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Overcoming lysogenization defect (OLD) proteins were first discovered in 

bacteriophage P2, where presence of the old gene plays a role in restricting co-

infection of lambda phage in the E. coli host. These enzymes are well conserved 

and present in a wide array of bacteria, archaea, and viruses, yet their function 

and mechanism in other contexts remain a mystery.  

 

Structurally, these enzymes contain an N-terminal ATPase domain and a C-

terminal Toprim domain common amongst topoisomerases, DnaG primases, 

gyrases, RecR recombination proteins, and 5S rRNA maturases. The Toprim-

containing C-teriminal region of the OLD proteins is sufficient for nuclease 

activity and acts on both circular and linear DNA. Crystal structures of the C-

terminal region of OLD proteins from Burhkolderia pseudomallei and 

Xanthomonas campestris pv campestris revealed that OLD proteins possess a 

topologically unique Toprim domain and utilize a two-metal catalytic mechanism 

to hydrolyze DNA.  

 

In order to understand the role of the N-terminal ATPase domain and the overall 

architecture of OLD proteins, I purified and solved the crystal structure of a 



 

Class 1 full-length OLD protein from Thermus scotoductus (Ts). The ATPase 

domain of TsOLD is topologically similar to the ABC-type ATPases, whose 

members include the ABC transporters, SMC proteins, and the DNA repair 

protein Rad50. The structure highlights unique active site resides used to bind 

and hydrolyze ATP that distinguish the OLD proteins from other ABC ATPases. 

Together these data provide novel insights into the mechanism and function of 

OLD family nucleases. 
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Bacteriophage and Phage Exclusion 

Lambda phage was discovered in 1951 by Esther Lederberg 

(Lederberg EM) and further characterized in 1953 (Lederberg EM, Lederberg 

J). She observed that upon irradiation with UV light, plaques formed on her 

plates of E. coli. This finding highlighted the properties of the lytic and 

lysogenic lifecycles of the temperate bacteriophage. In the case of lambda 

phage, it must decide when to remain in the host genome and when to enter 

into the lytic cycle. Lambda and many other temperate phages rely on a 

repressor system to accomplish this. In the case of lambda phage, the CI 

protein binds to two operator sequences that allow for repression of lytic genes 

in one polarity, while still supporting expression of the CI repressor along with 

a few other nonessential genes (Casjens SR, 2015). Two of these non-

essential genes are rexA and rexB. These genes have been shown to mediate 

a phenomenon called ñphage exclusionò. It was observed in 1955 by Seymour 

Benzer that certain mutants of T4 phage were unable to plate on lambda 

phage lysogens. He characterized these mutants as rapid lysis mutants or rII. 

The distinct plaque forming characteristics and inability to plate on lambda 

made the T4rII mutants uniquely valuable for genetic experiment. Benzer was 

able to utilize the tools he developed to define our current understanding of a 

gene as a linear stretch of DNA which he called a cistron (Benzer S, 1955). 

The rIIB mutant was shortly after used to determine the triplet nature of the 

genetic code (Crick FH, 1961). This was one of the earliest observations of the 

ñphage exclusionò phenotype.  
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Just as bacteria have an evolutionary pressure to avoid being infected 

by virus, prophages face an identical pressure. Should a lysogen be infected 

by a virulent phage such as T4, it is quite possible that the virulent phage 

could replicate, assemble, and lyse the cell before the lysogen has a change 

to enter into the lytic cycle and generate its own viral particles. For this reason, 

systems have been developed by temperate phages to protect themselves 

from such an insult. The aforementioned RexA and RexB proteins are one 

such system that is at least somewhat effective mitigating superinfection from 

a number of virulent phage. Though the exact mechanism is not completely 

understood, current models suggest that RexA and RexB work together to 

induce ñaltruistic cell deathò of the host prevent superinfection (Shinedling S, 

1987).  

Bacteriophage P2, another temperate phage, has at least two other 

means by which to hobble competing bacteriophage. The exclusion systems 

of P2 seem to be aimed at disrupting the replication of the insulting virus. Like 

rexAB from lambda the tin gene of P2 is capable of excluding T4 phage. Work 

on this system has identified that Tin interferes with T-even bacteriophage 

protein Gp32, a ssDNA binding protein necessary for stabilizing the viral 

replication fork (Mosig G, 1997).  The other phage exclusion gene, old, lies 

directly upstream of tin (Mosig G, 1997).  

The old phenotype was originally observed by Sironi while analyzing lyd 

mutants of E. coli (Sironi G, 1969). The experiments were undertaken after an 

observation by L Bertani that a mutant of P2 was capable of lysogenizing E. 
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coli, but not Shigella, which is highly similar to E. coli and would otherwise 

support lysogeny (Bertani LE, 1960). The experiments were predicated on the 

idea that both host and viral factors were important for integration and 

replication of temperate bacteriophage. Mutants were generated in E. coli and 

tested for infection by phage P2. These mutants were named lyd for 

lysogenization defective. In addition to being unsupportive of P2 

lysogenization, the lyd mutants were also highly sensitive to UV and showed 

very low rates of recombination in both bacterial crosses as well as P1 

transduction (Sironi G, 1969). The lyd mutants were hypothesized to be 

related to the recombination-deficient (rec) mutants that had been recently 

characterized (Clark AJ, 1965 and Willets NS, 1969). This was confirmed by 

Lindahl et al. who determined that the lyd phenotype was a consequence of 

mutations in the recB and recC genes, but not mutations in recA (Lindahl G, 

1970). Spontaneous mutants of P2 phage that were able to lysogenize the lyd 

mutants were deemed old ï overcoming lysogenization defect (Sironi G, 

1969). In addition to preventing lambda phage from infecting recBC, the old 

gene was also the cause of the much earlier observation that lambda phage 

cannot plate on P2 lysogens (Fredericq P, 1953). Lindahl et al. determined 

that the old gene was the cause of this phenotype and that at least two genes 

from lambda itself are necessary for exclusion (Lindahl G, 1970). At this point 

it became apparent that there was some significant amount of interplay 

between P2 old, lambda phage replication, and the recombination machinery 

of E. coli.  
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Recombination in E. coli and lambda phage 
 
RecA 

Bacterial genetic recombination has been studied most extensively in E. 

coli. The initial identification of the genes responsible for recombination 

occurred in the mid-1960s and 1970s (Clark AJ, 1965; Howard-Flanders P, 

1966; Emmerson PT, 1968; Willets NS, 1969; Zeig J, 1978). The first locus to 

be identified and extensively characterized was deemed recA (Willets NS, 

1969). RecA is the center of most recombination and homologous repair in E. 

coli as it mediates homology searching and strand exchange in template-

directed double-strand break repair and homologous recombination. It is a 

structural and functional homolog of the eukaryotic protein Rad51 and the 

archaeal protein RadA (Cox MM, 2000; Krogh BO 2004; Steitz EM, 1998). 

