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ABSTRACT: Enzyme polymerization (also known as filamenta- ~ oNAciavageReactions ConformationalEquibria "G NERSON  tanate tmmuniy
tion) has emerged as a new layer of enzyme regulation. SgrAl is a . L0
sequence-dependent DNA endonuclease that forms polymeric - _}C
filaments with enhanced DNA cleavage activity as well as altered % ‘ {)
DNA sequence specificity. To better understand this unusual =
regulatory mechanism, full global kinetic modeling of the reaction "';‘.f,‘;;.".‘;’;:';’.‘i.?,’;"

pathway, including the enzyme filamentation steps, has been 5@)
undertaken. Prior work with the primary DNA recognition

sequence cleaved by SgrAl has shown how the kinetic rate ; (}\J
constants of each reaction step are tuned to maximize activation /

and DNA cleavage while minimizing the extent of DNA cleavage

to the host genome. In the current work, we expand on our prior study by now including DNA cleavage of a secondary recognition
sequence, to understand how the sequence of the bound DNA modulates filamentation and activation of SgrAl. The work shows
that an allosteric equilibrium between low and high activity states is modulated by the sequence of bound DNA, with primary
sequences more prone to activation and filament formation, while SgrAI bound to secondary recognition sequences favor the low
(and nonfilamenting) state by up to 40-fold. In addition, the degree of methylation of secondary sequences in the host organism,
Streptomyces griseus, is now reported for the first time and shows that as predicted, these sequences are left unprotected from the
SgrAl endonuclease making sequence specificity critical in this unusual filament-forming enzyme.

B INTRODUCTION assemblies remains an important question. Some hypotheses
include rapid activation or inactivation of enzymatic activity,
modulation of allosteric responses, storage and protection from
autophagy, control of cellular localization, and/or buffering of

The formation of linear, helical, or cylindrical polymers (i.e.,
molecular filaments) by metabolic enzymes was discovered
over 40 years ago but has not been appreciated as a widespread

phenomenon, or as a mechanism of enzyme regulation, until enzyme activity in cells.”"** While the structures of these
relatively recently. Early studies in the 1970s with various filamentous enzymes are now being revealed,”* ™™ including
enzymes purified from their natural sources demonstrated for the SgrAl SYStem;34_36 far fewer studies have been
oligomerization/polymerization using a variety of biophysical performed to determine the underlying kinetic mechanisms
methods.'™'* Few further studies on this phenomenon were of the phenomenon.

performed until fluorescence microscopy showed unexpectedly SgrAl is a sequence-specific double-stranded DNA endonu-
that many different cellular enzymes form various super- clease from Streptomyces griseus (a type II restriction
structures within cells, which are also known as filaments or endonuclease, type II REs). In the absence of DNA, SgrAl is
cytoophidia."* " In some (but certainly not all) cases, it is a homodimer composed of two identical 37 kDa chains, each
suspected that the formation of polymeric filaments by with a single active site.”” The enzyme binds its recognition
particular enzymes stlmulates the formation of these large sequences in double-stranded DNA with nanomolar affinity
cellular self-assemblies.”’ Altogether, more than 80 distinct and in a 1:1 (DNA duplex):(SgrAl dimer) ratio, giving rise to
proteins are known to form such structures in cells and more the DNA-bound SgrAl dimer (DBD), which is capable of

than 30 that form polymeric filaments in vitro.” These
enzymes derive from bacteria, plants, yeast, flies, and human®
and participate in diverse pathways such as carbohydrate,
amino acid, fatty acid, and nucleic acid metabolism, as well as
in translation, innate immunity, and signaling, among others.””
Hence, the phenomenon of enzyme self-assembly (molecular
and cellular) is widespread, found in diverse cell types, across
all domains of life, and in diverse cellular pathways. Why these
enzymes form polymeric filaments and/or cellular self-

making endonucleolytic cleavages in each strand of duplex
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Figure 1. Filamentous form of SgrAl, the DNA bound SgrAl dimer (DBD), and conformational differences between low and high activity states.
(A) Filamentous form of SgrAI bound to primary site DNA (PDB entry 7SSS). Each DNA-bound SgrAl dimer (DBD) is colored dark magenta,
red, yellow, or teal. Successive DBDs assemble in a left-handed helical fashion with 85.8° rotation and 21.2 A translation from the DBD before.
Black boxed regions show contacts between the flanking DNA of one DBD and two neighboring DBD. (B) A single DBD from the filament is
colored to show the individual chains of the SgrAI homodimer (dark magenta, pink) and bound DNA (blue). (C) Comparison of the low activity L
state (white/gray, PDB entry 3DVO) and the high activity H state (white/magenta, PDB entry 7SSS) conformations shows an 11° difference in
intersubunit rotation. DNA from the H state shown in blue. (D) L (gray, left panel) and H (magenta, right panel) arrangements in DNA cleavage
active sites. The subunit rotation of the H state results in creation of a second Mg** binding site, which likely accelerates the DNA cleavage reaction
(arrow shows shift of SgrAl segment). Green, Mg?*, dark blue, nucleophile (water or hydroxide), light blue, water molecule linking the new Mg>*
ion to a structurally altered segment of SgrAl (pink arrow). The black arrows indicate the attack on the phosphorus atom by the nucleophile
(straight arrow) and bond breakage (curved arrow) steps of the DNA cleavage reaction. (E) Base stacking between the second and third
nucleotides of the recognition sequence differs between L (gray) and H (magenta) states. All atoms of the bases in the G6:C3’ base pair were used
in the superposition. Arrows shown to emphasize the shift in the base positions.

DNA.>" SgrAl cleaves two types of recognition sequences: cleavage rate of SgrAl in the filament, compared to its
primary sequences, CRICCGGYG (where R=A or Gand Y = nonfilamentous form, has been measured to be 200-fold in the
C or T, and | denotes cleavage site) and secondary, CCl case of the primary sequence and up to 1000-fold in the case of
CCGGYG or DRICCGGYG (where D = A, G, or T).>** secondary (this larger effect is mainly due to the exceedingly
Initial observations showed that SgrAl cleaves its primary slow cleavage rate of secondary sequences by nonfilamentous
recognition sequences slowly when present in only a single SgrAl).””*” Interestingly, both uncleaved and cleaved forms of
copy on a DNA molecule but considerably faster when present the primary recognition sequence activate SgrAl and induce
in two or more copies.”’ In addition, SgrAI was observed to filamentation to similar degrees, provided that these sequences
cleave secondary sequences but only when a primary sequence are embedded within a double-stranded molecule with
was also present on the same DNA molecule.’”® DNA cleavage sufficient base pairs flanking either side of the recognition
reaction measurements using oligonucleotides containing only sequence.”””’ ™" Such flanking sequences are important for
a single copy of a recognition sequence showed that these stabilizing contacts between SgrAl in the filament (Figure
effects could be reproduced in trans but are dependent on the 1A,B).
concentration of SgrAl bound to the primary recognition Structures of SgrAl bound to DNA have been solved in
sequence. Subsequent studies showed that SgrAl bound to filamentous forms (the high activity or H state, or in prior
primary sequences nucleate filaments (Figure 1A,B), which work, the R state), and in the nonfilamentous, dimeric state
stabilize an altered conformation of SgrAl with activated DNA (the low activity or L state, or in prior work, the T
cleavage activity.”**>*7*' SgrAl bound to the secondary state).***>*>** Comparison of the representative L and H
sequences do not form filaments on their own but will join states shows an 11° rotation of one chain of the dimer relative
filaments nucleated by SgrAl bound to the primary sequence to the other along an axis roughly perpendicular to the bound
and thereby become activated.”” The increase in the DNA DNA helical axis** (Figure 1C). To accommodate this
327 https://doi.org/10.1021/acs.biochem.3c00313
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Figure 2. SgrAl mechanism schematics and experimental approach. (A) Schematic showing how SgrAl bound to a primary site sequence (blue)
stimulates filamentation, which can incorporate SgrAI bound to a secondary site sequence (yellow); however, SgrAl bound to the secondary site
sequence does not stimulate filament formation itself. (B) Allosteric equilibrium and filamentation mechanism. The low DNA cleavage activity L
state (gray) is more stable than the high activity H state (magenta). Only the H state forms filaments, thereby stabilizing the H state conformation.
(C) Diagram illustrating how DNA cleavage reactions were measured. The reporter (Flo-26M-2-Rox) and activator DNA are mixed, and SgrAl is
added to initiate the cleavage reaction. SgrAl rapidly binds both DNAs, and binding to the reporter DNA results in quenching of the Flo emission.
Filament formation proceeds, resulting in activated, rapid cleavage of the reporter DNA. Filaments dissociate, allowing the cleaved reporter DNA to
dissociate from SgrAl, upon which unquenching of the Flo emission occurs. Independent of filament formation, reporter DNA can also be cleaved
by SgrAl although this occurs slowly (~0.0009 s™!).”” The PAGE assay measures the amount of all cleaved DNA at different times after initiation
of the reaction, regardless of whether that cleaved DNA is still bound to SgrAl or within filaments.

intersubunit rotation, residues at the dimeric interface adopt
new orientations, which propagate to the active site where
DNA cleavage takes place.”* These shifts create a new binding
pocket for a second divalent cation immediately adjacent to the
scissile phosphate (i.e,, the moiety containing the phospho-
diester bond to be cleaved) in each active site (Figure 1D).***
The nonfilamentous structure (the L state, left panel, Figure
1D) shows binding of only a single divalent cation near the
DNA; however, two are expected in the two-metal ion
mechanism for DNA cleavage.M_46 Therefore, the second
divalent cation that binds only in the filamentous conformation
(the H state, right panel, Figure 1D) is expected to be the
origin of the accelerated DNA cleavage activity of SgrAlL The
conformational change that creates this binding pocket appears
to be stabilized via interactions with neighboring DBD in the
filament.**™*° Hence, filamentation stabilizes this activated (H
state) conformation of SgrAl, which positions a second
divalent cation near the DNA leading to rapid DNA cleavage.*®

In addition to changes in the structure of SgrAl and the
SgrAI-DNA interface, differences in the structure of the bound
DNA between the L and H states were also observed.** One
change that appears especially relevant for the differences in
behavior with primary and secondary recognition sequences is
a change in base stacking between the second and third
nucleotides of the bound recognition sequence (Figure 1E).
One of the two types of secondary sequence contains a
substitution in the second base pair (ie, CCCCGGYG) and
hence would be impacted by this change in structure.

