide substitutions in VR correspond to



adenine nucleotides in a homologous template repeat (TR), which is invariant and
serves as a template to derive an RNA intermediate. During reverse transcription of the
TR-derived RNA intermediate by the bRT (Bordetella reverse transcriptase), adenines
residues are replaced with random nucleotides and the synthesized cDNA displaces the
parental VR in a process termed mutagenic homing [13]. Mutagenic homing is
proposed to occur through a unique target-primed reverse transcription (TPRT)
mechanism similar to that of group Il introns in bacteria [13]. We postulate that homing
initiates with either a single strand nick or a double-stranded break in the IMH (initiation
of mutagenic homing), which is a DNA region located at the 3’ end of VR. The resulting
3’ hydroxyl serves as a primer to reverse-transcribe the TR-derived RNA intermediate
[13]. This process generates a cDNA product that replaces the parental VR with 3’
integration occurring at the nick/double-stranded break and integration at the 5’ end of
VR depending on TR-VR homology. Although not definitive, we predict replacement of
the parental VR may occur via template switching or strand displacement. The
replication of the resulting cDNA-VR heteroduplex generates progeny genomes with
mutagenized VRs. Although the proposed model is consistent with present data, the
basis of adenine mutagenesis and the mechanism of cDNA integration as well as the

function of IMH are unknown.

Target site recognition
Recent studies identified the cis-acting sequences required for a gene to be
recognized as a target [14]. In order for a gene to be diversified, the gene must contain

short stretches of homology with its cognate TR and must be recognized by the DGR



machinery [13]. In the BBP-1 DGR, these requirements are provided by the IMH
element (Figure 3) [7, 13]. The BPP-1 IMH is composed of a 14 bp G/C stretch

(G/C+4) which is identical to the corresponding segment of TR and a 21 bp segment
which defines the extent of homology with TR [7]. Moreover, the site at which the TR-
derived sequence information is incorporated into VR was mapped to the G/C4 element
(Figure 2) [13]. A third element was recently identified. This 24 bp sequence contains an
inverted repeat that under physiological levels of negative supercoiling forms a stem-
loop or double-stranded cruciform structure with an 8bp stem and a 4nt loop (Figure 2).
We have recently demonstrated that stem-loop/cruciform formation is essential for

efficient target site recognition during mutagenic homing [14].

Target protein scaffolds

The BPP-1 DGR system has been extensively characterized and the target protein has
been both functionally and structurally analyzed. To understand the structural biology of
variable proteins, McMahon et al. determined the crystal structures of five Mtd variants
(Figure 3) [10]. These structures show that Mtd variants were nearly identical in overall
structure and formed tetrahedral-shaped homotrimers, which are positioned at the distal
ends of phage tail fibers [10,11]. Moreover, the VR-encoded variable amino acids are
contained within a C-type lectin-like (CLec) domain located at the C-terminus of each
Mtd monomer. All variable residues in Mtd are solvent exposed and they form a discrete
ligand-binding surface on the bottom face of each monomer (Figure 4A and B) [10].
Interestingly, comparative analysis of Mtd structures revealed that although each of the

five Mtd tropic variants displayed different VR surface residues, the conformations of the



VR-encoded regions were identical (Figure 4C) [10]. The BPP-1 TR contains 23
adenine residues subject to mutagenesis, which can theoretically generate about 10

(4%%) different VR sequences [6].

Although target proteins vary in size and predicted function, VR regions are nearly
always located at the C-termini, and diversification of target proteins often results in
amino acid substitutions or variable residues that are displayed within C-Lec scaffolds
[10, 11]. This was demonstrated in the DGR variable protein from Treponema denticola,
TvpA, which is predicted to be a lipoprotein localized on the outer surface of the gram-
negative spirochete. The variable domain in TvpA is organized in a C-Lec fold and the
adenines in TR correspond to variable residues in VR that form the ligand-binding
pocket of the target protein [15]. This indicated that nucleotide diversity is constrained
within conserved domains of target proteins, resulting in a balance of protein diversity
and scaffold stability.

Furthermore, analysis of phage-encoded DGRs has recently identified a subset
of hypervariable regions located within immunoglobulin (Ig) domains similar to those
found in antibodies and T cell receptors [16]. In contrast to CLec folds, which are usually
located near the 3’ end of target genes, these Ig folds were located in the middle of the
VR-containing ORFs. This suggests that DGRs have evolved to use different protein

scaffolds that are designed to accommodate massive amino acid variability.



Distribution of DGRs in Nature

Although first identified in the Bordetella phage BPP-1 [6], DGRs are widely distributed
in nature and have been identified in plasmids, bacteriophage and bacterial genomes
(Figure 5) [5, 7, 8, 16, 17]. DGRs present in sequence databases have been identified
using custom made algorithms, including DiGReF which identifies putative RTs.
Following identification of RTs, flanking nucleotide sequences are analyzed to identify
VR/TR pairs that exclusively differ at positions corresponding to TR-adenines. To date,
over 1300 DGRs have been identified in organisms that occupy widely diverse
ecological niches and are found in organisms that have planktonic, symbiotic and
pathogenic lifestyles. These include human pathogens such as Legionella pneumophila
and Treponema denticola as well as human commensals such as Bacteroides spp.
Moreover, DGRs were recently identified in Archaea and their viruses [18]. The breadth
of organisms that contain DGRs, along with their divergent lifestyles, indicate that they
represent a conserved prokaryotic system for targeted protein evolution. A brief
overview of DGRs encoded by phage, and bacterial and archaeal genomes is

discussed below.

Phage-encoded DGRs

Since DGRs were first discovered in the Bordetella phage BPP1, homologous elements
have been identified in numerous phage [7, 8, 16, 18]. Phage-encoded DGRs are found
near tail fiber genes and target genes are predicted or known to encode phage tail fiber

proteins [11, 27].



A recent study by Minot et al. has identified a vast number of DGRs associated with
phage that occupy the human intestinal gut [16]. Analysis of the human gut virome of
healthy individuals identified DGRs in phage populations present in 11 out 12 subjects
studied. Metagenomic analysis of phage populations from stool samples identified 51
variable regions, 36 of which contained a VR/TR pair. Of these 36 variable regions, 29
contained a TR/VR pair near an RT gene, which differs at sites corresponding to TR
adenines, a hallmark of DGR functionality. A subset of these 29 hypervariable regions
were located at the 3’ end of the target genes and were predicted to be contained within
a C-Lec fold, similar to the Mtd of BPP-1. Interestingly, six hypervariable regions were
found within a Ig B-sandwich domain located in the middle of the target ORFs as
opposed to the 3’ ends [16]. To our knowledge, this is the first described DGR system
known to target Ig folds for sequence variation.

Furthermore, the first archaeal DGR system was recently identified in a novel
archaeal virus called ANMV-1 [18]. The ANMV-1 DGR encodes conserved components
required for mutagenic homing, including an RT, a VR/TR pair that vary from each other
at positions corresponding to adenines, a putative accessory protein (Avd) and a short
inverted repeat that has the potential to form a stem-loop/cruciform structure [18]. As in
other DGR target proteins, variable residues of the ANMV-1 DGR target protein, AdtA,
are contained within a CLec fold which suggests a ligand-binding role for AdtA.
Moreover, the adtA gene is located in closed proximity to phage tail fiber genes and

AdtA might function as a receptor binding phage tail fiber protein.



Bacterial-encoded DGRs

DGRs are ubiquitous in bacterial genomes and they have been identified in members of
the human microbiome (e.g. Bacteroides fragilis), numerous pathogens of mammals or
plants (e.g. L. pneumophila, T. denticola, Ralstonia spp.) and organisms of
environmental importance such as Cyanobacteria, which produce 50% of the earth's
oxygen (Figure 4) [6-8]. Furthermore, DGRs appear to be enriched in three phyla of
bacteria: Bacteroidetes, Fermicutes and Proteobacteria [5]. These elements are located
within prophage, plasmids, and conjugative transposons suggesting that DGRs use

different modes for dispersal and can be horizontally transferred.

DGRs in Legionella species

L. pneumophila is a facultative intracellular parasite of protozoa and an opportunistic
human pathogen that causes both community- and hospital-acquired pneumonia [19,
20]. DGRs have been identified in a subset of L. pneumophila clinical isolates that
includes L. pneumophila Corby, L. pneumophila D5572 and L. pneumophila D5591 [21].
Characterization of the L. pneumophila DGR in strain Corby has shown that the DGR
cassette is found in a genomic island located within an integrative and conjugative
element (ICE) [21]. The L. pneumophila Corby DGR encodes all cis- and trans-acting
elements required for mutagenic homing, including RT, Avd, VR, TR, IMH and IMH* as
well as stem-loop structures downstream of VR [21]. Moreover, adenine-specific
mutagenic homing and diversification of its target protein, LdtA, has been demonstrated
[21]. LdtA is a lipoprotein that contains a twin-arginine translocation (TAT) and a lipobox

motif at its N-terminus. The VR is located at the C-terminus of LtdA and variable

10



residues are accommodated within a CLec fold. Furthermore, LtdA is a TAT-secreted
protein that is localized to the outer leaflet of the outer membrane with its diversified C-
terminal sequence surface-exposed [21]. A remarkable feature of the L. pneumophila
Corby DGR is that its TR contains 43 adenines, corresponding to a DNA diversity in VR
of ~10%° sequences which vastly exceeds the capabilities of the vertebrate adaptive

immune system.

DGRs in Treponema species

Genomic and metagenomic analyses have identified multiple DGRs in T. denticola [15,
22]. T. denticola is a human oral pathogen that is associated with periodontal disease
[23]. More recently, analysis of T. denticola strains obtained from the NCBI and the
Human Microbiome Project (HMP) datasets identified complete DGRs in 9 of the 17
assembled T. denticola genomes [22]. These elements encode characteristic features
of a DGR, which include RT, TR and VR repeats that differ at positions corresponding to
TR-adenines. Some of the DGRs encode seven target genes with VRs that can be
potentially diversified from the same TR. Moreover, all identified target proteins have a
CLec domain and appear to be similar to TvpA (Treponema variable protein A) [15, 22].
The TvpA target proteins contain lipoprotein signal sequences that are predicted to

target TvpA to the outer surface of the bacterium [15, 22].

DGRs in Bacteroides species

Bacteroides are members of the human gut microbiome and DGRs have been shown to

be particularly abundant in the Bacteroidetes phylum [5]. DGRs in Bacteroides species

11



have been found in prophage, plasmids and conjugative transposon elements that
might be use for DGR transmission between species [5]. Although Bacteroides DGRs
appear to be widely distributed in the human gut microbiome, little is known about their
function. While analysis of the B. fragilis 638R DGR is ongoing, bioinformatic analysis
indicates that this element encodes conserved features required for mutagenic homing
and is located within an integrative and conjugative element (ICE) [Yanling Wang
personal communication]. Consistent with features of DGR target proteins, the VR is
located at the C-terminus of the target protein, BfdT (B. fragilis DGR target protein), and
the variable residues are contained within a CLec fold. The BfdT contains a N-terminal
lipobox motif and is proposed to be a surface exposed lipoprotein similar to the LdtA
target protein of the L. pneumophila DGR. Bacteroides DGRs encode conserved
components (Figure 5), including an RT, TR and VR sequences as well as an
accessory protein (Avd or Ch). Moreover, cis-acting elements have been identified near
the 3’ end of the target gene and include an inverted repeat(s) that forms a stem-
loop/cruciform structure. Moreover, our recent analysis indicates that the Bacteroides
ovatus stem-loop is capable of supporting mutagenic homing in BPP-1, which suggests
that stem-loops are conserved structures that serve as target recognition elements

across species (see chapter 3).

Archaeal-encoded DGRs
DGRs have been recently identified in Archaea and their viruses [18]. Analysis of
genomic datasets identified multiple DGRs in the genomes of uncultivated subterranean

Nanoarchaeota [18]. These DGR systems contain cis- and frans- acting elements

12



required for mutagenic homing. Furthermore, a recent inquiry into metagenome
datasets uncovered hundreds of additional DGRs in archaeal and bacterial genomes,
and were found as being prevalent within the archaeal superphylum, DPANN
(Pacearchaeota and Woesearchaeota) and the bacterial candidate phyla radiation

(CPR) (Blair Paul personal communication).

Although DGRs are wide spread in nature and protein diversification has been
demonstrated in both phage and bacterial systems, the precise mechanism of
mutagenic homing has not been determined. As mentioned above, cis-acting elements
are necessary for a gene to be recognized as a target by the DGR machinery. These
include an inverted repeat that forms a stem-loop or cruciform structure. The sequence
requirements for stem-loop formation and the contribution of this structural element in
target site recognition will be described in Chapter 2.

While the formation of a stem-loop/cruciform structure is necessary for efficient
nucleotide sequence recognition of target genes, the precise role stem-loops play in
mutagenic homing has not been determined. Using the model system BPP-1, we
investigated how the formation, structure and stability of DGR stem-loops contribute to
target site recognition and our findings will be discussed in Chapter 3 (currently in

preparation for publication).

With the notable exception of a unique family of reverse transcriptases, both
bioinformatic and functional analysis of DGRs reveals the lack of sequences predicted

to encode enzymes that participate in DNA- or RNA-processing events that lead to

13



cDNA synthesis, diversification and then integration. In Chapter 4, we describe a
Bordetella bronchispetica genetic screen to identify host-encoded factors that play a

role in mutagenic homing in the Bordetella phage BPP-1 DGR.

14



Figure legends:

Figure 1. Bordetella phage BPP-1 DGR mutagenic homing model.

In the current model, BPP-1 phage DGR mutagenic homing occurs through a target-
primed reverse transcription mechanism [13]. DGRs diversify DNA sequences through a
process called mutagenic homing, which introduces nucleotide substitutions into the VR
(green arrow) of the target gene, mtd (green). Mutagenic homing initiates with either a
single strand nick or a double-stranded break in the IMH (pink), a DNA region located at
the 3’ end of VR, and the resulting 3’ hydroxyl serves as a primer to reverse-transcribe
the TR-derived RNA intermediate (blue). The TR-RNA provides a template for DGR-RT
(red box) dependent cDNA synthesis. During reverse transcription, TR-adenines (A,
red) are randomly changed to any of the four nucleotides (N, red), which result in a
mutagenized cDNA that displaces the parental VR at the 3’ end of Mtd. The Mtd is
located at the distal tail fibers of the phage (green circles), and VR diversification results
in Mtd variants (red circles) that recognize new host-cell surface molecules as ligands
for infection. Avd (aqua box) encodes an accessory protein that is proposed to interact

with RT and nucleic acids [24].

Figure 2. Components of the IMH element in BPP-1 DGR.

Components of the IMH (Initiation of Mutagenic Homing) are depicted in the expanded
view and include a 14bp G/C-rich region, a 21bp sequence and an inverted repeat that
forms a stem-loop structure composed of a 8bp stem and a 4nt loop. Only a single
strand is represented. The red arrow indicates the putative cDNA initiation site. Extent

of homology with TR is shown. Box, Mtd stop codon.
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Figure 3. Structural features of Mtd [10].

a) Mtd trimer with 3 variable regions (VR) located on the bottom face. b) Ligand-binding
site of an Mtd variant with VR residues in red. c) Superimposed VRs from five Mtd
variants. Main chain conformation and variable side chains of superimposed VR-

encoded sequences are shown.

Figure 4. Phylogenetic Distribution of DGRs in Bacteria.

The 16s rRNA-based tree shows phyla in which DGR-containing bacteria were
identified (gray boxes). The genera and species containing DGRs are indicated and
those containing chromosomal DGRs are shown in red. Phage and plasmid DGRs are

shown in blue.

Figure 5. DGR cassette architectures in Bacteroides spp.

Schematics of Bacteroides DGRs. a) Putative cis- and frans- acting features of the B.
ovatus DGR. The target protein (TP) is shown as a purple box, and the RT and the
accessory variability determinant (avd) are shown as red and aqua boxes, respectively.
Black arrows indicate VR and TR. Located at the 3’ end of VR is an inverted repeat that
has the potential to form a stem-loop/cruciform structure. b) Schematic of the B. fragilis
638R DGR cassette. The target protein, bftA, a VR/TR pair (black arrows) and RT are
shown. The DGR encodes two accessory proteins (CH and AVD) and two inverted

repeats that have the potential to form stem-loop or cruciform structures.
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Abstract

Diversity-generating retroelements (DGRs) are in vivo sequence diversification machines that are widely distributed in
bacterial, phage, and plasmid genomes. They function to introduce vast amounts of targeted diversity into protein-
encoding DNA sequences via mutagenic homing. Adenine residues are converted to random nucleotides in a
retrotransposition process from a donor template repeat (TR) to a recipient variable repeat (VR). Using the Bordetella
bacteriophage BPP-1 element as a prototype, we have characterized requirements for DGR target site function. Although
sequences upstream of VR are dispensable, a 24 bp sequence immediately downstream of VR, which contains short
inverted repeats, is required for efficient retrohoming. The inverted repeats form a hairpin or cruciform structure and
mutational analysis demonstrated that, while the structure of the stem is important, its sequence can vary. In contrast, the
loop has a sequence-dependent function. Structure-specific nuclease digestion confirmed the existence of a DNA hairpin/
cruciform, and marker coconversion assays demonstrated that it influences the efficiency, but not the site of cDNA
integration. Comparisons with other phage DGRs suggested that similar structures are a conserved feature of target
sequences. Using a kanamycin resistance determinant as a reporter, we found that transplantation of the IMH and hairpin/
cruciform-forming region was sufficient to target the DGR diversification machinery to a heterologous gene. In addition to
furthering our understanding of DGR retrohoming, our results suggest that DGRs may provide unique tools for directed
protein evolution via in vivo DNA diversification.
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Introduction

Diversity-generating retroelements (DGRs) have been identified
in numerous bacterial phyla [1,2]. Although most DGRs are
bacterial chromosomal elements, they are prevalent in phage and
plasmid genomes as well. The prototype DGR was identified in a
temperate bacteriophage, BPP-1, on the basis of its ability to
switch tropism for different receptor molecules on host Bordetella
species [3]. Tropism switching is mediated by a phage-encoded
DGR which introduces nucleotide substitutions in a gene that
specifies a host cell-binding protein, Mtd (major tropism
determinant), positioned at the distal tips of phage tail fibers.
This allows phage adaptation to the dynamic changes in cell
surface molecules that occur during the infectious cycle of its
bacterial host [3]. Comparative bioinformatics predicts that all
DGRs function by a fundamentally similar mechanism using
conserved components ([1]; Gingery et al., unpublished data).
These include unique reverse transcriptase (RT) genes (br¢ for BPP-
1), accessory loci (avd or HRDC), short DNA repeats, and target
genes that are specifically diversified [1-4].

As illustrated by the BPP-1 DGR shown in Figure 1A, diversity
results from the introduction of nucleotide substitutions in a
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variable repeat (VR) located at the 3" end of the mtd gene [1-4].
Variable sites in VR correspond to adenine residues in a
homologous template repeat (TR), which remains unchanged
throughout the process [1-4]. Transcription of TR provides an
essential RNA intermediate that is reverse transcribed by Brt,
creating a cDNA product which ultimately replaces the parental
VR [4]. During this unidirectional retrotransposition process of
mutagenic homing, TR adenines are converted to random
nucleotides which subsequently appear at corresponding positions
in VR [1-4]. Adenine mutagenesis appears to occur during cDNA
synthesis and is likely to be an intrinsic property of the DGR-
encoded RT [4].

Located at the 3" end of VR is the IMH (initiation of mutagenic
homing) region, which consists of at least two functional elements:
a 14 bp GC-only sequence [(GC);4] which is identical to the
corresponding segment of TR, and a 21 bp sequence containing 5
mismatches with TR that determines the directionality of
information transfer [1]. Using a saturating co-conversion assay,
we have precisely mapped a marker transition boundary that
appears to represent the point at which 3" ¢cDNA integration
occurs and information transfer begins [4]. This maps within the
(GC)y4 element and we previously postulated that it represents the



Author Summary

Diversity-generating retroelements function through a
unique, reverse transcriptase-mediated “copy and re-
place” mechanism that enables repeated rounds of protein
diversification, selection, and optimization. The ability of
DGRs to introduce targeted diversity into protein-coding
DNA sequences has the potential to dramatically acceler-
ate the evolution of adaptive traits. The utility of these
elements in nature is underscored by their widespread
distribution throughout the bacterial domain. Here we
define DNA sequences and structures that are necessary
and sufficient to direct the diversification machinery to
specified target sequences. In addition to providing
mechanistic insights into conserved features of DGR
activity, our results provide a blueprint for the use of
DGRs for a broad range of protein engineering applica-
tions.

site of a nick or double-strand break in the target DNA [4]. If true,
the resulting 3" hydroxyl could serve to prime reverse transcription
of the TR-derived RNA intermediate in a target DNA-primed
reverse transcription (TPRT) mechanism [4-7]. cDNA integration
at the 5" end of VR requires TR/VR homology and may occur
via template switching during cDNA synthesis [4].

There are 23 adenines upstream of the (GC)4 element in the
BPP-1 TR, each of which is capable of variation [3]. The
theoretical maximum DNA sequence diversity is ~10'*, which
translates to a maximum protein diversity of nearly 10 trillion
distinct polypeptides at the C-terminus of Mtd. For Mtd and other
DGR-diversified proteins, co-evolution has resulted in the precise
positioning of TR adenines to correspond to solvent exposed
residues in the ligand binding pockets of variable proteins [8,9]. As
implicated in Figure 1A, mutagenic homing occurs through a
“copy and replace” mechanism that precisely regenerates all cus-
acting components required for further rounds of diversification
[4]. This allows the system to operate over and over again to
optimize ligand-receptor interactions.

The goal of this study was to characterize requirements for
target site recognition by the BPP-1 DGR. Along with insights into
the mechanism of mutagenic homing, our results reveal engineer-
ing principles that allow DGRs to be exploited to diversify
heterologous genes through a process that is entirely contained
within bacterial cells.

Results

Boundaries of the BPP-1 DGR target sequence

5" and 3" boundaries of the BPP-1 DGR target sequence were
delineated using a PCR-based assay that specifically detects VR
sequences that have been modified by DGR-mediated retro-
homing [4]. The system consists of a donor plasmid (pMX-
ATR23-96, Figure 1B) carrying avd, a modified TR containing a
30 bp tag (T'G2), and b1t co-expressed from a BvgAS-regulated
promoter [4], and a recipient prophage genome deleted for avd,
TR, and brt (BPP-1AATR, Figure 1C). TR retrotransposition from
the donor plasmid to the recipient prophage VR creates a
“tagged” VR that can be detected using primer pairs specific for
the tag and VR-flanking sequences (P1/P4 and P2/P3 in
Figure 1B; Table 1). Controls include the demonstration that
homing products are Brt-dependent and contain mutagenized
adenines. An advantage of this assay is that it does not require
infectious phage particle formation and consequently allows
manipulation of sequences that are required for Mtd function.
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Deletions were introduced into VR and adjacent sequences in
BPP-1AATR lysogens (Figure 1C and Figure S1) and the abilities
of mutated prophages to serve as recipients in retrohoming assays
were measured (see Materials and Methods). As shown in
Figure 1D, sequences upstream of VR were dispensable for
DGR homing (lanes 4&13). A deletion mutation that truncates the
first 20 bp of VR still supported homing, although at a decreased
level (lanes 5&14). Sequence analysis of homing products for this
mutant suggested that 5’ ¢cDNA integration occurred at cryptic
sites within the truncated VR, although 3’ ¢DNA integration
occurred in a normal manner (Figure 1D, lanes 5&14; Figure S2).
At the 3" end, homing was highly dependent on a 35 bp region
located downstream of VR (lanes 6&15 vs. lanes 7&16). This
implicated sequences with 8 bp inverted repeats that could
potentially form a hairpin structure in ssDNA or a cruciform
structure in dsDNA as a possible determinant of DGR target
function (Figure 1C). Additional analysis showed that deletion of
sequences immediately downstream of the stem was well tolerated
(3'A58, Figure 1C and 1E), while further deletions at the 3" end
(3" A68) reduced target function to essentially non-detectable levels
in homing assays.

In the experiments in Figure 1, homing products were not
detected using a donor plasmid expressing enzymatically inactive
Brt (BrtSMAA, in which the active site motif YADD is replaced by
SMAA; [1,3,4]), and sequence analysis of products generated with
primer sets P1/P4 and P2/P3 demonstrated transfer of the TG2
tag from TR to VR. Adenine mutagenesis was observed in ~53%
of clones containing P1/P4 products and ~32% of clones
containing P2/P3 products (data not shown), which had 3 and 2
TR adenine residues available for mutagenesis, respectively. These
observations indicated that true DGR homing products were
being detected. Equivalent amounts of template phage DNA, as
measured by quantitative PCR, were included in each experiment
(lanes 19-27, Figure 1D; lanes 1724, Figure 1E).

Stem structure, but not sequence, is critical for DGR
homing and phage tropism switching

We next determined whether the primary sequence or the
secondary structure of the putative hairpin/cruciform located
downstream of VR is important for function. To disrupt the
structure, 7 consecutive residues proximal to the loop on the 3’
half of the stem were changed to their complementary residues
(StMut, Figure 2A). The resulting mutant was essentially unable to
support DGR homing at a level that could be detected in PCR-
based assays (lanes 3&9, Figure 2B). Complementary substitutions
were subsequently introduced to the 5" half of the stem to generate
StRev (Figure 2A). If the primary sequence is important, the StRev
recipient should remain non-functional. Alternatively, if the
structure of the stem is the critical element, restoring base pairing
interactions might restore DGR target function. As shown in
Figure 2B (lanes 5&11), this appears to be the case, as the StRev
mutant regained DGR homing activity. Homing products were
verified by sequencing and adenine mutagenesis was observed
(Figure S3).

Phage tropism switching assays provide a quantitative measure
of DGR function [1,3,4]. Although the evolution of new ligand
specificities is an inherently stochastic process, the frequency at
which it occurs reflects the combined efficiencies of retrohoming
and adenine mutagenesis. In Figure 2C, tropism switching was
measured using BPP-1AATR or mutant derivatives complemented
with plasmid pMX1, which provides avd, TR and bt in trans (see
Materials and Methods). The StMut mutation resulted in over a
1000-fold decrease in tropism switching, which was restored to
near WT levels by the StRev allele. Sequence analysis of VR
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Figure 1. Boundaries of the BPP-1 DGR target sequence. (A) Tropism switching by Bordetella phage BPP-1 is mediated by its DGR through
mutagenic homing, which is proposed to occur through a target DNA-primed reverse transcription (TPRT) mechanism [4]. mtd, avd, brt, the variable
and template repeats (VR and TR) are indicated. VR diversification leads to altered Mtd trimers at the distal tail fibers of progeny phages. (B) PCR-
based DGR homing assay. Plasmid pMX-ATR23-96 carries the BPP-1 avd-TR-brt region placed downstream of the BvgAS-regulated Pg,, promoter and
contains a 30 bp insert (TG2) between TR positions 22 and 97 [4]. Grey and pink arrows represent TR and VR, respectively. Small horizontal arrows
indicate primers used for homing assays: P1 and P2 are sense- and antisense-strand primers annealing upstream and downstream of VR, respectively;
P3 and P4, sense- and antisense-strand primers, respectively, that anneal to TG2. Cam", chloramphenicol resistance gene. (C) BPP-1 DGR target region
and deletion constructs. 5’ or 3’ deletions start from position —133 upstream of VR or position +82 downstream of VR, respectively. Lines below the
target represent regions deleted. The region downstream of VR contains two 8 bp inverted repeats, which can potentially form a hairpin/cruciform
structure. Constructs 3'A54 and 3'A58 were derived from 3'A47 by changing 7 and 11 residues downstream of the hairpin/cruciform structure to
their complementary residues, respectively, and were assayed in E. (D) PCR-based DGR homing assays showed that BPP-1 target recognition does not
require any sequence upstream of VR, but does require up to 35 bp downstream of VR, which includes the potential hairpin/cruciform-forming
region. Donor RT+indicates pMX-ATR23-96, - indicates pMX-ATR23-96 with the SMAA mutation. (E) Fine mapping of the 3’ boundary of the BPP-1
DGR target with additional deletion constructs 3'A54 and 3'A58 showed that no sequences downstream of position +24 are required for target

recognition.
doi:10.1371/journal.pgen.1002414.9001

regions in phages with switched tropisms (5 random clones each)
confirmed adenine mutagenesis in every case (Figures S4, S5, S6).

Taken together, these data argue that the ability to form a
hairpin or cruciform structure, as opposed to the primary
sequence of the inverted repeats, is a critical determinant of
target site recognition. The residual tropism switching activity of
StMut phage suggests that hairpin/cruciform-independent path-
ways may exist, although they operate at a much lower efficiency.

Physical evidence for hairpin/cruciform formation in
negatively supercoiled DNA

To determine if the hairpin/cruciform structure can form in
vitro, supercoiled plasmids carrying WT or mutant BPP-1 DGR
target sequences were isolated and treated with phage T7 DNA
endonuclease I, followed by primer extension with 5 end-labeled
primers to identify specific cleavage sites [10,11]. T7 DNA
endonuclease I is a structure-specific enzyme that resolves DNA
four-way (Holiday) junctions and has previously been used to
identify DNA hairpin or cruciform formation [10,11]. As shown in
Figure 3, cleavage sites were detected on both DNA strands in the
hairpin/cruciform structure, with major cleavage sites at or near
the four-way junction. Minor cleavage sites were also detected at
or near the loop, as T7 DNA endonuclease I also has some activity
on single-stranded DNA [12]. T7 endonuclease I cleavage at the
hairpin/cruciform region requires structure formation, as plasmids
containing a disrupted stem (StMut) were not cleaved in the
corresponding region. Linearization of plasmids containing the
WT sequence eliminated cleavage, suggesting that negative
supercoiling is required for hairpin/cruciform formation [13,14].