RecA is a P-loop ATPase that binds to ssDNA. Binding of RecA causes a 

global stretching of the DNA molecule, however, at a local level (i.e. 3 bases) 

the ssDNA maintains the rise and pitch of B-form DNA (Chen Z, 2008). This 

allows the ssDNA/RecA complex to perform a highly accurate homology 

search that favors only Watson-Crick base pairing (Savir Y, 2010). RecA-

mediated homology search eventually results in the formation of a D-loop, 

wherein the original ssDNA filament has invaded the dsDNA of a homologous 

sequence. Following this, replicative DNA polymerases can use the terminus 

of the broken DNA strand to commence template-directed repair (Bell J, 

2016). 
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RecBCD 

In E. coli the enzyme complex RecBCD is the premier initiator of double-strand 

break repair. Double strand breaks DSB represent a particularly dangerous 

form of DNA damage that can easily lead to cell death. The ability of RecA to 

mediate homologous recombination is essential for accurate repair of DBS; 

however, there is also a need to generate an appropriate substrate for RecA 

as well as to stimulate the formation of the RecA filament.  

The RecBCD complex (also known as Exonuclease V) is a 

heterotrimeric complex that has both helicase and nuclease activity (Smith 

GR, 1988; Yu M, 1998; Dillingham MS, 2003). The complex preferentially 

binds blunt DNA or DNA with no more than 25nt between the 5ô and 3ô ends 

(Taylor AF, 1985). This makes it optimal for detecting and acting on DBS that 

have yet to undergo extensive degradation; however, there are mechanism in 

E. coli to process most all DSB products into targets for RecBCD; however, 

these mechanisms will be discussed later in this work.  

Upon recognition of its DNA substrate the enzyme translocates in an 

ATP-dependent manner along both strands of DNA. RecB moves with 3ô-5ô 

polarity while RecD moves 5ô-3ô (Boehmer PE, 1992; Dillingham MS, 2003; 

Wu CG, 2010). The RecB subunit has a single active site that nicks both 

strands of DNA as the complex translocates along dsDNA, generating 

oligonucleotides. Initially the strand with 3ô-5ô polarity is more rapidly degraded 

(Taylor AF, 1995 and Anderson DG, 1997). Upon recognition of a specific 

DNA sequence called the crossover initiation hotspot (chi), the RecBCD 
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complex undergoes a change in behavior. Chi sites (5ô-GCTGGTGG-3ô) occur 

approximately every four- to five-thousand base pairs. At this point the 3ô-5ô 

helicase activity of the RecB subunit becomes dominant in translocation and 

digestion of the 5ô-3ô strand is favored. This leaves a 3ô ssDNA tail (Taylor AF, 

1992; Taylor AF, 1995; Anderson DG, 1997).  

The mechanism that causes the drastic change in RecBCD function is 

not completely understood, though the major model posits upon recognition of 

the chi sequence by RecC, the helicase activity of RecD is eliminated which 

subsequently causes RecB to preferentially cut the ssDNA stand with 5ô-3ô 

polarity (Amundsen SK, 2007). It has also been suggested that the nuclease 

domain of RecB undergoes a conformational change and binds to RecC near 

where the ssDNA of 5ô-3ô polarity exits, conferring strand specificity (Taylor AF, 

2014). There is a flexible linker that connects the nuclease and helicase 

domains of RecB that could be responsible for allowing the proposed 

conformational changes. Significant changes in linker length or flexibility 

strongly inhibited chi-dependent activity of the RecBCD complex (Amundsen 

SK, 2019). 

In addition to generating the 3ô ssDNA, RecBCD also facilitates loading 

of RecA onto the ssDNA. Mutations that abolish the RecA loading function 

abolish recombination in vivo (Amundsen SK, 1990; Anderson DG, 1997; 

Arnold DA, 2000). It has been proposed that the same conformational change 

that alters the nuclease activity of RecB also exposes a site for RecA 

interaction. (Taylor AF, 2014 and Amundsen SK, 2019). Refer to Figure 1 for 
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cartoon illustration of RecBCD-mediated repair.  

 
Figure 1. Schematic of RecBCD recombination. 
 
RecFOR 

The other major recombination pathway in E. coli is the RecFOR system. 

While some organisms such as Deinococcus radiodurans utilize RecFOR for 

double-strand break repair, its role in E. coli is generally relegated to single-

strand gap repair (Bentchikou E, 2010). Collapse of a replication fork due to a 

genetic lesion that blocks progression of DNA polymerase can produce long 

stretches of ssDNA (Kowalczykowski SC, 2000). The RecF pathway acts via 

recombination to repair these gaps (Wang TV, 1984). Repair by the RecFOR 
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pathway begins with the 5ô-3ô exonuclease RecJ, which begins to resect 

ssDNA from the point of damage. The helicase RecQ stimulates this activity 

and also helps to resolve any topological impediments that may have resulted 

from replication fork collapse. Single-strand binding protein (SSBP) 

accumulates on the exposed strand of DNA, guarding against additional DNA 

damage and self-complementation, but also preventing repair by homologous 

recombination.  RecF recognizes junctions between single- and double-

stranded DNA with a 5ô terminus, just as is generated by RecJ (Morimatsu K, 

2003). RecF forms a complex with RecR and RecO at the DNA junctions, 

where RecR and RecO displace the SSBP and begin loading RecA (Handa N, 

2009).  RecOR is also capable of acting without RecF. The complex instead 

interacts with the C-terminus of SSBP, bypassing the need for a specific DNA 

architecture for recombination (Sakai A, 2009). Refer to Figure 2 for a cartoon 

representation of the RecFOR and RecOR pathways. 
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Figure 2. DNA break repair through the RecFOR and RecOR pathways.  
 
Suppressors of recBC- 

Given that the RecFOR pathway both generates ssDNA and stimulates 

the formation of a ssDNA-RecA complex, it would seem that RecFOR could 

effectively repair DSBs in the absence of RecBCD. While this reasoning holds 

true for organisms like D. radiodurans, mutation of the recBC in E.coli causes 

severe defects in DNA damage repair and recombination (Clark 1965). This 

ñfavoritismò for the RecBCD pathway of DSB repair is a product of two 

enzymes: ExoI and SbcCD. The sbcB gene was originally identified as a 

suppressor of the recBC- phenotype (Templin A, 1972). It was discovered that 

mutation of sbcB was capable of suppressing both the DNA repair and 

recombination deficiency of the recBC- cells. Moreover, mutation of sbcB 

eliminated the activity of Exonuclease I, a 3ô-5ô exonuclease (Kushner SR, 
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1972). Similarly, mutations in the sbcC and sbcD genes were also capable of 

suppressing recBC- (Lloyd RG, 1985 and Gibson FP, 1992). The SbcCD 

complex is also a 3ô-5ô nuclease that is a structural homolog of the Mre11-

Rad50 DNA repair protein present in archaea and eukaryotes (Connelly JC, 

1998). Given the nuclease activity of these two proteins, it becomes apparent 

that the preponderance of RecBCD-mediated repair of DSB is through 

disfavoring the RecFOR pathway. As stated above, RecF specifically 

recognizes a ssDNA-dsDNA junction with a 5ô terminus. Through the actions 

of ExoI and SbcCD, the vast majority of processed DNA ends are instead 

blunt or have DNA junctions with a 3ô terminus. Figure 3 diagrams the 

functions of Sbc proteins in favoring RecBCD recombination. 
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Figure 3. Actions of the Sbc proteins process DNA ends to favor 

recombination repair by RecBCD rather than RecFOR. 

