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ABSTRACT. Phage-encoded resolvase T7 endonuclease | is a structure-specific endonuclease. The enzyme
acts on a broad spectrum of substrates with a variety of DNA structures. The enzyme is a dimer with two
separated catalytic domains connected by an elongatgteet bridge. The activities of enzymes with
mutations in the3-bridge segment were studied. Mutations that did not affect catalytic domain folding
and function but did alter the relative positions of these domains retained catalytic activity but with altered
specificity and metal ion dependence. Our results suggest that the enzyme recognizes its substrates by
DNA conformation exclusion and offer a simple explanation for the broad substrate specificity of phage
resolvase.

Four-way (Holliday) junctions in DNA are generated in or flexible DNA. If this is the case, changing the relative
both homologous and site-specific recombination reactions positions of the two catalytic domains might also change
(1, 2). The penultimate stage of recombination involves the activity profile of the enzyme with respect to different
resolution of a four-way junction catalyzed by structure- substrates. This could be achieved by introducing mutations
specific nucleases termed resolvas8s (The two bacte- in the 8-bridge segment that connects the two well-separated
riophage-encoded enzymes, T7 endonuclease | and T4catalytic domains or by manipulating reaction conditions,
endonuclease VII, have been best studied. especially the metal ions that are coordinated in the active

T7 endonuclease | (T7 Endo 1) is a stable homodimer of Site. The present.sftudy provides evidence for this model for
149 amino acid subunitgl). It is very basic (facs = 9.5) substrate recognition.
and binds tightly K4 = 2 nM) to four-way junctions in
dimeric form. T7 Endo | resolves four-way junctions by
simultaneously introducing two nicks on the two continu-
ously stacked strands at sitégdthe junction §). The crystal
structure of T7 Endo | has been reportél [This structural
analysis showed that T7 Endo | formed an intimately
associated symmetrical homodimer comprising two catalytic
domains connected by a bridge. Each catalytic domain was
composed of residues +44 from one subunit and residues
50—145 from the other. The bridge was composed of a part

of the extended and tightly associated antiparglsheets Inc. (NEB). T7 phage DNA was a gift from Dr. Richard

(b2) from each subunit. T7 Endo | shares no sequence : - -
similarity with other nucleases, although the arrangement of I\K/Ic())rzga(r:\l(é\lBE)B). Plasmid pNBL was a gift from Dr. Huiming

residues at the active site is similar to that found in several
well-characterized restriction enzymes 6).

T7 Endo | will act on a variety of DNA structures in

EXPERIMENTAL PROCEDURES

Materials Restriction enzymes, nicking enzyme N.BstNB
I, DNA polymerases, T4 ligase, T4 DNA kinagg&agarase,
A exonuclease, the maltose-binding protein (MBftptein
fusion expression and purification system including plasmid
pPMAL-c2x, the host Escherichia colistrains TB1 and
ER2566, factor Xa protease, the cruciform structure-contain-
ing plasmid pUC(AT), plasmid LITMUS28, and synthetic
oligonucleotides were obtained from New England Biolabs,

Recombinant DNA and MutagenedBENA manipulation
and site-directed mutagenesis (by the Kunkel method or by
ddition to four- unci ing f b hed PCR) were carried out as des_cribedl\itmlecular Cloning
addiion o Qurlwzy junctions, hraé\%mg :joml ranche by Sambrook et al.g). For cloning T7 Endo | from phage
e T o e, Cromesamal ONA by PCR, o primers, g1 (CCCC
define how the engyme sglectively recognizes its substrates AATTCATGGCAGGTTACGGCGCT) and oligo-2 (CCCCC-

AAGCTTATTTCTTTCCTCCTTT), were used. The PCR

Srge' potSaS|ko)fegwe_:r?h;1nlsam Itshgt]atrteheer?go t%ztaéf'c r?fan}(’ri(;ﬁ product, after treatment with restriction enzymes, was cloned
Juxtap in-a way prev . zy into theHindIll —EcoRl site of plasmid pUC19, resulting in
forming a productive complex with regular linear DNA but

enables it to specifically bind and cleave branched, perturbed,

1 Abbreviations: MBP, maltose binding protein; PCR, polymerase
chain reaction; PAGE, polyacrylamide gel electrophoresis; MCS,

* To whom correspondence should be addressed. Tel: 978-927-5054.multiple cloning site; dNTP, deoxyribonucleotide triphosphate; ATP,
Fax: 978-921-1350. E-mail: Guan@neb.com. adenosine triphosphate.
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plasmid pEndo I. For construction of pEndg2) and
PME(A52) from pEndo |, two sequential PCRs (two-step
PCR) were performed. In the first step, pEndo | was used
as template. Oligo-1 and oligo-4, TGGAAGTAAGAAGT-
CTGGCCACTCTTCATA, were used as primers for obtain-
ing the B part of the gene; oligo-3, TTCGAGTATGAAG-
AGTGGCCAGACTTCTTA, and oligo-2 were used for the
3 part of the gene. In the second step, a 1:1 mixture of the
purified 5 and 3 products from the first step was used as

Guan et al.

