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Filament or run-on oligomer formation by metabolic en-
zymes is now recognized as a widespread phenomenon having
potentially unique enzyme regulatory properties and biological
roles, and its dysfunction is implicated in human diseases such
as cancer, diabetes, and developmental disorders. SgrAI is a bac-
terial allosteric type II restriction endonuclease that binds to
invading phage DNA, may protect the host DNA from off-target
cleavage activity, and forms run-on oligomeric filaments with
enhanced DNA-cleavage activity and altered DNA sequence
specificity. However, the mechanisms of SgrAI filament growth,
cooperativity in filament formation, sequestration of enzyme
activity, and advantages over other filament mechanisms re-
main unknown. In this first of a two-part series, we developed
methods and models to derive association and dissociation
rate constants of DNA-bound SgrAI in run-on oligomers and
addressed the specific questions of cooperativity and filament
growth mechanisms. We show that the derived rate constants
are consistent with the run-on oligomer sizes determined by EM
analysis and are most consistent with a noncooperative growth
mode of the run-on oligomer. These models and methods are
extended in the accompanying article to include the full DNA-
cleavage pathway and address specific questions related to the
run-on oligomer mechanism including the sequestration of
DNA-cleavage activity and trapping of products.

Phage-host systems are under intense evolutionary pressure;
consequently they have developed remarkably ingenious mech-
anisms of attack and defense (1). The studies described herein
investigate one such remarkable system: that found in Strepto-
myces griseus. Based on its biochemical activities, SgrAI, a
nuclease from S. griseus, is postulated to be activated by binding
to particular DNA sequences (primary sites) on invading
phage DNA, simultaneously expanding its DNA sequence
cleavage specificity and forming filaments of run-on oligomers

(ROO).2 These filaments may act to protect the host DNA
from its resulting off-target cleavage activity and to confer
kinetic advantage in rapid DNA cleavage (2–4). Only recently
has there been a growing appreciation for the widespread
nature and unique attributes of enzyme mechanisms involving
filament formation (5–13). Filament formation by metabolic
enzymes in diverse metabolic/signaling pathways and in trans-
lation initiation have been described previously, and dysfunc-
tion in the control of such pathways is implicated in human
diseases including cancer, diabetes, and developmental prob-
lems (7, 8). Being a relatively newly described enzyme mecha-
nism (4, 14 –17), several fundamental questions concerning the
role of the filament in biological function and enzyme activity
remain to be answered, such as filament growth mechanisms,
cooperativity, sequestration of activity, and advantages over
non-ROO filament mechanisms. Further, potential limitations
on enzyme turnover caused by the requirement for filament
assembly prior to enzyme activation and/or in potentially trap-
ping products of the reaction within the filament have yet to be
addressed. We specifically address several of these questions in
the SgrAI system in this first of a two-part series, using kinetic
measurements of ROO filament formation and disassembly.

SgrAI is a sequence-specific DNA enzyme and a type II re-
striction endonuclease with unusual allosteric properties and
has been shown to form filaments we call ROO, for run-on
oligomer, to describe the simple and symmetric nature of the
assembly that can extend, in principle, indefinitely in either
direction (3, 4). The DNA-cleavage activity of SgrAI is activated
in the ROO filament by over 200-fold, and its DNA sequence
specificity is also altered, allowing cleavage of an additional
class of DNA sequences termed secondary sites (3, 4, 18). Only
the primary site sequences stimulate SgrAI to form the ROO
filaments, although SgrAI bound to secondary sites will join a
ROO filament formed from SgrAI bound to primary sites (3).
ROO filament formation depends on the concentration of
SgrAI bound to primary site DNA, as well as the length of the
bound DNA, and structural studies show a role for the DNA in
stabilizing the ROO filaments through contacts to neighboring
SgrAI–DNA complexes (4, 18) (Fig. 1). The ROO filament is a
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left-handed helix with approximately four SgrAI–DNA com-
plexes per turn that can theoretically extend indefinitely by the
addition of SgrAI–DNA complexes to either end (Fig. 1). The
biological role of ROO filament formation has been speculated
to be in sequestering activated SgrAI on invading phage DNA to
prevent cleavage of the S. griseus host genome and may also be
important in providing a rapid response to invading phage (3, 4,
18). Cleavage of the secondary sites, in addition to primary sites,
expands the number of possible cleavage sites in invading
phage, which could be expected to enhance the anti-phage
activity of SgrAI (19 –21). To explain the observed enzymatic
behavior, a model has been proposed that includes an equilib-
rium between active and inactive conformations of SgrAI that
favors the inactive conformation when bound to DNA, but
more so when bound to secondary-site DNA than when bound
to primary (4, 22, 23). However, only the active conformation
has the propensity to assemble into the ROO filament, which in
turn stabilizes this active conformation via protein–protein and
protein–DNA contacts to neighboring complexes in the ROO
filament (Fig. 1) (4). The activated conformation has rapid

DNA-cleavage activity, and DNA is rapidly cleaved by SgrAI in
the ROO filament. SgrAI cleaves secondary-site DNA apprecia-
bly only when in a ROO filament, requiring the favorable con-
tacts between SgrAI–DNA complexes to stabilize the active
conformation. In this way the primary site DNA acts as an allos-
teric activator of secondary-site DNA cleavage by SgrAI. The
formation of the ROO filament intuitively suggests cooperativ-
ity and rapid activation; however, until the current studies, the
details of these effects were not known or quantified.

We use fluorophore-labeled DNA, FRET, and an approach to
equilibrium method to measure the association and dissocia-
tion of SgrAI–DNA complexes into and out of the ROO fila-
ments. Mathematically fitting the data to various models of
ROO filament assembly allowed for the extraction of intrinsic
rate constants for these processes, as well as measures of affinity
and cooperativity of SgrAI–DNA complexes within the ROO
filament. It was found that the association rate constant is
approximately 3– 4 orders of magnitude slower than diffusion
limited and is even slower (�10�) in the presence of divalent
cations. The extracted forward and reverse rate constants and

Figure 1. A, surface rendering of oligomeric SgrAI–DNA (Protein Data Bank code 4C3G). Each SgrAI–DNA complex is colored a unique color. SgrAI is bound to
two molecules of PC DNA forming a 40-bp duplex with nicks at the SgrAI cleavage sites. The oligomer has left-handed helical symmetry with approximately four
SgrAI–DNA complexes per turn. B, one SgrAI–DNA complex in the same orientation as that in A, with cartoon rendering shown beneath the surface rendering
(teal). Each subunit of the SgrAI dimer is shaded differently (light and dark teal). The DNA rendered in cartoon is colored yellow, green, and blue. C, the SgrAI–DNA
complex shown in B, rotated 180° about the axis shown. D, the SgrAI–DNA complex shown in B, rotated 90° about the axis shown.
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the models developed here predict nearly exactly the distribu-
tion of ROO filament sizes observed by EM (4). Models that
allow for growth and disassembly of the ROO filaments at only
the ends fit the experimental data as well (i.e. with similar qual-
ity of fit measures) as those that allow for breakage at any loca-
tion, yet the lack of observed cooperativity in assembly, as well
as the ROO filament structure, are more consistent with the
latter mechanism.

We use the methods, models, and rate constants developed
and derived herein to analyze the full DNA-cleavage reaction in
the accompanying article (24). There, individual microscopic
rate constants for each step of the reaction pathway are
extracted from the DNA-cleavage kinetic data. A significant
finding is that the relatively slow ROO filament association rate
constant, measured in the current work, limits the assembly of
ROO filaments at physiological concentrations to occur only
when recognition sites are found on the same contiguous DNA
(24). This sequestration limits damaging DNA cleavages away
from the host genome and to only the invading phage DNA.
The simulations also show that because of fast dissociation of
the ROO filaments and release of the cleaved DNA product
from SgrAI, no significant trapping of the reaction product
occurs. Hence, the ROO filament mechanism may have evolved
to solve the specific requirements of its biological niche, namely
sequestration (using a rate-limiting association step into the
ROO filament), and the requirement for speed (to prevent viral
replication and/or DNA protection via methylation) (24).

Results

Overview of methodology

Fig. 2 illustrates the basic experimental methodology used in
this work, both in the FRET titration experiment and in the
time reaction data sets (Data Sets 1–3). DNA containing a sin-
gle primary recognition site (CACCGGTG) embedded in a
40-bp DNA (i.e. 40-1) is labeled with either fluorescein (Flo,
6-carboxyfluorescein) or rhodamine-X (Rox, 5(6)-carboxy-X-
rhodamine). Because SgrAI binds tightly both to its uncleaved
recognition site, such as in 40-1, and to its cleaved version, as in
PC DNA (Pre-Cleaved DNA, a synthetic version of 40-1, which
mimics the product of SgrAI cleavage, including the overhang-

ing “sticky” ends), experiments were conducted with both
forms. The purpose of investigating reactions with both forms
is to both investigate the effect of cleavage of the DNA on the
behavior of SgrAI–DNA complexes with respect to forming the
ROO filament, as well as to derive rate constants to be used in
modeling the full DNA-cleavage reaction pathway (which is
done in the accompanying article (24)). In those reactions, the
cleaved version of 40-1 (i.e. PC DNA) acts as an activator of
DNA cleavage by SgrAI in inducing ROO filament formation,
which stimulates cleavage of a reporter DNA.

First, the FRET experiment was conducted to verify that
increases in FRET occur with increasing concentrations of
SgrAI bound to DNA, as expected. 50 nM Rox– 40-1 and 2 �M

SgrAI were titrated with increasing concentrations of Flo–PC
DNA. Flo–PC DNA self-anneals into a contiguous 40-mer
(with one nick per strand) via the overhanging four nucleotides
(CCGG). SgrAI binds to Rox– 40-1 and to annealed Flo–PC
DNA to form SgrAI–DNA complexes, which then assemble
into the ROO filament, giving a FRET signal (Fig. 2).

Next, timed reactions were carried out, and the FRET signal
was measured following mixing of SgrAI and DNA. These reac-
tions were of three types, differing in the type of DNA used
(giving Data Sets 1–3) and whether or not 10 mM CaCl2 was
present (reactions of Data Sets 1 and 2 were performed in the
absence of divalent cations; those of Data Set 3 were performed
with CaCl2; Table 1). The reactions were performed without
Mg2� (to prevent DNA cleavage), but Ca2� was used in some
reactions to mimic the effects on DNA binding and filament
formation of Mg2�. Ca2� binds in the active site near the Mg2�-
binding sites; however Ca2� inhibits, rather than supports,
DNA cleavage by SgrAI (22, 23). The reactions of Data Set 1
utilized only uncleaved DNA (Flo– 40-1 and Rox– 40-1), which
was done to limit the number of equilibria that must be mod-
eled, because it does not include the self-annealing step found
with precleaved DNA (i.e. PC DNA). The reactions of Data Sets
2 and 3 do include precleaved DNA, and those of Data Set 3
differ from Data Set 2 in that 10 mM CaCl2 is present.