 

RecET 

While it acts outside of the traditional E. coli DNA repair machinery, it is 

necessary to note sbcA as well. As described above, the RecA protein is 

absolutely necessary for recombination mediated by the RecBCD and 

RecFOR pathways; however, RecA is not the sole protein capable of 

catalyzing homology searching and strand exchange. Many strains of E. coli 

carry the defective prophage Rac. Much of its genome is intact, however, it no 

longer possesses the ability to replicate itself or generate capsid proteins. The 
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initial mapping of the sbcA gene determined that it was located in the Rac 

genome (Lloyd RG, 1974). Mutation of the sbcA gene allows for expression of 

the proteins RecE and RecT (Gillen JR, 1981). RecE is also known as 

Exonuclease VIII. It is a 5ô-3ô exonuclease that has high affinity for double-

stranded DNA over single-stranded (Kushner SR, 1974). RecT plays the role 

of the recombination mediator, binding to the ssDNA generated by RecE and 

facilitating the homology search and strand invasion (Kolodner R, 1994). See 

Figure 4 for a cartoon diagram of these events.  

 
Figure 4. Diagram of both the Rac prophage RecET recombination pathway as 
well as the lambda red recombination pathway.  
 
 
Lambda red recombination  

Much like the RecET system of the defective phage Rac, lambda also 

encodes for a very effective recombination system. Lambda is also capable of 

undergoing recombination in the absence of RecA. Mutants of lambda unable 
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to undergo recombination in recA- E. coli were deemed red- for recombination 

deficient (Signer ER, 1968). The first protein to act in the Red system is 

unsurprisingly an exonuclease. The lambda exonuclease (exo) is another 5ô-3ô 

exonuclease that leaves and extended strand of ssDNA with 3ô polarity (Little 

JW, 1967). The annealing protein in this case is called Beta (bet). It binds to 

ssDNA to catalyze homology searching and strand exchange (Li Z, 1998). The 

Exo and Beta proteins are sufficient to catalyze recombination; however, an 

additional gene gam is expressed with them. The Gam protein binds to and 

inhibits the RecBCD enzyme. Gam structurally resembles DNA and is able to 

insert into the DNA binding groove of RecBC (Murphy KC, 2007). The 

expression and activity of Gam is important for productive replication of the 

lambda phage genome.  

 
Replication of lambda phage DNA 

While tomes have been written about the entire lambda lifecycle, this 

discussion will be limited to DNA replication during the lytic cycle, as that is 

pertinent to the discussion of the old phenotype. The lambda-encoded genes 

O and P are essential to being replication. The four dimers of the O protein 

bind to four sequence motifs in the lambda origin, which forms the ñO-someò. 

Similarly to DnaA in E. coli replication, binding of O to the origin sequence 

helps to melt the DNA to promote replication initiation (Zahn K, 1985). The 

other essential replication protein P binds to the E. coli replicative helicase 

DnaB, which is then recruited to the O-some (LeBowitz JH, 1984). Once there, 
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DnaB must be released from P to become active. This is accomplished 

through the host chaperones DnaK, DnaJ, and GrpE. Once freed from P, 

DnaB recruits the other members of the replication initiation complex and DNA 

synthesis can begin (Konieczny I, 1995).  

The initial rounds of replication are called theta or bidirectional 

replication ï two replication forks move from the origin in opposite direction. 

Theta replication results in closed circular chromosomes. At some point, 

however, replication of the lambda genome switches to sigma, or rolling circle 

replication. During this mode of replication DNA polymerase uses the same 

template; however, the elongation is unidirectional, resulting in a very long 

piece of ssDNA containing several copies of the genome. Lagging strand 

synthesis on the ssDNA generates the full dsDNA genome. While important 

for lambda replication, the switch from theta to sigma remains a mystery 

(Wegrzyn G, 2005).  The long DNA concatemers  of DNA generated from 

sigma replication are more easily packaged into the phage heads (Enquist 

LW, 1978). However, the free DNA ends of the long concatemers are readily 

recognized by the RecBCD complex. While chi sites protect the E. coli 

genome from reckless DNA degradation, the lack of any chi sequences in the 

lambda genome leave it vulnerable to complete digestion. Therefore, the Gam 

protein mentioned earlier becomes a very important for inhibiting the action of 

RecBCD and maintaining the integrity of the nascent lambda genomes 

(Murphy KC, 2007). Figure 5 shows a cartoon of lambda DNA replication. 
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Figure 5A. Lambda phage replication initiation. The origin DNA is represented 
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by orange rectangles. Green ovals represent the lambda O protein, blue 

rectangles represent the lambda P protein, and the red ovals are E. coli DnaB. 

B. Theta mode of DNA replication. Nascent DNA is colored red. C. Sigma 

mode of DNA replication. Nascent DNA is red. The RecBCD complex is 

labeled as is the lambda Gam protein. Black slack marks on the DNA signify 

the start of another lambda phage genome.  

 

P2 old in the context of lambda phage and recBC- E. coli 

 As mentioned above, it was established in the mid 1960s-1970s, that 

presence of the old gene from P2 phage was capable of preventing the growth 

of lambda phage as well as causing the death of recBC- E. coli. The mutants 

of lambda phage that were able to overcome the old phenotype were called 

Spi- (sensitive to P2 interference). Full Spi- lambda mutants were able to form 

large clear plaques on P2 lysogens. The Spi- mutations were mapped to the 

region of the genome containing the lambda red genes (Lindahl G, 1970). It 

was quickly noticed, however, that deletion of exo, bet, and gam was not 

sufficient to generate a full Spi- phenotype. It was originally supposed that an 

additional gene called delta needed to be deleted as well, though further 

genetic analysis revealed that the mutation giving rise to the full Spi- 

phenotype was actually the introduction of a chi site in the lambda genome 

(Malone RE, 1975). Even without considering the action of the old gene, one 

can surmise that deletion of the red genes (and particularly gam) allowed for 

the full activity of the RecBCD complex, which would digest much of the 

replicating lambda DNA. However, introduction of a chi site would reverse this 
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effect. Lambda would now become a proper substrate for RecBCD such that it 

would facilitate recombination between the lambda genomes, fulfilling the role 

of exo and bet. While this data is reasonable when just assessing lambda 

replication and RecBCD function, it does not explain the role of P2 old.  

 Work by Bregegere sought to more fully understand the role the OLD 

protein plays in the disruption of lambda replication. He discovered that P2 old 

did not merely prevent lambda phage from replicating, but rather caused the 

death of the host cell shortly after lambda began replicating. The genes O and 

P were absolutely required for both lambda interference as well as host cell 

killing (Bregegere F, 1975).  However, in the presence of P2 old no phage 

DNA is replicated, which may suggest a role for the OLD protein in disrupting 

replication initiation (Lindahl G, 1970).  

 The limited biochemical data we have about the P2 OLD protein 

suggests that it acts as a 5ô-3ô exonuclease with some limited endonuclease 

activity, and that this activity is stimulated in the presence of ATP (Myung H, 

1995). It has also been reported that mutation of sbcA or sbcB makes RecBC- 

cells insensitive to the P2 OLD protein (Barbour SD, 1970 and Myung H, 

1995). Mutations in sbcA or sbcB allow the need for RecBCD for double strand 

break repair to be bypassed, activating the RecET and RecFOR repair 

pathways, respectively. We can therefore surmise that P2 OLD is not 

processing DNA ends to favor RecBCD activity, but rather P2 OLD is likely 

introducing some sort of damage, perhaps at active replication forks or at the 

origin of replication. Understanding the biochemical mechanisms of P2 OLD 
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will hopefully elucidate the role P2 is playing in vivo.  

