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Type Il restriction endonucleases (REases) cleave double-stranded
DNA at specific sites within or close to their recognition sequences.
Shortly after their discovery in 1970, REases have become one of
the primary tools in molecular biology. However, the list of
available specificities of type Il REases is relatively short despite the
extensive search for them in natural sources and multiple attempts
to artificially change their specificity. In this study, we examined
the possibility of generating cleavage specificities of REases by
swapping putative target recognition domains (TRDs) between the
type IIB enzymes Alol, Ppil, and Tstl. Our results demonstrate that
individual TRDs recognize distinct parts of the bipartite DNA
targets of these enzymes and are interchangeable. Based on these
properties, we engineered a functional type IIB REase having
previously undescribed DNA specificity. Our study suggests that
the TRD-swapping approach may be used as a general technique
for the generation of type Il enzymes with predetermined
specificities.

hybrid | Alol | Ppil | Tstl

Restriction endonucleases (REases) are parts of restriction-
modification (R-M) systems, whose primary biological func-
tion is the protection of bacterial cells from incoming foreign
DNA molecules (1). There are three main groups of restriction
enzymes (types I, II, and III), which differ in enzyme composi-
tion, cofactor requirements, and mode of action (2). The best-
studied are type II REases, which in general recognize specific
DNA targets of 4-8 bp and cleave DNA at or close to these
sequences (1, 2). The exquisite accuracy of type II enzymes (3,
4) has made them indispensable tools for DNA manipulations.
Although almost 3,700 type II REases with 262 different spec-
ificities have been characterized to date (5), there still is a
demand for enzymes recognizing new DNA targets.

During the past two decades, numerous efforts have been
undertaken to engineer type II REases with altered specificities.
Both rational protein design and random mutagenesis, followed
by various selection procedures, have been tried (6), and several
mutant enzymes with some preference for cleavage of altered
DNA targets were isolated (7-10). However, projects concerned
with orthodox type II REases so far have been largely unsuc-
cessful mainly for two reasons: (i) difficulty of dealing with the
observed tight coupling between DNA recognition and cleavage
and (i) absence of an efficient system for selecting enzymes with
changed specificities. In this regard, unorthodox type II enzymes,
such as the type IIG REase Eco57I (11), have shown more
promise. Type IIG enzymes combine the catalytic centers of
endonuclease and methyltransferase in one polypeptide chain,
and the ability of Eco571 to methylate recognized DNA targets
has been applied to isolate mutants having previously unde-
scribed specificity (12).

The discovery of Alol-like REases (13-15), classified as type
IIB enzymes, opened up new opportunities for the engineering
of type II REases with altered specificities. Alol-like REases are

10358-10363 | PNAS | June 19,2007 | vol. 104 | no.25

large polypeptides having both DNA endonuclease and meth-
yltransferase activities. This group of enzymes recognize bipar-
tite DNA targets and cleave DNA on both sides of recognition
sequences (13-15). It turned out that C-terminal regions of
Alol-like REases share sequence similarity with specificity
(HsdS) subunits of some type I R-M systems. Based on this
observation, it was predicted that C-terminal regions of AloI-like
REdases, just like HsdS subunits, have two TRDs, each recog-
nizing an individual part of the bipartite DNA target (13).

It was recognized >20 years ago that the recombinational
reassortment of TRDs between HsdS subunits of type I proteins
may result in REases with changed specificities (16—-19), which,
however, have no practical value, because type I REases cut
DNA at random positions away from their recognition se-
quences (20). In this study, similarities between HsdS subunits
and putative specificity regions (SRs) of type IIB enzymes
encouraged us to test whether the reassortment of TRDs could
also be used for rational engineering of type IIB REases enzymes
with previously undescribed specificities.

Results

Characterization of REases Used for Domain-Swapping Experiments.
The Alol (13), Ppil, and Tstl REases used in this study are
classified as type IIB REases because of their characteristic
cleavage of DNA on both sides of the recognition sequence (2).
Type IIB REases are bifunctional enzymes, which either cleave
or methylate DNA, depending on the nature of cofactors added.
DNA targets recognized by Alol, Ppil, TstI (Fig. 14), and other
type IIB enzymes are composed of two specific components
separated by a nonspecific linker of varying length.

