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Abstract

New Delhi metallo-beta-lactamase 1 (NDM-1) was first detected in 2008 in
India. NDM-1 is an enzyme that can hydrolyze a broad range of beta-lactam
antibiotics, including the carbapenem family which is known as the antibiotics
of last resort. As infections involving NDM-1 have great resistance to
antibiotics, they are usually very difficult to treat. Therefore, bacteria carrying
NDM-1 are referred as “super bugs”. NDM-1 uses six amino-acid residues to
bind two zinc ions in its active-site: H120, H122, H189 (Znl site) and D124,
C208, H250 (Zn2 site). Multiple studies had shown that the Zn2 ion and the
residues in the Zn2 site, such as D124 and C208, are very important in the
hydrolysis reaction. On the other hand, the role of the Znl ion in NDM-1 is less
studied. In this project, the roles of Znl ion were explored and its functions in

NDM-1 were determined.

Residue H120 of NDM-1 was mutated to alanine (A), asparagine (N) and
glutamine (Q) in order to knock out the binding of the Zn1 ion. Interestingly,
the Znl ion was found to remain in the enzyme after the mutations. The
mutants were tested for their hydrolytic activities to six different beta-lactam
antibiotics: ampicillin, penicillin G, cefotaxime, ceftazidime, imipenem and
meropenem. The activities of the mutants were reduced from 6 to 810 folds for
different antibiotics. Molecular dynamics simulations suggested that the Znl



ion moved away from its original position due to mutations. This consequently
moved the hydroxide ion and Zn2 ion away from the beta-lactam ring of the
antibiotics and reduced the hydrolytic activities. For the H120A and H120N
mutants, the bridging hydroxide ion moved 1.3 A away from its original
position. This movement broke its hydrogen bond with the D124 residue and
resulted in an unfavorable conformation for nucleophilic attack. For the H120Q
mutant, the Zn2 ion was moved 2.13 A from its original location and this

resulting position was not suitable for stabilizing the hydrolysis intermediate.

My studies suggested that the exact location of the Znl ion is critical to the
activity of NDM-1. The relative location of the Znl ion is important for the
formation of the Zn1-OH-Zn2 bridge during hydrolysis. A specific location of
the Zn1 ion is required to hold the hydroxide ion and the Zn2 ion in the correct
positions to perform nucleophilic attack for the hydrolysis reaction and to

stabilize the negatively charged intermediate.
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Chapter 1.  Introduction



1.1. Beta-lactam antibiotics

The original meaning of “antibiotic” was an organic compound produced by an
organism which is toxic to another microorganism.'? Today, antibiotics are the
most common drugs used for the treatment of bacterial infections. They can
either kill or inhibit the growth of bacteria.® Since more and more bacteria
become resistant to common antibiotics, there is an urgent need to develop new
antibiotics for the treatment of bacterial infections. There are many classes of
antibiotics including beta-Lactams, macrolides, tetracyclines, quinolones,
aminoglycosides, sulphonamides, glycopeptides and oxazolidinones.*®
Different ways are used to classify these antibiotics, but the most common way
is based on their molecular structure.” In this project, | shall focus on the beta-
lactam antibiotics. All beta-lactam antibiotics contain a structure called the
beta-lactam ring (Figure 1.1).2 This 3-carbon and 1-nitrogen ring is highly
reactive. During the synthesis of bacterial cell wall, an enzyme called
Penicillin-Binding Protein (PBP) is used to cross-link peptide units to form
peptidoglycan. Beta-lactam antibiotics interfere with cell wall synthesis by
binding to this PBP and the beta-lactam ring reacts with the PBP active-site in
order to permanently inactivate it. The absence of PBP activities results in the
failure of peptidoglycan synthesis and leads to cell lysis thus cell death.® There
are four classes of beta-lactam antibiotics: penicillins, cephalosporins,

monobactams, and carbapenems.
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Figure 1.1.  The beta-lactam ring structure in all beta-lactam antibiotics

Penicillin was first reported by Alexander Fleming in 1929 and it was the first
antibiotic grouped into the class called “penicillins”.2® All penicillins contain a
core structure of 6-animopenicillanic acid ring (Figure 1.2a).1**2 The diverse
compounds in this class mostly end up with a suffix —cillin in their name. The
members of the penicillins include penicillin G, ampicillin, carbenicillin,
oxacillin, methicillin, nafcillin, piperacillin and ticarcillin.** Among all of these
antibiotics, penicillin G was the first released antibiotic drug. Although
penicillin G was discovered in the 1920’s, it took more than 20 years of studies
before it was released.’* Unfortunately, penicillin G only has a very narrow
target spectrum. It is only effective to Gram positive bacteria and a few Gram
negative bacteria (e.g. Treponema pallidum).!* Therefore, some other
antibiotics have been developed with different side groups (the groups
surrounding the beta-lactam ring core structure), e.g. ampicillin and
carbenicillin. These side groups protect them from being degraded and help
them to pass through the outer membrane of bacterial cell walls.®® These extend

the target spectrum of the penicillin antibiotics towards Gram negative bacteria.



The class of cephalosporins has a very similar core structure comparing to the
penicillins. Figure 1.2b showed the core structure of cephalosporins.t 1® The
compounds of cephalosporins have a large variety of side groups to enable
them to bind to different Penicillin-Binding Proteins (PBPS), resist degradation
by bacteria strains or ionize to improve the entrance to Gram-negative
bacterial’, these increase their ability to target Gram-negative bacteria.
Cephalosporins are subdivided into 1%-5" generations. The later the generation,
the more effective they are against Gram-negative bacteria.l’” Members of the
cephalosporins class include cefacetrile, cefaclor, cefotaxime, ceftazidime,
cefclidine, and ceftobiprole. The cephalosproins class is the most commonly
prescribed antibiotics, which covers one-third of antibiotics administered by the

National Health Scheme in the United Kingdom. 4

Monobactam is a very special class of beta-lactam antibiotics. Comparing to
the other three classes of beta-lactam antibiotics, the beta-lactam ring of
mononbactam is standing alone without fusing to any other ring structure
(Figure 1.2c).'¥1° The most commonly known mononbactam antibiotic is
aztreonam. Aztreonam has a very narrow target spectrum which is only
effective against aerobic Gram-negative bacteria, such as Neisseria and
Pseudomonas. The monobactams are most likely not effective to any other

anaerobes or Gram-positive bacteria.?’



The last class of beta-lactam antibiotics is the carbapenems. All members in the
carbapenem family contain a core structure as shown in Figure 1.2d.2* The
carbapenems are one of the most important classes of beta-lactam antibiotics.
In the late 1960’s, the penicillins antibiotics became very ineffective to treat
bacterial infections due to the resistance by an enzyme called beta-lactamase.?!
During that time, it was urgent to discover new antibiotics for this type of
bacterial infections. That was when the first “carbapenem” was found.
Thienamycin was the first reported carbapenem antibiotic and it was isolated
from Streptomyces cattleya.?? Thienamycin was the standard for all the other
carbapenem antibiotics and several other carbapenems were also identified after
the thienamycin.?! 2324 The carbapenems are very important because they can
resist the hydrolysis reaction of most beta-lactamases. Among almost all known
beta-lactam antibiotics, carbapenems have the broadest target spectrum which
are effective against both Gram-positive and Gram-negative bacteria. The
carbapenem antibiotics are also called the “antibiotics of last resort”.2°> They are
mainly used when the patients are gravely ill or they are infected by resistant
bacteria. Members of the carbapenems class include imipenem, meropenem,
and ertapenem.?® Unfortunately, today, bacteria with carbapenems resistance

are increasing globally.?’-?
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1.2. Worldwide antibiotics resistance and “super bugs” carrying NDM-1

Although antibiotics are very effective tools in treating bacterial infections, the
more the use of antibiotics, the more resistance will be built in bacteria.?®
Antibiotic resistance is mainly created by natural selection processes.®%3! The
resistance effects will start showing up within a short time after introduction of
new antibiotic compounds and the level of the antibiotic resistance is strongly
correlated to the amount of antibiotic consumption.?® 32 Over decades, lots of
antibiotics are not only used for therapeutic treatments but also used in
agricultural and animal industries. Antibiotics used in these industries are
usually the same antibiotics used clinically, and this further drives the increase
of resistance effects.® In some countries, animals take in antibiotics from their
food or drinking water. Through the food chain, antibiotics resistant bacteria
are transferred to the human populations.3* Furthermore, in developed countries,
most of the antibiotics are available for purchase without medical prescriptions

and this is another cause of antibiotic resistance development.®

Today, many infections become difficult or impossible to treat due to antibiotic
resistance of bacteria.>® The main approach to fight against antibiotic resistant
bacteria is by modification of the structure of current antibiotics or developing
new types of drug compounds.®*® However, the development of new beta-

lactam antibiotics based on existing compounds is not catching up with the rate



of resistance development by the beta-lactamases.®® Moreover, the development
of resistance might not be only restricted to one particular antibiotic compound.
The resistance can be developed based on the structure of the antibiotics, so
related antibiotic compounds in the same class might also become ineffective.®
Additionally, bacteria can be resistant to multiple classes of antibiotics at the
same time t00.%® Bacteria resistant to multiple antibiotics are called multi-
resistant bacteria or “super bugs”. Infections caused by super bugs are very

difficult to treat.**

Recently, one of the most alarming enzymes expressed by super bugs is called
New Delhi Metallo-Beta-Lactamase 1 (NDM-1). NDM-1 is a beta-lactamase
that can hydrolyze almost all beta-lactam antibiotics, including Carbapenems,
the last resort antibiotics.> NDM-1 was first found in a Klebsiella
pneumoniae strain from a patient in India in 2008.** Subsequently, 17 newly
evolved NDM-1 enzymes were identified in the last few years.***’ Bacterial
infection involving NDM-1 can resist almost all beta-lactam antibiotics and it is
still a big challenge for therapeutic treatments.*?> The research of new inhibitors

for NDM-1 is still one of the hottest topics in the field.



1.3. Classification of beta-lactamases

Beta-lactamases are enzymes that can hydrolyze beta-lactam antibiotics.*® Up
to now, there are two ways to classify beta-lactamases: the functional
classification and the ambler classification. The most updated one is the
functional classification.*® The functional classification is based on the proposal
written by Bush et al. in 1995.%° This classification mainly depends on the
phenotypes of using different types of substrates and inhibitors under clinical
aspects. Although the functional classification is the newest one, the most
commonly known classification actually is the ambler classification®? and

this thesis will be based on the ambler classification.

In the ambler classification, beta-lactamases are divided into four classes based
on the amino acid sequences: A, B, C and D.*! In this classification, the Classes
A, C and D are grouped into the serine-beta-lactamases, in which the enzymes
use the serine residue in their active-sites to perform hydrolysis of the beta-
lactam antibiotics. Different from the other classes, Class B is a metalloenzyme
and this class is also called the metallo-beta-lactamases. In Class B, there are
one or two zinc ions in the active-site to perform hydrolysis. Figure 1.3 showed
the mechanistic difference between these two types of beta-lactamases.>®

NDM-1 is a metallo-beta-lactamase, so it is grouped into Class B.>*
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Figure 1.3 a) Serine-beta-lactamase uses the serine residue to perform the
hydrolysis reaction. b) Metallo-beta-lactamase requires zinc ions in the active-

site to perform hydrolysis reaction.

The ambler classification was originally only designed for two classes: Classes
A and B.%! However, as time goes on, a new type of beta-lactamases was found,
which only had little sequence similarity to Class A enzymes. This type of beta-
lactamases is grouped and called Class C; also known as AmpC beta-
lactamases.®™ And later on, another type of beta-lactamases was found. This
time, the beta-lactamases had sequence similarities between Class A and C.
This type of beta-lactamases is grouped to form a new class called Class D.5®
On the other hand, a similar situation happened to the Class B too. New types
of metallo-beta-lactamases were found and showed distinct differences.

Therefore, the Class B beta-lactamases are further divided into three subclasses:
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B1, B2 and B3.%” Further details of classifications of Class B subclasses will be

discussed in the next section. Figure 1.4 shows the overall ambler classification

scheme.%!
Beta-lactamases
Metallo-beta-lactamases
Serine-beta-lactamases
(Class B)
Class A Class C Class D unnamed Subclass B3
Subclass B1 Subclass B2

Figure 1.4 The current ambler classification scheme of beta-lactamases.
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1.4. Class B beta-lactamses

As mentioned before, Class B metallo-beta-lactamase is further subdivided into
three subclasses: B1, B2, and B3.%” The subclasses of Class B are classified
based on the overall structure, substrate specificity, metal coordination and
catalytic mechanism.®® Importantly, NDM-1 is grouped into the B1 subclass of

metallo-beta-lactamases.>

When aligning the subclasses together, the sequence similarities are actually
very small.>” %% The sequence identity between B1 and B2 is 14~24%, and it
is only 2~14% when compared to B3. Based on phylogenetic analysis, there are
actually only two subclasses, B1/B2 and B3.51%2 Subclasses B1 and B2 are
evolutionary related to each other and they have a certain amount of sequence
and structural similarities. However, the substrate specificities and catalytic
mechanism are clearly different between B1 and B2, so they are separated into
two subclasses. On the other hand, B3 is more evolutionarily distinct from the
other two, but it has a very similar catalytic mechanism to B1.61%2 When
looking at the overall structure, all class B beta-lactamases have a common
structure, a four-layer afpa structure called metallo-beta-lactamase fold (Figure
1.5). This folding structure was first identified in the metallo-beta-lactamase,
but it was also found in different types of proteins other than beta-lactamases.5

Although all subclasses share the same metallo-beta-lactamase fold, the size

12



and shape of the binding site in the three subclasses are significantly different.
In Figure 1.5, the cones show the substrate binding site of each subclass.>® The
binding sites are different in depth and width. The B2 subclass does not have a
mobile loop structure that is present in B1, which lowers its substrate binding
specificity.5* In the case of B3 subclass, there is an intermolecular disulphide
bridge connecting the elongated B12-a5 loop.®>®® This disulphide bridge is
present in almost all B3 subclass proteins, except GOB-18. GOB-18 is a special

B3 beta-lactamase which only contains one cysteine.5®

Since the size and shape of the binding sites between the three subclasses are
different, the substrates specificities of them are different too. The bottom of
Figure 1.5 shows the target spectrum of each subclass.>® Subclass B1 has the
broadest target spectrum among all subclasses. B1 beta-lactamases are effective
on penicillins, cephalosporins and carbapenems.’®" In comparison, B2 beta-
lactamases can only hydrolyze carbapenems and almost do not work on
penicillins and cephalosporins.’*”® On the opposite, B3 beta-lactamases can
hydrolyze penicillins and cephalosporins but are not really effective on
carbapenems.’? Finally, all three subclasses do not hydrolyze the monobactams,
such as aztreonam.” Class B beta-lactamases are also resistant to classic serine-
beta-lactamase inhibitors, e.g. clavulanic acid, sulbactam, and tazobactam.’ 7
Importantly, the zinc ions are required for binding substrates in all these

metallo-beta-lactamases.”®
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Figure 1.5 The binding sites of the three subclasses (B1, B2 and B3) are
different in depth and width. Therefore, the substrate specificities are also

different among the three subclasses. (Figure was adopted from reference 58)

Zinc ion is the cofactor of Class B beta-lactamases.”® There are two zinc
binding sites in the Class B beta-lactamase: Znl and Zn2 sites. The Zn1 site
refers to the three histidine residues site and the Zn2 site refers to the aspartate-
cysteine-histidine residues site. Although the residues of Zn2 site might be
different between subclasses, in general, most of the Zn2 sites are composed of
these three residues. In living cells, Class B beta-lactamases only bind to zinc
ion. However, in vitro experiments showed that other metal ions can be

exchanged and the enzymes still retained significant activities; these ions
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included Cd?*, Co?", Ni?*, Cu?*, and Mn?*.”-81 From here on, Zn1 site or Zn2
site represents the site including the zinc ion and the coordinating residues. Znl

ion or Zn2 ion refers to only the zinc ion itself.