 
 
OLD proteins in a broader light 

 Though P2 OLD has been by far the most characterized, OLD proteins 

are actually very common in bacteria, archaea, and some other 

bacteriophage. There is a mention of the OLD protein from Salmonella 

enterica having some impact on organism fitness during heat stress; however, 

this observation is not immediately compelling nor does it offer insight into the 

function of OLD proteins (Khatiwara A, 2012). It is therefore important to 

pursue understanding the OLD proteins, not only to clarify an observation from 

the past, but to characterize a relatively unexplored class of nucleases.   
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ABSTRACT  

Overcoming lysogenization defect (OLD) proteins constitute a family of 

uncharacterized nucleases present in bacteria, archaea, and some viruses. 

These enzymes contain an N-terminal ATPase domain and a C-terminal 

Toprim domain common amongst replication, recombination, and repair 

proteins. The in vivo activities of OLD proteins remain poorly understood and 

no definitive structural information exists. Here we identify and define two 

classes of OLD proteins based on differences in gene neighborhood and 

amino acid sequence conservation and present the crystal structures of the 

catalytic C-terminal regions from the Burkholderia pseudomallei and 

Xanthamonas campestris p.v. campestris Class 2 OLD proteins at 2.24Å and 

1.86Å resolution respectively. The structures reveal a two-domain architecture 

containing a Toprim domain with altered architecture and a unique helical 

domain. Conserved side chains contributed by both domains coordinate two 

bound magnesium ions in the active site of B. pseudomallei OLD in a 

geometry that supports a two-metal catalysis mechanism for cleavage. The 

spatial organization of these domains additionally suggests a novel mode of 

DNA binding that is distinct from other Toprim containing proteins. Together, 
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these findings define the fundamental structural properties of the OLD family 

catalytic core and the underlying mechanism controlling nuclease activity. 

 

INTRODUCTION 

Phosphoryl transfer reactions are critical for the synthesis and processing of 

nucleic acids (1). DNA and RNA polymerization, nuclease degradation, RNA 

splicing, and DNA transposition all proceed via the same general reaction 

scheme involving (i) an SN2 nucleophilic attack on the scissile phosphodiester 

bond, (ii) the formation of a pentavalent transition state, and (iii) cleavage of 

the scissile bond leading to stereo inversion of the scissile phosphate and 

release of the leaving group2. These steps depend on the presence of a basic 

moiety to activate the nucleophile, a general acid to protonate the leaving 

group, and the presence of positively charged groups to stabilize the 

developing negative charge in the transition state (3,4). The observed catalytic 

activity of RNA (5,6) coupled with the presence of two metal ions in the refined 

structures of alkaline phosphatase (7) and the Klenow fragment with DNA (8) 

led to the generalized mechanistic hypothesis that metals can substitute for 

protein side chains in phosphoryl transfer reactions and act as the required 

general acid and base9. In this scheme, one metal (metal A) deprotonates the 

nucleophile while the other (metal B) stabilizes the pentavalent transition state 

intermediate2. Despite the prevalence of this mechanism, the number of metal 

cofactors can vary among different enzyme families. Many homing 

endonucleases, for example, function using one metal (10,11) while in 
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crystallo catalytic studies of human DNA polymerase h reveal an essential 

catalytic role for a third metal during DNA synthesis (12). Structural 

characterization of phosphoryl-hydrolases is therefore necessary for 

understanding the underlying catalytic strategy employed in each case. 

Topoisomerases, DnaG primases, gyrases, RecR recombination proteins, 

and 5S rRNA maturases share a conserved catalytic domain that mediates 

metal-dependent nicking and cleavage of nucleic acid substrates (13,14). This 

Topoisomerase/primase (Toprim) domain consists of a four-stranded parallel 

b-sheet sandwiched between two pairs of a-helices and contains three key 

sequence motifs: an invariant glutamate located in the a1-b1 loop, an invariant 

glycine following b2, and a conserved DxD motif between a3 and b3 (13,15). 

Crystallography and mutagenesis have shown the conserved E and DxD motif 

to be critical for metal binding and catalytic activity in multiple contexts (14,16-

18). Additional active site components vary between Toprim family members 

based on specific functional requirements. Toposiomerases and gyrases 

contain a catalytic tyrosine that forms a covalent linkage with the DNA (15,19) 

whereas DnaG primases have extra acidic residues that coordinate multiple 

metals needed for nucleotide binding and polymerase activity (16,17,20). 

While most Toprim proteins play important roles in DNA replication, 

recombination, and repair, recent structural studies revealed the CWB2 cell 

wall-anchoring module of Clostridium difficile proteins Cwp8 and Cwp6 also 

contains a Toprim fold (21). These domains, however, lack the conserved 

metal binding side chains and form trimers that act in a purely structural 
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capacity. 

Overcoming lysogenization defect (OLD) proteins constitute a family of  

uncharacterized enzymes that contain a predicted N-terminal ATPase domain 

and C-terminal Toprim domain (13,22). Much of our present understanding of 

OLD function derives from bacteriophage P2 genetic and biochemical studies. 

The P2 old gene product interferes with bacteriophage l growth in P2 

lysogens, kills E. coli recB and recC mutants following P2 phage infection, and 

causes increased sensitivity of P2 lysogens to X-ray irradiation (23-25). These 

effects appear to be accompanied by a partial degradation of tRNA molecules 

and inhibition of protein synthesis (26,27). P2 OLD purified as a maltose 

binding protein fusion exhibits 5ô-3ô exonuclease cleavage of DNA and 

ribonuclease activity in vitro (28). Recent genetic studies indicate that the 

Salmonella typhimurium old gene becomes critical under certain growth 

conditions like temperature stress (29), but its mechanism of action and 

normal physiological functions remain a mystery. Nothing is known about the 

activities of other homologs and there are currently no structures of OLD 

proteins. 

Here we identify and define two classes of OLD proteins based on 

differences in gene neighborhood and amino acid sequence conservation. We 

purify and characterize the Class 2 OLD proteins from Burkholderia 

pseudomallei (Bp) and Xanthamonas campestris p.v. campestris (Xcc) and 

present the crystal structures of their catalytic C-terminal regions at 2.24Å and 

1.86Å resolution respectively. The structures show a two-domain arrangement 
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containing a Toprim domain with altered architecture and a unique helical 

domain. Conserved side chains contributed by both domains coordinate two 

bound magnesium ions in the active site of Bp OLD, which are absolutely 

required for nuclease activity. The geometry of this catalytic machinery 

supports a two-metal catalysis mechanism for cleavage and shows 

unexpected structural conservation with the active sites of DnaG primases and 

bacterial RNase M5 maturases. The spatial organization of these domains 

additionally suggests a novel mode of DNA binding that is distinct from other 

Toprim containing proteins. Together, these findings define the fundamental 

structural properties of the OLD family catalytic core and the underlying 

mechanism controlling nuclease activity. 

 

MATERIAL AND METHODS 

Expression and purification of OLD constructs 

Full-length (XccFL, residues 1-595; BpFL, residues 1-594) and C-terminal 

region (XccCTR, residues 374-595; BpCTR, residues 374-594) OLD constructs 

were cloned into pET21b, introducing a C-terminal 6xHis tag for purification. 

