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Abstract
BspQI is a thermostable Type IIS restriction endonuclease (REase) with the recognition sequence 5’
GCTCTTC N1/N4 3’. Here we report the cloning and expression of the bspQIR gene for the BspQI
restriction enzyme in E. coli. Alanine scanning of the BspQI charged residues identified a number
of DNA nicking variants. After sampling combinations of different amino acid substitutions, an
Nt.BspQI triple mutant (E172A/E248A/E255K) was constructed with predominantly top-strand
DNA nicking activity. Furthermore, a triple mutant of BspQI (Nb.BspQI, N235A/K331A/R428A)
was engineered to create a bottom-strand nicking enzyme. In addition, we demonstrated the
application of Nt.BspQI in optical mapping of single DNA molecules. Nt or Nb.BspQI-nicked
dsDNA can be further digested by E. coli exonuclease III to create ssDNA for downstream
applications. BspQI contains two potential catalytic sites: a top-strand catalytic site (Ct) with a D-
H-N-K motif found in the HNH endonuclease family and a bottom-strand catalytic site (Cb) with
three scattered Glu residues. BlastP analysis of proteins in Genbank indicated a putative restriction
enzyme with significant amino acid sequence identity to BspQI from the sequenced bacterial genome
Croceibacter atlanticus HTCC2559. This restriction gene was amplified by PCR and cloned into a
T7 expression vector. Restriction mapping and run-off DNA sequencing of digested products from
the partially purified enzyme indicated that it is an EarI isoschizomer with 6-bp recognition, which
we named CatHI (CTCTTC N1/N4).
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Introduction
Restriction endonucleases (REases) with 4-8 bp recognition sequences are indispensible tools
in creating recombinant DNA molecules [1]. Nearly 300 unique Type II specificities have been
found so far from bacterial and viral sources. DNA nicking endonucleases (NEases) which
bind DNA sequence specifically and cleave only one strand, however, are only available in
small numbers. The first two natural NEases, Nt.CviPII and Nt.CviQII, were found from
infected cells of Chlorella viruses [2,3]. Other natural NEases are Nt.BstNBI/Nt.BspD6I/
N.BstSEI, Nb.BsrDI, and Nb.BtsI, which are the large subunits of their respective REases
[4-7] (G.Wilson, unpublished results). NEases have also been engineered from heterodimeric
REases BbvCI and Bpu10I by inactivation of the top-strand or bottom-strand catalytic site
[8] (Janulaitis A et al. (2005) Strand-specific polynucleotide nickases, US patent number
6,867,028). A number of NEases were derived from protein engineering of Type IIS REases.
For example, nicking variants have been engineered from AlwI, BsmAI, BsmBI, BsaI, BsmI,
FokI, MlyI, and SapI either by site-directed mutagenesis of a few amino acid residues or by
protein domain swapping [9-13] (Nb.BsmI, Z.Zhu and SYX, unpublished results). In addition,
nicking variants have been constructed from homing endonucleases with large recognition
sequences useful for gene targeting [14,15].

NEases are useful to prepare pre-nicked DNA substrates for DNA repair study [16]. In addition,
NEases have been employed in DNA amplification in conjunction with a DNA polymerase
with strand-displacement activity. For example, the isothermal exponential amplification
reaction (EXPAR) exponentially amplifies short oligonucleotides called “triggers” by primer
extension and regeneration through DNA polymerase and NEase activities [17,18]. Nt.CviPII
can be used in random DNA amplification (NEMDA, nicking endonuclease mediated DNA
amplification) without addition of any primers since DNA can be directly amplified from
partially nicked duplexes [19]. Target-specific DNA amplification can also be achieved by a
set of specific primers, NEases, single-strand DNA binding protein such as gp32, and a DNA
polymerase with strand displacement activity (R.Kucera and E. Raleigh, unpublished results).
Another example of NEases in DNA-based diagnostic application is termed nicking
endonuclease signal amplification (NESA) [20]. A fluorescent probe and target DNA anneal
to create a recognition site for a strand-specific NEase. The NEase cleaves the probe into two
pieces while leaving the target intact. Fluorescence coupled with capillary electrophoresis can
be used to measure the nicked products.