In the B1 subclass, two zinc ions are usually bound in the active site (Figure 1.6,
top right). The Zn1 site is composed of H116, H118 and H196 (based on the
standard numbering scheme for class B beta-lactamases, BBL numbering®’ 82)
and the Zn2 site is composed of D120, C221, and H263. A water molecule or a
hydroxide ion is acting as a ligand bridging the two zinc ions.®® The distance
between the 2 zinc ions can be quite different when comparing different crystal
structures of the same enzyme; it can range from 3.5 to 4.6 A.%* Moreover,
crystal structures of enzymes having only a single zinc ion have also been
recorded, where the single zinc ion was binding to the Znl site and a water
molecule was binding to the Zn2 site (Figure 1.6, top left).2>%” Because of these
single zinc ion structures, there was a concern about the number of zinc ions
required for the catalytic activity of the Bl subclass enzymes. Studies have
shown that the B1 enzymes were catalytically active under the condition of 1: 1
ratio of zinc: enzyme, and the activity became slower as more zinc was added.%®
Based on this finding, the single zinc ion mechanism was proposed.® Later on,
more studies have shown that the enzymes were under a mixture of di-zinc and
mono-zinc conditions, where the Znl ion is binding more tightly and the Zn2

ion is weaker in binding.8” 81 Based on the zinc titration studies with mass
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spectrometry (MS) and nuclear magnetic resonance (NMR), it was suggested

that only the di-zinc enzyme is relevant for catalytic activity.%

The B3 subclass beta-lactamases are also shown to be di-zinc enzymes based
on crystallography studies (Figure 1.6, bottom right).®>®® The Zn1 site has the
same metal coordination as the B1 subclass, where the H116, H118 and H196
residues bind to the Zn1l ion. On the other hand, the Zn2 site is different to that
of B1, which composes of D120, H263 and H121. The aspartate (D120) and
histidine (H263) are equivalent to those in the B1 subclass, but the histidine
(H121) is not. Same as B1, a water molecule or a hydroxide ion is bridging the
two zinc ions. The GOB family is an exception of the B3 subclass. The GOB
family has a different metal coordination comparing to the other B3 enzymes,
where the histidine residue (His116) is replaced by a glutamine residue (GIn116)
at the Zn1 site.®®> Moreover, the enzyme GOB-18 of the GOB family has also
shown evidence of significant activities under mono-zinc form, where the

mono-zinc ion is bound to the Zn1 site only.%

The B2 subclass beta-lactamases have a distinct metal coordination to the B1
and B3 subclasses. Based on the crystal structures of Sfhl and CphA, the Znl
site is composed of N116, H118 and H196 and the Zn2 site is composed of
D120, C221 and H263 (Figure 1.6, bottom left).6* % The B2 subclass beta-
lactamases are mono-zinc enzymes. Contrary to B1 and B3, the mono-zinc ion

binds to the Zn2 site and the water molecule binds to the Znl site. The B2
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subclass enzymes do bind a second zinc ion at the Zn1 site when excess amount
of zinc is added. However, the B2 subclass enzymes are inhibited by the
addition of the second zinc ion at Znl site in a nhoncompetitive manner, which

is an opposite effect comparing to the B1 and B3 subclasses.*®

Bell (B1) Bell (B1)
] monozinc D120 dizinc
Ko H118 l
AL Wa N H263
X ew O Q-»g‘ ..... You
W H263
\, £l Zn1 ‘ carbonate
\p ' ( H116 (
C221 55
e H196
H196
CphA (B2)

monozinc dlzmc
H118 by
carbonate
N116 q H116 ‘3 Zn2
i Zn
H263 W H263

H196 /
C221 H196 S221

Figure 1.6 The metal coordination of different metallo-beta-lactamases

subclasses. For B1 subclass, both mono-zinc and di-zinc forms were identified.
For the B2 subclass, only mono-zinc form was identified and the zinc ion is at
the Zn2 site. For B3 subclass, most of the enzymes are di-zinc forms and the
coordinate residues are different from the B1 subclass. Protein Data Bank ID
(PDB ID): Di-zinc Bcll (1BVT), mono-zinc Bcll(1BMC), mono-zinc CphA

(1X8G) and di-zinc L1 (1SML) (Figure was taken from reference 58)
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The catalytic mechanisms of Class B beta-lactamases were studied
extensively.®”1% Two possible roles of zinc ions were suggested: 1) the zinc
ions act as Lewis acids and facilitate the bridging hydroxide ion to attack the
carbonyl carbon nucleophically at the beta-lactam ring of the substrate and/or 2)
the zinc ions are used to stabilize the negatively charged anion intermediate.
However, the exact roles of the zinc ions are very difficult to determine. Three
mechanistic models were proposed: the di-zinc model, the mono-zinc model

(B1/B3) and the mono-zinc model (B2).

Based on structural and mechanistic data, the di-zinc model was proposed
(Figure 1.7), and it is almost identical for both B1 and B3.%: 105108 | this di-
zinc mechanism, the hydroxide ion between the two zinc ions performs a
nucleophilic attack to the carbonyl carbon of the beta-lactam ring and breaks
the C-N bond of the antibiotic. It is possible that the Znl ion polarizes the
carbonyl group of the beta-lactam ring to facilitate the nucleophilic attack.
However, most of the simulation models suggest that the interaction between
the Zn1 ion and the carbonyl oxygen occurs after the nucleophilic attack.1%%-11?
Therefore, it is most likely that the Zn1l ion is just forming an “anion hole” to
stabilize the tetrahedral intermediate. For most of the antibiotic substrates, the
breaking of C-N bond is the rate-limiting step.” '3 Finally, the anionic
intermediate is protonated and the hydrolyzed product is released. In this final

protonation step, there are two possible proton sources: 1) from another water
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molecule binding to the Zn2 ion or 2) a bulk water molecule oriented by the

D120 residue. There is no direct evidence showing which case is correct.!!*
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Figure 1.7 The proposed di-zinc mechanism (B1/B3) (Figure was taken

from reference 58)
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There are two types of mono-zinc mechanisms: 1) the B1/B3 subclasses and 2)
the B2 subclass. Figure 1.8 showes the mono-zinc mechanism for the B1/B3
subclass. Although B1 subclass is included, experiments results have suggested
that only the di-zinc enzyme is relevant for catalytic activity for most of the B1
subclass, except the SPM enzyme.®® Therefore, this mono-zinc mechanism is
mainly applying to the GOB family in the B3 subclass.®*% At the start of this
mono-zinc mechanism, a water molecule binds at the Zn2 site. The water
molecule is deprotonated by the D120 residue and initiates a nucleophilic attack
to the carbonyl carbon of the beta-lactam ring. The tetrahedral intermediate is
stabilized by the Zn1 ion. Then, the intermediate is protonated by the hydrogen

from the D120 residue and the hydrolyzed product is released.®®

COg > -“—002_
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Figure 1.8 The proposed mono-zinc mechanism (B1/B3) (Figure was taken

from reference 58)
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The last proposed mechanism is the mono-zinc mechanism (B2). The B2
subclass has a very distinct mechansim comparing to the B1 and B3 subclasses,
because they only have one zinc ion at the Zn2 site (no Zn1 ion). This proposed
mechansim is based on the simulation model calcluated on the CphA enzyme
with the binding of hydrolyzed biapenem product (Figure 1.9).1*%1Y7 Contrary
to the two mechansims above, a non-zinc binding water molecule performs the
nucleophilic attack. This water molecule is located at the Znl site and
deprotonated by the D120 or/both H118 residues. After the nucleophilic attack,
the intermediate is stabilized by the Zn2 ion. Finally, the intermediate is

protonated by the D120 residue and the hydrolyzed product is released.
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Figure 1.9 The proposed mono-zinc mechanism (B2) (Figure was taken

from reference 58)
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1.5. New Delhi Metallo-beta-lactamase 1 (NDM-1)

NDM-1 has a sequence identity of 32.4% to VIM-1/VIM-2.11® The metal
coordination is same as the other B1 enzymes, where Zn1 site is composed of
three histidine residues and Zn2 site is composed of aspartate-cysteine-histidine
residues.!# 1% Also, NDM-1 is a di-zinc enzyme and has a very board range of
target spectrum, which hydrolyzes penicillins, cephalosporins, and
carbapenems.*> Although many studies are targeting to develop inhibitors for
treating bacteria carrying NDM-1, they have not been very successful. Most of
these inhibitors are only effective in vitro but not clinically approved.'?0-122
Development of new inhibitors for NDM-1 is still one of the hottest topics in
the field. Understanding of the mechanism of NDM-1 is a very important factor

in developing new inhibitors for treatments.%

Several crystal structures of product compounds binding to the NDM-1 were
reported, and they gave important information about the catalytic mechanism of
NDM-1 (Figure 1.10).1* 119 In all of these structures, the beta-lactam ring of
the antibiotics binds in the same way to the NDM-1 active-site whereas the
aromatic side groups vary in their binding location depending on the substrate
structure. All of these crystal structures have a water or hydroxide ion bridging
between the two zinc ions. Also, the carboxylate group of the beta-lactam

product produced by the hydrolysis reaction is shown to be coordinating with

22



SRPEe"
>

Ampicillin

Hydrolyzed Ampicillin
NH,

m:;—rrk Q123

1
o

Benzyl Penicillin H1 22\

o“’éh o
\N_/
3
I~
o <,_,|
O eS
cib“‘ W3
o
D124
Meropenem Q123
Hydrolyzed Meropenem :ﬂ ’ :
Y 1/ L N>
H K211
H Cj ”L*o ,:;;bo N220
“’5"
Hﬂ:éfsi H120

H189

0y

Figure 1.10  The crystal structures of hydrolyzed antibiotics with NDM-1.
(PDB ID: Ampicillin - 3Q6X, Benzyl Penicillin - 4EYF, and Meropenem -

4EYL) (Figure was taken from reference 58)
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the Znl ion in all of the crystal structures. Same as all the other metallo-beta-
lactamases, NDM-1 cannot hydrolyze monobactams such as aztreonam. The
reason is that their beta-lactam ring lacks a fused ring and the linked
carboxylate group. Without this group the monobactams cannot interact with

the Zn2 ion, so that they are not a substrate of NDM-1.114

The catalytic mechanism of NDM-1 was studied in depth too. Figure 1.11 is a
recently reported mechanism of meropenem hydrolysis by NDM-1. This
mechanism is produced by Quantum Mechanics/Molecular Dynamics (QM/MD)

simulations.1
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Figure 1.11 A proposed mechanism of meropenem hydrolysis by ND

using QM/MD simulations. (Figure was taken from reference 124)

In this proposed mechanism, the two zinc ions are acting as Lewis acids to
facilitate the nucleophilic attack to break the beta-lactam ring of meropenem.

After breaking the C-N bond, the Zn1l ion interacts with the carboxylate group

produced by hydrolysis and the Zn2 ion interacts with the negatively cha

nitrogen anion to further stabilize the intermediate. Then a water molecule from

the bulk solvent is oriented into the middle between the two zinc ions and

as a proton source for the intermediate protonation. Finally, the hydrolyzed

meropenem is released after the protonation. Overall, the mechanism is very

similar to the di-zinc mechanism (B1/B3) mentioned before.