Constructs were transformed into BL21(DE3) cells, grown at 37°C in Terrific 

Broth to an OD600 of 0.7-0.9, and then induced with 0.3 mM IPTG overnight at 

19°C. Cells were harvested, washed with nickel load buffer (20 mM HEPES 

pH 7.5, 500 mM NaCl, 30 mM imidazole, 5% glycerol (v:v), and 5 mM b-

mercaptoethanol), and pelleted a second time. Pellets were typically flash 

frozen in liquid nitrogen and stored at -80°C.  



 

41 

Pellets from 500 ml cultures were thawed and resuspended in 30 ml of 

nickel load buffer supplemented with 10 mM PMSF, 5 mg  DNase, 5 mM 

MgCl2, and a Roche complete protease inhibitor cocktail tablet. Lysozyme was 

added to 1 mg/ml and the mixture was incubated for 15 minutes rocking at 

4°C.  Cells were disrupted by sonication for a total of 4 minutes and the lysate 

was cleared of debris by centrifugation at 13 000 rpm (19 685 g) for 30 

minutes at 4°C. The supernatant was filtered using a 0.45 mm syringe filter, 

loaded onto a 5 ml HiTrap chelating column charged with NiS04 and then 

washed with nickel load buffer. Proteins were eluted with an imidazole 

gradient from 30mM to 1M. Pooled fractions were dialyzed overnight into 

TCBg50 buffer (20 mM Tris pH 8.0, 50 mM NaCl, 1 mM EDTA, 5% glycerol, 1 

mM DTT) and further purified by anion exchange and size exclusion 

chromatography (SEC), using a 5 ml HiTrap Q HP column and a Superdex 75 

16/600 pg column respectively. Proteins were exchanged into a final buffer of 

20 mM HEPES pH 7.5, 150 mM KCl, 5 mM MgCl2, and 1 mM DTT during SEC 

and concentrated to 10-40 mg/ml. 

Active site mutations were introduced via Quikchange and mutants were 

expressed and purified in the same manner as wildtype. 

Crystallization, X-ray data collection, and structure determination 

XccCTR  was crystallized by sitting drop vapor diffusion in 0.1 M Bis Tris 

Propane pH 7.0-8.0, 11-26% PEG 3350, and 0.15-0.2 M sodium iodide with a 

drop size of 2 ml and reservoir volume of 65 ml. Crystals appeared within seven 

days at 20°C. Native crystals grown in the presence of iodide were stabilized 
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with 0.25 M NDSB-195 or soaked with either 10 mM potassium 

pentaiodoplatinum IV for 45 minutes or 10 mM ethylmercury chloride for 45 

minutes. All samples were cryoprotected by transfer to 100% paratone-N, 

allowing all mother liquor to exit the crystal prior to freezing in liquid nitrogen. 

Crystals were of the space group P43 with unit cell dimensions a = b = 65.4 Å, 

c = 63.8 Å and a = b = g = 90°. Crystals were screened and optimized at the 

MacCHESS F1 beamline at Cornell University and X ray diffraction data was 

collected remotely on the tuneable NE-CAT 24-ID-C beamline at the 

Advanced Photon Source. Single-wavelength anomalous diffraction (SAD) 

(30) datasets were collected on a Dectris Pilatus 6MF pixel array detector at 

100 K for the platinum, mercury, and iodide derivatives at the energies of 

12300 eV, 11570 eV, and 7500 eV, respectively. Datasets were integrated 

and scaled with XDS (31) and Aimless (32) via the RAPD pipeline. Heavy atom 

sites were located using SHELX (33) and phasing, density modification, and 

initial model building was carried out using the Autobuild routine of PHENIX 

(34). Initial figures of merit following density modification was 0.62 for XccCTR 

Pt, 0.64 for XccCTR Hg, and 0.504 for XccCTR I. Further model building and 

refinement was carried out in COOT (35) and PHENIX (34) respectively. The 

final models were refined to the following resolutions and Rwork/Rfree: XccCTR 

Pt, 1.86Å, 0.2115/0.2379; XccCTR Hg, 1.95Å, 0.2014/0.2416; XccCTR I, 2.30Å, 

0.2152/0.2727 (Supplementary Table S1).   

BpCTR  was crystallized by sitting drop vapor diffusion in 0.1 M HEPES pH 

7.5, 0.23 M MgCl2, 30% PEG 400 and 0.001 M glutathione with a drop size of 
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1 mL and reservoir volume of 65 mL. Crystals appeared within two to three 

days at 20°C. Samples were cryoprotected by transfer to 100% paratone-N, 

allowing all mother liquor to exit the crystal prior to freezing in liquid nitrogen. 

Crystals were of the space group C2221 with unit cell dimensions a = 83.256Å 

b = 105.669 c = 123.764 and a = b = g= 90°. X-ray diffraction data were 

collected remotely on the NE-CAT 24-ID-C beamline at the Advanced Photon 

Source at 100 K on a Dectris Pilatus 6MF pixel array detector. The dataset 

was integrated and scaled using XDS and Aimless via the RAPD pipeline. The 

structure was solved by molecular replacement in PHASER (36) using the 

refined XccCTR Pt-soaked structure as the search model. Two molecules were 

found in the asymmetric unit. Model building and refinement were carried out 

in COOT (35) and PHENIX (34) respectively. The final model was refined to 

2.24 Å resolution with an Rwork/Rfree of 0.2134/0.2598 (Supplementary Table 

S1). The model also contained difference density peaks in the active site that 

were modeled as two magnesium ions based on the geometry and the 

components of the crystallization condition.   

All structural renderings were generated using Pymol (Schrodinger) and 

surface electrostatics were calculated using APBS (37). Conservation based 

coloring was generated using the ConSurf server (38). 

Size-exclusion chromatography coupled to multi-angle light scattering 

(SEC-MALS) 

Purified BpFL  (4 mg/mL),  XccFL (4 mg/mL), BpCTR  (6 mg/mL), and XccCTR (6 

mg/mL) were subjected to size-exclusion chromatography using a Superdex 
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200 10/300 gl (GE) column equilibrated in SEC-MALS buffer (20 mM HEPES 

pH7.5, 150 mM NaCl, 5 mM MgCl2, and 1 mM DTT). The gel filtration column 

was coupled to a static 18-angle light scattering detector (DAWN HELEOS-II) 

and a refractive index detector (Optilab T-rEX) (Wyatt Technology). Data were 

collected continuously at a flow rate of 0.5 ml/min. Data analysis was 

performed using the program Astra VI. Monomeric BSA (6.0 mg/ml) (Sigma) 

was used for normalization of the light scattering detectors and data quality 

control.  

DNA cleavage assays 

100 ng of lambda DNA or pUC19 plasmid DNA was mixed with 8 µM protein 

to a final volume of 20 µL in DNA cleavage buffer (20 mM Tris-OAc pH 7.9, 50 

mM KCl, 0.1 mg/mL BSA, and 10 mM divalent metal). Reactions were 

incubated at 37ºC for 60 minutes and quenched with 5 µL of 0.5 M ETDA pH 

8.0. Samples were analyzed via native agarose electrophoresis.  

RESULTS 

Identification and classification of OLD homologs 

Recombinant expression of P2 OLD produced unstable protein that 

aggregated and/or precipitated, regardless of the tag or conditions employed. 