Table 1. List of oligonucleotides used in this study.
Name Sequence

P1 5" TICGGTACCTGCTAGGCGTCAACCACCTG

P2 5 AGCAAGCTTGTCCTGTTTGCGCGTGATGCT

P3 5" AAATCTAGATCTGTCTGCGTTTGTGTT

P4 5’ AGCAAGCTTAGCACAGGAACACAAACG

P5 5" GGTCACCATGAGCATTTGGTCGTAGCA

P6 5" GTACAGCGGGCCGTCGTTCTCGTTCGCGTT

P7 5" CCCTCTAGAGCTCCGGTTGCTTGTGGACG

P8 5’ AGCAAGCTTCCTCGATGGGTTCCAT

P9 5" ATATCTAGACG CTTGGGTCTACCGTTTAATGTCG
P10 5’ ATAAAGCTTCGACATTAAACGGTAGACCCAAGAAAA
doi:10.1371/journal.pgen.1002414.t001
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These results demonstrate that hairpins can form on either strand
of the target DNA. Although it is likely that they form
simultaneously on both strands to create cruciforms, this is not
directly addressed by enzyme cleavage assays, hence the hairpin/
cruciform designation.

The BPP-1 DGR target sequence functions in an
orientation-independent manner

We next determined whether the orientation of the target
sequence relative to the phage genome is important for DGR
retrohoming. In the experiment in Figure 4A, a segment of the
BPP-1AATR prophage that includes VR and its flanking sequences
was inverted, and PCR-based DGR homing assays were
performed with donor plasmid pMX-ATR23-96. DGR homing
into the inverted target occurred at a level comparable to that of
the WT control (Figure 4B), and sequence analysis indicated that
normal homing products were produced (Figure S7). These results
show that the polarity of phage replication is not important for
DGR homing, and that the hairpin/cruciform structure functions
in a manner that is independent of its orientation relative to the
leading or lagging strands formed during DNA replication.

Conservation and functional characteristics of DGR
hairpin/cruciform structures

Inverted repeats are nearly always found downstream of VR
sequences in target genes [Gingery et al., unpublished data], as
illustrated by the phage DGR sequences shown in Figure 5. These
elements display a striking pattern of similarity, suggesting they
have conserved and important functions. In each case, hairpin/
cruciform structures with 7-10 bp GC-rich stems and 4 nt loops
can potentially be formed. Although stems are always GC-rich,
their sequences differ, while loops are more conserved with the
consensus  sequence (5'GRNA3’, with R=A or G, N=any
nucleotide) in the sense strand. The exact distance between the
hairpin/cruciform structures and the 3’ ends of their respective
VRs appears to be quite flexible. We took advantage of the BPP-1
DGR system to test the relevance of these patterns of conservation,
with the goal of generating a more comprehensive understanding
of parameters important for target site recognition.

We first studied requirements for stem length and sequence and
found that although minor changes are tolerated, the WT
configuration appears to be optimized for BPP-1 DGR function.
Of the stem length variants in Figure 6A, extensions are better
tolerated than deletions. Removal of 2, 4 or 6 bp proximal to the
loop results in markedly decreased activity in both PCR-based
homing (Figure 6B) and phage tropism switching assays (Figure 6C),
to levels similar to those observed with the StMut allele in which the
stem is completely abolished (Figure 2A). Insertion of 2 bp next to
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required for DGR mutagenic homing. PCR-based DGR homing assays are shown on the left, with primers used to detect homing products shown on
the right. Sequence analysis of homing products demonstrated TG2 transfer from TR to VR with WT (data not shown) and StRev recipients (Figure S3).
Adenine mutagenesis was observed in 7/12 of WT and 8/15 of StRev homing products amplified with primers P1 and P4, and 6/10 of WT and 5/20 of
StRev homing products amplified with P2 and P3 (data not shown and Figure S3). (C) The hairpin/cruciform structure downstream of VR is required
for phage tropism switching. The graph shows phage tropism switching frequencies (TSF) for BPP-1AATR with WT or mutant hairpin/cruciform
structures. The bars represent mean TSF *+ standard deviations (s.d.). P values comparing mutants to WT in Student’s t tests are indicated with

asterisks. *P<<0.02.
doi:10.1371/journal.pgen.1002414.g002

the loop had little effect on activity, while longer insertions gradually
decreased target site function. Keeping the length of the stem
constant, a sequence change in the middle of the stem that converts
4 GC base pairs to AT base pairs (StAT, Figure 6A) greatly reduced,
but did not eliminate function. We next tested the effects of altering
the sequence and size of the loop using the mutant constructs shown
in Figure 7A. Substituting CT'TT for the consensus loop sequence
GAAA, or increasing the size of the loop by as little as 2 nt,
decreased activity in PCR-homing (Figure 7B) and tropism
switching assays (Figure 7C) to near background levels. Based on
these experiments, it appears that an 8-10 bp GC-rich stem is
optimal for BPP-1 DGR homing, and that both the size and
sequence of the 4 bp loop are critical for function. Our results
correlate with the patterns of conservation shown in Figure 5.
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Shifting the position of the hairpin/cruciform element
alters the efficiency of target site recognition but not the
site of 3" cDNA integration

In the experiments in Figure 8, we tested the effects of altering
the position of the hairpin/cruciform with respect to the 3’
boundary of VR and probed sequence requirements for the
intervening region. SpM4 (Figure 8A), in which the 4 residues in
the spacer were switched to the complementary nucleotides,
retained WT activity (Figure 8B). In contrast, deletion of the
spacer (SpD4) resulted in a significant decrease in target function.
The SpM4 and SpD4 mutations eliminate the m/d stop codon and
generate non-infective phages, obviating the ability to measure
tropism switching. Nonetheless, their relative levels of activity were
readily apparent in PCR-homing assays. Expansion of the spacer
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was tolerated to a greater extent than deletion. SpI3, which has a
3 bp insertion in the spacer (Figure 8A), showed no significant
defect in PCR-homing or phage tropism switching assays
(Figure 8B and 8C), but longer insertions gradually decreased
target site function.

The Spl6 insertion, which increases the distance between the
hairpin/cruciform structure and the 3’ end of VR by 6 bp, retains
a measurable level of activity. We took advantage of this and used
a marker coconversion assay (Figure S8; [4]) to determine the
relationship between the position of the hairpin/cruciform
structure and the site at which information transfer initiates. As
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summarized in Figure 8D, our coconversion assay measured
transfer of nucleotide polymorphisms from tagged TR donors to a
recipient VR carrying the Spl6 mutation using PCR-based
homing assays (data not shown). With the WT recipient, a
coconversion boundary occurs between positions 107 and 112,
and this was interpreted as representing the site at which TR-
derived cDNA synthesis initiates [4]. As shown in Figure 8D, the
coconversion boundary remains essentially unchanged in the SpI6
mutant. Although the position of the hairpin structure affects the
efficiency of DGR homing, it does not determine the site at which
c¢DNA is integrated at the 3" end of VR.
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Engineering the BPP-1 DGR to target a heterologous

gene

To determine if the results presented here complete our
understanding of DGR-encoded requirements for retrohoming
to a target gene, we applied them as engineering principles in an
attempt to construct a functional, synthetic, TR/VR system. For a
DNA sequence to serve as a recipient VR, three conditions must
be met. First, it must be adjacent to an IMH region with functional
(GC)y4 and 21 bp elements at its 3" end [1,4]. Second, the IMH
region must be followed by inverted repeats capable of forming a
hairpin/cruciform structure of appropriate size, composition and
distance from IMH. And finally, sufficient VR/TR sequence
homology must be provided to allow efficient upstream (5") cDNA
integration. In recent studies we have shown that although short
stretches of nucleotide identity (=8 bp) between the TR-derived
c¢DNA and VR target sequences are suflicient to complete the
homing reaction, homing efficiency is increased with longer
(=19 bp) stretches of homology [4]. With these parameters in
mind, we tested our ability to engineer the BPP-1 DGR to target a
heterologous reporter gene (aph3’la; [15]) which provides facile
detection of targeting events by antibiotic selection.

The recipient VR-Kan® cassette shown in Figure 9A contains an
aph3' Ia kanamycin resistance (Kan") allele with a 3 deletion that
renders it nonfunctional by removing coding sequences for 6
essential C-terminal residues. The truncated gene was placed
immediately upstream of IMH, followed by the hairpin/
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cruciform-forming inverted repeats from the BPP-1 DGR.
Transcription is directed by the native aph3’la promoter. The
donor plasmid expresses avd, brt, and one of two engineered TRs
(TR-Kml, TR-Km2) from the Py, promoter. Both TRs contain
the intact 3" end of the aph3'la open reading frame, followed by
two consecutive stop codons and sequences 97-134 from the 3’
end of the BPP-1 TR. For TR-Km2, the aph3'la fragment is also
flanked, at its 5" end, by the first 22 residues of the BPP-1 TR.
DGR-mediated retrotransposition from the donor TR constructs
to the VR-Kan® recipient should regenerate a full-length aph3’la
gene conferring Kan”.

We first tested whether targeting can occur in the context of a
replicating phage. BPP-1AATR*Kan® carries the VR-Kan® cassette
inserted between attl and bbpl on the left arm of the prophage
genome [16], along with a deletion of avd, TR and b7t and a series
of synonymous substitutions in IMH to inactivate the mid VR
(Figure 7A). B. bronchiseptica RB50 carrying the TR-Km1 or -Km2
donor plasmid, or derivatives with a null mutation in brt, were
infected with BPP-1AATR*Kan® and targeting efficiencies were
determined by infecting RB50 with progeny phages and
measuring relative numbers of Kan® lysogens. Kan® lysogens
were readily detected when targeting occurred from Brt+ TR
donors, but not Brt— donors (Figure 9B), and sequence analysis
showed that Kan® resulted from the regeneration of full-length
aph3'la alleles which often contained mutations at positions
corresponding to adenines in donor TRs (Figures S9 and S10).
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doi:10.1371/journal.pgen.1002414.g005

It is interesting to note that the TR-Km1 donor was significantly
more efficient than TR-Km?2. This suggests that the majority of
c¢DNAs are extended to the 5" termini of these short synthetic TRs,
and target (VR) homology to the extreme 3’ ends of the extension
products may be advantageous for cDNA integration.

We also tested the ability to target the VR-Kan® cassette when
present on a resident prophage in the bacterial chromosome or on
a plasmid. In the experiment in Figure 9C, RB50/BPP-
IAATR*Kan® lysogens were transformed with donor plasmids
under conditions that suppress Pg,, promoter activity. Following a
6 hr pulse of Pg,, induction, cells were plated under promoter-
suppressing conditions on media with or without kanamycin. In
Figure 9D, a similar protocol was used to target a VR-Kan® cassette
carried on a medium copy number plasmid in RB50 cells
containing a TR donor plasmid, but no other phage sequences. In
both experiments, Kan® colonies were readily detected when
targeting occurred from Brt+, but not Brt— TR donors, and
sequence analysis showed characteristic patterns of adenine
mutagenesis (Figures S11, S12, S13, S14). Taken together, our
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results demonstrate the ability to engineer a VR/TR system that
targets a heterologous reporter gene on a phage, plasmid or
bacterial genome. The data in Figure 9D show that no BPP-1
phage products, other than those encoded in the DGR, are
required for mutagenic retrohoming.

Discussion

Understanding DGR target site recognition requires a precise
definition of cis-acting sequences important for retrohoming. Our
analysis of the boundaries of the BPP-1 DGR target showed that
sequences upstream of VR are dispensable, as predicted by
previous results [4]. More importantly, we show that homing is
facilitated by an element downstream of VR, beyond the point at
which TR/VR homology ends. Sequence analysis, mutagenesis,
and structure-specific nuclease assays demonstrated that GC-rich
inverted repeats directly following VR form a hairpin/cruciform
structure that plays a critical role in retrohoming. Highly similar
elements are present in analogous locations in many phage- or
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doi:10.1371/journal.pgen.1002414.g006

prophage-related DGRs (Figure 5), and hairpin/cruciform
structures are predicted for the majority of DGRs that naturally
reside on bacterial chromosomes and plasmids as well [Gingery et
al., unpublished data]. We propose that DNA hairpin formation
near the 3’ end of VR is a conserved requirement for DGR-
mediated retrohoming.

For the BPP-1 DGR target, the 8 bp stem appears to function as
a structure that is dependent on nucleotide composition but not
sequence. In contrast, the loop of the hairpin/cruciform structure
is constrained in size and sequence and conforms to the consensus,
5'-GRNA, derived from comparisons with other phage-related
DGRs. This suggests that loop sequence and size may be
important for stabilizing the hairpin/cruciform structure [17], or
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for creating a strand bias in DNA cleavage by a host-encoded
endonuclease. It is also possible that the loop is in direct physical
contact with a critical component, such as Brt, Avd, a TR-
containing RNA transcript, or other parts of the DGR target. By
testing the effects of length and sequence variations between the
hairpin/cruciform and VR, we found that distance is an important
parameter, although some flexibility exists. Extending the spacer
by 6 bp did not shift the marker coconversion boundary in the
(GC)4 region during DGR homing [4], showing that the position
of the hairpin/cruciform does not determine the site at which 3’
cDNA integration occurs.

DGRs are evolutionarily related to group I introns [1] and it
is interesting to note that a subset of these retroelements, the
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group IIC introns, also target motifs with stem-loop structures
[18-20]. In nature, group IIC introns are often found to be
located short distances downstream of sequences encoding
known or predicted factor-independent transcription termina-
tors, which are composed of GC-rich stems with loops of
varying sizes followed by poly-uridine stretches [18-20]. Using
an in vitro mobility assay, Robart et al. [19] have shown that
reconstituted ribonucleoprotein particles from the Bacillus
halodurans B.h.I1 group IIC intron recognize structures in
ssDNA  that correspond to RNA hairpins formed during
transcription termination. As observed with the BPP-1 DGR,
the B.hIl mobility reaction was highly dependent on stem
formation but not absolute sequence [19]. Stems shorter than

9 bp had significantly reduced activities in in vitro mobility
assays, a longer stem (14 bp) retained function, and the
efficiency of targeting correlated with GC  content and
predicted stem stability [19]. In contrast to our observations
with the BPP-1 DGR, alterations in loop sequence had little
effect on B.A.I1 mobility in vitro [19]. The adaptation of group
IIC introns to recognize and insert downstream of factor-
independent transcriptional terminators was proposed to
provide a selective advantage by limiting their expression,
avoiding the interruption of essential coding sequences, and
facilitating horizontal spread as intrinisic terminators are
common and conserved in bacteria [19]. For DGRs, we
speculate that the ability to target sequences upstream of
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Figure 8. The VR-hairpin/cruciform spacer affects target recognition efficiency but not 3' cDNA integration site. (A) Modifications
introduced in the spacer between VR and the hairpin/cruciform structure. SpD4, the 4 bp spacer was deleted; SpM4, residues of the 4 bp spacer were
switched to their complementary nucleotides; SplI3, Spl6 and Spl15 are spacer insertion mutants that retain the mtd stop codon for proper Mtd
production. Boxed TAG, mtd stop codon. (B) Effects of spacer modifications on DGR mutagenic homing. PCR-homing assays are shown along with
primers used. (C) Effects of spacer modifications on phage tropism switching. The bars represent mean TSF * s.d. P values comparing mutants to WT
in Student’s t test are indicated with asterisks. *P<<0.05. Tropism switching data are not available for constructs SpD4 and SpM4, as both
modifications eliminate the mtd stop codon and do not produce functional phage particles. (D) Summary of marker coconversion analysis with BPP-
TAATRSpl6. BPP-1AATRSpl6 phage particles were used for single-cycle lytic infection of RB50 cells transformed with marked donor plasmids. Progeny
phage DNAs were used for PCR-based DGR homing assays. PCR products were cloned and sequenced and marker coconversion data are summarized.
Nucleotide residues in the parental VR that correspond to the marked positions in TR are shown in the center. Numbers of progeny VRs with or
without transferred markers at designated sites are shown at the bottom. The deduced cDNA integration region at the 3’ end of VR is indicated by a

bracket.
doi:10.1371/journal.pgen.1002414.g008

terminator-like stem-loop structures may have played a role in
directing their sequence diversification capabilities to the 3’
coding regions of target genes.

The TPRT model for DGR homing postulates that cDNA
synthesis initiates with a nick or double-strand break in the IMH
(GC)y4 sequence, providing a primer for reverse transcription of a
TR-containing RNA transcript [4]. Analogous to target recogni-
tion by group IIC introns, the hairpin/cruciform structure may
serve as a recognition element for a retrohoming complex that
includes trans-acting DGR-encoded factors. A DNA endonuclease
that might be responsible for cleavage awaits identification, and
possibilities include Avd, Brt, a TR-derived catalytic RNA, or an
unidentified host factor. It is also possible that the DNA hairpin/
cruciform actively promotes single- or double-strand breaks. If
DNA repair synthesis extends to the (GC);4 region, the elongating
antisense strand could then be used for ¢cDNA priming. DNA
breaks at the hairpin/cruciform structure could be created by an
endonuclease that cleaves the single-stranded loop, or by a
structure-specific enzyme similar to T7 endonuclease I [21]. Since
DNA cruciforms are structurally similar to Holiday junctions,
host-encoded recombination proteins that function in resolving
recombination intermediates could be involved [22]. The cDNA
priming mechanism of the BPP-1 DGR appears to be different
from that of mobile group II introns that lack a DNA
endonuclease activity in their intron-encoded proteins [23-25].
Reverse transcription in retrohoming and ectopic transposition of
these elements is proposed to be primed by either the leading or
lagging strand during DNA replication, and strong strand-specific
biases are observed [23-25]. Our observation that the BPP-1
DGR target sequence is orientation-independent suggests that
DNA replication polarity does not play a significant role in cDNA
priming. Although our results to date are consistent with TPRT,
further studies are required to definitively characterize the
mechanism of ¢DNA initiation and integration at the 3" end of
VR and to determine the precise role of the hairpin/cruciform
structure in the retrohoming process.

The broad distribution of DGRs in nature attests to their utility,
and prospects for adapting these elements for protein engineering
applications are compelling. Our results demonstrate that the
region containing the (GC)4 and 21 bp sequences in IMH, and an
adjacent hairpin/cruciform, is sufficient to direct the DGR
mutagenic homing machinery to a heterologous target gene
through appropriate engineering of a cognate TR. Using similar
design principles we have successfully targeted a tetracycline
resistance determinant as well (HG and JFM, unpublished data).
For DGRs to be useful tools, it will be necessary to engineer their
activity to allow efficient and controlled diversification. Having
defined the DGR-encoded c¢is- and frans-acting factors required to
diversify heterologous sequences, efforts to optimize their activities
can now proceed in an informed and comprehensive way. It will
also be important to determine the effects of TR/VR size,
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composition, and position relative to ¢is-acting DGR elements, on
the efficiency of diversifying heterologous sequences. In prelimi-
nary experiments, insertions of moderate size (up to ~200 bp) at
position 84 in the BPP-1 TR (134 bp) are transferred to VR and
mutagenized at adenines, suggesting that sequences of >300 bp
could be diversified by an engineered system (LVT, HG and JFM,
unpublished data).

In addition to providing prodigious levels of diversity,
mutagenic homing is a regenerative process that allows DGRs to
operate through unlimited rounds to optimize variable protein
functions [4]. This may be particularly advantageous for directed
protein evolution since desired traits can be selected and
continuously evolved in iterative cycles, without the need for
library construction or other interventions, through a process that
takes place entirely within bacterial cells.

Materials and Methods

Bacterial strains and phages

B. bronchiseptica strains RB50, RB53Cm, RB54 and ML6401
have been described [16]. The BPP-1AATR lysogen was
constructed from ML6401, an RB50 strain lysogenized with
phage BPP-1, by deleting sequences from avd position 48 to
position 882 of brt. Target region deletions/insertions and hairpin/
cruciform modifications were introduced into the BPP-1AATR
lysogen through allelic exchange [1,4] and are diagramed in the
figures. The BPP-1AATR* lysogen contains multiple silent
mutations at both the 5" and 3’ ends of VR to inactivate it as a
DGR target. It was used as the parental strain to create the BPP-
1AATR*Kan® lysogen, in which the Kan® gene aph3'Ia has
sequences encoding the C-terminal 6 amino acid residues
truncated and is placed upstream of IMH and the hairpin/
cruciform structure as a reporter for heterologous gene targeting.
The aph3'Ia allele also contains an AAA to CGC substitution
resulting in K260R. The VR-Kar® reporter cassctte was inserted
between attL and bbpI of the phage genome. Phage BPP-1AATR
and its various derivatives were produced from the above lysogens.

Plasmid constructs

Plasmid pMX-ATR23-96 has TR positions 23-96 deleted and
replaced by a 30 bp PCR tag as in pMX-ATR23-84 [4]. Its RT-
deficient derivative contains the YMDD to SMAA mutation at Brt
positions 213-216 [3,4]. Plasmids pMX1 and pMX1SMAA were
used for phage tropism switching assays and have previously been
described [4].

pUC-StWT is a pUC18-based plasmid containing the WT BPP-
1 DGR target from position —6 upstream of VR to position +82
downstream of VR. pUC-StMut is its derivative with 7 residues in
the 3’ half of the stem, proximal to the loop, mutated to their
complementary nucleotides.
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Figure 9. The BPP-1 DGR can be engineered to target a kanamycin-resistance gene. (A) Donor and recipient constructs used for Kan® gene
targeting. The left panel shows two donor plasmids, pMX-Km1 and pMX-Km2, both with engineered TRs containing the last 36 bp of the Kan® ORF. The
Kan® reporter gene on recipient VRs has a truncation of the last 6 codons and is placed upstream of the IMH and hairpin/cruciform elements. The
recipient cassette was inserted between attL and bbp1 of phage BPP-1AATR* (Recipient Phage, middle) or in a pMMB208-derived plasmid (Recipient
Plasmid, left). (B) Engineered BPP-1 DGRs can target a Kan" reporter gene on a replicating phage. Targeting assays were carried out by phage BPP-
1AATR*Kan® lytic infection of RB50 cells carrying the indicated donor plasmids. Targeting efficiencies were determined as the relative numbers of Kan®
cells in lysogens generated with fresh RB50 cells and the progeny phages. The bars for Km1 and Km2 represent mean =+ s.d. *P<<0.01 in a Student’s t test.
(C) Engineered BPP-1 DGRs can target a Kan” reporter gene on a prophage in the bacterial chromosome. BPP-1AATR*Kan® lysogens transformed with
indicated donor plasmids were used for targeting assays. Resulting cells were directly plated on selective (+Kan) or non-selective plates to determine
relative numbers of Kan® cells. The bars represent mean * s.d. *P<<0.05 in a Student’s t test. (D) Engineered BPP-1 DGRs can target a Kan® reporter gene
on a plasmid. Following induction for donor plasmid expression and Kan® gene targeting, RB50 cells transformed with both donor and recipient
plasmids were plated on selective (+Kan) or non-selective plates to determine targeting efficiencies as in (C). The bars represent mean = s.d. *P<<0.002 in
a Student’s t test. "No Kan® colonies were observed for RT-deficient donors and the numbers represent limits of detection.
doi:10.1371/journal.pgen.1002414.g009
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Plasmids pMX-TRC85T, pMX-TRCIIT, pMX-TRC97T,
pMX-TRC100T, pMX-TRC105T, pMX-TRCI107T, pMX-
TRC109T, pMX-TRC112T, pMX-TRC115T, pMX-TRC120T
and pMX-TRCI125T have been previously described [4].

Plasmids pMX-Km1 and pMX-Km2 were constructed from
PMX-ATR23-96 for Kan" gene targeting, both containing the last
36 bp of aph3'Ia. The 36 bp sequence and its following two stop
codons replace TR positions 1-96 in pMX-Km1 and TR positions
23-96 in pMX-Km?2.

Plasmid pHGT-Kaz® contains the VR-Kan® cassette described
above and was used as the recipient plasmid for Kan® targeting.
The plasmid also carries a tetracycline resistance gene.

Phage production for DGR homing and tropism
switching assays

Phage production for DGR functional assays was carried out by
either single-cycle lytic infection or mitomycin C induction from
lysogens as previously described [4], except for minor modifica-
tions as noted. For single-cycle lytic infection, B. bronchiseptica RB50
cells transformed with appropriate donor plasmids were grown
overnight at 37°C in Luria-Bertani (LB) media containing 25 ug/
ml of chloramphenicol (Cam), 20 pg/ml streptomycin (Str), and
10 mM nicotinic acid to modulate to the Bvg™ phase and prevent
transcription from the Py,, promoter. An amount of cells equal to
1 ml of culture (ODgyy=1.0) was pelleted, rinsed, and resus-
pended in 2.5 ml Stainer Scholte (SS) medium [26] containing
25 pg/ml Cam and 20 pg/ml Str (SS+Cam+Str). Cultures were
grown for 3 hr at 37°C to modulate bacteria to the Bvg™ phase
and activate Pg,, promoter expression. An aliquot of 500 ul from
each culture was used for ODgog measurement and cell number
calculation. Phage particles were added to the rest of the culture at
a multiplicity of infection of ~2.0. Following 1 hr incubation at
37°C for phage absorption, infected cells were pelleted and
resuspended in 1 ml of fresh, prewarmed SS+Cam+Str media and
incubated at 37°C for 3 hr post phage addition to allow
completion of a single cycle of phage development. Progeny
phages were harvested following chloroform extraction.

For phage production from lysogens, RB50 derivatives carrying
appropriate prophages and donor plasmids were grown and
modulated to the Bvg" phase as in single-cycle lytic infections.
Phage production was induced with 0.2 pg/ml mitomycin C for
3 hr at 37°C. Progeny phages were harvested by chloroform
extraction.

BPP-1 phage tropism switching and PCR-based DGR
homing assays

Phage tropism switching and DGR homing assays have been
previously described [4].

Analysis of hairpin/cruciform formation in plasmid DNA
in vitro

Plasmids containing the WT BPP-1 DGR target and the StMut
mutation were isolated from E. coli DH50Apir cells using the
QIAprep Spin miniprep kit (Qiagen). Plasmids were linearized by
digestion with Bgll as indicated. To analyze hairpin/cruciform
structure formation in supercoiled or relaxed DNAs, 0.5 pg of
supercoiled or linearized plasmids were treated with 10 units of T'7
DNA endonuclease I (New England Biolabs, Ipswich, MA) for
40 minutes as in Miller e/ al. [11]. The reactions were terminated
by phenol-chloroform-isoamyl alcohol (25:24:1) extraction and
DNAs were precipitated with ethanol. T7 DNA endonuclease I
cleavage sites were determined by primer extension with 5'-end
#2P_Jabeled primers using Vent (exo-) DNA polymerase (New
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England Biolabs, Ipswich, MA) as in Miller et al. [11], except that
5% DMSO was added for GC-rich templates. Primer extension
products were resolved on 6% polyacrylamide/8 M urea gels,
alongside Sanger sequencing ladders generated with the same
labeled primers and a plasmid template containing the WT target.

Targeting of a Kan® gene by engineered BPP-1 phage
DGRs

To target the Kan® gene on a replicating phage, BPP-
1AATR*Kan® phage particles were used for single-cycle lytic
infection of RB50 cells transformed with appropriate donor
plasmids, similar to phage production by single-cycle lytic infection
described above. Progeny phages were titered and ~10"" pfu of
different phages were added to 25 ml RB50 cells (ODggp = 1.2) in
SS+Str media for 8.0 hr to reestablish lysogens. Cells were pelleted
and resuspended in 5 ml LB and serial dilutions were plated on
LB+NA+Str and LB+NA+St+Kan (50 pg/ml) to determine Kan®
gene targeting frequencies. Lysogen reestablishment efficiencies
ranged from 60% to 100% based on PCR analysis of 10 colonies
cach picked on LB+NA+Str plates using phage specific primers.
Kan®® targeting efficiency for each donor plasmid was determined
as the ratio of colony forming units (cfu) on LB+NA+Str+Kan
plates to those on LB+NA+Str, calibrated with the lysogen
reestablishment efficiency for that sample.

To target the Kan® gene on a prophage in the bacterial
chromosome, RB50 cells lysogenized with phage BPP-1AATR*-
Kan® were transformed with appropriate donor plasmids. Starting
cultures were grown overnight in LB+NA+Str+Cam as described
above. An amount of cells equal to 1 ml of culture (ODggo = 1.0)
was pelleted, rinsed, and resuspended in 2.5 ml SS+Cam+Str and
grown at 37°C for 6 hours. Serial dilutions were plated on
LB+NA+Str and LB+NA+Str+Kan (50 ug/ml) to determine Kan®
gene targeting frequencies. Kan® targeting efficiencies were
determined as relative numbers of Kar® cells as above. To target
the Kan® gene on a plasmid, the recipient plasmid pHGT-Kan® and
appropriate donors were transformed into RB50 cells and
analyzed similarly. Tetracycline was added to 5.0 ug/ml for
recipient plasmid maintenance.

