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Structural Basis for the Interaction of Lactivicins with Serine β-Lactamases
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Lactivicin (LTV) is a natural non-β-lactam antibiotic that inhibits penicillin-binding proteins and serine
β-lactamases. A crystal structure of a BS3-LTV complex reveals that, as for its reaction with PBPs,
LTV reacts with the nucleophilic serine and that cycloserine and lactone rings of LTV are opened. This
structure, together with reported structures of PBP1b with lactivicins, provides a basis for developing
improved lactivicin-based γ-lactam antibiotics.

Introduction

The β-lactam antibiotics remain among the most impor-
tant antibiotics in clinical use. Their antibacterial action is
mediated via inhibition of the transpeptidase activity of
penicillin-binding proteins (PBPsa), which play roles in bac-
terial cell wall biosynthesis (Figure 1).1,2

All clinically used PBP inhibitors contain a β-lactam ring
and are based on natural products, including the penicillins
and cephalosporins, and react covalentlywithPBPs.Of all the
identified naturally occurring PBP inhibitors, only lactivicin
(LTV) does not contain a β-lactam ring. Instead, LTV con-
tains a linked cycloserine and γ-lactone ring structure.3,4

The β-lactam antibiotics react with a nucleophilic serine at
the active site of PBPs to form stable acyl-enzyme complexes.
It is proposed that β-lactams are suited to the inhibition of
PBPs not only because they mimic the substrate binding con-
formation5 but because the ring strain inherent in the four-
membered ring makes them suitably activated acylating
agents and hinders reversible formation of the β-lactam.6,7

The transpeptidase reaction is inhibited because the presence
of a β-lactam-derived acyl-enzyme complex blocks approach
to the acyl-enzyme (Figure 1).

In contrast to β-lactams, simple γ-lactam analogues can
undergo reversible reaction with nucleophilic enzymes after
acyl-enzyme formation.6,8-10 The unusual bicyclic γ-lactam/
γ-lactone ring structure of LTV is proposed to enable forma-
tion of a stable enzyme complex of aγ-lactam-based inhibitor.
Initial opening of the cycloserine ring by the nucleophilic
serine is followedby lactone opening to give an acyl-enzyme in
which retro-lactam formation is disfavored (Figure 1e).11,12

LTV and a more potent analogue, phenoxyacetyllactivicin
(PLTV), have been reported to be active against a range of
bacteria4,13,14 including penicillin-resistant strains of Strepto-
coccus pneumoniae.12 Structures of complexes of lactivicins

with PBP1b12 reveal that PBP inhibition by LTV/PLTV
involves opening of cycloserine and γ-lactone rings. In the
PBP1b complexes the ring-derived atoms of LTV and PLTV
show a clear structural convergence with those derived from
an analogous cephalosporin (cefotaxime) complex,15 suggest-
ing that the lactivicin and cephalosporin nuclei are related in
function.12

An important mechanism of resistance to β-lactam anti-
biotics is via β-lactamases, one set of which employs a
nucleophilic serine and operates via nucleophilic catalysis
closely related to PBP transpeptidase catalysis. An essential
difference between PBPs and serine β-lactamases is that the
acyl-enzyme complex formed inβ-lactamases undergoes rapid
hydrolysis, whereas hydrolysis is much slower in complexes
between PBPs and β-lactam antibiotics.

LTV and some synthetic γ-lactam antibiotics can, at least
sometimes, be susceptible to β-lactamase hydrolysis.16 Exten-
sive structure-activity relationship studies have shown that
it is possible to reduce the susceptibility of β-lactams to
β-lactamase action by appropriate substitution; hence, it
may be possible to improve the biomedicinal properties of
the lactivicins. Here we report structural analyses on the
interaction of LTV and PLTV with the class A serine β-
lactamase from Bacillus licheniformis BS3. The results reveal
that lactivicins react with serine β-lactamases in a closely
related manner compared to that in which they react with
PBPs and should be useful in studies directed at the develop-
ment of improved lactivicins that are less susceptible to
β-lactamases.

