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His224 Alters the R2 Drug Binding Site and Phe218 Influences the
Catalytic Efficiency of the Metallo-3-Lactamase VIM-7
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Metallo--lactamases (MBLs) are the causative mechanism for resistance to 3-lactams, including carbapenems, in many Gram-
negative pathogenic bacteria. One important family of MBLs is the Verona integron-encoded MBLs (VIM). In this study, the im-
portance of residues Asp120, Phe218, and His224 in the most divergent VIM variant, VIM-7, was investigated to better under-
stand the roles of these residues in VIM enzymes through mutations, enzyme kinetics, crystal structures, thermostability, and
docking experiments. The tVIM-7-D120A mutant with a tobacco etch virus (TEV) cleavage site was enzymatically inactive, and
its structure showed the presence of only the Zn1 ion. The mutant was less thermostable, with a melting temperature (T,,) of
48.5°C, compared to 55.3°C for the wild-type tVIM-7. In the F218Y mutant, a hydrogen bonding cluster was established involv-
ing residues Asn70, Asp84, and Argl21. The tVIM-7-F218Y mutant had enhanced activity compared to wild-type tVIM-7, and a
slightly higher T,, (57.1°C) was observed, most likely due to the hydrogen bonding cluster. Furthermore, the introduction of two

additional hydrogen bonds adjacent to the active site in the tVIM-7-H224Y mutant gave a higher thermostability (T,,,, 62.9°C)
and increased enzymatic activity compared to those of the wild-type tVIM-7. Docking of ceftazidime in to the active site of
tVIM-7, tVIM-7-H224Y, and VIM-7-F218Y revealed that the side-chain conformations of residue 224 and Arg228 in the L3 loop
and Tyr67 in the L1 loop all influence possible substrate binding conformations. In conclusion, the residue composition of the
L3 loop, as shown with the single H224Y mutation, is important for activity particularly toward the positively charged cephalo-

sporins like cefepime and ceftazidime.

he carbapenems belong to the 3-lactam class of antibiotics and

are one of the last-line drugs for treatment of patients infected
with multidrug-resistant Gram-negative bacilli (1-4). The most
widespread mechanism for carbapenem resistance is the presence
of carbapenemases, (3-lactamases that are able to hydrolyze car-
bapenems (3, 5, 6). Carbapenemases can be found among both
serine B-lactamases (molecular classes A and D) and metallo-3-
lactamases (MBLs) (molecular class B) (7). The MBLs are a diverse
family of B-lactamases that includes mobile MBLs, such as VIMs,
NDMs, IMPs, and SPM, which are either globally distributed or
highly prevalent in certain regions (1, 6, 8—10). MBLs can be di-
vided into four subclasses (Bla, B1b, B2, and B3) according to
their structure and molecular characteristics (11, 12). The MBLs
are efficient carbapenemases but also have activity against penicil-
lins and cephalosporins but not monobactams (5). MBLs are now
found in many different Gram-negative bacterial species, and the
presence of an acquired MBL is often associated with resistance to
other classes of antibiotics, resulting in multidrug resistance, lim-
iting the treatment options for infected patients (1-3).

The VIM family is a large family of MBLs that currently in-
cludes 41 different VIM-variants (http://www.lahey.org/Studies/)
which can be divided into three subgroups: VIM-1, VIM-2, and
VIM-7 (13). VIM-7, identified in Pseudomonas aeruginosa, was
first reported in a clinical isolate from the United States of Amer-
icain 2001 (14) and is the most divergent VIM enzyme, with only
74% and 77% sequence identity to VIM-1 and VIM-2, respec-
tively. We previously determined the enzyme kinetics (15) and the
three-dimensional structure of VIM-7 (16). The enzyme kinetics
showed VIM-7 to be an efficient penicillinase and carbapenemase,
but VIM-7 displayed variable cephalosporinase activity compared
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to VIM-1 and VIM-2, with lower activity against cephalosporins
having bulky and positively charged C-3 substituents (15).

The detailed reaction mechanism of MBLs seems to be sub-
strate dependent, and the exact role of the metal ion(s) remains
controversial (17, 18). Still, Asp120 is conserved in both the dizinc
B1 and B3 subclasses, which contain zinc in both the Zn1 (trihis-
tidine) and Zn2 (Asp-Cys/His-His) sites, and in the monozinc B2
subclass, which mainly contains zinc in the Zn2 site (17). Asp120
binds to both Zn2 and the bridging hydroxyl ion in, e.g., the
VIM-2, VIM-4, and VIM-7 structures (16, 19, 20). During catal-
ysis, Asp120 probably orients the new hydroxyl ion after catalysis
and keeps the correct orientations in the protonation step during
cleavage of the C-N bond in the four-member (3-lactam ring (17,
21). The resulting negatively charged tetrahedral intermediate is
then stabilized by interactions with the metal, and Asp120 donates
a proton to the nitrogen atom in the substrate, resulting in open-
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Roles of Asp120, Phe218, and His224 in VIM-7

TABLE 1 List of primers used for tVIM-7 cloning, site-directed mutagenesis, and sequencing

Primer name Sequence (5'—3")" T, (°C)®
VIM-7-fwd CAT CAC CAT CAC CAT CAC GAA AAC CTG TAT TTC CAG GGA GCA GCA CAG CCT GGC GGT GAA TAT CCG 76.5
VIM-7-rev attB2 GGG GAC CACTTT GTA CAA GAA AGC TGG GTC TTA CTC GGC CAC CGG GCG TACTTT G 75.8

attB1-His-fwd

G GGG ACA AGT TTG TAC AAA AAA GCA GGC TTC GAA GGA GAT AGA ACC ATG CAT CAC CAT CAC CAT CAC 73.8

F218Y-Forward C GTG CGC GTA CTG TAT GGT GGC TGT GCA G 67.2
F218Y-Reverse CTGC ACA GCC ACC ATA CAGTACGCG CACG 67.2
H224Y-Forward TGT GCA GTT TAT GAG GCG TCA CGC GAA TCC GCG GGT AAT GTT GCC 72.7
H224Y-Reverse TGA CGC CTC ATA AAC TGC ACA GCC ACC AAA CAG TAC GCG CAC GG 72.9
DI120A-Forward CAC TTC CAT GAC GCT CGA GTC GGT GGA 64.3
DI120A-Reverse TCC ACC GAC TCG AGC GTC ATG GAA GTG 64.3
M13 forward GTA AAA CGA CGG CCA GT 47.1
M13 reverse GGA AAC AGC TAT GAC CAT G 48.9
T7 promoter TAA TAC GAC TCA CTA TAG GG 47.7
T7 terminator GCT AGT TAT TGC TCA GCG G 51.1

@ The positions of mutations are given in boldface and underlined for each primer, the His tag is given in italic, the TEV protoease site is given in boldface, and the atB sites are

underlined.

