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Abstract
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The rapidly growing bacterial resistance development is turning into one of the main challenges
of the 21st century. Our antibiotics are becoming ineffective for the treatment of bacterial
infections, and without successful action, simple infections, such as pneumonia or Septicemia,
will soon carry a highly probable mortal prognosis. Among the most widely spread mechanisms
of bacterial resistance are the degradation and modification of antibiotics, prior to them reaching
the target site, by bacterial enzymes.

This thesis work aims to contribute to solving a major societal challenge by providing new
knowledge on the binding site of the NDM-1, which is one of the clinically most relevant
enzymes used by bacteria to degrade antibiotics. The work includes the design and synthesis
of potential f-lactamase inhibitors that mimic the transition state of the enzymatic hydrolysis
of B-lactam antibiotics. These bioisosteric transition state analogues are expected to bind and
inhibit NDM-1, without being hydrolysable. Thereby they could potentially slow down or even
halt the degradation of our B-lactam antibiotics is use.

The first chapter describes the specific aims, whereas the second presents a general overview
of bacterial resistance showing the mechanism of B-lactam hydrolysis along with our current
knowledge of the structure of metallo-B-lactamases and examples for known inhibitors. The
third chapter reviews the key features of the applied methods including those of enzyme
assays, NMR protein backbone resonance assignment, chemical shift perturbation, NOESY
and molecular docking. Subsequently, the investigation of the three groups of metallo-f-
lactamase inhibitors are discussed. First, the design and synthesis of phosphoamidate- and
phosphonic acid-based metallo-B-lactamase inhibitors is presented. Subsequently, enzyme -
inhibitor binding studies as well as combined solution NMR spectroscopic and computational
docking studies aiming the determination of binding site and pose of inhibitor candidates is
described. The binding affinities and binding modes for three types of enzyme inhibitors are
disclosed along with a comparison of their binding to the New Delhi metallo-f3-lactamase
(NDM-1) and Verona integron-encoded metallo-B-lactamase (VIM-2), pointing out similarities
and differences. The binding pose of a previously developed inhibitor has also been determined
with the help of fluorine-labeling.

The knowledge generated in this thesis work is expected to be useful for the development
of wide spectrum metallo-f-lactamase inhibitors, which may become a long-sought relief in an
escalating crisis.
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“That’s what you seek. You want to find something
that looks absurd and figure out how to do it."
Tommy Caldwell
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1. Aim of the thesis

The overall goal of this thesis work is the development of new metallo--lac-
tamase inhibitors, and the structural investigation of their complexes with the
target enzymes. These aims provide the basis for a future development of clin-
ically available inhibitors.

The specific objectives are to:
e design and synthesize a series of potential inhibitors,
e provide NMR assignment for the backbone of NDM-1,
e determine the active site of the enzyme using solution NMR,
e visualize the binding site and mode with computational docking.
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2. Introduction

2.1. Bacterial resistance

Alexander Fleming’s discovery of penicillin (1929)' was a grand achievement
of the 20" century. Shortly after its discovery, penicillin became the first com-
mercially available and the most used antibiotic.” World War II dramatically
increased its consumption. The lack of alternatives for treating bacterial infec-
tions induced the development of penicillin-resistant strains. Accordingly, al-
ready in the 1940s, 59% of the patients were infected by penicillin-resistant
bacteria.’ The high demand for treatment of bacterial infections, the rapid de-
velopment of new antibiotics between the 1940s and the 1980s,* and a contin-
uous overuse of antibiotics led to one of mankind’s crises, according to the
World Health Organization (WHO).

Our current antibiotics can be divided into various classes.® Within a specific
class a high degree of structural similarity exists, which leads to the unavoid-
able disadvantage that bacteria gaining resistance to one specific drug typi-
cally becomes insensitive also to the entire antibiotic class the drug belongs
to. Additionally, unproblematic transmission of genes, such as the blanpm, was
observed among different types of gram-negative organisms.’ In other words,
bacteria can transfer resistance from one strain to another and thereby spread
it.

Microbial infections became one of the main challenges of the XXI century.
Published in 2014, the WHO global report on surveillance of antimicrobial
resistance pointed out the high prevalence of community-acquired infections
that are caused by antibiotic-resistant bacteria.® The problematic bacteria com-
monly triggering infections include Enterobacteriaceae, Escherichia coli,
Klebsiella pneumonia, and Acinetobacter baumanniiare. These were reported
to be resistant to the 3™ generation cephalosporins and even to carbapenems,
which are often called the antibiotics of last resort.® The number of deaths
caused by antibiotics resistant bacteria is estimated to reach 10 million per
year by 2050, according to an Independent Review on AMR (antimicrobial
resistance), chaired by Lord O’Neill.” This reflects the enormous need for al-
ternative treatments for bacterial infections.'*"!
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We are in an antibiotic discovery void since the 1980s, when the number of
newly developed antibiotic classes dramatically dropped.'? Thereto, B-lactam
antibiotics efficacy against microbes is declining due to rapid resistance de-
velopment that was promoted by a wide misuse of antibiotics. The main mech-
anisms for bacterial resistance'*"!” are (i) the production of p-lactam-hydro-
lyzing -lactamase enzymes, (ii) target alteration by modification of the anti-
biotics target - penicillin-binding proteins (PBPs), (iii) the active expulsion of
B-lactams from cells by efflux pumps, and (iv) reduced membrane permeabil-
ity. The upcoming crisis is apparent, and therefore multiple strategies are be-
ing developed to combat antibiotic resistant bacteria.

Whereas the natural occurrence of antimicrobial resistance cannot be avoided,
human actions that aggravate the development and spread of resistance can be
restricted. This may include the enforcement of a limited usage of antibiotics
for the treatment of both human and animal diseases.'*However, the world-
wide implementation of such a restriction is not straightforward. For instance,
antibiotics are often used as growth support and for the prevention of animal
infections, rather than for disease treatment. In addition, in countries with poor
clinical practices antibiotics are prescribed also for the treatment of viral in-
fections."’

The low profit and the high-risk of investing in developing new treatments for
resistant bacterial infections turned academic research to the driving force of
new developments.?’ A promising concept to fight resistance against B-lactam
antibiotics is the use of combination therapy, which includes the use of
MBL/SBL inhibitors together with existing antibiotics.”! Several studies
proved this approach to be efficient and noted lower resistance levels as com-
pared to that observed with traditional antibiotic treatments.”*** Commercially
available and clinically applicable serine-B-lactam inhibitors exist, whereas so
far no metallo-B-lactamase inhibitors have yet reached the market, and so far
only two are in clinical trials.”> Even though there seems to be a straightfor-
ward pathway to follow for developing such inhibitors, the structural variation
of metallo-B-lactamases narrow the spectrum and the usefulness of inhibitors.
So far B-lactam analogues give the best inhibition of B-lactamases. For fruitful
inhibitor design, a good understanding of the mechanism of enzyme action,
which leads to the degradation of B-lactam antibiotics, is necessary. Based on
mechanistic studies and on the structure of existing inhibitors, plenty of pos-
sible inhibitors were proposed.?® This project focuses on the development of
analogues of the tetrahedral transition state of the enzymatic B-lactam hydrol-
ysis process, also making use of the knowledge gained from existing antibiot-
ics and from structural NMR spectroscopic?’?® and computational investiga-
tions. Upon succeeding, this work is expected to provide knowledge useful for
the rational design of new inhibitors of B-lactamases and thereby elimination
of one of the most distressing routes of antibiotic resistance.
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Fleming’s prediction (1945, Nobel lecture) on the development of bacterial
resistance as a consequence of antibiotics overuse has become reality.”” Most
of the bacterial resistance is connected to the microbial cell wall, which con-
tains a cross-linked peptidoglycan layer for both Gram-positive and Gram-
negative bacteria. The layer is constructed from repeating units of the disac-
charides N-acetyl glucosamine and N-acetyl muramic acid, and is terminated
with two D-alanine residues.*® This cell wall is responsible for the shape and
the integrity of the bacteria, upon exposure to osmotic pressure, for example.
With a structure mimicking the D-Ala-D-Ala terminus, the targets of B-lactam
antibiotics are penicillin binding proteins, PBPs (Figure 1). A grand contribu-
tion to Gram-negative resistance originates from bacterial P-lactamases,
which hydrolyze and thereby inactivate f-lactam antibiotics.

H
Peptidoglycan N
plidogly T TR structural
o N \)\

O \>\ S|m|Iar|t|es
OH / OH
O O/\
D-Ala-D-Ala Penicillin

Figure 1. Penicillin-type antibiotics resemble the structure of the D-Ala-D-Ala termi-
nus of the peptidoglycans of the bacterial cell wall.

