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ABSTRACT

The deletion of amino acids is one of the evolutionary
mechanisms by which nature adapts the function of
proteins. A simple method has been developed that
mimics this event in vitro by introducing a deletion
of exactly three nucleotides at random positions in
a target gene. The method involved the engineering
of the mini-Mu transposon to introduce a recognition
sequence for the restriction enzyme MlyI. The new
transposon, MuDel, was capable of efficient insertion
into a target DNA sequence. To determine the efficacy
of the method, the bla gene that encodes the TEM-1
b-lactamase was used as the target and a small library
containing 22 different sequence variants was cre-
ated. Of these 22 variants, 8 were identified that con-
ferred resistance to ampicillin on Escherichia coli.
Each of the TEM-1 variants possessed a distinct
ampicillin minimum inhibitory concentration, ranging
from 500 to>10 000mg/ml. Sequence analysis revealed
that active TEM-1 variants contained deletions not
just in loops but also helices, and included regions
known to be involved in catalysis, antibiotic resist-
ance and inhibitor binding. This new technology is
transferable to most genes, permitting an extensive
analysis of deletion mutations on protein function.

INTRODUCTION

Nature has evolved an impressive myriad of proteins to
perform the functions for the fitness of an organism. Apart
from point mutations, nucleotide insertion and deletion is util-
ized by nature during the evolutionary process (1). Selection
pressure means that deletion or insertion of three nucleotides
or multiples thereof are favoured as they maintain the reading
frame of the gene (2). During the process of divergent evolu-
tion, many insertion–deletion (indel) mutation events result in

the addition or removal of just a single amino acid, mainly in
coils and loops that link secondary structures (2–4). Many of
these length variations have profound effects on the properties
of the protein especially folding, ligand or substrate binding,
protein–protein interactions and temperature-dependent activ-
ity and stability. For example, the sequence variation of the
immunoglobulin variable domains is enhanced by amino acid
deletions and insertions (5), and various indel events are
observed between the structurally homologous subtilisin ser-
ine proteases including in regions known to be important for
substrate and calcium binding (6).

The deletion of a single codon is one of the most common
forms of indel mutation observed in nature and illustrates its
importance to the process of evolution (2). Mimicking such an
event in vitro would help understand the influence of deletion
mutations on protein structure and function, and enhance our
ability to improve the properties of proteins for a particular
application. Currently, the most common method of introdu-
cing deletion mutations is by rational design, which relies on
structural information to determine the residues to be deleted
and requires separate oligonucleotides for each mutation. The
introduction of random mutations throughout a target gene
is a powerful method for altering the properties of a protein
[see (7,8) for reviews]. Most of the current technologies have
focused on the introduction of point mutations leading to an
amino acid substitution [(9–11) and references therein]. Some
methods have been used to introduce amino acids insertions,
e.g. pentapeptide scanning mutagenesis (12) and random
insertion and deletion (RID) (13). The RID method has the
potential to introduce single amino acid deletions but has
currently been applied only to introduce amino acid substitu-
tions or insertions. Furthermore, the procedure is complicated
and prone to the introduction of unwanted secondary
mutations (13).

A new method is described here that introduces triplet
nucleotide deletions at random positions throughout a target
gene. To demonstrate the method, triplet nucleotide deletions
have been introduced at random into the gene encoding the
TEM-1 b-lactamase. TEM-1 is a clinically important protein
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as it is one of the main causes of bacterial resistance to
b-lactam antibiotics. Many natural variants of TEM-1 exist
that have evolved to confer resistance to new, extended-
spectrum (ES) b-lactam antibiotics (see www.lahey.org/
Studies/temtable.asp and references therein). Although no
naturally occurring deletion variants of TEM-1 have been
discovered, amino acid deletions have been observed in vari-
ants of homologous b-lactamases, such as SHV-1 (14) and
Staphylococcus aureus PC1 (15). TEM-1 has also been the
focus of many protein engineering studies (16), including the
random substitution of every amino acid (17), directed evolu-
tion (18,19) and pentapeptide scanning mutagenesis (20).
Therefore, to complement the existing knowledge concerning
amino acid substitutions and insertions, the effect of an amino
acid deletion on TEM-1 structure and function was assessed.

