
β�Lactam antibiotics such as penicillins and

cephalosporins constitute a major class of therapeutic

agents that are currently employed in the treatment of

infectious diseases. But abuse usage of β�lactam antibi�

otics in therapy has led to the emergence of resistant

strains including methicillin�resistant Staphylococcus

aureus. The most important mechanism of β�lactam

resistance is mediated by β�lactamase. Strategies to over�

come the resistant strain bearing β�lactamase have been

and still continue to be developed. These include devel�

opment of β�lactam antibiotic analogs resistant to β�lac�

tamase, such as carbapenems [1] and monobactams [2],

and production of β�lactamase inhibitors, which could be

used together with the β�lactam antibiotics in clinic, such

as clavulanic acid [3], sulbactam [4], and tazobactam [5].

Efforts have been made toward the development of potent

inhibitors of β�lactamase to extend the lifecycle and spec�

trum of β�lactam antibiotics.

β�Lactamase inhibitory protein (BLIP) [6], which

inhibits the β�lactam degradation activity of class A β�

lactamase, is a 165�amino�acid protein produced by the

Gram�positive bacterium Streptomyces clavuligerus. BLIP

consists of two tandemly linked 76�amino�acid domains.

BLIP–β�lactamase complex has become a protein–pro�

tein interaction model system with increasingly more

detailed information on structure–activity relationships.

Recent advances in structural biology have revealed that

residues 46�51 (AAGDYY) of BLIP are crucial for the

interaction between BLIP and TEM�1 β�lactamase [7], a

major type of class A β�lactamase.

We previously reported a 24�amino�acid peptide P1

that contains the core sequence of BLIP (46�51 residues)

that has TEM�1 β�lactamase inhibitory activity [8].

There are also reports on alanine�scanning mutagenesis

of residues on the BLIP binding surface revealing that

there are two hotspots of binding energy [9], and one

mutation (Y50A) actually increases binding affinity for

TEM�1 β�lactamase by 50�fold [10].

On the basis of this information, amino acid replace�

ments in P1 by point mutations and the inhibitory poten�

cy of different mutants against TEM�1 and SHV β�lacta�
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mases, another major type of class A β�lactamases, are

reported in this paper.

MATERIALS AND METHODS

Strains and plasmids. Escherichia coli DH5α is used

for gene cloning and SHV β�lactamase expression.

Escherichia coli BL21(DE3) is used for expression of dif�

ferent P1 mutants. Klebsiella pneumoniae K�71 is a β�lac�

tam antibiotics resistant strain, and it is used for SHV β�

lactamase gene isolation and β�lactamase inhibitory

activity test of different mutants. Plasmids used in this

study are: pET�32a(+) for construction of plasmids for

expression of different mutants of P1; pLY�5 with PRPL

promoter, for construction of a plasmid for expression of

SHV β�lactamase; pUC18 for construction of a plasmid

to determine the in vivo activity of SHV β�lactamase.

Gene cloning and plasmid construction. To obtain dif�

ferent mutants of the P1 gene, several oligonucleotides

were designed and synthesized by Invitrogen (China).

Attached restriction sites are underlined: oligo 1, 5′�
TTTACCATTCACTGTTCTGTTACCGCAGCTGGC�

3′; οligo 2A, 5′�ACCGTGGTAGCAGTAAGCATCG�

CCAGCTGCGGTAACA�3′; οligo 2G, 5′�ACCGTG�

GTAGCAGTAACCATCGCCAGCTGCGGTAACA�3′;
οligo 2C, 5′�ACCGTGGTAGCAGTAACAATCGCCA�

GCTGCGGTAACA�3′; οligo 2R, 5′�ACCGTGGTA�

GCAGTATCGATCGCCAGCTGCGGTAACA�3 ′ ;
οligo 3, 5′�GTAGAATTCATGTTCCGCTTTACCATT�

CACTGTTCT�3′; οligo 4, 5′�ATAGTCGACTAGAAG�

GAAGTACCGTTCGCACCGTGGTAGCAGTA�3′.
The P1�A mutant gene was obtained by mixing oligo

1, 2A, 3, and 4 followed by PCR amplification. The

resulting gene encodes 24�amino�acid peptide P1�A in

which the residues 1, 15, and 18 of P1 (S, Y, and V) have

been mutated to F, A, and Y, respectively. This PCR prod�

uct was digested with EcoRI and SalI and inserted into

pET�32a(+) to obtain the P1�A expression plasmid

pYG565. Following the same protocol, pYG566,

pYG567, and pYG568 for P1�G, P1�C, and P1�R expres�

sion were constructed by using appropriate oligo 2 in

PCR, respectively.