Supporting Information

Figure S1 Alignment of BPP-1 DGR target deletion constructs
showing deletion boundary sequences. (A) Alignment of 5’
deletion constructs (Figure 1C) with the corresponding region of
the WT sequence. The WT sequence extends from position —10
upstream of VR to VR position 134 (last nucleotide). The 5’ end
of VR and the (GC);4 element for the WT sequence are marked.
Sequences that replace the VR deletions in 5'A133 and 5'A153
are underlined in blue. The “inserted” sequences are significantly
different from the original ones, although 5'A133 regains a C
residue at position —1. (B) Alignment of 3’ deletion constructs
(Figure 1C) with the corresponding region of the WT sequence.
The WT sequence extends from the 5" end of VR to the second
codon of avd. The (GC),4 element and the potential hairpin region
for the WT sequence are marked. Sequences that replace the
deletions in 3'A47, 3'A68, 3'A82 and 3'A103 are underlined in
blue. The “inserted” sequences are significantly different from the
original ones. Sequences downstream of the potential hairpin
structure in 3'A54 and 3'A58 are shown in Figure 1C and are not
aligned here.

(PDF)

Figure $2 Alignment of homing products of recipient 5'A153
demonstrates cryptic 5’ ¢cDNA integration and adenine mutagen-
esis. (A) PCR detection strategy for homing products of recipient



5'A153 and regions of the products aligned in (B) and (C). Primer
annealing sites are indicated as small horizontal arrows. (B)
Alignment of the homing products of recipient 5'A153 from VR
position 21 to the end of the TG2 tag shows cryptic cDNA
integration sites and adenine mutagenesis. The recipient has a 5
deletion that includes the first 20 bp of VR. Cryptic integration
sites are highlighted in pink. (C) Alignment of the transferred TG2
tag and its downstream VR sequence with the corresponding
regions of the predicted homing product lacking adenine
mutagenesis (TG2VR).

(PDF)

Figure 83 Analysis of homing products of recipient StRev. (A)
PCR detection strategy for homing products of recipient StRev
and regions of the products aligned in (B) and (C). Primer
annealing sites are indicated as small horizontal arrows. (B)
Alignment of the homing products of recipient StRev from the
first position of VR to the end of the TG2 tag with the
corresponding region of the predicted homing product lacking
adenine mutagenesis (VR5'end). Adenine mutagenesis is ob-
served in 8/15 cloned homing products. (C) Alignment of homing
products of recipient StRev from the beginning of TG2 to the
start codon of avd with the corresponding regions of the predicted
WT homing product lacking adenine mutagenesis (wtHP3'end).
The hairpin region is underlined in red to show complementary
changes. Adenine mutagenesis is observed in 5/20 cloned homing
products.

(PDF)

Figure 84 Sequence analysis of tropism switching products of
phage BPP-1AATR with  WT hairpin/cruciform structures.
Sequences from the beginning of VR to the start codon of avd of
five progeny phages with switched tropisms were aligned with the
corresponding region of the predicted WT homing product
lacking adenine mutagenesis (TR99VR). The hairpin region is
underlined in red and adenine mutagenesis is observed in all five
progeny phages with switched tropisms.

(PDF)

Figure S5 Scquence analysis of tropism switching products of
phage BPP-1AATR StMut. Sequences from the beginning of VR
to the start codon of avd of five tropism-switched progeny phages of
recipient StMut were aligned with the corresponding region of the
predicted WT homing product lacking adenine mutagenesis
(TR99VR). The hairpin region is underlined in red to show
disruption of the structure. Adenine mutagenesis is observed in all
five phage tropism switching products.

(PDE)

Figure 86 Secquence analysis of tropism switching products of
phage BPP-1AATR StRev. Sequences from the beginning of VR
to the start codon of avd of five tropism-switched progeny phages of
recipient StRev were aligned with the corresponding region of the
predicted WT homing product lacking adenine mutagenesis
(TR99VR). The hairpin region is underlined in red to show
complementary changes. Adenine mutagenesis is observed in all
five phage tropism switching products.

(PDF)

Figure 87 Analysis of homing products of recipient VRInv. (A)
PCR detection strategy for homing products of recipient VRInv
and regions of the products aligned in (B) and (C). Primer
annealing sites are indicated as small horizontal arrows. (B)
Alignment of homing products of recipient VRInv from the 5’ end
of VR to the end of the TG2 tag with the corresponding region of
the predicted homing product lacking adenine mutagenesis
(VR5’end). Adenine mutagenesis is observed in 5/10 cloned
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homing products. (C) Alignment of homing products of recipient
VRInv from the beginning of TG2 to the end of VR with the
corresponding region of the predicted WT homing product
lacking adenine mutagenesis (VR3’end). Adenine mutagenesis is
observed in 2/9 cloned homing products.

(PDF)

Figure 88 Outline of marker coconversion assay with recipient
phage BPP-1AATRSpI6. (A) PCR-based DGR homing assays with
marked donor plasmids. Markers were introduced into plasmid
pMX-TGI1cAA [4]. The TR contains a 36 bp insert (TGl) at
position 84. Grey and pink arrows represent TR and progeny
VRs, respectively. Small horizontal arrows indicate primers used
for homing assays: P7 and P8 are sense- and antisense-strand
primers annealing upstream and downstream of VR, respectively;
P9 and P10 (Table 1) are sense- and antisense-strand primers,
respectively, that anneal to TG1. Cam®, chloramphenicol resis-
tance gene. (B) Schematic of coconversion experiments to
determine 3’ marker transfer boundaries. Single C to T markers
downstream of the TGI tag in donor TRs are indicated and the
constructs have been previously described [4]. Markers (red T
residues) are transferred to VR only if they are located between the
TR positions corresponding to 3" and 5" ¢cDNA integration sites in
VR.

(PDF)

Figure $9 Sequence analysis of replicating phage Kan® targeting
products with the pMX-Kml donor. Sequences from the
beginning of VR-Kan® to the end of the hairpin structure were
aligned with the corresponding region of the predicted Kan®
targeting product lacking adenine mutagenesis (KmHP). The
targeting assay was carried out with BPP-1AATR*Kan® single-cycle
Iytic infection of RB50 cells transformed with donor plasmid
pMX-Kml. Progeny phages were used to generate lysogens in
RB50 cells, which were analyzed on plates with and without
kanamycin to determine the efficiency of Kan® targeting. Kan®
clones were sequenced to verify regeneration of full-length Kan®
genes. Adenine mutagenesis is observed in 7/10 clones.

(PDF)

Figure S10 Sequence analysis of replicating phage Kan®
targeting products with the pMX-Km2 donor. Sequences from
the beginning of VR-Kaz" to the end of the hairpin structure were
aligned with the corresponding region of the predicted Kan®
targeting product lacking adenine mutagenesis (KmHP). The
targeting assay was carried out with BPP-1AATR*Kan® single-cycle
Iytic infection of RB50 cells transformed with donor plasmid
pMX-Km2. RB50 cells were lysogenized with progeny phages and
subsequently analyzed on plates with and without kanamycin to
determine the efficiency of Kan® targeting. Kan® clones were
sequenced to verify regeneration of full-length Kan® genes.
Adenine mutagenesis is observed in 7/11 clones.

(PDE)

Figure S11 Scquence analysis of prophage Kan™ targeting
products with the pMX-Kml donor. Sequences from the
beginning of VR-Kan® to the end of the hairpin structure were
aligned with the corresponding region of the predicted Kan®
retargeting product lacking adenine mutagenesis (KmHP). The
targeting assay was carried out in BPP-1AATR*Kan® lysogen cells
transformed with donor plasmid pMX-Kml. Resulting cells were
analyzed on plates with and without kanamycin to determine the
efficiency of Kar" targeting. Kan® clones were then sequenced to
verify regeneration of full-length Kaz® genes. Adenine mutagenesis
is observed in 13/16 clones.

(PDF)



Figure S12 Sequence analysis of prophage Kan® targeting
products with the pMX-Km2 donor. Sequences from the
beginning of VR-Kaz® to the end of the hairpin structure were
aligned with the corresponding region of the predicted Kan®
retargeting product lacking adenine mutagenesis (KmHP). The
targeting assay was carried out in BPP-1AATR*Kan® lysogen cells
transformed with donor plasmid pMX-Km2. Resulting cells were
plated on plates with and without kanamycin to determine the
efficiency of Kan® targeting. Kan® clones were sequenced to
confirm regencration of full-length Kan® genes. Adenine muta-
genesis is observed in 13/16 clones.

(PDF)

Figure S13 Secquence analysis of plasmid Kan® targeting
products with the pMX-Kml donor. Sequences from the
beginning of VR-Kan® to the end of the hairpin structure were
aligned with the corresponding region of the predicted Kan®
targeting product lacking adenine mutagenesis (KmHP).
Targeting assay was carried out in RB50 cells transformed
with both recipient plasmid pHGT-Kan® and donor plasmid
pMX-Kml. Resulting cells were analyzed on plates with and
without kanamycin to determine the efficiency of Kan®
targeting. Kan® clones were sequenced to verify regeneration
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targeting assay was carried out in RB50 cells transformed with
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Figure S2
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TCTGCGTTTGTGTTCCTGTGCTAAGCTT 88
TCTGCGTTTGTGTTCCTGTGCTAAGCTT 88
TCTGCGTTTGTGTTCCTGTGCTAAGCTT 88

kkhkk kkhkkkkkkkkhkkkkkkkkkkkkkkk*k
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60
60
60
60
60
60

GCGCCTGGAACGGCACGTCGCTCTCGGGTTCTCGCGCTGCGCTCTGTCTGCGTTTGTGTT
44—

Parental VR-derived TR-derived
CCTGTGCTAAGCTT 74

GCGCCTGGAACGGCACGTCGCTCTCGGGTTCTCGCGCTTCGGCGGCGGTTCTGTCTGCGT

Parental VR-derived TR-derived «—
TTGTGTTCCTGTGCTAAGCTT 81
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TG2VR

B9
C9
D9
E9
F9
G9
H9

TG2VR
A9
B9
C9
D9
E9
F9
G9
H9

—-==AGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCGACCCATCGGGGCGCGCGGCGTCTGTGGC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCTTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGTTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCGTCGGGGCGCGCGGCGTCTGTGAC

khhkhkhkhkhhhhhdhhhdhkhhdhhdhrdk
>

P3

CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG
CACCTGATTCTTG

khkhkhkhkkhkhkkkk*k
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Figure S3

A TG2
Homing Products 1P3__>>_
: -«— B
] P4 pp
PCR Product
with P1/P4 —
N __ PCR Product
Aligned in B T with P3/P2
Aligned in C

B
VR5’end  CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-01 CGCTGCTGCGCTATTCGGCGGCGTTTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-02 CGCTGCTGCGCTATTCGGCGGCAGGTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-03 CGCTGCTGCGCTATTCGGCGGCGGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-04 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-05 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-06 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-07 CGCTGCTGCGCTATTCGGCGGCGGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'-08 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5’_09 CGCTGCTGCGCTATTCGGCGGCGGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5’_10 CGCTGCTGCGCTATTCGGCGGCAGGTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5’_11 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5’_12 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'_13 CGCTGCTGCGCTATTCGGCGGCAGCTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5'_14 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
R2HP5’_15 CGCTGCTGCGCTATTCGGCGGCAGTTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT

Rk Rk Rk Sk Sk Sk Sk Sk ok Sk Sk Sk S Ik Ok ok ok khhkkkhhkhhRhhkkhhkkhkhkhkhkkkkhkhkkhkhkkhkkkkk*k
<
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C

wtHP3’End
R2HP3’_01
R2HP3’_02
R2HP3’ 03
R2HP3'_04
R2HP3'_ 05
R2HP3’ 06
R2HP3' 07
R2HP3’_08
R2HP3’ 09
R2HP3'_10
R2HP3'_11
R2HP3'_12
R2HP3’ 13
R2HP3'_14
R2HP3'_15
R2HP3' 16
R2HP3' 17
R2HP3'_18
R2HP3'_19
R2HP3’ 20
wtHP3’End
R2HP3’ 01
R2HP3'_02
R2HP3'_03
R2HP3'_04
R2HP3'_05
R2HP3'_06
R2HP3'_07
R2HP3’ 08
R2HP3' 09
R2HP3'_10
R2HP3' 11
R2HP3' 12
R2HP3'_13
R2HP3'_14
R2HP3'_15
R2HP3' 16
R2HP3'_17
R2HP3’ 18
R2HP3’ 19
R2HP3'_20

TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTTCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCTTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCTTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTGTCCGTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTGTCCGTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCGTGCCATCGGGGCGCGCGGCGTCTGTGAC
***********************t *kkk )k *k KhkhkhkhkkhkFdhkhkdkhkhkddkhkdkhkhkhkhhk
P3 g G/C
CACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCCGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111
CACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 111

*kkk k*khkkkhkhhkhkkkkkkhk * k k% kkkkkkhkkhkkkhkhhhhkk*x

Hairpin
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Figure S4

TRI99VR
wtTSP1
wtTSP2
wtTSP3
wtTSP4
wtTSP5

TR99VR
wtTSP1
wtTSP2
wtTSP3
wtTSP4
wtTSP5

TR99VR
wtTSP1
wtTSP2
wtTSP3
wtTSP4
wtTSP5

CGCTGCTGCGCTATTCGGCGGCAACTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGAGCTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAGCAACACGTCGTACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTGTTCGGCGGCTCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC

kkkkhkkhkkkhkkkhkhkhkh khkhkhkhkhkkk*x khkkkk kkkkhkkkhkk*k kkkkhkhkkhkhkhkhkhkhkhkkkkkkx

VR

GAACTGGAACAACGGGCCGTCGAACTCGAACGCGAACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGCACAGCGGGCCGTCGTACTCGTTCGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCTACGGGCCGTCGCTCTCGCTCGCGTTCATCGGGGCGCGCGGCGTCTGTGA
GTACTGGTACAACGGGCCGTCGAACTCGGCCGCGTACTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCGCCGGGCCGTCGTTCTCGTTCGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAACTACGGGCCGTCGTACTCGAACGCGTACATCGGGGCGCGCGGCGTCTGTGA

*x kkkk*k * *kkkkkkkk* * %k Kk k * % k% *k kkkkkkkkhkkhkkkhkkkkhkkhkkkkkkk

VR

CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172

kkhkkkhkkkkhkhkkhkkhkkhhkkkkhkkkkkhkkhkkhkhkkhkkhkkkhkkhkkkhkkhkxk,kkk*x%
VR WT Hairpin
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Figure S5

TRI99VR
MutTSP6
MutTSP7
MutTSP8
MutTSP9
MutTSP10

TRIIVR
MutTSP6
MutTSP7
MutTSP8
MutTSP9
MutTSP10

TR99VR
MutTSP6
MutTSP7
MutTSP8
MutTSP9
MutTSP10

CGCTGCTGCGCTATTCGGCGGCAACTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCAGCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAGCAACTCGTCGGCCTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCAGCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGTCCTCGGGTTCTCGCGCTGC

khhkkkkhkkhhkkhhkhkkkhhkhkxkdk kkkkk kkkk kkkkk kkkkhkkhkkhkkkhkhkhkkkkhkhkkx

VR

GAACTGGAACAACGGGCCGTCGAACTCGAACGCGAACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGTACTACGGGCCGTCGTACTCGAGCGCGTACCTCGGGGCGCGCGGCGTCTGTGA
GTACTGGGACTACGGGCCGTCGACCTCGTGCGCGTACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCTACGGGCCGTCGAGCTCGGGCGCGTACTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCAGCGGGCCGTCGAACTCGTTCGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GGCCTGGAGCTACGGGCCGTCGGGCTCGGGCGCGTTCATCGGGGCGCGCGGCGTCTGTGA

* * % k% * *kkkhkkkkkk*k * kk k * k% k k *k kkhkkkhkkkkkkkhkhkkhkhkkhkkkkkkkk*k

VR

CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGCGGGGCCGAAACCGGGGCCCAAGGCAACCGATG 172

khkkkhkhkkhkkhkkhhkkhhkhkhkhhkdhhkhkhkhkkhkhhkkikkkkhx*x kkhkkkkhkkhkkkkhkkkkhkkk*k
VR Hairpin Region
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Figure S6

TR99VR

RevTSP1l1
RevTSP12
RevTSP13
RevTSP1l4
RevTSP15

TRI99VR

RevTSP1l1
RevTSP12
RevTSP13
RevTSP1l4
RevTSP15

TR99VR

RevTSP11
RevTSP12
RevTSP13
RevTSP1l4
RevTSP15

CGCTGCTGCGCTATTCGGCGGCAACTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGGCCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGTACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAGCAACACGTCGAGCTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGCTCCTCACGTCGTTCTCGGGTTCTCGCGCTGC

khkkhkhkhkhkkkkkhkhkhhhkhhkkkkk*k *kkk * kkkkkk*k kkhkkkkhhkkhhhkkkkkhkhkhkk*x

VR

GAACTGGAACAACGGGCCGTCGAACTCGAACGCGAACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCTACGGGCCGTCGTCCTCGTACGCGTACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAACAACGGGCCGTCGTTCTCGTTCGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGGGCCTCGGGCCGTCGAACTCGTACGCGTACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCTACGGGCCGTCGGCCTCGAACGCGTACCTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCTACGGGCCGTCGAACTCGCACGCGTACATCGGGGCGCGCGGCGTCTGTGA

* kkkk* * kkhkkkhkkkkkk *k kK *kk*k * khkhkkkhkkkkkkkhkhkhkhhhkhkhkkkhkk

VR

CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 172
CCACCTGATTCTTGAGTAGGCCCCGGGAAACCGGGGCCCAAGGCAACCGATG 172

kkhkkhkkhkkkhkkkkkkkhhhhhkkx *kk* kkhkkhkhkkhkhkkkkkkkhkhkk*k

VR Hairpin StemRev
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Figure S7

A TG2
, P/ P3—
Homing Products ——
. TPapg
PCR Product
with P1/P4 — c
. . _  PCRProduct
Aligned in B T with P3/P2
Aligned in C
B
VR5’end CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT

Inv5’'HP01 CGCTGCTGCGCGTTTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5’'HP02 CGCTGCTGCGCTATTCGGCGGCGGCTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5'HP03 CGCTGCTGCGCTATTCGGCGGCTGCTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5'HP04 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5’'HP05 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5’'HP06 CGCTGCTGCGCGATTCGGCGGCAGATCCGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5'HP07 CGCTGCTGCGCTATTCGGCGGCGGGTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5’'HP08 CGCTGCTGCGCGATTCGGCGGCAGTTCTGTCTGCGTTTGT-TTCCTGTGCTAAGCTT
Inv5'HP09 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
Inv5’'HP10 CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT

*kkhkkkhkikkhkkhkkhkk*x *kkhkkkkkkk*x * %% *****i****** hkhkkhkkhhkhkkhkhkhdhhrhhhk*k

b P4

Cc

VR3’end TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3'HPOl TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HP02 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HP03 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCCTCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HP04 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HPO5 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HP06 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HPO07 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCTTCGGGGCGCGCGGCGTCTGTGAC

Inv3’'HP0O8 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC

Inv3’HP09 TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCAGCGGGGCGCGCGGCGTCTGTGAC
***********************i************ EEEEEEEEE R EEEEEE RS EE ST

P3 g G/C

VR3’end CACCTGATTCTTG 73

Inv3’'HPOl CACCTGATTCTTG 73

Inv3’'HP02 CACCTGATTCTTG 73

Inv3’'HP03 CACCTGATTCTTG 73

Inv3’'HP0O4 CACCTGATTCTTG 73

Inv3’HPO5 CACCTGATTCTTG 73

Inv3’'HP06 CACCTGATTCTTG 73

Inv3'HPO7 CACCTGATTCTTG 73

Inv3’HPO8 CACCTGATTCTTG 73

Inv3’'HP09 CACCTGATTCTTG 73

*khkkkhhkkkhkkhkhhkk*k

50



Figure S8
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Figure S9

KmHP

RP1-01
RP1-02
RP1-03
RP1-04
RP1-05
RP1-06
RP1-07
RP1-08
RP1-09
RP1-10

KmHP

RP1-01
RP1-02
RP1-03
RP1-04
RP1-05
RP1-06
RP1-07
RP1-08
RP1-09
RP1-10

CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTCCATTTGATGCTCGATGAGTTTTTCTAATAAGCTGGCCGTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGGTGCTCGATGAGTTTTTCTAGTAAGCTCGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAGGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAATAAGCTAGCCGTCGGGGCGCG

kkkkkkkhkkkk *kkhkkkkk *kkkkkkkkkkkkkkkkkkk **k **kk **k*k *kkkkkkkk*x

Regenerated Kan® 3’ end GC

CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110

R IR R Rk Sk S SR Sk Sk Sk R R R Sk Rk R R R R R R R A R R R R R R A

WT Hairpin

52



Figure S10

KmHP

RP2-01
RP2-02
RP2-03
RP2-04
RP2-05
RP2-06
RP2-07
RP2-08
RP2-09
RP2-10
RP2-11

KmHP

RP2-01
RP2-02
RP2-03
RP2-04
RP2-05
RP2-06
RP2-07
RP2-08
RP2-09
RP2-10
RP2-11

CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCTTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGGTGCTCGATGAGTTTTTCTAATAAGCTAGGCCTCGGGGCGCG
CGCTTGCAGTTTCATTTGCTGCTCGATGAGTTTTTCTAATGGGCTGGCCGTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGCTTTTCTAGTAAGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG

kkkkkkkkkkkkkkkkkk *kkkkkkkkkkk *kkkkkk*k * k% * *x *kkkkkkkkk

Regenerated Kan® 3’ end GC

CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
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Figure S11

KmHP

LY1-01
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LY1l-10
Lyl-11
Lyl-12
LYl-13
LYl-14
LY1-15
LYl-16

KmHP

LY1-01
LY1-02
LY1-03
LY1-04
LY1-05
LY1-06
LY1-07
LY1-08
LY1-09
LYl-10
Lyl-11
Lyl-12
LYl1-13
Lyl-14
LY1-15
LYl-16

CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATGGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATAAGCTAGCCTTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAGTAAGCTAGCCCTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCGTCGGGGCGCG

khkkhkhkhkhkkkhkkdkhkkhdhdkd *khkhkkkdk *dkdkxdhkkkdkdkd * *khkkkhkhkk Fhkkkdkkkkhxx

Regenerated Kan® 3’ end GC

CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
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Figure S12

KmHP
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CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTGTCTAATAGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGCTGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTGGGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTGATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTAGCCCTCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG

khkkhkkkkkkkkhkhkhkkkkk, *kkkkk * )k, k*x ***% * kkk *kk khkhkkkkkkkk

Regenerated Kanf® 3’ end G/C

CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
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Figure S13
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PL1-07

CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGCTGAGTTTTTCTAGTTTGCTAGCCCTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGGTGCTCGATGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATCTGCTAGCCATCGGGGCGCG
CGCTTGCAGTTCCATTTGATGCTCGGTGAGTTTTTCTAATAAGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGTTGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG

khkhkkkhkhhhkk *khkkkkk *khkhkk*k *kkhkkhkkkkkikkikkx X khkk *kk khkhkkkkkkkk

Regenerated Kan® 3’ end
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCLCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCLCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCLCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCLCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC
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Figure S14

KmHP

PL2-01
PL2-02
PL2-03
PL2-04
PL2-05
PL2-06
PL2-07
PL2-08
PL2-09
PL2-10

KmHP

PL2-01
PL2-02
PL2-03
PL2-04
PL2-05
PL2-06
PL2-07
PL2-08
PL2-09
PL2-10

CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGGGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGTTGCTCGATGAGTTTTTCTAATAAGCTGGCCGTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTGATGGGCTGGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGGTGAGTTTTTCTAGTAAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATGAGCTAGCCATCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAGTAAGGTAGCCGTCGGGGCGCG
CGCTTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATAAGCTGGCCATCGGGGCGCG
khkhkhkkhhkkhkhkhkkhhkdhhkhkkhhkddx hhkkhkddkd hhkhkkdkddkhkk * * *k k*kk Fhkhkkkkhkkkkk
Regenerated Kan® 3’ end GC
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
CGGCGTCTGTGACCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGC 110
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CHAPTER 3. Cis-acting DNA Structural Elements Guide Targeted Mutagenesis by
Diversity Generating Retroelements
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ABSTRACT

Diversity-generating retroelements (DGRs) are a family of retroelements capable of
generating vast amounts of nucleotide variability within defined protein-encoding DNA
sequences. Diversification of target sequences is site specific and occurs through a
distinct reverse transcriptase-mediated process called mutagenic homing. DGRs are
widely distributed in nature and have been identified in plasmids, bacteriophage, and
bacterial and archaeal genomes. We have demonstrated that mutagenic homing
requires both specific sequence and structural elements, including target recognition
sequences that include a DNA stem-loop/cruciform structure. Stem-loops have been
identified in most DGRs and while the length and sequence of the stem varies, the
nucleotide composition of the loop is conserved among these structural elements. Using
the Bordetella BPP-1 DGR, we demonstrate that conserved loop residues contribute to
stem-loop/cruciform formation and stability, and are thus critical for DGR mutagenic
homing. Additionally, our results indicate the polarity of the stem-loop is required for
structure formation and the orientation of the loop nucleotide sequence determines
target site recognition during mutagenic homing. Analysis of DGR stem-loops from
disparate species indicates that these conserved elements are functionally

interchangeable and fundamental to target site recognition.
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INTRODUCTION

Diversity-generating retroelements (DGRs) are a family of retroelements capable
of accelerating evolution of adaptive traits by generating nucleotide variability within
protein-encoding DNA sequences [1-3]. While discovered in a bacteriophage (BPP-1)
that infects the mammalian pathogen Bordetella bronchiseptica [1], DGRs have since
been identified within members of most bacterial genera, within archaeal and their
viruses [4]. The breadth of organisms which contain DGRs, along with their divergent
lifestyles, indicate that they represent a conserved prokaryotic system for targeted
protein evolution.

DGRs encode a reverse transcriptase (RT), an accessory protein (avd), a
template repeat (TR), and a variable repeat (VR) which are required for diversification of
target protein (TP) encoding gene(s). DGRs diversify DNA sequences through a
process called mutagenic homing that introduces nucleotide substitutions into VRs of
target genes (Figure 1). Sites of nucleotide substitutions in VR correspond to adenine
nucleotides in TR, which is transcribed as an RNA intermediate and serves as a
template for DGR-RT dependent cDNA synthesis. During reverse transcription TR-
adenine residues are replaced with any DNA base, which results in a mutagenized
cDNA that displaces the parental VR [5]. In the BPP-1 DGR the target gene, mtd (major
tropism determinant), encodes the phage tail fiber protein responsible for binding to
host-cell receptors [1, 6-8]. Thus DGR mutagenic homing generates BPP-1 Mtd variants
that recognize new B. bronchiseptica cell surface molecules as ligands for infection.

While the introduction of nucleotide substitutions into target genes is required for

DGR protein evolution, mutagenic homing must be constrained to specific sequences to
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maintain genome integrity and avoid host loss of fitness. Previously we demonstrated
that DGR target site recognition requires both nucleotide recognition sequences and
structural elements [5, 9]. In the BPP-1 DGR these requirements are fulfilled by the IMH
(initiation of mutagenic homing), an element composed of a 14 base pair G/C stretch,
which is followed by a 21 bp sequence, and an inverted repeat that under physiological
levels of negative supercoiling forms a stem-loop or double-stranded cruciform structure
(Figure 1) [9]. Comparative bioinformatics revealed analogous stem-loops in the vast
majority of DGRs, suggesting their conserved role in target site recognition. DNA and
RNA stem-loop structures are common features of prokaryotic and eukaryotic genomes
and play a mechanistic role in many biological processes including DNA replication,
transcription regulation, and DNA repair [10-16]. DGR stem-loops contain a 3-4nt loop
with the consensus sequence 5GNA3’ or 5GRNA3’ (where N=A, G, C or T and R=A,
G). Stem-loops with GNA trinucleotide or GNRA tetranucleotide loops form unusually
stable structures [10] due to the ability of the first and last residue of these loops to form
a non-canonical sheared G-A base pairing. This type of base pairing has been reported
to provide increased stem-loop structure stability compared to canonical Watson-Crick
base interaction(s) by allowing extensive loop base pair stacking interactions and base
stacking between the G-A base pair and residues flanking the loop [10-13, 17-21]. This
suggests sheared base stacking may be important in DGR stem-loop formation and
stability.

During DGR mutagenic homing, formation of a DNA stem-loop is necessary for
efficient recognition and diversification of target genes [9]. However, while necessary

the precise role stem-loops play in mutagenic homing has not been determined. Using

61



the model system BPP-1 we took a genetic approach to investigate how the formation,
structure, and stability of DGR stem-loops influences target site recognition. Specifically,
we investigated how loop nucleotide composition contributes to stem-loop formation and
stability. In addition to influencing structure stability, orientation of the loop nucleotide
sequence also plays a critical role in target site recognition. As stem-loops are a
conserved feature of most DGRs, the ability of similar elements from disparate species
to support mutagenic homing was analyzed and were found to be functionally
interchangeable. Therefore, based on our examination of how these elements
determine which nucleotide sequences are targeted for mutagenesis we propose a set

of fundamental principles for target site recognition during DGR mutagenic homing.

