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ABSTRACT The effect of glycerol on the specificity of DNA
cleavage by the restriction.endonuclease BamHI has been exam-
ined. In addition to the canonical G 4 G-A-T-C-C site, BamHI cuts
DNA at several sites that we have named noncanonical BamHI. 1
sites. The number ofBamHI. 1 sites in simian virus 40 and pBR322
was determined to be 13 for each DNA. Cutting sites determined
by DNA sequence analysis include G 4 G-A-A-C-C, G 4 G-C-T-C-
C, G 4 G-G-T-C-C, and G-A-A-T-C-C with the complementary
strand sequence assignments of G-G-T-T-C-C, G-G-A-G-C-C, G-
G-A-C-C-C, and G-G-A-T-T-C. The relaxation in specificity was
related to hydrogen bond acceptor and donor sites in the recog-
nition sequence, in an attempt to generate a model ofBamHI rec-
ognition of cognate sites in DNA.
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Type II restriction enzymes are sequence-specific endonu-
cleases that require only Mg2+ as cofactor (1). Much of the cur-
rent progress in molecular biology has been made possible by
the specificity with which DNA fragments can be generated by
these enzymes. The enzymes also provide a system for studying
protein-nucleic acid interactions at the molecular level. BamHI
and its cognate methylase are reported to be the restriction-
modification system in Bacillus amyloliquefaciens (2, 3). The
site ofcleavage on DNA is the sequence G 4 G-A-T-C-C, which
is a hexanucleotide that has 2-fold rotational symmetry. DNA
is cleaved at this site by hydrolysis of phosphodiester bonds in
a staggered fashion that generates 5'-phosphoryl termini (4).
We have previously reported that the cleavage specificity of

homogeneous BamHI preparations is altered in the presence
ofhydrophobic solvents such as glycerol and dimethyl sulfoxide
(5). When applied to various DNAs, the activity of the enzyme
in which the specificity is altered, designated BamHI. 1, gen-
erates fragments that are different from those generated by or-
dinary BamHI. We present here data that allow assignment of
specific recognition sites for the various relaxed recognition se-
quences and propose a model that accounts for the site pref-
erences of BamHI. 1.

MATERIALS AND METHODS
All materials were obtained from Bethesda Research Labora-
tories: ultrapure reagents; pBR322; A, 4X174, and simian virus
40 (SV40) DNAs; restriction endonucleases; polynucleotide ki-
nase; and the M13 sequence analysis kit.

B. amyloliquefaciens (RUB500) cells were grown to midlog-
arithmic phase, harvested, and stored. as described (6).
The standard BamHI reaction mixture was 20 mM Tris-HCl,

pH 8.5/10 mM MgCl2/2 mM 2-mercaptoethanol containing 1
gg ofDNA and 1 unit ofenzyme in 50 &l. To alter the specificity
ofBamHI, we used a reaction mixture that was identical except
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FIG. 1. Digestion of pBR322 and SV40 DNAs in the presence of
glycerol: Conditions that generate preferred and nonpreferred frag-
ments. SV40 DNA (A) and pBR322 DNA (B) were digested with 40
units of BamHI in the presence of 35% (vol/vol) glycerol. Lanes: 1-6,
reaction products from incubations of 10, 20, 30, 40, 50, and 60 min,
respectively; C, Hae III digestive products of 4X174; D, intact SV40
DNA.

that various amounts of hydrophobic reagent were added and
the amount of enzyme was 50 units (5). All incubations were
carried out at 37TC for 1 hr.

Locations of the altered recognition sites on SV40 and
pBR322 DNAs were determined through the procedure of
Smith and Birnstiel (7), a mapping technique that has some

Abbreviation: SV40, simian virus 40.
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FIG. 2. Restriction maps identifying BamHI and BamHI.1 recognition sites as determined by the method of Smith and Birnstiel (7). (A) SV40
DNA. (B) pBR322 DNA.

elements in common with the Maxam and Gilbert DNA se-

quence analysis technique (8). DNA fragments 1000 base
pairs long were end labeled with polynucleotide kinase and [y-
2P]ATP. One terminus per DNA fragment was then removed
by endonuclease cleavage. The fragments that were labeled at
a single 5' end were digested with BamHI. 1 under conditions
such that the entire spectrum of intermediate products was ob-
tained; these products were later separated by electrophoresis
on polyacrylamide gels. Only the intermediate digestion prod-
ucts that contain 5'-end label appear on the autoradiogram and
the distance travelled correlates to the distances ofthe BamHI. 1
cleavage sites from the labeled end of the DNA fragment.
The high-resolution gels used for DNA sequence analysis

were 8% polyacrylamide/8 M urea/Tris borate buffer (8). They
measured 33 cm x 40 cm x 4 mm and were subjected to elec-
trophoresis at 45 mA and 1700 V. The sequence ofthe BamHI. 1
cleavage sites were determined as described (9).
BamHI was purified to homogeneity, as shown by denaturing