2.2. The hydrolysis mechanisms of B-lactamases

B-Lactamases are categorized according to the Ambler classification. Am-
bleroriginally divided those enzymes according to their amino acid sequence,
and the classification primarily was represented by groups A, and B.*' Dis-
covery of protein with lower degree of connection to group A (AmpC f-lac-
tamases)’> and another sequence alteration of A and C (OXA B-lactamases)*
resulted in establishing four groups; A, B, C and D. Later, Hall and Barlow*
revised classification and implemented division of the B-lactamases to main
groups: metallo-B-lactamases (MBLs) and serine-B-lactamases (SBLs) ac-
cording their antibiotics hydrolysis mechanism. Metallo-p-lactamases are ad-
ditionally divided, to B1, B2, and B3 subclasses,** based on the structural ho-
mology and they require one or two zinc ions in their active center.’” In the
case of serine-f-lactamases, the hydroxyl group of a serine, as the name indi-
cates, acts as the nucleophile and initiates the hydrolysis, utilizing an acyla-
tion/deacylation mechanism.’® The common step of these mechanisms is
tocreate a highly energetic tetrahedral intermediate. This step leads to irre-
versible changes in the structure of the B-lactam antibiotics since the C-N bond
of the B-lactam ring gets cleaved.
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Belonging to the A, C, and D classes are serine-p-lactamases. One of the re-
ported mechanisms for class A is presented below, using general peneme-type
antibiotics as an example. (Figure 2) The first step is considered to occur
through acylation create the acyl-enzyme complex (Henri-Michaelis, the high
energy tetrahedral intermediate $EI') by nucleophilic attack of the active site
Ser70-hydroxy group. The lower energy of the hydrolyzed product is the re-
sult of the cleavage of the high-energy four-member B-lactam ring. Subse-
quently, the amine is protonated, and a covalent bond is formed between the
antibiotic and the enzyme, yielding an acyl-enzyme complex. In the following
steps, the nucleophilic attack of water generates a high-energy intermediate
(tetrahedral intermediate $EI%), from which Ser70 is eliminated. An inactive
version of the antibiotic is released, and then the enzyme is regenerated.

Substrate (S}
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S R
j;f R HN
N\/f
© CO: ° °
& — —_ ro N
OH <
Serzg €Oz
Serzg
Enzyme SPL (E) Tetrahedral intermediate (+EI") Acyl-enzyme Tetrahedral intermediate ($E12) Product (P)

complex (EI)

Figure 2é7The mechanism of hydrolysis of penem-type antibiotics by serine- B-lac-
tamases.

The group of enzymes in the interest of this thesis are classified as Class B -
lactamase — metallo-B-lactamases. They have a different structure and act
mechanistically different as compared to SBLs (Figure 3). The mechanism of
their action starts with the coordination of one or two zinc ions to the oxygen
of the B-lactam’s carboxylic group and to the oxygen of the B-lactam ring. The
zinc ions of the active site are essential for the activity of these enzymes, alt-
hough the specific role of the two ions remains a matter of debate. The pro-
posed nucleophile is a hydroxide ion, which bridges the zinc ions. The nucle-
ophilic attack of the hydroxide on the carbonyl carbon leads to a tetrahedral
intermediate (fEI). This step, similar to the mechanism of serine-p-lac-
tamases, is followed by irreversible changes. Next, an anionic intermediate is
formed as a result of the C-N bond cleavage of the p-lactam ring. Finally,
protonation yields enzyme cleavage and an inactive form of the antibiotic.*®
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Figure 3. Mechanism of hydrolysis of penem-type antibiotics by metallo-p-lac-
tamases.

2.3. The structure of metallo-B-lactamases

Metallo-B-lactamases are a significant threat to humankind due to their ability
to effectively degrade all groups of B-lactam antibiotics, including also Car-
bapenems. The secondary structure of the B1 subclass of metallo-f-lac-
tamases contains 12 B-sheets and 6 a-helices. These secondary structures are
arranged in a four-layer af/Ba-fold that forms the active center, with two zinc
ions, coordinating three amino acids each. His120, His122, His189, and
Cys208, His250, Asp124 (amino acids numbering given for NDM-1) are the
amino acids involved in zinc coordination.” The active site is surrounded by
two important loops, namely loop3 (L3, blue circle) and loop10 (L10, red cir-
cle), which interact with the substance bound to the active site (Figure 4). The
L3 hairpin contains residues offering hydrophobic interaction sites with the
hydrophobic parts of a ligand, whereas .10 contains residues capable of form-
ing hydrogen bonds. Some amino acids vary between various B1 metallo-f3-
lactamases, but in all cases, the flexibility of the loops influence the surface
area (i.e. for NDM-1 approx. 520 A%, where VIM-2 approx. 450 A%)* of the
binding site. This flexibility provides a better capacity to bind a variety of
antibiotics and hydrolyze them, increasing the spectrum of resistance towards
antibiotics.*!
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Figure 4. Superimposed binding sites of NDM-1 (cyan), GIM-1 (green), and VIM-2
(grey), with identical AAs shown in blue, and different AAs shown in orange.

2.4. Known metallo-pB-lactamases inhibitors

Over the past 14 years, there have been many investigations of the structure
and mechanism of NDM-1. Despite these efforts, there are only two com-
pounds in the early clinical trial stage and none in clinical use.* The common
strategy is to perform structural changes to decrease the hydrolyzing ability of
the bacterial enzymes to -lactam antibiotics. However, the high plasticity of
MBL’s binding site on the level of the zinc center and on the adjacent sub-
strate-binding loops (Figure 4) results in obstacles for rational drug design
strategies as these allow easy adjustments of the binding site size and of the
interactions involved in substrate binding.*

The small molecules known to bind MBLs can be clustered according to their

structural features.** The compounds of highest importance are the chelating
agents, the covalent inhibitors, and the compounds coordinating zinc ions.
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Chelating agents lack selectivity and bind multiple metalloproteins in the hu-
man body, and therefore are more toxic whereas covalent inhibitors include
cyclic and acyclic boronates that were proven as good inhibitors (Figure 5).

Chelatinﬂ agents Boronic acids
| HO \ = | ! HoN
: _N ! ! Os_OH
: ‘Z//[\N/?l Q L /\©\f0
3 N\)»OH N s o HN
1 o N N b 7 -
1 Lo s o OH Ho];oj?
! HO _ P HO 1
: Do 07 oH!
3 NOT1K| 511 uM TPA ICs0 = 0.52 uM ICs0 = 32.4 uM ICs0 = 0.029 uM
L ) L
Figure 5. Examples of chelating agent and boronic acid-type inhibitors, with their in-

hibitory activity being highlighted.

For zinc coordinating inhibitors, the most commonly used reference compound
is Captopril, which is weakly active towards MBLs. Although L-Captopril is a
stronger inhibitor of NDM-1 than D-Captopril, there is no crystallographic data
for it in complex with an MBL. A few interactions have been reported to be
important for the binding of D-Captopril to NDM-1, including a hydrogen bond
formed with Asn220, coordination to both zinc ions through a thiol, and hydro-
phobic interactions with Trp93, His249, and Val73 (Figure 6).%

~N
NH
Asn220
sn ‘H 30A

0
O Y
37A
33 A % /- A 2A § Trp93
\4 3 A

\\ N N
O : O ~7" His249
Zn2

Zn1

Val73

Figure 6. The binding of D-Captopril in the active site of NDM-1 (PDB ID: 4EXS*)
(Reprinted with permission from ACS Omega 2022, 7 (5), 4550-4562. Copyright
2022 American Chemical Society).

Captopril is a common starting point for the design of potential MBL inhibi-
tors. Frequently the corresponding thiol group and the carboxylic acid are kept
as the thiol can coordinate the zinc ions and the carboxylic acid can serve as a
hydrogen bond acceptor. In addition, a hydrophobic part that can interact with
L3 is a common motif in the design. Compounds showing a high potency
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against MBLs and a binding mode close to that of penicillin have also been
shown to be good starting points.

In 2014, a series of 3-mercapto-2-methylpropanoyl amides were reported by
Li et al.”’. The goal of this series was to identify the pharmacophore by sim-
plifying the structure of Captopril. The most potent inhibitor of the series had
Captopril’s proline residue replaced with a benzyl amide or o-hydroxylben-
zylamide (Figure 7; 1,2). Additional studies showed that the R enantiomer of
3-mercapto-2-methylpropanoic acid is the more potent inhibitor than S enan-
tiomer (Figure 7, 1).

0 OH
- ~a
HS N HS N
H H
ICs0 (S)= 5+ 0.4 uM ICs0=520.8 uM
ICs0 (R)=1.5+0.2 uM
1 2
H
o O © o Ox-OH
©) s
HS/\;)kN ® HSMN ®
z H z H
OH F
ICsp = 3.57 pM ICsp = 5.59 uM
3 4

Figure 7. The 3-mercapto-2-methylpropanoic acid derivatives 1, 2 and the ((S)-3-mer-
capto-2-methylpropanamido) acetic acid derivatives 3 and 4, along with their activi-
ties.

Additional studies were published in 2018 and presented a series of 2-substituted
(8)-3-mercapto-2-methylpropanamido-acetic acid derivatives, with various am-
ide substituents attached to the carboxylic acid in the a-position to the amide.
These compounds were effective against NDM-1 (Figure 7, 4).* VIM-2 was crys-
tallized with both inhibitors, providing valuable structural information. Superim-
position of the structure of NDM-1 in a complex with a) hydrolyzed benzylpeni-
cillin and with b) hydrolyzed cephalosporin, similar interactions were observed.
In both cases, the carboxylic acid of the ligand formed electrostatic interactions
with Lys224 in VIM-2 (Arg228 in NDM-1), and the coordination of 3 and 4 to
the zinc ions were similar to that observed for benzylpenicillin and hydrolyzed
cephalosporin. This suggested that the structure of hydrolyzed antibiotics may
provide useful information in the design of MBL inhibitors.

