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Abstract

We describe herein a highly proficient class A B-lactamase OIH-1 from the bacterium Oceanobacillus
iheyensis, whose habitat is the sediment at a depth of 1050 meters in the Pacific Ocean. The OIH-1
structure was solved by molecular replacement and refined at 1.25 A resolution. OIH-1 has evolved
to be an extremely halotolerant B-lactamase capable of hydrolyzing its substrates in the presence of
NaCl at saturating concentration. Not only is this the most highly halotolerant bacterial enzyme
structure known to date, it is also the highest resolution halophilic protein structure yet determined.
Evolution of OIH-1 in the salinity of the ocean has resulted in a molecular surface that is coated with
acidic residues, a marked difference with B-lactamases of terrestrial sources. OIH-1 is the first
example of an antibiotic-resistance enzyme that has evolved in the depths of the ocean in isolation
from clinical selection and gives us an extraordinary glimpse into protein evolution under extreme
conditions. It represents evidence for the existence of a reservoir of antibiotic-resistance enzymes in
nature among microbial populations from deep oceanic sources.

Keywords
Antibiotic resistance; halotolerant; p-lactamase

Introduction

Chemical warfare by soil microorganisms is believed to have produced fertile ground for co-
evolution of antibiotic-resistance mechanisms for self-protection by the antibiotic producer
strains.! Alternatively, evolution of the resistance determinants by other microorganisms that
cohabitate the very same niche has been invoked.2 One such antibiotic resistance factor is the
family of p-lactamases, which has emerged as a major mechanism of bacterial resistance to
clinically important B-lactam antibiotics. These bacterial enzymes hydrolyze the f-lactam ring
of the antibiotics, rendering them inactive.3: 4 Four classes of B-lactamases (A-D) have been
identified, of which classes A, C, and D are active-site serine enzymes, while class B includes
metallo B-lactamases.® It is generally believed that p-lactamases might have emerged from a
group of cell-wall biosynthetic enzymes referred to as penicillin-binding proteins in response
to the production of B-lactam antibiotics by other organisms within the same habitat.# This
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event has been proposed to have occurred two billion years ago,® predating divergence of
Gram-negative and Gram-positive bacteria. The clinical use of structurally diverse p-lactams
during the past sixty years dramatically accelerated evolution and spread of the genes for these
enzymes.’ Class A p-lactamases are the most common and are widely distributed among Gram-
positive and Gram-negative bacteria. The genes for these enzymes are disseminated in
important clinical pathogens and are discovered with increased frequency in a variety of
environmental microorganisms. Despite significant progress in the studies of p-lactamases,
our knowledge of the diversity of these enzymes is based on the analysis of genes of merely
1% of existing microorganisms, as the remaining 99% are currently non-culturable.® Recent
studies of DNA from soil samples, including those from an isolated site in Alaska,
demonstrated that soil is a reservoir for various yet uncharacterized antibiotic-resistance
determinants.®11 New class B and class C p-lactamases have recently been identified in
microorganisms isolated from remote Antarctic coastal areas.12: 13

The availability of increasing numbers of genome sequences of various environmental and
clinical microorganisms provides yet another source for identification and study of antibiotic-
resistance genes. In a search for novel B-lactamases in the microorganisms whose genome
sequences are reported at the Genome Project site of the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj), the amino acid
sequence of a putative B-lactamase from the Gram-positive bacterium Oceanobacillus
iheyensis was identified. This bacillus, isolated from the bottom of the Pacific Ocean at a depth
of 1050 meters, is alkaliphilic and halotolerant, in that it can grow in up to 21% (5.6 M) NaCl,
and was classified as a species in a previously unknown genus. The selected open reading frame
encodes a protein that has up to 55% amino acid identity with class A B-lactamases from various
Bacillus species. It also contains fingerprint sequence motifs conserved among class A B-
lactamases, including SxxK (which includes the catalytic serine), SDN, and ExxxN. In an effort
to determine whether this open reading frame encodes for a functional class A p-lactamase,
we have cloned the gene, and expressed and purified the encoded enzyme. Herein we present
the detailed description of kinetics and high resolution crystal structure of this first antibiotic
resistance enzyme from deep sea microorganism.

