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The KpnAI restriction-modi®cation (R-M) system has been identi®ed in
Klebsiella pneumoniae strain M5a1. The restriction gene of KpnAI was ®rst
cloned into pBR322 using an rÿm� M5a1 derivative and phage SBS for
screening. Subsequently, an adjacent DNA fragment showing modi®-
cation activity was cloned into pUC19. A total of 7.2 kb DNA sequencing
data revealed three open reading frames, corresponding to hsdR, hsdM
and hsdS genes of type I R-M systems. The predicted hsdR, hsdM and
hsdS-coded peptides shared 95%, 98% and 44% identity, respectively,
with the corresponding peptides of the recently identi®ed StySBLI sys-
tem, a prototype of the type ID family. This high homology suggests that
KpnAI is also a member of the type ID family. The KpnAI system seems
to be the ®rst type I system identi®ed in Klebsiella species.
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Introduction

Restriction-modi®cation (R-M) systems are com-
mon in bacteria. They are classi®ed into three
different types (I, II and III) based on the subunit
composition, DNA cleavage pattern, cofactors
involved and recognition sequence symmetry (see
recent reviews: Barcus & Murray, 1995; Redaschi &
Bickle, 1996). The type I systems were originally
found in enteric bacteria. They are the most com-
plex R-M systems and consist of three different
subunits, encoded by the hsdR, hsdM and hsdS
genes. Their genetic loci are organized into two
transcriptional units, with the genes hsdM and hsdS
forming an operon while hsdR is separate (Bickle &
KruÈ ger, 1993).

In type I enzymes, all three gene products are
required for restriction, whereas hsdM and hsdS
gene products are suf®cient for modi®cation meth-
ylation. The speci®city of the system is determined
by the hsdS gene. Genetic complementation, DNA

homology and antigenic cross-reactivity tests led to
the recognition of three distinct families of type I
systems: IA, IB and IC (Bickle & KruÈ ger, 1993). The
presence of yet another family in Salmonella sero-
types was suggested from complementation and
DNA hybridization studies (Ryu et al., 1988). Sub-
sequently, an additional family (ID) was added,
based on DNA hybridization studies in both Salmo-
nella and Escherichia coli (Barcus et al., 1995). The
nucleotide sequence of the StySBLI genes con-
®rmed this new family (Titheradge et al., 1996).

DNA sequences homologous to type I genes
have also been discovered outside the Enterobac-
teriaceae such as in Bacillus subtilis (BsuCI; Xu et al.,
1995), Mycoplasma pulmonis (Dybvig & Yu, 1994),
Spiroplasma citri (Laigret et al., 1996), Haemophilus
in¯uenzae Rd (Fleischmann et al., 1995) and Metha-
nococcus jannaschii (Bult et al., 1996). These current
data suggest that there may be many more type I
R-M systems to be discovered.

Several type-II restriction enzymes have been
isolated from strains of Klebsiella pneumoniae
(Roberts & Macelis, 1996; Kravetz et al., 1993). To
date, however, no clear evidence exists to support
the presence of the type I R-M system in Klebsiella
species.

Two R-M systems have been recognized in the
strains of K. pneumoniae M5a1 and GM236
(Streicher et al., 1974; Satta et al., 1978; Bullas et al.,
1981) and were later designated as KpnAI and
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KpnBI, respectively (Valinluck et al., 1989). The re-
striction gene for KpnBI has been cloned and se-
quenced (Valinluck et al., 1995). Amino acid
homology and mutant studies suggest that KpnBI
is a member of either the type I or type III systems.
From our previous studies (Valinluck et al., 1989),
we suggested that KpnAI is also either a type I or
type III system, since both rÿm� and rÿmÿ mutants
were obtained in approximately equal numbers
when rÿ strains were selected.

We have further studied the KpnAI system, and
report here the cloning and sequencing of the com-
plete KpnAI locus and discuss evidence that this
system is a new member of the type ID R-M sys-
tem.

Results

Presence of an R-M system in M5a1

To show the presence of an R-M system in
M5a1, a classical R-M test was performed using
phage SBS. An rÿmÿ derivative, 5022, was used as
control. A typical result is shown in Table 1. As a
comparison, Table 1 includes the EOP results of
strain GM236, carrying the KpnBI system, and its
rÿmÿ derivative (GM238). The result clearly indi-
cates that strain M5a1 has an R-M system with
different speci®city from GM236. The R-M system
in M5a1 was designated KpnAI (Valinluck et al.,
1989).