We also previously conducted a full kinetic analysis to create
a computation model for the reaction pathway of primary
sequence cleavage by SgrAL*>*”*® The model is complete with
rate constants for each step of the reaction pathway including
filament formation, accelerated DNA cleavage, and filament
disassembly. The rate constants derived from global data fitting
revealed some unexpected properties of the filament-forming
mechanism, which we hypothesize are important for the
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biological function of SgrA1.22’47’48 For example, the model
showed that the assembly of DNA-bound SgrAl complexes
(i.e, DBD) into filaments is slow and can be rate limiting
under low concentrations of DBD. However, when DBD
concentrations are high, assembly into filaments followed by
DNA cleavage (which is 10—40 times faster than filament
disassembly) is rapid. The computational model also allowed
for modeling conditions within the cell, which show how local
concentrations of sites on the same contiguous DNA induce
filament formation and DNA cleavage.””* The term “local
concentration” refers to the concentration that molecules
tethered in close proximity experience (as if they were
contained together in a smaller volume determined by the
tethering), which is typically much higher than the actual
concentration of the molecules.”” Hence, independent copies
of SgrAl bound to different sites on the same DNA molecule
are trapped in a smaller volume and are therefore more likely
to collide than if bound to separate DNA molecules and are
also more likely to form filaments. This effect is important
since only primary sites on invading phage DNA will be
available for SgAI binding and therefore SgrAl filaments will
only form on the invading DNA. Since filamentation also leads
to cleavage at the secondary sequences, which are not
protected on the host genome (as shown herein for first
time), sequestering SgrAl via filamentation on the invading
phage is then important for both rapid cleavage of the
additional secondary site sequences on the phage DNA and
preventing harmful DNA cleavages on the host genome.””
Because SgrAl cleaves secondary sequences only in the
presence of primary, our model predicts that this is due to the
inability of SgrAl bound to secondary sequences to nucleate
filamentation (Figure 2A). We reason that binding to the
secondary sequences favors the conformation of the enzyme
with low DNA cleavage activity, which does not readily form
filaments (i.e., the L state, Figure 2B). In order to test this
hypothesis, a full kinetic analysis of the cleavage of secondary

https://doi.org/10.1021/acs.biochem.3c00313
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site sequences by SgrAl was performed and described herein.
As before, in studies with primary sequence (ak.a. primary
site) DNA,*”** two approaches to measure DNA cleavage in
the presence of varying concentrations of activator DNA (a
precleaved 40 bp primary site, which induces filamentation)
were used. The data were then fit to a computational model
developed previously for SgrAl cleavage of the primary
sequence,47’48 using the same rate constants, but with one
important difference. To account for the slower cleavage of
secondary sequences by SgrAl, and consistent with our
hypothesis that the base pair substitutions in the secondary
sequences alter the energy landscape of the L and H
conformations of the SgrAI/DNA complexes, a new
mechanistic step was included that corresponds to the
equilibrium between the L and H conformations in the
SgrAI/DNA complex prior to filamentation. Fitting of the new
experimental data described herein to the modified mecha-
nistic model, combined with other considerations, showed that
the secondary sequence shifts the L/H equilibrium toward the
L state by a factor of up to 40-fold, compared to that for
primary site-bound SgrAl. We discuss the significance of this
value with respect to possible structural origins for this
preferential L state stability in SgrAI/DNA complexes
containing the secondary sequence.

B MATERIALS AND EXPERIMENTAL DETAILS

Methylation Analysis of S. griseus Genomic DNA.
Genomic DNA was isolated from S. griseus NEB1061
expressing the SgrAl RM system and used to make a standard
PacBio SMRTbell library.”" The library was sequenced on a
PacBio RSII instrument using P6/C4 chemistry yielding a
1068 Mb sequence and assembled into a complete
chromosome of 7,960,167 bp. Methylated motifs were
identified as previously described using RSII Modificatio-
n_and_motif analysis.1 within SMRT Analysis 2.3.0.°" Two
motifs having m6A methylation were identified with nearly
100% of the sites identified as modified, while the program
identified an unknown type of modification at just 29% of a
recognition motif that is a subset of the SgrAl motif of
CRCCGGYG. This result is typical for SmC detection by
PacBio sequencing, where the SmC methylation causes a slight
perturbation of the polymerase that results in a diffuse and
small kinetic signal that is difficult for the software to identify.

To better identify the location of SmC methylation in the
SgrA genome, the PacBio library was treated with TET2
enzyme (NEB E7130) to oxidize SmC (to ShmC to SfC) to
5caC to enhance the kinetic signal in PacBio sequencing.’
The TET2-treated library was then sequenced on the PacBio
RSII to generate 858 Mb of sequence, and modified motifs
were identified using the same software. The kinetic signature
for ScaC bases is typically largest at the base position two bases
5’ to ScaC (i.e., the original SmC modified base), with some
signal at the modified base. The correct CRCCGGYG
(primary recognition sequence) was clearly identified by the
software following TET oxidization, with the largest kinetic
signal on the C at position 1, indicating that native SgrAl
methylation modifies the C at position 3 in the recognition
motif: CRCmCGGYG. The data were further analyzed for the
kinetic signals at the two types of secondary sequence as well
as a noncognate sequence serving as the negative control.

Protein Purification. SgrAlI (UniProt ID
Q9F6L0_STRGR) was expressed with a C-terminal his tag
in Tuner (DE3) Escherichia coli , which also contained the
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pLysS plasmid (Novagen, Inc.) and the Mspl.LM expression
plasmid (pBAK.MsplI).* The protein was purified using Talon
metal affinity resin (Clontech, Inc.) followed by ion-exchange
FPLC using ion-exchange (HiPrep Heparin FF 16/10 column,
Cytiva) and size exclusion chromatography (Superdex 200 10/
300 GL, Cytiva). 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, some of which
possess a covalently linked 6-carboxyfluorescein (Flo)
connected to the 5’ phosphate via a trans-4-amino cyclo-
hexanol linker or 5(6)-carboxy-X-rhodamine connected to the
S’'phosphate via a 6-amino hexan-1-ol linker (Rox), were
prepared synthetically and purified (via HPLC or PAGE) from
a commercial source (Sigma—Genosys, Inc., or IDTDNA, Inc.).
The concentrations were measured spectrophotometrically,
with an extinction coefficient calculated from standard values
for the nucleotides and any relevant fluorophores.”” The self-
complementary DNA strands, or equimolar quantities of
complementary DNA, were annealed by heating to 90 °C for
10 min at a concentration of 0.1-1 mM, followed by slow
cooling to 4 °C over 4—S5 h in a thermocycler or heat block.
Sequences of the DNA used are shown below (recognition
sequences are shown in red, green font with yellow highlight
indicates secondary sequence substitution):

Reporter DNA. Flo-26M-2-Top: Flo-5'-AATATATAA-
CACCGGGGATAATATTA-3'

Rox-26M-2-Bot 3'-TTATATATTGTGGCCCCTATTA-
TAAT-5"-Rox

Activator PC DNA. PC-top 5'-GATGCGTGGGTCTTCA-
CA =3’

PC-bot 3'-CTACGCACCCAGAAGTGTGGCC-5’

Control and PAGE Marker DNA. Flo-26M-2-Top-Cut: Flo-
S’-AATATATAACA-3’

26M-2-Bot-Cut 3'-TTATATATTGTGGCC-5’

26M-2-Top-Cut: 5'-CCGGGGATAATATTA-3’

Rox-26M-2-Bot-Cut: 3'-CCTATTATAAT-5"-Rox

Equilibrium Dissociation Constant Measurements
Using Fluorescence Anisotropy. Titrations to determine
the equilibrium dissociation constant, Kp, of DNA strand
annealing as well as binding of SgrAl to the cleaved DNA
oligonucleotides were performed usin7g a fluorescence polar-
ization anisotropy (FPA) technique.”” Flo-labeled DNA (50
nM) was placed in 1.5 mL of reaction buffer without MgCl,
(50 mM Tris—HCI, 150 mM NaCl, 10% glycerol, 1 mM DTT,
pH 8.0 at room temperature), as noted, in a 2 mL cuvette. The
cuvette was kept at 25 °C using water circulation in the cuvette
holder from a temperature-controlled water bath. An ISS PC1
fluorimeter with polarizers and 0.5 mm slits was used to
measure the anisotropy of fluorescence emission at 520 nm
with excitation at 495 nm and constant stirring of the sample.
The anisotropy of the fluorescence signal was averaged over
100 s in 0.1 s measurements. The data were fit in GraphPad
Prism (GraphPad Software, Inc.) using the following equation:

A (—2—)

(Kp + X)

A=A, +(A

min max
where A is the anisotropy of a solution with the concentration
X of the titrant, A, and A, are the baseline and maximum
anisotropy with 0 and 100% binding, respectively, of the
species being titrated (ie., the SO0 nM DNA), and K, is the
equilibrium dissociation constant fit in the analysis.

https://doi.org/10.1021/acs.biochem.3c00313
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Single Turnover DNA Cleavage Assays Measured
with Fluorescence. Reactions were carried out in 1.5 mL of
reaction buffer with MgCl, (50 mM Tris—HCI, 150 mM NaCl,
10% glycerol, 10 mM MgCl,, 1 mM DTT, pH 8.0 at room
temperature) in a 2 mL cuvette with constant stirring at 25 °C.
Each reaction contained 50—100 nM Flo-26M-2-Rox and 0—1
UM unlabeled PC DNA and was initiated by the addition of
0.50—2.5 uM SgrAl. Fluorescence was measured with an ISS
PC1 fluorimeter with 495 nm excitation and emission
monitored at 520 nm emission via a monochromator and 1
mm (8 nm spectral width) slits. Intensity measurements were
taken in 0.1 ms readings and averaged over 10 iterations for
readings approximately every 1.1 s.

Single Turnover DNA Cleavage Measured with
Denaturing PAGE. Reactions were performed identically to
those described above; however, to measure the total amount
of cleaved DNA, aliquots of the reaction were taken at different
times after initiation (10 s to SO min) and mixed 1:1 with a
quench solution containing 80% formamide and 50 mM
EDTA. Aliquots were analyzed by electrophoresing on 20%
acrylamide (19:1 acrylamide:bis-acrylamide) gels containing 4
M urea and 1X TBE (89 mM Tris base, 89 mM boric acid, 2
mM EDTA) and scanned with a Pharos phosphoimager (Bio-
Rad, Inc.) for Flo and Rox fluorescent bands. Bands were
integrated for their intensity using ImageLab (BioRad, Inc.).
The percentage of DNA cleaved was calculated by dividing the
intensity of the cleaved DNA band by the sum of the
intensities of the cleaved and uncleaved DNA bands. This data,
as a function of time after initiation, was used in subsequent
analyses and data fitting,

Kinetic Modeling and Global Data Fitting. Global data
fitting was performed with Kintek Global Kinetic Explorer
version 6.3.180116 (Kintek Global Kinetic Explorer
Corp.).>*™*° The equations used in the model corresponding
to the reaction steps are provided in the Supporting
Information (Table S2). Each reaction step has a forward
and a reverse rate constant, which may be held fixed or allowed
to be fit by the software. Kintek Global Kinetic Explorer
(Kintek GKE) calculates the concentrations of each defined
species at a given time after initiation of the reaction by
numerically solving the differential equations for the forward
and reverse reactions of each mechanistic step, and estimated
concentrations of species initially derived from the starting
concentrations of reactants in each experiment.’*™>® The
experimental data are loaded into the software, and the
software adjusts the rate constants to find the best fit of the
simulated signal to the experimental data.

Normalization of the experimental data was performed to
allow equal weighting of all data sets during fitting. As
described in the Supporting Information, the change in the
fluorescein emission was found to be due to binding of the
reporter DNA by SgrAl. After cleavage by SgrAl, the cleaved
DNA is released and dissociates into cleaved half-sites, which
then further dissociates into single-stranded DNA. The
fluorescence from uncleaved, cleaved, and dissociated half-
site or single-stranded Flo-labeled DNA was found to be
essentially equivalent (see the Supporting Information, Figures
S1 and S2). Incorporation of reporter-bound SgrAl into
filaments also does not alter the Flo emission (see the
Supporting Information, Figure S3A). Hence, the initial drop
in Flo emission in reactions is due to binding of the DNA by
SgrAl, and the slow recovery is due to the release of cleaved
DNA from SgrAl, which remains dissociated as cleaved half-
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sites and/or its composite single strands. Some rebinding of
the cleaved DNA is likely to occur, although inclusion of this
process in the model had no effect on the final fitted rate
constants (see the Supporting Information and Figures S4 and
SS).

The simulated signal for reaction progression in the
fluorescence data sets was calculated using the simulated
concentrations of species from the model and fitted baseline
and scale factors:

signal = baseline + (scaling factor) X [free cleaved DNA]
(1)

where the “free cleaved DNA” is all versions of the cleaved
reporter DNA not bound to SgrAl, including the annealed
cleaved Flo-26M-2-Rox, the two dissociated but duplexed half-
sites, and their dissociated single strands.

In the case of the PAGE data, where the percentage of
cleaved DNA in the experimental data set is simulated by the
Kintek model, the simulated signal is calculated using

signal = baseline + (scaling factor)

X [cleaved reporter DNA]/[total reporter DNA]
2)

where “cleaved reporter DNA” and “total reporter DNA”
include all cleaved and total reporter DNA, respectively,
whether bound to SgrAl or not because SgrAl are denatured
prior to measuring the cleaved and uncleaved DNA in the
PAGE analysis.