25

M-1

rged

acts



Several studies have shown the importance of the Zn2 ion and the residues at
the Zn2 site of NDM-1. Fast’s group has mutated the Cys 208 residue of the
Zn2 site to Asp, Ser and His.1?® Among these mutations, the C208H mutant has
completely knocked out the binding of Zn2 ion and significantly impaired the
activities of NDM-1. Chen’s group has also reported Ebselen as an NDM-1
inhibitor.?2 Ebselen can interact and covalently bind to the C208 residue at the
Zn2 site. The binding of Ebselen blocks the binding of Zn2 ion and results in an
inhibition effect to NDM-1. These studies have shown that the existence of Zn2
ion is very important in NDM-1 which requires two zinc ions to be active.
Another study done by the Zheng’s group has demonstrated the important
function of the Asp 124 residue at the Zn2 site.!?®® Zheng’s group mutated the
Asp 124 residue to Asn, which only reduced the point charge of the residue
without other major change to the Zn2 site. However, this mutation has
impaired the activities of NDM-1 greatly. This was because the reduction of
point charge has weakened the interaction with the Zn2 ion and resulted in a
position change of the Zn2 ion. Since the Zn2 ion is involved in stabilizing the
negatively charged nitrogen intermediate, this study showed that the position of
the Zn2 ion is very important. Moreover, the aspartate residue also forms
hydrogen bond with the bridging hydroxide ion and orients the hydroxide ion to
perform the nucleophilic attack. The Asn mutant lost the ability to do this,

which was another reason of impairment in activities.
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On the other hand, there were not many studies on the Zn1 site compared to the
Zn2 site. Several Znl site mutations were studied on the other subclasses of
metallo-beta-lacatamases. Galleni’s group has mutated the CphA (a B2 beta-
lactamase) at N116H/N220G, where the N116 of CphA is equivalent to the
H120 of NDM-1 at the Zn1 site.!?” This mutation has restored the binding of
Znl ion at the Znl site and the enzyme became effective in hydrolyzing the
penicillins and cephalosporins, which the CphA WT is completely inactive.
This mutated CphA has shown a similar target spectrum as the B1 subclass.
Bebrone’s group has also mutated the GOB-1 enzyme (a B3 beta-lactamase) at
Q120A and Q120N, where the Q120 of GOB-1 is equivalent to the H120 of
NDM-1 at the Zn1 site.*® Both of these mutations led to the knockout of Zn1
ion from the Zn1 site. The activities of the mutated GOB-1 have been impaired
significantly to all types of antibiotics because of the missing of Zn1 ion. Based
on these studies, there is a possibility that the Zn1 ion is greatly involved in the
substrates selection, which generates the target substrate spectrum of NDM-1

and all other B1 beta-lactamases.
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1.6. Aims and objectives of this project

Until now, there are two main proposed functions of the Zn1 ion: 1) to act as a
Lewis acid to facilitate the nucleophilic attack for breaking the C-N bond and 2)
to stabilize the intermediate for the protonation step. However, there is a high
possibility that the Zn1 ion is also involved in other roles in NDM-1, such as
binding of substrates or selection of substrates. For example, the CphA
N116H/N220G mutant has restored the Znl ion binding to the Znl site and
produced a broad target spectrum similar to the B1 subclass. This mutation has
resulted in no change to the shape of the binding site but the target spectrum
was broadened just by the recovery of Znl ion binding. This implies the
importance of Znl ion in all the metallo-beta-lactamases. In this project, our
goal is to gain a deeper understanding of the role of the Znl ion in the NDM-1
enzyme. Better understanding of the Zn1 site of NDM-1 might possibly lead to

the development of new types of inhibitors or even new drug candidates.

The experiments are separated into three parts and they will be discussed in
chapters 2, 3 and 4 respectively. In chapter 2, the Znl site residues will be
mutated by site-directed mutagenesis and the zinc content of the mutants will
be measured. Since the existence of the Zn1 ion is very important in our study,
the zinc content measurement will be the critical step of this project. Then in

chapter 3, the NDM-1 mutants will be tested on their hydrolytic activities
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towards three different types of beta-lactam antibiotics, including the
representatives of penicillins, cephalosporins and carbapenems. This chapter is
mainly used to test the effects caused by the mutations at Zn1 site. Finally, in
chapter 4, Molecular Dynamics (MD) simulations will be used to explain the

observations in chapters 2 and 3.
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Chapter 2. Protein Expressions and

Zinc Content Measurements
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2.1. Introduction

There are two objectives in this chapter: 1) select a suitable position to mutate
the NDM-1 to knock out the binding of the Znl ion, 2) measure the zinc

content of the mutants to confirm the effects of the mutations.

NDM-1 is a Class B beta-lactamase, which binds to two zinc ions in its active-
site.119 128129 gix key residues are involved in binding of the two zinc ions:
H120, H122, D124, H189, C208 and H250. The H120, H122 and H189
residues bind to the Zn1 ion and the D124, C208 and H250 residues bind to the
Zn2 ion. Table 2.1 compares NDM-1 with two different Class B beta-
lactamases: CphA and GOB-18 (both have no Znl ion binding).6* % 1% The
classification of the Class B beta-lactamase subclass mainly depends on their
structure, metal coordination and substrate specificity.® NDM-1 has a broad
range of substrate specificities and binds to two zinc ions in its active-site,
which is grouped into the B1 subclass. CphA is a B2 subclass beta-lactamase.
B2 subclass is a class of carbapenemases, which almost only hydrolyzes
carbapenems, and it only binds to one zinc ion in its active-site (Zn2 site).
GOB-18 is a special B3 subclass beta-lactamase. Comparing to the other B3
subclass beta-lactamases, GOB-18 can bind only to one zinc ion at the Zn2 site
and remains active, while the other B3 subclass beta-lactamases all bind two

zinc ions.>% GOB-18 also hydrolyzes penicillins, carbapenems, and
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cephalosporins like the B1 subclass beta-lactamases. When comparing the
metal coordinating residues, residue 120 has the highest variety among the
three enzymes. Especially when comparing between the NDM-1 and CphA, the
only difference in key zinc binding residue is H120 to N120 and the zinc
content has dropped from 2 to 1. Previous studies from different groups have
worked on the position 120 of CphA and GOB-1, which showed position 120
does have a significant effect on the binding of Znl ion. Galleni’s group has
mutated the CphA to give N116H/N220G (residue 116 of CphA is equivalent
to residue 120 of NDM-1) and successfully recovered the binding of Zn1l ion,
which showed a similar target spectrum as the B1 subclass.'?” Bebrone’s group
has also mutated GOB-1 to obtain Q120A and Q120N, and they also
successfully knocked out the Zn1 ion binding from the GOB-1 enzyme.®® It is
very likely that position H120 plays a very important role in binding of Znl ion
in the Class B beta-lactamase. Therefore, our study will mainly focus on this
H120 position in NDM-1. Three mutants will be tested in this project: 1)
H120A — deletion of the histidine side chain in order to reduce the binding
affinity to the Zn1l ion, 2) H120N — mimics the active-site of the CphA enzyme
in order to reduce the binding of Zn1l ion, 3) H120Q — mimics the Zn1 site of
GOB-18 enzyme in order to form a mono-zinc protein like GOB-18. After
these mutations, the zinc contents of the mutants were measured to confirm the

effects on Zn1 ion binding caused by the mutations.
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Table 2.1 Comparison between beta-lactamase NDM-1, CphA and GOB-

18 64,94, 119, 128-130

Number of
Metal Substrate
Enzyme | Subclass | zinc binding
Coordination Specificity
in active-site
H120, H122, H189 o
_ Penicillins
NDM-1 Bl 2 (2nl site) Cephalosporins
D124, C208, H250
) Carbapenems
(Zn2 site)
N120, H122, H189
(No zinc binding)
CphA B2 1 Carbapenems
D124, C208, H250
(Zn2 site)
Q120, H122, H189
GOB.18 83 . (No zinc binding) Penicillins
D124, H125, Has0 | Cephalosporins
(Zn2 site) Carbapenems
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The zinc content of the mutants will be determined by Inductively Coupled

Plasma Optical Emission Spectrometry (ICP-OES).

In ICP-OES, argon gas is ionized and generates a plasma.®® The protein
sample is then vaporized and introduced into the plasma to excite the zinc atom
in the sample. When the zinc atom returned to the low energy position, an
emission at 202.5 nm will be released. By measuring the intensity of this light
emission, the zinc concentration in the sample can be measured. Since ICP-
OES can only determine the overall zinc concentration in the sample, this
measured zinc concentration needs to be divided by the NDM-1 protein
concentration in the sample to calculate the zinc content per protein molecule.
The detailed calculations are showed in Section 2.2.2.5. Although this is an
indirect measuring method, it can measure the average zinc content of the

protein under an equilibrium environment.
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2.2. Experiment
2.2.1. Materials
2.2.1.1. Bacterial strain

The E.coli TOP10F’ competent cells (Thermo Fisher Scientific) were used in
the site-directed mutagenesis experiment to construct the NDM-1 mutants.
BL21(DE3) chemical competent cells (Sigma-Aldrich) were used for over-

expression of the NDM-1 wild-type (WT) and mutants.

2.2.1.2. Plasmids

Plasmid pET28a (Novagen) was used to clone and express the NDM-1 WT and
mutants.®? This vector has a kanamycin resistant marker and the map of this
plasmid is shown in Figure 2.1. NDM-1 WT was cloned in between the BamHlI
and Xhol restriction sites. An N-terminal polyhistidine-tag (His-tag) was added

on to the protein for purification by nickel affinity chromatography.
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T Balll T7 promoter lac operator Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
Ncol HisTag Ndel Nhel T7+Tag

TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGLCGLGCGGCAGCCATATGGCTAGCATGACTGGTGGACAGCAA
MetGlySerSerHisHisHisHisHisHisSerSerGlyLeuValProArgGlySerHisMetAlaSerMetThrGlyGlyGInGIn

Eag| throml;in
[BamtI|Ecor | Sacl _Sall Hindul __ Notl His*Tag

ATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGLGGCLGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCE pET-28a ()
MetGlyArgGlySerGluPheGluLeuArgArgGlinAlaCysGlyArgThrArgAlaProProProProProleuArgSerGlyCysEnd

. .GGTCGGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCE pPET-28b (+)
..GlyArgAspProAsnSerSerSerValAsplLyslLeufAlaAlaAlaleuGluHisHisHisHisHisHisEnd

GGTCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGLGGLCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGECC pET-28c (+)
GlyArglleArglleArgAlaProSerThrSerleuArgProHisSerSerThrThrThrThrThrThrGlulleArgleuleuThrlysPro

Bpu1102 | T7 terminator
GAAAGGAAGCTGAGTTGGCTGLTGCCACCGLTGAGCAATAACTAGCATAACCCCTTGGGGECTCTAAACGGGTCTTGAGGGGTTTTTTG

T-';' terminator primer #69337-3
pET-28a-c(+) cloning/expression region

Figure 2.1 The plasmid map of pET28a from Novagen. The NDM-1

mutants were cloned between the BamHI and Xhol sites.
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2.2.1.3. DNA manipulation reagents

The cloning and site-directed mutagenesis experiments were performed by
using the PfuUltra High-Fidelity DNA polymerase (Stratagene). The primers
used for the experiment were ordered from Life technologies. Table 2.2 shows
the list of primers used for the cloning of NDM-1 WT and the mutations of
NDM-1 mutants. Restriction enzymes (BamHI and Xhol) and the deoxy-
ribonucleoside triphosphates (dNTPs) were purchased from Promega. The

PCR purification kit and miniprep kit were purchased from QIAGEN.

Table 2.2 Primers used for constructing NDM-1 mutants

Primers DNA sequence (5°-3°) Tm (°C)
NDM1-F AATTGGATCCGGCCAGCAAATGGAAACTGGCGACCAACG | 66.9
NDM1-R ATATCTCGAGTCAGCGCAGCTTGTCGGCCATGC 66.9
H120A-F GGTGGTGACTGCCGCGCATCAG 57.2
H120A-R CTGATGCGCGGCAGTCACCACC 57.2
H120N-F CGGTGGTGACTAACGCGCATCAGGA 57.5
H120N-R TCCTGATGCGCGTTAGTCACCACCG 57.5
H120Q-F GGTGGTGACTCAGGCGCATCAGG 57.3
H120Q-R CCTGATGCGCCTGAGTCACCACC 57.3
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2.2.1.4. Media

Luria-Bertani (LB) medium was used for transformation of TOP10 cells. 2xTY
medium was used for growing BL21(DE3) cells for expression of proteins.
2xTY medium was prepared by addition of 16 g tryptone, 10 g yeast extract
and 5 g sodium chloride into 1 L deionized water. Both LB and 2xTY media
were sterilized by autoclave before use. The LB agar plates used for the
transformation were prepared by addition of 15 g/L agar powder to the LB
medium before autoclave. All the nutrient media were added with 50 pg/mL
kanamycin before the addition of bacteria cells. The LB broth, sodium chloride
and kanamycin were purchased from Sigma-Aldrich. Tryptone, yeast extract

and agar powder were purchased from Oxoid Ltd.
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2.2.2. Experimental Methods

2.2.2.1. Preparation of E.coli competent cells

The E. coli strain (TOP10 or BL21(DE3)) starter culture was grown in 5 mL
sterilized LB medium at 37 °C overnight with 250 rpm shaking. Then the starter
culture was diluted 1:100 fold to inoculate a 100 mL sterilized LB culture. The
culture was incubated at 37 °C with 250 rpm shaking until the optical density at
wavelength 600 nm (ODeoo) reached 0.4. The cells were harvested by
centrifugation at 4500 rpm for 30 min at 4 °C. The pellet was re-suspended in
10 mL of sterilized 0.1 M CaCl> and incubated at 4 °C with gentle rotation for 1
hr. The cells were pelleted again by centrifugation and re-suspended in 700 mL
of 0.1 M CaCl,. Afterward, 300 mL of 50% (v/v) sterilized glycerol was added
and the final glycerol concentration was 15%. The competent cells were then
aliquoted into 100 pL per eppendorf tube and quickly frozen by liquid nitrogen

and stored at -80 °C.
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2.2.2.2. Cloning and site-directed mutagenesis of NDM-1 mutants

The cloning and site-directed mutagenesis were performed by the QuikChange
Il Site-Directed Mutagenesis Kit (Stratagene). The NDM-1 WT gene was
cloned from the genomic DNA of the E. coli Castellani and Chalmers strain
(ATCC BAA-2469). Primers NDM1-F and NDM1-R (Table 2.2) were used in
this cloning experiment. Reagents in Table 2.3 were mixed into the PCR tube.
The PCR cycling condition for this cloning was 95 °C for 30 sec, 35 cycles of
95 °C for 30 sec, 65 °C for 1 min, 68 °C for 2 min 30 sec, and finishing with 68
°C 10 min. The amplified NDM-1 WT gene was ligated into the pET28a
plasmid between the BamHI and Xhol sites (Figure 2.1). After the cloning of
WT, site-directed mutagenesis experiments were performed on this plasmid.
The site H120 of NDM-1 was mutated into alanine (A), asparagine (N) and
glutamine (Q). Table 2.2 listed the primers used for these mutations. Reagents
in Table 2.3 were mixed into the PCR tube. The PCR cycling condition for
these mutations were 95 °C for 1 min, 20 cycles of 95 °C for 1 min, 60 °C for 1

min, 68 °C for 10 min, and finishing with 68 °C 11 min.