Enzyme Assayror resolvase activity assay,u of the
cruciform-containing plasmid pUC(AT) in 20L of buffer
(20 mM Tris, pH 7.6, 50 mM NaCl, 2 mM DTT) with 2
mM MgCl, or 2 mM MnCkL was incubated with variable
amounts of purified enzyme at 3T for 30 min. The digests
were then analyzed by agarose gel electrophoresis. Quantita-
tive analysis of DNA or protein bands on the gel was
performed on a Bio-Rad Phosphoimage autodensitometer.

template; oligo-1 and -2 were used as primers. For each stepRESULTS

10—-15 cycles (95°C, 0.5 min; 45°C, 0.5 min; 72°C, 0.5
min) of PCR were performed. The final product was cloned
into pUC19 and pMAL-c2x resulting in pEndf$2) and
PME(AS2), respectively. A recognition sequence for restric-
tion enzyme Mscl was generated at the deletion site. For
construction of pME(PA/A) from pME4fS2), two DNA
oligonucleotides, oligo-5 (A AAGTGCCTTATGTAATTGC-
GAGCAATCACACTTACACT) and oligo-6 (AGTGTAAGT-
GTGATTGCTCGCAATTACATAAGGCACTTT), were an-
nealed, then inserted into the Mscl site of pMER).
PME(APA) was constructed as pME(PA/A), except two dif-
ferent oligonucleotides were used, oligo-7 (A AAGTGCC-
TTATGTAATTAGCAATCACACTTACACT) and oligo-8
(AGTGTAAGTGTGATTGCTAATTACATAAGGCACT-
TT). For construction of pAAT, pACT, pAGT, and pATT
from pEndo\S2), two oligonucleotide mixtures, oligomix-9
(AAAGTGCCTTATGTAAATTCCCANTAATCACACTT-
ACACT) and oligomix-10 (AGTGTAAGTGTGATTANTGG-
GAATTTACATAAGGCACTTT), were annealed, then in-
serted in the Mscl site of pEndfy32). The cloned DNA

Generation of Mutations at the Bridge Site andeDex-
pression of the Proteing’he T7 Endo | gene was obtained
by PCR using genomic DNA isolated from T7 phage as a
template. The gene was cloned as a 480-base pair (bp)
EcdRI—Hindlll fragment on plasmid pUC19, named pEndo
[, with the orientation of the cloned gene opposed toldte
promoter on the vector. ThiscaRI—Hindlll fragment should
be transferable from pEndo | into thecdrl—Hindlll site
of pMAL-c2x plasmid to form a MBP-Endo | in-frame gene
fusion. The first attempt to construct the MBEndo | fusion
in the pMAL system was unsuccessful. The ligation mixture
yielded no colonies upon transformation into TB1 or
ER2566, even though multiple copies of thel® gene were
present in the host. After carefully checking the original
MBP—Endo | clone used for producing T7 endonuclease |
by NEB, we found that it actually contaidex G to C(G68A)
spontaneous mutation that reduced the toxicity of the enzyme.
Anticipating that this failure might result from toxic expres-
sion even in uninduced cells, we used a variant pMAL vector

and the DNA used as templates for preparing substrates by(PKO1523) (a gift from Dr. Paul Riggs). In pKO1523, the

PCR were verified by DNA sequencing.

DNA SequencingDNA sequencing was performed on
Applied Biosystems automated DNA sequencers (3100)
using BigDye-labeled dye-terminator chemistry (Applied
Biosystems).

Preparation of Heteroduplex Substratésor preparation
of hybrid substrates by metanneal treatment, two purified
PCR products were mixed in annealing buffer (20 mM Tris,
pH 7.6, 50 mM NaCl) at a 1:1 ratio. The mixture was
incubated at 95C for 5 min, followed by incubation at
65 °C for 1 h, then gradually cooled to room temperature.
For preparation of heteroduplexes by annealing purified
single-strand DNA, a positive strand and a negative strand
were mixed at 1:1 ratio in annealing buffer, then subjected
to melt-anneal treatment.

Gene Expression and Protein Purificatidexpression and
purification of gene products using the MBP fusion and

tac promoter on pMAL-c2x is replaced with a more-tightly
regulated T7 promoter(10). Using this vector, we obtained
the construct. In a T7-promoter expression host, ER2566,
2—5 mg of MBP—Endo | (designated ME) could be purified
routinely fran 1 L of induced culture.

To generate mutations in thzbridge while minimizing
PCR errors, we constructed an inactive recipient MBRdo
| fusion vector with the region of interest deleted to which
synthetic oligonucleotides could be added back. Briefly, the
DNA encoding the second beta sheg2), from residue 40
to 53, was removed from pEndo | by two-step PCR and
replaced by an Mscl site. The resulting plasmid was named
pEndo(A52). The mutated gene End®g2) was transferred
as anEcoRI—Hindlll fragment into theecoRI—Hindlll site
of pMAL-c2x to produce plasmid pMB(52). This plasmid
was stable in th&. colihost TB1 or ER2566. Other mutants
were generated by inserting short synthetic double-stranded
DNA into the Mscl site of pMEAS2). The MBP-Endo |

expression system were carried out as described previouslymutants were named as follows: MEPA), where the two

(9). Modifications to the standard protocol and preparation
of nonfusion enzyme were described previoudl@)( The
purified enzyme, either the native enzyme or its MBP fusion
form, was stored in 50% glycerol at20 °C.