NEases can also be used to label DNA using the nicked sites for nick-translation with
fluorescent-labeled dNTPs and a suitable DNA polymerase. The labeled DNA molecules can
be physically stretched out by passing through nanochannels or nanoslit devices and the
fluorescent “dots” on single DNA molecules are visualized by fluorescent imaging and optical
mapping [21,22] (BioNanomatrix platform technology: www.bionanomatrix.com). The
distance of the fluorescent “dots” can be measured to reveal particular kind of genetic
rearrangement (deletion or insertion). For DNA nicking and single DNA molecule labeling
and detection, it would be useful to have a collection of strand-specific NEases with 5-7 bp
specificities. Here we report the successful engineering of strand-specific and sequence-
specific BspQI nicking enzymes and the application of Nt.BspQI in DNA nicking and single
molecule labeling.

During the cloning and expression of the BspQI R-M system, we also found a putative R-M
system from the sequenced bacterial genome Croceibacter atlanticus HTCC2559 that shows
significant amino acid sequence identity to BspQI and SapI. We report here the characterization
of this R-M system.
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Materials and Methods
Bacterial strains, plasmid DNA, restriction and modification enzymes

T7 Express (ER2566) was used as the expression strain (New England Biolabs, NEB). BspQI
nicking enzymes were expressed in M1.EarI and M2.EarI-modified host ER2566 [pLG339-
earIM1M2] (EarI recognition sequence 5’CTCTTC3’ overlaps with the BspQI site, the plasmid
carries KmR selection marker and pSC101 origin). Site-directed mutagenesis was carried out
by inverse PCR using either Vent DNA polymerase or Phusion DNA polymerase (NEB). The
T7 expression vector pET21a was purchased from Novagen. Restriction and modification
enzymes, pUC19 and pBR322 were from NEB. Plasmid pACYC-T7-ter is a low-copy number
expression vector with a T7 promoter and a transcription terminator. IPTG-induced cell
extracts were prepared as described [23]. One unit of BspQI REase is defined as the amount
of enzyme to completely digest 1 μg of pUC19 DNA in 1 h at 50°C in NEB buffer 3. One unit
of Nt.BspQI is defined as the amount of enzyme to completely nick pUC19 (covalently-closed
circular form) into nicked circular DNA in 1 h at 50°C in NEB buffer 3.

Construction of genomic DNA libraries and shot-gun sequencing
Bacillus sphaericus genomic DNA was partially digested with BfuCI (5’/GATC3’). Genomic
DNA fragments in the range of 1.5 to 10 kb were gel-purified and ligated into pBR322 (BamHI/
CIP), pUC19 (BamHI/CIP) or pACYC-T7-ter (BamHI/CIP). Ligated DNA was transferred
into E. coli ER2683 or ER1992 competent cells (endo-blue indicator strain) by transformation.
Plasmid pUC19 or pBR322 with genomic DNA insert library was plated on LB agar plates
plus Amp (100 μg/ml) and X-gal (80 μg/ml). Genomic DNA fragments inserted in plasmid
pACYC-T7-ter was selected on LB agar plates plus Cm (30 μg/ml) and X-gal (80 μg/ml). Blue
colonies were screened for possible clones with bspQIR gene insert. The inserts in the dark
blue colonies were amplified in PCR by forward and reverse universal primers from pUC19
derivatives or T7 forward and reverser primers from pACYC-T7-ter derivatives. The PCR
DNA was sequenced by using the BigDye terminator cycle sequencing kit (Applied
Biosystems). In the methylase selection procedure, primary genomic DNA library (pBR322
plus genomic inserts) was challenged by 10-fold over-digestion with concentrated SapI and
the digested plasmid DNA was used to transform E. coli ER2683 competent cells.
Transformants were plated on LB agar plates supplemented with Amp. Plasmid DNA was
extracted from overnight culture of individual tranformants and analyzed for resistance to SapI
digestion.

Bacillus sphaericus genomic DNA was shot-gun sequenced using the 454 method (454 Inc.)
[24]. Mutant bspQIR alleles were confirmed by DNA sequencing (Applied Biosystems).