Table 2.3 Reagents for PCR cloning and site-directed mutagenesis
1.25 pL Forward Primer (100 ng/uL)
1.25 yL Reverse Primer (100 ng/uL)
1L dNTP
5uL Reaction Buffer 10x
3uL MgCl2
1uL Template DNA (5-50ng)
36.5 uL Water
1uL DNA Polymerase
50 pL Total Volume
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2.2.2.3. Transformation of competent cells by heat shock

The plasmid pET28a containing the NDM-1 WT and mutants were transformed
into E. coli competent cells (TOP10 for DNA manipulation and BL21(DE3) for
protein expression). The plasmid DNA was gently mixed with 100 pL of
competent cell. The transformation mixture was incubated on ice for 30 min.
Then the mixture was heat shocked at 42 °C for 45 sec and allowed to recover
on ice for 2 min. 1 mL of LB medium was added to the mixture and incubated
at 37 °C with 250 rpm shaking for 1 hr. After the incubation, the transformation
mixture was spread on the LB agar plate with kanamycin for selection. The
plate was incubated at 37 °C overnight. Single colony on the transformed plate
was picked and inoculated into a 5 mL LB culture with kanamycin for selection.
The plasmid was extracted by the QlAprep Spin Miniprep Kit and the NDM-1
DNA sequences were confirmed by DNA sequencing services provided by BGI

Co. Ltd.
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2.2.2.4. Protein Expressions of NDM-1 WT and mutants

A single colony of NDM-1 transformed BL21(DE3) cell was inoculated into a
5 mL LB starter culture with kanamycin selection. The starter culture was
grown at 37 °C with 250 rpm shaking overnight. Next day, the starter culture
was diluted 1:100 fold to inoculate a 400 mL sterilized 2xTY culture. The
resulting culture was incubated at 37 °C with 250 rpm shaking until the ODsoo
reached to 0.8-1.0. A final concentration of 1 mM isopropylthiogalactoside
(IPTG) was added to the culture to induce the expression of NDM-1. Then, the
culture was grown at 16 °C with 250 rpm shaking overnight. The cells were

collected by centrifugation at 5000 rpm at 4 °C for 30 min and stored at -80 °C.

The 400 mL cell culture pellet was resuspended in 20 mL of solubilization
buffer (20 mM sodium phosphate and 0.5 M sodium chloride, pH 7.4) with
addition of one protease inhibitor cocktail tablet (Roche Diagnostic GmbH).
The resuspended cells were lysed using sonication by a Soniprep 150 ultrasonic
disintegrator (10 min, with 10 sec on and 20 sec off pulses, 50 % power). The
cell lysate was subjected to centrifugation at 18000 rpm for 30 min at 4 °C. The

supernatant was collected and purified by affinity chromatography.

Since the NDM-1 proteins were expressed with a N-terminal His-tag, the
proteins were purified by nickel affinity chromatography. A 5 mL HiTrap
chelating column (GE Healthcare) was connected to an AKTA FPLC system.
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The column was first pre-equilibrated with three column volumes of
solubilization buffer. The cell lysate was filtered through a 0.2 um sterile filter
(PALL) and then loaded onto the column. The NDM-1 protein was eluted by
slowly increasing the concentration gradient of the elution buffer (solubilization
buffer with 0.5 M imidazole). The fractions showing a UV absorbance peak (at
280 nm) were collected and analyzed by SDS-PAGE. The fractions that had the
correct NDM-1 molecular mass were buffer exchanged with 15 mM sodium

cacodylate buffer, pH 6.5, and stored at 4 °C.
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2.2.2.5.  Zinc content measurement by ICP-OES

The zinc contents of the NDM-1 mutants were measured by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES). For sample
preparation, 2 mL of 30 UM NDM-1 protein was pipetted into a 12 kDa
membrane (Spectrum) and dialyzed in 15 mM sodium cacodylate buffer, pH
6.5, with 200 uM zinc sulfate overnight at 4 °C. The protein concentration after
dialysis was measured by Bradford assay (Bio-Rad). Then the protein sample
was digested by adding 1:1 ratio of 69% concentrated nitric acid and heated up
to 95 °C for 30 min. The digested protein sample was filtered by 0.2 um sterile
filter (PALL) and then diluted 1:5 with 15 mM sodium cacodylate buffer. The
dialysis buffer was also collected and treated with the same preparation as the
protein sample. Both the protein sample and the buffer sample were submitted
for ICP-OES analysis. The ICP-OES machine was first calibrated with zinc
standards (2% nitric acid added) and a standard curve was constructed. The
zinc concentrations of the protein sample and the buffer sample were measured
in triplicate with reference to the standard curve. Finally, the zinc content per
protein molecule of the NDM-1 sample was calculated by the following

formula;

7n content (Zn conc. of protein sample) - (Zn conc. of buffer sample)
per protein

Protein conc. by Bradford assay

44



2.2.2.6.  Zinc ions binding analysis by Mass Spectrometry

Electrospray lonization Mass Spectrometry (ESI-MS) analysis was performed
on a Waters Synapt G2-Si Quadrupole-lon Mobility-Time-of-flight Mass
Spectrometer. Before ESI-MS analysis, all proteins were buffer exchanged into
50 mM of ammonium acetate buffer, pH 7.0. For denaturing protein analysis,
the protein samples were mixed with equal volumes of acetonitrile containing
0.2 % formic acid. The mixtures were then directly infused into the ESI source
with a syringe pump. For native protein analysis, the protein samples were
directly loaded into metal-coated glass capillaries, which was subsequently
mounted onto the nano-ESI source. The nano-ESI capillary voltage and cone
voltage were set at 1.5 kV and 30 V, respectively, and the nanoflow gas

pressure was set at 0.2 bar.

2.2.2.7.  Other experimental control of the zinc-binding ability of

His-tag

A purified His-tagged BlaC tuberculosis (TB) beta-lactamase T216C enzyme
was obtained from Prof. Thomas Leung’s group. It was used to perform a
further control experiment. The T216C enzyme was buffer exchanged into 50
MM of ammonium acetate buffer (pH 7.0) and followed the same protocol as
experimental method 2.2.2.6 mentioned above to determine the zinc-binding

ability of the His-Tag itself. Further details will be described in Section 2.3.4.
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2.2.2.8.  Cleavage of His-tag from the NDM-1 proteins

Thrombin enzyme (Sigma-Aldrich) was used to cleave the His-tag on the
NDM-1 WT and mutants (the Thrombin cleavage site is showed in Figure 2.1).
The purified NDM-1 proteins were buffer exchanged into cleavage buffer (50
mM Tris-HCI, 150 mM NaCl and 2.5 mM CaCly, pH 8.0). The protein samples
were then incubated with the Thrombin enzyme (5 units) for 3 hr at room
temperature. The supernatant was collected and then incubated with the Ni-
NTA agarose resin (QIAGEN) for 15 min at room temperature. The Ni-NTA
resin will bind the non-cleaved His-tag protein and the supernatant will only
contain the purified cleaved protein. The supernatant was collected and further
purified by HiPrep™ 16/60 Sephacryl™ S-200 HR (GE Healthcare) gel
filtration column. The final His-tag cleaved NDM-1 proteins were buffer
exchanged into 15 mM sodium cacodylate buffer, pH 6.5, and stored at 4 °C.
The zinc contents of the proteins were measured by ICP-OES as described as

experimental method 2.2.2.5.
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2.3. Results and Discussion

2.3.1. Preparation of the NDM-1 proteins

The NDM-1 WT, H120A, H120N and H120Q were successfully expressed and
purified by the HiTrap chelating column. The elution profiles of the four
proteins are showed in Figure 2.2-2.5. The purity of the proteins is shown by
SDS-PAGE analysis in Figure 2.6. As the elution profiles showed, the yields of
all four NDM-1 proteins were very high. The SDS-PAGE showed all proteins
were higher than 95% purity. The proteins are pure enough to perform zinc

content experiments and the following assays.
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Figure 2.2 The elution profile of NDM-1 WT from cell lysate. The blue
line indicates the UV absorbance at 280 nm and the green line indicates the

concentration of the elution buffer. The Fractions A12-B10 were collected and

buffer exchanged.
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Figure 2.3 The elution profile of NDM-1 H120A from cell lysate. The blue
line indicates the UV absorbance at 280 nm and the green line indicates the
concentration of the elution buffer. Fractions A12-B10 were collected and

buffer exchanged.
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Figure 2.4 The elution profile of NDM-1 H120N from cell lysate. The blue
line indicates the UV absorbance at 280 nm and the green line indicates the

concentration of the elution buffer. Fractions A12-B10 were collected and

buffer exchanged.

50



mAU

1400 4 ‘/\ ‘,:‘" |

— ‘ I“'

1200 | | ‘
|

[

1000 +

\
8001 ‘ | | [
\

400 A

S

X1 | X2 Wikte ‘A:‘ﬂ‘ A4‘6|A!w‘ﬂ|As‘«\\J|xm‘a\J|M1‘H\1‘BH‘HM|}w‘B\‘H?‘Hﬂ ‘BF‘
0 20 40 60 80 100 ml
| FS—

NDM-1 H120Q

Figure 2.5 The elution profile of NDM-1 H120Q from cell lysate. The blue
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concentration of the elution buffer. Fractions A12-B10 were collected and

buffer exchanged.

51



Ladder WT H120A H120N H120Q

His-tagged
25 kDa « NDM-1

Figure 2.6 The SDS-PAGE of NDM-1 proteins after buffer exchange.
Precision Plus Protein Dual Xtra Standards Ladder (Bio-RAD) was used. The
expected molecular weight (MW): NDM-1 WT (28.39 kDa), H120A (28.32

kDa), H120N (28.37 kDa) and H120Q (28.38 kDa)
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2.3.2. Zinc content of NDM-1 proteins measured by ICP-OES

The NDM-1 WT and mutants were analyzed by ICP-OES to determine the zinc
concentration in the samples. Table 2.4 shows the zinc concentration data from
the ICP-OES and the protein concentration data from the Bradford assays. The
data were measured in triplicate and the average values were shown in the table.
Zinc content per protein was calculated by the formula showed in Experimental
method 2.2.2.5. As the results showed, all four proteins including the mutants
have zinc contents above 2.0 (zinc content of WT is 2.2 and the mutants are
ranged from 2.1 to 2.5). It is known that NDM-1 binds two zinc ions in their
active-site?® 12812° The zinc contents above 2.0 are higher than the maximum
number that the NDM-1 proteins can bind. It is possible that the His-tag on the
NDM-1 proteins is binding those extra zinc ions, so the overall zinc contents of
the samples were above 2.0. Mass spectrometry analysis was therefore further
used to confirm this finding. Ignoring the fact that the zinc contents were above
2.0, overall, the data showed none of the mutants have a significant decrease in
zinc content comparing to the WT. Therefore, in conclusion, the mutations at

position H120 did not really affect the binding of Zn1 ion in NDM-1.
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Table 2.4 The ICP-OES data and the calculations of zinc content of each
His-tagged NDM-1 samples. Each zinc concentration data was the average

value of a triplicate measurement.

Zinc Conc. Zinc Conc. Protein Conc. | Zinc content
Proteins | (protein sample) | (buffer sample) UM per protein
Y MM
WT 26.1+£0.5 20.1+0.4 2.7+0.1 2.2+0.3
H120A 27.0+£0.5 20.1+0.4 28+0.1 2510.2
H120N 25.2+0.4 194104 26+0.1 2.2+0.3
H120Q 243 +0.4 194104 24+0.1 2.1+0.3
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2.3.3. Zinc ions binding analysis of NDM-1 proteins by MS

The NDM-1 protein samples were further analyzed by MS. As shown in Figure
2.7, when no zinc sulfate is added to the buffer, only 1 Zn was bound to the
NDM-1 WT protein. This means that the NDM-1 protein requires extra zinc in
the buffer in order to bind two zinc ions in its active site. Therefore, 50 uM of
zinc sulfate is added to the 50 mM ammonium acetate buffer for the following

MS analyses.

Figure 2.8-2.11 show the native MS results of the NDM-1 WT, H120A, H120N
and H120Q. As shown by the results, all four proteins displayed major peaks of
3 Zn and 4 Zn binding on. It is known that NDM-1 only binds 2 zinc ions in its
active-site to activate the hydrolysis reaction.'® 128-129 Therefore, binding of 3
Zn or 4 Zn were not expected. Since all these protein samples are a mixture
with 2 Zn, 3 Zn and 4 Zn bound, the overall average zinc contents will be
above 2.0, which is consistent with the ICP-OES results in Section 2.3.2. It is
highly possible that these extra zinc ions are binding on the His-tag. The His-
tag does have the ability to bind zinc ions and our NDM-1 proteins did not have
their His-tag cleaved. This might be the main reason of forming the 3 Zn and 4

Zn peaks.
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Ignoring the fact that extra zinc ions were binding on the proteins, comparing
the results between the WT and mutants, the zinc binding complexes pattern of
all four proteins were about the same. None of the mutants have a significant
reduction of zinc binding when comparing to the WT. Therefore, it further
confirmed that the mutations at position H120 did not affect the binding of Znl

ion in NDM-1.
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Figure 2.7 The native mass spectrometry of NDM-1 WT without addition
of zinc sulfate. The multiple charge ion peaks of complexes A and B are shown.
The relative masses of these complexes are listed at the top right. The expected

MW: NDM-1 WT (A) = 28240 Da and WT + 1 Zn (B) = 28305 Da.
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Figure 2.8 The native mass spectrometry of NDM-1 WT with the addition
of 50 uM zinc sulfate. The multiple charge ion peaks of complexes A, B and C
are shown. The relative masses of these complexes are listed at the top right.