62



RESULTS
Nucleotide composition of the tetranucleotide loop is critical for structure
formation

The contribution of DNA stem-loops to mutagenic homing were investigated
using a phage tropism switching assay that quantitatively assess the relative frequency
of DGR activity because it requires adenine mutagenesis during retrohoming [1, 2, 5, 9].
For these assays, wild type (WT) or mutant stem-loops were introduced into BPP-1
lysogens where avd, TR and brt (AATR) had been deleted. These BPP-1AATR
lysogens were complemented with a donor plasmid (pMX1) expressing BPP-1 DGR
avd, TR, and brt from a regulated promoter [9]. As a negative control, BPP-1AATR
lysogens were complemented with pMX1SMAA, a construct expressing an inactive bRT
that is incapable of catalyzing mutagenic homing and thus these phage cannot switch
tropisms.

The BPP-1 stem-loop is composed of a 8 bp stem with a 4 nt (GAAA) loop and
we investigated if the G+A closing base pair is critical to target site recognition by
replacing the first and fourth residues (GAAA) with their complementary nucleotides
(SLM2A). As shown in Figure 2A, substitution of the G+A closing base pair resulted in a
10° fold reduction in tropism switching. Conversely, substitution of the second and third
adenine residues with T (SLM2B), C (SLMGCCA), or G (SLMGGGA) had no detectable
effect on tropism switching. The Mtd VR regions in WT, SLM2A, and SLM2B phage
were sequenced to verify tropism switching was due to adenine mutagenesis (Figures
S1-S3). These nucleotide substitutions could suppress mutagenic homing because of

altered structure formation and therefore we analyzed the ability of these mutants to
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form stem-loop or double-stranded cruciform structures in vitro. Supercoiled plasmids
carrying WT or mutant BPP-1 target sequences were treated with T7 DNA
endonuclease |, an enzyme that recognizes DNA four-way junctions and has been use
to probe hairpin or cruciform structure formation, followed by primer extension using
radiolabeled primers to detect strand cleavage [9, 11, 22]. Major and minor
endonuclease-dependent cleavage sites were observed on both strands within WT and
SLM2B BPP-1 stem-loop sequences, while cleavage was significantly reduced in the
SLM2A loop mutant (Figure 2B). The reduced cleavage of SLM2A loop mutants
suggested that stem-loops were less stable, so we probed their thermal stability using
ultra-violet (UV) absorption spectroscopy [23, 24]. Consistent with previous reports [10-
13, 17-19, 21], the GAAA loop appears to provide WT stem-loops with an unusual
stability (tm= 89.3°C+0.7) as indicated by a melting temperature greater than 82°C [21].
A similar melting temperature (tn= 91.0°C £1.1) was observed for SLM2B (GTTA) loop
mutant which retains the G+A closing base pair. As predicted, disruption of the loop G-A
closing base pair reduced thermal stability in the SLM2A (CAAT) mutant (t,= 81.7°C
+1.4). These results highlight the importance of the loop closing base pair interaction in

DGR stem-loop formation and stability.

To address if a non-canonical sheared G-A base pairing was required for mutagenic
homing, we generated stem-loop mutants where the closing base pair was disrupted by
substituting the fourth loop residue (GAAA) with G, T, or C. As shown in Figure 3A,
substitution with T (SLMGT) or G (SLMGG) significantly decreased tropism switching

while substitution with C (SLMGC) resulted in a tropism switching frequency
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comparable to WT (Figure S4). We then determined if these substitutions affected DNA
structure formation and found SLMGG, SLMGT, and SLMGC stem-loops were all
susceptible to T7 endonuclease | cleavage (Figure 3B). Interestingly, this indicates that
certain nucleotide substitutions supported stem-loop formation but not mutagenic
homing (see discussion). Cumulatively, we identified key residues which contribute to
stem-loop formation and target site recognition, and determined the loop nucleotide
sequence can vary as long as closing base pair interaction sufficient for a stable stem-

loop structure is maintained.

Stem-loop orientation determines sequence recognition during DGR mutagenic
homing

While necessary for target site recognition during mutagenic homing, stem-loops
can form on both DNA strands and likely form simultaneously to generate a structurally
symmetrical cruciform [9]. However, nucleotide diversification is only observed within
sequences upstream (relative to the VR) of the stem-loop/cruciform which suggests
loop sequence orientation may contribute to the directionality of mutagenic homing. We
determined the ability of mutant stem-loop sequences to serve as recipients for DGR
retrohoming using an in vitro PCR-based assay as it allows for VR and hairpin
modifications which inhibit Mtd function in vivo [5, 9]. BPP-1AATR lysogens were
complemented with a derivative of the donor plasmid pMX1, where an invariant 30 bp
DNA tag was inserted into TR (pMX-ATR23-96), and mutagenic retrohoming resulting in
transfer of this to VR was detected by PCR (Figure 4B). BPP-1AATR prophage

containing a VR with wt stem-loop (WTVR), inverted VR/stem-loop (VRInv) [9], or a
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derivative of VRInv where the stem-loop was reverted back to its original orientation
(VRINnVWTSL) were tested for their competence in target site recognition (Figure 4A). As
shown in Figure 4C, DGR homing products were detected in WTVR and VRInv stem-
loops, with sequencing of homing products verifying adenine mutagenesis (Figure S5),
but homing products were not detected in VRINVWTSL. This indicates that while they
can serve as recognition elements on either DNA strand, the polarity of DGR stem-
loops/cruciform structure and sequence determine which nucleotide sequences are

subjected to mutagenic retrohoming.

We then investigated if loop sequence orientation affected mutagenic homing in vivo by
generating prophage that contained either the reversed sequence of the BPP-1 stem-
loop (SLMAG), the inverted loop nucleotide sequence (SLMTC), or SLMTC with the
loop sequence reversed (SLM4). As shown in Figure 5A, a significant decrease in
tropism switching frequency was observed for all three constructs when compared to
WT. These mutants were then subjected to T7 endonuclease | to determine if the lack
of tropism switching was due to absence of stem-loop formation. Endonuclease
cleavage was not detectable in the SLMAG mutant which suggests switching the
directionality of the stem-loop sequence had profound effects on structure formation.
However, cleavage sites were observed on both strands for SLMTC and SLM4 mutants
and this demonstrates stem-loop structure formation occurs regardless of loop
sequence orientation (Figure 5B). The observation that SLMTC only varies from WT in

loop sequence but cannot support mutagenic homing is consistent with our in vitro
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experiments and confirms the importance of stem-loop orientation during target site

recognition.

DGR stem-loops are functionally interchangeable between species

Comparative bioinformatics identified stem-loops as a conserved feature of
DGRs, including those recently identified in Archaea [4], which is consistent with their
fundamental role as recognition elements. While target site recognition has been mostly
studied using BPP-1, the importance of stem-loops in mutagenic homing has also been
demonstrated in chromosomally encoded Legionella pneumophila DGRs [25].
Therefore, to address if DGR target site recognition functions by conserved structural
and sequence constraints, we used BPP-1 to investigate if stem-loops from disparate
species are functionally interchangeable. BPP-1AATR prophage carrying stem-loop
sequences from L. pneumophila D5591, L. pneumophila Corby, Bacteroides fragilis
638R, Bacteroides ovatus ATCC 8483 or the DUSEL4 Nanoarchaeaota (Figure 6A)
were assessed for their competence in supporting DGR mutagenic homing using
tropism switch assays. As show in Figure 6B, tropism switching could not be detected in
BPP-1 containing stem-loop sequence from L. pneumophila D5591, L. pneumophila
Corby, B. fragilis 638R, and DUSEL4 Nanoarchaeaota. However, substituting the BPP-
1 stem-loop with the B. ovatus ATCC 8483 sequence resulted in detectable tropism
switching, although with decreased efficiency (Figure 6B). While all tested stem-loops
contained the G-A closing base pair, the B. ovatus is the only element with a 4nt loop
and we hypothesize the decreased levels of tropism switching result from variance in

G+C content of the stem.
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Since the size of the loop is essential for stem-loop function in target recognition,
we addressed whether tropism switching in BPP-1 containing the L. pneumophila
D5591 stem-loop could be rescued by increasing the size of the loop. Stem-loops
composed of a 4nt loop were created by inserting a single nucleotide between the
second and third residue of the loop (GCXA, where X=A, G, C or T) and their ability to
support mutagenic homing was assessed (Figure 6C). In contrast to BPP-1 phage
carrying the three nucleotide D5591 stem-loop, tropism switching was observed for
phage containing stem-loops with loop nucleotide sequence GCAA (LPGCAA) or GCCA
(LPGCCA) but not with GCGA (LPGCGA) and GCTA (LPGCTA) suggesting that loop
nucleotide composition contributes to stem-loop function in target site recognition or
these nucleotide insertions resulted in unanticipated interactions. Taken together, these
results suggest that DGR stem-loops are fundamental to target site recognition and

variations in sequence or structure represent host specific coevolution.
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DISCUSSION

Of all DNA mutagenic systems found in nature, DGRs can introduce the greatest
number of substitutions into protein encoding genes and here we explored how hosts
maximize this potential by confining mutagenic homing to well-defined nucleotide
domains. Using BPP-1 as a model system, the structure and sequence composition of
DGR stem-loops were found to be essential to target site recognition during mutagenic
homing. Most DGRs stem-loops contain the loop sequence GNNA and we
demonstrated both conserved residues are required for structure formation, increased
thermal stability, and mutagenic homing dependent tropism switching. Substitution of
the fourth loop residue (GAAA) with T or G allowed stem-loop formation but did not
support mutagenic homing. Given the importance of the G-A interaction to thermal
stability, nucleotide substitutions which disrupt the closing base pair interaction likely
retain stem-loop formation but with dampened stability and increased disassociation
rate. Alternatively, substitution of the fourth loop residue could favor interactions
between the first and third residue of the loop (GAAA) resulting in stem-loop structures
with a 3nt loop [10-13, 17, 20, 26]. The hypothesis that mutants SLMGT and SLMGG
form 3nt stem-loops which cannot support mutagenic homing is supported by previous
reports where alteration in the number of loop residues drastically reduced levels of
tropism switching [9]. While most substitutions inhibited DGR activity, we found loops
with a GAAC sequence formed stem-loops and supported mutagenic homing, which is
likely attributed to the ability of G and C residues to form a sheared-like G+C base
pairing [13, 27]. While a G-C interaction is sufficient for structure formation and

mutagenic homing, the observation that DGR stem-loops are predominately composed

69



of GNRA or GNA residues [10-13,17-19, 20, 21] suggests restricting loop closing base
pairs to G-A reflects selective pressures beyond target site recognition.

DGR stem-loop formation likely occurs on both the template and non-template
strand simultaneously to form a structurally symmetrical DNA cruciform. However, our in
vitro and in vivo DGR homing assays demonstrated inversion of just the stem-loop
sequence (relative to VR) did not affect stem-loop formation but eliminated mutagenic
homing. This indicates stem-loop/cruciform structures are functionally non-symmetrical
and the directionality of mutagenic homing is likely determined by the loop nucleotide
sequence. The polar binding of DNA/RNA stem-loops by proteins has also been
observed as integral to the preferential recognition of nucleotide strands during cellular
processes like replication, recombination, and transcription [11, 15, 29]. Thus we
hypothesize DGR stem-loop sequence are recognized by the AVD-RT complex or other
host factors to facilitate DNA processing events, like nicking of the IMH or cDNA
priming, required during mutagenic homing.

Whether found in a phage, bacterial, or archaeal host, we hypothesize DGR
mutagenic homing target site recognition would function through a conserved
mechanism. Therefore we investigated if stem-loops from bacterial and archaeal DGRs
were functionally interchangeable with a phage element. Our analysis found stem-loops
from L. pneumophila and B. ovatus could support mutagenic homing in BPP-1, albeit
with lower efficiency. Furthermore, the observation that modification of the loop
sequence of a bacterial stem-loop to be more “phage like” resulted in increased
tropisms switching confirms a coevolutionary relationship, with individual DGR

components optimized towards host needs. Based on these and previous analyses [9],
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we propose the function of DGR stem-loops in target site recognition is determined by
three fundamental principles: 1) size and nucleotide composition of the loop, 2) base
pair composition of the stem, and 3) orientation of the stem-loop/cruciform structure
(Figure 7). These principles will guide future work on refining our understanding of how

target site recognition occurs during DGR mutagenic homing.
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Figure legends:

Figure 1. Proposed mechanism for DGR-mediated mutagenic homing.

The BPP-1 DGR encodes a target gene (mtd), an accessory protein (avd), a dedicated
reverse transcriptase (bRT), a variable repeat (VR) and an invariant template repeat
(TR). DGR-mediated sequence diversification results from the introduction of nucleotide
substitutions in VR which is located at the 3’ end of mtd. Sites of nucleotide
substitutions in VR (black arrow) correspond to adenine nucleotides in TR (black arrow),
which is invariant and serves as a template to derive an RNA intermediate. During
reverse transcription, adenines nucleotides are replaced with random nucleotides and
the synthesized cDNA (yellow arrow) displaces the parental VR, a process termed
mutagenic homing. Target recognition during mutagenic homing requires an IMH
element (initiation of mutagenic homing) which is located at the 3’ end of VR (purple
box). Components of the IMH are depicted in the expanded view, and include a 14 bp
G/C-rich region followed by a 21bp DNA segment and an inverted repeat that forms a

stem-loop structure (pink) composed of a 8bp stem and a 4nt loop [9].

Figure 2. The nucleotide composition of the loop influences stem-loop/ cruciform
formation and is critical for DGR mutagenic homing.

(a) Loop closing residues, as opposed to residues at the center of the loop are essential
for phage tropism switching. The graph illustrates phage tropism switching frequencies
(TSF) for BPP-1AATR carrying a wild-type stem-loop (WT) or loop mutants (SLM2A,
SLM2B, SLMGCCA or SLMGGGA). Stem-loop sequences are shown (top) and

nucleotide modifications to the loop are indicated in red. Donor RT indicates pMX-1
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plasmid expressing a functional RT (+) or an enzymatically inactive RT (-). No phage
plaques were detected for RT-deficient donors and the TSF shown represent limits of
detection. The bars represent average TSF values from three independent experiments,
and error bars represent + SEM. Asterisks indicate P values comparing mutants to WT
in Student’s T tests. *P<0.05. (b) The loop G*A base pairing contributes to stem-
loop/cruciform structure formation. Primer extension analysis of T7 endonuclease |
cleavage of supercoiled plasmid DNA carrying a WT or modified stem-loop sequences
(StMut, SLM2A, SLM2B). Stem-loop sequences are shown above the gels and
nucleotide modifications are shown in red. Top strand cleavage (left panel) and bottom
strand cleavage (right panel) is shown. Plasmid DNA carrying WT stem-loop sequence
was either untreated (-) or treated (+) with T7 endonuclease | (T7) followed by primer
extension. Sequence ladder on the left side of each panel and primers extension
termination sites shown below the gels correspond to WT plasmid DNA. Black arrows
indicate major cleavage sites and blue arrows indicate minor cleavage sites. Atd5’ and

VR3’ are primers used in primer extension assays.

Figure 3. Base pairing within the loop is required for DGR mutagenic homing.
(a) The loop closing base pair is essential for tropism switching. Tropism switching
frequencies observed for BPP-1AATR with a WT or loop mutants (SLMGG, SLMGT or
SLMGC) are shown. Stem-loop sequences are shown (top) and nucleotide
modifications to the loop are indicated in red. Donor RT indicates pMX-1 plasmid
expressing a functional RT (+) or an enzymatically inactive RT (-). No phage plaques

were detected for RT-deficient donors and the TSF shown represent limits of detection.
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The bars represent average TSF values from three independent experiments, and error
bars reflect + SEM. Asterisks indicate P values comparing mutants to WT in Student’'s T
tests. *P<0.05. (b) Effect of loop closing base pair substitutions on stem-loop/cruciform
structure formation. Primer extension analysis of T7 endonuclease | cleavage of
plasmid DNA carrying WT or stem-loop mutants (StMut, SLMGG, SLMGT, SLMGC)
was performed as stated above. Stem-loop sequences are shown above the gels, and
nucleotide modifications are indicated in red. Top strand cleavage sites (left panel) and
bottom strand cleavage sites (right panel) are shown. Thick black arrows indicate major

cleavage sites and blue arrows indicate minor cleavage sites.

Figure 4. Stem-loop orientation is critical for sequence recognition during BPP-1
DGR retrohoming. (a) Diagram illustrates DGR components from BPP-1AATR with WT
(WTVR) or modified (VRINV, VRINVWTSL) target sequences. In BPP-1AATRVRInv, a
segment of mtd from position -133 upstream of VR to position +82 downstream of VR
was inverted [9]. BPP1AATRVRInvwtSL is a derivative of VRInv where the stem-loop
was inverted back to its original orientation. (b) The diagram shows primers used in
DGR homing assays. P3 and P4 primers anneal to the 30 bp PCR tag (shown in green)
and are indicated by small horizontal arrows. P7 and P8 primers anneal upstream and
downstream of VR, respectively. (c) Stem-loop/cruciform orientation (relative to VR) is
critical for target sequence recognition during mutagenic retrohoming. Plasmid pMX-
ATR23-96 expressing a functional RT (+) or an inactive RT (-) was used as donor for

the indicated recipients. Products from PCR-homing assays with primer pairs (P7+P4,
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P3+P8, P7+P8) are shown, and the transfer of the PCR tag from donor plasmid TR to

the VRINV recipient was verified by sequence analysis of homing products (Sup. fig. 5).

Figure 5. Stem-loop orientation determines sequence recognition during BPP-1
DGR mutagenic homing.

(a) Tropism switching frequencies observed for BPP-1AATR with a WT stem-loop or
loop mutants (SLM4, SLMAG or SLMTC) are shown. Stem-loop sequences are shown
(top) and loop nucleotide modifications are indicated in red. For SLM4 the nucleotide
sequence of the loop was changed to the opposite residues. In SLMAG, the stem-loop
sequence was reversed while in SLMTC the stem-loop sequence was inversed. Donor
RT indicates pMX-1 plasmid expressing a functional RT (+) or an enzymatically inactive
RT (-). No phage plaques were detected for RT-deficient donors and the TSF shown
represent limits of detection. Bars represent average TSF values from three
independent experiments, and error bars represent £+ SEM. Asterisks indicate P values
comparing mutants to WT in Student’s T tests. *P<0.05. (b) Effects of sequence
orientation on stem-loop/cruciform structure formation. Primer extension analysis of T7
endonuclease | cleavage of supercoiled plasmid DNA carrying WT or stem-loop
mutants (SLM4, SLMAG, SLMTC) was performed as stated above. Stem-loop
sequences are shown above the gels, and nucleotide modifications are indicated in red.
Top strand cleavage sites (left panel) and bottom strand cleavage sites (right panel) are
shown. Black arrows designate major cleavage sites and blue arrows indicate minor

cleavage sites.
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Figure 6. DGR stem-loop structures are functionally interchangeable between
species. (a) Schematics of DGR cassettes from bacterial (L. pneumophila D5591, L.
pneumophila Corby, B. fragilis 638R and B. ovatus ATCC 8483) and archaeal (DUSEL4
Nanoarchaeota OTU2) spp. Inverted repeats that have the potential to form stem-
loop/cruciform structures were identified downstream of VR as shown. Nucleotide
sequence of the stem-loop(s) is shown in the expanded view below their cognate DGR
cassette. As illustrated, stem-loops consist of a 6-8 bp stem and a 3-4 nt loop
composed of the conserve sequence GNA or GRNA (where R= A or G, N= any
nucleotide) (b) DGR stem-loops from disparate species support BPP-1 DGR mutagenic
homing. The graph shows phage tropism switching frequency (TSF) observed for BPP-
1AATR carrying a WT or stem-loop sequences from bacterial or archaeal DGRs shown
in a. Donor RT indicates pMX-1 plasmid expressing a functional RT (+) or an
enzymatically inactive RT (-). No phage plaques were detected for RT-deficient donors
and the TSF shown represent limits of detection. (c) Size and nucleotide composition of
the loop contributes to target recognition in BPP-1 DGR mutagenic homing. The graph
shows TSF observed for BPP-1AATR carrying a WT, the L. pneumophila D5591 stem-
loop (LPGCA) or a stem-loop sequence containing a single nucleotide loop insertion
(LPGCXA, where X= A, G, C or T). Bars represent average TSF values from three
independent experiments, and error bars represent £+ SEM. Asterisks indicate P values
comparing BPP-1 carrying stem-loop sequences from disparate species to WT in

Student’s T tests. *P<0.05.
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Figure 7. Sequence requirements for stem-loop function in target site recognition.
The function of DGR stem-loops in target recognition is proposed to be determined by
1) the size and nucleotide composition of the loop (5’-GNNX-3’ or 5’-GNX-3’ where
N=A, C, T or G and X= A or C), 2) a G/C-rich stem with a C.G base pair (bold) adjacent

to the loop and 3) orientation of the stem-loop/cruciform structure (relative to VR).

Supplemental figure 1. Sequence analysis of tropism switching products from
BPP-1AATR phage carrying WT stem-loops. Analysis of VR sequences from five
(Wt1-5) progeny phages with switched tropisms indicates mutagenesis at VR positions
(1-154) corresponding to adenines in the cognate TR. The region corresponding to the

WT stem-loop is underline in black.

Supplemental figure 2. Sequence analysis of tropism switching products from
BPP-1AATR SLM2A phage. Mutagenesis at VR positions (1-54) corresponding to
adenines in TR is observed in five (SLM2A1-5) progeny VRs from phage with switched
tropisms. Sequence corresponding to the SLM2A stem-loop mutant is underline in

black.

Supplemental figure 3. Sequence analysis of tropism switching products from
BPP-1AATR SLM2B phage. Mutagenesis at VR positions (1-54) corresponding to
adenines in TR is observed in all five (SLM2B1-5) progeny VRs from phage with
switched tropisms. Sequence corresponding to the SLM2B stem-loop mutant is

underline in black.
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Supplemental figure 4. Sequence analysis of tropism switching products for BPP-
1AATR SLMGC phage. Mutagenesis of nucleotide positions in VR (1-54)
corresponding to adenines in TR is observed in all five (SLMGC1-5) progeny VRs from
phage with switched tropisms. Sequence corresponding to the SLMGC stem-loop

mutant is underline in black.

Supplemental figure 5. Sequence analysis of PCR-based homing products.

(a) Sequence alignment of VRInv homing products (VRInv1-5) with the predicted
homing product of the nonmutagenized VR sequence (WTVR5’end). Sequences
corresponding to the 5’ end of VR to the end of the PCR tag are shown. VRInv1-5 are
independent clones of progeny VRs from a single homing assay. The PCR tag is
detected in all homing products, and adenine mutagenesis is observed in 2 of the 5
homing products. The primer P4 annealing site is indicated as a horizontal arrow. (b)
Sequence alignment of VRInv homing products (VRInv1-5) with the predicted homing
product of the nonmutagenized VR sequence (WTVR3’end). Sequences corresponding
to the beginning of the PCR tag to the end of VR are shown. Adenine mutagenesis is
observed in 3 of the 5 homing products. The primer P3 annealing site is shown as a

horizontal arrow.
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Figure 2.
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Figure 3.
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Figure 4.

o
£

VLo N =
coco o o
P92 ¢ 9
B ¢
UALW| H
© 1]
¢ AU 3
N 1
o) s -
AL
© '
[id o
g o A A
70 2 .
ot |50 TSIAURIA
o1 I 5 +
o ;
g el
& i | |
:
Pn N + ]
& s
N R
€ 2
e 9 z 23
g g
E 5 2 ET
= Q o o2
o 14 a] Ia
m o
8+
< . €l 28
< 000LLVOL[VOLLVOVL +
< _0000000OJLLOVOVLY +
) &)
%
> © o
> >
[e) o < -
+Cos0oooeclenocoone’e < 00000000JEVVLLLOO
+_00000000f00VVBV_< < RO0000A0IC0000000
el L < )
W [
g S
= > 28+ z 28+
& g 4
] L >

82



Figure 5.
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Figure 6.

TR
c

x
g
g

L pneumophila Corby

<
o OOFOLLFO

L 00g000q0
) _

L pneumophila D5591

B ovatus ATCC 8483

B fragilis 638R

TP |VR

R
7 F 00000

o GCCCCGAAA

n
<

DUSEL4 Nanoarchaeota OTU2

TP VR

o Q000
SETLIEY

Donor RT +

0"
03]
051
1071
01
0

— — - -

Aousnbauy Buiyoyms wsidos |

AGCorT

Lp D5591

X

<
X OOFOOLOFO

(&) GCGACGGAG_

Donor RT +

T @
o o

= -

Kouanbauy Buiyoyms wsido. |

SR
o o

— -

1051
10"

84



Figure 7.
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Sup. Figure 1.
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éGCTGCTGCGCTATTCGGCGGCAACTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAACAACACGTCGTTCTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGTACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGGCCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAACAACACGTCGTACTCGGGTTCTCGCGCTGC

Kkkkkkkhkkkkhhkkkhkkhkhk _Khkkk | khkkkkkkhhkg ghhhhhkkhkhkkkkkkk*k

GAACTGGAACAACGGGCCGTCGAACTCGAACGCGAACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGTACAGCGGGCCGTCGTTCTCGTTCGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCAGCGGGCCGTCGAACTCGTACGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGTACTACGGGCCGTCGTACTCGTACGCGTACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAACAACGGGCCGTCGTACTCGCTCGCGTACCTCGGGGCGCGCGGCGTCTGTGA
GCTCTGGAACTACGGGCCGTCGCTCTCGAACGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
K LARRRD KT RRRRRRRKRE DRERE LD 1H AR AR AR R AR AR R R KRR
154
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
Fhkhkhkhkhkhhkhkhkhkhhhhhhhdhdhhdhhdhhdhrdrddhdkhkhkhhkhkhkhkhkhkhkhkhkhdhdhdhrd
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Sup.Figure 2.
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Sup. Figure 3.
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éGCTGCTGCGCTATTCGGCGGCAACTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGGCCAACACGTCGTTCTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAGCAACACGTCGTACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAACAACACGTCGTACTCGGGTTCTCGCGCTGC
R I R R R T

GAACTGGAACAACGGGCCGTCGAACTCGAACGCGAACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGTACTACGGGCCGTCGTTCTCGTTCGCGTACTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAACTACGGGCCGTCGGCCTCGTACGCGTTCATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCAGCGGGCCGTCGTTCTCGTACGCGTACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCAACGGGCCGTCGAACTCGGCCGCGTTCTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCAGCGGGCCGTCGAACTCGTTCGCGTTCATCGGGGCGCGCGGCGTCTGTGA
Kakkkkky kg Kkkkkkkkkk  Kkkk  kkkkgakakRRKRKKRKRK KR KRR KKKk kK
154
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGTTAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGTTAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGTTAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGTTAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGTTAGGCCCCGCCAAGGCAACCGATG

hokkkkkkkkkkkkkkkkkkkkhkkkkk g shhhkkkkkkkhhkkkkkkkkkkk

SLM2B Hairpin
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Sup. Figure 4.
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éGCTGCTGCGCTATTCGGCGGCAACTGGAACAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGTTCTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGAGCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAACAACACGTCGTACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCGCCTGGGCCAACACGTCGAACTCGGGTTCTCGCGCTGC
CGCTGCTGCGCTATTCGGCGGCTCCTGGAACAACACGTCGAGCTCGGGTTCTCGCGCTGC

hokkkkkkkkkhkkkkkkkkkkkdk _kokkk | kkkkkkkkokk g kkkkkokkokokokkkokokokok ok ok

GAACTGGAACAACGGGCCGTCGAACTCGAACGCGAACATCGGGGCGCGCGGCGTCTGTGA
GGCCTGGAACCTCGGGCCGTCGTTCTCGTTCGCGTTCATCGGGGCGCGCGGCGTCTGTGA
GTACTGGTACAGCGGGCCGTCGAACTCGTACGCGTTCATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCAACGGGCCGTCGTACTCGTTCGCGTACTTCGGGGCGCGCGGCGTCTGTGA
GTACTGGGACTACGGGCCGTCGTTCTCGCTCGCGTACATCGGGGCGCGCGGCGTCTGTGA
GTACTGGAGCTACGGGCCGTCGTACTCGTACGCGTACATCGGGGCGCGCGGCGTCTGTGA
ko kkkk ok kkkkkkkkkkgakkkk phkkkgakakkkkkkkkkkkkkkkkkkkokk ok
154
CCACCTGATTCTTGAGTAGCGGGGCCGAAAGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAACGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAACGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAACGGCCCCGCCAAGGCAACCGATG
CCACCTGATTCTTGAGTAGCGGGGCCGAACGGCCCCGCCAAGGCAACCGATG

CCACCTGATTCTTGAGTAGCGGGGCCGAACGGCCCCGCCAAGGCAACCGATG
B N

SLMGC Hairpin
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Sup. Figure 5.
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CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
CGCTGCTGCGCTATTCGGCGGCAGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
CGCTGCTGCGCTATTCGGCGGCAGGTCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT

CGCTGCTGCGCTATTCGGCGGCGGATCTGTCTGCGTTTGTGTTCCTGTGCTAAGCTT
hkkkkkkkkkkkkkkkkkkkkk ok kkkkkkkkkkkkkkkkkkkkkkkdkkhkkkkkk

<

P4

TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCCTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCTTCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCATCGGGGCGCGCGGCGTCTGTGAC
TCTAGATCTGTCTGCGTTTGTGTTCCTGTGCTAGCCCTCGGGGCGCGCGGCGTCTGTGAC

hokkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkk hkkkkkhkkkkkkkkkkhkkkkk
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MATERIALS AND METHODS

Bacterial strains, phage and plasmid constructs

Bordetella bronchiseptica strains RB53, RB54 and BPP-1AATR lysogens have been
described [1, 5, 9]. Target region and stem-loop modifications were introduced into the
BPP-1AATR lysogen through allelic exchange [2, 9].