® The melting temperature was calculated using the website http://insilico.ehu.es/tm.php.

ing of the B-lactam ring (17). Several mutants of Asp120 in the
class B3 MBL enzyme L1 from Stenotrophomonas maltophilia
showed a 10- to 1,000-fold decrease in k_,, compared to wild-type
L1, and thus, Asp120 was confirmed to play a significant role in the
hydrolysis reaction (22, 23). This has also been shown for IMP-1
(24), CphA (25), and BclI (26). To study the role and importance
of Asp120 in VIM-7 for zinc binding, thermostability, and catal-
ysis, a D120A mutant was created and analyzed.

Two anti-parallel B-strands connected by aloop determine the
L1 loop (residues 60 to 66) and are proposed to form a lid over the
active site in several class Bl MBLs, including GIM-1 (27), VIM-7
(16), and IMP-1 (28-30). For the latter, the mutation of F218Y
increased the catalytic efficiency compared to that of wild-type
IMP-1 through hydrogen bond formation, improving the closing-
down movement of thislid (28, 29). We therefore decided to make
the same mutation in VIM-7 (F218Y) to analyze the effect of ad-
ditional hydrogen bonds on the structure and enzyme activity
despite the low amino acid sequence identity between VIM-7 and
IMP-1 of 28%. The mutation was also selected since the structure
analysis of VIM-7 suggested that residue 218 was one possible
residue determinant implicated in the reduced catalytic efficiency
of VIM-7 compared to VIM-2, particularly for cephalosporins
with a positively charged cyclic substituent at the C-3 position, like
ceftazidime and cefepime (15, 16). The hydrogen binding cluster
in VIM-2 from Tyr218 OH to Asn70 O, to the invariant Asp84
OD2, and to Argl21 NH1, is absent in VIM-7 due to Phe218 and
results in a proposed increased flexibility and reduced activity of
VIM-7 (16).

Structural analysis pointed to His224 as being partly responsi-
ble for the reduced activity of VIM-7. Residue 224 is part of a loop
that includes residues 223 to 240, called L3, L10, or loop 2 (herein
denoted L3) (31). In VIM-2, tyrosine is present at position 224,
and in the folded protein, this residue protrudes into the R2 bind-
ing site of the antibiotic (19, 20). Furthermore, the Tyr224 OH
atom in VIM-2 forms two hydrogen bonds—one that interacts
via a water molecule with the Znl ligand His196 and one that
interacts with Gly232 N (16, 19, 20). These hydrogen bonds and
interactions are absent in VIM-7 and VIM-4 due to the presence of
histidine at this position (16, 20). Residue 224 is a conserved lysine
in many B1 family MBLs and was found to be critical for binding
the carboxyl group on the C-3/C-4 atom of the substrate (21, 32,
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33). Here we created a H224Y mutant to investigate the role of
residue 224 in the structure, enzymatic activity, and thermostabil-
ity of VIM-7 and the importance of potential additional hydrogen
bonds.

To summarize, we have investigated the VIM-7 structure fur-
ther by structure-activity relationship (SAR) through mutational
analysis of three residues: Asp120, Phe218, and His224. The mu-
tants were investigated with respect to enzyme kinetics, crystal
structures, thermostability assays, and docking experiments.
Asp120 was found to be crucial for the enzyme activity and stabil-
ity, and the crystal structure showed tVIM-7-D120A to be a mo-
nozinc enzyme. Both F218Y and H224Y mutants had additional
hydrogen bonds compared to the wild-type tVIM-7 structure, as
expected: the melting temperature was increased by 1.8°C
(F218Y) and 7.6°C (H224Y), and an increased k_,, was found for
many substrates. This indicates that residue 224 in the L3 loop and
residue 218 are both important residue determinants for activity
and stability for the VIM family of enzymes.

MATERIALS AND METHODS

Cloning of tVIM-7. In this study, two different recombinant VIM-7
constructs were used. One construct contained the native VIM-7 gene,
blay > from Pseudomonas aeruginosa (GenBank accession no. Q840P9)
expressed in pET26b(+) (Novagen) with the native leader sequence and
purified from the periplasm as described earlier (16). This recombinant
protein will be referred to as VIM-7. To obtain a higher yield of recombi-
nant protein, we generated another construct encoding P. aeruginosa
VIM-7 (residues Ala25 to Glu300) in pDEST14 (Invitrogen), where the
predicted leader sequence and eight extra residues were replaced with an
N-terminal, tobacco etch virus (TEV) protease-cleavable His tag. This
recombinant protein is referred to as tVIM-7. The class B B-lactamase
(BBL) numbering system is used throughout this paper for numbering of
all residues (34).

The gene sequence coding for residues Ala25 to Glu300 in VIM-7 was
amplified with the VIM-7-fwd and VIM-7-rev attB2 primers (Table 1),
using the VIM-7/pET26b(+) construct as the template. A Phusion PCR
was done consisting of 1X HF buffer, 200 M deoxynucleoside triphos-
phate (ANTP) mix, 0.5 wM forward primer, 0.5 pM reverse primer, ap-
proximately 100 ng VIM-7/pET26b(+) template, 1 pl (0.02 U) Phusion
polymerase, and nuclease-free water. Amplification was performed with
the following cycle conditions: initial denaturation at 95°C for 5 min,
followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 55°C
for 30 s, and elongation at 72°C for 45 s, followed by a final extension at
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72°C for 5 min. The PCR product was confirmed by agarose gel electro-
phoresis.