The method exploits the properties of the mini-Mu trans-
poson, a DNA element that can be accurately and efficiently
inserted into a target DNA sequence in vitro using the MuA
transposase (21). The reaction has a very low target site pref-
erence allowing transposon insertion to occur essentially at
any point in a given gene. The mini-Mu transposon was modi-
fied close to both its termini to incorporate the recognition
sequences for the type IIS restriction enzyme MlyI. Cleavage
with the restriction enzyme and religation resulted in the
removal of 3 bp at random positions within the bla gene.
Each sequenced variant contained a single amino acid dele-
tion, and the position of the mutation was shown to have a
profound effect on TEM-1 activity.

MATERIALS AND METHODS

Materials

The original camr-containing Mu transposon, MuA trans-
posase and pEntranceposon (Camr) plasmid were supplied
by Finnzymes Oy. All restriction endonucleases were pur-
chased from NE Biolabs (UK) Ltd. The Extensor Hi-
Fidelity PCR enzyme mix and T4 DNA ligase were purchased
from Abgene UK. Taq DNA polymerase was supplied by
Promega Ltd. Oligonucleotides were synthesised by Operon
Biotechnologies Inc. Chloramphenicol (Cam) and ampicillin
(Amp) were supplied by Melford Laboratories Ltd. The isola-
tion of plasmid DNA from cell cultures was performed using
the Wizard1 Plus SV kit from Promega Ltd. DNA was isol-
ated from agarose gel or PCR reactions using the Qiaquick Gel
extraction or PCR purifications kits, respectively, supplied by
Qiagen Ltd.

Construction of MuDel transposon

The MuDel transposon was constructed by PCR with the
Extensor Hi-Fidelity PCR enzyme mix using the oligonuc-
leotide DDJdi005 (50-GCTTAGATCTGActCGGCGCACGA-
AAAACGCGAAAG-30; lower case letters signify nucleotides
undergoing mutagenesis) as both the forward and reverse pri-
mer with 0.1 ng of the original camr-containing Mu transposon
acting as template. The 1322 bp product was purified and
digested with BglII. The digested transposon was isolated
and purified after agarose gel electrophoresis and recloned
into BglII-digested pEntranceposon (Camr) using T4 DNA
ligase. The MuDel transposon was released from the

plasmid by digestion with BglII and purified after agarose
gel electrophoresis.

Transposition with MuDel

The efficiency of the transposition reaction with MuDel was
tested using pUC18 plasmid and the libraries constructed using
pNOM (see Supplementary Material for details concerning the
construction of pNOM). Target plasmid DNA (100 ng of either
pUC18 or pNOM) and either mini-Mu (20 ng) or MuDel (20 ng
or 100 ng) were added to reaction buffer [25 mM Tris-HCl,
pH 8.0, 10 mM MgCl2, 110 mM NaCl, 0.05% Triton and 10%
(v/v) glycerol] containing 0.22 mg of MuA transposase in a
final volume of 20 ml. The reactions were left at 30�C for 3 h
followed by heat inactivation at 75�C for 10 min. Either 1 or
2 ml of the reaction mixture was used to transform Escherichia
coli DH5a cells by electroporation (cell competency 3 · 107

colonies formed/mg pUC18 plasmid) and the cells were plated
on LB agar containing 20 mg/ml Cam to select for cells
containing the camr gene and hence the mini-Mu or MuDel
transposon.