Genes for Ppil and TstI were cloned and expressed in Esch-
erichia coli [see Cloning of the Gene Encoding the Ppil Restriction-
Modification System and Cloning of the Gene Encoding the Tstl
Restriction-Modification System in supporting information (SI)
Text], and the cloning and expression of the alol gene were
conducted as described (13). The primary structure analysis
revealed very similar organization among Alol, Ppil, and TstI.
As depicted in Fig. 14, all three polypeptides can be subdivided
into three structural-functional regions. A putative catalytic
sequence motif AD. .. ECK is found near the N-terminal part of
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Fig. 1. Schematic representation of progenitor enzymes Alol, Ppil, Tstl, and

their hybrids. (A) The structure-function organization and DNA recognition
sequences of Alol, Ppil, and Tstl R-M systems. (B) Progenitor enzymes and
hybrids constructed in this work. AD. . . ECK, catalytic motif of endonucleolytic
activity; M, protein region encompassing DNA methyltransferase motifs; CM1
and CM2, conserved sequence motifs. Specific components of DNA targets
predicted to be recognized by TRD1 and TRD2 are depicted in rectangles;
cleavage positions are indicated by arrows.

each enzyme, indicating the potential involvement of this region
in the DNA hydrolysis reaction (13). The central portions of the
polypeptides are made up of conserved sequence motifs char-
acteristic for amino methyltransferases (21) and presumably
participate in AdoMet binding and the DNA methylation reac-
tion. Similarly to AloI (13), the C-terminal SRs of Ppil and TstI
harbor two putative target recognition domains TRDI1 and
TRD2 (see Homology Searches of Ppil and Tstl Target Recogni-
tion Domains in SI Text) and two internally repeated conserved
motifs CM1 and CM2 (Fig. 14). Comparative analysis of SRs
revealed intriguing similarity between the specificity determi-
nants of type IIB and type I R-M enzymes. First, the individual
TRDs of Ppil, Tstl, and AloI (13) resemble the TRDs with
identical or similar specificity found in HsdS subunits of type I
enzymes (see Homology Searches of Ppil and Tstl Target Recog-
nition Domains in SI Text). Second, the conserved motifs of Ppil,
Tstl, and Alol (13) are similar to the conserved motifs found in
HsdS subunits of type I enzymes (data not shown). Third, the
mutual location of the TRDs and conserved motifs is the same
in both enzyme types. Furthermore, DNA targets recognized by
these enzymes share the same bipartite structure (13, 20). Taken
together, these observations suggest that the SRs of type 1IB
enzymes share the same fold with HsdS, in which two TRDs
form globular structures separated by a pair of two antiparallel
a-helices, corresponding to conserved regions (22, 23).

Swapping of SRs Between Alol and Ppil. In initial experiments, we
have swapped the entire C-terminal regions between Alol and
Ppil (Fig. 1B). The goal of these experiments was 2-fold: (i) to
test whether the presumed SRs are indeed involved in DNA
target recognition and (if) to find out whether these regions
function as fairly independent structural modules and could be
interchanged. The chosen swapping point for hybrid construc-
tion coincided with the appearance of reliable amino acid
sequence similarities between the proximal (first) TRDs of Alol
and Ppil and their equivalents of the same specificity in type I
proteins. Thus, the SR of AloI (906-1,262 aa) was replaced with
the corresponding segment of Ppil (906-1,289 aa) generating an
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Table 1. Specific activities of Alol, Ppil, Tstl, and hybrid REases

Specific
Enzyme Recognition sequence* activity®
Alol 1 (7/12-13)GGANGTTC(12-13/7) |, 4,700
Ppil*  (8/13-14)GAGNsGTTC(12/7) | 18,600
Tstl 1 (7/12)GGANGTG(13/8) |, 18,900
Alo-PpiSR | (8/13-14)GAGNsGTTC(12-13/7) |, 4,600
Alo-PpiTRD1 1 (8/13-14)GAGNsGTTC(12-13/7) | 4,600
Ppi-AloSR 1 (7112-13)GGANGTTC(12/7) | 9,500
Ppi-AloTRD1 1 (7/12-13)GGANGTTC(12/7) | 18,900
Tst-PpiTRD1- l (8/14-15)GAGNsGTG(13-14/8) |, <1,500

Gly1006Leus

*Purification and cleavage position determination of hybrid proteins is de-
scribed in Methods in S/ Text.
tSpecific activity is given as units per milligram of enzyme. One unit is defined
as the amount of enzyme required to cleave 1 ug of BamHI-linearized DNA
of pSEAd-7 in 1 h at optimal temperature in a reaction volume of 50 ul.
*Cleavage positions may vary depending on the DNA environment.
SDetailed description of cleavage position determination is provided in Cleav-
age Positions of the New Specificity REase in Sl Text and Sl Fig. 7.

