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Abbreviations  

bp, base pair 

BMe, 2-mercaptoethanol 

BPB, bromophenol blue 

DTT, dithiothreitol 

EDTA, ethylenediaminetetraacetic acid 

HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

HEPES-NaOH, HEPES titrated to a desired pH with NaOH 

kDa, kilodalton 

mw, molecular weight 

nt, nucleotide or nucleotides 

OAc, acetate 

PAGE, polyacrylamide gel electrophoresis 

RE, restriction endonuclease 

RM system, restriction-modification system encoding cognate endonuclease and methyltransferase 

RT, room temperature 

SDS, sodium dodecyl sulfate 

Tris, Tris(hydroxymethyl)aminomethane  

Tris-HCl, Tris titrated to a desired pH with HCl 

XCFF, xylene cyanol FF 

 



3 
 

ABSTRACT:  

     Herein we investigate an unusual anti-viral mechanism developed in the bacterium Streptomyces 

griseus. SgrAI is a type II restriction endonuclease which forms run-on oligomer filaments when 

activated, and which possesses both accelerated DNA cleavage activity and expanded DNA sequence 

specificity. Mutations disrupting the run-on oligomer filament eliminate the robust anti-phage activity 

of wild type SgrAI, and the observation that even relatively modest disruptions completely abolish this 

anti-viral activity shows that the greater speed imparted by the run-on oligomer filament mechanism 

is critical to its biological function. Simulations of DNA cleavage by SgrAI uncover the origins of the 

kinetic advantage of this newly described mechanism of enzyme regulation over more conventional 

mechanisms, as well as the origin of the sequestering effect responsible for the protection of the host 

genome against the damaging DNA cleavage activity of activated SgrAI. 
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IMPORTANCE 

     This work is motivated by the interest in understanding the characteristics and advantages of a relatively newly 

discovered enzyme mechanism involving filament formation. SgrAI is an enzyme responsible for protecting 

against viral infections in its host bacterium, and was one of the first such enzymes shown to utilize such a 

mechanism. In this work, filament formation by SgrAI is disrupted and the effects on the speed of the purified 

enzyme as well as its function in cells are measured. It was found that even small disruptions, which weaken but 

do not destroy filament formation, eliminate the ability of SgrAI to protect cells from viral infection, its normal 

biological function. Simulations of enzyme activity were also performed and show how filament formation can 

greatly speed up an enzyme’s activation compared to other known mechanisms, as well as better localize its action 

to molecules of interest such as invading phage DNA. 
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INTRODUCTION 

     The co-evolution of phage and anti-phage activities in what’s been called the “phage-host arms race” is 

thought to be among the oldest and largest in scale co-evolutionary system on Earth12, 3. From this system, 

many useful biomacromolecules have been discovered. For example, the type II restriction endonucleases 

(REs) have shown great utility in recombinant DNA technology due to their very high sequence specificity 

and rapid double stranded DNA cleavage abilities4. Newer technologies include the CRISPR enzymes, which 

allow relatively more convenient programming of DNA cleavage specificity5. Still the great diversity of REs 

contrasts with the relatively limited number that have been fully studied, suggesting that much is left to be 

discovered in this interesting class of enzymes6. Our studies with the type II RE SgrAI from Streptomyces 

griseus led us to propose a new mechanism of enzyme regulation involving filament formation7, 8.  

     Filament and run-on oligomer formation by non-cytoskeletal enzymes is a relatively newly discovered 

phenomenon, being first described in 2009-2010 for such diverse enzymes as Ire1 (the unfolded protein 

response nuclease-kinase)9, CTP synthase10, 11, ACC (acetyl-coA carboxylase)12, and SgrAI7. At 

approximately the same time, large-scale screens for protein localization using fluorescence microscopy 

showed unexpectedly that many enzymes formed filaments in response to particular metabolic conditions or 

other stimuli in cells11, 13-15. The term “run-on oligomer” (ROO) filament is used here to describe an assembly 

of an enzyme into a filament by the successive addition of enzymes at either end, and which in principle 

could extend indefinitely8, 16. ROO filament formation by SgrAI was first proposed in 2010 based on behavior 

in analytical ultracentrifugation and native gels7, and subsequently using ion-mobility mass spectrometry17. 

The enzymatic activity of SgrAI was found to be activated in the ROO and to possess an altered (expanded) 

DNA sequence specificity7, 8. The three-dimensional CryoEM structure of the ROO filament formed by the 

assembly of SgrAI/DNA complexes shows a left handed helical arrangement with approximately four DNA 

bound dimers of SgrAI per turn (Fig. 1A, Fig. 1B-D show different views of an individual SgrAI/DNA 

complex)8. In the ROO filament helix, both the DNA and SgrAI form stabilizing interactions with 

neighboring SgrAI/DNA complexes (Fig. 1A, E-F)8. 

     SgrAI is a type II RE cleaving primary sites (CR|CCGGYG, R indicating A or G, Y indicating C or T, | 
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indicating cleavage site) and secondary sites (CR|CCGGGG and CR|CCGGY(A or C or T)) in duplex DNA 

in a magnesium ion dependent mechanism18, 19. Its cleavage of secondary sites occurs only under particular 

conditions, namely when present on the same DNA molecule as a primary site, or alternatively, when in the 

presence of high concentrations of both SgrAI and primary site DNA sequences on separate DNA molecules7, 

20-23. The same conditions leading to cleavage of secondary sites by SgrAI also accelerate the cleavage of 

primary sites by SgrAI over 200-fold (the acceleration of secondary site cleavage is approximately 1000-

fold)7, 16, 20, 22. Further, under these conditions, SgrAI forms the ROO filament described above, thought to 

stabilize the activated state of SgrAI8. The role of this unexpected structure was not known and has been the 

subject of recent investigations.  

     Being a relatively newly described enzyme mechanism, several fundamental questions are of interest 

including: 1) how the ROO filament accelerates the formation of the product of the reaction (i.e. cleaved 

DNA) without trapping it in the filament, 2) whether or not the assembly and/or the disassembly of the ROO 

limits the overall rate of reaction, 3) what the growth and dissolution mechanism of the ROO filament is (e.g. 

from the ends only or occurring anywhere in the filament?), and 4) are there special advantages of the ROO 

filament mechanism (over more conventional mechanisms) that evolved due to the particular biological niche 

of SgrAI. The first three questions were addressed in prior work24, 25, which showed that ROO filament 

assembly is rate limiting in in vitro reactions at low concentrations of SgrAI and DNA. It was also found that 

DNA cleavage is rapid in the ROO filament, faster than dissociation of the ROO filament, making the 

reaction pathway efficient since DNA cleavage is much more likely with each addition to the ROO filament 

prior to its dissociation. But the relatively rapid dissociation kinetics limits any trapping of cleaved DNA 

within the filament. As for the growth mechanism, the previous work concluded that disassembly of ROO 

filaments can occur at any junction between adjacent SgrAI/DNA complexes, and assembly must also be 

possible from two ROO filaments of any size.  

     In the current work, we address the fourth question of whether there are particular advantages to the ROO 

filament mechanism, perhaps relating to requirements and challenges of specialized biological niches. First, 

we show that mutations that disrupt the ROO filament also eliminate the ability of SgrAI to protect a host 
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bacterium from invading phage. We find that even relatively moderate disruptions of ROO filament 

formation appear to render the protection to nearly that of the parent strain, as if the enzyme were not even 

present in the cell. This indicates that the speed of SgrAI, in terms of rapid activation and DNA cleavage, is 

critical to the biological function of SgrAI. 

     Next, using kinetic modeling and rate constants derived and determined from prior work24, 25, we simulate 

the in vivo kinetics of SgrAI activity. We also build an alternative, non-ROO model to use side-by-side in 

simulations in order to discover any advantages or limitations inherent to the ROO filament mechanism. In 

order to simulate the reaction in vivo, we estimate concentrations of SgrAI and DNA in the cell, and also 

estimate the “local” concentration of SgrAI when bound to sites on the same contiguous DNA molecule. 

Using these concentrations, and the kinetic model and rate constants derived in prior work24, 25,  we discover 

that while the relatively slow association rate constant of SgrAI/DNA complexes into the ROO filament does 

in fact limit the rate of reaction, it importantly is also the source of the proposed “sequestration effect” that 

protects the host genome from the potentially damaging activity of SgrAI. This is because it limits ROO 

filament formation within the cell to only those SgrAI bound to the same DNA molecule, and meaning in 

vivo SgrAI would cleave only invading phage DNA and not the host genome. SgrAI, a type II RE, acts as a 

bacterial defense system to protect its host bacteria from such invading and pathogenic phage. However, the 

activity of SgrAI must be controlled such that it does not perform damaging DNA cleavages on the host 

DNA.  

     Comparing simulations of the ROO filament reaction to a non-ROO (Binary association) reaction 

mechanism, we find that the ROO filament mechanism has a significant kinetic advantage over the non-ROO 

mechanism in the speed of DNA cleavage. Further, the advantage appears to derive from the two distinct 

ways SgrAI/DNA complexes and ROO filaments can associate (such as at either end of the ROO filament). 

