
Published online 8 February 2007 Nucleic Acids Research, 2007, Vol. 35, No. 5 1589–1600
doi:10.1093/nar/gkl1170

Homing endonuclease I-TevIII: dimerization as
a means to a double-strand break
Justin B. Robbins1, Michelle Stapleton1, Matthew J. Stanger1, Dorie Smith1,

John T. Dansereau1, Victoria Derbyshire2 and Marlene Belfort2,*

1Wadsworth Center, New York State Department of Health, Center for Medical Science and 2Department of
Biomedical Sciences, School of Public Health, SUNY, 150 New Scotland Avenue, Albany, NY 12208

Received October 27, 2006; Revised December 20, 2006; Accepted December 21, 2006

ABSTRACT

Homing endonucleases are unusual enzymes,
capable of recognizing lengthy DNA sequences
and cleaving site-specifically within genomes.
Many homing endonucleases are encoded within
group I introns, and such enzymes promote the
mobility reactions of these introns. Phage T4 has
three group I introns, within the td, nrdB and nrdD
genes. The td and nrdD introns are mobile, whereas
the nrdB intron is not. Phage RB3 is a close relative
of T4 and has a lengthier nrdB intron. Here, we
describe I-TevIII, the H–N–H endonuclease encoded
by the RB3 nrdB intron. In contrast to previous
reports, we demonstrate that this intron is mobile,
and that this mobility is dependent on I-TevIII, which
generates 2-nt 30 extensions. The enzyme has a
distinct catalytic domain, which contains the H–N–H
motif, and DNA-binding domain, which contains two
zinc fingers required for interaction with the DNA
substrate. Most importantly, I-TevIII, unlike the
H–N–H endonucleases described so far, makes
a double-strand break on the DNA homing site
by acting as a dimer. Through deletion analysis,
the dimerization interface was mapped to the
DNA-binding domain. The unusual propensity of
I-TevIII to dimerize to achieve cleavage of both DNA
strands underscores the versatility of the H–N–H
enzyme family.

INTRODUCTION

Homing endonucleases are usually intron- or intein-
encoded enzymes that catalyze the first step of the
mobility process of their respective host elements at the
DNA level (1). In the homing reaction, the endonuclease
recognizes and cleaves an intronless/inteinless allele of its
host gene, thereby initiating a gene conversion event

through which the intron or intein is copied into the break
site (2). Homing endonucleases are found in all three
biological domains, the archaea, the eubacteria and
the eukarya and they are remarkable in their ability to
self-propagate in environments that usually select for
streamlined genomes (3,4).
Phage T4 has three group I intron-containing genes:

td, which encodes thymidylate synthase; nrdD (or sunY),
which encodes an anerobic ribonucleotide reductase; and
nrdB, which encodes the small subunit of ribonucleotide
reductase (5). Not only are the �1-kb td and nrdD introns
approximately 400 nt longer than the nrdB intron,
but they are also mobile, whereas the nrdB intron is
not (6). Through a PCR screen of natural phage isolates,
it was discovered that phage RB3, a close relative of phage
T4, has an nrdB intron larger than that of T4, with a
longer open reading frame. Furthermore, the RB3 nrdB
intron-encoded protein has endonuclease activity (7).
Homing endonucleases fall into distinct families based

on the presence of conserved sequence elements (1,8).
Comparative amino acid analysis shows that the RB3
nrdB homing endonuclease, which is called I-TevIII
(intron-encoded T-even endonuclease III), is a member
of the H–N–H family. The H–N–H endonucleases
are part of a wider group of enzymes called bba-Me or
His-Me endonucleases (8,9). In addition, I-TevIII has
a novel domain, which contains two putative zinc fingers,
as discussed in detail below. The H–N–H module is
found in proteins of diverse function, including bacterial
colicins E7 and E9, as well as intron- and intein-encoded
enzymes (10).
I-TevIII from RB3 was shown in vivo to have cleavage

activity on T4 nrdB intron-minus plasmid template (7).
Primer extension analysis was used to define the precise
cleavage site, and the enzyme was reported to generate
a 2-nt 50 overhang, in contrast to all other characterized
homing endonucleases, which generate 30 extensions.
In addition, despite the fact that the enzyme was shown
to be active in vivo, mobility of the intron could not
be demonstrated.
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Three-dimensional crystal structures have been deter-
mined for the DNA endonuclease domains of the colicins
(9,11) and of I-HmuI, an H–N–H endonuclease encoded
by a group I intron found in the DNA polymerase gene
of bacteriophage SPO1 (12). I-HmuI is unusual among
homing endonucleases in that it can cleave both intron-
plus and intron-minus alleles of its host gene, and it only
nicks its substrate rather than generating a double-strand
break (DSB).
H–N–H and GIY-YIG endonucleases have a common

feature in that members of both families of enzymes
have modular domains that separate their catalytic
and DNA-binding properties (12–15). Protein modularity
is found in many DNA metabolism enzymes (16), allowing
for a diversification of functions by shuffling catalytic
domains and DNA-binding domains, generating altered
or new recognition sequences. Likewise, homing endonu-
cleases acquire new DNA-substrate specificities (13,14).
Members of each family of homing endonuclease

