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garding the mode of BamHI action (2, 3). Recently
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Biochemical properties of Type II restriction en-
yme BanI were characterized. Kinetic parameters
ere evaluated and an enhancement of rate was ob-

erved when the recognition site was located in a more
entral position in the substrate, suggesting that BanI
ocates its recognition site by a sliding mechanism. As
anI has three cysteine residues in its primary se-
uence, the effect of thiol inhibitors on BanI activity
as also studied. Partial inhibition was observed only
t a very high concentration of the inhibitor indicat-
ng that cysteine residues are not directly involved in
atalysis. The gel electrophoretic mobility shift assay
emonstrated specific complex formation between
anI and the DNA substrate in the presence of poly
I-dC and Mg21. A secondary structure analysis and
omparison with EcoRI and BamHI crystal structure
evealed a putative active site similar to that seen in
amHI but different in the order in which the cata-

ytic domain (central b-sheet) and recognition domain
adjacent a-helix) were arranged in the protein. © 2000

cademic Press

Key Words: BanI; thiol inhibitors; mismatch sub-
trate; secondary structure prediction.

BanI is a Type II restriction enzyme from Bacillus
neurolyticus, which has been cloned and sequenced
1), yet not much is described about its biochemical and
atalytic characteristics in the literature. The crystal
tructure of R.BanI is also not yet known. BanI yields
staggered cut like BamHI and EcoRI whereas PvuII

nd EcoRV cut across the double strand of DNA to give
lunt end fragments. BanI and BamHI have almost
he same recognition sequence, GGTACC and
GATCC respectively, which differ only in the reversal
f the central two A.T basepairs yet have the same
leavage site viz. between the two guanines. Previous
ork on R.BamHI action on mismatch oligode-
xynucleotide substrates led to interesting insights re-

1 To whom correspondence should be addressed. Fax: 91-6865886.
-mail: kbroy@jnuniv.ernet.in.
11
sing similar approach we have shown that BanI-DNA
nteraction must take place through the major groove
ike BamHI, and identified important protein contact
ite (4).
BanI protein like BamHI, contains three cysteine

esidues although it is not known if sulfhydryl modify-
ng reagents affects its DNA cleavage activity as in
amHI (5). In the present report we describe certain
iochemical and catalytic characteristics of BanI. In
iew of excellent similarity between BamHI and BanI
e compare the predicted secondary structure of the
anI protein with the known crystal structure of
amHI and identify the putative active site.

ATERIALS AND METHODS

Restriction enzyme BanI was purchased from New England Bio-
abs. The sulfhydryl inhibitors, DTNB and iodoacetic acid, were from
igma. The substrate l-DNA was obtained from Promega.

Reaction kinetics with plasmid-derived substrates. Kinetic con-
tants were determined following a published procedure (2). 20 mg
UC-19 was digested with PvuII (50 units) and HindIII (40 units) to
enerate two fragments of length 141- and 181-bp, respectively, each
ontaining a single BanI site. 0.5 pmoles of each fragment substrate
as labeled at 39-end using Klenow enzyme (0.5 units) and 32P
-dATP (15 mCi) and each of the other three cold dNTPs (1 mM) in a
otal reaction volume of 10 ml. The labeled fragments were purified
rom free label and other contaminants of the extension reaction by
% polyacrylamide gel electrophoresis (6). Varying concentrations of
ubstrate (141- and 181-bp fragments) in the range of 9–90 nM were
ncubated with fixed amount of enzyme (3 nM) at 37°C. Each reac-
ion mix contained a fixed amount of 39-radiolabeled substrate (0.1
M) and different concentrations of unlabeled substrate in a total
eaction volume of 30 ml in standard BanI digestion buffer. After
nitiating the reaction by adding BanI enzyme, six aliquots of 5 ml
ach were withdrawn at different time-points of 1, 2, 3, 4, and 5 min
espectively and the reaction was terminated by mixing with a 5 ml
olution containing 80% formamide, 0.1% bromophenol blue, 0.1%
ylene cyanol, 10% glycerol, and 50 mM EDTA. These samples were
eated to 90°C for 2 min after which they were chilled on ice and
uickly loaded on a 5% denaturing 7M urea-polyacrylamide gel.
lectrophoresis was done at a constant current of 30 mA until the
romophenol dye front had migrated two-third of the gel. The gel was
ransferred to a Whatman 3M sheet, covered with Saran wrap, and
xposed to X-ray film. The autoradiogram was scanned densitometri-
ally (Ultroscan software) to determine the cleavage percentage. The
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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velocity curves were obtained by plotting the percent cleavage versus
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ime for different substrate concentrations and the initial velocities
etermined (Fig. 1).

