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Abstract

Leptospirosis is a bacterial disease that affects humans and animals and is caused by Leptospira. 

The recommended treatment for leptospirosis is antibiotic therapy, which should be given early 

in the course of the disease. Despite the use of these antibiotics, their role during the course of 

the disease is still not completely clear because of the lack of effective clinical trials, particularly 

for severe cases of the disease. Here, we present the characterization of L. interrogans Lsa45 

protein by gel filtration, protein crystallography, SAXS, fluorescence and enzymatic assays. 

The oligomeric studies revealed that Lsa45 is monomeric in solution. The crystal structure of 

Lsa45 revealed the presence of two subdomains: a large α/β subdomain and a small α-helical 

subdomain. The large subdomain contains the amino acids Ser122, Lys125, and Tyr217, which 

correspond to the catalytic triad that is essential for β-lactamase or serine hydrolase activity 

in similar enzymes. Additionally, we also confirmed the bifunctional promiscuity of Lsa45, in 
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hydrolyzing both the 4-nitrophenyl acetate (p-NPA) and nitrocefin β-lactam antibiotic. Therefore, 

this study provides novel insights into the structure and function of enzymes from L. interrogans, 

which furthers our understanding of this bacterium and the development of new therapies for the 

prevention and treatment of leptospirosis.
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1. Introduction

Leptospirosis is a widespread zoonotic disease caused by pathogenic spirochaetes of the 

genus Leptospira, a Gram-negative bacterium with a high prevalence in tropical and 

subtropical regions and with considerable impacts on public health [1]. The transmission 

of leptospirosis has been associated with exposure of individuals to wild or farm animals. 

Recently, the disease has become prevalent in cities with sanitation problems and large 

populations of urban rodents, which contaminate the environment through their urine [2,3].

Human leptospirosis has diverse clinical aspects and progression, with symptoms appearing 

around 10 days after infection. In milder disease presentations, the symptoms are fever, 

chills, vomiting, nausea, headache, cough, and diarrhea. The majority of leptospirosis 

infections are self-limiting, resulting in infection resolving without the necessity for 

antibiotics; however, about 10% evolve into a severe multisystemic manifestation termed 

Weil syndrome, with significant rates of morbidity and mortality when not properly treated 

[4,5].

Since most initial symptoms of leptospirosis resemble those of other tropical febrile 

diseases, such as malaria, rickettsial infection, influenza, dengue and bacterial sepsis [4,6], 

leptospirosis is often misdiagnosed or underdiagnosed. Furthermore, culturing bacteria from 

clinical samples is not a trivial task, due to the fastidious nature of pathogenic leptospires 

and their requirement for special media, such as EMJH [7] and, more recently, HAN [8]. 

The microscopic agglutination test (MAT) is currently the reference method for diagnosis of 

leptospirosis, consists of in vitro agglutination of a panel of live leptospires by antibodies in 

the serum samples of suspected patients. Added to the laborious and technical nature of this 

test, MAT sensitivity is extremely low at the onset of the disease [9].
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All these difficulties in diagnosis can hinder the initial treatment, a point in time at 

which antibiotic therapy is more effective, leading to an increase in leptospirosis mortality 

[6,10]. Despite the Leptospira to be susceptible to a variety of antibiotics, it is not clear 

which should be choice to treatment. The antibiotics available in the literature includes 

penicillin, doxycycline, cefotaxime, ceftriaxone and azithromycin. Historically, members 

of the penicillin group were the first drugs used in the fight against leptospirosis [11]. In 

alternative cases, oral doxycycline could be used, but concerns exist regarding its use in 

all patients [12,13]. A meta-analysis of clinical trials of leptospirosis treatment with ten 

antibiotics compared with control placebo groups showed no difference between penicillin 

treatment and placebo with regard to mortality[14]. The efficacy of using penicillin to 

mitigate other consequences of leptospirosis, such as the need for dialysis and liver function 

damage, was not established. Moreover, no difference was observed in the therapy of 

leptospirosis when using penicillin, cephalosporins or doxycycline [15]. Third generation 

cephalosporins such as cefotaxime and ceftriaxone are commonly used in the treatment 

of leptospirosis. In many cases, these may be the preferred agents, mainly in severe 

leptospirosis with febrile illness when the diagnosis is in doubt with other etiologies[16]. 

Few studies using carbapenems against Leptospira have been performed. In one of these 

studies, an in vivo model of acute leptospirosis using ertapenem antibiotic was evaluated. 

Measurement of the survival rate and clearance of leptospira in the organs liver, kidney, 

lung, heart and spleen has been shown even in small doses of ertapenem [17]. However, 

similar to other antibiotics such as, fluoroquinolone, chloramphenicol and azithromycin 

which also were tested against leptospira, more human trials are necessary to fully support 

their use [12,16].

β-Lactams interact with both penicillin-binding proteins (PBPs) and β-lactamases, a large 

family of serine hydrolases that are involved in the biosynthesis and maintenance of 

bacterial peptidoglycan [18]. Despite their binding, the two groups have distinct functions. 

Whereas PBPs catalyze the final transpeptidation reaction of bacterial cell wall biosynthesis, 

β-lactamases, which account for the most common mechanism of bacterial resistance to 

β-lactam antibiotics, catalyze the opening of the β-lactam ring by efficiently hydrolyzing 

its amide group [19]. On the basis of their amino acid sequence, PBPs have been 

classified into two groups, high-molecular-weight (HMW) PBPs and low-molecular-weight 

(LMW) PBPs. In some bacteria, such as Escherichia coli, the HMW PBPs can be 

bifunctional (transglycosylase/transpeptidase) and are important targets of β-lactams. The 

LMW PBPs can be a monofunctional carboxypeptidase, endopeptidase, or bifunctional 

carboxypeptidase/endopeptidase.

