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We use mass spectrometry (MS), under denaturing and non-denaturing solution conditions, along with
ultraviolet photodissociation (UVPD) to characterize structural variations in New Delhi metallo-p-
lactamase (NDM) upon perturbation by ligands or mutation. Mapping changes in the abundances and
distributions of fragment ions enables sensitive detection of structural alterations throughout the protein.
Binding of three covalent inhibitors was characterized: a pentafluorphenyl ester, an O-aryloxycarbonyl
hydroxamate, and ebselen. The first two inhibitors modify Lys211 and maintain dizinc binding, although
the pentafluorophenyl ester is not selective (Lys214 and Lys216 are also modified). Ebselen reacts with
the sole Cys (Cys208) and ejects Zn2 from the active site. For each inhibitor, native UVPD-MS enabled
simultaneous detection of the closing of a substrate-binding beta-hairpin loop, identification of
covalently-modified residue(s), reporting of the metalation state of the enzyme, and in the case of
ebselen, observation of the induction of partial disorder in the C-terminus of the protein. Owing to the
ability of native UVPD-MS to track structural changes and metalation state with high sensitivity, we
further used this method to evaluate the impact of mutations found in NDM clinical variants. Changes
introduced by NDM-4 (M154L) and NDM-6 (A233V) are revealed to propagate through separate
networks of interactions to direct zinc ligands, and the combination of these two mutations in NDM-15
(M154L, A233V) results in additive as well as additional structural changes. Insight from UVPD-MS helps
to elucidate how distant mutations impact zinc affinity in the evolution of this antibiotic resistance
determinant. UVPD-MS is a powerful tool capable of simultaneous reporting of ligand binding,
conformational changes and metalation state of NDM, revealing structural aspects of ligand recognition
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Introduction

Infection by antibiotic resistant organisms remains a serious
health threat. A 2019 report from the Centers for Disease Control
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T Electronic supplementary information (ESI) available: Fig. S1-S22 which
include the expressed protein sequence of NDM, structures of the covalent
inhibitors, crystal structure of NDM-1 with relevant regions labelled, NDM-1
inactivation data, p-value plots highlighting statistical significance of measured
differences, ESI-MS, HCD or UVPD MS/MS, holo ion plots, UVPD intensity plots,
and difference plots or heatmaps of uninhibited NDM-1, NDM-1 bound to each
of the three inhibitors, and three other clinical variants (NDM-4, NDM-6,
NDM-15). See DOI: 10.1039/d0sc02503h
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and Prevention (CDC) indicates that in the U.S., bacteria and
fungi cause over 2.8 million antibiotic resistant infections each
year and that 35 000 people die due to these infections.* The CDC
ranks carbapenem-resistant Enterobacteriaceae in the top tier of
“Urgent Threats”. Resistance against carbapenems is particularly
dangerous because these p-lactam drugs are often held in reserve
as life-saving “drugs of last resort” for patients with complicated
infections.> Some carbapenems can serve two purposes: dual
inhibition of peptidoglycan biosynthesis and activity of some
serine-B-lactamases. However, these drugs do not inhibit met-
allo-B-lactamases (MBLs), which instead use active-site zinc ion(s)
to catalyze efficient hydrolysis and inactivation of carbapenems.
For example, New Delhi metallo-p-lactamase (NDM) readily
catalyzes hydrolysis of meropenem and imipenem with speci-
ficity constants (k.q/Ky) > 10° M~' s7'.% Currently, there are no
FDA approved drugs that counter the activity of NDM, or any
other MBL, so NDM inhibitors are an unmet clinical need.*
Despite more than 100 structural models of NDM deposited
in the protein data bank, there are still significant gaps in our
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knowledge about NDM structure. NDM drug development
efforts would greatly benefit from specific information detailing
how ligands bind to active site loops and how clinical variants of
the enzyme impact structure, but aspects of these structural
differences often remain elusive. For example, MBLs similar to
NDM have a flexible beta-hairpin loop containing a hydro-
phobic amino acid at the apex that closes down over a ligand
upon inhibitor binding or during catalysis, making important
binding interactions with the ligand as revealed by mutagen-
esis, kinetic analysis, X-ray crystallography, and protein NMR
studies.””® However, the conformation of the homologous beta-
hairpin loop in NDM is often obscured or artifactually con-
strained in X-ray studies owing to interactions with a neigh-
boring NDM monomer during crystal formation.'® Mutagenesis
and kinetic studies indicate an important role for this NDM
loop in ligand binding and substrate turnover that may differ
somewhat from its role in homologous MBLs, underscoring the
need to better characterize structural changes upon ligand
binding.""*> Two spectroscopic methods ("’F NMR and RFQ-
DEER) have been used along with covalent incorporation of
labels into the NDM loop to detect conformational changes
upon ligand binding.**** The conformations that this loop
adopts appear to be ligand dependent and ligand binding may
even trigger loop opening, although the covalent incorporation
of these labels may perturb the system and complicate inter-
pretation.’'* Alternative methods are needed to better under-
stand the structural implications of ligand-binding, preferably
using unlabeled proteins.

A second example of inadequate structural information
relates to clinical variants of NDM. Almost 30 different protein
sequences have been reported for NDM clinical variants (NDM-1
through NDM-29). Many of these variants improve thermosta-
bility and the affinity of Zn2 (some variants have 10-fold lower
K4 values) and appear to be emerging due to the combined
selective pressures of antibiotic treatment and zinc scarcity at
infection sites brought on by the host innate immune
response.>**™*® The structural models of seven different NDM
variants (NDM-1, 3, 4, 5, 8, 9, 12) are deposited in the protein
data bank, but the structural differences observed among these
variants by X-ray crystallography are small and the mechanisms
whereby mutations lead to improvements in zinc affinity are
difficult to discern.*® Alternative strategies that can better detect
the impact of mutation on NDM structure would help elucidate
how clinical variants achieve improved resistance and aid in
predicting the impact of newly sequenced variants.

