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ABSTRACT

Using an in vivo plasmid transformation method, we
have determined the DNA sequences recognized by
the KpnAl, StySEAI, StySENI and StySGI R-M sys-
tems from Klebsiella oxytoca strain M5a1, Salmonella
eastbourne, Salmonella enteritidis and Salmonelia
gelsenkirchen, respectively. These type | restriction-
modification systems were originally identified using
traditional phage assay, and described here is the
plasmid transformation test and computer program
used to determine their DNA recognition sequences.
For this test, we constructed two sets of plasmids, pL
and pE, that contain phage lambda and Escherichia
coliK-12 chromosomal DNA fragments, respectively.
Further, using the methylation sensitivities of various
known type Il restriction enzymes, we identified the
target adenines for methylation (listed in bold italics
below as A or T in case of the complementary strand).
The recognition sequence and methylation sites are
GAA(6N)TGCC(KpnAl),ACA(6N)TYCA(StySEAI),CGA
(6N)TACC (StySENI) and TAAC(7N)RTCG (StySGl).
These DNA recognition sequences all have a typical
type | bipartite pattern and represent three novel
specificities and one isoschizomer (StySENI). For
confirmation, oligonucieotides containing each of
the predicted sequences were synthesized, cloned
into plasmid pMECA and transformed into each strain,
resulting in a large reduction in efficiency of transfor-
mation (EOT).

INTRODUCTION

Type I restriction-modification (R-M) systems consist of three
genes (hsdR, hsdM and hsdS) and many have been allocated to
one of four families (IA, IB, IC and ID), based on character-
istics such as amino acid similarity and complementation

(1,2). Type 1 restriction enzymes are multi-functional and
are made up of three subunits that behave as either a restriction
endonuclease or a methyltransferase depending upon the
methylation status of the recognition sequence. The specificity
subunit recognizes a bipartite DNA sequence, 13-15 bp in
length, with a 3-4 bp component, a 6-7 bp random spacer
sequence followed by a 4-5 bp component. Type I enzymes
consistently mecthylate both strands of thc recognition
sequence at the N6 position of a specific adenine.

Currently there are over 60 known and 200 putative type [
restriction and modification systems, but only 28 type | DNA
recognition sequences have been identified (3). Recognition
sequences for type I restriction enzymes have been previously
found using several methods (2,4-6). An in vitro method,
commonly used to find the recognition sequences for type
H enzymes, involves cleaving DNA with a purified restriction
enzyme and comparing the pattern of fragments with a set of
patterns generated by a computer (7). Another in vitro method,
requires a purified methylase to label substrate DNA of known
sequence and then digesting DNA using several type H restric-
tion enzymes to separate labeled fragments (4). Using com-
puter analysis, the labeled fragments are then compared to find
a common recognition sequence. An in vivo strategy (6) uses
M13 phage vectors containing DNA fragments of known
sequence (5). This method is based on the principle that a
phage DNA fragment containing an unmodified target site
plates with a reduced efficiency when transferred into a strain
containing an R-M system (8,9). Similar observations were
made regarding bacterial conjugation (10).

We have modified this in vivo approach and established a
quantitative R-M system in FEscherichia coli using a set
of plasmids containing phage lambda DNA (11). Plasmids
with unmodified recognition sites are cleaved, whereas
modified plasmids and those lacking a given recognition
sequence are not subject to restriction. Restriction activity
is seen as a reduction in the efficiency of transformation
(EOT) of 107! or less. The recognition sequences can be
found using the program RM search developed for this
purpose (12). Here we have applied this method to several
restriction systems from genus Klebsiella and Salmonella.
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Because the determination of the recognition sequence for the
KpnAl system was the first trial of this method, the process is
described in detail.

KpnAl was discovered in Klebsiella oxytoca M5al, a strain
formerly recognized as Klebsiella pneumoniae (13,14). The
R-M genes were cloned and KpnAl was characterized as a
member of the newly defined type ID family (14,15). Using
bacteriophage P1, Bullas et al. (16) identified 12 Salmonella
strains with different restriction specificities in a collection of
serotypes. However the recognition sequences for only four of
these systems had been determined (3). We report the recogni-
tion sequences for StySEAI, StySENI and StySGI, three
Salmonella systems found in Bullas’ original study (16). In
addition, the modified adenine in the each recognition
sequence was determined using the methylation sensitivity
of the various type II restriction enzymes (3,12).

