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SHV ␤-lactamases confer resistance to a broad spectrum of
␤-lactam antibiotics and are of great therapeutic concern for
infections caused by many species of the family Enterobacteriaceae. SHV-1, the original member of the SHV ␤-lactamase
family, is present in most strains of Klebsiella pneumoniae and
may be either chromosomally or plasmid mediated. A plasmidmediated SHV-1 is also commonly found in Escherichia coli
and is seen in other genera as well. The first extended-spectrum ␤-lactamase to be described was an SHV-type enzyme
that differed from the SHV-1 amino acid sequence by a single
residue and was subsequently designated SHV-2 (10). Since
that time, at least 12 SHV-type derivatives have been described. The various derivatives of SHV-type ␤-lactamases differ from SHV-1 by amino acid substitutions at only a few
amino acid residues (Table 1). From the beginning of the study
of the SHV-type enzymes, there has been confusion about the
amino acid sequence of some of the SHV derivatives. There
have been a number of sequences reported that have amino
acid deletions or additions in portions of the SHV protein that
are usually conserved (11, 17, 18). In addition, the amino acid
sequence derived from the nucleotide sequence published by
Mercier et al. for SHV-1 differs from those that were obtained
by direct amino acid sequencing of the protein (4).
During a previous sequencing project involving an SHV-type
extended-spectrum ␤-lactamase, it was noted that when nucleotide sequencing was performed by traditional dideoxy-chain
termination methods, the sequencing gels contained a large
number of areas of compressions that were difficult to read (7).
It was observed that some of these compressions occurred in
the exact locations where the amino acid additions or deletions
had been reported previously by other investigators. It was
theorized that the confusion among various blaSHV sequences
occurred because of the difficulty in interpretation of the DNA
sequence. Therefore, a study was done to attempt to resolve
the differences seen with the various reported sequences of
SHV derivatives and to evaluate the sequencing methodologies.

generated from E. coli HB101(pMON 38) expressing SHV-1 (11) and
JC2926(pBP60-1) expressing SHV-2 (10) (kindly provided by George A. Jacoby.)
Nucleic acid techniques. To generate the clones used in the thermal cycling
experiments, the SHV genes were first amplified by PCR by standard methods
(20). The primers used were as follows: forward, 5⬘GTATTGAATTCATGCG
TTATATTCGCCTGTGTA3⬘; and reverse, 5⬘CAGAATTCGGCTAGCGTTG
CCAGTGCTCGAT3⬘. The primers were designed to flank the start and stop
codons of the blaSHV-1 gene to amplify the entire coding region. The resulting
PCR products were cloned into pCR 2.1-TOPO by using the TOPO TA cloning
kit (Invitrogen, Carlsbad, Calif.). Clones from three independent PCRs were
generated and sequenced.
DNA sequencing was performed on double-stranded plasmid DNA by several
methods. Both strands of the entire SHV-1 gene on pCLL3411 were sequenced
by traditional sequencing methods with a nested set of primers identical to and
complementary to the blaSHV-1 coding sequence. These were selected so that
they did not anneal to regions of the gene corresponding to base pair changes
associated with previously determined extended-spectrum SHV gene DNA sequences. The oligonucleotide primers used in traditional sequencing reactions
were as follows:
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SHV-F1,
SHV-F2,
SHV-F3,
SHV-F4,
SHV-R1,
SHV-R2,
SHV-R3,
SHV-R4,
SHV-R5,

5⬘CGGCCCTCACTCAAGGATG3⬘
5⬘GGGTGGATGCCGGTGACG3⬘
5⬘CCGCTGGGAAACGGAACTG3⬘
5⬘GGGATTGTCGCCCTGCTTGG3⬘
5⬘GCGGCTGCGGGCTGGCGTG3⬘
5⬘CCTGCGGGGCCGCCGACGG3⬘
5⬘CCACTGCAGCAGCTGCCG3⬘
5⬘GCACGGAGCGGATCAACGG3⬘
5⬘CGCCCGGCACGCTGCGAGG3⬘

Traditional dideoxy-chain termination sequencing was performed with a Sequenase kit (United States Biochemicals, Cleveland, Ohio) with 35S-dATP label
(Amersham, Arlington Heights, Ill.) according to the manufacturer’s instructions
(23). The Sequenase kit was used with three different nucleotide triphosphate
mixtures containing dGTP, dITP, or 7-deaza-dGTP. Thermal cycle sequencing
reactions of PCR-cloned blaSHV-1 and blaSHV-2 genes were performed according
to the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit with
AmpliTaq DNA polymerase, FS (Applied Biosystems, Inc., Foster City, Calif.),
according to the manufacturer’s instructions (22). The cycle sequencing reaction
was performed with GeneAmp PCR system 9600 (ABI-PE), also according to
the protocol. Spin columns were employed to remove unincorporated dye-labeled nucleotides after cycle sequencing. Automated DNA sequencing-grade
4.75% polyacrylamide gels were run for DNA sequencing samples by using ABI
373 DNA sequencers.
Nucleotide sequence accession number. The nucleotide sequence data for
blaSHV-1 and blaSHV-2 determined in this study are listed in GenBank under
accession no. AF148850 and AF148851, respectively.