In 2018, Biittner et al* reported a series of Captopril bioisostere thiol-derivatives.
In these compounds the methyl group at the B-position to the thiol was replaced
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by various aromatic substituents, and the structure of the pyrrolidine ring was var-
ied (Figure 8). The substitution of the methyl group with a benzyl group yielded
two-fold increase in inhibition of NDM-1. Modifications of the pyrrolidine ring
further improved the activity, as compared to Captopril. The most successful
modification was the ring expansion to the corresponding o-carboxylpiperidine
(Figure 8, 6). This increased the potency towards NDM-1, VIM-1, and IMP-7
approximately ten times. Further ITC (isothermal calorimetry) studies of 6 in
comparison with 7 did not show correlation between ICsy and binding enthalpy.
Despite different enzyme activity of both compounds had comparable K4 (ob-
tained from ITC measurement), although binding enthalpy was having signifi-
cantly higher contribution into binding energy of compound 7. The importance of
orthogonal control of thiol-based MBL inhibitors was pointed out due to the en-
thalpically driven binding of 7 which could be a good starting point for hit to lead
process.

o)
0 X~OH o O M o]
HS NQ HS N HS N "
Sy
N9
IC50=3.2£0.29 uM IC50=0.7£0.05 uM IC50=47.7 + 9.48 uM
5 6 7

Figure 8. 2-Benzyl-3-mercaptopropionic acid derivatives with inhibition potency
against NDM-1.

Ma et al. used a different approach in 2015 to identify MBL inhibitors.’® They
implemented a target-based whole-cell screening assay with 'H NMR spec-
troscopic detection. This was seen as a method that combines the advantages
of target-based and whole-cell screening approaches. The most potent inhibi-
tor identified with this technique was compound 8 (Figure 9), which incorpo-
rates an L-tryptophan substituent.

Figure 9. (2-Benzyl-3-mercaptopropanoyl)-L-tryptophan with inhibition potency
against NDM-1.
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Based on in silico fragment-based design, Cain et al.”' proposed a series of
thiols, which showed broad spectrum activity against Blsubclass MBLs. The
binding of 4-(3-chlorophenyl)-2-(sulfonylmethyl) benzoic acid (Figure 10) to
NDM-1 was investigated in silico, and to VIM-2 crystallographically. The
compound showed a similar binding mode in complex with both enzymes. As
expected, the thiol group coordinated the zinc ions, and the aromatic ring was
involved in n—x interaction with Trp93 in both NDM-1 and VIM-2.

Figure 10. 4-(3-Chlorophenyl)-2-(sulfonylmethyl) benzoic acid 9 and its NDM-1 in-
hibitory potency.

In 2017, Skagseth et al.>* synthesized a series of mercapto-carboxylic acid an-
alogues (Figure 11) with the carboxylic acid being replaced by three different
bioisosteric groups, namely a phosphonic acid, a phosphonate ester, and a te-
trazole. The chain length of the phenylalkyl substituent was explored, as a part
of the evaluation of the role of hydrophobicity for bioactivity. In addition, the
acetyl-protecting group on the thiol was modified. A broad spectrum of mod-
ifications in this series provided improvement in NDM-1inhibition.

Ko
ICg0=1.8 uM ICs0=2.5 uM ICs0 =12 uM
10 1 12

Figure 11. Carboxylic acid bioisosteres and their NDM-1 inhibition potencies.

The compounds containing a thiol, or its protected version, and a phosphonic
acid/ester showed the best inhibitory activities. Compounds 10 and 11 were
successfully crystallized with VIM-2 delivering information about their bind-
ing modes. It is clearly seen in theses crystal structures that the thiol, or its
protected analogue, coordinated to zinc ions and the phosphonate group
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formed a hydrogen bond to Asn233. All compounds showed better activity
towards VIM-2 than towards NDM-1. The comparison of the crystal structure
of 12 with VIM-2 and the computed structure of 12 with NDM-1 suggested
that the weaker hydrophobic interaction of 12 with NDM-1 could explain the
difference in activity.
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3. Overview of methods

3.1. Enzyme assay

One of the commonly used parameters to determine drug efficacy is the half-
maximal inhibitory concentration (ICs). It gives information about the quan-
tity of the drug necessary to inhibit a process to a 50% extent. All synthesized
compounds we evaluated against NMD-1, VIM-2, and GIM-1 in enzyme as-
says, majority of the studies was done by Skagseth Susann at UiT. The inhib-
itory activities were assessed in the presence of Nitrocefin (for VIM-2 and
GIM-1) and Imipenem (for NDM-1) through UV-Vis absorption with maxi-
mum absorption at 480 nm, and 300 nm, respectively.” These compounds
(Figure 12) are commonly used in -lactamase assays, due to their suscepti-
bility to B-lactam ring hydrolysis and to their UV-Vis absorbance.

H N
AL N
2
\s o I{\‘l// ~ s
e} 3 N
COOH NO, e

Nitrocefin Imipenem

Figure 12. Structures of the reference compounds used for biological assays with
MBLs.

Each of the potential inhibitors were tested in triplicates. The inhibitor con-
centration dependence of the UV-Vis absorption was fitted to a competitive
inhibition model,>**** plotting the % inhibition as a function of the logarithm
of the inhibitor concentration (Figure 13).
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Figure 13. An activity versus concentration plot, used to determine ICso values (used
example of the plot comes from SI of Paper II).

3.2. Protein backbone assignment

As 2D NMR experiments become insufficient to study proteins larger than 10
kDa, 3D and 4D NMR spectroscopic methods have been established. Back-
bone resonance assignments of large proteins (> 150 residues) demand the
fulfilment of certain requirements. Experiments recorded for backbone assign-
ments are time consuming and therefore the studied protein should be stable
and should typically be 2H/"*C/**N isotope labelled. A general recommenda-
tion is to use *C and "N isotopes for proteins smaller than ~30 kDa, and im-
plement *H isotope labelling for larger proteins. To compensate for the slow
tumbling induced quick T, relaxation, raising the temperature may compen-
sate to a certain extent. NDM-1 is a challenging protein as it is unstable. Ac-
cordingly, ten years following its discovery, only a few NMR studies of NDM-
1 have yet been published. In our hands, NDM-1 was stable over two weeks
at 25 °C, and for four days at 37 °C. To achieve the full assignment of the
unstable protein, targeted acquisition (TA) and non-uniform sampling (NUS)
was needed. These methods allow for recording high-quality spectra in a
shorter time than using standard experiments. Backbone resonance assign-
ment was performed using 2D '"H,'”"’N HSQC and HNCA (hncagpwg3d)™,
HN(CO)CA (hncocagpwg3d)™, HNCACB (hncacbgpwg3d)™,
HN(CO)CACB  (hncocacbgpwg3d)’’, HNCO (hncogpwg3d)”, and
HN(CA)CO (hncacogpwg3d)™® spectra through TA and NUS. The infor-
mation content of each is summarized in Table 1 and Figure 14. The general
strategy of the assignment is described below. For proteins larger than 50 AA,
’H labelling is typically necessary. This was not required for NDM-1.
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Table 1. Overview of run protein backbone experiment (based on *°).

Protein labelling Experiment Information
5N and B3C 3D HNCO amino acids sequence con-
3D HN(CA)CO nection for the backbone
(*C’=0 chemical shift)
3D HNCA amino acids sequence con-
nection for the backbone
3D HN(CO)CA ("*Co chemical shift)
3D HNCACB amino acids sequence con-
nection for the backbone
3D HN(CO)CACB  (3Ca. & BCP chemical
shift)
5N 2D 'H-"NHSQC  'H chemical shift of amide
proton

Three-dimensional triple-resonance NMR experiments Three-dimensional triple-resonance NMR experiments
scheme: HNCA (red) and HN{CO)CA (blue) scheme: HNCACB (green) and HN(CO)CACB (violet)

Two-dimensional double-resonance NMR experiments Three-dimensional triple-resonance NMR experiments
scheme: 'H-'*N HSQC (brown) scheme: HNCO (orange) and HN(CA)CO (lazur)

Figure 14. Graphical representation of the 3D experiments used for NDM-1 assign-
ment.

Backbone sequence assignment: From the HNCACB spectrum, the starting
point of the assignment is identified since the average chemical shifts of Ca
and Cp are specific for each amino acid (Figure 15). The most characteristic
signals are those Glycine, Alanine, Serine, and Threonine. For Gly, the chem-
ical shift of Ca is around 45 ppm and it does not have a CP carbon; Cp is
observed between 15-20 ppm for Ala, which is lower than for all other amino
acids; and only for Ser and Thr Cp has a lower chemical shift than Co.. Thus,
these distinctive signals are the best starting points for assignment.
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Average Ca and Cb chemical shifts
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Figure 15. Average chemical shifts for Ca and Cp of specific amino acids (Picture
used with permission of the author from presentation
https://www.slideshare.net/shalaree/nmr-assignments-and-structure-determination).

Based on HNCACB and HN(CO)CACB experimental data, the Co. and Cf3 of
a residue and its neighboring residues, respectively, are identified. For each
5N chemical shift (one strip) HNCACB contains four peaks, Co. and C from
the same residue, and the NH group and Ca and C from the neighboring
residue. As a next step, based on the HN(CO)CACB experiment, one can iden-
tify the Ca and Cp that belong to the adjacent amino acid (Figure 16).
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Figure 16. Flow chart of correlation of the NH, based on the preceding Ca and C3
chemical shifts, using NHCACB and NH(CO)CACB.(Picture used with permission,
from website https://www.protein-nmr.org.uk/.)

A similar approach is used while analyzing HNCA and HNCOCA, HNCO,
and HNCACO data, with the advantages of using the more sensitive HNCO
and HNCA experiments. In this approach, Ca and C’ are identified instead of
CB. Analogous to the previous approach, for each >N chemical shift (one
strip) HNCA contains two peaks, Ca from the residue as the NH group and
Co from the neighboring residue. In the next step Ca that belongs to the
adjacent amino acid can be identified based on HN(CO)CA (Figure 17).
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Figure 17. Flow chart of correlation of the NH based on the preceding Ca and Cf
chemical shifts, based on the NHCA and NH(CO)CA.(Picture used with permission
of the author from website https://www.protein-nmr.org.uk/.)’