Cloning of the restriction and modification
genes of the KpnAI system

The restriction (R) gene of the KpnAI system was
cloned in pBR322 using a genetic complementation
strategy. Four different R clones were obtained and
designated pNL1 to pNL4. Modi®cation tests
showed that none of these clones contained the
modi®cation genes. The R gene was then located
within a 3.6 kb region common to all four R clones
(Figure 1). The shortest clone (pNLA2) was used
for further subcloning and sequencing.

Since all previously described restriction and
modi®cation genes are clustered (Wilson, 1988), we
assumed that the KpnAI modi®cation gene(s) is
located close to the restriction gene. Hence, a chro-
mosomal restriction map was ®rst constructed

using the 3.2 kb HindIII fragment of pNLA2 as a
probe (Figure 1). Using the same probe, we cloned
adjacent DNA fragments. A 6.7 kb PstI fragment
cloned in pUC19 was found to contain the KpnAI
modi®cation activity. This fragment is located
upstream of the R gene and partially overlapping
with the R gene (Figure 1). A total of seven clones
(pJR31 to pJR37) were obtained. The restriction pat-
tern obtained from KpnI digestion of these seven
clones shows that they were all inserted in the
same orientation in pUC19. Later analysis
suggested that all the genes cloned are transcribed
in the direction opposite to the lacZ promoter.
Thus the overexpression of the KpnAI modi®cation
genes in the high copy vector may be lethal and
could be subcloned in only one orientation,
because the same PstI fragment was able to be sub-
cloned in both orientations in the low copy number
plasmid pACYC177. Subsequent studies were
done using a representative plasmid pJR31. Several
subclones of pJR31 were derived and used for
DNA sequencing and complementation tests
(Figure 1).

Complementation tests between two clones
in E. coli

Plasmids containing either R or MS (M � S)
genes of KpnAI were transferred to E. coli DH5a
and semi-quantitative R-M tests were performed
using phage lambda. To solve the plasmid incom-
patibility problem, the MS genes were ®rst sub-
cloned into pACYC177 and the resultant plasmid
was designated pJR41 (Figure 1). In this exper-
iment, we noticed that these two plasmids had to
be transferred sequentially into DH5a: ®rst pJR41
(MS genes) and second pNLA2 (R gene). No trans-
formants were obtained when cells were trans-
formed in the reverse order or when two plasmids
were transferred simultaneously. This result
suggests that modi®cation methylation is required
prior to the establishment of those two plasmids.
When lambda phages were used to infect the strain
DH5a harboring the two plasmids (pJR41 and
pNLA2), they were restricted to EOP values of
10ÿ5 to 10ÿ6. This strong restriction suggests that
lambda DNA has multiple restriction sites for
the KpnAI enzyme. Once lambda phages were

Table 1. The ef®ciency of plating of SBS phages propagated in four different K. pneumoniae
strains and plated on the same four strains

SBS phage propagated on strain:
Bacterial R-M 5022 M5a1 GM238 GM236
strains phenotype (SBS.0)a (SBS.KpnAI) (SBS.0)a (SBS.KpnBI)

5022 rÿKpnAI mÿKpnAI 1.0 1.0 1.0 1.0
M5a1 r�KpnAI m�KpnAI 7 � 10ÿ3 0.9 5 � 10ÿ3 1 � 10ÿ2

GM238 rÿKpnBI mÿKpnBI 1.0 1.1 1.1 1.3
GM236 r�KpnBI m�KpnBI 4 � 10ÿ3 1 � 10ÿ3 4 � 10ÿ3 1.2

EOP values relative to strain 5022 are shown.
a Zero stands for no modi®cation.
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propagated in the cell, their DNA was modi®ed
completely (EOP 1.0) as expected.

DNA sequencing and prediction of the
peptide sequences

The DNA sequence of a 7.2 kb region containing
the KpnAI locus was determined using pNLA2,
pJR31 and their subclones as templates and the
DNA sequence was stored in GenBank (accession
no. U93843). This region covers both the restriction
and modi®cation genes as well as a 0.8 kb
upstream region of the M gene (Figure 1) The
DNA sequence revealed three ORFs that we desig-
nated as hsdR, hsdM and hsdS. We speculated that
these three genes are transcribed in two separate
units in the same direction (Figure 1). Another
ORF, similar in size to the hsdM gene, but oriented
in the opposite direction (ORFX in Figure 1) was
also found. On the basis of the presence of a puta-
tive ribosome binding site as well as potential pro-
moter sequences, we speculated that the longest
ORF with 3,306 bp is the coding region for the R

polypeptide (Figure 1). The seven helicase motifs
common to all the type I R peptides (Gorbalenya &
Koonin, 1991) were also found.

