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ABSTRACT 
Metallo-β-lactamases (MBLs) are a family of Zn2+- 
dependent enzymes that have contributed strongly to 
the emergence and spread of antibiotic resistance. 
Novel members as well as variants of existing mem-
bers of this family are discovered continuously, com-
pounding their threat to global health care. MBLs are 
divided into three subgroups, i.e. B1, B2 and B3. The 
recent discovery of an unusual MBL from Serratia 
proteamaculans (SPR-1) suggests the presence of an 
additional subgroup, i.e. B4. A database search re-
veals that SPR-1 has only one homologue from Cro-
nobacter sakazakii, CSA-1.These two MBLs have a 
unique active site and may employ a mechanism dis-
tinct from other MBLs, but reminiscent of some or-
ganophosphate-degrading hydrolases. 
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1. INTRODUCTION 
On March 5, 2013, the Centers for Disease Control and 
Prevention (CDC) published the press release “Action 
needed now to halt spread of deadly bacteria—Data 
show more inpatients suffering infections from bacteria 
resistant to all or nearly all antibiotics”  
(http://www.cdc.gov/media/releases/2013/p0305_deadly_
bacteria.html). According to this article, a family of bac-
teria has become increasingly resistant to last-resort anti-
biotics during the past decade, and more hospitalized 

patients are getting lethal infections that, in some cases, 
are impossible to cure. The findings published by the 
CDC are “a call to action for the entire health care com-
munity to work urgently—individually, regionally and 
nationally—to protect patients”. This call is all the more 
urgent as “the bacteria, Carbapenem-Resistant Entero-
bacteriaceae (CRE), kill up to half of patients who get 
bloodstream infections from them”. 

One of the most frightening forms of antibiotic resis-
tance occurs through the action of β-lactamases, enzymes 
capable of breaking down the most widely used antibio-
tics, and the β-lactams (e.g. carbapenems, penicillins, etc.; 
Figure 1) [1,2]. Two major groups of β-lactamases are 
distinguished, the Serine-β-lactamases (SBLs) and the 
metallo-β-lactamases (MBLs); the latter require Zn2+ to 
function [1]. Inhibitors for SBLs have been developed 
(e.g. clavulanic acid) and are frequently co-administered 
with the antibiotic [1]. Clinically far more dangerous are  
 

 
Figure 1. Representatives for the most common β- 
lactam antibiotic families. Penicillin (1), carbapenem 
(2), cefalosporin (3) and monobactam (4). 
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thus the MBLs, for which no clinically useful inhibitors 
are yet available [1,2]. An example is the MBL NDM-1 
that emerged rapidly in 2010; infections by NDM-pro- 
ducing Klebsiella pneumonia have a high risk of being 
fatal [3]. Thus, a potent and clinically useful inhibitor of 
MBLs is urgently needed. 

The development of such an inhibitor has been ren-
dered difficultly due to the diversity among MBLs with 
respect to both amino acid sequence and structure. MBLs 
are divided into three subgroups (B1, B2 and B3) based 
on overall homology and active site geometry [1,2]. 
Representatives from the B1 subgroup include NDM-1 
[4], IMP-1 [5], BcII [6], Ccr [7] and SPM-1 [8]. The B2 
subgroup includes the MBLs CphA [9] and Sfh-1 [10], 
while enzymes such as AIM-1 [11], L1 [12], SMB-1 [13] 
and MIM [14] belong to the B3 subgroup. Interestingly, 
while the MBLs from the B1 and B3 subgroups seem to 
require two metal ions in their active sites to function 
optimally, B2-type MBLs are inhibited in the presence of 
a second metal ion (Figure 2). 

These variations do not only indicate mechanistic dif-
ferences between the MBL subgroups, but they also 
complicate strategies to develop universally applicable 
MBL inhibitors. The recent discovery of a novel MBL 
from Serratia proteamaculans (SPR-1) may complicate 
matters further [15]. Based on overall sequence homolo-
gy, SPR-1 was classified as a B3-type MBL, however, in 
comparison to all known MBLs, SPR-1 appears to have 
significant variations in its metal binding site. Only three 
of the commonly observed Zn2+ ligands are conserved; in 
particular the presence of an arginine instead of a histi-
dine in position 118 is unusual (as will be discussed be-
low). Metal ion measurements indicated that the resting 
SPR-1 only binds one Zn2+ ion, similar to B2-type MBLs 
[15]. In contrast, kinetic measurements led to the hypo-
thesis that SPR-1 may bind a second metal ion when a 
substrate (i.e. antibiotic) is added, indicating that the en-
zyme may operate like B1- and B3-type MBLs. Insofar, 
SPR-1 may represent a distinct MBL, mechanistically 
different from other known members of this family of 
enzymes. SPR-1 may lie dormant until it is needed. This 
may prove to be an effective strategy to circumvent inhi-  
 

 
Figure 2. Active site structures of representative MBLs. Left: B1- 
type BcII from B. cereus; center: B2-type CphA from Aeromo- 
nas hydrophila; right: B3-type L1 from Stenotrophomonas mal- 
tophilia. Zinc ions are rendered as grey spheres, and water mo-
lecules are shown as red spheres. Coordination bonds are shown 
as solid lines. Copied with permission from reference [14]. 

bition. Here, we endeavored to identify enzymes that 
may be SPR-1-like in order to investigate their evolutio-
nary origins. 