NaDodSO4polyacrylamide gel electrophoresis. In some prep-
arations, a protein with a molecular weight of29,000 copurified
with the BamHI; it was later removed by chromatography on

Sephadex G-100 (4 X 70 cm) in 20 mM K phosphate, pH 7.0/
7 mM 2-mercaptoethanoV7 mM EDTA.

RESULTS
A number of restriction endonucleases are known to undergo
a relaxation in their assigned recognition sites. Sequence rec-

ognition has been changed by varying the pH and ionic
strength, by substituting metal ions, and by introducing organic
solvents (10, 11). Attempts to identify the probable recognition
sites for BamHI. 1 by analysis of sized DNA fragments from
SV40 and pBR322 were inconclusive because final reaction

products could not be obtained (5). Bands that lightly stained
with ethidium bromide were obtained in nonequimolar quan-
tities when constant amounts ofBamHI. 1 and either SV40 DNA
or pBR322 DNA were incubated for 30-150 min (Fig. 1 A and
B, lanes 1-6). These light-staining bands were of higher mo-
lecular weight as compared with some of the more intensely
staining bands and are indicative of incomplete DNA digestion
products. Based on visual examination, the relative concentra-
tions ofthese products changed very slowly between 90 and 180
min of digestion (lanes 4-6). The relatively slow rate of pro-
duction of these DNA digestion products suggests that BamHI. 1
activity cleaves certain sites more slowly than others. We chose
to concentrate our effort on determination of the faster-cleaved
or preferred sites by constructing restriction site cleavage maps
as described by Smith and Birnstiel (7). This mapping procedure
requires that all sites be cleaved by the restriction enzyme at
approximately the same rate. Because BamHI. 1 has site pref-
erence, weaker sites may not be detected by this technique
(Fig. 1).

Mapping was facilitated by the availability of the entire se-

quences ofpBR322 and SV40 DNAs (12, 13). To ensure that the
mapping would be accurate, we chose restriction fragments up
to 1100 base pairs from SV40 and pBR322 DNAs. By analyzing
the sizes of the intermediate digestion products of known frag-
ments, we constructed restriction site cleavage maps of SV40
DNA and pBR322 that indicated the BamHI. 1 sites (Fig. 2).
pBR322 and SV40 DNA each contain a single G I G-A-T-C-C
BamHI site. Under our experimental conditions, 13 strong
BamHI. 1 recognition sites, including G-G-A-T-C-C, were de-
tected in both SV40 DNA and pBR322 DNA.

Sequence analysis ofDNA fragments obtained from pBR322
and 4X174 replicative form DNAs indicated that G-G-A-N-C-

Table 1. Diversity of Bam H1.1 cleavage sites

Noncanonical
Canonical G-G-A-N-C-C G-G-N-T-C-C G-N-A-T-C-C N-G-A-T-C-C

G I G-A-T-C-C G - G-A-G-C-C G 4 G-C-T-C-C G I A-A-T-C-C ?
G - G-A-C-C-C G 4 G-G-T-C-C
G 4 G-A-A-C-C G - G-T-T-C-C

I Specific cleavage sites as determined by DNA sequence analysis (also listed are sequences on the
complementary strand); ?, potential BamHI.1 sites based on- preliminary observations.
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FIG. 3. Relative rates of catalysis of the
strong BamHl.1 sites by BamHl. Restriction
fragments from pBR322. containing single
BamHI.1 recognition sites were isolated as
follows: G-G-C-T-C-C (r) at position 329 was
isolated by digestion with EcoRP/BamHI, G-
G-G-T-C-C (.) at position 1480 was obtained
by digestion with EcoPJI/Hae II, the canoni-
cal BamHI site G-G-A-T-C-C (o) at position
375 was isolated by digestion with Taq I/Hae
II, G-G-T-T-C-C (A) at position 2504 was ob-
tained by digestion with Dde I/Tha I. DNA
fragments were end labeled with polynucleo-
tide kinase and [Y_32PIATP. Reactions were
carried out in 100-.lI of standard reaction
mixture/36% glycerol andthe appropriate re-
striction fragments containing the specific
BamHI.1 sites. Aliquots were removed at var-
ious times and quantitated after separation
by polyacrylamide gel analysis.