We therefore searched the KEGG database (39) to identify OLD homologs 

more suitable for structural and biochemical characterization. The initial search 

was carried out using the E. coli K12 MG1655 OLD homolog (KEGG ID 

eco:b0876), which is annotated as the uncharacterized protein YbjD and is 

18% identical and 35% similar to P2 OLD. These efforts yielded 833 homologs 



 

45 

distributed across numerous kingdoms but absent in eukaryotes 

(Supplementary Table S2). A further search of mapped plasmid genomes 

available in the Integrated Microbial Genomes database (40) yielded four 

additional OLD homologs. We then examined the genetic context of each old 

gene, as inspection of gene neighborhoods has been shown to elucidate 

unanticipated genetic connections and facilitate new functional predictions 

(41). Our analyses show that old genes segregate into two primary classes 

(Supplementary Table S2). Class 1 OLD family members (542/837) ï 

including P2 phage, Escherichia coli, and Salmonella typhimurium ï exist as 

single, isolated genes (Supplementary Figure 1a). Class 2 OLD homologs 

(295/837) appear in tandem with a UvrD/PcrA/Rep-like helicase 

(Supplementary Figure 1B), often as an overlapping reading frame. UvrD, 

PcrA, and Rep are non-hexameric, superfamily 1A helicases that translocate 

with a 3ô-5ô polarity and play essential roles in DNA replication, recombination, 

and repair (42,43). Both classes retain the conserved motifs characteristic of 

ATPase and Toprim domains, though Class 1 proteins are on average ~50 

amino acids shorter. Each class appears in a number of different phyla, with 

examples present in both Gram positive and Gram negative bacteria, archaea, 

and bacteriophage viruses.  

A subset of old genes (107/837) exist in species-specific operons 

(Supplementary Table S2). Neighboring genes within these operons contribute 

to numerous biological functions including bacterial defense, DNA replication 

and repair, transcriptional regulation, membrane transport, biosynthesis, 
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metabolism, and signaling (Supplementary Table S2).  

We selected numerous candidates from each class for expression studies. 

Like P2 OLD, Class 1 homologs behaved poorly during purification. Class 2 

homologs, in contrast, were intrinsically more stable and generally provided 

greater yields of soluble, monodispersed protein. Specifically, the Class2 OLD 

homologs from Burkholderia pseudomallei and Xanthamonas campestris p.v. 

campestris could be purified to homogeneity (Figure 1A,B) and concentrated 

to greater than 10 mg/ml without appreciable aggregation or precipitation. Size 

exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) 

indicates that Xcc OLD forms stable tetramers in solution while Bp OLD (BpFL) 

exists in equilibrium between dimers and tetramers (Figure 1C). In contrast, 

truncated constructs containing the C-terminal region of each homolog 

(XccCTR, BpCTR; Supplementary Figure 1A,B) were each monomeric by SEC-

MALS analysis (Figure 1D). 

 

Class 2 OLD proteins exhibit metal-dependent DNA cleavage in vitro 

Metal-dependent nicking and cleavage of nucleic acid substrates is a hallmark 

of Toprim domain-containing proteins (44) . To verify that purified Class 2 OLD 

proteins share a similar activity in vitro, we incubated BpFL with linearized l 

phage DNA in the presence of different divalent cations (Figure 1E). Cleavage 

was measured visually by the disappearance of the DNA substrate, which was 

rapidly degraded under conditions that promote nuclease function. BpFL 

exhibits cleavage in the presence of Mg2+ and enhanced activity with Mn2+ 
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(Figure 1E). We also observe weak activity in presence of Zn2+ and Co2+. 

Addition of ATP has no appreciable effect on BpFL cleavage activity with linear 

substrates (Figure 1F). BpCTR similarly shows cleavage with Mg2, Mn2+, and 

Co2+ (Figure 1G). These data indicate that the critical catalytic resides 

associated with nuclease function reside in the C-terminal half of OLD proteins 

and that ATP binding and/or hydrolysis is not required for DNA binding or 

nuclease activity.  

We next assessed the ability of Bp OLD to nick and cleave circular 

plasmids. BpFL was mixed with supercoiled pUC19 DNA (S) in the presence of 

different divalent metals and activity was evaluated by the appearance of 

slower migrating bands as the substrate was nicked (N) and linearized (L) by 

the enzyme (Figure 1H). BpFL shows weak nicking activity with all metals as 

compared to the DNA alone and EDTA controls (Figure 1H), with Mg2+, Mn2+, 

and Co2+ again eliciting the strongest effects. Under these conditions, only 

Mn2+ promotes processive cleavage that significantly degrades the circular 

substrate (Figure 1H). These activities are largely unchanged by the addition 

of ATP (Figure 1I). BpCTR, in contrast, is more active and shows pronounced 

nicking activity in the presence of every metal tested  (Figure 1J). Together 

these data show that Bp OLD can function as both an exo- and endonuclease 

with a strong preference for Mn2+. The analogous Xcc constructs exhibited the 

same general activity profile albeit to a lesser extent (data not shown), 

suggesting Xcc OLD is a less efficient nuclease. 
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Overall structures of the Xcc and Bp OLD C-terminal regions  

Although full-length Xcc and Bp OLD proteins crystallize in the presence of 

different adenine nucleotides, diffraction rarely exceeded ~4Å and 

interpretable electron density maps could not be obtained owing to severe 

radiation damage. Isomorphous crystals were never observed for any 

condition screened thereby preventing merging of data. The truncated XccCTR 

construct, in contrast, yielded crystals that routinely diffracted beyond 2Å and 

three independent structures were solved using SAD datasets from platinum, 

mercury, and iodide derivatives (Supplementary Table S1, Supplementary 

Figures S2 and S3A). These models show strong agreement with an overall 

RMSD of 0.42-0.44Å and display only slight deviations at the N-terminus near 

the mercury-binding site and within a flexible loop containing two adjacent 

glycines (G479 and G480) (Supplementary Figure S3A). Residues 374 to 387 

and 458-463 are disordered in each structure, though present in the purified 

construct. Crystals of the analogous BpCTR construct diffracted to a slightly 

lower resolution (2.2.-2.3Å) but produced a more complete structural model 

(residues 390-594; Figure 2). 

BpCTR contains two domains (Figure 2A): a Toprim domain (residues 390-

504, purple) and a unique helical domain (residues 505-594, yellow) consisting 

of a five-helix orthogonal bundle and an additional C-terminal amphipathic 

helix (a6H). a6H extends into a groove along one face of the Toprimôs central 

b-sheet, forming extensive hydrophobic interactions (Figure 2B,C). Helix a5H 

and the upper portion of a6H, along with the connecting loop, wrap around the 
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hydrophobic helix a1T of the Toprim domain to stabilize the structure further. 

The contributing hydrophobic side chains are largely conserved among Class 

2 OLD proteins (Supplementary Figure S4) and together bury a total surface 

area of 1341Å2. Similar interactions are observed between the domains in the 

XccCTR (Supplementary Figure S2).  

Many Toprim family members contain individual structural inserts into the 

core Toprim fold (Figure 3, Supplementary Figure S5). These include an 

insertion of variable size and structure between b2 and a2 in topoisomerases, 

gyrases, and RecR (Insert 1, light blue), short helical insertions between a2 

and b3 (Insert 2 green) and a3 and b4 (Insert 3, cyan) in topoisomerases, a 

two-stranded b-hairpin added between a1 and b1 that extends the central b 

sheet in gyrases and topoisomerase III (Insert 4, red), and an a helix following 

the shortened b4 in the putative RNase M5 from Aquifex aeolicus (Insert 5, 

brown). Bp and Xcc OLD  lack most of these embellishments but contain an 

Insert 3 helix (Figure 3 and Supplementary Figure S5, Teal). Class 2 OLD 

proteins show sequence variability across this insert region (Supplementary 

Figure S4). Significantly, structural superposition reveals a shift of the Toprim 

a2 and a3 helices in OLD proteins relative to all other Toprim family members 

(Figure 3B,C) while the rest of the core fold is largely unchanged (Figure 3C). 