Several leptospiral surface proteins have been explored regarding their potential in mediating 

host-pathogen interaction, via direct binding to host extracellular matrix and plasma 

components [20,21]. One such leptospiral receptor, namely Lsa45 (Leptospiral surface 

adhesin of 45 kDa) was predicted as outer-membrane lipoprotein and characterized as 

a laminin and plasminogen-binding protein, being correlated to bacterial colonization 

and invasion processes; furthermore, reactivity to confirmed leptospirosis serum samples 

corroborates the expression of its native counterpart during mammalian infection [22]. In 
silico analysis have shown that Lsa45 protein contains a β-lactamase domain, but this 

property and its implications remained to be explored.
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Here, we present the crystal structure of Lsa45, a protein previously described[22], revealing 

a bifunctional enzyme that has two subdomains: a large α/β subdomain and a small α-

helical subdomain. The structure allowed us to understand the functionality of Lsa45; the 

protein was characterized as a PBP with weak affinity for β-lactams. Additionally, Lsa45 

exhibited an esterase functionality with activity against 4-nitrophenyl acetate (p-NPA) as 

substrate. These structural and biochemical findings may help shed light on the mechanism 

of action of antibiotics in the treatment of leptospirosis.

2. Materials and Methods

2.1 Protein expression and purification

The gene coding for Lsa45 (LIC10731) was cloned into pAE vector with an N-terminal 

6xHis-Tag [22]. E. coli BL21 (DE3) containing plasmid pGro7 (Takara Bio Inc., Shiga, 

Japan) expressing groES-groEL was transformed with the plasmid pAE-Lsa45. After 

plating, a single colony was inoculated in 5 mL of lysogeny broth medium (LB-medium) 

containing 100 μg/mL ampicillin and 30 μg/mL chloramphenicol and grown at 37 °C for 

16 h. The inoculum was transferred to 1 L of LB medium containing the two selection 

antibiotics and supplemented with 1 mg/mL L-arabinose to induce the expression of the 

chaperones. The culture was grown with shaking at 37 °C until OD600nm 0.6–1.0. The 

temperature was then lowered to 22 °C and protein expression induced with 1 mM IPTG. 

The bacterial culture was then grown further with shaking for 16 h.

Cells were harvested by centrifugation for 20 min at 6000 rpm and resuspended in 50 mL 

buffer A (20 mM Tris-HCl, pH 7.8, 200 mM NaCl, 10 % glycerol and 1 mM PMSF). 

The cells were disrupted with 500 μL lysozyme solution (10 mg/mL), incubated on ice 

for 15 min, and sonicated with 5 cycles of 30 s on/off. The cell debris was removed by 

centrifugation at 15,000 rpm for 45 min at 8 °C. The clarified solution was loaded on a Ni-

NTA HisTrap HP column (GE Healthcare) pre-equilibrated with buffer B (20 mM Tris-HCl, 

pH 7.8, 150 mM NaCl and 5% glycerol). Lsa45 was eluted in buffer B containing 500 mM 

imidazole. The protein sample was concentrated to 2 mL and loaded onto a size-exclusion 

chromatography (SEC) HiLoad Superdex 200 16/600 column (GE Healthcare), which was 

pre-equilibrated with buffer B. The peak fractions corresponding to purified protein were 

verified by SDS-PAGE.

2.2 Crystallization and data collection

Initial screening was carried out using commercials kits in a HoneyBee 963 (Digilab Global) 

robot dispensing into a 96-well plate through the sitting-drop vapor diffusion technique. 

Crystals were obtained at 20 °C with 0.20 μL of the protein concentrate to 12 mg/mL and 

0.20 μL of reservoir solution consisting of 100 mM Tris-HCl, pH 8.5, 30% PEG 1500 

and 8% MPD. The optimization of conditions was performed in a 24-well plate using the 

hanging-drop vapor-diffusion method with a reservoir volume of 500 μL and a drop size of 2 

μL (1:1 ratio of reservoir: protein).

For data collection, crystals were harvested with a nylon loop and soaked for up 2 min into 

a solution similar to the precipitant solution, but which was supplemented with 0.5 M KI. 
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After, the crystals were transferred to a cryoprotect solution containing the crystallization 

solution and 15 % ethylene glycol and then flash cooled to 100 K in N2 [23,24]. Diffraction 

data were collected to 1.62 Å resolution limit on MX2 beamline at the LNLS (Campinas, 

SP, Brazil) using a 1.5499 Å wavelength X-ray beam and a PILATUS2M detector (Dectris, 

Baden-Dattwil, CHE). The data were processed using XDS [25] and scaled with AIMLESS 

using CCP4 [26].

2.3 Structure determination and refinement

The structure of Lsa45 was determined by the single-wavelength anomalous dispersion 

(SAD) method using iodide ions as anomalous scatterers [24]. The iodide site searches, 

phasing and density modification was carried out using AutoSol [27]. Initial model located 

48 iodide ion sites and overall Figure of Merit (FOM) from 0.352. The initial model was 

built into density-modified electron density maps using AUTOBUILD [28]. The final model 

was refined using PHENIX [29] and model building was carried out with Coot [30]. The 

quality of the structure was evaluated with MOLPROBITY [31] and PDB-REDO web server 

[32]. Atomic coordinates and structure factors were deposited in the Protein Data Bank 

(PDB) with accession code 8DC1. Analyses of the structures were performed with PyMOL 

[33] and DALI server that use C-alpha aligned [34]. The substrate-binding pocket in Lsa45 

was predicted using the POCASA server [35]. The data collection and refinement statistics 

are detailed in Table 1.