Plasmid vectors pMX1 and pMX1SMAA were used for tropism switching assays and
have previously been described [5, 9]. Plasmid pMXATR23-96 and its RT-deficient
derivative were used for homing assays and have been described [9].

Plasmid vector pUC18 carrying the WT BPP-1 target (pUC-WT) or stem-loop mutant
derivatives (pUC-SLM2A, pUC-SLM2B, pUC-SLMGCCA, pUC-SLMGGGA, pUC-
SLMGC, pUC-SLMGT, pUC-SLMGG, pUC-SLM4, pUC-SLMAG, pUC-SLMTC) used for
in vitro analysis of stem-loop formation were constructed by cloning target sequences

from position -6 upstream of VR to +82 downstream of VR.

Phage production for tropism switching and DGR homing assays

Phage production was carried out by mitomycin C induction from BPP-1AATR lysogens
as previously described [5, 9]. Briefly, BPP-1AATR lysogens harboring appropriate
donor plasmids were grown overnight at 37°C in Luria-Bertani (LB) media containing 25
mg/ml of chloramphenicol, 20 mg/ml of streptomycin and 10 mM nicotinic acid to
modulate to the Bvg- phase and prevent expression of DGR components from the P,
promoter. An amount of cells equal to 1 ml of culture (ODgoo = 1.0) was pelleted, rinsed,
and resuspended in 2.5 ml Stainer Scholte (SS) medium containing 25 mg/mi

chloramphenicol and 20 mg/ml streptomycin. Cells were grown for 3 h at 37°C to

91



modulate bacteria to the Bvg+ phase and induce expression of DGR components from
the Pma promoter. Phage production was induced with 0.2 mg/ml mitomycin C for 3 h at

37°C. Progeny phages were harvested by chloroform extraction [5, 9].

BPP-1 phage tropism switching and PCR-based DGR homing assays

Phage tropism switching assays were performed as previously described [5, 9]. DGR
homing assays were performed as previously described with minor modifications [5].
Briefly, PCR was used to detect transfer of the 30 bp tag from donor plasmid TR to
chromosomal target VR sequence in BPP-1AATR lysogens using primers pairs: P3-
AAATCTAGATCTGTCTGCGTTTGTGTT, P4-
AGCAAGCTTAGCACAGGAACACAAACG, P7-CCCTCTAGAG
CTCCGGTTGCTTGTGGACG, and P8-AGCAAGCTTCCTCGATGGGTTCCAT.

PCR products were cloned (TOPO-TA cloning; Invitrogen) and sequenced to verify

transfer of the tag from TR to VR.

In vitro analysis of stem-loop formation
Plasmids containing the WT BPP-1 DGR target or stem-loop mutant derivatives were
isolated from E. coli DHSalpir cells by a commercial kit (Qiagen). Stem-loop formation in

supercoiled plasmid DNA was analyzed as in Guo et al. [9].

UV absorbance spectroscopy
UV absorbance melting profiles were obtained at 260 nm on a Hewlett- Packard

HP8453 diode-array spectrophotometer equipped with a Peltier thermal controller.
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Melting measurements of each oligonucleotide (3uM) were performed in a 10mM
sodium phosphate buffer solution containing 10mM NaCl, pH 7.4. Prior to absorbance
measurements, samples were incubated at 95°C for 5 min followed by slow cooling to
room temperature. The absorbance was monitored with a temperature ramp of 1°C /min

while the samples were heated from 20 to 98°C.
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CHAPTER 4. Identification of Host-encoded Factors that Participate in DGR-

mediated Mutagenic Homing
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ABSTRACT

Diversity-generating retroelements (DGRs) are a family of retroelements that introduce
targeted variability within DNA-encoded protein sequences. DGRs are unique among
retroelements due to their potential to accelerate the evolution of adaptive traits through
iterative rounds of protein diversification by a unique error prone reverse transcriptase-
mediated process called mutagenic homing. Since their discovery in the Bordetella
bacteriophage BPP-1, DGRs have been identified in numerous bacterial genomes and
within members of Archaea and their viruses. Although DGRs are wide spread in nature
and protein diversification has been demonstrated in both, phage and bacterial systems,
the precise mechanism of DGR mutagenic homing remains to be elucidated. Here, we
describe a Bordetella bronchispetica genetic screen to identify host factors that play a
role in mutagenic homing in the Bordetella phage BPP-1 DGR. To identify host-encoded
factors that directly or indirectly influence DGR homing, a random transposon-insertion
library was created. Individual transposon mutants were screened for insertions that had
a significant effect on BPP-1 DGR homing as measured by quantitative Km resistance
assays. As an alternative approach to identify host factors that contribute to DGR
mutagenic homing, we performed targeted mutagenesis of candidate genes involved in
DNA- and RNA-processing activities. Mutants were screened for their ability to support
DGR activity using phage tropism switching assays and we identified mutations in
genes encoding DNA- and RNA-processing enzymes that decreased tropism switching.
The identification of host genes that impact BPP-1 DGR activity demonstrates that
mutagenic homing involves both DGR-encoded and host-encoded factors that

participate in the diversification of target proteins.
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INTRODUCTION

Diversity generating retroelements (DGRs) are a distinct family of retroelements
capable of generating massive amounts of variability within defined DNA sequences [1,
2]. Sequence diversification occurs through a reverse transcriptase mediated process in
which nucleotide substitutions are introduced at specific sites within target genes [2, 3].
The prototypic DGR was discovered in the temperate phage BPP-1, which infects
Bordetella species. [1]. BPP-1 DGR activity generates nucleotide variability in the target
gene, mtd (major tropism determinant), which specifies phage tropism for host-cell
receptors [1, 4, 5]. Diversification of mtd allows BPP-1 to recognize distinct host-cell
surface molecules as ligands for infection [1]. According to our model (Figure 1), BPP-1
tropism switching results from the introduction of nucleotide substitutions in a variable
repeat (VR) located at the 3’ end of mtd. Sites of nucleotide substitutions in VR
correspond to adenine nucleotides in a homologous template repeat (TR), which
encodes an RNA intermediate that is reverse transcribed by the DGR-RT. During
reverse transcription, adenines residues are replaced with random nucleotides and the
resulting cDNA displaces the parental VR in a process termed mutagenic homing [6].
Mutagenic homing is proposed to occur through a unique target-primed reverse
transcription (TPRT) mechanism similar to that of group Il introns in bacteria [6]. We
postulate that homing initiates with either a single strand nick or a double strand break
in the IMH (Initiation of Mutagenic Homing) site, a DNA region located at the 3’ end of
VR. The resulting 3’ hydroxyl serves as a primer to reverse transcribe the TR-RNA
intermediate [6], thus generating a mutagenized cDNA product. Although the proposed

model is consistent with present data, the mechanism of cDNA integration and the
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function of IMH are unknown. We have demonstrated that mutagenic homing requires
specific nucleotide sequences and structural elements, including target site recognition
sequences [6, 7]. In the BPP-1 DGR, these requirements are provided by the IMH
element which is composed of a 14 bp G/C stretch (G/C+4) followed by a 21 bp segment
and an inverted repeat that forms a stem-loop or a cruciform structure with an 8 bp stem
and a 4 nt loop [7]. We recently demonstrated that in addition to base pairing
interactions in the stem, the specific sequence and length of the 4 nt loop are critical for
DGR function [7].

More recently, in vivo and in vitro analyses of the stem-loop structure indicate
that conserved loop residues contribute to stem-loop formation and stability, and are
required for DGR mutagenic homing (chapter 3). In addition, the polarity of the stem-
loop is required for structure formation, and the orientation of the loop nucleotide
sequence plays a critical role in target site recognition during mutagenic homing. Similar
stem-loops have been identified in the majority of DGRs, and our recent analysis
indicated that these conserved elements are functionally interchangeable between
disparate species and fundamental to target site recognition. Thus, we propose the
stem-loop/cruciform structure serves as a recognition element for DNA processing
events that lead to cDNA synthesis and integration. However, bioinformatic and
functional analysis of DGRs reveals the lack of sequences predicted to encode DNA- or
RNA-processing enzymes, and we hypothesize that frans-acting host factors play a
pivotal role in mutagenic homing. For example, host proteins could cleave the target
DNA to generate a 3’ hydroxyl that could serve as a primer for reverse transcription. In

addition, DNA cleavage needs to be repaired and might require the action of the host
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DNA repair machinery. Furthermore, some of these factors could affect TR-RNA
processing, adenine mutagenesis, or the activity of DGR components such as RT, Avd
or IMH elements.

To randomly identify host-encoded factors that directly or indirectly influence the
BPP-1 DGR homing, a transposon-insertion library was created. Individual transposon
mutants were screened for insertions that had a significant effect on DGR homing as
measured by a quantitative Km resistance assay. As an alternative approach to identify
host factors, we performed targeted mutagenesis of host candidate genes involved in
DNA- and RNA-processing activities. Host mutants were screened for their ability to
support mutagenic homing using phage tropism switching assays and we identified

DNA- and RNA-processing enzymes that participate in mutagenic homing.
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RESULTS

Genetic screen to identify host proteins that influence the BPP-1 DGR homing

To identify host-encoded factors that directly or indirectly influence BPP-1 DGR activity,
a transposon insertion library was generated in the Bordetella bronchiseptica (Bb) BPP-
1AATR-Kan® strain using the mTn5 <GmR> transposon system (Figure 2) [8]. Tn5
insertion mutants were analyzed by measuring their ability to serve as targets

in quantitative kanamycin homing assays, which takes advantage of the ability of
synthetic TRs to diversify synthetic VRs in trans (Figure 3) [8]. A recipient VR (VR-
Kan®), chromosomally integrated, encodes a kanamycin resistance allele (aph3'la) with
a 3' truncation rendering it nonfunctional [7]. The donor plasmid expresses avd, bRT
and a synthetic TR (TR-Km2) encoding the 3' end of the aph3'la open reading frame [7].
DGR-mediated retrohoming from the donor TR to the recipient VR-Kan® repairs the
aph3'la gene conferring kanamycin resistance (Kan®) [7]. Mutagenized Bb BPP-1AATR-
Kan® lysogens carrying the VR-Kan® cassette were transformed with donor plasmids,
and individual mutants were plated on agar slabs containing kanamycin to detect
homing activity. The number of Kan® colonies compared to non-mutagenized Bb BPP-
1AATR-Kan® lysogens transformed with donor plasmids carrying an active or an
enzymatically inactive bRT provided a measure of DGR homing efficiency (Figure 2).
Screening of 1500 insertion mutants identified 5 potential mutants with increased DGR
homing levels and 71 potential mutants with insertions that resulted in decreased DGR
homing efficiency. Transposon integration sites were identified by arbitrarily primed
PCR (Figure 4) [9, 10]. DNA flanking the Tn5 transposon was sequenced and insertion

sites were mapped to the Bb RB50 genome using BLAST searches. Of the 76
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candidate genes identified, nine were sites of multiple Tn5 insertions. To eliminate false
positive candidate mutants that resulted from Tn5 insertions within DGR components in
the recipient prophage or mutations that affected the expression of the Kan® phenotype,
mutant strains were screen for DGR homing efficiency using a plasmid-based
kanamycin homing assay (Figure 5). A plasmid carrying a recipient VR-Kan® cassette
was transformed into Individual mutant strains and the targeting efficiency was
measured as described above. Of the 62 candidate mutants identified in the transposon
library screen, only nine were shown to reproduce the initial phenotype. Of these nine
mutants, three had an increase in DGR homing levels and six demonstrated a decrease
in DGR homing efficiency compared to the positive control (Figure 6). Candidate genes
were classified according to their GO (gene ontology) annotation on the EcoCyc website
(http://ecocyc.org/) (Table 1) and are predicted to be involved in global transcriptional
regulation (BB2526, BB0438), RNA processing (BB2525), and metabolism (BB4104,
BB1243). The rest of the candidate genes encode a hydrolase (BB4800), a hypothetical
protein (BB2505), a virulence sensor protein (BB2995) and one was located upstream

of the LysR family transcriptional regulator, BB0438.

Candidate host factors that participate in BPP-1 DGR mutagenic homing

To corroborate the effects of candidate genes (Table 1) in DGR mutagenic homing,
genes were independently mutagenized and their contribution to mutagenic homing was
analyzed using phage tropism switching assays that quantitatively assess the relative
frequency of DGR activity because it requires adenine mutagenesis during retrohoming

[1, 2, 6, 7]. Single gene deletions were introduced into Bb BPP-1 lysogens, and the
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ability of BPP-1 phage to switch tropism was tested. As a negative control, we used
BPP-1 lysogens where the bRT had been deleted, and thus could not switch tropisms.
Contrary to the phenotype observed in the initial screen and plasmid-based kanamycin
homing assays, deletion of eight of these candidate genes (ABB1243, ABB2305,
ABB2525, ABB2526, ABB0438, ABB4104 and AIR) had no effect on tropism switching
(Figure 7). The effect of deleting bvgS (BB2995) on tropism switching has yet to be
determined. Collectively, the above findings indicate that candidate genes identified in
the transposon-library screen are not directly involved in DGR mutagenic homing, and
the initial phenotype observed for these candidate mutants might be due to indirect

effects of transposon insertions.

Role of RNA-processing host factors in BPP-1 DGR mutagenic homing

As an alternative approach to identify host-encoded factors involved in BPP-1 DGR
mutagenic homing, we performed targeted mutagenesis of a set of host genes that
participate in RNA-processing events. DGR mutagenic homing is proposed to occur
through a TPRT mechanism similar to that of group Il introns in bacteria [11, 12, 13, 14].
Host-encoded RNA- and DNA-processing enzymes are proposed to be required for
retrohoming of Lactococcus lactis L1.LtrB group Il intron [15, 16, 17]. Therefore, we
investigated whether similar RNA-processing enzymes participate in mutagenic homing.
Single gene deletions were introduced into Bb BPP-1 lysogens, and their ability to
support BPP-1 DGR mutagenic homing was tested using tropism switching assays [6,
7]. First, we investigated whether RNase E (rne), an RNA-processing enzyme that

regulates RNA-degradation and is known to impede L1.LtrB group Il intron retrohoming
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[15], is involved in mutagenic homing. As shown in Figure 8, deletion of Bb rne (Arne)
resulted in a BPP-1 tropism switching frequency comparable to wild type (WT). In
addition, the contribution of Bb RNase H1 (rnhA) and RNase H2 (rnhB) to mutagenic
homing was investigated. RNAase H1 and H2 are predicted to specifically hydrolyze the
RNA strand of RNA-DNA hybrids [18] and could participate in the removal of TR-RNA
from RNA-DNA hybrids generated during reverse transcription. Moreover, RNase Hl
has been implicated in the degradation of the intron RNA from the RNA-DNA hybrid
intermediate during L1.LtrB group Il intron retrohoming in E. coli [16, 17]. Contrary to
our prediction, the deletion of Bb rnhA (ArnhA) had no effect on tropism switching
(Figure 8), while the deletion of rnhB resulted in nonviable mutant cells. Moreover,
deletion of host genes encoding putative endoribonucleases BB4737 and BB479 had no
effect on tropism switching. However, deletion of the Bb rnc (Arnc) which is predicted to
encode RNase Ill resulted in a ~10? fold reduction in tropism switching frequency
(Figure 8). This indicates that RNAse Il contributes to mutagenic homing. RNAse Il
enzymes have been reported to hydrolyze double-stranded (ds) RNA and to participate
in the processing of rRNA and some mRNAs [18, 19]. Thus, RNAse Il could affect TR-

RNA processing (see discussion).

Contribution of DNA-processing host factors to BPP-1 DGR mutagenic homing
To investigate whether DNA-processing enzymes participate in DGR mutagenic
homing, single gene deletions of recd, rep, and recQ were introduced into Bb BPP-1
lysogens and the effects of deleting these host genes on BPP-1 DGR mutagenic

homing was determined using tropism switching assays. The Bb recJ encodes a single
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stranded exonuclease, and recQ and rep both encode an ATP-dependent DNA
helicase. The exonuclease activity of the host-encoded RedJ appears to be required for
L1.LtrB group Il intron retrohoming following TPRT in E. coli [15, 17]. As shown in
Figure 9, mutations in recJ (ArecJ) and rep (Arep) had no effect on tropism switching,
indicating that they do not participate in mutagenic homing. However, the deletion of
recQ (ArecQ) resulted in a ~10? fold reduction in tropism switching frequency which

indicates that the host-encoded RecQ helicase contributes to mutagenic homing.
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DISCUSSION

The BPP-1 DGR has been studied in mechanistic detail and a model for DGR-mediated
mutagenic homing has been proposed based on present data. However, the precise
mechanism of mutagenic homing remains inconclusive, and the contribution of host-

encoded factors to DGR activity has not been previously analyzed.

Here, we used a genetic approach to identify host-encoded factors that participate in
DGR mutagenic homing. First, we generated a Tn5 transposon library to identify host-
encoded factors that directly or indirectly influence DGR activity. Although the initial
transposon screen identified several candidate mutants, the function of the presumptive
candidate genes in mutagenic homing could not be verified by subsequent analyses,
indicating that candidate mutants were likely false positives. A subset of these
presumptive hits showed a decreased in DGR activity which might be due to transposon
insertions that affected the replication of the donor plasmid or the expression of the
kanamycin resistant marker. Alternatively, the DGR activity initially observed in
candidate mutants might be due to additional transposon insertions that were not
accounted for. In some instances, transposon insertions were located in genes that are
part of an operon and the effects of insertions on downstream gene expression remains

to be addressed.

As an alternative approach to identify host-encoded factors that participate in BPP-1
DGR mutagenic homing, we performed targeted mutagenesis of a subset of host-

encode RNA- and DNA-processing enzymes. Among five of the RNA-processing
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enzymes analyzed, RNAse Il (encoded by rnc) was found to contribute to mutagenic
homing. In E. coli RNAse Il hydrolyzes dsRNA and participates in the maturation of
rRNA and some mRNAs [18, 19]. In addition, RNase lll has been reported to mediate
the degradation of a number of cellular and phage mRNAs [18, 19]. Given the function
of RNAse Il in RNA metabolism, it is possible that RNAse Il is involved in TR-RNA
processing or influences TR-RNA stability during mutagenic homing.

Furthermore, our analysis indicated that RecQ plays a role in DGR mutagenic
homing. RecQ DNA helicases have been reported to participate in multiple cellular
processes, including DNA recombination and repair [20, 21]. Moreover, RecQ DNA
helicases facilitate the unwinding of double-stranded DNA and are implicated in the
resolution of DNA structures [20, 21]. In Neisseria gonorrhoeae, RecQ binds and
unwinds a quaduplex DNA structure required for efficient levels of pilin antigenic
variation, a mutagenic system use by N. gonorrhoeae to evade the host immune
response during infection [22]. We hypothesize that RecQ unwinds the DGR stem-
lop/cruciform structure to facilitate the recognition of adjacent nucleotide sequences by
host- or DGR-encoded factors that participate in cDNA integration.

The identification of host genes that impact BPP-1 DGR activity demonstrates
that mutagenic homing involves both DGR-encoded and host-encoded factors,
providing insight into a highly conserved mechanism through which all DGRs are

predicted to function.
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Figure legends:

Figure 1. Bordetella phage BPP-1 DGR mutagenic homing model.

In the current model, BPP-1 phage DGR mutagenic homing occurs through a target-
primed reverse transcription mechanism (TPRT) [6]. DGRs diversify DNA sequences
through a process called mutagenic homing, which introduces nucleotide substitutions
into the VR (green arrow) of the target gene, mtd (green). Mutagenic homing initiates
with either a single strand nick or a double-stranded break in the IMH (pink), a DNA
region located at the 3’ end of VR, and the resulting 3’ hydroxyl serves as a primer to
reverse-transcribe the TR-derived RNA intermediate (blue). The TR-RNA provides a
template for DGR-RT (red box) dependent cDNA synthesis. During reverse
transcription, TR-adenines (A, red) are randomly changed to any of the four nucleotides
(N, red), which result in a mutagenized cDNA that displaces the parental VR. In the
BPP-1 DGR, the target gene encodes the phage tail fiber protein responsible for binding
to host-cell receptors (green circles) and mutagenic homing results in Mtd variants (red
circles) that recognize new host-cell surface molecules as ligands for infection. Avd
(aqua box) encodes an accessory protein that is proposed to interact with RT and

nucleic acids [23].

Figure 2. Tn5 transposon library screen to identify host-encoded factors required
for BPP-1 DGR activity.

Schematic of the DGR homing assay that was used to screen the Tn5 transposon
library. Following conjugation, Bb BPP-1AATRKan® cells containing a randomly

integrated <mTn5> transposon were recovered in selective medium (Sm"Gm®) and
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transformed en masse with the pMINI-Km2B (Cm") donor plasmid. Individual mutants
were grown overnight in 24-deep well plates, and cells were pelleted, washed and
resuspended in Stainer Scholte media to induce expression of DGR components from
the Prna promoter. Cultures were induced for 6 hours and an equal number of cells were
spotted onto 96-well agar slabs containing Kanamycin. The number of Kan® colonies on
each well was compared to those of non-mutagenized Bb BPP-1AATRKan® lysogens
transformed with a donor plasmid carrying an active bRT (+ control) or an enzymatically
inactive bRT (- control). A sample slab is shown. The expanded view shows the number

of colonies observed for positive and negative controls.

Figure 3. Donor and recipient constructs used for Kan® gene targeting.

The donor plasmid (left), pMX-Km2, carries engineered TRs containing the last 36bp of
the Kan® ORF. The recipient cassette (Recipient Phage, right) is located between attL
and bbp1 of BPP-1AATR. Engineered recipient VRs (VR-Kan®) contain the Kan®
reporter gene with a deletion of the last 6 codons and are located upstream of the IMH

(blue and green).

Figure 4. Identification of Tn5 transposon insertions in candidate host mutants.
TnS insertions in candidate mutants were mapped using an arbitrarily primed PCR. P1
and P3 are transposon-specific primers. P2 and P4 are arbitrary primers annealing to
the Bb chromosome. Gels show PCR fragments generated in PCR1 (left) and PCR2
(right) from individual Tn5 insertion candidates. Individual bands indicate amplified DNA

fragments containing transposon insertions.
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Figure 5. Donor and recipient plasmids used for Kan® gene targeting.

The donor plasmid (left), pMX-Km2, carries engineered TRs containing the last 36bp of
the Kan® ORF. The recipient cassette is located in the recipient plasmid (right).
Engineered recipient VRs (VR-KanS) contain the Kan” reporter gene with a truncation of

the last 6 codons and are located upstream of the IMH (blue and green).

Figure 6. Candidate transposon mutants with increased or decreased DGR
activity.

The graph represent DGR-mediated Kan" targeting efficiencies observed for candidate
mutants using plasmid-based Kanamycin homing assays. Candidate mutant strains
were transformed with recipient plasmids. Following induction for donor plasmid
expression and Kan" targeting, cells carrying donor and recipient plasmids were plated
on selective (+Kan) or non-selective plates to determine the relative numbers of Kan®
colonies. The bars represent mean + standard deviations (s.d.). P values comparing
mutants to a non-mutagenized strain in Student’s t tests are indicated with asterisks.
*P<0.05. No Kan® colonies were detected for RT-deficient donors (Km2SMAA) and the

numbers represent limits of detection.

Table 1. Candidate host genes that participate in BPP-1 DGR homing.
Bb candidate genes that had an effect on DGR homing efficiency are listed. Candidate
genes were classified according to the GO (gene ontology) annotation. Candidate

mutants with a decreased (down) or increased (up) Kan" targeting efficiency compared
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to non-mutagenized strains are indicated. DGR homing efficiencies observed in

candidate transposon insertion mutants are shown.

Figure 7. Contribution of candidate genes to BPP-1 DGR mutagenic homing.
The graph illustrates the tropism switching frequencies (TSF) observed for BPP-1
phage obtained from ML6401 lysogens carrying gene deletions. The bars represent
mean TSF + s.d. P values comparing mutants to WT in Student’s t tests are indicated
with asterisks. *P<0.05. No phage plaques were detected for RT-deficient donors and

the TSF shown represents limits of detection.

Figure 8. RNA-processing enzymes that participate in BPP-1 DGR mutagenic
homing.

The graph shows phage tropism switching frequencies observed for BPP-1 phage
obtained from ML6401 lysogens carrying gene deletions (ABB4737, ABB4793, Arne,
Arnc, ArnhA). The bars represent mean TSF £ s.d. P values comparing mutants to WT
in Student’s t tests are indicated with asterisks. *P<0.02. No phage plaques were

detected for RT-deficient donors and the TSF shown represents limits of detection.

Figure 9. DNA-processing enzymes that participate in BPP-1 DGR mutagenic
homing.

Tropism switching frequencies observed for BPP-1 phage obtained from ML6401
lysogens carrying gene deletions (Arecd, ArecQ, Arep). The bars represent mean TSF +

s.d. Asterisks indicate P values comparing mutants to WT in Student’s t tests. *P<0.02.
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No phage plaques were detected for RT-deficient donors and the TSF shown

represents limits of detection.
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Figure 2.
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Figure 4.
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Table 1.

Targeting KanR
efficiency Targeting
Downstream |Up/down efficiency
Classification |Gene disrupted genes
Global LysR family transcriptional ~ |None
regulation _regulator (BB2526) Hlown B.33E10
LysR family transcriptional None
regulator (BB0438) DS L=
RNA RNA pseudouridylate
processing |synthase (BB2525) None Down TEEEAD
Metabolism  |Nucleotidyl transferase
(BB4104) None Up 1.1E00
ttrA; tetrathionate reductase
subunit A (BB1243) ttrB, ttrC Up 9.90E-01
Unknown Hydrolase (BB2305) None Up 137E-03
Hypothetical protein (BB4800) None DG 6.25E-10
BvgS; Virulence sensor BvgR
Other protein (BB2995) (BB2996)  |POWN el
Intergenic region (between
genes BB0437 and BB043g) | C00438 PO 1:30E-08
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Figrue 7.
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Figure 9.
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MATERIALS AND METHODS

Bacterial strains

Bordetella bronchiseptica strains RB53 and RB54 have been previously described [1, 6,
7]. ML6401, a Bordetella bronchiseptica RB50 strain lysogenized with the BPP-1 phage
has also been previously described [1, 6, 7]. The BPP-1AATRKan® lysogen was used to
generate the mTn5 transposon library and has been described [8]. Gene deletions were

introduced into ML6401 through allelic exchange [2, 6].

Plasmids
Plasmids pMX-Km2 and pMX-Km2SMAA have been previously described [8]. Plasmid
pHGT-Kan® was used as the recipient plasmid in the plasmid-based Km assays and

has been previously described [7].

Transposon-library screen and Kanamycin homing assay

A random transposon mutagenesis library was created in the Bb BPP-1AATR-Kan®
strain using the mTn5 <GmR> transposon system [8]. To target the Kan® resistance
gene on the recipient phage, BPP-1AATR-Kan® mutagenized lysogens were
transformed en masse with donor plasmid pMX-Km2 and the cells were plated on Luria
Bertani (LB) medium containing 20 mg/ml streptomycin (Str), 25 mg/ml of
chloramphenicol (Cam), gentamycin (Gm) and 10 mM nicotinic acid (NA) to modulate
cells to the Bvg to prevent transcription of DGR components from the P, promoter.
After transformation of donor plasmid, individual colonies were picked and grown in 500

pl of LB+#NA+Str+Cam+Gm in 24-deep-well plates and incubated overnight at 37°C. An
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amount of cells equal to 1ml of culture (ODgno=1.0) was pelleted, rinsed, and
resuspended in 500 pl of Stainer Scholte (SS) medium [24] containing 20 mg/m
streptomycin (Str), 25 mg/ml of chloramphenicol (Cam) and gentamycin (Gm). Cultures
were grown at 37°C for 6 hours to modulate bacteria to the Bvg” phase to induce
transcription of DGR components from the Psma promoter. After induction, an aliquot of
5ul was spotted onto LB+NA+Str and LB+NA+Str+Kan (50 ug/ml) 96-well agar slabs to
determine Kan” gene targeting efficiency. Growth, dilution and spotting parameters
were optimized to allow sensitive detection of increased or decreased targeting
efficiency. Kan” targeting efficiency for each transposon-insertion mutant was
determined by the number of Kan® colony forming units (cfu) on LB+NA+Str+Cam-+Kan
relative to non-mutagenized BPP-1AATR-Kan® lysogens transformed with donor
plasmid carrying an active (pMX-Kmz2) or inactive bRT (pMX-Km2SMAA). Transposon
insertion mutants with decreased or increased targeting efficiency were isolated and
transposon insertion sites were identified by arbitrarily primed PCR [9, 10]. PCR
products were sequenced and insertion sites were mapped to the B. bronchiseptica

RB50 genome using BLAST searches.

