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Bioinformatic Identification of Homing Endonucleases
and Their Target Sites

Eyal Privman

Abstract

Homing endonuclease genes (HEGs) are a large, phylogenetically diverse superfamily of enzymes with
high specificity for especially long target sites. The public genomic sequence databases contain thousands
of HEGs. This is a large and diverse arsenal of potential genome editing tools. To make use of this natural
resource, one needs to identify candidate HEGs. Due to their special relationship with a host gene, it is
also possible to predict their cognate target sequences. Here I describe the HomeBase algorithm that was
developed to this end. A detailed description of the computational pipeline is provided with emphasis on
technical and methodological caveats of the approach.
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1 Introduction

In this chapter, I describe a computational approach that identifies
novel Homing endonuclease genes (HEGs) in nucleotide sequence
databases, infers their native target sequence, and then generalizes
this single target to a predicted range of possible targets. This
approach was first used to construct the HomeBase collection [1],
which is searchable using the HomeBase web server at http://
homebase-search.tau.ac.il /. The first part of Subsection 3 describes
the usage of the web server to search for HEGs in the existing
HomeBase collection that are predicted to have targets within a
given query DNA sequence. The second part describes running
the HomeBase pipeline on a local computer in order to search for
novel HEGs in a nucleotide sequence database.

The HomeBase pipeline involves first the inference of the
native target sequence. This stage relies on the observation that the
two halves of the target sequence are found in the exons/exteins
flanking the intron/intein in which the HEG resides (Fig. 1).
In the second stage HomeBase infers the range of nonnative tar-
gets that may be cleaved by the nuclease. This stage relies on the
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Fig. 1 AHEG residing in an intron/intein of a hosting gene compared to a homolog
of the hosting gene that does not contain the intron/intein

observation that the long target sequences allow considerable plas-
ticity: some nucleotides can be substituted while cleavage efficiency
is retained [2]. For HEGs that reside in introns or inteins of a
protein-coding host gene, the target sequence is typically coding
for a conserved amino acid translation, yet synonymous (silent)
mutations are still frequent. Therefore, HEGs evolved tolerance to
variation in these synonymous sites [ 3, 4]. This observation is use-
ful for the prediction of the range of targets that a nuclease can
recognize beyond the native target sequence found in its host. In
HomeBase, the range is defined by the translated amino acid
sequence of the target site.

2 Materials

The computational protocol described below requires the following:

1. A query set consisting of the protein sequences of known
HEGs. For example, HEG-containing intron sequences may
be obtained from the Group I Intron Sequence and Structure
Database [5] (http://www.rna.whu.edu.cn/gissd) and HEG-
containing inteins from the intein database INBASE [6]
(http://www.neb.com/neb/inteins.html). The manual cura-
tion of these databases ensures that these protein sequences do
not include exonic or exteinic parts. This is essential for our
purpose because otherwise the BLAST search will retrieve
many homologs of the hosting gene instead of homologs of
the HEGs. The query sequences will include only the HEG
sequence for the case of introns. For the case of inteins we will
use the full intein sequence, which includes both the nuclease
domain and the protein-splicing domains.

2. The nucleotide database that will be searched for HEGs needs
to be available in plain FASTA format, and also formatted as a
BLAST-searchable database.

3. A local installation of a BLAST implementation such as the
NCBI BLAST package (ftp://ftp.ncbi.nlm.nih.gov/blast/
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executables/blast+/LATEST /). Special-purpose software to
parse and analyze the BLAST results, such as the Perl scripts
described below, which were used in the original production
of the HomeBase database. These scripts are available for
download from http://homebase-search.tau.ac.il/. A BLAST
parser implementation such as the BioPerl Bio::SearchlO
module is also recommended [7] (http://www.bioperl.org/).

Depending on the size of the database to be searched, consid-
erable computing resources may be necessary. As an example,
the original HomeBase collection was constructed in 2009 by
searching a total of 36 Gbp genomic and metagenomic
sequences, and the run-time of the pipeline was roughly 5
weeks on a 40-core cluster. A key factor is the number of que-
ries in the BLAST-2 stage (see below). In that case we had
about 10,000 queries, which were eventually narrowed down
to less than 1,000 in the final output.

3 Methods

3.1 Using the The

results of the original HomeBase pipeline that was run in 2009

HomeBase Web Server ~ are online and searchable using the HomeBase web server at the
to Search the Existing address: http://homebase-search.tau.ac.il /. The web server allows

HomeBase Collection searching for HEGs in the existing HomeBase collection that are
of Putative HEGs predicted to cut within a query DNA sequence provided by the user.
1. Enter the query sequence by either copy-paste into the text

box or by choosing to upload a file. You may enter the sequence
either as a plain DNA sequence or as a FASTA formatted file.