MATERIALS AND METHODS
Reagents, strains and plasmids

Bacterial strains, phage and plasmids used in this study are
listed in Table 1. Bacteria were grown in Luria—Bertani (LB)
medium and incubated at 37°C with vigorous aeration. Ampi-
cillin was added to a final concentration of 200 pug/ml! (2 mg/ml
in case of K.oxvtoca). Growth was monitored using optical
density measurements at 510 nm.

Chemical reagents were purchased from Fisher Scientific
(Hanoveér Park, I11,) and Sigma (St. Louis, MI). Restriction
enzymes and T4 DNA ligase were obtained from New
England Biolabs (Beverly, MA) and Promega (Madison,
WI). DNA sequencing was done in the core facility of the
Center for Molecular Biology and Gene Therapy at Loma
Linda University (Loma Linda, CA).

Using pMECA(17) as the plasmid vector, a series of lambda
subclones (pL series) were developed from both original
lambda DNA and from the six lambda BamHI clones
described previously (11). A second series of plasmids (pE
series) were developed using the Kohara E.coli K-12 chromo-
somal library that was made in a lambda vector (18,19). These
chromosomal fragments were subcloned into the EcoRlI site of
the pUC9 vector.

Restriction-modification (R-M) tests

R-M tests were performed using a plasmid transformation
method (11). Results are described as a relative efficiency
of transformation which is defined as the number of AmpR®
transformants divided by the number of Amp® transformants
obtained from the control strain (11).

Cloning of oligonucleotides

Oligonucleotides were synthesized in the core facility of the
Center for Molecular Biology and Gene Therapy (CMBGT)
(Loma Linda, CA). Single-stranded DNA was heated to 90°C
and then annealed at room temperature. Double-stranded
oligonucleotides were ligated into the EcoRV site of
pMECA and the mixture was transformed into £.coli DH5x
using CaCl,-heat shock method (20). Clones were selected by
plating the mixture on L-agar containing ampicillin and X-
gal (5-bromo-4-chloro-3-indolyl-B-p-galactoside) to a final

Table 1. Bacterial strains and plasmids

PAGE 2 oF 8

Strain or Relevant phenotype, Source or

plasmid genotype or description reference

K.oxytoca

M3al R ¢pnat M ipma (13)

MSalR R kpnat M kpnat 14)

Salmonella—£.coli hybrids

1.4039 R sea1 M'sgar (16)

14030 R*sgra M sent (16)

14039 R'seqt MYsar (16)

L4021 Rtgm M'sm (16)

E.coli

DH5a R x Mg Lab stock

Plasmids

Lambda subclones”
pL1 (5.5 kb) BamHI clone of phage lambda an
pL2 (16.8 kb) BamHI clone of phage lambda (11)
pl.3 (5.6 kb) BamHI cione of phage lambda (an
pL4 (6.5 kb) BamHI clone of phage lambda 633
pL5 (7.2 kb) BamHI clone of phage fambda (D))
pL6 (6.8 kb) BamHI clone of phage lambda a1
pl.7 (3.4 kb) Subclone of pL1 This study
pL.8 (6.5 kb) Subclone of pl.2 This study
pl.9 (10.3 kb) Subclone of pl.2 This study
pL10 (3.8 kb) Subclone of pL4 This study
pL11 (1.4 kb) Subclone of pL.7 This study
pL12 (3.1 kb) Subclone of pL8 This study
pL13 (1.1 kb) Subclone of pL9 This study
pL14 (0.13 kb) Subclone of pL11 This study
pL15 (3.7 kb) EcoRV clone of phage Jambda This study
pL16 (2.0 kb) HindIII clone of phage lambda This study
pl.17 (2.3 kb) HindIII clone of phage lambda This study
pL18 (0.56 kb) HindIII clone of phage lambda This study
pL19 (6.6 kb) HindlIII clone of phage lambda This study
pL20 (1.6 kb) Subclone of pL19 This study
pL21 (0.77 kb) Subclone of pL20 This study
pL.26 (4.9 kb) EcoRlI clone of phage Jambda This study
pL27 (5.6 kb) EcoRI clone of phage lambda This study
pL28 (5.8 kb) EcoRI clone of phage lambda This study
pL29 (3.9 kb) EcoRV clone of phage lambda This study
pL30 (1.7 kb) EcoRV clone of phage lambda This stady