The expected MW: WT + 2 Zn (A) = 28370 Da, WT + 3 Zn (B) = 28435 Da

and WT + 4 Zn (C) = 28500 Da.
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Figure 2.9 The native mass spectrometry of NDM-1 H120A with the
addition of 50 puM zinc sulfate. The multiple charge ion peaks of complexes A,
B and C are shown. The relative masses of these complexes are listed at the top
right. The expected MW: H120A + 2 Zn (A) = 28310 Da, H120A + 3 Zn (B) =

28375 Da and H120A + 4 Zn (C) = 28440 Da.
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Figure 2.10 The native mass spectrometry of NDM-1 H120N with the
addition of 50 puM zinc sulfate. The multiple charge ion peaks of complexes A,
B and C are shown. The relative masses of these complexes are listed at the top
right. The expected MW: H120N + 2 Zn (A) = 28350 Da, H120N + 3 Zn (B) =

28415 Da and H120N + 4 Zn (C) = 28480 Da.
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Figure 2.11  The native mass spectrometry of NDM-1 H120Q with the
addition of 50 UM zinc sulfate. The multiple charge ion peaks of complexes A,
B and C are shown. The relative masses of these complexes are listed at the top
right. The expected MW: H120Q + 2 Zn (A) = 28360 Da, H120Q + 3 Zn (B) =

28425 Da and H120Q + 4 Zn (C) = 28490 Da.
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2.3.4. Experimental control of the zinc binding His-tag

Since the His-tag might affect the zinc content measurement, a different control
experiment was performed. The idea is to use a related His-tagged protein
which does not bind zinc ions, so that only the zinc ions bound to the His-tag
will be measured. For this purpose, the zinc binding of the N-terminal His-
tagged BlaC TB beta-lactamase T216C enzyme was analyzed by mass
spectrometry. Figure 2.12 shows that His-tagged T216C binds one or two Zn?
after the addition of 50 uM zinc into the buffer. BlaC TB beta-lactamase is a
class A beta-lactamase which does not bind zinc ion.'3 Therefore, the binding
of zinc ions was mainly due to the His-tag itself. This control experiment
showed that the His-tag does affect the measurement of zinc content of the
protein. Referring back to the MS results from 2.3.3, the His-tagged NDM-1
WT and mutants all contain a mixture of 2 Zn to 4 Zn complexes. By
subtracting the extra zinc ions binding on the His-tag (1-2 zinc ions), the actual
zinc ions binding on the NDM-1 WT and mutants were only 1-2. These results
were consistent with the literatures reported by the B1 subclass beta-lactamases,
where the Zn1 site has a stronger binding affinity with zinc ion and Zn2 site is

weaker.8789-91
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Figure 2.12  The native mass spectrometry data of the His-tagged BlaC TB
beta-lactamase T216C. a) Native MS without addition of zinc sulfate. The
multiple charge ion peaks of T216C (A) is shown. The relative mass is listed at
the top right. The expected MW of T216C is 29770 Da. b) Native MS with
addition of 50 uM zinc sulfate. The multiple charge ion peaks of complexes A
and B are shown. The relative masses of these complexes are listed at the top
right. The expected MW: T216C + 1 Zn (A) = 29835 Da and T216C + 2 Zn (B)

= 29900 Da.
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2.3.5. Cleavage of His-tag and the zinc content measured by ICP-OES

Since the His-tag is obviously affecting the zinc content measurement of the
NDM-1 samples, it is necessary to cleave this tag to get accurate measurements.
Therefore, the His-tag of the NDM-1 proteins were cleaved by the Thrombin
enzyme and analyzed by ICP-OES to measure the zinc contents again. Figure
2.13 shows the SDS-PAGE of His-tag cleavage of NDM-1 WT by Thrombin
enzyme at different incubation time. As shown in the gel, the His-tag was
completely cleaved after 3 hr incubation of Thrombin enzyme. The cleaved
proteins were then incubated with the Ni-NTA agarose resin to remove the non-
cleaved His-tag proteins. Finally, the samples were further purified by size-
exclusion chromatography. Figure 2.14 shows the SDS-PAGE of the NDM-1
WT and mutants after the size-exclusion chromatography. As shown in the gel,
the cleaved NDM-1 proteins were about 90% purity. There were still some
truncated NDM-1 in the samples, which were created by over-cutting of
Thrombin enzyme. It is very difficult to further purify these proteins because
the size difference between the truncated proteins and full protein are too small
(only 3.4 kDa in difference). Therefore, these protein samples were continued

to use to measure the zinc contents.
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The zinc contents of the His-tag cleaved NDM-1 samples were measured by
ICP-OES. Table 2.5 shows the zinc concentration data from the ICP-OES and
the protein concentration data from the Bradford assays of the His-tag cleaved
NDM-1. By using the formula showed in Experimental method 2.2.2.5, the zinc
content per protein molecule was calculated. As the result shown, the zinc
contents of NDM-1 WT is 1.7 and the NDM-1 mutants are ranged from 1.6 to
1.8. As expected, the zinc contents were dropped below 2.0 after the His-tag
was cleaved. Since the zinc content is an average value, this means the NDM-1
samples are mixed of 1 Zn and 2 Zn binding complexes. As the Znl site has a
stronger binding affinity with zinc ion and Zn2 site is weaker®” 89 this result
is consistent with the literatures reported. More importantly, the overall data
showed that none of the mutants have a significant decrease in zinc content
comparing to the WT. Therefore, the conclusion was the same as mentioned
before; the mutations at position H120 did not really affect the binding of Znl

ion in NDM-1.
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Figure 2.13 The SDS-PAGE of His-tag cleavage of NDM-1 WT by
Thrombin enzyme with different incubation time. Precision Plus Protein Dual
Xtra Standards Ladder (Bio-RAD) was used. The expected molecular weight
(MW): His-tagged NDM-1 WT (28.39 kDa) and His-tag cleaved NDM-1 WT

(24.99 kDa)
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Figure 2.14  The SDS-PAGE of the NDM-1 WT and mutants after purified
by the size-exclusion chromatography. Precision Plus Protein Dual Xtra
Standards Ladder (Bio-RAD) was used. The expected molecular weight (MW):
NDM-1 WT (24.99 kDa), H120A (24.92 kDa), H120N (24.97 kDa) and H120Q

(24.98 kDa)
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Table 2.5 The ICP-OES data and the calculations of zinc content of each His-
tag cleaved NDM-1 samples. Each zinc concentration data was the average

value of a triplicate measurement.

Zinc Conc. Zinc Conc. Protein Zinc content
Proteins | (protein sample) | (buffer sample) Conc. per protein
Y Y Y
WT 343+0.6 30.6 £0.5 2.2+0.1 1.7+04
H120A 36.6+0.3 30.6£0.5 3.4+0.2 1.8+0.2
H120N 34.8+0.5 30.6 £0.5 26+0.1 1.6+0.3
H120Q 37.5+0.5 30.6 £0.5 41+0.2 1.7+0.2
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2.4. Concluding Remarks

Overall, the NDM-1 WT, H120A, H120N and H120Q were expressed, purified
and their zinc contents in the zinc buffer were measured. The zinc contents of

NDM-1 proteins were mainly determined by ICP-OES.

At the beginning, the ICP-OES data showed that all His-tagged NDM-1
proteins (including WT and mutants) had zinc contents above 2.0, which were
above the number of zinc binding sites in NDM-1. The MS analysis showed
that these NDM-1 proteins samples were mixtures of 2 Zn, 3 Zn and 4 Zn
binding complexes. The additional Zn were caused by the His-tag which binds
this extra amount of zinc ions. As proved by our control experiment using the
His-tagged BlaC TB beta-lactamase T216C enzyme, the MS analysis showed
that the His-tag does bind one to two zinc ions. Therefore, in order to get an
accurate zinc content measurement, it was necessary to cleave the His-tag from
the NDM-1. After the His-tag cleavage by Thrombin enzyme, the zinc contents
of the samples were measured again by ICP-OES. As expected the zinc content
for all the samples dropped below 2.0 this time (WT = 1.7, H120A = 1.8,
H120N = 1.6 and H120Q = 1.7). Overall, there were no significant decreases in
the zinc contents when comparing between the WT and the mutants. This
means the mutations at position H120 does not really affect the binding affinity

of Znl ion in NDM-1. This observation is unexpected and different from the
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previous studies on CphA and GOB-1.%% 1?7 |t is known that H120, H122 and
H189 are the three key residues of binding and holding the Znl1 ion in the
NDM-1 active-site. Based on the studies from the Galleni’s group'?’ and the
Bebrone’s group®, it was postulated the H120 mutations will lead to the
knocking out or reduction in binding affinity of Zn1 ion in NDM-1. However,
the results obtained were not the same as expected. It becomes more interesting

to study the exact role of the H120 residue in NDM-1.
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Chapter 3. Beta-Lactamase Activity

Assays with Different Antibiotics
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3.1. Introduction

Although the results from chapter 2 showed that the Znl ion remained in the
active-site of NDM-1 after the H120 mutations, it is still interesting to test the
hydrolytic activities of the mutants. As shown in Figure 3.1, the H120 residue
is hidden inside the protein and isolated from the antibiotic substrate by the Zn1
ion. There should be neither direct interaction nor reaction between H120 and
the antibiotic substrate. Since the Znl ion remained after the mutations, the
activities of the NDM-1 mutants are expected to be maintained similarly to the

WT.

Figure 3.1 The crystal structure of NDM-1 WT binding with Ampicillin
(PDB ID: 3Q6X). The H120 residue is labeled and it is isolated from the
Ampicillin by the Znl1 ion. Hydroxide ion (red ball), zinc ion (grey balls),
NDM-1 (cyan) and Ampicillin (green).
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As NDM-1 has a broad range of target spectrum, different types of beta-lactam
antibiotics will be tested for the hydrolytic activities. Two commonly known
antibiotics from each type will be tested, including ampicillin and penicillin G
(penicillins), cefotaxime and ceftazidime (cephalosporins), imipenem and
meropenem (carbapenems). Figure 3.2 shows the scheme of the hydrolytic
activity assay.™®* Unlike most activity assays which are measuring the amount
of product formation, this hydrolytic activity assay is measuring the amount of
substrate reduction during the reaction. The beta-lactam ring of each beta-
lactam antibiotics absorbs UV light at a specific wavelength. When the beta-
lactam ring is hydrolyzed, the product changes in its UV-Vis absorption
spectrum. Therefore, by measuring the decrease in UV absorption, the initial

rate of the hydrolysis reaction can be determined.

R O R O
N Y NG f g
ms CHa 3-Lactamase o CHs
o—N CHg e DIZ:N'/ CHg
O H OH H
S OH S OH
UV absorption Decrease in UV absorption

Figure 3.2 The beta-lactam ring changes in UV absorption after being
hydrolyzed. The wavelength of UV absorption is different depending on the

beta-lactam antibiotic.
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The kinetic parameters (Vmax, Keat and Km) will be determined by the Michaelis-
Menten plot (Figure 3.3a).™*® The initial rate of reaction (V) will increase as the
concentration of substrate increases. When the enzyme is saturated by
substrates, the reaction rate will not increase anymore and this is the maximum

rate of reaction (Vmax) of the enzyme.
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Figure 3.3 a) the Michaelis-Menten plot and b) the Lineweaver—Burk plot.
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Km is the Michaelis constant of the reaction. Kn is related to the binding affinity
of the enzyme to its substrate. When velocity is equal to half of the Vmax, Km is

equal to the substrate concentration, [S]. (Equation 3.1)'%®

(Equation 3.1) Vmax [S]
V —_—
Km + [S]

Vmax Vimax [S]

2 Km + [S]
Viax (Km + [S]) = 2(Vimax [S])
Km + [S] = 2[S]
Km =[S]
The kinetic parameters can also be determined by the Lineweaver-Burk plots
(Figure 3.3b). In comparison, the errors created by the Lineweaver—Burk plots
are quite large, so the Michaelis-Menten plot is more accurate than the
Lineweaver-Burk plot. In my studies, the Kkinetic parameters are mainly
calculated by the Michaelis-Menten plots. However, since not every case can
be fitted by the Michaelis-Menten plot, Lineweaver—Burk plots were also used

(see Section 3.3.2).

keat 1S @ constant of the turnover number of substrate converts to product per
unit time with a given concentration of enzyme, [E]r.**® As shown in Equation

3.2, Keat is equal to Vmax/[E].

(Equation 3.2) Vimax = Keat [E]T
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Finally, the catalytic efficiency (kca/Km) will be calculated. This value is the
best value to compare the overall relative rate between the enzyme/substrate
pairs.®” The kinetic parameters of each NDM-1 mutants/antibiotics pairs will
be measured and compared with the WT to determine the effects of the

mutations.
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3.2. Experiment

3.2.1. Materials

3.2.1.1. beta-Lactam Antibiotics

Since the classification of the beta-lactamases is highly related to their substrate
specificity, the beta-lactam antibiotics from all different types will need to be
tested. Table 3.1 listed the antibiotics which will be tested in the experiments
and their relative extinction coefficients. Ampicillin, penicillin G, cefotaxime
and ceftazidime were purchased from Sigma-Aldrich. Imipenem was purchased

from TCI and the meropenem was purchased from USP.
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Table 3.1 The list of testing compounds and their extinction coefficients
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3.2.2. Experimental Methods

3.2.2.1. Optimization of Zn concentration condition for the beta-

Lactamase Activity Assay

Since the zinc content of the NDM-1 enzymes is very important in our
experiments, before determining the kinetic parameters, the zinc concentration
to be used in the activity assays needed to be optimized in order to fully
activate the NDM-1 enzymes (binding of two zinc ions in their active-site).
The purified NDM-1 WT enzyme was used to measure the hydrolytic activities
with ampicillin at different concentration of zinc. The activity assays were
performed in 500 uL assay buffer (15 mM sodium cacodylate, pH 6.5) with
different concentration of ZnSO4 added at 25 °C. The concentrations of WT
enzyme and ampicillin were fixed. A Cary 4000 UV-Vis spectrophotometer
(\Varian) was used to monitor the decreases in absorbance at 235 nm resulted by
the hydrolysis of the beta-lactam ring of ampicillin. The absorbances were
converted to concentrations by the Beer’s law (Equation 3.3) and the initial
rates of reaction (V) were calculated by the change in concentrations over time.
The concentration of zinc required to maximize the NDM-1 activities were

identified.