Click “submit” and wait for the search to complete, which
normally takes up to a few minutes for an input sequence of a
few thousands of bases. A results page will be shown with a
table in the following format:

Cleavage Match
HEN name site position Blast pairwise alignment score
ref]XM_001554561.1|_TRUNC_ 24058 EKASGFEESM 9/10
1_4210_INS_774_3208 EKASGFEESM
EKASGFEESM
gb|AY836254.1| TRUNC_ 24058 EKASGFEESM 8/9
1_1788_INS_177_1744 EK+SGFEESM
EKSSGFEESM
gb|AACY023780064.1|_TRUNC_ 20035 AGLPAQPYSMS 6/14
1_1533_INS_431_1389 AG P QP+S+S
AGFPCQPFSIS
gb|AY863213.1|_TRUNC_14408_ 12808 LHQGKTNNPLTV 7/12

21647_INS_742_1726

LHQ +NNPL +
LHONGSNNPLGI
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3.2 Searching

for Novel HEGs in a
Sequence Database
Using a Local
Implementation of the
HomeBase Pipeline

3.2.1 Search for HEGs
(BLAST-1)

3.2.2 Defining Target
Sites Based on Vacant
Homologs (BLAST-2)

HEN name: The 1D for the nuclease in the HomeBase collection,
which includes the NCBI Nucleotide ID in which this gene was
identified by the HomeBase pipeline. Clicking the link gives the cod-
ing sequence for this gene, as defined by the HomeBase pipeline.

Cleavage site position: The position of the predicted target site in
the query sequence.

Blast pairwise alignment: An alignment of translated sequences of
the native target sequence (from the HomeBase database) and the
predicted target sequence (in the query sequence).

Muatch score: The number of identical amino acid residues out of
the total alignment length.

Two consecutive rounds of BLAST searches will be run: The first
identifies candidate novel HEGs (BLAST-1). These sequences are
used as queries in the second search (BLAST-2) to identify vacant
homologs: for a HEG-hosting gene that contains a HEG inside one
of its introns/inteins, a vacant homolog is a homolog of the host-
ing gene that does not contain the intron/intein (Fig. 1).
Subsequently, the alignments to the vacant homologs are used to
infer the target sequences.

1. The set of known HEGs is used as queries in a translated
BLAST (tblastn) search against the nucleotide database to find
novel HEGs. Using the NCBI BLAST package:

(a) Create a BLAST formatted database from a FASTA for-
matted file of the DNA sequences that will be searched for
novel HEGs:

makeblastdb -in database.fasta -dbtype nucl

(b) Run translated BLAST (tblastn) of the known HEG pro-
tein sequences against the database:

blastn -query known hegs.fa -db database.
fasta -out blastl.out

(c) Retain all hits of E-value<10, which is the default in
NBCI BLAST (see Note 1).

2. For long hit sequences it is necessary to divide the hit sequence
to disjoint loci by clustering the HSPs from all queries on the
same hit sequence (see Note 2). Overlapping HSPs are clus-
tered, as well as neighboring HSPs less than 2,000 bases apart.
Additional 1,000 bp flanking sequences are included on either
side. An implementation of this procedure is available in the
script getBlastSeqs.pl (see lines 81-96).

1. Each hit sequence from the BLAST-1 results (as defined by
the above clustering procedure) is used as a query in the sec-
ond BLAST search (BLAST-2) to identity vacant homologs
(see Note 3). A translated BLAST (tblastx) search is performed
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to allow any of the three possible translations of the strand that
was aligned to the known HEG in BLAST-1. The BLAST
database should be the same as for BLAST-1:

tblastx -query blastl hits.fa -db database.
fasta -out blast2.out -strand plus

. Filter the BLAST-2 hits using two Perl scripts: findVacantAl-
lele.pl that parses the BLAST-2 output and prints summary
information for candidate hits; and findTargetSite.pl that reads
this information, applies the more complicated filters and pre-
dicts the target sequence of the putative HEG:

(a) The alignment to the hit sequence must fit the expected
homology between a full and a vacant homolog, as shown
in Fig. 1: the homology is in the two exonic sequences,
which flank the intron/intein that contains the HEG in
the query sequence, and are adjacent in the hit sequence
(the vacant homolog). Each of these two homology
regions will result in a separate HSP. The two HSPs should
be approximately adjacent in the hit sequence and sepa-
rated by a large insertion in the query sequence. We also
require that they be on the same strand and the same
reading frame in the hit (findVacantHomolog.pl lines
73-114).