E.coli subclones® E.coli map coordinate (19)
pE2 (5.8 kb) 1557431-1563188 This study
pE3 (2.8 kb) 1608569-1611375 This study
PE4 (4.1 kb) 1565001-1569077 This study
pES (11.4 kb) 1593721-1605160 This study
PE6 (8.1 kb) 1402492-1410639 This study
pE8 (12.9 kb) 1505286-1518231 This study
pE9 (1.7 kb) 1523044-1524690 This study
pE10 (1.9 kb) 1582185-1584064 This study
pE11 (3.0 kb) 1465811-1468761 This study
PE12 (5.1 kb) 1479912-1485078 This study
pEl4 (4.4 kb) 1553017-1557430 This study
pE15 (4.8 kb) 1518232-1523043 This study
pE16 (4.5 kb) 1426716-1431168 This study
pE17 (3.2 kb) 1584065-1587223 This study
pE18 (6.5 kb) 1524691-1593720 This study
pE19 (4.9 kb) 1468762-1473696 This study
PE22 (6.2 kb) 1473697-1479911 This study
pE23 (2.6 kb) 1456295-1458942 This study
pE24 (1.6 kb) 1563189-1564830 This study
PE26 (3.9 kb) 1647821-1651757 This study
PE28 (0.6 kb) 1674657-1675295 This study
PE29 (3.7 kb) 1342364-1346037 This study
pE31 (3.1 kb) 1336254-1339389 This study
pE33 (2.4 kb) 1339984-1342363 This study
pE38 (0.6 kb) 1339390-1339983 This study
pE44 (1.0 kb) 1278264-1279262 This study
pE45 (16.6 kb) 1265543-1280035 This study

Oligonucleotide clones
pKpnAl Plasmid with KpnAlI site This study
pKpnAl-H1 Plasmid with KpoAl/HindIl sites This stody
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Table 1. Continued

Strain or Relevant phenotype, Source or

plasmid genotype or description reference
pKpnAI-H2 Plasmid with KpnAI/HindIII sites This study
pKpnAI-H3 Plasmid with KpnAT/HindIII sites This study
pSEAI-S1 Plasmid with SEAV/Scal sites This study
pSEAI-S2 Plasmid with SEAI/Scal sites This study
pSENI-S1 Plasmid with SENV/Scal sites This study
pSENI-S2 Plasmid with SEAVScal sites This study
PSGI-S1 Plasmid with SGI/Spel sites This study
pSGI-T1 Plasmid with SGI/ Tth1111 sites This study

“Locations of lambda and E.coli subclones are shown in Figure 1.

concentration of 40 pg/ml. The resulting clones were
sequenced at the CMBGT core facility.

RM search computer program

We developed a computer program ‘RM search’ to detect a
unique DNA sequence present in all plasmids containing a
recognition sequence (positive) but absent in the plasmids
which do not contain the recognition sequence (negative)
(12). RM search can be used to find both type I and type II
recognition sequences as well as degenerate sequences.

RESULTS
The DNA recognition sequence of KpnAI

To confirm the presence of KpnAl recognition sequences in
lambda DNA, plasmids were tested using a plasmid trans-
formation method (11). Klebsiella strains MSal(R*) and
MS5SalR(R™ mutant) were used as recipients. When the plasmid
vector, pMECA, was transformed into each strain, an equal
number of Amp® transformants were obtained (EOT = 1.0)
confirming that pMECA does not contain any KpnAl sites. Six
lambda BamHI plasmids, pL1 to pL6, (11) were then tested
and a strong restriction (EOT = 10~ '-107) of plasmids pL1,
pL2 and pL4 was observed indicating the presence of one or
more KpnAl recognition sites. These plasmids were defined as
‘positive’(+). Two of the plasmids, pL.3 and pL6, did not show
any reduction in transformant numbers (EOT = 1.0) and were
defined as ‘negative’ (—). Transfer of the plasmid pL5 into
both M5al and M5alR was unsuccessful. We assume that this
is probably due to harmful lambda gene expression from the
high copy number plasmid in K.oxytoca strains.

