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ABSTRACT

Although all Type II restriction endonucleases cat-
alyze phosphodiester bond hydrolysis within or
close to their DNA target sites, they form differ-
ent oligomeric assemblies ranging from monomers,
dimers, tetramers to higher order oligomers to gen-
erate a double strand break in DNA. Type IIP restric-
tion endonuclease AgeI recognizes a palindromic se-
quence 5′-A/CCGGT-3′ and cuts it (‘/’ denotes the
cleavage site) producing staggered DNA ends. Here,
we present crystal structures of AgeI in apo and DNA-
bound forms. The structure of AgeI is similar to the
restriction enzymes that share in their target sites
a conserved CCGG tetranucleotide and a cleavage
pattern. Structure analysis and biochemical data in-
dicate, that AgeI is a monomer in the apo-form both
in the crystal and in solution, however, it binds and
cleaves the palindromic target site as a dimer. DNA
cleavage mechanism of AgeI is novel among Type IIP
restriction endonucleases.

INTRODUCTION

Type II restriction endonucleases (REases) belong to four
different nuclease families: PD-(D/E)XK, PLD, HNH and
GYI-IYG (1,2). PD-(D/E)XK family REases which rec-
ognize palindromic DNA sequences assemble into differ-
ent oligomeric structures to generate double strand breaks
in DNA (2,3). Orthodox Type IIP REases are arranged
as dimers and each monomer contains an active site that
acts on one DNA strand within a symmetrical target site.
Tetrameric restriction enzymes are composed of two pri-
mary dimers that are similar to those of orthodox REases
(4). Tetrameric REases require binding to two target sites
simultaneously and cleave four phosphodiester bonds in

a concerted manner. Intermediate variants, exemplified by
Ecl18kI, BsaWI and SgrAI, exist as dimers in the apo form,
but cleave DNA as tetramers (Ecl18kI and BsaWI) or ‘run-
on’ oligomers (SgrAI) (3,5,6). Monomeric Type II restric-
tion enzymes interact with their palindromic (MspI and
HinP1I) or pseudo-palindromic (BcnI and MvaI) sites as
monomers: a single protein subunit makes contacts with
both parts of the palindromic target site (7–10). Monomeric
REases contain a single active site and cleave both target
strands sequentially (8,11). On the other hand, the Type
IIS restriction enzyme FokI is a monomer, composed of
two domains: the N-terminal DNA recognition domain,
which recognizes asymmetric sequence 5′-GGATG-3′ as a
monomer, and the C-terminal PD-(D/E)XK nuclease do-
main that contains a single active site and lacks sequence
specificity (12). To achieve a double strand break in DNA
the catalytic domains from two separate monomers asso-
ciate to form a dimer with two active sites (13). The sec-
ond catalytic domain can come from the FokI monomer
in solution or bound to another target site. The dimeriza-
tion interface between FokI catalytic domains is small and
the dimer formed between DNA-bound and unbound FokI
monomers is presumably unstable; therefore a single site
DNA is cleaved by FokI at a low rate (14,15). On DNA with
two recognition sites, the FokI dimer is presumably formed
by two DNA-bound FokI monomers. Consequently, FokI
cleaves DNA substrates with two copies of its recognition
sequence more rapidly than DNA containing one target site
(14).

Restriction endonuclease AgeI from Agrobacterium
gelatinovorum recognizes a palindromic DNA sequence 5′-
A/CCGGT-3′ and cleaves it as indicated by ’/’. AgeI is
a part of a typical Type II restriction-modification system
composed of a restriction endonuclease and a DNA methyl-
transferase (http://rebase.neb.com/rebase/rebase.html). It
belongs to a well-characterized group of REases termed
here the CCGG-family which contain a conserved CCGG
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tetranucleotide within their target sites and share a cleavage
pattern of a 4-base 5′-overhang. The CCGG-family REases
exhibit a variety of DNA cleavage mechanisms: they exist as
dimers, tetramers or oligomers and require one, two or three
DNA target site copies for optimal DNA cleavage (6). AgeI
shares a significant sequence similarity (24% identical, 41%
similar aa) with the BsaWI REase which recognizes a re-
lated DNA sequence 5′-W/CCGGW-3′ (W stands for A or
T) (6). To establish the molecular mechanism of DNA cleav-
age we performed structural and biochemical characteriza-
tion of AgeI. First, we solved crystal structures of AgeI in
apo- and DNA-bound forms. We show that in DNA-free
form AgeI is a monomer both in the crystal and in solu-
tion. Next, we demonstrate that in the DNA-bound form
in the crystal AgeI is a dimer and shows a conserved in-
teraction pattern with the CCGG tetranucleotide charac-
teristic for other CCGG-family enzymes, although in AgeI
only a part of the R-(D/E)R motif conserved between the
CCGG-family proteins is employed for the target recogni-
tion. We further show that AgeI also dimerizes in solution
upon DNA binding and cleaves DNA as a dimer support-
ing the structural model. Taken together, structural and bio-
chemical data suggest that AgeI uses a DNA cleavage mech-
anism unique for Type IIP REases but similar to that of IIS
restriction enzyme FokI.

MATERIALS AND METHODS

Oligonucleotides

All oligonucleotides used in this study were synthesized by
Metabion. DNA oligonucleotides used in crystallization,
mutagenesis, DNA binding and cleavage studies are pre-
sented in Supplementary Table S1. Oligoduplexes for crys-
tallization were assembled by slow annealing from 95◦C to
room temperature in a buffer (10 mM Tris–HCl (pH 8.0 at
25◦C), 50 mM NaCl).

Cloning and mutagenesis

A plasmid pRRSAgeIRM was constructed by inserting a
2.1 kb BamHI PCR fragment bearing ageIRM genes into
pRRS expression vector. AgeI mutants were obtained by
the modified QuickChange Mutagenesis Protocol (16). The
ageIR gene was cloned into pET-Duet expression vector
with N-terminal His6-tag (His-AgeI) using standard proce-
dures. Sequencing of the entire genes of the mutants con-
firmed that only the designed mutations had been intro-
duced.