Multiple timed reactions were used in global fitting and col-
lected into their relevant data sets, as defined by the type of
DNA and presence or absence of Ca2�: five timed reactions in
the case of Data Set 1, six for Data Set 2, and four for Data Set 3
(Tables 1 and 2). Global fitting utilized the software Kintek
Global Kinetic Explorer (26, 27) and three different types of
filament assembly models (Table 3). These models differ in the
length of ROO filament modeled (the software limited this to a
size of four or five SgrAI–DNA complexes maximum) and the
manner of ROO filament growth and disassembly. In the “ends-
only” model (5EO and 4EO; Table 3), SgrAI–DNA complexes
bind and dissociate only from either end of the ROO filament.

Figure 2. Reaction scheme used in Data Set 2. Premixed Rox– 40-1 and
Flo–PC are mixed with SgrAI at time � 0. SgrAI binds Rox– 40-1 (to form
Rox–ES40) and self-annealed Flo–PC (to form Flo–EP40). SgrAI–DNA com-
plexes (Rox–ES40 and Flo–EP40) assemble into run-on oligomers (ROO fila-
ments) giving a FRET signal. ROO filaments differ in number of SgrAI–DNA
complexes and contain a mixture with different combinations and permuta-
tions of the two types of SgrAI–DNA complex. The FRET signal changes until
equilibrium is reached between assembling SgrAI–DNA complexes and dis-
assembling ROO filaments. The change in color of the SgrAI dimer from gray
to green indicates a conformational change that activates SgrAI for DNA
cleavage. Reactions of Data Set 1 differ from those of Data Set 2 in that Flo–PC
is substituted with Flo– 40-1. The reactions of Data Set 3 differ from those of
Data Set 2 in that 10 mM CaCl2 is present.

Table 1
Summary of data sets

Data
set Experimental details

Number of reactions
(see Table 2)

1 Only Uncleaved DNA (Rox-ES40�Flo-ES40) 5
2 Uncleaved and Precleaved DNA

(Rox-ES40�Flo-EP40)
6

3 Uncleaved and Precleaved DNA with 10 mM
Ca2� (Rox-ES40�Flo-EP40 �Ca2�)

4

Run-on oligomer filament assembly kinetics
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In the “breaks-in-the-middle” model (4BM; Table 3), ROO fil-
ament may break at any junction between adjacent SgrAI–
DNA complexes within the ROO filament, and ROO filaments
may form by the association of two ROO filaments of any size
(or with individual SgrAI–DNA complexes). This is likely,
because analysis of the three-dimensional structure of the ROO
filament (Fig. 1) shows that most contacts within the ROO fil-
ament occur only between immediately adjacent SgrAI–DNA
complexes (Fig. 3). Because of the additional equilibrium reac-
tions necessary to be modeled in the case of the breaks-in-the-
middle model, ROO filaments of only four SgrAI–DNA com-
plexes or less could be modeled, giving the model 4BM (Table
3). Up to five SgrAI–DNA complexes were possible in the case
of the ends-only mechanism, giving model 5EO (Table 3).
Model 4EO was created to compare more directly to model
4BM, having the same size limit of ROO filaments as model
4EO. These limitations in ROO filament size are justified by
estimating the average size of ROO filaments with a model
allowing ROO filaments up to 14 in size and the rate constants
derived from global fitting (see below). Given the concentra-
tions of SgrAI–DNA complexes used in the reactions of all data
sets, most ROO filaments are not greater than five SgrAI–DNA
complexes long (discussed below under “Simulation of EM
distribution”).

All reactions of a given data set were fit together globally,
with the same model (i.e. 5EO, 4EO, and 4BM) and rate con-
stants, but each data set was fit separately from the others. The
software package Kintek Global Kinetic Explorer was used (26,

27). Additional parameters, such as baseline and scaling factors,
were also fit independently for each reaction of a given data set.
The goal of global data fitting is to extract microscope rate
constants for each step modeled and was done by simulating
reactions to fit to the experimental data, namely normalized,
corrected FRET signals as a function of time. The simulation
software utilizes a series of equations (Tables S1, S3, and S4)
and starting concentrations of SgrAI and DNA to simulate the
FRET signal. In addition to the forward and reverse rate con-
stants for each step, two constants per reaction were also fit.
These constants correspond to the baseline of the FRET signal,
and a scaling factor relating the simulated concentration of dif-
ferent species to the predicted FRET signal. To predict the
FRET signal from the distinct ROO filament species (composed
of two types of SgrAI–DNA complexes: one containing FRET
donor fluorophore labeled-DNA (Flo) and the other containing
acceptor (Rox)), the efficiency of FRET for every possible FRET
pair in each ROO filament was determined using distances mea-
sured in the cryo-EM model of the ROO filament (Fig. 1). These
efficiencies are shown in Table 4 and were calculated from mea-
sured distances between the 5� ends of the DNA in the ROO
filament structure (which do not take into account the linker
connecting the fluorophores to the DNA). Because the simula-
tion software predicts the concentrations as a function of time
for each ROO filament, which includes all possible combina-
tions and permutations of the two types of labeled species (i.e.
SgrAI bound to Rox–DNA or to Flo–DNA), these “calculated
efficiency” factors can be used to weight the predicted FRET
signals for each species. Because the total signal, produced from
the summed, weighted signals of each complex, is scaled using a
single scaling factor to the actual FRET signal, only the relative
value of each calculated efficiency factor is significant. Note also
that these are first order approximations, because they do not
account for fluorophore orientation (each fluorophore is linked
via a 6 – 8-atom-long linker to the 5� end of the DNA; Fig. S1),
microenvironment, or homo-FRET. Further, a similar quality
of fit to the observed FRET signal was obtained when merely

Table 2
Reaction details and concentrations of reactions used in each Data Set

Data set �Rox– 40-1� �Flo– 40-1� �Flo–PC� �SgrAI� �CaCl2�

nM nM nM mM

1 100 100 0 350 0
100 150 0 350 0
50 100 0 200 0

100 50 0 200 0
50 25 0 100 0

2 58 0 100 200 0
50 0 50 150 0

100 0 100 250 0
50 0 150 250 0
50 0 120 200 0
50 0 150 250 0

3 50 0 100 200 10
50 0 50 150 10
50 0 120 200 10
50 0 150 250 10

Table 3
Summary of models

Distinct details of model
Filament assembly

model
Growth mechanism,

DNA cleavagea
Maximum size

of ROO filaments

5EO Ends only 5
4EO Ends only 4
4BM Breaks in the middle 4

a The ends-only growth mechanism is where only a single SgrAI–DNA complex
(i.e. ES40 or EP40) adds to an ROO filament (run-on oligomer of SgrAI–DNA
complexes) at a time. Dissociation similarly occurs only one SgrAI–DNA com-
plex at a time and only from either end of the ROO filament. The breaks-in-the-
middle mechanism refers to a growth mechanism where dissolution or dissocia-
tion of an ROO filament may occur at any position within the ROO filament, at
any juncture between adjacent SgrAI–DNA complexes (i.e. ES40 or EP40). Asso-
ciation also may occur via the association between two ROO filaments of any
size and/or single SgrAI–DNA complexes.

Figure 3. Contact surface between SgrAI–DNA complexes of the run-on
oligomer, mapped onto a single SgrAI–DNA complex. The two subunits of
the SgrAI dimer are colored in different shades of blue, and the bound DNA
(self-annealed PC DNA) is colored in wheat. Close contacts (within 4 Å)
between SgrAI–DNA complexes in the ROO filament are limited to only the
SgrAI–DNA complex just before (green) and just after (magenta) and occur on
both the protein and DNA components of the SgrAI–DNA complex.

Run-on oligomer filament assembly kinetics
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scaling the concentrations of each ROO filament by the number
of Rox fluorophores it contains (provided that at least one Flo is
also present in the same assembly) rather than using the calcu-
lated efficiency factors (data not shown). This may be due to the
averaging of signals derived from all of the different ROO fila-
ments in the simulation; hence individual differences in FRET
efficiency of each become less significant. In addition, the long
and flexible linkers connecting the fluorophores to the DNA
may allow for efficient FRET regardless of fluorophore posi-
tions within the ROO filament.

The number of fitted parameters was reduced by constrain-
ing the reverse rate constant to the fitted forward rate constant
via a known equilibrium constant. This was done in the case of
the self-annealing of the precleaved DNA (PC DNA) and in the
binding of SgrAI to DNA. The equilibrium constant for
the self-annealing of PC DNA was calculated as described in the
supporting information. The equilibrium dissociation con-
stants for binding of SgrAI to DNA were determined by
measuring the anisotropy of fluorescence emission from the
fluorophore labeled DNA in the presence of increasing concen-
trations of SgrAI, both with and without 10 mM CaCl2 (see
supporting information). It was assumed that SgrAI bound
equally tightly to the precleaved DNA (once annealed) as to the
cleaved DNA. Because SgrAI is always in excess in the reac-
tions, any differences in DNA-binding affinity are minimized,
and fits show that the change in simulated FRET signal was
insensitive to the DNA binding rate constants (k2, k	2), pro-
vided the forward (k2) was set to be greater than 3 � 106 M	1 s	1

(data not shown).
Another simplification is the assumption that the forward

and reverse rate constants are not impacted by the size of the
ROO filament. For example, the rate constants for binding and
dissociating of a SgrAI–DNA complex from a ROO filament of
size 2 is considered the same as from a ROO filament of size 3,
4, or 5 (or to another SgrAI–DNA complex). This assumption
was used as a first-order approximation, because otherwise
many fitted rate constants would be required. An analysis
described below testing this assumption was made below
(see “Tests for evidence of cooperativity in models”). A final
assumption made was that the state of cleavage of the DNA did
not affect these rate constants for ROO filament assembly and
disassembly. Hence, the total number of fitted parameters is 13
for Data Set 1 (3 rate constants and 10 for the baseline and
scaling factor for each of the 5 data sets), 16 for Data Set 2,

and 12 for Data Set 3 (Table 5). The high quality of fits (Table 5)
and reasonable error boundaries of each rate constant (Table 6)
indicated that these simplifications were justified.