Alo-PpiSR hybrid. The reciprocal swap resulted in Ppi-AloSR*,
which was expressed in E. coli and was found to be soluble but
had no REase activity in crude cell extracts (data not shown).
Therefore, we decided to move the swapping point slightly
upstream of the first putative TRD into the preceding conserved
region. A Ppi-AloSR chimera, made by replacing the extended
region of Ppil (856-1,289 aa) with the corresponding region of
Alol (856-1,262 aa), was fully active (Table 1).

Because type IIB enzymes are able to methylate and cleave
target DNA, both functions of the hybrid proteins were tested.
To evaluate whether hybrids modify Alol and/or Ppil targets in
vivo, recombinant plasmids pAlo-PpiSR and pPpi-AloSR coding
for Alo-PpiSR and Ppi-AloSR, respectively, were digested with
either Alol or Ppil. As shown in Fig. 24, DNA of pAlo-PpiSR
is linearized by Alol (lane 2) but is not cleaved by Ppil (lane 4),
although there are four Ppil targets on it. In contrast, pPpi-
AloSR is cleaved by Ppil (two DNA fragments of 8.42 and 0.84
kb are observed as expected for Ppil cleavage) but resistant to
Alol despite the presence of two Alol targets (lanes 14 and 12,
respectively). Cleavage of supplementary A phage DNA in
control reactions (lanes 3, 5, 13, and 15) clearly demonstrated
that both REases performed well. Taken together, these results
indicate that Alo-PpiSR modifies DNA targets recognized by
Ppil, whereas Ppi-AloSR methylates Alol recognition se-
quences. To test the endonucleolytic activity of hybrid proteins
as well as their specificity, the BamHI-linearized pSEAd-7 DNA
was incubated with purified chimeric enzymes. Data presented
in Fig. 34 demonstrate that specificities of Ppi-AloSR (lane 3)
and Alo-PpiSR (lane 6) are identical to those of Alol (lane 2; as
expected for the Alol cleavage, three DNA fragments of 4.94,
2.14, and 1.32 kb are observed) and Ppil (lane 5; as expected for
Ppil digestion, five DNA fragments of 4.59, 1.85, 0.86, 0.76, and
0.35 kb are observed), respectively. Furthermore, Alo-PpiSR
and Ppi-AloSR cleave DNA on both sides of the recognition
sequences, and their specific DNA cleavage activities are com-
parable to those of their progenitors Alol and Ppil (Table 1). To
summarize, the functional activity of hybrids demonstrate the
exchangeability of SRs, and their involvement in DNA target
recognition. Next, we investigated whether swapping of individ-
ual TRDs between the related type IIB enzymes Alol and Ppil
could produce functional REases.

TRD1 Swapping Between Alol and Ppil. Proximal TRDs of Alol (13)

and Ppil were assumed to recognize trinucleotide components of
their bipartite DNA targets, GGA and GAG, respectively (see
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Fig. 2. The in vivo methylation specificity of hybrid proteins. (A) The in vivo methylation specificity of hybrids between Alol and Ppil. Recombinant plasmids

were digested with Alol or Ppil. (B) The in vivo methylation specificity of Tst-PpiTRD1. DNA of plasmid pTst-PpiTRD1 was digested with: lane 1, no enzyme; lane
2, Ppil; lane 3, Tstl; lane 4, Bglll; lane 5, Bglll + Hindlll; lane 6, Bglll + Mph1103I. (C) Restriction map of the pTst-PpiTRD1 plasmid. Modified Bglll target is

underlined. L, DNA ladder.

Homology Searches of Ppil and TstI Target Recognition Domains
in ST Text). To investigate whether these TRDs maintain their
function as part of another polypeptide, we designed two chi-
meric proteins. In the Alo-PpiTRD1 chimera encoded by the
plasmid pAlo-PpiTRD1, the TRD1 region of AlolI (906-1,019
aa) was replaced with an equivalent segment of Ppil (906-1,047
aa). In the Ppi-AloTRD1 hybrid encoded by plasmid pPpi-
AloTRD1, the extended TRD1 fragment of Ppil (856-1,047 aa)
was substituted for an equivalent fragment of Alol (856-1,019
aa) (Fig. 1B).