The position of these helices is consistent between the BpCTR and XccCTR 

structures, arguing it is an intrinsic topological feature and not simply due to 

crystal packing. This comparison also shows that the OLD helical domain is 
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distinctly separated from all other inserts, localized on the opposite side of the 

Toprim fold (Figure 3A). We do note that DnaG primases and the putative A. 

aeolicus RNase M5 contain a helix that structurally aligns with the a1H helix of 

the OLD helical domain (Figure 3A, dashed circle). 

The helical domain shares structural homology with bacterial controller (C) 

proteins from restriction-modification (R-M) systems (top hit from the DALI 

server (45): C.Esp1396I, Z score: 5.1, RMSD 2.5Å) (Figure 4). C proteins act 

as transcriptional regulators that tune the expression of R-M methyltransferase 

and restriction genes to ensure that site-specific nuclease activity is delayed 

until after a bacterial genome is protected by methylation (46). 

Crystallographic studies have shown that these proteins are dimeric and a-

helical, with each monomer containing a helix-turn-helix motif (47). Structural 

superposition aligns Bp helices a2, a3, a5 and a6 with a1, a3, a4, and a5 of 

C.Esp1396I (Figure 4A,B). Bp OLD lacks a helix corresponding to C.Esp1396I 

a2 and contains two additional helices (a1 and a4) that localize to the 

opposite side of the molecule (Figure 4A,B). C protein dimers bind DNA 

operator sites cooperatively to exert concentration-dependent switching of 

promoter activation and repression (46,48). In this arrangement, a4 facilitates 

dimerization while a2 and a3 associate with DNA (Figure 4C). The Bp a1 and 

a4 helices would sterically block dimerization and DNA interactions 

respectively, thus preventing OLD proteins from adopting a similar 

configuration. 
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BpOLD active site suggests a two-metal catalysis mechanism 

The XccCTR derivative structures contain nothing in their active sites. BpCTR 

crystallized in a different space group thereby permitting the helical domain to 

rotate and scrunch closer to the Toprim domain (Supplementary Figure S3B). 

Consequently, T506 and E508 shift 1.2Å and 1.5Å toward the active site 

respectively, which facilitates the binding of two magnesium ions in a 

geometry consistent with two metal catalysis (Supplementary Fig. 3c, Figure 

5a). Each magnesium is octahedrally coordinated with a water molecule 

bridging the two metals where the scissile phosphate would normally sit 

(Figure 5A). The metals are spaced 4.9Å apart, suggesting they may move 

closer together once DNA is engaged. The conserved Toprim glutamate 

(E400) and the first aspartate of the DxD motif (D455) each provide a ligand to 

the first magnesium (metal A). The second DxD aspartate (D457) hydrogen 

bonds with two waters that form two additional metal A ligands. E508, located 

in aH1 of the helical domain, directly coordinates the second magnesium 

(metal B), while E404 and T506 stabilize additional metal B waters. These side 

chains are absolutely conserved in Class 2 OLD nucleases (Figure 5B, 

Supplementary Figure S4). Individual substitutions of metal A ligands (E400A, 

D455A, D457A) and metal B ligands (E404A, T506A, E508A) yielded minimal 

to moderate effects on cleavage activity. Thus, combinations of mutations 

(E400A/D455A/D457A, E404A/T506A/E508A) were generated. Mutation of 

either the metal A or the metal B interacting residues together completely 

abolishes Bp OLD nuclease activity on linear DNA substrates in vitro  (Figure 



 

52 

5C). These substitutions impair the processive degradation of circular 

plasmids in the presence of Mn2+, though some nicking activity was still 

retained (Figure 5D). We also identify a conserved lysine residue in a5H 

(K562) that extends toward the active site (Figure 5A,B, Supplementary Figure 

S4). K562A and K562E mutations similarly impair nuclease activity without 

perturbing direct interactions with either magnesium (Figure 5C,D). Together 

these data define the key catalytic machinery of Class 2 OLD nucleases and 

support a two-metal catalysis mechanism for cleavage. 

The organization of the Bp OLD active site is structurally conserved in 

RNase M5 enzymes and DnaG primases (Figure 6, Supplementary Figure 

S5). Along with the invariant Toprim glutamate and conserved DxD aspartates, 

D31 and E110 in the A. aeolicus RNase M5 homolog spatially align with E404 

and E508 in Bp OLD (Figure 6A). E110 localizes to a C-terminal helix that  

superimposes with a1H of the Bp OLD helical domain (Figure 3A, dashed 

circle; Supplementary Figure S5, inset). DnaG primases contain a similar set 

of catalytic machinery (16). The analogous C-terminal acidic residue of the 

DnaG Toprim, however, is directed away from the active site via interaction 

with a conserved arginine residue in the adjacent N-terminal subdomain of the 

RNA polymerase core (Figure 6B). As a result, a third metal (metal C) binds in 

the position occupied by E508 in Bp OLD, coordinated by a conserved 

aspartate residue immediately upstream (D343 in the Staphylococcus aureus) 

(20) (Figure 6B). The arrangement of metals relative to the core catalytic side 

chains in these enzymes is distinct from the coordination observed in 
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topoisomerases, where metal B is positioned closer to the DxD motif in the 

absence of additional acidic residues (Figure 6C). Metal B and the catalytic 

lysine in OLD proteins occupy the same position as the catalytic tyrosine that 

forms a covalent linkage with DNA in toposiomerases (Y782 in 

Saccharomyces cerevisiae topoisomerase II) (49). These differences highlight 

the evolutionary fine tuning of the Toprim scaffold for unique biological 

functions. 

 

Structural model for DNA binding 

Our attempts to co-crystallize OLD proteins with nucleic acids have thus far 

been unsuccessful. The robust nuclease activity exhibited by BpCTR suggests 

that this fragment alone can associate with DNA in a manner that is competent 

for cleavage. We therefore computationally modeled DNA onto the BpCTR 

structure to gain insight into how OLD nucleases interact with their substrates. 

Calculation of surface electrostatics identifies four basic patches on one face 

of BpCTR that flank a small cleft containing the active site (Figure 7A). B form 

DNA can bind patches 1 and 2 leading into the cleft but sterically clashes with 

the protein near patches 3 and 4 (Supplementary Figure S6A). In contrast, we 

obtain a near optimal fit with a bent DNA substrate taken from a co-crystal 

structure of the bacterial mismatch repair enzyme MutS (50) (Figure 7A). The 

presence of a G:T mismatch in this substrate kinks the DNA at a 45 degree 

angle (Supplementary Figure 6B), allowing it to interact unencumbered with all 

four basic patches (Figure 7A). The orientation of the modelled substrate 
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would clash with both the Toprim core a2 and a3 helices in their canonical 

positions and the Insert 1 segments present in topoisomerases and gyrases 

(Figure 7B), suggesting that OLD nucleases associate with DNA differently 

than other Toprim proteins. Importantly, this arrangement places one strand 

directly into the Bp OLD active site cleft with a phosphate residue situated 

between metal A and metal B (Figure 7C). K562 points toward the back side of 

the scissile phosphate, where it would be primed either to stabilize the charge 

in the transition state along with metal B and/or protonate the leaving group 

following cleavage. This favors the proposed catalytic mechanism 

diagrammed in Figure 7D. 