Creation of deletion libraries and selection for
active bla gene products

Transposition was performed as described above using the
MuDel transposon and pNOM as the target DNA. After
transformation of E.coli DH5a with the transposition reaction,
48 colonies that grew on 20 mg/ml Cam were selected. These
colonies were replated on separate LB agar plates containing
either 100 mg/ml Amp or 20 mg/ml Cam. Of the 48 colonies,
22 grew only on the Cam plate and were deemed to have a dis-
rupted bla gene due to transposon insertion in this region and
therefore chosen as the members of the BLADEL library. To
confirm the presence of the MuDel transposon, PCR was per-
formed with Taq DNA polymerase on each of the 22 colonies
using primers DDJdi010 (50-TCCGCTCATGAGACAATA-
ACCCTG-30) and DDJdi011 (50-CTACGGGGTCTGAC-
GCTCAGTG-30) that flank the bla gene. The PCR products
were isolated and restriction analysis was performed with MlyI
to confirm the diversity of transposon insertion positions. The
MuDel-inserted pNOM plasmids were isolated from each of
the 22 colonies and equal amounts of each plasmid were
pooled and subjected to restriction digestion with MlyI fol-
lowed by agarose gel electrophoresis. The band corresponding
to the linear pNOM minus MuDel was isolated and purified.
Intramolecular ligation was performed using T4 DNA ligase
and �10 ng of linear pNOM. The reaction was left at 25�C for
10 min followed by 10 h at 16�C. E.coli DH5a cells were
transformed by electroporation with 1 ml of the reaction mix-
ture and the cells were plated on LB agar plates containing
15 mg/ml Amp. The plates were left overnight at 37�C and
94 BLADEL library and 2 pNOM-containing colonies were
selected and transferred to 96 deep-well culture plates con-
taining 200 ml of Luria–Bertani (LB) and 15 mg/ml Amp. The
cells were grown for 16 h at 37�C with vigorous shaking.
Sterile glycerol was added to 10% (v/v) for storage at �80�C.

The TEM-1 b-lactamase activity of each colony was meas-
ured in vivo by determining the minimum inhibitory concen-
tration (MIC) of Amp that prevents E.coli growth. Each colony
was transferred to LB agar in Nunc Omnitray plates containing
50, 100, 500, 2500, 5000, 7500 or 10 000 mg/ml Amp using
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a 96 pin replicator fork (Boekel Scientific) and left at 37�C for
16 h. Several clones that exhibited MIC at each Amp concen-
tration were subjected to PCR with Taq DNA polymerase
using primers DDJdi010 and DDJdi011. The PCR products
were sequenced to confirm the position of the amino acid
deletion.

RESULTS

Design and construction of the MuDel transposon
and pNOM

The codon deletion mutagenesis procedure is outlined in
Figure 1 and uses a modified version of the mini-Mu trans-
poson. This transposon was chosen as it has an accurate and
efficient in vitro transposition reaction with a very low target
site preference (21).

The ability to delete nucleotide triplets depends on the
transposon insertion mechanism, the position of the two intro-
duced restriction sites and the cutting characteristics of the
restriction endonuclease, as outlined in Figure 2. The mini-Mu
transposon was engineered to act as a vehicle for the insertion
of specific restriction sites into the target gene (Figure 2a). The
restriction endonuclease chosen was MlyI (GAGTC(N5)#), a
type IIS enzyme that cuts 5 bp outside its recognition sequence
to generate a blunt end. The MlyI recognition site was placed
1 bp away from the site of transposon insertion, creating MuDel
(Figure 2a). The two required point mutations both lie outside
the R1 region that is involved in MuA binding (22), thereby
minimizing disruption to the protein–DNA interactions that
can potentially affect the efficiency of the transposition reac-
tion. The positioning of the MlyI recognition sequences within
MuDel should also take into account the transposition mech-
anism. Transposition of MuDel occurs via a 5 bp staggered
cut in the target DNA (23,24) that results in the duplication
of these 5 bp (Figure 2b). Digestion of the DNA with MlyI
removes the transposon together with four additional base
pairs at both termini from the target gene. Intramolecular
ligation of the two blunt ends results in the in-frame deletion
of three nucleotide base pairs from the target gene (Figure 2b).