Equations used for global data fitting are those used in the
prior study in the 4EO model,* with two exceptions. The first
is the inclusion of the conformational equilibrium step of
complexes of SgrAl bound to secondary sequences between
low (L state) and high (H state) activity conformations. The
second is the inclusion of a “backbinding” step allowing for
rebinding of the cleaved reporter DNA. As described in the
Supporting Information, this step had no effect on the final
derived rate constants (values tested range from 1 X 107 to 1
nM™ s7'). The rate constants derived in the prior study
(investigating the activated cleavage of the primary sequence in
a reporter DNA)* for all reactions steps, shown in Table 1,
were kept constant to allow for the estimation of the
equilibrium constant between the L and H states of SgrAl
when bound to the secondary recognition sequence.

The 4EO model* consists of the following features. Due to
the complexity of the formation of a potentially infinitely long
filament and the limitations of the approach to modeling the
reaction, filaments were necessarily limited to the size of four
SgrAI/DNA complexes (i.e., DBD). Previous studies showed
that this limitation provided the same estimates of rate
constants for each modeled step as a model with longer
filaments (up to five DBDs per filament), provided that the
concentrations of activator DNA were <1 yuM (as is the case
here).””* Upon addition of SgrAl to the reaction mixture
containing DNA, SgrAl binds to DNA in a 1:1 (SgrAl dimer)/
(DNA duplex) in a fast, reversible reaction. This binding
reaction is too fast to allow fitting of its forward and reverse
rate constants by the current experimental data. Therefore, its
forward rate constant is set to the diffusion limit of 1 nM ™" s™*
and its reverse rate constant calculated by the relevant
equilibrium dissociation constant measured previously.”” The
activator DNA, PC, is a precleaved 40 bp DNA, which
associates via its “sticky” ends (i.e., single-stranded 5’-CCGG-
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Table 1. Fixed and Fitted Rate Constants”

reaction forward rate

step reaction constant reverse rate constant

1 annealing of activator 0.02 nM™! 57! 8s7!
DNA

2 binding of SgrAl to 1 oM s 0.06 57!
activator DNA to
create DBD?

3 binding of SgrAlI to 1 oM™ 57! 0.26 57!
reporter DNA to
create DBDS

4 L/H equilibrium with 1.0 st 597! (54-665s7)"
DBD

R association of DBD® to 3.0 X 107* 0.017 s7!
DBD* nM ™' s

6 association of DBD® to 2.0 X 107* 0.08 s~
DBD* nM™' 57!

7 cleavage of DNA by 0.8 s~ 0s7'¢
DBD? in a filament

8 release of cleaved re- >0.4 57! ND“
porter DNA from
nonfilamented DBDS

9 cleavage of reporter 0.0009 s™* 0s!
DNA by nonfilamen-
tous DBD®

“Values in bold indicate those fit in the current work. All other values
derive from prior work. Y0.95 Chi® confidence boundary. “The step
was assumed to be irreversible and therefore the reverse rate constant
set to 0 s “Not determined: values between 1 X 107 and 1.0 nM™
s™! did not impact fitted rate constants.

3’ overhangs) and binds to SgrAl in a manner equivalent to an
uncleaved version to give DBDA and these steps are included
in the kinetic model, as described previously.””** SgrAl also
binds to the reporter DNA (Flo-26M-2-Rox) to produce
DBD®. Filaments are produced by the association of DBD*
with each other and/or with DBDS. In addition, each DBD
(DBD? and/or DBD®) has two interfaces, which each can
associate with another DBD; however, DBD® cannot associate
directly to another DBD®. The origin of this rule is in the
shorter DNA sequences on either side of the recognition
sequence of the reporter DNA; longer sequences such as those
in the activator DNA are necessary to stabilize contacts
between DBD in the filament (Figure 1A).>> Because each
DBD has two interfaces to bind to other DBD, and filaments
build by the sequential assembly of DBD to either end of the
filament and with few interactions to DBD beyond those
immediately before and after it in the filament, filaments can
grow via the addition of singular DBD at either end and
without cooperativity in binding (i.e, a DBD has the same
affinity for a filament of size 2 as it does for a filament of size
3).

Within the filament, the high activity (H state) conformation
of SgrAl is stabilized,” which cleaves DNA rapidly in an
irreversible step. Dissociation of DBD, including those DBD®
containing cleaved reporter DNA, occurs in a reversible
reaction with the same rate constants as association of DBD®
containing uncleaved DNA. Cleaved DNA can be dissociated
from SgrAl once the DBD is released from the filament, and
the cleaved DNA further dissociates into the two cleaved half-
sites and then into single strands. This latter step is greatly
favored and in prior studies was modeled as an irreversible
step. However, in this work, due to the longer DNA
oligonucleotide used (26 vs 18 bp in the prior study), some
reassociation and rebinding of this cleaved DNA to SgrAl was
found to occur (see the Supporting Information). Further
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analysis indicated that such “backbinding” does not affect the
globally fit rate constants (only the scaling factors for the free
cleaved DNA in the fitting of the fluorescence signals).

The new reaction step added in the current work to the 4EO
model previously developed,™ and described above, is the
equilibrium between the low activity (L state) and high activity
(H state) conformations of DBD®. When SgrAl initially binds
the reporter DNA (Flo-26M-2-Rox) containing the secondary
sequence, it is the low activity L state. This state will not cleave
DNA and will not assemble into filaments. It is also favored
over the H state, yet when the DBDS® does assume the H state,
it may join filaments where this H state is stabilized via
interactions with the other DBD of the filament. It was
assumed that the interconversion between conformations is
rapid; hence, a value of 1 s™* was set for the conversion of the
L to the H state. The reverse rate constant was allowed to vary
during global data fitting allowing the ratio of the two rate
constants to be determined.

Error Analysis. The Fitspace module of Kintek Global
Kinetic Explorer version 6.3.180116 was used to determine
boundaries (i.e., error limits) for fitted rate constants at the
recommended “0.95 j* threshold”.>* Fitspace varies the rate
constants systematically while simultaneously fitting all other
fitable parameters and recalculating 7, a measure of how well
the simulated curves match the experimental data (i.e., the sum
of the squares of the residuals, with a smaller number
indicating a better fit). Values for the rate constants giving a
x* withing 5% of the minimum y* were considered within the
0.95 y* threshold.

Calculation of R? between Simulated Signal and
Experimental Data. Microsoft Excel (Microsoft, Inc.) was
used to calculate R* between the simulated signal from Kintek
modeling and the experimental data. Linear interpolation using
the INDEX and MATCH commands was used to determine
the dependent variable value (i.e., the simulation data value) to
match the exact dependent variable value (i.e., time in
seconds) of the experimental data set, and then the RSQ
function was used to calculate the R%

B RESULTS

Single Turnover DNA Cleavage Reactions. DNA
cleavage reactions were measured using two types of reactions
(summarized in Figure 2C). The first assay measures the
changes in the fluorescence signal of a fluorophore-labeled
reporter DNA (containing the secondary sequence) as a
function of time after the initiation of the reaction (by the
addition of SgrAl) (green, Figure 2C). The second assay
measures the percentage of reporter DNA cleaved at various
times after reaction initiation using denaturing gel electro-
phoresis (purple, Figure 2C). These two assays provide unique
information on the reaction, because they report on a distinct
set of steps of the reaction pathway (Figure 2C). The reporter
DNA consists of a 26-base-pair duplex DNA (Flo-26M-2-Rox,
see Section 2) containing a secondary sequence of the A type,
namely, CCCCGGTG (the secondary sequence substitution is
underlined), which is S’ labeled on the top strand with
fluorescein (i.e., Flo) and 5’ labeled on the bottom strand with
rhodamine-X (i.e., Rox). Although initially designed to detect
DNA cleavage via the loss of FRET between the fluorescein
and rhodamine-X fluorophores, it was instead discovered
through a series of control experiments that changes in
fluorescein emission over the course of the reaction were due
to SgrAl binding and unbinding and not to changes in FRET
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between the Flo and Rox fluorophores (see the Supporting
Information and Figures S1—S5). The control experiments also
suggest some “backbinding” of the cleaved reporter DNA to
SgrAl but also showed that the rate constants derived from
global fitting of the experimental data to the Kintek model are
not impacted by this process. Details of the data sets measured
using fluorescence emission are summarized in Table S1 , and
the data are plotted in Figure S6.

The second approach to measuring DNA cleavage rates
utilized the same reaction compositions as described above,
but rather than measuring changes in Flo emission, the
percentage of cleaved DNA was measured via denaturing
PAGE. The cleaved top and bottom strands migrate differently
in such gels, and their different fluorophore labels (fluorescein
and rhodamine-X) were individually quantitated (Figure S7).
No significant differences in cleavage rates of the two strands
were observed (Figure S8), despite their inherent asymmetry
in sequence (the secondary sequence substitution is adjacent
to the cleavage site on the bottom strand, but five nucleotides
away on the top strand; see Section 2 for DNA sequences).

A total of 17 different DNA cleavage reactions were
measured via the two types of assays and used in global data
fitting to the kinetic model for DNA cleavage by SgrAl. All
reactions contained an excess concentration of SgrAl (typically
1 uM) to ensure complete binding of both the reporter and
activator DNA. The reporter DNA concentration was kept low
(typically SO nM), and varied concentrations of the activator
DNA (50—500 nM) were used in each experiment to provide
different degrees of activation of SgrAl (Figure 3A—C and
Table S1). The activator DNA is a precleaved 40 bp DNA
duplex containing a single primary site sequence (PC
DNA)(see Section 2). This DNA anneals and binds SgrAl to
nucleate filaments, which then recruit SgrAl bound to the
reporter DNA containing the secondary sequence. Once in the
filament, SgrAl is activated and rapidly cleaves the secondary
sequence. Increasing concentrations of activator DNA lead to
increasing degrees of filament formation and faster DNA
cleavage (Figure 3A—C).

In addition to modeling the experimental data using the
program Kintek Global Kinetic Explorer (Kintek GKE), each
data set was also analyzed independently by fitting to a single
exponential function (Table S1). The resulting single
exponential rate constants are plotted vs the concentration of
activator PC DNA in Figure S9. A trend of increasing rate
constant is apparent with increasing activator PC DNA
concentrations. The data were divided into those from the
PAGE measurements (red circles, Figure S9) and those from
fluorescence dequenching (blue triangles, Figure S9). Attempt-
ing to fit a line to each type of data in Figure S9 shows that the
data from PAGE are more scattered, consistent with the noisier
data in the PAGE data itself (Figure 3B,C and Figure S8). The
rate constants are also higher when measured using the PAGE
assay than the fluorescence assay at PC DNA concentrations at
150 nM or above (compare red circles to blue triangles, Figure
S9). At the lowest concentrations of PC DNA (50—100 nM),
the rate constants calculated using the two approaches are very
similar. This can be explained by the fact that at lower
concentrations of PC DNA, filament assembly is rate limiting,
which affects both experimental approaches to measure DNA
cleavage (see Figure 2C). At higher concentrations of PC
DNA, later steps become more rate limiting, such as
dissociation of the SgrAl DBD from the filament. Data
collected via the PAGE method does not include this step and
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Figure 3. Experimental data and simulated reaction progress curves
from global modeling. (A) Representative fluorescence (jagged lines)
and simulated (smooth curves) data colored coded by activator PC
DNA concentration as shown. The y-axis shows the normalized
fluorescein (Flo) fluorescence of the reporter DNA (Flo-26M-2-Rox)
as a function of time after the reaction initiation. (B) Representative
DNA cleavage data measured using gel electrophoresis (filled circles)
and simulated data (lines) for all Rox-labeled strands. Data are shown
as filled circles, and simulations are shown as smooth curves. Color
coded by activator PC DNA concentration, as indicated. (C) As in
(B), but Flo-labeled strand. The similarity of the simulated data from
the global fit to the time-course data in panels (A—C) shows the
robustness of the model.