Protein purification of BspQI and BspQI nicking enzymes
T7 Express strains (ER2566) containing the bspQIR or Nt.bspQIR gene were protected in vivo
by the EarI M1 & M2 methyltransferases. Cells were grown to OD600 0.5 and protein
production was induced by addition of IPTG to a final concentration of 0.5 mM for 3-4 hours.
Harvested cell pellets were resuspended in a buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl,
0.1 mM EDTA, 10 mM β–mercaptoethanol) and lysed by sonication. The clarified lysate was
loaded onto a Heparin Hyper D column (Pall Corp.). Protein was eluted by applying a NaCl
gradient (0.05 -1.0 M). Active fractions were collected and diluted to a final salt concentration
of 100 mM. The diluted pool was then passed through a Source TM15Q column (GE
Healthcare). The flow-through was collected and loaded onto a Heparin-TSK column (Tosoh
Bioscience). The fractions with enzyme activity were collected and dialyzed into a storage
buffer (10 mM Tris-HCl, pH 7.4, 300 mM NaCl, 0.1 mM EDTA, 1 mM DTT and 50% glycerol).
Nb.BspQI was expressed from a pUC19 derivative (pUC19-Nb.bspQIR) in a pre-modified host
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and partially purified by chromatography through Heparin Sepharose and SP Sepharose HiTrap
columns (GE Healthcare).

Site-directed mutagenesis and molecular biology techniques
Mutagenic primers with desired mutations were used in inverse PCR mutagenesis. Typically,
20-25 cycles of inverse PCR were performed using Vent DNA polymerase or Phusion DNA
polymerase (NEB). Following DpnI digestion of the template DNA, the amplified DNA was
transferred into M.EarI-modified E. coli host by transformation or electroporation. Plasmid
extraction kits from Qiagen were used to prepare plasmid DNA.

DNA labeling and single molecule imaging
A DNA labeling procedure and two-color fluorescence imaging followed a previously
described protocol [21] with modifications including provisions for mounting labeled
molecules on optical mapping surfaces, in place of nanoslits [25]. As such, dialysis steps were
obviated for reducing solution ionic strength. T7 DNA (Yorkshire Biosciences Ltd., UK)
embedded in gel inserts was nicked with Nt.BspQI (2.5 units) in NEB buffer 3, prior to nick
translation with E. coli DNA polymerase I (5 units, endonuclease free grade, Roche Applied
Sciences) and one fluorochrome label (Alexa Fluor 647-aha-dUTP, Invitrogen) in the reaction
mix. Nicked, labeled DNA molecules were then electro-eluted into TE buffer (10 mM Tris-
HCl, 1 mM EDTA, pH 8.0) for imaging on optical mapping surfaces after staining with YOYO-
I (Invitrogen).

Single-strand DNA preparation
Supercoiled pUC19 DNA was first treated with Nt or Nb.BspQI at 50°C in buffer 3. The nicked
DNA was purified by a spin column (Qiagen) and then digested with E. coli exonuclease III
(NEB, 200 U in buffer 1). DNA products were analyzed on agarose gels. T7 DNA polymerase
or Bst DNA polymerase, dNTP, random primers or universal primers, and the ssDNA template
were used to synthesize the complementary strand.

CatHI cloning and protein purification
The CatHI open reading frame (ORF, catHIR gene, GenBank accession ZP_00949034) was
PCR-amplified from genomic DNA of Croceibacter atlanticus HTCC2559 (a gift from S.J.
Giovannoni of Oregon State University, Corvallis, USA) in PCR [26]. The amplified fragment
was ligated to pAII17 at NdeI and BamHI sites and the ligated DNA was used to transform E.
coli T7 Express expressing EarI methylases. The cloned catHIR insert was re-sequenced to
confirm the wt sequence. The CatHI expression strain was cultured in 1 L of LB medium
supplemented with Ampicillin (100 μg/ml) and Kanamycin (50 μg/ml) at 30°C. IPTG was
added to 0.25 mM at mid-log phase and the culture was allowed to grow for 12 h at 25°C. The
cells were harvested and stored at -20°C. The cell pellet was resuspended using Buffer A (20
mM potassium phosphate, pH 6.5, 50 mM NaCl, 1 mM EDTA) and then subjected to
sonication. After centrifugation, the supernatant was loaded onto a HiTrap SP HP column (5
ml bed volume). Protein was eluted from the column by a linear gradient of 50 mM to 1 M
NaCl in Buffer A. Peak fractions displaying specific cleavage activity were pooled and
concentrated. To determine the recognition site, 1 μg of plasmid pBC4 (NEB) was cleaved by
the partially purified CatHI in a reaction containing NEB Buffer 4 and 0.1 mg/ml BSA at 25°
C for 1 h. The cleavage pattern was compared to pBC4 digested by EarI or BspQI. To determine
the cleavage site, 0.5 μg of pUC19 was cleaved by CatHI or EarI. The 1.8 kb cleavage product
from each reaction was gel-purified and subjected to run-off sequencing.
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Results and Discussion
Cloning and expression of bspQIR gene for the BspQI REase