2.4 Oligomeric state solution

Molecular mass determination based on SEC retention volume was performed as follows. 

The sample was centrifuged at 4 °C for 5 min at 15,000 rpm to remove aggregates. Two 

mL of the protein solution at 5 mg/mL were applied to a HiLoad Superdex 200 16/60 

column (GE Healthcare), pre-equilibrated with a buffer composed of 20 mM Tris-HCl, pH 

7.8, 150 mM NaCl and 5 % glycerol and run in the same buffer. The standard curve for the 

column was based on ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa) carbonic 

anhydrase (29 kDa) and ribonuclease (13.7 kDa) from the Gel Filtration Calibration Kit (GE 

Healthcare). Protein elution volume was monitored by absorbance at 280 nm. All molecular 

weight values were assessed using a molecular weight standard curve.

Small-angle X-ray scattering (SAXS) data were collected for Lsa45 at 1 and 10 mg/mL at 

the D02A-SAXS1 beamline of the Brazilian Synchrotron Light Laboratory (LNLS/CNPEM 

– Campinas – Brazil). The monochromatic incident radiation was set at a wavelength of 1.54 

Å. The sample-detector distance was 888 mm, resulting in a scattering vector q (defined 

as q = 4πsinθ/λ, where 2θ is the scattering angle) ranging from 0.013 Å−1 < q < 0.497 

Å−1. For monitoring radiation damage in the samples during the SAXS measurements, five 

consecutive frames of sixty seconds were recorded in a two-dimensional Pilatus detector. 

SAXS intensities were corrected for the detector response, intensity of the incident beam, 

sample absorption and buffer scattering. The 2D scattering patterns were integrated using the 

Fit2D software [36] and the resulting one-dimensional scattering curve.

Fitting of the experimental data and adjustment of the pair-distance distribution function, 

p(r), were conducted using Gnom software from the ATSAS Package. The low-resolution 
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model was generated using the “ab initio” routine implemented on the dammif/dammin 

software [37]. SAXS pattern simulation, based on the crystallographic structure, was 

determined using Crysol. Molecular weight was calculated using the SAXSMoW2 [38].

2.5 Bocillin FL binding assay

PBP function was tested with fluorescent penicillin Bocillin FL (Fisher Scientific - 

Hampton, NH). Bocillin FL is a fluorescent derivative of penicillin V that has been used 

to validate PBP and β β β β β β -lactamase binding studies [39]. Several reactions were 

carried out containing 5 μL of Lsa45 (5 mg/mL) in PBS buffer and Bocillin FL (0, 50, 

100, 200, 300, 500 and 1000 μM) in a total volume of 50 μL. As a negative control, a 

fragment of Enterococcal surface protein (Esp, aa 48–452) was used [40]. All reactions were 

incubated for 2 h at 37 °C and stopped by addition of 20 μL SDS-PAGE loading buffer 

(125 mM Tris-HCl, 4% SDS, 20% glycerol, 2% 2-mercaptoethanol, pH 6.8). The reactions 

were boiled for 5 min. Twenty μL of each sample were loaded onto a 12% SDS-PAGE 

gel and resolved by electrophoresis. The gel was developed and scanned using a Molecular 

Imager® Gel Doc™ XR (BioRad). The fluorescent bands were quantified using Image Lab™ 

software.

2.6 Enzymatic activity and kinetic parameters

To reproduce the physiological conditions, the Lsa45 purification buffer was exchanged for 

the PBS buffer. The β-lactamase activity of Lsa45 was determined using nitrocefin (Cayman 

Chemical - Ann Arbor, MI), a chromogenic β-lactam substrate that in the presence of 

β-lactamase activity changes color [41]. The reaction was prepared using 0–250 μg Lsa45 

protein and 100 μM nitrocefin in PBS buffer. The color development was measured by 

absorbance at 482 nm. The esterase activity of Lsa45 was determined with 4-nitrophenyl 

acetate (p-NPA; Fisher Scientific - Hampton, NH) by measuring the absorbance at 405 nm. 

The standard assay solution consisted of 100 μM p-NPA in PBS buffer with 0–50 μg Lsa45 

protein. Both reactions were incubated for 1 h at 20, 28 or 37 °C.

Lsa45 activities were assayed by monitoring hydrolysis of nitrocefin and p-NPA in a 

Spark multimode reader (Tecan) at 37 °C. The reactions were conducted in triplicate and 

were started by adding the enzyme at a final concentration of 0.6 mg/mL for nitrocefin 

(Δε482= 17,400 M−1.cm−1) and 0.25 mg/mL for p-NPA (Δε405= 13,294 M−1.cm−1). The 

measurement was monitored for 180 s. Kinetic parameters, Vmax, kcat and Km, were 

obtained by varying the concentration of nitrocefin (20–200000 μM) and p-NPA (10–

2000 μM). Steady-state kinetic parameters were obtained by fitting reaction curves to the 

Michaelis–Menten equation using GraphPad Prism 8.