Results and Discussion

Webegan by investigatingwhether nondenaturingESI-MS
could be used to detect stable complexes between lactivicins
and the BS3 β-lactamase. We did not observe a complex bet-
ween BS3 and LTV at a 1:1 ratio; when an excess of LTV was
used, the quality of the spectra was poor. In contrast, a rela-
tively stable BS3-PLTV complex formed quickly (Figure 2).
Time-course analysis indicated that the BS3-PLTV complex
was stable for ∼10 min (Supporting Information Figure 1).
Although the lifetime of the BS3-PLTV complex is less than
that of the PBP1b-PLTV complex, the observation of the
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BS3-PLTV complex is likely significant because class A
β-lactamases are efficient catalysts.17

Workwith serine proteases has shown that, whereas β-lactam
inhibitors react irreversibly, at least some simple γ-lactams react
reversibly.6,7,10,18,19 In contrast, lactivicins bind irreversibly with
PBPs.15 To investigate the mechanism of reaction of lactivicins
with serineβ-lactamasesand inparticular toaddress thequestion

of whether they react similarly to the manner reported for
PBP1b,11,12 we initiated crystallographic studies using the BS3
β-lactamase. Like other class A β-lactamases, BS3 contains two
domains, with the active site at their interface. The active site of
Class A β-lactamases contain three motifs: Ser-X-X-Lys,
whichcarries theSernucleophile, Ser-X-Asn,positioned in the
loopbetweenR4 andR5, andLys-Thr/Ser-Gly, located on the

Figure 1. Structures and mechanisms of action of β-lactams and lactivicins: (a) structures of lactivicins and β-lactam antibiotics;
(b) epimerization in LTV; (c) mechanism of action of cephalosporin antibiotics showing formation of the hydrolytically stable acyl-enzyme
complex; (d) outline mechanism of inactivation of β-lactamases by clavulanic acid; (e) mechanism of action of lactivicins; (f ) mechanism of
action of 6-β-iodopenicillanate; (g) β-lactams react irreversibly with serine enzymes, whereas γ-lactams react reversibly.
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mobile β3 region. The Ser70-Lys73 tetrad (which includes the
nucleophilic Ser70) is present at the center of the active site. One
face of the active site is defined by the Ser130-X-Asp132 loop
and the opposite side by the Lys234-Gly236 triad. Thesemotifs
are linked by the “Ω-loop” (Phe165-Glu171).20-22

The crystal structure of the BS3-LTV acyl-enzyme com-
plex was solved to 2.1 Å resolution (Figure 3a,b). As with
other reported BS3 crystal structures,22 there are two mole-
cules in each asymmetric unit that were refined independently.
The electron density in the BS3-LTV crystal is well-defined.
LTV was observed in only one of the monomers, and the
following discussion relates to that monomer only.

The structure of the BS3-LTV complex is similar to that of
free BS3 (the rms deviation between the equivalent backbone
atoms is 0.25 Å) and of the BS3-6-β-iodopenicillanate (BIP)
complex (rms deviation between equivalent backbone atoms:
0.18 Å). The conformational change in the Ω-loop is less
than that observed for the reported complex with cefoxitin, a
cephamycin (the rms deviation between the equivalent back-
bone atoms of the Phe165-Glu171 residues in the cephamy-
cin complex is 0.49 Å).22 As in the case of the complex of LTV
with PBP1b,12 the L-cycloserinyl and γ-lactone rings are open.
LTV is positioned to form hydrogen bonds with the hydroxyl
group of Ser130, with the backbone NH groups of the
oxyanion hole-forming residues (Ser70, Ala237) and with
the residues (Thr235 and Arg244) that interact with the
β-lactam carboxylate. Further hydrogen bonds occur with
Ala237, Asn104, Tyr105, and Asn132; the last is conserved in
class A β-lactamases.23 The Val103-Tyr105 loop, which is
located at the entrance of the catalytic cleft and which is
involved in substrate binding, appears to have moved slightly
in the LTV complex compared to its position in the apo
protein so that Tyr105 can hydrogen bond with the carboxy-
late derived from the opening of the γ-lactone ring of LTV.
This results in a slight closing of the entrance to the catalytic
cleft relative to the apo enzyme (Supporting Information
Figure 2).

Comparison of the BS3-LTV complex with the PBP1b-
LTV complex reveals striking similarities (Figure 3c,d). The
amino acid residues in the active sites of the two enzymes are
well conserved. Six of the seven hydrogen bonds that LTV
formswith PBP1b are conserved in the complex between LTV
and BS3 (the hydrogen bond between LTV and Thr654PBP1b
is not present in the BS3 complex, in which Thr654PBP1b is
replaced by Ala237). LTV forms three additional hydrogen
bonds in the BS3 complex: with Tyr105 (an analogous

hydrogen bond is observed in the PBP1b-PLTV complexwith
Tyr498PBP1b; no hydrogen bond with Tyr498PBP1b is observed
in the PBP1b-LTV complex); with Asn104; and with Arg244
(the homologous residues in PBP1b are Met497PBP1b and
Met661PBP1b, respectively, and are not close enough in the
crystal structure to form interactions with LTV).