The methylase selection method [27] has been widely used in cloning restriction-modification
(R-M) systems in heterologous hosts. Expression of a methylase gene cloned into a plasmid
with appropriate cognate target sites will render the plasmid resistant to digestion by the cognate
REase. Therefore, methylase-positive clones can be selected from a plasmid DNA library by
restriction digestion and retransformation. However, this method failed for the BspQI
methylase gene: no true positive clones were identified from plasmid DNA libraries after
challenge with isoschizomer SapI (data not shown). A second strategy to clone bspQIR gene
was to use the dinD∷lacZ indicator strain (in vivo SOS induction, the “endo-blue” method) to
screen blue colonies that may carry nuclease genes that induce the SOS DNA repair response
[28,29]. In such a screening system, the DNA damage inducible promoter for the dinD locus
is fused to the lacZ gene. Induced expression of dinD leads to elevated expression level of β-
galactosidase, thus forming blue colonies on X-gal plates [28-30]. When the BspQI genomic
DNA fragments ligated into pUC19 and pACYC-T7-ter were transferred into the dinD∷lacZ
indicator strain, we characterized a number of dark blue clones which encoded DNA metabolic
enzymes rather than the BspQI endonuclease gene. The DNA inserts encoded putative DNA
transposases, a 3’-5’ exonuclease domain of a DNA polymerase, and a DNA invertase/
integrase (data not shown).

The third strategy used shot-gun sequencing of the entire genome. Bacillus sphaericus genomic
DNA was sequenced using the 454 method by 454 Inc. (data not shown). One sequence contig
contained the BspQI R-M system based on its extensive sequence similarity to SapI R-M genes.
Sanger sequencing reads were used to correct a few frame shift errors and confirm the final
sequence. The gene organization of the BspQI R-M system and the amino acid sequence
alignment of BspQI/SapI/TdeII are shown in Figure 1A and 1B. The BspQI R-M system
consists of four genes, bspQIR, bspQIM1, bspQIM2, and C.bspQI (C for controller protein).
BspQI shows 62% amino acid sequence similarity and 44% sequence identity to SapI REase
(5’GCTCTTC3’) [31]. The BspQI sequence also shows 46% amino acid similarity and 32%
identity to TdeII REase which recognizes a less-specific 6-bp DNA target (5’CTCTTC3’) [1]
(H, Kong, unpublished results). In addition, BspQI also shares amino acid sequence similarity
to two hypothetical proteins from sequenced bacterial genomes. The C-terminus of the
hypothetical protein ABOONEI_2170 from Aciduliprofundum boonei T469 is very similar to
BspQI/SapI/TdeII. It is probably a TdeII-like isoschizomer with a 6-bp recognition sequence
since both proteins are similar in size (344-aa vs. 330-aa). Similarity is also found with another
hypothetical protein CA2559_00420 (CatHI, 484-aa residues) from Croceibacter atlanticus
HTCC2559. CatHI was shown to be an isoschizomer of EarI and TdeII (see below). The C-
terminal region of BspQI also aligns to a number of putative homing endonucleases that contain
the active site motif HNH or HNK (data not shown).

M1.BspQI and M2.BspQI also share significant amino acid sequence identity to M1.SapI and
M2.SapI (65% and 64% sequence identity, respectively). In addition, there is a gene encoding
a putative transcription regulator protein (C.BspQI) upstream of BspQI endonuclease gene.
C.BspQI has 50% amino acid sequence identity to the C.BclI protein of the BclI R-M system
[32]. Thus, it may be involved in transcription regulation of the bspQIR and bspQIM1 & M2
genes.