2.7 Sequence coevolution analysis

To detect functionally relevant positions in Lsa45, we performed a coevolution analysis 

using the decomposition of residue coevolution networks (DRCN) method [42] as 

implemented in the PFstats software [43]. DRCN detects sets of residues that tend to 

appear simultaneously (coevolve) in sub-sets of a protein family represented by a multiple 

sequence alignment. It has been observed that such sets usually report the determinants 

of sub-family specific characteristics such as enzymatic activity (coevolution of catalytic 
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residues), specificity (coevolution in residues ligand recognition pockets), disulfide bridges 

(coevolution between cysteine pairs), DNA binding (formation of P-boxes), etc. A multiple 

sequence alignment from the β-lactamase family was obtained from Pfam [44]. To remove 

fragments and redundancy, the alignment was filtered and sequences not having 90% of 

the positions in the HMM for this protein family were removed (Pfam accession code: 

PF00144), followed by a filter of 70% identity. The final alignment was used to detect 

groups of coevolving positions using a standard PFstats protocol: a pair of residues is 

considered to be correlated when both are present in at least 10% of the sequences, the 

presence of the first increases the frequency of the other to more than 80%, and the 

associated p-value to that frequency shift is less than 10−10. Residues are considered to 

be anti-correlated if the same conditions apply but the shift is negative, with the presence 

of one residue causing a frequency decrease in the other to less than 20%. After the set 

of correlated pairs are identified, the definition of coevolving sets is obtained by a trivial 

clustering procedure: a residue is considered to belong to a coevolving set if it is correlated 

to at least one of the other members in the set.

3. Results and Discussion

3.1 Overall structure and structural analyses of Lsa45

The crystal structure of Lsa45 was determined in apo form by the SAD method to 1.62 Å 

resolution limit. The Matthews coefficient value suggested the presence of one molecule 

in the asymmetric unit corresponding to 42% solvent content [45]. The crystal belongs 

to the orthorhombic space group P212121. The final model includes 214 waters, 1 PEG, 

2 ethylene glycols and 15 iodide molecules. A final map shows a well-defined electron 

density throughout most of the structure, which includes amino acids 64–398. Some amino 

acids were not included in the final model because the electron density was missing. These 

amino acids are presumed to be disordered and correspond to loop regions present in the N-

terminal (36–57) and C-terminal (399–419) subdomains, which also was observed in many 

other structures with similar fold [46–48]. The Lsa45 structure adopts a two-subdomain 

structure composed of a small α-helix subdomain and a large α/β subdomain, which is 

also present in other serine hydrolases, such as family VIII esterase [48], PBPs [19], 

AD-peptidase [49] and class C β-lactamases [50]. The large α/β subdomain consists of 

a six-stranded antiparallel β-sheet in the middle (β2, β1, β6, β5, β4 and β3) flanked by 

five helices on one side (α1, α2, α14, α11, α15 and α16) and four helices on the other 

side (α3, α11, α12 and α13). The small α-helix subdomain includes seven α-helices (α4, 

α5, α6, α7, α8, α9 and α10) (Fig. 1A). The N- and C-terminal regions that comprise the 

large subdomain has higher values of B-factor of Lsa45. Fig. 1B is colored according to the 

B-factor value of C α atoms. The high value B-factor are related to atom packing in proteins, 

but in many studies this value has been extensively used to investigate protein flexibility 

[51].

Structural alignment of Lsa45 with known structures of homologs deposited in PDB showed 

various structural similarities with other proteins from different organisms. The four most 

pronounced functions found in Dali were those of PBPs [49,52], class C β-lactamases 

[53–55], peptidases [49] and esterases [56–58], suggesting that Lsa45 has one of these 
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functions. The first structural characteristic compared to Lsa45 was the substrate-binding 

pocket. Like other members of the α/β hydrolase family, the substrate-binding pocket is 

positioned in a groove between the large α/β subdomain and small α-helix subdomain, 

at the edge of the central β-sheet of the α/β subdomain. The volume of the putative 

substrate-binding pocket was determined for Lsa45, which had a small volume of 127 

Å3 (Fig. 2), differing from some structural homolog proteins that have moderate to larger 

volumes for the substrate-binding pocket, such as Escherichia coli AmpC (EcAmpC) - 225.0 

Å3, Caulobacter crescentus EstA (CcEstA) - 267.8 Å3 and Pyrococcus abyssi PBP (PaPBP) 

- 1963.7 Å3 [46,50]. In addition to the size, the shape of the binding pocket also differs 

significantly between the proteins. The surface charge in the Lsa45 cleft is mostly positive 

due to the high content of arginine and lysine, which corresponds to 14.1% of structure. This 

environment facilitates binding to negatively charged substrates. The importance of binding 

pocket size and shape has been studied for the different α/β hydrolases, and it has been 

established that these characteristics may directly affect access, recognition and substrate 

specificity [49,59]. In Lsa45 and EcAmpC, access to the binding pocket is free, thus leaving 

enough space for bulkier substrates to enter but with shapes completely different, where 

Lsa45 has a rectangular shape and EcAmpC a diffuse shape. The substrate-binding pocket of 

PaPBP is larger and diffuse with access to the substrate only restricted by a α-helix (residues 

113–126). In the case of CcEstA, the α5/α6 and β3/β4 loops limit substrate access to the 

substrate-binding pocket. The substrate-binding pocket in CcEstA, PaPBP and EcAmpC 

forms a large tunnel, while in Lsa45, this tunnel is not observed [46,50]. Serine hydrolases 

have an enormous capacity to make major structural changes to suit different types of 

substrates. Conformational changes at the entrance to the substrate-binding pocket can be an 

important factor in recognition of more substrates, which sometimes lead to a promiscuous 

enzyme [60].