(Equation 3.3) A=¢Lc

Where, A = absorbance
& = molar extinction coefficient (M*cm™)
L = path length (cm)

c = concentration (M)



3.2.2.2. beta-Lactamase Activity Assay — Kinetic Parameters

After optimized the concentration of zinc using for the activity assays, the
NDM-1 WT and mutants were used to determine the kinetic parameters with
different beta-lactam antibiotics. The measurements of activities were the same
as method 3.2.2.1 mentioned except the zinc concentration of the assay buffer
was fixed at 50 puM. The concentrations of antibiotic substrates were increased
until the rates reached the maximum rate of reaction (Vmax). The wavelengths
of measurement for each antibiotic are shown in Table 3.1. The absorbance was
converted to concentrations by the Beer’s law (Equation 3.3) and the initial rate
of reaction (V) was calculated by the change in concentrations over time.
Finally, the GraphPad Prism6 software was used to generate the Michaelis-
Menten curves at the initial-rate conditions and the kinetic parameters (Vmax,
keat and Km) were determined for each NDM-1/antibiotic pair. The kinetic
parameters were presented as average values + errors based on three different

sets of measurements.
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3.3. Results and Discussions

3.3.1. Optimization of Zn concentration condition for the Beta-

lactamase activity assay

In order to make sure the NDM-1 enzymes have enough zinc ions binding in
their active-sites to perform the activity assays, the zinc concentration condition
was first tested. Figure 3.4 showed the hydrolytic activities of NDM-1 WT
reacting with ampicillin under different zinc concentrations. As the results
showed, any zinc concentration above 10 uM will be enough for the NDM-1
enzyme to reach its maximum activity. For the following activity assays, zinc
concentration of 50 uM will be fixed. Since the concentration of NDM-1
mutants might not be the same in each assay, excess zinc in the buffer will be

better for collecting consistent results.
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Figure 3.4 The reaction rate of NDM-1 WT (20 nM) vs. increasing

concentration of zinc with fixed amount of Ampicillin (700 puM).
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3.3.2. The Beta-lactamase activity assays of NDM-1 WT and mutants

Hydrolytic activities of NDM-1 WT and H120 mutants were tested with six
different beta-lactam antibiotics (ampicillin, penicillin G, cefotaxime,
ceftazidime, imipenem, and meropenem). Figure 3.5-3.8 shows the Michaelis-

Menten curves of each NDM-1/antibiotic pair.

As shown in Figure 3.5-3.8, some of the mutants did not have very good
Michaelis-Menten curves. For example, in Figure 3.6a, NDM-1 H120A vs.
ampicillin, the activities of the NDM-1 H120A was too low when reacting with
ampicillin, so the errors were huge. It is not possible to measure the absorbance
very accurately when it is too low. Another problem of this activity assay is the
way it measures the decrease of substrates over time. For example, Figure 3.6d,
NDM-1 H120A vs. ceftazidime, the Michaelis-Menten curve obviously did not
reach the Vmax, SO the calculations of Vmax and Ky values might not be very
accurate. However, it is not possible to measure higher concentration of
ceftazidime either. Since the extinction coefficient is very high for the
ceftazidime, the initial absorbance of ceftazidime (1 mM or above) was already
over the detection range of the UV-Vis photospectrometer. The errors of
measurement were huge and no accurate measurement can be done above 1
mM of ceftazidime. For this kind of mutant/antibiotic pairs, the Lineweaver-

Burk plots were also generated (Figure 3.9). This included H120A vs
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ceftazidime, H120A vs imipenem, H120N vs. ceftazidime, H120N wvs.
imipenem, H120N vs. meropenem and H120Q vs. ceftazidime (mainly when
reacting with ceftazidime). In general, the Kinetic parameters generated by the
Lineweaver-Burk plot are less reliable than the Michaelis-Menten equation
because the double reciprocal plot distorts the error structure of the data (Table
3.2). Nevertheless, when comparing the kea/Km values, both the Lineweaver-
Burk plots and Michaelis-Menten plots showed very similar kca/Km values. It is
also noted that most of the NDM-1/antibiotic pairs show very good fitting of

Michaelis-Menten curves when the data reached the Vmax Value.

Figures 3.10-3.15 compare the activities between WT and mutants with
different antibiotics. The reaction rates were normalized by the concentration of
NDM-1 enzyme used in the experiment. As shown in the figures, all the
mutants had a very significant reduction in reaction rate comparing to the WT
NDM-1. Furthermore, Table 3.2 shows the calculated kinetic parameters for
each NDM-1/antibiotic pair (all calculated by the Michaelis-Menten plots). The
activities of the mutants were decreased by 6 to 810 folds comparing to the WT
when hydrolyzing different antibiotic substrates. The mutants have almost lost
all activities against penicillins (ampicillin and penicillin G), up to 679-810
folds of reduction. Especially for the H120N mutant, no hydrolytic activity was
detected when testing with ampicillin (data not shown). On the other hand, the
activities to the cephalosporins (cefotaxime and ceftazidime) were not reduced

a lot comparing to the penicillins, only 19-51 folds of reduction. The decreases
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in keat/Km values are mainly due to the increases in Km values, but the kca values
are about the same as the WT. Interestingly, imipenem and meropenem are
both carbapenems, but they show different activities with the mutants. For
imipenem, all the mutants resulted in significant reduction in activities, up to
239 folds. However, for meropenem, there were only up to 18 folds of activity
reductions. Similar to the cephalosporins, the decreases in kcat/Km values of
mutants/meropenem pairs were mainly due to the increases in K values. These
increases in Km values suggest that the mutants bind weaker to the antibiotics.
Moreover, for the H120A and H120N, the kcat values are even higher than the
WT when reacting with meropenem, which means these two mutants can have
a higher maximum reaction rate than the WT after the mutations. Overall, the
results showed that the H120 mutants had the least reductions in reaction rates

when reacting with cefotaxime and meropenem.

Based on the results, the main reason of the reduction of activities is due to the
increase of K values, which implies the weaker bindings of antibiotics. Since
the Zn1l ion remains bound to the NDM-1 proteins, the reduction of hydrolytic
activities must be related to the mutations at the Zn1l site. As the zinc ions are
possibly involved in the binding of substrate, the H120 mutations might have
changed the shape or shifted the position of the active site, so the antibiotics
bind to the mutants with a weaker affinity which resulted in the increase of Km

values.
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3.5) WT vs Imipenem
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Figure 3.5 The reaction rate of NDM-1 WT vs. a) Ampicillin, b) Penicillin

G, c¢) Cefotaxime, d) Ceftazidime, €) Imipenem, and f) Meropenem
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Figure 3.6 The reaction rate of NDM-1 H120A vs. a) Ampicillin, b)

Penicillin G, c) Cefotaxime, d) Ceftazidime, e) Imipenem, and f) Meropenem
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Figure 3.7 The reaction rate of NDM-1 H120N vs. a) Penicillin G, b)

Cefotaxime, c) Ceftazidime, d) Imipenem, and €) Meropenem

94



3.82) H120Q vs Ampicillin

0.201
o “l
— 0.15+ -
n
=
= 0.10-
% R2=0.96
04
0.05+
0.00+ T T - -
0 200 400 600 800
[Ampicillin] (uM)
3.8b) H120Q vs Penicillin G
0.8+
K * i
— 0.61
%)
=
= 0.4
O]
2 R2=0.98
a4
0.21
0.0+ T T - -
0 200 400 600 800

[Penicillin G] (uM)

95
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3.8¢) H120Q vs Meropenem
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Figure 3.8 The reaction rate of NDM-1 H120Q vs. a) Ampicillin, b)

Penicillin G, c) Cefotaxime, d) Ceftazidime, e) Imipenem, and f) Meropenem
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3.9€) H120N vs Meropenem
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Figure 3.9 The lineweaver-burk plots of a) H120A vs Ceftazidime, b)
H120A vs. Imipenem, c) H120N vs. Ceftazidime, d) H120N vs. Imipenem, e)
H120N vs. Meropenem, and f) H120Q vs. Ceftazidime.

100



NDM-1 mutants vs Ampicillin
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Figure 3.10 The comparison of reaction rates between all NDM-1 mutants vs.

Ampicillin. The reaction rates were normalized with the enzyme concentration
used in the experiment.
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Figure 3.11 The comparison of reaction rates between all NDM-1 mutants vs.
Penicillin G. The reaction rates were normalized with the enzyme concentration
used in the experiment.
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NDM-1 mutants vs Cefotaxime
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Figure 3.12 The comparison of reaction rates between all NDM-1 mutants vs.
Cefotaxime. The reaction rates were normalized with the enzyme concentration
used in the experiment.
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Figure 3.13  The comparison of reaction rates between all NDM-1 mutants vs.
Ceftazidime. The reaction rates were normalized with the enzyme concentration
used in the experiment.
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NDM-1 mutants vs Imipenem
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Figure 3.14  The comparison of reaction rates between all NDM-1 mutants vs.

Imipenem. The reaction rates were normalized with the enzyme concentration
used in the experiment.
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Figure 3.15 The comparison of reaction rates between all NDM-1 mutants vs.

Meropenem. The reaction rates were normalized with the enzyme concentration
used in the experiment.
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Table 3.2

The kinetic parameters of NDM-1 mutants vs. different beta-

lactam antibiotics (calculated by the Michaelis-Menten plots).

Ampicillin

Km (UM) Keat (s1) Keat/ Km (UM1s)

WT 169.7 £ 11.9 576x1.0 0.3394 = 0.0245

H120A 798.9 £ 1006 04+0.2 0.0005 + 0.0007
H120N No activity

H120Q 59.9+7.3 1.0+£0.03 0.0167 £ 0.0021
Penicillin G

Km (UM) Keat (s1) Keat/ Km (UM 1s)

WT 20415 34705 1.7010 £ 0.1275

H120A 576.9 =+ 140 1.8+0.2 0.0031 + 0.0008

H120N 232.9+22.1 0.5+0.01 0.0021 = 0.0002

H120Q 49.0+4.2 3.9+0.08 0.0796 £ 0.0070
Cefotaxime

Km (LM) Keat (s7) Keat/ Km (UM 1s?)

WT 3.4+04 3.7x0.1 1.0882 + 0.1314

H120A 54629 3.2+0.04 0.0586 + 0.0032

H120N 21.0x2.1 3.7x0.1 0.1762 = 0.0183

H120Q 75+1.0 0.6 £0.02 0.0800 = 0.0110
Ceftazidime

Km (LM) Keat (s7) Keat/ Km (UM 1s?)

WT 118.4 + 135 10.2+0.3 0.0861 = 0.0101

H120A 5388 + 1594 11.7+ 3.0 0.0022 + 0.0009

H120N 4300 + 1454 75+2.1 0.0017 £ 0.0008

H120Q 818.3 +63.3 7.1+£0.3 0.0087 = 0.0008
Imipenem

Km (LM) Keat (s7) Keat/Km (UM1s1)

WT 77.8+4.0 16.7 £ 0.2 0.2147 £ 0.0113

H120A 549.7 £ 54.6 0.8 +0.03 0.0015 + 0.0002

H120N 1608 + 360.6 15+0.2 0.0009 + 0.0002

H120Q 259.4 +12.7 1.6 +£0.03 0.0062 = 0.0003
Meropenem

Km (LM) Keat (s7) Keat/Km (UM1s1)

WT 189+2.1 1.6 £0.02 0.0847 = 0.0095

H120A 297.6 £18.7 2.2+0.04 0.0074 = 0.0005

H120N 1776 £173.1 8.6x0.5 0.0048 + 0.0005

H120Q 200.7+11.1 1.2 +0.02 0.0060 = 0.0003

104




3.4. Concluding Remarks

In this chapter, hydrolytic activities of NDM-1 WT, H120A, H120N, and
H120Q against six different beta-lactam antibiotics (ampicillin, penicillin G,
cefotaxime, ceftazidime, imipenem, and meropenem) were measured. As
shown in the results, all the NDM-1 mutants had significant decrease in
activities against all types of antibiotics. Looking at the measured Kinetic
parameters, almost all the NDM-1 mutants had their Kn values increased
significantly. However, about half of them had their kcat remained the same as
the NDM-1 WT. This might imply that the mutations at H120 position had
weaken the binding affinity of NDM-1 to the antibiotic substrates, so that it
reduced the overall activities of the enzyme. As the Znl ion remains bound to
the NDM-1 mutants, the reduction in hydrolytic activities of the mutants must
be related to factors other than the presence of Zn?*. Since the residue H120
does not have any direct interaction with the antibiotic substrates, it is not
known how the mutations at this position can affect the hydrolysis reaction of
NDM-1. In the next chapter, Molecular Dynamics (MD) simulation will be

used to find out more about this reduction in activities.
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Chapter 4. Molecular Dynamics

Simulations
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4.1. Introduction

Based on the results collected from the two previous chapters, the NDM-1
mutants have the Znl ion remained in the active-site, but the hydrolytic
activities were greatly reduced. Since residue H120 cannot directly interact
with the substrates, there should be some position changes to the Zn1l ion due to
the mutations. In this chapter, Molecular Dynamics will be used to simulate the
movement of the Znl ion after the mutations in order to understand what is

happening in the active-site.

Molecular Dynamics (MD) is a computational simulation system using
Newton’s equations of motion to calculate and predict the trajectory of
molecule dynamics over a period of time.}*® The use of MD simulations in
biological molecule was started three decades ago.'**1%2 With the improvement
of computer power and development in calculation, MD simulation becomes an
important technique to study the dynamics of biological molecules.'*® In MD
simulations, the potential energy of the system is described by the interaction

functions called Molecular Mechanics (MM) force field4°:

Nponds bond Nangles Ntorsions t .
i j l
Nvm Nvm Nvm Nvm
L
D NI W W
i j>i i j>i
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This equation includes the number of atoms (N) and the functions to model the
bonds, angles and torsions between atoms. Other than that, the electrostatic
interaction between the partial charged atoms is described by the Coulomb’s
law (Coul) and the Van der Waals interactions are described by the Lennard-
Jones potential (LJ). However, electron movements are not described in the
MM force field. Therefore, MD simulations cannot simulate any process
involving electronic rearrangement, including breaking and forming of covalent
bonds. This kind of electronic rearrangement process requires Quantum
Mechanical (QM) description to model it.1** The best way of simulation will be
applying QM to every atom in the system. Unfortunately, the requirement of
computational power for the QM calculations is huge, and there is no such
powerful computer being able to simulate a whole protein molecule for now.
Nevertheless, the QM calculations can still guide to a more accurate MM force

field, which can improve the accuracy of a MD simulation.'#°

My goal was to simulate the movement of Zn1 ion in the active-site of NDM-1,
which does not involve any kind of covalent bond formation or breaking.
Theoretically, there is no need to apply QM calculations to the models.
However, the zinc ions in NDM-1 have two different coordination geometries,
which the Znl ion is in tetrahedral coordination geometry and the Zn2 ion is in
trigonal bipyramidal coordination geometry (Figure 4.1).2% Most of the
commonly use MM force fields are not well developed for metal ions

simulations, especially for this kind of different coordination geometries case.
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Therefore, QM will first be used to estimate the electron density at the two zinc
ions and calculate the parameters for creating a new MM force field. Then the
MD simulation will be running with the new MM force field and model the two
zinc ions as two special partially charged atoms.}*® In this way the MD

simulation will be much more accurate in our studies.