These two methods allow for linking neighboring amino acids. For proteins
larger than 200 amino acids, HNCACB and HN(CO)CACB may lose sensi-
tivity, and the Cp signals might disappear in the noise. The assignment of these
is done with an alternative approach, which makes use of the Ca and C’ signals
instead.

3.3. Chemical shift perturbation

In depth characterization of compounds, such as biophysical characteristics,
and protein-ligand interactions are helpful for drug discovery all the way from
identifying a starting point to a drug, through identifying a hit to the charac-
terization of clinical candidates. A commonly used technique is X-ray diffrac-
tion, where protein-ligand co-crystals are studied to describe the binding in-
teractions. X-ray diffraction provides information on a static structure. Some
proteins, such as NDM-1, are not that easy to co-crystallize with ligands.
These can be best studied by solution NMR that in addition also provides in-
formation on conformational and binding dynamics.
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One of the common target-based approaches, which allow the study of binding
sites was described by Williamson in 2013 as chemical shift perturbation
(CSP).®° This method uses the chemical shift dependence of a nuclei on its
chemical environment. Following changes in the chemical shift on residues
involved, binding events and conformational changes can be studied. Using
this method, it is possible to identify the position of a ligand binding site, de-
termine the binding affinity, and/or use the chemical shift changes to guided
computational docking to determine the binding mode of a ligand. The dy-
namics of processes, such as binding and conformational exchange, can be
classified as fast, intermediate, or slow (Figure 18).

Figure 18. Chemical shift perturbation pattern depends on the exchange rate as com-
pared to the NMR time. Slow, intermediate and fast exchange are shown from the left
to the right.

Chemical shift perturbations were calculated according to equation /:%

esP = [@6i" + (g, % BBi50”)  Recue =65 (1)

Where Ad 1 is the chemical shift change for proton dimension, Adisx is the
chemical shift change for nitrogen dimension, Rscalc is a scaling factor.

For each AA showing CSP, the dissociation constant can be obtained by fitting
the data to the equations 2 or 3, depending on the exchange rate:*'

([P1+[L]+K @)= v ([P1+[L]+Kg)*—4[P][L]
Adops = Abpax =y 21P] 2 )

([P1+[L]1+Kg)— / ([P]1+[L]+K4)*—4[P][L
Imax[][] d x/(g[L][] a) [][](3)

Iobs

Where Ky is the dissociation constant, I, are normalized integrals from bound
form, Imax is the normalized integral for the last titration step, and [P] and [L]
are protein and ligand concentrations, respectively. Admax were estimated us-
ing the software MestReNova, by extrapolation of the binding induced chem-
ical shift differences Adqps.

29



In this thesis K4 values were calculated for all amino acids with observed sig-
nificant shift change, spontaneously. For accurately calculate K4 value, Admax
and Imax would have to be experimentally measured, which often is not possi-
ble. Therefore those values are obtained during the curve-fitting, or estimated
from last titration step of large acess of ligands. Moreover, protein concentra-
tion measurement have certain degree of accuracy. Due to those reasons, spon-
taneous fitting of multiple titrations curves allows for higher accuracy of the
Kd.60

3.4. NOESY based experiments

Cross-relaxation allows for the transfer of nuclear spin polarization to another
spin-active nuclei through space. This is the so-called Nuclear Overhauser Ef-
fect (NOE). NOE-based experiments were proven to be invaluable to study
protein-ligand complexes.®* > 'H,"H NOE correlations help to create a three-
dimensional picture of a studied molecular system. This phenomenon can be
used both for intra- and intermolecular interactions. To study protein-ligand
interactions, isotope-filtered NOESY experiments can be necessary, which se-
lectively provide signals between the labelled protein and the unlabeled lig-
and, avoiding sever overlaps with protein-protein NOEs. In this thesis work,
2D "*N-filtered NOESYand 3D "“N-filtrated HSQC-NOESY were employed.

The 3D ""N-filtered HSQC-NOESY provides a three-dimensional spectrum
with ®N, 'H, and 'H dimensions. As indicated by the pulse sequence’s name,
the plane of Fo("H)-F3('H) represents the NOESY spectrum, and the F;(**N)-
F2('H) corresponds to a 2D 'H-""N HSQC (Figure 19) .

& &

H F

NOE NOE

Figure 19. Graphical representation of HSQC-NOESY and HOESY NMR experi-
ments.

The 2D ""N-filtered NOESY results in a two-dimensional spectrum with two

proton dimensions, from the ligand to the protein, where the Fi('H)-F2('H)
represents the NOESY map.
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NOEs are powerful to study intermolecular interactions. Classic 'H,'"H NO-
ESY for large systems contain a significant amount of signal overlaps. The
equivalent of NOESY experiment can be applied for two different nuclei, for
example fluorine and proton (named then '"F-'H HOESY). Heteronuclear
NOE:s help to avoid signal overlaps. In this thesis, heteronuclear NOE (HOE)
was detected with magnetization transfer from the heteronucleus ('’F) to pro-
ton, using a ’F-'H HOESY (Figure 19) experiment.®® This method can be used
for studying interactions, using either '°F-labeled proteins or fluorinated small
molecules.

3.5. Molecular docking studies

The 3D structure of a protein-ligand complex can be predicted also by com-
putational methods, referred to as molecular docking. Ideally, this strategy
should result in an optimal binding position and orientation of the bound lig-
and. The easily accessible methods are commonly divided into the following
types: i) rigid, ii) semi-flexible, and iif) flexible docking. For the MBLs, with
flexible loops surrounding the binding site, whose conformations are changing
the shape and size of the binding pocket, the Glide-Schrédinger and Prime —
MM-GBSA combination, which is also known as the induced-fit docking ap-
proach, was chosen (Figure 20).

) E—
Protein

Preparation

—_ Grid Flexible
> Ligand Docking MM-GBSA
)

Ligand
Preparation
~——

N /
hd

Glide Prime

Figure 20. Steps taken during a molecular docking procedure.

Primarily, certain requirements for the ligand and the receptor have to be ful-
filled, to perform ligand docking. In the case of the ligand, different protona-
tion, tautomeric stages, and enantiomers are sampled and generated accu-
rately, and minimized, based on the energy of 3D structures.®” Accordingly an
X-ray structure might have some flaws, which is supposed to be fixed to obtain
the best results by docking. Primarily, a PDB structure with at least 2.5 A
resolution should be used. Moreover, the protein preparation process (Protein
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Prep Wizard) is used to resolve structural uncertainties, like protonation/tau-
tomerization of histidine, distinguishing oxygen and nitrogen in Asn or Gln,
and/or carbon and nitrogen atoms in the imidazole ring of His. In other words,
all atoms, bond orders, and formal charges should be correct.

Having prepared the receptor and ligands properly, a docking grid is gener-
ated, within which Glide can search for favorable interactions. Determination
of the grid box is a key step that can significantly influence the docking results.
In this case, no constraints were implied to avoid forced docking, with a high
energy penalty. When the generated ligand set has been docked, to the rigid
receptor structure, and a Prime MM-GBSA calculations are performed (Mo-
lecular mechanics with generalized Born and surface area solvation), which
generates free binding energies according to equation (3).

AG(bind) = Ecomplex(min) - (Eligand(min) + Eprotein(min)) (3)

At the end of the process, the docked poses with the most overlap between
NMR and molecular docking were proposed as the most reliable predictions.
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4. New metallo-B-lactamase inhibitors

Although the MBL inhibitors discussed in Chapter 2.4 cover a wide range of
substances, so far only two have reached clinical trials. MBLs keep on mutat-
ing (currently 806°%) and the resistance genes are spreading, further worsening
the antibiotic resistance crisis. Motivated by the acute necessity of finding
clinically applicable MBL inhibitors this thesis work focused on the design,
synthesis and structural studies of new potential MBL inhibitors (MBLIs).
Chapters 4.1 and 4.2 describe the evaluation of inhibitors containing phos-
phonamidates and phosphonic acid moieties (both containing P=0), respec-
tively. (Figure 21) Phosphonic acids are more acidic (pKa ~1-3) and more po-
lar than carboxylic acids, and therefore are expected to show improved aque-
ous solubilities as compared to carboxylic acids.*” Additionally, phosphonic
acids in contrast to carboxylic acids are nonplanar, which is expected to be of
advantage for drug development,” nonetheless for mimicking the transition
state of B-lactam antibiotic hydrolysis by MBLs.
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Figure 21. The core structures of inhibitors mimicking the tetrahedral intermediate,
and their phosphonamidate and phosphonic acid analogues.

Chapter 4.3 describes the NMR-based structural study of fluorine substituted
Captopril analogues. These allow the use of '’F NMR in the investigation of
their protein binding, promoting structural studies, and thereto are expected to
have somewhat lower pK, and thus higher aqueous solubility when compared
to non-fluorinated thiols. They admittedly have a further key advantage, which
strategy is unpublished yet and therefore cannot be discussed herein.
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4.1. Phosponamidate-based MBL inhibitors (Paper I)

Our design was inspired by the structure of existing antibiotics and MBL in-

hibitors (Figure 22).
B-lactam antibiotics Known MBL inhibitors
H ~—SH ~—SH
el "y -
S
o < = o )NH jﬁ“@ -
N~ 0" — o o
O :COOH COOH HOOC HOOC
Penicillins PG D-Ala-D-Ala term. D-Captopril SB225666

U

Tetrahedral intermediate
RHN

&

Phosphonamidates structures

SR
s (",“J\ SH
<00 m
z02 Hiof O o:;LN’R NVan
L) () e R =-H, -Me, N
¥ N
Zn?* Core A

\

HooC

0.