contain examples of enzymes that coordinate zinc
for a structural rather than a catalytic purpose (17–19).
Metal cofactors are sometimes essential for proper
folding of proteins, and this may also lead to the
proteins’ increased structural diversity and functional
flexibility (20). Zinc ions, which are widely used metal
cofactors, are typically found in proteins in zinc finger
modules, in which cysteines or histidines are the
conserved, metal-coordinating amino acids (21).
In this work, we have shown that I-TevIII can utilize

specific divalent cations for cleavage activity, and that,
contrary to previous results, I-TevIII generates a 2-nt 30

overhang when it cleaves its homing site. Also, using a
different strategy from that used previously, we have
shown that the nrdB intron is indeed mobile and that
I-TevIII catalyzes this homing process. The enzyme
has distinct cleavage and DNA-binding domains, and
mutagenesis revealed that the H–N–H residues have
catalytic properties, whereas the zinc fingers play a
role in DNA binding. Most importantly, I-TevIII, unlike
H–N–H homing endonucleases so far characterized,
achieves double-strand cleavage by interacting with its
substrate as a dimer.

MATERIALS AND METHODS

Mobility assays

Homing of the nrdB intron was demonstrated using
a plasmid donor pSURB3nrdB containing the RB3 nrdB
intron and a T4 phage recipient that had each of the three
introns deleted (gifted by David Shub). Crosses were
carried out essentially as described previously (6). The
RB3 and T4 nrdB introns were subcloned by the PCR into
pSU18 as positive and negative controls, respectively.
Positive (pACYtd) and negative (pACYtd�1-3) donor
plasmid controls for td intron homing were used alongside
the nrdB assays. Homing events were detected by plaque
hybridization using intron-specific PCR fragments labeled
with [a-32P]dCTP and the random primer labeling
kit (Invitrogen). Homing frequencies were expressed

as the percentage of positive plaques compared to the
total number of plaques on the plate.

Cloning of I-TevIII and its domains for overexpression
and purification

Overexpression plasmids for the full-length enzyme and
deletion derivatives had the coding sequence for each
derivative under the control of the T7 promoter. The
coding sequence for each derivative was generated by
the PCR using primers that did or did not incorporate
the sequence for a hexa-His tag, as appropriate. The
full-length enzyme was cloned into the intein-based vector
pTYB2 (New England Biolabs) with a stop codon
introduced upstream of the coding sequence for the
intein segment in order to retain expression of the native
protein. Deletion derivatives were also cloned via the PCR
into either pET3a (Novagen) or pET101D (Invitrogen).

Induction and purification of I-TevIII and derivatives

Plasmids for overexpression were introduced into host
strain BL21(DE3)pLysS (22). Cells were grown in TBYE
(1% tryptone, 0.5% NaCl, 1% yeast extract) supplemen-
ted with ampicillin (100mg/ml) at 378C to A600 0.5, except
for the full-length His-tagged derivative, which was grown
with kanamycin (50mg/ml). Cultures were maintained
at 378C, and expression was induced by the addition of
1mM isopropyl b-D-1-thiogalactopyranoside. Incubation
was continued at 378C for 1.5 h before cells were harvested
and stored, frozen at �808C. All purification steps were
carried out at 0–48C. Frozen cell pellets were thawed and
lysed in lysis buffer (50mM Tris-HCl pH 8.0, 5mM DTT)
and sonicated to complete lysis and reduce viscosity.
Insoluble material was removed by centrifugation
(10 000 g for 20min). Polyethyleneimine (PEI, 10%) was
added to the supernatant to a final concentration of 0.2%
to precipitate out nucleic acids and contaminating
proteins. After removal of the precipitate by centrifuga-
tion (10 000 g for 20min), the protein was ammonium-
sulphate fractionated by the addition of solid (NH4)2SO4

to 45% saturation. The (NH4)2SO4 precipitate was
harvested by centrifugation, resuspended in 50mM Tris-
HCl pH 7.5, 5mM DTT and applied to a HiTrap
S column (Amersham) equilibrated in the same buffer
and connected to an ÄKTA FPLC (Pharmacia). The
column was washed with six column volumes and then
the proteins were eluted with a NaCl gradient (0–2M) in
the same buffer.

Derivatives with an His tag were grown and
induced as for the native full-length protein and
purified by immobilized metal affinity chromatography
(Ni-NTA, Qiagen). The single step Ni-NTA purification
scheme allowed for rapid purification to near homo-
geneity (�85%), which permitted quantification of the
protein and reproducibility of results (see the Discussion
section).

For the I-TevIII deletion derivatives, DNA-binding
and cleavage assays were carried out with crude
Escherichia coli extracts of overexpressed protein. In this
case, cells from 1.5ml of induced culture were harvested
by centrifugation, resuspended in 250 ml of lysis buffer and
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briefly sonicated. The cellular debris was removed by
centrifugation, and the soluble lysate was used in
experiments either directly or diluted in lysis buffer.