The MuDel transposon, containing the camr gene that
confers resistance to Cam, was constructed as described in
Materials and Methods. To test if the introduced mutations
disrupted transposition efficiency, pUC18 was used as the
target DNA substrate. Transposition of the wild-type mini-
Mu (20 ng) transposon into pUC18 as the target DNA resulted
in the growth of �180 E.coli DH5a colonies on 20 mg/ml Cam
plates after transformation with 1/10th (2 ml) of the transposi-
tion reaction mixture. This translates into a minimum of 1800
transposon insertions into pUC18 per reaction. Replacing

Figure 1. Outline of the triplet nucleotide deletion mutagenesis method. The
procedure consists of four main steps. Step 1: The MuDel transposon is inser-
ted into the target plasmid. Step 2: Cells containing a plasmid-integrated MuDel
contain the camr gene and so can grow in the presence of Cam. The cells are
thenduplicateplatedandgrowninthepresenceofAmp.Thosecellsgrowingonly
on Cam contain a disrupted bla gene due to MuDel insertion and are therefore
selected. The plasmids are isolated and pooled, and the transposon is removed
by MlyI digestion. Step 3: Intramolecular ligation results in the reformation of
the bla gene, minus 3 bp. Step 4: The resulting library is grown on LB agar
containing various concentrations of Amp to determine the in vivo activity. Red
blocks represent the transposon, black blocks the bla gene, green blocks the
deletion point and the thick dashed lines the rest of the plasmid backbone.

Figure 2. (A) Sequence of the engineered MuDel transposon. The letters
in italics are those mutagenized compared with the wild-type mini-Mu.
(B) Mechanism for the introduction of 3 bp deletion. Transposon insertion
results in a 5 bp duplication after gap repair in E.coli (the 4 bp overhang from
the transposon is removed). The cleavage site of MlyI is 5 bp away from the
recognition sequence, resulting in the removal of 4 bp of the target gene at both
ends. Ligation of the two termini rejoins the gene but minus 3 bp.
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the mini-Mu transposon with either 20 or 100 ng of MuDel
resulted in the growth of �200 and 860 colonies, respectively.
This translates into a minimum of 2000 and 8600 transposon
insertions per reaction, respectively. Therefore, MuDel still
acts as an efficient substrate for the transposition reaction to
enable the potential sampling of the whole of the plasmid. It
must be noted that the number of E.coli DH5a cells recovered,
containing transposon-inserted pUC18, will benefit greatly
from using electrocompetent cells with higher transformation
efficiencies than that used here.

For the amino acid deletion method to work, the target DNA
or plasmid containing the target gene cannot contain any MlyI
restriction sites. The recognition sequence of MlyI is only 5 bp
in length, so many plasmids have at least one if not more MlyI
restriction sites. For example, pUC18 has four MlyI restriction
sites, including one in the bla gene encoding TEM-1 b-
lactamase, one in the origin of replication (ori) and another
in the multiple cloning site (MCS). Therefore, an appropriate
plasmid was constructed that contained no MlyI sites and a
useful MCS, making it a suitable subcloning vector for general
use outside of the present context. The new vector, pNOM,
was constructed as described in the Supplementary Material.
The majority of the plasmid was donated by pUC18, including
the ori regions and the bla gene. The MlyI site present in the
bla gene was removed by the introduction of a silent mutation
so as not to disrupt the primary structure of the TEM-1 b-
lactamase. Removal of the MlyI site from the ori region was
achieved by creating a library in which two of the nucleotides
that form the MlyI recognition sequences were randomized, as
it was unknown how rational mutations may affect plasmid
replication. The new MCS site contains many common restric-
tion sites and the pelB leader sequence for the attachment of a
signal sequence.

Plasmids that conferred Amp (100 mg/ml) resistance upon
E.coli DH5a were selected and purified. Upon restriction
endonuclease digestion analysis, it was observed that none of
the plasmids was cut with MlyI (data not shown), so proving that
pNOM no longer contained recognition sequences for MlyI.