hence shows a faster rate. Therefore, the data from both types
of measurements are important for constraining rate constants
in the kinetic model. Both assays constrain the rate constants
for the filament association step, particularly at low
concentrations of activator PC DNA. The PAGE data provides
limits on the rate constant for DNA cleavage in the filament,
particularly at higher concentrations of PC DNA. The
fluorescence data constrains rate constants for filament
disassembly, which is a necessary step before the cleaved
DNA can be released.™

Kinetic Modeling and Global Data Fitting. Figure 4
shows a schematic of a greatly simplified version of the full
reaction pathway of SgrAl used in the computational model
(see Table S2 and Section 2 for equations used in modeling,
and Table 1 for final rate constants).”® To construct the
reaction model, each step of the reaction pathway is defined
with the corresponding forward and reverse rate constants.
The first step in the reaction model is the annealing of the two
halves of the activator DNA into one 40 bp duplex with a
single, complete primary sequence but that contains a missing
phosphate moiety at the cleavage site (blue, Figure 4).
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Figure 4. Simplified mechanistic model of that used in global fitting.
SgrAl (black square) binds to either reporter DNA containing the
secondary sequence (yellow) or activator DNA containing a
precleaved version of the primary sequence (blue). The DNA-
bound SgrAl is in equilibrium between the low-activity L state (gray
box) and the high-activity H state conformation (magenta circle).
Only when it is in the H state can it associate with SgrAI bound to
activator DNA (alone or in a filament). Although this equilibrium is
believed to exist for SgrAl bound to either type of DNA sequence, it is
explicitly modeled only for the complex containing the secondary
sequence (yellow boxed equilibrium). For simplicity, only one type of
filament is shown, with one copy each of SgrAI bound to secondary or
activator DNA, although filaments containing up to four copies of
SgrAl bound to DNA were used in modeling. Within the filament,
DNA cleavage is accelerated and the secondary site DNA is cleaved.
Filaments dissociate in a reversible step, followed by dissociation of
the cleaved secondary site DNA. The cleaved DNA dissociates into
the two half-sites, which further dissociate into single strands Not
shown but included in the Kintek model is the slow DNA cleavage by
nonfilamented SgrAl.

Previous studies have shown that the absence of this phosphate
has minimal effect on the binding affinity of SgrAl for the
DNA.”” This duplex binds SgrAl (black square, Figure 4) to
form DBD?, which is a DNA-bound SgrAl dimer containing
the activator DNA. DBD” assemble into filaments, which in
principle are not limited in length, but filaments up to four
DBD only were modeled due to computational limits of the
modeling approach. Prior work has demonstrated that models
with filament lengths of four DBD simulate experimental data
to the same degree of accuracy as those that include five DBD
and that reactions with <1 uM of activator DNA result in
filaments mostly composed of four DBD or smaller.*”** For
simplicity, the model in Figure 4 shows only a filament of size
2. The reporter DNA, containing the fluorescein and
rhodamine-X fluorophores (yellow, Figure 4), binds SgrAl to
create DBDS. The new step introduced in the current work is
boxed in yellow in Figure 4, and it consists of an equilibrium
between two conformational states (L and H) of DBD. In this
diagram, the L state of SgrAl bound to DNA is represented by
a gray box, the H state is represented by a magenta circle
(Figure 4), and only the H state can be incorporated into
filaments. However, DBD® will not bind each other to form
filaments even in the H state because the length of DNA
flanking the recognition sequence in the reporter DNA is too
short to stabilize contacts between DBD in the filament (see
Figure 1A).*>*” DBD® can bind to DBD” to create a “filament”
of size 2, or they can join longer filaments by attaching to
either of its ends, but only if DBD* (and not DBDS) is present
at that filament end. DBD® in the H state cleaves the bound
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reporter DNA rapidly. Filaments dissociate, and cleaved DNA
is released from SgrAl

All steps of the reaction are modeled as reversible with the
exception of the DNA cleavage step and hence are governed by
both forward and reverse rate constants. It is these rate
constants that are adjusted by the modeling software to
simulate reaction curves that best match the experimental data.
However, because the goal in this work was to test if the model
(and rate constants) determined using experimental data for
the cleavage of the primary sequence could be used to
accurately predict the cleavage data for a secondargr sequence,
the same rate constants used in that earlier work™ were used
here. Cleavage of the secondary sequence by SgrAl is slower
than cleavage of the primary sequence and requires a greater
concentration of activator DNA in these assays (as observed
previously’”*”) to achieve the same rates of DNA cleavage as
the primary sequence. We previously hypothesized that the
slower cleavage of secondary sequences, and its inability to
serve as activating DNA for SgrAl filamentation,*® was due to
the greater stabilization of the nonfilamentation-competent L
state of SgrAl. Hence, in this work, an additional step (yellow
boxed region in Figure 4) was included describing an
equilibrium between L and H states of nonfilamentous
DBDS. Because the relative stabilities of these two states is of
interest, the forward rate constant (ie. for the L to H
transition) was held constant at 1 s™' and the reverse was
varied to find the lowest y* (a measure of the agreement
between model simulations and experimental data) in fitting all
17 independent data sets simultaneously. In addition to varying
this rate constant, scaling factors that adjust the simulated
concentrations of product species (total cleaved DNA in the
case of the PAGE data sets or released cleaved DNA in the
case of the fluorescence data sets) to the experimental data
were also allowed to vary (shown in Table S1). As a result, the
value of the H to L rate constant giving the lowest y* for the
comparison of the simulated signal and the experimental data
was found to be 5.9 s, with values from 5.4 to 6.6 s™! giving
x* within 5% of the best y*. In addition, the R* describing the
goodness of fit of the simulated curves to the experimental
data, were excellent for most fits with values greater than 0.95
(an average of 0.94 with standard deviation of 0.05; Table S1
and Figures S6 and S8).

The Length of the Reporter DNA Matters. In this study,
the rate of cleavage by SgrAl of a secondary sequence
embedded in a 26 bp reporter DNA was measured and
compared to that of a primary sequence; however, the primary
sequence used in the prior study was embedded in a much
shorter reporter DNA of only 18 bp.*® The shorter reporter
DNA was necessary in a prior study in order to control the
degree of SgrAl activation (and filamentation). The 18 bp
reporter DNA contains the 8 bp primary recognition sequence
flanked by 5 bp on either side, which are too short to stabilize
DBD interactions in filaments (see boxed regions in Figure
1A) and thereby allowing the basal rate of DNA cleavage by
SgrAl in the nonfilamented form to be measured. In addition,
the degree of activation (and filamentation) can be controlled
by varying the concentration of added PC DNA. PC DNA is a
primary sequence embedded in 40 bp DNA with 16 bp
flanking either side of the recognition sequence, long enough
to stabilize DBD interactions in filaments.

A systematic study showed that at least 9 flanking bp are
necessary to provide robust activation of primary sequence
cleavage by SgrAL*® The bp flanking a recognition sequence
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contacts neighboring DBD in the filament (Figure 1A,B) and
likely increases the affinity between DBD in the filament. The
degree to which the additional flanking bp increases the affinity
of DBD for the filament can be estimated; prior studies using
an approach to the equilibrium method and kinetic modeling
was used to derive the forward and reverse rate constants for
SgrAl bound to primary sequence DNA with either 5 or 16 bp
flanking DNA (see also the ratio of reverse to forward rate
constants for steps 5 and 6 in Table 1).*” These rate constants
predict a Ky of 56 nM for two DBD each with a primary
sequence flanked by 16 bp and 400 nM for the interaction
between one DBD with $ flanking bp and one with 16. Hence,
the additional 11 bp of flanking DNA results in a sevenfold
difference in affinity between two DBD in a filament.

The current study utilized a secondary sequence embedded
in a reporter DNA 26 bp in length and therefore contains 9
flanking bp. It was necessary to incorporate the four additional
flanking bp because a secondary sequence in an 18 bp reporter
DNA could not be activated sufficiently even at the highest
concentrations of PC DNA.*” Therefore, to determine the true
effect of the secondary sequence substitution on the relative L
and H stabilities, both effects must be combined (i.e., the
sixfold effect from kinetic modeling and the up to sevenfold
effect from the adding flanking bp on the reporter DNA).
Together, these indicate up to a 40-fold effect.

Methylation of SgrAl Recognition Sequences in S.
griseus. SgrAl is a type II restriction endonuclease and as such
is coexpressed with a cognate (ie, acting on the same
recognition sequence) methyltransferase, M.SgrAl. Such a
methyltransferase should methylate a base of the endonuclease
recognition sequence, rendering it uncleavable by the cognate
endonuclease. The M.SgrAl enzyme has been shown to
methylate the third nucleotide of the recognition sequence
(i.e, CRC®CGGYG) at its 5’ position, and by inference, this
modification is expected to inhibit cleavage by the SgrAl
endonuclease.”” However, since the endonuclease SgrAl was
found to also cleave the additional secondary sequences
(CCCCGGYG and DRCCGGYG), it was of interest to learn if
these sequences might also be methylated similarly and thereby
protected from cleavage by SgrAl. Hence, a DNA sequencing
technique to determine the methylation status of secondary
sequences, as well as primary (as a positive control) and
unrelated sequences (as a negative control) in the organism
hosting the SgrAl system (with endonuclease and methyl-
transferase), S. griseus.

PacBio sequencing of TET2-treated genomic DNA was
performed (see Section 2), which detects methylation of the
CS position of cytosine by slower base incorporation (IPD) at
the methylated C as well as the base position two bases 5" of
the methylated C. Methylation is expected at the second C, in
the third position of the recognition sequence
(CRC™CGGYG); hence, the signal is expected at this position
as well as that 2 nt 5', namely, the first C of (CRC"CGGYG).
Strong signals were found at these two positions in primary
recognition sequences (black, Figure S), with 94% of reads
having an IPD greater 4.8. Incomplete TET conversion could
account for the remaining 6%, thus indicating 100%
methylation of primary sites. In contrast, little to no
methylation is detected in secondary (blue and red, Figure
5) and the average IPD values of the two types of secondary
sites are 1.0 and 1.3 for types A (CCCCGGYG) and B
(DRCCGGYG), respectively. In the case of a noncognate
sequence (DRCCGGYH, H = A, C, or T), serving as a
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Figure 5. PacBio data of S. griseus genomic DNA. Sequences at each
position are shown below or above the charted data for the two
strands (Y=CorT,R=AorG,D=G,A or T, H=C, A, or T).
The y axis plots the percentage of the given base in the respective
sequence, which provides an IPD signal >2 (IPD, interpulse
duration). Methylation is indicated by a signal above background at
the site as well as at the position two nucleotides away in the 5’
direction. Only the cognate sequences show significant methylation at
the expected site: CRC2CGGYG.

negative control (green, Figure S), IPD is also 1.0, indicating
the absence of detected methylation. Thus, the SgrAl
methyltransferase appears highly specific for the primary
recognition sequences CRCCGGYG, leaving secondary
sequences largely untouched.

B DISCUSSION

Possible Structural Origin of Increased L State
Stability when Secondary Sequences Are Bound. The
current kinetic study was undertaken to test the hypothesis
that the addition of a single step describing an equilibrium
between low and high activity conformations of DNA bound
SgrAl (i.e., between L and H states) could adapt our prior
computational model developed for cleavage of primary site
DNA to the cleavage of secondary site DNA by SgrAl. The
modeling was successful in that the simulated data matched the
experimental data very well (Table S1 and Figures S6 and S8),
and the best-fit value for the rate constant for the conversion of
the H form to L was found to be 5.9 s™". Since the L to H rate
constant was held at 1 s7}, the fitting indicates that the L state
is stabilized ~6-fold over the H. Because rate constants derived
from fitting primary site cleavage data were used in all other
steps of the reaction mechanism and this L to H step was not
used in fitting that data, the ~6-fold stability of the L over H
state for SgrAI bound to the secondary sequence is relative that
for SgrAI bound to the primary sequence. However, the length
of the reporter DNA used to measured DNA cleavage rates
also differs in the two studies. The prior study with the primary
sequence was done with an 18 bp reporter DNA, while the
current study was performed with a secondary sequence
embedded in a 26 bp reporter DNA. It was necessary to
increase the length of the reporter DNA to observe robust
activation of DNA cleavage; a secondary sequence embedded
in 18 bp shows only minimal activation. These differ only in
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the number of bp flanking the recognition sequence, with 9
flanking bp in the 26 bp construct and 5 in the 18 bp DNA.
The flanking DNA is important for making stabilizing contacts
between DBD in the filament by as much as sevenfold (see
Results). The combination of the sevenfold and sixfold
differences estimate that the L state may be favored by up to
~40-fold when the secondary sequence is bound, compared to
primary.