When all positive and negative DNA sequence data were
entered into the RM search program (12) more than one hun-
dred candidate type I recognition sequences were found. To
limit the number of candidate sequences, small positive clones
or large negative clones were necessary. Thus, we constructed
a number of additional subclones from the original ‘positive’
pL series plasmids. Lambda DNA was also digested with
EcoRlI, EcoRYV or HindlII to obtain fragments for subcloning.
This series of subclones, pL., are described in Figure 1A. Plas-
mid restriction tests were performed and the EOT values are
described in Figure 2A. The presence or absence of the KpnAl
site was obvious (Figure 2A) since EOT values were close to
1.0 when the plasmid had no sites (negative plasmids) and
less than 10~ when the plasmid contained at least one site

Nucleic Acids Research, 2004, Vol. 32, No. 10 82

(positive plasmids). A computer search using this additional
data narrowed the search to seven type I sequences.

We then developed an additional series of plasmids (pE),
which contain fragments of E.coli genomic DNA ligated into
pUC9 (Figure 1B, pE2 to pE45). EOT values for the pE series
plasmids are shown in Figure 2B. EOT values of less than 0.1
indicated the presence of at least one recognition site. Our
results showed that half of the pE series plasmids (13/26)
contain a KpnAl site.

Modification tests were done to confirm the presence of a
recognition site in each positive plasmid. When the EOT was
less than 107!, modified plasmids were isolated from ampi-
cillin resistant colonies and were transferred again into MSal
and MS5alR. In every case, EOT values were close to 1.0
(values varied from 0.8 to 1.3). These results confirm that
surviving plasmids were completely modified by the KpnAl
methyltransferase.

When the restriction data of the first few pE series
plasmids were entered into the RM search program in
addition to the pL series sequence data, only one sequence,
GAA(NNNNNN)TGCC, a typical type I bipartite sequence,
was found. Further analysis showed that this sequence exists in
all positive pE series plasmids and is absent from all negative
plasmids. Thus we concluded that this sequence is the best
candidate for the KpnAl recognition sequence.

For confirmation, a 19 bp oligonucleotide containing this
KpnAl sequence (Figure 3A) was synthesized and cloned into
the EcoRYV site of pMECA. This oligonucleotide contains an
Mlul site, which does not exist in the vector, to easily identify
the insert. An EcoRYV ligation site was created at both ends of
the oligonucleotide for cloning purposes. A restriction test
using this plasmid, pKpnAl, resulted in an EOT of 2 x 102
confirming the presence of the KpnAl recognition site.
pKpnAl DNA was purified from the surviving colonies and
a modification test showed that plasmids were completely
modified by M5al as expected (EOT = 1.0).

Computer analysis found that all degenerate forms of this
sequence exist in the negative plasmid DNA. Therefore, we
conclude that KpnAl recognizes only the candidate sequence
listed above.

The relationship between the number of KpnAl recognition
sites and the EOT is also shown in Figure 2. Plasmid DNA
with additional sites was more strongly restricted as shown by
a further reduction in EOT. These results support the original
observation that the presence of additional restriction sites
contributes to a further reduction of EOT values (6,11).

Location of KpnAl methylation sites

The top strand of the KpnAl recognition sequence, as written
in Figure 3A, has two potential target adenines (A) in the
trinucleotide component. The complementary strand (lower)
has only one target A in the tetranucleotide component. To
determine which adenines are methylated by the KpnAl
methyltransferase, the following approach was used. HindIll
recognizes the sequence AAGCTT and cleaves DNA
between the two adenines. HindIII methyltransferase modifies
™5AAGCTT; and HindIII endonuclease cannot cut this methy-
lated sequence. However, when the second adenine is
modified, HindIll endonuclease can cleave the sequence,
A™AGCTT (21).
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Figure 1. pL series plasmid subclones derived from phage lambda DNA (A) and pE series plasmids derived from fragments of E.coli K- 12 chromosomal DNA (B).
Each number and the corresponding box represent the plasmid inserts. Shaded boxes contain KpnAlrecognition site(s) (data from Figure 2). The triangles and arrows
show the location and direction of the KpnAl sites predicted from this study. Restriction sites are also shown: HI, BamHI; RI, EcoRI; RV, EcoRV; HIII, HindIII;
PI, Pst]; N1, Ndel; BHIIL BssHII; and ST, Sphl. All chromosomal fragments in the pE series plasmids were cloned into the EcoRI site.