Creation and selection of deletion variants of TEM-1

The general outline of the method is shown in Figure 1. The
bla gene that encodes TEM-1 b-lactamase was chosen as
the target as it is a clinically important enzyme responsible
for resistance to some b-lactam antibiotics. It also provides an
easy selection method, as active TEM-1 variants will confer
resistance to ampicillin on E.coli, thereby permitting cell
growth. The new vector, pNOM, was used as the source of
the bla gene and therefore acts as the target DNA for MuDel
insertion (step 1, Figure 1). The position of MuDel insertion
into pNOM should be distributed evenly throughout the
plasmid; therefore, a strategy is required that will select cells
containing MuDel inserted into the bla gene region (step 2,
Figure 1). The successful insertion of MuDel into pNOM will
confer resistance to Cam on E.coli. After transformation of
E.coli DH5a and plating on LB agar containing 20 mg/ml
Cam, 48 colonies were selected at random and replated on
LB agar containing either 20 mg/ml Cam or 100 mg/ml Amp.
Those colonies that have MuDel inserted within the bla gene
region will disrupt TEM-1 expression and thus affect the cells
ability to grow in the presence of Amp. Of the 48 colonies,

22 failed to grow on Amp. Screening of the 22 colonies by
PCR using primers that flank the bla gene confirmed that
the MuDel transposon was present within this region (data
not shown). The bla gene constitutes 861 bp of the 2115 bp
pNOM (�41%); therefore, 22 of 48 colonies were close to the
expected value if the MuDel insertion is random. It must
be noted that insertions in the ori region may be detrimental
to plasmid replication, which will affect the cells’ resistance
to Cam, and that MuDel insertions into the bla gene may not
always result in the loss of TEM-1 activity. The 22 clones
containing MuDel within the bla gene region were selected
to constitute the BLADEL library.

To determine the potential diversity of the BLADEL library,
the PCR products generated above were subject to restriction
analysis with MlyI. Digestion with MlyI will result in the
removal of the MuDel transposon and 8 bp of the bla gene
(1310 bp), generating two fragments of varying length,
depending on the MuDel insertion point (Figure 3a). The
restriction analysis revealed that the insertion of MuDel
occurred randomly and only one transposon was inserted in
this region (Figure 3b). Length analysis of the two smaller
fragments confirmed that their cumulative size was approx-
imately equal to that of the PCR product minus MuDel.

Equal concentrations of each of the 22 MuDel-inserted
pNOM plasmids were pooled and digested with MlyI (steps 2b
and 2c, Figure 1). The linear pNOM DNA minus MuDel
was isolated and intramolecular ligation reunited the two
ends of the same pNOM to reform the bla gene minus 3 bp
(step 3, Figure 1). The ligation mixture was used to transform
E.coli DH5a cells that were then grown on LB agar containing
15 mg/ml Amp. Selection with such a low Amp concentration
ensured that cells with low TEM-1 activity would survive.
Even at such low concentrations of Amp, inactive TEM-1

Figure 3. Restriction analysis of the BLADEL library with MlyI to determine
the randomness of transposon insertion. (A) Illustration of the restriction ana-
lysis procedure. The transposon region is coloured grey, the bla region is black
and the regions that flank the bla gene are white. The vertical lines represent the
MlyI recognition sites. (B) Restriction analysis of 15 of the 22 BLADEL library
members. Lanes 1–8 and 10–16 represent different members of the BLADEL

library and lane 9 is the f174 DNA-HaeIII molecular weight ladder (from top to
bottom 1353, 1078, 872, 603, 310, 281/271, 234, 194 and 118 bp, respectively).
The band labelled with an asterisk corresponds to the transposon.
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deletion variants will no longer be able to support E.coli growth
and will thus be removed from the library at this stage. More
than 1000 colonies were observed per transformation. A con-
trol ligation was performed in the absence of T4 DNA ligase
and only 10 colonies were observed indicating that false pos-
itives are restricted to <1% of cells on the experimental plate.