The ability of hybrid proteins to modify Alol and/or Ppil
targets in vivo was evaluated by digesting DNA of purified
pAlo-PpiTRD1 and pPpi-AloTRD1 plasmids with either AloI or
Ppil. Data presented in Fig. 24 demonstrate that pAlo-
PpiTRD1 is linearized by AloI (lane 7) but resistant to Ppil (lane
9) despite its four Ppil recognition sequences. On the contrary,
the pPpi-AloTRD1 plasmid DNA is not cleaved by Alol (lane
17) despite the presence of three Alol targets but is cleaved by
Ppil (lane 19; DNA fragments of 8.73 and 0.84 kb are produced
as expected for the Ppil cleavage). Thus, Alo-PpiTRD1 and
Ppi-AloTRD1 are functionally active in vivo and methylate Ppil
and Alol DNA targets, respectively. To test whether hybrid
enzymes maintained their endonucleolytic function, purified
proteins were incubated with BamHI-linearized pSEAd-7 DNA.
Digestion patterns of pPSEAd-7 demonstrate that Alo-PpiTRD1
cleaves Ppil recognition sequences (Fig. 34, compare lane 7 with
lane 5), whereas Ppi-AloTRD1 possesses the specificity of Alol
(Fig. 34, compare lane 4 with lane 2). As shown in Table 1, both
chimeras cleave DNA on both sides of their recognition se-
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quences and demonstrate specific DNA cleavage activities that
are similar to those of their progenitors.

Data presented above demonstrate that TRDs of analyzed
type IIB enzymes are independent exchangeable structures.
Furthermore, specificities of the analyzed hybrids clearly show
that regions identified as the proximal TRDs of Alol and Ppil
not only are involved in the recognition of trinucleotide segments
of DNA targets, but they also determine the length of a
nonspecific linker of bipartite DNA sequences. Because of this
peculiarity and the fact that tetranucleotide parts of DNA targets
of Alol and Ppil are identical (GTTC), the hybrid enzymes
Alo-PpiTRD1 and Ppi-AloTRD1 acquired specificities of their
progenitors.

TRD1 Swapping Between Ppil and Tstl. Results of TRD swapping
described above have disclosed principles of bipartite DNA
target recognition by type IIB enzymes. Accordingly, we rea-
soned that the replacement of TRD1 in TstI with that from Ppil
(Fig. 1B) should yield a hybrid enzyme of mixed specificity
GAGN;5GTG, which has not yet been found in nature. However,
it should be pointed out that the SRs of Ppil and TstI share only
~19% identical residues, making the task of selecting optimal
swapping points far from trivial. We considered that the se-
quence similarity-based approach used in designing chimeras
made of AloI and Ppil (=44% identity between their SRs) in this
case would be insufficient. Therefore, to design the Tst-
PpiTRD1 hybrid, we first generated models for the SRs of Ppil
and Tstl using recently determined crystal structure of the
specificity subunit of the type I R-M system from Methanococcus

Time,hL_12345171234517

Tst-PpiTRD1 Tst-PpiTRD1-Gly1006Leu

Digestion of BamHlI-linearized DNA of pSEAd-7 with progenitor and hybrid REases. (A) Specificity of progenitor and hybrid enzymes. Lane L, DNA ladder.

DNA (3.7 nM) was incubated with the indicated enzymes: lane 1, no enzyme; lane 2, Alol (29.6 nM); lane 3, Ppi-AloSR (14.8 nM); lane 4, Ppi-AloTRD1 (7.4 nM);
lane 5, Ppil (7.2 nM); lane 6, Alo-PpiSR (29.6 nM); lane 7, Alo-PpiTRD1 (29.6 nM); lane 8, Tstl (7.4 nM); lane 9, Tst-PpiTRD1 (111 nM); lane 10, Tst-PpiTRD1-
Gly1006Leu (29.6 nM). Reactions with Alol, Ppi-AloSR, Ppi-AloTRD1, Ppil, Alo-PpiSR, and Alo-PpiTRD1 continued for 1 h at 30°C, DNA digestion with Tstl was
performed for 1 h at 37°C, DNA was incubated with Tst-PpiTRD 1 overnight at 37°C, DNA incubation with Tst-PpiTRD1-Gly 1006Leu was carried out for 3 h at 37°C.
(B) DNA digestion by Tst-PpiTRD1 and its mutant Tst-PpiTRD1-Gly1006Leu for various times at 37°C. DNA (3.7 nM) was incubated with the indicated enzymes