One microliter of the PCR product was then used as a template in a
second amplification using the attB1-His-fwd and the VIM-7-rev attB2
primers (Table 1). A new Phusion PCR was done with the same cycle
conditions as described above. The resulting PCR product was used in the
BP recombination reaction (recombination between attB and aitP sites)
to generate an entry clone in the pPDONR221 vector (Invitrogen) followed
by transformation of Escherichia coli DH5« (Invitrogen) with the con-
struct. Sequencing, using the BigDye Terminator v3.1 technology (Ap-
plied Biosystems) and M13 primers flanking the insert (Table 1), was
performed to confirm the cloning. The entry clone was subsequently
transferred to the pDEST14 vector in an LR recombination reaction (re-
combination between attL and affR sites) to generate the expression
clone.

Construction of VIM-7 mutants by site-directed mutagenesis. The
QuikChange site-directed mutagenesis kit (Agilent Biosciences) was used
to generate the D120A, H224Y, and F218Y mutants of VIM-7 according to
the manufacturer’s protocol. Primers were designed to introduce the de-
sired mutations (Table 1). Parental DNA was digested with Dpnl, and E.
coli XL1-Blue cells (Agilent Biosciences) were transformed with the PCR
products for clone selection. Mutations were verified by DNA sequencing
as described above, using insert flanking T7 primers (Table 1). The
H224Y, D120A, and F218Y mutants were made using the tVIM-7/
pDEST14 template (tVIM-7 mutants) and a second F218Y mutant used
the VIM-7/pET26b(+) template.

Expression and purification. The VIM-7 and VIM-7-F218Y con-
structs were transformed into E. coli BL21(DE3) (Invitrogen) and grown
in Terrific broth (TB) supplied with 50 mg/liter kanamycin (Sigma-Al-
drich) at 37°C. Cultures were induced during the mid-log phase for 3 to 4
h at 37°C with 0.4 mM isopropyl-B-p-thiogalactopyranoside (IPTG)
(Sigma). Recombinant protein was purified from the periplasm followed
by ion-exchange chromatography on a Q-Sepharose HP column (GE
Healthcare) and gel filtration on a Superdex 200 column (GE Healthcare)
as reported earlier (16). After gel filtration, the recombinant VIM-7-
F218Y mutant was diluted to obtain 1 M ammonium sulfate and applied
to a HiTrap Phenyl FF hydrophobic column (GE Healthcare). Unbound
protein was washed off in buffer A (1.5 M ammonium sulfate, 50 mM Tris
[pH 7.2], 100 uM ZnCl,), and recombinant VIM-7-F218Y was eluted
with a 0 to 100% gradient of buffer B (50 mM Tris [pH 7.2], 100 uM
7ZnCl,) and dialyzed against buffer C (50 mM HEPES [pH 7.2], 150 mM
NaCl, and 100 uM ZnCl,).

The TEV constructs tVIM-7 and tVIM-7-D120A were transformed
into E. coli strain BL21 Star(DE3) (Invitrogen) and grown at 37°C in TB
supplied with 50 mg/liter ampicillin (Sigma). tVIM-7-H224Y and tVIM-
7-F218Y were transformed into E. coli Rosetta 2(DE3)/pLysS (Novagen)
for expression and purification in Luria-Bertani (LB) medium with 100
mg/liter ampicillin and 34 mg/liter chloramphenicol. All TEV constructs
were induced during mid-log phase with 0.4 mM IPTG, and the cells were
harvested after 3 to 4 h at 37°C or after induction at 20°C overnight.

The soluble lysates of tVIM-7, tVIM-7-D120A, tVIM-7-H224Y, and
tVIM-7-F218Y were, after sonication, each applied to either 1- or 5-ml
HisTrap HP columns (GE Healthcare) equilibrated in buffer D (50 mM
HEPES or Tris [pH 7.2] and 100 wM ZnCl,). Bound proteins were washed
with 5% buffer E (50 mM HEPES or Tris [pH 7.2], 100 uM ZnCl,, 500
mM imidazole) and eluted across a gradient of 5 to 100% buffer E. TEV
protease was expressed from a TEV pM2 plasmid (35), in which the two
mutations L56V and S135G (35, 36) had been added to the four existing
mutations S219N, T17S, N68D, and 177V in the pTH24:TEV,, plasmid,
kindly provided by H. Berglund at the Karolinska Institutet, Sweden (37).
This new in-house-made TEV protease, expressed in frame with a C-ter-
minal His tag was added to pooled fractions containing the recombinant
tVIM-7 proteins in a 1:10 ratio of TEV protease to target protein in 10-
kDa-cutoft SnakeSkin dialyse tubing (Thermo Scientific) and dialyzed
overnight at 4°C while stirring against 10 mM HEPES or Tris (pH 7.2), 100
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mM NaCl, 1 mM 2-mercaptoethanol, and 1 mM EDTA. A second His-
Trap purification was performed as described above to remove contami-
nants, uncleaved tVIM-7 proteins, and the His-tagged TEV protease.
tVIM-7-H224Y was furthermore analyzed on a Superdex HiLoad 16/60
column (GE Healthcare) in buffer F (50 mM Tris [pH 7.5], 150 mM NaCl,
100 uM ZnCl,) and found to be monomeric compared to standard mo-
lecular weight proteins. After TEV protease cleavage, tVIM-7-F218Y was
further dialyzed in buffer D overnight before being purified using ion-
exchange purification on a 5-ml HiTrap Q column (GE Healthcare) equil-
ibrated in buffer D. The mutant was eluted across a gradient of 0 to 100%
buffer G (50 mM HEPES [pH 7.2], 100 uM ZnCl,, 1 M NaCl). Finally, all
proteins were stored at 4°C in buffer C after concentration to 12 to 18
mg/ml.