We then compared the BS3-LTV complex with structures
of class A β-lactamases and the inhibitor clavulanic acid
(Figure 3e,f ).24-29 In the reaction between clavulanic acid
and β-lactamases both β-lactam and oxazoline rings are
opened (Figure 1d).

In contrast with the LTV/PLTV complexes, those with
clavulanic acid do not appear, on the basis of crystallographic
analyses, to formmanyprotein-ligand interactions (Figure 3e).
Nonetheless, some of the acyl-enzyme complexes formed
between clavulanic acid and β-lactamases are stable; they
contain an aldehyde or (protonated) imine functional group
β to the carbonyl of the acyl-enzyme complexes which is
proposed to act as a sink for the “hydrolytic” water molecule,
so stabilizing the ester.27 In the case of LTV/PLTV we have
no evidence for hydrolysis of the assigned imine in the acyl-
enzyme complex. Further, the acyl-enzyme of the LTV/PLTV
complexes is bound in the oxyanion hole; thus, rotation of the
carbonyl outof the oxyanionhole cannot account for the acyl-
enzyme stability of the LTV/PLTV-BS3 complexes, as pro-
posed for some β-lactam inhibitors of serine proteases.8,9 The
BS3-LTV acyl-enzyme complex might be stabilized, at least
in part, by an interaction with the rearranged LTV acetyl
group and Asn-104/Asn-132. Overall, deacylation is appar-
ently perturbed in a way somewhat similar to that observed
for the complex formed between BS3 and 6-β-iodopenicilli-
nate (BIP)30 (Figure 1f, Figure 3e,f).

Conclusions

Overall the results describedhere reveal that lactivicins bind
to serine β-lactamases in a very similar manner to that in
which they react with PBPs. Notably the results demonstrate
that although the reactions of lactivicins and clavulanic acid
with β-lactamases involve opening of the β-lactam and ad-
jacent rings, the stability of the resultant acyl-enzyme com-
plexes likely involves different contributions from steric and
other factors. In the case of clavulanic acid acyl-enzyme
hydrolysis is proposed to be slowed by the provision of an
alternative pathway for reaction of potentially “hydroytic”
watermolecules.27However, it appears that the stability of the
LTV/PLTV complexes with respect to hydrolysis results
primarily from steric blocking of the approach of water mole-
cules in a productive manner to the ester carbonyl, together
with interactions with residues that may enable acid/base
catalysis. It may be that the longer lifetime of the PBP1b-
PLTV complex relative to the BS3-PLTV complex reflects
better steric blocking of hydrolysis in the former case. The
described structure may be useful in modifying the core
lactivicin nucleus to make better PBP/β-lactamase inhibitors.

Experimental Section

Synthesis of LTV and PLTV. LTV and PLTV were synthe-
sized according to a reported procedure.12

BS3 Cocrystallization Experiments. The expression and puri-
fication of the BS3 enzyme were performed as described
previously.31 Crystals of the BS3-LTV adduct were obtained
by cocrystallization. Crystals were grown at 20 �C using the
hanging drop vapor diffusion method, with drops containing

Figure 2. Deconvoluted ESI-MS spectra under nondenaturing
conditions (pH 7.0) showing complexes formed between BS3 and
lactivicins: (a) BS3 only (10 μM); (b) BS3 (10 μM) þ LTV (10 μM);
(c) BS3 (10 μM)þPLTV (10 μM). Spectrawere obtained after 2min
at 25 �C: peak A, BS3; peak B, BS3-PLTV complex; molecular
masses LTV 272 Da and PLTV 364 Da; sample cone voltage 80 V.
Mass shifts relative to peakAare indicated in parentheses after peak
B masses.
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2.5 μLof a protein solution (38mgmL-1), 0.2 μLof LTV (0.1M),
2 μL of PEG 6000 (8%) in sodium citrate buffer (100 mM,
pH 3.4), and equilibrated against 1 mL of the latter solution at
20 �C. A fresh solution of LTV was added 15 min before data
collection.

Crystallographic Data Collection, Structure Determination,

and Refinement. Data were collected at 100 K on an ADSC
Q315r CCD detector at a wavelength of 0.9797 Å on beamline
BM30A at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). X-ray analyses were carried out at
100 K after transferring crystals into cryoprotectant containing
glycerol (30% v/v) and ammonium sulfate (2.4 M). Intensities
were indexed and integrated using MOSFLM.32 Data were
scaled with SCALA of the CCP4 program suite.32 Refinement
used REFMAC,33 TLS,34 and COOT.35 The structure of the
BS3-LTV complex was refined to 2.1 Å (Supporting Informa-
tion Table 1).