Plasmid-based Kanamycin homing assays

To target the Kan” resistance gene on a plasmid, individual transposon-insertion
mutants identified in the initial screen were transformed with the recipient plasmid
pHGT-Kan®. Cells carrying donor and recipient plasmids were grown overnight at 37°C
in LB+NA+Str+Cam+Tet (5ug/ml). An amount of cells equal to 1ml of culture

(ODe0o*1.0) was pelleted, rinsed, and resuspended in 2.5 ml SS+Cam+Str+Tet and
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grown at 37°C for 6 hours. Serial dilutions were plated on LB+NA+Str+Cam+Tet and
LB+NA+Str+Cam+Tet+Kan (50 ug/ml) to determine Kan” gene targeting efficiencies.
Kan® targeting efficiency was determined as the ratio of colony forming units on

LB+NA+Str+Cam+Kan to those in LB+NA+Str+Cam.

Phage production for tropism switching assays

Phage production was carried out by mitomycin C induction from ML6401 as previously
described [6, 7]. Briefly, ML6401 lysogens carrying gene deletions were grown
overnight at 37°C in Luria-Bertani (LB) media containing 20 mg/ml of streptomycin and
10 mM nicotinic acid. An amount of cells equal to 1 ml of culture (ODggp = 1.0) was
pelleted, rinsed, and resuspended in 2.5 ml Stainer Scholte (SS) medium containing 20
mg/ml streptomycin. Cells were grown for 3 h at 37°C. Phage production was induced
with 0.2 mg/ml mitomycin C for 3 h at 37°C. Progeny phages were harvested by

chloroform extraction [6, 7].

BPP-1 tropism switching assays

Phage tropism switching assays were performed as previously described [6, 7].
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CONCLUSION

DGRs were discovered in the Bordetella phage BPP-1 and have since been identified in
plasmids, bacteriophage and bacterial genomes, including members of the human
microbiome, numerous pathogens of mammals or plants and organisms of
environmental importance. More recently, DGRs were identified in Archaea and their
viruses. Although all DGRs encode target proteins with diverse predicted functions,
comparative bioinformatic analyses predict that all DGRs function by a conserved
mechanism, and they represent a conserved prokaryotic system for targeted protein

evolution.

Mechanistic studies of both bacterial and phage-encoded DGRs have provided insights
into the mechanism by which diversification of target proteins occur. However, many
questions remain unanswered regarding the precise mechanism for mutagenic homing.
These include the exact function of the IMH element, how the stem-loop/cruciform
structure formation contributes to target site recognition, or whether host-encoded
factors participate in DGR mutagenic homing. The work presented in this thesis
addressed some of these questions and provided insight into a conserved mechanism
for DNA editing. As previously described in the preceding chapters, specific sequences
and structural elements are required for target site recognition during mutagenic homing
[1, 2, 3]. In the BPP-1 these requirements are provided by the IMH element, which is
composed of a 14 bp G/C stretch (G/C14) a 21 bp segment and an inverted repeat [1, 2,
3]. As shown in the second chapter of this thesis, the IMH inverted repeat forms a stem-

loop or double-stranded cruciform structure with an 8bp stem and a 4nt loop. Formation
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of the stem-loop/cruciform structure was confirmed by structure specific nuclease
assays, and mutational analysis demonstrated that structure formation is required for
efficient target site recognition. Characterization of the stem-loop/cruciform structure
indicated that while the base pairing interactions in the stem are important for structure
formation, the specific sequence and length of the 4 nt loop (GAAA) are crucial for DGR
function. Furthermore, the analysis demonstrated that while the position of the stem-
loop influences the efficiency of target site recognition, it does not affect cDNA
integration at the 3’end of the target gene. This data indicated that formation and the
location of the stem-loop/cruciform structure are necessary for efficient DNA sequence
recognition of a target gene.

Furthermore, bioinformatics analysis revealed that stem-loops are common to the
majority of DGRs. While the stem length varies between hosts, DGR stem-loops contain
a GNA or GRNA loop (N=A, G, C or T and R=A, G). In Chapter 3 of this thesis, we
investigated how loop nucleotide composition contributes to the structure formation and
stability of DGR stem-loops. In vitro and in vivo analyses indicated that conserved G
and A loop residues are essential to stem-loop/cruciform formation as well as thermal
stability and consequently are required for mutagenic homing. In addition to influencing
stem-loop/cruciform formation and stability, we demonstrated that orientation of the loop
nucleotide sequence contributes to the directionality of mutagenic homing. This
indicates that while they can serve as recognition elements on either DNA strand, the
stem-loop/cruciform structures are functionally non-symmetrical and the directionality of
mutagenic homing is likely determined by the loop nucleotide sequence. Stem-loop or

cruciform structures are targets for many proteins [4, 5] and the polarity of RNA and
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DNA stem-loops has been reported to allow the differential recognition of DNA strands
by proteins that participate in replication, recombination and transcription regulation [4,
6, 7]. Thus, we hypothesize DGR stem-loop sequences are recognized either by the
DGR AVD/RT complex or by host-encoded factors. For example, stem-loop/cruciform
structures might be recognized by host DNA processing enzymes that participate in IMH
cleavage, cDNA integration or DNA repair. Furthermore, due to the conservation of
stem-loops in the majority of DGRs, including those recently identified in Archaea, we
sought to analyze whether DGR stem-loops from bacterial and archaeal DGRs were
able to support mutagenic homing in BPP-1. Here, we showed that DGR stem-loops are
functionally interchangeable across species, which indicates that these conserved
elements are fundamental to target site recognition. Together, these findings provide
new insights that will help us uncover the precise function of the stem-loop/cruciform

structure in target site recognition during mutagenic homing.

The notion that DGR stem-loops might serve as recognition elements for host-encoded
factors that facilitate DNA processing events that culminate in cDNA synthesis,
diversification and eventual integration, prompted us to investigate whether host-
encoded factors participate in DGR mutagenic homing. In Chapter 4, we described a
Bordetella brochiseptica (Bb) genetic screen to identify host factors that play a role in
the BPP-1 DGR activity. To identify host factors that directly or indirectly influenced
DGR activity, a transposon library was generated and over 1500 insertion mutants have
been screened. Although many of these mutants initially appeared to either decreased

or increased DGR activity, subsequent analysis indicated that candidate genes did not
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participate in DGR homing. As an alternative approach to identify host factors, targeted
mutagenesis of a set of host candidate genes that are known to participate in DNA- and
RNA-processing events was performed. Our analysis revealed that the deletion of
genes encoding RNAse Il and RecQ decreased tropism switching, which indicates that
both DGR-encoded and host-encoded factors play a role in mutagenic homing.
However, further analyses are needed to determine the action of these enzymes in
mutagenic homing. In E. coli, the endoribonuclease RNAse lll is involved in RNA
metabolism by specifically cleaving double-stranded RNA. Although RNase III primarily
participates in the maturation of rRNA, it is also involved in the processing or decay of a
subset of cellular and phage mRNAs [8, 9]. Given the role of RNAse Ill in RNA
metabolism, the Bb RNAse Ill might be involved in TR-RNA processing, and this

possibility will be analyzed in future studies.

Finally, our findings have implications for RecQ activity in mutagenic homing. RecQ
ATP-dependent DNA helicases participate in DNA repair and have been reported to
unwind DNA structures [10, 11, 12]. Accordingly, the DNA helicase activity of RecQ
might facilitate the unwinding of the stem-loop/cruciform structure as local separation of
DNA strands might allow the recognition of adjacent sequences by DGR conserved
components or host-encoded proteins involved in cDNA integration at the 3’ end of the
target gene. To understand the role of RecQ in DGR mutagenic homing, we will test

whether Bb RecQ interacts and unwinds the stem-loop/cruciform structure.
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FUTURE RESEARCH

Analysis of the stem-loop function in target site recognition

We have demonstrated that stem-loop/cruciform structure formation is essential to DGR
function and that target site recognition is determined by the loop nucleotide sequence
(Chapter 2 and 3). Thus, we hypothesize that these conserved structures acts as
recognition elements for conserved DGR components or host-encoded factors. To test
this hypothesis, we will first determine whether the stem-loop/cruciform structure serves
as a protein-binding element for Avd, RT or Avd-RT complex. His-tagged Avd and RT
will be purified and combined with supercoiled plasmid DNA carrying wild type (WT)
IMH sequences to determine if the stem-loop/cruciform element interacts with Avd, RT
or Avd-RT in vitro. Complex formation will be determined by immunocoprecipitation
assays using aAvd or abRT antisera [13]. The presence of plasmid DNA in complexes
will be measured by quantitative (q)PCR or by using radiolabeled DNA. The effects of
stem-loop mutations on IMH recognition by transacting DGR components will also be
analyzed. In addition, site-directed spin labeling (SDSL) combined with electron
paramagnetic resonance (EPR) spectroscopy could be employed to rigorously monitor
protein-stem-loop/cruciform interactions should they exist [14, 15]. Site-directed spin
labeling has been used as a tool to analyze conformational changes that occur during
transient tetraloop-receptor interactions [15]. Complex formation might be transient and
therefore complex formation with WT IMH or IMH mutants with alteration of the stem-

loop element will also be analyzed in vivo by chromosome immunoprecipitation [16].
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As shown in Chapter 4, deletion of the Bb recQ decreased BPP-1 tropism switching
which indicates the DNA helicase RecQ contributes to mutagenic homing. Since RecQ
protein family members have been reported to bind and unwind DNA structures [10, 11,
12], we will test whether the Bb RecQ unwinds the DGR stem-loop/cruciform structure.
First, we will analyze the interaction of RecQ with the stem-loop/cruciform structure in
vitro by immunocoprecipitation assays as previously described. Unwinding of the stem-
loop/cruciform structure by RecQ will be determined by Circular Dichroism (CD)

spectroscopy.
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In the evolutionary arms race between microbes, their parasites, and their neighbours, the
capacity for rapid protein diversification is a potent weapon. Diversity-generating retro-
elements (DGRs) use mutagenic reverse transcription and retrohoming to generate myriad
variants of a target gene. Originally discovered in pathogens, these retroelements have been
identified in bacteria and their viruses, but never in archaea. Here we report the discovery of
intact DGRs in two distinct intraterrestrial archaeal systems: a novel virus that appears to
infect archaea in the marine subsurface, and, separately, two uncultivated nanoarchaea from
the terrestrial subsurface. The viral DGR system targets putative tail fibre ligand-binding
domains, potentially generating >10'8 protein variants. The two single-cell nanoarchaeal
genomes each possess >4 distinct DGRs. Against an expected background of low genome-
wide mutation rates, these results demonstrate a previously unsuspected potential for rapid,
targeted sequence diversification in intraterrestrial archaea and their viruses.
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ments harbour a microbial reservoir of exceptional

magnitude!. Archaea are both numerically dominant? and
well adapted to energy limitations faced in various intraterrestrial
environments>*. Although little is understood about their
physiology, metabolism, evolution, or mortality in these
environments, current research predicts that they will be
characterlzed by slow growth and low genome-wide mutation
rates.

Independent of the sporadic mutation rate, microbial genetic
variation can be increased by processes such as gene conversion
and horizontal gene transfer. The single most powerful such
mechanism known in nature is the diversity-generating retro-
element (DGR)®’. DGRs use a process called mutagenic
retrohoming for the targeted replacement of a variable repeat
(VR) coding region with a sequence derived from reverse
transcrlgptlon of a cognate non-coding template repeat (TR)
RNA® Crucially, the reverse transcriptase (RT) used is error-
prone at template adenine bases', but has high fidelity at other
template bases, modulating the rate of diversification to permit
rapid exploration of target protein (TP) variants within a
recognizable structural framework. Over successive waves of
replication, DGR activity leads to ralpid evolution of TPs, typically
altering ligand-binding specificity!! and even permitting phage
recognition of novel host ligands®. To date, DGRs have been
found widely in bacteria and their viruses, but never in an
archaeal system.

Because parasitism is expected to be an important driver of
evolution and mortality in intraterrestrial archaea'?, we set out to
identify and characterize viruses of anaerobic archaea from one
system in the marine subsurface, a methane seep in a California
borderlands basin. Our survey uncovers the complete genome
of a virus that appears to infect archaea. Remarkably, this
genome encodes a complete and apparently active DGR.
We examine existing sequence data from archaeal systems,
discovering multiple DGRs in the genomes of two subterranean
nanoarchaea. These findings demonstrate that subsurface archaea
and archaeal viruses maintain a mechanism for generating

Energyflimited marine and terrestrial subsurface environ-

protein hypervariability within targeted genes, bringing the
capacity for massive diversification to the archaea-dominated
deep biosphere.

Results
A putative archaeal virus encodes a DGR. We collected sub-
surface sediments from a methane seep at 820 m water depth in
Santa Monica Basin. After confirming that these sediments
exhibited anaerobic oxidation of methane (Supplementary Fig. 1),
we prepared and sequenced a viral metagenome, uncovering a
novel and apparently complete viral genome (termed ANMV-1;
Fig. 1a). Examination of ANMV-1 coding sequences offered two
key lines of evidence that this virus infects an archaeal host. First,
the ANMV-1 genome encodes a TATA-box binding protein, an
essential component of the transcriptional machinery in archaea
and eukarya that is absent from bacterial3. Second, the ANMV-1
genome contains six genes that show sequence similarity (e-value
1077 to 10~ 2% with proteins from methanotrophic archaea
(ANME-1 and ANME-2D) and none with comparable similarity
to eukaryotic proteins (Supplementary Table 1). We further
hypothesize that ANMV-1’s archaeal host is anaerobic;
ribonucleotide reductase activity is essential for phage genome
replication'4, and ANMV-1 encodes an oxygen-sensitive
ribonucleotide reductase. In light of the active anaerobic
oxidation of methane metabolism observed in the sample from
which ANMV-1 was sequenced, the anaerobic archaeal host may
belong to an anaerobic methane-oxidizing (ANME) clade.
Analysis of ANMV-1 identified a cassette bearing a RT gene,
two 114-bp proximal repeats that vary from each other at positions
corresponding to adenines, and a short inverted repeat with
potential for hairpin formatlon (Fig. 1b). Together, these features
are hallmarks of a DGR®™. Since the discovery of these remarkable
elements, >300 DGRs have been identified, all within the bacteria
and their viruses'>!®, ANMV-1 represents the first identification
of a DGR that appears to operate in an archaeal system.
Although the ANMV-1 VR lies w1th1n a gene of unknown
function (best BLASTp e-value >1073, to uncharacterized
proteins), the predicted secondary structure of the gene product

a ANMV-1 (~38.5 kb)
terL  tbp nrdD AdtA RT
-
Tail fib. (DGR)
lomology T . [ ] [ 1 1
@ Replication / transcription Packaging / assembly
@) Structure @) Hypothetical / uncharacterized
IMH IMH*
b -1, i

( 1022

= TR-RNA
TR*-cDNA

IMH Hairpin

Pulatlve Avd

=

je————— (114 nt; 38 A's) —————>1

m

Figure 1| Retr ANMV-1 k d from

seep (a) Annotated coding sequences (CDS) designated by

arrows that are coloured according to predicted function. Genes with blast similarity to ANME protein sequences are highlighted in red below each
corresponding ANMV-1 locus (Supplementary Table 1). Symbols above selected annotations indicate putative gene names: terl, terminase large subunit; tbp,
TATA-box binding protein; nrdD, anaerobic ribonucleoside triphosphate reductase; AdtA, DGR TP; RT, reverse transcriptase. An open box highlights the DGR
cassette with flanking putative tail fibres (tail fib.), shown below the genome. (b) Putative cis- and trans-acting features of the ANMV-1 DGR. RT, accessory
variability determinant (Avd) and AdtA ORFs are shown as blue, grey and green arrows, respectively. Purple boxes indicate template and variable repeat
regions (TR and VR). The IMH and cognate IMH* sites are highlighted in yellow. The expanded DGR view depicts the putative retrohoming target site.
Estimated number of nucleotide sequence variants is given above VR (TR* cDNAs), based on theoretical mutagenesis of adenines in TR intermediate RNA.
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offered important functional insights. The ANMV-1 DGR target
(termed AdtA) shares greatest structural homology (37% of
residues modelled with 99% Phyre confidence; r.m.s.d. 1.6 A;
Z=13.6) with the major tropism determinant (Mtd) of Bordetella
phage BPP-1, a DGR-targeted tail fibre protein responsible for
binding host ligands. AdtA contains 21 codons with potential for
adenine-specific amino-acid substitutions (versus 12 in Mtd),
including nine AAY codons, with potential for >10'® variants.
Thus, ANMV-1 demonstrates a degree of coding variability that
is comparable to bacterial DGR systems!'! and outpaces the
vertebrate immune system’s capacity to generate variants of
antibodies or T-cell receptor proteins!”18, Predicted AdtA
structural homology to Mtd is greatest in its C terminus, which
corresponds to the C-type lectin (CLec)-fold common to many
known bacterial DGR targets' 1%, As in Mtd, the targeted AdtA
residues map to partially solvent-exposed sites in the CLec

domain (Supplementary Fig. 2). Together, these findings point to
a binding-related role for AdtA, and the genomic proximity of the
adtA gene to phage tail fibre genes (Fig. la) suggests host
attachment as a possible function.

The discovery of a mechanism for rapid genetic diversification
in ANMV-1 raises questions about the distribution and evolution
of this virus. We conducted a search for close relatives of the
ANMV-1 genome in environmental metagenomic databases,
identifying a group of highly similar sequences (Supplementary
Fig. 3) found in seafloor sediments of the Nyegga methane seeps,
offshore Norway'®, and in Coal Oil Point hydrocarbon seeps,
offshore Santa Barbara, California. Metagenomes from both seeps
cover portions of the ANMV-1 DGR cassette, including a closely
related and intact RT open reading frame (ORF) from Nyegga
seep sediments. These results indicate that ANMV-1 relatives are
widespread in methane seeps. Furthermore, the persistence of

144



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/

ncomms?/

Group
@
@
2
£

(i) o
5
=
o]

(ii)

OTU1 Contig 27

(ii)

OTU1 Contig 3
(DGR 1)

()

OTU2 Contig 14

OTU1 Contig 3
(DGR2)

c
C
G
¢
G
A

Figure 3 | Conserved and putative r y features of N

| ta DGRs. IMH sites (IMH and IMH*) are shown as yellow boxes, and the

trinucleotide-loop hairpin is given in an expanded view at right. Dark grey arrows indicate ORFs between RT and TP whose amino-acid sequences
have comparable isoelectric point and molecular weight to accessory variability determinant (Avd; pl=9+1, M,,=10£5).

DGR sequences in related viruses from widely separated ocean
basins suggests a selective pressure to maintain the mechanism
for targeted protein diversification.

Two Nanoarchaeota maintain multiple DGRs. Having identi-
fied the first DGR-containing archaeal system, an apparently
widespread virus from the marine subsurface, we asked whether
distinct DGRs might occur in intraterrestrial archaea themselves.
We searched genomic databases for archaeal RT genes and
nearby repeats with adenine variability, finding multiple putative
DGRs in the two operational taxonomic units (OTU1 and OTU2)
of DUSEL4, a clade of uncultivated subterranean Nanoarchaeota
established from four sequenced cells?®. Whereas the sequenced
genomes of the other known nanoarchaea, Nanoarchaeum
equitans*! (completely sequenced) and Nanoarchaeote Nst-1
(ref. 22) (~91% sequenced), so far appear to contain neither
DGRs nor RT genes, the DUSEL4 genomes have an abundance,
with four distinct (non-redundant) DGR cassettes in a single
genome (Fig. 2a). Examination of DUSEL4 RT and TP sequences
revealed four distinct groups of DGRs with conserved cis- and
trans-acting features, each with a single representative in both
OTU1 and OTU2 (Figs 2b and 3). Intriguingly, a further search
within these genomes for VR-containing genes revealed two
partial DGRs—consisting only of a target gene, VR, and cis-acting
elements—in OTUL, the representative with higher estimated
genome coverage?’. Evidence of adenine-directed mutagenesis in
these VRs (Supplementary Fig. 4) suggests a history of DGR
activity in these sites that do not contain an RT gene, indicating
either that the fragments are fossils, left behind when the RT was

recruited to a different genomic location or simply lost, or that
they are diversified remotely by DGRs elsewhere in the genome.

Archaeal DGR components have distinct evolutionary histories.
The possibility that DGRs might not move as a unit led
us to examine the evolutionary histories of key DGR cassette
components. First, we analysed the phylogeny of the
newly identified archaeal DGR RTs. Canonical DGR-type RTs have
been shown to form a distinct clade most closely related to
bacterial group-II introns”?>?% while known archaeal RTs are
most similar to bacterial %roup—H and group-II-like introns, they
fall outside the DGR clade?®. We find that the RTs from ANMV-1
and DUSEL4 DGRs lie in a monophyletic group within the
DGR clade (Fig. 4a), branching separately from bacterial sequences
(97% bootstrap support; Fig. 4b). Underscoring the likelihood
that ANMV-1 has an archaeal host, this pattern suggests that
ANMV-1 and DUSEL4 DGR RTs share a common archaeal
ancestry.

We next compared the tetranucleotide composition of
DUSEL4 DGRs to that of their host genomes (for individual
genome signatures, see Supplementary Fig. 5) at two levels:
the concatenated DGRs, and separately concatenated DGR
TP genes and RT genes. While TP fragments lie well within
the core genomic pattern, RT fragments present as outliers,
pulling the overall DGR signature away from the genome
core (Fig. 5ab). Together with the RTs phylogenetic
relationships, this pattern suggests that DUSEL4 may
have acquired its DGR RTs via horizontal transfer, perhaps
from another archaeal host. The sequence conservation
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across multiple DGR RTs in DUSEL4 (Supplementary Fig. 6a)
suggests that they have a common source, perhaps a single
acquisition followed by repeated gene duplications as new DGRs
formed.

Nanoarchaeal DGRs target orphan genes. Most previously
identified bacterial and phage DGRs diversify liﬁand-
binding proteins, predominantly C-type lectin-like®> or
immunoglobulin-like folds*>?°. By contrast, primary sequence
analysis of all DUSEL4 Nanoarchaeota DGR and DGR fragment
TPs reveals that they share no protein sequence homology with
either AdtA or any database representatives, but rather constitute
a set of orphan genes (Supplementary Fig. 6b); this finding is
supported by Phyre analysis, which predicted no structural
homology between characterized proteins and any nanoarchaeal
TP. Initial structural investigation of one nanoarchaeal TP
(OTU1 contig 3 DGR2 TP; Fig. 2b) by circular dichroism (CD)
revealed that the purified protein adopts a thermostable fold
(T ~70°C; Supplementary Fig. 7) even with limited secondary
structure (12% a-helix and 25% pB-strand)?®. Pairwise sequence
alignments of the nanoarchaeal TPs (Supplementary Fig. 6b)
suggest that the targets of groups i-iv are unlikely to share
substantial structural homology with each other, raising the
possibility that nanoarchaeal DGRs may target a broader range of
protein activities than are known for bacterial and phage DGRs.

Discussion

Comparison of the putative archaeal DGRs with the canonical
bacterial and viral DGRs reveals both similarities and distinctive
features that may influence DGR function. In Bordetella phage
BPP-1, certain cis-acting elements appear critical for efficient
retrohoming, including (1) an initiation of mutagenic homing
(IMH) motif that lies at the 3’ end of VR and an IMH*
homologue at the 3’ end of TR; and (2) a short inverted repeat
downstream of VR, capable of forming a hairpin/cruciform
structure, typically with a GRNA tetraloop'?. DUSEL4 DGRs
appear to maintain versions of these canonical cis- acting
elements under additional constraints. First, IMH sites in
DUSEL4 include a TGGGGT motif, while DUSEL4 IMH* sites
carry a corresponding TGGAAT. Second, all DUSEL4 DGR
hairpins have highly constrained GRA trinucleotide loops, and
each hairpin lies within its DGR’s TP gene, placing this region
under selection at the level of both protein structure and DNA
sequence. Investigation into the influence of these features on
archaeal DGR activity may shed light on differences in the
molecular mechanism of DGR retrohoming in bacterial and
archaeal systems.

Examination of nanoarchaeal TRs suggests the capacity for
individual DGRs to generate 7 x 1010 to 9 x 10'2 variants of their
TPs, with no risk of nonsense mutations (Supplementary Fig. 4).
Although this range is low by comparison with typical bacterial
and viral DGRs, the potential evolutionary impact must be
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Figure 5 | Tetranucleotide distributions of DUSEL4 Nanoarchaeota.
(ab) Non-metric multidimensional scaling plots of tetranucleotide
distributions of (a) concatenated DUSEL4 DGRs (red) and (b) separately
concatenated DUSEL4 DGR RT (blue) and TP genes (green), compared
with the rest of the DUSEL4 Nanoarchaeota OTU1 and OTU2 genomes
(greyscale circles). Each point on the ordination plots represents one 5-kb
fragment. Dashed ellipses indicate the 95% confidence region.

considered in light of the multiplicity of DGRs in DUSEL4
Nanoarchaeota; whereas no bacterial or viral genome has been
found to harbour >2 distinct DGRs, these nanoarchaea have >4.
This profusion may enable subterranean nanoarchaea to explore a
multidimensional fitness landscape far more rapidly than would
sporadic mutation at the low rates observed for other intrater-
restrial microbes®. Moreover, the fragmentary DGRs elsewhere in
OTU1 suggest either that a single nanoarchaeal DGR can
concurrently target multiple genes with homologous VRs, or
that these DGRs are dynamic, with mobile RT/TR elements
recruited from one locus to another over time. In either case, the
diversity of nanoarchaeal DGR target sequences so far discovered
raises the possibility that these organisms have used DGRs as a
general tool for protein engineering—a hint that scientists might
be able to do the same.

It is striking that these first discoveries of DGRs in archaeal
systems should occur in a virus and in the Nanoarchaeota, a
phylum associated with parasitism?!?2. Whether the uncultivated
organisms represented by the DUSEL4 clade live as obligate
parasites remains to be determined; their more important
commonality with ANMV-1 may be their occurrence in Earth’s
subsurface. While massive and low-risk protein diversification
offers clear advantages to any organism caught up in the Red
Queen’s race, the occurrence of a DGR in the globally distributed
virus ANMV-1 and the proliferation of DGRs in subterranean
nanoarchaea suggests that these elements may confer additional
selective advantages in a compartmentalized and energy-limited
subsurface environment.

Methods

Study site and sampling. Paull’s Pingo is a seafloor mound feature (latitude
33.799° N and longitude 118.646° W, depth ~ 820 m) formed by the expansion of
subsurface methane hydrate?”. We accessed active methane seeps at the pingo to
collect sediment cores using deep submergence vehicle Alvin, during R/V Atlantis

Leg AT15-53 (September 2009). Sediment core processing was conducted
shipboard in an anaerobic chamber, flushed with a nitrogen headspace. One
sediment core was subsectioned between 5 and 15 cm (relative to seafloor) and
dedicated to methane-amended incubations. Two subsamples of 60 ml sediment
were homogenized with 20 ml of sterile, anoxic artificial seawater medium?®.
Incubations with the homogenized sediments were prepared in 120-ml serum vials,
under a 40-ml headspace of ~3% CH, and 97% N,. Incubations were amended
with 13C-labelled methane (99 atom-% '3C) as an exogenous tracer to track
methane oxidation (Supplementary Fig. 1). Stable isotope ratios (613C) for CO,
were measured by isotope ratio mass spectrometry (Thermo Finnigan Delta XP
Plus in continuous flow mode). After 1 month of enrichment, the incubation was
terminated and viruses were purified for DNA sequencing.

Virome purification and DNA sequencing. Incubation slurry samples (1:2
sediment:aqueous phase) were used for virus particle purifications. Samples were
vigorously homogenized by vortexing (15 min), followed by centrifugation (10 min,
500g). Supernatant was filtered (0.22 um) to separate viruses from cells. Viruses
were concentrated and viral DNA was extracted as previously described®.
Briefly, virus particles were concentrated via caesium chloride density gradient
ultracentrifugation (2h, 22,000 g, 4°C) and treated with DNase-I. DNA was
extracted by cetrimonium bromide (CTAB)-chloroform and phenol-chloroform
separation. Before viral DNA amplification, a 16S PCR assay to screen for cellular
DNA contamination was performed with universal bacterial primers Bact27F
(5-AGAGTTTGATCCTGGCTCAG-3') and Bact1492R (5'-GGTTACCTT
GTTACGACTT-3'). Following this check, we performed Phi29 polymerase
multiple displacement amplification (MDA) using the Illustra Genomiphi HY
DNA Amplification Kit (GE Healthcare). Thermal cycling steps for denaturing
template DNA, polymerase amplification, and post-amplification enzyme
inactivation were performed according to the manufacturer’s specifications, except
that the MDA amplification reaction was incubated for 2h instead of 4h (2h,
30°C). Amplified product was pyrosequenced on 454-titanium plates at the
Broad Institute, as part of the Moore Marine Phage Metagenome Initiative.
Metagenomic reads can be obtained under the NCBI BioSample accession code
PRJNA47435.DV-ANMI1.