SH
Nocardicin

H
--N ”‘]) R
0=pP-N
N OH !

o VQ/ = o

HOOC Core B

Nocardicins

Figure 22. The design of phosphonamidate-type MBL inhibitors. !

Keeping in mind the geometry of the tetrahedral transition state of f—lactam
hydrolysis (Figure 3, Chapter 2.2), a phosphonamidate was incorporated. This
has a tetrahedral geometry and it is expected to be hydrolysis resistant as com-
pared to a B-lactam amide. The phosphoamidate motif was used to design
phosphorous analogues for D-Captopril’? and SB225666,” preserving the pyr-
rolidine or thiazolidine rings and an amide bond. A 2-mercaptoethyl moiety
was further introduced to increase binding affinity.* (2-Mercaptoethyl)phos-
phonamidates (Core A) and (l-mercapto-3-phenylpropan-2-yl)phosphon-
amidates (Core B) were selected as core structures. As the synthesis of phos-
phonamidates with a cyclic amine component bound to the phosphorus was
troublesome, noncyclic secondary and primary amines were instead applied.
The structure of the designed compounds resemble the analogues of the mon-
obactam Nocardicin. These have a B-lactam ring substituted with a 2-(4-hy-
droxyphenyl)acetic acid.
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To obtain phosphonamidate inhibitors, the essential step was the coupling of
a phosphonic monoacid and an amine. This step (Figure 23¢ and 24¢) required
extensive optimization, and the product was finally obtained when using tri-
phenylphosphine dichloride, PPh;Cl,, as the catalyst. In the model synthesis,
S-(2-(hydroxy(methoxy)phosphoryl)ethyl)ethanethioate =~ and  S-(2-(hy-
droxy(methoxy)phosphoryl)-3-phenylpropyl)ethanethioate were used as core
structures and are here denominated as Core structures A and B, respectively.

A.
(0] (0] (0]
\ a) )k b) )k c) )k

B S S S R

O=P-OMe —— > - /

| O=P-OMe O=P-OH O=P-N

MeO ! | | \
MeO MeO MeO R

16 17 18 19 a—d

Figure 23. Reagents and conditions: A. a) thioacetic acid, CHCIs, 60°C, 7 days, 51%;
b) Nal, acetone, 60 °C, o.n., 68%; c) selected amine, PPh;Cl,, Et;N, DCM, r.t., Ar,
o.n., 13-86%.

The sulfa-Michael addition of dimethyl vinylphosphonate 16 and thioacetic
acid in chloroform yielded 17, by the condensative formation of a new C-S
bond. Alternatively, the reaction was run with potassium thioacetate, although
this resulted in a lower yield. Upon monohydrolysis of the phosphonic ester
of 17 using sodium iodide, compound 18 was obtained. To obtain phosphon-
amidates, the common peptide synthesis coupling reagents COMU/Oxyma,
PyAOP, PyBOP, HATU, HOBt, oxalyl chloride, and thionyl chloride were
tested; however, without success. Most of these reactions led to the formation
of monophosphonic acid anhydride. Successful conversion to the phosphon-
amidate was obtained in a PPh3;Cl,-mediated reaction, in which the hydroxyl
group was first converted into a more reactive phosphonium ylide, and a sub-
sequent nucleophilic attack by the amine resulted in O=PPh; elimination and
simultaneous formation of a P-N bond.
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Figure 24. Reagents and conditions: B. a) benzyl bromide, NaH, dry DME, 0 °C to
r.t., o.n., 41%; b) 2M LiBH4 in THF, -20 ° C to rt, 0.n., 91%; c) thioacetic acid,
DEAD, PS-PPhs, dry THF, -5 °C to r.t., on, 59%; d) LiBr, 2-butanone, 80 °C, o.n.,
96%; ¢) NH-RR’, PPhsCl,, Et;N, DCM, r.t., Ar, 0.n. 19-96%.

The synthesis of phosphonamidates possessing Core B (Figure 24) required
five steps: a coupling of the phosphonic monoacid and an appropriate amine,
the selective monohydrolysis of a methyl ester, a Mitsunobu reaction, a reduc-
tion of an ester to an alcohol, and monoalkylation of the triethylphosphono-
acetate. The first step was optimized to obtain the best ratio between product
21 and the dialkylated byproduct (3:1), using NaH as base. In the next step,
the ethyl ester was reduced to the primary alcohol 22 with LiBH4 in THF,
which was subsequently converted into thioester 23 under typical Mitsunobu
conditions with DEAD, and solid-supported PS-PPh;. The latter was used to
avoid troublesome purification of the O=PPh; side product. The last two steps
were analogous to those of the synthesis of Core A. However, the hydrolysis
of the ethoxy group using LiBr in butan-2-one (Figure 24d) provided higher
yield as compared to that mediated by Nal in acetone (Figure 23b). Using
these two synthetic pathways eight compounds were synthesized (Figure 25).
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Figure 25. Phosphonamidates synthesized as MBL inhibitory candidates.

4.2. Phosphonic acid-based MBL inhibitors (Paper II)

Whereas the C(=0)-N (lactam) analogue P(=0O)-N amide is conserved in the
phosphonamidates above, the phosphonic acid derivatives developed below
better mimic the transition state of the f-lactam hydrolysis. A series of twelve
phosphonic acid derivatives were synthesized (for a detailed description of the
synthesis, see paper II), and were then studied as twenty-four compounds fol-
lowing chromatographic separation of the diastereomer pairs (Figure 26).
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Figure 26. The piperidine substituted phosphoester-type MBL inhibitors.
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In this series of compounds, we explored the influence of aromatic groups,
such as thiophenes and (thiophene-2-yl)acetamides, which are bioisosteres of
phenyl and benzyl groups, respectively. The amide substituents were chosen
to allow us to study the influence of regioisomerism, steric effect, polarity and
flexibility on the inhibitory activity. Additionally, all the substituents were
more polar than their bioisosters, which was expected to be beneficial for their
aqueous solubility.

4.3. Fluorine-labelled MBL inhibitors (Paper II1)

In collaboration with Prof. Annette Bayer at Troms6 University, the MBL
binding of fluorine labelled 3-mercapto-2-methylptopanoic acid analogues
(Figure 7; 1 in Chapter 2.4) was studies by NMR (Figure 27). The purpose of
the compound series was to use the '’F-'"H HOESY experiment to obtain more
information about the binding site, without the need for '°F protein labelling.
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Figure 27. Fluorine-containing inhibitors with their inhibitory activity against NDM-
1.
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5. Metallo-B-lactamase binding

5.1. Metallo-B-lactamase inhibitory activity

To determine the activity of the synthesized compounds, their half-maximal
inhibitory concentration (ICso) against NDM-1, GIM-1, and VIM-2 were
measured in an enzymatic assay (Details can be found in Chapter 3.1), and
results were summarized below (Figure 28). Detailed information can be
found in Paper I in the section MBL inhibition assay.
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Figure 28. The inhibitory activity of the phosponamidate-based compounds against
NDM-1, GIM-1, and VIM-2.

Five of the phosphonamidates (Chapter 4.1) showed activity against at least
one of the tested MBLs. Compounds 25 possessing Core B and hence contain-
ing a hydrophobic benzyl sidechain showed low aqueous solubility, prevent-
ing the evaluation of their MBL inhibitory activities. Compounds 19a—d,
which possess Core A and do not have a phenyl group showed medium activ-
ities (up to 86 uM). Additionally, inhibitory essay in E.coli in presence of
meropenem and cytotoxicity against HeLa cells were performed, and resulted
with no significant activity.
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We tested the a-aminophosphonic acid derivatives (Chapter 4.2) for inhibitory
activities against the same three enzymes, with their ICsos being shown in Fig-

ure 29.