Bacterial strains. The bacterial strain used for the sequencing of SHV-1 by
traditional dideoxy-chain termination methods was E. coli DH5␣(pCLL3411)
(7). The strains used for automated thermal cycle sequencing were PCR clones

The nucleotide sequence obtained by traditional dideoxychain termination with blaSHV-1 resulted in numerous compressions on the sequencing film. Interestingly, two of these
areas of compression were found in regions of the blaSHV-1
gene sequence that corresponded to amino acid substitutions
noted in previously published reports (11, 17, 18). As shown in
Fig. 1 and 2, the nucleotides comprising the codon for amino
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Genes encoding SHV-1 and SHV-2 were sequenced by different methods. Nucleotide sequencing of the coding
strand by standard dideoxy-chain termination methods resulted in errors in the interpretation of the nucleotide sequence and the derived amino acid sequence in two main regions which corresponded to nucleotide and
amino acid changes that had been reported previously. The automated thermal cycling method was clearly
superior and consistently resulted in the correct sequences for these genes.
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TABLE 1. Comparison of amino acid sequences of SHV derivatives

193x

205

238

240

Amino acid no.a
193

141

192

140

179

130

43

54

35

pI of ␤lactamase
8

SHV variant

Glu

Ala

Gly

Thr

Arg

Ser

Asp

Gly

Arg

Glu

Leu

Gly

7.6

SHV-1

Arg

Asp

—
Gly
—

Thr

Leu
Val
Leu

Ala

Lys
Asn
Lys

Ser

Gly

Source or reference

4
11
This study

5
8, 9, 15, this study

Arg

Serc
Ser

Leu

—
—

NDb
Ile
Ile
Ala

ND

Thr

7.6

16

SHV-2

Ser

14

—

7.6
Gln

SHV-2a

Lys

6

12

7.0

Lys

3

7

Ser

Lys

18

Lys

Gly

Ser

Ser

Ser

SHV-3
7.8

—

—

—

Leu

SHV-4
8.2

—

SHV-5
7.6
Phe

Ser

SHV-6
7.6

Val

19
Asn

—
Arg

18

Asn

Leu

SHV-7
7.6

—

Lys

2

21

13

13

Ser

Lys

Gly

Ser

Val

—

—

Asn

Phe

Arg

Gln

—

SHV-8
8.2

—

—

ND

SHV-9 (SHV-5a)
8.2

Gln

—

Ala

SHV-10
7.6

Gln
Ser

Ser

SHV-11
8.2

Phe
Gln

Gly

SHV-12
7.0

Val

Ala

OHIO-1
7.0

Phe

LEN-1

a
Amino acid sequence numbers according to Ambler et al. (1). Boxed area represent sequence variations addressed in this study. —, no amino acid reported at this position. For more information regarding the amino
acid sequences of SHV-type ␤-lactamases, see reference 10a.
b
ND, not done. The amino acid sequence obtained by protein sequencing, and therefore it does not contain the amino acids in the signal sequence. All others are putative amino acid sequences obtained from nucleotide
sequencing.
c
Amino acids in boldface represent substitutions from SHV-1 (4) resulting in new SHV-type enzymes.
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acid 54 appeared to be absent when a sequencing film was
examined visually. This apparent deletion of glycine 54 was
reported in several SHV-type sequences (17, 18). However,
these nucleotides were present when the sequence was determined for the noncoding strand or when the sequence was
generated by the automated thermal cycling method.
For some of the areas, the observed compressions gave different results on individual testing days (Fig. 3). For example,
nucleotides encoding amino acids 187 to 189 were quite different, depending on the day of the test. These differences
could be due to variations in individual sequencing reactions or
the resolving capabilities of individual gels. Furthermore, this
area of discrepancy was not resolved by sequencing the noncoding strand. However, the correct sequence was obtained by
substitution of dITP or 7-deaza-dGTP for dGTP in the sequencing reaction by the dideoxy-chain termination method.

FIG. 2. Comparison of sequences of nucleotides 142 through 160 of blaSHV-1.
Numbers above the nucleotide sequence indicate the amino acid according to the
designation of Ambler et al. (1). Reference Seq is the only published nucleotide
sequence for SHV-1 (11). Dideoxy FWD was obtained by dideoxy-nucleotide
chain termination sequencing with a forward primer. DiDx REV (RC) is the
reverse complement of sequence obtained by standard dideoxy-chain termination sequencing of the noncoding strand with a reverse primer. Auto. Therm was
obtained by thermal cycling sequencing reactions followed by running the reactions in an automated sequencing unit. The area of compression that caused a
discrepancy is shaded. This compression was such that the three nucleotides
corresponding to the glycine were not observed.