Protein expression and purification

The wild type (wt) and mutant AgeI proteins were expressed
in Escherichia coli ER2566 cells carrying plasmids pACYC-
HpaII.M(CmR), pVH1 (KnR) and pRRSAgeIRM(ApR)
(or a corresponding plasmid, containing the mutant ageIR
gene), were grown in the LB medium supplemented with 30
�g/ml chloramphenicol (Cm), 25 �g/ml kanamycin (Kn)
and 50 �g/ml carbenicillin (Cb). pACYC-HpaII.M plas-
mid carrying HpaII m5C methylase specific for the CCGG
sequence (modified cytosine underlined) was used to pro-
tect host DNA from AgeI cleavage. Plasmid pVH1 (KnR,

lacIq (17)) ensured transcription repression of the ageIR
gene in the absence of an inductor. Protein expression was
performed by cultivation for 4 h at 30◦C in the presence of
1 mM isopropyl �-D-1-thiogalactopyranoside (IPTG). To
isolate AgeI the cells were re-suspended in the Purification
Buffer 1 (10 mM K-phosphate (pH 7.4), 0.1 M NaCl, 1
mM EDTA, 7 mM 2-mercaptoethanol) supplemented with
2 mM phenylmethanesulfonylfluoride (PMSF) and soni-
cated. The supernatant was subjected to a subsequent chro-
matography on Heparin-sepharose, Blue-sepharose and Q-
Sepharose (GE Healthcare). Fractions containing the tar-
get protein were dialyzed against the Storage buffer (30 mM
Tris–HCl (pH 7.4), 100 mM NaCl, 0.1 mM EDTA, 1 mM
DTT, 50% glycerol) and stored at −20◦C.

The His-AgeI protein was expressed in E. coli ER2566
cells carrying plasmids pACYC-HpaII.M (CmR), pVH1
(KnR) and pET-Duet-His-AgeIR (ApR). Cells were grown
as described above for the wt AgeI expressing cells. For His-
AgeI isolation the cells were initially re-suspended in the
Purification Buffer 2 (20 mM Tris–HCl pH 8.0, 500 mM
NaCl) supplemented with 2 mM PMSF and sonicated. The
supernatant was subjected for a subsequent chromatogra-
phy on HiTrap chelating HP and HiTrap Heparin columns
(GE Healthcare). Fractions containing His-AgeI were dia-
lyzed against the Storage buffer and stored at −20◦C. His-
AgeI DNA binding and cleavage properties were similar to
those of wt AgeI (data not shown).

Concentrations of the wt and mutant proteins were de-
termined by measuring UV absorbance at 280 nm using ex-
tinction coefficient 24410 M−1 cm−1 calculated by the Prot-
Param tool (http://web.expasy.org/protparam/). All protein
concentrations are given in terms of monomer if not stated
otherwise.

Crystallization and structure determination

For crystallization AgeI was dialyzed against the Crystal-
lization buffer (10 mM Tris–HCl (pH 7.5), 200 mM NaCl)
and concentrated to 6–10 mg/ml. AgeI–DNA complexes
for crystallization were prepared by mixing concentrated
AgeI protein with DNA oligoduplex SP11 or SP13 (Sup-
plementary Table S1) in 1:1.2 ratio to a final protein con-
centration of 8.3 mg/ml. Crystallization was performed by
sitting drop technique at 20◦C. We obtained crystals of apo-
AgeI diffracting to 2.5 Å resolution and three different crys-
tal forms of AgeI–DNA complexes: form I and form II with
11 bp oligonucleotide SP11 (Supplementary Table S1), and
form III with 13 nt oligonucleotide SP13. The crystals of the
apo-protein belong to P212121 space group and diffract X-
rays at 2.5 Å resolution. Form I crystals belong to the space
group P6122 and diffract X-rays to 2.7 Å resolution, form
II––space group P212121 and diffract to 1.5 Å resolution;
form III crystals belong to space group P21 and diffract to
2.4 Å resolution. Crystallization and cryo-protection con-
ditions are given in Supplementary Table S2. Diffraction
data were collected at EMBL DESY (Germany) beamlines
BW7B (form I, native and Hg derivative), X13 (form III)
and X12 (form II), in-house Rigaku MICROMAX-007 HF
(form II Hg derivative), MAX Lab I911-3 (Sweden) beam-
line (apo). MOSFLM (18), SCALA and TRUNCATE (19)
were used for data processing.
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AgeI–DNA structure was solved by AutoRikshaw in
P6122 space group (form I) by SIRAS protocol of AutoRik-
shaw (20) using Hg derivative (soak in 1 mM HgCl2). Four
heavy atoms were found using the programs SHELXCD
(21,22). The occupancy of all substructure atoms was re-
fined using the program BP3 (23). The initial phases were
improved using density modification and phase extension
by the program DM (24). A partial alpha-helical model (212
residues) was produced using the program HELICAP (25).
However, only a partial model containing N-terminal do-
main and DNA could be built using Coot (26). The par-
tial model was used in molecular replacement (MR) by
MOLREP (27) in P21 and P212121 space groups; how-
ever phases were not sufficient for model improvement.
We collected additional dataset of Hg derivative (0.2 mM
(C2H5HgO)2HPO2 (EMP)) of crystal form II. Heavy atom
sites were found using program HARA (S.G., unpublished),
SIRAS phases were calculated using MLPHARE (28).
However, SIRAS phases also were weak and did not allow
improving the model. Therefore we performed map averag-
ing by DM of MR map and SIRAS map of the crystal form
II which lead to a better interpretable map. The model was
improved manually and subjected to automated molecular
replacement by AutoRikshaw: molecular replacement with
MOLREP, refinement with REFMAC and model rebuild-
ing by ARP/wARP (25), which built 490 residues of 556.
Manual model rebuilding and DNA placement in all mod-
els was performed in COOT and the structures were refined
with REFMAC5 (29) and phenix.refine.1.8.3 (30). The final
model (one protein subunit) was used in the MR (MOL-
REP) in the crystal form III. The model of the crystal form
III was used in MR to solve apo-AgeI structure. Data col-
lection and refinement statistics is presented in Table 1.

The contact surfaces buried between the two molecules
were calculated using PISA server (http://www.ebi.ac.uk/
pdbe/prot int/pistart.html) (31). Protein–DNA contacts
were analyzed by NUCPLOT (32). All molecular scale rep-
resentations were prepared using MOLSCRIPT (33) and
RASTER3D (34) software.

Gel filtration

DNA duplex SP (Supplementary Table S1) and His-AgeI
were used for gel filtration. Gel filtration was carried out
at room temperature on an ÄKTA Avant 25 system (GE
Healthcare) using a Superdex 75 HR 10/30 column (GE
Healthcare) pre-equilibrated with 20 mM Tris–HCl (pH
8.0), 0.2 M NaCl and 5 mM CaCl2. Protein (5–35 �M
concentration) and protein–DNA (protein concentration 7
�M, SP DNA (Supplementary Table S1) concentration 3.5–
140 �M) samples were prepared in 100 �l of the above in-
dicated buffer. Protein elution from the column was mon-
itored by measuring absorbance at 280 nm. The apparent
molecular mass was evaluated from the elution volume us-
ing a series of standards (Gel filtration Calibration Kit from
GE Healthcare).