26a-1 SR/RS
ICso = 353 uM (VIM-2)

(-

26d-1 SR/RS
ICso = 244 uM (VIM-2)
26d-2 RR/SS
ICso = 4.5 uM (VIM-2)

g

26g-1

ICso = 46.7 mM (NDM-1)
ICso = 45 uM (VIM-2)
26g-2

ICso = 46.8 mM (NDM-1)
ICso = 4.1 uM (VIM-2)

261 SR/RS
ICsq = 506 mM (NDM-1)
ICso = 319 uM (VIM-2)

26b-1 SR/RS

ICso = 230 mM (NDM-1)
ICso = 661 uM (GIM-1)
ICqo = 118 uM (VIM-2)
26b-2 RR/SS

ICso = 7.2 uM (VIM-2)

=

26e-1  SR/RS
ICsg = 76 mM (NDM-1)
ICsg = 69.7 uM (VIM-2)
26e-2 RR/SS
ICsg = 46.1 UM (VIM-2)

S\E

26h-1  SR/RS
ICs0 = 228 mM (GIM-1)
ICso = 69.7 uM (VIM-2)
26h-2 RR/SS
ICso = 11.6 uM (VIM-2)

S
@E/\ﬁ

26k-1 SR/RS

ICsq = 56.6 mM (NDM-1)
26k-2 RR/SS

ICsg = 22.4 mM (NDM-1)
ICsg = 17.1 mM (GIM-1)
ICsq = 28.7 uM (VIM-2)

O

26c-1  SR/RS

ICsg = 219 uM (NDM-1)
ICso = 33 uM (VIM-2)
26c-2 RR/SS

ICso = 33 uM (VIM-2)

S,
| )%

261  SR/RS

ICso = 121 uM (GIM-1)
ICso = 37 UM (VIM-2)
26f-2 RR/SS

ICso = 18.8 uM (VIM-2)

e

26i-1

ICgo = 296 uM (NDM-1)
26i-2

ICs0 = 271 uM (NDM-1)
ICq = 328 uM (VIM-2)

: :s
/

2611 RR/SS

ICgo = 7.9 uM (NDM-1)

2612 RS/SR

ICso = 27.8 uM (NDM-1)
ICso = 94.4 M (VIM-2)

Figure 29. The inhibitory activity of the a-aminophosphonic acid-type compounds
against NDM-1, GIM-1, and VIM-2.
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Out of the twenty-four compounds, twenty-two showed activity against at
least one MBL, with 25d-2 and 25g-2 showing the highest activities, 4.5 and
4.1 uM, respectively, against VIM-2. (Details including all results can be
found in Paper II in the section Metallo--lactamase Inhibition and Cytotoxic
Activities.) It should be noted that almost all synthesized compounds inhibited
VIM-2 whereas only a lesser number inhibit NDM-1 and GIM-1. Preferences
of stereochemistry was observed. For NDM-1 better activity usually was ob-
served by compounds with SR/RS configuration, and for VIM-2 with RR/SS
configuration. Compounds lacking a flexible methylene between their amide
and aromatic moieties showed best affinities. Increased flexibility led to up to
a tenfold activity decrease for compounds having 2-thiophene or 3-thiophene
rings. None compound was detected to be cytotoxic against HeLa cells.

The fluorine-labelled inhibitors, discussed in Section 4.3 were tested for ac-
tivity against NDM-1 (Figure 27). As the S-acetyl-protected compounds did
not show inhibitory activity against NDM-1, the acetyl group was removed.
The corresponding free thiols showed activity, ICso 31 uM, as an enantiomeric
mixture, and the separated enantiomers showed ICso 10 pM and 75 pM, re-
spectively. As a control experiment, TCEP, which was used to reverse spon-
taneous disulfide formation™, was tested against NDM-1 and did not show
any NDM-1 inhibition.

5.2. Protein-ligand interactions - studied by NMR

NMR spectroscopy is an important tool for drug discovery. It provides com-
plementary information to other biophysical methods about biological sys-
tems, such as an understanding of dynamic processes that are not possible to
study with X-ray crystallography, for example. Ligand-observed and the tar-
get-observed techniques are the two main NMR approaches in drug discov-
ery.” Ligand-based methods, in which the ligand but not the protein signals
are assessed, have the advantage that no expensive and often challenging la-
belling of protein is necessary. It requires smaller quantities of the target pro-
tein, and thereto the simplicity of the spectra makes the analysis easier. These
techniques are often used in screening. Target-observed approaches are used,
for instance, to identify the binding site of ligands, gain information on
changes in protein dynamics upon ligand binding, and determine binding af-
finity.”*”” In this thesis, target-observed methods were used. The chemical
shift perturbation (CSP) of protein 'H and "*N nuclei, '°N-filtered HSQC-NO-
ESY, and 'H,"”F HOESY were applied to identify the binding site and mode
of the inhibitors. Target-based approach NMR studies necessitate the back-
bone assignment of the protein of interest. Here, two proteins were studied,
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NDM-1 and VIM-2.The assignment of NDM-17*%" was performed as part of
the work, whereas for VIM-2 a literature assignment was made use of.*’

To test the stability of NDM-1, two batches of 250 uM protein were kept at
25 °C and 37 °C for two weeks, acquiring 'H,"’N HSQC spectra every 24
hours. The protein was stable for two weeks at 25 °C, whereas at 37 °C protein
degradation was observed after four days. As a better resolved 'H,"’N HSQC
spectrum was obtained at 37 °C,*? the spectra for assignment and for detection
of inhibitor binding were detected at this temperature with changing the sam-
ple every 4 days.

The backbone of the NDM-1 was assigned based on multiple 3D NMR spec-
tra, as described in detail in Chapter 6.2, achieving 88% assignment for the
backbone 'H N residues (excluding the prolines; Figure 30): The amino acids
Gly36-Met39, Gly69, Ala72, Gly84, Lysl106-I1so109, Lysl25, Metl26,
Alal65, Gly178, Gly186, Gly207, Cys208, Lys216-Leu221, His250, and
Arg251 remained unassigned, due to peak broadening or peak overlaps. In
addition, 89% of the backbone carbonyl carbons (Figure 31), and 91% of the
C, and Cg resonances were assigned.

In parallel to this work, Yao et al assigned 84% of the residues of the NDM-1
backbone (excluding prolines),* with the unassigned stretches (amide pro-
tons) being Gly36-GIn53, Asn57, Val58, Trp59, Gly69, Asnl03-Leulll,
Lys125, Metl26, Alal65, Asnl66, Asnl76-Glyl78, Glyl186, Gly207,
Lys216-Leu221, Is0246, Val247, Ala257, Leu269, and Arg270. For the C,
and Cp carbon resonances, | improved the assignment from 85% to 91% as
compared to Yao’s report. Furthermore, the main chain’s carbonyl assignment
was not reported by Yao. et.al.®’
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GQQMETGDQRFGDLVFRQLAPNV
WQHTSYLDMPGFGAVASNGLIVR
DGGRVLVVDTAWTDDQTAQILNW
IKQEINLPVALAVVTHAHQDKMGG
MDALHAAGIATYANALSNQLAPQE
GMVAAQHSLTFAANGWVEPATAP
NFGPLKVFYPGPGHTSDNITVGIDG
TDIAFGGCLIKDSKAKSLGNLGDAD
TEHYAASARAFGAAFPKASMIVMS
[ISAPDSRAAITHTARMADKLR

Figure 30. The NMR main-chain assignment of NDM-1 (The PDB:5XP6% crystal
structure was used for visualization): yellow — 'H and N not assigned; only Ca and
CB (if existing) assigned; blue — 'H, '*N, Ca. and CB assigned (if existing); black— not
assigned; underlined— active center, or amino acid expected to interact with inhibitors.

GQQMETGDQRFGDLVFRQLAPNV
WQHTSYLDMPGFGAVASNGLIVR
DGGRVLVVDTAWTDDQTAQILNW
IKQEINLPVALAVVTHAHQDKMGG
MDALHAAGIATY ANALSNQLAPQE
GMVAAQHSLTFAANGWVEPATAP
NFGPLKVFYPGPGHTSDNITVGIDG
TDIAFGGCLIKDSKAKSLGNLGDAD
TEHYAASARAFGAAFPKASMIVMS
HSAPDSRAAITHTARMADKLR

Figure 31. The NMR main-chain assignment of NDM-1 (The PDB:5XP6% crystal
structure was used for visualization): green— assigned CO; black— not assigned; un-
derlined— active center, or amino acid expected to interact with inhibitors.

5.3. NMR spectroscopic determination of the binding
site of the inhibitors

Nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography
are the standard techniques for the assessment of protein-ligand binding.
Whereas NMR spectra are time-averaged on the time-scale of nanoseconds to
seconds, X-ray diffraction data is time-averaged over seconds to hours.
Whereas X-ray studies primarily provide ‘static’ three-dimensional depictions
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of rigidified (crystallized) molecular structures, solution NMR spectra pro-
vides information about both structure and dynamics, under close to physio-
logical conditions.* NMR is, however, limited in terms of molecule size.

In this thesis, I chose to study protein-inhibitor binding events with target-
based NMR approaches. For all three series of the compounds (Chapter 4)
inhibitor binding induced chemical shift perturbation experiments were per-
formed. Out of the phosphonamidates described in Chapter 4.1 (Paper 1), com-
pound 19d was selected for NMR studies, motivated by its high aqueous sol-
ubility. We monitored 'H,"’N chemical changes (A8) upon addition of small
aliquots of the inhibitor for each amino acid of ’N-labelled NDM-1 (assign-
ment Chapter 5.2). The chemical shift changes were then visualized in a his-
togram as a function of the amino acid position in the protein. Throughout the
titration, a single set of signals were observed, which indicates a rapid associ-
ation-dissociation process as compared to the NMR timescale. As the chemi-
cal shift depends on the environment, the observed chemical shift is the pop-
ulation average of the free and the bound forms. The chemical shift changes
as a function of the inhibitor concentration detected on a selected amino acid
within the binding cleft may provide a binding curve that allows determination
of the binding strength, whereas analysis of the chemical shift changes ob-
served at different amino acids at a certain inhibitor concentration may allow
pinpointing the protein residues that are involved in the protein-inhibitor in-
teraction. Chemical shift changes can be caused directly by binding, or indi-
rectly by binding induced conformational change.

Figure 32. The chemical shift perturbations of the backbone amides of '*N-labelled
NDM-1 upon addition of 19d. Bars with a height greater than the population mean
plus one standard deviation (u+1o - solid line; black bars) indicate the residues sig-
nificantly influenced by ligand binding (left). NDM-1 structure with highlighted sig-
nificant CSP (green) and NOE detected resonances (pink) was presented above

(right).