In addition, investigation of the cleavage of secondary sites by SgrAI, which differ from primary by 1 base 

pair, shows that even an accelerated Binary reaction (with an increased assembly rate constant) is inferior to 

the ROO filament mechanism, due to greater host damage resulting from the less effective sequestration 

found in the non-ROO mechanism.  
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     The “phage-host arms race” is complex with diverse mechanisms to evade infection on the part of the host, 

and evade restriction on the part of the phage3. For example, negative selective pressure should result in the 

reduction of the number of restriction sites on phage, and genome analyses suggest this is the case3, 26-29. However 

most bacteria contain multiple RM (for restriction-modification) systems, and a positive correlation exists 

between genome size and the number of such systems3. The genome size of S. griseus predicts the presence of 4-

5 RM systems, each possibly containing a unique recognition sequence3. The evasion of multiple RM systems 

simultaneously through mutations to eliminate recognition sequences, without affecting genome functions in 

coding, replication, and expression, would be challenging. The evolutionary pressure exerted on the SgrAI 

restriction-modification system, which has produced the unusual filament forming enzyme mechanism, may 

originate with the relatively large genome of its host, Streptomyces griseus. The larger genome results in 

many more potential recognition sites which must be methylated by the SgrAI methyltransferase for 

protection, lest be cleaved by the SgrAI endonuclease. The surprisingly slow DNA cleavage rate of SgrAI 

(0.1 min-1), as well as the longer and therefore more rarely occurring 8 bp recognition sequence may both 

have evolved to reduce this pressure. However, these same properties, the slow cleavage rate and rare 

cleavage site, would also limit the effectiveness of SgrAI against phage infection. The 200-1000 fold 

activation of DNA cleavage activity, and expansion from 3 DNA recognition sites to 17 upon ROO filament 

formation results in many more possible cleavages in the phage genome, which may limit phage infection to 

a greater extent. For example, phage genomes with more restriction endonuclease cleavage sites are restricted 

to a greater degree than those with fewer30-32. The ROO filament stabilizes the activated conformation of 

SgrAI, yet such stabilization could also in principle be performed by a simple binary mechanism involving 

the assembly of only two copies of SgrAI. The specific advantage of forming a filament, compared to a finite 

oligomer such as in a binary system, is indicated by this work to be in both the combined (and competing) 

properties of speed (faster activation) and sequestration (limiting secondary site cleavage to the invading 

phage DNA and not the host), resulting from the particular biological niche found in Streptomyces griseus. 

 

RESULTS 
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DNA Cleavage  

     Single turnover DNA cleavage assays were performed to measure the basal rate of DNA cleavage by 

SgrAI (i.e. that in the absence of activating conditions) as well as under activating conditions (i.e. where 

ROO filaments normally form, which have accelerated DNA cleavage properties). The basal, unactivated 

rate of DNA cleavage was measured with an 18 bp DNA containing a single primary recognition site (18-1, 

see Methods for sequence), which does not activate SgrAI but can be cleaved, albeit at a slow rate 

(0.094±0.015 min-1 in the case of wild type SgrAI). This DNA cleavage rate constant should not be perturbed 

by the mutations, if the mutations affect only formation of the ROO filament. Table 1 shows this basal DNA 

cleavage rate constant for wild type and each mutant of SgrAI. The values range from 0.014±0.003 min-1 

(R24E) to 0.14±0.03 min-1 (I59E). Most are within one standard deviation of the wild type value, and all 

show measurable activity. Hence the mutations did not disrupt DNA binding by SgrAI, or the unactivated 

DNA cleavage activity, as expected. 

     The single turnover DNA cleavage rate constant under activating conditions was also measured for each 

mutant SgrAI. These assays include 1 µM PC DNA, which activates SgrAI into forming ROO filaments with 

accelerated DNA cleavage activity7, 8, 16. PC DNA is a “pre-cleaved” 40 bp DNA containing a single primary 

site sequence (see Methods for sequence). Two copies of PC DNA self-anneal to form a 40 bp DNA with 

nicks (missing the phosphate due the absence of 5’phosphates on synthetic DNA) at the SgrAI cleavage sites 

(CR|CCGGYG, | indicates cleavage site). This 40 bp DNA binds to SgrAI the same as an uncleaved version 

would, and favors ROO filament formation by forming stabilizing interactions with other SgrAI/DNA 

complexes (see Fig. 1), including those containing the 18-1 DNA. In this way, accelerated cleavage of 18-1 

is induced. Mutations which disrupt the ROO filament by removing favorable, or introducing unfavorable, 

interactions between SgrAI/DNA complexes will result in less activation, and therefore a slower DNA 

cleavage rate under normal activating conditions (i.e. with 1 µM PC DNA). Table 1 shows the results; most 

mutations severely affect this rate constant (wild type is 22±7 min-1, most mutations reduce this rate constant 

to ~1 min-1 or less, Table 1). Those with intermediate effects on this rate constant include S56Q, M62E, 

R84E and R127A (rate constants of 3-8 min-1). Only the mutation, A57Q, gives a wild type rate constant 
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(within 1 standard deviation of that of wild type SgrAI, 15±8 min-1), hence appearing to have minimal effects 

on disrupting activation (and ROO filament formation) of SgrAI.  

     Residues S56, A57, and R127 are all at a protein-DNA interface occurring between neighboring 

SgrAI/DNA complexes (Fig. 1). As described previously for S56 and A57 mutations16, the introduction of a 

negative charge at the protein interface (i.e. mutations S56E and A57E) creates electrostatic repulsion with 

the DNA, but mutation to a neutral side chain (i.e. mutations S56Q and A57Q) does not, hence the smaller 

effects on activated DNA cleavage by those mutations. In the case of R127A, removal of a positive charge 

at this interface also weakens the ROO filament, but perhaps not as effectively as those nearby R131A and 

R134A (both with rate constants measured under accelerating conditions of less than 1 min-1, Table 1). As 

can be seen in the CryoEM model of the ROO filament (Fig. 1E), R127 is further from the protein-DNA 

interface than R131 and R134, providing an explanation for the smaller effect when mutated. M62 and R84 

are at a different interface, one formed between the protein chains of two adjacent SgrAI/DNA complexes in 

the run-on oligomer filament (Fig. 1E-F). R84 and M62 are both more distant from this interface than the 

other residues mutated in this study. Residues T4, S6, I7, R24, N25, P27, Q34, I51, I59 are also at the protein-

protein interface between adjacent SgrAI in the ROO filament (Fig. 1E-F), and mutation of these residues 

results in severe effects on the activation of SgrAI (Table 1). 

 

Phage Challenge  

     The phage challenge assay uses cells (i.e. Tuner (DE3) E. coli, Novagen, Inc.) expressing wild type or 

mutant SgrAI, MspI.M (the MspI methyltransferase with CCGG specificity), and  a mutant of the E. coli 

lambda phage, JL801, which is incapable of lysogeny33. The SgrAI protein is expressed from an inducible 

T7 promoter on a high copy number plasmid, while the MspI.M methyltransferase is expressed from its 

natural promoter showing near consensus -35 and -10 sequences34, 35 in a plasmid derived from the low copy 

number plasmid pACYC184. The phage challenge assay involves mixing JL801 phage at different dilutions 

with cells expressing both MspI.M and wild type or mutant SgrAI, and counting the number of plaques after 
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overnight growth. Each plaque represents a successful infection by JL801 phage, and is quantified as the 

number of plaque forming units (i.e. PFU) per µl of our stock of purified phage. The parent bacterial strain 

(having only MspI.M plasmid) gave 5.7±1.1x104 PFU/µl. When cells express wild type SgrAI, no plaques 

were found, even using the highest concentration of phage available. In contrast, all mutant SgrAI but one 

led to the formation of plaques, most near the count found with the parent strain (Table 1). The mutation 

A57Q, which also had the least effect (if any) on the accelerated (activated) DNA cleavage rate (Table 1), 

also appeared to completely protect SgrAI from phage infection, showing no plaques even at the highest 

concentration of phage available (Table 1). Figure 2 plots the Plaque Titer (PFU/µl) vs. the activated DNA 

cleavage rate constant (min-1) measured for that mutant (or wild type) SgrAI. As can be seen, the greatest 

protection (i.e. NP, no plaques observed, at least 104-fold protection relative to the parent strain) is found 

with the fastest enzymes (wild type and A57Q). Some protection may occur with enzymes showing activation 

levels at 10-35% of that of wild type (R84E, S56Q, R127A and M62E), although only slight, if any, 

protection is found (Fig. 2). 

 

Verification of protein expression 

     Cells used in the phage challenge assay were analyzed by Western blot to confirm expression of SgrAI 

proteins (Fig. 3). Levels of expression were assessed by determining the relative concentration of protein in 

each lane and normalizing to that found for wild type SgrAI (see Methods). The values were corrected for 

dilution and the estimate of cells used in each lane (Table S1). Values varied from 29%-108% (relative to 

expression of wild type SgrAI) showing that all mutant SgrAI proteins were expressed. Though the 

expression level varied, it is uncorrelated with the protection against phage measured by the phage challenge 

assay (Fig. 4). 

 

Simulation of in vivo reactions: Local concentration and sequestration 

     One of the important distinctions between the in vitro and in vivo reactions is the concentration of DNA. 

In vitro, the concentration of DNA is experimentally controlled, and the average size of the ROO filament 
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and the activation of DNA cleavage by SgrAI are thereby controlled as well. In vivo, DNA concentrations 

will be limited to one copy of the bacterial genome and one or perhaps more copies of the invading phage 

DNA. In terms of concentration, this is approximately 3 nM, for one copy of DNA per S. griseus cell (see 

Table S2). The estimation of the concentration of SgrAI in the cell is less certain, since the number of copies 

per cell is unknown, but with 100 copies the concentration would be approximately 300 nM (Table S2). At 

this concentration sufficient binding should occur between SgrAI and its recognition site in DNA 

(KD=0.057±0.009 nM)7, however, at 3 nM of SgrAI/DNA complex virtually no ROO assembly (when sites 

are on separate DNA molecules) is expected and therefore no activation of SgrAI mediated DNA cleavage 

would occur7. The reason for this, as well as the dependence of the observed DNA cleavage rate constant on 

the concentration of SgrAI bound to DNA7, is the very slow association rate constant for of SgrAI/DNA 

complexes into the ROO filament (i.e. 1.3x105 M-1s-1)24, 25, giving a calculated rate of association of only 

1.3x105 M-1s-1)(3x10-9 M)(3x10-9 M) = 1x10-12 M/s or 1x10-3 nM/s.  

     However, this slow association rate constant, though preventing reactions between SgrAI bound to sites 

on separate DNA molecules, is sufficiently fast to allow association when on the same DNA molecule, owing 

to the “local concentration” effect. When two species, such as SgrAI, are bound to the same molecule, like 

contiguous DNA, they are constrained in space relative to each other and can act as if their concentrations 

were much higher. This higher concentration is termed the local concentration and is calculated considering 

the average distance between the two species, in this case, the two DNA bound SgrAI. Table S2 provides 

the calculations, which include estimation of the average number of SgrAI recognition sites within a typical 

phage genome, as well as their distance apart in base pairs. A radius of gyration was used to estimate the 

average distance in Å between them, then used as the diameter of a sphere for a volume to be calculated36. 

