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ABSTRACT

We describe the identification and characteriza-
tion of novel homing endonucleases using genome
database mining to identify putative target sites,
followed by high throughput activity screening in
a bacterial selection system. We characterized the
substrate specificity and kinetics of these endonu-
cleases by monitoring DNA cleavage events with
deep sequencing. The endonuclease specificities re-
vealed by these experiments can be partially recapit-
ulated using 3D structure-based computational mod-
els. Analysis of these models together with genome
sequence data provide insights into how alterna-
tive endonuclease specificities were generated dur-
ing natural evolution.

INTRODUCTION

Homing endonucleases (also termed ‘Meganucleases’) are
a family of enzymes that generate double-stranded DNA
breaks (1) and are found in the genomes of a wide variety of
organisms, such as fungi, algae, bacteria and archaea. They
are encoded by mobile elements that typically correspond to
an intron or intein that contains their own coding sequence
(1). Of the many known types of homing endonucleases, the
LAGLIDADG family has been used by several groups for
genome engineering. There has been some level of success
using both computational design and directed evolution to
alter the specificity of these enzymes (2-8), but no approach
has proven reliable enough to engineer an endonuclease for
any target DNA sequence of interest. A possible strategy to
increase the potential of these enzymes for gene targeting is
to identify and characterize as many novel members of the

LAGLIDADG family, along with their DNA target sites,
as possible. That process, however, has represented a very
labor-intensive investment of time and resources for each
endonuclease being studied.

Putative native target sites of these enzymes can often
be identified by analysis of the nucleotide sequences that
flank the mobile element containing the endonuclease gene
(9-12). However, the substrate specificity of these enzymes
and how their protein sequences confer this specificity is not
clear. For example, homing endonuclease target preferences
that are not dependent upon direct protein—-DNA interac-
tions have been reported at certain positions in their tar-
get sites; these preferences are thought to arise from DNA
bending required for catalysis. However, the drivers of this
indirect readout are not well understood (13,14).

Previously, we carried out standard DNA cleavage assays
to collect kinetic data on each single base-pair substitution
in the target site of the I-Anil homing endonuclease and
found that distinct interface domains function in ground-
state and transition-state formation during the reaction (2).
The approach required extensive experimental effort, and
data on this single enzyme did not uncover the biophysi-
cal basis behind this segregation of target-site regions. De-
veloping a more complete understanding of how interface
residues participate in the cleavage reaction is an important
step in increasing the success rate of engineering.

Deep sequencing has revolutionized genomics and hu-
man disease research, and has also recently begun to trans-
form the study of how proteins evolve and interact with
each other and with other biomolecules (15-18). Such
high-throughput methods are well established for profil-
ing DNA binding specificities (19-23), but substrate bind-
ing and catalysis are not always tightly correlated with one
another (2). Approaches have recently been published for
using deep sequencing to profile DNA cleavage specificity
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(24), but they have so far only been tested on a small scale.
High-throughput methods are necessary for assaying the
large numbers of native endonucleases or engineered vari-
ants needed to assess and guide improvements to computa-
tional methods for predicting specificity.

Here we integrate genomic database mining, high-
throughput screening and computational modeling to iden-
tify and characterize new homing endonucleases, and de-
velop a deep-sequencing approach for high-throughput
profiling of endonuclease—substrate interactions. Using ho-
mology models of the newly characterized endonucleases,
corroborated by experimental data and binding energy cal-
culations, we relate interface interactions to target-site pref-
erences. The method presented here enables assessment of
the specificity and kinetic properties of many DNA-cleaving
enzymes with minimal effort, which should greatly facilitate
understanding of these endonucleases and improvement of
computational models.

MATERIALS AND METHODS
Identifying endonucleases and predicting target sites

A program was developed to generate a database of hom-
ing endonuclease genes and DNA sequences predicted to
contain the endonuclease cleavage site. The database and
source code are available in a public github repository:
https://github.com/tjbrunette/endonuclease.

Prospective homing endonucleases were identified (Fig-
ure 1) using two rounds of Position-Specific Iterative Ba-
sic Local Alignment Search Tool (PSI-BLAST) (25) start-
ing with 1263 proteins labeled as LAGLIDADG endonu-
cleases in the Genbank (26) and Refseq (27) databases and
the previously crystallized homing endonucleases [-Vdil411
(28), I-Scel (29), I-Onul (4), I-Msol (30), I-LtrI (4), I-Dmol
(31), I-Crel (30), I-Ceul (32) and I-Anil (33,34). This initial
search resulted in 813,747 prospective endonucleases, many
of which were likely not endonucleases due to the permis-
sive nature of two rounds of Basic Local Alignment Search
Tool (BLAST) with an e-value of le-5. These prospec-
tive endonucleases were filtered using HHsearch (35) to
those that have 50% probability of being homologous to
an endonuclease with known structure; duplicate sequences
were removed at this point. HHsearch uses predicted sec-
ondary structure and sequence similarity to match distant
homologs, making it more accurate than BLAST. Out of the
prospective endonucleases, 8255 were recognized as unique
homing endonucleases.