Generally, purified proteins were at a level of more than 95% purity as
judged by SDS-PAGE analysis. The identity of all recombinant proteins
was confirmed by tandem mass spectrometry (MS/MS) analysis. Typical
yields from 1 liter of cell culture were about 0.8 mg of protein for the
periplasmic VIM-7 purification and about 3.5 to 5.0 mg of protein from
the TEV protease-cleaved tVIM-7 constructs.

Enzyme kinetics for VIM-7, tVIM-7, tVIM-7-D120A, tVIM-7-
F218Y, and tVIM-7-H224Y. The steady-state kinetic measurements were
performed at 25°C in UV-transparent 96-well plates (Corning) using
SpectraMax 190 (Molecular Devices) for VIM-7 and tVIM-7-D120A or
the M2°¢ spectrophotometer (Molecular Devices) for tVIM-7, tVIM-7-
F218Y, and tVIM-7-H224Y in assay buffer H (50 mM HEPES [pH 7.2],
100 pM ZnCl,, 1.0 mg/ml bovine serum albumin). The final protein
concentration in the enzyme assay was 1 to 50 nM, and it was up to 100
nM for tVIM-7-D120A. K,,, (wM) and k_,, (s~") were determined from
plots of the initial velocity of hydrolysis against substrate concentration.
For benzylpenicillin and ampicillin, the K,, was determined as the K; by
measuring inhibition of hydrolysis of the reporter substrate nitrocefin
across a range of substrate and nitrocefin concentrations, using half-area
96-well plates (Corning). K; values were determined by a global (shared-
parameter) fit of these multiple data sets to a competitive inhibition
model. All kinetic data were fitted by nonlinear regression as implemented
in the GraphPad Prism software (GraphPad).

Crystallization, data collection, structure determination, and dock-
ing. tVIM-7 and the respective mutants tVIM-7-D120A, VIM-7-F218Y,
t-VIM-7H224Y were crystallized by the hanging-drop method in reser-
voir volumes of 60 to 500 pl and by mixing equal volumes of protein and
reservoir to a final drop size of 1.0 to 2.0 .l under different conditions as
reported earlier (16). The protein concentrations were 13 mg/ml for
tVIM-7, 18 mg/ml for tVIM-7-D120A, 12 mg/ml for VIM-7-F218Y, and
17 mg/ml for tVIM-7-H224Y.

tVIM-7 was crystallized at 4°C from reservoirs containing 19% poly-
ethylene glycol 3350 (PEG 3350), 0.1 M calcium acetate, 0.1 M succinate
(pH 7.0), and cryo-protected in cryol (25% PEG 3350, 20% glycerol, and
0.1 M succinate [pH 7.0]). tVIM-7-D120A was crystallized at 22°C from
26% PEG 5000 monomethyl ether (PEG 5K MME) and 0.1 M sodium
citrate (pH 5.5), and cryo-protected in cryo2 (20% PEG 2K MME, 25%
glycerol, 0.1 M cacodylate [pH 5.0]). VIM-7-F218Y was crystallized at
22°C from a mixture of 24% PEG 5K MME, 10% glycerol, and 0.1 M
sodium citrate buffer (pH 8.0) and then transferred to cryol. tVIM-7-
H224Y had reservoir solutions with 25% PEG 3350, 0.1 M Bis-Tris (pH
5.5) and 0.2 M NaCl, and was cryoprotected in cryo3 (32% PEG 5K MME,
5% glycerol, 0.1 M succinate buffer [pH 7.0]). All crystals were flash-
cooled in liquid nitrogen.

The X-ray data were collected at Beamlines 1911-3 at the Max labora-
tory in Lund, Sweden, and at BL14.1 at BESSY, Berlin, Germany (Table 2).
The phase problem was solved by molecular replacement starting from
VIM-7 (Protein Data Bank [PDB] no. 2Y8B), and the structures were
refined in Phenix (38) or REFMACS (39), with manual rebuilding done in
WinCoot (40). Ceftazidime was docked into the tVIM-7, tVIM-7-H224Y,
and VIM-7-F218Y structures, starting from the previously reported
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TABLE 2 X-ray data collection and crystallographic refinement statistics for the new VIM-7 structures

Parameter

Result for construct®:

TEV site

Leader sequence

tVIM-7

tVIM-7-D120A

tVIM-7-H224Y

VIM-7-F218Y

Data collection

X-ray source

Space group

Unit cell dimensions, A
Resolution, A
Wavelength, A

BESSY, BL14.1
P4,
a=b=69.98,c=47.53
30-1.25 (1.32-1.25)
0.91841

BESSY, BL14.1
P4,
a=b=69.76,c=47.29
40-1.80 (1.90-1.80)
0.91841

MAX-lab, 1911-3

P4,
a=b=70.23c=47.03
30-1.40 (1.48-1.40)
1.0000

BESSY, BL14.1
P4,
a=b=69.95c=46.94
50-1.70 (1.79-1.70)
0.91841

No. of unique reflections 61,189 21,271 (3,100) 43,649 (5,673) 25,160 (14,553)
Multiplicity 2.9(1.6) 4.2 (4.1) 3.5(2.0) 4.0 (4.0)
Completeness, % 96.4 (78.2) 100.0 (100.0) 96.6 (86.8) 100.0 (100.0)
Mean ((I)/o(I)) 14.1 (2.0) 13.2 (2.6) 9.1(3.1) 16.3 (2.6)
R-sym, %" 3.8 (42.3) 7.7 (53.9) 6.6 (16.5) 5.9 (56.0)
Wilson B-factor, A2 8.9 18.2 12.8 16.3
Refinement
PDB entry no. 4D1T 4D1U 4D1W 4D1V
Resolution, A 25-1.25 25-1.80 25-1.40 25-1.7
R-factor (all reflections), % 13.07 16.06 11.78 15.93
Ry %° 14.83 20.75 15.64 19.65
No. of:
Atoms (no H) 2,120 1,876 2,020 1,955
Water molecules 280 152 258 241
Other molecules 2Zn*" 1Zn*" 27Zn*" 27Zn*"
RMSD:
Bond lengths, A 0.009 0.010 0.014 0.007
Bond angles, ° 1.39 1.30 1.52 1.14
Avg B-factor, A?
All atoms 14.5 19.3 18.4 25.4
Protein 12.7 18.5 16.4 24.1
Solvent (Zn>") 26.6 (7.3) 28.3 (13.1) 31.8 (17.0) 34,5 (25.3)
Ramachandran plot, %
Favored 96.9 98.0 94.7 95.7
Allowed 2.2 1.1 39 3.3
Outliers 0.9 0.9 14 1.0
Occupancy for Zn1/Zn2 1.0/0.90 1.0/0.0 0.9/0.4 0.9/0.5

@ Values in parentheses are for the highest-resolution shell.

b R-sym = {[2,2; | I(h) — (I(W)|1/[2,2; I(h)]}, where I,(h) is the ith measurement of reflection h and (I(h)) is the weighted mean of all measurements of h.