With this knowledge, we designed three oligonucleotides
containing overlapping KpnAl and Hindlll recognition
sequences. Two plasmids, pKpnAIH{ and pKpnAIH2
(Figure 3B-1 and B-2) were used to determine the methylated
adenine in the top strand and pKpnAIH3 (Figure 3B-3)
was used for the lower strand. These oligonucleotides were
cloned into plasmid pMECA and transformed into Klebsiella
strain M5al.

Methylated plasmid DNA was obtained from strain M5al
and digested with HindIH. Because one HindIII site is already
present in the multi-cloning site of pMECA, the plasmid was
linearized (Figure 4, lane 2). If the KpnAl methylase modifies
the first adenine, creating the sequence mSAAGCTT, the site
will be resistant to cleavage by the HindIII endonuciease and
the plasmid will be cut only once. Thus, no additional cleavage
of the plasmid will be seen when compared to plasmid



PacGE 5 or 8

Nucleic Acids Research, 2004, Vol. 32, No. 10 €82

10 KpnAl sites
1 =T 0
01
[
g En ol |
G.01
E 2
0.001 é
0.0001 U 2 5]
] 2 3 4 B 9 10 T 12 t3 14 15 6 17 I8 20 11 23 24 15 26 27 28 29 30
pl series plasmids
o KpnAl sites
1 [1}- — .
1
|
- F 2
o 3
w s 13 !
0.01 = b =
b 1
¥ e
i i
. 0.001 p 5 g ]
1R b x
0.0001 é ' B 1l E
M 3 4 s 1% 16 17 18 19 22 23 24 26 IW 29 31 13 33 44 45

pE series plasmids

Figure 2. EOT values obtained from pL. series plasmids (A) and pE series plasmids (B). Each plasmid was transformed into both strains M5a1 and M5alR (control).
Relative transformant numbers (EOT) were calculated. The number of KpnAl sites varies from 0 to 3. The range of EOT values for each KpnAl site are shown on the

right. Standard deviations are shown as error bars.

A ATC GAA ACGCGT TGCC GAT

EcoltY Miul FeoRV

B 1. ATC GAA GCTTGC TGCC GAT

FeaRV Hindlll EcoRV

2. ATC GAA AGCTTC TGCC GAT

EcoRV Hind i EcoRY

3. ATC GAA CAAGCT TGCC GAT

FcaRV Hindlll FcoRV

Figure 3. Oligonucleotides used to confirm the recognition sequence (A) and to
determine the methylation sites for KpnAI (B). Oligonucleotides B-1 and B-2
were used to determine the methylated adenine in the prime strand and B-3 was
used for the complementary strand. The KpnAl sequence is shown in bold.
Plasmids containing these oligonucleotides are designated, from top to bottom:
pKpnAl, pKpnAIH1, pKpnAIH2 and pKpnAIH3.

Figure 4. Determination of the methylation sites of KpnAl Plasmid DNA was
digested with HindIl. Lane 1, 1 kb marker; lane 2, pMECA control; lane 3,
pKpnAIH1 unmodified; lane 4, pKpnAIH1 modified; lane 5, pKpnAlIH2
unmodified; lane 6, pKpnAIH2 modified; lane 7, pKpnAIH3 unmodified;
lane 8, pKpnAIH3 modified. The arrow shows the position of the 209 bp

fragments.

pMECA. When KpnAl and Hindill methylation sites do not
overlap, HindIIl will cut the plasmid into two fragments.
Figure 4 (lane 4) shows KpnAl methylated pKpnAIHI1 cut
into two fragments by HindlIIl, 2.6 kb and 209 bp. On the



e82 Nucleic Acids Research, 2004, Vol. 32, No. 10

other hand, methylated pKpnAIH2 was only linearized
(Figure 4, lane 6). Similarly, plasmid pKpnAIH3 was also
linearized and no further cleavage was observed (Figure 4,
lane 8). These results show that the second adenine in the top
strand 5'-GA™®A(6N)TGCC -3’ and the single adenine in the
lower strand 5'-GGC™PA(6N)TTC-3' are modified by the
KpnAl methyltransferase.