I-TevIII activity assays

Plasmid pSUT4nrdB�In, which provides the I-TevIII
substrate, is a pSU18 derivative that contains a 760-bp
fragment spanning the nrdB intron homing site, with
the cleavage site 400 bp from the 50 end of the fragment.
For activity assays, a 100-bp PCR fragment was generated
from pSUT4nrdB�In, using W1622 and W1623 as
primers, which were end labeled with [g-32P]ATP
(Supplementary Table 1). I-TevIII was incubated with
4000 counts per minute (cpm) of the fragment in 20 ml
of assay buffer (100mM Tris-HCl pH 7.6, 150mM NaCl
and supplemented with various cations) at 378C for
15min. Reactions were stopped by the addition of 1 ml
of proteinase K (20mg/ml) and further incubated at 378C
for 1 h. Samples loaded on an 8% acrylamide gel were
separated in 40mM Tris-borate pH 8.0, 2mM EDTA.
Products were visualized with autoradiography.

Cleavage site mapping

Cleavage mapping of the I-TevIII homing site was carried
out using a Thermosequenase Cycle-Sequencing 2.0 kit
(USB) as described (23). Sequence ladders of the homing
site were generated with pSUT4nrdBiIn using 2 mM
of [g-32P]ATP end-labeled primers W1171 and W1173.
The primer pair W1171 and W1173 (20 mM [g-32P]ATP
end-labeled) were utilized in PCR reactions with
pSUT4nrdB�In as template to generate a 158-bp
fragment for cleavage-site mapping. Labeled substrates
(10 000 cpm) were digested with purified I-TevIII in
reaction mixtures (100mM Tris-HCl pH 7.6, 10mM
MgCl2, 150mM NaCl and 0.1mM NiSO4) and incubated
at 378C for 15min. To terminate the reactions, 10 ml
of Sequenase (USB) stop dye was added and the products
of the reactions were resolved alongside sequencing
ladders on an 8% acrylamide/8M urea gel (w/v).

DNase footprinting

Footprinting was carried out essentially as described
previously (24). Purified native I-TevIII or the 145C
deletion derivative was incubated with DNaseI substrates
that were generated by the PCR from pSUT4nrdB�In
using [g-32P]ATP end-labeled primers (W1374 and
W1172), which yielded �400-bp fragment. Reactions
were fractionated on an 8% acrylamide/8M urea (w/v)
gel alongside a Maxam-Gilbert AþG sequencing ladder
of the same fragments.

Protease digestion

Full-length native I-TevIII was digested with protease to
identify proteolytically sensitive sites. Reactions (15 ml)
contained 5 mg of I-TevIII in 50mM Tris-HCl pH 8.0
and serial dilutions of chymotrypsin, thermolysin, sub-
tilysin, or trypsin from 625:1 to 6 250 000:1 (w/w)
I-TevIII:trypsin. Reaction mixtures were incubated
for 15min at room temperature and then quenched

by the addition of 2mM PMSF and 5mM EDTA.
They were stored frozen, separated on 15% SDS/
polyacrylamide gels and visualized by staining with
Coomassie blue.

Mutational analysis of the H–N–H and CX2CX12-13HX3C
motifs

To determine the contribution of individual amino acids
involved in the hydrolysis of DNA we created I-TevIII
with mutations in the conserved residues of the catalytic
domain (H26A, H27A, N39A, H48A) using site-directed
mutagenesis with the His-tagged I-TevIII as template.
The oligonucleotides used in the mutagenesis are found
in Supplementary Table 1. Furthermore, to determine
the contribution of the putative zinc finger motif in
I-TevIII to its zinc and oligomerization properties, we
created mutations in the conserved cysteine residues
(double mutation: C211A and C214A; double mutation:
C242A and C245A; and quadruple mutation: C211A,
C214A, C242A and C245A). All mutations were con-
firmed by nucleotide sequencing. Overexpression and
purification of the mutated proteins were carried out as
described above.

Determination of protein-bound zinc

A spectroscopic technique was utilized to determine the
zinc content of each protein. Each protein was incubated
with 4-(2-pyridylazo) resorcinol (PAR) at a concentration
of 10mM in PAR buffer (50mM Tris-HCl pH 7.0
and 800mM NaCl). The level of background zinc was
recorded as the absorbance at 500 nm in a Beckman DU
800 spectrophotometer. To release the zinc bound to
the protein, methyl methanethiolsulphonate (MMTS)
was added to the reaction mixture and allowed to react
for 10min at room temperature. In this reaction, the
liberated zinc forms a Zn-PAR complex, which is
measured as an increase in absorbance at 500 nm.
A standard curve for estimating the amount of zinc
released from the I-TevIII derivatives was generated
with ZnCl2.