For the identified endonucleases, flanking DNA and
intron—-exon boundary annotations were then extracted
from the Genbank ftp:/ftp.ncbi.nih.gov/genbank and
Refseq ftp:/ftp.ncbi.nlm.nih.gov/refseq/release/complete/
databases. The versions of these two databases that were
used contained only a subset of the sequences found
from the BLAST search, resulting in identification of the
flanking region (that contain potential target sites) for 2059
of the 8255 endonucleases.

The putative target site region (30 base pairs on each side
of the intron containing the endonuclease gene) could be
unambiguously identified for 384 endonucleases, based on
complete annotations of the exon—intron boundaries. Tar-
get sites for the remaining endonucleases were predicted
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Figure 1. Mining genomic databases for endonuclease target sites. (a)
Schematic of intron-encoded homing endonuclease (HE) genes and asso-
ciated putative target-site regions. The target of an intron-encoded LAGL-
IDADG endonuclease is typically 20 base pairs in length and is likely con-
tained within the 30 base-pair region assembled from the 15 base pairs on
each side of the intron. (b) Protocol used to collect HE genes and putative
target sequences. Many endonucleases reside in introns with clearly anno-
tated boundaries thought to contain the putative targets. Using this in-
formation, the PSSM search program identified additional endonuclease-
target pairs in the ambiguous classification (without clearly annotated
boundaries) by searching the DNA sequence surrounding the endonu-
clease for similar target sequences. (¢) Endonucleases were clustered by
protein sequence identity and the clusters were found to contain similar
predicted target sites. The site for the low-surviving Gze325 endonuclease
(Supplementary Table S1) was not identified by boundary annotations and
was considered ambiguous. Using the PSSM search, a putative site was
determined for Gze325 and this protein was also matched with 12 simi-
lar endonucleases, including the highly active Aae264, by protein sequence
clustering.
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by searching the DNA sequence flanking the endonucle-
ase gene with the putative target site of the most similar
endonuclease from the group that was unambiguously de-
termined. A previously described position-specific scoring
matrix (PSSM) program was used to predict the site (3,14).
Cut-sites were identified for an additional 77 endonucleases,
based on criteria of the cut-sites matching >13 nucleotides
out of 15 in one of the two exonic boundaries and a BLAST
e-value of 10e™* to the non-ambiguous homolog. Of the
remaining endonucleases, 653 did not clearly cluster with a
non-ambiguous endonuclease with these stringent criteria,
and 945 were either inteins or endonucleases larger than 500
residues.

Endonucleases with accurately identified cut-sites have
been clustered and target-site logos generated with WebL-
0go (36,37). Clustering was done using k-means cluster-
ing in NumPy (38) with distances measured by Clustal W
(39). For experimentally tested endonucleases that did not
automatically cluster, due to the inability of our program
to parse all types of boundary annotation in the Genbank
and Refseq, putative target-site sequences were compared to
other highly homologous endonucleases and were clustered
manually if both target site and protein sequences were sim-
ilar.

Characterizing activity of putative endonucleases

All reagents, methods and vectors—the bacterial selec-
tion plasmids pENDO-HE and pCcdB and the His-tagged
protein expression vector pET15-HE—are previously de-
scribed (14). The LAGLIDADG endonuclease genes, se-
quences available in the supplement, were assembled from
oligonucleotides and codon-optimized for expression in Es-
cherichia coli (40). A previously described bacterial screen
(Figure 2a) (14,41,42) was used to characterize the activity
of these endonucleases. In brief, the pCcdB plasmid con-
tains arrays of predicted target sites for the putative en-
donucleases, and encodes a toxin that is expressed (result-
ing in cell death) if not cut by a corresponding active nu-
clease. DHI12S E. coli (Invitrogen) containing this plasmid
were transformed with endonuclease expression constructs
(pENDO-HE). Two bacterial lines were used, each contain-
ing approximately half the putative target sites on pCcdB
(Supplementary Table S1). A single round of selection was
completed, followed by collection of the plasmids and re-
transformation to obtain more accurate values for bacteria
survival.