FRET titration showing ROO filament formation

FRET between different SgrAI-bound DNAs was used to
investigate the association of SgrAI–DNA complexes into ROO
filaments (Figs. 2 and 3). In this case, a limiting concentration of
Rox-labeled DNA (Rox– 40-1 at 50 nM) was mixed with excess
SgrAI (2 �M), and then PC DNA containing 10% fluorescein-
labeled DNA (Flo–PC) was added (Fig. 2). The fluorescence
emission (with excitation at 498 nm, the excitation maximum
of Flo) was measured at 508 –700 nm both before and after each
addition. The emission at these wavelengths contains contribu-
tions from both the Flo and Rox fluorophores and therefore
required the subtraction of the Flo emission to reveal the Rox
emission (see “Experimental procedures”) (Fig. 4A; see Fig. S2
for the raw emission data and Fig. S3 for the control performed
without SgrAI). This emission was further corrected for the
non-FRET emission of Rox, because of Rox absorbance at the
excitation wavelength. The resulting corrected Rox emission
increased with increasing concentrations of Flo-labeled DNA
as expected, and this increase was fit to the following Hill equa-
tion (Fig. 4B),

y � a � b � � �Flo � EP40�
N


K1/ 2
N � �Flo � EP40�

N�� (Eq. 1)

where y is the average corrected fluorescence intensity at 602–
612 nm of the fluorescence emission at each concentration of
Flo–EP40 (EP40 Enzyme-Product complex, where the product is
a 40-bp DNA created by the self-annealing of PC DNA and
contains nicks at the SgrAI-targeted cleavage sites). K1⁄2 is the
concentration of Flo–EP40 where the average 602– 612-nm
emission is half-maximal, and N is the Hill coefficient, a mea-
sure of cooperativity. The constants a and b were also fit and
correspond to the fluorescence baseline and scaling factor (to
scale the term in brackets to the arbitrary fluorescence units of
y), respectively. The total EP40 concentration was estimated
assuming complete binding of SgrAI to the Flo–PC DNA
(because SgrAI is present in excess and at micromolar concen-
trations, and the binding affinity between SgrAI and PC DNA is
in the nanomolar range). The K1⁄2 (the concentration of total
EP40 at the half-maximum FRET signal) was found to be 0.16 �
0.03 �M, with a Hill coefficient 1.1 � 0.1. These values are inter-
preted as indicative of the affinity and cooperativity of the asso-
ciation of SgrAI/Rox– 40-1 (ES40, for Enzyme-Substrate com-
plex containing 40-bp uncleaved DNA) and EP40 complexes. A
Hill coefficient of 1 indicates no cooperativity in ROO filament
formation with respect to total EP40 concentration.

Data Set 1: Approach to equilibrium of filament assembly
containing only uncleaved DNA (i.e. Rox–ES40 � Flo–ES40)

Data Set 1 utilized two types of singly labeled 40-1 (Flo– 40-1
and Rox– 40-1), and reactions were performed in 1.5 ml of
buffer at 25 °C with constant stirring. The reaction proceeds
with the addition of SgrAI, which binds to the Flo- and Rox–
40-1 to create Flo–ES40 and Rox–ES40, followed by their assem-

Table 4
Predicted FRET efficiencies based on distances between SgrAI–(PC
DNA)2 complexes

Relationship between Rox
and neighboring Floa

Distance between
fluorophores

Calculated
efficiencyb

Å
N and N � 1 (or N 	 1) 72.8 0.157
N and N � 1 (or N 	 1) 105.6 0.020
N and N � 1 (or N 	 1) 92.9 0.027
N and N � 2 (or N 	 2) 76.5 0.12
N and N � 3 (or N 	 3) 32 0.96

a Rox and Flo refer to SgrAI–DNA complexes bound to Rox- or Flo-labeled DNA,
respectively.

b FRET efficiency calculated from the equation efficiency � 1/(1 � (r/R0)6). A
value of 51 Å was used for R0 (44). The combined total for N to N � 1 (or N 	
1) is the sum of the three values, giving 0.2.
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Figure 4. Titration of Rox– 40-1, SgrAI, with Flo–PC DNA in the presence of 10 mM Ca2�. A, 50 nM Rox– 40-1, 2 �M SgrAI, 10 mM CaCl2, and buffer A (see
“Experimental procedures”) with PC (1:9 Flo–PC:PC) at 25 °C. Emission spectra taken with 498-nm excitation, and corrected for Flo emission, dilution, and Rox
emission caused by absorption at 498 nm. Concentration of total EP40 (SgrAI bound to two Flo–PC molecules, calculated as half the concentration of total
added Flo–PC and assumes complete binding of Flo–PC) shown in nM. B, average corrected intensities from A (wavelengths 603– 613 nm) versus total EP40 (the
concentration of SgrAI bound to Flo–PC DNA) (filled blue circles). Values are fit to the Hill equation (red line, r � 0.9985) to give K1⁄2 � 0.16 � 03 �M and Hill
coefficient � 1.1 � 0.1.

Table 5
Quality of fit values

Data set
Filament

assembly model
Number of reactions

fit (see Table 2)

Number of data points
simulated and fit to
experimental data

Number of
parameters fita �2/DoFb

� with respect
to the fitb

1 (uncleaved DNA only) 5EO 5 425 13 1.9 0.011
4EO 1.7 0.011
4BM 1.4 0.010

2 (uncleaved and precleaved DNA) 5EO 6 1550 16 3.4 0.012
4EO 5.2 0.016
4BM 2.4 0.010

3 (uncleaved and precleaved DNA with 10 mM Ca2�) 5EO 4 1111 12 3.0 0.011
4EO 3.9 0.013
4BM 3.5 0.013

a Rate constants, baseline, and scaling factors. Reverse rate constants for the self-annealing of PC DNA and for DNA binding by SgrAI were constrained by the calculated or
measured equilibrium dissociation constant, respectively. Hence, only the forward rate constants were fit in these reactions. Both forward and reverse rate constants were
fit for assembly and disassembly of SgrAI–DNA oligomers.

b �2/DoF and � with respect to the fit are as defined by the software authors (26, 27).

Table 6
Kintek Global Kinetic Explorer fitted forward and reverse rate constants from global fitting

Data set
Filament

assembly model

Association rate constant
for ROO filament assembly

k4 (error boundary)a

Dissociation rate constant
for ROO filament

disassembly k�4 (error
boundary)b

M	1 s	1 s	1

1 (uncleaved DNA only) 5EO 4 � 106 (1.7 � 106 to 3 � 107) 0.11 (0.07–0.16)
4EO 2 � 106 (1.1 � 106 to 6 � 106) 0.10 (0.07–0.14)
4BM 1.7 � 106 (1.2 � 106 to 3 � 106) 0.018 (0.004–0.07)

2 (uncleaved and precleaved DNA) 5EO 3 � 106 (1.0 � 106 to 7 � 106) 0.03 (0.019–0.19)
4EO 1.2 � 106 (1.7 � 105 to 4 � 107) 0.08 (0.012)
4BM 5 � 106 (3 � 106 to 1.5 � 108) 0.03 (0.02–0.9)

3 (uncleaved and precleaved DNA with 10 mM Ca2�) 5EO 4 � 105 (3 � 105 to 2 � 106) 0.03 (0.016–0.03)
4EO 6 � 105 (4 � 104 to 5 � 106) 0.04 (0.014–0.4)
4BM 3 � 105 (6 � 104 to 8 � 105) 0.017 (0.007–0.02)

a The forward rate constant is the association of a SgrAI–DNA complex (or ROO filament) with another SgrAI–DNA complex (or ROO filament), and the reverse rate
constant is the dissociation of a SgrAI–DNA complex (or ROO filament) from another SgrAI–DNA complex (or ROO filament).

b Fitspace error boundaries calculated at the 0.95 �2 threshold.
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bly into ROO filaments (Fig. 2). This brings the two fluoro-
phores within proximity for FRET to occur, as evidenced by the
titration shown in Fig. 4 (and described above). The change in
FRET as the reaction approaches equilibrium gives informa-
tion on both the forward and reverse rate constants, and
repeating the reaction with different concentrations of Flo–
40-1 and Rox– 40-1 provides further information on these
rate constants.

Global data fitting used the fluorescence emission intensities
measured from the 590-nm cut-on filter after correction from
intensities measured simultaneously at 585 nm (corrected filter
(CF); see “Experimental procedures”) with excitation at 498
nm. Fig. S4 shows an example of intensity data measured at 585
nm (red) with the 590-nm cut-on filter (blue) and with the CF
data in green. Data from five reactions were collected for this
data set (Table 2).

Global data fitting proceeded by fitting each of the three fil-
ament assembly models (5EO, 4EO, and 4BM; Tables S1–S5) to
the FRET signal from each of the five timed reactions. Table 5
summarizes the quality of the fits, and Table 6 gives the
extracted rate constants for the association and dissociation of
SgrAI–DNA complexes (or ROO filaments) into (and from)

ROO filaments (k4 and k	4) (please note that we use k4 and k	4
to be consistent with naming of the rate constants measured
in the accompanying article (24)). In addition to these two
rate constants, the forward rate constant for binding of
SgrAI to DNA (k2) was also fit and found to be greater than
3 � 106 M	1 s	1 (no upper limit was detected, and the reverse
rate constant was constrained by the measured KD, hence
not fit independently).

Fig. 5 plots the rate constants k4 and k	4 with associated error
boundaries (see “Experimental procedures” for method of error
boundary calculation). Fig. 6A shows experimental data and
simulated curves for select data sets of Data Set 1 using model
4BM. The model-fitting software calculates a measure of the fit
in the form of �2/DoF (28). A value near 1 indicates the best fit,
and this parameter is between 1 and 2 for all three models
(Table 5). The forward or association rate constant for the asso-
ciation of one SgrAI–DNA complex to another SgrAI–DNA
complex (or to an ROO filament, or one ROO filament to
another, k4) was found to be in the range of 1 � 106 to 4 � 106

M	1 s	1 in fits using each of the three models (Table 6 and Fig.
5), and the reverse or dissociation rate constant of a SgrAI–
DNA complex from another SgrAI–DNA complex (or from a

Figure 5. Fitted rate constants for the fitting of each data set to each model. A, association rate constant for the association of two SgrAI–DNA complexes
(i.e. k4). Best fit values are shown as red filled circles; error boundaries from FitSpace at 0.90 �2 threshold (see “Experimental procedures”) are in purple dashed
lines, and 0.95 �2 thresholds are in blue (where only blue is visible indicates complete overlap). Data set and model descriptions are given in Tables 1 and 3,
respectively. B, dissociation rate constant of one SgrAI–DNA complex from another (i.e. k	4). Colors are as in A.