The BspQI REase was over-expressed in the expression strain ER2566 [pLG339-earIM1M2,
pET21a-bspQIR] and the expression yield was 3.3 × 105 units per gram of wet cells following
IPTG induction. M1.EarI & M2.EarI modify the target site 5’CTCTTC3’, which overlaps with
BspQI site GCTCTTC (methylase cross-protection). BspQI was purified to homogeneity by

Zhang et al. Page 5

Protein Expr Purif. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



column chromatography and analyzed by SDS-PAGE (Figure 2A). The specific activity of
BspQI was estimated to be 1.1 × 105 units/mg protein.

Site-directed mutagenesis of bspQIR gene (Alanine scanning)
The Alanine scanning method [33] was applied to 120 positions within BspQI in order to isolate
nicking variants and mutants with altered specificity. A second objective was to determine
which residues are important for catalysis. Most of the amino acid substitutions were targeted
to C, D, E, H, K, R, N, and Q residues. Cys was chosen as the mutagenesis target because of
four predicted zinc fingers in BspQI endonuclease. The amino acid residues D, E, H, K, and
Q were selected for mutagenesis because these residues have been proved or implicated as
catalytic residues in other REases [5,23,34-37]. The R and N residues may be involved in DNA
sequence recognition [36]. Several nicking endonucleases have been successfully engineered
from Type IIS REases [9,11,13] or Type IIT REases [5,8] (Strand-specific polynucleotide
nickases, US patent number 6,867,028, (2005)). One of our goals was to isolate rare nicking
enzymes with 7-bp recognition sequence. When pUC19 with a single BspQI site was used as
a substrate in DNA nicking assays, we discovered a number of BspQI nicking variants by
detecting the accumulation of nicked circular DNA after incubation with cell extracts. In most
cases, both linear and nicked circular DNA bands were detected (data not shown). The nicked
DNA species was purified from an agarose gel and subjected to run-off sequencing to determine
the strand specificity of each BspQI nicking variant. The following BspQI variants
predominantly nicked the top strand: E172A, R254A, and E255K (data not shown). A SapI
nicking variant E250K at the corresponding position to BspQI-E255K has been isolated before
as a top-strand nicking enzyme [13]. A variety of double and triple mutants were constructed
(data not shown) and the best top-strand nicking enzyme was found to be Nt.BspQI E172A/
E248A/E255K (E248A eliminated a low level of dsDNA cleavage activity). This nicking
enzyme was purified to near homogeneity (Figure 2A) and its nicking activity is shown in
Figure 2B. A low level of dsDNA cleavage activity was detected at greater than 32-fold over-
digestion (32 units incubated with 1 μg pUC19 DNA substrate for 1 hr). The specific nicking
activity is 3 × 105 units/mg protein using pUC19 as the substrate in a reaction conducted for
1 h at 50°C. Following Ala-scanning mutagenesis, the following BspQI variants were found
to preferentially nick the bottom strand: E169A, K191A, H214A, Q222A, E224A, K331A,
R428A (Table 1). But all the mutants displayed some dsDNA cleavage activity. The K331A
and R428A mutations were combined into a double mutant Nb.BspQI (K331A/R428A), which
displayed bottom-strand nicking activity and partial dsDNA cleavage activity on pUC19 (data
not shown). A third amino acid substitution was introduced to generate a triple mutant
Nb.BspQI (N235A/K331A/R428A) in an attempt to further reduce dsDNA cleavage activity.
This mutant enzyme was partially purified by chromatography and the nicking activity was
tested on pUC19 DNA. Double-strand cleavage activity was not detected at 2-fold over-
digestion (Figure 2C). At 10-fold over-digestion with Nb.BspQI, less than 5% of DNA was
cleaved on both strands (see below). The bottom-strand nicking specificity was confirmed by
run-off sequencing (data not shown). Nb.BspQI (N235A/K331A/R428A) shows a low specific
activity (~5,000 units/mg protein). No extensive dsDNA cleavage activity was observed when
λ DNA was incubated with the partially purified nicking enzymes Nt.BspQI or Nb.BspQI at
less than 5-fold over-digestion (data not shown).

BspQI variants with altered specificity (increased or decreased star activity) will be reported
elsewhere.