Recognition sequences for Salmonella R-M systems

E coli-Salmonella hybrids, each containing the genes for one
Salmonella type 1 R-M system in E.coli, were used to deter-
mine DNA recognition sequences for StySENI, StySEAI and
StySGI enzymes. These strains were constructed by transfer-
ring Salmonellas serB-hsd regions in to E.coli with Pl
transduction (16).

The results of the R-M tests were simplified to show either the
presence (+) or absence (—) of the recognition site (Table 2). All
test plasmids with EOT values less than 0.1 were designated
positive (+) and when EOT was greater than 0.1 the plasmid was
negative (—). The vector pMECA, does not contain recognition

Table 2. Plasmid restriction test for Salmonella R-M systems

Plasmid R-M system

StySEAI StySEN1 StySGl
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pE44 -
pE45 ¥ + - :
Recognition ACA(6N)TYCA CGA{(6N)TACC TAAC(TN)RTCG
sequence

Type I (new) I (StySBLI isoschizomer) I (new)

Plus {-+)or minus (—)indicates the presence or absence of arecognition sequence
in each plasmid.

PAacGE 6 oF 8

sequences for any of the R-M systems tested. Analysis of posi-
tive and negative plasmid DNA using R-M search identified the
recognition sequences for the StySEAI, StySENI and StySGI
as ACA(6N)TYCA, CGA(6N)TACC and TAAC(7TN)RTCG,
respectively (Table 2).

To confirm these sequences, the same strategy that was used
for KpnAlI was adopted and oligonucleotides containing each
of the candidate sequences were designed (Figure 5) and
cloned into pMECA. The plasmids were designated pSEAI-
S1, pSENI-S1 and pSGI-S1 (Figure 5). As described below,
these plasmids were also used for the determination of the
methylated adenine in each recognition sequence. Plasmid
R-M tests using these plasmids resulted in a reduced EOT
for the restriction test (1.0 X 1072, 1.8 x 10-? and
4.0 x 1072 for pSEAI-S1, pSENI-S1 and pSGI-SI, respect-
ively) and no reduction of EOT for the modification (M) test
(EOT = 0.9-1.2). These results verify the DNA recognition
sequences predicted for each Salmonella R-M system
(Table 2).

Methylation sites for StySEAI, StySENI and StySGI

Using the methylation sensitivity method described above for
KpnAl, the methylation sites for three Salmonella systems
were also determined. Figure 5 also shows the composition
of the additional oligonucleotides used to determine the
methylation sites for StySEAI, StySENI and StySGI. The
plasmids containing the additional oligonucleotide were desig-
nated pSEA-S2, pSEN-S2 and pSG-T1. The activities of the
all three restriction enzymes used here: Scal (AGTACT) and
Spel (ACTAGT) and Tthiill (GACNNNGTC) can be

SEA 1. ATCACAGTACTGTTCAGAT
FeoRY Sealy o Yedie®  EcoRV
2. ATCACAGAGTACTCORGAR™S:.. >
TAGTGTCTC ATAEHT il
*yll\‘ ?;4,- e Sral w EcoRV
SEN 1. ATCCGAGTACTGTACCGAT
RV T Seml KeoRY

. ATCCGAGAGTACTACCGAT
TAGGCTCTCATGATGG(TA

EcoRY Scal EcuRV

[ 3]

SG 1. ATTATCTAACTAGTCCGATCGAAT
Sspl J

Spel Sspl
2. ATCTAACGGACCTGGTCGAT
TAGATTC J(IQTGGAC(?A! ;CTA

EcoRV Tthilll EcoRY

Figure 5. Design of oligonucleotides used for confirmation of recognition
sequences and determination of methylation sites in Salmonella R-M
systems. Oligonucleotides SEA-1, SEN-1 and SG-1 were used to determine
the methylated adenine in the trinucleotide portion of each recognition
sequence {marked in bold). SEA-2, SEN-2 and SG-2 represent the
oligonucieotide used for the tetranucieotide component. Each oligo-
nucieotide was inserted into the EcoRV site {or Sspl for SG-1) in pMECA
and the plasmids were designated from the top, pSEA-S1, pSEA-S2, pSEN-S1,
pSEA-S2, pSG-St and pSG-T1. The type H restriction enzyme site is shown
with double arrows below each oligonucieotide sequence. Each methylated
adenine is shown in large font.