Construction of the pHF016 vector

The vector pHF016 was constructed by combining three DNA fragments containing the origin
of replication of the pET24a(+) vector (Novagen), the gene for aminoglycoside
phosphotransferase to provide a kanamycin selection marker, and the D-amino acid
aminotransferase promoter, respectively. The pET24a(+) origin of replication was PCR-
amplified from the pET24a(+) plasmid using the primers oHF014: 5'-
GCGGATATCCCCGTAGAAAAGATCAAAGG -3’ and pHFO016: 5'-
GTATCTGCAGAGCGCTGGCATTGACCCTG -3’ (the EcoRV and Pstl recognition
sequences are underlined). The fragment containing the kanamycin selection marker was PCR-
amplified from the plasmid pET24a(+) using the primers oHF017: 5'-
GTTTCTGCAGTCAGGTGGCACTTTTCG -3’ and 0HF018: 5'-
GGGAGATATCTCATGAACAATAAAACTGTC -3’ (the EcoRV and Pstl recognition
sequences are underlined). Amplification products were digested with ECORV and Pstl, ligated,
and introduced by transformation into competent E. coli strain DH10B cells (Gibco BRL). The
nucleotide sequence of the resulting construct was verified and its unique EcoRV site was used
for cloning of the third fragment. This third fragment encoding the D-amino acid
aminotransferase gene promoter, a multiple cloning site (MCS), and the termination signal
from the T2 element of the E. coli rrB gene, was custom synthesized (Celtek Genes). Two
sites for the ECORV endonuclease were also introduced at the 5'- and 3'- ends of this fragment.
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The sequence of the entire vector was verified by DNA sequencing. The MCS of the pHF016
plasmid contain a unique Ndel site that can be used to place any gene of interest under the
strong constitutive promoter of the D-amino acid aminotransferase gene.

Various OIH-1 constructs

We first optimized the gene sequence for the OIH-1 B-lactamase for expression in E. coli and
custom synthesized it in such way that the OIH-1 B-lactamase (including its own predicted
leader sequence) was fused to the leader of the TEM-1 B-lactamase at the N-terminus and had
a hexahistidine tag at the C-terminus. Recognition sequences for the Ndel and HindlIl
endonucleases were introduced immediately 5’ of the sequence for the TEM-1 leader and 3’ of
the stop codon for the OIH-1 B-lactamase gene. The resulting construct was custom-
synthesized and cloned into the Ndel and Hindll1 sites of the pHF016 and pET24a(+) vectors.
To get a construct expressing OIH-1 only under its own predicted leader we PCR-amplified
this truncated fragment (without the TEM-1 leader) from the synthetic construct using the
primers OceanNde: 5'- ATACATATGATTAGAATCCTCAAACGCAGC -3’ and
TEMHisHind: 5'- TATAAGCTTAGTGGTGGTGGTGGTGGTGG -3' (the Ndel and HindllI
recognition sequences are underlined). This fragment was cloned into the Ndel-HindlIl site of
the pHF016 and pET24a(+) vectors. To obtain the construct encoding OIH-1 without its
predicted leader sequence we utilized two primers, OCE2Ndeldir: 5'-
TTCTCATATGAAGGAAGGTATACCAGAGGAAAATAACGGC -3’ (the Ndel
recognition sequence is underlined) and TEMHisHind (vide supra) to amplify the oih-1 gene.
The PCR product was separated from a vector template by electrophoresis on a 1% agarose
gel, purified from agarose, digested with the Ndel and Hindlll endonucleases and cloned into
the corresponding sites of the pHF016 vector. To fuse the sequence of the mature (without own
leader) OIH-1 B-lactamase with the leader of either the TEM-1 B-lactamase or the leader of
the outer membrane protein OmpA, the oih-1 gene was amplified utilizing a pair of primers,
OCE2Dir: 5'- AAGGAAGGTATACCAGAGG -3’ and TEMHisHind (vide supra). Amplified
and purified PCR product was blunt-end ligated to the PCR-amplified DNA fragments
encoding the TEM-1 or the OmpA leader peptides and containing the Nde-I recognition
sequences at the 5’ end. The resulting products were digested with the Ndel and HindllI
endonucleases and cloned into the corresponding sites of the pHF016 vector. The nucleotide
sequence of all constructs was verified by DNA sequencing.

Enzyme kinetics

The hydrolysis of the B-lactam bond was monitored at the following wavelength and change
in extinction coefficient (Ae, M~lcm™1) with each substrate: penicillin G (240 nm/500),
penicillin V (240 nm/460), ampicillin (240 nm/500), carbenicillin (240 nm/400), ticarcillin
(235 nm/660), oxacillin (260 nm/450), cloxacillin (260 nm/180), methicillin (305 nm/41),
cephalothin (262 nm/7960), cefotaxime (265 nm/6260), ceftazidime (260 nm/8660), imipenem
(297 nm/9210), aztreonam (318 nm/640), and sulbactam (236 nm/1780). Activity of the OIH-1
B-lactamase against p-lactam substrates and the inhibition profiles with clavulanate,
tazobactam, and sulbactam were determined spectrophotometrically with a Cary 50
spectrophotometer (Varian) in 100 mM phosphate buffer, pH 7.0 at 22 °C. Calculations of
steady-state kinetic parameters for each substrate were performed with GraFit 4.0 and
Microsoft Excel software. The values for keat, Ky, and Keai/Km, were determined by fitting the
data with equation 1:

V=E kear S/(K+S) (eq.1)

where v is the initial velocity, S is substrate concentration, and E is enzyme concentration.
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Minimal inhibitory concentrations of antibiotics (MICs) against bacterial strains were
performed by the microdilution method in Muller-Hinton 11 broth (MHB). Two-fold dilutions
of antibiotics were performed in 96-well microtiter plates prefilled with 100 pl of MHB.
Bacterial cultures were added to antibiotic-containing MHB to result in a final inoculum of 5
x 10° colony forming units per milliliter. Plates were incubated at 37 °C for 24 hours before
results were recorded.