Structural studies have helped to identify similarities in the active site of enzymes of the 

α/β hydrolase family that acts in substrate catalysis [19,49,54,61]. Despite some differences, 

many of these similarities have been found in the structure of Lsa45. For example, the active 

site of Lsa45 has two of the three conserved motifs that have been identified in PBP [19], 

esterases [62,63], D-peptidase [49] and class C β-lactamases [50,64]. The motif I (SxxK) 

and motif II (YxN) of α/β hydrolase family are conserved in Lsa45. Motif I is responsible 

for nucleophilic attack and is located at the α3-helix. In contrast, motif II is a short loop 

localized between the α9 and α10 helices forming one wall of the catalytic cavity which 

consists of a YxN (class C β-lactamases) or SxN (class A β-lactamases) sequence motif 

[48]. Motif II in Lsa45 has the sequence 217YSN219 with the residue Tyr217 pointing to 

catalytic serine (Ser122). Motif III (KTG-box) is common in class C β-lactamases and is 

not conserved in Lsa45; instead, the amino acid Gly is replaced by a Phe at the equivalent 

position (Fig. 3). This exchange may play an important steric role in regulating the entrance 

of substrates, allowing entry of less bulky substrates.

The classical catalytic triad signature responsible for the catalysis of α/β hydrolase is also 

present in Lsa45, localized in the substrate-binding pocket, where it is able to accommodate 

and react with its substrates. The catalytic triad is composed of the amino acids Ser122, 

Lys125 and Tyr217. It is predicted that these three residues in Lsa45 are essential in both 

β-lactamase and esterase activity. Like other members of the serine hydrolase family, Ser122 
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works as the probable nucleophile responsible for acetylation attacking the carbonyl carbon 

of lactam ring antibiotics and ester substrates. The role of Lys125 residue in catalysis 

depends on the enzyme. In class C β-lactamases, this residue stabilizes the oxyanion species, 

reducing the pKa of Tyr in the YxN motif [65,66]. Lys125 and Tyr217, which are in close 

proximity to Ser122, are likely involved in deacetylation or deprotonation during catalysis 

[61]. Despite the low identity of the primary structure, the catalytic triad is highly conserved 

for different bacterial species (Figs. 3 and 4). The residues Ser122, Lys125, and Tyr217 

of Lsa45 correspond to Ser64, Lys67, and Tyr150 of AmpC E. coli. In D-peptidase, these 

residues are represented by Ser74, Lys77, and Tyr17, while in EstU1 from an uncultured 

bacterium, the residues are located in Ser100, Lys103 and Tyr218 (Fig. 4).

Motif I is represented by the amino acids SVTK in Lsa45, SVSK in AmpC, SVTK in 

AD-peptidase and SMSK in EstU1. The three amino acids of motif II are YSN in Lsa45, 

YAN in AmpC, YSN in AD-peptidase and YGH in EstU1. The superposition of the active 

sites of the Lsa45 with other homolog enzymes is shown in Fig. 5. It reveals high similarity 

between the spatial orientation of residues of the active site of these enzymes. Therefore, it 

is clear that not only catalytic residues can directly influence the recognition and catalysis 

of different substrates (Fig. 5). In the case of Lsa45, the catalytic triad is conserved, but it 

may be that the overall substrate-binding pocket is suboptimal for the hydrolysis of β-lactam 

antibiotics. This was demonstrated for EstU1, which has weak β-lactam activity even though 

it possesses catalytic residues [61]. Despite exhibiting a range of activity as mentioned 

above, the mechanism of catalysis is practically the same for all these enzymes, with the 

cleavage of the amide bond. The exception is for enzymes that have esterase activity, in 

which case, catalysis is carboxylic ester hydrolysis.

3.2 Quaternary structure in solution

Lsa45 was purified and its oligomeric structure in solution was determined by SEC 

and SAXS. On SEC, Lsa45 had an elution profile with a single predominant peak 

consistent with a monomer of approximately 42 kDa (Fig. 6A). SAXS experiments were 

performed at 1 and 10 mg/mL concentrations. The primary analysis of the data suggests 

an aggregation tendency for the samples at 10 mg/mL, observed only for small values of 

q. For the subsequent analysis, a curve was generated by merging datasets from different 

concentrations: 1 mg/mL for small q values, and 10 mg/mL for higher q values. The radius 

of gyration (Rg) obtained by Guinier’s approximation (Fig. 6B) was within the q.Rg < 1.3 
limit and was in good agreement with Rg given by the p(r) method (Table 2). Fitting of the 

experimental data and p(r) adjustment (Fig. 6B–C) revealed a maximum diameter (Dmax) of 

69 Å. The simulated scattering of the crystallographic structure (Fig. 6D) yielded a Dmax 

of 74.64 Å, suggesting a monomeric conformation of Lsa45 in solution. Molecular mass of 

the scattering molecule was calculated using SAXSMoW2 confirmed the monomeric state 

of Lsa45 with a discrepancy of 3.5% and with an experimental mass of 44.7 kDa compared 

with the theoretical mass of 46.3 kDa. In addition, the dummy atoms model (DAM) was 

generated based on the experimental data and its superimposition with the crystallographic 

structure (Fig. 6E and Fig. 7). These findings are further supported by the fact that there 

are no dimer interfaces for Lsa45 packed within the crystal, as defined by the program 
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PISA [67]. Thus, Lsa45 appears to be active as a monomer, and a similar behavior has been 

observed in other bifunctional PBP/esterase enzymes [46,68,69].