OH ion \

C208

H189

Figure 4.1 The coordination geometries of the two zinc ions of NDM-1
(PDB ID: 3SPU): tetrahedral coordination geometry for Znl and trigonal

bipyramidal coordination geometry for Zn2.
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4.2. Experiment

4.2.1. Software

Three softwares were used for simulations in this work: MCPB.py, Gaussian09
and Gromacs. MCPB.py is a python-based metal center parameter builder.**’ It
can build a reliable force field for complexes containing metal ions. In my
study, MCPB.py was used to bridge the QM calculations and MD simulation
together by creating a zinc ion center force field. Gaussian09 is a software for
QM calculations'#®14° which was used in creating the zinc ion force field with
MCPB.py. Finally, Gromacs is a software for MD simulation.® It used the
zinc force field created by MCPB.py to simulate the movements of the active-

site in the NDM-1 mutants.

110



4.2.2. Experimental Methods

The overall workflow of the preparation of MM force field is shown in Figure
4.2. Firstly, the crystal structure of NDM-1 WT (PDB ID: 3SPU) was selected
for simulation studies. The 3SPU structure contains 5 chains of NDM-1.
Because the B chain (residues 43-268) has the most similar protein sequence to
our experimental NDM-1 protein (residues 36-270), the PDB file was edited
that only the B chain was used in our simulation. This PDB file was submitted

to the H++ web server (http://biophysics.cs.vt.edu/) to add hydrogen atoms on

the structure. Since the H++ will delete the zinc metal ions and water during the
addition of hydrogen, the two zinc ions, bridging hydroxide ion and the
coordinated water molecules were added back manually afterward. Then the
MCPB.py input file and the mol2 file were created. The mol2 file is the naming
file for non-standard residues, such as zinc ion and water. These two files were
used to specify the zinc ions and construct the metal site for QM calculations.
By using the MCPB.py program, the Gaussian and fingerprinting files were
created. The fingerprinting files included the small, standard and large models,
which were used for QM calculations by Gaussian09. The standard model
contained the specification of residues which are bound to the zinc ions and the
linkage information between them. The small model is used for calculating the
force constants and the large model is used for calculating the Merz-Kollman
charges at the zinc metal site. After the QM calculations of small and large
models, the MCPB.py program was used to generate the final force constant

parameters by the Seminario method and perform a Restrained Electrostatic
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Potential (RESP) charge fit for the large model. Finally, the PDB file with the
renamed metal site residues and the leap source file were generated. This leap
source file is the final product of the MCPB.py program. By using this leap file,
the topology and coordinate files were created and converted to Gromacs files

for MD simulations.

For the mutants (H120A, H120N and H120Q), the H120 residue of the NDM-1
WT crystal structure (PDB ID: 3SPU B chain) was first mutated by using the
Crystallographic Object-Oriented Toolkit (Coot) software®®! and the PDB files
of the mutants were generated. Then these PDB files were submitted to the

H++ web server and followed the method mentioned above.

Add hydrogen atoms to the PDB file @M calculations using
using H++, reduce, etc. i * Gaussian or GAMESS-US
| | T
v Step 1 wd
|

% _ Create input Gaussian or
o, W) GAMESS-US files for the &

small and large models
/ 4 %

Step 2

Generate frcmod
parameter file based
on QM calculation on
the small model

N

- Step 3
PDB structure containing Genetate mol2 files of

:]hytz rnc:;;ar: Séittg n(]\lsv)ith MCPB. py the metal coordination

sphere based on RESP

Step 4 . 4
Generate leap source file and sicrgedies Laingthe
‘_—1 the finalized PDB file QN largemodel
‘ , > Convert AMBER topology and coordinate files for use by
7 [ d CHARMM, GROMACS, LAMMPS, etc. using ParmEd,
H ACPYPE, amber2imp, etc. B
Use leap to build the v
AMBER topology and . MD
coordinate files P mulations

Figure 4.2  The workflow of the preparation of MM force field'4’
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The structure for MD simulation was prepared in a cubic box containing TIP3P

water®?

and 15 mM of NaCl (the experimental solvent concentration for
activity assay was 15 mM). Before the MD simulation start, the system first
went through the Energy Minimization (EM), NVT (constant Number of
particles, Volume, and Temperature) and NPT (constant Number of particles,
Pressure, and Temperature) equilibration by Gromacs 4.5.6. Since the system
might have some steric clashes or bad geometry at the beginning, the structure
was first relaxed through the EM step to make sure that the starting structure
was reasonable. Then it is necessary to bring the system to an equilibrium
environment before starting the simulation. However, the protein structure
might collapse if the system was equilibrated without restraints at the beginning,
so the equilibration was started with 1000 kJ/mol/nm restrain force on the
protein. The equilibration was separated into two steps: NVT and NPT. The
system was brought to 300 K reference temperature by the NVT ensemble.
Then 1 bar reference pressure was applied to the system to reach the density
equilibration by NPT ensemble. After these equilibrations, the restraints on the
protein were slowly released from 1000 to 0.1 kJ/mol/nm. Finally, a 10 ns MD
simulation was performed under no restraint condition at 300 K and 1 bar NPT
ensemble. The Visual Molecular Dynamics (VMD) software!>® was used to

visualize and analyze the results. The Root-Mean-Square Deviation (RMSD)

was also calculated for each NDM-1 mutants.
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4.3. Results and Discussions
4.3.1. MD simulation of NDM-1 WT (Control)

In order to investigate the position of Zn1 ion and the changes in the active-site
after the mutation, 10 ns of MD simulation was performed. NDM-1 WT was
first simulated for control purpose. In Figure 4.3, the simulated NDM-1 WT
Root-Mean-Square Deviation (RMSD) values comparing to the MD starting
model structure were shown. Based on the RMSD plot, the RMSD values of the
backbone fluctuated from 0.75 to 1.0 A after 2.4 ns of the simulation time, and
then the RMSD values stabilized at 0.9 A for the rest of the time. This showed
the overall structure is relatively stable after 2.4 ns. A snapshot of the lowest
potential energy structure (Time =6.84 ns) of the NDM-1 WT active-site is
shown in Figure 4.4. As shown in the figure, the nitrogen of the three histidine
residues are all pointing towards the Znl ion and the aspartate-cysteine-
histidine residues are pointing to the Zn2 ion. The bridging hydroxide ion is
located between the two zinc ions and forms a hydrogen bond with D124. The
distance between the hydrogen of the hydroxide ion and the oxygen of D124
was measured over the simulation time (Figure 4.5). The distance was kept at
around 1.9 A over the whole simulation, which is a stable distance of
hydrogen bonding (1.5-2.5 A is the distance for hydrogen bond)**. Overall,
the NDM-1 WT simulation showed the same result as the NDM-1 WT crystal
structure (PBD ID: 3SPU), which meant our simulation is consistent with the

reference crystal structure.
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The next step is to study our simulation model with the binding of substrate
molecule. Figure 4.6-4.7 show the superimposition of the NDM-1 WT
simulation structure (Time =6.84 ns) with the crystal structure of NDM-1
M67V mutant/hydrolyzed Penicillin G complex (PDB ID: 4RAM). By aligning
the hydrolyzed product to the simulation structure, it is able to study the effects
of the changes in the active-site due to the mutations and explain the reduction
in activities. Since the starting beta-lactam antibiotic substrate has never been
captured by crystal structures, only hydrolyzed products can be aligned. Also,
the beta-lactam ring of all types of beta-lactam antibiotics bound in an identical
way to the NDM-1 active-site, so the hydrolyzed penicillin G should be a good
representative for the product molecule. Moreover, Figure 4.6 compares the
overall structures between the NDM-1 WT simulation and the NDM-1 M67V
mutant, in which there is no significant difference. The M67V mutation is at the
L3 loop of the protein, which is far away from the active-site and has no effect
on the active-site at all. Therefore, this crystal structure is good enough to study
the product alignment. When looking closer at the active-site (Figure 4.7), the
positions of the active-site ions and residues are very similar in both structures.
The difference in position of the hydroxide ion is only 0.69 A between the two
structures. This showed the alignment with the NDM-1 M67V
mutant/hydrolyzed penicillin G complex will be a fair model to study the other

NDM-1 mutants’ simulations.
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Figure 4.3 The RMSD analysis of the backbone atoms in the NDM-1 WT
simulation comparing to the MD starting model structure over the simulation

time.
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H189
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Figure 4.4 The active-site of the lowest potential energy structure of the

MD simulation NDM-1 WT.

117



Distance

03‘“ T T T T T =1

0.25

Distance (nm)
o
]

0.15 — —

. 2l
0 2000 4000 6000 8000 10000
Time (ps)

Figure 4.5 The bond distance between the hydrogen of the hydroxide ion
and the oxygen of the Asp 124 residue of NDM-1 WT over the simulation time.

Average distance = 1.9+ 0.2 A (0.1 nm =1 A).

118



Figure 4.6 The superimposition of the lowest energy structure of the
NDM-1 WT simulation with the NDM-1 M67V mutant/hydrolyzed Penicillin
G complex (4RAM); WT simulation (cyan), M67V mutant (yellow), M67V
mutated residue (Red), hydrolyzed Penicillin G (green), simulation zinc
ion/hydroxide ion (gray/red ball) and M67V mutant’s zinc ion/ hydroxide ion

(yellow/pink ball).
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. Hydrolyzed
\ Penicillin G

Figure 4.7 The active-site comparison between the NDM-1 WT simulation
and the NDM-1 M67V mutant complexed with hydrolyzed Penicillin G (PDB
ID: 4RAM); WT simulation (cyan), M67V mutant (yellow), hydrolyzed
Penicillin G (green), simulation zinc ion/hydroxide ion (gray/red ball) and

M67V mutant’s zinc ion/ hydroxide ion (yellow/pink ball).
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4.3.2. MD simulation of NDM-1 H120A

Using the same method as the NDM-1 WT, a 10 ns MD simulation of NDM-1
H120A was performed. In Figure 4.8, the RMSD plot comparing to the MD
starting model structure showed an average value of 0.6 A over the whole
simulation period. Although there were some small fluctuations between 5 and
8 ns, the overall RMSD values were about the same. This showed the overall
structure of the protein was very stable throughout the simulation time. Figure
4.9-4.10 are snapshots of the lowest potential energy structure (Time = 3.61 ns)
of the NDM-1 H120A aligning with the WT. As Figure 4.9 shows the overall
protein structures are about the same between H120A and WT. However, the
position of the hydroxide ion has changed significantly. Looking closer at the
active-site (Figure 4.10), all active-site residues have shifted. Because of the
H120A mutation, the Zn1 ion has lost a coordinating residue and moved 0.63 A
away from the WT Znl ion position. This correspondingly moved the
hydroxide ion (1.31 A) and Zn2 ion (0.52 A) away from the relative WT
positions. Comparing to the movements of the two zinc ions, the movement of
the hydroxide ion is significant. As shown in Figure 4.11, the distance between
the hydrogen of the hydroxide ion and the oxygen of the D124 residue became
4.0 A, which means the hydrogen bond between the bridging hydroxide ion and
D124 was completely broken after the mutation. This breaking of hydrogen
bond has a huge impact to the hydrolytic activities of NDM-1. When aligning
the crystal structure of NDM-1 M67V/hydrolyzed penicillin G to the simulation
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structure (Figure 4.12), the hydroxide ions were 1.96 A difference in position.
More importantly, the hydrogen atom of the hydroxide ion was pointing
towards the beta-lactam ring of the penicillin G, which is not a favorable
conformation for nucleophilic attack. Therefore, the hydrolytic activities of the

NDM-1 H120A were greatly reduced.
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Figure 4.8 The RMSD analysis of the backbone atoms in the NDM-1
H120A simulation comparing to the MD starting model structure over the

simulation time.
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Figure 4.9 Comparison between the lowest potential energy structures of
the NDM-1 WT (yellow) and H120A (cyan) simulations. WT zinc ion/

hydroxide ion (yellow balls) and H120A zinc ion/hydroxide ion (gray/red ball).
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Figure 410 Comparison between the active-sites of the lowest potential
energy structures of NDM-1 WT (yellow) and H120A (cyan) simulations. WT
zinc ion/ hydroxide ion (yellow balls) and H120A zinc ion/hydroxide ion

(gray/red ball).
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Figure 4.11  The bond distance between the hydrogen of the hydroxide ion
and the oxygen of the Asp 124 residue of NDM-1 H120A over the simulation

time. Average distance = 4.0 + 0.3 A (0.1 nm =1 A).
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Hydrolyzed
« Penicillin G

Figure 4.12 The active-site comparison between the NDM-1 H120A
simulation and the NDM-1 M67V mutant complexed with hydrolyzed
Penicillin G (PDB ID: 4RAM); H120A simulation (cyan), M67V mutant
(yellow), hydrolyzed Penicillin G (green), simulation zinc ion/hydroxide ion

(gray/red ball) and M67V mutant’s zinc ion/ hydroxide ion (yellow/pink ball).
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4.3.3. MD simulation of NDM-1 H120N