The inhibition parameters were determined by monitoring the hydrolysis of ampicillin under
conditions of excess substrate concentrations. The dissociation constants (K;) for clavulanate,
tazobactam, and sulbactam were calculated by the Dixon method.}4 Two concentrations of
ampicillin (100 and 200 uM) were used and a series of assay mixtures containing both the
substrate and inhibitor at various concentrations (2.5-12.5 uM for clavulanate, 5-20 uM for
tazobactam, and 10-150 uM for sulbactam) were prepared in 100 mM sodium phosphate buffer,
pH 7.0. The reaction was started by the addition of the OIH-1 enzyme (10 nM final
concentration) followed by the immediate measurement of enzyme activity. Rates were
measured for the first 10% of substrate turnover.

The inactivation rate constant (Kjnact) for clavulanate and tazobactam with OIH-1 were
calculated from reaction progress curves in the presence of varying concentrations of inhibitor
and excess ampicillin substrate. The value of the pseudo first-order rate constant (Kops) Was
determined by fitting the reaction progress curve with equation 2:

A=vi/kops [ 1exp(kobs 1)]+Ag (eq.2)

where A is the absorbance at 240 nm, A is the absorbance at t = 0, v; is the initial velocity,
and t is time. A plot of kg as a function of [I] was hyperbolic and equation 3 was used to
calculate the inactivation rate constant:

kobs =kinace [ 11/ (K +[1]) (eq.3)

where kinact defines the maximum rate of inactivation at infinite concentration of inhibitor, [I]
is the inhibitor concentration, and K; defines the inhibitor concentration where the rate of
inactivation is % Kinact.

The partition ratios (Keat/Kinact) for clavulanate, tazobactam, and sulbactam were determined
by the titration method.1® Reaction mixtures containing various molar ratios ([IJ/[E]) of
inhibitor (1) and enzyme (E) in 100 mM phosphate buffer, pH 7.0 were incubated at 4 °C
overnight. Molar ratios varied from 1-10, 5-50, and 10-200 for clavulanate, tazobactam, and
sulbactam, respectively. The remaining enzyme activity was assayed under conditions of
excess ampicillin (1 mM) and the fractional activity plotted as a function of the molar ratio of

[11/[E].

crystallization, data collection, and structure refinement

OIH-1 was purified and crystallized as previously described.1 Briefly, following elution from
the HiTrap Chelating Affinity column, and prior to crystallization trials, the enzyme was
dialyzed into 25 mM HEPES, pH 7.5, at a concentration of 300 pM and aliquots stored at -80
°C. Two crystal forms, both in space group P3;21 but with different unit cell parameters, were
produced; Form 1 grown from 0.1M sodium acetate, pH 4.6, 2.0 M ammonium sulfate, and
Form 2 from 0.2 M calcium chloride, 0.1 M HEPES, pH 7.5, 28% wi/v PEG 400, with both
forms having a single OIH-1 molecule in the asymmetric unit. The model used for molecular
replacement was modified using the program CHAINSAW?7 such that the residues which were
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identical between the two enzymes were retained and all other truncated to alanine. The p-
lactamase from Bacillus licheniformis Bs3 (Blich, PDB code 1i2s) was chosen as the search
model due to the reasonably high sequence similarity between OIH-1 and Blich (55% identity,
supporting Figure S1). The resultant molecular replacement solution was subjected to multiple
rounds of structure refinement with REFMAC® and manual model building with COOT.19
The 1.65 A resolution data collected from a Form 1 crystal at SSRL beam line BL7-116 was
used for the molecular replacement and initial refinement. A high resolution data set (1.25 A
resolution) was collected from a Form 2 crystal at the SSRL microfocus beamline BL12-2, and
the data were processed and scaled using XDS and XSCALE.20 Molecular replacement using
MOLREP?2! was repeated using a partially rebuilt OIH-1 model derived from the 1.65 A
resolution refinement. Thermal displacement parameters were refined anisotropically once all
the protein residues had been built according to the OIH-1 sequence. Water molecules were
added in residual 2F4-F¢ and F,-F electron density and were also refined anisotropically.
During the latter stages, refinement was switched to PHENIX22 which enabled refinement of
the site occupancies for residues which showed evidence of radiation damage. The final
crystallographic R-factor and the Rgyee for a randomly selected 5% of the data were 0.150 and
0.174, respectively for data between 42.0 and 1.25 A resolution. Relevant statistics are given
in Table 1.