Figure 6. Selected data (corrected and normalized FRET intensities, filled circles) and simulations from global fits (using model 4BM, lines) for Data
Sets 1–3. A, blue, 350 nM SgrAI was added to 150 nM Flo– 40-1 and 100 nM Rox– 40-1 at time zero. Red, 200 nM SgrAI was added to 50 nM Flo– 40-1 and 100 nM

Rox– 40-1. B, blue, 200 nM SgrAI was added to 120 nM Flo–PC and 50 nM Rox– 40-1 at time zero. Red, 250 nM SgrAI was added to 100 nM Flo–PC and 100 nM

Rox– 40-1. C, blue, 250 nM SgrAI was added to 150 nM Flo–PC and 50 nM Rox– 40-1 at time zero. Red, 150 nM SgrAI is added to 50 nM Flo–PC and 50 nM Rox– 40-1.
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ROO filament, or one ROO filament from another ROO fila-
ment, k	4) was found to be 0.018 – 0.11 s	1. The error bound-
aries vary for each model but combined give 1.1 � 106 to 3 �
107 M	1 s	1 for the association rate constant and 0.004 – 0.16
s	1 for the dissociation rate constant. These boundaries indi-
cate that the association rate constants derived from the three
models (5EO, 4EO, and 4BM) are indistinguishable from one
another. Similarly, the error boundaries for the dissociation
rate constants also overlap, although only just barely for model
4BM compared with the other two (Table 6 and Fig. 5), with this
rate constant being lower in model 4BM (breaks in the middle)
than the other two (ends only). It may be that to fit the same
experimental data, the ends-only models (models 5EO and
4EO) require a faster dissociation rate constant because of
“hold-up” time in the ROO filament. However, for the most
part, the differences in the three models (maximum ROO fila-
ment size and mechanism of growth) do not significantly affect
the resulting fitted rate constants, and the experimental data
appear to be equally well fit by the three different models.

Data Sets 2 and 3: Approach to equilibrium of filament
assembly with both uncleaved and precleaved DNA
(Rox–ES40 � Flo–EP40) and with and without Ca2�

Data Set 2 differs from Data Set 1 in that Flo– 40-1 DNA is
replaced with Flo–PC DNA, and Data Set 3 adds an additional
change by including 10 mM CaCl2; however, all else concerning
the reactions and measurements is as in Data Set 1. These two
data sets now introduce the self-association equilibrium of PC
DNA (annealed via the sticky ends to mimic the continuous
40-1 DNA), and Data Set 3 tests the effects of Ca2� on the
approach to equilibrium kinetics. The same three models,
including their equations (with the addition of the self-associ-
ation of PC DNA) were used in global data fitting. Also, it was
assumed that SgrAI bound to self-annealed PC DNA behaves
just as SgrAI bound to 40-1 DNA, which is a reasonable
assumption because self-annealed PC DNA is the same length
and nearly the same sequence as 40-1 DNA (see “Experimental
procedures”), and both stimulate DNA cleavage by SgrAI to
similar degrees (3, 18). Data Set 2, along with the rate constants
derived from Data Set 1, was used to derive the forward and
reverse rate constants for the self-association of PC DNA and to
further refine the forward and reverse rate constants for the
assembly of SgrAI–DNA complexes, now including EP40 (i.e.
SgrAI–DNA complex with the self-annealed, precleaved PC
DNA).

As with Data Set 1 data, the three models 5EO, 4EO, and
4BM (see Table 3) were used to fit the reaction data from Data
Sets 2 and 3 (summarized in Tables 1 and 2), and Tables 5 and 6
provide the final quality of fit parameters for and extracted rate
constants derived from each model. The �2/DoF (a measure of
the quality of the fits) were found to be 2.4 –5.2 for fits to Data
Set 2 and 3.0 –3.9 for Data Set 3 (Table 5). Fig. 6 (B and C) shows
selected experimental and simulated data using model 4BM
and Data Sets 2 and 3, respectively. Rate constants for the
assembly and disassembly of ROO filaments, with error bound-
aries for fitting of all three models (5EO, 4EO, and 4BM) using
Data Sets 2–3, are shown in Fig. 5.

Because the self-annealing of PC DNA (rate constants k1 and
k	1; Tables S3 and S4) is the only new equilibrium added to
those modeled to fit Data Sets 2 and 3, the starting values for all
other rate constants (i.e. k2, k	2, k4, k	4) were set to those found
for Data Set 1 prior to global fitting Data Sets 2 and 3. This
revealed that the forward rate constant for PC DNA self-an-
nealing (k1) was best fit to 5 � 105 to 1.3 � 106 M	1 s	1 (Fig. S5),
within the predicted range of 1 � 105 to 1 � 107 M	1 s	1 (see
“Experimental procedures”; also the reverse rate constant, k	1,
was not fit independently, being constrained to the forward rate
constant by the calculated KD). A similar result was found in
global fitting of Data Set 3 (Fig. S5). The error analysis deter-
mined that the boundary of this rate constant is 7 � 104 to 3 �
108 M	1 s	1 (Fig. S5).

Global fitting of Data Set 2 revealed the forward rate constant
for assembly of SgrAI–DNA complexes into ROO filaments
(k4) to be in the range of 1.2 � 106 to 5 � 106 M	1 s	1 (for the
three models), but up to 10-fold slower (3 � 105 to 3 � 105) for
Data Set 3 (Table 6). The error boundaries of these rate con-
stants overlap (Fig. 5A); however, there is no overlap in some
cases for comparable mechanisms; for example, that from fit-
ting model 4BM with Data Set 2 does not overlap with that from
fitting the same model to Data Set 3 (which differs only in the
presence of 10 mM CaCl2). Hence the association rate constant
of the ROO filament assembly may actually be slower in the
presence of divalent cations (please note that this is also
observed in the data analyzed in the accompanying article (24),
comparing experimental data with and without MgCl2).

As for the reverse rate constant (k	4), which is dissociation of
one SgrAI–DNA complex from another (regardless of the size
of the ROO filament), a range of 0.017– 0.08 s	1 is found with
fitting of all models (i.e. Table 6). Error analysis indicates that
these differences are not significant (Fig. 5B), nor were they
significantly different from those of Data Set 1. In fact, the sim-
ilar forward rate constant (k4; Fig. 5A) and the lack of a need to
distinguish between SgrAI–DNA complexes with cleaved DNA
and those with uncleaved DNA in modeling also support the
assumption that SgrAI–DNA complexes behave similarly with
respect to forming and dissociating from ROO filaments
regardless of whether or not the bound DNA is cleaved.

Simulation of EM distribution

As an independent test of the methodology used in this work,
a simulation with derived rate constants was performed to
compare with the distribution of ROO filament sizes measured
using EM (4). The model used, model EM (see “Experimental
procedures”), allows ROO filaments up to 14 SgrAI–DNA com-
plexes in size (Table S6). The rate constants for association and
dissociation were taken from the fit of model 4BM to Data Set 3,
and the starting concentrations of SgrAI and PC DNA were
those used in the EM study (3 �M each). Fig. 7A shows the
resulting distribution of ROO filament size (Fig. 7A, purple
bars) and compares it to that found by EM (Fig. 7A, blue bars).
As can be seen, excellent agreement between the predicted and
observed size distribution is found. These simulations also
showed that the mechanism of association (ends only or breaks
in the middle) did not matter to the final distribution, only to
the rate at which this equilibrium is achieved (data not shown).

Run-on oligomer filament assembly kinetics

14592 J. Biol. Chem. (2018) 293(38) 14585–14598

http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1


As a check on methodology, the simulation shown in Fig. S6
was performed. Model EM was also used, along with the rate
constants derived from fitting reactions of Data Set 1 to model
4BM. Fig. S6A shows a relative distribution of ROO filament
sizes predicted by the model, and Fig. S6B shows that most
ROO filaments are less than four or five SgrAI–DNA com-
plexes long when the total SgrAI–DNA concentration is 250 nM

or less. This calculation shows that models that limit the ROO
filament sizes to four and five SgrAI–DNA complexes long,
such as those used here, are adequate for fitting data from reac-
tions with reactant concentrations used here (Table 2).

Tests for evidence of cooperativity in models

Cooperativity was investigated in three ways, by analysis of
the FRET titration data (Fig. 4, described above) and by the
introduction of cooperativity into the models and comparison
to both the kinetic and EM experimental data. To model coop-
erative assembly of SgrAI–DNA complexes within a ROO fila-
ment, the dissociation rate constants for SgrAI–DNA com-
plexes from the ROO filaments were made serially slower with
increasing size of the ROO filament. This could be imagined to
result from a greater number of favorable interactions that
could be made between the incoming SgrAI–DNA complex
and the other complexes already in the ROO filament (see
“Experimental procedures”). In contrast, analysis of the con-
tacts made between SgrAI–DNA complexes in the ROO fila-
ment indicates that interactions predominantly occur only with
SgrAI–DNA complexes immediately before and immediately
after in the left-handed ROO filament helix (Fig. 3; see also Fig.
1). The rate constants were made serially slower by a factor
(X) depending on the number of SgrAI–DNA complexes per
ROO filament (see “Experimental procedures”). Model EM
(Table S6) was used, and values of X between 1.1 and 1.5 were
tested. As can be seen in Fig. 7B, even a small cooperativity
factor (e.g. X � 1.1; Fig. 7B, red) greatly alters the distribution
of ROO filament sizes, predicting longer filaments than

observed. The model with no cooperativity (Fig. 7B, purple)
best matches the experimentally observed EM distribution
(Fig. 7B, dark blue).

Discussion

Cooperativity in ROO filament formation

Although accelerated DNA-cleavage activity depends on the
concentration of SgrAI–DNA complexes, filaments formed by
SgrAI–DNA do not form cooperatively. This was shown in sev-
eral analyses. First, the FRET titrations of EP40 with ES40 (Fig. 4)
fit well to a Hill equation with a Hill coefficient of 1 (Fig. 4B),
indicating no cooperativity in ROO filament formation on
SgrAI–DNA concentration. Second, comparison of the ROO
filament size distribution determined using EM (4) to predicted
distributions generated with our models and rate constants
indicated that the introduction of even small degrees of coop-
erativity are not consistent with the experimental data (Fig. 7B).
Finally, the cryo-EM structure of the ROO filament where each
SgrAI–DNA complex appears to contact only that before and
that after it in the ROO filament suggests that a lack of cooper-
ativity in ROO filament association would be expected (Fig. 3).
We conclude that the data are most consistent with the absence
of cooperativity on the concentration of SgrAI–DNA in ROO
filament association of the SgrAI–DNA complexes studied
here.