Nanocoding
Nicking endonucleases, such as Nt.BspQI, may be employed to generate high-resolution
restriction maps in ways closely paralleling the use of common type II restriction enzymes for
optical mapping of DNA molecules [25]; however, additional steps are required to visualize

Zhang et al. Page 6

Protein Expr Purif. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



their cleavage sites since products are target molecules bearing distinct patterns of nicks and
not discrete restriction fragments. The nicked positions are readily identified by optical
mapping approaches as labeled gaps that are imaged along fluorochrome stained parental
molecules that are stretched on charged glass surfaces [25,38]. As such, nicked sites on DNA
molecules are revealed by fluorescence microscopy after the incorporation of fluorochrome
labeled nucleotides (Alexa-647-aha-NTPs by nick translation [21]. In this way, the nick sites
are contrasted against entire molecules, which are also uniformly stained with an intercalating
fluorochrome (YOYO-1). Remarkably, this combination of covalently incorporated label and
intercalated fluorochrome supports efficient FRET (fluorescence resonance energy transfer)
imaging techniques that offer extreme sensitivity, require a single laser excitation source, and
virtually eliminate signals from unincorporated labels. An example of Nt.BspQI nick site
detection on a T7 phage DNA molecule is shown in Figure 3. Here, nick translation of a T7
phage DNA molecule cleaved by Nt.BspQI reveals nicked sites as red punctates positioned
along a molecular backbone stained with YOYO-1 (green). This labeling method points the
way to stretching schemes employing nanoconfinement approaches. Consider that within such
nanoscale environments, enzymatic action is difficult to accomplish and control reliably.
Although optical mapping, utilizing common Type II restriction enzymes and charged surfaces,
produces high- resolution maps of entire genomes [25,39], molecular confinement approaches
combined with nicking and labeling [21] offer increased densities of presented molecules for
detection techniques capable of very high throughput data acquisition.

Making ssDNA by N.BspQI nicking and exonuclease digestion
There is a single BspQI site in pUC19, which can be nicked by Nt or Nb.BspQI. The open-
circular DNA was then subjected to E. coli exonuclease III digestion to remove the nicked
strand. Figure 4 shows that after Nt.BspQI/exonuclease III or Nb.BspQI/exonuclease
treatment, the dsDNA can be converted into ssDNA. The EtBr binding to ssDNA is much
weaker than to the dsDNA or nicked open circular DNA. Thus, the intensity of the band is
consistent with the above conclusion. The strand-specific nicking by Nb.BspQI and
exonuclease III digestion was also applied to a different plasmid construct and ssDNA was
successfully obtained (SB, data not shown). In addition, the ssDNA can serve as a template
for DNA extension by addition of random primers (dN6), or sequence-specific primers, plus
dNTP, and T7 DNA polymerase (data not shown). When Bst DNA polymerase with strand
displacement activity was used in the primer extension reaction, a large amount of DNA was
amplified from the ssDNA template (isothermal extension/amplification, data not shown).
When 5mC dCTP or 5mHC dCTP is added in the extension mix, it is possible to make strand-
specific hemi-methylated DNA. It should be feasible to uniformly label DNA with the
incorporation of fluorescently labeled dUTP during primer extension.

BspQI catalytic site mapping
The engineering of both top-strand and bottom-strand specific nicking enzymes Nt.BspQI and
Nb.BspQI suggests the existence of one catalytic site for cleavage of each strand. E172, E175
and E255 may define the bottom-strand catalytic center (Cb) since mutation of each of these
three residues resulted in a nicking variant with top-strand nicking preference. K331 and R428
may constitute the top-strand catalytic center (Ct) along with H306 and N328 as BspQI mutants
K331A and R428A are nicking enzymes that prefer to nick the bottom strand. BspQI mutants
H306A and N328A possessed little catalytic activity (~1% of wt activity), but retained a low
nicking activity (data not shown). H306, N328, and K331 in BspQI align with the HNH (or
HNK) catalytic sites found in many HNH-superfamily endonucleases. Two negatively charged
residues D305 and D345 flanking the HNK motif are also critical for BspQI catalytic activity.
BspQI mutants D305A and D345A showed 1% and 0.1% of wt activity, respectively (data not
shown). This catalytic site consisting of D305, H306, N328, and K331 is reminiscent of the
catalytic sites of I-HmuI (D74, H75, N96, H56) and T4 endonuclease VII (D40, H41, H43,
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N62, H105) [40,41]. These four critical residues in BspQI (D305, H306, N328, and K331) are
highly conserved in SapI, TdeII, and CatHI endonucleases (see Fig. 1B). Amino acid sequence
analysis and motif mining indicates that 24 out of 289 Type II REases carry the HNH or HNK
motif [42]. However, only a few Type II REases with the HNH catalytic motif have been
confirmed by site-directed mutagenesis or structural studies [43-45].