Protein Analysis Protein concentration was determined
by the Bio-Rad Protein Assay using bovine serum albumin
as a standard. Molecular weight and purity determinations
were carried out by SDSPAGE analysis and MALDI-ToF
mass spectrometry (Voyager DE, Applied Biosystems Inc.).

residues P46 and A47 located at {bioridge center were
removed; ME(PA/A) where the dipeptide PA was replaced
by the single residue A. The dipeptide PA was also replaced
by other single amino acids, dipeptides, tripeptides, or
tetrapeptides to generate different variants such as ME(PA/
G), ME(PA/AA), ME(PA/PGA), and ME(PA/PAPA) and so
on. In mutation MEQAbdg), all six residues (4449) that
form the bridge were removed.

The severe cellular toxicity of T7 Endo | was significantly

N-Terminal protein sequence analysis was performed on areduced in many of these mutants, since the mutant genes
Procise 494 protein/peptide sequencer (Applied Biosystemscould be maintained in pMAL-c2x vectors without causing

Inc.).

severe host growth defects. In contrast to the wild-type ME,
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Ficure 1: SDS-PAGE analysis of expression and purification of
MBP—endonuclease protein fusion. Cultures of ER2566 containing
pPME, pME(PA/A), and pMEAPA) were grown at 37C to mid-

log phase, then at 30 with 0.5 mM IPTG for 5 h. The induced

cells were harvested by centrifugation, suspended in sonication

buffer (20 mM Tris, pH 7.6, 50 mM NacCl, and 1 mM EDTA) and
opened by sonication. After cell debris was removed by centrifuga-
tion, the crude cellular extracts were applied onto an amylose
column. After the crude extracts flowed through, the column was
washed with the buffer extensively. The fusion protein was eluted
with the buffer containing 10 mM maltose. SBBAGE was carried
out on a 16-20% gradient gel. C denotes crude cellular extracts,
F, the flow-through fraction, and E, the maltose elution fraction.
Thirty microliter samples of the induced culture were used for each
lane.
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Ficure 2: Determination of enzyme activity by titration assay. One
microgram of pUC(AT) in 2QuL of either Mg¢™ or Mn?* buffer

large amounts of MBP-fused mutant proteins were producedwas incubated with variable amounts of enzyme af@7or 30

after induction. A yield of 36-50 mg/L fusion protein was
routinely obtained following a single step of amylose affinity
chromatography (Figure 1).

The purified MBP-Endo | fusion was as active as the
enzyme from which the MBP part had been removed using
factor Xa cleavage, judged by activity titration using

pPUC(AT) as substrate (see Materials and Methods and be-

low) and taking the molecular weight of the fusion protein
into account (data not shown). Since the MBEhdo | fusion
was fully active, the experiments in this study were carried
out using the purified fusion proteins. In this study, we
focused our investigation on characterization of two deletion
mutants, ME(PA/A) and MEAPA).

Cleavage of Cruciform Structure DNAA cruciform

min. Adding DNA sample buffer on ice stopped the reactions. The
samples were resolved on a 1.2% agarose gel with ethidium
bromide. In panel al, ME was used in kigouffer; in panel a2,

ME in Mn2*; in panel bl, ME(PA/A) in Mg"; in panel b2,
ME(PA/A) in MnZ*; in panel c1, MEAPA) in Mg?t; and in panel

c2, MEAPA) in Mn?*: lane 1, no enzyme added; lane 2, 5 ng of
enzyme; lane 3, 2.5 ng; lane 4, 1.25 ng; lane 5, 0.63 ng; and lane
6, 0.32 ng). SM, NM, and LM stand for supercoiled, nicked, and
linear plasmid monomer; SD, ND, and LD for supercoiled, nicked,
and linear plasmid dimer.

were not observed, suggesting that cleavage of both strands
is concerted 4). Thus, the deletion of proline 46 relieved
the Mr?* inhibition without altering the reaction progress.

In contrast, for MEAPA), a change in reaction progress
and in ion-dependence was observed. The overall activity

structure stabilized on a negatively supercoiled plasmid is of this enzyme was slightly lower, about 400.d/ and

structurally similar to a four-way junction of DNA. T7 Endo

| resolves both DNA structures with high efficienc$) (To
compare the enzymatic activities among different T7 Endo
I mutants, we defined specific activity using cleavage of a
cruciform-containing plasmid, pUC(AT), as a substrate. One
unit of activity was defined as the amount of enzyme that
was needed to converdy of supercoiled pUC(AT) to either
the linear (with double cuts) or nicked (with single cut) form
in a 20uL reaction at 37°C in 30 min. We measured the
specific activity by enzyme titration assay. The results are
presented in Figure 2.