ROO filament growth mechanism and effect of Ca2�

The experimental data of Data Sets 1–3 (Table 1) have been
fit globally to models differing in either maximum ROO fila-
ment size and/or in how the assemblies grow and disassemble
(Table 3). The two different growth mechanisms tested have
been termed either 1) ends only, indicating ROO filament
growth can only occur at the ends (either end, as they are sym-
metrically equivalent) and only one SgrAI–DNA complex at a
time; or 2) the breaks-in-the-middle mechanism, in which the
ROO filaments may break via disruption of a single interface

Figure 7. Simulation of length or size distribution of run-on oligomers, with and without cooperativity. A, distribution normalized to the value for ROO
filament sizes of 1–2. EM (blue) distribution data taken from the negative stain EM histogram (4), which used 3 �M SgrAI and PC DNA. Modeling (model EM)
allowing up to 14 SgrAI–DNA complexes was used with rate constants from fitting Data Set 3 to model 4BM (Table 6) and initial concentrations of 3 �M SgrAI
and PC DNA (shown in purple). B, as in A, but distribution of predicted ROO filament size with different degrees of cooperativity. Also shown is the distribution
of oligomers (relative to the quantity of 2–3-mers) found using EM, in blue (4). To simulate positive cooperativity, the reverse rate constant for ROO filament
dissociation was serially decreased by the given cooperativity factor (X � 1.1 to 1.5) with increasing ROO filament size, up to 5-mers, after which it remained
constant (see “Experimental procedures”).
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between immediately adjacent SgrAI–DNA complexes at any
such junction along the ROO filament. Conversely, in the
breaks-in-the-middle model, two ROO filaments of any size
can come together to form one longer, continuous ROO fila-
ment. We found that either type of model fit equally well to the
experimental data and gave roughly equivalent rate constants.
It may be that higher concentrations of the SgrAI–DNA com-
plex, along with models allowing ROO filaments longer than
four or five SgrAI–DNA complexes (the size limitation of the
simulation software), will be necessary to distinguish between
these two possible growth mechanisms using this method.

Analysis of the size distribution of ROO filaments from EM
data was also inconclusive on this point, because the two mech-
anisms led to the same final distribution. If the mechanism uses
the ends-only model, it implies that the contacts between
SgrAI–DNA complexes are somehow stronger in the middle
than at the end. One could imagine this being the case if each
SgrAI–DNA complex contacted more than just the SgrAI–
DNA complex immediately ahead and immediately behind.
This would also likely lead to cooperativity in forming the ROO
filaments, because longer ROO filaments have more SgrAI–
DNA complexes that may form favorable contacts with the new
SgrAI–DNA complex being added. However, our measures
(see “Tests for evidence of cooperativity in models”), indicated
that such cooperativity is not likely present, and the cryo-EM
structural model indicates few contacts to SgrAI–DNA com-
plexes not immediately adjacent to each other within the ROO
filament (Fig. 3). We therefore favor the breaks-in-the-middle
model because it is more consistent with the observed data
including the structural data (Fig. 3) and the lack of observed
cooperativity (see above).

Finally, the reactions of Data Set 3 were performed to test the
effect of the presence of 10 mM CaCl2 on the association and
dissociation kinetics of the ROO filaments (Table 6 and Fig. 5),
because DNA-cleavage reactions require 10 mM MgCl2, and we
wish to extend these analyses to those reactions (see the accom-
panying article (24)). Ca2� was used here as a mimic of Mg2�,
because it binds similarly yet inhibits DNA cleavage by SgrAI
(22, 23). Global data fitting and error analysis indicated similar
quality of fits for the different models with Data Set 3 data, as
was found for data from the other data sets, but a difference was
found in the association kinetics of SgrAI–DNA complexes into
the ROO filaments. This rate constant was found to be �10-
fold slower compared with those from Data Sets 1 and 2, which
did not have divalent cations (Table 6 and Fig. 5). The dissoci-
ation rate constant, however, did not seem significantly per-
turbed by the presence of the Ca2� (Table 6). In conclusion, our
analyses suggest that the breaks-in-the-middle mechanism is
likely a more accurate mechanism than the ends-only mecha-
nism and that the presence of 10 mM CaCl2 slows (by 10�) the
association rate constant of SgrAI–DNA complexes into the
ROO filaments. This slowing may be due to a screening effect or
alternatively in requiring dissociation of Ca2� ions bound to the
DNA prior to ROO filament assembly. Hence, this work favors
the rate constants derived from model 4BM (Table 6), with that
of Data Set 3 being most relevant to DNA cleavage studies,
which are performed in the presence of divalent cations (see the
accompanying article (24)).

Biological relevance

Filament formation by ATPases and GTPases such as actin
and tubulin has long been known, although in those cases, the
filament itself serves a necessary function that is often struc-
tural in nature, and the function of the enzymatic hydrolysis of
ATP or GTP hydrolysis is merely in controlling the formation
of the filament. However, filament formation in the control of
activity beyond such enzymes was much less well known until
relatively recently (with the exception of acetyl-CoA carboxyl-
ase (29 –31)). The development of imaging technology has
allowed for large-scale screening of protein localization in cells,
revealing filament formation by many metabolic and other
enzymes, and in some cases only during particular phases of the
cell cycle, under certain stress conditions, or as part of signaling
pathways (6 –11, 13, 32–39). Filaments formed by various
enzymes differ in total length, association into fibers or other
structures, lifetime, and effects on enzyme activity, as well as
conditions for their formation and disassembly. The SgrAI
ROO filaments, although forming filaments as large as 30 or
more SgrAI–DNA complexes in vitro (4, 40), may be more lim-
ited in size in vivo (to number of sites, usually 10 –20 per phage
genome including both primary and secondary types of sites),
and its lifetime has not been measured but is likely to be short
(see the accompanying article for estimates in the minute range
(24)). In contrast, filaments formed from other enzymes can be
visualized in cells with sizes of several microns in length and
forming structures stable on the minutes to hours timescales
(8 –11, 13, 30 –34). In a few cases, the effect of filament forma-
tion on enzyme function has been discerned (15–17, 37, 38, 41,
42); some inhibit enzyme activity rather than activate as is the
case for SgrAI. Further, the stimulus to form filaments can dif-
fer; in the case of SgrAI, sufficient concentrations of SgrAI
bound to primary site DNA (cleaved or uncleaved) result in
filament formation, whereas in other enzymes, filament forma-
tion may be independent of substrate or product. However, in
most cases the particular advantages of the filament forming
behavior have not been identified. It has been speculated that
the filaments could function in sequestration of enzyme activ-
ity, rapid activation or inhibition, storage, fine-tune buffering of
metabolic activity, forming a cytoskeleton-like structure, stabi-
lizing protein conformation, developmental switching, rapid
cell proliferation, stress coping, metabolic channeling, and
intracellular transportation (4, 7, 35). However, few studies
have investigated the kinetics of filament or ROO filament for-
mation and none with the level of detail here. Our detailed
model building and global data fitting have produced derived
association and dissociation rate constants for ROO filament
formation, discovering a slow, rate-limiting association rate
constant, which is sensitive to divalent cation concentration.
We also test various models for ROO filament assembly and
find that cooperativity is not evident. Although our data are
consistent with different growth mechanisms (ends only or
breaking in the middle), we find that the lack of observed coop-
erativity combined with structural analysis of the ROO filament
is most consistent with a model allowing for disassembly at any
junction within the filament.
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The methods, models, and rate constants developed and
derived from this first of the two-part series will be extended in
the accompanying article to include the full DNA-cleavage
reaction pathway (24). Therein, microscopic rate constants for
each step, including DNA cleavage and dissociation from
SgrAI, are determined. Given the low physiological concentra-
tion of DNA in the cell, the slow ROO filament association rate
constant, determined in this work and in the accompanying
article (24), is possibly the origin of the proposed sequestering
effect, protecting the host genome from DNA damage by lim-
iting activated DNA cleavage to the invading phage DNA.
Sequestering of DNA-cleavage activity is necessary, because
many potential cleavage sites (i.e. the secondary sites) are likely
not protected in the host genome and would be otherwise
cleaved by roaming, activated SgrAI (3). This is possible
because recognition sites on the same DNA molecule (i.e. phage
DNA, because few primary sites on the host will be unmethy-
lated) will have a higher local concentration than sites on dif-
fering molecules (such as the host genome and phage DNA),
making the association step sufficiently fast for ROO filament
to form. Formation of ROO filaments by sites on different DNA
molecules (such as primary sites on the phage DNA, and sec-
ondary sites on the host, which are unprotected) is far less likely
given the low concentration in the cell and the slow association
rate constant.

Further, because of the relatively rapid ROO filament disso-
ciation rate constant (and rapid release of cleaved DNA from
SgrAI found in the accompanying article (24)), trapping of
product (cleaved DNA) in the ROO filament does not occur to
any significant extent. Although relatively fast, the ROO fila-
ment dissociation rate constant (0.02– 0.03 s	1) is roughly 10
times slower than the DNA-cleavage rate determined in the
accompanying article (24). Hence each time a SgrAI–DNA
complex assembles into a ROO filament, DNA cleavage is far
more likely than dissociation, making the reaction pathway effi-
cient. ROO filaments may persist if concentrations of SgrAI–
DNA complexes are sufficient; however, the ROO filaments are
highly dynamic with DNA recognition sites passing in and out
of ROO filaments on the order of minutes (see the accompany-
ing article (24)). The models and rate constants determined
from these studies can now be used in simulations to mimic in
vivo conditions and test hypothesis of ROO filament function.

Experimental procedures

Protein preparation

SgrAI enzyme used in assays contains 13 additional C-termi-
nal residues (ENLYFQSHHHHHH), which include 6 histidine
residues to be used for SgrAI purification, as well as a cleavage
site for TEV protease, and was purified using previously
described methods (18). Briefly, SgrAI was expressed in BL21
(DE3) Escherichia coli (which also contain a constitutive
expression system for the methyltransferase MspI.M) over-
night at 17 °C. The cells were sonicated and centrifuged to
remove cell debris, and SgrAI was isolated using Talon resin
chromatography (Clontech), followed by further purification
using heparin resin chromatography (GE Healthcare). Purified
SgrAI was concentrated and stored in single use aliquots at

	80 °C in buffer containing 50% glycerol. Enzyme purity was
assessed using Coomassie Blue staining of SDS-PAGE and
assessed to at least 99% purity.