The DNA sequence upstream of the R ORF
revealed two ORFs of 1614 bp and 1314 bp. These
genes were designated as hsdM and hsdS, respect-
ively (Figure 1). The predicted amino acid of the M
peptide contains a potential SAM binding domain
(ILANPPF) unique to N6-adenine DNA methy-
lases.

The hsdM ORF was preceded by a putative pro-
moter and a ribosome binding site. However, as
seen in other type I methylase genes, no obvious
promoter sequence was found for the hsdS gene.
The hsdM and hsdS coding sequences overlapped
by ®ve nucleotides. This feature is also common to
other type I systems and allows the transcriptional
coupling of hsdM and hsdS genes (Loenen et al.,
1987). Immediately after the stop codon (TAA) of
the hsdS ORF, a sequence with dyad symmetry
followed by an A � T rich sequence (a potential
rho-independent termination) was found.

Figure 1. A chromosomal restriction map of the KpnAI R-M system of M5a1. Two original clones, pNLA2 and pJR31,
and their subclones, are shown. Parental plasmids are given in parenthesis. Arrows indicate the structural genes and
their direction of transcription. R-M phenotypes of bacteria carrying each clone are also shown. Restriction enzyme
abbreviations: A, ApaL1; E, EcoRI; H, HindIII; Hc, HincII; K, KpnI; P, PstI; S, SalI; Sa*, Sau3AI partial digests; Sc, SacI.
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Confirmation of hsdM and hsdS genes

It is known that both HsdM and HsdS subunit
are essential components of the type I modi®cation
methylase and that neither subunit alone shows
any modi®cation activity. To test whether the
KpnAI system requires both hsdM and hsdS genes
for modi®cation, plasmids containing either one of
those genes were constructed from pJR31 for in vivo
complementation experiments. First, the 3 kb
ApaLI-PstI fragment containing the hsdM gene was
subcloned into pACYC177 to construct pJR43
(Figure 1). Similarly, a 4 kb KpnI-SalI fragment con-
taining hsdS gene was subcloned into pUC18 to
create pJR320 (Figure 1). The hsdS gene was inten-
tionally placed downstream of the lacZ promoter
to provide an exogenous promoter. Neither of
those clones showed any modi®cation activity by
themselves. However, when these two plasmids
were transferred to DH5a for the modi®cation test,
the full modi®cation activity (EOP of lambda, 1.0)
was restored. This experiment con®rmed the neces-
sity of the two genes (hsdM and hsdS) for modi®-
cation activity.

The presence of a hsdS gene promoter was inves-
tigated by subcloning the 5.8 kb SacI -PstI fragment
containing hsdS gene into pUC19 to construct
pJR315 (Figure 1). In this construct, no exogenous
promoter was provided for the hsdS gene. When
this plasmid was transferred to DH5a harboring
pJR43, modi®cation activity was not restored. This
result supports the idea that the hsdS gene lacks its
own promoter.

Homology search

Each of the predicted amino acid sequences of
KpnAI genes was compared to the GenBank data
base using the BLAST program. PC/Gene and
GCG software programs were also used for more
detailed analysis. To our surprise, both the pre-
dicted HsdR and HsdM peptide sequences from
the KpnAI locus showed an extremely high degree
of identity with the predicted HsdR (95%) and
HsdM (98%) peptide sequences of the recently
identi®ed StySBLI system (Titheradge et al., 1996).
On the contrary, the HsdS peptide showed limited
identity (44%) between the two enzymes. Figure 2
shows the result of comparison of the HsdS pep-
tides of KpnAI and StySBLI using DOTPLOT. It is
obvious that two clusters of highly homologous re-
gions exist at the central region and the C-terminal
region. The central homologous region consists of
76 amino acids (155 to 230), whereas the C-term-
inal homologous region consists of a shorter 32
amino acids domain (408 to 439). The former re-
gion has 95% identity (4% similarity), whereas the
latter region has 88% identity (0% similarity) be-
tween the two systems. Similarly, the N-terminal
(proximal) variable region and the distal variable
region have 40% identity (14% similarity) and 14%
identity (20% similarity), respectively. This pattern
of homology with an alternative constant and a

variable region within the hsdS gene is a character-
istic of the members of the type I family. The two
variable regions comprise the recognition do-
mains of the type I enzymes (Gann et al., 1987).