Given the number of DNA bound SgrAI (two in this example) and the volume of the sphere, a concentration 

can be calculated (80 nM). This means that although their actual concentration is 3 nM each (each bound to 

one molecule of DNA in the cell, i.e. one phage genome), they occupy the same space two separate 

complexes would occupy if at 80 nM. Note, this concentration would be even greater when considering 

secondary site sequences, which occur much more frequently (with 14 different sequences) and hence closer 



13 
 

together. At 80 nM, much faster association is expected, (1.3x105 M-1s-1)(80x10-9 M)(80x10-9 M) = 8x10-10 

M/s or 0.8 nM/s, 800 times faster than association of complexes on separate DNA molecules (i.e. phage and 

host genomes). Both the relatively slow association rate constant (1.3x105 M-1s-1), and the requirement for 

an association step between SgrAI/DNA complexes before DNA cleavage, are responsible for the control of 

SgrAI activation by the local concentration effect, which results in sequestration. Sequestration of activated 

SgrAI on the DNA that contains the primary sites is important, since although primary sites on the host DNA 

are protected from SgrAI by methylation, secondary sites could in principle be cleaved by activated SgrAI 

causing damage to the host genome. Hence, this elegant mechanism may have evolved to ensure 

sequestration of activated SgrAI (which cleaves secondary as well as primary recognition sites) on only the 

invading phage DNA (see below). 

 

Simulation of in vivo reactions of SgrA with phage DNA  

     Because cleavage of sites on the same DNA molecule is different in some respects from the experimental 

system used in our prior kinetic investigations25, a new kinetic model was created to simulate the cleavage 

of SgrAI recognition sites on phage (and/or host) DNA (Table S3). This model differs in using one type of 

DNA site rather than two, which can both be cleaved and can also result in activation of other SgrAI/DNA 

complexes when bound by SgrAI. Previous kinetic models24, 25 use two types of DNA, the reporter DNA (i.e. 

18-1) which can be cleaved, and an activator DNA (i.e. PC DNA), as also used in the single turnover DNA 

cleavage reactions described above. In the in vivo case, and considering only primary sites, only one type of 

site will be found, and that site can both be cleaved by SgrAI as well as activate it by stimulating ROO 

filament formation. Hence the model for activity of SgrAI on a phage DNA contains only one type of DNA 

recognition site, which is capable of both activating SgrAI (by inducing filamentation), and can do so whether 

or not the bound DNA is cleaved16.  

     For comparison to a non-ROO filament mechanism, equations for what we refer to as a “Binary” 

mechanism are included to allow side-by-side comparisons between the two mechanisms. The same rate 

constants (derived from prior work25) were used for analogous steps in both kinetic mechanisms (Table S4). 
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Finally, to simulate the in vivo case, the DNA concentrations used were 80 nM to mimic the local 

concentration of sites when present on the same contiguous DNA, and 3 nM when simulating reactions 

occurring on separate DNA molecules. Due to software limitations, the ROO filament model was limited to 

a size of 3 SgrAI/DNA complexes, however this is not unrealistic given the predicted number of primary 

sites on the typical phage DNA (see Table S2). Dissociation of cleaved DNA from SgrAI is considered 

reversible in this simulation and is discussed further below. 

     Figure 5A shows the results when the ROO filament mechanism (red and blue) is compared to the closed 

ended non-ROO Binary mechanism (green and pink). At 80 nM SgrAI/DNA (E/DNA for the Binary reaction, 

E being the hypothetical enzyme in the Binary mechanism), both ROO filament and Binary mechanisms 

show robust DNA cleavage. However, the ROO filament mechanism has a very clear advantage 

(approximately two-fold) in the rate of cleaving DNA (compare the red dotted lines to the green dotted lines 

of the Binary model, Fig. 5A). Some cleaved DNA is released (~25%, solid red and green lines, from the 

ROO filament and Binary models, respectively, Fig. 5A). Some of the cleaved DNA is still held in ROO 

filaments or Binary assemblies (blue and pink lines, respectively, Fig. 5A). The remainder of the cleaved 

DNA is bound to SgrAI, but is not in an assembly.  

     To investigate the origin of the advantage of the ROO filament mechanism, the Binary mechanism was 

altered to now have one feature unique to the ROO filament mechanism, namely the two ways each 

SgrAI/DNA (or E/DNA in the case of the Binary reaction) can come together (compare the red complexes 

of the ROO mechanism to the green ones of the Binary mechanism, Fig. 6). Most (but not all) of the 

advantage of the ROO model is lost (Fig. 5B). This implies that the run-on nature of the ROO filament 

(where SgrAI/DNA complexes may bind to either end of a filament, or even a single SgrAI/DNA complex) 

is the origin of the kinetic advantage over the Binary mechanism. 

     The simulations of Fig. 5A-B allowed for rebinding of the cleaved DNA, however, the simulation did not 

allow for the inclusion of the change in relative concentrations (local to actual). The initial concentration was 

set to 80 nM, to simulate the local concentration, however, upon cleavage and dissociation, local 

concentration effects no longer apply. The actual concentration of DNA in the cell was estimated at 3 nM 
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(for 1 copy per cell, see above). The KD for SgrAI binding to PC DNA7 in the presence of 10 mM Mg2+ has 

been measured to be 14 nM. To simulate the change in concentration from 80 nM to 3 nM actual 

concentration, the rebinding rate constant was made ten-fold lower. Figure 5C shows the result. The total 

amount of cleaved sites with time is not affected by this change (dotted lines, Fig. 5C), however more of the 

cleaved DNA is shown free of SgrAI, as expected. This leads to lower final ROO filament and Binary 

complex concentrations (blue and purple lines, Fig. 5C). This simulation actually over-estimates the amount 

of ROO and Binary assemblies, since those would also change from local to actual concentrations upon 

separation of the DNA sites to which they bind, though this change in concentration was not included in the 

simulation. Further, cleaved DNA is expected to dissociate into the two cleaved products (an estimated KD 

of the self-association of 375 nM24) limiting reassociation to SgrAI. 

     To simulate DNA cleavage on separate DNA molecules (i.e. SgrAI bound to a site on a phage DNA and 

a site on the bacterial host genome), the simulation shown in Fig. 5D was performed. In this case, the initial 

DNA concentration was set to 3 nM. Only a small amount of DNA cleavage is seen in 200 s, the time it takes 

to cleave nearly 90% of the sites in Fig. 5A, indicating that minimal cleavage of sites on the host due to 

SgrAI activated by binding to sites on the phage DNA. Further, primary sites on the host DNA would be 

methylated and thereby protected, and unable to be cleaved via this pathway. Therefore, the sequestration 

effect is likely more important for protecting from cleavage of secondary sites on the host, since those would 

require ROO filament formation with SgrAI bound to unmethylated primary sites, only available on the 

invading DNA (see below for further discussion).  

     Finally, Fig. 5D also shows that the sequestration effect is not unique to the ROO filament mechanism, 

as the non-ROO Binary mechanism (green, Fig. 5D) also shows very low DNA cleavage at the low 

concentrations of DNA in the cell, but rapid DNA cleavage at the estimated local concentration when sites 

are present on the same contiguous DNA molecule (green, Fig. 5A).  

 

Simulations with secondary site DNA sequences 

     To investigate cleavage of secondary sites, a modified kinetic model was created (Table S5). Secondary 
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sites differ from primary in one base pair, at either the 7th or 8th position of the recognition sequence (primary 

sites include CRCCGGYG, where R is A or G and Y is C or T, secondary sites include CRCCGGGG and 

CRCCGGYX, where X is A, C or T). Cleavage of secondary sites by SgrAI is nearly undetectable unless 

assembly into a ROO filament with SgrAI (bound to a primary site) occurs7, 16. In that case, the observed rate 

constant for cleavage of secondary site DNA is generally ~two-fold slower than that of primary site and is 

dependent on the concentration of SgrAI bound to primary site DNA (hence the cleavage rate is also limited 

by ROO filament assembly). To model the cleavage of secondary sites by SgrAI, two changes were made to 

the kinetic model. First, assembly of SgrAI/secondary site DNA complexes into the ROO filament (or Binary 

complex) was set to two-fold slower than that of SgrAI/primary site complexes. Second, an additional 

equation is included to allow for the two types of Binary complexes: that with two SgrAI/primary site DNA 

complexes, and that with one primary and one secondary site bound SgrAI (the ROO mechanism already 

allows for both types of associations). Tables S6-S7 give the rate constants and concentrations of species 

used in the simulations. In addition, using the same logic as shown in Table S2, the local concentration of 

secondary sites relative to primary was calculated to be 1 µM (for the nearest pairs of sites).  

     Simulations were carried out at 1 µM DNA concentration (solid lines, Fig. 7A-B) to simulate cleavage of 

secondary sites in the phage DNA, and 3 nM (dotted lines, Fig. 7A-B) to model cleavage of secondary sites 

on the host genome. In these simulations, it is assumed that the only source of primary sites (which induce 

the formation of assemblies, i.e. ROO filaments or Binary complexes) are from the phage DNA. Orange 

lines represent total DNA cleavage with the ROO filament mechanism, light blue represents that for the 

Binary. Figure 7A shows the results when the two mechanisms have the same rate constants. Cleavage at 1 

µM DNA (representing phage DNA) is faster (2-fold) in the ROO filament mechanism (orange solid line, 

Fig. 7A), and very little cleavage occurs with 3 nM DNA (representing host DNA) in both mechanisms 

(dotted lines, Fig. 7A), demonstrating the sequestration of activated DNA cleavage away from the host DNA. 

Although very little, Fig. 7A shows that some cleavage of the host DNA (orange and blue dotted lines) is predicted. 