Endonuclease genes were transferred from the pENDO-
HE plasmid into the pET15-HE plasmid for protein ex-
pression. To facilitate expression, maltose-binding protein
(MBP) with an N-terminal His-tag was fused upstream
of each endonuclease. The fusion sequence and all addi-
tional sequence modifications are detailed in the supple-
mental information. Proteins were expressed in BL.21 Star
cells (Invitrogen) using a half-liter of media and autoinduc-
tion (43) and purified with nickel affinity chromatography.
Proteins were stored in 20 mM Tris, pH 7.5, 500 mM NaCl,
50% (v/v) glycerol; purity was assessed with sodiumdodecyl
sulphate-polyacrylamide gel electrophoresis, and the con-
centration was determined by absorbance at 280 nm col-
lected with a NanoDrop.
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Figure 2. Activity of new homing endonucleases against predicted target
sites. (a) Bacterial selection system used to screen endonucleases for ac-
tivity by linking bacterial survival to target-site cleavage (14,42). A high-
throughput adaptation of the original selection (42) was used (14), where
many putative target sites were placed in tandem on pCcdB. (b) Of the
48 experimentally tested endonucleases, active enzymes were found in all
categories of target-site identification, suggesting accuracy of site predic-
tions. Active endonucleases included the 17 with high activity in the bac-
terial selection system and two additional endonucleases that were shown
to have some activity in the Sanger sequencing experiments. Most of the
tested endonucleases, 39 of 48, were classified as non-ambiguous and had
clear exon-intron boundary annotations. All endonucleases with ambigu-
ous targets or without enough DNA to find a target (considered as ambigu-
ous in this figure) as well as the majority of the non-ambiguous endonucle-
ases clustered with other homologs, sharing similar protein and predicted
target-site sequences.
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Activity of the expressed endonucleases was measured
with in vitro cleavage assays (9,14), using the target-site ar-
rays amplified from the pCcdB plasmids as substrates. The
enzyme reaction buffer was 170 mM KCl, 10 mM MgCl,, 20
mM Tris, pH 9.0 and 1 mM dithiothreitol (DTT). Reactions
were completed for 30 min at 37°C and halted with approx-
imately 17 nM EDTA, followed by 60°C incubation for 5-
10 min. Cleavage products were separated on a 1.2% agarose
tris-borate-EDTA (TBE) gel and stained with ethidium bro-
mide. To identify the exact location of cleavage, the same
reaction procedure was followed by polymerase chain re-
action (PCR) cleanup (Qiagen) and Sanger sequencing in-
stead of agarose gel separation.

Next-generation specificity and kinetic profiling

Methods used for single-turnover kinetic analyses of hom-
ing endonucleases were described in detail in previous work
(2,44). In brief, enzyme concentrations and reaction times
are varied, and the DNA concentration is significantly
lower than the Ky of the enzyme.

The DNA substrate tested with each endonuclease was a
library of all single nucleotide substitutions in the known
or putative target site for that endonuclease, added to the
end of a constant 1584 base-pair DNA sequence. This sub-
strate was further amplified to incorporate phosphoroth-
ioate bonds on both 5 ends to prevent exonuclease degrada-
tion of molecules not cleaved in the endonuclease reaction.
In these kinetic experiments, the DNA substrate concentra-
tion was 2.5 nM in a 50 wl reaction with the same buffer
conditions used to test enzyme activity, and samples were
removed at eight time-points (15 s, 30 s, and 1, 2, 4, 8, 16
and 32 min). Six enzyme concentrations were tested (Sup-
plementary Table S2). In previous kinetics experiments, the
reaction was stopped with EDTA-containing buffer, but the
new method required that the reactions be stopped in a dif-
ferent way that did not necessitate a cleanup step prior to en-
zymatic digestion of the cut portion of the substrate popu-
lation. Therefore, the enzymatic reaction was halted by low-
ering the pH to approximately 4.5, because it is known that
LAGLIDADG endonucleases cannot cleave DNA at low
pH (45). The reaction buffer was the same as used for the
enzyme activity assays described in the previous methods
section. Samples of 5 wl were removed from the reactions
and halted with 20 pl of a 15 mM Glycine-HCI solution
with a pH of 3. To eliminate future endonuclease activity,
the samples were then heated at 70°C in the low pH solu-
tion for at least 10 min.

To degrade the cut substrate, 5 pl of a mix of 0.5 pl
lambda exonuclease, 0.5 w exonuclease I, 1 pl of water and
3 pl of an equal mix of their respective buffers was added to
each halted 25 pl sample. The two buffers neutralized the
relatively low concentration of low pH glycine and the so-
lution was returned to the optimal pH of approximately 9.
All enzymes and buffers were obtained from New England
Biolabs. The degradation step was completed at 37°C for a
minimum of 1.5 h. The activity of lambda exonuclease and
exonuclease I was halted by incubating the reaction at 80°C
for 20 min.

To amplify each tested condition and incorporate a
unique barcode for each condition, 20 wl PCR reactions

were assembled including 1 pl of the reaction mix, 10 wl
of 2X taq master mix (GoTaq green master mix, Promega),
7 wl of water, and 1 pl each of a 10 wM constant forward
primer and reverse barcoding primer. Eight cycles of PCR
amplification were completed to minimize the effect of the
amplification. Following this barcoding PCR, all barcoded
conditions for each individual enzyme were mixed together
equally. This mix was column purified and the concentra-
tion was determined by NanoDrop. These clean samples of
all conditions for each tested endonuclease were then com-
bined with each other at equal concentrations to ensure suf-
ficient sequencing coverage for all experiments. Duplicate
reactions were included for each tested condition and the
samples were sequenced twice to ensure reliability at the se-
quencing step.