2. METHODS 
2.1. Protein Database Search Using BLAST 
SPR-1 from S. proteamaculans (UniProt code: A8GGW7) 
was used as query sequence for a Conserf protein data-
base search [http://consurf.tau.ac.il /verify.php]. 

2.2. Multiple Sequence Alignments 
Multiple sequence alignments including representatives 
from the B1, B2 and B3 subgroups of the MBL family 
were carried out using ClustalW2.1  
[http://www.ebi.ac.uk/Tools/msa/clustalw2]. The align-
ment also includes SPR-1 and its only close homologue, 
CSA-1, which was discovered in this study. Sequence 
identities and similarities were also determined from 
pairwise sequence comparisons using ClustalW software. 

2.3. Phylogenetic Analysis 
A phylogenetic tree based on the multiple sequence 
alignment was generated using the program PhyML 3.0 
[16]. Selected bootstrap numbers, which indicate the 
statistical reliability of the branching, with 1000 boot-
strap replicates, are shown. The sequence distances can 
be estimated from the bar underneath the tree. 

3. RESULTS AND DISCUSSION 
3.1. Protein Database Search, Nomenclature and 

Classification of Novel MBLs 
Using SPR-1 as query the database search revealed only 
one close relative, a sequence from the Gram-negative 
pathogenic bacterium Cronobacter sakazakii [17]. C. 
sakazakii can cause meningitis and necrotizing enteroco-
litis in particular in infants with a mortality rate esti-
mated as high as 80% [18]. To our knowledge no cases 
of antibiotic resistance has yet been reported. This puta-
tive MBL from C. sakazakii, CSA-1, shares approximate-
ly 60% sequence identity with SPR-1 (Table 1). 

Among the MBLs of the well-established subgroups 
the B3-type ones are the closest relatives with ~30% se-
quence identity (Table 1). This is not surprising since 
SPR-1 was initially identified due to its homology to B3 
MBLs [15]. In contrast, the homology between CSA-1 
and members of the B1 and B2 subfamilies is generally 
less than 20% sequence identity (Table 1). Also included 
in the comparison are two more distantly related en-
zymes with functions that differ greatly from that of 
MBLs. Methyl-paraoxonhydrolase (MPH) is an organo-
phosphate pesticide-degrading enzyme [19], while gly-
oxalase II is an enzyme involved in the detoxification  
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Table 1. Pairwise sequence comparisons between CSA-1 and 
selected MBLs representing the different subgroups of this 
family of enzymes. Also included are MPH and glyoxalase II, 
two enzymes with an overall MBL fold but different biological 
function. 

 
Identity Similarity 

SPR-1 58.38% 64.16% 

B1: BCII 15.6% 24.85% 

B1: IMP-1 15.6% 23.12% 

B1: NDM-1 13% 21.67% 

B2: CphA 15.31% 24.85% 

B2: Sfh-1 15.31% 23.41% 

B3: FEZ-1 32.08% 41.9% 

B3: BJP-1 32.65% 44.21% 

B3: L1 33.23% 43.35% 

B3: SMB-1 30.05% 42.77% 

B3: AIM-1 30.34% 41.32% 

MPH 11.27% 21.38% 

Glyoxalase II 12.13% 20.8% 

 
process of methylglyoxal and other reactive aldehydes 
produced in metabolism [20]. Both share less than 15% 
sequence identity with CSA-1. In Figure 3 a portion of a 
multiple sequence alignment involving all the enzymes 
listed in Table 1 is shown. Focus is on amino acid resi-
dues that are relevant for binding of the catalytically es-
sential metal ions (i.e. Zn2+ ions). These metal ion-coor- 
dinating residues are spread across four short sequence 
motifs. Within the three subgroups a high degree of con-
servation is observed. For the B1-type MBLs residues 
His116, His118 and His196 form one metal binding site 
(i.e. the M1 site), while Asp120, Cys221 and His263 
form the M2 site. In B2-type MBLs His116 in the M1 
site is replaced by an asparagine while the M2 site is 
unaltered. In contrast, B3-type MBLs have an M1 site 
identical to that of B1 MBLs but Cys221 is replaced by a 
histidine (i.e. His121) [5]. MPH and glyoxalase II have 
metal binding sites identical to those in B3 MBLs plus an 
additional metal ion-bridging ligand (i.e. Asp221; Figure 
3). In contrast, SPR-1 was found to differ significantly 
from all known MBLs [15]. In its M1 site an arginine is 
proposed to replace His118, while the M2 site is even 
more diverse. No crystal structure of SPR-1 is yet avail-
able, but based on a homology model only Asp120 may 
be conserved. The remaining ligands may be Gln121 and 
Asn262, thus replacing Cys221/His121 and His263 ob-
served in B1 and B3 MBLs, respectively. However, 
Ser221 instead of Cys221/His121 may also be a possible 
alternative. The unusual composition of the metal ion  