¢ Five percent of the reflections were used in the Ry calculations.

docked conformations for this substrate in VIM-7 (3 different conforma-
tions) and in VIM-2 (3 different conformations) (16).

Fluorescence-based protein thermal stability assay. The thermal sta-
bility of all VIM-7 variants was determined by a fluorescence-based pro-
tein thermal stability assay (41) in a MJ minicycler (Bio-Rad) across a
temperature gradient of 10 to 70°C with a heating rate of 1° min~'. The
total assay volume of 25 pl included 7 to 9 pM protein, 90X SYPRO
orange solution (Sigma-Aldrich), and 50 mM HEPES (pH 7.5). Thermo-
stability was also investigated in the presence of 400 uM ZnCl, or 1 mM
EDTA. The excitation and emission wavelengths of SYPRO orange are 470
nm and 570 nm, respectively. All experiments were performed in dupli-
cate, and the melting temperatures (7,,,) were determined as the inflection
point of the melting transition found from the first derivative.

Protein structure accession numbers. Coordinates and structure fac-
tors have been deposited in the Protein Data Bank under accession no.
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4DIT (tVIM-7), 4D1U (tVIM-7-D120A), 4D1V (VIM-7-F218Y), and
4D1W (tVIM-7-H224Y).

RESULTS AND DISCUSSION

Analysis of different VIM-7 constructs. In this study, two differ-
ent VIM-7 constructs were utilized. One construct encoding the
recombinant version of the native VIM-7 (previously described by
Borra et al. [16]) and one construct encoding residues Ala25 to
Glu300 in VIM-7 where the leader sequence and eight additional
residues were replaced with a TEV protease-cleavable N-terminal
hexahistidine tag (tVIM-7). The tVIM-7 construct was made due
to a low recovery of recombinant VIM-7 after periplasmic purifi-
cation and to improve purification yields by cytoplasmic expres-
sion. Through comparison of the enzymatic activities of the two
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TABLE 3 Steady-state kinetic results for tVIM-7, tVIM-7-F218Y, and tVIM-7-H224Y

tVIM-7 tVIM-7-F218Y tVIM-7-H224Y
kol K, kel K., kel K.,

Compound K, (pM) ke (571 7MDK, (M) ko 57D T M) K (M) g 5T (T pMTY
Penicillins

Benzylpenicillin® 23 =3 59+7 2.5 2.2+ 0.6 198 = 14 89 29.8 £3.0 144 = 12 4.83

Ampicillin” 233*1.7 176 £ 1.1 0.76 0.78 026 17*x5 20 37 £ 11 170 £ 4 4.63
Cephalosporins

Cefepime 179 = 14 0.450 £ 0.023 0.0025 79 %9 1.66 = 0.08 0.02 108 = 20 44 %03 0.041

Ceftazidime 61 =19 0.120 £ 0.007 0.0020 62 + 20 1.4 £03 0.02 306 0.39 = 0.02 0.013

Cefoxitin 20+ 4 0.64 = 0.03 0.032 127+ 0.8 3.50 = 0.08 0.278 155*+2.0 39=*0.1 0.25

Cefuroxime 129+ 25 4.57 £0.05 0.35 6.3 £ 0.6 22.5*0.5 3.6 13.7+x21 55%0.2 0.40
Carbapenems

Ertapenem 18.9 = 2.2 12.810 £ 0.013 0.68 6.4 *£0.3 6.06 £ 0.07 0.95 140 = 1.1 895 *0.13 0.64

Imipenem 29 £ 10 7.71 £ 0.17 0.27 9.3+ 0.6 24703 2.7 278 £24 50.0*£09 1.80

Meropenem 20.0 = 1.6  25.580 £ 0.026 1.28 159 0.6 11.7 £ 0.1 0.74 25327 239=*05 0.94

“ The K,,, values were measured as inhibition constants (K;) in a competitive model using nitrocefin as the reporter substrate.

recombinant variants, we found that the catalytic efficiency (k_,/
K,,) was higher for VIM-7 than for tVIM-7 (2 to 84 times) for
most substrates investigated, except ertapenem and meropenem
(see Table S1 in the supplemental material). The differences were
most profound for penicillins. The increased catalytic efficiency
was due to both improved binding (lower K,,,) and higher turn-
over (k.,) (Table 3; see Table S1 in the supplemental material).
Due to the differences in the constructs, the N termini of VIM-7
and tVIM-7 will be different. According to the SignalP signal pep-
tide prediction server (http://www.cbs.dtu.dk/services/SignalP/),
cleavage of the leader sequence is likely to occur between amino
acids Alal6 and Val17 in VIM-7. Structural analysis confirmed the
presence of residues Glu30 to Thr292 in VIM-7 (16); however, any
remaining N-terminal residues were disordered in the X-ray
structure. Following TEV protease cleavage of tVIM-7, a glycine
and an alanine residue remain at the N terminus of the recombi-
nant protein, which are not present in the wild-type sequence
(corresponding to Gly23-Ala24-Ala25). In order to investigate
these differences further, the structure of the recombinant tVIM-7
was solved by X-ray crystallography to 1.25 A and compared to
three VIM-7 structures (PDB entries 2Y8A, 2Y8B, and 2Y87) (16).
The first ordered amino acid residue in the tVIM-7 structure is
Gly29 (indicated in Fig. 1a), which is similar to what was observed
for VIM-7 (16). How the differences in the N termini of the two
recombinant proteins VIM-7 and tVIM-7 affect the catalytic ac-
tivity have not been elucidated.