44



The binding induced chemical shift changes were visualized as a function of
amino acid position (Figure 32), and population mean plus one standard devi-
ation (u+1o) was considered as significant.®” The residues Asp66, Gly71,
Trp93, and Ser251 were showing the largest CSPs (with ligand concentration
of 2.37 mM), larger than the population mean plus three standard deviations
(u+30). These amino acids have been reported to interact with NDM-1 inhib-
itors previously.® ASL1, L5, and ASLS5 contained amino acids with signifi-
cant CSPs. Large chemical shift changes in a specific region of the protein,
whereas no significant changes in other parts indicates specific binding (see a
more detailed description in Paper I in the section NMR characterization of
phosphonamidate binding). The binding site identified with chemical shift
perturbation experiments (pink-colored residues in Figure 20) were further
confirmed by intermolecular NOEs detected by 3D "N-filtered HSQC-NO-
ESY (Expansion can be found In Paper I Figure 7).

Out of the a-aminophosphonic acid inhibitors (Chapter 4.2), eleven com-
pounds showing activity against NDM-1, and twenty against VIM-2 were se-
lected for NMR investigation. For comparativity, the protein concentration
was kept at 250 uM and a 7-step titration was performed adding 0, 0.5, 1, 2,
4, 8, and 16 equivalents of inhibitor. High concentration stock solutions of the
ligands were prepared (0.5 equivalents of ligand in 1 pL of buffer), as this
gives most reliable results not inducing significant chemical shift changes
upon dilution. CSP histograms are presented in the Supporting Information of
Paper II. The superimposed chemical shift changes from 5 (26b-1, 26¢-1, 26i-
1/2 and 26j-1) and 7 (26a-1, 26b-1/2, 26¢-1/2, 26i-2, and 26j-1) titrations of
NDM-1 and VIM-2, respectively, are shown in Figure 33, and Figure 34. For
NDM-1, a single set of population averaged signals were observed, indicative
of the ligand inhibitor binding being a process faster than the NMR timescale.
For VIM-2 the broadening and reappearing of some initially broadened sig-
nals was observed during the titration, suggesting the binding to be in the fast
to intermediate exchange regime.
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Figure 33. The chemical shift perturbation of the backbone amides (CSP) of 'N-la-
belled NDM-1 upon titration of a-aminophosphonic acid inhibitors (Table 2). Resi-
dues with CSP greater than the population mean plus one standard deviation (p+10)
are considered to be significantly influenced by ligand binding. Surfaces colored dark
blue colors were affected consistently, purple the majority of the time, and light blue
was inconsistent, between the ligands.

A significant number of resonances were affected upon titration with inhibi-
tors. Amino acids Phe70, Asp124, and Lys211 of NDM-1 were pinpointed to
be part of the active site (Figure 33) as these were affected in titrations with
every ligand. Significant chemical shift perturbations were found® for Tyr 65,
Tyr199, Arg203, Ser205, and His238 of VIM-2 (Figure 34) throughout titra-
tions with every inhibitor (details are given in the Supporting Information of
Paper 11).
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Figure 34. The chemical shift perturbation of the backbone amides (CSP) of 'N-la-
belled NDM-1 upon titration of a-aminophosphonic acid inhibitors (Table 2). Resi-
dues with CSP greater than the population mean plus one standard deviation (p+10)
are considered to be significantly influenced by ligand binding. Surfaces coloured
dark blue colours were affected consistently, purple the majority of the time, and light
blue was inconsistent, between the ligands.

In order to determine whether the structurally closely related inhibitors pos-
sess the same binding site and binding mode, the chemical shift changes ob-
served upon addition of inhibitors 26b-1, 26c-1, 26i-2 and 26j-1, for NDM-1
and 26a-1, 26b-1/2, 26¢-2, 26i-2, and 26j-1, for VIM-2 were correlated to that
observed for inhibitor 26i-1. (Figure 35) The linear correlation of the chemical
shift changes indicated that the inhibitors adopt a similar binding mode in the
same binding site. The R? values of NDM-1 for all inhibitors were in the range
0f 0.81-0.84, and most of the affected resonances were found to be consistent.
For VIM-2, the R? values were in the range of 0.61-0.82. For this enzyme, a
larger number of CSPs were found to be substrate specific.
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Figure 35. The correlation of the chemical shift perturbations observed for NDM-1
(left ) and VIM-2 (right ) upon titration with inhibitors, as a function of the chemical
shift changes observed upon titration with 26i-2.

The dissociation constants (K4) of the complexes of titrated a-aminophos-
phonic acid inhibitors with NDM-1 and VIM-2 (Chapter 4.2) were estimated,
based on the observed concentration dependent chemical shift changes, using
equation 2 (Chapter 3.3), with the results being given in Table 2.

Table 2. The dissociation constants (Kg) estimated for the complexes of titrated a-

aminophosphonic acid inhibitors with NDM-1 and VIM-2 based on the concentration
dependent chemical shift perturbations.

Protein NDM-1 VIM-2
[mM] [mM]
Compound
26b-1 1.98 +/- 0.14 0.92 +/- 0.09
26b-2 n.d.' 0.38 +/- 0.04
26¢-1 3.10 +/- 0.32 1.40 +/- 0.05
26¢-2 n.d. 0.44 +/- 0.03
26i-1 0.52 +/- 0.04 n.d.
26i-2 1.39 +/- 0.13 1.46 +/-0.19
26j-1 2.20 +/-0.19 1.11 +/-0.11

'n.d. = not detected

The titration of fluorine-labelled ligands (Chapter 4.3) allowed the investiga-
tions of their binding using '’F NMR detection. This avoids signal overlaps,
not unusual with 'H,""N HOSQC detection. The advantages of '°F NMR can
be either used by fluorine-labelling of proteins, as was presented by E. van
Groesen et.al.,*® or upon using ligands that contain fluorine. In this work, the
second approach was applied. Chemical shift perturbation experiments
('"H,"”N HSQC) were carried out for both 28-1 and 28-2 enantiomers of the
fluorinated inhibitor (Figure 36). Throughout the titration, protein signals be-
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longing to both the free and the bound inhibitor were observed, which indi-
cates that the protein binding is a slow process as compared to the NMR time-
scale.
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Figure 36. The chemical shift perturbations observed for the backbone amides of N-
labelled NDM-1 upon addition of 28-1 and 28-2. Bars with a height greater than the
population mean plus one standard deviation (pu+10 - solid line; navy (top) and orange
(bottom)) indicate the residues (named in paragraph below) significantly influenced
by ligand binding.

Sterecoisomer 28-1 was observed to possess higher activity 28-2. It also

showed higher solubility (buffer with 2.5% of DMSO), and therefore the CSP
analyses were performed using up to 15 and 10 equivalents of 28-1 and 28-2,
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respectively. The binding induced chemical shift changes were most signifi-
cant on Thr119, His122, Asp124, Gly188, His189, Ser191, Lys211, Asp212,
Ser21S, Gly222, Thr226, Glu227, His228, Ser255, Lys268, Leu269, and
Arg270. The dissociation constant of the 28-1 — NDM-1 complex was esti-
mated to 149.2 uM, by fitting the signal intensity of the bound species to equa-
tion 3 (Chapter 3.3). Details of the analysis are given in Paper III. Due to the
limited solubility of 28-2, its K4 could not be reliably calculated.

The "F,'H HOESY studies performed for the complex of 28-1 and NDM-1
HOE correlations indicated Met67, His122 and Trp93 to be in close proximity
of the CF3-group of the inhibitor.

5.4. Molecular docking studies

To gain further insight into the binding mode of the inhibitors, we performed
computational dockings selecting the most probable binding modes based on
NMR data and predicted binding energies. For all compounds, protein crystal
structures with a resolution of <2A were applied as starting points, and flexible
docking followed by MM-GBSA rescoring calculations were used with Glide,
followed by Prime, as implemented in the software package Schrodinger.

The proposed binding pose for phosphonamide 19d was selected based on the
CSP data and protein-inhibitor intermolecular NOE signals (Figure 37). The
amino acids Phe70, Trp93, and Asn220 of NDM-1were observed to take part
in inhibitor binding. These residues also showed large binding-induced CSPs
(Chapter 5.3). The hypothesis that these amino acids play a key role in binding
is in agreement with the literature.®® Based on the significant CSP of His189,
Zn2 interacts with the phosphonamidate inhibitors, but not Znl. The binding
of 19d is suggested to be mediated by edge-to-face m—mn interactions of the
hydrophobic and flexible pyridine moieties with Phe70 and Trp93.
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Figure 37. The interactions of 19d with NDM-1, as identified by molecular docking,
and selected based on NMR evidences.

For all a-aminophosphonic acid inhibitors that were studied using NMR titra-
tion, molecular docking was performed starting from the X-ray structures
PDB:605T* and PDB:603R®’. Herein, the analysis of the docking studies per-
formed for 26¢-1 in complex with NDM-1 and VIM-2 are presented (Figure
38) whereas all data is given as Supporting Information of Paper II. Strong
trend of two binding modes was observed, in which Phe70 / Tyr 67 were de-
tected to contribute in m-cation interaction with the piperidine moiety, or in a
face-to-edge n—n stacking with its thiophene ring. The first was proposed to
be more probable. The binding poses ranked highest for both NDM-1 and
VIM-2 had comparable binding energies: AG(NDM-1) -44.62 kcal/mol and
AG(VIM-2) -48.50 kcal/mol. Cation-nt interactions of the phosphonic acid
moiety with Phe70 (NDM-1) / Tyr65 (VIM-2) and with one of the zinc ions
was suggested to be one of the forces stabilizing the complex. For both com-
plexes, hydrogen bonds to Asn220 (NDM-1) /Asn208 (VIM-2) and Aspl124
(NDM-1) / Aspl16 (VIM-2) were observed, and T-shaped m—r interactions
with Phe70 (NDM-1) / Tyr65 (VIM-2). Detailed docking results were dis-
cussed in the Paper Il in section Computational Docking.
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Figure 38. Representation of the protein-inhibitor interactions for 26¢-1 in complex
with NDM-1 (left) and VIM-2 (right), based on molecular docking.