3.3 Structural similarity and evolution analyses

A total of 50 proteins with global structural similarity were found using Dali (Z-score >20), 

despite a low primary sequence identity between these proteins and Lsa45. Many of these 

structural homologs identified are active on a broad range of substrates, including nitrocefin, 

cephalothin, p-nitrophenyl esters, oxyimino, d-aminoacyl esters and cefotaxime. The range 

of possible substrates demonstrate the catalytic promiscuity of this class of enzymes, which 

has been discussed previously [70]. One of the possible reasons for the catalytic promiscuity 

of enzymes with α/β hydrolase fold may be due to the ability to mediate different catalytic 

mechanisms. The Dali server also revealed that Lsa45 structure is highly similar to 6-

aminohexanoate-dimer hydrolase of Flavobacterium sp. with a Z-score of 31.8, RMSD 2.2 

based on 292 of 384 C-alpha atoms and 21% sequence identity (PDB 1WYC). Another 

identified structure similar to Lsa45 was the EstU1, from an uncultured bacterium with a - 

score of 30.7, RMSD 2.4 based on 296 of 404 C-alpha atoms and 20% sequence identity 

(PDB 4IVI), which was also determined complexed with cephalothin, a first-generation 

cephalosporin antibiotic. EstU1 belongs to family VIII carboxylesterases, which displays 

β-lactamase activity against p-nitrophenyl esters. EstU1 has a β-lactamase-like topology and 

contains the residues Ser100, Lys103 and Tyr218, which correspond to the three catalytic 

residues of class C β-lactamases [61]. More distant structural homologs include putative 

β-lactamase of Jeotgalibacillus marinus - -score of 29.4, RMSD 2.6 based on 290 of 361 

C-alpha atoms and 17% sequence identity (PDB 6KJJ); Est-Y29, a metagenomic homolog 

of the PBP/β-lactamase family with -score of 27.7, RMSD 2.5 based on 286 of 390 C-alpha 

atoms and 17% sequence identity (PDB 4P85); EstB from Burkholderia gladioli, an esterase 

with β-lactamase activity - -score of 27.1, RMSD 2.5 based on 280 of 377 C-alpha atoms 

and 18% sequence identity (PDB 1CI8); and AmpC from E. coli - -score of 26.1, RMSD 2.8 

based on 287 of 361 C-alpha atoms and 18% sequence identity (PDB 3IWI).

Although there are a large number of structures with similar folds, we will focus on 

the structural comparison between Lsa45 and EstU1 from an uncultured bacterium [61] 

and AmpC from E. coli, because the two have esterase and β-lactamase activity [54], 

respectively, activities observed in Lsa45. The overall structure is very similar for these three 

enzymes but there are significant differences, mainly in the accessibility of the active site 

from the surrounding solvent. Evolutionary analyses were also performed using the DRCN 

method. The results in three sets of coevolving positions are shown in Fig. 8. The first set 

consists of residues D245, L198, P197, L125, G161 and P160 according to E. coli AmpC 

numbering (D226, L179, P178, L106, G142 e P141 in PDB 1FCM). The second set of 

coevolving residues are K83, S80 and Y166 in E. coli AMPC. Finally, there is a coevolving 

pair involving an aspartate and a tyrosine which is not present either in E. coli AmpC. One 

of the coevolving sets in the DRCN analysis has a very clear interpretation: K83, S80 and 

Y166 (E. coli AmpC) make up the catalytic triad in known β-lactamases [50], and Lsa45 

has all three residues (Lys125, Ser122 and Tyr217 according to Uniprot numbering). What 

is notable in this overall coevolution pattern is the absence of coevolved residues directly 

related to specificity. In serine proteases, for example, besides a coevolving set including 
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the catalytic triad coevolves and other residues in the active site, there is a coevolving 

pair specific to trypsins and coevolution signal for the residues forming the auxiliary triad 

in some serine proteases [71]. For this protein family, however, the catalytic triad does 

not show significant coevolution with other residues, and the six-residue group mentioned 

above is scattered around the structure. Two interpretations are possible: either the variety 

of specificities in this protein family is so high that possible coevolving residues for specific 

sub-classes have diluted correlation signals, or there are no such patterns for members of 

this protein family. While the two interpretations are not mutually exclusive, the second is in 

agreement with the prevalence of promiscuous enzymes in this protein family.

3.4 Penicillin binding assay and enzymatic kinetics

Bocillin FL penicillin was used to probe the interaction between Lsa45 and β-lactams. 

This dye has been used to characterize PBPs and -lactamases [72,73]. Fig. 9 shows SDS-

PAGE of binding of Bocillin FL with Lsa45 in a concentration-dependent manner. As 

the concentration of Bocillin FL increases, and the intensity of the bands in the gel also 

increases. This data suggests that Bocillin FL covalently binds to Lsa45, possibly through 

the formation of an acylated complex. Although binding occurs, we observe that binding is 

extremely weak when compared to other PBPs[39,74,75].

The hydrolytic activity of Lsa45 was examined using nitrocefin and p-NPA (Fig. 10A). 

Nitrocefin, once hydrolyzed, rapidly changes color from yellow to red. Lsa45 showed 

β-lactamase activity against nitrocefin. The substrate p-NPA was also used to test for 

esterase activity (Fig. 10B). The esterase activity of Lsa45 converted p-NPA (colorless) to 

p-nitrophenol (yellow). Similarly, other bifunctional β-lactamase/esterase enzymes such as 

LgLacI [76], EstA [70] and CcEstA [46] showed activities for β-lactams and p-nitrophenyl 

esters. Three different temperatures and several protein concentrations were tested to choose 

the ideal parameters for kinetic enzymatic assays. For both substrates, 37 °C was chosen as 

the temperature, with 50 μg of protein for nitrocefin and 25 μg for p-NPA.