Upon cleavage of primary sites in phage, the phage DNA should dissociate from SgrAI and separate into fragments 

and undergo degradation37, with little reassociation with SgrAI and into ROO filaments (blue line, Fig. 5C), 
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ending the threat to host DNA. At 100 s, the time it takes for most primary sites in phage to be cleaved (red dotted 

line, Fig. 5A), ~4% of host secondary sites are predicted to be cleaved as well (orange dotted line, Fig. 7A). There 

are ~2500 predicted secondary sites in S. griseus, and 4% is ~100 secondary sites. Studies have shown that such 

“autoimmunity” (i.e. cleavage of host DNA by REs) does occur in RM systems, particularly in the case of more 

“efficient” endonucleases, and that double stranded breaks in the host genome are repaired via the SOS/RecA 

repair pathway38. This “autoimmunity” is tolerated under rapid growth conditions and high nutrient availability, 

although is less tolerated when resources are limited 38-40.  

     Figure 7B shows the results when the assembly rate constant of the Binary mechanism is increased until 

cleavage at 1 µM DNA (solid lines, Fig. 7B) matches that of the ROO filament mechanism. Now the Binary 

mechanism shows much greater cleavage at 3 nM (light blue dotted line, Fig. 7B) compared to that for the 

ROO filament mechanism (orange dotted line, Fig. 7B). Hence these simulations show that the ROO filament 

mechanism is also superior to the Binary in sequestering activated DNA cleavage away from the host DNA. 

Though DNA cleavage by the ROO filament mechanism is twice as fast as that by the Binary mechanism 

when utilizing all the same rate constants (Fig. 7A, Table S6), a 4.6-fold increase in the rate constant for 

assembly of enzyme-DNA complexes into binary complexes is necessary to achieve the same rate of 

secondary site cleavage by the two mechanisms (Fig. 7B, see rate constants k3 and k4, Table S6). This is 

likely due to the competition for association that occurs between the two types of enzyme complexes (bound 

to primary or to secondary sites) that necessarily occurs in the Binary mechanism, and the fact that enzymes 

bound to primary sites preferentially self-assemble rather than associating with enzymes bound to secondary 

(Fig. 8, left). Competition is not necessary in the ROO filament mechanism, since any complex can assemble 

at either end of the ROO filament (Fig. 8, right). 

 

DISCUSSION 

    Compared to other bacterial immune proteins, SgrAI is unusual in several respects (its low unactivated 

DNA cleavage rate and allosteric activation via filament formation with sequence specificity expansion) 

though exhibits similar DNA cleavage rates when activated. For example, the unactivated SgrAI DNA 
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cleavage rate is very slow (0.1 min-1), but similar to other type II REs under activating conditions (22 min-1, 

compared to 20 min-1 and 36 min-1 for the type II REs EcoRI and EcoRV, respectively7, 41, 42). Note that the single 

turnover DNA cleavage rate constant measures all steps from DNA binding to DNA cleavage, however global 

kinetic data fitting indicates that the chemical cleavage step (once within the filament) is faster yet in SgrAI, 

estimated at 48 min-125. Cas9, a bacterial immune defense enzyme from the Streptococcus pyogenes CRISPR 

system, and of interest in genome engineering applications43, 44, has been found to have single turnover DNA 

cleavage rate constants  of 60 min-1 and 30 min-1 for cleavage by the two endonuclease domains (HNH and RuvC), 

respectively45. Cas9, however, remains tightly bound to the cleaved product DNA, while SgrAI (and other type II 

REs) rapidly dissociate the cleaved DNA product (>24 min-1), following dissociation from the ROO filament (1.8 

min-1), freeing it to perform multiple rounds of enzymatic turnover25, 45, 46. 

     Herein we include both experiments and simulations to show that the run-on oligomer (ROO) filament 

mechanism of SgrAI possesses unique characteristics that appear to have evolved to perform the 

requirements of its biological niche. First, based on the CryoEM structural model of the ROO filament 

formed by the assembly of SgrAI/DNA complexes8, point mutations were designed with the intention of 

disrupting interfaces and thereby destabilizing this assembly. As a result, the DNA cleavage properties of 

SgrAI, which are stimulated 200-1000 fold7, 16 in the ROO filament, are predicted to be hampered by these 

mutations since they weaken filament formation. In fact, most mutations diminished the activated DNA 

cleavage rate (Table 1), as predicted. Further, they did not affect the basal, unactivated DNA cleavage rate, 

showing that the mutations do not disrupt DNA binding or normal, unactivated DNA cleavage by SgrAI 

when not in the ROO filament. Hence these mutations must disrupt ROO filament formation since activation 

seen under conditions where wild type SgrAI forms the ROO filament are not found. 

     The mutant SgrAI enzymes were then tested for their ability to protect host cells from invading phage 

DNA (i.e. the phage challenge assay). Western blots were performed to verify expression of mutant proteins 

(Fig. 3). Expression of wild type and mutant SgrAI was induced overnight, then cells mixed with a modified 

form of lambda phage incapable of forming lysogens (JL801)33 so that all productive infections can be 

counted by counting plaques formed from cell lysis. The parent host strain, without SgrAI, showed levels of 
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phage infection of 5.7±1.1x104 PFU/µl with our stock of purified JL801, however the expression of wild 

type SgrAI in these cells resulted in complete protection from infection as far as we could measure as no 

plaques were found, even with the highest concentrations of phage tested (this represents a >104-fold 

protection relative to the parent strain, within ranges seen with other RM systems47). In the case of the mutant 

SgrAI enzymes, all but one allowed phage infection to proceed, indicating dramatically diminished 

protection. Many SgrAI mutants showed plaque numbers within error of the unprotected parent strain (Table 

1), and these mutant SgrAI also showed the lowest levels of activated DNA cleavage (Fig. 2). Some mutants 

with intermediate levels of activation (i.e. activated DNA cleavage rate constants 3-8 fold slower than that 

of wild type but still accelerated relative to the basal DNA cleavage rate), such as R84E, M62E, R127A, 

S56Q, showed perhaps some protection from phage infection, though the protection is very weak. Only 

A57Q, which showed activated DNA cleavage within error of that of wild type, gave complete protection 

from phage infection (Table 1, Fig. 2). Hence, mutations that disrupt the ROO filament of SgrAI, disrupt 

accelerated DNA cleavage, and importantly, these mutations also diminish the enzymes’ ability to protect 

its host cell from phage infection. We find that rather than a linear relationship between the activated DNA 

cleavage rate of SgrAI and protective ability, a step function better describes the plot in Fig. 2, with the most 

active of the affected mutations (R127A, at 35% of WT activity) still completely ineffective at protecting its 

host cell against phage infection. This suggests that SgrAI must be faster than the R127A mutant in order to 

be effective against phage infection. 

 

Biological relevance of the phage challenge assay 

     The phage challenge assay was used to measure the ability of SgrAI (wild type and mutant) enzymes to protect 

host cells from phage infection. Because phage of the natural host of SgrAI, Streptomyces griseus, have not been 

well characterized, this assay was instead performed in E. coli. Further, the cognate SgrAI methyltransferase has 

not been identified, therefore the methyltransferase MspI.M was used instead to create a functional RM system in 

E. coli. MspI.M methylates the C5 position of the first C in CCGG sequences, hence protects both primary and 

secondary site sequences within the E. coli genome. It is expressed from a plasmid derived from the low copy 
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number plasmid pACYC184, and from its natural promoter which shows near consensus -35 and -10 sequences34, 

35. In contrast, SgrAI proteins are expressed from a high copy number vector with an inducible T7 promoter giving 

high levels of expression48. Relative expression levels of R (endonuclease) and M (methyltransferase) enzymes 

are important, too much R leads to “autoimmunity” (cleavage of host DNA)38. Too little risks poor anti-phage 

activity due to slower cleavage (from low levels of R) and higher possibilities of escape via methylation of the 

invading phage DNA by the methyltransferase. Interestingly, studies show that some “autoimmunity” occurs in 

natural systems with some REs, and is repaired efficiently via the SOS/RecA pathway under nutrient rich 

conditions, but not nutrient limited38-40. The RM system used here is more likely to be tilted towards the R enzyme 

due to the overexpression of SgrAI proteins, compared to the constitutive expression of MspI.M. Even so, most 

mutant SgrAI enzymes were unable to show any protection against phage infection. 

      The second key element of the assay is the phage, and lambda phage JL801 was chosen due to its well-

studied biology and the inability of this mutant to form lysogens. Lambda phage contains 6 primary sites and 

32 secondary sites in its 50 kb genome, similar in size to two known phage of Streptomyces ceolicolor, R4 

and PhiC31 (50 and 40 kb, respectively)49, 50. Hence, the phage challenge assay developed here recapitulates 

the necessary elements to test the ability of SgrAI to protect its host organism from phage infection. 

 

Simulation of in vivo activity of SgrAI 

     Previous work used kinetic modeling to investigate the ROO filament mechanism of SgrAI, and when 

applied to in vitro data, allowed for the extraction of microscopic rate constants for each step of the reaction 

mechanism24, 25. Using those mechanistic models and experimentally determined rate constants, simulations 

were performed here to model reactions as they may occur in vivo. To better mimic the in vivo reaction, only 

a single type of recognition site is used in this simulation, rather than the two types of DNA used in in vitro 

reactions (i.e. the reporter and the activator DNA). Also, to better mimic the in vivo reaction, DNA 

concentrations used were those estimated for the concentration of a single copy of DNA in the cell (3 nM), 

and that estimated for the “local concentration” of recognition sites with respect to each other on the same 

molecule of DNA (80 nM for primary to primary sites, 1 µM for primary to secondary sites). In addition, to 
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compare the ROO filament mechanism to non-ROO mechanisms, we have also constructed a simple “Binary” 

model. In the Binary model, activation occurs when two hypothetical enzymes (“E”), each bound to a DNA 

site, associate into a dimer. All rate constants are otherwise identical in the simulations with both mechanisms. 

Finally, simulations to predict cleavage rates of secondary site sequences were also performed. 