C, G-G-N-T-C-C,t and G-A-A-T-C-C are the sites responsible
for BamHI.1 activity. As representative sites, we determined
the sequences of G J G-A-A-C-C (G-G-A-N-C-C), G l G-C-T-
C-C and G I G-G-T-C-C (G-G-N-T-C-C), and G I A-A-T-C-C
(G-N-A-T-C-C). All fragments whose sequences were deter-
mined were obtained from pBR322 except the fragment that
contained G , G-A-A-C-C, which was from 4X174 replicative
form DNA. Additional preferred sites were also assigned in
SV40 DNA on the basis ofcomputer analysis-in conjunction with
the mapping data. The sites cleaved in the presence of glycerol
are given in Table 1.
The BamHI. 1 sites were characterized with respect to pref-

erential rate of cleavage. pBR322 was searched for sequences
that contain BamHI. 1 sites. By using a combination of restric-
tion endonuclease digests, we obtained fragments that con-

tained a single strong site. The sequence G-G-A-G-C-C was

obtained by EcoRI/BamHI' digestion, and G-G-A-T-C-C was

obtained by Taq I/Dde I digestion (Fig. 3 Inset). The fragments
containing unique BamHI. 1 sites were digested with 50 units
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FIG. 4. Schematic of ACT and T-A base pairs, illustrating methyl
groups and positions available for hydrogen bond interactions between
the DNA and the enzyme. A and D, hydrogen bond acceptor and donor,
respectively; me, 5'-thymine methyl group. Overbars indicate pro-
posed sites for BamHI.1 interactions. Hydrogen bond acceptor posi-
tions are N-7 of adenine and guanine, 0-4 of thymine, and 0-6 of gua-
nine. Hydrogen bond donor positions are N-6 of adenine and N-4 of
cytosine. The horizontal line represents the hydrogen bond between
the N-1 of the pyrimidine and the N-3 of the purine of the base pair.
Hydrogen bond acceptors and donors above the-horizontal line face into
the major groove of the DNA and those below are in the minor groove.

of enzyme in the presence of 36% glycerol at 370C for 8 min.
At various times, aliquots were removed and the reaction prod-
ucts were separated by gel electrophoresis. The resulting bands
were excised and quantitated. To determine the relative rates
of digestion, the decrease in substrate was plotted versus time
(Fig. 3). The order ofthe rates ofdigestion ofthe BamHI. 1 sites
tested was G-G-A-T-C-C > G-G-G-T-C-C > G-G-C-T-C-C
> G-G-T-T-C-C.

DISCUSSION
Several type II restriction endonucleases undergo a relaxation
in their sequence specificity under specific conditions (10, 11).
Interpretation of published results is difficult because most of
the studies have involved nonhomogeneous enzyme prepara-
tions (11, 14). Changes in the reaction environment could result
in activation of trace amounts of contaminating nucleases that,
in turn, could alter the DNA fragmentation pattern. Among the
enzymes that have been purified to homogeneity, EcoRI (15),
BamHI (5), Hha 11 (16), and Bst 1 (17) reportedly recognize sites
other than their assigned canonical palindromes; Bsu I, EcoRI,
and BamHI have been studied in detail.
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FIG. 5. Schematic representation of proposed hydrogen bond in-
teractionsbetweenBamHI and the internal position ofBamHI.1. Sym-
bols used are as in Fig. 4.
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Polisky et al. (15) reported an activity of EcoRI-designated
EcoRI*-that recognized and cleaved the sequence A-A-T-T,
the internal tetranucleotide of the EcoRI site G-A-A-T-T-C.
Woodbury et al. (18) subsequently deduced with DNA mapping
the EcoRI* activity to cleave a hierarchy ofboth weak and strong
cleavage sites.

Under standard reaction conditions, 4X174 replicative form
DNA is not cleaved by EcoRI. However, at low ionic strength
and high pH, it was readily cleaved at five sites (18, 19). On the
basis of information from mapping and end-group analysis, the
strong sites were identified; several weaker sites were detected
but not studied further. There were comparable effects when
Mn2+ was added to EcoRI reaction mixtures (20).

Similarly, secondary sites are cleaved by BamHI when re-
action conditions are changed. An additional activity that co-

purified with BamHI and was present in homogeneous prep-
arations has been reported (6), and it was concluded that this
activity, designated HI. 1, was intrinsic to BamHI and expressed
in the presence of glycerol.