Fig. 10C shows the Michaelis-Menten plot for Lsa45 activity with nitrocefin and p-NPA, 

respectively. The kinetic parameters of Lsa45 for nitrocefin and p-NPA were determined 

and are summarized in Table 3. All the kinetic parameters are very similar between the two 

substrates. The Km values for nitrocefin (235.0 μM) and p-NPA (849.3 μM) were determined 

to be within a similar range. The kcat value for p-NPA was only one order of magnitude 

higher than those for nitrocefin, with values of 0.668 s−1 for p-NPA and 0.040 s−1 for 

nitrocefin. The catalytic efficiencies (kcat/Km) for both substrates were low, with values 

of 0.17 mM−1s−1 for nitrocefin and slightly higher for p-NPA, 0.786 mM-1s-1. The weak 

catalysis and specificity of promiscuous enzymes with β-lactamase should be related to the 

substrate-binding pocket since the pocket is not optimized for either activity [61,72]. Most 

of them have bifunctional β-lactamase/esterase activity and use the same substrate-binding 

pocket to hydrolyze substrates [46,56,62,76]. Others, like the bifunctional enzyme Tp47 

from the spirochete Treponema palladium has β-lactamase and carboxypeptidase activities 

[72].

The kinetic findings for Lsa45 differ from a recent report by Ryu and colleagues who 

studied a similar protein, CcEstA from C. crescentus, which was more efficient for p-
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nitrophenyl esters than nitrocefin [46]. In another kinetic study, this time of EstU1, the 

ester p-nitrophenyl butyrate and β-lactam cefazolin had the same affinity for EstU1, but 

the turnover efficiency of cefazolin was much lower [63]. The enzyme EstSRT1 has the 

same behavior as EstU1, with higher catalytic efficiency for p-nitrophenyl butyrate and 

lower for β-lactams [62]. Another enzyme that behaves differently from Lsa45 is EstC, 

which was identified from culture-independent metagenomic sequencing. EstC also has 

weak β-lactamase activity against nitrocefin. Substrate specificity studies showed that EstC 

prefers short to medium acyl chain length of p-nitrophenyl esters [56]. Therefore, it was 

observed that unlike other similar enzymes that have a preferential esterase activity, Lsa45 

demonstrated more balanced kinetic parameters for both activities. However, it was observed 

that β-lactam hydrolysis is relatively weak for the cases shown.

4. Conclusions

Here, the first structure of a bifunctional PBP/esterase (Lsa45) of L. interrogans was 

determined and the protein was characterized biochemically. The structure and solution 

studies provided evidence that Lsa45 is a monomer. Based on sequence and structure 

alignments, it was possible to suggest the region of the catalytic binding site. This region 

contains the catalytic triad formed by the amino acids Ser122, Lys125 and Tyr217, which 

are essential for β-lactamase and esterase catalysis. In addition to structural studies, Lsa45 

showed a binding to Bocillin FL, a dye analog of penicillin V that has been used to 

determine PBP and β-lactamase profiles of enzymes belonging to different bacteria. Finally, 

we demonstrated that Lsa45 is capable of hydrolyzing the β-lactam antibiotic nitrocefin 

and ester p-NPA. Nevertheless, kinetic studies revealed that Lsa45 was more efficient at 

degrading p-NPA as compared to nitrocefin. Although the structure and activity of Lsa45 

were revealed in this study, its physiological function in the bacterium still needs to be 

explored. All these characteristics identified for Lsa45 have paved the way to understand the 

mechanism of this enzyme as well as to help design new therapeutic strategies through the 

prevention performing a structural mapping of epitopes, since Lsa45 is a leptospiral surface 

adhesin or in the treatment of leptospirosis using Lsa45 as a target for design new inhibitors. 

However, for a better understand of the role molecular of this enzyme in L. interrogans 
bacteria, further functional and structural studies should be carried out, such as site-directed 

mutagenesis, new kinetic assays with other substrates or even in vivo assays.
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HIGHLIGHTS

• Leptospiral surface adhesin 45kDa (Lsa45) is active as monomer in solution.

• Lsa45 showed β-lactamase and esterase activities.

• Lsa45 structure from was determined to 1.62 Å resolution.

• Lsa45 structure revealed a large α/β domain and a small α-helix domain.
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Figure 1. 
The overall crystal structure of Leptospiral surface adhesin of 45 kDa (Lsa45). A) The 

structure of Lsa45 is a monomer with two subdomains. The upper part of the structure in the 

orientation depicted is an α/β hydrolase-like subdomain and the bottom a smaller α-helical 

subdomain. B) B-factor demonstration of the Lsa45 colored by B-factor value. The protein 

is shown as a putty representation, as implemented by PyMOL. The residues have low blue 

and green, while the residues with high B-factor values are colored by yellow to red.
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Figure 2. 
Molecular surface analyses of Lsa45. All molecular surfaces were calculated using APBS 

Electrostatics Plugin into PyMOL. A) The yellow dashed circle shows the substrate binding 

pocket of Lsa45, B) Escherichia coli AmpC (EcAmpC), C) Caulobacter crescentus (CcEstA) 

and D) Pyrococcus abyssi (PaPBP). Blue, red, and white colors indicate positively charged, 

negatively charged, and hydrophobic surfaces, respectively.
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Figure 3. 
Multiple sequence alignment of Lsa45 with several serine hydrolases. Similar residues are 

colored in yellow and more conserved residues are in red. Numbers correspond to the Lsa45 

sequence. The rectangles show the motifs and green triangles correspond to catalytic triad 

amino acids in the active site of Lsa45. Lsa45 (UniProtKB: Q72UC8), Alkaline D-peptidase 

- Bacillus cereus (UniProtKB: P94288), AmpC - Pseudomonas aeruginosa (UniProtKB: 

Q541D8), β-lactamase - Acinetobacter baumannii (UniProtKB: Q6DRA1), β-lactamase 

- Klebsiella pneumoniae (UniProtKB: Q9XB24), AmpC - Escherichia coli (UniProtKB: 

P00811), β-lactamase - Aeromonas enteropelogenes (UniProtKB: A0A175VLQ4 4).
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Figure 4. 
Comparison of the active site of Lsa45. The catalytic triad (Ser, Lys and Tyr) responsible by 

catalysis is shown in sticks representation. The Ser amino acid is a nucleophile in α/β serine 

hydrolases. A) Lsa45 from L. interrogans, B) AD-peptidase from B. cereus, C) AmpC from 

E. coli and D) EstU1 from an uncultured bacterium.
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Figure 5. 
Superposition of the catalytic residues of active Lsa45 with different enzymes. Serine and 

lysine residues belong to motif I (SxxK) and tyrosine residue comprises to motif II (YxN). 