Alignment and quality filtering of the sequencing data
from raw Illumina reads was completed by the sequenc-
ing facility (htSEQ, University of Washington). Reads were
assigned to the correct pool on the basis of a unique
eight base-pair barcode identifier (Supplementary Informa-
tion). The number of reads for each included substrate was
counted and compared between each reaction condition
and an uncleaved control reaction with the same substrate
mix. Dividing each reaction condition by the uncleaved con-
trol sample produced a substrate ratio, equivalent to the en-
donuclease specificity for each position in its putative target
site. Substitutions that abrogated endonuclease cleavage in-
creased most in the substrate pool, while substitutions in
the region flanking the endonuclease target decreased the
most. Endonuclease kinetic properties were determined by
comparing substrate ratios for different concentrations of
endonuclease. Positions with that are influenced by enzyme
concentration, Ky positions, will decrease in the substrate
population with higher enzyme concentration. Processing
of deep-sequencing data to generate profiles for specificity
and kinetics is described in further detail in the Supplemen-
tary Material. Scripts for analysis of deep-sequencing data
and generation of graphs are available by request. Sequenc-
ing data is also available upon request.

Computational modeling

Structure models of endonucleases were generated using the
recently developed RosettaCM protocol (46), which sam-
ples protein conformations based on all homolog structures.
Recent CASP10 experiments showed that this protocol gen-
erates more accurate atomic models for homology model-
ing compared to other widely used methods. For the pro-
tein structure modeling, templates and alignments are first
identified by HHsearch (47), SPARKS-X (48) and RaptorX
(49). A total of 41 endonuclease structures were used to gen-
erate these models and are listed at the end of this section.
For DNA modeling, the backbone of the DNA in a crystal
structure of I-Onul in 3QQY (4) was used as the template.
Base pairs are placed based on the given target sequence
using DNA substitution methods described earlier (3,41).
Both the forward and reverse orientation of the DNA se-
quence and 17 DNA threading possibilities with different
registration in each direction were considered.

The top 10 templates from each alignment method were
selected for each endonuclease being modeled and were su-
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perimposed to 3QQY using TMalign (50). RosettaCM was
then applied to recombine and refine the structure based on
the input templates with threaded DNA in place (46). For
each protein, 1000 models were generated for each DNA
target site being considered. Lowest total energy models
were selected as input for AAG calculations. First, 20%
(200) of the lowest energy models were selected. To reduce
the noise resulting from uneven sampling of high-energy
structures, average total energy was calculated among the
selected models. Those models with total energies higher
than one standard deviation above the average energy were
filtered. For a given model, AAG of the protein—-DNA in-
terface was calculated as the difference between the energy
of protein-DNA complex and the energy of isolated protein
and DNA. The average and standard deviation of the five
lowest AAG values are reported here. The total time for all
calculations for each target was approximately 5000 CPU
hours. All models are available upon request and the best
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model for each characterized endonuclease is included with
this submission.

PDB codes for RosettaCM protein modeling templates:

1dq3, 1527, lkaf, 1lwt, Im5x, Imow, 1n3e, 1p8k, 1t9i,
119j, 1ulc, 2ab3, 2cw8, 2dch, 2ex5, 2fld, 2i3p, 2i3q, 2qoj,
2qrr, 2vbj, 2vbl, 2vbn, 2vs7, 2xe0, 3cOw, 3cxj, 3e54, 3eh8,
3fd2, 3hyi, 3mip, 3mis, 3mx9, 3mxa, 3mxb, 3qqy, 3r7p, 3uvf,
4aae, 4ef].

RESULTS AND DISCUSSION
Endonuclease and target-site identification

Candidate LAGLIDADG homing endonucleases (1) were
identified by BLAST (25) searches against the non-
redundant NCBI database with the sequences of previously
characterized members of the family. Initially, putative tar-
get sites were assembled by manually examining the exon
boundaries of the intron that contained the endonuclease
gene (Figure 1a). The binding sites of these enzymes are
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Figure 3. Identification of endonuclease cleavage specificity and location.