FIG. 3. Comparison of sequences of nucleotides 544 through 573 of blaSHV-1.
Numbers above the nucleotide sequence indicate the amino acid according to the
designation of Ambler et al. (1). Reference Pro was obtained by sequencing the
SHV-1 protein (4). Reference Seq is the only published nucleotide sequence for
blaSHV-1 (11). The DiDx. FWD (days 1 to 4) sequences were obtained by
standard (dGTP mix) dideoxy-chain termination sequencing with a forward
primer on 4 separate days. DiDx REV (RC) is the reverse complement of
sequence obtained by standard dideoxy-chain termination sequencing of the
noncoding strand with a reverse primer. DiDx dITP was obtained by substituting
dITP for dGTP in the sequencing reaction mixture. 7-deaza dGTP was obtained
by substituting 7-deaza-dGTP for dGTP in the sequencing reaction mixture.
Auto. Therm was obtained by thermal cycling sequencing reactions followed by
running the reactions in an automated sequencing unit. The area of compression
which caused a discrepancy is shaded.

The correct sequence was also obtained by automated thermal
cycling.
Amino acid substitutions of Lys192Asn and Leu193Val have
been described by several investigators (11, 17, 18). In addition, these investigators reported the addition of a glycine
residue between amino acids 193 and 194. As shown in Fig. 3,
every time that sequencing was performed by dideoxy-chain
termination on the coding strand of DNA, the resultant amino
acid sequence was this exact combination of derived amino
acids (Lys192Asn, Leu193Val, and the addition of glycine between residues 193 and 194). However, if nucleotide sequencing was performed with the noncoding strand, by substituting
dITP or 7-deaza-dGTP for GTP, or by automated sequencing
methods, the derived amino acid sequence was identical to that
obtained by protein sequencing of SHV-1 (4). The latter sequence appears to be completely conserved for this region of
the protein among all of the other reported sequences for SHV
derivatives (Table 1).
This study indicates that errors in sequences for SHV-type
derivatives can easily arise due to a common difficulty in reading films generated by the dideoxy-chain termination method.
These errors have been shown to result in the deletion of an
amino acid residue at position 54, the addition of a residue
between amino acids 193 and 194, and substitutions at positions 192 and 193. Many of these compressions were particularly insidious, because to the eye they did not appear to be the
usual G-C-type compressions, in that it was not inherently
obvious that a compression had occurred. Only after sequencing the noncoding strand or by using an alternative deoxynucleotide triphosphate for dGTP in the sequencing reactions did
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FIG. 1. Sequencing gel of nucleotides 142 through 160 for blaSHV-1. The
autoradiograph shows the compressions that occur in this region following sequencing reactions performed by the dideoxy-chain termination method. The
photograph was taken with a Kodak DC120 digital camera and converted to an
electronic file by using PhotoEnhancer (Pictureworks).
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the discrepancy come to light. It must be noted, however, that
the sequencing of the noncoding strand and the use of the
alternative deoxynucleotide triphosphates dITP and 7-deazadGTP introduced compressions and tended to introduce ambiguity at other locations (data not shown). Therefore, it is
essential that one or more of the methods used to resolve the
sequence for the dideoxy-chain termination method be used in
conjunction with the original forward sequencing method.
In this study, the automated thermal cycling method consistently produced results that were in line with the consensus for
blaSHV gene sequences. The blaSHV genes are more G-C rich
(G⫹C content ⫽ 61%) than other class A ␤-lactamases (G⫹C
content ⫽ 49, 41, and 50% for blaTEM-1, blaPSE-1, and
blaOXA-1, respectively). The large amount of guanine and cytosine residues found in blaSHV-1 accounts for the increased
number of compressions that were observed in traditional sequencing methods. The automated system uses a thermal cycling reaction that melts the DNA molecule during the sequencing reaction, thereby reducing the number and/or the
severity of compressions that occur with more standard sequencing methods. This problem would not be unique to the
T7 DNA polymerase found in the Sequenase kit, but would be
common to all polymerases that work at low temperatures.
The results of this study show that the sequencing of genes
encoding SHV-type ␤-lactamases is not as straightforward as
the sequencing of other ␤-lactamase genes. It has been demonstrated that sequencing errors may be reported if only the
forward sequencing reaction of manual methods is performed.
Therefore, at the very least, it is essential to sequence both
strands of the blaSHV gene, although not all of the discrepancies were resolved by sequencing the noncoding strand.
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