Read prepr and bly. Raw sequencing reads were first
scanned for sequencing primers, which were identified and removed using
TagCleaner®!. The reads were then prefrocessed to remove low-quality sequence
following the method of Hurwitz et al.*2, using a custom R script. Preprocessing
included, first, removal of any reads with ambiguous (N) bases; second, removal of
the shortest 2.5% and longest 2.5% of reads; third, removal of reads with mean
quality score >2 s.d. below the mean; and finally, de-replication with CD-Hit 454
(ref. 33).

Reads that passed preprocessing and quality control (QC) steps were subjected
to de novo assembly using CAMERA’s meta-assembler>®. As this assembler does
not permit user manipulation of read overlap parameters, we compared the meta-
assembler output with a custom reassembly approach using Geneious v7.0
(Biomatters Ltd) with the following parameters: minimum overlap 35 bases,
overlap pairwise identity 90% and index word length 12 nt. The ANMV-1 contig
described in this study was generated from the meta-assembly and aligned globally
with 97.7% pairwise nucleotide similarity to a contig obtained by the second
custom de novo assembly. PCR screening confirmed the authenticity of the
ANMV-1 DGR cassette in both template and MDA-amplified viral DNA,
using primers that partially overlap TP, RT and VR/TR regions: ANMVdgrF
(5'-AGGCGATGCAGACGAATGGC-3') and ANMVdgrR (5-TTGCCCAGA
GTTACACCGAGCG-3).

Metagenome annotations. Prediction of open reading frames was performed
using Glimmer3 (ref. 35) with default parameters. Translated ORF sequences were
annotated via CAMERA-HMM and BLASTp?® searches against the following
databases: TIGRfam, Pfam, COG and NCBI-nr (e-value <10~ 3). To determine
which ORFs from ANMV-1 genome share similarity to viral and prophage
sequences, we compared our contig’s translated ORFs with the ACLAME
prophage-specific database®”. To assess similarity to proteins from anaerobic
methane-oxidizing archaea, we inspected NCBI-nr BLASTp results for ANME
protein hits (uncultured archaeon, ANME-1; ‘Candidatus Methanoperedens
nitroreducens’, ANME-2D; and uncultured archaeon, Gfoz37D1). A BLASTn
survey was conducted against environmental metagenomic databases, including
NCBI metagenomic sequences (env_nt), Moore Marine Virus Metagenomes30 and
Pacific Ocean Virome sequences’, to find representatives sharing high nucleotide
similarity (e-value < 10~ 2% 28-nt word size) with ANMV-1.

The putative DGR TP of ANMV-1, AdtA, was analysed using Phyre2 (ref. 40)
to find functional representatives based on secondary structural homology.
Residues of TP that aligned with high confidence to the CLec fold region of the
Mtd protein Bordetella phage BPP-1 (Phyre confidence >90%) were used to
predict a three-dimensional model. Residue positioning was assessed by
Ramachandran analysis and C-terminal variable residues were mapped from
the primary sequence onto the predicted structure using Geneious v7.0
(Biomatters Ltd).
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Comparative lysis of Nanoarch We identified DGR-like RTs
via BLASTp searches against the NCBI-WGS database. For an initial proxy of DGR
repeat features, we used the EMBOSS tool Dotmatcher*’ to perform a dotplot
analysis of homologous regions with moderate proximity (£ 5kb) to RT. TR/VR
regions were confirmed from candidates that comprised mostly adenine-specific
variability, with at least 10 adenine-specific mismatches, with respect to one strand,
and no more than 2 non-adenine mismatches in 100 bp of aligned sequence.

DGR-containing sequences that were analysed in this study are from single-cell
genomes belonging to DUSEL4 Nanoarchaeota, which were broadly described as
part of a genome and metagenome annotation study on ‘microbial dark matter’,
published elsewhere?’. DUSEL4 Nanoarchaeota representatives were previously
assigned into two OTUs comprising four single-cell genomes. We describe
Nanoarchaeota DGRs with reference to their occurrence in combined single-cell
sequence assemblies: OTU1 (genomes AAA011-G17 and AAA011-L22) and OTU2
(genomes AAA011-J02 and AAA011-K22). To confirm the presence of multiple
distinct DGRs in one single-cell genome, we aligned OTU1 sequences with contigs
from Nanoarchaeota AAA011-G17, which has the highest genome completeness of
the DUSEL4 representatives®.

Nanoarchaeota RT sequences were aligned using ClustalW*! with sequences
containing the catalytic RT domain, representing DGRs, group-II introns, retrons,
long terminal repeats (LTRs), retroviruses, non-LTR elements and retroplasmids.
The alignment was compared with a position-specific scoring matrix for the RVT-1
protein family (PF00078), and was manually realigned to conserve motifs
considered essential for RT activity. Trees were constructed in MEGA v5.2 (ref. 42)
using PhyML*? with the model LG + G + F. In addition, a PhyML tree was
constructed from concatenated alignments of RT and TP amino-acid sequences to
compare sequence similarities amongst Nanoarchaeota DGR cassettes.

TP expression and purification. Coding sequences of nanoarchaeal TPs were
synthesized with codons optimal for expression in Escherichia coli (GENEWIZ,
Inc.) and cloned into a modified pET28b expression vector with an N-terminal
His-tag followed by a PreScission protease cleavage site. Construct integrity was
confirmed by DNA sequencing. TPs were expressed in Escherichia coli BL21-Gold
(DE3) cells. Bacteria were grown with shaking at 37 °C to an optical density
(OD600) of 0.6-0.8 and then cooled to room temperature, followed by induction
with 0.5mM isopropyl B-p-1-thiogalactopyranoside. Bacteria were grown with
shaking at room temperature for 5-6 h further, then harvested by centrifugation
(25 min, 4,000, 4 °C); the bacterial pellet was frozen at — 80 °C.

Cells were thawed and resuspended in buffer A (300 mM NaCl, 50 mM Tris
(pH 8) and 5mM B-mercaptoethanol; 20 ml1~ ! of bacterial culture) supplemented
with 1 mM phenylmethylsulfonyl fluoride (PMSF). The bacteria were lysed by
sonication and the lysate was centrifuged (30 min, 35,000 g, 4 °C). The following
steps were performed at 4 °C. The supernatant was applied to a column containing
His-Select Nickel affinity gel (Sigma, 1 ml of resin per 20 ml of bacterial lysate),
which had been equilibrated with buffer A. The column was washed with five
column volumes of buffer B (300 mM NaCl, 20 mM Tris (pH 8) and 5mM -
mercaptoethanol) containing 20 mM imidazole, and the TP was eluted with buffer
B containing 250 mM imidazole. The His-tag was removed by PreScission protease
cleavage (1:50 TP: protease mass ratio) overnight at 4 °C. Cleaved TP was separated
from non-cleaved proteins by applying the sample to a His-Select Nickel affinity gel
column (Sigma) and collecting the flowthrough. The TP was further purified by gel
filtration chromatography (Superdex 75) in 300 mM NaCl, 20 mM Tris (pH 8) and
1 mM dithiothreitol. Purified protein was concentrated to 2mgml ! using
ultrafiltration (10kDa MWCO Amicon, Millipore); the concentration of TP was
determined using a calculated molar extinction coefficient at 280 nm of
28,880M ~lem ~ L

CD spectroscopy. CD spectra were collected for the purified nanoarchaeal TP at
10 uM in 300 mM NaF, 20 mM sodium phosphate buffer, pH 8, 1 mM dithio-
threitol on an Aviv 202 CD spectrometer using a 1-mm pathlength cuvette. Spectra
were recorded from 195 to 260 nm at 25 °C, with 1 nm wavelength steps and the
measurement at each wavelength being averaged for 30's. A temperature melt study
was carried out by increasing the temperature of the sample from 4 to 90 °C in 1°C
increments, with the ellipticity being monitored at 216 nm. The sample was then
incubated at 90 °C for 2 min and cooled from 90 to 4 °C in 1°C decrements, with
the ellipticity being monitored at 216 nm.

T laatid,

ition analysis. Tetranucleotide composition analysis can
be used to identify core genome signatures to aid in taxonomic assignment, or to
differentiate conserved protein-coding regions from those that were horizontally
acquired*#~#¢, Tetranucleotide distributions of Nanoarchaeota genomes were
determined as previously described®, using a custom Python script. Briefly,
sequences were fragmented with a 5-kb sliding window (500-bp overlapping step).
Tetranucleotide frequencies were calculated by a zero-order Markov method,
which applies odds ratios of observed counts for the 256 unique 4-mers,
normalized to their respective mononucleotide frequencies. In order to assess
tetranucleotide signatures for DGR regions (~2kb each), while avoiding a
compositional bias of flanking sequence, we concatenated DGR cassettes from both
OTUI and OTU2 and fragmented this DGR-specific sequence (~21kb) with a

sliding window as above. In addition, sequences from RT genes and TP genes were
separately concatenated and fragmented with a sliding window as above to
compare tetranucleotide compositions for the two DGR components.
Dimensionality reduction was performed via non-metric multidimensional scaling
on Euclidean distances, using the vegan package in R¥, and ordination ellipses
representing the 95% confidence region were drawn with the ‘ordiellipse()”
function.
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A new topology of the HK97-like fold
revealed in Bordetella bacteriophage by
cryoEM at 3.5 A resolution

Xing Zhang', Huatao Guo?, Lei Jin? Elizabeth Czornyj?, Asher Hodes?,
Wong H Hui', Angela W Nieh?, Jeff F Miller'23, Z Hong Zhou'"23*

'California NanoSystems Institute, University of California, Los Angeles, Los Angeles,
United States; Department of Microbiology, Immunology, and Molecular Genetics,
University of California, Los Angeles, Los Angeles, United States; *Molecular Biology
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Abstract Bacteriophage BPP-1 infects and kills Bordetella species that cause whooping cough.
Its diversity-generating retroelement (DGR) provides a naturally occurring phage-display system,
but engineering efforts are hampered without atomic structures. Here, we report a cryo electron
microscopy structure of the BPP-1 head at 3.5 A resolution. Our atomic model shows two of the
three protein folds representing major viral lineages: jellyroll for its cement protein (CP) and
HK97-like (‘Johnson’) for its major capsid protein (MCP). Strikingly, the fold topology of MCP is
permuted non-circularly from the Johnson fold topology previously seen in viral and cellular
proteins. We illustrate that the new topology is likely the only feasible alternative of the old
topology. B-sheet augmentation and electrostatic interactions contribute to the formation of
non-covalent chainmail in BPP-1, unlike covalent inter-protein linkages of the HK97 chainmail.
Despite these complex interactions, the termini of both CP and MCP are ideally positioned for
DGR-based phage-display engineering.

DOI: 10.7554/eLife.01299.001

Introduction

Capsid proteins of non-enveloped viruses fall, so far, into three major structural classes: the B-jellyroll,
the HK97 fold, and the fold of dsRNA-virus shell proteins (Bamford et al., 2005; Oksanen et al.,
2012). The RNA bacteriophage MS2 subunits have a fourth structure, not yet found in eukaryotic
viruses (Valegard et al., 1990). The HK97 fold is present not only in a large number of dsDNA bacte-
riophage capsids, including the T-phages, lambdoid phages, etc, but also in the major capsid protein
of eukaryotic herpesviruses (Bamford et al., 2005). In HK97 itself, the intersubunit contacts are rein-
forced by a post-assembly covalent linkage—an isopeptide bond between adjacent gp5 subunits, so
positioned that the entire capsid is topologically interlinked in a ‘chainmail’ arrangement (Duda, 1998;
Wikoff et al., 2000). In other cases, such as bacteriophage A, the non-covalent interactions between
the subunits are reinforced by an additional ‘cement’ protein, which binds on the outer surface of the
capsid at positions close to those of the isopeptide bonds in HK97 (Lander et al., 2008). Heads of
bacteriophage A defective in this cement protein break down during DNA packaging (Sternberg and
Weisberg, 1977, Fuller et al., 2007; Lander et al., 2008).

Bacteriophage BPP-1 is a short-tailed, dsDNA virus and a member of the Podoviridae family. It
infects and kills Bordetella species that cause whooping cough in humans and respiratory diseases in
other mammals. It has a T = 7l icosahedral capsid, ~670 A in diameter. A 7 A resolution cryoEM struc-
ture of BPP-1 showed that its capsid protein has an HK97-like fold, but the shell has an additional
protein component (Dai et al., 2010). Lacking information at the time about their genetic identities,
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elife digest Whooping cough is a respiratory illness caused by bacteria in the Bordetella genus.
Among the general public, Bordetella species have become a hot topic in recent years due to the
re-emergence of whooping cough in the United States and elsewhere. Scientists, meanwhile have
become interested in a virus called BPP-1 that can kill the Bordetella species.

BPP-1 is a double-stranded DNA virus, and such viruses have long been of interest to scientists
because they are the most abundant organisms on Earth. These viruses are also noteworthy
because their shells (also known as capsids) are capable of withstanding the very high pressures
(up to about 40 atmospheres) that are created by packing so much DNA into the very small volume
inside the capsid.

BPP-1 is of particular interest because it is capable of making large-scale changes to its own
DNA in order to adapt to changes in its hosts and environment. Of all the organism that do not
contain nuclei within their cells (collectively known as prokaryotes), BPP-1 is the only one that is
capable of making such changes to its DNA. However, efforts to exploit the properties of BPP-1
for bioengineering applications have been hampered because its detailed structure is not known. Now
Zhang et al. have used cryo electron microscopy to study the structure of BPP-1 at the atomic level.

Most viruses belong to one of three major lineages, with each lineage having a characteristic fold
in its capsid proteins. Zhang et al. found that BPP-1 contains two of these folds, which suggests that
it is a hybrid of two of these lineages. This is the first time that such a structure has been observed.
Moreover, Zhang et al. found that one of the folds has an unusual topology that has not been seen
before. The atomic structure reveals how double-stranded DNA viruses use a variety of non-covalent
interactions and a type of protein ‘chainmail’ to form a highly stable capsid that is capable of
withstanding very high pressures.

In addition to enabling applications in bioengineering, the new structure might also provide
insights into the evolution of prokaryotes.

DOI: 10.7554/eLife.01299.002

these proteins were named according to their structural roles: a major capsid protein (MCP) and a
‘cement protein’ (CP) that decorates the shell.

From a biotechnology standpoint, BPP-1 has emerged as an attractive phage-display system thanks
to its unique and well characterized diversity-generating retro-element (DGR). As the only known source
of massive DNA sequence deviation in prokaryotes, DGRs use a unique reverse transcriptase-based
mechanism to introduce targeted diversity into protein-coding DNA sequences to accelerate the evo-
lution of adaptive traits (Liu et al., 2002; Guo et al., 2008). As such, BPP-1 is a naturally occurring
diversity-generating system and can be engineered to display foreign proteins with adaptive heterol-
ogous sequences. An atomic description of the BPP-1 head will enhance bioengineering efforts, reveal
non-covalent molecular interactions conducive of stable bacteriophage capsid formation, and clarify
evolutionary relationships of BPP-1 MCP and CP with proteins in other viruses.

In this study, we report the three-dimensional (3D) structure of the BPP-1 head at ~3.5 A resolution
determined by single-particle cryoEM and derived an atomic model. Both our structural and structure-
based mutagenesis studies reveal major novelties in the BPP-1 MCP and CP structures and their inter-
actions. We also show that the C-termini of both MCP and CP are ideally positioned to display
DGR-diversified peptide libraries for protein engineering applications.

Results

Identification of BPP-1 head proteins by mass spectrometry

Genomic analysis indicated that the 42.5 kb BPP-1 genome encodes up to 50 viral proteins (Liu et al.,
2004). To identify the genes coding for MCP and CP, we first carried out SDS-PAGE analysis and
showed that the two most abundant protein bands have molecular masses of 36.3 kD and 15.2 kD
(Figure 1A). Mass spectrometry analysis confirmed that the bands correspond to Bbp17 and Bbp16,
respectively (Figure 1B). The theoretical molecular masses of Bbp17 and Bbp16 (i.e., 36417.2D and
14458.3D) match their apparent molecular masses by SDS-PAGE, suggesting that the two capsid pro-
teins in the mature bacteriophage particles are not cleaved (Figure 1A). Finally, to verify that genes
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Figure 1. Identification of BPP-1 capsid proteins. (A) SDS-PAGE of BPP-1 virion proteins stained with Coomassie
blue; lane 1: molecular mass standards; lane 2: BPP-1 virion proteins. The two most abundant proteins of the BPP-1
virion are identified by mass spectrometry (B) to be Bbp17 (MCP) and Bbp16 (CP) (indicated by arrows). (B) Mass
spectrometry result of Bbp16 (CP). The sequence is shown with individual peptides identified by mass spectrometry
drawn as lines below their corresponding sequences, with line thickness and darkness representing relative
abundance in the mass spectrometry profiles (thicker lines mean more abundant). Arrows indicate the two
peptide fragments that run past the end of the rows.

DOI: 10.7554/eLife.01299.003

bbp 16 and bbp 17 encode components essential for forming infectious phage particles, we constructed
in-frame deletions of the bbp16 and bbp17 genes. As expected, no infectious phage particles were
produced from BPP-1Abrt lysogens carrying deletions in bbp16 or bbp 17, confirming that both MCP
(Bbp17) and CP (Bbp16) are required for phage production. For the sake of clarity and ease of compar-
ison with structural homologs of other viruses, we will continue to use CP and MCP to refer to Bbp16 and
Bbp17 of BPP-1, respectively. As shown below, these assignments are directly verified through atomic
modeling in which side-chain structures of amino acid residues in sequences match side-chain densities
visualized in the cryoEM map (Figure 2).

CryoEM structure of the BPP-1 head

We reconstructed the 3D structure of the BPP-1 icosahedral head by single-particle cryoEM (Figure 2,
Video 1). The quality of MCP and CP densities was further improved by additional averaging of seven
CP or six hexameric MCP subunits (except for the pentameric MCP) in the asymmetric unit (Zhang
et al., 2010a). Based on the reference-based Fourier shell correlation criterion (FSC = 0.143), the res-
olution of the capsid is 3.58 A (Figure 2C) (Rosenthal and Henderson, 2003). Consistently, the
R-factors of atomic models are better than 0.5 at the zone of 1/3.5 A (for capsid) or 1/3.4 A (for aver-
aged CP and MCP) (Figure 2C; Table 1), which correspond to a Fourier shell correlation (FSC) coeffi-
cient greater than 0.143 (Wolf et al., 2010). Therefore, the resolution of the capsid and averaged
densities were estimated to be ~3.5 A and ~3.4 A, respectively. This assessment of resolution is
also consistent with clearly visible side chain densities of bulky amino acid residues, such as argi-
nine and phenylalanine (Figures 2D and 4E-F; Videos 2-4).

Arranged on a T = 7 icosahedral shell, MCP and CP each have seven copies or conformers in each
asymmetric unit. MCP alone forms a complete icosahedral shell without any noticeable gaps. CP forms
dimers bound to the underlying MCP shell at local and icosahedral twofold axes, making the maximum
diameter of the BPP-1 (670 A) bigger than that of the HK97 capsid (659 A). When CP dimers are com-
putationally removed, the overall size and architecture of the BPP-1 capsid is almost identical to that
of the HK97 capsid, and the backbone model of the HK97 capsid is nearly super-imposable with the
BPP-1 density map with minor mismatches. Based on the averaged density maps of CP and MCP,
we built initial atomic models of CP and MCP with Coot (Emsley and Cowtan, 2004), and refined
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Figure 2. CryoEM reconstruction of the BPP-1 head at 3.5 A resolution. (A) Representative cryoEM image
(defocus—1.6 um) of the BPP-1. (B) CryoEM density of the BPP-1 head shown as radially-colored surface representa-
tion. See also Video 1. (C) R-factors (red) and Fourier shell correlation coefficients (FSC) (black) as a function of spatial
frequency between maps from half datasets. (D) Close-up view of a local region of MCP, with densities of many amino
acid side chains clearly resolved in both the helix and the loop. The atomic model is shown as ribbons and sticks with
amino acid residues labeled.

DOI: 10.7554/eLife.01299.004

them with Phenix (Adams et al., 2010). Models of the seven MCP and CP monomers within the asym-
metric unit were subsequently obtained by adjusting the initial MCP and CP models with Coot and
refined with Phenix, with overall R/R-free factors of 0.26/0.27 at 3.5 A resolution (Table 1) (‘Materials and
methods’).

Cement protein Bbp16 has the jellyroll fold
We traced 139 (Met1 to 1le139) of the 140 amino acid residues of the cement protein Bbp16 in the
cryoEM density map. CP contains two B-sheets each consisting of four anti-parallel strands, and
a ~36-A long extension (Thr125 to Ala140) with the C-terminus exposed on the external surface
(Figure 3; Video 2). The backbones of the seven CP subunits in the asymmetric unit, including their
C-terminal extensions, are nearly identical, with an RMSD of 0.4-0.66 Awhen superimposed (Figure 3D).
The topological organization of strands in the two B sheets (i.e., BIDG and CHEF; Figure 3B) of
CP is identical to that of the jellyroll motif. This structural motif was first discovered in spherical RNA
viruses (Harrison et al., 1978, Abad-Zapatero et al., 1980; Hogle et al., 1985; Rossmann et al.,
1985; Chelvanayagam et al., 1992), and subsequently found widely in other DNA viruses, such as
$X174, bacteriophage PRD1 and human adenovirus (McKenna et al., 1992; Abrescia et al., 2004;
Zubieta et al., 2005; Liu et al., 2010; Krupovic and Bamford, 2011). Unlike its role as the major cap-
sid protein in the above-mentioned viruses, the jellyroll motif in BPP-1 forms an auxiliary protein to
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stabilize the viral capsid made by proteins of
another fold. Notably, in some dsRNA viruses, the
jellyroll motif has been adopted as a domain in
a stabilizer/adaptor protein that forms trimers
located at an intermediate layer of viral capsids
(Grimes et al., 1998; Mathieu et al., 2001;
Liemann et al., 2002; Zhang et al., 2010a). In
BPP-1, CP subunits form a dimer through B-sheet
augmentation between the F-strands of two
CHEF sheets, forming an 8 stranded B-sheet vis-
ible on the external surface (Figure 3C). Although
the BIDG sheet of the jellyroll motif faces but
do not interact with the underneath MCP shell,
instead, as described in detail below, CP interacts
with the MCP shell mainly through its N- and
C-termini as well as a linking loop between its
B-strands B and C.

Structure of the major capsid
Video 1. Shaded surface view of the cryoEM density protein Bbp17 reveals a new
of the BPP-1 caps@ at3.5A resolution, The m.ap is t°P°|°gy of the Johnson fold
color-coded acco.rdlng to the radius. Related to Figure 2. We traced 327 amino acid residues (Ser5 to Val331)
DOI: 10.7554/eLife.01299.005 R X .

of the total 331 residues of the major capsid pro-

tein Bbp17 in the cryoEM density map (Figure 4;
Video 3). Although little sequence identity (CLUSTALW score = 5) was detected between BPP-1 MCP
and HK97 gp5 proteins with ClustalW (Thompson et al., 1994), the overall architecture of the MCP
resembles that of HK97 gp5 (Wikoff et al., 2000) (Figure 4—figure supplement 1A), with an axial (A)
domain, a peripheral (P) domain and an extended loop (E-loop) (Figure 4C). Both the subunit organi-
zation and domain orientations of the seven MCPs in the BPP-1 capsid are also identical to those of
the corresponding gp5 subunits in the HK97 capsid. The A-domain contains a 5-stranded B sheet
flanked by two helices on one side and a C-terminal loop on the other. The P-domain contains a char-
acteristic long, 7-turn helix sandwiched by a three-stranded B sheet and the N-terminal loop. The
E-loop contains a single amino acid sequence segment folded into an extended hairpin loop project-
ing from a 2-stranded B sheet. Notably, both N- and C-termini of MCP are exposed on the external
surface of the capsid, thus are accessible for tethering peptides in phage-display applications.

The structures of the seven MCP conformers in the asymmetric unit are nearly identical with

some minor differences (Figure 4—figure supplement 1B), and RMSDs of their backbones (resi-
dues from 31-60 to 81-331) are 0.55-0.98 A among six hexameric MCPs and 1.2-1.8 A between

Table 1. Statistics of atomic model refinement with Phenix

CP (Bbp16) MCP (Bbp17) Asymmetric unit (7CPs+7MCPs)
Residues resolved 1-140 7-331 1-140 (CP); 5-331 (MCP)
Resolution (A) 34 34 35
Ruoi (overall: 40-3.4 A) 0.28 0.27 (0.31%) 0.26
Riee (overall: 40-3.4 A) 0.28 0.28 (0.30%) 0.26
R,on (best resolution zone) 0.47 (1/3.4 A) 0.50 (0.52%) (1/3.4 A) 0.51(1/35A)
Rieo (best resolution zone) 0.45(1/3.4 A) 0.45 (0.50%) (1/3.4 A) 0.47 (1/3.5 A)
Ramachandran plot values
Most favored (%) 85.5 86.7 88.0
Generously allowed (%) 12.3 11.8 10.3
Disallowed regions (%) 2.2 1.5 1.7

*R-factors of the interchanged model by forcing the BPP-1 MCP to trace the HK97 topology.
DOI: 10.7554/eLife.01299.006
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the pentameric and the hexameric MCPs. The
minor differences among the different MCP con-
formers include: (1) Each N-terminal portion (Ser5-
Glu30) of the seven MCPs adopts a slightly
different conformation, and backbone RMSDs of
this segment are 1.4-5.0 A among seven MCP
copies; (2) The E-loops of the seven MCPs have
backbone RMSDs of 0.8-8.3 A, larger than other
portions of MCPs, possibly resulting from dif-
ferent local shell curvatures at the regions of the
E-loops (Figure 4E); (3) Although the C-terminal
proximal loop (Ala295-Val309) of every hexameric
MCP is well resolved, the corresponding seg-

Video 2. Shaded surface view of the cryoEM density of ment m_ thz.per;tamjnc TCP Is. not fre;.0|ved,
the averaged CP at 3.4 A resolution (gray) superimposed suggesting disordered conformation of this seg-

with the atomic model CP (ribbon and sticks). Related to ~ MeNt in pentons possibly due to steric hindrance
Figure 3. at the central channel of the MCP pentamer
DOI: 10.7554/eLife.01299.007 (Figure 4—figure supplement 2).

Despite the similarities in the architectural
appearances of BPP-1 MCP and HK97 gp5, their
atomic structures differ in four significant ways.
Firstly, the conformations of the N-terminal loops
are different (Figure 4—figure supplements 1,
2C). In BPP-1 MCP, the N-terminal peptide
extends radially to interact with a CP by aug-
menting its CHEF B-sheet. In HK97 gp5, the
N-terminus extends circumferentially and interacts
with three adjacent gp5 subunits, augmenting a
B-sheet in one of them. Secondly, a C-terminal
loop (Lys293-Val309) of the pentameric MCP in
BPP-1 is disordered while the corresponding
loop (Arg294-Thr304) in the HK97 pentameric
gp5 is ordered (Figure 4—figure supplement
2B,C) (Wikoff et al., 2000). Thirdly, the electro-
static potential properties of the two proteins
are strikingly different. Finally, and perhaps
most interestingly, the folding topologies of
BPP-1 MCP and HK97 gp5 are different, which,
Johnson fold as illustrated in Figure 4. Related to as described below, provides the first oppor-
Figure 4. tunity to explore possible alternative ways to
DOI: 10.7554/eLife.01299.008 build the highly conserved HK97-like folds
(Figure 5, Figure 5—figure supplements 1
and 2; Video 4).

Video 3. Shaded surface view of the cryoEM density
of the averaged MCP at 3.4 A resolution. The three
structural elements are color coded (cyan, purple and

green) according to the structural elements of the

Two topologies to build the HK97-like (‘Johnson’) fold and structure-
based mutagenesis

As remarked above, despite of the similar architectural appearance (or fold) of BPP-1 Bbp17 and
HK97 gp5, the peptide traces of these two proteins follow different folding topologies (Figure 5A-B,
Figure 5—figure supplements 1 and 2). A careful comparison of the two structures has led us to
identify three structural elements of the canonical HK97-like, or ‘Johnson’ fold: N-, B- and a-elements
(marked cyan, purple and green in Figures 4A-D and 5A-C). These three structural elements join
together through a central 5-stranded (F, E, G, K, L in Figure 5A-C, in an up-up-down-up-up topology)
B-sheet, flanked by two short helices (Figure 5A-C, Figure 5—figure supplement 2). The B-element
(purple) consists of two anti-parallel (i.e., G, K; down-up) B-strands forming a hairpin located at the
middle of the Johnson fold. The a-element (green) contains two parallel (i.e., F, E; up-up) B-strands and
the two short helices. The N-element (cyan) contributes the last (i.e., L; up) B-strand to the Johnson
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fold and also contains the two other characteristic
secondary structures of the Johnson fold: a long,
kinked ‘spine’ a-helix and the extended loop
(E-loop).