at 29.6 nM.
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Fig. 4. 3D structures of the HsdS subunit of the type | R-M system from M.
Jjannaschii (Protein Data Bank ID code 1YF2) and the computationally derived
model of the SR of Tst-PpiTRD1. (A) The domain architecture of the HsdS
subunit of the type | R-M system from M. jannaschii. Individual structural
domains/motifs are colored from blue to red according to the progression of
the polypeptide chain from the N to the C terminus. TRD1, TRD2, TRDs; CM1,
CM2, conserved sequence motifs. (B) A model of the SR of Tst-PpiTRD1. TRD1
of Ppil is colored blue, the Tstl moiety is shown in green. Red arrows indicate
swapping points. A segment of the SR of Tstl-PpiTRD1 enlarged in Cis marked
by a dotted square. (C) A closeup view of the interface between TRD1 of Ppi
and the conserved helices of Tstl. The initial Tst-PpiTRD1 construct is on the
left, and the Gly1006Leu mutant is on the right. Several side chains at the
interface are shown as sticks with space-filling contour added for Leu-1006.

jannaschii (23) as a template. Corresponding alignments are
presented in SI Fig. 5. As shown in Fig. 44, the specificity subunit
is comprised of two globular TRDs separated by two antiparallel
a-helices encompassing residues of conserved motifs. For TRD1
swapping between Tstl and Ppil, we selected residue positions,
which would preserve native contacts within the TRD1 structure
of Ppil as much as possible and would also minimize the number
of novel contacts between this domain and the TstI part of the
hybrid. Thus, the Tst-PpiTRD1 hybrid encoded by pTst-
PpiTRD1 was constructed by replacing the 894- to 1,010-aa
segment of TstI with the 904- to 1,048-aa fragment of Ppil (Fig.
4B and SI Fig. 5). As shown in Fig. 2B, the hybrid enzyme does
not methylate in vivo DNA targets recognized by its progenitor
enzymes, because pTst-PpiTRD1 DNA is cleaved with both Ppil
(lane 2; Ppil generates three DNA fragments of expected size,
8.24, 0.84, and 0.45 kb) and TstI (lane 3; as expected for the
complete Tstl cleavage, three DNA fragments of 4.68, 4.08, and
0.77 kb are observed). To test whether the hybrid enzyme
modifies presumable targets GAGNsGTG in vivo, DNA of
pTst-PpiTRD1 was cleaved with Bglll. There are two Bglll
recognition sites AGATCT on this plasmid, and one of them
overlaps with GAGNsGTG at the underlined positions (Fig. 2C).

Jurénaité-Urbanavitiené et al.

It is known that BglII cleavage is impaired if the external adenine
of its recognition sequence is methylated (5). Considering that
Ppil modifies adenine in the upper DNA strand of its target
GAGN;sGTTC (data not shown), we anticipated that the hybrid
enzyme should methylate the same A of the hybrid site
GAGN;sGTG. This modification should interfere with the cleav-
age of the overlapping BglII target. As shown in Fig. 2B, Bglll
cuts pTst-PpiTRD1 only at one position (lane 4). Mapping of the
cleavage site by double digestions with BglII-HindIII (lane 5;
cleavage results in DNA fragments of 5.3 and 4.2 kb) and
BglII-Mph1103I (lane 6; cleavage results in DNA fragments of
7.8 and 1.7 kb) revealed that the plasmid is cut by BglII at the
site which does not overlap with the predicted DNA target for
Tst-PpiTRD1, showing that the hybrid enzyme indeed modifies
GAGN;GTG DNA sequences in vivo. The DNA cleavage spec-
ificity of the purified hybrid enzyme was evaluated by incubating
Tst-PpiTRD1 with BamHI-linearized DNA of pSEAd-7. Al-
though complete cleavage of the substrate was not achieved even
after overnight incubation with 30-fold excess of Tst-PpiTRD1
over DNA, the pattern of generated DNA fragments (Fig. 34,
lane 9) was identical to that calculated for a REase of
GAGN;sGTG specificity (3.2, 2.46, 2.39, and 0.34 kb). Based on
these observations, we concluded that the hybrid enzyme rec-
ognizes the hybrid DNA target GAGNsGTG. On the other hand,
the very slow DNA cleavage rate suggested that the 3D structure
of Tst-PpiTRD1 might have flaws and therefore needs optimi-
zation. Indeed, upon inspection of the Tst-PpiTRD1 model, we
have detected a cavity at the interface between TRD1 and
conserved helices. This cavity was absent in models of progenitor
enzymes, where it was filled with the combination of either a
small-large or a large-small pair of residues, the first one coming
from TRD1 and the second from one of the conserved a-helices.
In contrast, the Tst-PpiTRD1 hybrid had a small-small residue
pair (Gly-1006 and Cys-1055) at the corresponding positions
(Fig. 4C). Based on this finding, we attempted to improve the
structure of Tst-PpiTRD1 by mutating Gly-1006 to a bulky
residue, which could fill the cavity with its large hydrophobic side
chain, thereby increasing the stability of the protein. Thus,
Gly-1006 was replaced with Leu as both visual analysis and
computational energy estimation (24) suggested this to be the
optimal choice for substitution (Fig. 4C). A stereoview of
interfaces between proximal TRDs and the conserved helices in
models of Tst-PpiTRD1-Gly1006Leu chimera, Ppil and TstI are
presented in SI Fig. 6. Data in Fig. 3B demonstrate the significant
activity enhancement resulting from Gly1006Leu substitution:
with the enzyme/substrate ratio = 8 for each enzyme, DNA
digestion with Tst-PpiTRD1-Gly1006Leu is complete after 3 h of
incubation whereas cleavage with Tst-PpiTRD1 is partial even
after overnight incubation (see also Fig. 34, lanes 10 and 9,
respectively). Although the specific activity of the Tst-PpiTRD1-
Gly1006Leu mutant is still reduced compared with that of the
parental enzyme TstI (Table 1), the mutant is sufficiently active
to be useful in practical applications. We believe that additional
minor adjustments of the Tst-PpiTRD1-Glyl006Leu tertiary
structure could further increase its specific activity. However,
here our general goal was to establish proof of principle rather
than to produce a superactive enzyme. Thus, our results have
demonstrated that the modular structure of type IIB REases SRs
can be successfully exploited to generate functionally active
artificial enzymes with predetermined specificities. We also have
shown that minimal structural modification might be sufficient
to dramatically improve the performance of such chimeric
REdases.