Nondenaturing Protein Electrospray IonizationMass Spectro-
metry. BS3 was desalted into buffer (ammonium acetate, 15 mM,
pH 7.0) using a spin desalting column equilibrated with buffer
(Micro Bio-Spin 6; Bio-Rad, Hercules, CA). The concentration
was adjusted to 50 μM by dilution. Ligands were dissolved in
water at 100 mM, then diluted to 50 μM in buffer.

Automated Nanoelectrospray Ionization Mass Spectrometry.

ESI-MS experiments used a Q-Tof Micro mass spectrometer
(Micromass, Altrincham, U.K.) interfaced with a NanoMate
HD chip-based nanoelectrospray source (Advion Biosciences,
Ithaca, NY). The instrument was equipped with a standard
Z-spray source block. Clusters of Na(nþ1)In (1 mg mL-1 NaI
in 50:50 water/isopropanol) were used for calibration. Typical

instrument settings were: spraying voltage 1.70 kV; sample cone
voltage 80V; source temperature 40 �C; acquisition time 15 s; scan
time 0.5 s; acquisition range m/z 500-5000. The pressure at the
interface between the atmospheric source and the high vacuum
region was 6.60 mbar (measured with the roughing pump Pirani
gauge) by throttling the pumping line using an Edwards Speedi-
valve.

Protein and ligand were diluted with buffer in a 96-well plate
(final concentrations 10 μM). Aliquots were delivered to the
mass spectrometer via the NanoMate (estimated flow rate
100 nLmin-1) at intervals of 1, 2, 5, 10, and 20 min after mixing
(25 �C).

Spectra were analyzed using MassLynx (Waters, Milford,
MA). Raw data were processed by smoothing (mean method;
smooth windows 10; number of smooths 2), subtracting the
background (polynomial order 15; % below curve 10; tolerance
0.01), and centering peaks (minimum peak width at half-height
2; % centroid top 80).
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Figure 3. Views from structures of the BS3-LTV complex and comparison with related structures. (a, b) Views from the structure of the
BS3-LTV complex (see shaded structure in Figure 1e). Residues involved in hydrogen bonding are in green; LTV is in blue. (a) Fo - Fc map
(gray) contoured at 3.0σ, generated around LTV, before the inclusion of LTV in themodel and (b) the nine hydrogen bonds (gray dashed lines)
between LTV and BS3. (c) View from the structure of the PBP1b-LTV complex, showing seven hydrogen bonds and (d) comparison with the
BS3-LTV complex. Active site residues involved in hydrogen bonds are in yellow (PBP1b) and green (BS3). LTV is in turquoise (PBP1b) and
blue (BS3). (e) View from the crystal structure of the BS3-BIP complex, showing hydrogen bonds with Asn104, Asn132, and Asn170 (see
shaded structure in Figure 1f ), and (f ) comparison with the BS3-LTV complex. Active site residues are in yellow (BS3-BIP complex) and
green (BS3-LTV complex). BIP is in pink; LTV is in blue. (g, h) Comparison of cis-/trans-enamine complexes resulting from clavulanic acid
and LTV complexes with class A β-lactamases. (g) Overlay of crystal structures of β-lactamase-clavulanic acid complexes (see Figure 1d; note
both cis- and trans-enamines have been observed): cis-enamine intermediate in complex with Staphylococcus aureus PC1 (light blue, PDB code
1BLC); decarboxylated trans-enamine intermediate in complex with S. aureus PC1 (pink, PDB code 1BLC); decarboxylated trans-enamine
intermediate in complex withKlebsiella pneumoniae SHV-1 (orange, PDB code 2A49); decarboxylated trans-enamine intermediate in complex
withMycobacterium tuberculosis TB (white, PDB code 3CG5); enzyme residues are in green; interactions with S. aureus PC1 intermediates are
shown by dotted lines. (h) Comparison of β-lactamase-clavulanic acid complexes with the BS3-LTV complex (LTV is in dark blue;
interactions between LTV and BS3 are shown by dotted lines).



5894 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 15 Brown et al.

Supporting Information Available: MS data for the reaction
between BS3 and PLTV, figure showing the movement of the
Val103-Tyr105 loop in BS3, and crystallographic data collec-
tion and refinement statistics. This material is available free of
charge via the Internet at http://pubs.acs.org.
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