Gel filtration chromatography

Purified I-TevIII (100 mg) in running buffer (50mM Tris-
HCl pH 7.5, 500mM NaCl and 5mM DTT) was applied
to a Superose� 12 HR FPLC column (Pharmacia) pre-
equilibrated with running buffer. A chromatograph
was developed with the running buffer at a flow rate of
0.5ml/min. Fractions of 0.5ml were collected and
analyzed by 12% SDS-PAGE (29:1 (w/w) acrylamide to
bis-acrylamide). The column was calibrated by separating
a set of protein standards: aldolase, 158 kDa; bovine
serum albumin, 67 kDa; catalase monomer, 58 kDa;
ovalbumin, 43 kDa; chymotrypsinogen A, 25 kDa; and
ribonuclease A, 13.7 kDa. Mutant and deletion derivatives
of I-TevIII were analyzed in the same manner as for the
wild-type protein.
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Gel-mobility shift analysis and Ferguson analysis

Assays were performed by incubating 1 ml of soluble lysate
of I-TevIII derivatives for 15min at room temperature
with end-labeled target DNA in 20 ml reactions containing
50mM Tris-HCl, pH 8.0, 20 mg/ml poly (dI/dC) and
10 mg/ml BSA. The substrate was a 100-bp fragment
generated by the PCR with [g-32P]ATP-end-labeled
primers (W1622 and W1623) using pSUT4nrdB�In
as substrate. Reaction mixes were loaded onto 8%
polyacrylamide (29:1 (w/w) acrylamide to bis-acrylamide)
non-denaturing gels in Tris-borate buffer. DNA fragments
and complexes were visualized by autoradiography. For
determination of the stoichiometry of I-TevIII interaction
with its substrate, a Ferguson analysis was carried out
as described previously (25). Purified His-tagged I-TevIII
was combined with the substrate in binding reactions as
above, and the substrate and complexes were resolved
on a series of native polyacrylamide gels (7, 8, 9, 10 and
11% polyacrylamide in 1� TBE) alongside 10 mg of non-
denatured protein molecular weight standards (Sigma).
A retardation coefficient (Kr) was derived from migration
of the species, as previously described (25).

RESULTS

The RB3 nrdB intron is mobile

Previous work showed that the nrdB intron from phage T4
is not mobile, whereas the td and nrdD introns home
into intronless targets at high efficiency (6). Also, despite
the ability of the nrdB-encoded I-TevIII from RB3 to
cleave the intronless gene, homing could not be demon-
strated (7). To retest whether the nrdB intron from RB3
was mobile, we performed homing assays similar to those
demonstrating td and nrdD intron mobility (6), whereby
an intron-containing donor plasmid was crossed with a
recipient phage, and the resulting lysate analyzed for
homing (Figure 1A). In our assays, when the RB3 nrdB
donor plasmid was used, homing levels were 440-fold
higher (4.3% per recipient), than when the inactive T4
nrdB intron donor was used (50.1% homing) (Figure 1B).
As controls for the homing assay, td intron-plus (tdþ) and
td deleted for intron-encoded protein I-TevI (td�1-3)
donor plasmids were used. Although homing levels were
higher under these circumstances (33% and 1%, respec-
tively), the relative boost in homing frequency was only
33-fold, as opposed to440-fold for nrdB.

Purification and biochemical properties of active I-TevIII

In order to carry out an in vitro characterization of
I-TevIII, we overexpressed the protein in E. coli under
control of the T7 expression system. The protein could be
produced in a soluble form and purified using standard
methods (Figure 2A). Although the purified enzyme
appeared not to be very active (see below), we were able
to demonstrate double-strand cleavage activity using
linear DNA fragments containing the nrdB intron
homing site as substrate (Figure 2B). We found that
the enzyme displays optimal activity at 378C in 100mM

Tris-HCl pH 7.6, 150mM NaCl, with Mg2þ or Ni2þ but
not Zn2þ (Figure 2B, and data not shown).

Purified enzyme has a specific activity of �2U/mg,
where one unit equals the amount required to cleave
250 ng of substrate to 50% completion in 1min at 378C.
This value is three to four orders of magnitude lower than
that of I-TevI, the T4 phage GIY-YIG enzyme (26),
perhaps accounting for lower levels of homing in vivo
(Figure 1B). Similarly, we found that I-TevIII has
relatively low affinity for its DNA substrate. We estimate
the Kd to be approximately 0.8 mm (data not shown),
compared to that of I-TevI, which is approximately 0.9 nm
(27). In addition, the activity is extremely labile, regardless
of the temperature under which I-TevIII is stored. Despite
many attempts to find conditions under which the enzyme
would retain activity, I-TevIII activity was lost within
4 days after the cells were lysed and the protein was
purified. His-tagged derivatives, which were created to
facilitate purification, appeared to have equivalent
cleavage activity and dimerization properties (discussed
below) to native I-TevIII, and were used for many
experiments. Although we found that the enzyme is
active on circular or ScaI-linearized plasmid substrates,
pSUT4nrdB�In, most of our experiments utilized PCR
fragments of up to 550 bp.

Interaction of I-TevIII with the homing site

Previous experiments to characterize the cleavage activity
of I-TevIII had utilized a primer extension analysis of
cleavage products generated in vivo from I-TevIII
expressed from a plasmid, acting on nrdBIn� T4
phage (7). These data indicated that the enzyme cuts
14 and 16 bases upstream of the insertion site, generating

Figure 1. Homing analysis. (A) Schematic of homing assay. After
infection of cells carrying the donor plasmid, lysates were plated and
scored for intron inheritance by plaque hybridization. Donor plasmids
are listed in panel B. (B) Data for homing assays. Each cross was
performed three times.
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a 2-nt 50 overhang. Because such ends would be unique
among all known homing endonucleases, and because
in vivo cleavage-site mapping is unreliable, we carried out
mapping experiments in vitro. Using purified His-tagged
protein and a PCR-generated fragment as substrate,
repeated experiments have shown that the enzyme cleaves
14 and 16 bp upstream of the insertion site, generating 2-nt
30 extensions (Figure 3A and B). I-TevIII is therefore
consistent with other homing endonucleases in generating
30 extensions.