Several of OIH-1 Form 1 crystals were soaked in 1.2 M RbBr and a data set collected at the
peak of the rubidium absorption edge. An anomalous difference map calculated from this data
showed a large number of Rb™ ions clustered at the molecular surface, several of which
corresponded to the positions occupied by Ca?* in the native Form 2 crystals.

Differential scanning calorimetry (DSC)

Experiments were conducted on a Nano Il Differential scanning calorimeter (Model 6100).
Before the measurements, aliquots of enzyme were dialyzed overnight in 25 mM HEPES, pH
7.5 without or with 5 M NaCl using 7 kDa cutoff Slide-A-Lizer dialysis cassettes (Pierce).
Protein concentrations were determined by the absorbance at 280 nm using a molar extinction
coefficient 2.59 x 104 M-1cm™1. Buffer dialysates were used for conditioning and as a blank
reference in DCS runs. The scans were performed under 2.8 atm constant pressure in the 20-85
°C temperature range with 1 °C/min heating and cooling rate, and with 2.5-3.2 mg/ml enzyme.
Thermogram data were analyzed with the CpCalc software (Calorimetry Sciences
Corporation).

Programs used and Data Deposition

Results

Superpositions were performed using the SSM procedure23 implemented in COOT, and
LSQKAB in the CCP4 suite.1” All figures were generated using PYMOL
(http://pymol.sourceforge.net). Molecular surface areas were calculated with NACCESS as
implemented on the Protein Interactions Calculator (PIC).24

Expression of OIH-1 B-Lactamase

To investigate if OIH-1 is a functional B-lactamase, a synthetic gene encoding the identical
enzyme was constructed, but optimized for expression in Escherichia coli. The B-lactamases
from both Gram-positive and Gram-negative bacteria possess leader sequences, short
polypeptides that target the protein for transport outside the cytoplasm. The leader sequence
is enzymatically removed from the full-length protein in the process of transport to produce
the mature, active p-lactamase. In Gram-negative bacteria such as E. coli the transported p-
lactamase is released in the periplasmic space, whereas in Gram-positive organisms, the protein
is partly released to the external milieu and partly is associated with the outer surface of the
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cell wall. To facilitate the transfer of OIH-1 into the periplasmic space of Gram-negative E.
coli, the gene for the OIH-1 was cloned under the leader sequence of the well-studied TEM-1
B-lactamase, an enzyme widely distributed in various Gram-negative bacteria. Cell extracts
containing expressed protein were able to hydrolyze the chromogenic p-lactam antibiotic
nitrocefin, an indication that cells produced functional B-lactamase. N-terminal amino acid
sequence analysis of B-lactamase isolated from the periplasm of E. coli revealed that in addition
to the TEM-1 leader sequence, the first 30 amino acids of OIH-1 were also removed upon its
translocation into the periplasm. Based on these findings, four additional constructs were
prepared. In one of the constructs OIH-1 was expressed under its own predicted leader (the
TEM-1 leader was removed), in another construct the predicted leader of OIH-1 was deleted,
while in the remaining two constructs the predicted leader of OIH-1 was removed and the
truncated gene was fused either with the oligonucleotide for the TEM-1 leader or that of the
leader of the outer-membrane protein OmpA. We placed all four constructs under the strong
constitutive promoter of the o.-amino acid aminotransferase gene, cloned them into the pHF016
vector and introduced them by transformation into E. coli DH10B.

Susceptibility testing demonstrated that E. coli harboring the OIH-1 B-lactamase produces high
levels of resistance to various penicillins (penicillin G, penicillin V, ampicillin, amoxicillin,
carbenicillin, ticarcillin, and piperacillin), but not to other types of B-lactam antibiotics (Table
2). The ability of all four constructs to render E. coli resistant to penicillins indicates that in all
cases B-lactamase was transported into the periplasmic space of E. coli. As expected, no
resistance was produced when the enzyme was expressed without the leader sequence and thus
was retained in the cytoplasm. In fact, OIH-1 expressed under its own leader reproducibly
produced slightly higher levels of resistance to B-lactams in E. coli than the enzyme that was
expressed under the leader of the E. coli TEM-1 B-lactamase and the same level of resistance
as the enzyme cloned under the OmpA leader (Table 2). These data indicate that the leader of
the OIH-1 B-lactamase, an enzyme intrinsic to a Gram-positive microorganism, is recognized
and efficiently utilized by Gram-negative E. coli to facilitate transport of the enzyme across
its cytoplasmic membrane.