In Mg?" buffer, the specific activities of ME and
ME(PA/A) were roughly equivalent, 666800 Ujug (Figure
2al,bl). When Mg buffer was replaced with M buffer,
the activity of ME was reduced by about 20-fold, to only
about 40 Ukg (Figure 2a2). This was consistent with
previously published observationd1j. In contrast, the
activity for ME(PA/A) remained about the same (66800
Ulug) in either Mg+ or Mn?* buffer (Figure 2b1,b2). The
final products with either ME or ME(PA/A) were basically

remained about the same in either Mgr Mn?" buffer
(Figure 2c1,c2). However, the products were dramatically
different from those produced by wild-type and ME(PA/A):

in Mg?* buffer, greater than 90% of the final products were
nicked plasmids (single cleavage) and less than 10% were
linear products (double cleavage; Figure 2cl). For this
enzyme but not the others, ¥naffected the identity of the
products, increasing the percentage of doubly cleaved
products to 50% (Figure 2c2).

We examined the progress of the reaction more closely,
both at low and at high enzyme/substrate ratio irfMauffer
(Figure 3). Although MEAPA) could eventually convert the
nicked plasmid into linear form after a prolonged incubation
or when high concentrations of enzyme were used (Figure
3b), at low enzyme concentration, the rate of second-strand
cleavage was more than 100 times slower than that of the
first one. Reaction conditions in substrate excess (with low
concentrations of enzyme, as in Figure 3a) require each
enzyme molecule to carry out multiple turnovers to complete
the first strand cleavage on all substrate molecules. Thus,

the same, linearized plasmid. Singly nicked intermediates first and second strand cleavage are clearly two separate
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Ficure 3: Cleavage of pUC(AT) by MEXPA) in two step

reactions. In panel a, pUC(AT) was incubated with the enzyme b1
(DNA/enzyme= 1 ug/1.5 ng) at 37C in Mg?* buffer. At variable

time points, an aliquot of sample was withdrawn and mixed with

DNA sample buffer on ice. The collected samples were resolved

on a 1.2% agarose gel with ethidium bromide. In panel b, the PA]A
experiment was performed as in panel a except that the DNA/

enzyme was Lg/0.5ug.

reactions for this enzyme. The final products of this two-
step reaction are also different from that of the one-step

cruciform resolution reaction (see section Cleavage of Nicked c1
DNA Duplex).

Restriction digestion analysis on the final products of the
resolvase reaction confirmed that ME(PA/A) and MIPA) APA

cleaved pUC(AT) at the cruciform structure site as did ME
(data not shown).

Further shortening of the bridge to yield M&{§dg)
resulted in very low nicking activity (510 U/ug) without
any double-stranded cleavage (data not shown). This residual ‘ ‘
activity was still specific for the cruciform structure.

These results showed that the two catalytic domains in FIGURE 4. Determination of nonspecific nuclease activity by gel
the active mutants were folded correctly and fully active. €'ectrophoresis. One microgram AfDNA was incubated with

- . - . variable amounts of enzyme in 2Q of either Mg?™ or Mn?* buffer
We also infer that each domain functions independently as 4 37°C for 30 min. The reaction was stopped by adding DNA
a nicking endonuclease. It was necessary to maintain a propesample buffer, then analyzed by agarose gel electrophoresis. In panel
geometrical relation between the two catalytic centers for al, reaction with ME in Mg" buffer is shown; in panel a2, with
the enzyme to effectively resolve cruciform DNA. Geneti- ME in Mn2" buffer; in panel b1, with ME(PA/A) in Mg buffer;
cally changing the relative position of the two centers resulted :\r/'IEp(‘ZnF?L)b% ,‘\'AVgQ %Ef(fzﬁ/ ﬁ‘]) r;gn'\éllﬁczt,)ﬂ?r:' ,\'AnEESnA‘;'iglMﬂEh
in alteration of the enzyme efficiency, the metal ion pyffer: lane 1, no enzyme added; lane 2, 3 ng of enzyme; lane 3,
preference, the reaction kinetics, and the distribution of final 16 ng; lane 4, 80 ng; lane 5, 400 ng.

products.

Nonspecific Endonuclease Adty. Nonspecific endo- Adding Mg?* to the Mr¥*-containing reaction competi-
nuclease activity of T7 Endo | was observed when high tively inhibited the elevated nonspecific nuclease activity of
concentrations of enzyme were used. To compare theME(PA/A) and MEQAPA). Addition of 10-20 mM Mg**
nonspecific nuclease activity among T7 Endo | variants, 1 t0 the 2 mM Mri* buffer eliminated more than 90% of the
ug of 1 phage DNA was incubated with variable amounts nonspecific nuclease activity of these enzymes (data not
of enzyme in a 2QuL reaction at 37°C for 30 min. The  shown).
digests were subjected to gel electrophoresis. The results are Shotgun cloning and sequence analysis of lambda DNA
presented in Figure 4. fragments produced by digestion with ME or ME(PA/A)