(a) A new method of profiling DNA cleavage specificity using deep sequencing

was developed. A substrate library was constructed for each tested endonuclease, consisting of all single base-pair substitutions in its putative target site.
This library was reacted with endonuclease under multiple conditions, the cut substrate was degraded by exonucleases, and the uncut portion of the library
for each reaction condition was marked with a unique barcode and deep sequenced. (b) Sanger sequencing of cut plasmid substrate revealed the cleavage
location and central four bases for each expressed endonuclease (Supplementary Figure S3), corroborating the specificity profiles generated with deep
sequencing. An additional adenine nucleotide is often found added at the end of the trace from the sequencing reaction.
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Figure 4. Processing of deep-sequencing data to generate specificity profiles. (a) Example of deep-sequencing data collected for the highest tested concen-
tration of the Pan934 enzyme (182 nM) and the longest reaction time (32 min), averaged across two independent experiments (standard deviation shown).
A substrate frequency ratio was determined by dividing the frequency of each single base substitution in the reaction condition with enzyme by the control
condition with no enzyme added. The best-cleaved substitutions decreased the most in the substrate library and are located in the region adjacent to the
approximately 20 base-pair endonuclease target site. (b) The best-cleaved substitutions in the substrate library are adjacent to the endonuclease target
site, and their changes across reaction conditions need to be eliminated from the specificity profile. Therefore, the second step in the data processing was
to identify the reaction time when the substrate ratio no longer decreased for well-cleaved substrates (pink arrow). The substrate 3_G in the Pan934 site
is shown as an example and the ratios were compared to 0 instead of 1 to more easily identify changes relative to the starting sample. This data are an
average of the two separate runs completed for each reaction condition and the standard deviation error bars are shown (except for the 16-min time, as
one of these two barcodes was used for the uncleaved substrates for this highest enzyme concentration). (¢) Similarly to the data-processing step shown in
(b), the approximate enzyme concentration with which the well-cleaved substrates no longer changed significantly was identified (pink box). (d) The final
specificity plots were generated from an average of three timepoints (the time before and after the time identified in (b)) to more comprehensively represent
the sequencing results and reduce experimental noise. The standard deviation is shown for the average of the data from these three (each already averaged
across duplicates) different reaction times with the enzyme concentration identified in (c). (e) Summarized specificity plots were generated by averaging
the values shown in the full specificity graph in (d) for the three substitutions at each position. To facilitate comparisons between profiles, the substrate
frequencies for the average of three best-cleaved substitutions are set equal to zero and all other values are correspondingly adjusted.
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typically 20 bases in length, so we hypothesized that 30
bases, 15 from each surrounding exon, were likely sufficient
to contain the site if the boundaries were accurately anno-
tated. We then automated this process to collect the endonu-
clease genes and corresponding target site containing se-
quences from Genbank and Refseq databases (Figure 1b).
A previously reported approach for identifying endonucle-
ase targets compared alleles with and without introns and
inteins (10). Our algorithm instead finds sites of intron-
encoded LAGLIDADG endonucleases by comparing pub-
lished intron—exon boundaries to each other and to longer
sequence regions in less well annotated genomes. Similar
target sites were identified for endonucleases with high pro-
tein sequence similarity, supporting these target-site predic-
tions (Figure 1¢). While the majority of endonuclease genes
reside in the fungi mitochondrial sequences (4,51), several
were tested from organisms in other kingdoms, such as cu-
cumber (52) and coral (53).

Enzyme activity

Active endonuclease—substrate pairs were identified using a
selection system that couples survival of bacteria to cleavage
of a plasmid containing the substrate (Figure 2a) (14,42).
We tested 48 enzymes in the selection system and found 17
that were highly active, targeting 12 unique sites (Supple-
mentary Table S1). The low survival of the remaining en-
donucleases is either due to activity that is not high enough
for the stringent bacterial selection (42,54), poor stability or
incorrect target-site prediction. The inactive endonucleases
clustered with many other endonucleases predicted to cleave
the same target and even with high-surviving endonucle-
ases, suggesting that their sites were accurately determined
(Figure 2b, Supplementary Table S1). Homing endonucle-
ase protein sequences can degrade and lose nuclease activ-
ity following the homing process, as they no longer need to
cleave within their host genome (34,54,55), and such degra-
dation probably occurred in some of the 32 enzymes that did
not display high activity. For 11 of the inactive endonucle-
ases we retrospectively identified potentially deleterious mu-
tations (sequences in Supplementary Information), such as
the conversion of a catalytic aspartate to asparagine in the
inactive Pak761 endonuclease. A computational approach
to more reliably detect this degradation by comparison to
a consensus enzyme sequence (56,57) would likely increase
success rate in future work. Additionally, we found that ac-
tivity could be recovered for one enzyme by swapping in
protein regions from a related high-activity endonuclease
(Supplementary Figure S1).

For further in vitro characterization, we initially explored
in vitro translation and compared cleavage activity to sur-
vival in the bacterial system (Supplementary Figure S2).
However, only a subset of the active enzymes could be made
with this method, so the proteins were instead expressed
and purified from E. coli as His-tagged MBP fusions. All
but two of the highly active enzymes (Glu729 and Pan933)
expressed well and displayed high activity (Supplementary
Figure S3), while almost all low-activity enzymes either did
not express or showed no activity. Scu342 and Ade066 were
exceptions, showing some activity in plasmid cleavage ex-
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periments (Supplementary Figure S3), giving a total of 19
endonucleases with some activity.