Generally, the protein backbone fits well into the observed
electron density of tVIM-7, including residues Gly29 to Lys293,
which represent a sequence 2 to 3 residues longer than was ob-
served in the VIM-7 structures. The root mean square deviations
(RMSDs) for the CA atoms of tVIM-7 were 0.50, 0.15, and 0.48 A,
compared to PDB 2Y8A (VIM-7-S; with an S atom between the
two zinc ions), 2Y8B (VIM-7-Ox; with an oxidized Cys221), and
2Y87 (VIM-7; native), respectively. There are some conforma-
tional differences in the L3 loop (residues 223 to 240), but these
were also found between the three VIM-7 structures (16) and are
most likely due to the flexibility of the loop. Since the zinc-coor-
dinating residues (Fig. 2a) and the second shell residues interact-
ing with the active site (e.g., Arg228) are similar, the structural
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differences in the backbone cannot explain the observed higher
catalytic efficiency for VIM-7 than that for tVIM-7 (Table 3). The
observed enzymatic differences could not be related to thermal
stability, since the observed melting temperature (7,,) of VIM-7
(57.4°C) was slightly higher than that of tVIM-7 (55.3°C) (Fig. 3).

Mutation of D120A affects zinc binding and catalysis. The
role of the zinc ions (Znl and Zn2) in MBLs is complex and con-
troversial (17). Residue Asp120 in the VIM-7 structure was found
bound to Zn2 and a hydroxylion (W1) (16) and consequently was
important for catalysis as shown for other MBLs such as CcrA, L1,
IMP-1, and Bcll (22-24, 26, 42). To investigate the importance of
this residue, the tVIM-7-D120A mutant was created. The enzyme
kinetics showed that the tVIM-7-D120A mutant was inactive to-
ward nitrocefin and ertapenem, even at very high enzyme concen-
trations (100 nM) (data not shown). Determination of the crystal
structure of tVIM-7-D120A to a 1.9-A resolution (Table 2) and
refinement with respect to the occupancy of the Zn2 ion showed
that Zn2 converged at an occupancy of 0.33 with interactions with
Cys221 SG and His263 NE2. This indicates that the Zn2 site was
occupied by a water molecule (H,O) with 10 electrons, since 30
electrons in zinc multiplied by an occupancy of 0.33 is 10 elec-
trons, and that tVIM-7D120A is then a monozinc variant (Fig.
2b). Previous reports have also shown that Asp120 is an important
residue for Zn coordination in the VIM family of enzymes and
therefore is essential for the catalytic activity (22-24, 26, 42). One
explanation for the tVIM-7-D120A mutant being inactive is that
the observed W1 water molecule is not a good nucleophile for
catalysis, in contrast to a hydroxyl ion as previously suggested (17,
21, 43). In addition, the tVIM7-D120A mutant was found to be
less stable (48.5°C) than the wild-type tVIM-7 (Table 4). How-
ever, the observed thermal shift observed for the tVIM-7-D120A
mutant indicates that the structural integrity of the protein is in-
tact (Fig. 3). The thermally induced melting seemed to start at a
lower temperature, observed from aless steep unfolding slope. We
speculate on whether the low stability is related to the fact that the
mutant binds only one zinc ion, not two as in the wild type, con-
tributing to a local destabilization of the active-site region. Inter-
estingly, the addition of zinc to the buffer in a relative molar ratio
of approximately 50:1 decreased the thermal stability of all our
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a) tvim-7

Roles of Asp120, Phe218, and His224 in VIM-7

b) tVIM-7 L1 loop

FIG 1 VIM-7 structures. Shown are ribbon diagrams of the tVIM-7 wild type with the L1 (residues 60 to 66) and L3 (residues 223 to 240) loops in green (a), the
tVIM-7-H224Y mutant (c), and the VIM-7-F218Y mutant (e) structures, with the corresponding calculated electrostatic surface potentials shown in panels b, c,
and d. Ceftazidime (magenta) with a cyclic positively charged R2 group was docked and is shown in panels b to f.

recombinant proteins (Table 4). Thus, we observed a negative
effect from zinc on the overall stability when a surplus of zinc is
added. This could indicate that there are nonspecific zinc-binding
sites outside of the active-site region that contribute to destabiliz-
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ing the protein. Previously, it was reported that for VIM-4, the
addition of zinc also decreased the stability from 58.5°C for the
wild type to 44.4°C and 56.6°C for the two unfolding transitions
observed with zinc (20). Not surprisingly, the addition of the zinc
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FIG 2 Electron density maps from the new structures showing close-ups of the mutated residues and active-site regions. Shown are 2F _-F_maps for tVIM-7 (1.8
o) (a) and tVIM-7-D120A (1.3 ) (b) and the starting (c) and final (d) electron density maps of residue 224 in tVIM-7-H224Y (1.6 o) and VIM-7-F218Y (1.8 o)
(e). Positive (+40, green) and negative (—4o, red) difference electron density is contoured in all panels. Adjacent and interacting residues are also displayed.
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0.4 4
—(55.3°C) tVIM-7
——(48.5°C) tVIM-7-D120A
= = (57.1°C) tVIM-7-F218Y
==(62.9°C) tVIM-7-H224Y
034 eeee (57.4°C) VIM-7
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0.1 1

Roles of Asp120, Phe218, and His224 in VIM-7

teu,
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30

60 70 80

Temperature (°C)

FIG 3 Thermal unfolding curves from ThermoFluor experiments. The fluorescence signals display tVIM-7 (black solid line), tVIM-7-D120A (thin black line),
tVIM-7-F218Y (dashed line), tVIM-7-H224Y (thick gray line), and VIM-7 (dotted line), with the observed T,s in parentheses.

chelator EDTA did not give any inflection points for any of the
recombinant VIM-7 proteins. Again, this emphasizes the impor-
tance of zinc binding for correct folding of the VIM enzymes.