(b) The insertion is classified as an intein if both BLAST-2
HSPs are in the same reading frame. Otherwise, the inser-
tion is classified as an intron.

(c) Similarly, the BLAST-1 HSP inside the insertion (which
represents region coding for the homing endonuclease)
must be in the same frame of the BLAST-2 HSPs to be
classified as an intein (se¢ Note 4). Where the insertion
contains several BLAST-1 HSPs in different frames a
majority vote is taken (findTargetSite.pl lines 464-501).

(d) Ifall three reading frames are consistent, we translate the
insertion sequence in this frame and check for stop codons,
which are not expected in an intein. If stop codons are
found the insertion is classified as an intron (findTarget-
Site.pl lines 503-516).

(e) Discard insertions classified as introns if they are <450
bases long, and insertions classified as inteins if they are
<930 bases long (see Note 5) (findVacantHomolog.pl
lines 103-114, findTargetSite.pl lines 913-920).

(f) Check that some BLAST-1 HSP (an alignment to a known
HEG) lies inside the insertion in the query sequence, which
represents the intron/intein. Do not allow the BLAST-1
HSP(s) to overlap with more than 15 bases of cither of
the BLAST-2 HSPs (see Note 6) (findVacantHomolog.pl
lines 116-148, findTargetSite.pl lines §99-911).
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(g) Correct overlap or gap between the two HSPs (see Note 7):

To correct an overlap some bases must be removed from
either or both HSPs (findTargetSite.pl lines 395-430). To
correct for a gap some bases must be added (findTarget-
Site.pl lines 647-887). To decide on the correct number
of bases that should be removed /added to each HSP, iter-
ate over all possibilities for the position of the insertion
of the intron/intein in the hit sequence, and choose
the position that gives the highest similarity between the
query and the hit in the extended/shortened HSPs. The
rationale behind this is that true homology is expected to
produce higher similarity than chance similarity. Formally,
let L be the overlap length and § be the splice site position
relative to the 5’ start of the overlap region, and so
0<S< L. We seek S that maximizes the sum of similarity in
the two HSPs after resolving the overlap region. Similarity
is measured between the translated amino acid sequences
using the same BLOSUMSO62 matrix that is used by
translated BLAST. For introns, the insertion site should
be allowed to reside in the middle of a codon. That is, one
nucleotide is added /removed to one HSP and two nucle-
otides to the other HSP. This should not be allowed for
sequences identified as inteins.

(h) At least three out of the five amino acid positions at the

end of each HSP after overlap/gap correction (the end of
the exon) are required to be identical or similar between
the query and hit sequences. Similarity is defined as in
BLAST: a positive score in the BLOSUMG62 matrix. This
criterion ensures that the homology is sufficient to resolve
the splice sites reliably (findTargetSite.pl lines 432-462).

For introns, search the insertion for the largest open read-
ing frame (ORF) that overlaps one or more BLAST-1 hit
in the same frame. This ORF is the putative coding
sequence of the HEG. We require it to be at least 85
codons long, to accommodate the shortest known HEGs
(findTargetSite.pl lines 518-645).

Filter noncoding host genes (se¢c Note 8): Translate 50
codons (where available) on either side of the intron in
the reading frame of the BLAST-2 HSPs. If a stop codon
was found the host gene is classified as a noncoding RNA.
For classification of partial sequences as a protein-coding
host, we require that 50 codons will be available for at
least one of the exons (findTargetSite.pl lines 88§9-897).

The final output of this procedure is the target sequence
flanking the inferred splice sites in the query (the HEG-
containing sequence ), and the coding sequence of the HEG
(in introns) or the HEG-containing intein. As the predicted
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target sequence we report the first seven codons after the
splice sites of each exon, giving a total of 14 codons or 42
bases (see Note 9) (findTargetSite.pl lines 968-990).

(I) For many BLAST-2 hit sequences, several overlapping
pairs of HSPs satisfy the above requirements. Therefore, it
is necessary to choose the splice site positions that have
the highest support, from more HSP pairs (findTarget-
Site.pl lines 1017-1051).

3. One BLAST-2 query sequence may contain several HEGs.
After identifying the first HEG-containing intron/intein in a
given BLAST-2 query, repeat the above procedure using only
BLAST-1 HSPs that do not overlap this intron/intein. Only
BLAST-2 HSP pairs that contain these BLAST-1 HSPs are
considered for additional introns/inteins. We repeat this pro-
cess until no BLAST-1 HSPs remain for the given BLAST-2
query (Loop starting in findTargetSite.pl line 155).