Enzymatic Characterization of OIH-1

To further characterize this new p-lactamase, we purified it to homogeneity and studied its
kinetics with various B-lactam antibiotics and B-lactamase inhibitors. The enzyme is
catalytically competent and is indeed quite efficient in turnover of penicillins with k.,/Kmy
values in the range 106 — 107 M-1s'1 (Table 3). It also turns over other types of substrates, but
significantly less effectively. There are three mechanism-based inhibitors for class A B-
lactamases currently available for clinical use, clavulanate, tazobactam, and sulbactam. These
inhibitors exploit the catalytic steps of p-lactamase itself and lead to covalent and irreversible
inhibition of these enzymes.> Since mechanism-based inhibitors of class A p-lactamases are
B-lactams themselves, they serve as substrates (kg4 €vents), but by a subversion of the catalytic
events they lead to enzyme inactivation (Kjnact €vents). The ratio of Kggi/Kinact (partition ratio)
is a measure of efficiency of the inhibition process and the lower the value, the better the
process. The full set of catalytic parameters for inhibition of OIH-1 by the three inhibitors was
evaluated (Table 4) and compared to the parameters for inhibition of the TEM-1.25 Partition
ratios for clavulanate, tazobactam, and sulbactam measured for the OIH-1 enzyme are 60-,
7.2-, and 46-fold lower than the respective values for TEM-1.2° Hence, OIH-1 is more readily
prone to inhibition by clavulanate than is TEM-1. The implication from these kinetics studies
is that the catalytic steps in the mechanism of turnover of substrates and those of covalent
inhibition by class A B-lactamases are shared with OIH-1.
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The OIH-1 Structure and Comparison with Other B-Lactamases

The OIH-1 B-lactamase was crystallized and its structure was determined by molecular
replacement using the Blich structure as the search model, and refined at 1.25 A resolution in
space group P3;21 to a final crystallographic R-factor of 15.0% and an R¢yee 0f 17.4%. The
final model comprises residues 44-304, with the first 43 residues encompassing the 30-residue
leader sequence and 13 residues not observed in the current structure due to disorder. This
corresponds to residues 28-292 in the standard Ambler class A B-lactamase numbering2®
(supporting Figure S1 for conversion). This numbering scheme puts the catalytic serine at
position 70 and the essential active site glutamate at position 166, which conforms to the
convention. The overall OIH-1 structure comprises two structural domains (domains 1 and 2),
similar to other class A B-lactamases (Figures 1A and 1B). The OIH-1 structure shows a
significantly higher sequence and structural correspondence with Blich (55% sequence
identity) than with TEM-1 (34% sequence identity), with rms differences (rmsds) of 0.81 A
(for 254 C, atoms) and 1.53 A (for 240 C,, atoms) for Blich and TEM-1, respectively, following
superposition of the structures. Inspection of the OIH-1/TEM-1 superposition (Figure 1B)
shows that in OIH-1, both the N-terminal and C-terminal helices, along with three loops in
domain 1 are displaced from the corresponding elements in TEM-1. Domain 2 of OIH-1 shows
somewhat better structural similarity, and when OIH-1 and TEM-1 are superimposed based
on this domain only, the rmsd drops to 0.95 A (135 matching C,, atoms). Analysis of the
intramolecular interactions in these three p-lactamases (see supporting Table S1) shows that
there are no significant differences in the number of interactions (hydrogen bonds, salt bridges,
hydrophobic, and aromatic interactions).

The OIH-1 active site, located between the two structural domains, has all the essential catalytic
residues present (Figure 2). The structural disposition of these residues in OIH-1 resembles
those in other class A B-lactamases, comprising the catalytic serine Ser70, Lys73 and Glu166.
A water molecule lies between the Ser70 and Glul166 side chains, held in place by hydrogen
bonds with these two residues and a third conserved residue Asn170. This water molecule
occupies the position of the hydrolytic water in other class A -lactamase structures and should
play the same role in OIH-1. The conserved catalytic residues overlay rather well; when
superimposed based upon Ser70, Lys73, Glu166, Asn170, and Thr237, the values for rmsd for
these specific residues are 0.31 A, 0.26 A, and 0.34 A for the Blich, TEM-1, and SHV-1
enzymes, respectively. Difference electron density in the vicinity of the active site was modeled
as a HEPES molecule, with the sulfonate moiety bound in an anion-binding pocket adjacent
to Ser70. HEPES or MES buffer molecules have also been observed in this same site in other
class A B-lactamases including SHV-1,2” K128 and more recently TEM-1,22 along with
inorganic sulfate.39-33 This anion-binding site has been implicated in binding the carboxylate
of several p-lactamase substrates and inhibitors.34-37

Sequence comparisons between OIH-1, TEM-1, SHV-1, and several Bacillus p-lactamases
(supporting Figure S1 and supporting Tables S1 and S2) show that OIH-1 has a markedly
different distribution of charged residues, with the number of acidic amino acid residues
significantly elevated (66 out of 274 residues in the mature OIH-1 enzyme). By comparison
Blich has 46 acidic residues out of 282, TEM-1 has 36/286 and SHV-1 has 31/286. In particular
the number of glutamate residues in OIH-1 has increased almost 2-fold over Blich and TEM-1.
Conversely, the number of basic residues in OIH-1 has decreased slightly (25 compared to 39,
30, and 32 in Blich, TEM-1, and SHV-1, respectively). The relative levels of other amino acids
appears similar across these four B-lactamases.