It should be noted that the L state is favored for both types
of complexes, with SgrAl bound to primary or to secondary
sequences. The degree to which the L state is favored over the
H by SgrAl bound to primary sequences can be estimated if it
is assumed that (1) only the H state is capable of cleaving
DNA, (2) the rate constant for DNA cleavage by SgrAl in the
filamentous state of 0.8 s™' represents the true intrinsic
cleavage rate constant of the H state, and (3) the cleavage rate
constant in the absence of filamentation (0.0009 s™') provides
an estimate of the frequency or proportion of SgrAl in the L
and H states. Hence, the ratio of 9 X 107 s71/0.8 s7! suggests
that the H state is occupied in only 1 out of 1000 copies of
SgrAl (and that the L state is favored by 1000-fold over the H)
in the absence of filamentation when the primary sequence is
bound. This analysis also suggests that the very slow rate
constant for the addition of DBD to filaments is due to the
1000-fold (in the case of the primary sequence) and 4 X 10*
fold (in the case of the secondary) preference of the L state by
SgrAl bound to DNA, meaning that most collisions between
DBD occur between filamentation incompetent (i.e., L state)
species and are therefore nonproductive in terms of filament
assembly.

To identify how a single base pair substitution in the
recognition sequence could result in an up to 40-fold
preference for the low activity L conformation by SgrAl,
structures of SgrAI in both L and H states were
compared.******** In the case of the primary sequence,
structures are available in both the L and H states; however,
only an L state structure is available for SgrAl bound to a
secondary sequence.”’ Comparing the L state structures of
SgrAl bound to primary and to secondary sequences show no
significant differences beyond the simple base substitution.*’
SgrAl recognizes the second (and seventh) base pair of its
recognition sequences solely via indirect readout; hence, the
base substitutions at the second bp did not affect hydrogen
bonds or other direct readout contacts with SgrAL*

Since no structures of SgrAl bound to a secondary sequence
DNA in the H state are known, it was necessary to resort to
comparing the available H and L structures of SgrAl bound to
a primary sequence. Many differences in conformation in both
SgrAl and the bound DNA are observed, but most likely to
affect the SgrAl bound to either type of sequence equally. One
structural difference was identified, which would impact
complexes with secondary sequences substituted in the first
bp, and another that would impact those with the substitution
in the second position (as used in this study).***® This latter
change occurs in the DNA and results in greater stacking of the
second and third base pairs of the recognition sequence in the
H conformation compared to the L (Figure 1E).** Because the
identity of the second nucleotide differs in the two types of
sequences (C in the secondary sequence and A or G in the
primary sequence), the energy associated with the difference in
stacking will also differ. Estimates of base stacking energy
indicate that as much as —0.6 kcal/mol (at 25 °C) more could
be achieved in the H state with the primary sequence
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compared to secondary;”**" stated in the converse, the L

state is more favored than the H by —0.6 kcal/mol with
secondary compared to when primary sequences are bound. In
this report, a ~40-fold preference for the preference for the L
state over the H with the secondary sequence (compared to
that with the primary) was found, which translates to —2.2
kcal/mol, much larger than current estimates that the role
DNA structure could play in preferential L state stabilization. It
should be noted that estimates of base stacking energy are
measured with model sequences and the precise DNA
structure is not known.>® Furthermore, structural comparisons
between the L and H states were done with SgrAI bound to
only primary sequences. The structure of the H state of SgrAl
bound to the secondary sequence will be important to fully
understand the larger L state preference for SgrAl bound to
this type of sequence.

The SgrAl Filamentation Mechanism and the Bio-
logical Role of SgrAl. In the experimental setting, DNA
oligonucleotides containing only a single SgrAl recognition
site, and at relatively high concentrations, are used to measure
DNA cleavage rates, whereas in the natural setting of the host
cell, recognition sites would be found on the same contiguous
DNA and concentrations of DNA molecules are low (i.e., one
copy of the host genome per cell). Primary recognition sites on
the host genome (S. griseus) are methylated and hence neither
bound nor cleaved by SgrAl. This current work now shows
conclusively that secondary sequences in the host genome are
not methylated and are therefore available for binding to SgrAl
(SgrAl binds both primary and secondary sequences with low
nanomolar affinity’”). However, cleavage of these unmethy-
lated secondary sequences is not expected to occur without the
availability of unmethylated primary sequences to induce
filament formation by SgrAl.

When invading DNA such as phages encounter SgrAl in the
cell, the unmethylated primary sequences will induce
filamentation by SgrAl, which will then draw in SgrAl bound
to secondary sequences. This poses a risk for secondary
sequences in the host genome. It is the slow filament assembly
step that prevents SgrAl bound to sites on the host genome
from being drawn into the filament. Because the rate constant
for this step is so low (3 x 107 nM™' s7'), only high
concentrations of SgrAl bound to DNA can produce
biologically relevant rates for filament assembly (and therefore
DNA cleavage). The concentration of DNA in the cell is very
low, with one to two molecules per cell (host genome and
invading DNA), and SgrAl on different DNA molecules are
estimated at 1 nM.”” The rate of association of these two DNA
bound SgrAl into a filament is then predicted to be (3 x 107*
oM~ s71) (1 nM)(1 nM) or 3 X 10™* nM/s.”> Meanwhile,
SgrAl bound to sequences on the same DNA experience higher
“local” concentrations, which can be estimated by considering
the approximate distance between the recognition sequences
along the contiguous DNA. For example, the Streptomyces
phage ®C31 has 2 primary and 5SS secondary in a genome of
40 kb, giving an average distance between adjacent primary
sequences of 6 kb and between adjacent primary and
secondary sequences of 0.5 kb. However, DNA molecules
tend to coil rather than form extended structures, and as a
result, sequences will be closer in space than predicted by the
linear distance between them along the DNA chain. To
estimate this distance, theory developed by von Hippel and co-
workers predicts a radius of gyration to describe the average
distance between two sites on the same DNA molecule given
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the number of base pairs between them and a DNA persistence
length of 500 A" Using this equation, the local concentration
of SgrAl bound to two primary sequences on the same DNA
molecule was previously estimated to be as high as 80 nM and
between primary and secondary to be as high as 700 nM.*”
With these concentrations, the rates of association of two
SgrAl bound to primary sequences on the same DNA molecule
into filaments could be as high as (3 x 107 nM™" s7")(80
nM)(80 nM) or ~2 nM/s and between SgrAl bound to
primary and to secondary as high as (3 x 107 nM™" s7")(1/
40)(700 nM)(700 nM) or ~4 nM/s. These rates are four
orders of magnitude faster than for SgrAl bound to sites on
separate DNA molecules” and suggests that the filament
mechanism may have evolved to rapidly cleave the additional
secondary sequences in phage DNA without resulting in
harming DNA cleavage of the host genome (Figure 6).

— phage phage DNA
\QQ [ ) » 'Y i‘nactive N e @ @/
R iy AT o
‘b\ | @ ®activation ® U { 89 ®

SgrAl host DNA

Figure 6. Schematic of SgrAl filamentation mechanism in the context
of the cell. Left: SgrAl (gray) binds to primary (blue) and secondary
(gold) recognition sites in the host genome and invading phage DNA.
Primary sites are methylated and therefore unavailable for SgrAl
binding in the host genome. The host genome contains over 1000
secondary sequences, but for simplicity, only one is shown. Phage
genomes typically contain two or more primary sequences and 10 or
more secondary sequences. Middle: SgrAI bound to primary
sequences on the phage DNA nucleate filaments that incorporate
SgrAl bound to secondary sequences but only those on the phage
DNA. Those on the host genome are not drawn into the filament.
Right: primary and secondary sequences on the phage DNA are
cleaved, leaving the host genome untouched (green arrow).

Why the Two Types of Recognition Sequences? We
have previously speculated that the unique attributes of the
SgrAl system evolved as a result of the much larger genome of
its Streptomyces host. The larger host genome (8 Mbps, vs that
of E. coli of S Mbps) results in many more primary recognition
sequences, which require protection via methylation by the
cognate SgrAl methyltransferase lest they be cleaved by the
SgrAl endonuclease. Methyltransferases utilize the cofactor S-
adenosylmethionine (SAM), which is made at some expense
by the cell. The longer recognition sequences of SgrAl (8 vs
4—6 bp) may have evolved to reduce the number of
recognition sites and therefore reduce the burden on the
methyltransferase. In addition, the lower DNA cleavage rate of
SgrAl (prior to activation) of 0.0009 s (compared to 0.1 s™*
for the Hincll enzyme’”) should also reduce the chances of
host genome cleavage prior to methylation by SgrALM. The
recognition sequence of the SgrAl enzyme is relatively long
compared to other type II restriction endonucleases (8 bp vs
the typical 4—6 bp). However, the longer recognition sequence
will also occur less frequently in invading phage DNA and,
combined with the slower DNA cleavage rate of SgrAl, could
allow the phage to escape by initiating transcription and
replication and/or via methylation by SgrALM (and thereby
protecting it from the SgrAl endonuclease). The filament-
forming mechanism of SgrAl solves both of these problems.
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First, SgrAl is activated to rates comparable to other type II
restriction endonucleases, but only when filamentation is
induced by the invading DNA. Second, the secondary
sequence cleavage activity increases the number of cleavage
sites in phage (from 3 possible recognition sequences to 17),
which in turn are predicted to prevent phage replication more
effectively.“~®> Hence, the damaging DNA cleavage activity of
SgrAl is sequestered on the invading DNA, leaving the host
DNA untouched (Figure 6).

B CONCLUSIONS

The studies herein add to our growing understanding of the
ways enzyme filamentation can control enzymatic activity, in
terms of both catalytic rate and substrate specificity. SgrAl is
one of a growing list of filament-forming enzymes, many of
which have yet to be fully characterized for the effect that
filamentation has on enzyme activity and cellular function.
Future studies on the filament-forming mechanism of SgrAl
will be required to investigate the details of the filamentation
induced change in DNA sequence specificity, such as the
determination of the H state (i.e., filamented) structure of
SgrAl bound to the secondary sequence used in this study.
Finally, studies with the secondary sequences substituted in the
first bp (ie, DRCCGGYG, D = A, G, or T) will also be
important to determine how filamentation is modulated by this
class of secondary sequence, which may utilize different
mechanisms such as a disorder-to-order transition to fine-tune
the conformational energy landscape of SgrAL*
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Table S1. Experimental Data including SgrAl and DNA concentrations, goodness of fit between simulated

and experimental data (R?) and single exponential constants for analytical fitting.