Discussion

The exchange of functional domains between existing proteins is
one way to obtain hybrid enzymes with desired activities and
properties (25). To date, the construction of hybrid endonucle-
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ases using this approach has been reported for several groups of
these proteins. It was demonstrated that the specificity of type I
R-M enzymes may be changed by recombinational reassortment
of TRDs between HsdS subunits of enzymes attributed to the
same type I enzyme family (16-19). However, because of their
complexity and property of cleaving DNA at undefined posi-
tions, these enzymes are not used as tools for molecular biology.
The modular structure of type IIS REases with separate domains
for DNA target recognition and cleavage (26) also made it
possible to generate hybrid restriction enzymes. The DNA
cleavage domain of the type IIS REase Fokl was fused with
DNA binding proteins such as the Drosophila Ubx homeodomain
(27), the yeast Gal4 protein (28) and zinc-finger proteins (29) to
engineer chimeric endonucleases. Furthermore, it was demon-
strated that domains from unrelated homing endonucleases or
mutated subdomains of an individual homing enzyme can be
fused to create active chimeric enzymes of altered specificity
(30-33). However, the hybrids mentioned above are extremely
rarely cutting enzymes, which have specific applications includ-
ing gene therapy (34, 35), but their potential to be used as
analytical tools like conventional type II REases is limited.

In this study, we have demonstrated that the domain-swapping
technique can also be used to generate type II REases with
previously undescribed specificities. The technique works with
type IIB REases, which recognize bipartite DNA sequences and
combine DNA cleavage and methylation activities in a single
polypeptide. By engineering active hybrids with swapped prox-
imal TRDs among Alol, Ppil, and Tstl, we have demonstrated
a straightforward approach to generate type II REases of
predictable specificity. In addition, we have shown that compu-
tational protein structure modeling and evaluation methods are
effective means for both designing and improving functional
properties of hybrid type IIB enzymes. The significant increase
in Tst-PpiTRD1 activity resulting from a single amino acid
substitution suggested by the computational analysis indicates
both the accuracy of the generated protein models and the
prospects for further improvements. It is worth mentioning that
the domain-swapping technique is not limited only to TRD1
swaps, because TRD2 exchange between Ppil and Tstl enzymes
can also generate REase of changed specificity (S.J.-U., unpub-
lished data).

Currently, there are 18 type IIB REases in REBASE (5),
providing 21 unique TRDs. Theoretically, all these TRDs could
be used in domain-swapping experiments. The sum of their
combinations (>400), where each combination represents dif-
ferent DNA recognition specificity, exceeds the number of
specificities (262) of type II enzymes known today. Obviously,
not all of the TRD combinations might produce functionally
active enzymes. Nonetheless, based on the results presented in
this work, we believe that the approach of combinatorial reas-
sortment of TRDs of type IIB R Eases has the potential to greatly
expand the list of available REase specificities. In addition, the
potential pool of TRDs for constructing type IIB REases
perhaps could be enlarged by borrowing some of these domains
from HsdS subunits of type I R-M systems.