The solvent accessible surfaces of OIH-1, TEM-1, SHV-1 and Blich were analyzed and
compared. Of the 62 acidic residues in the current OIH-1 structure, 55 are exposed on the
surface. By comparison TEM-1, SHV-1, and Blich have a much smaller number of exposed
acidic residues. This increase in acidic residues on the OIH-1 surface gives a surface acidic/
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basic ratio of 2.75 and an overall surface charge density of -3.05 x 103 e/A2, far greater than
the corresponding values for Blich (-0.46 x 103 e/A2), TEM-1 (-0.17 x 1073 ¢/A2), and SHV-1
(0.45 x 10-3 /A?2) (supporting Table S2). The electrostatic surfaces of OIH-1, Blich, and
TEM-1 are shown in Figure 3 and the predominance of negative charge on OIH-1 is strikingly
obvious (Figure 3A). The moderately thermophilic Blich (Figure 3B) and the mesophilic
TEM-1 (Figure 3C) have electrostatic surfaces with a somewhat random distribution of acidic
and basic residues, in contrast to the OIH-1 surface, which is almost entirely acidic.

Early in the refinement of OIH-1, several large peaks were identified in difference electron
density maps near the exposed acidic side chains, approximately 2.3-2.5 A from protein atoms.
When these were built and refined as water molecules, their atomic displacement parameters
(ADPs or temperature factors) dropped to well below the average for the surrounding
molecules, indicative of atoms with higher electron density than an oxygen atom. Since the
most obvious candidate is calcium (the crystallization conditions contain 0.2 M CaCl,), these
peaks were refined as Ca2* and the ADPs converged at values similar to the surrounding protein
atoms. Eight Ca?* ions (Cal - Ca8) were identified in the model, based initially upon anomalies
in the temperature factors of several water molecules, and their locations were later verified
by the calculation of an anomalous difference map using the 1.25 A data (Figure 4A) and an
anomalous difference map calculated with a data set collected from OIH-1 crystals soaked in
RbBr (data not shown). Five of these Ca?* ions are at an interface with symmetry-related OI1H-1
molecules. Four of these cations form part of a solvent-mediated cluster near six highly exposed
acidic residues (Figure 4B); Asp159 and Glu162 from helix H6, Glu174 and Asp176 from the
loop linking H6 and the short 319 helix (H7), and Asp213 and Asp215 at the N-terminus of
helix H9 from a symmetry-related molecule (OIH-1 residue numbering, see supporting Figure
S1 for secondary structure nomenclature and conversion to the standard Ambler class A B-
lactamase numbering?%).

Discussion

O. iheyensis is a Gram-positive bacterium isolated from the sediment collected at the bottom
of the ocean. In Gram-positive bacteria, B-lactamases are secreted to the environment. Hence,
OIH-1 is expected to be fully exposed to the salinity of the oceanic water. That is to say, OlIH-1
has evolved to retain activity in the presence of high salt. Our kinetics studies demonstrate that
OIH- 1 p-lactamase indeed is active over a very broad range of salt concentrations. In fact,
within the measured range of NaCl concentration (from 0 to 5.1 M), the turnover rate (Kg5t) of
B-lactam antibiotic ampicillin remained virtually unaffected, while the Michaelis constant
(Kim) only gradually increased, reaching a 3.5-fold higher value at saturating concentration of
salt (supporting Table S3). These observations are consistent with the claim that the chemical
step of catalysis is not affected by high concentration of NaCl. The enzyme also demonstrated
higher stability in conditions of increased salinity, as judged by the increased in its melting
point from 60.1 °C (at 0 M NaCl) to 67.0 °C in the presence of 5 M NaCl measured by
differential scanning calorimetry (data not shown).

From the structural analysis of several halophilic enzymes, salt stability has been attributed to
a number of factors, including an increase in the ratio of acidic to basic residues and a
corresponding increase in the negative electrostatic surface potential,38-42 a reduction in
enzyme hydrophobic surface resulting mainly from the loss of surface lysines and their
corresponding alky! tails,0: 41 changes in surface solvation and cation binding,38: 41: 43 and
anincrease in the number of intermolecular salt bridges in multimeric proteins.#3: 44 The OIH-1
B-lactamase shares the most noticeable structural feature characteristic of halophilic enzymes,
namely, it has a highly acidic surface due primarily to the increase in glutamate residues and
moderate decrease in the number of basic residues, compared to mesophilic B-lactamases
(supporting Table S2). OIH-1 is the most halotolerant bacterial enzyme whose structure has
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been determined, based upon surface properties and charge density (supporting Tables S2 and
S4), with only four extremophilic archaeal enzymes being more halophilic; dodecin, a flavin-
binding protein from Halobacterium salinarum:39 the small 2Fe-2S ferredoxin from
Haloarcula marismortui-38 malate dehydrogenase from H. marismortui-*3 and nucleoside
diphosphate kinase from H. salinarum.4>