Small angle X-ray scattering (SAXS) experiments

The SAXS data were collected at the P12 EMBL beam line
on PETRAIII storage ring. Before the SAXS experiment

AgeI preparation was run through the Superdex200 16/600
column (GE Healthcare) to remove possible aggregates and
to exchange a buffer for SAXS measurements (10 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 5 mM CaCl2). The protein was
concentrated using centrifugal concentrators (Pierce) with
MWCO 10 kDa. The AgeI sample (3.1 mg/ml) was divided
in two aliquots, the first one was used directly to collect data
on apo-AgeI, while in the second AgeI was mixed with an
equimolar amount of SP13 oligoduplex before data collec-
tion. The main SAXS data collection parameters are pre-
sented in the Supplementary Table S3. Data automatically
averaged and reduced at the beam line (35) were further
processed using PRIMUS and GNOM packages (36). Two
scattering curves of apo-AgeI were merged with PRIMUS.
Ab initio modelling was performed by DAMMIN (37). Ten
pseudoatomic models were averaged by DAMAVER pack-
age (38). Experimental SAXS data were compared with
crystal structures using CRYSOL (39) and SUPCOMB
(40).

Electrophoretic mobility shift assay (EMSA)

DNA binding by AgeI was analyzed by the electrophoretic
mobility shift assay (EMSA) using the 33P-labeled specific
(SP), non-canonical (NC) or non-specific (NSP) oligodu-
plex (Supplementary Table S1). DNA (final concentration
1 nM) was incubated with proteins (final concentrations
varied from 0.5 to 50 nM monomer) for 15 min in 20 �l
of the Binding buffer containing 40 mM Tris-acetate (pH
8.3 at 25◦C), 5 mM Ca-acetate, 0.1 mg/ml BSA and 10%
(v/v) glycerol at room temperature (22◦C). To determine a
stoichiometry of the specific AgeI–DNA complex the 33P-
labeled specific oligoduplex (10 nM) was incubated with
wt AgeI and His-AgeI or their mixture (final concentra-
tion 10 nM monomer). Free DNA and protein–DNA com-
plexes were separated by electrophoresis using 8% (w/v)
acrylamide gels (29:1 acrylamide/bisacrylamide in 40 mM
Tris-acetate, pH 8.3 at 25◦C, and 5 mM Ca-acetate). Elec-
trophoresis was run at room temperature for 3 h at ∼6 V/cm
or 8 h at ∼8 V/cm in the stoichiometry experiments. Radio-
labeled DNA was detected and quantified using the Cyclone
phosphorimager and the OptiQuant software (Packard In-
strument). Apparent Kd values for DNA binding were de-
termined as described (41).

DNA cleavage assay

The specific catalytic activity of AgeI and mutant proteins
was evaluated using phage � DNA that contains 13 AgeI
targets. Varied protein amounts (from 1 × 10−5 mg/ml up
to 1 × 10−1 mg/ml) were incubated with 1 �g � DNA in
50 �l of 33 mM Tris–HCl (pH 7.5 at 37◦C), 10 mM MgCl2
and 0.1 mg/ml BSA for 1 h at 37◦C. Reactions were ter-
minated by the addition of 20 �l ‘STOP’ solution (75 mM
EDTA, pH 9.0, 0.3 % SDS, 0.01 % bromophenol blue and
50 % (v/v) glycerol) and heating at 70◦C for 20 min. Cleav-
age of the pUC18 plasmid DNA (10 nM) lacking AgeI
targets was performed at 37◦C in the Reaction buffer (33
mM Tris-acetate (pH 7.9 at 37◦C), 66 mM K-acetate, 10
mM Mg-acetate, 0.1 mg/ml BSA) containing wt AgeI or
the D177A mutant (150 nM dimer). The samples were col-
lected at timed intervals and the reaction was quenched by
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Table 1. Data collection and refinement statistics

Crystal form I-native I-Hg II-native II-Hg III native apo native
DNA SP11 SP11 SP11 SP11 SP13 ––

preSP-complex SP-complex apo

Data collection statistics
Space group P6122 P6122 P212121 P212121 P21 P212121
A (Å) 111.4107 110.7967 66.0026 65.7569 50.5872 37.2130
B (Å) 111.4107 110.7967 79.8060 79.9872 87.0933 59.2690
C (Å) 216.6102 216.5802 101.6550 102.4873 66.5213 120.9154
�/�/� 90/90/120 90/90/120 90/90/90 90/90/90 90/99.825/90 90/90/90
Wavelength 0.84230 0.84230 0.99985 1.5418 0.8150 0.9100
X-ray source DESY/DORIS BW7B DESY/DORIS BW7B DESY/DORIS X12 MICROMAX-007 HF DESY/DORIS X13 MAX-lab I911-3
Total reflections 203263 296802 694292 245909 79694 56770
Unique reflections 21497 10545 84560 17243 21165 9795
Resolution range (Å) 49.51–2.71 11.07–3.50 65.00–1.50 43.15–2.60 31.48–2.35 34.23–2.50
Completeness* (%) 96.2 (74.6) 100 (100) 97.8 (100.0) 100 (99.9) 95.2 (86.3) 100.0 (98.8)
Multiplicity* 9.5 (9.1) 29.3 (28.1) 8.2 (5.0) 14.3 (14.1) 3.8 (3.6) 5.8 (4.8)
Anomalous
multiplicity*

5.1 (4.8) 15.9 (15.9) 4.3 (2.5) 7.7 (7.4) 1.9 (1.8) 2.9 (2.4)

I/�* 4.5 (1.9) 3.2 (1.8) 6.9 (3.8) 9.0 (3.2) 4.8 (1.3) 5.8 (1.1)
R(merge)a (%) 13.2 (40.6) 19.0 (39.1) 6.2 (19.7) 7.1 (23.5) 5.6(19.8) 11.8 (64.7)
B(iso) from Wilson (Å2) 54.7 9.7 17.1 48.5 36.5 41.5
Refinement statistics
Resolution range (Å) 1.50–40.27 2.40–25.46 2.50–33.33
Reflections work (non-anomalous)/ test 159783 (84472)/ 16072 40461 (21116)/4145 17824 (9756)/1737
Protein/DNA/solvent atoms 4496/444/524 4253/526/175 2126/–/19
R-factor/R-free (%) 15.17/18.52 17.88/21.73 21.42/25.60
R.m.s.d. bond lengths (Å)/ angles (◦) 0.06/1.022 0.005/0.916 0.002/0.676
Ramachandran core/allowed/disallowed region (%) 96.72/3.28/0 97.28/2.72/0 95.56/4.44/0
PDB ID 5DWA 5DWB 5DWC

a Values for the outer shell are given in parenthesis.

the addition of ‘STOP’ solution. The DNA was analyzed by
agarose gel electrophoresis (0.8% and 1% (w/v) for phage �
and pUC18 DNA, respectively).