 

Advantages of the ROO mechanism 

     Finally, the question of advantage of the ROO filament mechanism is addressed by comparing DNA 

cleavage kinetics via both the ROO filament and non-ROO (Binary) mechanisms. Clearly, the ROO filament 

mechanism has the advantage (red vs. green solid and dashed lines, Fig. 5A) in both the rate of cleavage of 

DNA, and cleavage and release of DNA, under these reaction conditions. Such an advantage may be 

necessary where speed is required, such as in the race against viral replication (and methylation by the SgrAI 

methyltransferase) of invading DNA. The rate limiting assembly of SgrAI/DNA complexes into the ROO 

filament, which is required to provide sequestration of activated SgrAI, may be a limiting parameter for 

speed but is compensated for by this kinetic advantage of the ROO mechanism, explaining why a simple 

Binary mechanism is inferior (though it also possesses the sequestration effect). The origin of the kinetic 

advantage is found to be due to the two ways SgrAI may come together (Fig. 6). Hence the formation of a 

large ROO filament is not necessary for this kinetic advantage. Indeed, allowing the Binary (non-ROO) 

mechanism two ways for enzyme association to occur reduced most of the advantage of the ROO filament 

mechanism (Fig. 5B). A small additional advantage derives from the third or more enzyme additions to the 

ROO filament. Our results with mutants that disrupt the ROO filament of SgrAI show that the very fast DNA 

cleavage performed by activated SgrAI is critical for protection against phage infection, since even the fastest 

effected mutant, R127A, with 35% of WT activity, is completely ineffective (Fig. 2).  

 

Why not merely evolve a faster Binary reaction? 

     Secondary sites differ from primary in one base pair, occurring at either the 7th or 8th position of the 8 bp 

recognition sequence. These sites are not appreciably cleaved by SgrAI without assembly into ROO 
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filaments composed of SgrAI bound to primary site DNA 7, 16. Primary sites on the host DNA are methylated, 

thereby protected from cleavage by SgrAI, but secondary sites are likely not, and therefore potentially 

susceptible to cleavage by activated SgrAI. Hence the need for sequestration is most relevant to the 

prevention of cleavage of secondary site sequences on the host DNA. We hypothesized that the ROO filament 

mechanism may have evolved to increase its ability to sequester the DNA cleavage activity of SgrAI to the 

same copy of DNA containing the activating primary sites, which in vivo would be the invading phage DNA. 

     This sequestration would serve to protect the host DNA from damaging cleavage at secondary site 

sequences. The simulations show that the ROO filament mechanism is two-fold faster than the Binary due 

to the two ways assembly may occur (Fig. 6) each time a SgrAI/DNA complex adds to the ROO filament. 

In fact, the simulations show that when the Binary reaction is allowed a faster (4.6-fold) assembly rate 

constant such that its accelerated DNA cleavage rate matches that of the ROO filament mechanism (solid 

lines, Fig. 7B), greater cleavage of secondary sites on the host DNA compared to the ROO filament 

mechanism is predicted (light blue dotted line, Fig. 7B). Thus, these simulations predict that the ROO 

filament mechanism is superior in both rapid DNA cleavage and in sequestration. The origin of both 

advantages derives from the multiple ways SgrAI/DNA complexes can assemble in the ROO filament (Fig. 

6, Fig. 8). Secondary site bound SgrAI (orange, Fig. 8) need not compete with primary site bound SgrAI 

(red, Fig. 8) for association into ROO filaments, as assembly interfaces are always available. In contrast, the 

Binary complex associates more strongly when both SgrAI/DNA complexes contain primary site sequences 

(green, Fig N8), and SgrAI bound to secondary site DNA (light blue, Fig. 8), must compete with this complex 

for association with SgrAI/primary site DNA complexes.   

 

CONCLUSION 

     The ROO filament mechanism of SgrAI appears to have evolved out of the phage-host competition or 

“arms race”, one of the oldest evolution-coevolution systems in evolutionary history1, to accommodate 

specific challenges. These include reduced activity on the host genome through both a slower DNA cleavage 

rate and a longer (hence rarer) recognition site, as well as the ability to become rapidly activated on DNA 
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containing multiple unmethylated primary sites, such as invading DNA, through enzyme assembly into ROO 

filaments. SgrAI must sequester its DNA cleavage activity on the invading DNA, and does so by a slow 

association rate constant that limits assembly into the ROO filament to only those SgrAI bound to sites on 

the same molecule of DNA. However, speed is critical to performing SgrAI’s biological role (as evidenced 

by the mutant study described herein), hence ROO filament formation allows for multiple ways for the 

enzymes to assemble, thereby increasing the rate of this step significantly. The ability to form longer ROO 

filaments provides for additional speed, and relatively fast dissociation prevents trapping of what may be 

limiting amounts of SgrAI in the cell25. Merely increasing the assembly rate constant in a Binary mechanism 

does not match the advantage of the ROO filament mechanism, and loss of sequestration results. Hence the 

ROO filament mechanism is superior to the Binary (non-filament) mechanism in both speed and 

sequestration, both of which are important to the biological function of SgrAI. 

     As discussed in prior work24, 25, recognition of the filament forming enzyme mechanisms has until recently 

been largely limited to the cytoskeletal ATPases and GTPases such as actin and tubulin. However, large-scale 

screening using newer imaging technologies has allowed for the observation of filament formation by 

metabolic and other enzymes, previously unknown to form such structures11, 13, 14. The details of the roles of 

the filaments in enzyme activity have been investigated in only a handful of such enzymes9, 12, 51-54, and here 

we provide the most detailed kinetic and mechanistic investigation of an enzyme filament mechanism to date. 

The ROO filament of SgrAI no doubt has unique features compared to the other systems, for example, SgrAI 

is unlikely to form the large-scale filaments seen in many of the fluorescence microscopy studies which 

persist over minutes to hours, yet common features likely also result. The detailed structures of run-on 

oligomers and filaments of most filament forming enzymes are also not known, exceptions include SgrAI, 

CTP synthase, Acetyl-CoA carboxylase55 and Ire1, the unfolded response nuclease-kinase8, 9, 51, 52. Our kinetic 

investigations complements our structural work8 in elucidating the features of the SgrAI ROO filament that 

make it unique, optimized for its biological niche, and advantageous over other mechanisms.  

 

MATERIALS AND METHODS 
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Protein Purification  

     Wild-type and mutant SgrAI proteins were expressed with a C-terminal his tag in Tuner (DE3) E. coli 

which also contained the pLysS plasmid (Novagen, Inc.) and the MspI.M expression plasmid (pBAK.MspI)34, 

56. MspI.M methylates at the C5 position of the first cytosine of CCGG sequences and is expressed from its 

natural promoter in plasmid pBAK.MspI, a derivative of pACYC184 with the natural coding sequence of 

MspI.M34, 35. Mutagenesis was performed as described previously16, and all expression vectors were 

sequenced fully in the SgrAI gene to verify the point mutation. The proteins were purified using Talon metal 

affinity resin (Clonetech, Inc.) followed by ion-exchange FPLC using heparin resin (GE Healthcare Life 

Sciences). First, the cell lysate was incubated with Talon resin in lysis buffer (50 mM sodium phosphate 

buffer (pH 8.0@RT), 800 mM NaCl, 10 mM imidazole, and 1 mM BMe) 30 min to overnight. The unbound 

cell lysate was washed away using wash buffer (50 mM sodium phosphate buffer (pH 8.0@RT), 300 mM 

NaCl, 20 mM imidazole, and 1 mM BMe) followed by high salt wash buffer (50 mM sodium phosphate 

buffer (pH 8.0@RT), 2 M NaCl, 20 mM imidazole, and 1 mM BMe). Finally, the protein was eluted using 

elution buffer (50 mM sodium phosphate buffer (pH 8.0@RT), 300 mM NaCl, 250 mM imidazole, and 1 

mM BMe). For ion exchange FPLC purification, the protein was excessively dialyzed into Heparin A buffer 

(50 mM Tris-HCl (pH 8.0@RT), 50 mM NaCl, 0.1 mM EDTA, 10 mM BMe), then purified using Heparin 

FF chromatography (GE Healthcare Biosciences) and a gradient of Heparin B buffer (50 mM Tris-HCl (pH 

8.0@RT), 1 M NaCl, 0.1 mM EDTA, 10 mM BMe). Purity of the protein was confirmed using SDS-PAGE. 

The purified protein was then aliquoted into single use aliquots, flash frozen in liquid nitrogen, and stored at 

-80°C.  

 

DNA Preparation 

     The oligonucleotides were made synthetically and purified using C18 reverse phase HPLC or denaturing 

PAGE57. The concentration was measured spectrophotometrically, with an extinction coefficient calculated 

from standard values for the nucleotides58. The self-complementary DNA strands, or equimolar quantities of 

complementary DNA, were annealed by heating to 90°C for 10 minutes at a concentration of 0.1-1 mM, 
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followed by slow-cooling to 4°C over 4-5 hours in a thermocycler or heat block. Sequences of the DNA used 

are given in Table 2 (recognition sequences are shown in red, | marks the SgrAI specific cleavage site). 

     The 5’ 32P end labeling of DNA was performed with T4 polynucleotide kinase (New England Biolabs) 

and [γ-32P]-ATP (Perkin-Elmer, Inc.), followed by removal of excess ATP using P-30 spin columns (Bio-Rad 

Laboratories, Inc.). 

 

Western analysis to measure protein expression levels 

     Western blots were performed with lysates from cells used in the phage challenge assays, with the OD of 

the cells noted before pelleting 1 ml of overnight growths, reconstituting in protein loading buffer (25 mM 

Tris-HCl pH 6.8, 2% SDS, 6% glycerol, 0.1 M DTT, 0.004% bromophenol blue), heating to 90C for 5 

minutes, and centrifugation at 10,000 rpm for 10 minutes. SDS-PAGE was performed on the samples 

followed by transfer to PVDF membrane (ThermoFisher Scientific) after soaking in Towbin buffer (25 mM 

Tris, 192 mM glycine, 20% methanol, 0.1% SDS). Blots were blocked with 3% BSA in PBST (80 mM 

Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, 0.2% Tween), followed by probing with HRP labeled primary 

antibody (mouse anti-his monoclonal antibody, MA1-135, ThermoFisher, Inc.) at a 1:1000 dilution, then 

washed 3 times in PBST. For visualization of bands, the blot was soaked in chemiluminescence solution 

(made from mixing equal parts of 0.78 mg/ml luminol, 0.95 mg/ml p-iodophenol, 0.1 M Tris-HCl pH 9.35 

with 0.03% H2O2 in 0.1 M Tris-HCl pH 9.35) for 1 minute followed by imaging using a Chemidoc scanner 

(BioRad Laboratories, Inc.). Bands corresponding to SgrAI proteins were integrated using Image Lab 

(BioRad Laboratories, Inc.), corrected for dilution, OD, and normalized to that quantitated for wild type 

SgrAI. 