One of the only significant patches of positively charged surface on OIH-1 appears to be inside
the active site pocket (Figure 3A), and this positive charge seems to be conserved in Blich and
TEM-1 (Figures 3B and 3C). This positive charge in OIH-1 results from the highly conserved
residues Lys234 and Arg244, which line the pocket. Arg244 is involved in an electrostatic
interaction with the carboxylate group on the p-lactam?® and the presence of the positive charge
localized inside the pocket is what draws the carboxylate of the p-lactam molecule into the
pocket.#6 This initial interaction between the enzyme and substrate is important for the highly
negatively charged OIH-1. Not surprisingly, the clustering of the acidic residues at the
molecular surface appears to be a common feature of proteins from O. iheyensis. Two other
structures from this deep sea bacterium have been deposited in the PDB, but not yet published
(dihydropicolinate synthase, DHPS (3d0c) and muconate cycloisomerase, MCI (3fyy)). Both
enzymes show the characteristics of halotolerance (supporting Table S2), DHPS in particular
has a large negative surface charge density (-1.52 x 10-3 e/A?). Analysis of charge distribution
of the O. iheyensis genome as a whole indicates that approximately 77% of the gene products
have a net negative charge, only slightly lower than that for the halophilic bacterium
Salinibacter ruber (84%) and significantly greater than mesophiles such as E. coli (60%),
Bacillus anthracis (56%), and even the slightly thermophilic B. licheniformis (62%). The
extremely halophilic archaea on the other hand have over 90% of their gene products with net
negative charge, which would classify O. iheyensis as a moderate halophile.

At 1.25 A resolution and with an Rgree Of 17.4%, the OIH-1 structure is the best resolved of
any halotolerant enzyme to date, which allows for a very detailed analysis of the molecular
surface and solvent structure. A feature that appears to be common to some halophilic enzymes
is the accumulation of large number of cations and solvent molecules at the molecular
surface3®: 39, The presence of the calcium ions at the OIH-1 molecular surface serves to greatly
neutralize some of the large patches of negative charge created by the clustering of acidic
residues and this would have a large stabilizing effect on the structure. Moreover, since the
majority of the calcium ions are associated with surface loops, these metal ions may also help
stabilize these loop regions and prevent unfolding at elevated salt concentrations. Water
molecules also play a key role in surface stabilization and visual inspection of the 515 water
molecules included in the final OIH-1 model shows that almost the entire surface of the protein
is enclosed in layers of ordered solvent (Figure 4C). The average humber of water molecules
per amino acid residue is 2.0, comparable to the corresponding number for ferredoxin from H.
marismortui3® and for glucose dehydrogenase from Haloferax mediterranei-*! and
significantly greater than the average of 1.4 calculated for a subset of 95 single-chain protein
structures from the PDB of comparable size to OIH-1 (molecular weights between 25-35 kDa)
and similar resolution (between 1.20 and 1.30 A). Of the 515 water molecules in OIH-1, 354
can be classified as belonging to the first hydration shell, in that they make at least one hydrogen
bond to a protein atom. This gives a solvent density at the molecular surface of 3.7 water
molecules/100 A2, comparable to the value of 3.6 water/100 A2 reported for H. marismortui
ferredoxin,38 although the value for ferredoxin is misleading, since it also includes the water
molecules that do not interact with the protein surface. Every surface-exposed charged and
polar residue is hydrogen bonded to one or more water molecules; on average the acidic amino
acid residues have 3.2 hydrogen bonds to water, the basic residues have 2.0, and the polar
residues 1.7. Of all the 20 common amino acids, aspartate and glutamate have the highest
propensity for the formation of hydrogen bonds with water,*’ and this is clearly evident in the
OIH-1 structure. It has been suggested that the prevalence of acidic amino acids on the surface
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of halophilic enzymes leads to the enhanced binding of water molecules, which makes the

enzyme highly soluble,*8 and stabilizes the tertiary structure in conditions of high salinity.41:
44, 29