Experi- Double R? of Kintek Fitted Scaling Single Exponential Rate
me?n t 4 Flo-26M-2- stranded PC SgrAl Simulated Factors (SF) and Constant (s!) and R?
. Rox DNA Concentration Baseline (BL) from Analytical Fits
in . . Curves to
. Concentration | Concentration (M) . parameters
KinTe (nM) (nM) Experimenta
K 1 Data
1 100 100 25 Rox: 0.97895 SF=0.86, 0.76 Rox: 1.16x1073 (0.9842)
’ Flo: 0.818531 BL=6.2,22.0 Flo: 3.72x1073 (0.8381)
Rox: 0.94409 SF=0.82, 0.84 Rox: 5.71x1073 (0.9310)
2 100 500 23 Flo: 0.92260 BL=13.3,13.3 Flo: 6.73x10- (0.9179)
SF=3.3 1.46x10 (0.9518)
3 50 100 1.0 0.97846 BL=-59
= -3
4 10 250 0.25 098253 SF 171.3 3.84x1073 (0.9852)
BL=0
SF=11.3 4.23x103 (0.9687)
5 10 500 0.5 0.97849 BL=0.56
SF=2.3 4.50x103 (0.9587)
6 50 400 1.0 0.95457 BL=22
SF=2.3 3.61x1073 (0.9529)
7 50 300 1.0 0.93485 BL=6.0
SF=2.6 1.78x1073 (0.9715)
8 50 150 1.0 0.98313 BL=-115
SF=1.8 5.81x1073 (0.9060)
9 100 450 2.5 0.89670 BL=54.8
Rox: 0.93128 SF=1.4,2.0 Rox: 4.80x10 (0.9321)
10 >0 250 1.0 Flo: 0.93434 BL=20.0, 19.1 Flo: 5.81x107 (0.9361)
1 50 150 1.0 Rox: 0.87465 SF=1.5,1.7 Rox: 6.49x1073 (0.9280)
’ Flo: 0.82235 BS=17.8,20.4 Flo: 5.13x107 (0.8939)
12 50 50 1.0 Rox: 0.93356 SF=1.9, 1.9 Rox: 1.54x1073 (0.9417)
’ Flo: 0.87688 BL=7.8,11.5 Flo: 1.52x107 (0.9360)
SF=2.2 5.78x10* (0.9469)
13 50 50 1.0 0.98592 BL= 4.0
SF=2.2 1.25x1073 (0.9860)
14 50 75 1.0 0.97905 BL=28
SF=2.5 2.02x1073(0.9865)
15 50 200 1.0 0.98975 BL=7.6
SF=2.5 2.80x1073 (0.9855)
16 50 300 1.0 0.97555 BL=73
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17

50

25

1.0

0.98729

SF=3.0
BL=5.7

5.21x10*(0.9469)
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Figure S1. Fluorescence emission from uncleaved reporter single and double-stranded DNAs. A.
Fluorescence emission from 50 nM single and double stranded reporter DNAs (ssDNA and dsDNA,
respectively) with excitation at 495 nm (i.e. the fluorescein excitation maximum): Flo-26M-2-top ssDNA, green,
Rox-26M-2-bot ssDNA, red, the mathematical sum of the Flo-26M-2-top and Rox-26M-2-bot ssDNAs, black
dashed line, Flo-26M-2-Rox dsDNA, purple. Measurements were done in 1.5 ml of reaction buffer without
MgCl, (50 mM Tris-HCI, 150 mM NaCl, 10% glycerol, and 1 mM DTT, pH 8.0 at room temperature) and at
25°C. Some quenching of the fluorescein emission (maximum near 520 nm) is seen upon annealing the two
strands, as well as a slight increase in Rox emission (maximum near 605 nm)(compare black dashed line to
purple). Signals corrected for dilution. B. Difference spectra between those shown in A. In purple is the
difference between annealed Flo-26M-2-Rox dsDNA and Flo-26M-2-top ssDNA emphasizing quenching of

Flo emission at 520 nm and increase in Rox emission at 605 nm upon annealing. The increase in Rox emission
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upon annealing appears less when the spectrum for Rox-26M-2-bot ssDNA is further subtracted (red). C. As in
B, however the y axis is now the percentage difference in emission relative to the spectrum of Flo-26M-2-top
ssDNA. This plot shows how the Flo quenching is very little in terms of the percentage of Flo emission (see
signal at 520 nm), but the Rox emission resulting from annealing (red) now appears significant in terms of the
percentage change at those wavelengths relative to the Flo-26M-2-top ssDNA emission. D. As in C, zooming

in on the Flo emission maximum wavelengths.
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Figure S2. Fluorescence of “pre-cleaved” single stranded reporter DNAs. A. Fluorescence emission
(excitation at 495 nm, the fluorescein excitation maximum) of 50 nM Flo-26M-2-top-cut ssDNA only (green),
with added 50 nM Rox-26M-2-bot-cut ssDNA (red), further addition of 50 nM 26M-bot-cut (the complement
to Flo-26M-2-top cut)(cyan) and finally after further addition of 50 nM 26M-2-top-cut (the complement to Rox-
26M-2-bot-cut)(purple). Measurements were done in 1.5 ml of reaction buffer without MgCl, and at 25°C, and

spectra were corrected for dilution. B. Difference spectra of spectra in A using that of the Flo-26M-2-top-cut
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as the reference spectrum. In red is the spectrum of Flo-26M-2-top-cut subtracted from that of the mixture of
Flo-26M-2-top-cut plus Rox-26M-2-bot-cut. Despite the fact that these oligonucleotides should not anneal,
some quenching of the Flo emission at 520 nm is seen, as well as an increase in the emission of Rox at 605 nm
(likely due to non-FRET emission/absorption). Addition of the complement to Flo-26M-2-top-cut (i.e. 26M-
bot-cut in cyan) results in additional Flo quenching which is reversed to some extent by the addition of the
complement to Rox-26M-2-bot-cut (purple). The Rox emission at 605 nm is greatest with only the Flo and Rox
labeled strands (red). Addition of the complement to the Flo labeled strand has minimal effect on the Rox
emission (cyan), however addition of the strand complementary to Rox greatly quenches the Rox emission
(purple). C. As in B, however expressed as a percent change relative to the Flo-26M-2-top-cut spectrum. The
changes in the Flo emission appear minimal compared to the increase in Rox emission (all curves), however
even the Rox emission is greatly diminished with the addition of its complementary strand (purple) D. As in C,

zooming in on the Flo emission wavelengths.
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Figure S3. Changes in fluorescence of reporter DNA with the addition of SgrAl, activator (PC DNA),
MgCl,, and SDS. A. The fluorescence emission at 520 nm (excitation at 495 nm) of 50 nM Flo-26M-2-Rox
dsDNA in 1.5 ml of reaction buffer without MgCl, and at 25°C is shown in green. The addition of 1 uM SgrAl
(gold) results in strong quenching of the fluorescein emission at 520 nm (~70% quenching after correction for
dilution). The addition of 100 mM PC DNA and 1 uM PC DNA has minimal effect on the fluorescence (purple
and light blue), however the addition of 10 mM MgCl, (red) results in unquenching via a slow process,
presumably due to DNA cleavage and release from SgrAl. The emission does not however reach the original
fluorescence (even after considering the effects of dilution which total only 7.5%) until 0.1% (final
concentration) SDS is added (black). The fact that SDS is required to recover full fluorescence indicates that

some residual binding of SgrAl to the DNA occurs. B. Control showing that 0.1% SDS does not affect the
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fluorescence of the Flo fluorophore. The emission spectra (with excitation at 495 nm) of 50 nM Flo-26M-2-
top-cut in reaction buffer (without Mg?*) at 25°C before (blue dotted line) and after (red solid line) the addition
of SDS (spectra corrected to account for dilution). C. Fluorescence emission at 520 nm (excitation wavelength
of 495 nm) of 50 nM Flo-26M-2-top-cut ssDNA (green) in reaction buffer (with MgCl,). The addition of its
complement (50 nM 26M-2-bot-cut ssDNA) does not affect the fluorescence emission (light blue). Addition of
1 uM SgrAl results in a slow progressive quenching (~8% quenching of the initial fluorescence signal after
correction for dilution) after ~2000 sec (gold). The addition of 100 nM activator (PC) DNA (purple) results in
a small degree of rapid quenching. The addition of 1 uM PC DNA does not result in additional quenching (dark
blue). This indicates that SgrAl binds to the “cleaved” DNAs but with low affinity that is dependent on a slow
process, likely annealing of the single stranded DNA. Whereas 70% of the uncut Flo labeled DNA was
quenched with 1 uM SgrAl, only 8% was quenched with the pre-cleaved version, suggesting that only ~10%

binding of the “cleaved” reporter DNAs occurs under these conditions.
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Figure S4. Equilibrium binding measurements of pre-cleaved reporter DNA. A. Titration of 50 nM Flo-
26M-2-top-cut ssDNA with its complement 26 M-2-bot-cut ssDNA in reaction buffer without MgCl, at 25°C.
Excitation occurred at 495 nm, and emission measured at 520 nm. The fitted equilibrium dissociation constant
is 11.4 uM. B. Titration of pre-cleaved reporter DNA (50 nM Flo-26M-2-top-cut, 50 nM 26M-2-bot-cut, 50
nM Rox-26M-2-bot-cut, 50 nM 26M-2-top-cut) with SgrAl in reaction buffer without MgCl,. Fitting to an
equilibrium binding curve was error prone due to incomplete binding saturating, however the best fit

equilibrium dissociation constant was determined to be 4.2 uM. C. As in B but with a log X axis.
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Figure S5. Fitspace analysis of the L/H equilibrium vs. the apparent rate constant for SgrAl binding to
the cleaved Flo-26M-2-Rox DNA. A. Fitspace analysis of the quality of fits, measured by X%nin/ XZ versus the
L/H ratio (i.e. the ratio of rate constants on going from the H to the L state and back; a higher number indicates
the degree to which the L state is favored over the H). sznin/ Xz was calculated by dividing the lowest XZ found
in any fit (i.e. x%m'n) by the Xz of the fit with the given value of the L/H ratio, and values closer to 1 indicate the
best fits. The quality of the fit depended significantly on the L/H ratio, with maximum occurring at a value of
5.9, with the range of 5.4-6.6 for resulting in 5% of the best XZ (dotted line demarcates a szm'n/ Xz 0f 0.95). B.
As in A, but for the forward rate constant of binding of SgrAl to cleaved Flo-26M-2-Rox. The quality of the fit
was insensitive to the value of this rate constant throughout a broad range of values from 1.0x10¢ s to 1 s°!.
C. The results of a 2D Fitspace calculation varying the L/H ratio (between 1 and 11) and forward (binding) rate
constant of SgrAl to cleaved Flo-26M-2-Rox (between 1x10-° nM-'s"! to 1 nM-!s!). The results show the best
fit with the given values for these parameters, in terms of X%nin/ Xz. During the analysis, all other rate constants
were held constant but scaling factors were allowed to be adjusted to give the lowest XZ. Lighter colors, with
X72nin/ XZ closer to 1, show the best fits of the model to the data. This analysis showed that the quality of the fit
was insensitive to the forward rate constant for binding of SgrAl to the cleaved DNA (y axis) across this range

of values, and the best value for the L/H ratio is between 5.4-6.6 s™! (resulting in 72 that is within 5% of the best