 
Figure 3. Partial multiple sequence alignment of MBLs re- 
presenting different subgroups. Metal ion ligands are shown in 
color. The numbers underneath the residues indicate the metal 
ion binding site (i.e. M1 or M2). *indicates the metal-bridging 
ligand Asp221. 
 
binding site in the active center of SPR-1 is also reflected 
in its metal ion requirement. In the resting form only one 
Zn2+ may be present; the second metal ion may bind only 
when substrate is added [15]. It was thus speculated that 
SPR-1 activity is tightly controlled [15], possibly as a 
means to minimize undesired side reactions. This hy-
pothesis also suggests that the in vivo function of SPR-1 
may be diverse or even different from that of common 
MBLs. Insofar, the discovery of an SPR-1-like protein in 
only one other microorganism is significant; the C. sa-
kazakii enzyme has active site residues identical to those 
of SPR-1 (Figure 3), indicating that these unusual MBLs 
may have evolved from a common ancestor separate 
from that of other MBLs. 

3.2. Phylogenetic Analysis 
In order to assess the evolutionary origin of SPR-1 and 
CSA-1 a phylogenetic analysis was carried out (Figure 
4). MPH and in particular Glyoxalase II, the two en-
zymes that have a MBL overall fold but have biological 
functions different from MBLs are the most diverged 
sequences. Especially in the case of Glyoxalase II the 
fold similarity may be a reflection of convergent evolu-
tion rather than sequence divergence from a common 
ancestral gene. It is also evident that B1 and B2 MBLs 
are closely related (indicated by the 96% statistical (i.e. 
bootstrap) reliability). In contrast, B3 MBLs form a sep-
arate cluster. As expected from the pairwise sequence 
comparisons (Table 1) SPR-1 and CSA-1 cluster with 
B3 MBLs but form a separate group with high statistical 
reliability (bootstrap score of 90%). In fact, the separa-
tion of these unusual MBLs from the B3 MBLs is of a 
similar statistical reliability as that of the B2 MBLs from 
the B1 group (91%; Figure 4). It should also be noted  
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Figure 4. Maximum-likelihood tree including representatives 
from each of the MBL subgroups plus MPH and Glyoxalase 
II. The tree has been constructed using PhyML, with 1000 
bootstrap replicates [16]. 

 
that the sequence distance between SPR-1/CSA-1 and 
the B3 subgroup is similar to that between the B1 and B2 
subgroups. Hence, it is very likely that SPR-1 and CSA-1 
originated from the same ancestral sequence as the well 
characterized MBLs from the B1, B2 and B3 subgroups, 
but based on the variations in both the overall sequence 
homology and the active site (i.e. metal binding site) 
residues (Figure 4) it is plausible to propose that these 
two unusual MBLs constitute a separate subgroup. We 
thus suggest the introduction of a new subgroup, B4, to 
encompass MBLs such as SPR-1 and CSA-1. 

4. CONCLUSION 
In summary, our sequence analysis has revealed that an 
additional subgroup of MBLs, here labeled as subgroup 
B4, exists. B4 MBLs such as SPR-1 and CSA-1 cluster 
with the B3 subgroup, are similar to the cluster formed 
by the B1 and B2 subgroups. It thus appears that an ini-
tial evolutionary separation led to the divergence be-
tween the B1/B2 and B3/B4 MBLs, before a second, 
more recent separation led to the formation of four sepa-
rate subgroups. It is interesting to point out that within 
the B1/B2 cluster the B1 enzymes are essentially binuc-
lear enzymes (although the MBL BcII from B. cereus 
can operate in the presence of only one metal ion in the 
active site [21]) whereas the B2 MBLs are only active in 
mononuclear form [2,9,22]. Similarly, the B3 MBLs are 
known to require two Zn2+ ions in the active site to be 
catalytically active [2,9,12]. For the B4 MBLs, the pre-
cise metal ion requirement has not yet been established 
but it seems likely that these enzymes are mononuclear at 
least in their resting states [15]. The reason for this ob-
served variation in metal ion requirement between dif-
ferent subgroups of MBLs is poorly understood but may 
provide essential insight into strategies needed to devel-
op universal MBL inhibitors, compounds that may be 
employed to combat the spread of antibiotic resistance. 
Insofar, it is now essential to investigate the molecular 
properties of SPR-1 and CSA-1. Efforts towards this goal 

are in progress. 
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