 

DNA Cleavage Assays  

     Single turnover kinetic measurements of DNA cleavage were performed using 32P-labeled 

oligonucleotides substrates (1 nM), under conditions of excess enzyme (1 μM SgrAI dimer), with and without 

the addition of unlabeled PC DNA. All DNA cleavage reactions were performed at 37°C in 20 mM Tris-
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HOAc (pH 8.0@RT), 50 mM KOAc, 10 mM Mg(OAc)2, and 1 mM DTT. 5 μl aliquots were withdrawn at 

specific time intervals after mixing the enzyme and labeled DNA (100 μl total reaction volume), quenched 

by addition to 5 μl of quench solution (80% formamide, 50 mM EDTA, 1 mg/ml XCFF dye, and 1 mg/ml 

BPB dye), and electrophoresed on denaturing polyacrylamide gels (20% acrylamide:bisacrylamide (19:1 

ratio), 4 M urea, 89 mM Tris base, 89 mM boric acid, 2 mM EDTA). Autoradiography of gels was performed 

without drying using a phosphor image plate exposed at 4°C for 12-17 hours. Densitometry of phosphor 

image plates was performed with a phosphorimager (GE Healthcare Life Sciences, Pittsburgh, PA, USA or 

Bio-Rad, Inc., Hercules, CA, USA), and integration using Image Lab software (Bio-Rad, Inc., Hercules, CA, 

USA). The percent of product formed as a function of time was determined by integrating the density of both 

cleaved and uncleaved DNA bands and normalizing to the total amount cleaved. The percentage of cleaved 

DNA was then fit to a single exponential function to determine the single turnover rate constant of DNA 

cleavage using Kaleidagraph (Synergy Software, Reading, PA, USA):  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝐶𝑙𝑒𝑎𝑣𝑒𝑑 𝐷𝑁𝐴 =  𝐶1 + 𝐶2 × (1 − 𝑒−𝑘𝑡) 

where 𝐶1C1 is a constant fitting the baseline, 𝐶2is the total percent of DNA predicted to be cleaved by SgrAI, 

k is the cleavage rate constant, and t is the length of incubation in minutes. 

 

Phage Challenge Assay 

     Tuner (DE3) E. coli (Novagen) were transformed with (pBAK.MspI)(coding for MspI.M 

methyltransferase expression, New England Biolabs, Inc.) and pET.21a_SgrAIR (coding for his-tagged 

SgrAI expression, wild type or mutants), grown overnight in 6 ml LB culture with 50 µg/ml ampicillin, 30 

µg/ml kanamycin, 0.2% maltose, and 1 mM MgSO4, then grown overnight with induction in LB (with 0.4 

mM IPTG). Cells were chilled to 4C, centrifuged at low speed (4000 rpm for 10 minutes), supernatant 

removed and the cells resuspended in 1/10 volume of TMG (10 mM Tris-HCl, pH 8, 10 mM MgSO4, 0.01% 

gelatin, sterile). Top agar (10 g/L agar, 10 g/L NaCl, 10 g/L tryptone) was prepared and aliquoted (3 ml) into 

screw-cap culture tubes, autoclaved, and kept at 50C prior to use. Phage (JL801, with the first 4 codons of 
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the cI protein coding region deleted to result in a purely lytic form of lambda phage without lysogeny33) was 

prepared from large scale infections of Tuner (DE3) (without MspI.M or SgrAI) and kept in TMG at 4C. 

10-fold dilutions of the phage solution were prepared in TMG. For plating cells with each dilution of phage, 

0.1 ml of the cells and 1 µl of the phage solution were added to the side of a tube containing the top agar, 

vortexed gently to mix, and quickly poured onto the top of pre-warmed agar plates (20 g/L agar, 10 g/L NaCl, 

10 g/L tryptone in 100 mm x 15 mm dishes). Plates were incubated overnight at 37C and plaques counted 

to give PFU (plaque forming units) per µl of phage stock. Triplicate measurements were done for each SgrAI 

protein (wild type or mutant) at the best dilution of phage (giving plaques between 25-250 per plate). 

     The phage stock was prepared by infecting the parent strain (Tuner (DE3)) with JL801 (provided by J. 

Little33) and plating in top agar as described above. Plates were incubated 2 hours with 3 ml of TMG at 37C 

and gentle shaking to elute the phage particles. 1 ml of eluate was then transferred to a 1.5 ml tube, and 50 

ul of chloroform added followed by brief votexing. The samples were then centrifuged for 10 minutes at 

10,000 rpm, and the aqueous fraction transferred to a new 1.5 ml tube with 30 ul chloroform added. 

Concentration (in terms of PFU per µl) was measured as described above for the phage challenge assay, and 

the same stock was used in all tests. 

 

In vivo DNA cleavage reaction simulations 

     Kintek Global Kinetic Explorer (version 6.2.170301) (Kintek Global Kinetic Explorer Corp.)59, 60  was 

used for the simulations. Equations for modeling are given in the Supporting Information. Rate constants are 

also given in the Supporting Information and are those derived from prior work25.  Modeling of cleavage of 

primary sites in phage and in host DNA (as a result of activation via primary sites on phage DNA) used the 

equilibria found in Table S3. Two mechanisms are present in this case, that for the ROO filament mechanism, 

and that for the Binary. The Binary mechanism is simpler, and involves DNA (“site”) binding by the 

hypothetical enzyme “E” to create the enzyme/DNA complex “R”. Two Rs may associate to give the Binary 

complex “RR”. DNA cleavage only occurs in this Binary complex, and is symbolized by the conversion of 
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“R” to “X”. This occurs independently for the two “R” in the Binary complex “RR”. The Binary complexes 

with cleaved DNA may also dissociate before or after cleavage occurs, but dissociation of cleaved DNA 

(“cleaved DNA”) from “X” only occurs when X is isolated from the Binary complex. The forward and 

reverse rate constants for each equilibria are numbered and the values given in Table S4 (and are those 

derived from fitting experimental data of SgrAI reactions in prior work25). The ROO filament mechanism is 

more complicated, although software limitations prevented the modeling of ROO filaments longer than 3 

SgrAI/DNA complexes long, similar to the predicted number of primary sites in the typical Streptomyces 

phage (see Table S2). Identical nomenclature is used in Table S3 for this mechanism, however complexes 

of “R” and “X” include those of size 3.  

     The kinetic model used for simulating the cleavage of secondary sites is given in Table S5, and 

corresponding rate constants and starting concentrations given in Tables S6-S7.  Slightly different 

nomenclature is used for species to denote the difference between SgrAI/DNA (or E/DNA) complexes: P for 

that bound to primary site DNA, and S for that bound to secondary. In this model complexes with primary 

site DNA (i.e. “P”) may self-associate and may also associate with complexes containing secondary site 

DNA (i.e. “S”). Complexes with secondary site do not self-associate, consistent with experimental 

observations of SgrAI activity7, 16. To reduce the number of equilibria in the modeling, only cleavage of 

secondary sites is considered, however this is realistic since even cleaved primary sites will bind SgrAI and 

induce ROO filament formation8. This allows modeling up to ROO of 4 (in the ROO filament mechanism). 

Again, cleavage of secondary site DNA in complexes is symbolized by the conversion of “S” to “X” (Table 

S5).  To estimate rate constants for complexes with secondary site DNA, a preliminary fitting of single 

turnover DNA cleavage data was performed16. As with primary site DNA, the apparent DNA cleavage rate 

constants of secondary site cleavage by SgrAI are dependent on the concentration of SgrAI bound to primary 

site DNA, hence are also rate limited by the association step (k4 in Table S5) in ROO filament formation, 

however is approximately two-fold slower. Hence the rate constant k4 was set to 2-fold lower than that for 

complexes with only primary site DNA (i.e. k3). All other rate constants were held the same for complexes 
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with secondary site as those with primary site DNA. This assumes that the only effect of secondary site DNA 

on SgrAI is on the rate of assembly of ROO, and not on its dissociation or DNA cleavage. 
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TABLES 
Table 1. DNA cleavage rate, phage titer, and protein expression level analyses of SgrAI enzymes. 

SgrAI Enzyme 
Phage Titera 

 
 (PFU/µl) 

Unactivated 
DNA 

Cleavage 
Rate 

Constantb 
(min-1) 

Activated DNA 
Cleavage Rate 

Constantc 
(min-1) 

WT NPd 0.094±0.15e 22±7e 
T4D 3.8±0.5x104 0.058±0.002 0.097±0.009 
S6D 4.3±1.0x104 0.03±0.01 0.19±0.06 

I7E 4.5±0.3x104 0.091±0.008 0.47±0.09 
R24E 3.7±0.6x104 0.014±0.003 0.028±0.004 
N25E 5.4±0.7x104 0.05±0.01 1.2±0.2 
P27W 6±1x104 0.037±0.05f 0.14±0.01f 
P27G 4.6±0.4x104 0.06±0.002f 0.12±0.003f 
Q34D 6.4±1.2x104 0.04±0.02 1.180±0.2 
I51E 4.9±0.1x104 0.05±0.01 0.26±0.07 
S56E 4.9±0.3x104 0.08±0.01g 0.17±0.03g 
S56Q 2.9±0.3x104 0.08±0.02g 5.5±1.8g 
A57E 4.6±1.4x104 0.098±0.002g 0.39±0.06g 
A57Q NPd 0.09±0.01g 15±8g 
I59E 6.3±0.2x104 0.14±0.03 0.026±0.006 

M62E 2.6±0.8x104 0.021±0.001 3.2±0.4 
R84E 3.6±0.5x104 0.082±0.005 2.6±0.2 

R127A 6±3x104 0.04±0.04 7.6±0.6 
R131A 5.6±0.5x104 0.10±0.01g 0.28±0.02g 
R134A 5.2±0.8x104 0.10±0.013g 0.8±0.2g 

aParent strain (Tuner (DE3) (Novagen, Inc.) with MspI.M) is 5.7±1.1x104 PFU/µl. 
bSingle turnover DNA cleavage rate constant of 1 nM 32P labeled 18-1 with 1 µM SgrAI enzyme. 
cSingle turnover DNA cleavage rate constant of 1 nM 32P labeled 18-1 with 1 µM SgrAI enzyme and 1 µM 

PC DNA (activating DNA). 
dNP, no plaques detected. 
eFrom Park, et al., 20107. 
fFrom Park, et al., 201061. 
gFrom Shah, et al., 201516. 
 