The SHV β�lactamase gene (shv) was amplified using

K. pneumoniae K�71 genomic DNA isolated following the

protocol described elsewhere [11] as template. Two

degenerated primers were designed according to the pub�

lished sequences of SHV β�lactamase in GenBank

(AY790341, AY677211, DQ174306, AF677211,

EF373969, EF035565, DQ013287). The sequences of

two primers were as follows: primer 1, 5′�ATA�

GA AT TC ATG C G T TAT D T TC N C C TG TG TAT �

TATCTCCCYGTTA�3′; primer 2, 5′�TTAGGATCCT�

TAGCGTTGCCAGTGCYCGATCAGCGCGC�3′. The

PCR product (~800 bp) was digested with EcoRI and

BamHI and inserted into pLY�5 to obtain the SHV β�lac�

tamase expression plasmid pYG561 in which shv was

transcribed under the control of PRPL, a temperature�

induced promoter.

To determine the in vivo activity of this recombinant

SHV β�lactamase, plasmid pYG562 was constructed

based on pUC18 in which the bla gene (contribute to

ampicillin resistance) was substituted with the shv gene.

To obtain pYG562, four primers were designed to ampli�

fy shv and pUC18 backbone without bla that both have

the compatible cohesive ends. The sequences of these

four primers were as follows: P1S/SHV, 5′�CTAACTAG�

T ATG C AC C ATC ATC ATC ATC ATC G T TAT � 3 ′ ;

P2B/SHV, 5′�TTAGGATCCTTAGCGTTGCCAGTG�

CYCGATCAGCGCGC�3′; P1B/pUC, 5′�GGAA�

GATCTTAACTGTCAGACCAAGTTTACTCAT�3′;
P2S/pUC, 5′�GCACTAGTACTCTTCCTTTTTCAA�

TATTATTGAAGC�3′. The PCR product of shv was

digested with SpeI and BamHI and ligated with the

pUC18 PCR product digested with SpeI and BglII to

obtain pYG562.

Recombinant protein expression and purification.
pYG565, pYG566, pYG567, and pYG568 together with

the original P1 expression plasmid pET132 (P1 gene

cloned into pET�32a(+), same structure with pYG56x)

were transformed into E. coli BL21(DE3). Escherichia

coli culture (250 ml) was grown to log phase (A600 ~ 0.5)

and induced by 1 mM isopropyl�β�D�thiogalactopyra�

noside (IPTG) for 4 h at 37°C. Cells were pelleted by cen�

trifugation and disrupted by ultrasonication. The lysate

was loaded onto a Ni�NTA affinity column (Qiagen,

USA) and purified following the manufacture’s manual.

The eluted protein was then dialyzed overnight against

150 mM NaCl, 20 mM Tris�HCl, pH 6.5, containing

10% glycerol. After dialysis, the fusion protein was digest�

ed with recombinant enterokinase (Zhiyuan Biochemical

Co., China) and separated by ultrafiltration (Millipore,

USA). All procedures were conducted at 4°C.

Expression and purification of TEM�1 and SHV β�

lactamase followed the protocol we described previously

[8].

In vitro inhibition assay. The in vitro degradation

activity of SHV β�lactamase on β�lactam antibiotics and

the inhibitory activity of inhibitory peptide P1 were

assayed as described previously [12].

Determination of the minimal inhibitory concentra�
tion (MIC) of ampicillin against bacteria. Bacteria were

allowed to grow to log phase (A600 ~ 0.5) and inoculated

into fresh Luria–Bertani (LB) broth containing various

concentration of ampicillin ranging from 10 to

140 µg/ml. MIC was determined from the concentration

of antibiotic at which no growth was observed.

Assay for inhibitory constant (Ki) of ββ�lactamase
inhibitory peptide. This was carried out similarly with the

in vitro inhibition assay. Ampicillin as the substrate was

used at concentrations of 25 and 50 µg/ml. All inhibitory

peptides were tested at concentrations ranging from 0.5 to
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16 µM. The Ki values were determined by linear regres�

sion of data from Dixon plots [13, 14].

Determination of inhibitory activity of ββ�lactamase
inhibitory peptides against K. pneumoniae. Klebsiella

pneumoniae cultures were allowed to grow to log phase

(A600 ~ 0.5) and divided into five groups. Ampicillin was

added to final concentration of 50 µg/ml. Then 20 µl of β�

lactamase inhibitory peptide (2.23 µM) before or after

enterokinase digestion was added to make the total vol�

ume up to 2.3 ml. Phosphate buffered saline (peptide dis�

solving solution, 20 µl) was used as a control. After incu�

bation at 37°C for 2 h, appropriately diluted broth was

plated on LB agar containing ampicillin. The colony�

forming units were counted after overnight incubation to

determine the inhibitory activity of β�lactamase inhibito�

ry peptides against K. pneumoniae. This test was per�

formed in triplicate.