The results presented here indicate that the BamHI. 1 rec-

ognition sites include G | G-A-A-C-C, G G-C-T-C-C, G -

G-G-T-C-C, and G A-A-T-C-C. Because cleavage ofDNA by
restriction enzymes requires double-stranded DNA cleavage,
the complementary sequences G-G-T-T-C-C, G-G-A-G-C-C,
G-G-A-C-C-C, and G-G-A-T-T-C must also be recognized by
BamHI. 1 (Table 1). The BamHI. 1 site we originally reported
as C-C-A-G-A-A-G-G C-G-G-T-T-C (5) was reassigned as C-
C-A-G-A-A-G-G-C-G G-T-T-C-C.

Seeman et al. (21) proposed that the information required for
specific binding of a protein to a nucleic acid molecule resides
in the intricate pattern of hydrogen bond donors and acceptors
possessed by the individual base pairs. In their proposed model,
a protein must make at least two hydrogen bond contacts per
base if there is to be unambiguous discrimination between base
pairs.
A schematic illustration of such base-pair interactions was

suggested byWoodbury et al. (18). The relative positions avail-
able for hydrogen-bonding interactions of the A-T base pair in
the BamHI palindrome G-G-A-T-C-C and a T-A base pair are
identical in the minor groove but are inverted in the major
groove as illustrated in Fig. 4. BamHI. 1 does not cleave the
sequence G-G-T-A-C-C, which suggests that BamHI discrim-
inates between A-T and T A base pairs by probing nonidentical
interaction points in the major groove.

Berkner and Folk (22) have shown that uracil-substituted
DNA has little or no effect on the kinetic properties of BamHI.
This suggests that the methyl group ofthymidine is not essential
for recognition of G-G-A-T-C-C by BamHI. Likewise, methyl-
ation at the N-6 position of the adenine in the palindrome has
little effect on BamHI activity (unpublished result). Given the
requirement that two hydrogen bonds must be recognized, the
only remaining available positions in the major groove are the
N-7 of adenine and the 0-4 of thymine.

It is attractive to interpret rate variations among the different
BamHI. 1 sites in terms ofhydrogen bond interactions at the A-T
region in the major groove of the palindrome. The hydrogen
bond capacity of the internal dinucleotide sequences that are

recognized by BamHI. 1 are illustrated in Fig. 5. Under normal
conditions, BamHI could make four hydrogen bond contacts in
the major groove at the AlT region during catalysis. When the
specificity is relaxed, resulting in additional cleavage (as in the
presence of glycerol), the enzyme may require fewer hydrogen
bonds for activity. When purine-to-purine and pyrimidine-to-
pyrimidine substitution occurs, as in the difference between the
BamHI GGATcC site and one of the BamHI. 1 -----C sites,

the N-7 purine contact point remains unchanged. Therefore the

C-CG-G-T-C- BamHI. 1 sequence maintains three of the four orig-
inal hydrogen bond contacts, N-7 of adenine, 0-4 of thymidine,
and N-7 of substituted purine, and has the second fastest cleav-
age rate compared with that of the BamHI G-G-A-T-C-C site.
In the BamHI. 1 sequence GG-G-AT-C-C a gle hydrogen bond
contact point is lost when cytosine is substituted for thymidine.
In contrast, in the case of G-G-A-Gcc and C-G-A-A-C two of the
four original hydrogen bond contact points are absent, N-7 of
adenine and 04 of thymidine. The latter two sequences have
the lowest rate of cleavage among the sites examined. The ob-
servable cleavage-rate difference between the two sequences
(Fig. 3) may be due to substitution of the 0-4 thymidine po-
sition by the 0-6 guanine position, which may occupy a stereo-
chemically similar position in G-G-A-G-C-C and therefore may
be recognized by the enzyme (23).
The data presented here indicate that the BamHI relaxation

occurs at the internal nucleotide sequence of the G-G-A-T-C-
C palindrome. The process appears to be different in EcoRI
(18); the relaxation specificity occurs at the outer nucleotide
positions of the recognition site. Under our experimental con-
ditions DNA sequences in which the first guanine of the BamHI
recognition site can be replaced by another base have not been
observed to serve as preferred substrates for BamHI. 1 activity
(Table 1). We concentrated on determination of the preferred
cleavage sites under our experimental conditions. Therefore,
sequences that constitute nonpreferred cleavage sites may not
have been detected. These secondary sites appear to vary in
their susceptibility to BamHI. 1 cleavage and result in genera-
tion of nonequimolar amounts of DNA fragments.
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