Table 2. DNA sequences used in the single turnover DNA cleavage assays 

Name Sequence 
PC-top 
PC-bot 

5’-GATGCGTGGGTCTTCACA-3’ 
3’-CTACGCACCCAGAAGTGTGGCC -5’ 

18-1-top 
18-1-bot 

                               5’-AAGTCCA|CCGGTGGACTT-3’ 
                               3’-TTCAGGTGGCC|ACCTGAA-5’ 
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FIGURES 

 

Figure 1. Run-on oligomer (ROO) filament of SgrAI/DNA complexes and sites of point mutations. A. 

The run-on oligomer filament structure with 11 SgrAI/DNA complexes, each colored separately. The red box 

indicates the area shown in E-F. B. Cartoon and surface rendering of one SgrAI/DNA complex, in the same 

orientation as the salmon colored complex in A. C. View rotated 180 about a vertical axis relative to that in 

B. D. View rotated 90 from that in C, showing the same orientation as the lightest blue colored complex in 

A. E. Zoom in on the boxed area of A, showing the interface between two adjacent SgrAI/DNA complexes 

within the run-on oligomer filament. Selected residues mutated in this study are indicated. F. Approximately 

90 rotation from B, showing the positions of selected residues mutated in this study. 
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Figure 2. Plot of Phage Titer vs. Activated Single Turnover DNA Cleavage Rate Constant. Error bars 

show ± 1 standard deviation (red). Data points for selected mutant or wild type SgrAI enzyme are labeled 

(green). 
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Figure 3. Western analysis of wild type and mutant SgrAI expression levels. Middle gel is cut to 

remove irrelevant lanes. 
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Figure 4. No correlation is found between plaque titer and protein expression level (levels 

normalized to that of wild type SgrAI). 
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Figure 5. Model of Phage DNA cleavage and comparison of ROO and Binary mechanisms. Cleaved 

DNA bound to SgrAI or the Binary enzyme shown in dotted red (ROO mechanism) or green (Binary 

mechanism). Cleaved DNA released from SgrAI or the Binary enzyme shown in solid lines (red, ROO 

mechanism, green, Binary). Concentrations of ROO filaments (with cleaved and uncleaved DNA) shown 

blue, and Binary complexes in purple. See Tables S3-S4 for model details and rate constants. A. Simulation 

of DNA sites in phage DNA. Starting concentrations of DNA 80 nM, the estimated local concentration of 

SgrAI bound to two primary sites present on the same DNA molecule. B. As in A, but the Binary non-ROO 

mechanism is now set to allow for two ways to form assemblies. C. As in A, however rebinding of cleaved 

DNA set to a lower off rate constant, to mimic the lower concentrations of DNA free in the cell (see text for 

details). D. As in A, but with 3 nM DNA to mimic reactions between separate molecules in the cell (i.e. host 

genome and phage DNA). 
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Figure 6. Possible association patterns in a simple Binary association and the run-on oligomer filament 

mechanism. A. Only one type of association is found with the closed-ended Binary model. B. Two ways are 

found for enzyme complexes to associate in the run-on oligomer (ROO) filament mechanism. 
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Figure 7. Total cleaved secondary site DNA from the ROO filament and Binary mechanisms with same 

and different assembly rate constants. A. Solid lines simulate cleavage on a phage DNA, and dotted lines 

simulate cleavage of sites on host DNA due to activation by phage DNA. Light blue, total cleavage sites 

from Binary mechanism, orange, total cleaved sites from ROO filament mechanism. Equations, rate 

constants and concentrations given in Table S5-S7. B. As in A, but with rate constants of the Binary 

mechanism increased 4.6-fold to give the same rate of cleavage one the phage DNA as the ROO filament 

mechanism. More cleavage of host DNA occurs with the Binary model (compare light blue dotted line to 

orange dotted line). 
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Figure 8. Competition occurs in the Binary mechanism for assemblies, but not in ROO filament 

mechanism. SgrAI bound to primary site (green, red) binding to a second copy of the same, or to SgrAI 

bound to secondary site (light blue or orange). 
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Table S1. Western data to quantitate expression levels 

SgrAI Enzyme 
Protein 
Level 
(%)2 

WT 100% 
T4D 38% 
S6D 70% 
I7E 57% 

R24E 40% 
N25E 30% 
P27W 82% 
P27G 74% 
Q34D 80% 
I51E 75% 
S56E 68% 
S56Q 29% 
A57E 62% 
A57Q 108% 
I59E 59% 

M62E 33% 
R84E 33% 

R127A 100% 
R131A 38% 
R134A 63% 
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Table S2. Calculation of Local Concentration of Sites on Phage DNA  
Parameter Number Units 
Estimated molecules SgrAI per cell  100 molecules 
Molecules phage per cell (at the minimum) 1 molecules 
size of cell in microns 1 microns 
volume of a spherical cell 5x10-13 cm3 
 5x10-16 L 
Concentration of SgrAI in the cella 3x10-7 M 
 300 nM 
Calculation of the concentration of DNA and SgrAI recognition sites in the cell 
Concentration of phage DNA in cell 3x10-9 M 
 3 nM 
Calculation of the local concentration of sites on the same DNA moleculeb 

size of phage DNA 50,000 bp 
Distance between sites on phage (if 5 sites per phage)c 8,333 bp 
Distance in Ångstrom 28,333 Å 
               Radius of gyration 2,173 Å 
Volume occupied by 2 sites in phage using radius=Rg 4x1010 Å3 
 4x10-14 cm3 
 4x10-17 L 
Local concentration of 2 SgrAI/site on phage using Rg 8x10-8 M 
 80 nM 

 

aCalculation of [SgrAI] in the cell: first, the size of the cell is used to calculate volume, and with 100 

molecules of SgrAI estimated, a concentration can be calculated as C=100/(Avogadro’s number*volume of 

the cell), and is calculated to be 300 nM. With 1 copy of DNA per cell, a similar calculation gives 3 nM.  
bTo calculate the local concentration of sites on the same phage DNA to each other: with 3.4 Å/bp, the 

8,333 bp distance between sites gives 28,333 Å between sites on linear DNA if fully extended (and in B 

form). The radius of gyration was calculated according to the equation Rg=((2*P*N)/6)1/2 in Å, P is 

persistence length (500 Å)1, N is the linear distance (in Å) between sites. From this radius, a volume can be 

calculated (V=4/3πr3), and the concentration calculated as 2 molecules (the two DNA bound SgrAI) in a 

volume (calculated as 4x10-17 L), which is ~80 nM.  
cThe number of primary sites will vary with each phage genome, for example,  phage contains 6 primary 

sites, though 3 are predicted based on the statistics in a 50,000 kb genome.  
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Table S3. Equilibria used in simulations of the ROO filament and Binary mechanisms 

Reaction Step Forward Rate 
Constant Reverse Rate Constant 

Equations for Run-on Oligomer Filament Mechanism 
Binding of SgrAI binding to its recognition site in DNA (site) to create the SgrAI/DNA complex R 

SgrAI + site  R k1 k-1 
Self-association of a SgrAI/DNA complexes (i.e. R) 

R + R  RR k2 k-2 
R + R  RR k2 k-2 

RR + R  RRR k2 k-2 
R + RR  RRR k2 k-2 

DNA cleavage within the ROO filament (X denotes SgrAI bound to cleaved DNA) 
RR  XR k3 k-3 
RR  RX k3 k-3 
XR  XX k3 k-3 
RX  XX k3 k-3 

RRR  XRR k3 k-3 
RRR  RXR k3 k-3 
RRR  RRX k3 k-3 
XRR  XXR k3 k-3 
XRR  XRX k3 k-3 
XXR  XXX k3 k-3 
XRX  XXX k3 k-3 
RXR  XXR k3 k-3 
RXR  RXX k3 k-3 
XXR  XXX k3 k-3 
RXX  XXX k3 k-3 
RRX  XRX k3 k-3 
RRX  RXX k3 k-3 
XRX  XXX k3 k-3 
RXX  XXX k3 k-3 

Dissociation of run-on oligomer filaments that contain some SgrAI/DNA complexes with cleaved DNA 
(i.e. X) and some with uncleaved (i.e. R) 

XR  R + X k-2 k2 
RX  R + X k-2 k2 
XX  X + X k-2 k2 

XRR  X + RR k-2 k2 
XRR  XR + R k-2 k2 
RXR  R + XR k-2 k2 
RXR  RX + R k-2 k2 
RRX  R + RX k-2 k2 
RRX  RR + X k-2 k2 
XXR  X + XR k-2 k2 
XXR  XX + R k-2 k2 
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XRX  X + RX k-2 k2 
XRX  XR + X k-2 k2 
RXX  R + XX k-2 k2 
RXX  RX + X k-2 k2 
XXX  X + XX k-2 k2 
XXX  XX + X k-2 k2 

Dissociation of SgrAI/DNA complexes which contain cleaved DNA (i.e. X) to SgrAI and cleaved DNA 
X  SgrAI + cleaved DNA k4 k-4 