Cleavage of the 33P-labeled specific oligoduplex SP (200
nM) (see Supplementary Table S1) was performed at 25◦C
in the Reaction buffer incubating with various concentra-
tions (from 1 nM up to 50 nM in terms of dimer) of AgeI.
DNA cleavage of wt AgeI (10 nM) was stimulated by ad-
dition of the D142A mutant (40 nM). The samples were
collected at timed intervals and the cleavage reaction was
quenched with a loading dye solution (95% v/v formamide,
25 mM EDTA, 0.01% bromphenol blue). Separation of
the DNA hydrolysis products was performed by denatur-
ing PAGE: the 20% polyacrylamide gel (acrylamide/N,N’-
methylenebisacrylamide 29:1 (w/w)) in Tris-borate contain-
ing 8.5 M urea was run at 30 V/cm. Radiolabeled DNA
was detected and quantified as described above. In multi-
ple turnover conditions the DNA cleavage rates were deter-
mined from the linear parts of the reaction progress curves
by a linear regression.

Data analysis

The KYPLOT 2.0 software (42) was used for cleavage rate
calculations.

RESULTS

Apo–AgeI structure

To elucidate the structural organization of AgeI, we per-
formed crystallographic analysis of the enzyme in apo- and
DNA-bound forms (see ‘Materials and Methods’, Table 1).
Surprisingly, in the crystal in the absence of DNA AgeI is
a monomer (Figure 1A). Indeed, in the crystal each pair of
protein molecules interact with each other using different

interfaces meanwhile in the homodimer protein–protein in-
teraction interfaces are supposed to be identical. The ex-
amined crystal contacts by PISA server also exclude the
presence of the dimer. The AgeI monomer is composed
of two domains: an N-terminal domain (residues 1–82,
termed N-domain) and a C-terminal domain (residues 83–
278, termed C-domain). The N-domain comprises an N-
terminal � hairpin and three � helices H1–H3 (Supplemen-
tary Figure S1A). One loop (residues 8–10) in the N-domain
is disordered. The C-domain possesses typical for PD-
(D/E)XK REases six-stranded � sheet flanked by five � he-
lices (Figure 1A). The AgeI monomer structure is similar to
the individual subunits of dimeric/tetrameric restriction en-
zymes SgrAI, Bse634I (1KNV), Cfr10I (1CFR), NgoMIV
(1FIU) (DALI Z-scores 11, 10.5, 10.3, 10.2, respectively)
which share the conserved CCGG tetranucleotide in their
target sites. AgeI shows the closest structural similarity to
BsaWI (4ZSF): DALI Z-score for the PD-(D/E)XK do-
main is 14.9. BsaWI recognizes a degenerate sequence 5′-
WCCGGW-3′ where one of the variants matches the AgeI
recognition sequence. Moreover, AgeI and BsaWI protein
sequences show high similarity: 24% identical and 41% sim-
ilar amino acids, respectively (Supplementary Figure S1A).
BsaWI is also composed of two domains; however in BsaWI
the N-domains are swapped and contribute to the protein
dimerization, while in AgeI the N-domain makes only intra-
subunit contacts (Supplementary Figure S1B) (6).

Structures of Agel–DNA complexes

To determine the AgeI structure in the DNA-bound form
we solved crystal structures of two AgeI–DNA complexes
with 13 bp (SP13) and 11 bp (SP11) oligoduplexes contain-
ing the 5′-ACCGGT-3′ target (Supplementary Table S1).
AgeI forms a dimer bound to a DNA duplex in both crystal
forms, however these complexes are not identical. Based on
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Figure 1. AgeI apo- and DNA-bound structures. (A) Apo–AgeI monomer structure. N-domain is coloured yellow, C-domain is green. (B) Specific AgeI–
DNA complex. N-domains are colorued yellow and orange, C-domains are coloured light green and dark green. AgeI structural element (residues 197–224)
involved in the recognition of the outer A:T base pair is coloured magenta. The dimerization interface is boxed. AgeI recognition sequence is shown below
(numbering is the same as in the structures). (C) Close-up view of the dimerization contacts. (D) AgeI active site residues (green) overlaid with NgoMIV
(4ABT, pink) and BsaWI (4ZSF, cyan) active sites. Ca2+ ion from NgoMIV-substrate structure is shown as grey sphere. (E) CC:GG recognition by AgeI.
(F) Recognition of the outer A:T base pair by AgeI. Note in (E) and (F) that both protein subunits contribute for the recognition of one half-site of the
target 5′-ACCGGT-3′ target through hydrogen bonds in the major and minor grooves.

the contacts made to DNA we term these complexes specific
(SP-complex, with SP13) and pre-specific (preSP-complex,
with SP11) and they will be discussed separately.

Specific AgeI–DNA complex

Overall structure. The asymmetric unit of the SP-complex
crystal contains two protein and two DNA chains which
correspond to the AgeI dimer bound to a DNA duplex
(Figure 1B). Protein subunits of the dimer are very similar
(r.m.s.d. over C� atoms is 0.36 Å). Main structural differ-
ences between AgeI in the apo-form and SP-complex are
at the N-terminus of helix H4 (residues 82–87), fragment
118–139 and loop 7–11, which become ordered in the DNA-
bound protein (Supplementary Figure S2A).

Dimer structure. In the SP-complex AgeI dimer almost
completely encircles DNA (Figure 1B). However, the dimer-
ization interface is rather small (buried surface area 619 Å2)
compared to the average dimer interface of 1600 (±400)
Å2 (43). Dimerization is achieved through the two pairs
of helices H6 and H7 of the C-domains, similar to Cfr10I,
Bse634I, NgoMIV primary dimers (44–46). Although the
N-domains are located close to each other, they make only
water-mediated contacts. Analysis of the dimer interface
suggests that residues S138, D177 and D223 could be in-
volved in the intersubunit contacts (Figure 1C). Surpris-

ingly, alanine replacement of S138 and D223 residues re-
sults in the wt or 5-fold activity decrease, respectively (Ta-
ble 2), while the D177A variant exhibits 50-fold decrease in
cleavage activity of � DNA. Importantly, the cleavage speci-
ficity of the D177A mutant is relaxed (Supplementary Fig-
ure S3A) and it even linearizes plasmid DNA lacking the
AgeI recognition sequence (Supplementary Figure S3B).

Active site. The active site of AgeI is composed of residues
E97, D142, K168 and D178 (Figure 1D) which overlay with
the active site residues of NgoMIV, BsaWI (Figure 1D)
and other CCGG family enzymes (not shown) in the su-
perimposed structures. The signature feature of the CCGG
family enzymes is the permutated PD-KX12-13(E/D) active
site motif that differs from the canonical PD-(D/E)XK se-
quence (41,45). D178 of AgeI matches with D175 of BsaWI,
but does not overlap with the catalytic E201 residue of
NgoMIV and the other CCGG enzymes (Figure 1D, Sup-
plementary Figure S5). The D178A mutant of AgeI retains
50% of wt activity (Table 2). On the other hand, D142A
mutant is inactive but binds to the specific DNA with the
similar affinity as wt AgeI (Table 2).