The development of native mass spectrometry (MS) repre-
sents an alternative technique to probe protein structure by
enabling the transfer of intact protein complexes with bound
ligands into the gas phase using electrospray ionization (ESI) of
high ionic strength solutions.'*® While traditional collisional
activation provides some sequence information on native
protein complexes in the gas phase, typically this MS/MS
approach disrupts non-covalent interactions and ejects
ligands and individual protein constituents. As such, alternative
MS/MS methods are necessary to probe the structure of intact
protein complexes.”*** The ability of electron-based activation
methods, including electron transfer dissociation (ETD),*
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electron capture dissociation (ECD),>*® and electron ionization
dissociation (EID),* to allow retention of noncovalent ligands
and metal cofactors on fragment ions, referred to as holo ions,
has been used to identify structural differences between ligand-
bound (holo) and ligand-free (apo) ions. The propensity of these
electron-based strategies for fragmenting a given region corre-
lates with protein flexibility (i.e. B-factors), enabling aspects of
tertiary structure to be determined.**?® In many ways mirroring
the scope of electron-based activation methods, ultraviolet
photodissociation (UVPD) at 193 nm has proven capable of
providing sequence information, localizing ligand binding
sites, and probing conformational changes of ligand : protein
complexes.”" Retention of noncovalent ligands during pho-
toactivation yields ligand-bound “holo” fragment ions that can
be mapped along the sequence to elucidate binding sites.*”
Tracking enhancement or suppression of backbone cleavages
upon UVPD highlights regions where there are changes in
stabilizing noncovalent interactions and in protein flexibility
(i.e. enhancement of backbone fragmentation indicates fewer
interactions, more flexibility, and typically leads to greater
production of sequence ions; whereas suppression signifies
more extensive interactions that limit the separation and
detection of fragment ions).** Additionally, UVPD affords
unsurpassed sequence coverage®®® and retention of labile
covalent moieties® with little dependence on precursor charge
state.** This native UVPD-MS approach has previously been
applied for detecting conformational changes induced by
ligand binding to dihydrofolate reductase (DHFR),** sequence
variants of rat sarcoma GTPase K-Ras**® and DHFR,*” and
structural re-organization of the phosphotransferase enzyme
adenylate kinase during its catalytic cycle.*®

Here, we use native UVPD-MS to track changes in fragmen-
tation patterns as a means to infer changes in the active site
loop conformation, zinc binding, and conformations of
surrounding residues in NDM-1 upon binding to three different
small molecule inhibitors known to covalently modify the
enzyme. Combining a native MS strategy with UVPD allows us to
simultaneously define changes in protein conformation and
zinc binding arising from interaction with inhibitors. We also
compare four representative clinical NDM variants: NDM-1 (the
reference sequence), NDM-4 (M154L), NDM-6 (A233V), and
NDM-15 (M154L, A233V), specifically focusing on variations in
backbone fragmentation adjacent to the six zinc-coordinating
residues. Application of this method reveals structural differ-
ences not easily monitored by other approaches and provides
information useful for NDM inhibitor development and better
understanding how clinical variants lead to increased zinc
affinity and enhanced drug resistance.

Experimental
Sample preparation

The reference sequence (NDM-1) and three clinical variants
(NDM-4, NDM-6, and NDM-15) of recombinant NDM were
expressed and purified as previously described, all of which
include an N-terminal truncation to remove a lipidation signal
sequence to make soluble versions of each protein.>'” The

This journal is © The Royal Society of Chemistry 2020
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expressed protein sequence with mutated sites highlighted and
structures of the small molecule inhibitors are shown in
Fig. S1.1 The numbering scheme includes the initial 35 residues
although the coding region for this sequence is omitted in the
expression constructs. The three covalent inhibitors (1-3) were
synthesized or purchased.

A covalent inhibitor of imipenemase-1 (IMP-1), the penta-
fluorophenyl ester of 3-mercaptopropionic acid (1), was
synthesized as described elsewhere* and reconstituted in
dimethyl sulfoxide stock solutions immediately prior to incu-
bation with NDM-1 ['"H NMR (400 MHz, CDCl;): 6 3.01 (2H, t),
2.91 (2H, dt), 1.75 (1H, t); ESI-MS (m/z): 273.0014 (M + H)'].
Inhibitor 1 and NDM-1 were combined at various stoichiometric
ratios (1:1, 5:1, and 100: 1 inhibitor : NDM-1) in 20 mM
ammonium acetate (pH 6.8) and incubated at 25 °C for 1 h. The
synthesis of a covalent inhibitor of NDM-1, N-(benzylox-
ycarbonyl)-O-[(phenyoxycarbonyl)|hydroxylamine, which is an
O-aryloxycarbonyl = hydroxamate  (2), previously
described,’** and a 125:1 stoichiometric ratio (inhib-
itor : NDM-1) was incubated with NDM-1 at 2 °C for 18 h in
50 mM HEPES (pH 7.0). The covalent NDM-1 inhibitor ebse-
len,* a benzisoselenazol (3), was purchased from Sigma-Aldrich
(St. Louis, MO) and incubated at a 1:1 stoichiometric ratio
(inhibitor : NDM-1) at 25 °C for 30 min in 20 mM ammonium
acetate (pH 6.8). Prior to use in MS experiments, these incu-
bation solutions, as well as stock solutions of the variants NDM-
1, -4, -6, and -15, were desalted and exchanged into water or
20 mM ammonium acetate using 10 kDa molecular weight
cutoff filter devices (MilliporeSigma, Burlington, MA). Samples
were subsequently diluted for MS analysis to 10 uM protein
concentration in 50/49.5/0.5 (v/v/v) acetonitrile/water/formic
acid for denaturing experiments or 20 mM ammonium
acetate (pH 6.8) for native conditions.

was

Mass spectrometry

An offline nano-ESI source with borosilicate emitters fabricated
in-house and coated in Au/Pd was used to ionize proteins and
protein complexes. The source was operated at applied voltages
of 1.0-1.1 kV and set at a temperature of 200 °C to transfer
proteins into a Thermo Scientific Orbitrap Elite mass spectrom-
eter (Bremen, Germany). This instrument was modified previ-
ously by aligning an Excistar 193 nm ArF excimer laser (Coherent,
Santa Cruz, CA) with the HCD cell to perform UV photodissoci-
ation.>* MS/MS experiments involved ion trap isolation of a single
charge state of the protein species of interest using isolation
widths of 10-20 m/z and subsequent collisional activation using
15-20% NCE or a single 3 m] pulse for UVPD. MS1 spectra
represent sixty scans, while MS/MS spectra contain 500 transients
with a scan range of m/z 220-4000. Using a resolving power of 240
K at 400 m/z and a maximum ion time of 2 s, the automatic gain
control was set at 1 x 10° for MS1 and 5 x 10° for MS/MS spectra.
All MS/MS spectra were collected in triplicate.