DNaseI footprinting experiments show that the enzyme
binds an extensive segment of DNA (Figure 3B and C,
left), spanning both the insertion and cleavage sites,
in a manner similar to the T4 phage endonucleases
I-TevI and I-TevII, which also cleave their substrate
at sites distant from the insertion site (24,28).

Figure 2. Purification and activity of I-TevIII. (A) Purification. Lane 1,
size markers; lane 2, crude extract; lane 3, soluble lysate; lane 4, 0.2%
PEI supernatant; lane 5, 45% saturated (NH4)2SO4; lanes 6–8, NaCl
gradient peak. (B) Cleavage assay. For each metal assayed, two
amounts of protein were utilized, 0.2 mg or 0.4 mg. Added metals were at
a concentration of 0.1mM. Cleavage products are marked with a P and
substrate is marked with an S. Cleavage in the presence of NiSO4 is not
shown. The spurious band in lanes 2 and 5 are of unknown origin.

Figure 3. Characterization of the I-TevIII homing site. (A) Cleavage-
site mapping for I-TevIII. Sequencing ladders were separated alongside
cleavage reactions containing protein as indicated. Cleavage sites,
mapped four times, are indicated by arrows and in panel B. Secondary
cleavage bands on the bottom strand likely represent exonucleolytic
degradation due to the large amounts of enzyme required for cleavage.
(B) Schematic of homing site contains a combination of data from the
cleavage-site mapping and DNaseI footprinting experiments in panels
A and C, respectively. Black tapered bars correspond to footprints in
panel C. (C) Interactions of I-TevIII and 145C with the homing site.
DNaseI protection assays of the top and bottom strands of the homing
site. AþG Maxam–Gilbert ladders were separated alongside protection
reactions with homing-site DNA sequence. The black bars represent
consistent protection, whereas the tapered ends represent either
concentration-dependent protection, or uninterpretable protection
because of the absence of DNaseI-sensitive sites. The dominant band
in the left panel (marked by an arrowhead) is the cleavage product.
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Furthermore, like these enzymes, the I-TevIII foot-
print shows a 30 stagger, suggestive of minor groove
interactions (29–31). The extended nature of the
protein–DNA interaction is also seen in the structure of
I-HmuI, the SPO1H–N–H endonuclease that nicks its
substrate (12).

Domain analysis of I-TevIII

Amino acid alignments indicate that the canonical
H–N–H motif for I-TevIII is at the immediate N-terminus
of the protein, within the first 50 residues. However,
the lack of additional sequence conservation between
I-TevIII and other endonucleases did not allow us to
localize other functional domains of the protein. To
identify distinct structural and functional domains,
we used limited proteolysis, as utilized previously for
I-TevI (14).
Results of limited proteolysis with chymotrypsin,

subtilysin, thermolysin and trypsin are shown in
Figure 4A. In each case, the protein was digested to a
series of intermediate-sized fragments down to a stable
fragment of approximately 7 kDa, which remained even
after all full-length protein had been degraded by the
protease (arrows in Figure 4A). Trypsin digest fragments
were analyzed by mass spectroscopy, and the sites of
protease cleavage were identified (Figure 4B). The stable
limit digest product was shown to consist of residues
194–269.
We generated a series of plasmids to overexpress

deletion derivatives based on the proteolytically sensitive
sites. The domains were expressed, and DNA-binding
activity was assessed (Figure 4C). At least two shifted
bands can be observed with the full-length protein and
labeled homing site substrate (lane 10). This is also the
case for 87C and 96C, which truncate the first 86 and
95 amino acids, respectively (lanes 1–4). Single-shifted
species can be observed in 145C, 155C and 166C
(Figure 4C, lanes 6–8), but not in 194C (lane 9), suggesting
that 166C is the minimal DNA-binding domain from
the constructs tested. The amino-terminal 86N and 96N
constructs could not be overexpressed (see the Discussion
section). We offer two possibilities to explain the multiple
protein:DNA complexes. The first is that the enzyme
demonstrates cooperative behavior. In titration experi-
ments of the deletion derivative 145C, we observe multiple
complexes that behave in a ladder-like manner, which
is typical of cooperative binding (Figure 4D, lanes 5–11).
A second possibility is in vivo degradation from
the N-terminus, as was observed with both I-TevI (14)
and I-BmoI (32), leaving the DNA-binding module
of the protein to generate a quicker-migrating species
in the gel.
A DNaseI footprint was also developed for the 145C