*)-

Experiments to determine the origin of Flo quenching and unquenching during single turnover DNA

cleavage measurements
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The large quenching and incomplete unquenching of the Flo fluorescence emission during DNA cleavage
reactions with Flo-26M-2-Rox (the reporter DNA) raised the question of whether other processes were affecting
Flo emission in addition to (or in place of) changes in the FRET signal. To investigate the origin of the change
in Flo emission during reactions, a series of control studies were performed. First, the effect of annealing the
Flo and Rox strands of the reporter DNA (i.e. Flo-26M-2-Rox) was investigated to discover the degree of FRET
in this construct. Figure S1A shows the emission spectra of single and double-stranded versions of the reporter
DNA when excited at 495 nm, the excitation maximum of fluorescein (Flo). These were obtained with 50 nM
of the DNAs in 1.5 ml of reaction buffer without Mg?* (50 mM Tris-HCI, 150 mM NacCl, 10% glycerol, and 1
mM DTT, pH 8.0 at room temperature), and at 25°C to mimic the reaction conditions used during DNA cleavage
measurements. First, the single stranded DNA containing Flo at the 5’ end (Flo-26M-2-top) shows the expected
maximum at the Flo emission wavelength (520 nm, solid green line). Rhodamine-X (Rox) has excitation and
emission maxima at 568 nm and 605 nm, respectively, and although the excitation wavelength used in Figure
S1A is 495 nm, the single stranded Rox-26M-2-bot (alone in solution) showed some fluorescence emission
(solid red line, Fig. S1A) which must be due to a low level of absorbance at 495 nm. The mathematical sum of
the spectra of these two independent (i.e. unannealed) single strands is shown as a dashed black line in Fig.
S1A. The spectra when mixed and annealed (i.e. Flo-26M-2-Rox dsDNA, purple, Fig. S1A) shows some
quenching of the Flo emission at 520 nm, and a slight increase in emission from Rox at 605 nm, relative to the
mathematical sum of the spectra from the two single strands alone (black dashed line, Fig. S1A). Figure S1B
shows the difference spectra of the annealed Flo-26M-2-Rox dsDNA compared to that of the single stranded
Flo-26M-2-top ssDNA (purple, Fig. S1B), as well as in the spectrum of both single strands subtracted (red, Fig.
S1B). The difference spectra show the quenching of the Flo emission (at 520 nm, both purple and red lines,
Fig. S1B), and the increased emission of Rox (at 605 nm), however after subtracting the emission of the single
stranded Rox-26M-2-bot, this increase appears to be very much less (compare red to purple lines, Fig. S1B). In
terms of the percent difference (relative to the spectra of Flo-26M-2-top ssDNA), the quenching of the Flo
emission appears minimal (at 520 nm, Fig. S1C-D) at about 10-15%. However, by this measure, the Rox
emission appears significant, even when the single stranded Rox-26M-2-bot is subtracted (red, Fig. S1C). This
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is largely due to the fact that very little emission occurs in the reference spectrum (namely that of Flo-26M-2-
top ssDNA) at the Rox emission wavelengths (see green line, Fig. S1A). The small amount of Rox emission in
the duplexed DNA (red in Fig. S1B and S1C) indicates that a small amount of FRET or non-FRET transfer via
absorption by Rox of the Flo emission occurs when the strands are present in the same sample, and which
amounts to no more than 10% of the fluorescein signal (Fig. S1D).

Next, annealing of the “cleaved” strands of the fluorescence reporter DNA was investigated. It should be
noted that these “cleaved” versions are synthetic and therefore do not contain 5’phosphate groups, including
that which would naturally occur at the cleavage site. However, prior studies have indicated that this phosphate
adds little to the affinity of SgrAl for such “cleaved” constructs’. In addition, prior studies have also shown a
minimal effect of Mg?* on the measured affinity of SgrAl for its recognition sequence (the K of SgrAl for the
40 bp “pre-cleaved” PC DNA is 0.06 nM, and for the secondary sequence embedded in an 18 bp duplex is 2.6
nM)’. Figure S2A shows the spectra of Flo-26M-2-top-cut ssDNA (green) alone, and after the addition of Rox-
26M-2-bot-cut (red), 26M-2-bot-cut (cyan), and 26M-2-top-cut (purple) in reaction buffer at 25°C with
excitation at 495 nm. The inset in Figure S2A shows how these strands anneal: 26M-2-bot-cut (cyan) is the
complement to Flo-26M-2-top-cut (green), and 26M-2-top-cut (magenta) is the complement to Rox-26M-2-
bot-cut (red). Figure S2B more clearly shows the differences between the spectra. In red is the difference
spectra between the emission of the mixture of Flo-26M-2-top-cut and Rox-26M-2-bot-cut, which should not
anneal, relative to the spectrum of Flo-26M-2-top-cut alone. Some quenching of the Flo emission (at 550 nm)
occurs as well as an increase in emission of the Rox (605 nm). Since these single strands are not expected to
anneal (they are not complementary, see sequences in Materials and Methods), this energy transfer must occur
through non-FRET radiative means (i.e. absorption by Rox of the Flo emission in the sample). The addition of
the complement to Flo-26M-2-top (26M-2-bot-cut) is shown in cyan, and resulted in further quenching of the
Flo emission at 520, with little effect on the Rox emission at 605 nm. Some annealing of these DNA strands
may be responsible for the observed quenching of the Flo emission. Further addition of the complement to Rox-
26M-2-bot-cut, shown in magenta, unquenches the Flo emission (at 520 nm) to some extent while completely
quenching the Rox emission at 605 nm. It appears that duplex formation may result in some quenching of both
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Flo and Rox emissions, though duplexation of these DNAs at 50 nM concentration is expected to be minimal
(see below). Figures S2C-D show the difference spectra in terms of percent change from the spectrum of Flo-
26M-2-top-cut. The changes in Flo emission at 520 nm seem minor viewed this way (between 3-7%). The
increase in Rox emission (red and cyan) appears significant because the emission of Flo-26M-2-top-cut is very
low at these wavelengths, but the addition of the complement to the Rox strand eliminates the Rox emission
(magenta, Fig. S2C). Hence, the presence of the complementary strands appears to quench the Flo emission to
a small degree, the Rox emission to perhaps a larger degree, and some non-FRET transfer is likely occurring
between the Flo and Rox fluorophores in solution.

Having determined the effect of annealing the two uncleaved top and bottom strands of the reporter DNA,
as well as investigating the possible annealing of the “cleaved” single strands, we next turned to the effect of
SgrAl binding on the fluorescence signal from the reporter DNA. In Figure S3A, the fluorescence emission of
50 nM Flo-26M-2-Rox dsDNA in reaction buffer (without Mg?* and at 25°C) is shown in green (excitation at
495 nm, emission at 520 nm). The addition of 1 uM of SgrAl (gold, Fig. S3A) results in ~70% quenching of
the Flo emission (after correction for dilution). The binding affinity of SgrAl for this reporter DNA is estimated
to be ~2.6 nM” 2, and with 1 uM SgrAl, nearly all of the 50 nM reporter DNA should be bound in the
SgrAI/DNA complex. Since Mg?" was not present in the reaction solution, the DNA will not be cleaved by
SgrAl and the observed fluorescence quenching must therefore be due to SgrAl binding to the reporter DNA.
The addition of activator PC DNA at 100 nM and then 1 uM (purple and blue, Fig. S3A) has little effect,
indicating that filamentation does not result in further quenching of the Flo emission. However, the addition of
10 mM MgCl, to the reaction (red, Fig. S3A) induces a slow unquenching process occurring on a timescale
comparable to that seen for the cleavage of this reporter DNA in the DNA cleavage measurements used in this
study. Near the end of this process, ~45% of the original Flo emission is recovered (after taking into account
the dilution from reagent addition to the cuvette). To understand why 100% of the Flo emission was not
recovered, 0.1% SDS was added to the mixture to denature SgrAl and cause release of any bound DNA. Only

then was full recovery of the Flo emission was seen (black line, Fig. S3A). An independent test verified that
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0.1% SDS does not affect the Flo emission itself (Fig. S3B). Under the conditions used in Figure S3A, all of
the reporter DNA is expected to be cleaved at the end of the reaction, hence the residual quenching of the Flo
emission before SDS was added indicates that a significant amount of cleaved reporter DNA remains bound to
SgrAl at the end of the reactions.

The results of Figure S3A suggest that SgrAl binds to the cleaved 26 bp reporter DNA, since full recovery
of the fluorescence emission occurred only after addition of SDS (which denatures SgrAl causing release of
any bound DNA). To investigate this possibility further, a similar experiment as Figure S3A was performed
but with the “cleaved” version of the reporter DNA. Figure S3C shows the emission at 520 nm (with excitation
at 495 nm) of 50 nM Flo-26M-2-top-cut in reaction buffer without Mg?* and at 25°C (green). The addition of
its complement, 26M-2-bot-cut, has little effect (light blue). Rox-26M-2-bot-cut with its complement were not
added, since Flo-26M-2-top-cut and its complement, when annealed, can further anneal via their CCGG
overhanging base pairs leading to a full “pre-cleaved” primary site which would be capable of binding to SgrAl.
The addition of 1 uM SgrAl (gold) to the DNA resulted in slow quenching of about 8% of the initial
fluorescence after 2000 sec (after correction for dilution). The addition of PC DNA at 100 nM final
concentration (purple) and 1 uM (blue) further quenches the Flo emission, likely by stabilizing the SgrAI/DNA
complex and shifting the equilibrium towards binding the cleaved DNA.

We investigated further the idea that the cleaved reporter DNAs may be re-annealing and binding to SgrAl
by determining the equilibrium dissociation constants for the cleaved versions of the DNA, and for SgrAl
binding to these DNA. The melting temperature of the two half-site duplexes (i.e. Flo-26M-2-top-cut with 26M-
2-bot-cut and Rox-26M-2-bot-cut with 26M-2-top-cut) are estimated at 11°C, but binding to SgrAl, and further
stabilization of the SgrAI/DNA complex by filament formation may result in pulling the equilibria towards the
annealed form of the DNA. In Figure S4A, we measured the equilibrium dissociation constant for the annealing
of the Flo-labeled half-site (i.e. Flo-26M-2-top-cut and 26M-2-bot-cut) sing fluorescence anisotropy of the
fluorescein (excitation at 495 nm and emission at 520 nm). The reactions were performed in 1.5 ml of reaction

buffer without MgCl, and at 25°C. The data were fit to a binding isotherm giving a Kp of 11.3 uM. Such a high

S14



Kp indicates that very little annealing should occur for DNA at 50 nM concentration. Next, the cleaved DNA
was held at 50 nM and titrated with SgrAl, in an attempt to directly determine the apparent equilibrium binding
constant for SgrAl to the cleaved reporter DNA. Because each cleaved half-site can anneal with any other
cleaved half-site via its CCGG overhang, we used only the left half-site consisting of Flo-26M-2-top-cut and
its complement. Concentrations of SgrAl above 2.2 uM were not possible, and the plots of Fig. S4B-C indicate
that saturation of the cleaved DNA by SgrAl was not obtained even at the highest concentration of SgrAl tested.
Nevertheless, fitting of the data to an equilibrium binding equation gave a Kp of 4.2 uM, although we consider
this to be a lower estimate of the true value. This Ky gives a forward binding rate constant for binding of SgrAl
to the cleaved DNA of <1x10° nM-!s! (if the dissociation rate constant is 0.4 s!, a value used in the data fitting,
Table 1). Of course, the addition of PC DNA and induction of filamentation would pull the linked equilibria
towards greater binding of the cleaved DNA by SgrAl, as was seen in the test of Fig. S3A.

To see the effect of including a nonzero forward binding rate constant for SgrAl and cleaved DNA (which
was assumed to be zero in previous modeling with shorter reporter DNAs?), we conducted a series of 1D and
2D Fitspace calculations in Kintek GKE. In these calculations, x?is used to determine the quality of the fit of
the predictions by the model to the experimental data?. Fitspace systematically tests values for a single rate
constant (1D), or two rate constants (2D), allowing global fitting of all experimental data by adjusting relevant
scale factors and any rate constants not held constant, and then determines the %2 of the best fit with each tested
rate constant. In Figure S5A, the forward rate constant of binding the cleaved DNA to SgrAl (i.e. an apparent
forward rate constant encompassing all equilibria including strand dissociation and annealing of the reporter
DNA) was initially set to a value of 1x10-* nM-! s but allowed to vary between 1x10° and 1.0 nM™! s’ as the
rate constant for conversion of the H state of the SgrAI/DNA complex to the L state was varied between 1 and
11 s”! (note that the reverse rate constant for this interconversion was held constant at 1 s!, hence the parameter
varied is the ratio of the two rate constants, the L/H ratio ). Best fits give the lowest XZ, hence the peak in the
plot of szm-n/ XZ in Figure S5A shows that the best value for the L/H ratio is 5.9. Values giving sznin/ XZ within

90% of the best sznin/xz are 5.4 to 6.6 for the L/H ratio. Figure S5B shows the result on Xer,n/XZ when
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varying the apparent rate constant for binding of SgrAl to the cleaved DNA between 1x10-¢ and 1.0 nM-! s,
and the L/H ratio allowed to be adjusted to any value between 1 and 11 to give the lowest XZ. No peak in
sznm/ XZ is observed, indicating that the quality of the fit is insensitive to this parameter within this range of
values and that the experimental data must not therefore contain information on this equilibrium. Figure S5C
show the results of a 2D Fitspace calculation using these same two parameters as variables in global fitting. The
2D grid used is 10x10 and the plot contains the results of 100 fitting calculations, one for each value of the two
varied rate constants. The plot shows that the fits are highly sensitive to the value of the L/H ratio (varied on
the x-axes, with an optimum ~5.4-6.6), but completely insensitive to the rate constant of binding to the cleaved
DNA (varied on the y axes).