Data analysis

The Thermo Xtract algorithm was used to de-charge and de-
isotope all ESI mass spectra and HCD or UVPD mass spectra

This journal is © The Royal Society of Chemistry 2020
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(S/N ratio of 3, fit factor of 44%, remainder of 25%). ProSight
Lite v1.4 assigned monoisotopic fragment ions from the MS/MS
spectra as apo sequence ions by searching against the NDM
sequence. For HCD mass spectra, only b- and y-type ions were
considered, while for UVPD mass spectra all nine ion types were
considered (@, a+ 1, b, ¢, x,x +1,y,y — 1, ). Holo fragment ions
bound to zinc(u) resulting from photodissociation were also
identified for the clinical variants and protein-inhibitor
complexes by including the corresponding mass shifts at the
termini: 61.913-63.929 Da for one zinc(u) or 123.827-
127.858 Da for two zinc(u) ions. Covalently attached inhibitors
were considered static modifications and included in searches
using the expected mass shifts listed in Fig. S1.1

The relative efficiencies of backbone cleavages induced upon
UVPD were calculated for clinical variants and protein-inhib-
itor complexes using the fragment abundance tab of the Web-
based utility UV-POSIT.* Briefly, in a protein with R residues
(numbered 1 to R from N-terminus to C-terminus), this program
sums the abundances of all the fragment ions resulting from
backbone cleavages adjacent to each individual amino acid and
calculates a backbone cleavage yield for each amino acid posi-
tion. In essence, the total backbone cleavage yield of amino acid
n is the sum of all N-terminal sequence ions (a,, by, ¢,) resulting
from cleavage C-terminal to the n™ residue and all C-terminal
product ions (Xz_n+1, Yr_n+1, 2r_n+1) produced by backbone
cleavage N-terminal to the n™ residue. The summed values for
each backbone position are then normalized to the total ion
current of the spectrum and reported as the cleavage “efficien-
cies” (i.e. relative propensities) adjacent to each amino acid.**
This method provides a semi-quantitative way to evaluate vari-
ations in fragmentation throughout the protein sequence. Two
protein states are compared (e.g. NDM-1 versus clinical variant,
or unmodified versus inhibitor-bound) by subtraction of corre-
sponding backbone cleavage efficiencies and represented as
difference plots or heatmaps. Statistical significance of
observed differences is established by pooling standard devia-
tions and calculating p-values using a two-tailed Student's ¢-test.
The log of these values is plotted for each protein : inhibitor
complex compared to the corresponding unmodified protein
(Fig. S2A and Bf) or for each clinical variant compared to the
reference NDM-1 protein (Fig. S2C(1-3)f). A histogram of p-
values for the entire clinical variant data set is included in
Fig. S2C(4).f The ~25% of residues with p-values of 1.00
correspond to those with no adjacent backbone cleavages (i.e.
no sequence coverage). The p-values less than 1.00 (~75% of the
values which also correlates to the observed 75% sequence
coverage) correspond to those residues for which bracketing
backbone cleavages were observed for both NDM-1 and an
NDM-1 : inhibitor complex or for both NDM-1 and a variant,
thus allowing comparison of the abundances and calculation of
a statistical significance. All differences in backbone fragmen-
tation efficiencies discussed below are significant at a confi-
dence threshold of 99% (i.e. p-value < 0.01), with this cutoff
represented as a black line for each of the five difference graphs
in Fig. S21 and collectively represented by the left-most blue bar
in Fig. S2C(4)t (highest significance). A crystal structure of
NDM-1 (PDB ID 3SPU)* with important regions labelled is

Chem. Sci., 2020, 11, 8999-9010 | 9001
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included to aid in visualization and detail the residues involved
in the defined active site loops (ASLs) (Fig. S37).

Results and discussion
Inhibitor selection

We applied a native UVPD-MS approach to simultaneously
detect changes in protein structure and zinc content upon
inhibitor binding to NDM-1, using two distinct types of MBL
covalent inhibitors as examples: lysine 211-modifying inhibi-
tors that retain binding of both zinc ions, and a cysteine 208-
modifying inhibitor that ejects one zinc from the active-site. The
first Lys-modifying inhibitor, 3-mercaptopropionic acid penta-
fluorophenyl ester (1), contains a zinc-binding thiol group
tethered to a reactive ester and was previously shown to serve as
an affinity label that covalently modifies the Lys244 in IMP-1 (K;
= 3.45 UM; kinace = 4.6 min '), and retains both zinc ions at the
active site after inhibition.*® Because of the homology between
IMP and NDM, we reasoned that 1 would also serve as an affinity
label for Lys211 in NDM-1 (Fig. 1). Due to an unexpected lack of
selectivity for 1 (vide infra), we also investigated a second Lys-
modifying affinity label, an O-aryloxycarbonyl hydroxamate
(2), that we previously determined to modify Lys211 in NDM-1
(K; = 140 uM; kipaee = 0.045 min~') and to leave the dizinc
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active site intact (Fig. 1).** For a Cys-modifying inhibitor, we
chose a non-selective thiol-modifying reagent ebselen (3) that
has been previously shown to covalently modify the sole Cys in
soluble NDM-1 constructs (Cys208) as an affinity label (K; = 0.38
UM; Kinace = 0.034 min’l), and to eject one equivalent of zinc
from the dinuclear zinc cluster (Fig. 1).*