DNA preparation

The oligonucleotides were prepared synthetically by a com-
mercial source and purified using C18 reverse phase HPLC.
The concentration was measured spectrophotometrically, with
an extinction coefficient calculated from standard values for
the nucleotides (43) and where appropriate including that for 5�
attached fluorophores. Fluorophores used include fluorescein
or Flo (6-carboxyfluorescein linked to the 5�-phosphate of the
first nucleotide via a trans-4-cyclohexanol linker; Fig. S1A;
excitation � 495 nm; emission � 520 nm), rhodamine-X or Rox
(5(6)-carboxy-X-rhodamine linked to the 5�-phosphate of the
first nucleotide via a 6-aminohexan-1-ol linker; Fig. S1B; exci-
tation � 575 nm; emission � 603 nm), and Hex
or 6-(4,7,2�,4�,5�,7�-hexachloro-3�,6�-dipivaloylfluoresceinyl;
excitation � 537 nm; emission � 550 nm). Equimolar quanti-
ties of complementary DNA were annealed by heating to 90 °C
for 10 min at a concentration of 1 mM, followed by slow cooling
to room temperature. The different DNA substrates used in
binding and cleavage assays are shown in Sequences 1– 4 (red
indicates the SgrAI primary recognition sequence, and a verti-
cal line indicates a cleavage site). The sequences of the DNA
flanking either side of the SgrAI recognition sites in the top and
bottom strands of 40-1 are designed to prevent self-association.
PC DNA (the duplex formed by annealing of PC–top and
PC– bot) is identical to the left half of 40-1 (the duplex formed
by annealing of 40-1–top and 40-1– bot) after cleavage by
SgrAI, with the exception, however, that it is missing the
5�-phosphate at the cleavage site. Two PC DNA molecules may
anneal via their 5� “overhanging” CCGG sequences to create a
symmetric version of 40-1.

Rox-labeled 40-1 (Rox– 40-1) was prepared by annealing sin-
gle-stranded Rox– 40-1–top with unlabeled 40-1– bot. Flo-la-
beled 40-1 (Flo– 40-1) was prepared by annealing single-
stranded Flo– 40-1– bot with unlabeled 40-1–top. Flo-labeled
PC (Flo–PC) was prepared by annealing single-stranded Flo–
PC–top with unlabeled PC– bot. Hex-labeled 40-1 (Hex– 40-1)
was prepared by annealing single-stranded Hex– 40-1 top with
unlabeled 40-1– bot.

FRET titration of ROO filaments

Titrations were performed with 50 nM Rox– 40-1, 2 �M

SgrAI, and varied concentrations of Flo–PC DNA in buffer A
(10 mM Tris-HCl, 150 mM NaCl, 10% glycerol, 1 mM DTT, pH
8.0) supplied with 10 mM CaCl2 in 1.5 ml total and maintained
at 25 °C. Excitation occurred at 498 nm, and emission spectra
were collected following 2 min of incubation with constant stir-
ring after each addition of Flo–DNA. Flo-labeled DNA was a
mixture of labeled and unlabeled at 1:9 Flo–PC:PC DNA. The
resulting spectra were corrected for dilution of the added DNA,

Sequences 1– 4
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for Flo emission (using a reference Flo–DNA only spectrum
scaled by relative emission at 570 nm), and for Rox emission
caused by absorbance at 498 nm (using the spectrum before
added Flo–DNA). The resulting average emissions at 602– 612
nm (or 603– 613 nm) were plotted versus concentration of Flo–
EP40 (the concentration of SgrAI bound to Flo–PC, which is
half the concentration of Flo–PC because SgrAI binds Flo–PC
in a 1:2 ratio) and fit to the Hill equation (see Equation 4).

FRET kinetic measurements

Reactions were carried out in 1.5 ml in a 2-ml cuvette with
constant stirring held at 25 °C and consisted of 50 –150 nM

Rox– 40-1, 100 –350 nM SgrAI, and 25–150 nM Flo– 40-1 or
Flo–PC in buffer A at 25 °C. The reactions of Data Set 1 (Rox–
40-1 and Flo– 40-1) and the reactions of Data Set 2 (Rox– 40-1
and Flo–PC) were performed without any divalent cation pres-
ent, and the reactions of Data Set 3 (Rox– 40-1 and Flo–PC)
were performed with 10 mM CaCl2. The reactions were initiated
by adding SgrAI to premixed solutions of labeled DNA in
buffer. SgrAI binds 1:1 with Rox– 40-1 or Flo– 40-1 to create
Rox–ES40 or Flo–ES40, respectively (an enzyme-substrate com-
plex where the substrate is Rox- or Flo-labeled and composed of
40 bp with a single primary site), and 1:2 to Flo–PC to create
Flo–EP40 (an enzyme-product complex where the product is a
40-bp Flo- or Rox-labeled DNA with breaks in the backbone at
the SgrAI cleavage sites).

FRET measurements were performed with a PC1 ISS spec-
trofluorimeter with excitation at 498 nm, the Flo excitation
maximum. T format was used to monitor emissions from two
different wavelength ranges to isolate the emission from Rox,
where one wavelength measured Flo emission only (585 nm),
and the other measured emissions from both Rox and Flo
(through a 590-nm cut-on filter; ThermoOriel Inc., catalog no.
10CGA-590). Rox emits with a maximum wavelength of 605
nm, and Flo emits with a maximum at 520 nm, but because the
emission from Flo is often more intense, its emission can dom-
inate the wavelengths where the Rox emission occurs. To
remove the Flo emission from the 590-nm cut-on filter data, the
Flo emission contribution must be estimated. However, the Flo
emission also changes during the reactions, because of
increased or decreased FRET, as well as because of quenching
or red shifting from other non-FRET phenomenon (e.g. SgrAI
binding, ROO filament assembly). The wavelength 585 nm was
chosen to monitor the Flo emission during reactions, because it
best estimated the Flo emission through the 590-nm cut-on
filter during reactions when scaled by a correction factor C
calculated as follows,

Correction factor C �
I590cof
Flo � PC�

I585
Flo � PC�
(Eq. 2)

where I590cof(Flo–PC) and I585(Flo–PC) are the intensities from
a solution containing only Flo–PC and measured through the
590-nm cut-on filter and at 585 nm, respectively (with excita-
tion at 498 nm).

The FRET signal used in data fitting was calculated as
follows,

Corrected filter data 
reaction, t�

� I590cof
reaction, t� � C � I585
reaction, t� (Eq. 3)

where Corrected filter data (reaction, t) is the corrected FRET
fluorescence intensity data (i.e. CF, the signal used in global
data fitting) at time t after reaction initiation and is calculated
by subtracting the fluorescence intensity measured at 585 nm at
time t (I585(Flo–PC)) after scaling by the correction factor C,
from the fluorescence intensity measured through the 590-nm
cut-on filter at time t (I590cof(reaction, t)).

Analytical fitting of data

The FRET titration data were fit using Kaleidagraph (Synergy
Software) and the Hill equation,

y � a � b � � �Flo � EP40�
N


K1/ 2
N � �Flo � EP40�

N�� (Eq. 4)

where y is the average corrected fluorescence intensity at 602–
612 nm of the fluorescence emission at each concentration of
Flo–EP40 ([Flo–EP40]), K1⁄2 is the concentration of Flo–EP40
where the average 602– 612-nm emission is half-maximal, and
N is the Hill coefficient, a measure of cooperativity. The con-
stants a and b are also fit and correspond to the fluorescence
baseline and scaling factor (to scale the term in brackets to the
arbitrary fluorescence units of y), respectively.

Global data fitting

Global data fitting was performed with Kintek Global Kinetic
Explorer version 6.2.170301 (Kintek Global Kinetic Explorer
Corp.) (26 –28). Data fitting equations and parameters for each
model and each data set used within a given model are provided
in the supporting information. Global fitting was performed
independently for each data set and each model. In addition,
within a global fitting, the scaling and baseline parameters were
fit individually for each timed reaction.

Fitting concentrations of species predicted by the simulation
to the experimentally determined FRET data required scaling
factors. First, a scheme was required to predict the degree of
FRET between fluorophores in run-on oligomers of SgrAI–
DNA complexes (ROO filaments). Distances between 5� ends
of the 40-bp DNA in the model of oligomerized SgrAI/PC DNA
(4) were measured using the molecular graphics software
PyMOL (PyMOL Molecular Graphics System, version 1.8.0.3,
Schrödinger, LLC.), and the efficiency of FRET was calculated
using the standard equation,

Efficiency �
1

�1 � � r

R0
�6� (Eq. 5)

where r is the distance between fluorophores, and R0 is a con-
stant for a given FRET pair (representing the distance giving
50% efficiency of FRET (25)). The R0 for fluorescein and rhod-
amine-X was assumed to be 51 Å, and r was estimated as the
distance between 5� ends of DNA in the molecular model (25).
The closest distances occurred between SgrAI–DNA com-
plexes 1–3 SgrAI–DNA complexes apart in the helix (Table 4).
The FRET efficiencies were then calculated to be 0.2 for the
adjacent SgrAI–DNA complex (ahead and/or behind), 0.12 for
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that two SgrAI–DNA complexes ahead (or behind), and 0.96
for that three SgrAI–DNA complexes ahead (or behind). To
predict the signal, a baseline constant plus factor was applied;
then for each predicted oligomer concentration, the various
FRET efficiencies were summed. For example, for the ROO
filament FRFFF (where F indicates SgrAI bound to Flo-labeled
DNA, i.e. Flo–ES40 or Flo–EP40, and R indicates SgrAI bound to
Rox-labeled DNA, i.e. Rox–ES40), two instances of a donor/
acceptor pair occur just adjacent to each other (FRFFF and
FRFFF), one instance of a donor and acceptor two SgrAI–DNA
complexes apart (FRFFF), and one instance of donor and accep-
tor three SgrAI–DNA complexes apart (FRFFF). To predict the
signal from this ROO filament, the corrected efficiency factor is
used, as well as a baseline and scaling factor to relate it to the
experimentally observed FRET signal.

Signal � baseline � 
scaling factor�

� �
2�
0.2� � 
1�
0.96�� � �FRFFF� (Eq. 6)

The equations used in global data fitting then require the sum-
mation of signals from each ROO filament.

Corrected intensity � baseline � (scaling factor)

� 
sum of signals for each oligomer� (Eq. 7)

Full equations for data fitting and fitted parameters are given in
the supporting information. Although Rox– 40-1 and Flo– 40-1
are singly labeled, they are expected to have an equal chance of
binding in either orientation, resulting in only a lessened signal
relative to doubly labeled DNA and accounted for in the fitted
scaling factor.

Several different models were used in the Kintek Global
Kinetic Explorer (Kintek GKE) software to simulate and fit the
experimental data. Because of the run-on oligomerization of
SgrAI–DNA complexes, the models describing their reactions
become quite complex (see Fig. S7 for combinations and per-
mutations of the association of SgrAI complexes). All combina-
tions and permutations of Flo- and Rox-labeled complexes
were modeled explicitly (up to 4- or 5-mers) with model 5EO
including up to 5-mers and models 4EO and 4BM for including
up to 4-mers. Another variable to be considered in the model is
whether the ROO filaments can break in the middle (as allowed
in model 4BM) or whether they dissociate only single SgrAI–
DNA complexes at either end, i.e. the ends-only mechanism
(model 5EO and 4EO). Similarly, in models where breaking in
the middle is allowed, the association of two ROO filaments of
any size may occur rather than association of only single SgrAI–
DNA complexes to either end of the ROO filaments as in the
ends-only models. Tables S1–S5 give Kintek GKE equations for
models and for simulating FRET signals.