Ninety four BLADEL colonies together with 2 pNOM
wild-type colonies were picked at random and grown in 96
well culture plates containing 15 mg/ml Amp. The in vivo activ-
ity of each variant was estimated by determining the MIC of
Amp required to prevent cell growth (step 4, Figure 1). Each
colony was plated on LB agar containing 50, 100, 500, 2500,
5000, 7500 or 10 000 mg/ml Amp and left for 16 h at 37�C and
colonies capable of growing at each Amp concentration were
noted. The MIC of each original colony for Amp is shown in
Supplementary Figure S1. All the cells grew at both 50 and
100 mg/ml Amp. Fourteen had an Amp MIC of 500 mg/ml.
No variants had an Amp MIC of 2500 mg/ml and 36 had an
Amp MIC of 5000 mg/ml. No variants had an Amp MIC of
7500 mg/ml and the growth of 14 variants was inhibited at
10 000 mg/ml Amp. The remaining 32 colonies were still viable
at 10 000 mg/ml Amp, including the two wild-type pNOM
controls. Such a spread of MIC values indicates that various
3 bp deletion mutations have been incorporated into the bla gene
and have had a profound effect on the in vivo activity of TEM-1.

Sequence analysis of selected TEM-1 variants

The point of insertion of MuDel with respect to a single codon
will determine the nature of the deletion. The three possibil-
ities are shown in Supplementary Table S1. One-third of all
insertions will create a true deletion of a codon. In the other
two-thirds, the 3 bp removed will overlap two codons and may
result in a secondary point mutation. The nature of the
secondary mutation will vary depending on the surrounding
DNA sequence. Owing to the degeneracy of the genetic code,
some of the point mutations will be silent while others will
result in amino acid substitutions. This in fact mirrors the
natural process by which amino acid deletions are introduced
into a gene (2).

Several bla genes were isolated from clones exhibiting
specific Amp MICs and sequenced to confirm the position
of the amino acid deletion and if any secondary mutations

have occurred. Table 1 shows all the different sequences isol-
ated from active TEM-1 variants of the BLADEL library. Of the
22 different codon deletion variations present in the BLADEL

library, only 8 were identified from the 30 sequenced clones
that could be tolerated by TEM-1. Two of the eight (R83D and
R275D; D denotes the residue deleted) were true codon dele-
tions. Three of the sequences (T114D, G196D and A217D) did
not generate true codon deletions at the genetic level, but
owing to the degeneracy of the genetic code, no amino acid
substitutions resulted. Three of the sequences (P62D-E63Q,
T114D-D115N and E177D-R178D) contained a substitution
mutation as well as a codon deletion. The MuDel insertion
point with respect to a single codon is evenly distributed
(2:3:3) as expected (Table 1). No other mutations were
observed for any of the sequenced variants and no wild-
type TEM-1 was detected.

The sequences were spread across the whole length of
the primary structure of TEM-1 with varying effects on the
in vivo activity. Two mutations, T114D and T114D-D115N,
were only separated by a transposon insertion position of
2 bp (Table 1). It is unknown whether this region is more
favourable to transposon insertion.

There was a good correlation between the location of the
mutation and the Amp MIC (Table 1). The P62D-E63Q, R83D
and E177D-R178D TEM-1 sequence variants all imposed
an Amp MIC of 500 mg/ml on E.coli DH5a. Colonies con-
taining the T114D and T114D-D115N mutations exhibited an
Amp MIC at 5000 mg/ml. Those containing the R275D muta-
tion had a relatively high MIC for Amp (5000 mg/ml) even
though the deletion takes place within a helix. Growth of
colonies containing the A217D TEM-1 mutant were inhibited
at 10 000 mg/ml, whereas those containing the G196D muta-
tion were still capable of growth at 10 000 mg/ml Amp.

DISCUSSION

Modified transposons as a method for generating
triplet nucleotide deletions

The introduction of amino acid insertions and deletions is
known to be an important contributor to protein evolution
(4,25), with removal of a single codon being the most common

Table 1. The relationship between transposon insertion site, deletion mutation produced and Amp MIC

Wild-type sequencea Deletion sequenceb Mutationc Amp MIC (mg/ml) Frequencyd Secondary structure