UVPD-MS to localize a lysine-selective covalent inhibitor of
NDM-1

We found that a Lys-targeted pentafluorophenyl ester affinity
label reported for IMP-1 (1) can also readily inactivate the
homologous NDM-1 enzyme in a manner that is irreversible to
dilution into excess substrate (Fig. S4t). A full kinetic charac-
terization was not completed owing to unexpected lack of
selectivity noted below. ESI-MS data were collected for dena-
turing and non-denaturing (high ionic strength) solutions
containing NDM-1 without or with inhibitor 1 (Fig. S5,1 inhib-
itor : protein ratios 1:1, 5:1, 100:1). Even at a 1:1 inhib-
itor : protein ratio, up to two inhibitors were observed to bind
covalently to NDM-1 with up to three inhibitors per protein for
solutions containing higher inhibitor : protein ratios. This
outcome indicates that inhibitor 1 is less specific for one
particular Lys in NDM-1 as compared to IMP-1.*° Similar results

NH

o 5
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N
+ + .
\Seﬁ H. @ Se
T — \
g S
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Fig.1 Proposed covalent NDM-1 inactivation mechanisms: (A) a reactive pentafluorophenol (PFP) ester (1) is bound in proximity to active-site
K211 to facilitate reaction and loss of pentafluorophenol (PFP). (B) A reactive O-aryloxycarbonyl hydroxamate (2) is bound in proximity to active-
site K211 to facilitate reaction. (C) Because the C208 thiol is not solvent accessible in the dinuclear zinc form of NDM-1, and Zn2 is bound
relatively weakly,* a dynamic equilibrium is depicted between dizinc and monozinc metalloforms, enabling binding of the thiol-reactive ebselen

(3) in proximity to Cys208 to facilitate reaction and loss of Zn2 affinity.
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were observed for spectra collected after various incubation
time-points. Using non-denaturing ESI conditions yields similar
results with addition of up to three inhibitor molecules to NDM-
1 and also confirms that neither of the active site Zn(u) ions are
displaced due to the reaction (Fig. S5Bt).

To localize the reaction sites of inhibitor 1, the 25+ charge
states of the singly, doubly, and triply modified NDM-1 were
individually isolated and characterized using HCD and UVPD
(Fig. S6t). As opposed to the diverse array of sequence ions
produced by UVPD, HCD results in a relatively small number of
bly ions dominated by preferential Pro cleavages (e.g:, y100 and
by14). Maps of the backbone cleavage sites corresponding to the
observed fragment ions shown in Fig. S71 highlight the higher
sequence coverage afforded by UVPD (74-84%) compared to
HCD (16-26%). The mass shifts of the y,0'"" ions observed for
both HCD and UVPD in Fig. S67F corresponds to addition of one,
two, or three equivalents of 1. In this context, the specific
positions of the each adduct can be determined by accounting
for the mass shift(s) at each of the eight possible Lys residues of
NDM-1. Covalent attachment of inhibitor 1 through disulfide
bridging of the thiol end (opposite the expected reactive moiety)
to C208 was considered but the retention of both Zn(u) ions
(Fig. S5BY) after modification as well as the similar HCD and
UVPD fragmentation patterns observed even after addition of
a reducing agent provide strong evidence against this possi-
bility. Both HCD and UVPD methods indicate that the modifi-
cation sites are all located along the same loop that borders the
active-site (ASL4: G207-H228). Localization of binding sites is
summarized in Fig. 2 for NDM-1 containing one, two, or three
equivalents of inhibitor 1. Briefly, for the singly-bound species,
the UVPD data indicates that reaction occurs at either K211
(expected site) or K214. When two equivalents of 1 are bound,
UVPD confidently localizes them to K211 and K214. The UVPD
results indicate that the third equivalent is added at K216.
There is no evidence for covalent modification by 1 at K125
(buried), or at other solvent accessible Lys residues (K106, K181,
K242, K268). The only Lys residues that are modified are con-
tained within a single loop consisting of residues 209-224 that
neighbor the active site (ASL4), and none of the other Lys resi-
dues are targeted. In comparison, the homologous loop in IMP-
1 is considerably shorter and lacks the two Lys residues in NDM-
1 that account for additional modifications. Therefore,
sequence differences likely underlie the apparent difference in
Lys modification selectivity between IMP-1 and NDM-1.

Tracking closure of an active site loop over a lysine-modifying
covalent NDM-1 inhibitor

To characterize conformational changes resulting from a more
well-defined binding event, we substituted a different affinity
label, an O-aryloxycarbonyl hydroxamate (2), that selectively
modifies Lys211 in NDM-1 (although minor amounts of an
undefined secondary modification site were reported when
excess 2 was used for labeling).** In a previous study both X-ray
crystallography and MS were used to confirm covalent modifi-
cation of K211, but the positioning of the substrate-binding
beta-hairpin loop was perturbed artifactually by interaction

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

K211
K214

(A)  (WHCD | [ ] [

(2) UVP035[......|....‘l...|.........l.....ﬂ....l..,..I]

270

(1) HCD 35[|||l|l]

270

(2) UVPD | ] T
35 270

(1) HCD 35[||
1

................................

(B)
+ 2

(C)
+3

(2) UVPD |
35

Fig. 2 Summary of the localization of (A) one, (B) two, or (C) three
inhibitor (1) moieties (with loss of pentafluorophenol) covalently
attached to Lys residues of NDM-1 by using (1) HCD and (2) UVPD.
Green shaded regions indicate localization according to the MS/MS
spectra in Fig. S61 and corresponding sequence coverage maps of
identified fragment ions in Fig. S7.¥ The eight possible Lys sites are
labelled above the gray residue bar in (A). (D) Sites at which the inhibitor
was localized (K211, K214, K216) are labelled and shown as green sticks
on the crystal structure of NDM-1 (PDB ID 3SPU). The six Zn(n) binding
residues are also labelled and shown as black sticks.

with a second monomer found in the crystal lattice, and by non-
enzymatic degradation of the adduct during crystallization.**
Here, we used native ESI-MS to better characterize structural
changes that occur upon incubation of 2 with NDM-1. Even with
treatment of excess 2, only one equivalent of expected adduct
was detected on NDM-1 (Fig. S8t), with retention of both zinc
ions after modification. The degraded adduct (a carbamoylated
K211) observed earlier by X-ray crystallography was not
observed under these conditions.