For the W||d-type enzyme ME, the nonspeciﬁc nuclease indicated that the enzyme cleaved linear DNA randomly but
activity was about the same in either Rgpr Mn2* buffer with certain sequence preferences (to be reported elsewhere).
(Figure 4al,a2). This contrasts with the 20-fold ion effect  Cleavage of Nicked DNA DupleXVe showed above that
with the specific substrate (see above). Mutations also ME(APA) cleaves DNA at a nick site, eventually converting
selectively affected the nonspecific nuclease activity: both the nicked intermediate of pUC(AT) to the linear form
mutants ME(PA/A) and MEAPA), showed 20 and 50 times  (Figure 3b). To determine whether T7 Endo | could cleave
lower nonspecific nuclease activity in Mgbuffer than did at any nick or only at the nick generated by MA) on
ME (Figure 4b1,c1), whereas on the specific substrate therepUC(AT), we made a linear nicked substrate with no
was little reduction in specific activity. M spared the  cruciform character. Plasmid pNB I, which contains a single
nonspecific nuclease activity of both mutants: nonspecific site for the site-specific nicking enzyme N.BstNB |, was
degradation was achieved at similar or lower enzyme digested with the nicking enzyme first, then digested with
concentrations as those observed with ME (Figure 4b2,c2).BsaHl. The resulting product was a 2.5 kb linear DNA
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Ficure 5: Determination of nick site cleavage activity of the APA f:"I —_
resolvase: lane 1, pNB | DNA; lane 2, pNB | digested with N 1.0—
BstNB I; lane 3, pNB | digested with #8stNB I, then withBseHl; 05—

lane 4, pNB | digested with NBstNB | andBseHI, then with 10 i
ng of ME in Mg?t buffer at 37°C for 30 min; lane 5, pNB | -
digested withBseHl; lane 6, pNB | digested witiBsaHI, then with

ME. - -

molecule with a nick about 600. bp from one end .Of _the FiGuRe 6: Determination of nick site cleavage in the presence of
molecule. The_ same protocol without N.BStNB | nicking different metal ions. One microgram of the prepared substrate was
yielded an unnicked control substrate. These substrates Wergncubated with variable amounts of enzyme af&7for 30 min in
purified, then incubated with ME in Mg buffer, and either Mg+ or Mn2* buffer. The digests were resolved on agarose
fragments were resolved on an agarose gel. The nickedgﬁ'f-fel?ig?neglazléé??:ﬂ%f;g\lliglztf:ﬁit\giL?I-Etyi%e M?f?ngnf];-l\iﬂnE igﬂ?
fsrL;bstrate yielded the expected 0.6 kb and 1.9 kb DNA b1, with ME(F)>/A(A5 i R/lg2+ buﬁ'fer; in panel b2, with ME(E’A{A)
gments in addmon to the original 2.5 kb DNA (Figure i, yin2+ buffer: in panel c1, with ME&PA) in Mg?* buffer; in
5), while the control yielded only the 2.5 kb substrate DNA. panel c2, with MEAPA) in Mn2* buffer: lane 1, no enzyme added;
This indicates that T7 Endo | recognizes the presence of alane 2, 2.5 ng of enzyme; lane 3, 5 ng; lane 4, 10 ng; lane 5,
nick in the duplex and cleaves the molecule at or near that20 ng.
site.

Cleavage opposite a nick is a novel activity, so we pNB | was first. treated with nicking ‘enzyme N.BstNB |,
investigated the properties of the mutants described abovethen cleaved with ME or ME(PA/A) in Mt buffer. The
on this new substrate, and again compared the ability Mg linear plasmids were identified and purified from the agarose
or Mn?* to support the reaction. The results are presented gel. After the ends were polished to create flush ends with
in Figure 6. T4 DNA polymerase plus dNTP, a 300 bp flush-en@td —

In contrast to cruciform resolution, where Rtrinhibited Snal fragment isolated from plasmid LITMUS 28 and
the wild-type enzyme, the wild-type ME showed equivalent containing the multiple cloning site and primer binding sites
activity at the nick in either Mg or Mn2* buffer (Figure for sequencing was ligated to these products. The recombi-
6al,a2). nant plasmids were isolated from individual transformants

For ME(PA/A) and MEAPA), the activity in Mg" buffer and sequenced using the two primers (nos. 1250 and 1251
was low (Figure 6b1,c1), while in Mn the activity was from NEB) reading outward from the center of the MCS
significantly increased (Figure 6¢2). In the presence oftyin  inserts. The results showed that the endonuclease introduced
ME(PA/A) was a more active enzyme than its wild-type a single cut in the continuous strand displacédrém the
counterpart for nick site cleavage. Indeed, additional products hick by 3 or 4 bp. These two positions were found with about
are obtained, compatible with the increased general nonspean equal frequency (data not shown). The sequencing data
cific activity observed with this enzyme. The nonspecific also showed that under the conditions of the experiment, the
nuclease activity can become obvious with certain DNA enzyme did not cleave the short single-stranded overhangs
sequences (hot spots) when 20 units or more of enzyme isat sticky ends generated during the reaction, since the
used. There was a hot spot identified by restriction mapping duplication created by the fill-in reaction was intact. These
just after the Ap gene in pNB I. results suggest that the linear products produced by prolonged