The above protocol inevitably outputs some proportion of false-
positive results. Therefore, it is necessary to estimate this propor-
tion and adjust the protocol if it is higher than acceptable. False
positives can be classified into two classes: (1) sequences that do
not contain a HEG and (2) sequences that contain a HEG but
whose predicted target sequence is wrong. To assess the accuracy
of prediction putative HEGs can be sampled randomly and manu-
ally inspected for all stages of the automatic pipeline, including:
confidence in the BLAST-1 homology and conservation of known
HEG motifs; confidence and accuracy of the BLAST-2 alignment
to the vacant homology, especially of the exon/extein boundaries
after correction of gaps/overlaps. Where possible the prediction
can be compared to existing annotation of intron position in the
host genes. One can also check for the intron/intein splice sites
consensus sequences (e.g., inteins sequences typically start with a
C and end with HN). If too many results appear to be false posi-
tives, then some of the criteria and thresholds in the relevant stages
of the protocol may be adjusted.

Predicted HEGs and their target sequences are potentially useful
to target specific sites in a genome of interest, as a tool for genetic
manipulation. Potential targets can be identified using a translated
BLAST (tblastn) search to find a match between the translations of
the predicted target sequences and all possible six-frame transla-
tions of the genome. This approach relies on the observation that
target specificity is defined mainly by the non-synonymous sites of
the target sequence [1]. Since the actual target sequence is a sub-
sequence of the 14 codons of the predicted target, then candidate
hits should be preferred to have no mismatches in the central
region of the target sequence.
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4 Notes

. Each BLAST-1 hit sequence often has several high scoring

pairs (HSPs): pairwise alignments of a segment of the query to
a segment of the hit. Furthermore, several queries often match
the same hit and yield overlapping HSPs. Especially for hits in
whole chromosome sequences, which may contain several dif-
ferent HEGs, the number of HSPs can be large.

. These subsequences of the hit sequences are extracted to serve

as the query sequences for the second BLAST search
(BLAST-2). This procedure may result in a cluster of several
HEG-containing intron/inteins in the same host gene.

. In this search we are looking for a homolog of the hosting

gene in which the HEG is embedded, so we will be interested
in alignments involving the sequences flanking the BLAST-1
hit. These coding sequences may be in a different reading
frame than the HEG, but have to be on the same strand.

. By chance alone we expect one out of nine introns to satisfy

the requirement for the three reading frames to be consistent
(the two exons and the HEG). These introns will be mistaken
for inteins according to this criterion.

. We require that insertions classified as introns are at least 450

bases long, because this is the length of the shortest known
HEG-containing introns. For inteins we require 930 bases,
which is the length of the shortest HEG-containing inteins.
This allows filtering out hits to homologs that contain mini-
inteins (inteins lacking a HEG). Such homologs appear to
have a large deletion compared to the homolog with the full
(HEG-containing) intein. However, these deletions would be
shorter than a deletion of the whole intein. Thus, they will not
pass the 930 bases cutoff.

6. A large overlap is not expected because BLAST-1 queries do

not include any exonic sequences, and so the BLAST-2 HSPs
(which are supposed to be the exons) should not bear homol-
ogy to the known HEG. This requirement is necessary to filter
out hits to repetitive sequences as well as homologs containing
a mini-intein that result in pairs of HSPs with a similar struc-
ture resembling a vacant homolog.

. Ideally, the two HSPs (the exon sequences) should be exactly

adjacent in the hit sequence (the vacant homolog that is miss-
ing the insertion of the intron/intein). However, in practice,
they often overlap because BLAST extends the alignment
from the true homology of the exons, to chance similarities in
the intron/intein. In other cases, the HSPs may have a small
gap between them (in the hit sequence) if the homology is
distant enough so that some substitutions have obscured
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the similarity in the positions adjacent to the splice sites. To
correct an overlap some bases must be removed from either or
both HSPs. To correct for a gap some bases must be added.

8. Many HEG-containing introns reside in noncoding RNA
genes, especially rRNA. To identify protein-coding host genes
we search for stop codons in the exons surrounding the intron.
For noncoding sequences of 150 bases, we expect <10 % prob-
ability of not containing stop codons, and thus being errone-
ously classified as coding. Note that this step is required for
the use of the translated target sequence as the range of puta-
tive targets for the novel HEG. However, other applications
that are not based on this approach may not require this filter.
For example, if the goal is only to identity novel HEGs (pre-
diction of the target sequence is not required) then this step
can be removed.

9. This is enough to encompass the target sequence of any known
HEG, but for many the actual target would be a shorter
subsequence.
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