Methods

Bacterial Strains and Plasmids. E. coli strain ER2566 (New
England Biolabs, Ipswich, MA) was used for the expression of
recombinant proteins. E. coli cells were grown in LB medium
containing ampicillin (50 ug/ml). E. coli transformations were
carried out by using the CaCl,-heat-shock method (36). Alol,
Ppil, Tstl, and hybrid proteins were overproduced by using the
expression vector pET21b(+) (Novagen, Madison, WI). BamHI-
linearized DNA of pSEAd-7 was provided by Fermentas UAB
and used for the determination of DNA cleavage specificity and
the specific activity of hybrids.
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Hybrid Construction. Hybrid genes were constructed on the back-
bone of plasmids pET-Alosup9 (provided by Fermentas UAB),
pET-Ppil, and pET-Tstlx (see Cloning of the Gene Encoding the
Ppil Restriction-Modification System and Cloning of the Gene
Encoding the Tstl Restriction-Modification System in SI Text). All
three plasmids are derived from pET21b(+) and harbor genes
for Alol, Ppil, and Tstl REases, respectively, under the control
of the T7 promoter.

The pPpi-AloSR plasmid coding for the Ppi-AloSR hybrid was
constructed by replacing the Bsp1191-Bsp1201 fragment of pET-
Ppil with the Bsp1191-Bsp120I fragment from pET-Alosup9. Hy-
brids described below were constructed by applying primers used in
an overlap extension technique (37). The 5'-end sequences of these
primers are complementary to sequences of other genes allowing
joining DNA sequences from different genes at a particular posi-
tion. To construct pPpi-AloSR* coding for the Ppi-AloSR* chi-
mera, PCR was performed by using pET-Alosup9 as a template and
the primers 5'-gtccgtcacgaagtggccgeaagtgaaggttggaagtatttgtagett-
3'/5'-cgagtgcggeegeaagettgg-3'. The PCR product was cleaved with
Adel and Notl and then ligated to the large Adel-NotI fragment
from pET-Ppil. To obtain pAlo-PpiSR coding for the Alo-PpiSR
hybrid REase, the PCR fragment was produced by using the
primers 5'-tcatatcgccagcaaatggccacagatgecaatccgacaagttgeggtg-3'/
5'-cgagtgcggccgeaagettgg-3' and pET-Ppil as a template. The re-
sulting purified PCR fragment (megaprimer) and a new primer
5'-gaggcgaagceggaaggtage-3' were used for the second PCR with
pET-Alosup9 as a template. A resulting PCR fragment was Bcul-
Notl cleaved and ligated to the large Bcul-Notl fragment from
pET-Alosup9. To construct pAlo-PpiTRD1 coding for Alo-
PpiTRD1, the TRD1 of Ppil was PCR-amplified by using a pair of
primers 5’'-tcatatcgccagcaaatggccacagatgecaatccgacaagttgeggte-3'
and 5'-tattggcggcagaggcatcggaaggtcggecatagaacgattcagg-3’ and
pET-Ppil as a template. The purified PCR product and a new
primer 5'-cgagtgcggecgcaagettgg-3' were used for the second PCR
round with pET-Alosup9 as a template. The third PCR round was
performed by using pET-Alosup9 as a template, the purified
fragment obtained after the second round of PCR and the primer
5'-gaggcgaageggaaggtage-3'. The resulting PCR product was
cleaved with Bcul-Eco1051 and ligated to the large Bcul-Eco1051
fragment of pET-Alosup9. To construct pPpi-AloTRD1 coding for
the Ppi-AloTRD1 hybrid, the PCR product obtained by using
primers 5'-gaggcgaagcggaaggtage-3'/5'-ggggcggtaccgggattcteagt-
tegtgegettegttacgattaag-3' and pET-Alosup9 as a template was
Bsp119I-Acc65I cleaved and ligated to the large Bsp1191-Acc651
fragment of pET-Ppil. Construction of pTst-PpiTRD1 coding for
the Tst-PpiTRD1 chimera was done by producing a PCR fragment
by using pET-Ppil as a template and the primers 5'-caacgcaggtg-
cagagcaaatggccgcaaatgecaatccgacaag-3'/S'-cageggtgggacggggattt-
tcaggtcggcatagaacgattcag-3'. The resulting purified PCR fragment
and the primer 5'-gctagttattgctcageggte-3' were used for the second
round of PCR with pET-Tstlx as a template. Then, a purified PCR
fragment and the primer 5'-tgaccgagatggcgtctcag-3’ were used for
the third PCR round with the same plasmid as a template. The
resulting PCR product was Mph1103I-HindIII cleaved and ligated
to the large Mph1103I-HindIII fragment of pET-Tstlx. To con-
struct pTst-PpiTRD1-Gly1006Leu coding for the mutant enzyme
Tst-PpiTRD1-Gly1006Leu, the PCR product was obtained by using
the primers 5'-cctccgecctattcaagtacaggaatacaaagtcaggaa-3'/5'-
tgteccgtgattgtggtec-3' and pTst-PpiTRD1 as a template. The sec-
ond PCR round was performed by using the resulting purified PCR
fragment, the primer 5'-gctagttattgctcageggtg-3’" and pTst-
PpiTRD1 as a template. The PCR product was BshTI-MIsI cleaved
and ligated to the large BshTI-MIsI fragment of pTst-PpiTRDI1.