Figure 7 illustrates our approach to determining the incubation of pUC(AT) with MEAPA) should be different
location of cleavage of this nick site activity. Briefly, plasmid from that produced by ME or ME(PA/A), which should
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ME(PA/A) FiGURE 8: Determination of DNA cleavage at single base mis-
matches by resolvase using hybrid mixtures as substrates. Each of
hybrid mixture substrate (0/0) was incubated with 2630 ng of
enzyme in a 2QL reaction at 37°C for 30 min. The digests were
resolved on an agarose gel. In panel al, substrates were incubated
with ME in Mg?" buffer; in panel a2, substrates were incubated
with ME in Mn2* buffer; in panel b1, substrates were incubated
with ME(PA/A) in Mg?" buffer; in panel b2, substrates were
Fill in incubated with ME(PA/A) in MA* buffer; in panel c1, substrates
were incubated with MEXPA) in Mg?" buffer; in panel c2,
substrates were incubated with MERA) in Mn?* buffer: lane C,
PCR product pcrAAT DNA or pcrACT as control; lane 1,
hmAATXACT; lane 2, hmAATXAGT; lane 3, hmAATXATT; lane
4, hmACTXAGT; lane 5 hmACTXATT; lane 6, hmAGTXATT.
melt—anneal treatmentl@). Six hybrid mixture substrates,
named hmAATXACT, hmAATXAGT, hmAATXATT,
— hmACTXAGT, hmACTxATT, and hmAGTXATT, were

prepared. Each hybrid mixture was expected to contain two
— different heteroduplexes in addition to the two original
homoduplexes. For example, hmAATXACT contained both

Ficure 7: Determination of cleavage pattern at DNA nick site by AIG af‘o.' C/T single-base mismatch heter_oduplexe; besides
resolvase. Schematic representation of the method for analyzingth€ original pcrAAT and pcrACT. The mismatch site was
the cleavage pattern at a nick site is shown. Rs stands for enzymeabout 150 bp away from one end of the molecule. The
recognition site. maximum content of heteroduplexes in an individual hybrid
mixture was 50%. Two different hybrid mixtures may contain
contain longer sticky ends, depending on the conformation the same kind of base mismatch, but the sequence contexts
and the arm length of individual cruciform. at the mismatch site are different. For example, both
The results above combined with that from cruciform hmAATXACT and hmAGTXATT contain the same A/G and
resolution experiments indicate that this nick site activity is C/T mismatches, but the sequence contexts at mismatch sites
not responsible for the second strand cut in cruciform are different.
resolution. In either M or Mn?* buffer, ME(PA/A) is The six hybrid mixtures were incubated with ME,
equally efficient to resolve pUC(AT) to its linear form ME(PA/A), and MEQAPA) in either Mg or Mn?* buffer.
(Figure 2b1,b2) without accumulation of nicked plasmid, The digests were subjected to agarose gel electrophoresis
even though its nick cut activity is profoundly reduced with  (Figure 8). The results showed that in all cases, ME digested
Mg?*. The rate of nick site cleavage is also too slow to the heteroduplex to create 150 bp and 330 bp segments from
account for the second strand cut of the cruciform resolution the original 480 bp one. In the control directly using pcrAAT,
reaction, even with Mtt, and furthermore, the two activities ~ACT, AGT, or ATT as substrates, only the original 480 bp
produced different products. DNA band could be identified (Figure 8al,a2). This indicated
Cleavage of DNA Heteroduplex with Single-Base Mis- that ME cut at least one of the two heteroduplexes present
matchesTo test the ability of T7 Endo | and its mutants to in each of six hybrid mixtures. The cleavage efficiency on
cleave DNA at single-base mismatch sites, we made use ofthese substrates with ME was about the same in eithéf Mg
mutated pEndo | genes created during the mutagenesisor Mn?* buffer. However, in M@" buffer, the cleavage with
project. Four individual pEndo | derivatives, named pAAT, ME(PA/A) or ME(APA) was almost undetectable (Figure
pACT, pAGT, and pATT, were constructed (see Experi- 8bl,cl). The cleavage efficiency for ME(PA/A) or MEPA)
mental Procedures). The only difference among them waswas significantly increased by replacing Mgwith Mn2*
that there was a single base variation at the same positionin the reaction (Figure 8b2,c2). In the presence of?\n
of the gene. Using the four individual clones as templates, ME(PA/A) was at least as active as ME was for cleavage of
we obtaine four PCR products about 480 bp long, named single-base mismatched DNA in hybrid mixture substrates.
pcrAAT, pcrACT, pcrAGT, and pcrATT. Single-base ME(APA) was a less active enzyme, even in Mibuffer.
mismatch heteroduplex molecules could be obtained by To assess the cleavage efficiency of the enzyme with each
mixing any two of the four PCR products followed by kind of single-base mismatch, we prepared heteroduplex
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Ficure 10: Determination of DNA cleavage by the resolvase at
individual single-base mismatches. Sixteen DNA duplexes were
. . N generated by annealing each one of the four isolated positive strands
Ficure 9: Generation of DNA substrates for determination of it each one of the four negative strands. Among them, four were
resolvase activity on each individual single base mismatched DNA. reqyjar (perfect match) duplexes and 12 were heteroduplexes with
Panel a shows a schematic representation of preparation of aNsingle-base mismatches. The prepared duplex DNA+0.24g)
individual DNA heteroduplex with a definitive single-base mis- 55 incubated with 1015 ng of enzyme in 1@L of either Mg+
match. For making positive strand DNA, nonphosphorylated o pn2+ puffer at 37°C for 20-30 min. The digests were resolved

forward primer, pr-1, and phosphorylated reverse primer, P-pr-2, on agarose gels: (a) different duplexes were incubated with ME
were used for PCR. The bottom strand, or the negative strand, of;, pMn2+ puffer: (b) different duplexes were incubated with

the PCR product was removed lyexonuclease. The negative PA(PA/A) in Mn2* buffer.