CCGG recognition. Each subunit of AgeI recognizes one
half-site of the target sequence 5′-ACCGGT-3′ from the
major groove side and makes contacts in the minor groove
to another half-site. E173 side chain makes hydrogen bonds
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Table 2. DNA binding and cleavage properties of AgeI mutants

Protein Mutation DNA binding (Kd, nM)a Specific activity, %b

SP NC NSP

wt 0.9 ± 0.2 >50 >50 100
Q86A Recognition 4.6 ± 1.4 >50 >50 8
D142A Catalytic 2.4 ± 0.8 >50 >50 n.d.
D178A Catalytic 1.0 ± 0.3 ∼5 >50 50
S138A Dimer interface 1.2 ± 0.2 >50 >50 100
D177A Dimer interface 19.5 ± 5.6 14.7±3.1 >50 2c

D223A Dimer interface 1.2 ± 0.4 ∼5 >50 20

aThe Kd values were determined by EMSA (see Figure 3 and ‘Materials and Methods’ for the details) using the specific (SP), the non-canonical (NC) or
the non-specific (NSP) oligoduplex (Supplementary Table S1).
bThe specific activity of AgeI variants was estimated using � DNA, n.d.––DNA cleavage activity was not detected under our experimental conditions (see
‘Materials and Methods’).
cThe D177A mutant shows a strong star activity (Supplementary Figure S3).

to N4 atoms of neighboring C2 and C3 cytosines in the
CC:GG half-site, while R174 makes bidentate hydrogen
bond to the N6 and N7 atoms of inner guanine (G4) from
the same half-site (Figure 1E). To complete the CC:GG
recognition network in the major groove, K200 makes di-
rect and water mediated hydrogen bonds to the N7 and O6
atoms of the guanine G5, respectively. In the minor groove
Q86 from the other protein subunit makes hydrogen bonds
to both guanines G4 and G5 using a main chain O and
side chain atoms (Figure 1E). This minor grove interac-
tion seems to be important: Q86A replacement significantly
compromises DNA binding and cleavage activity compared
to wt enzyme (Table 2). Interestingly, the side chain of V89
is inserted between the cytosine C2 and cytosine C3 bases
in the minor groove and presumably ensures proper angle
to position N4 atoms for the hydrogen-bonding by the side
chain of E173 (Figure 1E).

A:T recognition. AgeI residues interacting with the outer
A:T base pair reside on a structural element (residues 197–
224) that protrudes from the conserved catalytic core and
is unique for AgeI (Figure 1B, Supplementary Figure S1A).
The outer A1 adenine base is recognized by K224 and E214
residues through the water mediated hydrogen bonds to
the N7 and N6 atoms, respectively (Figure 1F). The side
chain of K200 makes hydrogen bond to the O4 atom of the
thymine T6 base. From the minor groove side, R90 of the
other subunit makes water mediated hydrogen bond to the
N3 atom of adenine A1 (Figure 1F).

Pre-specific AgeI–DNA complex

AgeI forms a dimer in a complex with SP11 oligoduplex
(Figure 2A). Overall structure of AgeI in complex with
SP11 oligoduplex is similar to that of the SP-complex.
However, after superposition of SP- and preSP complexes
over A-subunits, the positions of B-subunits of the SP- and
preSP-dimers are slightly different (Figure 2A). Moreover,
the buried surface area in the preSP-complex is smaller than
in the SP-complex (∼400 Å2 versus ∼600 Å2). The loop con-
taining S138 adopts different conformation resulting in the
loss of S138–D223 contact at the dimer interface (Supple-
mentary Figure S2B and C). Noteworthy, the putative AgeI
dimer interface is smaller than other protein-protein con-
tacts in the crystal (data not shown). In the case of preSP

complex, the largest protein-protein interface in the crys-
tal is asymmetric (involves different regions in two protein
molecules), while the second one is symmetric and similar
to that of the SP complex.

Protein subunits in the preSP-complex are not identical
(r.m.s.d. C� 0.97 Å) mainly due to conformational differ-
ences located in the DNA binding cleft and the dimer in-
terface. The A-subunit in the preSP-complex is more simi-
lar to the SP-complex subunits (r.m.s.d. 0.83 Å); the main
differences are in the conformation of the N-terminal hair-
pin (residues 7–11), 119–141 helix–loop fragment and 203–
225 fragment (DNA recognition element) (Supplementary
Figure S2B). The differences in the conformation of the B-
subunit in the preSP complex are more pronounced (r.m.s.d.
1.08 Å): additional conformational differences are located
at the recognition-dimerization helix H6 (residues 172–191)
(Supplementary Figure S2C). DNA conformation in both
AgeI complexes is similar across the target site region, ex-
cept the conformation of A1 in the vicinity of the B-subunit
(Figure 2B). While the differences between the protein con-
formations in the SP and the preSP complexes are small,
we expect them to be reproducible since we have refined all
structures using the same protocol, employing Rfree values
to guard against over-refinement.

Contacts with DNA. In the SP-complex DNA binding by
AgeI dimer buries ∼5800 Å2 of a surface area, while in
the preSP-complex buried surface area is a bit smaller -
∼5200 Å2. Differences of DNA binding in SP- and preSP-
complexes occur both in the contacts with heterocyclic
bases and backbone (Supplementary Figure S2D). In the
preSP-complex not all specific contacts to the target site
bases are present comparing to the SP-complex (Figure
2C, Supplementary Table S4). In the major groove only
K200 contacts to G5 and T6 bases are conserved in the
SP- and preSP-complexes. Other DNA recognizing residues
possess different conformations in the SP-complex and in
at least one subunit of the preSP-complex. The side chain
of E173(A) points away from DNA and is located close to
D223(A) residue, while E173(B) side chain is disordered.
Conformations of R174, E214 and K224 in the A-subunit of
the preSP-complex are the same as in the SP-complex, but
in the B-subunit R174 and K224 moved away from DNA,
while the side chain of E214 residue acquires a different con-
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Figure 2. Comparison of AgeI SP- and preSP-complexes. (A) Overlay of the SP (green) and preSP (orange) complexes. (B) Overlay of the DNA molecules
from SP- and preSP-complexes. (C) Overlay of the DNA recognition residues. (D) Overlay of the active site residues.

formation. On the other hand, DNA minor groove contacts
in the preSP- and SP-complexes are identical. Contacts with
phosphates at the 3′ region of each strand involving mostly
residues from the N-domain are conserved in both com-
plexes, but differ at the 5′ region including the scissile phos-
phate (Supplementary Figure S2D, Supplementary Table
S5).