RESULTS

Expression and purification of SHV ββ�lactamase. The

SHV β�lactamase gene (shv) was amplified from the

genomic DNA of K. pneumoniae K�71. The PCR product

was ~800 bp (Fig. 1a), corresponding to the sequences

published in GenBank (700�950 bp). The sequencing

result showed that this cloned shv shared 97.6�99.0%

identity with published sequences. Residue 4 was F

instead of the consensus I, and residue 199 was P rather

than the consensus S. The recombinant SHV β�lactamase

was expressed and purified to homogeneity according to

SDS�PAGE (Fig. 1b). Its purity was over 93% (estimated

by densitometry) and the concentration was 3.15 mg/ml

by the Bradford assay.

Degradation activity of recombinant SHV ββ�lacta�
mase against ββ�lactam antibiotics. Klebsiella pneumoniae

K�71 is an ampicillin resistant strain. The MIC of ampi�

cillin against K�71 is 120 µg/ml (Table 1). To determine if

this cloned shv gene contributed to ampicillin resistance,

two tests were designed and studied.

Plasmid pYG562 was constructed by replacing the bla

gene with the shv gene in pUC18. Plasmid pYG562 was

transformed into DH5α. The MIC of ampicillin against

the pYG562/DH5α transformant and DH5α as a control

were tested. DH5α cannot grow in LB even with 10 µg/ml

ampicillin. But pYG562/DH5α can tolerate 120 µg/ml

ampicillin (Table 1). This result showed that this cloned

shv gene contributed to the ampicillin resistance in vivo.

Further, the purified recombinant SHV β�lactamase

was used to assay its hydrolysis activity against ampicillin

in vitro. The concentration of ampicillin in the reaction

mixture was monitored by absorbance at 235 nm. SHV β�

lactamase could quickly degrade ampicillin after mixing

(Fig. 2), with activity similar to that of TEM�1 β�lacta�

mase reported previously [8].

Inhibitory activity of P1 against SHV ββ�lactamase.
Compared with SHV β�lactamase alone, preincubation

with P1 significantly reduced the activity of SHV β�lacta�

mase for hydrolysis of ampicillin in vitro (Fig. 2). This

suggested that P1 peptide also has inhibitory activity

against SHV β�lactamase comparable with that against

TEM�1 β�lactamase reported previously [8].

Expression and purification of P1 mutant peptides. By

using PCR and four primers, three mutations were intro�

Fig. 1. a) Agarose gel electrophoresis of SHV β�lactamase gene

(shv). An ~800�bp PCR product was gel purified for further

cloning. M, standard markers (Takara, China); 1) gene shv DNA.

b) SDS�PAGE of purified SHV β�lactamase. M, standard mark�

ers; 1) SHV β�lactamase.
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duced into the original P1. Residue 1 (S) was mutated to

F, and residue 18 (V) was replaced by Y. This was designed

according to the structure–activity relationship of BLIP

published elsewhere [10]. Moreover, residue 15 (Y), a key

residue in the binding model of BLIP and β�lactamase,

was designed to be substituted with A, C, G, or R. The

sequences of the four mutant peptides are listed in Fig. 3.

All the transformants bearing pET132 and

pYG565~568 were induced by IPTG and the recombi�

nant protein was expressed as a fusion protein. The fusion

protein was purified on a Ni+�affinity column, and the

peptide was subsequently released from the fused part by

cleavage with enterokinase. The purity and concentration

of the peptides were tested by SDS�PAGE (Fig. 4). The

final peptide we obtained has 39 amino acid residues,

including the residues encoded by the introduced restric�

tion sites, and carried the enterokinase recognition site of

pET�32a(+). Thus, the molecular weight of the recombi�

nant peptide was about 4.3 kDa. The purity of the recom�

binant peptide was over 95%.

Kinetic analysis of ββ�lactamase inhibitory peptides.
Inhibitory constants against TEM�1 and SHV β�lacta�

mase of all the peptides are shown in Table 2. From the

plot, we know that these β�lactamase inhibitory peptides

are competitive inhibitors of both TEM�1 and SHV β�

lactamase. Substitution of Y15 with A or G improves the

inhibitory activity, while substitution by C or R reduces

the activity. We also noted inhibitory activity differences

between mutant peptides against TEM�1 and SHV β�lac�

tamase. Obviously, the peptides are more active against

TEM�1 β�lactamase than SHV β�lactamase. The Y15A

mutation has more significant improvement on β�lacta�

mase inhibitory activity.