Mutagenesis of the Cys-x-x-Cys motif
There are four Cys-x-x-Cys motifs (C192xxC195, C225xxC228, C290xxC293, C324xxC327) in the
BspQI amino acid sequence, which may constitute two zinc-binding sites. The putative zinc
binding sites in SapI endonuclease, a BspQI isoschizomer, had been predicted previously
[46]. To determine the importance of these Cys residues, each was mutated to Ala and the
resulting mutants were assayed for endonuclease activity. BspQI mutants C192A, C195A,
C225A, C290A, C293A, C324A, C327A displayed 0.1% to 3.5% of the wt cleavage activity
(Table 1). The C228A variant displayed 12% cleavage activity relative to wt BspQI. The protein
expression level of BspQI mutants C225A and C327A was much reduced when cell extracts
were analyzed on SDS-PAGE in comparison to the wt enzyme (data not shown), suggesting
that residues Cys225 and Cys327 are critical for protein folding and stability. The putative zinc
finger C324xxC327 is located in close proximity to the catalytic residues (D305, H306, N328,
and K331), whose structural role is presumed to aid in folding and positioning of the catalytic
center near the DNA. The remaining Cys to Ala mutants have comparable protein expression
levels when compared to the wt enzyme (data not shown). There are also two Cys residues
(Cys193 and Cys322) outside of the Cys-x-x-Cys motifs. When Cys193 was mutated to Ala,
the resulting mutant displayed relaxed specificity (enhanced star activity). Variant C322A
displayed activity comparable to the wt enzyme. The crystal structures of BspQI and BspQI
nicking variants are currently being investigated (B. Shen and B. Stoddard, personal
communication). We expect that the structures will shed light on the role of these Cys residues
in metal ion binding and protein folding. Among the restriction enzymes with multiple Cys
residues, only three enzymes, BslI, Hpy99I, and KpnI, have been shown experimentally to bind
zinc metal ions [45,47,48]. The two zinc metal ions in the KpnI endonuclease seem to play
dual roles in both structural folding and specificity [48]. In the NotI:DNA cocrystal structure,
however, four Cys residues coordinate the binding of an iron atom in a unique metal binding
fold thought to be involved in protein structural stability [49]. Mutation of these individual Cys
residues abolishes NotI restriction activity (PZ and SYX, unpublished results).

Expression of the CatHI restriction enzyme in E. coli
The catHIR gene was cloned and expressed in E. coli under the T7 promoter. CatHI was
partially purified and used to digest a number of DNA substrates such as pUC19, pBR322,
pBC4, and phage λ DNA (data not shown). The DNA banding pattern of pBC4 cleaved by
CatHI was identical to EarI digested products (data not shown). To determine the cleavage
site, pUC19 DNA was cleaved by CatHI and EarI respectively. The 1.8 kb cleavage product
from each reaction was gel-purified and subjected to Sanger sequencing. Figure 5 shows the
run-off sequencing results on both strands. The cut site is identical to that of EarI and therefore
it was concluded that like TdeII, CatHI is a bona fide EarI isoschizomer. Unlike EarI, the
optimal temperature of CatHI is 22°C to 30°C. It shows approximately 50% activity at 37°C.

6 bp (CTCTTC) vs 7 bp (GCTCTTC) recognition
Amino acid sequence alignment in Figure 1B shows that the sequences at the N-terminus of
the five proteins are more divergent than that at the C-terminus which would be consistent with
their involvement in DNA sequence recognition. Thus, the recognition of the extra base by
BspQI and SapI may be mediated by the amino acids within the N-terminus (BspQI residues
1-221; SapI residues 1-217). This prediction may be tested by constructing chimeric enzymes