Substrate specificity

To further profile the target-site preferences of the ex-
pressed and active endonucleases described above, we de-
veloped a high-throughput protocol using deep sequenc-
ing (Figure 3a, Supplementary Figure S4). In brief, a DNA
substrate library was generated containing all single base-
pair substitutions in the putative endonuclease target and
exposed to endonuclease under varying conditions. This
method directly indicates the identity of base-pair substitu-
tions that inhibit cleavage: cleaved substrates are degraded
while the uncut portion of the library is preserved and
passed on to next-generation sequencing. The uncut sub-
strates remaining in each reaction condition are identifiable
by a unique sequence tag (barcode) that is added after the
degradation step. To complement the new method and fur-
ther clarify the precise point of cleavage and central four
bases, the same plasmids used in the bacterial selection were
digested with homing endonucleases and Sanger sequenced
(Figure 3b). From the deep-sequencing data we generated
specificity profiles by taking the ratio of the frequency of
each DNA substrate in samples exposed to endonuclease
to the corresponding substrate frequency in a no-enzyme
control, and averaging these ratios across several reaction
times (Figure 4a—e). Target sites with substitutions that are
not tolerated by these newly characterized endonucleases
increased in the substrate pool while cleaved target sites de-
creased, thus identifying their approximately 20 base-pair
binding regions within the 30 base pairs surrounding the
intron containing the endonuclease gene. Similar specificity
profiles were obtained with protein produced via in vitro
translation and with the MBP fusions (Supplementary Fig-
ure S5).

Substrate specificity profiles were also generated using
this method for previously characterized enzymes with pub-
lished profiles (2,4,58), enzymes with published target sites
but uncharacterized specificity profiles (4,42), and for nine
of the newly identified high-activity enzymes (Figure 5, Sup-
plementary Figures S6 and S7). The binding sequences are
not always centered on the intron break point, but each en-
donuclease has a similar length target site and high level
of specificity (Figure 5). For three enzymes with published
specificity profiles, the general trends matched well with
previous results (Figure 5, Supplementary Figure S6), al-
though the dynamic range of the profiles derived from deep-
sequencing data was lower. The cause of the reduced dy-
namic range and difference between actual and theoretical
deep-sequencing results (Supplementary Figure S8) is not
clear; it is not due to the reliability of the deep-sequencing
data (Supplementary Figure S9), degradation of cut sub-
strate (Supplementary Figure S10) or the presence of com-
peting substrates (Supplementary Figure S11). We also used
the method to identify new and unexpected substrate prefer-
ences for previously engineered endonuclease variants (Sup-
plementary Figure S12) (14).
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concentration at short reaction times and were either unaffected or showed

a gain in response to increased enzyme. (¢) Kinetic profile for Pan928 and

Gin027, with regions of the interface that show similar characteristics to I-Anil regions boxed in the same color as in panels (a) and (b).
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Figure 7. Predicting endonuclease target-site preferences using homology
modeling and binding energy calculations. (a) Endonuclease-DNA com-
plexes were modeled and the interface binding energy (AAG) was calcu-
lated for each protein with 34 possible target-site orientations. The putative
target site for these endonucleases, identified through experimental char-
acterization (Figure 5, Supplementary Figure S3), is highlighted with a
magenta bar. A simplified scheme of how the target-site orientations are
presented for the endonucleases is shown in the upper part of the panel.
Binding energy plots are shown for Pan945 (49% identity to template, I-
Onul), for which the putative target site is ranked second by the compu-
tation, and Pan928 (42% identity to I-Onul), for which the actual target
site is ranked best. (b) Summarized prediction results for 14 newly charac-
terized endonucleases (Supplementary Figure S15). If the experimentally
identified target site were chosen as the best site by the computational pre-
diction, then the result is ranked 1 (red). If either the experimental target
or either of the two adjacent base pairs were predicted as the best site, then
the result is ranked 1 (blue) in order to capture the energetic funnel seen
for some endonucleases such as Pan945.