Lsa45 (magenta residues - PDB 8DC1), AD-peptidase (slate residues – PDB 4Y7P), AmpC 

(yellow residues – PDB 5GGW) and EstU1 (grey residues PDB 4IVK).
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Figure 6. 
Molecular mass analyses of Lsa45. A) The gel filtration chromatogram shows only one 

peak with a retention volume of 82.1 mL and an estimate of the molecular weight of 

Lsa45 plotted on the calibrated curve with molecular weights of known proteins suggests 

a value of 41 kDa. The predicted value after removing the signal peptide is 43 kDa. B) 

and C) Fitting of the experimental data and p(r) adjustment. C) Simulated scattering from 

the crystallographic structure and fit it to the experimental data. D) Dummy atoms model 

simulated scattering.
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Figure 7. 
Superposition of the crystallographic structure with the low-resolution dummy atoms model 

(DAM). The center and right models were rotated 90° around the y- axis and 90° around the 

x-axis from the orientation shown on the left panel.
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Figure 8. 
Coevolution network analyses of Lsa45 A) The co-evolution network in the β-lactamase 

family. Nodes are connected whenever there is coevolution (e.g., the presence of a proline 

in position 160 is usually followed by the presence of a glycine in position 161 and 

vice-versa). Nodes are colored according to the three sets of coevolving residues found in 

the analysis. E. coli AMPC is used, except for of the D1155-Y896 coevolving pair, which 

uses the alignment numbering due to its absence in both AMPC or Lsa45. B) location of the 

six-residue coevolving set (blue spheres) in the three-dimensional structure of a β-lactamase 

(PDB code: 1FCM) when compared to the three catalytic residues (as balls-and-sticks).
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Figure 9. 
Analysis of Bocillin FL binding with Lsa45. SDS-PAGE of the reaction mixture of Bocillin 

FL with Lsa45 was analyzed with different concentrations of Bocillin FL (0–1000 μM). 

A fragment of the enterococcal surface protein (Esp), which is a non-PBP, was used as a 

negative control.
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Figure 10. 
Kinetic parameters for hydrolysis of nitrocefin and 4-Nitrophenyl acetate (p-NPA) by Lsa45. 

All measurements were completed in triplicate. Data were fitted to the Michaelis-Menten 

equation using Graphpad Prism8. A) Chemical structures of nitrocefin and p-NPA B) 

Kinetic activity of Lsa45 against nitrocefin C) Kinetic activity of Lsa45 against p-NPA.
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Table 1.

Data collection and refinement statistics for Leptospiral surface adhesin of 45 kDa (Lsa45)
a

Data Collection

Beamline LNLS – MX2

Wavelength 1.5499 Å

Resolution range (Å) 41.17–1.62

Space group P212121

Unit cell (a b c, Å) 44.14, 74.86, 113.47

Total reflections 1530015 (46424)

Unique reflections 48518 (4655)

Multiplicity 31.5 (20.9)

Completeness (%) 99.66 (96.95)

Mean I/sigma(I) 21.9 (2.1)

Wilson B-factor 17.11

b
Rpim

0.017 (0.619)

CC1/2 0.999 (0.524)

Structure Refinement Statistics

Rwork/
c
Rfree

0.1978/ 0.2227

Protein atoms 2754

Ligand/ions 30

solvent 214

Protein residues 342

RMS (bonds) (Å) 0.010

RMS (angles) 1.35°

Ramachandran favored (%) 98.53

Ramachandran allowed (%) 1.18

Ramachandran outliers (%) 0.29

Rotamer outliers (%) 0.33

Clashscore 3.04

Average B-factor (Å2) 23.0

Number of TLS groups 1

PDB ID 8DC1

a
Statistics for the highest-resolution shell are shown in parentheses.

b
Rpim= Σh [1 / (/n − 1)]1/2 h Σi| < Ih > − Ih,i| / Σh Σi Ih,I, where h enumerates the unique reflections, i represents their symmetry-equivalent 

contributors, and nh denotes multiplicity.

c
Rfree calculated with randomly selected reflections (5%).
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Table 2.

Small-angle X-ray scattering (SAXS) structural parameters for Lsa45.

Parameters Crystallographic Experimental Dummy Atoms Model

Rg (Guinier) (Ǻ) - 24.5 -

Rg (Ǻ) 22.5 23.6 23.0

Dmax (Ǻ) 74.64 69.0 73.1

Mol. Weight (kDa) 44.7 46.3 -
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Table 3.

Kinetic parameters of Lsa45 with nitrocefin and 4-Nitrophenyl acetate (p-NPA).

Substrate Km (μM) Vmax (μM/s−1) kcat (s−1) kcat/Km (μM−1s−1)

Nitrocefin 235.0 ±6.40 0.5642 ±0.020 0.040 ±0.002 0.17

p-NPA 849.3 ±15.30 3.643 ±0.420 0.668 ±0.040 0.786
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