DNA-binding domain (Figure 3B and C, right). Although
the footprint did not extend as far towards the cleavage
site as that for the full-length I-TevIII, the extent of the
downstream binding of the two proteins was similar.
Furthermore, the footprint again showed a 30 stagger at
both ends.
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Mutational analysis of conserved residues in the catalytic and
DNA-binding domain

Alanine substitutions were introduced into putative
catalytic residues of the H–N–H motif (Figure 5A),
which were identified by various alignment programs
(33,34). Alanine substitutions H26A, H27A, N39A and

H48A reduced cleavage activity below a detectable limit
(Figure 5B, below DNA substrate). The mutants were still
able to bind the homing-site DNA in gel shift assays
(Figure 5B, above DNA substrate), thereby fulfilling the
criteria of catalytic mutants. In contrast, interruptions to
either or both of the putative zinc fingers of I-TevIII
(Figure 5A), in mutants C211A and C214A; C242A
and C245A; and C211A, C214A, C242A and C245A,
diminished both binding and cleavage activity of the
mutated protein relative to the wild type (Figure 5C).

Binding of zinc by I-TevIII

I-TevIII was investigated for the presence of zinc.
Individual protein samples were incubated with PAR for
5min to determine background levels of zinc by monitor-
ing absorbance at 500 nm. MMTS was then added to
release the bound zinc from the proteins, which resulted in
an increase in absorbance at 500 nm. Absorbance values
were then correlated with the standard curve to determine
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the amount of zinc coordinated per mole of I-TevIII,
calculated in monomeric form. The amount of zinc
released from the full-length I-TevIII protein indicates
that �88% of the two zinc fingers are occupied with a zinc
ion (Figure 6A). Due to the possibility that the H–N–H
domain can sequester zinc and, furthermore, to demon-
strate that the two putative zinc fingers contain the zinc,
mutants were assessed for zinc coordination. The 96C
deletion derivative (Figures 4B and 6B) has no H–N–H
motif, but this deletion derivative has �2.0 moles of
zinc per mole of protein, indicating that each zinc finger
is occupied for this construct (Figure 6A). This is also the
case for the 194C derivative (Figures 4B, 6A and B),
indicating that the zinc finger CX2CX12-13HX3C motifs are
likely coordinating the ion. To further validate the role
these residues have in organizing the zinc ion, mutants
C211A and C214A; C242A and C245A; and C211A,
C214A, C242A, and C245A were assessed by the PAR
analysis. Disruption of the first zinc finger (C211A and
C214A) reduced the number of zinc moles bound to
approximately one-half of the wild-type I-TevIII, and this
was also the case for the second zinc finger (C242A and
C245A) (Figure 6A and B). Interruption of both the zinc
fingers (C211A, C214A, C242A and C245A) reduced the
amount of zinc bound by the enzyme to near zero.

I-TevIII is a dimer in the presence and absence
of its substrate

Ferguson analysis (35) was undertaken to assess the
protein’s ability to dimerize in the presence of the homing
site. This technique, which involves separation of protein–
DNA complexes alongside size standards, on polyacryla-
mide gels of varying concentration (see the Materials and
Methods section), has been utilized in our laboratory to
determine the monomeric binding of I-TevI to DNA (25).
A series of native protein standards was run in parallel
with I-TevIII (Figure 7A). A 100-bp duplex (molecular
mass of 61.6 kDa) generated with primers W1622 and
W1623 (Supplementary Table 1) and end-labeled with
[g-32P]ATP was utilized in this assay. I-TevIII in complex
with the homing site has an estimated mass of 114.3 kDa.
Subtracting the weight of the DNA from that of the
protein–DNA complex results in an estimate of the
protein component of 52.7 kDa. With a monomer mass
of 30.8 kDa, this translates into �1.7 molecules of I-TevIII
per molecule of DNA substrate. Therefore, it is most
likely that I-TevIII binds its homing site as a dimer. In the
case of I-TevI, which binds its substrate as a monomer
(18), 0.96 molecules of protein were observed when
complexed with its respective homing site substrate (25).
To complement the Ferguson studies, I-TevIII was

subjected to gel filtration analysis, to assess quaternary
organization in the absence of substrate. To estimate the
size of I-TevIII in solution, markers of known size were
used to calibrate a Superose� 12 HR FPLC column
(Figure 7B). Fractions were examined on SDS-PAGE
from the beginning to the end of the peak to verify the
protein elution position. Single-peak elutions were
observed at 280 nm for multiple replicates of I-TevIII
samples, indicating that I-TevIII elutes with a size of

69.8� 2.0 kDa (Figure 7B). The predicted molecular mass
from the amino acid sequence is 30.8 kDa, suggesting that
I-TevIII forms a dimer in solution under the conditions
tested. For comparative purposes, the 28.2-kDa I-TevI,
which is known to bind as a monomer (18,25), was also
subjected to gel filtration analysis, and this protein eluted
with an estimated mass of 38.8 kDa (Figure 7B). These
results are consistent with I-TevI existing as a monomer
in solution under the conditions tested. Deviations from
theoretical numbers for both I-TevI and I-TevIII are
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thought to result from the extended nature of these types
of proteins (12,18) relative to the globular standards.