Active site. Active site residues of the preSP- and SP-
complexes overlap well in the superimposed A-subunits,
however only E97 and D142 overlay in the subunits B (in
the dimer superimposed over A-subunits) (Figure 2D).

Oligomeric state of AgeI in solution

The oligomeric assembly of AgeI in solution was analyzed
by gel filtration (Supplementary Table S6, Supplementary
Figure S4A). Apo–AgeI at 5–35 �M loading concentrations
interval elutes from the column as a single peak correspond-
ing to Mw 25–29 kDa, which is close to the Mw of AgeI
monomer (32.5 kDa). AgeI–DNA complex (AgeI:DNA ra-
tio varied from 1:0.5 to 1:20) elutes as a peak corresponding
to Mw 64.3–67.2 kDa (Supplementary Table S6). This value
is in between of the calculated Mws of AgeI monomer and
dimer bound to a DNA duplex (32.5 + 18.4 kDa = 50.9 kDa
and 2 × 32.5 + 18.4 kDa = 83.4 kDa, respectively) indicat-
ing that AgeI does not form a stable dimer complex with
DNA under the gel filtration conditions.

Next we used small angle X-ray scattering (SAXS) to esti-
mate the oligomeric assembly of AgeI (Supplementary Fig-

ure S4B–D, Supplementary Table S3). Theoretical scatter-
ing curves were calculated from the apo and SP-complex
structures and compared with experimental SAXS data
(Supplementary Figure S4B and D). Monomeric apo-AgeI
and dimeric SP-complex structures fit well the SAXS data
of apo–AgeI and AgeI–SP13 complex in solution, indicat-
ing that the protein adopts similar conformations both in
the crystals and in solution (Supplementary Figure S4B and
D).

DNA binding studies

DNA binding by AgeI was analyzed by EMSA using the
cognate SP oligoduplex containing the 5′-ACCGGT-3′ tar-
get, and a non-specific NSP oligoduplex (Supplementary
Table S1, Figure 3). To evaluate the specificity of AgeI vari-
ants we also performed DNA binding experiments with
the non-canonical NC DNA duplex containing the 5′-
ACCGGA-3′ sequence that differs from the target site by 1
bp (underlined). Wt AgeI and mutants form complexes with
the specific SP oligoduplex (at 2–20 nM concentrations),
but show only weak or no binding to a non-specific NSP
oligoduplex (Figure 3A and B, Table 2). The specific AgeI–
DNA complex is supposed to be an AgeI dimer bound to
a single oligoduplex similar to that observed in the crystal
(Figure 1B). Interestingly, dimerization interface mutants
D177A and D223A show faint bands with increased mo-
bility in the EMSA compared to that of the proposed spe-
cific AgeI dimer–DNA complex (Figure 3B). It cannot be
excluded that these faint bands correspond to the specific
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Figure 3. DNA binding analysis of AgeI. (A, B) EMSA of specific (SP), non-canonical (NC) or non-specific (NSP) oligoduplex binding (Supplementary
Table S1). The reactions contained 1 nM of the 33P-labeled oligoduplex and the protein at the concentrations indicated below. The samples were separated
by native PAGE and analyzed as described in ‘Materials and Methods’. (C) EMSA of DNA binding by AgeI and His-AgeI mixture. The reactions contained
10 nM of the 33P-labeled specific oligoduplex (Supplementary Table S1) and wt AgeI and His-AgeI (possesses a His6-tag at the N-terminus) protein mixtures
at concentrations indicated above each lane. After 15 min incubation at room temperature, the samples were subjected to the native PAGE and analyzed
as described in ‘Materials and Methods’. The cartoons illustrate different AgeI–DNA complexes.

AgeI–DNA complex, where a protein monomer is bound
to the specific oligoduplex. Wt AgeI, Q86A, S138A and
D142A mutants did not form stable complexes with a non-
canonical NC DNA, while D177A, D178A and D223A mu-
tants bind to it with similar affinity as to SP DNA (Figure
3B, Table 2). This indicates that D177, D223 (dimerization
interface) and D178 (active site) residues, which are not di-
rectly involved in the DNA recognition, are important for
the REase specificity.

In order to determine the stoichiometry of the specific
AgeI–DNA complex DNA binding experiments were per-
formed, where the specific oligoduplex was incubated with
wt AgeI, His-AgeI (contains a His6-tag at the N-terminus)
or their mixture (Figure 3C). In the gel, electrophoretic mo-
bility of the specific His-AgeI–DNA complex was reduced
compared to that of the wt AgeI–DNA complex due to
the presence of the His6-tag (18 amino acids, ∼2 kDa). In
the case of wt AgeI and His-AgeI mixtures, three differ-
ent protein–DNA complexes were observed: two of them
showed electrophoretic mobilities corresponding to those
of specific complexes of wt AgeI and His-AgeI homod-
imers, respectively, while the third one exhibited an interme-
diate electrophoretic mobility that presumably corresponds
to the wt AgeI–His-AgeI heterodimer (Figure 3C). This ex-
periment provides a direct evidence that AgeI in solution
binds to the DNA target as a dimer.

DNA cleavage

According to the solution and crystallographic data apo-
AgeI is a monomer, but binds the target sequence as a
dimer indicating that monomeric AgeI should dimerize
for DNA cleavage. Therefore concentration dependence of
DNA cleavage by wt AgeI and the dimerization interface
mutants might be different. To test this hypothesis we an-
alyzed concentration dependence of DNA cleavage by wt
AgeI and the S138A dimerization mutant under the steady-
state conditions using the specific oligoduplex SP (Supple-
mentary Table 1) as a substrate. Dependence of the cleavage
rate constant on the wt AgeI protein concentration is shown
in Figure 4A. A similar dependence is observed in the case
of the S138A mutant; however, the curve is shifted to higher
protein concentrations. This suggests that the S138A muta-
tion at the dimerization interface shifts the monomer-dimer
equilibrium towards monomer. Therefore, increased con-
centrations of the S138A mutant are required to achieve the
same cleavage rate as in the case of wt AgeI. Indeed, using a
high enzyme concentration (1000 nM) the cleavage rates of
wt AgeI and the S138A mutant are similar indicating that
the S138A mutation specifically affects the dimerization of
AgeI (data not shown). This finding is in accordance with
the � DNA cleavage data, where a specific activity of the
S138A mutant is the same as wt enzyme (Table 2). More-
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Figure 4. DNA cleavage by AgeI. (A) Concentration dependence of DNA
cleavage by wt AgeI and the S138A mutant. (B) Stimulation of the wt AgeI
cleavage activity by the D142A mutant. Cleavage of the specific oligodu-
plex SP (200 nM) (see Supplementary Table S1) was performed under mul-
tiple turnover conditions as described in ‘Materials and Methods’. wt (10)
and wt (50) corresponds to reaction rates obtained at 10 and 50 nM con-
centrations of wt AgeI, respectively; wt (10) + D142A (40) corresponds to
reaction rates obtained at 10 nM wt and 40 nM D142A mutant.

over, DNA cleavage by wt AgeI is stimulated by addition
of the inactive D142A mutant (Figure 4B). In this exper-
iment, the concentration of the cleavage competent active
sites (wt AgeI) remains the same, however, due to a higher
final protein concentration (because of the addition of in-
active D142A) the monomer–dimer equilibrium is shifted
towards the catalytically competent heterodimer resulting
in a faster DNA cleavage (Figure 4B).