Overall, the structure of the tVIM-7-D120A mutant resembled
that of tVIM-7 with an RMSD of 0.63 A. Minor differences were
observed in the L1 loop (residues 60 to 66) of the mutant, resulting
in a more closed position of the loop, and His263 was rotated
slightly, with its NE2 atom moved 1.3 A relative to tVIM-7. The
Znl position has five ligands, namely, His116, His118, His196,
W1, and an additional water molecule, W2 (Fig. 2b), similar to the
VIM-7-Ox (PDB no. 2Y8B) structure (16).

The reduced activity of VIM-7 compared to that of VIM-2
could partly be explained by the lack of a hydrogen bond net-
work around residue 218. Previously, we reported that the lack of
the two hydrogen bond clusters involving residues 224 or 218,
could be a determinant of the increased flexibility and reduced
activity of VIM-7 compared to VIM-2 (16). To study the involve-
ment of these residues and the SAR in VIM-7, we mutated these
residues to tyrosine residues as they appear in VIM-2. For residue

TABLE 4 Apparent average melting temperatures of VIM-7 and
mutants as found by ThermoFluor assays”

T,, (°C) for:
Protein pH7.5 pH 7.5 + ZnCl, AT, (°C)
tVIM-7 55.3 0.2 48.4 £ 0.2 —6.9
tVIM-7-D120A 48.5 0.1 46.1 = 0.1 —2.4
tVIM-7-H224Y 62.9 £ 0.1 60.2 = 0.1 —2.7
tVIM-7-F218Y 57.1 £ 0.8 57.0 = 0.6 —0.1
VIM-7 574+ 0.2 53.8 £ 0.2 —3.6

“ The assays were performed in 50 mM HEPES (pH 7.5) with 400 pM ZnCl, or 1 mM
EDTA (data not shown). The experiments were performed in duplicate.
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218, the assumptions were based on studies of the IMP-1-F218Y
mutant, which showed increased catalytic efficiency compared to
the wild type through improved movements of the lid that covers
the active site (28, 29). The lid includes the two anti-parallel
B-strands connected by the L1 loop. Compared to the VIM-7
structure, three additional hydrogen bonds were observed in the
VIM-7-F218Y structure linking together different secondary ele-
ments, making the structure more rigid. The OH atom of Tyr218
was hydrogen bonded to Asn70 O, Asp84 OD2, and Argl21 NH1
(Fig. 2e). This hydrogen bond network is also observed in VIM-2
and VIM-4 (16, 19, 20) and most likely is also found in tVIM-7-
F218Y since the VIM-7-F218Y structure is very similar to that of
tVIM-7, with an RMSD of 0.5 A for all CA atoms.

For the IMP-1-F218Y mutant, increased activity was observed
(28, 29), and this was also found for our tVIM-7-F218Y experi-
ments (Table 3). The tVIM-7-F218Y mutant had better penicillin
and ampicillin binding properties in terms of lower K, values, and
the catalytic efficiencies against the tested cephalosporins were 8
(cefepime), 12 (ceftazidime), 9 (cefoxitin), and 10 (cefuroxime)
times higher than those for the tVIM-7 wild type. This was mainly
due to higher turnover (k,.). For the carbapenems, the activities
were similar for meropenem and ertapenem but 10 times higher
for tVIM-7-F218Y toward imipenem. Consequently, the observed
increase in catalytic efficiently of the tVIM-7-F218Y mutant is due
to both tighter binding and higher turnover, depending on the
substrate.

The thermostability is somewhat higher for the tVIM-7-F218Y
mutant (7, 57.1°C) compared to tVIM-7 (55.3°C) (Table 4).
Both the enhanced activity and stability are most likely due to the
three additional hydrogen bonds from F218Y OH. Phe218 in the
native VIM-7 is not involved in this hydrogen-bonding cluster,
thus indicating that the reduced activity of VIM-7 compared to
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that of VIM-2 could be related to the absence of these hydrogen
bonds. The conformations of the lid with two anti-parallel
B-strands connected by the L1 loop (residues 60 to 66) are very
similar in the new crystal structures of tVIM-7 and VIM-7-F218Y,
so a big lid movement or lid pulldown effect is not observed to
explain the difference. Still a more tightly bound lower plateau in
the active site seems favorable in the F218Y mutant.

The H224Y mutation in the L3 loop demonstrates the impor-
tance of residue 224 in the catalysis. Previously, we have observed
lower catalytic efficiency of VIM-7 for cephalosporins with bulky
or charged C-3 substituents (R2 groups) compared to VIM-2 (15).
Based on the VIM-7 crystal structure, we hypothesized that
His224 and Phe218 were involved in the observed reduced cata-
Iytic efficiency (16). Furthermore, the L3 loop, consisting of resi-
dues 223 to 240, has been shown to play a role in B1 MBLs (27, 31,
44). Residue 224 was found to be a lysine in many B1 MBLs (33),
and the positively charged side chain is thought to be important
for both binding and positioning of substrate (45) to various de-
grees (33,46, 47). In VIM-7, His224 in the L3 loop protrudes into
the R2 antibiotic binding site, contributing with a positive charge
(16). By mutating this residue to tyrosine (as in VIM-2), we found
the enzyme activity of the tVIM-7-H224Y mutant to be higher
than that of wild-type tVIM-7 against all substrates, with the ex-
ception of ertapenem and meropenem (Table 3). The highest in-
crease in activity was observed toward the three cephalosporins
cefepime, cefoxitin, and ceftazidime, where the tVIM-7-H224Y
mutant showed 16, 8, and 7 times higher catalytic efficiencies,
respectively (Table 3), compared to tVIM-7. Both cefepime and
ceftazidime have positively charged cyclic R2 groups and were
found to have a higher turnover by the tVIM-7-H224Y mutant
than to the tVIM-7 wild type. The carbapenemase activities of the
mutant compared to those of the wild type were similar for two of
the substrates, but the activity was 7 times higher toward imi-
penem, possibly due to the positively charged R2 group of imi-
penem.