Effect of thiol inhibitors. For preincubation studies, 1 ml of an
nhibitor or 2-mercaptoethanol solution was added to 5 ml of the
ouble strength reaction buffer containing 5 units of the restriction
ndonuclease and incubated at 37°C for 1 h. The reaction was
nitiated by the addition of 5 ml of a solution that contained 0.33 mg
-DNA in 10 mM Tris–HCl (pH 8.0). Alternatively, 1 ml of the
nhibitor or 2-mercaptoethanol was added to 10 ml of a reaction

ixture (on ice) that contained the enzyme and l-DNA, for the
eaction to proceed without any preincubation. After incubation at
7°C for 60 min the reaction was terminated by the addition of 2.5 ml
f a stop solution containing 170 mM EDTA (pH 8.0), 10% glycerol,
nd 0.02% bromophenol blue. The double-strength restriction buffer
or BanI contained 20 mM Tris–HCl (pH 7.9), 20 mM MgCl2, and 100

M potassium acetate and that for BamHI contained 125 mM Tris–
Cl (pH 7.5), 125 mM NaCl, and 25 mM MgCl2. The stock solutions

f DTNB (100 mM) and iodoacetate (100 mM) were prepared fresh in
0 mM glycine (pH 9.0) and appropriate amounts of 1M NaOH to
chieve a final pH of 8.5. Further dilution was carried out in 10 mM
ris–HCl (pH 8.0). Stock solutions of 2-mercaptoethanol (0.1, 1, and
M) were prepared fresh in sterile water.
The restricted samples (about 10–11 ml) were incubated at 65°C

or 5 min followed by 5 min on ice and were placed in slots of 0.6%
garose horizontal slab gel. The gel and the electrophoresis buffer
40 mM Tris-acetate, 5 mM EDTA, pH 8.0) contained 0.5 mg/ml of
thidium bromide. Electrophoresis was performed at 60 V for 1 h and
ecorded on a gel documentation system.

Isolation and purification of BanI endonuclease. About 10 g cells
f the strain B.aneurinolyticus IAM1077 were processed for BanI
solation using the purification method developed by Sugisaki et al.
7) which involved phosphocellulose and DEAE-52 cellulose column
hromatographies. The dialysed preparation was used for gel shift
ssay.

Gel electrophoretic mobility shift assay. Initially about 5 mg of the
hosphocellulose purified BanI preparation was incubated sepa-
ately with 1 ng of 59-end radiolabeled oligodeoxynucleotides TA-13
59-AGTGCGGTACCGC-39) and TG-13 (59-AGTGCGGTGCCGC-39)
T.G mismatch containing sequence) in presence and absence of 1 mg
alf thymus DNA as a nonspecific competitor. Binding reaction was
arried out at room temperature in standard BanI digestion buffer
pH 7.9) containing no Mg 21 but 50 mM EDTA for 2 h and analysed
n 8% native PAGE. In a subsequent experiment, about 1 mg of the
E-52 purified BanI preparation was incubated with 0.1 ng of ra-
iolabelled TA-13 or TG-13 for 2 h at 30°C in standard BanI diges-
ion buffer (pH 7.9) containing either (a) 10 mM magnesium acetate
nd no EDTA or (b) in presence of 50 mM EDTA but no Mg21. To
revent nonspecific binding, 1 mg poly dI-dC or calf thymus DNA was
lso included in the reaction. The mixture was carefully loaded on a
% native polyacrylamide (30:1 acrylamide–bisacrylamide ratio) in
.5X TBE buffer and electrophoresed at 100 V constant voltage at
oom temperature till the bromophenol blue dye had migrated half-
ay down the gel. The gel was dried between Whatman 3M sheets,

overed with Saran wrap and exposed to X-ray film.