Isolation of DNA and Recombinant DNA Techniques. Plasmids were
prepared by the alkaline lysis procedure (38) and purified
additionally as described (39) or isolated by using GeneJET
Plasmid Miniprep Kit (Fermentas UAB). Standard techniques
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(36) were used for recombinant plasmid construction. The
QIAquick Gel Extraction Kit (Qiagen, Chatsworth, CA) was
used for isolation of DNA fragments from agarose gels. DNA
sequencing was carried out on an ABI PRISM 377 sequencer by
using The BigDye Terminator v3.1 Cycle Sequencing Kit (Ap-
plied Biosystems, Foster City, CA). All enzymes used for DNA
manipulations, their buffers, dNTPs, and GeneRuler DNA
Ladder Mix were from Fermentas UAB.

Endonuclease and Methyltransferase Assays. REase activity was
assayed in 50 ul of Fermentas UAB buffer R+ [10 mM TrissHCl
(pH 8.5 at 37°C)/10 mM MgCl,/100 mM KCl/0.1 mg/ml BSA]
containing 1 pug of BamHI-linearized pSEAd-7 DNA at 30°C or
37°C. Reaction products were resolved on a 1% agarose gel and
stained with ethidium bromide.

For determination of DNA modification specificity in vivo,
cells were grown at 37°C, and protein synthesis was induced by
adding isopropyl B-D-thiogalactoside to a final concentration of
1 mM when the optical density of culture reached 0.6 at 600 nm.
After additional growth of cells for 3 h at 30°C or 37°C, plasmid
DNA was isolated and incubated with an excess of Alol, Ppil,
Tstl, or BglIl. Reaction products were resolved on a 0.7%
agarose gel and stained with ethidium bromide.

Modeling of the SRs of Ppil and Tstl. Initially, the SRs of both Ppil
and TstI were searched for related proteins of known 3D structure
that could be used as modeling templates. Searches were conducted
with PSI-BLAST against the National Center for Biotechnology
Information nonredundant protein sequence database with the last
iteration against Protein Data Bank (PDB) sequences (sequences of
known structure). These searches for both sequences detected
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highly significant (E value < 1074°) matches to the structure of the
HsdS subunit of the type I R-M system from M. jannaschii (PDB
ID code 1YF2) (23). Despite the high significance of the homol-
ogous relationship, matching sequences share only ~16% sequence
identity. At this level of sequence similarity, it is not uncommon to
have misaligned regions (40). Therefore, reliable sequence-
structure alignment regions were derived with the PSI-BLAST
intermediate sequence search (PSI-BLAST-ISS) tool (41). In un-
reliable regions, possible alternative alignments were explored
further by building and assessing corresponding 3D models. Eval-
uation of models representing underlying alternative alignments
was done by visual inspection with an emphasis on significant
structural flaws such as buried uncompensated charges or hydrogen
donors/acceptors and severe steric clashes. In addition, the models
were assessed with Prosa2003 (24) energy profiles and Z scores as
well as Verify3D (42) profiles. The consensus of evaluation results
was used to select the best alignment variant. Prosa2003 Z scores for
the models and experimental structures are presented in SI Table
2. Coordinate files for the models of SRs of Ppil, Tstl, and Tst-
PpiTRD1-Gly1006Leu are available at www.ibt.It/bioinformatics/
models/ppi_tst.

Three-dimensional models were constructed automatically
from given sequence-structure alignments with MODELLER
(43). The amino acid side chains for the resulting models were
positioned by using a backbone-dependent rotamer library im-
plemented in SCWRL (44).
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