Kinetic profiling

Specificity data only provide a static view of the importance
of each target-site interaction for DNA cleavage, rather than
revealing the role of interface regions at different stages of
catalysis, and do not distinguish the contributions of in-
terface residues to substrate binding versus transition state
stabilization. Previously we demonstrated, for the endonu-
clease I-Anil, that two distinct interface regions (the N-
terminal and C-terminal domains) respectively dominate
the enzyme’s activity and specificity during substrate bind-
ing and turnover (Figure 6a) (2). To uncover sequence de-
terminants of kinetics for the newly identified endonucle-
ases, we carried out a similar analysis by sequencing cleav-
age reactions at multiple concentrations and times. To de-
termine which substitutions influenced substrate binding
(Knm) or turnover (k¢,) we calculated how the amounts of
uncut substrate in the sequencing reaction changed in re-
sponse to varying conditions (Figure 6b, Supplementary
Figure S13). Substitutions that decrease substrate abun-
dance in the population with increasing enzyme concen-
tration influence Ky, while substitutions that increase sub-
strate abundance even at high enzyme concentrations influ-
ence ke (2). Comparing the deep-sequencing derived ki-
netic profile with the previously published I-Anil kinetic
profile (2), the regions involved in formation of the ground-
state complex (where target-site substitutions impact initial
substrate binding) and of the transition state (where substi-
tutions impact turnover) were found to be very similar be-
tween the two profiles. Evaluation of newly generated pro-
files for other high-activity endonucleases revealed differ-
ences in their degree of catalytic asymmetry (Figure 6¢, Sup-
plementary Figure S14): the Pan928 profile is highly sym-
metric, with target-site substitutions in and surrounding
the central four on both sides reducing turnover, while the
Gin027 profile resembles that of I-Anil, with each target-
site half having distinctive characteristics.

Computational modeling

Without a crystal structure or reliable model it is difficult to
connect these substrate preferences to particular interface
interactions or to use these endonucleases as starting points
for further structure-based engineering. Even if the cleavage
site is precisely defined, the orientation of the enzymes on
their target sites is not clear without structural data. Since
crystal structures are not available for the new enzymes, we
chose to model these protein-DNA complexes using Roset-
taCM (46). The main challenge of this approach was build-
ing accurate models of the protein-DNA interface with the
putative target-site bases substituted. The DNA backbone
used in the computation was copied from the template crys-
tal structure, with the DNA bases substituted with the se-
quences of putative target sites and rigid-body shifts al-
lowed during the optimization process, altering the relative
orientation of the protein and DNA molecules. Fourteen
active endonucleases, nine with newly generated specificity
profiles (Figure 5) and several with only Sanger sequenc-
ing data (Supplementary Figure S3), were modeled with 34
possible target sequences, 17 in each orientation centering
around the original 30 base-pair sites. Sequence registries
were then ranked by the calculated protein—-DNA binding
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Table 1. Endonucleases with activity against predicted target sites

Name | Accession # | Target Site (orientation)
|Endonuclease with deep sequencing specificity profiles
Pan910 NP_074910.1 acttagggataaggagggct (R)
Pan914 NP_074914.1 ctcctcataatecttatcaa (F)
Pan926 NP_074926.1 tggttttggtaatttcttat (R)
Pan927 NP_074927.1 tgggcctgatatggcattcec (R)
Pan928 NP_074928.1 accctcctttatcaggtgta (F)
Pan934 NP _074934.1 attcggttatattggtatgg (F)
Pan942 NP_074942.1 tctatagattaagaggaagt (R)
or

tctatagattaagaggaagt (F)

Pan945 NP_074945.1 tgatcctcataatcaaaggt (R)
Gin027 | YP_002587027.1 catgatacttattatgtagt (F)

Ade066 [XP_002620066.1 similar to Gin027

|Endonucleases with targets identified by Sanger sequencing

Scu342 YP_203342.1 taggtgttaatttaacattt (F)
or
aggtgttaatttaacatttt (R)
RAae264 AACT72264.1 gatggactgtttatcctcet (F)
Bcu047 [YP_003127047.1 similar to Rae264
Cre842 ABX82842.1 similar to Rae264
Pan940 NP_074940.1 similar to Gin027
Pma729 NP_943729.1 similar to Gin027
. o . . . [E 1 ith high ival i
Figure 8. Shifts in target-site preference correlate with protein sequence Lt i L LG e o e C ey
. .. Glu729 AA013729.1 ggtaggaaataggattagataccccggtac
changes in homologous endonucleases. (a) The sequence cluster containing
. Pan933 NP 074933.1 aatggattcttcggtcatcccgaggtttat
the tested Pan926 endonuclease also included a homologous endonucle- - . - ;
dicted 1 . .. 1 substituti Th likely based on Pan934 similarity:
ase predicted to cleave a target site containing several substitutions. These cttcggtcateecgaggttt (F)
base substitutions were located with regions of the Pan926 target site that Soc368 | NP 700368.1 Similar to Rac264

has high specificity (Figure 5), indicating that there must also be amino
acid changes in this homolog to accommodate the new target sequence. (b)
Comparing the residues in the protein-DNA interface of Pan926 and the
homolog with the differing target site indicated that one-half of the inter-
face was more conserved than the other (blue = identical, purple = similar,
red = divergent). Pan926 was predicted to bind in a reverse complement
orientation with binding-energy calculations (Supplementary Figure S15).
Comparing the interfaces of Pan926 and the homologous endonuclease
supports this binding model, as the region with more target-site changes
is interacting with the more divergent protein sequence half in the reverse
complement orientation.

energy (Figure 7a). In some cases there is a funnel-like en-
ergy landscape, where the registries near the correct position
have low binding energies. This rigid-body shifting occurs
because the long side chains characteristic of protein—-DNA
interfaces, such as arginine residues, can make multiple dif-
ferent energetically favorable interactions with the correct
base. Half of the proteins have the best binding energy ei-
ther at the experimentally supported or adjacent site, and
11 have a lower binding energy for one of the two possible
orientations of the experimentally identified target site than
for the majority of the competing sites (Figure 7b, Supple-
mentary Figure S15).