His-tagged and non-tagged I-TevIII eluted from the
Superose� column at a similar volume (data not shown).
Therefore, His-tagged I-TevIII was utilized to examine
some I-TevIII mutants, because of the facile purifica-
tion procedure. Each of the zinc-finger mutant
proteins was subjected to gel filtration analysis, and
their elution volumes corresponded to the following
molecular masses: C211A and C214A, 72.1 kDa; C242A
and C245A, 73.5 kDa; C211A, C214A, C242A and
C245A, 70.4 kDa. Thus, mutating either or both zinc
fingers did not alter the oligomerization properties of
the protein.

The dimerization properties of a series of deletion
derivatives, 96C, 145C, 194C, 211N and 241N (Figure 4B
and C) were examined with gel filtration in the same
manner as for I-TevIII. Interestingly, the truncated
forms of the protein eluted with estimated masses of
43.5 kDa for 96C; 33.3 kDa for 145C; and 18.7 kDa
for 194C. Their predicted molecular masses of 19.7, 14.1
and 8.7 kDa, respectively, suggested that these deletion
derivatives are also dimers in solution (Figure 7B).
Thus, removal of the first 194 amino acids, containing
the H–N–H module, did not abolish the ability of the
protein to oligomerize, suggesting that the dimerization
interface is within the C-terminal �75 amino acids of
the protein. Consistent with this hypothesis, deletions
from the carboxy terminus disrupted dimerization.
Construct 241N, in which the C-terminal zinc finger is
deleted, eluted in part with an estimated mass of �60 kDa,
and in part as a broad smaller peak, suggesting that
the 27.7 kDa protein forms unstable dimers (data not
shown). In contrast, the elution profile of construct 211N,
with both zinc fingers removed, was irregular, with
multiple peaks, corresponding to neither monomers nor
dimers, suggesting an inability to dimerize (Figure 7C).

DISCUSSION

The nrdB intron is mobile

Previous work in our laboratory examined the mobility
of the nrdB intron of phage T4 and found that, unlike
the other T4 introns, the nrdB intron was not mobile (6).
An examination of the relative sizes of the ORFs of the td,
nrdD and nrdB introns revealed that the nrdB ORF was
approximately one-third the size of the other two intron
ORFs. Eddy and Gold’s discovery of a longer nrdB intron
from phage RB3 has allowed us to demonstrate mobility
for the enigmatic nrdB intron, a finding that is contrary to
their report (7). Comparing the amino acid sequences for
I-TevIII between the phages T4 and RB3 reveals that the
N-terminus has been deleted in T4, removing the catalytic
H–N–H domain and leaving the putative C-terminal zinc
fingers. It is interesting to note that the genomes of phage
T2 and T6, close relatives of T4, do not contain an intron
interrupting the nrdB genes (36), suggesting the possibility
that the eroded nrdB intron of phage T4 is in the process
of being lost from the genome.

Biochemical properties of the I-TevIII dimer

The reason for the low catalytic efficiency of I-TevIII as
compared to other H–N–H endonucleases is unknown,
but is reminiscent of the differences between two closely
related GIY-YIG enzymes. Specifically, I-TevI is three
orders of magnitude more active than I-BmoI (37).
The low specific activity of I-TevIII compared to I-TevI
may explain why this homing endonuclease can be
overexpressed in vivo in an E. coli system, in contrast to
I-TevI (26). However, the free catalytic domain of I-TevIII
cannot be expressed in E. coli, as is the case for I-TevI
(14). Presumably, free nucleases unconstrained by a site-
specific DNA-binding domain are toxic to cells because
they cause indiscriminate DNA damage.
Mapping of recombinant I-TevIII cleavage on the

homing site revealed that the enzyme cuts 14 and 16 bp
upstream of the insertion site, generating 2-nt 30 overhangs
(see Figure 3B for schematic). I-TevIII is therefore
consistent with other homing endonucleases in generating
30 extensions, again in contrast to a previous report (7).
Interestingly, the H–N–H endonuclease from
Chlamydomonas moewusii, I-CmoeI, which also makes
a DSB, creates 4-nt 30 extensions (38). These variant
cleavage patterns suggest that there is a fundamental
difference in the way these two enzymes approach their
cleavage sites. This difference may well relate to our
observation that I-TevIII binds as a dimer, whereas
I-CmoeI acts as a monomer (38). In any event, it is
noteworthy that a classification of restriction endonu-
clease structures on the basis of cleavage pattern (i.e. the
nature and length of single-strand extensions) has
been proposed (39,40). Clearly, homing endonucleases
evolve independently of restriction enzymes, and
classification of the homing enzymes on the basis of the
length of single-strand DNA extensions is not possible.
These findings speak to the diversity of members of
the H–N–H endonuclease family, a topic elaborated
below.
Metal ion preferences of the H–N–H family are

variable. I-CmoeI was shown to have optimal activity
with the cation Mg2þ, whereas substitution with Zn2þ ions
abolished DNA cleavage (38). In contrast, crystal
structures of the H–N–H domain of colicin E9 contained
Ni2þ, while the H–N–H colicin E7 enzyme coordinated
Zn2þ (41,42). We show here that, like I-CmoeI, I-TevIII
cleaves in the presence of Mg2þ or Ni2þ, but not Zn2þ.