Further sequence analysis revealed that the pre-
dicted HsdR peptide of the KpnAI enzyme also has
the best homology (26% identity) with another
hsdR-like sequence (HI 1285) of H. in¯uenzae Rd
(Fleishmann et al., 1995). Similarly, the HsdM
peptide sequence is highly homologous (49%
identity) to another HsdM-like sequence (HI1287)
of H. in¯uenza Rd (Fleishmann et al., 1995).

Discussion

Here we describe the cloning of the KpnAI
restriction and modi®cation genes. Both restriction
and modi®cation genes were cloned individually
in high copy vector plasmids. This two-step clon-
ing strategy has an advantage over the cloning of
the entire genes at one time, especially when the
resultant clone is harmful to the cell. Our results
show that the cloned plasmids (pNLA2 for hsdR,
pJR41 for hsdM and hsdS) are unable to be trans-
ferred simultaneously into the recipient cells.
Therefore, it is likely that the entire KpnAI genes
cannot be cloned in one vector especially when
unmodi®ed host bacteria are used.

Three distinct ORFs, which correspond to hsdR,
hsdM and hsdS genes of type I R-M systems, have
been identi®ed. The complementation study clearly
shows that two genes (hsdM and hsdS) are
involved in the modi®cation activity. This elimin-
ates the possibility that the KpnAI is a type III

Figure 2. A comparison of the amino acid sequences of
the StySBLI and KpnAI HsdS proteins. The COMPARE
program (GCG) was used with a word of size 2 and the
results are displayed with DOTPLOT.
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system, since a single gene (mod) is suf®cient for
the modi®cation activity in type III systems.
Although another ORF (designated ORFX) was
identi®ed (Figure 1), it is not clear from the DNA
sequence whether this gene is transcribed or
whether it in¯uences the KpnAI R-M function. A
similar ORF was reported from the StySBLI system
(RF6; Titheradge et al., 1996).

Amino acid homology scores are useful to cat-
egorize the members of the type I restriction
enzymes. Comparison of the amino acid homology
of all the reported M and R proteins of type I R-M
systems clearly leads us to the expected three
families (IA to IC). That is, intra-family homology
of R and M peptides is at the 80 to 90% level,
whereas inter-family homology is only at the 20 to
30% level (Sharp et al., 1992). In our present study,
high DNA and peptide sequence homology (more
than 97%) was observed between the R and M pep-
tides of KpnAI and the recently identi®ed StySBLI.
This high homology strongly supports the possi-
bility that the KpnAI is a type I R-M system and
belongs to the newly proposed ID family
(Titheradge et al., 1996). Thus KpnAI is the ®rst
R-M system clearly identi®ed as type I in Klebsiella
species. Including our ®nding, type ID system
have now been identi®ed in three species of enteric
bacteria, E. coli (Eco90I), Salmonella enterica serovar
blegdam (StySBLI) (Titheradge et al., 1996) and K.
pneumoniae (KpnAI). It would be interesting to
know how widely spread the type ID homologous
genes are both inside and outside the Enterobacter-
iaceae.

Contrary to the extremely high homology of the
R and M subunits in the KpnAI and StySBLI sys-
tems, the differences between their hsdS genes are
obvious, suggesting that they have their own dis-
tinct recognition DNA sequences. Typical type I
enzymes recognize two-part, asymmetric DNA
sequences that consist of three nucleotides at the 50
end and four at the 30 end separated by a non-
speci®c spacer of six to eight nucleotides. Each of
the two variable regions in the HsdS peptide recog-
nizes the corresponding target sequence. Amino
acid homology in the variable regions is usually
only 20 to 30% even within the same family. The
type IA EcoKI and StySPI enzymes, however, share
homologous (92%) 50 variable regions and recog-
nize the same 50 domain sequence (AAC). Their 30
variable regions share 38% homology and the
StySPI enzyme recognizes GTRC, which is a de-
generate sequence of GTGC recognized by the
EcoKI enzyme. Since the homology in the 50 vari-
able regions between HsdS peptides of the KpnAI
and StySBLI systems is 54%, it is possible that both
enzymes recognize the same or similar 50 target
sequence.