strand DNA was prepared by the same method as the positive one

except that phosphorylated forward primer, P-pr-1, and nonphos- .

phor;F/)Iated r%verge Qr/imer, pr-2, wepre used. F:Danel b shovF\)/s anl0a) or ME(PA/A) (Figure 10b). Both enzymes could
example for generating a single-base mismatched heteroduplex byeffectively cleave heteroduplexes at the single-base mismatch
annealing two purified single stranded DNAs: lane 1, double- sjtes where at least one of the mismatched bases was
stranded DNA produced by PCR, pcrAAT or pcrACT; lane 2, the  cytosine. Neither enzyme cleaved DNA at a G/G mismatch

ositive (top) strand, sSACTH), isolated from pcrACT; lane 3, the : - A
gegative( (bF()))ttom) strand, ;FSOAA:FL isolated fprom PCrAAT: lane  Sit€ Very efficiently. The most profound difference between

4, single-base mismatch (C/T) heteroduplex produced by annealingthe two enzymes was that ME(PA/A) had much higher
the purified positive strand with the negative one. activity at A/A and T/T mismatches than did ME. In general,

ME(PA/A) in the presence of Mif was a more efficient
substrates, each of which contained only one of the possibleenzyme than its wild-type counterpart when cleaving DNA
mismatches (Figure 9a). Briefly, eight single-stranded at single-base mismatch sites.

DNA molecules about 480 bases long, named sSAAT( To determine the cutting pattern by the enzyme at single-
SSAAT(-), SSACT(t), SSACT(-), and so on, were generated 556 mismatch sites, we performed an experiment as il-
using4 exonuclease to selectively digest one strand of the | sirated in Figure 11a. Briefly, plasmids pAAT, pACT,
relevant PCR product. Annealing each one of the positive pAGT, and pATT were linearized by digestion wittindlll.
strands with each one of the negative strands could producerne four linear plasmids were mixed and subjected to-melt
16 duplex DNA molecules, 12 of them single-base mismaich 4neq) treatment. The annealed plasmid mixture was treated
heteroduple_xes and 4 homoduplex molecules (Figure 9b).\yith T4 ligase plus ATP to produce relaxed circular
The base mismatch site was about 150 bp away from one ofiyygjecules. The majority (up t075%) of the recircularized
the ends of the molecules. Some heteroduplexes may containasmids should contain a single-base mismatch site that is
the same kind of mismatches, but the sequence contexisensitive to cleavage by T7 Endo I. The ligation mixture
around the mismatches are different. was digested with ME(PA/A) in Mgt buffer followed by

The 16 DNA duplexes prepared above were incubated with treatment with T4 DNA polymerase plus dNTP to blunt the
ME and ME(PA/A) in Mr?* buffer, respectively. The digests  ends, then subjected to agarose electrophoresis. The DNA
were resolved on agarose gels (Figure 10). The resultsband representing the full-length linear plasmids was isolated
showed that the four regular DNA duplex molecules gener- from the gel (Figure 11b). The purified linear plasmids were
ated by annealing two corresponding positive and negativetreated with T4 ligase plus ATP and transformed into TB1.
strands were not specifically cleaved by either ME (Figure Plasmids were isolated from individual transformants and
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Ficure 11: Determination of the cleavage pattern by resolvase at base mismatch sites: (a) schematic representation of the experiment; (b)
the experimental intermediate products resolved on a 1.2% low-melting agarose gel (lane 1, the mixed open plasmids-aftereadelt
treatment; lane 2, after treatment with T4 ligase; lanes 3 and 4, after cleavage with ME(PA/AfirbiMifer followed by blunting the

ends with T4 DNA polymerases— indicates the linear plasmid band that was excised and used for transformation after ligation); (c)
examples of the results.

sequenced across the ligation junction using a primer located
150 bp away from the original mismatch site. The results
showed that ME(PA/A) cleaved both strands of DNA®

and -3 bp away from the mismatched base, generating 3
(many of them 4-6) bp-long sticky ends, as judged by the
length of the duplication generated at the mismatch site
(Figure 11c).