DISCUSSION 

Here we have described the structural and biochemical characterization of the 

Class 2 OLD proteins from Burkholderia pseudomallei and Xanthamonas 

campestris pv.campestris. Bp OLD catalyzes metal-dependent nicking and 

cleavage of DNA substrates in vitro. The N-terminal ATPase domain is not 

required for this activity and instead may act in a regulatory capacity, 

controlling how and when the catalytic C-terminal region accesses substrates.  

The BpCTR structure elucidates the catalytic machinery of Class 2 OLD 

proteins. In addition to the canonical invariant glutamate (E400) and DxD 

aspartates (D455 and D457), we identify E400 and E508 as being critical 

metal binding side chains (Figure 5). These residues are absolutely conserved 

among Class 2 OLD proteins (Supplementary Figure S4) and together 

coordinate two bound magnesium ions in a geometry that supports two-metal 
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catalysis (Figures 5 and 7C,D). We also find K562 in the helical domain is 

critical for efficient catalytic function (Figure 5). K562 is directed toward the 

putative scissile phosphate in our BpCTR-DNA bound model (Figure 7C), where 

it would be poised to stabilize the developing negative charge in the transition 

state and/or protonate the leaving group. Class 1 OLD proteins are on average 

~50 amino acids shorter and diverge from their Class 2 counterparts in 

portions of the C-terminal region. This prohibits the unambiguous identification 

of Class 1 catalytic machinery by sequence alignment alone. Additional 

biochemical and structural studies will thus be necessary to determine if Class 

1 proteins use a similar mechanism or have evolved a different set of 

machinery to achieve the same end. 

The spatial organization of acidic residues in the Bp OLD active site directly 

mirrors that of RNase M5 maturases (Figure 6, Supplementary Figure S5). In 

addition to conserved catalytic residues previously identified through the 

biochemical characterization of Bacillus subtilis RNase M5 (14), our structural 

comparison with the available A. aeolicus RNase M5 structure suggests that a 

C-terminal glutamate (E96 in B. subtilis; E110 in A. aeolicus) will also be 

critical for 5S RNA maturation. Interestingly, A. aeolicus RNase M5 appears to 

be truncated and circular permutated. Many other homologs including B. 

subtilis contain C-terminal helical extensions (13,14) that could fold into a 

domain like that observed in Class 2 OLD proteins. DnaG primases also share 

this conserved arrangement of active site residues (16,17); however, structural 

constraints imposed by the N-terminal subdomain in the RNA polymerase core 
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prevent the coordination of the Toprim metal B in the same manner. A third 

metal observed in the Staphylococcus aureus DnaG structure (20), which 

occupies the same position as E508 in Bp OLD, appears to compensate. 

Importantly, this common active site blueprint is distinct from topoisomerases, 

gyrases, and RecR (Supplementary Figure S5). The overall structural 

similarity between primases, maturases, and OLD nucleases thus implies a 

common evolutionary lineage and further segregates the Toprim family into 

distinct subgroups based on differences in metal coordination, with the 

distinguishing feature being the presence or absence of additional acidic 

residues beyond the canonical Toprim glutamate and DxD aspartates.  

Computational modeling shows that a bent DNA substrate engages all four 

basic patches on the surface BpCTR while B form DNA only interacts with two 

and sterically clashes with the remainder of the molecule (Figure 7). The 

favorable orientation of the bent substrate positions one strand in the active 

site with a phosphate situated directly between the two bound magnesium 

ions. The orientation of DNA suggested by our model differs significantly from 

how other Toprim proteins engage their substrates. Importantly, the structural 

constraints of this arrangement explain (i) the lack of an insert 1 in OLD 

Toprim domains, (ii) the significant shift in the positions of the a2 and a3 

Toprim core helices in BpCTR and XccCTR, and (iii) the position of the helical 

domain on the opposite side of the core Toprim fold. It remains to be seen 

whether the DNA structure and/or conformational flexing of the Toprim and 

helical domains would thus be necessary for efficient cleavage. This may be 
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an important mechanistic requirement and suggests that Class 2 OLD 

nucleases may recognize structural rather than sequence features for 

targeting and function. 

Our binding model, however, does not preclude Bp OLD from also binding 

DNA ends. Here the terminal phosphate would become the scissile 

phosphate. This arrangement is equally compatible with the catalytic 

machinery. P2 OLD exhibits exonuclease activity in vitro (28) and Bp OLD 

readily degrades linear lambda DNA in the presence of Mn2+ as detailed 

above. Bp and Xcc OLD also can nick and cleave circular plasmids, 

suggesting a robust endonuclease activity. OLD nucleases thus appear to act 

as either an endo- or exonuclease depending on the substrate presented. The 

Mre11 nuclease, which functions in double strand break repair and 

processing, displays a similar duality: it functions as a 3ô-5ô exonuclease on 

double strand DNA and an endonuclease on single strand DNA at protruding 

3ô- and 5ô-ends and 3ô branches (51-53). Further biochemical characterization 

will be necessary to determine how these different modes of cleavage 

contribute to OLD function in vivo. 

While the role of P2 OLD in bacteriophage lambda interference is well 

documented (23), little is known about the function of other OLD homologs in 

vivo. Our bioinformatics data indicate that OLD proteins are widely distributed 

across bacteria, archaea, and viral genomes. The presence of old genes in 

species-specific operons and on mobile elements suggest they confer a 

functional advantage. We speculate that these proteins may play a novel role 
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in DNA repair and/or replication based the specific association of 

UvrD/PcrA/Rep helicase with Class 2 OLD proteins. Future genetic 

experiments will be necessary to validate this hypothesis and define the 

biological roles of OLD nucleases more explicitly. 
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TABLES AND FIGURES 

 

Schiltz et al. Figure 1 

 

Figure 1. Purification and biochemical characterization of Class 2 OLD 

proteins. A. Domain architecture of Bp and Xcc OLD proteins. Boundaries of 

the CTR constructs are labeled. B. SDS-PAGE gel showing purified full-length 

and CTR constructs of Bp and Xcc OLD. C-D. SEC-MALS analysis of Bp (C) 

and Xcc (D) constructs. Black line denotes differential refractive index and 

blue line denotes measured mass across each peak. E-F. Metal-dependent 

nuclease activity of BpFL in the absence (E) or presence (F) of ATP on linear l 

DNA. ólô denotes the position of uncut linear DNA G. Metal-dependent 

nuclease activity of BpCTR on linear l DNA. H-I. Metal-dependent nuclease 

activity of BpFL in the absence (H) or presence (I) of ATP on supercoiled 

pUC19 DNA. óNô, óLô, and óSô denote the positions of ónickedô, ólinearizedô, and 
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ósupercoiledô DNA respectively. J. Metal-dependent nuclease activity of BpCTR 

on supercoiled pUC19 DNA.
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Schiltz et al. Figure 2 

 

Figure 2. Structure of BpCTR. A. Structure of BpCTR. Toprim, and helical 

domains are colored purple and yellow respectively. B. Surface representation 

of domain interactions. C-D. Structural interactions between Toprim and 

helical domains. Side chains involved in stabilizing hydrophobic interactions 

shown as sticks are labelled.  

 

 