The DNA sequence presented here also reveals
that three hsd genes are organized in two transcrip-
tional units, hsdM and hsdS as an operon and hsdR
as a single gene. In type I R-M systems, all three
genes are transcribed in the same direction. How-
ever, the gene order is characteristic for each

family. Both the type IA and IB families share the
same gene order (hsdR, hsdM and hsdS), whereas
type IC and ID possess another gene order (hsdM,
hsdS and hsdR). The hsd genes in the latter group
have higher homology with the recently identi®ed
type I DNA sequences of H. in¯uenzae (Fleishmann
et al., 1995) and M. jannaschii (Bult et al., 1996).

Type IC genes are mainly found on plasmids,
whereas type ID genes are chromosomally linked
(Titheradge et al., 1996; Bullas et al., 1980; our
unpublished data). The hsd genes of type IA, IB
and ID mapped so far are alleles of the same locus
that lies at the 98 minute region on the chromo-
some and are linked to serB. Although a detailed
chromosome map is not available for K. pneumo-
niae, our preliminary mapping data suggest that
KpnAI is linked to the chromosome but not located
in the serB region at 98 minutes (unpublished).
Thus, it is possible that KpnAI occupies a unique
position on the chromosome among the type ID
group.

Materials and Methods

Bacteria and phages

K. pneumoniae strain M5a1 and rÿKpnAI mÿKpnAI deriva-
tive 5022 (Streicher et al., 1974) were from C. Kennedy
via L. Bullas. Other K. pneumoniae strains 236 and
rÿKpnBI mÿKpnBI derivative 238 have been described
(Valinluck et al., 1995). An rÿm� derivative M5a1R was
isolated after NG treatment. E. coli DH5a (Woodcock
et al., 1989) and XL1-Blue (Bullock et al., 1987) were also
used for cloning and the complementation test. L-broth
and L-agar were used for growing bacterial cultures. Ap-
propriate amounts of antibiotics were added to the med-
ium when necessary.

Restriction-modification tests

Semiquantitative R-M tests were done as described by
Bullas et al. (1980). Phage SBS was used for the K. pneu-
moniae strain and lambda was used for the E. coli strain.

Cloning

To clone the hsdR gene of KpnAI, chromosomal DNA
of M5a1 was isolated using a G NOME2 DNA isolation
kit (BIO 101). The DNA was partially digested with
Sau3AI and ligated into BamHI-digested pBR322. The
ligated mixture was electroporated into an rÿm� mutant
(M5a1R). Cells were plated on L-agar containing 1 mg
Ap/ml, and incubated overnight at 30�C. To screen the
potential R clones, the strategy used for the KpnBI sys-
tem (Valinluck et al., 1995) was also used. Thus, the ApR

transformants were replica plated onto L-plates with a
lawn of SBS.0 phages (104 phages/plate) spread on the
surface. It was expected that bacteria carrying a plasmid
containing the hsdRKpnAI gene would restrict the SBS.0
phage and thus survive on the plate, whereas the
remaining cells would be lysed.

For cloning the modi®cation genes, a restriction map
was constructed using a 3.2 kb HindIII fragment as a
probe. A 6.7 kb PstI fragment was identi®ed as a candi-
date for chromosomal walking. Thus the chromosomal
DNA of M5a1 was digested with PstI and the 6.7 kb
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region was taken out of the agarose, cleaned with
Geneclean2 (BIO 101) and ligated with PstI digested
(and dephosphorylated) pUC19 and transferred to
DH5a cells. Plasmids of ApR transformants were ex-
tracted and hybridized to the 3.2 Kb HindIII hsdR probe.
The probe was labeled with digoxigenin-dUTP and
the hybrids were detected by enzyme immunoassay
(Boehringer Mannheim).

DNA sequencing and sequence analysis

DNA sequencing was performed by the dideoxynu-
cleotide termination method (Sanger et al., 1977) using
both the manual and automated sequencing system. In
the manual sequencing, the Sequenase1 (United State
Biochemical) kit was used with [a-35 S]dATP. For the
automated sequencing, an Applied Biosystems auto-
mated sequencer (ABI 373A) was used with the Dye Ter-
minator Cycle Sequencing method. Both strands of the
cloned genes and various subclones shown in Figure 1
were used to determine the sequences. The sequences of
DNA fragments were compiled by the ABI Sequencher1

and PC/Gene (Intelligenetics) software.
PC/Gene software and BLAST of the National Center

for Biotechnology Information were used for sequence
similarity searches in GenBank and SWISS-PROT data-
base. Protein sequences were aligned using either the
PALIGN or the CLUSTAL program. For the similarity
between the hsdS genes, COMPARE and DOTPLOT
(Genetics Computer Group, Wisconsin) were also used.
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