The docking of compounds 28 and 1 to NDM-1 was performed starting from
the X-ray structure PDB:5ZIO%. These compounds differ in CF3 to CH; sub-
stitution (Figure 39).

O @)
Hs/\‘)J\” Hs/\‘)J\H
CF3 CH3
28 1

Figure 39. The compounds belonging to Series 3 which were used in the molecular
docking studies.

Enantiomer S for 28 and enantiomer R for 1 were predicted to bind the strong-
est to NDM-1, with comparable orientation in the binding site (Figure 27).
This hypothesis should be confirmed by X-ray diffraction. The computed
binding modes (docking) and the bind energies (AG) were comparable for
these compounds, namely AGyping 28(S) = -58.7 kcal/mol and AGyping 1(R) = -
58. 5 kcal/mol, respectively. The amino acids Met67, Trp93, His122, GIn123,
Asp124 and Asn220 were within 5 A from the -CF3 / -CH; functionalities. Out
of these, intermolecular HOESY cross-peaks were observed for Met67,
His122 and Trp93. This may indicate that the -CF3 group of 27 is oriented
towards loop3 in its NDM-1 complex.
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Figure 40. Superimposed complexes of 28 and 1 in complex with NDM-1, as proposed
by molecular docking. The key interactions, and the experimentally observed HOESY
correlations are highlighted in purple, and significant CSPs in green.

In the proposed binding mode, both zinc ions coordinate to the sulfur of the
inhibitor (Figure 40). Additionally, the -CF3; group forms an N-H---F-C hy-
drogen bond with the side chain amine of GIn123. This could, however, not
be confirmed by NMR, neither by CSPs or HOESY correlations and therefore
should be considered with scepticism. Although it is important to take into
consideration that docking is dependent from crystalized form which might
not be the lowest energy state,® therefore the optimal ranges of geometric pa-
rameters are taken into account during docking.”
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Figure 41. The protein-ligand interactions for 28 and 1 with NDM-1, proposed based

on computational docking.
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6. Concluding remarks and perspective

This thesis described the development of metallo-B-lactamase inhibitors and
the investigation of their binding to metallo-B-lactamases. Based on the NMR
spectroscopic studies and computational docking of three groups of inhibitors,
the following knowledge was gained:

e The NMR backbone resonance assignment of NDM-1 was estab-
lished. This provides basis for future solution NMR-based studies
of the protein—inhibitor complex, supporting the development of fu-
ture metallo-B-lactamase inhibitors.

e A phosponamidate moiety was used to mimic the tetrahedral tran-
sition state of B-lactam hydrolysis. A series of potential inhibitors
were designed, synthesized and evaluated. Five compounds showed
inhibitory activity against NDM-1, VIM-2 or GIM-1 in enzyme in-
hibition assays. The most potent inhibitory activity, ICso of 86 uM
was observed against GIM-1. Compound 19b, which showed activ-
ity against NDM-1, was used for solution NMR and computational
docking based identification of its binding site and binding mode to
NDM-1.

e o-Aminophosphonic acids were successfully identified as potential
metallo-B-lactamase inhibitors. Some of them showed good inhibi-
tory activity (< 100 uM) against VIM-2. Their binding modes to
VIM-2 and NDM-1 were compared. This comparative study is ex-
pected to provide useful information for future wide-spectrum in-
hibitors.

e Despite the limiting solubility of some compounds, NMR studies
allowed significant information about the binding site to be ob-
tained.

e Chemical shift perturbation studies showed that the phosphon-

amidates, a-aminophosphonic acid-type inhibitors complex only
one of the two zinc ions, whereas fluorine-labelled ligands coordi-
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nates both zinc ions. The coordination is by an oxygen of the phos-
phonic acid/ester moiety, or by sulfur of the thiol moiety, respec-
tively.

Inhibitor induced chemical shift perturbation studies indicated that
the binding of a-aminophosphonic acid inhibitors has different time
scale for NDM-1 and VIM-2. The inhibitors are in (Chapter 4.1 and
Chapter 4.2) fast exchange between the free and NDM-1-bound
form, and thus the binding induces chemical shift changes of sharp
NMR signals. The VIM-2 binding of a-aminophosphonic acid-type
inhibitors induced chemical shift changes of some, and broadening
of other amino acid signals. Some signals broadened in the free
form reappeared. This indicates that the binding is in the fast to in-
termediate time-scale, and that the conformational dynamics of
some loops of VIM-2 are influenced by the inhibitor binding,
whereas this is not observed for NDM-1.

A trifluoromethyl-substituted analogue of a literature known inhib-
itor was studied using NMR and computational docking. The bind-
ing mode of this compound was found to be similar to that of its
literature analogue (CHs-functionalized), for which the binding
mode was previously unidentified. This ligand coordinates to both
of the zinc ions through its thiol functionality, and its association-
dissociation equilibrium is slow on the NMR time scale, resulting
in separate signals of the free and bound forms.

The binding site recognition for all potential inhibitors are expected
to be valuable information for design and development of broad
spectrum metallo-f-lactamase inhibitors.



7. Sammanfattning pa Svenska

1929-talets upptickt av penicillin forebadade antibiotikaerans borjan och re-
sulterade i en minskning av ménsklig dodlighet orsakad av enkla bakteriein-
fektioner. Popularisering och kraftig 6veranvindning av antibiotika resulte-
rade 1 det varldsomspénnande storsta problemet med utveckling av bakterie-
resistens. Utan ndgon atgird ndrmar vi oss snart en punkt da enkla infektioner,
sdsom lunginflammation eller septikemi, kommer att ha en mycket sannolik
dodlig prognos. Den mest utbredda mekanismen for bakteriell resistens ar
nedbrytning eller modifiering av antibiotika, innan de nar mélstillet, av ett -
laktamas som NDM-1, VIM-2 och GIM-1, en specifik grupp av forsvarsenzy-
mer, som tillhor till samma grupp (Figur 1).

Figur 1. Overlagrade bindningsstillen for NDM-1 (cyan), GIM-1 (grén) och VIM-2
(grd), dar identiska AA:er visas i blatt och olika AA:er visas i orange.

Den presenterade avhandlingen beskriver undersokningen av bindningsstillet
for metallo-B-laktamaser (MBL) med hjélp av tre olika typer av foreningar
med flera tekniker. En kombination av strukturbaserad lakemedelsdesign, or-
ganisk syntes, biologisk utvdrdering, nukledr magnetisk resonans (NMR)
spektroskopi och molekylédr dockning har anvénts for att rationalisera och be-
stimma nya MBL inhibitorer, och dessutom deras bindningssatt. Tre nya typer
av inhibitorer studerades.
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Den presenterade avhandlingen &r indelad i sex kapitel. Det forsta kapitlet in-
nehaller formulerade mal for detta arbete. I det andra kapitlet presenterar for-
fattaren den allménna bakgrunden till bakteriell resistens, tillsammans med en
beskrivning av hydrolysmekanismen, den strukturella grunden fér metallo-3-
laktamaser och kinda inhibitorer. P4 grund av den tvirvetenskapliga forsk-
ningen tilldgnade forfattaren det tredje kapitlet att kortfattat forklara alla me-
toder som ndmns i denna avhandling: enzymanalys, assignering av protein-
ryggrad, perturbation av kemiska skift, NOESY-baserade experiment och mo-
lekyldra dockningsstudier. Det tredje kapitlet fokuserar pa de tre grupperna av
studerade inhibitorer. Avsnittet om de fosfoamidatbaserade metallo-[-lakta-
maserna innehéller design och syntetisk beskrivning. For de fosfonsyrabase-
rade och fluormirkta inhibitorerna forklarar forfattaren syftet med de stude-
rade foreningarna. Foljande kapitel fokuserar pa bindningsstudier. En kombi-
nation av de experimentella metoderna med NMR-spektroskopi anvénds till-
sammans med molekyldra dockningsstudier for att bestimma bindningsstillet
for alla studiechdmmare. Sammanfattningsvis konfirmerade denna avhandling
bindningssétt for alla studerade inhibitorer, dessutom jamforde forfattaren tva
enzymer frdn New Delhi metallo-B-laktamas och Verona integronkodad me-
tallo-B-laktamas och likheter fastslogs. For de fluormérkta inhibitorerna kon-
firmerade forfattaren bindningssittet for den studerade foreningen och for
dess metylerade version, vilket inte tidigare har faststéllts 1 litteraturen.

Utforda NMR-studier ledde till forbattrad assignering av New Dehli Metallo-
B-laktamaser-1 (NDM-1) och resulterade framgangsrikt i forslag till bind-
ningsstéllen for alla studerade inhibitorer. Ytterligare molekyléra docknings-
studier med stod av NMR-resultat gav tillforlitliga bindningspositioner. Med
hjdlp av denna information kan rationell utformning av metallo-b-
laktamsshdmmare utféras. Dessutom konfirmerades fosforhaltiga strukturer,
en uppséttning piperidinserier och fosfonamidater vara bra utgdngspunkter for
utvecklingen av de adaptiva bredspektrumhdmmarna, med potential att vara
aktiva mot flera MBL.
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