CGCCCCGAAGAA CGCC���AAGAA P62D-E63Q 500 3 Loop S2-SB1
TTATCCCGTATT TTATCC���ATT R83D 500 2 H2
CATCTTACGGAT CATCT���GGAT T114D 5000 3 Loop H3-SC4
CATCTTACGGAT CATCTTA���AT T114D-D115N 5000 4 Loop H3-SC4
GACGAGCGTGAC GACGA���TGAC E177D-R178D 500 1 V loop
TTAACTGGCGAA TTAAC���CGAA G196D >10 000 7 Loop H8-H9
GTTGCAGGACCA GTTG���GACCA A217D 10 000 5 Loop H9-H10
GATGAACGAAAT GATGAA���AAT R275D 5000 5 H11
– – None

e >10 000 2 –

No variant exhibited a MIC of 50, 100, 2500 or 7500 mg/ml.
aThe five base pairs duplicated owing to transposon insertion are shown in underline.
bThe new codons generated after deletion are underlined.
cThe residues are numbered using the recommended numbering systems (30). A D after an amino acid residue number signifies that the residue has been deleted.
dThe frequency refers to the number of sequenced bla genes with that mutation at that particular Amp MIC value.
eRefers to the two controls known to contain wild-type TEM-1 resident on the pNOM plasmid.
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of such mutations (2,4). This has been successfully mimicked
in vitro with a new technique using the mechanism of trans-
poson insertion and restriction digestion with a type IIS endo-
nuclease to generate 3 bp deletions at random positions in a
target DNA sequence. The potential of the method has been
demonstrated by using the MuDel transposon in conjunction
with the newly constructed vector, pNOM, to successfully
create a small library of TEM-1 b-lactamase variants contain-
ing a single amino acid deletion. From this small test library, at
least eight different deletion mutations were identified that are
tolerated by TEM-1, with the in vivo activity of each variant
towards Amp dependent on the mutation present (Table 1).

One issue with this method is the potential for ‘hot spots’
within the target DNA for transposon insertion. The 5 bp target
(duplication) site for Mu insertion has a reported consensus
sequence of NPyG/CPuN (21). Of the eight identified deletion
mutations, only four contained the 5 bp target site that strictly
adhered to this already ambiguous consensus sequence
(Table 1). Therefore, present data suggest that the transposon
insertion is essentially random allowing deletion mutations to
be distributed across the whole of the bla gene.

Another issue is the insertion of the transposon outside of
the target gene. Of the 48 selected colonies containing MuDel
within pNOM, a secondary screen based on the disruption of
TEM-1 activity revealed that 22 contained the transposon in
the bla gene. Using the bla gene separated from pNOM can
alleviate this problem. It has been demonstrated previously
that linear DNA acts as an efficient target for transposon
insertion (21). Recloning the bla or any other gene back
into pNOM after transposition will result in theoretically
100% of Cam tolerant cells containing the transposon in the
target gene and remove the requirement for the secondary
selection strategy based on the disruption of the target gene
within the plasmid. This is particularly important when
applying the method to a system in which there is no simple
selection or screen available for the gene of interest.

The library appeared to be biased towards colonies with
Amp MIC of >10 000 mg/ml, with all the colonies sequenced

in this class having the G196D mutation in TEM-1. This
suggests that 30 out of the 94 colonies contain this TEM-1
variant (Supplementary Figure S1). The MlyI restriction ana-
lysis of each member of the BLADEL library gave only one
band pattern (50 end 636 bp and 30 end 431 bp) that could
correspond to the G196D mutation (lane 12 in Figure 1).
The subsequent sequencing of this particular PCR product
revealed that it would produce the G196D mutation (data
not shown). The most likely reason is a bias in the colony
selection (step 4, Figure 1). The first 10 colonies selected from
LB agar plates containing 15 mg/ml Amp (A3–A12 in
Supplementary Figure S1) were among the largest, which
may be owing to a highly active TEM-1 variant. This is further
substantiated by the fact that three of the sequenced colonies in
this row, A3, A4 and A7, contained the G196D mutation.

A similar reason can be used to explain the low frequency of
colonies with the lowest Amp MIC (500 mg/ml), as they
constitute only 14 of the 94 colonies screened and yet three
different mutations are present in this class. The original col-
onies from this class were small, even when grown in a
medium containing 15 mg/ml Amp. Many of the colonies
may not have been visible by eye after just 16 h at 37�C
and therefore may have been overlooked in the original selec-
tion of the 94 colonies.