We then used UVPD-MS to characterize the structural impact
on NDM-1 caused by inhibition with 2 via changes in observed
fragmentation. Specifically, we have consistently found that
regions of a protein that exhibit increased flexibility and/or
fewer stabilizing interactions frequently result in enhanced
fragmentation and thus yield more abundant sequence ions. In
contrast, engagement of a region in stabilizing noncovalent

Chem. Sci., 2020, 11, 8999-9010 | 9003
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interactions may prevent separation of fragment ions, thus
hindering their detection and leading to an apparent suppres-
sion in the backbone cleavages.** UVPD of the 9+ charge state
yielded a wide array of sequence ions, including those retaining
both the covalently-bound inhibitor and one or two non-
covalently bound Zn(u) ions (Fig. S91). The binding site of the
inhibitor was localized to the expected residue, K211 (Fig. S9B
and S9Ct), based on backbone cleavages that confidently
bracketed the mass shift of the inhibitor. Summation of all the
fragment ions arising from backbone cleavages as described in
the Experimental section yielded the graphical displays shown
in Fig. S107 for unmodified NDM-1 and the inhibitor 2 : NDM-1
complex. A plot of calculated p-values per residue in Fig. S2Af
assigns statistical significance to observed differences from ¢-
test calculations. Conversion of the two displays to a difference
plot in Fig. 3A or as a heatmap in Fig. 3B facilitates visualization
of the variations in fragmentation of NDM-1 after reaction with
this affinity label.
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Suppression of backbone fragmentation (colored blue in the
heatmap) is observed throughout large stretches of the protein
for inhibitor-bound NDM-1, particularly encompassing the N-
terminal half of the protein that includes two of the active site
loops (ASL1: M67-G71 and ASL2: V117-D124) as well as the three
other active site loops in the C-terminal region (Fig. 3). ASL3
(F183-T195) and ASL5 (M248-S251) are short loops that form
a deep cavity in which the two Zn(u) ions reside. ASL4 (G207-
H228) is significantly longer and creates the floor, while ASL2
acts as the ceiling. Notably, ASL1 is the beta-hairpin loop
proposed to play an important role in substrate binding
(Fig. S371). The suppression of fragmentation indicates a general
loss of flexibility in all five active site loops that frame the active
site. This observation is consistent with other studies that show
a general increase in overall thermostability of NDM-1 upon
binding inhibitors.*> More specifically, our use of native UVPD-
MS reveals that fragmentation of the backbone spanning the
ASL1 region shows the greatest suppression, specifically

~
N ™
~

Residue

enhanced

(A) Difference plot showing the change in summed abundances of Zn(i) bound holo and apo fragment ions produced upon UVPD of

NDM-1 covalently bound to inhibitor (2) (with loss of phenol) compared to uninhibited NDM-1. The UVPD fragmentation plots for both samples
are shown in Fig. S10.1 The five active site loops are outlined with dotted lines while the residue at which the inhibitor attaches (Lys211) is denoted
with a dashed line. Heatmaps of these differences are represented (B) linearly along the protein sequence or (C) mapped on the crystal structure
of NDM-1 bound to inhibitor (2) (PDB ID 60VZ). Red regions correspond to enhancement of backbone cleavage efficiency for the inhibitor
bound sample compared to the uninhibited while blue regions indicate suppression. Active site loop 1 (including F70), Lys211, and inhibitor (2) are
displayed as sticks, while the Zn(i) ions are shown as spheres in (C).
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bracketing the residue F70, which is positioned at the apex of
this substrate-binding beta-hairpin loop (Fig. 3). This observa-
tion is a clear indication that the beta-hairpin loop neighboring
the active site NDM-1 closes and rigidifies over the bound
ligand. The use of UVPD-MS avoids several artifacts in the
crystallography of ligand : NDM-1 complexes: commonly
observed ASL1 intertwining between neighboring monomers in
the crystal lattice and degradation of the covalent adduct made
by 2. Additionally, this MS approach avoids the requirement to
covalently install reporter labels in the beta-hairpin loop that
could perturb function, and clearly favors a loop closing event
upon inhibitor binding. Our result is more consistent with prior
'F NMR results indicating loop closure upon ligand binding
and implies that the loop opening previously suggested by RFQ-
DEER studies may instead be due to perturbation by the spin
label or loop twisting resulting in an apparent distance

increase.*>**

Detecting displacement of Zn2 by a cysteine-modifying
covalent NDM-1 inhibitor

Determining the impact of inhibitors on the metalation state of
NDM-1 is an important yet often overlooked aspect of devel-
oping inhibitors suitable for therapeutic use.* Compounds that
inhibit by stripping both metal ions from the dinuclear zinc
NDM-1 and sequestering them as small molecule complexes are
likely to have significant off-target effects making them less
suitable as potential therapeutics. Native MS has previously
been used to detect changes in the metalation state of NDM-1
upon inhibitor binding.*>*> Here we apply UVPD-MS and an
established Zn2 ejector to more extensively elucidate structural
changes that occur throughout the NDM-1 protein upon
inhibitor binding.

The non-selective thiol reagent ebselen (3) has been exam-
ined as a ligand for a wide variety of cysteine-containing
proteins by using mass spectrometry.*® In particular, ebselen
is a potent inhibitor of NDM-1 that functions by covalently
modifying the sole Cys residue found in soluble NDM-1
constructs (Cys208).*> Cys208 is a direct ligand to Zn2 (coordi-
nated by D124, C208, H250) and treatment with ebselen (3)
induces the loss of one zinc ion, previously presumed to be Zn2,
from NDM-1 as detected by native MS. Based on using dena-
turing conditions for initial collection of ESI mass spectra in the
present study, we confirmed addition of one ebselen equivalent
to NDM-1 (Fig. S11A}). Using non-denaturing conditions,
a narrow envelope of low charge states (8+ to 11+) is observed for
uninhibited NDM-1 with the retention of two Zn(u) ions
(Fig. S11Bt). After reaction with ebselen, NDM-1 yields a much
wider distribution of charge states (8+ to 18+) and the net mass
shift corresponds to the attachment of a single ebselen along
with the loss of one Zn(u) ion (Fig. S11B7). These results confirm
removal of a metal cofactor after modification by ebselen, and
also indicate unfolding of a portion of the NDM-1 protein as
evidenced by the extended tail of the charge state distribution.