Programs used for secondary structure prediction. The sequence
nalysis package by Genetic Computer Inc. (the GCG package) has
een used for the analyses. The Chou-Fasman, “nnpredict” and
SSP” programs that assign a secondary structure (a-helix, b-sheet,
urn, coil) to each amino-acid in the protein sequence were used. The
SP program uses linear discriminant analysis to assign segments of
given amino-acid sequence to a particular type of secondary struc-

ure, by taking into account the amino-acid composition of internal
arts of the segments as well as their terminal and adjacent regions.
12
ESULTS AND DISCUSSION

inetic Properties of BanI Endonuclease with Linear
DNA Substrates

The 141- and 181-bp substrates used for kinetic anal-
sis, contained a single BanI site each. The 141-bp
ragment had the BanI site asymmetrically positioned
ear the 39-end, and produced the 39- and 102-bp frag-
ents upon BanI cleavage. Kinetic parameters from
ineweaver-Burk plot (Fig. 1) were calculated for both
he substrates. The Km values for the 181- and 141-bp
ragments were found to be 45.45 and 66.7 nM respec-
ively. The corresponding k cat values were 0.505 and
.35 min21. Thus the endonuclease exhibited faster
eaction rate with the longer (181-bp) substrate having
he recognition site in a more central location. This
uggests that BanI can locate its recognition site by a
liding or hopping mechanism when an enhancement
f rate would occur if the recognition site is located in
more central position. In the case of BamHI a similar

bservation had been made (8) and our results are
onsistent with those observed for other Type II re-
triction enzymes (9, 10).

ffect of Thiol Inhibitors

Both BanI and BamHI proteins are known to have
hree cysteine residues each. Nath (5) studied the effect of
ulfhydryl group inhibitors, 5,5-dithiobis (2-nitrobenzoic
cid (DTNB), iodoacetate (IAA), p-mercuribenzoate
PMB) and N-ethylmaleimide (NEM) on the activity of
leven restriction endonucleases excluding BanI. He re-
orted that BamHI endonuclease activity was totally in-
ibited by DTNB which could be rescued when
-mercaptoethanol was added in the reaction mixture. It
s known that BamHI requires DTT for its cleavage re-
ction. It is imperative, therefore, to compare the effect of
hiol inhibitors on the activity of R.BanI and R.BamHI
hen the two enzymes have so much similarity. Our

esults with DTNB and iodoacetic acid on the activity of
ommercially purchased BanI are as follows.

FIG. 1. Lineweaver-Burk plot of the cleavage kinetics for the
41- and 181-bp fragments.
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ffect of DTNB

When preincubated at 37°C for 5 min, the endonu-
lease BanI was affected very little by DTNB in the
oncentration range of 0–20 mM DTNB (Fig. 2A) and
ithout preincubation the result remains the same. At
TNB stock concentrations of 30 mM and higher, how-
ver inhibition was observed, which could not be res-
ued by the addition of 83 mM 2-mercaptoethanol.