Following the NDM-1 H120A, 10 ns MD simulation of NDM-1 H120N was
performed. Figure 4.13 showed a RMSD plot of NDM-1 H120N backbone
atoms comparing to the MD starting model structure over the simulation time.
An average RMSD value of 0.7 A was found throughout the whole simulation
time, which means the overall structure of NDM-1 H120N simulation was very
stable. However, there were significant changes in the active-site during this
simulation. Two snapshots during the H120N simulation were taken: Time =
4.90 ns (bonding) and Time = 8.26 ns (non-bonding). Bonding here means
there is a hydrogen bond between the hydroxide ion and D124 and non-bonding
means the hydrogen bond is broken between the hydroxide ion and D124.
Figure 4.14 showed the comparison of the overall structures of these two forms
with the NDM-1 WT. As shown in the figures, both the bonding and non-
bonding forms have no significant difference in overall structures when
comparing to the WT or between the two forms. The critical differences
between the two forms were in the active-site. Figure 4.15 showed the
comparisons between the active-sites of NDM-1 WT and H120N with both
forms. In the bonding form, there were no big differences in positions of the
ions between H120N and WT (Zn1 = 0.79 A, OH = 0.23 A and Zn2 = 0.34 A).
However, in the non-bonding form, the position difference of the hydroxide
ions between H120N and WT was very big (zZn1 = 0.64 A, OH = 1.23 A and

Zn2 = 0.15 A). When transforming from the bonding to non-bonding form, the
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hydroxide ion moved about 1.0 A where the other two zinc ions did not really
move at all. Figure 4.16 showed the bond distance between the hydrogen atom
of the hydroxide ion and the oxygen atom of D124 over the simulation time. As
shown in the plot, the distances fluctuated between 2.3 A and 4.4 A forward
and backward (1.5-2.5 A is the ideal distance for hydrogen bond)***, which
meant the hydrogen bond was constantly forming and breaking. Also, NDM-1
H120N was in the non-bonding form for most of the time, 79.5% of the
simulation time. When aligning with the crystal structure of NDM-1
M67V/hydrolyzed penicillin G to H120N (Figure 4.17), the difference in
hydroxide ion position between the structures were 0.62 A (bonding) and 1.92
A (non-bonding), which was a significant change. It is noticed that the active-
site of the bonding form was very similar to the WT and the non-bonding form
was very similar to the H120A mutant. Therefore, for the same reason as the
H120A, the hydrogen atom of the hydroxide ion in the non-bonding form was
pointing towards the beta-lactam ring of the penicillin G, so it does not favor
the nucleophilic attack. Since H120N is staying in the non-bonding form for
most of the time, this greatly reduces the hydrolytic activities of this NDM-1

mutant.
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Figure 4.13 The RMSD analysis of the backbone atoms in the NDM-1

H120N simulation comparing to the MD starting model structure over the

simulation time.
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b)

Figure 4.14 Comparison between the protein structures of the NDM-1 WT
(yellow) and H120N (cyan) simulations. a) Time = 4.90 ns, b) Time = 8.26 ns.
WT zinc ion/ hydroxide ion (yellow balls) and H120A zinc ion/hydroxide ion

(gray/red ball).
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Figure 4.15 Comparison between the active-sites of NDM-1 WT (yellow)
and H120N (cyan) simulations. a) Time = 4.90 ns, b) Time = 8.26 ns. WT zinc
ion/ hydroxide ion (yellow balls) and H120N zinc ion/hydroxide ion (gray/red
ball). The distances between the WT hydroxide ion and the H120N hydroxide
ion were 0.23 A at Time = 4.90 ns and 1.23 A at Time = 8.26 ns. The hydroxide

ion moved 1.0 A when the hydrogen bond between D124 broke.
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Figure 4.16  The bond distance between the hydrogen of the hydroxide ion
and the oxygen of the Asp 124 residue of NDM-1 H120N over the simulation
time. 20.5 % of the simulation time is in bonding from and 79.5 % is in non-
bonding form. Average distance when bonding = 2.3 + 0.3 A and non-bonding

=44+04A(0.1nm=1A).
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Figure 4.17

Hydrolyzed
Penicillin G

H120/120N/

Hydrolyzed
Penicillin G

simulation and the NDM-1 M67V mutant complexed with hydrolyzed
Penicillin G (PDB ID: 4RAM). a) Time = 4.90 ns, b) Time = 8.26 ns; H120N
simulation (cyan), M67V mutant (yellow), hydrolyzed Penicillin G (green),

simulation zinc ion/hydroxide ion (gray/red ball) and M67V mutant’s zinc ion/

hydroxide ion (yellow/pink ball).
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4.3.4. MD simulation of NDM-1 H120Q

Finally, a 10 ns MD simulation of NDM-1 H120Q was performed. Figure 4.18
shows the RMSD plot of the backbone atoms of H120Q simulation comparing
to the MD starting model structure over the simulation time. The RMSD values
fluctuated at 1 ns and changed from 0.75 A to 0.95 A and stayed at 0.95 A for
the rest of the simulation. Therefore, the overall structure of the protein was
very stable throughout most of the simulation period. Figure 4.19-4.20 are the
snapshots of the lowest potential energy structure (Time = 6.92 ns) of the
H120Q simulation comparing to the WT. Same as the other mutants, H120Q
also had no significant change to its overall structure comparing to the WT
(Figure 4.19). However, the active-site was very different from the other
mutants. As shown in Figure 4.20, unlike the other mutants that the ions are
moving outward from the active-site, all components of the whole active-site of
H120Q (including the zinc ions, hydroxide ion and the coordinating residues)
are shifted towards the Znl site direction. The Znl, OH and Zn2 ions are
shifted by 0.67 A, 0.98 A and 1.31 A, respectively as compared to the WT. The
coordinating residues to the two zinc ions were also greatly shifted. The
movement of Zn2 ion was significant as compared to the other two ions.
Interestingly, the hydrogen bond between the hydroxide ion and D124 was kept
throughout the whole simulation. Shown in Figure 4.21, the distances between
the hydrogen atom of the hydroxide ion and the oxygen atom of D124 were

kept at 1.8 A, which was a very strong hydrogen bond distance. And there was
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no breakage of this hydrogen bond like in other mutants. When aligning the
crystal structure of NDM-1 M67V/hydrolyzed penicillin G to the H120Q
simulation structure (Figure 4.22), the hydroxide ions only had 0.52 A
difference in position, which was considered to be about the same position. On
the other hand, the Zn2 ions had 2.13 A difference in position. This movement
of the Zn2 ion had a huge impact to the hydrolytic activities. Since the Zn2 ion
is involved in substrate interaction and stabilizes the negatively charged
intermediate (by interacting with the C3 carboxylate group and negatively
charged N4 of the penicillins ring)*?®, the movement of the Zn2 ion is not
favorable for these interactions, so the hydrolytic activities of the H120Q

mutant were reduced.
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Figure 4.18 The RMSD analysis of the backbone atoms in the NDM-1
H120Q simulation comparing to the MD starting model structure over the

simulation time.
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Figure 4.19  Comparison between the lowest potential energy structures of
the NDM-1 WT (yellow) and H120Q (cyan) simulations. WT zinc ion/

hydroxide ion (yellow balls) and H120Q zinc ion/hydroxide ion (gray/red ball).
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Figure 420 Comparison between the active-sites of the lowest potential
energy structures of NDM-1 WT (yellow) and H120Q (cyan) simulations. WT
zinc ion/ hydroxide ion (yellow balls) and H120A zinc ion/hydroxide ion
(gray/red ball). The Znl, OH and Zn2 ions were shifted sideward to the Znl
site direction. All coordinating residues were greatly shifted together with the
zinc ions. However, the hydrogen bond between the hydroxide ion and the

D124 residue was maintained.
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Figure 4.21  The bond distance between the hydrogen of the hydroxide ion
and the oxygen of the Asp 124 residue of NDM-1 H120Q over the simulation

time. Average distance = 1.8 + 0.1 A (0.1 nm = 1 A).
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Hydrolyzed
Penicillin G

Figure 422  The active-site comparison between the NDM-1 H120Q
simulation and the NDM-1 M67V mutant complexed with hydrolyzed
Penicillin G (PDB ID: 4RAM); H120Q simulation (cyan), M67V mutant
(yellow), hydrolyzed Penicillin G (green), simulation zinc ion/hydroxide ion
(gray/red ball) and M67V mutant’s zinc ion/ hydroxide ion (yellow/pink ball).
The Zn2 ion stabilizes the negatively charged intermediate by interacting with
the C3 carboxylate group and negatively charged N4 of the penicillins ring'2,
however, the movement of the Zn2 ion in the H120Q mutant was not favorable

for these interactions.
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4.4. Concluding Remarks

In this chapter, MD simulations of NDM-1 WT, H120A, H120N and H120Q
were successfully performed. The changes in the active-site due to the
mutations were identified and the reasons of the reduction in hydrolytic

activities were discussed.

In the H120A and H120N mutations, very similar changes in their active-site
were observed. The Zn1 ion was moved outward from the active-site due to the
residue 120 mutations, which led to the bridging hydroxide ion and Zn2 ion to
move out too. Because the hydroxide ion moves away from the active-site, the
hydrogen bond between the hydroxide ion and D124 is broken. This hydrogen
bond is very important to the NDM-1 hydrolytic activities, as the hydrogen
bond is used to orient the hydroxide ion to the correct position and angle to
perform the nucleophilic attack and protonation.!®® When aligning the
hydrolyzed penicillin G on to the hydrogen bond broken conformations of these
two mutants, the hydrogen atom of the hydroxide ion was pointing toward the
beta-lactam ring of the penicillin G, which was a very unfavorable
conformation for nucleophilic attack. Therefore, the H120A and H120N
mutants had their hydrolytic activities greatly reduced comparing to the WT.
The only difference between H120A and H120N was that the H120A mutant

had its hydrogen bond completely broken but H120N was continuously
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forming and breaking the hydrogen bond, so the reduction of hydrolytic

activities in H120N is smaller than H120A.

Unlike the H120A and H120N mutants, the H120Q mutant had a totally
different result. In H120Q, the Zn1 ion moved towards the Znl site direction
after the mutation and this pulled the whole active-site towards the Znl site
direction (including the hydroxide ion, Zn2 ion and all the ions coordinating
residues). Interestingly, the hydrogen bond between the hydroxide ion and
D124 did not break like in the other two mutants. More importantly, the biggest
change was the movement of the Zn2 ion, which shifted up by 2.13 A. When
aligning the hydrolyzed penicillin G to this H120Q conformation, the Zn2 ion
is located very far away from the C3 carboxylate group and N4 of the penicillin
G and this position is not favorable for stabilizing the negatively charged

intermediate.

Referring back to the results from Chapter 3, the reduction of reaction rates of
all the mutants are mainly due to the increase in Km values, which implies that
the mutants might have weaker binding affinities to the antibiotics. Based on
our simulation results, the movements of the two zinc ions also moved the
coordinating residues of the active site together, which did affect the positions
of the active site. For example, in Figure 4.22, the active site of H120Q mutant

was completely shifted in position. Since the zinc ions might affect the binding
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of the substrates, the movement of the active site can have significant impact on

the binding affinity to the antibiotics which results in the increase of Kn, values.
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Chapter 5. Conclusions
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In this project, site-direct mutagenesis studies were performed to understand the
role of Znl ion in the enzyme NDM-1. Residue H120 of the Znl site was
selected for mutations to alanine (A), asparagine (N) and glutamine (Q) in order
to knock out the binding of the Znl ion. Based on the zinc content
measurements, all three mutants had the Zn1 ion remained in their Zn1 site and
the knockout of Zn1 ion has failed. Hydrolytic activities of the three mutants
were tested against six different types of beta-lactam antibiotics: ampicillin and
penicillin G (Penicillins), cefotaxime and ceftazidime (Cephalosporins),
imipenem and meropenem (Carbapenems). The results showed that all three
NDM-1 mutants have significant reduction in activities as compared to the WT
(6-810 folds of reductions). Some of the reductions in activities were caused by
the increase in Km values, which might be due to the weaker binding affinities
of antibiotics. Nevertheless, the reductions of activities were very obvious to all

types of antibiotics.

The H120 residue is located deeply inside the active-site pocket of NDM-1 and
should not have any direct interaction with antibiotics substrates. Therefore, the
reduction in hydrolytic activities must be caused by the mutations on the Znl
site. It is possible that the mutations at the H120 position changed the electronic
environment of the active site. For example, the glutamine of H120Q is a
weaker electron donor comparing to the histidine of the WT, which will result
in a stronger Lewis acid Zn1 ion. This stronger Lewis acid Znl ion might have

a stronger interaction to the carboxylic group of the opened beta-lactam ring
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(Figure 1.11, step 4), so it is more difficult to release the product molecule and
eventually reduced the overall hydrolytic activities.®’1* Nevertheless, MD
simulations showed that the Znl ion moved away from its original location
after the mutations and consequently affected the positions of the bridging
hydroxide ion and Zn2 ion. Interestingly, the movement of the Znl ion itself
was relatively small, but the related movements of the bridging hydroxide ion
and Zn2 ion were quite significant. The importance of the Zn2 ion and the Zn2
site residues have already been reported previously.*?® The position of the Zn2
ion must be very precise in order to stabilize the intermediate and the hydrogen
bond between the bridging hydroxide ion and D124 of the Zn2 site is required
to orient the hydroxide ion to perform the nucleophilic attack and
protonation.*?® Therefore, the related movements of the bridging hydroxide ion

and Zn2 ion resulted in a huge impact to the hydrolytic activities of NDM-1.

Overall, my studies suggested a new role of the Zn1 ion played in the NDM-1.
The exact location of the Znl ion is critical for hydrolytic activities. The
relative location of the Zn1 ion is important for the formation of the Zn1-OH-
Zn2 bridge and it has a position control function to the hydroxide ion and the
Zn2 ion. A specific location of the Zn1 ion is required to hold the hydroxide ion
and the Zn2 ion at the correct position to perform the nucleophilic attack for the

hydrolysis reaction and to stabilize the negatively charged intermediate.
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Since the two zinc ions are very important for the functions of the NDM-1,
targeting the zinc ions might be a good strategy for developing new inhibitors.
For example, the Ebselen reported by the Chen’s group can knock out the
binding of the Zn2 ion and resulted in very good inhibition effects to the NDM-
1.122 In another very recent publication, the bismuth drugs reported by the
Sun’s group can even displace both zinc ions in the active site of NDM-1.1%
The bismuth drugs are highly potential drugs for treating NDM-1. This kind of
inhibitors targeting the binding of zinc ions possibly are the potential inhibitors

for treating NDM-1 or even for the whole Class B beta-lactamases.
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