UVPD of the most abundant charge state (24+ for denaturing
conditions; 9+ for non-denaturing conditions) allows the
structure of the modified protein to be characterized in more

This journal is © The Royal Society of Chemistry 2020
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detail. High sequence coverages were obtained for the protein
in both the high (denatured) and low (non-denaturing) charge
states (78% and 79%, respectively) and allowed confident
localization of the inhibitor adduct to Cys208 based on brack-
eting the mass shift via backbone cleavages (Fig. S12 and S137).
Under non-denaturing conditions, zinc-bound holo fragment
ions are observed in addition to apo (zinc-free) fragment ions
(Fig. S13Bf). Owing to the high energy deposited during UV
photoactivation, backbone bonds are cleaved preferentially over
the disruption of non-covalent interactions, resulting in
production of holo (containing Zn) fragment ions as well as apo
(without Zn) fragment ions that elucidate binding sites.?®?+3¢3%
For uninhibited NDM-1, holo fragment ions can contain up to
two zinc(u) ions, whereas the ebselen-modified protein only has
one remaining Zn(u) that can be retained in fragment ions (in
addition to the covalently-bound ebselen moiety). Zn-bound
holo ions resulting from UVPD were mapped along the
protein sequence and upon the crystal structure for uninhibited
NDM-1 (Fig. 4). Corresponding structures for inhibited NDM-1
in which holo ions containing one or two Zn(u) were consid-
ered separately are shown in Fig. S14.7 Based on this analysis, it
is evident that it is exclusively Zn2, and not Zn1, that is lost
upon binding of ebselen to NDM-1. Specifically, Zn-bound holo
fragment ions are no longer observed from backbone cleavages
adjacent to the three residues responsible for coordinating Zn2
(D124, C208, H250). Also, N-terminal holo ions are only
produced C-terminal to the first Zn1 binding residue (H120)
and C-terminal holo ions N-terminal to H189 (Fig. 4). This
assessment of the appearance and disappearance of key Zn-
containing fragment ions allows the identity of the lost Zn ion
to be directly observed as Zn2.

Lastly, considering both apo and holo fragment ions, varia-
tions in the backbone fragmentation efficiencies for ebselen-
modified NDM-1 versus uninhibited NDM-1 were charted
(Fig. S15f) and shown as a difference plot in Fig. S16.1
Suppression of backbone cleavage is observed for the ASL1
region (the substrate-binding beta-hairpin loop) as well as for
the three residues coordinating Zn1 (H120, H122, H189), sug-
gesting a reorganization that curbs fragmentation throughout
the N-terminal region of the protein after modification by
ebselen. Interestingly, there is slight suppression of UVPD at
D124 suggesting that this residue, no longer coordinated to
Zn2, may engage in new interactions with the bound inhibitor,
which is expected to be located nearby due to the proximity of
Cys208.

Here we demonstrate the application of UVPD-MS to char-
acterize inhibitor binding, and to simultaneously report on the
site of covalent reaction (Cys208), the metalation state of NDM-1
(specifically the loss of Zn2), the closure of the substrate-
binding beta-hairpin loop (ASL1), and the partial denaturation
of C-terminal domain of the protein. These results are consis-
tent with prior work that shows loss of one zinc equivalent upon
addition of one equivalent of ebselen, and additionally provide
direct evidence that Cys208 is adducted and that Zn2 is ejec-
ted.”” Our results are also consistent with prior studies that
show an overall decrease in thermostability upon loss of Zn2
and the formation of putative inclusion bodies upon ebselen

Chem. Sci., 2020, 11, 8999-9010 | 9005
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(A) Sequence of NDM-1 with Zn(i)-containing holo ions observed during UVPD of the uninhibited (solid line) and ebselen (3) reacted

(dotted line) samples mapped above as linear segments. Coloring of the lines corresponds to N-terminal (blue), C-terminal (red), or bi-directional
(green) Zn()-containing holo fragment ions identified from the UVPD spectra of the corresponding 9+ species shown in Fig. S13.+ Comple-
mentary N- and C-terminal holo ions arising from the same backbone position indicate bi-directional fragmentation. For the uninhibited protein,
one or two bound Zn(i) ions were considered while for the reacted protein, only holo ions containing a single Zn(i1) were identified. The residue at
which ebselen covalently attaches (Cys208) is highlighted in yellow. This information is mapped along the crystal structure of NDM-1 (PDB ID
3SPU) for the uninhibited (B) and (+) ebselen (C) proteins. Corresponding crystal structure maps for the uninhibited protein separately identifying
singly and doubly Zn(i) bound holo ions are given in Fig. S14.7 Zn(i) binding residues are shown as sticks and the two Zn(i) ions are represented as

yellow spheres.

treatment, but provide more specific structural details about
how the structure of Zn2 ligands, surrounding residues, and the
C-terminal domain of the protein are impacted by Zn2
ejection.”™*

Examining structural changes in NDM clinical variants
associated with Zn(u) binding residues

Given the capability of UVPD-MS to detect structural changes in
NDM-1 upon Zn2 ejection by ebselen (3), we reasoned that this
MS technique may also be useful to detect and better under-
stand the structural implications of sequence differences
introduced by clinical variants of NDM. Many of the NDM
variants (currently NDM-1 through NDM-29) have increased
thermostability and increased affinity for Zn2, presumably
indicating that the blaxpy gene is evolving in response to the
dual selective pressures of antibiotic treatment and zinc
depravation by host innate immune responses.>**'® Here, we
compare NDM-1 (the reference sequence) and the double
mutant NDM-15 (M154L, A233V), which has a ~10-fold increase
in Zn2 Ky value and ~7 °C increase in thermostability, as well as

9006 | Chem. Sci., 2020, 11, 8999-9010

the individual single mutants NDM-4 (M154L) and NDM-6
(A233V) (Fig. S371)."” X-ray crystallography has revealed only
minor structural differences between NDM-1 and NDM-4 (or
other variants), and the mechanism whereby these mutations
communicate to the Zn2 site to impact affinity is not obvious.
Here, we apply UVPD-MS to interrogate structural differences
among representative clinical NDM variants.