In summary, these data show that little FRET occurs within the reporter DNA and that most of the quenching
and unquenching of the Flo emission seen in DNA cleavage reactions is a result of SgrAl binding and unbinding
to the reporter DNA. The data also show that although re-annealing of the cleaved DNA is highly unfavorable
at the concentrations used in the reactions, the binding to SgrAl shifts the equilibrium towards annealing to a
small degree. The apparent dissociation constant of SgrAl and the cleaved reporter DNA is in the micromolar
range, but because SgrAl is at 1 uM in the reactions, some binding to the cleaved DNA is observed. We reason
that because the steps involved (dissociation and rebinding of SgrAl with the annealed cleaved DNA and
dissociation/annealing of cleaved DNA) are fast (i.e. the forward and reverse rate constants are large), and the
concentration of the cleaved DNA is low (50 nM), the percentage of cleaved DNA bound to SgrAl does not
change as the DNA is cleaved and released during the course of the reaction. As a result, this factor does not
influence the observed rate of release of the cleaved DNA by SgrAl (only the percentage of fluorescence

recovered) and has no effect on global model fitting as shown by the Fitspace tests in Figure S5.
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Figure S6. Fluorescence unquenching and simulated curves from global data fitting to the Kintek model.
A-L. Normalized fluorescence measured for experiments 3-9, 13-17 (red) and corresponding simulated data
from Kintek modeling (black). The concentrator of activator PC DNA, and the R? of the fit of the simulated

curve to the experimental data is given for each plot.
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Figure S7. Representative scans of denaturing PAGE gels used to quantitate DNA cleavage. A. Gel scan
for the Flo labeled strand in Experiment 10 which contained 1 pM SgrAl, 50 nM Flo-26M-2-Rox, and 250 nM

activator PC DNA. B. As in A, but gel scan for the Rox labeled strand.

S18



A B
100- 100- A £ .
o ® -]
“,’ [PC DNA]=100 nM “,’ [PC DNA]=500 nM
@ 504" R?=0.97895 3 50~ R%=0.94409
(W] (W] 2_
< R“=0.81853 < R“=0.92259
P =
a a
0 T T 1 0-¢ T T 1
0 1000 2000 3000 0 1000 2000 3000
Time (sec Time (sec
C (sec) D (sec)
100 . A 100+
3 ‘4 . 3
) R )
-] -]
g g
3 [PC DNA]=250 nM g o [PC DNA]=150 nM
o 207 R%2=0.93128 o 501 R%=0.87456
< 2 _ 2_
S R*=0.93434 = R*=0.82235
[a) a
0 T 1 1 1 0 T 1 1 1
0 1000 2000 3000 0 1000 2000 3000
E Time (sec) Time (sec)
100
;\3 A
9
= [PC DNA]=50 nM
@ 50+ 2
< R%=0.93356
- 18
‘Z: R“=0.87688
[a)
0 1 1 1 1
0 1000 _ 2000 3000
Time (sec)

Figure S8. Experimental DNA cleavage data measured using denaturing gel electrophoresis and
simulated curves from global data fitting. A-E. Measured percentage of DNA cleaved at indicated times after
initiation for experiments 1, 2, 10-12 and corresponding simulated data from Kintek modeling. The x-axes
represent the time from reaction initiation in seconds. Red filled circles and green squares are measured data at

indicated times for the Rox and Flo labeled strands, respectively. Lines represent simulated data using Kintek

S19



Global Kinetic Explorer. The concentration of activator PC DNA and R? measuring the agreement between the

simulated and experimental data is also given for each plot.
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Figure S9. Rate constants for each data set determined using a single exponential equation. Rate constants
determined by PAGE are shown as red circles, and those determined by fluorescence are shown as blue triangles.
Lines were fit to data to determine an R? for the linear dependence of the rate constant on the concentration of PC
DNA for data measured by each method. The rate constants measured with PAGE are faster in general than those

measured using fluorescence. The data from PAGE is noisier than that from fluorescence as well.

Comparison of analytical fits of PAGE and fluorescence data
A single exponential equation:
Percentage of cleave reporter DNA = baseline + scaling factor x e ™"
or
Fluorescence signal = baseline + scaling factor x e
were fit to each experimental data set to determine a rate constant k (given in s™!). These data are also shown in
Table S1, along with the goodness of fit (R?) measuring the agreement between the fit and experimental data.

Some data sets were fit better by this function than the Kintek simulated curves (Experiments 1, 7, 11, 12, 13,

14, and 16), while others were fit better by Kintek (Experiments 2, 3, 5, 8, 13, 15, and 17), and some fit equally
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well by both (Experiments 4, 6, 9, 11, and 16). We found no systematic trend in activator DNA concentration
(in terms of PC DNA concentration) for which analyses fit better, with one exception. Experiments with lower
concentrations of activator, and measured via fluorescence quenching,were more likely to be fit better with
Kintek simulations than with a single exponential function. This is likely due to the fact that with lower PC
DNA concentrations, the reaction progress is multiphasic, beginning with a slow phase, transitioning to a faster
phase, and ending with a slow phase. The simulations created by the Kintek model include the influence of
multiple phases, but a single exponential function includes only one. Both approaches fit the experimental data
equally well when the activator PC DNA concentration are high, because only a single fast phase dominates
the reaction. It should be noted that the Kintek modeling uses multiple steps each with forward and reverse rate
constants to fit the experimental data, however the Kintek modeling also attempts to find the best fit of these
rate constants for all 17 data sets simultaneously, whereas the fits with single exponential functions were fit to
each data set independently.

Figure S9 plots the single exponential rate constants from fits of the experimental data used herein. Data
measured using PAGE (red circles, Fig. S9), and those measured from fluorescence unquenching (blue triangles,
Fig. S9) were plotted vs. the concentration of activator PC DNA used in each reaction. A systematic trend is
observed where these rate constants increase as the PC DNA (i.e. the activator DNA) concentration is increased.
The data measured using fluorescence (blue triangles, Fig. S9) shows a better linear relationship as measured
by the R? of a best fit line (0.8630) compared to that for the PAGE data (red circles, R?=0.5426). The lower R?
of the PAGE data by this analysis is likely due to the noisier data in general (Fig. S8), which resulted from high
background in scans of the fluorescence in the gels.

An interesting observation shown in Figure S9 is that the single exponential rate constants are higher for
PAGE data than for the fluorescence data, with the exception of those measured at low PC DNA concentration.
In reactions with lower PC DNA concentrations, the association of SgrAl DBD into filaments is rate limiting,
which impacts both types of measurements equally (i.e. the measurement of DNA cleavage by PAGE and the
measurement of cleaved DNA release using fluorescence unquenching). In reactions with higher concentrations

of PC DNA, later steps in the reaction pathway influence the observed rates to a much greater degree, such as
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the filament dissociation step following DNA cleavage. Data measured with PAGE does not include this step,

hence data measured by PAGE exhibit rate constants higher than those measured by fluorescence (compare red

circles to blue triangles, Fig. S9).

Table S2. Kintek Global Kinetic Explorer Equations

The model named 4EO from Park, et al., 20183 was used in global model fitting. Note that this model includes the

following characteristics:

All reactions are reversible, with one exception (DNA cleavage)

PC is the pre-cleaved primary site analogous to one-half of a full activator DNA. Two copies assemble into
PCDS, which is the activator DNA.

PCDS binds to SgrAl to form “F”

M26_2 is the reporter DNA Flo-26M-2-Rox, which binds to SgrAl to form “RT”

“RT” is also the L state conformation of SgrAl bound to the reporter DNA

RT is in equilibrium with “R”, the H state conformation of SgrAl bound to the reporter DNA, this is the new
step added in the current work.

Only R can bind to SgrAl bound to activator DNA (i.e. “F”) to form or join filaments

R cannot bind another R, only an F

Filaments form by the addition of R or F at either end, with the rules that F can bind F, and R can bind F,
but R cannot bind R

Within the filament, R cleaves DNA to form “RX”

Filaments with cleaved DNA (i.e. with “RX”) dissociate to release the RX. This reaction is reversible.
Dissociation of F or RX occurs only from a filament end

Filaments up to 4 copies of R or F can form.

RX can dissociate into SgrAl and cleaved DNA (“X”). This reaction is considered reversible, though the
reverse (i.e. binding) rate constant is not determined by fitting to the data.

SgrAl bound to the reporter DNA, but not in a filament, can cleave DNA when in the R state
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PC+PC =PCDS
SgrAl + PCDS =F
SgrAl + M26 2 =RT
RT=R
F+F=FF
F+R=FR

R +F=RF

F +FR =FFR
FF + R =FFR

F + RF = FRF
FR + F =FRF
RF + F = RFF

R + FF = RFF

R +FR =RFR
RF + R=RFR
FF + F =FFF

F + FF = FFF
FFF + F = FFFF
F + FFF = FFFF
FFF + R = FFFR
F + FFR = FFFR
FFR + F = FFRF
F + FRF = FFRF
FRF + F = FRFF
F + RFF = FRFF

RFF + F = RFFF
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R + FFF = RFFF

R + FFR = RFFR

RFF + R = RFFR

R + FRF = RFRF

RFR + F = RFRF

F + RFR = FRFR

FRF + R = FRFR

FR =FRX

RF =RXF

FFR = FFRX

FRF = FRXF

RFF = RXFF

RFR = RXFRX

FFFR = FFFRX

FFRF = FFRXF

FRFF = FRXFF

RFFF = RXFFF

RFRF = RXFRXF

FRFR = FRXFRX

RFFR = RXFFRX

F + RX =FRX

RX +F=RXF

F + FRX =FFRX

FF + RX =FFRX

F + RXF = FRXF

FRX + F = FRXF

RX + FF = RXFF
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RXF + F = RXFF

RX + FRX = RXFRX

RXF + RX = RXFRX

F + FFRX = FFFRX

FFF + RX = FFFRX

F + RXFRX = FRXFRX

FRXF + RX = FRXFRX

RX + FFRX = RXFFRX

RXFF + RX = RXFFRX

RX + FRXF = RXFRXF
RXFRX + F = RXFRXF

F + FRXF = FFRXF

FFRX + F = FFRXF

F + RXFF = FRXFF
FRXF + F = FRXFF

RX + FFF = RXFFF

RXFF + F = RXFFF

RX =SgrAl + X

R=RX

Kintek equations for simulating experimental data:
PAGE data: BL+SF*X
Fluorescence dequenching data:
BL+(SF)*(X+RX+FRX+RXF+FFRX+FRXF+RXFF+FFFRX+FFRXF+FRXFF+RXFFF+2*(RXFRX+FRXF
RX+RXFRXF+RXFFRX))

REFERENCES

S25



[1] Park, C. K., Stiteler, A. P., Shah, S., Ghare, M. |., Bitinaite, J., and Horton, N. C. (2010) Activation of DNA
cleavage by oligomerization of DNA-bound SgrAl, Biochemistry 49, 8818-8830.

[2] 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 SgrAl bound to DNA,
PLoS One 10, e0124783.

[3] Park, C. K., Sanchez, J. L., Barahona, C., Basantes, L. E., Sanchez, J., Hernandez, C., and Horton, N. C.
(2018) The run-on oligomer filament enzyme mechanism of SgrAl: Part 2. Kinetic modeling of the full
DNA cleavage pathway, J Biol Chem 293, 14599-14615.

[4] 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.

S26



	Ghadirian_2024
	SI