DISCUSSION

Comparison to CCGG-family restriction endonucleases

Active site. The active site of AgeI is composed of
E97, D142, K168, D178 residues and is similar to the
other CCGG-family enzymes, which contain a permutated
canonical PD-(D/E)XK motif (Figure 1D). In AgeI, the
spatial position of the second acidic residue D178 is similar
to D175 of BsaWI but differs from other structurally char-
acterized CCGG-family enzymes (6). Surprisingly, D178A
mutant retains ∼50% activity compared to wt AgeI, while
the structurally equivalent BsaWI D175A mutant is inac-
tive (Table 2) (6). Alanine replacement of the second acidic
residue also produce inactive variants in Cfr10I (E204Q,
(47)), Bse634I (E212A, M.Z., unpublished data), EcoRII

(E337A, (48)) while Ecl18kI E195A mutant retains only
4% of the DNA cleavage activity (41). On the other hand,
PspGI E173A mutant retains 12% (49), NgoMIV E201A
25% of the catalytic activity (V.S., unpublished data).

CCGG recognition. All CCGG-family restriction enzymes
characterized so far use the residues from the conserved
R-(D/E)R motif to recognize the central CCGG tetranu-
cleotide (Supplementary Figure S5). Surprisingly, CCGG
recognition by AgeI differs from the enzymes belonging to
the same family. Only E173 and R174 residues correspond-
ing to the two last residues (underlined) from the R-(D/E)R
motif are conserved in the AgeI sequence (Supplementary
Figure S5). The first arginine of the R-(D/E)R motif (un-
derlined) which is used for the recognition of G in the first
C:G bp in the other CCGG-family enzymes is replaced by
K200 in AgeI. K200 is located on the distinct structural el-
ement and also makes hydrogen bond with the outer T6
base (Figure 1E and F). In the crystal, AgeI also makes con-
tacts with the CCGG tetranucleotide in the minor groove.
Q86 from both AgeI subunits recognize the central CCGG
tetranucleotide making hydrogen bonds to the GG dinu-
cleotide of one half-site (Figure 1E). Structural compari-
son of AgeI with other CCGG-family REases revealed that
this minor groove contact is conserved in BsaWI, Ecl18kI,
EcoRII-C, PspGI and SgrAI. Apart of the conserved recog-
nition R-(D/E)R motif, all these enzymes possess con-
served N or Q residues (Q86 in AgeI, N81 in BsaWI, Q114
in Ecl18kI, N260 in EcoRII, Q94 in PspGI, N92 in SgrAI),
which make contacts to GG bases in the minor groove (Sup-
plementary Figures S5 and S6) (17,50–52). Corresponding
contacts are absent in the REases NgoMIV and Bse634I
which approach DNA mostly from the major groove side
(46,53). Therefore we assume that GG recognition in the
minor groove by the conserved N/Q residues might be a
universal mechanism for the CCGG-family REases.

Recognition of the outer base pairs. To recognize outer
A:T bp AgeI uses residues K200, E214 and K224 from the
unique structural element (residues 197–224) (Figure 1F).
Only contact of K200 to O4 of T6 base is direct, other con-
tacts are water-mediated and may be regarded as less impor-
tant for outer base pair discrimination. To investigate an im-
pact of these contacts on the AgeI specificity we performed
in silico mutagenesis of the outer bp of the AgeI recogni-
tion sequence (Supplementary Figure S7A). Replacement
of the A1:T6 bp by C1:G6 or G1:C6 bp is incompatible with
the DNA structure observed in the crystal: there is a steric
clash between O2 atom of C base and N2 atom of G base in
the minor groove (Supplementary Figure S7A). Moreover,
there is a steric clash between the R90 side chain and both
N2 atom of G base and O2 atom of C base in C1:G6 variant
and R90 side chain and O2 atom of the C base in the case
of G1:C6 base pair (Supplementary Figure S7A). In addi-
tion, the N4 atom of C (G1:C6 bp) cannot form a hydrogen
bond with NZ of K200 (both are hydrogen bond donors).
In the case of T1:A6 bp there are no clashes between DNA
bases or with R90 side chain, however direct hydrogen bond
could not be formed between NZ atom of K200 and N6 of
A base (Supplementary Figure S7A). Therefore we assume
that one direct and three water-mediated hydrogen bonds
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together with indirect readout could discriminate the outer
A1:T6 bp.

Interestingly, in the superimposed AgeI and NgoMIV
structures the side chains of K200 and E214 of AgeI over-
lay with the side chains of D34 and R227 of NgoMIV (5′-
GCCGGC-3′), respectively (Supplementary Figure S7B).
NgoMIV residues R227 and D34 are involved in the con-
tacts with the outer G:C bp (46). This suggests that the
spatial position of the residues/atoms interacting with the
outer bp is conserved, despite they come from different
structural elements. In the minor groove, R90 makes a
water-mediated hydrogen bond to the first base A1 of the
recognition sequence (Figure 1F). Similar conserved minor
groove contacts are made by BsaWI, NgoMIV and Bse634I
(6).