Upon electrospray ionization, each of the variants was
observed to produce intact protein ions in low charge states (9+,
10+, 11+) bound to two Zn(u) (Fig. S177). Isolation and UV
photoactivation of the 9+ charge state yielded the fragmentation
patterns in Fig. S18.1 Deconvolution allows the isotopically-
resolved fragments to be readily assigned as sequence ions
(Fig. S191). In addition to apo (Zn-free) fragment ions, holo (Zn-
bound) fragment ions were identified, the latter readily
assigned based on inclusion of a mass shift of one or two Zn(u)
ions relative to the metal-free fragment ions. Combining the
observed metal-free and holo fragment ions accounts for
coverage of 69-78% of the protein sequence as shown in the
maps in Fig. S19.F

This journal is © The Royal Society of Chemistry 2020
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Differences in relative abundances of some of the fragment
ions between variants are apparent upon visual inspection of
the UVPD mass spectra in Fig. S18.1 Regions of the protein in
which noncovalent interactions or flexibility are impacted by
single point mutations can be elucidated by examining the
enhancement or suppression of UVPD backbone cleavages.**~*”
For each NDM variant, the backbone cleavage efficiency upon
UVPD was determined and is represented graphically in
Fig. S201 as a function of each residue of the protein. The
fragmentation behavior of three clinical variants (NDM-4, NDM-
6, NDM-15) is compared to that of the reference sequence of
NDM-1 by subtraction of the backbone cleavage values at each
residue and visualized as difference plots (Fig. S217). Negative
values are indicative of suppression in UVPD backbone cleav-
ages for each clinical variant compared to NDM-1, whereas
positive values designate enhancement in backbone cleavages
for the clinical variant compared to NDM-1. Statistical signifi-
cance of the observed differences is determined from t-test
calculations and represented as p-values plotted per residue in
Fig. S2C.T To aid in visualization, the changes are represented
as a heatmap spanning blue (suppression of fragmentation of
the clinical variant) to red (enhancement of fragmentation of
the clinical variant) along the protein sequence from N-
terminus to C-terminus (Fig. S22At). Imprinting the heatmap
on the crystal structure allows differences in fragmentation to
be related to structural features and specific regions of the
protein, as illustrated Fig. S22B-D.t

Overall, the variations in backbone fragmentation (enhance-
ment of some regions and suppression of others) observed for
NDM-15 (Fig. S22Dt) generally mirror the collective differences
for NDM-4 and NDM-6 (Fig. S22B and Ct). Specifically, for NDM-
15 suppression in UVPD fragmentation is observed along the
loop containing H120-D124 (ASL2) and the loop containing C208
(ASL4), with the same modest degree of suppression occurring
for both NDM-4 and NDM-6. These two loop regions are shaded
in blue on the crystal structure in Fig. S22D7 to highlight the
suppression of backbone fragmentation of NDM-15. The
suppression in fragmentation likely represents a rigidification of
these domains that is qualitatively consistent with the observed
changes in thermostability. Reported melting temperatures (7;,)
for NDM-1, -4, -6, and -15 (54.5, 58.4, 56.3, and 61.5 °C, respec-
tively) show increases in stability and the gain for NDM-15 (~7
°C) is only slightly more than the sum of the two individual
mutants, which is also consistent with the mostly additive nature
of the observed structural changes."”

We then focused particularly on the six residues that anchor
the dinuclear zinc ion cluster at the active site. The higher affinity
Zn1 site consists of H120, H122, and H189 ligands, and the lower-
affinity Zn2 site consists of D124, €208, and H250 (Fig. S3t).**
The relative degrees of backbone fragmentation bracketing these
six key residues of NDM-1 and each of the other variants are
highlighted in Fig. 5. For NDM-4 (M154L) compared to NDM-1,
the only significant differences in fragmentation related to the
six targeted Zn-binding residues are suppression of backbone
cleavages at H120 and H122. This observation aligns well with
the location of M154 near the a-carbon of H122, and with a prior
proposal that substitution of Met to Leu shifts the position of

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Graph displaying summed UVPD fragment ion abundances
normalized to the total ion current (TIC) corresponding to fragment
ions originating from cleavages occurring proximal to each of the six
Zn(i) binding residues for NDM-1 (blue), NDM-4 (red), NDM-6 (green),
and NDM-15 (yellow). Corresponding values for the entire protein
sequence are given in the UVPD abundance plots in Fig. S20.7 Asterisks
indicate residues at which the difference in backbone cleavages for the
clinical variant compared to the reference NDM-1 protein is statisti-
cally significant (99% confidence threshold).

H122 to enable more stabilizing interactions with Zn1."> Here, we
clearly observe the stronger H122 : Zn1 interactions experimen-
tally as a suppression in the efficiency of backbone cleavages at
H122. This same type of suppression of fragmentation at H122 is
not noted for NDM-6 (A233V), indicating a different stabilization
mechanism is used for these two variants.

For NDM-6 (A233V), the backbone cleavage efficiency is
substantially suppressed at a different Zn1-ligand, H120, as well
as at two Zn2-ligands, C208 and H250. The shift of the flexible
loop containing C208 owing to the introduction of a bulkier Val
for Ala would place €208, H120 and H250 (on neighboring
loops) in more ideal positions for stabilizing Zn2. Lastly, for
NDM-15 (M154L, A233V), suppression of backbone fragmenta-
tion was observed at four of the six zinc-binding residues, rep-
resenting mostly a sum of the changes observed in individual
single mutations. However, backbone fragmentation at C208
was not suppressed for NDM-15, suggesting that the M154L
substitution has a greater impact on enhancing Zn(u) affinity
compared to A233V when both mutations are present. The use
of native UVPD-MS reveals in increased detail how distant
structural changes located on each side of the dizinc site are
propagated and combine to increase metal ion affinity, helping
to elucidate the mechanisms used by clinical variants to over-
come zinc scarcity at infection sites.