Nath reported that the inhibition of BamHI activity
ecame evident above 0.45 mM DTNB in the formation
f partial digest and preincubation with 16.7 mM
TNB abolished the BamHI activity.

ffect of Iodoacetic Acid

Preincubation of BanI with iodoacetic acid (0–30
M) for 10 min, did not affect BanI activity (Fig. 2B).
he results obtained without preincubation were sim-

lar.
Nath had found that preincubation with 16.7 mM

odoacetate caused slight inhibition in BamHI activity
ut had no effect on the activities of the other restric-
ion endonucleases. It is evident that the inhibitor io-
oacetic acid is less effective than DTNB.
Nath classified the effects of sulfhydryl inhibitors into

hree categories. The first category includes those restric-
ion endonucleases which are not affected and probably
oes not involve participation of thiol groups in catalysis,
.g., EcoRI, HindIII, SalI, BglII, HpaI, and SstII. Among
hese, HindIII and SstII activities were only partly inhib-
ted by high concentrations of DTNB but appeared insen-
itive to the addition of 2-mercaptoethanol. This could
mply that DTNB perhaps reacted with groups other
han thiols in these two restriction endonucleases. We
bserved BanI to behave like this group of enzymes.

FIG. 2. (A) Effect of DTNB on BanI activity. Varying concentra
sing l-DNA as a substrate. DTNB concentrations in lanes 1–8: 0, 2
f iodoacetic acid on BanI activity. Varying concentrations of iodoace
-DNA was used as substrate. Concentrations of iodoacetic acid used
, 1.67 mM IAA; lane 5, 0 mM IAA.
13
The second category includes the restriction endo-
ucleases, whose activity can be totally and reversibly

nhibited by DTNB hence possibly depended on partic-
pation of reduced thiol groups as in BamHI. Impor-
antly, the DTNB inhibition when rescued by sulfhy-
ryl reducing agents imply that the availability of the
eactive thiol group is rate-limiting.
The third category includes those endonucleases
hose reactivity probably depended upon the active
articipation of oxidised thiol groups (S-S). These en-
ymes normally do not react with PMB but upon pre-
ncubation, a partial inhibition can be observed.

erturbation of Sequence Specificity by Organic
Solvents (Star Activity)

Effect of glycerol. Increasing the concentration of
lycerol in the reaction mixture containing BanI under
tandard digestion conditions caused inhibition of the
nzyme activity. When pUC-19 was used as substrate
nd glycerol concentration in the reaction mixture was
aried from 0–70%, partial inhibition of activity be-
ame evident at glycerol concentrations of 30%. Inhi-
ition became more apparent as the glycerol concen-
ration in the reaction mixture was increased (Fig. 3A).
hus, no star activity was observed in case of BanI.

Effect of dimethyl sulfoxide. A similar cleavage pat-
ern with pUC-19 as seen above with glycerol was also
bserved with DMSO. Inhibition of BanI activity be-
ame evident at concentrations above 10% DMSO (Fig.
B). These observations may be explained in the con-
ext of an enhanced selectivity for the outer bases by
he enzyme since the central basepair is degenerate in
he BanI recognition sequence GGPyPuCC. When or-
anic perturbants are added, conformational perturba-

s of DTNB were preincubated with BanI and the activity assayed
5, 10, 20, 30, 50, and 100 mM. Lane 9: undigested l-DNA. (B) Effect
acid were added to the reaction mix and incubated for 1 h at 37°C.
ne 1, 100 mM IAA; lane 2, 30 mM IAA; lane 3, 16.7 mM IAA; lane
tion
.5,
tic
: la
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ion in the DNA and/or the protein may induce new
ontacts at the cost of essential contacts with the outer
ases leading to an inhibition of activity. However, at
igh nuclease concentrations during modified reac-
ions, digestion of pBR-322 DNA or lambda DNA in the
resence of high glycerol and dimethyl sulfoxide were
eported to have produced additional fragments per-
aining to star activity (11).

inding Properties (Gel Retardation Assay)