AgeI is similar to BsaWI

AgeI recognition sequence 5′-ACCGGT-3′ is related to the
BsaWI target 5′-WCCGGW-3′. AgeI and BsaWI proteins
share 24% identical and 41% similar amino acids (Supple-
mentary Figure S1A). Thus it is not surprising that their
structures are also similar. Both proteins are composed of
two domains: the N-terminal helical domain and the C-
terminal catalytic domain. The catalytic C-domains of AgeI
and BsaWI are similar (Supplementary Figure S1). The ac-
tive sites of the proteins also superimpose very well (Fig-
ure 1D). The main difference between the C-domains is
the additional structural element of AgeI, which is involved
in DNA recognition (Supplementary Figure S1). The N-
domains of AgeI and BsaWI also adopt very similar struc-
tures, whereas the AgeI N-domain contains the additional
hairpin, which is absent in BsaWI (Supplementary Figure
S1B). In BsaWI the N-domains are involved in the dimer-
ization contacts, they are swapped between the protein sub-
units and ensure a very large dimerization interface (∼2000
Å2) (6). Differently, AgeI is the monomer in the absence
of DNA and the N-domains are in contact with the C-
domain of the same protein subunit (Figure 1A). Interest-
ingly, in the overlaid dimers the N-domain of BsaWI over-
laps with the N-domain of AgeI from the different subunit
indicating that the relative N-C domain position in the pro-
teins is also conserved (Supplementary Figure S1B). The
domain swap in BsaWI might be related to the thermosta-
bility of the protein. BsaWI comes from a thermophilic bac-
terium Bacillus stearothermophillus with an optimal growth
temperature of 55◦C and at higher temperatures it is im-
portant to ensure the stability of the dimer for the en-
zyme function (http://rebase.neb.com/rebase/rebase.html).
In contrast, AgeI, which exists as a monomer and forms
dimer only in DNA-bound form, was identified in bac-
terium Agrobacterium gelatinovorum, which grows at 26◦C
(http://rebase.neb.com/rebase/rebase.html). Indeed, a ther-
mal stability of BsaWI (melting temperature (Tm) 70.6◦C) is
significantly higher compared to that of AgeI (Tm = 41.6◦C)
(M.Z., data not shown).

DNA cleavage mechanism of AgeI

Structural and biochemical data allow us to propose DNA
cleavage mechanism of AgeI (Figure 5). Crystal structure,

Figure 5. Oligomeric forms and DNA cleavage mechanisms of Type II re-
striction endonucleases interacting with (pseudo)palindromic sequences
and Type IIS enzyme FokI. Black rectangles represent recognition se-
quence.

gel filtration and SAXS data show, that AgeI in the apo-
form is a monomer (Figure 1A, Supplementary Figure S4).
The apo–AgeI protein purified from the A.gelatinovorum
also eluted from gel-filtration column at a size consistent
with it being a monomer (54). On the other hand, DNA-
bound AgeI in the crystal shows a dimer; however, the in-
tersubunit interface is rather small and contains only few
hydrogen bonds (Figure 1B and C). In the DNA complex,
each AgeI subunit interacts with both halves of the palin-
dromic target site: it makes contacts to one-half-site from
the major groove side and it contacts the other half-site in
the minor groove (Figure 1E and F). On the other hand,
kinetic studies indicate that AgeI dimerization is required
for DNA cleavage (Figure 4). To reconcile structural and
biochemical data, we propose that AgeI monomers dimer-
ize upon DNA binding and each subunit than cleaves a
phosphodiester bond on the opposite strands of the target
sequence (Figure 5). Such mechanism seems to be unique
among the restriction enzymes recognizing palindromic tar-
get sites (Figure 5). Monomeric restriction endonucleases
like MspI typically bind symmetric target sites asymmetri-
cally and cleave two DNA strands sequentially (7). Most
of REases, like PspGI, are stable dimers in the apo form
and each subunit within a dimer cuts phosphodiester bonds
on the opposite strands of DNA target (49). Some REases,
as exemplified by Cfr10I, Bse634I and NgoMIV, are ho-
motetramers, which bind and cleave two target sites simulta-
neously (45,46,55). Other restriction enzymes like Ecl18kI,
SgrAI and BsaWI are dimers in the apo form and make
tetramers or higher order oligomers when bound to DNA
(3,5,6). DNA cleavage mechanism of AgeI is most similar
to that of the Type IIS enzyme FokI. However, FokI, differ-
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ently from AgeI, is composed of two separate domains for
DNA binding and cleavage. FokI is a monomer in solution
but after binding to the target site through the binding do-
main, FokI nuclease domains form a dimer and cleave both
DNA strands at one of the target sites (Figure 5).

Coupling of dimerization, recognition and catalysis

Structural and biochemical studies of AgeI revealed a tight
interconnected network of amino acid residues involved
in dimerization, recognition and catalysis (Supplementary
Figure S1A). The S138 residue, which makes hydrogen
bond to D223 of the other subunit (Figure 1C) is posi-
tioned in the vicinity to the catalytic D142 residue. On
the other hand, D223 is located next to the K224 residue,
which is involved in the recognition of the A1 base, and
makes water-mediated contact to the oxygen atom of DNA
backbone (Figure 1F, Supplementary Table S5). The D177
residue in the dimerization helix H9 is located close both
to the recognition residues E173, R174 and the catalytic
D178 residue. Importantly, mutations of the dimer inter-
face residues D177 and D223 and active site residue D178
affect not only on the DNA cleavage activity, but also on
the DNA binding specificity of AgeI (Table 2, Figure 3).
D177A, D178A and D223A mutants bind non-canonical
DNA with the similar affinity as cognate DNA. Moreover,
D177A mutant exhibits relaxed cleavage specificity (Supple-
mentary Figure S3). D177 is involved in the water-mediated
hydrogen bond with E173 from the other subunit (Figure
1C), and these interactions presumably ensure the proper
orientation of E173 side chain for the CC recognition (Fig-
ure 1E). In the US patent it was claimed that two AgeI mu-
tants, S201A and R139A show reduced star activity (56).
R139 to A substitution may affect the interaction of S138
with D223 of the second subunit and activation of AgeI
dimer on non-cognate sites (star sites). S201 is located next
to the A/T bp recognition residue K200 and makes wa-
ter mediated hydrogen bond to the backbone phosphate
(Supplementary Figure S2); the loss of the –OH side chain
group by S to A substitution altered (decreased) the star
activity on non-cognate sites. The study of the wt AgeI en-
zyme structure and mechanism of sequence recognition will
help us understand AgeI mutants with reduced star activity
and improved fidelity. Altered dimer interface interactions
of REases and/or loss of DNA backbone interactions may
turn out to be a general mechanism to engineer these en-
zymes to high fidelity.

Since AgeI cuts DNA as a dimer, it is important that
both subunits of the dimer make all required contacts to
the specific target site prior to DNA cleavage. In the SP- and
preSP-complex structures contacts within the minor groove
and 3′- end phosphates of the target are conserved in both
complexes. On the contrary, specific contacts with the tar-
get site in the major groove and 5′-end phosphates at the of
the recognition sequence are made only in the SP-complex
(Supplementary Figure S2D). Therefore, we assume that
the preSP-complex resembles an intermediate complex of
the enzyme searching for the target site. It is likely, that AgeI
forms a weak dimer on the non-specific DNA and scans
DNA from the minor groove searching for the target site
using Q86 and R90 residues (Figure 1E and F). Finally,

the catalytically competent dimer is formed on the target by
making base-specific contacts in the major groove and po-
sitioning the active site residues near the scissile phosphate.
Such target search mechanism can be shared by BsaWI,
Ecl18kI and EcoRII REases, which also employ the con-
served N/Q residue in the minor groove for the CC:GG
recognition (6).
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