Conclusion

Structural information detailing ligand : NDM interactions is
important for design and optimization of selective and potent

Chem. Sci., 2020, 11, 8999-9010 | 9007
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inhibitors to serve as probes for chemical biology experiments
and as lead compounds for therapeutic development. However,
interactions between ligand and the essential substrate-binding
beta-hairpin loop are obscured due to method-dependent arti-
facts. Additionally, structure-activity relationships are often
difficult to extract from libraries if the mechanisms of inhibi-
tion are not determined. Attributes that lead to more effective
metal stripping and attributes that lead to more effective ternary
complex formation (inhibitor : dizinc cluster : NDM) can both
show increased inhibition, but only the latter category is suit-
able for developing NDM-selective probes and therapeutic
leads. Here, we demonstrate a powerful strategy utilizing native
MS along with UVPD relying on observed changes in fragmen-
tation to interrogate structural differences between uninhibited
and inhibited NDM-1, simultaneously revealing conformational
changes in the substrate-binding beta-hairpin loop, reporting
on the metalation state of the enzyme, identifying modified
residues (if any), and tracking other changes throughout the
protein structure. We characterized two structurally divergent
inhibitors, a K211-selective covalent inhibitor and a C208
covalent modifier and found that each induced a similar
structural change - closure of the beta-hairpin loop. These cases
were characterized using covalent inhibitors, but native UVPD-
MS can also be applied to the similar characterization of non-
covalent ligands.****3%% Previous solution phase studies of
NDM led to conflicting conclusions, that ligand binding either
induces loop closure or opens the cavity even wider.'>"
However, the prior studies required mutation and chemical
modification of the loop which likely impact both structure and
dynamics, and one approach used a non-native metalloform.
Here, native UVPD-MS was completed using wild type dizinc
NDM to conclusively show loop closing upon ligand binding.
This result is particularly significant because optimization of
loop : inhibitor interactions is required for NDM drug design,
and native UVPD-MS now provides a novel strategy to probe this
interaction with minimal perturbation that was not possible
with previous methods.

Another advantage of native UVPD-MS as showcased here for
NDM in the present study is the ability to simultaneously report
on modification sites (for covalent inhibitors), metalation state,
and structural perturbations in addition to loop closure. Several
notable conclusions can be drawn from the study of inactivators
1-3. The pentafluorophenyl ester (1) was previously shown to be
specific for one Lys residue in IMP-1, but we find it readily
modifies three Lys residues neighboring the active site
(although no other surface Lys residues). This finding reveals
two additional Lys residues as alternative available targets for
design of more effective covalent NDM inhibitors. Simulta-
neous targeting of multiple Lys residues could be useful in
overcoming resistance-causing mutations. Previous character-
ization of the O-aryloxycarbonyl hydroxyamate inactivator (2) by
X-ray crystallography revealed two covalent adducts, and one
was proposed to be a degradation product of the other.** Here,
native UVPD-MS revealed only the parent modification and not
the degradation product, supporting the proposed inactivation
mechanism and suggesting that the MS method may give less
ambiguous results. Finally, native UVPD-MS of ebselen (3)-
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treated NDM-1 confirms a prior report that one zinc ion is
ejected,”™" and now reveals the identity of the ejected zinc as
Zn2 and provides direct evidence that Cys208 is the modified
residue. Unexpectedly, we also detected partial denaturation of
the C-terminus of the protein, which provides structural infor-
mation that helps explain decreased thermostability and
inclusion body formation upon Zn2 loss and ebselen treatment.
We note that ebselen is a useful probe to show the structural
and mechanistic implications of Cys modification and Zn2 loss
in NDM-1 that may be more broadly applicable. NDM-1 appears
to be less effective than other carbapenemases in some infec-
tion models and patients.* One possibility is that the weak
affinity for Zn2 allows NDM-1 to be more easily inhibited by host
zinc sequestering proteins such as calprotectin or Cys oxidation
by ROS during inflammation, which would be expected to result
in deleterious structural changes similar to those we observed
with ebselen using native UVPD-MS.

The ability of native UVPD-MS to report on structural
changes related to metalation state prompted us to use this
method to characterize select NDM clinical variants. Notably,
we were able to track the structural impact of distant mutations
to direct zinc ligands. Specifically, the increased Zn2 affinity
(with respect to NDM-1) previously measured for NDM-4
(M154L) and NDM-6 (A233V) appear to be due to structural
changes largely propagated through different networks of resi-
dues emanating from the distant mutated sites toward the
dizinc cluster. Many of the structural changes induced by the
individual mutations are conserved when combined in the
NDM-15 variant (M154L, A233V), but additional structural
changes are also observed, highlighting the structural basis of
the small synergism observed in this double mutant. Identifi-
cation of these networks of residues may enable prediction of
how newly emerging clinical variants perturb structure, func-
tion and zinc affinity. These structural changes were not easily
observed using X-ray crystallography, but native UVPD-MS
provides an innovative approach to determine the impact of
NDM clinical variants on structure and dynamics and elucidates
in greater mechanistic detail how structural changes at distant
mutation sites are propagated to the zinc binding site.

In summary, native UVPD-MS is a powerful analytical tool
that enables simultaneous detection of inhibitor binding,
covalent modification sites, metalation state, and structural
changes to NDM, including closing of the active-site beta-
hairpin loop and other perturbations owing to ligand binding
or mutation, all using unlabeled wild-type dizinc protein. This
tool should help to easily distinguish metal stripping agents
from ternary complex forming inhibitors, which are preferred
for drug design,* while providing additional information about
inhibitor interactions with the substrate-binding beta-hairpin
loop that were not easily obtained previously. Moreover, new
insight into the structure and dynamics of emerging NDM
clinical variants has been uncovered.
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