Equations for Binary Mechanism 
Binding of Binary enzyme E to its recognition site in DNA (site) to create the E/DNA complex R 

E + site  R k1 k-1 
Self-association of a E/DNA complexes (i.e. R) 

R + R  RR k2 k-2 
DNA cleavage within the Binary complex (X denotes enzyme E bound to cleaved DNA) 

RR  XR k3 k-3 
RR  RX k3 k-3 
XR  XX k3 k-3 
RX  XX k3 k-3 

Dissociation of Binary complexes that contain some E/DNA complexes with cleaved DNA (i.e. X) and 
some with uncleaved DNA (i.e. R) 

XR  X + R k-2 k2 
RX  R + X k-2 k2 
XX  X + X k-2 k2 

Dissociation of E/DNA complexes which contain cleaved DNA (i.e. X) to enzyme E and cleaved DNA 
X  E + cleaved DNA k4 k-4 

 
 
 
 
Table S4. Rate constants using in simulations 

Reaction Forward Rate Constant Reverse Rate Constant 
DNA recognition site (site) binding by 
SgrAI (ROO mechanism) or enzyme E 

(Binary mechanism) 
k1 = 109 M-1 s-1 k-1 = 0.06 s-1 

Association and self-association of 
enzyme-substrate (R) and enzyme-product 

complexes (X) 
k2 = 1.3x105 M-1 s-1 k-2 = 0.03 s-1 

DNA cleavage by SgrAI (ROO 
mechanism) or E (Binary mechanism) k3 = 0.8 s-1 k3 = 0 

(considered irreversible) 
Product release (release of cleaved DNA 

from SgrAI or E) k4 = 0.4 s-1 k-4 = 3x107 M-1 s-1 (Fig. 3A-B, D) 
k-4 = 3x106 M-1 s-1 (Fig. 3C) 
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Table S5. Equations for simulating reactions with secondary site DNA 

Reaction Step Forward Rate 
Constant Reverse Rate Constant 

SgrAI binding to primary site DNA or secondary site DNA into SgrAI/DNA complexes A and R, 
respectively 

SgrAI+PRIMARY  P k1 k-1 
SgrAI+SECONDARY  S k2 k-2 

Self-association of a SgrAI/PRIMARY complex (i.e. P) with another SgrAI/PRIMARY complex (i.e. 
P) 

P + P  PP k3 k-3 
P + P  PP k3 k-3 

SP + P  SPP k3 k-3 
P + PS  PPS k3 k-3 
PP + P  PPP k3 k-3 
P + PP  PPP k3 k-3 

PPP + P  PPPP k3 k-3 
P + PPP  PPPP k3 k-3 
P + PPS  PPPS k3 k-3 
P + PSP  PPSP k3 k-3 
PSP + P  PSPP k3 k-3 
SPP + P  SPPP k3 k-3 
SP+PP  SPPP k3 k-3 
SP+PS  SPPS k3 k-3 

Association of a SgrAI/PRIMARY complex (i.e. P) with a SgrAI/SECONDARY complex (i.e. S) 
P + S  PS k4 k-4 
S + P  SP k4 k-4 

PS + P  PSP k4 k-4 
P + SP  PSP k4 k-4 
PP + S  PPS k4 k-4 
S + PP  SPP k4 k-4 
S + PS  SPS k4 k-4 
SP + S  SPS k4 k-4 

S + PPP  SPPP k4 k-4 
S + PPS  SPPS k4 k-4 
SPP + S  SPPS k4 k-4 
S + PSP  SPSP k4 k-4 
SPS + P  SPSP k4 k-4 
P + SPS  PSPS k4 k-4 
PSP + S PSPS k4 k-4 
PPP + S  PPPS k4 k-4 
PPS + P  PPSP k4 k-4 
P + SPP  PSPP k4 k-4 
PP+SP  PPSP k4 k-4 
PS+PP  PSPP k4 k-4 
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PS+PS  PSPS k4 k-4 
SP+SP  SPSP k4 k-4 
PP+PS  PPPS k4 k-4 

Cleavage of secondary site DNA within the ROO filament 
(S becomes X) 

PS  PX k5 k-5 
SP  XP k5 k-5 

PSP  PXP k5 k-5 
PPS  PPX k5 k-5 
SPP  XPP k5 k-5 
SPS  XPX k5 k-5 

PPPS  PPPX k5 k-5 
PPSP  PPXP k5 k-5 
PSPP  PXPP k5 k-5 
SPPP  XPPP k5 k-5 
PSPS  PSPX k5 k-5 
PSPS  PXPS k5 k-5 
PXPS  PXPX k5 k-5 
PSPX  PXPX k5 k-5 
SPPS  XPPX k5 k-5 
SPSP  XPXP k5 k-5 

Dissociation of a SgrAI/PRIMARY complex (i.e. P) with another SgrAI/PRIMARY complex (i.e. P) 
XPP  XP + P k-3 k3 
PPX  P + PX k-3 k3 
PPP  PP + P k-3 k3 
PPP  P + PP k-3 k3 

PPPX  P + PPX k-3 k3 
PPXP  P + PXP k-3 k3 
PXPP  PXP + P k-3 k3 
XPPP  XPP + P k-3 k3 
PPPP  PP+PP k-3 k3 
PPPX  PP+PX k-3 k3 
XPPP  XP+PP k-3 k3 
XPPX  XP+PX k-3 k3 

Dissociation of SgrAI/SECONDARY complex with cleaved secondary site DNA (i.e. X) 
from a SgrAI/PRIMARY complex (i.e. P) 

PX  P + X k-4 k4 
SP  X + P k-4 k4 

PXP   PX + P k-4 k4 
PXP  P + XP k-4 k4 
PPX  PP + X k-4 k4 
XPP  X + PP k-4 k4 
XPS  X + PS k-4 k4 
XPS  XP + S k-4 k4 
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SPX  S + PX k-4 k4 
SPX  SP + X k-4 k4 
XPX  X + PX k-4 k4 
XPX  XP + X k-4 k4 

PPPX  PPP + X k-4 k4 
PPXP  PPX + P k-4 k4 
PXPP  P + XPP k-4 k4 
XPPP  X + PPP k-4 k4 
PXPX  P + XPX k-4 k4 
PXPX  PXP + X k-4 k4 
XPPX  X + PPX k-4 k4 
XPPX  XPP + X k-4 k4 
XPXP  X + PXP k-4 k4 
XPXP  XPX + P k-4 k4 
PSPX  P + SPX k-4 k4 
PSPX  PSP + X k-4 k4 
PXPS  P + XPS k-4 k4 
PXPS  PXP + S k-4 k4 
SPPX  S + PPX k-4 k4 
SPPX  SPP + X k-4 k4 
XPPS  X + PPS k-4 k4 
XPPS  XPP + S k-4 k4 
SPXP  S + PXP k-4 k4 
SPXP  SPX + P k-4 k4 
XPSP  X + PSP k-4 k4 
XPSP  XPS + P k-4 k4 
PPXP  PP + XP k-4 k4 
PXPP  PX + PP k-4 k4 
PXPX  PX + PX k-4 k4 
XPXP  XP + XP k-4 k4 

Dissociation of cleaved SECONDARY site DNA from SgrAI 
X  SgrAI + SECONDARYcleaved k6 k-6 

Binary Mechanism 
Binding of PRIMARY and SECONDARY site DNA to enzyme (E) to give complexes P and S, 

respectively 
E + PRIMARY  P k1 k-1 

E + SECONDARY  S k2 k-2 
Association of two enzyme-substrate complexes-enzyme bound to primary (P) may self-associate, or 

associate with enzyme bound to secondary (S) but enzyme bound to secondary does not self-associate 
P + P  PP k3 k-3 
P + S  PS k4 k-4 

Conversion of substrate to product (S complexes only) 
PS  PX k5 k-5 
Dissociation of Binary complex with cleaved SECONDARY site DNA 
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PX  P + X k-4 k4 
Dissociation of cleaved SECONDARY site DNA from enzyme (E) 

X  E + SECONDARYcleaved k6 k-6 
 
Table S6. Rate Constants used in simulating secondary site cleavage (equations of Table S5) 

Reaction Forward Rate Constant Reverse Rate Constant 
Binding of SgrAI (ROO filament 
mechanism) or enzyme E (Binary 

mechanism) to PRIMARY site DNA 
k1 = 108 M-1s-1 k-1 = 0.006 s-1 

Binding of SgrAI (ROO mechanism) or 
enzyme E (Binary mechanism) to 

SECONDARY site DNA 
k2 = 108 M-1s-1 k-2 = 0.06 s-1 

Association of two SgrAI or two enzyme E 
complexes containing PRIMARY site DNA 

(P) 

ROO: 
k3 = 1.3x105 M-1s-1 

Binary: 
k3 = 1.3x105 M-1s-1 (Fig. 5A) 
k3 = 6.0x105 M-1s-1 (Fig. 5B) 

k-3 = 0.03 s-1 

Association of enzyme-DNA complexes 
where one contains PRIMARY site DNA 
(P) and the other contains SECONDARY 
site DNA, cleaved or uncleaved (S or X, 

respectively) 

ROO: 
k4 = 6.5x104 M-1s-1 

Binary: 
k4 = 6.5x104 M-1s-1 (Fig. 5A) 
k4 = 3.0 x105 M-1s-1 (Fig. 5B) 

k-4 = 0.03 s-1 

Cleavage of SECONDARY site DNA 
within complex k5 = 0.8 s-1 

k-5 = 0 
(set to 0 to be 
irreversible) 

Dissociation of cleaved SECONDARY site 
DNA from SgrAI (ROO) or enzyme E 

(Binary) 
k6 = 0.4 s-1 

k-6 = 0 
(set to 0 to be 
irreversible) 
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Table S7. Initial Concentrations used in the simulation of secondary site cleavage (see Tables S5-S6) 
Species Initial Concentration (nM) 

SgrAI or E 
4000 

(excess to ensure complete DNA 
binding) 

PRIMARY 3 (dotted lines) or 
1000 (solid lines) 

SECONDARY 3 (dotted lines) or 
1000 (solid lines) 
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