DISCUSSION

T7 endonuclease | is a structure-specific endonuclease
capable of cleaving a broad range of DNA molecules with
a variety of structures. This broad substrate specificity makes
it difficult to identify the common structural features that
the enzyme selectively recognizes and cleaus. ( :

The experimental data from this study and other published Ficure 12: The three-dimensional structure of T7 Endo | and the
studies 4) showed that the two catalytic domains of T7 Endo p-bridge. The homodimer is shown on the left with one monomer
| functioned independently as nicking endonucleases. It Wasgisd%'gleg fi?hg%hér?éag iggvtvfi‘r? Ottﬁgr igs‘ijt%ﬁsggaf‘%hgn rtgﬁngg;ﬁés
necessgry to bind both catalytic domains to D.NA to form a alanine residues ml?tated in tr?is stuzy. Residues me?rked with (b)
productive enzymesubstrate complex, ensuring cleavage refer to the second monomer (light gray).
of both strands of substrate DNA within the lifetime of the
complex. It is conceivable that changing the stereo-geometricinterfering with the folding and function of the catalytic
relationship between the two catalytic domains and changingdomain.
the conformational flexibility of T7 Endo | without changing Two dozen or s@3-bridge site mutants were generated.
the catalytic domain in itself may result in variation of The proteins were purified and characterized. All the
substrate specificity and cleavage efficiency of the enzyme. mutations in some way altered the activity profile of the
T7 Endo | provided a unique opportunity to test this concept. enzyme. In this study, we focused our attention on charac-
The three-dimensional structure of the enzyme showed thatterization of two active deletion mutants: ME(PA/A) and
the two catalytic domains were well separated and connectedVIE(APA). As expected, the two catalytic domains in the
only by ag-sheet bridge®). The bridge formed part of an  mutants were folded correctly and were fully active, since
extended and tightly associated antipargilsheet §2). The both could cleave cruciform DNA with an efficiency similar
bridge comprised part of the dimer interface, and the residuesto that of the wild-type protein. For resolving cruciform
were bound to each other by hydrogen bonds except for thestructures, the wild-type enzyme required ¥igfor its
two residues, P46 and A47, at the bridge center (Figure 12).activity. The activity was reduced by 20-fold or more if Kig
The two residues seemingly formed a hinge at the geo- was replaced with M#t. For the two mutants, the metal ion
metrical center of the protein, rendering it flexible. It was requirement was relaxed. The mutant proteins were almost
possible to introduce mutations into tiéoridge site without equally active in either Mg or Mn?* buffer. However, the
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kinetics and the final products with MEPA) were changed.  functional significance in substrate binding and enzymatic
This mutant could no longer simultaneously cleave both activity (15). Genetically changing the distance between the
strands across the cruciform structure on plasmids. Insteadfwo catalytic centers by introducing mutations into the
it nicked one strand first at the site in a rapid reaction, [-bridge site of T7 Endo | did not greatly compromise the
resulting in relaxation of the cruciform, then cleaved the other enzyme’s specific activity. ME(PA/A), discussed here, as
strand at the generated nick in a separate slow reaction. well as ME(PA/AA), ME(PA/PGA), and ME(PA/PAPA)

For cleavage of DNA at nicks or base mismatches and (not shown), could resolve cruciform structure with efficien-
for the nonspecific nuclease activity, the requirements for cies similar to that of the wild-type enzyme. These results
metal ions among the enzyme and its mutants were shiftedStrongly suggest that T7 Endo | is also conformationally
again. This time the wild-type ME remained about equally fléxible. Forming a productive complex of the enzyme and
active in either M§* or Mn?* buffer. For the mutants, these ~Substrate is a dynamic process; both the protein and DNA
activities, however, were profoundly reduced inMbuffer. must undergo sequential conformational changes during the
Mn2*+ became the required divalent metal ion. InVibuffer, interaction. The conformational flexibility of T7 Endo | may
ME(PA/A) could recognize and cleave DNA at nick sites hold the key to understanding the nature of the broad
and at certain types of single-base mismatch sites even moréubstrate specificity of the enzyme.
efficiently than its wild-type counterpart. Overall, the activity The unusual activities described here could be harmful to
profile of ME(PA/A) in Mn?" buffer is similar to that of the host cell, since these structures are constantly generated
ME in Mg?". Replacement of Mg by Mn?" may increase  during DNA replication and repairing and making double
the distance between the two catalytic centers, which offsetsstrand breaks on chromosomal DNA is potentially lethal.
some effects of the deletion mutation. In the presence of Indeed, the wild-type enzyme is quite toxic to the host, while
Mg?*, ME(PA/A) appears to be a more specific resolvase the mutants discussed here, with Malependence of these
than the wild-type enzyme. unusual activities, are much less toxic. In the cell, millimolar

All the results presented in this paper show that changing levels of Mg but not Mr* are present.
the reciprocal stereo-geometric positions of the two catalytic  On the other hand, these activities make these enzymes a
centers without changing the centers per se, by either geneticzaluable tool for research. Both T4 Endo VII and T7 Endo
or biochemical means, can result in shifting the enzyme | have being used for mutation detection and SNP analysis
activity profile to different substrates and in alteration of (16). Due to their severe cellular toxicity, it was difficult to
metal ion requirement, reaction kinetics, and distribution of obtain these enzymes in large quantity,(17). It was not
the final products. The results also indicated that the enzymepossible to express T7 Endo | coli at a high level, even
might not directly recognize the specific DNA structure in if a tightly controlled T7 promoterg{ 10) was applied. The
each of its substrates. Instead, the enzyme may simply requirenutants characterized in this study, especially ME(PA/A),
simultaneous specific binding of both its catalytic domains have now provided a good alternative for this purpose.
to the DNA duplex for productive complex formation. DNA
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