Inhibitory activity of ββ�lactamase inhibitory peptides
in vivo. We proved that P1 and its analogs have inhibitory

activity against SHV β�lactamase originating from K�71

in vitro. In this experiment, P1 (with and without the

fusion protein) and P1�A (showed the strongest inhibito�

ry activity in vitro, with and without the fusion protein)

were used to test their inhibitory activity in vivo. The

results showed that both P1 and P1�A inhibit the growth

of K. pneumoniae in LB containing ampicillin.

Nevertheless, the peptide without the fusion protein

Fig. 3. Amino acid sequence alignment of P1 and four mutants.

P1, the original sequence published previously [8]; P1�A, three

substitutions made at residues 1 (S→F), 15 (Y→A), and 18

(V→Y); P1�C, P1�G, and P1�R, residue 15 of P1�A substituted

with C, G, or R, respectively.

Fig. 2. Inhibitory activity of P1 against SHV β�lactamase in vitro:

1) ampicillin; 2) ampicillin + SHV lactamase; 3) ampicillin +

SHV lactamase + P1.
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Fig. 4. SDS�PAGE of purified β�lactamase inhibitory peptides:

1) P1�A; 2) P1�G; 3) P1�C; 4) P1�R; 5) P1. M, molecular weight
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showed a stronger activity than its fusion counterpart.

Accordingly, P1�A also showed a much stronger inhibito�

ry activity against K. pneumoniae in vivo than P1. Under

10–5 or 10–6 dilution, more than 85% of the resistant bac�

teria were inhibited by prior incubation with P1�A (Fig.

5).

DISCUSSION

β�Lactamase inhibitory protein was separated from

the soil bacterium Streptomyces clavuligerus. Several

reports [15�17] have pointed out that five residues in

domain 1 (F36, H41, D49, Y53, and W150) play critical

roles in BLIP–β�lactamase binding. W112, H148, R160,

and W162, located in domain 2, are also important for

binding. In addition, E73 and K74, within the linkage of

these two domains, could cause salt bridge formation

between Y50 and the active pocket of β�lactamase [18].

This would stabilize the BLIP–β�lactamase conforma�

tion to improve binding affinity. In addition, Y50 forms a

large stacking structure with Y51, F36, H41, and Y53

[19].

In the previous report using a yeast two�hybrid sys�

tem [8], we obtained P1 peptide containing the core

sequence of BLIP that can inhibit the activity of TEM�1

β�lactamase in vitro. In this paper, we proved that P1 is

also active against SHV β�lactamase in vitro. By introduc�

ing various point mutations into P1, we found that residue

15, equivalent to Y50 in BLIP, is very important for the

binding of β�lactamase. Since an A or G mutation has a

positive effect whereas C or R mutation has a negative

effect, we suggested that a nonpolar residue at position 15

favors binding of β�lactamase to the β�lactamase

inhibitory peptide. The relatively short nonpolar side

chain of A might promote the interaction between H41

and Y51 of BLIP and TEM�1 β�lactamase. This might

result from nonpolar side chain of Y50 favoring insertion

of BLIP into the active pocket formed by P107, M129,

and V216 of β�lactamase [20�23].

Comparing the inhibitory constant (Ki) of the wild

type BLIP, the small peptides showed a much lower affin�

ity than BLIP (108 vs. 0.5 nM). This is probably because

P1 and its analogs contain only part of the core sequences

of BLIP but lack other binding motifs.

Within the class A β�lactamases, SHV is most preva�

lent among Gram�negative bacteria. A concern was

expressed that its broad specificity allows it to hydrolyze a

wide variety of β�lactam antibiotics [24].

The ampicillin resistant K. pneumoniae has emerged

as a common cause of some serious epidemic and noso�

comial infections in hospitals, resulting in high morbidity

and mortality [25]. Klebsiella pneumoniae is resistant to

penicillins and expanded�spectrum cephalosporins

through the production of β�lactamases. In this work, P1�

A peptide showed inhibitory activity against K. pneumo�

niae in vivo.

Better understanding of the structure–activity rela�

tionship in the BLIP–β�lactamase interface can facilitate

the design of other new inhibitors against this type of β�

lactamase. We anticipate that P1�A could be a good can�

didate for development of novel β�lactamase inhibitors.
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