Effect of deletion mutations on TEM-1 structure and
function

The deletion of a single amino acid has had a major effect
on the in vivo activity of TEM-1. Of the 22 different codon
deletion variations present in the BLADEL library, only 8 were
identified from the 30 sequenced clones that could be tolerated
by TEM-1. Furthermore, the nature of the deletion mutation
had a profound effect on the in vivo activity of TEM-1, as Amp
MIC values varied depending on the mutation. The position of
the mutations with respect to the tertiary structure of TEM-1 is
illustrated in Figure 4 and their position within the secondary
structure is shown in Table 1. The most likely place an amino

Figure 4. Position of the mutations on the tertiary structure of TEM-1 [PDB code 1BTL (26)]. The mutation sites are shown as red balls. Regions important for
catalysis are coloured blue and S70 is shown as a space-fill and labelled with an asterisk. The V loop is coloured orange. The images differ by a rotation of �180�

around the y axis. The residues are numbered using the recommended numbering systems (30).
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acid deletion is thought to be tolerated is in loops and this is
generally the case in nature (4). This is substantiated by the
fact that six of the eight deletion mutations were within loops
(Table 1). Two of these six deletion mutations (E177D-R178D
and P62D-E63Q) are in loops known to be important for
TEM-1 structure and function (16,17,20,26,27), and another
(A217D) removes a buried residue not thought to be tolerant
to substitution (17). One of these loop mutations, G196D,
appears to have little effect on the in vivo activity towards
Amp as the MIC value is similar to that observed for the wild
type (Table 1).

Amino acid deletions within helices and strands would
normally be considered detrimental as they can potentially
change the phase (or register) of these structures. However,
two of the deletion mutations, R83D and R275D, occur
within helical regions indicating that such mutations need
not be restricted to loops. Moreover, the amino acid deletions
occur in helices known to be important to catalysis and sub-
strate binding (26). Whereas the R83D has a major effect on
TEM-1 activity (Amp MIC value of 500 mg/ml), the protein
can tolerate the deletion of R275 while retaining significant
activity (Amp MIC value of 5000 mg/ml).

Two of the mutations, T114D and T114D-D115N, lie very
close to each other owing to the MuDel transposon insertion
point being separated by 2 bp (Table 1). The adjacent sub-
stitution mutation appears to have no effect on activity, as
TEM-1 variants containing the deletion mutation alone or
in combination with D115N both exhibit the same Amp
MIC value of 5000 mg/ml.

The creation of a small library of deletion variants has
illustrated that such mutations can have a profound effect on
the activity of TEM-1 towards Amp. Although it has been
shown here that amino acid deletion has a largely detrimental
effect on TEM-1 activity, under different selection regimes
(e.g. in the presence of an ES b-lactam or b-lactamase inhib-
itor) different characteristics may be observed that introduce
beneficial properties. For example, mutation to R275 is known
to play a role in the resistance to b-lactamase inhibitors such as
clavulanic acid (28,29). Furthermore, the deletion of an amino
acid may reveal point mutations not tolerated in the wild-type
TEM-1 that affect the properties of the enzyme.

Summary

The transposon-based triplet nucleotide deletion method is
a simple and rapid method for creating libraries of protein
variants with single amino acids removed at random positions.
Amino acid deletion mutagenesis will complement existing
mutagenesis strategies for probing protein structure and func-
tion, and will aid in the optimization of proteins for biotech-
nological applications. Although triplet nucleotide removal
has been demonstrated here, the method has other applications
as the insertion of the transposon and subsequent digestion
with MlyI introduces random, single breaks within a given
target gene. The intramolecular ligation procedure can be
replaced by the insertion of new DNA-encoding peptide
sequences such as new codons (e.g. as in alanine scanning
mutagenesis or for the introduction of unnatural amino acids)
and random codons for directed evolution, epitopes or whole
protein domains. These applications are currently being
explored.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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