Structurally, tVIM-7-H224Y was found to be very similar to
the tVIM-7 structure, with an RMSD of 0.23 A (for CA atoms). In
the tVIM-7-H224Y crystal structure, the introduced tyrosine res-
idue at 224 formed one additional hydrogen bond to the main-
chain oxygen of Ala231 and another water-intermediated hydro-
gen bond to the Znl ligand H196 ND1 (Fig. 2¢ and d). Two
additional hydrogen bonds close to the active site may have strong
effects with respect to activity. Furthermore, Arg228 was found
almost parallel to the aromatic phenyl ring of Tyr224, resulting in
an open U-shaped R2 binding site (Fig. 1d). This was different
from tVIM-7, where Arg228 blocked and confined the size of the
R2 site (Fig. 1b). Compared to VIM-2, the water-mediated hydro-
gen bond is the same, but in VIM-2, Tyr224 OH is bound to
Gly232 N and not Ala231 O as in tVIM-7-H224Y. The side chain
of Asn233 was partly disordered in tVIM-7-H224Y. The Ther-
moFluor experiments showed that the introduction of these
interactions in tVIM-7-H224Y increased the stability (7,
62.9°C) compared to that of the tVIM-7 wild-type enzyme (T,,,
55.4°C) (Table 4).

Comparative studies between VIM-1 (His224 and Ser228) and
VIM-13 (Leu224 and Arg228) have also shown that the residue
composition in the L3 loop influences the activity particularly
against substrates such as ceftazidime and cefepime (31). This
supports our enzyme kinetics and the crystal structure analysis of
the tVIM-7-H224Y mutant. Our data underline the importance of
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position 224 in the L3 loop with respect to catalytic efficiency. The
tyrosine in position 224 of VIM-2 may be an important residue
determinant for its high catalytic activity.

Docking of ceftazidime in the VIM-7 wild type and mutants.
In order to further analyze the SAR of the mutants and the lower
activity of VIM-7 toward cephalosporins with a bulky, positively
charged R2 group, ceftazidime was docked into the structures of
tVIM-7 and the two mutants, tVIM-7-H224Y and VIM-7-F218Y.
In line with the previously reported VIM-7 structure (16), the
cyclic R2 group of ceftazidime was adjacent to His224 and buried
below Arg228 in wild-type tVIM-7 (Fig. 1b). In contrast, this sub-
strate conformation does not fit into either of the tVIM-7-H224Y
or VIM-7-F218Y mutant structures. We hypothesize that a stack-
ing between Tyr67 in the L1 loop of VIM-7 and the positively
charged R2 ring of ceftazidime is more likely to occur for this
particular substrate. Arg228 is the major contributor to the alter-
native ceftazidime conformation in both mutants, since this resi-
due partly overlaps the ceftazidime conformation in tVIM-7 (Fig.
1b to f).

Conclusions. As previously shown for other MBLs (22-24, 26,
42), the aspartic acid at position 120 in VIM-7 was found to be
important for metal coordination and was essential for enzyme
catalysis, resulting in a inactive enzyme. By structural analysis, we
found that the VIM-7-F218Y mutant contained more hydrogen
bonds than the tVIM-7 wild type, indicating a higher thermal
stability. This was also confirmed by a slightly higher melting tem-
perature and a higher enzyme activity. Based on our data, we con-
clude that the reduced activity of VIM-7, compared to VIM-2, can
be attributed to the absence of the hydrogen bond cluster around
residue 218 alone and that residue 218 seems to be an important
residue determinant for activity of the VIM family of enzymes as
in IMP enzymes (28, 29). In addition, interactions found between
Tyr224 and Ala231 in the tVIM-7-H224Y structure resulted in a
stabilization of the L3 loop and an increase in melting tempera-
ture, reflecting a more thermostable enzyme, and could explain
the increased activity of the tVIM-7-H224Y mutant. We therefore
conclude that residue 224 in the L3 loop is an important residue
determinant for both stability and enzyme activity for the VIM
family of metallo-B-lactamases. During catalysis, the L3 loop of
VIM-7 is most likely flexible in a fashion similar to that found for
the L3 loop of GIM-1 (27). Still, the interplay between residues
224 and 228 in the L3 loop and 67 in the L1 loop also seems
important for activity. Overall, the analysis of both the F218Y and
H224Y mutants indicates that not only the local rearrangements
but also the positions of these residues in the folded enzyme struc-
ture are important for the enzyme properties.
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Supplementary material to:

His224 alters the R2 drug binding site and Phe218 influences the

catalytic efficiency in the metallo-p-lactamase VIM-7

Hanna-Kirsti S. Leiros, Susann Skagseth, Kine Susann Waade Edvardsen’ Marit Sjo Lorentzen

Gro Elin Kjeereng Bjerga, Ingar Leiros and @rjan Samuelsen

Table S1 Steady state kinetic results for tVIM-7 (His-Tev-VIM-7 construct) and VIM-7
(native construct with the leader sequence).

Ratio
tVIM-7 VIM-7 e
Km Kcat Keat/Km Km Keat Keat/Km
Compound (M) Y MY | @) (s sty |
Penicillins
Benzylpenicillin ®  23.143.2 59 +7 25 138+24  350+17 254 10.2
Ampicillin ® 23.3+1.7  17.6:1.1 0.76 0.56+0.07 38+9 67.9 89.3
Cephalosporins
Cefepime 179414  0.4500.023 0.0025 14+2 0.255+.008 0.018 7.2
Ceftazidime 61+19 0.120:0.007 00020  |41.8+26  0.186+0.005 0.0044 2.2
Cefoxitin 20+4 0.64:003  0.032 34+3 37.51£0.07 1.10 34.4
Cefuroxime 12.9+2.5 4.57+0.05 0.35 9.4+0.8 9.9+0.2 1.05 31
Carbapenems
Ertapenem 189+22  12.810+0.013 0.68 106408  3.05+005 0.280 0.4
Imipenem 29 +10 7.71:017 027 124+08 476+05 3.84 14.2
Meropenem 20.0+1.6  25.580+0.026 1.28 224+27  245+05  1.09 085

® The K,, values were measured as inhibition constants (K;) in a competitive model using nitrocefin as the
reporter substrate.