Zhang et al. Page 8

Protein Expr Purif. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



consisting of the BspQI N-terminal region and the C-terminal region of TdeII or CatHI. The
chimeric constructs can be transformed into a dinD∷lacZ indicator strain to screen blue colonies
to identify active chimeric enzymes indicative of restriction activity.
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Figure 1.
A. Orientation and relative position of the genes in the BspQI and CatHI R-M systems.
B. Amino acid sequence alignment of BspQI/SapI (5’GCTCTTC3’), TdeII/CatHI
(5’CTCTTC3’) REases, and one putative endonuclease (ABOONEI_2170) from the sequenced
bacterial genome Aciduliprofundum boonei T469. The Genbank accession numbers for CatHI
(CA2559_00420) and ABOONEI_2170 are ZP_00949034 and EDY36183, respectively. The
alignment was made using the BioEdit software-ClustalW Multiple Alignment with the
similarity threshold set at 60%. Conserved amino acid residues are shaded. The four putative
zinc finger motifs (Cys-x-x-Cys) are shown above the sequence alignment. The BspQI putative
top-strand catalytic residues are indicated by a “*” on top of the aligned sequences. The putative
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bottom-strand catalytic residues are marked by a “#”. The bspQIR gene sequence has been
deposited in Genbank and assigned the accession number FJ458442.
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Figure 2.
A. Analysis of the purified Nt.BspQI and wild-type BspQI by SDS-PAGE. Lane 1, protein
ladder (NEB). The predicted molecular mass of BspQI is 50.3 kDa.
B. DNA nicking activity assay of Nt.BspQI. Lane 1, 1 kb DNA size marker; lane 2, undigested
pUC19 DNA; lane 3-13, pUC19 digested by Nt.BspQI. In this assay, 1 Nt.BspQI enzyme unit
is defined as the amount of enzyme required for complete nicking of 1 μg of pUC19 at 50°C
for 1 h in buffer 3 (100 mM NaCl, 50 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 1 mM DTT). SC,
supercoiled DNA; NC, nicked circular DNA.
C. DNA nicking activity assay of Nb.BspQI. Lane 1, 1 kb DNA size marker; lane 2-6, pUC19
digested (nicked) by the partially purified Nb.BspQI; lane 7, linearized pUC19 by BamHI; lane
8, uncut pUC19.
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Figure 3.
T7 bacteriophage DNA molecule, nicked by Nt.BspQI and fluorochrome labeled. Two-color
fluorescence micrograph showing a T7 bacteriophage DNA molecule stained with YOYO-1
(green) with Nt.BspQI nick sites labeled by nick translation using a mix containing Alexa Fluor
647-aha-dUTP (red punctates). Punctates are revealed by FRET, two-color, imaging
techniques using YOYO-1 excitation (green channel) supporting energy transfer to covalently
incorporated Alexa fluorophore, which fluoresce for imaging in the red channel. Below, an
Nt.BspQI restriction map of T7 with fragment sizes noted. Nick sites are indicated by red lines/
arrows indicating strand location and direction of nick translational action. The bar represents
1 micron.
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Figure 4.
Preparation of ssDNA by Nt and Nb.BspQI and exonuclease III digestion.
Lane 1, 1 kb DNA ladder; lane 2, BamHI-digested pUC19 (linear); lane 3, pUC19; lane 4,
pUC19 treated with E. coli exonuclease III (exoIII); lanes 5 and 7, pUC19 digested with
Nt.BspQI or Nb.BspQI (nicked DNA); lanes 6 and 8, pUC19 digested with Nt.BspQI/
exonuclease III or Nb.BspQI/exonuclease III (ssDNA).
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Figure 5.
Run-off sequencing results of CatHI- or EarI-digested pUC19 DNA.
The 1.8 kb CatHI or EarI-digested DNA was gel-purified and subjected to run-off sequencing.
An extra adenine (A) base was added by the Taq DNA polymerase after the polymerase “runs-
off” from the cleaved template. Following the extra A base, the intensity of the sequence peak
signal drops to a lower level. The red arrow indicates the precise cleavage site on top or bottom
strand.
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Table 1

Listing of BspQI variants

BspQI mutants in the putative zinc fingers (C-x-x-C)
C192A, C195A, C225A, C228A, C290A, C293A, C324A, C327A

BspQI top-strand nicking variants (Nt.BspQI)
E172A, R254A, E255K
E172A/E248A/E255Ka

BspQI bottom-strand nicking variants (Nb.BspQI)
E169A, K191A, H214A, Q222A, E224A, K331A, R428A, K331A/R428A, N235A/K331A/R428Ab

Note:

a
improved top-strand nicking enzyme.

b
improved bottom-strand nicking enzyme
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