Modularity of I-TevIII and evolution of the H–N–H
endonucleases

The modularity of I-TevIII was revealed through the
domain analysis studies (Figures 4 and 8). Alanine
substitutions to the predicted H–N–H residues and loss
of cleavage (but not binding activity) confirmed that
these residues are key to catalysis. The biochemical
and structural studies of bacillus-phage SPO1 I-HmuI,
a member of the H–N–H family of endonucleases, reveals
that these residues are involved in the activation of water
and divalent metal binding and are essential for hydrolysis
of the phosphate backbone (12).
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Interruptions of either zinc finger within I-TevIII
reduced the protein’s ability to bind or cleave the
homing site, implicating a role for the zinc fingers in
DNA binding. In contrast, the zinc finger of I-TevI is
not involved in DNA binding, but rather it orders the
protein’s linker region. Mutations to the I-TevI zinc finger
still allow DNA binding, but result in faulty distance
determination by I-TevI (27). The recruitment of zinc
fingers to perform different roles in two homing endonu-
cleases of the same phage family provides an interest-
ing example of how modularity enables functional
diversification.
The H–N–H endonucleases comprise a strikingly

diverse family of proteins. They exist not only as
freestanding enzymes such as bacterial colicins, but are
also embedded within introns and inteins, and can
function both in free form and in association with intron
RNA (10,43,44). Their role in introns is to cleave the
DNA target; but, interestingly, many of the enzymes
characterized to date nick the DNA, rather than making
a DSB. In both the phage SPO1 group I intron and
the bacterial group II introns, the single-strand cleavage
facilitates a repair event that leads to intron inheritance
(44,45). However, I-TevIII, like its two T-even phage
counterparts, I-TevI and I-TevII, and like I-CmoeI, makes
a DSB to mobilize its intron. Both I-CmoeI, an H–N–H
enzyme, and I-TevI, a GIY-YIG enzyme, bind as a
monomer, the latter in a similar manner to the H–N–H
nicking enzyme I-HmuI (12,18,38). How these monomeric
enzymes make a DSB remains an open question. This
question has now been answered for I-TevIII, where it
is likely that each subunit of the dimer nicks one of the

two strands, 14 and 16 bp upstream of the intron insertion
site (Figure 8).

Endonucleases that form dimers usually bind to
palindromic or at least pseudosymmetric sites. In view of
the asymmetry of the homing site, we can only speculate
how dimerization achieves a DSB for I-TevIII. Given that
the two identical H–N–H active sites likely have the same
polarity of phosphodiester bond cleavage of two anti-
parallel DNA strands, we have drawn the H–N–H
domains in an opposing head-to-head arrangement
(Figure 8). The remainder of the model is based on
the domain analysis, footprinting and dimerization
studies. The protease cleavage sites occurr in the 86- to
96-amino acid region, in the 145- to 166-residue region
and at amino acid 194 (Figure 4B). The first sites
of proteolysis occur after the catalytic domain, residue
166 defines the minimum DNA-binding domain
(Figure 4C) and residue 194 demarcates the start of the
protease-resistant regions (Figure 4A). The point on the
homing site at which the DNA-binding domain extends
into a flexible region, to allow the appropriate orientation
of the H–N–H module, corresponds to the end of the
footprint of the N-terminal deletion 145C. The observa-
tion that the footprint does not extend to the cleavage site
on the top strand implies a transience of interactions at the
catalytic site, as is the case for I-TevI (24,29).
Furthermore, as for I-TevI and I-TevII, the 30 staggers
in the footprints are indicative of minor groove interac-
tions, likely reflecting the presence of modifications to
DNA in the major groove of T-even phage DNA (46).

Our analysis of the N- and C-terminal deletions
suggests that the dimerization interface is between residues
194 and 241 (Figure 7C), at the start of the zinc fingers,
which are not directly involved in dimerization.
Regardless, it appears that the C-terminal end of this
modular protein has a determinant for dimerization that is
reflected in the cleavage pattern mediated by the opposite
N-terminal end of I-TevIII.

It is apparent that the modularity built into the GIY-
YIG and H–N–H endonucleases allows them to evolve
specificity by shuffling conserved catalytic domains with
variant DNA-binding domains, as well as facilitating
functional diversity, as exemplified by alternative exploi-
tation of zinc fingers. It would now appear that the
stoichiometry of an H–N–H enzyme can also evolve to
meet the needs for DNA cleavage, to promote gene
conversion in particular circumstances. Given that phage
T4 uses DSBs as a means to initiate recombination
and replication (46), it is tempting to speculate that the
DSB created by I-TevIII, as that of I-TevI and I-TevII,
is integrated into the T-even phage life cycle to maximize
intron inheritance. One might then hypothesize
that the nicks introduced by I-HmuI are similarly
consistent with the mode of replication of bacillus
phage, reported to proceed by discontinuous DNA
synthesis of both strands (47). Thus, the combination of
modularity and quaternary structure would allow these
different enzymes to evolve features that meet the
requirements for the spread of the mobile intron in the
host that it invades.
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