Connecting substrate preferences and interface interactions

For those endonucleases where experimental data and
binding-energy calculations corroborate each other, we can
use the homology models to understand how changes to the
protein sequence lead to new target-site specificities. The
sequence cluster containing the Pan926 endonuclease in-
cludes an endonuclease with a predicted target site differ-
ing by almost half the nucleotides (Figure 8a). Some target-
site bases are conserved and are near similarly conserved
protein interface residues, while some are completely dif-
ferent and are contacted by correspondingly evolved pro-
tein residues (Figure 8b). Structural models can explain

We have characterized homing endonucleases cleaving 13 unique target
sites. For 10 endonucleases, eight with unique and newly identified tar-
get sites (the site for Pan914 or PanMI was previously published (4)), a
specificity profile was collected using our new deep-sequencing method
(Figure 5, Supplementary Figure S7). Several additional endonucleases
were shown to cleave their predicted targets by Sanger sequencing (Fig-
ure 3b, Supplementary Figure S3). The central four bases for each target
are indicated with bold font. The orientation of these endonucleases bind-
ing to their putative target sites was predicted by homology modeling and
binding-energy calculations (Figure 7, Supplementary Figure S14) and is
indicated by (F), binding to the site in the orientation shown, or (R), bind-
ing to the site in the reverse complement orientation. In two cases, the ex-
act orientation was not clear from the modeling and both possible target
sites are shown. For three endonucleases that did not express, target sites
could not be verified outside of the bacterial selection system. Two of these,
Glu729 and Pan933, are highly active in the bacterial system and are pre-
dicted to cleave unique sites. The 30 base-pair region likely containing their
targets is shown, as well as a putative site for Pan933 that is based on the
conservation between DNA-interacting residues in its N-terminal domain
and in that of Pan934 (see attached homology model of Pan934).

how specificity shifts are produced by evolution, an essential
step toward being able to engineer similar shifts. Compar-
isons between models and experimentally derived target-site
preferences can generate hypotheses for further investiga-
tion; for example, these comparisons suggest a possible role
for aromatic residues in promoting endonuclease catalysis
(Supplemental Discussion, Supplementary Figures S14 and
S16).

CONCLUSIONS

The rapidly increasing availability of whole genome se-
quences from diverse organisms has enabled the discov-
ery of large numbers of homing endonucleases (4,10). Here
we present a new method for identifying these endonu-
cleases and their corresponding target sites from these se-
quence data. The accuracy of our method was evaluated
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with high-throughput experimental approaches for profil-
ing DNA cleavage activity and specificity. We characterized
19 active enzymes, targeting 13 unique target sites, and gen-
erated full specificity profiles for 10 endonucleases (Table 1),
nine of which were newly identified. The approaches tested
here are readily applicable to studying other DNA cleavage
enzymes, such as transcription activator-like effector nucle-
ases (TALENSs) (59,60) and Cas9 (61-63). Discovery and
characterization of Cas9 nucleases with different specifici-
ties is a current challenge (64-66) that could employ the
pipeline we have established for homing endonucleases.

The deep-sequencing method for profiling DNA cleavage
specificity allows characterization of the role of specific base
interactions in substrate binding and transition state forma-
tion by monitoring cleavage across a wide range of enzyme
reaction conditions. This deep-sequencing approach is use-
ful both for discovery and characterization of new enzymes
and for providing feedback during protein engineering en-
deavors, identifying causes of low activity or specificity at
multiple stages of the design process. The method could also
be adapted for high-throughput study of single-strand nick-
ing or RNA cleavage.

We find that the Rosetta homology-modeling platform
can be used to model protein-DNA interfaces and probe
the exact DNA target site for endonucleases. While the ap-
proach described here is not perfectly accurate, it has con-
siderable potential; for half of the targets, it predicted the
binding site no more than a single base off from the cor-
rect target. These models, combined with database mining
and sequence clustering, can inform our understanding of
how amino acid mutations in homologous endonucleases
result in natural target-site specificity shifts and can be used
as starting points for further interface engineering. As high-
throughput assays provide more data for guiding model im-
provement, the accuracy of modeling should increase and
be extendable to other enzyme-substrate classes where high-
throughput experimental methods are unavailable.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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