All attempts were made to limit the number of fitted param-
eters. The models also assumed (unless otherwise stated) the
same rate constants for association and dissociation regardless
of the size of oligomers involved; hence they assume that there
is no cooperativity in ROO filament formation (i.e. the binding
of a SgrAI–DNA complex to a ROO filament with two SgrAI–
DNA complexes is the same as adding to one with three, and so
on). The forward and reverse rate constants for association of

two PC DNA molecules, and binding of SgrAI of self-annealed
PC DNA or 40-1, were also fit but constrained by measured or
estimated KD (which constrained the ratio of the reverse to the
forward rate constant). Kintek GKE provided measures of the
quality of the fit for each model in the form of the sigma with
respect to the fit, the �2, and �2/DoF.

Error analysis

The FitSpace module of Kintek GKE was used to determine
boundaries (i.e. error limits) for fitted rate constants at the rec-
ommended 0.9 and 0.95 �2 threshold (28). FitSpace varies the
rate constants systematically while simultaneously fitting all
other parameters and recalculating �2, a measure of how well
the simulated curves match the experimental data (i.e. the sum
of the squares of the residuals, and a smaller number indicates a
better fit). Values for the rate constants resulting in a �2 equal to
or less than the minimum �2 * (0.9)	1 are considered within the
0.9 �2 threshold, and �2 values equal to or less than the mini-
mum �2 * (0.95)	1 are considered within the 0.95 �2 threshold.

Simulations of ROO filament size distribution to test for
cooperativity

For example, if the rate constant for dissociation is 0.017 s	1,
and X is 1.5, then the dissociation of a SgrAI–DNA complex
from an ROO filament is 0.017 s	1 when the ROO filament is
composed of two SgrAI–DNA complexes, 0.017/1.5 s	1 when
composed of three SgrAI–DNA complexes, (0.017/(1.5)2) s	1

when composed of four SgrAI–DNA complexes, and (0.017/
(1.5)3) s	1 when composed of five SgrAI–DNA complexes. No
further reductions in rate constant were made past this number
of SgrAI–DNA complexes, although ROO filaments as large as
14 SgrAI–DNA complexes were modeled using model EM
(Table S6). Rate constants used in model EM are those from
model 4BM with Data Set 3 (Table 6).

Author contributions—C. K. P., J. L. S., and N. C. H. supervision;
C. K. P., J. L. S., C. B., L. E. B., J. S., C. H., and N. C. H. investigation;
C. K. P., J. L. S., C. B., L. E. B., C. H., and N. C. H. writing-review and
editing; N. C. H. conceptualization; N. C. H. resources; N. C. H. data
curation; N. C. H. formal analysis; N. C. H. funding acquisition;
N. C. H. validation; N. C. H. visualization; N. C. H. methodology;
N. C. H. writing-original draft; N. C. H. project administration.

References
1. Stern, A., and Sorek, R. (2011) The phage-host arms race: shaping the

evolution of microbes. Bioessays 33, 43–51 CrossRef Medline
2. Bitinaite, J., and Schildkraut, I. (2002) Self-generated DNA termini relax

the specificity of SgrAI restriction endonuclease. Proc. Natl. Acad. Sci.
U.S.A. 99, 1164 –1169 CrossRef Medline

3. Park, C. K., Stiteler, A. P., Shah, S., Ghare, M. I., Bitinaite, J., and Horton,
N. C. (2010) Activation of DNA cleavage by oligomerization of DNA-
bound SgrAI. Biochemistry 49, 8818 – 8830 CrossRef Medline

4. Lyumkis, D., Talley, H., Stewart, A., Shah, S., Park, C. K., Tama, F., Potter,
C. S., Carragher, B., and Horton, N. C. (2013) Allosteric regulation of DNA
cleavage and sequence-specificity through run-on oligomerization. Struc-
ture 21, 1848 –1858 CrossRef Medline

5. O’Connell, J. D., Tsechansky, M., Royal, A., Boutz, D. R., Ellington, A. D.,
and Marcotte, E. M. (2014) A proteomic survey of widespread protein
aggregation in yeast. Mol. Biosyst. 10, 851– 861 CrossRef Medline

Run-on oligomer filament assembly kinetics

J. Biol. Chem. (2018) 293(38) 14585–14598 14597

http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://www.jbc.org/cgi/content/full/RA118.003680/DC1
http://dx.doi.org/10.1002/bies.201000071
http://www.ncbi.nlm.nih.gov/pubmed/20979102
http://dx.doi.org/10.1073/pnas.022346799
http://www.ncbi.nlm.nih.gov/pubmed/11818524
http://dx.doi.org/10.1021/bi100557v
http://www.ncbi.nlm.nih.gov/pubmed/20836535
http://dx.doi.org/10.1016/j.str.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24055317
http://dx.doi.org/10.1039/c3mb70508k
http://www.ncbi.nlm.nih.gov/pubmed/24488121


6. Barry, R. M., and Gitai, Z. (2011) Self-assembling enzymes and the origins
of the cytoskeleton. Curr. Opin. Microbiol. 14, 704 –711 CrossRef Medline

7. Liu, J. L. (2016) The cytoophidium and its kind: filamentation and com-
partmentation of metabolic enzymes. Annu. Rev. Cell Dev. Biol. 32,
349 –372 CrossRef Medline

8. Shen, Q.-J., Kassim, H., Huang, Y., Li, H., Zhang, J., Li, G., Wang, P.-Y.,
Yan, J., Ye, F., and Liu, J.-L. (2016) Filamentation of metabolic enzymes in
Saccharomyces cerevisiae. J. Genet. Genomics 43, 393– 404 CrossRef
Medline

9. Narayanaswamy, R., Levy, M., Tsechansky, M., Stovall, G. M., O’Connell,
J. D., Mirrielees, J., Ellington, A. D., and Marcotte, E. M. (2009) Wide-
spread reorganization of metabolic enzymes into reversible assemblies
upon nutrient starvation. Proc. Natl. Acad. Sci. U.S.A. 106, 10147–10152
CrossRef Medline

10. Werner, J. N., Chen, E. Y., Guberman, J. M., Zippilli, A. R., Irgon, J. J., and
Gitai, Z. (2009) Quantitative genome-scale analysis of protein localization
in an asymmetric bacterium. Proc. Natl. Acad. Sci. U.S.A. 106, 7858 –7863
CrossRef Medline

11. Noree, C., Sato, B. K., Broyer, R. M., and Wilhelm, J. E. (2010) Identifica-
tion of novel filament-forming proteins in Saccharomyces cerevisiae and
Drosophila melanogaster. J. Cell Biol. 190, 541–551 CrossRef Medline

12. Liu, J. L. (2010) Intracellular compartmentation of CTP synthase in Dro-
sophila. J. Genet. Genomics 37, 281–296 CrossRef Medline

13. Suresh, H. G., da Silveira Dos Santos, A. X., Kukulski, W., Tyedmers, J.,
Riezman, H., Bukau, B., and Mogk, A. (2015) Prolonged starvation drives
reversible sequestration of lipid biosynthetic enzymes and organelle reor-
ganization in Saccharomyces cerevisiae. Mol. Biol. Cell 26, 1601–1615
CrossRef Medline

14. Park, C. K., Joshi, H. K., Agrawal, A., Ghare, M. I., Little, E. J., Dunten,
P. W., Bitinaite, J., and Horton, N. C. (2010) Domain swapping in allosteric
modulation of DNA specificity. PLoS Biol. 8, e1000554 CrossRef Medline

15. Korennykh, A. V., Egea, P. F., Korostelev, A. A., Finer-Moore, J., Zhang, C.,
Shokat, K. M., Stroud, R. M., and Walter, P. (2009) The unfolded protein
response signals through high-order assembly of Ire1. Nature 457,
687– 693 CrossRef Medline

16. Kim, C. W., Moon, Y. A., Park, S. W., Cheng, D., Kwon, H. J., and Horton,
J. D. (2010) Induced polymerization of mammalian acetyl-CoA carboxyl-
ase by MIG12 provides a tertiary level of regulation of fatty acid synthesis.
Proc. Natl. Acad. Sci. U.S.A. 107, 9626 –9631 CrossRef Medline

17. Lynch, E. M., Hicks, D. R., Shepherd, M., Endrizzi, J. A., Maker, A., Han-
sen, J. M., Barry, R. M., Gitai, Z., Baldwin, E. P., and Kollman, J. M. (2017)
Human CTP synthase filament structure reveals the active enzyme con-
formation. Nat. Struct. Mol. Biol. 24, 507–514 CrossRef Medline

18. Shah, S., Sanchez, J., Stewart, A., Piperakis, M. M., Cosstick, R., Nichols, C.,
Park, C. K., Ma, X., Wysocki, V., Bitinaite, J., and Horton, N. C. (2015)
Probing the run-on oligomer of activated SgrAI bound to DNA. PLoS One
10, e0124783 CrossRef Medline

19. Moineau, S., Pandian, S., and Klaenhammer, T. R. (1993) Restriction/
modification systems and restriction endonucleases are more effective on
lactococcal bacteriophages that have emerged recently in the dairy indus-
try. Appl. Environ. Microbiol. 59, 197–202 Medline

20. Lee, S., Ward, T. J., Siletzky, R. M., and Kathariou, S. (2012) Two novel type
II restriction-modification systems occupying genomically equivalent lo-
cations on the chromosomes of Listeria monocytogenes strains. Appl. En-
viron. Microbiol. 78, 2623–2630 CrossRef Medline

21. Kasarjian, J. K., Iida, M., and Ryu, J. (2003) New restriction enzymes dis-
covered from Escherichia coli clinical strains using a plasmid transforma-
tion method. Nucleic Acids Res. 31, e22 CrossRef Medline

22. Dunten, P. W., Little, E. J., Gregory, M. T., Manohar, V. M., Dalton, M.,
Hough, D., Bitinaite, J., and Horton, N. C. (2008) The structure of SgrAI
bound to DNA; recognition of an 8 base pair target. Nucleic Acids Res. 36,
5405–5416 CrossRef Medline

23. Little, E. J., Dunten, P. W., Bitinaite, J., and Horton, N. C. (2011) New clues
in the allosteric activation of DNA cleavage by SgrAI: structures of SgrAI
bound to cleaved primary-site DNA and uncleaved secondary-site DNA.
Acta Crystallogr. D Biol. Crystallogr. 67, 67–74 CrossRef Medline