Conclusions

The OIH-1 B-lactamase is the first antibiotic-resistance factor from a deep-sea microorganism.
We have studied this enzyme by kinetics and by determination of its structure at high resolution.
OIH-1is abonafide fully efficient B-lactamase with high hydrolytic activity against penicillins.
Evolution with exposure to the saline environment of the ocean has led to the development of
a highly negatively charged molecular surface enveloped by tightly-bound water molecules,
completely restructured compared to B-lactamase enzymes from mesophilic terrestrial
environments. This structural feature leading to high halotolerance while maintaining efficient
catalytic activity, has evolved within this specific environmental niche, and cannot be an alien
gene from other sources. A direct documentation of the existence of bona fide antibiotic
resistance determinants in nature, uncontaminated by human exposure, is extremely rare, if not
entirely unprecedented. OIH-1 is the first example of an antibiotic-resistance enzyme that has
evolved in the depths of the ocean in isolation from clinical selection, which gives an
extraordinary glimpse into protein evolution under extreme conditions. In light of the fact that
microbial life has evolved in the oceans as a niche during evolutionary time scale, it is likely
that an oceanic reservoir for a resistome — a collection of antibiotic-resistance genes in
microorganisms — exists.>? This oceanic resistome should complement and supplement the
acknowledged one from terrestrial sources. We can only speculate that the OIH-1 B-lactamase
has evolved in O. iheyensis as a protective means against p-lactam molecule secreted by
competing species of antibiotic-producing microorganisms that share the same ecological
niche. Actinomycetes, known producers of B-lactam antibiotics have been found to inhabit the
same niche within the Pacific Ocean.>!
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The structure of OIH-1 and comparison with other p-lactamases. (A) Stereoview of the
superimposition of OIH-1 (blue) and Blich (orange). (B) Stereoview of the superimposition of
OIH-1 (blue) and TEM-1 B-lactamase (yellow). All figures were generated with PYMOL
(http://pymol.sourceforge.net).
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Figure 2.
The OIH-1 active site. Stereoview showing the locations of the conserved amino acids critical

for activity in the p-lactamases. The water molecule (Wat) is in an identical location to the
hydrolytic water molecule observed in all other active p-lactamase enzymes.
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active site

Figure 3.

Electrostatic surface representations. (A) OIH-1; (B) Blich; and (C) TEM-1 in the same relative
orientation, looking into the active site cleft. Negatively charged surface is colored red and
positively charged surface is in blue.
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active site

Figure 4.

Calcium and water on the surface of OIH-1. (A) Stereoview of the anomalous difference map
calculated from the 1.25 A data. The map was contoured at 4 and the anomalous peaks are
shown in red. The eight calcium ions are labeled 1 to 8. The additional peaks are due to the
sulfur atoms of the six methionine residues (indicated as blue sticks), and the sulfur atom in
the HEPES molecule bound in the active site (shown in green sticks). (B) The calcium/solvent
cluster at the interface between two OIH-1 molecules (colored green at the bottom and blue at
the top). The four calcium ions are colored magenta and the associated water molecules as red
spheres. (C) The molecular surface of OIH-1 (blue) overlaid with a surface representation of
the 515 bound water molecules (pink) to show the extensive nature of the solvent networks.
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Table 1
Data collection and refinement statistics

Data collection
Space group P3,21
Cell dimensions - a, b, ¢ (A) 56.0, 56.0, 165.9
Wavelength (A) 0.97946
Resolution (A) 1.25
Reflections, observed / unique 416669 / 84295
Reym 5.5 (60.8)
1/l 13.6 (2.1)
Completeness (%) 99.8 (99.9)
Redundancy 45(4.3)
Refinement
Resolution (A) 41.9-1.25
Reflections, work / free 80064 / 4208
Rwork / Réree 0.150/0.174
Molecules in the asymmetric unit 1
Atoms

- protein 2151

- ligands/ions 1 HEPES /8 CA%*/1CI

- water 515
B-factors

- protein 19.4

- ligands/ions 24.7124.9/20.9

- water 38.2
rms deviations

- bond lengths (A) 0.009

- bond angles (°) 13

The values in parentheses are for the highest-resolution shell, 1.3 A - 1.25 A. One crystal was used for the data collection.
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Kinetic parameters for the hydrolysis of various p-lactam antibiotics by the OIH-1 B-lactamase

Table 3

p-Lactam Km (uM) Keat (57) Keat! Km(M1s1)
Penicillin G 3302 31.5+0.2 (9.5+0.5) x 108
Penicillin V 38+0.2 48.2 0.6 (1.3£0.1) x 107
Ampicillin 16+ 0.5 93.0+1.0 (5.8+0.2) x 108
Carbenicillin 115+1.1 75+0.2 (6.5+0.5) x 10°
Ticarcillin 7+08 57+02 (8.1+0.8) x 10°
Cephalothin 380+ 70 30+05 (7.9£2.0) x 103
Cefotaxime™ - - (1.0£0.1) x 10°
Ceftazidime™ - - (1.9£0.2) x 10
Aztreonam” - - (3.4%0.3) x 10
Imipenem 470 =27 9.2+0.9x103 (2.0+0.2) x 10!

*
Km and kcat values could not be determined. The substrate concentration range that is experimentally attainable is far below saturation.
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Table 4

Inhibition profile of the OIH-1 B-lactamase for B-lactamase inhibitors

Clavulanic acid Tazobactam Sulbactam
Keat(s™) (25+0.1) x 102 (8.9 £0.3) x 102 (9.5+0.2) x 102
Kinact(S™) (1.2+0.1) x 1072 (1.3+0.1) x 10°° (4.4+0.2) x 10
Ki (1 M) 25+0.3 18403 17.0+3.0
Partition ratio 2101 662 218+4
Partition ratio (TEM-1)25 125 +36 475+ 42 10,000
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