In BPP-1 MCP, the N-, B-, and a-elements
consist of residues 1-168, 169-241, and 242-331,
respectively (Figure 4A). The orders of these
three structural elements in BPP-1 and HK97 are
N-B-a (‘BPP topology’, Figures 4A-C and 5A),
N-a-B (‘HK97 topology’, Figure 5B), respectively.
To verify this, we swapped the a and B struc-
tural elements in our de novo BPP-1 MCP model
to create an ‘interchanged model’ that matches
the HK97 topology. This ‘interchanged model’
was then refined with Phenix for five cycles. Despite
this refinement effort, the final ‘interchanged model’
does not agree with our experimental cryoEM
density (Figure 4—figure supplement 3). In par-
ticular, many side chains in the ‘interchanged
model’ do not match those resolved in the cryoEM
density map (Figure 4—figure supplement 3B,C).
This verification provides additional support to
the BPP topology established by our de novo

Video 4. CryoEM density of MCP around the positions
of permutation. The three structural elements are color

coded (cyan, purple, and green) according to the modeling approach.

structural elements of the Johnson fold as illustrated in Interchange of two of the structural elements
Figure 4. Related to Figure 4. can lead to proteins with different topologies of
DOI: 10.7554/eLife.01299.009 the Johnson fold (Figure 5C). From a pure math-

ematical point of view, permuting three structural
elements can give rise to a total of six different
topologies (i.e., 3! = 6), considering that sequence polarity (N- to C-termini) of the structural elements
must be preserved. However, the N-element (cyan) cannot participate in this permutation due to the
remote disposition (~42 A) of its N-terminus with respect to the C-termini of other structural elements,
and thus the total possible topologies is reduced to only 2 (i.e., 2! = 2) and the permutation is non-
circular (Figure 5—figure supplements 1A-B, 2G-H). Remarkably, the newly discovered BPP topology
presented here is therefore the second topology predicted from the above rule (Figure 5A), the first
being the topology discovered in HK97 gp5 (Wikoff et al., 2000) (Figure 5B) and subsequently seen
in many other viruses, as well as in bacteria and archaea cells (Akita et al., 2007, Sutter et al., 2008).
Insertions into any of the three structural elements can give rise to more complex architectures without
increasing the number of folding topologies of the Johnson fold, as would be expected for larger viral
particles such as the herpesvirus capsid.

To test whether a functional protein can be produced from BPP-1 MCP by permuting it to the
HK97 topology without introducing other changes, we genetically interchanged the primary order
of the B- and a-elements in the BPP-1 MCP gene bbp 17 (Figure 5—figure supplement 1C), and made
two slightly different constructs (Figure 5—figure supplement 1C) (i.e., PM1 and PM2, ‘Materials
and methods’). These two engineered proteins were expressed successfully, as indicated by Western
blot analysis (Figure 5D). However, no plaque formation was detected for the PM1 and PM2 lysates
on RB50 cells transformed with either the wt bbp17, the PM1 or the PM2 construct (Figure 5E), sug-
gesting that the PM1 and PM2 gene products are not functional.

Interactions among capsid proteins
The BPP-1 capsid has a chainmail structure similar to that of HK97 capsid (Figure 6A-B; Video 5).
Instead of covalent bonding as in HK97, the BPP-1 chainmail is stabilized by non-covalent interactions,
such as: (1) strong electrostatic interactions between adjacent MCPs (Figure 6), and (2) additional
CP-MCP interactions contributed by CPs (Figure 7).

Electrostatic interactions between MCPs of BPP-1 are stronger than those between gp5 subunits in
the HK97 capsid (Figure 6D-H, Figure 6—figure supplements 1) for two reasons. Firstly, in the MCP
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C-terminal

Figure 3. Structure of CP. (A) CryoEM density map of CP (3.4 A resolution, average of all seven conformers in an
asymmetric unit). See also Video 2. (B) Ribbon model of CP, showing its jellyroll fold. Eight B-strands (B, C, D, E, F,
G, H, I) fold into the two characteristic B-sheets (BIDG and CHEF), forming a ‘jellyroll’ (Harrison et al., 1978;
Abad-Zapatero et al., 1980; Hogle et al., 1985; Rossmann et al., 1985). The N- and C-termini are marked by
red and yellow balls, respectively. (C) The two F strands (green) of two neighboring CP monomers form hydrogen
bonds in an antiparallel fashion, creating an augmented, 8-stranded B-sheet and a CP dimer. (D) Ribbon diagrams
of the atomic models of the seven CP conformers of BPP-1.

DOI: 10.7554/eLife.01299.010

hexamer, the electrostatic interactions between adjacent MCPs that appears to be stronger than those
between HK97 hexameric gp5 proteins (Figure 6—figure supplement 1A-B). Secondly, the interface
between the MCP E-loop and an adjacent MCP protein at each local threefold region contains com-
plementary electrostatic interactions (Figure 6D-E). Specifically, the E-loop is mainly positive charged
and its MCP interface is mainly negative charged, and the interaction at this interface appears to be
stronger than that of HK97 gp5 in the same interface. Interestingly, the electrostatic properties of
BPP-1 MCP and Hk97 gp5 are opposite in this interface (Figure 6—figure supplements 1A-B). The
stronger electrostatic interaction between the E-loops and the local threefold region of the BPP-1
MCP may be the reason for the absence (Figure 8) of the salt bridge found between HK97 gp5 pro-
teins at the local threefold interface that is critical for the assembly, stability and maturation of the
HK97 capsid (Gertsman et al., 2010).

In addition, the BPP-1 head is further stabilized by interactions between CP and MCP. Comple-
mentary electrostatic potential surfaces were also identified at the interface between CP and MCP
(Figure 7A-C). Each CP interacts extensively with five MCP subunits underneath, mainly involving
three loops: (a) N-terminal loop, (2) C-terminal loop, and (3) the linking loop between strands C and
D of the jellyroll motif (Figure 7D-F). Firstly, the N-terminal loop of CP interacts with two MCPs:
the N-terminal loop of first MCP (green) and the E-loop of the second MCP (yellow) (Figure 7D-E),
Secondly, the C-terminal loop of CP interacts with two MCPs: a B-strand of the B-element of the first
MCP (orange) and both N- and C-terminal loops of a second MCP (green) (Figure 7D-E). Thirdly, the
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Figure 4. Structure of MCP. (A) Sequence and secondary structure assignment of MCP. a-helices are marked by
cylinders, B-strands by arrows, and loops by thin lines. The three structural elements of the Johnson fold, including
N-, B- and a-elements, are shown in cyan, purple and green, respectively. (B) CryoEM density map of MCP (3.4 A
resolution, average of the six hexon MCP subunits in an asymmetric unit) shown as shaded surface using the same
color coding of (A). The dashed box is shown in stereo in (D) contains the point of permutation (yellow arrow). See
also Videos 3 and 4. (C) Ribbon diagram of the MCP atomic model with the three structural elements of the
Johnson fold colored as in (A). (D) BPP-1 MCP density within the dash-box drawn in (B), showing the positions
of the permutation (indicated by a yellow arrow in [B]) through which the N-element (cyan) is connected to the
B-element (purple), instead of to helix a5 (green, far away), as in HK97 gp5. (E) CryoEM density (mesh) of the
BG strand in (D) superimposed with its atomic model (sticks). (F) CryoEM density (mesh) of the a5 helix in (D)
superimposed with its atomic model (ribbon with sticks).

DOI: 10.7554/eLife.01299.011

Figure 4. Continued on next page
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Figure 4. Continued

The following figure supplements are available for figure 4:

Figure supplement 1. Structural comparisons between one hexameric MCP of BPP-1 and gp5 of HK97.
DOI: 10.7554/eLife.01299.012

Figure supplement 2. Differences between BPP-1 pentameric MCP and HK97 gp5.

DOI: 10.7554/eLife.01299.013

Figure supplement 3. Incorrect MCP model obtained by enforcing the HK97 topology into the BPP-1 MCP
cryoEM density, followed by five cycles of model refinement (‘interchanged model’).

DOI: 10.7554/elLife.01299.014

linking loop of CP interacts with three MCPs: two B-strands of the B-element of the first MCP (blue),
the N-terminal loop of a second MCP (green) and a short loop (Asn48-Glu52) of the third MCP (orange)
(Figure 7D-E). Fourthly, B-strand C of CP jellyroll interacts with the N-terminal loop of an MCP, aug-
menting the CHEF B-sheet of CP (Figure 9C). Finally, two CP monomers form a dimer through anti-
parallel interaction between their F-strands of jellyrolls, forming an augmented, 10-stranded B sheet
and further stabilizing the capsid (Figures 3C, 7D and 9C).

Discussion

We found that BPP-1 CP and MCP adopt two of the three characteristic folds of major virus lineages,
jellyroll, and HK-97/Johnson. Moreover, the topology of the Johnson fold in BPP-1 MCP is non-circularly
permuted as compared to the previously known topology of the Johnson fold. Until now, the Johnson
fold has been observed at atomic detail in the Siphoviridae and Myoviridae families of the three tailed-
bacteriophage families, exemplified by gp5 of HK97 (Siphoviridae) (Wikoff et al., 2000) and gp24 of
T4 (Myoviridae) (Fokine et al., 2005). Our atomic model derived from the 3.5 A cryoEM map of BPP-1
represents the first atomic model for a virus in the third tailed-bacteriophage family, the Podoviridae.
Indeed, BPP-1 represents the first among all viruses shown to contain both the jellyroll and HK97-like
folds. In the virosphere, the conventional wisdom is that viruses have evolved from a few distinctive
lineages separately. Three major lineages have been proposed based on three highly distinctive struc-
tures: jellyroll-like (i.e., jellyroll lineage, include single- and double-jellyroll), HK97-like (i.e., HK97 lineage)
and BTV-like (i.e., BTV lineage), and members of each lineage contain MCPs with conserved folds
originating from a common ancestor (Rossmann and Johnson, 1989; Bamford et al., 2005; Abrescia
et al., 2012). Our result suggests that BPP-1 is likely a hybrid virus that has adopted the characteristic
structures from both the jellyroll and HK97 lineages.

The head of bacteriophage Epsilon15 also contains two capsid proteins (gp7 and gp10) located
at similar positions as CP (Bbp16) and MCP (Bbp17) in BPP-1. In particular, BPP-1 Bbp17 (MCP)
shares ~46% sequence identity with gp7 of Epsilon15 phage, indicating that the two proteins are
likely to have nearly identical structures at least at the level of protein backbones. Indeed, although
initially misinterpreted to have a different topology (Figure 5—figure supplement 2H-I) due to
limited resolution (Jiang et al., 2008), the model of Epsilon15 gp7 was recently updated on the basis
of an improved 4.5 A resolution map (Baker et al., 2013) to bear the same BPP topology as we initially
reported (Zhang et al., 2012) and detailed further in this study.

As described in the results above, the BPP topology and HK97 topology represent the only two
feasible topologies of the Johnson fold (Figure 5). To date, all other known atomic structures of pro-
teins with the Johnson fold adopt the HK97 topology, including gp5 of HK97 in Siphoviridae (Wikoff
et al., 2000), gp24 of T4 in Myoviridae (Fokine et al., 2005), a 39kD spherical particle-forming protein
in archaea (Akita et al., 2007) and an encapsulin protein in bacteria (Sutter et al., 2008) (Figure 5—
figure supplement 2A-E). In these two topologies, the primary positions of their - and a-elements,
are swapped in a non-circularly permutated fashion (Figure 5A-C, Figure 5—figure supplement 1),
which rarely occurs in nature (Vogel and Morea, 2006). This, combined with the fact that no recogniz-
able sequence similarity can be identified between the BPP-1 MCP and other HK97-like MCPs
(CLUSTALW scores: ~5), obscures the origin of the BPP topology.

From an engineering stand point, it is fortunate that both termini of MCP and the C-terminus of
CP are exposed on the external surface of the capsid, ideally positioned for peptide display. Indeed,
we observed infectious phage particle formation when either CP or MCP was fused to a peptide of
22 amino acids at their C-terminus (HG and JFM, unpublished observation). As BPP-1 DGRs diversify

160



e LI F E Research article

Biophysics and structural biology | Microbiology and infectious disease

Cc

Indution 3hr 6hr Infectivity of phage lysates
e ottt " reso\ BPP-1Mbrtabbp17lysogen
Bbp17 L2 s . . ~ cells w, wt PM1 PM2

w 5 5 2 2 5 58 2z 2 wt " ; N

37 _ - - - = PM1 - - -

® - 1 2 3 4 5 6 7 8 PM2 - - -

Figure 5. Two different topologies of the Johnson fold and structure-based mutagenesis of MCP. (A) Diagram
of the BPP topology of the Johnson fold: N-, B-, a-elements. (B) Diagram of the HK97 topology of the Johnson
fold: N-, a-, B-elements. (C) Diagram of the three structural elements of the Johnson fold with free N- and
C-ends. (D) Expression of BPP-1 MCP mutants with the B- and a-elements swapped, thus adopting the HK97
topology. Wild type (WT) and mutant (PM1 and PM2) BPP-1 MCPs with a éxhistidine tag at the C-terminus were
induced for expression from an fhaB promoter in RB50 cells for 3 (lanes 1-4) and 6 (lanes 5-8) hr, respectively.
The expressions levels were determined by Western blot with a mouse anti-éxhistidine monoclonal antibody.
Lanes 1 and 5 are negative controls with wild type Bbp17 that does not contain a éxhistidine tag. (E) Infectivity
of phage lysates as measured by their ability to form plaques on transformed RB50 cells. ‘+": plaque observed;
‘~": no plaque observed. The color scheme in (A-C) is the same as in Figure 4A-D.

DOI: 10.7554/eLife.01299.015

The following figure supplements are available for figure 5:

Figure supplement 1. Diagram of non-circular permutation of the three structural elements of the Johnson fold in
BPP-1 MCP and HK97 gp5.

DOI: 10.7554/eLife.01299.016

Figure supplement 2. Johnson fold in HK97-like proteins.

DOI: 10.7554/eLife.01299.017

DNA sequences in vivo, this suggests they may be engineered to display heterologous sequences on
the phage capsid by fusion to the termini of CP or MCP. For DGR-based phage-display, the diversity
of the DNA library is not limited by the efficiency of DNA transformation, and both the library con-
struction and optimization can occur entirely inside bacterial cells without the need for in vitro manip-
ulation. Moreover, the selected phage particles can be easily re-amplified for iterative selection since
the tail, not the engineered head, is involved in phage-receptor recognition. The atomic model of the
BPP-1 head presented in this study provides a road map forward to harness the great potentials
afforded by the unique properties of BPP-1 for phage-display engineering.

Materials and methods
Production and purification of BPP-1

500 ml of LB medium was inoculated with a single colony of BPP-1 lysogen. The cultures were incu-
bated at 37°C on a rotary shaker until log phase when phage production was induced by adding
mitomycin C to a final concentration of 2 mg/I. After 3 hr of induction, CHCI; was added with shaking
to facilitate cell lysis and phage release. Cellular debris was removed by centrifugation at 5000xg.
Phage particles were then precipitated using 10% PEG8000/500 mM NaCl, pelleted by centrifugation,
and resuspended in 50 mM Tris-HCI, 250 mM NaCl, 1 mM MgCl,, pH7.5. The resuspended phage
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Figure 6. Non-covalent chainmail of the BPP-1 head. See also Video 5. (A) Chainmail network formed by BPP-1
MCPs. The P-domain and E-loop of MCP in neighboring capsomers join head to tail to form rings (bright colors),
which concatenate to form non-covalent chainmail. The P-domains and E-loops contributing to the formation of
the same ring are shown in the same color. Other domains of MCP are dimmed. (B) Same view as in (A) but with CP
dimers (purple) also shown. (C-E) Inter-capsomeric MCP-MCP interactions. The close-up view of all MCPs within
the region within the cyan box in (A) illustrates the interaction interfaces (outlined by black lines) between the
overlying E-loops of three MCP monomers and the underlying domains of other MCPs. These MCP monomers are
shown as ribbons in different colors and belong to different hexon (or penton) capsomers. The local threefold and
twofold axes are denoted by a yellow triangle and a green ellipse, respectively. Complementary electrostatic
potentials are evident at the interaction interfaces, shown separately to reveal the surfaces of the underlying MCPs
(D) and the 180°-rotated overlying E-loops (E), respectively. (F-H) Intra-capsomeric MCP-MCP interactions. The
region within the blue box of (A) contains a hexon with its six MCP monomers shown either as ribbons in different
colors (F) or as electrostatic potential surfaces (F). Adjacent MCP subunits within the hexon share one interaction
interface (e.g., the yellow dashed rectangle for subunits A and B in F) and their complementary electrostatic potential
surfaces are evident in their rotated views (H). The electrostatic potential scale is shown in the color bar in (E).

DOI: 10.7554/eLife.01299.018

Figure 6. Continued on next page

162



LI F E Research article

Biophysics and structural biology | Microbiology and infectious disease

Figure 6. Continued

The following figure supplements are available for figure é:

Figure supplement 1. Inter-capsomer interactions in HK97 capsid.
DOI: 10.7554/eLife.01299.019

particles were further purified by 15-45% (buffered with 50 mM Tris-HCI, 250 mM NaCl, 1 mM MgCl,,
pH?7.5) sucrose gradient ultracentrifugation at 35,000 rpm for 90 min using an SW41 rotor in a Beckman
L8-80M ultracentrifuge. The phage band was visualized by illuminating the gradient tube and carefully
collected by side puncture. Purified phage was buffer-exchanged and concentrated in 50 mM Tris-HCI,
250 mM NaCl, T mM MgCl,, pH7.5 by ultra-filtration with a MW cutoff of 100 kD (Millipore, Billerica, MA).
The final concentration of BPP-1 was ~10" pfu/ml.

Protein gel electrophoresis and mass spectrometry

To identify capsid proteins using SDS—PAGE and mass spectrometry, purified BPP-1 particles were
incubated in 1x SDS sample buffer (0.0625 M Tris-HCI, 1.25% SDS, 5% glycerol and 0.02% bromophe-
nol blue, pH 6.8) at 95°C for 5 min before loading onto the gel. SDS—-PAGE was performed using
a discontinuous gel (4% polyacrylamide stacking region and 15% polyacrylamide resolving gel)
prepared with a discontinuous gel system (Bio-Rad Laboratories, Hercules, CA). Protein bands were
visualized by Coomassie Blue staining (Bio-Rad Laboratories). The two major bands (Figure 1A) were
manually excised, digested in-gel with sequencing-grade modified trypsin (Promega, Madison, WI), and
analyzed using Matrix-assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-
TOF MS). Scaffold (version.3.00.04, Proteome Software Inc., Portland, OR) was used to validate
MS/MS-based peptide and protein identifications.

CryoEM imaging, data processing and resolution assessment

To determine the atomic structure, low dose images of liquid-nitrogen-cooled, frozen hydrated BPP-1
were recorded on Kodak SO-163 film on an FEI Titan Krios cryo electron microscope operated at 300 kV
with dose of ~25e-1/A2 on specimen. The nominal magpnification of images is 59,000%, which was pre-
viously calibrated to be 57,660x using tobacco
mosaic virus as a standard. Imaging condition was
optimized by using parallel illumination and by
minimizing beam tilt with a Coma-free alignment
procedure.

895 films were recorded and scanned using
Nikon Coolscan?000 scanners under step-size
of 6.35 pm, corresponding to 1.1 A/pixel on the
specimen scale. Under-defocus value of these
films were determined using CTFFIND (Mindell
and Grigorieff, 2003), and based on the cross
correlation coefficients from CTFFIND3, 340 films
with defocus values of —0.8~-2.27 pym were
selected for further processing. Particles were
selected by an in-house automatic procedure
and followed by visual screening to remove par-
ticles near edge of films, and total 43,156 parti-
cles with an image size of 880 x 880 were
boxed. Data processing and 3D reconstruction
were accomplished with an integrative approach
using Frealign (Grigorieff, 2007) and elite3D
(Zhang et al., 2010b) on high performance com-
puters including graphics processing units (GPU)

Video 5. Non-covalent chainmail formed by MCPs on

the BPP-1 capsid. For clarity, only the P domain and the
E-loop of MCP subunit are shown. These domains from
different capsomers join in a head to tail fashion to form

concatenated rings. Ball-and-stick models are produced
from our atomic model of BPP-1 and those in the same

ring are rendered in the same color. Related to Figure 6.

DOI: 10.7554/eLife.01299.020

as previously described (Zhang et al., 2010a).
For global search, 2x binned images were
used to save time. At the end of each cycle of
image processing, the effective resolution was
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1 C-terminal
v extension

Figure 7. Interactions between CP and MCP. (A-C) The same views as Figure 6C,D are shown in (A) and (B),
respectively, except for the addition of a green outline depicting the interaction interface between a CP dimer
and its underlying MCPs. At the interaction interface with MCPs, the electrostatic potential surface of the CP
dimer (C) is complementary to that of its underlying MCPs (B). (D-F) Details of the interactions (segments
highlighted in red) between CP and MCP. (D) The two monomers in the CP dimer are shown as pink and grey
ribbons and the five underlying MCPs as yellow, orange, cyan, blue, and green ribbons. Side chains involved in
interactions with the pink CP are shown displayed as sticks. Note the extensive interactions between the CP
C-terminal extension and three different MCP monomers. (E) The same as (D) but without the overlying CP
dimer and sticks of interacting side chains to better reveal MCP segments involved in the interactions (red).
(F) The bottom view of the pink CP monomer to better reveal its segments (red) involved in CP-MCP
interactions, which include its N-terminal loop, C-terminal loop, and the loop connecting strands C and D

in the jellyroll.

DOI: 10.7554/eLife.01299.021

determined and refinement for the next cycle would be carried out by including data up to this reso-
lution. In the last refinement cycle, data up to a spatial frequency of 1/3.7 A-' was included for the
refinement and 39,549 particles were used for the final reconstruction. To further improve signal/noise
ratio, local averaging of seven CP or six hexameric MCP subunits (the pentameric MCP is slightly dif-
ferent from the hexameric MCP subunits and was not included in the averaging) in the asymmetric unit
was performed as previously described (Zhang et al., 2010a).

The effective resolutions were estimated based on the 0.5 R-factors between the cryoEM density
map [equivalent to FSC20.143 (Rosenthal and Henderson, 2003; Wolf et al., 2010) and the final
atomic model calculated by Phenix (Adams et al., 2010). The calculated R-factors reached ~0.5 at
3.5 A, 3.4 A for the capsid density and the averaged CP and MCP densities, respectively (Table 1).
These estimations are consistent with the structural features present in the maps (Figure 2, Videos
2-4). The capsid and averaged maps were filtered to 1/(3.4 A) and 1/(3.5 A) spatial frequency, respectively;
and sharpened using a reverse B-factor of —200 A? (for capsid) or —250 A? (for averaged densities),
which were estimated through a trial-and-error procedure by optimizing side-chain densities and noise
level simultaneously. Visualization and segmentation of density maps were done with UCSF Chimera
(Pettersen et al., 2004).

Atomic modeling and model refinement
Based on the averaged density maps of CP and MCP, we first built initial C, and full atom models
for CP and MCP with Coot (Emsley and Cowtan, 2004) without referring to any existing models
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Figure 8. Salt bridges between adjacent HK97 gp5 molecules and lack of them in the corresponding positions
in BPP-1 MCP molecules. (A) Close-up view of two adjacent HK97 gp5 subunits, showing salt bridges between
Arg194, Arg347 and Glu363 and Glu344. (B) There are no such salt bridges in the corresponding regions in the
BPP-1 MCP molecules.

DOI: 10.7554/eLife.01299.022

of other proteins. For MCP, the N- and C-termini were distinguished based on the ‘Christmas tree’
polarity of a helices and confirmed by landmark, bulky side chain densities. For CP, because there
is no helix to be used to reveal the N- to C-terminal polarity, we determined the N-terminus using
the side chain densities of some landmark amino acids, such as Phe27, Tyr 102, Tyr106, Tyr107 and
Tyr133. The initial full atom models were regularized by constraining both Ramachandran geometry
and secondary structures in Coot (Emsley and Cowtan, 2004) but without including hydrogen
atoms.

These initial full atom models were iteratively refined using structural information of both amplitude
and phase (from Fourier transform of the cryoEM maps) in the following three distinct (two automatic

N-terminal of HK97 gp5 N-terminal of BPP MCP Interactiohs involving CP

Figure 9. Interactions between CP and MCPs. (A) Ribbon models of two adjacent HK97 gp5 subunits, showing
the interaction of the N-terminal loop (bright colored) with an adjacent gp5 (dimmed). (B) BPP-1 regions
corresponding to that in (A) showing the lack of the HK97 type of interactions between the MCP N-terminal
loop (bright colored) and adjacent MCP molecules (dimmed). (C) The same region in (B) but with the CP dimer
(purple), showing that the N-terminal loop of MCP hydrogen-bonds to B-strand C of CP (black circles) to form
an augmented 10-stranded B sheet, and that the C-terminal loop (red circles) of each CP has extensive interactions
with nearby MCP molecules.

DOI: 10.7554/eLife.01299.023
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and one manual) steps. The first step (automatic) was performed in Phenix (Adams et al., 2010) using
Ramachandran restrain. The second step (automatic) is to regularize the new model also using Phenix.
To do so, hydrogens were added to all atoms of the model from the last refinement, and followed by
regularization and removal of hydrogens. The latest models were refined iteratively until no further im-
provement was apparent based on both Ramachandran geometry and R-factors. Then in the third,
manual step, amino acid residues with invalid Ramachandran backbone geometries were identified and
their backbone Psi-Phi angels were manually corrected in Coot. This process of automatic- and manual
model refinement steps was iterated until no further improvement on both Ramachandran geometry
and R-factors was evident.

Atomic model of an asymmetric unit including seven MCPs and seven CPs was subsequently obtained
by adjusting the refined MCP and CP models according to the density maps of different conformers.
This model of the asymmetric unit was refined with Phenix under the constraints of Ramachandran
geometry, secondary structures, and icosahedral symmetry (Adams et al., 2010). Clashes at the molec-
ular boundaries across different asymmetric units in the entire capsid were minimized by including
icosahedral symmetry constraints in this refinement. The final atomic model of the full capsid was
obtained after 14 cycles of refinement.

Because our BPP-1 MCP chain trace differs from that of the HK97 gp5 in the order of the a and
B structural elements (‘Results’), we made an extra cautious effort to verify our trace by swapping
the a and B structural elements in our model to create an interchanged model that matches the HK97
topology. This interchanged model was then refined with Phenix (Adams et al., 2010) for five cycles.
Most of the side chains of the refined interchanged model do not match those in the cryoEM den-
sity, further confirming our de novo model (Figure 4—figure supplement 3).

Structure-based mutagenesis

To engineer BPP-1 MCP to match the topology of HK97 gp5, we swapped the order of the B- and
a-elements in BPP-1 MCP (Figure 5—figure supplement 1C). In construct PM1, the B-element
(peptide 169-241) was cut from wt bbp17 gene and then pasted to the C-terminal end of
a-element. Construct PM2 was obtained the same way except that the cut sites were shifted by
three amino acid residues on both sides, resulting in a six residue-longer B-element (peptide
166-244). In both the constructs, the N-terminal end of the a-element was pasted to the C-terminal
end of the N-element.

Plasmids expressing either wt bbp17, PM1 or PM2 genes B. bronchiseptica were transformed
into RB50 cells transformed by electroporation. These transformed RB50 cells were grown on Bordet-
Gengou agar containing 15% sheep blood, 25 pg/ml streptomycin and 25 pg/ml chloramphenicol.
The protein expressing levels of the wt bbp17, PM1 and PM2 genes (each tagged with éxhistidine
at the C-terminus) in these RB50 cells were determined by Western blot. Single colonies were
inoculated into Luria-Bertani media containing 25 pg/ml streptomycin, 25 ug/ml chloramphenicol
and 10 mM nicotinic acid and grown at 37°C overnight. Cells in the amount of 1 ml at ODy = 1.0
were pelleted and then grown in 2.5 ml of Stainer Scholte media with 25 ug/ml streptomycin and
25 pg/ml chloramphenicol to induce expression of the bbp17, PM1 or PM2 gene. Cells expressing
each construct were grown for 3 and 6 hr. Equal amounts of the cells (by OD¢y) were harvested
and lysed by boiling in 1 x SDS-PAGE loading buffer, and subsequently analyzed with SDS-PAGE.
Western blot was done with a mouse monoclonal antibody against 6xhistidine as the primary antibody
and a horse reddish peroxidase-conjugated goat anti-mouse antibody as the secondary antibody
with an Amersham kit.

To obtain phage lysates for plaque assays, we generated a lysogen (BPP-1AbrtAbbp17) that has the
bbp17 gene deleted. Then, we transformed plasmids expressing either the wt bbp17 gene, the PM1
or PM2 genes into the BPP-1AbrtAbbp 17 lysogens. These lysogen cells were first grown at 37°C for
3 hr in Stainer Scholte medium containing 25 ug/ml streptomycin and 25 pg/ml chloramphenicol to
induce to the Bvg* phase, leading to the expression of the wt bbp17 and the two mutants PM1 and
PM2. Mitomycin C (0.2 ug/ml) was then added to the cell cultures to induce phage production. After
3 hr, chloroform was added to the cultures, followed by vortexing and centrifugation to remove
cellular debris. The resultant supernatants were collected for plaque assays on B. bronchiseptica
RB50 cells transformed with plasmids expressing either wt bbp17, PM1 or PM2 gene. As above, these
transformed RB50 cells were grown on Bordet-Gengou agar containing 15% sheep blood, 25 ug/ml
streptomycin and 25 pg/ml chloramphenicol.
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Visualization
CryoEM density maps, atomic models and surface charge properties were visualized with Chimera
(Pettersen et al., 2004).

Accession numbers
The cryoEM density map and the atomic model of BPP-1 have been deposited to databanks with
accession numbers EMD (5764, 5765, 5766) and PDB (3J4U), respectively.
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