24. Park, C. K., Sanchez, J. L., Barahona, C., Basantes, L. E., Sanchez, J., Her-
nandez, C., and Horton, N. C. (2018) The run-on oligomer filament en-
zyme mechanism of SgrAI: Part 2. kinetic modeling of the full DNA cleav-
age pathway. J. Biol. Chem. 293, 14599 –14615 CrossRef Medline

25. Lakowicz, J. R. (2006) Principles of Fluorescence Spectroscopy, 3rd ed.,
Springer, New York

26. Johnson, K. A., Simpson, Z. B., and Blom, T. (2009) Global Kinetic Ex-
plorer: a new computer program for dynamic simulation and fitting of
kinetic data. Anal. Biochem. 387, 20 –29 CrossRef Medline

27. Johnson, K. A. (2009) Fitting enzyme kinetic data with KinTek Global
Kinetic Explorer. Methods Enzymol. 467, 601– 626 CrossRef Medline

28. Johnson, K. A., Simpson, Z. B., and Blom, T. (2009) FitSpace explorer: an
algorithm to evaluate multidimensional parameter space in fitting kinetic
data. Anal. Biochem. 387, 30 – 41 CrossRef Medline

29. Kleinschmidt, A. K., Moss, J., and Lane, D. M. (1969) Acetyl coenzyme A
carboxylase: filamentous nature of the animal enzymes. Science 166,
1276 –1278 CrossRef Medline

30. Meredith, M. J., and Lane, M. D. (1978) Acetyl-CoA carboxylase: evidence
for polymeric filament to protomer transition in the intact avian liver cell.
J. Biol. Chem. 253, 3381–3383 Medline

31. Beaty, N. B., and Lane, M. D. (1983) Kinetics of activation of acetyl-CoA
carboxylase by citrate: relationship to the rate of polymerization of the
enzyme. J. Biol. Chem. 258, 13043–13050 Medline

32. Schmitt, D. L., Cheng, Y. J., Park, J., and An, S. (2016) Sequestration-
mediated downregulation of de novo purine biosynthesis by AMPK. ACS
Chem. Biol. 11, 1917–1924 CrossRef Medline

33. Zaganjor, E., Spinelli, J. B., and Haigis, M. C. (2017) Strength in numbers:
phosphofructokinase polymerization prevails in the liver. J. Cell Biol. 216,
2239 –2241 CrossRef Medline

34. Prouteau, M., Desfosses, A., Sieben, C., Bourgoint, C., Lydia Mozaffari, N.,
Demurtas, D., Mitra, A. K., Guichard, P., Manley, S., and Loewith, R.
(2017) TORC1 organized in inhibited domains (TOROIDs) regulate
TORC1 activity. Nature 550, 265–269 CrossRef Medline

35. O’Connell, J. D., Zhao, A., Ellington, A. D., and Marcotte, E. M. (2012)
Dynamic reorganization of metabolic enzymes into intracellular bodies.
Annu. Rev. Cell Dev. Biol. 28, 89 –111 CrossRef Medline

36. Vajjhala, P. R., Ve, T., Bentham, A., Stacey, K. J., and Kobe, B. (2017) The
molecular mechanisms of signaling by cooperative assembly formation in
innate immunity pathways. Mol. Immunol. 86, 23–37 CrossRef Medline

37. Aughey, G. N., Grice, S. J., Shen, Q. J., Xu, Y., Chang, C. C., Azzam, G.,
Wang, P. Y., Freeman-Mills, L., Pai, L. M., Sung, L. Y., Yan, J., and Liu, J. L.
(2014) Nucleotide synthesis is regulated by cytoophidium formation dur-
ing neurodevelopment and adaptive metabolism. Biol. Open 3, 1045–1056
CrossRef Medline

38. Petrovska, I., Nuske, E., Munder, M. C., Kulasegaran, G., Malinovska, L.,
Kroschwald, S., Richter, D., Fahmy, K., Gibson, K., Verbavatz, J. M., and
Alberti, S. (2014) Filament formation by metabolic enzymes is a specific
adaptation to an advanced state of cellular starvation. Elife 3, e02409
CrossRef Medline

39. An, S., Kumar, R., Sheets, E. D., and Benkovic, S. J. (2008) Reversible
compartmentalization of de novo purine biosynthetic complexes in living
cells. Science 320, 103–106 CrossRef Medline

40. Ma, X., Shah, S., Zhou, M., Park, C. K., Wysocki, V. H., and Horton, N. C.
(2013) Structural analysis of activated SgrAI–DNA oligomers using ion
mobility mass spectrometry. Biochemistry 52, 4373– 4381 CrossRef
Medline

41. Barry, R. M., Bitbol, A. F., Lorestani, A., Charles, E. J., Habrian, C. H.,
Hansen, J. M., Li, H. J., Baldwin, E. P., Wingreen, N. S., Kollman, J. M., and
Gitai, Z. (2014) Large-scale filament formation inhibits the activity of CTP
synthetase. Elife 3, e03638 Medline

42. Li, J., McQuade, T., Siemer, A. B., Napetschnig, J., Moriwaki, K., Hsiao,
Y. S., Damko, E., Moquin, D., Walz, T., McDermott, A., Chan, F. K., and
Wu, H. (2012) The RIP1/RIP3 necrosome forms a functional amyloid
signaling complex required for programmed necrosis. Cell 150, 339 –350
CrossRef Medline

43. Fasman, G. D. (1975) CRC Handbook of Biochemistry and Molecular Bi-
ology, 3rd ed., CRC, Cleveland, OH

Run-on oligomer filament assembly kinetics

14598 J. Biol. Chem. (2018) 293(38) 14585–14598

http://dx.doi.org/10.1016/j.mib.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22014508
http://dx.doi.org/10.1146/annurev-cellbio-111315-124907
http://www.ncbi.nlm.nih.gov/pubmed/27362644
http://dx.doi.org/10.1016/j.jgg.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27312010
http://dx.doi.org/10.1073/pnas.0812771106
http://www.ncbi.nlm.nih.gov/pubmed/19502427
http://dx.doi.org/10.1073/pnas.0901781106
http://www.ncbi.nlm.nih.gov/pubmed/19416866
http://dx.doi.org/10.1083/jcb.201003001
http://www.ncbi.nlm.nih.gov/pubmed/20713603
http://dx.doi.org/10.1016/S1673-8527(09)60046-1
http://www.ncbi.nlm.nih.gov/pubmed/20513629
http://dx.doi.org/10.1091/mbc.e14-11-1559
http://www.ncbi.nlm.nih.gov/pubmed/25761633
http://dx.doi.org/10.1371/journal.pbio.1000554
http://www.ncbi.nlm.nih.gov/pubmed/21151881
http://dx.doi.org/10.1038/nature07661
http://www.ncbi.nlm.nih.gov/pubmed/19079236
http://dx.doi.org/10.1073/pnas.1001292107
http://www.ncbi.nlm.nih.gov/pubmed/20457939
http://dx.doi.org/10.1038/nsmb.3407
http://www.ncbi.nlm.nih.gov/pubmed/28459447
http://dx.doi.org/10.1371/journal.pone.0124783
http://www.ncbi.nlm.nih.gov/pubmed/25880668
http://www.ncbi.nlm.nih.gov/pubmed/16348842
http://dx.doi.org/10.1128/AEM.07203-11
http://www.ncbi.nlm.nih.gov/pubmed/22327591
http://dx.doi.org/10.1093/nar/gng022
http://www.ncbi.nlm.nih.gov/pubmed/12595571
http://dx.doi.org/10.1093/nar/gkn510
http://www.ncbi.nlm.nih.gov/pubmed/18701646
http://dx.doi.org/10.1107/S0907444910047785
http://www.ncbi.nlm.nih.gov/pubmed/21206063
http://dx.doi.org/10.1074/jbc.RA118.003682
http://www.ncbi.nlm.nih.gov/pubmed/30054273
http://dx.doi.org/10.1016/j.ab.2008.12.024
http://www.ncbi.nlm.nih.gov/pubmed/19154726
http://dx.doi.org/10.1016/S0076-6879(09)67023-3
http://www.ncbi.nlm.nih.gov/pubmed/19897109
http://dx.doi.org/10.1016/j.ab.2008.12.025
http://www.ncbi.nlm.nih.gov/pubmed/19168024
http://dx.doi.org/10.1126/science.166.3910.1276
http://www.ncbi.nlm.nih.gov/pubmed/5350320
http://www.ncbi.nlm.nih.gov/pubmed/25887
http://www.ncbi.nlm.nih.gov/pubmed/6138355
http://dx.doi.org/10.1021/acschembio.6b00039
http://www.ncbi.nlm.nih.gov/pubmed/27128383
http://dx.doi.org/10.1083/jcb.201706005
http://www.ncbi.nlm.nih.gov/pubmed/28716843
http://dx.doi.org/10.1038/nature24021
http://www.ncbi.nlm.nih.gov/pubmed/28976958
http://dx.doi.org/10.1146/annurev-cellbio-101011-155841
http://www.ncbi.nlm.nih.gov/pubmed/23057741
http://dx.doi.org/10.1016/j.molimm.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28249680
http://dx.doi.org/10.1242/bio.201410165
http://www.ncbi.nlm.nih.gov/pubmed/25326513
http://dx.doi.org/10.7554/eLife.02409
http://www.ncbi.nlm.nih.gov/pubmed/24771766
http://dx.doi.org/10.1126/science.1152241
http://www.ncbi.nlm.nih.gov/pubmed/18388293
http://dx.doi.org/10.1021/bi3013214
http://www.ncbi.nlm.nih.gov/pubmed/23742104
http://www.ncbi.nlm.nih.gov/pubmed/25030911
http://dx.doi.org/10.1016/j.cell.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22817896

	The run-on oligomer filament enzyme mechanism of SgrAI: Part 1. Assembly kinetics of the run-on oligomer filament
	Results
	Overview of methodology
	FRET titration showing ROO filament formation
	Data Set 1: Approach to equilibrium of filament assembly containing only uncleaved DNA (i.e. Rox–ES40 + Flo–ES40)
	Data Sets 2 and 3: Approach to equilibrium of filament assembly with both uncleaved and precleaved DNA (Rox–ES40 + Flo–EP40) and with and without Ca2+
	Simulation of EM distribution
	Tests for evidence of cooperativity in models

	Discussion
	Cooperativity in ROO filament formation
	ROO filament growth mechanism and effect of Ca2+
	Biological relevance

	Experimental procedures
	Protein preparation
	DNA preparation
	FRET titration of ROO filaments
	FRET kinetic measurements
	Analytical fitting of data
	Global data fitting
	Error analysis
	Simulations of ROO filament size distribution to test for cooperativity

	References