The results of our binding experiments are interest-
ng. When partially (phosphocellulose column) purified
anI protein was incubated with TA-13 or TG-13 oli-
odeoxynucleotide substrates, a retarded band was
een in the gel mobility shift assay only in the absence
f Mg21 and calf thymus DNA (data not shown). Addi-
ion of nonspecific DNA, in absence of Mg21, titrated
ut the retarded band. This suggest that the retarded
and is not due to specific binding. BanI possibly binds
o non-specific and specific sequences with equal affin-
ty in the absence of Mg21. Similar results had been
eported in the case of EcoRV, where specific binding
equired Mg21 (12). In presence of Mg21, however, the
ubstrate might be cleaved and one may not see the gel
etardation of the specific complex. As TG-13 oligomer
s cleaved by BanI very slowly (4), we incubated this

ismatch substrate with BanI preparation, which was
lready further purified on DE-52 ion-exchanger. The
esults of this assay is shown in Fig. 4. Clearly a faint
etarded band is seen in presence of Mg21 which per-
ists even when the incubation mixture contained poly
I-dC. Surprisingly, no retarded band due to non-
pecific complex in the absence of Mg21 (Fig. 4, lanes 1

FIG. 3. (A) Effect of perturbation on BanI activity by glycerol. La
eaction mixtures containing pUC-19 and BanI under standard d
espectively, was added. (B) Effect of perturbation on BanI activit
ndigested pUC-19; lanes 3–8, reaction mixtures containing pUC-19
t concentrations of 0, 2, 5, 10, 17, and 20%, respectively.
14
nd 2) is seen as was seen previously. This implies that
he retarded band seen earlier was probably due to
ome other associated protein and not BanI, since the
hosphocellulose purified BanI preparation had sev-
ral major protein contaminants.

, 1-kb step ladder (Promega); lane 2, undigested pUC-19; lanes 3–9,
tion conditions to which 0, 10, 20, 30, 50, 60, and 70% glycerol,
y dimethylsulfoxide. Lane 1, 1 kb step ladder (Promega); lane 2,
d BanI in standard digestion conditions to which DMSO was added

FIG. 4. Gel electrophoretic mobility shift assay. TG-13 was in-
ubated with DE-52 purified BanI extract under the following con-
itions: lane 1, absence of Mg21, absence of poly dI-dC; lane 2,
bsence of Mg21, presence of poly dI-dC; lane 3, presence of Mg21,
bsence of poly dI–dC; lane 4, presence of Mg21, presence of poly
I–dC.
ne 1
iges
y b
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econdary Structure Prediction

The known X-ray structures of BamHI and EcoRI
nzymes show that the important secondary structure
lements bearing the catalytic residues and amino-
cids that make DNA contacts lie in the 100 to –150-aa
egion (13). When we compared the crystal structures
ith the predicted secondary structures by various
rograms, we found that Chou-Fasman plot had a bet-
er predictability in this important “common core mo-
if ” region (data not shown). We therefore considered
hou-Fasman predictions for the secondary structure
f BanI. This structure (Fig. 5) when compared with
he crystal structure of BamHI, a very striking struc-
ural homology is observed in the amino-acid region
00–200 having the same number of a-helices and

FIG. 5. Predicted organization of the secondary structure of R. B
epresent the a-helices and arrows indicate the b-sheets. (A) Seconda
ermission from Nature 368, 660–664, copyright 1994, Macmillan M
15
-sheets. This 100-amino-acid stretch is the function-
lly important region as seen in the crystal structures
f BamHI and EcoRI. The active site residues for both
amHI and EcoRI identified by elegant mutation stud-

es fall in this region (14–16), comprising of a central
eta sheet followed by an a-helix. In BanI also, we can
dentify an a-helix (aa 175–190) followed by a b-sheet
aa 203–211), which bear the base binding residues Glu
03, Arg 204, and Arg 210. The intervening region (aa
91–200) is interesting in the sense that it bears Asp
95, Glu 196, Lys 198, and Lys 199, which are known
o take part in catalysis (D/E) and binding (K) and
eem to be the functionally most important. We there-
ore identify this a-helix loop-b sheet as the putative
ctive site of BanI. The reverse order of arrangement of

I (this work) compared with known structure of BamHI. Cylinders
structure of R. BamHI (reproduced from Ref. 13 and reprinted with
azines Ltd.). (B) Predicted secondary structure of BanI.
an
ry
ag



the a-helix and the b-sheet in BanI compared to that
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bserved in BamHI, is possibly related to the reversal
f the two central base pairs in the BanI site (4).
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